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ABSTRACT 

Superimposed a.c. is found to favor the dissolution of lead while d.c. helps 
the formation of lead dioxide. The role of a.c. is thus similar to that  of a 
"forming agent," like nitrate,  the use of which tends to boost the formation of 
lead dioxide. This view is supported by measurements  of anode potentials and 
the t ime needed for passivation. The porous na ture  of the surface film, indi-  
cated by thc resistance measurements,  explains the continued formation of 
lead dioxide. A probable mode of attack of the lead surface is given based on 
the microscopic examinat ion of the corroded surface. 

In  an  ear l ie r  c o m m u n i c a t i o n  (1) it was shown 
tha t  supe r impos i t ion  of a.c. on d.c. r esu l t ed  in  an  
increased fo rma t ion  of lead dioxide  which  was con-  
f irmed by  the d ischarge  capaci ty  m e a s u r e m e n t s  and  
q u a n t i t a t i v e  es t ima t ion  of the  lead dioxide formed.  
No e x p l a n a t i o n  was offered, however ,  for the resul ts  
obta ined.  It  is the purpose  of this  pape r  to discuss 
the  role of a.c. in inc reas ing  the fo rmat ion  of lead 
dioxide. 

A l t e r n a t i n g  c u r r e n t  super imposed  on d.c. finds 
appl ica t ion  in di f ferent  fields by v i r tue  of its effects 
on the electrode reactions.  Effect of per iod ica l ly  r e -  
versed cu r r en t s  on the corrosion of u n d e r g r o u n d  
cables has been  repor ted  (2 ,3 ) ,  and  it has been  
shown tha t  corrosion decreases wi th  inc reas ing  f re -  
quency  (2) .  Super imposed  a.c. has been  found  to be 
usefu l  in  the  e lect rodeposi t ion of zinc, nickel ,  etc. 
(4) ,  in the ref in ing of gold (5) and  in  the p r e p a r a -  
t ion of inorgan ic  compounds  l ike lead chromate  
(6) .  Super imposed  a.c. has been  ut i l ized to a d v a n -  
tage in ob ta in ing  b r igh t  e lectrodeposi ts  of meta ls  
(7) .  The a.c. super imposed  has been  found  to have  
the fo l lowing effects: (i) it enhances  anodic  corro-  
sion of meta l s  which  depends  on the f r equency  of 
the a.c. and  the rat io of a.c. to d.c., etc.; ( i i)  it  r e -  
duces both cathodic and  anodic  po la r iza t ion  and  
e lect rochemical  pass ivi ty ;  (i i i)  it causes m a r k e d  
reduc t ion  of both hydrogen  and oxygen  ove rvo l t -  
ages, and  the ex ten t  of depolar iza t ion  appears  to be 
i n d e p e n d e n t  of the electrode ( in the case of h y d r o -  
gen overvo l t age )  and  is p r i m a r i l y  d e t e r m i n e d  by  
the rat io of a.c. to d.c. (8) .  Corrosion by  s u p e r i m -  
posed a.c. has been  found at first to increase wi th  
increas ing  cu r r en t  densi ty ,  reach a m a x i m u m ,  and 
then  to decl ine  at sti l l  h igher  cu r r en t  dens i ty  in  the  
case of lead in su l fur ic  acid (9).  The effect of differ-  
en t  wave  forms on the  anodic  ox ida t ion  of a l u m i n u m  
(10) has also been s tudied and  repor ted.  A n  u n d e r -  
s t and ing  of the  func t ion  of a.c. in the anodic  ox ida-  
t ion of lead may  find appl ica t ion  in the fo rma t ion  of 
P lan t~  plates  wi thou t  the  use of fo rming  agent  
for the  purpose.  

Experimental 
Lead foil g u a r a n t e e d  to con ta in  less t h a n  0.001% 

of s i lver  was used in the inves t iga t ion .  The area of 
the electrode oxidized in every  e x p e r i m e n t  was 1 
cm 2, the  rest  of the surface be ing  stopped off wi th  
n i t roce l lu lose  varnish .  The e lec t ro ly te  was p repared  
by  d i l u t i ng  r eagen t  grade  su l fur ic  acid to 1.200 sp gr  
(5.66N). A large,  formed nega t ive  pla te  of a lead-  
acid b a t t e r y  served as the  cathode so that  hydrogen  
evo lu t ion  could not  occur. Direct  c u r r e n t  was ob-  
t a ined  f rom an  e lec t ronic  c u r r e n t  r egu la to r  and  a.c. 
(50 cps) f rom the  ma ins  t h rough  a vol tage  stabil izer .  
The c i rcui t  d i a g r a m is g iven  in Fig. 1. The  panels  
were  c leaned by  d ipp ing  in 70-80% a m m o n i u m  ace- 
ta te  solut ion for a few minu te s  jus t  before  the ex-  
p e r i m e n t  to remove  the oxides of lead formed on 
the surface  by  a tmospher ic  oxidat ion.  E x p e r i m e n t s  
were car r ied  out  at 30 ~ -~ I~  wi th  d.c. alone, with 
d.c. h a v i n g  super imposed  a.c., and  wi th  d.c. and 
fo rming  agen t  as employed  in P lan t~  p la te  fo rma-  
tion. Reagen t  grade  a m m o n i u m  n i t r a t e  was used as 
the fo rming  agent ,  as has been found  to be effec- 
t ive for the purpose  (13).  Different  c u r r e n t  densi t ies  
of d.c. t r ied were  f rom 1 to 8 m a / c m  2. The c u r r e n t  
dens i ty  of a.c. was var ied  f rom 0 to 3 m a / c m  -~, fo rm-  
ing a ra t io  of 0-300% of d.c. used. F o u r  different  
concen t ra t ions  of the  fo rming  agent ,  viz . ,  1.5, 3, 6, 
and  12 g / l  of a m m o n i u m  ni t ra te ,  were  employed.  
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Fig. 1. Circuit diagram for superimposing a.c. on d.c. for onodic 
oxidation of lead in sulfuric acid. 
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D u r i n g  the  e x p e r i m e n t  the  anode  p o t e n t i a l  was  
m e a s u r e d  w i t h  r e f e r e n c e  to t Ig /Hg2SO4/1 .200  sp gr  
su l fu r i c  ac id  us ing  P h i l i p s  V.T.V.M. GM 6010, and  
t ime  was  no ted  w i t h  a s t o p w a t c h  w h i c h  could  r e a d  
up  to 0.02 sec. The  p e a k  or  t he  m a x i m u m  p o t e n t i a l  
a t t a i n e d  b y  the  a n o d e  and  the  t i m e  r e q u i r e d  to r e a c h  
the  s ame  ( p a s s i v a t i o n  t i m e )  w e r e  n o t e d  in  e v e r y  
case. 

Results and Discussion 
The  v a r i a t i o n s  of p e a k  p o t e n t i a l  and  t i m e  of 

p a s s i v a t i o n  w i t h  c u r r e n t  d e n s i t y  (d.c .)  u n d e r  d i f f e r -  
en t  e x p e r i m e n t a l  cond i t ions  a r e  g r a p h i c a l l y  r e p r e -  
s en ted  in  Fig .  2 to 5. I t  is o b s e r v e d  t h a t  w i t h  i n c r e a s e  
in  c u r r e n t  d e n s i t y  t h e  p a s s i v a t i o n  t i m e  dec reases  
(Fig .  2) .  The  t ime  r e q u i r e d  for  a t t a i n i n g  the  p e a k  
p o t e n t i a l  is t he  l owes t  w h e n  d.c. a lone  is e m p l o y e d  
at  a n y  p a r t i c u l a r  c u r r e n t  dens i ty .  T h e  s u p e r i m -  
pos i t ion  of a.c. r a i ses  t he  t ime  of p a s s i v a t i o n  w h i c h  
r e m a i n s  p a r t i c u l a r l y  h igh  w i t h  1 m a  a.c. a t  a l l  c u r -  
r en t  dens i t i e s  s tud ied .  The  a n o d e  p o t e n t i a l  is r e -  
duced  b y  the  s u p e r i m p o s i t i o n  of a.c. (Fig .  3) ,  a 
m a r k e d  l o w e r i n g  of t he  p e a k  p o t e n t i a l  be ing  effected 
b y  the  use  of 1 m a  a.c. 
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Fig. 2. Passivation time vs. direct current density with different 
amounts of superimposed a.c.: (a) d.c. only; (b) d.c. d- 0.5 ma a.c.; 
(c) d.c. ~ 1.0 ma a.c.; (d) d.c. -I- 2.0 ma a.c.; (e) d.c. ~ 3.0 
ma a.c. 

The  use of a m m o n i u m  n i t r a t e  in  d i f f e ren t  concen -  
t r a t i o n s  as a f o r m i n g  a g e n t  a t  v a r y i n g  c u r r e n t  d e n -  
s i ty  l eads  to an  i n c r e a s e  in t he  t ime  of p a s s i v a t i o n  
(Fig .  4) and  to l o w e r  p e a k  po t e n t i a l s  c o m p a r e d  to 
those  o b t a i n e d  us ing  d.c. w i t h o u t  a n y  f o r m i n g  a g e n t  
(Fig .  5) .  Out  of the  c o n c e n t r a t i o n  of the  f o r m i n g  
agen t  t r i ed ,  i t  is f o u n d  t h a t  t he  p e a k  p o t e n t i a l  is t he  
l owes t  and  p a s s i v a t i o n  t i m e  t h e  h ighes t  in the  case 
of 12 g/1 a m m o n i u m  n i t r a t e  in  t he  ba th .  

I t  has  been  r e p o r t e d  (11) t h a t  the  p o t e n t i a l - t i m e  
c u r v e  for  the  anod ic  o x i d a t i o n  of l e ad  in su l fu r i c  
ac id  u n d e r  g a l v a n o s t a t i c  cond i t ions  consis ts  of t h r e e  
d i s t i nc t  r eg ions :  the  first  a n e g a t i v e  reg ion ,  a second  
r eg ion  c o m p r i s i n g  a r a p i d  r i s e  of  p o t e n t i a l  to  a 
m a x i m u m  v a l u e  fo l l owed  b y  a s u d d e n  fal l ,  and  a 
t h i r d  r eg ion  of s t e a d y  po t en t i a l .  The  first  r eg ion  is 
sa id  to c o r r e s p o n d  to the  p a s s i v a t i o n  of t he  su r f ace  
d u e  to t he  f o r m a t i o n  of an  i so l a t ed  l a y e r  of l e a d  
sul fa te .  D u r i n g  the  r a p i d  r i se  of po ten t i a l ,  c o n v e r -  
s ion of l e ad  su l fa t e  to l e ad  d iox ide  commences .  A t  
t h e  p e a k  the  pores  ge t  c losed,  and  d u r i n g  the  s u d d e n  
f a l l  l e ad  d iox ide  is f o r m e d  in b e t w e e n  the  c rys t a l s  
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Fig. 4. Passivation time vs. direct current density with different 
concentrations of ammonium nitrate as the forming agent: (a) sul- 
furic acid only; (b) sulfuric acid containing 1.5 g/I ammonium 
nitrate; (c) sulfuric acid containing 3 g/I ammonium nitrate; (d) 
sulfuric acid containing 6 g/I ammonium nitrate; (e) sulfuric acid 
containing 12 g/I ammonium nitrate. 
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Fig. 3. Peak potential vs. direct current density with different 
amounts of superimposed a.c.; (a) d.c. only; (b) d.c. -Jr- 0.5 ma a.c.; 
(c) d.c. ~- 1.0 ma a.c.; (d) d.c. ~- 2.0 ma a.c.; (e) d.c. ~ 3.0 
ma a.c. 
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Fig. 5. Peak potential vs. direct current density with different 
concentrations of ammonium nitrate as the forming agent: (a) sul- 
furic acid only; (b) sulfuric acid containg 1.5 g/I of ammonium 
nitrate; (c) sulfuric acid containing 3 g/l  of ammonium nitrate; 
(d) sulfuric acid containing 6 g/l of ammonium nitrate; (e) sulfuric 
acid containing 12 g/I  of ammonium nitrate. 
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of l e ad  su l fa te .  In  t he  l a s t  r eg ion  of t he  c u r v e  gas  
e v o l u t i o n  a n d  f u r t h e r  f o r m a t i o n  of l e a d  d i o x i d e  
t a k e s  p lace .  The  f i lm f o r m e d  w i t h  d.c. a lone  in  su l -  
fu r ic  ac id  is also r e p o r t e d  to be  c o m p a c t  and  n o n -  
porous .  I t  is w e l l  k n o w n  t h a t  t he  a d d i t i o n  of f o r m i n g  
agen t s  l i ke  n i t r a t e s  and  p e r c h l o r a t e s  i nc reases  t he  
f o r m a t i o n  of l e ad  d i o x i d e  in  t he  case  of  P l a n t e '  p l a t e  
fo rma t ion .  In  t he  absence  of f o r m i n g  agen t s  t he  
conve r s ion  of l e ad  su l f a t e  beg ins  n e a r  t h e  P b / P b S O 4  
i n t e r f a c e  and  con t inues  t h r o u g h  t h e  depos i t  w i t h o u t  
a n y  f u r t h e r  a t t a c k  of t he  lead,  b u t  w h e n  a f o r m i n g  
agen t  is p re sen t ,  t he  a t t a c k  on the  l e a d  cont inues ,  
t hus  m a i n t a i n i n g  a h igh  c o n c e n t r a t i o n  of p b + +  
n e a r  t he  e l ec t rode  su r f ace  (12) .  C h e m i c a l  p r e c i p i -  
t a t i on  of l e ad  su l fa t e  t a k e s  p l ace  on the  su r f ace  w i t h  
s u b s e q u e n t  o x i d a t i o n  to l e a d  d iox ide .  Due  to t h e  
s i m u l t a n e o u s  o c c u r r e n c e  of t he  d i s so lu t ion  of t h e  
ba se  me ta l ,  t he  a n o d e  po t en t i a l s  a r e  l o w e r e d  b y  the  
use  of s u p e r i m p o s e d  a.c. or  of t h e  f o r m i n g  agent .  
The  c o n t i n u e d  a t t a c k  of t he  anode  r e su l t s  in a d e l a y  
of t he  p a s s i v a t i o n  of t h e  su r face  a n d  hence  in  an  in -  
c rease  of t he  p a s s i v a t i o n  t ime .  

By  i nc r ea s ing  the  c o n c e n t r a t i o n  of the  f o r m i n g  
agent ,  t he  c o n c e n t r a t i o n  of  t h e  n i t r a t e  ions a v a i l a b l e  
for  the  a t t a c k  of t h e  su r f ace  is inc reased .  More  of 
l e ad  goes in to  solu t ion ,  and  a d e c r e a s e  of t he  a n o d e  
p o t e n t i a l  shou ld  be  e x p e c t e d  as has  b e e n  f o u n d  
e x p e r i m e n t a l l y  (Fig .  5) .  

A l t e r n a t i n g  c u r r e n t  is k n o w n  to p r o m o t e  t h e  d i s -  
so lu t ion  of l e a d  (9) ,  and  the  p o t e n t i a l  w i t h  d.c. p lu s  
a.c. is a lso  f o u n d  to b e  less  t h a n  t h a t  o b s e r v e d  w i t h  
d.c. a lone  for  a l l  r a t i o s  of a.c. to d.c. I n c r e a s e  of a.c., 
h o w e v e r ,  does  no t  dec rea se  t he  a n o d e  p o t e n t i a l  
p r o p o r t i o n a t e l y .  This  dec rea se  of  a n o d e  p o t e n t i a l  b y  
the  s u p e r i m p o s e d  a.c. is an  i nd i ca t i on  t h a t  t he  anodic  
a t t a c k  of l e ad  is f a v o r e d  b y  a.c. The  n e g a t i v e  v a l u e  
of t he  p o t e n t i a l  ( - -0 .90v w i t h  r e f e r e n c e  to t he  
H g / H g 2 S O J 1 . 2 0 0  sp g r  H2SO4) o b t a i n e d  w h e n  on ly  
a.c. is u sed  shows  t h a t  o x i d a t i o n  to l e ad  d iox ide  does  
no t  t a k e  p l a c e  in th is  case. 

The  loss of w e i g h t  suf fe red  b y  the  p a n e l s  d u r i n g  
o x i d a t i o n  w a s  d e t e r m i n e d  for  d.c. a lone,  for  d.c. 
w i t h  s u p e r i m p o s e d  a.c., and  for  d.c. w i t h  t he  f o r m -  
ing agent .  The  pane l s  w h i c h  w e r e  w e i g h e d  b e f o r e  
the  e x p e r i m e n t  w e r e  ox id i zed  a n o d i c a l l y  fo r  t he  
same  d u r a t i o n  u n d e r  d i f fe ren t  condi t ions .  The  pane l s  
w e r e  w e i g h e d  aga in  a f t e r  c o m p l e t e l y  s t r i p p i n g  off 
t he  ox ide  l a y e r  w i t h  a m m o n i u m  ace t a t e  so lu t ion .  
The  d i f fe rence  in w e i g h t  of t he  p a n e l  o b t a i n e d  is 
g iven  in  T a b l e  I. I t  can  be  seen  r e a d i l y  t h a t  t he  
w e i g h t  loss is the  l owes t  in t he  case of t he  p a n e l  
f o r m e d  w i t h  d.c. a lone .  

The  r e s i s t ances  of  t he  f i lms f o r m e d  on l e a d  us ing  
d.c. a lone,  d.c. w i t h  s u p e r i m p o s e d  a.c., and  d.c. w i t h  
t he  f o r m i n g  agen t  w e r e  m e a s u r e d .  Osci l loscopic  
t r a n s i e n t s  w e r e  t a k e n  and  the  r e s i s t ance  c o m p u t e d  
f r o m  t h e  in i t i a l  p o t e n t i a l  j u m p  u n d e r  g a l v a n o s t a t i c  
condi t ions .  A p p r o x i m a t e  r e s i s t ance  v a l u e s  ca l cu -  
l a t e d  a r e  g iven  in  T a b l e  II .  The  r e su l t s  show t h a t  
t he  f i lms f o r m e d  w i t h  t he  f o r m i n g  agen t  and  w i t h  
s u p e r i m p o s e d  a.c. a r e  m o r e  p o r o u s  t h a n  t ha t  f o r m e d  
w i t h  d.c. a lone  and  h a v e  l o w e r  res i s t ances .  The  
f i lm f o r m e d  w i t h  a.c. s u p e r i m p o s i t i o n  a p p e a r s  to be  
t he  mos t  porous .  

F U N C T I O N  O F  A.C.  S U P E R I M P O S E D  O N  D.C.  

Table I. Weight loss of the panels under different conditions of 
anodie oxidation 

D u r a t i o n  of  a n o d i z a t i o n ,  2 h r  
T o t a l  w e i g h t  

C o n d i t i o n  of  f o r m a t i o n  loss,  m g / c m  2 

D.C. 2 m a / c m  2 5.2 
5.0 
5.6 

D.C. 2 m a / c m  2 ~- 9.6 
A.C. 1 m a / c m  2 8.2 

7.8 

D.C. 2 m a / c m  2 -~ 10.2 1 
"Forming  agent"  9.0 
12 g/1 9.8 

Table II. Resistance of the films formed under different conditions 

V o l t a g e  R e s i s t a n c e  of  
C o n d i t i o n  of  f o r m a t i o n  j u m p ,  v t h e  f i lm,  o h m s  

D.C. only, 2 m a  0.4 200 
D.C. only, 2 ma  0.3-0.4 150-200 
D.C. only, 2 m a  0.4 200 
D.C. 2 m a  -t- ~ 0.1 33.3 
A.C. i m a  3" 0.1 33.3 
D.C. 2 ma  -/- 1 0.2 100 
"Forming  Agent"  12 g/1 f 0.2 100 

The  w e i g h t  loss m e a s u r e m e n t s  as w e l l  as t he  
e s t i m a t e d  v a l u e s  of t he  r e s i s t ance  of t he  f i lms 
f o r m e d  d u r i n g  the  o x i d a t i o n  p rocess  t e n d  to ind ica t e  
t h a t  s u p e r i m p o s e d  a.c. a t t a c k s  l e ad  in  a m a n n e r  
s im i l a r  to  a f o r m i n g  a g e n t  and  p r o m o t e s  t he  f o r m a -  
t ion  of m o r e  l e a d  d i o x i d e  as in  t he  case  of P l a n t 6  
p l a t e  fo rma t ion .  

A mic roscop ic  e x a m i n a t i o n  of t he  su r faces  of 
p a n e l s  j u s t  b e f o r e  t he  p e a k  p o t e n t i a l  is r e a c h e d  and  
a f t e r  t he  s t e a d y - s t a t e  p o t e n t i a l  is r e a c h e d  u n d e r  
d i f f e ren t  cond i t ions  of o x i d a t i o n  r e v e a l e d  t h a t  t h e r e  
is u n i f o r m  o x i d a t i o n  of t h e  su r face  w i t h  f o r m a t i o n  
of v e r y  l i t t l e  su l f a t e  d u r i n g  t h e  s h a r p  r i se  of p o t e n -  
t i a l  w h e n  d.c. a lone  was  used.  On the  o t h e r  h a n d  
on ly  l e a d  su l fa t e  is f o r m e d  if a.c. a lone  is e m p l o y e d .  
The  p o t e n t i a l  in t he  l a t t e r  case  r e m a i n s  so low t h a t  
o x i d a t i o n  to l e a d  d iox ide  is no t  feas ib le .  The  use of 
s u p e r i m p o s e d  a.c. p r o d u c e s  a m a r k e d  change  in t h a t  
bo th  l e ad  d iox ide  a n d  l ead  su l f a t e  a r e  f o r m e d  w i t h  
l e ad  d i s so lv ing  out  p r e f e r e n t i a l l y  f r o m  a n u m b e r  of 
points .  The  su r f ace  of  t he  p a n e l  ox id i zed  us ing  the  

Fig. 5. Lead surface after removal of film formed: (a) initial 
surface; (b) d.c. 2 ma/cm 2, surface after removing the oxide film; 
(c) a.c. I ma/cm 2, surface after removing the sulfate film; (d) d.c. 
2 ma/cm ~ @ a.c. 1 ma/cm 2, surface after removing the oxide film; 
(e) d.c. 2 ma/cm 2, forming agent 12 g/I,  surface after removing the 
oxide film. Magnification approximately 80X. 
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BASE METAL 

~,~,AANOOlC DISSOLUTION POINT  

~ '~]~RECIPITATED Pb SO 4 

Fig. 7. Mode of attack of lead surface by a.c. or forming agent 

f o rming  agen t  appea red  s imi la r  to t ha t  ob ta ined  
wi th  super imposed  a.c. a l though  the a m o u n t  of su l -  
fate on the  sur face  was less in  the  fo rmer  case. 
There  was ev idence  of con t inued  a t tack  of the  me t a l  
in  both  cases even  af ter  the s teady po ten t i a l  was  
regis tered.  The  pho tomic rographs  in  Fig. 6 show the  
surface of the pane l s  af ter  r emova l  of the  film 
formed  by  oxidiz ing wi th  d.c. alone,  d.c. p lus  a.c., 
and  d.c. p lus  fo rming  agent .  It  m a y  be seen tha t  the  
surface  shows a n u m b e r  of pits where  the  a t t ack  of 
the me t a l  was  concen t r a t ed  in  the  cases whe r e  the 
fo rming  agen t  and  super imposed  a.c. we re  e m -  
ployed.  F r o m  the above cons idera t ion ,  it is possible 
to p ic ture  the  mode of a t tack  and  the m a i n t e n a n c e  
of the  poros i ty  of the film schemat ica l ly  as shown in  
Fig. 7. The  lead is a t t acked  at a po in t  A and  is p r e -  
c ipi ta ted chemica l ly  as lead sul fa te  at a spot B v e r y  
nea r  A. S u b s e q u e n t  d issolu t ion  of lead occurs p re f -  
e r en t i a l l y  at  A r a the r  t h a n  at o ther  fresh spots 
wh ich  a re  covered by  the  fi lm of sulfate .  A n u m b e r  of 
such anodic  d issolu t ion  points  exist  and  hence  the  
film r ema ins  porous. 

As the  mode  of a t t ack  of the lead by  s u p e r i m -  
posed a.c. is found  to be s imi la r  to tha t  of the  f o r m-  
ing agent ,  a.c. supe r imposed  on d.c. can be used in  
the fo rma t ion  of P lan t~  plates  ins tead  of the con-  
ven t i ona l  fo rming  agents  l ike n i t r a t e  or perchlora te .  

A s ignif icant  a dva n t a ge  of the  use of a.c. wou ld  be 
the  absence  of the  h a r m f u l  effects of smal l  q u a n -  
t i t ies  of the  f o r m i n g  agents  r e t a ined  in  the  p la te  
af ter  format ion .  
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The Effect of Alloying Elements on the Oxidation of Tin 
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Applied Research Laboratory, United States Steel Corporation, MonroevilIe, Pennsylvania 

ABSTRACT 

Small amounts  of certain al loying elements change the oxidation behavior  of 
tin. If the formation of SnO is thermodynamical ly  favored, elements that  enter  
the oxide with valence greater than t in increase the rate of formation of SnO. 
When the formation of SnO is not favored, the alloying element  is oxidized 
preferent ia l ly  on the surface of the alloy in the form of a th in  oxide film and 
discrete crystallites. The crystalli tes were found to be associated with dislo- 
cations in the metal. 

In  a search for means  of i m p r o v i n g  the ox ida t ion  
res is tance  of t in,  the  au thors  have  inves t iga ted  and  
p rev ious ly  repor ted  the  ox ida t ion  k ine t ics  (1) and  
the morpho logy  and  mode  of g rowth  (2) of oxide 
films fo rmed  on  p u r e - t i n  foils in  pu re  d ry  oxygen.  

The oxida t ion  process s ta r ted  wi th  the nuc l ea t i on  
and  la te ra l  g rowth  of c rys ta l l ine  ~-SnO.  D u r i n g  this  
in te rva l ,  the ra te  of ox ida t ion  increased  wi th  t ime.  
As the i m p i n g e m e n t  of the l a t e r a l l y  sp read ing  oxide 
p la te le ts  became widespread ,  the  ra te  of ox ida t ion  
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began  to decrease,  con fo rming  to a di rect  l oga r i th -  
mic ra te  law, and  cavi t ies  began  to develop at  the  
o x i d e - m e t a l  interface.  The  au thors  have  shown  tha t  
the  observed  logar i thmic  behav io r  could be the  r e -  
sul t  of an  i n t e r p l a y  b e t w e e n  the  t h ro t t l i ng  ac t ion  of 
the  e x p a n d i n g  cavi t ies  at the  base of the  oxide fi lm 
and  the m o v e m e n t  of t i n  ions t h rough  a t h i cken ing  
film of oxide (3) .  Evans  (4) has suggested tha t  such 
cavit ies  migh t  be  the  resu l t  of the  coalescence of 
vacancies  tha t  had diffused t h rough  the  oxide to the  
o x i d e - m e t a l  interface.  The  most  l ike ly  source of 
vacancies  wou ld  be the  reac t ion  b e t w e e n  oxygen  
and  t in  ions at the  o x i d e - o x y g e n  interface ,  p rov ided  
tha t  s t annous  oxide, the  compound  formed u n d e r  the  
e x p e r i m e n t a l  condi t ions ,  is a p - type ,  ca t ion-def i -  
c ient  semiconductor .  

In  a subsequen t  phase  of this  inves t iga t ion ,  the  
effects of smal l  a m o u n t s  of i m p u r i t y  and  a l loy ing  
e l emen t s  on the  ox ida t ion  of t in  have  been  explored.  
Commerc i a l  t i n  somet imes  conta ins  impur i t i e s  t ha t  
m a y  inf luence its ox ida t ion  resis tance.  F u r t h e r m o r e ,  
a l loy ing  e lements  a re  of ten used to improve  the  oxi-  
da t ion  and  corros ion res i s tance  of t echnologica l ly  i m-  
po r t an t  metals ,  and  it was  expected tha t  e l emen t s  
could be found  tha t  had  s imi la r  i nh ib i t i ng  effects on 
the ox ida t ion  of t in.  F ina l ly ,  the effects of ce r ta in  a l -  
loy ing  e lements  on the ra te  of t i n  oxide fo rma t ion  
migh t  help to es tab l i sh  the  semiconduc to r  classifica- 
t ion  of the  oxide fo rmed  on t i n  be low its m e l t i ng  
po in t  (~ -SnO)  and  r e - en fo rce  the a r g u m e n t s  a l r eady  
advanced  (3) to exp la in  the logar i thmic  ox ida t ion  
behav io r  of t in.  A n  ex tens ive  l i t e r a t u r e  search had  
fai led to revea l  the semiconduc tor  classification of 
s t annous  oxide, a l though  this  i n f o r m a t i o n  is ava i l -  
able  for s t ann ic  oxide (5) .  

The first a l loy ing  e lements  inves t iga ted  were. se- 
lected us ing  Hauffe 's  va l ency  ru le  (6) as a guide. 
Accord ing  to this  rule,  if an  oxide conta ins  cat ion 
vacancies  ( p - t y p e ) ,  the i n t roduc t ion  of a m ino r  con-  
s t i tuen t  of g rea te r  va l ency  t h a n  the  so lvent  me t a l  
should increase  the  ox ida t ion  rate,  whe reas  the  i n -  
t roduc t ion  of a m i n o r  cons t i tuen t  of lower  va l ency  
should decrease the rate.  The va l ency  ru le  of ten  has 
been  usefu l  in  p red ic t ing  the effects of m i n o r  a l loy-  
ing cons t i tuen t s  on the  ox ida t ion  ra tes  of meta l s  (4) .  
It  was  rea l ized tha t  the  appl ica t ion  of the v a l e nc y  
ru le  to the  logar i thmic  ox ida t ion  of t in  migh t  not  be 
valid,  s ince theore t ica l ly  the  ru l e  applies  only  to a 

Table I. Concentration of the alloying elements in the 
binary tin alloys 

A L L O Y I N G  E L E M E N T S  O N  O X I D A T I O N  O F  T I N  

N o m i n a l  S p e c t r o g r a p h i c  
c o n c e n t r a t i o n  c o n c e n t r a t i o n  

A t o m  W e i g h t  A t o m  W e i g h t  
p e r  c e n t  p e r  c e n t  p e r  c e n t  p e r  cent  

Ant imony  0.1 0.103 0.11 0.11 
Bismuth 0.1 0.181 0.1 0.18 
Cadmium 0.1 0.095 0.074 0.070 
Ind ium 0.1 0.099 0.083 0.080 
Iron 0.1 0.047 0.049 0.023 
Lead 0.1 0.175 0.09 0.15 
Manganese 0.1 0.046 0.086 0.040 
Phosphorus 0.388 0.105 0.535 0.14 
Thal l ium 0.1 0.172 0.029 0.050 
Zinc 0.1 0.055 0.078 0.043 

5 

Table II. Free energy of formation of the oxides of the alloying 
elements and the reported solubilities in tin 

F r e e  e n e r g y  of  
fo rmat io r~  p e r  

g r a m  a t o m  
of  o x y g e n ,  

E l e m e n t  k c a l  a t  25~  O x i d e  

S o l u b i l i t y  T e m p e r a t u r e  
of  e l e m e n t  o f  s o l u b i l i t y  

i n  t i n ,  w e i g h t  m e a s u r e -  
p e r  cent  merit ,  ~ 

Bismuth --39 Bi203 21.5 - -  
Thal l ium --43 T120 * - -  
Lead --45 PbO 2.6 183 
An t imony  --50 Sb203 8.0 25 
I ron --59 Fe208 * 
Cadmium --60 CdO 1.0 - -  
Tin  --61 SnO - -  - -  
Phosphorus --64 P205 * - -  
Ind ium --73 In2Oa 12.00 117 
Zinc --77 ZnO 2.5 196 
Manganese --89 MnO * - -  

--76 Mn304 

* T h e  so l id  s o l u b i l i t i e s  of  t h e s e  e ] e m e n t s  i n  t i n  a r e  n o t  r e p o r t e d  
i n  t h e  t e c h n i c a l  l i t e r a t u r e .  

di f fus ion-con t ro l l ed  process which  w ou l d  be ex-  
pected to conform to the  parabol ic  ra te  law. N e v e r -  
theless,  s ince the  logar i thmic  ra te  behav io r  ob-  
served in  the  ear l ie r  w o r k  on the  ox ida t ion  of t in  
(1, 3) appeared  to be a modif icat ion of parabo l ic  be -  
havior ,  as first suggested b y  Evans  (4) ,  it  seemed 
w o r t h w h i l e  to a t t e m p t  to app ly  the  va l ency  rule ,  as 
a first app rox ima t ion ,  to pred ic t  the  effects of va r i -  
ous a l loy ing  and  i m p u r i t y  e l emen t s  on the  ox ida t ion  
ra te  of t in.  Af t e r  this  p r e l i m i n a r y  s u r v e y  the  em-  
phasis  of the i nves t iga t ion  was  placed on a s tudy  
of the m e c h a n i s m s  by  w h i c h  a few o ther  a l loy ing  
e l emen t s  produce  m a r k e d  i nh ib i t i on  of t i n  oxidat ion,  
as had  been  repor ted  in  the l i t e r a t u r e  (7) .  

Exper imental  Procedure 

Tab le  I shows the  composi t ions  of the  b i n a r y  
al loys used in  this  inves t iga t ion .  These al loys were  
m a d e  by  me l t i ng  10-g ingots  of 99.999% p u r e  t in  
(ob ta ined  f rom A. D. MacKay,  Inc.)  w i t h  the  
a m o u n t  of the  respec t ive  a l loy ing  e l e me n t  ca lcula ted  
to p roduce  a concen t r a t i on  of 0.1 a tomic per  cen t  
( a / o )  in  the  t in.  The  solid solubi l i t ies  (8) of these  
e lements ,  toge ther  w i th  the  f ree  energies  of f o r m a -  
t ion  of the  most  l ike ly  oxides (9, 10), are  g iven  in 
Ta b l e  II. Chemica l ly  pu re  (C. P.)  grade  meta l s  were  
used as a l loy addi t ions ,  and  no f u r t h e r  pur i f ica t ion  
was  a t t empted .  The  me l t i ng  was  conducted  in  a 
qua r t z  t u b e  u n d e r  an  a tmosphere  of Matheson  p re -  
pur i f ied  grade  argon.  W h e n  the  t in  became  en t i r e ly  
m o l t e n  and  the  a l loy ing  cons t i t uen t  had  comple te ly  
dissolved,  as far  as could be d e t e r m i n e d  v isua l ly ,  the  
t ube  was  ag i ta ted  to achieve as m u c h  homogene i ty  
of composi t ion  in  the  l iqu id  a l loy as possible.  The 
m e l t  t h e n  was  a l lowed to cool and  sol idify u n d e r  the 
a rgon  a tmosphere .  The  top sur face  of each of the 
ingots  was  filed c lean  to r e m o v e  a ny  dross or segre-  
ga t ion  of fore ign  e l e me n t  in  the  surface.  Each ingot  
t h e n  was  rolled,  on  a smal l  ro l l ing  mil l ,  in to  foil ap -  
p r o x i m a t e l y  3 mi ls  thick.  In  v iew of the  r e l a t ive ly  
low me l t i ng  po in t  of t in,  it is be l i eved  tha t  the  large 
a m o u n t  of mechan i ca l  de fo rma t ion  p rov ided  by  the  
ro l l ing  to foil th ickness ,  coupled w i th  the  s u b s e q u e n t  
a n n e a l i n g  t r e a t m e n t  at  200~ for 1 hr  in  vacuum,  
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was  suff icient  to ensu re  u n i f o r m  compos i t i on  of t he  
a l loy  foils.  

S p e c t r o g r a p h i c  a n a l y s e s  of e l e c t r o p o l i s h e d  spec i -  
mens  of t he  foi ls  s h o w e d  tha t  the  a c t u a l  c o n c e n t r a -  
t ion  of a l l o y i n g  c o n s t i t u e n t  s o m e t i m e s  v a r i e d  f r o m  
the  d e s i r e d  0.1 a /o .  These  v a r i a t i o n s  w e r e  no t  con-  
s i de r ed  cr i t ica l ,  s ince  r i go rous  q u a n t i t a t i v e  c o m -  
pa r i sons  of t he  o x i d a t i o n  b e h a v i o r  of t he  v a r i o u s  a l -  
loys  w e r e  not  of p r i m a r y  in t e re s t .  The  a v e r a g e  
g ra in  d i a m e t e r  of t he  t in  in t hese  foi ls  was  0.18 mm.  
To p r o v i d e  a s a m p l e  of p u r e - t i n  foi l  for  c o m p a r i s o n  
w i t h  t hese  a l loys ,  an  ingo t  of t h e  p u r e  t in  used  in t he  
p r e p a r a t i o n  of these  a l loys  was  r e m e l t e d  in t he  
q u a r t z  t u b e  and  ro l l ed  in to  a 3 - m i l - t h i c k  foil.  This  
m a t e r i a l  a lso h a d  an  a v e r a g e  g r a i n  d i a m e t e r  of 0.18 
mm.  The  cu rves  for  t he  o x i d a t i o n  k ine t i c s  of p u r e  t in,  
w h i c h  a r e  used  fo r  c o m p a r i s o n  t h r o u g h o u t  th is  
pape r ,  w e r e  o b t a i n e d  f r o m  e x p e r i m e n t s  in w h i c h  
this  r e m e l t e d  t in  was  used.  

The  su r f ace  of each  foi l  was  p r e p a r e d  for  con-  
t r o l l e d  o x i d a t i o n  b y  a b r a s i v e  g r ind ing ,  e l e c t r o p o l -  
ishing,  and  w a s h i n g ;  t he  foi l  was  t h e n  i n s e r t e d  in 
a v a c u u m  m i c r o b a l a n c e  s y s t e m  a n d  a n n e a l e d  a t  
200~ in a v a c u u m  of 10 -~ to r r ,  ~ or  be t t e r ,  fo r  1 hr .  
I m m e d i a t e l y  a f t e r  t h e  v a c u u m - a n n e a l i n g  s tep,  t he  
t e m p e r a t u r e  of the  s y s t e m  was  a d j u s t e d  to  190 ~ or  
220~ a n d  pure ,  d r y  o x y g e n  was  i n t r o d u c e d  a t  a 
p r e s s u r e  of 10 to r t .  The  change  in  w e i g h t  of t he  foi l  
spec imen ,  caused  b y  the  r e a c t i o n  w i t h  oxygen ,  was  
m e a s u r e d  w i t h  t he  m i c r o b a l a n c e  (1 ) .  The  m i c r o -  
b a l a n c e  u sed  in t hese  e x p e r i m e n t s  h a d  a s e n s i t i v i t y  
of  0.1 ~g p e r  m i c r o n  deflect ion.  The  w e i g h t  ga ins  in 
d u p l i c a t e  e x p e r i m e n t s  u s u a l l y  a g r e e d  w i t h i n  1%. 
A f t e r  ox ida t ion ,  t he  s p e c i m e n  was  r e m o v e d  f r o m  the  
v a c u u m  s y s t e m  and  was  p r e p a r e d  for  e l ec t ron  m i -  
c roscopy  and  e l ec t ron  d i f f r ac t ion  a n a l y s i s  b y  us ing  
the  e x t r a c t i o n - r e p l i c a t i o n  t echn iques  d i scussed  in an  
e a r l i e r  p a p e r  (2) .  

S ince  the  cond i t ion  of t he  su r f ace  of the  m e t a l  b e -  
fo re  t h e  s t a r t  of con t ro l l ed  o x i d a t i o n  is i m p o r t a n t  in 
the  s u b s e q u e n t  g r o w t h  of t he  oxide ,  an  a t t e m p t  
was  m a d e  to d e t e r m i n e  the  compos i t i on  of a n y  in i -  
t i a l  su r f ace  f i lms b y  us ing  re f lec t ion  e l ec t ron  d i f f r ac -  
t ion.  P u r e  t in  and  the  t in  a l loys  c o n t a i n i n g  ind ium,  
zinc, and  m a n g a n e s e  w e r e  e x a m i n e d  ( i )  a f t e r  e l ec -  
t r o p o l i s h i n g  and  ( i i )  a f t e r  v a c u u m  a n n e a l i n g  at  
200~ 

V a l u a b l e  i n f o r m a t i o n  abou t  t h e  d i s t r i b u t i o n  of 
ox ide  in e x t r a c t i o n  r ep l i ca s  of the  a l l oy  su r faces  was  
o b t a i n e d  b y  us ing  d a r k - f i e l d  e l e c t r o n  mic roscopy .  
In  th is  t e c h n i q u e  the  o b j e c t i v e - c o n t r a s t  a p e r t u r e  is 
d i s p l a c e d  f r o m  the  c e n t r a l  e l ec t ron  b e a m  to cover  a 
p r e s e l e c t e d  spot  or  r i n g  s e g m e n t  in the  d i f f r ac t ion  
Dat te rn  p r o d u c e d  b y  the  c r y s t a l l i n e  m a t e r i a l  in t he  
film. The  d i f f r ac ted  e l ec t rons  p r o d u c i n g  th is  spot  or  
r ing  a r e  t hen  focused  on the  v i e w i n g  screen,  f o r m i n g  
an  i m a g e  in w h i c h  t h e  p a r t i c u l a r  d i s t r i b u t i o n  of 
c r y s t a l l o g r a p h i c  p l anes  r e s p o n s i b l e  for  the  d i f f r ac -  
t ion  a r e  i l l u m i n a t e d  in an  o t h e r w i s e  d a r k  field. 
C o m p a r i s o n  of c o n v e n t i o n a l  and  d a r k - f i e l d  m i c r o -  
g r a p h s  of t he  s ame  a r e a  shows  w h e t h e r  t h e  i l l u m i -  
n a t e d  c r y s t a l l o g r a p h i c  p l a n e s  a r e  a s soc ia t ed  w i t h  a 
con t inuous  ox ide  f i lm or  on ly  w i t h  a d i s t r i b u t i o n  of 

1 m m  t i g ;  n o m e n c l a t u r e  r e c o m m e n d e d  b y  t he  A m e r i c a n  V a c u u m  
Socie ty .  

s e p a r a t e d ,  d i s c r e t e  o x i d e  p a r t i c l e s  on the  su r f ace  of 
the  meta l .  

Results and Discussion 
In  al l ,  t he  effects  of t he  a d d i t i o n  of a b o u t  0.1 a / o  

of some 10 a l l o y i n g  e l e m e n t s  to 99.999% p u r e  t in  
w e r e  i n v e s t i g a t e d  ( T a b l e  I ) .  As  the  k ine t i c  and  
e l ec t ron  d i f f r ac t ion  d a t a  for  t he  o x i d a t i o n  of t he se  
b i n a r y  a l loys  w e r e  a c c u m u l a t e d ,  i t  b e c a m e  con-  
v e n i e n t  to c l a s s i fy  t he  a l l o y i n g  a d d i t i o n s  in two  
g roups :  ( i )  those  t h a t  i n c r e a s e d  the  r a t e  of  f o r m a -  
t ion  of s t annous  oxide ,  a n d  ( i i )  t hose  in  w h i c h  p r e f e r -  
en t i a l  o x i d a t i o n  of t he  a l l o y i n g  c o n s t i t u e n t  i n h i b i t e d  
the  f o r m a t i o n  of s t a n n o u s  oxide .  

Elements That Increased the Rate of Formation of 
Stannous Oxide 

In i t i a l l y ,  a n u m b e r  of a l l o y i n g  e l e m e n t s  w e r e  i n -  
v e s t i g a t e d  t h a t  m i g h t  i n c r e a s e  t he  o x i d a t i o n  r a t e  if 
Hauf fe ' s  v a l e n c y  ru l e  w a s  a s s u m e d  a p p l i c a b l e  to 
t in  ox ida t ion .  The  r e su l t s  of t he  i n v e s t i g a t i o n  
of the  o x i d a t i o n  k ine t i c s  of t h e  b i n a r y  a l loys  of t in  
and  a n t i m o n y ,  b i s m u t h ,  i ron,  lead,  t h a l l i u m ,  and  
c a d m i u m ,  r e spe c t i ve ly ,  a r e  p l o t t e d  in Fig .  1 a n d  2. 
Each  of these  a l loys  g a i n e d  w e i g h t  in c o n f o r m a n c e  
w i t h  a d i r ec t  l o g a r i t h m i c  r a t e  l a w  (1, 3) a f t e r  t he  
u sua l  " i nduc t i on  p e r i o d "  of  o x i d e  n u c l e a t i o n  and  
l a t e r a l  g r o w t h  ( 2 - 4 ) .  The  g r e a t e s t  i nc reases  in ox i -  
d a t i o n  ra te ,  as c o m p a r e d  w i t h  t h a t  of p u r e  t in,  w e r e  
p r o d u c e d  b y  the  a d d i t i o n  of a n t i m o n y  a n d  t h a l l i u m .  
B i s m u t h  and  i ron  caused  l e s se r  increases ,  w h e r e a s  
l e ad  and  c a d m i u m  h a d  on ly  s l igh t  and  p r o b a b l y  in -  
s igni f icant  effects. T h e  inc reases  in o x i d a t i o n  r a t e  
o b s e r v e d  w e r e  in  accord  w i t h  the  v a l e n c y  r u l e  for  a 
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Fig. 1. Oxidation kinetics of tin-antimony, tin-thallium, and tin- 
bismuth alloys compared with that of pure tin. 
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Fig. 2. Oxidation kinetics of t/n-iron, t/n-cadmium, and tin-lead 
alloys compared with that of pare tin. 
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Fig. 3. Electron micrographs of the oxide stripped from pure tin 
and alloys containing antimony, thallium, bismuth, iron, lead, and 
cadmium after oxidation at 190~ and 10 tort for 1400 min. 

ca t i on -de f i c i en t  ox ide  in  a d i f f u s i o n - c o n t r o l l e d  
process .  

Structure of oxide f i l m s . - - F i g u r e  3 shows  e l e c t r o n  
m i c r o g r a p h s  of  t he  o x i d e  f i lms i so l a t ed  f r o m  the  
spec imens  of p u r e  t in  a n d  of t he  a l loys  of t in  w i t h  
a n t i m o n y ,  t h a l l i u m ,  b i s m u t h ,  i ron,  lead ,  a n d  c a d -  
m i u m ,  r e spec t i ve ly ,  w h i c h  f o r m e d  d u r i n g  o x i d a t i o n  
for  1400 m i n  at  190~ and  an  o x y g e n  p r e s s u r e  of 10 
to r r .  The  m i c r o s t r u c t u r e s  of t he  ox ide  f i lms f o r m e d  
on these  t in  a l loys  a r e  no t  s ign i f i can t ly  d i f fe ren t  
f r o m  t h e  m i c r o s t r u c t u r e  of o x i d e  f i lms f o r m e d  on t h e  
p u r e  t in.  The  s t r u c t u r e  consis ts  of t i n  ox ide  g r a i n s  of 
d i f fe r ing  o r i e n t a t i o n  a n d  th ickness .  M a n y  of  t he  
ox ide  g r a i n s  con ta in  cav i t i e s  a t  t he  o x i d e - m e t a l  
i n t e r f ace ;  t he se  a r e  a r r a n g e d  in p a r a l l e l  r ows  t h a t  
p r e s u m a b l y  c o r r e s p o n d  to c e r t a i n  c r y s t a l l o g r a p h i c  
d i r ec t i ons  or  t r aces  of c r y s t a l l o g r a p h i c  p l a n e s  in  t he  
oxide .  This  t y p e  of s t r u c t u r e  has  b e e n  d i scussed  in  
m o r e  d e t a i l  in  an  e a r l i e r  p a p e r  (2 ) .  The  s m a l l  a p -  
p a r e n t  d i f fe rences  a m o n g  the  m i c r o g r a p h s  of Fig .  
3 a r e  of  d e g r e e  and  no t  of k ind .  A l t h o u g h  an  a t t e m p t  
was  m a d e  in each  case  to choose a m i c r o g r a p h  t h a t  
w o u l d  r e p r e s e n t  t h e  " a v e r a g e "  s t r u c t u r e  of t he  
w h o l e  ox ide  film, t he  r a n g e  of v a r i a t i o n  u s u a l l y  o b -  
s e r v e d  is so b r o a d  t h a t  th is  i d e a l  can  on ly  be  a p -  
p r o x i m a t e d  in  a s ing le  m i c r o g r a p h  a t  t h e  n e c e s s a r i l y  
h igh  magn i f i ca t ions  used.  F u r t h e r m o r e ,  even  t h o u g h  
the  m i c r o s t r u c t u r e s  a r e  c o m p a r e d  on  t h e  bas i s  of a 
s ingle  t i m e  of  o x i d a t i o n  (1400 m i n ) ,  i t  shou ld  b e  
n o t e d  t h a t  t he  p r o g r e s s  of o x i d a t i o n  is d i f fe ren t  in 
g e n e r a l  b e c a u s e  of t h e  v a r y i n g  effects of t he  a l l o y -  
ing  e l e m e n t s  on the  o x i d a t i o n  ra t e .  F o r  t he  a l l o y -  
ing  e l e m e n t s  t ha t  i nc rea se  t he  o x i d a t i o n  ra t e ,  i t  is 
to be  e x p e c t e d  t h a t  a t  a g iven  t i m e  of o x i d a t i o n  the  
ox ide  f i lms on the  a l loys  w i l l  be  t h i c k e r  and  the  
cav i t i es  w i l l  be  l a r g e r  and  m o r e  coa lesced  t h a n  w i l l  
those  of  t he  ox ide  f i lm on p u r e  t in.  This  i n d e e d  a p -  
p e a r s  to be  the  t r e n d  in t he  m i c r o g r a p h s  of Fig .  3. 

A l l  t he  ox ide  f i lms f o r m e d  on these  d i l u t e  t in  
a l loys  w e r e  ident i f ied  as s t annous  ox ide  ( ~ - S n O )  b y  
m e a n s  of e l ec t ron  d i f f rac t ion .  A l t h o u g h  s l igh t  
changes  in c r y s t a l - l a t t i c e  p a r a m e t e r s  of t he  t in  
ox ide  m i g h t  be  e x p e c t e d  b e c a u s e  of t he  s u b s t i t u t i o n  
of a l l o y i n g - e l e m e n t  ions for  s t a n n o u s  ions, t h e y  w e r e  
no t  d e t e c t e d  w i t h i n  t he  l imi t s  of p rec i s ion  of t he  
e l ec t ron  d i f f r ac t ion  t e c h n i q u e  used.  

Elements That Were Preferentially Oxidized 

Since  the  u l t i m a t e  ob j ec t i ve  of the  p r e s e n t  in -  
v e s t i g a t i o n  was  to f ind a p r a c t i c a b l e  and  g e n e r a l l y  
u se fu l  m e a n s  for  i m p r o v i n g  t h e  o x i d a t i o n  r e s i s t ance  
of t in ,  f u r t h e r  ef for t  was  c o n c e n t r a t e d  on a d e t e r -  
m i n a t i o n  of the  m e c h a n i s m ( s )  u n d e r l y i n g  the  r e -  
p o r t e d  i n c r e a s e  in o x i d a t i o n  r e s i s t ance  i m p a r t e d  to  
t in  b y  the  a d d i t i o n  of a c e r t a i n  f ew  a l l o y i n g  e l e -  
ments .  A c c o r d i n g  to B r i t t o n  a n d  B r i g h t  (7 ) ,  t he  
f o r m a t i o n  of co lo red  t e m p e r  f i lms on t i n  h e a t e d  in  
a i r  is i n h i b i t e d  b y  a l l o y i n g  t i n  w i t h  s m a l l  a m o u n t s  
of i nd ium,  phospho rus ,  or  zinc. The  s imp le s t  and  
i n t u i t i v e l y  mos t  r e a s o n a b l e  e x p l a n a t i o n  of th i s  effect 
is t h a t  t h e  a l l o y i n g  e l e m e n t  is p r e f e r e n t i a l l y  ox i -  
d ized  (11) in  t he  su r f ace  of t h e  t in  a l loy.  

I f  t he  f o r m a t i o n  of t he  ox ide  of a so lu te  e l e m e n t  
is t h e r m o d y n a m i c a l l y  f a v o r e d  ove r  t he  f o r m a t i o n  
of t h e  ox ide  of t h e  so lven t  me ta l ,  a t h in  f i lm of  t he  
ox ide  of t he  so lu te  e l e m e n t  m a y  b e  f o r m e d  p r e f e r -  
e n t i a l l y  ove r  t he  su r f ace  of t he  a l loy.  I f  t h e  d i f fus ion 
r a t e  of o x y g e n  a n d / o r  so lven t  m e t a l  ions t h r o u g h  
th is  s o l u t e - e l e m e n t  o x i d e  f i lm is less t h a n  the  d i f fu-  
s ion r a t e  t h r o u g h  the  ox ide  of t he  so lven t  me ta l ,  t hen  
the  o x i d a t i o n  r a t e  of t h e  a l l oy  w o u l d  be  r e d u c e d  to 
a v a l u e  b e l o w  t h e  o x i d a t i o n  r a t e  of t he  p u r e  so lven t  
me ta l .  On the  o t h e r  hand ,  if  t he  d i f fus ion  r a t e  of 
so lu te  ions  t h r o u g h  the  s o l u t e - e l e m e n t  o x i d e  f i lm is 
h i g h e r  t h a n  t h e  d i f fus ion  r a t e  of so lven t  ions  t h r o u g h  
the  so lven t  o r  s o l u t e - e l e m e n t  oxide ,  t hen  the  ox i -  
d a t i o n  r a t e  of t h e  a l l oy  w o u l d  be  e x p e c t e d  to be  
h i g h e r  t h a n  t h a t  of t he  p u r e  me ta l ,  a t  l eas t  u n t i l  t he  
a m o u n t  of so lu te  a t  t h e  o x i d e - m e t a l  i n t e r f a c e  w o u l d  
be  g r e a t l y  dep le t ed .  In  e i t he r  case,  v e r y  l i t t l e  of t he  
o x i d e  of t he  so lven t  m e t a l  w o u l d  b e  e x p e c t e d  to 
form.  

T h e  f ree  e n e r g i e s  o f  fo rma t ion ,  p e r  g r a m  a t o m  of 
oxygen ,  of ZnO ( - -77  k c a l ) ,  In203 ( - -73  k c a l ) ,  and  
P205 ( - -64  kca l )  a r e  m o r e  n e g a t i v e  t h a n  t h e  f ree  
e n e r g y  of f o r m a t i o n  of a - S n O  (--61 k c a l )  (9, 10). 
Thus,  t he  f o r m a t i o n  of  t he  ox ides  of t he se  a l l o y i n g  
e l e m e n t s  w o u l d  be  e x p e c t e d  to  be  f a v o r e d  t h e r m o -  
d y n a m i c a l l y  ove r  t he  f o r m a t i o n  of t in  oxide .  

I f  p r e f e r e n t i a l  f o r m a t i o n  of a l l oy ing  e l e m e n t  
ox ide  a c t u a l l y  p r o d u c e d  t h e  effect  o b s e r v e d  b y  
B r i t t o n  a n d  B r i g h t  (7 ) ,  t h e n  some ev idence  of  t h e  
a l l o y i n g - e l e m e n t  ox ide  shou ld  be  f o u n d  in  f i lms 
s t r i p p e d  f rom ox id i zed  t in  a l loys .  A c c o r d i n g l y ,  b i -  
n a r y  a l loys  of t in  con t a in ing  zinc, i nd ium,  a n d  p h o s -  
p h o r u s  w e r e  s u b j e c t e d  to o x i d a t i o n  e x p e r i m e n t s  
s i m i l a r  to  those  p r e v i o u s l y  p e r f o r m e d  w i t h  p u r e  t in ,  
and  the  ox id i zed  su r faces  w e r e  e x a m i n e d .  

Condition of alloy surfaces at the start of con- 
trolled oxidation.--The p r e s e n c e  of a c o h e r e n t  a n d  
s t ab le  f i lm on t h e  m e t a l  su r f ace  at  t he  s t a r t  of o x i d a -  
t ion  w o u l d  be  e x p e c t e d  to h a v e  some inf luence  on 
the  course  of s u b s e q u e n t  ox ide  f i lm g rowth .  As  r e -  
p o r t e d  in  a p r e v i o u s  p a p e r  (1 ) ,  no e l ec t ron  d i f f r ac -  
t ion  p a t t e r n s  w e r e  o b t a i n e d  f r o m  e x t r a c t i o n  r ep l i ca s  
of t h e  e l e c t r o p o l i s h e d  and  v a c u u m - a n n e a l e d  s a m -  
p les  of p u r e  t in.  S ince  th is  t e c h n i q u e  p laces  t h e  s a m -  
p le  f i lm n o r m a l  to t h e  e l e c t r o n  b e a m  in t h e  d i f f r ac -  
t i on  i n s t r u m e n t ,  v e r y  t h in  ( a b o u t  20A or  less)  c r y s -  
t a l l i t e s  or  c r y s t a l l i n e  f i lms m i g h t  no t  be  de tec ted .  I f  
a v e r y  smooth  t in  spec imen  cove red  w i t h  such  a film 
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is p l a c e d  n e a r l y  p a r a l l e l  to t he  b e a m  so t h a t  t he  i n -  
c iden t  e l ec t ron  b e a m  grazes  i ts  sur face ,  the  ef fec t ive  
t h i ckness  of t he  s u r f a c e  film, and  thus  t he  sens i -  
t i v i t y  of t h e  d i f f rac t ion  t echn ique ,  is i nc reased .  

S p e c i m e n s  of f r e s h l y  e l e c t r o p o l i s h e d  p u r e  t in,  
t i n -z inc ,  and  t i n - i n d i u m  a l loys  w e r e  e x a m i n e d  b y  
this  me thod .  The  m a j o r  e l ec t ron  d i f f r ac t ion  p a t t e r n  
o b t a i n e d  was  t h a t  of f l - t in .  In  add i t ion ,  a w e a k  p a t -  
t e rn  of h y d r a t e d  t in  oxide ,  2 S n O . H 2 0 ,  was  d e t e c t e d  
in  t he  p u r e - t i n  su r f ace  and  on the  t i n - z i n c  a l l oy  su r -  
face.  A f t e r  t he  e l e c t r o p o l i s h e d  spec imens  w e r e  v a c -  
u u m  a n n e a l e d  for  1 h r  a t  200~ the  h y d r a t e d  t in  
ox ide  p a t t e r n  no l onge r  could  be  de tec ted .  H o w e v e r ,  
one l ine,  a t t r i b u t a b l e  to ZnO, was  o b t a i n e d  f r o m  the  
su r f ace  of t he  t i n - z i n c  a l loy.  The  on ly  o t h e r  e l e c t r o n  
d i f f r ac t ion  r ings  o b t a i n e d  f r o m  these  sur faces  cor -  
r e s p o n d  to f l - t in .  I t  is a p p a r e n t  t ha t  t he  su r faces  of 
t he  a l loys  w e r e  c l eaned  s o m e w h a t  b y  the  v a c u u m -  
a n n e a l i n g  t r e a t m e n t ,  b u t  i t  is u n l i k e l y  t h a t  a n y  
ox ide  r e s u l t i n g  f r o m  e l e c t r o p o l i s h i n g  was  c o m -  
p l e t e l y  e l i m i n a t e d .  The  r e su l t s  of these  e x p e r i m e n t s  
a r e  s u m m a r i z e d  in  T a b l e  III .  

Oxidation o~ the alloys.--The k ine t i c  d a t a  ob -  
t a i n e d  f rom the  o x i d a t i o n  of b i n a r y  a l loys  of t in  
w i t h  zinc, i nd ium,  a n d  p h o s p h o r u s  at  190~ and  an  
o x y g e n  p r e s s u r e  of  10 t o r r  ( so l id  l i ne s ) ,  c o m p a r e d  
w i t h  d a t a  for  p u r e  t in  ( b r o k e n  l ines )  ox id i zed  u n d e r  
s i m i l a r  condi t ions ,  a r e  p lo t t ed  in Fig.  4. The  a d d i t i o n  
of abou t  0.1 a / o  of  t he se  a l l o y i n g  e l e m e n t s  r e s u l t e d  
in  a m a r k e d  dec rease  in  the  o x i d a t i o n  ra te .  The  
r a t e s  of o x i d a t i o n  w e r e  so low t h a t  the  r a t e  l aws  
i n v o l v e d  could  not  be  d e d u c e d  f r o m  the  k ine t i c  da ta .  

E x t r a c t i o n  r ep l i ca s  w e r e  m a d e  of  t he  ox ide  
f o r m e d  on each  of t he  a l loys  d u r i n g  the  k ine t i c  
s tudies .  The  ox ides  w e r e  t hen  iden t i f i ed  b y  e l e c t r o n  
d i f f rac t ion .  The  d i f f r ac t ion  p a t t e r n  o b t a i n e d  f rom 
e x t r a c t i o n  r ep l i ca s  of t h e  ox id i zed  t i n - z i n c  s u r f a c e  
was  e n t i r e l y  t h a t  of ZnO. T h e  p a t t e r n s  o b t a i n e d  
f rom the  r ep l i c a  of the  ox id i zed  t i n - i n d i u m  a l loy  
w e r e  a t t r i b u t a b l e  in t he  m a i n  to In203, a l t h o u g h  a 
few r ings  c o r r e s p o n d i n g  to a - S n O  w e r e  also found.  
No d i f f rac t ion  p a t t e r n  w a s  o b t a i n e d  f r o m  an  e x t r a c -  
t ion r e p l i c a  of t he  t i n - p h o s p h o r u s  surface .  This  
l a t t e r  r e s u l t  is not  u n e x p e c t e d ,  s ince  the  ox ides  of 

Table III. Summary of reflection electron diffraction results 

Diffrac t ion pa t t e rn  a f te r  t r e a t m e n t  
Electropolished V a c u u m  annea led  

1. Pure  t in Total  17 r ings Total  10 r ings  
13/3-Sn 10/~-Sn 

3 2SnO. H20 
1 Unidentif ied 

Total  11 r ings  
11/~-Sn 

2. Tin + ind ium 

3. Tin -t- zinc 

4. Tin + manganese  

Total  25 r ings 
11 fl-Sn 
11 2SnO. H20 
3 Unidentif ied 

or ambigu -  
ous 

Total  19 r ings 
11 2SnO.H20 

6/~-Sn 
2 Unidentif ied 

Total  11 r ings  
10/~-Sn 
1 Unidentif ied 

Total  11 r ings  
10/~-Sn 

1 ZnO? 

Total  13 r ings 
12/~-Sn 

1 Unidentif ied 
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Fig. 4. Oxidation kinetics of tin-indium, tin-zinc, and tin- 
phosphorus alloys compared with that Of pure tin. 

Fig. 5. Electron micrograph of the zinc oxide crystallites found 
on a tin-zinc alloy after oxidation at 190~ and 10 torr for 1400 
min. 

p h o s p h o r u s  mos t  l i k e l y  to  be  f o r m e d  a re  v e r y  h y -  
groscopic  a n d  p r o b a b l y  a r e  los t  d u r i n g  p r e p a r a t i o n  
of the  r ep l i c a  for  e l ec t ron  op t i ca l  e x a m i n a t i o n .  The  
r ep l i ca s  w e r e  also e x a m i n e d  b y  e l ec t ron  mic roscopy .  
Tin-zinc.--Discrete c rys t aUi t e s  of zinc ox ide  (ZnO)  
w e r e  found  in some  a reas  of t he  ox id i zed  t i n - z i n c  
a l l oy  spec imens ,  as s h o w n  in Fig.  5. H o w e v e r ,  an  
o b s e r v a t i o n  of s e e m i n g l y  g r e a t e r  s igni f icance  is t h a t  
the  en t i r e  su r f ace  of the  t i n - z i n c  a l loy  was  cove red  
w i t h  a thin,  con t inuous  p o l y c r y s t a l l i n e  f i lm of zinc 
oxide .  

E v i d e n c e  for  the  ex i s t ence  of the  con t inuous  ZnO 
fi lm was  o b t a i n e d  b y  c o n v e n t i o n a l  t r a n s m i s s i o n  e lec -  
t r o n  d i f f rac t ion  and  b y  d a r k - f i e l d  e l e c t r o n  m i c r o -  
scopy.  The  d i f f r ac t ion  p a t t e r n s  cons i s ted  of c o n t i n u -  
ous r ings ,  s i m i l a r  in a p p e a r a n c e  to the  f a m i l i a r  p o w -  
d e r  p a t t e r n s  of x - r a y  d i f f rac t ion .  Such  p a t t e r n s  a r e  
caused  b y  a m u l t i t u d e  of r a n d o m l y  o r i e n t e d  c r y s t a l -  
l i tes.  The  mos t  conv inc ing  ev idence  of t he  con t inuous  
n a t u r e  of  t he  ZnO fi lm was  o b t a i n e d  b y  d a r k - f i e l d  
e l ec t ron  mic roscopy .  F i g u r e  6 shows  a c o n v e n t i o n a l  
e l e c t r o n  m i c r o g r a p h  and  a d a r k - f i e l d  m i c r o g r a p h  of  
the  s a m e  a r e a  of a ZnO film. The  d a r k - f i e l d  m i c r o -  
g r a p h  was  o b t a i n e d  b y  us ing  on ly  the  d i f f r ac ted  
e l ec t rons  t h a t  f o r m  the  first  s t rong  l ine  of t he  ZnO 
p a t t e r n ,  t h a t  is, t h e  2.816A l ine  f r o m  t h e  (100) 
p l anes  of the  ZnO c rys ta l s .  
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Fig. 6. Conventional and dark-field electron micrographs of the 
same area of the surface of a tin-zinc alloy after oxidation at 
190~ and 10 torr for 1400 min, showing the recurrence of the 
(100) plane of ZnO in the oxide film. 

The p ro fus ion  of b r i g h t  spots  in t he  d a r k - f i e l d  
m i c r o g r a p h  r e su l t s  f r o m  t h e  f r e q u e n t  r e c u r r e n c e  of 
t h e  (100) p l anes  in p r o p e r  d i f f r ac t ing  o r i e n t a t i o n  in 
the  z inc  ox ide  f i lm cove r ing  t h e  su r f ace  of t he  me ta l .  
I t  is e v i d e n t  t h a t  the  m i n u t e  ZnO c r y s t a l l i t e s  p r o -  
v id ing  these  (100) re f lec t ions  a r e  v e r y  u n i f o r m l y  
d i s t r i b u t e d  and  c lose ly  spaced  in  t he  su r face  film. 
A l t h o u g h  t h e s e  c r y s t a l l i t e s  a r e  no t  r e s o l v e d  in  the  
c o r r e s p o n d i n g  c o n v e n t i o n a l  b r i g h t - f i e l d  m i c r o g r a p h ,  
t h e y  p r o b a b l y  a r e  t he  r ea son  for  t he  m o t t l e d  t e x t u r e  
obse rved .  These  d i f f r ac t ing  r eg ions  of zinc ox ide  
d e t e c t e d  b y  d a r k - f i e l d  m i c r o s c o p y  a re  so m u c h  
s m a l l e r  a n d  m o r e  c lose ly  spaced  t h a n  the  i d io -  
m o r p h i c  zinc ox ide  c ry s t a l l i t e s  o b s e r v e d  b y  b r i g h t -  
f ield m i c r o s c o p y  t ha t  i t  seems  qu i t e  c e r t a i n  t h a t  t h e y  
r e p r e s e n t  a con t inuous  ox ide  f i lm r a t h e r  t h a n  s e p a -  
r a t ed ,  d i s c r e t e  pa r t i c l e s .  This  t h in  f i lm of zinc ox ide  
e f fec t ive ly  inh ib i t s  t he  f o r m a t i o n  of t in  ox ide  on the  
su r face  of t he  t i n - z i n c  a l loy.  
T i n - i n d i u m . - - T h e  ox ide  found  on a spec imen  of t he  
t i n - i n d i u m  al loy,  w h i c h  was  ox id i zed  for  5400 min  
a t  190~ and  10 to r r ,  cons i s ted  of sma l l  d i sc re t e  r o d -  
or  p l a t e - s h a p e d  c r y s t a l l i t e s  of In208 such as a r e  

shown  in Fig.  7. No d i r ec t  ev idence  of a n y  ox ide  
could  be  f o u n d  on the  a r e a s  b e t w e e n  the  i n d i u m  
o x i d e  pa r t i c l e s .  H o w e v e r ,  in  some m o r e  r e c e n t  w o r k  
in th is  l a b o r a t o r y  on a d d i t i o n a l  t in  a l loys ,  n o t a b l y  
t i n - g e r m a n i u m ,  bo th  con t inuous  f i lms a n d  d i sc re t e  
p a r t i c l e s  of t he  s o l u t e - e l e m e n t  ox ide  h a v e  been  
iden t i f i ed  on t h e  su r f ace  a f t e r  o x i d a t i o n ;  th is  i n -  
f o r m a t i o n  wi l l  be  p u b l i s h e d  a t  a l a t e r  date .  The  
ox ide  f o r m e d  on p u r e  t in  ox id i zed  u n d e r  s im i l a r  
cond i t ions  is a f i lm of a - S n O  cove r ing  the  en t i r e  
su r face  of t h e  me ta l ,  as is shown  in t he  inset .  The  
i n d i u m  ox ide  p a r t i c l e s  t h a t  f o r m e d  on th is  a l loy  
u n d e r  t he  a b o v e  cond i t ions  w e r e  1500-3000A long 
and  700-1500A wide .  T h e y  p r o t r u d e  700-1500A 
a b o v e  the  p l a s t i c  suppor t ,  as is shown  b y  the  l e n g t h  
of t h e i r  shadows.  S ince  s im i l a r  shadows  a r e  no t  
f o u n d  on p r e s h a d o w e d  spec imens ,  i t  is e v i d e n t  t h a t  
t he  i n d i u m  ox ide  pa r t i c l e s  a c t u a l l y  w e r e  i m b e d d e d  in 
the  m e t a l  and  d id  no t  p r o t r u d e  a p p r e c i a b l y  above  
i ts  surface .  

The  d e n s i t y  of  d i s t r i b u t i o n  of t he  p a r t i c l e s  va r i e s  
f r o m  one  a l loy  g r a i n  to ano the r ,  as is s h o w n  in Fig .  
7, w h e r e  a g r a i n  b o u n d a r y  s e p a r a t e s  t he  g r a i n  in the  
u p p e r  r i g h t  q u a d r a n t  f r o m  a second  g r a i n  in t he  
l o w e r  l e f t  q u a d r a n t ,  b u t  t he  o v e r - a l l  a v e r a g e  d e n s i t y  
is a b o u t  5 x 107 p a r t i c l e s / c m  2. This  f ind ing  sugges t s  
t ha t  t he  i n d i u m  o x i d e  p a r t i c l e s  a r e  a s soc ia t ed  w i t h  
d i s loca t ions  i n t e r s ec t i ng  the  su r face  of  t he  t i n - i n -  
d i u m  al loy.  The  t e n d e n c y  of i m p u r i t i e s  in c r y s t a l s  to 
diffuse to d i s loca t ions  is w e l l  k n o w n  (12) .  Young  has  
d e m o n s t r a t e d  the  c o r r e s p o n d e n c e  b e t w e e n  ox ide  
" n u c l e i "  and  d i s loca t ions  in copper  s ingle  c rys t a l s  
d o p e d  w i t h  c e r t a i n  i m p u r i t i e s  (13) .  

D i r ec t  e v i d e n c e  of the  a s soc ia t ion  of t he  i n d i u m  
ox ide  p a r t i c l e s  w i t h  d i s loca t ions  in t he  m e t a l  c r y s -  
t a l s  is shown  in Fig.  8, a t r a n s m i s s i o n  e l ec t ron  m i -  
c r o g r a p h  of an  e I e c t r o t h i n n e d  s p e c i m e n  of t he  t i n -  
i n d i u m  al loy,  w h i c h  h a d  been  ox id i zed  for  2800 m i n  
in o x y g e n  at  10 t o r r  and  190~ T h e  ox id i zed  spec i -  
m e n  was  t h i n n e d  b y  e l e c t r o p o l i s h i n g  f rom one s ide  
(14) ,  us ing  t h e  s t a n d a r d  20 % perch lo r i c ,  80 % acet ic  
ac id  t in  e l e c t r o p o l i s h i n g  so lu t ion  in a Zeiss  ( J e n a )  

Fig. 7. Electron micrograph of the indium oxide particles formed 
on o tin-indlum alloy during oxidation at 190~ and 10 torr for 
5400 min with inset showing oxide formed on pure tin under similar 
conditions. 

Fig. 8. Transmission electron micrograph of a tin-indium alloy 
foil after oxidation at 190~ and 10 torr for 2800 min. 
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" E l y p o v i s t "  e l e c t r o p o l i s h i n g  microscope .  The  i n d i u m  
ox ide  p a r t i c l e s  a t  t h e  ends  of d i s loca t ions  in  the  
m e t a l  a r e  c l e a r l y  shown.  

I t  m i g h t  be  h y p o t h e s i z e d  t h a t  i n d i u m  a toms,  s ince  
t h e y  a r e  s l i g h t l y  l a r g e r  t h a n  the  t in  a t o m s  of the  
m a t r i x  (1.62A vs. 1.40A),  p r o d u c e  s y m m e t r i c a l  d i -  
l a t ions  of t he  t in  la t t i ce .  Such  ove r s i zed  i n d i u m  
a toms  a r e  a t t r a c t e d  to r eg ions  of h y d r o s t a t i c  t ens ion  
and  r e p e l l e d  f r o m  reg ions  of compres s ion  in t he  
c r y s t a l  l a t t i ce ,  and  so t h e y  diffuse to t he  t ens ion  s ide  
of edge  d i s loca t ions  w h e r e  t h e y  a r e  r e m o v e d  f r o m  
t h e  t in  m a t r i x  b y  inc lus ion  in  i n d i u m  o x i d e  c r y s -  
t a l l i t e s .  Thus ,  d i s loca t ions  m a y  s e r v e  as "d i f fus ion  
p ipe s "  to f ac i l i t a t e  t r a n s f e r  of i n d i u m  a toms  f r o m  
the  i n t e r i o r  of  the  m e t a l  to t h e  ox ide  e r y s t a l l i t e s  in  
t he  sur face .  

Tin-phosphorus.--The r e su l t s  of t he  e l ec t ron  m i c r o -  
scopic  e x a m i n a t i o n  of t h e  su r f ace  of t he  t i n - p h o s -  
p h o r u s  a l loy  w e r e  inconc lus ive .  No e l ec t ron  d i f f r ac -  
t ion  p a t t e r n s  w e r e  ob ta ined ,  and  no c l ea r  ev idence  of  
ox ide  could  be  found  w i t h  the  e l ec t ron  microscope .  
As  s t a t ed  above ,  th is  m i g h t  be  e x p e c t e d  beca use  of 
t h e  af f in i ty  of  p h o s p h o r u s  ox ides  for  w a t e r .  I t  is b e -  
l i e v e d  t h a t  a n y  o x i d e  f o r m e d  b y  p r e f e r e n t i a l  o x i -  
d a t i o n  of p h o s p h o r u s  in  t h e  d r y  a t m o s p h e r e  of t h e  
ba l ance  s y s t e m  w o u l d  a b s o r b  w a t e r  f r o m  the  l a b o r a -  
t o r y  a i r  and  e i t he r  a s sume  an  a m o r p h o u s  c h a r a c t e r  
or  be  lost  d u r i n g  the  p r e p a r a t i o n  of an  e x t r a c t i o n  
r e p l i c a  for  e l e c t r o n  mic roscop ic  e x a m i n a t i o n .  

Mechanism ior inhibition o~ oxidation.--It is c l ea r  
t ha t  p r e f e r e n t i a l  o x i d a t i o n  of zinc, i nd ium,  and  
p h o s p h o r u s  o c c u r r e d  w h e n  a l loys  of t in  con ta in ing  
these  e l e m e n t s  w e r e  e x p o s e d  to p u r e  o x y g e n  a t  e l e -  
v a t e d  t e m p e r a t u r e s .  A con t inuous  f i lm of ZnO was  
f o u n d  on the  ox id i zed  t i n - z i n c  a l loy.  A l t h o u g h  i t  
could  no t  be  d e m o n s t r a t e d  e x p e r i m e n t a l l y ,  i t  is b e -  
l i eved  t ha t  a s imi la r ,  bu t  even  th inne r ,  f i lm of  i n -  
d i u m  o x i d e  f o r m e d  on the  t i n - i n d i u m  a l ley .  Such  a 
f i lm e v i d e n t l y  i m p e d e s  t he  m o v e m e n t  of t in  or  
o x y g e n  ions  t h r o u g h  it  to a g r e a t e r  d e g r e e  t h a n  does  
a n o r m a l  t in  ox ide  film. I t  is r e a s o n a b l e  to b e l i e v e  
t ha t  th is  m e c h a n i s m  is o p e r a t i v e  in  t he  e a r l y  s t ages  
of t he  o x i d a t i o n  of these  b i n a r y  t in  a l loys ,  a l t h o u g h  
i t  has  been  diff icult  to d e m o n s t r a t e  t he  p r e s e n c e  of 
t he se  f i lms on a l loys  t h a t  h a d  been  o x i d i z e d  on ly  for  
shor t  t imes .  

P r e f e r e n t i a l  f o r m a t i o n  of a l l o y i n g - e l e m e n t  o x i d e  
was  o b s e r v e d  in t h e  f o r m  of ox ide  c r y s t a l l i t e s  i m -  
b e d d e d  in the  su r face  of t he  t i n - i n d i u m  and  t i n -  
zinc a l loys .  I t  a p p e a r s  t h a t  these  "p lugs"  g r o w  at  
s i tes  w h e r e  d i s loca t ions  e m e r g e  a t  t he  su r f ace  of the  
me ta l .  T h e i r  ro le  in  t h e  o v e r - a l l  m e c h a n i s m  of t he  
i nh ib i t i on  of t in  o x i d a t i o n  p r o d u c e d  b y  s m a l l  
a m o u n t s  of i n d i u m  or  z inc  is no t  c l e a r l y  e s t ab l i shed .  
H o w e v e r ,  i t  m a y  be  s ign i f ican t  t h a t  none  of  t he  c h a r -  
ac te r i s t i c  t i n  ox ide  g r o w t h  cen t e r s  (2)  h a v e  been  
f o u n d  on ox id i zed  spec imens  of t he se  a l loys .  P e r h a p s  
t h e  s i tes  n o r m a l l y  i n v o l v e d  in t he  nuc l ea t i on  of  t in  
ox ide  g r o w t h  cen te r s  a r e  b locked  b y  the  p r e f e r e n t i a l  
f o r m a t i o n  of these  a l l o y i n g - e l e m e n t  ox ide  c r y s t a l -  
l i tes.  

Tin-manganese.--Inasmuch as t h e  ox ides  f o r m e d  on 
o n l y  two  t in  a l loys  (Zn  and  In )  w e r e  d e t e c t e d  and  
p o s i t i v e l y  ident i f ied ,  an  effor t  was  m a d e  to d i s cove r  
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add i t i ona l ,  ve r i f i ab le  e x a m p l e s  of the  p r e f e r e n t i a l  
o x i d a t i o n  of a l l o y i n g  e l e m e n t s  in t in.  A d d i t i o n a l  
e l e m e n t s  w e r e  c ons ide r e d  for  s t u d y  p r i m a r i l y  on  the  
bas is  of t he  f r ee  ene rg ie s  of f o r m a t i o n  of  t h e i r  o x -  
ides. A second  c o n s i d e r a t i o n  in t he  choice  of t he  
a d d i t i o n a l  e l e m e n t s  was  t h e  s t a b i l i t y  of t he  ox ides  
in a mois t  a t m o s p h e r e  a n d / o r  in  the  f i lm s t r i p p i n g  
p roc e du re ,  in  o r d e r  to avo id  the  diff icul t ies  e n -  
c o u n t e r e d  w i t h  phosphorus .  M a n a g a n e s e ,  se l ec ted  
acco rd ing  to these  cons ide ra t ions ,  e x h i b i t e d  u n u s u a l  
a n d  i n t e r e s t i n g  behav io r .  The  ox ides  w h i c h  f o r m  on 
p u r e  m a n g a n e s e  a r e  MnO and  Mn304 (15 ) ;  t h e i r  
f ree  ene rg ie s  of fo rma t ion ,  p e r  g r a m  a t o m  of oxygen ,  
a r e  --89 kca l  a n d - - 7 6  kca l ,  r e spec t i ve ly ,  w h i c h  a r e  
c o n s i d e r a b l y  m o r e  n e g a t i v e  t h a n  t h a t  of  t in  ox ide  
(--61 k c a l ) .  The  t i n - m a n g a n e s e  a l l oy  was  p r e p a r e d  
and  i n v e s t i g a t e d  in  t he  s ame  m a n n e r  as p r e v i o u s l y  
desc r ibed .  E l e c t r o n  d i f f rac t ion  e x a m i n a t i o n  of 
f r e s h l y  e l e c t r o p o l i s h e d  su r f aces  of  th is  a l l oy  r e -  
v e a l e d  the  p r e s e n c e  of a h y d r a t e d  t in  ox ide  
( 2 S n O - H 2 0 ) ,  as s h o w n  in T a b l e  I I I ;  a f t e r  v a c u u m  
annea l ing ,  h o w e v e r ,  t he  p a t t e r n  of th is  h y d r a t e d  
ox ide  d i s a p p e a r e d ,  and  o n l y  a p a t t e r n  of f l - t i n  was  
ob ta ined .  

I n  con t r a s t  to  t he  t i n - z inc ,  t i n - i n d i u m ,  a n d  t i n -  
p h o s p h o r u s  a l loys ,  t he  t i n - m a n g a n e s e  a l l o y  e x -  
h ib i t e d  a h i g h e r  o x i d a t i o n  r a t e  t h a n  p u r e  t in,  Fig.  9. 
The  d a t a  for  t he  o x i d a t i o n  of th is  a l loy  c o n f o r m e d  
i n i t i a l l y  to t h e  p a r a b o l i c  r a t e  law,  Fig.  10. The  r a t e  
b e c a m e  less  t h a n  p a r a b o l i c  o n l y  a f t e r  the  w e i g h t  
i nc rea se  c o r r e s p o n d e d  to t he  c o n s u m p t i o n  of abou t  
13 % of t he  t o t a l  m a n g a n e s e  p r e s e n t  in t he  spec imen .  
The  v a l u e  of the  p a r a b o l i c  r a t e  cons t an t  for  th is  t in  
a l l oy  a t  190~ 0.017 t~g e cm -4 ra in  - I ,  is f a i r l y  close 
to t he  va lue ,  0.008 t~g 2 cm -4  min  -~, e x t r a p o l a t e d  to 

WEIGHT INCREASE PER UNIT AREA, /=g/cm 2 

5 

190 C, I0 torr 

3 Sn+ 0.1 

I0 10 2 10 3 10 4 
TIME, minutes 

Fig. 9. Oxidation kinetics of a tin-manganese alloy compared with 
that of pure tin. 

(WEIGHT INCREASE) 2, pg2/cm4 

20 190 C, I0 torr 

10 

5 

f . . . . . . .  
500  I 0 0 0  150( 

TIME, minutes 

Fig. 10. Parabolic plots of the oxidation kinetics of o tin- 
manganese alloy and of pure tin. 



Vol. 110, No. 1 ALLOYING ELEMENTS ON OXIDATION OF TIN ii 

Fig. 11. Electron micrograph of the oxide films formed on a 
tin-manganese alloy during oxidation at 190~ and 10 tort for 
240 min. 

190~ f r o m  d a t a  g i v e n  in  t he  l i t e r a t u r e  (15) for  t he  
o x i d a t i o n  of p u r e  m a n g a n e s e .  The  su r f ace  of t he  
ox id i zed  t i n - m a n g a n e s e  a l l oy  was  f o u n d  to be  cov-  
e r ed  w i t h  a con t inuous  f i lm of t he  m a n g a n e s e  oxides ,  
MnO and  Mn~O4, Fig.  11. The  e l ec t ron  d i f f r ac t ion  
p a t t e r n  of MnO was  o b t a i n e d  f r o m  e x t r a c t i o n  r e p l i -  
cas of t h e  su r f ace  of  th i s  a l l oy  a f t e r  r e l a t i v e l y  s h o r t  
pe r i ods  of o x i d a t i o n  a t  190 ~ and  220~ The  d i f f r ac -  
t ion  p a t t e r n  of Mn304 a p p e a r e d  a n d  b e c a m e  s t r o n g e r  
a f t e r  success ive ly  l o n g e r  pe r i ods  of ox ida t ion .  A p -  
p a r e n t l y  t he  oxide ,  MnO, f o r m e d  first  u n d e r  t he  con-  
d i t ions  of t h e s e  e x p e r i m e n t s .  I t  is i n t e r e s t i n g  to no te  
t ha t  t he  f o r m a t i o n  of Mn804 is r e p o r t e d  to occur  
first  on p u r e  m a n g a n e s e  (15) .  No t r a c e  of t i n  ox ide  
was  f o u n d  in t h e  ox ide  f i lms s t r i p p e d  f r o m  th is  
a l loy .  Thus ,  t h e  ox ide  fi lra f o r m e d  on th is  a l l oy  b y  
p r e f e r e n t i a l  o x i d a t i o n  of the  m a n g a n e s e  is p r o t e c -  
t i ve  to t he  t in,  a l t h o u g h  the  o v e r - a l l  r a t e  of o x i d a -  
t ion  is h i g h e r  t h a n  t h a t  of p u r e  t in  because  of t he  
h igh  r a t e  of  o x i d a t i o n  of  m a n g a n e s e .  

S u m m a r y  

The  r a t e  of o x i d a t i o n  of t in  can  be  m a r k e d l y  
c h a n g e d  b y  a l l o y i n g  i t  w i t h  sma l l  a m o u n t s  ( a b o u t  
0.1 a / o )  of c e r t a i n  e l e m e n t s  w h i c h  e x h i b i t  a p p r e -  
c i ab le  sol id  s o l u b i l i t y  in  t in.  I f  t he  ox ide  of t he  
a l l o y i n g  e l e m e n t  was  less  s t ab le  t h e r m o d y n a m i c a l l y  
t h a n  s t annous  oxide ,  t he  o x i d a t i o n  r a t e  of t h e  a l l oy  
was  a l t e r ed ,  p e r h a p s  fo r tu i t ous ly ,  in  the  d i r ec t i on  
p r e d i c t e d  b y  t I auf fe ' s  v a l e n c y  rule .  The  ions of 
h i g h e r  v a l e n c e  t h a n  s t annous  ion  ( a n t i m o n y ,  b i s -  
mu th ,  i ron,  a n d  t h a l l i u m )  i n c r e a s e d  the  o x i d a t i o n  
r a t e  of t in ,  w h i l e  t he  ions of t h e  s ame  v a l e n c e  h a d  no 
s ign i f ican t  effect  on t h e  o x i d a t i o n  ra t e .  

On the  o t h e r  hand ,  if  an  a l l o y i n g  e l e m e n t  f o r m e d  
an  ox ide  t h a t  was  t h e r m o d y n a m i c a l l y  m o r e  s t ab le  
t h a n  a - S n O ,  t he  a l l o y i n g  e l e m e n t  was  p r e f e r e n t i a l l y  
ox id i zed  on  the  su r face  of t he  a l loy ,  and  the  f o r m a -  
t ion  of t in  ox ide  was  inh ib i t ed .  Thus ,  zinc was  p r e f -  
e r e n t i a l l y  ox id ized ,  f o r m i n g  a t h in  su r face  f i lm 
cove r ing  t h e  a l loy  sur face .  No t in  ox ide  w a s  f o u n d  
on th i s  a l loy,  a n d  the  r a t e  of  r e a c t i o n  w i t h  o x y g e n  
was  o b s e r v e d  to b e  m u c h  less  t h a n  t h a t  of  p u r e  t in .  

Similar reductions in oxidation rate and inhibition 
of tin oxide formation were observed with tin-in- 
dium, tin-phosphorus, and tin-germanium alloys. 
Thus, the solute element must have diffused to the 
surface of the alloy and was oxidized there to form 
a barrier to the movement of tin or oxygen ions, 
thereby inhibiting the format}on of tin oxide. 

Manganese also inhibited the formation of tin 
oxide. However, a relatively thick film of man- 
ganese oxides formed on the surface of a tin-man- 
ganese alloy. The rate of oxidation of this alloy was 
about as great as would be expected for the oxida- 
tion of pure manganese until the amount of man- 
ganese available in the alloy was considerably de- 
pleted. 

In addition to the oxide films, discrete, idio- 
morphic oxide'erystallites were observed in the sur- 
faces of oxidized tin-zinc, tin-indium, and tin-ger- 
manium alloys. In the case of the tin-indium and 
tin-germanium alloys, these oxide crystallites 
formed in the same general pattern (that is, loca- 
tion and density of sites) as the tin oxide growth 
centers normally do during the oxidation of pure tin. 
Furthermore, dislocations in the tin alloy substrate 
have been observed directly associated with the in- 
dium oxide crystallites in the surface. These obser- 
vations strongly suggest (i) that these crystallites 
nucleate and grow either from a thin continuous 
oxide film or in the metal surface itself at high-en- 
ergy sites in the surface where dislocations emerge 
from the substrate, and (it) that the formation of 
the alloying-element crystallites in these preferred 
high-energy sites may impede or preclude the nu- 
cleation of the ~-SnO growth centers that normally 
form and grow rapidly, with large attendant weight 
increase, on the surface of pure tin. 

Manuscript received May 11, 1962. This paper was 
orepa red  for  de l ive ry  before  the  Boston Meeting,  Sept.  
16-20, 1962. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL. 
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Porous Tantalum Anodes for Liquid and Solid Electrolytic 
Capacitors by Reaction in Situ 

J. A. Pierret, A. Shtasel, 1 H. T. Knight,  and A. B. Michael  

Fansteel  Metallurgical  Corporation, Nor th  Chicago, Illinois 

ABSTRACT 

A new porous t an t a lum capaci tor  anode for  l iquid and solid e lect rolyt ic  
capaci tors ,  p r e p a r e d  d i rec t ly  by  the  reac t ion  in  s i tu of Ta~O~ and C is described.  
Porous  in situ anodes wi th  to ta l  in te rs t i t i a l  contents  (C, O, and N) of less 
than  0.02%, meta l l ic  impur i t y  contents  less than  the l imi t  of chemical  ana ly t ica l  
detect ion,  densi t ies  of a p p r o x i m a t e l y  4-12 g/cc,  and  specific capaci tances  of 1600- 
3200 ~coul /g  were  evaluated.  Life tests of 1000 h r  showed only  s l ight  changes 
in e lec t r ica l  character is t ics  for  l iquid  e lec t ro ly t ic  capaci tors  tested at  125v and 
85~ and solid e lec t ro ly t ic  capaci tors  tested at  34v and 125~ 

T h e  e l ec t r i ca l  c h a r a c t e r i s t i c s  of po rous  a n o d e  
t a n t a l u m  capac i t o r s  a r e  h i g h l y  d e p e n d e n t  on the  
p u r i t y  a n d  su r f ace  a r e a  of the  t a n t a l u m  anode ,  and  
c o n s i d e r a b l e  w o r k  has  been  d i r e c t e d  t o w a r d  p r e -  
p a r i n g  t a n t a l u m  anodes  h a v i n g  a m a x i m u m  p u r i t y  
a n d  o p t i m u m  su r f ace  a rea .  The  g e n e r a l  and  c u r r e n t  
p r a c t i c e  fo r  p r e p a r i n g  anodes  is to c o m p a c t  p o w d e r  
p a r t i c l e s  of specif ied size, size d i s t r i bu t i on ,  and  
m o r p h o l o g y  in to  t he  d e s i r e d  shape  a n d  t h e n  to  s in -  
t e r  u n d e r  c o n t r o l l e d  cond i t ions  in  v a c u u m  a t  an  e l e -  
v a t e d  t e m p e r a t u r e .  The  se lec t ion  of d i f fe ren t  c o m b i -  
na t i ons  of p o w d e r  pa r t i c l e s ,  p r e s s i n g  p re s su re s ,  a n d  
s in t e r i ng  cond i t ions  p e r m i t s  con t ro l  of t he  su r f ace  
a r e a  of t h e  anode .  F r e q u e n t l y ,  b i n d e r s  and  l u b r i -  
can t s  a r e  a d d e d  to f a c i l i t a t e  compac t ion ,  and  these  
a n d  o t h e r  r e s i d u a l  i m p u r i t i e s  m u s t  be  r e m o v e d  d u r -  
ing  s in t e r ing .  

The  o b j e c t i v e  of t h e  w o r k  r e p o r t e d  he re  was  to 
p r e p a r e  h i g h - p u r i t y  po rous  t a n t a l u m  anodes  w i t h  
c o n t r o l l e d  su r f ace  a r e a  b y  a s imp le r ,  m o r e  d i r ec t  
p rocess  t h a n  t h a t  c u r r e n t l y  used  and,  f u r t h e r ,  to 
p r e p a r e  anodes  w i t h  a h igh  c a p a c i t a n c e  on a w e i g h t  
and  v o l u m e  basis .  These  ob j ec t i ve s  w e r e  m e t  us ing  
a n e w  a p p r o a c h  b a s e d  on the  r e d u c t i o n  in  s i tu  of a 
t a n t a l u m  compound .  The  in  s i tu  proces s  for  p r e p a r -  
ing  po rous  t a n t a l u m  a n o d e s  is desc r ibed .  T h e  c h a r -  
ac te r i s t i c s  of t he  anodes  and  of l i qu id  and  sol id  
e l e c t r o l y t i c  c apac i t o r s  p r e p a r e d  f r o m  these  anodes  
a r e  d i scussed .  The  i n v e s t i g a t i o n  of c o l u m b i u m  ca -  
p a c i t o r  a n o d e s  p r e p a r e d  b y  r e a c t i o n  in  s i tu  is in 
p r o g r e s s  a n d  wi l l  be  r e p o r t e d  on in a l a t e r  p u b l i c a -  
t ion.  

In  S i t u  Process  and A n o d e  Prepara t ion  

P r e l i m i n a r y  s tud ies  showed  t h a t  t h e  r e d u c t i o n  of  
Ta205 w i t h  c a r b o n  was  a m o r e  f eas ib l e  r e a c t i o n  for  
p r e p a r i n g  po rous  anodes  b y  in  s i tu  r e a c t i o n  t h a n  
the  o t h e r  sys t ems  e x a m i n e d ,  such as Ta205 w i t h  
TaC a n d  K2TaF~ w i t h  Na,  a n d  t h e  m a j o r  effor t  was  
c o n c e n t r a t e d  on th is  sys tem.  

The  in  s i tu  process  consis ts  of i n t i m a t e l y  b l e n d i n g  
h i g h - p u r i t y  Ta205 w i t h  g r a p h i t e  and  c o m p a c t i n g  t h e  

1Presen t  address:  Cornell-Dubil ier  Electronics, Division of Fed-  
eral  Pac i f i c  E l e c t r i c  Company,  Norwood,  M a s s a c h u s e t t s .  

Fig. 1. Porous tantalum in situ anodes. Compacted Ta205 and C 
blend before reaction (left), as reacted anodes (right); scale in mm. 

b l e n d  into  t he  s h a p e  of an  anode ,  as  s h o w n  in Fig .  1. 
Because  of t he  c o m p a c t i n g  and  l u b r i c a t i n g  p r o p -  
e r t i e s  of t he  b l end ,  no a d d i t i o n a l  l u b r i c a n t s  or  
b i n d e r s  a r e  r e q u i r e d .  The  u n r e a c t e d  a n o d e  is h e a t e d  
in v a c u u m  u n d e r  a c o n t r o l l e d  t e m p e r a t u r e - t i m e  
cyc le  to 2200~ to r e m o v e  o x y g e n  and  c a r b o n  a c -  
co rd ing  to t he  r e a c t i o n  Ta205 q- 5C + 2 T a ~  5CO. 
R e a c t e d  anodes  a r e  s h o w n  in  Fig.  1. C o n s i d e r a b l e  
s h r i n k a g e  occurs  on  r eac t ion ,  b u t  t h e  c y l i n d r i c a l  
shape  of  the  i n i t i a l  compac t  is r e t a ined .  

Character is t ics  o;f I n  S i t u  A n o d e s  

The  c h e m i c a l  p u r i t y ,  po re  size, and  p o r e  s ize d i s t r i -  
b u t i o n  of  t he  r e a c t e d  a n o d e  is a func t ion  of t he  p a r t i -  
c le  size of t he  r eac t an t s ,  p r e s s i n g  p re s su re ,  a n d  t h e  
t e m p e r a t u r e - t i m e  cyc le  for  t he  reac t ion .  A n o d e s  w i t h  
a c c e p t a b l e  e l e c t r i c a l  c h a r a c t e r i s t i c s  w e r e  o b t a i n e d  
w h e n  t h e  c a r b o n  con t en t  w a s  less  t h a n  0.004%, 
o x y g e n  less t h a n  0.02%, a n d  n i t r o g e n  less  t h a n  
0.001%. Me ta l l i c  i m p u r i t i e s  w e r e  r e a d i l y  m a i n t a i n e d  
less  t h a n  the  l i m i t  of c h e m i c a l  a n a l y t i c a l  t e chn iques  
w h e n  h i g h - p u r i t y  r e a c t a n t s  w e r e  used.  A t y p i c a l  
a n a l y s i s  of an  in  s i tu  t a n t a l u m  a n o d e  is g iven  in 
T a b l e  I. 

The  i n  s i tu  anodes  a r e  c h a r a c t e r i z e d  b y  a th in  
s p o n g e - l i k e  n e t w o r k  of t a n t a l u m ,  as s h o w n  in Fig .  
2A, w h e r e a s  c o n v e n t i o n a l  anodes  p r e p a r e d  f rom 
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Table I. Typical analysis of in situ anodes a 

O 0.014% Zr <0.002% 
C 0.002 Si <0.005 
N 0.001 Ti <0.002 
Cb <0.003 W <0.005 
Mo <0.001 Mn <0.005 
Fe  <0.001 Cu <0.0005 
Co <0.005 A1 <0.0005 
Sn <0.005 Ni <0.005 

aMethods of analys is :  O-Leco oxygen  analyzer ,  C-Leco carbon 
analyzer ,  N-Micro-Kje ldahl ,  Meta l l ics-emiss ion spectrographic  us ing  
special  carriers. 

Table II. Density and wet electrical characteristics of in situ anodes 

Electr ical  charac ter is t ics  ~ 

Specific Specific 
capacitance,  capacitance,  Diss ipat ion 

Densi ty,  ~coul /g  ~coul/cc d-e Leakage ,  factor ,  %, 
g /cc  at 120 cps at 120 cps ~ea at  125v at  120 eps 

Fig. 2. Microstructure of in situ and conventional tantalum 
anodes. (A) (left), in situ anode; (B) (center), anode prepared 
from sodium reduced powder; (C) (right) anode prepared from elec- 
trolytically reduced powder. Magnification 10OX before reduction 
for publication. 

3.6 3200 11,800 20.0 1.7 
5.6 2800 15,700 0.60 1.9 
5.7 2800 16,000 0.50 1.6 
5.9 3020 17,800 0.40 1.2 
7.3 2560 18,700 1.0 N.D. 
8.5 1970 16,700 0.6 2.0 
9.6 1680 16,100 0.5 4.2 
9.7 2250 21,800 1.15 3.3 

11.0 2150 23,600 18.0 2.5 
12.0 1280 ~ 15,400 ~ 2.5 b 8.0 ~ 

a Anodized to 200v 
sulfur ic  acid. 

b A n o d i z e d  to 100v, 

in  e thylene  glycol-oxal ic  acid, measu red  in 

m e a s u r e d  at  60v. 

p o w d e r  r e t a i n  some of t h e  c h a r a c t e r i s t i c s  of t he  i n i -  
t i a l  p o w d e r  pa r t i c l e s ,  as s h o w n  in Fig .  2B a n d  2C. 

T a b l e  I I  g ives  t he  dens i t i e s  and  r e l a t e d  e l ec t r i ca l  
c h a r a c t e r i s t i c s  of  in situ anodes .  T h e  u se fu l  r a n g e  of 
a n o d e  dens i t i e s  is 5-10 g /cc .  A t  dens i t i e s  less  t h a n  
5 g / c c  t h e  c a p a c i t a n c e  p e r  v o l u m e  (~cou l / cc )  is low,  
even  t h o u g h  the  c a p a c i t a n c e  p e r  g r a m  (~cou l /g )  is 
accep tab le .  F o r  h i g h - d e n s i t y  anodes  t h e  specific c a -  
p a c i t a n c e  p e r  g r a m  is low.  Bo th  e x t r e m e s  of d e n s i t y  
showed  h igh  d - c  l eakages .  

A c o m p a r i s o n  of t h e  po re  d i a m e t e r  d i s t r i b u t i o n  
for  in situ anodes  and  anodes  p r e p a r e d  b y  c o n v e n -  
t i ona l  t e chn iques  is g iven  in T a b l e  III .  The  h i g h e r  
specific c a p a c i t a n c e  of t he  sod ium r e d u c e d  p o w d e r  
and  in situ anodes  c o m p a r e d  to t he  e l e c t ro ly t i c  p o w -  
de r  anodes  is a t t r i b u t e d  to t he  h i g h e r  p e r c e n t a g e  of 

po re  d i a m e t e r s  in  t he  r a n g e  of 4-14~. T h e  in situ 
anodes  h a v e  a p o r e  d i a m e t e r  d i s t r i b u t i o n  s i m i l a r  to 
anodes  p r e p a r e d  f r o m  s o d i u m - r e d u c e d  p o w d e r  b u t  
a h i g h e r  p e r c e n t  po ros i ty ,  w h i c h  r e su l t s  in  a h i g h e r  
specific capac i t ance .  

Performance of Anodes 

W e t  e l ec t ro ly t i c  c apac i t o r s  w e r e  p r e p a r e d  f rom 
1.05g in situ anodes  h a v i n g  a d e n s i t y  of  5.9 g / c c  b y  
f o r m i n g  to 200v in  an  e t h y l e n e  g l y c o l - o x a l i c  ac id  
e l e c t r o l y t e  a t  105~ A specific c a p a c i t a n c e  of 3,020 
~ c o u l / g  was  ob t a ined .  The  anodes  w e r e  e n c a p s u l a t e d  
in a s i lve r  case  con t a in ing  a su l fu r i c  ac id  e l e c t r o -  
ly te .  

So l id  e l e c t r o l y t i c  c apac i t o r s  w e r e  p r e p a r e d  f r o m  
0.70g in situ anodes  h a v i n g  a d e n s i t y  7.0 g / c c  b y  
f o r m i n g  to 200v, as above .  A specific c a p a c i t a n c e  of 
2660 ~ c o u l / g  was  ob ta ined .  These  anodes  w e r e  f a b -  
r i c a t e d  in to  sol id  e l e c t r o l y t i c  capac i to r s  w i t h  a MnO2 
sol id  e l e c t r o l y t e  acco rd ing  to t he  p r o c e d u r e  used  b y  
M c L e a n  (1) ,  a n d  e n c a p s u l a t e d  in a b r a s s  case. 

The  w e t  e l e c t r o l y t i c  capac i to r s  w e r e  l i fe  t e s t ed  for  
1000 h r  a t  125v a t  85~ The  r e su l t s  of th is  tes t ,  as 
shown  in T a b l e  IV, i n d i c a t e  t h a t  these  un i t s  have  
u n u s u a l l y  good e l ec t r i c a l  cha rac te r i s t i c s .  The  in i -  
t i a l  c a p a c i t a n c e  va lue s  of t he  i n d i v i d u a l  capac i to r s  
do no t  v a r y  m o r e  t h a n  -----2.5% f r o m  the  ave rage ,  and  
a f t e r  1000 h r  t h e  v a r i a t i o n  r e m a i n s  e q u a l l y  as  smal l .  
The  change  in  c a p a c i t a n c e  a f t e r  l i fe  t e s t i ng  is also 
u n u s u a l l y  smal l .  The  r e m a r k a b l e  u n i f o r m i t y  of the  
d i s s ipa t i on  f ac to r  b o t h  be fo re  a n d  a f t e r  t es t ing ,  t o -  
g e t h e r  w i t h  t he  c a p a c i t a n c e  r e g u l a r i t y ,  is c h a r a c t e r -  
is t ic  of t he  in-s i tu  t y p e  of capac i to r .  The  d i s s ipa t ion  

Table III. Pore diameter distribution for conventional and in situ anodes a 

TotaI  
A n o d e  t ype  porosi ty,  % 

A p p a r e n t  pore d i ame te r  
per  cent  of total  poros i ty  

>17~  17-14~ 14-10~ 10-6~ 6-4/L 4-2~ < 2 ~  

Specific 
capaci tance,  b 

/~coul/g, 
at 120 cps 

Elec t ro ly t ica l ly  46.1 17.6 54.1 10.2 12.2 3.0 0.5 2.4 1185 
reduced  powder  47.4 20.4 51.0 9.8 9.8 6.7 1.9 0.4 1270 

Sodium reduced  40.0 7.8 3.4 1.2 35.7 38.8 11.4 1.7 1800 
powder  40.1 4.2 2.3 0.5 33.1 43.5 14.6 1.8 1800 

In situ 55.3 2.5 3.6 26.8 27.2 27.2 10.9 1.8 2600 
55.5 11.7 9.3 9.3 26.2 26.2 11.2 6.1 2600 

a Measu remen t s  w i t h  an A m e r i c a n  I n s t r u m e n t  Company  Poros imeter .  
A n o d i z e d  to 200v. 
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Table IV. Life tests of wet electrolytic capacitors a 

I n i t i a l  v a l u e s  A f t e r  1000 h r  a t  125v a n d  85~ 

C~ 
/~ fa t  120 

25~ 25~ 

D i s s i p a t i o n  85 ~ 85 ~ C D i s s i p a t i o n  
fac tor ,  %, d-r  L e a k a g e ,  d-c  l eakage ,  d-c  l eakage ,  C, fac tor ,  %, 

eps a t  120 cps ~a a t  125v ~a a t  125v /~a a t  125v ~f a t  120 eps a t  120 c p s  
d-c  Leakage ,  

~a a t  125v 

1 15.5 1.2 0.6 4.8 4.0 14.9 1.0 0.5 
2 16.0 1.2 0.1 3 .3  5.0 15.4 1.1 0.5 
3 16.0 1.2 0.9 5.1 5.0 15.3 1.0 1.0 
4 16.2 1.0 0.3 2.4 4.5 15.6 1.0 0.8 
5 15.7 1.2 0.8 6.0 6.0 15.1 1.0 0.6 
6 15.6 1.2 0.2 2.1 5.0 14.9 1.0 0.5 
7 15.6 1.2 0.1 2.1 4.0 15.0 1.0 0.7 

Avg 15.8 1.2 0.4 i 3.72 4.83 15.2 1.0 0.74 

I n  s i t u  anodes  o f  1 .05g  anod ized  
~2 x 10-~ ~a/p=f-v. 
s 1.9 x 10 -8 p.a/p~f-v. 
s 2.4 x 10 ~/~a/p~f-v. 

3.6 x 10~  #a/p~f-v. 

t o  200v. 

Table V. Life test of solid electrolytic capacitors a 

I n i t i a l  v a l u e s  

25~ 

D i s s i p a t i o n  
C, fac tor ,  %, 

#f  a t  120 cps a t  120 cps  

125~ 
d-c Leakage ,  d -c  l eakage ,  

~a a t  50v ~a a t  34v 

A f t e r  1000 h o u r s  a t  34 v o l t s  a n d  125~ 

25~ 

125 ~ C D i s s i p a t i o n  
d-e  leakage ,  C, fac tor ,  %, d-c  Leakage ,  

/ta a t  34v # f  a t  120 c p s  a t  120 cps  ~a a t  50v 

1 8.9 1.2 0.3 26.0* 
2 9.0 1.0 0.4 2.4 
3 9.6 1.0 0.2 0.2 
4 9.8 1.0 0.2 0.2 
5 9.7 0.8 0.1 1.3 
6 9.2 1.0 0.1 0.2 
7 9.0 1.2 0.1 0.2 

Avg 9.3 1.0 0.21 0.82 

29.0* 8.7 1.0 0.8 
13.5 8.8 0.8 1.1 
8.7 9.3 1.0 0.6 

10.0 9.6 1.0 0.5 
12.8 9.6 1.0 0.4 
6.2 9.0 1.0 0.3 
6.9 8.8 0.8 0.4 

9.73 9.1 0.9 0.64 

* No t  i n c l u d e d  i n  ave rages .  
a I n  s i t u  anodes  of 0.70g anod ized  
i 4.3 x 10 4 #a/p~f-v .  
s 2.5 X 1 0 ~  #a/p+f-v. 
s3.1 X 10 -2 ~a//~f-v. 
4 1.3 • 10 - s / ~ a / ~ - v .  

to 200v, 

factor  va lues  are less t h a n  those u sua l l y  encoun te r ed  
in  conven t iona l  t a n t a l u m  wet  slug capacitors,  owing  
to the  pa r t i cu l a r  pore-s ize  d i s t r i bu t ion  of the in 
situ anode.  The d-c  leakage  c u r r e n t  of these  un i t s  is 
also ve ry  low, abou t  one t e n t h  the  v a l u e  of c o n v e n -  
t iona l  t a n t a l u m  wet  s lug capaci tors  (1) .  

The  resu l t s  of the  1000-hr  l ife tests  on the  solid 
e lec t rolyt ic  capacitors,  as wel l  as the i r  in i t i a l  e lec-  
t r ica l  character is t ics ,  are  g iven  in  Tab le  V. These 
50v-9 ~f solid capaci tors  are qui te  super ior  to solid 
capaci tors  p r epa red  f rom conven t iona l  t a n t a l u m  
anodes. As w i th  the  we t  capaci tors  p repa red  f rom in 
situ anodes,  the solid e lect rolyt ic  capaci tors  are 
charac ter ized  by  u n u s u a l l y  low leakage  c u r r e n t  
va lues  at  50v at room t e m p e r a t u r e  and  at the  de-  
ra ted  vol tage  of 34v at 125~ and  a p a r t i c u l a r l y  low 
and  s table  d iss ipa t ion  factor. E v e n  af ter  1000 hr  at 
125~ and  34v, the  leakage  c u r r e n t  at  room t e m -  
p e r a t u r e  has on ly  increased  by  a factor  of three.  
Also there  is a lmost  no change  in  capaci tance  va lues  
over  this  test  period. 

Discussion 

The in situ process descr ibed in  this  paper  shows 
grea t  p romise  as a means  for ob t a in ing  porous  ca-  

paci tor  anodes wi th  super ior  e lect r ical  cha rac t e r -  
istics as wel l  as offering a cheaper  and  more  
efficient process for p r e p a r i n g  porous  anodes.  I t  
holds the  f u r t h e r  p romise  of be ing  capable  of ex -  
t e nd i ng  the  specific capac i tance  of porous  slugs be -  
y o n d  the  r a n g e  n o w  commerc i a l l y  feasible,  On a 
we igh t  basis, specific charge  densi t ies  of 3000 
~coul /g  are easi ly  a t ta ined ,  a n d  on a v o l u m e  basis  
a r o u n d  20,000 ~coul /cc  can  be reached.  The re  are  
ind ica t ions  f rom e x p e r i m e n t s  not  as ye t  r epor ted  
tha t  a m u c h  h igher  specific capac i tance  is possible, 
approach ing  six t imes  the  n o r m a l  specific capaci-  
t ance -vo l t  va lue  on both  a we igh t  and  v o l u m e  basis. 

The  super ior  e lect r ical  charac ter is t ics  can be ex-  
p l a ined  by the  u n u s u a l  p u r i t y  of these  slugs and  the  
special  pore conf igura t ion  of the  reac ted  anode.  The  
tota l  in te r s t i t i a l  i m p u r i t y  con ten t  is 170 p p m  whi le  
the  to ta l  meta l l i c  i m p u r i t y  con ten t  is less t h a n  400 
ppm.  The  t a n t a l u m  pur i ty ,  therefore ,  is be t t e r  t h a n  
99.94% which  is p r o b a b l y  the  highest  p u r i t y  re -  
por ted  in  the l i t e r a tu r e  for  a porous  anode  and  ap-  
proaches  the p u r i t y  of e lec t ron  b e a m - m e l t e d  t a n t a -  
lum.  There  has been  some specu la t ion  tha t  the  n a -  
t u r e  of the phys ica l  b o n d i n g  b e t w e e n  the  t a n t a l u m  
me t a l  par t ic les  has a di rect  b e a r i n g  on bo th  the 
leakage  c u r r e n t  va lues  a nd  the  p e r f o r m a n c e  on life 
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tes t  of w e t  and  sol id  e l e c t r o l y t i c  capac i to r s .  T h e  i m -  
p r o v e d  l e a k a g e  c u r r e n t  and  l i fe  t e s t  s t a b i l i t y  of t he  
in  s i tu a n o d e  is a t t r i b u t e d  to the  s p o n g e - l i k e  t a n t a -  
l u m  n e t w o r k  and  the  i n c r e a s e d  poros i ty .  The  con-  
s i s t en t ly  low dissi l~ation f ac to r  of b o t h  t he  w e t  and  
sol id  in  s i tu  capac i t o r s  is a t t r i b u t e d  to the  u n i f o r m  
po re  size. 

Manuscr ip t  rece ived  J u l y  3, 1962; rev ised  m a n u -  
script  received Sept.  10, 1962. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
~OURNAL. 
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Electrical Properties of Thin Organic Films 
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ABSTRACT 

Thin organic po lymer  film specimens were  p repa red  for  e lect r ica l  con- 
duct iv i ty  measurements  by  the glow discharge po lymer iza t ion  process. The ex-  
pe r imen ta l  p rocedure  for  film p repa ra t i on  is descr ibed  in  detai l .  Data  on film 
proper t ies  and deposi t ion efficiencies ( g / k w h r )  are  presented  for  thei r  possible 
bear ing  on the po lymer iza t ion  mechanisms.  Da rk  conduct ivi t ies  (z) were  meas -  
u red  over  the  t e m p e r a t u r e  r ange  75~176 Plo ts  of log ~ vs. 1/Tabs genera l ly  
gave s t ra ight  l ines above about  125 ~ wi th  slopes character is t ic  of the chemical  
composit ion of the  p o l y m e r  film. Conduct ivi t ies  at  150~ ranged  f rom 10 -17 
m h o / c m  (films r ich in halogen)  to 10 -18 m h o / c m  (ferrocene,  t e t r acyanoe thy l -  
ene) .  A possible re la t ionship  be tween  s t ructure  and conduct iv i ty  is discussed. 

I t  a p p e a r s  t ha t  s e m i c o n d u c t i v e  or  p h o t o c o n d u c -  
t ive  th in  f i lms w i l l  occupy  a s ign i f ican t  p l ace  in  f u -  
t u r e  t echno logy .  B o t h  i no rgan i c  and  o rgan ic  m a t e -  
r i a l s  a r e  b e i n g  e v a l u a t e d  for  th i s  app l i ca t ion .  The  
p r e s e n t  c o m m u n i c a t i o n  desc r ibes  c o n v e n i e n t  p r o -  
cedures  for  p r e p a r i n g  t h in  o rgan ic  f i lms and  t h e i r  
i n c o r p o r a t i o n  in to  spec imens  su i t ab l e  for  e l e c t r i c a l  
m e a s u r e m e n t s .  Some  r e p r e s e n t a t i v e  d a t a  on con-  
d u c t i v i t y  as  a func t ion  of t e m p e r a t u r e  a r e  i n c l u d e d  
and  d iscussed .  

U n i f o r m l y  th in  o rgan ic  fi lms of good p h y s i c a l  
p r o p e r t i e s  and  g e n e r a l l y  h igh  e l ec t r i c a l  r e s i s t ance  
h a v e  been  p r e p a r e d  b y  g l o w - d i s c h a r g e  p o l y m e r i z a -  
t ion.  A p p r o x i m a t e l y  f o r t y  d i f fe ren t  o rgan ic  c o m -  
pounds  w e r e  t e s t ed  as p o t e n t i a l  " m o n o m e r s . "  A 
v a r i e t y  of f i lm spec imens  w e r e  p r e p a r e d ,  d i f fe r ing  
in a p p e a r a n c e  and  e l ec t r i ca l  p a r a m e t e r s .  C o r r e l a -  
t ions  w e r e  sough t  b e t w e e n  t h e s e  p r o p e r t i e s  and  
the  c h e m i c a l  n a t u r e  of t he  p o l y m e r ,  as re f lec t ing  the  
choice of m o n o m e r .  I t  was  i n t e n d e d  t h a t  th i s  i n -  
f o r m a t i o n  w o u l d  be  a p p l i e d  to t he  syn thes i s  of o r -  
gan ic  s e m i c o n d u c t o r  f i lms and  m i g h t  pos s ib ly  l e a d  
to a b e t t e r  u n d e r s t a n d i n g  of t he  source  of f ree  c a r -  
r i e r s  and  the  m e c h a n i s m s  of cha rge  t r a n s f e r  in 
a m o r p h o u s  solids.  

Glow Discharge Polymerization 
W h e n  an  o rgan ic  subs t ance  in t he  v a p o r  p h a s e  is 

exc i t ed  in to  l u m i n e s c e n c e  b y  an  e lec t r i c  d i scha rge ,  a 
sol id  f i lm t ends  to depos i t  on a l l  su r faces  e x p o s e d  to 
t he  l u m i n o u s  p l a sma .  This  p rocess  has  been  the  s u b -  
j ec t  of c o n s i d e r a b l e  s t u d y  a t  R a d i a t i o n  R e s e a r c h  
C o r p o r a t i o n  in  r ecen t  y e a r s  (1) ,  and  a f i lm w i t h  
compos i t i on  and  p r o p e r t i e s  s im i l a r  to Teflon is now 

be ing  p r o d u c e d  for  use  as  a c a p a c i t o r  d i e l ec t r i c  
( t r a d e  n a m e :  "Glo f i lm")  (2) .  

The  so l id  depos i t  f r o m  the  g low d i s c h a r g e  need  
no t  be  f o r m e d  in t he  c o n v e n t i o n a l  m a n n e r  of f u n c -  
t i ona l  g roups  u n i t i n g  w i t h  each  o the r  in  a r e p e a t i n g  
cha in  reac t ion .  In  fact ,  no such f u n c t i o n a l  g roups  a r e  
n e c e s s a r y  (e.g.,  m e t h a n e  and  b e n z e n e  gave  sol id  
fi lms, t h e  l a t t e r  in  r e l a t i v e l y  h igh  y i e l d ) .  I t  is b e -  
l i e v e d  t h a t  ionic  and  i o n - r a d i c a l  f r a g m e n t s  a r e  
f o r m e d  u n d e r  t he  i n t ense  e l e c t r o n  b o m b a r d m e n t  and  
r e c o m b i n e  as t h e y  a c c u m u l a t e  on the  e lec t rodes .  The  
r e s u l t  is a c o m p l e x  i n t e r m o l e c u l a r  r e a r r a n g e m e n t  of 
c h e m i c a l  b o n d s  at  m o r e  or  less  specific loca t ions  in  
t he  m o n o m e r  molecu le ,  l e a d i n g  to a m a c r o m o l e c u l e  
of f a i r l y  we l l  def ined  s t r u c t u r e :  a t h r e e - d i m e n s i o n a l  
n e t w o r k  of a t o m s  b u i l t  u p  of t he  o r ig ina l  c o m p o u n d  
( a n d / o r  i ts  p r i n c i p a l  s u b s i d i a r y  un i t s )  in  a n  i r r e g u -  
lar ,  b u t  h o m o g e n e o u s  p a t t e r n .  

W h e n  the  d i s c h a r g e  cond i t ions  cou ld  be  m e t  (see  
b e l o w )  mos t  o rgan ic  v a p o r s  d e p o s i t e d  films. U n -  
s a t u r a t e d  and  a r o m a t i c  c o m p o u n d s  w e r e  " p o l y m e r -  
i zed"  a t  t he  f a s t e s t  r a t e ,  t h a t  is, w i t h  t he  mos t  effi- 
c ien t  conve r s ion  of t he  e n e r g y  d i s s i pa t e d  in  t he  d i s -  
cha rge  into  n e w  c h e m i c a l  bonds .  The  s lowes t  or  mos t  
ineff ic ient  m a t e r i a l s  w e r e  s a t u r a t e d  a l ipha t i c s ,  p a r -  
t i c u l a r l y  p e r h a l o g e n a t e d  h y d r o c a r b o n s .  

The  bas ic  e q u i p m e n t  for  p r e p a r i n g  g l o w - d i s -  
c h a r g e  f i lms cons i s t ed  of an  e v a c u a t e d  c h a m b e r  w i t h  
a source  of  o r g a n i c  " m o n o m e r "  v a p o r  and  e l ec t rodes  
w i r e d  to  an  e x t e r n a l  p o w e r  supp ly .  T h e  e l ec t rodes  
w e r e  p a i r s  of f lat  p l a t e s  of a n y  c o n d u c t i v e  m a t e r i a l ,  
p l a c e d  a p p r o x i m a t e l y  1 cm apa r t .  W i t h  a v a p o r  
p r e s s u r e  of a b o u t  1 m m  Hg t h e  g low d i s c h a r g e  was  
u s u a l l y  i n i t i a t e d  a t  300-400v. Good  f i lms w e r e  o b -  
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rained when the discharge was sustained wi th  a 
cur ren t  dens i ty  of the  order  of 1-3 m a / c m  2. 

An a l te rna t ing  vol tage in the u l t r a - aud io  f re-  
quency range  (10-50 kc) was most sa t isfactory in 
the product ion  of uniform, adhesive films. In most 
exper iments ,  the two electrode plates  became coated 
with  ident ical  "po lymer"  layers  of thickness de-  
pendent  only on the discharge cur ren t  and time. The 
film thickness was self regula t ing  through its own 
impedance,  resul t ing  in a high degree of un i fo rmi ty  
and f reedom f rom pinholes.  The best  films for elec-  
t r ical  measurements  were  be tween  0.5 and 2.0~ 
thick. 

The organic vapor  was in t roduced through  a 
needle va lve  f rom an ex te rna l  gas cyl inder  or l iquid 
reservoir .  Solid compounds were  placed di rec t ly  in 
the react ion chamber  and thei r  equi l ib r ium vapor  
pressure  adjus ted  to meet  op t imum discharge re -  
qui rements  by  heat ing the ent i re  system. Al l  or-  
ganics wi th  vapor  pressure  approaching  1 mm Hg 
below 200~ wi thout  decomposit ion were  sat isfac-  
tory.  Even then, the  l imit ing factors were  warp ing  of 
the Teflon electrode holders  and subl imat ion of 
monomer  d i rec t ly  onto the electrodes.  Discharges 
conducted at 200~ and above appeared  to give as 
good films as at room tempera ture .  

A detai l  v iew of the  e lectrode holder  assembly is 
shown in Fig. 1. An 8-in. bel l  j a r  const i tuted the dis-  
charge chamber.  I t  was cus tomary  to evacuate  the 
system to 10 -5 mm Hg before admi t t ing  the monomer  
vapor  to ensure tha t  res idual  impur i t ies  f rom the 
previous deposit ion did not remain  in the chamber.  
During each polymer iza t ion  run  the monomer  pres -  
sure, voltage,  and discharge current  were  moni tored  
to control  the  film thickness and quali ty.  

I t  was observed tha t  films produced by  glow dis-  
charge had higher  mel t ing  points, g rea te r  the rmal  
s tabi l i ty ,  and lower  solubi l i ty  than  convent ional  
polymers  of s imilar  composition. Most of them were  
hard  and smooth and quite res is tant  to chemical  a t -  
tack. These good physical  and chemical  propert ies ,  
coupled wi th  the va r ie ty  of fundamenta l  s t ruc tura l  
e lements  and funct ional  groups tha t  could be in-  
corpora ted  into them, made them uniquely  useful  

Fig. 1. Electrodes set up for glow discharge. 1, Quartz back up 
plate; 2, silica microscope slide specimen plate; 3, aluminized 
"bottom" electrode; 4, tinned copper strip electrical contact; 5, 
Teflon support pieces with adjustable jaws for clamping slides; 
6, vacuum-tight electrical feedtbru; 7, base plate for bell jar seal; 
8, evacuation system and connection to monomer reservoir. 
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Fig. 2. Preparation of organic polymer film specimens. Step I, 
application of vacuum metallized bottom electrode (AI); step 2, 
organic film from glow-discharge polymerization; step 3, top elec- 
trode (AI); step 4, electrical connections. 

for a s tudy of the e lectr ical  proper t ies  of organic 
solids. 

Electr ica l  M e a s u r e m e n t s  

The electrodes used in the discharge were  silica 
microscope slides (1 x 25 x 75 mm)  coated with  a 
thin conducting film of a luminum by s tandard  
evapora t ion  techniques.  The sequence of operat ions 
involved in p repa r ing  specimens f rom these slides is 
i l lus t ra ted  in Fig. 2. 

As set up in the  chamber ,  the Teflon holder  
masked the lower  edge of the  a luminized electrode 
dur ing the deposition, pe rmi t t ing  la te r  e lectr ical  
contact. At  the h igher  edge of the electrodes the 
po lymer  fr inge br idged over  onto the silica sub-  
s t rate ,  a l lowing a top electrode to be evapora ted  d i -  
rec t ly  over  the  organic film wi thout  shorting. The 
specimen was masked  dur ing  the second a luminiza-  
t ion to res t r ic t  the  area  of the top electrode to ap-  
p rox ima te ly  one square inch and increase the sur -  
face pa th  to the edges. When leads were  a t tached at 
the ends of the specimen wi th  the aid of s i lver  paste  
they  were  r eady  for e lectr ical  measurements .  The 
procedure  for de te rmin ing  d a r k  conduct ivi t ies  as a 
function of t empera tu re  was quite s t r a igh t fo rward  
and need not be descr ibed in detail .  

The measured  electr ical  pa r ame te r  was current ,  at 
1.4v (d ry  cell less 0.1v drop across the e lec t rom-  
e ter ) .  Most measurements  were  carr ied  out on a 
Genera l  Radio 1520-A d-c  amplifier,  a l though a few 
specimens at  h igher  t empe ra tu r e  could be read  di-  
rec t ly  on a microammeter .  A typica l  specimen (naph-  
thalene,  6.5 cm 2 area,  1.8 x 10 -4 cm thick)  gave 
4 x 10 -11 amp at  150~ and 1.4 x 10 - s  amp at 250 ~ 
or da rk  conductivi t ies  of about  10 -15 and 3 x 10 -18 
m h o / c m  at the respect ive  tempera tures .  I n t e rmed i -  
ate values fell  on the s t ra ight  l ine joining these 
points  on a plot  of log conduct ivi ty  vs. reciprocal  of 
absolute  t empera tu re ,  wi th  a slope corresponding to 
a t he rma l  act ivat ion energy of conduction of 1.1 ev 
(Eq. [1])  (3).  

O" = o - o e - - E a / k T  [ 1 ]  

Conduct ivi ty  vs. t empe ra tu r e  points for naph tha -  
lene and acry loni t r i l e  are  p lot ted  in Fig. 3. S imi lar  
plots for  other  monomers  tes ted in this invest igat ion 
(wi th  exper imenta l  points omit ted)  are given in 
Fig. 4 through 8. 

An  accurate  va lue  of film thickness was requi red  
for the calculat ion of conductivi ty.  This could be 
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de te rmined  ei ther  (a)  f rom the measured  capaci-  
tance of the  specimen, assuming a reasonable  di-  
electric constant,  or (b)  by  counting in ter ference  
fringes, and assuming a reasonable  index  of r e -  
fraction. The two methods were  used wi th  fa i r  
agreement ,  as discussed below. 

F i lm specimens were  p repa red  f rom over 40 
monomers,  about  30 of which gave some useful  
conduct ivi ty  data. A few inva r i ab ly  b l i s tered  or 
peeled dur ing  the t empera tu re  cycle (see below) 
or gave sca t tered  or poor ly  reproducib le  currents .  
In most cases, the exper imenta l  points f rom dupl i -  
cate films of the  same monomer  were  essent ia l ly  
in te rchangeable  on the l inear  port ions of the  log 

vs. 1 /T  plots. The curves presented  in Fig. 4 
th rough  8 were  obtained with  at  least  two  specimens 
of each mater ia l .  

Some comments  on the discharge process and the 
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sented in the fol lowing sections, fol lowed by  a con- 
cluding discussion of the conduct iv i ty  results.  

Discharge  Parameters ;  Ef f ic iency 

As indica ted  above, the exper imen ta l  procedures  
were  essent ia l ly  ident ical  for the product ion of film 
f rom all  monomers.  When  necessary,  the  ent i re  sys-  
t em was hea ted  to achieve the des i red  vapor  p res -  
sure wi th  the  resul t  tha t  po lymer iza t ion  runs  on 
cer ta in  h igh -molecu l a r -we igh t  solid monomers  l ike  
t r ipheny l t in -ch lo r ide  were  car r ied  out at  r e l a t ive ly  
high t empera tu re s  (200~ and above) .  There  were  
no definite indicat ions tha t  such heat ing had  a sig- 
nificant influence on the proper t ies  of the films so 
deposited.  

The vol tage  requ i red  to ini t ia te  the  discharge 
wi th  fixed electrode configuration was chiefly de-  
pendent  on the pressure,  as would be expected  from 

proper t ies  of th in  organic film specimens are  p r e -  
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Fig. 3. Experimental current and conductivity vs. temperature 
points for naphthalene and acrylonitri(e. 
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Fig. 4. Conductivity (or) vs. temperature for organic polymer film 
specimens: hydrocarbons. 
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Fig. 5. Conductivity (~) vs. temperature for organic polymer film 
specimens: oxygen, sulfur, and halogen compounds. 
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Fig. 8. Conductivity (z) vs. temperature for organic polymer film 
specimens: high conductivity specimens (ferrocene, nitrile and sulfur 
compounds). 

Paschen ' s  l aw (4).  The ion iza t ion  character is t ics  of 
the m o n o m e r  were  p r o b a b l y  also a factor  in  de te r -  
m i n i n g  this  voltage.  The  observed p a r a m e t e r s  of 
typica l  d ischarge r u n s  are recorded in  Table  I. The 
discharge c u r r e n t  and  d u r a t i o n  of each r u n  were  
a r b i t r a r i l y  chosen according to the  th ickness  of de-  
posit  des i red and  the  an t i c ipa ted  efficiency of the  
po lymer iza t ion .  In  dupl ica te  expe r imen t s  on a s ingle  
monomer ,  it was found  tha t  the  weigh t  of p o l y m e r  
ob ta ined  was a p p r o x i m a t e l y  p ropor t iona l  to the  en -  
ergy diss ipated in  the  discharge,  regardless  of the 
ra te  of deposit ion.  

The  deposi t ion "efficiency," or ra te  of a c c u m u l a -  
t ion  of solid p o l y m e r  per  u n i t  of e lectr ical  power,  

reflected both  the  molecu la r  we igh t  of the  m o n o m e r  
and  the ease wi th  which  it  y ie lded  ionized or rad ica l  
f r agmen t s  u n d e r  e lec t ron  b o m b a r d m e n t .  Most a ro-  
mat ic  compounds  y ie lded  b e t w e e n  25 and  75 
g / k w h r ,  as shown in  Tab le  II. N i t roso - subs t i t u t ed  
amines  and  e thy lene  compounds  compr ised  a less 
efficient class, a nd  it is n o t e w o r t h y  tha t  t he re  was  no 
cor re la t ion  be t w e e n  efficiency and  film electr ical  
propert ies .  The  difference b e t w e e n  1, 3, 5- and  1, 2, 
4-trichlorobenzene was striking and will be dis- 
cussed further below. The highest yield (300 
g/kwhr) was obtained with vinyl ferrocene, a solid 
that required warming to above 60~ to give a suffi- 
cient vapor pressure to sustain a discharge. Com- 
pletely saturated molecules such as propane were 
deposited with poor efficiency, as were most halo- 
gen-substituted compounds. For example, tetrafluo- 
roethylene polymerized no faster than ethylene, de- 
spite its molecular weight advantage of 3.5: I. Satu- 
rated perhalogenated hydrocarbons such as carbon 
tetrachloride and even hexachlorobenzene gave no 
film at all. In general, polymer was obtained where 
the monomer contained any carbon-hydrogen bond, 
any carbon-carbon double bond, and any aromatic 
ring unless perhalogenated. 

Special attention can be directed to the compara- 
tive efficiencies of 1, 3, 5- and  1, 2, 4 - t r i c h l o roben -  
zene. The fo rmer  was po lymer ized  at the ve ry  high 
ra te  of 190 g / k w h r ;  the l a t t e r  far  be low the  re la ted  
aromat ics  at on ly  5.5 g / k w h r .  Both  were  solids tha t  
r equ i r ed  mi ld  hea t ing  to get sufficient vapor  p res -  
sure. The essent ia l  difference appears  to be the  
h igher  e q u i l i b r i u m  concen t r a t i on  of the  free radica l  
i n t e r m e d i a t e  f rom the s y m m e t r i c a l  (1, 3, 5) com- 
pound,  which  could be s tabi l ized by  resonance  more  
easi ly  t h a n  the u n s y m m e t r i c a l  (1, 2, 4) isomer.  The 
fo rmer  gave the  most  i n t ense  d ischarge  color (b r igh t  
red)  of any  m o n o m e r  tes ted in  this  p rogram.  This 
obse rva t ion  suggests tha t  the  r a t e - d e t e r m i n i n g  
step in  the po lymer i za t i on  m e c h a n i s m  invo lved  the 
consumpt ion  of a f ree radica l  i n t e rmed ia t e .  

In  genera l  the  s t a r t ing  p ressure  was  b e t w e e n  0.5 
and  1.0 m m  Hg or as close to this  as could c o n v e n -  
i en t l y  be  obta ined.  D u r i n g  each po lymer i za t i on  r u n  
the sys tem was closed off f rom the  m o n o m e r  rese rvo i r  
("s ta t ic  cond i t ions" ) .  Changes  in p ressure  were  f re -  
q u e n t l y  observed d u r i n g  the  d ischarge  to an  ex t en t  
tha t  could be pred ic ted  fa i r ly  wel l  f rom the  s t ruc -  
ture.  Monomers  tha t  had an  easy rou te  to ion iza t ion  
wi thou t  b r e a k i n g  a c a r b o n - h y d r o g e n  bond,  such as 
acry loni t r i le ,  showed a n o r m a l  decrease in  p ressure  
as they  were  conver ted  to solid film. On the  other  
hand,  s a tu ra t ed  hydroca rbons  showed p ressure  in -  
creases du r ing  a run .  I t  m a y  be assumed tha t  more  
molecules  of h y d r o g e n  and  o the r  gaseous f r a gmen t s  
were  fo rmed  in  these e xpe r i me n t s  t h a n  m o n o m e r  
was  consumed.  In  e i ther  case it wi l l  be  ev iden t  t ha t  
a stat ic sys tem wi l l  deposit  po l yme r  less efficiently 
wi th  t ime,  and  there fore  the  most  re l i ab le  efficiency 
da ta  wi l l  be de r ived  f rom r u n s  of shor t  dura t ion .  

Film Properties; Thickness; Thermal Effects 
Besides the d ischarge  var iables ,  Tab le  I also p re -  

sents  the  r a w  m e a s u r e m e n t s  f rom which  film th i ck -  
ness were  computed :  capac i tance  and  n u m b e r  of 
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Table I. Discharge variables and film properties 

R u n  A v g  Cap.  a f t e r  F r i n g e  s 
No. M o n o m e r  Vol ts  m a - r n i n  r e l  P~ Cap. ~ F  h e a t i n g  508 rn~ 

84 Tet rae thyl  or thot i tanate  350 50 4.6 0.026 - -  5 
87 Ferrocene  340 10 2.2 0.078 - -  4 
89 Phenan thene  315 30 2.8 0.018 0.022 16 
94 Naphtha lene  370 10 2.3 0.011 0.020 12 
96 Dicyclopentadienyl  t i tanium 360 9 3.0 0.023 0.031 7 

dichloride 
97 Pen tamethy lbenzene  340 9 1.7 0.0066 0.0059 13 

102 Vinyl  fer rocene 425 7.5 0.9 0.0037 - -  20 
110 Ethylene  di thiocyanate 385 13.5 2.0 0.064 0.063 35 
112 Tr iphenylmethane  420 16 2.2 0.0037 0.0058 13 
136 Acetylene  275 23 1.9 0.105 0.115 25 
141 Cyclopentadiene 340 16 1.8 0.016 0.015 7 
147 Hexamethy lbenzene  360 22 2.8 0.0058 0.0053 17 
150 Methoxynaphtha lene  385 12 2.0 0.0041 0.0077 22 
156 Quinoline 305 60 1.9 0.066 Shorted 2 
165 Styrene  350 15 2.7 0.021 0.022 12 
167 p-Ni t ro to luene  350 20 5.1 0.0079 0.011 16 
168 p -Xylene  300 10 2.1 0.0094 Peeled 12 
176 Acryloni t r i le  350 5 1.5 0.005 0.013 5 
201 Diphenyl  selenide 400 14 1.4 0.0172 0.0171 9 
203 Pico]ine 385 20 1.5 0.0087 0.0093 16 
207 Malononi t r i le  415 5 3.5 0.0395 0.056 6 
214 N, N-d ime thy l -p - to lu id ine  355 42 3.7 0.0052 0.0058 19 
222 Anil ine 345 25 3.2 0.0115 0.0108 9 
226 Dicyanoketene ethylacetal  450 11 1.2 0.0906 0.113 2 
230 Cyamelur ine  350 27 1.5 0.074 0.099 2 
235 Diphenyl  mercury  370 17 2.5 0.0187 0.0187 7 
241 N-Ni t rosodiphenylamine  445 57 1.6 0.0161 0.0139 8 
247 Thiourea  325 150 1.3 0.0118 0.0125 10 
251 1-Nitrosopiperidine 455 100 4 0.011 0.0120 11 
254 Tr iphenylarsenic  355 250 1.1 0.0332 Shorted 4 
260 Tetracyano e thylene 450 11 1.2 0.0906 0.113 2 
267 N-Ni t rosodie thylamine  365 96 1.8 0.038 0.038 6 
277 H e x a - n - b u t y l  (di) t in 305 150 L3 0.014 0.0136 9 
285 Thianthrene  330 300 1.0 0.098 0.098 7 
304 Tetraisopropyl  or thot i tanate  350 90 - -  0.015 0.017 6 
306 Thioacetamide 385 210 1.1 0.020 Shor ted 11 
355 Thiophene 435 75 - -  0.0071 0.0115 17 
356 Benzene selenol 440 85 0.4 0.0049 0.0067 - -  

* R o u g h  c r i t e r i o n  of R e l a t i v e  Pressure ,  in  u n i t s  of  10-9 a m p  of  i o n i z a t i o n  c u r r e n t  ( t r i t i u m  v a c u u m  gage,  45v a p p l i e d ) .  C a l i b r a t i o n  v a r i e s  
s l i g h t l y  fo r  d i f f e r en t  m o n o m e r s ,  and  c u r r e n t  is on ly  a p p r o x i m a t e l y  l i n e a r  f u n c t i o n  of P. On  t he  ave rage ,  4 x 10 -3 a m p  co r r e sponds  to 1.0 
m m  Hg. 

i n t e r f e r e n c e  f r inges .  Each  m e t h o d  r equ i r e s  an as-  
sumpt ion  of the  m a g n i t u d e  of a basic  p r o p e r t y  of the  
m a t e r i a l :  t he  d ie lec t r i c  cons tan t  (k )  in the  case of 
capac i t ance  and the  i n d e x  of r e f r ac t i on  in the  case 
of f r inges .  F a i r l y  cons is ten t  compar i sons  of t he  two  
m e thods  w e r e  ob ta ined  w h e n  these  n u m b e r s  w e r e  
chosen to be 3.0 and 1.5, r e spec t ive ly .  

The  capac i t ance  m e t h o d  has  the  a d v a n t a g e  of b e -  
ing based  on a p p r o x i m a t e l y  the  same a r e a - t o - t h i c k -  
ness ra t io  as the  res i s tance  m e a s u r e m e n t s .  It  can 
also g ive  an a v e r a g e  th ickness  in the  case of a n o n -  
u n i f o r m  specimen.  If pa r t s  of e i the r  the  u p p e r  or 
l o w e r  e l ec t rode  w e r e  no t  in  good contac t  w i t h  t he  
film, the  capac i t ance  m e t h o d  w o u l d  lead  to an e r -  
roneous  conclus ion  of  th ickness  bu t  an  accu ra t e  
v a l u e  for  the  conduc t iv i ty .  A typ ica l  capac i t ance  for  
a spec imen  of 6.5 cm e ( n o m i n a l )  a r ea  m i g h t  be  0.01 
~F. A s s u m i n g  k ~ 3.0, the  a v e r a g e  th ickness  w o u l d  
then  be 1.7~. 

The  f r i n g e - c o u n t i n g  m e t h o d  is mos t  e f fec t ive  
w h e n  the  th ickness  is e ssen t ia l ly  un i fo rm,  w i t h  a 
s teep t a p e r  at the  edge, and  the  n u m b e r  of f r inges  
l ies  b e t w e e n  3 and about  25. It  is m u c h  closer  to be ing  
a d i rec t  m e a s u r e m e n t  t h a n  capac i t ance  excep t  t ha t  

the  i ndex  of r e f r ac t i on  mus t  be inc luded  to cor rec t  
for  the  s lower  speed of l igh t  in the  o rgan ic  film 
m ed ium .  Each  add i t iona l  b a n d  a p p e a r i n g  at  the  
spec imen  edge  r ep re sen t s  an i n c r e m e n t  in th ickness  
of one  ha l f  w a v e l e n g t h .  Us ing  a 508 m~ g reen  l igh t  
source  in a s t anda rd  m e t a l l u r g i c a l  microscope ,  and 
a s suming  I R ~  1.5, the  1.7~ spec imen  r e f e r r e d  to 
above  w o u l d  show b e t w e e n  10 and 11 fr inges .  

Ce r t a in  runs,  p a r t i c u l a r l y  at e x t r e m e s  of p res -  
sure  w h e r e  the  d i scharge  was  difficult  to sus ta in  
e v e n l y  ove r  the  e lec t rode  surface,  g a v e  n o n u n i f o r m  
depos i t ion  of film. This  was  i m m e d i a t e l y  e v i d e n t  on 
inspect ion,  s ince i n t e r f e r e n c e  bands  could  be ob-  
se rved  across the  en t i r e  face  of the  spec imen.  The  
usua l  p a t t e r n  was  a ser ies  of  r o u g h l y  concen t r i c  
r ings,  or "bu l l ' s  eye , "  c l ea r ly  ind ica t ing  the  th ickes t  
(or t h innes t )  region.  These  p a t t e r n s  could  be seen 
w i t h o u t  the  aid of a mic roscope  or m o n o c h r o m a t i c  
l ight ,  e spec ia l ly  a f t e r  the  h e a t i n g  cycle  of a res i s t -  
ance vs. t e m p e r a t u r e  m e a s u r e m e n t .  As  m e n t i o n e d  
above,  the  capac i t ance  m e t h o d  p r o v i d e d  an a v e r a g e  
th ickness  and t h e r e f o r e  accura te  conduc t iv i t i e s  
could  be  d e r i v e d  fo r  bu l l ' s  eye  specimens .  

The  f r inge  count  did not  change  a f te r  the  hea t ing  
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Table II. Polymerization efficiencies 

Monomer Yield, g/kwhr Moles/kwhr 

Vinyl  fe r rocene  300 1.4 
1, 3, 5-Tr ichlorobenzene  190 1.05 
Chlorobenzene 75 0.67 
S ty rene  69 0.66 
Fer rocene  67 0.36 
Picol ine  65 0.70 
Naphtha lene  62 0.48 
Pen tame thy lbenzene  61 0.44 
Ni t ro to luene  55 0.40 
Acry lon i t r i l e  55 1.04 
Diphenyl  selenide 52 0.20 
p -To lu id ine  47 0.44 
p - X y l e n e  45 0.42 
N, N - d i m e t h y l - p - t  oluidine 39 0.29 
Toluene 38 0.41 
Ani l ine  38 0.41 
Diphenyl  me rcu ry  30 0.08 
Hexamethy lbenzene  28 0.17 
Malononi t r i le  25 0.36 
Te t racyanoe thy lene  19 0.15 
Thiophene 13.5 0.16 
Benzene selenol  13.5 0.086 
Tet raf luoroethylene  12 0.12 
E thy lene  11 0.39 
N-Ni t ro sod ipheny lamine  10 0.05 
Th ian th rene  10 0.046 
Ace ty lene  9 0.35 
N-Ni t rosop iper id ine  9 0.08 
Dicyanoketene  e thylace ta l  7 0.04 
Cyamelur ine  6 0.013 
1, 2, 4 -Tr ich lorobenzene  5.5 0.03 
P ropane  5.2 0.12 
Thiourea  4.7 0.06 
Thioacetamide  4.4 0.059 
N -Ni t rosod ie thy lamine  4.2 0.04 
H e x a - n - b u t y l  (di)  t in 4.0 0.007 
Tr ipheny l  arsenic 3.4 0.19 
Methyl  mercap tan  1 - -  
Carbon te t rach lor ide  0 
Hexachlorobenzene  0 
Ammonia  0 

cycle,  i n d i c a t i n g  t h a t  t he  t h i ckness  r e m a i n e d  the  
same.  T h e r e  was  a t e n d e n c y  for  t he  c a p a c i t a n c e  and  
the  p o w e r  fac to r  to i nc rease  d u r i n g  the  c o n d u c t i v i t y  
runs ,  p o s s i b l y  due  to c h e m i c a l  changes  such as f u r -  
t h u r  o x i d a t i o n  at  e l e v a t e d  t e m p e r a t u r e s .  The  con-  
d u c t i v i t y  w a s  m a r k e d l y  i n d e p e n d e n t  of  m i n o r  
changes  in  compos i t ion ,  w h e r e a s  i nc reases  in  d i -  
e l ec t r i c  cons t an t  and  p o w e r  f ac to r  w o u l d  be  e x -  
pec t ed  on i n t r o d u c t i o n  of p o l a r  i m p u r i t i e s  such  as 
r e p r e s e n t e d  b y  n e w  c a r b o n - o x y g e n  bonds .  

T h e r e  was  ev idence  t h a t  some o x y g e n  was  t a k e n  
up  b y  the  f i lms even  b e f o r e  hea t ing .  Bo th  c o m b u s -  
t ion  and  i n f r a r e d  a b s o r p t i o n  a n a l y s e s  showed  the  
p re sence  of o x y g e n  ( 2 - 1 0 % )  in g l o w - d i s c h a r g e  
p o l y m e r  p r e p a r e d  f r o m  h y d r o c a r b o n s  such as cyc lo -  
p e n t a d i e n e  a n d  p - x y l e n e .  U n f o r t u n a t e l y ,  t h e  i n f r a -  
r ed  spec t r a  w e r e  a lmos t  c o m p l e t e l y  l a c k i n g  in fine 
s t r u c t u r e  a n d  so w e r e  of no v a l u e  in c l a r i f y i n g  the  
c h e m i c a l  n a t u r e  of t he  film. 

I t  was  occas iona l ly  o b s e r v e d  t h a t  t e m p e r a t u r e  
cyc l ing  a f fec ted  the  l o w e r  or  n o n l i n e a r  p o r t i o n s  of 
t h e  log  r vs.  1 / T  plots .  R e p e a t  r u n s  on the  same 
s p e c i m e n  s o m e t i m e s  s h o w e d  h i g h e r  c u r r e n t s  in  th is  
r eg ion  and  t h e r e b y  t e n d e d  to r a i s e  t h e  t h r e s h o l d  of 
l i n e a r i t y  f r o m  w h i c h  a c t i v a t i o n  ene rg ie s  w e r e  ca l -  
cu la ted .  This  aga in  sugges t s  t he  a d d i t i o n  of i m -  

p u r i t i e s  b y  hea t ing ,  c h a n g i n g  t h e  c o n d u c t i v i t y  in  
w h a t  for  i n o r g a n i c  s e m i c o n d u c t o r s  m i g h t  be  r e -  
f e r r e d  to as t he  " e x t r i n s i c  r eg ion . "  

A t e n d e n c y  to "pee l "  or  s e p a r a t e  f r o m  the  s u b -  
s t r a t e  s i l ica  p l a t e  was  o b s e r v e d  in  m a n y  of t he  h y -  
d r o c a r b o n  films. A m o n g  the  mos t  t r o u b l e s o m e  w e r e  
to luene ,  p - x y l e n e ,  and  ch lo robenzene .  This  d i f f icul ty  
r a r e l y  o c c u r r e d  w i t h  sol id  m o n o m e r s ,  a n d  even  w i t h  
l iqu ids  i t  cou ld  u s u a l l y  be  c on t ro l l e d  b y  r e s t r i c t i n g  
t h e  t h i ckness  to 1/2~. A n o t h e r  p r e c a u t i o n  t h a t  p r o v e d  
use fu l  in p r e s e r v i n g  the  l i fe  of the  f i lm spec imens  
was  s to rage  in  a dess ica tor .  Most  f i lms w e r e  m o d e r -  
a t e l y  sens i t ive  to d a m a g e  b y  moi s tu re ,  e spec i a l l y  
in  t h e  f irst  f ew d a y s  a f t e r  p r e p a r a t i o n .  C e r t a i n  c o m -  
pounds  (e.g. ,  N - n i t r o s o a m i n e s )  f o r m e d  su r f ace  
b u b b l e s  a f t e r  t h e r m a l  cyc l ing  i nd i c a t i ve  of gaseous  
decompos i t i on  p roduc t s .  

In  t e r m s  of  t he  p r o p e r t i e s  of these  g l o w - d i s c h a r g e  
films, 1 to 2~ r e p r e s e n t e d  a s u b s t a n t i a l  and  use fu l  
th ickness ,  w i t h  p inho le  counts  v a n i s h i n g l y  s m a l l  
a n d  c a p a b l e  of s u p p o r t i n g  50v d.c. or  m o r e  w i t h o u t  
b r e a k d o w n .  T h i c k e r  spec imens  could  h a v e  been  p r e -  
pa r ed ,  p a r t i c u l a r l y  f r o m  a m i n e  and  sol id  h y d r o -  
c a r b o n  m o n o m e r s ,  b u t  on ly  w i t h  t he  sacr i f ice  of u n i -  
f o r m i t y  and  efficiency. I t  m a y  be  e s t i m a t e d  as a 
m a t t e r  of g e n e r a l  i n t e r e s t  t h a t  the  p r a c t i c a l  u p p e r  
l imi t  of t h i ckness  for  such  f i lms ( m a i n t a i n i n g  a ce r -  
t a in  deg ree  of p h y s i c a l  i n t e g r i t y  as f i lms)  is of t he  
o r d e r  of 10~. 

M a n y  of t he  t h i n n e r  f i lms (0.5~ and  less )  e x -  
a m i n e d  for  c o n d u c t i v i t y  vs .  t e m p e r a t u r e  w e r e  d i s -  
c ove re d  to h a v e  b e c o m e  s h o r t e d  d u r i n g  or  a f t e r  t he  
h e a t i n g  cycle.  On the  o t h e r  hand ,  t h e  t h i c k e s t  spec i -  
mens  ( above  2~) t e n d e d  to s e p a r a t e  f r o m  the  s u b -  
s t r a t e  due  to d i f fe rences  in t h e r m a l  e x p a n s i o n  and  
con t r ac t i on  coefficients  and  w e r e  of ten  f o u n d  to h a v e  
opened  a long  the  f r i nge  a r e a  cove red  b y  the  t op  
a l u m i n i z e d  e lec t rode .  These  could  g e n e r a l l y  be  r e -  
pa i r ed ,  b u t  t he  mos t  r e p r o d u c i b l e  r e su l t s  on r e -  
p e a t e d  t h e r m a l  cyc l ing  w e r e  o b t a i n e d  w i t h  those  
spec imens  in  t he  o p t i m u m  th i ckness  r a n g e  of 1-2~. 

Conductivity of Film Specimens 
A l t h o u g h  th is  p r o g r a m  is b a r e l y  out  of t he  e x -  

p l o r a t o r y  s tage,  i t  is f e l t  t h a t  t he  c o n d u c t i v i t y  vs.  
t e m p e r a t u r e  r e l a t i o n s h i p s  o b s e r v e d  w i t h  t hese  
g l o w - d i s c h a r g e  f i lms a r e  r e p r e s e n t a t i v e  of t h e  bes t  
i n f o r m a t i o n  c u r r e n t l y  a v a i l a b l e  on the  e l e c t r i c a l  b e -  
h a v i o r  of o rgan ic  solids.  The  h igh  t h e r m a l  s t a b i l i t y  
of the  f i lms m a d e  i t  poss ib l e  to m e a s u r e  an  a c c u r a t e  
and  s igni f icant  a c t i v a t i o n  e n e r g y  of conduc t ion  fo r  
mos t  spec imens .  The  v a l u e s  of E~ d e t e r m i n e d  f rom 
t h e  s lopes  of t he  log ~ vs.  1 / T  cu rves  ove r  l a r g e  
r a n g e s  of t e m p e r a t u r e  w e r e  r e p r o d u c i b l e  in d i f fe r -  
en t  spec imens  of t he  s ame  m a t e r i a l  p r e p a r e d  u n d e r  
v a r i a n t  cond i t ions  and  w e r e  also f o u n d  to be  c h a r -  
a c t e r i s t i c a l l y  u n i f o r m  in g roups  of s t r u c t u r a l l y  r e -  
l a t e d  compounds .  

A b s o l u t e  m a g n i t u d e s  of d a r k  c o n d u c t i v i t y  a t  
150~ r a n g e d  f r o m  b e l o w  10 -17 m h o / c m  for  p o l y -  
m e r  fi lms p r e p a r e d  f r o m  1, 3, 5 - t r i c h l o r o b e n z e n e  
to a b o v e  10 -18 for  f e r rocene .  H o w e v e r ,  t he  g r e a t  
m a j o r i t y  of m o n o m e r  compos i t i ons  l ed  to f i lms w i t h  
conduc t i v i t i e s  b e t w e e n  a b o u t  10 -16 a n d  10 -14 
m h o / c m  at  th i s  t e m p e r a t u r e .  This  was  p a r t i c u l a r l y  



Vol. 110, No. 1 ELECTRICAL PROPERTIES OF ORGANIC FILMS 21 

Table III. Typical conductivity vs .  temperature data 

M o n o m e r  or, m h o / c m  E a ,  e v  
150  ~ 2 5 0  ~ S e e  f ig .  

Naphthalene  9 X 10 -16 2.7 X 10 - i s  1.1 3, 4 
S tyrene  6 X l0 -16 9 X 10 -14 1.2 4 
p -Xy lene  5 X 10 -17 1.5 X 10 - i s  1.8 4 
Cyclopentadiene 1.0 X 10 -16 1.2 X 10 -13 1.5 4 
Hexamethy lbenzene  7 X 10 -17 7 X 10 -14 1.5 4 
Ethylene oxide 4 X 10 -16 1.6 X 10 - i s  1.1 5 
Methoxynaphtha lene  1.1 X 10 -16 7 X 10 -14 1.5 5 
Thiourea  3.3 X 10 -1G 4 X 10 -13 1.7 5 
Chlorobenzene 8 X 10 -17 1.9 X 10 -14 1.4 5 
Picoline 2.2 X 10 -14 6 X 10 -12 1.1 6 
N-Ni t rosodiphenylamine  8 X 10 -15 3.0 X 10 -12 1.2 6 
p-Toluid ine  7 X 10 -16 2.3 X 10 -12 1.5 6 
Anil ine 2.8 X 10 -16 1.4 X 10 -12 1.8 6 
p-Ni t ro to luene  5 X 10 -16 2.5 X 10 - i s  1.2 6 
Diphenyl  selenide 3.1 • l0 - i s  8 X 10 - i s  0.75, 1.5 7 
Diphenyl  mercury  2.8 X 10 -15 2.7 • 10 - i s  0.85 7 
Ferrocene 2.7 X 10 - i s  4.5 X 10 -12 0.55 7, 8 
Benzene selenol 2.5 X 10 -14 7 X 10 -12 1.1 7 
H e x a - n - b u t y l  (di) t in 1.5 • 10 -15 7 X 10 - l a  1.1 7 
Tet racyanoethylene  1.8 • 10 -13 5 X 10 -12 0.60 8 
Malononitr i le  3 X 10 -14 1.8 X 10 -12 0.75 8 
Thianthrene  1.5 X 10 -14 1.6 X 10 -12 0.85 8 
Thiophene 6 X 10 -14 3 X 10 -12 0.75 8 
Thioacetamide 8 X 10 -14 9 X 10 -12 0.85 8 

t r u e  of the  h y d r o c a r b o n s  and the  amines ,  wh ich  con-  
s t i tu ted  the  two  la rges t  groups.  A c t i v a t i o n  energ ies  
of conduc t ion  w e r e  m o r e  n e a r l y  u n i f o r m  in these  
two  sets. The  a v e r a g e  v a l u e  of E~ for  f i f teen m o n -  
omers  (al l  excep t  ace ty l ene  in Fig. 4 and 6) was  
1.36 --+ 0.06 ev. This  m a g n i t u d e  of t e m p e r a t u r e  r e -  
sponse m a y  be r e l a t ed  to the  e n e r g y  r e q u i r e d  to 
c r ea t e  cha rge  ca r r i e r s  in a s t r u c t u r e  consis t ing  
p r inc ipa l l y  of  c a r b o n - c a r b o n  bonds.  

I t  should  be  m a d e  c lear  t ha t  the  conduc t iv i t i e s  
and ac t i va t i on  ene rg ies  u n d e r  discussion do not  r e f e r  
to the  m o n o m e r s  themse lves .  The  ac tua l  compos i -  
t ions and s t ruc tu res  of the  p o l y m e r  films t es ted  are  
u n k n o w n  and  m a y  reflect  m u c h  or l i t t l e  of the  m o n -  
omer,  d e p e n d i n g  on the  condi t ions  and the  m e c h -  
anisms of  g l o w - d i s c h a r g e  po lymer iza t ion .  Moreove r ,  
these  c o n d u c t i v i t y  da ta  w e r e  g e n e r a l l y  r eco rded  in a 
t e m p e r a t u r e  r a n g e  w h e r e  the  m o n o m e r  w o u l d  not  be 
ava i l ab l e  in the  sol id state.  T h e r e  is no con t r ad i c -  
t ion,  for  example ,  b e t w e e n  the  v a l u e  of 1.1 ev  for  the  
ac t iva t ion  e n e r g y  of a f i lm d e r i v e d  f r o m  n a p h t h a l e n e  
(Tab le  I I I )  and the  l o w e r  l i t e r a t u r e  va lues  on the  
c rys ta l l ine  m o n o m e r  (3) .  

The  resu l t s  sugges t  t ha t  conduc t ion  in organics  is 
d e t e r m i n e d  on ly  by  gross compos i t iona l  f ea tu r e s  
c o m m o n  to a g rea t  v a r i e t y  of po lymers .  This  i nves t i -  
ga t ion  did no t  d i s t inguish  b e t w e e n  fi lms p r e p a r e d  
f r o m  such con t ra s t ing  m o n o m e r s  as cyc lopen t ad i ene  
and h e x a m e t h y l b e n z e n e  on the  basis  of m a g n i t u d e  
and t e m p e r a t u r e  d e p e n d e n c e  of conduc t iv i ty .  This  is 
not  to be i n t e r p r e t e d  t h a t  the  g l o w - d i s c h a r g e  p roc -  
ess c o n v e r t e d  al l  o rganic  m o n o m e r s  to the  iden t i ca l  
p o l y m e r  s t ruc tu re ,  for  t h e r e  w e r e  d i f ferences  in ap-  
pea rance  and s tab i l i ty  t ha t  c l ea r ly  set t h e m  apar t ,  
bu t  t ha t  t he  conduc t ion  m e c h a n i s m  i n v o l v e d  on ly  
ce r t a in  c h e m i c a l  bond l inkages  w h i c h  w e r e  a p p r o x i -  
m a t e l y  the  same for  all. 

Moreove r ,  impur i t i e s  cannot  be  cons ide red  as p a r -  
t i c ipa t ing  in t he  conduc t ion  process.  The  p ropor t ions  

of who le  molecu le s  and f r a g m e n t s  of d i f fe ren t  sizes 
wou ld  t end  to v a r y  accord ing  to the  p r e s su re  and 
vo l t age  in d i f fe ren t  runs  bu t  th is  was  e v i d e n t l y  no t  
a cons idera t ion .  Ce r t a in  of these  fi lms w e r e  con-  
t a m i n a t e d  w i t h  as m u c h  as 10% oxygen ,  and t he r e  
was  no ind ica t ion  tha t  i t  changed  the  conduc t iv i t y  

as m u c h  as a fac to r  of two.  

In connec t ion  w i t h  the  above,  i t  was  not  su rp r i s -  
ing to find tha t  f i lms p r e p a r e d  f r o m  compounds  a l -  
r e a d y  con ta in ing  o x y g e n  w e r e  e l ec t r i ca l ly  s imi la r  to 
those  f r o m  h y d r o c a r b o n  m o n o m e r s  (Fig.  5).  I t  ap -  
pears  t ha t  in m a n y  cases the  c o m m o n  " h e t e r o "  
a toms of organic  c h e m i s t r y  (O, N, S, ha logens )  can  
be i nco rpo ra t ed  into  g l o w - d i s c h a r g e  fi lms in va r ious  
m i x t u r e s  and combina t ions  w i t h o u t  caus ing  signifi-  
cant  changes  in  the  f u n d a m e n t a l  c o n d u c t i v i t y  p r o c -  
ess. No doubt  m a n y  excep t ions  to this  gene ra l i z a t i on  
wi l l  be uncove red .  The  first one to be discussed in -  
vo lves  compounds  w i t h  two  or m o r e  n i t r i l e  groups.  

The  c o n d u c t i v i t y  of a c ry lon i t r i l e  f i lm (Fig.  3) was  
c o m p a r a b l e  to the  h y d r o c a r b o n - a m i n e  groups;  in 
fact  i t  was  n e a r l y  iden t ica l  to p ico l ine  (Fig.  6).  
H o w e v e r ,  the  p r e sence  of an  add i t iona l  n i t r i l e  sub-  
s t i t uen t  in the  m o n o m e r s  r e su l t ed  in a l o w e r  slope 
and, at leas t  in the  case of t e t r a c y a n o e t h y l e n e  (Fig.  
8),  a s ignif icant  inc rease  in conduc t iv i ty .  

Al l  m a t e r i a l s  t e s ted  in this  p r o g r a m  w h i c h  gave  
r e l a t i v e l y  h igh ly  conduc t i ve  fi lms (Fig.  8) had  ac t i -  
va t i on  ene rg ies  of  conduc t ion  be low  0.9 ev. This  was  
in m a r k e d  con t ras t  to the  a v e r a g e  of 1.36 ev  for  h y -  
d r o c a r b o n  and amine  po lymers .  A d i f fe ren t  con-  
d u c t i v i t y  m e c h a n i s m  is ind ica ted ,  and one of the  
first poss ibi l i t ies  to be cons ide red  m u s t  be  t h a t  the  
p r inc ipa l  cha rge  ca r r i e r s  a re  n o w  b e c o m i n g  a v a i l -  
able  f r o m  n e w  sites in t he  m o l e c u l a r  s t ruc tu re .  This  
m a y  be  a c c o m p a n i e d  by  a sh i f t  in the  c h a r g e  t r a n s -  
fer  pa th  f r o m  the  c a r b o n - c a r b o n  bond  ske le ton  to 
the  func t i ona l  g roups  ( w h e r e  t he  m o b i l i t y  m a y  be 
h i g h e r ) .  
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The  c o m p o u n d s  w i t h  two  or  m o r e  n i t r i l e  g roups  
m a y  h a v e  f o r m e d  p o l y m e r  l i n k a g e s  t ha t  w e r e  r ich  
in  c a r b o n - n i t r o g e n  bonds ,  p e r h a p s  w i t h  some deg ree  
of c o n j u g a t e d  u n s a t u r a t i o n .  O t h e r  w o r k e r s  have  ob -  
s e r v e d  h igh  c o n d u c t i v i t y  in  s u b s t i t u t e d  c y a m e l u -  
r ines  (h igh  m o l e c u l a r  w e i g h t  c o m p o u n d s  r i ch  in 
a r o m a t i c  n i t r o g e n  in  condensed  r i ngs )  (5) .  Our  a t -  
t e m p t s  to p o l y m e r i z e  c y a m e l u r i n e  decompos i t i on  
p r o d u c t s  a t  200~ led  to f i lm spec imens  of v a r y i n g  
a p p e a r a n c e  and  s t a b i l i t y  and  no cons i s t en t  c o n d u c -  
t i v i t y  p a t t e r n .  

A f ew s u l f u r - c o n t a i n i n g  f i lms w e r e  f o u n d  in t he  
h ighes t  conduc t ion  g r o u p  (Fig .  8) .  T h i o p h e n e  and  
t h i a n t h r e n e  h a d  conduc t iv i t i e s  h i g h e r  t h a n  a n y  h y -  
d r o c a r b o n  p o l y m e r ,  and  t h i o a c e t a m i d e  was  c o m p a -  
r a b l e  to t e t r a c y a n o e t h y l e n e  and  f e r r o c e n e  at  the  
h i g h e r  t e m p e r a t u r e s .  I t  a p p e a r s  t h a t  t he  su l fu r  
a tom,  as a f u n c t i o n a l  g r o u p  w i t h  f a v o r a b l e  cha rge  
t r a n s f e r  cha rac te r i s t i c s ,  is p o t e n t i a l l y  c a p a b l e  of 
d o m i n a t i n g  the  conduc t ion  m e c h a n i s m .  T h e r e  is a 
d i s t i nc t  p o s s i b i l i t y  t h a t  r e su l t s  showing  no e n h a n c e -  
m e n t  of c o n d u c t i v i t y  w i t h  a su l fu r  c o m p o u n d  ( ac -  
c o m p a n i e d  b y  a h igh  E~, as in t h iou rea ,  Fig.  5) w e r e  
a n o m a l o u s  and  r e p r e s e n t e d  a r e c o m b i n a t i o n  of d e -  
compos i t ion  f r a g m e n t s  w h i c h  i n c l u d e d  l i t t l e  or  no 
su l fur .  

T h e  p r e s e n c e  of a m e t a l  or  t r a n s i t i o n  e l e m e n t  in 
t he  p o l y m e r  g e n e r a l l y  d id  not  l e ad  to spec ia l  e l ec -  
t r i c a l  p rope r t i e s .  Va r ious  m o n o m e r s  c o n t a i n i n g  t in,  
t i t a n i u m ,  m e r c u r y ,  and  s e l e n i u m  w e r e  t e s t ed  (Fig .  
7) and  g e n e r a l l y  gave  log ~ vs. 1 /T  curves  in  t he  
h y d r o c a r b o n  region ,  a l t h o u g h  t h e y  w e r e  r a r e l y  as 
r e p r o d u c i b l e  and  no t  g e n e r a l l y  good  exponen t i a l s .  
D i p h e n y l  s e l en ide  s h o w e d  a f a i r l y  s h a r p  b r e a k  in 
s lope  a t  a b o u t  200~ t e t r a i s o p r o p y l  o r t h o t i t a n a t e  
and  d i c y c l o p e n t a d i e n y l  t i t a n i u m  d i c h l o r i d e  w e r e  
non l inea r ,  as was  v i n y l  f e r rocene ;  d i p h e n y l  m e r c u r y  
a n d  the  t i n - c o n t a i n i n g  c o m p o u n d s  gave  s o m e w h a t  
s c a t t e r e d  po in t s  t h a t  w e r e  on ly  a p p r o x i m a t e l y  r e p -  
r e s e n t e d  b y  s ing le  l ines.  B y  con t ras t ,  e x c e l l e n t  
a g r e e m e n t  in conduc t iv i t i e s  ove r  a w ide  t e m p e r a -  
t u r e  r a n g e  was  o b t a i n e d  f r o m  five d i f fe ren t  spec i -  
mens  o f  f e r rocene .  

The  r e p r o d u c i b i l i t y  and  c h a r a c t e r i s t i c  a c t i va t i on  
e n e r g y  of f e r r o c e n e  sugges t  t h a t  t h e r e  was  an  es-  
s en t i a l  d i f fe rence  b e t w e e n  t h e  p o l y m e r i z a t i o n  m e c h -  
a n i s m  for  th is  m o n o m e r  and  o t h e r  m e t a l - o r g a n i c s .  
T h e r e  m a y  have  been  e i t he r  less f r a g m e n t a t i o n  or  
some f a v o r e d  l i n k a g e  to jo in  t he  s u r v i v i n g  un i t s  in 
t he  film. On the  o t h e r  hand ,  f e r r o u s  ions m a y  h a v e  
func t ioned  as p r e f e r r e d  c a r r i e r  sources  b y  c o n v e r -  

s ion to the  f e r r i c  ( + 3 )  o x i d a t i o n  s ta te  w i t h  t he  loss 
of one e lec t ron .  No m o r e  specific e x p l a n a t i o n  of t he  
h igh  c o n d u c t i v i t y  of f e r r o c e n e  p o l y m e r  can  be  
offered at  th is  t ime .  

In  s u m m a r y ,  i t  is p r o p o s e d  t h a t  t h e r e  is a c h a r a c -  
t e r i s t i c  m a g n i t u d e  and  t e m p e r a t u r e  d e p e n d e n c e  of 
c o n d u c t i v i t y  for  o rgan ic  p o l y m e r  f i lms t h a t  is b a s i -  
ca l l y  due  to the  p r e p o n d e r a n c e  of c a r b o n - c a r b o n  
bonds  in t he  s t ruc tu re .  This  s i t ua t ion  r e m a i n s  es -  
s e n t i a l l y  the  s a m e  even  w h e n  a f a i r  p r o p o r t i o n  ( s ay  
10%)  of the  a toms  in t he  c a r b o n  n e t w o r k  a r e  r e -  
p l a c e d  b y  o t h e r  e l emen t s ,  w h e t h e r  m e t a l s  or  n o n -  
meta l s .  H o w e v e r ,  w h e n  spec ia l  s t r u c t u r a l  f e a t u r e s  
beg in  to a p p e a r  in s igni f icant  c o m p e t i t i o n  w i t h  t he  
c r o s s - l i n k e d  ca rbon  ske l e ton  and  these  f e a t u r e s  offer 
new sources  of c a r r i e r s  or  a p r e f e r r e d  p a t h  for  t h e i r  
t r ansmis s ion ,  n e w  p a t t e r n s  in c o n d u c t i v i t y  r e sponse  
m a y  be  expec ted .  These  p h e n o m e n a  w e r e  o b s e r v e d  
w i t h  f i lms p r e p a r e d  f r o m  fe r rocene ,  some su l fu r  
compounds ,  and  c e r t a i n  m o n o m e r s  c on t a in ing  n i t r o -  
gen  in a form likely to be incorporated into a con- 
densed ring or conjugated chain structure. 

None of these films would qualify for considera- 
tion as organic semiconductors. Extrapolated to 
room temperature, the highest conductivities 
achieved in this survey of glow-discharge films did 
not exceed 10 -14 mho/cm. Nevertheless, certain 
trends are clearly indicated to guide a specific de- 
velopment to this end: the influence of the car- 
bon-carbon backbone must be minimized and the 
possible categories of substituent atoms or func- 
tional groups classified for selection according to 
their relative charge transfer capabilities. The opti- 
mum composition for a semiconductive organic 
polymer film should consist of a high concentration 
of electronically active centers held together by a 
framework that includes no superfluous carbon. 

Manuscript received April 24, 1962; revised manu- 
script received Sept. 6, 1962. This paper was prepared 
for de l ive ry  before  the Boston Meeting, Sept.  16-2{}, 
1962. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL. 
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ABSTRACT 

A series of compounds were discovered which have the generalized formula 
R 2 2 + R 4 + R 2 5 + O g .  Examina t ion  of single crystals of Pb~ZrP209 showed it to 
have hexagonal  symmetry  with aH ~ 10.08fl~ and CH ~ 23.29A. Five of the 
seven compounds studied (Ba2ZrP,209, Sr2ZrP209, Pb2TiP209, Ba2ZrAs2Og, and 
PbuZrAs2Og) were isostructural  with PbuZrP2Og, and the seventh, Sr2ZrAs2Og, 
had optical properties closely related to the group. With the exception of 
Pb2TiP2Og, all of the compounds exhibited a broad band blue fluorescence, with 
an intensity maximum near 4800A, when excited by 25377~ radiation. By con- 
trast, Pb2TiP.209 showed a weak orange fluorescence, more easily excited by 
3650A radiation. Emission, absorption, and excitation data are presented. 

The fo l lowing  descr ibes  a new  class of h o s t - l u m i -  
nescent  ma te r i a l s  which  have  the  genera l ized  for-  
m u l a  R22+R4+R25+Og. The i r  synthes is  r e su l t ed  f rom 
an  a t t empt  to p repa re  compounds  i sos t ruc tu ra l  
w i t h  the  se l f - ac t iva ted  phosphor  Ba2TiP209 (1, 2). 
Of the  seven  compounds  repor ted  here,  Ba2ZrP209, 
Sr2ZrP2Og, Pb2ZrP209, Pb2TiP209, BaeZrAs209, and  
Pb2ZrAs209 are i sos t ruc tu ra l  w i th  one another ,  and  
the  seventh ,  Sr2ZrAs209, has optical  p roper t ies  
closely re la ted  to the  group.  Because  of ce r ta in  fea-  
tu res  c o m m o n  to host  luminescence ,  it  is i n s t ruc t ive  
to m a k e  some compar isons  b e t w e e n  the  p resen t  sys-  
t em  and  other  k n o w n  h o s t - l u m i n e s c e n t  systems. 

The  most  comprehens ive  s tudy  of host l u m i n e s -  
cence is g iven  by  Kr5ger  (3) ,  and  is concerned  wi th  
the  a lka l i  and  a lka l ine  ea r th  t ungs t a t e s  and  m o l y b -  
dates. These mate r i a l s  are  charac te r ized  by  fa i r ly  
b road  emiss ion  bands  and  by  v e r y  s t rong absorp-  
t ion  bands  which  are charac ter i s t ic  of la t t ice  ab -  
sorption.  The  absorp t ion  bands  commence  in  the  
u.v. exh ib i t i ng  steep edges which  rise r ap id ly  to 
ve ry  h igh va lues  and  appea r  to m a i n t a i n  these  h igh 
va lues  t oward  shor ter  wave leng ths .  Exc i t a t ion  is 
s ta ted to occur e v e r y w h e r e  w i t h i n  the absorp t ion  
bands  to w i t h i n  the  l imi ts  of measu remen t s .  Because  
of these  fea tures ,  no m e a n i n g f u l  detai ls  are  seen 
w i t h i n  e i ther  the  absorp t ion  or the  exc i ta t ion  bands .  
On the  basis  of fa i r ly  ex tens ive  compar isons  be -  
tween  the  tungs ta t e s  and  mo lybda t e s  and  the i r  solid 
solutions,  KrSger  concludes  tha t  the  WO4 = and  
MoO4 = ions are  respons ib le  for the  observed l u m i -  
nescence.  Indeed,  it is difficult to see how a n y t h i n g  
else could be possible. 

The  p re sen t  series of compounds  differ f rom the  
tungs ta t e s  and  molybda te s  in  severa l  respects.  The 
most  no t ab l e  differences are in  the absorp t ion  and  
exc i ta t ion  bands .  I n  the t e r n a r y  zirconates,  the  ab -  
sorpt ion  coefficients of the  bands  respons ib le  for 
l uminescence  appear  to be m u c h  weaker ,  b u t  at the 
same t ime  the  bands  are be t t e r  defined t h a n  the  cor-  
r e spond ing  bands  in  the  t ungs t a t e s  or molybda tes .  
The exc i ta t ion  bands ,  which  are undef ined  in  the  
tungs ta t e s  or molybda tes ,  are  v e r y  wel l  defined in 
the  t e r n a r y  zi rconates  and  show a s t ruc tu re  which  is 
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r e m a r k a b l y  s imi la r  f rom c o m p o u n d  to compound.  In  
this respect,  the p re sen t  series adds to the  prev ious  
work  on host l uminescence  by  p rov id ing  add i t iona l  
i n f o r ma t i on  not  seen, for example ,  in  the  tungs ta t e s  
and  molybda tes .  The  i n f o r m a t i o n  is of a more  de-  
ta i led  n a t u r e  and  m a y  help  t oward  charac te r iz ing  
the cen te r  in  hos t - ac t i va t ed  luminescence .  Despi te  
the  p r e l i m i n a r y  and  l a rge ly  descr ip t ive  n a t u r e  of 
the p re sen t  work,  one conc lus ion  can  read i ly  be 
d rawn ,  name ly ,  t ha t  in  the  t e r n a r y  z i rconates  the  
z i r con ium ion is the  essent ia l  cons t i t uen t  of the  
l u m i n e s c e n t  center .  

Crystal Chemistry 
Preparation.--Compositions were  made  according 

to the  ge ne r a l  fo rmula ,  Ro2+R4+R25+O9, where  
R 2+ = Mg, Ca, Sr, Ba, Pb,  Cd, Zn;  R 4+ = Ti, Zr, Sn;  
and  R 5+ = P, As, Sb, V. Those composi t ions  which  
were  e x a m i n e d  are l is ted in  Tab le  I. Samples  were  
p r epa red  by  ca lc ina t ion  of the  appropr i a t e  oxides 
or ca rbona tes  of r eagen t  g rade  p u r i t y  in  fused silica 
crucibles  at 1000~ ~ in  a SiC res is tance  f u r -  
nace. 1 X - r a y  dif f ract ion da ta  and  pe t rograph ic  tech-  
n iques  were  used to iden t i fy  phases.  

S ma l l  s ingle  crys ta ls  of Pb2ZrP209 ( P Z P )  were  
g r o w n  f rom the  me l t  by  cooling at  a r a t e  of abou t  
8 0 ~  af ter  fus ion  at 1400~ in  a p l a t i n u m  c r u -  
cible. The  crys ta ls  fo rmed  as t h i n  he xa gona l  p l a t e -  
lets abou t  10 m m  2 in  area  b y  0.2 m m  in  thickness .  

Phase data.--Phase ident i f ica t ion was  made  by  
m e a n s  of s t a n d a r d  x - r a y  di f f ract ion t echn iques  us ing  
CuKa  rad ia t ion .  These  da ta  showed tha t  n o n e  of the  
composi t ions  l is ted in  Tab le  I were  i sos t ruc tu ra l  
w i th  e i ther  of the  forms  of Ba2TiP209 (2) .  The  com- 
posi t ions l is ted in  the  first co lumn  of Tab le  I are  
nonf luorescen t  and  some of t h e m  are  mul t iphase .  
On ly  those s ingle  phase  ma te r i a l s  which  exh ib i ted  
luminescence  were  selected for f u r t h e r  s tudy.  Of this  
group, six fo rm an  i sos t ruc tu ra l  series (see Table  
II)  a nd  the seventh ,  Sr2ZrAs209, has opt ical  p rop -  
ert ies  closely re la ted  to the  series. Both  Sr2ZrAs209 

1 T h e  Z i r c o n i u m  Corl~orat ion of  A m e r i c a  s u p p l i e d  t h e  h a f n i u m -  
f ree  ZrO.- w h i c h  c o n t a i n e d  1000 p p m  Ca, 300 p p m  Mg, 150 p p m  Si  
and  o t h e r  i m p u r i t i e s  each  <100  p p m .  The  TiOe was  f luorescen t  grade 
m a t e r i a l  o b t a i n e d  f r o m  W e s t i n g h o u s e  L a m p  D i v i s i o n ,  B loomf ie ld ,  
N . J .  
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Table I. Compositions Table Ill. X-ray powder diffraction data, CuKa radiation 

Nonf luo re scen t  m a t e r i a l s  of 
u n d e t e r m i n e d  phase 

c o m p o s i t i o n  F l u o r e s c e n t  compounds 

Mg2TiP209 
Ca2TiP209 
Sr2TiP209 
Mg2ZrP209 
Ca2ZrP209 
Zn2ZrP209 
Cd2ZrP209 
Ca2SnP209 
Sr2SnP209 
BauSnP209 
Pb2SD-P209 
Ba2TiV209 
Ba2ZrV209 
Ba2TiSb209 
Ba2ZrSb209 

Table II. Lattice parameters, angstrom units 

Compound aH CH 

(a) (b) 
fl-Ba~ZrAs209 a-Ba~ZrAs~O9 

Ba2ZrP209 10.26 23.76 
Pb2ZrP209 10.08 23.29 
Sr2ZrP209 9.86 22.78 
Pb2TiP209 10.03 23.13 
Ba2ZrAs209 10.54 24.34 
Pb2ZrAs209 10.37 23.91 

h k l  dobs dcalc* lobs C~:)b9 Iobs 

Ba2ZrP209 (BZP) 
Sr2ZrP209 (SZP) 113 4.414 4.419 6 3,624 6 
Pb2ZrP209 (PZP) - -  3.821 - -  7 3.302 6 
Pb2TiP209 (PTP) 106 3.684 3.707 3 3.292 6 
Ba2ZrAs209 (BZA) 204 3.630 3.651 4 3.220 100 
Pb2ZrAs209 (PZA) 211 3.419 3.416 100 3.153 16 
Sr2ZrAs209 (SZA) 2.875 60 

116 3.229 3.214 15 2.829 10 
O t h e r  c o m p o u n d s  213 3.157 3.175 15 2.348 16 
ZrP207 108 2.891 2.886 56 2.253 6 
BaZrO3 2.148 25 
Ba2P207 215 2.834 2.814 i0 2.061 7 
Pb2P207 1.948 22 
ZrO2 220 2.618 2.635 3 

400 2.308 2.282 10 1.821 9 
1, 1, 10 2.209 2.209 15 1.723 17 

227 2.122 2.100 25 
319 1.847 1.848 3 1.710 7 

1.664 10 
2, 1, 12 1.756 1.748 12 1.650 7 
1, 0, 14 1.724 1.725 4 1.614 12 

418 1.670 1.666 7 
3, I, l l  1.666 1.666 5 

(SZA)  and  Ba2ZrAs209 (BZA)  are d imorphic .  In  
BZA, the  c rys ta l lographic  i nve r s ion  is at 1260 ~ 
• 15~ and  in  SZA it is at  1225 ~ -- 15~ On the 
order  of 20-30 hr  is r e q u i r e d  for e i ther  inve r s ion  to 
reach  comple t ion  even  at 30~ above  the  t r a n s i -  
t ion  t empe ra tu r e .  The  l o w - t e m p e r a t u r e  fo rm of 
BZA is i sos t ruc tu ra l  w i th  the o the r  m e m b e r s  of the 
series. The  h i g h - t e m p e r a t u r e  fo rm of BZA and  bo th  
forms of SZA are of u n d e t e r m i n e d  s t ruc ture .  Cha r -  
acter is t ic  x - r a y  p a t t e r n s  of the  h igh -  and  l o w - t e m -  
p e r a t u r e  modif icat ions  of BZA and  SZA are l is ted 
in  Tab le  III. The l o w - t e m p e r a t u r e  fo rm of BZA is 
indexed  on the  basis of the  s ingle  crys ta l  m e a s u r e -  
men t s  pe r fo rmed  on P Z P  (see be low) .  For  purposes  
of discussion,  the  i sos t ruc tu ra l  series is r e fe r red  to 
as the f i - s t ruc ture ,  the  h i g h - t e m p e r a t u r e  fo rm of 
BZA as the  a - s t r u c t u r e ,  and  the  low-  and  h i g h - t e m -  
p e r a t u r e  forms  of SZA as i l l-  and  aws t ruc tu re s ,  r e -  
spect ively.  

The t e r n a r y  z i r con ium phosphates  and  Pb2ZrAs209 
(PZA)  appear  to be  s table  at  t e m p e r a t u r e s  ap -  
p roach ing  the i r  m e l t i n g  points .  I n  the  case of the  
h i g h - t e m p e r a t u r e  forms of BZA and  SZA pa r t i a l  
decomposi t ion  occurred  as revea led  b y  the  evo lu t ion  
of vapor  d u r i n g  the  s luggish c rys ta l lograph ic  i n -  
ve r s ion  and  the  presence  of f ree  ZrO2 in  the  h igh  
t e m p e r a t u r e  phases. In  no case, however ,  could the 
excess ZrO2 account  for the  opt ical  p roper t ies  which  
were  observed.  

Crystal  s tructure data.--Rotat ion and  Wei senbe rg  
pho tographs  t a k e n  both  pa ra l l e l  and  p e r p e n d i c u l a r  
to the  hexagona l  faces of the s ingle  crys ta ls  es tab-  
l i shed tha t  Pb2ZrP209 ( P Z P )  has hexagona l  s y m -  
met ry .  In  PZP,  the  u n i t  cell p a r a m e t e r s  are  aH ~- 
10.08A a n d  e H ~ 2 3 . 2 9 A .  A s s u m i n g  33 f o r m u l a  
weights  per  u n i t  cell, the  theore t ica l  x - r a y  dens i ty  

(C) (d) 

a1-Sr2ZrAs209 fl1-Sr2ZrAs209 

dobs lobs dobs lobs 

3.690 5 
3.633 5 
3.422 4 
3.197 8 
3.157 47 
3.078 80 
2.838 30 
2.789 100+ 
2.620 7 
2.603 6 
2.538 4 
2.348 14 
2.221 7 
2.177 8 
2.069 35 
1.848 19 
1.818 7 
1.662 38 
1.612 13 

5.555 6 
3.684 8 
3.556 27 
3.422 10 
3.297 17 
3.179 62 

3.070 52 
3.039 33 

2.940 100 
2.855 12 
2.838 6 
2.783 23 
2.582 25 
2.453 14 
2.417 10 
2.062 7 
2.005 6 
1.987 11 
1.914 9 
1.887 6 
1.843 10 
1.823 9 
1.788 15 
1.738 7 
1.657 6 
1.651 8 
1.646 8 
1.581 8 

* Ca lcu l a t ed  u s i n g  a H =  10.S4A, CH = 24.34A. 

of P Z P  is 6.35 g / c m  s. The  m e a s u r e d  dens i ty  was  
6.33 g / c m  8. The  u n i t  cell p a r a m e t e r s  of the  m e m b e r s  
of the  series a re  l is ted in  Tab le  II. 

I n  Fig. 1 is p lo t ted  aH VS. CH la t t ice  p a r a m e t e r s  for 
the  series. The  l i nea r  progress ion  in  u n i t  cell d i -  
mens ions  f rom compound  to compound  is cons is tent  
w i th  the  ionic rad i i  of the  cons t i tuen t  e lements .  Be-  
g i nn i ng  wi th  the  s t r o n t i u m - z i r c o n i u m - p h o s p h a t e  
me mbe r ,  the  p a r a m e t e r s  increase  in  size f rom SZP 
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Fig. 1. 
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to P Z P  to BZP.  The  s u b s t i t u t i o n  of t i t a n i u m  for  z i r -  
c o n i u m  dec rea se s  t h e  cel l  p a r a m e t e r s  p l a c i n g  P T P  
i n t e r m e d i a t e  in  size b e t w e e n  S Z P  and  P Z P .  

S i m i l a r l y ,  t he  a r s e n a t e s  f o r m  a p a r a l l e l  ser ies  
w i t h  l a r g e r  u n i t  ce l l  sizes. E x c l u s i o n  of a l -  a n d  
f l r S Z A  a n d  a - B Z A  f r o m  the  i s o s t r u c t u r a l  ser ies  is 
p r o b a b l y  a r e s u l t  of t h e  i n a b i l i t y  of t he  f l - l a t t i ce  to  
a c c o m m o d a t e  t h e  size d i f f e r en t i a l  b e t w e e n  the  d i -  
v a l e n t  and  p e n t a v a l e n t  ions  in these  compounds .  

Optical  Properties 
Emission spectra.--The emiss ion  spec t r a  w e r e  ob -  

t a i n e d  b y  p l ac ing  t h e  s a m p l e s  a t  t he  sl i t  of a B e c k -  
m a n  D.U. M o n o c h r o m a t o r  e q u i p p e d  w i t h  a spec -  
t r a l l y  c a l i b r a t e d  p h o t o m u l t i p l i e r  tube .  A m i n e r a l i t e  
l a m p  r i ch  in  2537A r a d i a t i o n  was  u sed  to  exc i t e  t he  
samples .  The  l o w - t e m p e r a t u r e  s p e c t r a  w e r e  ob -  
t a i n e d  in  a s i m i l a r  m a n n e r  us ing  a spec i a l l y  b u i l t  
fused  s i l ica  D e w a r  w i t h  f lat  t r a n s p a r e n t  end  w i n -  
dows.  A r e s o l u t i o n  of a b o u t  20A w a s  o b t a i n e d  bo th  
at  300 ~ a n d  77~ A t  low t e m p e r a t u r e s  a b l u e  f luo-  
r e scence  w a s  p r o d u c e d  b y  t h e  f u s e d  s i l ica  in t h e  r e -  
g ion  of 4000-4800A w h i c h  s o m e w h a t  c o m p l i c a t e d  
the  l o w - t e m p e r a t u r e  spec t ra .  This  emiss ion  caused  
a c o m p a r a t i v e l y  s m a l l  e r r o r  in  t he  s amp le s  w h i c h  
d id  no t  con ta in  lead.  L a r g e r  e r r o r s  w e r e  i n v o l v e d  in 
t he  s p e c t r a  of t he  l e ad  c o m p o u n d s  because  of t h e i r  
r e l a t i v e l y  l o w e r  b r igh tnesses .  The  s i l ica  emiss ion  
was  d e t e r m i n e d  s e p a r a t e l y ,  and  for  each  s a m p l e  i t  
was  s u b t r a c t e d  f r o m  the  t o t a l  o b s e r v e d  f luorescence.  

The  emiss ion  spec t r a  of t he  s ix  z i r cona tes  a r e  
shown  in  Fig .  2 at  300~ and  at  a p p r o x i m a t e l y  77~ 
T h e  l o w - t e m p e r a t u r e  f o r m  of S Z A  does  no t  f luo-  
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Fig. 2. Fluorescence emission spectra (2537A radiation) 

r e sce  a t  r o o m  t e m p e r a t u r e  a n d  is no t  s h o w n  in  Fig .  2. 
A l l  of t h e  d a t a  a r e  shown  on t h e  s ame  r e l a t i v e  
sca le  of i n t ens i ty .  The  Ba2TiP209 phosphor ,  w h i c h  
has  a q u a n t u m  y i e l d  n e a r  u n i t y ,  ha s  on  th i s  sca le  a 
p e a k  i n t e n s i t y  of 8.7 a t  r o o m  t e m p e r a t u r e .  I n c l u d e d  
in t he  f igure  a r e  t h e  emiss ion  s p e c t r a  of Pb2TiP209 
a n d  ZrO2. 

E x a m i n a t i o n  of Fig .  2 shows  t h e  e s sen t i a l  s imi -  
l a r i t y  in  t he  pos i t ions ,  shapes ,  and  t e m p e r a t u r e  d e -  
p e n d e n c e s  of t h e  emiss ion  s p e c t r a  of a l l  of  t he  z i r -  
c o n i u m  c on t a in ing  s a m p l e s  i nc lud ing  ZrO2 a n d  a 
d i s t i nc t  d i f fe rence  in  t he  pos i t i on  of t he  emiss ion  
b a n d  of t h e  i s o s t r u c t u r a l  t i t a n i u m  compound .  W i t h  
t he  e x c e p t i o n  of t he  l e a d  compounds ,  t h e r e  is an  a p -  
p r o x i m a t e  t w o f o l d  i n c r e a s e  in  p e a k  i n t e n s i t y  a n d  a 
n o t i c e a b l e  n a r r o w i n g  of b a n d  w i d t h  on cool ing  to  l i q -  
u id  n i t r o g e n  t e m p e r a t u r e s .  The  l e a d  c o m p o u n d s  
show a v e r y  f eeb l e  l u m i n e s c e n c e  a t  r o o m  t e m p e r a -  
t u r e  a n d  u n d e r g o  a f a r  g r e a t e r  i nc rea se  in  i n t e n s i t y  
on cool ing.  Th is  d i f fe rence  in  t h e  b e h a v i o r  of t he  
l e ad  c o m p o u n d s  can  be  a c c o u n t e d  for  b y  t h e  p r e s -  
ence  of a s t r ong  a b s o r p t i o n  b a n d  w h i c h  is i n t r o d u c e d  
b y  the  l e ad  ions and  w h i c h  o v e r l a p s  t he  e xc i t a t i on  
b a n d  for  t he  b l u e  emiss ion.  A p a r a l l e l  b e h a v i o r  oc-  
curs  in  PbWO4 a n d  PbMoO4 (4) .  This  p a r t i c u l a r  
a b s o r p t i o n  is m o d e r a t e l y  t e m p e r a t u r e  d e p e n d e n t  
and  sh i f t s  to  s h o r t e r  w a v e l e n g t h s  as t h e  t e m p e r a -  
t u r e  is l owered .  E v e n  so, t he  emiss ion  i n t e n s i t y  of 
t he  l e ad  c o m p o u n d s  is s t i l l  l ow  even  at  77~ F o r  
th i s  reason ,  t h e i r  emiss ion  b a n d s  w e r e  no t  v e r y  ac -  
c u r a t e l y  ob ta ined .  T a b l e  IV s u m m a r i z e s  t he  va lue s  
for  t he  p e a k  w a v e l e n g t h s  of emiss ion  for  t he  v a r i o u s  
compounds .  A m o r e  d e t a i l e d  d e s c r i p t i o n  of t h e  l e ad  
c o m p o u n d s  is g iven  be low.  

Absorption and excitation spectra.--Absorption 
coefficients,  a, w e r e  o b t a i n e d  on p o w d e r  s amp le s  
f r o m  diffuse r e f l ec tance  m e a s u r e m e n t s ,  R, b y  m e a n s  
of a r e l a t i o n s h i p  b e t w e e n  R and  ~ (5)  us ing  a B e c k -  
m a n  D. U. s p e c t r o p h o t o m e t e r  w i t h  i ts  d i f fuse  r e -  
f lec tance  a t t a c h m e n t .  The  r e so lu t i on  was  for  the  
mos t  p a r t  a t  l e a s t  as good as for  t he  emiss ion  spec t ra .  
L o w - t e m p e r a t u r e  m e a s u r e m e n t s  w e r e  a g a i n  o b -  
t a i n e d  b y  m e a n s  of  a fu sed  s i l ica  D e w a r ,  and  a p -  
p r o p r i a t e  co r r ec t i ons  w e r e  m a d e  for  t he  ref lec t ions  
f r o m  fused  s i l ica  w indows .  E x c i t a t i o n  s p e c t r a  w e r e  
o b t a i n e d  on ly  at  r o o m  t e m p e r a t u r e .  The  m e a s u r e -  
m e n t s  cons i s ted  of i r r a d i a t i n g  t h e  s a m p l e s  m o n o -  
c h r o m a t i c a l l y  at  i n t e r v a l s  w i t h i n  t h e  r e g i o n  f r o m  
4000 to  2500A a n d  m e a s u r i n g  t h e i r  t o t a l  l u m i n e s -  
cence  ou tpu t .  A P e r k i n - E l m e r  q u a r t z  p r i s m  m o n o -  
c h r o m e t e r  s e r v e d  as  t he  d i s p e r s i n g  e l emen t ,  and  an  

Table IV. Emission peaks, excitation by 2537~ radiation 

A p p r o x i m a t e  A p p r o x i m a t e  
r o o m  t e m p  e m i s s i o n  p e a k s  

C o m p o u n d  e m i s s i o n  p e a k s ,  A a t  77~ A 

# BZP 4850 5100 
# BZA 4850 5170 

BZA 4920 52{)0 
SZP 4900 5130 

al SZA 4870 5190 
PZP (4840) (5000) 

# PZA - -  (49OO) 
PTP - -  (5770) 

ZrO~ 4850 5100 
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i n t e r n a l  t h e r m o c o u p l e  p r o v i d e d  the  r e f e r e n c e  for  
c o n s t a n t  e n e r g y  of  i r r ad i a t i on .  Cor rec t ions  w e r e  
l a t e r  a p p l i e d  in o r d e r  to p r e s e n t  t he  d a t a  in t he  f o r m  
of a cons t an t  n u m b e r  of pho tons  at  each  i r r a d i a t i o n  
w a v e l e n g t h .  No co r rec t ions  w e r e  m a d e  for  changes  
in s a m p l e  re f l ec tance  w i t h  w a v e l e n g t h .  

The  w a v e l e n g t h  d e p e n d e n c e s  of t he  a b s o r p t i o n  
coefficients a r e  s h o w n  in Fig.  3 for  ZrO2 and  for  
those  z i r cona te s  w h i c h  do  not  con t a in  lead.  A l l  of 
t he  spec t r a  show ev idence  of t h r e e  and  p o s s i b l y  fou r  
a b s o r p t i o n  b a n d s  s u p e r i m p o s e d  on a b r o a d  a b s o r p -  
t ion  w h i c h  inc reases  r a p i d l y  w i t h  dec r ea s ing  w a v e -  
length .  These  b a n d s  a r e  l oca t ed  a t  a b o u t  t h e  s ame  
w a v e l e n g t h s  for  a l l  of t he  z i r c o n i u m  c o m p o u n d s  
(see  T a b l e  V) .  T h e y  a r e  p o o r l y  r e s o l v e d  a t  r o o m  
t e m p e r a t u r e  and  a r e  on ly  a l i t t l e  b e t t e r  r e s o l v e d  a t  
the  low t e m p e r a t u r e s .  The  a b s o r p t i o n  s p e c t r u m  of 
P T P  is no t  shown,  b u t  i t  is a p p r e c i a b l y  d i f f e ren t  
f r o m  the  z i rcona tes .  

E v i d e n c e  for  t he  ex i s t ence  of a t  l eas t  t h r e e  of 
t he  fou r  poss ib le  a b s o r p t i o n  b a n d s  is m u c h  m o r e  
c l ea r l y  p r o n o u n c e d  in t he  e x c i t a t i o n  spec t ra ,  w h e r e  
e x t r a n e o u s  s u p e r i m p o s e d  a b s o r p t i o n s  ( w h i c h  do no t  
c o n t r i b u t e  to emiss ion )  p r o d u c e  less  compl ica t ion .  
The  r o o m  t e m p e r a t u r e  exc i t a t i on  s p e c t r a  a r e  shown  
in Fig .  4. Aga in ,  t h e r e  is a c lose s i m i l a r i t y  in  t he  
pos i t ions  of t he  b a n d s  and  in the  s t r u c t u r a l  de t a i l s  of 
each  of  t he  compounds .  The  p e a k s  of the  exc i t a t i on  
b a n d s  a r e  t a b u l a t e d  in T a b l e  V and  c o r r e s p o n d  
suff ic ient ly  c lose ly  to the  a b s o r p t i o n  b a n d s  to l e ad  
us to conc lude  t h a t  a o n e - t o - o n e  c o r r e l a t i o n  ex i s t s  
b e t w e e n  them.  

The  a b s o r p t i o n  b a n d s  of a t y p i c a l  l e ad  c o m p o u n d ,  
PZP ,  a r e  s h o w n  in  Fig .  5. The  p r e v i o u s l y  m e n t i o n e d  
s t r o n g  a b s o r p t i o n  is c l e a r l y  seen  m a s k i n g ,  a t  r o o m  
t e m p e r a t u r e ,  w h a t  a p p e a r s  to be  two  of  t he  t h r e e  
or  m o r e  a b s o r p t i o n  b a n d s  p r e s e n t  in the  o the r  z i r -  
conates .  A t  l ow t e m p e r a t u r e s ,  t he  l e ad  a b s o r p t i o n  

Table V. Absorption and excitation peaks 

A p p r o x i m a t e  e x c i t a t i o n  A p p r o x i m a t e  
p e a k s  a t  r o o m  a b s o r p t i o n  p e a k s  

C o m p o u n d  t e m p e r a t u r e ,  A a t  7 7 ~  k 

/9 BZP 2650, 2900, 3000 2750, 2900, 3000 (3400) 
/9 BZA 2650, 2900, 3025 2750, 2900, 3050 
~ B Z A  2650, 2900, 3025 2950, 3100 
/9 SZP 2650, 2800, 3000 2900, 3000 (3400) 
~ SZA 2650, 2850, 3050 2900, 3025 (3400) 
ZrO2 2650, 2825, 3025 2850, 3050, 3250 
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Fig. 5. Absorption and emission spectra of Pb2ZrP209 
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Fig. 6. Decay of fluorescence in Sr2ZrP209 

shi f ts  to sho r t e r  w a v e l e n g t h s  expos ing  these  a b s o r p -  
t ion  bands .  The  p a r t i a l  e l im ina t i on ,  b y  cool ing,  of t he  
o b s t r u c t i n g  effect  of t h e  l e a d  a b s o r p t i o n  p e r m i t s  
more  efficient e x c i t a t i o n  of  t he  b lue  emiss ion,  w i t h  
a consequen t  i n c r e a s e  in  t he  i n t e n s i t y  of t he  b l u e  
f luorescence.  This  r e su l t s  in  a m u c h  m o r e  p r o -  
nounc e d  t e m p e r a t u r e  d e p e n d e n c e  of t he  emiss ion  
i n t e n s i t y  w h i c h  is i l l u s t r a t e d  in  t he  a c c o m p a n y i n g  
p o r t i o n  of Fig .  5. 
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Table Vl. Comparison of decay time and relative intensities 

C o m p o u n d  T1 I /Io 

~-Ba2ZrP209 11.7 0.50 
~-Sr2ZrP209 5.96 0.71 
~-Ba2ZrAs209 4.06 0.84 
~l-Sr2ZrAs209 3.75 0.83 
~-Ba2ZrAs209 3.67 1.00 

Decay time.--Preliminary m e a s u r e m e n t s  of t h e  
d e c a y  t i m e s  of l u m i n e s c e n c e  aga in  s h o w e d  a g roup  
s i m i l a r i t y .  The  d e c a y  p rocess  can  be  d i v i d e d  in to  
two  s tages :  the  first  s t age  is c o m p l e t e d  in t he  o r d e r  
of 1 sec. D u r i n g  th is  t ime ,  t he  i n t e n s i t y  d rops  to 
abou t  5% of i ts  i n i t i a l  va lue .  The  second  s tage  las t s  
s e v e r a l  m i n u t e s  and  consis ts  of a t  l eas t  t h r e e  c o m -  
ponen t s ,  each  of w h i c h  has  an  e x p o n e n t i a l  decay .  
The  r e su l t s  of t he  second  s t age  of d e c a y  in S Z P  a re  
shown  in Fig .  6, as a t y p i c a l  case. C o m p a r i s o n  of t he  
in i t i a l  e x p o n e n t i a l  process ,  r in  t he  second s t age  of  
d e c a y  w i t h  the  r e l a t i v e  f luorescence  i n t e n s i t y  is 
m a d e  in T a b l e  VI. The  d a t a  show a d i s t inc t  t r e n d .  
t o w a r d  an i n v e r s e  r e l a t i o n s h i p  b e t w e e n  decay  t i m e  
and  f luorescent  b r i g h t n e s s  such t h a t  t he  sho r t e r  t he  
d e c a y  t ime,  the  h i g h e r  t he  b r igh tness .  

Discussion 
The  p r e s e n t  se r ies  of i s o m o r p h o u s  c o m p o u n d s  

a l lows  for  t he  subs t i t u t i on  of v a r i o u s  ions in each  
of the  ca t ion  sites.  This  p r o p e r t y  m a k e s  poss ib le  
some g e n e r a l  r e m a r k s  conce rn ing  the  n a t u r e  of the  
l u m i n e s c e n t  center .  

The  mos t  s t r i k i n g  f e a t u r e  seen  in the  t e r n a r y  z i r -  
cona te  c o m p o u n d s  is t h e  r e m a r k a b l e  s i m i l a r i t y  in 
t he  o v e r - a l l  c h a r a c t e r i s t i c s  of t h e i r  abso rp t ion ,  e x -  
c i ta t ion ,  and  emiss ion  bands .  These  a r e  v e r y  n e a r l y  
i n d e p e n d e n t  of a l l  subs t i t u t i ons  excep t ,  of course ,  
for  t he  r e p l a c e m e n t  of z i r c o n i u m  b y  t i t a n i u m .  The  
i m p o r t a n c e  of t he  z i r c o n i u m  ion in d e t e r m i n i n g  the  
op t i ca l  p r o p e r t i e s  is f u r t h e r  i l l u s t r a t e d  b y  the  n e a r l y  
i den t i ca l  emiss ion,  abso rp t ion ,  and  e x c i t a t i o n  spe c t r a  
of ZrO2 w h e n  c o m p a r e d  w i t h  the  l u m i n e s c e n t  z i r -  
c o n i u m  p h o s p h a t e s  and  b y  the  s im i l a r i t i e s  in  the  
a b s o r p t i o n  s p e c t r a  of the  n o n l u m i n e s c e n t  c o m -  
pounds ,  BaZrO3 and  ZrP2OT. The  l a t t e r  two  com-  
p o u n d s  p lus  Ba2P207 m a y  be  r e g a r d e d  as r e l a t e d  
b i n a r y  compounds .  T h e i r  a b s o r p t i o n  spec t r a  at  77 ~  
a r e  shown  in Fig.  7 and  c o m p a r e d  w i t h  B Z P  and  
ZrO2. B y  con t ras t ,  t he  n o n z i r c o n i u m  con t a in ing  
m e m b e r ,  BaeP207, shows  no a b s o r p t i o n  in  t he  u l t r a -  
v io le t ,  to w a v e l e n g t h s  a t  l eas t  as }ow as 2500A. This  
l eaves  l i t t l e  d o u b t  t h a t  the  z i r c o n i u m  ion cons t i t u t e s  
t he  mos t  consp icuous  c o m p o n e n t  of t he  l u m i n e s c e n t  
center .  The  absence  of d e l ec t rons  in t he  Zr  4+ ion 
m a k e s  i t  v e r y  l i ke ly ,  h o w e v e r ,  t h a t  t h e  l u m i n e s c e n t  
c en t e r  consis ts  of a z i r c o n i u m  o x y g e n  ion complex .  

The  a b s o r p t i o n  b a n d s  w h i c h  p r o d u c e  exc i t a t i on  
a p p e a r  to be  s u p e r i m p o s e d  on a con t inuous  b a c k -  
g r o u n d  a b s o r p t i o n  w h i c h  s t a r t s  in t he  v i s ib l e  and  
r ises  r a p i d l y  t o w a r d  s h o r t e r  w a v e l e n g t h s .  T h e  m a g -  
n i t u d e  of th is  b a c k g r o u n d  increases ,  and  i ts  t a i l  e x -  
t ends  f u r t h e r  in to  the  v i s ib le  w i t h  i nc r ea s ing  p r e p -  
a r a t i o n  t e m p e r a t u r e .  W e  do no t  b e l i e v e  the  b a c k -  
g r o u n d  a b s o r p t i o n  is connec t ed  w i t h  t he  l u m i n e s -  
cence  p rocess ;  i t  was  t h e r e f o r e  s u b t r a c t e d  f r o m  the  
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Fig. 7. Absorption spectra of BaZrO~, ZrP207, Ba2ZrP209, and 
Zr02. 

t o t a l  abso rp t ion .  T h e  a b s o r p t i o n  coefficients of t he  
r e m a i n i n g  bands ,  w h i c h  a r e  r e l a t e d  to t he  e xc i t a t i on  
bands ,  a r e  on  the  o r d e r  of 10 -1 cm or  less.  These  
v a l u e s  a r e  s u r p r i s i n g l y  low for  a b s o r p t i o n  into  cen -  
t e r s  w h i c h  a r e  m a j o r  l a t t i ce  componen t s .  Such  low 
a b s o r p t i o n  coefficients for  m a j o r  l a t t i c e  c o m p o n e n t s  
a r e  sugges t i ve  of op t i ca l  t r a n s i t i o n s  w h i c h  a re  n o r -  
m a l l y  fo rb idden .  I t  is poss ib l e  t ha t  t he  a bso rp t i on  
b a n d s  a r e  due  to imper fec t ions ,  bu t  t h e  s t r o n g  s i m i -  
l a r i t i e s  in the  op t i ca l  p r o p e r t i e s  a m o n g  the  t e r n a r y  
c o m p o u n d s  m a k e  th i s  u n l i k e l y .  F u r t h e r ,  t he  long 
l i fe  t i m e s  of these  cen te r s  and  the i r  c o m p a r a t i v e l y  
low q u a n t u m  y ie lds  u n d e r  s t e a d y - s t a t e  exc i t a t i on  
a r e  cons i s t en t  w i t h  w e a k l y  a l l o w e d  t r ans i t i ons .  

W e  migh t ,  t he re fo re ,  p i c t u r e  the  l umine s cence  
cen t e r  as cons i s t ing  of a z i r c o n i u m  ion and  i ts  su r -  
r o u n d i n g  o x y g e n  ions, w i t h  t h e  l umine sc e nc e  t r a n -  
s i t ions  a r i s ing  f r o m  an  e s s e n t i a l l y  f o r b i d d e n  t r a n s i -  
t ion  w h i c h  be c ome s  w e a k l y  a l l o w e d  as t he  r e su l t  of 
a p e r t u r b a t i o n  d e t e r m i n e d  b y  the  de t a i l s  of t he  c r y s -  
t a l  s t ruc tu re .  No c lea r  ev idence  ex is t s  as to t he  n a -  
t u r e  of  t he se  p e r t u r b a t i o n s ,  b u t  two  poss ib i l i t i e s  
s eem reasonab le .  

W e  note ,  in  connec t ion  w i t h  t h e  first  poss ib i l i ty ,  
t h a t  t he  c r y s t a l  s t r u c t u r e s  of t he  n o n l u m i n e s c e n t  
ZrP207 and  BaZrO3 c o m p o u n d s  a re  bo th  h i g h l y  
s y m m e t r i c  w h e r e a s  t he  s t r u c t u r e  of ZrO2 is of low 
s y m m e t r y .  In  ZrP2OT, Z r  4+ is s u r r o u n d e d  b y  6 
e q u a l l y  spaced  o x y g e n  ions at  the  co rne r s  of an  
oc t ahed ron ,  2.018A d i s t a n t  f r o m  the  z i r c o n i u m  ion 
(6) .  In  BaZrO3, t he  ZrO6 s -  o c t a h e d r a  h a v e  6 e q u a l l y  
spaced  o x y g e n  ions l oca t ed  at  2.09A f r o m  the  Zr  +4 
ion (7 ) .  Monoc l in ic  ZrO2, on the  o t h e r  hand ,  has  
w h a t  a m o u n t s  to a h i g h l y  d i s t o r t e d  f luor i te  s t r u c t u r e  
in w h i c h  Zr  4+ is s u r r o u n d e d  b y  7 o x y g e n  ions at  
d i s t ances  r a n g i n g  f r o m  2.04 to 2.26A (8) .  Thus,  t he  
oc c u r r e nc e  of f luorescence  in  ZrO2 m a y  be  a con-  
s equence  of a d i s t o r t i on  in  t h e  s y m m e t r y  of t h e  s u r -  
r o u n d i n g  o x y g e n  ions. 

A second  poss ib i l i ty ,  w h i c h  is no t  i n c o m p a t i b l e  
w i t h  t he  first,  is t h a t  t he  l u m i n e s c e n c e  i n t e n s i t y  is 
in f luenced  b y  n e a r  n e i g h b o r  i n t e r a c t i o n s  b e t w e e n  
l u m i n e s c e n t  cen te rs .  In  BaZrO3,  t he  Zr4+-Zr4+ ion 
s e p a r a t i o n  is 4.18A, and  in  ZrP207 i t  is 5.90A. The  
Z r 4 + - Z r  4+ d i s t a n c e  in monoc l in i c  ZrO2 va r i e s  f rom 
3.43 to  4.03A. The  c loser  p r o x i m i t y  of t he  Z r - O  com-  
p l exes  in  monoc l in i c  ZrO2 may ,  t he re fo re ,  r e su l t  in 
p e r t u r b a t i o n s  w h i c h  f a v o r  f luorescence.  
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T h e  r e l a t i v e  i m p o r t a n c e  of d i s to r t i on  and  of n e a r  
n e i g h b o r  i n t e r a c t i o n s  in p r o d u c i n g  f luorescence  in  
t he  t e r n a r y  z i r cona t e s  canno t  b e  d e t e r m i n e d  p r o p -  
e r l y  w i t h o u t  m o r e  d e t a i l e d  c r y s t a l  s t r u c t u r e  da ta .  
W h a t  is k n o w n  a b o u t  t he  t e r n a r y  z i rcona tes ,  h o w -  
ever ,  is cons i s t en t  w i t h  t he  b e h a v i o r  of the  r e l a t e d  
tungs t a t e s .  The  e x p a n s i o n  of t he  l a t t i ce  p r o d u c e d  
b y  the  s u b s t i t u t i o n  of Ba  2+ for  S r  2+ in S Z P  is a t -  
t e n d e d  b y  a dec rea se  in  f luorescen t  i n t e n s i t y  w h i c h  
p a r a l l e l s  t he  change  f r o m  CaWO4 to SrWO4 to 
BaWO4. U n f o r t u n a t e l y ,  th is  is t h e  on ly  c l ea r  c o m -  
p a r i s o n  t h a t  can  be m a d e ;  the  c o m p l i c a t i n g  inf luence  
of the  l e ad  b a n d  in  P Z P  and  P Z A  p r e v e n t s  c o m p a r i -  
son b e t w e e n  the  se r i e s  S Z P - P Z P - B Z P  and  P Z A -  
BZA.  S u b s t i t u t i o n  of As  5+ for  ps+ in B Z P  inc reases  
the  l a t t i ce  p a r a m e t e r s  and  at  t he  s a m e  t ime  inc reases  
t he  f luorescen t  i n t ens i ty ,  in a p p a r e n t  c o n t r a d i c t i o n  
to t he  d i r ec t i on  for  S Z P - B Z P .  This  a p p a r e n t  con-  
t r a d i c t i o n  m a y  r e su l t  f r o m  the  fac t  t h a t  t he  s u b -  
s t i t u t i o n  of  R = S r  2+, P b  ~+ or  Ba  2+ in R2ZrP209 or  
in R2ZrAs209 p r o d u c e s  i so t rop ic  e x p a n s i o n s  of the  
l a t t i ce  w h e r e a s  the  s u b s t i t u t i o n  of e i t he r  As  5+ o r  
Ti ~+ p r o d u c e s  changes  in  t he  l a t t i c e  p a r a m e t e r s  
w h i c h  a r e  an i so t rop i c  to t he  c o o r d i n a t e s  of t h e  l i ne  
S Z P - P Z P - B Z P  (see  Fig .  1).  T h e  s igni f icance  of an  
an i so t rop i c  expans ion ,  f r o m  the  v i e w p o i n t  of  n e a r  
n e i g h b o r  in t e rac t ions ,  is on ly  t h a t  i t  p r o d u c e s  a 
change  in  t he  f luorescence  in t ens i ty .  

The  d e g r e e  of change  in  t he  op t i ca l  p r o p e r t i e s  
a t t e n d i n g  ionic  s u b s t i t u t i o n  in t he  t e r n a r y  z i r cona t e s  
is much  less  t h a n  in t he  t u n g s t a t e s  and  m o l y b d a t e s ,  
even  t h o u g h  the  op t i ca l  p r o p e r t i e s  a p p e a r  to  b e h a v e  
in  a s i m i l a r  fashion .  This  sugges t s  t h a t  if  t he  z i r -  
c o n i u m - o x y g e n  l u m i n e s c e n t  cen t e r s  i n t e r a c t  w i t h  
one  ano the r ,  t h e y  do no t  i n t e r a c t  as s t r o n g l y  as  do 
the  t u n g s t a t e  or  m o l y b d a t e  cen te rs .  A much  

w e a k e r  i n t e r a c t i o n  he lps  to  e x p l a i n  t he  p r e s e n c e  of 
b e t t e r  def ined  de t a i l s  in  t he  a b s o r p t i o n  s p e c t r a  of  
t h e  z i rcona tes ,  a n d  t h e i r  w e l l - d e f i n e d  e xc i t a t i on  
spec t ra ,  in  c o n t r a s t  to  t h e  s m e a r e d  ou t  a n d  a l m o s t  
con t inuous  a b s o r p t i o n  a n d  e xc i t a t i on  s p e c t r a  of t he  
t u n g s t a t e s  and  m o l y b d a t e s .  I t  is c lear ,  h o w e v e r ,  
t h a t  a b e t t e r  u n d e r s t a n d i n g  of t he  l u m i n e s c e n c e  of 
t he  z i rconates ,  m o l y b d a t e s ,  a n d  t u n g s t a t e s  w i l l  r e -  
q u i r e  a m o r e  a c c u r a t e  d e s c r i p t i o n  of t he  l u m i n e s -  
cence  p rocess  in  t hese  compounds .  This,  in tu rn ,  r e -  
qu i r e s  m o r e  d e t a i l e d  s t r u c t u r e  da ta .  
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The Coactivator Emission of ZnS and (Zn,Cd)S Phosphors 
S. Rothschild 

Mullard Research Laboratories, Salfords, near Redhill, Surrey, England 

ABSTRACT 

ZnS(NaC1) phosphors  show dur ing  exci ta t ion  wi th  u.v. 253.7 m~ at low 
t empera tu re s  a band be tween  the edge emission and the se l f -ac t iva ted  emission. 
I t  was at  first assumed tha t  this  band  was connected wi th  the  presence of 
sodium, but  i t  was then discovered tha t  the  band appeared  wi th  phosphors  
which contained no sodium, but  halogen ions or ions of t r iva l en t  meta l s  only. 
The band  was cal led SAL band to dis t inguish i t  f rom the known  se l f -ac t iva ted  
emission which is usua l ly  des ignated  SA band.  P repa ra t ive  condit ions which  
tended to produce  low coact iva tor  concentra t ions  favored  the SAL band.  The 
influence of the  presence of oxygen on the re la t ive  intensi t ies  of the SA band 
and the SAL band  is discussed. I t  is assumed tha t  the  SAL band is caused by  
t ransi t ions  f rom nonassociated coact iva tor  centers  to the  valence band. 

S e l f - a c t i v a t e d  ZnS  p h o s p h o r s  p r e p a r e d  b y  f i r ing 
Z n S  w i t h  NaC1 in a s t r e a m  of HCI  at  900~ showed ,  
acco rd ing  to K r S g e r  (1) ,  d u r i n g  exc i t a t i on  b y  u.v. 
253.7 m~ a t  r o o m  t e m p e r a t u r e  and  a t  - -180~ an  
emiss ion  cons i s t ing  of a b lue  b a n d  at  460 m~. If  t he  
p h o s p h o r  was  s u b s e q u e n t l y  r e h e a t e d  in N2 a t  900~ 

the  l u m i n e s c e n c e  s p e c t r u m  changed .  The  b lue  b a n d  
d i s a p p e a r e d  and  a b a n d  p e a k e d  at  s h o r t e r  w a v e -  
l eng ths  w i t h  a m a x i m u m  at  392 m~ a p p e a r e d  i n -  
s tead.  I f  t he  p h o s p h o r  was  f i red for  p r o l o n g e d  p e r i -  
ods in  H2, t hen  the  b a n d  at  392 n ~  d i s a p p e a r e d  also. 
The  p e a k  at  392 m# was  f o u n d  w i t h  Z n S  p h o s p h o r s  
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which had the spha ler i te  s tructure.  If such phos-  
phors  were  rehea ted  at  1050~ in N2, then the peak  
of the band  moved to 380 m~ wi th  the  t r ans fo rma-  
tion of sphaler i te  into wurtzi te .  KrSger  assumed tha t  
the band  at  392 or 380 m~ was due to the  incorpora-  
t ion of NaC1 into the la t t ice  wi th  Na occupying Zn 
sites and C1 occupying S sites. 

A band  be tween  the edge emission and the self-  
ac t iva ted  emission corresponding to KrSger ' s  band  
was observed la te r  on by  several  authors  (2-4) wi th  
ZnS and ZnSCdS phosphors.  In all  cases NaC1 wi th  
or wi thout  the  addi t ion of MgC12 had been  added to 
the sulfides before  firing. 

Gil l  and Rothschi ld (5) found tha t  a band  in the 
same spect ra l  posit ion appeared  at  low t empera tu res  
wi th  ZnS and ZnSCdS phosphors  p r e p a r e d  wi th  
ha l ide  compounds other  than  NaC1 and also wi th  
phosphors made  wi thout  hal ides but  wi th  t r iva l en t  
e lements  such as A1. This indicates  tha t  the assign-  
ment  of the  short  wave  band  to a center  involving 
sodium cannot  be correct.  In this paper  the  conditions 
under  which the short  wave  band  appears  are 
s tudied in grea te r  detail ,  and on the basis of these 
resul ts  together  wi th  a s tudy of the  phys ica l  p rop -  
er t ies  of the  band  a model  for the cause of the  ap-  
pearance  of the  band  is proposed. In the fol lowing 
the short  wave  l o w - t e m p e r a t u r e  emission band  of 
the se l f -ac t iva ted  phosphors  wi l l  be des ignated SAL 
band  whi le  the  normal  band  due to se l f -ac t iva t ion  
wil l  be cal led SA band. 

Exper imental  

Preparation and measurements . - -The phosphors 
were  p repa red  f rom h i g h - p u r i t y  zinc sulfide and 
cadmium sulfide by  firing in silica crucibles. The 
firing t empe ra tu r e  was in most cases 975~ For  
firing in a s t ream of N2 or other gases, the crucibles 
were,  if required,  fitted wi th  an inlet  quar tz  tube at  
the bot tom, the  hole being covered wi th  quartz  wool. 
The crucibles were  covered wi th  a lid. The speed of 
the gas s t r eam was usual ly  250 cc/min.  The cruci -  
bles were  inser ted  in ver t ica l  tube  furnaces and r e -  
moved f rom the furnace  immedia te ly  af ter  the  firing 
was finished. This t ime was in most cases 1 hr, some- 
t imes 30 rain. Some phosphors  were  fired twice wi th  
gr inding in be tween  the firings to ensure complete  
react ion and uniformity .  The crucibles were  left  to 
cool in air, wi th  the  gas st i l l  passing through the 
phosphors.  

The ZnS :CdS  rat io  for most of the  phosphors used 
dur ing  these invest igat ions  was 75 mole % ZnS/25 
mole % CdS. These figures re la te  to the  propor t ions  
in the mix tu r e  before  firing. The composit ion 
changed s l ight ly  dur ing  firing. X - r a y  diffraction 
analysis  and chemical  analysis  showed tha t  the  sam-  
ples wi th  25 mole % CdS before  firing contained 
af ter  firing 24 mole % CdS (-- 1% ). These var ia t ions  
were  too smal l  to have an apprec iable  effect on the 
spectra l  dis t r ibut ions.  The accuracy of the  ana ly t ica l  
methods as wel l  as of the optical  measurements  was 
in any case no be t t e r  than  1%. Therefore  the figures 
given in the  present  paper  for the  ZnS: CdS rat ios  
refer  a lways  to the quant i t ies  used at the  start .  

The spect ra l  d is t r ibut ions  were  measured  wi th  a 
Perk in  Elmer  spectrometer ,  type  4000A. The use of 
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Fig. l .  Spectral distribution curves for the emission of 
(Zn0.7~Cd0.25)S (NaCI) during excitation with u.v. 365 m/~ at 
~ 2 0  ~ - -80% and --195"C (sample 44/2a). 
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Fig. 2. Spectral distribution curves for the emission of 
(Zno.75Cdo.ss)S (NaCI) during excitation with u.v. 365 m# at 
--195"C: 44/20 fired in a stationary atmosphere of N2; 44/2b 
fired in a current of N2; 44/2c fired in a current of N2 (90%) -{- 
H2 (10%). 

(Zno.75Cd0.25)S phosphors  simplified the optical  
measurements  as the  emission bands  of such phos-  
phors  are  s i tuated main ly  in the  vis ible  pa r t  of the 
spec t rum and can be exci ted by  365 m~ u.v. 

Phosphors prepared wi th  halides as coactivators. 
- - T h e  spectra l  d is t r ibut ion  at var ious  t empera tu re s  
of a (Zn0.75Cdo.25)S phosphor  p repa red  by  firing 
wi th  the  addi t ion of 0.05 NaC1 is shown in Fig. 1. 

The effects of firing condit ions on the spec t ra l  d is-  
t r ibu t ion  of (Zno.75Cd0.25)S phosphors  p repa red  with  
the addi t ion  of NaC1 are shown in Fig. 2. The figure 
c lear ly  shows the appearance  at  --195~ of a short  
wave  band  wi th  a m a x i m u m  at app rox ima te ly  450 
m~ ( the  SAL band)  nex t  to the  normal  se l f -ac t iva -  
t ion band  at  app rox ima te ly  520 m~ ( the  SA band) .  
If the phosphors  were  fired in a s ta t ionary  a tmos-  
phere  of N2, the  SA band  and the SAL band  both 
appeared  in the  l o w - t e m p e r a t u r e  spectrum. The 
efficiency of the  SA band  was considerably  reduced 
if the firing was car r ied  out in a cur rent  of nitrogen.  
Phosphors  p r epa red  by  firing in a cur ren t  of 90% 
N2 wi th  10% H2 showed at room t empera tu r e  no 
luminescence at  all  and at  low t empera tu r e  the  SAL 
emission and a band  at shor ter  wave length  (known 
as the "edge emiss ion") .  F i r ing  in H2S had a s imilar  
effect to firing in N~ + H2. Af te r  prolonged firing in 
H2S the SAL emission d i sappeared  as shown a l r eady  
by  KrSger  (1).  Chemical  analysis  of the var ious  
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Table I, Effect of firing conditions on CI content of (Zno.75Cdo.25)S phosphors 

F i r i n g  C1 con ten t ,  g - a t  
F l u x  t e m p ,  ~ A t m o s p h e r e  d u r i n g  f i r i ng  C1/mole  (Zno.75Cdo.~) S 

900 H2, current  below 5 X 10 -5  
NaC1 not fired - -  3.7 X 10 -2  
NaC1 975 N2, stat ionary 3.2 X 10 -2  
NaC1 975 N2, current  1.75 • 10 -2  
NaC1 975 N2 (90%) + H2 (10%), 6 • 10 -3  

cur ren t  

phosphors  af ter  f i r ing and  w i thou t  a n y  f u r t h e r  
t r e a t m e n t  such as wash ing  showed the  va r i a t ions  in  
the  C1 con t en t  (Tab le  I ) .  

A compar i son  of the  resu l t s  of the  opt ical  me a s -  
u r e m e n t s  and  the  chemical  ana lys i s  indica tes  tha t  
the  SAL b a n d  t ends  to become more  p r e p o n d e r a n t  
w i th  decreas ing  C1 con ten t  whi le  the  i n t e n s i t y  of the  
SA b a n d  decreases w i th  lower  concen t ra t ions  of C1 
un t i l  the  b a n d  disappears .  KrSger  and  H e l l i n g m a n  
(6) also observed tha t  the  i n t ens i t y  of the SA b a n d  
depended  on the C1 concen t ra t ion .  If ZnS  was  fired 
in  an  a tmosphere  which  con ta ined  tIC1 only,  then  
the C1 con ten t  of the  phosphor  was, af ter  w a sh i ng  
wi th  water ,  27 x 10 -5 g r a m  atoms (g -a t )  C1/mole 
ZnS,  whi le  af ter  f i r ing in  a m i x t u r e  of H,2 + 10% 
HC1 the C1 con ten t  was  7.5 x 10 -5 g -a t  C1/mole 
ZnS. The efficiency of the  SA emiss ion in the second 
case was 28.5% of the efficiency of the  SA emiss ion 
in  the  first case. 
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Fig. 3. Spectral distribution curves for the emission of 
(Zn0.75Cdo.25)S (KCI) during excitation with u.v. 365 m~: 34/5a at 
~ 2 0  ~ and - -195~ phosphor fired in a stationary atmosphere of 
N~; 34/5b at - -19S~ phosphor fired in a current of N2. 
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Fig. 4. Spectral distribution curves for the emission of 
(Zn0.75Cdo.~5)S (NH4CI) during excitation with u.v. 365 m/~: 38/2a 
at - -195~ phosphor fired in a current of N2; 38/2b at 41-20 ~ 
and --1950C, phosphor fired in a stationary atmosphere of N2. 

Phosphors  p r epa red  w i th  KC1 ins tead  of NaCI, if 
fired in  a s t a t i ona ry  a tmosphe re  of N2, showed l ike 
phosphors  made  wi th  NaC1 on ly  the SA emiss ion  at 
room t e m p e r a t u r e .  The re  is, however ,  as Fig. 3 
shows, a difference b e t w e e n  phosphors  p r epa red  
w i th  NaC1 and  phosphors  p r epa red  wi th  KC1 at low 
t empera tu re s .  Wi th  NaC1 both  the  SA b a n d  
and  the  SAL b a n d  appea red  w i th  h igh  i n t e n -  
sit ies whi le  in  the  case of KC1 the  emiss ion con-  
sisted m a i n l y  of the  SA b a n d  wi th  on ly  a weak  i n -  
d ica t ion  of the  SAL band .  The  SAL b a n d  appeared,  
however ,  wi th  s t rong i n t e n s i t y  if the fir ing was  ca r -  
r ied  out  in  a s t r eam of N2 or o ther  gases, such as 
H2S. The SAL emiss ion  was also observed  wi th  
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Fig. 5A. Spectral distribution curves for the emission of 
(Zno.75Cdo.25)S during excitation with u.v. 365 m/L: 27/5 at 
--195~ phosphor fired in N2 4 $2CI2; 44/6b at -t-20 ~ and 
--195~ phosphor fired in N2 4 Br2. 
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Fig. 5B. Spectral distribution curves for the emission of 
(Zno.75Cd0.25)S (NaCI) during excitation with u.v. 365 m/~: curve 
1, fired in 02 free atmosphere, room temperature; curve 2, same 
phosphor, liquid nitrogen temperature; curve 3, same phosphor, 
retired in air, room temperature; curve 4, same phosphor, retired in 
air, liquid nitrogen temperature. 
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NH4C1 (Fig .  4) as w e l l  as w i t h  CsC1, CaCI~, BaC12, 
and  $2C12. 

(Zno.7~Cd0.es)S f i red w i t h o u t  a n y  add i t i ons  in a 
c u r r e n t  of Ne w h i c h  c o n t a i n e d  HC1 or  Br~ showed  
a t  r o o m  t e m p e r a t u r e  a n d  low t e m p e r a t u r e s  t he  S A  
b a n d  only .  I f  SaCle was  u sed  i n s t ead  of HC1, t h e n  the  
p h o s p h o r  h a d  no l u m i n e s c e n c e  at  r o o m  t e m p e r a t u r e ,  
b u t  showed  the  S A L  b a n d  and  the  edge  emiss ion  
w i t h  a w e a k  ind i ca t i on  of t he  S A  b a n d  at  l ow  t e m -  
p e r a t u r e s  (F ig .  5A) .  P h o s p h o r s  w h i c h  w e r e  f i red 
in p r e sence  of b r o m i n e  and  w h i c h  showed  the  S A  
b a n d  on ly  gave  a d i f fe ren t  s p e c t r a l  d i s t r i b u t i o n  a f t e r  
r e t i r ing  in H2S. The  i n t e n s i t y  of t he  S A  b a n d  was  
m u c h  r educed ,  a n d  t h e  S A L  b a n d  w i t h  t he  edge  
emiss ion  a p p e a r e d  in  t he  l o w - t e m p e r a t u r e  spec t rum.  
C h e m i c a l  ana lys i s  showed  t h a t  t h e  b r o m i n e  con-  
c e n t r a t i o n  h a d  d r o p p e d  f r o m  0.1% b y  w e i g h t  of 
b r o m i n e  to 0.01% b r o m i n e .  I t  can  g e n e r a l l y  be  
s t a t ed  t h a t  a n y  cond i t ion  w h i c h  t e n d s  to  l o w e r  t he  
h a l o g e n  c o n c e n t r a t i o n  in t h e  p h o s p h o r  f avo r s  t h e  
d e v e l o p m e n t  of t he  S A L  band .  

The  S A  b a n d  w h i c h  a p p e a r e d  in t he  s p e c t r u m  of 
( Z n , C d ) S : B r  p h o s p h o r s  a n d  also of some  o t h e r  
p h o s p h o r s  was  f o u n d  to v a r y  in w i d t h  a n d  also 
s l i g h t l y  in  t he  pos i t i on  of i ts  p e a k  w i t h  t e m p e r a t u r e  
d u r i n g  exc i t a t ion .  W i t h  d e c r e a s i n g  t e m p e r a t u r e  t h e  
b a n d  b e c a m e  n a r r o w e r  and  the  p e a k  m o v e d  s l i gh t ly  
to l onge r  w a v e l e n g t h s .  S i m i l a r  o b s e r v a t i o n s  h a v e  
a lso  b e e n  r e p o r t e d  b y  o t h e r  a u t h o r s  such as v a n  
Coo l  (7)  who  a s sumes  t h a t  t he  S A  emiss ion  con-  
sists  a t  low t e m p e r a t u r e s  of one band ,  w h i l e  a t  
h i g h e r  t e m p e r a t u r e s  a second  b a n d  on t h e  sho r t  
w a v e l e n g t h  s ide  of t he  f irst  b a n d  appea r s .  This  sec-  
ond b a n d  canno t  be  i den t i ca l  w i t h  t he  S A L  band ,  as 
i t  d i s a p p e a r s  a t  low t e m p e r a t u r e .  

P u r e  l u m i n e s c e n t  g r a d e  ZnS  u s u a l l y  con ta ins  
t r a ce s  of  C1 sufficient  to  g ive  t he  S A L  b a n d  a f t e r  
f i r ing w i t h o u t  a n y  addi t ions .  I f  such  ZnS  was  h e a t e d  
first  in H~S at  600~ for  2 h r  and  s u b s e q u e n t l y  r e -  
f ired in  Ne at  975~ t h e n  the  S A L  b a n d  d id  not  a p -  
p e a r  un le s s  ch lo r ine  was  i n t r o d u c e d  be fo re  or  d u r i n g  
firing. S a m p l e s  of p u r e  ZnS  s u p p l i e d  b y  R C A  d id  
not  show the  S A L  b a n d  a f t e r  f i r ing w i t h o u t  t he  
a d d i t i o n  of ch lo r ides  even  if t h e y  w e r e  not  h e a t e d  
first  in H2S. This  m a t e r i a l  was  a p p a r e n t l y  p r e p a r e d  
f rom C l - f r e e  s t a r t i n g  ma te r i a l s .  A l l  ZnS or  CdS used  
as s t a r t i n g  m a t e r i a l  for  t he  p r e s e n t  i nves t i ga t i ons  
was  t e s t ed  f irst  for  t he  a p p e a r a n c e  of t he  S A L  b a n d  
w i t h o u t  add i t i ons  and,  if neces sa ry ,  the  sulf ides w e r e  
p re f i r ed  in H2S or  H2. 

E]Iect of oxygen on phosphors prepared with ha- 
l ides.--Other w o r k e r s  (8, 9) have  shown  t h a t  p h o s -  
pho r s  p r e p a r e d  b y  f i r ing ( Z n , C d ) S  w i t h  NaC1 do no t  
show the  S A  emiss ion  un less  o x y g e n  was  p r e s e n t  
d u r i n g  f i r ing e i t he r  in t he  a t m o s p h e r e  or  in t he  f o r m  
of compounds .  U s u a l l y  t he  ZnS or  CdS used  as s t a r t -  
ing  m a t e r i a l s  con ta in  sufficient  ox ides  or  sulf ides  to 
p r o d u c e  p h o s p h o r s  w h i c h  show the  S A  b a n d  even  if  
t h e  f i r ing was  c a r r i e d  ou t  in O2-free  N2. D u r i n g  t h e  
p r e s e n t  i n v e s t i g a t i o n s  i t  was  f o u n d  tha t ,  if t he  o x -  
ides  w e r e  r e m o v e d  f r o m  the  sulf ides b y  p re f i r ing  in  
H2S a n d  t h e  ( Z n , C d ) S  was  s u b s e q u e n t l y  f i red w i t h  
NaCI  in  o x y g e n - f r e e  argon,  no l u m i n e s c e n c e  was  
o b s e r v e d  at  r o o m  t e m p e r a t u r e ,  b u t  t he  S A L  b a n d  
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Fig. 6A. Spectral distribution curves for the emission of 
(Zn0.75Cd0.25)S:AI during excitation with u.v. 365 m~ at various 
temperatures between +110  and --1970C (Sample 40/3, fired in 
H2S only). 
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Fig. 6B. Spectral distribution curves for the emission of 
(Zno.75Cdo.25)S:AI during excitation with u.v. 365 m~: 40/3 at 
-520 ~ , - -80 ~ , and- -1950C,  phosphor fired in H2S; 40/3b at 
--1950C, phosphor fired in H2S (50%) -5 H2(50%). 

was  p r e s e n t  a t  l ow  t e m p e r a t u r e s .  I f  t h e  p h o s p h o r  
was  s u b s e q u e n t l y  r e t i r ed  in  a i r  or  a f t e r  t he  a d d i -  
t ion  of a s m a l l  a m o u n t  of ZnO in n i t rogen ,  t h e n  the  
p h o s p h o r  s h o w e d  a t  r o o m  t e m p e r a t u r e  t he  u s u a l  S A  
emiss ion  and  a t  low t e m p e r a t u r e s  the  S A  b a n d  w i t h  
t he  S A L  b a n d  (Fig .  5B) .  

Phosphors prepared wi th  the addition of trivalent 
metals (A1,Ga,In) . --(Zn0.75Cd0.25)S f i red w i t h  1.5 x 
10 -4 g - a t  A1 for  1 h r  in HeS at  975~ showed  at  
r o o m  t e m p e r a t u r e  t he  S A  band .  If  t he  p h o s p h o r  was  
cooled  d o w n  d u r i n g  e xc i t a t i on  w i t h  u.v. 365 m~, t he  
c e n t e r  of g r a v i t y  of t he  emiss ion  b a n d  g r a d u a l l y  
m o v e d  to s h o r t e r  w a v e l e n g t h  and  n e a r l y  to t he  pos i -  
t ion  of t he  S A L  b a n d  f o u n d  w i t h  (Zn0.75Cdo.2~)S:C1 
(Fig .  6A) .  The  b a n d  was ,  h o w e v e r ,  c o n s i d e r a b l y  
w i d e r  on t h e  long w a v e l e n g t h  s ide t h a n  the  S A L  
b a n d  due  to t he  s i m u l t a n e o u s  p r e s e n c e  of t he  S A  
band .  I f  t he  (Zn0.rsCdo.25) S: A1 was  r e h e a t e d  in 50 % 
.H2S-5 50% Hz a t  975~ for  1 h r  t h e n  i t  showed  
b a r e l y  a n y  l u m i n e s c e n c e  at  r o o m  t e m p e r a t u r e ,  w h i l e  
t he  o v e r - a l l  s t r u c t u r e  of t he  s p e c t r u m  at  low t e m -  
p e r a t u r e s  was  v e r y  s im i l a r  to t h a t  of C1 c o a c t i v a t e d  
p h o s p h o r s  f i red  in  a r e d u c i n g  a t m o s p h e r e  (Fig .  2, 
c u r v e  44 /2c ) .  The  emiss ion  cons i s ted  of t he  S A L  
b a n d  w i t h  a p e a k  in a s i m i l a r  pos i t i on  as the  S A L  
b a n d  n o t i c e a b l e  w i t h  C1 as c o a c t i v a t o r  and  a b a n d  on 
the  sho r t  w a v e l e n g t h  s ide of t he  S A L  b a n d  due  to 
the  edge  emiss ion  (Fig .  6B, c u r v e  4 0 / 3 b ) ,  
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Table II. Effect of Ga concentration on the position of the center 
of gravity of the low-temperature emission band with 

(Zno.75Cdo.25)S :Ga 

Table III. Peak of the SAL bands with (Zno.7,~Cdo.25)S phosphors 

C 1  A 1  G a  I n  

m ~  443 440 470 486 G a  g - a t . / m o l e  1.5 • 10 -4 1 • 10 4 1 • 10 -2 5 x 10 -2 1 x 10-1 

m~ 470 495 510 520 530 

P h o s p h o r s  c o a c t i v a t e d  w i t h  Ga  or  In  showed  the  
S A L  b a n d  also. The  effect  of v a r i a t i o n s  in  t h e  co-  
a c t i v a t o r  c o n c e n t r a t i o n  w i t h  t r i v a l e n t  m e t a l s  as  co-  
a c t i v a t o r s  was  to  a c e r t a i n  d e g r e e  s i m i l a r  to t he  
effects o b s e r v e d  w i t h  ha l ides .  A t  l ow c o a c t i v a t o r  
c o n c e n t r a t i o n s  t he  S A L  b a n d  was  p r e p o n d e r a n t  in 
the  l o w - t e m p e r a t u r e  s p e c t r u m ,  w h i l e  a t  h igh  con-  
c e n t r a t i o n s  t he  S A  b a n d  and  b a n d s  at  t he  long  
w a v e l e n g t h  s ide of t h e  S A  b a n d  w e r e  p resen t .  T h e r e  
was  no t  such  a c l ea r  r e p l a c e m e n t  of one b a n d  b y  
a n o t h e r  w i t h  G a  or  In  as w i t h  C1, a l t h o u g h  a sh i f t  
in t he  c e n t e r  of t he  g r a v i t y  was  o b s e r v e d  (5 ) ;  th is  
was  r a t h e r  g r a d u a l  and  a t  l eas t  p a r t l y  due  to se l f -  
a b s o r p t i o n  ( T a b l e  I I ) .  

The  c o n c e n t r a t i o n s  g iven  a re  those  p r e s e n t  in t he  
m a t e r i a l s  a t  t he  s ta r t .  

F u r t h e r  comp l i ca t i ons  a r i se  w i t h  G a  or  In  a t  h igh  
concen t r a t i ons  due  to t he  a p p e a r a n c e  of b a n d s  on 
the  long  w a v e l e n g t h  s ide  of t he  S A  band .  These  
b a n d s  h a v e  p r e v i o u s l y  been  r e p o r t e d  b y  K r S g e r  and  
Dikhoff  (10).  F i g u r e  7 shows  the  change  in  t he  
s p e c t r a l  d i s t r i b u t i o n  of t he  l o w - t e m p e r a t u r e  l u m i -  
nescence  for  (Zno.7~Cdo.es)S:In con t a in ing  v a r i o u s  
c o n c e n t r a t i o n s  of In. These  s a m p l e s  w e r e  f i red a t  
l l 0 0 ~  

A shi f t  of t he  cen t e r  of g r a v i t y  of t he  l o w - t e m -  
p e r a t u r e  emiss ion  b a n d  w i t h  h i g h e r  c o a c t i v a t o r  con-  
c e n t r a t i o n s  was  also i n d i c a t e d  w i t h  A1, b u t  o w i n g  
to t he  k n o w n  di f f icul ty  of i n c o r p o r a t i n g  h igh  con-  
c e n t r a t i o n s  of  A1 w i t h o u t  the  p r e s e n c e  of  a m a i n  
ac t iva to r ,  t hese  r e su l t s  h a v e  been  inconc lus ive .  I t  
has  to be  p o i n t e d  out  t h a t  i t  is a lso diff icult  to ob -  
t a i n  r e p r o d u c i b l e  r e su l t s  w i t h  Ga  or  In,  s ince  even  
us ing  the  s ame  c o a c t i v a t o r  concen t r a t i ons  t he  spec -  
t r a l  d i s t r i b u t i o n  was  f o u n d  to v a r y  w i t h  f i r ing t ime,  
f i r ing t e m p e r a t u r e ,  r a t e  of cool ing  a f t e r  f ir ing,  and  
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Fig. 7. Spectral distribution curves for the emission (Zno.75Cdo.25): 
In during excitation with a.v. 365 m/~ at --1950C. Amounts of In in 
g-at per mole (Zn,Cd)S: curve 1, 1.5 x 10-4;  curve 2, ! x 10-3;  
curve 3, 1,2 x 10-2;  curve 4, 2 x  10 -2 .  

the  t y p e  of a t m o s p h e r e .  S o m e  of t he se  v a r i a t i o n s  
a r e  p r o b a b l y  due  to losses of Ga  or  In  d u r i n g  fir ing.  
I t  was  g e n e r a l l y  found,  e spe c i a l l y  w i t h  h i g h e r  co-  
a c t i v a t o r  concen t ra t ions ,  t h a t  t he  cen te r s  of g r a v i t y  
of the  l o w - t e m p e r a t u r e  emiss ion  b a n d s  m o v e d  to 
l o n g e r  w a v e l e n g t h s  w i t h  h i g h e r  f i r ing t e m p e r a t u r e s .  
This  effect is p r o b a b l y  d u e  to an  i n c o m p l e t e  i n c o r p o -  
r a t i o n  of t he  c oa c t i va to r s  a t  l o w e r  f i r ing t e m p e r a -  
tures .  Unless  t e m p e r a t u r e  a n d  t i m e  of f i r ing a r e  
a d e q u a t e  t he  c o n c e n t r a t i o n  of the  c o a c t i v a t o r  i n -  
c o r p o r a t e d  in  the  p h o s p h o r  r e m a i n s  low and  an  
emiss ion  a p p e a r s  w h i c h  c o r r e s p o n d s  to low coac t i -  
v a t o r  c o n c e n t r a t i o n s  even  i f  h igh  concen t r a t i ons  of 
the  c o a c t i v a t o r  h a v e  a c t u a l l y  been  a d d e d  a t  the  
s tar t .  

T a b l e  I I I  l i s ts  t h e  p e a k  pos i t ions  of t he  S A L  b a n d  
in va r i ous  phosphors .  A r a t h e r  low c o n c e n t r a t i o n  
1.5 x 10 -4 g - a t  of c o a c t i v a t o r  p e r  mole  of sulf ide was  
chosen  for  t h e  t r i v a l e n t  e l e m e n t s  in o r d e r  to  ob t a in  
t he  S A L  b a n d  alone.  The  f igure  app l i e s  aga in  for  
t he  c o n c e n t r a t i o n s  u sed  a t  t h e  s ta r t .  D u e  to a l l  t he  
v a r i o u s  diff icul t ies  m e n t i o n e d  before ,  t he  f igures  
for  t he  p e a k s  of  t he  b a n d  shou ld  not  be  c ons i de r ed  
as e n t i r e l y  re l i ab le ,  b u t  t h e r e  is c l e a r l y  a t r e n d  to -  
w a r d  l o n g e r  w a v e l e n g t h s  n o t i c e a b l e  f r o m  A1 to Ga  
and  In. 

EEect of the ratio of ZnS:  CdS on the appearance 
of the S A L  band.--For an i nve s t i ga t i on  of t he  S A L  
b a n d  in s a m p l e s  w i t h  l o w e r  CdS con ten t  one  has  to 
t a k e  in to  account  t h a t  w i t h  d e c r e a s e d  CdS con ten t  
and  t h e  c o r r e s p o n d i n g  inc rea se  of the  f o r b i d d e n  gap  
the  e x c i t a t i o n  s p e c t r a  sh i f t  to s h o r t e r  w a v e l e n g t h s .  
T h e r e f o r e  w h e r e a s  u.v. 365 m/~ is s u i t a b l e  to exc i t e  
bo th  t he  S A  and  S A L  b a n d s  in  (Zn0.7~Cdo.2~)S: A1 at  
l o w e r  CdS con ten t  or  w i t h  ZnS  a lone  th i s  w a v e -  
l e n g t h  becomes  too long to exc i t e  t he  S A L  band .  
Thus  d u r i n g  e x c i t a t i o n  of ZnS :A1  p h o s p h o r s  at  l ow  
t e m p e r a t u r e s  w i t h  u.v. 365 m/~ on ly  t h e  S A  b a n d  
a p p e a r e d  at  450 m# and  c o m p a r e d  w i t h  r o o m  t e m -  
p e r a t u r e  i t  was  sh i f t ed  to s l i gh t ly  l o n g e r  w a v e -  
l e ng th s  (Fig .  8, c u r v e  B) .  I f  t he  ZnS :A1  p h o s p h o r  
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Fig. 8. Spectral distribution curves for the emission of ZnS:AI 
at - -195~ (sample 31/3): A, during excitation with u.v. 253.7 m/z; 
B, daring excitation with u.v. 365 m~. 
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Fig. 9A. Spectral distribution curves for emission of (Zn0.9o 
Cdo.10S:CI and (Zno.75Cdo.25)S:CI during excitation with u.v. 
365 m/~: curve 1, (Zno.ooCdo.zo)S:CI, (sample 82/1) room tem- 
perature; curve 2, same phosphor, liquid nitrogen temperature (SA 
band only); curve 3, (Zn0.75Cdo.25)S:CI, (sample 34/6) room tem- 
perature; curve 4, same phosphor, liquid nitrogen temperature (SA 
band and SAL band). 
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Fig. 9B. Spectral distribution curves for the emission of (Zno.9o 
Cdo.zo)S:Ga during excitation with u.v. 365 m/~ (sample 94/4): 
curve 5, room temperature (SA band); curve 6, liquid nitrogen 
temperature (SAL band). 

was  h o w e v e r  exc i t ed  w i t h  253.7 m~ u.v., t h e n  the  
S A L  b a n d  a p p e a r e d  b e s i d e  t h e  S A  b a n d  (Fig .  8, 
c u r v e  A ) .  CI, Ga,  o r  In  c o a c t i v a t e d  Z n S  p h o s p h o r s  
also show the  S A L  b a n d  d u r i n g  exc i t a t i on  w i t h  
shor t  w a v e  u.v.,  b u t  no t  w i t h  365 mt~ u.v.  Di f fe rences  
in  t he  exc i t a t i on  p r o p e r t i e s  b e t w e e n  p h o s p h o r s  co-  
a c t i v a t e d  w i t h  d i f fe ren t  c o a c t i v a t o r s  b e c o m e  a p -  
p a r e n t  a f t e r  t he  a d d i t i o n  of 10% CdS. (Zn9oCdl0)S:  
C1 b e h a v e s  l i ke  ZnS:C1  and  shows  the  S A  b a n d  
d u r i n g  exc i t a t i on  w i t h  365 m~ u.v.,  b u t  not  t he  S A L  
band .  W i t h  (Zng0S10)S:Ga the  S A L  b a n d  a p p e a r s ,  
h o w e v e r ,  even  d u r i n g  e x c i t a t i o n  w i t h  365 mt~ u.v. 
(F ig .  9A a n d  9B) .  This  effect  is due  to the  fac t  t h a t  
t h e  a d d i t i o n  of G a  causes  an  i m p u r i t y  a b s o r p t i o n  e x -  
t e n d i n g  to l o n g e r  w a v e l e n g t h  t h a n  the  i m p u r i t y  a b -  
so rp t ion  p r o d u c e d  b y  t h e  a d d i t i o n  of  C1 as s h o w n  b y  
t h e  r e f l ec t iv i ty  s p e c t r u m  (Fig .  9C) .  The  S A L  b a n d  
m o v e s  in  a l l  cases  l i ke  t he  S A  b a n d  to longe r  w a v e -  
l eng th s  w i t h  i nc r ea sed  CdS conten t .  

The  C1 c o a c t i v a t e d  p h o s p h o r s  used  for  these  m e a s -  
u r e m e n t s  w e r e  m a d e  b y  f i r ing the  sulf ides  a f t e r  t he  
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Fig. 9C. Diffuse reflectance spectra of (Zno.3oCdo.7o)S phosphors; 
measurements relative to MgO; a, activated with C1; b, activated 
with Ga. 

a d d i t i o n  of 2 w t  % NaC1 in Na at  975~ for  1 hr.  The  
Z n S : A 1  p h o s p h o r  (31 /3 )  was  p r e p a r e d  f rom ZnS 
(RCA,  C l - f r e e )  to w h i c h  1.5 x 10 _4 g - a t  A 1 / m o l e  
Z n S  w e r e  added .  The  f i r ing was  ca r r ied ,  out  in HaS 
first  for  2 h r  in  HeS a t  800~ a n d  t hen  a g a i n  for  1 h r  
in H2S a t  l l 0 0 ~  The  (Zn0.7~Cd0.25)S p h o s p h o r s  
w e r e  p r e p a r e d  b y  f i r ing the  sulf ides a f t e r  t he  a d d i -  
t ion  of 1.5 x 10 -4  g - a t  of  A1 or  G a / m o l e  ( Z n , C d ) S  in 
HaS a t  975~ The  f i r ing t i m e  for  t he  A1 c o a c t i v a t e d  
p h o s p h o r  was  1 hr ,  w h i l e  t he  G a  c o a c t i v a t e d  p h o s -  
p h o r  was  f i red tw ice  fo r  11/2 hr .  

D r o z d  and  L e v z h i n  (4)  d e s c r i b e d  t h e  a p p e a r a n c e  
of t h r e e  b a n d s  in  t h e  l o w - t e m p e r a t u r e  emiss ion  
s p e c t r a  of ( Z n , C d ) S : C 1  p h o s p h o r s  p r e p a r e d  w i t h  
NaC1 as f lux d u r i n g  e xc i t a t i on  w i t h  365 m~. B a n d  I 
a p p e a r e d  w i t h  a l l  p h o s p h o r s  i nc lud ing  Z n S  w i t h o u t  
CdS,  w h i l e  b a n d  I I  was  f o u n d  w i t h  p h o s p h o r s  con-  
t a i n ing  m o r e  t h a n  10% CdS,  and  b a n d  I I I  w i t h  p h o s -  
pho r s  c o n t a i n i n g  m o r e  t h a n  50% CdS. D r o z d  and  
L e v s h i n  conc luded  t h a t  n e w  cen te r s  a r e  f o r m e d  in 
t he  p h o s p h o r s  w i t h  h i g h e r  CdS concen t ra t ions .  The  
f igures  g iven  b y  Drozd  and  L e v s h i n  ind ica t e  t h a t  
b a n d  I is i den t i ca l  w i t h  t he  S A  band ,  b a n d  I I  w i t h  
t he  S A L  band ,  and  b a n d  I I I  w i t h  t he  edge  emiss ion.  
The  cause  of  t h e  fac t  t h a t  b a n d s  I I  and  I I I  d i d  no t  
a p p e a r  a t  t he  l o w e r  CdS c o n c e n t r a t i o n s  was,  a cco rd -  
ing to t he  p r e s e n t  i nves t iga t ions ,  no t  due  to d i f fe r -  
ences  in  the  t y p e  of  cen te r s  b u t  to t he  i r r a d i a t i o n  
w i t h  l i g h t  of a w a v e l e n g t h  too long to exc i t e  t he  
p a r t i c u l a r  emiss ions .  

Discussion 

A f t e r  i t  h a d  been  e s t a b l i s h e d  t h a t  the  S A L  b a n d  
was  no t  caused  b y  sod ium ions, the  ques t ion  arose  as 
to w h i c h  effects w e r e  r e s p o n s i b l e  for  t he  a p p e a r a n c e  
of t he  S A L  band .  Zinc vacanc ie s  w e r e  cons ide red  at  
first,  b u t  t he  fac t  t h a t  t he  S A L  b a n d  a p p e a r e d  a f t e r  
f i r ing in  a r e d u c i n g  a t m o s p h e r e  m a d e  this  a s s u m p -  
t ion  u n l i k e l y .  S u l f u r  vacanc i e s  also canno t  b e  t h e  
cause  of t h e  a p p e a r a n c e  of t he  S A L  b a n d  as the  b a n d  
was  o b s e r v e d  a f t e r  f i r ing u n d e r  su l fu r i z ing  cond i -  
t ions .  T h e  S A L  b a n d  also is no t  l ike  t he  edge  emiss ion  
f o u n d  in p u r e  u n a c t i v a t e d  sulfides,  b u t  is o b s e r v e d  
in p r e sence  of  c oa c t i va to r s  on ly  and  m u s t  be  con-  
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nec t ed  t h e r e f o r e  w i t h  cen te r s  p r o d u c e d  b y  the  co-  
ac t iva to rs .  F u r t h e r m o r e  the  i nves t i ga t i ons  showed  
tha t  the  s p e c t r a l  d i s t r i b u t i o n  of the  S A L  b a n d  d e -  
p e n d e d  to some e x t e n t  on the  t y p e  of c o a c t i v a t o r  
used.  I t  was  a s sumed  a c c o r d i n g l y  (5)  t ha t  the  S A L  
b a n d  was  due  to t he  p r e s e n c e  of s ingle  n o n a s s o c i a t e d  
c o a c t i v a t o r  cen te r s  a n d  caused  b y  t r a n s i t i o n s  f r o m  
the  c o a c t i v a t o r  l eve l  to the  v a l e n c y  band .  The  S A  
b a n d  is, a cco rd ing  to P r e n e r  and  W e l l  (11) ,  due  to 
t he  p re sence  of cen te r s  cons i s t ing  of assoc ia tes  of  the  
c o a c t i v a t o r  and  (Vzn) -2  vacanc ies .  Two t y p e s  of 
v a r i a t i o n s  of t he  i n t e n s i t y  of  t he  S A L / S A  b a n d  
emiss ions  have  to be  cons ide red :  ( i )  V a r i a t i o n s  as  
a func t ion  of the  p r e p a r a t i v e  cond i t ions  d u r i n g  ob -  
s e r v a t i o n  at  a p a r t i c u l a r  t e m p e r a t u r e .  Such  v a r i a -  
t ions  a r e  due  to changes  in t he  r e l a t i v e  c o n c e n t r a -  
t ions  of t he  cen te r s  l e a d i n g  to  t h e  emiss ion  of the  S A  
or  S A L  bands .  ( i t )  V a r i a t i o n s  as a func t ion  of the  
t e m p e r a t u r e  of  o b s e r v a t i o n  fo r  g iven  cond i t ions  of  
p r e p a r a t i o n .  These  v a r i a t i o n s  a re  caused  b y  
changes  in  the  k ine t i c s  of the  l u m i n e s c e n c e  p r o c -  
esses. 

P r e p a r a t i v e  cond i t ions  w h i c h  t end  to p r o d u c e  h igh  
concen t r a t i ons  of c o a c t i v a t o r  a n d  (Vzn ) -2  vacanc ie s  
a r e  l i k e l y  I o  p r o d u c e  p h o s p h o r s  w i t h  a h igh  con-  
c e n t r a t i o n  of a s soc ia t ed  centers ,  and  in  such cases  
the  S A  b a n d  is e i t he r  p r e d o m i n a n t  or  the  on ly  b a n d  
p r e s e n t  in t h e  spec t rum.  On the  o t h e r  h a n d  the  n u m -  
b e r  of n e x t - n e a r e s t  n e i g h b o r  p a i r s  [ P r e n e r - W e i l  
m o d e l  (11) ] dec reases  w i t h  dec r ea s ing  c o a c t i v a t o r  
concen t ra t ions ,  and  a c c o r d i n g l y  t he  S A L  emiss ion  
due  to s ing le  c o a c t i v a t o r  cen te r s  is l i k e l y  to b e c o m e  
p r e d o m i n a n t .  The  changes  in t he  s p e c t r a l  d i s t r i b u -  
t ions  w i t h  h igh  c o n c e n t r a t i o n s  of coac t iva to r s ,  in 
p a r t i c u l a r  of Ga  or  In, a r e  p r o b a b l y  caused  to some 
e x t e n t  b y  s e l f - a b s o r p t i o n ,  w h i c h  m a y  p r o d u c e  some 
r e d u c t i o n  in  t he  i n t e n s i t y  of the  sho r t  w a v e l e n g t h  
p a r t  of the  l o w - t e m p e r a t u r e  emiss ion ,  b u t  s e l f - a b -  
so rp t ion  canno t  be  r e s p o n s i b l e  for  the  a p p e a r a n c e  
of emiss ions  on the  long w a v e l e n g t h  s ide  of the  b a n d  
w h e r e  such emiss ions  w e r e  not  p r e s e n t  w i t h  p h o s -  
pho r s  con ta in ing  l o w e r  concen t r a t i ons  of coac t iva to r .  

The  d i f fe rences  f o u n d  b e t w e e n  p h o s p h o r s  a c t i -  
v a t e d  w i t h  ha l ides  and  f i red in s ta t ic  a t m o s p h e r e s  
and  p h o s p h o r s  f ired in a c u r r e n t  of gas  can  be  e x -  
p l a i n e d  b y  these  cons ide ra t ions .  I n  a c u r r e n t  of gas 
m o r e  h a l o g e n  is los t  d u r i n g  f i r ing t h a n  in a s t a t i c  
a t m o s p h e r e ,  as the  a n a l y t i c a l  r e su l t s  g iven  in Tab le  
I show.  Due  to the  d rop  in  h a l o g e n  c o n c e n t r a t i o n  
f e w e r  a s soc ia t ed  cen te r s  a re  f o r m e d  wi th  t he  r e su l t  
t ha t  t he  S A L  b a n d  becomes  p r e p o n d e r a n t .  F i r i n g  a 
h a l o g e n  c o a c t i v a t e d  p h o s p h o r  in N2 § H2 or  in H2S 
also r e m o v e d  ha logen  and  p r o d u c e d  a c c o r d i n g l y  a 
p h o s p h o r  m a i n l y  e m i t t i n g  the  S A L  emiss ion.  P r o -  
longed  f i r ing in H2 or  in H~S r e d u c e d  the  ha loge n  
c on t en t  s t i l l  f u r t h e r  un t i l  the  S A L  emiss ion  d i s a p -  
pea red .  If  t he  p h o s p h o r s  w e r e  p r e p a r e d  u n d e r  con-  
d i t ions  w h i c h  t e n d e d  to p r o d u c e  h igh  ha logen  con-  
cen t ra t ions ,  such as f i r ing in HC1 or  Br,  t h e n  t h e  S A  
b a n d  on ly  was  o b s e r v e d  in  the  spec t ra .  

The  effects of o x y g e n  on the  l u m i n e s c e n c e  of 
( Z n , C d ) S  p h o s p h o r s  w h i c h  w e r e  d e s c r i b e d  in  t h e  
e x p e r i m e n t a l  p a r t  a r e  u n d e r s t a n d a b l e  t a k i n g  into  
accoun t  the  p r e v i o u s  w o r k  (8, 9) on the  r e a c t i o n  of 

sulf ides w i t h  ha l ides  and  the  ideas  a b o u t  the  S A L  
and  the  S A  centers .  I t  has  been  s t a t ed  b y  v a r i o u s  
a u tho r s  (9, 12) t h a t  the  p r o d u c t s  o b t a i n e d  by  f i r ing 
ZnS wi th  NaC1 in absence  of o x y g e n  a re  n o n l u m i -  
nescent .  The  p r e s e n t  i nves t i ga t i ons  show t h a t  th is  is 
not  t h e  case. I t  is t r ue  t ha t  such m a t e r i a l s  showed  
l i t t l e  or  no S A  emiss ion  a t  r oom t e m p e r a t u r e ,  bu t  t he  
S A L  b a n d  a p p e a r e d  at  low t e m p e r a t u r e s  (Fig .  5B, 
cu rves  1 and  2).  I n v e s t i g a t i o n s  b y  Rieh l  and  O r t -  
m a n n  (9)  and  o the r s  have  shown  t h a t  l i t t l e  r e a c t i o n  
t a k e s  p l a c e  b e t w e e n  ZnS  and  NaC1 in the  absence  of 
o x y g e n  at  t e m p e r a t u r e s  b e l o w  1000~ Some  C1 
e n t e r s  the  la t t ice ,  h o w e v e r ,  b u t  as t h e  c onc e n t r a t i on  
of C1 cen te r s  is low no a s soc ia t ed  cen te r s  a r e  fo rmed .  
The  S A L  b a n d  a lone  a p p e a r e d  a c c o r d i n g l y  d u r i n g  
e x c i t a t i o n  at  low t e m p e r a t u r e s .  The  p r e s e n c e  of 
o x y g e n  p r o m p t e d  the  r e a c t i o n  b e t w e e n  ZnS and  
NaC1. A c c o r d i n g  to R ieh l  and  O r t m a n n  (9)  the  fo l -  
l owing  r eac t ions  occur  

2ZnS -{- 3 02 = 2ZnO + 2S02 [i] 

2NaC1 -~ SO2 -}- 02 ~ Na2SO4 + C12 [2]  

ZnS  -}- C12 = ZnCle + S [3]  

The  c o n c e n t r a t i o n  of C1 cen te r s  becomes  h igh  and  
the  S A  band  a p p e a r s  a c c o r d i n g l y  at  r o o m  t e m p e r a -  
t u r e  (Fig .  5B, c u r v e  3) .  I t  fo l lows  f rom Eq. [3]  t ha t  
no o x y g e n  is r e q u i r e d  to i n c o r p o r a t e  C1 into  ZnS  
if  the  m a t e r i a l  is f i red in C12, and  the  s ame  app l i e s  
to Br2 or  HC1 (6) .  

S i m i l a r  effects of v a r y i n g  the  c o a c t i v a t o r  concen-  
t r a t i o n  on the  emiss ion  s p e c t r a  as w i th  h a l i d e s  w e r e  
found  w i t h  t r i v a l e n t  m e t a l s  as coac t iva to r s .  W i t h  
v e r y  h igh  c o n c e n t r a t i o n s  of Ga  o r  In  h o w e v e r  t h e r e  
a p p e a r e d  b a n d s  on the  long  w a v e l e n g t h  s ide  of the  
S A  band .  These  b a n d s  w e r e  not  found  w i t h  C1, Br,  
or  A1, p r o b a b l y  be c a use  insuff ic ient  qua n t i t i e s  of 
t he se  c oa c t i va to r s  w e r e  i n c o r p o r a t e d  in to  t h e  p h o s -  
phors .  I t  has  been  sugges t ed  (13, 14) t ha t  the  long 
w a v e l e n g t h  b a n d s  a re  due  to t r a n s i t i o n s  f rom the  
c o a c t i v a t o r  l eve l  to the  v a l e n c e  band ,  as for  e x a m p l e  
the  o r ange  l umine sc e nc e  of Z n S : I n ,  bu t  accord ing  to 
the  g low c u r v e  m e a s u r e m e n t s  b y  H o o g e n s t r a a t e n  
(15) t he  d i s t ance  of t h e  i n d i u m  leve l  to t he  c o n d u c -  
t ion  b a n d  is s m a l l e r  t h a n  for  i n s t ance  the  d i s t ance  
of t he  Cuzn' l eve l  to the  v a l e n c e  band .  The  i n d i u m  
emiss ion  should  t h e r e f o r e  h a v e  a s h o r t e r  w a v e l e n g t h  
t h a n  the  g reen  Cu emiss ion ,  i.e., i t  shou ld  be  b lue  
and  not  o range .  Van  Gool  (7)  conc luded  a c c o r d i n g l y  
t ha t  the  K l a s e n s - S c h 5 n  m o d e l  fa i l s  to e x p l a i n  t he  
facts .  The  p r e s e n t  i nves t i ga t i ons  showed  h o w e v e r  
t ha t  t he  c o a c t i v a t o r  emiss ion  w i th  In  c o a c t i v a t e d  
phospho r s  is b l u e  and  t h e r e f o r e  has  a p e a k  v a l u e  at  
h i g h e r  ene rg ie s  t h a n  the  Cu emiss ion  in a g r e e m e n t  
w i t h  the  K l a s e n s - S c h S n  model .  

The  b a n d s  w h i c h  a p p e a r  on t h e  long w a v e l e n g t h  
s ide  of  t he  S A  b a n d  a re  as p r o p o s e d  b y  W i l l i a m s  
(16) p r o b a b l y  due  to t r a n s i t i o n s  b e t w e e n  the  g r o u n d  
s t a t e  of the  donor  and  the  accep to r  in h i g h l y  as-  
soc ia ted  pa i r s  and  become  p r e d o m i n a n t  t h e r e f o r e  in 
phospho r s  w i t h  v e r y  h igh  c o a c t i v a t o r  c o n c e n t r a -  
t ions.  The  sh i f t  of t he  c e n t e r  of g r a v i t y  of t he  l o w -  
t e m p e r a t u r e  emiss ion  t o w a r d  l o n g e r  w a v e l e n g t h s  
w i t h  i nc rea s ing  c o a c t i v a t o r  c onc e n t r a t i on  (Fig .  7) 
is p a r t l y  due  to s e l f - a b s o r p t i o n  b u t  m a i n l y  due  to 
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the  i nc rea se  in t he  n u m b e r  of a s soc ia t ed  centers .  The  
i n t e n s i t y  of t h e  b a n d s  on the  long w a v e l e n g t h  s ide of 
the  S A L  emiss ion  becomes  t h e r e f o r e  h i g h e r  and  
causes  the  p e a k  of t he  compos i t e  b a n d  to m o v e  to -  
w a r d  l onge r  w a v e l e n g t h s .  

The  S A L  b a n d s  of p h o s p h o r  p r e p a r e d  w i t h  ha l i de s  
and  the  S A L  b a n d s  of p h o s p h o r  p r e p a r e d  w i t h  A1 
a re  v e r y  s im i l a r  in  t h e i r  s p e c t r a l  pos i t ions .  This  
s i m i l a r i t y  m a y  be  e x p l a i n e d  f r o m  the  r e su l t s  of 
H o o g e n s t r a a t e n ' s  (15) i nves t i ga t i ons  on  the  e l ec t ron  
t r a p s  in ZnS phosphors .  H o o g e n s t r a a t e n  c a l c u l a t e d  
f r o m  g low c u r v e  m e a s u r e m e n t s  t h a t  t h e  t r a p  d e p t h  
for  C1 as w e l l  as for  A1 was  0.25 ev, w h i l e  t he  t r a p  
d e p t h  for  G a  was  0,42 ev  and  for  I n  = 0.5 ev. If  t he  
S A L  b a n d  is due  to t r a n s i t i o n s  f r o m  c o a c t i v a t o r  l eve l s  
to  t he  v a l e n c y  band ,  t h e n  t r a n s i t i o n s  f r o m  b a n d s  
w i t h  e q u a l  t r a p  d e p t h  shou ld  g ive  b a n d s  w i t h  p e a k s  
of equa l  w a v e l e n g t h s ,  as was  i n d e e d  the  case. 
H o o g e n s t r a a t e n  o b s e r v e d  t h a t  t he  t r a p  d e p t h  b e c a m e  
s h a l l o w e r  w i t h  i nc r ea s ing  C d S  c o n t e n t  a b o u t  1.2 x 
10 -2 e v / m o l e  % CdS.  I t  cou ld  be  e x p e c t e d  t h e r e f o r e  
t h a t  t he  d i f fe rences  in t r a p  d e p t h  b e t w e e n  the  v a r i -  
ous coac t iva to r s  w o u l d  be  l e v e l l e d  out,  p r o v i d e d  t h a t  
t h e  d i s t ance  of  t h e  t r a p  l eve l s  f r o m  the  v a l e n c e  
b a n d  r e m a i n s  cons t an t  w i t h  p h o s p h o r s  of i n c r e a s e d  
CdS conten t .  The  c o a c t i v a t o r  l eve ls  move ,  h o w e v e r ,  
acco rd ing  to H o o g e n s t r a a t e n  (15) d o w n w a r d  to a 
ce r t a in  e x t e n t  w i t h  i nc rea s ing  CdS  con ten t ,  and  a 
d i f fe rence  b e t w e e n  the  t r a p  d e p t h s  of  va r i ous  co-  
a c t i v a t o r  l eve l s  t h e r e f o r e  r ema ins .  As  the  t r a p  dep th  
of Ga  or  In  is g r e a t e r  t h a n  the  t r a p  d e p t h  of C1, the  
p e a k s  of t h e  c o a c t i v a t o r  emis s ion  a r e  e x p e c t e d  to  b e  
at  l onge r  w a v e l e n g t h .  M e a s u r e m e n t s  showed  in ac -  
co rdance  w i t h  th is  a s s u m p t i o n  t h a t  t h e  S A L  p e a k  for  
(Zn0.7.~Cdo.25)S:C1 was  s i t u a t e d  at  440 rn~ (2.82 ev ) ,  
w h i l e  t he  p e a k  of  t he  S A L  b a n d  w i t h  (Zn0.7~Cd0.25)S: 
G a  was  found  at  469 m~ (2.82 ev ) ,  and  for  
(Zno.75Cdo.25)S:In a t  483 rn~ (2.57 ev ) .  I t  shou ld  be  
b o r n e  in mind ,  h o w e v e r ,  t h a t  t he  f igures g i v e n  for  
the  p e a k s  of t he  S A L  b a n d  m a y  no t  r e p r e s e n t  t he  
f igures  for  t he  t r u e  p e a k s  as o the r  b a n d s  m a y  be  
p resen t .  

The  a s s u m p t i o n  t ha t  t he  S A L  b a n d  is to be  con-  
s i de r ed  as a c o a c t i v a t o r  emiss ion  is also s u p p o r t e d  
b y  the  r e su l t s  of  the  ca l cu l a t i on  of the  r a t i o  of t he  
op t ica l  t r a p  d e p t h  (Eabs) to t h e  t h e r m a l  t r a p  d e p t h  
(Eth),  ( F r a n c k - C o n d o n  r a t i o ) ,  us ing  the  f igures for  
the  S A L  p e a k s  as o b t a i n e d  d u r i n g  the  p r e s e n t  i n -  
ves t iga t ions .  The  F r a n c k - C o n d o n  r a t i o  l ies  b e t w e e n  
1 for  n o n p o l a r  c ry s t a l s  and  3 for  v e r y  s t r o n g l y  p o l a r  
c rys ta l s .  H o o g e n s t r a a t e n  (15) c a l c u l a t e d  the  F r a n c k -  
Condon  r a t i o  w i t h  t h e  f igures for  c o a c t i v a t o r  e m i s -  
sions as g iven  b y  K r S g e r  (10) and  o the r  a u t h o r s  
(13, 14) and  found  t h a t  t he  r a t i o  was  h i g h e r  t h a n  
3. H o o g e n s t r a a t e n  d o u b t e d  t h e r e f o r e  w h e t h e r  these  
emiss ions  w e r e  r e a l l y  caused  b y  t r a n s i t i o n s  f rom 
t h e  c o a c t i v a t o r  l eve l  to t he  va l ence  band .  As  m e n -  
t i oned  e l s e w h e r e  these  b a n d s  a r e  i ndeed  due  to o the r  
t r ans i t ions .  I f  the  F r a n c k - C o n d o n  r a t i o  is c a l c u l a t e d  
f r o m  the  v a l u e s  for  t he  S A L  peaks ,  t hen  the  r a t i o  is 
f o u n d  to be  w e l l  b e l o w  3. F o r  i n s t ance  in  t he  case  of 
ZnS:  A1 the  S A L  b a n d  was  p e a k e d  at  3.26 ev. I f  t he  
v a l u e  for  t he  e n e r g y  gap  for  ZnS  ( w u r t z i t e )  was  
t a k e n  as 3.70 ev, t h e n  the  op t i c a l  t r a p  d e p t h  Eabs ~- 

0.44 ev. The  t h e r m a l  t r a p  d e p t h  Eth for  A1 was  0.25 
ev. T h e  r a t i o  Eabs/Eth is t h e r e f o r e  1.76. 

The  m e a s u r e m e n t s  of p a r a m a g n e t i c  r e sonance  
( E P R )  in s e l f - a c t i v a t e d  ZnS  p h o s p h o r s  b y  K a s a i  
an~" O t o m o  (17) a r e  of i n t e r e s t  in connec t ion  w i t h  the  
mode l s  for  t he  cen te r s  in such  phosphors .  K a s a i  and  
Otomo f o u n d  d u r i n g  the  e xc i t a t i on  of ZnS:C1 or  
ZnS:  Br  p h o s p h o r s  w i t h  365 m~ u.v. a t  l i qu id  n i t r o -  
gen  t e m p e r a t u r e  two  E P R  s igna ls  A and  B. T h e y  
c a m e  to the  conc lus ion  t h a t  t he  A s igna ls  a r e  caused  
b y  a s soc ia t ed  cen te r s  of t h e  t y p e  p r o p o s e d  b y  P r e n e r  
and  W e i l  (11) w h i c h  lose  e l ec t rons  d u r i n g  e xc i t a t i on  
to be  t r a p p e d  a t  t h e  B center .  The  B r e sona nc e s  w e r e  
a s s u m e d  to be  due  to u n - i o n i z e d  donors  ( f i l led t r a p s ) .  
Re sona nc e s  of t he  B t y p e  w e r e  also o b s e r v e d  b y  
L a m b e  and  K i k u c h i  (18) w i t h  CdS:C1 phosphor s ,  
and  t h e y  also c o n c l u d e  t h a t  the  r e sona nc es  a r e  
caused  b y  donor  cen te r s  i.e., C1 centers .  S m i t h  and  
D i e l e m a n  (19) e x t e n d e d  the  i nves t i ga t i ons  to ZnS  
p h o s p h o r s  c o a e t i v a t e d  w i t h  t r i v a l e n t  m e t a l s  and  
f o u n d  A and  B r e sona nc e s  w i t h  ZnS :A1  phosphors .  
The  E P R  inves t i ga t i ons  d i d  no t  r e v e a l  t he  p re sence  
of a n y  o the r  t y p e s  of cen te r s  in s e l f - a c t i v a t e d  ZnS 
phospho r s ,  a n d  i t  is s u g g e s t e d  t h e r e f o r e  t h a t  associ -  
a t ed  cen te r s  cause  t he  A s igna l  as we l l  as t he  a p p e a r -  
ance  of t h e  S A  band ,  w h i l e  s ing le  d o n o r  cen te r s  
cause  t he  B s igna l  and  the  S A L  band .  
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ABSTRACT 

Irradiat ion of halophosphate lamp phosphors by a low-pressure mercury  a r c  

causes a loss in  luminescent  efficiency, changes in the absorption spectra, and 
thermoluminescence.  The 1849A wavelength  is pr imar i ly  responsible for these 
changes, which are par t ia l ly  reversed by longer wavelength radiat ion or by 
heat. X-rad ia t ion  produces larger changes in the absorption spectra, which are 
compared to observations on unact ivated halophosphates. The relat ion between 
luminescent  efficiency and color center  formation is discussed. 

The effect of u l t r av io l e t  r ad i a t i on  on  phosphors  is 
of cons iderab le  in te res t  w i th  respect  to the i r  s ta-  
b i l i ty  in  f luorescent  lamps.  The decrease  in  l u m i n e s -  
cent  efficiency p rev ious ly  repor ted  for severa l  phos-  
phors  (1) was  found  to occur for the  a lka l ine  ea r th  
ha lophospha te  phosphors .  P r o d u c t i o n  of color cen-  
ters  has been  descr ibed r e su l t ing  f rom u.v. and  
x - r a d i a t i o n  of the  l u m i n e s c e n t  (2, 3) and  n o n l u m i -  
nescen t  (4) forms of the ha lophosphates .  The  condi -  
t ions which  resu l t  in  a decrease  of l u m i n e s c e n t  effi- 
c iency and  the  fo rma t ion  of color centers  have  been  
e x a m i n e d  fur ther .  These  s tudies  re la te  to the  phos-  
phors  a lone  and  are no t  d i rec t ly  appl icab le  to opera -  
t ion  in  p rac t ica l  l amps  where  add i t iona l  effects due  
to b inders ,  gases, and  the  suppor t ing  glass m a y  be of 
grea t  impor tance .  

Experiments and Results 
Both commerc i a l l y  m a n u f a c t u r e d  and  l a b o r a t o r y -  

p repa red  ha lophospha te  phosphors  were  studied.  
These have  the  gene ra l  f o rmu la  

M5 (PO4)3 X: Sb, Mn 

whe re  M is Ca a n d / o r  Sr;  X is C1 a n d / o r  F;  Sb is a 
sensi t izer  as wel l  as an  ac t iva tor  which  produces  a 
b lue  l uminescence  in  the  reg ion  of 4800A; and  Mn 
is an  ac t iva tor  which  produces  a peak  in  the  5800A 
region.  Tab le  I shows the  qua l i t a t i ve  composi t ion  
of the  phosphors  s tudied.  In  addi t ion ,  a sample  of 
se l f -ac t iva ted  b a r i u m  t i t a n i u m  phospha te  was  ex -  
amined .  

Irradiation of the phosphors . - -The phosphors  
were  used as a th ick  layer  on a quar tz  or Vycor  
suppor t  and  m a i n t a i n e d  in  an  a tmosphere  of a rgon  
or a vacuum.  The  v a c u u m  sys tem was  such as to a l -  
low the  phosphors  to be hea ted  to 600~ at p res -  
sures be low 10 -7  mm,  wi thou t  the  i n t roduc t i on  of 
impur i t i es .  I r r a d i a t i o n  was  car r ied  out  in situ 
t h rough  a w i n d o w  of Corn ing  No. 7940 u l t r av io l e t  
t r a n s m i t t i n g  quar tz .  The  w i n d o w  was no t  sub jec t  
to so lar iza t ion  and  had  a cons tan t  t r ansmiss ion ,  for 
1849A radia t ion ,  of g rea t e r  t h a n  75%. The  l ight  

1Present address:  Thomas  J. Watson Research Center, Inter- 
national Bus iness  Machines  Corporation, Yorktown Heights, New 
York. 

sources were  l o w - p r e s s u r e  m e r c u r y  vapor  lamps  
placed in  close contact  w i t h  the  quar tz  w i n d o w  and  
m a i n t a i n e d  in  a s t r eam of d ry  n i t r ogen  in  order  to 
e l imina t e  oxygen  absorp t ion  of the  1849A radia t ion .  

Measurement  of relative eI~ciency oS light pro- 
duction.--To d e t e r m i n e  a r e l a t ive  l u m i n e s c e n t  effi- 
c iency for exc i ta t ion  by  2537A the  phosphors  were  
compared  wi th  a s t a n d a r d  of the  same phosphor  
which  was in i t i a l ly  wel l  ba ke d  out  and  sealed in  an  
a tmosphe re  of he l ium.  The  s t a n d a r d  so p r epa red  was 
shown  to be r ep roduc ib le  to be t t e r  t h a n  0.5% d u r i n g  
the  t ime  of an  expe r imen t .  Exc i ta t ion  of l u m i n e s -  
cence was  p roduced  by  a w e a k  source of 2537A and  
a w a v e b a n d  in  the  emiss ion was  selected, us ing  a 
monochromato r ,  so as to exc lude  l ines  of the  ex-  
c i ta t ion  source. The re la t ive  ou tpu t  so m e a s u r e d  was  
repea tab le  to -----0.5% 

The emi t t ed  r ad ia t ion  was  observed  f rom the  
same surface  of the  th ick  phosphor  l ayer  on which 
the exc i ta t ion  was  directed.  I t  was shown exper i -  
m e n t a l l y  tha t  the  same q u a n t i t a t i v e  data  resu l ted  
w h e n  the emi t t ed  l ight  was  observed af ter  t r a n s -  
miss ion t h r ough  a t h i n n e r  phosphor  l ayer  as is 
n o r m a l l y  the  case w h e n  obse rv ing  a f luorescent  
lamp.  

Vacuum baking of phosphors . - -The l u m i n e s c e n t  
efficiency of the  phosphors  was  on ly  s l igh t ly  af -  
fected by  b a k i n g  at 500~ in vacuo and  u sua l l y  de-  
creased by  less t h a n  1%. S u b s e q u e n t  hea t ing  at the  
same t e m p e r a t u r e  for m a n y  hours  did no t  p roduce  
a n y  f u r t he r  change  in efficiency; in  the  case of ha lo -  
phosphates  this  b a k i n g  was ex tended  to beyond  100 
hr. The  phosphors  are therefore  s table  up  to at least  
500~ in vacuo. 

Table I. Qualitative composition of halophosphate phosphors 

Phosphor Ca Sr C1 F Mn Sb 

Westinghouse blue halo x x x 
Westinghouse white x x x x x x 
Westinghouse cool white x x x x x x 
Westinghouse warm white x x x x x x 
Osram yellow halo x x x x 
M-33 (experimental)  x x x x 
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Table  I I .  Depreciation of lamp phosphors by u.v. irradiation 

Change in luminescent  e~ficiency by u.v. irradia- 
t ion.--Irradiation at 2537A 2 produced no detectable  
change in the efficiency of phosphors  which had 
been exposed to 1849A radiat ion.  2 Exposure  to 
1849A rad ia t ion  produced considerable  deprecia t ion  
in the ha lophosphate  phosphors.  The extent  of this 
deprecia t ion  was not de te rmined  by  the amount  of 
previous heat  t r ea tmen t  and was, therefore,  not a 
funct ion of the sorbed gaseous impuri t ies .  For  
example ,  a fresh sample  of phosphor,  evacuated  to 
10 -5 mm pressure  at room tempera tu re ,  had the 
same character is t ics  as fol lowing exhaus t ive  bake  
out a t  500~ and less than  10 -~ m m  pressure .  In  al l  
the subsequent  exper iments  on u.v. i r rad ia t ion  each 
new phosphor  sample  was in i t ia l ly  hea ted  to 500~ 
in vacuo, in order  to e l iminate  subsequent  changes 
in luminescent  efficiency due to t he rma l  effects. 

F igure  1 shows the changes in luminescent  effi- 
ciency of a group of phosphors  dur ing  1849A i r r a -  
diation. The apprec iab le  scat ter  in the data  was p r i -  
mar i ly  due to the difficulty of main ta in ing  a s table 
u.v. in tens i ty  for several  hundred  hours. The ba r ium 
t i t an ium phosphate  showed ve ry  l i t t le  depreciat ion.  
The blue halo, a calcium fluorophosphate ac t iva ted  
wi th  ant imony,  had a smal ler  decrease in lumines-  
cent efficiency than  the remain ing  halophosphates  in 
which calcium is pa r t i a l ly  subs t i tu ted  by  s tront ium, 
and fluorine by  chlorine, and manganese  is present  
as an addi t ional  act ivator .  A group of three  ha lo-  
phosphate  phosphors  containing va ry ing  amounts  of 
manganese  and ant imony,  and a ba r ium t i t an ium 
phosphate  phosphor  were  exposed under  carefu l ly  
control led conditions for a l imi ted  t ime interval .  The 
results,  given in Table  II, show no significant differ-  
ences f rom each other in the ra te  of deprecia t ion of 
these three  halophosphates ,  i r respect ive  of  re la t ive  
content of manganese  and ant imony.  

The ra te  and ex ten t  of deprecia t ion  of ha lophos -  
phate  phosphors  by  1849A radia t ion  increased wi th  
intensi ty,  as shown in Fig. 2. A quan t i t a t ive  in-  
ves t igat ion was not possible because of the difficulty 
of obtaining an intense monochromat ic  source of 
1849A light.  The effects of the addi t ional  wave length  

2 For  c o n v e n i e n c e  t h r o u g h o u t  this  d i s c u s s i o n  i rrad ia t ion  a t  2537A 
i m p l i e s  the  u s e  of a l o w - p r e s s u r e  m e r c u r y  arc  f r o m  w h i c h  r a d i a t i o n  
b e l o w  2000A has  b e e n  r e m o v e d ,  w h i l e  i r r a d i a t i o n  a t  1849A s igni f ies  
t h e  unf i l t ered  arc  source ,  i.e., i n c l u d i n g  2537A. A l t h o u g h  t h e s e  are  
t h e  p r i n c i p l e  l ines  p r e s e n t ,  t h e r e  a re  a p p r e c i a b l e  in tens i t i e s  a t  o t h e r  
w a v e l e n g t h s ,  e x t e n d i n g  into  t h e  v i s ib l e  reg ion .  

1849A I n t e n s i t y  ~ 2400 ~w/cm~;  2537A I n t e n s i t y  ~ 2500/~w/cm~ 
of  in i t ia l  

o u t p u t  a f ter  
s t a t e d  i rrad i -  

a t i o n  t ime ,  rain 

P h o s p h o r  1 10 960 

Westinghouse cool white halophosphate 91.3 88.7 85.7 

Westinghouse white halophosphate 90.8 88.5 84.4 

Westinghouse warm white halophosphate 90.2 88.2 84.8 

Sylvania barium titanium phosphate 98.3 97.8 96.6 

lines present  in the  i r rad ia t ing  source are  discussed 
below. 

Reversal  of ul traviolet- induced depreciation by 
heat ing. - -The deprecia t ion  of ha lophosphate  phos-  
phors was read i ly  reversed  by  heating. This p roc-  
ess was measurab le  at  t empera tu res  below 200~ and 
proceeded to completion, in most cases, in 1 hr  at 
450~ The u.v. deprecia t ion  and its reversa l  by  
heat ing in vacuo was repea ted  severa l  t imes  on in-  
d iv idual  phosphor  samples wi thout  any evidence of 
fatigue.  

Influence o,f 2537A radiation on a depreciated 
halophosphate phosphor . - -Smal l  losses in the  lumi -  
nescent efficiency of a ha lophosphate  phosphor,  
caused by  1849A, can be reversed  quan t i t a t ive ly  by  
exposure  to 2537A. For  extens ive  deprecia t ion only 
pa r t i a l  recovery  was possible,  as seen in the da ta  of 
Table I I I  where  2537A i r rad ia t ion  was continued 
unt i l  no fur ther  recovery  was observed. The re -  
sults do not different ia te  be tween  phosphor  depre-  
ciat ion occurr ing by  a single mechanism,  which can 
only be  pa r t i a l ly  reversed  by  2537A, or by  a series 
of processes, one of which is comple te ly  reversible ,  
a l though the re la t ive ly  constant  recovery,  i r respec-  
t ive of total  depreciat ion,  may  favor  the second 
a l ternat ive .  

If dur ing  deprecia t ion  by  1849A rad ia t ion  the 
phosphor  is also exposed to the same mercu ry  spec- 
t r um as tha t  which causes the recovery  process, it is 
evident  tha t  some equi l ib r ium must  exist  be tween  at  
least  pa r t  of the 1849A induced deprecia t ion and the 
2537A recovery.  This hypothesis  receives some sup-  
por t  f rom the data  of Table  IV. A w a r m  whi te  ha lo-  
phosphate  phosphor  was subjec ted  to three  in tensi ty  
levels of u.v. rad ia t ion  in which the rat io  of the 
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Table III. Reversal of depreciation by irradiation at 2537A 
and longer wavelengths 

P h o s p h o r  

O u t p u t  i n t e n s i t y ,  
% in i t i a l  

2 5 3 7 A  
i n t e n s i t y ,  B e f o r e  A f t e r  I n -  
~ w / c m ~  i r r a d ,  i r r a d ,  c r e a s e  

West inghouse cool whi te  ~6000 

West inghouse wa rm whi te  ~500 

89.9 95.6 5.7 
84.9 91.7 6.8 

80.7 89.0 8.3 
88.1 95.6 7.5 
91.3 95.4 4.1 

80.3 87.5 7.2 
80.5 91.3 10.8 
83.1 90.7 7.6 
83.3 91.6 8.3 
84.4 92.0 7.6 
87.8 95.0 7.2 
88.7 94.9 6.2 
91.0 97.7 6.7 
92.4 97.0 4.6 

84.3 91.9 7.6 

83.7 91.9 8.2 

90.5 95.9 5.4 
92.3 97.7 5.4 
93.8 99.3 5.5 

~6000 

M - 3 3  ~500 

Osram yel low halo ~500 

West inghouse blue halo ~500 

Table IV. Irradiation of a Westinghouse cool 
holophosphate phosphor 

I n t e n s i t y , / ~ w / c m  2 :Ratio 

2000-3000A 1800-2000A 1 8 0 0 - 2 0 0 0 A  

white 

I r r a d i a t i o n  % I n i t i a l  
2 0 0 0 - 3 0 0 0 A  t i m e ,  h r  l i g h t  o u t p u t  

190 30 0.16 184 90.6 

740 120 0.16 60 90.8 

3000 460 0.15 17 90.0 

w a v e l e n g t h  b a n d s  1800-2000A and  2000-3000A was  
he ld  cons t an t  a t  a v a l u e  of 0.16 to 1. The  15-fo ld  
change  in  t o t a l  i n t e n s i t y  d id  not  c h a n g e  the  d e -  
p r e c i a t i o n  l eve l  s ign i f ican t ly .  Thus  the  r a t e s  of d e -  
p r e c i a t i o n  and  r e c o v e r y  w e r e  d e p e n d e n t  on the  i n -  
t ens i t i e s  of r a d i a t i o n  in t he  1800-2000A and  2000- 
3000A bands ,  r e spec t i ve ly .  

Color center Sormation in the phosphors.--In an 
e a r l i e r  p a p e r  b y  S u c h o w  (4) i t  was  s h o w n  t h a t  
1849A i r r a d i a t i o n  of u n a c t i v a t e d  a l k a l i n e  e a r t h  
h a l o p h o s p h a t e s  c o n t a i n i n g  ch lo r ide  caused  f o r m a -  
t ion  of color  cen te r s  w h i c h  could  be  b l e a c h e d  out  
e i t he r  o p t i c a l l y  or  t h e r m a l l y .  The  r e v e r s a l  b y  2537A 
r a d i a t i o n  or  h e a t  of t he  d e p r e c i a t i o n  of p h o s p h o r  
l i gh t  o u t p u t  b y  1849A r a d i a t i o n  a p p e a r e d  to be  an  
ana logous  case. R e v e r s a l  of d e p r e c i a t i o n  b y  l onge r  
w a v e l e n g t h s  t h a n  2537A was  t h e r e f o r e  sought .  Vi s i -  
b le  r a d i a t i o n  was  f o u n d  to p r o d u c e  r ecove ry ,  a l -  
t h o u g h  no t  as c o m p l e t e l y  as d id  2537A rad i a t i on .  
I t  was  no t  poss ib le  to obse rve  the  r e l a t i v e l y  s h a r p  
color  c e n t e r  b a n d s  f o u n d  in u n a c t i v a t e d  ba se  m a -  
t e r i a l s  (4)  e i t he r  v i s u a l l y  or  in  t he  diffuse re f lec t -  
ance  s p e c t r u m  m e a s u r e d  w i t h  a B e c k m a n  DU spec -  
t r o p h o t o m e t e r .  H o w e v e r ,  a v e r y  s l igh t  g e n e r a l  d e -  
p re s s ion  of t he  diffuse re f l ec tance  s p e c t r u m  was  
no ted ,  a p p a r e n t l y  w i t h  g r e a t e r  dep re s s ion  in t he  u.v. 
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Fig. 3. Diffuse reflectance spectra of typical commercial hole- 
phosphate base material: 1, before exposure; 2, after exposure to 
tungsten x-rays for 15 hr (corrected to give absolute reflectance). 
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Fig. 4. Diffuse reflectance spectra of Westinghouse blue halo 
phosphor: 1, before exposure; 2, after exposure to tungsten x-rays 
for ]5 hr (corrected to give absolute reflectance). 
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Fig. 5. Diffuse reflectance spectra of Westinghouse warm white 
halophosphote phosphor: 1, before exposure; 2, after exposure to 
tungsten x-rays for 15 hr. (corrected to give absolute reflectance). 
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r eg ion  t h a n  at  l onge r  w a v e l e n g t h s .  (Th i s  m a y  co r -  
r e s p o n d  to t h e  m o r e  p r o n o u n c e d  effect  o b s e r v e d  
w i t h  x - r a y s  w h i c h  is r e p o r t e d  be low. )  S ince  p h o s -  
pho r s  in  l a m p s  and  in t he  e x p e r i m e n t s  d e s c r i b e d  
he re  a r e  a l w a y s  b a t h e d  in  v i s ib le  l i gh t  and  2537A 
u.v. d u r i n g  e x p o s u r e  to 1849A, i t  is p r o b a b l e  t h a t  
co lor  c en t e r  b l e a c h i n g  in  h a l o p h o s p h a t e  p h o s p h o r s  
occurs  s i m u l t a n e o u s l y  w i t h  fo rma t ion ,  t hus  p r e v e n t -  
ing  a l a r g e  b u i l d - u p  in concen t r a t ion .  The  s e l f - a b -  
so rp t ion  i n v o l v e d  in b l e a c h i n g  w o u l d  of course  be 
e x p r e s s e d  as a dec rea se  in l u m i n e s c e n t  efficiency. 

In  t he  h a l o p h o s p h a t e  base  m a t e r i a l s  i t  has  n o w  
been  shown  t h a t  x - r a d i a t i o n  p r o d u c e s  t he  s ame  
color  cen te r s  as 1849A r a d i a t i o n  (4)  on ly  in  g r e a t e r  
c onc e n t r a t i on  [ c o m p a r e  Fig.  3 w i t h  Fig.  1 of ref .  
( 4 ) ] .  Because  of t he se  r e su l t s  and  be c a use  x - r a d i -  
a t ion  p r o d u c e s  on ly  w e a k  v i s ib le  f luorescence  in 
h a l o p h o s p h a t e  p h o s p h o r s  ( a n d  could  t h e r e f o r e  cause  
on ly  l i t t l e  b l e a c h i n g ) ,  i t  was  t h o u g h t  t h a t  a h igh  
c onc e n t r a t i on  of co lor  cen te r s  m i g h t  be  o b t a i n e d  b y  
e x p o s u r e  of  t he  h a l o p h o s p h a t e  p h o s p h o r s  to x - r a d i -  
a t ion.  E x p o s u r e  of the  b lue  ha lo  p h o s p h o r  to t u n g -  
s t en  x - r a y s  for  15 h r  caused  the  b o d y  color  to t u r n  
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Fig. 6. Thermoluminescence of Osram yellow halophosphate 

l i gh t  g r a y - t a n ,  and  the  f luorescence  of t h e  p h o s p h o r  
on e x p o s u r e  to 2537A r a d i a t i o n  w a s  g r e a t l y  r educed .  
H o w e v e r ,  no s h a r p  a b s o r p t i o n  bands  deve loped ,  bu t  
on ly  a b r o a d  b a n d  f r o m  a b o u t  3000 to 4300A, as 
s h o w n  in Fig.  4. S i m i l a r  e x p o s u r e  of w a r m  w h i t e  
h a l o p h o s p h a t e  p h o s p h o r  caused  d e v e l o p m e n t  of a 
r a t h e r  deep  y e l l o w i s h - t a n  color  w h i c h  was  due  to 
b r o a d  a b s o r p t i o n  f rom abou t  2900 to 5500A (see  
Fig.  5) .  A g a i n  the  f luorescence  on e x p o s u r e  of 2537A 
was  g r e a t l y  r educed .  

C o m p a r i s o n  of t he  r e f l ec tance  s p e c t r a  in Fig.  5 
w i t h  those  g iven  in ref .  (4)  and  in  Fig .  3 i nd i ca t e  the  
l i ke l i hood  t h a t  the  color  cen te r s  p r o d u c e d  in  the  
base  m a t e r i a l  a r e  also p r o d u c e d  in  t he  phosphor ,  bu t  
t h a t  s u p e r i m p o s i t i o n  of a d d i t i o n a l  o v e r l a p p i n g  a b -  
so rp t ion  cen t e r s  in  t he  p h o s p h o r  r e su l t s  in s m e a r e d -  
out  abso rp t ion .  In  t he  case  of the  b lue  ha lo  phosphor ,  
in w h i c h  no color  cen te r s  w o u l d  be  e x p e c t e d  to fo rm 
in t he  c h l o r i n e - f r e e  base  m a t e r i a l  [ a t  l eas t  w i t h  
1849/k r a d i a t i o n  (4)  ] t h e  i n d u c e d  a b s o r p t i o n  b a n d  is 
much  n a r r o w e r  t h a n  in w a r m  w h i t e  phosphor ,  and  i t  
m u s t  be  a s s u m e d  t h a t  t he  i n d u c e d  a b s o r p t i o n  is due  
on ly  to a b a n d  or  b a n d s  no t  f o u n d  in t he  absence  of 
a n t i m o n y ,  or  else t h a t  x - r a y s  a r e  c a p a b l e  of af fec t -  
ing an  a l l - f l u o r o p h o s p h a t e  p h o s p h o r  as u.v. cannot .  
A q u a l i t a t i v e  e x p e r i m e n t  has  shown  t h a t  x - r a y s  do 
p r o d u c e  s l igh t  co lo ra t ion  in u n a c t i v a t e d  Ca5 (PO4)3F; 
1849A u.v. r a d i a t i o n  does  not  do this .  [ J o h n s o n  (2)  
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Fig. 7. Thermoluminescence of Westinghouse cool white halo- 
phosphate. 

has  also r e p o r t e d  f o r m a t i o n  of co lor  cen te r s  in 
Ca5 (PO4) 3F b y  x - r a y s .  ] 

Thermoluminescence oS halophosphate phosphors. 
- - B e c a u s e  of a p p a r a t u s  l i m i t a t i o n s  i t  was  found  
n e c e s s a r y  to s t u d y  the  t h e r m o l u m i n e s c e n c e  of the  
p h o s p h o r s  ove r  two  t e m p e r a t u r e  r eg ions :  
(a) Low- tempera ture  thermoluminescent:  --125 ~ 
to ~-lO0~ p h o s p h o r s  w e r e  depos i t ed  f rom a 
w a t e r  suspens ion  onto a coppe r  disk.  The  lowes t  
t e m p e r a t u r e  of t he  p h o s p h o r  was  a p p r o x i m a t e l y  
- -130~ and  the  r a t e  of h e a t i n g  was  5 0 ~  The  
p h o s p h o r s  w e r e  i r r a d i a t e d  at  t he  lowes t  t e m p e r a -  
tu res ,  and  the  t o t a l  v i s ib l e  l igh t  p r o d u c e d  during:  
s u b s e q u e n t  h e a t i n g  was  p l o t t e d  as a func t ion  of t e m -  
p e r a t u r e ,  t he  l i gh t  i n t ens i t i e s  be ing  n o r m a l i z e d  in 
each  e x p e r i m e n t  to the  v a l u e  of t he  l a r g e s t  p e a k  
p r o d u c e d  b y  2537A r a d i a t i on .  

The  h a l o p h o s p h a t e  p h o s p h o r s  s t ud i e d  f a l l  into 
t h r e e  types :  ( i )  b lue  halo ,  con t a in ing  Ca and  F, w i t h  
Sb as an  ac t iva to r ,  p r o d u c e d  no d e t e c t a b l e  emiss ion  
u n d e r  a n y  i r r a d i a t i o n  cond i t ions ;  ( i i )  p h o s p h o r s  
con ta in ing  Ca and  F, w i t h  Sb and  Mn as ac t iva to r s ,  
w e r e  f o u n d  to h a v e  a s ingle  g roup  of  t r a p p i n g  si tes 
a f t e r  i r r a d i a t i o n  w i t h  e i t h e r  1849 or  2537A; t h e  g low 
c u r v e  of i r r a d i a t e d  y e l l o w  h a l o p h o s p h a t e ,  shown  in 
Fig .  6, is t y p i c a l ;  ( i i i )  p h o s p h o r s  c on t a in ing  Ca, Sr,  
F,  and  C1, w i t h  Sb a n d  Mn as a c t i va to r s  w e r e  found  

Table V. High-temperature thermoluminescence measurements 

P h o s p h o r  

P e a k  t e m p e r a t u r e ,  ~ C 
A f t e r  exposu re  to q u a r t z  l o w - p r e s s u r e  A f t e r  exposu re  to Vycor  l o w - p r e s s u r e  
m e r c u r y - v a p o r  l a m p  (1849A and  h i g h e r  m e r c u r y - v a p o r  l a m p  (2537A a n d  h i g h e r  
w a v e l e n g t h s )  w a v e l e n g t h s )  

West inghouse 
blue halo 

West inghouse 
cool whi te  

West inghouse 
whi te  

West inghouse 
warm whi te  

260 ~ and 370~ (second peak  h igher  than  first) 

Broad emission f rom 70 ~ to 260~ perhaps  wi th  
smal l  peak  at 230~ F u r t h e r  emission s tar ts  at  
320~ and disappears  in incandescence of heater .  

Broad emission f rom room t empera tu r e  to 360~ 
then d i sappear ing  in incandescence of heater .  

Broad emission f rom 50 ~ to 350~ wi th  broad  
peak  f rom 180 ~ to 225~ disappears  into incan-  
descence of hea te r  above 350~ 

Broad emission f rom 50 ~ to 300~ super imposed  
peak at 100~ 

None 

90~ 

Broad peak  f rom 70 ~ to 110~ 
possibly wi th  m a x i m u m  at about  
80~ 

Broad peak  f rom 100 ~ to 200~ 

Osram Broad emission f rom 50 ~ to 
ye l low halo 300 ~ C. 
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to h a v e  a g r o u p  of t r aps ,  s i m i l a r  to those  in t y p e  ( i i ) ,  
a f t e r  2537A i r r a d i a t i o n ,  and  an  a d d i t i o n a l  g roup  
fo l lowing  1849A i r r a d i a t i o n .  F i g u r e  7 shows  r e su l t s  
for  a cool w h i t e  h a l o p h o s p h a t e .  The  t r a p s  r e s u l t i n g  
f rom 1849A r a d i a t i o n  w e r e  not  o b s e r v e d  if th is  
t r e a t m e n t  was  fo l l owed  b y  s u b s e q u e n t  e x p o s u r e  to 
2537A, for  1 rain,  b e f o r e  m a k i n g  a t h e r m o l u m i n e s -  
cen t  m e a s u r e m e n t .  Thus  the  e l ec t rons  t r a p p e d  by  
1849A w e r e  r a p i d l y  r e l e a s e d  b y  2537A r ad i a t i on .  

The  l o w - t e m p e r a t u r e  t h e r m o l u m i n e s c e n c e  cu rves  
show some p a r a l l e l  b e h a v i o r  to t he  changes  in l u m i -  
nescen t  eff iciency b y  u.v. i r r a d i a t i o n ,  b u t  t h e  e x t e n t  
of a n y  c o r r e l a t i o n  is not  c lear .  F o r  e x a m p l e ,  t he  a p -  
p e a r a n c e  of a d d i t i o n a l  t r a p s  a f t e r  1849A r a d i a t i o n  
occu r r ed  o n l y  in the  p r e s e n c e  of ch lo r ide  a n d  not  
w i th  f luor ide  alone,  and  the  f l uo rophospha t e  base  
m a t e r i a l  d id  no t  e x h i b i t  color  c en t e r  f o r m a t i o n  d u r -  
ing  1849A r a d i a t i o n  (4) .  Thus,  if  a s imple  c o r r e l a -  
t ion  ex i s t s  b e t w e e n  d e p r e c i a t i o n  and  the  f o r m a t i o n  
of co lor  c en t e r s  b y  1849A r a d i a t i o n  the  a b o v e  r e -  
su l t s  w o u l d  r e q u i r e  low d e p r e c i a t i o n  for  p h o s p h o r s  
con ta in ing  on ly  f luoride.  This  was  not  found  to be  
~he case  for  e i t he r  t he  y e l l o w  ha lo  or  for  M-33  (Fig .  
1).  F u r t h e r  c o m m e n t  on th is  w i l l  be  m a d e  in the  
Discuss ion  Sect ion .  
(b )  High- temperature  thermoluminescence:  + 3 5  ~ 
to +360~ e x p o s u r e  of p h o s p h o r s  to u.v. and  
s u b s e q u e n t  m e a s u r e m e n t  of h i g h - t e m p e r a t u r e  t h e r -  
m o l u m i n e s c e n c e  cu rves  w e r e  c a r r i e d  out  as p r e v i -  
ous ly  d e s c r i b e d  fo r  t he  ba se  m a t e r i a l s  (4) .  The  r e -  
sul ts  o b t a i n e d  a re  s u m m a r i z e d  in T a b l e  V. B a r i u m  
t i t a n i u m  p h o s p h a t e  d id  not  exh ib i t  a n y  t h e r m o l u m i -  
nescence  u n d e r  s im i l a r  condi t ions .  

T h e  t h e r m o l u m i n e s c e n c e  in t he  ca l c ium f luoro-  
p h o s p h a t e  p h o s p h o r s  is p r o b a b l y  a s soc ia t ed  w i t h  
effects on t h e  a n t i m o n y  and  m a n g a n e s e  a c t i v a t o r  
centers ,  for  as shown  e a r l i e r  (4)  s i m i l a r  i r r a d i a t i o n  
of the  u n a c t i v a t e d  ba se  m a t e r i a l  d id  not  r e su l t  in 
e i t h e r  t h e r m o l u m i n e s c e n c e  or  co lor  centers .  Such  
a s u p e r i m p o s e d  effect  on the  a c t i v a t o r s  w o u l d  e x -  
p l a i n  w h y  the  f l u o r o p h o s p h a t e  p h o s p h o r s  d i scussed  
above  d id  not  e x h i b i t  b e t t e r  m a i n t e n a n c e  t h a n  those  
wh ich  also con t a ined  chlor ide .  

Discussion 
T h e r e  a p p e a r s  to b e  r ea son  to a s se r t  t h a t  t he  

u l t r a v i o l e t - i n d u c e d  d e p r e c i a t i o n  of the  h a l o p h o s -  
p h a t e  p h o s p h o r s  is an  in t r in s i c  p r o p e r t y ,  t y p i c a l  of 
the  p h o s p h o r  c rys ta l ,  and  no t  p r o d u c e d  b y  the  p r e s -  
ence  of gaseous  or  o t h e r  c o n t a m i n a n t s  such as m e r -  
cury .  F u r t h e r ,  the  ease  w i t h  w h i c h  d e p r e c i a t i o n  is 
r e v e r s e d ,  b y  qu i t e  low t e m p e r a t u r e s  or  b y  i r r a d i a -  
t ion,  and  the  o b s e r v e d  r e su l t  t ha t  the  cyc le  of d e -  
p r e c i a t i o n  and  r e c o v e r y  m a y  be  r e p e a t e d  q u a n t i t a -  
t i v e l y  m a n y  t imes  w i t h  no ev idence  for  fa t igue ,  i m -  
p l ies  t h a t  w h a t e v e r  t he  m e c h a n i s m  i t  does  no t  i n -  
vo lve  a n y  m i g r a t i o n  or  t r a n s f e r  of p h o s p h o r  com-  
ponen t s  ove r  a p p r e c i a b l e  d i s t ances  in t he  la t t ice .  
The  m i n o r  change  o b s e r v e d  in t he  re f l ec tance  of the  
2537A line,  f o l l owing  e x p o s u r e  to 1849A, coup led  
w i th  t he  v e r y  h igh  a b s o l u t e  a b s o r p t i o n  at  th is  w a v e -  
length ,  m e a n s  t ha t  d e p r e c i a t i o n  does no t  occur  b y  a 
r e d u c t i o n  of t he  eff iciency of  e n e r g y  abso rp t ion .  
Also,  t he  s p e c t r u m  of  a d e p r e c i a t e d  p h o s p h o r  does  
no t  show a n y  p r e f e r e n t i a l  d e c a y  of t he  a n t i m o n y  

or  m a n g a n e s e  p e a k s  a l t h o u g h  the  e xc i t a t i on  e n e r g y  
m u s t  be  t r a n s m i t t e d  to t he  m a n g a n e s e  centers ,  as 
d i s t i nc t  f r om t h e  a n t i m o n y  cen te rs ,  w h i c h  a r e  s i m u l -  
t a n e o u s l y  r e s p o n s i b l e  fo r  e n e r g y  abso rp t ion .  I t  is 
e v i d e n t  t h a t  e n e r g y  a b s o r b e d  b y  the  a n t i m o n y  cen-  
t e r s  is d i s s i pa t e d  be fo re  r a d i a t i o n  can  occur  a t  e i t he r  
a n t i m o n y  or  m a n g a n e s e  centers .  

I t  is not  c l ea r  w h a t  effect  t he  e l ec t ron  t r a p s  o b -  
s e r v e d  in l o w - t e m p e r a t u r e  t h e r m o l u m i n e s c e n c e  
could  have  on the  l u m i n e s c e n t  eff iciency s ince  the  
t r a p s  w o u l d  p r e s u m a b l y  b e  e m p t y  a t  t he  n o r m a l  
t e m p e r a t u r e  of obse rva t i on .  H o w e v e r ,  if  the  t i m e  
e l ec t rons  spend  in these  t r a p s  is c o m p a r a b l e  w i t h  t he  
t i m e  of  t he  e l ec t ron i c  t r a n s i t i o n s  in  l uminescence ,  
t he  t r a p s  m i g h t  s t i l l  have  an  effect on the  k ine t i c s  of 
the  process .  T h e  h i g h - t e m p e r a t u r e  t r a p s  h a v e  been  
f o u n d  in a l l  of t h e  h a l o p h o s p h a t e  p h o s p h o r s  s tud i ed  
thus  far .  Once  f i l led  t hese  t r a p s  w o u l d  no t  be  t h e r -  
m a l l y  empt i ed ,  b u t  b l e a c h i n g  b y  v i s ib l e  or  2537A 
w a v e l e n g t h  l igh t  w o u l d  be  o b s e r v e d  as d e p r e c i a t i o n  
in  t o t a l  l igh t  efficiency. 

T h e  p a r a l l e l s  b e t w e e n  d e p r e c i a t i o n  a n d  color  c en -  
t e r  f o r m a t i o n  h a v e  been  p a r t l y  d i scussed  above .  The  
c h a n g e  in  a b s o r p t i o n  s p e c t r u m  of u l t r a v i o l e t - i r r a d i -  
a t e d  h a l o p h o s p h a t e  p h o s p h o r s  on i r r a d i a t i o n  w i th  
1849A u.v. is a t  mos t  v e r y  s l ight .  H o w e v e r ,  t he  e x -  
p e r i m e n t s  w i t h  x - r a y s  i m p l y  t h a t  1849A r a d i a t i o n  
p r o d u c e s  t h e  s a m e  co lor  cen te r s  as  x - r a y s  even  
t h o u g h  t h e y  a r e  n e a r l y  i nv i s ib l e  in  t he  f o r m e r  case  
b e c a u s e  mos t  a r e  b l e a c h e d  ou t  b y  the  v i s i b l e  l igh t  
and  2537A r a d i a t i o n  w h i c h  a r e  a l w a y s  p resen t .  A l -  
t h o u g h  some  l i gh t  is e x p e c t e d  to be  los t  in t he  
b l e a c h i n g  p rocess  w h i c h  occurs  as a p h o s p h o r  is e x -  
posed  to bo th  1849 and  2537A r a d i a t i o n  s i m u l t a n e -  
ous ly ,  th i s  does  no t  e x p l a i n  w h y  a p h o s p h o r  w i t h  a l -  
mos t  u n c h a n g e d  a b s o r p t i o n  fo l l owing  e x p o s u r e  s t i l l  
shows d e p r e s s e d  b r i g h t n e s s  w h e n  e x p o s e d  to 2537A 
r a d i a t i o n  in t he  absence  of 1849A ( p r i o r  to fu l l  r e -  
c o v e r y  w i t h  2537A).  T h e r e  m u s t  t h e r e f o r e  be  a sec-  
ond t y p e  of eff iciency loss due  to some sor t  of i n t e r -  
f e r e n c e  w i t h  t h e  e l ec t ron ic  p rocess  of f luorescence  b y  
a v e r y  sma l l  c o n c e n t r a t i o n  of t r a p p e d  e l ec t rons  
( t h a t  is, color  c e n t e r s ) .  I t  is on ly  w h e n  a l l  of these  
color  cen te r s  a r e  b l e a c h e d  t ha t  fu l l  r e c o v e r y  is ob -  
se rved .  

T h e  v e r y  low d e p r e c i a t i o n  of b a r i u m  t i t a n i u m  
p h o s p h a t e  in  t h e s e  e x p e r i m e n t s  is p r o b a b l y  r e l a t e d  
to t h e  absence  of t h e r m o l u m i n e s c e n c e  and  color  
cen te r s  f o l l owing  u.v. i r r a d i a t i o n ,  b u t  is a t  v a r i a n c e  
w i t h  t h e  l a r g e  d e p r e c i a t i o n  d u r i n g  o p e r a t i o n  in a 
f luorescen t  l amp .  I t  has  no t  been  poss ib l e  to  d e t e c t  
a n y  u n u s u a l  s u s c e p t i b i l i t y  of th is  p h o s p h o r  to i m -  
p u r i t y  gases,  b u t  i t  is d i s t i n g u i s h e d  f r o m  the  h a l o -  
p h o s p h a t e s  b y  a v e r y  h i g h - t e m p e r a t u r e  coefficient  of 
t he  i n t e n s i t y  of t h e  e m i t t e d  l ight .  Thus,  f r o m  r o o m  
t e m p e r a t u r e  to 100~ a t y p i c a l  h a l o p h o s p h a t e  loses 
5 % of  o u t p u t  w h i l e  the  b a r i u m  t i t a n i u m  p h o s p h a t e  
loses 35% (5) .  A p h o s p h o r  s u b j e c t e d  to u.v. r a d i -  
a t ion  conve r t s  an  a p p r e c i a b l e  a m o u n t  to  t h e r m a l  
ene rgy .  F o r  e x a m p l e ,  a t h in  l a y e r  of p h o s p h o r  i r r a -  
d i a t e d  in vacuo at  i n t ens i t i e s  of u.v. on ly  a ha l f  or  
less  t h a n  those  p r e s e n t  in  a 40w f luorescen t  l amp,  
r a p i d l y  r e a c h e d  a t e m p e r a t u r e  of 50~ This  t e m -  
p e r a t u r e  w o u l d  i nc rea se  t h r o u g h o u t  t he  l i fe  of t he  
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f luorescen t  l a m p  if  i ts  o p e r a t i o n  caused  s low d e p o s i -  
t ion  of u l t r a v i o l e t - a b s o r b i n g  m a t e r i a l s  such  as m e r -  
c u r y  (6)  or  m e r c u r i c  ox ide  on t h e  p h o s p h o r  s u r -  
faces.  Thus  i t  is conce ivab le  t h a t  such  a p rocess  
w o u l d  p r o d u c e  an  a p p a r e n t  d e p r e c i a t i o n  of  t he  b a -  
r i u m  t i t a n i u m  p h o s p h a t e  due  on ly  to  i nc r ea sed  t e m -  
p e r a t u r e  of t h e  p h o s p h o r  sur face ,  b u t  w h i c h  w o u l d  
h a v e  a neg l i g ib l e  effect on t h e  h a l o p h o s p h a t e  p h o s -  
phors .  
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Pulse Excitation of Electroluminescent Films 
of ZnS:Cu(CI,Br, I) 

W. J. Harper 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Thin e lec t ro luminescent  films of ZnS:Cu,  (C1,Br,I) be tween  t i n - o x i d e - o n -  
glass and a luminum electrodes were  exci ted wi th  unid i rec t ional  vol tage pulses 
of e i ther  polar i ty .  Resul ts  are  given for the  delay,  rise, and decay t ime and the  
emission in tens i ty  of the  l ight  pulses under  va ry ing  condit ions of voltage,  pulse  
durat ion,  and repe t i t ion  rate.  The decay of the  l ight  pulse  can be represen ted  
by  a fast  exponent ia l  superposed on a s lower b imolecu la r  form. Voltage pulses 
wi th  the  meta l  e lec t rode  posi t ive suppress  the  longer  wave leng th  emission 
band. 

The  o b j e c t i v e  in th i s  w o r k  was  to i n v e s t i g a t e  t he  
i n d i v i d u a l  l i gh t  pu l ses  r e s u l t i n g  f r o m  e x c i t a t i o n  of 
e l e c t r o l u m i n e s c e n t  (EL)  f i lms w i t h  v o l t a g e  pu l ses  
of m ic rosecond  du ra t i on ,  w i t h  t he  i n t en t  of u t i l i z ing  
such  f i lms in  c o m b i n a t i o n  w i th  p h o t o c o n d u c t i v e  r e -  
cep to r s  in  c o m p u t e r  logic  e lements .  D e s i r a b l e  a t -  
t r i b u t e s  of E L  fi lms for  th is  a p p l i c a t i o n  a r e  low 
v o l t a g e  exc i t a t i on  w i t h  s ing le  u n i d i r e c t i o n a l  pulses ,  
speed  of m ic rosecond  o rder ,  and  m i n o r  s e n s i t i v i t y  to 
low t e m p e r a t u r e s .  This  p a p e r  p r e s e n t s  t he  r e su l t s  
of a s t u d y  of such  p a r a m e t e r s .  

Experimental Method 
The  e v a p o r a t e d  E L  f i lms w e r e  s i m i l a r  in s t r u c -  

t u r e  to those  d e s c r i b e d  p r e v i o u s l y  (1, 2). The  s u r -  
face  r e s i s t i v i t y  of t he  t i n  ox ide  e l e c t r o d e  v a r i e d  f r o m  
10 to 50 ohms,  and  the  a r e a  of t h e  f i lm e x c i t e d  a t  
one t i m e  was  u s u a l l y  0.1 cm 2. W h e n  e x c i t i n g  a cel l  
t he  pu l se  g e n e r a t o r  cou ld  be  a d j u s t e d  to  h a v e  e i t h e r  
a v o l t a g e  r i se  or  fa l l  t i m e  ( to l / e )  as low as 0.02 
~sec. This  s h a r p  r i se  or  f a l l  was  a c c o m p a n i e d  b y  a 
r o u n d i n g  or  b y  osc i l l a t ions  at  t he  o t h e r  end  of t he  
pulse.  G e n e r a l l y ,  t es t s  w e r e  m a d e  w i t h  v o l t a g e  f a l l  
in t he  r a n g e  of 0.05-0.1 Fsec, p a r t i c u l a r l y  at  h igh  
vol tages .  In  th is  r e p o r t  r e su l t s  w i l l  be  g iven  for  e x -  
c i t a t ion  b y  un id i r ec t i ona l ,  r e c t a n g u l a r  v o l t a g e  pu l s e s  
only .  W h e r e  r e su l t s  a r e  g iven  w i t h o u t  iden t i f i ca t ion  
of  the  phosphor ,  i t  is i m p l i e d  t h a t  t h e y  a re  s i m i l a r  
for  a n y  of t he  t h r e e  h a l i d e  coac t iva to r s ,  s ince  th i s  
is g e n e r a l l y  t r u e  for  mos t  p rope r t i e s .  

T h e  l i gh t  was  d e t e c t e d  w i t h  a m u l t i p l i e r  p h o t o -  
t u b e  h a v i n g  an  S-10  s p e c t r a l  r esponse .  The  q u a n t i -  
t a t i v e  v a l u e s  g iven  for  l igh t  i n t ens i t i e s  shou ld  be  
cons ide red  a p p r o x i m a t i o n s .  In  m e a s u r i n g  d e l a y  and  
r i se  t imes  of less  t h a n  1 ~sec, t he  a n o d e  i m p e d a n c e  of 
the  m u l t i p l i e r  was  t he  200 ohm i n p u t  of  a w i d e  b a n d  
ampl i f ie r .  F o r  d e t e c t i n g  d e c a y  t i m e s  of m o r e  t h a n  1 
~sec, t he  ampl i f i e r  was  not  used,  b u t  t h e  a n o d e  w a s  
connec t ed  d i r e c t l y  to an  osc i l loscope  w i t h  a sho r t  
cable ,  w i t h  an  a n o d e  r e s i s t a nc e  of 200 or  1000 ohms.  

M a n y  p r o p e r t i e s  of EL fi lms d e p e n d  on t h e  a m o u n t  
of  i n su l a t i on  b e t w e e n  the  p h o s p h o r  and  the  m e t a l  
e l ec t rode .  In  th is  r e p o r t  on ly  two  cond i t ions  w i l l  be  
cons idered ,  e i t h e r  no i n su l a t i on  or  0.1~ of SiO in -  
su la t ion ,  bo th  w i t h  an  e v a p o r a t e d  a l u m i n u m  e lec -  
t rode .  A l l  t he  r e su l t s  g iven  r e f e r  to r o o m  t e m p e r a -  
t u r e  cond i t ions  un less  o t h e r w i s e  s ta ted .  

Results 
Wavefarm.--Because of t h e  a s y m m e t r i c  s t r u c t u r e  

of t he  EL films, on ly  a s ing le  d o m i n a n t  l igh t  pu l se  is 
o b t a i n e d  for  each  v o l t a g e  pulse ,  and  t h e  w a v e f o r m  
of t he  l igh t  pu l se  d e p e n d s  s o m e w h a t  on  the  p o l a r i t y  
of t he  v o l t a g e  pulse .  I f  a p o s i t i v e  v o l t a g e  p u l s e  is 
a p p l i e d  to t he  t in  o x i d e  e l ec t rode  ( a b b r e v i a t e d  
SnO-~)  ,1 t h e r e  m a y  be  some l igh t  e m i t t e d  w h i l e  the  
v o l t a g e  is on. As  t h e  v o l t a g e  is r e t u r n e d  to  zero 
t h e r e  is a de lay ,  t h e n  a r i se  and  f a l l  of  t he  d o m i n a n t  

1 SnO is u sed  as a s y m b o l  to  r e p r e s e n t  t h e  t i n  o x i d e  e l e c t r o d e .  The  
t i n  ox ide  m a t e r i a l  i t s e l f  m a y  b e  r e p r e s e n t e d  by  SnO~(Sb).  
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Fig. 1. Schematic diagram of the light pulse L due to the 
voltage pulse V showing how the delay, rise, and fall time are 
measured. The time scale shows representative values. 
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Fig. 3. Fitting the decay of the light pulse to (a) bimolecular 
and (b) exponential forms. The phosphor is ZnS:Cu,CI 2.0~ thick 
with no insulation. In (a) the points represent the measured values 
of light amplitude. In (b) L' is the difference between the measured 
values and those found from the extrapolated portion of the curve 
in (a). 
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Fig. 4. Effect on a light pulse due to insulation and to an added 
series resistance. Cell area is 0.1 cm2; peak amplitude of the light 
pulse L is in microwatts. 

Fig. 2. Waveforms of voltage (upper trace) and light (lower 
trace) for an El. film of ZnS:Cu,Br 1.7~ thick. The symbol SnO+ 
( A I + )  means that a positive voltage pulse is applied to the tin 
oxide (aluminum) electrode. 

l ight  pulse. F igure  1 shows how the de lay  time, rise 
time, and fal l  t ime 2 of the l ight  pulse were  in te r -  
p re ted  in the measurements .  If a short  posit ive 
vol tage pulse is appl ied  to the a luminum electrode 
( abbrev ia t ed  A I + ) ,  the dominant  l ight  pulse occurs 
while  the  vol tage is on. As the vol tage re turns  to 
zero, there  may  follow a minor  l ight  pulse or the 
dominant  l ight  pulse  may  be quenched. Examples  
of the form of the l ight  pulse due  to vol tage pulses of 
e i ther  po la r i ty  are  shown in Fig. 2. 

With  A I +  po la r i ty  the in -phase  and the dominant  
l ight  pulses are superposed, whereas  with S n O +  
po la r i ty  they  are separated.  For  the la t te r  the rise 
t ime of the in -phase  l ight  var ies  f rom about  20 ~sec 
at low voltages to about  1 ~sec at  high voltages.  In 
the r ema inde r  of this report ,  only the dominant  l ight  
pulses wil l  be discussed. 

The decay or fal l  of the l ight  pulse can be fitted to 
a b imolecular  recombinat ion  formula,  as is shown in 
Fig. 3 (a ) .  Nar row band filters were  used to separa te  
the blue and green components.  If the values of the 
l ight  L obtained f rom the ex t rapo la ted  por t ion of 
Fig. 3 (a )  are subt rac ted  from the measured  l ight  

2 T h e  d e c a y  t i m e  o f  t h e  p h o s p h o r  i s  b e i n g  c a l l e d  t h e  f a l l  t i m e  t o  
a v o i d  t h e  u s e  o f  t h e  t w o  s i m i l a r  w o r d s  d e c a y  a n d  d e l a y .  

values and the logar i thm of the differences is plot ted 
against  t ime as in Fig. 3 (b ) ,  a good fit for the ex-  
ponent ia l  form of decay is usual ly  obtained.  The 
t ime constant  is f requent ly  the same for both blue 
and green components,  being 2.5/~sec in the example  
shown. In Fig. 3 (a )  the quan t i ty  1/a gives the t ime 
in which L is reduced to 0.25 Lo. The values  so ob- 
ta ined are usual ly  grea ter  than  the fa l l  t ime t I meas-  
ured  on the same curve by  the method of Fig. 1 (b) .  
The physical  meaning of the constants a and fl in 
Fig. 3 is discussed in ref. (3).  The decay of l ight  
wi th  AI-t- po la r i ty  is s imilar  to tha t  wi th  S n O + ,  but  
the ini t ia l  exponent ia l  por t ion is re la t ive ly  smal ler  
in magni tude  or sometimes negligible.  The port ion 
of the decay beyond 20/~sec could not be consis tent ly 
fitted to any form. Results  s imi lar  to the above were  
obta ined for the  blue and green bands of ZnS: Cu,Br 
and the blue band  of ZnS: Cu,I. 

The bu i ld -up  of l ight dur ing  the first few pulses 
from a de-exc i ted  phosphor  film is ve ry  pronounced 
for the A I +  polar i ty ,  the  first vol tage pulse giving 
no l ight  pulse. With  S n O +  the bu i ld -up  is small  by  
comparison,  the first vol tage pulse being fol lowed by 
a l ight  pulse. 

Effect o~ insulating layer.--As the thickness of the 
insulat ing layer  is increased,  each of the  t ime quan-  
tities, delay, rise, and fal l  is increased. They are also 
increased if a resis tance is added in series wi th  the 
t in oxide electrode. F igure  4 shows the magni tude  of 
the effect. An insulat ing l aye r  of 0.1/~ SiO roughly  
doubles the values  of delay and r ise time. 

I t  is be l ieved tha t  the na tu re  of the contact  be-  
tween the a luminum and the phosphor  has an effect 
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Fig. 5. Dependence of the integrated light emission on voltage. 
Results from unidirectional pulses of both polarities and three values 
of pulse duration are shown. 
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Fig. 6. Dependence (a) on voltage and ( b )  on pulse duration of 
the delay, rise, and fall time, and of the peak amplitude L of the 
light pulse. The phosphor film is ZnS:Cu,Br 1.7/~ thick with 0.1/~ of 
SiO insulation. 

on the de lay  t ime since on the same phosphor  l aye r  
different  contacts  wi th  no insulat ion may  have  de-  
lay  t imes ranging f rom 0.06 to 0.12 ~sec. The de lay  
t ime appears  wi th  the first appl icat ion of low vol tage 
to a new cell and is not a result of electrical forming. 
At the rising light pulse of a given cell, the minimum 
delay times obtained were the same for either volt- 
age polarity and for the different spectral emission 
bands. 

E]Iect o f  voltage, pulse duration, and repetition 
rate.--The dependence  of the l ight  pulse  L (max i -  
mum ampl i tude  or in tegra ted  l ight)  on the vol tage 
V, is represen ted  reasonably  wel l  by  

L -~ L o exp (--a/V) [1] 

where  a and Lo are  constants. Deviat ions f rom [1],  
such as are  shown in Fig. 5, a re  common at  low and 
high voltages.  For  pulse dura t ions  less than  about  5 
;,sec wi th  A I +  polar i ty ,  vol tage quenching reduces 
the l ight  output .  

Var ia t ions  of vol tage and pulse dura t ion  have  only 
minor  effects on the delay,  rise, and fal l  t imes of the 
l ight  pulse, as shown in Fig. 6 for  a cell  wi th  0.1~ 

SiO insulation.  The var ia t ion  wi th  vol tage  is even 
less for cells wi th  no insulation.  

As the  pulse dura t ion  is increased wi th  S n O +  
po la r i ty  the  peak  ampl i tude  of the l ight  pulse may  
reach  a m a x i m u m  at widths  of 10-100 ~sec and 
the rea f t e r  decline. The in tegra ted  light,  however,  
remains  at  the  maximum.  This is due pa r t l y  to an 
increase of the  in -phase  l ight  but  most ly  to an in-  
crease in the very  long decay component.  The ex-  
p lanat ion  is not evident  f rom values  of the fal l  t ime 
tf in Fig. 6 (b ) ,  but  r a the r  f rom plots as in Fig. 3 ( a ) .  
For  example ,  on a specimen of ZnS:Cu, I  a t  pulse  
dura t ions  of 1, 10, and 100 #sec, the values  of t 1 
(to 0.2 of peak  L) were  3.0, 3.5, and 5.5 ~sec whi le  
the  s lower components  (to 0.25 Lo) as shown by 
Fig. 3 (a)  were  12, 15, and 21 #sec. Af te r  deduct ing 
the s lower components,  the fas ter  components  (to 
l / e )  as shown by Fig. 3 (b)  were  1.2, 1.5, and 2.1 
~sec. In  addi t ion to the slow component  ment ioned 
above, an even slower decay follows which cont r ib -  
utes to the measure  of the in tegra ted  l ight  output.  

The t ime constants  of the  l ight  pulse are  affected 
by  the ra te  at  which the vol tage  falls. For  a cell wi th  
0.1~ SiO insulation,  as the vol tage  fal l  t ime  (to l / e )  
was increased in steps f rom 0.08 to 1 #sec, the  r ise 
and fa l l  t ime of the  l ight  pulse  increased in magni -  
tude  s imi la r ly  to those shown in Fig. 4 ( b ) .  This 
effect has p rev ious ly  been repor ted  for powder  cells 
(4).  The de lay  t ime increase and the  l ight  ampl i tude  
reduct ion were  cons iderably  less than  in Fig. 4 (b ) .  
The vol tage  fal l  has an in i t ia l  fast  por t ion and then  a 
s lower one. The t ime constant  of the  l a t t e r  and any 
r ipp le  in it  affect the  de lay  t ime and the shape of 
the r ise of the  l ight  pulse. For  a vol tage  fa l l  t ime of 
0.02 #sec, the  min imum de lay  and rise t imes ob-  
served were  0.06 and 0.09 #sec; tha t  is, the r is ing 
port ion was 0.03 #sec. These m i n i m um  values  were  
also obta ined for e lectrodes of severa l  meta ls  o ther  
than  a luminum. On a s imi lar  phosphor  film wi th  
RaD alpha par t ic le  exci ta t ion the rise t ime was also 
about  0.03 ~sec. 

If condit ions are such tha t  l ight  is quenched at  the  
end of a pulse  wi th  A I +  polar i ty ,  the re  is f r equen t ly  
also a delay,  but  shor ter  than  for  the r ise of the l ight  
pulse. For  example ,  when vol tage  fell  to 1 /e  in 0.04 
~sec, the  l ight  r emained  constant  for 0.05 ~sec and 
was then quenched to 1/e  in 0.5 #sec. 

As may  be seen in Fig. 7, if the  vol tage is high, the 
l ight  output  per  pulse wi th  A I +  po la r i ty  is con- 
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Fig. 7. Dependence of the integrated light emission on the pulse 
duration for both voltage polarities. 
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siderably less than with S n O +  for pulse durations 
from 0.1 to 1000 #sec. At low voltages, however,  it 
is less only for pulse durations less than about 3 ~sec, 
where quenching is important. 

At  moderate duty factors with S n O +  polarity, 
the repetition rate does not have a strong effect on 
either the form of the light pulse or its magnitude. 
An example of the total light emitted per pulse for 
both voltage polarities is shown in Fig. 8. With A I +  
voltages the light output  is comparable to that  with 
S n O +  at high repetition rates, but falls off rapidly 
at low rates. 

If  the repetition rate is increased so that a new 
voltage pulse appears before the previous light pulse 
has decayed to zero, the decaying light is quenched 
both for blue and green. Just  prior to the quenching 
and for both blue and green, as the voltage begins 
to change there is a delay of about 0.07 ~sec, then a 
small rise in the light with a duration of about 0.1 
~sec, and then the quenching which has a time con- 
stant of about 0.1 ~sec. The small rise may be the 
minor delayed pulse appearing with voltage polari ty 
opposite to that of the dominant delayed light pulse. 

Spectra~ em/ss/on.--For S n O +  pulses the spectral 
emission from films is similar to that  from the pow- 
der counterparts  for ZnS: Cu,C1 and ZnS: Cu,Br (5). 

h u  - ev 

3,10 2.76 2.48 2.25 .2.07 

I 1 I I 
lO0 - -  ~ ZnS:Cu,  Br 1.71J - -  /A  \ w,thO.. ,o 

I I  \ \ p~lo.se~ 
II \ \ rr 100 pps 

_ 80 - / /  \ \ 35v pk 

. 50 
= (SnO 

5 4 o  

20 

o I I L - -  
4(]0 500 600 

Wavelength - m p 

Fig. 9. Spectral emission of an EL film with pulse excitation of 
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In the ZnS:Cu,I  films, the broad band of ZnS:Cu 
peaking in the red (6) was obtained in addition to 
the blue band. For A I +  pulses the longer wave-  
length emission band is suppressed. For sufficiently 
narrow pulses with A I +  polarity, films with any one 
of the three halide coactivators, C1, Br, or I, give a 
similar emission band peaking at the wavelength 455 
m~ at room temperature  and having the same width 
at half maximum. An example is shown in Fig. 9. 

E]]ect o~ temperature.--In the range 80~176 
temperature has a minor effect on the delay and rise 
of the light pulse. With increase of temperature  from 
80~ the decay time is reduced and the light am- 
plitude passes through a maximum. An example for 
the blue band of ZnS:Cu, I  is shown in Fig. 10. In 
this specimen the hyperbolic and exponential decay 
constants differ approximately by a factor of 10. In 
the range 80~176 log ~ varies as T/14,000. Be- 
cause of the short pulse duration and the spectral 
sensitivity of the phototube, the influence of the red 
band in the emission of Fig. 10 is negligible. The 
temperature at which quenching of the emission 
takes place depends on the pulse duration, the volt-  
age, and the amount  of insulation. 

El~ciency.--The efficiency of conversion of elec- 
trical energy absorbed to light energy emitted was 
measured for a ZnS: Cu,Br film, 1.7~ thick with 0.1~ 
of SiO insulation. At  a pulse duration of 10 #sec, as 
the voltage was increased the efficiency (ratio of 
emitted to absorbed energy) passed through a maxi-  
mum at about 30v for both polarities. At 30v as the 
pulse duration was increased from 0.1 to 5 #sec, the 
efficiency for S n O +  decreased from 3.10 -8 to 10 -8 
while for A I +  it increased from 10 -4 to 10 -8. As 
the pulse duration was fur ther  increased from 5 to 
1000 ~sec, for both polarities the efficiency decreased 
from 10 -8 to 10 -5 . This dependence of efficiency on 
voltage and pulse duration is somewhat different 
than that for pulse excitation of powder cells (4). 

Discussion 

Hoffman and Smith (7) have reported a delay 
between the voltage pulse and the light pulse in EL 
cells of powders and have discussed some of the 
factors which may  contribute to it. From the work 
on thin films it is concluded that  the delay is due 
to the effect of circuit constants at the cell and at the 
anode of the phototube on the transmission of the 
step voltage pulses and is not due to any proper ty  
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of the phosphor. The shorter delay at the quenching 
of the light pulse may be due to the shape of the 
voltage pulse; quenching being the result of the ini- 
tial fast change of the voltage while the rise of light 
reflects the slower portion of the voltage change. 
With the same equipment, delays of 0.05 ~sec were 
also obtained on electroluminescent GaP and SiC. 

The minimum observed time of the light rise was 
about 0.03 #sec. The slower rates usually obtained 
are apparently due to the shape of the voltage pulse, 
the effects caused by the cell circuit elements at the 
phosphor film, and perhaps the effects of trapping 
within the phosphor. 

The kinetics of the decay of luminescence has been 
interpreted by many authors (3), part icularly for 
photoluminescence. For EL powders Tanaka (8) has 
obtained a fairly good fit for the bimolecular form 
of decay, obtaining a t ime constant of about 10 ~sec 
at room temperature.  Other authors (9-12) have de- 
scribed the EL decay as hyperbolic or exponential, 
reporting decay constants of from 4 to 100 ~sec. The 
results for thin films can be represented quite well 
by a fast exponential decay superposed on a slower 
bimolecular decay. This superposition indicates that  
the dominant  light pulse with pulse excitation is due 
to two sources. The secondary pulse that  is obtained 
with sine wave excitation is not one of them since 
with pulse excitation the superposition is present 
when the secondary pulse is negligible, as, for ex- 
ample, with insulation or at 80~ The fast expo- 
nential decay may be determined b y  the escape rate 
of electrons from shallow traps with no retrapping 
and can, therefore, be the same for both the blue and 
green emission. At low temperatures the rate does 
not vary  with temperature,  indicating field release of 
electrons. The bimolecular decay may be evidence 
for deeper traps and for retrapping (13, 14) with the 
rate being determined by the number  of luminescent 
centers as well as the number  of electrons being re-  
leased. 

For pulse durations longer than about 100 ~sec, 
the peak light amplitude declines while the fall 
time becomes longer. This may be due to transfer of 
holes f rom blue to green type luminescent centers 
according to the Schoen-Klasens model since the 
emission is more green at the longer pulse durations 
and the decay of green is slower. However, since the 
effect is observed in ZnS:Cu,I  in which the green 
band is very  weak, some other mechanism is also 
present. It would be expected that  the long pulses 
would have a greater proportion of deep traps which 
would reduce the initial amplitude of the light pulse 
and increase its decay time. 

In the pulse excitation of single crystals, there was 
reported (15) a quenching of blue light and a st imu- 
lation of green by the same voltage change. Such an 
effect was not observed here in the films. Any in- 
crease in light prior to a quenching can be at tr ibuted 
to the minor delayed light pulse. The blue and green 
components behaved qualitatively in the same 
manner.  

When excitation is with Alq- polarity, the voltage 
change that returns the cell to zero applied poten- 
tial excites the phosphor. The energy of excitation 

is stored during the period between the pulses. At  
low duty  factors this allows time for any transfer of 
energy between centers within the phosphor. It also 
allows time for the thermal  release of t rapped elec- 
trons, and if no retrapping occurred, there would be 
a supply of free electrons for the next  voltage change. 
This voltage change would, therefore, favor the 
transition from the conduction band. The blue emis- 
sion from ZnS has been identified (16, 17) as due to 
the transition from the conduction band to a zinc 
vacancy center. This may be the explanation for the 
blue emission with Alq- polarity. Obtaining an effi- 
ciency comparable to that with SnOq- implies that 
the number  of electrons available is small compared 
to the number  of empty luminescent centers. The 
bimolecular decay obtained may not arise from the 
same conditions as for SnOq- polarity, but  may be 
due to the relative number  of empty traps and cen- 
ters. 

It appears that  at low voltages the energy stored 
between pulses is retained longer in the absence of 
an externally applied voltage. The loss with an ap- 
plied voltage may be due to the stronger field, 
greater conductivity, or the greater density of elec- 
trons initially in traps but released during the in- 
terval between pulses. That the space charge of 
t rapped electrons forms only near the tin oxide 
electrode is confirmed by the effect of voltage po- 
larity on the build-up of light. 

Bowers and Melamed (18) attr ibuted the green 
band f rom ZnS: Cu to substitutional Cu and the red 
b a n d  to interstitial Cu. Since the green band is 
strong with C1 and Br coactivators and the red band 
with I coactivation, it may be concluded that  Cu 
enters ZnS crystals substitutionally when associ- 
ated with C1 or Br and interstitially with I. 
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A Comparison of the Intensities of Emission 
of Eu 3+ and Tb 3+ in Tungstates and Molybdates 
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Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The in tens i ty  of emission of Eu ~§ is shown to v a r y  wi th  its e lect ros ta t ic  
b ind ing  energy in the  tungs ta tes  which have the scheeli te  s t ructure .  Increas ing 
the polar iza t ion  of the oxygens toward  Eu ~+ or Tb ~§ appears  to decrease  the  
to ta l  b inding energies  of these ions in the tungsta tes  and molybdates .  Brightness  
can e i ther  increase or decrease  wi th  b inding energy  depending  on the effective- 
ness wi th  which  the host  s t ruc ture  can cap ture  exci ta t ion energy  and communi -  
cate  i t  to the r a re  ea r th  ions involved.  

F l u o r e s c e n t  emiss ion  f r o m  r a r e  e a r t h  ions  in  o x -  
ides  can  be  s t i m u l a t e d  b y  u l t r a v i o l e t  e x c i t a t i o n  in  
a n u m b e r  of ways .  The  mos t  f a m i l i a r  of t he se  is b y  
exc i t i ng  t h e  ion  d i r e c t l y  w i t h i n  a c o n v e n i e n t l y  d i s -  
posed  a b s o r p t i o n  reg ion .  R e c e n t l y  V a r s a n y i  a n d  
D i e k e  (1)  h a v e  s h o w n  t h a t  r a r e  e a r t h  ions  can  
also be  e x c i t e d  b y  e x c i t a t i o n  in  p a i r s  w h o s e  e n e r g y  
c o r r e s p o n d s  to  t h e  s u m  of t h e  e n e r g i e s  of  t w o  a b -  
s o r p t i o n  t r a n s i t i o n s  of t he  ions. E n e r g y  t r a n s f e r  
f r o m  t h e  hos t  s t r u c t u r e  to the  r a r e  e a r t h  ion can  
also be  i m p o r t a n t .  K r o g e r  (2 ) ,  for  e x a m p l e ,  has  
shown  th is  to occur  in  CaWO4:Sm.  T h e  i n t e n s i t y  of  
emiss ion  of a r a r e  e a r t h  ion  is d e p e n d e n t  on the  
c h a r a c t e r  of the  hos t  e n v i r o n m e n t  w h e t h e r  i t  a b -  
sorbs  t he  e x c i t a t i o n  e n e r g y  d i r e c t l y  or  not.  The  f a -  
c i l i ty  w i t h  w h i c h  e n e r g y  can  be  coup led  to  t he  f -  
e l ec t rons  of the  r a r e  e a r t h  ion is, a t  l eas t  in  pa r t ,  
d e p e n d e n t  on the  b i n d i n g  e n e r g y  of t h e  ion in  t he  
hos t  s t r u c t u r e  and  t h e  s y m m e t r y  of t he  s i te  w h i c h  i t  
occupies .  I n t e n s i t y  of emiss ion  m e a s u r e d  u n d e r  a 
g iven  set  of cond i t ions  m a y  be  d e p e n d e n t  on c r y s t a l  
p e r f e c t i o n  a n d  t h e  i m p u r i t i e s  p re sen t .  I t  is no t  a l -  
w a y s  poss ib l e  to  a v o i d  diff icul t ies  f r o m  these  
sources .  H o w e v e r ,  in  t h e  hope  of do ing  so, t he  p r e s -  
en t  i n v e s t i g a t i o n  has  been  c a r r i e d  ou t  e m p l o y i n g  
m a t e r i a l s  t h a t  h a d  b e e n  p r e p a r e d  as  w e l l  f o r m e d  
c r y s t a l l i t e s  b y  f lux g r o w t h  m e t h o d s  u n d e r  cond i -  
t ions  1 w h i c h  i n s u r e  r e p r o d u c i b i l i t y  a n d  as  n e a r  to 
o p t i m u m  a b r i g h t n e s s  as  poss ib l e  cons ide r ing  the  
p u r i t y  of t he  s t a r t i n g  m a t e r i a l s  (3, 4) .  This  has  
m a d e  i t  poss ib le  to o b t a i n  r e a s o n a b l y  q u a n t i t a t i v e  
c o m p a r i s o n s  of b r i g h t n e s s  for  a l a r g e  n u m b e r  of 
compos i t ions .  

I n  t h e  p r e s e n t  work ,  i n t e n s i t y  of emiss ion  is 
s h o w n  to v a r y  w i t h  t h e  p a r a m e t e r s  of a s imp le  e l ec -  

1 Me l t s  c o n t a i n i n g  a b o u t  30 m o l e  % of  t he  d e s i r e d  m a t e r i a l  and  
70 m o l e  % of  t h e  r e l e v a n t  a l k a l i  m e t a l  d i t u n g s t a t e  or  d t m o l y b d a t e  
f lux  w e r e  c o o l e d  a t  a b o u t  5 ~  f r o m  l lSOOe.  

t r o s t a t i c  m o d e l  in  as f a r  as th i s  is poss ib le .  W h e r e  
t hese  q u a l i t a t i v e  r e l a t i o n s h i p s  a p p e a r  to ho ld  for  
a l a r g e  b o d y  of  da t a ,  some  s igni f icance  can  be  a t -  
t a c h e d  to  them.  F o r  t he  p r e s e n t  s tudy ,  i t  is a s s u m e d  
t h a t  t h e  s y m m e t r y  of t h e  s i tes  in w h i c h  the  r a r e  
e a r t h  ions a r e  l oc a t e d  a r e  no t  s ign i f i can t ly  a f fec ted  
b y  c h a n g i n g  t h e  hos t  s t r u c t u r e  ca t ions  as  long as  
t he  schee l i t e  s t r u c t u r e  is  m a i n t a i n e d .  W h e r e  th i s  
a s s u m p t i o n  is app l i cab le ,  t h e  i n t e n s i t y  of  emiss ion  
of an  i so l a t ed  r a r e  e a r t h  ion  can  b e  e x p e c t e d  to show 
a d i r ec t  d e p e n d e n c e  on i ts  i n t e r a c t i o n  d i s t ances  in  
t he  c rys ta l .  T h e  r e l a t e d  o v e r - a l l  b i n d i n g  e n e r g y  of 
a g i v e n  ion can  be  c ons ide r e d  to be  a c o m b i n a t i o n  
of i ts  e l ec t ro s t a t i c  b i n d i n g  e n e r g y  ( such  as can  be  
c a l c u l a t e d  on the  bas i s  of a h a r d  s p h e r e  m o d e l )  (5)  
a n d  the  m o d i f y i n g  effects  due  to t h e  n o n s p h e r i c a l  
d i s t r i b u t i o n  of c h a r g e  a b o u t  t h e  g iven  ion  a n d  i ts  
n e i g h b o r s  (6) .  W h e r e  r a r e  e a r t h  ions can  i n t e r a c t  
m o r e  c o m p l e x  effects  m a y  be  expec ted .  

Measurements 
In  gene ra l ,  t h e  m a t e r i a l s  s t ud i e d  w e r e  in  t he  

f o r m  of c ry s t a l l i t e s  no t  e x c e e d i n g  1 m m  in t h e i r  
m a j o r  d imens ion .  B y  f i l l ing a c a v i t y  1 in. long  b y  
1~ in. w i d e  b y  �88 in. deep  w i t h  t hese  c rys ta l s ,  a 
s a m p l e  of r a n d o m  o r i e n t a t i o n  was  ob ta ined .  E m i s -  
s ion  was  e xc i t e d  b y  i l l u m i n a t i n g  the  s a m p l e s  wi th ,  
a l t e r n a t e l y ,  a 3660A r i ch  H4 m e r c u r y  spo t l amp ,  a 
b r o a d b a n d  l o n g w a v e  u.v. M i n e r a l i g h t  o r  a 2537 
M i n e r a l i g h t  t h r o u g h  a C o r n i n g  9863 fi l ter .  In  g e n -  
e ra l ,  t he  d a t a  p r e s e n t e d  w e r e  o b t a i n e d  u n d e r  e x -  
c i t a t ion  f r o m  the  H4 S p o t l a m p  s ince  f luorescence  is 
m u c h  b r i g h t e r  w i t h  th is  source.  In  as f a r  as poss ib le ,  
a l l  of t h e  r e l a t i o n s h i p s  d i scussed  h a v e  been  con-  
f i rmed  b y  m e a s u r e m e n t s  e m p l o y i n g  the  b r o a d b a n d  
l o n g w a v e  u.v. M i n e r a l i g h t .  

M e a s u r e m e n t s  w e r e  m a d e  w i t h  a G a e r t n e r  h igh  
d i spe r s ion  s p e c t r o m e t e r  a d a p t e d  w i t h  an  A M I N C O  
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p h o t o m u l t i p l i e r  m i c r o p h o t o m e t e r  us ing  a 931A tube .  
Ten  m i c r o n  sl i t  w i d t h s  w e r e  u sed  a t  t h e  e n t r a n c e  
a n d  ex i t  to t he  s p e c t r o m e t e r .  The  s y s t e m  was  ca l -  
i b r a t e d  a g a i n s t  a t u n g s t e n  f i l amen t  l a m p  whose  o u t -  
p u t  w a s  a s s u m e d  to  b e h a v e  as  a b l a c k  body .  D a t a  
w e r e  o b t a i n e d  for  b o t h  300 ~ a n d  77~ D a t a  fo r  
300~ a re  e m p l o y e d  w h e r e  t h e  d e p e n d e n c e s  of 
b r i g h t n e s s  on  t e m p e r a t u r e  a r e  smal l .  O t h e r w i s e  t h e  
77~  d a t a  a r e  e m p l o y e d .  

The  in t ens i t i e s  r e p o r t e d  a r e  for  t h e  5D o to ~F2 
t r a n s i t i o n s  of Eu  3+ (as  m e a s u r e d  for  t he  emiss ion  
of E u  3+ in t he  6150A r eg ion )  a n d  t h e  5D4 to 
~F2 t r a n s i t i o n s  of Tb 3+ (as  m e a s u r e d  for  t he  
emiss ion  of Tb  3+ in t he  5450A r e g i o n ) .  These  v a l u e s  
a r e  r e l a t i v e  to 100 for  t he  5450A p e a k  of  
Nao.sTb0.sWO 4 in k e e p i n g  w i t h  p r e v i o u s  m e a s u r e -  
m e n t s  (7 ) .  The  a b o v e  p e a k s  a r e  t he  mos t  i n t ense  for  
t he  Eu  ~ + and  Tb 3 + ions in  each  s t r u c t u r e  d iscussed .  
W i t h i n  t h e  confines  of a g iven  s t r uc tu r e ,  ' t h e  i n -  
t ens i t i e s  so o b t a i n e d  a r e  p r o p o r t i o n a l  to t h e  i n t e -  
g r a t e d  emiss ion  f rom the  s ame  e x c i t e d  s ta te .  P h o t o -  
m e t r i c  r e sponse  spec t r a  i nd i ca t e  a p p r o x i m a t e l y  t h e  
s ame  p r o p o r t i o n a l i t y  b e t w e e n  the  m e a s u r e d  e m i s -  
s ion a n d  the  i n t e g r a t e d  emiss ion  for  the  d i f fe ren t  
s t r u c t u r e s  u n d e r  cons ide ra t ion .  

G e n e r a l  

The  d e p e n d e n c e  of t he  i n t e n s i t y  of emiss ion  o f  Eu  ~ + 
on t h e  size of  t he  hos t  s t r u c t u r e  ca t ion  has  b e e n  r e -  
p o r t e d  p r e v i o u s l y  (4, 8) for  t h e  ser ies  M0.gs2+Na0.01 
Euo.olWO 4 ( w h e r e  M = Ca, Sr,  a n d  B a )  and  for  t he  
ser ies  Mom+Eu0.sWO4 ( w h e r e  M ~ Li,  Na,  K,  Rb,  
a n d  Cs ) .  S ince  the  M ~+ compos i t i ons  a l l  h a v e  t h e  
schee l i t e  s t ruc tu re ,  t he  i n t e r a c t i o n  d i s t ance  b e -  
t w e e n  Eu  3+ and  i ts  s u r r o u n d i n g s  dec reases  w i t h  t h e  
l a t t i ce  cons t an t s  on going  f r o m  Ba  to S r  to  Ca. 
E q u i v a l e n t l y ,  one  can  i n f e r  tha t ,  s ince  t he  Eu  s + ions  
occupy  M ~+ sites,  t h e  size of t he  ho le  in  w h i c h  Eu  8+ 
finds i t se l f  dec reases  in t he  a b o v e  order .  Such  a 
c h a n g e  is e x p e c t e d  to p r o d u c e  an  i nc rea se  in  b i n d -  
ing  e n e r g y  w h e t h e r  cons ide red  f r o m  a cou lombic  
(5) ,  a c o v a l e n t  (9) ,  or  an  e m p i r i c a l  (10) p o i n t  of 
v iew.  Indeed ,  b r i g h t n e s s  inc reases  a p p r o x i m a t e l y  
l i n e a r l y  w i t h  t he  r e c i p r o c a l  of t h e  i n t e r a c t i o n  d i s -  
t ances  b e t w e e n  the  M 2+ ions  and  the  n e i g h b o r i n g  
o x y g e n  ions  for  the  M 2+ ser ies .  I n  t he  M0.~ +Euo.~ 
WO4 ser ies ,  h o w e v e r ,  i t  is no t  poss ib l e  to show a s i m -  
i l a r  s i m p l e  r e l a t i onsh ip .  Here ,  s t r u c t u r a l  changes ,  
changes  in  po la r i za t ion ,  and  i n t e r ac t i ons  b e t w e e n  
r a r e  e a r t h  ions  a r e  invo lved .  Neve r the l e s s ,  i t  w a s  
f o u n d  t h a t  u n d e r  l o n g w a v e  u.v. e x c i t a t i o n  a l i n e a r  
r e l a t i o n s h i p  is o b t a i n e d  fo r  bo th  t h e  M + and  t h e  
M ~+ ser ies  w h e n  t h e  l o g a r i t h m  of t h e  i n t e n s i t y  of 
emiss ion  of Eu s+ is p l o t t e d  aga in s t  t h e  v o l u m e  (or  
cube  of t he  r a d i u s - r  ~) of t h e  a l k a l i n e  e a r t h  o r  a l k a l i  
m e t a l  ions. Th is  e m p i r i c a l  r e l a t i o n s h i p  p r o v i d e s  a 
use fu l  s t a r t i n g  bas is  for  c o m p a r i n g  t h e  effects of e n -  
v i r o n m e n t  on b r igh tnes s .  The  a b o v e  d e p e n d e n c e  
for  t he  M0.os~+Na0.o~Eu0.01WO~ ser ies  is s h o w n  in 
Fig .  1 a long  w i t h  d a t a  fo r  a n u m b e r  of a l k a l i  m e t a l  
r a r e  e a r t h  t u n g s t a t e s  w h i c h  h a v e  c o m p a r a b l e  E u  s+ 
concen t ra t ions .  

T h e  1 ~  + ions  in  M0.~s~+Na0.0~Eu0.0~WO~ can  be  
r e p l a c e d  b y  z/2 M + p lus  ~/~ M s+ w i t h o u t  c h a n g i n g  
t h e  s t r u c t u r e  w h e n  t h e  ions  a r e  c o m p a r a b l e  in  size. 
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Fig. 1. Intensity of emission of Eu 3+ as o function of r 3 for 
tee variable ions under 3660A excitation at 300~ Open triangle, 
Mo.gs 2+Nao.olEuo.olWO4; open square, Mo.5 +Lao.49Euo.olWO4; 
open circle, Mo.5+Yo.49Euo.olW04; dark circle, NaomGdo.49Euo.01 
WO4. 

F o r  th is  to occur ,  t he  M + and  M 3+ ions  m u s t  d i s -  
t r i b u t e  t h e m s e l v e s  in a r a n d o m  fash ion  in  t he  M 2+ 
si tes.  H o w e v e r ,  on the  a v e r a g e ,  each  M 3+ ion  has  
m o r e  M + t h a n  M 3+ ions  in  n e i g h b o r i n g  M 2+ si tes  
and  vice versa. This  is r e q u i r e d  to p r e s e r v e  s h o r t -  
r a n g e  e l e c t r i c a l  n e u t r a l i t y .  The  d i s t ance  b e t w e e n  
e q u i v a l e n t l y  s i t u a t e d  ions  in Na0.sGd0.49Eu0.01WO4 
is a b o u t  t he  s ame  as t h a t  f o u n d  in Ca0.gsNa0.01Eu0.0~ 
W O  4 as i n d i c a t e d  b y  x - r a y  m e a s u r e m e n t s .  This  m a y  
b e  e x p e c t e d  as  t h e  r a d i i  of  N a + ( 0 . 9 7 A ,  G d  a+ 
(0 .97A) ,  and  Ca 2+ (0.99A) a r e  a p p r o x i m a t e l y  e q u a l  
(11). 

On t h e  bas is  of a h a r d  s p h e r e  model ,  t he  con-  
t r i b u t i o n s  to e l ec t ro s t a t i c  b i n d i n g  r e s u l t i n g  f r o m  
in t e r a c t i ons  b e t w e e n  Eu 3+ and  the  s u r r o u n d i n g  o x -  
y g e n  ions shou ld  be  a b o u t  t he  s ame  in each  of t he  
a b o v e  cases.  Bu t  t h e  i o n - i o n  r e p u l s i o n  c o n t r i b u -  
t ions  b e t w e e n  Eu 3 + and  t h e  ca t ions  on the  n e i g h b o r -  
ing  M 2+ si tes shou ld  be  less  in  t he  sod ium g a d o l i n -  
i u m  compos i t ion .  Consequen t ly ,  Eu  8+ shou ld  h a v e  a 
g r e a t e r  e l e c t ro s t a t i c  b i n d i n g  e n e r g y  in t h e  s o d i u m  
g a d o l i n i u m  t h a n  in  t he  c a l c ium compos i t ion .  In  
k e e p i n g  w i t h  t he  t r e n d  for  b r i g h t n e s s  to  i nc rea se  
w i t h  t h e  e l e c t ro s t a t i c  b i n d i n g  e n e r g y  of E u  3+, i t s  
i n t e n s i t y  of emiss ion  in  t he  sod ium g a d o l i n i u m  
compos i t i on  is a b o u t  tw ice  t h a t  in t he  c a l c ium com-  
pos i t ion .  

The  N a  and  K compos i t ions  of t h e  Mo.5+LaoA9 
Euo.o~WO 4 ser ies  (Fig .  1) h a v e  the  schee l i t e  s t r u c -  
tu re ,  w h e r e a s  t h e  L i  c o m p o u n d  does not.  The  ind i -  
ca t ed  v a l u e  for  Lio.~Lao.49Euo.o~WO 4 is an  e s t i m a t e  of 
t he  i n t e n s i t y  of emiss ion  t h a t  Eu  3+ w o u l d  h a v e  if 
t he  i n d i c a t e d  compos i t i on  h a d  the  schee l i t e  s t r u c -  
ture .  This  e s t i m a t e  was  o b t a i n e d  b y  t a k i n g  the  r a -  
t io of  t h e  i n t e n s i t y  for  Eu  ~+ in Lio.sLao.4Euo.lWO 4 to 
t h a t  in Nao.~Lao.4EUo.lWO 4 ( b o t h  of w h i c h  h a v e  t h e  
schee l i t e  s t r u c t u r e )  a n d  i n c r e a s i n g  t h e  v a l u e  ob -  
t a i n e d  fo r  Nao.~Lao.49Euo.olWO4 ( w h i c h  has  t h e  
schee l i t e  s t r u c t u r e )  b y  th is  fac tor .  

The  d i f fe rence  in  s lopes  of t he  L a  3 + ser ies  a n d  t h e  
M 2+ ser ies  in F ig .  1 is a t  l eas t  in  p a r t  due  to t h e  
fac t  t h a t  on ly  Y2 of t he  ions in  t he  M 2+ s i tes  a r e  
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var ied  in  the  La 3 + series. The  decrease  in  b r igh tnes s  
wi th  inc reas ing  r 3 m a y  be associated w i th  an  i n -  
crease in  in te r ion ic  d is tance  as for the  M 2+ series. 
In  the  La s+ series, the  size of all  of the  M s+ sites 
t end  to increase  w i th  the  average  size of the i r  oc- 
cupants .  

The  in tens i t i e s  of emiss ion  of Eu  3+ in  the  series 
Mo.5+Yo.49Euo.01 WO 4 (whe re  M = Li, Na, and  K )  are 
also shown  in  Fig. 1. The  Li and  Na composi t ions  
have  the  scheel i te  s t ruc ture .  The  s t r u c t u r e  of the  
K composi t ion,  however ,  appears  to be t r ic l in ic  
(4).  The  da ta  for the  Li  and  Na composi t ions  of 
the y t t r i u m  series ind ica te  a slope tha t  is app r ox -  
ima te ly  pa ra l l e l  to tha t  ob ta ined  for the  l a n t h a n u m  
series. A n  ex t r apo la t i on  to the  va lue  expected  for  
Ko.hYg.49Euo.olWO 4 ( p r e s u m i n g  a scheel i te  s t r uc tu r e )  
is shown by  the b r o k e n  line.  The  i n t e n s i t y  of emis -  
sion of Eu  s+ in  the  ac tua l  composi t ion,  however ,  
is far  weake r  t h a n  the  above  ex t r apo la t i on  indicates .  
The m a r k e d  decrease in  b r igh tness  appears  to be 
re la ted  d i rec t ly  to the  change  in  s t ruc ture .  A s tudy  
of the  in tens i t i es  of emiss ion  of Eu  3+ in  Ca and  Cd 
tungs ta t e s  and  molybda te s  g iven  e l sewhere  (8) has 
shown tha t  there  is a comparab le  la rge  decrease in  
b r igh tness  on going f rom the  scheel i te  s t ruc tu re  to 
the  monoc l in ic  Fe rbe r i t e  s t ruc ture .  Eu  3+ has eight  
n e i g h b o r i n g  oxygen  ions in  the  fo rmer  and  on ly  
six in  the  la t ter .  In  keep ing  wi th  the t r e n d  ob ta ined  
so far, the  r educ t ion  in  the  n u m b e r  of oxygen  ions 
tha t  are  i m m e d i a t e  ne ighbors  of Eu  3+ m a y  effect a 
decrease  in  the b i n d i n g  ene rgy  of this ion. It  is pos-  
sible tha t  a s imi la r  r educ t ion  in  the  n u m b e r  of 
ne ighbo r ing  oxygen  ions occurs in  Ko.hYo.49Euo.o~ 
WO 4. 

Polar iza t ion  

The ha rd  sphere  model  cons idered  so far  does no t  
t ake  into account  changes  in  b i n d i n g  ene rgy  tha t  
m a y  resu l t  f rom changes  in  the  po la r iza t ion  of the  
e lec t ron clouds about  the  oxygen  ions which  su r -  
r o u n d  Eu s+. I t  m a y  be expected that ,  even  though  
the  lat t ice cons tan ts  r e m a i n  essen t ia l ly  the  same, 
rep lac ing  Ca e+ ions b y  Na + and  M s+ ions in  the  
scheel i te  s t ruc tu re  wi l l  cause the  oxygen  ions to 
be  polar ized to a g rea te r  ex ten t  t o w a r d  Eu 3+. This 
is due to a r educ t ion  of the average  charge  on the 
cat ions  in  the  n e i g h b o r i n g  M s+ sites~ Such an  i n -  
crease in  po la r i za t ion  can reduce  the e lectrosta t ic  
b i n d i n g  ene rgy  b e t w e e n  ions as a resu l t  of increased  
e l ec t ron -e l ec t ron  repuls ion .  This  is expected  to be 
the case for in t e rac t ions  b e t w e e n  the  oxygen  ions 
and  the  ra re  ea r th  ions, since the  nuc le i  of bo th  are 
wel l  shie lded by  the i r  respect ive  e lec t ron clouds. 
It  can  be in fe r r ed  f rom Fig. 1 tha t  the  increased  
po la r iza t ion  of the  oxygen  ions t o w a r d  Eu 3+ ( re -  
su l t ing  f rom rep lac ing  M 2+ ions w i th  M + + M 3+ 
ions)  does no t  over r ide  the  effect of r educ ing  the  
average  charge  of the  ions in  the  ne ighbo r ing  M s+ 
sites in  the tungs ta tes .  

It  is possible  to ob ta in  more  di rect  i n fo rma t i on  
conce rn ing  the  effect of po la r iza t ion  by  avo id ing  
a change  in  the  size or fo rma l  charge  of the  n e i g h -  
bo r ing  cations.  This  can be done b y  compar ing  the  
in tens i t i e s  of emiss ion of Eu  s + or Tb  s + in  t ungs t a t e s  
and  mo lybda t e s  t h a t  have  s imi la r  s t ruc tures .  H e x -  
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a va l e n t  t u n g s t e n  and  h e x a v a l e n t  m o l y b d e n u m  are 
cons idered  to have  e q u i v a l e n t  ionic radi i  (0.62A 
for six coord ina t ion  and  0.59A for four  coord ina t ion)  
(11).  The composi t ions  in  which  the  h e x a v a l e n t  
me t a l  ions have  the  lower  e l ec t ronega t iv i ty  Should 
show an  increased  po la r i zab i l i ty  of the anionic  
complexes.  This  occurs for the  mo lybda te s  as i n -  
d icated by  the  h igher  r e f rac t ive  indices (13) of 
CaMoO 4 (1.974 and  1.978) t h a n  t ha t  of CaWO 4 
(1.918 and  1.934). Specific compar i sons  of the effects 
of po la r iza t ion  on b r igh tness  in  the tungs ta t e s  and  
molybdates ,  however ,  c anno t  be c lear ly  d r a w n  w i t h -  
out  first ga in ing  some ins igh t  into the  dependences  
of the  i n t e ns i t y  of emiss ion of Eu  3+ and  Tb 3+ on 
concen t ra t ions  a nd  the  exc i ta t ion  processes involved .  

C o n c e n t r a t i o n  Dependenc ies  T u n g s t a t e s  
Figu re  2 shows the  dependence  of the  i n t ens i t y  

of emiss ion of Eu  s+ and  Tb 3+ on concen t r a t i on  for  
a n u m b e r  of a lka l i  me ta l  r a r e  ea r th  t ungs t a t e s  (7, 
12, 14). The l ine  for the  K0.hY0.~_xEUxWO4 series has 
a slope of a l i t t le  less t h a n  one. Such a slope can  be 
expected where  the  f luorescing ions are exci ted on ly  
d i rec t ly  or f rom fixed vo lumes  of the i r  s u r r o u n d -  
ings. There  is a decrease  in  the  ava i l ab i l i t y  of ex-  
c i ta t ion  to Eu 3 + ions other  t h a n  those in  the  surface 
l ayer  as concen t r a t i on  increases.  Dashed  l ines  
pa ra l l e l  to the  curve  for the  K0.hY0.~_~EuxWO 4 series 
are p rov ided  to fac i l i ta te  compar i son  of the  o ther  
curves  to this one. The  series Na0.hY0.5:xEUxWO4 and  
Na0..~Y0.5_xTbzWO 4 show nega t i ve  devia t ions  f r o m  
the  re fe rence  slope at  h igh  ra re  ea r th  concen t r a -  
t ions. Here  the  f luorescing levels  of E u  3+ and  Tb ~+ 
are  inc reas ing ly  p e r t u r b e d  b y  inc reas ing  the  con-  
cen t r a t ion  (7) of these ions. The  r e su l t i ng  decrease 
in  emiss ion per  r a r e  ea r th  ion is t e r m e d  s e l f - q u e n c h -  
ing. The g rea te r  s e l f - q u e n c h i n g  of Eu  3+ as com-  
pared  to tha t  for Tb  8+ is associated w i th  a s t ronger  
coup l ing  be t w e e n  the  f - e l ec t rons  of Eu  s+ a nd  the  
host s t ruc ture .  This  in  t u r n  m a y  be a t t r i b u t e d  to 
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t h e  s m a l l e r  gap  in  e n e r g y  b e t w e e n  the  e x c i t e d  s t a t e  
and  the  g r o u n d  m a n i f o l d  of Eu  ~+ t h a n  for  Tb ~+ 
(15, 16). 

S e l f - q u e n c h i n g ,  as  d i scussed  here in ,  is no t  due  
to a r i se  in  s e l f - a b s o r p t i o n  of emiss ion .  Th is  is 
shown  b y  Tb 8+, for  e x a m p l e  (17) ,  in  t h e  se r ies  
Cal_2~l~Ta~TbxWO4. H e r e  Tb 3+ emi t s  s t r o n g l y  f r o m  
two  e x c i t e d  s ta tes .  A s  the  c o n c e n t r a t i o n  of Tb z+ 
inc reases  a b o v e  x = 0.01, t he  emiss ion  f r o m  t h e  
l eve l  l y i n g  h i g h e r  in  e n e r g y  quenches  ( e q u a l l y  fo r  
a l l  t r a n s i t i o n s ) .  A t  t h e  s ame  t ime ,  emiss ion  f r o m  
t h e  l o w e r  l e v e l  is enhanced .  I t  r e ce ives  p a r t  of t h e  
e xc i t a t i on  los t  f r o m  the  u p p e r  leve l .  S e l f - a b s o r p -  
t ion,  in gene ra l ,  on ly  occurs  for  r e s o n a n c e  t r a n s i -  
t ions.  The  w e a k e s t  emiss ion  t r a n s i t i o n  f r o m  t h e  u p -  
p e r  l eve l  of Tb a+ is t h e  on ly  one  in  a pos i t i on  to 
exc i t e  t r a n s i t i o n s  f r o m  t h e  g r o u n d  s ta tes  of o t h e r  
Tb 3+ ions  to t h e i r  l o w e r  exc i t ed  leve ls .  A c o m p a r a -  
b l e  s e q u e n t i a l  q u e n c h i n g  of t h e  fou r  e m i t t i n g  s t a tes  
of Eu ~+ w i t h  i nc r ea s ing  c o n c e n t r a t i o n  is f o u n d  in 
t he  ser ies  Cal_e:NaxEuxWO4 (7) .  In  gene ra l ,  t he  
leve ls  w h i c h  l ie  h i g h e r  in e n e r g y  suffer  s e l f - q u e n c h -  
ing a t  l o w e r  concen t ra t ions .  

I n  t h e  se r ies  Rbo.sYo.5_~Eu~WO 4 (F ig .  2) t h e  i n -  
t e n s i t y  of emis s ion  of  Eu ~+ inc reases  f a s t e r  t h a n  i ts  
concen t r a t ion ,  t h e  s lope  b e i n g  a p p r o x i m a t e l y  two.  
S lopes  of g r e a t e r  t h a n  one a r i se  as t he  a b s o r p t i o n  
edge  of t h e  hos t  s t r u c t u r e  is a p p r o a c h e d .  T h e y  m a y  
be  a t t r i b u t e d  to a r e d u c t i o n  in t he  e n e r g y  r e q u i r e d  
to exc i t e  c h a r g e  t r a n s f e r  p rocesses  as t he  a b s o r p -  
t ion  edge  of t h e  hos t  s t r u c t u r e  m o v e s  to l o w e r  f r e -  
quenc ies  w i t h  i n c r e a s i n g  r a r e  e a r t h  concen t r a t i on .  
T h e  edge  l ies  in t h e  n e i g h b o r h o o d  of 3000A in t he  
a b o v e  Rb  compos i t ions ,  2800,~ in t he  c o m p a r a b l e  
Li, Na, and  K compos i t ions ,  and  3400A in t he  Cs 
compos i t ions .  

T h e  ser ies  Cs0.sY0.5_xEu=WO 4 shows  a l a r g e  n e g a -  
t i ve  d e v i a t i o n  f r o m  l i n e a r i t y  at  h igh  Eu  3+ c o n c e n t r a -  
t ions.  Th is  a b r u p t  d e c r e a s e  in  b r i g h t n e s s  is due  to  
an  i n c r e a s e  in  t h e  i n t e r ac t i ons  b e t w e e n  t h e  E u  3+ 
ions in a m a n n e r  s i m i l a r  to  t h a t  w h i c h  occurs  in 
s e l f - q u e n c h i n g .  H o w e v e r ,  in  th is  case, q u e n c h i n g  
is no t  due  to the  exces s ive  p e r t u r b a t i o n  of t he  e x -  
c i ted  f - e l e c t r o n s  of E u  ~+ b u t  to a dec rea se  in  t h e  
e n e r g y  r e c e i v e d  b y  Eu  3+ f r o m  the  hos t  s t r u c t u r e  
(12) .  The  p rocesses  b y  w h i c h  a hos t  s t r u c t u r e  c a p -  
t u r e s  e n e r g y  in  i n s u l a t i n g  c r y s t a l s  h a v e  b e e n  d i s -  
cussed  in  d e t a i l  b y  K r o g e r  (2)  and  b y  W a n n i e r  
(18) .  H e r e i n  t h e y  wi l l  b e  r e f e r r e d  to as " l a t t i c e "  
processes .  E n e r g y  g a i n e d  t h r o u g h  these  p rocesses  
is sub j ec t  to d e g r a d a t i o n  b y  i n t e r a c t i o n  w i t h  t he  
phonon  spec t rum,  w h i c h  m a y  r e s u l t  in  i ts  d i s s i p a -  
t ion  b e f o r e  i t  can  be  c o m m u n i c a t e d  to t he  f luores -  
c ing ions. As  can  be  seen  f r o m  Fig.  2, " l a t t i c e "  p r o c -  
esses e n h a n c e  the  i n t e n s i t y  of  emiss ion  p e r  Eu  3+ 
ion b y  a f ac to r  of  15 (up  to x- -0 .10)  in  t h e  ser ies  
Cs0.sY0.5-:EUxWO4 u n d e r  3660A exc i t a t ion .  In  c o m -  
pa r i son ,  w h e n  the  s a m e  m a t e r i a l s  a r e  e x c i t e d  w i t h i n  
the  a b s o r p t i o n  edge  of t he  hos t  s t r u c t u r e  b y  the  
2537 M i n e r a l i g h t ,  an  e n h a n c e m e n t  b y  a f ac to r  of 
a b o u t  2000 is o b t a i n e d  (12) .  U n d e r  each  exc i t a t ion ,  
t he  c o n t r i b u t i o n  to  t h e  emiss ion  of Eu  s+ due  to 
l a t t i c e  p rocesses  f a l l  off a b o v e  x ---- 0.10. This  shows  
t h a t  t h e  e x t e n t  to  w h i c h  t h e  e n e r g y  c a p t u r e d  b y  
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t h e  l a t t i c e  is d e g r a d e d  b y  p h o n o n  p rocesses  i n -  
c reases  w i t h  E u  3+ concen t r a t i on .  I n  a s im i l a r  m a n -  
ne r  t h e r e  is an  e n h a n c e m e n t  of Eu 3+ emiss ion  b y  
a f ac to r  of 2 for  t he  m e m b e r s  of t h e  ser ies  Rb0. 5 
Y0.5_xEu~WO4 u n d e r  b r o a d b a n d  l o n g w a v e  u.v. (up  
to  x - -0 .25)  w h i c h  is no t  p r e s e n t  u n d e r  3660A e x c i t a -  
t ion.  This  is e x c i t e d  b y  t h e  s h o r t - w a v e  c o m p o n e n t s  
of the  b r o a d b a n d  u.v. source.  A m u c h  g r e a t e r  e n -  
h a n c e m e n t  is o b t a i n e d  u n d e r  2537A exc i t a t ion .  

I t  is h e l p f u l  to  p o i n t  ou t  a g a i n  tha t ,  in  t h e  a b -  
sence  of l a t t i c e  processes ,  t h e  i n t e n s i t y  of  emiss ion  
of Eu  3+ or  Tb  3+ inc reases  w i t h  i ts  b i n d i n g  ene rgy .  
H o w e v e r ,  t he  c o n t r i b u t i o n s  to t h e  emiss ion  of  Eu  8+ 
(or  Tb  3+) r e s u l t i n g  f r o m  l a t t i c e  p rocesses  d e c r e a s e  
w i t h  i n c r e a s i n g  b i n d i n g  ene rgy .  Thus,  b r i g h t n e s s  
can  v a r y  in e i t h e r  d i r ec t i on  w i t h  b i n d i n g  ene rgy .  

Comparisons 

Concentration curves.--Figure 3 shows  t h e  d e -  
p e n d e n c e s  of t h e  i n t e n s i t y  of emiss ion  of Eu  8+ or  
Tb 3+ on i ts  c o n c e n t r a t i o n  for  a n u m b e r  of a l k a l i  
m e t a l  r a r e  e a r t h  t u n g s t a t e s  and  m o l y b d a t e s .  I t  can  
be  seen  t h a t  t h e  s e l f - q u e n c h i n g  of Eu  8+ is m u c h  
less s e v e r e  in  t h e  Li0.sY0.5-xEuxMoO~ ser ies  t h a n  
for  t he  c o m p a r a b l e  t ungs t a t e s .  F u r t h e r ,  t h e  i n t e n -  
s i t ies  of emiss ion  of E u  3+ in  t h e  d i l u t e  r eg ion  of 
t h e  m o l y b d a t e s  a r e  a b o u t  an  o r d e r  of m a g n i t u d e  
w e a k e r  t h a n  in  t h e  c o m p a r a b l e  t ungs t a t e s .  S ince  
l a t t i ce  p rocesses  a r e  no t  d o m i n a n t  in  t h e s e  ser ies ,  
t he  d i f fe rences  o b s e r v e d  m a y  b e  a t t r i b u t e d  to  a 
s m a l l e r  b i n d i n g  e n e r g y  for  t h e  Eu  ~+ ions  in  t he  
m o l y b d a t e s .  

A c o m p a r i s o n  of t he  ser ies  Cs0.sY0.5_~Eu~WO 4 a n d  
Cs0.sY0.5_~Eu~MoO4 ( in  Fig .  3) shows  t h a t  t h e  i n -  
t e n s i t y  of  emiss ion  of Eu 3+ in t he  m o l y b d a t e  ser ies  
is g r e a t e r  b y  a f ac to r  of two  t h a n  t h a t  in  t h e  t u n g -  
s t a t e  se r ies  u n d e r  3660A exc i t a t ion .  F u r t h e r m o r e ,  
t he  c o n t r i b u t i o n s  of t h e  l a t t i c e  p rocesses  a r e  no t  
as s t r o n g l y  q u e n c h e d  b y  i n c r e a s i n g  Eu  3+ c oncen -  
t r a t i o n  in  t h e  m o l y b d a t e s .  These  r e l a t i o n s h i p s  a r e  
also in  k e e p i n g  w i t h  a s m a l l e r  b i n d i n g  e n e r g y  in  
t he  l a t t e r .  
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Rathe r  m a r k e d  changes  in  the  i n t ens i t y  of emis -  
sion of Tb  ~+ occur on going f rom the  tungs t a t e s  to 
the  comparab le  molybda tes .  A compar i son  of Fig. 
2 and  5 shows tha t  at  77~ Li0.sTb0.sWO 4 is t w e n t y  
t imes  b r i g h t e r  t h a n  Li0.sTb0.sMoO4, and  Cs0.sTb0. 5 
MoO 4 is s ix ty  t imes  b r igh t e r  t h a n  Cso.sTbo.sWO 4. 
These changes  are m u c h  la rger  t h a n  those observed  
for Eu  3+ (1.5 and  10 respec t ive ly ) .  The  p r o n o u n c e d  
changes  observed  for Tb 3+ are cons is ten t  w i th  the  
w e a k e r  coupl ing  of its f - e l ec t rons  to the  e n v i r o n -  
m e n t  (15).  This  is also ind ica ted  by  the  slope of 
th ree  ob ta ined  for the  Cs0.sYo.5_=Tb~MoO4 series. 
The ab i l i ty  of Tb  3+ to der ive  ene rgy  f rom lat t ice  
processes increases  wi th  its concent ra t ion .  The  oppo-  
site is t r u e  for Eu  3 + which  is m o r e  s t rong ly  coupled 
to the  e n v i r o n m e n t .  As p r ev ious ly  indica ted ,  inc reas -  
ing the  concen t r a t i on  of Eu 8+ in  the  Cso.sY0.5_xEu x 
WO 4 series (above  x ---- 0.1) resul t s  in  a r educ t ion  in  
the  c o n t r i b u t i o n  of la t t ice  processes to the  emis -  
s ion of Eu  ~ +. 

The Mo.5+Y0.5_xEuxWO 4 series.--Figure 4 p re -  
sents  a compar i son  of the  in tens i t i es  of emiss ion  of 
the  m e m b e r s  of the  series Mo.5+Eu0.sWO4 and  Mo.~ + 
Yo.~Eu0.tWO4 u n d e r  3660A exc i ta t ion  and  exc i ta -  
t ion  f rom the  2537A Minera l igh t .  The i n t ens i t y  
da ta  are  p lot ted  aga ins t  r 8 for  the  va r i ab le  ion 
as in  Fig. 1. There  is an  a p p r o x i m a t e l y  logar i th -  
mic dependence  of b r igh tness  on  r s for the  Mo.~ + 
Eu0.sWO 4 series u n d e r  3660A exci ta t ion,  bu t  no t  for 
the  M0.5+Y0.4Eu0.1WO4 series. The r e l a t i ve ly  high 
i n t e n s i t y  for the  Cs0.sYo.4Eu0.1WO4 composi t ion is, 
at  leas t  in  part ,  due  to e n h a n c e m e n t  of Eu s+ emis -  
sion b y  la t t ice  processes as discussed in  connec t ion  
wi th  Fig. 2. The  large  increases  in  re la t ive  b r i g h t -  
ness  for Eu  ~+ in  this  and  the  comparab le  Rb com- 
posi t ion u n d e r  exc i ta t ion  f rom the  2537 Mine ra l igh t  
a re  due  to an  increase  in  la t t ice  processes. This r e -  
sults  f rom exci t ing  the  host s t ruc tu res  w i t h i n  the i r  
con t inuous  absorp t ion  regions.  La t t ice  processes do 
not  appear  to enhance  emiss ion  f rom Eu 3+ in  the  
Li, Na, and  K composi t ions  of the  Eu0. ~ series. 

In  the  M0.5+Eu0.sWO4 series e n h a n c e m e n t  of 
emiss ion  due  to la t t ice  processes does not  appear  
to occur u n d e r  3660A exci ta t ion.  However ,  it does 
u n d e r  exc i t a t ion  f rom the  2537 Minera l igh t .  2 In  bo th  
the  Eu0. I and  Eu0. 5 series the  con t r ibu t ions  of la t t ice  
processes to the  emiss ion  of Eu  3+ are seen to de-  
crease wi th  decreas ing  r 3. 

The  fact tha t  the  in tens i t i es  of emiss ion of the  
severa l  composi t ions  of the  M0.5+Eu0.sWO~ series 
u n d e r  3660A exc i ta t ion  come close to fa l l ing  on the 
same l ine  migh t  be  cons idered  coincidenta l .  A n u m -  
be r  of s t r uc tu r e  changes  occur in  this  series (4) 
and  s e l f - q u e n c h i n g  effects are qu i te  s t rong for the  
Li and  Na composit ions.  However ,  the  above r e l a -  
t ionsh ip  follows a defini te  t r e n d  for b r igh tness  to 
decrease wi th  inc reas ing  e l ec t ron -e l ec t ron  r e p u l -  
sion b e t w e e n  Eu  ~+ and  its n e i g h b o r i n g  oxygen  ions. 
In  each composi t ion  of this  series, Eu  ~+ essen t ia l ly  
de t e rmines  its own  site size. Hence,  the  in t e rac t ion  
d is tance  of Eu s+ wi th  its s u r r o u n d i n g  oxygens  is 

-~ The  r e l a t i v e l y  cons t an t  b r i g h t n e s s  of  Eu~+ fo r  th i s  ser ies  u n d e r  
e x c i t a t i o n  f r o m  the  2537 M i n e r a l i g h t  was  f o r m e r l y  (4) a t t r i b u t e d  
to  e x c i t a t i o n  w i t h i n  the  c o n t i n u o u s  a b s o r p t i o n  r e g i o n  of E u  s+. H o w -  
ever ,  such  an  e x p l a n a t i o n  is no t  cons i s t en t  w i t h  t he  v a r i a t i o n s  i n  
t he  x = 0.1 series. 
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Fig. 4. Intensity of emission of Eu 3+ as a function of r 3 for the 
variable ions in the indicated series under 3660A excitation and 
excitation from the 2537 Mineralight at 300~ open circle, 
Mo.5§ 3660A; solid circle, Mo.5+Yo.4EuoAW04 3660A; 
open square, Mo.5+Euo.~W04 2537; solid square, Mo.5+Yo.4Euo.1 
W04 2537. 
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r "3 FOR THE VARIAEILE t O N  

Fig. 5. Intensity of emission of Eu 3+ or Tb ~+ as a function of r 3 
for the variable ions in the indicated series under 3660A excitation. 
Circled plus, Mo.5+Euo.5MoO4, Eu - -77~ dotted circle, Mo.5 + 
Tbo.5WO4, Tb - -77~ open circle, Mo.5+Tbo.sMoO4, Tb - -77"K;  
solid circle, Mo.5+Tbo.5MoO4, Tb - -300~ open square, Mo.5 + 
TboAsEuo.o5MoO4, Eu --77~ 

in  pa r t  d e t e r m i n e d  by  the  ab i l i ty  of the  a lka l i  me ta l  
ions p resen t  to polar ize  the  WO42- an ions  towards  
themselves .  This  ab i l i ty  decreases as the rad ius  of 
the a lka l i  me t a l  ion increases.  The  po la r iza t ion  of 
the  WO42- an ions  t oward  the  Eu  ~+ ions and  the  
effects of the in te rac t ions  tha t  occur b e t w e e n  Eu z+ 
ions on the i r  coupl ing  to the  e n v i r o n m e n t  seem 
to be  more  i m p o r t a n t  t h a n  s t ruc tu r a l  cons idera t ions  
in  d e t e r m i n i n g  b r igh tness  in  the  Eu0. 5 series. Since 
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t h e  i n t e r a c t i o n s  b e t w e e n  Eu  3+ ions  a r e  not  effect ive  
in  t he  d i l u t e  m a t e r i a l s ,  s t r u c t u r a l  f ac to r s  a r e  of i n -  
c r ea sed  i m p o r t a n c e  in  t he  x--0 .10 a n d  0.01 ser ies .  

Comparisons-vs.  r3 . - - -F igure  5 p r o v i d e s  a com-  
p a r i s o n  of t he  d e p e n d e n c e s  of t h e  i n t e n s i t y  of e m i s -  
s ion of Tb 3 + a n d / o r  Eu 3 + on r 8 fo r  t h e  v a r i a b l e  ions 
in  t he  ser ies  M0.5+Eu0.~MoO4, M0.5+Tb0.~WO4, M0.5 + 
Tb0.sMoO4, a n d  M0.5+Tb0.45Eu0.05MoO 4 u n d e r  3660A 
exc i ta t ion .  The  d a t a  for  t he  Mo0.5+Eu0.sMoO4 ser ies  
show a d e p e n d e n c e  on r 3 t h a t  m a y  b e  cons ide r e d  to  
be  s im i l a r  in c h a r a c t e r  to t h a t  for  t he  c o m p a r a b l e  
t u n g s t a t e s  u n d e r  e x c i t a t i o n  f r o m  the  2537 M i n -  
e r a l i g h t  (F ig .  4) .  This  is due  to t he  a b s o r p t i o n  edges  
of t h e  m o l y b d a t e s  l y i n g  in  t h e  3400-3600A reg ion .  
I t  is r e a d i l y  seen  t h a t  t he  i n t e n s i t y  of emiss ion  of 
Tb s + in  t h e  t u n g s t a t e s  fo l lows  the  t r e n d  of t he  se r ies  
M0.5+Eu0.sWO4 ( a n d  of t h e  m e m b e r s  of t he  M0.5+Eu0.5 
MoO 4 ser ies  w h i c h  h a v e  the  s m a l l e r  v a l u e s  of r 3) 
w h i l e  t h a t  for  Tb 3+ in t he  m o l y b d a t e s  fo l lows  t h e  
t r e n d  of t h e  m e m b e r s  of t h e  M0.5+Euo.sMoO4 ser ies  
w h i c h  h a v e  the  l a r g e r  v a l u e s  of r ~. These  r e l a t i o n -  
ships  show t h a t  t h e  coup l ing  of t he  r a r e  e a r t h  ion 
to t he  hos t  s t r u c t u r e  (as  d e t e r m i n e d  b y  the  b i n d i n g  
ene rgy ,  po l a r i za t ion ,  and  c o n c e n t r a t i o n  effects)  is 
t h e  d o m i n a n t  f ac to r  con t ro l l i ng  the  i n t e n s i t y  of 
emis s ion  of Tb  3+ (as  w e l l  as t h a t  for  Eu  3+ ) in  t h e  
tungs ta t e s .  I n  t he  m o l y b d a t e s ,  ( the  coup l ing  of Tb ~+ 
be ing  c o n s i d e r a b l y  w e a k e r )  t he  c o n t r i b u t i o n s  of l a t -  
t ice  p rocesses  a re  d o m i n a n t  for  t he  e n t i r e  series.  

The  d a t a  for  t he  M0.5+Tb0.4~Eu0.05MoO4 ser ies  of 
Fig.  5 show t h a t  e n e r g y  a c q u i r e d  b y  Tb 3+ can  be  
t r a n s f e r r e d  to and  e m i t t e d  b y  E u  3+ in t he  m o l y b -  
da tes  as w e l l  as in t he  t u n g s t a t e s  (19) .  

Temperature  Dependencies 

The  d a t a  for  the  M0.~Tb0.sMoO 4 ser ies  of Fig .  5 
a r e  p l o t t e d  for  300~ as w e l l  as for  77~ I t  is a p -  
p a r e n t  t h a t  t he  i n t e n s i t y  of emiss ion  o f  Tb 3+ 
u n d e r  3660A e x c i t a t i o n  inc reases  b y  a f ac to r  of a p -  
p r o x i m a t e l y  25 on going f r o m  300 ~ to 77~ The  
c o m p a r a b l e  f ac to r  r a n g e s  f r o m  1.0 to 3.0 w i t h  i n -  
c r eas ing  r 3 in t h e  t u n g s t a t e  ser ies .  The  d i f fe rence  in 
t h e  t e m p e r a t u r e  d e p e n d e n c e  of t he  two  ser ies  is due  
to a d i f fe rence  in e x c i t a t i o n  processes .  L a t t i c e  p r o c -  
esses  a r e  no t  d o m i n a n t  in  t he  t ungs t a t e s ,  b u t  t h e y  
a r e  in t he  m o l y b d a t e s .  Hence ,  t he  d e g r a d a t i o n  of 
exc i t a t i on  e n e r g y  b y  i n t e r a c t i o n  of exc i t ed  s ta tes  of 
t h e  hos t  s t r u c t u r e  w i t h  t he  p h o n o n  s p e c t r u m  can  
g r e a t l y  d i m i n i s h  the  a v a i l a b i l i t y  of e n e r g y  to t he  
Tb 3+ ions in  t he  m o l y b d a t e s .  L o w e r i n g  the  t e m p e r -  
a t u r e  r educes  c o m p e t i t i o n  f r o m  th i s  source  and,  
consequen t ly ,  i nc reases  t he  a v a i l a b i l i t y  of exc i t a t i o r  
to Tb 3+. The  effect of t e m p e r a t u r e  on the  in tens i t~  
of emiss ion  of Eu 3+ in t he  c o m p a r a b l e  m o l y b d a t e s  
is m u c h  smal l e r .  This  m a y  be  a s soc ia t ed  w i t h  t h e  
s t r o n g e r  coup l ing  b e t w e e n  Eu 3+ and  the  hos t  s t r u c -  
tu re .  

Summary 
E m p l o y i n g  a h a r d  sphe re  ionic mode l ,  t h e  i n t e n -  

s i ty  of  emis s ion  of Eu 3+ has  b e e n  shown  to v a r y  
w i t h  i ts  e l ec t ro s t a t i c  b i n d i n g  e n e r g y  in t he  t u n g -  
s ta tes  w h i c h  have  the  schee l i t e  s t r u c t u r e  w h e n  the  
Eu  8+ is p r e s e n t  in l ow concen t r a t i ons .  A r e l a t i v e l y  
d i r ec t  c o m p a r i s o n  of t h e  effects of cha rge  i n d u c e d  
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p o l a r i z a t i o n  of t h e  an ion ic  g roups  on  the  b i n d i n g  
e n e r g y  of Eu  3+ and  Tb 3+ has  b e e n  o b t a i n e d  for  
t u n g s t a t e s  a n d  m o l y b d a t e s  w h i c h  h a v e  s im i l a r  
s t ruc tu re s .  The  ions, Mo 6+ a n d  W e+, h a v e  e q u a l  
r a d i i  and ,  hence ,  t he  s u b s t i t u t i o n  of one for  t he  
o t h e r  can  be  m a d e  w i t h o u t  c h a n g i n g  s t ruc tu re ,  ion 
size, or  cha rge  type .  H o w e v e r ,  t h e  MoO 2 -  g roups  
a r e  m o r e  p o l a r i z a b l e  t h a n  t h e  WO42- groups .  A n  
i n c r e a s e  in  e l e c t r o n - e l e c t r o n  r e p u l s i o n  b e t w e e n  the  
o x y g e n s  and  t h e i r  n e i g h b o r i n g  r a r e  e a r t h  ions  in  
t he  m o l y b d a t e s  (due  to a g r e a t e r  c h a r g e  i n d u c e d  
p o l a r i z a t i o n )  r e d u c e s  t he  coup l ing  of Eu  s+ or  Tb ~+ 
to t h e i r  su r round ings .  I n c r e a s i n g  the  c o n c e n t r a t i o n  
of E u  3+ or  Tb  3+ acts  to  i n c r e a s e  t h e  ease  w i t h  w h i c h  
t h e s e  ions i n t e r a c t  w i t h  each  o t h e r  a n d  w i t h  t he  
su r round ings .  This  can  r e s u l t  in s e l f - q u e n c h i n g ,  an  
i nc rea se  in  emiss ion  p e r  Eu  3 + or  Tb s + ion  w i t h  con-  
cen t r a t i on ,  o r  t he  q u e n c h i n g  of l a t t i c e  processes .  
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JOURNAL. 
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Properties of Twin Boundaries in Silicon 
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ABSTRACT 

Twin boundar ies  in a c ruc ib le -g rown silicon crys ta l  are  invest igated.  A 
specimen was found to contain both l ow-ene rgy  boundar ies  in ( l l l ) - p l a n e s  
and h igh -ene rgy  boundar ies  in (221)-planes.  This s t ruc ture  resul ted  f rom 
s imul taneous  twinn ing  on the  four  lower  oc tahedra l  p lanes  dur ing  pu l l ing  
along a [100]-growth axis. P - n  junct ion  diodes show "soft" reverse  cha rac te r -  
istics at  the h i g h - e n e r g y  boundaries .  This is a t t r ibu ted  to precipi ta tes .  Ne i the r  
p re fe ren t ia l  "softness" nor  prec ip i ta t ion  is detected on the ( l l l ) - b o u n d a r i e s .  
Nei ther  bounda ry  gives any enhancement  of impur i ty  diffusion. 

S t r u c t u r a l  i m p e r f e c t i o n s  a r e  of i m p o r t a n c e  for  
p e r f o r m a n c e  and  r e l i a b i l i t y  of s o l i d - s t a t e  devices .  
One p a r t i c u l a r  t w o - d i m e n s i o n a l  i m p e r f e c t i o n  in  a 
c r y s t a l  is t he  tw in  b o u n d a r y .  P r e s e n t e d  in th is  
p a p e r  a r e  some i n v e s t i g a t i o n s  conce rn ing  t w i n  
b o u n d a r i e s  and  t h e i r  inf luence  on s t r u c t u r e  and  
b e h a v i o r  of s i l icon devices .  

T w i n n i n g  is a p h e n o m e n o n  f r e q u e n t l y  o b s e r v e d  
in si l icon.  S e v e r a l  p a p e r s  have  d e a l t  w i t h  t he  c r y s -  
t a l l o g r a p h i c  s t r u c t u r e  of t w i n  b o u n d a r i e s  (1 -6 ) .  
The  mos t  c o m m o n  b o u n d a r y  b e t w e e n  two  t w i n s  
l ies  in a ( I l l ) - p l a n e .  F i g u r e  1 shows  a m o d e l  of 
th is  b o u n d a r y ,  w h i c h  is o f ten  ca l l ed  " f i r s t - o r d e r "  
or  " c o h e r e n t "  b o u n d a r y .  I t  is seen  t ha t  t he  two  
g ra in s  a r e  m i r r o r  images  of each  other .  No d i s loca -  
t ions,  b r o k e n  or  d i s t o r t e d  bonds  a r e  r e q u i r e d  for  
th is  b o u n d a r y .  I t  is obv ious  f r o m  Fig.  1 t h a t  t h e  
a toms  at  the  b o u n d a r y  v io l a t e  on ly  s e c o n d - n e a r e s t  
n e i g h b o r  re la t ions .  There fo re ,  i t  is p l a u s i b l e  t h a t  
t he  e n e r g y  to c r e a t e  th is  t w i n  b o u n d a r y  m u s t  be  

Fig. 1. Coherent, low-energy twin boundary in the diamond 
lattice. Boundary plane is mirror plane, it is (111)-plane for both 
grains. Common [101~]-direction goes into paper. 

low, hence  the  f r e q u e n t  occu r r ence  of th i s  t w i n  
b o u n d a r y .  

Bes ides  th is  l o w - e n e r g y  fau l t ,  t h e r e  a r e  s e v e r a l  
o t h e r  poss ib le  b o u n d a r i e s  w i t h  h i g h e r  energ ies ,  
o f t en  g e n e r a l l y  ca t ego r i zed  as " i n c o h e r e n t "  or  
" h i g h - o r d e r "  t w i n  b o u n d a r i e s .  K o h n  (1, 2) and  
H o r n s t r a  (3)  h a v e  d i scussed  these  b o u n d a r i e s  in 
de ta i l .  One  p a r t i c u l a r  t y p e  of b o u n d a r y  wi l l  be  of 
i n t e r e s t  for  our  inves t iga t ions .  This  s t r u c t u r e  is 
ca l led  " second  o r d e r  t w i n  j o i n "  b y  K o h n  (2) .  Such  
a " jo in"  is t he  i n t e r f a c e  b e t w e e n  two  g ra in s  ( " i n -  
d i v i d u a l s " )  w h i c h  a re  in  n o n p a r a l l e l  f i r s t - o r d e r  
( l l l ) - t w i n  r e l a t i ons  to a t h i r d  i nd iv idua l .  K o h n  
shows  t ha t  t h r e e  such  s e c o n d - o r d e r  jo ins  ex i s t  in 
t he  d i a m o n d  la t t ice .  He  does  no t  d iscuss  t h e  s t r u c -  
t u r e  of these  jo ins  in  t e r m s  of d i s loca t ions .  H o r n -  
s t r a  (3 ) ,  on the  o t h e r  hand ,  m a i n t a i n s  t h a t  a l l  t w i n  
b o u n d a r i e s  a r e  o n l y  spec ia l  cases  of g e n e r a l i z e d  
g r a i n  bounda r i e s ,  w h i c h  a r e  f o r m e d  b y  r e g u l a r  a r -  
r a y s  of d i s loca t ions .  

This  p a p e r  r e p o r t s  v a r i o u s  m e a s u r e m e n t s  m a d e  
on an  unusua l ,  t w i n n e d  s i l icon  c rys ta l .  The  spec i -  
m e n  showed  v e r y  r e g u l a r  b o u n d a r i e s ;  b o t h  t he  
c o h e r e n t  ( l l l ) - b o u n d a r y  a n d  a s e c o n d - o r d e r  jo in  
w e r e  f o u n d  w i t h i n  o t h e r w i s e  p e r f e c t  c r y s t a l l i n e  
m a t e r i a l .  Thus  the  c r y s t a l  was  p a r t i c u l a r l y  s u i t a b l e  
for  i nves t i ga t i ons  of t he  t w o  d i f f e ren t  k i n d s  of 
bounda r i e s .  In  the  fo l lowing ,  w e  sha l l  f irst  de sc r ibe  
t he  s t r u c t u r e  of  t he  s a m p l e  and  s p e c u l a t e  a b o u t  t he  
causes  of i ts p e c u l i a r  g rowth .  M e a s u r e m e n t s  con-  
c e rn ing  e l ec t r i ca l  p r o p e r t i e s  as w e l l  as p r e c i p i t a t i o n  
and  d i f fus ion  w i l l  be  d i scussed  nex t .  C o m p a r i s o n  
w i t h  the  s t r u c t u r a l  m o d e l s  and  some i m p l i c a t i o n s  
c o n c e r n i n g  p - n  j u n c t i o n  b e h a v i o r  a t  t he se  b o u n d -  
a r ies  conc lude  th is  pape r .  

Exper imental  
Description of the samples.--A s i l icon s ing le  

c r y s t a l  was  g r o w n  w i t h  a [100] pu l l  axis ,  u t i l i z ing  
the  C z o c h r a l s k i  t e c h n i q u e  (6, 7) w i th  a q u a r t z  
c ruc ib le .  Some  u n c o n t r o l l e d  i n t e r f e r e n c e  d u r i n g  
the  e a r l y  s tages  of t he  g r o w t h  p rocess  r e s u l t e d  in  
s i m u l t a n e o u s  t w i n n i n g  on the  fou r  l o w e r  o c t r a -  
h e d r a l  ( l l l ) - p l a n e s .  This  gave  fou r  c o h e r e n t  t w i n -  
b o u n d a r i e s  p r o p a g a t i n g  t o w a r d  the  axis  as t he  p u l l -  
ing  p roceeded .  

52 
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Fig. 2. (o), Sketch of silicon crystal with grown-in twin bound- 
aries; (b), cross sections of crystal at different growth levels. 

Fig. 3. Photographs of crystal slices with twin boundaries, cor- 
responding to drawings of Fig. 3. 

Figure  2 (a)  i l lus t ra tes  this  si tuation.  As the  four 
boundar ies  moved inward,  four new boundar ies  
were  created.  These are the interfaces  be tween two 
adjacent  twins,  each of which is in a coherent  tw in -  
re la t ion to the or iginal  crystal .  We thus have 
created 1 four second-order  joins, using Kohn 's  t e r -  
minology (1, 2). The coherent  boundar ies  vanish 
af ter  meet ing at a common point  on the crys ta l  
axis. The four h igh -ene rgy  joins are left  " locked" 
into the  crystal .  F igure  2 (b) fu r the r  i l lus t ra tes  this  
deve lopment  by showing the cross sections of slices 
at different  levels of the grown crystal .  F igure  3 
shows photographs  of lapped slices, corresponding 
to the drawings  of Fig. 2 (b ) .  

The growth  of this  unusua l  c rys ta l  was acciden-  
tal.  The unique charac te r  of the sample was not  
discovered unt i l  af ter  slicing of the  crys ta l  boule. 
It may  be specula ted tha t  a t e m p e r a t u r e  shock or 

i T h i s  i s  a n  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  K o h n ' s  i d e a l i z e d  d r a w i n g ;  
s e e  F i g .  4 o f  r e f .  ( 1 ) .  
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Fig. 4. Structure of the (221)-type second-order twin join after 
Kohn (1.2). A and B refer to the two individuals of the twin. Bonds 
are distorted at points d and b. [Reproduced from ref. (2), courtesy 
of Mineral. Sac. of America]. 

an inadver t en t  sudden contaminat ion  of the mel t  
led to the s imul taneous  twinning  (6).  Such s imul-  
taneous twinning  had f requen t ly  been found af ter  
de l ibera te  in t roduct ion  of "a l loying  mix tu res"  (8) 
into silicon melts.  Al though this seems a l ike ly  ex-  
planat ion,  our da ta  as wel l  as those in the  l i t e ra tu re  
(8) are  not sufficient to pe rmi t  a conclusive s ta te -  
ment.  

The crys ta l lographic  evaluat ion  of the slices was 
done first, roughly,  by  observing the slip pa t te rns  
in t roduced by  boron-diffusion (9).  A complete  
evaluat ion  was then done wi th  x - r a y  techniques.  2 
It  was es tabl ished tha t  the ini t ia l  twinning  occurred 
along ( l l l ) - p l a n e s .  The second-order  joins were  

found to be of the (221) - (221) type.  Both Kohn 
(1, 2) and Horns t ra  (3) give models  for this  type  
of twin  boundary .  F igure  4 is a reproduct ion  of 
Kohn 's  proposal .  I t  shows a zig-zag discont inui ty  

wi th  a resul t ing  direct ion along (221) of twin  in-  

d iv idual  A and (~21) of indiv idual  B. Ar rays  of 
nets wi th  consecut ively five and seven atoms are  
formed.  No "dangl ing  bonds" are necessary,  but, 
as shown in the sketch, some bonds have  to be dis-  
torted.  Kohn does not speak of dislocations forming 
this boundary .  Horns t ra  (3) derives a s t ruc ture  
ident ical  to Fig. 4, but  discusses it in t e rms  of a 
closely spaced zig-zag a r r a y  of dislocations. He 
presents  an a l te rna t ive  model  for this second-order  
twin, which consists of over lapping  double disloca-  
tions. This model  is shown in Fig. 5. 

Electrical Properties 
Slices f rom the crys ta l  were  cut pe rpend icu la r  to 

the pul l  axis. They were  then lapped  and finally 
pol ished wi th  Linde A. The average  electr ical  r e -  
s is t ivi ty  of the specimen was 1.5 ohm-cm,  p- type .  
The doping e lement  was boron. 

Photoscanning measurements  (10) were  done 
with  a l ight  spot of 25/z diameter .  Such measure -  
ments  can give useful  informat ion  about  magni tude  
and type  of conduct iv i ty  of boundar ies  in semicon-  
ductors. For  example,  ge rman ium grain  boundar ies  
show photovol tages  of a po la r i ty  which are thought  

2 W e  a r e  v e r y  m u c h  i n d e b t e d  t o  M r .  W i l l i a m  R .  C o o k  o f  t h e  E l e c -  
t r o n i c  R e s e a r c h  D i v i s i o n ,  C l e v i t e  C o r p o r a t i o n ,  C l e v e l a n d ,  O h i o ,  w h o  
k i n d l y  p e r f o r m e d  t h e s e  i n v e s t i g a t i o n s .  
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Fig. 5. Alternative structure of (221)-type second-order twin 
boundary after Hornstra (3), assuming double dislocations. (Re- 
production by courtesy of "Physica.') 
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Fig. 7. Reverse characteristic of a soft diode on a (221)-bound- 
ary, exhibiting the Vn-dependence of current on voltage which is 
typical for metal precipitates (8). 

Fig. 6. Etched mesa-diodes on slice with different twin boundaries 

to revea l  the acceptor  charac te r  of the  d a n g l i n g  
bonds  in  the  boundar ies .  In  our  exper imen t s ,  no 
photovol tage  was m e a s u r a b l e  on e i ther  type  of t w i n  
b o u n d a r y  ( l imi t  of de tec t ion  abou t  1 0 - % ) .  Con-  
clusions f rom this  resu l t  should  be d r a w n  wi th  
caut ion,  since bounda r i e s  in  si l icon seem to show 
photoeffects d i f ferent  f rom those in  g e r m a n i u m  
(11).  However ,  the absence  of a photoresponse  on 
the  h i g h - e n e r g y  b o u n d a r y  indicates  tha t  this  b o u n d -  
a ry  is p r o b a b l y  no t  made  up of d is locat ions  w i th  
dang l ing  bonds.  The lack  of a pho toresponse  on the  
"coheren t"  t w i n  b o u n d a r y  is to be expected f rom 
its smal l  la t t ice  d i s tu rbance .  

P - n  j u n c t i o n  diodes were  p roduced  by  diffusing 
phosphorus  f rom a P20~ source in to  the  slices at  
950~ for 1 hr.  Mesa diodes were  e tched b y  m e a n s  
of wax  m a s k i n g  techniques .  Care was  t a k e n  to ob-  
t a in  as m a n y  mesas  as possible tha t  inc luded  the  
boundar ies .  F i g u r e  6 shows pho tographs  of the  
mesa  diode a r rays  on two slices. The  ( 2 2 1 ) - b o u n d -  
aries are p e r p e n d i c u l a r  to the  p l ane  of the  p - n  
junc t ion ,  whereas  the  ( l l l ) - b o u n d a r i e s  in te r sec t  
the  j u n c t i o n  at  an  ang le  of a p p r o x i m a t e l y  55 ~ . 

The proper t ies  of the  p - n  j unc t i ons  were  i nves t i -  
ga ted  by  m e a s u r i n g  the  reverse  charac ter is t ics  of 
the  diodes. The  mesas  are  classified as e i ther  r e g u -  

Table I. Evaluation of diodes with and without twin boundaries 

< 1 / L a  > 1  m a  
R e v e r s e  current  at  90% "ha rd , "  N1 N10 ~ i 0 0  "sof t , "  
of  b r e a k d o w n  vol tage % ~a, % g~a, % /~a, % % 

Diodes on (221) boundary  30 - -  21 10 39 

Diodes on (111) boundary  100 . . . .  

Regular  diodes 83 3 11 - -  3 

lar  or con ta in ing  the  coheren t  b o u n d a r y  or the  
second-o rde r  join.  A d i s t inc t ion  in  j u n c t i o n  be -  
hav ior  is made  by  ca l l ing  a j u n c t i o n  "soft"  or 
"hard ."  "Sof tness"  (13) m e a n s  tha t  before  ava -  
l anche  b r e a k d o w n  is reached,  a c ompa r a t i ve l y  la rge  
( in  our  case > 1 ma )  reverse  c u r r e n t  is f lowing 
t h r ough  the  diodes. This  "sof tness"  is an  u n d e s i r -  
able  f ea tu re  and  u s u a l l y  cons t i tu tes  a device fa i lu re  
mechan i sm.  

Some typ ica l  resul t s  are shown  schemat ica l ly  in  
Tab le  I. I t  is seen tha t  diodes on the  coheren t  
b o u n d a r y  were  in  al l  cases hard ,  as we re  most  of 
the  devices on the  r egu la r  mater ia l .  On the  o ther  
hand ,  the  diodes, which  incorpora ted  the  h igh -  
ene rgy  bounda r y ,  show a h igher  pe rcen tage  of 
softness. The reverse  cu r r en t s  for these  diodes were  
def in i te ly  h igher  t h a n  the  average  for the  slice. 
F r o m  this  set of m e a s u r e m e n t s  and  s imi la r  ones 
on o ther  slices we conc lude  the  fol lowing.  P - n  
j unc t ions  which  incorpora te  a h i g h - e n e r g y  t w i n  
b o u n d a r y  are v e r y  suscept ib le  to softness. Coher -  
en t  bounda r i e s  do no t  have  such a de le te r ious  i n -  
fluence, a I t  is p robab l e  tha t  the  softness has been  
caused by  meta l l i c  impur i t i e s  in  p rec ip i t a ted  form 
(13).  Deta i led  m e a s u r e m e n t s  of soft r everse  cha r -  
acter is t ics  suppor t  this  hypothesis .  F i g u r e  7 shows, 
tha t  the  r eve r se  c u r r e n t  has a vol tage  dependence  
of a p p r o x i m a t e l y  V 8.~. This  is a dependence  typ ica l  
for me t a l  prec ip i ta tes  (13).  " G e t t e r i ng"  w i th  
glassy oxide l ayers  is k n o w n  (13) to h a r d e n  such 
soft devices. Some diffusion r u n s  u n d e r  these  get -  
t e r ing  condi t ions  y ie lded  h a r d  diodes on the  (221) -  
bounda r i e s  as well .  This  proves  tha t  the  softness is 
no t  caused by  the  s t r uc t u r e  of the  b o u n d a r y  itself. 
By copper decora t ion  a nd  i n f r a r e d  microscopy 

BE. Billig and M. S. Ridout, ref.  12 [Nature,  173, 496 (1954)] h a v e  
also shown that  c o h e r e n t  b o u n d a r i e s  in g e r m a n i u m  h a v e  n o  de tr i -  
m e n t a l  effects on electrical proper t i e s .  
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t echn iques  (14) i t  was  f o u n d  t h a t  t h e r e  is a t e n d -  
ency  for  p r e f e r e n t i a l  p r e c i p i t a t i o n  a long  the  ( 2 2 1 ) -  
bounda r i e s .  No deco ra t i on  was  f o u n d  on the  ( i l l ) -  
t w i n  b o u n d a r y ,  in  a c c o r d a n c e  w i t h  p r e v i o u s  r e -  
su l t s  (15) .  I t  is t hus  v e r y  l i k e l y  t h a t  t he  d i f fe rence  
in  p r e c i p i t a t i o n  b e h a v i o r  e x p l a i n s  t he  d i f fe ren t  sus -  
c e p t i b i l i t y  for  sof tness  of p - n  junc t ions .  

The  f o r w a r d  c u r r e n t - v o l t a g e  cha rac t e r i s t i c s  of 
d iodes  on h i g h - e n e r g y  b o u n d a r i e s  show one pecu l i -  
a r i ty .  These  d iodes  obey  a r e l a t i o n  b e t w e e n  c u r -  
r en t  I a n d  vo l t age  V of t he  fo rm 

I : Io' [ exp  ( q V / A k T )  -- 1] [ 1] 

w h e r e  q is the  e l ec t ron ic  change,  kT  t he  B o l t z m a n n  
cons t an t  t imes  abso lu t e  t e m p e r a t u r e ,  and  Io' a fi t-  
t i ng  p a r a m e t e r .  T h e o r y  p r e d i c t s  (16) t he  p a r a m -  
e t e r  A to t a k e  va lue s  b e t w e e n  1 a n d  2, b u t  t he se  
d iodes  show A - v a l u e s  of a b o u t  3. S i m i l a r  dev i a t i ons  
in t he  f o r w a r d  cha rac t e r i s t i c s  h a v e  been  f o u n d  
w i t h  s i l icon so la r  cells;  one h y p o t h e s i s  offered to 
e x p l a i n  t hese  a n o m a l i e s  on so la r  cel ls  i n v o l v e d  the  
a s s u m p t i o n  of p r e c i p i t a t e s  (17) .  The  r e su l t s  on 
these  t w i n  b o u n d a r y  d iodes  thus  s eem to s u b s t a n -  
t i a t e  th is  hypo thes i s .  P r e l i m i n a r y  resu l t s ,  o b t a i n e d  
in th is  l a b o r a t o r y  w i t h  s m a l l  ang le  g r a i n  b o u n d -  
ar ies ,  a lso ind ica t e  h igh  A - v a l u e s  in  connec t ion  
w i t h  p r ec ip i t a t e s .  

Diffusion along T w i n  Boundaries  

C o h e r e n t  t w i n  b o u n d a r i e s  a r e  r e p o r t e d  to show 
no a n o m a l i e s  for  i m p u r i t y  d i f fus ion (18) .  S e v e r a l  
con t ro l  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  t he  s i l i -  
con t w i n  c r y s t a l  d e s c r i b e d  here .  The  t echn iques  of 
p r e v i o u s  g r a i n - b o u n d a r y  i nves t i ga t i ons  (19) w e r e  
app l ied .  No e n h a n c e m e n t  was  found.  Aga in ,  in  v i ew  
of t he  sma l lnes s  of t he  d i s t u r b a n c e  w h i c h  is i n t r o -  
duced  b y  the  cohe ren t  b o u n d a r y ,  th is  n e g a t i v e  r e -  
su l t  is no t  su rp r i s ing .  

I t  is, h o w e v e r ,  no t  i m m e d i a t e l y  obvious  w h a t  
k i n d  of d i f fus ion b e h a v i o r  shou ld  be  a n t i c i p a t e d  at  
t he  h i g h - e n e r g y  s e c o n d - o r d e r  t w i n  bounda r i e s .  If  
one cons ide rs  these  b o u n d a r i e s  as be ing  c lose ly  r e -  
l a t e d  to t he  a r t i f i c i a l ly  g r o w n  s y m m e t r i c a l  g r a i n  
b o u n d a r i e s ,  one shou ld  e x p e c t  a d i f fus ion e n h a n c e -  
m e n t  s im i l a r  to t he  one o b s e r v e d  on the  l a t t e r  
s t r u c t u r e s  (19) .  I t  is, h o w e v e r ,  i m p o r t a n t  to con-  
s ide r  t he  s t r a in  f ield bu i l t  up  b y  the  b o u n d a r y ,  s ince  
the  C o t t r e l l - a t t r a c t i o n  of the  d i s loca t ions  has  been  

Fig. 8. Diffusion front at (221)-twin boundary. No evidence for 
diffusion enhancement. 
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shown to be a decisive factor for the diffusion en- 
hancement at grain boundaries (19). Twin bound- 
aries can be regarded as symmetrical grain bound- 
aries with distinct angles of misfit. The grain 
boundary energy has minima at these angles (20). 
This means that the strain field must fall off more 
rapidly with distance from the boundary than for 
grain boundaries with a slightly differing angle of 
misfit. The "dislocation structure" of the twin 
boundary must be such that the strain fields of the 
very closely spaced dislocations almost cancel each 
other. In this case, one should expect a compara- 
tively smaller diffusion enhancement, assuming 
that the Cottrell-attraction is the basic mechanism 
for the faster diffusion. In view of this unresolved 
situation it is of general interest to explore the 
structure of high-energy boundaries by making 
studies of impurity diffusion. 

Several diffusion runs were performed with 
slices containing (221)-boundaries. A typical re- 
sult is demonstrated in Fig. 8 whick shows a beveled 
and stained (19) section of a slice which was dif- 
fused for 11/~_ hr at 1650~ with a P205 source. The 
p-n junction is indicated by the staining, the n-type 
diffused top layer appears light. The (221) twin- 
boundary is made visible by preferential etching, 
and appears as a dark vertical line. No diffusion 
"spike" (19) is observed. Thus there is no detect- 
able diffusion enhancement. 

Control runs were made with several other slices. 
By beveling at various angles possible diffusion en- 
hancements in other crystallographic directions 
would have been detected. However, no such ani- 
sotropy was found; a spike was never observed. We 
thus conclude that under these diffusion conditions 
there is no detectable enhancement for substitu- 
tional impurity diffusion at the (221)-second-order 

twin boundary. 

Conclusions 

I t  has  been  s h o w n  t h a t  c o h e r e n t  ( l l l ) - t w i n  
b o u n d a r i e s  in s i l icon  h a v e  no u n u s u a l  d i f fus ion 
p r o p e r t i e s  no r  inf luence  on p - n  j u n c t i o n  behav io r .  
T h e y  a p p e a r  i n d i s t i n g u i s h a b l e  f r o m  r e g u l a r  c r y s -  
t a l l i n e  m a t e r i a l .  

H i g h - e n e r g y  ( 2 2 1 ) - b o u n d a r i e s  show a t e n d e n c y  
for  p r e c i p i t a t i o n  of impur i t i e s .  This  p r e c i p i t a t i o n  
can  i nduce  sof tness  in  p - n  j u n c t i o n  diodes .  The  fo r -  
w a r d  c h a r a c t e r i s t i c s  s eem also to be  in f luenced  b y  
p r ec ip i t a t e s .  These  t w i n  b o u n d a r i e s  do no t  e n h a n c e  
the  d i f fus ion  of s u b s t i t u t i o n a l  impur i t i e s .  In  th i s  
r e spec t  t h e y  di f fer  s t r i k i n g l y  f r o m  a r t i f i c i a l l y  g r o w n  
g r a i n  b o u n d a r i e s  w h i c h  show s t rong  d i f fus ion  e n -  
h a n c e m e n t .  

The  absence  of p h o t o r e s p o n s e  on e i t he r  b o u n d -  
a r y  t y p e  ind ica t e s  t h a t  d a n g l i n g  bonds  a r e  un l ike ly .  
This  is also s u b s t a n t i a t e d  b y  the  fac t  t h a t  " h a r d "  
d iodes  a r e  poss ib l e  on u n c o n t a m i n a t e d  b o u n d a r i e s  
w h i c h  m e a n s  t h a t  t he  g r a i n  b o u n d a r y  is no t  a good 
conduc to r .  I t  can  b e  s u m m a r i z e d  t h a t  t h e  d i r ec t  
e l ec t r i ca l  effects on the  " h i g h - e n e r g y  b o u n d a r i e s "  
a re  m u c h  w e a k e r  t h a n  e x p e c t e d  (2, 4) .  

These  r e su l t s  i nd i ca t e  t h a t  s i l icon dev ices  shou ld  
no t  be  i m p a i r e d  b y  c o h e r e n t  bounda r i e s .  S i m i l a r l y ,  
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only small  direct  effects should resul t  f rom the 
s tacking faul ts  on (111)-planes ,  which have re -  
cent ly  been detected in ep i tax ia l  silicon (21, 22), 
since s tacking faults  are closely re la ted  to twins 
(4-6) .  The incoherent  boundar ies  would be h a r m -  
ful for devices, but  most ly  ind i rec t ly  through the 
action of impur i ty  precipi tates .  
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Arsenic Purification by Crystal Growth from the Melt 
L. R. Weisberg and P. R. Celmer 1 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

ABSTRACT 

Large arsenic crystals can be grown from the melt quite simply in sealed, 
heavy wall, transparent fused quartz ampoules by the Bridgman technique. 
Emission spectrographic analysis indicates that all detected impurities segregate 
to the ends of the crystals. Wet chemical and radiotracer analysis show sulfur 
to be deposited on the surface of the crystal and the inner quartz walls, with 
little entering the bulk of the crystal. Arsenic with a spectrographically deter- 
mined purity exceeding 99.9999% has been prepared by this relatively simple 
procedure of crystal growth. 

In recent  years ,  considerable  a t tent ion  has been 
directed toward  the purif icat ion of arsenic because 
of its use in the synthesis  of semiconduct ing com- 
pounds such as GaAs  and InAs. In general ,  the p ro-  
cedures have involved e i ther  the  p repa ra t ion  and 
purif icat ion of arsenic compounds such as AsC13 (1),  
AsH3 (2), and AseO3 (3) fol lowed by  reduct ion to 
the  element,  or else subl imat ion  of arsenic by differ-  
ent  methods (4-6) .  However,  the ve ry  effective 
techniques of d i rect ional  freezing or zone refining 
have  not been prev ious ly  appl ied  to arsenic because 
of its high pressure  of 36 a tm at the  mel t ing point  
of 814~ (7).  In this  work,  it  is found tha t  la rge  
arsenic single crystals  (8) can be grown from the 

1Present  address: Mate r i a l  E lec t ron ic  P roduc t s ,  Inc. ,  T ren ton ,  
N e w  Jersey.  

melt  s imply  by  the Br idgman  technique by  using 
heavy wal l  quar tz  tubes as growth  ampoules.  Evi-  
dence is adduced tha t  impur i t ies  segregate  effec- 
t ive ly  dur ing  this d i rect ional  freezing, resu l t ing  in 
the p repara t ion  of ve ry  high pur i ty  arsenic (9).  An 
abbrev ia ted  descr ipt ion is also presented  of a t t empts  
at zone refining arsenic. 

Experimental Procedure 
To prepare  the arsenic crystals ,  a two-sec t ioned 

t r anspa ren t  fused quartz  vessel  was used, consist-  
ing of a 7 mm bore  quar tz  tube wi th  a 3 mm wal l  
and about  25 cm long, connected to a s tandard  wal l  
quar tz  tube of 16-18 mm bore, and 20 cm long. The 
f ree  end of the heavy  wal l  quar tz  was  d r a w n  ou~ 
into a small  sealed tip to fac i l i ta te  seeding of single 
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Fig. 1. Two single crystals of arsenic grown from the melt: (a) 
showing a cleaved section and facets at the tail end, and (b) an 
entire single crystal. 

c rys t a l s  a t  t he  b o t t o m  p o r t i o n  of t he  g r o w t h  a m -  
poule .  The  l a r g e  bo re  t ub ing ,  in w h i c h  w e r e  p l a c e d  
20-30g of s m a l l  p ieces  of m e t a l l i c  a rsenic ,  w a s  con-  
nec t ed  to  a v a c u u m  sys tem,  and  t h e  vesse l  w a s  e v a c u -  
a t ed  to a p r e s s u r e  b e l o w  10 - 5  to r r .  A f t e r  r e m o v i n g  
the  a r sen ic  su r f ace  ox ides  b y  h e a t i n g  the  en t i r e  
q u a r t z  vesse l  d u r i n g  e v a c u a t i o n  to 325~ for  1 hr ,  
t he  l a r g e  bo re  t u b e  was  sea l ed  u n d e r  vacuum.  The  
a r sen ic  was  t h e n  s u b l i m e d  f r o m  the  l a r g e  b o r e  t u b e  
into  t he  h e a v y  w a l l  sect ion,  w h i c h  was,  in  tu rn ,  
s ea l ed  and  s e p a r a t e d  f r o m  the  l a r g e  b o r e  tube ,  t hus  
f o r m i n g  the  g r o w t h  a m p o u l e .  

The  v e r t i c a l  g r o w t h  f u r n a c e  w a s  c o n s t r u c t e d  
e spec i a l l y  to p r o v i d e  a u n i f o r m  t e m p e r a t u r e .  The  
f u r n a c e  was  18 in. long  a n d  h a d  a c e n t e r  sec t ion  12 
in. long  w o u n d  w i t h  N i c h r o m e  r i b b o n  in fou r  sec-  
t ions,  each  s e p a r a t e l y  con t ro l l ed  b y  a 1 a m p  a u t o -  
t r a n s f o r m e r .  These  w e r e  a d j u s t e d  to p r o d u c e  a t e m -  
p e r a t u r e  of 840~ cons t an t  to w i t h i n  5~ o v e r  a 
r e g i o n  9 in. long.  To g r o w  t h e  c rys t a l ,  t he  g r o w t h  
a m p o u l e  w a s  r a i s e d  in to  th i s  r eg ion  so t h a t  t h e  a r -  
senic  m e l t e d  u n d e r  a p r e s s u r e  of 60 arm,  a n d  t h e n  
was  l o w e r e d  ou t  of th i s  r eg ion  at  a r a t e  of 1 c m / h r .  
A t o t a l  of 35 c r y s t a l s  was  g r o w n  b y  th is  p r o c e d u r e  
w i t h o u t  a s ing le  exp los ion .  One of t he  a m p o u l e s  was  
h e a t e d  s a f e ly  to 910~ r e p r e s e n t i n g  a p r e s s u r e  of 
ove r  100 a tm,  c o r r o b o r a t i n g  o t h e r  o b s e r v a t i o n s  con-  
ce rn ing  t h e  b u r s t i n g  s t r e n g t h  of q u a r t z  (10) .  

S u b s e q u e n t  to  g rowth ,  t he  a r sen i c  c rys t a l s  w e r e  
r e m o v e d  b y  c a r e f u l l y  c r a c k i n g  t h e  a m p o u l e .  T h e  
c rys t a l s  w e r e  s i l v e r y  and  lus t rous ,  and  t h e i r  g r a i n  
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s t r u c t u r e  was  v i s ib l e  in t h e  a s - g r o w n  condi t ion .  
F a c e t s  w e r e  a l w a y s  e v i d e n t  a t  t he  t a i l  end  of a 
c rys t a l ,  as s h o w n  in  Fig .  l a ,  a n d  m a y  h a v e  b e e n  
p r e s e n t  b e c a u s e  t h e  f inal  p o r t i o n  of t h e  ingo t  g rows  
f r o m  the  v a p o r  p h a s e  s ince  ove r  ha l f  a g r a m  of 
a r sen i c  occupies  t he  v a p o r  phase .  The  c r y s t a l s  cou ld  
be  c l eaved  f a i r l y  eas i ly ,  u s u a l l y  a t  an  a c u t e  a n g l e  to 
t h e  l o n g i t u d i n a l  ax i s  of t h e  c rys ta l .  A t y p i c a l  
c l e aved  sec t ion  is shown  in Fig .  l a .  The  h o r i z o n t a l  
m a r k i n g s  on t h e  c l e aved  sec t ion  a p p e a r  to be  s teps  
on the  sur face .  A second  s ing le  c r y s t a l  of a r sen i c  is 
s h o w n  in Fig .  l b .  

The  s e g r e g a t i o n  of i m p u r i t i e s  in  t h e s e  c r y s t a l s  
was  o b s e r v e d  m a i n l y  b y  emiss ion  s p e c t r o g r a p h i c  
ana lys i s .  S a m p l e s  for  ana lys i s  w e r e  r e m o v e d  w i t h -  
out  m e t a l l i c  c o n t a m i n a t i o n  b y  w r a p p i n g  t h e  c r y s t a l  
in  f i l te r  p a p e r ,  l a y i n g  i t  on a m e t a l  p la te ,  c l eav ing  
the  c r y s t a l  w i t h  a h a m m e r  b low,  and  co l lec t ing  
s m a l l  ch ips  of a r sen i c  t h a t  w e r e  s e p a r a t e d  f r o m  the  
bu lk .  The  emis s ion  s p e c t r o g r a p h i c  ana lys i s ,  c a r r i e d  
ou t  each  t i m e  for  37 e l emen t s ,  was  s e m i q u a n t i t a t i v e  
and  a c c u r a t e  to  w i t h i n  a f ac to r  of th ree .  One  of  the  
m a i n  i m p u r i t i e s  in  a r sen ic  is su l fur ,  w h i c h  is not  
d e t e c t a b l e  in  low concen t r a t i ons  b y  the  emis s ion  
s p e c t r o g r a p h .  T h e  su l fu r  c o n c e n t r a t i o n  was  d e t e r -  
m i n e d  b y  e i t h e r  a c h e m i c a l  ana lys i s  s ens i t i ve  to 0.5 
p p m  b y  w e i g h t  (11),  or  else r a d i o t r a c e r  t e chn iques  
in w h i c h  su l fu r  (S  3~) was  a d d e d  to t he  a m p o u l e  in  
e i t h e r  an  e l e m e n t a l  o r  c o m p o u n d  form.  

Results 

Metallic impurities.--To i n v e s t i g a t e  t he  g e n e r a l  
s e g r e g a t i o n  p r o p e r t i e s  of i m p u r i t i e s  in  t he  arsenic ,  
a l o w - p u r i t y  source  of a r sen i c  w a s  used .  The  i m -  
p u r i t y  s e g r e g a t i o n  in  a t y p i c a l  c r y s t a l  g r o w n  f r o m  
th is  a r sen i c  is s h o w n  in T a b l e  I. The  s a m p l e s  f r o m  
the  " F r o n t "  (or  b o t t o m )  a n d  " T a i l "  (or  t op )  w e r e  
r e m o v e d  f r o m  t h e  v e r y  t i p s  of t h e  c rys t a l .  I t  can  be  
seen  t h a t  a l m o s t  a l l  t h e  i m p u r i t i e s  s e g r e g a t e  d u r i n g  
g rowth ,  w i t h  t he  poss ib l e  excep t ion  of s i l icon  and  
m a g n e s i u m ,  w h i c h  m i g h t  h a v e  b e e n  i n t r o d u c e d  f r o m  
t h e  quar tz .  H i g h  concen t r a t i ons  of i m p u r i t i e s  w e r e  
a l w a y s  f o u n d  a t  t h e  f ron t  t ip  a n d  a re  a t t r i b u t e d  to 
supe rcoo l i ng  f o l l o w e d  b y  s u d d e n  f r eez ing  of t h e  
m e l t  a t  t he  f ron t  end,  t h e r e b y  t r a p p i n g  impur i t i e s .  
The  cen t e r  sec t ion  of t he  c r y s t a l  was  a l w a y s  the  
pures t .  The  o n l y  i m p u r i t y  t h a t  s e g r e g a t e d  c o m -  
p l e t e l y  to t h e  f r o n t  ends  of  s e v e r a l  o t h e r  c r y s t a l s  
was  a l u m i n u m ,  and  is t h e r e f o r e  b e l i e v e d  to  h a v e  a 
s e g r e g a t i o n  coefficient  ~1 .  

C r y s t a l s  w e r e  also g r o w n  f r o m  h i g h - p u r i t y  a r -  
senic  w i t h  ca re  t a k e n  to a v o i d  c o n t a m i n a t i o n .  The  
arsenic ,  p u r c h a s e d  f r o m  the  A m e r i c a n  S m e l t i n g  a n d  
Ref in ing  C o m p a n y ,  h a d  t h e  fo l l owing  s p e c t r o -  
g r a p h i c a l l y  d e t e c t e d  i m p u r i t i e s  ( in  p p m  b y  w e i g h t )  : 
Mg (0.1) ,  S i  (0 .3) ,  Cu (0 .3) ,  and  occa s iona l l y  Sb  
(1 ) .  In  i n i t i a l  tes ts ,  i t  w a s  f o u n d  tha t ,  w h e n  the  

Table I. Impurity segregation in a crystal of low-purity arsenic 

S a m p l e  I m p u r i t y  concen t r a t i on ,  p p m  
Dosi t lon Ni  Pb  M n  Sb G a  Z n  B i  A g  Fe  Cu  Si  M g  

Fron t  . . . . . . .  10 1 10 0.3 0.1 
Center  . . . . . . .  1 - -  1 10 1 
Tail  3 10 3 10 30 3 30 100 ]00 300 3 1 
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Table II. Impurity segregation in a crystal of high-purity arsenic grown in a quartz ampoule etched with HF or with a carbon film 

I m p u r i t y  concentra t ion,  p p m  
Sample  Wi th  carbon  fi lm Wi th  HF  etch 
position Si Mg Cu Sb Pb  A g  ,Fe Si lYIg Cu Sb Pb  

Fron t  <0.1 <0.1 3 - -  - -  3 - -  10 <0.1 - -  - -  - -  
Center  <0.1 0.1 . . . . . .  <0.1 - -  - -  - -  
Tail 3 0.3 10 30 1 30 1 0.1 0.1 30 10 10 

ampoule  was  t r ea ted  w i th  on ly  aqua  regia,  the  c rys-  
tals  were  c o n t a m i n a t e d  wi th  1-10 p p m  of silicon. 
This c o n t a m i n a t i o n  was  successful ly  avoided by  
coat ing the  ins ide  of the  g rowth  ampou le  w i th  an  
a d h e r e n t  ca rbon  film produced  by  c rack ing  acetone.  
However ,  it  was found  tha t  the  c o n t a m i n a t i o n  could 
also be e l im ina t ed  by  m e r e l y  t r ea t i ng  the  g rowth  
ampou le  w i t h  hydrof luor ic  acid for 20 m i n  before  
the  u sua l  aqua  regia  t r ea tmen t .  This  l a t t e r  me thod  is 
p r e f e r ab l e  since it  avoids  the  poss ib i l i ty  of ca rbon  
con tamina t ion .  I m p u r i t y  concen t ra t ions  in  a typ ica l  
a rsenic  crys ta l  g rown  by  each me thod  are g iven  in  
Tab le  II. It  can be seen tha t  the  p u r i t y  of the  arsenic  
at  the  cen te r  exceeds tha t  of the  s t a r t ing  mater ia l .  
F u r t h e r m o r e ,  the concen t r a t i on  of impur i t i e s  at the  
ta i l  end  of the  crys ta ls  reveals  the  presence  of i m -  
pur i t i e s  no t  de tec tab le  in  the  o r ig ina l  arsenic.  In  
a lmost  al l  a rsenic  crystals ,  an t imony ,  lead, and  occa- 
s ional ly  s i lver  were  detec ted  at the  ta i l  ends. 

As f u r t h e r  ev idence  of the  h igh  p u r i t y  of the  
crystals ,  InAs  has b e e n  p r epa red  w i th  such arsenic  
wi th  a mob i l i t y  of 62,000 cm 2 V - 1  s e c  - 1  at 78~ 
which  is among  the  h ighes t  va lues  yet  achieved (1, 
2, 12). I t  is be l i eved  tha t  wi th  arsenic  of this  h igh 
pur i ty ,  the  mob i l i t y  of the  InAs  is l imi ted  by  i m-  
pur i t i es  e i ther  in  the i n d i u m  or  else i n t roduced  d u r -  
ing growth .  

Sulfur.--Six crysta ls  of arsenic  were  g ro w n  to 
d e t e r m i n e  the  segrega t ion  behav io r  of su l fu r  in  
arsenic.  F o u r  crys ta ls  were  g rown  wi th  h i g h - p u r i t y  
arsenic,  of wh ich  th ree  were  doped wi th  e l e m e n t a l  
su l fu r  in  quan t i t i e s  of 1, 20, and  50 ppm,  and  one 
was  doped wi th  13 p p m  of ZnS,  al l  con t a in ing  k n o w n  
quan t i t i e s  of r ad ioac t ive  su l fu r  ($35). The  h igh -  
p u r i t y  arsenic  used was  found  to in i t i a l ly  con ta in  
<1 p p m  of su l fu r  by  chemica l  analysis .  In  addi t ion,  
two crys ta ls  were  g rown  f rom a l o w - p u r i t y  source 
of a rsenic  tha t  con ta ined  6 p p m  of sulfur .  The  con-  
cen t r a t i on  of the  su l fu r  a long these  two crys ta ls  was  
d e t e r m i n e d  by  wet  chemical  analysis .  

The  d i s t r i bu t i on  of the  rad ioac t ive  su l fu r  was  
d e t e r m i n e d  by  two procedures .  Fi rs t ,  a scan was  
m a d e  of ac t iv i ty  vs. crys ta l  l eng th  by  t r a n s l a t i o n  of 
a Geiger  t ube  and  slot ted a l u m i n u m  pla te  a long the 
crystal .  In  the  second procedure ,  the  su l fu r  was  
separa ted  chemica l ly  f rom the  arsenic  as a p rec ip i -  
ta te  of BaSO4, and  the  ac t iv i ty  of the  p rec ip i ta te  
was d e t e r m i n e d  us ing  a 27r windowless  p ropor t iona l  
counter ,  app ly ing  appropr i a t e  cont ro l  tests. 

The concen t r a t i on  of the  su l fu r  was  d e t e r m i n e d  
both  according  to its p e n e t r a t i o n  in to  the  surface  
and  its l o n g i t u d i n a l  d i s t r ibu t ion .  To d e t e r m i n e  the  
former ,  the  arsenic  crysta ls  we re  p rogress ive ly  
etched in  a 1 :1 :1  so lu t ion  of HC1, HNO3, and  H20. 
Af te r  each etch, the  su l fu r  concen t r a t i on  in  the  etch 

so lu t ion  was  counted,  and  in  addi t ion,  the  crys ta l  
was scanned  wi th  the  Ge ige r  t ube  before  and  af ter  
the  etching.  L o n g i t u d i n a l  d i s t r ibu t ions  were  de te r -  
m i n e d  bo th  f rom scann ing  and  f rom rad io t race r  and  
chemical  ana lys i s  of pieces of arsenic  r e move d  f rom 
the  b u l k  of the  sample  af ter  r e mova l  of the  surface.  

The resul ts  of al l  the  e xpe r i me n t s  we re  essen-  
t i a l ly  iden t ica l  and  are typif ied by  the  s cann ing  da ta  
shown in  Fig. 2. I t  can  be seen tha t  the  in i t i a l  su l fu r  
concen t r a t i on  a long the  ingot  is v e r y  errat ic .  How-  
ever,  most  of this  su l fu r  is in  the  surface,  since r e -  
mova l  of the  first 0.005 in. of the  surface  r educed  the  
ac t iv i ty  by  an  order  of m a g n i t u d e ,  and  f u r t h e r  e tch-  
ing  had  l i t t le  effect. For  these  samples,  less t h a n  1 
pa r t  in  104 of the  tota l  su l fu r  en t e red  the  b u l k  of 
the  crystal .  E x a m i n a t i o n  of the  quar tz  ampou le  wi th  
a Geiger  coun te r  r evea led  tha t  rough ly  ha l f  of the  
su l fu r  was  i m b e d d e d  in  the  quar tz  walls ,  a nd  the  
o ther  hal f  was  on the  sur face  of the  crystal .  F ina l ly ,  
i t  can  be seen in  Fig. 2 t ha t  a f ter  the  sur face  was  r e -  
moved  the  su l fu r  concen t r a t i on  was  h ighes t  at bo th  
the  f ron t  and  ta i l  ends of the  crystal ,  which  is s imi la r  
to the  segregat ion  of meta l l i c  impur i t i es .  

S imi l a r  resul t s  were  ob ta ined  f rom the  crysta ls  
g r ow n  f rom the  i m p u r e  arsenic  h a v i n g  6 p p m  of 
sulfur .  Af te r  the  sur face  was  r e move d  by  etching,  
the  crys ta l  we igh ing  19.6g a nd  there fore  con ta in ing  
118/~g of su l fu r  p rev ious  to g rowth  was  b r o k e n  in to  
five sections, a nd  the  su l fu r  concen t ra t ions  were  
d e t e r m i n e d  by  wet  chemica l  analysis .  The  data  are 
shown  in  Table  III.  Again ,  the  su l fu r  concen t r a t i on  
is h igh at the  two ends. However ,  Tab le  I I I  aga in  
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Fig. 2. Distribution of radioactive sulfur along an arsenic crystal 
before and after removal of the surface. 
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Table III. Sulfur distribution in an arsenic crystal 

Fractional  distance 
a long c rys ta l  Sample  we igh t ,  g Su l fu r  weight , /~g  

0.1 3.7 9 
0.3 4.0 ~2  
0.5 4.3 2 
0.7 4.6 ~2  
0.9 3.0 32 

demons t r a t e s  tha t  on ly  a f rac t ion  of the su l fu r  e n -  
te red  the  b u l k  of the  crystal .  In  fact smal l  red  dots 
were  observed  ins ide  the  f ron t  t ip  of the  g rowth  
ampoule ,  and  these dots were  found  to con ta in  5 ~g 
of sul fur ,  i nd ica t ing  tha t  the  red  compound  As2S2 
m a y  have  been  deposi ted f rom the  vapor  phase.  

Al l  of these  resul t s  are  cons is ten t  w i t h  the fo l low-  
ing v i ewpo in t :  W h e n  the  arsenic  is mel ted ,  the  su l -  
fu r  en te rs  the  vapor  phase,  poss ib ly  as an  a r sen ic -  
su l fu r  compound,  and  is confined above the  melt .  
However ,  on ly  af ter  the  arsenic  is comple te ly  sol idi-  
fied, can the  su l fu r  t h e n  t r ave l  in to  the  v e r y  con-  
s t r ic ted reg ion  b e t w e e n  the  arsenic  crys ta l  and  
quar tz  wal ls  and  e v e n t u a l l y  condense  out  in  rough ly  
equa l  por t ions  b e t w e e n  the  wal ls  and  the  surface  of 
the crystal ,  b u t  in  an  e r ra t ic  fash ion  d e p e n d i n g  on  
surface factors. D u r i n g  the  slow cooling of the  c rys-  
tal, the  su l fu r  diffuses s l ight ly  in to  the  crystal .  Thus,  
as expected  in  a vo la t i l e  cons t i tuen t ,  the l i qu i d -  
vapor  d i s t r i bu t i on  of the  su l fu r  appears  to domina t e  
the  su l fu r  behavior ,  r a t h e r  t h a n  the  usua l  sol id-  
l iqu id  d i s t r ibu t ion .  

In  most  of the  ampoules ,  a whi t i sh  b a n d  was  ob-  
served a r o u n d  the  i n n e r  wa l l  n e a r  the  top of the  
ampou le  a f te r  growth.  This  b a n d  was  sugges t ive  of 
arsenic  t r iox ide  and,  if so, ind ica tes  tha t  me l t i ng  of 
arsenic  m igh t  help  to r emove  arsenic  oxides. To re -  
move  t races  of oxides, in  severa l  tests the arsenic  
was hea ted  at 700~ in  the  presence  of t i t a n i u m  be -  
fore s u b l i m a t i o n  in to  g r o w t h  ampoule ,  since it  was  
shown sepa ra t e ly  t ha t  t i t a n i u m ,  s imi la r  to z i r con ium 
(13),  wi l l  r educe  arsenic  oxides. For  these tests, the  
whi t i sh  b a n d  was  n e a r l y  en t i r e ly  e l imina ted .  

Zone refining o~ arsenic . - -The rap id  escape of a r -  
senic f rom the mel t  wou ld  be  expected to m a k e  
hor izon ta l  zone ref in ing  difficult. Therefore ,  severa l  
a t t empt s  w e r e  car r ied  out  to zone refine arsenic  v e r -  
t ical ly,  s ince the  solid arsenic  fi l l ing the  t ube  on both  
sides of the  me l t  wi l l  slow d o w n  the  ra te  of escape 
of arsenic  f rom the  melt .  A n i n e - s e c t i o n  ver t ica l  
fu rnace  was  cons t ruc ted  to be at a u n i f o r m  t e m p e r a -  
tu re  of 800~ a long its length ,  and  820~ at the  
cen te r  section. The g rowth  ampou le  was  p r e p a r e d  in  
the  same way  as descr ibed  prev ious ly ,  and  u sua l l y  
lowered  t h rough  the  fu rnace  at  a ra te  of 1 c m / h r .  

F ive  a t t empt s  at zone ref in ing were  car r ied  out. 
In  each case, the  first pass w e n t  sa t is factor i ly ;  how-  
ever,  the  second pass was  n e v e r  comple ted  success-  
ful ly.  I n  two cases, the  ampou le  exploded d u r i n g  
the  second pass, and  in  the  o ther  th ree  cases the  
ampou le  cracked and  the  arsenic  r ap id ly  bu rned .  
However ,  in  two of these  cases, the  cracks in  the 
ampou le  were  located as m u c h  as 3 and  5 cm away  
f rom the  m o l t e n  zone. The  cause of the  ampou le  
c rack ing  was  conc luded  to be as follows: Af te r  the  

first pass, the  arsenic  is fo rmed  into a solid crys ta l  
a lmost  comple te ly  fi l l ing the  cross sect ion of the  
tube.  W h e n  the  second zone is mel ted ,  a smal l  
a m o u n t  of arsenic  escapes f rom the  m o l t e n  zone and  
fills the  r e m a i n i n g  space b e t w e e n  the  arsenic  a nd  the  
walls.  T h e n  as these  regions  are  hea ted  subse-  
quen t ly ,  the  arsenic  expands  and  cracks the  tube.  
S lowing  d o w n  the  ra t e  of t r ave l  by  a factor  of two 
did not  solve this  difficulty. Because  of the  efficacy of 
a rsenic  pur i f ica t ion  by  c rys ta l  growth,  a t t empt s  at  
zone ref in ing were  abandoned .  This ve r t i ca l  p ro -  
cedure  of zone ref in ing  has b e e n  repor ted  to have  
been  appl ied  successful ly  to lower  vapor  p ressure  
ma te r i a l s  (6, 14). 

Conclusions 
Crys ta l s  of a rsen ic  can be g r o w n  f rom the  me l t  by  

the B r i d g m a n  t echn ique  by  us ing  sealed h e a v y  wa l l  
(3 m m ) ,  t r a n s p a r e n t  fused qua r t z  t u b i n g  for the  
g rowth  ampoule .  Metal l ic  impur i t i e s  are observed  to 
segregate  effect ively t oward  the  ends  of the  crystals.  
The m a i n  vola t i le  i mpur i t y ,  sul fur ,  r e m a i n s  in  the  
vapor  phase  u n t i l  the  crys ta l  is solidified and  then  
deposits  on the  surface  of the  c rys ta l  and  the  i n n e r  
wal ls  of the  ampoule .  Af t e r  r e mova l  of the  surface 
c o n t a i n i n g  sul fur ,  the  c e n t e r  por t ions  of the  crys ta ls  
are cons ide rab ly  p u r e r  t h a n  the  s t a r t ing  mater ia l .  
Spec t rographic  pur i t i es  exceeding  99.9999% have  
been  achieved,  i nd ica t ing  t ha t  c rys ta l  g rowth  f rom 
the  me l t  is a r e l a t i ve ly  simple,  ye t  h igh ly  effective 
pur i f ica t ion  p rocedure  for arsenic.  A t t e m p t s  at zone 
ref in ing arsenic  were  no t  successful.  
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Zone Refining of Gallium Trichloride 
Radiochemical Method For Determining the Distribution of Components in a Column and 

Its Application in Analyzing the Zone Refining Effectiveness in Purifying Gallium Trichloride 

Werner Kern 
Semiconductor and Materials Division, Radio Corporation of America, Somerville, New Jersey 

ABSTRACT 

This paper describes a nondestructive radiotracer method for determining 
the distribution of components in a column of material. It is used to determine 
the effectiveness of zone refining purification of gallium trichloride in a sealed 
system. In this new analytical technique, gamma emitting radioisotopes are 
added to controlled amounts of specific impurities which are then equally dis- 
tributed throughout the gallium trichloride ingot. A scintillation counter in a 
specially designed shield measures the tracer radioactivity as a function of 
ingot distance before and after zone refining treatments. Some of the radiotracer 
analyses are complemented by emission spectrographic experiments. Effective 
segregation coefficients are determined for zinc, iron, manganese, sodium, cop- 
per, nickel, aluminum, and magnesium at concentrations of 0.01-40 ppm and are 
shown to range between 0.02 and 0.5. Recommendations for purification on a 
production scale are made. 

Zone  re f in ing  of  g a l l i u m  t r i c h l o r i d e  is n o w  an  i m -  
p o r t a n t  i n t e r m e d i a t e  pu r i f i ca t ion  p rocess  in  t he  
p r e p a r a t i o n  of h i g h - p u r i t y  g a l l i u m  (1) .  D u r i n g  the  
d e v e l o p m e n t a l  and  p r o d u c t i o n  phase s  of  th is  process ,  
q u a n t i t a t i v e  i m p u r i t y - s e g r e g a t i o n  d a t a  w e r e  r e -  
q u i r e d  to e v a l u a t e  v a r i o u s  t y p e s  of zone ref ining.  
This  p a p e r  desc r ibes  a r a d i o t r a c e r  m e t h o d  w h i c h  
was  d e v e l o p e d  to s u p p l y  th is  i n fo rma t ion .  

Because  g a l l i u m  t r i c h l o r i d e  is a h i g h l y  r eac t ive ,  
cor ros ive ,  a n d  h y g r o s c o p i c  c h e m i c a l  w h i c h  m u s t  be  
p roces sed  in  a l l - q u a r t z  a p p a r a t u s ,  a n o n d e s t r u c t i v e ,  
s e a l e d - s y s t e m  ana lys i s  is p a r t i c u l a r l y  des i r ab le .  
The  m e t h o d  d e v e l o p e d  mee t s  these  r e q u i r e m e n t s  
fu l ly .  Con t ro l l ed  quan t i t i e s  of r a d i o a c t i v e  i m p u r i t y  
t r a c e r s  w e r e  a d d e d  to a g a l l i u m  t r i c h l o r i d e  cha rge .  
The  r a d i a t i o n  e m i t t e d  f r o m  the  ingo t  was  t h e n  m e a s -  
u r e d  as a func t ion  of ingo t  d i s t ance  b e f o r e  and  a f t e r  
zone ref ining.  Mass ive  l e ad  sh ie lds  m i n i m i z e d  b a c k -  
g r o u n d  r a d i a t i o n  f r o m  the  ingot  w h i c h  was  sea l ed  
in a q u a r t z  tube .  A g a m m a - s c i n t i l l a t i o n  coun t e r  was  
used  as  t he  r a d i a t i o n  de tec to r ,  in  c o n j u n c t i o n  w i t h  
a c o u n t - r a t e  m e t e r  and  a scaler .  The  r e s u l t i n g  r a d i o -  
a c t i v i t y  d a t a  w e r e  t h e n  e v a l u a t e d  in  t e r m s  of effec-  
t ive  s e g r e g a t i o n  coefficients and  pur i f i ca t ion  effi- 
c iency  fac tors .  

This  n o n d e s t r u c t i v e  m e t h o d  of a n a l y s i s  can  be  
a p p l i e d  r e a d i l y  to o t h e r  s i m i l a r  p r o b l e m s .  F o r  e x -  
ample ,  w e  h a v e  used  i t  to  d e t e r m i n e  the  d i s t r i b u t i o n  
of r a d i o a c t i v e  a d s o r b a t e s  in  c h r o m a t o g r a p h i c  and  
i o n - e x c h a n g e  co lumns  in  pur i f i ca t ion  s tudies .  

Experimental 
Preparation of columns for zone ref ining.--As 

s h o w n  in  Fig .  1, f l a t - b o t t o m e d  tubes  of fused  s i l ica  

h a v i n g  1.2 cm ins ide  d i a m e t e r  a n d  30 cm l e n g t h  w e r e  
sea l ed  to a q u a r t z  d i s t i l l a t i on  a p p a r a t u s .  A s m a l l  
v o l u m e  of aqueous  so lu t ion  w h i c h  con t a ined  the  
t r a c e  e l e m e n t  was  i n t r o d u c e d  in  t he  c l e a ne d  t u b e  and  
v a c u u m - e v a p o r a t e d  to d ryness .  The  so lu t ions  con -  
t a i n e d  0.05-0.5 m i l l i c u r i e s  of r a d i o a c t i v i t y  in t he  
f o r m  of e i t he r  Fe59C13, Zn65C12, Mn54Cl~, o r  Na22C1. 

The  i r on  depos i t  was  spec i a l l y  p r e p a r e d  to p r e v e n t  
h y d r o l y s i s  d u r i n g  e v a p o r a t i o n .  A Fe59C13 so lu t ion  was  
a d j u s t e d  to a c o n c e n t r a t i o n  of 6N HC1 a n d  e x t r a c t e d  
w i t h  d i e t h y l  e ther .  These  e t h e r  e x t r a c t s  w e r e  t h e n  
ch i l l ed  in l i qu id  n i t rogen ,  f r e e d  f r o m  the  ice b y  
f i l t ra t ion ,  and  i n t r o d u c e d  in  t he  zone re f in ing  t u b e  
be fo re  e v a p o r a t i o n  of t he  so lvent .  

Co lumns  for  c o m b i n e d  s p e c t r o g r a p h i c  a n d  r a d i o -  
c h e m i c a l  a n a l y s e s  w e r e  p r e p a r e d  w i t h  so lu t ions  con-  
t a i n ing  10 p p m  of each  e l e m e n t  in  the  f o r m  of A1C13, 
CuC12, NiC12, MgC12, PbCI~, a n d  MnC12. C o n t r o l l e d  
qua n t i t i e s  of Mn54C12 and  Fe59C18 w e r e  a d d e d  to 
t h e s e  so lu t ions  as t r ace r s .  The  a p p a r a t u s  w h i c h  con-  
t a i n e d  the  zone  ref in ing  t u b e  a n d  the  i m p u r i t y  d e -  
pos i t  was  t h e n  e v a c u a t e d  and  f i l led w i t h  pur i f i ed  
ch lo r ine  gas  to a p r e s s u r e  of 1 a tm.  T h e  b r e a k  sea ls  
w e r e  opened ,  and  a p r e d e t e r m i n e d  q u a n t i t y  of  g a l -  
l i u m  t r i c h l o r i d e  was  d i s t i l l ed  f r o m  the  s t o r a ge  con-  
t a i n e r  in to  t h e  zone re f in ing  t u b e  w h i c h  was  t hen  
sealed.  The  con ten t s  w e r e  d i s so lved  a n d  m i x e d  b y  
r e p e a t e d  m e l t i n g  a n d  r a p i d  f r eez ing  so t h a t  t he  i m -  
p u r i t y  so lu te  was  u n i f o r m l y  d i s t r i b u t e d  t h r o u g h o u t  
the  g a l l i u m  t r i c h l o r i d e  charge .  

Zone re~ning . - -The  F i s h e r  zone re f ine r  u sed  w a s  
des igned  for  a u t o m a t i c  u p w a r d ,  d o w n w a r d ,  and  
h o r i z o n t a l  pa s s - c yc l i ng .  N i c h r o m e  r i b b o n  looped  
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Fig. 1. Quartz apparatus for preparing the radiotracer zone re- 
fining columns. 

a r o u n d  the  t u b e  and  connec ted  to a pa i r  of t e r m i n a l s  
on a movab l e  car r iage  served as the  r e s i s t a n c e - h e a t -  
ing e lement .  No m e a n s  of s t i r r ing  the  me l t ed  zone 
was appl ied  other  t h a n  n a t u r a l  convec t ion  in  the  
l iquid.  The  me l t ed  zone sect ion was qu ick ly  reso l id i -  
fled by  a b las t  of room t e m p e r a t u r e  air  f rom a r i ng  
m o u n t e d  b e h i n d  the  heater .  The  l eng th  of the  me l t ed  
zone was  kept  cons tan t  at o n e - t e n t h  the  to ta l  ingot  
l eng th  by  close control  of the  hea te r  power  supp ly  
and  the  d i s tance  b e t w e e n  the hea te r  and  the  a i r  
blast .  Zone  t r ave l  veloci t ies  of 0.50, 1.0, and  2.0 in . /  
h r  were  used. These t r a v e l  ra tes  were  r egu la t ed  by  
ad jus t i ng  the  m o v e m e n t  of the  hea te r  w i th  a t i m e r -  
cont ro l led  v a r i a b l e - s p e e d  motor .  Rad ia t ion  me a s -  
u r e m e n t s  were  u sua l l y  conduc ted  af ter  each pass. 
Up to five consecut ive  passes w e r e  appl ied  for a 
g iven  set of e x p e r i m e n t a l  condi t ions.  

T r a n s p o r t  of the  ga l l i um t r ich lor ide  b y t h e  m o l t e n  
zone was  m i n i m i z e d  to m a i n t a i n  the  u n i f o r m  charge  
th ickness  essent ia l  for the  s u b s e q u e n t  ana ly t i ca l  
eva lua t ion .  Mate r i a l  t r an spo r t  of this  type  is caused 
by  dens i ty  changes  d u r i n g  me l t i ng  and  can be 
e l imina t ed  d u r i n g  hor izon ta l  zone ref in ing by  t i l t -  
ing the  ingot  con ta ine r  s l ight ly  (2) .  

Radiat ion m e a s u r e m e n t . - - A  t h a l l i u m - a c t i v a t e d  
sodium iodide c rys ta l  served as the  g a m m a - r a d i a t i o n  
detector.  The  pho tomu l t i p l i e r  pulses  were  passed to 
the ampli f ier  of a scaler a s sembly  and  to a coun t -  
ra te  me t e r  wi th  f o u r - l i n e a r  ranges.  As shown in  Fig. 
2, the  r ad i a t i on  detec tor  was  shie lded f rom the  zone 
ref in ing  t ube  by  a 6 or 8- in .  l aye r  of lead br icks  
which  were  pos i t ioned  to fo rm a 6 or 10 ram slit  
above and  across the  cen te r  of the  detector.  The  lead 
th ickness  r equ i r ed  to min imize  b a c k g r o u n d  r ad i a -  
t ion  f rom the  zone ref in ing  co lumn  and  st i l l  m a i n t a i n  
a sufficiently h igh t race r  coun t ing  ra te  was de te r -  
m i n e d  e x p e r i m e n t a l l y  f rom graphs  wh ich  showed 
the  rad ioac t iv i ty  of s t a n d a r d  sources as a func t ion  
of d is tances  f rom the slit  u n d e r  va r ious  sh ie ld ing  
condi t ions.  

cou~rEe ~ 1 
Fig. 2. Apparatus for radioactivity measurements of zone re- 

fining columns. 

Two types  of r ad iocoun t ing  t echn iques  were  em-  
p loyed;  the  first was  a d y n a m i c  t e c hn i que  based  on 
au tomat i c  scanning ,  and  the  second a stat ic  t ech-  
n i que  based on sect ion count ing .  

In  the  r a d i o sc a nn i ng  analysis ,  the co lumns  were  
pu l led  s lowly by  a v a r i a b l e - s p e e d  motor  across and  
p e r p e n d i c u l a r  to the  slit. A t h i n - w a l l e d  glass t u b e  
was  used as a guide cana l  for the  column.  Ingot  p ro -  
files of rad ioac t iv i ty  as a f unc t i on  of c o l u m n  dis-  
t ance  were  ob ta ined  by  au tomat i c  p lo t t ing  of the  
coun t ing  ra tes  on a ca l ib ra t ed  a nd  synchron ized  
s t r i p - c h a r t  recorder .  Su i t ab l e  r ad ioac t iv i ty  s t a n d -  
ards  and  b a c k g r o u n d  scans were  inc luded  on  these 
char ts  before  a nd  af ter  s cann ing  of the  co lumn.  
Typ ica l  profiles for an  ingot  af ter  0, 1, a nd  3 passes 
are shown  in  Fig. 3. 

The  stat ic coun t ing  t echn ique  was  used for ac-  
cura te  ana lyses  and  l ow - l e ve l  r ad ioac t iv i ty  meas -  
u r emen t s .  In  this  t echn ique ,  the  c o l u m n  was  posi-  
t ioned so tha t  a s ingle  section could be counted  un t i l  

t 3 q L E N D  

i i / '  
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Fig. 3. Automatic radioactivity scanning profiles of activity vs. 

ingot distance for an ingot after 0, 1, and 3 zone-passes (n); 
radioactivity calibration standards [1,2,3,4] are also shown. 
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a d e s i r e d  n u m b e r  of counts  w e r e  co l l ec ted  on the  
r a d i o s c a l e r ;  these  coun t ing  pe r i ods  d e p e n d e d  on the  
a c t i v i t y  l eve l  of t h e  sec t ion  and  r a n g e d  f r o m  3 to 60 
min.  

Emission-spectrographic analysis.--Some r a d i o -  
t r a c e r  e x p e r i m e n t s  w e r e  c o m p l e m e n t e d  b y  emiss ion  
s p e c t r o g r a p h i c  ana lyses .  A f t e r  r a d i o s c a n n i n g  of t he  
f in ished  zone ref in ing  co lumns ,  s ingle  sect ions  of the  
co lumn  m e a s u r i n g  one t e n t h  t he  ingo t  l e n g t h  w e r e  
m e l t e d  out  w i t h  t he  zone ref iner .  The  m e l t e d  g a l l i u m  
t r i c h l o r i d e  w a s  co l l ec ted  in  w e i g h e d  q u a r t z  b e a k e r s  
con t a in ing  pu r i f i ed  6N HC1. T h e  exac t  q u a n t i t y  of 
g a l l i u m  t r i c h l o r i d e  was  d e t e r m i n e d  b y  we igh ing .  
T h e  g a l l i u m  t r i c h l o r i d e  and  the  f e r r i c  ch lo r ide  c o m -  
p l exes  w e r e  s e p a r a t e d  f r o m  the  o the r  subs t ances  b y  
two  e x t r a c t i o n s  w i t h  i s o p r o p y l  e t h e r  so t h a t  e m i s -  
s ion s p e c t r o g r a p h i c  a n a l y s i s  of t he  a d d e d  ne t  i m -  
p u r i t i e s  in  t h e  ac id  phases  could  b e  m a d e  (3 ) .  R a -  
d i o a c t i v i t y  m e a s u r e m e n t s  of t he  so lu t ions  p r o v i d e d  
t h e  c o n c e n t r a t i o n  da ta ,  t h e  ac id  phase s  y i e l d i n g  t h e  
Mn54C12 a n d  t h e  e t h e r  phases  y i e l d i n g  the  Fe59Cl~ 
concen t ra t ions .  

Radiographic examination oS ingots.--Columns 
f r o m  the  v e r t i c a l  zone ref in ing  e x p e r i m e n t s  s o m e -  
t imes  c o n t a i n e d  gas - f i l l ed  spaces  which ,  if  no t  d e -  
tec ted ,  w o u l d  l e ad  to e r rors .  X - r a y  r a d i o g r a p h y  was  
i n i t i a l l y  used  for  e x a m i n i n g  the  co lumns .  La t e r ,  a 
r a p i d  t e s t i ng  t e c h n i q u e  was  des igned  for  check ing  
t h e  c o l u m n  p r i o r  to  anaIys is .  A few m i l l i c u r i e s  of a 
nuc l ide  w h i c h  e m i t t e d  l o w - e n e r g y  g a m m a  r a d i a t i o n  
was  pos i t i oned  2 cm a b o v e  the  s l i t  of t he  r a d i a t i o n -  
d e t e c t o r  shield .  The  c o l u m n  w a s  t hen  p u l l e d  ove r  
the  s l i t  as d e s c r i b e d  for  t he  a u t o m a t i c  scanning .  A n y  
i n c r e a s e  in r e l a t i v e  r a d i a t i o n  t r a n s m i s s i o n  was  in -  
d i ca t ed  on the  c h a r t  r e c o r d e r  w h i c h  i m m e d i a t e l y  
ver i f i ed  t he  e x t e n t  a n d  loca t ion  of voids .  Co lumns  
w i t h  s eve re  i r r e g u l a r i t i e s  w e r e  e x c l u d e d  f r o m  
ana lys i s .  

Determination of purification efficiency.--The ef -  
f ec t iveness  of zone re f in ing  for  s e p a r a t i o n  of specific 
t r a c e  i m p u r i t i e s  u n d e r  v a r i o u s  e x p e r i m e n t a l  con-  
d i t ions  was  e v a l u a t e d  b y  use  of the  effect ive  s e g r e -  
ga t ion  coefficients and  t h e  o v e r - a l l  pu r i f i ca t ion  f ac -  
tors .  

F i r s t ,  t he  ne t  c o n c e n t r a t i o n  f igures  for  each  ingot  
sec t ion  of t h e  zone r e f ined  c o l u m n  w e r e  a sce r t a ined .  
The  r a d i o a c t i v i t y  m e a s u r e m e n t s  of each  sec t ion  
w e r e  c o r r e c t e d  for  n o r m a l  b a c k g r o u n d  a c t i v i t y  and  
for  t he  r a d i a t i o n  f r o m  the  a d j a c e n t  sect ions.  The  
c o r r e c t e d  ne t  t r a c e r  a c t i v i t y  (C)  was  t h e n  p r o p o r -  
t i ona l  to t h e  c o n c e n t r a t i o n  of t h e  e l e m e n t  be ing  
t r aced .  The  o r i g i n a l  a v e r a g e  t r a c e r  a c t i v i t y  (Co) of 
each  ingo t  sec t ion  b e f o r e  zone ref in ing  was  ca l cu -  
l a t e d  b y  d i v i d i n g  the  sum of a l l  sec t ion  ac t iv i t i e s  
(C)  b y  the  n u m b e r  of sect ions.  (As  p o i n t e d  out  p r e -  
v ious ly ,  t he  a c t u a l  u n i f o r m i t y  of t he  so lu te  d i s t r i -  
b u t i o n  was  a s c e r t a i n e d  e x p e r i m e n t a l l y  b y  r a d i o -  
s cann ing  prof i les . )  The  r a t i o  va lue s  (C/Co) r e p r e -  
s en ted  the  r e l a t i v e  so lu te  concen t r a t i ons  a n d  w e r e  
p l o t t e d  for  each  ingot  sec t ion  as a func t ion  of ingo t  
d i s tance .  This  d i s t ance  was  e x p r e s s e d  in  t e r m s  of the  
n u m b e r  of zone lengths .  F i g u r e s  4 and  5 show t y p i -  
cal  s e m i l o g a r i t h m i c  g r a p h s  b a s e d  on e x p e r i m e n t a l  
and  t h e o r e t i c a l  va lues .  
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Fig. 4. Experimental zone refining curves for Fe59CI8 in GoCI3  

after 0, 1, and 3 vertical zone passes at 2.0 in./hr velocity; also 
shown are theoretical curves calculated for 1 and 3 passes, and 
for the steady-state distribution with a ke of 0.2;  - - - ,  theoretical 
for ke 0.2;  i experimental. 
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Fig. 5. Experimental zone refining curves for Fe59CI~ in GaCIs 
after O, 1, and 3 horizontal zone passes at 2.0 in . /hr  velocity. 

The  ef fec t ive  s e g r e g a t i o n  coefficient  (ke) is an  
e x a c t  m a t h e m a t i c a l  e x p r e s s i o n  of t he  zone ref in ing  
eff iciency and  is def ined  as Cs/C~, t he  r a t i o  of the  
i m p u r i t y  c o n c e n t r a t i o n  of t h e  sol id  a t  t h e  i n t e r f a c e  
to t he  c o n c e n t r a t i o n  of t he  l i qu id  b e y o n d  the  d i f fu-  
s ion l aye r .  The  v a l u e  of ke was  n o r m a l l y  d e t e r m i n e d  
f rom the  i n t e r c e p t i o n  of t h e  e x t r a p o l a t e d  C/Co cu rve  
w i t h  t h e  o r d i n a t e  a t  zero f r o n t - e n d  d i s t ance  of t he  
ingot .  M a t h e m a t i c a l  so lu t ion  of t he  zone re f in ing  
e q u a t i o n  (2) y i e l d e d  c lose ly  s i m i l a r  r e su l t s  for  ingots  
t ha t  fo l lowed  the  t h e o r e t i c a l  i m p u r i t y  d i s t r i bu t ion .  

In  a d d i t i o n  to ke, t he  pur i f i ca t ion  efficiency was  
e x p r e s s e d  d i r e c t l y  b y  c a l c u l a t i o n  of t h e  m e a n  pu r i f i -  
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c a t i o n  Co/C w h i c h  was  a c h i e v e d  in t he  f irst  80% and  
the  f irst  90% of t he  ingot .  These  v a l u e s  w e r e  l a -  
b e l l e d  as  Po.s a n d  Po.9, r e spec t i ve ly .  

Accuracy and precision.--The a c c u r a c y  of the  
s ta t ic  r a d i o a c t i v i t y  m e a s u r e m e n t s  was  good. Tes t  
r e su l t s  s h o w e d  t h a t  t h e  s u m  of  the  c o r r e c t e d  r a d i o -  
a c t i v i t y  v a l u e s  f r o m  a l l  ingo t  sec t ions  u s u a l l y  r a n g e d  
w i t h i n  -----5% of t h e  a c t u a l  t r a c e r  q u a n t i t y  a d d e d  to 
t he  g a l l i u m  t r i ch lo r ide .  The  p r ec i s i on  of t he  r a d i o -  
coun t ing  d a t a  was  s t a t i s t i c a l l y  d e p e n d e n t  on the  
b a c k g r o u n d  a c t i v i t y  and  the  t o t a l  counts  col lec ted .  
This  f igure  was  m a i n t a i n e d  w i t h i n  --+5% of t h e  t r u e  
v a l u e  b y  choos ing  su i t ab l e  l eng th s  of coun t ing  
per iods .  

The  o v e r - a l l  r e l i a b i l i t y  of  the  r e su l t s  of these  e x -  
p e r i m e n t s  was  p r i m a r i l y  d e p e n d e n t  on the  r e p r o -  
d u c i b i l i t y  of va r i ous  zone ref in ing  p a r a m e t e r s ,  such  
as zone length ,  convec t ion ,  t e m p e r a t u r e  of me l t ,  i n -  
got  u n i f o r m i t y ,  and  s i n g l e - c r y s t a l  fo rma t ion .  V a r i -  
a t ions  in theae  f ac to r s  so r e d u c e d  a c c u r a c y  t h a t  t he  
r e s u l t a n t  effects  w e r e  f a r  m o r e  s igni f icant  t h a n  
those  caused  b y  a n y  a n a l y t i c a l  e r ro rs .  Because  the  
d a t a  w e r e  o b t a i n e d  f r o m  va r ious  d u p l i c a t e  e x p e r i -  
ments ,  h o w e v e r ,  t he  r e l i a b i l i t y  of the  r e su l t s  is qu i t e  
sa t i s f ac to ry .  

Discussion of Results 

Segregation of Iron 
Because  of p r a c t i c a l  imp l i ca t ions ,  t he  zone re f in -  

ing  s e g r e g a t i o n  b e h a v i o r  of i ron  in g a l l i u m  t r i -  
ch lo r ide  was  i n v e s t i g a t e d  in g r e a t e r  de t a i l  t h a n  the  
o the r  impur i t i e s .  T a b l e  I p r eaen t s  the  e s sen t i a l  d a t a  
and  resu l t s .  

A t  a zone  t r a v e l  v e l o c i t y  of 0.50 i n . / h r ,  zone r e -  
f ining in  v e r t i c a l  d o w n w a r d  d i r ec t ion  p r o c e e d e d  at  

Table I. Zone refining results for FeCI~ in GaCI3 

E x p e r i m e n t a l  d a t a  a r e  b a s e d  on  g a l l i u m  t r i c h l o r i d e  c o l u m n  con. 
t a i n i n g  0.14 p p m  i ron  in  f o r m  of FeCl~, w i t h  Fe59Cl~ as t racer .  The  
cha rge  was  r e m i x e d  a n d  t h e  so lu t e  u n i f o r m l y  d i s t r i b u t e d  be fo re  
each  zone r e f i n ing  e x p e r i m e n t .  

Zone  r e f i n i n g  c o n d i t i o n s  R e s u l t i n g  p u r i f i c a t i o n  

P u r i f i c a t i o n  fac to r  
Ve loc i ty ,  C/Co a t  

D i r e c t i o n  i n . / h r  Passes  Po.s Po.9 f r o n t  end  ke 

v 0.50 1 - -  - -  0.10 ~ 0.10 
2 - -  - -  o . o 1 4  ) 

v 1.0 1 1.8 1.7 0.14 3 
2 4.7 3.8 0.050 t 0.14 
3 7.2 5.3 0.015 
4 20 10 0.002 

v 2.0 1 1.8 1.7 0.17 
2 2.5 2.0 0.045 ~ 0.17 
3 6.3 3.5 0.014 J 

h 0.50 1 1.5 1.3 0.38 1 
2 2.3 1.9 0.11 ~ 0.3-0.4 
3 2.6 2.0 0.05 

h 1.0 1 1.2 1.1 0.38 
2 1.4 1.3 0.11 ~ 0.3-0.4 
3 1.8 1.6 0.02 J 

h 1.0 1 1.2 1.2 0.3 "[ 0.3-0.4 
3 3.O 2.O 0.04 / 

h 2.0 1 1.2 1.1 0.19 
2 1.6 1.4 0.045 ] 0.3-0.4 
3 2.6 1.7 0.012 

v, Vert ica-  1 d o w n w a r d ;  h,  h o r i z o n t a l  ( s l igh t ly  i n c l i n e d ) ;  Po.s, 
m e a n  p u r i f i c a t i o n  i n  f i rs t  80% of ingo t ;  Pc.9, m e a n  p u r i f i c a t i o n  in  f i rs t  
90% of  ingot"  Co, so lu t e  c o n c e n t r a t i o n  b e f o r e  zone  r e f in ing ;  C, so lu t e  
c o n c e n t r a t i o n  a f t e r  zone r e f in ing ;  ke, e f f ec t ive  s e g r e g a t i o n  coefficient.  
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an  ef fec t ive  s e g r e g a t i o n  coefficient  (ke) of 0.10. A t  
1.0 i n . / h r ,  the  ke a t t a i n e d  a v a l u e  of 0.14, w h i c h  i n -  
d i c a t e d  a s l i g h t l y  l o w e r  pu r i f i ca t i on  eff iciency a t  
doub le  t he  zone ra te .  A f t e r  f ou r  zone passes ,  t he  
f irst  80% of th i s  ingo t  showed  a 20- fo ld  dec rease  in 
t h e  m e a n  c o n c e n t r a t i o n  of i ron;  t he  f ron t  end  of t he  
ingo t  showed  a 500- fo ld  decrease .  

A t  a 2.0 i n . / h r  v e r t i c a l  zone t r a v e l  speed,  a ke of 
0.17 was  a t t a ined .  Zone  re f in ing  cu rves  f r o m  this  
e x p e r i m e n t  a r e  s h o w n  in Fig .  4 for  0, 1, a n d  3 zone 
passes .  E x c e p t  for  some f luc tua t ions  in  t he  C/Co 
d a t a  b e c a u s e  of ingo t  i r r e g u l a r i t i e s ,  t he  e x p e r i -  
m e n t a l  cu rves  fo l low n e a r l y  i dea l  zone re f in ing  b e -  
hav io r .  F o r  p u r p o s e s  of compar i son ,  Fig .  4 also con-  
t a ins  t h e o r e t i c a l  cu rves  w h i c h  w e r e  b a s e d  on  the  
zone re f in ing  e q u a t i o n  (2)  for  a ke of 0.2 for  1 and  
3 passes .  The  c o r r e s p o n d i n g  s t e a d y - s t a t e  d i s t r i b u -  
t ion  is i n d i c a t e d  b y  the  s t eep  c u r v e  w h i c h  r e p r e s e n t s  
t he  u l t i m a t e  so lu te  d i s t r i b u t i o n  ach i eved  at  a ke of 
0.2; th is  m a x i m u m  s e g r e g a t i o n  is l i m i t e d  b y  the  
b a c k - r e f l e c t i o n  of t he  so lu te  t ha t  a c c u m u l a t e s  in  t h e  
las t  zone lengths .  

Ca l cu l a t i ons  for  o p t i m u m  zone re f in ing  cond i t ions  
r e q u i r e  a k n o w l e d g e  of t he  e q u i l i b r i u m  d i s t r i b u t i o n  
coefficient,  ko. B y  use  of t he  a b o v e  d a t a  a n d  the  
B u r t o n - P r i m - S l i c h t e r  e q u a t i o n  ( 2 , 4 ) ,  ko is c a l cu -  
l a t ed  to be  0.08; th is  f igure  r e p r e s e n t s  t he  s e g r e g a -  
t ion  coefficient  o b t a i n a b l e  u n d e r  the  mos t  f a v o r -  
ab l e  zone ref in ing  condi t ions .  As  s h o w n  in t h e  e x -  
p e r i m e n t a l  d a t a  ( T a b l e  I ) ,  t he  s e g r e g a t i o n  coefficient 
at  a ve loc i t y  of 0.5 i n . / h r  is 0.10, a v a l u e  qu i t e  close 
to the  t h e o r e t i c a l  m a x i m u m .  Ca lcu l a t i ons  also i n -  
d ica te  t h a t  e igh t  passes  u n d e r  these  cond i t ions  
shou ld  r e s u l t  in  a 106-fold pu r i f i ca t ion  in t he  f irst  
zone length .  

Zone  re f in ing  in  h o r i z o n t a l l y  pos i t i oned  co lumns ,  
w h i c h  w e r e  s l i g h t l y  inc l ined  to p r e v e n t  t r a n s p o r t  
of g a l l i u m  t r i c h lo r i de ,  r e s u l t e d  in  c o n s i d e r a b l y  l o w e r  
s e g r e g a t i o n  e f fec t iveness  t h a n  v e r t i c a l  zoning.  The  
l o w e r  va lue s  a r e  caused  b y  the  d i f fe rences  in s t i r r i n g  
cond i t ions  of t he  m o l t e n  zone;  c onve c t i ona l  s t i r r i n g  
for  a l i qu id  in a h o r i z o n t a l  t u b e  is k n o w n  to be  
p o o r e r  t h a n  in a v e r t i c a l  t u b e  (2) .  As  shown  in 
T a b l e  I, t he  ke va lues  for  h o r i z o n t a l l y  pos i t i oned  
co lumns  r a n g e d  b e t w e e n  0.3 and  0.4, d e p e n d i n g  on 
zoning  condi t ions .  Changes  in  z o n e - t r a v e l  ve loc i t i e s  
d id  n o t  h a v e  m u c h  effect  on t h e  ke ( p r o b a b l y  b e -  
cause  of t he  o v e r r i d i n g  inf luence  of t he  poor  s t i r -  
r i ng  cond i t i ons ) .  H o w e v e r ,  be c a use  a gas  phase  is 
m a i n t a i n e d  a b o v e  the  ingot  in  t he  h o r i z o n t a l  zone 
re f in ing  app roach ,  t he  h o r i z o n t a l  t e c h n i q u e  p r e v e n t s  
t he  f o r m a t i o n  of gas  b u b b l e s  in  t he  g a l l i u m  t r i -  
ch lo r ide  charge .  As  a resu l t ,  th i s  a p p r o a c h  p r o d u c e s  
c o n s i d e r a b l y  m o r e  u n i f o r m  ingots  t h a n  the  v e r t i c a l  
t e c h n i q u e  a n d  r e duc e s  t he  d a n g e r  of t u b e  b r e a k a g e .  
In  add i t ion ,  b e c a u s e  m u l t i p l e - p a s s  h o r i z o n t a l  zoning  
y i e ld s  ingots  of suff ic ient ly  h igh  p u r i t y ,  th i s  t e c h -  
n i q u e  is w e l l  su i t ed  for  p r o d u c t i o n  app l i ca t ions .  
F i g u r e  5 shows  a t y p i c a l  se t  of  zone re f in ing  cu rves  
for  these  e x p e r i m e n t s .  

Segregation of Zinc, Manganese, and Sodium 
W h e n  z inc-65  ch lo r ide  w a s  a d d e d  to g a l l i u m  t r i -  

ch lo r ide  at  a c o n c e n t r a t i o n  of 0.020 p p m  (as  Zn)  
fo l l owed  b y  v e r t i c a l  zone ref in ing,  a 16- fo ld  m e a n  
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Table II. Zone refining results for ZnCl2, MnCl2, and NaCI in GaCl3 

I m p u r i t y  added  Zone r e f i n i n g  c o n d i t i o n s  R e s u l t i n g  P u r i f i c a t i o n  

Conce n t r a t i on ,  Zone  Veloc i ty ,  P u r i f i c a t i o n  f ac to r  
C o m p o u n d  p p m  Trace r  d i r e c t i o n  i n . / h r  Passes  Po.s Po.9 /ce 

ZnC12 0.020 Zn65C12 v 1.0 1 16 16 ~0.06 
h 1.0 1 4.8 3.7 0.04-0.10 

ZnC12* 0.17 Zn65C12 v 1.0 1 1.2 1.2 ~ ,~0.4"* 
h 1.0 4 3.3 1.6 J 

MnC12 0.021 Mn54C12 v 1.0 1 11 8.7 0.02 
h 1.0 1 6.9 6.1 0.03 
h 0.50 1 5.6 4.9 0.04 

MnC12 0.010 Mn54C12 h 1.0 1 6.4 6.4 0.07 
NaCI 37 Na22C1 v ~.0 1 2.6 2.1 N0.1 * * 

h 1.0 1 1.3 1.3 ---0.4* * 
NaCI* 40 Na22C1 h 1.0 1 1.1 1.1 ~0.5"* 

�9 C o n t a i n s  w a t e r  and  some  o rga n i c  i m p u r i t i e s .  
** A b n o r m a l  zone r e f i n ing  b e h a v i o r ;  tce v a l u e s  w e r e  e s t i m a t e d  f r o m  

pur i f ica t ion  (Po..~) w i th  a k~ of less t han  0.06 r e -  
sulted.  Hor izonta l  zoning  is cons ide rab ly  less effi- 
cient.  The  segregat ion  i nh ib i t i ng  effect caused by  
wa te r  t races  was demons t r a t ed  e x p e r i m e n t a l l y  by  
c o n t a m i n a t i n g  a co lumn  of ga l l ium t r ich lor ide  wi th  
mois ture .  The  resul t s  shown in  Table  II ind ica te  a 
r educ t ion  in segrega t ion  effectiveness by a factor  
g rea te r  t h a n  10; four  ve r t i ca l  passes achieved a Po.8 
of on ly  3.3. Changes  of this  sort  are  to be expected  
because  w a t e r  hydrol izes  ga l l i um t r ich lor ide  wi th  
ease. 

Manganese -54  d ichlor ide  at concen t r a t ions  of 
0.010 and  0.021 ppm (as Mn)  showed exce l len t  
segregat ion  wi th  a k~ of 0.02 and  0.03-0.04 for 
ver t ica l  and  ho r i zon t a l - zon ing  direct ions,  respec-  
t ively.  Pur i f ica t ion  y ie lded  clear, t r a n s p a r e n t  s ing le -  
c rys ta l  ga l l i um t r i ch lor ide  af ter  one zone pass. H o w -  
ever,  this  ana ly t i ca l  eva lua t i on  was compl ica ted  be -  
cause of a smal l  q u a n t i t y  of ma te r i a l  tha t  consis t -  
en t ly  segregated  in  the f ron t  por t ion  of the  ingots  
where  m a n g a n e s e  dep le t ion  was greatest .  G a m m a -  
r ay  spec t romet r ic  ana lys i s  showed tha t  this r ad io -  
ac t iv i ty  was  def ini te ly  caused b y  m a n g a n e s e - 5 4  and  
not  by  some other  nuc l ide  p resen t  as an  impur i ty .  
Appa ren t l y ,  this  p h e n o m e n o n  was caused by  a smal l  
f rac t ion  of the  m a n g a n e s e  in  an  ox ida t ion  state  d i f -  
f e ren t  f rom tha t  of the ma jo r  por t ion  of the  m a n -  
ganese.  

As shown in  Table  II, segregat ion  for ga l l i um t r i -  
chlor ide which  con ta ined  37 ppm sod ium in  the  fo rm 
of sodium-22 chloride proceeded wi th  a P0.s of 2.6 
in the  ver t i ca l  direct ion,  and  1.3 in  the  hor izontal .  
This  pur i f ica t ion  did no t  follow n o r m a l  zone re f in ing  
laws. The first ha l f  of the  ve r t i ca l ly  processed ingot  
showed a 13-fold pur i f ica t ion  af ter  one pass and  an 
a p p a r e n t  k~ of wel l  be low 0.1; the concen t r a t i on  in 
the second hal f  rose a b r u p t l y  beyond  the in i t i a l  m e a n  
concen t ra t ion .  This a b n o r m a l  behav io r  was a t t r i b -  
u ted  to the  h igh concen t r a t i on  of sodium chlor ide 
tha t  was added because  of low specific rad ioac t iv i ty .  
The  concen t r a t i on  level  in  the  so lvent  was a p p a r -  
en t l y  beyond  the so lubi l i ty  l imi t  of sod ium chlor ide 
in ga l l i um tr ichlor ide.  Ev idence  of incomple te  so lu-  
b i l i ty  was  ind ica ted  b y  the wh i t e - co lo red  po lyc rys -  
t a l l ine  appea rance  of the  ingots.  Segrega t ion  curves  
of moist  ga l l ium t r i ch lor ide  ingots  con ta in ing  so- 

mean  p u r i f i c a t i o n .  

dium chloride were similar to those of the impure 
zinc column in that the center portion of the ingot 
showed a concentration leveling effect. A mean ke 
of approximately 0.5 was estimated for these ingots. 

Segregation Effectiveness 
under Severe Impurity Concentrations 

One ingot  was  p r epa red  wi th  a mul t ip l e  m i x t u r e  
of e lements  which  were  added  as chlor ides  to in -  
ves t igate  effective segrega t ion  u n d e r  ex t r eme  con-  
di t ions  of i m p u r i t y  concent ra t ions .  Wi th  the  excep-  
t ion of iron,  which  was added  at  a concen t r a t i on  of 
0.01 ppm, the  other  six impur i t i e s  were  p resen t  at 
concen t ra t ions  of 10 p p m  each. Manganese -54  was  
added as a t racer  for the  manganese .  One ver t ica l  
d o w n w a r d  pass was  appl ied  at  a z o n e - t r a v e l  veloc-  
i ty  of 1.0 in . /h r .  U n d e r  these  condi t ions,  an  emis -  
sion spect rographic  analys is  led to the  fo l lowing 
effective segregat ion  coefficients: 0.11 for a l u m i n u m ;  
less t h a n  0.12 for copper;  0.30 for nickel .  Lead and  
m a n g a n e s e  resul t s  were  not  conclusive,  and  i ron 
was not  detected.  

The rad iochemica l  analysis ,  however ,  showed tha t  
the segregat ion  of i ron was  not  affected by  the high 
concen t ra t ions  of added impur i t i e s ;  the  ke of 0.12 
checks closely wi th  the va lues  for i ron  l is ted in  
Table  I. In  the case of manganese ,  the pur i f ica t ion 
effect iveness at  the  10 p p m  concen t r a t i on  was  abou t  
one -ha l f  as compared  to the va lues  repor ted  in 
Table  II for 0.02 ppm m a n g a n e s e  alone. 

On the basis of the  data  p resen ted  in  Tables  I 
and II, the segregat ion  effectiveness of hor izonta l  
zoning at the same i m p u r i t y  concen t ra t ions  should 
be lower  by  a factor  of about  two. 

Conclusions 
E x p e r i m e n t a l  resul ts  ind ica te  tha t  this  rad io-  

t racer  method  is an  effective n o n d e s t r u c t i v e  q u a n -  
t i ta t ive  t echn ique  for d e t e r m i n i n g  the  d i s t r ibu t ion  
of rad ioac t ive  componen ts  in  a co lumn  of mater ia l .  
In  addi t ion  to e v a l u a t i n g  zone ref in ing processes, 
this t echn ique  can be r ead i ly  used in  other  app l i -  
cat ions where  the  d i s t r ibu t ion  of componen t s  needs  
to be measured ,  such as in  ch romatograph ic  and  ion-  
exchange  columns,  or in rods, ingots, and  crysta ls  of 
u n i f o r m  thickness .  
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W h e n  used  in  t h e  d e t e r m i n a t i o n  of zone ref in ing  
p a r a m e t e r s  for  g a l l i u m  t r i ch lo r ide ,  t he  d a t a  ob -  
t a i n e d  s h o w e d  t h a t  ch lo r ide s  of m a n g a n e s e ,  zinc,  
a n d  iron,  w h i c h  w e r e  a d d e d  a t  c o n c e n t r a t i o n s  of 
0.01-10 ppm,  had  effect ive  s e g r e g a t i o n  coefficients 
of 0.02-0.4. S i m i l a r  r e su l t s  w e r e  o b t a i n e d  w i t h  a l u -  
m i n u m ,  m a g n e s i u m ,  copper ,  and  n i c k e l  w h i c h  w e r e  
a n a l y z e d  b y  emiss ion  s p e c t r o g r a p h y .  Because  of 
i ts  low so lub i l i t y  in  g a l l i u m  t r i ch lo r ide ,  s o d i u m  
ch lo r ide  d id  no t  a d h e r e  to n o r m a l  zone re f in ing  
l aws ;  h o w e v e r ,  s e g r e g a t i o n  d id  occur  and  sod ium 
ions c o l l e c t e d  t o w a r d  the  r e a r  of t he  ingot .  

These  r e su l t s  show t h a t  m u l t i p l e - p a s s  zone r e -  
f ining is a h i g h l y  ef fec t ive  p rocess  for  t he  p r e p a r a -  
t ion  of h i g h - p u r i t y  g a l l i u m  t r i ch lo r ide .  F o r  p r o d u c -  
t i o n - s c a l e  pur i f i ca t ions ,  h o r i z o n t a l  zone ref in ing  is 
cons ide red  m o r e  efficient  t h a n  the  v e r t i c a l  t e c h -  
n ique .  A l t h o u g h  the  pu r i f i ca t ion  e f fec t iveness  in t h e  
h o r i z o n t a l  d i r ec t i on  is l o w e r  t h a n  t h a t  in t he  v e r -  
t ical ,  h o r i z o n t a l  p a r a m e t e r s  a r e  m o r e  eas i ly  con-  

t ro l l ed ,  and  the  d a n g e r  of c o l u m n  b r e a k a g e  is r e -  
duced.  
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ABSTRACT 

Films produced on titanium depend on the nature and concentration of elec- 
trolyte, forming voltage, current density, and temperature. In most cases, dense 
films of limited thickness are produced, but in some cases, thick, porous films 
result. Physical, chemical, and electrical nature of the coatings are discussed 
together with their relation to the substrate surface character. Evidence in- 
dicates that films prepared in aqueous electrolytes are not a pure rutile struc- 
ture. These coatings are highly uniform, insulating, and adherent. 

Anod ic  o x i d a t i o n  is a w e l l - e s t a b l i s h e d  p r o c e d u r e  
in t he  case  of m a n y  me ta l s ,  b u t  in t he  case  of t i -  
t an ium,  r e l a t i v e l y  l i t t l e  conc lus ive  i n f o r m a t i o n  is 
ava i l ab l e ,  a n d  p r o c e d u r e s  a re  no t  w e l l  deve loped .  

It was the purpose of this investigation to study 
anodic processes as applied to titanium surfaces 
and to learn something of the effects of various 
formation parameters on the character of anodic 
films produced. 

The work to be described is largely a study con- 
cerning the effects of process parameters on the 
anodic oxidation of titanium metal. Such parame- 
ters include type and concentration of electrolyte, 
anodic current density, temperature, voltage, total 
current, and effects of superimposed a.c. In the 
study of anodic films on metals, factors of signifi- 
cance in evaluation of films include thickness, 
density, porosity, and electrical properties. A con- 
venient means for evaluation of such factors is ob- 
tained by a measurement of capacitance and loss 
factors. In most cases, films prepared in this study 
were evaluated through capacity and loss measure- 
ments. 

Much process data have been accumulated in the 
case of anodic processes as applied to certain met- 

als. These  i nc lude  c o m m o n  me ta l s  such  as a l u -  
m i n u m  and  less c o m m o n  m e t a l s  such as t a n t a l u m .  
A l t h o u g h  a g r e a t  dea l  of effor t  has  been  e x p e n d e d  
in anod iz ing  i nves t i ga t i ons  of t i t a n i u m ,  l i t t l e  in the  
w a y  of conc re t e  r e su l t s  has  been  ob ta ined .  In  mos t  
cases, f i lms p r e p a r e d  have  been  s e m i c o n d u c t i n g  in 
n a t u r e  and  n o n s t o i c h i o m e t r i c  in  compos i t ion .  F o r  
t he  mos t  pa r t ,  anod ized  t i t a n i u m  fi lms h a v e  been  
n o n u n i f o r m ,  h i g h l y  porous ,  v e r y  th in  and  c o n d u c t -  
ing, or  c o m p l e t e l y  n o n a d h e r e n t .  

I t  is b e y o n d  the  scope of thi~ p a p e r  to p r o v i d e  a 
c o m p l e t e  l i t e r a t u r e  b a c k g r o u n d  r e g a r d i n g  a nod i c -  
c onve r s ion  processes  as a p p l i e d  to t i t a n i u m  meta l .  
H o w e v e r ,  a f ew  p e r t i n e n t  e x a m p l e s  of w o r k  in th i s  
a r ea  a r e  c i ted  to i l l u s t r a t e  t he  g e n e r a l  t r e n d  of a p -  
p r o a c h e s  p r e v i o u s l y  m a d e  to th is  p r o b l e m .  

Ence  (1)  e m p l o y e d  a l c o h o l i c - o r g a n i c  ac id  b a t h s  
c on t a in ing  s m a l l  a m o u n t s  of p h o s p h o r i c  ac id  for  
i m p a r t i n g  th in  anod ic  f i lms to  t i t a n i u m  meta l .  
J a c q u e t  (2) e m p l o y e d  a c e t i c - p e r c h l o r i c  ac id  b a t h s  
for  th is  purpose .  These  h a v e  b e e n  found  to p r o d u c e  
p u r e  w h i t e  ox id ic  films, bu t  t h e y  a re  e x t r e m e l y  
poor  in adhe rence .  M a  (3)  e m p l o y e d  d i l u t e  su l fu r i c  
ac id  b a t h s  for  t i t a n i u m  anodiz ing .  V o l t a ge  a t t a i n a -  
b l e  in  th is  t y p e  of b a t h  is l i m i t e d  to r e l a t i v e l y  low 
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va lues  so t ha t  on ly  th in  n o n i n s u l a t i n g  fi lms a r e  p r o -  
duced.  M c L e a n  (4)  u t i l i zed  h y d r o c h l o r i c - n i t r i c -  
su l fu r i c  ac id  ba ths  for  p o l i s h i n g  the  su r f ace  fo l -  
l o w e d  by  anod iz ing  in  a buf fe red  b o r a t e  solut ion.  
F i l m s  f o r m e d  in excess  of 150v w e r e  r e p o r t e d .  
H o w e v e r ,  these  fi lms w e r e  also sa id  to be u n s t a b l e  
in so lu t ion  and  d u r i n g  process ing .  

The  Ph i l co  C o r p o r a t i o n  (5)  r e p o r t e d  f a v o r a b l e  
cha r ac t e r i s t i c s  of anod ic  f i lms f o r m e d  in s a t u r a t e d  
oxa l ic  a c i d - l - 2 - p r o p a n e d i o l  solut ions .  Such  fi lms 
w e r e  r e p o r t e d  to h a v e  c a p a c i t y  v a l u e s  c o n s i d e r a b l y  
in excess  of c o m p a r a b l e  fi lms f o r m e d  on t a n t a l u m  
i n d i c a t i n g  a h i g h - d i e l e c t r i c - c o n s t a n t  f i lm ma te r i a l .  
W a i n e r  (6)  r e c o m m e n d e d  a t w o - s t e p  anod iz ing  
p r o c e d u r e  e m p l o y i n g  first  a p h o s p h o r i c  a c i d - g l y c o l  
b a t h  and,  second,  a bor ic  acid  b a t h  for  final  fi lm 
fo rma t ion .  H i g h  f o r m a t i o n  vo l t ages  a n d  c a p a c i t a n c e  
va lue s  in excess  of those  for  c o m p a r a b l e  t a n t a l u m  
films w e r e  r e p o r t e d .  

A v a r i e t y  of sa l t  so lu t ions  have  also been  e m -  
p l o y e d  for  i m p a r t i n g  anod ic  f i lms to t i t a n i u m .  Ence  
(1)  e m p l o y e d  a sod ium c y a n i d e  ba th .  No de ta i l s  a r e  
g iven  for  r e su l t s  of th is  fo rma t ion .  D u m m e r  (7)  
sugges t ed  aqueous  so lu t ions  of c o m m o n  sal t ,  p o t a s -  
s ium d i c h r o m a t e ,  and  p o t a s s i u m  o r t h o p h o s p h a t e .  
Aga in ,  f o r m a t i o n  vo l t ages  a r e  e x t r e m e l y  l i m i t e d  in 
so lu t ions  of th is  type .  E x a m p l e s  a r e  c i ted  sh ow ing  
f o r m a t i o n  v o l t a g e s  in t he  v i c i n i t y  of 10v. Beck  (8)  
has  p a t e n t e d  a n o d i z i n g  p r o c e d u r e s  for  t i t a n i u m  
e m p l o y i n g  va r i ous  p h o s p h a t e  sa l t s  in aqueous  so lu -  
t ions.  These  inc lude  s o d i u m  and  p o t a s s i u m  o r t h o -  
phospha tes ,  sod ium,  p o t a s s i u m  and  a m m o n i u m  acid  
phospha tes ,  and  mic rocosmic  sal t .  These  m a t e r i a l s  
a r e  r e p o r t e d  to p r o d u c e  s t ab le  f i lms on t i t a n i u m  
meta l .  Hass  (9 ) ,  in c o n v e r t i n g  v e r y  th in  f i lms of 
t i t a n i u m  to oxides ,  u t i l i zed  a m m o n i a c a l  t a r t a r i c  
ac id  ba ths .  C o m p l e t e  conve r s ion  of t i t a n i u m  fi lms 
of the  o r d e r  of 500A in t h i ckness  to t i t a n i u m  ox ides  
was  c la imed .  

A l a rge  n u m b e r  of o t h e r  r e f e r ences  to the  a n o -  
d iz ing  of t i t a n i u m  m e t a l  ex i s t  in  the  l i t e r a t u r e .  
F i l m s  p r o d u c e d  h a v e  been  v a r i o u s l y  iden t i f i ed  as 
ru t i l e ,  ana tase ,  and  b rook i te .  E x i s t i n g  ev idence  on 
the  anod iz ing  of t i t a n i u m  m e t a l  is, to a l a r g e  d e -  
gree,  conf l ic t ing  bo th  f rom the  s t a n d p o i n t  of t he  
effects i n v o l v i n g  process  p a r a m e t e r s  and  in f i lm 
iden t i f i ca t ion  and  p rope r t i e s .  

Experimental 
Materials 

In  o r d e r  to p r o v i d e  t i t a n i u m  su r faces  of v a r y i n g  
p u r i t y  for  anod iz ing  s tudies ,  a ser ies  of five d i f fe r -  
en t  m a t e r i a l s  w e r e  u t i l i zed .  These  a r e  l i s ted  in 
Tab le  I a long  w i t h  a v a i l a b l e  i m p u r i t y  da ta .  The  
depos i t ed  fi lm m a t e r i a l s  w e r e  of h i g h e r  o r d e r  of 
p u r i t y  t h a n  the  c o m m e r c i a l l y  a v a i l a b l e  ma t e r i a l s .  
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The  c o m m e r c i a l l y  a v a i l a b l e  shee t  m a t e r i a l s  w e r e  
e m p l o y e d  as 3-, 5-, and  10-mi l  t h i cknes s  sheets .  
These  w e r e  g e n e r a l l y  u t i l i zed  as 1- b y  5 - c m  s t r ips .  
The  iod ide  m a t e r i a l  was  used  in t he  f o r m  of th in  
( a p p r o x i m a t e l y  50- ra i l )  sl ices.  The  c h e m i c a l l y  d e -  
pos i t ed  t i t a n i u m  fi lms w e r e  a p p l i e d  to e i t he r  g lass  
or  a l u m i n a  s u b s t r a t e s  b y  a f u s e d - s a l t  depos i t i on  
p roc e du re .  This  p r o c e d u r e  g ives  a u n i f o r m  f i lm fo l -  
l owing  the  con tours  of t he  o r ig ina l  a l u m i n a  s u b -  
s t ra te .  V a p o r - d e p o s i t e d  f i lms w e r e  on glass  s u b -  
s t r a t e s  and  d e p o s i t e d  b y  s t a n d a r d  v a p o r - d e p o s i t i o n  
t echn iques .  

A l l  e l e c t r o l y t e  m a t e r i a l s  w e r e  f o r m u l a t e d  f rom 
s t a n d a r d  CP chemica l s  in  d i s t i l l ed  w a t e r .  A n o d i c  
fi lms w e r e  f o r m e d  u t i l i z ing  a c o n s t a n t - c u r r e n t  
source  c a p a b l e  of 300-ma  c u r r e n t  and  500-v.  Ba th  
t e m p e r a t u r e  was  c o n t r o l l e d  e i t h e r  b y  use  of i n t e r n a l  
cool ing coils or  e x t e r n a l ,  c o n s t a n t - t e m p e r a t u r e  
ba ths .  T i t a n i u m  ca thodes  w e r e  u t i l i zed  t h r o u g h o u t  
the  work .  The  g e n e r a l  p r e p a r a t i o n  p r o c e d u r e  i n -  
vo lved  p r e s e t t i n g  of t he  p o w e r  s u p p l y  to t he  d e -  
s i red  vo l t a ge  and  cu r ren t ,  i n se r t i ng  the  e l ec t rode  
u n d e r  vo l tage ,  a l l o w i n g  the  f i lm to b u i l d  up  to th is  
specif ied vo l t a ge  fo l l owed  b y  c u r r e n t  d e c a y  to a 
m i n i m u m  va lue ,  u s u a l l y  of the  o r d e r  of less  t h a n  
1 ma.  

S ince  in  mos t  cases  t h e r e  w e r e  t endenc i e s  for  e x -  
cess ive  a rc ing  to t a k e  p l ace  at  the  e l e c t r o l y t e - a i r  
in te r face ,  th is  i n t e r f a c e  was  p r o t e c t e d  b y  use  of a 
s m a l l  j ig  c l a m p i n g  the  a n o d e  b e t w e e n  two  p ieces  
of s i l icone  r u b b e r .  

W h e n  the  anode  h a d  r e a c h e d  p respec i f i ed  v o l t a g e -  
c u r r e n t  condi t ions ,  i t  Was r e m o v e d  u n d e r  an  a p p l i e d  
vo l tage ,  w a s h e d  in  d i s t i l l ed  w a t e r ,  bo i l ing  d i s t i l l ed  
wa te r ,  and  f ina l ly  a l l o w e d  to d r y  e i t h e r  in a i r  or  in a 
l o w - t e m p e r a t u r e  oven.  

In  mos t  cases, t he  c a p a c i t y - l o s s  m e a s u r e m e n t s  d e -  
sc r ibed  l a t e r  w e r e  o b t a i n e d  b y  a p p l i c a t i o n  of a h i g h -  
p u r i t y ,  l ow - f i r i ng  s i lve r  e l ec t rode  ( D u P o n t  No. 
6730 s i lve r  p a i n t )  to t he  anod ized  film. As  wi l l  be  
seen l a t e r ,  th is  e l ec t rode  t y p e  does  not  s t r i c t l y  con-  
fo rm to anod ized  su r faces  and  r e su l t s  in c a p a c i t y -  
m e a s u r e m e n t  e r ro r .  This  is e v i d e n t  f r o m  the  d i f f e r -  
ence  o b s e r v e d  in m e a s u r e m e n t s  us ing  these  s i lve r  
e l ec t rodes  as c o m p a r e d  w i t h  m e a s u r e m e n t s  in a q u e -  
ous solut ions.  

Results 
Electrolyte Types 

In i t i a l l y ,  a l a r g e  v a r i e t y  of acid,  basic ,  and  sa l t -  
t ype  e l e c t ro ly t e s  w e r e  s u r v e y e d  to d e t e r m i n e  wh ich  
g e n e r a l  t y p e  of  m a t e r i a l s  p r o d u c e d  the  mos t  p r o m -  
is ing anodic  f i lms in  t he  case  of t i t a n i u m .  A n u m -  
ber  of e l e c t ro ly t e s  s t ud i e d  a r e  t a b u l a t e d  in Tab l e s  
II,  III ,  and  IV acco rd ing  to t he  t h r e e  c i ted  types .  In  

Table I. Purity of titanium metal substrates 

Subs t r a t e  Source  Tota l  Ti, % 02, % C, % N2, % Fe ,  % 

75A TMCA 99.0 0.5 0.05 0.03 0.35 
55A TMCA 99.2 0.3 0.03 0.02 0.25 
Iodide Foote  Minera l  99.9 0.05 0.01 0.01 0.01 
Chem. Dep. F i lm LMSD >99.9 0.5 Nil - -  Nil  
Vapor  Dep. F i lm LMSD >99.9 <0.05 <0.05 Nil  <0.05 
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Table II. Acid electrolytes 

I n i t i a l  F i n a l  
c.d., c.d., 

Elec t ro ly te ,  r o o m  t e m p  Conc,  % Max,  E m a / c m  -~ m a / c m  2 Time,  ra in  G a s s i n g  A d h e r e n c e  R6, o h m s  C 1, /zf/cm-" D 1, % 

HF 5 20 50 1 30 Mod. None - -  
HC104 5 35 10 1.2 2 Heavy  None - -  
H2SO4 95 80 10 0.25 15 Mod. Good 5-10 0.001 ~25 

15 35 10 0.5 15 Heavy  Good 5-10 0.001 >50 
HNO3 70 20 120 2.5 15 Heavy  None 2 20 - -  - -  
H3PO4 85 150 20 0.04 40 Slight  Good 105 0.010 ~5  
CH~COOH 95 - -  10 0.4 30 Heavy  Poor~ - -  - -  - -  
H3BO3 Sat'd. 200 10 0.15 30 Heavy  Good 4 102 0.0005 >10 
Tartaric  acid 5 200 30 0.5 30 Heavy  Good 4 102 0.0002 >25 
Oxal ic-ci t r ic  lactic 5.5-10 300 10 0.25 45 Heavy Good 4 20-40 0.0005 >20 

acids 
Et acid phosphate 5-25 400 14 0.04 45 Slight  Good 105 0.004 < 1 

1 Dry  contac t ,  a t  m a x i m u m  o b t a i n e d  vo l t age .  
2 E tch ing .  
a E l ec t ropo l i sh ing .  

Very  th in .  
M e a s u r e d  t h r o u g h  f i lm b e t w e e n  m e t a l  s u b s t r a t e  and  su r face  s i l v e r  e lec t rode .  

Table Ilk Basic electrolytes 

I n i t i a l  F ina l  
e.d., c.d., 

E l e c t r o l y t e  Conc,  % Max,  E m a / c m  e m a / c m  2 T ime ,  m i n  G a s s i n g  A d h e r e n c e  R, o h m s  C 1, sf/cm-~ D ~, % 

K-Ti-oxa la te ,  Sat'd. 10 10 1.25 15 - -  __2 __ __ __ 
NH4OH 

NaOH 10 75 30 2.50 30 Heavy  Fair3 107 0.0003 5.7 

1 Dry  con tac t  a t  m a x i m u m  o b t a i n e d  vo l t age .  
-" TiO~ ppt .  
a S p a l l i n g .  

Table IV. Salt electrolytes 

I n i t i a l  F ina l  
c.d., c.d., 

El ec t ro ly t e  Cone,  % Max,  E ma/cm-" ma /cm~ Time ,  ra in  G a s s i n g  A d h e r e n c e  R, o h m s  C 1, /~f/cm ~ D 1 %  

NasBOs Sat'd. 100 10 0.025 30 Lit t le  Good 5-20 0.0005 20 
TIC14 5 50 10 0.5 30 Heavy  Good 40 0.0005 5-10 
NaCN 10 10 10 0.25 20 Heavy  Good 2 - -  - -  - -  
Na3A103 Sat'd. 100 10 0.5 20 Mod. Poor 3 - -  - -  - -  
Na3PO4 2 120 20 0.05 20 Slight  Good 106 0.005 5 
NaH2PO4 5 145 20 0.07 30 Mod. Poor 102 - -  - -  
Na2HPO4 5 350 20 0.04 20 Mod. Good - -  0.009 4 

1 Dry  con tac t  a t  m a x i m u m  v o l t a g e  ob ta ined .  
2 Ve ry  th in .  

Reduced .  

genera l ,  acid e l ec t ro ly te s  g a v e  by  f a r  the  best  r e -  
sults. H o w e v e r ,  a v e r y  s t rong  acid such as HF  or 
HC104 had  s t rong  t endenc ies  t o w a r d  d isso lv ing  the  
films produced .  Thus,  the  anodic  fi lms in these  cases 
w e r e  essen t ia l ly  nonadhe ren t .  The  v e r y  w e a k  acids, 
such as the  usua l  o rgan ic  acids, p roduced  v e r y  ad-  
he ren t  bu t  l imi t ed  th ickness  t r a n s l u c e n t  films. Such  
films g r o w  to some finite low vo l t age  (usua l ly  
< 5 0 v )  and consequen t  th icknesses ,  at wh ich  po in t  
g r o w t h  ceases. Acids,  such as sulfur ic ,  t ended  to 
y ie ld  heavy ,  opa~lue, amorphous ,  f i lms w h i c h  could  
be f o r m e d  to h igh  vol tages ,  bu t  h e r e  again,  t h e r e  
was  also a t e n d e n c y  t o w a r d  d isso lu t ion  of the  films. 
F i lms  so f o r m e d  had  a t e n d e n c y  to r e t a in  a v e r y  
porous  s t ruc tu re ,  and thus  the  e lec t r i ca l  p rope r t i e s  
w e r e  s o m e w h a t  undes i rab le .  Of the  acidic e l ec t ro -  
ly tes  t r ied,  the  p h o s p h a t e - b a s e d  m a t e r i a l s  gave  by  
far  the  best  resul ts .  These  e l ec t ro ly t e s  a l l owed  
bu i ldup  of films to h igh  vo l t ages  w i t h  a m i n i m u m  
of porosi ty .  In pa r t i cu la r ,  an aqueous  m e t h y l - e t h y l  

acid p h o s p h a t e  e l ec t ro ly t e  p roduced  exce l l en t  ano-  
diz ing charac ter i s t ics .  

S t r o n g l y  basic e l ec t ro ly te s  e i the r  r e su l t ed  in p r e -  
c ip i ta tes  of t i t a n i u m  ox ide  or r eac t ed  so r ap id ly  
w i t h  the  t i t a n i u m  sur face  tha t  the  en t i r e  subs t ra te  
was qu i ck ly  c o n v e r t e d  to oxide.  Thus,  it was  difficult  
to con t ro l  the  anodic  process  u t i l i z ing  these  e l ec t ro -  
lytes.  

Most  n e u t r a l  or n e a r  n e u t r a l  s a l t - t y p e  e l ec t ro -  
ly tes  y i e lded  on ly  v e r y  th in  t r a n s l u c e n t  films. These  
had  poor  e l ec t r i ca l  c h a r a c t e r  and l i t t l e  p r o t e c t i v e  
v a l u e  to the  t i t a n i u m  subs t ra te .  Sal ts  of an acidic 
n a t u r e  p roduced  i m p r o v e d - t y p e  films, p a r t i c u l a r l y  
in the  case of the  p h o s p h a t e  salts. The  e f fec t iveness  
of a s a l t - t y p e  e l ec t ro ly t e  seems to be l a rge ly  con-  
t ro l l ed  by  its pH p rope r t i e s  and ab i l i ty  to d issolve  
smal l  amoun t s  of the  anodic  product .  

The  t i t a n i u m  based anodic  films p r o d u c e d  h a v e  a 
finite so lub i l i ty  in the  o rgan ic  phospha t e  e l ec t ro -  
lyte.  This  is e v i d e n c e d  by  the  s low pH increase  of  
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Table V. Effect of titanium purity on the anodizing process 

Titanium t ype  Pur i ty ,  % 

100 Volts 
M m  c.d., Min c.d., 
ma/cm2 Time,  rain C*, gf/cm2 D*, % m a / e m  2 

200 V o l t  s 

Time,  m i n  C*,/Lf/cm 2 D*, % 

Ti75A 99.0 
Ti55A 99.2 
Iodide 99.9 
ChDepFilm >99.9 
VacEvapFilm > 99.9 

* Ag counter  electrodes.  

0.16 30 0.0122 4.6 0.14 35 0.0075 2.6 
0.11 20 0.0088 2.2 0.21 27 0.0058 1.2 
0.10 18 0.0075 - -  0.04 30 0.0060 1.1 
0.30 15 0.0135 1.1 0.05 25 0.0056 1.3 
0.28 2 0.0082 2.7 0.14 2.5 0.0065 1.5 

Table VI. Surface-roughness effects 

Ti on as - rec 'd  A1203 
F o r m i n g  
voltage,  v Min e.d., m a / c m  2 C, g f /cme 

Ti  on gr i t -b las ted  AI~O~ 

D, % Min c.d., m a / c m  2 C,/~f/cm~ D,% 

Electropolished Ti on AleOa 

Min c .d ,  ma/cm2 C, p~f/cm 2 D, % 

250 0.3 0.0087 
300 0.2 0.0063 
350 0.2 0.0029 

3.1 0.25 0.0069 2.8 0.08 0.0061 1.8 
8.5 0.25 0.0044 3.4 0.12 0.0028 2.7 
6.9 0.17 0.0030 5.7 - -  - -  - -  

the ba th  accompanied  by  an increas ing  t i t a n i u m  
concent ra t ion .  W h e n  the e lec t ro ly te  reaches a pH 
m u c h  above 1, it is no longer  effective in  gene ra t i on  
of an  effective dielectr ic  fi lm on t i t an ium.  

In  genera l  the  effectiveness of an  e lec t ro ly te  for 
anodic  ox ida t ion  of t i t a n i u m  me ta l  appears  to be 
la rge ly  a func t ion  of the e lec t ro ly te ' s  ab i l i ty  to 
dissolve the  anodic  product .  This  is comparab le  to 
behav io r  observed in  the case of a l u m i n u m  and  t a n -  
t a lum.  F i lms  formed anod ica l ly  in  e lect rolytes  
wh ich  do not  dissolve the  oxide to any  ex t en t  bu i ld  
up  to a f inite th ickness  ( <  1000A) and  b lock the  
flow of c u r r e n t  except  for a r e l a t i ve ly  smal l  l eak -  
age cur ren t .  In  e lec t rolytes  which  a t tack  the  oxides, 
r e l a t ive ly  coarse coat ings  can be p roduced  of up 
to 6000-8000A es t imated  th ickness  (based  on we igh t  
change  da ta ) .  

As a resu l t  of these  inves t iga t ions  on e lec t ro ly te  
composit ion,  the  ba l ance  of the  p r o g r a m  was car r ied  
out  in  the  m e t h y l - e t h y l  acid phospha t e -ba sed  e lec-  
t rolytes .  It  was found  tha t  films could be fo rmed  in 
these e lect rolytes  up to at least  400v, and  tha t  f inal  
c u r r e n t  densi t ies  of the order  of 0.007-0.035 m a / c m  e 
could be obta ined.  

The  so-cal led  e thy l  acid phospha te  is ac tua l ly  
abou t  a 50-50 m i x t u r e  of the  methy l ,  CH3H2PO4, and  
ethyl ,  C2HsHePO~, der ivat ives .  The m a t e r i a l  pe r -  
forms best  as an  anodiz ing  m e d i u m  for t i t a n i u m  at 
low pH levels  ( < 1 )  r ep re sen t i ng  concen t ra t ions  of 
> 5 v /o .  For  the  s tudy  described,  20 v / o  (pH ~ 0.4) 
solut ions  have  been  employed  unless  o therwise  
stated.  

Substrate Surface Effects 

T i t a n i u m  subs t ra te  p u r i t y  and  surface charac te r  
were  found  to have  an  effect on proper t ies  of the  
anodic  films produced.  F ive  types  of t i t a n i u m  sub -  
s t ra te  we re  anodized to 100 and  200v and  to m i n i m u m  
ob ta inab le  cur ren ts .  It  was  found  tha t  the t ime  re -  
qu i r ed  to reach these condi t ions  va r i ed  by a factor  
of 10 or g rea te r  wi th  p u r i t y  of the  subs t ra te .  Re-  
sults  of this  s tudy  are shown in  Tab le  V. Capaci ty  
and  loss va lues  for films fo rmed  on these severa l  
ma te r i a l s  also differ app rec i ab ly  in  compar ing  the 
m i n i m u m  wi th  m a x i m u m  p u r i t y  subst ra tes .  Data  

are gene ra l ly  reproduc ib le  w i t h i n  10% for C & D 
va lues  and  w i t h i n  15% for t ime  values.  

A l though  it is difficult to separa te  p u r i t y  a nd  su r -  
face effects, an  effort was  made  to d e t e r m i n e  su r -  
face effects by  anodiz ing  the  same type  of chem-  
ical ly  deposi ted film wi th  v a r y i n g  surface  p r e p a r a -  
t ions. Data  are g iven  in  Tab le  VI for anodized 
chemica l ly  deposi ted films on as - rece ived  a lumina ,  
on f resh g r i t - b l a s t ed  a lumina ,  and  on e lec t ropol-  
ished t i t a n i u m  surfaces over  a lumina .  Anodic  film 
fo rma t ion  on di f ferent  surfaces u n d e r  iden t ica l  con-  
di t ions  p roduced  di f ferent  resul ts  in  t e rms  of l eak -  
age c u r r e n t  and  loss factor.  

Film Growth 

Electrolyte e]fects.--As prev ious ly  men t ioned ,  the  
gross effects r e su l t i ng  f rom elec t ro ly te  cons t i tu t ion  
appear  to reside p r i m a r i l y  in  ab i l i ty  of the  e lec t ro-  
ly te  to dissolve the  r e s u l t a n t  anodic  films. I t  is ap-  
p a r e n t  tha t  those e lect rolytes  hav ing  some solvent  
act ion capabi l i t ies  p roduce  the  most  des i rab le  r e -  
sults  in  t e rms  of film th ickness  and  e lect r ical  p rop -  
erties. Elec t ro ly tes  possessing no so lvent  act ion pro-  
duce r e l a t ive ly  t h i n  films w i t h  poor e lect r ical  char -  
acteristics.  Elec t ro ly tes  possessing e x t r e me  solvent  
act ion charac ter is t ics  y ie ld  poor ly  a d h e r e n t  or n o n -  
adhe ren t  films. 

There  are also smal l  effects r e su l t ing  f rom con-  
cen t r a t i on  of the act ive e lec t ro ly te  mater ia l .  Elec-  
t ro ly te  concen t ra t ions  v a r y i n g  f rom 10 to 40 wt  % 
produced  smal l  changes  in  capaci ty  d i sp layed  by  
the r e su l t a n t  films. These changes  are m i n i m a l  com- 
pa red  to the  gross changes  r e su l t ing  f rom vol tage  
effects and  are comparab l e  to s imi la r  effects ob-  
served for other  metals .  

Anode current density.--Current dens i ty  l ike so- 
lu t ion  concen t r a t i on  produces  some smal l  effects 
in  r e su l t a n t  charac ter is t ics  of the  films as ind ica ted  
by  capaci ty  m e a s u r e m e n t s .  There  is p r o b a b l y  also 
a r e la t ionsh ip  w i t h  oxide fi lm densi ty .  Va r i a t i on  of 
the  anode c u r r e n t  dens i ty  by  a factor  of 100 p ro -  
duces a capaci ty  change  of no t  more  t h a n  a factor  
of 2. 

Temperature . - -E l ec t ro ly t e  t e m p e r a t u r e  effects 
have  only  a smal l  ne t  effect on the  anodic  films. The 
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Fig. 1. Temperature effects on anodized films 

Fig. 3. Blisters and microcracks, anodized Ti surface, 1S0v, Mag- 
nification 3500X. 
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Fig. 2. Effect of forming voltage on film capacitance 

three  capaci ty  curves  in  Fig. 1 show only  m i n i m a l  
changes in  film charac te r  emp loy ing  fo rma t ion  t e m -  
pe ra tu re s  f rom 6 ~ to 17~ The  effect is somewha t  
g rea te r  at  fo rming  vol tages  be low 100 t h a n  at h igher  
fo rma t ion  voltages.  The  increase  in  capaci tance  
p r o b a b l y  indicates  inc reased  so lvent  act ion on the 
films. At  much  h igher  t e m p e r a t u r e s  of the order  of 
80~176 h igh ly  porous  n o n i n s u l a t i n g  films are 
formed,  ind ica t ive  of excessive so lvent  action. 

Voltage.--As would  be ant ic ipa ted ,  vo l tage  to 
which  an  anodic  f i lm on t i t a n i u m  is fo rmed  has by  
far  the most  p ro found  effect on the  ne t  film cha r -  
acter  and,  to a great  ex tent ,  de t e rmines  proper t ies  
of the film produced.  The effect of vol tage  on the  
film capaci ty  is i l l u s t r a t ed  by  the  da ta  in  Fig. 2. 
Curves  are shown for bo th  d ry  m e a s u r e m e n t s  
u t i l iz ing  s i lver  electrodes and  wet  m e a s u r e m e n t s  
t a k e n  in  5% l i t h i u m  chloride.  It  is ev iden t  tha t  
these va lues  differ by  abou t  a factor  of 5. This  
wou ld  ind ica te  tha t  surface  areas  b e t w e e n  the  two 
m e a s u r e m e n t s  differ b y  about  a factor  of 5. Micro-  
scopic e x a m i n a t i o n  of the  films tends  to confirm 
thei r  h igh ly  roughened  charac te r  and  hence  the i r  
grossly increased  ac tua l  a rea  as compared  w i th  geo-  
met r ic  area. Sur face  charac te r  is r evea led  by  the  
microscope which  appears  qui te  s imi la r  to tha t  
observed  for anodized t a n t a l u m  and  a l u m i n u m .  
Typ ica l  e lec t ron  mic rographs  are shown  in  Fig. 3 
and  4. These  areas  i l lus t ra te  typ ica l  b l i s t e r ing  and  

Fig, 4. Grain boundary area, anodized Ti surface. Magnification 
3500X. 
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Fig. 5. Film capacitance as a function of total current 

microcracks which are commonly detected on de- 
ta i led e x a m i n a t i o n  of anodic  films. 

Total current.--Capacitance of films as a func t ion  
of to ta l  c u r r e n t  appears  to fol low F a r a d a y ' s  l aw as 
shown by  the  data  in  Fig. 5 compar ing  e x p e r i m e n t a l  
resul t s  wi th  the theore t ica l  c u r ve  ob ta ined  b y  ca l -  
cu la t ing  the a m o u n t  of TiO~ deposi ted t h r ough  a 
t e t r a v a l e n t  change  (ave rage  dielectr ic  cons tan t  of 
100 a s sumed) .  The  curve  ob ta ined  us ing  an  elec- 
t ro ly te  is the on ly  one p rov id ing  for a t rue  surface 
area contact ;  it indica tes  tha t  the  fo rma t ion  of TiO,_, 
takes  place at a ra te  s l ight ly  less t h a n  the  theore t -  
ical ly  ca lcula ted  rate.  Oxygen  evo lu t ion  t ak ing  place 
d u r i n g  f o r ma t i on  of the films indicates  tha t  effi- 
c iency of the  reac t ion  is less t h a n  100%. This is 
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Fig. 6. Effect of superimposed o.c. on film capacitance 

p a r t i c u l a r l y  t rue  of films fo rmed  to g rea te r  t han  
100v. At  less t h a n  100v there  is neg l ig ib le  gas evo-  
lu t ion  observed  at the anode.  

The tota l  c u r r e n t  passed in  fo rming  a g iven  film 
is l a rge ly  p ropor t iona l  to the fo rma t ion  voltage.  The 
total  c u r r e n t  r equ i r ed  to reach a m i n i m u m  c u r r e n t  
va lue  is also d i rec t ly  p ropor t iona l  to the  m a g n i t u d e  
of the  fo rma t ion  voltage.  

Superimposed a . c . - -The  beneficial  effects of su-  
per imposed  a.c. on d.c. in  the  case of bo th  e lec t ro-  
lytic deposi t ion and  e lect rolyt ic  convers ion  p roc-  
esses are wel l  k n o w n .  These effects were  brief ly 
s tudied  d u r i n g  this  work.  I t  was found  tha t  the 
presence  of a.c. in  the  c i rcui t  t ended  to increase  
capaci ty  va lue  s l ight ly.  This va lue  also increased  
for any  g iven  fo rma t ion  vol tage  as a pe rcen tage  
of a.c. was increased.  A n  even  more  p ro found  effect 
was observed  in  the  case of changes  in  loss factors 
of the films. These observa t ions  are i l l u s t r a t ed  by  
the curves  in  Fig. 6 and  7. 

Refe r r ing  to Fig. 7, it  is seen tha t  for a 150-v 
film the  loss factor  decreased f rom 6 to 2% by 
ra i s ing  the  p e r c e n t a g e  of a.c. vol tage  f rom 0 to 60%. 
This behav io r  is p r o b a b l y  exp la ined  by  increased  
compact ion  and  h ighe r  r e s u l t a n t  densi t ies  for the  
films produced.  The  presence  of a.c. wou ld  t end  to 
produce  cyclic so lu t ion -depos i t ion  act ions which 
would,  in  t u rn ,  t end  to resu l t  in increased  film 
densi ty .  

Film Characteristics 
Fi lms  produced  by  the  procedures  descr ibed are 

essen t ia l ly  i n su l a t i ng  in  character .  Resis tances  of 
the order  of megohms  are gene ra l l y  measured .  As 
would  be expected,  the  e lectr ical  res i s tance  is a 
direct  f unc t i on  of the  fo rming  voltage.  It  is also a 
func t i on  of the f inal  c u r r e n t  ob ta ined  in  the anodiz-  
ing procedure .  M i n i m u m  c u r r e n t  va lues  produce  
m a x i m u m  f i lm- res i s t ance  values.  The  two curves  
shown  in  Fig. 8 i l lus t ra te  these t endenc ies  for r e p r e -  
sen ta t ive  samples.  

Elect r ical  loss va lues  appear  to be l a rge ly  a func -  
t ion  of film poros i ty  and,  in  t u rn ,  film densi ty .  They  
are l a rge ly  d e p e n d e n t  on final  cu r ren t s  ob ta ined  in  
the fo rming  process. F i lms  at a n y  g iven  vol tage  m a y  
be fo rmed  to any  loss va lue  down  to 0.5-1% de-  
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Fig. 7. Effect of superimposed a.c. on film-loss factor 
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Fig. 8. Minimum current resistance for films formed to 200v; 
specimens 14 cm 2 area; 25% electrolyte. 
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Fig. 9. Capacity-loss factor relation for Ti dielectric films, 
measured in 5% LiCI for 250, 200, 150, 100, and 50v formation, 
left to right. 

p e n d e n t  on f o r ma t i on  voltage.  As the loss va lue  is 
lowered,  capaci ty  va lues  are  l ikewise  lowered.  The  
final  pa r t  of the  fo rma t ion  process d u r i n g  which  
the  c u r r e n t  drops f rom its m a x i m u m  to its m i n i m u m  
va l ue  p r o b a b l y  resu l t s  in  the  fi l l ing in  of pores and  
genera l  compact ion  of the  film. The da ta  in  Fig. 9 
i l lus t ra te  the  capac i tance- loss  re la t ionsh ip  for films 
fo rmed  at 5 di f ferent  voltages.  

Accura te  va lues  for film th ickness  have  not  ye t  
been  ob ta ined  in  this  work.  However ,  a p p r o x i m a t e  
va lues  have  been  ob ta ined  by  ca lcula t ions  based on 
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Fig. 10. Film thickness as a function of forming voltage 

current-voltage relations, interference colors, and 
rough optical measurements. Currently available 
information indicates a voltage-thickness curve of 
the form shown in Fig. i0. 

An indirect approach may be made toward calcu- 
lation of effective dielectric constants for anodic 
films based on current density-voltage character- 
istics during the film formation. Current density for 
a typical process may be expressed as 

BE 
- -  ~ const  exp - -  
A x 

where  i is the  cur ren t ,  A is the  surface area  (cm2), 
E is the  voltage,  x is the  film thickness,  and  fl is a 
constant .  Then ,  since x ~ - k / C ,  where  C is capaci-  
t ance  

i BEC 
2.3 log - -  ~ 2.3 log const  q- - -  

A k 
and  

) E C - - - -  log - - l o g c o n s t  
T 

Thus,  the  vo l t age -capac i t ance  p roduc t  should be a 
l i nea r  func t ion  of the  log of c u r r e n t  dens i ty  w i th  a 
slope equa l  to 2.3k/B where  k is 8.84e/10 s and  e is 
the dielectr ic  constant .  

On the  basis  of slope of the  curve  for the  loga-  
r i t h m  of c u r r e n t  dens i ty  as a f unc t i on  of the vo l t age -  
capaci ty  product ,  it is possible to ca lcula te  va lues  
for the  effective dielectr ic  cons tan t  of anodic  films. 
A va lue  of 5 x 10 -6 is a s sumed  for B. 

For  200-v films g iv ing  a capaci tance  va lue  of 0.035 
/~f/cm 2 in  1% l i t h ium chlor ide and  showing  leakage  
cu r ren t s  of 46.3 # a / c m  2, a va lue  for the  effective di -  
electric cons tan t  of 13.2 is calculated.  Us ing  this  ap-  
proach,  one obta ins  va lues  of 12-16 for the  effective 
dielectr ic  constant .  

These  ca lcula t ions  en ta i l  the  use of ce r ta in  ap -  
p rox ima t ions  and  are thus  subjec t  to errors.  Such 
va lues  wou ld  indica te  tha t  the oxide film produced  is 
not  en t i r e ly  of the ru t i l e  form, a l though  other  evi -  
dence has shown ru t i l e  to be  p resen t  (12).  
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Using approximate dielectric constant values as 
obtained in the above calculations, one may obtain 
some estimates of film thickness from the basic ca- 
pacitance relationships: C----Ke/x where x is the 
thickness. Values obtained fall roughly on the curve 
shown in Fig. I0. 

Conclusions 
A s tudy  of anodic  ox ida t ion  of t i t a n i u m  surfaces  

reveals  tha t  two types  of films m a y  be produced.  
Elec t ro ly tes  w i th  low so lubi l i ty  for the  p roduc t  film 
produce  thin ,  t r a n s l u c e n t  films w i th  poor e lectr ical  
and  i n s u l a t i n g  character is t ics .  Elec t ro ly tes  possess- 
ing so lvent  act ion w i th  p roduc t  film m a t e r i a l  p ro -  
duce thick,  h igh ly  i n su l a t i ng  films wi th  a porous  
s t ruc ture .  These films have  high res i s t iv i ty  values ,  
bu t  the i r  ind ica ted  dielectr ic  cons tan ts  are not  of 
sufficient m a g n i t u d e  to ind ica te  the  presence  of a 
s to ichiometr ic  ru t i l e  s t ruc ture .  The  film m a y  con-  
sist of an amorphous  s t ruc tu re  over a fu t i l e  film 
layer .  

The anodic  ox ida t ion  p rocedure  in the  phospha te  
e lec t ro ly te  is l a rge ly  vol tage  control led,  the  f o r m a -  
t ion vol tage  gove rn ing  the  m a j o r  film proper t ies .  
There  are smal le r  effects due to anodic  c u r r e n t  d e n -  
sity, so lut ion concen t ra t ion ,  and  t empe ra tu r e .  

F i lms  are ind ica ted  to form at the  ra te  of about  
20A / v  up  to 200v. This  va lue  a p p a r e n t l y  decreases 
s l ight ly  as fo rma t ion  vol tage  increases.  In  the  r ange  
up to 300v, the  films appear  to fo rm at  the  ra te  of 
about  17A/v.  This  is a p p a r e n t l y  due to decreased 
ava i l ab i l i ty  of t i t a n i u m  ions for fi lm f o r m a t i o n  and  
to increased  local  so lub i l i ty  in  the  e lec t ro ly te  due  to 
t h e r m a l  effects. 

It  has been  d e m o n s t r a t e d  tha t  f o rma t ion  of thick,  
adheren t ,  h igh -~o l t age  films is possible on t i t a n i u m  
substra tes .  F u r t h e r  work  is necessa ry  to u n d e r s t a n d  
fu l ly  the  mechanics  of fo rma t ion  and  to charac ter ize  
and  iden t i fy  the  r e s u l t a n t  film s t ruc tu re  ful ly .  
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ABSTRACT 

The mechanical  v ib ra t ion  of the e lect r ica l  double l aye r  gives r ise  to the 
genera t ion  of an a l te rna t ing  voltage.  In  the  case of g lass- l iquid  in terfaces  this 
effect can be used to measure  the s t reaming  potent ia l  by  an a-c  technique.  For  
mercury - so lu t ion  interfaces,  an a l t e rna t ing  cur ren t  is generated,  which  p ro -  
vides new methods  for  double l aye r  capac i ty  measurements .  These phenomena  
may  also be used in var ious  prac t ica l  applications,  such as mechano-e lec t r ic  
t ransducers .  

V e r y  few a - c  m e t h o d s  have  been  e m p l o y e d  in 
i n t e r r a c i a l  e l ec t r i ca l  m e a s u r e m e n t s ;  mos t  of them,  
for  ins tance ,  the  s t r e a m i n g  po t en t i a l ,  e l e c t r o p h o -  
r e t i c  m o b i l i t y  m e a s u r e m e n t s ,  etc., h a v e  been  ca r -  
r i ed  out  b y  us ing  s t e a d y - s t a t e  m e t h o d s  (1) .  D u r i n g  
the  course  of e x p e r i m e n t s  on the  i n t e r r a c i a l  e l ec -  
t r i c a l  p h e n o m e n a  f rom 1942 to 1943, i t  was  f o u n d  
in our  l a b o r a t o r y  t h a t  the  m e c h a n i c a l  v i b r a t i o n  of 
i n t e r f aces  gave  r i se  to t he  g e n e r a t i o n  of an  a - c  
vol tage .  This  we  ca l l ed  "U-e f fec t "  (2) ,  s ince  th is  
p h e n o m e n o n  was  d i s cove rd  b y  us ing  a U - t u b e .  In  
th is  p a p e r  s t ress  is p l a c e d  on the  d e t a i l e d  d e s c r i p -  
t ion  of the  m e t h o d s  of these  m e a s u r e m e n t s  r a t h e r  
t h a n  on the  p r e s e n t a t i o n  and  d i scuss ion  of t he  r e -  
sul ts  o b t a i n e d  f rom them.  

A-C Streaming Potential 
The  g e n e r a t i o n  of the  d - c  p o t e n t i a l  d i f fe rence  by  

the  t a n g e n t i a l  d i s p l a c e m e n t  at  s o l i d - l i q u i d  i n t e r -  
faces  is w i d e l y  k n o w n  as one of t he  e l e c t r o k i n e t i c  
p h e n o m e n a ,  t h e  s t r e a m i n g  p o t e n t i a l  (1 ) .  The  p o -  
t e n t i a l  d i f fe rence  E b e t w e e n  the  two  e lec t rodes ,  a 
and  b of Fig.  1, is g iven  b y  

E = P ~ ~I4~r~K [1]  

w h e r e  P is t he  p r e s s u r e  a p p l i e d  to the  l iqu id  phase ,  
the  s o - c a l l e d  e l ec t rok ine t i c  ze ta  po ten t i a l ,  and  ~, 

V, and  • are,  r e spec t i ve ly ,  t he  d i e l ec t r i c  cons tan t ,  
t he  v iscos i ty ,  and  the  specific c o n d u c t i v i t y  of t he  
l iquid .  

I t  was  f o u n d  in th is  connec t ion  t ha t  an  a - c  p o -  
t e n t i a l  d i f fe rence  was  o b t a i n e d  b e t w e e n  these  two  

a b 

M///ll////////////////////l//I//, 
/////////////;//////////////////, 

Fig. 1. Glass capillary for the streaming potential generation 

e l ec t rodes  w h e n  a p e r i o d i c a l l y  c h a n g i n g  p r e s s u r e  
was  e m p l o y e d  (3) .  This  p h e n o m e n o n  is ca l led  
"U-e f fec t  I"  and  is the  g e n e r a t i o n  of an a - c  s t r e a m -  
ing  po ten t i a l .  The  p o t e n t i a l  h a d  the  s a m e  w a v e  
c h a r a c t e r  as t he  o r ig ina l  vib~'at ion in a l l  e x p e r i -  
m e n t s  up  to a f r e q u e n c y  as h igh  as 25,000 cps. 

T h e o r e t i c a l . - - A  s imple  d e r i v a t i o n  of t he  e q u a -  

t ion  of the  a - c  po t en t i a l ,  e ~ V ' 2 E  exp  ( j ~ t ) ,  is 
m a d e  b y  us ing  H e l m h o l t z ' s  m o d e l  of an  e l ec t ro -  
s t a t i c  condense r  for  the  e lec t r i c  doub le  l a y e r  a t  t he  
s o l i d - l i q u i d  in te r face ,  v iz .  

= ~ / 4 ~ r ~  [2]  

w h e r e  ~ is t he  i n t e r r a c i a l  cha rge  d e n s i t y  a n d  8 t h e  
gap  d i s t ance  of t he  e q u i v a l e n t  c o n d e n s e r  (1) .  Here ,  

j = ~ / - - 1 ,  t is t he  t ime,  E the  c o m p l e x  effect ive  
va lue ,  and  ~ the  c i r c u l a r  f r e q u e n c y  (i.e., ~ : 2 ~r ], 
f be ing  the  f r e q u e n c y  in cps)  of the  a - c  v o l t a g e  e. 
I f  we  t a k e  t h e  x - a x i s  in  t h e  d i r ec t ion  t a n g e n t  to 
the  in t e r face ,  t h e  r e l a t i v e  d i s p l a c e m e n t  a t  t he  i n t e r -  
face,  ~x ,  is g iven  b y  

~x  : k / 2 X  e x p  ( j~ t )  [3]  

w h e r e  X is t he  c o m p l e x  a m p l i t u d e  of v ib r a t i on .  
The  i n s t a n t a n e o u s  t r a n s f e r  of t he  e lec t r i c  charge ,  
i.e., the  c u r r e n t  i, p r o d u c e d  b y  th is  m e c h a n i c a l  
mo t ion  is g iven  b y  

i = 2nrr ( d A x / d t )  = ( j ~ e ~ r X / ~ / 2 8 )  exp  ( j~ t )  [4]  

w h e r e  r is the  r a d i u s  of t he  cap i l l a ry .  On the  o the r  
h a n d  the  c u r r e n t  i is also g iven  b y  O h m ' s  law,  viz .  

i -~ eX~rre/l [5]  

w h e r e  l is t he  d i s t ance  of t he  two  e lec t rodes .  
E q u a t i n g  Eq. [4]  and  [5] ,  w e  o b t a i n  t he  fo l lowing  
e xp re s s ion  of the  a - c  s t r e a m i n g  p o t e n t i a l  

E : j ~e~ lX /2vkSr  [6]  

This  m e a n s  t h a t  t he  a - c  v o l t a g e  is p r o p o r t i o n a l  to 
t he  ze ta  p o t e n t i a l  and  the  d i e l ec t r i c  cons t an t  and  
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b 

Fig. 2. Block diagram of zeta potential measurements by 
U-effect I. 

i n v e r s e l y  p r o p o r t i o n a l  to t he  specific c o n d u c t i v i t y  
of t he  l iquid ,  if a c o n s t a n t  m e c h a n i c a l  v i b r a t i o n  of 
a g iven  v i b r a t i n g  e l e m e n t  is e m p l o y e d .  

E x p e r i m e n t a L - - A s  an  e x a m p l e  of s t r e a m i n g  p o -  
t e n t i a l  m e a s u r e m e n t s  b y  U-e f fec t  I, r e su l t s  of e x -  
p e r i m e n t s  on a g lass  c a p i l l a r y  in con tac t  w i t h  ca t -  
ionic  su r f ace  ac t ive  a g e n t  so lu t ions  w i l l  be  g iven .  

The  e x p e r i m e n t a l  dev ice  is s h o w n  s c h e m a t i c a l l y  
in  Fig .  2. The  glass  c a p i l l a r y  e l e m e n t  A, f i l led w i t h  
t he  su r f ace  ac t ive  a g e n t  so lu t ion ,  is fo rced  to v i -  
b r a t e  b y  an  e l e c t r o d y n a m i c  v i b r a t o r  B, w h i c h  is 
d r i v e n  b y  an  a u d i o f r e q u e n c y  osc i l l a to r  C. The  f r e -  
q u e n c y  used  w a s  200 cps in  these  e x p e r i m e n t s .  The  
o u t p u t  v o l t a g e  e is ampl i f i ed  b y  an  ampl i f i e r  D and  
r e a d  b y  m e a n s  of a v a l v e  v o l t m e t e r  E. The  v a l v e  
v o l t m e t e r  G g ives  t he  r e l a t i v e  m a g n i t u d e  of t he  
v i b r a t i n g  a m p l i t u d e  X. T h e  m e a s u r e m e n t s  of t he  
abso lu t e  a m p l i t u d e  of v i b r a t i o n  w i l l  be  shown  la te r .  
A fine glass  r o d  H se rves  as t he  p i s t on  of t h e  cap r i :  
l a r y  to p r e v e n t  the  l i qu id  f r o m  m o v i n g  w i t h  t he  
g lass  wal l .  T h e  ca thode  r a y  osc i l loscope  F is for  t he  
p u r p o s e  of  o b s e r v i n g  the  w a v e  fo rm of e. 

The  so lu t ions  used  w e r e  10-4N KC1 aqueous  
solut ions ,  con t a in ing  d o d e c y l -  or  c e t y l p y r i d i n i u m  
ch lo r ide  in v a r i o u s  concen t ra t ions .  The  p o t a s s i u m  
ch lo r ide  was  a d d e d  as an  ind i f f e ren t  e l e c t r o l y t e  in 
o r d e r  to compres s  t he  t h i cknes s  of  t he  diffuse doub le  
l aye r ,  s ince  o t h e r w i s e  t he  ze ta  p o t e n t i a l  d a t a  w o u l d  
be  diff icult  to  i n t e r p r e t  (6 ) .  

I t  can  b e  seen  f r o m  Eq.  [6]  t h a t  t h e  ze ta  p o t e n t i a l  
is p r o p o r t i o n a l  to EX w h e n  a c o n s t a n t  v i b r a t i o n  is 
e m p l o y e d ,  s ince  ~ can  be  a s s u m e d  cons t an t  in  t h e  
case  of d i l u t e  aqueous  so lu t ions  as in  t he  p r e s e n t  
e x p e r i m e n t s .  The  r e l a t i v e  ~-value ,  i.e., ~ / ~ ,  is 
t h e r e f o r e  o b t a i n e d  b y  the  r a t i o  EX/E~k ~, w h e r e  t h e  
a s t e r i s k  deno te s  the  absence  of su r face  ac t ive  agents .  

The  ~ / ~ - v a l u e s  t hus  o b t a i n e d  a re  p l o t t e d  a ga in s t  
t he  l o g a r i t h m s  of t he  su r face  ac t ive  a g e n t  concen -  
t r a t i o n  in  Fig .  3. On the  s ame  f igure  a r e  p lo t t ed ,  
for  compar i son ,  t he  ~ /~*-va lues  o b t a i n e d  b y  d - c  
m e a s u r e m e n t s .  These  l a t t e r  m e a s u r e m e n t s  w e r e  
c a r r i e d  out  b y  the  o r d i n a r y  cons t an t  p r e s s u r e  
m e t h o d  u s i n g  a p lug  of P y r e x  glass  p o w d e r  (4) .  A 
m a r k e d  p a r a l l e l i s m  can  be  f o u n d  b e t w e e n  the  two  
se t s  of c u r v e s  o b t a i n e d  b y  the  a - c  a n d  d - c  m e t h o d s ,  
excep t  for  t he  h i g h e r  abso lu t e  v a l u e s  of r162 at  
h i g h e r  c o n c e n t r a t i o n s  in t he  case  of t he  a - c  da t a :  
th is  w o u l d  p r o b a b l y  be  due  to t he  d i f fe rence  in  t h e  
qua l i t i e s  of g lass  used.  The  curves  show the  t y p i c a l  
b e h a v i o r  of  t he  effect  of ca t ion ic  su r f ace  ac t ive  
agen t s  on ze t a  po ten t i a l s ,  caus ing  a change  in s ign 
a t  c e r t a i n  su r f ace  ac t ive  agen t  concen t r a t i ons  (4, 
5) .  

A c c o r d i n g  to  t he  a u t h o r ' s  t h e o r e t i c a l  t r e a t m e n t  
of the  ze ta  po ten t i a l ,  u s ing  the  S t e r n  and  the  G o u y -  

- I .5  

- I . 0  

-0 .5  

0 

05 

1 . 0 - -  ~ I I 

-6 -5 -4 -3 -2 
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Fig. 3. Relative zeta potentials as functions of the logarithms of 
the surface active agent concentrations; indifferent electrolyte, 
10 -4N  KCI. % Dodecylpyridinium chloride, d-c method; o, the 
same, a-c method; J,, cetylpyridinium chloride, d-c method; A the 
same, a-c method. 

C h a p m a n  theo r i e s  of t he  e l e c t r i c a l  d o u b l e  l aye r ,  
the  fo l lowing  e q u a t i o n  ho lds  (4)  

: [c i / ( c  + ci) ]1 /2 [~  + k l k 2 c / ( 1  + k 2 c ) ]  [7]  

w h e r e  
k l =  (2=-  l O 0 0 k T / e c ~ N ) l / 2 N 1  (z / l z i l )  [8]  

a n d  
ke = exp  ( A G / k T ) / 5 5 . 6  [9]  

He re  c and  e~ a re  t h e  concen t ra t ions ,  a n d  z and  z~ 
a re  the  va l enc i e s  ( i nc lud ing  s igns ) ,  of t h e  su r f ace  
ac t ive  a g e n t  and  the  i nd i f f e r en t  e l ec t ro ly t e ,  r e s p e c -  
t i ve ly .  AG and  Nt a r e  t h e  e l e c t r o c h e m i c a l  f ree  
e n e r g y  and  the  n u m b e r  of a v a i l a b l e  s i tes  of a d -  
sorp t ion ,  and  k,  T, and  N a re  t he  B o l t z m a n n  con-  
s tan t ,  the  a b s o l u t e  t e m p e r a t u r e ,  and  the  A v o g a d r o  
n u m b e r .  Here ,  t he  first  o r d e r  D e b y e - H i i c k e l  a p -  
p r o x i m a t i o n  was  t aken .  

I t  is ea sy  to d e r i v e  s imple  equa t ions  to be  used  
for  e s t i m a t i o n s  of AG and  N1 in t he  case  of  c < <  ci, 
viz.  

( d ~ / d l o g c ) o = - - 2 . 3 0 3 ~  [1 + ( ~ / k l ) ]  [10]  
and  

1~Co = - -  k2 [1 + ( k l / ~ ) ]  [11]  

He re  t he  s u b s c r i p t  zero deno tes  t he  i soe lec t r i c  
point ,  i.e., ~ = O. The  v a l u e s  of Z~G and  N1 o b t a i n e d  
f rom the  e x p e r i m e n t a l  cu rves  in Fig .  3 b y  us ing  
Eq. [10] a n d  [11] a r e  s u m m a r i z e d  in  T a b l e  I. I t  
w i l l  be  seen  t h a t  N l - v a l u e s  a r e  a l m o s t  t h e  s ame  for  
t he  two  ca t ion ic  su r f ace  ac t ive  agen t s  of d i f fe ren t  
cha in  lengths .  The  AG-va lues ,  on the  o t h e r  hand ,  

Table |. Adsorption characteristics of cationic surface active 
agents on a glass surface at the room temperature 

Surface act ive agent  N1, crn-~ AG, caI /mole  

d-c  method 1.06 X ~ 10 TM 7810 
DPC a - c m e t h o d  1.60 X 10 TM 6880 

d-c  method 0.69 X 10 TM g570 
CPC a - c m e t h o d  0.68 X 10 TM 9720 

DPC, dodecylpyr id in ium chloride; CPC, cetylpyridiniurn chloride; 
indifferent  electrolyte,  IO-~N KC1. 
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show a difference of a p p r o x i m a t e l y  2 ~ 3  k c a l / m o l e  
for an increase  in  cha in  l eng th  f rom 12 to 16. These 
va lues  of AG and  the  increase  w i th  chain  l eng th  
are sufficiently r easonab le  if we consider  the  re la -  
t ive ly  poor accuracy  of in te r rac ia l  e lectr ical  me a s -  
u r e m e n t s  in  genera l  (4, 5). The va lues  of N1 ( ~  
10 TM cm -a)  are cons ide rab ly  sma l l e r  t h a n  those 
ob ta ined  on n e g a t i v e l y  charged s i lver  iodide sols 
(5) ,  i nd i ca t ing  tha t  on ly  a v e r y  smal l  por t ion  of 
the  glass surface  provides  adsorp t ion  sites for these  
cat ionic surface  act ive agents.  

I t  has b e e n  difficult to do e lec t rokine t ic  m e a s u r e -  
men t s  by  d-c  methods ,  especia l ly  in  the case of 
so l id -organ ic  l iqu id  interfaces ,  due  to the h igh re -  
s is tance of the plug,  and  hence  of the circuit .  H o w -  
ever,  this  k i n d  of difficulty can be reduced  to a con-  
s iderable  a m o u n t  by  us ing  the  a-c  me thod  as g iven  
above. F igu re  4 shows ano the r  type  of such me a s -  
u remen t s .  This  is the  u n i t  cell of a h y d r o p h o n e  of 
a glass fil ter v i b r a t i n g  e l emen t  A filled wi th  va r ious  
l iquids,  i.e., dist i l led water ,  methanol ,  e thanol ,  ace-  
tone, pyr id ine ,  acetic acid anhydr ide ,  ca rbon  t e t r a -  
chloride,  or benzene .  The  e l emen t  has a pa i r  of 
electrodes,  a and  b, i m m e r s e d  on bo th  sides of the  
cap i l l a ry  sys tem C, and  a t t ached  ve r t i ca l ly  to the  
d i a p h r a g m  D of the  u n i t  cell. 

A supersonic  wave  of a cons t an t  power  and  f re-  
quency ,  here  13,500 cps, forces the d i a p h r a g m  and  
hence  the  e l emen t  to v ibra te ,  g iv ing  rise to the  
gene ra t i on  of an  a-c  vol tage  by  U-effect  I at the 
two electrodes.  This vol tage  is amplif ied and  read  
by  a va lve  vo l tmete r .  

( b 
(A) 

a ~ b  a---t 

HI} IN tKCIo~, 

cs) 

H~ IN KCI a~, 

Fig. 5. Capillary elements of U-effect II 
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I t  was  found  tha t  no a -c  vol tage  gene ra t i on  was 
observed  w h e n  benzene  or ca rbon  te t rach lor ide  
was used as the  l iqu id  phase.  Moreover  the  re la t ive  
va lue  of zeta potent ia l ,  EX/~ (see Eq. [6] )  was an  
inc reas ing  func t i on  of the  dipole m o m e n t  of the  
molecule  of the l iqu id  phase  (6) .  This  suggests  tha t  
the zeta po ten t i a l  is i n t i m a t e l y  re la ted  to t h e  di -  
pole o r i en ta t ion  of the  organic  molecules  at the  
interface.  This o r i e n t a t i on  takes  place in  order  to 
min imize  the  free ene rgy  of the  system,  which  
gives rise to the  "dipole double  layer ,"  i nc lud ing  
the diffuse pa r t  due  to t h e r m a l  ag i ta t ion  (6) .  

A - C  C a p a c i t y  C u r r e n t  

U-effects  are no t  res t r i c ted  to the case of sol id-  
l iqu id  interfaces ,  as shown  above.  If a glass capi l -  
l a ry  con ta in ing  a m e r c u r y - s a l t  so lu t ion  in terface ,  
as shown  in  Fig. 5A, is forced to v ib ra t e  m e c h a n i -  
cally, an  a-c  vol tage  is gene ra t ed  b e t w e e n  the  two 
electrodes,  a and  b. The vol tage  has the  same wave  
charac te r  as the mechan i ca l  v ib ra t ion .  This  we 
cal led "U-effect  II"  (7) .  The  p r inc ip le  is more  or 
less the same as in  the  case of the  condenser  mic ro-  
phone,  since the electr ical  double  l ayer  at  the  m e r -  
c u r y - s o l u t i o n  in te r face  behaves  as a per fec t  con-  
denser  (8) .  However ,  the  to ta l  doub le  l ayer  capaci ty  
changes  per iod ica l ly  by  v i r t ue  of the  in te r rac ia l  
a rea  change  in  the  p resen t  case, whi le  it is due to 
the  change  in  the condenser  gap d is tance  in  the  
case of the condense r  microphone .  

The i n n e r  res i s tance  of the  e l emen t  can be r e -  
duced by  us ing  a so lu t ion  of h igh sal t  content ,  e.g., 
1N KC1 or H2SO4. In  add i t ion  it was  found  tha t  the 
ou tpu t  vol tage  increased  l i n e a r l y  wi th  the  n u m b e r  
of interfaces ,  and  hence  a ve ry  efficient t r a n s d u c e r  
could be made  by  us ing  an  e l e me n t  as is shown in  
Fig. 5B. 

T h e o r e t i c a L - - T h e  m e r c u r y - s o l u t i o n  in te r face  is 
e q u i v a l e n t  to a perfect  condenser ,  h a v i n g  a p o t e n -  
t ial  difference E, vs.  the  e lec t rocap i l l a ry  m a x i m u m .  
Its i n s t a n t a n e o u s  in t eg ra l  capaci ty  c is g iven  by  

c = C a = C A  (1 + p )  [12] 

where  C is the  in t eg ra l  double  l ayer  capaci ty  per  
u n i t  area,  a a nd  A are the  i n s t a n t a n e o u s  and  the  
average  in te r rac ia l  areas,  a n d  p is the t ime  d e p e n d -  
en t  t e r m  of v ib ra t ion .  The i n s t a n t a n e o u s  c u r r e n t  of 
the c i rcui t  i is g iven  by  

i = ( d / d t )  [ c ( E  + e - - i R o ) ]  

= ( d / d t )  [CAE (1 + p) {1 + (e - -  i R o ) / E } ]  

= CA [ E ( d p / d t )  + d ( e -  i R o ) / d t ]  [13] 

where  Ro is the so lu t ion  res i s tance  and  e the  i n -  
s t an t aneous  po ten t i a l  drop at the  load Z (see Fig. 
6). Here  the t e rms  of h igher  orders  in  p have  been  
neglected.  In  the  case of the  s t a t i ona ry  state,  corn- 

Fig. 6. Equivalent circuit of U-effect II 
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p l e x  r e p r e s e n t a t i o n s  of the  i n s t a n t a n e o u s  q u a n t i t i e s  
can  be  e m p l o y e d ,  as 

i = ~/2 1 exp  (jolt) 

e = xf2 E exp  (j~ot) 
and  
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p = ~/2 P exp  (jcot) [14]  

w h e r e  t he  p h a s e  d i f fe rences  a r e  i n c l u d e d  in  t he  
c o r r e s p o n d i n g  c o m p l e x  a m p l i t u d e  t e rms ,  I, E, a n d  
P. S u b s t i t u t i n g  Eq. [14] in to  Eq. [13] ,  f o l l owed  b y  
r e a r r a n g e m e n t s ,  w e  o b t a i n  

I = jo~CA (V + E - -  I Ro) [15] 
w h e r e  

V = E P  [16] 

V is t he  " e l e c t r o m o t i v e  force  of U-e f fec t  I I . "  On 
the  o t h e r  hand ,  O h m ' s  l a w  s ta tes  t h a t  

E = - - I Z  [ 1 7 ]  

E q u a t i n g  [15] w i t h  [17] ,  w e  ob t a in  t h e  f inal  e q u a -  
t ion,  as 

I = V / [ ( R  + Ro) 4- j { X - -  1 / (o~CA)} ]  [ 1 8 ]  
w h e r e  

Z = R  4 - i X  [19] 

R and  X b e i n g  the  r e s i s t i ve  and  r e a c t i v e  p a r t s  of 
t he  load.  The  a - c  c u r r e n t  I is, t he re fo re ,  p r o p o r -  
t i ona l  to t he  e l e c t r o m o t i v e  force  V, if a c o n s t a n t  
l oad  is used.  S ince  bo th  V and  C a re  func t ions  of 
t he  p o l a r i z a t i o n  E, I is a c o m p l i c a t e d  func t ion  of E. 

E x p e r i m e n t a l . - - F i g u r e  7 is t he  b lock  d i a g r a m  of 
the  c i r cu i t  for  the  m e a s u r e m e n t  of t he  I - E  r e l a t ion .  
T h e  m e r c u r y - s o l u t i o n  i n t e r f a c e  in a g l a s s - c a p i l l a r y  
v i b r a t i n g  e l e m e n t  A is p o l a r i z e d  b y  a p o t e n t i o m e t e r  
B. The  a - c  c u r r e n t  i g e n e r a t e d  b y  the  m e c h a n i c a l  
v i b r a t i o n  of th is  i n t e r f a c e  is m e a s u r e c k b y  the  a - c  
p o t e n t i a l  d rop  across  a s m a l l  l o a d  r e s i s t a nc e  R, 
ampl i f i ed  b y  the  ampl i f i e r  C, and  r e a d  b y  the  v a l v e  
v o l t m e t e r  D. The  v i b r a t i n g  m e c h a n i s m  of t he  e l e -  
m e n t  is t he  s a m e  as in t he  case of Fig .  2, i.e., E and  

A i O.,uF 

Fig. 7. Block diagram of the measurement of the current- 
polarization relationship of U-effect II. 

4- B 

IP -  B A" 

1 ,BA -A'  

0 
+0~ 0 -0.4- -0.8 

E 

Fig. 8. A-c currents of U-effect II as functions of polarizations of 
the mercury surface. I is in an arbitrary scale. A, 1N KCI aq, 300 
cps; A', 1H KCI aq, 500 cps; B, 1N KI aq, 300 cps, B', 1N KI aq, 
500 cps. 

F are ,  r e spe c t i ve ly ,  t he  v i b r a t o r  a n d  the  osc i l la tor .  
A cons t an t  a m p l i t u d e  of v i b r a t i o n  was  a l w a y s  used  
for  each  f r equency .  

F i g u r e  8 shows  the  e x p e r i m e n t a l  r e l a t i v e  I - v a l u e s  
as  func t ions  of  E. The  cu rves  A and  A '  a r e  for  1N 
KC1 aqueous  and  B and  B '  a r e  for  1N K I  aqueous .  
As  e x p e c t e d  f r o m  the  t he o ry ,  Eq. [16]  a n d  [18] ,  
t he  c u r r e n t  I is zero  at  t h e  e l e c t r o c a p i l l a r y  m a x i -  
m u m ,  w h e r e  E -  0, and  inc reases  w i t h  i nc r ea s ing  
/El. The  d i f fe rence  in  the  cu rves  for  K I  and  for  KC1 
is e x p l a i n e d  b y  the  h i g h e r  i n t e g r a l  c a p a c i t y  of t he  
m e r c u r y - K I  so lu t ion  in te r face ,  as c o m p a r e d  w i t h  
t h a t  for  t he  m e r c u r y - K C 1  so lu t ion  i n t e r f a c e  (8, 10).  

Double Layer Capac i ty  Measurements  by U - e f f e c t  II 
Impedance  match ing  m e t h o d . - - I f  a p u r e l y  r e s i s -  

t i ve  load  is used,  i.e., X = 0 and  hence  Z = R in  
Eq. [18],  t he  p o w e r  W s u p p l i e d  to the  l o a d  is g iven  
b y  

W =  I 2 R =  V 2 R / [ ( R  + Ro) 2 +  1/(oJCA)~] [20] 

w h e r e  t he  qua n t i t i e s  s h o w n  b y  i t a l ic  t y p e s  a r e  t h e  
m o d u l i  of t he  c o r r e s p o n d i n g  vec tors .  The  cond i t ion  
of t he  m a x i m u m  p o w e r  supp ly ,  i.e., OW/OR = 0, is 
t hen  g i v e n  b y  

Ro ~ + 1/(o~CA) 2 = R 2 [21] 

This  is g e n e r a l l y  k n o w n  as i m p e d a n c e  m a t c h i n g  
since, w h e n  the  m o d u l u s  of t he  i n n e r  i m p e d a n c e  
and  the  load  r e s i s t ance  a r e  t he  same,  t he  m a x i m u m  
p o w e r  is s u p p l i e d  to t he  load.  

This  p r i n c i p l e  can  be a p p l i e d  to d o u b l e  l a y e r  
c a p a c i t y  m e a s u r e m e n t s  a t  m e r c u r y - s o l u t i o n  i n t e r -  
faces  (11) .  If  w e  find the  m a t c h e d  load  r e s i s t ance  
a t  two  f r equenc ies ,  i t  is an  ea sy  m a t t e r  to so lve  for  
C and  Ro b y  u s i n g  Eq. [21].  

Resonance  m e t h o d . - - F o r  an i n d u c t i v e  load,  i.e., 
Z = R + joJL, t he  c u r r e n t  is g iven  b y  

I : V / [ ( R  4- Ro) 4- j {coL-- 1/(oJCA)}]  [22]  

The  cond i t i on  of t he  m a x i m u m  c u r r e n t  is w i d e l y  
k n o w n  as t he  r e s o n a n c e  p h e n o m e n o n  a n d  is g iven  
b y  

col = 1/  (oJeA ) [23] 

This  p r i n c i p l e  is also a p p l i c a b l e  to d o u b l e  l a y e r  
c a p a c i t y  m e a s u r e m e n t s  (12) .  

E x p e r i m e n t a l . - -  F i g u r e  9 is t he  b lock  d i a g r a m  of 
t he  a p p a r a t u s  for  doub le  l a y e r  c a p a c i t y  m e a s u r e -  
m e n t s  us ing  U-e f fec t  II.  The  c a p i l l a r y  e l e m e n t  A 
c on t a in ing  a m e r c u r y - s o l u t i o n  i n t e r f a c e  is i n s e r t e d  
t h r o u g h  a s m a l l  ho le  in to  a glass  vesse l  B. This  

Fig. 9. Block diagram of the impedance matching and the 
resonance methods for the double layer capacity measurements at 
mercury-solutlon interfaces. 
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vessel contains the salt  solution to be invest igated,  
e.g., 1N KC1 aqueous. The in ter face  in the cap i l l a ry  
is polar ized by  a po ten t iometer  D, the  large  pool of 
mercury  C being the reference  electrode.  

The a-c  cur ren t  produced by the mechanical  
v ibra t ion  of the e lement  is suppl ied to the load, 
which consists of a var iab le  resistance R1 (40 k ohm 
var.)  and a smal l  resis tance R2 (100 ohm).  The a-c  
potent ia l  drop e at  the load (RI -P R2) is amplified 
(by E) and read  by  means  of a valve  vo l tmete r  F, 
whi le  the  current  i is read  by another  amplif ier  
( G ) - v a l v e  v o l t m e t e r ( H )  system from the potent ia l  
drop at the res is tance R2. By va ry ing  R, cont inu-  
ously, the  condit ion of the  m a x i m u m  power  supply 
is de termined,  i.e., the  value of (RI + R2) which 
gives the m a x i m u m  power.  The v ibra t ion  of the 
e lement  is produced by means  of a v ib ra to r  I d r iven  
by an oscil lator  J. 

If we use ins tead of R1 a var iab le  inductance L, 
and measure  the cur ren t  by the potent ia l  drop at  
R2, we can easi ly de te rmine  the resonance condi-  
t ion by  vary ing  L, and hence the C-va lue  by using 
Eq. [23]. I t  is also possible to work  out the solu-  
t ion resis tance Ro f rom the analysis  of the shape of 
the resonance curve (9, 13). 

Practical  Appl icat ions of U-ef fects  
Several characteristics of U-ef/ect / / . - - I n  add i -  

t ion to the contr ibut ions to in ter rac ia l  e lectr ical  
measurements  in supply ing  var ious  new methods 
as given above, U-effects I and II can also be ap-  
pl ied to  var ious  mechano-e lec t r ic  t ransducers  (7).  
I t  is then impor tan t  to know severa l  character is t ics  
of the cap i l l a ry  v ib ra t ing  element  for  these p u r -  
poses. F r o m  the v iew point  of the  prac t ica l  app l ica -  
tion, however ,  U-effect  II  is fa r  super ior  to the  
other  due to the lower  in te rna l  impedance  of the 
element,  the  h igher  a -c  vol tage gain, etc. We shall, 
therefore,  examine  the character is t ics  of the ele-  
ments  of U-effect  II in this section, a l though it has 
been proved  by  exper iments  tha t  U-effect  I is also 
appl icable  to various kinds of t ransducer  devices 
(14). 

Figure 10 shows the block diagram of the meas- 
urement circuit. The a-c voltage obtained by the 
mechanical vibration of the capillary element A is 
measured by an amplifier(B)-attenuator(C)-am- 
plifier (D)-valve voltmeter (E) system. The current 
is measured by the potential drop across a small 

Fig. 10. Block diagram of characteristic measurements of U-effect 
II. 

January 1963 
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Fig. 11. Vibrating condenser for vibrational amplitude measure- 
ments. 

constant  resis tance R2, which  is read  by  another  
amplif ier  (F)  - a t t enua to r  (G) -ampl i f ier  (H) -va lve  
vo l tmete r  (I)  system. 

The ampl i tude  of v ib ra t ion  was measured  by  a 
f requency modula t ion  circuit  J. The pr incip le  is as 
follows. The f requency  of a se l f -osci l la tor  is a func-  
t ion of the  capaci ty  of its t ank  circuit.  Hence, the  
mechanical  v ib ra t ion  of a condenser  can be con- 
ver ted  into a f requency change, which is fu r the r  
conver ted into a vol tage change by  a detector.  This 
vol tage change is supplied,  af ter  amplification, to 
the ver t ica l  axis  of the cathode r a y  oscilloscope K, 
and read  by  the height  of the t race  on the screen. 
L and M are, respect ively,  the oscil lator  and v i b r a -  
tor  for the mechanical  vibrat ion.  F igure  11 shows 
the v ibra t ing  condenser Cx a t tached to the  end of 
the v ib ra t ing  rod. This condenser  const i tutes  a pa r t  
of the t ank  circuit  of the se l f -osci l la tor  set in the  
FM circuit.  The symbols  A, L, M, and J have  the 
same meanings  as in Fig. 10. 

The inner  impedance  of the  e lement  was meas -  
ured  by  the impedance  match ing  method.  The vol-  
tage at the load (R1 -t- R2) in Fig. 10 is measured  
as before, and the current  by the potent ia l  drop at 
R2. Since the decibel  readings,  Dbl and Db2, of the  
a t tenuators  C and G are the  measures  of logar i thms 
of the vol tage and current ,  the sum (Dbl ~- Db2) is 
the measure  of the power  suppl ied to the load 
(R1 -P Re). By changing the  load resis tance by  v a r y -  
ing RI, and main ta in ing  the readings  of the  vo l t -  
meters  E and I a t  constant  values,  a condit ion can be 
found which gives the m a x i m u m  (Dbl + Db2) value.  
The va lue  of (R1 -P R2) under  this  condit ion is equal  
to the  inner  impedance  of the  e lement  at  the  f re -  
quency used. 

Table  II shows the values of the inner  impedance  
of cap i l la ry  e lements  of large,  medium, and small  
cross sections, i.e., (I)  0.76, ( I I )  0.49, and ( I I I )  0.37 
m m  in diameter ,  respect ively.  Each e lement  con- 
tains for ty  m e r c u r y - i N  HC1 aqueous interfaces.  I t  
is seen f rom this table  tha t  the in terna l  impedance  
is of the  order  of several  thousand to severa l  tens 
of thousand of ohms at  1000 cps and is inverse ly  
propor t iona l  to the cross-sect ional  area  of the e le -  

Table II. Inner impedance of the capillary elements of 
U-effect II at 1000 cps 

E l e m e n t  No.  D i a m e t e r ,  m m  I m p e d a n c e ,  k o h m  

I 0.76 5 
II 0.49 20 
I l l  0.37 30 

N u m b e r  of  i n t e r f a c e s ,  40; s o l u t i o n  p h a s e ,  I N  H C I  a q u e o u s .  
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Fig. 12. Output voltages of U-effect II as functions of amplitudes 
of vibration at 1000 cps. 
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Fig. 13. Output voltage of U-effect II as a function of the 
number of interfaces at 500 cps. Element No. II. 

ment .  I t  was  also f o u n d  t h a t  t he  i n t e r n a l  i m p e d a n c e  
was  p r o p o r t i o n a l  to t he  n u m b e r  of in te r faces .  

F i g u r e  12 shows  the  o u t p u t  vo l t ages  as func t ions  
of t he  a m p l i t u d e  of v i b r a t i o n  for  t h e  t h r e e  e l e -  
ments .  This  is no t  a l i n e a r  r e l a t ion ,  s ince  t he  a m p l i -  
t ude  of t he  p e r i o d i c  i n t e r r a c i a l  a r e a  c h a n g e  is of an  
o r d e r  h i g h e r  t h a n  t h a t  of t h e  o n e - d i m e n s i o n a l  
a m p l i t u d e  m e a s u r e d  b y  t h e  F M  ci rcui t .  

F i g u r e  13 shows  the  l i n e a r  r e l a t i o n  b e t w e e n  t h e  
o u t p u t  v o l t a g e  a n d  t h e  n u m b e r  of i n t e r f ace s  con-  
t a i n e d  in  t he  c a p i l l a r y  e l emen t ,  n. H e r e  t he  e l e m e n t  
I I  was  used ,  and  the  a m p l i t u d e  and  f r e q u e n c y  of 
v i b r a t i o n  w e r e  k e p t  cons t an t  a t  2.6 x 10 -8 m m  and  
500 cps, r e spec t i ve ly .  The  load  was  a l w a y s  m a t c h e d  
to t he  i n t e r n a l  i m p e d a n c e  of t he  e l emen t ,  s ince  
o t h e r w i s e  th is  i m p e d a n c e  w o u l d  become  l a r g e r  
t h a n  the  l oad  for  h i g h e r  n - v a l u e ,  and  a s a t u r a t i o n  
effect w o u l d  be  obse rved .  

The  cu rves  in  Fig .  14 a r e  l o g a r i t h m i c  p lo ts  of t he  
v o l t a g e - f r e q u e n c y  r e l a t i o n  at  a c o n s t a n t  a m p l i t u d e  
of v ib r a t i on ,  i.e., 1.2 x 10 -3 mm.  In  each  case,  t he  
load  r e s i s t ance  was  m a t c h e d  to t he  i n t e r n a l  i m p e d -  
ance  of t h e  e l e m e n t  a t  1000 cps. I t  is c l ea r  f r o m  
these  cu rves  t h a t  t he  r e sponse  a t  l o w e r  f r equenc i e s  
is h i g h e r  for  l a r g e r  e l emen t s ,  w h i l e  t h a t  a t  h i g h e r  
f r equenc i e s  is h i g h e r  for  s m a l l e r  e l emen t s .  This  
k i n d  of f r e q u e n c y  c h a r a c t e r  is a l w a y s  shown  b y  
the  f r ee  t y p e  of v i b r a t i o n  e m p l o y e d  here ,  w h i c h  is 
m a i n l y  due  to t he  n a t u r a l  f r equenc i e s  of t he  e l e -  
ments .  I t  w i l l  be  s h o w n  l a t e r  t h a t  f lat  f r e q u e n c y  
c h a r a c t e r  cu rves  a r e  o b t a i n e d  b y  e m p l o y i n g  a p i s -  
ton  t y p e  of v i b r a t i o n .  
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Fig. 14. Frequency character curves of U-effect II for the free 
type of vibration of the elements I, II, and III .  Amplitude of vibra- 
tion: 1.2 x 10 - 3  am. 
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Fig. 15. Cooling experiments of U-effect II 
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Fig. 16. Output voltage of U-effect II as a function of tempera- 
ture. 

Effect of cooling ( 1 5 ) . - - F i g u r e  15 shows  the  e x -  
p e r i m e n t a l  device .  A n  e l e m e n t  of U-e f f ec t  II ,  A,  
m a d e  of a g lass  f i l ter  No. 2, was  d i p p e d  in an  
a lcohol ic  b a t h  B, cooled  b y  t h e  d r y  ice C, and  t h e  
r e c e i v i n g  s e n s i t i v i t y  m e a s u r e d  as a func t ion  of t he  
b a t h  t e m p e r a t u r e .  A cons t an t  m e c h a n i c a l  pu l se  is 
d e l i v e r e d  to the  e l e m e n t  b y  k n o c k i n g  the  u p p e r  end  
of t he  g lass  po le  D, and  t h e  pu l se  v o l t a g e  g e n e r a t e d  
at  t he  two  e lec t rodes ,  a a n d  b, was  m e a s u r e d  b y  t h e  
he igh t  of t he  t r a c e  at  t he  sc reen  of a ca thode  r a y  
osci l loscope.  E is t he  t h e r m o m e t e r .  

F i g u r e  16 shows  the  r e su l t s  ob t a ined .  The  o u t p u t  
v o l t a g e  is p r a c t i c a l l y  cons t an t  f r o m  20 to ca. - -40~ 
T h e  m e l t i n g  po in t s  of t he  m e r c u r y  and  the  2N 
H2SO4 aqueous ,  w h i c h  was  used  as t he  so lu t ion  
p h a s e  of t he  e l emen t ,  w e r e  --38.89 ~ a n d  - -19~ 
r e spe c t i ve ly .  The  r e su l t s  ind ica te ,  t he re fo re ,  t h a t  
even  i f  t he  so lu t ion  is in  t he  sol id  s ta te ,  t he  o u t p u t  
v o l t a g e  of U-e f f ec t  I I  does  no t  d iminsh .  

Hydrophones.--An e x a m p l e  of  t he  p r a c t i c a l  a p -  
p l i c a t i on  of U-e f f ec t  I to a h y d r o p h o n e  dev ice  has  
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Fig. 17. Unit cell of the hydrophone of U-effect II 

a l r e a d y  been  g iven  in  Fig .  4. A h y d r o p h o n e  u s i n g  
U-e f fec t  I I  is s h o w n  in Fig .  17. T h e  u n i t  ce l l  ha s  
t w e n t y  c a p i l l a r y  e l emen t s ,  A1, A2, . . �9 a n d  A2o, 
w h i c h  a r e  f ixed  to a r e s o n a t i n g  p l a t e  B a n d  con-  
nec t ed  in ser ies .  Each  e l e m e n t  con ta ins  t w e n t y  
m e r c u r y - s o l u t i o n  phases .  The  o u t p u t  v o l t a g e  is 
ampl i f i ed  a n d  r e a d  b y  a v a l v e  v o l t m e t e r .  

The  c o m p a r i s o n  of  t he  r e c e i v i n g  sens i t i v i t i e s  of 
t h e  u n i t  cel ls  of U-e f fec t s  I and  I I  and  also of t he  
Roche l l e  sa l t  was  m a d e  b y  1 0 - m e t e r  w a t e r  t a n k  
tests .  T h e  un i t  ce l l  and  t h e  supe r son ic  source,  us ing  
the  m a g n e t o s t r i c t i o n  of a n i c k e l  po le  w i t h  the  
anode  loss of abou t  l w  and  the  f r e q u e n c y  of  13,500 
cps, c o n f r o n t e d  each  o t h e r  in  t he  t a n k ,  a n d  t h e  
r e a d i n g s  of t he  o u t p u t  vo l t age  w e r e  obse rved .  O u t -  
door  t es t s  w e r e  also m a d e  at  the  Yodo r ive r ,  in 
w h i c h  the  m a x i m u m  r e c e i v a b l e  d i s t ance  was  t e s t ed  
b y  us ing  the  s ame  supe r son ic  Source, w i t h  t he  
a n o d e  loss of a b o u t  10w. 

T a b l e  I I I  shows  the  a v e r a g e  r e s u l t s  t h u s  o b -  
t a ined .  I t  is c l ea r  t ha t  t he  un i t  cel l  of U-e f f ec t  I I  
has  a r e c e i v i n g  s e n s i t i v i t y  of t w i c e  to 1.5 t imes  as 
h igh  as t h a t  of the  un i t  cel l  of t he  Roche l l e  sal t .  

Pickups of the electrophonograph.--In a p p l y i n g  
the  U-e f fec t s  to p i c k u p s  of t he  e l e c t r o p h o n o g r a p h ,  
a u n i f o r m  f r e q u e n c y  r e sponse  is d e m a n d e d ,  a v o i d -  
ing  the  r e s o n a n c e  of t he  v i b r a t i n g  sys tem.  A p i c k u p  
of t he  f r ee  v i b r a t i o n  t y p e  of t he  c a p i l l a r y  e l e m e n t  
of U-e f f ec t  I I  is s h o w n  in Fig .  18A. The  c u r v e  I of 
Fig.  19 is i ts f r e q u e n c y  c h a r a c t e r  curve ,  i n d i c a t i n g  
a m a r k e d  p e a k  at  a b o u t  400 cps. I t  was  also p r o v e d  
e x p e r i m e n t a l l y  t h a t  th is  p e a k  sh i f t ed  t o w a r d  t h e  
h i g h - f r e q u e n c y  r eg ion  for  a fine c a p i l l a r y  ( c u r v e  
I I )  and  t o w a r d  the  l ow f r e q u e n c y  r e g i o n  fo r  a 
l a r g e  one ( c u r v e  I I I ) .  The  i n t e r n a l  d i a m e t e r s  of 
these  c a p i l l a r i e s  a r e  0.135, 0.148, and  0.182 mm,  
r e spec t i ve ly .  

The  inf luence  of t he  e l e c t r o l y t e  of t he  so lu t ion  
p h a s e  of t h e  e l e m e n t  is also e x a m i n e d .  A so lu t ion  of 
h igh  e l ec t ro ly t i c  c o n d u c t i v i t y  and  low v i scos i ty  is 
des i r ab le .  F o r  i n s t ance  the  r e sponse  at  l o w e r  f r e -  
quenc ies  is l o w e r  in  t he  case  of su l fu r i c  ac id  for  low 
t e m p e r a t u r e s  t h a n  in t he  case of h y d r o c h l o r i c  acid.  

Table III. Receiving sensitivities of the hydrophones of U-effects 
I and II and the Rochelle salt 

10-me te r  w a t e r  t a n k  
test .  (Read ings  of  M a x i m u m  r e c e i v a b l e  

E l e m e n t  t h e  v a l v e - v o l t m e t e r )  d i s tance ,  k m  

U-effect  I 42 1.9 
U-effect  I I  143 3.8 
Rochelle  sal t  68 2.5 

~///////ioY/////A 

Fig. 18. Pickups of the electrophonograph using U-effect I1: 
A, free type; B, piston type. 
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Fig. 19. Frequency character curves of the pickups of U-effect II. 
The output voltage is in an arbitrary scale. 

This  is due  to the  l a r g e r  v i s cos i ty  i n c r e a s e  at  low 
t e m p e r a t u r e s  for  the  f o r m e r  solu t ion .  

A p i c k u p  of v e r y  h igh  q u a l i t y  is m a d e  b y  e m -  
p l o y i n g  the  p i s t on  t y p e  of v i b r a t i o n  to one of t he  
e l ec t rodes  as s h o w n  in Fig .  18B. The  f r e q u e n c y  
c h a r a c t e r  c u r v e  of th is  t y p e  of p i c k u p  is g iven  b y  
the  cu rve  IV in Fig .  19, show ing  a s a t i s f a c t o r y  
l i n e a r i t y  ove r  t he  f r e q u e n c y  r a n g e  e x a m i n e d .  

S u m m a r y  
The  m e c h a n i c a l  v i b r a t i o n  of the  e l e c t r i c a l  doub le  

l a y e r  in a glass  c a p i l l a r y  g ives  r i se  to t h e  g e n e r a -  
t ion  of an  a - c  v o l t a g e  b e t w e e n  t h e  two  ends.  This  
p h e n o m e n o n  is ca l l ed  in g e n e r a l  " U - e f f e c t "  In  the  
case  of g l a s s - l i q u i d  in te r faces ,  w e  cal l  i t  "U-e f f ec t  
I ,"  w h i l e  in  t he  case  of m e r c u r y - s a l t  so lu t ion  in -  
t e r f aces  "U-e f fec t  I I . "  The  f o r m e r  is an  effect of an  
a - c  s t r e a m i n g  p o t e n t i a l  gene ra t i on ,  and  the  l a t t e r  
is an  a - c  c a p a c i t y  c u r r e n t  of t h e  d o u b l e  l a y e r  a t  
m e r c u r y - s o l u t i o n  in te r faces .  

U-e f fec t  I can  be  used  to m e a s u r e  s t r e a m i n g  p o -  
t e n t i a l s  b y  an  a - c  t echn ique ,  p r o v i d i n g  an  a l t e r n a -  
t i ve  m e t h o d  to c o m p a r e  w i t h  t he  o r d i n a r y  d - c  
me thod .  U-e f fec t  I I  has  i ts  a p p l i c a t i o n  in p r o v i d i n g  
n e w  m e t h o d s  for  t he  doub le  l a y e r  c a p a c i t y  m e a s -  
u r e m e n t s  a t  m e r c u r y - s o l u t i o n  in te r faces .  

U-effec ts ,  bo th  I and  II,  a r e  a p p l i c a b l e  to a l l  sor t s  
of m e c h a n o - e l e c t r i c  t r a n s d u c e r s ,  and  i t  was  s h o w n  
tha t  t he  h y d r o p h o n e  and  p i c k u p  u s i n g  U-e f fec t  I I  
w e r e  equa l  to or  even  s u p e r i o r  to those  us ing  
Roche l l e  sal t .  

A c k n o w l e d g m e n t s  
The  a u t h o r  w o u l d  l i ke  to  t h a n k  the  N a t i o n a l  Sc i -  

ence  F o u n d a t i o n  a n d  the  T h e o r e t i c a l  Div i s ion  of 
th is  Soc i e ty  for  g iv ing  h i m  the  o p p o r t u n i t y  of d e -  
l i v e r i n g  this  p a p e r  be fo re  t he  I n d i a n a p o l i s  Meet ing ,  
b y  s u p p o r t i n g  t h e  t r a v e l  expenses  f r o m  J a p a n  to 
t he  Sta tes .  He  also wi shes  to e xp re s s  his  g r a t i t u d e  
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to  Pro fe s so r  I. Tach i  of K y o t o  U n i v e r s i t y  for  his  
con t inuous  adv ice  a n d  e n c o u r a g e m e n t .  H e  is g r e a t l y  
i n d e b t e d  to Dr. S. U e d a  and  Mr. F. Tsuj i ,  s ince  t he  
d a t a  used  in th is  a r t i c l e  w e r e  e x c l u s i v e l y  o b t a i n e d  
b y  the i r  coopera t ion .  

Manuscr ip t  rece ived  Apr i l  17, 1962; revised m a n u -  
script  received Sept.  17, 1962. This paper  was p repa red  
for de l ivery  before  the Indianapol is  Meeting,  Apr i l  30- 
May 3, 1961. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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qFechnica  Notes @ 
Some Effects of Zinc Atmospheres on Zinc Sulfide 

Hideo Baba 1 

Thomas J. Watson Research Center, International Business Machines Corporation, Yorktown Heights, New York 

G e n e r a l l y ,  n o n s t o i c h i o m e t r y  of a c o m p o u n d  
s e m i c o n d u c t o r  can  be  af fec ted  b y  the  gas  a t m o s -  
p h e r e  in w h i c h  the  s a m p l e  is hea ted .  W h e n  ZnS  is 
h e a t e d  in  a zinc a t m o s p h e r e ,  s u r p l u s  z inc  m a y  b e  
i n t r o d u c e d  into  t he  c rys ta l ,  c r e a t i n g  an ion  v a c a n -  
cies VA and  f ree  e lec t rons .  

rZn2+ S 2-  
Z n 2 + S 2 - + Z n ~ - - -  (VAZn2 + J + 2 - -  [1]  

As  the  VA cen t e r  f o r m e d  is a miss ing  S 2-  ion, t he  
VA cen t e r  has  a change  of + 2 e  r e l a t i v e  to t h e  n o r -  
m a l  la t t ice ,  and  i t  can  t r a p  the  two  e lec t rons .  

This  p rocess  a lso  occurs  in  t he  case  of l e ad  su l -  
fide. I f  s u r p l u s  s u l f u r  is a d d e d  to  t h e  l a t t i ce  b y  
h e a t i n g  i t  in  a su l fu r  a t m o s p h e r e ,  f r ee  ho les  and  
ca t ion  vacanc ie s  wi l l  be  c rea ted .  

I t  has  been  r e p o r t e d  t ha t  the  c o n d u c t i v i t y  t y p e  of 
P b S  changes  f rom n -  to p - t y p e  v e r y  s h a r p l y  w h e n  
h e a t e d  in a su l fu r  a t m o s p h e r e  of sufficient  p r e s -  
su re  (1) .  In  t he  case  of zinc oxide ,  i t  is k n o w n  t h a t  
i ts  r e s i s t i v i t y  goes d o w n  r e m a r k a b l y  b y  i n t r o d u c -  

1 P resen t  address :  Sony Research  Labora tor ies ,  Hodogaya -ku ,  
Yokohama,  J apan .  

ing  i n t e r s t i t i a l  z inc in to  the  c r y s t a l  b y  h e a t i n g  i t  
in zinc v a p o r  and  q u e n c h i n g  (2) .  S ince  the  i n t e r -  
s t i t i a l  z inc  a toms  in zinc ox ide  c rys t a l s  act  as donors  
w i th  a l ow  ion iza t ion  ene rgy ,  t h e y  effect  t he  i n -  
c r e a se d  c o n d u c t i v i t y  (3) .  S i m i l a r  p h e n o m e n a  have  
been  r e p o r t e d  w i t h  m a n y  o t h e r  c o m p o u n d  s e m i -  
conduc to r s  (4, 5 ) .  

In  t he  case  of bo th  l e ad  sulf ide and  zinc oxide ,  
t h e i r  c o n d u c t i v i t y  is h igh  enough  for  t he  H a l l  co-  
efficient  to be  m e a s u r a b l e ,  and  one can  ob t a in  
q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  the  s u r p l u s  c a r r i e r  
concen t r a t i on .  H o w e v e r ,  the  c o n d u c t i v i t y  of zinc 
sulf ide  is too low for  such m e a s u r e m e n t s  e x c e p t  a t  
e l e v a t e d  t e m p e r a t u r e s ,  m a k i n g  i t  diff icult  to c l a r i f y  
t he  inf luence  of t he  e n v i r o n m e n t a l  gas  on the  e lec -  
t r i c a l  c h a r a c t e r  of th is  m a t e r i a l .  The  p u l s e d  D e m b e r  
m e a s u r e m e n t  is one poss ib le  tool  for  t he  s t u d y  of 
t he  n o n s t o i c h i o m e t r y  of th is  m a t e r i a l .  This  effect 
was  first  o b s e r v e d  b y  D e m b e r  in  Cu20 s ingle  c r y s -  
t a l s  in 1931 (6, 7).  The  effect was  used  for  t he  d e -  
t e r m i n a t i o n  of t he  c a r r i e r  s ign  of va r i ous  m a t e r i a l s  
b y  B u r k e  (8)  and  G o o d m a n  (9) .  M o r e h e a d  (10) 
showed  t h a t  t he  D e m b e r  v o l t a g e  of Z n S  c h a n g e d  
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l i n e a r l y  wi th  the  squa re  root of the su l fu r  p ressure  
in  which  it  was  fired. The sample  became more  and  
more  p - t y p e  as the  su l fu r  p ressure  was  increased.  

If  a p - t y p e  ZnS  sample  is fired in  a zinc a tmos -  
phere  of a ce r ta in  pressure ,  the  conduc t iv i ty  type  
should be changed  to n - t y p e  by  the  i n t roduc t i on  
of excess zinc as descr ibed  above.  The purpose  of 
this pape r  is to show how the  n o n s t o i c h i o m e t r y  of 
zinc sulfide is affected by  hea t ing  it in  a zinc a t -  
mosphere ,  as detec ted  by  pulsed  D e m b e r  m e a s u r e -  
ments .  

Exper imenta l  

The e x p e r i m e n t  consis ted of two par ts :  one was  
the  in -d i f fus ion  process in  which  su rp lus  zinc was  
incorpora ted  in  ZnS  powder  by  hea t ing  in  a zinc 
a tmosphere ,  and  the  o ther  was  the  ou t -d i f fus ion  
process in  which  ZnS  sa tu ra t ed  w i th  excess Zn  was  
hea ted  in  v a c u u m  to ex t rac t  the  zinc and  to con-  
firm the  inf luence  of zinc on conduc t iv i ty  type.  

The In-DifYusion Process 

Three  k inds  of zinc sulfide were  used for the  i n -  
d i f fus ion exper imen t s .  Each of t h e m  was m a d e  
f rom the  same lot of l u m i n e s c e n t  grade  zinc su l -  
fide (RCA 298): ( i)  a s - rece ived  ZnS;  this con-  
t a ined  smal l  a m o u n t s  of free su l fu r  and  sulfate.  (S: 
0.038%, S O 4 = : 0 . 2 9 % ) ;  (i i)  pref i red samples ;  the  
o r ig ina l  ZnS  (i) was  fired in  f lowing H2S at 1250~ 
for 2 hr  to e l imina t e  the  sul fa te ;  this  sample  
showed s t rong  p - t y p e  conduc t iv i ty ;  (i i i)  c o m p e n -  
sated sample ;  zinc sulfide powder  is u sua l ly  p r e -  
pa red  by  p rec ip i t a t ion  f rom solut ions  of zinc salts 
wi th  h y d r o g e n  sulfide. As a r e su l t  it  u sua l ly  con-  
ta ins  m u c h  free sul fur ,  which  can act as a source 
for an  acceptor.  The excess su l fu r  is r emoved  f rom 
the  m a t e r i a l  b y  hea t ing  it  in  v a c u u m  at m o d e r a t e l y  
h igh t empera tu re s .  The compensa ted  sample  was  
p r epa red  b y  hea t ing  the  or ig ina l  ZnS  in  r u n n i n g  
v a c u u m  at  500~ for 96 hr. ( I t  was  conf i rmed by  
D e m b e r  m e a s u r e m e n t s  tha t  the  sample  was  jus t  
compensa ted . )  

Control of zinc pressure . - -ZnS  powder  was i n -  
t roduced  in  one side of a qua r t z  t ube  and  a suffi- 
c ient  a m o u n t  of pu re  zinc was  placed in  the  o ther  
side. The  t ube  was t hen  evacuated ,  sealed off, and  
placed in  an  electric fu rnace  of des i red t e m p e r a -  
ture.  In  the  case of low zinc pressures  (390 m m  
Hg) ,  a two-sec t ion  fu rnace  was  used which  p ro -  
v ided two i n d e p e n d e n t l y  con t ro l lab le  hea t ing  r e -  
gions. The  por t ions  of the  t ube  wi th  ZnS  and  Zn, 
respect ively ,  were  t hen  b rough t  in to  the  cons t an t  
t e m p e r a t u r e  region  of each furnace .  For  h igh p res -  
sures,  the  t u b e  was  at a u n i f o r m  ~emperature .  The  
zinc p ressure  was  d e t e r m i n e d  by  the  lowest  t e m -  
p e r a t u r e  of the  tube.  The  e x p e r i m e n t a l  condi t ions  
invo lved  the e q u i l i b r i u m  zinc vapor  pressures  of 
2500, 1950, and  390 ram Hg, which  cor respond to 
zinc t e m p e r a t u r e s  of 1075 ~ 1035 ~ and  850~ re -  
spect ively.  2 Af te r  the  samples  were  fired u n d e r  
these condi t ions  for the  des i red t ime,  t hey  were  
quenched  to room t empera tu r e ,  and  the  D e m b e r  
c u r r e n t  was  measured .  

These  v a p o r  p r e s su re s  a re  calculated averages  of values  deter-  
m i n e d  by  C. Ba rnes ,  J .  W. Richards,  and R. E. Honig ,  respect ive ly .  
Pressures  calculated from Kubasehewsk i ' s  formula  are higher .  
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The Out-Diffusion Process 

If the  zinc sulfide is first fired in  a Zn  a tmosphe re  
and  t h e n  hea ted  in  vacuum,  the  excess zinc wil l  
diffuse out f rom the  m a t e r i a l  and  wi l l  condense  at 
the  cool por t ion  m a i n t a i n e d  at  room t empera tu r e .  
Since the  zinc p ressure  at room t e m p e r a t u r e  is of 
the  order  of 10 -12 m m  Hg the  process can be con-  
s idered to be e q u i v a l e n t  to one in  a r u n n i n g  vac-  
uum.  This ou t -d i f fus ion  process was car r ied  out at 
670~ us ing  samples  of zinc sulfide which  had  been  
fired in  zinc a tmospheres  of e i ther  390 m m  Hg or 
2500 m m  Hg. 

Af te r  the des i red t ime  at 670~ the  t ube  was 
t a ke n  out  of the f u r na c e  and  quenched  to room 
t e m p e r a t u r e ,  and  the  D e m b e r  c u r r e n t  m e a s u r e d  
us ing  a pa r t  of the  sample.  F u r t h e r  hea t ing  at 
670~ was con t inued  us ing  the  r e m a i n d e r  of the  
sample  to get da ta  for longer  t imes.  For  a descr ip-  
t ion  of the D e m b e r  m e a s u r e m e n t s  see Append ix .  

Results 

]n-Dif]usion Process 

F i g u r e  l a  shows the resu l t s  of the  in -d i f fus ion  
process wi th  the as - rece ived  zinc sulfide. The s t a r t -  
ing ma te r i a l  is s t rong ly  p - t y p e  and  as the  t ime  of 
firing in  zinc vapor  increases,  the  conduc t iv i ty  type  
becomes less p - type .  Af t e r  40 hr, the concen t ra t ions  
of su l fu r  and  zinc vacancies  reach  a compensa ted  
state. If  the  f ir ing t ime  a nd  t e m p e r a t u r e  are  kep t  
cons tan t  (44 hr  and  1050~ respec t ive ly)  the p -  
typeness  of the sample  depends  on the  zinc p res -  
sure  be low abou t  1300 m m  Hg, as shown in  Fig. lb .  

W h e n  the  Z n S  which  had  been  pref i red in  HeS 
a tmosphere  was fired u n d e r  var ious  zinc pressures ,  
the type  changed  to less p - t y p e  as the fir ing t ime  
increased  and  it approached  dif ferent  s teady  states 
de pe nd i ng  on the  zinc p re s su re  in  which  the  s am-  
ple was fired. Tha t  is, the h ighe r  the zinc pressure ,  
the more  n - t y p e  or less p - t y p e  wi l l  the  final sthte 
be, as shown in  Fig. 2. 
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Fig. 1. Change of conductivity type with Zn pressure of "as 
received" ZnS. (a) (top) The ordinate represents the type of carrier 
and the abscissa is the length of firing time, firing temperature 
1050~ Zn pressure 220 mm Hg; (b) (bottom) The ordinate is the 
type of conductivity and the abscissa is the Zn pressure, firing 
temperature 1050~ firing time 44 hr. 
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Fig. 2. Change of conductivity type as a function of firing time at 
various Zn pressures. The starting material was prefired ZnS. The 
firing temperatures associated with different Zn pressures were as 
follows: 2500 mm, 1075~ 1950 mm, 1035~ and 390 mm, 850~ 

If one s tar ts  wi th  the  compensa ted  sample,  the  
s i tua t ion  is r a the r  compl ica ted  and,  u n f o r t u n a t e l y ,  
not  ve ry  r ep roduc ib le  quan t i t a t i ve ly .  At  h igh  zinc 
pressures  the re  is essen t ia l ly  no change  in  the  con-  
duc t iv i ty  type.  There  is a p p a r e n t l y  no w a y  in  
which  the  possible i n t roduc t i on  of excess donors  
can be detected f rom D e m b e r  effect m e a s u r e m e n t s  
(see A p p e n d i x ) .  At  l ower  zinc pressures  a t e n -  
dency  toward  becoming  more  p - t y p e  was  no ted  for 
shor t  f ir ing t imes;  this  t r e n d  was  reversed  for 
longer  per iods  of firing, b u t  the  exact  behav io r  was  
errat ic .  Uncon t ro l l ed  impur i t i e s  in  the s t a r t i ng  
m a t e r i a l  and  perhaps  a n a t u r a l  t e n d e n c y  for excess 
zinc vacancies  to fo rm at h igh t e m p e r a t u r e s  u n d e r  
condi t ions  a p p r o x i m a t i n g  a r u n n i n g  v a c u u m  (11) 
can exp la in  these l a t t e r  resul ts .  

The Out-Di]Iusion Process 
In  order  to confirm the  incorpora t ion  of Zn  by  

the  in -d i f fus ion  process, the ZnS  which  had  been  
t r ea ted  in  a zinc a tmosphe re  was  hea ted  in  a h igh 
v a c u u m  for a long  t ime,  to ex t rac t  the  excess zinc 
at 670~ No signif icant  changes  in  e lectr ical  ac t iv -  
i ty  (Dember  effect) were  no ted  as a resu l t  of the  
ou t -d i f fus ion  process. In  eve ry  case, even  for s t a r t -  
ing samples  which  showed p - t y p e  conduc t iv i ty  
af ter  t r e a t m e n t  in  a zinc a tmosphere ,  an  apprec ia -  
ble a m o u n t  of zinc was  observed at the  cool por t ion  
of the  t ube  which  was  kept  at  room t empera tu r e .  
This fact shows tha t  on ly  a sma l l  pa r t  of the  zinc 
wh ich  diffused in to  the  c rys ta l  is e lec t r ica l ly  act ive,  
and  the  res t  of it  is p r o b a b l y  p r e sen t  as a p rec ip i -  
t a t ion  at the  b o u n d a r y  of the  crystals ,  in  dis loca-  
t ions, or at cracks in  the crystal .  

Discussion and  Conclusions 

If the  excess zinc incorpora ted  in  the  ZnS  crys-  
ta l l i tes  acts as a donor  jus t  as in  the  case of zinc 

oxide, the  conduc t iv i ty  type  should  be changed  to 
less p - t y p e  or more  n - t y p e  by  the  in -d i f fus ion  
process. Tha t  is t r ue  in  the  case of pref i red s am-  
ples as shown  in  Fig. 2. 

I t  is difficult to m a k e  a q u a n t i t a t i v e  a r g u m e n t  
abou t  the  resul t s  because  the D e m b e r  m e a s u r e -  
me n t s  give on ly  s e m i q u a n t i t a t i v e  in fo rmat ion ,  and  
the  effect m a y  depend  s t rong ly  on the  surface 
condi t ions  of the  par t ic le .  

I n  order  to confirm the  resul ts ,  some other  in fo r -  
m a t i o n  such as pho toconduc t iv i ty  is requ i red .  
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Any  discussion of this paper will  appear in a Dis- 
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APPENDIX 
Pulsed Dember Measurement Technique 

These measurements  were made by F. Morehead of 
this laboratory,  using a technique described bjr More- 
head and Fowler  (10). Intense 320 m~ radiat ion is 
flashed onto the sample cell to obtain a Dember  cur-  
ren t  pulse peak. The sign and size of the Dember  pulse 
are noted both after a 1-min dark in terva l  between 
pulses and after a l - ra in  exposure to broad band  inf ra-  
red radiat ion (N0.8~). The I.R. ionizes and facilitates 
the r e tu rn  of deeply t rapped holes (HI  e.v.) so that  a 
much larger  p- type  signal (or smaller  n - type  pulse) is 
obtained after the I.R. exposure. If the two signals are 
of the same size and n- type,  then there are no excess 
acceptors. If the peak obtained after I.R. is n - type  and 
smaller  or actual ly p-type,  the algebraic difference be- 
tween the two signals is t aken  as a measure  of the 
excess acceptors. If both signals are p-type,  the peak 
obtained after I.R. is always larger  and its value is used 
to measure the p- type  content. If both signals are 
n - type  and the one obtained after 1.R. is the larger, the 
sample may actual ly have a donor excess, bu t  not  
necessarily. It  is not  possible to demonstrate  an excess 
donor concentrat ion in  ZnS by means of Dember  meas-  
urements  alone. For more details on the method, the 
reader  is referred to ref. (11). 
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T h e r m a l  e t ch ing  or  e v a p o r a t i o n  of m e t a l  and  
s e m i c o n d u c t o r  s ing le  c r y s t a l s  r e su l t s  in  t he  d e t e r i -  
o r a t i o n  of c e r t a i n  c r y s t a l  faces  in  f a v o r  of m o r e  
s t ab le  ones  (1 ) .  D i l lon  a n d  O m a n  (1)  w e r e  ab le  to 
show t h a t  h e a t  t r e a t m e n t  in  d i f f e ren t  a m b i e n t  
p r e s s u r e s  r e s u l t e d  in  d i f fe ren t  e t c h - p i t  p a t t e r n s  of 
s i l icon surfaces .  To p r e v e n t  i n t e r a c t i o n  b e t w e e n  
s i l icon and  q u a r t z  a m o l y b d e n u m  sl ice h o l d e r  was  
used  w h i c h  s e p a r a t e d  the  s i l icon f r o m  the  qua r t z .  
The  e tch  p i t  d e n s i t y  of s i l icon t r e a t e d  in  a poor  
v a c u u m  (10 - 5 -  10 -6 m m  Hg)  was  m u c h  g r e a t e r  
t h a n  the  p i t  d e n s i t y  of s i l icon t r e a t e d  in h igh  v a c -  
u u m  ( < <  10 -8 m m  Hg) .  S i l icon  t e m p e r a t u r e s  w e r e  
r e p o r t e d  as 850~ in t he  first  case  and  g r e a t e r  t h a n  
1000~ in t he  second  case. 

I t  is i n f e r r e d  t ha t  e n h a n c e m e n t  of t h e r m a l  e t c h -  
ing  at  h i g h e r  a m b i e n t  p r e s s u r e  is due  to t he  f o r m a -  
t ion  and  s u b s e q u e n t  e v a p o r a t i o n  of vo l a t i l e  SiO, 
a n d  t ha t  th is  effect becomes  neg l i g ib l e  w h e n  the  
v a c u u m  is b e t t e r  t h a n  1 x 10 -8 m m  Hg. In  a d d i -  
t ion,  a n y  o x y g e n  f o r m e d  b y  ou tgas s ing  of c e r t a i n  
m e t a l s  or  o x y g e n  w h i c h  is p r e s e n t  due  to i n t e r a c -  
t ion  b e t w e e n  si l icon i t se l f  and  the  a m b i e n t  and  b e -  
t w e e n  s i l icon a n d  q u a r t z  m u s t  be  exc luded .  On the  
o t h e r  hand ,  t h e r m a l  e t ch ing  is r e d u c e d  b y  i n c r e a s -  
ing  t h e  o x y g e n  con t en t  such  t h a t  a p r o t e c t i v e  SiO2 
l a y e r  is f o r m e d  w h i c h  p ro t ec t s  the  s i l icon f rom 
t h e r m a l  e tching .  Consequen t ly ,  in  p r o c e d u r e s  w h i c h  
e m p l o y  a v e r y  poor  vacuum,  the  effect  v a n i s h e s  
again .  [S i l i con  w h i c h  has  been  t r e a t e d  in p u r e  02 
(1)  shows  less t r i a n g u l a r  p i t s  t h a n  s i l icon h e a t e d  
in a t m o s p h e r e s  of N2, He,  or  H2.] 1 

S ince  the  r e v e a l i n g  of spec ia l  su r f ace  p a t t e r n s  is 
due  to t he  r e m o v a l  of v a r y i n g  a m o u n t s  of s i l icon,  
t he  s ame  p a t t e r n s  shou ld  be  o b t a i n e d  b y  a p p l y i n g  
e i t he r  t h e r m a l  or  c h e m i c a l  e tch ing .  

In  s i l icon,  the  [111] p l a n e  is the  mos t  d e n s e l y  
p o p u l a t e d  of t he  l o w - i n d e x  p lanes ,  t h e r e f o r e  i t  is 
the  mos t  s t ab le  u n d e r  h i g h - t e m p e r a t u r e  h e a t i n g  or  
a p r e f e r e n t i a l  c h e m i c a l  e tch ing .  The  e t ch ing  p a t -  
t e rn  shows  the  f a m i l i a r  t r i a n g u l a r  fo rms  for  t he  
[111] face.  

The  p r e s e n t  e x p e r i m e n t  is to d e m o n s t r a t e  t h a t  
t h e r m a l  e t ch ing  has  been  o b s e r v e d  and  c o m p a r e d  
to c h e m i c a l  e tch ing .  The  s igni f icance  of t h e r m a l  
e t ch ing  in  s ea l ed  tubes  is d iscussed .  

Experimental Procedure 
I t  is a s s u m e d  t h a t  t h e r m a l  e t ch ing  is d e t e r m i n e d  

b y  the  s i l icon t e m p e r a t u r e  and  the  a m o u n t  of o x y -  
gen  w h i c h  is p resen t .  I n  o r d e r  to ge t  f a c tua l  i n f o r -  

A t r ea tmen t  in pure  N~ which  has  b e e n  carr i ed  ou t  b y  t h e  a u t h o r  
y i e l d e d  a w h i t e  f laky c o a t i n g  o n  t he  ent i re  s u r f a c e  c o n s i s t i n g  o f  
SigN4 w h i c h  c o u l d  b e  r e m o v e d  easily. However ,  n e i t h e r  t h e r m a l  
etching nor  any  s t ronger  t r iangular  pits c o u l d  b e  d e t e c t e d .  

marion ,  e x p e r i m e n t s  h a v e  to be c a r r i e d  out  in  
w h i c h  t e m p e r a t u r e  and  o x y g e n  con ten t  a r e  v a r i e d  
in a c on t ro l l e d  m a n n e r .  The  d e s i r e d  v a l u e  of o x y -  
gen  c o n c e n t r a t i o n  is c o n t r o l l e d  b y  the  v a c u u m  
q u a l i t y  and  spec ia l  su r f a c e  t r e a t m e n t s  of  t h e  s i l i -  
con. 

The thermal treatment procedures were carried 
out in the following way: all quartz parts were 
soaked in boiling nitric acid, rinsed several times 
in hydrofluoric acid and deionized water, and finally 
dried in an inert atmosphere at elevated tempera- 
tures. The silicon was sliced, lapped, thoroughly 
cleaned, and slightly etched in a HNO3-HF-CH3- 
COOH mixture. The silicon was then inserted into 
the quartz tube; the tube was evacuated and back- 
filled with hyperpure dry argon the pressure of 
which was never varied. Two different arrange- 
ments of the sealed tubes are shown in the follow- 
ing  ske tch  (a)  and  (b ) .  
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The  sl ices w e r e  p a c k e d  t o g e t h e r  v e r t i c a l l y  to 
con tac t  each  o t h e r  across  t he  w h o l e  a r e a  of t he  
s i l icon face.  The  su r f ace  t r e a t m e n t  p r i o r  to t he  
hea t  t r e a t m e n t  was  d i f fe ren t ,  r e s u l t i n g  in  va r i ous  
a m o u n t s  of r e m o v a l  of t h e  d a m a g e d  l a y e r  r e s u l t i n g  
f r o m  l app ing ,  and  the  h e a t  t r e a t m e n t  t e m p e r a t u r e  
of 1200~ was  he ld  for  s e v e r a l  hours .  A f t e r  hea t  
t r e a t m e n t ,  the  t ubes  w e r e  b roke n ,  and  the  s i l icon 
sl ices w e r e  e v a l u a t e d  w i t h o u t  h a v i n g  a p p l i e d  a n y  
f u r t h e r  su r f ace  t r e a t m e n t .  The  r e su l t s  o b t a i n e d  a re  
bes t  d e s c r i b e d  b y  the  p h o t o m i c r o g r a p h s ,  Fig.  1-5. 

Discussion 
I t  is obv ious  t h a t  t h e r m a l  e t ch ing  t a k e s  p l ace  

w h e n  (a )  s i l icon su r f aces  touch  q u a r t z  ( r eac t i on  
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(poor  con tac t  a r e a s ) .  Due  to  t h e  fac t  t h a t  t h e  con-  
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Fig. 1. Silicon having touched another silicon slice during heating. 
Special areas where triangles become larger indicate poor contact 
with the adjacent slice. Magnification 200X. 

Fig. 4. Silicon having been exposed to a quartz plug: note the 
large triangles between the original "small" ones. Magnification 
100X. 

Fig. 2. Silicon slice in poor contact with another silicon slice 
during heat treatment: the strong etch pit pattern is due to 
stronger thermal etching. The triangles become larger, now touch- 
ing each other. Magnification 200X. 

Fig. 3. More "deformed" triangular structure. After heat treat- 
ment, these areas are shiny, like a satin, chemically etched surface 
(compare with Fig. 5). Magnification 200X. 

ve ry  l i t t le  or no t h e r m a l  e tching,  whereas ,  s i l icon 
wi th  du l l  a n d / o r  rough  surfaces exhib i t s  severe  
t h e r m a l  etching.  F igures  2 and  3 were  t a k e n  f rom 
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Fig. 5. Silicon slice having been chemically etched in a (1:1:1) 
HF:HNO~:CH~COOH mixture for 6 sec; the etch pit pattern is 
similar to the thermal etched surface (compare with Fig. 3). 
Magnification 200X. 

enced by  the  v o l u m e  of the  qua r t z  capsule,  too. A 
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Appl ica t ion  
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diffusion process fol lows n e i t h e r  the  w e l l - k n o w n  
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which  considers  s i m u l t a n e o u s l y  evapora t i ng  si l icon 
(2) .  This  resul ts  in  a t i m e - i n d e p e n d e n t ,  cons tan t  
i m p u r i t y  p e n e t r a t i o n  due to equa l  ra tes  of evapo-  
r a t i n g  si l icon and  i m p u r i t y  pene t r a t ion .  This  effect 
could be observed  af ter  our  diffusion processes in  
some cases, s ince s t rong t h e r m a l  e tching  has i n -  
creased the ra te  of evapora t i ng  si l icon such as to 
fulfill  the  above m e n t i o n e d  condit ion.  

A l though  t h e r m a l l y  etched surfaces  yie ld  excel -  
l en t  device proper t ies  because  the  e tching  process 
has y ie lded  r e l a t i ve ly  c lean  si l icon surfaces,  2 its 
effect should  be acknowledged  if cont ro l  of u n i -  
f o rmi ty  is in tended .  

s A c l e a n i n g  p r o c e s s  o c c u r s  a s  s o o n  as  a c e r t a i n  a m o u n t  o f  i m p u r i -  
t i e s  d i s t i l l s  o f f  t h e  s u r f a c e  a n d  c o n d e n s e s  o n  t h e  q u a r t z .  

Manuscript  received May 31, 1962; revised m a n u -  
script received Aug. 27, 1962. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the December 1963 
JOURNAL. 
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C a r b o n  is s l ight ly  soluble  in  m o l t e n  si l icon; its 
so lub i l i ty  at a n u m b e r  of t e m p e r a t u r e s  has been  de-  
t e r m i n e d  by  Scace and  Slack (1) .  These au thors  
hea ted  si l icon i so the rma l ly  in  smal l  g raph i te  c ru -  
cibles and  so fo rmed  sa tu ra t ed  solut ions  of ca rbon  
in  si l icon f rom which  sil icon carb ide  crys ta l l ized  
u p o n  rap id  cooling. F r o m  the weigh t  of si l icon car -  
b ide  the  so lub i l i ty  at the  t e m p e r a t u r e  of the expe r i -  
m e n t  was eva lua ted .  W h e n  the i r  resul t s  were  com- 
b ined  wi th  tha t  of Dash (2) at the  m e l t i n g  po in t  of 
silicon, a l i nea r  r e l a t ion  was  found  f rom 1408~ 
up  to abou t  2430~ b e t w e e n  the  l oga r i t hm of the  
so lubi l i ty  and  the reciprocal  t e m p e r a t u r e ;  this  is 
the  k ind  of va r i a t i on  which  migh t  be expected  on 
t h e r m o d y n a m i c  grounds .  H o w e v e r  at yet  h igher  
t e m p e r a t u r e s  the  so lub i l i ty  increased  more  r ap id ly  
un t i l  the  per i tect ic  po in t  of si l icon carb ide  was  
reached  at 2830 ~ _ 40~ wi th  a so lub i l i ty  of 
1 9 ( a t o m i c ) %  (in a rgon  at 35 a t m ) .  Above  2830 ~ 
----- 40~ Scace and  Slack observed  tha t  si l icon car -  
bide decomposed w i thou t  cong ruen t  me l t i ng  to fo rm 
a s i l i con- r ich  l iqu id  in  e q u i l i b r i u m  wi th  graphi te .  

The  p r o b l e m  of c rys ta l l i za t ion  f rom a so lu t ion  in  
contact  wi th  excess solute  m a y  be approached  in  
two ways.  E i the r  a s a tu ra t ed  i so the rma l  solut ion 
m a y  be cooled w h e r e u p o n  solute crystal l izes  out, 
or a t e m p e r a t u r e  g r ad i en t  m a y  be es tab l i shed  in 
the  con ta ine r  whi le  the  t e m p e r a t u r e  at any  po in t  is 
kep t  constant .  

In  the  l a t t e r  case the  solut ion circulates ,  becomes  
s u p e r s a t u r a t e d  and  deposi ts  crys ta ls  in  cooler r e -  
gions, and  is r ep len i shed  wi th  solute  on r e t u r n i n g  to 
the  hot zone. 

In  v iew of the  v e r y  smal l  so lub i l i ty  of ca rbon  in  
si l icon (on ly  1 pa r t  in  20,000 at the  me l t i ng  po in t  
of si l icon and  even  at 2150~ it is on ly  1%)  the  
first approach  would  c lear ly  be  fu t i le  for c rys ta l -  
l iz ing subs t an t i a l  a m o u n t s  of si l icon carbide,  un less  
an  opera t ing  t e m p e r a t u r e  approach ing  2830~ were  
con templa ted .  The second approach  howeve r  seemed 

more  p romis ing  a nd  was  therefore  adopted  in  the 
p re sen t  inves t iga t ion .  

Experimental Details 
Materials.--High-purity si l icon was  me l t ed  in 

graph i t e  crucibles  by  an  eddy  c u r r e n t  hea t ing  set 
supp ly ing  18 k w  at  0.5 Mc/s.  The crucibles  were  
m o u n t e d  concen t r i ca l ly  wi th  a hea t ing  coil chosen 
so as to give the  appropr i a t e  d i s t r i bu t ion  of t e m -  
pe ra tu re ,  and  were  covered by  a glass b e l l - j a r  r e s t -  
ing on a copper  base-p la te .  The  a m b i e n t  gas was 
dr ied  a rgon  at  a tmospher ic  p ressure ;  this  repressed  
the evapora t ion  of sil icon which  would  have  been  
t roub lesome  in vacuum.  The  t e m p e r a t u r e s  were  
measu red  by  an  optical  p y r o m e t e r  focused suc-  
cessively at po in ts  on the  cruc ib le  wall .  The  ac tua l  
t e m p e r a t u r e s  were  somewha t  h igher  t h a n  those 
m e n t i o n e d  here  since no correct ions  were  made  for 
the  emiss iv i ty  of g raph i te  or for absorp t ion  by  the 
glass wa l l  of the  be l l - j  ar. F i lms  of si l icon fo rmed  on 
the wal ls  d u r i n g  the run ,  caus ing  a g r a dua l  fal l  of 
b e t w e e n  20 ~ and  60~ in the  m e a s u r e d  t empe ra tu r e ,  
which  was  corrected accordingly .  

At  first the re  were  difficulties in  r e t a i n i n g  the  
mo l t en  sil icon as the  crucibles  cracked for two rea -  
sons. Firs t ,  mo l t en  si l icon seeps t h rough  the pores of 
most  g raph i te  in  a m a t t e r  of seconds;  this  p r o b l e m  
was overcome by  us ing  less p e r m e a b l e  g raph i t e  
which  held si l icon at t e m p e r a t u r e s  in  excess of 
2600~ Second, si l icon e xpa nds  w h e n  it solidifies, 
and  the r e su l t ing  stresses t end  to b r e a k  the  c ru -  
cibles;  this was avoided by  m a k i n g  the  wal ls  
th icker .  

The  g raph i te  con ta ined  a few h u n d r e d  pa r t s  of 
i m p u r i t y  per  mi l l ion ,  bu t  the  p u r i t y  was m u c h  en -  
hanced  by  p r ehea t i ng  it  to 2000~ the  smoke  thus  
evolved  ind ica ted  tha t  vola t i le  impur i t i e s  were  be -  
ing expelled.  

Results o] initial experiments . --A series of ex-  
p e r i m e n t s  was car r ied  out  in  which  30g lots of si l-  
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which  considers  s i m u l t a n e o u s l y  evapora t i ng  si l icon 
(2) .  This  resul ts  in  a t i m e - i n d e p e n d e n t ,  cons tan t  
i m p u r i t y  p e n e t r a t i o n  due to equa l  ra tes  of evapo-  
r a t i n g  si l icon and  i m p u r i t y  pene t r a t ion .  This  effect 
could be observed  af ter  our  diffusion processes in  
some cases, s ince s t rong t h e r m a l  e tching  has i n -  
creased the ra te  of evapora t i ng  si l icon such as to 
fulfill  the  above m e n t i o n e d  condit ion.  

A l though  t h e r m a l l y  etched surfaces  yie ld  excel -  
l en t  device proper t ies  because  the  e tching  process 
has y ie lded  r e l a t i ve ly  c lean  si l icon surfaces,  2 its 
effect should  be acknowledged  if cont ro l  of u n i -  
f o rmi ty  is in tended .  

s A c l e a n i n g  p r o c e s s  o c c u r s  a s  s o o n  as  a c e r t a i n  a m o u n t  o f  i m p u r i -  
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Fig. 2. Slices of a crucible. Magnification 3/~X 

Fig. 1. Crystals of silicon carbide; Fig. la, top; Fig. lb, center; 
Fig. lc, bottom. Magnification IOX. 

icon w e r e  h e a t e d  in  g r a p h i t e  c ruc ib l e s  to v a r i o u s  
m a x i m u m  t e m p e r a t u r e s  b e t w e e n  1450 ~ and  2600~ 
for  s e v e r a l  minu tes .  W h e n  the  s i l icon was  e t ched  
a w a y  w i t h  a m i x t u r e  of equa l  a m o u n t s  of H F  a n d  
HNO3, s i l icon c a r b i d e  a p p e a r e d  as a th in  r a f t  of 
t i n y  c r y s t a l s  a t  the  su r face  and  as d e n d r i t i c  c lus te r s  
a t  t he  base  and  w a l l s  of the  c ruc ib le .  S o m e t i m e s  
t h e r e  w e r e  p l a t e l e t s  up  to 1 m m  across  in  t he  l o w e r  
p a r t  of t h e  ingo t  i tse l f .  Some  e x a m p l e s  m a y  b e  seen  

in  Fig .  l ( a )  a n d  ( b ) .  F i g u r e  l ( c )  shows  l a r g e r  c r y s -  
t a l s  g r o w n  a t  t he  ba se  of a n e a r l y  i s o t h e r m a l  m e l t  
a t  2300~ f r o m  y e t  p u r e r  ma t e r i a l s .  T h e i r  w e l l -  
def ined  g r o w t h  p a t t e r n s  a r e  b r o u g h t  out  in t h e  p h o -  
t o g r a p h .  The  c r y s t a l s  of th is  b a t c h  a r e  b r i g h t  y e l l o w  
a p a r t  f r o m  s m a l l  b r i g h t  r e d  inc lus ions  h e r e  and  
there .  

N u c l e a t i o n  and  g r o w t h  of c r y s t a l s  of s i l icon c a r -  
b i d e  w e r e  o b s e r v e d  a t  t he  t ip  of  a g r a p h i t e  rod  d i p -  
p ing  j u s t  b e n e a t h  t he  s i l icon su r face  ( p r o t e c t e d  
a b o v e  b y  r a d i a t i o n  sh i e ld s ) .  A t  1860~ the  g r o w t h  
was  so r a p i d  t h a t  w i t h i n  1 h r  i t  h a d  e x t e n d e d  to t he  
ba se  of t he  c ruc ib le ,  w h e r e u p o n  the  r o d  seized.  
These  c r y s t a l s  w e r e  ea s i l y  s e p a r a t e d  in to  d a r k  g r e e n  
t o r p e d o - s h a p e d  g r a i n s  and  w e r e  l a t e r  s h o w n  to be  
cubic.  

Production oy pure polycrystalline SIC.-- Of p a r -  
t i c u l a r  i n t e r e s t  is t h e  c o m b i n a t i o n  of h igh  m a x i m u m  
t e m p e r a t u r e s  (2100~176  and  g r e a t  t e m p e r a -  
t u r e  g r a d i e n t s  because  these  cond i t ions  g ive  r i se  to 
p ro fu se  p r e c i p i t a t i o n  of s i l icon ca rb ide .  

F o r  e x a m p l e  in  one  such r u n  a r eg ion  a b o u t  1.2 
cm long in t he  c e n t r a l  p a r t  of t he  l e n g t h  of  t he  
c r u c i b l e  was  m a i n t a i n e d  for  20 min  a t  2300~ t h e  
t e m p e r a t u r e  f a l l i ng  off a b o v e  and  b e l o w  th is  r e -  
g ion  i n i t i a l l y  a t  a r a t e  of a b o u t  300~  wh i l e  
t he  r eg ions  a t  t he  top  and  b o t t o m  of t h e  m e l t  w e r e  
a t  a t e m p e r a t u r e  of a b o u t  1800~ In  th is  e x p e r i -  
m e n t  15g of  s i l icon c a r b i d e  was  m a d e ;  i.e., 1/3 of 
t he  s i l icon h a d  been  t r a n s f o r m e d  into  s i l icon  ca rb ide .  

This  e x p e r i m e n t  was  t h e n  r e p e a t e d  to f ind out  
h o w  the  c r y s t a l s  w e r e  a r r a n g e d .  This  t i m e  the  c r u -  
c ib le  was  cut  v e r t i c a l l y  in to  s l ices  1 m m  th ick ,  and  
t h e  s i l icon was  e t ched  f rom these .  I t  was  t h e n  a p -  
p a r e n t  t h a t  t h e  ingo t  h a d  cons i s ted  of  a mass  of 
sol id  s i l icon  in  w h i c h  w e r e  e m b e d d e d  two  s e p a r a t e  
n e t w o r k s  of s i l icon c a r b i d e  c rys ta l s ,  one a t  t he  top  
and  t h e  o the r  a t  the  b o t t o m  of t he  me l t ,  w h e r e a s  t he  
c e n t r a l  r e g i o n  w a s  a l m o s t  f r ee  of s i l icon  c a r b i d e  a n d  
the  g r a p h i t e  w a l l  t h e r e a b o u t s  was  d e e p l y  e roded .  
F i g u r e  2 shows  two  n e a r l y  a x i a l  s l ices a f t e r  e tch ing .  
The  n e t w o r k s  cons i s ted  m a i n l y  of b r i g h t  y e l l o w  
c rys t a l s ,  b u t  a f ew  g r e e n  ones  also h a d  g r o w n  r a n -  
d o m l y  a m o n g  t h e m ;  t h e  p r o p o r t i o n  o2 g r e e n  c r y s -  
t a l s  i n c r e a s e d  b o t h  w i t h  t h e  d u r a t i o n  of t he  r u n  and  
w i t h  t he  t e m p e r a t u r e .  

T h e  r e su l t s  of a p r e l i m i n a r y  spec t roscop ic  a n a l -  
ys is  a r e  shown  in  T a b l e  I. These  r e su l t s  s u p p o r t  
t he  v i e w  (3) t h a t  t h e r e  is s u b s t a n t i a l  r e j e c t i o n  of 
i m p u r i t i e s  f r o m  si l icon c a r b i d e :  t hus  t h e  i ron  con-  
t en t  was  less  t h a n  10 p p m ,  w h e r e a s  t h a t  of t he  
g r a p h i t e  was  a b o u t  200 p p m .  
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Table I. Preliminary spectroscopic analysis 

Probable  c o n c e n t r a t i o n  
Elements  detected in p p m  

A l u m i n u m  10-50 
I ron  <10 
Calcium 10-50 
Magnes ium <10 
Copper  <i0 

Elements  sought  bu t  Low l imi t  of  d e t e c t i o n  
not d e t e c t e d  for  t h e  m e t h o d  e m p l o y e d  

Phosphorus  500 
Arsenic  500 
An t imony  100 
Boron 100 

The  c rys t a l s  w e r e  m o s t l y  cubic  a l t h o u g h  t h e r e  
w e r e  a few h e x a g o n a l  ones. One y e l l o w  c r y s t a l  e x -  
a m i n e d  s e p a r a t e l y  was  f o u n d  to be  e n t i r e l y  cubic.  
These  o b s e r v a t i o n s  a g r e e  w i t h  those  of  Scace  and  
S lack  w h o  g r e w  c r y s t a l s  w h i c h  w e r e  p r e d o m i n a n t l y  
cubic  even  at  2830~ T h e y  cons ide red  t ha t  th i s  was  
t he  s t ab le  fo rm of m e l t - g r o w n  c r y s t a l s  and  t h a t  t he  
t r a n s f o r m a t i o n  f rom cubic  to h e x a g o n a l  was  v i a  
t he  v a p o r  phase .  Such  opin ions  m a y  be  c o n t r a s t e d  
w i t h  t he  f r e q u e n t  a s s u m p t i o n  (4, 5) t ha t  cub ic  is 
s t ab le  b e l o w  b u t  u n s t a b l e  a b o v e  2000~ 

On the  o t h e r  hand ,  in  t he  p r e s e n t  i n v e s t i g a t i o n  a 
few e x p e r i m e n t s  c a r r i e d  out  in i m p u r e  cond i t ions  
( in  p a r t i c u l a r  w h e n  the  a rgon  was  d e l i v e r e d  b y  
r u b b e r  t u b i n g  i n s t ead  of a copper  p i p e )  h a d  a d i f -  
f e r e n t  ou tcome.  O n l y  g r e e n  c rys t a l s  t hen  r e s u l t e d  
w h i c h  w e r e  bo th  s m a l l e r  and  n e a r l y  a l l  h e x a g o n a l  
(6H, 15R and  4H, w i t h  4H p r e d o m i n a t i n g )  in sp i te  
of i den t i ca l  t h e r m a l  condi t ions .  This  g r o u p  of e x -  
p e r i m e n t s  offered s u p p o r t  to t h e  v i e w  e x p r e s s e d  b y  
El l is  (6)  t ha t  t he  h e x a g o n a l  f o r m  is i m p u r i t y  s t a -  
b i l ized.  

January 1963 

Conclusions 
T h e  h igh  y i e ld s  e n c o u n t e r e d  can  be  u n d e r s t o o d  

b y  suppos ing  the  ex i s t ence  of v e r y  r a p i d  t r a n s p o r t  
p rocesses  w i t h i n  t he  m e l t ;  t he  mos t  ef fec t ive  of 
these  was  p r o b a b l y  convec t ion  w h i c h  was  d e l i b -  
e r a t e l y  encouraged .  No d o u b t  some t r a n s f e r  of  m a -  
t e r i a l  a rose  also on accoun t  of d i f fus ion  and  the  
r.f. f ields.  

I t  is  e spe c i a l l y  i n t e r e s t i n g  to r eca l l  t h a t  Scace  and  
S lack  f o u n d  t h a t  a b o v e  a b o u t  2430~ the  so lub i l i t y  
inc reases  m o r e  r a p i d l y  t h a n  a t  l o w e r  t e m p e r a t u r e s .  
T h e y  a t t r i b u t e d  th is  o b s e r v a t i o n  to n o n i d e a l i t y  of 
the  solu t ion .  I t  is t e n t a t i v e l y  sugges t ed  h e r e  t h a t  
th is  b e h a v i o r  m a y  r e a d i l y  be  e x p l a i n e d  in  t e r m s  
of t he  t r a n s p o r t  p h e n o m e n a  p r o p o s e d  in th i s  p a p e r .  
N o w  a l t h o u g h  Scace  and  S l a c k  e n d e a v o r e d  to m a i n -  
t a i n  i s o t h e r m a l  condi t ions ,  some  t e m p e r a t u r e  v a r i -  
a t ion  was  of course  u n a v o i d a b l e ;  t h e y  a p p e a r  to 
i m p l y  t ha t  t he  t e m p e r a t u r e  g r a d i e n t  on the  wa l l s  
of  t h e i r  (much  s m a l l e r )  c ruc ib l e s  m i g h t  h a v e  b e e n  
as m u c h  as 20~  and  th is  is not  n e g l i g i b l e  in  
the  p r e s e n t  con tex t .  I t  s eems  l i k e l y  t h e r e f o r e  t h a t  
the  t r u e  va lue s  of the  s o l u b i l i t y  a t  t he  h i g h e s t  t e m -  
p e r a t u r e s  m a y  l ie  s o m e w h a t  l o w e r  t h a n  those  r e -  
p o r t e d  b y  Scace and  Slack .  

Manuscr ip t  received Ju ly  23, 1962. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
,J'OURNAL. 
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Room Temperature Evolution of Hydrogen 
from High-Purity Nickel 

K. M. Olsen and C. F. Larkin 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

L o w - t e m p e r a t u r e  e l ec t r i ca l  r e s i s t ance  m e a s u r e -  
m e n t s  m a d e  a t  20~  h a v e  p r o v i d e d  a s ens i t i ve  
m e a n s  for  d e t e c t i n g  the  p r e s e n c e  of s m a l l  q u a n t i t i e s  
of h y d r o g e n  in p u r e  n ickel .  The  use  of such m e a s -  
u r e m e n t s  for  e v a l u a t i n g  " o v e r - a l l "  p u r i t y  of m e t -  
als  has  been  p r e v i o u s l y  d e s c r i b e d  (1, 2) .  The  l o w -  
t e m p e r a t u r e  r e s i s t i v i t y  of a c o m p a r a t i v e l y  p u r e  
m e t a l  is v e r y  sens i t ive  to m i n u t e  a m o u n t s  of  i m -  
p u r i t i e s  in  sol id  so lu t ion  and  is g e n e r a l l y  i n sens i t i ve  
to i m p u r i t i e s  p r e s e n t  as a second  phase ,  w h e t h e r  
d i s p e r s e d  t h r o u g h o u t  the  m a t r i x  or  s e g r e g a t e d  in  
g r a i n  bounda r i e s .  I t  is a lso  s ens i t i ve  to  l a t t i c e  d e -  
fects  such  as p r o d u c e d  b y  cold  d e f o r m a t i o n .  H o w -  
ever ,  th is  l a t t e r  effect  can  be  m i n i m i z e d  and  m a d e  
s u b s t a n t i a l l y  cons t an t  b y  p r o p e r l y  a n n e a l i n g  t h e  

t es t  spec imens  p r i o r  to m e a s u r e m e n t .  
The  usua l  p a r a m e t e r  e m p l o y e d  in e v a l u a t i n g  the  

p u r i t y  of a m e t a l  is t he  r e s i s t ance  ra t io .  In  th is  
s t u d y  th is  is t he  r a t i o  of t he  e l e c t r i c a l  r e s i s t ance  of 
a g iven  mass  a t  l i qu id  h y d r o g e n  t e m p e r a t u r e  
(20~  to the  r e s i s t ance  of t he  s ame  mass  of t he  
s a m e  s a m p l e  a t  ice w a t e r  t e m p e r a t u r e  (273~  
The  l o w e r  th is  r e s i s t ance  r a t i o  t he  h i g h e r  t he  o v e r -  
a l l  p u r i t y  of t he  me ta l .  

Experimental Procedure 
The  0.050 in. d i a m e t e r  w i r e  and  0.020 in. t h i c k  

x 1/z in. w ide  s t r ip  used  in  th is  s t u d y  w e r e  p r e p a r e d  
f r o m  a h i g h - p u r i t y  n i cke l  ingo t  o b t a i n e d  b y  m e l t -  
ing  and  cas t i ng  u n d e r  c o n t r o l l e d  a t m o s p h e r e s  (3) .  
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Fig. 1. Solder connections at extremities of separated slit strips 

C h e m i c a l  ana lys i s  of the  w i r e  and  s t r ip  showed  
t h a t  no s ingle  i m p u r i t y  was  p r e s e n t  in a m o u n t s  e x -  
ceed ing  0.005% b y  we igh t .  

The  w i r e  to be  t e s t ed  was  w o u n d  a r o u n d  a q u a r t z  
f ix tu re  and  c l eaned  b y  e t ch ing  in  a w a r m  so lu t ion  
cons i s t ing  of 3 p a r t s  g l ac i a l  acet ic  acid,  1 p a r t  n i t r i c  
acid,  and  0.015 p a r t s  of h y d r o c h l o r i c  acid.  A f t e r  
c lean ing ,  the  en t i r e  a s s e m b l y  was  h e a t  t r e a t e d  1 h r  
a t  1000~ in d r y  h y d r o g e n  or  d r y  h e l i u m  ( - - 8 0 ~  
d e w  p o i n t ) .  

Res i s t ance  m e a s u r e m e n t s  a t  ice w a t e r  t e m p e r a -  
t u r e  (273~  and  l i qu id  h y d r o g e n  t e m p e r a t u r e  
(20~  w e r e  m a d e  on the  h e a t - t r e a t e d  w i r e  w i t h -  
out  r e m o v i n g  i t  f r o m  the  q u a r t z  f ix ture .  C u r r e n t  
l eads  w e r e  s o l d e r e d  to t he  ends  of t he  wi re ,  and  
p o t e n t i a l  l e ads  w e r e  s i m i l a r l y  s o l d e r e d  at  va r i ous  
points .  The  r e s i s t ance  at  273 ~ and  20~  was  m e a s -  
u r e d  u s i n g  sens i t ive  p o t e n t i o m e t e r - a m p l i f i e r  e q u i p -  
m e n t  c a p a b l e  of m e a s u r i n g  vo l t ages  as low as 10-9v.  

S t r i p  r a t h e r  t h a n  w i r e  was  u sed  for  d e t e r m i n i n g  
the  r e s i s t ance  r a t i o  changes  a s soc ia t ed  w i t h  m u l t i -  
p le  hea t  t r e a t m e n t s  of t he  s a m e  spec imen .  In  th i s  
p r o c e d u r e  t he  0.020 in. t h i c k  s t r ip  was  s l i t  p a r t  w a y  
down  on bo th  ends  and  m o u n t e d  on a q u a r t z  f ix-  
tu re .  A f t e r  c l ean ing  and  hea t  t r e a t m e n t ,  so lde r  
connec t ions  a r e  m a d e  a t  t he  e x t r e m i t i e s  of t he  
s e p a r a t e d  sl i t  s t r ips  as s h o w n  in Fig .  1. A f t e r  r e -  
s i s tance  m e a s u r e m e n t s  h a v e  been  m a d e  the  so lde r  
connec t ions  a r e  cu t  off, t he  s a m p l e  r e h e a t - t r e a t e d  
and  a n e w  set  of so lde r  con tac t s  a p p l i e d  for  a n o t h e r  
set  of m e a s u r e m e n t s .  

Discussions of  Results 

Repeat measurements on the same wire which 
had been heat treated at 1000~ in dry hydrogen 
and rapidly cooled showed that the resistance ratio 
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Fig. 2. Aging characteristics of acid-cleaned high-purity nickel 
wire from ingot CASS0 after heat treatment at 1000~ in indicated 
atmosphere. 

d e c r e a s e d  s t e a d i l y  w i t h  l e n g t h  of t ime  aged  a t  r o o m  
t e m p e r a t u r e .  This  ag ing  effect was  f o u n d  to be  due  
to g r a d u a l  d i f fus ion  of h y d r o g e n  f r o m  the  n icke l .  
The  h y d r o g e n  h a d  been  r e t a i n e d  in  t he  n i c k e l  b y  
the  r a p i d  cool ing a f t e r  hea t  t r e a t m e n t .  E v i d e n c e  of 
th is  b e h a v i o r  is s h o w n  in t he  a g i n g  cu rves  g iven  in  
Fig .  2. A c o n s i d e r a b l e  d i f fe rence  in  r e s i s t ance  r a t i o  
and  ag ing  c h a r a c t e r i s t i c s  was  o b t a i n e d  b y  v e r y  
s low f u r n a c e  cool ing  in h y d r o g e n  a f t e r  t he  1000~ 
hea t  t r e a t m e n t .  Of spec ia l  s igni f icance  is t he  l o w e r  
r e s i s t ance  ra t io  o b t a i n e d  b y  e i t he r  r a p i d  or  s low 
cooling after a similar heat treatment in helium. 
The helium treated samples showed no aging effect 
as contrasted with the continual drop in resistance 
ratio over a 70-day aging period for the hydrogen 
treated wire. The difference in level of resistance 
ratio between rapid and slow cooled helium treated 
samples is probably associated with lattice defects 
produced by the rapid cooling. It is of interest to 
note that these defects are not removed by room 
temperature aging. 

An experiment using nickel strip was conducted 
to determine the reversibility of the hydrogen ef- 
fect on resistance ratio. The first treatment in 
helium yielded the anticipated low resistance ratio. 
A reheating in hydrogen (after cutting off the 
solder leads) resulted in a marked increase in re- 
sistance ratio. Additional alternate heat treatments 
in helium and hydrogen yielded the same changes 
in resistance ratio and confirmed that hydrogen 
could be reversibly introduced or eliminated from 
the nickel. Three-days aging after a final hydrogen 
treatment resulted in a moderate decline of the 
resistance ratio. At this point the sample on the 
fixture was subjected to a l-hr treatment in vac- 
uum (10 -8 mm Hg). This treatment produced no 
further decrease in the resistance ratio. This is a 
strong indication that the hydrogen atoms are 
tightly held in the nickel lattice and are evolved 
slowly by a diffusion process. Supporting evidence 
that the hydrogen is held in solid solution is the 
fact that the observed increase in resistance ratio 
associated with hydrogen absorption is too large to 
be caused by formation of a second phase or by 
retention in voids or grain boundaries. It appears 
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0 ,0035  

< 

75oC w = """----.o 
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0 .0020 
0 I0 20  3 0  4 0  5 0  

AGING T IME IN HOURS 

Fig. 3. Effect of aging temperature on resistance ratio of acid- 
cleaned high-purity nickel strip (CA550) rapidly cooled after 1 
hr at 1000~ in hydrogen. 
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t h e r e f o r e  t ha t  t he  a b s o r b e d  h y d r o g e n  is r e t a i n e d  in 
a s u p e r s a t u r a t e d  sol id  so lu t ion  as a r e su l t  of r a p i d  
cool ing  f r o m  e l e v a t e d  t e m p e r a t u r e s .  S u b s e q u e n t  
ag ing  at  l o w e r  t e m p e r a t u r e s  induces  g r a d u a l  e v o l u -  
t ion  of h y d r o g e n  b y  diffusion,  t he  process  c o n t i n u -  
ing u n t i l  e q u i l i b r i u m  cond i t ions  a r e  r eached .  F a s t e r  
d i f fus ion occu r r i ng  d u r i n g  s low cool ing  r e su l t s  is 
less  r e t e n t i o n  of h y d r o g e n  in t he  n icke l .  

P r e v i o u s  s tud ies  b y  E u r i n g e r  (4)  us ing  gas  a n a l -  
ys is  t echn iques ,  s h o w e d  t h a t  h y d r o g e n  is s l o w l y  
e x p e l l e d  f r o m  n i c k e l  a t  r o o m  t e m p e r a t u r e .  O u r  mass  
s p e c t r o g r a p h i c  ana lys i s  on s t r i p  w h i c h  h a d  been  
r a p i d l y  cooled  a f t e r  t he  1000~ t r e a t m e n t  s h o w e d  
tha t  h y d r o g e n  is c o n t i n u o u s l y  evo lved  f r o m  h i g h -  
p u r i t y  n i c k e l  d u r i n g  ag ing  at  r o o m  t e m p e r a t u r e .  
The  a n a l y t i c a l  d a t a  i n d i c a t e  t h a t  a p p r o x i m a t e l y  
0.0001% b y  w e i g h t  of  h y d r o g e n  in n i cke l  is  r e -  
spons ib le  for  t he  o b s e r v e d  c h a n g e  in r e s i s t ance  
ra t io .  This  ind ica t e s  t h a t  the  l o w - t e m p e r a t u r e  r e -  
s i s tance  m e a s u r e m e n t s  a r e  sens i t i ve  enough  to d e -  
tec t  t he  p r e s e n c e  of 1 a t o m  of h y d r o g e n  in 600,000 
a toms  of n ickel .  

The  evo lu t i on  of h y d r o g e n  f r o m  n i cke l  d u r i n g  
ag ing  a t  25 ~ 50 ~ and  75~ as i n d i c a t e d  b y  r e s i s t -  
ance  r a t i o  m e a s u r e m e n t s  is s h o w n  in Fig.  3. Di f fu-  
s ion cons tan t s  c a l c u l a t e d  f rom these  d a t a  us ing  the  
m e t h o d  e m p l o y e d  b y  A l l i s o n  and  S a m u e l s o n  (5)  
show the  ac t i va t i on  e n e r g y  to be  a p p r o x i m a t e l y  
9500 ca lor ies  p e r  mole.  The  d i f fus ion  r e l a t i o n s h i p  
for  h y d r o g e n  in n i cke l  can  be  e x p r e s s e d  as 

- -  9500 
D = 3.8 X 10-Se -  

RT 

A t  25~ the  d i f fus ion coefficient  D is 3.9 x 10 -1~ 
cm2/sec.  These  va lue s  a r e  in good a g r e e m e n t  w i t h  
those  o b t a i n e d  f r o m  gas  ana lys i s  s tud ies  b y  
E u r i n g e r  (4) ,  G r i m e s  (6) ,  and  Hi l l  and  J o h n s o n  
(7) .  The  c o m p a r i s o n  is shown  in t he  fo l lowing  
tab le .  

Temperature 
S o u r c e  H Do  r a n g e ,  ~ 

Euringer  8,700 2.04 X 10 -~ 85-165 
Grimes  10,300 9.5 X 10 -8 430-850 
Hil l  and  Johnson 8,600 4.47 X I0 -~ 380-1000 
This work  9,500 3.8 X 10 -~ 25-75 
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Conclusions 
L o w - t e m p e r a t u r e  r e s i s t ance  m e a s u r e m e n t s  h a v e  

s h o w n  tha t  t he  h y d r o g e n  a b s o r b e d  b y  h i g h - p u r i t y  
n i c k e l  d u r i n g  a 1000~ hea t  t r e a t m e n t  is l i b e r a t e d  
s l o w l y  at  r o o m  t e m p e r a t u r e .  The  d a t a  i nd i ca t e  t h a t  
t he  h y d r o g e n  is r e t a i n e d  in  so lu t ion  i n t e r s t i t i a l l y  
a n d  t h a t  evo lu t ion  at  r o o m  t e m p e r a t u r e  occurs  b y  
a d i f fus ion m e c h a n i s m .  E v o l u t i o n  of  h y d r o g e n  as 
e v i d e n c e d  b y  c h a n g e  in r e s i s t ance  r a t i o  o c c u r r e d  
ove r  a p e r i o d  as long  as 70 days .  Diffusion cons tan t s  
c a l c u l a t e d  f r o m  the  o b s e r v e d  changes  in r e s i s t ance  
r a t i o  occu r r i ng  d u r i n g  ag ing  at  25 ~ 50 ~ and  75~ 
w e r e  in  good a g r e e m e n t  w i t h  those  o b t a i n e d  b y  
o t h e r  i nves t i ga to r s .  E v o l u t i o n  of h y d r o g e n  a t  r oom 
t e m p e r a t u r e  was  conf i rmed  b y  mass  s p e c t r o g r a p h i c  
ana lys i s .  The  t o t a l  a m o u n t  of h y d r o g e n  l i b e r a t e d  
was  f o u n d  to be  e q u i v a l e n t  to a p p r o x i m a t e l y  
0.0001% b y  w e i g h t  in n ickel .  

This  s t u d y  has  s h o w n  t h a t  l o w - t e m p e r a t u r e  r e -  
s i s t ance  m e a s u r e m e n t s  a r e  sens i t i ve  e n o u g h  to d e -  
t ec t  a b s o r p t i o n  and  evo lu t i on  of s m a l l  qua n t i t i e s  of 
gasses  in meta l s .  
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The Dissociation Pressure of Zinc Antimonide 
Chikara Hirayama 

Research Laboratories, Westinghouse Electric Corporation, Pfftsburgh, Pennsylvania 

T h e  t h e r m o e l e c t r i c  p r o p e r t i e s  of  Z n S b  h a v e  been  
r e v i e w e d  r e c e n t l y  b y  Mi l l e r  (1) .  This  c o m p o u n d  
is k n o w n  to be  a use fu l  p - t y p e  m a t e r i a l ,  whose  c r y s -  
t a l  s t r u c t u r e  (2)  is one of a d i s t o r t e d  d i a m o n d  s t r u c -  
t u r e  w i t h  16 a t o m s  p e r  un i t  cell .  The  c o m p o u n d  
Z n S b  f o r m s  p e r i t e c t i c a l l y  (2, 3) ,  and  i t  is k n o w n  
(4) t h a t  t h e r e  is on ly  a l im i t ed  r a n g e  of sol id  so lu-  
t ion  in t he  r eg ion  of th i s  compound .  

Z inc  a n t i m o n i d e  d i ssoc ia tes  a c c o r d i n g  to t he  r e -  
ac t ion  Z n S b ( s )  = Z n ( g )  + S b ( s ) .  Oe l sen  and  M i d -  
de l  (5)  h a v e  d e t e r m i n e d  c a l o r i m e t r i c a l l y  t he  s t a n d -  
a r d  h e a t  of f o r m a t i o n  as --3.6 k c a l / m o l e .  D e W i t t  
and  Sel tz  (6)  h a v e  d e t e r m i n e d  the  s t a n d a r d  t h e r -  

m o d y n a m i c  p r o p e r t i e s  f r o m  emf  m e a s u r e m e n t s  and  
r e p o r t  v a l u e s  of --3.07 k c a l / m o l e ,  --3.36 k c a l / m o l e ,  
and  0.98 e .u . /mo le ,  r e spe c t i ve ly ,  for  the  hea t ,  t he  
f r ee  ene rgy ,  and  the  e n t r o p y  of fo rma t ion .  W e  have  
u n d e r t a k e n  to m e a s u r e  t he  d i s soc ia t ion  p r e s s u r e  of 
th is  c o m p o u n d  and  to ca l cu l a t e  the  h e a t  of f o r m a -  
t ion  f r o m  the  h e a t  of d i s soc ia t ion  of  Z n S b ( s )  and  
the  h e a t  of s u b l i m a t i o n  of Zn ( s ) .  

Experimental 
The  Z n S b  was  k i n d l y  s u p p l i e d  b y  Dr. R. M a z e l -  

sky . ;  The  m a t e r i a l  was  p r e p a r e d  b y  m e l t i n g  s to i -  

1 Westinghouse :Research Laboratories. 
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chiometr ic  quan t i t i e s  of zinc and  a n t i m o n y  at  abou t  
750~ in  an  evacua ted  Vycor  t ube  which  was  sub -  
s equen t l y  air quenched. The material was ground, 
t h e n  co ld-pressed  and  s in te red  at  500~ in  an  evac-  
ua t ed  Vycor  tube.  The x - r a y  powder  dif f ract ion 
p a t t e r n  showed only  the  Z n S b  l ines  w i th  c rys ta l  
p a r a m e t e r s  a = 6.161A, b ---- 7.741A, c ---- 7.986A. 

The  appa ra tu s  consis ted of a 30 in. long ver t i ca l  
tube.  This  t u b e  consis ted of a 22 in. long, f langed 
P y r e x  b r a n d  pipe  of 1.5 in. ID (Corn ing  Glass 
Works ) ,  to wh ich  was  sealed a f l a t -bo t tomed  m u l -  
l i te  t u b e  of 1% in. ID, and  8 in. long. A s ta inless  
steel  flange, con ta in ing  the  i r o n - c o n s t a n t a n  t h e r m o -  
couple  and  a hook for suspend ing  the  sample,  was  
sealed to the  f langed top of the  P y r e x  tub~. A gasket  
of V i t o n - A  (E. I. du  P o n t )  was  used to fac i l i ta te  a 
v a c u u m  seal. The t ube  was  connec ted  to a v a c u u m  
sys tem jus t  be low the  f langed top. A l lowance  was 
m a d e  also for i n t r o d u c t i o n  of a rgon  to the  sys t em to 
b r e a k  the  v a c u u m .  

The  m u l l i t e  section was  hea ted  b y  ra i s ing  a t ube  
fu rnace  over  it. The t e m p e r a t u r e  of the  f u r n a c e  was  
cont ro l led  b y  • 2 ~ or bet ter ,  and  the  b o t t o m  4- in .  
sect ion of the  tube  was  at  the  same t e m p e r a t u r e .  

The  four  K n u d s e n  cells were  m a c h i n e d  f rom 
graph i t e  rods suppl ied  by  the  N a t i o n a l  Ca rbon  Com-  
pany .  The  d imens ions  were  l l/s in. high,  a/4 in. d i -  
ame te r  w i t h  wal l  th ickness  of a p p r o x i m a t e l y  3/16 
in. Two cells had  0.0625 in. orifice d i ame te r s  a n d  
l eng ths  of 0.250 and  0.219 i n . . T h e  other  two 
cells had  orifice d i ame te r s  of 0.125 in. and  l eng ths  
of 0.250 and  0.185 in. The Claus ing  correc t ion  (7) 
was  used to ca lcula te  the  effective orifice area. The 
cells w e r e  hea ted  above  850 ~ in  a v a c u u m  of ap-  
p r o x i m a t e l y  1 x 10 -6 m m  Hg for severa l  hours  
un t i l  cons tan t  we igh t  was  obta ined.  

To ob t a in  the  effusion rate ,  the  K n u d s e n  cell was  
con ta ined  in  a silica cup which  was  placed on a 
p l a t i n u m  pan.  The p a n  was  t h e n  lowered  into the  
m u l l i t e  tube.  The t he rmocoup l  e was  p laced  ad jacen t  
to the  cell. The  sys tem was f lushed severa l  t imes  
w i th  o x y g e n - f r e e  a rgon  and  f inal ly  filled w i th  the  
la t ter .  The  sample  was  t h e n  hea ted  by  ra i s ing  the  
fu rnace  over  the  t ube  and  a l lowed to come to con-  
s t an t  t empe ra tu r e .  The  t ime  r equ i r ed  was  20-30 
min .  The  sys tem was s u b s e q u e n t l y  evacua t ed  to 
abou t  3 x 10 -5 m m  Hg in  about  3 rain.  The  p ressure  
d u r i n g  a n y  r u n  was  m a i n t a i n e d  b e t w e e n  5 x 10 -6 
and  3 x 10 -5 m m  Hg. Check r u n s  ind ica ted  no de-  
tec tab le  loss of m a t e r i a l  d u r i n g  the  h e a t - u p  t ime  in  
the  a rgon  a tmosphere .  Each r u n  was  t e r m i n a t e d  b y  
b r e a k i n g  the  v a c u u m  wi th  a rgon  and  lower ing  the  
fu rnace  to cool the  t ube  wi th  a forced draft .  The  
effusion ra te  was d e t e r m i n e d  f rom the  weigh t  loss 
over  the  hea t ing  per iod  u n d e r  vacuum.  Resul t s  of 
the  effusion m e a s u r e m e n t s  are s u m m a r i z e d  in  Tab le  
I. 

A sample  of a p p r o x i m a t e l y  lg  of g r o u n d  m a t e r i a l  
was used for each run .  The  effusion ra tes  d e t e r m i n e d  
in  the  K n u d s e n  cells of 0.0625 in. orifice d i ame te r  
were  i n d e p e n d e n t  of t ime  over  the  t e m p e r a t u r e  
r a n g e  measured .  However ,  it  was  found  tha t  the  
effusion ra tes  f rom the  0.125 in. orifice d i ame te r  at 
t e m p e r a t u r e s  above  682~ decreased w i t h  t ime,  
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Table I. Effusion rate and dissociation pressure of ZnSb(s) 

E f t .  o r i f i c e  
R u n  T e m p ,  T i m e ,  W e i g h t  a r e a ,  1o, 
N o .  ~  see  loss ,  m g  cm~ x 10 a a t m  • 10  ~ 

1 688 2700 1.9 5.01 10.25 
2 692 10,500 9.2 5.01 12.8 
3 686 7200 4.5 5.01 9.11 
4 687 7185 4.6 5.01 9.23 
5 687 7200 5.2 5.0'1 10.5 
6 687 7230 4.5 5.01 9.06 
7 724 4500 10.9 5.01 36.3 
8 724 4560 10.7 5.01 35.2 
9 722 3330 8.7 4.44 44.0 

10 739 3620 14.0 4.44 66.0 
11 703 9860 11.6 4.44 19.6 
12 692 6090 4.5 4.44 12.2 
13 673 4360 1.4 4.44 5.24 
14 745 1500 7.0 4.44 80.1 
15 665 6420 8.3 27.84 3.34 
16 682 3140 10.0 27.84 8.31 
17 658 7950 6.5 27.84 2.10 
18 695 1425 5.2 27.84 9.64 
19 697 1480 7.4 33.7 10.9 
20 665 5135 8.2 33.7 3.47 
21 725 3660 9.6 5.01 39.3 
22 697 7200 6.0 5.01 12.2 
23 697 29'10 13.0 33.7 9.75 
24 676 3630 7.8 33.7 4.63 

whi le  a t  665~ it  was a p p a r e n t l y  i n d e p e n d e n t  of 
t ime.  This  t ype  of t i m e - d e p e n d e n t  evapora t ion  ra te  
has r ecen t l y  b e e n  observed  by  Dreger ,  Dadape,  and  
M a r g r a v e  (8) w he r e  t hey  have  found  the  ra te  of 
we igh t  loss of BN to decrease  wi th  t ime.  They  a t -  
t r i b u t e  this  t ime  dependence  to the  f o r ma t i on  of a 
sur face  crus t  of bo ron  which  inh ib i t s  the  escape 
of n i t rogen .  

A s ingle  sample  was  used in  r u n s  1-8 w i th  a n  orifice 
of 0.0625 in. d i a m e t e r  and  l eng th  of 0.219 in. New 
samples  of a p p r o x i m a t e l y  lg  were  used in  r u n s  9- 
14 w i t h  a cell  of orifice d i a m e t e r  0.0625 in. and  
l e n g t h  0.250 in. Separa te  samples  of a p p r o x i m a t e l y  
lg  we re  used  in  r u n s  15-18 in  a cell  of orifice d i a m -  
eter  0.125 in. and  l eng th  0.250 in., whi le  a s ingle  
sample  was  used for r u n s  19 and  20. R u n s  21-24 
were  made  on samples  con ta in ing  Z n S b  a nd  30% 
excess of Sb powder .  

The  vola t i le  species was  asce r ta ined  by  hea t ing  
the  zinc a n t i m o n i d e  in  a v a c u u m  of a p p r o x i m a t e l y  
10 -5 m m  Hg up  to t e m p e r a t u r e s  of 600~ The  x -  
r a y  powder  diffract ion pa t t e rn s  of the  condensa te  
showed on ly  the  zinc l ines  w h e n  a p p r o x i m a t e l y  10% 
of the  solid was  volat i l ized.  The  wet  ana lys i s  of the  
res idue  conf i rmed the  x - r a y  data.  The  x - r a y  diffrac-  
t ion  p a t t e r n  of the  res idue  also shows the  presence  
of on ly  two phases,  i.e., Z n S b  and  Sb. 

Results 

The  dissociat ion pressures ,  in  a tmospheres ,  we re  
ca lcu la ted  w i t h  the  equa t ion  Patm = 0.02255 (re~At) 
(T /M)  1/2 w he r e  rn is the  we igh t  loss i n  g rams  af ter  
effusion t ime  t, A is the  effective orifice area,  T the  
abso lu te  t e m p e r a t u r e ,  and  M the  a tomic weigh t  of 
zinc. Tab le  I summar i zes  the  resul ts .  A least  
squares  t r e a t m e n t  of the  da ta  gives a good fit to the  
equa t ion  

logPatm -= 7 . 7 1 -  (8760 • 325) 1 / T  
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Table II. Free energy functions and heat of dissociation of ZnSb(s) 

Run No. Temp,  ~ --Rlnp AH~ 

1 688 22.83 
2 692 22.38 
3 686 23.06 
4 687 23.02 
5 687 22.79 
6 687 23.06 
7 724 20.32 
8 724 20.36 
9 722 19.93 

10 739 19.13 
11 703 21.54 
12 692 22.48 
13 673 24.17 
14 745 18.74 
15 665 25.06 
16 682 23.25 
17 658 25.98 
18 695 22.95 
19 697 22.70 
20 665 24.98 
21 725 20.13 
22 697 22.92 
23 697 22.45 
24 676 24.40 

39.79 12.60 24.85 34.65 
39.81 12.62 24.89 34.54 
39.78 12.59 24.83 34.71 
39.79 12.59 24.85 34.73 
39.79 12.59 24.85 34.57 
39.79 12.59 24.85 34.75 
39.94 12.78 25.24 34.61 
39.94 12.78 25.24 34.64 
39.93 12.77 25.22 34.23 
40.00 12.86 25.39 34.44 
39.85 12.68 25.02 34.48 
39.81 12.62 24.89 34.61 
39.73 12.52 24.69 34.81 
40.02 12.89 25.46 34.41 
39.69 12.47 24.61 34.99 
39.77 12.56 24.76 34.66 
39.67 12.44 24.53 35.24 
39.82 12.63 24.93 35.08 
39.83 12.64 24.95 35.00 
39.70 12.47 24.61 34.94 
39.94 12.79 25.25 34.52 
39.83 12.64 24.95 35.16 
39.83 12.64 24.95 34.83 
39.74 12.53 24.73 35.11 

Avg = 34.74 • 0.81 kcal /mole  

b e t w e e n  658 ~ and  745~ The hea t  of reac t ion  at  
298~ was ca lcu la ted  by  the  th i rd  law me thod  
u t i l i z ing  the free ene rgy  func t ions  for Z n ( g )  and  
S b ( s )  g iven  by  S tu l l  and  S inke  (9) and  the  free 
ene rgy  f u n c t i o n  for Z n S b ( s )  which  was computed  
f rom the  en t ropy  (21.4----1.4 e.u.) at 298~ (10) and  
its hea t  capaci ty  (11).  Resul ts  are  s u m m a r i z e d  in  
Tab le  II. The  average  hea t  of reac t ion  at 298~ is 
AH~ ~ 34.74 • 0.81 kca l /mole .  

The  t ime  dependence  of the effusion ra te  t h r o u g h  
the  0.125 in. orifice is p r o b a b l y  due to the f o r m a -  
t ion  of a surface  crus t  or to a l imi ted  so lubi l i ty  of 
a n t i m o n y  which  resul t s  i n  the decreas ing  effusion 
ra te  wi th  t ime. As observed  by  Dreger  et al. (8) ,  
the  same  behav io r  was  found  w h e n  a surface  crus t  
of boron  fo rmed  on BN. The  absence  of the  t ime  
dependence  t h rough  the  smal le r  orifice, wh ich  has 
a lower  effusion rate ,  m a y  be due  to the fact  t ha t  
sufficient t ime  is a l lowed for the  nuc l ea t i on  and  
segregat ion  of the Sb in to  discrete,  separa te  crystals ,  
whereas  the  rap id  effusion ra te  t h rough  the l a rger  
orifice does no t  a l low sufficient t ime  to reach  e qu i -  
l ib r ium.  

R u n s  21-24, where  30% excess of Sb was  present ,  
and  the  x - r a y  da ta  show tha t  the zinc p ressure  is 
m e a s u r e d  over  the  t w o - p h a s e  system. 

In  the  case of the  effusion t h rough  the 0.125 in. 
orifice, which  is t ime  dependen t ,  it is possible to 
approach  the  e q u i l i b r i u m  dissociat ion p ressure  b y  
us ing  a sufficiently la rge  sample  r u n  over  a shor t  
t ime.  The  va l id i ty  of this  p rocedure  is shown by  the  
good a g r e e m e n t  b e t w e e n  the vapor  pressures  de-  
t e r m i n e d  wi th  cell orifice d iamete r s  of 0.125 a nd  
0.0625 in., whe re  the  effusion t h rough  the  l a t t e r  
cell is t ime  independen t .  Other  m e a s u r e m e n t s  (12) 
us ing  the  iden t ica l  cells of 0.125 in. orifice shows 
tha t  s a tu r a t i on  p ressure  of zinc is measured .  

Schulz  a nd  Searcy  (13) have  r ecen t ly  shown  the  
va l id i ty  of the  Claus ing  correct ion,  w i t h i n  exper i -  
m e n t a l  accuracy,  up  to 1 /a  ra t ios  of 10.0. In  the  
p resen t  work  the  good a g r e e m e n t  of the  da ta  ob-  
t a ined  wi th  two orifice d i ame te r s  and  four  d i f ferent  
1 /a  ra t ios  suggests accommoda t ion  coefficients ap-  
p roach ing  un i ty .  

The heat  of f o r m a t i o n  of zinc an t imonide ,  e.g., for 
the reac t ion  Z n ( s )  + S b ( s )  = Z n S b ( s )  at 298~ 
is ob ta ined  by  sub t r a c t i ng  the  heat  of s u b l i m a t i o n  
(14),  31.189 kca l /mole ,  of Z n ( s )  f rom the  hea t  of 
dissociat ion,  34.74 • 0.8 kca l /mole .  Thus  ~H%~-- 
--3.55 • 1 k c a l / m o l e  for Z n S b ( s ) ,  in  exce l len t  
a g r e e m e n t  w i th  the  p rev ious ly  repor ted  va lues  of 
--3.6 (5) a n d - - 3 . 0 7  (6) kca l /mo le .  This a g r e e m e n t  
lends  f u r t h e r  suppor t  to the  p resen t  data.  

Manuscript  received March 28, 1962; revised m a n u -  
script received Aug. 30, 1962. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL. 
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Transport Numbers of Some Pure Fused Nitrates and Nitrites 
F. R. Duke and George Victor 

Institute for Atomic Research and Department of Chemistry, Iowa State University, Ames, Iowa 

The t r a n s p o r t  n u m b e r s  for  the  a lka l i  n i t ra tes ,  
l i t h ium t h r o u g h  potass ium,  h a v e  been  r e p o r t e d  (1) .  
In the  co r re spond ing  ch lor ide  series,  all  of the  salts, 
l i t h i u m  t h r o u g h  cesium, are  k n o w n  (2) .  It  was  con-  
s idered  to be of i n t e re s t  to comple t e  the  ser ies  of 
a lka l i  n i t ra tes ,  and  in addi t ion,  to add T1NO3 and 
NH4NO3 to the  list  of salts whose  t r a n s p o r t  n u m -  
bers  a re  known .  Fo r  c o m p a r a t i v e  purposes ,  sod ium 
and  p o t a s s i u m  n i t r i t e  a re  also inc luded.  

Exper imen taL- -U-shaped  cells m a d e  of fused  
silica or  P y r e x  and con ta in ing  a c e n t r a l l y  p laced  
u l t ra f ine  disk w e r e  used  in the  expe r imen t s .  The  
salt  was  p laced  on the  anode  side of the  m e m b r a n e ;  
e i the r  the  sod ium or po ta s s ium salt  of the  same 
anion as the  sub jec t  salt  was  p laced  in the  ca thode  
c o m p a r t m e n t .  P l a t i n u m  e lec t rodes  w e r e  used  and 
cu r ren t s  of 80-160 m a  w e r e  passed  t h r o u g h  the  
cells  for  5,000 to 10,000 sec a f te r  the  w h o l e  a s sem-  
b ly  was  p laced  in a t ube  furnace .  A copper  cou-  
l o m e t e r  was  p laced  in ser ies  w i t h  the  cell. A f t e r  
e lect rolys is ,  the  ca thode  c o m p a r t m e n t  was  ana lyzed  
and the  n u m b e r  of e q u i v a l e n t s  of the  ca t ion  of the  
sub jec t  salt  m o v i n g  into the  ca thode  c o m p a r t m e n t  
was  de t e rmined .  

The  ana lyses  w e r e  accompl i shed  in some in -  
s tances  by  f lame p h o t o m e t r y ,  the  ca l ib ra t ions  be ing  
clone u n d e r  condi t ions  essen t ia l ly  iden t ica l  to the  
unknowns .  In o the r  ins tances ,  w e t  chemica l  m e t h -  
ods w e r e  used and in a n u m b e r  of cases, bo th  m e t h -  
ods w e r e  employed .  

Resul t s . - -The  resu l t s  a re  l i s ted in Tab le  I. 
An  a t t e m p t  was  m a d e  to d e t e r m i n e  the  t r a n s p o r t  

n u m b e r s  of NH4NO~. These  va lues  v a r i e d  w i t h  the  

Table I. Transport numbers of the cations in pure fused salts 

Sal t  No. of  r u n s  t+ 

Va lues  
p r e v i o u s l y  

d e t e r m i n e d  

RbNO3 16 0.59 • 0.04 - -  
CsNO3 28 0.59 • 0.07 - -  
T1NO3 (3) 4 0.60 ___ 0.05 - -  
KNO2 20 0.62 ___ 0.06 - -  
NaNO2 16 0.75 _ 0.10 - -  
KNO3 6 0.59 --• 0.02 0.60 
NaNOs 5 0.68 • 0.05 0.70 

l e n g t h  of t i m e  of the  run :  0.86 -- 0.08 for  8000 sec, 
0.76 -- 0.05 for  6000 sec, 0.64 --+ 0.04 for  4000 sec, a l l  
r un  at  100 ma. The  v a r i a t i o n  was  such as to ind ica te  
t ha t  NH4NO~ m o v e d  to the  ca thode  c o m p a r t m e n t  
by  o the r  t h a n  e lec t r i ca l  migra t ion .  

Manuscript  received Ju ly  23, 1962. Contr ibut ion No. 
1171; work  was per formed in the Ames Labora tory  of 
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Any  discussion of this paper wil l  appear  in a Dis- 
cussion Section to be published in the December  1963 
JOURNAL. 

REFERENCES 

1. F. R. Duke and B. Owens, This Journal, 105, 548 
(1958). 

2. F. R. Duke and A. L. Bowman,  ibid., 106, 626 (1959). 

3. Added in proof:  J. G. Murgulescu and D. Topor 
[Z. phys. Chem., 219, 134 (1962)] repor t  t+ for  
T1NO3 to be 0.30. We have rechecked our  results 
and still find 0.60 _ 0.05. 



Thermodynamic Study of Phase Equilibria in the Titanium-Oxygen 
System within the TiO 00-TiO  Region 

R. N. Blumenthal and D. H. Whitmore 
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Phase re la t ionships  in the t i t an ium-oxyg e n  sys-  
tem over the composit ion range  TiO1.90 to TiO2 have  
been the subject  of severa l  x - r a y  diffraction inves-  
t igations.  In one of the first of these studies, Ehrl ich 
(1) repor ted  tha t  the homogeneous TiO2-~ phase 
exists  over  the  composit ion range 0.00 --~ x ~ 0.10. 
More recent ly  S t raumanis  and co-workers  (2) have 
claimed that  the i r  diffraction s tudy indicates  tha t  
the homogeneous phase is stable over a much na r -  
rower  composit ion range  than previous ly  supposed, 
x ly ing in the  range  0.000 ~ x ~ 0.017. Even though 
Magneli  et al. (3) were  unable  to establ ish the ex-  
istence of a two-phase  region be tween  TiO1.g0 and 
TiO~.96 wi th  x - r a y  techniques,  they  did repor t  tha t  
the min imum oxygen content in nonstoichiometr ic  
ru t i le  p robab ly  lies below x = 0.04. Assayag et al. 
(4),  on the other  hand, repor ted  tha t  the ru t i le  
phase is re ta ined  for compositions in the range 
0.023 ~ x --~ 0.092. 

Isopiestic exper imen t s . - -The  first indicat ion of 
the existence of a two-phase  region in the present  
s tudy was obtained from the fol lowing isopiestic 
reduct ion exper iment .  A rut i le  specimen, nomina l ly  
stoichiometric,  was reduced by  heat ing it in an 
evacua t ed -and - sea l ed  quartz  capsule together  wi th  
a pel le t  consisting of a mix tu re  of t i t an ium oxides 
wi th  a gross composit ion 37.2 wt  % oxygen at 
l l 00~  for 1�89 hr. The reduced specimen exper i -  
enced a weight  loss of 0.79%, corresponding to 
O/Ti  rat io  of 1.960. Two samples, nominal ly  stoi-  
chiometric,  were  sealed together  wi th  the afore-  
ment ioned reduced sample,  in an evacuated  quar tz  
capsule and heated at  l l 00~  for five days. As a 
resul t  of this t rea tment ,  the two stoichiometr ic  
specimens exper ienced composit ional  changes to 
O/Ti  rat ios of 1.992 and 1.991, whereas  the speci-  
men wi th  an ini t ia l  O /T i  rat io  of 1.960 oxidized to 
a rat io  of 1.978. If, indeed, a s ingle-phase  region 
existed over O/Ti  rat ios ranging  from 1.978 to 
1.992, then each of the foregoing specimens should 
have reached ident ical  composit ions provid ing  tha t  
the anneal ing  t ime was sufficiently long for com- 
plete  equi l ibra t ion  to have  occurred. However ,  if 
this range  of composit ion lies wi th in  a two-phase  
region, then the composit ion corresponding to a 
O/Ti  rat io  of 1.991 or 1.992 should represen t  one of 
the t e rmina l  compositions for the two-phase  region 
at  l l00~ 

The composit ional  state, or oxygen content  of 
the specimens, pr ior  to and fol lowing both the iso- 
piestic and emf exper iments  (descr ibed below) was 
de te rmined  by  means  of weight  measurements ,  as-  
suming all  of the  detec table  weight  loss was due to 
a loss of oxygen f rom nomina l ly  s toichiometr ic  
TiO2 ( the state obta ined by  firing ru t i le  in air  at 
l l 0 0 ~  This assumption was verified by weighing 
specimens before reduction,  af ter  reduction,  and 
again af ter  reoxidat ion.  The in i t ia l  and final weights  
of the oxidized specimens for severa l  cycles were  
ident ical  wi th in  the precision of weighing ( _  20 
~g). The weight  measurements  were  made  on an 
Ainswor th  type  FDJ  beam microbalance,  the  usual 
specimen weight  being about  200 mg. With  a speci-  
men of this total  weight  and weight  measurements  
of the aforement ioned precision, de te rmina t ion  of 
the O/Ti  rat io  of the specimen to a precision of 
• 0.0005 may  be achieved. 

E m f  measuremen t s . - -The  galvanic  cells em-  
ployed here (5) involve a solid e lec t ro ly te  and are 
of the type  

wtist i te  (0.85 TiO2-~ Pt  Fe, or 2-phase  Pt  ZrO2 + 0.15 CaO) oxide 

mix tu re  

Here the composit ion of the t i t an ium oxide(s )  
electrode var ied  f rom an O/Ti  ra t io  of 1.998 to 
1.957. The p repa ra t ion  of the i ron-wi is t i t e  reference 
electrode and the z i rconia-calc ia  e lect rolyte  has 
been discussed previous ly  (6). The t i t an ium ox-  
ide ( s )  e lectrode was p repa red  by  pressing Fisher  
reagent  grade  anhydrous  TiO~ powder  into pel lets  
0.25 in. d iamete r  by  0.20 in. thick using a pressure  
of about  25,000 psi; these pel lets  were  then placed 
in an a lundum boat  l ined with  TiO2 powder  and 
s intered in air  at 1100~ for four days to insure  
format ion of the ru t i le  phase (7).  The specimens 
were  reduced to a p rede t e rmined  O/T i  ra t io  wi th  
the aid of an isopiestic technique s imi lar  to tha t  
descr ibed above (8).  

Using the above cell, emf measurements  were  
conducted using t i t an ium oxide specimens of v a r y -  
ing O/T i  rat ios be tween  t empera tu re s  of 850 ~ and 
1050~ The O/T i  rat io  of the t i t an ium oxide(s )  
electrode was p rese rved  dur ing  the course of the 
measurements  by  conduct ing the exper iment  wi th in  

92 
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a g a s - t i g h t  a s s e m b l y  in to  w h i c h  pu r i f i ed  a r g o n  gas  
was  c o n t i n u o u s l y  f lowed.  These  r e su l t s  a r e  s u m -  
m a r i z e d  in  Fig .  1 in  w h i c h  t h e  ce l l  vo l tage ,  E, is 
p l o t t e d  as  a func t ion  of t he  O / T i  r a t i o  at  two  t e m -  
p e r a t u r e s .  The  r e s u l t i n g  cu rves  r e v e a l  t ha t :  ( i )  in  
t he  case  of e l ec t rode  compos i t ions  w i t h  O / T i  r a t io s  
b e t w e e n  a b o u t  1.998 a n d  1.992, t he  cel l  emf  is a 
f u n c t i o n  of s p e c i m e n  compos i t ion ,  s i gn i fy ing  t h e  
ex i s t ence  of a s i n g l e - p h a s e  r eg ion  ( p r o b a b l y  n o n -  
s t o i ch iome t r i c  r u t i l e ) ;  a n d  ( i i )  spec imens  w i t h  
O / T i  r a t io s  l y i n g  b e t w e e n  a b o u t  1.992 and  1.968 
e x h i b i t e d  e s s e n t i a l l y  cons t an t  emf ' s  a t  the  g iven  
t e m p e r a t u r e s  ( d e v i a t i n g  b y  on ly  __ 5 m v  f r o m  one 
a n o t h e r ) ,  p r o v i d i n g  f u r t h e r  ev idence  t ha t  a t w o -  
phase  r e g i o n  ex is t s  ove r  th is  compos i t i ona l  range .  
This  l a t t e r  o b s e r v a t i o n  c o m p l e t e l y  s u b s t a n t i a t e s  t he  
f indings  of t he  i sopies t ic  e x p e r i m e n t s  d i scussed  
above .  

The  r e l a t i v e  p a r t i a l  m o l a r  f ree  e n e r g y  of o x y g e n  

(AGo2) a n d  the  p a r t i a l  p r e s s u r e  of o x y g e n  (Po2) 
m a y  be  r e a d i l y  c a l c u l a t e d  as a func t ion  of t e m p e r -  
a t u r e  f r o m  the  emf  vs. t e m p e r a t u r e  d a t a  (6) .  V a l -  

ues  of AGo2 and  Po2 w e r e  c a l c u l a t e d  at  50~ i n t e r -  
va l s  ove r  t h e  r a n g e  850~176 f r o m  emf  d a t a  fo r  
s amp le s  w i t h  compos i t ions  l y i n g  w i t h i n  t he  t w o -  
p h a s e  r eg ion ;  these  a r e  p r e s e n t e d  in  Tab le  I. 

F i n a l l y ,  emf  m e a s u r e m e n t s ,  m a d e  on a r e d u c e d  
s a m p l e  of a compos i t i on  c o r r e s p o n d i n g  to a O / T i  

Table I. Variation of thermodynamic properties of titanium oxides 
exhibiting O/Ti  ratios in the range 1.968 to 1.992 

Temp, ~ 

R e l a t i v e  p a r t i a l  m o l a r  P a r t i a l  p r e s su re  
f r e e  e n e r g y  of oxygen ,  of oxygen ,  

--AGo=, k c a l / m o l e  po2, a t m  

850 116.28 2.36 X 10 -23 
900 112.73 9.95 X 10 -22 
950 109.23 3.03 X 10 -2o 

1000 105.68 7.16 X 10 -19 
1050 102.08 1.37 • 10 -17 

r a t i o  of 1.957, r e v e a l e d  emf  v a l u e s  s ign i f i can t ly  
m o r e  n e g a t i v e  t h a n  those  o b s e r v e d  in t he  case of 
e l ec t rode  s a m p l e s  w i t h  compos i t ions  l y i n g  w i t h i n  
t he  t w o - p h a s e  reg ion .  I t  m a y  be  conc luded  f rom 
th is  t h a t  t he  l o w e r  l imi t  of t he  t w o - p h a s e  r eg ion  
t ies  b e t w e e n  O / T i  r a t i o s  of 1.968 and  1.957. 

The  r e su l t s  of t he se  and  s i m i l a r  e x p e r i m e n t s  n o w  
in p r o g r e s s  on spec imens  in  t he  h o m o g e n e o u s  phase  
r eg ion  w i l l  be  r e p o r t e d  on in g r e a t e r  de t a i l  in t he  
n e a r  fu tu re .  
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The Anodic Behavior of Zinc in Potassium 

Hydroxide Solution 
I. Horizontal Anodes 
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ABSTRACT 

A s tudy of the anodic behavior  of hor izonta l  zinc electrodes in KOH solu- 
t ion has shown tha t  the equat ion 

( i - -  iL)t 1/2 ~ k 

holds for  concentrat ions  in the  range  1-13.8M and pass iva t ion  t imes in the 
range  10-800 sec. The constant  k depends  on the KOH concentrat ions  and a t -  
tains a m a x i m u m  value  in the  region of 8.5M KOH; i~, the  m a x i m u m  cur ren t  
dens i ty  a t ta inable  wi thout  passivat ion,  f rom a least  squares  fit is ve ry  near  
zero in all  cases. F r o m  the l inear  par t s  of the  curves connect ing anode po ten-  
t ia l  and t ime, values  of dE/dT indicate  tha t  the  conduct iv i ty  of the anodic 
produc t  pr ior  to pass ivat ion  depends  on the concentra t ion  of the  KOH elec t ro-  
lyte.  This conduct iv i ty  passes th rough  a m a x i m u m  in the  same region as tha t  
which produces  the  longest  pass ivat ion  t imes. 

The  anod ic  b e h a v i o r  of zinc in a l k a l i n e  so lu t ion  
be longs  to a g e n e r a l  g roup  of r eac t i ons  u s u a l l y  c l a s -  
sified b y  t h e  f o r m a t i o n  of a so lub le  anodic  p r o d u c t  
(1) .  G e n e r a l l y ,  if  t h e  c u r r e n t  d e n s i t y  is g r e a t e r  t h a n  
the  l i m i t i n g  va lue ,  i n i t i a l  anode  d i s so lu t ion  is fo l -  
l o w e d  b y  p a s s i v a t i o n  eas i ly  d e t e c t e d  b y  a v e r y  r a p i d  
r i se  in a n o d e  po ten t i a l .  

The  sys tem,  z inc  in s o d i u m  h y d r o x i d e ,  has  been  
f a i r l y  e x t e n s i v e l y  s t u d i e d  ( 2 - 6 ) .  The  sys tem,  zinc 
in p o t a s s i u m  h y d r o x i d e  has  been  less  i n t e n s i v e l y  
s tud ied ,  t he  i n v e s t i g a t i o n s  of E i senbe rg ,  B a u m a n ,  and  
B r e t t n e r  (7) ,  D i r k s e  (8) ,  and  S a n g h i  and  W y n n e -  
Jones  (9)  a p p e a r  to be  t h e  on ly  ones r e c o r d e d  in 
t h e  l i t e r a t u r e  n o t w i t h s t a n d i n g  the  i m p o r t a n c e  of  
t he  s y s t e m  in connec t ion  w i t h  t he  s i lve r  o x i d e - z i n c  
cell .  

H u b e r  (2, 3) a n d  F r y  and  W h i t a k e r  (6)  h a v e  con-  
s i d e r e d  the  s t r u c t u r e  of t he  pa s s ive  l a y e r  o b t a i n e d  
u n d e r  v a r i o u s  cond i t ions  w i t h  s o d i u m  h y d r o x i d e  
so lu t ions  and  conc luded  t ha t  t he  pa s s ive  f i lm con-  
sists  of  zinc ox ide  w h i c h  m a y  be  d a r k  if  excess  
m e t a l  ions  a r e  p r e s e n t  in  t he  la t t i ce .  L a n d s b e r g  
(4, 5) has  s h o w n  t h a t  for  v e r t i c a l  e l ec t rodes  t he  
e q u a t i o n  

( i - - ~ l )  t lj~ = k [1]  

ho lds  f r o m  0.05M-4M c o n c e n t r a t i o n  of N a O H  p r o -  
v i d e d  t h a t  i is no t  too high,  k and  is b e i n g  d e p e n d e n t  
on concen t r a t ion .  A t  h igh  c u r r e n t  dens i t i e s  k was  
o b s e r v e d  to i nc rea se  m a r k e d l y .  

F o r  t h e  sys t em,  z inc  in  p o t a s s i u m  h y d r o x i d e ,  
S a n g h i  and  W y n n e - J o n e s  (9)  c o n c l u d e d  t h a t  no 
g e n e r a l  r e l a t i o n s h i p  ex is t s  b e t w e e n  p a s s i v a t i o n  t ime  
and  c u r r e n t  d e n s i t y  w h e r e a s  E i senbe rg ,  B a u m a n  
and  B r e t t n e r  (7)  show t h a t  Eq. [1]  ho lds  in 6.924M 

K O H  for  anodes  w i t h  e i t h e r  v e r t i c a l  or  h o r i z o n t a l  
o r i e n t a t i o n  and  p a s s i v a t i o n  t imes  of less  t h a n  20 sec. 

Experimental 
Materials.--All  m a t e r i a l s  w e r e  of r e a g e n t  (A.R.)  

qua l i t y .  Zinc  shee t  was  99.95% con ta in ing  less  t h a n  
0.005% Cu, 0.005% Fe,  0.005% Cd, t he  m a j o r  i m -  
p u r i t y  be ing  Pb.  A l l  so lu t ions  w e r e  p r e p a r e d  f r o m  
o r d i n a r y  d i s t i l l ed  de ion ized  w a t e r ;  no a t t e m p t  was  
m a d e  to r e m o v e  d i s so lved  oxygen .  

Passivation circuit .--Measurements w e r e  m a d e  
w i t h  t h e  a n o d e  in  a h o r i z o n t a l  pos i t i on  as shown  
s c h e m a t i c a l l y  in  Fig.  1. The  anode  p o t e n t i a l  was  
m e a s u r e d  w i t h  r e f e r e n c e  to an  H g / H g O  e l ec t rode  
or  a t  a m i c r o p o r o u s  zinc e l e c t r o d e  ( p r e p a r e d  b y  
r e d u c i n g  an  a l k a l i n e  zinc ox ide  p a s t e  in a p u r e  
z inc  f r a m e  us ing  an  e l e c t r o l y t e  of a que ous  K O H )  
in c o n j u n c t i o n  w i t h  a c o n v e n t i o n a l  l u g g i n  c a p i l l a r y  

V 
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A 

c 

G ~  \ B  

Fig. 1. Passivation cell (not to scale): A, glass (Pyrex) cylinder 
with accurately ground face pressing on zinc anode; B, tightly fitting 
rubber ring; C, clamps; D, cathode; E, reference electrode; F, lug- 
gin capillary; G, zinc anode. 
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Fig. 2. Circuit for valve voltmeter 

which  was  close to the  anode surface.  Vol tage  
m e a s u r e m e n t s  were  m a d e  wi th  a va lve  vo l tmete r ,  
the  c i rcui t  for which  is shown  in  Fig. 2. C u r r e n t  
m e a s u r e m e n t s  were  m a d e  wi th  su i t ab ly  s h u n t e d  
ga lvanome te r s  m a n u f a c t u r e d  by  C a m b r i d g e  I n s t r u -  
m e n t  Co. Ltd.,  w i th  certified accuracy  --+ 0.2%. The 
cathode was p l a t i n u m .  1 

Anode pretreatment.--Sanghi and  W y n n e - J o n e s  
(9) conclude tha t  insufficient  anode p r e t r e a t m e n t  
is the m a j o r  source of e r ro r  in  pass iva t ion  exper i -  
ments ;  they  suggest  a p r e t r e a t m e n t  r ou t i ne  emp l oy -  
ing six grades  of e m e r y  paper  l ub r i ca t ed  w i th  a l -  
cohol fo l lowed by  a f inal  r u b  w i th  p a r c h m e n t  a nd  
Se lvy t  cloth. The  sample  of zinc used in  our  expe r i -  
men t s  had  a b r igh t  u n t a r n i s h e d  surface;  howeve r  
p r e l i m i n a r y  e x p e r i m e n t s  were  car r ied  out  in  which  
a n u m b e r  of methods  of surface p r e p a r a t i o n  were  
inves t iga ted .  Disso lu t ion  of the  degreased surface  
in  e i ther  HC1 or H2SO4 for a series of t imes fol lowed 
by  carefu l  wash ing  and  final  degreas ing  p roduced  
surfaces  iden t ica l  in  behav io r  wi th  sheet  which  
had been  pol ished wi th  filter paper  and  ca re fu l ly  
degreased.  Er ra t i c  resul t s  were  ob ta ined  by  a b r a d -  
ing wi th  e m e r y  paper ;  one b r a n d  used caused the 
zinc to react  v io l en t ly  w i th  aqueous  KOH, h y d r o -  
gen be ing  evolved r ap id ly  (10).  The s imple  pol ish 
and degrease  t echn ique  was, therefore ,  used in  our  
exper iments .  

Experimental procedure.--Cleaned zinc sheet  was  
fitted in to  the  cell, aqueous  K O H  elec t ro ly te  (25 
ml, changes  in  this  v o l u m e  did no t  affect the  re -  
sul ts) ,  ca re fu l ly  t he rmos t a t t ed  to 20~ was added 
and  the  lugg in  cap i l l a ry  set up. The  pass iva t ion  t ime  
was  d e t e r m i n e d  f rom the  t ime  of closing the  cir-  
cuit  to the  i n s t an t  the  anode po ten t i a l  increased  
r ap id ly  and  coincided w i t h  the  d e v e l o p m e n t  of a 
film which  was observed to flash across the anode 
surface.  The anode po ten t i a l  was  m e a s u r e d  at  con-  
v e n i e n t  t ime  in t e rva l s  du r ing  the  pass iva t ion  ex-  
pe r iments .  Af te r  pass iva t ion  the  anode  surface was  
examined ,  the  cell be ing  d i smant led ,  t ho rough ly  
dr ied  and  c leaned before  f resh zinc sheet  was fitted 
p r io r  to po la r iza t ion  at a prese t  rate.  

Results 

Figu re  3 shows typ ica l  s t ra igh t  l ine  plots r e l a t -  
ing  t -1/2 and  cu r r en t  dens i ty ;  Tab le  I records  the  
comple te  resul t s  ob ta ined  f rom a least  squares  fit 
m a d e  wi th  an  IBM 1620 computer .  The  f ami ly  of 

1 W i t h  t h e s e  e x p e r i m e n t a l  c o n d i t i o n s  a n u m b e r  o f  v a r i a t i o n s  in  
c a t h o d e  s h a p e  m a d e  n o  di f f erence  in  t h e  v a l u e  o f  t .  

.I 

I 
-i .~ -3 O 

CU~R'ENT OENSITu AMP CM -8 

Fig. 3. (Passivation time) -1 /2  vs. current density. A ,  M; r-i, 
3.5M; I I ,  2M; e, 13.8M; o, 10M. 
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Fig. 4. k from ( i - -  ie)t 1/2 z k vs. concentration 

15 

curves  form a pencil ,  i nd i ca t ing  tha t  the l imi t ing  
c u r r e n t  it is in  the  reg ion  of zero. F igu re  4 shows a 
plot  of k aga ins t  concen t ra t ion .  It  is ev iden t  that ,  
for a ny  c u r r e n t  densi ty ,  the  pass iva t ion  t ime  
reaches  a m a x i m u m  at 8.5M; k at this  concen t r a -  
t ion has a va lue  of 1.33 a mp  cm -2 sec -1/2. 

F i l m  colors were  observed  to be gene ra l ly  da rk  in  
d i lu te  e lec t ro ly te  and  at low c u r r e n t  densi ty ,  becom-  
ing wh i t e  as the  e lec t ro ly te  concen t r a t i on  and  c u r r e n t  
dens i ty  were  increased.  If washed  da rk  films were  
a l lowed to s t and  in  contac t  w i th  air  for some t ime 
they  became cons ide rab ly  l igh te r  in  color, i nd ica t -  
ing some ox ida t ion  of the  zinc r ich latt ice.  

Discussion of  Results 
The o r i en ta t ion  of the anode  in  a hor izon ta l  p lane  

wi th  the  mass of e lec t ro ly te  above  e l imina te s  con-  

Table I. Results of a least squares fit for constant current 
passivation trials 

M a x i m u m  current  
C o n c e n -  d e n s i t y  i n v e s -  

trat ion ,  M t i g a t e d ,  a m p  c m - 2  k i~ 

1 0.038 0.1178 0.0005214 
2 0.101 0.3773 0.00021 
3.5 0.221 0.7660 0.00149 
5 0.252 0.9930 0.00019 
6.5 0.201 1.259 0.000118 
8 0.302 1.323 0.000597 
9 0.302 1.324 --0.000686 

10 0.302 1.311 --0.000081 
12 0.352 1.255 --0.000922 
13.8 0.302 1.015 0.000207 
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vect ion  cur ren ts .  Before pass iva t ion  the  anodic  
products  wi l l  diffuse away  s lowly  re la t ive  to the i r  ~ 6 
ra tes  of p roduc t ion  unt i l ,  at ~he i n s t an t  of pass iva-  
t ion,  a c r i t ica l ly  th ick  l ayer  of p roducts  su r rounds  
the  anode.  At  the  electrode the  products  wi l l  dif-  ~ 4 
fuse a w a y  at  a ra te  d ic ta ted  by  the  concen t r a t i on  • 
g rad ien t  and  the  diffusion coefficient. For  a ver t ica l  
e lectrode the  r emova l  of z incate  r ich e lec t ro ly te  
takes  place c o n t i n u a l l y  and,  un less  cr i t ical  condi -  ~ l ~  
t ions are reached  w h e n  pass iva t ion  occurs and  h y -  o 
d roxy l  ions are discharged,  a s teady state  should be 
a t t a inab l e  then,  p rov ided  tha t  the  c u r r e n t  dens i ty  
does no t  exceed the l imi t ing  va lue  w h e n  a ne t  ac-  
c u m u l a t i o n  of anode p roduc t s  occurs.  In  the  case 
of hor izon ta l  electrodes,  condi t ions  for pass iva t ion  
are a lways  real izable ,  s ince in the  absence  of con-  
vect ion,  howeve r  smal l  the  cur ren t ,  the  cr i t ical  con-  
cen t r a t i on  can theore t ica l ly  a lways  be realized.  

For  r u n s  of short  d u r a t i o n  wi th  a hor izonta l  anode  
and  a s i lver  oxide cathode, E isenberg ,  B a u m a n ,  
and  B r e t t n e r  (7) find tha t  in  6.924M KOH, i~ has a 
va lue  of 0.06 whereas  L a n d s b e r g  and  Bar t e l t  (5) 
us ing  a zinc p la ted  copper wi re  as a ve r t i ca l  anode 
find i~ in  the  same concen t r a t i on  of NaOH to be 
0.0080 (7) .  In  the  l a t t e r  case convect ion  as a m e a n s  
of z incate  t r ans fe r  f rom the  anode  can obvious ly  
occur in  add i t ion  to diffusion;  Eisenberg ,  B a u m a n ,  
and  B r e t t n e r ' s  e x p e r i m e n t s  are  compl ica ted  b y  the  
possible u n e v e n  discharge of the  s i lver  oxide es- 
pecia l ly  at h igh ra tes  ( this  m a y  exp la in  the  la rge  
a m o u n t  of scat ter  in  the i r  resu l t s ) .  The  va lue  of iz 
for ve r t i ca l  zinc anodes in  7M K O H  has  been  found  
to be in  the reg ion  of 0.10 (11).  

The  observed  m a x i m u m  in the  curves  r e l a t i ng  k 
and  concen t r a t i on  indicates  tha t  t increases  to a 
m a x i m u m  at a concen t r a t i on  of abou t  8.5M and  t h e n  
falls off. (Wi th  ver t i ca l  e lectrodes k increases  to a 
m a x i m u m  va lue  in  about  8.5M KOH;  i~ in  the  v e r -  
t ical  case goes t h r o u g h  a fa i r ly  sharp  m a x i m u m  at 
about  8.5M. This inves t iga t ion  is sti l l  con t inu ing . )  
This  indica tes  tha t  the supe r so lub i l i t y  (7) of the  
anode products  in  the  e lec t ro ly te  passes t h ro ugh  a 
m a x i m u m  at this  concen t ra t ion .  The  degree of su-  
p e r s a t u r a t i o n  r equ i r ed  for pass iva t ion  m u s t  be  con-  
s iderable  as ev inced  by  the  add i t ion  of zinc ox-  
ide to 5M elec t ro ly te  which  made  r e m a r k a b l y  l i t t le  
difference to t 

Anion Concen t r a t i on  k 

Nil  Nil  0.993 
Zinca te  0.25M 1.000 

0.60M 0.990 

W h e n  the  e lect rode undergoes  po la r i za t ion  the  
in i t i a l  step wi l l  be the  p roduc t ion  of so luble  zincate.  
If the re  is a ne t  a c c u m u l a t i o n  of z incate  at  the  anode  
the  deple t ion  of the  O H -  concen t r a t i on  wi l l  cause 
the z incate  to p rec ip i ta te  e i ther  as oxide or h y d r o x -  
ide (3) ; w h e n  this  occurs the  po ten t i a l  rises and  the  
anode undergoes  pass ivat ion.  The  ra te  of po la r iza -  
t ion  and  the  concen t r a t i on  of the  e lec t ro ly te  wi l l  
d e t e r m i n e  u n d e r  w h a t  condi t ions  the  z incate  is p r e -  
c ipi ta ted as a fi lm; u n d e r  condi t ions  of low hydrox ide  
concen t r a t i on  due to e i ther  e lec t ro ly te  concen t r a -  
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Fig. 5. dE/dT vs. 12.o, 13.8M; e, 5M; A ,  3.5M; A ,  1M 

t ion  or low po la r iza t ion  ra tes  (more  efficient re -  
mova l  of O H -  ions)  the  d a r k  films observed  wi l l  
be due to p rec ip i t a t ion  u n d e r  condi t ions  r e su l t ing  
in  the  f o r ma t i on  of zinc r ich latt ices.  

P rov ided  tha t  a s t a t i ona ry  s ta te  is r ap id ly  es tab-  
l ished in  the layers  i m m e d i a t e l y  s u r r o u n d i n g  the 
anode,  the anode po ten t i a l  can be expressed  as 

E = Er + Ec 

Where  Er is tha t  componen t  of the  anode po ten t i a l  
due  to the  i r r eve r s ib l e  anode  po ten t i a l  and  Ec is the  
c ompone n t  due  to the  p roduc t ion  of anode  products .  
T r e a t i n g  Ec as p u r e l y  ohmic in  character ,  it  can  be 
shown tha t  

1 
Ec ~ - -  K i 2 T 

K 

w he r e  ~ is the  conduc tance  of the anode  p roduc t  
layers ,  and  K is a constant .  

dE dE 
i s . . . . .  A �9 - -  [2] 

K dT dT 

A n  e x a m i n a t i o n  of the  p o t e n t i a l - t i m e  resul t s  for 
the  pass iva t ion  r u n s  showed tha t  for all  except  those 
in  which  t was  r e l a t i ve ly  smal l  a good va lue  of dE/  
dT could be ob ta ined ;  for shor t  pass iva t ion  t imes  
the re  was  too m u c h  scat ter  for re l i ab le  g rad ien t s  to 
be  calculated.  

F i g u r e  5 shows typica l  dE/dT  va lues  p lo t ted  
aga ins t  i e. I t  is ev iden t  f rom these curves  tha t  an  
equa t ion  of the  fo rm [2] is obeyed.  Tab le  II  shows 
the  slopes of curves  r e l a t ing  dE/dT  and  i e ca lcu la ted  
by  the  me thod  of leas t  squares  us ing  an  IBM 1620 
compute r ;  the s t ra igh t  l ine  cor re la t ions  al l  passed 
t h r ough  the origin.  The  m a x i m u m  va lue  of the  con-  
s tant ,  A, of Eq. [2] wou ld  i mp l y  tha t  the  conduc-  

Table II. Results of a least squares fit for constant current 
passivation trials 

i2 = A dE/dT 

C o n c e n t r a t i o n ,  l~I A ,  a m p s  2 s e c  v o l t s  -1 

1 0.9226 
2 4.526 
3.5 9.332 
5 23.08 
6.5 26.15 
8 30.14 
9 34.64 

10 26.14 
12 23.41 
13.8 25.30 
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t iv i ty  of the  anode p roduc t  l ayers  reaches  a m a x -  
i m u m  in  the  reg ion  of 9M concen t r a t i on  and  occurs 
in  the  same reg ion  as the  m a x i m u m  pass iva t ion  
t ime. These  resul t s  show tha t  the  o p t i m u m  concen-  
t r a t i on  of KOH elec t ro ly te  for the  d ischarge  of 
hor izon ta l  zinc e lectrodes  is 8.5M, w h e n  the  d u r a -  
t ion  of d ischarge  and  the  conduc t iv i ty  of the  anode  
p roduc t  l ayers  are at  a m a x i m u m .  
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NOMENCLATURE 

E anode potential,  volts. 
Er i rreversible anode potential  for the dissolution 

step, volts. 
Ec that  component  of the total anode potential  due 

to the bu i ld -up  of anode products, volts. 
i current  density, amp cm -2. 
iz l imit ing cur ren t  density, amp cm -2. 
k constant  in the equation: ( i - - i~ ) t  1/2 ~ k, amp 

cm-2  secl/2. 
T time, sec. 
t passivation time, sec. 
K conductivi ty of the anode product layers, ohms -1 

Magnetic Properties of 97 Fe-3 Ni Thin Film Electroplate 
A. Kolk and H. White 

The Nationa~ Cash Register Company, Hawthorne, California 

ABSTRACT 

Thin  films of a 97 Fe-3 Ni alloy composition have been successfully electro- 
deposited on silvered glass Rod and on specially treated Be-Cu wire surfaces. 
With both substrates, the magnet ic  properties of the overplate met  the re-  
quirements  for a switching e lement  in a computer  memory.  However,  the proc- 
ess was simpler and much more uniform properties in the plate were obtained 
wi th  the Be-Cu substrate than with the silvered glass. Opt imum magnetic  
properties for the Rod device application were obtained by plat ing from an 
i ron-nickel  chloride bath, main ta ined  at 80~ pH ---- 1.0, and a current  density 
of 90 ma /cm 2. 

The use of magne t i c  m e m o r y  e l emen t s  in  h igh 
speed digi ta l  compute r s  has r e su l t ed  in  cons ider -  
able  in te res t  in  f a s t - swi t ch ing  magne t i c  mater ia l s .  
The  swi tch ing  of a magne t i c  e l emen t  m a y  of ten  be 
re la ted  to the  appl ied  field, H, by  the  equa t ion  (1) 

Sw = ~(H -- Ho) 

The  flux r eve r sa l  t ime,  r, is defined as the t ime  re -  
qu i r ed  to reverse  a fixed pe rcen tage  of the magne t i c  
flux or the  t ime  b e t w e e n  the  po in ts  of 10% of peak  
vol tage  ou tpu t  on the  vol tage  t ime  curve.  The  
swi tch ing  coefficient, S~., and  the  th resho ld  field, 
Ho, are charac ter is t ics  of the  mater ia l .  It  is ev iden t  
tha t  the  flux reve r sa l  t ime  m a y  be decreased by  
lower ing  Sw or by  inc reas ing  (H -- Ho). 

Much work  has been  conducted  on  u n i a x i a l l y  or i -  
en ted  pe rma l loy  films where ,  u n d e r  ce r ta in  condi -  
t ions,  the  swi tch ing  coefficient m a y  be m a d e  qui te  
smal l  (2) .  However ,  the  n a t u r e  of the  m e c h a n i s m  

which  gives the  low swi tch ing  coefficient r equ i res  
good u n i f o r m i t y  in  the  magne t i c  charac ter is t ics  of 
the  u n i a x i a l l y  o r ien ted  pe r ma l l oy  film; this  u n i -  
fo rmi ty  r e q u i r e m e n t  has s lowed the de ve l opmen t  of 
pe r ma l l oy  film m e m o r y  e lements .  

The  device cal led the  Rod has  u t i l ized the  o ther  
t e chn ique  for inc reas ing  the  swi tch ing  speed, 
name ly ,  inc reas ing  the  va l ue  of the  excess field, 
(H --  Ho), which  m a y  be used whi le  in  a compu te r  
mode of operat ion.  In  n o r m a l  compute r  modes  of 
m e m o r y  operat ion,  the  m a x i m u m  permiss ib le  ex-  
cess field is a p p r o x i m a t e l y  equa l  to the  coercive 
force, He, of the  magne t i c  mate r ia l .  The Rod e m -  
ploys an  a p p r o x i m a t e l y  97 Fe-3  Ni e lec t ropla te  wi th  
a coercive force of about  15 oe as con t ras ted  to the  
less t h a n  2 oe gene ra l l y  found  in  the p e r m a l l o y  film 
devices. 

The  conf igura t ion  of the  Rod device is shown  in  
Fig. 1. The 97 Fe-3  Ni a l loy is deposi ted on a con-  
duc t ive  subs t ra te .  Ea r ly  w o r k  u t i l ized  a 10-15 rail  
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WINDINGS 

\ BE-CU SUBSTRATE 

Fig. 1. Rod structure with solenoid windings 

d i a m e t e r  s i l v e r e d  glass  subs t r a t e ,  b u t  t he  s u b s t r a t e  
used  a t  p r e s e n t  is B e - C u  wi re .  

The  c y l i n d r i c a l  conf igura t ion  p e r m i t s  m u l t i t u r n  
so leno id  d r i v e  w i n d i n g s  as c o n t r a s t e d  w i t h  t he  one 
or  two  t u r n  d r i v e  w i n d i n g s  w h i c h  a r e  e m p l o y e d  in 
a flat  p e r m a l l o y  f i lm m e m o r y .  The re fo re ,  t h e  d r i v e  
c u r r e n t s  a r e  s im i l a r  in  sp i te  of t h e  o r d e r  of m a g -  
n i t u d e  d i f fe rence  in  t he  coe rc ive  forces  of t he  two  
a l loys .  

This  p a p e r  p r e s e n t s  t he  r e su l t s  of a r a t h e r  b r o a d  
i n v e s t i g a t i o n  of t h e  effects  of  v a r i o u s  depos i t i on  
p a r a m e t e r s  on the  m a g n e t i c  p r o p e r t i e s  of t he  p l a t e d  
a l loys .  

Exper imenta l  

Composition of plating bath.--An i r o n - n i c k e l  
ch lo r ide  b a t h  w i t h  ca l c ium ch lo r ide  as the  s u p p o r t -  
ing  e l e c t r o l y t e  was  used  for  m u c h  of the  p l a t i n g  
d i scussed  be low.  The  compos i t i on  of th is  s o - c a l l e d  
" s t a n d a r d  b a t h "  was  as  fo l lows :  FeC12 �9 4H20, 285 
g / l ;  NiC12 �9 6H20, 10 g / l ;  CaC12 �9 2H20, 238 g / l .  The  
p H  was  a d j u s t e d  to 1.0 +- 0.1 p H  un i t s  b y  the  a d d i -  
t ion  of  t he  p r o p e r  a m o u n t  of d i l u t e  HC1. 

In  e v e r y  case  in w h i c h  a b a t h  was  used  for  m o r e  
t h a n  one day ,  i t  was  f irst  r e g e n e r a t e d .  This  p rocess  
cons i s t ed  of a d d i n g  f ine ly  d i v i d e d  i ron  p a r t i c l e s  to 
r e d u c e  a n y  f e r r i c  ions, h e a t i n g  w i t h  a c t i v a t e d  c h a r -  
coal  to r e m o v e  o rgan ic  impur i t i e s ,  f i l te r ing ,  cool ing,  
a n d  r e a d j u s t i n g  the  pH.  A coil  of p u r e  n i cke l  w i r e  
was  used  as an  anode.  The  r a t e  of  o x i d a t i o n  of t he  
b a t h  was  not  r a p i d  in sp i te  of t he  n i cke l  a n o d e  b e -  
cause  of the  l ow r a t e  of p l a t ing .  A i r  o x i d a t i o n  w a s  
a m u c h  g r e a t e r  f ac to r  and  was ,  in  genera l ,  s u p -  
p r e s sed  b y  us ing  a n i t r o g e n  b l a n k e t  ove r  t he  ba th .  

The  compos i t i on  of t he  p l a t i ng  b a t h  was  che c ke d  
at  r e g u l a r  i n t e r v a l s  b y  m e a n s  of s p e c t r o p h o t o m e t r i c  
ana lys i s .  The  compos i t ion  of the  p l a t e  was  c h e c k e d  
b y  a n u m b e r  of m e t h o d s :  spec t rog raph i c ,  s p e c t r o -  
p h o t o m e t r i c ,  and  x - r a y  f luorescence.  The  d a t a  i n -  
d i c a t e d  tha t ,  u n d e r  t he  cond i t ions  d i scussed  in  th is  
p a p e r ,  t he  F e / N i  r a t i o  in t he  p l a t e  is t he  s a m e  as 
t h a t  in  t he  ba th .  In  t he  case of t he  " s t a n d a r d "  10 
g/1 NiC12. 6H20 ba th ,  t he  n i c k e l  con ten t  of t he  
p l a t e  was  2.5 to 3 w e i g h t  p e r  cent  ( w / o ) .  

Batch process Rod production.--The Rods  w h i c h  
w e r e  used  in  t he  first  Rod m e m o r y  a p p l i c a t i o n  w e r e  
p r e p a r e d  in a b a t c h  ope ra t ion .  A p p r o x i m a t e l y  15 
in. l eng ths  of glass  cane  w e r e  coa ted  w i t h  a th in  
l a y e r  of s i lve r  and  t h e n  p l a t e d  f r o m  the  s t a n d a r d  
b a t h  in t he  m a n n e r  i n d i c a t e d  in t he  s chema t i c  d r a w -  
ing,  Fig .  2. 

The  m e t h o d  of a p p l y i n g  the  s i lve r  l a y e r  to t he  
glass  was  as fo l lows :  F i f t e e n  inch  l e n g t h s  of g lass  

i~_o 

Fig. 2. Schematic of plating arrangement for silvered glass rod: a, 
cathode - -  10 mil silvered glass Rod pulled at a uniform rate (5 
in./min) through the plating cell; b, plating cell; c, reservoir con- 
taining hulk of plating solution; d, heater and thermo regulator 
which maintained bath temperature constant at 80 ~ ~- 1~ e, 
stirrer which caused plating solution to circulate through cell; f, 
anode--ceil of pure nickel wire; g, cathode drive and electrical con- 
tact; h, transistorized constant current source; i, jet of H20 to 
remove any adhering solution from plated surface of Rod. 

cane  w e r e  c l e a ne d  b y  s u s p e n d i n g  t h e m  in ho t  
c h romic  ac id  c l e a n i n g  so lu t ion  for  a p p r o x i m a t e l y  
1 hr.  A f t e r  f irst  r in s ing  w i t h  d i s t i l l ed  w a t e r ,  t he  
su r f ace  of t he  glass  was  sens i t i zed  b y  i m m e r s i n g  
the  cane  for  1 m i n  in  a 2.5% so lu t ion  of s t a n n o u s  
ch lor ide ,  f o l l owed  b y  a n o t h e r  r inse  w i t h  d i s t i l l ed  
w a t e r .  The  s i lve r  w a s  t hen  a p p l i e d  to t he  glass  su r -  
face  b y  m e a n s  of a s p r a y  process .  Two  s e p a r a t e  
s t r e a m s  of l iqu id ,  one  c on t a in ing  a s i l ve r  so lu t ion  
and  t h e  o the r  a r e d u c i n g  agent ,  w e r e  d i r e c t e d  so as 
to  c o m b i n e  a n d  i m p i n g e  on or  n e a r  t h e  su r f ace  of  
the  glass .  As  a r e s u l t  of t he  ensu ing  c h e m i c a l  act ion,  
m e t a l l i c  s i lve r  was  d e p o s i t e d  on t h e  sur face .  In  
the  e a r l y  s t ages  of th is  p r o g r a m ,  the  s p r a y i n g  was  
a h a n d  ope ra t i on ;  l a t e r  t he  p rocess  was  mechan ized .  

Us ing  the  s i l ve r ing  p r o c e d u r e  d e s c r i b e d  above ,  
p r o b l e m s  w e r e  e n c o u n t e r e d  in ach i ev ing  u n i f o r m  
and  r e p r o d u c i b l e  m a g n e t i c  p rope r t i e s .  I t  was  soon 
e s t a b l i s h e d  t h a t  t he  p r i n c i p l e  cause  of t he  n o n u n i -  
f o r m  m a g n e t i c  p r o p e r t i e s  l a y  w i t h  t h e  s u b s t r a t e  
r a t h e r  t h a n  in t h e  p l a t ing .  Rods  p l a t e d  f r o m  the  
s ame  b a t h  w i t h  t he  s ame  p l a t i n g  p a r a m e t e r s  b u t  
w h i c h  h a d  been  s i l v e r e d  in  d i f fe ren t  b a t c h e s  v a r i e d  
in  coe rc ive  force  r e a d i n g s  b y  as  m u c h  as  5 oe. This  
f inding  was  no t  u n e x p e c t e d  s ince  t he  l i t e r a t u r e  (3)  
on e l e c t r o d e p o s i t i o n  con ta ins  m a n y  r e f e r e n c e s  r e -  
l a t i n g  p l a t i n g  s t r u c t u r e  and  s t ress  to t he  n a t u r e  of 
t he  subs t r a t e .  

S ince  i t  was  k n o w n  t h a t  t he  m a g n e t i c  p r o p e r t i e s  
of t h in  f i lms a r e  a f fec ted  b y  the  d e g r e e  of su r face  
r o u g h n e s s  of t he  f i lm subs t r a t e ,  i t  w a s  dec ided  to 
i n v e s t i g a t e  t he  effects of e l e c t r o p o l i s h i n g  the  s i lve r  
su r f a c e  be fo re  p la t ing .  W h e n  t h e  o r ig ina l  s i l ve r  s u r -  
face  was  rough ,  as r e v e a l e d  b y  i n spec t ion  u n d e r  a 
m e t a l l o g r a p h ,  the  r e su l t s  of e l e c t r o p o l i s h i n g  w e r e  
qu i t e  e n c o u r a g i n g ;  r e d u c t i o n s  of as m u c h  as  10 
oe in t he  coe rc ive  force  of t he  m a g n e t i c  p l a t e  w e r e  
obse rved .  H o w e v e r ,  w h e n  the  o r ig ina l  s i l v e r e d  su r -  
face  was  f a i r l y  un i fo rm,  no s ign i f ican t  ga in  in  m a g -  
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Table I. Rod magnetic values 

M e r e u r i -  
Ser ies  No. of rods  cyan ide  d ip  He, oe I / 0  Ra t io  

1 8 Yes 15.6 5.0 
2 8 No 16.7 3.9 

P l a t e  t h i c k n e s s  ~0.55~.  

net ic  p r o p e r t i e s  r e s u l t e d  f r o m  the  e l e c t r o p o l i s h i n g  
t r e a t m e n t .  

E l e c t r o n  m i c r o g r a p h s  of s i lve r  coa t ed  Rods  b e -  
f o r e  and  a f t e r  e l e c t r o p o l i s h i n g  r e v e a l e d  t ha t  t he  
s m o o t h i n g  effect  of t he  po l i sh ing  w a s  mos t  p r o -  
nounced  in the  a r e a s  t h o u g h t  to b e  c r y s t a l l i t e  
c lumps .  C a r e f u l  i n spec t ion  of t he  m i c r o g r a p h s  i n -  
d ica ted ,  h o w e v e r ,  t h a t  t he  l a r g e r  r a i s ed  a r eas  w e r e  
a c t u a l l y  ho l low b l i s t e r s  and  not  sol id  c rys t a l l i t e s .  
The  u n i f o r m i t y  of t he  b a s a l  m a t e r i a l ,  t he  shadowing ,  
and  the  r a g g e d  f i lmy m a t e r i a l  a r o u n d  the  edge  of 
the  po l i sh  p l a n e  a l l  p o i n t  to  th is  conclus ion.  

V a r y i n g  s p r a y  p re s su re s ,  s p r a y  pa t t e rn s ,  the  con-  
c e n t r a t i o n s  of s p r a y  solut ions ,  spa t i a l  pos i t i on ing  of 
nozzles  as we l l  as e x p e r i m e n t i n g  w i t h  d i f fe ren t  w a y s  
of c l ean ing  and  sens i t i z ing  the  glass  su r f ace  r e s u l t e d  
in no g r e a t  i m p r o v e m e n t  in  t he  u n i f o r m i t y  of the  
s i lve r  s u b s t r a t e  sur face .  

The  one modi f i ca t ion  in t he  s i l ve r ing  p rocess  
w h i c h  d id  p r o d u c e  a s igni f icant  i m p r o v e m e n t  in t he  
su r f ace  u n i f o r m i t y  i n v o l v e d  d i p p i n g  t h e  s i l v e r e d  
Rods  for  a p p r o x i m a t e l y  20 sec in a 0.1% so lu t ion  
of p o t a s s i u m  or  sod ium m e r c u r i c y a n i d e .  This  t r e a t -  
m e n t  was  sugges t ed  b y  F r e u n d  (4) ,  w h o  s t a t ed  t h a t  
t he  y e l l o w i s h  t i nge  f r e q u e n t l y  o b s e r v e d  on s i l ve red  
glass  su r faces  cou ld  be  r e m o v e d  b y  i m m e r s i n g  the  
su r f ace  in  a m e r c u r i c y a n i d e  solut ion.  I t  was  also 
s t a t ed  t ha t  t h e  r e s u l t i n g  o x i d e - f r e e  s i lve r  su r f ace  
was  p a r t i c u l a r l y  su i t ab l e  for  p la t ing .  

T a b l e  I p r e s e n t s  v a l u e s  of t h e  m a g n e t i c  p r o p -  
e r t i e s  of two  ser ies  of e l ec t rop la t e s ,  one e m p l o y i n g  
the  m e r c u r i c y a n i d e  t r e a t m e n t  be fo re  p l a t i n g  and  the  
o t h e r  ser ies  w i t h o u t  t he  m e r c u r i c y a n i d e .  

The  o u t p u t / z e r o - d i s t u r b  ra t io  1 t e r m e d  h e r e i n  the  
1/0 ra t io ,  was  a p p r e c i a b l y  l a r g e r  for  t h e  Rods  in 
w h i c h  the  m e r c u r i c y a n i d e  d ip  w a s  used .  A h igh  
1/0 r a t i o  is a n e c e s s a r y  f e a t u r e  in any  b i s t a b l e  
sw i t ch ing  e l e m e n t  used  in  c o m p u t e r  memor i e s .  In  
a d d i t i o n  to an  i m p r o v e d  1 /0  ra t io ,  Rods  p l a t e d  a f t e r  
t he  m e r c u r i c y a n i d e  d ip  d i s p l a y e d  m o r e  u n i f o r m  
m a g n e t i c  p rope r t i e s .  

E l e c t r o n  m i c r o g r a p h s  of t h e  s i l v e r e d  su r f ace  (F ig .  
3 a n d  4) t a k e n  b e f o r e  and  a f t e r  t he  m e r c u r i c y a n i d e  
d ip  t r e a t m e n t  show t h a t  a b r i d g i n g  and  s m o o t h i n g  of 
the  l a r g e r  s i lve r  c r y s t a l l i t e s  had  o c c u r r e d  as a r e -  
sul t  of th is  t r e a t m e n t .  A s p e c t r o g r a p h i c  ana lys i s  of 
t he  s i lve r  a f t e r  i m m e r s i o n  in t he  m e r c u r i c y a n i d e  
s h o w e d  the  p r e s e n c e  of  5.6% m e r c u r y  i n d i c a t i n g  
t h a t  an  e x c h a n g e  r eac t i on  or  a m a l g a m a t i o n  w i t h  
s i lve r  h a d  t a k e n  place .  Tha t  t he  r e a c t i o n  was  no 

O u t p u t  P e a k  v o l t a g e  a c r o s s  s e n s e  s o l e n o i d  p r o d u c e d  by the  a p -  
p l icat ion  of a s w i t c h i n g  m a g n e t i c  f ield a p p r o x i m a t e l y  2 t i m e s  the  
coerc ive  force  of the  pla te .  Ze ro -d i s t u rb - - -The  p e a k  v o l t a g e  m e a s -  
u r e d  across  t he  sense  so l eno id  and  g e n e r a t e d  b y  t he  f o l l o w i n g  p u l s e  
s equence :  (a) s t a r t i n g  w i t h  a m a g n e t i z e d  s ta te  of  t he  p la te ,  a n u m -  
ber  of pu l ses  (<H~)  are  a p p l i e d  in  the  d i r e c t i o n  of s w i t c h i n g ;  (b) 
t he  a b o v e  ha l f - s e l ec t  pu l se s  a re  t h e n  f o l l o w e d  b y  a f u l l - s e l ec t  p u l s e  
(~2Hr a p p l i e d  in  a r e v e r s e  d i r e c t i o n  (i.e., d i r e c t i o n  of o r i g i n a l  

m a g n e t i z e d  s t a t e ) .  

Fig. 3. Silver surface before mercuricyanide treatment 

Fig. 4. Silver surface after mercuricyanide treatment 

m e r e  c l ean ing  of t he  s i lve r  su r face  w a s  i n d i c a t e d  
b y  the  fac t  t h a t  o t h e r  good s i lve r  c l ean ing  so lu t ions  
such as a t h i o u r e a - h y d r o c h l o r i c  ac id  m i x t u r e ,  a so-  
d i u m  s i lve r  c y a n i d e  so lu t ion  c o n t a i n i n g  excess  c y -  
an ide  ion and  o the r s  h a d  no effect on the  m a g n e t i c  
p r o p e r t i e s  of t he  ove rp l a t e .  

Continuous process ]or Rod preparation.--In a d d i -  
t ion  to the  m e r c u r i c y a n i d e  d ip  t r e a t m e n t  for  t he  
s i l v e r e d - g l a s s  s u b s t r a t e  sur face ,  i t  was  f o u n d  t h a t  
spec i a l l y  p r e p a r e d  b e r y l l i u m - c o p p e r  w i r e  f u n c -  
t i oned  e q u a l l y  w e l l  as a s u b s t r a t e  m a t e r i a l  for  the  
97Fe -3Ni  p la te .  Moreove r ,  t h e  p rocess  b a s e d  on 
a B e - C u  s u b s t r a t e  was  m o r e  eas i ly  c o n t r o l l e d  a n d  
l en t  i t se l f  to con t inuous  ope ra t ion .  The  k e y  s teps  in  
t he  con t inuous  Rod  p l a t i n g  p rocess  a r e  i l l u s t r a t e d  
in  t h e  l ine  d r a w i n g  s h o w n  in Fig .  5. 

H e a t - t r e a t e d ,  p r e s t r a i g h t e n e d  10 ra i l  B e - C u  w i r e  
is d r a w n  f r o m  a 24 in. b i cyc l e  w i r e  and  p u s h e d  
t h r o u g h  c a r e f u l l y  a l i gned  holes  in the  p l a t i n g  t a n k  
a r r a y .  One  of t he  con tac t  r o l l e r s  is r u b b e r  and  the  
o ther ,  w h i c h  also se rves  as the  e l e c t r i c a l  con tac t  
for  t h e  w i re ,  is copper .  

In  t h e  first  t ank ,  t he  w i r e  is c a t h o d i c a l l y  c l eaned  
in  a ho t  (90~ a l k a l i n e  c l ean ing  so lu t ion  ( E n -  

. . . . .  

~I~CLEANER RINSE ATC~O H RINSE ~OLUTION RINSE 

TflAN~STORIZED 
CONSTANT CURRENT SOURCE 

Fig. 5. Cont inuous  Rod p lat ing  proces s  
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NI concentration in bath 

C o e r c i v e  F l u x  * 
S a m p l e  NiChe. 6H20 ,  f o r c e  ~ R  

No.  g /1  He,  oe  a r b i t r a r y  u n i t s  1 /0  R a t i o  

Fig. 6. Chart recording of Rod B-H characteristics 

40 

1 0 20 2.7 4.7 
2 2.3 19.2 3.0 7.0 

~= 3 4.6 18.5 3.3 13.0 
4 6.9 18.3 3.3 15.0 

E 5 9.2 17.8 3.4 17.0 
so m ~ 6 11.5 17.4 3.5 >18 

E 7 13.8 17.0 3.5 >18.5 
8 18.6 16.5 3.5 >20 

120 

Fig. 7. Hysteresis loop; horizontal scale, 10 oe/large div.; vertical 
scale; N 30 millimaxwells/large div. 

t h a n e ) .  A f t e r  a w a t e r  r inse ,  t he  w i r e  t h e n  passes  
in to  a d i lu t e  (6.3N) n i t r i c  ac id  so lu t ion  ( r o o m  t e m -  
p e r a t u r e ) .  The  ac t ion  of n i t r i c  ac id  is twofo ld ;  i t  
r e m o v e s  a n y  ox ide  scale,  a n d  in  add i t ion ,  p a r t i a l l y  
e tches  t he  w i r e  sur face .  The  d e g r e e  of  e t ch ing  is 
a m a j o r  f ac to r  in  d e t e r m i n i n g  the  coe rc ive  force  
and  s q u a r e n e s s  of the  p la te .  A f t e r  a n o t h e r  w a t e r  
r inse ,  t he  B e - C u  w i r e  is p l a t e d  w i t h  t he  9 7 F e - 3 N i  
a l loy  f rom the  i r o n - n i c k e l  ch lo r ide  ba th .  

A f t e r  a f inal  wash ing ,  t he  w i r e  is pa s sed  t h r o u g h  
a m a g n e t i c  t es t  f ix tu re  w h i c h  r eco rds  on a s t r ip  
c h a r t  t he  t o t a l  m a g n e t i c  f lux a n d  t h e  coe rc ive  force  
of t he  p la te .  F i g u r e  6 shows  a c h a r t  r e c o r d i n g  for  
a t y p i c a l  sec t ion  of  t he  Rod  pas s ing  t h r o u g h  the  tes t  
f ix ture .  The  m a g n e t i c  f lux and  coerc ive  force  a r e  
also d i s p l a y e d  in  t h e  f o r m  of a h y s t e r e s i s  loop on 
an  osci l loscope.  A t y p i c a l  h y s t e r e s i s  loop is s h o w n  
in Fig.  7. 

The  f inal  s t ep  in  t h e  p rocess  consis ts  of a p p l y i n g  
a t h in  o rgan ic  coa t ing  to p r o t e c t  t he  i r o n - r i c h  m a g -  
ne t ic  f i lm f r o m  co r rod ing .  

Effects of plating parameters on magnetic proper-  
ties of f i lm.--Plat ing in the presence o] a magnetic 
f ield.--I t  is w e l l  k n o w n  tha t  t he  m a g n e t i c  c h a r a c -  
t e r i s t i cs  of p e r m a l l o y  f i lms can  be  modi f ied  b y  p l a t -  
ing  in t he  p r e s e n c e  of a m a g n e t i c  field. H o w e v e r ,  
a x i a l  m a g n e t i c  f ields as l a r g e  as 600 oe p r o d u c e d  
no o b s e r v a b l e  d i f fe rences  in the  m a g n e t i c  p r o p e r t i e s  
of the  97 F e - 3  Ni  films. 
Replacement  of calcium chloride w i th  potassium 
chloride as the supporting e lectrolyte . - -Potassium 
c h l o r i d e  is o f ten  used  in  i ron  ch lo r ide  b a t h s  w h e n  
r e l a t i v e l y  s t r e s s - f r e e  p l a t e  is d e s i r e d  (5) .  S ince  i t  
is k n o w n  t h a t  s t ress  in  a m a g n e t i c  f i lm can  affect  
t he  m a g n e t i c  p r o p e r t i e s  of t he  film, the  effect  of 
r e p l a c i n g  ca l c ium c h l o r i d e  w i t h  an  equa l  n u m b e r  

i t  = 280 m a  s e c / i n ,  of  10 r a i l  B e C u  w i r e ;  p l a t e  t h i c k n e s s  ~0.6/~. 

* I n  t h i s  a n d  s u b s e q u e n t  t ab l e s ,  o n e  a r b i t r a r y  u n i t  of  f l ux  c o r r e -  
sponds  to  a p p r o x i m a t e l y  20 m i l l i m a x w e n s .  

of e q u i v a l e n t s  of p o t a s s i u m  ch lo r ide  in  our  s t a n d -  
a r d  b a t h  was  i nves t i ga t ed .  

E x c e p t  for  an  i nc rea se  of a p p r o x i m a t e l y  3 oe 
in t he  coe rc ive  force  of t he  p l a t e  d e p o s i t e d  f r o m  the  
b a t h  con t a in ing  KC1, no o t h e r  m a g n e t i c  d i f fe rences  
w e r e  noted .  Ou tpu t ,  squareness ,  and  swi t ch ing  
c h a r a c t e r i s t i c s  w e r e  e s s e n t i a l l y  t he  same.  

This  b a t h  was  f o u n d  to be  qu i t e  sens i t i ve  to sma l l  
changes  in  pH.  At  p H  v a l u e s  of 1.0, excess ive  gas -  
s ing  and  b u r n i n g  of  the  p l a t e  occur red .  A t  h i g h e r  pH 
va lues  (3.0) ,  o b j e c t i o n a b l e  h y d r o x i d e  p r e c i p i t a t e s  
fo rmed .  
Varying Nickel  Concentrat ion.- -A ser ies  of Rods  
w e r e  p l a t e d  f r o m  the  s t a n d a r d  b a t h  modi f i ed  w i th  
r e spec t  to t he  c o n c e n t r a t i o n  of NiCI~ .  6H~O. The  
c o n c e n t r a t i o n  of th is  sa l t  was  v a r i e d  ove r  t he  r a n g e  
0-18.6 g/1. A l l  of t he  o t h e r  p l a t i n g  cond i t ions  r e -  
m a i n e d  unchanged .  The  effects of t he  n i c k e l  con-  
c e n t r a t i o n  in the  b a t h  on the  m a g n e t i c  p r o p e r t i e s  of 
t he  f i lm a re  s h o w n  in T a b l e  II. 

A l t h o u g h  the  va lues  for  t he  1/0  r a t i o  i m p r o v e  
w i t h  i nc r ea s ing  Ni  c o n c e n t r a t i o n  in t he  ba th ,  i t  
was  f o u n d  t h a t  for  NiC12 �9 6H20 concen t r a t i ons  in 
excess  of 11 g/1 t he  m a g n e t i c  p r o p e r t i e s  of t he  p l a t e  
a r e  v e r y  sens i t ive  to e x t e r n a l l y  a p p l i e d  s t resses .  

I n c r e a s i n g  the  Ni  c o n c e n t r a t i o n  h a d  two  effects 
on t h e  p h y s i c a l  p r o p e r t i e s  of t he  p l a t e :  ( i )  a d e -  
c r ea se  in  p i t t i n g  was  obse rved ,  and  ( i t )  a c h a n g e  in 
t h e  mac roscop i c  s t ress  in t he  p l a t e  was  no ted  (Fig .  

cence.lr~i~ o~ NEr~I {g/I NI CI~ .~zO) 

Fig. 8. Effect of nickel concentration on stress 
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8).  S ince  the  o b s e r v e d  change  in  coe rc ive  force  does  
no t  fo l low the  s t r e s s - c o m p o s i t i o n  curve ,  p a r t i c u -  
l a r l y  w h e n  the  k n o w n  b e h a v i o r  of t he  m a g n e t o s t r i c -  
t i ve  coefficient  is t a k e n  in to  account ,  t he  conc lus ion  
is d r a w n  t h a t  s t ress  does  not  p l a y  a s igni f icant  ro le  
in  t he  effects of compos i t i on  on coerc ive  force.  
Effect of temperature of bath on magnetic prop- 
erties of plate.--Several l eng ths  of Rod  w e r e  m a d e  
a t  v a r i o u s  b a t h  t e m p e r a t u r e s ,  a l l  o t h e r  p l a t i n g  con-  
d i t ions  be ing  m a i n t a i n e d  cons tan t .  The  r e su l t s  of 
t he se  tes t s  a r e  s h o w n  in T a b l e  III .  Rods  w i t h  the  
bes t  sw i t ch ing  c h a r a c t e r i s t i c s  and  s q u a r e n e s s  r a t io s  
w e r e  o b t a i n e d  w h e n  the  b a t h  t e m p e r a t u r e  was  
m a i n t a i n e d  a t  a p p r o x i m a t e l y  80~ W i t h  b a t h  t e m -  
p e r a t u r e s  of 65~ and  be low,  t he  p h y s i c a l  p r o p e r t i e s  
of t he  p l a t e  also d e t e r i o r a t e d  as  m a n i f e s t e d  b y  a 
b l a c k e n i n g  of t he  p la te .  
E3~ect of current density.--The m a g n e t i c  p r o p e r t i e s  
of the  p l a t e  a r e  not  a f fec ted  b y  v a r i a t i o n s  of --+25% 
in t h e  n o r m a l  c u r r e n t  d e n s i t y  (90 m a / c m e ) .  The  
speed  of t r a v e l  in t h e  con t inuous  p l a t i n g  p rocess  
can  t h e r e f o r e  be  a d j u s t e d  for  o p t i m u m  cond i t ions  
in t he  s u b s t r a t e  e t ch ing  t ank .  

The  r e su l t s  of a s t u d y  of t he  m a g n e t i c  p r o p e r t i e s  
of t he  97 F e - 3  Ni  p l a t e  vs. t he  p H  of the  p l a t i n g  so-  
lu t ion  a r e  s h o w n  in T a b l e  IV. In spec t ion  of  T a b l e  
IV r e v e a l s  tha t ,  w h e r e a s  t he  coe rc ive  force  shows  
a s l igh t  t e n d e n c y  to d e c r e a s e  w i t h  d e c r e a s i n g  pH,  
the  v a l u e s  for  the  m a g n e t i c  o u t p u t  dec rea se  a p -  
p r e c i a b l y  for  p H  va lues  less t h a n  0.9. 
Relation of coercive force and plate th ickness . -  
The  r e l a t i o n s h i p  b e t w e e n  th i ckness  and  the  coe rc ive  
force  of t he  coa t ing  is s h o w n  in Fig.  9 for  t h r e e  d i f -  
f e r en t  s u b s t r a t e  t r e a t m e n t s .  In  t he  t h i n n e r  regions ,  
t he  r e l a t i o n s h i p  is r o u g h l y  l i n e a r  on a l o g - l o g  plot .  
This  is not  u n e x p e c t e d  s ince  p r e v i o u s  t h e o r e t i c a l  

a n d  e x p e r i m e n t a l  w o r k  on  t h i n  f i lms has  shown  t h e  
fo l l owing  r e l a t i o n  to ho ld  (6)  

He= Ct-"  

w h e r e  Hc is t h e  coe rc ive  force,  C is a cons t an t  d e -  
p e n d e n t  on the  n a t u r e  of t he  roughness ,  t is t he  
th i ckness ,  a n d  n also d e p e n d s  on t h e  n a t u r e  of t he  
roughness .  

The  s lope  of the  l i n e a r  p o r t i o n  and  the  b r e a k  in  
t he  c u r v e  as t he  t h i ckness  is i n c r e a s e d  was  f o u n d  
to be  a func t ion  of t he  s u b s t r a t e  p r e p a r a t i o n .  The  
b r e a k  is d e p e n d e n t  on t h e  r o u g h n e s s  of t he  s u b -  
s t r a t e  and  p r o b a b l y  occurs  a t  t he  i n i t i a t i on  of m u l t i -  
d o m a i n  behav io r .  S ince  the  t h e o r e t i c a l  t r e a t m e n t s  
on ly  h a v e  v a l i d i t y  w h e r e  t he  r o u g h n e s s  of the  f i lm 
or  t he  s u b s t r a t e  is s m a l l  c o m p a r e d  w i t h  d o m a i n  
w a l l  th ickness ,  w h i c h  is no t  t he  case  for  t he  f i lms 
s tud ied ,  no q u a n t i t a t i v e  conclus ion  can  be  d r a w n  
f r o m  the  da ta .  The  s lope a f t e r  t he  b r e a k  is s im i l a r  
for  t h e  t h r e e  s u b s t r a t e  t r e a t m e n t s .  
Switching kinetics.---The mos t  i m p o r t a n t  m a g n e t i c  
c ha r a c t e r i s t i c s  of the  Rod  as a c o m p u t e r  c o m p o n e n t  
is t h e  swi t ch ing  speed.  The  sw i t ch ing  c h a r a c t e r i s t i c s  
of t he  Rod h a v e  been  m e a s u r e d  in t he  l a b o r a t o r y  
in  an  a p p a r a t u s  d e s c r i b e d  e l s e w h e r e  (7 ) .  A t y p i c a l  
swi t ch ing  pu l se  is shown  in Fig .  10. 

The  sw i t ch ing  t i m e  was  d e t e r m i n e d  as t h e  i n -  
t e r v a l  b e t w e e n  the  po in t s  w h e r e  t he  v o l t a g e  was  
10% of t he  p e a k  va lue .  A swi t ch ing  coefficient  was  
t h e n  o b t a i n e d  a s s u m i n g  the  u s u a l  l i n e a r  r e l a t i o n  

Sw=T(H--Ho) 

The switching coefficient has also been measured 
on a 10-90% of the volt-sec area basis, and no sig- 

Table III. Magnetic properties of plate as a function of 
bath temperature 

F l u x  C o e r c i v e  
fo rce ,  

S a m p l e  No.  T e m p ,  ~ a r b i t r a r y  u n i t s  oe  

1 85 3.3 18.4 
2 80 3.4 18.0 
3 75 3.4 16.8 
4 70 3.O 14.0 
5 65 2.7 15.8 
6 60 2.5 16.0 
7 50 2.2 22.0 

i t  = 280 m a  s e c / i n ,  o f  10 ra i l  B e C u  w i r e ;  

Table IV. Magnetic properties of plate 
pH of bath 

p l a t e  t h i c k n e s s  ~0.6/z. 

as o function of 

.4 .5 

~x103 

Fig. 9. Thickness and coercive force for three different substrate 
treatments. 

Flux 
C o e r c i v e  f o r c e  

S a m p l e  No.  p H  a r b i t r a r y  u n i t s  H c - o e  

1 1.1 3.5 18.2 
2 1.05 3.5 18.2 
3 0.95 3.5 18.6 
4 0.5 3.0 17.8 
5 0.3 2.8 16.3 
6 0.15 2.8 17.8 
7 0.10 2.9 18.2 I . . . . . . . . . . .  I 

i t  = 280 ma sec/in, o f  10 m i l  BeCu w i re ;  plate thickness ~0.6/~. Fig. 10. Typical switching pulse 
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nif icant  difference in  va lue  is found  as compared  to 
the  peak  vol tage  method.  

The observed  swi tch ing  behav io r  of the  Rod m a y  
be s u m m e d  up  in  gene ra l  as qu i te  closely app rox -  
i m a t i n g  the behav io r  of a fe r r i t e  core. Two models  
have  been  suggested to descr ibe the  behav io r  of a 
core; one a n u c l e a t i o n  and  d o m a i n  g rowth  h y p o t h e -  
sis developed by  Goodenough  and  M e n y u k  (1) ,  a nd  
m a n y  others;  the  o ther  model ,  offered by  H u m p h r e y  
and  G y o r g y  (8) ,  is based on the  i ncohe ren t  r o t a -  
t ion  mechan i sm.  

The shape  of the swi tch ing  t r a n s i e n t  as wel l  as 
data  based  on i n t e r r u p t e d  pulse  m e a s u r e m e n t s  m a k e  
a nuc l ea t i on  and  g rowth  hypothes is  more  t enab le  
t h a n  i ncohe ren t  ro ta t ion ,  at  leas t  d o w n  to swi tch ing  
t imes  of 25 nanosec.  Both  the  swi tch ing  t r a n s i e n t s  
and  the  i n t e r r u p t e d  pulse  m e a s u r e m e n t s  closely r e -  
semble  the  da ta  ob ta ined  wi th  fe r r i t e  cores (1) .  

Acknowledgments 
The au thors  wish  to t h a n k  Dona l  Meier,  R ichard  

Cl inehens ,  George  Schrader ,  L a r r y  Douglas,  Eric 
Chow, and  H a r r y  W a t k i n s  for the i r  con t r ibu t ions  
and  assistance.  The w o r k  was  pa r t i a l l y  suppor ted  

by  Air  Force  Ca mbr i dge  Research  Labora tor ies ,  
Con t rac t  No. A F  19 (604)-5896.  

Manuscript  received April  11, 1962; revised manu-  
script received Sept. 21, 1962. This paper was pre-  
pared for del ivery before the Detroit  Meeting, Oct. 1-5, 
1961. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the December 1963 
J O U R N A L .  

REFERENCES 
1. N. Menyuk  and J. B. Goodenough, J. Appl. Phys., 

26, 1 (1955). 
2. J. B. Goodenough and D. O. Smith, "Magnetic Prop-  

erties of Metals and Alloys," Chap. 7, American 
Society for Metals (1958). 

3. W. Blum and W. O. Meyer, "Modern Electroplating," 
pp. 26-43, John  Wiley & Sons, New York (1953). 

4. E. Freund,  U.S. Pat. 2,063,034 (1934). 
5. A. G. Gray, "Modern Electroplating," p. 278, John 

Wiley & Sons Inc. (1953). 
6. J. C. Lloyd and R. S. Smith, J. Appl. Phys., 38, 274S 

(1959). 
7. D. A. Meier and A. J. Kolk, "The Magnetic Rod- -A 

Cylindrical  Thin  Fi lm Element," ONR Sympo- 
sium on Large Capacity Memory Techniques for 
Comput ing Systems, May 1961. 

8. F. B. Humphrey  and E. M. Gyorgy, J. Appl. Phys., 
30, 6 (1959). 

Effects of Additives on the Structure 
of Electrodeposited Silver 

R. W. Hinton, 1 L. H. Schwartz, 2 and J. B. Cohen 

Department of Materials Science, Technological Institute, Northwestern University, Evanston, Illinois 

ABSTRACT 

The s t ructure  of silver deposited from a cyanide bath was examined using 
x - r ay  diffraction techniques. Measurements  were made of the effects of small 
concentrat ions of potassium ethyl xanthate  (KEX),  carbon disulfide, gelatin, 
and polyvinylpyr id ine  on the mosaic size, densi ty of faults in  the (111) stack- 
ing sequence, macrostresses, and microstrains.  Hardness of the deposit and 
plat ing efficiency were also determined.  All deposits contained microtwin faults 
bu t  no (one- layer)  stacking faults. Dislocation densities were of the order 
of 109/cm ~ in deposits without  additive. With KEX there were 1010-1021 dis- 
locations/cm2; these were more randomly  distr ibuted than in the deposit from 
a solution without additive. Small  additions of additives increased the plat ing 
efficiency, but  with increasing amounts  the efficiency passed through one or 
more maxima.  The twin- fau l t  density, hardness, and line breadth changed in 
a similar  manne r  and were highest when  the effective current  density (or pla t -  
ing efficiency) was greatest. 

With additions of KEX, microstrains varied greatly over small  distances, 
from 3 x 10 -3 averaged over 29A to 1 x 10 -8 averaged over 150A, but  there 
was no var iat ion of these microstrains with concentrat ion of additive. Macro- 
stresses followed the pla t ing efficiency in an opposite m a n n e r  to the microtwin 
density, hardness, and line breadth  at low concentrat ions of KEX; macro-  
stresses increased when the current  efficiency decreased. At higher concen- 
trat ions the macrostresses increased when cur ren t  efficiency increased. The 
structures obtained with the four additives studied were similar. 

The  p resence  of r e s idua l  stresses in  e lectrodeposi ts  
has been  k n o w n  for a c e n t u r y  (1) .  W h e n  the deposi t  
is t h in  the  m a g n i t u d e  and  s ign of these  stresses de -  
pend  on the  subs t ra te ,  b u t  in  th i cke r  deposits  the  
stresses depend  on ly  on the  me ta l  and  deposi t ion 

1 P r e s e n t  a d d r e s s :  U n i v e r s a l  O i l  P r o d u c t s  C o m p a n y ,  D e s  P l a i n e s ,  
I l l ino is .  

S t a n d a r d  Oi l  F o u n d a t i o n  F e l l o w .  

condi t ions  (2) .  F o u r  classes of theor ies  h a v e  been  
proposed to account  for these  r e s idua l  stresses. Ob-  
se rva t ions  ind ica te  t ha t  all  four  are p r o b a b l y  op-  
e ra t ive :  (a)  plas t ic  de fo rma t ion  d u r i n g  the  deposi -  
t ion  process due to inc lus ions  (such as add i t ives ) ,  
or to differences in  local  t e m p e r a t u r e  (3 ) ;  (b)  evo-  
lu t ion  of h y d r o g e n  occluded d u r i n g  p la t ing .  [Some 
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s t ress  r e l i e f  a f t e r  p l a t i n g  or  d u r i n g  h y d r o g e n  c h a r g -  
ing  has  been  o b s e r v e d  ( 2 ) ] ;  (c) F o r m a t i o n  a n d  
occ lus ion  of c o m p o u n d s  (4, 5) a n d  t h e i r  s u b s e q u e n t  
r educ t ion .  Dif ferences  in  t he  s t resses  in d i f f e ren t  
m e t a l s  cou ld  t h e n  a r i se  due  to t he  dens i t i e s  of d i f -  
f e r e n t  t y p e s  of c o m p o u n d s  and  the  a m o u n t  of t h e i r  
r educ t ion ;  (d)  Dis loca t ions  due  to g r o w t h  acc iden t s  
(6, 7) .  I t  is k n o w n  t h a t  the  d i s loca t ion  d e n s i t y  in  a 
copper  depos i t  is o rde r s  of m a g n i t u d e  g r e a t e r  t h a n  
t ha t  in  a w e l l  a n n e a l e d  m e t a l  (8, 9) ,  (i.e., 109-101~ 
d i s loca t i ons / cm2) ,  and  t ha t  t h e  s t o r ed  e n e r g y  in 
e l e c t r o d e p o s i t e d  s i lve r  is s i m i l a r  to t h a t  f o u n d  in 
d e f o r m e d  s i lve r  (10) .  Thus  w e  can  e x p e c t  m i c r o -  
s t resses  to a r i se  f r o m  the  p re sence  of d i s loca t ions ,  
and  m a c r o s t r e s s e s  to a r i se  f rom the  d i s loca t ion  a r -  
r a n g e m e n t  a n d / o r  t he  excess  of d i s loca t ions  of  one 
sign. [Di s loca t ions  can  b e  p r o d u c e d  b y  d e f o r m a t i o n  
as soc ia t ed  w i t h  m e c h a n i s m s  (a )  or  (b )  (11) as w e l l  
as b y  m i s t a k e s  d u r i n g  g r o w t h  of t he  depos i t . ]  

A d d i t i v e s  to the  so lu t ion  have  an  i m p o r t a n t  effect 
on mos t  aspec t s  of e l ec t rodepos i t ion .  I t  is we l l  
k n o w n  t h a t  t h e y  a r e  occ luded  in  t h e  p l a t e  (6, 8) .  
S e v e r a l  a u t h o r s  h a v e  p r o p o s e d  t h a t  a d d i t i v e s  b lock  
g r o w t h  s t eps  d u r i n g  depos i t i on  (6, 12, 13),  a n d  
V e r m i l y e a  et al. (14) h a v e  been  ab le  to show q u a n -  
t i t a t i v e l y  t h a t  t he  r a t e  of e l e c t r o d e p o s i t i o n  of m e t a l  
w h i s k e r s  is con t ro l l ed  b y  th is  process .  W h e n  a p p l i e d  
to t he  f o r m a t i o n  of a p o l y c r y s t a l l i n e  depos i t  (15) ,  
th is  concep t  e x p l a i n s  t he  w e l l - k n o w n  dec rease  of 
g r a i n  size w i t h  i n c r e a s i n g  a m o u n t s  of add i t i ves .  

The  d i s loca t ion  d e n s i t y  and  t w i n n i n g  f r e q u e n c y  
have  been  o b s e r v e d  to inc rease  g r e a t l y  in Cu d e -  
posi ts  w h e n  a d d i t i v e s  a r e  p r e s e n t  in  the  b a t h  (8 ) ;  
the  d i s loca t ions  seem to be  a s soc ia t ed  w i t h  occ luded  
add i t ive ,  a l t h o u g h  w h e t h e r  th is  is t r ue  for  t he  tw ins  
is no t  k n o w n .  G r o w t h  a r o u n d  such an occ lus ion  
m i g h t  l e ad  to  d i s loca t ions  (6, 7). I t  is also i n t e r e s t -  
ing t h a t  w i t h  Cu depos i t s  t h e r e  seems  to be  a l i m i t -  
ing d i s loca t ion  d e n s i t y  and  occ lus ion  d e n s i t y  (8)  of 
abou t  1011/cm 2 and  1017/cm 3, r e s p e c t i v e l y ;  such  d e -  
fect  concen t r a t i ons  can  l ead  to l a r g e  i nc reases  in 
s t r e n g t h  a n d  to r e s i d u a l  s t resses .  

W i t h  coppe r  deposi ts ,  t h e r e  does  no t  s eem to be  
a n y  c o r r e l a t i o n  b e t w e e n  h a r d n e s s  and  r e s i d u a l  
m a c r o s t r e s s e s  (16) .  

In  th i s  p a p e r  i t  w i l l  be  shown  t h a t  t he  use  of a d -  
d i t ives  in e l e c t r o d e p o s i t i o n  of s i lve r  can  also i n -  
c rease  t he  d i s loca t ion  dens i ty .  Also ,  t w i n  faul t s ,  
bu t  no t  ( o n e - l a y e r )  s t ack ing  fau l t s ,  a r e  p r e s e n t  in 
t he  p la te ,  a n d  the  c o n c e n t r a t i o n  of tw ins  i nc reases  
to a b o u t  t h e  s ame  l i m i t i n g  v a l u e  for  a l l  add i t i ves .  I t  
w i l l  f u r t h e r  be  s h o w n  t h a t  t he  h a r d n e s s  of t h e  d e -  
pos i t  and  i ts  t w i n - f a u l t  d e n s i t y  a r e  d i r e c t l y  r e l a t ed .  
V a r i a t i o n s  in bo th  of these  and  in m a c r o s t r e s s e s  in 
t he  p l a t e  w i l l  be  d i scussed  in r e l a t i o n  to p l a t i n g  e f -  
f ic iency and  i ts  v a r i a t i o n  w i t h  c o n c e n t r a t i o n  of a d d i -  
t ive.  A s u p p l e m e n t a r y  p u r p o s e  of t he  w o r k  was  to 
d e m o n s t r a t e  the  use  of m o d e r n  t e chn iques  of a n a l -  
ys is  of the  b r o a d e n i n g  of p e a k s  in  an  x - r a y  d i f f r ac -  
t ion  p a t t e r n  f r o m  a depos i t  in  t h e  s t u d y  of i ts  
s t ruc tu re .  These  t echn iques ,  w h i c h  h a v e  been  in -  
v a l u a b l e  in s tud ies  of d e f o r m a t i o n ,  a r e  shown  h e r e  
to be  v e r y  sens i t ive  to s m a l l  changes  in  t he  s t r u c -  

t u r e  of the  e l ec t rodepos i t .  W o o d  (17) was  t he  first  
to obse rve  x - r a y  l ine  b r o a d e n i n g  in  e l e c t r o - d e p o s i t s .  
To da te ,  on ly  a p p r o x i m a t e  a t t e m p t s  h a v e  been  m a d e  
to a n a l y z e  the  d i f f rac t ion  p a t t e r n s ,  o f t en  in  cases  
i nvo lv ing  a l l oy  depos i t s  w h e r e  f luc tua t ions  in  c o m -  
pos i t i on  and  as soc ia t ed  v a r i a t i o n s  in  l a t t i c e  p a r a m -  
e t e r  m a k e  a d e t a i l e d  i n t e r p r e t a t i o n  in  t e r m s  of  
de fec t s  diff icult  (18, 19).  

Experimental Procedures 
Sample preparation.--Plating so lu t ions  w e r e  m a d e  

w i t h  d i s t i l l ed  a n d  de ion ized  w a t e r  h a v i n g  a r e -  
s i s t i v i t y  of 2 x l0  s o h m - c m .  These  w e r e  mixed ,  
s tored ,  and  used  in  p o l y e t h y l e n e  con ta ine r s .  S e p a -  
r a t e  c on t a ine r s  w e r e  used  for  depos i t i on  w i t h  and  
w i t h o u t  add i t ive .  I n c r e a s i n g  a m o u n t s  of  a d d i t i v e  
w e r e  s t u d i e d  b y  success ive ly  i nc r e a s ing  the  con-  
c e n t r a t i o n  in one ba th .  A l l  c on t a ine r s  w e r e  r i n s e d  
in  d i s t i l l ed  w a t e r  and  k e p t  c ove re d  w h e n  not  in 
use. (No soap was  eve r  u sed  in  t he  w a s h i n g . )  The  
in i t i a l  compos i t i on  of t he  p l a t i n g  so lu t ion  was  1.4N 
KCN,  0.4N A g C N ;  i t  was  f r e s h l y  p r e p a r e d  (us ing  
F i s h e r  r e a g e n t s )  for  each  sequence  of s tud ies  w i t h  a 
g i v e n  add i t ive .  Be fo re  a n y  add i t i ons  w e r e  m a d e  to  
such  a f r e sh  solut ion,  t he  h a l f - b r e a d t h  of the  400 
x - r a y  p e a k  was  c he c ke d  u n d e r  f ixed p l a t i n g  con-  
di t ions .  This  h a l f - b r e a d t h  v a r i e d  b y  no m o r e  t h a n  
--+5%. No change  was  no ted  if  t he  so lu t ion  was  a l -  
l o w e d  to s t a n d  for  pe r i ods  up  to two  weeks ,  p H  was  
m e a s u r e d  w i t h  a m e t e r ;  t he  add i t i ve s  h a d  no effect. 

The  add i t i ve s  used  in  th i s  s t u d y  w e r e  p o t a s s i u m  
e t h y l  x a n t h a t e  ( K E X ) ,  CS2, p o l y v i n y l p y r i d i n e  
( P V P ) ,  ~ and  ge la t in .  These  w e r e  a d d e d  f r o m  a q u e -  
ous so lu t ions  of 1-2 m g / m l .  The  K E X  was  p r e -  
p a r e d  as s u g g e s t e d  b y  Voge l  (20).  CS2 a n d  ge la t in  
w e r e  of s t a n d a r d  r e a g e n t  qua l i ty .  These  a d d i t i v e s  
have  a w ide  r a n g e  of aff ini ty  for  s i lve r  ions and  
w e r e  e x p e c t e d  to g ive  r i se  to d i f fe ren t  s t r u c t u r e s  if 
c h e m i c a l  a d s o r p t i o n  of t h e  a d d i t i v e  on t h e  depos i t  
was  i m p o r t a n t .  The  a d d i t i v e s  con ta in ing  su l fur ,  
KEX,  and  CS2, a r e  s t r o n g l y  a t t r a c t e d  to s i lve r  ions, 
ge l a t i n  is nex t ,  and  P V P  has  t he  w e a k e s t  a t t r a c t i o n  
(21) .  In  the  so lu t ions  used  here ,  m o l e c u l a r  we igh t s  
of ge l a t i n  and  P V P  a re  no t  known ,  as t he  size of 
these  m a c r o m o l e c u l e s  in a n y  so lu t ion  d e p e n d s  on 
pH a n d  the  p r e s e n c e  of o t h e r  ions  in  t he  so lu t ion  
(21) .  In  t he  case  of  CSe and  KEX,  h o w e v e r ,  t he  
m o l e c u l a r  w e i g h t s  a r e  those  g iven  b y  the  s imp le s t  
c h e m i c a l  fo rmu la .  Thus  for  CS2 ( m o l e c u l a r  w e i g h t  
= 76.1) 1 m g =  7.9 x 10 TM molecules ,  w h i l e  for  K E X  
( m o l e c u l a r  w e i g h t  = 197.4) 1 m g  = 3.05 x 10 TM 

molecules .  
The  anodes  a n d  ca thodes  w e r e  s t r i p s  of  s i lver ,  

99.99 w/o  pure ,  r o l l ed  to a b o u t  1 m m  in th ickness ,  
r o u g h e n e d  w i t h  e m e r y  p a p e r ,  and  a n n e a l e d  for  1 
h r  a t  300~ (The  r o u g h e n i n g  p r o v i d e d  a r a n d o m l y  
o r i e n t e d  su r f ace  l a y e r  a f t e r  r e c r y s t a l l i z a t i o n ,  as d e -  
t e r m i n e d  f r o m  x - r a y  p inho l e  p a t t e r n s  a n d  c o m p a r i -  
sons of the  i n t ens i t i e s  of t he  222 and  400 peaks . )  
F o r  x - r a y  s tud ies  of m a c r o s t r e s s  and  h a r d n e s s  m e a s -  
u r e m e n t s ,  t h e s e  s t r ips  w e r e  1 c m  w i d e  and  3 cm 
long.  F o r  s tud ies  of x - r a y  l i n e - b r o a d e n i n g ,  ca thodes  
3 x 5 cm w e r e  used.  Bo th  s ides  of t he  c a thode  w e r e  

8 P V P  was  o b t a i n e d  f r o m  P r o f e s s o r  I. M. Klo tz ,  C h e m i s t r y  De-  
p a r t m e n t ,  N o r t h w e s t e r n  U n i v e r s i t y ,  E v a n s t o n ,  I l l ino i s .  
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p l a t e d  ( to  a b o u t  t w i c e  t he  inf in i te  t h i ckness  for  
Cu K a  r ad i a t i on ,  0.001 cm)  to  avo id  b e n d i n g  f r o m  
r e s i d u a l  s t resses .  

Unless  o t h e r w i s e  m e n t i o n e d ,  depos i t i on  was  c a r -  
r i ed  out  a t  r o o m  t e m p e r a t u r e  (24~176  at  c u r r e n t  
dens i t i e s  of 5-15 m a / c m  2. The  c u r r e n t  source  was  a 
d - c  s t o r age  b a t t e r y .  C u r r e n t  was  m e a s u r e d  w i t h  an  
a c c u r a c y  of  •  e r r o r  in  d e t e r m i n a t i o n  of s a m p l e  
a r e a  l ed  to a t o t a l  u n c e r t a i n t y  of -----5% in c u r r e n t  
dens i ty .  The  so lu t ion  was  s t i r r e d  w i t h  a g lass  p a d d l e  
he ld  f a r  f r o m  the  e l ec t rodes  to m i n i m i z e  v e l o c i t y  
effects. C a t h o d e s  w e r e  w e i g h e d  b e f o r e  and  a f t e r  
depos i t ion ,  and  t h e  w e i g h t  change  w a s  used  as an  
i n d i c a t i o n  of p l a t i n g  efficiency. T h e  a p p e a r a n c e  of 
a l l  depos i t s  was  r eco rded .  

X-ray methods.--All x - r a y  d a t a  for  s tud ies  of  
l ine  b r o a d e n i n g  w e r e  o b t a i n e d  w i t h  a G. E. X R D - 5  
d i f f r a c t o m e t e r  us ing  f i l t e red  Cu r ad i a t i on .  111, 222, 
200, and  400 p e a k s  w e r e  c h a r t  r eco rded .  Care  was  
t a k e n  to  use  t he  s a m e  sl i ts  for  each  p e a k  for  b o t h  
depos i t ed  s i l ve r  a n d  an  a n n e a l e d  sample ,  and  to 
r e c o r d  a sufficient  a n g u l a r  r a n g e  a r o u n d  each  p e a k  
to be  su re  t h a t  t he  b a c k g r o u n d  was  c l e a r l y  e s t a b -  
l i shed.  O b s e r v a t i o n s  w e r e  m a d e  of p e a k  pos i t ions ,  
h a l f - b r e a d t h s ,  and  in tens i t i es .  F o u r i e r  ana lys i s  of 
t h e  s h a p e  of x - r a y  p e a k s  as  a f u n c t i o n  of a d d i t i v e  
c o n c e n t r a t i o n  was  m a d e  for  the  K E X  add i t ive .  The  
ana lys i s  has  been  r e c e n t l y  r e v i e w e d  b y  W a r r e n  
(22) ,  a n d  on ly  the  p e r t i n e n t  p r o c e d u r e s  wi l l  be  d i s -  
cussed  here .  

F r o m  a ca r e fu l  q u a n t i t a t i v e  s t u d y  of  the  d i f f r ac -  
t ion  p a t t e r n  i t  is pos s ib l e  to  d e t e r m i n e  c o n c e n t r a -  
t ions  of f au l t s  in t he  s t ack ing  s equence  of (111) 
p lanes ,  mosa ic  sizes, and  s t ra ins .  The  gross  a s s u m p -  
t ions  conce rn ing  de fec t  d i s t r i bu t ions ,  n e c e s s a r y  to 
co r rec t  t h e  shape  of t he  p a t t e r n  for  i n s t r u m e n t a l  
b r o a d e n i n g  w h e n  on ly  l ine  b r e a d t h s  a r e  cons idered ,  
a r e  no t  n e c e s s a r y  w i t h  th is  me thod .  The  a n a l y s i s  
also p r o v i d e s  de ta i l s  of t he  v a r i a t i o n  in  s t r a in s  ove r  
d i s t ances  of a tomic  d imens ions .  S t r a i n s  m u s t  in fac t  
v a r y  w i t h  t he  d i s t ance  f r o m  an  impe r f ec t i on ,  and,  
if t hese  a r e  of a tomic  size, a v a r i a t i o n  of s t r a in  ove r  
a tomic  d imens ions  is an  i m p o r t a n t  i nd i ca t i on  of t he  
p re sence  of such  imper fec t ions .  

The  p e a k  to be  a n a l y z e d  is a convo lu t i on  of the  
t r ue  b r o a d e n i n g  due  to s t r u c t u r a l  defec t s  and  t h a t  
due  to i n s t r u m e n t a l  f ac to r s  (as r e p r e s e n t e d  b y  the  
shape  of a p e a k  f r o m  an  a n n e a l e d  s a m p l e ) .  The  
two  p e a k s  a r e  r e p r e s e n t e d  b y  one d i m e n s i o n a l  
F o u r i e r  ser ies  in  t e r m s  of a n e w  u n i t  cel l  for  each  
p e a k  such  t h a t  h k l  = ooL. The  t r u e  b r o a d e n i n g  
func t ion  can  be  d e t e r m i n e d ,  as was  shown  b y  S tokes  
(23) .  The  cos ine  a n d  s ine  coefficients of t he  s t r u c -  
t u r a l  b r o a d e n i n g  func t ion ,  A ,  and  Bn, can  be  ob -  
t a i n e d  f r o m  t h e  cos ine  and  s ine  coefficients of the  
p e a k s  f r o m  t h e  s a m p l e  [ H r ( n )  and  H i ( n ) ]  and  the  
a n n e a l e d  s t a n d a r d  [ G r ( n )  and  G i ( n ) ]  

H r ( n )  G r ( n )  + H i ( n )  G i ( n )  
An = [1]  

Gr2(n)  + Gi2(n)  

B. = 
Hi(n) Gr(n) --Hr(n) Gi(n) 

Gr2(n)  + Gi2(n)  
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Fig. l(a).  400 peak from silver deposited from a solution of 
1.4N KCN -I- 0.4N AgCN; plating conditions: room temperature, 
C.D. ~ 10 ma/cm2; Fig. l(b). 400 peak from annealed silver 
specimen. Positions for determination of the fictitious lattice 
parameter a'3 (for Fourier analysis), 0tall and 0peak, are shown. 
The sum used to evaluate the Fourier cosine and sine coefficients 
are indicated under each peak. The constant K, a scale factor, 
is unimportant as only the shape is of interest in the analysis 
(see text). 

A un i t  cel l  p a r a m e t e r ,  a'3, is d e t e r m i n e d  for  each  
p e a k  f r o m  w h e r e  t h e  t a i l s  r e a c h  b a c k g r o u n d .  This  
po in t  is t a k e n  as  ha l f  t he  d i s t ance  in  r e c i p r o c a l  space  
f r o m  the  cen t e r  of ooL p e a k  to t he  n e x t  o r d e r  

[ (L+-~I )  - L  1 = 2a'3k (sin #tail--sin 8peak)[2] 

In  Fig .  1, a 400 p e a k  f r o m  s i l ve r  d e p o s i t e d  f r o m  
1.4N KCN,  0.4N A g C N  a n d  the  s a m e  p e a k  f r o m  the  
a n n e a l e d  s i lve r  s t a n d a r d  a r e  p r e se n t e d .  The  a n g u l a r  
pos i t ions  for  t he  d e t e r m i n a t i o n  of a'3 a r e  ind ica ted .  
The  i n t e r v a l s  s h o w n  a re  u sed  for  the  d e t e r m i n a t i o n  
of t he  F o u r i e r  coefficients as i n d i c a t e d  b y  the  sums  
u n d e r  each  peak .  Coefficients  a r e  c o m p a r e d  fo r  t he  
s ame  v a l u e  of na 's  = L ( w h i c h  is a t r u e  d i s t ance  
n o r m a l  to t he  d i f f r ac t ing  p l a n e s )  r a t h e r  t h a n  for  
t he  s a m e  n. Thus ,  u s ing  a d i f fe ren t  p a r a m e t e r  a'~ 
for  each  p e a k  inc reases  t he  a c c u r a c y  of t h e  ana lys i s .  
A f t e r  co r r ec t i on  for  i n s t r u m e n t a l  effects  t he  co-  
efficients a r e  n o r m a l i z e d ,  s e t t i ng  Ao = 1, as on ly  t he  
shape  of t he  p e a k  is i m p o r t a n t .  The  sums  for  the  
d e t e r m i n a t i o n  of t he  F o u r i e r  coefficients for  each  
p e a k  w e r e  c a r r i e d  ou t  w i t h  t h e  a id  of B e e v e r s - L i p -  
son s t r ip s  (24) or  w i t h  a c o m p u t e r  (25).  In  Fig.  2 
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2. Fourier cosine coefficients for the peaks shown in Fig. 1 
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the cosine coefficients for the data of Fig. 1 are 
presented. 

The diffracted intensity per unit length of the cone 
of diffraction f rom a powder sample, P'2o, can be 
writ ten in terms of the corrected coefficients, An 
and Bn, by representing the diffraction in terms of 
coherently reflecting columns of cells normal  to 
the (ooL) diffracting planes 

P' = K(8) Nn=~_'oo 2e {An cos 2~rn(hs--l--~) + Bn 

sin 2~rn (hs--l--$) } [3] 

h3 is a continuous variable along the ooL direction 
in reciprocal space, $ represents a peak shift due to 
stacking faults (i.e., one-layer faults in the normal 
--ABe--sequence in the fcc structure such as 
ABCABCBCABC), and N is the average number of 
unit cells in each diffracting domain. 

G f2 (1 + cos 2 28) 
K(8) = [4] 

sin~8 

where 8 is the diffraction angle, f is the atomic 
scattering factor, and G is a constant independent 
orS. 

Warren has shown that  

N. 
An = -~3 <cos 21rlnen> [5] 

Here ~n is the strain in a column of n cells, Nn is the 
average number  of cells having an nth neighbor in 
a given column, and Na is the average number  of 
cells in a column normal  to the diffracting planes. 
The brackets signify averaging over all columns of 
length n under the x - r a y  beam. For small 1 and n 
the cosine can be expanded to give 

An = -~-~Nn (l__21r2(h~.§ n2a's zao____.__ 7 -  <eng"> ) [6] 

where the substitution 1 = a'a (h2A-k2A-12)l/2/ao has 
been made. 

Thus it is possible to separate the term involving 
column size, Nn/N~, from the strain, for each n. The 
slope of a plot of log An vs. Ih2q-k2+l~l using two 
orders of a peak, (111-222, or 200-400 for example),  
yields the rms strain, <e=~>~/=. In Fig. 3 such a plot 
is presented using the data given in Fig. 2 for a 400, 
treated as in Eq. [1] and normalized to unity, and 
similar data for the 200 peak. If the origin of the 
peak being analyzed is chosen as the position from 
the deposit rather than the annealed position, any 
long range component is not  included, i.e., the 
strains are t ruly  microstrains. The microstrains ob- 
tained from the slopes are indicated, and in the 
insert the intercepts at Ih2+k~+121 = 0, Nn/N3, are 
plotted for the determination of "particle size," 
Dell<200>. The term Nn/N3 is related to four 
quantities: (i) the mosaic size normal  to the dif- 
fracting planes, D; (ii) the mosaic size parallel to 
the diffracting planes, T; (iii) the probabili ty of 
finding a stacking fault  between two (111) layers, a, 
(ABCABCBCABC);  (iv) the probabili ty of finding 
a twin or growth fault, fl, i.e., of finding two or more 
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Fig. 3. In An vs .  h2-~-k2-[-I 2 for silver deposited from a solution 
of 1.4N KCN 4- 0.4N AgCN; plating conditions: room temperature, 
C.D. ~ 10 ma/cm 2. Data from Fig. 2 for the 400 peak, treated 
as in Eq. [1] and normalized to unity, and similar data for the 
200 peak are used. The strains obtained from the slopes using 
Eq. [6] in the text are shown. The values of the coefficients at 
Ih2-f-k2+121 = 0, Nn/N8 are presented in the insert. The initial 
slope of this function yields D (See Eq. [6] and [8] 
in the text), eff <200> 

layers in an incorrect sequence (ABCABCBABC- 
ABC) 

[ d(Nn/N,) ] 1 
<III> = 

dn n-~0 D eff<lll> 

_ +  + . - -  [7] 
D ao 4 T~/2 

d(N./Ns) <200> = -- 
dn n-~o D elf<200> 

1 1.5a + fl 1 + + [8] 
D ao TX/1.5 

Note that when the terms in a and fl are large in 
comparison to the terms in D and T, the ratio 

Deff<lll>/Deff<2oo > approaches the value 2.3. 
It is difficult to estimate the error in particle size 

and strain. However,  repeated measurements  on 
samples prepared in the same manner  indicate a re-  
producibility of --+10% in values of particle size and 
rms strain at distances of greater than about 60A. 
Strains averaged over shorter distances are more 
strongly affected by the choice of background values 
in the x - r ay  pattern, and variations of as high as 
+---30% were found for distances below 60A. 

By combining the two equations [7] and [8] 
and measuring ~ and fl separately as discussed be- 
low, D and T can be determined. Alternat ively min- 
imum values for D or T can be obtained by elim- 
inating a and fl in [7] and [8] and neglecting the 
term in T or D. 

Stacking faults in fcc structures cause unusual 
shifts in peak positions as well as peak broadening. 
Whereas general strains shift all peaks to higher 
or lower angles, stacking faults cause different peaks 
to shift in different directions. For example, the 
111 shifts to high angles and the 200 to low angles. 
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can be d e t e r m i n e d  by  s imply  char t  record ing  f rom 
the 111 to the 200 con t inuous ly ,  first wi th  the s t a n d -  
ard  and  t h e n  wi th  the  sample  to be  analyzed,  and  
then  compar ing  the change  in  peak  posi t ion:  

- -45k/3 
•176 20~ -- 

~.2 

( 1 tan0111)  [9] t an  0200 + -~- 

4/a  is a measu re  of the  n u m b e r  of (111) p l anes  be -  
tween  faul t s  on any  of the  4 possible  {111}, a s sum-  
ing all four  to be  faul ted .  A change  in  peak  sepa ra -  
t ion of less t h a n  --+0.01 ~ 20 could no t  be  detected;  
this  corresponds  to a = 4 x 10 -3 or one s tack ing  
fau l t  per  1000 p lanes  in  any  of the  four  ~ 1 1 1 >  di -  
rections.  

fl causes an  a s y m m e t r y  in  the peaks  (i.e., fl is re -  
la ted to the  coefficient Bn in  Eq. [3 ] ) .  S t r a ins  m a y  
do this  also, bu t  wi l l  cause all  the  peaks  to be  
a s y m m e t r i c a l  in  one direct ion,  whereas  due to fl, 
the 111 tai ls  to h igh angles  and  200 tai ls  to low 
angles.  I t  is possible  to d e t e r m i n e  fl f rom the  dif-  
fe rence  in  pos i t ion  of the  cen te r  of g r av i t y  and  peak  
m a x i m u m ,  (a  C.G.) (27) .  Two peaks  such as 111 
and  200 gene ra l l y  over lap  if there  is any  s ignif icant  
b roaden ing .  Also s t ra ins  can cause an  a s y m m e t r y  as 
m e n t i o n e d  above.  There fo re  it is best  to wr i t e  an  
express ion  for the sum of these a C.G.'s for the  
two peaks,  a p rocedure  which  min imizes  the t r o u -  
bles in  d e t e r m i n i n g  the cen te r  of g r av i t y  and  p a r -  
t i a l ly  cancels  any  effects due to genera l  s t ra ins  

a C.G.(~ 111 - - A  C.G.(~ = 

f l ( I1  t an  0121 + 14.6 t an  020o) [10] 

Before d e t e r m i n i n g  the C.G. a peak  m u s t  first be 
corrected by  d iv id ing  t h rough  by  the  a n g u l a r  de-  
p e n d e n t  por t ion  of K ( 0 ) ,  f2 (1 + cos e 20)/sine0. I t  
is des i rab le  to choose slits so tha t  the  cor responding  
a n n e a l e d  peaks are r e a s o n a b l y  symmet r ica l .  In  this  
work  it was  found  tha t  the  a n g u l a r  difference in  
(10) was 0.OO ~ 20 --+ 0.01 for the  a n n e a l e d  s t a n d -  
ard. The  e r ror  in  fl wi l l  t hen  be a constant ,  abou t  
3-4 x 10 -3 (27),  and  the  pe rcen tage  e r ror  wi l l  
v a r y  i nve r se ly  to the  m a g n i t u d e  of ft. [ I t  is w or t h  
m e n t i o n i n g  tha t  by  us ing  this  change  in separa t ion  
of the C.G. and  peak  m a x i m u m ,  fl can  be m e a s u r e d  
more  prec ise ly  t h a n  by  p rev ious  methods  (27)] .  

Measuremen t s  of macros t resses . - -The  stress in  
the surface  of the  plate,  Cs, was  d e t e r m i n e d  us ing  
a P icker  x - r a y  d i f f rac tometer  w i th  NiK~ radia t ion .  
The posi t ion of the 420 peak  was  m e a s u r e d  in  the  
n o r m a l  B r a g g - B r e n t a n o  focusing posi t ion,  an d  also 
wi th  the  sample  ro ta ted  45 ~ . The rece iv ing  sli t  was  
placed at  the correct  focal posi t ion for each of the  
two sample  posi t ions to increase  the  observed i n -  
t ens i ty  of the  peak. The  stress is g iven  by  the  for-  
m u l a  (28) 

~s = KA20 [11] 

where  420 is the  difference in  the two peak  posi t ions 
(corrected for the  difference observed  for an  a n -  
nea led  sample )  and  K = 640 psi /0 .01~ for the  
peak  chosen. A n  er ror  of +--0.02~ in  the  d e t e r m i n -  
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a t ion  of peak  m a x i m a  gave rise to a p robab l e  e r ror  
of --+2560 psi. 

Hardness measuremen t s . - -Microhardness  meas -  
u r e m e n t s  were  made  on the  deposits  us ing  a Leitz 
M i n i l o a d - H a r d n e s s  Tester .  The average  Vickers  
ha rdness  n u m b e r  (VI-IN) was  the  same for 15g and  
25g loads;  the  25g load gave more  u n i f o r m  i n d e n t a -  
t ions on the  p la ted  surface  a nd  therefore  all  h a r d -  
ness va lues  repor ted  here  were  d e t e r m i n e d  us ing  
this load. F ive  to t e n  read ings  were  made  on each 
sample.  The  m e a n  and  the  ex t r emes  are  repor ted .  

In  s u m m a r y ,  s tudies  were  made  of the  effects of 
smal l  addi t ions  of KEX,  CS2, gela t in ,  a nd  P V P  on 
the dif f ract ion p a t t e r n s  f rom elec t rodeposi ted  si l-  
ver. Diffract ion peak  shapes, breadths ,  and  posi t ions 
were  examined .  F r o m  the posi t ions and  shapes, i n -  
fo rma t ion  was ob ta ined  on s tack ing  disorders  (mi -  
c ro twins  and  s tack ing  fau l t s ) .  Wi th  K E X  added to 
the  solut ion,  the  dif f ract ion peaks  f rom the  deposit  
were  also ana lyzed  by  Four i e r  t echniques ,  and,  f rom 
the coefficients, da ta  on mosaic size and  mic ros t r a ins  
we re  obta ined.  In  addi t ion,  microst resses  in  the 
deposits  and  the i r  ha rdness  were  de te rmined .  F r o m  
the  we igh t  of the  deposits,  i n f o r m a t i o n  abou t  the 
effects of addi t ives  or p l a t ing  efficiency was  ob-  
ta ined.  

Results 

No add i t i ves . - -Be fore  s t a r t i n g  the s tudy  of the 
effects due to addi t ives ,  it  was  cons idered  i m p o r t a n t  
to d e t e r m i n e  the  a m o u n t  of b r o a d e n i n g  of diffrac- 
t ion  peaks  f rom s i lver  deposi ted f rom solut ions  con-  
t a i n i ng  no addi t ive ,  a nd  to es tabl ish  tha t  the  s t ruc -  
tu re  was  s table  d u r i n g  the  per iod  r e q u i r e d  for 
m e a s u r e m e n t .  

Severa l  qua l i t a t i ve  obse rva t ions  were  m a d e  on 
the effect of t e m p e r a t u r e  and  c u r r e n t  dens i ty  on 
deposits  f rom solut ions  con t a in ing  no addi t ives.  
The 400 l ine  b r e a d t h  f rom a sample  p la ted  at 5 
m a / c m  2 at room t e m p e r a t u r e  was  0.60~ compared  
to 0.90 ~ at 15 m a / c m  2. P l a t i ng  at 5 m a / c m  2 f rom a 
so lu t ion  cooled to 4~ resu l ted  in  a 400 l ine  b r e a d t h  
of 0.8 ~ and  a t w i n  fau l t  p r oba b i l i t y  twice  t ha t  ob-  
served in  a sample  p la ted  at  room t e m p e r a t u r e  at 
the same c u r r e n t  densi ty .  

S u b s e q u e n t  e xpe r i me n t s  ind ica ted  tha t  the re  was 
no apprec iab le  recovery  of such a plate,  or of one 
made  at room t empera tu r e ,  even  af ter  one day  at 
room t empera tu r e .  (However ,  a f ter  severa l  m o n t h s  
at room t e m p e r a t u r e  the  l ine  b r ead th s  decreased to 
n e a r  those of a n n e a l e d  s i lver . )  On p la t ing  at  6O~ 
at 10 m a / c m  2 there  was  no apprec iab le  x - r a y  l ine 
b roaden ing ,  whi le  a spec imen  p la ted  at  room t e m -  
p e r a t u r e  and  held  for 2 hr  a t  60~ recovered  only  a 
por t ion  of its l ine  sharpness .  Thus  the  defects 
fo rmed  d u r i n g  p l a t i ng  are qu i t e  s table  d u r i n g  the  
per iod of t ime  necessary  to m a k e  x - r a y  m e a s u r e -  
ments ,  and  the  resul t s  are not  compl ica ted  by  si- 
m u l t a n e o u s  annea l ing .  

In  all  f u r t h e r  work  to be discussed here  the cu r -  
r en t  dens i ty  was  10 m a / c m  2 and  p l a t i ng  was car r ied  
out  at room t e m p e r a t u r e  (24~176  

F i g u r e  4 shows the  rms  s t ra in ,  <eL2> 1/2 vs. 
h k l  ~ ' 

dis tance  in  the  ~ 2 0 0 >  and  ~ 1 1 1 ~  di rec t ions  
for a deposit  f rom a so lu t ion  con t a in ing  no addi -  
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Fig. 4. rms strain < e L 2 >  1/2 VS. the averaging distance normal 
to the diffracting planes (L), particle size (Def t )  and twin fault 

probability (~) for silver deposited from 1.4N KCN -I- 0.4N AgCN; 
plating conditions: room temperature, C.D. = 1 0  ma/cm 2. 

t i re .  The  par t ic le  sizes in  the  two direct ions,  

Deft<200 > and  Del l<i l l>  , are  given,  as wel l  as 
the  t w i n  fau l t  p robab i l i ty ,  ft. The  s ignif icant  ob-  
se rva t ions  to be  made  are these:  (a)  s t ra ins  a ve r -  
aged over  short  d is tances  are large,  i nd ica t ing  the  
presence  of defects w i th  size of the order  of a tomic 
size, such as dis locat ions;  (b)  s t ra ins  level  off to 
abou t  1.0 x 10 -3 at l a rger  d is tances ;  (c) Deft 
<lll>/Deff<200> = 2.2 indicating that faults are 
playing an important role in determining the par- 
ticle sizes (see Eq. [7] and [8]). 

These same characteristics were observed in all 
the results of the Fourier analysis reported here. 
Consequently, only the particle sizes, rms strain at 
two values of L (50A and 150A), and fault proba- 

bilities will be reported for the other deposits ex- 
amined. As seen in Fig. 4 the strain in the <200> 
direction is greater than that in the < 111> direction. 
The ratio is 1.2. As Young's modulus in these two 
directions is in the ratio 2.6 (29), this indicates the 
deposit is closer to a state of equal strains in all 
directions than equal stresses. For L>60A this was 
true for all plots of strain vs .  L. However for some 
samples the curves crossed at about L = 60A and 
for L<60A the strain in the <200> direction was 
less than that in the <111> direction. It is believed 
that this effect was due to inaccuracies in the choice 
of background for the 200 and 400 peaks. (Due to 
texture in the samples these peaks are of very low 
intensity.) 

No stacking faults were detected in any of the de- 
posits examined in this study (with or without ad- 
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Fig. 5. Breadth of the 400 peak from electrodeposited silver vs. 
concentration of KEX in 1.4N KCN -I- 0.4N AgCN; plating condi- 
tions: room temperature, C.D. = 10 ma/cm 2. III, solution G1; I-1, 
solution J; o, solution F; e, solution H1. 

ditives in the plating solution). Long-range residual 
compressive strains normal to the deposit, or a de- 
crease in lattice parameter, might cause peak shifts 
which would tend to mask out the change in 111- 
200 peak separation due to a small concentration of 
stacking faults. If this were the case, then the fault 
probability calculated from the 222-400 separation 
should be larger than that calculated from the 
111-200 separation, as stacking faults increase the 
former separation and decrease the latter, whereas 
compressive strains or a decrease in lattice param- 
eter would increase both separations. A careful 
examination of the data indicated that this was not 
the case within experimental error which means 
that the stacking fault probability ~ was of the 
order of 4 x 10 -3 or less (no more than one faulted 
plane per i000 planes in any of the four <111> 
directions). 

For the sample considered in Fig. 4 the Vickers 
hardness was 92 as compared to 48 for fully an- 
nealed silver. The surface stress, ~s, was found to 
be 3200 psi and tensile. 

Addition of potassium ethyl xanthate (KEX).-- 
In  Fig. 5 the  x - r a y  l ine  b r e a d t h  of the  400 peak  is 
p lot ted  for v a r y i n g  concen t r a t ions  of KEX.  The  two 
m a x i m a  are r ep roduc ib l e  f rom one p l a t i ng  so lu t ion  
to another .  In  Tab le  I resul t s  are shown of F ou r i e r  
ana lys i s  of severa l  samples  p la ted  w i th  v a r y i n g  
addi t ions  of KEX.  The mosaic  size is a m i n i m u m  
and  the  t w i n  fau l t  p r oba b i l i t y  is a m a x i m u m  for the 
concen t ra t ions  of K E X  cor responding  to a m a x i m u m  

Table I. Results of Fourier analysis of diffraction patterns of electrodeposlfed 
silver with various KEX additions 

Sam- Conc. <III> <200> <Ill> <200> 
ple  K E X  e �9 i /2  es 1/I e2 i /2  ~ ~ Daft , Deaf T m l n ,  D m l n ,  DF , DF 
NO. mg/l < 50A > <111> < 150A > <lll> < 50A > <200> < 15OA > <200> A A fl A A A A 

135 0.O0 1.4 X 10 -3 0.9 X 10 -3 1.9 )< 10 -8 1.0 X 10 -3 560 260 0.001 3000 8000 9200 4000 
137 0.34 1.7 0.9 1.6 1.1 250 140 0.011 392 1020 821 370 
167 0.84 1.4 0.9 ].7 1.0 340 180 0.005 660 1720 1886 820 
169 1.9 1.7 0.9 1.75 1.0 150 85 0.015 225 586 644 280 
174 3.5 1.8 1.15 t e x t u r e  too great; not e n o u g h  170 - -  - -  - -  

i n t e n s i t y  to  a n a l y z e  200-400 

Pla t ing  condi t ions:  I0 m a / e m  ~, r o o m  tempera ture .  
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in  l ine  breadth .  I t  is f u r t h e r  seen tha t  mic ros t r a ins  
averaged  over  smal l  and  la rge  d is tances  are r a the r  
i n d e p e n d e n t  of o ther  var ia t ions ,  be ing  about  the  
same for al l  concen t ra t ions  of addi t ive.  In  the  last  
two co lumns  the  va lues  of par t ic le  size ca lcu la ted  
f rom t w i n  fau l t  p robab i l i ty ,  Dr, are  presented .  I t  
is seen t ha t  the  observed  va lues  of D~ff are  due 
in  pa r t  to the  presence  of t w i n  faul ts ,  and  in  p a r t  
to mosaic size, (D and  T) .  

M e a s u r e m e n t s  of p l a t i ng  efficiency, m i c r o h a r d -  
ness, and  res idua l  macros t ress  were  made  on f resh ly  
p r epa red  samples.  4 In  Fig. 6 mic roha rdness  is 
p lo t ted  as a f unc t i on  of concen t ra t ion ,  once  aga in  
r epea t ing  the  two m a x i m a .  F igu re  7 shows res idua l  
stress vs.  concen t r a t i on  of KEX.  For  the  first peak  
(0.2-1.5 mg/1)  the r e s idua l  macros t resses  are low 
w h e n  ha rdnes s  is h igh;  howeve r  for concen t ra t ions  
of K E X  grea te r  t h a n  1.5 mg/1 the  macros t resses  
fol low the  hardness .  In  Fig. 8 the  da ta  on depo-  
s i t ion efficiency are presented .  This  p a r a m e t e r  var ies  
jus t  as the  t w i n  fau l t  p robab i l i ty ,  peak  b roaden ing ,  
and  hardness .  

Some r e m a r k s  on the  effect of K E X  addi t ives  on 
the appea rance  and  t e x t u r e  of the  p la te  are p e r t -  
inent .  Whi le  in  genera l  it  can be said t ha t  inc reas ing  
amoun t s  of addi t ive  r e su l t ed  in  a n  i m p r o v e m e n t  
of the  appea rance  of the  p la te  ( inc reas ing  b r igh tness  
or l u s t e r ) ,  no cor re la t ion  was observed  b e t w e e n  
p la te  appea rance  and  the  m a x i m a  observed  in  o ther  
proper t ies .  

T e x t u r e  was  also cons idered  by  e x a m i n i n g  the  
ra t io  of x - r a y  peak  in tens i t ies ,  I2~2/I4o o = R. For  
a n n e a l e d  subs t r a t e  R _~ 3. In  genera l  for the  de-  
posi ted s i lver  R _~ 10, whi le  in  some ex t r eme  cases 
va lues  of R as h igh as 40 were  observed.  However ,  
i t  was found  tha t  whi le  l ine  b r e a d t h  was  qui te  r e -  
producible ,  t ex tu r e  was  not.  A second sample  p r e -  
pa red  in  the  same m a n n e r  as tha t  g iv ing  R-----40 
was  found  to have  the  same l ine  b r ead th s  as the  

T h e s e  o b s e r v a t i o n s  w e r e  m a d e  s ix m o n t h s  ~ol lowing  t h e  p r e p a r a -  
t ion  of  t h e  K E X .  D u r i n g  th i s  t i m e  t h e  p r e p a r e d  K E X  a d s o r b e d  con -  
s i de r ab l e  a m o u n t s  of  w a t e r  m a k i n g  k n o w l e d g e  of  t h e  w e i g h t  of  
a d d i t i v e  u n c e r t a i n .  H o w e v e r  w h e n  the  400 l ine  b r e a d t h  of  t h e s e  
n e w  s a m p l e s  w a s  p lo t t ed  v s .  c o n c e n t r a t i o n  of  a d d i t i v e  p lus  a d s o r b e d  
w a t e r ,  Fig.  5 Was r e p r o d u c e d .  F r o m  th is  p lo t  t h e  t r u e  c o n c e n t r a t i o n  
of  K E X  w a s  d e t e r m i n e d .  
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rag. KEX/I~ of PLATING SOL'N. 

Fig. 6. Vickers hardness number (VHN) of electrodeposited silver 
vs. concentration of KEX in 1.4N KCN ~ 0.4N AgCN; plating 
conditions: room temperature, C.D. = 10 ma/cm2; load, 25g. 
Vertical lines represent extreme values. 

O N  S T R U C T U R E  O F  A g  109 

12,000 

I0,000 

8,000 

U~ 

~-" 4,000 

2,000 

~ 
2 3 4 5 6 
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Fig. 7. Residual stress (o-s) parallel to surface of silver deposit 
vs. concentration of KEX in 1.4N KCN -~ 0.4N AgCN; plating 
conditions: room temperature, C.D. = 10 ma/cm 2. Vertical lines 
represent estimated error. 
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mg. KEX/.f. of PLATING SOL'N. 

Fig. 8. Plating efficiency vs. concentration of KEX in 1.4N KCN 
-~- 0.4N AgCN; plating conditions: room temperature, C.D. = 
10 mo/cm 2. 

first, bu t  R = 10. ( X - r a y  m e a s u r e m e n t s  af ter  s tor-  
age at room t e m p e r a t u r e  for 6 m o n t h s  showed 
R < 1 for samples  whose l ine  b r e a d t h  had  decreased 
to the  va lues  observed  for a n n e a l e d  s i lver . )  The 
lack of cor re la t ion  of appea rance  and  o ther  p a r a m -  
eters  as wel l  as the  va r i a b i l i t y  of t e x t u r e  was  ob-  
served wi th  all  addi t ives  used  in  this  s tudy.  

No accura te  la t t ice  p a r a m e t e r s  were  m e a s u r e d  in  
this  p rog ram;  however ,  an  order  of m a g n i t u d e  es- 
t ima te  of a n y  change  can be ob ta ined  f rom the  l a t -  
t ice p a r a m e t e r  ca lcu la ted  f r o m  the  pos i t ion  of the  
222 a nd  420 peaks  as compared  to those for an  
a n n e a l e d  s i lver  sample.  I t  m u s t  be  emphas ized  tha t  
this  p rocedure  is jus t i f iable  on ly  if no s tack ing  faul t s  
are p re sen t  so tha t  the  peak  shift  is due  on ly  to 
s t r a in  (as was the  case he re ) .  For  all  samples  ex-  
amined ,  the  420 peak  was shif ted to h igher  angles  
whi le  the  222 was  shif ted to lower  angles,  i nd ica t -  
ing a decrease in  la t t ice  p a r a m e t e r  n o r m a l  to the  
deposit .  (S tack ing  faul t s  wou ld  shift  bo th  the  420 
and  222 peak  to lower  angles . )  Other  peaks  shif ted 
cons is ten t  w i th  this  observa t ion .  The  m a g n i t u d e  
of the  obse rved  change  in  p a r a m e t e r  was  0.5 x 10 -3 
--  1.5 x 10 -8, in  good a g r e e m e n t  wi th  the  va lues  of 
the  s t r a in  ob ta ined  b y  F ou r i e r  ana lys i s  at  large 
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Fig. 9. Breadth of 400 peak from electrodeposited silver vs .  con- 
centration of additive in 1.4N KCN -+- 0.4N AgCN for: (a) CS2, 
(b) gelatin, and (c) PVP; plating conditions: room temperature, 
10 ma/cm 2. 

values  of L (1.0 x 10-3) .  As the  surface  stresses 
were  tens i le  this a p p a r e n t  decrease in  p a r a m e t e r  
( n o r m a l  to the  surface)  is p r o b a b l y  due  to the  long-  
range  (compress ive)  s t ra ins  n o r m a l  to the  su r -  
face. (Wi th  a diff ractometer ,  an  hk l  peak  comes 
f rom those gra ins  for which  {hkl} p lanes  are p a r a l -  
lel to the  surface  of the  sample . )  

Other  add i t i v e s . - - I n  Fig. 9 l ine  b r e a d t h  vs. con-  
cen t r a t i on  of addi t ive  is shown for deposits  f rom 
solut ions  con ta in ing  CS2, gelat in ,  and  PVP.  F r o m  
Fig. 9 (a )  the  behav io r  of CSe is seen to be s imi la r  
to tha t  of KEX,  w i th  two m a x i m a  in  the  curve.  
Ge la t in  appears  to have  only  one m a x i m u m  at  these 
low concen t ra t ions ;  however ,  the poss ib i l i ty  of a 
m i n i m u m  at 1.0 rag/1 is suggested [dot ted  l ine  Fig. 
9 (b)  ]. P V P  [Fig. 9 (c) ] exhib i t s  on ly  one m a x i m u m  
at  low concent ra t ions .  Ind ica t ions  of a second m a x -  
i m u m  at 75 rag/1 were  obta ined.  

T w i n  fau l t  p robab i l i ty ,  hardness ,  and  p la t ing  ef-  
ficiency are g iven  in  Tab le  II  for deposi ts  wi th  con-  
cen t ra t ions  of add i t ive  rough ly  cor responding  to the  
m a x i m a  shown in Fig. 9. Once again,  wi th  the  pos-  
sible except ion  of the  sample  p la ted  f rom a so lu t ion  
con t a in ing  0.2 rag/1 CS2, la rge  va lues  of l ine  b read th ,  
tw in  fau l t  p robab i l i ty ,  and  hardness  are seen to cor-  
re la te  wi th  h igh p la t ing  efficiency. 

Discussion 

If it is a ssumed  tha t  mosaic  sizes, t w i n  fau l t  p r o b -  
abil i t ies,  and  s t ra ins  are  due to dislocations,  it is 

Table II. Effect of additives on twin fault probability, hardness, 
and plating efficiency 

P l a t i n g  
A d d i t i v e  fl V H N  ef f ic iency ,  % 

No additive 0.001 92 • 6 75.2 
0.2 mg/1 CS2 0.006 96 • 8 76.0 

( ls t  peak Fig. 9a) 
1.6 rag/1 CS2 0.007 107 • 10 85.1 

(2nd peak Fig. 9a) 
2 mg/1 Gelat in 0.008 103 _ 8 93.4 

(Fig. 9b) 
0.2 mg/1 PVP 0.006 108 • 5 92.6 

(peak, Fig. 9c) 

P l a t i n g  c o n d i t i o n s :  10 m a / c m ~ ,  r o o m  t e m p e r a t u r e .  

F e b r u a r y  1963 

possible to ca lcula te  the  densi t ies  (p) of these  f rom 
the da ta  repor ted.  A s s u m i n g  the dis locat ions  are  
r a n d o m  (30) 

16<e250 A > 5 
[12] Ps ~ b2 

where  b is the  Burge r ' s  vec tor  of the dis locat ion 
( a o / 2 < 1 1 0 > ) .  Also if the  mosaic size and  faul t s  are 
associated wi th  dislocations,  it  has been  shown by  
W a r r e n  (22) tha t  the  m e a s u r e d  sizes are one -ha l f  
the dis locat ion spacing.  There fo re  

Pl = ~ -  "~- --F -~--- --F [ 1 3 ]  

or if the  faul t s  are no t  associated wi th  dis locat ions 

1(1 1)' 
P2=T [14] 

The va lues  for va r ious  concen t ra t ions  of K E X  are 
ga the red  in  Tab le  III.  (For  D and  T, va lues  of Dm~n 
and  Tmin were  t a ke n  f rom Tab le  I.) 

The  a s sumpt ion  of a r a n d o m  d i s t r i bu t ion  of dis-  
locat ions seems va l id  in  all  cases except  the  deposit  
w i t hou t  addi t ive,  where  the  dens i ty  ca lcula ted  f rom 
the mic ros t r a in  (Eq. [12])  is m u c h  la rger  t h a n  t ha t  
ca lcula ted  f rom Eq. [13] or [14]. This  indica tes  a 
c lus te r ing  of dislocations.  A s s u m i n g  n dis locat ions 
pi led up  n = (ps/pl or2) 1/2. The re  are  t h e n  on the  
average  about  8-12 dis locat ions in  a c lus ter  in  the  
deposit  w i thou t  addi t ive.  

The n a t u r e  of the  effects obse rved  appears  to be  
nonspecific,  i.e., m a x i m a  of the  same m a g n i t u d e  oc- 
cur  in  the proper t ies  vs. concen t r a t i on  curves  for 
the four  addi t ives  used. The abso lu te  pos i t ion  of 
these m a x i m a  in  un i t s  of molecules  per  l i te r  of 
p l a t ing  solut ion is not  k n o w n  for ge la t in  and  PVP,  
since the molecu la r  we igh t  of these organic  mole -  
cules is not  k n o w n  in  the specific ionic so lu t ion  used 
here. For  K E X  and  CS2, however ,  the concen t ra t ions  
of addi t ive  are k n o w n  in  molecules  per  l i ter  of so- 
lut ion,  and  the two m a x i m a  fal l  at abou t  the  same 
concen t ra t ion  of addi t ive  for bo th  ( the  first m a x -  
i m u m  at 1.4 x 10 -18 and  the  second at  12 x 10 is 

S t r a i n s  a r o u n d  a d i s l o c a t i o n  f a l l  o f f  as  1/v w h e r e a s  t h o s e  d u e  t o  
e l a s t i c  d i s t o r t i o n  f r o m  a n  o c c l u d e d  m o l e c u l e  d e c r e a s e  as  1/~ r T h u s  
t h e  s t r a ins  a v e r a g e d  o v e r  50A s h o u l d  d e p e n d  p r i m a r i l y  o n  d i s l o -  
c a t i o n s .  

Table III. Calculated dislocation densities for deposits with 
varying concentrations of KEX 

C o n e .  
S a m p l e  K E X  

No.  rag /1  pl, c m  -~ p~, cm-~ ps, c m  -~ 

135 0.00 0.12 • 101~ 0.05 • 10 TM 6.9 • 10 TM 

137 0.34 5.6 3.0 4.9 
167 0.84 1.7 1.0 5.5 
169 1.9 15.0 9.2 5.8 

e2 
,6< 50A > 

ps 
b ~ 

+(:- ' ) 
p l =  + T + - - a  

p2 = 4  + 
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molecu l e s  p e r  l i t e r ) .  The  p r e s e n c e  of s im i l a r  m a x i m a  
in p r o p e r t i e s  for  a l l  a d d i t i v e s  sugges t s  t ha t  c h e m -  
ical  a d s o r p t i o n  of t he  mo lecu l e s  is no t  an  i m p o r t a n t  
f ac to r  in  d e t e r m i n i n g  the  s t r u c t u r e  of t he  depos i t ,  
in a g r e e m e n t  w i t h  V e r m i l y e a  e t a l .  (14) .  I t  a p p e a r s  
t h a t  t he  a d d i t i v e  molecu les ,  or  t h e i r  d i s soc i a t ed  
p roduc t s ,  a r e  t r a p p e d  in t he  depos i t  b y  m e t a l  a t o m s  
w h i c h  s u r r o u n d  t h e m  d u r i n g  t h e  depos i t ion .  

I f  one v i sua l i zes  t he  f o r m a t i o n  of t w i n  f au l t s  and  
d i s loca t ions  as acc iden t s  w h i c h  occur  as t he  m e t a l  
ions a r r a n g e  t h e m s e l v e s  on the  l a t t i c e  (6,7) ,  t h e n  the  
n u m b e r  of defec t s  w h i c h  a r e  f o u n d  in the  depos i t  
w o u l d  be  e x p e c t e d  to be  p r o p o r t i o n a l  to t h e  r a t e  
of depos i t i on  (or  eff ic iency)  as obse rved .  E v e n  as -  
s u m i n g  t h a t  the  s a m e  n u m b e r  of de fec t s  a r e  f o r m e d  
pe r  un i t  t h i ckness  of p la te ,  i n d e p e n d e n t  of d e p o -  
s i t ion  ra te ,  a f a s t e r  r a t e  of m e t a l  ion a r r i v a l  w i l l  
" f r eeze  in"  defec t s  w h i c h  m i g h t  be  a n n e a l e d  ou t  if 
a l l o w e d  to r e m a i n  n e a r  t h e  su r f ace  of the  p l a t e  for  
l o n g e r  t imes .  The  o b s e r v a t i o n  of i nc r ea s in g  l ine  
b r e a d t h s  w i t h  i nc r ea s ing  c u r r e n t  d e n s i t y  ( w i t h -  
out  a d d i t i v e s )  or  dec r ea s ing  t e m p e r a t u r e  a t  a f ixed  
c u r r e n t  d e n s i t y  ag rees  w i t h  th is  p i c t u r e  of t he  d e p o -  
s i t ion  process .  The  effect  of a d d i t i v e s  ( in  t h e  s m a l l  
c o n c e n t r a t i o n s  used  h e r e )  is t hus  seen  as  c h a n g i n g  
the  n u m b e r  of s i lve r  ions  d e p o s i t e d  p e r  un i t  t ime  
and  t h e r e b y  c h a n g i n g  the  ef fec t ive  depos i t i on  ra te .  
The  u p p e r  l imi t  to t h e  n u m b e r  of  f au l t s  t he  depos i t  
can  r e t a i n  is o b t a i n e d  on ly  a t  100% p l a t i n g  effi- 
c iency.  T h e  m e c h a n i s m  b y  w h i c h  these  add i t i ve s  
affect t he  p l a t i n g  eff iciency is, h o w e v e r ,  not  known .  

W h i l e  i t  is pos s ib l e  t h a t  t w i n  f au l t s  occur  as r a n -  
d o m  g r o w t h  acc idents ,  an  a l t e r n a t i v e  m o d e l  m a y  
be  i m p o r t a n t  also. A (111) p l a n e  in  a f a c e - c e n -  
t e r e d  cubic  s t r u c t u r e  is  s h o w n  in Fig .  10. A s i lve r  
a t o m  d e p o s i t e d  on  such a p l a n e  w i l l  p r e f e r e n t i a l l y  
seek  " B - s i t e s "  w h i c h  w o u l d  con t inue  the  s t r u c -  
t u r e  in  t he  co r r ec t  s t a c k i n g  sequence .  A n  a d d i t i v e  
mo lecu l e  w i l l  h a v e  no  such  p r e f e r e n c e .  In  Fig .  10 
a m o l e c u l e  s o m e w h a t  l a r g e r  t h a n  a s i lve r  a t o m  is 
shown  a d s o r b e d  at  a " C - s i t e "  in t he  n e x t  l aye r .  As  
an  a d v a n c i n g  g r o w t h  s tep  passes  th i s  m o l e c u l e  t h r e e  
poss ib le  conf igura t ions  a r i s e  d e p e n d i n g  on the  m o -  
l e cu l a r  size:  ( i )  I f  t he  mo lecu l e ' s  r a d i u s  _~silver 
a tom ' s  r ad ius ,  s i l ve r  a t o m s  can  fit onto  s i tes  1, 2, 
and  3, a n d  t h e  r eg ion  a b o u t  t h e  m o l e c u l e  m a y  be  

BO 
Correct sequence: A B C A B C A B C  

Stacking fault: A B C A C A B C A  

Twin fault: A B C A C B A B C A  

Fig. 10. Model for formation of twin or growth faults showing 
a large occluded molecule on a (111) plane. B is a correct site 
for the next layer. C is a wrong site. Note that the large molecule 
blocks sites B 1-3. 
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s t r a ined ,  caus ing  d i s loca t ions ,  b u t  no  f au l t s  w i l l  be  
p r o d u c e d .  ( i t )  I f  t he  m o l e c u l e ' s  r a d i u s  ~ 1.5 x 
s i lve r  a t o m  rad ius ,  s i tes  1, 2, a n d  3 a r e  exc luded ,  
and  as t he  g r o w t h  s tep  passes  t he  molecu le ,  s i l ve r  
a toms  w i l l  be  fo r ced  onto C- s i t e s  c r e a t i n g  a f a u l t  
w h i c h  w o u l d  con t inue  for  a f e w  l a y e r s  u n t i l  t h e  
m o l e c u l e  was  covered .  ( i i i )  F o r  a m o l e c u l a r  r a d i u s  
> 2  s i l ve r  a t o m  r a d i i  e i t h e r  case  ( i )  or  ( i t )  appl ies ,  
d e p e n d i n g  on the  a m o u n t  of d i s p a r i t y  in  size. T h e r e  
is a l a r g e  v a r i a t i o n  in  size of t h e  m o l e c u l e s  of a d -  
d i t i ve  used  here ,  f r o m  t h e  t r i a t o m i c  CS2 m o l e c u l e  
to t he  m a c r o m o l e c u l e s  of ge l a t i n  a n d  PVP.  The  
m o l e c u l a r  r a d i i  of ge l a t i n  a n d  PVP,  a l t h o u g h  no t  
known ,  m u s t  be  c o n s i d e r a b l y  l a r g e r  t h a n  t h a t  of 
the  s i l ve r  a t o m  ( w h i c h  has  a d i a m e t e r  = 2 .9A).  
The  m i n i m u m  d i m e n s i o n  of  K E X  on the  depos i t  
su r f ace  is a b o u t  3 .6-4.2A (31) ,  w h e n  the  long  d i -  
me ns ion  of the  m o l e c u l e  is o r i e n t e d  n o r m a l  to t h e  
depos i t  sur face .  CS2 p r o b a b l y  l ies  in  t he  p l a n e  of 
t he  depos i t  su r f ace  w i t h  b o t h  su l fu r  a t o m s  a t t r a c t e d  
to s i l ve r  ions, and  t h e n  has  d ime ns ions  of 4.8A b y  
1A (32) .  

I f  t he  a d s o r b e d  m o l e c u l e  is a t  a B-s i t e ,  t he  a r -  
g u m e n t  is s imi l a r ;  g r o w t h  f au l t s  w i l l  occur  if t he  
a d s o r b e d  mo lecu l e s  h a v e  a r a d i u s  g r e a t e r  t h a n  a b o u t  
tw ice  t h a t  of t he  s i lve r  a tom.  The  oc c u r r e nce  of 
a d s o r b e d  mo lecu l e s  is e x p e c t e d  to be  r a n d o m  on B 
and  C sites.  S o m e  f a u l t i n g  shou ld  t hen  occur  r e -  
g a r d l e s s  of t h e  size of t he  m o l e c u l e  as long  as i t  
d i f fers  a p p r e c i a b l y  f r o m  the  r a d i u s  of t h e  s i lve r  
a tom.  The  c o n c e n t r a t i o n  of  f au l t s  w i l l  t h e n  d e p e n d  
on ly  on the  n u m b e r  of mo lecu le s  w h i c h  a r e  oc-  
c luded  in t h e  p la te .  ( W a t e r  a t t a c h e d  to a s i l ve r  
ion m a y  p r o d u c e  the  s ame  effects as d e l i b e r a t e  a d -  
d i t ions . )  

This  m o d e l  is in  q u a l i t a t i v e  a g r e e m e n t  w i t h  the  
o b s e r v a t i o n s  t h a t  t he  m a x i m u m  t w i n  f a u l t  p r o b a -  
b i l i t y  fl is i n d e p e n d e n t  o f  t he  size of t he  a d d i t i v e  
for  g iven  p l a t i n g  cond i t ions  and  t h a t  t he  m a x i m a  
in p r o p e r t i e s  occur  at  f ixed  n u m b e r s  of mo lecu le s  
of a d d i t i v e  p e r  l i t e r  of so lu t ion  for  K E X  and  CS2 
add i t ives .  This  m o d e l  for  t he  f o r m a t i o n  of  t w i n  
f au l t s  p r e d i c t s  t h a t  a h igh  c o n c e n t r a t i o n  of t w i n  
f au l t s  is due  to a h igh  c o n c e n t r a t i o n  of occ luded  
molecules .  Thus  a d e t a i l e d  s t u d y  of t w i n - f a u l t  con-  
c e n t r a t i o n  and  the  c o n c e n t r a t i o n  of a d d i t i v e  in t he  
depos i t  as a f u n c t i o n  of a d d i t i v e  c o n c e n t r a t i o n  in  
so lu t ion  w o u l d  i n d i c a t e  w h e t h e r  th i s  m o d e l  or  
t w i n n i n g  due  to g r o w t h  acc iden t s  ( w h i c h  d e p e n d s  
on ly  on the  r a t e  of ef fec t ive  depos i t i on )  is t he  con-  
t r o l l i n g  fac tor .  

S u m m a r y  

O b s e r v a t i o n s  h a v e  been  m a d e  of  t he  effect of  
add i t i ons  of o rgan ic  mo lecu l e s  on the  s t r u c t u r e  of 
t he  depos i t  f r o m  an  a r g e n t o c y a n i d e  p l a t i n g  ba th .  
M a x i m a  w e r e  f o u n d  in t h e  p lo t s  of x - r a y  l ine  
b r e a d t h ,  t w i n  f a u l t  p r o b a b i l i t y ,  ha rdnes s ,  m a c r o -  
s t ress ,  and  p l a t i n g  eff iciency vs. c o n c e n t r a t i o n  of  
add i t ive .  T h e  effect  of v a r i o u s  a d d i t i v e s  w a s  s h o w n  
to be  nonspeci f ic  in t he  sense  t h a t  t he  m a x i m u m  
v a l u e s  o b s e r v e d  w e r e  r o u g h l y  i n d e p e n d e n t  of  w h i c h  
a d d i t i v e  was  used,  even  t h o u g h  the  d i f f e ren t  a d d i -  
t ives  h a d  a w i d e  r a n g e  of sizes a n d  af f in i ty  for  s i lver .  
No e v i d e n c e  of t h e  p r e s e n c e  of s t ack ing  f au l t s  w a s  
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found,  even  t h o u g h  a f r e q u e n c y  of t w i n  f a u l t s  as  
h igh  as one e v e r y  260 (111) p l a n e s  (fl = 0.015) was  
de tec t ed .  A m o d e l  is sugges t ed  for  t he  f o r m a t i o n  of 
t w i n  f au l t s  b y  g r o w t h  a r o u n d  a d d i t i v e  molecu les .  

D i s loca t ion  dens i t i e s  w e r e  of t h e  o r d e r  of 109/cm 2 
in depos i t s  w i t h o u t  add i t ive .  T h e  d e n s i t y  w a s  10 l~ 
- -  1011/cm2 in t he  p r e s e n c e  of a d d i t i v e  and  the  d i s -  
t r i b u t i o n  was  m o r e  r a n d o m .  

Changes  in  l ine  b r e a d t h ,  t w i n  f a u l t  p r o b a b i l i t y ,  
mosa ic  size, and  h a r d n e s s  fo l l owed  changes  in  p l a t -  
ing  efficiency. M i c r o s t r a i n s  r e m a i n e d  r e l a t i v e l y  con-  
s t an t  d u r i n g  these  changes .  Mac ros t r e s se s  f o l l o w e d  
eff iciency on ly  for  l a r g e  addi t ions .  No c o r r e l a t i o n  
was  o b s e r v e d  b e t w e e n  t e x t u r e  or  a p p e a r a n c e  and  
the  o t h e r  p r o p e r t i e s  s tud ied .  

F i n a l l y ,  F o u r i e r  a n a l y s i s  of x - r a y  l ine  prof i les  
has  b e e n  s h o w n  to be  a u s e f u l  too l  in  s t u d y i n g  the  
s t r u c t u r e  of  e l e c t r o d e p o s i t e d  me ta l s .  I t  is not  n e c e s -  
s a r y  in  x - r a y  s tud ies  to r e m o v e  the  depos i t  f r o m  
the  subs t r a t e ,  as  is n e c e s s a r y  for  s tud ies  in  t r a n s -  
miss ion  w i t h  the  e l e c t r o n  microscope .  F u r t h e r m o r e ,  
these  d i f f r ac t ion  s tud ies  a r e  p a r t i c u l a r l y  a d a p t e d  
for  h igh  c o n c e n t r a t i o n s  of i m p e r f e c t i o n s  w h e r e  
p r e s e n t  r e so lu t i on  in t r a n s m i s s i o n  m i c r o s c o p y  is 
no t  adequa te .  

Manuscr ip t  received J u l y  30, 1962; revised m a n u -  
script  Oct. 5, 1962. The research  on which  this paper  
is based was suppor ted  by  the Advanced  Research  
Projec ts  Agency  of the  Depa r tmen t  of Defence th rough  
the Nor thwes te rn  Univers i ty  Mater ia l s  Research  
Center.  

A n y  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1963 
JOURNAL. 
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SYMBOLS 

nth  cosine coefficient of the  s t ruc-  
tu ra l  b roaden ing  function.  
n th  sine coefficient of the  s t ruc-  
tu ra l  b roaden ing  function.  
Fic t i t ious  unit  cell  pa rameter ,  
different  for  each x - r a y  peak.  
True la t t ice  parameter .  
rea l  d is tance in the  crys ta l  no r -  
mal  to the  diffract ing planes.  
rms  s t ra in  averaged  over  a dis-  
tance L norma l  to the  ~ h k l ~  
planes.  
Par t ic le  size de t e rmined  f rom 
Four ie r  coefficients. 
Mosaic size. 
Calcula ted  par t ic le  size due only 
to the  presence of faults .  
T ca lcula ted  f rom Eq. [7] and 
[8] assuming D---- ~ .  
D ca lcula ted  f rom Eq. [7] and [8] 
assuming T---- ~ .  
S tacking  faul t  probabi l i ty .  
Twin faul t  probabi l i ty .  
Stress  pa ra l l e l  to the sample  sur-  
face. 
Tex ture  parameter .  
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ABSTRACT 

A s tudy of the ut i l iza t ion of CdC12 in the  fo rmat ion  of CdsCI(POD~:Mn re -  
vea led  tha t  the  quan tum efficiency of luminescence can be re la ted  to the 
amount  of incorpora ted  chloride.  The absorpt ion  site p robab ly  involves a 
charge t rans fe r  complex  be tween  a chlor ide  on the Co axis and one of the 
neighbor ing cadmium atoms. 

S e v e r a l  au tho r s  have  r e p o r t e d  on the  p h y s i c a l  
and  op t i ca l  p r o p e r t i e s  of t h e  a p a t i t e  phosphor s .  
H i s to r i ca l ly ,  c a d m i u m  c h l o r o p h o s p h a t e  was  the  
first  s y n t h e t i c  a p a t i t e  p h o s p h o r  d i s cove red  (1 ) ,  a n d  
m a n y  s u b s e q u e n t  p a t e n t s  and  p u b l i c a t i o n s  h a v e  
d e m o n s t r a t e d  i ts  h igh  eff iciency in  l o w - p r e s s u r e  
m e r c u r y  v a p o r  lamps .  P e r h a p s  t h e  mos t  c o m p r e -  
hens ive  s t u d y  was  t h a t  b y  W o l l e n t i n  et al. (2)  in 
w h i c h  v a r i o u s  modi f i ca t ions  of t h e  p h o s p h o r  w e r e  
s tud ied .  

The  p r e s e n t  w o r k  desc r ibes  some n e w  o b s e r v a -  
t ions  on the  p h o s p h o r  and  co r r e l a t e s  compos i t i on  
a n d  s t r u c t u r e  w i t h  a b s o r p t i o n  p rope r t i e s .  C a d -  
m i u m  c h l o r o p h o s p h a t e  has  t he  h e x a g o n a l  s t r u c t u r e  
w i t h  ao = 9.7A and  co - - - -  6.4A (3, 4) and  p r e s u m -  
a b l y  has  t he  t h e o r e t i c a l  f o r m u l a  Cd~Cl(PO4)3 :Mn.  

Method of Preparation 
The  p r e p a r a t i o n  of r a w  m a t e r i a l s  was  d e s c r i b e d  

p r e v i o u s l y  (5) .  The  use  of ( C d H P O 4 ) s . 3 N H 3 - 3 H 2 0  
was  p r e f e r r e d  s ince  t he  s t o i c h i o m e t r y  was  m o r e  
ea s i l y  con t ro l l ed .  P a r t i c u l a r  ca re  to  e x c l u d e  Cd~H2 
(PO4)4(H20)4  was  e x e r c i s e d  s ince  i ts  f i r ing p r o d u c t  
is a m i x t u r e  of Cd2P207 and  Cd3(PO4)2, and  s ince  
i n f e r i o r  p h o s p h o r s  w e r e  o b t a i n e d  w h e n  th is  c o m -  
p o u n d  was  e m p l o y e d  as a r a w  m a t e r i a l .  The  h i g h l y  
r e a c t i v e  CdO2 (6)  gave  a m o r e  u n i f o r m  p r o d u c t  t h a n  
a n y  o the r  source  of c a d m i u m  oxide .  MnNI-I4PO4- 
H20 was  e m p l o y e d  as a source  of m a n g a n e s e  ac -  
t i va to r .  

T h e r e  a r e  s e v e r a l  w a y s  in w h i c h  the  a p a t i t e  f o r -  
m u l a  m a y  be  r e p r e s e n t e d .  These  i nc lude :  Cd~CI 
(PO4)8 and  Cd3(PO4)2.0.33CdC12. The  l a t t e r  was  
p r e f e r r e d  in t h e  p r e s e n t  case  because  of t he  g r e a t e r  
f ac i l i t y  in r e p r e s e n t i n g  changes  in f o r m u l a t i o n  and  
because  t he  s o l i d - s t a t e  r eac t ions  f irst  f o r m  Cd3 
(PO4)2 as  a s e p a r a t e  en t i ty ,  as s h o w n  be low,  w h i c h  
is t hen  s u b s e q u e n t l y  c o n v e r t e d  to t he  a p a t i t e  b y  
CdC12. Thus,  t he  p h o s p h o r  f o r m u l a t i o n  used  was  

( C d W M n )  3.00 (PO4) 2.10" 0.75CdC12 

w i t h  a l l  q u a n t i t i e s  e x p r e s s e d  in moles .  Note  t h a t  an  
excess  of p h o s p h a t e  was  emp loyed .  A l a r g e r  t h a n  
t h e o r e t i c a l  a m o u n t  of CdC12 h a d  to be  used,  p a r t l y  
to s e rve  as a l a t t i c e  cons t i tuen t ,  p a r t l y  to act  as a 
flux, and  p a r t l y  in o r d e r  to f u r n i s h  a p r o t e c t i v e  a t -  
m o s p h e r e  of CdC12 v a p o r  a t  t he  f i r ing t e m p e r a t u r e .  
F i r i n g  was  a c c o m p l i s h e d  in a i r  a t m o s p h e r e  in open 
500 ml  s i l ica  c ruc ib les .  L i t t l e  d i f fe rence  was  no ted  

in  p l a q u e  b r i g h t n e s s  b e t w e e n  p h o s p h o r s  p rocessed  in 
open or  c losed c ruc ib les .  M e a s u r e m e n t s  on the  p h o s -  
pho r s  w e r e  o b t a i n e d  s i m i l a r  to t he  m e t h o d s  d e -  
s c r ibed  in  a p r e v i o u s  p a p e r  (7 ) .  

Experimental Results 

The  c o m p o u n d  CdsCI(PO4)~ a c t i v a t e d  b y  Mn +2 
f luoresces  o r a n g e  w h e n  e xc i t e d  b y  254 m~ r ad i a t i on .  
The  e x c i t a t i o n  b a n d  is b r o a d  and  con ta ins  two  p e a k s  
in c o n t r a s t  to t he  r a t h e r  n a r r o w  emiss ion  b a n d  a t  
588 m~ as s h o w n  in Fig.  1. These  d a t a  c o r r e l a t e  we l l  
w i t h  those  g iven  b y  W o l l e n t i n  et al. (2) .  

The  effect of m a n g a n e s e  a c t i v a t o r  concen t r a t ion ,  
c a d m i u m  to p h o s p h a t e  ra t ios ,  and  o p t i m u m  c a d m i u m  
c h l o r i d e  con ten t  w e r e  f o u n d  to be  s i m i l a r  to those  
r e p o r t e d  b y  W o l l e n t i n  et al. P r e p a r a t i o n  p a r a m e t e r s  
a r e  no t  c r i t ica l .  A m i n i m u m  of 0.01 mo le  of Mn +2 
p e r  mo le  of a p a t i t e  is r e q u i r e d  to ob t a in  ac t iva t ion ,  
and  the  m a x i m u m ,  w h e r e  c o n c e n t r a t i o n  q u e n c h i n g  
beg ins  to t a k e  p lace ,  is a b o u t  0.30 mo le  of Mn +2. 
The  c a d m i u m  to p h o s p h a t e  r a t i o  has  l i t t l e  effect 
on b r i g h t n e s s  as long  as t he  c a d m i u m  c h l o r o p h o s -  
p h a t e  s t r u c t u r e  is m a i n t a i n e d .  The  a m o u n t s  of c a d -  
m i u m  ch lo r ide  a d d e d  be fo re  f i r ing can  v a r y  b e t w e e n  
0.40 mo le  a n d  1.40 m o l e  p e r  c a l c u l a t e d  mo le  of 
o r t h o p h o s p h a t e ,  d e p e n d i n g  on f i r ing condi t ions ,  w i t h  
l i t t l e  effect  on b r igh tnes s .  A t  t he  h i g h e r  ra t ios ,  CdC12 
a p p e a r e d  as a s e p a r a t e  phase ,  as d e t e r m i n e d  b y  x -  
r a y  d i f f r ac t ion  ana lys i s .  

A s t u d y  of t he  s o l i d - s t a t e  r eac t ions  was  m a d e  e m -  
p l o y i n g  d i f f e r en t i a l  t h e r m a l  ana lys i s  ( D T A )  and  
t h e r m o g r a v i m e t r i c  ana lys i s  ( T G A ) ,  w i t h  iden t i f i -  
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ca t ion  of t he  p r o d u c t s  b y  x - r a y  d i f f rac t ion  t e c h -  
n iques .  The  decompos i t i on  of t he  phospha t e ,  
(CdHPO4)3 .3NHa-3H20 ,  is e n d o t h e r m i c .  The  p h o s -  
p h a t e  decomposes  to  t he  i n t e r m e d i a t e  (CdHPO4)~ 
�9 NH3 b e t w e e n  205~176 and  f o r m s  Cd2P207 at  
355~176 as d e t e r m i n e d  b y  D T A  a n d  T G A  (5) .  
The  e x o t h e r m i c  d e c o m p o s i t i o n  of CdO2 to CdO is 
mos t  r a p i d  a t  215~ the  t e m p e r a t u r e  at  w h i c h  the  
e n d o t h e r m i c  hea t  a b s o r p t i o n  of t he  p h o s p h a t e  is 
m a x i m u m .  The  r e a c t i o n  p r o d u c t  is t he  t r i ba s i c  phos -  
pha te .  The  t e m p e r a t u r e  a t  w h i c h  the  o r t h o p h o s p h a t e  
t r a n s f o r m s  to t he  a p a t i t e  b y  r e a c t i o n  w i t h  c a d m i u m  
ch lo r ide  cou ld  no t  be  de f in i t e ly  e s t ab l i shed .  The  
fo l lowing  s o l i d - s t a t e  r eac t ions  w e r e  conf i rmed  b y  
x - r a y  d i f f rac t ion  m e t h o d s  

A 
2[ (CdHPO4)~.  3NH3- 3H20]  ---> 

3Cd2P20~ + 6NH3 + 9H20 [1] 

4[ ( C d H P O 4 ) 3 . 3 N H 3 . 3 H 2 0 ]  -t- 6CdO2 ---> 
6Cd3(PO4)2 + 12NH3 + 18H20 + 3 02 [2]  

A 
4[ (CdHPO4)8-  3NH3.3H20]  + 6CdO2 -t- 2CdC12 ---> 

2Cdz0C12(PO~)6 + 12NHa + 18H20 + 3 O~ [3]  

In  gene ra l ,  t he  p r e p a r a t i o n  p a r a m e t e r s  a r e  no t  
c r i t i ca l  because  c a d m i u m  c h l o r o p h o s p h a t e  wi l l  
f o r m  de fec t  s t r u c t u r e s  a t  r a t ios  f a r  f rom the  t h e o -  
r e t i c a l  compos i t i on  for  apa t i t e ,  i.e., 

A 
3Cd2P207 + CdC12 --> 2Cds.~C1 (PO~) a [4]  

The re fo re ,  w h e n  the  c a d m i u m  con ten t  is sufficient  
to f o r m  the  a p a t i t e  s t ruc tu re ,  t he  ch lo r ide  con ten t  
is not  v e r y  cr i t ica l .  A t  2.95 g r a m - a t o m s  of c a d -  
m i u m  p e r  2.10 mo le  of phospha t e ,  t he  o p t i m u m  c a d -  
m i u m  ch lo r ide  con ten t  in t he  r a w  m i x  is 0.75 mo le  
p e r  mo le  of o r t h o p h o s p h a t e  as s h o w n  in Fig .  2. The  
c ruc ib l e  size d u r i n g  f i r ing h a d  l i t t l e  effect on th is  
va lue .  

Effect o] chloride.--CdCh is v o l a t i l e  at  t he  f i r ing 
t e m p e r a t u r e ,  and  the  o p t i m u m  a m o u n t  in the  r a w  
m i x  is 2.27 t imes  t h a t  t h e o r e t i c a l l y  r e q u i r e d  to p r o -  
duce  the  apa t i t e .  The  v a p o r  p r e s s u r e  of C d C h  as 
d e t e r m i n e d  b y  Bloom and  W e l c h  (8) ,  is shown  in 
Fig .  3 a long  w i t h  t h e  a m o u n t s  of CdCl2 r e m o v e d  b y  
wash ing ,  and  the  p l a q u e  b r i g h t n e s s e s  [as  i n d i c a t e d  
b y  the  n u m b e r s  at  t he  po in t s  ( in  p e r  c e n t ) ]  of a 
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ser ies  of p h o s p h o r s  f i red at  t he  va r i ous  t e m p e r a -  
tu res  a r e  ind ica ted .  Note  t h a t  t he  v a p o r  p r e s s u r e  is 
s u b s t a n t i a l  ( ~ 6 0  m m  at  760 ~  and  t h a t  a p a r t i a l  loss 
of CdC12 due  to  v o l a t i l i z a t i o n  w o u l d  be  expec t ed ,  d e -  
p e n d i n g  on c ruc ib l e  size and  t h e  p h y s i c a l  mass  be ing  
fired. I f  the  ro le  of CdCle d u r i n g  f i r ing is t r aced ,  
t h r e e  fo rms  of  u t i l i z a t i on  can  be  found :  ( i )  r e t e n -  
t ion  as an  u n r e a c t e d  spec ies  in t he  f i red p roduc t ,  
r e m o v a b l e  b y  w a s h i n g ;  ( i i )  i n c o r p o r a t i o n  in t he  
p h o s p h o r  phases ;  ( i i i )  CdC12 los t  b y  vo la t i l i za t ion .  
A q u a n t i t a t i v e  e v a l u a t i o n  of t he  first  two  fo rms  of 
u t i l i z a t i on  is feas ib le .  

The  c o n d u c t i v i t y  of an  aqueous  so lu t ion  of CdCI~ 
was  m e a s u r e d  a n d  f o u n d  to be  l i n e a r  w i t h  concen-  
t r a t i o n  over  t h e  r a n g e  of  0.00001 to 0.2 mo les  p e r  
l i te r .  The re fo re ,  co r r ec t ions  to t h e  specific c o n d u c -  
t iv i ty ,  k, for  effects of concen t r a t ion ,  ionic  mob i l i t i e s  
or  c o m p l e x i n g  in so lu t ion  w e r e  not  ind ica ted .  The  
d a t a  in  T a b l e  I show the  a m o u n t s  of u n r e a c t e d  
CdC12 r e m o v e d  f r o m  a t y p i c a l  p h o s p h o r  b y  wash ing ,  
as m e a s u r e d  b y  so lu t ion  conduc t iv i ty .  

I t  is p r e s u m e d  t h a t  w a s h i n g  in hot  w a t e r  r e m o v e s  
a l l  of t he  su r f ace  ch lo r ide  p re sen t .  This  seems  l i k e l y  

Table I. Removal of CdCI~ by washing 

No. of CdCI~ r e m o v e d  p e r  w a s h  
w a s h e s  k (~mhos) mole /1  p p m  Mole/41 

1 hot  2210 0.0170 3110 0.068 
2 hot  168 0.0040 730 0.016 
3 hot  18 0.00005 9 0.0002 
4 hot  5 0.00001" 2 - -  
5 hot  6 0.000013* 2 - -  

0.084 to ta l  

1 cold 1880 0.0140 2570 0.056 
2 cold 130 0.0015 275 0.006 
3 cold 9 0.00002* 4 - -  
4 cold 4 0.000007* 1 - -  

0.062 to ta l  

* E x ~ a p o l a t e d .  
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s ince t he  t o t a l  a m o u n t  r e m o v e d  was  g r e a t e r ,  for  t he  
same  w e i g h t  of phosphor ,  in  ho t  w a t e r  t h a n  in  cold 
wa te r .  The  w a s h  w a t e r  and  the  p h o s p h o r  p a r t i c l e  
su r f ace  m a y  be  r e g a r d e d  as two  phases  b e t w e e n  
w h i c h  the  CdC12 d i s t r i b u t e s  i tself .  The  a p p a r e n t  
d i f f e rence  b e t w e e n  hot  and  cold  w a s h i n g  could  pos -  
s ib ly  be  due  to a d i f fe rence  in t i m e  r e q u i r e d  to es -  
t a b l i s h  e q u i l i b r i u m  b e t w e e n  the  two  phases .  In  the  
case of cold  w a t e r  wash ing ,  c o m p l e t e  e q u i l i b r i u m  
was  no t  a t t a ined .  

The  a m o u n t  of CdC12 r e m o v e d  b y  w a s h i n g  is 
shown  in Fig .  3 as a func t ion  of t he  f i r ing t e m p e r -  
a t u r e  d u r i n g  p r e p a r a t i o n  a long w i t h  t h e  c o r r e s p o n d -  
ing  v a p o r  p r e s s u r e  of CdC12 at  t h a t  t e m p e r a t u r e .  A t  
t he  l o w e r  t e m p e r a t u r e s ,  t he  s u b l i m a t i o n  p rocess  is 
i m p o r t a n t .  In  t he  f i r ing t e m p e r a t u r e  r eg ion  (650 ~ 
875~ t h e  s lope  of t he  c u r v e  r e p r e s e n t i n g  the  
a m o u n t  of CdC12 r e m o v e d  b y  w a s h i n g  changes  
r a p i d l y .  This  deno tes  a h i g h e r  a m o u n t  of v o l a t i l i z a -  
t ion  at  t h e  h i g h e r  t e m p e r a t u r e s  w i t h  l o w e r  CdC12 
r e t e n t i o n  on the  p h o s p h o r  surface .  

R e t e n t i o n  of  ch lo r ide  in  t he  l a t t i ce  was  d e t e r m i n e d  
b y  c h e m i c a l  ana lyse s  of two  specific phospho r s  se-  
l ec ted  f r o m  the  ser ies  in  Fig .  3. I t  is p r e s u m e d  t h a t  
t he  ch lo r ide  con ten t  f o u n d  b y  ana lys i s  of the  w a s h e d  
p h o s p h o r s  was  in t he  l a t t i ce  s ince  x - r a y  p o w d e r  
d i f f r ac t ion  a n a l y s i s  s h o w e d  t h e  p h o s p h o r  to possess  
the  a p a t i t e  s t r u c t u r e  and  no s e p a r a t e  CdC12 p h a s e  
was  found.  

A n a l y s i s  of w a s h e d  p h o s p h o r  s amp le s  s h o w e d  
t h a t  t he  a t o m  ra t io s  of t h e  mos t  efficient  p h o s p h o r  
c lose ly  d u p l i c a t e  those  of t he  t h e o r e t i c a l  s t r u c t u r a l  
fo rmula ,  CdsCl(PO4)~.  Thus  the  c a d m i u m  c h l o r o -  
a p a t i t e  fo rms  a de fec t  s t r uc tu r e ,  t h a t  is, i t  can  ex i s t  
w i t h  a def ic iency  of ch lor ide ,  as has  b e e n  s h o w n  for  
h y d r o x i d e  in Ca5OH(PO4)3 (10) .  Two s igni f icant  
po in t s  a r e  e v i d e n t :  (a )  a l t h o u g h  an  excess  of p h o s -  
p h a t e  w a s  e m p l o y e d  d u r i n g  p r e p a r a t i o n ,  the  f inal  
w a s h e d  p h o s p h o r  does no t  con ta in  excess  phospha te ,  
and  (b )  t he  b r i g h t n e s s  is r e l a t e d  to t he  l a t t i c e - i n -  
c o r p o r a t e d  ch lor ide .  In  th i s  case, the  a p p a r e n t  loss 
of p h o s p h a t e  was  no t  r e a l  s ince  t he  c a d m i u m  f rom 
the  i n c o r p o r a t e d  c a d m i u m  ch lo r ide  c o m p e n s a t e d  for  
the  in i t i a l  c a l c u l a t e d  defici t  of c a d m i u m  to g ive  t he  
t h e o r e t i c a l  r a t io s  of t he  apa t i t e ,  as found  b y  c h e m -  
ica l  ana lys i s .  This  m a y  be  m o r e  eas i ly  u n d e r s t o o d  
b y  r e f e r e n c e  to the  a l t e r n a t e  f o r m u l a  g iven  in Tab le  
II  u n d e r  t he  " A d d e d "  co lumn.  

The  u t i l i z a t i o n  of CdC12 in t he  s o l i d - s t a t e  r e a c t i o n  
m a y  n o w  be  s h o w n  ( T a b l e  I I I ) .  I t  m a y  b e  conc luded  
t h a t  t he  o p t i m u m  p r e p a r a t i o n  cond i t ions  a r e  those  
in w h i c h  the  i n c o r p o r a t i o n  of t he  s to i ch iome t r i c  
a m o u n t  of ch lo r ide  is ach ieved .  No te  t h a t  t he  v o l a -  
t i l i zed  CdC12 va r i e s  b e t w e e n  67 and  85% of t he  

Table III. Utilization of CdCI2 in Cd5CI(PO4)3:Mn 

Moles  
a d d e d  

CdC~ 
F i r i n g  P l a q u e  
t emp ,  b r i g h t -  I n c o r p o r a t e d  So lub l e  Vo la t i l e  

~ hess,  % mole  ra t io* mo le  mole** %*** 

0.75 480 75 0.106 0.935 0.145 0.50 67 
590 86 0.105 0.929 0.106 0.54 72 
700 92 0.109 0.962 0.115 0.53 71 
900 99 0.113 1.010 0.025 0.61 82 

1000 72 0.109 0.962 0.0002 0.64 85 

* C a l c u l a t e d  as  (Cd + Mn)sCI~(POD3.  
** C a l c u l a t e d  by  d i f fe rence .  

*** % of o r i g i n a l  a d d e d  CdCI~. 

o r i g i n a l  a m o u n t  a n d  d e p e n d s  on f i r ing t e m p e r a t u r e  
at  a g i v e n  f i r ing t i m e  ( for  a g iven  mass  be ing  f i red) .  

The  pos i t i on  of t h e  emiss ion  p e a k  w a s  cons t an t  
i r r e s p e c t i v e  of  s t o i c h i o m e t r y  and  was  no t  a f u n c -  
t ion  of l a t t i c e  ch lor ide ,  c a d m i u m  to p h o s p h a t e  ra t ios ,  
or  of m a n g a n e s e  concen t r a t ion .  H o w e v e r ,  t he  p l a q u e  
b r i g h t n e s s  d id  v a r y  w i t h  i n c o r p o r a t e d  c h l o r i d e  as 
m a y  be  seen  b y  the  c o m p a r i s o n s  g iven  in  T a b l e  III .  

Absorption properties.--The a b s o r p t i o n  p r o p e r -  
t ies  of t he  p h o s p h o r s  g iven  in T a b l e  II  a r e  shown  
in Fig .  4. A sh i f t  i n  t he  a b s o r p t i o n  edge  was  ob -  
s e r v e d  as  a f u n c t i o n  of ch lo r ide  c o n t e n t .  The  m e a s -  
u r e d  a b s o r p t i o n  was  s h o w n  e x p e r i m e n t a l l y  to  be  
the  f u n d a m e n t a l  a b s o r p t i o n  edge  of t he  m a t r i x  b y  
m e a s u r e m e n t  of t he  u n a c t i v a t e d  m a t e r i a l .  The  spec -  
t r a l  a b s o r p t i o n  b a n d  differs  f r o m  the  e x c i t a t i o n  b a n d  
in t h a t  t h e  f o r m e r  d rops  to t h e  50% p o i n t  a t  37,400 
cm -1, w h e r e a s  t he  e xc i t a t i on  b a n d  does  no t  r e a c h  
the  50% leve l  u n t i l  36,300 cm -1. In  add i t ion ,  v e r y  
w e a k ,  b u t  w e l l - d e f i n e d ,  a b s o r p t i o n  b a n d s  due  to 
Mn +2 w e r e  o b s e r v e d  at  358, 402, and  430 m~. A 
change  of 0.075 m o l e  of l a t t i c e  ch lo r ide  causes  a shi f t  
of a p p r o x i m a t e l y  1500 cm -1 in t h e  a b s o r p t i o n  edge  
(see  Fig.  4) .  

The  u n a c t i v a t e d  m a t r i x  d id  no t  l u m i n e s c e  in t he  
u l t r a v i o l e t  or  v i s ib l e  p o r t i o n  of t he  s p e c t r u m ,  and  no 
emiss ion  was  n o t e d  u n d e r  v a r i o u s  e xc i t a t i on  w a v e  
lengths for the material prefired in air and subse- 
quently subjected to a reducing atmosphere during 
the second firing as was noted in a previous account 
for Cd2P207 (ii). The absorption edge for the un- 
activated chloroapatite drops to the 50% point at 
37,000 cm -I. Thus, a slight shift was noted due to 
the incorporation of the activator into the matrix. 

Quantum efficiency.--The relative quantum ef- 
ficiencies of the phosphors containing the varying 
chloride mole ratios of Table III show a linear de- 
pendence on lattice chloride. The data were obtained 
b y  m a k i n g  c o m p a r i s o n s  to a s t a n d a r d  m a g n e s i u m  
t u n g s t a t e  p h o s p h o r  and  a s s u m i n g  100% q u a n t u m  

Table II. Analysis of cadmium chlorophosphate phosphor 
calculated formulas for apatite 

A d d e d  Theo re t i c a l  

(Cd ~ Mn) 3.00 (PO4) 2.10 �9 CDC12(0.75) (Cd ~ Mn) 5.00Clz.oo (PO4) 3.00 
o r  

(Cd ~ Mn) 2.s6 (PO4) 2.00 �9 CDC12(0.714) 

F i r i n g  t e m p ,  ~ P l a q u e  b r i g h t n e s s ,  % F o u n d  

900 98 (Cd ~- Mn) 4.90CI1.01 (PO4) 3.00 
480 75 (Cd Jr Mn) 4.9sC10.935 (PO4) 3.00 
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efficiency fo r  t he  l a t t e r .  These  d a t a  a r e  g iven  in  
Fig.  5. 

The  m e t h o d  of m e a s u r e m e n t  w a s  a v a r i a t i o n  of  
t he  m e t h o d s  used  in  t h e  l i t e r a t u r e  (12) ,  as d e r i v e d  
f rom the  de f in i t ion  of q u a n t u m  efficiency. In  th is  
m e thod ,  q u a n t u m  eff iciency (QE)  is def ined  as t he  
r a t i o  of q u a n t a  e m i t t e d  to q u a n t a  abso rbed .  R e l a t i v e  
q u a n t u m  efficiency is o b t a i n e d  b y  c o m p a r i s o n  to a 
s t a n d a r d  MgWO4 phospho r ,  w h i c h  is a s s u m e d  to 
have  100% QE 

Q E r e l -  fEIXldk - -  , ~ l X l d X - -  

fE2X2dX 100 

B y  m e a s u r i n g  the  q u a n t u m  a r e a  ( o b t a i n e d  f r o m  the  
emiss ion  s p e c t r u m ) ,  t he  r e l a t i v e  emiss ion  p e a k  
he igh t s  a t  t h e  e x c i t a t i o n  m a x i m u m  (Xx) of each  
phosphor ,  t he  r e l a t i v e  a b s o r p t i o n  at  kx ( to co r rec t  
for  r e f l ec t ion ) ,  and  t h e  e n e r g y  r a t io s  of bo th  e x -  
c i t a t i on  and  emiss ion,  t he  r e l a t i v e  q u a n t u m  effi- 
c i ency  can  be  ob ta ined .  

On ly  one  s a m p l e  does  no t  fa l l  on the  l ine  c o n n e c t -  
ing  the  poin ts .  Th is  w a s  t he  p h o s p h o r  f i red a t  
1000~ as  shown  in Fig .  6 and  g iven  in  T a b l e  III.  
The  p l a q u e  b r i g h t n e s s  and  the  q u a n t u m  eff iciency 
of the  1000~ p h o s p h o r  a r e  not  l i n e a r  ex t ens ions  of 
t he  o t h e r  p h o s p h o r  p rope r t i e s ,  no r  was  the  s to ich i -  
ome t r i c  p h o s p h o r  ob ta ined .  I t  is p r o b a b l e  t h a t  t he  
1000~ f i r ing t e m p e r a t u r e  was  too high.  Hence ,  due  
to t he  h igh  v a p o r  p r e s s u r e  of CdC12, a def ic iency  of  
l a t t i c e  c h l o r i d e  r e su l t ed ,  l e a d i n g  to t he  poor  effi- 
c iency.  

Discussion 

The  p h o s p h o r  C d s C I ( P O 4 ) 3 : M n  is u n u s u a l  in  t h a t  
i t  is one  in w h i c h  t h e  ac t iva to r ,  Mn +2, is no t  a s so -  
c ia ted  w i th  a sens i t i ze r  as is m a n g a n e s e  in  mos t  
o t h e r  a p a t i t e  p h o s p h o r s  (13) .  The  x - r a y  p o w d e r  d i f -  
f r ac t ion  p a t t e r n s  of t he  u n a c t i v a t e d  and  the  m a n g a -  
n e s e - a c t i v a t e d  c a d m i u m  c h l o r o p h o s p h a t e  c o m p o s i -  
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Fig. 6. Chloride incorporation as a function of firing temperature 

t ions  can  be eas i ly  i n d e x e d  as h e x a g o n a l .  The  s t r u c -  
t u r e  is p r o b a b l y  s im i l a r  to apa t i t e ,  CasF(PO4)3 .  By  
ana logy ,  the  c a d m i u m  c h l o r o p h o s p h a t e  s t r u c t u r e  
inc ludes  two  n o n e q u i v a l e n t  c a d m i u m  pos i t ions ,  a l -  
t h o u g h  the  e x a c t  s i te  s y m m e t r y  is no t  known .  If  
i t  is the  same  as apa t i t e ,  one  si te  has  a t r i g o n a l  s y m -  
m e t r y  w h e r e a s  t he  o the r  i nvo lves  a r h o m b i c  g r o u p -  
ing. The  e q u i v a l e n t  CdI I  pos i t ions  w o u l d  t h e n  be  
a r r a n g e d  t r i a n g u l a r l y  a r o u n d  the  ch lor ide ,  f o r m i n g  
a s c rew axis  a long  the  co d i r ec t i on  of t he  un i t  cell .  
A l t h o u g h  Mn +2 can  be  i n c o r p o r a t e d  up  to 0.30 mole  
pe r  1.00 mole  of a p a t i t e  w i t h  l i t t l e  effect  on the  f lu-  
o re scen t  p r o p e r t i e s ,  no  def in i te  a s s i g n m e n t  of  pos i -  
t ion  can be  m a d e  for  t he  m a n g a n o u s  a c t i v a t o r  cen -  
ter ,  even  t h o u g h  the  ( h k l )  p l a n e s  a r e  known .  The  
Mn +2 p r o b a b l y  d i s t r i b u t e s  i t se l f  b e t w e e n  t h e  CdI  
and  CdI I  si tes.  No a t t e m p t  was  m a d e  to d i s t i n g u i s h  
the  a c t u a l  d i s t r i b u t i o n  of a c t i v a t o r  s i tes  in  t he  p h o s -  
phor .  

I t  has  been  s h o w n  t h a t  t h e r e  is a l i n e a r  d e p e n d -  
ency  of q u a n t u m  efficiency on i n c o r p o r a t e d  l a t t i c e  
chlor ide .  Defec t  s t r u c t u r e s  can  ex is t  in w h i c h  the  
ch lo r ide  con ten t  is less t h a n  s to ich iomet r i c .  The  
q u a n t u m  efficiency of  CdsCI (PO4)3 :Mn  d e p e n d s  on 
the  ch lo r ide  con ten t  of t he  s t ruc tu re .  I n  t h e  p r e s e n t  
work ,  th is  was  f o u n d  to d e p e n d  on the  p h o s p h o r -  
f i r i n g - t e m p e r a t u r e  at  a g iven  f i r ing t ime .  The  fact  
t h a t  the  q u a n t u m  eff iciency as w e l l  as t he  pos i t ion  
of t he  a b s o r p t i o n  edge  d e p e n d s  on the  ch lo r ide  i n -  
c o r p o r a t e d  in the  s t r u c t u r e  sugges t s  t ha t  t he  a b s o r p -  
t ion  and  emiss ion  processes  m a y  invo lve  ch lo r ide  in 
some m a n n e r .  I t  a p p e a r s  u n l i k e l y  t h a t  t he  ch lo r ide  
a t o m  i t se l f  is t he  on ly  spec ies  d i r e c t l y  i n v o l v e d  in 
the  a b s o r p t i o n  process .  A m o r e  log ica l  p rocess  w o u l d  
i nvo lve  the  c a d m i u m  a t o m s  of t h e  s t r uc tu r e .  In  a 
p r e v i o u s  p a p e r  (11) i t  was  shown  t h a t  t h e  l u m i n e s -  
cence p rocess  of Cd2P20~:Mn, p r e p a r e d  in  a r e d u c -  
ing  a t m o s p h e r e ,  p r o b a b l y  invo lves  h o s t - s e n s i t i z a -  
t ion,  w i t h  f o r m a t i o n  of a loca l i zed  a b s o r p t i o n  center ,  
Cd +. Resonance  e n e r g y  t r a n s f e r  p rocesses  w e r e  
shown  to be  poss ib le  and  accoun t  for  t h e  h igh  e f -  
f ic iency obse rved .  Such  an  e x p l a n a t i o n  could  be  
a p p l i e d  to CdsC1 (PO4) 8: Mn. A poss ib le  m e c h a n i s m  
w o u l d  i nvo lve  t h e  f o r m a t i o n  of a loca l ized  a b s o r p -  
t ion  s i te  in w h i c h  a c o m p l e x  was  f o r m e d  b y  c h a r g e -  
t r a n s f e r  b e t w e e n  a c a d m i u m  a t o m  a t  a CdI I  s i te  
and  a c h l o r i d e  a t o m  on t h e  co axis  

Cd ++ + C I - - *  [ ( C d  +) + C] o] [5]  

The  a b s o r p t i o n  b a n d s  of t r a n s i t i o n  m e t a l  c o m p l e x e s  
a r e  c o m m o n l y  of two  k inds :  those  due  to cha rge  
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t r a n s f e r  p rocesses  and  those  a r i s ing  f r o m  t r a n s i t i o n s  
which ,  to a good a p p r o x i m a t i o n ,  can  be  cons ide r e d  
as t a k i n g  p l a c e  w i t h i n  t h e  d - s h e l l  of t he  ion. The  
f o r m a t i o n  of such an  e l ec t ron ic  species ,  Cd +, w o u l d  
p r o d u c e  a cen t e r  h a v i n g  an  a l l o w e d  t r ans i t i on ,  
(2S1/2-->2P3/2) w i t h  an  e l ec t ron ic  conf igura t ion ,  
4d105s. In  the  l u m i n e s c e n c e  process ,  exc i t a t i on  of 
t he  Mn +2 emiss ion  cen t e r  t h r o u g h  a r e s o n a n c e  p r o c -  
ess f r o m  the  c h a r g e - l o c a l i z e d  (Cd +) a b s o r p t i o n  
cen te r  in an  e x c i t e d  s t a t e  w o u l d  be  e x p e c t e d  to oc-  
cur,  s i m i l a r  to o t h e r  w e l l - k n o w n  sens i t i za t ion  
processes .  

T h e r e  is a ce r t a in  c o r r e s p o n d e n c e  of t he  p r e s e n t  
h y p o t h e s i s  to t he  t h e o r y  p r o p o s e d  b y  J o h n s o n  (14) 
for  C a l f  (PO~) ~: Sb :  Mn.  Us ing  op t i ca l  m e a s u r e m e n t s  
on s ingle  c rys t a l s  con t a in ing  e i t he r  or  bo th  a c t i v a -  
tors ,  J o h n s o n  conc luded  t h a t  w h i l e  Mn +2 m a y  oc-  
c u p y  e i t h e r  of the  n o n e q u i v a l e n t  c a l c ium pos i t ions  
w h e n  p r e s e n t  a lone,  Sb  +3 occupies  p r i m a r i l y  t he  
Ca I I  pos i t ion  in  t he  p r e s e n c e  of Mn +2 w h i c h  p r e -  
fe rs  t he  CaI  si te.  The  in fe rences  d r a w n  for  CdsC1 
(PO4)3 :Mn r e q u i r e  t he  a b s o r b i n g  s i te  to be  a t  the  
CdI I  pos i t i on  s ince t he  w h o l e  l u m i n e s c e n t  p rocess  is 
d e p e n d e n t  on ch lo r ide  content .  

W h i l e  i t  is poss ib l e  t h a t  t he  a b s o r p t i o n  cen t e r  is 
composed  of Mn +2 at  a C d l I  s i te  in  a s soc ia t ion  w i t h  
the  n e a r e s t  n e i g h b o r  ch lor ide ,  th is  a p p e a r s  less 
l i k e l y  s ince  t he  a c t u a l  a b s o r p t i o n  is s t rong,  w h e r e a s  
the  Mn +2 o r  Mn + t r a n s i t i o n s  wi l l  be  w e a k  s ince  
bo th  i nvo lve  f o r b i d d e n  t r ans i t i ons .  

F i n a l l y ,  a l t h o u g h  a Cd + spec ies  has  no t  been  ob -  
s e rved  in the  o x y g e n - d o m i n a t e d  phosphors ,  L u s h -  
ch ik  and  L u s h c h i k  (15) have  i n v e s t i g a t e d  a ser ies  
of homologous  a c t i v a t o r s  in a l k a l i  ha l ides .  I n c l u d e d  
in t hese  a c t i v a t o r s  was  a species,  Cd +, w h i c h  h a d  an  
a b s o r p t i o n  b a n d  in t he  u l t r av io l e t .  The  f o r m a t i o n  
of a Z - c e n t e r ,  i nvo lv ing  a d o u b l y  c h a r g e d  ca t ion  

such  as Ca + + a n d  a loca l i zed  e l ec t ron  to g ive  a Ca + 
species,  was  pos tu l a t ed .  
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ABSTRACT 

The phosphorous  pressure  de r ived  f rom the dissociat ion of GaP according 
to the react ion 

GaP~s)--> Ga~l) + 1/~p2(g) 

has been measured  by the Knudsen  effusion method.  In the t e m p e r a t u r e  range  
781~176 the phosphorous  pressure  m a y  be expressed  as log pP2mm 
--18,870/T~ ~ 13.60. 

The  p h o s p h o r o u s  p r e s s u r e  ove r  G a P  a t  i t s  m e l t i n g  
po in t  (~-,1500~ is qu i t e  h igh  ( e s t i m a t e d  ~ 2 0  a t m )  
(1) .  No d i s soc ia t ion  p r e s s u r e s  a r e  a v a i l a b l e  for  
l o w e r  t e m p e r a t u r e s .  Such  d a t a  w o u l d  be  p a r t i c u -  
l a r l y  h e l p f u l  for  such  l o w e r  t e m p e r a t u r e  p rocesses  
as j u n c t i o n  p r e p a r a t i o n  b y  diffusion,  t r a n s p o r t  e x -  
p e r i m e n t s ,  and  e p i t a x i a l  g r o w t h  s ince  in  t hese  cases  

1Present address: Pittsburgh Corning Research & Engineering 
Center, Pittsburgh, Pennsylvania.  

p h o s p h o r o u s  p r e s s u r e  m a y  h a v e  to be  a p p l i e d  to 
p r e v e n t  decompos i t ion .  

Experimental 
This  s t u d y  was  m a d e  b y  t h e  K n u d s e n  effusion 

m e t h o d  (2 ) .  Effus ion  cel ls  w e r e  m a d e  of q u a r t z  
w h i c h  w e r e  coa t ed  ins ide  w i t h  a q u a d a g  to p r e v e n t  
t he  r e a c t i o n  of Ga  or  G a P  w i t h  q u a r t z  f o r m i n g  
Ga20  s. The  two  cel ls  u sed  in th is  w o r k  had  the  
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t r a n s f e r  p rocesses  and  those  a r i s ing  f r o m  t r a n s i t i o n s  
which ,  to a good a p p r o x i m a t i o n ,  can  be  cons ide r e d  
as t a k i n g  p l a c e  w i t h i n  t h e  d - s h e l l  of t he  ion. The  
f o r m a t i o n  of such an  e l ec t ron ic  species ,  Cd +, w o u l d  
p r o d u c e  a cen t e r  h a v i n g  an  a l l o w e d  t r ans i t i on ,  
(2S1/2-->2P3/2) w i t h  an  e l ec t ron ic  conf igura t ion ,  
4d105s. In  the  l u m i n e s c e n c e  process ,  exc i t a t i on  of 
t he  Mn +2 emiss ion  cen t e r  t h r o u g h  a r e s o n a n c e  p r o c -  
ess f r o m  the  c h a r g e - l o c a l i z e d  (Cd +) a b s o r p t i o n  
cen te r  in an  e x c i t e d  s t a t e  w o u l d  be  e x p e c t e d  to oc-  
cur,  s i m i l a r  to o t h e r  w e l l - k n o w n  sens i t i za t ion  
processes .  

T h e r e  is a ce r t a in  c o r r e s p o n d e n c e  of t he  p r e s e n t  
h y p o t h e s i s  to t he  t h e o r y  p r o p o s e d  b y  J o h n s o n  (14) 
for  C a l f  (PO~) ~: Sb :  Mn.  Us ing  op t i ca l  m e a s u r e m e n t s  
on s ingle  c rys t a l s  con t a in ing  e i t he r  or  bo th  a c t i v a -  
tors ,  J o h n s o n  conc luded  t h a t  w h i l e  Mn +2 m a y  oc-  
c u p y  e i t h e r  of the  n o n e q u i v a l e n t  c a l c ium pos i t ions  
w h e n  p r e s e n t  a lone,  Sb  +3 occupies  p r i m a r i l y  t he  
Ca I I  pos i t ion  in  t he  p r e s e n c e  of Mn +2 w h i c h  p r e -  
fe rs  t he  CaI  si te.  The  in fe rences  d r a w n  for  CdsC1 
(PO4)3 :Mn r e q u i r e  t he  a b s o r b i n g  s i te  to be  a t  the  
CdI I  pos i t i on  s ince t he  w h o l e  l u m i n e s c e n t  p rocess  is 
d e p e n d e n t  on ch lo r ide  content .  

W h i l e  i t  is poss ib l e  t h a t  t he  a b s o r p t i o n  cen t e r  is 
composed  of Mn +2 at  a C d l I  s i te  in  a s soc ia t ion  w i t h  
the  n e a r e s t  n e i g h b o r  ch lor ide ,  th is  a p p e a r s  less 
l i k e l y  s ince  t he  a c t u a l  a b s o r p t i o n  is s t rong,  w h e r e a s  
the  Mn +2 o r  Mn + t r a n s i t i o n s  wi l l  be  w e a k  s ince  
bo th  i nvo lve  f o r b i d d e n  t r ans i t i ons .  

F i n a l l y ,  a l t h o u g h  a Cd + spec ies  has  no t  been  ob -  
s e rved  in the  o x y g e n - d o m i n a t e d  phosphors ,  L u s h -  
ch ik  and  L u s h c h i k  (15) have  i n v e s t i g a t e d  a ser ies  
of homologous  a c t i v a t o r s  in a l k a l i  ha l ides .  I n c l u d e d  
in t hese  a c t i v a t o r s  was  a species,  Cd +, w h i c h  h a d  an  
a b s o r p t i o n  b a n d  in t he  u l t r av io l e t .  The  f o r m a t i o n  
of a Z - c e n t e r ,  i nvo lv ing  a d o u b l y  c h a r g e d  ca t ion  

such  as Ca + + a n d  a loca l i zed  e l ec t ron  to g ive  a Ca + 
species,  was  pos tu l a t ed .  
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The Phosphorous Dissociation Pressure over the System 
W. D. Johnston 1 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The phosphorous  pressure  de r ived  f rom the dissociat ion of GaP according 
to the react ion 

GaP~s)--> Ga~l) + 1/~p2(g) 

has been measured  by the Knudsen  effusion method.  In the t e m p e r a t u r e  range  
781~176 the phosphorous  pressure  m a y  be expressed  as log pP2mm 
--18,870/T~ ~ 13.60. 

The  p h o s p h o r o u s  p r e s s u r e  ove r  G a P  a t  i t s  m e l t i n g  
po in t  (~-,1500~ is qu i t e  h igh  ( e s t i m a t e d  ~ 2 0  a t m )  
(1) .  No d i s soc ia t ion  p r e s s u r e s  a r e  a v a i l a b l e  for  
l o w e r  t e m p e r a t u r e s .  Such  d a t a  w o u l d  be  p a r t i c u -  
l a r l y  h e l p f u l  for  such  l o w e r  t e m p e r a t u r e  p rocesses  
as j u n c t i o n  p r e p a r a t i o n  b y  diffusion,  t r a n s p o r t  e x -  
p e r i m e n t s ,  and  e p i t a x i a l  g r o w t h  s ince  in  t hese  cases  

1Present address: Pittsburgh Corning Research & Engineering 
Center, Pittsburgh, Pennsylvania.  

p h o s p h o r o u s  p r e s s u r e  m a y  h a v e  to be  a p p l i e d  to 
p r e v e n t  decompos i t ion .  

Experimental 
This  s t u d y  was  m a d e  b y  t h e  K n u d s e n  effusion 

m e t h o d  (2 ) .  Effus ion  cel ls  w e r e  m a d e  of q u a r t z  
w h i c h  w e r e  coa t ed  ins ide  w i t h  a q u a d a g  to p r e v e n t  
t he  r e a c t i o n  of Ga  or  G a P  w i t h  q u a r t z  f o r m i n g  
Ga20  s. The  two  cel ls  u sed  in th is  w o r k  had  the  



118 JOURNAL OF THE ELECTROCHEMICAL SOCIETY February 1963 

dimens ions :  orifice a rea  A = 9.22 x 10 -3 cm 2, 
C laus ing  factor  K = 0.87 and  A = 9.51 x 10 -3 cm 2, 
K = 0.76. The cells were  pa r t i a l l y  filled wi th  (0.3086 
and  0.1587g) powdered ,  zone ref ined GaP  and  were  
i n d i v i d u a l l y  suspended  by  a quar tz  fiber f rom a 
quar tz  spr ing  hav ing  a cons tan t  of 19.72 c m / g  in  
an  a l l -g lass  v a c u u m  sys tem capable  of 1 x 10 -7 
mm. Spr ing  ex tens ions  were  m e a s u r e d  by  a ca the-  
tomete r  wh ich  could be read to 0.001 cm. A 13-in.  
long tube  fu rnace  w i th  a cen t ra l  2- in.  reg ion  h a v i n g  
a t e m p e r a t u r e  u n i f o r m  to w i t h i n  +--2 ~ was used to 
heat  the  sample.  T e m p e r a t u r e s  were  measu red  d u r -  
ing an e x p e r i m e n t  by  a chromel  a lume l  t h e r m o -  
couple placed b e t w e e n  the fu rnace  hea te r  and  the  
qua r t z  f u rnace  tube.  This  t e m p e r a t u r e  was f ound  
to be cons i s ten t ly  15 ~ h igher  t h a n  the  ac tua l  sample  
t e m p e r a t u r e  by  a separa te  series of e x p e r i m e n t s  
where  a fine t he rmocoup le  replaced  the  sample.  

The data  repor ted  he re  are computed  f rom the 
average  of large n u m b e r s  of m e a s u r e m e n t s  (10-50) 
of A m a s s / A t i m e  at a g iven  t e m p e r a t u r e .  These 
m e a s u r e m e n t s  m a i n l y  reflect loss of phosphorus  
and  were  a lways  wel l  w i t h i n  •  F u r t h e r ,  the re  
was no sys temat ic  change  in  A mass /A t ime as the 
sample  s lowly  changed  composi t ion  via  phosphorus  
vo la t i l i za t ion  at a g iven  t empe ra tu r e .  This  i nde -  
pendence  of vapor  p ressure  w i th  composi t ion  is 
ev idence  for the  presence  of two condensed  phases.  
This was conf i rmed by  v i sua l  inspect ion.  

The loss of smal l  quan t i t i e s  of ga l l ium d u r i n g  
effusion was noted.  In  the first e x p e r i m e n t  effusion 
was  a l lowed to con t inue  at  the  h ighes t  t e m p e r a t u r e  
un t i l  the ra te  of effusion decreased sharp ly  due to 
the  exhaus t ion  of phosphorus  f rom the  sample.  At  
this  end  poin t  too m u c h  weigh t  had  been  lost f rom 
the effusion cell. The  ex t ra  we igh t  loss of 0.0122g 
corresponds  to 5.7 % of the  ava i lab le  ga l l ium.  C h e m -  
ical ana lys i s  of a c r eam colored deposi t  in  the  f u r -  
nace t u b e  revea led  0.0123g of ga l l ium.  The red 
deposit  of free phosphorus  is m u c h  f u r t h e r  r e move d  
f rom the hot reg ion  of the fu rnace  t ube  t h a n  is this  
c ream reg ion  which  has been  shown  by  x - r a y  d i l -  
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Fig. l -  O~s~ociation pressure of GaP 

Fig. 1. Dissociation pressure of GaP 

Table I. Knudsen cell data 

T ,  ~ P r e s s u r e  o f  P~ i n  m m  

781 4.27 • 10 -5 
806 1.28 • 10 -4 
836 3.93 • 10 -4 
862 1.27 • 10 -8 
910 4.40 • 10 -3 
961 2.17 X 10 -2 

1005 6.46 • 10 -2 

f rac t ion  to be GaP.  A mass spec t rometr ic  s tudy  (3) 
of I I I - V  compounds  has no t  revea led  a n y  I I I -V  
vapor  species. Thus  it  is be l i eved  tha t  mona tomic  
ga l l ium vapor  effuses f rom the  cell  a nd  reacts  wi th  
phosphorus  at the  f u r na c e  t ube  wall .  This  deposit  
is r e la t ive ly  nonvo la t i l e  a nd  does no t  dis t i l l  com- 
p le te ly  out of the  hea ted  region.  The vapor  p ressure  
da ta  have  b e e n  corrected f rom ga l l i um effusion by  
us ing  the da ta  of Cochran  and  Fos ter  (4) .  This  cor-  
rec t ion  a m o u n t s  in  t e rms  of p ressure  to 5.8% at 
the  lowest  t e m p e r a t u r e  and  1.5 % at the  highest  t e m -  
pera tu re ,  bo th  of wh ich  are w i t h i n  e x p e r i m e n t a l  
error.  

In  one series of e x p e r i m e n t s  an  a t t empt  was  made  
to increase  the  sens i t iv i ty  necessary  to d e t e r m i n e  
the phosphorous  dissociat ion p ressure  at lower  t e m -  
pe ra tu re s  by  us ing  the  L a n g m u i r  method.  This  was 
done by  suspend ing  a slice of GaP  on the  quar tz  
fiber. In  this case, the  correc t ion  for Ga vapor iza t ion  
a moun t s  at the  lowest  t e m p e r a t u r e  (722~ to more  
t h a n  half  of the tota l  loss of mass.  The  phosphorous  
pressures  so de r ived  are abou t  a factor  of 10 lower  
t h a n  the  K n u d s e n  m e a s u r e m e n t  sugges t ing  an  ac- 
commoda t ion  coefficient of 0.1. However ,  the  m a g -  
n i t u d e  of the ga l l i um correc t ion  and  the  lack of 
know l e dge  of the  accommoda t ion  coefficient for gal -  
l i u m  m a k e  these  resu l t s  of qua l i t a t i ve  signif icance 

only.  
Results 

A plot  of the  log vapor  p ressure  as a func t ion  of 
1/T is g iven  in  Fig. 1. N u m e r i c a l  da ta  are g iven  in  
Table  I. The vapor  p ressure  is g iven  in  t e rms  of the  
P2 species. N o r m a l l y  one wou ld  expect  the  P4 species 
to be p r e d o m i n a n t  at these t empera tu re s ,  a nd  this  
is the  case at  h igher  pressures .  Bu t  at the low pres -  
sures invo lved  in  this  work  the  reac t ion  

P4 ~ 2P2 

is d r i v e n  s t rongly  to the r ight .  Us ing  t h e r m o d y n a m i c  
da ta  of S tu l l  and  S inke  (5) one can show tha t  in  
this work  P~ is more  t h a n  99% dissociated. 

The K n u d s e n  da ta  of Fig. 1 m a y  be expressed 
m a t h e m a t i c a l l y  as 

log p P2 m m  ~ - -18 ,870/T  ~  -~ 13.60 

This leads to an  average  hea t  of decomposi t ion  in  
this  t e m p e r a t u r e  r ange  of 43.2 k c a l / m o l e  for the  r e -  
act ion 

GAP--) Ga(1)  + 1/2 P2(g)  

(The hea t  r e su l t ing  f rom the  v e r y  qua l i t a t i ve  L a n g -  
m u i r  work  was 39.7 kca l /mo le . )  These m a y  be com-  
pa red  wi th  the  va lues  43.1 and  41 for the  decompo-  
s i t ion of InAs  a nd  GaSb  to the  respec t ive  d imer ic  
gas species (3) .  
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In  t he  e q u a t i o n  as w r i t t e n  G a P  is i n d i c a t e d  as  
d e c o m p o s i n g  in to  p u r e  Ga  (1). The  p h a s e  d i a g r a m  
of t he  G a - G a P  s y s t e m  r e c e n t l y  r e p o r t e d  b y  R u b e n -  
s te in  (6)  shows  t h a t  t he  so lub i l i t y  of P in  l i qu id  Ga  
is qu i t e  s m a l l  (1-2  m o l e  % )  a t  t e m p e r a t u r e s  u p  to  
1000 ~ Thus  in t he  t e m p e r a t u r e  r a n g e  of th i s  e x -  
p e r i m e n t  p u r e  Ga  l i qu id  is  a r e a s o n a b l e  a p p r o x i -  
mat ion .  As  t h e  t e m p e r a t u r e  i nc reases  b e y o n d  1000 ~ 
and  m o r e  p h o s p h o r u s  becomes  d i s so lved  in t he  
l i qu id  phase ,  i t  w i l l  be  e x p e c t e d  the  p lo t  of log 
p r e s s u r e  vs. 1 /T  wi l l  d e v i a t e  f r o m  l i n e a r i t y  in t he  
d i r ec t i on  of h i g h e r  p h o s p h o r o u s  p re s su re s .  Such  an  
effect m a y  be  no ted  in  t he  c o m p i l a t i o n  of d a t a  on 
G a A s  r e p o r t e d  b y  L y o n s  and  S i l v e s t r i  (7 ) .  Th is  
b e h a v i o r  is magn i f i ed  as one a p p r o a c h e s  t he  m e l t i n g  
p o i n t  as  has  been  d e m o n s t r a t e d  b y  v a n  d e n  B o o m -  
g a a r d  and  Schol  (8) .  Thus  i t  is n o t  co r r ec t  to e x -  
t r a p o l a t e  th i s  d a t a  to  t h e  G a P  m e l t i n g  p o i n t  to 
o b t a i n  t h e  p h o s p h o r o u s  p r e s s u r e  ove r  G a P  l iqu id .  

F i n a l l y ,  i t  shou ld  be r e - e m p h a s i z e d  t h a t  t he  d a t a  
r e p o r t e d  h e r e  r e f e r  to t he  p h o s p h o r o u s  p r e s s u r e  in  
e q u i l i b r i u m  w i t h  t he  two  condensed  phases ,  G a P  
and  a g a l l i u m  r ich  l iquid .  Thus  t h e  p r e s s u r e  is i n -  
v a r i a n t  a t  a g iven  t e m p e r a t u r e .  S i m i l a r l y ,  t he  s to i -  
c h i o m e t r y  of t he  condensed  phase s  a r e  i n v a r i a n t  
a t  a g iven  t e m p e r a t u r e .  If,  h o w e v e r ,  one dea l s  w i t h  
on ly  G a P  as the  condensed  phase ,  s t o i c h i o m e t r y  
wi l I  v a r y  w i t h  p h o s p h o r o u s  p r e s su re .  This  w i l l  r e -  
su l t  in  a c o r r e s p o n d i n g  v a r i a t i o n  in  t h e  e l e c t r i c a l  
p r o p e r t i e s  of the  m a t e r i a l  (9 ) .  Thus ,  t he  p r e s s u r e s  
r e p o r t e d  he re  m a y  be  cons ide red  as t he  l owes t  pos -  

s ib le  p r e s s u r e s  in  e q u i l i b r i u m  w i t h  G a P  a t  v a r i o u s  
t e m p e r a t u r e s .  
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Oxygen-Controlled Conduction in Thin Films of Cuprous 
Iodide: A Mixed Valency Anion Semiconductor 

Carlyle S. Herrick and Arthur D. Tevebaugh 
Research Laboratory, General Electric Company, Schenectady, New York  

ABSTRACT 

Oxygen  presen t  in cuprous iodide  grea t ly  increases the e lect r ica l  conduc-  
t ivity.  Copper  films were  fo rmed  wi th  differing oxygen  contents by  copper  
vapor  condensat ion at  var ious  oxygen  pressures.  Af t e r  iodinat ion  to CuI  the  
conduct iv i ty  was found propor t iona l  to the  1/8.4 power  of the  oxygen  pressure  
dur ing  condensat ion.  Cuprous iodide  wi th  oxygen c rea ted  conductors  is a 
mixed  va lency anion semiconductor .  

Cup rous  i o d i d e  w a s  r ecogn i zed  b y  G u d d e n  a n d  
S c h o t t k y  to be  a s t o i ch iome t r i c  i m b a l a n c e  s e m i c o n -  
duc to r  (1) .  A d d i t i o n a l  w o r k  has  no t  y e t  b r o u g h t  
s a t i s f a c t o r y  a g r e e m e n t  b e t w e e n  t h e o r y  and  e x p e r i -  
m e n t  ( 2 - 4 ) .  In  th i s  r e p o r t  t he  e l e c t r i c a l  c o n d u c -  
t i v i t y  of CuI  is s h o w n  to i nc rea se  g r e a t l y  due  to  
t he  p r e s e n c e  of s m a l l  a m o u n t s  of oxygen .  In  a gross  
sense  th i s  m a t e r i a l  m a y  be  r e g a r d e d  as CuI  con-  
t a i n ing  a s m a l l  a m o u n t  of Cu20. S ince  conduc t ion  is 
due  to t he  p r e s e n c e  of o x y g e n  th i s  a p p e a r s  to  b e  an  
e x a m p l e  of a m i x e d  v a l e n c y  an ion  s emiconduc to r ,  in  
a m a n n e r  ana logous  to t h e  w e l l - k n o w n  L i 2 0 - N i O  
sys tem.  

C u I - C u 2 0  in  t h i n  f i lms is o p t i c a l l y  t r a n s p a r e n t .  
S ince  on ly  m o d e r a t e  t e m p e r a t u r e s  a r e  r e q u i r e d  to  

f o r m  th is  s e m i c o n d u c t o r  f r o m  t h e  e l emen t s ,  i t  can  
be  a p p l i e d  r e a d i l y  to  p o l y m e r i c  ma t e r i a l s .  L y o n  
e a r l i e r  a p p l i e d  t r a n s p a r e n t  conduc t ing  f i lms of CuI  
to m e t h a c r y l a t e  p o l y m e r  su r f aces  i n t e n d e d  fo r  a i r -  
c ra f t  w i n d o w  use  (5) .  H o w e v e r  CuI  f i lms as L y o n  
m a d e  t h e m  w e r e  n e i t h e r  r e p r o d u c i b l e  n o r  s t ab le  
e l ec t r i ca l ly .  C u I - C u 2 0  f i lms a r e  r e p r o d u c i b l e  and  
h a v e  i m p r o v e d  s t ab i l i t y .  

Experiments and Results 
In  a ser ies  of e x p e r i m e n t s  v a r y i n g  a m o u n t s  of 

o x y g e n  have  b e e n  i n c o r p o r a t e d  in CuI  a n d  m e a s u r e -  
m e n t s  m a d e  of t h e  r e s u l t i n g  res i s t iv i t i e s .  I t  was  
e x p e r i m e n t a l l y  c o n v e n i e n t  to  use  t h in  f i lm t e c h -  
n iques  for  th is  work .  
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O x y g e n - f r e e  copper  evapora ted  in  a v a c u u m  
chamber  was  condensed  on a t r a n s p a r e n t ,  i n e r t -  
po lymer  subs t r a t e  u n t i l  the l ight  t r ansmis s ion  of 
the  deposi t  fel l  to 5% of the  no -depos i t  va lue .  Ox-  
ygen  gas flowed t h r o u g h  the  evapora t ion  c h a m b e r  
at  a cons t an t  r a t e  cont ro l led  by  its diffusion ra te  
t h rough  a hea ted  s i lver  tube.  Other  gases were  
pu rged  f r o m  the  c h a m b e r  by  the  con t inuous  oxygen  
flow whi le  the  ra te  of flow in  r e l a t ion  to the  p u m p -  
ing speed es tab l i shed  the  c h a m b e r  oxygen  p res -  
sure.  E v a p o r a t i o n  t ime  was  less t h a n  5 m i n  for each 
exper imen t .  D u r i n g  condensa t ion  each l ayer  of cop- 
per  a toms had  o p p o r t u n i t y  to react  wi th  oxygen  in  
p ropor t ion  to the  oxygen  pressure.  

The  o x y g e n  con t a in ing  copper  fi lm was t rea ted  
wi th  iodine  vapor ,  in  e q u i l i b r i u m  wi th  solid iodine  
at 70~ (ca. 8 m m ) ,  for about  5 sec t hen  a l lowed 
to s t and  in  air. This  t r e a t m e n t  fo rmed  the  CuI  as 
t i ny  crystal l i tes .  The  r e su l t i ng  film was clear, h igh ly  
t ransmiss ive ,  and  of b r i l l i an t  color ing by  reflected 
light.  P ro longed  iodine  t r e a t m e n t  p roduced  a m i l k y -  
hazy appea rance  due  p r o b a b l y  to f o rma t ion  of l a rger  
crystal l i tes .  Res i s t iv i ty  was no t  d e p e n d e n t  on 
w h e t h e r  the film was clear  or m i l k y - h a z y .  H y d r o g e n  
iodide vapor  was  also used  ins tead  of iodine  to form 
CuI  films; howeve r  iodine was more  conven ien t .  

M e a s u r e m e n t s  of d-c  res i s t iv i ty  we re  made  wi th  
an  o h m m e t e r  and  a s t a n d a r d  geome t ry  contact .  
F i l m  th ickness  was  es t ima ted  in  the  u sua l  w a y  for 
t h i n  t r a n s p a r e n t  films us ing  a re f rac t ive  i n de x  of 
2.35 toge ther  w i th  the  color c o m p l e m e n t  w a v e l e n g t h  
of the  reflected color. The film th icknesses  chosen 
gave colors of the first order.  

Resis t ivi t ies  as a f unc t i on  of o x y g e n  pressure  are 
g iven  in  Tab le  I for two film thicknesses .  Values  at 
1400A are  the  average  m e a s u r e m e n t s  f rom two ex-  
pe r imen t s  whi le  the  va lues  at  1050A are the  average  
m e a s u r e m e n t s  f rom four  exper imen t s .  Reproduc i -  
b i l i ty  was  abou t  +---250 ohms per  square .  The  re -  
s is t iv i ty  of CuI  films p r epa red  this  way  var ies  
mono ton ica l l y  w i th  oxygen  pressure  in  the  r ange  
b e t w e e n  6.0 x 10 - s  and  1.0 x 10 -2 m m  Hg. 

Compu ted  e lect r ical  conduct iv i t i es  in  Tab le  I are  
i n d e p e n d e n t  of film th ickness  sugges t ing  tha t  su r -  
face conduc t ion  is a m i n o r  factor.  These  expe r i -  
m e n t a l  da ta  are wel l  r ep re sen t ed  by  the  re l a t ion  
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o" C [Po2] 8"4 [1] 

Toble I 

O x y g e n  R e s i s t i v i t y ,  C o n d u c t i v i t y  C o n d u c t o r s / c m  s, 
p r e s s u r e ,  m m  o h m s / s q u a r e  p e r  o h m - e r a  ~ = l 0  c m 2 / v o l t - s e c  

1400@ 

1.0 X 10 -2 1900 38 2.4 X 10 TM 

1.0 X 10 -3 2600 28 1.7 X 10 TM 

1.5 X 10 -4 3100 23 1.4 X 10 TM 

6.0 X 10 -5 4000 18 1.1 X 10 TM 

lOSOA 

1.0 x 10 -2 2500 38 2.4 x 10 TM 

1.0 X 10 -3 3300 29 1.8 X 10 TM 

1.5 X 10 -4 4100 23 1.4 X 10 TM 

6.0 • 10 -5 4550 21 1.3 X 10 TM 
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Fig. 1. Oxygen dependence of Cul conductivity 

where  ~ is e lectr ical  conduc t iv i ty  and  Po2 is oxygen  
pressure  d u r i n g  evapora t i on  of copper  (see Fig. 1). 

Discussion 
In  v iew of the  a p p a r e n t  s imi l a r i t y  of our  data  to 

D i inwa ld  and  W a g n e r ' s  da ta  (6) for the  Cu20-O2 
system, we a t t e mp t e d  to app ly  the i r  concepts  to the 
p r o b l e m  of exp l a in ing  Eq. [1].  Our  da ta  are no t  
sufficient to ve r i fy  a proposed m e c h a n i s m ;  hence,  we 
suggest  the fo l lowing  a l t e r n a t i v e  pos tu la tes  as r ea -  
sonable  exp lana t ions  for Eq. [1].  

1. Oxygen  m a y  be p re sen t  in  the  CuI  as O = sub -  
s t i tu ted  for I -  on a r e g u l a r  la t t ice  site ana logous  to 
the  sys tem NiO-Li20.  Wi th  this  model  conduc t iv i ty  
wou ld  be d i rec t ly  p ropo r t i ona l  to oxygen  con ten t ;  
hence  the a m o u n t  of oxygen  in  the  copper  m u s t  

1 

v a r y  as [Po2] s'4. Oxygen  ana lys i s  of the  copper 
films to suppor t  this  po in t  appears  difficult at  the  
p re sen t  t ime. The expected dependence  is p ropor -  

1 

t iona l  to [Po2] ~. 
2. Oxygen  m a y  be p r e se n t  in  the  CuI  as e lec t r i -  

cal ly  n e u t r a l  i n t e r s t i t i a l  atoms, a m i n o r  f rac t ion  of 
which  ionize by  e lec t ron  cap tu re  f rom the  la t t ice  
to crea te  holes. A s s u m i n g  the  oxygen  con ten t  of 

1 

copper p ropor t iona l  to [Po2] ~, the expected  de-  
pendence ,  the  conduc t iv i ty  w ou l d  be p ropor t iona l  to 

1 

[Po2] ~. 
3. Oxygen  m a y  be p re sen t  in  the CuI  as elec-  

t r i ca l ly  n e u t r a l  i n t e r s t i t i a l  a toms in  e q u i l i b r i u m  
wi th  cuprous  ion vacanc ies  which  ionize by  hole 
fo rmat ion .  The  vacancies ,  two per  oxygen  atom, 
form rap id ly  d u r i n g  the  iodine t r ea tmen t .  A s s u m i n g  

1 
the  oxygen  con ten t  of copper  p ropor t iona l  to [Poe] ~, 
the  expected  dependence ,  conduc t iv i ty  w ou ld  be 

1 
p ropor t iona l  to [Po2] w which  agrees  we l l  w i t h  ex -  
pe r imen t .  Not eve ryone  wi l l  agree  tha t  the  oxygen  
a toms can be in  e q u i l i b r i u m  wi th  cuprous  ion v a -  
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cancies ;  h o w e v e r  to  the  a u t h o r s  th i s  p o s t u l a t e  a p -  
p e a r s  to be  t he  mos t  r ea sonab l e .  

Conduc t ion  due  to  f o r m a t i o n  of cup rous  ion  v a -  
cancies  and  e l e c t r o n  ho les  was  s u g g e s t e d  b y  N a g e l  
a n d  W a g n e r  (7)  for  n o n s t o i c h i o m e t r i c  CuI  con-  
t a i n i n g  excess  iodine .  M a u r e r ' s  d a t a  (4)  i n d i c a t e  
t h a t  t he  c h e m i c a l  a n d  t h e r m a l  cond i t ions  u sed  b y  
us  wou ld ,  a t  e q u i l i b r i u m ,  c r e a t e  suff icient  i od ine  
i n d u c e d  vacanc i e s  to accoun t  for  a l l  of t he  o b s e r v e d  
conduc t i v i t y .  I t  is i m p o r t a n t  t hen  to i d e n t i f y  w h a t  
f r a c t i o n  of t he  c o n d u c t i v i t y  m i g h t  b e  due  to iod ine  
c r e a t e d  vacanc ies .  

A l l  s a m p l e s  w e r e  e x p o s e d  to i d e n t i c a l  iod ine  
t r e a t m e n t s .  In  each  s a m p l e  t he  c o n d u c t i v i t y  due  to 
excess  i o d i n e - c r e a t e d  vacanc ie s  shou ld  be  t he  same.  
I f  c o n d u c t i v i t y  w e r e  a l l  due  to excess  iodine,  t he  
s lope  of  F ig .  1 w o u l d  be  in f in i te  i n s t e a d  of 8.4. 

I n  o t h e r  e x p e r i m e n t s  s e v e r a l  s a m p l e s  w e r e  r e -  
p e a t e d l y  e x p o s e d  to t he  sho r t  i od ine  t r e a t m e n t s ,  
a n d  c o n d u c t i v i t y  d id  no t  c h a n g e  w i t h  t he  a d d i -  
t i ona l  exposures .  Th is  sugges t s  t h a t  f o r m a t i o n  of 
c o p p e r  ion  l a t t i c e  vacanc ie s  due  to t h e  p re sence  of 
Cu~O is m u c h  m o r e  r a p i d  t h a n  v a c a n c y  f o r m a t i o n  
due  to excess  iodine .  

W h e n  H I  was  the  i o d i n a t i n g  a g e n t  t he  r e s u l t i n g  
c o n d u c t i v i t y  w a s  t he  s ame  as w h e n  iod ine  was  used.  
A b s o r p t i o n  of excess  HI  is no t  k n o w n  to c r ea t e  con-  
duc to r s  as does  the  a b s o r p t i o n  of excess  I2 in CuI.  

F o r  t hese  r ea sons  i t  s eems  qu i t e  p r o b a b l e  t h a t  a n y  
c o n d u c t i v i t y  i n d u c e d  b y  t h e  p r e s e n c e  of excess  I2 
is of v e r y  m i n o r  m a g n i t u d e .  T h e n  in Fig .  1 t h e  con-  
d u c t i v i t y  can  b e  sa id  to be  due  a l m o s t  e n t i r e l y  to 
oxygen .  

T h e  c o n d u c t i n g  spec ies  in  Cu20 a re  in  e q u i l i b r i u m  
w i t h  o x y g e n  gas  acco rd ing  to t he  D i i n w a l d  and  
W a g n e r  m e c h a n i s m  (6) .  The  conduc t i ng  species  in 
n o n s t o i c h i o m e t r i c  CuI  a r e  in  e q u i l i b r i u m  w i t h  
iod ine  gas  acco rd ing  to the  N a g e l  and  W a g n e r  
m e c h a n i s m  (7) .  W h e n  these  two  a re  c o m b i n e d  in to  
a CuI  la t t i ce ,  the  e x a c t  b e h a v i o r  to be  e x p e c t e d  is 
not  c lear .  I t  does  s eem r e a s o n a b l e  to expec t  some 
conduc t i ng  spec ies  to be  in e q u i l i b r i u m  w i t h  iod ine  
gas, hence  some conduc to r s  m a y  d i s a p p e a r  w i t h  t i m e  
w h e n  iod ine  is a b s e n t  f r o m  the  a t m o s p h e r e .  A l l  
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s a m p l e s  in  Fig .  1 w e r e  r e m e a s u r e d  a f t e r  s ix  w e e k s  
in  an  i o d i n e - f r e e  a t m o s p h e r e .  The  n e w  c o n d u c t i v i t y  
v a l u e s  w e r e  l o w e r  b y  e x a c t l y  a f ac to r  of two  w h i l e  
t he  s lope  r e m a i n e d  unc ha nge d .  Th is  is a v e r y  s low 
d e c r e a s e  in  t he  n u m b e r  of c onduc t i ve  spec ies  com-  
p a r e d  w i t h  t h e  d e c a y  of excess  iod ine  i n d u c e d  con-  
duc to r s  (8 ) .  

The  n u m b e r  of conduc to r s  p e r  cubic  cen t ime te r ,  
T a b l e  I, c o l u m n  4, was  c a l c u l a t e d  f r o m  the  con-  
d u c t i v i t y  us ing  a m o b i l i t y  v a l u e  of 10 cm 2 v o l t - s e c  
g iven  b y  Vine  a n d  M a u r e r  (3)  for  t he  s a m e  p h y s i c a l  
cond i t i on  in  excess  i od ine  i n d u c e d  conduc t iv i ty .  
C a u t i o n  is r e c o m m e n d e d  in c o m p a r i n g  n u m b e r s  d e -  
r i v e d  f r o m  a " b u l k "  v a l u e  c o m p u t e d  f r o m  th in  f i lm 
m e a s u r e m e n t s  w i t h  m e a s u r e m e n t s  m a d e  on l a r g e r  
spec imens  b e c a u s e  of t he  w e l l - k n o w n  c o n d u c t i v i t y  
d i s c r epanc i e s  of e v a p o r a t e d  t h in  films. 
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The Thermal Conductivities of Mg2Si and Mg Ge 
Richard J. LaBotz 1 and Donald R. Mason 

The University of Michigan, Ann Arbor, Michigan 

ABSTRACT 

The the rma l  conduct ivi t ies  of r e l a t ive ly  large  homogeneous samples  of 
Mg2Si and Mg2Ge have been measured  in a dynamic  ca lor imete r  f rom 0~ to 
300~ In both samples,  phonon sca t te r ing  predominates ,  and the re la t ionship,  
kT ~ constant  was observed.  Fo r  Mg2Si, kT ~ 23.4 wa t t s / cm,  and for  
Mg2Ge, ~T -~ 19.8 wat t s /cm.  

A l t h o u g h  t h e  e l ec t r i c a l  p r o p e r t i e s  of Mg2Si and  
Mg2Ge h a v e  b e e n  m e a s u r e d  b y  s e v e r a l  i n v e s t i g a t o r s  
( 1 - 5 ) ,  t h e  t h e r m o e l e c t r i c  f igure  of m e r i t  for  t he  
m a t e r i a l s  cou ld  no t  be  d e t e r m i n e d  b e c a u s e  t h e i r  

1 Present address: Advanced Development Section, Liquid Rocket 
Plant, Aerojet-General Corporation, Sacramento, California. 

t h e r m a l  conduc t i v i t i e s  h a d  no t  been  m e a s u r e d .  In  
th is  p a p e r ,  t he  r e su l t s  of t h e r m a l  c o n d u c t i v i t y  m e a s -  
u r e m e n t s  m a d e  on Mg2Si a n d  Mg2Ge in a d y n a m i c  
c a l o r i m e t e r  a r e  p r e se n t e d .  

The  m e t h o d  w h i c h  has  b e e n  u sed  to  m e a s u r e  t he  
t h e r m a l  c o n d u c t i v i t y  is an  e x t e n s i v e  modi f i ca t ion  
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of one first descr ibed  by  Ioffe (6) .  The sample  is 
p laced b e t w e e n  two copper  blocks, one  of wh ich  has  
a res i s tance  hea te r  a t t ached  to i t  and  is cal led the  
source. The  second copper  b lock is t h e r m a l l y  iso- 
la ted  f rom the  r e m a i n d e r  of the  sys tem except  for 
contact  w i th  the  sample  and  is r e fe r red  to as the  
sink. 

A cons t an t  power  i n p u t  to the  source hea te r  es-  
tab l i shes  a s t eady- s t a t e  t h e r m a l  flux t h rou gh  the  
sample  charac te r ized  b y  a cons tan t  ra te  of t e m -  
p e r a t u r e  r ise in  the  blocks and  a cons tan t  t e m p e r -  
a tu re  d i f ferent ia l  across the  sample.  Once s t eady-  
s tate  condi t ions  exist  it  is possible to ca lcu la te  the  
t h e r m a l  conduc t iv i ty ,  X, f rom m e a s u r e m e n t s  of the  
t e m p e r a t u r e  drop across the sample  and  the  ra te  
of t e m p e r a t u r e  r ise of the  sink. 

Preparation of Samples 

Po lyc rys t a l l i ne  samples  of the  va r ious  composi -  
t ions  w e r e  p r e p a r e d  b y  fus ion  of the  pu re  e lements .  
T rans i s to r  g rade  si l icon f rom the  A l l e g h e n y  Elec-  
t ronic  Chemica ls  Company ,  t r ans i s to r  g rade  ge r -  
m a n i u m  ob ta ined  f rom the  Eagle  P icher  Company ,  
and  sub l imed  m a g n e s i u m  wi th  99.99% or g rea te r  
p u r i t y  f rom the  Dow Meta l  P roduc t s  C o m p a n y  were  
used. The  m a g n e s i u m  was cut  in to  a few pieces to -  
t a l ing  20-25g e tched u n t i l  b r igh t  in  d i lu te  HNO3, 
r insed  wel l  in  deionized water ,  dried,  and  weighed  
accura te ly .  The a m o u n t s  of g e r m a n i u m  or si l icon 
(used as rece ived)  r equ i r ed  to give the  correct  
final composi t ion  were  t h e n  ca lcu la ted  and  added.  

Because  of the  h igh  r eac t iv i ty  and  h igh  vapor  
p ressure  of the  m a g n e s i u m  at e leva ted  t e m p e r a t u r e s  
and  the  t e n d e n c y  of si l icon to wet  and  react  w i th  
var ious  mater ia l s ,  cons iderab le  e x p e r i m e n t a t i o n  was 
r equ i r ed  before  a sa t i s fac tory  c o m b i n a t i o n  of c ru -  
cible and  fus ion  cycle was obta ined.  Af te r  expe r i -  
m e n t i n g  w i th  a l u m i n a  crucibles ,  t h o r i a - l i n e d  c ru -  
cibles, and  boron  n i t r i de  crucibles,  g raph i te  was 
f inal ly  selected because  of ease of m a c h i n i n g  and  
sample  removal ,  low cost, and  ava i l ab i l i t y  in  h igh -  
p u r i t y  form. A l t h o u g h  some si l icon soaked in to  the 
graphi te ,  it was  possible  to compensa te  for this  by  
add ing  excess si l icon to the charge,  and  m i n i m i z i n g  
the  t ime  at  which  the  sample  was at m a x i m u m  t e m -  
pera tu re .  Since the  vapor  p ressure  of m a g n e s i u m  is 
equa l  to 1 a tm  at  1105~ it  was  necessa ry  to enclose 
the  g raph i t e  c ruc ib le  in  a pressur ized  conta iner .  
Af te r  t r y i n g  fused silica and  z i rconia  conta iners ,  
s ta inless  steel was f inal ly  selected. 

The  sys tem which  was  used is shown in  Fig.  1. 
The open end  of the  spec t rograph ica l ly  pure  ca rbon  
cruc ib le  was  closed by  wedg ing  a ca rbon  p lug  w i th  
a 1 ~ t ape r  into it. This  g raph i te  c ruc ib le  was held  
ins ide  the  s ta inless  steel fus ion  conta iner ,  to the  
closed end  of which  a {/2 in. d i ame te r  s ta inless  steel  
pipe was  at tached.  The  sys tem could be evacua ted  
and  pressur ized  t h rough  this  tube.  Af t e r  the g raph i t e  
t ube  was  inse r ted  in to  the  s ta inless  steel t ube  the 
sys tem was sealed by  we ld ing  a steel  disk over  the  
open end  of the  tube.  In  order  to r e m o v e  the  sample  
af ter  the  fus ion  was  completed,  the  disk was  g r o u n d  
off on a g r i n d i n g  wheel .  I m m e d i a t e l y  before  be i ng  
used the  c ruc ib le  was  baked  for  a few m i n u t e s  in  
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Fig. 1. Fusion crucible and container for preparing Mg2Si and 
Mg2Ge samples. 

a f o r e - p u m p  v a c u u m  at  1400~ to r emove  any  
vola t i le  ma te r i a l s  and  adsorbed  gas. Whi le  the  
g raph i t e  c ruc ib le  was cooling the  sys tem was back -  
filled wi th  a rgon  to m i n i m i z e  the  r eadsorp t ion  of 
a i r  d u r i n g  the  t ime  tha t  the  m a g n e s i u m  a nd  ger -  
m a n i u m  or si l icon charge  was  be ing  loaded in to  the  
crucible.  Af te r  the  cruc ib le  was  loaded a nd  welded  
in to  the  s ta inless  steel t u b e  the  sys tem was evacu-  
ated. The s ta inless  steel  t ube  was t h e n  hea ted  to 
500~176 in  an  i n d u c t i o n  hea te r  to d r ive  off any  
add i t iona l  gas. As soon as the  t ube  had  cooled back  
to room t e m p e r a t u r e  the  sys tem was filled wi th  
a rgon  to a p ressure  of 20 psia. Fo l lowing  this  it  
was hea ted  as r ap id ly  as possible in  the i nduc t ion  
hea te r  to a t e m p e r a t u r e  30~176  above  the  m e l t -  
ing t e m p e r a t u r e  of compound.  Once this  t e m p e r a -  
t u r e  was a t t a ined  the t u b e  was  t r a n s f e r r e d  to a 
res i s tance  f u r na c e  which  had  b e e n  p rehea t ed  to this  
same t empera tu re .  Af t e r  soaking  in  this  fu rnace  
for abou t  5 m i n  the  sample  was i n v e r t e d  a few 
t imes  to assure  good m i x i n g  of the  m o l t e n  i n g r e -  
dients .  The sample  w ou l d  t h e n  be placed n e a r  the  
end  of the fu rnace  so tha t  the  sample  was  sub jec ted  
to a t e m p e r a t u r e  grad ien t .  The  f u r na c e  was  t h e n  
cooled at 1 5 ~  to a t e m p e r a t u r e  15~ be low the  
f reezing t e m p e r a t u r e .  Af t e r  the  sample  had  been  
held  at a t e m p e r a t u r e  30~ be low the  f reezing t e m -  
p e r a t u r e  for a p p r o x i m a t e l y  12 h r  in  o rder  to p ro -  
mote  g ra in  growth,  it  was  cooled to room t e m p e r -  
a tu re  at about  100~ 

I n  order  to compensa te  for the  loss of si l icon by  
p e n e t r a t i o n  in to  the  g raph i t e  it  was necessa ry  to 
add abou t  1% excess si l icon to the  me l t  for the 
Mg2Si samples,  w h e n  us ing  a fus ion  cycle wi th  a 
m a x i m u m  t e m p e r a t u r e  a p p r o x i m a t e l y  35~ above 
the  l iqu idus  t e m p e r a t u r e  for  abou t  5 min .  The  
a m o u n t  of si l icon lost to the  g raph i t e  depends  ve ry  
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s t rong ly  on the  m a x i m u m  t e m p e r a t u r e  and  t ime  
used d u r i n g  the  fus ion  cycle. 

Mg2Ge tends  to decompose in  the  p resence  of 
wa t e r  vapor  or w h e n  in  contact  w i th  water ,  and  
these samples  were  stored in  acetone to p r e v e n t  the 
reac t ion  w i th  the  wa t e r  vapor  in  the  a tmosphere .  

I t  was  necessa ry  to m a k e  over  90 samples  in  
order  to ob ta in  a sufficient n u m b e r  which  had  high 
enough  qua l i t y  to p e r m i t  m e a n i n g f u l  m e a s u r e m e n t s  
to be made.  The  most  c o m m o n  difficulties w e r e  as-  
sociated w i th  porous  samples,  poor mechan ica l  
propert ies ,  and  eutect ic  inclusions .  Two series of 
samples  were  run .  The  first series was  composed 
of about  40 samples  and  was  used to screen var ious  
cruc ib le  ma te r i a l s  and  fus ion  methods .  W h e n  the  
combina t i on  of a g raph i t e  c ruc ib le  and  s ta inless  
steel  c ruc ib le  holder  was  f inal ly  selected the second 
series of 52 samples  was  run .  In  the course of the  
inves t iga t ion  i m p r o v e m e n t s  were  con t i nua l l y  be ing  
made  in  the  p r e p a r a t i o n a l  procedures .  As a resu l t  of 
this  the l a t t e r  samples  had  a m u c h  h igher  success 
ra t io  t h a n  the  ear ly  samples.  

M e t h o d  

U n d e r  s t eady- s t a t e  condi t ions  the  t e m p e r a t u r e  
profile across the  sample  can be ca lcu la ted  f rom a 
o n e - d i m e n s i o n a l  so lu t ion  of the  hea t  conduc t ion  
equa t ion  for a sample  w i th  cons tan t  c ross-sec t ional  
area.  

d2T psCp.s dT 
- - :  [1] 

dx  2 k dt  

U n d e r  condi t ions  of s t eady- s t a t e  opera t ion  app ro -  
pr ia te  b o u n d a r y  condi t ions  are 

dT 
R ---- ra te  of hea t ing ,  ~  ---- cons tan t  [2] 

dt 

which  is va l id  over all  va lues  of x. Also the t h e r m a l  
flux across the  face at x ---- 0 is equa l  to the sens ible  
hea t  absorbed  by  the sample  and  the  copper  sink. 

--  k A d T / d x  = (msC,.s + meCp.~) R [3 ] 

where  ms is the mass of the  sample,  g; C,,s, specific 
hea t  of the  sample,  ca l /g  ~  mc, mass  of the  sink, g; 
Cp.e, specific hea t  of the sink,  ca l /g  ~ A, cross-sec-  
t ional  area  of the  sample.  E q u a t i o n  [1] can  be in t e -  
g ra ted  us ing  the  b o u n d a r y  condi t ions  f rom Eq. [2] 
and  [3].  

The  t e m p e r a t u r e  difference across the  sample  can 
be ob ta ined  b y  e v a l u a t i n g  T at x ---- 0 and  x ---- L, 
and  sub t rac t ing .  Therefore ,  a f ter  in tegra t ion ,  con-  
densa t ion  of t e rms  and  r e a r r a n g e m e n t  the  solut ion is 

R L  mcCp,~ + [4] 
k - -  A A - ~  2 

In  prac t ice  the  poin ts  x = 0 and  x ~ L need  not  
cor respond wi th  the  end  faces of the  sample,  bu t  
need  on ly  be s y m m e t r i c a l l y  placed abou t  the  m i d -  
point ,  x ---- L / 2 .  The sample  f rom L to the  s ink  t h e n  
becomes pa r t  of the  s ink  and  the  o n e - h a l f  factor  
is no longer  app l icab le  for  t ha t  mass  of the  sample.  
However ,  by  add ing  an  equa l  a m o u n t  of sample  
ma te r i a l  ahead  of the  first t he rmocoup le  in  the  hea t  
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flux path,  an  equa l  mass  which  absorbs  no hea t  is 
added to the sample,  and  the  o n e - h a l f  factor  is r e -  
stored. 

Seebeck vol tage  can be m e a s u r e d  by  a t t ach ing  
copper  leads to the sample  at  the  same locat ions  as 
the  thermocouples .  The  Seebeck coefficient is t hen  
ob ta ined  by  d iv id ing  the  po ten t i a l  r ead  across the  
copper  leads by  the  z~T read  f rom the  d i f ferent ia l  
thermocouple .  T h a t  is 

V 
= [ 5 ]  

AT 

Descr ip t ion  of  E q u i p m e n t  

Figu re  2 shows a sketch of the  a ppa r a t u s  used 
to me a su r e  t h e r m a l  conduc t iv i ty  and  the  Seebeck 
coefficient. The  copper  source b lock  rests  on a lav i te  
disk, which  in  t u r n  rests  loosely on th ree  steel  rods 
suppor ted  by  the  brass  base. The  sink,  sample ,  and  
source are  held  t igh t ly  toge ther  by  two 30 gauge 
(0.010 in. d i a me t e r )  ch romel  wires,  wh ich  loop 
over  the  s ink a nd  u n d e r  the  lav i te  suppor t ing  disk. 
This insures  good contac t  b e t w e e n  the  th ree  ele-  
m e n t s  a nd  also r emoves  the  poss ib i l i ty  tha t  the  s ink  
m a y  be j a r r e d  off the  sample.  The  sample  a nd  s ink  
are enclosed in  P y r e x  wool. 

The  s o u r c e - s a m p l e - s i n k  c ombi na t i on  is enclosed 
in  a r ad ia t ion  shield made  f r o m  a 2 in. d i ame te r  
copper  tube.  The  t ube  fits in to  a s i l v e r - p l a t e d  steel  
disk wh ich  in  t u r n  is kep t  f rom contac t ing  the  bo t -  
tom brass  p la te  by  a lav i te  disk. The  shield ex tends  
f rom s l ight ly  be low the  source to abou t  4 in. above 
the  top of the  s ink  and  is covered ins ide  and  out  
wi th  a l u m i n u m  foil. The  shie ld  in  t u r n  is con ta ined  
in  a 4.5 in. d i ame te r  glass cy l inder ,  wh ich  has "O" 
r ing  seals to bo th  the  bo t tom and  top brass  plates.  
The  space b e t w e e n  the  glass cy l inder  and  r ad ia t ion  
shield is comple te ly  filled w i th  P y r e x  wool. 

Fig. 2. Instrument for measurement of thermal conductivity and 
Seebeck coefficient. A, copper source block; B, source heater; C, 
sample; D, copper sink; F, shield; G, shield heater; K, shield control 
differential thermocouple; M, port for pouring in liquid N2--sealed 
with Apiezon wax; N, thermocouple port sealed with Apiezon wax; 
P, sink thermocouple; R, glass cylinder; S, sample differential ther- 
mocouple and Seebeck probes. 
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Fig. 3. Schematic diagram of measurement and control circuits 
for thermal conductivity apparatus. 

The power  leads to the  source and shield hea ters  
pass through the bo t tom pla te  by means  of he rme t i -  
cal ly  sealed connectors. The vacuum lead also passes 
th rough  the bot tom pla te  and is located be tween  
the glass cy l inder  and  the copper shield. Al l  t he rmo-  
couple leads pass th rough  the top p la te  where  they  
are  sealed by  means of Apiezon sealing wax. Pe r -  
manen t  he rmet ica l ly  sealed connectors were  not 
used because the sys tem must  be d ismant led  each 
t ime the sample is changed. The large  number  of 
leads would  make  pe rmanen t  hermet ic  seals im-  
pract ical .  In  addit ion,  the possibi l i ty  of spurious 
the rmal  emfs ar is ing as a resul t  of the in te rmedia te  
m e t a l - t o - m e t a l  contact  is e l iminated.  

The measurement  and control  circuits are  shown 
schemat ica l ly  in Fig. 3. The t empe ra tu r e  of the sink 
is measured  using a 30 gauge ch romel -a lumel  t he r -  
mocouple wi th  an i ce -wa te r  reference  junction.  A 
circuit  compris ing a L&N potent iometer ,  a L&N 
d-c  amplifier,  and a Wheelco recorder  wi th  a 0-10 
my range  is used to measure  the heat ing ra te  of the  
sink. 

A 40 gauge (0.003 in. d iamete r )  ch romel -a lume l  
different ial  thermocouple  is used to measure  the 
t empe ra tu r e  drop across the sample. The junct ion  
of the couple is placed in 0.020 in. d i amete r  holes 
dr i l led  into the sample  by  means of an ul t rasonic  
cutter.  The output  of the different ia l  thermocouple  
is connected through a L&N d-c  amplif ier  into a 
L&N Speedomax  recorder .  The Seebeck vol tage  is 
also measured  wi th  this  recorder .  The input  to the  
recorder  is switched au tomat ica l ly  be tween  the 
Seebeck vol tage  and the different ial  thermocouple  
output  every  20 sec by  means of a t imer  which con- 
trols  a gold contact  re lay.  

The different ia l  thermocouples  are  made  f rom 
bare  chromel  and a lumel  wire,  ca l ibra ted  by  the 
manufac turer .  As the  junct ions are  inser ted  into 
holes in the  sample  the wires  have  to be insula ted  
f rom the sample  and f rom each other. By d rawing  
the wire  th rough  a bead of mol ten  borax  glass 
(Na2B4OT) and then  quickly  th rough  a flame it is 
possible to deposi t  a thin,  tough, high resis tance 

film on the wires. When examined  under  a micro-  
scope this film appears  to be app rox ima te ly  0.0003 
in. thick, has a brownish  color, and does not  b reak  
or crack when  the wire  is bent.  The resis tance of 
this  coating is app rox ima te ly  700,000 ohms at  room 
tempera ture .  If a l lowed to sit in the a i r  for several  
weeks a whi te  powder  forms on the coating, p rob-  
ab ly  due to the  format ion  of one of the  hydra tes  of 
sodium te t rabora te .  Because of this the  t he rmo-  
couples are  used immedia t e ly  af ter  they  are  made.  
Severa l  of the  thermocouples  were  checked using 
boil ing wa te r  and ice wa te r  junct ions and were  on 
cal ibrat ion.  In  addi t ion to this  they  gave accurate  
resul ts  to above 400~ when  used in checking the 
the rmal  conduct iv i ty  of Inconel.  

The t empera tu re  control  on the rad ia t ion  shield 
is achieved by  means  of 30 gauge copper -cons tan tan  
differential  thermocouple .  One junct ion of the 
thermocouple  is embedded  in the  sink and the other  
junct ion  rests  agains t  the  rad ia t ion  shield d i rec t ly  
adjacent  to the  sink. The output  of this  the rmo-  
couple act ivates  a ve ry  h ighly  sensit ive me te r  re -  
lay. Whenever  the  output  of this different ia l  t he r -  
mocouple rises above 0.05 mv (a[ - -AT]  of app rox -  
imate ly  I~  the shield hea te r  is switched on by 
the meter  re lay.  The power  re lay  is opened auto-  
mat ica l ly  every  12 sec and the signal  remeasured.  
The magni tude  of the shield hea ter  power  is con- 
t ro l led  by  use of an auto t ransformer .  

Calibration and Operation 

The ins t rument  was checked by  measur ing  the 
the rmal  conduct iv i ty  of Armco iron, Inconel,  and 
fused SIO2, the the rmal  conductivi t ies  of which al -  
r eady  have been ra the r  f i rmly es tabl ished by  ex-  
pe r imen ta l  measurements  and repor ted  in the  l i t e ra -  
ture. The resul ts  of these measurements  agreed wi th  
values previous ly  obta ined wi th in  an accuracy of 
--+6%. The measured  values  cover a range  f rom 
0.0138 to 0.71 w / c m  ~ a range  of a factor  of 50. 
Armco iron has a the rmal  conduct ivi ty  which de-  
creases wi th  r ising t empera tu re ,  tha t  of Inconel  in-  
creases s lowly wi th  t empera tu re ,  whi le  tha t  of 
fused SiO2 is nea r ly  constant.  Thus the ins t rument  
was able  to measure  a l l  types  of t empera tu re  de-  
pendence. 

There is a twofold l imi ta t ion  on the upper  t em-  
pe ra tu re  which can be a t t a ined  by  the ins t rument .  
The actual  value  of this l imi t  for any  given sample  
depends on the sample  geometry  and its t he rmal  
conductivi ty.  As the ra te  of hea t  exchange be tween  
the sink and its surroundings  increases wi th  t em-  
pe ra tu re  due to increased rad ia t ion  effects, the er ror  
in t roduced by  this heat  leak  also usua l ly  increases 
wi th  r ising tempera ture .  The t empera tu re  at  which 
this spurious heat  leak  becomes sizeable re la t ive  to 
the  to ta l  amount  of heat  passing f rom the  sample 
to the sink is a function of the  cross section, length,  
and the rmal  conduct iv i ty  of the sample.  In other  
words,  when  a la rge  amount  of heat  is passing f rom 
the sample  into the sink, the amount  of heat  ex-  
changed be tween  the sink and the surroundings  does 
not  reach significant propor t ions  un t i l  a high meas-  
ur ing t empe ra tu r e  is reached.  
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A second  l i m i t a t i o n  on the  m a x i m u m  t e m p e r a t u r e  
is p l a c e d  b y  t h e  v a c u u m  seals.  The  sea l ing  m e t h o d  
e m p l o y e d  is s a t i s f a c t o r y  u n t i l  t he  t e m p e r a t u r e  of 
t he  seals  r e aches  a b o u t  100~176 W h e n  a s a m p l e  
w i t h  a low t h e r m a l  c o n d u c t i v i t y  or  s m a l l  cross  sec-  
t ion  is m e a s u r e d ,  a h e a t i n g  r a t e  of I ~ 1 7 6  is 
g e n e r a l l y  used.  W i t h  th is  l ow  h e a t i n g  r a t e  t h e  sea l  
t e m p e r a t u r e  r e aches  i ts  l i m i t  w h e n  the  s a m p l e  t e m -  
p e r a t u r e  is s l i g h t l y  a b o v e  300~ H o w e v e r ,  for  
m a t e r i a l  w i t h  a h igh  t h e r m a l  c o n d u c t i v i t y  o r  s a m -  
p les  w i t h  a l a r g e  cross  sect ion,  h e a t i n g  r a t e s  to 3 ~ 
4 ~  can  be  used.  U n d e r  these  cond i t ions  t he  
s a m p l e  t e m p e r a t u r e  m a y  be  over  400~ b e f o r e  t h e  
v a c u u m  seals  r e a c h  t h e i r  l i m i t i n g  t e m p e r a t u r e .  

In  o r d e r  to m a k e  m e a s u r e m e n t s  f r o m  0~ i t  was  
n e c e s s a r y  to cool t h e  i n s t r u m e n t  f a r  enough  b e l o w  
0~ so t h a t  " s t e a d y - s t a t e "  cond i t ions  could  be  a t -  
t a i n e d  b y  t h e  t i m e  t h e  s a m p l e  h a d  r e a c h e d  0~ 
This  p r ecoo l i ng  was  p e r f o r m e d  s i m p l y  b y  p o u r i n g  
l iqu id  n i t r o g e n  in to  an  open  p o r t  in  t h e  top  cove r  
p la te .  In  a f ew  ins t ances  i t  a p p e a r e d  as t h o u g h  t h e r e  
was  f ros t  f o r m a t i o n  w i t h i n  t h e  i n s t r u m e n t .  Th is  was  
i n d i c a t e d  b y  a r i se  in  t h e  t e m p e r a t u r e  g r a d i e n t  
across  t he  s a m p l e  and  a d rop  in  t he  s ink  h e a t i n g  
r a t e  a t  t e m p e r a t u r e s  f r o m  s l i g h t l y  b e l o w  to s l i g h t l y  
a b o v e  0~ T h e  a p p a r e n t  cause  of th i s  was  t h e  
m e l t i n g  and  v a p o r i z a t i o n  of f ros t  on the  sink.  

Good  t h e r m a l  con tac t  b e t w e e n  t h e  sink,  sample ,  
and  source  was  a c h i e v e d  b y  p l ac ing  a t h i n  l a y e r  of  
s i l icone g rease  i m p r e g n a t e d  w i t h  coppe r  b e t w e e n  
the  con t ac t i ng  sur faces .  2 This  m a t e r i a l  h a d  b o t h  a 
h igh  t h e r m a l  c o n d u c t i v i t y  and  a h igh  e l ec t r i c a l  r e -  
s i s t iv i ty .  

The  s a m p l e s  of Mg2Ge and  Mg2Si w e r e  r u n  u n d e r  
t h e  s a m e  cond i t ions  as t he  fused  SIO2. The  h e a t i n g  
r a t e s  v a r i e d  f r o m  a b o u t  0.75 ~ to 3 ~  w h i l e  
t he  t e m p e r a t u r e  d rop  across  t he  s a m p l e  v a r i e d  f r o m  
a b o u t  7 ~ to 13~ 

In  o r d e r  to ca l cu l a t e  k b y  us ing  Eq. [4]  i t  is n e c -  
e s s a r y  to k n o w  Cp.s, t h e  specific h e a t  of t he  sample .  
In  m a n y  cases  th i s  is no t  known ,  b u t  i t  can  be  a p -  
p r o x i m a t e d  as  c lose ly  as n e c e s s a r y  b y  the  l a w  of 
Du long  and  Pe t i t ,  w h i c h  s t a t e s  tha t ,  for  a tomic  
l a t t i ces  a t  t e m p e r a t u r e s  a b o v e  the  D e b y e  t e m p e r a -  
tu re ,  t h e  specif ic  hea t  shou ld  be  6 c a l / g  at. w t  ~ 
and  t h e r e  is c o n s i d e r a b l e  e x p e r i m e n t a l  ev idence  to  
show t h a t  th is  is a r e a s o n a b l e  a p p r o x i m a t i o n  for  a 
n u m b e r  of m a t e r i a l s .  

The  u n c e r t a i n t y  i n t r o d u c e d  in t h e  t h e r m a l  con-  
d u c t i v i t y  m e a s u r e m e n t  b y  an  u n c e r t a i n t y  in Cp.s is 
g e n e r a l l y  smal l .  If,  for  e x a m p l e ,  t h e  t o t a l  h e a t  
c a p a c i t y  of t he  c o p p e r  s ink  (mCp)c  is five t i m e s  
g r e a t e r  t h a n  t h a t  of t he  samples ,  t h e n  an  u n c e r -  
t a i n t y  of 15% in Cps w o u l d  i n t r o d u c e  an  u n c e r -  
t a i n t y  of  on ly  a b o u t  1.5% in X. B y  m a k i n g  the  s ink  
l a r g e r  th is  u n c e r t a i n t y  can  be  r e d u c e d  to  as l o w  a 
l eve l  as des i red .  

U n f o r t u n a t e l y ,  t h e r e  a r e  o t h e r  cons ide ra t i ons  
w h i c h  w o u l d  d i c t a t e  t h e  se lec t ion  of a s m a l l  s ink.  
The  f irst  of t he se  is t h a t  a f in i te  h e a t i n g  r a t e  m u s t  
be  ob ta ined .  The  second  c o n s i d e r a t i o n  is t h a t  t h e  
~T across  t he  s a m p l e  shou ld  be  k e p t  r a t h e r  smal l .  A 

" T h e r m o c o p p e r  Grease," obtained f r o m  I.T.T. Laboratories,  3700 
East Pontiac Street ,  F o r t  W a y n e ,  I n d i a n a .  
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s m a l l  AT m i n i m i z e s  t h e r m a l  sh i e ld ing  diff icul t ies  and  
m a k e s  t he  v a l u e  of X w h i c h  is o b t a i n e d  m o r e  n e a r l y  
a d i f f e r en t i a l  va lue .  A s m a l l  s i nk  is also f a v o r e d  b y  
the  f ac t  t h a t  h e a t  losses  f r o m  the  s i nk  to  t h e  s u r -  
r o u n d i n g s  a r e  p r o p o r t i o n a l  to  t h e  s u r f a c e  a r e a  of 
t he  s ink.  T h e r e f o r e  t h e  s ink  shou ld  no t  o n l y  b e  
s m a l l  b u t  also h a v e  a m i n i m u m  s u r f a c e - t o - v o l u m e  
ra t io .  H e n c e  the  f inal  se lec t ion  of a s i nk  size m u s t  
be  a c o m p r o m i s e .  T h e  v a c u u m  o b t a i n e d  g e n e r a l l y  
was  a b o u t  1 m m  of  m e r c u r y  or  be t t e r .  M e a s u r e -  
m e n t s  w e r e  m a d e  up  to 300~ w h i c h  is f e l t  to be  
a c o n s e r v a t i v e  e s t i m a t e  of t he  u p p e r  l i m i t  of r e l i a -  
b i l i t y  to  w i t h i n  --+6% for  t he  s a m p l e s  b e i n g  m e a s -  
u red .  

Results 
The  t h e r m a l  c o n d u c t i v i t y  of Mg~Si w a s  m e a s u r e d  

on a s p e c i m e n  w h i c h  h a d  a c r o s s - s e c t i o n a l  a r e a  of 
1.57 c m  e and  a l e n g t h  of 1.61 cm b e t w e e n  t h e  d i f -  
f e r e n t i a l  t h e r m o c o u p l e s .  I t  was  l a r g e - g r a i n e d  and  
c o n t a i n e d  no v i s ib l e  c racks .  W h e n  e x a m i n e d  u n d e r  
400X magn i f i ca t ion  on ly  a t r a c e  of m a g n e s i u m - r i c h  
eu tec t i c  cou ld  be  o b s e r v e d  in  one  c o r n e r  of t he  
s a m p l e  a n d  p r o b a b l y  r e p r e s e n t e d  less  t h a n  0.01% 
of t he  t o t a l  su r f a c e  a r e a  e x a m i n e d .  

P l o t s  of bo th  t h e r m a l  c o n d u c t i v i t y  vs. t e m p e r -  
a t u r e  and  the  p r o d u c t  XT vs. t e m p e r a t u r e  a r e  g iven  
in  Fig .  4. I t  can  be  seen  t h a t  t h e  e x p r e s s i o n  XT : 

23.4 w / c m  desc r ibes  t h e  t h e r m a l  c o n d u c t i v i t y  as a 
func t ion  of t e m p e r a t u r e  v e r y  wel l .  I t  a p p e a r s  t h a t  
h e a t  conduc t ion  in  th i s  s a m p l e  is due  p r i m a r i l y  to 
phonons  and  t h a t  t h e  t h e r m a l  r e s i s t ance  is t h e  r e -  
su l t  of p h o n o n - p h o n o n  s c a t t e r i n g  (8) .  A c a l c u l a -  
t ion  of t h e  e l e c t r o n  c o m p o n e n t  of  t he  t h e r m a l  con-  
d u c t i v i t y  g ives  a v a l u e  Xe] = 0.000054 w / c m  ~ 
w h i c h  is ne g l i g ib l e  ( e l ec t r i c a l  r e s i s t i v i t y  p = 0.07 
o h m - c m )  (9 ) .  A m b i p o l a r  t h e r m a l  c o n d u c t i v i t y  can  
also be  n e g l e c t e d  as  t h e  s a m p l e  n e v e r  e x h i b i t e d  in -  
t r in s i c  behav io r ,  a n d  t h e r e  is no e xc i t on  c o n t r i b u -  
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temperature. 
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t ion to the the rmal  conduct ivi ty  in this sample.  Thus 
the la t t ice  the rmal  conduct ivi ty  is essent ial ly  equal  
to the measured  values of the rmal  conduct ivi ty.  

The the rmal  conduct ivi ty  of MgeGe was measured  
on a sample  which had a cross-sect ional  area  of 
2.34 cm 2 and a length  of 1.61 cm between the di f -  
ferent ia l  thermocouples .  The grains in the sample  
were  very  large,  and the specimen was almost  a 
single crystal .  There were  no evidences of any eu- 
tectic inclusions e i ther  in the ingot f rom which the 
specimen was taken  or in the specimen itself. 

The exper imenta l  values  of t he rma l  conduct iv i ty  
for this sample  are  also given as a function of t em-  
pe ra tu re  in Fig. 4. Because of the high electr ical  
res i s t iv i ty  of this sample  (9),  the charge car r ie r  
contr ibut ion to the the rmal  conduct ivi ty  is negl ig-  
ible, and the lat t ice t he rma l  conduct iv i ty  is equal  to 
the expe r imen ta l ly  measured  values. The the rmal  
conduct iv i ty  for this sample  follows very  wel l  the  
re la t ionship  XT = 19.8 w/cm,  indicat ing tha t  
phonon-phonon interact ions  are the p r i m a r y  source 
of t he rma l  resis tance (8).  

Samples  containing as l i t t le  as 1% of magnes ium-  
rich inclusions as detected by  microscopic exam-  
inat ion had the rmal  conductivi t ies  which were  as 
much as 50% grea te r  than  the values  repor ted  here. 
The the rmal  conduct iv i ty  thus is quite sensi t ive to 
the pu r i t y  of the mater ia ls .  

These resul ts  are used in the fol lowing paper  (9) 
which invest igates  the thermoelect r ic  proper t ies  of 
the pseudobinary  sys tem Mg2GexSil-x. 
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The Thermoelectric Properties of Mixed Crystals 
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ABSTRACT 

The purpose of this work was to determine the thermoelectric properties 
of the pseudobinary system MgfSi-MgfGe. The compositions investigated were 
Mg2Si, Mg2Ge0.fSi0.s, MgaGe0.4Si0.6, Mg2Ge0.6Si0.4, Mg2Ge0.8Si0.2, and Mg2Ge. 
X-ray  diffraction lattice parameter  measurements and differential thermal 
analysis measurements established the existence of complete solid solubility 
between Mg~Si and Mg2Ge. Both the lattice parameter  and liquidus tempera-  
ture show almost linear variation with composition in this system. The melting 
temperature of MgfSi was found to be 1070" ___ 5"C, while that  of MgfGe was 
found to be 1102" _ 5~ 

Electrical resistivity and Hall effect measurements indicated that at 300*K 
the electron Hall mobility in the mixed crystals is essentially the same as that  
of the pure compounds. Maximum values obtained were slightly above 300 
cm2/volt sec. The forbidden energy gap appeared to vary monotonically from 
about 0.78 electronvolt (ev) for MgfSi to about 0.70 ev for MgfGe. Thermal 
conductivity measurements on the pseudobinary system showed that the lattice 
thermal conductivity of the solid solutions is substantially lower than that  of 
either of the pure compounds at 300~ At this temperature the lattice thermal 
conductivity of Mg2Ge0.6Sio.4 was found to be 0.0268 wat t /cm *K. The maximum 
thermoelectric figure of merit  which could be obtained with these materials is 
not as good as that of other materials now in use. 

Lat t ice  pa r ame te r  de terminat ions ,  differential  
the rmal  analysis  measurements ,  and microscopic 
examinat ions  at  six different  compositions in the 
system MgfGe-MgfSi  showed tha t  there  was com- 
ple te  solid solubi l i ty  be tween  Mg2Si and MgfGe; 
the rmal  conductivi ty,  Seebeck coefficient, e lectr ical  
conductivi ty,  and Hal l  effect were  measured  on 
these samples, and all  da ta  were  analyzed to cor-  
re la te  the resul ts  wi th  theory.  

No pr ior  work  has been repor ted  in the  l i t e ra tu re  
on the Mg2Ge-MgfSi mixed  crystals ,  a l though p re -  
vious invest igators  have made  many  measurements  
on MgfGe and MgfSi. The electr ical  proper t ies  of 
single crysta ls  of MgfGe have been measured  by  
Whitse t t  (1) and by  Redin (2),  whi le  the  e lectr ical  
proper t ies  of po lycrys ta l l ine  samples of MgfGe have  
been measured  by  Busch and Wink le r  (3). The 
electr ical  proper t ies  of single crystals  of MgfSi have  
been inves t iga ted  by  Whi t se t t  (1),  by  Morris  (4),  
and by  Ell ickson and Nelson (5).  The electr ical  
proper t ies  of po lycrys ta l l ine  samples of Mg2Si have 
been measured  by  Busch and Wink le r  (3).  

Lat t ice  pa r ame te r  measurements  have been pe r -  
formed on Mg2Ge by Busch and Wink le r  (3),  
K lemm and West l in ing (6),  Brauer  and Tiesler  (7),  
Zint l  and Kaiser  (8),  and Fa r r e l  (9). S imi lar  meas-  
u rements  were  per formed  on MgfSi by  Owen and 
Pres ton  (1O), K l e m m  and West l in ing (6),  Busch 
and Winkle r  (3),  and F a r r e l  (9).  

1 Present  address: Advanced  D e v e l o p m e n t  Section,  Liquid Rocket  
Plant ,  Aero je t -Gene ra l  Corporation, Sacramento,  California. 

~Presen t  address :  Thomas  J .  Watson Research  Center,  In te r -  
nat ional  Business  Machines ,  Inc.,  York town  Heights ,  Hew York.  

Melt ing t empe ra tu r e  de te rmina t ions  were  made 
on MgfGe by  K l e m m  and West l in ing (6).  The mel t -  
ing t empe ra tu r e  of MgfSi has been measured  by  
Vogel (11), by  K l e m m  and West l ing (6),  and by  
Wohler  and Schl iephake  (12). The the rma l  conduc-  
t ivi t ies  of MgfGe and MgfSi have  been measured  in 
conjunct ion wi th  this work  and are  r epor ted  in the  
previous  paper  (13). 

The only mixed  crys ta l  sys tem containing ei ther  
MgfGe or MgfSi tha t  has been repor ted  is the  sys tem 
MgfGe-MgfSn.  The electr ical  p roper t ies  and la t t ice  
pa r ame te r  of mixed  crysta ls  of this  sys tem were  
measured  by  Busch and Wink le r  (14). 

Experimental Results 
The technique used to p repa re  the samples has 

been descr ibed in the  previous  paper  (13). I t  was 
necessary to p repa re  115 ingots before 13 sat isfac-  
to ry  specimens of composit ions MgfSi, MgfSi0.sGe0.2, 
Mg2Sio.~Geo.4, Mg2Si0.4Geo.6, Mg~Sio.~Geo.~, and Mg~Ge 
were  obta ined for  measurements .  The la t te r  three  
compositions all  tended to decompose in wa te r  or 
humid  air, and these samples were  s tored in acetone 
to pro tec t  them. 

The resul ts  of the  x - r a y  lat t ice pa r ame te r  meas-  
u rements  and the  differential  t he rmal  analyses  es- 
tab l i shed  the isomorphous na tu re  of the pseudo-  
b ina ry  sys tem MgfGezSil-x.  

X-ray lattice parameter measurements.--The l a t -  
tice p a r a m e t e r  of each of the six different  compo- 
sitions tested was de te rmined  by  use of x - r a y  pow-  
der diffraction techniques (15). The resul ts  of these 
measurements ,  shown in Fig. 1, indicate  complete  

127 
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Fig. 1. Lattice parameter vs.  composition for the system 
Mg2GexSio-x). Open circle, this work; solid circle, Farrel (9); 
open square, Klemm and Westlining (6); open triangle, Busch 
and Winkler (3); inverted open triangle, Owen and Preston (10); 
solid triangle, Zintl and Kaiser (8); inverted solid triangle, Brauer 
and Tiesler (7). 

sol id  so lub i l i t y  b e t w e e n  the  c o m p o u n d s  Mg2Si and  
Mg2Ge, t he  s l igh t  v a r i a t i o n  in r e su l t s  be ing  due  to 
e x p e r i m e n t a l  e r ro r .  

The  m e a s u r e d  l a t t i c e  p a r a m e t e r  of t he  m i x e d  
c r y s t a l s  va r i e s  l i n e a r l y  w i t h  t he  compos i t ion ,  s h o w -  
ing  u n u s u a l l y  good a g r e e m e n t  w i t h  V e g a r d ' s  law.  
This  t y p e  of  b e h a v i o r  can  be  e x p e c t e d  in s u b s t i t u -  
t i o n a l  so l id  so lu t ions  w i t h  a t o m s  of s i m i l a r  size a n d  
e l ec t ron ic  s t r u c t u r e  (15) .  S i m i l a r  r e su l t s  w e r e  o b -  
t a i n e d  b y  Busch  a n d  W i n k l e r  (14) in  t h e i r  w o r k  
on the  p s e u d o b i n a r y  s y s t e m  Mg2Ge-Mg2Sn.  

Dif]erential thermal analysis measurements . -  
Dif fe r en t i a l  t h e r m a l  ana lys i s  m e a s u r e m e n t s  w e r e  
m a d e  on each  of t he  six compos i t ions  in o r d e r  to  
cons t ruc t  t he  p s e u d o b i n a r y  phase  d i a g r a m .  The  
s a m p l e s  w e r e  he ld  in  a bo ron  n i t r i d e  c r u c i b l e  us ing  
an  e m p t y  b o r o n  n i t r i d e  c r u c i b l e  as a r e f e rence .  T h e  
s a m p l e  c ruc ib l e  and  the  r e f e r e n c e  c ruc ib l e  w e r e  
h e a t e d  ins ide  a low c a r b o n  s tee l  b l o c k  w h i c h  in  
t u r n  was  con t a ined  in a z i r con ia  t u b e  t ha t  was  c losed  
a t  one end.  The  o t h e r  end  of t h e  z i r con ia  t u b e  was  
f i t ted  w i t h  an  "O" r i n g  seal  so t h a t  t he  t u b e  could  be  
e v a c u a t e d  and  backf i l l ed  w i t h  a r g o n  in o r d e r  to  
supp re s s  t he  v a p o r i z a t i o n  of m a g n e s i u m  as m u c h  
as poss ib le .  M e a s u r e m e n t s  w e r e  m a d e  u n d e r  a b o u t  
11/z a tm.  of a rgon.  S a m p l e s  w e r e  h e a t e d  in  a 
K a n t h a l  r e s i s t ance  f u r n a c e  w h i c h  h a d  an  a u t o m a t i c  
con t ro l  to p r o v i d e  a s u b s t a n t i a l l y  l i n e a r  h e a t i n g  
r a t e  of a b o u t  3 ~  The  r e su l t s  of these  m e a s -  
u r e m e n t s  a n d  those  of  p r e v i o u s  i n v e s t i g a t o r s  a r e  
p l o t t e d  in  Fig.  2. 

S ince  t h e r e  was  a f a i r  a m o u n t  of supe rc oo l i ng  
and  a loss of m a g n e s i u m  v a p o r  f r o m  the  m o l t e n  
m a t e r i a l ,  on ly  h e a t i n g  cu rves  w e r e  used  for  t h e  
phase  d i a g r a m  d e t e r m i n a t i o n ,  and  i t  was  no t  pos -  
s ib le  to d e t e r m i n e  the  so l idus  t e m p e r a t u r e  a c c u -  
r a t e l y .  

No t r a n s i t i o n s  o t h e r  t h a n  the  m e l t i n g  p h e n o m e -  
non w e r e  o b s e r v e d  in  t h e  h e a t i n g  curves ,  b u t  t h e  
cool ing  cu rves  s h o w e d  a v e r y  s l igh t  t r a n s i t i o n  a t  
t he  m a g n e s i u m - d e f i c i e n t  eu tec t i c  t e m p e r a t u r e  
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w h e n e v e r  m a g n e s i u m  h a d  been  los t  a t  e l e v a t e d  
t e m p e r a t u r e s .  

These  r e su l t s  also i n d i c a t e  t h a t  Mg2Ge a n d  Mg2Si 
f o r m  an  i s o m o r p h o u s  sys tem.  A c o m p l e t e  M g - G e - S i  
t e r n a r y  phase  d i a g r a m  is g iven  in Fig.  3. 

Electrical measurements.--Electrical r e s i s t i v i t y  
and  H a l l  effect  m e a s u r e m e n t s  a r e  c a r r i e d  ou t  us ing  
c o n v e n t i o n a l  d i r e c t  c u r r e n t  t e c h n i q u e s  (16) .  The  
d i r ec t  c u r r e n t  s u p p l i e d  b y  a L a m b d a  Mode l  65M 
p o w e r  s u p p l y  w a s  f i l t e red  to r e d u c e  r i p p l e  b y  use  
of an  8.5 h choke  a n d  a 40 ~f capac i to r .  Res i s to r s  in 
ser ies  w i t h  t h e  s a m p l e  w e r e  used  to o b t a i n  t he  d e -  
s i r ed  c u r r e n t  ]evel .  S w i t c h e s  w e r e  a v a i l a b l e  for  r e -  
v e r s i n g  the  p o l a r i t y  of t h e  cu r ren t ,  t he  H a l l  p robes ,  
and  the  e l e c t r i c a l  r e s i s t i v i t y  p robes .  The  p o t e n t i a l  
r e a d i n g s  w e r e  t a k e n  w i t h  a L&N K - 2  p o t e n t i o m e t e r .  

T h e  m a g n e t i c  f ie ld u sed  in  t h e  H a l l  effect  m e a s -  
u r e m e n t s  was  o b t a i n e d  b y  use  of a 2100 gauss  p e r -  
m a n e n t  m a g n e t .  Th is  m a g n e t  h a d  a po le  face  d i a m -  
e t e r  of 2~/2 in. a n d  a 2% in. gap.  To f a c i l i t a t e  
r e v e r s i n g  t h e  m a g n e t i c  f ie ld t h e  m a g n e t  was  
m o u n t e d  on a l a r g e  r o l l e r  b e a r i n g ,  and  t h e  m a g n e t  
cou ld  be  r o t a t e d  e x a c t l y  180 ~ w i t h o u t  m o v i n g  the  
sample .  

E l e c t r i c a l  con tac t s  w e r e  m a d e  to t h e  t e s t  spec i -  
mens  b y  l ea f  s p r i n g s  m a d e  f r o m  r h o d i u m - p l a t e d  
b e r y l l i u m  copper .  These  l ea f  sp r ings  w e r e  f a s t e n e d  
to s m a l l  coppe r  b locks  w h i c h  in  t u r n  a r e  m o u n t e d  
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on a l a v i t e  p l a t f o r m .  The  r e c t a n g u l a r  spec imen  was  
he ld  in  p l a c e  b y  p r e s s u r e  con tac t s  w h i c h  also s e r v e d  
as c u r r e n t  leads .  The  s a m p l e  h o l d e r  was  p a t t e r n e d  
a f t e r  the  des ign  p u b l i s h e d  b y  Brooke r ,  Clay ,  and  
Y o u n g  (17) .  T h e  s a m p l e  h o l d e r  is m o u n t e d  w i t h  
s ta in less  s t ee l  screws.  D i r e c t l y  over  t he  s a m p l e  
h o l d e r  a r e  two  m o l y b d e n u m  t u b e s  con ta in ing  30 
gauge  c h r o m e l - a l u m e l  t h e r m o c o u p l e s ,  w h i c h  w e r e  
used  to check  t h e  t e m p e r a t u r e  g r a d i e n t  a long  t h e  
sample .  

A 21/~ in. long  coppe r  sh ie ld  is  p l a c e d  ove r  t he  
s a m p l e  h o l d e r  w h i l e  a sol id  c o p p e r  rod  w i t h  a 
h e a t e r  m o u n t e d  on i t  is connec t ed  to t h e  l o w e r  end  
of th is  shie ld .  T h e  h e a t e r  is m a d e  on a t h r e a d e d  
p i ece  of l a v i t e  w h i c h  is w r a p p e d  w i t h  28 g a u g e  
c h r o m e l  h e a t i n g  wi re .  T h e  l a r g e  mass  of sol id  cop-  
p e r  rod  is u sed  to d a m p  out  t e m p e r a t u r e  f luc tua t ions .  

Connec t ed  to  t he  top  end  of t he  coppe r  sh ie ld  is 
a 1/2 in.  c o p p e r  t u b e  w i t h  a c o p p e r  space r  a n d  a 
l av i t e  h e a t e r  s i m i l a r  to t he  l o w e r  hea t e r .  A l a v i t e  
space r  p r e v e n t s  t h e r m a l  conduc t ion  up  t h e  coppe r  
tube .  A V y c o r  t u b e  encloses  t he  s a m p l e  and  s u p -  
p o r t i n g  a p p a r a t u s  a n d  is w r a p p e d  w i t h  P y r e x  woo l  
to r e d u c e  h e a t  losses.  The  open  end  of t he  V y c o r  
t u b e  is s ea l ed  b y  m e a n s  of "O" r i n g  seals  to a 
m o u n t i n g  coupl ing .  The  1/2 in. c o p p e r  t u b e  passes  
t h r o u g h  th is  coup l ing  b y  m e a n s  of seals  w h i c h  a l l o w  
the  v e r t i c a l  pos i t i on ing  of t he  s a m p l e  d i r e c t l y  b e -  
t w e e n  the  po les  of t he  m a g n e t .  A n  ou t l e t  f r o m  t h e  
coup l ing  l eads  to  a p r e s s u r e  gauge ,  a v a c u u m  sys -  
tem,  and  t h e  h y d r o g e n  supp ly .  The  s a m p l e s  w e r e  
m e a s u r e d  u n d e r  a h y d r o g e n  a t m o s p h e r e .  O x y g e n  
and  w a t e r  v a p o r  a r e  r e m o v e d  f r o m  t h e  h y d r o g e n  
b y  pa s s ing  i t  t h r o u g h  a "Deoxo"  c a t a l y s t  a n d  t h e n  
t h r o u g h  m o l e c u l a r  s ieves .  
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The  t h e r m a l  conduc t i v i t i e s  and  S e e b e c k  coeffi- 
c ien ts  w e r e  m e a s u r e d  w i t h  t he  a p p a r a t u s  d e s c r i b e d  
in t he  p r e c e d i n g  p a p e r  (13) .  

The  r e su l t s  of  e l ec t r i ca l  r e s i s t i v i t y  m e a s u r e m e n t s  
on the  s ix  d i f f e ren t  compos i t ions  a r e  p l o t t e d  in Fig.  
4. The  onse t  of i n t r i n s i c  b e h a v i o r  fo l lows  no con-  
s i s ten t  p a t t e r n  s ince  t he  i m p u r i t y  c onc e n t r a t i on  was  
an  u n c o n t r o l l e d  v a r i a b l e  in  t he  inves t iga t ion .  

The  m e a s u r e m e n t s  of t he  S e e b e c k  coefficient  a re  
p r e s e n t e d  in Fig .  5. T h e  Ha l l  coefficient  d a t a  w e r e  
suff ic ient ly  e x t e n s i v e  in t he  in t r in s i c  r e g i o n  of on ly  
Mg2Ge0.4Si0.B and  Mg2Ge to p e r m i t  an  e v a l u a t i o n  of 
t h e  e n e r g y  gap.  P lo t s  of log IRHTS/21 a ga in s t  r e c i p r o -  
cal  a b s o l u t e  t e m p e r a t u r e  a r e  shown  in Fig .  6, and  
the  d e r i v e d  e n e r g y  gaps  a r e  also t a b u l a t e d  in  T a b l e  
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Table I. Summary of results obtained from measurements on the system Mg2GexSi l -x  

February 1963 

Ego ,  ev 
p vs. 1 /T  

I n t r i n s i c  S a t ' n  
E x t r i n s i c  m o b i l i t y  i m p u r i t y  
m o b i l i t y  RH/pI = ksoooK, c o n c ' n  

Ego, ev /zH = p~T~ IRH,/ploTZ w/cm [ND - -  NA], Zmax, 
IRHTS/s] crn~/v sec emS/v  sec  ~  c a r r i e r s / c m  s ~ 

Resis- Seebeck 
t i v i t y ,  Coef. 
p300~ ~ 300~ 

o h m - c m  ~ v / ~  

Mg~Si 
No.  95 [ ~ 0 . 7 2 ]  
No.  24  [ ~ 0 . 6 5 "  ] 
No.  91 

MgsGeo.~Sio.s 
No.  93 0.79 
No.  115 

Mg2Geo.4Sio.e 
No. 70 0.75 
No.  101 [0 .72]  

Mg~Geo.eSio.4 
No.  61 [0.70] 
No.  114 0.75 

MgsGeo.sSio.s 
No, 109 0.71" 
No. 108 

Mg2Ge 
No.  43 0.70 
No.  67 [0 .71]  

A v e r a g e  

[160] (T /300 )  -1.7 [420] (T/300)-3.~ 9 • 1017 
350* 2.6 • 1017 3.3 • 10 -r 

0.0792 

310(2"/300) -1.5 2 • 10 as 
0 .0355 

0.74 [187]  (T /300)  c-~.o] [350]  (T/300)-~ .4  1.4 • 1017 
[0 .58]  2 7 3 ( T / 3 0 0 )  - 1 " 4  6 4 0 ( T / 3 0 0 )  -2.~ 0.0288 1.3 X 10 TM 

[70] [160]  ( T / 3 0 0 ) [  -~.13 1 • 10 TM 
2 8 0 ( T / 3 0 0 )  -1.e 530(T/300)  -2,5 0.0289 5.8 X 10 iv 

0.72* 310" (3OO/T) -1.4. 620* (T/300)-~.7"  0.0405* 3.5 x 1017 
342* 2.9 • 1~7  

S a m p l e  g o i n g  f r o m  !o to  n o v e r  r a n g e  of H a l l  m e a s u r e m e n t s .  
1.3 • 10 z7 

0 .70 [175]  (T /300 )  [-i .s] [360]  ( r / 3 0 0 )  -2.4 0 .0628 9.5 • 1015 

300 (T /300 )  -1.5 6 0 0 ( T / 3 0 0 )  -2.B 

6 .7  X 1O -~ 

[ 2 . 6  X 10  -8] 

9 . 4  • I 0  ~ 

1.0mo 0.06 (n) -- 505 
0.09 (n) * 

- -275  

O.51mo O.0114(n) - - 3 7 0  

[0 .15mo]  0.035 (n] - - 6 5 0  
0.58mo 0 .026(n )  - -570  

0 . I  1 (n) -- 375 
0.85mo 0 .051(n )  - - 5 0 0  

0.07 (n) + 800(p) * 

2.0 (13) 
4.0 (n) + 710 ] p) 

* S i n g l e  c r y s t a l  d a t a .  
V a l u e s  in  b r a c k e t s  a r e  d o u b t f u l .  

I. The sa tura t ion  impur i ty  car r ie r  concentra t ion in 
the extr ins ic  region as de te rmined  f rom the Hall  
effect measurements  (16) is also t abu la ted  in Table 
I for each sample tha t  was measured.  The impur i ty  
concentrat ion var ied  e r ra t i ca l ly  f rom 10 TM to i0 TM 

c a r r i e r s / c m  3. 
The Hall  mobi l i ty  factor, RH/p, is p lo t ted  against  

absolute t empe ra tu r e  on logar i thmic  coordinates  in 
Fig 7. The extr ins ic  Hal l  mobi l i ty  at  300~ is given 
as a funct ion of composit ion in Table I. The amount  
of var ia t ion  f rom one composit ion to the next  is no 
grea te r  than  the var ia t ion  observed f rom one sample  
to another  of the same composition. The m a x i m u m  
inabil i t ies  observed for the mixed  crysta ls  of 
Mg2Geo.2Sio.s, Mg2Geo.4Sio.6, and Mg2Geo.6Sio.4 are 
lower  than  those observed in Mg2Si and Mg2Geo.8Sio.2. 
I t  appears  as though this reduct ion in the m a x i m u m  
observed mobi l i ty  is not due to the format ion  of 
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Fig. 7. Logarithm of ]RH/p]  ys. logarithm of absolute temperature 

mixed  crysta ls  because r e l a t ive ly  high inabi l i t ies  
were  observed for the mixed  crys ta l  samples of 
Mg2Ge0.8Si0.2. A more sa t is factory  explana t ion  is 
tha t  the mobi l i ty  difference is associated wi th  the  
form of the ma te r i a l  being measured.  The higher  
mobil i t ies  for Mg2Si and Mg2Ge0.sSio.2 were  meas-  
ured  in single crystals ,  whereas  the s l ight ly  lower  
m a x i m u m  mobil i t ies  measured  in the other  mixed 
crys ta ls  were  measured  in po lycrys ta l l ine  speci-  
mens. If all  mobi l i ty  measurements  had been made  
on single crystals  it  is qui te  l ike ly  tha t  no decrease 
in the  m a x i m u m  mobi l i ty  would have  been ob-  
served, and tha t  the  average  mobi l i ty  would be 
s l ight ly  grea te r  than  300 cm2/volt  sec at  300~ 
The average  t empera tu re  dependence of the mo-  
b i l i ty  ( - -3 /2  power)  indicates  tha t  la t t ice sca t te r -  
ing is the p redominan t  scat ter ing mechanism. 

The high mobil i t ies  repor ted  by  Wink le r  (3) for 
po lycrys ta l l ine  Mg2Si (370 cm2/volt  sec) and Mg2Ge 
(530 cm2/volt  sec) were  obta ined by ex t rapo la t ing  
h i g h - t e m p e r a t u r e  da ta  to obtain a room t empera tu r e  
value,  and are  ac tua l ly  intr insic  mobi l i ty  values 
ex t rapo la ted  to room t empera tu r e  r a the r  than  
measured  extr insic  inabil i t ies.  

When a s imilar  ex t rapola t ion  is appl ied  to the data  
obtained in this invest igat ion,  room t empera tu re  
inabil i t ies  which are two to three  t imes higher  than 
those ac tual ly  measured  are obtained,  and the  re -  
sults of this ex t rapo la t ion  are also t abu la ted  in 
Table I. The average  t empe ra tu r e  dependence  of the  
intr insic  Hall  mobi l i ty  ( - -5 /2  power)  indicates  tha t  
ho le-e lec t ron  scat ter ing is appa ren t ly  the p redom-  
inant  scat ter ing mechanism. 

Once the t empera tu re  dependence of the mobi l i ty  
is known (--T), a plot  of log (pT 3/2-~) against  r e -  
ciprocal  absolute  t empe ra tu r e  can be made. The 
s t ra ight  l ine in the intr insic  conduct ivi ty  region then 
has a slope of Ego/4.6k, and the energy gaps for 
these mater ia l s  were  de te rmined  in this way.  The 
value  of energy gap f rom this invest igat ion for 
Mg2Si is not ve ry  precise, and Morris '  va lue  of 
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0.78 ev 4 is u n d o u b t e d l y  m o r e  correct .  F r o m  T a b l e  I 
t h e n  i t  can  be  no t i ced  t h a t  t he  e n e r g y  gap  dec reases  .o3~ 
f r o m  a v a l u e  of a b o u t  0.78 ev  for  Mg2Si to  a b o u t  
0.70 ev  for  Mg2Ge. On the  bas i s  of th is  d a t a  i t  is 
diff icult  to s t a t e  w h e t h e r  the  e n e r g y  gap  v a r i e s  "e~~176 
l i n e a r l y  w i t h  compos i t i on  or  not.  Busch  and  W i n k l e r  
(14) in t h e i r  w o r k  on the  Mg2Ge-Mg2Sn sol id  so-  -~o25 
lu t ion  f o u n d  a n o n l i n e a r  v a r i a t i o n  of e n e r g y  ~" 
gap  w i t h  compos i t ion .  H o w e v e r ,  i t  shou ld  be  p o i n t e d  

F- .020 out  t h a t  t he  e n e r g y  gap  in  t he  Mg2Ge-Mg2Sn sys -  =~ 
c~ 

tern changes  f r o m  0.70 ev  for  Mg2Ge to 0.36 ev  for  w 
Mg2Sn, w h i c h  is c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  e x -  ~ o,5 
p e r i e n c e d  in  going  f r o m  Mg2Si to Mg2Ge. 

The  S e e b e c k  coefficient  d a t a  show the  t e m p e r a -  
~- .010 t u r e  at  w h i c h  in t r i n s i c  b e h a v i o r  c o m m e n c e s  in  each  

s a m p l e  (18) .  Also  in c o n j u n c t i o n  w i t h  t he  s a t u r a -  
t ion  i m p u r i t y  concen t r a t i on ,  t h e  S e e b e c k  coefficient  .co5 
can  be  used  to d e t e r m i n e  the  ef fec t ive  mass  of t h e  
e lec t rons .  The  r e su l t s  a r e  also t a b u l a t e d  in T a b l e  I. 

Thermal Conductivity 
The  t h e r m a l  c o n d u c t i v i t y  of a s e m i c o n d u c t o r  a t  

m o d e r a t e  t e m p e r a t u r e s  is g e n e r a l l y  cons ide r e d  to 
be  t h e  s u m  of t he  l a t t i ce  and  cha rge  c a r r i e r  c o m -  
ponents .  F o r  n o n d e g e n e r a t e  m a t e r i a l s  t he se  c o m -  
ponen t s  a r e  e s s e n t i a l l y  i n d e p e n d e n t  of each  o ther .  

The  c h a r g e  c a r r i e r  c o m p o n e n t  is m a d e  up  of con-  
t r i b u t i o n s  f rom v a r i o u s  m e c h a n i s m s  such as t he  
n o r m a l  t h e r m a l  d i f fus ion of c h a r g e  c a r r i e r s  as d e -  
s c r ibed  b y  the  W i e d e m a n - F r a n z  r e l a t i onsh ip ,  a m b i -  
p o l a r  diffusion,  and  d i f fus ion  of exc i tons .  The  m e t h -  
ods of c a l cu l a t i ng  these  c o n t r i b u t i o n s  f r o m  m e a s -  
u r e d  e l ec t r i c a l  and  t h e r m a l  c o n d u c t i v i t y  d a t a  a r e  
g iven  in t he  l i t e r a t u r e  (19) .  

The  l a t t i c e  t h e r m a l  c o n d u c t i v i t y  is the  r e s u l t  of 
e n e r g y  t r a n s p o r t  b y  phonons .  The  m a g n i t u d e  of 
t he  l a t t i ce  t h e r m a l  c o n d u c t i v i t y  is a func t ion  of t he  
a m o u n t  of  p h o n o n  s c a t t e r i n g  w h i c h  t a k e s  p l ace  
w i t h i n  t he  la t t ice .  T h e  n a t u r e  of t he  s c a t t e r i n g  
w h i c h  ex is t s  in t he  l a t t i c e  can  be  d e t e r m i n e d  to  a 
l a rge  e x t e n t  b y  an  e x a m i n a t i o n  of t h e  t e m p e r a t u r e  
d e p e n d e n c e  of t he  l a t t i ce  t h e r m a l  conduc t i v i t y ,  as 
va r i ous  s c a t t e r i n g  m e c h a n i s m s  h a v e  d i f fe ren t  t e m -  
p e r a t u r e  d e p e n d e n c i e s  (20) .  

T h e  s u b s t i t u t i o n a l  sol id  so lu t ions  e x a m i n e d  in  
th i s  i n v e s t i g a t i o n  w o u l d  be  e x p e c t e d  to h a v e  a 
s t rong  p o i n t  de f ec t  s c a t t e r i n g  due  to  t he  l a r g e  mass  
d i f fe rence  b e t w e e n  t h e  s i l icon and  g e r m a n i u m .  As  
p o i n t e d  out  b y  K l e m e n s  (21) 

k cc T - l ~ 2  e - l / 2  

for  t e m p e r a t u r e s  a b o v e  the  D e b y e  t e m p e r a t u r e .  The  
t e r m  �9 accoun t s  for  t he  c o n c e n t r a t i o n  of p o i n t  d e -  
fects  and  is g iven  b y  

�9 = ~ C j ( M j  - -  M)2/M e [1]  
J 

M = ~ Cj Mj 
j [2]  

w h e r e  Cj a n d  Mj a r e  t h e  c o n c e n t r a t i o n  and  mass  of 
a toms  of t y p e  j.  This  is in c o n t r a s t  to t h e  

X ~ T -1 [3]  

w h i c h  w o u l d  be  e x p e c t e d  for  t he  p u r e  compounds .  

Thermal conductivity of Mg2Geo.eSio.s.--The t h e r -  
m a l  c o n d u c t i v i t y  of Mg2Ge0.=Si0.8 was  m e a s u r e d  on 
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Fig. 8. Thermal conductivity for Mg2Geo.2Sio.8, sample No. 115, 
vs. absolute temperature. 

s a m p l e  No. 115. H o w e v e r ,  due  to a l a c k  of r e p r o -  
d u c i b i l i t y  in t h e  e l ec t r i ca l  m e a s u r e m e n t s  m a d e  on  
th is  s a m p l e  t h e r e  is some ques t i on  as to  t he  q u a l i t y  
of t he  ingot .  F o r  th i s  r ea son  the  r e su l t s  a r e  p r e -  
s en t ed  in Fig .  8 w i t h o u t  c o m m e n t  s i m p l y  for  t he  
sake  of comple teness .  

Thermal conductivity of Mg2Geo.4Sio.6---The t h e r -  
m a l  c o n d u c t i v i t y  of Mg2Ge0.4Si0.s was  m e a s u r e d  on 
s a m p l e  No. 101. This  s a m p l e  was  l a r g e  g r a i n e d  and  
c o n t a i n e d  no v i s ib l e  eu tec t ic .  I t  was  1.67 cm long 
and  h a d  a c r o s s - s e c t i o n a l  a r e a  of 2.30 cm 2. 

I n  Fig .  9 t he  e x p e r i m e n t a l l y  d e t e r m i n e d  va lue s  of 
t h e r m a l  c o n d u c t i v i t y  and  the  c a l c u l a t e d  v a l u e s  of 
t he  e l e c t r o n  c o m p o n e n t  a r e  g iven  as  func t ions  of 
t e m p e r a t u r e .  T h e  q u a n t i t y  ( X t h -  Xez) is no t  p l o t t e d  
as  th i s  v a l u e  is v e r y  c lose  to Xth. 

B y  m a t c h i n g  cu rves  a t  300~ t h e  r e l a t i o n s h i p  
~tlattic e : 0.512T -1/2 w a t t s / c m  ~ was  d e t e r m i n e d .  
T h e  e x p e r i m e n t a l  v a l u e s  fo l low th i s  r e l a t i o n s h i p  
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r a t h e r  wel l ,  i n d i c a t i n g  t h a t  p o i n t  de f ec t  s c a t t e r i n g  
p r e d o m i n a t e s .  

Thermal conductivity o~ MgfGe0.6Si0.4.--The t h e r -  
m a l  c o n d u c t i v i t y  of MgeGe0.6Si0.4 was  m e a s u r e d  on 
s a m p l e  No. 114. This  s a m p l e  was  l a r g e  g r a i n e d  and  
f r ee  of eu tec t ic ,  h a d  a c ro s s - s ec t i ona l  a r e a  of 1.65 
cm 2, and  was  1.37 cm long.  

A p lo t  of t he  e x p e r i m e n t a l  v a l u e s  of t h e r m a l  
c o n d u c t i v i t y  as a func t ion  of t e m p e r a t u r e  for  th is  
s a m p l e  is g iven  in  Fig.  10. The  e l ec t ron  c o m p o n e n t  
of t h e r m a l  c o n d u c t i v i t y  for  th is  s a m p l e  is n e g -  
l ig ible .  Thus  l a t t i ce  t h e r m a l  c o n d u c t i v i t y  is es -  
s e n t i a l l y  e q u a l  to t h e  m e a s u r e d  va lues .  

Due  to a r a t h e r  u n u s u a l  set  of e x p e r i m e n t a l  c i r -  
c ums t ances  i t  was  poss ib l e  to m a k e  t h e r m a l  con-  
d u c t i v i t y  m e a s u r e m e n t s  f r o m  200~ The  r e su l t s  
a r e  r a t h e r  i n t e re s t ing .  

F r o m  200~ to 300~ t h e  l a t t i c e  t h e r m a l  c o n d u c -  
t i v i t y  is p r o p o r t i o n a l  to T -1, w h i l e  a b o v e  300~ 
the  l a t t i ce  t h e r m a l  c o n d u c t i v i t y  is p r o p o r t i o n a l  to 
T -1/2. Thus  a b o v e  a b o u t  300~ X = 0.468T -1/e 
w a t t s / c m  ~ w h i l e  f r o m  200~ to 300~ X = 
8.10T w a t t s / c m  ~ A l t h o u g h  t h e  b e h a v i o r  
a b o v e  300~ is e x p l a i n a b l e  in t e r m s  of t he  mass  
d i f fe rence  p o i n t  de f ec t  s ca t t e r ing ,  t h e  r e a s o n  for  
t he  s h a r p  t r a n s i t i o n  at  300~ is no t  a p p a r e n t .  

Thermal conductivity of Mg~Ge0.sSi0.2.--The t h e r -  
m a l  c o n d u c t i v i t y  of MgfGe0.sSi0.2 was  m e a s u r e d  on 
s a m p l e  No. 109. This  s a m p l e  a p p e a r e d  to be  a 
s ing le  c rys t a l .  As  a l l  t h e  b e t t e r  ingo t s  of th is  c o m -  
pos i t i on  w e r e  composed  of  a n u m b e r  of r e l a t i v e l y  
l a r g e  s ingle  c r y s t a l s  w h i c h  w e r e  v e r y  w e a k l y  
b o u n d  toge the r ,  i t  was  dec ided  to use  the  l a r g e s t  
c r y s t a l  a v a i l a b l e  for  m a k i n g  t h e  t h e r m a l  c o n d u c -  
t i v i t y  spec imen .  F o r  th i s  r ea son  , th i s  s p e c i m e n  was  
the  s m a l l e s t  one w h i c h  was  t e s t ed  in t h e  w h o l e  se-  
quence.  I t  h a d  a c r o s s - s e c t i o n a l  a r e a  of 0.87 cm ~. 
The  sma l l  cross  sec t ion  r e s u l t e d  in v e r y  low h e a t i n g  
r a t e s  b e i n g  u sed  in t he  t h e r m a l  c o n d u c t i v i t y  m e a s -  

300 350 4 0 0  450  500 550 600  
ABSOLUTE TEMPERATURE,T, (=K) 

Fig. 11. Thermal conductivity for Mg2Geo.sSio.2, sample No. 109, 
vs. absolute temperature. 

u r e m e n t s .  T h e s e  low h e a t i n g  r a t e s  m a d e  h e a t i n g  
r a t e  d e t e r m i n a t i o n s  difficult ,  p r o d u c i n g  a l a r g e  
a m o u n t  of s c a t t e r  in  t he  f inal  resu l t s .  

The  e x p e r i m e n t a l l y  d e t e r m i n e d  t h e r m a l  c o n d u c -  
t i v i t y  is g iven  as  a f u n c t i o n  of t e m p e r a t u r e  in Fig .  
11. Due  to  t he  fac t  th i s  w a s  a s ing le  c r y s t a l  i t s  t h e r -  
m a l  c o n d u c t i v i t y  w o u l d  no t  n e c e s s a r i l y  c o r r e l a t e  
v e r y  we l l  w i t h  t h a t  of t h e  o t h e r  s amples ,  as i ts  
p r o p e r t i e s  w e r e  non i so t rop ic .  

The  exac t  t e m p e r a t u r e  d e p e n d e n c e  of the  t h e r m a l  
c o n d u c t i v i t y  is diff icult  to  d e t e r m i n e  due  to  t he  
s c a t t e r  of t he  e x p e r i m e n t a l  da ta .  H o w e v e r ,  i t  does  
l ie  b e t w e e n  t h e  T -1/~ and  T -z  t e m p e r a t u r e  d e p e n d -  
ence  l ines.  This  sugges t s  t h a t  pos s ib ly  t he  t h e r m a l  
r e s i s t ance  cou ld  be  a c o m b i n a t i o n  of p o i n t  de fec t  
and  n o r m a l  U m k l a p p  sca t t e r ing .  

Variation of lattice thermal conductivity with 
coraposition.--The v a r i a t i o n  of l a t t i c e  t h e r m a l  con-  
d u c t i v i t y  w i t h  composition and  t e m p e r a t u r e  is 
shown  in Fig.  12. As  j u s t  p o i n t e d  out  t he  v a l u e s  for  
MgfGe0.8Si0.2 do no t  c o r r e l a t e  v e r y  w e l l  w i t h  t he  
o t h e r  s a m p l e s  due  to i ts  non i so t rop i c  na tu r e .  

T h e  t e m p e r a t u r e - c o m p o s i t i o n  v a r i a t i o n  is no t  in  
good a g r e e m e n t  w i t h  t h e  e x p r e s s i o n  g i v e n  b y  
K l e m e n s .  A c c o r d i n g  to th i s  e x p r e s s i o n  t h e  r a t i o  of 
t he  c o n d u c t i v i t y  f r o m  one compos i t i on  to t h e  n e x t  
shou ld  be  the  s a m e  at  a n y  g iven  t e m p e r a t u r e .  H o w -  
ever ,  th i s  is no t  t he  case w i t h  t he  e x p e r i m e n t a l  da ta .  
As can be  seen f r o m  Fig.  12 t h e  d i f fe rences  in  t h e r -  
m a l  c o n d u c t i v i t y  f r o m  one  compos i t i on  to  t h e  n e x t  
become  s ign i f i can t ly  s m a l l e r  as the  t e m p e r a t u r e  is 
ra i sed .  This  w o u l d  s eem to i nd i ca t e  some sor t  of 
s a t u r a t i o n  effect  in t he  p h o n o n  s c a t t e r i ng  a t  e l e -  
v a t e d  t e m p e r a t u r e s  as has  been  s u g g e s t e d  b y  
Ioffe (22) .  

Thermoelectric Figure of Merit 
The  f inal  p r o p e r t y  w h i c h  w i l l  be  c ons ide r ed  is 

t h e  m a x i m u m  t h e r m o e l e c t r i c  f igure  of  mer i t ,  Z~ax, 
b y  the  c o r r e l a t i o n s  p r e s e n t e d  b y  S i m o n  (23) .  This  
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quant i ty  is also given in Table I for the four ma te -  
r ials  for which sufficient cor re la table  da ta  are  ava i l -  
able. The var ia t ion  in the m a x i m u m  thermoelect r ic  
figure of mer i t  should be propor t iona l  to the  va r i a -  
t ion in the rat io  f~n/},~h. In going f rom Mg2Si to 
Mg2Ge0ASi0.6 and Mg2Ge0.6Si0.4 the ra t io  ~/Xph in-  
creases by  a factor  of about  2.4. Due to the nea r ly  
ident ica l  la t t ice  t he rma l  conduct ivi ty  and electron 
mobi l i ty  for Mg2Ge0.4Si0.6, sample  No. 101, and for 
Mg2Ge0.6Si0.4, sample  No. 114, it  would be expected 
tha t  these two samples would have almost ident ical  
values  of Zmax. However ,  the optimized the rmo-  
electric figure of mer i t  increases by  a factor  of about  
8.0 in going f rom Mg~Si to Mg2Ge0.4Si0.6 whi le  it  in -  
creases by  a factor  of 2.8 in going f rom Mg2Si to 
Mg2Ge0.sSi0.4. This indicates  the va lue  of Zmax for 
Mg2Geo.6Sio.4 is p r o b a b l y  correct  while  tha t  for 
Mg2Ge0.4Si0.6 is p robab ly  too large by  a factor  of 
about 3. 

As the value  of Zmax is calculated on the basis of 
the extr ins ic  proper t ies  of the mater ia l ,  a difference 
in impur i ty  car r ie r  concentra t ion be tween  the speci-  
mens used to measure  e lect r ica l  res i s t iv i ty  and 
the rmal  conduct iv i ty  could give rise to this d is-  
crepancy.  In this  case the electr ical  specimen should 
have a h igher  impur i ty  level  than  the t he rma l  con- 
duc t iv i ty  specimen. It  should be noted tha t  such a 
difference in impur i ty  levels would  not have any 
effect on the  intr insic  proper t ies  of the mater ia l .  

Since the value  of Zmax for the mixed  crysta ls  is 
considerably  higher  than  tha t  for Mg2Si, the mixed  
crystals  would  be much be t te r  as thermoelect r ic  
mater ia l s  than  the pure  compound if all  the ma te -  
r ia ls  had  the op t imum impur i t y  levels. Even under  
these opt imized conditions, however,  the mixed  
crystals  would  have a thermoelec t r ic  figure of 
mer i t  somewhat  lower  than  tha t  of mater ia l s  now 
in use. 

Effects oS nonstoichiometric specimens.--Since six 
of the  samples on which measurements  were  made 
were  e i ther  s l ight ly  nonstoichiometr ic  or were  t aken  
f rom ingots which were  nonstoichiometr ic  as de-  
t e rmined  by  microscopic examinat ion,  the effects of 
nons to ichiometry  should be examined.  Three of 
these samples were  s l ight ly  s i l icon-r ich,  whi le  the 
other  three  m a y  have contained a t race  of excess 
magnesium. 

Morris  (4) and Redin (2) in thei r  work  at  Iowa 
Sta te  Univers i ty  found tha t  an excess of silicon or an 
excess of ge rman ium in an ingot does not affect the 
e lectr ical  proper t ies  of the  Mg2Si or the Mg2Ge taken  
f rom the ingot. Morris  in his work  on single c rys-  
tals  of Mg2Si took his single crysta ls  f rom ingots 
containing large  amounts  of excess silicon. Redin 
obtained his single crystals  of Mg2Ge f rom ingots 
containing up to 66% of the ge rman ium- r i ch  eu-  
tectic. The low impur i t y  car r ie r  concentrat ions 
found in these invest igat ions  seem to indicate  tha t  
ne i ther  the excess silicon nor the excess ge rmanium 
enter  the lat t ice as donors or acceptors.  The data  
of Morris  and Redin say nothing about  the solubi l -  
i ty  of magnes ium in ei ther  Mg2Si or Mg2Ge. 

The electr ical  proper t ies  of po lycrys ta l l ine  sam-  
ples of both stoichiometric  and nonstoichiometr ic  
Mg2Si and MgeGe have been measured  by  Winkle r  
(3).  His measurements  were  made  on Mg2Si, Mg2Ge, 
Mg2Si -t- 2% Si, Mg2Si -t- 2% Mg, Mg2Ge -~ l % G e ,  
and Mg2Ge W 0.5% Mg. Due to the  ex t r eme ly  low 
l imits  of solubi l i ty  found by  M o r r i s  and Redin it 
must  be concluded tha t  the excess silicon and ger -  
man ium in Wink le r ' s  samples showed up as eutec-  
tic inclusions in the  gra in  boundaries .  

Winkle r ' s  s i l icon-r ich sample of Mg2Si has an 
impur i ty  car r ie r  concentra t ion only 15% higher  
than  tha t  of the pure  Mg2Si in the  extr ins ic  region, 
while  the Hal l  mobil i t ies  of the pure  and the si l icon- 
r ich Mg2Si are essent ia l ly  identical .  Al though the 
s i l icon-r ich specimen has a lower  extr insic  res is t iv-  
i ty  due to its h igher  car r ie r  concentrat ion,  it  has 
ident ica l  proper t ies  wi th  the pure  ma te r i a l  in the 
intr insic  region. 

The magnes ium-r i ch  sample  of Mg2Si has an im-  
pu r i ty  car r ie r  concentra t ion app rox ima te ly  40% 
higher  than tha t  of the pure  sample. This indicates 
the  solubi l i ty  of magnes ium in Mg2Si is ve ry  slight, 
and tha t  the excess magnes ium p robab ly  shows up 
as eutectic inclusions in the  gra in  boundaries .  In 
the extr insic  region the mobi l i ty  of magnes ium-  
rich ma te r i a l  is about  30% higher  than tha t  of the 
pure  mater ia ls .  Again  in the  intr insic  region the 
pure  and impure  ma te r i a l  approach the same be-  
havior.  

The magnes ium-r i ch  sample of Mg2Ge does not  
follow comple te ly  the t rend  set by  the  correspond-  
ing Mg2Si sample. Al though the impur i ty  car r ie r  
concentra t ion in the extr insic  region is about  25% 
higher  than  tha t  of the pure  Mg2Ge, the electron 
Hal l  mobi l i ty  is 10% lower  than  tha t  of the  pure  
mater ia l .  The two samples again behave  s imi lar ly  
in the intr insic  region. 

Wink le r  found tha t  the  ge rman ium- r i ch  Mg2Ge 
had an impur i ty  car r ie r  concentra t ion which was 
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tw ice  as  h igh  as  t h a t  of t he  p u r e  Mg2Ge w h i l e  t h e  
cha rge  c a r r i e r  m o b i l i t y  was  10% h i g h e r  t h a n  t h a t  
of t he  p u r e  Mg2Ge. None  of t h e  s a m p l e s  t e s t ed  in 
th is  i n v e s t i g a t i o n  h a d  an  excess  of g e r m a n i u m .  

W i n k l e r  m a d e  S e e b e c k  coefficient  m e a s u r e m e n t s  
on on ly  two  s a m p l e s  of  Mg2Si t he  p u r e  m a t e r i a l  and  
the  s i l i c o n - r i c h  sample .  The  i m p u r e  s a m p l e  h a d  a 
v a l u e  5 -10% l o w e r  t h a n  the  p u r e  m a t e r i a l .  This  is 
b e t t e r  a g r e e m e n t  t h a n  W i n k l e r  f o u n d  b e t w e e n  his  
p u r e  s a m p l e s  of Mg~Ge. 

A few conclus ions  can  be  d r a w n  f r o m  W i n k l e r ' s  
d a t a  for  s amp le s  con t a in ing  eu tec t ic  inc lus ions .  The  
p r e s e n c e  of s m a l l  eu tec t i c  inc lus ions  of e i t he r  s i l i -  
con or  m a g n e s i u m  does  no t  affect  t h e  e l ec t r i ca l  
p r o p e r t i e s  in  t h e  i n t r i n s i c  reg ion .  In  t he  ex t r i n s i c  
r eg ion  the  excess  m a g n e s i u m  and  t h e  excess  s i l icon 
seem to cause  a s l igh t  i nc rea se  in t he  i m p u r i t y  ca r -  
r i e r  concen t ra t ion .  H o w e v e r ,  as t he  i m p u r i t y  c a r -  
r i e r  concen t r a t i ons  n o r m a l l y  v a r y  b y  an  o r d e r  of 
m a g n i t u d e  f r o m  one  s t o i c h i o m e t r i c  m e l t  to  a n o t h e r  
th is  c h a n g e  does  no t  s eem p a r t i c u l a r l y  s ignif icant .  
The  excess  s i l icon d id  no t  s eem to h a v e  a n y  effect 
on the  cha rge  c a r r i e r  mob i l i t y ,  w h i l e  t he  excess  
m a g n e s i u m  i n c r e a s e d  the  m o b i l i t y  a s l igh t  a m o u n t  
in one case  and  d e c r e a s e d  i t  a s l igh t  a m o u n t  in  a n -  
o ther .  In  v i e w  of th is  i t  is poss ib le  t h a t  v e r y  s m a l l  
m a g n e s i u m - r i c h  eu tec t i c  inc lus ions  do no t  m a t e -  
r i a l l y  affect  t he  m o b i l i t y  and  t h a t  t he  changes  in 
m o b i l i t y  w h i c h  w e r e  o b s e r v e d  r e p r e s e n t  n o r m a l  
v a r i a t i o n s  f r o m  one s a m p l e  to t he  nex t .  

The  r e su l t s  of  th is  i n v e s t i g a t i o n  a r e  in  f a i r l y  good 
a g r e e m e n t  w i t h  those  of W i n k l e r  for  t he  effects of 
n o n s t o i c h i o m e t r y .  A n  excess  of s i l icon d id  not  s eem 
to h a v e  a n y  effect  on the  s a t u r a t i o n  i m p u r i t y  c a r -  
r i e r  concen t r a t ion ,  a l t h o u g h  it  d id  a p p e a r  to p r o d u c e  
a r e d u c t i o n  in  cha rge  c a r r i e r  mob i l i t y .  The  excess  
m a g n e s i u m  a p p e a r e d  to r a i se  t he  s a t u r a t i o n  i m p u r -  
i t y  c a r r i e r  c o n c e n t r a t i o n  to abou t  10 TM e l e c t r o n s / c m  a, 
i n d i c a t i n g  a s o l u b i l i t y  of m a g n e s i u m  in t h e  l a t t i c e  
of abou t  1 p a r t  p e r  100,000. The  excess  m a g n e s i u m  
had  no no t i c eab l e  effect on the  c h a r g e  c a r r i e r  m o -  
b i l i ty .  The  in t r i n s i c  p r o p e r t i e s  of t h e  m a t e r i a l  w e r e  
no t  a f fec ted  b y  t h e  p re sence  of  e i t he r  t he  excess  
s i l icon o r  t h e  excess  m a g n e s i u m .  

The  t h e r m a l  c o n d u c t i v i t y  spec imens  m e a s u r e d  in 
th is  i n v e s t i g a t i o n  w e r e  e i t he r  of s t o i ch iome t r i c  com-  
pos i t i on  or  c o n t a i n e d  on ly  a t r ace  (0 .01%)  of excess  
m a g n e s i u m .  A n  a n a l y s i s  of t he  t h e r m a l  c o n d u c -  
t i v i t y  d a t a  d id  no t  i n d i c a t e  a n y  c o n t r i b u t i o n  to  t h e  
t h e r m a l  c o n d u c t i v i t y  w h i c h  could  be  a t t r i b u t e d  to 
t h e  t r a c e  of m a g n e s i u m .  
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ABSTRACT 

By expressing the surface area of an electricalIy heated body in  terms of its 
current -vol tage  characteristics and subst i tut ing in the Richardson equation, 
electron emission functions ](i) having the l inear  form log f( i )  - - - -~--~/T 
are derived which fix the tempera ture  of the body independent  of its cross- 
sectional area or dimensions. The funct ions f ( i )  can be directly de termined ex-  
per imenta l ly ;  a and ~ are logarithmic functions of resistivity, emissivity, and 
the electron emission constants. In  the simplest case a s imultaneous measure-  
ment  of electron emission and heat ing current  is sufficient to fix the tempera-  
ture. The method has par t icular  application to vapor deposited filaments, and 
exper imental  de terminat ion  of the emission funct ions has been made for "as- 
deposited" zirconium and thorium. For the former a spread in  tempera ture  pre-  
diction at 1600~ of +--5 ~ was obtained from filaments 2-18 cm in  length and 
0.03-0.17 cm in  diameter;  for similar thor ium filaments the spread was ___30 ~ 
Resistivities, emissivities, and electron emission constants were measured for 
both metals from 1300 ~ to 1800~ and found to be consistent with l i terature 
data and the derived functions. 

The t e m p e r a t u r e s  of u n v i e w a b l e  f i laments  of 
k n o w n  geome t ry  have  b e e n  es t ima ted  va r ious ly  (1) 
by  m e a s u r e m e n t  of hea t ing  c u r r e n t  I, res i s tance  R, 
vol tage  drop E or hea t  d iss ipa t ion  W, m a k i n g  use 
of e i ther  an  in i t i a l  ca l ib ra t ion  or of k n o w n  va lues  
of res i s t iv i ty  or emiss ivi ty .  In  cases whe re  a f i l ament  
of l eng th  L is of u n k n o w n  d iamete r ,  it  is in  p r i n -  
ciple possible  to r ega rd  the  func t i on  EP/3 /L  as be ing  
cons tan t  at  a fixed t e m p e r a t u r e  (1-3)  for a cy l in -  
dr ical  f i l ament ;  the  f u n c t i o n  can be d e t e r m i n e d  ex -  
p e r i m e n t a l l y  for f i laments  of i r r e g u l a r  sur face  (2) .  
A l though  this  f unc t i on  can  be used to r egu la t e  the  
g rowth  t e m p e r a t u r e  in  a vapor  deposi t ion  process 
(2, 4) i t  is f ound  to give v a r i a b l e  t e m p e r a t u r e  defi-  
n i t i on  (5, 6) and  to be i m p u r i t y  sens i t ive  (5) .  In  
the  converse  case of f i l ament  vapor i za t ion  (3) the  
func t ion  was  found  to decrease  in  va lue  as vapor i za -  
t ion  proceeded.  

I n  the  p resen t  work  four  e lec t ron  emiss ion  f u n c -  
t ions  are  de r ived  which  enab le  the  t e m p e r a t u r e  of 
an  u n s e e n  f i l ament  of u n k n o w n  d i ame te r  or d i m e n -  
sions to be  d e t e r m i n e d  f rom the  m e a s u r e m e n t  of its 
e lec t ron  emiss ion  and,  var ious ly ,  hea t ing  cur ren t ,  
vol tage  drop, or both.  I t  is shown  e x p e r i m e n t a l l y  
tha t  the  func t ions  der ived  can be appl ied  to " iodide"  
z i r con ium and  t h o r i u m  fi laments ,  g iv ing  somewha t  
be t t e r  t e m p e r a t u r e  e s t ima t ion  for f i laments  of com-  
pa rab le  p u r i t y  t h a n  the  EI1/3/L func t ion ,  an d  con-  
s ide rab ly  less t e m p e r a t u r e  spread  for f i laments  of 
differ ing pur i ty .  Phys ica l  and  emiss ion  data  de-  
t e r m i n e d  for  "as -depos i t ed"  f i laments  of bo th  me ta l s  
are presen ted ,  toge ther  w i t h  the e x p e r i m e n t a l l y  de-  
t e r m i n e d  va lues  of the  emiss ion  func t ions  for each. 

App l i ca t ion  of the  me thod  and  the  choice of emis-  
s ion func t i on  are  discussed. 

Derivation of Functions 
Three diameter independent functions are de- 

rived, two of these requiring only one variable, be- 
sides electron emission, to be measured. A fourth, 
geometry independent function is also obtained. To 
derive a function of electron emission and elec- 
trical characteristics which is independent of di- 
mension, the surface area of a heated body must first 
be expressed in terms of its electrical characteristics. 
Then, for a surface of area S the saturated emission 
per unit area, J, is a constant at a given tempera- 
ture, and where i is the total emission from the 
surface, is given by the Richardson-Dushman equa- 
tion (7) 

J = i / S  = A T  2 e x p - -  ( ~ / ~ T )  [1] 

Here  A is a constant ,  theore t i ca l ly  120 amp/cm2deg  2 
for a p u r e  me t a l  surface,  r the  a p p a r e n t  w o r k  f u n c -  
t ion,  k the  B o l t z m a n n  cons tant ,  8.63 x 10 -5  ev /deg ,  
and  T the  abso lu te  t e m p e r a t u r e .  S u b s t i t u t i o n  in  
Eq. [1] of the  express ion  for a rea  in  t e rms  of hea t -  
ing  c u r r e n t  or vol tage  drop wi l l  give the  r e q u i r e d  
funct ions .  For  a r igh t  c i rcu la r  cy l i nde r  of d i a m e t e r  
D, res i s tance  a nd  res i s t iv i ty  are  re la ted  b y  the  ex -  
press ion  R ---- 4pL/~D 2 a nd  thus  for the  sur face  area  
we have  

S = (4~pLS/'R)'/s [2] 

C o m b i n a t i o n  of Eq. [1] and  [2] gives the  resu l t  t ha t  

( i2R/L 3) 1/2 = (4~rp) I/~ A T  2 exp --  ( r  [3] 

This  f u n c t i o n  is i n d e p e n d e n t  of cy l i nde r  d i ame te r  
and  is a cons t an t  at  a g iven  t e m p e r a t u r e .  Thus  
knowledge  of f i l ament  l eng th  a nd  m e a s u r e m e n t  of 
the  to ta l  e lec t ron  emiss ion  and  the  res i s tance  a l low 
the e s t ima t ion  of f i l ament  t empe ra tu r e .  
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M i n i m u m  var iab le  ]unc t ions . - -Cons idera t ion  of 
the  r e l a t i o n s h i p  b e t w e e n  d i a m e t e r  and  h e a t  r a d i a t e d  
(2)  shows  t h a t  t he  d i a m e t e r  of a c y l i n d r i c a l  f i la-  
m e n t  can  be  e x p r e s s e d  as 

D = 4pe~T4L2/E 2 : 12/8 (4p/~r2e~T 4) 1/8 [4]  

w h e r e  �9 is t h e  t o t a l  emis s iv i ty ,  and  (r t he  S t e f a n -  
B o l t z m a n n  cons tan t ,  5.672 x 10 -12 w / c m 2 d e g  4. 
Hence ,  m u l t i p l y i n g  b y  ~rL and  cance l l i ng  a r e a s  w e  
ob t a in  

i /Li2/8 = (4~rp/ecrT 4) 1/8 A T  2 exp  - -  ( r  [5]  
and  

i E 2 / L  8 = 4~r#e~T 6 A e x p  - -  ( r  [6]  

E q u a t i o n s  [5]  a n d  [6]  a r e  d i a m e t e r  i n d e p e n d e n t  
and  r e q u i r e  t h e  m e a s u r e m e n t  of on ly  one e l e c t r i c a l  
c h a r a c t e r i s t i c  o t h e r  t h a n  e l ec t ron  emiss ion .  S ince  
the  f u n c t i o n  of Eq. [6]  con ta ins  E 2, i t  is t he  mos t  
s ens i t i ve  to  e r r o r  in  p o t e n t i a l  d r o p  m e a s u r e m e n t  
and  is no t  cons ide r ed  subsequen t ly .  

G e o m e t r y - i n d e p e n d e n t  y u n c t i o n . - - A  f u n c t i o n  
w h i c h  is i n d e p e n d e n t  of t he  shape  of t he  h e a t e d  
body ,  p r o v i d e d  i t  ha s  no  r e - e n t r a n t  sur faces ,  is ob -  
t a i n e d  f r o m  a s i m p l e  c o n s i d e r a t i o n  of the  h e a t  r a -  
d ia ted .  To a good a p p r o x i m a t i o n  the  l a t t e r ,  in w / c m  2 
is g iven  b y  

W / S  = e~T 4 [ 7 ] 

The  r a t i o  i / W ,  w h e r e  W is t h e  t o t a l  h e a t  r a d i a t e d ,  
w i l l  be  a cons t an t  a t  a g iven  t e m p e r a t u r e ,  w i t h  su r -  
face  a r e a s  cance l l ing .  C o m b i n i n g  Eq. [1]  and  [7]  
w e  h a v e  

i / W  = A e x p -  ( ~ b / k T ) / ~ T  ~ [8]  

Practical Form of the Emission Functions 

The  R i c h a r d s o n  p lo t  of log J / T  2 is l inea r ,  w i t h  
s lope (~b/1.984) x 104deg -1, and  i t  w i l l  now be  s h o w n  
t h a t  t he  p lo t s  of log  $( i )  vs.  l / T ,  w h e r e  f ( i )  r e p r e -  
sen ts  t h e  func t ions  ( i2R/L3)  1/2, i / L I  2/3, a n d  i / W ,  a r e  
l inea r ,  w i t h  neg l i g ib l e  e r ro r ,  as is t he  p lo t  of log 
i vs. 1 /T .  E x t r a c t i n g  log J / T  2 f rom the  l o g a r i t h m i c  
fo rms  of Eq. [3] ,  [5] ,  and  [8]  and  s e p a r a t i n g  the  
r e m a i n i n g  t e m p e r a t u r e  d e p e n d e n t  t e rms ,  i t  can  
be  seen  t h a t  these  l a t t e r  h a v e  a t  mos t  t he  v a l u e s  2 
l og  T, 1 /2  log  p a n d  log E. I t  can  r e a d i l y  be  d e d u c e d  
tha t ,  if  b e t w e e n  T1 a n d  Te the  p lo t  of log T vs.  1 / T  
is a s s u m e d  l i nea r ,  t h e  e r r o r  in  t h e  v a l u e  of log T 
o b t a i n e d  a t  t he  m i d - r a n g e  is log [ ( T I + T 2 ) /  
2(TIT2)1/2].  F o r  t h e  r a n g e  1500~176 th is  e r r o r  
is 0.0045 log  uni t s ,  and  to  combine  a 2 log T vs.  I / T  
p lo t  w i t h  a R i c h a r d s o n  plot ,  w i t h  (b = 4 ev, l e a d s  to 
a d e p a r t u r e  f r o m  ] i n e a r i t y  e q u i v a l e n t  to a t e m p e r a -  
t u r e  e r r o r  of less t h a n  2~ ; the  s lope  of the  2 log  T vs.  
1 / T  p lo t  is - -2T/2 .303 ,  and  thus  t he  c h a n g e  in s lope  
is 0.0435 x 104deg -1. A t  the  t e m p e r a t u r e s  a t  w h i c h  
t h e r m i o n i c  e l e c t r o n  emiss ion  is s ignif icant ,  t he  h igh  
m e l t i n g  p o i n t  m e t a l s  h a v e  r e s i s t i v i t y  vs.  t e m p e r a -  
t u r e  p lo t s  (8)  a p p r o x i m a t e d  b y  the  f o r m  

pr2 ---~ PTI[ 1 + ~ ( T 2 - -  T1) ], w i t h  t~ --~ 10 -8 deg  -1 

Neg l ec t i ng  cubic  and  h i g h e r  t e r m s  in  t he  ser ies  e x -  
p a n s i o n  of log  PT2 w e  o b t a i n  t h a t  in  t he  r a n g e  T~ to 
T2 the  s lope  of t h e  p lo t  of log p vs.  1 / T  is g iven  b y  

d log  p r J d ( 1 / T )  = --0.434 T22 [ 0 - -  82(T2 - -  T1) ] 

--3 
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w 
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Fig. 1. Electron emission function values for zirconium and 
thorium filaments as a function of the reciprocal of the tem- 
perature. 

I n s e r t i n g  6 ---- 10 -8, deg  -1, T1 =- 1500~ a n d  T2 
2000~ it  is f o u n d  t h a t  t h e  change  in  s lope  of th i s  
p lo t  b e t w e e n  T1 a n d  T2 is ~ 0.01 x 104 deg  -1, and  
t h e r e f o r e  c o m p l e t e l y  neg l ig ib le .  A s i m i l a r  a r g u m e n t  
ob ta in s  for  emis s iv i ty ,  w h i c h  for  mos t  subs t ances  has  
a t e m p e r a t u r e  coefficient  of  --~5 x 10 -4  deg  - I .  S e m i -  
conduc to r s  a t  e l e v a t e d  t e m p e r a t u r e s  w i l l  show i n -  
t r in s i c  conduc t ion ,  and  t h e r e f o r e  t he  p lo t s  of log 
p vs.  1 / T  wi l l  be  l i n e a r  (9 ) ,  as r equ i r ed .  F o r  b o r o n  
(10) for  e x a m p l e ,  t he  p lo t  is l i n e a r  f r o m  600 ~ to  
2000~ 

F o r  bo th  m e t a l s  and  s e m i c o n d u c t o r s  t he re fo re ,  t he  
p lo ts  of log f ( i )  vs.  1 / T  can  be  expres sed ,  as  is con-  
f i rmed  e x p e r i m e n t a l l y ,  b y  the  u se fu l  l i n e a r  form,  

log  f ( i )  = ~ - - f l / T  [9]  

The  fo rms  of a and  fl can  be  d e r i v e d  f r o m  t h e  
cons ide ra t i ons  g iven  above ,  b u t  v a l u e s  a r e  m o r e  
s i m p l y  o b t a i n e d  b y  i n s e r t i o n  in t he  l o g a r i t h m i c  
fo rms  of Eq. [3] ,  [5] ,  and  [8]  of v a l u e s  of p, ~, 4, 
and  A a t  t w o  t e m p e r a t u r e s .  E x p e r i m e n t a l l y ,  p l o t s  
of log f ( i )  vs.  1 / T  (see  Fig .  1) for  a f i l amen t  of a 
g i v e n  s u b s t a n c e  a r e  o b t a i n e d  b y  d i r ec t  m e a s u r e m e n t  
of e l ec t ron  emiss ion  c u r r e n t  and  h e a t i n g  c u r r e n t  
( a n d  v o l t a g e  d rop  if r e q u i r e d )  w i t h o u t  r e f e r e n c e  to 
f i l amen t  d i a m e t e r ,  r e s i s t i v i t y ,  o r  emis s iv i ty .  V a l u e s  
of the  l a t t e r  p r o p e r t i e s  were ,  in fact ,  m e a s u r e d  in  
t he  p r e s e n t  w o r k  a n d  w e r e  used  to check  t h e  f o r m s  
of t h e  emiss ion  func t ions .  

F o r  iod ide  m e t a l  f i l amen t s  t he  a s s u m p t i o n  of 
smoo th  c y l i n d r i c a l  g e o m e t r y  is no t  v a l i d  (nor ,  of 
course ,  is i t  v a l i d  in  t he  d e r i v a t i o n  of t h e  func t ion  
EI l lS /L ) ,  b u t  f i l amen t s  of t he  s a m e  m e t a l  g r o w n  
u n d e r  c o m p a r a b l e  cond i t ions  do e x h i b i t  s i m i l a r  
c r y s t a l l i n e  sur faces ,  and  can  b e  e x p e c t e d  to h a v e  
s i m i l a r  t r u e  to  a p p a r e n t  su r f a c e  a r e a  ra t ios .  C a l c u -  
l a t ion  of  a r e a  r a t i o s  is poss ib l e  for  a p l a n e  su r f ace  
cove red  w i t h  r a n d o m  s ized  c rys t a l s  of a g i v e n  f o r m  
(11) ,  b u t  v a r i a t i o n  in  t h e  fo rms  o b s e r v e d  m a k e s  t he  
ca l cu la t ion  a p p r o x i m a t e  in  p rac t i ce .  Va lues  b e t w e e n  
2 and  3 a r e  t y p i c a l  for  a n u m b e r  of t h e  c u b e - o c t a -  
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Table I. Geometry factor to replace 4~ in the expressions for 
(i2R/L3) 1/2, i /LI 2/3, and EI1/3/L for filaments with cross sections 

other than circular 

S e c t i o n  F a c t o r  Ta  

Circle 4~ 
Rectangle  of sides 4 (m ~ 1)2/m 8 ~ (m = 2) 

ra t io  (m) 
Square  (m---- 1) 16 5 ~ 
Hexagon  13.9 2 ~ 
Octagon 13.25 1 ~ 

a T e m p e r a t u r e  d e c r e a s e  w h i c h  w o u l d  r e s u l t  f r o m  t h e  a p p l i c a t i o n  
of  a f u n c t i o n  for  c i r c u l a r  s e c t i o n  to  f i l a m e n t s  w i t h  o t h e r  g i v e n  c r o s s -  
s e c t i o n s ,  a s s u m i n g  t h e  f i l a m e n t  r e s i s t a n c e  to  b e  u n a l t e r e d .  

h e d r a  f o r m s  o b s e r v e d  (5)  on t h o r i u m  f i laments .  
H o w e v e r  i t  is s h o w n  in T a b l e  VI I  t h a t  a m o d e r a t e  
v a r i a t i o n  in  su r f ace  a r e a  r a t io s  w i l l  no t  m a r k e d l y  
affect  t he  t e m p e r a t u r e  d e r i v e d  f r o m  a g iven  v a l u e  
of log $ ( i ) .  

I t  has  b e e n  s h o w n  (2, 3) t h a t  t he  func t ion  EI1/~/L 
is g iven  b y  

EI1/3/L = [4~rp(~T4)2] 1/3 [10] 

The  f ac to r  4~ in  th is  a n d  the  e x p r e s s i o n s  for  f ( i )  
can  b e  s h o w n  to be  t he  spec ia l  so lu t ion  for  c i r c u l a r  
sec t ion  of t h e  g e n e r a l  f a c to r  ( p e r i m e t e r ) 2 / ( c r o s s  - 
s ec t iona l  a r e a )  w h i c h  is a p p l i c a b l e  for  a n y  cross  
sect ion.  I n  T a b l e  I a r e  g iven  the  v a l u e s  of th i s  
f ac to r  for  f i l amen t s  of v a r i o u s  cross  sect ions.  I t  can  
be  seen t h a t  m o d e r a t e  d e p a r t u r e s  f r o m  c i r c u l a r  sec-  
t ion,  as s o m e t i m e s  occurs  for  i od ide  m e t a l  f i l amen t s  
(12) ,  h a v e  r e l a t i v e l y  s m a l l  effects.  

Exper imental  

Z i r c o n i u m  f i l amen t s  w e r e  g r o w n  b y  the  iod ide  
p rocess  bo th  f r o m  un iden t i f i ed  h a f n i u m - c o n t a i n i n g  
z i r c o n i u m  ch ips  a n d  f r o m  h a f n i u m - f r e e  r e a c t o r  
g r a d e  z i r c o n i u m  t u r n i n g s  o b t a i n e d  f r o m  the  W a h -  
Chang  Corpora t ion .  Th is  m a t e r i a l  h a d  an  ana lys i s  
of 1250 p p m  Fe ,  <800  p p m  a l l  o t h e r  me ta l s ,  900 
p p m  O, 100 p p m  C, 25 p p m  N, and  <100  p p m  Hf. On 
t h e  bas is  of t he  t r a n s f e r  coefficients g iven  b y  S h a p i r o  
(2)  a n d  his  t y p i c a l  a n a l y s i s  va lues ,  i t  can  be  con-  
c luded  t h a t  i od ide  z i r c o n i u m  g r o w n  u n d e r  c a r e fu l  
cond i t ions  f r o m  th i s  f eed  wi l l  con ta in  <200  p p m  
Fe,  <200 p p m  a l l  o t h e r  me ta l s ,  <200  p p m  O,<10-100  
p p m  C, 3 p p m  N, a n d  <100  p p m  Hr.  

T h o r i u m  f i l amen t s  w e r e  g r o w n  b y  t h e  c a r b i d e -  
iod ide  p rocess  w h i c h  g ives  t h o r i u m  m e t a l  of e x c e p -  
t i o n a l  p u r i t y  (5, 13, 14).  T o t a l  m e t a l  i m p u r i t y  has  
been  s h o w n  to  be  < < 1 0 0  p p m ;  f i l amen t s  e x p o s e d  to  
m o i s t u r e  a n d  a i r  c o n t a i n e d  <20  p p m  O, < 2 0  p p m  
C, 3-7 p p m  N, a n d  1 p p m  H. F o r  f i l amen t s  in situ 
t he  n o n m e t a l  con ten t s  wi l l  be  s t i l l  l ower .  

F i l a m e n t s  w e r e  g r o w n  in 5 cm d i a m e t e r  P y r e x  
bu lbs ,  on  0.01 c m  t u n g s t e n  s t a r t i n g  wi re ,  in  e i t h e r  
s t r a i g h t  or  h a i r p i n  fo rm.  The  w i r e  w a s  t a k e n  in a 
s ingle  o u t w a r d  t u r n  ove r  t h e  t h i n n e d  d o w n  t ips  of 
t h e  3 m m  t u n g s t e n  c u r r e n t  l e a d s  a n d  on to  1 m m  
t u n g s t e n  l eads  for  v o l t a g e  d rop  m e a s u r e m e n t .  A 
c y l i n d r i c a l  shee t  m o l y b d e n u m  a n o d e  con ta in ing  a 
w i d e  v i e w i n g  slot  w a s  h e l d  in  pos i t i on  b y  2 m m  
t u n g s t e n  rods.  Be fo re  g r o w t h  of a f i l amen t  t he  b u l b s  
and  f eed  m a t e r i a l  w e r e  ou tgas sed  a t  less  t h a n  10 - 6  

m m  for  15-20 hr,  a n d  the  s t a r t i n g  w i r e  h e a t e d  a t  
1600~176 u n t i l  t h e  p r e s s u r e  fe l l  b e l o w  10 -6 
mm.  B u l b s  a n d  z i r c o n i u m  in situ w e r e  h e l d  a t  500~ 
and  t h o r i u m  c a r b i d e  s e p a r a t e l y  at  850~ Meta l  
iod ides  w e r e  f o r m e d  in situ at  250~176 b y  a d -  
mi s s ion  of v a c u u m - d r i e d  iodine ,  a n d  t h e  b u l b s  w e r e  
r e p u m p e d  to b e l o w  10 -6 m m  v i a  a g lass  b r e a k - s e a l  
b e f o r e  f inal  sea l ing .  F i l a m e n t s  w e r e  g r o w n  at  a 
f ixed  t e m p e r a t u r e  in  t h e  r a n g e  1200~176 I m -  
m e d i a t e l y  a f t e r  g r o w t h  t h e  b u l b s  w e r e  cooled  in 
5-15 m i n  to 250 ~ b e l o w  t h e  g r o w t h  t e m p e r a t u r e  to 
condense  ou t  m e t a l  iodides ,  a n d  m e a s u r e m e n t s  com-  
menced .  S t a b i l i z e d  f i l amen t  h e a t i n g  cu r r en t ,  v o l t a g e  
drop ,  and  emis s ion  c u r r e n t  w e r e  each  r e a d  on in -  
s t r u m e n t s  a c c u r a t e  to  --+1% fu l l  scale.  T e m p e r a t u r e s  
w e r e  r e a d  w i t h  a c a l i b r a t e d  op t i c a l  p y r o m e t e r .  F o r  
t h o r i u m  the  e m i s s i v i t y  a t  0.65~ was  t a k e n  as 0.361~, 
and  for  z i r c o n i u m  the  b r i g h t n e s s  t e m p e r a t u r e  p lo t  
g iven  b y  S h a p i r o  (2)  for  c r y s t a l  b a r  z i r c o n i u m  was  
used.  In  t he  r a n g e  1400~176 th is  g ives  co r -  
r e c t e d  t e m p e r a t u r e s  a g r e e i n g  w i t h i n  -+2 ~ of those  
o b t a i n e d  b y  use  of t he  v a l u e  E0.65 = 0.426 d e t e r m i n e d  
(8, 16) for  smoo th  z i r c o n i u m  surfaces .  E n d  c o r r e c -  
t ions  w e r e  m a d e  b y  o b s e r v i n g  the  f i l amen t  t e m p e r a -  
t u r e  0, 7, and  15 m m  f r o m  t h e  s u p p o r t  l e a d s  us ing  
t h e  op t i c a l  p y r o m e t e r  a t  a f ixed  d i s t a n c e  w i t h  a 
c a l i b r a t e d  v i e w i n g  field, a n d  a p p l y i n g  a s imple  
g r a p h i c a l  i n t e g r a t i o n  to d e t e r m i n e  t h e  co r r ec t ions  to 
t h e  emiss ion,  h e a t  r a d i a t e d ,  a n d  res i s t ance .  The  
emiss ion  was  also c o r r e c t e d  for  t he  S c h o t t k y  effect.  

O b s e r v a t i o n s  w e r e  u s u a l l y  m a d e  ove r  a t  l eas t  two  
t e m p e r a t u r e  cyc les  a n d  for  a p e r i o d  of up  to 2 hr .  
In  a n u m b e r  of  b u l b s  g r o w t h  w a s  r e - s t a r t e d  to g ive  
f i l amen t s  of v a r i o u s  d i a m e t e r s  g r o w n  u n d e r  s t r i c t l y  
c o m p a r a b l e  condi t ions .  Once  t h e  b u l b s  h a d  cooled 
and  t h e  f i l amen t s  w e r e  h e a t e d  in  t he  r e s u l t i n g  v a c -  
uum,  t he  i n i t i a l  r e s i s t a nc e  of t h o r i u m  f i l amen t s  fe l l  
b y  20-30%,  and  t h a t  of z i r c o n i u m  f i l amen t s  b y  
s o m e w h a t  less,  b u t  t he  emiss ion  func t ions  r e m a i n e d  
cons t an t  w i t h i n  t h e  l im i t s  s h o w n  in t h e  v a r i o u s  
tab les .  T h o r i u m  f i l amen t s  w h e n  r e m o v e d  showed  
w e l l - f o r m e d  c r y s t a l  face t s  (5)  w i t h  m i r r o r - b r i g h t  
su r faces ;  t he  f a c e t i n g  on z i r c o n i u m  f i l amen t s  was  
less  p r o n o u n c e d ,  a l t h o u g h  t h e  m e t a l  a p p e a r e d  
e q u a l l y  b r igh t .  

F r o m  the  e m i s s i o n - c u r r e n t - v o l t a g e - t e m p e r a t u r e  
o b s e r v a t i o n s  and  s u b s e q u e n t  d e t e r m i n a t i o n  of f i la-  
m e n t  l e ng th s  a n d  w e i g h t s  (5) ,  v a l u e s  of  p, e, r and  
A w e r e  o b t a i n e d  fo r  a n u m b e r  of  f i l aments ,  c a l cu -  
l a t ions  b e i n g  b a s e d  on s m o o t h  c y l i n d e r  g e o m e t r y .  
R o o m  t e m p e r a t u r e  r e s i s t i v i t i e s  w e r e  also d e t e r m i n e d  
us ing  an  a c c u r a t e  p o t e n t i a l  d rop  a p p a r a t u s .  Res i s t -  
ance  p e r  un i t  l e n g t h  for  t h e  f i l amen t s  in situ or for  
a se lec ted  l e n g t h  w h e n  r e m o v e d  a g r e e d  w i t h i n  1%. 

Results 

T h r e e  h a f n i u m - c o n t a i n i n g  and  t h r e e  h a f n i u m -  
f ree  z i r c o n i u m  f i l amen t s  of l e ng th s  f rom 2 to 18 cm 
and  d i a m e t e r s  0.03 to 0.15 c m  w e r e  e x a m i n e d  in 
t h r e e  s e p a r a t e  bu lbs .  F i l a m e n t  b e h a v i o r  w a s  p r a c -  
t i c a l l y  i n d e p e n d e n t  of h a f n i u m  conten t ,  and  the  d a t a  
a r e  t r e a t e d  toge the r .  T a b l e  I I  g ives  t h e  v a l u e  of 

and  fl in  t h e  e l e c t r o n  emiss ion  func t ion  equa t ions  
for  t h e  c o m b i n e d  d a t a  for  a l l  f i l aments ,  a n d  for  a 
r e p r e s e n t a t i v e  s ing le  f i l ament ,  b u l b  4, No. 1. The  p lo t  
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Table II. Electron emission function equations for zirconium Table IV. Thorium filaments. Temperatures required to give 
filaments; log f(i) = a - -  ~ / T  nominal values of log i / L I  2/3 and EI1 /3 /L  

A l l  d a t a  c o m b i n e d  

log (i /LI 2/3) = 8.196 • 0.013-- (2.073 • 0.024) 104/T 
log (i2R/L 8) 1/2 = 8.648 • 0.0.13 - -  (2.165 • 0.024) 104/T 
log ( i /W) = 6.958 • 0.013 - -  (1.834 ___ 0.022) 104/T 

S i n g l e  f i l a m e n t  a 

log i = 10.573 • 0.019-- (2.124 • 0.030) 104/T 
log (i /LI 2/3) = 7.946 • 0.018-- (2.026 • 0.028) 104/T 
log (i~R/L 3) 1/2 ~ 8.480 _ 0.019-- (2.135 • 0.030) 104/T 
log ( i /W) = 7.824 • 0.015-- (1.804 • 0.023) 104/T 

a B u l b  4, No.  1; h a f n i u m - f r e e  z i r c o n i u m .  

Table Ill. Zirconium filaments. Temperatures required to give 
values of log i / L I  2/3 corresponding to those for the least 

mean squares line for all data combined 

D i a m ,  L e n g t h ,  
F i l a m e n t  No .  e m  c m  T e m p ,  *K 

V a l u e s  of  T f o r  L M S l i n e  fo r  aH d a t a  1 8 0 0 ~ 1 7  a 1 6 0 0 ~ 8  ~ 1 4 0 0 ~ 1 7  ~ 

Bulb 2, No. 1 b 0.030 16 1798 1604 1410 
No. 2 b 0.085 16 1795 1600 1400 
No. 3 b 1.10 16 1791 1599 1400 

Bulb 3, No. 1 c 0.060 2 - -  1599 - -  
Bulb 4, No. 1 c 0.091 18 1794 1595 1392 

No. 2 c 0.169 9 1804 1602 1397 

F i l a m e n t  No.  D i a m ,  c m  T e m p ,  ~  

N o m i n a l  t e m p e r a t u r e  1800 ~--- 40 a 1600 ~ 30 a 1400 • 2 0  a 
l o g  i/LIe/~ 

Bulb 2, No. 1 0.05 1799 1596 1403 
Bulb 1, No. 1 0.07 1764 1577 1389 
Bulb 3, No. 1 0.075 1775 1580 1385 
Bulb 3, No. 2 0.096 1800 1600 1400 

Bulb 2, No. 2 0.10 1843 1629 1423 
Bulb 4, No. 1 0.11 1812 1609 1409 
Bulb 1, No. 2 0.152 1781 1600 1410 
Bulb 2, No. 3 0.158 1832 1613 1414 

EI1/8/L b 

Bulb 3, No. 2 0.096. 1800 1600 1400 

Bulb 1, No. 2 0.152 1850 1635 1440 
Bulb 2, No. 3 c 0.153 1715 1525 1300 

a R a n g e  of  o b s e r v e d  v a l u e s  of T r e q u i r e d  to  g i v e  t h e  n o m i n a l  
v a l u e  o f  l o g  i/Ll2/a. 

V a l u e s  f o r  f i l a m e n t s  a n n e a l e d  to  c o n s t a n t  r e s i s t i v i t y .  
O p 2oo0 = 27/~fl era ,  c} r 16-18 / ~  c m  f o r  b u l b s  1, 3, a n d  4. 

Table V. Electron emission function equations for a 
representative thorium filament, bulb 3, filament No. 2; 

f ( i )  = a--  ~/T 

a 99% c o n f i d e n c e  l e v e l  f o r  t h e  c o m b i n e d  d a t a .  
b H a f n i u m  c o n t a i n i n g .  
c H a f n i u m  f r e e .  

of log i /LI  2/8 vs. 1 /T  for  th is  f i l amen t  is shown  in 
Fig.  1. In  T a b l e  I I I  a re  shown  the  t e m p e r a t u r e s  de -  
r i v e d  f r o m  plots  of log i /LI  2Is vs. 1 /T  for  each  of 
the  z i r c o n i u m  f i laments  at  va lues  of this  f unc t i on  
co r r e spond ing  to 1400 ~ 1600 ~ and 1800~ for  the  
best  l ine  t h r o u g h  all  data .  A t  1600~ the  o b s e r v e d  
sp read  of t e m p e r a t u r e  va lues  is •  ~ co r r e spond ing  
to 99% conf idence  l im i t  for  the  pos i t ion  of t h e  bes t  
l ine  t h r o u g h  all  da ta  of +---8 ~ . Fo r  the  s ingle  z i r -  
c o n i u m  f i lament ,  the  rms  dev ia t ions  g iven  in Tab l e  
II  cor respond,  for  emiss ion  and emiss ion  funct ions ,  
r e spec t ive ly ,  to t e m p e r a t u r e  dev ia t ions  of •  ~ , 
-----8.6 ~ -----8.7 ~ and •  ~ for  a s ing le  obse rva t i on  at  
1600~ showing  tha t  l i t t l e  or no add i t iona l  sca t t e r  
is i n t roduced  f r o m  c u r r e n t  and v o l t a g e  m e a s u r e -  
ments ,  and  t h a t  e x p e r i m e n t a l l y  the  plots  of log $(i)  
vs. 1/T show neg l ig ib le  d e p a r t u r e  f r o m  l inear i ty .  
These  va lues  are  typ ica l  of those  ob ta ined  for  bo th  
z i r c o n i u m  and t ho r ium.  

T h o r i u m  f i laments  of l eng ths  f r o m  17 to 19 c m  w e r e  
g r o w n  in  fou r  s epa ra t e  bulbs  to the  d i a m e t e r s  shown  
in Tab le  IV, w h i c h  g ives  the  t e m p e r a t u r e s  r e q u i r e d  
for  each  f i l amen t  to p roduce  a g iven  v a l u e  of  t he  
func t ion  log i/LI~/S; at  1600~ a spread  of p lo t  p o -  
si t ions of -----30 ~ about  t he  m e a n  p lo t  t h r o u g h  all  da ta  
was  observed .  This  sp read  was  in pa r t  a t t r i b u t a b l e  
to obse rved  i m p u r i t y  effects in bu lb  2 i n t roduced  by  
a d e p a r t u r e  f r o m  n o r m a l  p r e p a r a t i v e  p rocedure ,  and 
r e su l t i ng  in changes  in phys ica l  and emiss ion  p r o p -  
er t ies ,  bu t  also caused  in pa r t  by  a p p a r e n t l y  r a n -  
dom va r i a t i ons  in t he  su r face  m o r p h o l o g y  of t h o r i u m  
f i laments  (5) .  The  func t ion  va lues  ob ta ined  for  
bu lb  3, f i l amen t  No. 2, p r e s e n t e d  in Tab le  V, r e p r e -  
sent  t he  m e a n  of a l l  va lues  w i t h i n  a f ew  degrees  
ove r  t he  t e m p e r a t u r e  range .  

l o g i  = 9.628 • 0.015-- (1.852 • 0.023) 104/T 
log i /LI 2/3 = 7.051 • 0.015 - -  (1.772 • 0.022) 104/T 
log (i2R/L 3) 1/2 = 7.611 • 0.014-- (1.880 • 0.021) 104/T 
log i /W = 5.887 • 0 . 0 1 9 -  (1.546 • 0.026) 104/T 

Table VI. Iodide zirconium: a physical properties, electron 
emission constants and EI1 /3 /L  values for "as-deposited" filaments 

T ~  1400 1600 1800 

etotal 0.265 0.270 0.280 
p, g~ cm ~ 120 126 131 
EI1/3/L 0.372 0.546 0.780 

(0.47) c (0.67) c (0.90) c 

~b = 3.91 ev ,  A = 270  a m p  c m 2 / ~  2 

a A v e r a g e d  v a l u e s  f o r  h a f n i t t m - f r e e  z i r c o n i u m ,  v a c u u m  a n n e a l e d  
to  c o n s t a n t  r e s i s t a n c e .  

b A t  2 0 ~  p = 44.8~fl  em.  
o V a l u e  o f  ED/S/L d u r i n g  g r o w t h .  

The  phys ica l  cons tan ts  ob ta ined  for  z i r c o n i u m  
f i laments  are  g iven  in  Tab l e  VI  and are  in gene r a l  
a g r e e m e n t  (2, 8, 17) w i t h  l i t e r a t u r e  va lues .  A r e a -  
sonable  v a l u e  of 2.25 for  t he  t rue :  a p p a r e n t  a r ea  ra t io  
of z i r con ium f i laments  a l lows  the  t heo re t i c a l  v a l u e  
of 120 a m p / c m 2 d e g  2 fo r  A.  T h e  phys i ca l  da t a  for  
t h o r i u m  f i laments  a re  d iscussed in  de ta i l  e l s e w h e r e  
(5) ,  for  bulb  3, f i l ament  No. 2 (Tab le  V) the  va lues  
ob ta ined  at  1600~ w e r e :  p = 95 ~ c m ,  e = 0.31, 

= 3.37 ev, A = 37 a m p / c m 2 d e g  2. T h e  same  va lue  
of 5 was  ob ta ined  f r o m  an analys is  o f  al l  t h o r i u m  
data,  and is in  a g r e e m e n t  w i t h  tha t  g e n e r a l l y  ac-  
cepted,  3.39 ev  (15) .  

Discussion 

The  compar i sons  b e t w e e n  z i r c o n i u m  f i laments  
g iven  in Tab l e  I I I  show t h a t  the  e l ec t ron  emiss ion  
func t ions  p r o v i d e  a f a i r l y  accu ra t e  m e a n s  of de -  
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t e r m i n i n g  the  t e m p e r a t u r e  of an  u n s e e n  f i lament .  
A s imi la r  spread  of va lues  was  found  for each of 
the  funct ions ,  and  for h a f n i u m - f r e e  z i r con ium the  
va lues  are  cons is ten t  w i th  the  phys ica l  cons tan ts  
g iven  in  Tab le  VI w i th  less t h a n  2 ~ differences in  
t e m p e r a t u r e  p red ic t ion  at 1600~ F r o m  the  99% 
confidence l imi t  of •  ~ at  1600~ and  the  rms  de-  
v ia t ion  for a s ingle  obse rva t ion  of --8 ~ it  appears  
t ha t  a g roup  of m observa t ions  m a d e  on an  u n k n o w n  
f i l ament  in  the  v ic in i ty  of 1600~ wi l l  give a t e m -  

p e r a t u r e  w i t h i n  •  ~ ___(8~ of the  t rue  t e m -  
pera tu re .  The  differences b e t w e e n  the  last  two 
f i laments ,  which  were  g r o w n  in  the  same sealed 
bu lb ,  cor respond  to a difference in  the  t rue :  a p p a r e n t  
surface  a rea  ra t io  of a p p r o x i m a t e l y  16%. A reverse  
t r e n d  wi th  d i ame te r  is observed  for b u l b  2, a nd  it  
does appear  tha t  the  resu l t s  o v e r - a l l  are  r a n d o m  
w i t h  respect  to f i l ament  d iamete r .  

In  Tab l e  IV, the  spread  of log i /L I  ~/3 vs. 1/T  plots  
for t h o r i u m  f i laments  shows tha t  cons ide rab ly  less 
precise  va lues  are ob ta ined  t h a n  for z i rcon ium;  this  
appeared  in  pa r t  due  to the  g rea te r  va r i a t i on  in  
surface  morpho logy  (5) of t h o r i u m  f i laments .  The  
da ta  show a smal l  t r e n d  in  va lues  f rom the  smal le r  
d iamete r s  to those of a p p r o x i m a t e l y  1 m m  and  
above.  These  last  show r a n d o m  v a r i a t i o n  w i th  di -  
ameter ,  i nd i ca t ing  t ha t  f u r t h e r  d i ame te r  inc rease  
should  no t  a l te r  the  r ange  of va lues  observed.  

I t  is ev iden t  tha t  the  func t i on  EII/3/L is m u c h  
more  sens i t ive  to v a r i a t i o n  in  p or E t h a n  a re  the  
e lec t ron  emiss ion  func t ions  log ] ( i ) ;  the  effect of 
va r i a t i on  in, or  m e a s u r e m e n t  e r ro r  on, the  va r ious  
quan t i t i e s  compr i s ing  the  func t ions  are compared  
in  Tab le  VII.  E x p e r i m e n t a l l y ,  also, EI1/8/L has a 
cons ide rab ly  d i f ferent  va lue  for a g rowing  t h o r i u m  
f i lament  t h a n  for the  same f i lament  a n n e a l e d  in  
v a c u u m  (5),  and  the  same effect was  observed for 
z i rconium,  Tab le  VI. In  Tab le  IV it can  be seen t ha t  
the  t e m p e r a t u r e  p red ic t ion  differences b e t w e e n  the  
f i laments  g rown  in  b u l b  2, in  which  i m p u r i t y  effects 
were  evident ,  and  those g r o w n  in  b u l b  3 for ex-  
ample ,  we re  m u c h  g rea te r  w h e n  based  on EIII3/L 
t h a n  on log f ( i ) .  E v e n  for f i laments  of comparab le  
pur i ty ,  bu lb s  1 and  3, the  va lues  de r ived  f rom 
EI~I3/L show 2-4 t imes  the  scat ter  of those der ived  
f rom log ] ( i ) .  

Residual Atmosphere in Iodide Bulbs 

I t  was  found  (14) t ha t  outgass ing  ra tes  for e m p t y  
bu lbs  at room t e m p e r a t u r e  w e r e  a p p r o x i m a t e l y  

Table VII. Effect on temperature definition of measurement error 
or variation in the quantities comprising the functions log 

i /LI  2/3 and EI1/3/L 

M e a s u r e m e n t  e r r o r  
P r o p e r t y  o r  i n h e r e n t  T e m p .  e r r o r  a t  1600 ~ 

o r  q u a n t i t y  va r i a t i on ,b  % l o g  i/Ll~/s Ep/8/L 

i a 10 5.2 
I 2 0.8 2.6 
L 1 0.5 3.7 
p 20 3.3 32 
e 6 1.0 15 

a Or  t r u e : a p p a r e n t  su r face  a rea  ra t io .  
b A r b i t r a r i l y  a s s i g n e d  fo r  c a l c u l a t i o n  purposes .  

10 9 m m / h r .  Both  t h o r i u m  a nd  z i r con ium at  fila- 
m e n t  g rowth  t e m p e r a t u r e s  wi l l  act  as get ters  for 
r e s idua l  gases con ta in ing  oxygen,  for r e s idua l  hy -  
drocarbons ,  and  for  n i t rogen ;  thus  on cooling a 
b u l b  to condense  the  me t a l  halides,  the  r e s idua l  
a tmosphe re  should  be in  the  reg ion  of u l t r a h i g h  
vacuum.  However  the re  was  a r e s idua l  p ressure  of 
h y d r o g e n  approach ing  10 -3 m m  in  a b u l b  af ter  
g rowth  of a t h o r i u m  f i l ament  (14) .  The  res idua l  hy -  
d rogen  con ten t  of the  thor ium,  ca lcula ted  b y  ex-  
t r apo la t ion  of the  da ta  of Mal le t  a nd  Campbe l l  (18) 
was  0.3 ppm;  hydrogen ,  be ing  a lmost  comple te ly  
expel led  at  h igh  t empera tu re s ,  wi l l  act as i ne r t  
gas t oward  the  thor ium.  S imi l a r  behav io r  is ex -  
pected for z i rconium,  whose hydr ides  are s imi la r ly  
decomposed at  e leva ted  t empera tu re s .  For  both  
meta l s  Scho t tky  plots  m a d e  f rom 0 to 300v showed 
n o r m a l  v a c u u m  diode behav io r  once me t a l  ha l ide  
vapors  we re  condensed  out. As the  bu l b s  cooled 
the re  was  a s t eady  r ise i n  emiss ion  to a f inal  va lue  
wh ich  r e m a i n e d  cons tan t  for up  to 2 h r  a nd  was  u n -  
affected b y  f u r t h e r  cooling. For  t h o r i u m  iodide this  
condi t ion  was  reached  at  t e m p e r a t u r e s  be low 240~ 
a nd  for z i r c on i um iodide, be low 60~ The  es t imated  
vapor  pressures  at those t e m p e r a t u r e s  we re  
10 -9 ram. 

W h e t h e r  or no t  the  observed  e lec t ron  emiss ion  is 
d e p e n d e n t  on the  re s idua l  a tmosphe re  of vapors  
o ther  t h a n  the  iodides does no t  i nva l ida t e  the  con-  
clusions de r ived  above,  p rov ided  tha t  emiss ion 
func t ions  are observed  and  appl ied  u n d e r  s imi la r  
condi t ions.  I t  does appear ,  however ,  t ha t  iodide 
me t a l  f i laments  g r o w n  and  observed  in  v a c u u m  can 
p rov ide  the  c lean  surfaces r e q u i r e d  for w o r k  f u n c -  
t ion  d e t e r m i n a t i o n  and,  of course, consist  of h igh -  
p u r i t y  me t a l  which  has n e v e r  been  exposed to a t -  
mosphere  and  on which  obse rva t ions  can  be made  
w i t h i n  5-10 m i n  of deposi t ion.  

Applications of the Emission Functio~ Me~hod 
I t  is ev iden t  tha t  for f i laments  p roduced  u n d e r  

s imi la r  condi t ions  w i t h  surfaces of r ea sonab le  u n i -  
f o r mi t y  or r ep roduc ib le  s t ruc ture ,  such as z i r con ium 
crys ta l  bar ,  the  e lec t ron  emiss ion  func t ions  can give 
a qu i te  accura te  m e a s u r e  of the  sur face  t e m p e r a t u r e  
i n d e p e n d e n t  of the  f i l ament  d iameter .  For  m e t a l  r e -  
actors w i th  bo th  f i l ament  he a t i ng  leads in su la t ed  
f rom the  vessel  body,  the  e lec t ron  emiss ion  collect-  
ing  vol tage  can be  appl ied  s imply  b e t w e e n  the  fila- 
m e n t  t r a n s f o r m e r  a nd  the  vessel  shell.  However  for 
g rowth  cont ro l  in  a vapor  deposi t ion  process it  
would  be necessa ry  to freeze ou t  the  ca r r i e r  vapor  
t e m p o r a r i l y ;  cooling of the  whole  vessel  could be 
avoided by  the  use  of a r e - e n t r a n t  t ube  cooled by  
a i r  or l iqu id  flow to an  appropr i a t e  t e m p e r a t u r e .  

The  t e m p e r a t u r e  d e t e r m i n e d  f rom the  e lec t ron  
emiss ion  funct ions ,  whi le  no t  able  to be  d e t e r m i n e d  
d u r i n g  g rowth  proper ,  p rovides  a more  re l i ab le  
m e a n s  of t e m p e r a t u r e  d e t e r m i n a t i o n  t h a n  the  
EIlt3/L func t i on  a nd  could be  used  to app ly  periodic 
correc t ions  to an  ope ra t ing  schedule  based  on the 
la t ter .  A l t h o u g h  the  v a l u e  of EI1/3/L at a g iven  t e m -  
p e r a t u r e  decreases on he a t i ng  an  iodide me t a l  fila- 
m e n t  in  va c uum,  this  effect is no t  m a r k e d  d u r i n g  
shor t  per iods be low 1650~ and  is less ev iden t  for 
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z i r c o n i u m  t h a n  for  t h o r i u m .  F o r  b o t h  m e t a l s  t he  
v a l u e  of EIllS/L w a s  f o u n d  to r i s e  to a p p r o x i m a t e l y  
i ts  f o r m e r  v a l u e  once g r o w t h  w a s  r e s u m e d .  

The  m e t h o d  is no t  r e s t r i c t e d  to  v a p o r  depos i t i on  
sys tems ,  b u t  is a p p l i c a b l e  to t h e  d e t e r m i n a t i o n  of 
t he  t e m p e r a t u r e  of  a n y  e l e c t r o n  e m i t t i n g  b o d y  of 
s u i t a b l e  s h a p e  h e l d  in  a vesse l  f r o m  w h i c h  t h e  a t -  
m o s p h e r e  can  be  r e m o v e d  b y  c o n d e n s a t i o n  or  p u m p -  
ing.  T h e  m a t e r i a l  need  n o t  be  a me ta l ,  b u t  cou ld  for  
e x a m p l e  be  an  e l e m e n t a l  s emiconduc to r ,  or  a bor ide ,  
ca rb ide ,  or  oxide .  The  b o d y  n e e d  no t  be  i n c r e a s i n g  
in  size, b u t  cou ld  b e  e v a p o r a t i n g  or  u n d e r g o i n g  r e -  
duc t i on  in  sec t ion  b y  c h e m i c a l  r eac t ion .  The  e m i s -  
s i o n - w a t t a g e  f u n c t i o n  is a p p l i c a b l e  in  p r i n c i p l e  to 
shapes  o t h e r  t h a n  c y l i n d r i c a l  or  p r i s m a t i c  and  is 
i n d e p e n d e n t  of t h e  b o d y  d i m e n s i o n s  p r o v i d e d  i t  
does  no t  h a v e  r e - e n t r a n t  su r f aces  w h i c h  a r e  no t  of 
c o n s t a n t  fo rm.  

Choice of Emission Function 
The  func t ion  log  i /L I  2/8 offers t he  g r e a t e s t  p r a c -  

t i ca l  a d v a n t a g e  in  t h a t  o n l y  t he  emiss ion  c u r r e n t  and  
t h e  f i l amen t  h e a t i n g  c u r r e n t  n e e d  be  m e a s u r e d .  I t  
is i n d e p e n d e n t  of a n y  p o t e n t i a l  d r o p  in  t he  c u r r e n t  
leads ,  a n d  does  n o t  r e q u i r e  t he  use  of v o l t a g e  m e a s -  
u r i n g  leads .  The  f u n c t i o n  log i~R/L 8 is i n d e p e n d e n t  
of  t h e  a c t u a l  or  e f fec t ive  e m i s s i v i t y  of t he  h e a t e d  
b o d y  a n d  t hus  of i ts  s u r r o u n d i n g s  or  t he  use  of 
r a d i a t i o n  shie lds ,  b u t  s ince  t h e  o t h e r  func t ions  d e -  
p e n d  on log  ~ t h e y  a r e  t h e m s e l v e s  i n sens i t i ve  to 
m o d e r a t e  changes  in t he  v a l u e  of  e, as  s h o w n  in 
T a b l e  VII .  

Summary 
I t  is  s h o w n  t h a t  emiss ion  func t ions  d e t e r m i n e d  

b y  e x p e r i m e n t a l  m e a s u r e m e n t  of t h e  e l e c t r o n  e m i s -  
s ion and  h e a t i n g  c u r r e n t  for  an  e l e c t r i c a l l y  h e a t e d  
b o d y  can  b e  used  to def ine i ts  t e m p e r a t u r e  i n d e -  
p e n d e n t  of i ts  d i a m e t e r ,  a n d  if  p o t e n t i a l  d r o p  is also 
m e a s u r e d ,  i n d e p e n d e n t  of i ts  d imens ions .  F o r  v a p o r  
depos i t ed  z i r c o n i u m  f i l amen t s  t h e  o b s e r v e d  d e v i a -  
t ion  in  t e m p e r a t u r e  p r e d i c t i o n  a t  1600~ w a s  •  ~ 
and  for  t h o r i u m ,  •  ~ . E l e c t r o n  emiss ion  cons tan ts ,  
r e s i s t iv i t i e s ,  and  emis s iv i t i e s  w e r e  d e t e r m i n e d  in  
t he  t e m p e r a t u r e  r a n g e  1400~176  fo r  t he  " a s -  
d e p o s i t e d "  me ta l s ,  a n d  f o u n d  to be  c lose ly  cons i s t en t  
w i t h  t h e  d e r i v e d  f o r m s  of  t h e  t e m p e r a t u r e  p r e d i c -  
t ion  equa t i ons  a n d  in  g e n e r a l  a g r e e m e n t  w i t h  l i t e r a -  
t u r e  va lues .  
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ABSTRACT 

This p a p e r  descr ibes  a t he rma l  ba lance  and x - r a y  dif f ract ion s tudy  of the  
reac t ion  of l i th ium wi th  w a t e r  vapor .  W a t e r  was car r ied  at  pa r t i a l  p ressures  
of up to 12.6 m m  H g  in oxygen  and argon gases, and runs  were  conducted  
be tween  20 ~ and 45~ The  reac t ion  was found to proceed in t h ree  dis t inct  suc-  
cessive stages: (a) the  fo rmat ion  at  constant  ra te  of a l i th ium hyd rox ide  
(LiOH) film bel ieved to be coherent  wi th  the  unde r ly ing  l i th ium meta l  lat t ice;  
(b) the  localized nuclea t ion  and growth  by  spread ing  of l i th ium hyd rox ide  
monohydra t e  (L iOH.H20)  at  the  outer  surfaces of the  hydrox ide ;  and (c) 
the  s imul taneous  fo rmat ion  and hydra t ion  of the  hydrox ide  at  constant  rate,  
cu lminat ing  in complete  conversion of the  me ta l  to the  hyd rox ide  monohydra te .  

The  r e a c t i o n  of l i t h i u m  m e t a l  w i t h  w a t e r  v a p o r  
has  been  s t u d i e d  p r e v i o u s l y  b y  Dea l  a n d  Svec  (1)  
w h o  e m p l o y e d  a m a n o m e t r i c  t echn ique .  The  r e a c -  
t ion  w a s  o b s e r v e d  to  c o n f o r m  to a l o g a r i t h m i c  r a t e  
law.  H o w e v e r ,  a t  t i m e s  e x c e e d i n g  a p p r o x i m a t e l y  2 
hr ,  t he  r e a c t i o n  r a t e  b e c a m e  e r ra t i c .  This  b e h a v i o r  
co inc ided  w i t h  t he  f o r m a t i o n  of a w h i t e  r e a c t i o n  
p r o d u c t  ove r  an  i n i t i a l l y  b l a c k  g lossy  r e a c t i o n  l aye r ,  
and  i t  was  s u g g e s t e d  t h a t  t h e  w h i t e  p r o d u c t  w a s  a 
r e c r y s t a l l i z e d  l i t h i u m  h y d r o x i d e .  T h e  r a t e  cons t an t  
for  the  i n i t i a l  s t age  of t h e  r e a c t i o n  was  f o u n d  to be  
i n d e p e n d e n t  of t he  p a r t i a l  p r e s s u r e  of w a t e r  v a p o r  
in  the  s y s t e m  ove r  a r a n g e  f r o m  22 to 55 m m  Hg. 
A t  h i g h e r  p r e s s u r e s  t he  r a t e  i n c r e a s e d  w i t h  i n c r e a s -  
ing  p re s su re .  The  e n e r g y  of a c t i v a t i o n  fo r  t he  i n i t i a l  
r e a c t i o n  was  c a l c u l a t e d  a t  6.2-5.5 k c a l / m o l e  d e -  
p e n d i n g  on the  v a p o r  p r e s su re .  

The  r e a c t i o n  of l i t h i u m  w i t h  d r y  and  mois t  gases  
has  been  s t u d i e d  b y  v a r i o u s  i nves t i ga to r s .  I t  is 
r e p o r t e d  t h a t  l i t h i u m  does  no t  r e a c t  w i t h  d r y  o x -  
y g e n  b e l o w  a p p r o x i m a t e l y  100~ a l t h o u g h  i t  r e -  
acts  r a p i d l y  a t  h i g h e r  t e m p e r a t u r e s  (2 ) .  In  c o n t r a -  
d ic t ion  to  this ,  Y a m a g u t i  (3)  r e p o r t s  f ind ing  m i x e d  
c rys t a l s  of h y d r o x i d e  ( L i O H )  and  ox ide  (L i20)  on 
a l i t h i u m  su r f ace  w h i c h  h a d  been  e x p o s e d  to l a b o r a -  
t o r y  a i r  for  5 rain.  

B e l y a e v  et  al. (4)  s t u d i e d  the  r e a c t i o n  of l i t h i u m  
w i t h  mo i s t  a i r  u s i n g  a g r a v i m e t r i c  me thod .  F o r  h u -  
mid i t i e s  g r e a t e r  t h a n  80% the  r e a c t i o n  p r o d u c t s  
w e r e  r e p o r t e d  to be  l i t h i u m  h y d r o x i d e  a n d  c a r -  
bona te .  A t  l o w e r  m o i s t u r e  l eve l s  l i t h i u m  n i t r i d e  
was  fo rmed .  

T h e  p r e s e n t  i n v e s t i g a t i o n  is c o n c e r n e d  w i t h  
s tud ies  of t h e  r e a c t i o n  of l i t h i u m  w i t h  mo i s t  a r g o n  
a n d  oxygen ,  u s ing  w a t e r  v a p o r  p a r t i a l  p r e s s u r e s  of  
up  to 12.6 m m  Hg, i.e., l o w e r  p r e s s u r e s  t h a n  those  
e m p l o y e d  b y  Dea l  a n d  Svec.  

Materials and Procedure 
L i t h i u m  in t h e  f o r m  of  1-1b ingo t s  was  s u p p l i e d  

b y  the  F o o t e  M i n e r a l  C o m p a n y .  P r i n c i p a l  i m p u r i t i e s  
in  t he  a s - r e c e i v e d  m a t e r i a l  w e r e  p o t a s s i u m  (340 
p p m )  a n d  s o d i u m  (70 p p m ) .  The  ingo t  w a s  sec-  
t ioned ,  and  p ieces  w e r e  cold  f o r m e d  b y  d i e - p r e s -  

s ing  to  o b t a i n  r e c t a n g u l a r  b locks  of u n i f o r m  g r a i n  
size. In  a g l o v e - b o x ,  u n d e r  a pos i t i ve  p r e s s u r e  of 
pur i f i ed  a rgon ,  r e c t a n g u l a r  w a f e r s  a p p r o x i m a t e l y  
0.040 in. t h i c k  w e r e  cu t  f r o m  t h e  c o l d - p r e s s e d  
b locks  us ing  fine p i ano  wi re .  A c o r k - b o r e r  w a s  t h e n  
used  to cu t  c i r c u l a r  d i sks  f r o m  t h e  wafe r s .  The  d i sks  
w h i c h  s e r v e d  as  spec imens  for  r e a c t i o n  s tud ies  h a d  
on ly  f r e s h l y  cu t  faces  a n d  edges  e x p o s e d  to r e a c -  
t ion.  To r e m o v e  a n y  d u s t  p a r t i c l e s  w h i c h  m a y  have  
co l lec ted  on the  s a m p l e s  d u r i n g  p r e p a r a t i o n ,  t he  
d i sks  w e r e  w a s h e d  in  l i t h i u m - d r i e d  b e n z e n e  be fo re  
a d m i t t i n g  t h e m  to t h e  r e a c t i o n  vessel ,  w h i c h  also 
o p e n e d  into  t h e  a r g o n - f i l l e d  d r y  b o x  in w h i c h  the  
spec imens  w e r e  p r e p a r e d .  

T h e  r e a c t i o n  vessel ,  c o n s t r u c t e d  of glass,  was  
i m m e r s e d  for  mos t  of i t s  l e n g t h  in  an  i m m e r s i o n -  
h e a t e d  oi l  ba th .  The  t e m p e r a t u r e  of t he  b a t h  was  
c on t ro l l e d  to w i t h i n  • 1 7 6  u s i n g  a m e r c u r y  t h e r -  
m o r e g u l a t o r .  A m e c h a n i c a l  s t i r r e r  w a s  e m p l o y e d  
to e n s u r e  u n i f o r m i t y  of t e m p e r a t u r e .  R e a c t i o n  gases  
w e r e  p r e h e a t e d  b y  pas s ing  t h e m  t h r o u g h  a sp i r a l  
coppe r  t u b e  i m m e r s e d  in  t h e  o i l  ba th .  

S p e c i m e n s  w e r e  p l a c e d  in  an  a l u m i n u m  b a s k e t  
l i ned  w i t h  p l a t i n u m  gauze,  w h i c h  was  s u s p e n d e d  
ins ide  t he  r e a c t i o n  vesse l  b y  m e a n s  of a cha in  a t -  
t a c h e d  to  one a r m  of a c h a i n o m a t i c  ba l ance .  A u t o -  
m a t i c  w e i g h i n g  of t h e  s p e c i m e n  a s s e m b l y  w a s  p r o -  
v i d e d  b y  u s i n g  t w o  oppose d  p h o t o e l e c t r i c  ce l ls  s i t u -  
a t e d  b e h i n d  a v e n t e d  v a n e  m o u n t e d  a t  t h e  end  of 
t he  b a l a n c e  po in t e r .  T h e  i m b a l a n c e d  v o l t a g e  f rom 
the  pho toce l l s  was  u sed  to  d r i v e  a r e c o r d i n g  p o t e n -  
t i o m e t e r .  M e c h a n i c a l  l i n k a g e  b e t w e e n  the  r e c o r d e r  
a n d  t h e  b a l a n c e  w a s  p r o v i d e d  b y  a p a i r  of  s y n c h r o -  
motors ,  one of w h i c h  was  g e a r e d  to  t h e  d r i v e  shaf t  
of  t h e  r e c o r d e r  a n d  the  o t h e r  to t h e  cha in  d r i v e  of 
t he  ba l ance .  T h e  a c c u r a c y  of t h e  ba l ance ,  assessed  
b y  us ing  c a l i b r a t e d  w e i g h t s  to  d r i v e  t h e  b a l a n c e  u p  
and  d o w n  scale,  was  w i t h i n  •  rag. 

M o i s t u r e  c o n t e n t  of t h e  r e a c t i o n  gases  was  con-  
t r o l l e d  b y  b u b b l i n g  t h e  c a r r i e r  gas  ( o x y g e n  or  a r -  
gon f r o m  a c y l i n d e r )  t h r o u g h  a w a t e r  t o w e r  a n d  
t h e n  t h r o u g h  b u b b l e  t o w e r s  c o n t a i n i n g  ice w a t e r  
a t  0~ or  s a t u r a t e d  sa l t  so lu t ions  a t  20~ The  so lu -  
t ions  u sed  a n d  t h e  c o r r e s p o n d i n g  e q u i l i b r i u m  w a t e r  
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Fig. 1. Reaction curves for specimens reacted in moist oxygen 
at various temperatures; PH20  ~ 4.6 mm Hg; specimen area 

2.792 cm 2. 

p a r t i a l  p r e s s u r e s  w e r e :  l i t h i u m  c h l o r i d e  so lu t ion  
(2.6 m m  H g ) ,  ice  w a t e r  (4.6 m m  H g ) ,  p o t a s s i u m  
t h i o c y a n a t e  so lu t ion  (8.2 m m  Hg) ,  a n d  a m m o n i u m  
ch lo r ide  so lu t ion  (12.6 m m  H g ) .  F l o w  r a t e s  w e r e  
con t ro l l ed  at  0.2 l p m  w i t h  c a l i b r a t e d  c a p i l l a r y  f low 
mete r s .  

A f t e r  f irs t  a d m i t t i n g  the  r e a c t i o n  gas  to t he  
c h a m b e r ,  a p p r o x i m a t e l y  2 m i n  e l a p s e d  b e f o r e  t he  
f irst  w e i g h t  r e a d i n g  cou ld  be  ob t a ined .  E x c e p t  for  
r uns  w h i c h  w e r e  i n t e r r u p t e d  in o r d e r  to o b t a i n  
p h o t o g r a p h s  of  spec imens ,  t h e  r e a c t i o n s  w e r e  fo l -  
l o w e d  for  a p p r o x i m a t e l y  24 hr .  

Results 

A s p e c i m e n  h e a t e d  in  d r y  o x y g e n  at  40~ e x -  
h i b i t e d  no i nc rea se  in  w e i g h t  ove r  a p e r i o d  of 16 
hr .  M o r e o v e r  for  t he  s a m e  cond i t ions  of t e m p e r a -  
t u r e  a n d  p r e s su re ,  r e a c t i o n  r a t e s  in  mo i s t  a r g o n  a n d  
o x y g e n  w e r e  c o m p a r a b l e .  A c c o r d i n g l y  in t he  e x -  
p e r i m e n t s  w i t h  m o i s t  gases  w h i c h  a r e  d e s c r i b e d  
be low,  bo th  o x y g e n  and  a rgon  w e r e  cons ide red  as 
i n e r t  c a r r i e r  gases.  

General characteristics of the reaction.--Some 
t y p i c a l  r e a c t i o n  cu rves  o b t a i n e d  us ing  mois t  (PH2o 
=4 .6  m m  Hg)  o x y g e n  at  t e m p e r a t u r e s  f r o m  25 ~ to 
40~ a re  s h o w n  in Fig.  1. 

I t  is a p p a r e n t  f r o m  these  cu rves  t h a t  t he  r e a c t i o n  
p r o c e e d e d  in t h r e e  d i s t i nc t  s teps :  ( a )  an  i n i t i a l  
s tage ,  of 3-4  h r  d u r a t i o n ,  in  w h i c h  t h e  r e a c t i o n  r a t e  
was  a p p r o x i m a t e l y  cons tan t ;  (b )  an  i n t e r m e d i a t e  
s t age  d u r i n g  which ,  ove r  a p e r i o d  of 1-4 h r  d e -  
p e n d i n g  on the  t e m p e r a t u r e ,  t he  r e a c t i o n  r a t e  i n -  
c r ea sed  con t inuous ly ;  and  (c)  a t h i r d  s t age  d u r i n g  
w h i c h  the  r e a c t i o n  p r o c e e d e d  a t  a cons t an t  r a t e  a p -  
p r o x i m a t e l y  11/2 t i m e s  t h a t  of t he  in i t i a l  s tage .  

V i sua l  e x a m i n a t i o n  r e v e a l e d  a c h a r a c t e r i s t i c  se-  
quence  of changes  in t he  a p p e a r a n c e  of t he  spec i -  
m e n s  w h i c h  c o r r e s p o n d e d  w i t h  t he  o b s e r v e d  
changes  in t he  r e a c t i o n  ra tes .  Some  runs  w e r e  i n -  
t e r r u p t e d  in  o r d e r  to  o b t a i n  p h o t o g r a p h s  of t h e  
samples ,  and  these  a r e  s h o w n  in Fig.  2. D u r i n g  the  
i n i t i a l  s t age  of a p p r o x i m a t e l y  cons t an t  r a t e ,  t he  
spec imens  a c q u i r e d  a b l a c k  g lossy  t a rn i sh .  A t  a 
t i m e  c o r r e s p o n d i n g  a p p r o x i m a t e l y  to t h e  c o m -  
m e n c e m e n t  of t he  i n t e r m e d i a t e  ( r a t e  i n c r e a s i n g )  

Fig. 2. Changes in surface appearance of specimens in relation 
to a typical reaction curve. 

s tage,  a w h i t e  r e a c t i o n  p r o d u c t  a p p e a r e d .  Th is  p r o d -  
uc t  f o r m e d  first  a t  the  edges  and  g r e w  l a t e r a l l y  
across  t he  sur face .  T h e  f inal  s t age  of c o n s t a n t  r a t e  
c o m m e n c e d  w h e n  the  e n t i r e  su r f ace  w a s  cove red  
w i t h  t he  w h i t e  p roduc t ,  w h i c h  t h e n  t h i c k e n e d  u n i -  
f o r m l y  ove r  t he  su r f ace  as t he  r e a c t i o n  p roceeded .  
The  spec imen  swe l l ed  a p p r e c i a b l y  d u r i n g  th i s  p e r i o d  
as  e v i d e n c e d  in  Fig .  2. 

X - r a y  d i f f rac t ion  p a t t e r n s  of t he  su r f ace  f i lm 
w e r e  o b t a i n e d  a t  v a r i o u s  s t ages  of t h e  reac t ion .  F o r  
t he  b l a c k  f i lm c h a r a c t e r i s t i c  of e a r l y  s t ages  of  t he  
reac t ion ,  t he  c a l c u l a t e d  d - s p a c i n g s  for  t he  i m p o r t a n t  
d i f f rac t ion  l ines  c o m p a r e d  c lose ly  w i t h  those  r e -  
p o r t e d  for  l i t h i u m  h y d r o x i d e  ( L i O H ) .  The  w h i t e  
l a y e r  w h i c h  was  p r e s e n t  a t  a d v a n c e d  s t ages  gave  
two  sets of d i f f r ac t ion  l ines  c o r r e s p o n d i n g  to l i t h i u m  
h y d r o x i d e  ( L i O H )  a n d  l i t h i u m  h y d r o x i d e  m o n o -  
h y d r a t e  ( L i O H . H 2 0 ) .  A s a m p l e  r e a c t e d  to c o m -  
p l e t i on  a t  35~ (PH20 = 8.2 m m  Hg)  w a s  f o u n d  to 
consis t  e n t i r e l y  of the  h y d r o x i d e  m o n o h y d r a t e .  

Effect of temperature.--Lithium s p e c i m e n s  w e r e  
r e a c t e d  w i t h  mo i s t  o x y g e n  at  t e m p e r a t u r e s  f r o m  
22 ~ to 42~ w i t h  t h e  r e su l t s  s u m m a r i z e d  in  T a b l e  I. 

G r a p h s  (Fig .  3) of  t he  l o g a r i t h m  of t he  r a t e  con-  
s t an t  aga in s t  t he  r e c i p r o c a l  of t he  abso lu t e  r e a c -  
t ion  t e m p e r a t u r e  gave  s t r a i g h t  l ines  in a c c o r d a n c e  
w i t h  an  A r r h e n i u s  r e l a t i onsh ip .  The  a p p a r e n t  a c -  
t i v a t i o n  ene rg i e s  w e r e  11,700 • 2,500 and  7,700 • 

Table I. Summary of data for reaction in moist (4.6 mm 
H20) oxygen 

L i n e a r  r e a c t i o n - r a t e  c o n s t a n t s  

k s  ~ 
T e m p ,  " C  ( m g / c m ~ - m i n )  

k2 
B 
k z  

22 0.00417 0.00716 1.7 
22 0.00391 0.00738 1.9 
25 0.00461 0.00887 1.8 
28 0.00573 0.00955 1.7 
30 0.00674 0.0118 1.8 
30 * 0.0107 - -  
32 0.00836 0.0114 1.4 
35 0.0107 0.0126 1.2 
35 0.0104 0.0131 1.3 
40 0.0122 0.0158 1.3 
42 * * - -  

* N o n l i n e a r  r e a c t i o n s .  
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Fig. 3. Arrhenius plots for reaction rate constants; runs curried 
out in moist oxygen; PH2o ~ 4.6 mm Hg. 

1,800 cal for the ini t ia l  and final stages of reaction,  
respect ively.  

Effect of the partial pressure of water v a p o r . -  
Samples  were  reac ted  at  35~ in argon gas sa tu ra ted  
to give mois ture  levels of 2.6, 4.6, 8.2, and 12.6 mm 
Hg. All  reactions d i sp layed  the three  character is t ic  
stages descr ibed previously.  Rate constants  were  
determined,  and a graph i l lus t ra t ing  the dependence 
of these ra tes  on the pa r t i a l  pressure  of wa te r  is 
presented  as Fig. 4. 

In a previous  invest igat ion (1) it was repor ted  
tha t  the ra te  constant  for the react ion ( the ini t ia l  
r a te  constant  only was de te rmined)  was p ressure -  
independent  f rom 22 to 55 mm Hg. The ra tes  in-  
creased with  pressure  above 55 mm ttg,  but  a 
lower l imi t  to the p re s su re - independen t  range was 
not established.  

In the present  work,  the r a t e  constants for both 
the ini t ia l  and the final stages of oxidat ion were  
found to increase r ap id ly  wi th  pressure  in the  
range  2.6-4.6 m m  Hg. Wi th  fu r the r  increases in 
pressure  the  ra te  constants cont inued to increase,  
but  r a the r  slowly. 

In another  run, a specimen was reacted in moist  
(4.6 m m  Hg) oxygen at  35~ un t i l  the whi te  p rod-  
uct  character is t ic  of an advanced react ion had  
formed. A shift  was then made to d ry  oxygen. The 
ra te  d ropped  to zero indicat ing tha t  l i th ium oxide 
would not form even under  these conditions. 
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Fig. 4. Dependence of reaction rate constants at  35~  on water 
vapor pressure; runs carried out in moist oxygen. 

D iscuss ion  

General considerations.--It was shown in the 
present  work  tha t  the l i th ium hydrox ide  (LiOH) 
film which forms in i t ia l ly  undergoes  hydra t ion  to 
l i th ium hydrox ide  monohydra te  (L iOH.H20) .  Deal 
and Svec (1) do not r epor t  having  observed this 
phase, but  they  did note the  format ion  of a whi te  
product  at  r e l a t ive ly  advanced stages of reaction. 

Deal and Svec fol lowed the  react ion by  measur -  
ing the increase in pressure  in a static sys tem due 
to hydrogen  evolved according to 

Li  + H20 > LiOH ~- ~ H2 

Their  invest igat ion was concerned only wi th  the 
ea r ly  stages of the react ion dur ing  which, according 
to the  present  results ,  no h y d r a t e d  product  formed. 
I t  is clear,  however ,  tha t  a manomet r ic  method could 
not have sensed tha t  the hydra t ion  react ion LiOH 
~- HeO > LiOH.I-I~O was proceeding s imul tane-  
ously. The authors  s ta ted  tha t  wi th  the  appearance  
of the whi te  p roduc t  the  ra te  of the  react ion be -  
came unpredic table .  The present  results,  obta ined 
using a g rav imet r i c  method,  do not exhib i t  e r ra t ic  
behavior ;  r a the r  an ini t ia l  constant  react ion ra te  
(dur ing  which only the react ion Li -b H20 > 
LiOH ~- ~ H2 is involved) ,  g radua l ly  increases to a 
h igher  s t eady-s t a t e  value  (dur ing  which the outer  
layers  of the LiOH film undergo hydra t ion ) .  

The re la t ive  magni tude  of the  react ion ra tes  at  
advanced stages can be expla ined  f rom the above 
considerations.  The increase in weight  associated 
wi th  hydra t ion  of the film may  be considered to 
proceed at a constant  r a t e  which is super imposed 
upon the in i t ia l  rate.  Then the new ra te  would not 
exceed twice the  ini t ia l  rate.  In  Table I it  is shown 
tha t  the rat ios of the  observed react ion ra te  con- 
stants va ry  f rom 1.3 to 1.9, the  h igher  va lue  being 
associated wi th  low react ion tempera tures .  The only 
except ion is the  ra t io  of 3.1 which was obtained for 
a reac t ion  at  35~ wi th  a w a t e r  pa r t i a l  pressure  of 
2.6 m m  Hg. This resul t  was obtained in the  region 
of ex t reme  pressure  dependence,  and its significance 
is not understood.  

Suggested mechanism.--From a comparison of 
the lat t ice constants  of l i th ium hydrox ide  ( t e t r a -  
gonal, c -  4.34A, a = 3.55A) and l i th ium meta l  
(cubic, a ---- 3.50A) it appears  possible tha t  the 
ini t ia l  film of hydrox ide  is coherent  wi th  the un-  
der ly ing  meta l l ic  lattice.  Such a film would  be in 
a state of l a te ra l  compression. I t  was ment ioned 
ear l ie r  tha t  the  whi te  product  ( L i O H .H 20)  formed 
first at the edges of a specimen and grew la te ra l ly  
across the  faces, af ter  which it th ickened un i formly  
over the surface. This behav ior  suggests tha t  a nu-  
cleation and growth  process is involved,  nuclea-  
t ion of L iOH,H20  being favored  at  sites of high 
surface energy.  The pronounced swell ing which 
accompanied format ion  of the hydrox ide  mono-  
hydra t e  leads to the  format ion  of cracks, at  least  in 
the outer  layers  of the  film. Al though the disposi-  
t ion of l i th ium hydrox ide  and its monohydra te  in 
the react ion l aye r  could not be in fe r red  f rom x - r a y  
diffraction data,  it  is reasonable  to suppose tha t  a 
concentrat ion grad ien t  exis ted  such tha t  only the 
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CRACKS 

~ ' ~ - -  Li OH "H20 

I I I I I . . . . . .  ~--LiO H 

I) Li �9 H20 ~ LiOH ~ I/Z H 2 
2) LIOH§ LiOH" 1"120 

Fig. 5. Assumed distribution of reaction products 

o u t e r  p o r t i o n  of t h e  f i lm was  h y d r a t e d .  The  as -  
s u m e d  d i s t r i b u t i o n  of  r e a c t i o n  p r o d u c t s  is  s h o w n  
in Fig .  5. 

D u r i n g  e a r l y  s t ages  of t he  r e a c t i o n  (i.e., d u r i n g  
f o r m a t i o n  of t he  i n i t i a l  l i t h i u m  h y d r o x i d e  f i lm)  t he  
r e a c t i o n  ra t e ,  a cco rd ing  to  Dea l  and  Svec  (1 ) ,  d e -  
c reases  l o g a r i t h m i c a l l y  w i t h  t i m e  i m p l y i n g  t h a t  the  
i n i t i a l  f i lm is a p r o t e c t i v e  one. I n  t h e  p r e s e n t  i n -  
v e s t i g a t i o n  cons t an t  r e a c t i o n  r a t e s  w e r e  obse rved .  
Th is  sugges t s  t h a t  some  h y d r a t i o n  of t h e  f i lm oc-  
c u r r e d  v e r y  e a r l y  d u r i n g  the  r e a c t i o n  s t a r t i ng ,  as 
d i scussed  p r e v i o u s l y  a t  t he  edges  of t he  sample .  
A p p a r e n t l y  t h e  a d d i t i o n a l  w e i g h t  ga ins  a s soc ia t ed  
w i t h  h y d r a t i o n  of t h e  f i lm d i s t o r t e d  the  r a t e  l a w  
f r o m  i ts  n o r m a l  l o g a r i t h m i c  f o r m  (as  o b s e r v e d  us ing  
a m a n o m e t r i c  m e t h o d )  in to  an  a p p r o x i m a t e l y  l i n e a r  
form.  

L a t e r  d u r i n g  t h e  r e a c t i o n  ( t h a t  is, for  a d i s t r i b u -  
t ion  of  r e a c t i o n  p r o d u c t s  as d e p i c t e d  in  F ig .  5) a 
l i n e a r  r a t e  l a w  was  also obse rved .  F o r  c o n t i n u e d  
t h i c k e n i n g  of t he  r e a c t i o n  p r o d u c t  l aye r ,  t r a n s p o r t  
of w a t e r  mo lecu l e s  (or  O H -  ions)  to t he  l i t h i u m  
m e t a l  i n t e r f a c e  is neces sa ry .  T h e  o u t e r  h y d r a t e d  
po r t i on  of the  r e a c t i o n  l a y e r  is po rous  or  p e r m e a t e d  
b y  c racks ,  and  i t  is r e a s o n a b l e  to  suppose  t h a t  
w a t e r  mo lecu l e s  w o u l d  have  r e a d y  access to t he  
c o h e r e n t  l i t h i u m  h y d r o x i d e  f i lm w h i c h  over l i e s  t h e  
m e t a l  sur face .  Then  t h e  consecu t ive  s teps  i n v o l v e d  
in  t h e  r e a c t i o n  shou ld  i nc lude :  

1. T r a n s p o r t  of w a t e r  mo lecu l e s  f r o m  the  gas  
p h a s e  t h r o u g h  the  po rous  o u t e r  po r t i on  of the  f i lm 
to t he  c o h e r e n t  l i t h i u m  h y d r o x i d e  in t e r face .  

2. A d s o r p t i o n  at  th i s  i n t e r f a c e  ( the  p r e s e n t  r e -  
su l t s  do no t  p e r m i t  iden t i f i ca t ion  of the  a d s o r b e d  
species  as H20 mo lecu l e s  or  O H -  ions ) .  

3. Dif fus ion of t he  r e a c t i n g  species  across  t he  
l i t h i u m  h y d r o x i d e  film. 

4. R e a c t i o n  w i t h  l i t h ium.  
G e n e r a l l y  a l i n e a r  r e a c t i o n  law,  such  as was  ob -  

s e r v e d  for  t he  p r e s e n t  resu l t s ,  imp l i e s  t h a t  t he  r e -  
ac t ion  f i lm o v e r l y i n g  the  m e t a l  su r f ace  is com-  
p l e t e l y  p e r m e a t e d  b y  c r acks  so t h a t  gas  m o l e c u l e s  
a l w a y s  h a v e  r e a d y  access  to t he  me ta l .  H o w e v e r ,  as 
has  b e e n  p o i n t e d  ou t  b y  E v a n s  (5 ) ,  a l i n e a r  r a t e  
l a w  is cons i s t en t  w i t h  a r e a c t i o n  con t ro l l ed  b y  l a t t i c e  
d i f fus ion p r o v i d e d  t h a t  t h e  d i f fus ing  d i s t ance  r e -  
m a i n s  cons tan t .  This  is t r u e  for  e x a m p l e  w h e n  a 

n e t w o r k  of c r acks  p e n e t r a t e s  t h e  r e a c t i o n  f i lm to 
r e a c h  a lmos t  b u t  no t  qu i t e  to  t h e  m e t a l  sur face .  F o r  
the  p r e s e n t  r e su l t s  a modi f i ed  ve r s i on  of th i s  con-  
cep t  cou ld  app ly .  T h a t  is, t h e  c o h e r e n t  l i t h i u m  h y -  
d r o x i d e  l a y e r  cou ld  r e m a i n  c o n s t a n t  in  t h i cknes s  
as t he  r e a c t i o n  proceeds ,  i t s  o u t e r  p o r t i o n s  u n d e r -  
going h y d r a t i o n  to f o r m  p o r o u s  l i t h i u m  h y d r o x i d e  
m o n o h y d r a t e .  

The  m e a s u r e d  r e a c t i o n  r a t e s  w e r e  a p p r o x i m a t e l y  
p r e s s u r e  i n d e p e n d e n t  in  t h e  r a n g e  of p a r t i a l  p r e s -  
su res  of w a t e r  v a p o r  f r o m  4.6 to 12.6 m m  Hg, a n d  
th i s  r e su l t  is cons i s t en t  w i t h  t he  no t ion  of a d i f fu-  
s i o n - c o n t r o l l e d  r e a c t i o n  of th i s  type .  F o r  l o w e r  
p r e s s u r e s  t he  r e a c t i o n  r a t e  cons t an t  was  p r e s s u r e  
d e p e n d e n t ,  and  th i s  r e s u l t  i nd i ca t e s  a r a t e - c o n t r o l -  
l ing  s tep  o t h e r  t h a n  d i f fus ion  (i.e., one of s teps  1 
or  2 a b o v e ) .  Aga in ,  a t  h i g h e r  p r e s s u r e s  (>22  m m  
Hg)  as r e p o r t e d  b y  Dea l  a n d  Svec  (1)  t he  r e a c t i o n  
r a t e  is a p p a r e n t l y  p r e s s u r e  i n d e p e n d e n t  and  is p r o b -  
a b l y  di f fus ion cont ro l led .  

C o n c l u s i o n s  

The  a t t a c k  of l i t h i u m  b y  w a t e r  v a p o r  i nvo lves  
two  reac t ions .  I n i t i a l l y  a l i t h i u m  h y d r o x i d e  f i lm 
fo rms  w h i c h  is b e l i e v e d  to  b e  c o h e r e n t  w i t h  t h e  
u n d e r l y i n g  m e t a l l i c  la t t ice .  D u r i n g  th is  s t age  the  
r e a c t i o n  r a t e  is cons tan t .  S u b s e q u e n t l y  the  ou te r  
po r t i ons  of th is  f i lm u n d e r g o  h y d r a t i o n  to l i t h i u m  
h y d r o x i d e  m o n o h y d r a t e .  The  i n c r e a s e d  w e i g h t  ga ins  
a s soc ia t ed  w i t h  w a t e r  of h y d r a t i o n  a r e  s u p e r i m -  
posed  on those  due  to t h e  s i m u l t a n e o u s  f o r m a t i o n  
of l i t h i u m  h y d r o x i d e ,  and  the  o v e r - a l l  r a t e  of t he  
reac t ion ,  as m e a s u r e d  b y  w e i g h t  changes ,  i nc reases  
to a p p r o x i m a t e l y  1 {/~ t imes  the  i n i t i a l  ra te .  Resu l t s  
a r e  cons i s t en t  w i t h  t he  no t ion  of a r e a c t i o n  con-  
t r o l l e d  b y  l a t t i ce  d i f fus ion across  a l i t h i u m  h y d r o x -  
ide  f i lm of cons t an t  th ickness .  

A c k n o w l e d g m e n t  

The  a u tho r s  g r a t e f u l l y  a c k n o w l e d g e  the  f inanc ia l  
s u p p o r t  of th is  r e s e a r c h  w h i c h  was  p r o v i d e d  b y  the  
Foo te  M i n e r a l  C o m p a n y .  T h a n k s  a re  also e x t e n d e d  
to Mr.  R. G. Bu t t e r s ,  R e s e a r c h  Assoc i a t e  a t  t he  U n i -  
v e r s i t y  of B r i t i sh  Co lumbia ,  w h o  d e s i g n e d  t h e  a u t o -  
m a t i c - r e c o r d i n g  t h e r m a l  b a l a n c e  used  in  th is  work .  

Manuscr ip t  rece ived  May 2, 1962; rev ised  manuscr ip t  
rece ived  Ju ly  16, 1962. This paper  was p repa red  for  
de l ive ry  before  the  Boston Meeting,  Sept.  16-20, 1962. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be pub l i shed  in  the  December  1963 
JOURNAL. 
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ABSTRACT 

The mechanism of the ionization of molecular  hydrogen has been studied on 
par t ia l ly  immersed p la t inum electrodes in  acidic solutions, serving as an 
idealized model for a gas diffusion electrode. The formation of the electrolyte 
meniscus is observed microscopically and compared to the large cur ren t  in -  
crease which occurs when  the electrode is par t ly  raised above the l iquid level. 
Potentiostatic current -vol tage  curves obtained with par t ia l ly  immersed elec- 
trodes differ drastically from those obtained with completely submerged elec- 
trodes. The tempera ture  dependence of the current  is the same for par t ia l ly  
and completely immersed electrodes. The findings suggest that  the diffusion 
of molecular  hydrogen through the upper  edge of the meniscus and a th in  
l iquid film above the intr insic meniscus is the ra te -de te rmin ing  step. The con- 
t r ibut ion of surface diffusion of hydrogen atoms and of the diffusion of hydro-  
gen through the bu lk  electrolyte to the current  is negligible. 

C u r r e n t - v o l t a g e  charac ter is t ics  of p l a t i n u m  group  
meta ls  comple te ly  i m m e r s e d  in  e lec t rolytes  which  
are sa tu ra t ed  w i t h  mo lecu l a r  h y d r o g e n  are wel l  
k n o w n  (1-3)  (compare ,  also, cu rve  2 in  Fig. 5). 
A large  n u m b e r  of s tudies  has been  devoted  to the 
m e c h a n i s m  of this  e lec t rochemica l  sys tem in  the  
past.  O n l y  a few studies  have  been  concerned  wi th  
the  subjec t  of pa r t l y  i m m e r s e d  electrodes,  a l though  
the  u n d e r s t a n d i n g  of this  sys tem wou ld  lead to a 
be t t e r  u n d e r s t a n d i n g  of the  w o r k i n g  m e c h a n i s m  
of gas diffusion electrodes.  

Grove  discovered tha t  a m a r k e d  increase  in  cu r -  
r e n t  t akes  place w h e n  pa r t  of a p l a t i n u m  sponge 
e lect rode is exposed to h y d r o g e n  gas above the  level  
of the  e lec t ro ly te  (4) .  

Nobis (5) and  la te r  Schmid  (6) observed the  
same effect and  m e a s u r e d  the  c u r r e n t  as a f u n c -  
t ion  of the  " u n w e t t e d "  pa r t  of the  p l a t i n u m  sponge 
electrode.  Almos t  no c u r r e n t  increase  was  found  on 
smooth p l a t i n u m  electrodes.  The  a t t e m p t  of a qua l -  
i t a t ive  i n t e r p r e t a t i o n  of these f indings  by  Schmid  
calls for an  adsorp t ion  of h y d r o g e n  molecules  on 
the u n w e t t e d  p a r t  of the  electrode,  fol lowed by  a 
" r ap id  cap i l l a ry  diffusion of the  molecules  into the  
microporous  s t ruc tu re  of the  p l a t i n u m  sponge." The 
molecules  were  t hen  assumed to "pene t r a t e  the  i n -  
t r a m o l e c u l a r  spaces and  t h e r e b y  be e lec t rochem-  
ical ly  ac t iva ted ."  The  l a t t e r  molecu la r  diffusion was 
supposed to be the  slow step. On the  basis  of his 
e x p e r i m e n t s  Schmid  cons t ruc ted  the  first success-  
ful  gas diffusion electrode.  

More r ecen t l y  Just i ,  P i l k u h n ,  Scheibe,  and  W i n -  
sel (7) car r ied  out  a theore t ica l  t r e a t m e n t  of the 
reac t ion  m e c h a n i s m  of gas diffusion electrodes.  Ac-  
cording to this  s tudy,  the dissociat ion of h y d r o g e n  
molecules  and  subsequen t  chemisorp t ion  of h y d r o -  
gen a toms takes  place on the  e lect rode sur face  above  

the  e lec t ro ly te  meniscus .  This  pa r t  of the  electrode 
m a y  or m a y  not  be  covered w i th  a t h in  fi lm of e lec-  
t rolyte ,  b u t  in  e i ther  case it  is a s sumed  t h a t  no elec- 
t rochemica l  r eac t ion  takes  place above the  in t r ins ic  
meniscus .  The  h y d r o g e n  atoms are supposed to 
diffuse a long the  electrode sur face  to the  a rea  be low 
the  l iqu id  men i scus  w he r e  the  e lec t rochemica l  r e -  
act ion occurs. As r a t e - d e t e r m i n i n g  steps the  chemi -  
sorp t ion  a nd  the  sur face  diffusion of the  h y d r o g e n  
a toms are  discussed.  Both  cases lead to the  ex is tence  
of an  anodic  l im i t i ng  cur ren t .  The  c o n t r i b u t i o n  to 
the c u r r e n t  b y  diffusion of h y d r o g e n  molecules  
t h r o u g h  the  men i scus  is cons idered  negl ig ib le .  The 
au thors  did no t  find an  a g r e e m e n t  b e t w e e n  the  
theore t ica l  resul t s  and  e x p e r i m e n t s  pe r f o r med  on 
the i r  h i g h - d r a i n  h y d r o g e n  diffusion electrodes.  

The  m a r k e d  c u r r e n t  increase  on pa r t i a l l y  ra i s ing  
an  electrode above the  e lec t ro ly te  was  also observed  
in  the case of oxygen  r educ t ion  on copper,  si lver,  
and  n icke l  e lec t rode  sheets by  Weber ,  Meissner ,  and  
Sama  (8) .  These  au thors  be l ieve  tha t  the  gas mole -  
cules diffuse t h r ough  the  l iqu id  men i scus  pr ior  to 
the  e lec t rochemica l  r eac t ion  on the  e lec t rode  surface 
and  tha t  diffusion of a toms a long the  u n w e t t e d  elec- 
t rode  surface  or of molecules  t h r ough  the  b u l k  of 
the  e lec t ro ly te  is no t  p r e d o m i n a n t .  I t  is a s sumed  
tha t  a t h r e e - p h a s e  b o u n d a r y  forms  at the  uppe r  
men i scus  edge a nd  tha t  the  ex is tence  of this  t h r e e -  
phase zone has essen t ia l ly  no effect on the  cur ren t .  
I t  is suggested  t ha t  mass  t r a n s p o r t  of oxygen  
t h r ough  the  men i scus  m a y  be  the  r a t e - l i m i t i n g  
step. 

In  v i ew  of this  con t rovers ia l  p ic tu re  of the  mech -  
a n i sm  of gas reac t ions  i n v o l v i n g  pa r t i a l l y  i m m e r s e d  
electrodes a nd  gas diffusion electrodes  the  p resen t  
w o r k  was  u n d e r t a k e n .  The s tudy  is specifically 
concerned  wi th  the  ion iza t ion  of mo lecu l a r  h y d r o -  
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gen on c y l i n d r i c a l  p l a t i n u m  e l ec t rodes  in  su l fu r i c  
ac id  so lu t ions .  This  s y s t e m  has  t he  a d v a n t a g e  t h a t  
t he  r a t e  of  d i s soc ia t ion  of m o l e c u l a r  h y d r o g e n  and  
t h e  r a t e  of i on iza t ion  of t he  h y d r o g e n  a t o m s  a re  
r e l a t i v e l y  high.  I t  w a s  hoped ,  t he re fo re ,  t h a t  one 
or  t he  o t h e r  of t he  d i s p u t e d  t r a n s p o r t  m e c h a n i s m s  
w o u l d  be  r a t e  con t ro l l i ng  a n d  t h a t  a d i s t i nc t i on  b e -  
t w e e n  t h e m  could  b e  m a d e  b y  de s ign ing  s u i t a b l e  
e x p e r i m e n t s .  S e v e r a l  poss ib l e  r e a c t i o n  p a t h s  for  
t h e  ion iza t ion  of h y d r o g e n  a re  s h o w n  in Fig .  7. 

The  e l e c t r o c h e m i c a l  s y s t e m  chosen  h e r e  has  some 
i m p o r t a n t  f e a t u r e s  in  c o m m o n  w i t h  t he  c o m p l e x  
gas  d i f fus ion  e lec t rodes .  The  m e n i s c u s  f o r m a t i o n  a n d  
the  effect  of a poss ib l e  t h in  l i qu id  f i lm a b o v e  t h e  
men i scus  a r e  e s s e n t i a l l y  t he  s ame  as for  an  idea l  
c ap i l l a ry .  The  diff icul t ies  e n c o u n t e r e d  in t r y i n g  to  
m a k e  m e a s u r e m e n t s  on a s ing le  pore ,  on t h e  o t h e r  
hand ,  a r e  avo ided .  

Exper imenta l  

M e a s u r e m e n t s  w e r e  m a d e  in  a g lass  e l e c t r o l y t i c  
cel l  cons i s t ing  of f o u r  c o m p a r t m e n t s ,  s e p a r a t e d  
f r o m  each  o the r  b y  f r i t t e d  g lass  disks .  The  c o m -  
p a r t m e n t  con t a in ing  t h e  h y d r o g e n  r e f e r e n c e  e l ec -  
t r o d e  was  connec t ed  b y  a L u g g i n  c a p i l l a r y  w i t h  t he  
m a i n  c o m p a r t m e n t  in w h i c h  on ly  t he  t es t  e l e c t r o d e  
was  loca ted .  The  two  r e m a i n i n g  c o m p a r t m e n t s  con-  
t a i n e d  two  s y m m e t r i c a l l y  a r r a n g e d  coun t e r  e lec -  
t rodes .  

The  tes t  e l ec t rodes  cons i s t ed  of p l a t i n u m  t u b i n g  
(99.99% p u r e ) ,  1.2 cm long,  0.635 cm (1/4 in . )  in 
d i a m e t e r  and  0.0127 cm (0.005 in.)  in w a l l  t h i c k -  
ness.  E l ec t r i c a l  connec t ion  was  m a d e  b y  s p o t - w e l d -  
ing  a p l a t i n u m  w i r e  on the  i n n e r  su r f ace  of the  
tub ing .  C lose ly  f i t ted  Teflon s t o p p e r s  and  Teflon 
t u b i n g  w e r e  t h e n  used  to p r e v e n t  t he  i n n e r  su r f ace  
and  the  w i r e  f r o m  m a k i n g  con tac t  w i t h  t he  e l e c t r o -  
ly te .  M e a s u r e m e n t s  w e r e  m a d e  on five d i f f e r en t l y  
p r e t r e a t e d  e l ec t rodes :  ( i )  su r f ace  cove red  w i t h  
p l a t i n u m  sponge,  o b t a i n e d  by  p l a t i n i z a t i o n  in ch lo -  
r o p l a t i n i c  ac id  (p lus  t r a ce s  of l e a d  a c e t a t e )  w i t h  a 
c u r r e n t  d e n s i t y  of 20 m a / c m  ~ for  120 sec; ( i i )  p l a t -  
i n u m  sponge  su r f ace  o b t a i n e d  w i t h  20 m a / c m  2 for  
12 sec; ( i i i )  e l e c t r o d e  No. 2 h e a t e d  in  a h y d r o g e n  
f lame so t h a t  a smoo th  p l a t i n u m  su r f ace  was  r e -  
s to red ;  ( iv )  s u r f a c e  s a n d b l a s t e d  w i t h  No. 150 C a r -  
b o r u n d u m ;  and  (v)  su r f ace  smooth ,  h i g h l y  po l i shed .  
A c a t h e t o m e t e r  e n a b l e d  the  t e s t  e l e c t r o d e  to be  
r a i s ed  and  l o w e r e d  a c c u r a t e l y  to w i t h i n  •  cm. 

S u l f u r i c  ac id  of two  n o r m a l i t i e s  (1N and  8N) was  
m a d e  up  f r o m  C. P.  r e a g e n t  g r a d e  s tock  so lu t ion  
us ing  d o u b l e  d i s t i l l ed  w a t e r  of 7.9 • 10 - s  ohm - I  
c m  -1 c o n d u c t i v i t y  a t  25~ 

The  h y d r o g e n  used  in  these  e x p e r i m e n t s  w a s  p r e -  
pur i f ied ,  con t a in ing  < 8  p p m  O2, <1 p p m  CO2 
CO, and  <1 p p m  h y d r o c a r b o n s .  

A spec i a l l y  de s igned  f o r c e d - a i r  t h e r m o s t a t  con-  
t r o l l ed  t h e  t e m p e r a t u r e  to w i t h i n  •176  

To c a r r y  out  t h e  p o l a r i z a t i o n  m e a s u r e m e n t s ,  an  
u l t r a  s t ab le  p o t e n t i o s t a t  was  des igned  h a v i n g  an  
o u t p u t  of +--0.4 a m p  and  - -6v  w i t h  a no ise  of  2 • 
10-Sv ( r m s ) ,  an  i n t e r n a l  r e s i s t ance  of 0.03 ohm,  
and  an  ampl i f i e r  b a n d w i d t h  of 30 kcps .  This  i n s t r u -  
m e n t  is an i m p r o v e d  ve r s i on  of e a r l i e r  des igns  (3, 
9) .  S u r f a c e  a r ea  m e a s u r e m e n t s  on the  d i f fe ren t  
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Fig. 1. Actual meniscus formation of 1N H2SO4 on a platinized 
platinum cylinder according to microscopic observation. 

p l a t i n u m  e l ec t rodes  w e r e  m a d e  w i t h  t he  t r i a n g u l a r  
v o l t a g e  sweep  m e t h o d  (10) us ing  the  p o t e n t i o s t a t  
in c o n j u n c t i o n  w i t h  a H e w l e t t  P a c k a r d  F u n c t i o n  
G e n e r a t o r  202A. 

Results 

Meniscus and l~lm format ion . - -The  f o r m a t i o n  of 
t h e  e l e c t r o l y t e  men i scus  and  of a p o s s i b l e  f i lm of 
e l e c t r o l y t e  a b o v e  the  i n t r i n s i c  men i scus  was  ob -  
s e r v e d  mic roscop ica l ly .  A f r e s h l y  p l a t i n i z e d  and  
t h o r o u g h l y  c l e a ne d  p l a t i n u m  te s t  e l e c t r o d e  and  1N 
HeSO4 w e r e  used  in  t h e  fo l lowing  e x p e r i m e n t .  

S t a r t i n g  w i t h  t h e  e l e c t r o d e  c o m p l e t e l y  s u b -  
m e r g e d ,  bu t  j u s t  t ouch ing  the  u n d i s t u r b e d  l iqu id  
l eve l  ( l l  ~ 0) ,  t he  e l ec t rode  is p r o g r e s s i v e l y  r a i s ed  
to pos i t ions  11 > 0.1 T h e  m e n i s c u s  h e i g h t  i nc reases  
to a m a x i m u m  h of 0.275 --  0.01 cm; f u r t h e r  r a i s i ng  
of t he  e l ec t rode  does  not  v i s i b l y  affect  t h e  men i scus  
g e o m e t r y .  F i g u r e  1 shows  the  ac tua l  men i scus  for  
ll  ~ 0.3 cm w i t h  i ts  m a x i m u m  h e i g h t  a cco rd ing  to  
mic roscop ic  o b s e r v a t i o n .  

S h o r t l y  a f t e r  r a i s ing  t h e  e l ec t rode  to a n e w  pos i -  
t ion  ll > h, a l i qu id  f i lm can  be  de tec ted .  This  f i lm 
dec rea se s  in t h i cknes s  w i t h  t i m e  u n t i l  i t  can  no 
l o n g e r  be  d e t e c t e d  w i t h  t he  mic roscope .  F r o m  th i s  
e x p e r i m e n t ,  i t  can  t h e r e f o r e  on ly  be  conc luded  t h a t  
an  u p p e r  l i m i t  for  t he  t h i ckness  of a poss ib le  
l i qu id  f i lm a b o v e  the  m e n i s c u s  is a b o u t  lt~ w h i c h  
was  the  r e so lu t i on  of t he  mic roscope ,  b u t  t h e r e  m a y  
b e  no l iqu id  film. 

Because  of edge  effects and  e spec i a l l y  for  s m a l l  
v a l u e s  of l,, t he  o b s e r v e d  men i scus  d e v i a t e s  f r o m  
the  t h e o r e t i c a l  meniscus .  S t a r t i n g  at  a b o u t  ll ~0 .13  
cm, s m a l l  r eg ions  of t h e  e l e c t r o d e  su r f ace  n e a r  t he  
u p p e r  edge  occur  w h e r e  t he  t h i c k n e s s  of t h e  l i qu id  
l a y e r  is a t  l eas t  m u c h  s m a l l e r  t h a n  w o u l d  c o r r e s p o n d  
to t he  r e g u l a r  meniscus .  W h e t h e r  t h e s e  r eg ions  of 
t he  su r f ace  a r e  a c t u a l l y  c o v e r e d  w i t h  a t h in  l i qu id  
f i lm or  a re  u n w e t t e d  cou ld  a g a i n  no t  be  dec ided .  
B e t w e e n  0.13 and  0.27 c m  m o r e  such r eg ions  occur  
u n t i l  t he  men i scus  is f u l l y  d e v e l o p e d  at  0.27 cm. 

The  fo I lowing  e x p e r i m e n t s  w e r e  p e r f o r m e d  in 
o r d e r  to find out  to w h i c h  e x t e n t  t he  m e n i s c u s  f o r -  
m a t i o n  w o u l d  affect  the  e l e c t r o d e  cu r ren t .  

Current as a function of electrode posi t ion.--The 
e l e c t r o l y t e  was  s a t u r a t e d  w i t h  h y d r o g e n  and  t hen  
h y d r o g e n  c o n t i n u o u s l y  b l o w n  t h r o u g h  t h e  gas  v o l -  
u m e  a b o v e  the  l iquid .  The  t e m p e r a t u r e  was  he ld  
at  25 ~ • 0.1~ 

A cons t an t  p o t e n t i a l  of 0.4v was  a p p l i e d  b e t w e e n  
the  ~est e l ec t rode  and  a h y d r o g e n  r e f e r e n c e  e l ec -  

1 The  l e n g t h  /1 is  c o u n t e d  f r o m  the  u n d i s t u r b e d  l i q u i d  l e v e l  to  t he  
u p p e r  edge  of t he  p l a t i n u m  t u b i n g .  
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Fig. 2. Current as a function of electrode position for an applied 
potential of 0.4v; platinized platinum cylinder (r.f. 88) in 1N and 
8N H2SO4 at 25~ 

t rode ,  a n d  the  c u r r e n t  was  m e a s u r e d  as a func t ion  
of the  e l e c t r o d e  pos i t ion .  

F i g u r e  2 shows  two  cu rves  w h i c h  w e r e  o b t a i n e d  
w i t h  t he  h e a v i l y  p l a t i n i z e d  e l e c t r o d e  No. 1 in  1N 
and  in 8N H2SO4. F o r  t h e  c o m p l e t e l y  i m m e r s e d  
e lec t rode ,  ll  ~ 0, a s m a l l  r e s i d u a l  c u r r e n t  is m e a s -  
u r e d  w h i c h  is a b o u t  50% s m a l l e r  in 8N HeSO4 t h a n  
in  1N H2SO4. W h e n  r a i s i n g  the  e lec t rode ,  t he  c u r -  
r e n t  i n i t i a l l y  r e m a i n s  cons tan t .  F o r  e l e c t r o d e  pos i -  
t ions  b e y o n d  a b o u t  I1 ---- 0.13 cm, t he  c u r r e n t  i n -  
c reases  s t e e p l y  and  r eaches  a m a x i m u m  v a l u e  a t  
a b o u t  0.26 cm. On r a i s i ng  t h e  e l e c t r o d e  f u r t h e r  t he  
c u r r e n t  s t ays  a lmos t  cons tan t .  T h e r e  is a 16- fo ld  
(1N H2SO4) r e s p e c t i v e l y  36- fo ld  (8N H2SO4) in -  
c rease  in  c u r r e n t  c o m p a r e d  to t h e  c o m p l e t e l y  i m -  
m e r s e d  e lec t rode .  The  c u r r e n t s  for  pos i t ions  l~ > 
0.26 c m  a re  some 25% l a r g e r  in  8N H2SO4 t h a n  in 
1N H2SO4. 

F i g u r e  3 shows  the  effect  of su r f ace  r o u g h n e s s  e 
on the  m a g n i t u d e  of  t he  c u r r e n t s  for  8N H2SO4 u n d e r  
o t h e r w i s e  u n c h a n g e d  condi t ions .  W h i l e  the  r e s i d u a l  
c u r r e n t s  a r e  e s s e n t i a l l y  unaf fec ted ,  t h e r e  is a p r o -  
nounced  inf luence  of t h e  su r f ace  r o u g h n e s s  on t h e  
o t h e r  p a r t s  of the  curves ,  w h i c h  c o r r e s p o n d  to p a r -  
t i a l  i m m e r s i o n  of t h e  e lec t rodes .  

C o m p a r e d  w i t h  t he  h e a v i l y  p l a t i n i z e d  e l e c t r o d e  
No. 1 w h i c h  has  a r o u g h n e s s  f ac to r  ( r . f . )  of 88, t h e  
less p l a t i n i z e d  e l e c t r o d e  No. 2 w i t h  r.f. 22 d r a w s  
30% less  c u r r e n t  ( fo r  l~ >= 0.26 c m ) ;  and  the  s ame  
e lec t rode ,  a f t e r  h e a t i n g  in  a h y d r o g e n  f lame has  a 
r.f.  of 2.2 a n d  shows  o n l y  1/18 of t h e  c u r r e n t  of  t h e  
h e a v i l y  p l a t i n i z e d  e lec t rode .  The  c u r r e n t s  for  t h e  

2 The  su r face  r o u g h n e s s  f a c t o r  ( ra t io  o f  t r u e  a n d  g e o m e t r i c  sur -  
face area) fo r  t he  f ive p l a t i n u m  e lec t rodes  was  m e a s u r e d  w i t h  t h e  
t r i a n g u l a r  v o l t a g e  sweep  m e t h o d  (10) w i t h  a b o u t  + 5 %  accuracy .  
E l ec t ron  m i c r o g r a p h s  of  su r f ace  r e p l i c a  w e r e  m a d e  fo r  e lec t rodes  
No. 1 and  2. The  a v e r a g e  d i a m e t e r  of  t he  p l a t i n u m  b l a c k  pa r t i c l e s  
was  f o u n d  to  be  0.5/~ fo r  e l ec t rode  No. 1 w i t h  r.f. 88 a n d  0.3~ fo r  
e l e c t r o d e  No. 2 w i t h  r.f. 22. 
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Fig. 3. Effect of surface roughness on the electrode current for 
0.4v in 8N H2SO4 at 25~ 

s a n d b l a s t e d  e l e c t r o d e  No. 4 w i t h  r.f. 10 a r e  38% 
s m a l l e r  t h a n  those  t h r o u g h  t h e  e l e c t r o d e  w i t h  r.f.  
88. 

T h e  c u r r e n t s  in  Fig .  2 a n d  3 a r e  s t a t i o n a r y  va lue s  
a n d  in  mos t  cases  a r e  o b t a i n e d  a f t e r  a f ew  seconds.  
W i t h i n  t h e  f i rs t  f ew  seconds  a f t e r  r a i s i ng  the  e l ec -  
t r o d e  to a n e w  pos i t ion ,  t r a n s i e n t  c u r r e n t s  a r e  o b -  
s e r v e d  w h i c h  a r e  s m a l l e r  t h a n  t h e  s t a t i o n a r y  va lues .  
On l o w e r i n g  t h e  e lec t rode ,  t r a n s i e n t  c u r r e n t s  oc-  
cu r  w h i c h  a r e  m u c h  l a r g e r  (up  to  100 m a )  t h a n  t h e  
s t a t i o n a r y  va lues .  No t r a n s i e n t  c u r r e n t s  a r e  no t i ced  
for  e l e c t r o d e  pos i t ions  l l  --<-- 0.13 cm. E x c e p t  for  
s m o o t h  p l a t i n u m ,  t h e  cu rves  a r e  t he  s a m e  for  r a i s -  
ing  a n d  l o w e r i n g  the  e l e c t r o d e  and  a re  w e l l  r e -  
p roduc ib l e .  The  c u r r e n t s  do  no t  show t h e  f luc tua -  
t ions  w h i c h  a r e  k n o w n  to occur  on c o m p l e t e l y  i m -  
m e r s e d  e l ec t rodes  in h y d r o g e n - s t i r r e d  solut ions .  
H o w e v e r ,  t he  r e s i d u a l  c u r r e n t s  h a v e  a t e n d e n c y  to 
d r i f t  s lowly .  

The  r e su l t s  o b t a i n e d  on smooth  p l a t i n u m  e lec -  
t r o d e s  a r e  i r r e g u l a r  and ,  in gene ra l ,  i r r e p r o d u c i b l e .  
The  m e c h a n i c a l l y  p o l i s h e d  e l e c t r o d e  No. 5 w i t h  r.f. 
2, i m m e d i a t e l y  a f t e r  r a i s i ng  to a n e w  posi t ion ,  
s h o w e d  c u r r e n t s  up  to 2.5 ma.  S o m e t i m e s  a f t e r  
s e v e r a l  seconds,  s o m e t i m e s  a f t e r  15 m i n  these  c u r -  
r e n t s  s u d d e n l y  d e c r e a s e d  to m u c h  s m a l l e r  va lues .  
A t  t he  s a m e  t i m e  e l e c t r o l y t e  w a s  seen  to  g l ide  d o w n  
a long  the  su r f ace  a b o v e  the  meniscus .  On l o w e r i n g  
of t h e  e l ec t rode ,  t h e  c u r r e n t s  a r e  s m a l l  f r o m  t h e  
b e g i n n i n g  and  d e c r e a s e  l i t t l e  w i t h  t ime.  The  smoo th  
e l ec t rode  w i t h  r.f. 2.2 b e h a v e d  less  i r r e g u l a r l y .  A l -  
t h o u g h  c u r r e n t s  u p  to  1.2 m a  w e r e  o b s e r v e d  i n i -  
t i a l ly ,  q u a s i - s t a t i o n a r y  v a l u e s  w e r e  o b t a i n e d  e v e n -  
t u a l l y  and  p l o t t e d  in  Fig .  3. 

E s s e n t i a l l y  no inf luence  of  su r f a c e  r o u g h n e s s  is 
f o u n d  if  t h e  e l e c t rode s  a r e  c o m p l e t e l y  s u b m e r g e d  
and  the  h y d r o g e n  b u b b l e d  t h r o u g h  t h e  e l ec t ro ly t e .  
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Fig. 4. Current as a function of electrode position for an applied 
potential of 1.3v; platinized platinum cylinder (r.f. 88) in I N  and 
8N H2SO4 at 25~ 
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Fig. 5. Current as a function of applied voltage for different 
constant electrode positions; platinized platinum cylinder (r.f. 
88) in I N  H2SO4 at 25~ Curves 1 and 2 for submerged electrode; 
curve 2, solution stirred with H2; all other curves, H2 blown through 
gas phase. 

In  this case, the  c u r r e n t  for al l  of the  electrodes is 
1.25 ma  in  1N H2SO4 and  0.85 m a  in  8N H2SO4 for a 
mode ra t e  gas flow ra te  and  s t rong ly  d e p e n d e n t  on 
the  s t i r r i ng  rate .  

The e x p e r i m e n t s  descr ibed h i the r to  were  pe r -  
fo rmed  at a cons tan t  po ten t i a l  of 0.4v. Each elec-  
t rode  posi t ion  shows only  one r ep roduc ib le  va l ue  of 
the cur ren t .  However ,  a charac ter i s t ic  hys teres is  
loop is observed  w h e n  a cons t an t  po ten t i a l  of 1.3v 
is appl ied.  F i g u r e  4 shows the  c u r r e n t s  for e lect rode 
No. 1 wi th  r.f. 88 in  1N and  8N H2SO4, aga in  as a 
f unc t i on  of e lect rode posi t ion.  

In  1N H2SO4, the  r e s idua l  c u r r e n t  ( lower  b r a n c h  
of the  curve)  for the  s u b m e r g e d  e lect rode has abou t  
the  same va lue  as for 0.4v appl ied  potent ia l .  The 
c u r r e n t  increases  on ly  a l i t t le  on ra i s ing  the  elec-  
t rode  as h igh  as 0.8 cm. For  l~ ---- 0.84 cm the  cu r -  
r en t  is i n i t i a l ly  0.35 m a  and  rises to 0.5 ma  w i t h i n  
30 sec. Then ,  w i t h i n  a f rac t ion  of a second, the  cu r -  
r en t  s u d d e n l y  increases  to 7.35 m a  whe re  it s tays 
constant .  Rais ing  the  e lect rode to 1.2 cm or low-  
,ering to 0.4 cm has a lmos t  no inf luence  on the  c u r -  
r e n t  now, and  the  uppe r  b r a n c h  of the  curve  is ob -  
ta ined.  Below 0.4 cm the  c u r r e n t  drops steeply,  
and  be low 0.2 cm the  o r ig ina l  smal l  c u r r e n t  is meas -  
u r ed  again.  This p r o n o u n c e d  hys teres is  loop is 
reproducib le ,  a l though  the  electrode posi t ions cor-  
r e spond ing  to the  steep r ise and  drop of the c u r r e n t  
are observed  to shif t  somewhat .  

A n  i m p o r t a n t  obse rva t ion  concerns  the  t r a n s i e n t  
cu r ren t s :  No t r a n s i e n t  cu r r en t s  occur for the  lower  
b r a n c h  of the  hys teres is  loop (0 --<_ l~ < 0.84 cm) ,  
w h e n  the  electrode is e i ther  ra ised  or lowered  i n -  
t e rmi t t en t l y .  Large  t r a n s i e n t  cu r r en t s  are observed  
for the  u p p e r  curve  b r a n c h  (0.2 --<_ ~1 <---- 1.2 cm) ,  
especia l ly  on lower ing  the  electrode.  

In  8N HeSO4 the  r e s idua l  c u r r e n t  is sma l l e r  t h a n  
in  1N HeSO4. The  steep r ise of the  c u r r e n t  occurs 
on ly  for def ini te ly  h ighe r  e lec t rode  posit ions.  In  
some cases, no c u r r e n t  rise is observed  at  all, and  
only  the  lower  b r a n c h  of the  curve  is obta ined .  H o w -  
ever,  the  u p p e r  b r a n c h  of the  cu rve  could a lways  be 

rea l ized by  ra i s ing  the  e lect rode comple te ly  into the 
gas v o l u m e  above the  l iqu id  a nd  t h e n  m a k i n g  con-  
tac t  w i t h  the  e lec t ro ly te  again.  

In  genera l ,  s t a t i ona ry  va lues  of the  c u r r e n t  are 
ob ta ined  s luggishly,  and  slow dr i f t ing  is common.  
O v e r - a l l  r ep roduc ib i l i t y  of the  cu r ren t s  is be t t e r  
t h a n  5 %. 

Current as a function 05 applied voltage.--Po- 
t en t ios ta t ic  c u r r e n t  vo l tage  curves  were  ob ta ined  
for fixed e lec t rode  posi t ion  in  order  to subs t an t i a t e  
the  charac ter i s t ic  differences b e t w e e n  pa r t i a l l y  and  
comple te ly  i m m e r s e d  electrodes  found  above.  

F igu re  5 shows the  curves  which  were  ob ta ined  
in  1N H2SO4 w i t h  the  p l a t in i zed  e lect rode No. 1 
h a v i n g  a roughness  factor  of 88. 

For  the  comple te ly  i m m e r s e d  electrode (11 = 0), 
the  dot ted curve  1 is obta ined .  I t  exhib i t s  the  l im i t -  
ing c u r r e n t  of h y d r o g e n  diffusion b e t w e e n  0.1 and  
0.8v, the  s u b s e q u e n t  decl ine  of c u r r e n t  as a conse-  
quence  of adsorp t ion  of a tomic oxygen,  a nd  the  i n -  
crease in  c u r r e n t  at  1.4v because  of the  evo lu t ion  of 
mo lecu l a r  oxygen.  The  dot ted curve  2, i nc luded  in  
Fig. 5 for reasons  of compar ison,  is ob ta ined  wi th  
h y d r o g e n  gas b u b b l i n g  t h r o u g h  the  e lec t ro ly te  at  
a mode ra t e  r a t e  (1-3, 10, 11, 13). The  charac te r  
of the  curve  is the  same as in  the  case of h y d r o g e n  
flowing t h r o u g h  the  gas v o l u m e  above the  l iquid.  
Because  of the  decreased diffusion l a ye r  th ickness ,  
however ,  the c u r r e n t s  are la rger .  

The  charac te r  of the  cu rve  changes  comple te ly  
w h e n  the  e lect rode is p a r t l y  d r a w n  out  of the  e lec-  
t rolyte .  No l im i t i ng  c u r r e n t  of diffusion appears  in  
curves  3, 4, a n d  5. The  adsorp t ion  of a tomic  oxygen  
at  po ten t i a l s  above  0.8v has  an  effect on the  cu r -  
r e n t  which  depends  on  the  e lect rode posi t ion.  For  
l, = 0.26 cm, the  c u r r e n t  decreases above  0.Sv, and  
the  curve  jo ins  the  curves  for 11 ---- 0 at  abou t  1.3v. 
For  11 = 0.4 cm, the  c u r r e n t  decrease  sets in  on ly  at 
1.2v a nd  is no t  as dras t ic  as for 11 = 0.26 cm. For  
11 = 1.1 cm, no n e g a t i v e  r e s i s t ance  reg ion  occurs at  
all:  the  c u r r e n t  increases  s tead i ly  w i th  inc reas ing  
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v o l t a g e  and  r eaches  v a l u e s  w h i c h  a r e  a l m o s t  t h r e e  
o rde r s  of m a g n i t u d e  l a r g e r  t h a n  the  c o r r e s p o n d i n g  
c u r r e n t s  for  a c o m p l e t e l y  i m m e r s e d  e l ec t rode  
( c u r v e  1).  A l l  cu rves  show the  i n c r e a s e  of c u r r e n t  
a t  h i g h e r  anod ic  p o t e n t i a l s  w h i c h  is connec t ed  w i t h  
v i s ib le  evo lu t i on  of m o l e c u l a r  oxygen .  

B e l o w  0.By, s t a t i o n a r y  c u r r e n t s  a r e  o b t a i n e d  in a l l  
cases  r a t h e r  fast .  A b o v e  0.8v, for  a c o m p l e t e l y  i m -  
m e r s e d  e l ec t rode  ( cu rves  1 a n d  2) ,  s t a t i o n a r y  va lue s  
w e r e  v e r y  o f t en  no t  ob t a ined ,  and  the  r e p o r t e d  c u r -  
r e n t s  a r e  s o m e w h a t  h i g h e r  t h a n  the  e x p e c t e d  s t a -  
t i o n a r y  va lues .  In  con t ras t ,  for  a p a r t i a l l y  i m m e r s e d  
e l e c t r o d e  ( cu rves  3, 4, and  5),  s t a t i o n a r y  c u r r e n t s  
we re  a t t a i n e d  w i t h i n  a f ew  minu tes .  R e p r o d u c i b i l i t y  
of t he  cu rves  p r o v e d  to be  good. 

A s t u d y  of t he  effect  of su r f ace  r o u g h n e s s  on t h e  
c u r r e n t - v o l t a g e  cu rves  gave  the  fo l l owing  r e s u l t s :  
F o r  a c o m p l e t e l y  i m m e r s e d  e lec t rode ,  t h e r e  is no in -  
f luence of su r f ace  roughnes s ;  cu rves  1 a n d  2 in  Fig .  
5 r e m a i n  u n c h a n g e d .  I f  p a r t l y  i m m e r s e d ,  t he  e l ec -  
t r odes  w i t h  r.f .  10 a n d  22 ( c o m p a r e  Fig.  3) y i e l d  
cu rves  s i m i l a r  to cu rves  3, 4, a n d  5 in  F ig .  5. The  
on ly  m a j o r  d i f fe rence  is t h a t  t he  m a g n i t u d e  of t he  
c u r r e n t s  dec reases  w i t h  dec r ea s ing  su r f ace  r o u g h -  
ness.  W i t h  p a r t l y  i m m e r s e d  smoo th  p l a t i n u m  e lec -  
t rodes ,  in  some  cases  cu rves  of  t y p e  3, 4, and  5 w e r e  
obse rved ;  in  o t h e r  cases,  h o w e v e r ,  cu rves  v e r y  s i m i -  
l a r  to c u r v e  1 w e r e  found.  

The  effect of d i f fe ren t  ac id  c o n c e n t r a t i o n  is such,  
t ha t  fo r  8N H2SO4 cu rves  1 and  2 in Fig .  5 ( o b t a i n e d  
in  1N H2SO4) a r e  sh i f t ed  t o w a r d  s m a l l e r  c u r r e n t s  
and  c u r v e s  3, 4, and  5 a r e  sh i f t ed  t o w a r d  l a r g e r  
cu r ren t s .  In  other:  words ,  t he  effect  of v a r y i n g  t h e  
c o n c e n t r a t i o n  is r e v e r s e  for  c o m p l e t e l y  i m m e r s e d  
e l ec t rodes  on t h e  one h a n d  and  p a r t i a l l y  i m m e r s e d  
e l ec t rodes  on the  o ther .  

Current  as a function of t empera ture . - -The  t e m -  
p e r a t u r e  d e p e n d e n c e  of t he  c u r r e n t  was  s t u d i e d  for  
d i f fe ren t  e l ec t rode  pos i t ions  a t  a cons t an t  p o t e n t i a l  
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(r.f. 88) in I N  H2SO4; curves 3 and 4, rotating platinum disk in 
5N H2SO4. 
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of  0.4v. T h e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  in  1N 
H2SO4 w i t h  t h e  p l a t i n i z e d  e l ec t rode ,  h a v i n g  a r o u g h -  
ness  f ac to r  of 88. 

I n  Fig .  6 t h e  l o g a r i t h m  of t he  c u r r e n t  in  m i l l i a m -  
p e r e  is  p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  of t he  abso lu t e  
t e m p e r a t u r e .  

C u r v e  1 for  e l e c t r o d e  p o s i t i o n  ll = 0.4 cm is r e p -  
r e s e n t a t i v e  for  a l l  e l e c t r o d e  pos i t ions  11 >~ 0.26 cm. 
B e t w e e n  20 ~ a n d  40~ t h e  c u r v e  is a l m o s t  l i n e a r  and  
dec l ines  b e t w e e n  40 ~ a n d  60~ E x c e s s i v e  t h e r m a l  
e x p a n s i o n  of t h e  Teflon p a r t s  and  changes  in  t h e  l i q -  
u id  l eve l  l i m i t e d  the  m e a s u r e m e n t s  to t e m p e r a t u r e s  
b e l o w  60~ 

C u r v e  2 is o b t a i n e d  for  a c o m p l e t e l y  i m m e r s e d  
e lec t rode .  No te  t h a t  in  th i s  case  log 10 I is p l o t t e d  
a g a i n s t  1000/T.  The  e r r o r  in  t h e  c u r r e n t  m e a s u r e -  
m e n t  is r e l a t i v e l y  m u c h  l a r g e r  t h a n  for  c u r v e  1: as 
m e n t i o n e d  before ,  t h e  s m a l l  r e s t  c u r r e n t s  of c u r v e  2 
a r e  sub j e c t  to  s low dr i f t .  

B r e i t e r  and  Hof fmann  (11) s t ud i e d  the  d i f fus ion 
of h y d r o g e n  in su l fu r i c  ac id  w i t h  a c o m p l e t e l y  i m -  
m e r s e d  r o t a t i n g  p l a t i n u m  d i sk  e lec t rode .  Us ing  d a t a  
f r o m  these  a u t h o r s  in  5N H2SO4 at  0.4v, t he  do t t ed  
cu rves  3 a n d  4 in  Fig .  6 a r e  ob ta ined .  C u r v e  3 co r -  
r e s p o n d s  to a d i sk  r o t a t i o n  of 480 /min ,  c u r v e  4 to a 
r o t a t i o n  of 2400 /min .  

Discussion 

A n  idea l i z ed  m o d e l  of t he  e l e c t r o d e  su r f ace  s cov-  
e r e d  w i t h  a l i qu id  f i lm f and  a l i qu id  men i scus  m in 
con tac t  w i t h  t h e  b u l k  e l e c t r o l y t e  b is s h o w n  in 
Fig.  7. 

S e v e r a l  i m a g i n a b l e  r e a c t i o n  p a t h s  for  t he  o v e r -  
a l l  r e a c t i o n  

oH2-~ 2oH + -{- 2 e -  

a r e  i n c l u d e d  in  t h e  p i c tu re ,  oH2 is h y d r o g e n  in i ts  
e q u i l i b r i u m  c o n c e n t r a t i o n  in  t he  gas  phase ,  oH + a re  
t he  h y d r o g e n  ions  in  t h e i r  e q u i l i b r i u m  c o n c e n t r a t i o n  
in  t h e  b u l k  e l ec t ro ly t e .  R e a c t i o n  p a t h s  a, b, c, and  d 
occur  in  p a r a l l e l  and  c o n t r i b u t e  to t he  fo rego ing  
o v e r - a l l  r e a c t i o n  acco rd ing  to  t h e i r  r e a c t i o n  ra tes .  
Each  r e a c t i o n  p a t h  consis ts  of s e v e r a l  r e a c t i o n  s teps  
in  ser ies ;  t he  s lowes t  of t he se  s teps  d e t e r m i n e s  t he  
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Fig. 7. Idealized model of the electrode surface s with liquid 
film f, meniscus m, and bulk electrolyte b. Several possible reaction 
paths for the ionization of hydrogen are indicated. 
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r a t e  of the  r e a c t i o n  pa th .  As  an  e x a m p l e ,  p a t h  d 
consis ts  of t h e  fo l l owing  s teps :  T r a n s p o r t  of h y d r o -  
gen  molecu le s  to t h e  g a s - s o l i d  i n t e r f ace - - -d i s soc i a -  
t ion  a n d  a d s o r p t i o n - - s u r f a c e  d i f fus ion  of h y d r o g e n  
a t o m s  on the  sol id  p h a s e - - i o n i z a t i o n  on the  so l id -  
l i qu id  i n t e r f a c e - - - t r a n s p o r t  (d i f fus ion  and  m i g r a -  
t ion)  of h y d r o g e n  ions  t h r o u g h  l i qu id  f i lm a n d  
men i scus  in to  t he  b u l k  e l ec t ro ly t e .  Th is  case  w a s  
d i scussed  b y  J u s t i  et al. (7 ) .  

A n  a t t e m p t  wi l l  be  m a d e  in t he  fo l lowing  to d e -  
c ide  on the  bas is  of t he  e x p e r i m e n t a l  r e su l t s  w h i c h  
r e a c t i o n  p a t h s  a r e  t h e  p r e v a i l i n g  ones.  

The  s m a l l  r e s i d u a l  c u r r e n t  in  Fig .  2 for  e l e c t r o d e  
pos i t i ons  ll ~ 0 a t  0.4v is a d i r e c t  m e a s u r e  of t h e  
m a x i m u m  poss ib l e  c o n t r i b u t i o n  of t he  d i f fus ion of 
m o l e c u l a r  h y d r o g e n  t h r o u g h  the  b u l k  e l e c t r o l y t e  to  
t he  o v e r - a l l  c u r r e n t  in  a s t i l l  so lu t ion .  As  can  be  
seen  f r o m  Fig.  2, th is  p a t h  c o n t r i b u t e s  on ly  6% 
(1N H2SO4) o r  3% (SN H2SO4) to t h e  c u r r e n t  of a 
p a r t i a l l y  i m m e r s e d  e lec t rode .  

The  i nc rea se  of t he  c u r r e n t  a t  a b o u t  ll : 0.13 cm 
coinc ides  w i t h  the  e l e c t r o d e  pos i t i on  where ,  a c c o r d -  
ing  to mic roscop ic  ev idence ,  s m a l l  r eg ions  of t h e  
u p p e r  e l e c t r o d e  edge  a r e  on ly  cove red  w i t h  a th in  
l i qu id  f i lm or  a r e  even  u n w e t t e d .  W h e n  r a i s i ng  t h e  
e l e c t r o d e  f u r t h e r ,  m o r e  t h in  f i lm or  u n w e t t e d  a r e a  
is c r ea t ed ,  a n d  the  c u r r e n t  i nc reases  f u r t h e r .  In  t h e  
s teep  p a r t  of t he  c u r v e  the  c u r r e n t  i nc reases  b y  0.57 
m a  each  t i m e  the  e l e c t r o d e  is r a i s e d  0.1 mm.  This  
c o r r e s p o n d s  to a c u r r e n t  d e n s i t y  of a t  l e a s t  28.5 
m a / c m  2, b u t  conf ined to  t hese  u p p e r  p a r t s  of t h e  
e lec t rode ,  w h i l e  t he  c u r r e n t  d e n s i t y  on the  l o w e r  
e l e c t r o d e  p a r t s  is b y  m o r e  t h a n  two  o r d e r s  of m a g -  
n i t u d e  sma l l e r .  B e t w e e n  ll ~ 0.26 and  0.3 cm, t he  
c u r r e n t  r e aches  a m a x i m u m  w h i c h  co inc ides  w i t h  
t h e  m a x i m u m  men i scus  l e n g t h  of 0.275 cm, o b s e r v e d  
mic roscop ica l l y .  B e y o n d  th i s  e l e c t r o d e  pos i t ion ,  t he  
c u r r e n t  s t ays  a l m o s t  cons tan t .  E v e n  for  11 = 1.45 cm, 
w h e n  on ly  less  t h a n  0.1 cm of t he  e l e c t r o d e  is in  
con tac t  w i t h  t h e  u p p e r  men i scus  ( e l e c t r o d e  l e n g t h  
is 1.2 c m ) ,  t he  c u r r e n t  is s t i l l  t h e  same.  The  m i n o r  
d e c r e a s e  of t h e  c u r r e n t  a b o v e  0.3 c m  is due  to t he  
d e c r e a s e  of su r f ace  a r e a  w h i c h  is a v a i l a b l e  for  s t ep  
2c, t he  b u l k  d i f fus ion  of h y d r o g e n .  

T h e s e  f ind ings  show t h a t  on ly  a s m a l l  p a r t  of t he  
e l e c t r o d e  c lose  to t h e  men i scus  edge  w h i c h  is less  
t h a n  1 m m  in  l e n g t h  is r e s p o n s i b l e  for  94 to 97% of 
t he  t o t a l  c u r r e n t  of a p a r t i a l l y  i m m e r s e d  e lec t rode .  
On the  bas is  of e x p e r i m e n t s  w i t h  an  a i r - d e p o l a r i z e d  
coppe r  p la te ,  W e b e r  et at. (8)  come  to s i m i l a r  con-  
clusions.  

These  and  a l l  t he  o t h e r  e x p e r i m e n t a l  r e su l t s  can  
be  i n t e r p r e t e d  as fo l lows.  A n y  th in  l i qu id  f i lm a b o v e  
the  men i scus  and  the  u p p e r  p a r t s  of t he  men i scus  
h a v e  a c o m p a r a t i v e l y  l a r g e  e l ec t ro ly t i c  res i s tance .  
The  e l ec t ro ly t i c  c u r r e n t  w h i c h  consis ts  of the  m i g r a -  
t ion  of h y d r o g e n  ions  f r o m  t h e  r e a c t i o n  zone  in to  t h e  
b u l k  e l e c t r o l y t e  ( c o m p a r e  Fig.  7) causes  a l a r g e  
ohmic  d rop  of t he  p o t e n t i a l  p a r a l l e l  to t he  e l e c t r o d e  
surface .  Consequen t ly ,  t h e  c u r r e n t  d e n s i t y  and,  in 
t he  case of s low t r a n s p o r t  m e c h a n i s m s ,  t h e  conc e n -  
t r a t i o n s  of m o l e c u l a r  a n d  a t o m i c  h y d r o g e n  a t  t he  
e l e c t r o d e  s u r f a c e  w i l l  v a r y  a long  the  sur face .  

The  r e su l t s  s h o w n  in Fig .  2 i nd i ca t e  t h a t  the  p o -  
t e n t i a l  decays  f r o m  the  v a l u e  of t he  a p p l i e d  p o t e n -  
t ia l ,  0.4v, to e s s e n t i a l l y  zero  p o t e n t i a l  ove r  a l e n g t h  
of a b o u t  0.1 cm. A l l  p a r t s  of t he  e l e c t r o d e  above  
11 = 0.27 cm a r e  at  zero  p o t e n t i a l  and  t h e r e f o r e  do 
no t  c o n t r i b u t e  to t he  cu r r en t .  The  concen t r a t i ons  of 
m o l e c u l a r  a n d  a tomic  h y d r o g e n  a t  t he se  p a r t s  a r e  
cons t an t  and  e q u a l  to t h e i r  e q u i l i b r i u m  c o n c e n t r a -  
t ions.  The  d e c r e a s e  of  t he  r e s i d u a l  c u r r e n t s  in  Fig .  2 
and  Fig.  4 w i t h  i n c r e a s i n g  e l e c t r o l y t e  c o n c e n t r a t i o n  
is due  to the  dec rease  of t h e  d i f fus ion coefficient  of 
�9 m o l e c u l a r  h y d r o g e n  b y  a b o u t  45 %. T h e  fac t  t h a t  fo r  
a p a r t i a l l y  i m m e r s e d  e l e c t r o d e  t h e  c u r r e n t s  i nc rease  
w i t h  i n c r e a s i n g  e l e c t r o l y t e  c o n c e n t r a t i o n  can  be  e x -  
p l a i n e d  w i t h  t h e  l a r g e  i n c r e a s e  of t he  c o n d u c t i v i t y  
( r o u g h l y  fou r  t i m e s )  w h e n  go ing  f r o m  1N to 8N 
H2SO4. As  a consequence  t h e  p o t e n t i a l  d rop  in  m e -  
n i scus  a n d  f i lm is m u c h  s m a l l e r  for  8N H2SO4 and  
the  c u r r e n t s  a r e  t h e r e f o r e  l a rge r .  

The  h y s t e r e s i s  cu rves  fo r  an  a p p l i e d  p o t e n t i a l  of 
1.3v shown  in Fig .  4 a r e  s t r ong  ev idence  for  the  
ex i s t ence  of  a l i qu id  f i lm w h i c h  covers  t h e  w h o l e  
e l e c t r o d e  su r f a c e  a b o v e  t h e  i n t r i n s i c  men i scus  and  
t h e r e f o r e  ev idence  a g a i n s t  t h e  ex i s t ence  of a " t h r e e -  
p h a s e - b o u n d a r y . "  A t  1.3v the  su r f ace  of  a s u b -  
m e r g e d  e l ec t rode  is c o v e r e d  w i t h  a m o n o l a y e r  of 
a tomic  o x y g e n  (10, 12, 13) .  T h e  c u r r e n t  is s m a l l  
be c a use  the  d i s soc ia t ion  of h y d r o g e n  mo lecu l e s  on 
such  a l a y e r  is h i n d e r e d .  W h e n  r a i s i n g  t h e  e lec t rode ,  
t he  p o t e n t i a l  a t  t he  u p p e r  f i lm edge  dec rea se s  b e -  
cause  of t he  p o t e n t i a l  d r o p  in  m e n i s c u s  and  film. A t  
a c e r t a i n  e l ec t rode  pos i t i on  (0.84 cm in 1N tt2SO4 
and  1.25 cm in 8N H2SO4) the  p o t e n t i a l  a t  t he  u p p e r  
f i lm edge  has  d e c r e a s e d  to such a v a l u e  [ a b o u t  0.7v 
(10) ] t h a t  a r a p i d  e l e c t r o c h e m i c a l  r e d u c t i o n  of t he  
o x y g e n  l a y e r  t a k e s  p lace .  The  c u r r e n t  i nc reases  
s teep ly ,  the  r e a c t i o n  zone is a g a i n  conf ined to a s m a l l  
r e g i o n  close to t he  m e n i s c u s  edge,  and  the  e l ec t rode  
pos i t ion ,  ove r  a w i d e  r a n g e  of pos i t ions ,  does  no t  
affect  t h e  l a r g e  o b s e r v e d  cu r ren t s .  F o r  8N H2SO4 
~he s t eep  i nc rea se  of t h e  c u r r e n t  occurs  at  a h i g h e r  
e l e c t r o d e  pos i t i on  be c a use  t he  p o t e n t i a l  d r o p  in t he  
f i lm is sma l l e r .  

I f  t he  d i f fus ion  of h y d r o g e n  a t o m s  a long  an  u n -  
w e t t e d  su r f ace  a b o v e  t h e  men i scus  a c c o r d i n g  to 
J u s t i  et aI. (7)  w o u l d  be  i m p o r t a n t  t h e  p r o n o u n c e d  
effect of t he  ac id  c o n c e n t r a t i o n  could  no t  b e  e x -  
p l a ined .  Also,  if su r f a c e  d i f fus ion  w o u l d  b e  r a t e  con-  
t r o l l i n g  one w o u l d  e x p e c t  t he  c u r r e n t s  to i nc rea se  
a p p r o x i m a t e l y  p r o p o r t i o n a l l y  to t he  su r f a c e  r o u g h -  
ness.  H o w e v e r ,  as one can  see f r o m  Fig.  3, t h e  c u r -  
r en t s  i nc rea se  on ly  b y  a f ac to r  of 1.6 for  an  i n c r e a s e  
of t h e  su r f a c e  r o u g h n e s s  f r o m  10 to 88, a n d  for  
smoo th  p l a t i n u m  c u r r e n t s  a r e  s o m e t i m e s  found  
w h i c h  a r e  a lmos t  as  l a r g e  as  those  for  a n  e l e c t r o d e  
w i th  r.f. 10. 

I f  m o l e c u l a r  d i f fus ion t h r o u g h  a th in  l i qu id  f i lm 
con t ro l s  the  r a t e ,  on the  o t h e r  hand ,  a s m a l l  effect  of 
t he  su r f ace  r o u g h n e s s  on t h e  c u r r e n t s  is expec ted .  A 
th in  f i lm wi l l  p r o b a b l y  a d a p t  s o m e w h a t  to t h e  s u r -  
face  roughness .  D i r ec t  ev idence  for  t h e  i m p o r t a n c e  
of a l i q u i d  film, f ina l ly ,  is t h e  o b s e r v a t i o n  t h a t  t h e  
c u r r e n t  on s m o o t h  p l a t i n u m  dec reases  a t  t h e  s a m e  
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moment  when e lec t ro ly te  is seen to glide down along 
the surface above the meniscus. 

The shape of the cu r ren t -vo l t age  curves shown 
in Fig. 5 can also be ful ly  unders tood on the basis of 
slow molecular  diffusion through a th in  l iquid film. 
The assumpt ion of surface diffusion of atoms as ra te  
control l ing step by Jus t i  et al. (7) calls for the exis t -  
ence of an anodic l imit ing current .  The nonoccur-  
rence of such a current  l imi t  is addi t iona l  evidence 
against  surface diffusion. 

Expe r imen ta l  evidence tha t  ne i ther  the dissocia-  
t ion of H2 nor the  ionization of H are r a t e - con t ro l l -  
ing steps is obta ined  f rom the t empe ra tu r e  depend-  
ence of the currents  at  0.4v as shown in Fig. 6. 

Curve 2 for  a complete ly  immersed  electrode 
shows a ve ry  s imi lar  t empe ra tu r e  dependence  as 
curve 1 which is r ep resen ta t ive  for pa r t l y  immersed  
electrodes.  In  fact, be tween  20 ~ and 40~ both 
curves are  l inear  and have the same slope, cor re-  
sponding to an act ivat ion energy of 0.7 kca l /mo le  
H2. This suggests tha t  the same s low react ion step 
occurs on the complete ly  and on the pa r t i a l ly  im-  
mersed  electrode. The slow step, however ,  de t e rmin -  
ing the current  of the complete ly  immersed  elec-  
t rode  (curve  2) is known (2, 3, 10) to be the diffu- 
sion of molecular  hydrogen  through the electrolyte.  
This is in favor  of react ion paths  a and b in Fig. 7a 
and suggests tha t  the diffusion of molecular  hyd ro -  
gen th rough  the meniscus and the l iquid film is the 
r a t e -con t ro l l ing  step. 

Correct ing for the t empe ra tu r e  dependence  of the 
solubi l i ty  of hydrogen  in the electrolyte ,  a va lue  of 
1.25 kca l /mo le  He for the  act ivat ion energy of H2- 
diffusion is obtained.  A va lue  for H2-diffusion in 
wa te r  was calcula ted f rom publ i shed  data  (14, 15) 
as 1.95 k c a l / m o l e  H2. 

Curves 3 and 4 in Fig. 6 which were  obta ined us-  
ing H2-diffusion measurements  f rom Bre i te r  and 
Hoffmann (11) on ro ta t ing  p la t inum electrodes also 
compare  favorab ly  wi th  curves 1 and 2. These au-  
thors, however ,  do not give values  for the  act ivat ion 
energy.  

The small  act ivat ion energies ment ioned above 
make it un l ike ly  tha t  the  dissociation of H2 or the 
ionization of H are ra te -con t ro l l ing  steps. 

Conclusions 
The descr ibed exper iments  suggest  the fol lowing 

model  for the  ionization of molecular  hydrogen  on 
pa r t ly  immersed  p l a t inum electrodes:  

1. The e lect rode surface above the intr insic  elec-  
t ro ly te  meniscus is covered wi th  a th in  e lec t ro ly te  
film of a thickness comparable  to or smal ler  than  the 
surface roughness.  Essent ia l ly  the  whole e lectrode 
surface is therefore  wet ted  wi th  e lectrolyte ;  there  is 
no " th ree -phase  boundary ."  

2. The e lect rochemical  oxidat ion of hydrogen  
takes place almost  exclus ively  in a na r row region of 
the  electrode at  the  uppe r  edge of the  meniscus and 
the adjacent  film close to it; the cur ren t  dens i ty  
there  is compara t ive ly  high. 

3. The react ion mechanism consists of the  diffu- 
sion of molecular  hydrogen  through  the upper  edge 

of the meniscus and the ad jacent  film, fol lowed by 
dissociat ion and ionizat ion at  this  na r row  region of 
the electrode surface. The diffusion of molecular  hy -  
drogen is the ra te -con t ro l l ing  step, a l though ioniza-  
t ion h indrance  could be an addi t ional  factor  at  po-  
tent ia ls  close to zero. 

4. The migra t ion  of the  hydrogen  ions causes a 
large  ohmic vol tage  drop in film and meniscus along 
the electrode surface.  This vol tage  drop is responsi -  
ble for the fact  t ha t  the reac t ion  zone is l imi ted  to a 
na r row region at the meniscus edge. 

5. Diffusion of hydrogen  atoms along the elec-  
t rode surface as assumed and t rea ted  theore t ica l ly  
by  Jus t i  et aI. (7) is not a de te rmining  factor. 

6. Diffusion of hydrogen  molecules through the 
bu lk  of the e lec t ro ly te  presents  a ve ry  small  and 
measurab le  contr ibut ion  to the  ove r -a l l  current .  

The above conclusions can be appl ied  to hydrogen 
ionizat ion on other  p l a t inum group metals.  On me t -  
als o ther  than  those, however ,  slow dissociat ion and 
slow ionizat ion can p lay  an essential  role. In the  
process of e lect rochemical  reduct ion of oxygen, act i -  
vat ion polar iza t ion  will ,  as usual,  occur at low cur-  
ren t  densit ies,  but  at  h igher  cur ren t  densities,  the 
model  as developed above, should apply.  Taking 
these res t r ic t ions  into account, the proposed mech-  
anism should genera l ly  be encountered  in gas diffu- 
sion electrodes.  

Manuscript received May 16, 1962; revised manu- 
script received Oct. 1, 1962. This paper was prepared 
for del ivery before the Los Angeles Meeting, May 6- 
10, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1963 
JOURNAL. 
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ABSTRACT 

The mechanism of the anodic oxidation of molecular  hydrogen on par t ia l ly  
immersed p la t inum electrodes in acidic solutions, serving as an idealized model 
for a gas diffusion electrode, has been t reated theoretically. The mechanism, 
which earlier experiments  had suggested, consists of the slow diffusion of 
molecular  hydrogen through the upper  edge of the electrolyte meniscus and a 
th in  l iquid film covering the electrode surface above the intr insic meniscus. On 
the basis of this model, the re la t ionship I ~ KI[Ea--K~(1--e--K3Ea)] 1/2 be-  
tween current  and applied potent ial  is derived which agrees with exper imenta l  
data over a potent ial  range  from zero to 1.By. The relat ive contr ibut ions of 
meniscus and film to the total  cur rent  are calculated. The react ion takes place 
main ly  at a few tenths  of a mil l imeter  length  of the electrode close to the 
upper  meniscus edge. The t rue cur ren t  densi ty at this nar row band  and the 
thickness of the l iquid film are calculated. The surface diffusion of hydrogen 
atoms as ra te -de te rmin ing  t ranspor t  mechanism has also been treated, and it is 
shown that  the results of this t rea tment  are not in  agreement  wi th  the experi-  
menta l  data. 

The  purpose  of the  fo l lowing theore t ica l  account  is 
to c o n t r i b u t e  to the  u n d e r s t a n d i n g  of the  w o r k i n g  
m e c h a n i s m  of gas diffusion electrodes.  So far, there  
is on ly  one k n o w n  example  for a theore t ica l  t r e a t -  
m e n t  of this  p rob l em:  Just i ,  P i l k u h n ,  Scheibe,  and  
Winse l  (1) t r ea ted  slow dissociat ion of h y d r o g e n  
molecules  and  slow surface  diffusion of h y d r o g e n  
a toms in  special  cases for  an  ideal ized model  of a 
s ingle  s t ra igh t  pore. They  could no t  find an  agree-  
m e n t  b e t w e e n  the  resul t s  of this  t r e a t m e n t  and  ex-  
p e r i m e n t s  p e r f o r m e d  w i t h  the i r  h i g h - d r a i n  h y d r o -  
gen  di f fus ion electrodes.  

The  case of slow ion iza t ion  or d ischarge  has  b e e n  
s tudied  by  K s e n z h e k  and  S tende r  (2) for a sys tem 
no t  i n v o l v i n g  gas - l i qu id  in te r faces  and  gas t r an spo r t  
p h e n o m e n a  [ compare  also (3 ) ] .  These  au thors  cal-  
cu la ted  the  c u r r e n t  and  po ten t i a l  d i s t r i bu t ion  ins ide  
of pores which  are  comple te ly  filled wi th  e lec t ro-  
lytes.  A comprehens ive  theore t ica l  t r e a t m e n t  of 
d ischarge  h i n d r a n c e  was  also g iven  mos t  r ecen t l y  
by  Winse l  (4) .  

A p reced ing  e x p e r i m e n t a l  s tudy  (5) was  con-  
ce rned  wi th  the  e lec t rochemica l  ox ida t ion  of h y d r o -  
gen on  pa r t i a l l y  i m m e r s e d  p l a t i n u m - t u b e  electrodes 
in  su l fur ic  acid solut ions.  The  fo rma t ion  of the  elec-  
t ro ly te  men i scus  and  of any  l iqu id  f i lm above  the 
in t r ins ic  men i scus  at  such electrodes is in  gene ra l  
the  same as tha t  ins ide  of a s ingle  s t ra igh t  pore  of a 
gas diffusion electrode.  The e lec t rochemica l  sys tem 
chosen he re  can be cons idered  as an  " inverse  pore"  
and  can thus,  for the  purpose  of t r e a t i n g  reac t ion  
mechan i sms ,  serve as an  ideal ized mode l  for a h y -  
d rogen  gas diffusion electrode.  

The q u a l i t a t i v e  i n t e r p r e t a t i o n  of the  e x p e r i m e n t a l  
resul ts  (5) suggested  t h a t  the  r a t e - d e t e r m i n i n g  step 

of the  o v e r - a l l  r eac t ion  oH2gas-->2oH+bulk+2e- 
consists of the  diffusion of mo lecu l a r  h y d r o g e n  
t h r ough  the  u p p e r  edge of the  e lec t ro ly te  men i scus  
and  a t h in  l iqu id  fi lm cover ing  the  e lec t rode  surface  
above the  in t r in s i c  meniscus .  The  m i g r a t i o n  of the  
h y d r o g e n  ions s u b s e q u e n t  to dissociat ion a nd  ioniza-  
t ion  of the h y d r o g e n  causes an  ohmic  vo l tage  drop in  
film and  meniscus  pa ra l l e l  to the  e lect rode surface.  

For  e lec t rochemica l  sys tems other  t h a n  the  p l a t i -  
n u m - h y d r o g e n  system,  h i n d r a n c e  of the  dissociat ion 
or ion iza t ion  step m a y  occur a n d  cause the  c u r r e n t s  
to be  sma l l e r  for a g iven  po la r iza t ion  t h a n  in  the  
case of slow diffusion a lone  wh ich  wi l l  be  t r ea t ed  

below.  
A q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  the  resu l t s  of 

a theore t ica l  t r e a t m e n t  of this  concept  a nd  the  ex-  
p e r i m e n t a l  resu l t s  w ou l d  be a s t rong  suppor t  for the  
correctness  of the  concept,  whi le  a successful  t r e a t -  
m e n t  of the  sur face  diffusion concept  w ou l d  possibly  
e l i m i na t e  surface  diffusion as a d e t e r m i n i n g  t r a n s -  
por t  mechan i sm.  Such  a t r e a t m e n t  wou ld  f u r t h e r -  
more  answer  the  fo l lowing  ques t ions  which  could 
no t  be  resolved on the  basis  of the  e x p e r i m e n t s  
a lone:  W h a t  are  the  r e l a t ive  con t r ibu t ions  of the  
men i scus  and  the  film to the  to ta l  cu r r en t ;  wha t  is 
the  l eng th  of the  reac t ion  zone a nd  the  th ickness  
of the  l iqu id  f i lm; w h a t  is the  t rue  c u r r e n t  dens i ty ;  
and  finally,  w h a t  can  sur face  diffusion of hyd rogen  
atoms con t r i bu t e  to the  to ta l  c u r r e n t ?  

General Differential Equation for Potential in 
Film and Meniscus 

F i g u r e  1 shows schemat ica l ly  the  p l a t i n u m  t u b e  
e lect rode ( l eng th  L = / 1  -P 12, d i ame te r  2r) ,  the  m e -  
n iscus  [he ight  h, th ickness  8 ( x ) ,  m a x i m u m  th i ck -  
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ness  for  x = 0: 80, m i n i m u m  t h i c k n e s s  fo r  x = h: 8h] 
and  the  f i lm ( l e n g t h  H-h,  t h i cknes s  8u). The  e m e r g -  
ing  l e n g t h  of t he  e l ec t rode  is ll, t h e  i m m e r s i o n  d e p t h  
--12. The  c o o r d i n a t e  o r ig in  has,  for  conven ience ,  
been  sh i f t ed  f rom the  c y l i n d e r  ax is  in to  t he  e lec -  
t r o d e  sur face .  

Each  in f in i t e s ima l  l e n g t h  e l e m e n t  dx  of t he  e l ec -  
t r o d e  c o n t r i b u t e s  t he  c u r r e n t  

dI = --2~r i dx  [ l a ]  

to t he  t o t a l  e l e c t r o d e  c u r r e n t  It, w h e r e  i = $(E, x )  is 
t he  loca l  c u r r e n t  d e n s i t y  w h i c h  is a func t ion  of t he  
loca l  e l ec t rode  p o t e n t i a l  E ( x ) .  One can  r e w r i t e  Eq. 
[ l a ]  as  

d j / d x  = --i [ l b ]  

if one i n t r o d u c e s  the  c u r r e n t  p e r  un i t  c i r c u m f e r e n c e  
of the  e l e c t r o d e  

j = I/2~rr = J(E,  x )  [2]  

Each  l e n g t h  e l e m e n t  dx  of men i scus  and  f i lm adds  
t he  i n c r e m e n t  dR to t h e  t o t a l  r e s i s t ance  Rt, and  the  
c u r r e n t  I causes  an  ohmic  d rop  in t he  p o t e n t i a l  p a r -  
a l l e l  to t h e  e l e c t r o d e  su r f ace  of 

dE = --I dR  : - - Ipdx  / 2~rr8 ( x ) [3]  

I t  is a s s u m e d  tha t  t he  r e s i s t i v i t y  p of t h e  e l e c t r o l y t e  
is c o n s t a n t  in  t he  m e n i s c u s  and  in  t he  f i lm w h i c h  
m e a n s  t h a t  t h e  l i m i t i n g  d i f fus ion  c u r r e n t  of t he  h y -  
d r o g e n  ions m u s t  be  l a r g e  c o m p a r e d  to t he  a c t u a l  
e l ec t rode  cur ren t .  I t  is f u r t h e r  a s s u m e d  t h a t  for  
x > O a n y  p o t e n t i a l  g r a d i e n t  p e r p e n d i c u l a r  to t he  
e l ec t rode  su r f ace  can  be  n e g l e c t e d  c o m p a r e d  to t he  
p o t e n t i a l  g r a d i e n t  p a r a l l e l  to t he  sur face .  

W h e n  s u b s t i t u t i n g  Eq. 3 in Eq. 2, one  ob ta in s  

j = _ p - l ~  ( x )  d E / d x  [4]  

W h e n  Eq. [4]  is d i f f e r e n t i a t e d  and  s u b s t i t u t e d  in  Eq. 
[ l b ] ,  one  ge ts  t he  second  o r d e r  d i f f e r en t i a l  e q u a t i o n  

8 ( x )  d2E/dx  2 -~ [ d$ ( x ) / d x  ] d E / d x  

= pi = pf(E,  x )  [5]  

In  o r d e r  to i n t e g r a t e  th i s  d i f f e r en t i a l  equa t ion ,  t he  
t h i cknes s  8 as a func t ion  of x and  the  loca l  c u r r e n t  
d e n s i t y  i as  a func t ion  of E and  x m u s t  be  known .  
D e p e n d i n g  on the  c o m p l e x i t y  of  t he se  func t ions ,  an  
a n a l y t i c a l  i n t e g r a t i o n  m a y  or  m a y  no t  be  poss ib le .  

A m a t h e m a t i c a l  e x p r e s s i o n  d e s c r i b i n g  the  shape  
of a m e n i s c u s  is k n o w n  (6) ,  b u t  in  a c a r t e s i a n  co-  
o r d i n a t e s  th is  e x p r e s s i o n  becomes  f a r  too c o m p l i -  
ca t ed  in  o r d e r  to b e  p rac t i ca l .  A good  a p p r o x i m a -  
t ion  of t he  a c t u a l  men i scus  [ c o m p a r e  Fig.  1 ( 5 ) ]  
can  be  o b t a i n e d  w i t h  t he  p a r a b o l a  

~(x )  = ~ o ( 1 - - x / h ) 2 + S h  for  O ~ x ~ - - h  [6a]  

w i t h  8o = 0.253 cm and  h = 0.275 cm, a n d  the  l i qu id  
f i lm of t h i cknes s  8h a b o v e  the  m e n i s c u s  is d e s c r i b e d  
b y  

8 ( x )  = 8 ~  for  h ~ x ~ H ~ l l  [6b]  

Dif fusion of Hydrogen M o l e c u l e s  R a t e - L i m i t i n g  

I t  is a s s u m e d  t h a t  t he  r a t e  of d i f fus ion of h y d r o -  
gen  molecu le s  t h r o u g h  the  e l e c t r o l y t e  in  men i scus  
and  f i lm d e t e r m i n e s  t he  cu r ren t .  W i t h  N e r n s t ' s  
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Fig. 1. Schematical drawing of the platinum tube electrode 
(length I1 -]- 12, diameter 20,  the meniscus (height h, thickness 
8(x))  and the film (length H - -  h, thickness 8h); x ~ length 
counted from bulk level. 

e q u a t i o n  and  F i c k ' s  d i f fus ion l a w  the  loca l  c u r r e n t  
d e n s i t y  i t hen  becomes  

w h e r e  

and  

i = kod$-l (X)  (1 - -  e - 2 ~ )  

koa ~ 2ocFD 

[7] 

[7a] 

r = F / R T  [7b]  

The  di f fus ion coefficient  D of t he  h y d r o g e n  in t he  
e l e c t r o l y t e  is a s s u m e d  to be  i n d e p e n d e n t  of x;  oC is 
t he  e q u i l i b r i u m  c o n c e n t r a t i o n  of h y d r o g e n  in t he  
b u l k  e l ec t ro ly t e .  

I f  one subs t i t u t e s  [6a]  and  [7]  in  [5] ,  a c o m p l i -  
ca t ed  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n  r e s u l t s  w h i c h  
canno t  be  so lved  a n a l y t i c a l l y .  Two  l i m i t i n g  cases  
wi l l  be  d i scussed  as fo l lows  in  w h i c h  an  i n t e g r a t i o n  
is poss ib le :  

1. The  ex i s t ence  of t he  m e n i s c u s  is d i s r e g a r d e d ,  
t he  f i lm fo rms  a r i g h t  ang le  b o u n d a r y  w i t h  t he  b u l k  
e l e c t r o l y t e  at  x = h (Fig .  1).  

2. Meniscus  a n d  f i lm a r e  t a k e n  in to  accoun t ;  h o w -  
ever ,  t he  a p p l i e d  p o t e n t i a l s  or  t o t a l  p o l a r i z a t i o n s  a r e  
c o m p a r a t i v e l y  l a r g e  (Ea > 0.1v) .  

Case 1. F i lm forms  a r igh t -angle  boundary  w i t h  
the  bu lk  electrolyte.---Hence,  t he  i n t e g r a t i o n  has  
on ly  to be  p e r f o r m e d  over  the  f i lm w i t h  i ts  cons t an t  
t h i cknes s  8h f r o m  x = h  to x = H .  W i t h  [6b ]  and  
[7]  d i f f e r en t i a l  Eq. [5]  s impl i f ies  to 

d2E/dx  2 = pkod$h - 2 (1 - -  e -2~E) [8]  

W i t h  Ea as t he  a p p l i e d  p o t e n t i a l  (or  t he  t o t a l  p o l a r -  
i za t ion)  t he  b o u n d a r y  cond i t ions  a r e  

E = E a f o r x = h  [9]  

d E / d x o c j = O  for  x = H  [10] 

S ince  the  v a r i a b l e  x does  no t  occur  e x p l i c i t l y  in  [8] ,  
t he  f irst  i n t e g r a t i o n  can r e a d i l y  be  p e r f o r m e d  and  
g ives  

1 1 e_2q~E ) _KI  ] 1/s d E / d x  = -- [ 2pkodSh-2 ( E A- -~  ~ -  

[ 1 1 ]  

w h e r e  K1 is an  i n t e g r a t i o n  cons tan t .  

Curren t  and potent ia l  dis tr ibut ion in f i lm and cur-  
ren t -po ten t ia l  relat ion for small  po t en t i a l s . - -An  
e x a c t  second  i n t e g r a t i o n  of [11]  is no t  poss ib le .  
H o w e v e r ,  for  s m a l l  v a l u e s  of E an  a p p r o x i m a t e  so lu-  
t ion  of [11]  can  be  g iven  b y  a p p r o x i m a t i n g  the  e x -  
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p o n e n t i a l  t e r m  in  [11] w i th  the  p a r a b o l a  1 - -  2~E + 
2 a ~ E  2. For  a ~- 0.785 the  pa rabo l a  devia tes  by  less 
t h a n  1.5% f rom the  e x p o n e n t i a l  t e r m  for p o t e n -  
t ia ls  0--~ E ~ 0.01v and  is somewha t  be t t e r  t h a n  the  
u sua l  M a c L a u r i n  a p p r o x i m a t i o n  w i th  a = 1. One  ob-  
ta ins  for the  po ten t i a l  E and  f rom [4] for the  c u r r e n t  
per  u n i t  c i r cumfe rence  j as a f unc t i on  of the v a r i -  
able  x for appl ied  po ten t i a l s  0 --~ Ea ~ 0.01v 

cash [2~cl/2p 1/2 (H - -  x ) / 3 u ]  
E = Ea [12] 

cash [ 2~rcl/2p 1/2 (H - -  h) /Sh]  

s inh  [2crcl/2p 1/2 (H - -  X)/$u] 
j = 2~cl/2p-1/2Ea [13] 

cash [2o'cl/2p 1/2 (H - -  h ) /3u]  

The a b b r e v i a t i o n  ~c = aocFeD/RT has the  d im e ns i on  
ohm -1 c m - L  For  x---- h ( lower  f i lm edge) one ob-  
t a ins  E = E ~  f rom [12] and  for x = H  ( u p p e r  film 
edge)  j = 0 f rom [13].  The  b o u n d a r y  condi t ions  [9] 
and  [10] are the re fore  fulfilled. The  res idua l  p o t e n -  
t ia l  EH at  the  uppe r  film edge is ob ta ined  f rom [12] 
wi th  x = H 

EH = Ea/cosh  [2o-cll~pl/~(H - h ) /Su]  [14] 

and  the  to ta l  e lect rode c u r r e n t  jt as a f unc t i on  of the 
appl ied  po ten t i a l  E,  _--__ 0.01v f rom [13] w i th  x ---- h 

Jt = 2(rcl/2p-1/2Ea t a n h  [2O-ci/2p 1/2 ( H -  h)/(~h] [15] 

For  H - -  h > >  Sh, the  t a n h  in  [15] t ends  t o w a r d  one 
and  Jt assumes  its m a x i m u m  va lue  

Jt opt = 2 o ' c l / 2 p - 1 / 2 E a  [16] 

W h e n  s u b s t i t u t i n g  [16] in  [15] one can wr i t e  the  
tota l  c u r r e n t  as 

Jt/Jt opt ---- t a n h  [2(rcl/2p 1/~ ( H - -  h) /~h]  [15a] 

Wi th  ( H - -  h) /~h  > 180 and  E/Ea > 0.01, one can  ap -  
p rox ima te  the  hyperbo l i c  func t ions  in  [12] and  [13] 
wi th  one and  the  same exponen t i a l  f u n c t i o n  

E/Ea ~ J / j t  opt ~ exp [2(rcl/2p 1/2 ( h  - -  x) / /Su]  [17] 

which  resu l t s  in  an  e r ro r  of less t h a n  1%. 
The  e x p o n e n t i a l  decay of the  po ten t i a l  and  of the  

c u r r e n t  in  the  film pa ra l l e l  to the  surface  according  
to [12] and  [13] or [17] is shown in  Fig. 2 for  
th ree  d i f ferent  film th icknesses  ~u and  8N HeSO~ at 
25~ For  the  cons tan t s  D, oc, and  p pub l i shed  da ta  

H~I.O[ 

~ 0'8 f 
~ 0.6 

0.4L- ~ 
- 

0 O. 2 0.4 0.6 1.0 
E/E a and J/it opt 

Fig. 2. Decay of the potential E and the current i in the film in 
relative units of the applied potential Ea and the optimum total 
current jr opt for different film thicknesses 5h for 8N H2SO4 at 
25"C. 

0.2 

I I I I l 
2o 5o Ioo 15o zoo 
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Fig. 3. Total current it (in units of j~ opt) as a function of the 
ratio of film length and film thickness for 8N H2SO4 at 25~ Curve 
calculated from [15a]; points are experimental values. 

(7-9)  were  used  a nd  ex t rapola ted ,  w he r e  necessary.  
For  1N H2SO4, D = 3 . 1 .  10 -5 cm2/sec, oc = 7.67.  
10 -~ mole  H2/cm 3 (at  PH2 + PH2O ~ 1 a t m ) ,  p = 4.65 
o h m - c m ;  for 8N H2SO4, D = 2 . 2 .  10 '~ ,  o c ~ 7 . 1 7  �9 
10 -~, and  p = 1.21 were  employed.  The  film th i ck -  
nesses  0.5, 1, a nd  2~ are  close to the  ac tua l ly  ex -  
pec ted  (5) th ickness  of abou t  1~. The po ten t i a l  de-  
cays to 1% of the  appl ied  po ten t i a l  Ea over  a fi lm 
l eng th  of a few t en ths  of a mi l l ime te r .  The  par ts  of 
the  fi lm above this  l eng th  are  essen t ia l ly  at  zero 
po ten t i a l  and  con t r i bu t e  less t h a n  1% to the  to ta l  
c u r r e n t  jt  opt. The  po ten t i a l  EH at the  uppe r  film edge 
according  to [14] is on ly  3 x 10 -~ Ea. For  acid con-  
cen t ra t ions  smal le r  t h a n  8N, curves  ana logous  to 
those in  Fig.  2 a re  ob ta ined  f r o m  [17].  However ,  the  
increase  of the  res i s t iv i ty  a nd  of the  diffusion co- 
efficient ( e n t e r i n g  in to  zr causes a s teeper  e x p o n e n -  
t ia l  decay t h a n  for 8N H2SO4. 

E q u a t i o n  [15a] descr ibes  how the  to ta l  c u r r e n t  
depends  on the  fi lm l eng th  a nd  the  film thickness .  
In  Fig. 3, Jt/Jt opt is p lo t ted  aga ins t  the  ra t io  (H --  h) / 
3u of fi lm l eng th  a nd  fi lm th ickness  for 8N H2SO4 
at  25~ For  H -  h ---- 180~h, the  tota l  c u r r e n t  jt dev i -  
ates b y  less t h a n  1% f rom the  m a x i m u m  va l ue  Jt opt 
and  approaches  jr opt e x p o n e n t i a l l y  for H - - h >  
180~h. For  a fixed fi lm thickness ,  Fig. 3 shows how 
the  c u r r e n t  var ies  w i th  the  f i lm l eng th  according  to 
[15a].  As e x p e r i m e n t a l  check for the  theore t i ca l  
curve,  the uppe r  pa r t  of the  plot  of the  e x p e r i m e n t a l  
c u r r e n t  aga ins t  the  e lect rode posi t ion for 8N H2SO4 
a nd  Ea = 0.4v [ ( 5 ) ,  Fig.  2] was  used. The  par t s  of 
the  film close to the  u p p e r  film edge mee t  the  condi -  
t ion  E < 0.01v for  which  [15a] can be applied.  F ig -  
u r e  3 shows tha t  the  e x p e r i m e n t a l  po in ts  agree wel l  
wi th  the  theore t ica l  curve.  The  curves  were  fitted 
a s suming  a f i lm th ickness  of 1.5t~; o ther  va lues  of 8~, 
did no t  fit the  curves,  and  1.5~ can there fore  be con-  
s idered as a s e m i - e m p i r i c a l  va l ue  for the  film th ick-  
ness. 

For  film leng ths  H - - h >  180~ = 0.27 mm,  the 
to ta l  c u r r e n t  Jt is a p p r o x i m a t e l y  equa l  to Jt opt and  
f rom [16] should  depend  l i n e a r l y  on the  appl ied  po-  
t en t i a l  in  the  r a nge  O _--< Ea ~ 0.01v. A n  e x p e r i m e n t a l  
check of [16] can  read i ly  be per formed.  

F i g u r e  4 shows two curves  which  w e r e  ca lcu la ted  
f rom [16] for 1N a nd  for  8N H2SO4. The  exper i -  
m e n t a l  curves  w e r e  ob ta ined  wi th  a sandb las t ed  
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Fig. 4. Optimum total current j t  opt as a function of the applied 
potential Ea for 8N and 1N HAS04 at electrode position h 
1.1 cm. Heavy lines, theoretical curves; points are experimental 
values. 

p l a t i n u m  e l ec t rode  w i t h  a r o u g h n e s s  fac to r  of 10 for  
an  e l ec t rode  pos i t i on  ll = 1.1 c m  ( c o m p a r e  Fig .  1).  
F o r  th is  pos i t ion ,  t h e  u n d e s i r e d  c o n t r i b u t i o n  to t he  
c u r r e n t  of He-d i f fus ion  t h r o u g h  the  b u l k  e l e c t r o l y t e  
is neg l i g ib l e  and  the  cond i t ion  ( H - - h ) >  180~  is 
met .  B o t h  e x p e r i m e n t a l  cu rves  show the  r e q u i r e d  
l i n e a r i t y  for  sma l l  po ten t i a l s ,  b u t  b e g i n  to d e v i a t e  
a b o v e  8 my .  The  q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  
e x p e r i m e n t  a n d  t h e o r y  is v e r y  good for  8N H2SO4. 
F o r  1N HeSO4, t he  e x p e r i m e n t a l  c u r r e n t s  a r e  some 
30% l a r g e r  t h a n  the  c a l c u l a t e d  ones.  This  can  be  
u n d e r s t o o d  if one a s sumes  t h a t  t he  s m a l l e r  d i f fus ion 
r a t e  of h y d r o g e n  ions  in  t he  less  c o n c e n t r a t e d  e lec -  
t r o l y t e  s t a r t s  to be  c o m p a r a b l e  w i t h  t he  o v e r - a l l  
r e a c t i o n  ra te .  As  a consequence  of this ,  t he  concen -  
t r a t i o n  of t h e  e l e c t r o l y t e  in  t h e  f i lm inc reases  ove r  
t he  c o n c e n t r a t i o n  in t h e  bu lk .  S ince  t h e  s i m u l t a n e -  
ous  d e c r e a s e  of t h e  r e s i s t i v i t y  o u t w e i g h s  t he  d e -  
c rease  of t he  d i f fus ion coefficient,  t h e  c u r r e n t  i n -  
c reases  acco rd ing  to [16] .  Such  an  i nc rea se  of t h e  
c u r r e n t  was  o b s e r v e d  e x p e r i m e n t a l l y  for  l a r g e r  
a p p l i e d  p o t e n t i a l s  a n d  w i l l  be  d i scussed  l a t e r .  
Current-potential relation over whole potential 
range.---At p o t e n t i a l s  Ea a b o v e  0.01v, t he  e x p e r i -  
m e n t a l  cu rves  d e v i a t e  m o r e  and  m o r e  f r o m  the  ca l -  
c u l a t e d  curves .  This  is to be  e x p e c t e d  because  [15] 
and  [16] a r e  on ly  a p p r o x i m a t e  so lu t ions  of d i f f e r -  
e n t i a l  Eq. [11]  fo r  E ~ - - 0 . 0 1 v .  The  c u r r e n t  as  a 
func t ion  of t h e  p o t e n t i a l  ove r  a w i d e r  r a n g e  w o u l d  
be  g iven  b y  [11] b e c a u s e  of j = -  p-l~h dE/dx ,  if 
t h e  i n t e g r a t i o n  cons t an t  K1 in [11]  w o u l d  be  known .  
W i t h  d E / d x =  0 for  x =  H ( b o u n d a r y  cond i t ion  
[ 1 0 ] )  a n d  E = E H  for  x = H ,  t h e  cons t an t  K1 b e -  
comes  

K1 = 2pkodSh -2  ( E H  
1 

-5 --2 ~p- 1 e-2*EH l \ 

A c c o r d i n g  to Fig.  2 t he  p o t e n t i a l  E decays  s t e e p ly  
a long  the  l i qu id  f i lm and  f r o m  [14] EH is v a n i s h -  
i n g l y  s m a l l  fo r  E~ --~ 0.01v. F o r  l a r g e r  a p p l i e d  p o t e n -  
t i a l s  Ca, t he  p o t e n t i a l  E m i g h t  not  d e c a y  as s t eep ly ,  
and  EH m i g h t  t h e r e f o r e  be  s o m e w h a t  l a r g e r  than ,  
for  ins tance ,  t h e  3 x 10-~v  c a l c u l a t e d  f rom [14] for  
( H - - h )  = 0.1 cm a n d  E~--- - lv .  Neve r the l e s s ,  one 

can  e x p e c t  t h a t  for  suf f ic ient ly  l a r g e  f i lm l eng th s  
t h e  p o t e n t i a l  EH a t  t h e  u p p e r  f i lm edge  is c lose to 
zero  p o t e n t i a l  a n d  t h a t  one  can  w r i t e  K1 a p p r o x i -  
m a t e l y  as K1----pkoa~u-24, -z. The  t o t a l  c u r r e n t  Jt is 
o b t a i n e d  w h e n  one s u b s t i t u t e s  [11]  w i t h  E = Ea 
in  [4]  

Jt : 2(ocFD/p)  1/2 [ C a - - ( 1 - -  e-2~Ea)/2?P] 1/2 [18] 

F o r  s m a l l  v a l u e s  of t h e  a p p l i e d  p o t e n t i a l  Ea one can  
a g a i n  a p p r o x i m a t e  t h e  e x p o n e n t i a l  t e r m  w i t h  t he  
p a r a b o l a  1 - -  21bE -5 2ar e, and  one can  r e a d i l y  see 
t h a t  in  th is  case  Jt f r o m  [18] becomes  i d e n t i c a l  w i t h  
Jt opt f r o m  [16].  F o r  Ea > 0.05v, t he  e x p o n e n t i a l  t e r m  
can  be n e g l e c t e d  w i t h  an  e r r o r  of less t h a n  2 %, and  
for  Ea > 0.3v, one can  f u r t h e r  s i m p l i f y  [18] and  o b -  
t a in s  

Jt ~ 2(oc FD/p) 1/2 k/Ea [18a]  

The  e r r o r  of  a b o u t  4% for  Ea = 0.3v dec rea se s  w i t h  
i n c r e a s i n g  po ten t i a l s .  

The  l i n e a r  r e l a t i o n s h i p  b e t w e e n  the  e x p e r i m e n t a l  
v a l u e s  of Jt and  Ea a t  smaI1 p o t e n t i a l s  has  a l r e a d y  
been  shown  in  Fig .  4. A c c o r d i n g  to Eq.  [18]  t he  e x -  
p e r i m e n t a l  va lue s  of Jt shou ld  f a l l  on a s t r a i g h t  l ine  
w h e n  p l o t t e d  a g a i n s t  lEa - -  (1 - -  e -2r  1/~. F i g -  
u re  5 shows  two  cu rves  for  1N a n d  8N H2SO4 w h i c h  
w e r e  c a l c u l a t e d  f r o m  [18] and  in t he  s q u a r e  roo t  
p lo t  a r e  s t r a i g h t  l ines  w i t h  a s lope  of 2(oc FD/p) 112. 
The  cons tan t s  D, oC, a n d  p a r e  t h e  s ame  as those  used  
before .  The  e x p e r i m e n t a l  c u r v e  for  8N H2SO4 and  
an  e l ec t rode  pos i t i on  ll ---- 1.1 cm is in good q u a n t i -  
t a t i v e  a g r e e m e n t  w i t h  t he  c a l c u l a t e d  c u r v e  ove r  t he  
en t i r e  r a n g e  of p o t e n t i a l s  f r o m  zero  to 1.8v. The  e x -  
p e r i m e n t a l  v a l u e s  of t he  c u r r e n t  for  1N H2SO4 fa l l  
on a s t r a i g h t  l ine  as  r e q u i r e d ,  b u t  t h e  c u r r e n t s  a r e  
r o u g h l y  30% l a r g e r  t h a n  t h e  c a l c u l a t e d  cu r ren t s .  
The  s a m e  o b s e r v a t i o n  was  m e n t i o n e d  a b o v e  for  p o -  
t e n t i a l s  s m a l l e r  t h a n  0.01v and  was  i n t e r p r e t e d  as 
t he  consequence  of an  i n c r e a s e  of t he  ac id  c oncen -  
t r a t i o n  due  to s low h y d r o g e n  ion diffusion.  I n  f a v o r  
of th is  e x p l a n a t i o n  is t he  f ind ing  t h a t  t h e  c u r r e n t s  
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h a v e  a t e n d e n c y  to i nc rea se  s l i g h t l y  w i t h  t ime .  This  
was  e spec i a l l y  n o t i c e a b l e  a f t e r  t he  e l e c t r o d e  h a d  
been  c o m p l e t e l y  s u b m e r g e d  in  t h e  e l e c t r o l y t e  
s h o r t l y  b e f o r e  t he  c u r r e n t  was  m e a s u r e d  at  l~ = 1.1 
cm. I n  th is  case, the  e l e c t r o l y t e  c o n c e n t r a t i o n  in t he  
f i lm was  s u p p o s e d l y  the  same  as t h a t  in t he  b u l k  
i m m e d i a t e l y  a f t e r  r a i s i ng  the  e l e c t r o d e  to 1.1 cm, 
and  t h e n  the  c o n c e n t r a t i o n  i n c r e a s e d  s lowly .  No 
such effect  was  f o u n d  in 8N H2SO4, a n d  th i s  m i g h t  
i nd i ca t e  t h a t  in  th is  case  t he  d i f fus ion  of the  h y d r o -  
gen  ions  is s t i l l  f as t  enough  to p r e v e n t  a p p r e c i a b l e  
changes  of t he  e l e c t r o l y t e  concen t r a t ion .  

The  c u r r e n t s  a t  a p l a t i n i z e d  p l a t i n u m  e l ec t rode  
w i t h  a roughnes s  f ac to r  of 88 w e r e  f o u n d  l a r g e r  t h a n  
the  c a l c u l a t e d  c u r r e n t s  b y  a f ac to r  of m o r e  t h a n  2 in  
1N H2SO4 and  b y  a f ac to r  of 1.65 in 8N H2SO4. This  
inf luence  of t he  su r f ace  r o u g h n e s s  on the  c u r r e n t s  
can be  e x p l a i n e d  b y  a s s u m i n g  t h a t  t he  t r ue  c i r c u m -  
f e r ence  of t h e  e l ec t rode  is l a r g e r  t h a n  the  g e o m e t r i c  
c i r c u m f e r e n c e  and  t h a t  t he  l i qu id  f i lm cove r ing  t h e  
s u r f a c e  is so th in  t h a t  i t  a d a p t s  t he  shape  of t h e  t r u e  
c i r cumfe rence .  The  a r e a  a v a i l a b l e  for  the  d i f fus ion  
of h y d r o g e n  t h e n  inc reases  w i t h  t he  su r f ace  r o u g h -  
ness.  F u r t h e r m o r e ,  t h e  l a r g e  " i n t e r n a l "  su r f a c e  of 
t he  p l a t i n u m  sponge  is also l i k e l y  to c o n t r i b u t e  
s o m e w h a t  to t he  cu r r en t .  A c c o r d i n g  to a c a l cu l a t i on  
b a s e d  on e l e c t r o n  m i c r o g r a p h s ,  t h e  su r f ace  of t he  
e l e c t r o d e  w i t h  r.f. 88 consis ts  of 10 l a y e r s  of p l a t i -  
n u m  b l a c k  pa r t i c l e s  w i t h  an  a v e r a g e  d i a m e t e r  of 
0.5# [ c o m p a r e  (5)  ].  

I t  is n o t e w o r t h y  t h a t  t he  c u r r e n t  does  not  d e p e n d  
on t h e  f i lm th i ckness  [18] .  H o w e v e r ,  th is  is on ly  t r u e  
as long  as t h e  p o t e n t i a l  a t  the  u p p e r  f i lm edge  t ends  
t o w a r d  zero.  

Case 2. Diffusion of hydrogen molecules through 
film and meniscus for large potentials .--The c o n t r i -  
b u t i o n  to t h e  c u r r e n t  b y  d i f fus ion  of h y d r o g e n  
t h r o u g h  the  men i scus  and  the  p o t e n t i a l  g r a d i e n t  in 
t he  men i scus  wi l l  n o w  be  cons ide r ed  t o g e t h e r  w i t h  
d i f fus ion  t h r o u g h  the  f i lm fo r  t he  spec ia l  case  of 
a p p l i e d  p o t e n t i a l s  E ~ >  O.lv. In  th is  case, an  a p -  
p r o x i m a t e  so lu t ion  of t h e  p r o b l e m  is poss ib le .  

In  t he  fo l lowing  t r e a t m e n t ,  t he  loca l  c u r r e n t  d e n -  
s i ty  i w h i c h  is g iven  b y  [7]  wi l l  be  a s s u m e d  to be  
i n d e p e n d e n t  of t he  loca l  p o t e n t i a l  E ( x ) ;  i w i l l  b e  
cons ide r ed  ~ 0  fo r  a l l  po t en t i a l s  E(x)>= ~-0 and  
e q u a l  to  zero  for  E ( x )  = - - 0  ( s t ep  f u n c t i o n ) .  This  
a p p r o x i m a t i o n  is v e r y  good for  p o t e n t i a l s  E ( x )  > 
0.O5v b e c a u s e  t he  e x p o n e n t i a l  t e r m  in [7]  is t h e n  
m u c h  s m a l l e r  t h a n  u n i t y  ( l i m i t i n g  c u r r e n t  d e n s i t y ) .  
The  e r r o r  w h i c h  a r i ses  for  E ( x ) <  0.05v is t h e  
s m a l l e r  t he  l a r g e r  t he  a p p l i e d  p o t e n t i a l  Ea; in  th i s  
case, mos t  of the  e l e c t r o d e  su r f ace  l ies  a t  p o t e n t i a l s  
E ( x )  > 0.05v s ince  t he  p o t e n t i a l  d e c a y s  e spe c i a l l y  
s t e e p l y  a long  t h e  e l e c t r o d e  su r f ace  for  s m a l l  E ( x )  
( c o m p a r e  Fig .  2 a n d  Eq. [ 1 7 ] ) .  

Current and potential distribution in meniscus and 
film and current-potential relation.--Under t he  
fo rego ing  a s sumpt ion ,  Eq. [7]  s i m p l y  becomes  i = 
koa/8(x) and  w i t h  t h e  exp re s s ion  [6a]  fo r  8 ( x )  and  
w i t h  [ l b ]  one ob t a in s  

d j / d x  ~- --kod/[8o(1 -- x / h )  ~ -}- ~h] [19]  

F o r  x ~ h th i s  e q u a t i o n  desc r ibes  d j / d x  in  t he  m e -  
niscus.  W h e n  s u b s t i t u t i n g  [6b]  i n s t e a d  of [6a ]  one  

ob ta in s  t he  e q u a t i o n  d j / d x  =--koa/8u w h i c h  d e -  
sc r ibes  the  f i lm for  x ~ h. I f  one p o s t u l a t e s  t h a t  t h e  
t e r m  8o(1 - -  x / h )  2 is ze ro  for  x > h, t h e n  [19] can  be  
a p p l i e d  to men i scus  and  film. T h e  first  i n t e g r a t i o n  
of [19]  y i e ld s  t he  c u r r e n t  j p e r  un i t  c i r c u m f e r e n c e  
as a func t ion  of x,  and  t h e  p o t e n t i a l  E as a func t ion  
of x is acco rd ing  to [4]  g iven  b y  E = --p f j d x / 8 ( x ) .  
The  b o u n d a r y  cond i t ions  a r e  

E = E a  for  x = 0  [20a]  

A 
E = 0  for  j = O  w i t h  Ea<=Ea [20b]  

The  pos i t i on  of zero  p o t e n t i a l  d e p e n d s  on the  a p p l i e d  
A 

p o t e n t i a l  E~. F o r  a c e r t a i n  a p p l i e d  p o t e n t i a l  Ea = Ea, 
zero p o t e n t i a l  E = 0 is o b t a i n e d  for  x = H ( u p p e r  
f i lm edge)  and  for  Ea ~ Emo, zero p o t e n t i a l  is o b -  
t a i n e d  for  x = h ( u p p e r  m e n i s c u s  e d g e ) .  

The  i n t e g r a t i o n  of [19]  y i e ld s  t he  c u r r e n t  as a 
f u n c t i o n  of x 

j =  (2kod/p) 1/2 [ T m ( x ) - - T s ( x )  nU~Eaa--~V/Emo] [21] 

w i t h  

Tm (x)  = h (kodp/28oSu) 1/~ 
arc  t a n  [ (8o/8u) 1/2 (1 - -  x / h )  ] [21a]  

Ts(x ) = h(koap/28u2) 1/2 ( x / h - -  1) [21b]  
and  

N/Emo = h(koap/28oSn) ~/2 a rc  t a n  (8o/8u) 112 [21c]  

F o r  t he  d e c a y  of t he  p o t e n t i a l  E p a r a l l e l  to the  e l ec -  
t r o d e  su r f ace  one ob t a in s  

E = [T,~(x)  - -  Tl (x )  + ~/E~ -- ~/E~no] 2 [22]  

E q u a t i o n s  [21] and  [22] are ,  s im i l a r  to [19] ,  com-  
posed  of two  a n a l y t i c a l  func t ions ,  one of t h e m  d e -  
s c r ib ing  j a n d  E in the  m e n i s c u s  (x  <= h)  and  t h e  
o t h e r  func t ion  de sc r i b ing  j and  E in t he  f i lm ( x  >_-- h ) .  
I n  o r d e r  to  a p p l y  [21] a n d  [22] one has  to  set  
Ts(x)  ---- O for  x < h  and  Tin(x) ----- 0 for  x > h .  F o r  
x---- h, w h e r e  8 (x )  is i d e n t i c a l l y  8~ for  men i scus  and  
film, Tin(x) a n d  Ts(x ) a r e  i d e n t i c a l l y  zero as one 
can  r e a d i l y  see f r o m  [21a]  and  [21b] .  

The  c u r r e n t  as a func t ion  of the  p o t e n t i a l  a t  a n y  
po in t  x 

j = (2koa/p) 1/2 ~/E [23]  

is o b t a i n e d  b y  e l i m i n a t i n g  x f r o m  [21] a n d  [22].  
This  m e a n s  t h a t  t he  s ame  s q u a r e  roo t  r e l a t i o n s h i p  
app l i e s  a t  a n y  p o i n t  in m e n i s c u s  and  film; Eq. [23]  
is an  a n a l y t i c a l  f unc t ion  for  a l l  x for  w h i c h  

> 

0__<x=h_<--H.  
< 

In  p a r t i c u l a r ,  for  x ---- O, t h e  p o t e n t i a l  E f r o m  [22] 
equa l s  t he  a p p l i e d  p o t e n t i a l  E~ ( b o u n d a r y  cond i t ion  
[ 2 0 a ] )  and  the  c u r r e n t  j f r o m  [23] be c ome s  

A 
Jt = 2(FDoc/p) 1/2 ~/Ea,  w i t h  Ea ~ E~ [23a]  

This  is the  s a m e  r e l a t i o n s h i p  b e t w e e n  the  t o t a l  c u r -  
r e n t  Jt and  the  a p p l i e d  p o t e n t i a l  Ea w h i c h  was  ob -  
t a i n e d  for  exc lu s ive  d i f fus ion t h r o u g h  t h e  f i lm [18a] .  
F o r  x = h, t he  p o t e n t i a l  a t  t h e  l o w e r  f i lm edge  
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~/EI = ~/Ea - -  "v/E,no [22a]  

and  the  t o t a l  f i lm c u r r e n t  

jy = (2ko4/p) 1/2 ~/Ey [23b]  

a r e  o b t a i n e d  f r o m  [22]  a n d  [23].  The  m a x i m u m  m e -  
A 

niscus  c u r r e n t  j~  fo l lows  d i r e c t l y  f r o m  [23a]  w i t h  
E,~ -~ E~o. 

A 
The  a p p l i e d  p o t e n t i a l  E~----E~ for  w h i c h  the  p o -  

t e n t i a l  E a t  x ---- H v a n i s h e s  is f r o m  [22] 

w h e r e  
1 

EIo = - ~  k o d p ( H -  h)~'/8~ 2 [25]  

A A 
F o r  E~----Ea, t he  l a r g e s t  poss ib le  t o t a l  c u r r e n t  Jt is 

^ 
o b t a i n e d  f r o m  [23a] .  F o r  Ea > Ea, t h e  p o t e n t i a l  E at  
x ---- H wi l l  exceed  zero;  h o w e v e r ,  t he  c u r r e n t  canno t  

^ 
inc rease  a b o v e  Jt b e c a u s e  t he  c u r r e n t  d e n s i t y  i is 
i n d e p e n d e n t  of E ( x )  for  a l l  p o t e n t i a l s  E ( x )  > +0 
acco rd ing  to t he  o r ig ina l  a s sumpt ion .  Once  the  w h o l e  
e l e c t r o d e  su r f ace  is a t  p o t e n t i a l s  E ( x ) >  + 0 t he  

^ 
c u r r e n t  has  t h e r e f o r e  r e a c h e d  i ts  o p t i m u m  v a l u e  jr. 
In  p rac t i ce ,  th i s  s i t ua t i on  shou ld  a r i se  w h e n  the  p o -  
t e n t i a l  for  x - - - -H  has  r e a c h e d  v a l u e s  l a r g e r  t h a n  
abou t  0.05v. I t  has  been  o b s e r v e d  e x p e r i m e n t a l l y  
[ c o m p a r e  Fig .  5 ( 5 ) ]  t h a t  t he  c u r r e n t  for  l ow  e lec -  
t rode  pos i t ions  i n d e e d  r eaches  such a m a x i m u m  
w h i l e  a m a x i m u m  does  no t  occur  a t  h i g h e r  e l ec t rode  
pos i t ions ,  w h e r e  a n o t h e r  e l e c t r o d e  p rocess  ( o x y g e n  
evo lu t i on )  sets  in b e f o r e  t he  m a x i m u m  can occur .  

The  c u r r e n t  j and  the  p o t e n t i a l  E as  a func t ion  of 
x acco rd ing  to [21]  a n d  [22] a r e  s h o w n  in Fig .  6 
for  8h = 1~ and  a p p l i e d  p o t e n t i a l s  E~ of 0.1 and  0.4v 
in 1N a n d  in 8N H2SO4. One can  see t h a t  H2-d i f -  
fus ion  t h r o u g h  the  l o w e r  p a r t  of t he  men i scus  f r o m  
x ---- 0 to x = 2.5 m m  c o n t r i b u t e s  less  t h a n  3% to 
the  t o t a l  c u r r e n t  Jt and  t h a t  t he  m a i n  c o n t r i b u t i o n  
comes  f r o m  the  u p p e r  0.2 m m  of t h e  men i scus  a n d  
s e v e r a l  t e n t h s  of a m i l l i m e t e r  of t he  l i qu id  film. 
W h a t  t he  r e l a t i v e  c o n t r i b u t i o n s  of  t he  men i scus  a n d  
the  f i lm a re  d e p e n d s  on the  a p p l i e d  po ten t i a l ,  ac id  
concen t r a t ion ,  and  f i lm th ickness .  F o r  a g iven  con-  
c e n t r a t i o n  and  f i lm th ickness ,  t h e  c o n t r i b u t i o n  of 
t he  men i scus  to t he  c u r r e n t  d e p e n d s  on the  a p p l i e d  
p o t e n t i a l  for  Ea < Emo on ly ;  for  Ea = Emo, the  men i scus  

A 
c o n t r i b u t e s  a m a x i m u m  c u r r e n t  jm w h i c h  is no t  e x -  
ceeded  fo r  E~ > Emo. T a b l e  I g ives  v a l u e s  for  Emo a n d  
A 
j,~ w h i c h  w e r e  c a l c u l a t e d  f r o m  [21c]  and  [23].  
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Fig. 6. Decay of the potential E end the current j in film and 
meniscus for 8N H2SO4 at Ea ~ 0.1 and 0.4 v and for I N  H2SO4 
at Ee ~ 0.4v. 

A 
As one w o u l d  expec t ,  Emo and  jm i n c r e a s e  w i t h  d e -  
c r ea s ing  f i lm th ickness .  W i t h  d e c r e a s i n g  c o n c e n t r a -  
t ion,  t he  r e s i s t i v i t y  i nc reases  w h i c h  causes  an  i n -  
c rease  of  Emo. The  c h a n g e  in  r e s i s t i v i t y  does  no t  

a 
affect  jm as  one  can  show r e a d i l y  b y  s u b s t i t u t i n g  
[21c] in [23].  H o w e v e r ,  t he  d i f fus ion  coefficient  of 
h y d r o g e n  inc reases  w i t h  d e c r e a s i n g  concen t r a t ion ,  

^ 
and  th is  causes  an  i n c r e a s e  of jm. 

Dif fus ion of  H2 t h r o u g h  the  f i lm does  no t  con-  
t r i b u t e  to t he  c u r r e n t  for  Ea ~-- E~o. H o w e v e r ,  t he  
f i lm c u r r e n t  i nc reases  s t e e p ly  w i t h  i n c r e a s i n g  a p -  
p l i ed  p o t e n t i a l s  Ea > E,~o and  is g iven  q u a n t i t a t i v e l y  

A 
b y  JY = J t -  J,~ or, w h i c h  is t he  same,  b y  s u b s t i t u t i n g  
[22a]  in  [23b] .  

T h e  p o t e n t i a l  p a r a l l e l  to t h e  e l ec t rode  su r f ace  d e -  
c reases  v e r y  l i t t l e  ove r  t he  l a r g e r  l e n g t h  of t he  
men i scus  as one  can  see f r o m  Fig.  6. The  p o t e n t i a l  
change ,  l i ke  t he  c u r r e n t  change ,  occurs  m a i n l y  ove r  
a f ew  t e n t h s  of  a m i l l i m e t e r  of the  m e n i s c u s  edge  
and  t h e  a d j a c e n t  film. The  p o t e n t i a l  d e c a y  in t he  
f i lm is p a r a b o l i c  as  fo l lows  f r o m  [22] w i t h  [21b]  
a n d  is t he  s t eeper ,  t h e  s m a l l e r  t h e  ac id  c o n c e n t r a -  
t ion  a n d  the  f i lm th i cknes s  are.  

B e l o w  E ( x )  = 0.05v, t he  t r u e  d e c a y  of t he  p o t e n -  
t i a l  a n d  of t he  c u r r e n t  w i l l  d i f fer  m o r e  and  m o r e  
f r o m  t h a t  shown  in Fig .  6, b e c a u s e  t he  e x p o n e n t i a l  
t e r m  in [7]  can  no l o n g e r  be  neg lec ted .  A s  a conse -  
quence ,  p o t e n t i a l  and  c u r r e n t  d e c a y  e x p o n e n t i a l l y  

A 
Table I. Values for Emo and jm 

~h, 

Emo, mv } 
?m, m a / c m  8N H2SO4 

Emo, mv } 
~m, m a / c m  1N H2SO4 

10 5 2 

1.26 2.56 6.6 

0.080 0.114 0.182 

7.31 14.83 38.25 

0.120 0.171 0.275 

1 

13.34 

0.259 

77.4 

0.390 

0.5 

26.85 

0.368 

155.8 

0.553 

0.2 

67.5 

0.584 

392 

0.878 

0.1 

135.7 

0.826 

786 

1.245 
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for  these  s m a l l  va lue s  of E as i t  is shown  in Fig.  2 
( c o m p a r e  also [17 ] ) .  
Calculat ion  of  f i lm th i cknes s  and t rue  cur ren t  den -  
s i t y . - - F r o m  Fig.  6 a n d  [21] t he  c u r r e n t  shou ld  in -  
c rease  l i n e a r l y  w i t h  t h e  e l ec t rode  l e n g t h  x for  x --~ h 
in  t he  f i lm ( and  l ike  t he  a rc  t a n  for  x --~ h in  t he  
m e n i s c u s ) .  This  is f o u n d  e x p e r i m e n t a l l y  and  speaks  
for  t he  ex i s t ence  of a l i qu id  film. F r o m  the  s lope  of 
the  m e a s u r e d  s t r a i g h t  l ine  the  f i lm th i ckness  can  
be  d e d u c e d  as fo l lows :  The  m a x i m u m  poss ib l e  c u r -  

^ 
r en t  Js t h a t  a f i lm of a g iven  l e n g t h  H - -  h can  con-  
t r i b u t e  to t he  t o t a l  c u r r e n t  is o b t a i n e d  b y  s u b s t i t u t -  
ing  [25]  in  [23b]  

A 
Js ---- kod(H -- h ) /~u [26] 

This  m a x i m u m  f i lm c u r r e n t  occurs  w h e n  the  a p -  
p l i ed  p o t e n t i a l  E~ is e q u a l  to or  l a r g e r  t h a n  the  o p -  

^ 
t i m u m  a p p l i e d  p o t e n t i a l  E~ acco rd ing  to [24] ,  a n d  
the  f i lm length ,  n e c e s s a r y  to p r o d u c e  the  m a x i m u m  
cur ren t ,  can  be  c a l c u l a t e d  f r o m  [24]  a n d  [25] for  
a n y  g iven  a p p l i e d  po t en t i a l .  F o r  Ea = 0.4v, for  e x -  
ample ,  th is  f i lm l e n g t h  is 108~ in 1N H2SO4 and  
378# in 8N H2SO4. F o r  l a r g e r  f i lm l e n g t h s  t he  c u r -  
r en t  m u s t  s t ay  cons tan t ,  a n d  for  s m a l l e r  f i lm l e ng th s  
t he  c u r r e n t  is e x p e c t e d  to  d e c r e a s e  l i n e a r l y  w i t h  
dec r ea s ing  f i lm leng th .  The  s lope  of th is  s t r a i g h t  
l ine  is, f r o m  [26] ,  g iven  b y  koJ~h.  The  e x p e r i m e n t a l  
s lopes  [ c o m p a r e  Fig .  2 ( 5 ) ]  a r e  0.285 m a / c m / 0 . 1  
m m  f i lm l e n g t h  in  1N H2SO4 and  0.205 m a / c m / 0 . 1  
m m  l e n g t h  in  8N H2SO4. The  r a t i o  of these  t w o  f ig-  
u re s  is 1.4 w h i c h  ag ree s  w e l l  w i t h  t h e  r a t io  k o d ( 1 N ) /  
kod(8N) -~ 1.5 f r o m  [26].  A f i lm th i cknes s  of  1.5~ 
can  be  c a l c u l a t e d  f r o m  [26] w h e n  one uses  t he  e x -  
p e r i m e n t a l  s lopes  m e n t i o n e d  above .  The  s a m e  f i lm 
th i ckness  was  c a l c u l a t e d  above  b a s e d  on d i f fe ren t  
cons ide ra t ions .  The  l i m i t i n g  loca l  c u r r e n t  d e n s i t y  
w h i c h  is cons t an t  ove r  t he  w h o l e  f i lm is o b t a i n e d  
f r o m  [7]  as kod/Su. One ob ta ins  20 m a / c m  2 in 8N 
H2SO4 and  30 m a / c m  2 in  1N H2SO4. 

The  t r e a t m e n t  of d i f fus ion of m o l e c u l a r  h y d r o g e n  
t h r o u g h  the  men i scus  a n d  a l i qu id  f i lm a b o v e  the  
men i scus  as  t h e  r a t e - l i m i t i n g  s t ep  l eads  to  a q u a n -  
t i t a t i v e  a g r e e m e n t  b e t w e e n  the  c a l c u l a t e d  and  o b -  
s e rved  c u r r e n t  p o t e n t i a l  curves .  I t  w i l l  n o w  be  in -  
v e s t i g a t e d  w h e t h e r  t he  t r e a t m e n t  of s low su r f ace  
d i f fus ion of h y d r o g e n  a t o m s  l eads  to a d i s a g r e e m e n t  
w i t h  t he  e x p e r i m e n t a l  resu l t s .  

Surface Diffusion of Hydrogen Atoms as 
Rate-Limiting Step 

J u s t i  et  al. (1)  showed  tha t  t he  t r e a t m e n t  of s u r -  
face  d i f fus ion of h y d r o g e n  a toms  as s low t r a n s p o r t  
m e c h a n i s m  f o l l o w e d  b y  h i n d e r e d  ion iza t ion  l e a d s  to  
a c o m p l i c a t e d  n o n l i n e a r  d i f f e r en t i a l  e q u a t i o n  w h i c h  
canno t  be  i n t e g r a t e d  a n a l y t i c a l l y .  The  d i f f e r en t i a l  
e q u a t i o n  w a s  o b t a i n e d  for  a s ingle  s t r a i g h t  p o r e  in  
w h i c h  the  e l e c t r o l y t e  fo rms  a r i g h t  ang le  b o u n d a r y  
w i t h  t he  po re  w a l l  ( the  a c t u a l l y  ex i s t i ng  men i scus  
is t h e r e f o r e  d i s r e g a r d e d )  and  u n d e r  t he  a s s u m p t i o n  
t h a t  t he  c o n t r i b u t i o n  to t he  c u r r e n t  b y  d i f fus ion of 
m o l e c u l a r  h y d r o g e n  can  be  neg lec t ed .  I n  o r d e r  to  
so lve  t he  d i f f e r en t i a l  equa t ion ,  a p p r o x i m a t i o n s  to 
the  p h y s i c a l  m o d e l  h a v e  to be  made .  J u s t i  et aZ. (1)  

m a d e  the  s i m p l i f y i n g  a s s u m p t i o n s  t h a t  t he  i on i za -  
t ion  of the  h y d r o g e n  a toms  occurs  e s s e n t i a l l y  in  a 
n a r r o w  b a n d  c lose  to t h e  " t h r e e - p h a s e  b o u n d a r y "  
and  t h a t  in  th is  b a n d  the  su r f ace  a c t i v i t y  of the  
h y d r o g e n  a toms,  t h e  po l a r i za t i on ,  a n d  t h e  c u r r e n t  
d e n s i t y  a r e  cons tan t .  

These  a s s u m p t i o n s  a r e  no t  e x p e c t e d  to de sc r ibe  
t h e  p h y s i c a l  m o d e l  p r o p e r l y .  The  a c t i v i t y  of t h e  
h y d r o g e n  a t o m s  m u s t  be  a s s u m e d  to v a r y  a long  the  
e l ec t rode  sur face ,  even  i f  t h e  r e a c t i o n  zone is as~ 
s u m e d  to be  v e r y  smal l .  W i t h o u t  a c t i v i t y  g r ad i en t ,  
no su r f a c e  d i f fus ion  of h y d r o g e n  is poss ib le .  Then,  
as a consequence  of the  a c t i v i t y  g r a d i e n t ,  t he  c u r -  
r e n t  d e n s i t y  has  to  v a r y  a long  the  e l e c t r o d e  sur face ,  
too. U n d e r  t he  a s s u m p t i o n s  m a d e  b y  J u s t i  et al., 
t h e  r e l a t i o n  b e t w e e n  t o t a l  p o l a r i z a t i o n  a n d  t o t a l  
po re  c u r r e n t  is s i m p l y  t h e  k n o w n  e xp re s s ion  for  
s i m u l t a n e o u s  d i s cha rge  ( ion iza t ion )  and  c o n c e n t r a -  
t ion  p o l a r i z a t i o n  (10) p lu s  a t e r m  w h i c h  t a k e s  in to  
accoun t  t he  ohmic  d rop  in  t h e  p o r e  e l ec t ro ly t e .  A 
dec i s ion  w h e t h e r  su r f ace  d i f fus ion  is d e t e r m i n i n g  
as t r a n s p o r t  m e c h a n i s m  does  no t  s e e m  poss ib l e  on 
the  bas is  of t he  equa t ions  d e r i v e d  b y  J u s t i  et at. (1) .  

Di f fe ren t  a p p r o x i m a t i o n s  a r e  m a d e  in  t h e  f o l l o w -  
ing  t r e a t m e n t  so t h a t  an  u p p e r  l imi t  can  be  set  for  
the  e x p e c t e d  c u r r e n t s  as a func t ion  of the  p o l a r i z a -  
t ion,  and  i t  w i l l  be  s h o w n  t h a t  for  t h e  s m a l l e r  p o -  
l a r i z a t i ons  t he  t h e o r e t i c a l  c u r r e n t s  a r e  m u c h  s m a l l e r  
t h a n  the  m e a s u r e d  cu r ren t s .  

The  a p p r o x i m a t i o n s  a r e  as  fo l lows :  ( i )  The  e x -  
i s tence  of men i scus  and  f i lm is d i s r e g a r d e d ;  th is  
means ,  t he  b u l k  e l e c t r o l y t e  in  Fig .  1 f o r m s  a r i g h t  
ang le  b o u n d a r y  w i t h  t he  e l e c t r o d e  su r f ace  at  x ~ 0. 
Consequen t ly ,  t he  p o t e n t i a l  g r a d i e n t  p a r a l l e l  to t he  
e l ec t rode  su r f ace  can  b e  n e g l e c t e d  w h i c h  is no t  
poss ib l e  for  a n a r r o w  pore .  ( i t )  The  d i f fus ion of 
m o l e c u l a r  h y d r o g e n  is ne g l e c t e d ;  su r f ace  d i f fus ion 
of a tomic  h y d r o g e n  is t he  d e t e r m i n i n g  t r a n s p o r t  
me c ha n i sm .  

In  c o n t r a s t  to  t h e  t r e a t m e n t  of J u s t i  et at., t he  
su r f ace  a c t i v i t y  of t he  h y d r o g e n  a toms  a n d  the  
c u r r e n t  d e n s i t y  a r e  c ons ide r e d  to v a r y  p a r a l l e l  to 
t he  e l e c t r o d e  sur face .  Close  to t he  t h r e e - p h a s e  
b o u n d a r y ,  x ~ 0, t he  a c t i v i t y  is e x p e c t e d  to be  
h igh  (close to t he  e q u i l i b r i u m  a c t i v i t y )  a n d  the  con-  
c e n t r a t i o n  p o l a r i z a t i o n  is t h e r e f o r e  smal l .  F o r  
x < 0 t he  a c t i v i t y  dec reases ;  th is  m e a n s  t h a t  t he  
c o n c e n t r a t i o n  p o l a r i z a t i o n  increases .  A c c o r d i n g  to 
a s s u m p t i o n  ( i ) ,  t h e  t o t a l  p o l a r i z a t i o n  Ea is con-  
s t an t  a long  the  e l ec t rode  surface .  Hence ,  t he  d i s -  
c h a r g e  ( ion iza t ion )  p o l a r i z a t i o n  is t he  d i f fe rence  
b e t w e e n  Ea a n d  the  c o n c e n t r a t i o n  p o l a r i z a t i o n  for  
each  x. 

The  c u r r e n t  d e n s i t y  in t he  p r e s e n c e  of c o n c e n t r a -  
t ion  and  ion iza t ion  p o l a r i z a t i o n  may ,  u n d e r  c e r t a i n  
a s s u m p t i o n s  (10) ,  b e  w r i t t e n  as 

i ( x )  -~ io~[ ( a ( x ) / o a ) e  ~ $ ~ a -  e - ( 1 - a ) ~ a ]  [27]  

w h e r e  io~ is t he  e x c h a n g e  c u r r e n t  d e n s i t y  of t h e  d i s -  
cha rge  ( i on i z a t i on ) ,  a t he  t r a n s f e r  coefficient  and  oa 
t h e  e q u i l i b r i u m  ac t iv i ty .  T h e  c u r r e n t  as a func t ion  
of x is 

I ( x )  ----- It --  2vrFD'  d a ( x ) / d x  [28]  
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where  It is the  tota l  e lectrode c u r r e n t  and  D' the  
diffusion coefficient of the  h y d r o g e n  a toms on the  
p l a t i n u m  surface.  W h e n  us ing  [ l b ]  and  [2] and  
w h e n  s u b s t i t u t i n g  the  d i f ferent ia l  Eq. [28] in  [27],  
one ob ta ins  

d2a /dx  2 : ioi[ ( a / o a ) e ~ E a  --  e-(1-~)~Ea] /FD ' [29] 

Wi th  the b o u n d a r y  condi t ions  

a ( x )  = a ( 0 ) ,  for x = 0 [30a] 

d a ( x ) / d x =  0, for x - = - - 1 2  [30b] 

the  so lu t ion  of the  d i f ferent ia l  equa t ion  is 

a ( x )  = [ a (0 )  --  o a e - ~ a ]  cosh 

}, ( l ~ - - I x l ) / c o s h k l 2 + o a e - ~ E a  [31] 
w i th  

X = (iol e ~ a / o a F D  ') 1/2 [32] 

The  b o u n d a r y  condi t ion  [30b] m e a n s  tha t  the  cu r -  
r e n t  for x ---- --le is equa l  to the  tota l  cu r r en t  It wh ich  
follows f rom [28]. The  c u r r e n t  as a f unc t i on  of x 
can  be ob ta ined  s imply  by  d i f fe ren t ia t ing  [31] and  
subs t i t u t i ng  d a / d x  in  [28]. The tota l  c u r r e n t  It as a 
func t ion  of the  tota l  po la r iza t ion  

Jt = ( a ( 0 ) / o a  -- e - ~ a  ) ( oaFD' ioi e ~*E" ) 1/~ t a n h  kl2 
[33] 

is then  s imply  ob ta ined  f rom [28] by  observ ing  the  
fact tha t  I ( x ) =  0 for x =  0 and  tha t  I t =  2~rrjt 
f rom [2].  

The ac t iv i ty  a (0 )  at the  t h r e e - p h a s e  b o u n d a r y  in  
[31] and  [33] depends  in  a compl ica ted  m a n n e r  on 
the  ra te  of dissociat ion and  surface  diffusion a nd  
upon  the  to ta l  c u r r e n t  It, as Jus t i  et  al. (1) have  
shown.  If the  ra te  of dissociat ion is a ssumed  to be 
fast  compared  to the  ra tes  of surface  diffusion and  
ionizat ion,  t hen  a (0 )  is equa l  to the  e q u i l i b r i u m  ac- 
t i v i ty  oa. 

For  hle > ~  1, t a n h  kl2 in  [33] becomes ve ry  n e a r l y  
one. Us ing  ioi = 0.6 a m p / c m  2 (8) and  a s suming  tha t  
oa is equa l  to the  e q u i l i b r i u m  surface concen t r a t i on  
of hydrogen ,  oCn = 6 • 10 -4 c o u l / c m  2 (11, 12), a 

lower  l imi t  for k is ob ta ined  for Ea'-> 0 as k = 33/~/D'  
( 1 / c m ) .  U n f o r t u n a t e l y ,  no t  m u c h  i n f o r m a t i o n  
is ava i l ab le  for the  surface diffusion of h y d r o g e n  on 
metals .  Gomer  et  al. (13, 14) s tudied  the  surface  
diffusion of h y d r o g e n  on single crys ta ls  of t u n g s t e n  
and  n icke l  w i th  the  field emiss ion  microscope.  They  
found  diffusion coefficients of the order  of 10 - s  cm2/ 
sec at  room t empera tu r e .  Since the  diffusion coeffi- 
c ient  depends  s t rong ly  on the  degree  of coverage,  
the va lue  g iven  above is m e r e l y  an  ave rage  value .  
For  a dep th  of i m m e r s i o n  12 of the  order  of a few 
mi l l ime te r ,  the condi t ion  Xl~ > >  1 is indeed  fulf i l led 
and  [33] toge ther  w i th  a (0 )  = oa assumes  the  s imple  
form 

Jt opt = (1 --  e - ~ a )  (oaFD' ioi e ~ a ) 1 / ~  [34] 

This is an  uppe r  l imi t  for the  to ta l  c u r r e n t  per  u n i t  
c i r cumference  as a func t ion  of the  to ta l  po la r iza t ion  
which  can be expected for surface diffusion as t r a n s -  
port  mechan i sm.  The exis tence  of men i scus  and  film, 
which  was  d i s regarded  in  this t r e a t m e n t ,  leads to a 

po ten t i a l  g rad ien t  pa ra l l e l  to the  e lect rode surface 
so t ha t  the  po t en t i a l  across the  in te r face  is smal le r  
t h a n  Ea for all  --12 < x--<_ 0. Consequen t ly ,  jt is 
sma l l e r  in  this  case t h a n  u n d e r  the  a s sumpt ion  of a 
cons t an t  Ea. The a s sumpt ion  of a (0 )  ----oa also sets 
an  u p p e r  l imi t  for Jr. 

Us ing  the  same n u m e r i c a l  va lues  as above  and  
accoun t ing  for the  roughness  factor  10 of the  s tudied  
sandb las t ed  electrode,  Jt opt becomes  0.23 m a / c m  for 
Ea---- 0.4v, 0.025 m a / c m  for 0.1v, a nd  0.012 m a / c m  
for 0.01v as compared  to the  m e a s u r e d  va lues  1.45 
m a / c m ,  0.67 m a / c m ,  and  0.12 m a / c m .  In  the  case of 
a smooth  p l a t i n u m  elect rode w i t h  a roughness  of 2, 
the  ca lcu la ted  cu r r en t s  are  smal le r  by  a factor  of 5 
t h a n  for the s andb la s t ed  electrode,  whi le  the  ex-  
p e r i m e n t a l  c u r r e n t s  are a lmost  the  same in  bo th  
cases. I n  e i ther  case the  ca lcu la ted  cu r ren t s  are 
m u c h  smal l e r  t h a n  the  m e a s u r e d  cur ren ts .  

F r o m  the  t r e a t m e n t  g iven  above one m a y  con-  
clude there fore  tha t  the  surface diffusion of h y d r o -  
gen a toms is m u c h  too slow a t r a n spo r t  process to 
account  for the  ac tua l ly  m e a s u r e d  cur ren t s .  H o w -  
ever,  because  of the  s t r i nge n t  a p p r o x i m a t i o n  ( m e -  
niscus  and  film d i s regarded)  which  had  to be  made  
in  order  to solve the  d i f ferent ia l  equat ion ,  the  t r e a t -  
m e n t  has on ly  the  va l ue  of se t t ing  an  u p p e r  l imi t  for 
the  cu r r en t ;  the  theore t ica l  c u r r e n t - p o t e n t i a l  r e l a -  
t ions  [33] and  [34] w ou l d  no t  be  expected  to con-  
fo rm wi th  e x p e r i m e n t a l  c u r r e n t - p o t e n t i a l  curves  if 
the  sur face  diffusion were  fast  enough  to account  for 
the  la rge  m e a s u r e d  cur ren ts .  

Conclusions 
The theore t ica l  t r e a t m e n t  of the  concept  of r a t e -  

l imi t ing  diffusion of molecu la r  h y d r o g e n  t h r ough  the  
e lec t ro ly te  men i scus  and  a l iqu id  film above  the  m e -  
n iscus  (5) leads to the  fo l lowing resul t s :  

1. For  appl ied  po ten t ia l s  sma l l e r  t h a n  0.01v the  
decay of po ten t i a l  a nd  c u r r e n t  in  the  fi lm is expo-  
n e n t i a l  wi th  the  height .  The par t s  of the  film above  a 
l eng th  of 0.35 m m  are essen t ia l ly  at  zero po ten t i a l  
and  con t r i bu t e  less t han  1% to the  tota l  cur ren t .  

2. The  re l a t ionsh ip  I t :  K l [ E a - - K 2 ( 1 - - e - ~ 3 ~ a )  ]1/2 
b e t w e e n  to ta l  c u r r e n t  and  appl ied  po ten t i a l  is de -  
r ived  for the  ex is tence  of a l iqu id  fi lm which  agrees  
q u a n t i t a t i v e l y  wi th  e x p e r i m e n t a l  resu l t s  ob ta ined  
on a s andb la s t ed  p l a t i n u m  electrode in  8N H2SO4 
over  a po ten t i a l  r a nge  f rom zero to 1.8v. 

3. For  appl ied  po ten t ia l s  smal le r  t h a n  0.01v, a 
l i nea r  d e p e n d e n c e  of the  to ta l  c u r r e n t  on the  appl ied  
po ten t i a l  is ca lcu la ted  which  also checks q u a n t i t a -  
t i ve ly  wi th  the  e x p e r i m e n t a l  resu l t s  on p l a t i n u m  
in  8N H2SO4. 

4. For  appl ied  po ten t ia l s  or to ta l  po la r iza t ions  

l a rger  t h a n  0.1v the  re l a t ion  I = K k / E  is der ived  
which  is appl icab le  to a ny  pa r t  of fi lm a nd  meniscus .  

5. The  po ten t i a l  decays pa ra l l e l  to the  sur face  l ike 
the  square  of the  arc t a n  in  the  men i scus  a nd  p a r a -  
bol ica l ly  in  the  film, as long as the  po la r i za t ion  is 
l a rge r  t h a n  0.05v. The  c u r r e n t  decays l ike the  arc t a n  
in  the  men i scus  and  l i n e a r l y  in  the  film. 

6. The re la t ive  con t r ibu t ions  of men i scus  a nd  film 

to the  to ta l  c u r r e n t  depend  on fi lm th ickness ,  acid 
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concen t ra t ion ,  and  appl ied  potent ia l .  For  a film 
th ickness  of 1~, 8N H2SO4 and  Ea = 0.4v, the  m e -  
n iscus  con t r ibu tes  0.26 m a  and  the  film 1.16 ma. 

7. The  reac t ion  zone is confined to a n a r r o w  b a n d  
close to the  uppe r  men i scus  edge. In  the  n u m e r i c a l  
example  g iven  in  6, 0.35 m m  of the  men i scus  and  
0.38 m m  of the  film are respons ib le  for 98% of the  
to ta l  cu r ren t .  

8. F r o m  the  theore t ica l  t r e a t m e n t ,  the  c u r r e n t  
should increase  l i nea r ly  wi th  the  e lect rode l eng th  x 
above the  b u l k  e lectrolyte .  This  is found  expe r i -  
men ta l l y ,  and  f rom the  slope of the  m e a s u r e d  
s t ra igh t  l ine,  a film th ickness  of 1.5~ is deduced.  

9. W i t h  this  film thickness ,  a c u r r e n t  dens i ty  of 
20 m a / c m  2 for p l a t i n u m  in 8N H2SO4 and  of 30 
m a / c m  ~ in  1N H2SO4 is calculated.  

10. A theore t ica l  t r e a t m e n t  of the  sur face  diffu-  
sion of h y d r o g e n  a toms as a r a t e - d e t e r m i n i n g  t r a n s -  
por t  m e c h a n i s m  shows tha t  the  sur face  diffusion is 
m u c h  too slow a process to account  for the  ac tua l ly  
m e a s u r e d  cur ren ts .  A s imi la r  t r e a t m e n t  of s low 
surface  diffusion b y  Jus t i  et aL (1) employs  app rox i -  
ma t ions  which  are too s t r i ngen t  and  there fore  can -  
not  be used to a r r ive  at  such a decision. 

Manuscript  received Ju ly  20, 1962; revised m a n u -  
script received Oct. 1, 1962. This paper was prepared 
for del ivery before the Boston Meeting, Sept. 16-20, 
1962. 
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Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the December 1963 
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Electrochemistry in Pyridine 
I. Polarography and Macroscale Electrolysis of Inorganic Salts 

Andrzej Cisak 1 and Philip J. Elving 
Department  of Chemistry, The University o~ Michigan, Ann  Arbor, Michigan 

ABSTRACT 

The use of pyr id ine  as a typical  aprotic solvent for polarographic and 
macroscale electrolysis has been investigated. The silver electrode in 1M silver 
n i t ra te  in  pyr idine (NAgE) is a rel iable reference electrode; its potent ia l  vs. 
the aqueous saturated calomel electrode is W0.09v (l iquid junct ion  potentials  
included) .  Li th ium chloride and nitrate,  and t e t r a - n - b u t y l a m m o n i u m  iodide 
are satisfactory as background electrolytes; decomposition potentials at the 
dropping mercury  electrode (DME) vs. NAgE are Li ( I )  --2.Ov and Bu4NI 
--2.3v. TI( I )  and P b ( I I )  are apparent ly  revers ibly reduced in diffusion-con- 
trolled processes to the metal, i.e., amalgam, whereas Zn( I I )  is reduced in 
two one-elect ron steps; ha l f -wave  potentials  at the DME vs. NAgE are TI( I )  
--0.48v, Pb ( I I )  --0.61v (ni t rate  media) and --0.96v (chloride media) ,  and 
Zn( I I )  --1.61v (wave I) and --1.70v (wave II) .  Solutions of AI( I I I )  give a 
well-defined polarographic wave, which is due not to reduct ion of the A1 (III)  
but  to that of the solvent. 

I n  r ecen t  yea rs  in te res t  in  the  i nves t iga t ion  of 
e lec t rochemica l  and,  in  par t i cu la r ,  po la rograph ic  
behav io r  in  n o n a q u e o u s  med ia  has g rea t ly  inc reased  
as a resu l t  of bo th  prac t ica l  and  theore t ica l  de-  
mands .  Prac t ica l ly ,  wa t e r  is no t  a sa t i s fac tory  sol-  
v e n t  for m a n y  organ ic  compounds ,  and  the  pos-  
s ib i l i ty  of hydro lys i s  compl icates  e v a l u a t i o n  of data.  
The  theore t ica l  reasons  are, however ,  p r o b a b l y  
more  impor t an t .  

The  so lvent  p lays  an  i m p o r t a n t  role in  po la rog-  
raphy.  I t  controls  the  mass  t r ans f e r  process t h r ough  

1Permanent address: Laboratory of Inorganic Chemistry, Uni- 
versity of Warsaw, Warsaw, Poland, 

its effect on the  diffusion coefficient via viscosi ty  and  
so lva t ion  and  affects the  po ten t i a l  in  a va r i e ty  of 
ways,  the  most  i m p o r t a n t  of which  are  its effect on 
the  s t ruc tu re  of the  e lect r ical  double  l aye r  and  its 
pa r t i c ipa t ion  d i rec t ly  or via der ived  species in  the  
p r i m a r y  e lec t rochemica l  react ion,  in  a c c o m p a n y i n g  
chemica l  react ions,  and  in  po la r i za t ion  of the  r e -  
ac t an t  molecule.  For  example ,  in  solvents  of low 
pro ton  ava i l ab i l i t y  the add i t ion  of e lec t rons  can be 
s tudied  wi th  l i t t le  or no compl ica t ion  due  to p ro -  
tona t ion .  

Solvents  which  have  b e e n  s tudied  can be d iv ided  
in to  th ree  types:  (a)  p r o t o n - r e l e a s i n g  solvents  such 
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Table I. Physical properties of pyridine 

Molecular weight 79.10 
Density, 15~ 0.988 g/ml  

30~ 0.973 g/ml  
Melting point --41.8~ 
Boiling point 115.6~ 
Electrical conductivity, 25~ 4.8 >< 10 - s  ohm- 1 
Dielectric constant, 25~ 12.3 
Dipole moment 2.30 
Viscosity, 25~ 0.878 cp 
Heat of vaporization at bp 8.43 kcal/mole 
Trouton's constant 21.7 
Vapor pressure, 13.2~ 10 mm 

57.8~ 100 mm 
Dissociation constant, Ka, 4.2 >< 10 -6 

in water, 25~ 

as water ,  ammonia,  and acetic acid; (b)  nonpro ton-  
releasing solvents, the most popular  of which have 
been acetoni t r i le  and d imethy l fo rmamide ;  and (c) 
nonpro ton-conta in ing  solvents, the only one of 
which to have been s tudied being sulfur  dioxide. 

During the past  year ,  s tudy was s ta r ted  of py -  
r idine as a nonpro ton- re leas ing  solvent  of a type  
sufficiently different  from acetoni t r i le  and d ime thy l -  
fo rmamide  to w a r r a n t  its invest igat ion,  e.g., it is 
apparen t ly  the first a roma t i c - type  solvent  to be 
sys temat ica l ly  considered for po larography.  

In spite of its low dielectr ic  constant  (Table  I)  
(1-3) ,  pyr id ine  is a good solvent for a re la t ive ly  
large number  of inorganic and organic substances. 
In the case of many  salts the solubi l i ty  is due in at 
least  pa r t  to the solvating, i.e., complexing,  abi l i ty  
of the pyr id ine  for cations. The conduct ivi ty  of such 
solutions is re la t ive ly  poor as would be expected 
from the low dielectr ic  constant.  Pyr id ine  has a con- 
venient  l iquid range and re la t ive ly  low vapor  p res -  
sure at room tempera ture ,  a l though its odor is un-  
p leasant  for most observers.  The normal  va lue  of 
Trouton 's  constant  indicates  a re la t ive  lack of as-  
sociation of the molecules of pyr id ine  in the liquid. 
Pyr id ine  has a densi ty  and a viscosity s imilar  to 
tha t  of water .  P y r i d i n e - w a t e r  mix tures  have 
grea te r  viscosities wi th  a max imum at 66.6 w / o  
(weight  per  cent) pyr id ine :  2.23 cp at 25~ (4).  
The solvation and viscosi ty behavior  of pyr id ine  
would be expected to reveal  i tself  in the po la ro-  
graphic  proper t ies  of the h a l f - w a v e  potent ia l  and 
diffusion cur ren t  constant  as compared to the values  
of such proper t ies  in aqueous solution. 

The following metals  have been successfully elec-  
t rodeposi ted  from pyr id ine  solutions using p la t inum,  
mercury ,  and iron electrodes (5) :  l i thium, sodium, 
potassium, copper, silver, magnesium, calcium, 
bar ium,  zinc, lead, and iron. However,  Mfiller (6) 
was not able to confirm the repor ted  successful dep-  
osition of Ba (7).  

As a polarographic  solvent,  py r id ine  is l i t t le  used, 
most work  involving it having  been done in p y r i -  
d ine -wa t e r  mixtures .  At  the beginning of the pres -  
ent study, the only known publ ished paper  on po-  
l a rography  in py r id ine  was a s tudy of some or-  
ganosilanes by Abrahamson  and Reynolds (8).  The 
recent  thesis by  Wil leboordse  (9) deals  briefly wi th  
the po la rography  of C d ( I I ) ,  Z n ( I I ) ,  and Co( I I )  in 
p y r i d i n e - w a t e r  mix tures  and in pure  pyr idine.  

The present  invest igat ion was p r imar i l y  con- 
cerned with  es tabl ishing conditions for fu ture  
studies involving polarography,  coulometry,  macro-  
scale electrolyses,  and other  vo l t ammet r i c - r e l a t ed  
technics, as well  as in locating and defining a sui t -  
able reference  electrode, sa t is factory  background  
electrolytes,  and the behavior  of a few metal l ic  ions 
which could serve as reference  ones in fu ture  
studies. 

Experimental  
Reagents.--Good, reproducib le  po larographic  

waves  could be obta ined in the  pyr id ine  used (J. T. 
Baker  ana ly t ica l  reagent  g rade)  wi thout  fur ther  
purification; however ,  the resul ts  given in the pres -  
ent paper  were  obta ined wi th  pyr idine,  which was 
dr ied by  being shaken with  Linde molecular  sieves 
type  4A (a synthet ic  me ta l - a lumino- s i l i ca t e )  and 
left  s tanding over them for two or three  days. The 
dryness  of pyr id ine  and pyr id ine  solutions was 
checked by floating clean, f reshly  cut meta l l ic  po-  
tass ium on them;  pyr id ine  which gave no react ion 
af te r  severa l  hours contact  wi th  potass ium was con- 
s idered to be sat isfactory.  Potass ium hydrox ide  is 
insoluble  in pure  pyr id ine  (1).  

LiC1 (Baker  & Adamson reagent )  and LiNO3 
(J. T. Baker  analyzed  reagent )  were  used wi thout  
fu r the r  purification; the salts were  dr ied  at  150 ~ 
200~ and the w a r m  crysta ls  were  dissolved; the  
dr ied salts were  kept  in a desiccator  and were  re -  
heated pr ior  to use. T1OAc (Fisher  Scientific),  
Pb(NO3)2 (Mal l inckrodt ) ,  and Pb(OAc)2  (Baker  
& Adamson)  were  also used wi thout  fu r the r  purif i -  
cation. ZnC12 (Baker  & Adamson  reagen t )  was 
dr ied at  about  150~ and dissolved whi le  warm.  
T e t r a - n - - b u t y l a m m o n i u m  iodide was purif ied by  
recrys ta l l iza t ion  f rom e thyl  acetate  by  Dr. P. G. 
Grodzka,  who also suppl ied t e t r a m e t h y l a m m o n i u m  
iodide and t e t r a e t hy l a m m on i um  bromide.  

Oiled pumped  ni t rogen and argon (c la imed 
99.998% pur i ty )  were  used to purge  solutions and 
cells of oxygen. 

Since the densit ies  of w a t e r  and pyr id ine  are a l -  
most  the  same, there  is l i t t le  difference be tween  
volume and weight  per  cent of mix tu res  of the  two 
solvents except  for volume change on mixing.  In 
the present  s tudy,  volume per  cent is used, i.e., the  
67% pyr id ine  solution was p repa red  by mixing 
50 ml wa te r  and 100 ml pyr id ine .  

Apparatus.--Two types  of po larographic  cells 
were  used: (a) an a l l -g lass  j acke ted  one -compar t -  
ment  cell (Fig. 1; capaci ty  8 ml)  wi th  convent ional  
inlet  and outlet  for n i t rogen and a s tandard  taper  
cap through which was sealed a cap i l l a ry  (only 
measurements  vs. the mercu ry  pool could be made 
in this  ce l l ) ;  and (b)  a j acke ted  H-ce l l  wi th  the  
two legs separa ted  by  a f r i t t ed  glass disk (one leg 
contained the polarographic  test  solution and the 
other  the reference  e lectrode) .  

The capi l lar ies  used (made  f rom mar ine  ba rom-  
eter  tubing)  had m values  at the heights  of mer -  
cury used (30-60 cm) of 0.9-2.5 mg/sec  (3.5 mg/sec  
was used in a few Z n ( I I )  runs) .  Values of t were  
measured  at  the same poten t ia l  as tha t  of cur rent  
measurement  and var ied  be tween  3 and 5 sec.; in 
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Pt CONTACT-~...~e" 

Fig. 1. All-glass one-compartment polarographic cell 

a few cases  t was  as  s m a l l  as 2 or  as l a r g e  as 6 sec. 
T h e  p r o d u c t  m21~t 116 w a s  g e n e r a l l y  b e t w e e n  1.3 a n d  
2.2. 

P o l a r o g r a m s  w e r e  r e c o r d e d  w i t h  a L&N E l e c t r o -  
C h e m o g r a p h  T y p e  E; those  for  A1C13 so lu t ions  w e r e  
r e c o r d e d  on a M e t r o h m  P o l a r e c o r d .  The  m i n i m u m  
res i s t ance ,  i.e., t h a t  b e t w e e n  c a t h o d e  a n d  a n o d e  at  
t he  end  of  t he  d rop  g rowth ,  was  m e a s u r e d  w i t h  a 
G e n e r a l  R a d i o  No. 650 i n p e d a n c e  b r idge .  T h e  m e a n  
res i s t ance ,  w h i c h  is 4 /3  of t h e  m i n i m u m  res i s t ance ,  
was  used  to ca l cu l a t e  t he  iR drop.  

Electrolysis celL--For m a c r o s c a l e  e l ec t ro ly se s  an  
a l l -g l a s s ,  t h r e e - c o m p a r t m e n t  cel l  w a s  used,  w h i c h  
e s s e n t i a l l y  cons i s ted  of t h r e e  t e l e scop ing  glass  t u b e s  
(Fig .  2).  The  two  i n n e r  t u b e s  w e r e  c losed  on the  
b o t t o m  w i t h  f r i t t e d  glass  d i sks  and  on top  w i t h  
glass  jo in t s  and  s t a n d a r d  t a p e r  caps;  t he  j o in t s  w e r e  

3DE 

Fig. 2. Versatile three-compartment electrolysis cell 
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he ld  t o g e t h e r  b y  p l a s t i c  r ings .  The  cel l  was  m o u n t e d  
v e r t i c a l l y  w i t h  ca thod ic  c o m p a r t m e n t  ( p r o v i d e d  
w i t h  m a g n e t i c  s t i r r e r )  a t  t h e  bo t tom,  t h e  b r i d g e  
c o m p a r t m e n t  b e t w e e n  the  two  f r i t t e d  glass  disks ,  
and  the  anodic  c o m p a r t m e n t  on top. A l l  t h r e e  c o m -  
p a r t m e n t s  w e r e  a i r - t i g h t  a n d  p r o v i d e d  w i t h  d e a e r a -  
t ion  in le t s  and  out le ts ,  w h i c h  w e r e  s t a n d a r d  t a p e r  
jo in t s ,  so t h a t  t he  gases  e v o l v e d  in  each  c o m p a r t -  
m e n t  could  be  co l lec ted  i n d i v i d u a l l y  for  ana lys i s .  
The  ca thod ic  c o m p a r t m e n t ,  w h i c h  was  s u r r o u n d e d  
b y  a glass  cool ing j acke t ,  h a d  a p l a t i n u m  con tac t  to 
the  m e r c u r y  pool ,  an  ou t l e t  for  the  r e f e r e n c e  e lec -  
t rode ,  and  an  a r m  in w h i c h  a 10 -ml  b u r e t  cou ld  be  
in se r t ed .  W h e n  no t  in use,  a l l  ou t l e t s  w e r e  c losed 
w i t h  s t a n d a r d  t a p e r  g lass  caps.  

In  some e l ec t ro lys i s  e x p e r i m e n t s ,  the  top  sec t ion  
or  t he  top  two  sec t ions  w e r e  o m i t t e d  and  t h e i r  p l ace  
t a k e n  b y  s toppers .  

Potentiostat.--For l o w - v o l t a g e  c o n t r o l l e d - p o t e n -  
t i a l  e lec t ro lys i s ,  the  F i s h e r  c on t ro l l e d  p o t e n t i a l  e l ec -  
t r o a n a l y s e r  was  used;  th is  i n s t r u m e n t  has  a m a x -  
i m u m  w o r k i n g  d - c  p o t e n t i a l  of 15v. S ince  t h e  e l ec -  
t r o ly s i s  was  p e r f o r m e d  in a n o n a q u e o u s  so lvent ,  t h e  
r e s i s t ance  was  l a r g e  a n d  the  c u r r e n t s  f lowing 
t h r o u g h  t h e  cel l  w e r e  sma l l  ( less  t h a n  20 m a ) .  

To ob t a in  l a r g e r  a m o u n t s  of p r o d u c t s  ( a b o u t  
0.01 m o l e ) ,  l l 0 v  f r o m  s to r a ge  b a t t e r i e s  was  fed  to 
a 150-ohm,  150 -wa t t  r h e o s t a t  a r r a n g e d  as a p o -  
t e n t i a l  d iv ide r .  The  r e s u l t i n g  m a n u a l l y  c o n t r o l l e d  
po t en t i a l ,  r e a d  on a W e s t o n  Mode l  931 v o l t m e t e r ,  
was  a p p l i e d  to the  e l ec t ro lys i s  cel l  t h r o u g h  a s i lve r  
c o u l o m e t e r  and  a W e s t o n  Mode l  45 m i l l i a m m e t e r .  
The  p o t e n t i a l  of t h e  w o r k i n g  c a thode  vs. N A g E  w a s  
m o n i t o r e d  w i t h  a R C A  Sen io r  V o l t o h m y s t  and  
c he c ke d  w i t h  a Rub i c on  M o d e l  B p o t e n t i o m e t e r .  

Reference electrode.--A s i lve r  w i r e  (18 gauge  
th i ck  for  t h e  e l ec t ro ly s i s  cel l  and  2 - m m  d i a m e t e r  
for  the  H - c e l l )  i m m e r s e d  in a 1M so lu t ion  of AgNO8 
in p y r i d i n e  was  used  as a r e f e r e n c e  e l ec t rode  and  
wi l l  be  r e f e r r e d  to as the  NAgE.  The  r e p o r t e d  r e v e r s i -  
b i l i t y  (10) a n d  the  r e p r o d u c i b l e  p o t e n t i a l  of  th i s  
e l ec t rode  w e r e  conf i rmed.  The  inf luence  of  sma l l  
a m o u n t s  of w a t e r  on t h e  pool  po t e n t i a l s  and  the  
p o t e n t i a l  of t he  N A g E  was  no t  i nves t i ga t ed .  H o w -  
ever ,  W i l l e b o o r d s e ' s  w o r k  (9)  i nd i ca t e s  t h a t  pool  
p o t e n t i a l  in p y r i d i n e  be c ome s  less n e g a t i v e  w i t h  
i nc r e a s ing  w a t e r  content .  T h e  po t e n t i a l s  r e p o r t e d  
in t he  p r e s e n t  i n v e s t i g a t i o n  w e r e  m a d e  u n d e r  n o r -  
m a l  l a b o r a t o r y  cond i t ions  w i t h  the  p r e c a u t i o n s  i n -  
d i c a t e d  and  a r e  t h e r e f o r e  no t  as de f in i t ive  as if  t h e y  
h a d  been  m e a s u r e d  in a t o t a l l y  c losed s y s t e m  f rom 
w h i c h  w a t e r  cou ld  be  r i g o r o u s l y  exc luded .  I t  is 
h o p e d  t ha t  a s t u d y  of the  effect  of w a t e r  us ing  such  
a s y s t e m  can  be  i n i t i a t e d  in t he  n e a r  f u t u r e ;  such  a 
s y s t e m  w o u l d  a lso  p e r m i t  a t h o r o u g h  i n v e s t i g a t i o n  
of t h e  e l e c t r o c h e m i s t r y  of  o x y g e n  in p y r i d i n e .  

To avo id  m i x i n g  of so lu t ions  and  p r e c i p i t a t i o n  of 
s i lve r  ha l ides ,  t h e  e l e c t r o l y t i c  b r i dge s  b e t w e e n  the  
e l e c t r o l y z e d  so lu t ion  and  the  r e f e r e n c e  e l e c t r o d e  in  
the  H -  and  e l ec t ro lys i s  ce l ls  w e r e  f i l led w i t h  ign i t ed  
asbes tos  soaked  w i t h  1M LiNO3 in p y r i d i n e .  

Results and Discussion 
Li th ium. - -The  b e h a v i o r  of L i ( I )  a t  t he  DME was  

s t ud i e d  in  so lu t ions  c on t a in ing  0, l ,  20, 66, 90, and  
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100% p y r i d i n e  w i t h  w a t e r  as t he  second  cons t i tuen t .  
The  r e f e r e n c e  e l ec t rode  was  a m e r c u r y  pool ,  the  
NAgE,  or  an  aqueous  S.C.E.; t he  l a t t e r  was  sep -  
a r a t e d  f rom t h e  p y r i d i n e  so lu t ion  b y  a doub le  
b r i d g e  of LiNO3 in w a t e r  and  LiNO3 in p y r i d i n e ,  
bo th  s l u r r i e d  w i t h  asbes tos .  

In  0.1M LiC1 p y r i d i n e - w a t e r  so lu t ions  (1 -90% 
p y r i d i n e ) ,  t he  decompos i t i on  p o t e n t i a l  dec reases  
f r o m - - 1 . 6 v  to a b o u t  - -1 .5v  v s .  t he  m e r c u r y  pool ;  
u n d e r  s i m i l a r  condi t ions ,  t h e  p o t e n t i a l  of t he  pool  
a n o d e  vs .  S.C.E. becomes  i n c r e a s i n g l y  n e g a t i v e  
(9) .  The  decompos i t i on  c u r r e n t  o b s e r v e d  in  aqueous  
p y r i d i n e  so lu t ions  is g e n e r a l l y  a s c r i b e d  to t he  
c a t a l y t i c  evo lu t i on  of h y d r o g e n  (11) .  In  p y r i d i n e  
so lu t ion  con t a in ing  1% H20 a s h a r p  m a x i m u m  is 
o b s e r v e d  a t - - 1 . 6 v  vs .  pool ,  f o l l o w e d  b y  a m i n i m u m  
in t h e  i - E  curve ,  d u r i n g  w h i c h  the  c u r r e n t  dec rea se s  
d u r i n g  t h e  i nc rea se  of t he  m e r c u r y  drop .  Such  b e -  
hav ior ,  w h i c h  is c h a r a c t e r i s t i c  of an  a d s o r p t i o n  p r o c -  
ess, is p r o b a b l y  i nd i ca t i ve  of f o r m a t i o n  of a s t r o n g l y  
a d s o r b e d  f i lm on the  su r face  of t he  m e r c u r y  drop .  The  
n a t u r e  of th is  p h e n o m e n o n  was  no t  f u r t h e r  i n v e s t i -  
ga ted ,  b u t  shou ld  be  cons ide red  a t  some f u t u r e  
t ime.  In  d r y  py r id ine ,  t h e  m a x i m u m  and  m i n i m u m  
d i s a p p e a r ;  a f a i r l y  s m a l l  r e s i d u a l  c u r r e n t  ( less  t h a n  
1 t in) is  o b s e r v e d  up  to a b o u t  - -1 .5v  vs .  pool  w i t h  a 
r a p i d  r i se  in c u r r e n t  occu r r ing  at  m o r e  n e g a t i v e  
p o t e n t i a l  due  to t he  s t a r t  of t h e  e l e c t r o l y t i c  d e p o -  
s i t ion  of l i th ium.  Traces  of w a t e r  ( a i r  m o i s t u r e )  
r e su l t  in  an  i l l - de f ined  w a v e  s t a r t i n g  at  - -1 .5v  vs .  

pool.  

The  m a c r o s c a l e  r e d u c t i o n  of LiC1 in d r y  p y r i d i n e  
was  i nves t i ga t ed ,  us ing  the  m a c r o s c a l e  e l ec t ro ly s i s  
cel l  w i t h  s i lve r  w i r e  or  p l a t i n u m  shee t  as a n o d e  
and  m e r c u r y  pool  or  coppe r  w i r e  as ca thode .  The  
c u r r e n t  i n t e n s i t y  was  v a r i e d  up  to 200 ma ;  t he  a p -  
p l i ed  d - c  p o t e n t i a l  vs .  N A g E  at  zero  c u r r e n t  a f t e r  
in i t i a l  e l ec t ro lys i s  was  --2.2v.  

L i t h i u m  was  depos i t ed  as a m e t a l  a m a l g a m  in 
m e r c u r y  or  as a m e t a l  on copper .  The  p r e s e n c e  of 
e l e m e n t a l  l i t h i u m  was  conf i rmed  b y  r e a c t i o n  of t he  
a m a l g a m  or  depos i t  f o r m e d  w i t h  w a t e r ,  e.g., e v o l u -  
t ion  of h y d r o g e n ,  a l k a l i n e  r e a c t i o n  of the  r e s u l t i n g  
aqueous  solut ion,  and  p e r s i s t e n t  c r i m s o n - r e d  c o lo r a -  
t ion  of  t he  B u n s e n  f lame,  w h e n  t h e  a m a l g a m  f r ee  
of so lu t ion  was  i n t r o d u c e d  in to  t h e  f lame. In  a g r e e -  
m e n t  w i t h  e a r l i e r  d a t a  (12) ,  t he  e l e c t ro ly t i c  r e d u c -  
t ion  of L i ( I )  in p y r i d i n e  p roceeds  to t h e  me ta l .  

No c h a n g e  in  the  a p p e a r a n c e  a n d  w e i g h t  of  t he  
coppe r  ca thode  was  o b s e r v e d  a f t e r  t he  depos i t s  
w e r e  d e c o m p o s e d  and  the  ca thode  was  w a s h e d  w i t h  
w a t e r .  

L i t h i u m  ch lo r ide  has  been  r e p o r t e d  to h a v e  a 
m o l a r  c o n d u c t i v i t y  of 0.35 in p y r i d i n e  (13).  

W h e n  n i t r o g e n  was  used  for  d e a e r a t i o n  in t he  
m a c r o s c a l e  e lec t ro lys i s ,  a r e d - t o - b l a c k  p r e c i p i t a t e  
a p p e a r e d ,  w h i c h  was  d e c o m p o s e d  b y  w a t e r  and  
w h i c h  was  p r o b a b l y  a m i x t u r e  of Li3N and  m e t a l l i c  
l i t h i u m  (14) .  W h e n  a r g o n  was  used  for  d e a e r a t i o n ,  
th is  depos i t  was  not  fo rmed .  

P o t e n t i a l  s c a l e . - - T h e  p o t e n t i a l  of t he  N A g E  
( Ag /AgNO3,  1M in p y r i d i n e )  is + 0 . 0 9 v  vs .  S.C.E. 
( s a t u r a t e d  ca lome l  e l e c t r o d e  in  aqueous  so l u t i on ) .  
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T h e  fo l l owing  s u m m a r y  of p o t e n t i a l s  f o u n d  for  
t he  m e r c u r y  pool  in  con tac t  w i t h  t he  i n d i c a t e d  sa l t  
so lu t ions  in  p y r i d i n e ,  w h e n  m e a s u r e d  a g a i n s t  t he  
r e f e r e n c e  e l e c t r o d e  shown,  w i l l  b e  u se fu l  as  a f r a m e  
of r e f e r e n c e  for  t h e  d i scuss ion  of p o t e n t i a l s  in th i s  
a n d  f u t u r e  p a p e r s  ( t h e s e  v a l u e s  i n c l u d e  l i q u i d  j u n c -  
t ion  p o t e n t i a l s )  : 

So lu t i on  in  con tac t  
w i t h  m e r c u r y  poo l  

0.1M LiC1 
0.3M LiC1 
0.1M LiNO~ 
0.15M Bu4NI 

P o t e n t i a l  of  m e r c u r y  poo l  v s .  

S.C.E.,  NAgE,  
V V 

- -0 .36 --0.45 
--0.40 --0.45 

--0.09 
--0.65 

Consequen t ly ,  to  c o n v e r t  p o t e n t i a l s  m e a s u r e d  vs .  

t he  m e r c u r y  poo l  in  i od ide  so lu t ion  to r e a d  vs .  

NAgE,  - -0 .65v  shou ld  b e  a d d e d ;  in  t h e  case  of c h l o -  
r i de  solu t ions ,  - -0 .45v  shou ld  b e  added ;  for  n i t r a t e  
so lu t ion ,  - -0 .09v  shou ld  be  added .  

W i l l e b o o r d s e  (9)  r e p o r t e d  - -0 .28v  vs .  S.C.E. for  
t he  m e r c u r y  poo l  in  con tac t  w i t h  0.1M LiC1 solut ion .  
The  a p p r e c i a b l e  d i f fe rence  of 0.08v b e t w e e n  the  
l a t t e r  v a l u e  a n d  t h a t  of t he  p r e s e n t  s t u d y  m a y  be  
due  to d i f fe r ing  t r a c e  a m o u n t s  of w a t e r  p r e s e n t  in  
t he  p y r i d i n e  used.  The  tes t  for  d r y n e s s  of t he  p y r i -  
d ine  u sed  in  t h e  p r e s e n t  s t u d y  is d e s c r i b e d  u n d e r  
" E x p e r i m e n t a l . "  

E l e c t r o c a p i l l a r y  c u r v e . - - F i g u r e  3 is a t y p i c a l  e l ec -  
t r o c a p i l l a r y  c u r v e  o b t a i n e d  fo r  a 0.1M LiC1 so lu-  
t ion  in  p y r i d i n e  in  t he  a b s e n c e  of air .  The  r a t h e r  
flat  n a t u r e  of t he  top  of  t h e  c u r v e  p r e c l u d e s  an  e x a c t  
d e t e r m i n a t i o n  of t he  e l e c t r o c a p i l l a r y  zero,  w h i c h  
for  t he  so lu t ion  i n d i c a t e d  is ca. - -0 .2v  vs .  m e r c u r y  
pool ,  ca. - -0 .65v vs .  N A g E  or  ca. =0 .56v  vs .  S.C.E. 

In  t h e  p r e s e n c e  of  n o r m a l  l a b o r a t o r y  air ,  t h e  
e l e c t r o c a p i l l a r y  c u r v e  is d i s to r t ed ,  due  p r o b a b l y  to 
t h e  p r e s e n c e  of some a d s o r b a b l e  spec ies  in  t he  so-  
lu t ion ,  e.g. ,  w a t e r  a b s o r b e d  f r o m  the  air .  

T e t r a a [ k y l a m m o n i u m  s a l t s . - - T e t r a e t h y l a m m o n i -  

u m  b r o m i d e ,  t e t r a - n - p r o p y l a m m o n i u m  b r o m i d e ,  
a n d  t e t r a - n - b u t y l a m m o n i u m  iod ide  w e r e  also t e s t ed  
as b a c k g r o u n d  e l e c t r o l y t e s  w i t h  t he  DME in p y r i -  
d ine ;  N A g E  was  used  as r e f e r e n c e  e lec t rode .  Bes t  
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Fig. 3. Electrocapillary curve for 0.1M LiCI in pyridine, DME vs. 

mercury pool, in the absence of air. 
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resu l t s  in r e spec t  to smal l  r e s idua l  c u r r e n t s  w e r e  
ob ta ined  w i t h  the  b u t y l  compound .  

A 0.15M Bu4NI so lu t ion  has  a v e r y  good conduc -  
t iv i ty ,  i.e., its r es i s tance  in the  H - c e l l  is about  one -  
t e n t h  of t ha t  of c o m p a r a b l e  so lu t ions  con ta in ing  
LiC1 (17 kohms)  or  LiNO3 (12 k o h m s ) .  T h e  de -  
compos i t ion  po ten t i a l  of Bu4NI is --1.65v vs.  m e r -  
cu ry  pool,  i . e . , - - 2 . 3 0 v  vs.  NAgE.  H o w e v e r ,  at - -1 .45v 
vs. pool  a smal l  w a v e  began  (i = 1.5 #a at - -1 .6v vs. 
pool ) ,  w h i c h  is p r o b a b l y  due  to t races  of mois tu re .  

T h a l l i u m  ( I ) . - - S o l u t i o n s  of tha l lous  ace ta t e  up to 
2 m M  are  ob ta ined  in p y r i d i n e  w i t h o u t  diff iculty;  at 
h i g h e r  concen t ra t ion ,  t u r b i d i t y  resul ts .  The  su l fa te  
is a lmos t  insoluble .  

T1 (I)  in LiNO3 solu t ion  gives  a w e l l - d e v e l o p e d  po-  
l a rog raph i c  w a v e  (cf. Tab le  II, w h i c h  conta ins  
typ ica l  da ta  fo r  t h r e e  me ta l l i c  ions) .  T h e  l im i t i ng  
c u r r e n t  is d i r ec t ly  p ropo r t i ona l  to the  depo la r i ze r  
concen t r a t i on  (0.2-2 m M )  and to the  s q u a r e  root  of 
t h e  m e r c u r y  he igh t  and has a t e m p e r a t u r e  coeffi- 
c ient  of 1.4%, ind ica t ing  diffusion control .  

Table II. Polarographic data for metallic cations in pyridine 

Cation L~1"08 
conc . ,  eonc . ,  T e m p ,  h,  a S l o p e ,  d 
m M  M ~ c m  - -EI /~ ,  b v id, ~a  I o m v  

T h a l l i u m  

0.23 0.5 25 30 0.48 0.56 1.87 57 
0.23 0.5 25 60 0.48 0.76 1.77 52 
0.4 0.1 25 0.48 i,g 1.42 2.60 61 
0.50 0.5 25 60 0.48 1.96 2.10 e 
1.0 0.07 5 e 3.04 1.66 e 
1.0 0.07 5 e 2.36 1.74 e 
1.0 0.07 20 e 2.88 2.12 e 
1.0 0.07 20 e 3.76 2.04 e 
1.0 0.5 25 30 e 2.64 2.03 e 
1.0 0.5 25 60 0.49 3.60 1.93 e 
1.0 0.5 25 0.519 3.20 1.95 e 
2.0 0.1 25 0.54 4.60 1.83 93 
2.0 0.1 25 60 0.52 6.65 1.78 141 
2.1 0.5 25 60 0.54g 7.56 1.93 e 

L e a d  

0.15 0.1 25 60 0.59 0.98 2.97 34 
1.5 0.1 25 60 0.63 10.4 3.15 74 
1.5 0.1 25 30 0.63 7.8 2.88 70 
1.5 0.I 25 60 0.589 10.3 3.12 82 
1.5 0.1 3 60 0.54g 8.3 2.53 47 
5.0 0.5f 25 60 0.97g 28.8 2.62 40 
5.0 0.5J 25 30 0.959 19.8 2.19 38 

Z i n c  

0.15 0.3~ 25 max. 0.88 h 2.03 NM 
0.5 0.3t 25 I 1.60 1.56 1.91 41 

II 1.68 1.20 40 
0.95 0.3f 7 max. 2.96 h 2.06 NM 
0.95 0.3~ 7 I 1.63 2.40 2.28 49 

II 1.72 2.04 62 
1.0 0.3~ 25 I 1.60 3.00 1.83 58 

II 1.69 2.28 45 
1.38 0.3~ 6 max. 5.52 h 1.95 NM 

a U n c o r r e c t e d  f o r  b a c k - p r e s s u r e .  
b M e a s u r e d  v s .  m e r c u r y  p o o l  a n d  a d j u s t e d  t o  b e  v s .  N A g E .  
c D i f f u s i o n  c u r r e n t  c o n s t a n t ,  I ,  = i~ /cm2/St l /6 .  I n  t h e  ca se  o f  Zn ,  i t  

w a s  c a l c u l a t e d  f r o m  t h e  s u m  o f  w a v e s  I a n d  I I .  
C a l c u l a t e d  f r o m  v a r i a t i o n  o f  l o g  [ ix~ (i~ -- i ) ]  v s .  E ,  u s i n g  t h e  

r e l a t i o n s h i p  o f  (E1/~ -- E3/D = -- s l o p e / 0 . 0 5 6  a t  25~  N M  = n o t  
m e a s u r a b l e .  

e N o t  m e a s u r e d  b e c a u s e  a m a x i m u m  o f  t h e  f i r s t  k i n d  w a s  p r e s e n t .  
f R u n  i n  L i e 1  s o l u t i o n .  
a U n c e r t a i n  v a l u e  d u e  t o  a v e r y  l a r g e  i R  d r o p  c o r r e c t i o n  w h e n  r u n  

d i r e c t l y  v s .  t h e  N A g E ,  e ,g . ,  0.3v.  
S u m  of  c u r r e n t s  f o r  w a v e s  I a n d  I I .  
M a x i m u m  of  t h e  s e c o n d  k i n d  p r e s e n t .  

Satisfactory waves are obtained in solutions up 
to 0.5M in LiNO3; above 0.5M LiNO3 or 1 mM TI(I), 
a sharp maximum of the first kind appears. 

The half-wave potential of--0.48v vs. NAgE, i.e., 

--0.39v vs. S.C.E., is comparatively less negative 
than that of Tl(I) in aqueous media, i .e . , - -0.46v vs. 

S.C.E. in 0.1M background electrolyte and --0.48v in 
IM electrolyte. However, such comparisons must be 
made with caution, e.g., the magnitudes of the junc- 
tion potentials may be controlling. It will, though, 
be interesting to compare the differences between 
pairs of ions in water and in pyridine. 

The diffusion current constant of ca. 2.0 in pyri- 
dine is less than the 2.7 found in aqueous solution. 

The data indicate a l e  reduction of Tl(1), likely 
to the amalgam. The wave slope at low Tl(I) con- 
centration may indicate reversibility. 

Le a d ( I I ) . - - S o l u t i o n s  of lead acetate and nitrate 
in pyridine are readily obtained. Lead(II) in 0.1M 
LiNO3 and in 0.5M LiC1 solutions gives a well-de- 
veloped polarographic wave (Table If), whose lim- 
iting current is directly proportional to depolarizer 
concentration (with some deviation between the 
two background electrolytes) and to the square root 
of the mercury height, and has a temperature co- 
efficient of 1.0%, indicating diffusion control. 

The data obtained with lead acetate are not in- 
cluded in Table II since the compound used was 
the trihydrate and the presence of the water would 
have introduced a possible complicating factor. 
Typical data at 25~ for 2 mM Pb(OAc)2 in 0.1M 
LiCI solution, which is also 6 mM in H20, are EI/2 = 
--0.77v vs. NAgE, I ---- 3.25, and slope = 37 my. 

A sharp maximum of the first kind often appears 
at the beginning of the limiting current of the Pb (II) 
reduction; this maximum disappears at lower tem- 
perature, e.g., 0~ and at lower Pb(II) concentra- 
tions. 

In aqueous solution Pb(II) has nearly identical 
half-wave potentials and diffusion current constants 
in nitrate and chloride media (I in parentheses), 
e.g., --0.38 and --0.40 (3.7) in 0.1M and IM nitrate, 
and --0.40 (3.9) and --0.44 in 0.I and 1M chloride. 
In pyridine, however, EI/2 is much more negative in 
chloride, --0.87v, than in nitrate solution, ca. 

--0.52v; I is also less, ca. 2.4 vs. 3.1. (All potentials 
a re  vs. S.C.E.) 

The  da ta  ind ica te  a 2e r e d u c t i o n  of Pb  ( I I ) ,  l i ke ly  
to t he  ama lgam.  T h e  w a v e  slope of 34 m y  at low 
P b ( I I )  concen t r a t i on  m a y  ind ica te  r eve r s ib i l i t y .  
H o w e v e r ,  at h ighe r  concen t r a t ions  of the  d e p o l a r -  
izer  the  w a v e  slope is less steep, poss ibly  because  
of the  inc reas ing  inf luence of the  e r ro r  in t he  m e a s -  
u r e m e n t  of t he  res i s t ance  of the  solut ion,  w h i c h  
necess i ta ted  iR drop  cor rec t ions  of s eve ra l  h u n d r e d  
mi l l ivo l t s .  

Z i n c ( I I ) . - - T h e  p o l a r o g r a p h i c  b e h a v i o r  of zinc in 
p y r i d i n e  is m o r e  compl i ca t ed  t h a n  those  of  t ha l -  
lous and lead ions (Tab le  II ;  Fig.  4) .  T w o  r e d u c -  
t ion w a v e s  are  obse rved  in 0.3M LiC1; these  are  
sepa ra t ed  by  an inf lect ion r a t h e r  t h a n  by  a l i m i t i h g  
cu r ren t ,  due  to t he  smal l  d i f fe rence  of ca. 0.1v in 
E1/2. W h e n  the  w a v e s  can be  s epa ra t e ly  measu red ,  
w a v e  I is s o m e w h a t  l a r g e r  t h a n  w a v e  II, compr i s ing  
ca. 55% of  the  to ta l  cu r ren t .  
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Fig. 4. Polorograms of ZnCI2 in 0.3M LiNO3 at 25~ A, 0.5 mM 
Zn(ll), E1/2 ~ - -1.60 and --1.68v, id ~ 1.56 and 1.20 #o; B, 
1.0 mM Zn(ll), E1/2 ~ --1.60 and --1.69v, id ~ 3.00 and 2.28/~a. 

A t  h i g h e r  c o n c e n t r a t i o n s  of Z n ( I I )  and  of b a c k -  
g r o u n d  e l ec t ro ly t e ,  e.g., g r e a t e r  t h a n  1 m M  Zn  and  
0.3M LiC1, t h e  first  w a v e  a p p e a r s  as a s h a r p  m a x -  
i m u m  on t h e  r i s ing  p o r t i o n  of t h e  p o l a r o g r a p h i c  
wave .  I t  is an  open  ques t ion ,  w h e t h e r  t he  a p p a r e n t  
f irst  w a v e  o r i g i n a t e s  f r o m  a d a m p e d ,  i.e., p a r t i a l l y  
suppressed ,  m a x i m u m  w h i c h  s o m e t i m e s  a p p e a r s  as 
a w a v e ,  or  w h e t h e r  i t  is a r e a l  r e d u c t i o n  wave ,  
w h i c h  is v e r y  a p t  to deve lop  m a x i m a .  A t t e m p t s  to 
i m p r o v e  r e so lu t i on  of t h e  w a v e s  b y  v a r y i n g  t e m p e r -  
a tures ,  concen t r a t i on  of depo la r i ze r ,  concen t r a t i ons  
of  LiNO8 and  Bu4NI as b a c k g r o u n d  e l ec t ro ly t e s ,  
m e r c u r y  h e i g h t  (30-60 c m ) ,  and  p o l a r i z a t i o n  r a t e  
(20-200 v / m i n )  w e r e  not  decis ive .  The  w a v e s  in  
Bu4NI so lu t ion  w e r e  p o o r l y  s e p a r a t e d ;  those  in  
LiNO~ w e r e  s im i l a r  to those  in  LiC1 solut ion.  

The  d i f fus ion  c u r r e n t  cons t an t  for  t h e  t o t a l  c u r -  
r en t  ( s u m  of  t he  two  w a v e s )  is s o m e w h a t  less t h a n  
t ha t  for  l e ad  in ch lo r ide  media .  Th is  m a y  be  d u e  
to t he  d e c r e a s e d  m o b i l i t y  of Z n ( I I )  as a r e s u l t  of 
s t rong  c o m p l e x a t i o n  b y  p y r i d i n e .  This  is s u p p o r t e d  
b y  the  m o r e  n e g a t i v e  E1/2 (ca. - -1 .6v)  and  l o w e r  
I (ca. 2.0) in p y r i d i n e  as c o m p a r e d  to  aqueo us  so -  
l u t i on  ( - -1 .00v and  3.4 in  1M KC1 so lu t ion ) .  

W i l l e b o o r d s e  (9 ) ,  w h o  s t u d i e d  t h e  p o l a r o g r a p h i c  
r e d u c t i o n  of ZnC12 in 0 -100% p y r i d i n e  (0.1M in 
LiC1),  o b s e r v e d  on ly  one  Z n ( I I )  w a v e  even  in 100% 
p y r i d i n e  a n d  does no t  m e n t i o n  a n y  m a x i m a  asso-  
c ia ted  w i t h  t he  wave .  H e  r e p o r t e d  a n  E1/2 of  - -1 .46v 
vs.  S.C.E.;  I cou ld  n o t  be  m e a s u r e d  accu ra t e ly ,  b u t  
was  p r o b a b l y  2.5 or  less  b a s e d  on the  d a t a  for  p y r i -  
d i n e - w a t e r  m i x t u r e s .  This  v a l u e  of - -1 .46v checks  
t he  v a l u e s  of ca. --1.52 and  - -1 .61v f o u n d  in t he  
p r e s e n t  s t u d y  w h e n  cogn izance  is t a k e n  of t he  d i f -  
f e r ence  of 0.08v f o u n d  in t he  t w o  s tud ies  fo r  t he  
p o t e n t i a l  of t he  m e r c u r y  pool  vs.  S.C.E. 

The  m a c r o s c a l e  e l e c t r o l y t i c  r e d u c t i o n  of so lu t ions  
of ZnC12 in p y r i d i n e  was  run ,  us ing  a s i lve r  a n o d e  
and  a m e r c u r y  ca thode .  These  so lu t ions  show poor  
conduc t i v i t y ,  i.e., t he  r e s i s t ance  is a b o u t  f i f ty  t i m e s  
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t h a t  of c o m p a r a b l e  so lu t ions  of A1C13 in p y r i d i n e .  
(The  r e s i s t ance  of  0.1N ZnCI8 in t h e  t h r e e - c o m -  
p a r t m e n t  cel l  u sed  for  m a c r o s c a l e  e l ec t ro lys i s  w a s  
ca. 50 k o h m s ;  t h a t  of a c o m p a r a b l e  A1C18 so lu t ion  
was  ca. 3 k o h m s . )  Zinc p r o b a b l y  ex is t s  in p y r i d i n e  
l a r g e l y  as  an  und i s soc i a t e d  c o m p l e x  w i t h  t h e  so l -  
ven t ,  e.g., ZnC12pyr4. 

A f t e r  p r o l o n g e d  e lec t ro lys i s ,  t h e  p r e s e n c e  of  m e -  
ta l l i c  z inc  in  t he  m e r c u r y  c a thode  w a s  e s t a b l i s h e d  
as  fo l lows :  T h e  m e r c u r y ,  f r ee  f r o m  e l e c t r o l y z e d  
so lu t i on  a n d  s t i r r e d  w i t h  a m a g n e t i c  s t i r r e r ,  w a s  
s h o r t - c i r c u i t e d  to a l a r g e  p l a t i n u m  e l ec t rode  in  an  
aqueous  6M HC1 solut ion .  Thus ,  " i n t e r n a l  e l e c t r o l -  
ys i s "  shou ld  occur  a n d  z inc  shou ld  d i s so lve  in to  t he  
ac id ic  solu t ion .  H o w e v e r ,  i t  was  f o u n d  t h a t  a c t u a l  
e x t e r n a l  s h o r t - c i r c u i t i n g  of t he  p l a t i n u m  and  m e r -  
c u r y  was  u n n e c e s s a r y .  A f t e r  3 h r  t h e  ac id ic  so lu t ion  
was  q u a n t i t a t i v e l y  t r a n s f e r r e d  to a v o l u m e t r i c  flask, 
n e u t r a l i z e d  w i t h  a n  excess  of c o n c e n t r a t e d  aqueous  
a m m o n i a ,  and  d i l u t e d  w i t h  w a t e r  to o b t a i n  a so lu -  
t ion  a p p r o x i m a t e l y  1M in NH8 and  1M in NH4C1; 
th is  so lu t ion  w a s  p o l a r o g r a p h e d  to g ive  a zinc wave .  

The  p r e s e n c e  of w h a t  a r e  p r o b a b l y  two  p o l a r o -  
g r a p h i c  w a v e s  for  zinc sugges t s  a t w o - s t a g e  r e d u c -  
t ion  

ZnC12pyr4 ~- e : [ZnC12pyr4] -  [1]  

[ZnC12pyr4] -  -t- e + (Hg)  : Z n ( H g )  
~- 2 C I -  -~ 4 p y r  [2]  

Compar i son  of  behav ior  in  aqueous  and pyr id ine  
s o l u t i o n . - - V a l u e s  of t he  h a l f - w a v e  p o t e n t i a l s  and  
di f fus ion c u r r e n t  cons tan t s  f o u n d  for  t h e  t h r e e  ca -  
t ions ,  ( T I ( I ) ,  P b ( I I ) ,  and  Z n ( I I ) ,  in a que ous  and  
p y r i d i n e  so lu t ions  a r e  s u m m a r i z e d  in  T a b l e  III .  
A l t h o u g h  p o t e n t i a l  d a t a  m u s t  be  c o m p a r e d  w i t h  
cau t ion  b e c a u s e  of t he  p r e s e n c e  of u n k n o w n  l i qu id  
j u n c t i o n  p o t e n t i a l s  in  t he  d a t a  for  p y r i d i n e  solut ion,  
t h e  h a l f - w a v e  po t e n t i a l s  show l i t t l e  d i f fe rence  w h e r e  
c o m p l e x a t i o n  i n v o l v i n g  the  an ion  is a p p a r e n t l y  no t  
i nvo lved ,  e.g., T I ( I )  and  P b ( I I )  in n i t r a t e  media .  
F o r  Z n ( I I )  and  P b ( I I )  in  c h l o r i d e  m e d i a  t h e  d i f -  
f e r ence  is a p p r e c i a b l e .  

S i m i l a r l y ,  a l t h o u g h  a l l  of  t h e  d i f fus ion  c u r r e n t  
cons tan t s  a r e  less  in  p y r i d i n e  t h a n  in w a t e r ,  t h e  
r e l a t i v e  d e c r e a s e  is g r e a t e r  w h e r e  c o m p l e x a t i o n  is 
m o r e  p r o n o u n c e d .  

A l u m i n u m . - - T h e  p o l a r o g r a p h y  of a l u m i n u m  has  
a t t r a c t e d  c o n s i d e r a b l e  i n t e r e s t  f r o m  i n v e s t i g a t o r s  
for  t he  pa s t  t h r e e  decades .  A l u m i n u m  canno t  be  
e l e c t r o d e p o s i t e d  f r o m  aqueous  solut ion.  The  p o l a r o -  

Table III. Comparison of polarographic constants in aqueous 
and pyrldine solution 

--E1/~ vs .  S . C . E . ,  v I = i~]cm~/Stl/e 

P Y r i -  D i f f e r -  P y r i -  
d i n e  W a t e r  e n c e  d i n e  W a t e r  R a t i o  

T1 (I) 0.39 a,5 0.46 0.07 2.0 2.7 0.74 
Pb  ( I I )  0.52 a 0.39 --0.12 3.1 3.7 0.84 

0.875 0.42 --0.45 2.4 3.9 0.61 
Zn (I I )  1 1.525 1.00 c --0.52 2.0 d 3.4 c 0.59 

I I  1.615 --0.61 

N i t r a t e  s o l u t i o n ,  e O n l y  o n e  w a v e  o b s e r v e d .  
C h l o r i d e  s o l u t i o n .  ~ C o m b i n e d  w a v e s  I a n d  I I .  
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AICIa, 
m M  

Table IV. Polarographic data for solutions of aluminum 
chloride in pyridine a 

W a v e  I W a v e  I I  

-- E1/~, b i l ,  S lope ,  -- E~/2,b /1, S l o p e ,  
v /~a I~ m y  v ~a  I~ m v  

160 Obscured by  Wave  I 
102 1.45 6.9 3.35 46 
100 1.45 21.5 3.57 57 

90 1.44 24.1 3.73 67 
170 1.43 16.8 3.64 74 

1.49 51.0 3.48 80 

0.25 1.35 1.4 2.61 
0.96 1.25 1.4 
2.80 1.25 1.4 
3.00 1.6 
3.00 c 1.4 
6.68 Not  measurab le  

T e m p e r a t u r e :  25~ b a c k g r o u n d  e l e c t r o l y t e :  0.6Y/ LiC1. 
b M e a s u r e d  v s .  t h e  m e r c u r y  p o o l  a n d  a d j u s t e d  to  be  vs.  N A g E .  
r R u n  a t  h = 30 cm.  R a t i o  of  t h e  W a v e  I I  c u r r e n t s  i n  t h e  t w o  e x -  

p e r i m e n t s  on  3.00 mY/ is  1.43;  r a t i o  of  t h e  s q u a r e  r o o t s  o f  t h e  c o r r e -  
s p o n d i n g  m e r c u r y  h e i g h t  is  1.41. 

T h e  a p p a r e n t  d i f f u s i o n  c u r r e n t  c o n s t a n t  is  s l i g h t l y  low,  s i n c e  t h e  
AICI~ u s e d  c o n t a i n e d  s m a l l  a m o u n t s  of  i n s o l u b l e  m a t e r i a l .  

g r a p h i c  r e d u c t i o n  w a v e  o b t a i n e d  for  aqueous  
A I ( I I I )  so lu t ions  has  been  a s c r i b e d  to a v a r i e t y  of 
e l e c t r o d e  processes ;  one  of t he  m o r e  r e c e n t  a n d  
t h o r o u g h  s tud ies ,  t h a t  of  H e y r o v s k y  (15) ,  has  s h o w n  
t h a t  t h e  w a v e  is due  to  t h e  r e d u c t i o n  of h y d r o g e n  
ions  f r o m  t h e  a q u o - c o m p l e x ,  w h i c h  is c a t a l y z e d  b y  
the  a d s o r b e d  r e a c t i o n  p roduc t ,  a l u m i n u m  h y d r o x -  
ide. Consequen t ly ,  t he  e l e c t r o c h e m i s t r y  of  a l u m i -  
n u m ( I I I )  was  i n v e s t i g a t e d  w i t h  c o n s i d e r a b l e  i n -  
t e r e s t  s ince  a success fu l  e l e c t r o d e p o s i t i o n  of a l u -  
m i n u m  m e t a l  f r o m  p y r i d i n e  has  a lso  no t  b e e n  r e -  
po r t ed ,  a l t h o u g h  unsucces s fu l  e x p e r i m e n t s  h a v e  
been  d e s c r i b e d  (6) .  

S u r p r i s i n g l y  enough ,  so lu t ions  of A1CI~ in p y r i -  
d i n e  con ta in ing  LiC1 as b a c k g r o u n d  e l e c t r o l y t e  g ive  
two  p o l a r o g r a p h i c  w a v e s  ( T a b l e  I V ) ,  t h e  first  of 
w h i c h  seems  to be  a smal l ,  e x t r a n e o u s  p r e w a v e .  T h e  
l i m i t i n g  c u r r e n t  of th is  f irs t  wave ,  w h i c h  is cons t an t  
a n d  i n d e p e n d e n t  of t he  A1C13 concen t r a t i on ,  m a y  
be  a c a t a l y t i c  h y d r o g e n  d i s c h a r g e  due  to t he  p r e s -  
ence  of t r a ce s  of m o i s t u r e  a b s o r b e d  in  p r e p a r i n g  
t h e  o r ig ina l  s tock  so lu t ion  of a l u m i n u m  salt .  S o l u -  
t ions  of A1C13 in p y r i d i n e  con t a in ing  s m a l l  a m o u n t s  
( 1 % )  of w a t e r  do g ive  two  w a v e s  w i th  t he  h a l f -  
w a v e  p o t e n t i a l s  obse rved .  

The  second,  w e l l - d e f i n e d  w a v e  is p r o p o r t i o n a l  in 
h e i g h t  to t he  A I ( I I I )  c o n c e n t r a t i o n  a n d  has  a d i f fu-  
s ion c u r r e n t  cons tan t ,  w h i c h  w o u l d  c o r r e s p o n d  to 
an  n v a l u e  of a b o u t  two;  i ts  h e i g h t  is p r o p o r t i o n a l  
to t he  s q u a r e  roo t  of t h e  m e r c u r y  head ;  i ts  s lope  is 
57-----10 my.  These  p r o p e r t i e s  c o r r e s p o n d  to  t hose  

e x p e c t e d  for  a r e v e r s i b l e  o n e - e l e c t r o n ,  d i f fus ion-  
c on t ro l l e d  r educ t ion .  H o w e v e r ,  m e t a l l i c  a l u m i n u m  
could  no t  be  o b t a i n e d  on m a c r o s c a l e  e l ec t ro ly s i s  a t  
po t e n t i a l s  on the  c res t  of t h e  second  p o l a r o g r a p h i c  
wave .  F u r t h e r  i n v e s t i g a t i o n  of t he  n a t u r e  of t he  
f a r a d a i c  process  w h i c h  was  occu r r ing  i n d i c a t e d  t h a t  
i t  m a y  i nvo lve  so lvent .  W o r k  is n o w  in  p rocess  on 
d e t e r m i n i n g  the  e x a c t  n a t u r e  of t h e  e l e c t r o c h e m i c a l  
r e d u c t i o n  w h i c h  occurs  in so lu t ions  of A I ( I I I )  in 
p y r i d i n e .  

A c k n o w l e d g m e n t  

The  a u t h o r s  w i sh  to t h a n k  t h e  U.S. A t o m i c  E n -  
e r g y  Commiss ion ,  w h i c h  h e l p e d  s u p p o r t  t h e  w o r k  
desc r ibed .  

Manuscr ip t  rece ived  May 12, 1962; rev ised  m a n u -  
scr ipt  received Aug. 15, 1962. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1963 
J O U R N A L .  
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ABSTRACT 

The reduct ion of oxygen on film-covered zirconium was investigated by the 
measurement  of the rate as a funct ion of potential  and concentration.  The 
amount  of hydrogen peroxide produced was measured and compared to the 
theoretical amount.  The results showed two distinct polarizat ion regions, a 
very low-cur ren t  region with a Tafel slope of about 1.4 (2.3 RT/F)  and an 
oxygen order of unity,  and a higher current  region with a much larger Tafel 
slope and a fract ional  oxygen order. Equations accounting for the general  
features of the data are derived based on a model which considers the separate 
potential  drops across the film and the solution double layer. 

Z i r c o n i u m  is k n o w n  to form a film, p r e s u m a b l y  
of ZrO2, w h e n  in  contac t  w i th  02 in  aqueous  solu-  
tion. The s t a n d a r d  po t en t i a l  (1) for the  h a l f - r e a c -  
t i o n Z r  + 2H20 = Z r O 2 - b  4H + ~- 4 e -  i s - - l . 4 3 v .  I t  
is ev iden t  f rom this  po t en t i a l  tha t  ZrO2 is t h e r m o -  
d y n a m i c a l l y  s table  u n d e r  po ten t ia l s  at  wh ich  such 
oxidiz ing agents  as 02, H202, and  H + are  easi ly  r e -  
duced. F u r t h e r m o r e ,  m e a s u r e m e n t s  m a d e  in  02-  
s a tu ra t ed  0.1M NaeSO4 (pH ~ 4) showed tha t  the  
ra te  of f o rma t ion  of ZrO2 at po ten t ia l s  in  the  v i c in -  
i ty  of S.C.E. fal ls  off to va lues  on the  order  of 10 - s  
to 10 -9 a m p / c m  2 af ter  a few days (2) .  There fo re  it 
should be possible  to s tudy  r educ t ion  processes on 
f i lm-covered  z i r con ium wi thou t  s ignif icant  i n t e r -  
fe rence  f rom the  f i lm- fo rming  react ions.  I t  is found,  
in  pract ice,  tha t  d e t e r m i n a t i o n s  of r educ t i on  ra tes  
are  r ea sonab ly  r ep roduc ib le  on a g iven  sample,  a nd  
therefore  it  is safe to conclude  tha t  the  effect of 
r educ t ion  e x p e r i m e n t s  on the  surface  of the  elec-  
t rode is slight. 

In  a p rev ious  paper  (3) ,  expe r imen t s  were  de-  
scr ibed conce rn ing  the  r educ t ion  on z i r con ium of 
severa l  oxidiz ing agents  i nc lud ing  oxygen.  Because  
the  p r i m a r y  purpose  of tha t  paper  was  to p re sen t  
and  i l lus t ra te  k ine t ic  equa t ions  r e su l t i ng  f rom con-  
s idera t ion  of a t w o - b a r r i e r  model  for f i lm-covered  
electrodes,  specific m e c h a n i s m s  were  no t  discussed. 
In  the p resen t  paper ,  add i t iona l  e x p e r i m e n t s  con-  
ce rn ing  the  r educ t ion  of oxygen  on z i r con ium are 
described,  and  the  m e c h a n i s m  of this  reac t ion  is dis-  
cussed. This  reac t ion  was  chosen because  of its i m-  
por tance  for the  f i l m - f o r m a t i o n  process in  oxy-  
gena ted  aqueous  solut ions.  

The r educ t ion  of oxygen  on meta l s  has no t  r e -  
ceived a grea t  deal  of a t ten t ion .  On m e r c u r y  in  acid 
solutions,  Iofa et al. (4) and  Aga r  (5) found  Tafe l  
regions  of slopes equa l  to about  2 (2 .3RT/F) ,  a first-  
o rder  reac t ion  wi th  respect  to oxygen,  and  a s l ight  
pH dependence .  This  led to the  fo l lowing pos tu la ted  
m e c h a n i s m  

O2 -b e -  ---- O2- (s l0w) [1] 
0 2 -  ~- H + : HO2 (fast)  [2] 
HO2 + e -  = HOe-  (fast)  [3] 
HO2-  + H + = H202 (fast)  [4] 

The  r e duc t i on  of oxygen  on p l a t i n u m  has  been  
s tudied  by  W i n k e l m a n n  (6) a nd  on p l a t i n u m ,  silver,  
gold, a n d  n icke l  by  Kras i l shch ikow and  co -worke r s  
(7) .  In  genera l ,  the  above sys t em of equa t ions  is 
pos tu la t ed  and  Eq. [1] is cons idered  the  slow step 
if t he  reac t ion  is pH i n d e p e n d e n t  and  if the  Tafe l  
slope is abou t  2(2.3 R T / F ) .  In  a lka l ine  so lu t ion  it is 
somet imes  found  tha t  the  Tafe l  slope is 2 /3(2 .3  
R T / F )  and  tha t  the  reac t ion  is pH dependen t .  I n  this  
case, the  app l ica t ion  of e l e m e n t a r y  k ine t i cs  shows 
tha t  Eq. [3] is t he  p robab le  slow step. A n  exce l len t  
s u m m a r y  of the  oxygen  electrode has been  p resen ted  
by  Vet te r  (8) .  

I n  order  to d e t e r m i n e  w h e t h e r  this  m e c h a n i s m  
was app l i cab le  to z i rconium,  it  was  necessa ry  to 
me a su r e  the  po t en t i a l  dependence  and  the  orders  
w i t h  respect  to oxygen  and  h y d r o g e n  ion. I t  was  also 
des i rab le  to d e t e r m i n e  w he t he r  h y d r o g e n  peroxide  
could be detected.  De lahay  and  Stagg (9) repor ted  
t ha t  l i t t le  h y d r o g e n  perox ide  was  p roduced  by  the  
r educ t ion  of oxygen  on z i r con ium in  phospha te  
buffered 0.2M KC1, pH 6.9. 

Experimental 
The  e x p e r i m e n t a l  t echn iques  used in  d e t e r m i n i n g  

the p o t e n t i a l - c u r r e n t  curves  and  in  m e a s u r i n g  the  
k ine t i c  orders  have  been  descr ibed in  de ta i l  (3) .  
The on ly  n e w  type  of e x p e r i m e n t  was  the  de te r -  
m i n a t i o n  of the  h y d r o g e n  perox ide  concen t r a t i on  in  
solut ion.  A modif ica t ion of the  me thod  descr ibed by  
W i n k e l m a n n  (6) was  used.  Two cells s imi la r  to 
those descr ibed  in  ref. (3) were  used, one of 10 cc 
and  the  o the r  of 100 cc capaci ty.  The anodic  po la r i -  
za t ion  curve  r e p r e s e n t i n g  the  ox ida t ion  of h y d r o g e n  
perox ide  on a smal l  p l a t i n u m  electrode (a rea  ~0.2  
cm 2) was  recorded at  va r ious  k n o w n  concent ra t ions .  
E x t e r n a l  po la r iz ing  electrodes were  necessa r i ly  
used. The  same cells were  used  for the  r educ t ion  of 
oxygen  on z i rcon ium,  and  w h e n e v e r  it  was  desired 
to d e t e r m i n e  the  h y d r o g e n  peroxide  concen t ra t ion ,  
the  same p l a t i n u m  electrode used in  d e t e r m i n i n g  the  
s t a n d a r d  curves  was  polar ized anodical ly .  The  r e -  
su l t ing  p o t e n t i a l - c u r r e n t  cu rve  was  compared  to the 
set of s t a n d a r d  curves,  and  the  exact  a m o u n t  of h y -  
d rogen  perox ide  p roduced  was  d e t e r m i n e d  by  i n t e r -  
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Fig. 1. Anodic oxidation of H202 on Pt. Concentration of the 
H202 is given in moles per liter above each carve. Arrows on the 
two lower carves represent slight drifting of the potential at 
constant current. 0.1M Na2SO4; pH, 3.12; T, 25~ 

pola t ing  at  severa l  potent ia ls .  I n t e rpo l a t i o n  was 
possible  because  the  reac t ion  was  first order,  as can 
be seen b y  compar ing  cu r r en t s  on  c o n s t a n t - p o t e n -  
t ia l  l ines  on  the  set of s t a n d a r d  po la r i za t ion  curves  
shown  in  Fig. 1. A t  the  lowest  concen t ra t ions  e n -  
countered ,  the  accuracy  of this  me thod  was no t  ve ry  
grea t  for  a lmos t  the  en t i r e  anodic  cu rve  was  u n d e r  
the  i n f l uence  of diffusion, and  i t  was found  qui te  
difficult to r ep roduce  s t i r r ing  condi t ions  in  the  10 cc 
cell. The  accuracy  was  sufficient for the  p re sen t  p u r -  
poses however .  

In  these exper imen t s ,  the  p r e p a r a t i o n  of the z i r -  
c o n i u m  electrodes was  of c ruc ia l  impor tance .  If the  
electrodes were  m e r e l y  c leaned  a f te r  m a c h i n i n g  or 
ab rad ing ,  the  resu l t s  we re  comple te ly  i r r ep roduc i -  
ble, and  po ten t ia l s  a t  cons t an t  c u r r e n t  d r i f ted  and  
showed f r e q u e n t  sharp  jumps .  If, in  add i t ion  to the  
c leaning,  the  electrodes were  chemica l ly  pol ished 
(10 v o l u m e  par ts  HF,  50 par ts  conc. HNOs, a nd  50 
par t s  H20) ,  the  resu l t s  we re  be t te r ,  b u t  cons iderab le  
d r i f t ing  r ema ined .  O n l y  if the  e lectrodes  were  also 
a n n e a l e d  in  a v a c u u m  of 10 -6 m m  Hg or be t t e r  a t  
800 ~ for an  hour,  were  the  resul t s  acceptable.  The 
electrodes w e r e  a lways  placed in  the  cell i m m e d i -  
a te ly  a f te r  r e m o v a l  f rom the  v a c u u m  system. Meas-  
u r e m e n t s  were  b e g u n  as soon as the  ra te  of the fi lm 
fo rma t ion  process decayed  to a smal l  enough  va l ue  
to a l low po la r iza t ion  wi th  smal l  cur ren ts .  

A few e x p e r i m e n t s  were  conduc ted  w i th  Z i rca loy-  
I I  ins tead  of c rys ta l  ba r  z i rconium.  I n  all  cases, the re  
was no s ignif icant  difference b e t w e e n  crys ta l  ba r  
z i r con ium and  Z i rca loy- I I .  

In  all  expe r imen t s ,  the  solut ions  were  0.1M in 
Na2SO4 and,  un less  o therwise  stated,  enough  H2SO4 
was added  to give a pH va lue  of 3. A l t h o u g h  some 
expe r imen t s  were  conduc ted  at pH va lues  other  t h a n  
3, pH va lues  close to 3 were  selected as a compro-  
mise b e t w e e n  var ious  complicat ions .  In  more  acid 
solut ions,  h y d r o g e n  d ischarge  becomes  more  possible 
w i th  consequen t  possible  t r a n s i e n t  effects due to h y -  
drogen  p e n e t r a t i o n  in to  the  metal .  In  fact, it was  ob-  

served tha t  w i th  lower  pH va lues  the  m e a u r e m e n t s  
t e n d e d  to be  less reproducib le .  I n  solut ions  more  
a lka l ine  t h a n  pH 3, there  was  the  poss ib i l i ty  in  long  
t e r m  r educ t ion  e x p e r i m e n t s  at  the  h igher  c u r r e n t  
densi t ies  tha t  the  pI-I w ou l d  change  because  h y d r o -  
gen  ion  is consumed  in  the  r educ t ion  of oxygen.  

W h e n e v e r  possible,  e x p e r i m e n t s  were  conduc ted  
both  at  25 ~ a nd  at  75~ Unless  o therwise  noted,  
gene ra l  conclus ions  in  this  pape r  refer  to bo th  t e m -  
pera tures .  

In  the case of the  75 ~ exper imen t s ,  a s a tu ra t ed  
ca lomel  e lect rode a t  room t e m p e r a t u r e  (25~ was  
used as a re fe rence  electrode.  T h e r m a l  j u n c t i o n  was  
m a i n t a i n e d  t h r ough  cap i l l a ry  glass t u b i n g  l ead ing  
in to  the  w a t e r  ba th  and  t h e n  in to  the  cell which  was  
i m m e r s e d  a lmost  comple te ly  in  the bath .  The  con-  
s t ancy  of the a m b i e n t  t e m p e r a t u r e  m a i n t a i n e d  more  
t h a n  sufficient r ep roduc ib i l i t y  for the e s t a b l i shmen t  
of a cons tan t  a l though  u n k n o w n  j u n c t i o n  potent ia l .  

Results 
Potential dependence.--Determinations of the 

cathodic r educ t ion  c u r r e n t  of oxygen  on f i lm-cov-  
ered  z i r con ium as a f u n c t i o n  of the  po t en t i a l  showed 
a Tafe l  region  w h e n  the electrodes were  polar ized 
suff icient ly far  f rom the  open -c i r cu i t  potent ia l .  I t  
was  no t  possible to m a k e  m e a s u r e m e n t s  ear l ie r  t h a n  
severa l  hours  af ter  in i t i a l  i m m e r s i o n  because  the  
in i t i a l  ra tes  of fi lm f o r ma t i on  were  qu i te  la rge  (2) .  
These first m e a s u r e m e n t s ,  t a k e n  usua l ly  f rom 2 to 4 
hr  af ter  in i t i a l  immers ion ,  a lways  showed a Tafel  
slope of f rom 2.5 to 2.7(2.3 RT/F). T h e r e  was  t hen  
a slow increase  of the  Tafe l  slope e x t e n d i n g  over  
severa l  days  w i th  the  f inal  d e t e r m i n a t i o n s  g iv ing  
slopes of 3 to 4 (2.3 RT/F) a nd  an  occasional  sample  
g iv ing  5(2.3 RT/F). A l t h o u g h  the  Tafe l  slopes for 
d i f ferent  samples  were  r e a s o n a b l y  reproducib le ,  the  
m a g n i t u d e  of the  c u r r e n t  for the  same po ten t i a l  and  
t e m p e r a t u r e  va r i ed  somewha t  de pe nd i ng  on the  con-  
d i t ion  of the electrode.  This  was p r o b a b l y  due to the  
fact tha t  the  n a t u r e  and  th ickness  of the  fi lm p re sen t  
on the  surface  had  a p ro found  inf luence  on the  ra t e  
of charge  t ransfer .  F u r t h e r ,  it  is obv ious ly  imposs i -  
b l e  to dupl ica te  precise ly  a solid electrode and  in  
p a r t i c u l a r  to r ep roduce  exac t ly  the  fi lm tha t  grows 
on the  electrode.  For  this  reason,  a l a rge  n u m b e r  of 
m e a s u r e m e n t s  were  made  in  order  to d e t e r m i n e  the  
genera l  t r ends  in  the  Tafe l  slope m e n t i o n e d  above. 
A n  example  of one  of these m e a s u r e m e n t s  is shown 
in  Fig. 2. These  da ta  were  t a k e n  26 hr  af ter  in i t i a l  
immers ion .  The  e lec t rode  had  an  area  of 2.2 cm 2, 
and  a p p a r e n t  c u r r e n t  densi t ies  m a y  be ob ta ined  by  
d iv id ing  the  e x p e r i m e n t a l  c u r r e n t s  by  2.2. 

If the  electrodes were  a l lowed to r e m a i n  in  so lu-  
t ion  u n t i l  the  ra te  of fi lm f o r ma t i on  decayed to 
abou t  10 -8 a m p / c m  2 or less, ano the r  p h e n o m e n o n  
was noted.  This  is i l l u s t r a t ed  in  Fig. 3 w h e r e  the  
ve ry  l o w - c u r r e n t  reg ion  of po la r i za t ion  is plot ted.  
(The  r u n  shown  in  Fig. 3 is no t  the same as tha t  
shown in  Fig. 2.) Both  anodic  and  cathodic b r anches  
are shown. The  anodic  poin ts  dr i f t  s l ight ly,  of 
course, due to anodizing,  b u t  at these  low cu r r en t s  
the  a m o u n t  of charge  passed t h r ough  the  e lec t rode  
is so smal l  tha t  the  dr i f t  is neg l ig ib le  and  a fa i r ly  
accura te  plot  can be obta ined.  As can be seen, the  
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Fig. 2. Cathodic reduction of oxygen on passive zirconium. T, 
75~ 0.1M Na2S04; pH, 2.75; O~ saturated; electrode area, 2.2 
cm 2. 

e x p e r i m e n t a l  po in t s  can  be  a n a l y z e d  b y  a s s u m i n g  
an  anod ic  r eg ion  of s lope  3.5 (2.3 RT/F) a n d  a ca -  
t hod ic  r eg ion  of 1.3 (2.3 RT/F).  A t  h i g h e r  cu r ren t s ,  
t h e  ca thod ic  po in t s  b e n d  off to a r eg ion  of g r e a t e r  
Ta fe l  slope.  This  l o w - c u r r e n t  c h a n g e  of  s lope  w o u l d  
no t  b e  no t i c ed  if  t he  f i l m - f o r m a t i o n  r a t e  s t a y e d  
a b o v e  10 -7  a m p / c m  ~. O t h e r  d e t e r m i n a t i o n s  of t he  
Ta fe l  s lope  in  th i s  l ow  c u r r e n t  d e n s i t y  r e g i o n  gave  
va lue s  of 1.3, 1.4, 1.4, 1.3, and  2(2.3 RT/F).  

I n  t he  h i g h - c u r r e n t  d e n s i t y  reg ion ,  t he  t i m e  to 
r e a c h  a s t e a d y  s t a t e  w a s  u s u a l l y  l onge r  t h a n  the  
t i m e  in t h e  l o w - c u r r e n t  reg ion .  Th is  effect  was  p a r -  
t i c u l a r l y  n o t i c e a b l e  for  e l e c t rodes  of v e r y  l o w  co r -  
ros ion  r a t e ,  i.e., m o r e  t h a n  a b o u t  t h r e e  days  old. 

Order determinations.--These e x p e r i m e n t s  w e r e  
d e s c r i b e d  in  ref .  (3)~ The  g e n e r a l  conc lus ion  a r r i v e d  
a t  was  t h a t  t he  r e a c t i o n  is f i rs t  o r d e r  in  t he  l o w - c u r -  
r e n t  d e n s i t y  r e g i o n  a n d  f r a c t i o n a l  in  t he  h i g h - c u r -  
r e n t  reg ion .  V a l u e s  of t h e s e  f r a c t i o n a l  o rde r s  r a n g e d  
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Fig. 3. Low-current polarization of zirconium. T, 75~ 0.1M 
Na2SO4; pH, 5.12; 02 saturated; electrode area, 2.2 cm ~. 
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Fig. 4. Determination of order of oxygen reduction on passive 
zirconium. 0.1M Na2SO4; pH, ~4; T, 25~ 

f r o m  0.66 to  0.9 in  d i f f e ren t  e x p e r i m e n t s .  I n  a g iven  
e x p e r i m e n t ,  t he  f r a c t i o n a l  o r d e r s  w e r e  cons t an t  
a n d  s h o w e d  no t e n d e n c y  to i n c r e a s e  or  d e c r e a s e  w i t h  
changes  of t h e  cu r ren t .  I n  Fig .  4 a n  e x a m p l e  of an  
o r d e r  d e t e r m i n a t i o n  in  t h e  h i g h - c u r r e n t  d e n s i t y  r e -  
g ion  is shown.  P o i n t s  w e r e  t a k e n  us ing  a gas  flow 
m e t h o d  in  w h i c h  v a r y i n g  p r o p o r t i o n s  of o x y g e n  
and  h e l i u m  w e r e  pa s sed  t h r o u g h  t h e  cell .  The  c u r -  
r e n t  was  d e t e r m i n e d  as a f u n c t i o n  of p e r  cen t  o x y -  
gen  a t  c o n s t a n t  po t en t i a l .  A t  l o w e r  cu r r en t s ,  v a r y i n g  
q u a n t i t i e s  of o x y g e n  w e r e  i n t r o d u c e d  into  a c losed 
cel l  b y  anod ic  e v o l u t i o n  on  p l a t i n u m .  C o n s t a n t  
c u r r e n t  d e n s i t y  was  used  so t h a t  t h e  t o t a l  a m o u n t  
of o x y g e n  p r e s e n t  was  p r o p o r t i o n a l  to  t h e  t o t a l  
c h a r g e  passed .  T h e  o r d e r  was  t h e n  e q u a l  to t h e  s lope  
of t he  l i ne  o b t a i n e d  b y  p l o t t i n g  the  l o g a r i t h m  of t he  
i nc rea se  in  c u r r e n t  vs. t he  l o g a r i t h m  of t he  t o t a l  
c h a r g e  p a s s e d  a t  v a r i o u s  t imes .  A d e t e r m i n a t i o n  u s -  
ing  th i s  m e t h o d  a n d  show ing  un i t  o r d e r  is s h o w n  in 
Fig .  5. In  o r d e r  to  check  b o t h  me thods ,  o x y g e n  was  
r e d u c e d  on p l a t i n u m  a n d  un i t  o r d e r  was  f o u n d  us ing  
bo th  t echn iques .  

I t  w a s  o b s e r v e d  t h a t  t h e  t r a n s i t i o n  c u r r e n t  r eg ion  
b e t w e e n  un i t  and  f r a c t i o n a l  o r d e r s  i n c r e a s e d  to 
h i g h e r  c u r r e n t s  a t  t he  h i g h e r  t e m p e r a t u r e s .  As  
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R E D U C T I O N  C U R R E N T  OF OXYGEN ON Z I R C O N I U M  
IN A M P E R E S  

Fig. 5. Determination of order of oxygen reduction on passive zir- 
conium. Potential, --400 mv vs. S.C.E. at 25~ pH, 3.98; T, 75~ 
electrode area, 2.2 cm 2. 
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shown  in Fig .  4 a n d  5, f r a c t i o n a l  o r d e r s  pe r s i s t  a t  
25 ~ a t  c u r r e n t s  w h i c h  show un i t  o r d e r s  a t  75 ~ . 

Hydrogen peroxide determinations.--About f if-  
t een  d e t e r m i n a t i o n s  of h y d r o g e n  p e r o x i d e  c onc e n -  
t r a t i o n  w e r e  m a d e  a t  c u r r e n t  dens i t i e s  as l ow  as 
2 x 10 - s  a m p / c m  2. In  each  of t h e  e x p e r i m e n t s  b e -  
low 3 x 10 -~ a m p / c m  2, less  t h a n  10% of t he  m a x i -  
m u m  poss ib l e  h y d r o g e n  p e r o x i d e  was  found .  A t  
c u r r e n t  dens i t i e s  a b o v e  10 -6 a m p / c m  2, s ign i f ican t  
quan t i t i e s  w e r e  found,  b u t  t he  u s u a l  q u a n t i t y  w a s  
35-40%,  a n d  in no  e x p e r i m e n t  was  t h e  fu l l  poss ib l e  
a m o u n t  found.  

These  e x p e r i m e n t s  w e r e  p e r f o r m e d  u n d e r  cond i -  
t ions  a t  w h i c h  the  b u l k  decompos i t i on  r a t e  was  s m a l l  
c o m p a r e d  to  t h e  f o r m a t i o n  ra te .  U n d e r  a l l  cond i t ions  
s tud ied ,  t he  r e d u c t i o n  of h y d r o g e n  p e r o x i d e  w a s  also 
s m a l l  as d e t e r m i n e d  b y  a d d i n g  h y d r o g e n  p e r o x i d e  
to so lu t ion .  T h e s e  e x p e r i m e n t s  w e r e  p e r f o r m e d  on ly  
a t  25~ because  of t he  r a p i d  i n c r e a s e  in  the  r a t e  of 
t he  b u l k  decompos i t i on  of h y d r o g e n  p e r o x i d e  as t he  
t e m p e r a t u r e  was  ra i sed .  

pH E~ect.--Attempts w e r e  m a d e  to d e t e r m i n e  if 
t he  r e d u c t i o n  of o x y g e n  on  z i r c o n i u m  h a d  a n  o r d e r  
w i t h  r e s p e c t  to h y d r o g e n  ion. T h e  m e t h o d  used  con-  
s i s ted  of m e a s u r i n g  t h e  c u r r e n t  as  a func t ion  of p H  
a t  cons t an t  po t en t i a l .  A l t h o u g h  a c o m p l i c a t e d  s m a l l  
i n c r e a s e  in  r a t e  was  no ted  w i t h  i nc r ea s ing  ac id i ty ,  
t he  effect  was  no t  suff ic ient ly  r e p r o d u c i b l e  o r  w e l l  
def ined  to say  even  t h a t  a f r a c t i o n a l  o r d e r  w a s  i n -  
vo lved .  F o r  t he  p u r p o s e s  of d i scuss ing  the  m e c h -  
a n i s m  of t he  r e d u c t i o n  of oxygen ,  t he  o r d e r  w i l l  be  
cons ide red  e s s e n t i a l l y  as  zero.  

T h e r e  is a p H  effect,  h o w e v e r ,  on the  e lec t rode ,  
a n d  i t  is s h o w n  in Fig .  6. In  t hese  e x p e r i m e n t s  a 
f r e s h l y  p r e p a r e d  e l e c t r o d e  w a s  used  at  75 ~ and  a 
ser ies  of e x p e r i m e n t s  was  c o n d u c t e d  in w h i c h  t h e  
p o t e n t i a l  was  m e a s u r e d  as a f u n c t i o n  of p H  w h i l e  
cons t an t  c u r r e n t  was  a p p l i e d  to t he  z i r c o n i u m  e lec -  
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P O T E N T I A L  OF HYDROGEN ON P L A T I N U M ,  
m i l l l v o l t s  vs S.C.E. a t  2 5 ~  

Fig. 6. Effect of pH on potential of zirconium. The numbers 
above each curve refer to the constant current that was applied to 
the zirconium electrode while the pH was changed. The electrode 
area was 2.2 cm2; T, 75~ 0.1M Na2S04. See text for further 
explanation. 

t rode .  The  p H  of t he  so lu t i on  was  e s t i m a t e d  b y  
d r a w i n g  ou t  a s m a l l  p o r t i o n  of t he  so lu t ion  in to  a 
s e p a r a t e  c o m p a r t m e n t  also m a i n t a i n e d  a t  75 ~ . The  
p o t e n t i a l  of a p l a t i n u m - h y d r o g e n  e l ec t rode  in  th is  
c o m p a r t m e n t  w a s  t h e n  m e a s u r e d  a ga in s t  t h e  s ame  
s a t u r a t e d  c a l o m e l  e l e c t r o d e  used  to m e a s u r e  t he  z i r -  
con ium e lec t rode .  The  r e su l t s  a r e  p l o t t e d  as  t he  p o -  
t e n t i a l  of th is  p l a t i n u m - h y d r o g e n  e l e c t r o d e  vs. t he  
p o t e n t i a l  of  t he  z i r c o n i u m  e lec t rode .  The  p H  of one 
of t he  so lu t ions  was  m e a s u r e d  at  25 ~ w i t h  a g lass  
e lec t rode ,  and  th is  v a l u e  is i n d i c a t e d  on the  f igure  
b y  the  po in t  i n d i c a t e d  b y  the  a r row .  These  e x p e r i -  
m e n t s  w e r e  done  in  t he  ca thod ic  r eg ion  w h e r e  o x y -  
gen  w a s  be ing  r e d u c e d  a n d  in  t he  anod ic  r eg ion  
u n d e r  h e l i u m  a t m o s p h e r e  w h e r e  t he  r e a c t i o n  is 
m a i n l y  f i lm f o r m a t i o n  (2 ) .  In  a l l  cases, t he  change  of  
p o t e n t i a l  of t he  z i r c o n i u m  e l ec t rode  was  a p p r o x i -  
m a t e l y  e q u a l  to t he  c h a n g e  of p o t e n t i a l  of  t he  p l a t i -  
n u m - h y d r o g e n  e lec t rode ,  i.e., t he  p lo t s  of Fig .  6 had  
a s lope  of abou t  un i ty .  This  ind ica t e s  t h a t  t he  p o t e n -  
t i a l  of the  z i r c o n i u m  e l e c t r o d e  c h a n g e d  b y  a p p r o x i -  
m a t e l y  2.3 RT/F for  e v e r y  un i t  change  in  pH. This  
effect  was  diff icult  to m e a s u r e  a t  25 ~ be c a use  of t h e  
s low r e sponse  of t he  e lec t rode .  The re fo re ,  i t  is no t  
c e r t a i n  w h e t h e r  th is  effect  ex is t s  for  a l l  e x p e r i -  
m e n t a l  cond i t ions  e n c o u n t e r e d  in  th is  s tudy .  

Discussion 

These  m e a s u r e m e n t s  show two reg ions ,  a l o w -  
c u r r e n t  r e g i o n  w i t h  a T a f e l  s lope  of  a b o u t  1.4(2.3 
RT/F)  and  a h i g h - c u r r e n t  r eg ion  w i t h  a m u c h  
g r e a t e r  and  s o m e w h a t  v a r i a b l e  T a f e l  slope.  The  
t r a n s i t i o n  b e t w e e n  these  r eg ions  is in  the  n e i g h b o r -  
hood  of 1-5 x 10 -~ a m p / c m  ~ a t  75 ~ Also,  in  t h e  l o w -  
c u r r e n t  reg ion ,  l i t t l e  h y d r o g e n  p e r o x i d e  is f o u n d  in 
so lu t ion  and  un i t  o r d e r  w i t h  r e spe c t  to o x y g e n  is 
obse rved .  A t  h i g h e r  cu r ren t s ,  f r a c t i o n a l  o r d e r s  a r e  
obse rved ,  a n d  m o r e  h y d r o g e n  p e r o x i d e  is p roduced .  

I t  is e v i d e n t  t h a t  in  t he  l o w - c u r r e n t  r e g i o n  a t  
leas t ,  t he  r e a c t i o n  of an  e l e c t r o n  w i t h  o x y g e n  to  
f o r m  0 2 -  (Eq. [ 1 ] )  is t he  mos t  p r o b a b l e  s low step.  
The  p o t e n t i a l  dependence ,  t he  un i t  o r d e r  w i t h  r e -  
spec t  to oxygen ,  a n d  t h e  a bse nc e  of a s ign i f ican t  p H  
effect a l l  s u p p o r t  th i s  conclus ion.  I t  is no t  ev iden t ,  
h o w e v e r ,  w h a t  t h e  succeed ing  s teps  are ,  s ince  so 
l i t t l e  h y d r o g e n  p e r o x i d e  is found.  

The  fac t  t h a t  some  h y d r o g e n  p e r o x i d e  is  f o u n d  
sugges t s  t h a t  a l l  of t he  O2-  is r e d u c e d  a t  l e a s t  to  
HO2- .  I t  is r e a s o n a b l e  to suppose  t h a t  t h e  HO2-  is 
a d s o r b e d  on the  su r f a c e  of t h e  f i lm for  i t  is k n o w n  
t h a t  z i r c o n i u m  can  f o r m  s t ab l e  p e r o x y  c o m p o u n d s  
in  w h i c h  t h e  z i r c o n i u m  is b o n d e d  d i r e c t l y  to  one  of 
t he  o x y g e n  a t o m s  of t he  p e r o x y  s t r u c t u r e  (10) .  
T h r e e  poss ib l e  p a t h s  a r e  a v a i l a b l e  for  t h e  r e m o v a l  
of HO2- ,  f u r t h e r  r educ t ion ,  deso rp t ion ,  and  d e c o m -  
posi t ion.  R e d u c t i o n  does  no t  s e e m  r e a s o n a b l e  a t  t h e  
m o r e  anod ic  p o t e n t i a l s  b e c a u s e  t he  a d d i t i o n  of  h y -  
d r o g e n  p e r o x i d e  does  no t  i nc rea se  the  ca thod ic  c u r -  
r e n t  m a t e r i a l l y .  I t  m i g h t  b e  a r g u e d  t h a t  t he  HO2-  
a b s o r b e d  on t h e  su r f a c e  is m o r e  eas i ly  r e d u c e d  t h a n  
a d d e d  h y d r o g e n  p e r o x i d e ,  b u t  t h e n  one m u s t  e x -  
p l a i n  w h y  t h e  a m o u n t  of  H202 f o u n d  in so lu t ion  is 
s m a l l  a t  t he  m o r e  anod ic  p o t e n t i a l s  b u t  t h e n  in -  
c reases  at  m o r e  ca thod ic  po ten t i a l s .  I t  a p p e a r s  m o r e  
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r e a s o n a b l e  to a s s u m e  t h a t  mos t  of t he  a d s o r b e d  
HO2-  e i t h e r  decomposes  on d e s o r p t i o n  or  t h a t  i t  
decomposes  i m m e d i a t e l y  a f t e r  deso rp t ion .  I t  is p o s -  
s ib le  t h a t  cond i t ions  in  t he  i m m e d i a t e  v i c i n i t y  of t h e  
e l ec t rode  a r e  such  as to f a v o r  c o n s i d e r a b l e  d e c o m -  
posi t ion.  S ince  the  e l ec t rode  wi l l  h a v e  i ts  mos t  pos i -  
t ive  c h a r g e  a t  anod ic  po ten t i a l s ,  h y d r o x y l  ion, d e -  
so rbed  HO2- ,  a n d  p o s s i b l y  some d e s o r b e d  0 2 -  wi l l  
t e n d  to a c c u m u l a t e  in  t he  so lu t ion  s ide  of t he  doub le  
l ayer .  The  p re sence  of OH is a lso  a poss ib i l i ty .  These  
fac to rs  wou ld ,  t he re fo re ,  f a v o r  t he  decompos i t i on  of 
H O e -  in t he  e n v i r o n m e n t  n e a r  t he  e l ec t rode  for  i t  
is w e l l  k n o w n  tha t  f ree  r a d i c a l  decompos i t i on  r e a c -  
t ions  can  c o n t r i b u t e  s ign i f i can t ly  to t h e  d e c o m p o s i -  
t ion  of  H202. A t  m o r e  ca thod ic  po ten t i a l s ,  t he  con-  
c e n t r a t i o n  of these  n e g a t i v e l y  c h a r g e d  spec ies  w i l l  
t e n d  to dec rease ,  a n d  t h e  d e c o m p o s i t i o n  w i l l  be  less  
f avored .  A g r e a t  v a r i e t y  of poss ib le  m e c h a n i s m s  a n d  
cha in  r e a c t i o n s  cou ld  be  p o s t u l a t e d  a t  th i s  po in t ,  b u t  
t he  decompos i t i on  of H202 is so c o m p l i c a t e d  t h a t  a n y  
sugges t ion  w o u l d  be  l i t t l e  m o r e  t h a n  p u r e  s p e c u l a -  
t ion.  The re fo re ,  t he  r e m a i n d e r  of t he  d i scuss ion  w i l l  
be  conf ined to a p r e s e n t a t i o n  of h o w  the  change  in 
s lopes  and  the  f r a c t i o n a l  o r d e r  can  be  d e r i v e d  us ing  
the  a b o v e  cons ide ra t ions .  

I t  is a s s u m e d  t h a t  t he  o v e r - a l l  r e a c t i o n  consis ts  of 
two  p o t e n t i a l  d e p e n d e n t  s teps.  The  first  of these  i n -  
vo lves  a s low t r a n s f e r  of a n  e l ec t ron  to an  o x y g e n  
m o l e c u l e  a t  t he  su r f ace  (Eq. [ 1 ] ) .  This  r e a c t i o n  d e -  
pends  on the  p o t e n t i a l  d i f fe rence  b e t w e e n  the  m e t a l  
and  t h e  pos i t ion  of t he  o x y g e n  mo lecu l e s  a t  t he  s u r -  
face, Vs. 1 The  a p p r o p r i a t e  r a t e  e q u a t i o n  is 

R E D U C T I O N  O F  O X Y G E N  O N  P A S S I V E  Z r  

t~s 

Otf+ O~s 
r = Kt(O2)  (1  - -  0) 

r s : Ks(O2) (1  - -  0) exp( - -a fgVs /RT ) [5]  

Here  r s is t h e  ra te ,  K s is a cons tan t ,  0 is a c o v e r a g e  
t e r m  a s s u m e d  to be  r e p r e s e n t a t i v e  of t he  f r a c t i o n  of 
t he  s u r f a c e  cove red  b y  HO2- ,  and  the  r e s t  of the  
t e r m s  h a v e  t h e  u s u a l  s ignif icance.  The  d e s o r p t i o n  r e -  
ac t ion  is a s s u m e d  to d e p e n d  on the  p o t e n t i a l  d i f fe r -  
ence b e t w e e n  the  so lu t ion  and  the  pos i t ion  of t h e  
a d s o r b e d  HO2-  ions, Vs. The  a p p r o p r i a t e  r a t e  e q u a -  
t ion is 

rs = KdesO exp  (--asVsF/RT) [6]  

In  t he  s t e a d y  s ta te ,  t he  m e a s u r e d  ra te ,  r,  equa l s  
rs a n d  r s and  u n d e r  a l l  cond i t i ons  Vs -k  V s =  Vt 
w h e r e  Vt is t he  o v e r - a l l  p o t e n t i a l  d r o p  b e t w e e n  t h e  
m e t a l  and  the  solut ion.  I m p l i c i t  in  t he  d i scuss ion  is 
t he  r e a s o n a b l e  a n d  u s u a l  a s s u m p t i o n  t h a t  changes  in 
Vt a re  e q u a l  to changes  in  t he  p o t e n t i a l  as m e a s u r e d  
b y  the  e l ec t ron ic  p o t e n t i o m e t e r .  

In  t he  h i g h - c u r r e n t  reg ion ,  a s imp le  so lu t ion  can  
be  o b t a i n e d  if  i t  is a s s u m e d  t h a t  t he  v a l u e  of 0 s t ays  
r e l a t i v e l y  cons t an t  d u r i n g  an  e x p e r i m e n t .  The  a d -  
so rp t ion  of a c h a r g e d  p a r t i c l e  shou ld  become  m o r e  
diff icult  a t  h igh  c o v e r a g e  because  of the  m u t u a l  r e -  
pu l s ion  of t he  charges .  I f  i t  is a s sumed ,  t h e r e f o r e ,  
t h a t  0 t e n d s  to  a c o n s t a n t  m a x i m u m  v a l u e  a t  h i g h -  
c u r r e n t  dens i t ies ,  t h e n  Eq. [5]  a n d  [6]  m a y  be  c o m -  
b i n e d  as s h o w n  in ref .  (3)  to  g ive  t h e  fo l l owing  
e q u a t i o n  

1 The  a r g u m e n t s  fo r  t a k i n g  t h i s  p o t e n t i a l  d i f ference ,  Vf ,  a r e  s o m e -  
w h a t  l e n g t h y .  T h e y  are  g i v e n  i n  ref .  (3) and  are  t h e r e f o r e  n o t  
r epea t ed  h e r e .  
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~s  ~ f  

(8) 
--alasFVt 

e x p  [7]  
(a I + as)RT 

This  e q u a t i o n  p r e d i c t s  b o t h  a f r a c t i o n a l  o r d e r  and  a 
l a r g e  Ta fe l  s lope  as shown  b y  the  fo l l owing  d e r i v a -  
t ives :  

2.3 0 In  r alasFVt 
- -  - -  [ 8 ]  

(Ta fe l  s lope)  a Vt (af q- as)RT 

O I n  r a s  
= [9]  

a i n  0 2  al q- as 

If  as : i and  af : 1/2, t h e n  the  o r d e r  2 w o u l d  be  t w o -  
t h i r d s  and  the  T a f e l  s lope  3 (2.3 R T / F ) .  

Ors r 

The  func t ion ,  :f(O) : (1 - -  8) (0) , 

is no t  a v e r y  sens i t i ve  f u n c t i o n  of 0, a n d  even  if 
s m a l l  changes  in  0 d id  occur,  t he  p r e - e x p o n e n t i a l  
f ac to r  w o u l d  no t  change  s ign i f ican t ly .  H o w e v e r ,  i t  
w o u l d  change  v a l u e s  of t he  T a f e l  s lope  f r o m  t h a t  
p r e d i c t e d  b y  Eq. [8] .  This  m a y  be  t h e  r e a s o n  for  
some of  t he  v a r i a t i o n s  of t he  Ta fe l  s lope  obse rved .  

I t  w o u l d  be  d e s i r a b l e  to c o m b i n e  the  r e l a t i o n s h i p s  
g iven  a b o v e  to g ive  t he  o v e r - a l l  r a t e  as a func t ion  of 
Vt w i t h o u t  i n c l u d i n g  0 in th is  o v e r - a l l  r a t e  func t ion .  
In  o r d e r  to do this ,  an  a d d i t i o n a l  r e l a t i o n s h i p  can  be  
f o u n d  b y  cons ide r ing  the  fo l lowing  i dea l i z ed  m o d e l /  
The  cha rge  d i s t r i b u t i o n  is a s s u m e d  to be  r e p r e s e n t e d  
b y  t h r e e  l a y e r s  of cha rge  dens i ty ,  a l a y e r  of cha rge  
a t  t h e  m e t a l  f i lm in te r face ,  ~1, a l a y e r  of cha rge  on 
the  o u t e r  su r f a c e  of t he  f i lm a t  t he  p l a n e  of t he  HO2-  
ions a n d  the  02 molecu les ,  g2, and  the  c h a r g e  on the  
so lu t ion  s ide  of t h e  doub le  l aye r ,  ~a. I t  is a s s u m e d  
t h a t  ~2 is m a d e  up  so le ly  of HO2-  ions a n d  t h a t  a n y  
space  c h a r g e  in  t he  f i lm is neg l ig ib le .  T h e n  

0"1 "~- 0"2 "~- 0"3 : 0 ( a l g e b r a i c  s u m )  [10] 

V s --  - -  [11] 
D f  eo 

a n d  
o-3 l s  

y s  - [ 1 2 ]  
m s Eo 

Here  /i, Is, DI, and  Ds a r e  t h e  t h i cknesses  a n d  d i e l ec -  
t r i c  cons t an t s  of t he  f i lm and  so lu t ion  d o u b l e  l aye r s ,  
r e spec t i ve ly .  The  cons t an t  ~o is t he  u s u a l  cons t an t  
r e l a t i n g  p o t e n t i a l  a n d  c h a r g e  dens i ty .  C o m b i n i n g  
Eq. [ I 0 ] ,  [11] ,  a n d  [12] 

( VsDs VIDI ) [13] 
~2 = Eo ls ly 

A l t h o u g h  Eq. [13]  is t he  a d d i t i o n a l  n e e d e d  r e l a -  
t ion,  an  exp l i c i t  r e l a t i o n s h i p  b e t w e e n  r and  Vt, not  
i n c l u d i n g  (0),  c anno t  be found.  C e r t a i n  spec ia l  cases  
can  be  cons ide red ,  howeve r .  I t  is poss ib le  to com-  

2 I n  some  r e s p e c t s ,  t h i s  t r e a t m e n t  is  s i m i l a r  t o  t h e  c l a s s i c a l  
F r u m k i n  c o r r e c t i o n  [el .  P a r s o n s  ( I I ) ]  fo r  t h e  p o t e n t i a l  d r o p  ex i s t -  
i n g  across  t h e  d i f fuse  d o u b l e  l ayer .  Th i s  effect,  w h i c h  cons ide r s  t he  
s epa ra t e  p o t e n t i a l  d r o p s  a c r o s s  t h e  d i f f u s e  d o u b l e  l a y e r  and  t he  
i n n e r  or  H e l m h o l t z  d o u b l e  l ayer ,  can  l ead  to  u n u s u a l  o rde r s  and  
T a f e l  s lopes.  A l t h o u g h  i t  i s  poss ib le  t h a t  t h i s  ef fect  cou ld  h e  t h e  
cause  of  t h e  f r a c t i o n a l  o rders  f o u n d  i n  t he  p r e s e n t  w o r k ,  t he  ev i -  
dence  s e e m s  to  f a v o r  t h e  m o d e l  g i v e n  here .  

s A m o d e l  v e r y  s i m i l a r  to  t he  m o d e l  g i v e n  h e r e ,  and  l e a d i n g  to  
Eq. [13], was  u sed  by  K i m b a l l ,  e t  al. (12) in  t h e i r  d i s c u s s i o n  of 
h y d r o g e n  e v o l u t i o n  on  meta l s .  
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b i n e  these  e q u a t i o n s  to  o b t a i n  V, as  a f u n c t i o n  of O. 
W e  t h e n  o b t a i n  

R T  Dsl! -k tsD I KF(O2)  (I --0) 
VT in  

F a11lDs--aslsD 1 Kdes (0) 

[14] 
eo aflfDs --  aslsD S 

h e r e  o-max is t h e  m a x i m u m  poss ib l e  c h a r g e  on t h e  
sur face .  This  e q u a t i o n  has  t h e  f o r m  

RT KF(Oz)  (1 - -  0) 
Vt = T' in  +/30 [15]  

F Kdes (8) 

w h e r e  (Y R T / F )  is  e a s i l y  seen  to be  of t h e  o r d e r  of 
m a g n i t u d e  of 2 R T / F  vo l t  a n d  is p r o b a b l y  p o s i t i v e  
because  t h e  f i lm wi l l  n o r m a l l y  be  m u c h  t h i c k e r  t h a n  
the  d o u b l e  l a y e r .  T h e  v a l u e  of fl is q u i t e  u n c e r t a i n  
s ince  i t  d e p e n d s  on v a l u e s  of  d i e l ec t r i c  cons t an t s  a n d  
th i cknesses ,  a l l  of w h i c h  a r e  diff icul t  to e s t ima te .  
H o w e v e r ,  a r b i t r a r i l y  a s s u m i n g  t h a t  O'max = - -10  -4  
e o u l o m b / e m  2, a!  = a ,  ---- Yz, I)8 = Ds = 10, Ij = 100A, 
a n d  ls = 5A, t h e  v a l u e  of/~ is  r o u g h l y  - -100v.  

I f  t h e  f i rs t  t e r m  on the  r i g h t  s ide  of Eq. [15]  is 
s m a l l  c o m p a r e d  to  t h e  second,  t h e n  O wi l l  b e  p r o -  
p o r t i o n a l  to  Vt a n d  Eq.  [7]  w o u l d  con t a in  two  p r e -  
e x p o n e n t i a l  t e r m s  in  Vt. This  w o u l d  c h a n g e  t h e  

[16]  

T a f e l  s lope  to  g ive  

2.3 0 l n r  a I 

Ta fe l  s lope  0 V~ (as + al) Vt  

ase~FF ~s 

(as + ax)RT (a s + as) (fi  --  Vt)  

Thus,  t h e  T a f e l  s lope  w o u l d  d e p e n d  to some  e x t e n t  
on the  v a l u e  of  Vt. T h e  d e p a r t u r e  f r o m  l i n e a r i t y  
could ,  h o w e v e r ,  s c a r c e l y  be  d e t e c t e d  ove r  t h e  one  
to t w o  d e c a d e  c u r r e n t  r a n g e s  used  in  t h e s e  e x p e r i -  
m e n t s  un le s s  Vt  was  q u i t e  smal l .  The  o r d e r  is no t  
a f fec ted  b y  th i s  subs t i t u t i on .  

I n  t h e  e v e n t  t h a t  t he  second  t e r m  of t he  r i g h t  s ide  
of Eq. [15]  is  smal l ,  e.g., i f  8 is  v e r y  sma l l ,  t h e n  

R T  KI(O2)  
Vt = 7 In [17] 

F Kdes (0) 
where 

F e b r u a r y  1963 

Dsls + lsD1 
T ~ 

~lljDs --  a~lsD I 

and  c o m b i n i n g  Eq. [7]  and  [17],  one ob ta in s  

r = K ' t  (O2) e x p - -  + ( a s + ~ s )  R T  

E q u a t i o n  [18] p r e d i c t s  t ha t  t he  o x y g e n  o r d e r  w i l l  
be  u n i t y  and  t ha t  the  Tafe l  s lope wi l l  be  

(~S + ~ ) T  R T  
2.3 x 

af-bas -b afo~ 7 F 

If  a s = l/z, as = 1, a n d  T is abou t  2, t he  Tafe l  s lope  
wi l l  be  1.2(2.3 R T / F ) .  Thus  Eq. [18]  p r e d i c t s  a 

T a f e l  s lope  a n d  o x y g e n  o r d e r  in  good a g r e e m e n t  
w i t h  t he  l o w - c u r r e n t  d e n s i t y  r e g i o n  of t he  da ta .  

T h e r e  is one  o t h e r  pos s ib l e  e x p l a n a t i o n  for  t h e  
un i t  o x y g e n  o r d e r  a n d  1.4(2.3 R T / F )  T a f e l  s lope  
o b s e r v e d  in  t he  l o w - c u r r e n t  r eg ion .  In  t h e  p H  e x -  
p e r i m e n t s  shown  in Fig .  6 a c h a n g e  of  a b o u t  2.3 
R T / F  o c c u r r e d  in  t h e  p o t e n t i a l  of t h e  z i r c o n i u m  
e l ec t rode  for  e v e r y  un i t  c h a n g e  in  pH.  S u c h  an  e f -  
fect  can  be  e x p l a i n e d  b y  t h e  ex i s t ence  of t h e  e q u i -  
l i b r i u m ,  O = + 2H + = H20,  a t  t he  s u r f a c e  of  t h e  
e lec t rode .  This  r e a c t i o n  w a s  p r o p o s e d  b y  V e t t e r  
(13)  for  t he  e x p l a n a t i o n  of a s i m i l a r  p H  effect  on 
pa s s ive  i ron.  I f  t h e  " e x c h a n g e  c u r r e n t "  of th i s  e q u i -  
l i b r i u m  is suff ic ient ly  l a rge ,  t h e  p o t e n t i a l  Vs w i l l  be  
d e t e r m i n e d  b y  th i s  r e a c t i o n  r a t h e r  t h a n  t h e  d e s o r p -  
t ion of HO2- ,  a n d  Vs wi l l ,  t he r e fo re ,  r e m a i n  con-  
s t an t  a t  a g iven  p H  va lue .  O n l y  the  f i lm p o t e n t i a l  
w i l l  c h a n g e  d u r i n g  p o l a r i z a t i o n  u n d e r  t h e s e  con-  
d i t ions  and,  t he r e fo r e ,  t h e  r a t e  w i l l  be  g iven  b y  
Eq. [5] .  S ince  V,  is a cons tan t ,  t h e n  i f  0 < <  1 

and  

2.3 0 In r 0 In r a1F 

Tafe l  s lope  0 Vt  0 V I R T  

0 i n r  
= 1  

0 in  (02)  

These  condi t ions ,  t he r e fo r e ,  p r o v i d e  an  a l t e r n a t i v e  
e x p l a n a t i o n  for  t he  l o w - c u r r e n t  r eg ion  s ince  a g r e e -  
m e n t  w i t h  t he  e x p e r i m e n t a l l y  d e t e r m i n e d  Ta fe l  
s lope  can  be  o b t a i n e d  w i t h  aF ---- 2/3,  a n o t  u n r e a -  
sonab le  va lue .  

Manuscr ip t  rece ived  Feb.  2, 1962; rev ised  m a n u -  
scr ip t  rece ived  Aug. 6, 1962. 

A n y  discussion of this  p a p e r  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  December  1963 
JOURNAL. 
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Technical Notes 

The Anodic Oxidation of Boron 

Leung Cheng Chen and R. E. Salomon 
Department of Chemistry, Temple University, Philadelphia, Pennsylvania 

The a p p a r e n t  i ne r tness  of c rys ta l l ine  boron  in  the  
presence  of m a n y  power fu l  oxidiz ing agents  is n o t  

easi ly  expla ined .  Boron  is no t  a t t acked  b y  concen-  
t ra ted  HF, HNO~, and  bo i l ing  NaOH solutions.  S e v -  
eral  fused a lka l i  salt  mix tu res ,  however ,  have  b e e n  
found  to etch bo ron  crys ta ls  (1) .  

The  e lec t rode  po ten t i a l  for  the  couple  B --> B +3 
+ 3e has been  es t ima ted  us ing  free ene rgy  da t a  to 
be  abou t  - -1 .7v  in  a lka l ine  so lu t ion  and  --0.8v in  
acidic so lu t ion  (2).  The  oxida t ion  of bo ron  by  the  
above r eagen t  is t h e r m o d y n a m i c a l l y  feasible,  and  
therefore  the  a p p a r e n t  i ne r tness  of bo ron  is due  to 
an  i m m e a s u r a b l y  slow ra te  of react ion.  M a n y  me ta l s  
w i th  la rge  posi t ive  ox ida t ion  po ten t ia l s  fa i l  to dis-  
solve in  oxidiz ing solut ions  because  of the  f o r m a -  
t ion  of a p ro tec t ive  oxide coat ing t h a t  separa tes  the  
two phases.  In  order  for good pro tec t ion  of this  type  
to occur it is necessary  t ha t  the  oxide be inso lub le  
and nonporous .  Boric oxide, the  l ike ly  ox ida t ion  
p roduc t  of bo ron  in  aqueous  solut ions,  is ho w e ve r  
s l ight ly  soluble  in  w a t e r  (1.1g per  100 ml  of w a t e r  

at  0~ (3) and  hydro lyzes  r e ad i l y  to bor ic  acid. 
However ,  t he  ra te  of d isso lu t ion  of a t h i n  oxide 
film suppor ted  b y  an  act ive subs t r a t e  m a y  differ 
f rom the  behav io r  of b u l k  mate r ia l .  

I n  order  to ascer ta in  w h e t h e r  or no t  the  ox ida t ion  
p roduc t  of bo ron  affords any  pro tec t ion  aga ins t  
f u r t he r  oxidat ion,  po lyc rys ta l l ine  samples  were  
anodized at cons tan t  vo l tage  and  the  c u r r e n t  effi- 
ciency for the  process was  de t e rmined .  

Experimental 
P o l yc r ys t a l l i ne  bo r on  of 99.1% pur i ty ,  m a d e  by  

the  U n i t e d  Sta tes  Borax  a nd  Chemica l  Corpora t ion ,  
was used. The  b u l k  c rys ta l  was  m e c h a n i c a l l y  
cleaved,  and  samples  were  selected for u n i f o r m i t y  
of thickness .  The  samples  we re  of the  order  of 1 cm ~ 
in  area  a nd  0.1 cm thick.  Elec t r ica l  contac t  was  
made  wi th  an  evapora ted  l a ye r  of si lver.  Subse -  
q u e n t  tests  es tab l i shed  tha t  the  contacts  were  ohmic. 
The samples  we re  m o u n t e d  on the  edge of a t h in  
glass t ube  and  held  in  place b y  si l icone rubbe r .  The  
la t te r  also served to in su la t e  the  contac t  and  to 
define the e lect rode area. 

The  electrodes were  c leaned  first w i th  concen-  
t r a t ed  n i t r ic  acid and  t h e n  w i th  95% ethanol .  The  
anodiza t ion  was  car r ied  out  in  a 0.1N LiOH solu t ion  
at 30.0~ A p l a t i n u m  foil served as the  cathode. 
P r io r  to a nd  d u r i n g  the  e lectrolysis  n i t r o g e n  was  
b u b b l e d  t h r ough  the  solut ion.  The cell con ta ine r  
a nd  b u b b l i n g  t ube  were  m a d e  of p o l y e t h y l e n e  be -  
cause of the  possible  c o n t a m i n a t i o n  of the  e lec t ro-  
ly te  b y  bora te  leached f rom glass. The  anodiza t ion  
was  car r ied  out  for per iods  of severa l  hours .  A 
Sorenson  N o b a t r o n  p rov ided  the  d -c  power.  The  
c u r r e n t  was  fol lowed w i t h  a S pe e doma x  recorder .  
Po la r i za t ion  vol tages  r a n g e d  f rom 100 to 250v. Most 
of the  vol tage  drop was  found  to occur across the  
e lect rode i tself  a nd  a p p r o x i m a t e l y  1 -2% across the  
interface.  The  l a t t e r  was  based on a m e a s u r e m e n t  of 
the  b u l k  res i s tance  of the  sample  w i th  evapora ted  
s i lver  contacts  on bo th  sides. 

Table I. Current efficiency data 

Voltage A v e r a g e  Charge  A m o u n t  borate  A m o u n t  bora te  Current 
applied,  v current ,  m a  Time,  sec passed,  coul (cale.),  gg  ( found) ,  gg  efficiency, % 

100 0.38 4000 1.52 56.7 54.5 95.9 
100 0.44 6000 2.64 98.7 94.0 95.2 
100 0.30 8400 2.52 94.2 97.0 103.0 
100 0.39 3500 1.36 50.6 52.0 102.7 
100 0.34 5500 1.88 70.2 72.0 102.6 

150 0.72 5400 3.89 145 122 84.1 
150 0.44 3630 1.60 59.7 58.5 98.0 
150 0.41 5460 2.24 84.2 84.5 100.4 
150 0.72 7200 5.18 193 195 101.0 
150 0.75 5000 3.75 139.6 143 102.5 

200 0.48 5400 2.59 94.1 113.4 121.0 
200 1.02 6000 6.12 228.6 221 96.7 
200 1.19 4000 4.76 117 152 85.9 
200 0.99 2000 1.98 73.8 62.0 84.0 

250 2.36 2100 4.96 184.8 172 93.1 
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Afte r  anodiza t ion  the  solut ion was  ana lyzed  for 
bora te  by  coulometr ic  t i t r a t i on  wi th  f ructose  so lu-  
t ion. The me thod  is descr ibed by  Swarm (4).  A 
L&N Elec t rochemograph  Type  E was  used. 

Results and Discussion 
F r o m  the a m o u n t  of charge  passed and  the  a m o u n t  

of bora te  found  in  the  e lec t ro ly te  the c u r r e n t  effi- 
c iency was  calculated.  It  was a s sumed  tha t  bo ron  
was  oxidized to the  p lus  th ree  state. The  me thod  of 
ana lys i s  was unaffec ted  by  the  occasional  f laking of 
bo ron  in to  the e lectrolyte .  The resul t s  are g iven  in  
Tab le  I. The c u r r e n t  efficiencies in  each r u n  were  
fa i r ly  close to 100%. Wi th  a g iven  electrode the  cu r -  
r en t  increased  s l ight ly  wi th  t ime  of anodizat ion.  I t  
is suggested tha t  this  is due to an  increase  in  the  
effective sur face  area  w i th  flaking. Pho to mi c r o -  
graphs  of the surface  before  and  af ter  anod iza t ion  
seem to confirm this. 

The anodic  behav io r  of a boron  in  a lka l ine  so lu-  
t ion  differs m a r k e d l y  f rom tha t  of a l u m i n u m ,  t a n -  
t a lum,  and  o ther  va lve  meta l s  w h e n  anodized u n d e r  
s imi la r  condit ions.  In  the  l a t t e r  the  ionic c u r r e n t  
efficiency at cons tan t  vol tage  decreases  r ap id ly  w i th  
t ime  of anodiza t ion  (5) .  This  is a t t r i b u t e d  to the  
g rowth  of a nonporous  inso lub le  oxide film. 

If  bo ron  forms a dup lex  type  of oxide s imi la r  to 
tha t  fo rmed  on a l u m i n u m  w h e n  anodized in  acidic 

solut ion then  the  theory  proposed by  Mott  a nd  Hoar  
(6) m a y  be appl icable .  The  dup lex  film consists of 
a t h in  compact  oxide fo l lowed by  a porous  open 
s t ruc tu re  which  is in  contact  w i th  the  electrolyte .  
D u r i n g  anodiza t ion  the  th ickness  of the  compact  
film r e ma i ns  cons t an t  whi le  the  pores get deeper.  
The  porous  film m a y  dissolve read i ly  in  the  case 
of boric  oxide, and  this  could lead to a 100% cu r -  
r en t  efficiency as d e t e r m i n e d  by  the  bora te  found  
in  solut ion.  The  compact  film m a y  protect  the  u n -  
polar ized electrode f rom ox ida t ion  and  sti l l  p e r m i t  
a field e n h a n c e d  m i g r a t i o n  of bo ron  or oxide ions. 

Manuscript  received June  28, 1962; revised m a n u -  
script received Nov. 8, 1962. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1963 
JOURNAL. 
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Lead Selenide Evaporated Layer Photoconductive Detectors for 
Room Temperature Operation 

D. G. Coates 
Royal Radar Establishment, Malvern, Worcestershire, England 

The spect ra l  response  of pho toconduc t ive  layers  
of PbSe  has been  wel l  k n o w n  for some t ime (1) .  
Sens i t ive  P b S e  detectors  have  been  in  use for a 
n u m b e r  of years,  and  br ief  gene ra l  out l ines  of the  
methods  of p r e p a r i n g  such cells b y  chemical  and  
evapora t ion  t echn iques  have  been  descr ibed  (2) .  
The  p resen t  note  descr ibes  in  de ta i l  a me thod  of 
p r e p a r i n g  evapora ted  layers  of lead se lenide  wi th  
a h igh sens i t iv i ty  at  room t e m p e r a t u r e  out  to 4.8s, 
the  l imi t  of response  at tha t  t empe ra tu r e .  

Initial Preparation of the Layer 

The layers  are fo rmed  in  smal l  borosi l ica te  De-  
w a r - t y p e  cell b l anks  fitted w i th  t h in  glass b u b b l e  
w indows  or sapphi re  windows.  D e w a r  cells are used 
since it is necessa ry  to deposit  the  l ayer  on a cooled 
subs t ra te :  The  v a c u u m  sys tem to wh ich  the  cell 
b l anks  are  sealed provides  an u l t i m a t e  v a c u u m  of 
be t t e r  t h a n  10 -6 m m  Hg and  is fi t ted wi th  a side 
a rm  con t a in ing  po tass ium chlora te  which  acts as a 
source of oxygen.  The sys tem is also fitted w i th  a 
movab l e  oven  capable  of r each ing  600~ in  about  
15 rain for hea t  t r e a t m e n t  of the layer .  Before sea l -  
ing to the v a c u u m  sys tem the  cell b l a n k  is charged  
wi th  a p p r o x i m a t e l y  5 mg of f inely g round  m e l t -  
g rown  PbSe  crys ta l  (3) t apped  in to  a "pip"  in  the  

cell wall .  M a n i p u l a t i o n  of the powder  w i t h i n  the  
cell is made  easier  if the cell is first g iven  a rough  
v a c u u m  p u m p  to r emove  adsorbed wa te r  vapor .  
Af te r  seal ing to the  sys tem the  cell is v a c u u m  baked  
to outgas the powder ,  at abou t  350~176 un t i l  a 
p ressure  be t t e r  t h a n  10 -6 m m  t Ig  is ma i n t a ined .  
S l ight  loss of P b S e  occurs d u r i n g  this  process,  and  
also some se l en ium is l i be ra t ed  f rom the  r e m a i n i n g  
powder .  

Oxygen  is i n t roduced  at a p ressure  of 10 -2 m m  
Hg and  a cold air  je t  d i rec ted  on to the  cell w i n d o w  
f rom an  % in. glass nozzle pos i t ioned abou t  3/s in. 
away.  Ai r  p ressure  for the je t  is about  3-4 l b / i n .  2. 

A l ayer  of PbSe  is t h e n  fo rmed  on the  f ron t  
w i n d o w  by  b a k i n g  the  cell in  the  oven to a t e m -  
p e r a t u r e  of 580~ Eva po r a t i on  is assisted by  briefly 
f laming the  pip con t a in ing  the P b S e  charge w h e n  
the oven has reached a t e m p e r a t u r e  of about  450~ 
The PbSe  is now  t r a n s f e r r e d  f rom the f ron t  w i n d o w  
to the  final subs t ra te ,  which  is now cooled wi th  
l iqu id  n i t rogen ,  by  hea t ing  the  f ron t  w i n d o w  wi th  
a mode ra t e  flame for 5 to 10 sec. The  w i n d o w  and  
cell end  mus t  be hea ted  qu ick ly  and  e v e n l y  to e n -  
sure  tha t  the b u l k  of the  P b S e  is t r a n s f e r r e d  to the  
g raph i t e  e lectrode a rea  and  not  to o ther  regions  
of the  cell walls.  The layers  so fo rmed  are n o r m a l l y  
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Table I. Values of layer resistance for successive vacuum bakes 
P 

z 

T 
LU 

S 
SUCCESSIVE V A C U U M  

B A K E S  

Fig. 1. Typical effect of a succession of vacuum bakes on the 
resistance of a layer. 

e~ I I I 
2p 3p  4,u. 5,u. 

W A V E L E N G T H  

Fig. 2. Typical spectral response of a photoconductive PbSe cell 
at room temperature. 

qu i t e  opaque ,  g r a y  in  a p p e a r a n c e ,  w i t h  an  a v e r a g e  
th i ckness  of abou t  a mic ron .  A t  th is  s tage  a t y p i c a l  
r o o m  t e m p e r a t u r e  r e s i s t ance  for  a l a y e r  w i t h  an  
a r e a  of 6 x 6 m m  b e t w e e n  e l ec t rodes  is  90 k o h m ,  
a l t h o u g h  the  r e s i s t ance  m a y  v a r y  b e t w e e n  50 a n d  
120 kohm.  P h o t o c o n d u c t i v e  s e n s i t i v i t y  is u s u a l l y  
neg l i g ib l e  a t  th is  s tage.  

Sensitizatio~ 

High  p h o t o c o n d u c t i v e  s e n s i t i v i t y  is a ch i eved  b y  
s u b j e c t i n g  t h e  l a y e r  to a success ion  of sho r t  r a p i d  
bakes  in vacuo ( a b o u t  10 -8 m m  H g ) .  This  is n o r -  
m a l l y  done  b y  r a i s ing  t h e  cel l  t e m p e r a t u r e  to  b e -  
t w e e n  300~176 in a b o u t  10 ra in  and  t h e n  cool ing  
r a p i d l y  w i t h  t he  a id  of a l o w - p r e s s u r e  a i r  s t r eam.  
The  r o o m  t e m p e r a t u r e  r e s i s t ance  of t he  l a y e r  is 
no t ed  a f t e r  each  b a k e  t o g e t h e r  w i t h  i ts  t h e r m o -  
e lec t r i c  sign, d e t e r m i n e d  b y  a p p l y i n g  a cooled p r o b e  
to one e l e c t r o d e  and  no t i ng  t h e  d i r ec t i on  of t he  
t h e r m o e l e c t r i c  cu r ren t .  The  success ion of v a c u u m  
b a k e s  causes  t he  r e s i s t ance  of t h e  l a y e r  to  f a l l  
i n i t i a l l y  and  t hen  r i se  to a m a x i m u m  v a l u e  as shown  
in Fig.  1. V a c u u m  b a k i n g  b e y o n d  this  po in t  changes  
t he  l a y e r  f r o m  i n i t i a l l y  p -  to  n - t y p e .  The  p rocess  
shou ld  be  s t opped  w h e n  the  l a y e r  is s t i l l  p - t y p e  
(Fig.  1) and  j u s t  on m a x i m u m  res i s t ance ,  as  i t  has  
been  found,  b y  m o n i t o r i n g  s e n s i t i v i t y  d u r i n g  p r o c -  
essing,  t h a t  s e n s i t i v i t y  is h ighes t  a t  th is  point .  T a b l e  

Resistance at 
Vacuum bake room temperature, 

at, ~ kohms 

300 4 p  
325 10 p 
350 15 p 
375 50 p 
375 7 0 p  
375 100 p 
380 200 p 
380 250 p 
400 100 n 

I g ives  t y p i c a l  v a l u e s  of l a y e r  r e s i s t a nc e  a f t e r  suc-  
cess ive  v a c u u m  b a k e s  for  a cel l  a r e a  of 6 x 6 ram.  

I t  is l i k e l y  t h a t  t h e  i n i t i a l  p r e p a r a t i o n  i n t r o d u c e s  
excess  o x y g e n  in to  t he  l a y e r  (4, 5) a n d  t h a t  s u b -  
s e q u e n t  v a c u u m  b a k i n g  r e duc e s  t he  a m o u n t  of o x -  
y g e n  and  s e l e n i u m  u n t i l  i t  is n e a r  a " c o m p e n s a t e d "  
s t o i ch iome t r i c  compos i t ion ,  i.e., l e ad  P b  b a l a n c e d  b y  
s e l e n i u m  and  oxygen .  V a c u u m  b a k i n g  also e x t e n d s  
t he  long  w a v e  s p e c t r a l  r e sponse  due  p r o b a b l y  to an  
i n c r e a s e  in c r y s t a l l i t e  size of  t he  l a y e r  (6 ) .  I f  t h e  
b a k i n g  is c a r r i e d  too f a r  so t h a t  t he  l a y e r  becomes  
n - t y p e ,  i t  can  be  m a d e  p - t y p e  aga in  b y  b a k i n g  
in  o x y g e n  a t  a n y  t e m p e r a t u r e  up  to 300~ fo l l owed  
b y  h igh  v a c u u m  sens i t i za t ion  b a k e s  u n t i l  t h e  o p -  
t i m u m  s ta te  is a g a i n  ach ieved .  T h e  neces s i t y  for  
r e - i n t r o d u c i n g  o x y g e n  should ,  h o w e v e r ,  be  a vo ided  
as l a y e r s  of h igh  s e n s i t i v i t y  r a r e l y  resu l t .  

F i g u r e  2 shows  a t y p i c a l  s p e c t r a l  r e sponse  for  a 
r o o m  t e m p e r a t u r e  cel l  m a d e  b y  the  m e t h o d  d e -  
scr ibed .  A m o n o c h r o m a t o r  s y s t e m  w i t h  a cons t an t  
e n e r g y  o u t p u t  in  0.7-7~ r eg ion  was  used  to  m e a s -  
u re  t he  s p e c t r a l  r esponse .  Cel ls  w i t h  D* v a l u e s  (7)  
up  to 4.1 x l0  s cm cps 1/2 w a t t  -1  at  4.4~ h a v e  been  
p r e p a r e d  b y  th is  m e t h o d  and  a v e r a g e  v a l u e s  of  2.2 x 
l0  s cm cps 1/2 w a t t  -1  h a v e  been  r e g u l a r l y  ach ieved .  

Manuscr ip t  rece ived  Aug. 6, 1962. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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Isolation and Examination of Alloy Layers from 
Electrolytic Tinplate 
Charles Luner z and M. V. Murray 

Applied Research Laboratory, United States Steel Corporation, Monroeville, Pennsylvania 

The alloy layer formed during the melting of elec- 
trodeposited tin on a steel substrate (tinplate) has 
been shown to be essentially FeSn2 (1, 2), but owing 
to its thinness (about 1500A), investigation of its 
properties has largely depended on specially pre-  
pared material. For example, electrochemical and 
physical measurements reported by Covert  and 
Uhlig (3) were made on alloy that had been grown 
in molten tin. Recently, Bright and Britton (4) re-  
ported some electrochemical, measurements  on alloy 
isolated from hot-dipped plate. Small areas of alloy 
layer suitable for transmission electron microscopy 
have also been isolated from electrolytic tinplate 
(2). 

This paper describes the development of a suit- 
able method for stripping relatively large areas of 
tin aIloy layer f rom electrolytic tinplate and re- 
ports prel iminary optical and electrochemical meas- 
urements on isolated alloys. Although this technique 
has been developed primari ly for the isolation of 
the alloy from commercial  tinplate, it is believed 
that the method has wider applications in other 
systems where it is desirable to separate the in- 
termetallic compound or alloy from the substrate. 

Experimental 
Specimen preparation and procedure.--The pro- 

cedure for isolating the alloy from tinplate consists 
of cleaning the tinplate, removing the tin anodically, 
mounting the sample, and removing the steel sub- 
strate (low carbon steel). 

The specimens (W4 x a~ in.) are first degreased in 
acetone, then treated cathodically for about 1 rain 
at about 1 amp/ f t  2 in 0.5% sodium carbonate solu- 
tion to remove any chemical t reatment  that  may be 
present. This procedure is repeated until  the sample 
may be completely wetted by water. The specimen 
is then washed with distilled water  and dried. If 
the plate has not been properly cleaned, areas of 
tin will remain on the surface of the alloy after the 
detinning operation. 

Following the cleaning, the tin f rom both sur- 
faces of the specimen is removed electrolytically. 
Detinning will take place conveniently at room 
temperature in a 5% solution of sodium hydroxide 
at constant voltage, 0.4v, between the tinplate speci- 
men as anode and the stainless steel cathode. A 
higher voltage may result in passivation of the tin 
layer and possible attack on the alloy. Complete 
detinning occurs in about 3 min. Detinning is de- 
termined by visual observation. It has been reported 
that this method of removing the tin should not at- 
tack the alloy (5, 6). However, work at the Labora-  
tory has shown that an attack on the alloy layer 

Present address: Argonne National Lab., Argonne, Illinois. 

occurs when the specimens being detinned are left 
in the detinning solutions for any length of time 
after the detinning has been completed. This at- 
tack can be avoided by connecting a piece of pure 
tin in parallel with the specimen being detinned. 
After  the specimen is completely detinned, the de- 
tinning action will continue at the pure- t in  anode, 
thus preventing the cell voltage from rising too high 
and causing damage to the alloy. 

After detinning, the specimen is mounted in a 
Lucite block, using a conventional metallographic 
press. The specimen is mounted so that the alloy 
surface to be isolated is bonded to the mount  while 
the outer surface remains free from the mounting 
material. A schematic representation of the mounted 
specimen is shown in Fig. 1. 

A number  of investigators (7, 8) have reported 
the relative inertness of FeSn2 to attack by normal 
etching agents, dilute aqua regia, and dilute nitric 
acid, compared with the corrosion behavior of pure 
tin and iron. After  considerable experimentation, it 
was found that a nitric acid-copper sulfate mixture 
would dissolve the steel preferentially without at- 
tacking the alloy. First, the alloy on the surface that  
is not protected by the mount  is removed by abra-  
sion to facilitate the corrosion of the steel. The spec- 
imen is then placed in a solution of 75% by volume 
of saturated copper sulfate and 25% by volume of 
concentrated nitric acid. Upon immersion of the 
specimen, copper plates on the steel. Additional con- 
centrated nitric acid is then added, 1 ml at a time, 
until dissolving action starts on the specimen. To 
prevent  the alloy from flaking off the mount  because 
of a severe dissolving action, care should be taken 
not to add too much acid at one time. More acid may 
be added as the etching action on the specimen 
decreases. After the steel is completely removed, as 
indicated by the absence of any copper deposit on 
the surface of the specimen, the specimen is im- 
mediately removed from the solution, washed 
thoroughly with distilled water, and dried. The alloy 
remains intact and bonded to the transparent  mount, 
the steel-alloy interface being exposed. 

Preparation of electrodes.--To obtain electrode 
potentials, the mounted specimens were prepared 
in the following manner:  electrical connection with 
the mounted isolated alloy was made with a Mueller 
No. 88 clip, a piece of tin foil placed over the edge 
of the alloy serving as a contact material  between 
the clip and the specimen. The clip was connected 
to an alligator clip that in turn was connected to a 

-=:2Z 
Fig. 1. Cross section of mounted specimen 
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b ra s s  bol t .  A r o u n d  th i s  bo l t  was  a s topper ,  so t h a t  
t he  w h o l e  a s s e m b l y  could  be  p l a c e d  in a g lass  cell .  

The  cel l  was  a g lass  c o n t a i n e r  6 in. in d i a m e t e r  
and  6 in. high.  A n  in le t  and  an  ou t l e t  t u b e  w e r e  
p l a c e d  I/2 in. f r o m  the  top  of t he  con ta ine r .  A p iece  
of m i c a r t a  w i t h  s ix  holes  to a c c o m m o d a t e  t he  e lec -  
t rodes  s e r v e d  as a l id  for  t he  cell .  

The  solut ion ,  0.1M c i t r ic  acid,  in  w h i c h  the  p o -  
t e n t i a l s  w e r e  m e a s u r e d  was  d e a e r a t e d  for  a b o u t  3 
to 5 h r  w i t h  c o m m e r c i a l l y  p r e p u r i f i e d  n i t r o g e n  or  
p r e p u r i f i e d  n i t r o g e n  t h a t  was  f u r t h e r  pur i f i ed  b y  
pas s ing  i t  ove r  h e a t e d  (350~176  copper .  The  
spec imens  and  ho lde r ,  w h i c h  w e r e  w a x e d  com-  
p l e t e l y  e x c e p t  for  an  a r e a  of 42 m m  2, w e r e  p l a c e d  
in the  so lu t ion  w h i l e  a pos i t i ve  p r e s s u r e  of n i t r o g e n  
was  m a i n t a i n e d  a b o v e  the  solut ion.  D e a e r a t i o n  w a s  
t h e n  c o n t i n u e d  for  a t  l eas t  a n o t h e r  hour .  The  p o -  
t en t i a l s  w e r e  m e a s u r e d  and  r e c o r d e d  e v e r y  3 min  
w i th  a L&N M i c r o m a x  R e c o r d e r  w i t h  a h igh  i n p u t  
impedance .  A pos i t ive  p r e s s u r e  of I~2 w a s  m a i n t a i n e d  
in the  space  above  the  so lu t ion  d u r i n g  the  m e a s u r e -  
ments .  A s a t u r a t e d  ca lome l  e l e c t r o d e  was  used  as a 
r e f e r e n c e  e l ec t rode  and  was  s i t u a t e d  in t h e  c e n t e r  
of the  cell .  The  m e a s u r e m e n t s  w e r e  m a d e  at  a m b i e n t  
t e m p e r a t u r e ,  25 ~ • 2~ 

Results and  Discussion 

A t r a n s m i s s i o n  p h o t o m i c r o g r a p h  of  t he  a l l oy  iso-  
l a t ed  f r o m  e l ec t ro ly t i c  t i n p l a t e  is shown  in Fig .  2. 
The  s u b s t r a t e  h a d  been  a n n e a l e d  and  c h e m i c a l l y  
po l i shed  p r i o r  to t i np l a t i ng .  A l t h o u g h  the  a v e r a g e  
th i ckness  of t he  a l l oy  as d e t e r m i n e d  b y  c h e m i c a l  
ana lys i s  is a b o u t  1500A, ce r t a i n  a r e a s  show a h igh  
d e g r e e  of poros i ty .  T h e  a r eas  w h i c h  a r e  qu i t e  po rous  
a p p e a r  to have  g r a i n l i k e  shapes .  T h a t  such a r e a s  
do i n d e e d  c o r r e s p o n d  to  t he  g r a i n  s t r u c t u r e  of t he  
s u b s t r a t e  is shown  b y  the  p h o t o m i c r o g r a p h s  in Fig.  
3. F i g u r e  3a shows  a p h o t o m i c r o g r a p h  of t he  s teel  
s u b s t r a t e  b e f o r e  p l a t ing ,  a n d  Fig.  3b shows a p h o t o -  
g r a p h  of the  a l loy  f r o m  the  s ame  a r e a  w h i c h  h a d  
been  i so la ted  a f t e r  p l a t i n g  and  me l t ing .  I t  is obv ious  
t h a t  t h e r e  is a o n e - t o - o n e  c o r r e s p o n d e n c e  b e t w e e n  
the  g r a in s  of the  s tee l  s u b s t r a t e  and  the  a l loy  s t r u c -  
ture .  

To show t h a t  l i t t le ,  if  any,  s t r u c t u r a l  d a m a g e  oc -  
c u r r e d  d u r i n g  the  s t r i p p i n g  ope ra t ion ,  a p h o t o m i -  

Fig. 2. Transmission micrograph of alloy isolated from tinplate; 
suhstrate annealed in vacuum and chemically polished prior to 
plating. Magnification 200X. 
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Fig. 3. Micrographs showing a one-to-one correspondence between 
ferrite grains and alloy: (a) (left) steel substrate; (b) (right) 
isolated alloy. Magnification approximately 330X. 

Fig. 4. Micrograph showing that no structural damage occurs 
during stripping operation. Tin deposited by vacuum evaporation 
on a vacuum annealed substrate: (a) (left) alloy-tin interface 
(reflection); (b) (right) alloy-steel interface (transmission). Mag- 
nification approximately 330X. 

c r o g r a p h  was  t a k e n  of a p r e s e l e c t e d  a r e a  of t he  
a l loy  on the  s tee l  s u b s t r a t e  ( a l l o y - t i n  i n t e r f a c e ) ,  
Fig.  4a. ( F o r  conven ience ,  t he  a l l oy  w a s  f o r m e d  b y  
m e l t i n g  an  e v a p o r a t e d  t in  depos i t . )  The  spec imen  
was  t h e n  m o u n t e d  in  a L u c i t e  m o u n t  w i t h  t he  p r e -  
s e l ec t ed  a r e a  f ac ing  the  moun t .  The  s tee l  w a s  r e -  
m o v e d  in t he  m a n n e r  o u t l i n e d  above ,  a n d  t h e  s ame  
a r e a  r e p h o t o g r a p h e d  in t r an smi s s ion ,  Fig .  4b. I t  
shou ld  be  n o t e d  t h a t  in  th i s  i n s t a n c e  t h e  a l l o y -  
s tee l  i n t e r f a c e  is exposed ,  t hus  showing  a m i r r o r  
i m a g e  of t he  a l l o y - t i n  i n t e r f ace .  I t  can  b e  c o n c l u d e d  
t h a t  w i t h i n  t h e  r e so lu t i on  of t h e  op t i ca l  m ic roscope  
i t  a p p e a r s  t h a t  l i t t le ,  if  any ,  s t r u c t u r a l  d a m a g e  r e -  
su l t ed  f r o m  t h e  s t r i p p i n g  ope ra t ion .  

A n u m b e r  of o b s e r v a t i o n s  on t h e  a b o v e  m i c r o -  
g r a p h s  a r e  w o r t h  no t ing .  The  a l loy  p a r t i c l e s  on 
n e i g h b o r i n g  f e r r i t e  g r a in s  w e r e  o r i e n t e d  in v a r i o u s  
d i rec t ions ,  b u t  on each  g r a i n  one d i r e c t i o n  was  p r e -  
fe r red .  The  d e n s i t y  of a l l oy  v a r i e d  f r o m  g r a i n  to 
gra in ,  t hus  showing  t h a t  t h e  r a t e  of g r o w t h  d e p e n d s  
on c r y s t a l l o g r a p h i c  d i rec t ion .  C e r t a i n  g r a i n  b o u n d -  
a r ies  a p p e a r  to be  p r e f e r r e d  s i tes  for  a l l oy  g rowth .  
C e r t a i n  de fec t s  v i s i b l e  in t he  s tee l  ba se  a r e  also a p -  
p a r e n t  in t he  a l l oy  l ayer .  A fu l l  accoun t  of fac to rs  
af fec t ing  the  g r o w t h  and  m o r p h o l o g y  of t h e  a l l oy  is 
now u n d e r  i n v e s t i g a t i o n  and  w i l l  be  r e p o r t e d  l a t e r .  

I t  is m o r e  diff icul t  to d e t e r m i n e  t h e  e x t e n t  to 
w h i c h  the  a l l o y  m i g h t  be  c o n t a m i n a t e d  d u r i n g  the  
s t r i p p i n g  p r o c e d u r e .  Because  of t he  l a r g e  n u m b e r  
and  i n t e n s i t y  of d i f f rac t ion  l ines  in t h e  FeSn2 p a t -  
te rn ,  d i f f rac t ion  m e t h o d s  w e r e  not  f ea s ib l e  for  
i d e n t i f y i n g  s m a l l  a m o u n t s  of i m p u r i t i e s  t h a t  m a y  
have  been  p r e s e n t  on the  sur face .  T h e  co r ros ion  p o -  
t en t ia l s ,  w h i c h  a r e  s h o w n  in Fig .  5, g ive  some i n d i -  
ca t ion  of t he  cond i t i on  of the surface a f t e r  s t r i pp ing .  
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Fig. 5. Corrosion potentials of alloy (FeSn2) isolated from tin- 
plate. Surface preparation: A, no pretreatment; B, 6N HCI; C, 10% 
HNO~ -t- HCI; D, HCI-N2 laboratory purified. 

F o r  ins tance ,  if t he  co r ros ion  p o t e n t i a l  of t he  i so l a t ed  
a l loy  is m e a s u r e d  w i t h o u t  f u r t h e r  t r e a t m e n t  of t he  
a l loy  a f t e r  i t  is i so l a t ed  f r o m  the  subs t r a t e ,  c u r v e  A 
in Fig.  5, t he  i n i t i a l  p o t e n t i a l  is a b o u t  430 m v  p o s i -  
t i ve  ( c a thod i c )  to t h e  s a t u r a t e d  ca lome l  e l e c t r o d e  
(S .C.E. ) .  The  p o t e n t i a l  becomes  n e g a t i v e  to  t h e  
S.C.E. a f t e r  a b o u t  1 h r  and  g r a d u a l l y  becomes  m o r e  
n e g a t i v e  fo r  5 hr ,  a f t e r  w h i c h  t i m e  i t  becomes  r e l a -  
t i v e l y  cons tan t .  If, h o w e v e r ,  t he  a l l oy  was  d i p p e d  
in 6N HC1 for  30 sec a n d  t h e n  w a s h e d  p r i o r  to  t he  
m e a s u r e m e n t ,  c u r v e  B in Fig.  5, t he  i n i t i a l  pos i t i ve  
p o r t i o n  of t he  p o t e n t i a l - t i m e  c u r v e  is e l i m i n a t e d  
a n d  the  f inal  n e g a t i v e  cor ros ion  p o t e n t i a l  is a t t a i n e d  
sooner .  In  a n o t h e r  e x p e r i m e n t  t he  spec imen ,  a f t e r  
be ing  i so la ted  f rom the  subs t r a t e ,  was  d i p p e d  for  
30 sec in 10% HNO3, washed ,  i m m e r s e d  in 6N HC1, 
and  r insed .  The  cor ros ion  p o t e n t i a l  of th is  s p e c i m e n  
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is s h o w n  in c u r v e  C, Fig .  5. I t  w o u l d  a p p e a r  f r o m  t h e  
r e su l t s  of t he  las t  two  e x p e r i m e n t s  t h a t  t h e  p r e s -  
ence  of copper  on the  a l l oy  as  an  i m p u r i t y  is u n -  
l ike ly .  H o w e v e r ,  t h e r e  is no d o u b t  t h a t  a p a s s i v e  f i lm 
ex is t s  on the  su r f ace  of t he  a l l oy  a f t e r  t he  a l l oy  is 
r e m o v e d  f r o m  the  subs t r a t e .  

The  po t e n t i a l s  r e p o r t e d  a b o v e  w e r e  o b t a i n e d  in  a 
c i t r i c  ac id  so lu t ion  w h i c h  h a d  been  d e a e r a t e d  w i t h  
c o m m e r c i a l l y  p r e p u r i f i e d  n i t rogen .  If  t he  n i t rogen ,  
f u r t h e r  pur i f i ed  by  pa s s ing  i t  ove r  h e a t e d  cop-  
p e r  was  used  to d e a e r a t e  t he  c i t r i c  acid,  t h e  f inal  
p o t e n t i a l s  w e r e  a b o u t  70 m v  m o r e  nega t i ve ,  cu rve  
D in Fig.  5. The  in i t i a l  pos i t i ve  p o r t i o n  of t he  p o -  
t e n t i a l - t i m e  c u r v e  was  s i m i l a r  to t h a t  o b t a i n e d  
w h e n  c o m m e r c i a l l y  p r e p u r i f i e d  n i t r o g e n  was  used  
to d e a e r a t e  t he  solut ion.  The  cor ros ion  p o t e n t i a l  ob -  
t a i n e d  in th is  i n s t ance  was  in f a i r  a g r e e m e n t  w i th  
t ha t  o b t a i n e d  b y  Cove r t  and  Uh l ig  (3) .  

Manuscr ip t  rece ived  Aug. 2, 1962. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1963 
JOURNAL. 
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Some Factors Affecting the Degradation of GaAs Tunnel Diodes 
A. Pikor, G. Elie, and R. Glicksman 

Semiconductor and Materials Division, Radio Corporation o~ America, Somerville, New Jersey 

I r r e v e r s i b l e  d e g r a d a t i o n  of G a A s  t u n n e l  d iodes  
has  been  o b s e r v e d  d u r i n g  p r o l o n g e d  o p e r a t i o n  in 
t he  f o r w a r d  in j ec t ion  region .  This  d e g r a d a t i o n  is 
c h a r a c t e r i z e d  b y  a l a r g e  d e c r e a s e  in p e a k  c u r r e n t  
and  s m a l l  dec rea se s  in  j u n c t i o n  c a p a c i t a n c e  and  
vol tages .  The  cond i t ions  u n d e r  w h i c h  d e g r a d a t i o n  
occurs  h a v e  been  es t ab l i shed ,  and  the  changes  h a v e  
been  q u a n t i t a t i v e l y  c o r r e l a t e d  w i t h  a w i d e n i n g  of 
t he  j u n c t i o n  s p a c e - c h a r g e  r e g i o n  d u r i n g  d e g r a d a -  
t ion  (1) .  

The  p u r p o s e  of th i s  no te  is to po in t  out  t h a t  t he  
d e g r a d a t i o n  r a t e  of G a A s  t u n n e l  d iodes  d e p e n d s  on 
the  r a t i o  of p e a k  c u r r e n t  to c a p a c i t a n c e  ( Ip /C) ,  t he  
f o r w a r d  v o l t a g e  (VF) ,  a n d  the  f o r w a r d  c u r r e n t  pa s t  
the  v a l l e y  po in t  ( IF) .  In  add i t ion ,  a f igure  of m e r i t  
for  safe  o p e r a t i o n  of G a A s  t u n n e l  d iodes  has  b e e n  
es tab l i shed .  

The  G a A s  t u n n e l  d iodes  used  in t hese  tes t s  w e r e  
m a d e  b y  two  t echn iques .  In  t he  first,  z inc was  d i f -  
fused  into  G a A s  w a f e r s  to  p r o d u c e  a h i g h l y  p - d o p e d  

w a f e r  surface .  The  w a f e r s  w e r e  t hen  d iced  into 
pe l le t s ,  and  t in  w a s  a l l o y e d  in to  t he  G a A s  to fo rm 
the  h i g h l y  d o p e d  p - n  j u n c t i o n s  (2) .  The  un i t s  w e r e  
t h e n  e l e c t r o c h e m i c a l l y  e t ched  to the  d e s i r e d  p e a k  
c u r r e n t  va lues ,  w a she d ,  d r i ed ,  and  sea led  in  a l ow  
i n d u c t a n c e  case. T y p i c a l  e l ec t r i ca l  c h a r a c t e r i s t i c s  of  
50 m a  G a A s  t u n n e l  d iodes  m a d e  b y  th i s  d i f fus ion 
p rocess  a re  g iven  in  T a b l e  I. 

Table I. Typical electrical characteristics of 50 ma GaAs 
tunnel diodes used in the life studies 

Diffused Epitaxial 
crystal crystal 

Ip, m a  50 _ 5% 50 • 5% 
Ip/ Iv  13/1 25/1 
Vp, m v  165 145 
Vv, mv  530 560 
V f ,  m v  1080 1270 
Ra, ohms 1.5 1.3 
C, pf  25 25 
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Fig. 1. Life data of 50 ma GaAs tunnel diodes {diffused crystal) 
tested at various operating (d.c.) currents beyond the valley 
(VF' = 1020 - -  1150 my). 
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Fig. 2. Li fe da ta  of  50 ma G a A s  tunnel  diodes (epi tax la l  process) 
operated a t  various forward currents ( V F '  range 1220-1360  my) .  

In the second technique, diodes were fabricated 
by growing a thin epitaxial layer of GaAs heavily 
doped with zinc onto a substrate of p - type  GaAs 
crystal (3). A tin dot was then alloyed into the 
epitaxial layer to form the ]anction, which was 
then electrochemically etched to the appropriate 
peak current value. Typical electrical characteristics 
of these diodes are also shown in Table I. In general, 
GaAs tunnel diodes made by the epitaxial process 
have typical Ip/Iv ratios of 25/1 and voltage swings 
of (VF, --  Vp) of 1100-1150 mv, compared to ratios 
of 13/1 and voltage swings of 900-950 mv obtained 
with diodes made by the diffusion process. 

Figure 1 shows life data for 50 ma GaAs tunnel  
diodes made with zinc-diffused GaAs. The diodes, 
which covered a range of speed indices, were tested 
at various d-c operating currents beyond the valley 
voltage. The degradation rate, expressed as the per-  
centage change of initial peak current (Ip/Ipo x 
100), is greater for diodes having higher speed 
ratios, Ip/C, and for diodes operated at higher for-  
ward currents. For these diodes the degradation 
rate also increases with increasing ambient tem- 
peratures. However,  high ambient temperatures  
with no current (i.e., shelf life tests at 175~ does 
not cause any degradation. 

Figure 2 shows similar curves for 50 ma tunnel 
diodes made with epitaxial crystal. Although the 
general trends are the same, these diodes show more 
severe degradation than diodes made with the dif- 
fused crystal. These greater degradation rates are 
attributed to the higher forward voltages of diodes 
made from epitaxial crystal. This fact is fur ther  
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Fig. 3. Life data of 50 ma GaAs tunnel diodes (epitaxial crystal) 
operated at 25 ma forward current for 252 hr. 
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Fig. 4. Application of figure of merit (IF/C~0.8) for operating 
GaAs tunnel diodes (diffused crystal) under d.c. forward bias with 
no degradation. 

borne out by the life data shown in Fig. 3 for 50 ma 
epitaxial tunnel diodes; for comparable diode 
speeds, degradation is greatest in diodes having the 
highest forward voltages. Other tests indicate that  
it is improbable that  the greater power dissipation 
(and higher resultant junction temperatures)  alone 
could account for the higher degradation rates of 
these diodes (4). However, such rates can be ex-  
plained in terms of the degradation model proposed 
by Gold and Weisberg (5). 

On the basis of extensive life data, a figure of 
merit for safe operation of GaAs tunnel diodes made 
with diffused crystal  has been established empiri-  
cally. This figure of merit  was found to be applicable 
to tunnel diodes having peak currents which range 
from 0.1 to 250 ma. The requirement  to be satisfied 
is IF/C ~ 0.8 ma/pf ,  where IF is the forward cur- 
rent past the valley, and C is the junction capaci- 
tance measured at the valley. When this condition 
is met, degradation is negligible. This figure of merit 
applies to diodes having high peak currents which 
are operated at less than Ip in the forward direc- 
tion. It also applies to low current  units operated at 
currents greater than Ip. Figure 4 shows typical de- 
gradation curves for 100 ma units operated at 25 
ma past the valley and 1 ma units operated at a 
forward current  of 5 ma. In both cases, diodes for 
which this figure of merit  was exceeded, showed 
degradation. 
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Based on  the  l ife tes t  da ta  ga the red  to date,  the  
fo l lowing genera l i za t ions  Can be made :  (a)  de-  
g r ada t ion  ra te  is a f u n c t i o n  of IF, Ip/C,  and  VF; (b)  
for s imi la r  va lues  of fo rward  vol tage  deg rada t ion  
of diffused and  ep i tax ia l  GaAs t u n n e l  diodes are 
comparab l e ;  (c) ope ra t ion  of a GaAs  t u n n e l  diode 
f rom the  or ig in  to the  va l l ey  vo l tage  ( V v )  is com-  
p le te ly  safe; and  (d)  for  g iven  opera t ing  condi -  
tions, GaAs t u n n e l  diodes can be des igned for safe 
opera t ion  b e y o n d  the  va l l ey  voltage.  
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On the Defect Structure of Zr02 and Hf02 

P. Kofstad and D. J. Ruzicka 
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ABSTRACT 

The defect  s t ruc ture  of ZrO2 and HfO2 has been s tudied th rough  measu re -  
ments  of e lectr ical  conduct iv i ty  as a funct ion of oxygen pressure .  The elec-  
t r ica l  conduct iv i ty  exhibi ts  an unusua l  and complex  oxygen  pressure  depend-  
ence, and to expla in  the  resul ts  i t  has been  proposed tha t  these oxides are  
ionic conductors  and tha t  a coupled t r anspor t  of oxygen vacancies and in te r -  
s t i t ials  is fas te r  than  an independen t  t r anspor t  of these defects.  The rmograv i -  
met r ic  measurements  on ZrO2 suggest  tha t  the  nons to ich iomet ry  of this  oxide 
is more  than  a fac tor  of ten smal le r  than  tha t  observed  b y  Aronson.  

The  o x i d a t i o n  m e c h a n i s m  of z i r c o n i u m  is no t  we l l  
unde r s tood .  This  is p a r t l y  due  to a l a c k  of k n o w l e d g e  
of t he  r e l a t i v e  i m p o r t a n c e  of and  i n t e r p l a y  b e t w e e n  
o x y g e n  d i s so lu t ion  in  t h e  m e t a l  and  ox ide  (ZrO2) 
f o r m a t i o n  (1) .  F r o m  v a r i o u s  s tud ies  (1 -9 )  i t  is 
r e a s o n a b l e  to conc lude  t h a t  t he  ZrO2 l a y e r  has  a 
p r o t e c t i v e  effect  and  t h a t  a t r a n s p o r t  of ions t h r o u g h  
the  scale  a t  l eas t  p a r t i a l l y  d e t e r m i n e s  t h e  r a t e  of 
o x i d a t i o n  of z i rcon ium.  

The  e l u c i d a t i o n  of t he  o x i d a t i o n  m e c h a n i s m  of 
a m e t a l  f o r m i n g  a p r o t e c t i v e  ox ide  scale  of course  
r e q u i r e s  k n o w l e d g e  of t he  de fec t  s t r u c t u r e  of t he  
oxide .  F r o m  the  l i t e r a t u r e  i t  does  no t  a p p e a r  t h a t  
the  de fec t  s t r u c t u r e  of ZrO2 is known .  In  i n t e r p r e t a -  
t ions  of t he  o x i d a t i o n  m e c h a n i s m  of z i r c o n i u m  th is  
is c o m m o n l y  a s s u m e d  to i nvo lve  o x y g e n  vacanc ie s  
and  a c o r r e s p o n d i n g  n - t y p e  c o n d u c t i v i t y  (4 -9 ) .  H o w -  
ever ,  r e c e n t  s tud ies  b y  R u d o l p h  (10) have  shown  
tha t  t he  e l ec t r i ca l  c o n d u c t i v i t y  of ZrO2 is p r o p o r -  
t i ona l  to a b o u t  Po21/5.' a t  900~176 in t he  ox -  
y g e n  p r e s s u r e  r a n g e  760-0.1 to r r .  This  m a y  sugges t  
t ha t  ZrO2 is a p - t y p e  conduc to r  u n d e r  these  cond i -  
t ions.  

A l t h o u g h  a l a r g e  n u m b e r  of s tud ies  of o x i d a -  
t ion  of  z i r c o n i u m  and  z i r c o n i u m  a l loys  and  c o r r e s -  
p o n d i n g  a t t e m p t s  to  e luc ida t e  t he  o x i d a t i o n  m e c h -  
a n i s m  h a v e  been  c a r r i e d  out, r e l a t i v e l y  l i t t l e  effort  
has  been  m a d e  to o b t a i n  a good w o r k i n g  k n o w l e d g e  
of t he  de fec t  s t r u c t u r e  of ZrO2. The  p r e s e n t  w o r k  is 
an  a t t e m p t  in  th is  r e spec t  b y  m e a s u r i n g  the  e lec -  
t r i c a l  c o n d u c t i v i t y  as a func t ion  of o x y g e n  p re s su re .  
S t ud i e s  on HfO2 h a v e  also b e e n  i n c l u d e d  as th is  
ox ide  c lose ly  r e s e m b l e s  ZrO2. In  add i t ion ,  a t t e m p t s  
to m a k e  t h e r m o g r a v i m e t r i c  m e a s u r e m e n t s  of t he  
defec t  s t r u c t u r e s  of these  ox ides  h a v e  been  made .  

Materials and Methods 
ZrO2 p o w d e r  was  o b t a i n e d  f r o m  Johnson ,  M a t t h e y  

& C o m p a n y  L i m i t e d .  A c c o r d i n g  to t h e  supp l i e r s  es -  
t i m a t e s  of i m p u r i t i e s  a r e  as fo l lows :  Hf, 1 .7%; St, 
5 p p m ;  Na,  1 p p m ;  and  Cu and  Mg, <1  ppm.  

HfO2 p o w d e r  was  s u p p l i e d  b y  the  W a h  Chang  
Corpo ra t i on ,  and  e s t i m a t e s  of i m p u r i t i e s  con ten t s  
a re :  Zr,  <1000 p p m ;  Fe,  <100  p p m ;  W, <50  p p m ;  
St, 50 p p m ;  Cu, <40  p p m ;  A1, <25  p p m ;  Ti, <20  

p p m ;  Cr,  Mg, Mn, Mo, Ni,  a n d  Sn, <10  p p m ;  Pb ,  
Co, a n d  V, <5  p p m ,  and  Cd, <1  ppm.  

S p e c i m e n s  w e r e  p r e p a r e d  b y  s i n t e r i ng  co ld -  
p r e s s e d  p o w d e r s  in  a i r  a t  1400~ 

In  t he  s tud ies  of  e l ec t r i ca l  c o n d u c t i v i t y  2 P t -  
10% R h  p l a t e s  s e r v e d  as e lec t rodes ,  a n d  these  w e r e  
p r e s s e d  a ga in s t  t he  ends  of t he  spec imens  b y  a 
s p r i n g - l o a d i n g  me thod .  The  r e s i s t a nc e  w a s  m e a s -  
u r e d  w i t h  a W h e a t s t o n e  b r i d g e  us ing  d i r ec t  cu r ren t .  
The  ZrO2 s p e c i m e n  had  a c y l i n d r i c a l  shape  w i t h  
a d i a m e t e r  of 1.70 c m  a n d  a he igh t  of 1.65 cm. The  
d e n s i t y  was  4.70 g / c m  ~. The  HfO2 s p e c i m e n  h a d  a 
d i a m e t e r  of 1.9 c m  a n d  a h e i g h t  of 2.1 cm. The  d e n -  
s i ty  was  5.81 g / c m  3. 

M e a s u r e m e n t s  of the  e l ec t r i ca l  c o n d u c t i v i t y  as a 
func t ion  of o x y g e n  p r e s s u r e  w e r e  m a d e  in p u r e  ox -  
y g e n  gas  at  d i f fe ren t  p r e s su re s ,  in  m i x t u r e s  of a rgon  
and  oxygen ,  a n d  in  m i x t u r e s  of CO q- CO2 to ob t a in  
l ow p a r t i a l  p r e s s u r e s  of o x y g e n  (11) .  The  e q u i l i b r a -  
t ion  p e r i o d s  v a r i e d  f r o m  ~/2 h r  to 1 d a y  d e p e n d i n g  
on the  t e m p e r a t u r e .  

T h e  t h e r m o g r a v i m e t r i c  m e a s u r e m e n t s  w e r e  c a r -  
r i ed  out  in a q u a r t z  h e l i x  t y p e  a p p a r a t u s  (12) .  The  
w e i g h t  of t h e  ox ide  was  m e a s u r e d  in O2, in m i x t u r e s  
of CO + CO2, and  in  p u r e  CO. A l l  m e a s u r e m e n t s  
w e r e  m a d e  a t  a t o t a l  gas p r e s s u r e  of 1 a tm.  P a r t i c u -  
l a r  c a r e  was  t a k e n  to avo id  b u o y a n c y  due  to t h e r m o -  
m o l e c u l a r  or  r a d i o m e t e r  effects,  w h i c h  m a y  cause  
se r ious  e r r o r s  in t h e r m o g r a v i m e t r i c  m e a s u r e m e n t s  
(12) .  

Results and Discussion 
Electrical conductivi ty  s tudies . - - In  t he  m e a s u r e -  

m e n t s  of e l ec t r i ca l  c o n d u c t i v i t y  of ZrO2 hys t e r e s i s  
in  t he  m o n o c l i n i c - t e t r a g o n a l  t r a n s f o r m a t i o n  was  
obse rved .  This  is s h o w n  in Fig .  1, w h e r e  t he  r e s i s t -  
ance  of t h e  s p e c i m e n  is p l o t t e d  as a func t ion  of d e -  
c r ea s ing  a n d  i nc r e a s ing  t e m p e r a t u r e s  at  a cons t an t  
p a r t i a l  p r e s s u r e  of 0.009 a r m  + O2. The  m e a s u r e m e n t s  
in  Fig .  1 w e r e  t a k e n  a t  r a p i d  h e a t i n g  and  cool ing 
( ~ 3 ~  b u t  e s s e n t i a l l y  t he  s a m e  c u r v e  was  
o b t a i n e d  b y  e q u i l i b r a t i n g  the  s p e c i m e n  for  abou t  
24 h r  a t  each  t e m p e r a t u r e .  A t  i n c r e a s i n g  t e m p e r a -  
t u r e  t h e  t r a n s i t i o n  was  v e r y  r a p i d  and  occu r r ed  
at  1200~176 w h i l e  a t  de c r e a s ing  t e m p e r a t u r e  
the  t r a n s i t i o n  was  m o r e  s lugg i sh  and  took  p l ace  
at  1000~176 The  o b s e r v e d  t r a n s i t i o n  t e m p e r -  
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Fig. 1. Resistance of the Zr02 specimen as a function of increas- 
ing and decreasing temperature at a partial pressure of oxygen of 
0.009 arm. 

a tu re  of 1200~ is in  good a g r e e m e n t  wi th  recen t  
s tudies  of this  phase t r a n s f o r m a t i o n  (13, 14). 

The  resul t s  of the  s tudies  of conduc tance  of the 
ZrO2 and  HfO2 spec imens  as a f unc t i on  of oxygen  
pressure  are shown in  Fig. 2 and  3, respect ively .  
D u r i n g  m e a s u r e m e n t s  the sys tem was kept  at con-  
s t an t  t empe ra tu r e .  In  order  to avoid hys teres is  ef-  
fects associated w i th  the  ZrO2 phase  t r a n s f o r m a -  
tion, the  resul t s  in  Fig. 2 on ly  inc lude  m e a s u r e -  
men t s  t a k e n  u n d e r  a sequence  of inc reas ing  t e m -  
pera tu re .  

If one expresses  the  conduc tance  of the  spec imen  
as 

= const. Po21/n 
it  is seen tha t  for HfO2 n has nega t i ve  va lues  at 
oxygen  pressures  above 1 0 - L 1 0  -4 atm.  At  800 ~ 
900~ and  close to 1 a tm  O 2 n has a va lue  of abou t  
--4, whi le  at  h igher  t e m p e r a t u r e s  the  va lue  of n 
becomes larger .  At  1 0 - L 1 0  -4 a tm  O 2 the  conduc t -  
ance goes t h rough  a m a x i m u m  and  aga in  decreases 
wi th  decreas ing  oxygen  pressure .  Below 10-6-10 - s  
the conduc tance  becomes a p p r o x i m a t e l y  i n d e p e n d -  
en t  of oxygen  pressure .  

ZrO 2 shows the  same genera l  type  of behavior .  
For  t e t r agona l  ZrO2 n has nega t ive  va lues  close to 
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Fig. 2. Conductance of the ZrO2 specimen os O function of the 
partial pressure of oxygen. 
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Fig. 3. Conductance of the Hf02 specimen as a function of the 
partial pressure of oxygen. 

1 a tm 02. The conduc tance  goes t h rough  a sl ight  
m a x i m u m  at abou t  10 -8 a t m  02 and  goes t h r ough  a 
m i n i m u m  at  abou t  10-6-10 -~ a tm O 2. Below this  
p ressure  n takes  on nega t ive  values.  

For  monoc l in ic  ZrO2 n has in  gene ra l  posi t ive 
va lues  above  1 0 - L 1 0  -9, bu t  the conduc tance  be -  
comes less oxygen  p ressure  d e p e n d e n t  w i th  inc reas -  
ing oxygen  pressure .  The  resul t s  also suggest  a 
s l ight  m a x i m u m  at 10 -2 a t m  at 927 ~ and  977~ 
s imi la r  to the m a x i m u m  observed  for HfO2. Below 
10-s -10  -9 arm O2 n again  takes  on nega t ive  values.  

Compared  wi th  other  oxide semiconduc tors  the  
conduc t iv i ty  of HfO2 and  ZrO~ shows a v e r y  com-  
p lex  oxygen  pressure  dependence .  This is ind ica t ive  
of a complex  defect  s t ruc tu re  and  i n t e r r e l a t e d  ef-  
fects of charge ca r r i e r  mobil i t ies .  

Ionic defects whose concen t ra t ions  are d e p e n d e n t  
on the  oxygen  pressure  inc lude  oxygen  and  cat ion 
vacancies  and  in ters t i t ia ls .  Oxygen  defects m a y  be 
descr ibed by  the  equa t ions  

O1 = = Ov "+ + p e -  + 1/2 O2 (g) Equil .  const.  = K 2 [2] 

~/2 O2 ~) = Oi -q + qe + Equil .  const. = Ks [3] 

where  O1 = des ignates  an  oxygen  ion in  a n o r m a l  
lat t ice posit ion,  Ov an  oxygen  vacancy ,  Oi an  oxygen  
in ters t i t ia l ,  e -  an  e lec t ron  in  the  conduc t ion  band ,  
and  e + an  e lec t ron  hole. p and  q m a y  have  va lues  
f rom 0 to 2. In  addi t ion  one should also consider  
in t r ins ic  ion iza t ion  in  the oxides. This m a y  be w r i t -  
t en  as 

Nil  = e + + e -  Equil .  const. = K4 [4] 

A qua l i t a t ive  cons idera t ion  of these defect  equ i -  
l ib r ia  gives the  fo l lowing l imi t ing  condi t ions :  

1. If in t r ins ic  ion iza t ion  (Eq. [4])  p redomina tes ,  
the  e lectr ical  conduc t iv i ty  is i n d e p e n d e n t  of oxygen  
pressure  and  the concen t r a t i on  of e lec t rons  (or 
e lec t ron holes) is g iven  b y  

[ e - ]  = K41/2 [5] 

2. If in t r ins ic  ion iza t ion  is negl ig ible ,  the  e lec-  
t r ica l  conduc t iv i ty  is d e t e r m i n e d  by  Eq. [2] a nd  [3] :  
(a)  A t  ve ry  high pressures  Eq. [3] wi l l  p r e d o m i n a t e  
and  the defect e q u i l i b r i u m  wil l  e ssen t ia l ly  be  g iven  
by  

[Oi -q]  [e + ]q = K3po21/2 [6] 
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U n d e r  t hese  cond i t ions  bo th  t h e  c o n c e n t r a t i o n  of 
e l ec t ron  ho les  and  i n t e r s t i t i a l  o x y g e n  ions w i l l  be  

1 
+ - -  

2 (q § 1) 
p r o p o r t i o n a l  to Poe ; (b )  A t  v e r y  low 
p r e s s u r e s  Eq. [2]  w i l l  p r e d o m i n a t e ,  and  the  d e -  
fect  e q u i l i b r i u m  wi l l  e s sen t i a l l y  be  g iven  b y  

[Ov + ' ]  [ e - l "  ---- Kepoe -~/2 [7]  

U n d e r  these  condi t ions  bo th  the  c o n c e n t r a t i o n s  of 
e l ec t rons  a n d  of o x y g e n  vacanc ie s  w i l l  be  p r o p o r -  

1 

t i ona l  to Poe 2 <p + i) 
On the  bas i s  of the  above  de fec t  s t r u c t u r e  m o d e l  

one w o u l d  thus  e x p e c t  t h a t  the  e l ec t r i ca l  c onduc -  

1 

2 (q % 1) 
t i v i t y  is p r o p o r t i o n a l  to Poe at  v e r y  h igh  
o x y g e n  p re s su res .  S i m i l a r l y  at  v e r y  low o x y g e n  
p r e s s u r e s  the  e l ec t r i ca l  c o n d u c t i v i t y  w o u l d  be  p r o -  

1 

2 (p + 1) 
p o r t i o n a l  to Poe A t  the  t r a n s i t i o n  f r o m  

p -  to n - t y p e  c o n d u c t i v i t y  one  w o u l d  also e x p e c t  a 
m i n i m u m  in conduc t i v i t y .  A defec t  s t r u c t u r e  of th is  
t y p e  has  been  p r o p o s e d  for  TaeO5 (15) .  

A c o r r e s p o n d i n g  ana lys i s  of a de fec t  s t r u c t u r e  i n -  
vo lv ing  ca t ion  vacanc ie s  and  i n t e r s t i t i a l s  w o u l d  l e ad  
to t he  s a m e  g e n e r a l  conclus ions ,  i.e., one w o u l d  e x -  
pec t  p - t y p e  c o n d u c t i v i t y  at  h igh  o x y g e n  p r e s s u r e s  
and  n - t y p e  at  low o x y g e n  p re s su res .  S i m i l a r l y  a 
m i n i m u m  in t he  c o n d u c t i v i t y  vs. Po~ cu rves  w o u l d  
be  e x p e c t e d  at  t h e  p - n  t r ans i t i on .  The  same  o x y g e n  
p r e s s u r e  d e p e n d e n c e  w o u l d  be  e x p e c t e d  r e g a r d l e s s  
of w h e t h e r  one has  p r e d o m i n a n t  e l ec t ron ic  con-  
duc t ion  or  a p r e d o m i n a n t  ionic conduc t ion  w i t h  i n -  
d e p e n d e n t  m i g r a t i o n  of t he  defects .  

As  seen  in Fig.  3 t he  c o n d u c t i v i t y  of HfOe shows  
a m a x i m u m  at  10-~-10 -4 a rm Oe a n d  w i t h  an  a p -  
p a r e n t  n - t y p e  c o n d u c t i v i t y  at  h i g h e r  o x y g e n  p r e s -  
sures  a n d  p - t y p e  at  l o w e r  o x y g e n  p re s su res .  This  
e x p e r i m e n t a l l y  o b s e r v e d  p r e s s u r e  d e p e n d e n c e  is 
t hus  t he  oppos i t e  of t he  e x p e c t e d  b e h a v i o r  d i scussed  
above .  T h e r e f o r e  i t  does  no t  a p p e a r  poss ib l e  to t he  
a u t h o r s  to e x p l a i n  t he  o b s e r v e d  b e h a v i o r  in t e r m s  
of p r e d o m i n a n t  e l ec t ron ic  conduc t ion  or p r e d o m -  
i n a n t  ionic conduc t ion  w i t h  i n d e p e n d e n t  m i g r a t i o n  
of t he  de fec t s  or  in  t e r m s  of a c o m b i n a t i o n  of such 
t r a n s p o r t  processes .  A poss ib le  i n t e r p r e t a t i o n  of t he  
r e su l t s  may ,  h o w e v e r ,  be  m a d e  b y  a s s u m i n g  t h a t  
ionic conduc t ion  t a k e s  p lace  t h r o u g h  a " c o u p l e d "  
t r a n s p o r t  of vacanc ie s  and  i n t e r s t i t i a l  ions. 

I f  one a s sumes  t h a t  HfOe and  ZrOe has  an  a n t i -  
F r e n k e l  de fec t  s t r uc tu r e ,  i.e., o x y g e n  vacanc ie s  and  
in t e r s t i t i a l s ,  the  de fec t  s t r u c t u r e  is d e s c r i b e d  b y  
Eq. [ 2 ] - [ 4 ] .  The  c o n c e n t r a t i o n  of o x y g e n  vacanc ie s  
w i l l  i n c r e a s e  w i t h  dec r ea s ing  o x y g e n  p re s su re ,  w h i l e  
t he  c o n c e n t r a t i o n  of o x y g e n  i n t e r s t i t i a l  ions w i l l  
i nc rease  w i t h  i nc rea s ing  o x y g e n  p re s su re .  H o w e v e r ,  
Eq. [3]  w i l l  no t  be a p p l i c a b l e  up  to e x t r e m e l y  l a r g e  
o x y g e n  p r e s s u r e s  as th is  w o u l d  a s sume  an  u n l i m i t e d  
so lub i l i t y  of i n t e r s t i t i a l  o x y g e n  ions. One m u s t  as -  
sume  t h a t  t he  so lub i l i t y  of i n t e r s t i t i a l  o x y g e n  ions  
a p p r o a c h e s  a l i m i t i n g  v a l u e  w i t h  i nc r ea s ing  o x y g e n  
p re s su re .  The  va l ence  of t h e  i n t e r s t i t i a l  o x y g e n  ion,  
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Fig. 4. Proposed model for variations in defect concentrations 
with partial pressure of oxygen. 

i.e., t h e  v a l u e  of q, m a y  v a r y  f r o m  0 to 2. C o n s i d e r -  
ing the  size of an  o x y g e n  ion, s m a l l  va lue s  of q 
w o u l d  be  f avored .  

The  c o n c e n t r a t i o n  of o x y g e n  vacanc ie s  and  i n t e r -  
s t i t i a l  ions  wi l l  be  a v e r y  c o m p l e x  func t ion  of o x y -  
gen  p r e s s u r e  and  w i l l  d e p e n d  on the  v a l u e s  of q, p, 
Ke, Ka, and  K4. The  exac t  r e l a t i o n s h i p  m a y  be  e v a l -  
u a t e d  b y  a p p l y i n g  the  cond i t i on  of e l e c t r o n e u t r a l i t y  
and  the  l a w  of mass  ac t ion  to Eq. [2] ,  [3] ,  a n d  [4]  
(12, 15).  

A q u a l i t a t i v e  r e p r e s e n t a t i o n  of the  c o n c e n t r a t i o n s  
of o x y g e n  vacanc ie s  and  i n t e r s t i t i a l  ions  is shown 
in Fig .  4. In  d r a w i n g  the  cu rves  i t  is a s s u m e d  t h a t  
q < p and  t ha t  t he  c o n c e n t r a t i o n  of i n t e r s t i t i a l  o x -  
y g e n  ions  a p p r o a c h e s  a so lub i l i t y  l imi t .  

As  d i scussed  a b o v e  an  i n d e p e n d e n t  t r a n s p o r t  of 
de fec t s  w i l l  u n d e r  no c i r c u m s t a n c e s  r e s u l t  in a m a x -  
i m u m  in t he  e l e c t r i c a l  c o n d u c t i v i t y  as a func t ion  of 
o x y g e n  p re s su re .  H o w e v e r ,  if  one a s sumes  t h a t  
" c o u p l e d "  or  s i m u l t a n e o u s  t r a n s p o r t  of t h e  de fec t s  
is m u c h  f a s t e r  t h a n  the  i n d e p e n d e n t  m ig ra t i on ,  t he  
e l ec t r i ca l  c o n d u c t i v i t y  w i l l  be  g iven  b y  the  p r o d u c t  
of t he  de fec t  concen t ra t ions ,  t hus  ~ [ O i - q ] [ O v + P ] .  
Th is  p r o d u c t  is shown  as t he  f u l l y  d r a w n  l ine  in 
F ig .  4 and,  as  seen,  one  ob t a in s  a m a x i m u m  in t h e  
c o n d u c t i v i t y  curve .  

A t  h i g h e r  and  l o w e r  p r e s s u r e s  t h a n  t h a t  of t he  
m a x i m u m ,  the  c o n d u c t i v i t y  wi l l  d e c r e a s e  w i t h  
p r e s s u r e  un t i l  t he  t o t a l  c o n d u c t i v i t y  w i l l  be  d e -  
t e r m i n e d  b y  a n o t h e r  t r a n s p o r t  process .  F o r  HfO2 
it  is p r o p o s e d  t h a t  w h e n  the  c o n d u c t i v i t y  due  to t he  
coup led  t r a n s p o r t  becomes  too smal l ,  t he  c onduc -  
t i v i t y  due  to i n t r i n s i c  ion iza t ion  w i l l  p r e d o m i n a t e  
and  the  c o n d u c t i v i t y  wi l l  b e c o m e  e s s e n t i a l l y  i n d e -  
p e n d e n t  of o x y g e n  p r e s s u r e  (Eq. [ 5 ] ) .  Th is  b e -  
h a v i o r  is o b s e r v e d  for  HfOe a t  Poe < 10 -B-10 - s  a tm.  
A c c o r d i n g  to th is  m o d e l  one w o u l d  also e x p e c t  t h a t  
the  c o n d u c t i v i t y  be c ome s  i n d e p e n d e n t  of o x y g e n  
p r e s s u r e  and  t h a t  i t  is d e t e r m i n e d  b y  the  i n t r i n s i c  
ion iza t ion  at  v e r y  h igh  o x y g e n  p re s su re s .  The  t o t a l  
c o n d u c t i v i t y  on the  bas is  of th is  m o d e l  wi l l  be  as 
shown  in Fig .  4. 

T h e  same  g e n e r a l  i n t e r p r e t a t i o n  is also p r o p o s e d  
for  ZrOe. F o r  t he  monoc l in i c  p h a s e  a m a x i m u m  in 
t he  c o n d u c t i v i t y  is s u g g e s t e d  on ly  a t  t he  l o w e r  t e m -  
p e r a t u r e .  C o m p a r e d  to HfOe it  t hus  a p p e a r s  t h a t  t he  
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m a x i m a  a re  d i sp l aced  t o w a r d  h i g h e r  o x y g e n  p r e s -  
sures  for  monoc l in i c  ZrO2. This  m a y  be  e x p l a i n e d  b y  
a s o m e w h a t  h i g h e r  so lub i l i t y  of i n t e r s t i t i a l  o x y g e n  
ions in monoc l in ic  ZrO~ t h a n  in HfO2. 

A t  Po2 < 10-8-10-14 ZrO2 exh ib i t s  i nc rea s ing  con-  
d u c t i v i t y  w i t h  dec r ea s ing  o x y g e n  p re s su re .  This  m a y  
be  e x p l a i n e d  q u a l i t a t i v e l y  b y  effects of i n d e p e n d e n t  
m i g r a t i o n  of o x y g e n  vacanc ies .  F r o m  Eq. [2] ,  [3] ,  
and  [4]  i t  is obvious  t h a t  a t  suff ic ient ly  low o x y g e n  
p r e s s u r e s  t he  o x y g e n  v a c a n c y  de fec t  e q u i l i b r i u m  
(Eq. [ 2 ] )  w i l l  e v e n t u a l l y  p r e d o m i n a t e ,  and  if t he  
m o b i l i t y  of o x y g e n  vacanc ie s  is l a r g e r  t h a n  t ha t  of 
t he  e lec t rons ,  t he  c o n d u c t i v i t y  wi l l  be  g iven  b y  t h a t  
of t he  o x y g e n  vacanc ies .  

Due  to t he  c o m p l e x i t y  of the  de fec t  e q u i l i b r i a  and  
the  t r a n s p o r t  processes ,  t he  a b o v e  d iscuss ion  is a t  
t he  p r e s e n t  s t age  n e c e s s a r i l y  q u a l i t a t i v e  in na tu r e .  
The  o b s e r v e d  t e m p e r a t u r e  d e p e n d e n c e  and  a c t i v a -  
v a t i o n  ene rg ie s  also a r e  compos i t e s  and  ref lect  the  
r e l a t i v e  i m p o r t a n c e  of t he  de fec t  e q u i l i b r i a  and  the  
mob i l i t i e s  of t he  cha rge  ca r r i e r s .  F u r t h e r m o r e  the  
d i f fe ren t  e q u i l i b r i a  wi l l  mos t  l i k e l y  have  d i f fe ren t  
" a c t i v a t i o n  ene rg ies , "  and  the  o x y g e n  p r e s s u r e  d e -  
p e n d e n c e  of t he  c o n d u c t i v i t y  wi l l  t h e r e f o r e  show 
v a r i a t i o n s  w i t h  t e m p e r a t u r e ,  as shown  for  HfOe 
and  ZrOe. 

Thermogravimetr ic  s tudies . - -The  n o n s t o i c h i o m -  
e t r y  of ZrO2 as a func t ion  of o x y g e n  p r e s s u r e  at  
900~176 has  been  s tud ied  b y  A r o n s o n  (7) .  
These  r e su l t s  sugges t  t ha t  the  n o n s t o i c h i o m e t r y  (i.e., 
t he  c o n c e n t r a t i o n  of defec t s )  i nc reases  w i t h  d e c r e a s -  
ing t e m p e r a t u r e .  T h e r m o d y n a m i c a l l y  th is  is e x -  
t r e m e l y  un l i ke ly .  I t  was  t h e r e f o r e  cons ide red  w o r t h -  
w h i l e  to a t t e m p t  to r e p r o d u c e  the  r e su l t s  of A r o n s o n  
b y  m e a n s  of t h e r m o g r a v i m e t r i c  m e a s u r e m e n t s  in 
the  s ame  m a n n e r  as for  NbeO5 (12) and  TiOe (16) .  

T h e r m o g r a v i m e t r i c  m e a s u r e m e n t s  w e r e  m a d e  at  
1100~176 b y  m e a s u r i n g  the  w e i g h t  change  of 
ZrO2 and  HfO2 spec imens  w h e n  success ive ly  e q u i l -  
i b r a t i n g  the  spec imens  in  1 a t m  O2, in m i x t u r e s  of 
CO + CO2 (Poe r a n g i n g  f rom 10 -~ to 10 -18 d e p e n d -  
ing  on t e m p e r a t u r e ) ,  and  in p u r e  CO. E q u i l i b r a t i o n  
pe r i ods  up  to 1 d a y  w e r e  used.  

In  a l l  cases  v e r y  s m a l l  w e i g h t  changes  w e r e  ob-  
se rved ,  and  in mos t  cases  t he  w e i g h t  changes  w e r e  
w i t h i n  t he  l imi t s  of e r r o r  of the  m e a s u r e m e n t s .  B e -  
cause  of these  sma l l  w e i g h t  changes  i t  was  i m p o s -  
s ib le  to e v a l u a t e  t he  o x y g e n  p r e s s u r e  d e p e n d e n c e  
of the  n o n s t o i c h i o m e t r y .  

I f  t h e  f o r m u l a  of t h e  ox ide  is w r i t t e n  as ZrO2-z,  
t he  r e su l t s  sugges t  t h a t  t he  m a x i m u m  w e i g h t  loss 
in going  f r o m  a p a r t i a l  p r e s s u r e  of o x y g e n  of 1-10 -15 
a t m  at  1175~ c o r r e s p o n d s  to  a v a l u e  of z < 0.001. 
This  v a l u e  sugges t s  a n o n s t o i c h i o m e t r y  w h i c h  is 
m o r e  t h a n  a f ac to r  of 10 s m a l l e r  t h a n  t h a t  o b s e r v e d  
b y  A r o n s o n  at  900~176 (7) .  

Summary and General Considerations 

In  the  a b o v e  i n t e r p r e t a t i o n  i t  has  been  p r o p o s e d  
t ha t  t he  de fec t  s t r u c t u r e s  of ZrOe a n d  HfO2 i nvo lve  
o x y g e n  vacanc ie s  and  in t e r s t i t i a l s .  The  f o r m u l a  of 
the  ox ides  shou ld  c o r r e s p o n d i n g l y  be  w r i t t e n  
~ e O 2 - x + y ,  w h e r e  x r e p r e s e n t s  o x y g e n  vacanc ie s  and  
y i n t e r s t i t i a I  oxygen .  

In  o r d e r  to e x p l a i n  the  o x y g e n  p r e s s u r e  d e p e n d -  
ence  of the  c o n d u c t i v i t y  i t  has  been  found  n e c e s s a r y  
to a s sume  a p r e d o m i n a n t  ionic  conductivi ty  and  
t ha t  a coup led  t r a n s p o r t  of o x y g e n  vacanc ie s  and  
i n t e r s t i t i a l  ions is m u c h  f a s t e r  t h a n  an  i n d e p e n d e n t  
t r a n s p o r t  of t he se  defects .  

In  o r d e r  to conf i rm the  p r o p o s e d  m e c h a n i s m  it  
w o u l d  be  h i g h l y  d e s i r a b l e  to s t u d y  the  r e l a t i v e  i m -  
p o r t a n c e  of ionic  and  e l ec t ron ic  conduc t ion  as a 
func t ion  of t he  p a r t i a l  p r e s s u r e  of oxygen .  In  th is  
connec t ion  i t  is i m p o r t a n t  to no te  t ha t  ZrOe h i g h l y  
d o p e d  w i t h  Ca is e s s e n t i a l l y  an  ionic  conduc to r  i n -  
vo lv ing  the  t r a n s p o r t  of o x y g e n  v i a  o x y g e n  v a c a n -  
cies (17) .  

The  p r o p o s e d  m e c h a n i s m  and  de fec t  s t r u c t u r e  
w o u l d  also be  of i m p o r t a n c e  as r e g a r d s  t he  e l u c i d a -  
t ion  of t he  m e c h a n i s m s  of o x i d a t i o n  of t he se  meta l s .  
In  th is  r e spec t  i t  is p a r t i c u l a r l y  i m p o r t a n t  to a sce r -  
t a in  t he  r e l a t i v e  i m p o r t a n c e  of ionic and  e l ec t ron ic  
conduc t ion .  

A r e m a r k  shou ld  also be  m a d e  w i t h  r e g a r d  to 
t he  use  of the  W a g n e r - H a u f f e  s e m i c o n d u c t o r  a p -  
p r o a c h  to a l l oy  o x i d a t i o n  in a t t e m p t s  to i m p r o v e  
o x i d a t i o n  r e s i s t ance  of me ta l s .  This  a p p r o a c h  has  
f r e q u e n t l y  been  a p p l i e d  in r e c e n t  yea r s ,  b u t  i t  has  
been  s e e m i n g l y  unsucces s fu l  in d i s a p p o i n t i n g l y  
m a n y  cases. T h e  a b o v e  d i scuss ion  e mpha s i z e s  t ha t  a 
f i rm k n o w l e d g e  of t he  de fec t  s t r u c t u r e  and  t r a n s -  
p o r t  m e c h a n i s m  in ox ides  is n e c e s s a r y  be fo re  a t -  
t e m p t s  to a p p l y  the  s e m i c o n d u c t o r  a p p r o a c h  is 
made .  A l l  in all ,  in o r d e r  to o b t a i n  a m o r e  f u n d a -  
m e n t a l  u n d e r s t a n d i n g  of p r o t e c t i v e  o x i d a t i o n  of 
m e t a l s  and  a l loys ,  m o r e  e m p h a s i s  shou ld  be  p l aced  
on the  s t u d y  of diffusion,  de fec t  s t ruc tu res ,  and  e lec-  
t r i c a l  c o n d u c t i v i t y  in  ox ides  and  the  effect of i m -  
p u r i t i e s  and  ox ide  add i t i ons  on such p h e n o m e n a .  

Manuscr ip t  received March 12, 1962; rev ised  m a n u -  
script  received J u l y  30, 1962. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL. 
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ABSTRACT 

The oxidation of Mond nickel was studied between 1000 ~ and 1200~ at 
oxygen pressures from 6.5 x 10 -3 to 20.4 arm. The oxidation rate was con- 
trolled by diffusion through the oxide and had a gross activation energy of 
50 _ 4 kcal/mole.  Least squares straight line fitting over the entire pressure 
range indicated the rate was proport ional  to Po21/5. However, the rates above 
1 arm appeared insensit ive to pressure. On this basis, the measured rates be- 
low 1 atm more closely follow the PO21/4 dependence expected from electrical 
conductivi ty studies in NiO. The oxide oriented in a preferred manne r  with 100 
planes parallel  to the polycrystal l ine nickel base. 

In  the  ea r ly  work  of W a g n e r  and  G r i i n e w a l d  (1) 
on the  ox ida t ion  of nickel ,  the  observed  parabol ic  
ra te  was  de r ived  on the  basis  of diffusion of n icke l  
ions by  a vacancy  exchange  m e c h a n i s m  th rough  a 
u n i f o r m  layer  of NiO. Below 1000~ the parabol ic  
r e l a t ion  has been  observed  by  o ther  inves t iga tors  
(2 -4) .  The  role  of ca t ion  vacanc ies  has been  con-  
f irmed by  electr ical  and  the rmoelec t r i c  s tudies  on 
NiO (5-7) ,  which  is a p - t y p e  semiconductor ,  and  
by  the close cor respondence  of the  ac t iva t ion  en -  
ergies for ox ida t ion  and  for diffusion of rad ioac t ive  
n icke l  in  NiO (8, 9). Never theless ,  the re  are  some 
anomal ies .  G u l b r a n s e n  and  A n d r e w  (10) have  ob-  
served tha t  at  900~ and  higher ,  pa rabo l ic  r a t e  law 
plots of the  data  show inc reas ing  va lues  of the  ra te  
cons tan t  wi th  t ime.  The  dissociat ion of two elec-  
t r on  holes f rom each cat ion vacancy  and  a r e su l t ing  
ox ida t ion  ra te  and  e lect r ical  conduc t iv i ty  de pe nd -  
ence on Poe 1/6 which  was assumed by  W a g n e r  and  
G r i i n e w a l d  are not  c lear ly  suppor ted  by  electr ical  
conduc t iv i ty  m e a s u r e m e n t s  or ox ida t ion  ra te  m e a s -  
u remen t s .  

Since most  of the  p rev ious  s tudies  of n icke l  ox ida-  
t ion  have  b e e n  confined to t e m p e r a t u r e s  be low 
1000~ and  no k n o w n  studies  have  been  made  at 
oxygen  pressures  above 1 atm, the  p resen t  s tudy  
was  conduc ted  at t e m p e r a t u r e s  to 1200~ and  oxy-  
gen pressures  f rom 6.5 x 10 -3 to 20.4 a rm to c lar i fy  
f u r t h e r  the p ressure  dependence  of the ox ida t ion  
of nickel .  

Experimental Procedure 

Mond n icke l  sheet  con t a in ing  the  impur i t i e s  l is ted 
in  Tab le  I was  v a c u u m  a n n e a l e d  at 10 -6 m m  Hg 
for 24 hr  and  cold rol led to a p p r o x i m a t e l y  0.010 in. 
Samples  were  cut, ab r aded  wi th  8/0 ga rne t  paper ,  

1 U.S.  B u r e a u  of  M i n e s ,  S a l t  L a k e  Ci ty ,  U t a h ,  

Table I. Analysis of Mond nickel 

Cobalt 0.20 
Manganese 0.03 
I ron 0.04 
Sulfur  0.005 
Silicon 0.02 
Copper 0.01 
Magnesium 0.005 
A l u m i n u m  0.005 

washed  in  acetone,  and  dried.  The weigh t  and  ap-  
p a r e n t  geometr ic  area  were  de te rmined ,  and  the  
sample  was  suspended  by  a quar tz  hook f rom a 
qua r t z  hel ica l  spr ing  in to  a p l a t i n u m  w o u n d  tube  
furnace .  The  r a t e  was  d e t e r m i n e d  f rom the  weight  
increase  m e a s u r e d  by  m o n i t o r i n g  the ex tens ion  of 
the  spr ing  w i th  a G a e r t n e r  ca the tometer .  For  p res -  
sures above 1 arm, the  en t i r e  fu rnace  and  suspen-  
sion t r a i n  were  enclosed in  a steel  vessel  capable  of 
opera t ion  at  40.8 a rm which  was  flooded wi th  dry  
oxygen  to the  des i red p re s su re  af ter  v a c u u m  p u r g -  
ing (11).  The fu rnace  for suba tmosphe r i c  pressure  
work  and  its suspens ion  t r a i n  were  of z i r con ium 
si l icate a nd  glass cons t ruc t ion  (12).  

Results 
Oxida t ion  ra te  m e a s u r e m e n t s  were  made  at 1000 ~ 

1100 ~ 1150 ~ and  1200~ Only  one oxide phase, 
NiO, was  produced.  For  each sample,  the  weigh t  in -  
c r emen t s  were  a rea  normal ized ,  squared,  and  p lo t ted  
aga ins t  t ime. The  resu l t s  for an  oxygen  pressure  of 
0.125 a rm are shown  in  Fig. 1. The  shape of the r e -  
su l t ing  curves  is s imi la r  at  o ther  oxygen  pressures .  
Wi th  the  except ion  of a br ief  in i t i a l  period,  a pa r a -  
bolic r e l a t ion  is fol lowed,  ind ica t ing  tha t  diffusion 
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Fig. 1. Parabolic oxidation of nickel; Po2 ~ 0.125 atm; dashed 
line represents data of Gulbransen and Andrew (10) at 1 arm. 
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Fig. 2. Nickel oxidation rote log (DAC) vs. log oxygen pressure 
(Po2); overage slope i /5.0. 

t h r o u g h  the  o x i d e  l a y e r  con t ro l s  t he  r a t e  of o x i d a -  
t ion  fo r  f i lms t h i c k e r  t h a n  3-5~. P lo t s  of a r e a  n o r -  
m a l i z e d  w e i g h t  ga in  vs. t i m e  ( l i n e a r  p lo t )  a n d  log -  
log p lo t s  of t he  s ame  p a r a m e t e r s  d id  not  i nd i ca t e  a 
l i n e a r  to p a r a b o l i c  or  o the r  t r a n s i t i o n  in the  ra te .  
The  in i t i a l  d e v i a t i o n  f rom a p a r a b o l i c  p lo t  is no t  
a s c r i b e d  to i m p u r i t i e s  s ince J o h n s o n - M a t h e y  n i cke l  
w i t h  no i m p u r i t i e s  p r e s e n t  in a m o u n t s  g r e a t e r  t h a n  
0.0002% b e h a v e d  in t he  same  m a n n e r .  

By  a s s u m i n g  a u n i f o r m  c o n c e n t r a t i o n  g r a d i e n t  and  
i n t e g r a t i n g  the  s t e a d y - s t a t e  o n e - d i m e n s i o n a l  d i f -  
fus ion  equa t ion ,  a f t e r  s u b s t i t u t i n g  ~ X  ~ m/Apo,  
t he  fo l lowing  p a r a b o l i c  r e l a t i o n  is o b t a i n e d :  

( m / A )  = (2DACpo) 1/2 tl/2 [1]  

w h e r e  m is t he  w e i g h t  gain,  Po is t he  d e n s i t y  of ox -  
y g e n  in NiO, D is t he  d i f fus ion coefficient,  A is the  
s a m p l e  area ,  and  AC is t he  d i f fe rence  in c o n c e n t r a -  
t ions of t h e  d i f fus ing  species  across  t he  oxide .  F r o m  
th is  e q u a t i o n  and  the  t e r m i n a l  s lopes  of the  cu rves  
in  Fig.  1 and  s im i l a r  d a t a  at  o the r  p r e s s u r e s  f r o m  
6.5 x 10 - s  to  20.4 arm,  log D• was  p l o t t e d  aga in s t  
log Pos, Fig .  2. The  d r a w n  l ines  r e p r e s e n t  l ea s t  
squa re s  f i t t ing  of t he  da ta .  

Because  the  ca t ion  v a c a n c y  c o n c e n t r a t i o n  is 
smal l ,  t he  d i f fus ion coefficient  is no t  e x p e c t e d  to 
d e p e n d  on concen t r a t i on .  H o w e v e r ,  i t  is e x p e c t e d  to 
v a r y  w i t h  t e m p e r a t u r e  e x p o n e n t i a l l y .  A n  E y r i n g  
p lo t  of t he  l o g a r i t h m  of D ~ C / T  vs. 1 / T  at  s e v e r a l  
o x y g e n  i soba r s  is s h o w n  in Fig.  3. F r o m  the  slopes,  
an  e x p e r i m e n t a l  a c t i v a t i o n  e n t h a l p y  of 50.5 --  4 
k c a l / m o l e  was  d e t e r m i n e d .  

Oxide  Orienta t ion  

A p r e f e r r e d  o r i e n t a t i o n  of t he  NiO c rys t a l s  g r o w -  
ing  on n i c k e l  was  o b s e r v e d  a b o v e  1000~ A ser ies  
of p h o t o m i c r o g r a p h s  w e r e  t a k e n  of t he  su r f aces  of 
s amp le s  ox id i zed  a t  va r i ous  t e m p e r a t u r e s  and  p r e s -  
sures  w i t h o u t  po l i sh ing ,  e tch ing ,  or  o t h e r w i s e  a l t e r -  
ing  the  ex i s t i ng  sur face .  The  ox ide  fi lm f o r m e d  at  
850~ a n d  1 a rm o x y g e n  d u r i n g  37.5 h r  in the  f u r -  
nace  was  green ,  e x t r e m e l y  th in ,  and  fine g ra ined .  
X - r a y  d i f f rac t ion  s tud ies  i nd i ca t e  a r a n d o m  o r i e n -  
t a t i on  of t he  oxide .  S a m p l e s  ox id i zed  at  1000~ and  
20.4 a t m  show w e l l - d e f i n e d  ox ide  gra ins ,  some p r e -  
f e r r e d  o r i en ta t ion ,  and  a l a r g e  h u m b e r  of flat  c r y s -  
t a l  faces.  The  p r e f e r r e d  o r i e n t a t i o n  and  g r a i n  
g r o w t h  bo th  i n c r e a s e  w i t h  t e m p e r a t u r e .  One of these  
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Fig. 3. Experimental activation enthalpy for oxidation of nickel 

Fig. 4. Oxide film on nickel oxidized 14 hr at 12000C and oxygen 
pressure of 13.6 arm. No polishing or etchant was used. X300 

p h o t o m i c r o g r a p h s ,  r e p r e s e n t i n g  a s a m p l e  ox id i zed  
14 h r  a t  1200~ and  13.6 a t m  o x y g e n  is r e p r o d u c e d  
in Fig.  4, a n d  s e v e r a l  s t r i k i n g  f e a t u r e s  can  be  seen.  
The  g ra ins  of NiO a re  v e r y  la rge ,  and  s h a r p  edges  
and  recesses  a r e  p r e s e r v e d  e x c e p t  w h e r e  the  c r y s -  
t a l s  join.  A t  t hese  j u n c t i o n s  t he  b o u n d a r i e s  a r e  
o f ten  curved .  L a r g e  flat  faces  p r e d o m i n a t e  and  a re  
a b o u t  t he  s ame  he igh t  a b o v e  the  base  me ta l ,  l y i n g  
w i t h i n  the  foca l  p l a n e  of t he  mic roscope  ob jec t ive .  
These  fi lms a d h e r e  t e n a c i o u s l y  to the  m e t a l  and  w i l l  
w i t h s t a n d  c o n s i d e r a b l e  h a n d l i n g  w i t h o u t  ch ipp ing .  

The x-ray diffraction intensities for the oxide 
film found at three different temperatures are re- 
produced in Fig. 5 with the peaks resulting from 
diffraction of the nickel metal base deleted. The 
following changes occur with increasing tempera- 
ture and  p re s su re .  The  {111}, {220}, {331}, and  (422} 
p e a k s  d i s appea r .  The  (200} and  (400) p e a k s  i nc rea se  
m a r k e d l y  u n t i l  t he  (200) p e a k  p r e d o m i n a t e s .  The  
{311} and  (420) p e a k s  i n i t i a l l y  i nc rea se  a n d  s u b -  
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Fig. 5. X-ray diffraction diagrams of NiO films at various 
temperatures and Po2; nickel peaks deleted. 

s e q u e n t l y  decrease .  The  {511} and  {333} p e a k s  i n -  
c rease  s o m e w h a t .  

A c o m p a r i s o n  of t he se  d i a g r a m s  and  the  p h o t o -  
m i c r o g r a p h s  ind ica t e s  the  {100} p l anes  f o r m  the  
l a r g e  fiat  faces  of t h e  g r a in s  and  g r o w  at  the  e x p e n s e  
of t he  o t h e r  p lanes .  This  o r i e n t a t i o n  p r o v i d e s  the  
denses t  poss ib le  n i cke l  a t o m  p a c k i n g  p a r a l l e l  to the  
n i cke l  sheet .  E v i d e n t l y  the  {311} and  {420} p l a n e s  
i nc rea se  and  t hen  d e c r e a s e  because  the  ang les  m a d e  
b y  these  p l a n e s  w i t h  t h e  {100}, i.e., 25014 ' and  
26034 ' , r e spec t i ve ly ,  a r e  less t h a n  those  of the  o thers ,  
i.e., {111} 54044'; {220} 45~ {331} 46~ a n d  {422} 
35o16 ' . The  i nc rea se  of t he  {511} p e a k  w i t h  t h a t  of 
{100} is due  to t he  fac t  t ha t  th is  f a m i l y  of p l anes ,  
{511}, m a k e s  an  ang le  of on ly  5o49 ' w i t h  t he  a p p r o -  
p r i a t e  {100} p lanes .  

F i g u r e  6 r e p r e s e n t s  a s a m p l e  ox id i zed  331/4 h r  a t  
1200~ a n d  13.6 a t m  oxygen .  I t  is a good e x a m p l e  
of t he  s t r u c t u r e  of t h e  b o u n d a r i e s  b e t w e e n  ox ide  
gra ins .  T h e  p r o j e c t e d  ang les  b e t w e e n  the  faces  of 
the  t e t r a h e d r a l  p i t  a r e  120 ~ and  the  faces  of t he  p i t  
a r e  {111} p lanes .  A n  x - r a y  d i f f rac t ion  of th is  s a m p l e  
showed  c o m p l e t e  o r i e n t a t i o n  of t he  {100} p a r a l l e l  to 
the  su r f ace  of t he  n i cke l  base .  A fo ld  a p p e a r i n g  in 
t he  l o w e r  l e f t - h a n d  co rne r  sugges t s  some d u c t i l i t y  in  
NiO at  t he se  t e m p e r a t u r e s .  

Fig. 6. Growth pits in oxide film on nickel oxidized 3 3 ~  hr at 
1200~ and oxygen pressure of 13.6 otm. No polishing or etchant 
was used. X300 

Discussion 
The  1050~ d a t a  of G u l b r a n s e n  and  A n d r e w  (10) 

a r e  s u p e r i m p o s e d  on Fig.  1. The  a p p r o x i m a t e  m a g -  
n i t u d e  of the  r a t e  and  c h a n g e  in t he  r a t e  cons t an t s  
a r e  cons i s t en t  w i t h  t he  r e su l t s  of th i s  s tudy .  G u l -  
b r a n s e n  and  A n d r e w  d id  no t  r e p o r t  d a t a  a t  h i g h e r  
t e m p e r a t u r e  or  l onge r  o x i d a t i o n  per iods .  As  a resu l t ,  
t he  change  in  r a t e  cons t an t  c a m e  a p p r o x i m a t e l y  
m i d w a y  d u r i n g  t h e i r  e x p e r i m e n t s ,  a n d  t h e y  p o s t u -  
l a t e d  ox ide  f i lm b r e a k i n g  as  t he  cause  of t he  d e v i a -  
t ion.  U n d e r  th is  p r e m i s e  t h e  c u r v e  shou ld  con t inue  
to c u r v e  u p w a r d  inde f in i t e ly  as success ive  l a y e r s  of 
ox ide  f o r m  and  b r e a k  away .  H o w e v e r ,  t he  h i g h e r  
t e m p e r a t u r e  p a r a b o l i c  p lo t s  of Fig .  1 r e m a i n  s t r a i g h t  
ove r  a c o n s i d e r a b l e  ox ide  f i lm th i cknes s  a n d  sugges t  
t h a t  t he  d e v i a t i o n  f r o m  p a r a b o l i c  b e h a v i o r  occurs  
w i th  the  in i t i a l  f i lm g rowth .  A s i m i l a r  r e l a t i o n s h i p  
was  o b s e r v e d  in t he  o x i d a t i o n  of i ron  at  1000~ b y  
B e n a r d  (13) .  A t  h igh  t e m p e r a t u r e s ,  w h e n  the  NiO 
l a y e r  is t h i n n e r  t h a n  abou t  3-5#, t r a n s p o r t  of n i cke l  
ions  is e v i d e n t l y  m o r e  r a p i d  t h a n  some  o t h e r  r e a c -  
t ion  s tep  in t he  o x i d a t i o n  process ,  e.g., a d s o r p t i o n  of 
o x y g e n  on NiO, d i s so lu t ion  of o x y g e n  or  n i cke l  in 
the  NiO l a t t i ce  at  t h e i r  r e s p e c t i v e  in te r faces .  M o r e -  
over ,  t he  m o r p h o l o g y  of f i lm g rowth ,  p a r t i c u l a r l y  
if ox ide  d o m a i n s  or  c lu s t e r s  fo rm,  has  been  shown  to 
affect  t he  o x i d a t i o n  k ine t i c s  in  s eve ra l  sys t ems  (14) 
and  m a y  r e t a r d  t he  i n i t i a l  o x i d a t i o n  of n i cke l  b y  
l o w e r i n g  the  a r e a  a v a i l a b l e  for  r eac t ion .  

T h e  o x i d a t i o n  r a t e  is e x p e c t e d  to d e p e n d  on the  
c o n c e n t r a t i o n  g r a d i e n t  of ca t ion  vacanc ies .  F o r  the  
t e m p e r a t u r e s  of th is  i nves t iga t ion ,  t he  o x y g e n  p r e s -  
su re  a t  t he  N i O / N i  i n t e r f a c e  is b e l o w  10 -20 a t m  and,  
hence,  w e l l  b e l o w  the  p r e s s u r e  r a n g e  inves t iga t ed .  
As a resu l t ,  t he  ca t ion  v a c a n c y  c o n c e n t r a t i o n  at  t he  
N i O / N i  i n t e r f a c e  is neg l i g ib l e  c o m p a r e d  to the  O /  
NiO in te r face .  The  o x i d a t i o n  r a t e  wi l l  e f fec t ive ly  d e -  
p e n d  on ly  on the  l a t t e r  concen t r a t ion .  Thus ,  us ing  
the  K r S g e r - V i n k  a tomic  n o t a t i o n  (15) 

AC = {VNi JV V'Ni "~ V"Ni}O/NiO [2]  

w h e r e  w e  h a v e  i n c l u d e d  the  p o s s i b i l i t y  of non ion -  
ized, s i ng ly  and  d o u b l y  ion ized  n i cke l  vacanc ies .  Ove r  
a l i m i t e d  t e m p e r a t u r e  r ange ,  on ly  one s ta te  of t he  
v a c a n c y  is l i k e l y  to p r e d o m i n a t e .  The  c o n c e n t r a t i o n  
of vacanc ie s  at  t he  O / N i O  i n t e r f a c e  wi l l  be  af fec ted  
b y  the  o x y g e n  p re s su re ,  impur i t i e s ,  and  the  e x t e n t  
of i on iza t ion  of e l ec t ron  holes  f rom the  ca t ion  v a -  
cancy.  W a g n e r  and  G r i i n e w a l d  (1)  r e p o r t e d  a Poe 1/6 
d e p e n d e n c e  w h i c h  was  e x p l a i n e d  on the  bas is  of 
t he  e q u i l i b r i u m  at  the  O / N i O  in t e r f ace  b e t w e e n  
oxygen ,  vacanc ies ,  and  two  f ree  e l ec t ron  holes  for  
each  v a c a n c y  

1/2 02 ~ NiO + V"Ni ~- 2 r [3]  

H o w e v e r ,  Moore  a n d  L e e  (3)  have  s h o w n  t h a t  t he  
d a t a  of W a g n e r  and  G r i l n e w a l d  a c t u a l l y  fo l low a 
Poe 1/~.8 d e p e n d e n c e  and  h a v e  sugges t ed  the  poss ib i l -  
i t y  of  ion iza t ion  of on ly  one, i n s t e a d  of two,  e l ec t ron  
holes  f r o m  each  vacancy .  This  r e q u i r e s  t he  v a c a n c y  
c o n c e n t r a t i o n  to d e p e n d  on Po2 TM 

Elec t r i c a l  c o n d u c t i v i t y  m e a s u r e m e n t s  offer a d d i -  
t i ona l  ev idence  on the  o x y g e n  p r e s s u r e  d e p e n d e n c e  
of t he  o x i d a t i o n  ra te .  Mitoff  (6)  m e a s u r e d  e l ec t r i ca l  
c o n d u c t i v i t y  at  1300~ f r o m  10 -4  to 1 arm. M e t e r e d  
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amounts of oxygen and inert gas were mixed to 
obtain the desired oxygen pressure at a total flow 
rate of 1 liter/min and total pressure slightly above 
1 arm. Mitoff's data fit a P02 I/6 dependency, but if 
the 10 -4 arm readings were deleted, the remaining 

data fits P02 I/4 much better. Some difficulty in main- 
taining a pressure of 10 -4 atm might attend this 
method since an 02 flow rate of only 0.i cc/min must 
be maintained. Baumbach and Wagner (16) meas- 
ured the conductivity of NiO in oxygen pressures 
from 2 x 10 -4 to 1 atm at 900 ~ and 1000~ The 
conductivity was proportional to Po2 I/4 

It is difficult to determine the pressure depend- 
ence of the oxidation rate or conductivity when 
the exponential argument of the pressure is small. 
Studies of the temperature dependence on electrical 
conductivity and, in particular, carrier concentra- 
tion, measure the extent of ionization of electron 
holes from the vacancy more precisely. The elec- 
trical conductivity varies with the charge carrier 
concentration, and since electron concentration is 
negligible 

= pJe]~ [4]  

The  t e m p e r a t u r e  d e p e n d e n c e  of t he  mob i l i t y ,  #, is 
u s u a l l y  smal l ,  and  c o n d u c t i v i t y  m e a s u r e m e n t  b e -  
comes  a c r u d e  m e a s u r e  of hole  concen t ra t ion .  
Mor in  (7) s t ud i ed  the  e l ec t r i ca l  c o n d u c t i v i t y  of 
s e v e r a l  NiO s a m p l e s  t r e a t e d  in d i f fe ren t  a t m o s -  
pheres .  Of t he  h i g h - p u r i t y  s amp le s  s i n t e r e d  in He, 
t he  s a m p l e  w i t h  t he  l owes t  c o n d u c t i v i t y  was  as -  
s u m e d  to r e p r e s e n t  NiO whose  e l ec t r i ca l  conduc -  
t i v i t y  was  no t  in f luenced  b y  impur i t i e s .  This  s a m p l e  
was  c o m p a r e d  w i t h  l i t h i u m  doped  m a t e r i a l  and  p u r e  
NiO s in t e r ed  a b o v e  1200~ in o x y g e n  and  air .  A log 
cr vs. 1 /T  plo t  was  made ,  and  t y p i c a l  i n t r in s i c  and  
ex t r in s i c  cu rves  r e su l t ed .  The  in t r i n s i c  c o n d u c t i v i t y  
v a r i e d  f r o m  10 -7 to 1 ohm -1 cm -1 b e t w e e n  200 ~ 
and  l l 0 0 ~  B e l o w  600~ the  v a c a n c y  c o n c e n t r a -  
t ion  is f rozen.  I t  was  conc luded  t h a t  mos t  of the  
22 k c a l / m o l e  i n t r i n s i c  a c t i v a t i o n  e n e r g y  is for  i on -  
i za t ion  of t he  first  ho le  f r o m  the  f ield of the  n i cke l  
ion vacancy .  A b o u t  5 k c a l / m o l e  w e r e  a t t r i b u t e d  to 
m o b i l i t y  a c t i v a t i o n  ene rgy .  The  l a t t e r  v a l u e  was  d e -  
duced  f r o m  the  h i g h - t e m p e r a t u r e  s lope of l i t h i u m  
d o p e d  NiO. On the  bas is  of th is  and  s im i l a r  d a t a  
r e p o r t e d  b y  Mitoff,  a t e m p e r a t u r e  in excess  of 600~ 
is r e q u i r e d  b e f o r e  an  a p p r e c i a b l e  f r a c t i o n  of t he  
first  holes  a r e  ionized.  A s s u m i n g  the  B o h r  m o d e l  for  
t he  v a c a n c y - h o l e  d i s soc ia t ion  and  neg l ec t i n g  a n y  
changes  in t he  d ie l ec t r i c  cons t an t  of t he  m a t e r i a l ,  
t he  second  ho le  ion iza t ion  e n e r g y  is e x p e c t e d  to be  
abou t  fou r  t imes  l a r g e r  t h a n  the  f irst  hole  ion iza t ion  
ene rgy .  Consequen t ly ,  a p p r e c i a b l e  second hole  ion -  
i za t ion  shou ld  no t  occur  b e l o w  abou t  2100~ we l l  
b e y o n d  t h e  t e m p e r a t u r e  r a n g e  of i nves t iga t ion .  
Thus ,  e l e c t r i c a l  c o n d u c t i v i t y  m e a s u r e m e n t s  i n d i -  
ca te  t h a t  t he  O / N i O  i n t e r f a c e  r e a c t i o n  in the  o x i d a -  
t ion  of n i c k e l  is l i k e l y  to p r o d u c e  a s i ng ly  ion ized  
n i cke l  v a c a n c y  and  one e l ec t ron  ho le  and  r e q u i r e  a 
r a t e  d e p e n d e n c e  on Po21/4. 

The  p r e s s u r e  d e p e n d e n c e  m a y  also be  a l t e r e d  b y  
c h e m i s o r p t i o n  of o x y g e n  on t h e  NiO surface .  C h e m i -  
so rp t ion  a n d  sp l i t t i ng  of t h e  o x y g e n  m o l e c u l e  is r e -  

q u i r e d  be fo re  r e a c t i o n  w i t h  a n i c k e l  ion  can  occur.  
E m p l o y i n g  the  L a n g m u i r  e q u i l i b r i u m ,  t he  su r face  
c o n c e n t r a t i o n  of o x y g e n  a t o m s  [ ~/2 O2]s m a y  be  e x -  
p r e s s e d  as 

ko Ka PO21/2 
[1/2 0 2 ] .  = [5]  

1 + Ka Po21/2 

w h e r e  ko i nc ludes  su r face  r o u g h n e s s  a n d  the  t o t a l  
a v a i l a b l e  ac t ive  su r f a c e  s i te  concen t r a t i on ,  a n d  Ka 
is the  a d s o r p t i o n  e q u i l i b r i u m  cons tan t .  T h e  c h e m i -  
so rbed  o x y g e n  r eac t s  to f o r m  s ing ly  ion ized  n i cke l  
vacanc ie s  

K1 
11/2 0 2  [ S ~ V ' N i  -~- • J r  N i O  [ 6 ] 

K1 ko Ka Po21/2 
p [V ' s i ]  = [7]  

1 + Ka Po21/2 

1 + Ka Po21/2 [8]  

or  d o u b l y  ion ized  vacanc ie s  

Ks 
1/2 O21s ~- V"NI + 2 ~ + NiO [9]  

Ks ko Ka Po21/2 
p2 [V"Ni ] ~--- [10] 

1 + Ka Poe 1/2 

1/4 K2 ko Ka P021/2 ~I/3 
[V"Nd [11] 

[ 1 Jr Ka Po21/2 

F o r  e i t he r  of Eq. [8]  and  [11] a t  low p r e s s u r e s  or  
h igh  t e m p e r a t u r e s ,  Ka Poe 1/~ < <  1, and  the  su r f ace  
v a c a n c y  c o n c e n t r a t i o n  and  o x i d a t i o n  r a t e  a r e  p r e s -  
su re  sens i t ive .  A t  suff ic ient ly  h igh  p r e s s u r e s  or  low 
t e m p e r a t u r e s ,  Ka Po21/2 > >  1, and  the  su r face  v a -  
cancy  c o n c e n t r a t i o n  and  o x i d a t i o n  r a t e  a r e  i n d e -  
p e n d e n t  of f u r t h e r  p r e s s u r e  increase .  

The  l i t e r a t u r e  does not  p r o v i d e  i n f o r m a t i o n  on 
the  a d s o r p t i o n  of o x y g e n  on NiO at  t he  i n v e s t i g a -  
t ion  t e m p e r a t u r e s .  

L e a s t  squa re s  s t r a i g h t  l ine  f i t t ing  of t he  d a t a  in  
Fig.  2 gave  an  a v e r a g e  p r e s s u r e  d e p e n d e n c e  of 
Poe T M  in good a g r e e m e n t  w i t h  t he  l eas t  squa re s  
ana lys i s  of W a g n e r  and  G r f i n e w a l d  d a t a  b y  Moore  
and  Lee.  This  fit does not  a g r e e  w i t h  t he  l o w - p r e s -  
su re  l imi t s  of e i t he r  Eq. [8]  or  [11].  C a r e f u l  i n -  
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Fig. 7. Cobalt oxidation rate log (DAC) vs. log oxygen pressure 
(Po2); from data of Bridges, Baur, and Fassell (12); lines drawn 
at slope of �89 
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Table II. Comparison of experimental activation energies 

Act iva t ion  en tha lpy ,  
k c a l / m o l e  Inves t iga to r s  Method  

41.2 (400~176 Gulb ransen  and A n d r e w  (4) Oxidat ion  
45 Kubaschewski  and Goldbeck (2) Oxidat ion  
41.2; 68 (750~176 Gulbransen  and A n d r e w  (10) Oxidat ion  
44.2 Sh im and Moore (8) Ni diffusion 
55.4 (800~176 Ipa t ev  and Ivanova  (17) Oxida t ion  
41 (700~176 Kofs tad  (18) Oxida t ion  
51 (800~176 F rede r i ck  and Cornet  (19) Oxidat ion  
56 (700~176 L indne r  and Ake r s t rom (9) Ni diffusion 
35 Moore and Lee (3) Oxidat ion  
50 (1000 ~ ~ C) This work  Oxidat ion  

spec t ion  of t he  r eg ion  of Fig.  2 a b o v e  1 a rm i n d i -  
ca tes  t h a t  t he  r a t e  is i n d e p e n d e n t  of p re s su re .  If  th i s  
c o r r e l a t i o n  is a s sumed ,  t h e  r a t e  d a t a  b e l o w  1 a t m  
fit a Po2 I/4 dependence ,  in  good a g r e e m e n t  w i t h  t he  
Po2 TM d e p e n d e n c e  e x p e c t e d  f rom e l ec t r i ca l  p r o p e r t y  
m e a s u r e m e n t s .  A d d i t i o n a l  d a t a  at  v e r y  h igh  p r e s -  
sures  a r e  r e q u i r e d  be fo re  a def in i te  conc lus ion  m a y  
be  made .  This  c h a n g e  in  r a t e  s e n s i t i v i t y  to o x y g e n  
p r e s s u r e  is m o r e  p r o n o u n c e d  w i t h  a s im i l a r  t r a n s i -  
t ion me ta l ,  cobal t .  The  d a t a  of Br idges ,  Baur ,  and  
Fas se l l  (12) h a v e  b e e n  r e p l o t t e d  in the  f o r m  of 
log DAC vs. log Po2 in Fig .  7. The  r a t e  is p r o p o r -  
t i o n a l  to Poe 1/2 at  p r e s s u r e s  b e l o w  abou t  1 a rm w h i c h  
ind i ca t e s  t h a t  bo th  e l ec t ron  holes  a r e  s t r o n g l y  b o u n d  
b y  the  coba l t  ion v a c a n c y  at  ox id iz ing  t e m p e r a t u r e s  

Yz O2[s -~ Vco -k CoO [12] 

A b o v e  10 a tm,  t h e  o x i d a t i o n  r a t e  is i n d e p e n d e n t  of 
t he  o x y g e n  p re s su re ,  i n d i c a t i n g  c o m p l e t e  c o v e r a g e  
of su r f ace  ac t ive  s i tes  b y  oxygen .  

T h e  m e a s u r e d  n i c k e l  o x i d a t i o n  ac t i va t i on  e n t h a l p y  
of 50.5 k c a l / m o l e  inc ludes  t he  ac t i va t i on  e n t h a l p y  
for  diffusion,  AHD*, and  t h e  e n t h a l p i e s  for  t he  e q u i -  
l i b r i u m  r eac t i ons  for  adso rp t ion ,  AHa, and  v a c a n c y  
crea t ion ,  AH1, at  t he  O / N i O  in te r face .  S ince  the  
m e a s u r e d  v a l u e  is c lose to t he  ac t i va t i on  e n e r g y  
for  d i f fus ion  of n i cke l  in NiO, t he  s u m  of t he  a d -  
so rp t ion  and  v a c a n c y  r e a c t i o n  e n t h a l p i e s  m u s t  be  
smal l .  A c o m p a r i s o n  of e x p e r i m e n t a l  a c t i va t i on  e n -  
e rg ies  is g iven  in  T a b l e  II .  

Summary 
F o r  an  e q u i v a l e n t  u n i f o r m  ox ide  fi lm th i cknes s  

g r e a t e r  t h a n  5~, t he  o x i d a t i o n  r a t e  of n i c k e l  b e -  
t w e e n  1000 ~ and  1200~ is c o n t r o l l e d  b y  d i f fus ion  
t h r o u g h  t h e  ox ide  w i t h  t he  o b s e r v e d  r a t e  a p p r o x -  
i m a t e l y  p r o p o r t i o n a l  to  Po2 ~/~. The  r a t e - c o n t r o l l i n g  
m e c h a n i s m  is p r e s u m e d  to be  n i c k e l  i o n - v a c a n c y  
exchange .  A r a t e  d e p e n d e n c e  on Po2 TM is e x p l a i n e d  
b y  t h e  ion iza t ion  of one e l ec t ron  hole  f r o m  the  
v a c a n c y  w h i l e  a Po21/6 d e p e n d e n c e  r e su l t s  if  2 e l ec -  
t r o n  ho les  a r e  ionized.  The  l a r g e  v a r i a t i o n  of e l ec -  
t r i c a l  c o n d u c t i v i t y  w i t h  t e m p e r a t u r e  in R iO  in -  
d ica tes  t he  f o r m e r  mechan i sm .  The  d a t a  sugges t  t h a t  
t he  r a t e  is i n d e p e n d e n t  of  p r e s s u r e  a b o v e  1 a tm,  b u t  

t he  ev idence  is no t  conclus ive .  The  a c t i v a t i o n  e n -  
t h a l p y  was  50.5 --  4 k c a l / m o l e .  The  n i c k e l  ox ide  
g r e w  w i t h  {100} p l a n e s  p a r a l l e l  w i t h  t h e  p o l y c r y s -  
t a l l i ne  n i c k e l  base .  

D u r i n g  g r o w t h  of t he  i n i t i a l  3-5/~ of oxide ,  t h e  
r a t e  is s l ower  t h a n  r e q u i r e d  b y  the  t h i c k  f i lm d i f -  
fus ion  process .  

Manuscr ip t  rece ived  Apr i l  3, 1962; rev ised  m a n u -  
scr ipt  rece ived  Aug. 31, 1962. This paper  was p repa red  
for de l ive ry  before  the Boston Meeting, Sept.  16-20, 
1962. 

A n y  discussion of this  p a p e r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL.  
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The Electrochemistry of Tin 
Effects of Nonionic Addition Agents on Electrodeposition 

from Stonnous Sulfate Solutions 

Stuart Meibuhr, 1 Ernest Yeager, Akiya Kozawa, and Frank Hovorka 
Department of Chemistry, Western Reserve University, Cleveland, Ohio 

ABSTRACT 

The kinetics of the electrodeposition of tin were studied from simple acid 
solutions containing various nonionic organic additives. Many of these sub- 
stances produced a large increase in the cathodic polarization. The similar be- 
havior at solid polycrystalline tin and liquid tin-amalgam cathodes implies 
that the rate-determining step responsible for the polarization is substantially 
the same at each electrode in the presence of the adsorbed organic additive. 
Qualitative evidence is presented for the adsorption of nonionic organic 
molecules on the electrode surface. A probable rate-determining step is the 
transfer of cations through a barrier of adsorbed organic molecules to the 
electrode surface. The formation of this barrier is kinetically limited rather 
than diffusion-limited. 

Tin is e lectrodeposi ted wi th  l i t t le  ac t iva t ion  po la r -  
ization f rom acid stannous solution in the absence of 
addi t ion agents. The deposits obta ined under  such 
conditions are nonadherent ,  coarse, and usual ly  
treed. The presence of cer ta in  organic addi t ion 
agents  resul ts  in a subs tant ia l  increase in the po la r i -  
zat ion even at  modera te ly  low cur ren t  densities.  
Fur the rmore ,  the qual i ty  of the t in deposits may  be 
grea t ly  improved  in te rms of adherence,  decreased 
gra in  size, and f reedom f rom treeing.  Al though con- 
s iderable  effort has been directed toward  finding 
addi t ion agents for t in p la t ing and examining  the 
effects of these addi t ion agents on the s t ruc tura l  
proper t ies  of the deposits,  r e la t ive ly  l i t t le  a t tent ion  
has been focused on establ ishing how such organic 
addi t ion  agents  influence the kinet ics  of the e lec t ro-  
deposi t ion process. 

The purpose  of the presen t  inves t igat ion has been 
the fundamenta l  s tudy of the kinet ics  of tin deposi-  
t ion f rom solutions containing nonionic organic 
addit ives.  Tin is deposi ted from acid solutions at 
modera te  cathodic potentials ,  and therefore,  many  
organic agents  can be used as addi t ion agents wi th -  
out the complicat ions associated wi th  the  format ion 
of reduct ion products  at  the  cathode. Fur the rmore ,  
the e lec t rocapi l la ry  m a x i m u m  for t in is r e l a t ive ly  
close to the revers ib le  po ten t ia l  in such solutions as 
the  acid stannous sulfate,  and f requent ly ,  nonionic 
addi t ives  are read i ly  adsorbed on the electrode.  

This paper  presents  the  resul ts  of measurements  
of the s t eady- s t a t e  cathodic polar izat ion in sulfate  
solutions containing var ious  addi t ion agents as a 
function of cur rent  densi ty ,  t empera tu re ,  type  and 
concentra t ion of addi t ion agents, s tannous ion con- 
centrat ion,  suppor t ing  e lect rolyte  concentrat ion,  and 
chloride ion concentrat ion wi th  both pure  po lyc rys -  
ta l l ine  t in and l iquid t in amalgam.  Some different ial  
capaci ty  measurements  also have been made. 

The over -a l l  cathodic polar izat ion associated wi th  
the deposi t ion of t in  f rom var ious  acid stannous 

1 Present address: Fuel Cell Corporation, St. Louis, Missouri. 

solutions including chloride, sulfate,  and perch lora te  
baths  has been measured  by  var ious  workers  in-  
cluding Esin and Loshkarev  (1),  Loshkarev  and co- 
workers  (2-5) ,  Izmaylov (6) ,  Kovalenko and Bog- 
dasarov  (7),  Piontel l i  and co-workers  (8-11) ,  and 
Bertocci  and Ser reva l le  (12). In the absence of add i -  
t ion agents, the act ivat ion polar iza t ion  on po lyc rys -  
ta l l ine  and s ing le -c rys ta l  t in as wel l  as on l iquid t in 
amalgam is of such smal l  magni tude  that  concen- 
t ra t ion  polar izat ion is usua l ly  p redominan t  in 
s t eady-s ta te  polar izat ion measurements ,  and Tafel  
l inear i ty  is not observed.  Under  such circumstances,  
the in te rp re ta t ion  of the small  act ivat ion polar iza-  
t ion in terms of a unique r a t e -de t e rmin ing  step is 
ve ry  difficult. 

Loshkarev  and his co -workers  (2, 3) have  meas-  
ured the cathodic polar iza t ion  for the deposi t ion of 
t in  f rom a solution containing cresolsulfonic acid and 
glue. They found Tafel  l inear i ty  for both po lycrys -  
ta l l ine  t in and l iquid t i n - a m a l g a m  cathodes at ap-  
paren t  cur rent  densi t ies  above 20 m a / c m  2, a l though 
the range  of Tafel  l inea r i ty  was l imited.  Loshkarev  
and his co-workers  concluded tha t  at cur ren t  den-  
sities g rea te r  than  20 m a / c m  2, charge t ransfe r  is 
ra te  de te rmining  even in the  presence of the  cresol-  
sulfonic acid and glue. 

Loshkarev  and K r y u k o v a  (4, 5) have s tudied the 
deposi t ion of t in on solid t in and l iquid t i n - a m a l g a m  
cathodes in the presence of organic addit ives.  Their  
s tudy showed a sharp decrease  in the differential  
capaci ty  associated with  the double l ayer  at poten-  
t ials close to the e lec t rocapi l la ry  maximum.  Losh-  
ka rev  and K r y u k o v a  concluded tha t  the different ial  
capaci ty  data  and the high polar iza t ion  in solutions 
containing some nonionic organic addi t ives  confirm 
the existence of a compact,  adsorbed layer  of organic 
addit ives.  In thei r  opinion, this  l ayer  or film caused 
the discharge step to be r e t a rded  because of the  slow 
diffusion of t in through the layer .  As the potent ia l  
becomes significantly more cathodic than  the elec-  
t rocap i l l a ry  maximum,  the differential  capaci ty  as-  
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sociated with  the electrode again increases. This was 
expla ined  in te rms of the  b reakdown  of the adsorbed 
film wi th  increasing cathodic potential .  Loshkarev  
and K r y u k o v a  a t t r ibu ted  this behavior  not to the  
reduct ion but  r a the r  to the desorpt ion of the addi t ive  
from the electrode surface, the potent ia l  range  for 
the desorpt ion being dependent  on the s t ructure  of 
the  organic addi t ion agent.  When the concentra t ion 
of the organic addi t ion agent  was decreased,  they  
observed a d isplacement  of the  potent ia l  of desorp-  
t ion to values  less cathodic re la t ive  to the point  of 
zero charge. 

In an ar t ic le  concerned p r imar i l y  wi th  the ap-  
pl ied aspects of t in plat ing,  Gurevich (13) repor ted  
that  the  mechanism of addi t ion agent  action is the 
same in stannous chlor ide and stannous sulfate  
solutions. His results  led him to agree wi th  the 
theory  advanced by  Loshkarev  and K r y u k o v a  tha t  
the la rge  increase in polar izat ion produced by  non-  
ionic organic addi t ion agents may  be a t t r ibu ted  to 
the r e t a rded  diffusion of t in through the adsorbed 
layer  of organic molecules. 

Exper imental  

Apparatus.--All the  presen t  measurements  were  
conducted in a P y r e x  glass cell, Fig. 1. Provis ions 
were  made in the cell design for p re -e lec t ro lys i s  
electrodes, two cathodes for dupl ica te  measure -  
ments, a hydrogen  bubbler ,  an anode, and a re f -  
erence electrode.  Al l  the electrodes and the hyd ro -  
gen bubb le r  were  in t roduced into the cell through 
ground glass joints  in the cap of the cell. 

Purif ied hydrogen  gas was passed through the 
solution by  means of a glass bubble r  tube submerged 
below the surface of the  solution. The hydrogen  
was purified by  passing it through a gas t ra in  con- 
sisting of a Deoxo 2 cata lyt ic  uni t  for the  conversion 
of Oe to H20 at  room t empera tu r e  and three  packed 

2 Manufac tu red  by the  Bake r  P l a t i num Divis ion  of Englehard  In-  
dustr ies ,  Inc.  

Fig. 2. Cell assembly and stirrer drive system. (Note detai|s of 
cell cap are not shown, see Fig. 1). 

columns; the first column contained Mg(C104)2 to 
remove water ,  the  second Hopcal i te  3 to oxidize CO 
to COe, and the last  soda ash to remove CO2. The 
gas next  flowed through three  t raps  main ta ined  at  
l iqu id -n i t rogen  tempera ture .  The second t rap  con- 
ta ined ac t iva ted  charcoal  tha t  had prev ious ly  been 
outgassed, whereas  the first and th i rd  t raps  were  
empty.  The purified gas then passed d i rec t ly  to the 
cell through glass tubing  connected to the  cell  wi th  
a few cent imeters  of po lye thy lene  tubing. The use 
of po lye thylene  tubing  expedi ted  assembly and dis-  
assembly of the  system. The authors  bel ieve tha t  a 
few cm of tubing would not  introduce into the  hy -  
drogen gas s t ream any impur i t ies  tha t  would have 
an apprec iable  effect on the polar izat ion measure -  
ments.  

The cell was mounted  in a thermosta t ic  bath,  Fig. 
2, tha t  could be adjus ted  to any t e m p e r a t u r e  f rom 
5 ~ to 45~ wi th  an accuracy of --+ 0.2~ Al l  po la r -  
ization measurements  were  made  at  a fixed s t i r r ing 
ra te  tha t  corresponded to an es t imated flow ra te  of 
400 cm/sec  in the  bu lk  of the  solution in the  imme-  
diate  vic ini ty  of the cathode. Gas bubbles  were  
whipped  through the solution and p robab ly  in-  
creased the effectiveness of the  forced convection in 
reducing the b o u n d a r y - l a y e r  thickness at  the elec- 
t rode surface. 

Polar iza t ion  measurements  were  made  by  the 
s teady-s ta te ,  indirect  method wi th  an electronic in-  
t e r rup t e r  represen ted  by the block d iag ram in Fig. 
3. This uni t  is s imi lar  to tha t  descr ibed by  Sta i -  
copoulus and co-workers  (14), except  tha t  the 
br idge  null  detector  was replaced  by  a Tekt ronix  
oscilloscope (Type 532), wi th  a different ia l  ver t ica l  
p lug- in  amplif ier  (Type 53/54D).  A Dumont  oscil- 
loscope camera  wi th  a Pola ro id  back  was used to 
photograph  the oscilloscope traces f rom which the 
different ia l  capaci t ies  were  calculated.  

The polar izat ion of the cathode could be meas-  
ured with  this equipment  wi th  an accuracy of ----- 1 

Manufac tu red  by Mine Safe ty  Appl iance  Corporat ion.  
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Fig. 3. Block diagram of electronic commutator and associated 
equipment. A, anode; C, cathode; R, reference. 

m v  w i t h i n  2-3 #sec af ter  the i n t e r r u p t i o n  of the  
polar iz ing  cur ren t .  The  c u r r e n t - o n  per iod  was  2 
msec and  the  cu r ren t -o f f  per iod was  100 ~sec for 
all  the m e a s u r e m e n t s  by  the  i n t e r r u p t e r  t e c hn i que  
p resen ted  in  this  paper .  

Procedure . - -The  electrodes were  p r epa red  by  
seal ing chemica l ly  pu re  p l a t i n u m  wi re  (24 gauge 
B r o w n  and  Sharp)  in  P y r e x  glass tub ing ,  Fig. 4, 
which  in  t u r n  was  a t t ached  to a g r o u n d  glass j o in t  
tha t  fi t ted into the  cell cap. A glass bead  was  se- 
cured  to the  ends of each of the p l a t i n u m  wires  used 
as cathodes to m i n i m i z e  ex t r aneous  edge effects tha t  
o therwise  wou ld  cause e x t r e m e l y  high local c u r r e n t  
densit ies.  The  anode and  re fe rence  electrodes were  
p repa red  by  a t t ach ing  chemica l ly  pu re  t in  foil to 
a p l a t i n u m  wire,  which  in  t u r n  was sealed in  the 
P y r e x  glass tub ing .  These electrodes were  i m m e r s e d  
in  chromic  acid c l ean ing  solut ion and  t h e n  washed  
profuse ly  w i t h  dis t i l led  wa t e r  before  i n t roduc i ng  
t h e m  into  the  cell. 

The glass a s sembly  used in  the  work  w i th  the  
a m a l g a m  cathode is shown  in  Fig. 4. The t in  a m a l -  
gam was p r e p a r e d  by  e lec t rodepos i t ing  t in  f rom a 
s t i r red  so lu t ion  con t a in ing  0.4M SnSO4 and  1.0M 
H2SO4 into a pool of t r ip l e -d i s t i l l ed  m e r c u r y  for suf-  
ficient t ime  to y ie ld  a 0.1% by  weigh t  amalgam.  
The po ten t i a l  of the  a m a l g a m  electrode re la t ive  to 
a r evers ib le  p o l y c r y s t a l l i n e - t i n  e lectrode in  the  

t - - - G R O U N D - G L A S S  JOINT - - ~  

COPPER WIRE 

SOLDERED JOINT E L E C T R O D E . ~  

ICFM~ ~ - ~2L4A ~%~M ~ ~%E PLATIN UM' 

GLASS BEAD 

Fig. 4. Electrode design 

same solu t ion  was  abou t  --3 m v  at  25~ If the  po-  
t en t i a l  dev ia ted  by  more  t h a n  --1 m v  f rom this  
value,  the  a m a l g a m  was discarded.  

For  the  m e a s u r e m e n t s  m a d e  wi th  add i t ion  agents ,  
the solid t in  cathodes were  p r epa red  by  e lec t ro-  
deposi t ing  t in  f rom the  same solu t ion  as t ha t  used 
for the  s u b s e q u e n t  m e a s u r e m e n t s  onto a p l a t i n u m  
surface  at a c u r r e n t  dens i ty  of 25 m a / c m  2 for 60 
sec. The  po ten t i a l  at  which  this  p rep la t e  p rocedure  
was  pe r fo rmed  was  a lways  g rea te r  t h a n  --200 m v  
re la t ive  to a t i n  r e fe rence  electrode.  If the  po t en -  
t ia l  was lower  t h a n  this, a g ra iny ,  rough  deposi t  was  
of ten obta ined,  a nd  this  was  no t  sa t is factory  as a 
base for the  subsequen t  po la r i za t ion  me a su r e men t s .  
At  po ten t ia l s  more  nega t i ve  t h a n  --200 m v  wi th  an  
effective addi t ion  agent  present ,  a r e l a t i ve ly  smooth,  
a d h e r e n t  deposi t  was  a lways  produced.  

For  po la r iza t ion  m e a s u r e m e n t s  made  in  solut ions  
void of organic  addi t ion  agents,  the  t in  cathodes 
were  p repa red  by  e lec t rodepos i t ing  t in  f rom a sep- 
a ra te  so lu t ion  tha t  con ta ined  0.1% P l u r o n i c  L64 in  
0.4M SnSO4 and  1.0M H2SO4 u n d e r  condi t ions  tha t  
r e su l t ed  in  a smooth  deposit.  

The organic  addi t ives  for wh ich  p o l a r i z a t i o n - c u r -  
r en t  dens i ty  plots were  ob ta ined  and  the i r  m a n u -  
fac ture rs  are l is ted in  Tab le  I. These ma te r i a l s  were  
98-100% pure  as specified by  the i r  m a n u f a c t u r e r ;  
the  m a i n  impur i t i e s  were  compounds  tha t  had  a 
s t r uc t u r e  s imi la r  to the  s t ruc tu re  of the  p r i m a r y  
subs tance .  

The  e lec t ro ly te  was p r epa red  by  dissolving p u r i -  
fied SnSO4 4 in  1.0M H2804, which  was p r epa red  by  
d i lu t ing  r e a ge n t  g rade  concen t ra t ed  H2SO4 wi th  
dis t i l led water .  The c loudy solut ion tha t  re -  
sul ted was s t i r red  for V2 hr. T h e n  1 g/1 of ac- 
t ive ca rbon  Nucha r  C190A 5 was  added and  the  
so lu t ion  was s t i r red  for 1/2 hr.  The m a t e r i a l  was  
suc t ion- f i l t e red  to y ie ld  a clear  solut ion.  This  t r e a t -  
m e n t  (a)  r emoved  the  inso lub le  s t ann ic  compounds ,  
and  (b)  should have  been  r e a s o n a b l y  effective in  
r educ ing  the concen t r a t i on  of the  t race  meta l s  and  
chlorides to a v e r y  low level.  The r e su l t ing  solut ion 
was ana lyzed  by  t i t r a t i ng  it w i th  0.05M KMnO4. 
The e lec t ro ly te  was  s tored in  f u l l y - s t o p p e r e d  P y r e x  
bottles.  Solu t ions  s tored in  this  m a n n e r  were  no t  
used for po la r iza t ion  m e a s u r e m e n t s  un less  they  re -  
m a i n e d  clear. 

The solut ions  used  in  this  i nves t iga t ion  were  no t  
sub jec ted  to all  of the  ex t ens ive  pur i f ica t ion  proce-  
dures  (for example ,  mu l t i p l e  rec rys ta l t i za t ions)  
u sua l l y  cons idered  des i rab le  in  f u n d a m e n t a l  s tudies  
of the  k ine t ics  of e lect rode react ions  in  the  absence 
of organic  addi t ives .  Such  pur i f ica t ion  procedures  
did no t  appear  to be just i f ied in  the p re sen t  work  
wi th  organic  addi t ives ,  s ince the  organic  addi t ives  
were  no t  ava i lab le  in  the  u l t r a p u r e  form. P r e - e l e c -  
t rolysis  was used  in  the m e a s u r e m e n t s  w i th  addi t ion  
agents  in  on ly  one test  i n v o l v i n g  0.1% (by  we igh t )  
P l u r o n i c  L64. In  this  test, 500 ml  of so lu t ion  were  
p re -e l ec t ro lyzed  in  the  po la r iza t ion  cell w i th  ag i t a -  
t ion  for 90 hr  at a c u r r e n t  of 5 ma  wi th  a t i n - fo i l  

The pr inc ipa l  impuri t ies  des ignated  by the supplier ,  City Chem- 
ical  Corporation, Brooklyn,  New York, in  the  SnSO4 crystals  from 
which  the  solut ions  w e r e  prepared w e r e  stannic  content,  4.35%; iron, 
0.0006%; ant imony,  0.0003%; lead, 0.002%; and chloride, 0.008%. 

West Virginia  Pulp  and Paper  Company.  



Vol. 110, No. 3 T H E  E L E C T R O C H E M I S T R Y  O F  T I N  193 

Table I. Organic compounds used as additives and their manufacturers 

Compound Source Chemical  type  

Triton Xl14 Rohm & Haas Co. R - - � 9  
C C 

L 
Where R is C - - C - - C - - C - -  

I L 
C C 

X = 7-8 
Tri ton X100 Rohm & Haas CO. X : 9-10 
Tri ton X102 Rohm & Haas Co. X ~ 12-13 
Tri ton X165 Rohm & Haas Co. X ~ 16 
Tri ton X205 Rohm & Haas Co. X ~ 20 
Tri ton X305 Rohm & Haas Co. X : 30 
Polyglycol  P400 Dow Chemical  Co. HO (C3H60) xC3H6OH 

X : 6  
Polyglycol  P750 Dow Chemical  Co. X ~ 12 
Pluronic L61 Wyandot te  Chemical  Corp. A block polymer  

HO (C2H40) a (C~H60) b (C2H40) cH 
b --~ 30 

a + c - ~ 4 - 5  
Pluronic  L62 Wyandot te  Chemical  Corp. b ~ 30 

a + c ~ l O  
Pluronic L64 Wyandot te  Chemical  Corp. b ---- 30 

a+c-----26 
Pluronic F68 Wyandot te  Chemical  Corp. b = 30 

a + c : 160 
Pluronic  P75 Wyandot te  Chemical  Corp. b ~ 33 

a + c ~ 4 4  
Pluronic L44 Wyandot te  Chemical  Corp. b ~ 19 

a + c - ~ 2 0  
Tr imethy l  nonyl  ether  Union Carbide Corp. C12H25--0--(C2H40)xC2H4OH 

of polyethylene  gly-  X ~ 6-7 
col (TMN) 

Polyglycol  E300 

Polyglycol  E600 
Polyglycol  E4000 
Polyglycol  E9000 
Dowanol  EB 
Dowanol  TPM 
Dowanol  DPM 

Dow Chemical  Co. HO (C~H40) xC2H4OH 
X :  6-7 

Dow Chemical  Co. X : 12-14 
Dow Chemical  Co. X ~ 90-95 
Dow Chemical  Co. X : 200-210 
Dow Chemical  Co. n C4Hg--O--C2H4OH 
Dow Chemical  Co. CH3 (OC3H6)3OH 
Dow Chemical  Co. CH~ (OC3H6) 2OH 

ca thode  of 1.00 cm 2 a rea  w i t h  t he  same t in  anode  as 
t ha t  used  for  the  po la r i za t ion  m e a s u r e m e n t s .  The  
p r e - e l e c t r o l y s i s - c a t h o d e  was  w i t h d r a w n  f r o m  the  
so lu t ion  at the  conclus ion  of the  p r e - e l e c t r o l y s i s  
be fo re  t he  po la r i za t ion  m e a s u r e m e n t s  w e r e  made .  

P r i o r  to a po la r i za t ion  run,  the  cell, cap, and 
s t i r r e r  w e r e  w a s h e d  w i t h  ch romic  acid c lean ing  so-  
lu t ion  to r e m o v e  any  organic  ma te r i a l ,  r insed  sev -  
e ra l  t imes  w i t h  d is t i l led  wa te r ,  and  then  f inal ly  
r insed  w i t h  t h e  so lu t ion  to be  inves t iga ted .  The  
comple t e  cel l  a s sembly  t oge the r  w i t h  the  so lu t ion  
was  t h e n  t r a n s f e r r e d  to the  c o n s t a n t - t e m p e r a t u r e  
bath.  Pur i f i ed  h y d r o g e n  gas was  i n t roduced  t h r o u g h  
the  bubble r ,  and the  so lu t ion  was  s t i r r ed  for  V2 hr  
to p e r m i t  the  t e m p e r a t u r e  of the  e l ec t ro ly t e  w i t h i n  
the  cel l  to r each  equ i l i b r ium.  The  addi t ion  agents  
and the  e lec t rodes  w e r e  t h e n  i n t roduced  into the  

cell. The  po la r i za t ion  m e a s u r e m e n t s  w e r e  a lmos t  a l -  
w a y s  t a k e n  by  ad jus t ing  the  c u r r e n t  t h r o u g h  the  
e lec t ron ic  i n t e r r u p t e r  to t he  des i red  v a l u e  w i t h  the  
e lec t rodes  d i sconnec ted  f r o m  the  c i rcu i t  to m i n i m i z e  
c a t h o d e - a r e a  changes  due  to con t inued  deposi t ion.  

A f t e r  t he  c u r r e n t  had  s tabi l ized  at  the  des i red  va lue ,  
the  cel l  was  swi t ched  into the  circui t ,  and  the  po -  
t en t i a l  b e t w e e n  the  va r ious  e lec t rodes  was  m e a s -  
ured.  The  t i m e  r e q u i r e d  for  c u r r e n t  s tab i l iza t ion  in 

the  e lec t ron ic  e q u i p m e n t  was  30 sec or less;  t ha t  is, 
the  c u r r e n t  did not  flow t h r o u g h  the  cel l  for  per iods  
of th is  t i m e  b e t w e e n  each  of the  po la r i za t ion  m e a s -  
u remen t s .  The  t i m e  r e q u i r e d  for  the  ac tua l  po ten t i a l  
m e a s u r e m e n t  in each  po la r i za t ion  tes t  was  about  
20 sec, w h i c h  was  m o r e  than  a m p l e  in t h e  p r e s en t  
w o r k  for  the  ca thode  to app roach  a s t eady  value .  
Unless  o t h e r w i s e  indica ted ,  a l l  po l a r i za t ion  da ta  
w e r e  r e c o r d e d  w i t h  inc reas ing  cur ren t .  Dup l i ca t e  
po la r i za t ion  m e a s u r e m e n t s  w e r e  m a d e  for  al l  the  
w o r k  i n v o l v i n g  organic  addi t ives .  The  po t en t i a l  d i f -  
f e r ence  b e t w e e n  the  solid t in  ca thode  and  the  r e f -  
e rence  e l ec t rode  was  m e a s u r e d  at  zero c u r r e n t  b e -  
fo re  and a f t e r  each  run.  If  this  po t en t i a l  was  g r e a t e r  
t han  •  mv,  n e w  e lec t rodes  w e r e  p repa red .  The  
po t en t i a l  of the  solid t in  ca thode  was  u sua l l y  w i t h i n  
-----1 m v  of t h a t  of t he  r e f e r e n c e  t in  e lec t rode .  

If  the  d i f fe ren t ia l  capaci t ies  w e r e  to be d e t e r -  
mined ,  a p h o t o g r a p h  of the  c a t h o d e - p o l a r i z a t i o n  
decay  c u r v e  was  made .  

Experimental  Results 

Polarization Measurements 

Figu re s  5, 6, and  7 show t y p i c a l  S - s h a p e d  p o l a r -  
i z a t i o n - c u r r e n t  dens i ty  cu rves  ob ta ined  for  va r ious  
o rgan ic  add i t ives  at  25~ Dup l i ca t e  m e a s u r e m e n t s  
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Fig. 5. Polarization measurements with various Tritons. Tempera- 
ture, 25.0 ~ -+- 0.20C; electrolyte, 0.4M SnSO4 plus 1.0M H2504 
plus 0.5% (by weight) addition agent. Curve A, Triton X]05; B, 
Triton X165, C, Triton X100; D, Triton Xl14. 

~oo , ~ . ~ ~ - -  

E 400 ./~.~'~ ~ J  

~ c 

O ~ ,N ~ '  , I 
IO IOO 

CURRENT DENSITY, ma/cm 2 

Fig. 6. Polarization measurements with Polyglycol P400. Tem- 
perature, 25.0 ~ • 0.2~ electrolyte, 0.4M SnSO4 plus 1.0M H2504 
plus Polyglycol P400. Curve A, 0.01% by weight; B, 0.1%; C, 
0.5%; D, 2.0%. 
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Fig. 7. Polarization measurements with Pluronic L64. Tempera- 
ture, 25.0 ~ • 0.2~ electrolyte, 0.4M SnSO4 plus 1.0M H2504 
plus Pluronic L64. Curve A, 0.01% by weight; B, 0.04%; C, 
0.1%; D, 0.5%. 

w e r e  a l w a y s  Within  2% of the  p o l a r i z a t i o n  v a l u e s  
r e p o r t e d  in  these  g raphs .  The  cu rves  show an in -  
f lect ion p o i n t  t ha t  sh i f t s  to l o w e r  c u r r e n t  dens i t i e s  
as t h e  c o n c e n t r a t i o n  of t he  o rgan ic  a d d i t i v e  is in -  
c reased .  This  d e p e n d e n c e  of t he  inf lec t ion  po in t  on 
a d d i t i v e  c o n c e n t r a t i o n  ind i ca t e s  t h a t  t h e  r a p i d  r i se  
of t he  p o l a r i z a t i o n  w i t h  i nc r ea s ing  c u r r e n t  d e n s i t y  
does  no t  c o r r e s p o n d  to a s imple  d i f fus ion l i m i t e d  
p rocess  i nvo lv ing  e i t he r  the  s t annous  ion or  t he  o r -  
gan ic  add i t ive .  

T a f e l  l i n e a r i t y  was  o b t a i n e d  w i t h  e v e r y  a d d i t i v e  
t h a t  caused  an  i n c r e a s e  in po la r i za t ion .  The  T a f e l  
slope,  h o w e v e r ,  was  a func t ion  of t h e  p a r t i c u l a r  
a d d i t i v e  and  d i f fe red  even  for  a d d i t i v e s  of t he  s ame  
gener i c  fo rmu la .  I f  c h a r g e  t r a n s f e r  w a s  t h e  r a t e -  
d e t e r m i n i n g  s tep  a s soc ia t ed  w i t h  the  depos i t i on  
process ,  t hen  th is  d e p e n d e n c e  of t he  Ta fe l  s lope  on 
the  t y p e  of o rgan ic  a d d i t i v e  is no t  su rp r i s ing ,  s ince  
the  he igh t  and  s y m m e t r y  of t he  p o t e n t i a l - e n e r g y  
b a r r i e r  p r o b a b l y  shou ld  be  a func t ion  of the  p a r -  
t i c u l a r  a d d i t i v e  a d s o r b e d  on the  e l ec t rode  surface .  

The  a p p a r e n t  e x c h a n g e  c u r r e n t  dens i t i e s  a n d  the  
Ta fe l  s lopes  for  a l l  t he  o rgan ic  a d d i t i v e s  used  in  
th is  i n v e s t i g a t i o n  a r e  l i s t ed  in  T a b l e  II. The  Tafe l  
l i n e a r i t y  a lmos t  a l w a y s  e x t e n d s  ove r  a t  l eas t  one 
decade  of c u r r e n t  d e n s i t y  and  of ten  ove r  two  dec -  
ades.  W i t h  t h e  excep t ion  of t he  Tr i tons ,  t he  Ta fe l  
s lopes  for  t he  a d d i t i o n  agen t s  fa l l  in t he  r a n g e  170- 
230 m v  p e r  decade .  

The  Tin  R e s e a r c h  I n s t i t u t e  g ives  the  f o r m u l a t i o n  
of a t i n - p l a t i n g  so lu t ion  fo r  o b t a i n i n g  m i r r o r - b r i g h t  
depos i t s  w i t h  wood  t a r  as an  a d d i t i v e  (15) .  The  
ca thod ic  p o l a r i z a t i o n  for  th is  so lu t ion  is shown  in 
Fig.  8. T h e r e  was  no ev idence  of s i m u l t a n e o u s  h y -  
d r o g e n  evo lu t i on  even  at  the  e x t r e m e  ca thod ic  p o -  
l a r i z a t i o n  of --600 m v  t h a t  was  o b t a i n e d  for  the  
m e a s u r e m e n t s  w i t h  wood  ta r .  

C u r r e n t  eff iciency m e a s u r e m e n t s  w e r e  m a d e  by  
w e i g h i n g  the  ca thode  in  t he  w o r k  w i t h  P l u r o n i c  
L64 a t  0.1% b y  w e i g h t  concen t r a t i on .  A t  a c u r r e n t  
d e n s i t y  of 100 m a / c m  u d u p l i c a t e  m e a s u r e m e n t s  in -  
d i c a t e d  an  efficiency of 100 • 0.5%. 

The  p o l y e t h y l e n e  g lycols  (E Ser ies ,  Dow C h e m -  
ical  C o m p a n y )  d id  no t  affect  t he  ca thod ic  p o l a r i z a -  
t ion.  The  c o m p o u n d  t r i m e t h y l  nony]  e t h e r  of p o l y -  
e t h y l e n e  g lycol  ( T M N )  is r e l a t e d  to P o l y g l y c o l  
E300; bo th  h a v e  the  same  p o l y g l y c o l  cha in  l e n g t h  of 
6. The  TMN exh ib i t s  h y d r o p h o b i c - h y d r o p h y l i c  
c ha r a c t e r ,  w h e r e a s  the  P o l y g l y c o l  E300 does  not.  
The  TMN differs  suff ic ient ly  in s t r u c t u r e  f r o m  the  
P o l y g l y c o l  E300 to cause  a m a r k e d  inc rea se  in t he  
po la r i za t ion .  The  p o l a r i z a t i o n  d a t a  for  the  TMN are  
shown  in Fig .  9. 

These  r e su l t s  m a y  sugges t  t h a t  mice l l e  f o r m a t i o n  
is i n v o l v e d  in t he  ac t ion  of such a d d i t i o n  agents .  F o r  
e x a m p l e ,  H e y d e g g e r  and  D u n n i n g  (16) r e p o r t e d  
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Fig. 8. Polarization measurements with hardwood tar DEV 193 
with solution prepared according to specification of the Tin Re- 
search Institute (15). Temperature, 25.0 ~ __+ 0.2~ electrolyte, 
0.4M SnSO4 plus 8 g/I wood tar, plus 35 ml per liter Tergitol 08. 
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Fig. 9. Polarization measurements with ethoxylated trimethyl 
nonyl alcohol (TMN). Temperature, 25.0 ~ • 0.2"C; electrolyte, 
0.4M SnSO4 plus 1.0M H2504 plus TMN. Curve A, 0.01% by 
weight; B, 0.03%; higher concentrations yield same results as 
Curve B. 
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Table II. Apparent exchange current densities and slopes of the Tafel curves 
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P e r c e n t  to, 
C o m p o u n d  c o n c e n t r a t i o n  m a / c m  2 S l o p e  R e m a r k s  

Tri ton X165 0.5 
Tri ton Xl00 0.5 
Tr i ton X114 0.5 
Tri ton X305 0.5 
Polyglycol P400 0.1 

0.5 
Polyglycol P750 0.5 
Polyglycol P400 + 0.1 

C1- 0.001M 
P400 -t- 0.1 
C1- 0.01M 

Pluronic  L44 0.1 
0.5 

Pluronic L61 0.1 
Pluronic L62 0.1 

0.5 
Pluronic  L64 0.1 

0.5 
Pluronic  P75 0.1 
Pluronic  F68 0.1 

0.5 
Pluronic  L64 0.1 

Polyglycol P400 0.1 

TMN 0.1 
Tri ton X165 0.1 
Pluronic  L64 0.1 
Polyglycol P400 0.1 
TMN 0.1 
Pluronic  L64 

0.025M SnSO4 0.1 
0.05M SnSO4 0.1 
0.20M SnSO4 0.1 
0.40M SnSO4 0.1 
0.60M SnSO4 0.1 

1.0 0.15 Pure, solid, t in  cathode 
0.043 0.095 Pure, solid, t in cathode 
0.003 0.070 Pure, solid, t in  cathode 
2.0 0.164 Pure, solid, t in  cathode 
1.0 0.24 Pure, solid, t in  cathode 
0.18 0.21 Pure, solid, t in  cathode 
0.50 0.24 Pure, solid, t in cathode 
1.5 0.236 Pure, solid, t in cathode 

3.3 0.236 

0.22 0.157 
0.15 0.170 
0.20 0.211 
0.07 0.170 
0.03 0.170 
0.19 0.190 
0.03 0.170 
0.17 0.250 

No appreciable 
l inear  ~ection 

0.05 0.28 
0.11 0.20 
0.26 0.190 
0.30 0.196 
0.61 0.202 
0.34 0.23 
1.0 0.24 
4.0 0.23 

12.5 0.23 
- -  0.083 

1.0 0.105 
0.20 0.154 
0.75 0.16 
0.4 0.095 

Pure, solid, t in cathode 
Pure, solid, t in cathode 
Pure, solid, t in  cathode 
Pure, solid, t in  cathode 
Pure, solid, t in  cathode 
Pure, solid, t in  cathode 
Pure, solid, t in  cathode 
Pure, solid, t in  cathode 
Pure, solid, t in  cathode 
Pure, solid, t in  cathode 
Pure, solid, t in cathode 

7.5~ Pure, solid, t in cathode 
25~ Pure, solid, t in  cathode 
35~ Pure,  solid, t in cathode 
45~ Pure,  solid, t in  cathode 
7.5~ Pure, solid, t in cathode 
25~ Pure, solid, t in  cathode 
35~ Pure, solid, t in  cathode 
45~ Pure, solid, t in  cathode 
Pure, solid, t in  cathode 
Liquid t in  amalgam 
Liquid t in amalgam 
Liquid t in amalgam 
Liquid t in  amalgam 

0.036 0.240 Pure, solid, t in  cathode 
0.15 0.265 Pure, solid, t in cathode 
0.29 0.235 Pure, solid, t in  cathode 
0.41 0.225 Pure, solid, t in  cathode 
0.52 0.220 Pure, solid, t in  cathode 

tha t  micel le  fo rma t ion  occurred at concen t ra t ions  
above 0.03% for P l u r o n i c  L64, for wh ich  the  po-  
la r iza t ion  curve  is shown  in  Fig. 7. The i r  s tudies  in -  
d icated t ha t  the  adsorp t ion  i so therm for P l u r o n i c  
L64 on qua r t z  in  wa t e r  showed no f u r t h e r  increase  
in  the  a m o u n t  of a d s o r b a n t  wi th  inc reas ing  solu-  
t ion  concen t r a t i on  above 0.03%. This  behav io r  can 
be exp la ined  on the  basis  tha t  no f u r t h e r  increase  in  
the  concen t r a t i on  of the  free molecules  occurred  
above  the  cr i t ical  micel le  concen t ra t ion .  The  con-  
cen t r a t i on  of the  organic  add i t ive  at which  micel le  
fo rma t ion  becomes s ignif icant  is affected by  the  
p resence  of the  SnSO4 and  H2SO4, b u t  the  d e p e n d -  
ence should  be r e l a t i ve ly  smal l  w i th  non ion ic  agents  
such as P l u r o n i c  L64. A l t h o u g h  micel le  fo rma t ion  
m a y  s t rong ly  inf luence the  adsorp t ion  i so therms 
for some organic  addi t ives  on the  electrode surface,  
non ion ic  agents  tha t  do no t  fo rm micel les  can also 
be r ead i ly  adsorbed  on the  electrode surface a nd  
can also exh ib i t  effective add i t ion  agent  action.  For  
example ,  Polyglycol  P400 should no t  form micelles.  
ye t  it  is effective as an  addi t ive ,  Fig.  6. 

The  effect of p re -e lec t ro lys i s  on a so lu t ion  con-  
t a in ing  P l u r o n i c  L64 is shown  in  Fig.  10. The  p o l a r -  
iza t ion  va lues  w i th  a nd  wi thou t  p re -e l ec t ro lys i s  for 
this so lu t ion  are  v i r t u a l l y  ident ical .  However ,  this  
is no  assurance  tha t  the  resul t s  w i th  and  wi thou t  
p re -e lec t ro lys i s  wou ld  be the  same w i t h  the  o ther  
add i t ion  agents  if p re -e lec t ro lys i s  had  been  tr ied,  
bu t  it is doub t fu l  w h e t h e r  a ny  ma j o r  changes  would  
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Fig. 10. Effects of pre-electrolysis on polarization measurements 
with Pluronic L64. Temperature, 25.0 ~ "+- 0.2~ electrolyte, 0.4M 
SnSO4 plus ].0M H2SO4 plus 0.]% Pluronic L64. Curve A, without 
pre-electrolysis; B, with pre-electrolysis. 
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Fig. 11. Effect of chloride ion on polarization measurements with 
Polyglycol P400. Temperature, 25.0 ~ • 0.2~ electrolyte, 0.4M 
SnSO4 plus 1.0M H2504 plus 0.1% Polyglycol P400. Curve A, no 
C I - ;  B, 10-3M C I - ;  C, 10-2M C I - ;  D, 2 x 10-2M C I - .  
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Fig. 12. Effect of chloride ion on polarization measurements with 
Triton X102. Temperature, 25.0 ~ • 0.2~ electrolyte, 0.4M SnSO4 
plus 1.0M H2504 plus 1.0% Triton X102. Curve A, 10 -4M C I - ;  
B, 10 -3M C I - ;  C, 10 -2M C I - .  

have  been  f o u n d  w i t h  p r e - e l e c t r o l y s i s  for  t he  o t h e r  
agents .  

Effect of Chloride Ions on Cathodic Polarization 
in Sulfate Solutions Containing Organic Additives 

The  a d d i t i o n  of s m a l l  a m o u n t s  of ch lo r ide  ions  to 
so lu t ions  con t a in ing  effect ive  o rgan ic  add i t i ve s  
caused  the  p o l a r i z a t i o n  to dec rea se  and  the  inf lec-  
t ion  p o i n t  to sh i f t  to  h i g h e r  c u r r e n t  dens i t ies .  F i g u r e s  
11 and  12 show t y p i c a l  d a t a  for  t he  effects of i n -  
c r eas ing  a m o u n t s  of ch lo r ide  ion on the  ca thod ic  
p o l a r i z a t i o n  in  so lu t ions  con ta in ing  P o l y g l y c o l  P400 
and  T r i t o n  X165, r e spec t i ve ly .  The  modi f i ca t ion  of 
t he  p o l a r i z a t i o n  cu rves  is p r o b a b l y  caused  b y  the  
p r e f e r e n t i a l  a d s o r p t i o n  of ch lo r ide  ion on the  e l ec -  
t r o d e  sur face .  

O t h e r  a d d i t i o n  agen t s  ( T r i t o n  X165 at  0.5%, 
P o l y g l y c o l  P400 at  0.1%, and  P l u r o n i c  L64 a t  0 . 1%) ,  
w h i c h  g r e a t l y  a f fec ted  t h e  p o l a r i z a t i o n  in  t h e  ac id  
su l f a t e  ba th ,  w e r e  also t e s t ed  in an  ac id  ch lo r ide  
b a t h  con t a in ing  0.4M SnC12 a n d  2.0M HC1. The  
s t e a d y - s t a t e  p o l a r i z a t i o n  a t  c u r r e n t  dens i t i e s  up  to 
400 m a / c m  2 ( the  h ighes t  e x a m i n e d )  was  i d e n t i c a l  
w i t h  t ha t  o b t a i n e d  w i t h o u t  t he  o rgan ic  add i t i ve .  
This  was  a n t i c i p a t e d  f r o m  an  e x a m i n a t i o n  of  t he  
r e su l t s  of  t he  e x p e r i m e n t s  i n v o l v i n g  t h e  a d d i t i o n  of 
s m a l l  a m o u n t s  of t he  ch lo r ide  ion to the  su l f a t e  so -  
lu t ion.  The  p re sence  of t he  o rgan ic  a d d i t i v e s  in t he  
ch lo r ide  so lu t ion  h a d  no a p p a r e n t  effect  on t h e  s t r u c -  
tu re ;  i t  c o n t i n u e d  to be  h i g h l y  t r eed .  

Effect of Concentration of Stannous Ion  

The  d e p e n d e n c e  of t he  p o l a r i z a t i o n  on t h e  con-  
c e n t r a t i o n  of the  s t annous  ion is shown  in Fig .  
13 for  a so lu t ion  con t a in ing  P l u r o n i c  L64 a t  a con-  
c e n t r a t i o n  of  0 .1%. T h e  Ta fe l  s lopes  v a r i e d  f r o m  
0.24 for  0.025M SnSO4 to 0.22 fo r  0.6M SnSO4 w i t h  
t he  e x c e p t i o n  of t h e  s lope  for  t h e  0.05M SnSO4 so lu -  
t ion  ( C u r v e  B ) ,  w h i c h  h a d  a s lope  of  0.26. The  s o m e -  
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Fig. 13. Effect of stannous ion on polarization measurements with 
Pluronic L64. Temperature, 25.0 ~ • 0.2~ electrolyte, 1.0M 
H2504 plus 0.1% Pluronic L64 plus SnSO4. Curve A, 0.025M SnSO4; 
B, 0.05M; C, 0.20M; D, 0.40M; E, 0.6M. 

w h a t  h i g h e r  s lope  for  c u r v e  B p r o b a b l y  r e p r e s e n t s  
e x p e r i m e n t a l  e r ro r .  

I n  t he  m o r e  d i l u t e  SnSO4 solut ions ,  t he  s t r u c t u r e  
of t h e  d o u b l e  l a y e r  w a s  e s t a b l i s h e d  p r e d o m i n a n t l y  
b y  the  H2SO~, w h i c h  was  h e l d  cons t an t  in  c o ncen -  
t r a t ion .  F r o m  curves  A and  C in Fig .  13, t he  v a l u e  
for  [0 log i/O log (Csn+2)]  a t  cons t an t  e l e c t r o d e  p o -  
t e n t i a l  is 1.1, w h e r e  i is t h e  c u r r e n t  d e n s i t y  a n d  
Csn+2 is t he  b u l k  c o n c e n t r a t i o n  of t h e  s t a n n o u s  ion. 
A c o m p a r a b l e  ca l cu l a t i on  b a s e d  on cu rves  A and  B 
in t he  m i d r a n g e  of p o l a r i z a t i o n  in F ig .  13 y i e l d s  a 
v a l u e  for  th is  d e r i v a t i v e  of 1.0. Thus ,  t he  r e a c t i o n  
o r d e r  w i t h  r e s p e c t  to Sn  +2 a p p e a r s  e s s e n t i a l l y  to  be  
one, as w o u l d  be  expec t ed .  L ikewi se ,  [ 8 ~ / 0 1 o g  
(Csn+2) ] is a b o u t  e q u a l  to 0.24 m v  p e r  decade  on 
the  bas is  of cu rves  A a n d  C in Fig .  13, w h e r e  ~? is  
t he  po la r i za t ion .  

Effect of Sodium Sulfate 

The  effect of a d d i n g  Na2SO4 to t h e  ac id  s t a n n o u s  
su l fa t e  so lu t ion  w i t h  0.5% T r i t o n  X165 p r e s e n t  is 
s h o w n  in Fig .  14. W h e n  the  Na2SO4 was  a d d e d  to 
th is  so lu t ion ,  the  a c t i v i t y  coefficient  of Sn  +2 was  d e -  
p ressed ,  and  at  the  s a m e  t i m e  some modi f i ca t ion  
was  p r o d u c e d  in t he  s t r u c t u r e  of t he  doub le  l a y e r  
in  t e r m s  of b o t h  t h e  S n  +2 ion c o n c e n t r a t i o n  in  t h e  
H e l m h o l t z  p l a n e  and  the  p o t e n t i a l  d rop  across  t he  
dif fuse  l aye r .  Th is  modi f i ca t ion  of t h e  d o u b l e  l a y e r  
s t r u c t u r e  m a y  h a v e  been  caused  d i r e c t l y  b y  t h e  
a d d e d  Na2SO4 or  i n d i r e c t l y  b y  af fec t ing  the  ion iza -  
t ion  of H S O 4 -  to H + and  SO4 =. 
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Fig. 14. Effect of supporting electrolyte on polarization measure- 
ments with Triton X165. Temperature, 25.0 ~ • 0.2~ electrolyte, 
Curve A, 0.4M SnSO4 plus 1.0M H2504 plus 0.5% Triton X165; B, 
same as A plus 0.5M Na2SO4; C, same as A plus 1.0M Na2SO4. 
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Structure of Deposits 
All  the  addi t ion  agents  in Table  II  tha t  caused a 

significant increase in the  polar iza t ion  produced a 
pronounced improvemen t  in the qua l i ty  of the  e lec-  
t rodeposi ts  at  cur ren t  densi t ies  above the  inflection 
points in the  po la r i za t ion-cur ren t  densi ty  curves. 
Many of the deposits  at  these cur ren t  densit ies were  
semibr ight  wi th  no evidence whatsoever  of t ree ing  
or coarse -gra in  s t ruc ture  on v isua l  examinat ion.  
Even at cur rent  densi t ies  somewhat  below those 
corresponding to the inflection points,  these organic 
agents produced some improvement  in the qua l i ty  of 
the deposits,  which in the i r  absence would  have been 
character ized by  ex t reme  treeing.  Deposits obta ined 
below the inflection points,  however ,  were  genera l ly  
very  coarse, regardless  of which pa r t i cu la r  organic 
addi t ive  in Table  II was present  in the solution. This 
correla t ion of the  s t ruc ture  of the deposits wi th  the  
polar izat ion pers is ted  even when chloride ions were  
added to the sulfa te  solution dur ing  the course of the  
measurements  repor ted  in Fig. 11 and 12; tha t  is, 
deposits obta ined at cur ren t  densi t ies  above the in-  
flection point  were  ve ry  super ior  to those obtained 
below the  inflection point.  

Polarization Measurements on Liquid Tin Amalgams 

The polar izat ion associated wi th  the deposi t ion of 
t in into a 0.1% (by weight )  t in ama lgam is shown 
in Fig. 15 for Tr i ton X165, Po]yglycol  P400, the 
t r ime thy l  nonyl  e ther  of po lye thy lene  glycol (TMN),  
and Pluronic  L64 in a sulfate solution. These meas-  
urements  were  made  af ter  the electrode had been 
in contact  w i th  the e lect rolyte  for a r e la t ive ly  short  
but  unknown amount  of time. In the absence of any 
organic addit ive,  the  polar izat ion was only a few 
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Fig. 15. Polarization measurements on a liquid tin-amalgam 
cathode. Temperature, 25.0 ~ • 0.2~ amalgam, 0.1% by weight 
tin; electrolyte, 0.4M SnSO4 plus 1.0M H2SO4 plus addition agent 
(curve A, 0.1% Pluronic L64; B, 0.1% Polyglycol P400; C, 0.1% 
TMN; D, 0.1% Triton X165). 
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Fig. 16. Polarization measurements with Pluronic L64 on liquid 
tin amalgam. Temperature, 25.0 ~ • 0.2~ amalgam, 0.1% tin; 
electrolyte, 0.4M SnSO4 plus ].0M H2SO4 plus Pluronic L64 (curve 
A, 0.0001%;B, 0.01%; C, 0.I %). 
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Fig. 17. Effect of cathode immersion time on polarization meas- 
urements with a pure tin cathode. Temperature, 25.0 ~ ~ 0.2~ 
electrolyte, 0.4M SnSO4 plus 1.0M H2SO4 plus 0.1% Pluronic L64. 
Curve A, polarization measurements immediately after immersion 
of cathode; B, 20 hr immersion with no polarizing current prior 
to measurements. 

mil l ivol ts  even at cur ren t  densi t ies  of 100 m a / c m  e. 
A comparison of the resul ts  in Fig. 16 wi th  those in 
Fig. 7 indicates  tha t  Pluronic  L64 is effective in in-  
creasing the polar iza t ion  at  much lower  concent ra-  
tions wi th  the l iquid t i n - a m a l g a m  cathode than  with  
the  pure  solid t in cathode. This is also t rue  wi th  al l  
the other  organic addi t ives  represen ted  in Fig.  15 
and is p robab ly  due to a difference in the  adsorpt ion 
isotherms of the  organic addi t ives  on the two differ-  
ent surfaces. The Tafel  slopes for the amalgam 
cathodes were  genera l ly  much lower  than  the cor-  
responding values  for the solid t in cathodes. 

Time Dependence of Polarization 
All  the polar izat ion measurements  here tofore  p re -  

sented in this paper  have been  obtained wi th  in-  
creasing polar iz ing current  and wi th  not more than  
a few minutes  of t ime elapsing be tween  the immer~ 
sion of the  cathode in the solution and the beginning 
of the  polar iza t ion  measurements .  The effects of 
de laying  the measurements  af ter  the  in t roduct ion of 
the  cathode into the  solution are  shown in Fig. 17 
for a pure  t in ca thode in a sulfate  solution con- 
ta in ing Pluronic  L64. S imi la r  shifts in the  polar iza-  
t ion curves could be produced by  prepolar iz ing  the 
pure  t in  cathode at  a cur rent  densi ty  wel l  above tha t  
of the inflection point  for  a few minutes,  and then 
immedia te ly  obtaining the po la r i za t ion-cur ren t  
densi ty  da ta  in the usual  way.  

The effects of immers ion  t ime  pr ior  to po lar iza-  
t ion measurements  are  shown in Fig. 18 for  a l iquid 
t i n - a m a l g a m  cathode in a solution containing Po ly -  
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Fig. 18. Effect of cathode immersion time on polarization meas- 
urements with a liquid tin-amalgam cathode. Temperature, 25.0 ~ 
• 0.2~ amalgam, 0.1% tin; electrolyte, 0.4M SnSO4 plus 1.0M 
H2SO4 plus 0.1% Polyglycol P400. Curve A, polarization measure- 
ments immediately after exposing amalgam surfaces; B, 3 hr immer- 
sion with no polarizing current prior to measurements. 
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Fig. 19. Repeated polarization measurements on a liquid tin- 
amalgam cathode. Temperature, 25.0 ~ • 0.2~ amalgam: 0.33% 
tin; electrolyte, 0.4M SnS04 plus 1.0M H2S04 plus 0.002% Pluronic 
1.64. Curve I, measurements with increasing current density; II, 
decreasing; III, repeat increasing; IV, repeat decreasing. 
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Fig. 20. Effect of temperature on polarization measurements on 
pure tin cathode with Pluronic 164. Electrolyte, 0.4M SnSO4 plus 
1.0M H2SO4 plus 1.0% Pluronic 1_64. Curve A, 7.5~ B, 25.0~ C, 
35.0~ D, 45.0~ 

g lyco l  P400. S i m i l a r  r e su l t s  h a v e  been  o b t a i n e d  in  
so lu t ions  con t a in ing  TMN and  P l u r o n i c  L64. The  
cu rves  in  Fig.  15 do not  show as c l e a r l y  t he  c h a r -  
ac t e r i s t i c  inf lec t ion  po in t s  as t he  cu rve  A in Fig .  
18 because  some u n k n o w n  t i m e  h a d  e l apsed  be fo re  
the  m e a s u r e m e n t s  r e p o r t e d  in Fig .  15 w e r e  m a d e .  
The  p o l a r i z a t i o n - c u r r e n t  d e n s i t y  d a t a  o b t a i n e d  in 
r e p e a t e d  runs  w i t h  i nc r ea s ing  and  d e c r e a s i n g  c u r -  
r en t  dens i t i e s  for  a l i qu id  t i n - a m a l g a m  ca thode  
(0.33% t in )  in a p r e - e l e c t r o l y z e d  so lu t ion  c o n t a i n -  
ing  0.002% P l u r o n i c  L64 a re  shown  in Fig.  19. (The  
d a t a  p r e s e n t e d  in  th is  f igure  w e r e  o b t a i n e d  b y  Dr. 
F. H ine  at  W e s t e r n  R e s e r v e  U n i v e r s i t y  b y  us ing  s u b -  
s t a n t i a l l y  i d e n t i c a l  e q u i p m e n t  and  t echn iques  to 
those  d e s c r i b e d  in  th i s  p a p e r  w i t h  p r e - e l e c t r o l y s i s  
for  24 h r  p r i o r  to i m m e r s i n g  the  ca thode  in  t h e  so-  
lu t ion . )  A f t e r  t he  i n i t i a l  ser ies  of p o l a r i z a t i o n  
m e a s u r e m e n t s  was  m a d e  w i t h  i nc rea s ing  cu r r en t ,  
t he  inf lec t ion  p o i n t  was  c o m p l e t e l y  miss ing  in  s u b -  
s equen t  m e a s u r e m e n t s  m a d e  w i t h  e i the r  i nc rea s ing  
or  dec r ea s ing  cu r ren t .  S i m i l a r  r e su l t s  have  been  
o b t a i n e d  w i t h  a l i qu id  a m a l g a m  con t a in ing  0.33% 
t in  in  a su l f a t e  so lu t ion  con t inu ing  0.001% P l u r o n i c  
L64. 

Effect of Temperature  on Polarization 

The  effect  of t e m p e r a t u r e  on the  p o l a r i z a t i o n  for  
p u r e  sol id  t i n  and  l iqu id  t i n - a m a l g a m  ca thodes  was  
s t ud i ed  w i t h  P l u r o n i c  L64 a n d  P o l y g l y c o l  P400 as 
t he  add i t ives .  T y p i c a l  p o l a r i z a t i o n  d a t a  for  v a r i o u s  
t e m p e r a t u r e s  a r e  p r e s e n t e d  in  Fig .  20. 

The  e n t h a l p y  of a c t i va t i on  at  zero  p o l a r i z a t i o n  
(A H*o) has  been  c a l c u l a t e d  f r o m  these  r e su l t s  b y  
m e a n s  of the  equa t ion  

0 In io A H*o 
- -  - -  [i] 

0 ( l / T )  R 

w h e r e  io is a p p a r e n t  e x c h a n g e  c u r r e n t  d e n s i t y  ob -  
t a i n e d  f r o m  the  e x t r a p o l a t i o n  of t he  l i n e a r  p o r t i o n  
of t he  Ta fe l  p lo t s  to zero  po la r i za t ion ,  T the  a b s o l u t e  
t e m p e r a t u r e ,  and  R the  gas  cons tan t .  V a l u e s  ob -  
t a i n e d  for  AH*o for  a so lu t ion  con ta in ing  0.1% 
P l u r o n i c  L64 a re  8.5 --  1 k c a l / m o l e  for  a sol id  t in  
c a thode  a n d  9.0 -+- 1 k c a l / m o l e  for  a l i qu id  t i n -  
a m a l g a m  ca thode .  

The  d a t a  o b t a i n e d  w i t h  P o l y g l y c o l  P400 at  t e m -  
p e r a t u r e s  above  25~ w e r e  sparse ,  and  the  Ta le ]  
s lopes  w e r e  s o m e w h a t  unce r t a in .  The re fo re ,  v a l u e s  
for  io at  t e m p e r a t u r e s  a b o v e  25~ w e r e  c a l c u l a t e d  
b y  e x t r a p o l a t i n g  the  p o l a r i z a t i o n  vs. log i p lo t s  to 
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Fig. 21. Polarization measurements on a pure tin cathode and 
liquid tin-amalgam cathode without addition agents. Temperature, 
25.0 ~ + 0.2~ electrolyte, 0.4M SnSO4 plus 1.0M H2SO4. Curve 
A, 0.1% tin amalgam; B, pure solid tin. 

zero  p o l a r i z a t i o n  w i t h  t h e  s ame  Ta fe l  s lope  as t h a t  
o b t a i n e d  e x p e r i m e n t a l l y  at  25~ The  e n t h a l p y  of 
a c t i va t i on  for  t he  sol id  t in  ca thode  in a so lu t ion  
con ta in ing  0.1% P o l y g l y c o l  P400 was  c a l c u l a t e d  to 
be  11 • 2 k c a l / m o l e .  

The  r e l a t i v e  a g r e e m e n t  b e t w e e n  the  va lue s  for  
t he  e n t h a l p y  of a c t i va t i on  for  t he  depos i t i on  of t i n  
in to  a l i qu id  t in  a m a l g a m  a n d  on t h e  p u r e  t in  i n -  
d ica tes  t h a t  t h e  h e i g h t  of t he  e n e r g y  b a r r i e r  for  t h e  
r a t e - d e t e r m i n i n g  s tep  is p r o b a b l y  t h e  s a m e  for  t he  
two  t y p e s  of e l ec t rodes  w i t h i n  e x p e r i m e n t a l  e r ror .  
The  d i f fe rence  in t he  e n e r g i e s  of a c t i v a t i o n  for  t he  
sol id  t in  ca thode  w i t h  P l u r o n i c  L64 a n d  P o l y g l y c o l  
P400 also p r o b a b l y  is w i t h i n  t h e  l imi t s  of e x p e r i -  
m e n t a l  e r r o r  and  does no t  r e p r e s e n t  a t r u e  d i f fe r -  
ence.  

Measurements  wi thout  Addit ion Agents  

P o l a r i z a t i o n  cu rves  o b t a i n e d  for  p u r e  t in  and  t i n -  
a m a l g a m  ca thodes  in a so lu t ion  c on t a in ing  0.4M 
SnSO4 and  1.0M H2SO4 w i t h o u t  a n y  o rgan ic  a d d i -  
t ion  agen t  p r e s e n t  a re  s h o w n  in Fig.  21. Desp i t e  t he  
e x t r e m e  ag i t a t i on  in t he  cell ,  c o n c e n t r a t i o n  p o l a r i z a -  
t ion  p r o b a b l y  was  s igni f icant  a l t h o u g h  it  was  not  
the  m a j o r  f ac to r  be c a use  the  d i f fus ion l i m i t i n g  c u r -  
r en t  d e n s i t y  was  g r e a t e r  t h a n  600 m a / c m  2. The  
l o w e r  l imi t s  for  t he  e x c h a n g e  c u r r e n t  dens i t i e s  can 
be  o b t a i n e d  b y  a s s u m i n g  t h a t  t he  cu rves  in Fig .  21 
r e p r e s e n t  on ly  a c t i va t i on  po la r i za t ion .  This  y i e lds  
va lue s  of 110 m a / c m  2 for  p u r e  t in  and  80 m a / c m  2 
for  the  l i qu id  t i n - a m a l g a m  ca thode  (0.1% b y  w e i g h t  
t in )  a t  25~ A s to i ch iome t r i c  n u m b e r  of one for  
an  o v e r - a l l  2 - e l e c t r o n  process  was  used  to ca l cu la t e  
these  va lues .  

In  t he  same  e l ec t ro ly t e ,  P i o n t e l l i  and  c o - w o r k e r s  
(8-10)  have  r e p o r t e d  an  e x c h a n g e  c u r r e n t  dens i t y  
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Fig. 22. Differential capacity curves. Temperature, 2S~ Curve 
A, 0.1% tin-amalgam in 0.40M SnS04 plus 1.0M H2S04 plus 0.1% 
Piuronic L64; B, pure tin in same solution; C, data of Deriaz and 
Randles (18) for pure tin in O.O01M KCI04 plus 0.1M amyl alcohol. 

of 5.0 m a / c m  2 for e lect rodeposi t ion on pure  tin, the  
polar izat ion being de te rmined  by  an essent ia l ly  
s t eady-s ta te  technique. The explana t ion  for this 
d iscrepancy of more than  two orders  of magni tude  
is not  immedia te ly  evident .  Differences in surface 
s t ruc ture  would  not  be expected to be sufficient to 
account for such a la rge  difference in the exchange 
current  densities. Al though concentrat ion polar iza-  
tion may  have been somewhat  g rea te r  in the work  
of Piontel l i  and his associates, this  does not r ep re -  
sent an adequate  explana t ion  for such a la rge  di f -  
ference. Impur i t ies  adsorbed on the electrode sur-  
face, however ,  can easi ly  produce such a difference. 
Such adsorbed impur i t ies  usual ly  tend to increase 
the polar izat ion and decrease the exchange current  
densi ty  in systems with  low polarizat ion.  

Dif]eren~ial-Capacity  M e a s u r e m e n t s  

The different ial  capaci ty  of the  cathode was de-  
t e rmined  f rom the ra te  of decay of the potent ia l  
immedia te ly  af ter  the  in te r rup t ion  of the polar iz ing 
cur ren t  according to the  equat ion 

C ---- i~ (OE/Ot) o [ 2 ] 

where  C is the different ia l  capaci ty  per  uni t  ap-  
pa ren t  area,  i the cur ren t  dens i ty  before  i n t e r rup -  
tion, and (OE/Ot)o the slope of the po ten t i a l - t ime  
curve the  ins tant  af ter  in ter rupt ion.  The var ia t ion  
of the capaci ty  wi th  potent ia l  for l iquid t in ama lgam 
and pure  solid t in in a solution containing Pluronic  
L64 is shown in Fig. 22. These values  were  obtained 
dur ing polar izat ion measurements  made  wi th  in-  
creasing current  immedia te ly  af ter  the  cathode was 
immersed  in the solution. Unfor tunate ly ,  accurate  
capaci ty  measurements  could not be made at po-  
tent ia ls  below about --200 mv for the  sys tem r ep re -  
sented in Fig. 22 because of the  smal l  decay rates.  
Al though par t  of the decrease in the decay ra te  wi th  
decreasing polar iza t ion  was associated wi th  the  de-  
crease of the cur ren t  densi ty  in Eq. [2] the  most 
impor tan t  factor  was a large  increase in the differ-  
ent ia l  capaci ty  because of a Fa rada i c  component.  
This increase has been approx ima ted  by  the dashed 
lines in Fig. 22, but  the  values  represen ted  by  the 
dashed lines may  be in considerable  error.  

Al l  the nonionic addi t ion agents examined  (Tr i -  
ton X165, Polyglycol  P400, and Pluronics  L61, L62, 
L64, and F68) exhib i ted  a min imum in the differen-  
t ia l  capaci ty  curves for the l iquid t i n - a m a l g a m  
cathodes in the v ic in i ty  of --0.25v re la t ive  to the 
potent ia l  of the revers ib le  solid pure  t in electrode 
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in the same solution or --0.75v relative to the nor- 
mal calomel electrode (liquid junction potentials 
were neglected). It is difficult to establish the po- 
tential of the minimum in the capacitance curve for 
solid tin in the present work because of insufficient 
accuracy at  the  lower  potent ia ls  in Fig. 22. 

F r u m k i n  (17) has pred ic ted  for  the e lec t rocapi l -  
l a ry  m a x i m u m  a value  of --0.34v re la t ive  to the  
s t andard  hydrogen  electrode or --0.62v re la t ive  
to the normal  calomel  e lectrode in the  absence of 
specific adsorpt ion on the basis of the work  func-  
t ion of tin. Deriaz and Randles  (18) have found tha t  
the  min imum in the different ia l  capaci ty  curve for 
pure  t in  in  d i lu te  KC104 and K~SO4 solutions (0.01- 
0.001M) was in the range  --0.7 to --0.8v re la t ive  to 
the normal  calomel  electrode.  These workers  found 
tha t  the addi t ion of 0.1M amyl  alcohol to the solu- 
t ions b roadened  the min imum,  bu t  did not  produce  
any apprec iable  shift  in the potent ia l  at  which it oc- 
curred.  

The d i f fe ren t ia l -capac i ty  measurements  repor ted  
in Fig. 22, as wel l  as others  conducted dur ing  the 
course of the present  invest igat ion,  p rovide  qua l i -  
t a t ive  evidence for the adsorpt ion of nonionic or-  
ganic molecules on the electrode surfaces. The quan-  
t i t a t ive  in te rpre ta t ion  of the da ta  in Fig. 22 is not 
r ead i ly  possible, or for tha t  mat te r ,  w a r r a n t e d  be -  
cause of the l imi ted  accuracy. 

Discussion 

The exper imen ta l  resul ts  wi th  both pure  t in  and 
l iquid t i n - a m a l g a m  cathodes indicate  tha t  the ad-  
sorpt ion of the nonionic addi t ion agents  on the elec-  
t rode surface produces a la rge  increment  in the 
polarizat ion.  The somewhat  s imilar  behavior  of pure  
t in and l iquid t i n - a m a l g a m  cathodes implies  tha t  the  
r a t e -de t e rmin ing  step responsible  for the po la r iza -  
t ion is subs tan t ia l ly  the same at each electrode in 
the presence of the adsorbed organic addi t ion hgents. 
This would  indicate  tha t  a process of c rys ta l  growth  
is not the r a t e -de t e rmin ing  step responsible  for the 
polar izat ion for the solid as wel l  as l i q u i d - a m a l g a m  
cathodes in the presence of the nonionic organic 
addi t ion agent. 

The Tafel  l i nea r i ty  observed with  the pure  t in  and 
amalgam cathodes in the presence of the  addi t ion 
agents can be expla ined  in t e rms  of a cha rge - t r ans -  
fer  step as ra te  de termining.  Tafel  l inear i ty ,  how-  
ever,  does not const i tute unique evidence for such 
a r a t e -de t e rmin ing  step. The adsorbed addi t ion 
agent  may  produce the large  increment  in the 
cathodic polar iza t ion  (a) by  grea t ly  reducing the 
number  of sites on the electrode surface where  
charge t rans fe r  can occur and thus produce  a ve ry  
high current  densi ty  on the unblocked sites, and 
(b) by  present ing a ba r r i e r  to the t ransfe r  of ca-  
t ions to the e lectrode surface. The first is un l ike ly  
as an explana t ion  for the  polarizat ion.  If surface 
coverage is not subs tan t ia l ly  complete,  then the 
fract ion of the  surface not blocked by  the organic 
molecules should depend on the potential ,  and this 
would prevent  Tafel  l inear i ty  f rom being observed 
over any significant range of potentials .  

The second mechanism appears  more  l ikely,  p ro -  
v ided the electrode surface is covered wi th  a r e l a -  
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t i v e l y  th in ,  c o m p l e t e  l a y e r  of o rgan ic  mo lecu le s  for  
t he  r a n g e  of cond i t ions  for  w h i c h  Ta fe l  l i n e a r i t y  is 
obse rved .  I f  t h e  t r a n s f e r  of s t a n n o u s  ions occurs  
t h r o u g h  a r e l a t i v e l y  t h i c k  l a y e r  of a d s o r b e d  o rgan ic  
mo lecu le s  u n d e r  t he  inf luence  of an  e l ec t r i c  field or  
by  diffusion,  the  p o l a r i z a t i o n  w o u l d  no t  be  e x p e c t e d  
to d e p e n d  l o g a r i t h m i c a l l y  on the  c u r r e n t  dens i ty .  
In  a t h i c k  l aye r ,  as t he  ca t ion  a p p r o a c h e s  t he  e l ec -  
t r o d e  surface ,  a n u m b e r  of pos i t ions  ex i s t  w i t h i n  the  
o rgan ic  l a y e r  w h e r e  the  p o t e n t i a l  e n e r g y  is a m i n -  
imum.  W i t h  p r o g r e s s i v e l y  t h i n n e r  l aye r s ,  h o w e v e r ,  
the  n u m b e r  of such m i n i m a  dec reases  u n t i l  f ina l ly  
t he  p o t e n t i a l  e n e r g y  func t ion  for  t he  ca t ion  does  no t  
e x h i b i t  a m i n i m u m  in t he  o rgan ic  l aye r .  U n d e r  t hese  
l a t t e r  c i r cums tances ,  t he  t r a n s f e r  of cha rge  t h r o u g h  
the  o rgan ic  l a y e r  i nvo lves  t r a n s m i s s i o n  over  a s ing le  
b a r r i e r  and  can  g ive  r i se  to a l i n e a r  Tafe l  p lo t  ove r  
a s igni f icant  r a n g e  of c u r r e n t  dens i t ies .  

The  Tafe l  slope,  and  h e n c e  the  t r a n s f e r  coefficient,  
d e p e n d  on t h e  n a t u r e  of the  o rgan ic  add i t ive .  The  
l a c k  of  c o r r e l a t i o n  b e t w e e n  the  Ta fe l  s lopes  for  
p u r e  t i n  and  the  l i qu id  t in  a m a l g a m  in t he  e x p e r i -  
m e n t a l  d a t a  m a y  ind i ca t e  d i f fe rences  in the  s t a t e  of 
p a c k i n g  or  in  the  o r i e n t a t i o n  of t he  o rgan ic  m o l e -  
cu les  on the  sur face .  The  l a r g e  d e v i a t i o n  of t h e  Ta fe l  
s lope f r o m  the  u sua l  v a l u e  of 120 m y  p e r  d e c a d e  at  
25~ is no t  s u r p r i s i n g  if t r a n s f e r  of s t annous  ions  
t h r o u g h  a l a y e r  of a d s o r b e d  o rgan ic  mo lecu l e s  is 
r a t e  d e t e r m i n i n g .  The  cons t ancy  of t he  Ta fe l  s lope  
ove r  a r e l a t i v e l y  w i d e  r a n g e  of p o t e n t i a l s  w i t h  bo th  
t he  p u r e  t in  a n d  l iqu id  t i n - a m a l g a m  ca thodes ,  h o w -  
ever ,  is s u r p r i s i n g  and  ind i ca t e s  t h a t  t he  conf igu ra -  
t ion  of t he  a d s o r b e d  molecu le s  as w e l l  as t he  e x t e n t  
of c o v e r a g e  m u s t  no t  change  u n d e r  these  condi t ions .  

The  nonion ic  a d d i t i o n  agen t s  used  in  th is  w o r k  
a r e  e x p e c t e d  to be  a d s o r b e d  on the  e l e c t r o d e  s u r -  
face  in an  uncoi led ,  r a t h e r  e l o n g a t e d  conf igura t ion .  
Under .  some condi t ions ,  mos t  s e g m e n t s  of t he  cha in  
m a y  l ie  on t h e  su r f ace  so as to p r o v i d e  m a x i m u m  
o v e r l a p  of t h e  u n s h a r e d  p - o r b i t a l s  of o x y g e n  and  
~ - o r b i t a l s  of t he  a r o m a t i c  po r t i ons  w i t h  loca l ized  
o rb i t a l s  of t h e  me ta l .  This  a r r a n g e m e n t  shou ld  be  
f a v o r e d  b y  us ing  p o t e n t i a l s  close to t he  e l e c t r o c a p i l -  
l a r y  m a x i m u m  and  a r e l a t i v e l y  l a r g e  n u m b e r  of 
e t h e r  l i n k a g e s  w i t h i n  t he  molecules .  A n  a l t e r n a t i v e  
a r r a n g e m e n t  is to h a v e  on ly  a l i m i t e d  p o r t i o n  of 
each  p o l y m e r  m o l e c u l e  in  p r o x i m i t y  to t he  m e t a l  
su r f ace  w i t h  t h e  r e m a i n d e r  of the  m o l e c u l e  e x t e n d -  
ing  some d i s t ance  in to  the  so lu t ion  phase .  

W i t h  e i t he r  of t he se  a r r a n g e m e n t s ,  c o m p l e t e  
c o v e r a g e  of t he  su r f ace  shou ld  be  difficult .  A r e l a -  
t i v e l y  h igh  e n t r o p y  of a d s o r p t i o n  is a n t i c i p a t e d  for  
such p o l y m e r i c  species,  and  the  v a l u e  shou ld  in -  
c rease  v e r y  s u b s t a n t i a l l y  as c o m p l e t e  c o v e r a g e  is 
a p p r o a c h e d  because  of the  o r d e r i n g  r e q u i r e d  for  
m o n o l a y e r  coverage .  A d s o r p t i o n  is e x p e c t e d  to be  
r e l a t i v e l y  slow, p a r t i c u l a r l y  at  h igh  su r face  c o v e r -  
age. 

The  t i m e  a n d  hys t e r e s i s  effects a s soc ia t ed  w i t h  t he  
sol id  t in  ca thodes  can  be  e x p l a i n e d  in t e r m s  of a r e a  
and  c r y s t a l l o g r a p h i c  changes .  Such  changes  a r e  no t  
poss ib le  w i t h  t he  l i q u i d - a m a l g a m  ca thode .  F u r t h e r -  
more ,  t he  compos i t i on  of the  a m a l g a m  r e m a i n e d  

s u b s t a n t i a l l y  cons t an t  t h r o u g h o u t  a g iven  ser ies  of 
p o l a r i z a t i o n  m e a s u r e m e n t s .  The  r e su l t s  for  t h e  a m a l -  
g a m  ca thode  in  Fig .  18 a n d  19 l e ad  to t he  conclus ion  
t h a t  t he  a d s o r p t i o n  of such  o rgan ic  mo lecu l e s  as 
P l u r o n i c  L64 and  P o l y g l y c o l  P400 is a s low process  
and  t h a t  t he  r a t e  of a d s o r p t i o n  inc reases  w i t h  i n -  
c r ea s ing  ca thod ic  po ten t i a l .  The  p o l a r i z a t i o n  does  no t  
show a n y  a p p r e c i a b l e  change  w i t h  i n c r e a s e d  s t i r r i n g  
r a t e  in  the  r a n g e  of c u r r e n t  dens i t i e s  in  w h i c h  t h e  
t ime  d e p e n d e n c e  has  been  obse rved .  Thus,  t he  a d -  
so rp t ion  of t he  a d d i t i o n  a g e n t  does  not  a p p e a r  to be  
d i f fu s ion - l imi t ed ,  b u t  r a t h e r  is k i n e t i c a l l y  l imi t ed .  
The  a p p a r e n t  i n c r e m e n t  in  the  r a t e  of a d s o r p t i o n  
w i t h  i nc r e a s ing  ca thod ic  p o t e n t i a l  m a y  ind i ca t e  t h a t  
at  e l ec t rode  po t e n t i a l s  a b o v e  the  e l e c t r o c a p i l l a r y  
m a x i m u m ,  v a r i o u s  s e g m e n t s  of the  p o l y m e r  m o l e -  
cules  a r e  o r i e n t e d  at  the  i n t e r f a c e  in such  a w a y  as 
to l e ad  to r a t h e r  c o m p l e t e  c o v e r a g e  of t he  surface .  
As  long as th i s  l a y e r  of a d s o r b e d  o rgan ic  mo lecu l e s  
r e m a i n s  in tac t ,  t he  p o l a r i z a t i o n  a p p e a r s  to fo l low 
the  Ta fe l  e q u a t i o n  d o w n  to c u r r e n t  dens i t i e s  a t  
w h i c h  the  b a c k  r e a c t i o n  becomes  a p p r e c i a b l e ,  c o m -  
p a r e d  w i th  t he  ne t  cu r r en t .  

H e y d e g g e r  and  D u n n i n g  (16) h a v e  r e p o r t e d  t h a t  
pe r iods  of up  to 10 days  a r e  r e q u i r e d  for  e q u i l i b r i u m  
to be  r e a c h e d  in t he  a d s o r p t i o n  of P l u r o n i c  L64 on 
q u a r t z  p o w d e r  f r o m  aqueous  solut ions .  A d s o r p t i o n  
i s o t h e r m s  o b t a i n e d  b y  these  w o r k e r s  a f t e r  t h e y  a l -  
l o w e d  on ly  a f ew  hour s  for  e q u i l i b r a t i o n  e x h i b i t  
fa l se  m i n i m a  of a k ine t i c  or ig in .  

D u r i n g  the  depos i t i on  on sol id  t in ,  t he  su r f ace  is 
in  a cons t an t  s t a t e  of r e n e w a l  e x c e p t  p o s s i b l y  at  v e r y  
low c u r r e n t  dens i t ies .  The  t ime  of i m m e r s i o n  of t he  
sol id  t in  ca thode  in the  so lu t ion  p r i o r  to t he  s t a r t  of 
t he  p o l a r i z a t i o n  m e a s u r e m e n t s ,  t he re fo re ,  w o u l d  not  
be e x p e c t e d  to h a v e  any  a p p r e c i a b l e  effect  on the  
a m o u n t  of a d d i t i o n  agen t  a d s o r b e d  p e r  un i t  t r u e  
a r e a  for  a g iven  su r f ace  t o p o g r a p h y .  The  S - s h a p e d  
p o r t i o n  of t he  ca thod ic  p o l a r i z a t i o n  c u r v e  for  p u r e  
t in  p r o b a b l y  w o u l d  d i s a p p e a r  in  m u c h  the  s ame  
m a n n e r  as w i t h  l i qu id  t in  a m a l g a m  if  t he  l a y e r  of 
o rgan ic  a d d i t i v e  w o u l d  r e m a i n  in t ac t  ove r  t h e  com-  
p l e t e  r a n g e  of cond i t ions  i n v o l v e d  in  a g iven  ser ies  of 
p o l a r i z a t i o n  m e a s u r e m e n t s .  The  s low a d s o r p t i o n  of 
o rgan ic  mo lecu le s  d u r i n g  e l e c t r o d e p o s i t i o n  has  been  
cons ide red  b y  o t h e r  w o r k e r s  (19, 20).  

I f  t he  t r a n s f e r  of Sn  +2 across  a t h in  b a r r i e r  con-  
s i s t ing  of t he  a d s o r b e d  o rgan ic  mo lecu le s  is r a t e  
d e t e r m i n i n g ,  t he  ne t  c u r r e n t  d e n s i t y  ( i )  m a y  be  e x -  
pec t ed  to d e p e n d  on t h e  p o l a r i z a t i o n  (7) acco rd ing  
to the  e q u a t i o n  

i ~ io exp  ( - -2  af~I/RT) [3] 

for  cond i t ions  in  w h i c h  t h e  b a c k  r e a c t i o n  is n e g l i -  
g ib le  and  the  t r a n s f e r  coefficient  ( a )  is cons tan t .  The  
a p p a r e n t  e x c h a n g e  c u r r e n t  d e n s i t y  (io) shou ld  d e -  
p e n d  on the  b u l k  c o n c e n t r a t i o n  of Sn  +2 acco rd ing  
to t he  e q u a t i o n  

io = k~ (Cs,+2)  ~-~ [4]  

p r o v i d e d  the  c o n c e n t r a t i o n  of Sn  +e in t he  H e l m h o l t z  
p l a n e  is p r o p o r t i o n a l  to t he  b u l k  c o n c e n t r a t i o n  
(Csn+2). Such  a cond i t ion  m a y  be  a p p r o a c h e d  in the  
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p r e s e n t  w o r k  w h e n  the  c o n c e n t r a t i o n  of t h e  Sn  +2 is 
sma l l  c o m p a r e d  w i t h  t h a t  of t h e  su l fu r i c  acid.  

The  Ta fe l  s lopes  o b s e r v e d  w i t h  t he  non ion ic  a d d i -  
t ion  agen t s  l i s t ed  in  T a b l e  I I  r a n g e  f r o m  0.07 for  
T r i t o n  X l 1 4  to  0.24 for  P o l y g l y c o l  P750. F o r  t he  
t r a n s f e r  of Sn  +2 across  a p o t e n t i a l  e n e r g y  b a r r i e r  as 
t he  r a t e - d e t e r m i n i n g  step,  these  T a f e l  s lopes  c o r r e -  
spond  to v a l u e s  of a r a n g i n g  f r o m  1/2 to 1/6. Such  
a r a n g e  of t r a n s f e r  coefficient  is poss ib l e  if  t he  p o t e n -  
t i a l  e n e r g y  b a r r i e r  is a s soc ia t ed  w i t h  a th in  l a y e r  
of a d s o r b e d  o rgan ic  molecu les .  

The  v a l u e  of the  d e r i v a t i v e  

0 log  io 

0 log (Csn+2) 

m a y  be  o b t a i n e d  f r o m  Fig.  13 for  a so lu t ion  con-  
t a i n ing  0.1% P l u r o n i c  L64. I f  cu rves  A and  B a re  e x -  
t r a p o l a t e d  to zero po la r i za t ion ,  t h e  v a l u e  for  th is  
d e r i v a t i v e  is 0.96. S ince  cu rves  A and  B b o t h  h a v e  
Ta fe l  s lopes  of a b o u t  0.24, t he  i n t e r p r e t a t i o n  of t he se  
cu rves  in  t e r m s  of the  m e c h a n i s m  j u s t  d e s c r i b e d  
y i e ld s  a t r a n s f e r  coefficient  of % and  a v a l u e  for  t h e  
d e r i v a t i v e  [0 log io/O log (Csn+~) ] of 0.88 p r o v i d e d  
t h a t  t he  d o u b l e  l a y e r  s t r u c t u r e  is a s s u m e d  to b e  r e l a -  
t i v e l y  i n d e p e n d e n t  of Csn+2. A l t h o u g h  the  d i f fe rence  
b e t w e e n  the  e x p e r i m e n t a l  and  q u a s i - t h e o r e t i c a l  
va lues  for  t he  c o n c e n t r a t i o n  d e p e n d e n c e  of io m a y  be  
a s soc ia t ed  w i t h  t he  f a i l u r e  to m e e t  c o m p l e t e l y  th is  
a s sumpt ion ,  t he  d i f fe rence  is p r o b a b l y  w i t h i n  t he  
e x p e r i m e n t a l  e r r o r  of t he  m e a s u r e m e n t s .  

The  effects of ch lo r ide  ions on t h e  c h a r a c t e r i s t i c  
p o l a r i z a t i o n  cu rves  o b t a i n e d  w i t h  t he  a d d i t i o n  
agents ,  Fig .  11 and  12, can  be  i n t e r p r e t e d  on the  bas i s  
t h a t  t h e  c h l o r i d e  ions  modi f i ed  t h e  a d s o r p t i o n  of t he  
o rgan ic  mo lecu l e s  on the  e l ec t rode  surface .  In  t h e  
so lu t ions  i n v o l v e d  in  t he  w o r k  w i t h  C I - ,  h o w e v e r ,  
m u c h  of t he  C1-  is in  the  f o r m  of c h l o r o c o m p l e x e s  of 
Sn  +e. F r o m  the  p u b l i s h e d  e q u i l i b r i u m  cons t an t s  
(21) ,  a s s u m i n g  a c t i v i t y  coefficients of 1, the  conc e n -  
t r a t i o n s  of  t h e  v a r i o u s  c h l o r o c o m p l e x e s  a r e  e s t i -  
m a t e d  to be  as fo l lows  for  t he  O.02M ch lo r ide  so lu -  
t ion,  t he  mos t  c o n c e n t r a t e d  used  in  Fig .  11: 

SnC1 + ~ 1.7 • 10-2M 
SnC12 = 10-4M 
SnC13- -~ 1 0 - s M  

I t  is pos s ib l e  t h a t  t he  c h l o r o c o m p l e x e s  m a y  p l a y  a 
d i r ec t  ro l e  in  t he  e l ec t rode  k ine t i c s  and  m a y  be  the  
p r e d o m i n a n t  spec ies  in  t he  H e l m h o l t z  p l a n e  a t  r e l a -  
t i v e l y  ca thod ic  po ten t i a l s .  This  ques t ion ,  h o w e v e r ,  
canno t  be  r e s o l v e d  on the  bas is  of t he  p r e s e n t  da ta .  

Summary 
A f u n d a m e n t a l  s t u d y  was  m a d e  of the  k ine t i c s  of 

t in  depos i t i on  f r o m  so lu t ions  con ta in ing  non ion ic  
o rgan ic  add i t ives .  M e a s u r e m e n t s  w e r e  m a d e  of t h e  
s t e a d y - s t a t e  ca thod ic  p o l a r i z a t i o n  in  su l f a t e  so lu-  
t ions  con t a in ing  v a r i o u s  a d d i t i o n  agen t s  as  a f u n c -  
t ion  of c u r r e n t  dens i ty ,  t e m p e r a t u r e ,  t y p e  a n d  con-  
c e n t r a t i o n  of a d d i t i o n  agents ,  s t annous  ion c onc e n -  
t r a t ion ,  s u p p o r t i n g  e l e c t r o l y t e  concen t r a t i on ,  and  
ch lo r ide  ion c o n c e n t r a t i o n  w i t h  b o t h  p u r e  p o l y c r y s -  
t a l l i ne  t in  and  l iqu id  t in  a m a l g a m .  The  p r i n c i p a l  ob -  
s e rva t i ons  m a d e  w e r e  as fo l lows:  
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i. The rate-determining step for the electrodep- 
osition of tin from acid stannous solutions that con- 
tain an addition agent is probably charge transfer 
through a layer of adsorbed organic molecules. This 
layer of adsorbed organic molecules is reasonably 
complete in the range of current densities in which 

Tafel linearity is maintained. 
2. The forms of the S-shaped curves as shown in 

Fig. 5 and subsequent figures are not due to limiting 
current densities, but rather the forms of the 
S-shaped curves are related to the buildup of the 
film of adsorbed organic molecules, and this film is 
both potential and time dependent. 

3. On tin-amalgam cathodes the layer of adsorbed 
organic molecules is complete after a length of time. 
The layer can also be completed by applying a pre- 
polarization potential. This layer or film is stable (in 
a steady state of adsorption and desorption); the 
metal is deposited beneath the film. 

4. On solid tin cathodes, some of the adsorbed 
organic molecules undoubtedly are occluded into the 
deposit during the deposition process. This indicates 
that the film is in a steady state of adsorption, de- 
sorption, and occlusion. In addition to the potential 
and time dependence of the adsorption process, 
crystallographic changes of the surface may also be 
important. 
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Electrolyticaily Regenerated Manganic Sulfate for 
the Oxidation of Aromatic Hydrocarbons 

II. Oxidation of Xylenes to Tolualdehydes 

R. Ramaswamy, M. S. Venkatachalapathy, and H. V. K. Udupa 
Central Electrochemical Research Institute, Karaikudi, India 

ABSTRACT 

A two-s tage  process for the oxidat ion  of xylenes  to to lua ldehydes  is descr ibed 
which consists of the  oxidat ion  of manganous  sulfate  t6 manganic  sulfate in the  
cell and reac t ing  the manganic  sulfa te  obta ined wi th  xy lene  outside the  cell. 
The reason for low cur ren t  efficiency for the  in-ce l l  oxidat ion  is exp la ined  on 
the basis of anode potent ia l  measurement .  Measurement  of the oxidat ion  po ten-  
t ia l  of manganic  sulfate  in presence  of xy lene  indicates  tha t  the s teady potent ia l  
a t ta inable  dur ing  the react ion makes  it possible to control  the oxidat ion  of 
xy lene  to to lua ldehyde .  A large  l abo ra to ry  cell  is described.  

The  o x i d a t i o n  of p - x y l e n e  to t he  ha l f  a l d e h y d e  has  
been  the  sub j ec t  of c o n s i d e r a b l e  s t u d y  (1) .  W i t h  
c h r o m a t e s  a n d  p e r m a n g a n a t e s  t he  p r o d u c t  is p - t o l u i c  
acid.  V a p o r  phase  o x i d a t i o n  of x y l e n e  in the  p r e s -  
ence  of v a n a d i u m  or  m o l y b d e n u m  c a t a l y s t s  even  
w i th  ca r e fu l  con t ro l  a l w a y s  g ives  some p - t o l u i c  
ac id  (2) .  

E t a r d s '  m e t h o d  (3)  us ing  c h r o m y l  ch lo r ide  for  the  
o x i d a t i o n  to t he  a l d e h y d e  is too h a z a r d o u s  and  e x -  
pens ive .  L a w  and  P e r k i n  (4, 5) w e r e  the  first  to 
s t u d y  the  o x i d a t i o n  of p - x y l e n e  e l e c t r o l y t i c a l l y  and  
r e p o r t e d  a 25% y i e l d  at  a c u r r e n t  d e n s i t y  of 1-2 
a m p / d m  2 w i t h  a p l a t i n u m  anode.  O the r  r e f e r e n c e s  
(5 -8)  g ive  l i t t l e  f u r t h e r  i n fo rma t ion .  

Va r ious  e l e c t r o c h e m i c a l  f ac to rs  g o v e r n i n g  the  d i -  
r ec t  o x i d a t i o n  of p - x y l e n e  to p - t o l u a l d e h y d e  in the  
cel l  i t se l f  us ing  m a n g a n o u s  su l fa t e  as " o x y g e n  
c a r r i e r "  w e r e  s t u d i e d  in  th is  l a b o r a t o r y  e a r l i e r  (9 ) ,  
b u t  t he  c u r r e n t  eff iciency for  t he  i n - c e l l  o x i d a t i o n  
could  no t  be  m a i n t a i n e d  h igh  in s u s t a i n e d  e l e c t r o l -  
ysis.  H o w e v e r ,  i t  has  been  no t i ced  b y  the  a u t h o r s  
(10) t h a t  a t w o - s t a g e  process  is a m o r e  f eas ib l e  a p -  
p r o a c h  for  e l e c t r o o r g a n i c  ox ida t i ons  i n v o l v i n g  in -  
o rgan ic  r e a g e n t s  and  a r o m a t i c  h y d r o c a r b o n s  to give,  
in p a r t i c u l a r ,  a r o m a t i c  a ldehydes .  The  o x i d a t i o n  of 
m a n g a n o u s  su l fa t e  bo th  in the  f o r m  of a c lea r  so lu-  
t ion and  in the  fo rm of a suspens ion  of m a n g a n o u s  
su l fa t e  in su l fu r i c  ac id  to m a n g a n i c  su l f a t e  was  
s t ud i ed  in  th is  l a b o r a t o r y  e a r l i e r  (11, 12),  and  k i -  
ne t ic  s tud ies  of t he  r e a c t i o n  of m a n g a n i c  su l f a t e  w i t h  
t o luene  (13) and  w i t h  p - x y l e n e  (14) l ed  to a pos -  
s ib le  m e c h a n i s m  for  t he  reac t ion .  The  p r e p a r a t i o n  of 
b e n z a l d e h y d e  b y  r e a c t i n g  t o luene  w i t h  a p a s t e  of 
m a n g a n i c  su l f a t e  p r e p a r e d  e l e c t r o l y t i c a l l y  was  r e -  
p o r t e d  in ref.  (15) .  N o w  a t w o - s t a g e  process  for  the  

p r e p a r a t i o n  of p - t o l u a l d e h y d e  and  o t h e r  t o l u a l d e -  
hydes  us ing  e l e c t r o l y t i c a l l y  r e g e n e r a t e d  m a n g a n i c  
su l fa te  is desc r ibed .  

Experimental 
Materiais .--Xylenes w e r e  r ed i s t i l l ed .  T h e  p - c o m -  

p o u n d  had  bp  137~176 m -  138~ ~ , o-  142 ~ 
144 ~ and  m i x e d  x y l e n e s  138~176 

Procedure.- -The cel l  and  the  e x p e r i m e n t a l  t e c h -  
n iques  a d o p t e d  for  the  o x i d a t i o n  of m a n g a n o u s  su l -  
fa te  w e r e  s im i l a r  to those  d e s c r i b e d  in t he  e a r l i e r  
p a p e r s  (12, 15).  In  t h e  s m a l l  cell ,  on ly  750 cc of t h e  
e l e c t r o l y t e  could  be  t aken ,  and  the  m a x i m u m  q u a n -  
t i t y  of p - t o l u a l d e h y d e  i so l a t ed  was  18g. p - T o l u a l d e -  
hyde ,  o b t a i n e d  b y  the  de c ompos i t i on  of t he  b isu l f i te  
a d d i t i o n  c o m p o u n d  and  s t e a m  d i s t i l l a t ion ,  was  d r i e d  
w i t h  a n h y d r o u s  ca l c ium chlor ide .  The  f rac t ion ,  bp  
201~176 was  s t o r ed  in  a c losed  b o t t l e  w i t h  t he  
a d d i t i o n  of a f ew  c r y s t a l s  of h y d r o q u i n o n e .  

M i x e d  t o l u a l d e h y d e s  s i m i l a r l y  p r e p a r e d  h a d  bp  
200~176 

Large-scale trials.--A l e ad  l ined  c y l i n d r i c a l  i ron  
vesse l  s u i t a b l y  l e a d - l i n e d  and  h a v i n g  the  i n n e r  d i -  
mens ions  19 cm d i a m e t e r  x 18 cm d e p t h  (Fig .  1) was  
used  as c o m b i n e d  cel l  and  r eac to r .  A c a thode  f r a m e  
h a v i n g  4 l e a d - c o v e r e d  copper  rods  7 m m  d i a m e t e r  
x 21 cm long ( l e n g t h  i m m e r s e d  14 cm)  f i t ted  to i t  
was  he ld  on the  asbes tos  c e m e n t  l id  w i t h  open ings  
for  t he  rods,  s t i r r e r ,  and  t h e r m o m e t e r .  The  vesse l  
i t se l f  was  m a d e  the  anode  (ef fec t ive  area ,  9 din2).  

T h r e e  l i t e r s  of 55% su l fu r i c  ac id  c o n t a i n i n g  900g 
m a n g a n o u s  su l f a t e  ( a n h y d r o u s  bas i s )  was  t he  e lec -  
t ro ly t e .  D i rec t  c u r r e n t  was  passed  f rom a s e l e n i u m  
rec t i f ie r  c a p a b l e  of g iv ing  50 a m p  a t  0-12v. T e m p e r -  
a t u r e  was  m a i n t a i n e d  at  50~ b y  m e a n s  of a w a t e r  
j acke t .  V igorous  a g i t a t i o n  was  effected w i t h  a b l a d e -  
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Fig. 1. Large-scale cell: A, lead lined vessel as anode; B, blade- 
type stirrer; C, cathode frame; L, asbestos cement lid; G, G-clamp; 
T, thermometer; M, motor. 1, Opening for stirrer in the lead lined 
lid, 2, opening for condenser, 3, opening for tbermometer, 4, open- 
ing for dropping funnel. 

t y p e  s t i r r e r .  A f t e r  t he  o x i d a t i o n  was  ove r  an  a l iquo t  
p o r t i o n  w a s  r e m o v e d  for  e s t i m a t i o n  of the  m a n g a n i c  
su l f a t e  fo rmed .  

The  asbes tos  c e m e n t  l id  was  t h e n  r e p l a c e d  b y  a 
l e a d - l i n e d  l id  ( inse t  in Fig.  1) h a v i n g  open ings  for  
a t h e r m o m e t e r ,  s t i r r e r ,  condense r ,  and  a d r o p p i n g  
funne l  for  x y l e n e  add i t ion .  X y l e n e  was  a d d e d  s l o w l y  
k e e p i n g  the  t e m p e r a t u r e  at  30~176 A f t e r  t he  r e -  
ac t ion  was  over ,  t he  a l d e h y d e  was  i so la ted ,  and  the  
spen t  e l e c t r o l y t e  was  pur i f i ed  as d e s c r i b e d  e a r l i e r  
(15) .  

Results and  Discussion 

The  first  s tep  cons i s ted  of e l e c t r o l y t i c a l l y  ox id i z -  
ing  m a n g a n o u s  su l f a t e  to  m a n g a n i c  su l f a t e  and  m a y  
be  r e p r e s e n t e d  b y  Eq. [1] .  

4Mn ~ + -~ 4Mn ~ + § 4e [ 1 ] 

The  c h e m i c a l  r e a c t i o n  of t r i v a l e n t  m a n g a n e s e  w i t h  
x y l e n e  can  be  r e p r e s e n t e d  b y  Eq. [2] .  

CH8 

4Mn 3+ -4- p-C6H4 § H20 

CH3 
CHO 

/ 

--> 4Mn ~+ + p-C6H4 § 4H + [2]  

CH.~ 

Table I. tnfluence of temperature on the oxidation of 
xylene by manganic sulfate 

C o n d i t i o n s :  M a n g a n i c  su l fa te ,  30g i n  700 cc of elec-  
t r o ly t e ;  xy lenes ,  20 cc in  each  c a s e .  

C u r r e n t  efficiency,  % 

Temp,  ~ P a r a  O r t h o  Me ta  

20 42 35 25 
25 45 35 30 
30 45 40 30 
35 40 45 35 
40 30 40 35 

On the  bas is  of t he se  two  equa t ions  i t  is poss ib le  
to a r r i v e  a t  an  o v e r - a l l  c u r r e n t  eff iciency for  a l d e -  
h y d e  fo rma t ion ,  a n d  up  to 45% c u r r e n t  eff iciency 
could  be  o b t a i n e d  for  the  o x i d a t i o n  of p - x y l e n e  to 
p - t o l u a l d e h y d e .  D e t a i l e d  i n v e s t i g a t i o n  on the  o x i d a -  
t ion  of x y l e n e s  b y  m a n g a n i c  su l f a t e  was  t h e n  c a r r i e d  
out.  

The  r e su l t s  of t he  inf luence  of t e m p e r a t u r e  on the  
o x i d a t i o n  of x y l e n e s  a r e  g iven  in T a b l e  I. p - X y l e n e s  
gave  t h e  h ighe s t  c u r r e n t  eff iciency at  a t e m p e r a t u r e  
of 25~176 and  a t e m p e r a t u r e  of  35~176  was  
f o u n d  s u i t a b l e  for  t he  o x i d a t i o n  of o - x y l e n e  to 
o - t o l u a l d e h y d e .  In  the  case  of m - x y l e n e ,  a t e m p e r a -  
t u r e  r a n g e  of 35 ~176  was  f o u n d  n e c e s s a r y  for  ox i -  
da t i on  to p roceed .  H i g h e r  t e m p e r a t u r e  was  found  to 
g ive  r e s inous  p r o d u c t s  in a d d i t i o n  to to lu ic  acids.  

The  first  two  e x p e r i m e n t s  in T a b l e  I I  r e p r e s e n t  t he  
o x i d a t i o n  of p - x y l e n e  b y  r e p e a t e d  use  of a c l ea r  r e -  
agent .  A n  a v e r a g e  of n e a r l y  42% o v e r - a l l  c u r r e n t  
eff iciency was  ob ta ined .  In  t h e  s u b s e q u e n t  e x p e r i -  
ments ,  d i f fe ren t  qua n t i t i e s  of m a n g a n o u s  su l fa t e  a r e  
used  in  the  s a m e  v o l u m e  of acid.  

p - X y l e n e  o x i d a t i o n  efficiency b a s e d  on the  m a n -  
ganic  su l f a t e  has  b e e n  c a l c u l a t e d  on the  bas i s  of Eq. 
[2]  b y  w h i c h  fou r  e q u i v a l e n t s  of m a n g a n i c  ion a r e  
r e q u i r e d  to g ive  1 mo le  of  p - t o l u a l d e h y d e .  

Resu l t s  o b t a i n e d  in  t h e  l a r g e - s c a l e  r u n s  w i t h  
m i x e d  xy lenes ,  con t a in ing  p r e d o m i n a n t l y  m - x y l e n e ,  
a r e  g iven  in T a b l e  III .  

Potential measurements.--The low c u r r e n t  effi- 
c i ency  in t he  o n e - s t e p  o x i d a t i o n  p rocess  can  be  e x -  
p l a i n e d  b y  the  p o t e n t i a l  m e a s u r e m e n t s  g iven  in 
c u r v e  1, Fig .  2, w h e r e  t he  anode  po t e n t i a l s  a re  
p l o t t e d  a ga in s t  t ime.  The  p o t e n t i a l  is u n i f o r m l y  h igh  
(2.3v) and  is n e a r  t ha t  for  o x y g e n  evolu t ion .  

Table II. Preparation of p-tolualdehyde by the two-stage process 

S a m e  e lec t ro ly te ,  a f t e r  pu r i f i ca t ion ,  wa s  u sed  fo r  r e g e n e r a t i o n  of  m a n g a n i c  su l fa te .  I n t e r e l e c t r o d e  d i s t ance ,  1.5 cm;  v o l u m e  of  e lec t ro ly te ,  
700 cc of  55% H2SO4; anode ,  l e ad  d i o x i d e  o n  l ead  (area,  1.2 d m  ~} ; ca thode ,  two  l ead  s t r i p  (area,  0.15 d m  ~) ; c u r r e n t  dens i ty ,  5 a m p / d m  2. 

O x i d a t i o n  eff ic iency O v e r - a l l  
C u r r e n t  eff iciency fo r  a l d e h y d e  c u r r e n t  eff iciency 

To ta l  c u r r e n t  fo r  m a n g a n i c  p - t o l u a l d e h y d e  f o r m a t i o n  based  on fo r  a l d e h y d e  
passed,  a m p - h r  Cel l  vo l t age ,  v MnSO4, g su l f a t e  f o r m a t i o n .  % iso la ted ,  g m a n g a n i c  su l fa te ,  % f o r m a t i o n ,  %* 

5 3.1 29 78 2.2 60 44 
5 3.1 29 75 2.0 59 40 

10 3.3 58 75 4.2 60 42 
15 3.4 70 73 6.0 58 40 
20 3.8 100 75 8.1 60 40 
40 3.9 200 70 18 60 45 
40 3.9 200 68 17 59 43 

* Th i s  re fe r s  to  t h e  r a t i o  of  t he  t h e o r e t i c a l  c u r r e n t  r e q u i r e d  fo r  t he  a l d e h y d e  i so l a t ed  to  the  a c t u a l  c u r r e n t  used  for  t he  o x i d a t i o n  of 
m a n g a n o u s  to  m a n g a n i c  su l fa te .  

Note:  T he  first two  a n d  t~he las t  two  e x p e r i m e n t s  r e p r e s e n t  t he  o x i d a t i o n  of  p - x y l e n e  b y  r e p e a t e d  use  of a c lear  r e a g e n t  and  a r e a g e n t  
i n  t he  f o r m  of a s lu r ry ,  r e s p e c t i v e l y .  
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Table III. Large-scale oxidation of xylenes to tolualdehydes 

Electrolyte, 3 l i ters  of 55% tt2SO4 conta in ing  900g of m a n g a n o u s  sulfate;  cell voltage,  3.5v; amperage ,  45 amp.  

March 1963 

Run No. Na tu re  of electrolyte 

Oxida t ion  
Cur ren t  efficiency for  

efl~ciency for  a ldehyde  f o r m a -  
Quant i ty  of Mangan ic  oxida t ion  of Yield of t ion based on Tolu- Energy 

cur ren t  passed, sulfa te  m a n g a n o u s  m a n g a n i c  m a n g a n i c  a ldehyde  eonsuml~tion, 
a m p - h r  formed,  g sulfate,  % sulfate,  % sulfate,  % isolated, g d.c., k w h / k g  

1. F resh  300 1256 
2. Fresh  270 1118 

3. Purif ied r egene r -  
ated e lec t ro ly te  270 1103 

4. Purif ied regener--~ 
a ted e lec t ro ly te  250 766 

In  t he  t w o - s t a g e  process ,  the  o x i d a t i o n  p o t e n t i a l  
of m a n g a n i c  su l f a t e  is m e a s u r e d  d u r i n g  the  course  
of r e a c t i o n  w i t h  p - x y l e n e  us ing  p l a t i n u m  as an  i n e r t  
e l ec t rode .  The  o x i d a t i o n  p o t e n t i a l  of Mn 3+ ion has  
been  r e p o r t e d  (16) to be  1.51v in 15N H2SO4 at  12~ 
We have  o b t a i n e d  a v a l u e  of 1.48v in ac id  of m o r e  or  
less s ame  s t r e n g t h  at  30~176 This  v a l u e  of the  p o -  
t e n t i a l  r e m a i n s  cons t an t  d u r i n g  the  course  of r e -  
ac t ion  (Fig .  2, c u r v e  2) ,  s ince  a sol id  phase  of m a n -  
gan ic  sa l t  is p resen t .  Once the  m a n g a n i c  su l f a t e  in  
suspens ion  is exhaus t ed ,  f u r t h e r  r e a c t i o n  of m a n -  
gan ic  ion  w i t h  p - x y l e n e  l eads  to a l o w e r i n g  of t he  
c o n c e n t r a t i o n  of m a n g a n i c  ion and  a s u d d e n  d rop  
in the  p o t e n t i a l  of t he  i n e r t  e l ec t rode  u l t i m a t e l y  to 
t h a t  due  to the  m a n g a n o u s  sa l t  in suspens ion  in 55% 
H2SO4. The  u p p e r  s t e a d y  p o t e n t i a l  ( l o w e r  t h a n  the  
anode  p o t e n t i a l  in d i r ec t  e l e c t ro ly t i c  o x i d a t i o n )  d u r -  
ing the  m a j o r  p a r t  of t he  o x i d a t i o n  of x y l e n e  e x -  
p l a ins  t he  b e t t e r  o v e r - a l l  c u r r e n t  eff iciency for  t he  
f o r m a t i o n  of p - t o l u a l d e h y d e .  The  r e d o x  p o t e n t i a l  
of t he  M n 2 + - M n  3+ s y s t e m  a p p e a r s  to be  1.30-1.32v 
as r e a d  out  f r o m  c u r v e  2 of Fig.  2. 
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Fig. 2. Potential vs .  duration of reaction: anode potential, curve 
1; oxidation potential, curve 2. 

56.3 99 44 83 16.0 
56.1 93 51 85 11.1 

55.4 92.4 53 90 10.5 

41.4 64.2 57 65 13.5 

for  v e r y  k i n d l y  p r e s e n t i n g  the  p a p e r  at  t he  D e t r o i t  
Mee t ing ,  Oc tobe r  1-5, 1961. 
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Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL.  
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The Formation of a Zinc Oxide-Niobium PentoxideSpinel 
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ABSTRACT 

The spinel 7ZnO'NbuO5 (ZnTNb2012 or Zn2.83Nb0.6704) was synthesized. The 
reactions occurring between ZnO and Nb205 were investigated as a funct ion of 
tempera ture  and composition. Evidence is presented to demonstrate  the im-  
por tant  role ZnO vapor played in  format ion of the spinel. I t  would appear that 
in the Nb2Os-ZnO system spinel formation was the last stage in  a sequence of 
reactions in  which the lowest symmetry  oxide s t ructure  was formed first and 
the highest symmet ry  oxide, the cubic spinel, formed last. This reaction se- 
quence agreed with Goldschmidt 's  "oxide s tructure sequence" proposed for the 
NiO-Nb205 and MgO-Nb205 systems. 

The i m p o r t a n c e  of double  oxides wi th  a sp ine l  
s t ruc tu re  in  the  i m p r o v e m e n t  of ox ida t ion  res i s tance  
of meta l l i c  ma te r i a l s  is a we l l - e s t ab l i shed  fact. I t  
wou ld  appear  tha t  i m p r o v e m e n t s  in  ox ida t ion  r e -  
s is tance m a y  be a t t r i b u t e d  to the  fact tha t  the  diffu-  
sion ra tes  of the  r eac tan t s  are lower  in  double  oxide 
compounds  t h a n  in  the  cons t i tuen t  oxides (1).  Of the  
double  oxide types,  spinels  have  been  observed  to 
offer the  grea tes t  i m p r o v e m e n t  in  ox ida t ion  res i s t -  
ance. 

As pa r t  of a gene ra l  i nves t iga t ion  of va r ious  
aspects of n i o b i u m  oxidat ion,  an  oxide p r o g r a m  was 
in i t i a t ed  to inves t iga te  the  poss ib i l i ty  of fo rming  a 
sp ine l  double  oxide, one oxide be ing  Nb2Os. A recen t  
paper  b y  Baye r  (2) descr ibed the  fo rma t ion  of 
double  oxides of the  I I / V  type  h a v i n g  a sp ine l  s t ruc -  
ture .  One  of the  sp ine l  oxides r epor ted  was  
Zn7SbeOle, fo rmed  b y  reac t ing  seven  moles of ZnO 
and  one mole  of Sb205 at  h igh t empe ra tu r e .  The  
poss ibi l i ty  of p roduc ing  a s imi lar  sp ine l  w i th  n io -  
b i u m  pen tox ide  was  inves t iga ted ,  and  a sp ine l  
Zn7NbeO1e was  p roduced3  This  pape r  descr ibes  this 
inves t iga t ion .  

Oxide mixes  were  p r epa red  by  we igh ing  a n a l y t i -  
cal grade  2 n i o b i u m  pen tox ide  and  zinc oxide powders  
on an  ana ly t i ca l  ba lance  in  the des i red mole  p ro -  
port ions.  I n t i m a t e  m i x i n g  was achieved by  h a n d  
g r ind ing  the powders  in  an  i sopropyl  alcohol s l u r ry  
in  a d i a - m o n - i t e  mor ta r .  The  powders  were  dr ied  
and  s ieved t h r o u g h  a 200 mesh  screen. A n y  neces-  
sa ry  r e g r i n d i n g  was  pe r fo rmed  in  the  m a n n e r  de-  
scr ibed u n t i l  a l l  powders  passed t h r o u g h  the screen. 
One ha l f  inch  d i ame te r  pel le ts  were  pressed in  a h y -  
drau l ic  compac t ing  press  in  h a r d e n e d  steel  dies at 
20,000 psi. Oxide mixes  were  reac ted  in  powder  or 
pel le t  f o rm in  a globar  box fu rnace  in  air  or encap-  
su la ted  in  qua r t z  tubes  or Incone l  bombs  in  a vac-  
u u m  of 5 x 10 -5 to 5 x 10 -7  m m  Hg. Spec imens  were  
removed,  cooled in  air, and  could be hand l e d  in  5 
or 6 rain.  

1 The initial  phase  of  this  w o r k  i n v o l v e d  p a r t i a l  s u b s t i t u t i o n  of 
N b  5+ f o r  SbS+ i n  the  Zn~Sb2012 sp ine l .  T h i s  w o r k  is  d e s c r i b e d  in  t h e  
A p p e n d i x ,  S e c t i o n  1. 

C h e m i c a l  c o m p o s i t i o n s  of  t h e  ox ide s  a r e  p r e s e n t e d  i n  A p p e n d i x ,  
S e c t i o n  2. 

Analys i s  of reac ted  mixes  was  pe r fo rmed  by  
x - r a y  diffract ion us ing  a Norelco diff ractometer ,  
h igh dens i ty  CuK  a - r a d i a t i o n  (k = 1.5405A) oper -  
a ted  at 50 kv  a nd  40 ma. A G e i g e r - M u l l e r  coun te r  
was  used as a detector.  Spec t rographic  ana lyses  of 
these spec imens  were  pe r fo rmed  to check the  com-  
pos i t ion  and  d e t e r m i n e  the  presence  of impur i t i es .  

Experimental Results and Discussion 

Mixed  Oxide Reactions 

Pel le ts  composed of ZnO a nd  Nb205 in  a 7:1 mole  
ra t io  w h e n  hea ted  s lowly f rom 1400 ~ to 2200~ in  
r e l a t i ve ly  sti l l  air  f o r m  a sp ine l  Zn7Nb2012; whereas ,  
r ap id  hea t ing  to 2200~ does no t  fo rm the  spinel.  As 
a resul t ,  a step by  step ana lys i s  of the  reac t ions  t a k -  
ing place was per formed .  The  resul t s  of this  ana lys i s  
are  depicted in  Fig. 1. At  1400~ the  first r eac t ion  to 
take  place, as d e t e r m i n e d  by  x - r a y  diffraction,  was 
the  fo rma t ion  of a compound  la ter  ident i f ied as 
ZnNb206. At  1600~ the re l a t ive  a m o u n t  of this  
compound  increases  wi th  v e r y  l i t t le  free NbeO~ re -  
ma in ing .  Af te r  1/2 hr  at  1800~ the f o r ma t i on  of a 
n e w  c o m p o u n d  Zn3Nb2Os occurs by  reac t ion  b e t w e e n  
ZnNbeO6 and  ZnO. At  this  po in t  al l  ava i l ab l e  Nb205 
has reac ted  wi th  ZnO. C o n t i n u i n g  to hea t  at  1800~ 
resul t s  in  a m i x t u r e  of ZnO, Zn3Nb2Os, and  a t race  of 

REACTION SEQUENCE FOR 7ZNO-CB2O S HEATED IN STILL AIR 
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Fig. 1. Reaction sequence for 7ZnO-Cb205 heated in still air 
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Table I. Solid-state oxide reactions 
A l l  r eac t ions  c o n d u c t e d  i n  s t i l l  a i r  

C o m p o s i t i o n ,  C o n s t i t u t i o n ,  
m o l e s  Hea t  t r e a t m e n t  x - r a y  d i f f r ac t ion  R e m a r k s  

1ZnO-Nb205 18 hr  at 1900~ ZnNb~O6 Resembles the iron columbite  
36 hr  at 2200~ structure.  

3ZnO-Nb205 18 hr  at 1900~ Zn3Nb2Os Tetragonal  
36 hr  at 2200 ~ 

4ZnO-Nb205 18 hr  at 1900 ~ Zn~Nb2Os and ZnO 
36 hr  at 2200~ 

5ZnO-Nb205 18 hr  at 1900~ Zn~Nb2Os and ZnO 
36 hr  at 2200~ 

6ZnO-Nb205 18 hr  at 1900~ Zn~Nb2Os, ZnO, and 
36 hr  at 2200~ trace ZnTNb2012 

2 hr  at 2200~ (slowly Zn3Nb2Os, ZnTNb2Ol~, 
heated f rom 1400 ~ to trace ZnO 
2200~ 

7ZnO-Nb205 18 hr  at 1900~ Zn3Nb2Os, ZnO, and 
36 hr  at 2200~ trace ZnTNb20~e 

2 hr  at 2200~ (slowly ZnTNb2012 Spinel s t ructure  (surface) inner 
heated  f rom 1400 ~ to portions of pel let  same as first 
2200~ heat  t reatment .  

8ZnO-Nb205 2 hr  at 2200~ (slowly ZnTNb2Ol.~ Same as above except  more spi- 
heated f rom 1400 ~ to nel  in the inner  portions of 
2200~ the pellet.  

ZnNb206. A f t e r  2 h r  at  2200~ the  f o r m a t i o n  of the  
spinel  Zn~Nb2012 on the  sur face  has  occurred .  

As a f u r t h e r  c lar i f ica t ion  of the  c o m p o u n d  f o r m a -  
t ion in  the  ZnO-Nb20~ sys tem,  pe l l e t s  of 1ZnO-  
Nb205, 3ZnO-Nb2Os, 4ZnO-Nb205 to - -  8ZnO-  
Nb205 w e r e  r eac t ed  and analyzed .  Resul t s  of this 
i nves t i ga t i on  are  shown in Tab le  I. T h r e e  compounds  
w e r e  found  in this  sys tem:  ZnO.Nb~O~ (ZnNb206) ,  
3ZnO �9 Nb205 (Zn3Nb2Os), and 7ZnO �9 Nb205 
(Zn~Nb2012). The  di f f rac t ion analys is  for  each  com-  
pound  ox ide  is shown in Tables  II, III,  and  IV, r e -  

spect ive ly .  The  spec t rog raph ic  ana lyses  could  not  
be  p e r f o r m e d  r ead i l y  on a q u a n t i t a t i v e  basis  due  to 
the  diff iculty in s epa ra t i ng  c o m p l e t e l y  r e ac t ed  in -  
d iv idua l  ox ide  compounds  in the  r eac t ed  pe l l e t ;  
howeve r ,  q u a l i t a t i v e  resu l t s  ind ica ted  the  a tomic  
ra t ios  w e r e  cor rec t  to a p p r o x i m a t e  the  composi t ions  
shown.  No m a j o r  im pur i t i e s  w e r e  found  in any  of 
the  ana lyzed  pel lets .  

Table Ill. X-ray diffraction results 
3ZnO .Nb:O5 (Zz~qb~OD 

Table II. X-ray diffraction results 
ZnO.Nb~O~ (ZnNb~Oe) n iob i t e  

O b s e r v e d  C a l c u l a t e d  
d ~ I o  h k l  d 

3.6686 38 002 3.669 
3.5672 6 400 3.566 
2.9683 100 222 2.968 
2.8750 23 500 2.854 
2.5252 32 440 2.523 
2.4953 35 521 2.493 
2.3719 13 112 2.378 
2.2275 10 540 2.229 
2.2077 16 223 2.201 
2.0768 18 442 2.079 
1.8937 22 721 1.894 
1.8287 17 650 1.827 
1.7729 37 651 1.773 
1.7262 44 224 1.724 
1.7178 49 810-740 1.721 
1.8726 8 830 1.670 
1.5262 37 662 1.529 
1.4784 15 444 1.484 
1.4576 32 105 1.460 
1.4495 50 940 1.449 
1.4459 27 614 1.445 
1.3789 19 833 1.379 

O b s e r v e d  C a l c u l a t e d  
d I/Io h k l  d 

5.639 3 101 5.639 
4.324 10 220 4.319 
3.824 9 310 3.862 
3.326 24 311 3.302 
3.202 40 002 3.180 
2.728 80 420 3.732 
2.5989 50 331 2.623 
2.568 60 222 2.561 
2.281 6 501 2.281 
2.259 15 520 2.268 
2.017 25 610 2.009 
1.949 12 601 1.939 
1.901 5 223 1.902 
1.879 3 313 1.880 
1.749 100 532 1.749 
1.656 2 622 1.651 
1.607 5 503 1.601 
1.593 4 004 1.590 
1.524 30 214 1.526 
1.494 28 642 1.495 
1.476 14 820 1.481 
1.450 35 613 1.458 
1.420 20 750 1.420 
1.370 18 424 1.374 
1.359 77 900 1.357 
1.351 8 910 1.349 

Indexed as te t ragonal  Ao ~ 14.27, Co ~ 7.34 Indexed as te t ragonal  Ao ---= 12.23, Co ---- 6.37 
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Table IV. X-ray diffraction results 
7 Z n O - i b ~ O ~  ( Z n ~ i b ~ O ~ )  s p i n e l  

Observed 
d I/Io k k l  

FORMATION OF ZnO-Nb.,O:, SPINEL 207 

capsules under similar temperature-time conditions 
did not form a spinel. However each quartz capsule 
contained an appreciable deposit of oxide, which was 

C a l e u l a ' ~ e d  a iden t i f i ed  b y  x - r a y  d i f f r ac t ion  ana lys i s  as ZnO. 

ZnO Volatility 
4.9489 
3.0367 Due  to i ts  g r e a t  vo l a t i l i t y ,  ZnO is b e l i e v e d  to  p l a y  
2.5897 t h e  d e t e r m i n a n t  p a r t  in  t h e  sp ine l  f o rma t ion .  A s  a 
2.4794 7ZnO-NbeO~ p e l l e t  is hea ted ,  a ZnO p a r t i a l  p r e s s u r e  
2.1473 
1.9705 wi l l  be  p r o d u c e d  b y  the  v a p o r i z a t i o n  of ZnO 
1.9206 t h r o u g h o u t  t h e  i n t e r s t i c e s  of t he  u n s i n t e r e d  low d e n -  
1.7532 s i ty  c o m p a c t e d  pe l le t .  As  the  sp ine l  r e a c t i o n  te rn-  
1.6530 p e r a t u r e  (2200~  is r eached ,  t he  p e l l e t  s in t e r s  and  
1.5183 l i t t l e  i n t e r c o n n e c t e d  p o r o s i t y  r ema ins .  F u r t h e r  v a -  
1.4518 
1.4315 p o r i z a t i o n  f r o m  t h e  ins ide  of t he  p e l l e t  is t hus  p r e -  
1.3581 ven ted .  As  a r e su l t ,  t he  sp ine l  r e a c t i o n  t a k e s  p l ace  
1.3098 ins ide  the  pe l l e t  on ly  a t  those  loca t ions  w h e r e  t he  
1.2949 n e c e s s a r y  s t o i c h i o m e t r y  exis ts .  A t  t he  sur face ,  h o w -  
1.2397 
1.2027 ever ,  t he  ex i s t ence  of t he  ZnO v a p o r  w i l l  s u p p l y  the  
1.1911 n e c e s s a r y  ZnO to f o r m  t h e  spinel .  Thus  a t h in  sp ine l  
1.1478 l a y e r  is p r o d u c e d  c o m p a r a t i v e l y  r a p i d l y  on the  su r -  
1.1182 face,  s ince  t he  acces s ib i l i t y  and  the  r e a c t i v i t y  of the  

ZnO in the  v a p o r  is m u c h  g r e a t e r  t h a n  t h a t  of the  
ZnO in t he  pe l l e t  i n t e r io r ,  w h e r e  s o l i d - s t a t e  d i f fus ion 
m u s t  occur  to  s u p p l y  the  ZnO n e c e s s a r y  for  the  
sp ine l  reac t ion .  A n y  t h i c k e n i n g  of t h e  s u r f a c e  sp ine l  
l aye r ,  once i t  is c o m p l e t e l y  a d h e r e n t  a n d  cont inuous ,  
can  on ly  occur  b y  s o l i d - s t a t e  diffusion.  Th is  is a v e r y  
s low process  in c o m p a r i s o n  to the  i n i t i a l  sp ine l  f o r -  
ma t ion .  

S e v e r a l  d i f fe ren t  e x p e r i m e n t s  w e r e  p e r f o r m e d  to 
c o r r o b o r a t e  t h e  a b o v e  reason ing .  A p e l l e t  of 7ZnO-  
NbeO~ was  s u s p e n d e d  in a t h e r m o b a l a n c e  a t  1400~ 
in m o v i n g  a i r  (1200-1400 c c / m i n ) .  The  t e m p e r a t u r e  
w a s  s l o w l y  i n c r e a s e d  to  2200~ a n d  t h e  w e i g h t  loss 
m e a s u r e d  con t inuous ly .  The  r a t e  of w e i g h t  loss a t  
1400~ is m u c h  g r e a t e r  t h a n  the  loss r a t e  a t  2200~ 
w h e n  the  p e l l e t  is s i n t e r ing  r a p i d l y .  The  r a t e  r e -  
m a i n s  r e l a t i v e l y  c o n s t a n t  as t he  p e l l e t  is he ld  at  
2200~ To show f u r t h e r  t h a t  the  ro le  of ZnO was  
connec t ed  to s i n t e r i ng  cons ide ra t i ons  and  concomi -  
t an t  b lock ing  of i n t e r c o n n e c t e d  pores ,  a p e l l e t  of t h e  
s ame  compos i t i on  was  s i n t e r e d  i n i t i a l l y  at  2200~ 
p r i o r  to b e i n g  p l a c e d  in  t he  t h e r m o b a l a n c e  a n d  s u b -  
j e c t ed  to the  s a m e  cond i t ions  as t he  p r e v i o u s  pe l l e t .  
I ts  i n i t i a l  w e i g h t  losses w e r e  m u c h  less,  as can  be  
seen  in  Fig.  3. I t  can  be  no t i ced  t ha t  t he  w e i g h t  loss  

4.9566 3 111 
3.0354 9 220 
2.5902 100 311 
2.4793 6 222 
2.1454 89 400 
1.9705 2 331 
1.9395 1 420 
1.7533 6 422 
1.6537 86 511-333 
1.5181 26 440 
1.4515 5 531 
1.4312 1 600-442 
1.3582 12 620 
1.3101 6 533 
1.2949 18 622 
1.2387 2 444 
1.2031 4 711-551 
1.1824 1 640 
1.1480 2 642 
1.1188 21 731-553 

Cubic (spinel)  s t ruc ture  A o = 8 . 5 8 9  

The  c o m p o u n d  ZnO-Nb20~  was  i n d e x e d  as t e t r a -  
g o n a l  in  s t ruc tu re .  A l t h o u g h  G o l d s c h m i d t  (3)  has  
iden t i f i ed  a ZnO.  Nb20~ c o m p o u n d  as a n iob i te ,  t h e  
d i f f rac t ion  r e su l t s  (d  spac ings )  f o u n d  in th is  s t u d y  
fit a t e t r a g o n a l  l a t t i c e  m o r e  a c c u r a t e l y  t h a n  t h a t  of a 
c lass ica l  n iob i t e  such  as FeO.Nb20~.  G o l d s c h m i d t ' s  
m e t h o d  of syn thes i za t ion ,  n a m e l y ,  a rc  me l t ings ,  is 
conduc ive  to a g r e a t e r  d e g r e e  of r e a c t i v i t y  a n d  hence  
a m o r e  c o m p l e t e  r e a c t i o n  t h a n  could  be  p r o d u c e d  
us ing  the  s o l i d - s t a t e  r e a c t i o n  m e t h o d  d e s c r i b e d  in  
th i s  s tudy .  T h e  c o m p o u n d  3ZnO.  Nb20~ was  also i n -  
d e x e d  as  t e t r a g o n a l  for  m u c h  of t he  same  r easons  
d e s c r i b e d  above .  

A l t h o u g h  some sp ine l  is f o u n d  a t  i so l a t ed  loca -  
t ions  in t he  i n n e r  p o r t i o n s  of r e a c t e d  7ZnO-Nb20~ 
pe l le t s ,  c o m p l e t e  r e a c t i o n  t a k e s  p l ace  on ly  at  t he  
sur face .  The  s i t ua t i on  is i l l u s t r a t e d  in  Fig.  2. The  
su r face  l a y e r  ( r eac t i on  zone)  of c o m p l e t e  sp ine l  can  
be  seen  u n d e r  t h e  mic roscope  a n d  w a s  a p p r o x i -  
m a t e l y  2 mi l s  t h i c k  for  pe l l e t s  h e a t e d  s l o w l y  to 
2200~ and  h e l d  for  2 h r  a t  t e m p e r a t u r e .  H o ld ing  
pe l l e t s  a t  2200~ for  t i m e s  up  to 100 h r  d id  no t  i n -  
c rease  t he  t h i cknes s  of th is  l a y e r  a p p r e c i a b l y .  As  a 
r e su l t  no pe l l e t s  cou ld  be  r e a c t e d  to c o m p l e t e  spinel .  
Pe l l e t s  of 7ZnO-Nb20~ r e a c t e d  in  v a c u u m  in q u a r t z  

I~l ~ X X X X 

X X X X x 

X X X X. X x x -J 
X X (~) X J 

~ ' / / / / / / / ,  

Fig. 2. Illustration of the reactions in 7ZnO-Cb205 pellet. 1, 
Spinel shell, completely reacted in ZnTCb2012; 2, this zone has 
been depleted in ZnO by gaseous diffusion through interconnected 
pore passages prior to densification by sintering. As a result, only 
small clusters of spinel are found at areas where the necessary 
stoichiometry exists; the remaining oxides are ZnO and ZnzCb~O8. 
x, Cluster of spinel, ZnTCb~O~. Arrows denote directionality of de- 
creasing ZnO concentration. 
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Fig. 3. Weight loss curves for ZnO-Cb205 reacted in flowing air 
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ra te ,  a f t e r  t he  2200~ t e m p e r a t u r e  is r eached ,  is 
c o m p a r a t i v e l y  t h e  s ame  for  b o t h  pe l le t s .  Th is  e x -  
p e r i m e n t  also i n d i c a t e d  the  neces s i t y  of a ZnO v a p o r  
s u p p l y  to ach ieve  sp ine l  l a y e r  fo rma t ion .  I n  bo th  
cases, no sp ine l  l a y e r  w a s  fo rmed ,  s ince  t he  m o v i n g  
a i r  e n v i r o n m e n t  c o n s t a n t l y  r e m o v e d  the  v a p o r  a w a y  
f r o m  t h e  pe l le t .  As  s t a t ed  p r e v i o u s l y ,  b y  r e a c t i n g  
pe l l e t s  of t h e  s ame  compos i t i on  u n d e r  s im i l a r  t e m -  
p e r a t u r e - t i m e  cond i t ions  in  a b o x  f u r n a c e  in a s t i l l  
a i r  e n v i r o n m e n t  a sp ine l  l a y e r  is p roduced .  

W h e n  8ZnO-Nb205 pe l l e t s  a r e  r e a c t e d  in  t he  box  
f u r n a c e  in  t he  d e s i g n a t e d  m a n n e r  a sp ine l  l a y e r  is 
p r o d u c e d ;  h o w e v e r ,  a g r e a t e r  a m o u n t  of sp ine l  is 
f o u n d  t h r o u g h o u t  t he  8ZnO-Nb205 p e l l e t  t h a n  in a 
7ZnO-Nb205 pe l le t .  S i m i l a r  r e su l t s  w e r e  f o u n d  w h e n  
a 7ZnO-Nb205 p e l l e t  and  a ZnO p e l l e t  w e r e  p l a c e d  in 
an  e v a c u a t e d  q u a r t z  t u b e  a t  5 x 10 -5 m m  Hg. S p i n e l  
f o r m e d  b e c a u s e  t h e  ZnO pe l l e t  p r o v i d e d  the  n e c e s -  
s a r y  ZnO to m a i n t a i n  t h e  e q u i l i b r i u m  p a r t i a l  p r e s -  
sures  at  t he  r e a c t i o n  t e m p e r a t u r e  a n d  to r e a c t  w i t h  
the  m i x e d  ox ide  pe l l e t ,  so t h a t  t he  s t o i c h i o m e t r y  of 
t he  7ZnO-Nb205 p e l l e t  w a s  no t  dep l e t ed .  In  con t ra s t ,  
w h e n  on ly  a 7ZnO-Nb205 pe l l e t  was  r e a c t e d  in an  
e v a c u a t e d  capsu le  u n d e r  s im i l a r  cond i t ions  the  h igh  
loss of ZnO f r o m  t h e  p e l l e t  p r e v e n t e d  a n y  a p p r e -  
c i ab le  a m o u n t  of sp ine l  f r om fo rming .  

A d d i t i o n a l  e x p e r i m e n t s  w e r e  m a d e  to i n v e s t i g a t e  
the  effect of ZnO v a p o r  on the  g r o w t h  of the  sp ine l  
l aye r .  A ser ies  of 7ZnO-Nb205 p lus  ZnO pe l l e t s  w e r e  
r e a c t e d  in  e v a c u a t e d  qua r t z  capsu les  for  va r i ous  
l eng th s  of t ime  at  2200~ 

Resu l t s  w e r e  o b s c u r e d  b y  the  f o r m a t i o n  of zinc 
s i l i ca te  f r o m  the  r e a c t i o n  b e t w e e n  ZnO v a p o r  a n d  
SiO2 ( q u a r t z ) .  This  r e a c t i o n  on ly  b e c a m e  a p r o b l e m  
w h e n  r e a c t i o n  t imes  at  2200~ e x c e e d e d  10 hr.  This  
e x p e r i m e n t  w a s  r e p e a t e d  in  an  Incone l  t u b e  fu rnace .  
A f t e r  18 h r  of h e a t i n g  a l l  the  ZnO i n i t i a l l y  p r e s e n t  
in  the  ho t  zone of the  f u r n a c e  t u b e  ( i n c l u d i n g  t h a t  
c o n t a i n e d  in  t he  m i x e d  ox ide  p e l l e t )  was  d e p l e t e d  
b y  a gaseous  mass  t r a n s f e r  and  condensed  at  the  
w a t e r  cooled  O - r i n g  f lange on the  end  of t he  f u r n a c e  
tube .  Thus  a l l  f u t u r e  e x p e r i m e n t s  of th is  t y p e  in I n -  
conel  t u b e s  w e r e  p e r f o r m e d  u n d e r  i s o t h e r m a l  con-  
d i t ions .  

Dif]usion Couples 

A s t u d y  of ZnO-Nb205  di f fus ion couples  was  f r u i t -  
fu l  as i t  s h o w e d  t h e  sp ine l  f o r m e d  b y  t h e  r e a c t i o n  of 
Nb205 and  ZnO vapor .  Pe l l e t s  of ZnO and  Nb20~, in 
cons t an t  i n t i m a t e  contact ,  w e r e  sea led  in an  e v a c u -  
a t e d  (5 x 10 -5 m m  Hg)  Incone l  t u b e  a b o u t  4 in. in 
length .  These  t ubes  cou ld  be  h e a t e d  i s o t h e r m a l l y  at  
2200~ for  long pe r i ods  of t ime .  The  first  d i f fus ion 
couple ,  h e a t e d  40 hr ,  was  e x a m i n e d  b y  m e t a l l o -  
g r a p h i c  and  x - r a y  d i f f rac t ion  t echn iques ;  t h r e e  
zones cou ld  be  d i s t i n g u i s h e d  in  t h e  Nb205 pe l le t .  
S t a r t i n g  a t  t h e  i n t e r f a c e  b e t w e e n  th is  pe l l e t  and  the  
ZnO p e l l e t  t he  zones in  the  Nb205 w e r e  a n a l y z e d  to 
be :  Zn~Nb2Os -P ZnNb20~, ZnNb~O6, a n d  Nb20~ p lus  
t r a c e  a m o u n t s  of ZnNbeO6. A sp ine l  l a y e r  was  p r o -  
d u c e d  on t h e  top  and  s ides  of t h e  Nb205 pe l le t .  A 
second  d i f fus ion  couple ,  h e a t e d  for  60 h r  a t  2200~ 
showed  s o m e w h a t  d i f fe ren t  resu l t s .  This  t i m e  on ly  
two  zones w e r e  de t ec t ed :  ZnNb206, and  NbO2 p lus  
t r a c e  a m o u n t s  of ZnNb206. No sp ine l  l a y e r  w a s  p r o -  

duced,  a n d  the  Nb205 was  r e d u c e d  to NbO2. A n  e x -  
a m i n a t i o n  of t he  ins ide  of t h e  Inc one l  t u b e  showed  
o x i d a t i o n  of t he  m e t a l  su r f a c e  h a d  occur red .  I t  is b e -  
l i e v e d  t h a t  t h e  o x y g e n  p r o d u c e d  f r o m  the  d i s soc ia -  
t ion  of ZnO v a p o r  r eac t s  w i t h  t h e  Incone l ,  u p s e t t i n g  
t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  of gaseous  v a p o r s  
a n d  r e s u l t i n g  in  an  excess  p a r t i a l  p r e s s u r e  of zinc 
which ,  in  tu rn ,  r e duc e s  t h e  Nb205 and  p o s s i b l y  a n y  
p r e v i o u s l y  f o r m e d  spinel .  The  v o l a t i l i z a t i o n  and  d i s -  
soc ia t ion  of  ZnO a t  h igh  t e m p e r a t u r e  has  been  
s h o w n  to be  e x t e n s i v e  b y  such  i n v e s t i g a t o r s  as S tah l ,  
K o w a l k e ,  Doel tz ,  and  G r a u m a n n  (4) .  A l t h o u g h  
s ide  r eac t ions  w e r e  a p r o b l e m  in these  d i f fus ion e x -  
p e r i m e n t s ,  t h e  e x p e r i m e n t s  showed  t h a t  t h e  r e a c -  
t ion  of ZnO v a p o r  w i t h  Nb205 is r e s p o n s i b l e  for  t he  
f o r m a t i o n  of t he  sp ine l  l a y e r  on m i x e d  ox ide  pe l l e t s  
as p r e v i o u s l y  pos tu l a t ed .  

T h e  v o l a t i l i t y  of ZnO m a y  c o n t r i b u t e  to t he  s e l f -  
h e a l i n g  p r o p e r t i e s  of t he  Zn~coa ted  c o l u m b i u m  
spec imens  w h e n  e x p o s e d  to ox id iz ing  a t m o s p h e r e  as 
d e s c r i b e d  b y  Sandoz  (5 ) .  

Conclusions 
Two m a j o r  f ac to r s  a r e  i n v o l v e d  in  t he  f o r m a t i o n  

of the  sp ine l  Zn~Nb2012: ( i )  t he  f o r m a t i o n  of the  i n -  
t e r m e d i a t e  c o m p o u n d s  p r i o r  to t h e  sp ine l  r e a c t i o n  
i n d u c e d  b y  s low h e a t i n g  7ZnO-Nb205 pe l le t s ,  a n d  
( i i )  t he  v o l a t i l i z a t i o n  of ZnO and  i ts  in f luence  on the  
sp ine l  r eac t ion .  G o l d s c h m i d t  (3)  has  s h o w n  in t he  
NiO-Nb205  a n d  MgO-Nb205  t y p e  of sy s t e ms  t h a t  
t he  o v e r - a l l  s equence  in t e r m s  of s t r u c t u r e s :  

R u t i l e  R o c k s a l t  
Nb205 ~ ~ H e m a t i t e  -~ 

N iob i t e  S p i n e l  
1 2 3 4 

ex is t s  w i th  t he  p rov i so  t h a t  t h e  a l l o t r o p y  m a y  or  m a y  
no t  exis t ,  and  t h e  ser ies  m a y  t e r m i n a t e  at  s t age  3. As  
f o u n d  in th is  i nves t i ga t i on ,  the  a b o v e  s e q u e n c e  d e -  
sc r ibes  in  g e n e r a l  t e r m s  the  c o m p o u n d  f o r m a t i o n  in 
the  ZnO-Nb205  s y s t e m  t e r m i n a t i n g  in  t he  sp ine l  
s t r uc tu r e .  The  s low h e a t i n g  a n d  ZnO v o l a t i l i z a t i o n  
f ac to r s  a r e  i n t e r r e l a t e d  in  t h a t  b y  s low r e a c t i o n  a 
c o n s i d e r a b l e  a m o u n t  of f r ee  ZnO is a b s o r b e d  in  com-  
p o u n d  f o r m a t i o n  a t  l o w e r  t e m p e r a t u r e s ,  be fo re  a 
h igh  v o l a t i l i z a t i o n  r a t e  is a t t a i n e d  and,  t he re fo re ,  
does not  c o n t r i b u t e  to t h e  ZnO p a r t i a l  p r e s s u r e  w h e n  
h i g h e r  t e m p e r a t u r e s  a r e  r eached .  I t  can  be  conc luded  
t h a t  t he  f o r m a t i o n  of a sp ine l  l a y e r  occurs  b y  the  r e -  
ac t ion  of Nb205 and  ZnO, t he  m a j o r i t y  of w h i c h  is 
s u p p l i e d  at  t h e  m i x e d  o x i d e  p e l l e t  su r f a c e  b y  ZnO 
vapor .  S u b s e q u e n t  g r o w t h  of th is  l a y e r  can  on ly  
occur  b y  s o l i d - s t a t e  d i f fus ion  of the  ZnO b e i n g  s u p -  
p l i ed  at  t he  su r f ace  of t h e  pe l le t .  
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Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL.  
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APPENDIX 
Section 1.--A recent  paper by Bayer (2) described 

the formation of double oxides of the I I /V type having 
a spinel structure.  One of the spinel oxides reported 
was ZnTSb2012(Zn2.33Sb0.6704), formed by react ing 7 
moles of ZnO and 1 mole of 8b205 at high temperatures.  
This work was reproduced prior to this study by re-  
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acting a mixed oxide pellet of 7ZnO-Sb205 at 2200~ 
for 2 hr in air. X - r a y  diffraction analysis showed the 
spinel s t ructure had formed with an Ao = 8.603. An 
oxide pellet composed of ZnO, Sb205, and Nb205 in a 
7:0.5:0.5 mole ratio was reacted under  similar condi- 
tions to a spinel s t ructure ZnT(Sb,Nb)2012. From this 
p re l iminary  invest igat ion it was believed that  a spinel 
oxide could be produced between ZnO and Nb205 with-  
out the 8b205 addition. 

The react ivi ty of the ZnO-Sb20~ mixed oxide pellets 
is much greater than that of ZnO-Nb205 pellets due to 
the instabil i ty of Sb205 at the tempera ture  of reaction. 
As a result, a complete reaction to spinel could be pro- 
duced in  a mixed oxide pellet using 8b205 whereas 
incomplete reactions were found with Nb205 in this 
work. 

Section 2.--The following is a list of the major  im-  
purit ies in the raw materials  used in this investigation: 

NbfOs-Ta, 0.08% (by weight) ;  Si, 0.053%; Ti, 
0.0008%; Fe, 0.004%. 

ZnO-chloride (C1), 0.0008%; sulfur  (SO4), 0.003%; 
Pb, 0.002%; Mn, 0.0000%; substances not pptd by am- 
monium sulfate, 0.04%. 

Electrolytes for Low-Temperature Fuel Cells 
K. R. Williams and D. P. Gregory 1 
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ABSTRACT 

It is suggested that  because of concentrat ion polarization only strong acids 
or strong bases are suitable as electrolytes for commercial ly acceptable low- 
tempera ture  fuel cells. If carbonaceous fuels are employed, acid electrolytes 
must  be used, since alkaline electrolytes would react with the carbon dioxide 
produced. Exper imenta l  results are quoted to show that  high performance 
oxygen and hydrogen electrodes can be made which operate satisfactorily in 
acid electrolytes. 

The gene ra l  p r o b l e m  of concen t r a t i on  po la r iza t ion  
in  e lec t rolyt ic  cells has been  discussed by  Aga r  and  
Bowden  (1) ,  and  the  pa r t i cu l a r  case of the  oxygen  
e lect rode in  a lka l ine  e lect rolytes  cons idered  by  
Wi the r spoon  et al. (2) .  The  p rob l em is also brief ly 
m e n t i o n e d  by  A u s t i n  (3) .  However ,  to the  best  of 
the au tho r s '  knowledge ,  the  impl ica t ions  of concen-  
t r a t i on  po la r i za t ion  in  fuel  cells have  not  been  dis-  
cussed in  the  l i t e ra ture .  As this  effect can severe ly  
l imi t  the  pe r fo rmance  of electrodes,  it  is i m p o r t a n t  
tha t  it should  be cons idered  in  the  design of p rac t ica l  
fuel  cells. 

A l though  the  a r g u m e n t s  which  we shall  give are 
to some ex ten t  appl icab le  to h i g h - t e m p e r a t u r e  as 
wel l  as l o w - t e m p e r a t u r e  cells, i t  is the l o w - t e m -  
p e r a t u r e  cells which  we shal l  consider  in  detail .  We 
bel ieve  tha t  it is on ly  the  l o w - t e m p e r a t u r e  cell tha t  
can compete  economica l ly  wi th  exis t ing  mobi le  
power  uni ts .  This  is because  easy s ta r t ing  is a f ea tu re  
of ex is t ing  mobi le  power  un i t s  and,  hence,  mus t  be a 
charac ter i s t ic  of any  compet i t ive  un i t .  

Theoretical Considerations 
In  the first ins tance ,  it  is usefu l  to consider  the 

h y d r o g e n - o x y g e n  cell. The  p r i m a r y  sources of con-  
cen t r a t i on  pola r iza t ion  are the  supp ly  of gas to the  
electrode and  the  r emova l  of ions f rom the  electrode.  
Because of the h igh mob i l i t y  of gases, it should  be 
possible to supp ly  gas as fast  as it  is consumed  by  the  

' P resen t  address :  P r a t t  and Whi tney  Airc ra f t ,  East Har t ford ,  
Connecticut.  

electrode at prac t ica l  power  densi t ies .  On the  o ther  
hand,  ions in  solut ions  a re  ve ry  m u c h  less mobi le  
t h a n  the  molecules  of a gas and  wou ld  be expected to 
be more  l iab le  t h a n  gases to cause concen t r a t i on  
polar izat ion.  In  prac t ica l  e lectrodes l imi t a t i on  f rom 
gas supp ly  m a y  wel l  occur however .  The  a r g u m e n t  
is m u c h  simplif ied if we assume an  ideal  gas supply,  
perfect  catalysis ,  and  p l a ne  electrodes.  In  this  way  
the  resul t s  ob ta ined  wi l l  be r ep re sen t a t i ve  of the  
best  pe r f o r ma nc e  tha t  could be expected.  Prac t ica l  
e lectrodes  wi l l  a lways  fall  shor t  of the  theore t i ca l ly  
possible. 

Consider  first the  a lka l ine  e lec t ro ly te  system. 
C onc e n t r a t i on  po la r iza t ion  resul t s  f rom the  changes  
in  O H -  concen t r a t i on  which  occur in  the  v i c in i ty  of 
the electrodes.  The  O H -  concen t r a t i on  is increased  
n e a r  the  oxygen  electrode a nd  decreased n e a r  the 
h y d r o g e n  electrode.  S ince  the concen t r a t i on  canno t  
fa l l  be low zero at the  hyd rogen  electrode,  a l imi t ing  
c u r r e n t  wi l l  be  reached.  

If it  is a s sumed  tha t  a l i nea r  concen t r a t i on  g rad i -  
en t  exists  over  a b o u n d a r y  l ayer  of th ickness  $ cm, 
app l ica t ion  of F ick ' s  l aw makes  it possible  to ca lcu-  
la te  the  concen t r a t i on  at the  electrode and  hence  the  
concen t r a t i on  po la r i za t ion  ~?c. The express ions  ob-  
t a ined  are  of the  fo rm 

oxygen  electrode:  

2.303RT [ ( i  - -  tOH_)I~ ] 
~ c -  F log,0 1 + (C~oR--_~(F--F-~KOH) [1] 
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h y d r o g e n  e lec t rode :  ~ ~ 

2.303RT [ (i  -- toH_)l~ 1 
~c F log,0 L 1 -- (C~ - )  (17DKoH) j [2] ~ ~ 

o 1 ~ o3 

W h e r e  toH_ , C~ are  the  t r a n s p o r t  n u m b e r  and ~ ~ 
bu lk  concen t r a t i on  of the  h y d r o x y l  ion, I is the  cu r -  .~ ~ 

densi ty ,  DKOH is the  diffusion coefficient  of KOH,  r en t  0 6  

and R, T and F h a v e  the i r  u sua l  s ignificance.  ~o~ 

S imi l a r  express ions  m a y  be  d e r i v e d  for  the  acid 
e l e c t r o l y t e  sys tem,  in  w h i c h  case i t  is the  o x y g e n  ~ 
e lec t rode  wh ich  exh ib i t s  the  l im i t i ng  cur ren t .  ~.~r ~ 

We m a y  now cons ider  the  effect  of the  choice  of oj~o 0, 

e l ec t ro ly t e  on the  concen t r a t i on  polar iza t ion .  S o m e  
a d v a n t a g e  m a y  be  ga ined  f r o m  the  choice  of e l ec t ro -  
ly te  w i t h  a l a rge  t r a n s p o r t  n u m b e r  (such as an ion 
e x c h a n g e  r e s in ) ,  bu t  in an aqueous  e l ec t ro ly t e  the  
d o m i n a n t  inf luence  is t ha t  of the  concen t r a t i on  of  ~, ~ 

~~ 1 ~ 

the  ac t ive  ion. Not  on ly  m u s t  its in i t i a l  concen t r a t i on  ~ 
be  high,  bu t  the  e l e c t r o l y t e  m u s t  be  able  to m a i n t a i n  ~ 0~ 
this c o n c e n t r a t i o n  a t  a s t eady  v a l u e  w h e n  a c u r r e n t  ~.~ 0, 
is f lowing. A t  h igh  c u r r e n t  dens i t ies  ions are  p r o -  ~ ~o~, 
duced  by  one e lec t rode  and  r e m o v e d  by  the  o the r  at  
a h igh  rate .  This  impl i e s  a l a rge  c o n c e n t r a t i o n  d i f fe r -  
ence  across the  cell, bu t  i t  m u s t  not  be a l l owed  to 
cause  an app rec i ab l e  change  in pH, wh ich  wou ld  
resu l t  in concen t r a t i on  polar iza t ion .  This  is ana lo -  
gous to the  p r o b l e m  of m a k i n g  solut ions  w h i c h  
m a i n t a i n  t he i r  pH w h e n  subs tan t i a l  add i t ions  of acid 
or a lka l i  a re  made.  E lec t ro ly t e s  w h i c h  are  su i t ab le  
in this  r e spec t  i nc lude  s t rong  bases, s t rong  acids, and  
ce r ta in  buffer  solutions.  C o n v e n t i o n a l  n e u t r a l  buffer  
solut ions a re  unsu i t ab l e  because  t h e y  h a v e  a v e r y  
low ionic conduc t iv i ty .  

T a k i n g ,  as examples ,  KOH,  H:SO4, and K2COs, we  
m a y  inser t  n u m e r i c a l  va lues  in to  Eq. [1] and [2].  
The  fo l lowing  va lues  h a v e  been  assumed:  8 = 0.03 
cm (4) .  This  is the  lowes t  v a l u e  fo r  b o u n d a r y  l a y e r  
th ickness  tha t  can be a s sumed  for  an u n s t i r r e d  sys-  
t em;  t e m p e r a t u r e  25~ 

I •  I•  2 I~10 3 
CURRENT DEN$fTY, mA/ tq .  r  

Fig. 1. Theoretical concentration polarization curves in H2S04 
electrolyte (assuming 8 ~ 0.03 cm). 
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Fig. 2. TheOretical concentration polarization curves in KOH 
electrolyte (assuming g = 0.03 cm). 

Inse r t ing  these  va lues  in Eq. [1] and [2] w e  ob-  
t a in  t heo re t i c a l  cu rves  for  po la r i za t ion  vs. c u r r e n t  
dens i ty  (Fig.  1 and 2).  I t  should  aga in  be  s t ressed  at 
th is  s tage tha t  a l l  the  a s sumpt ions  we  h a v e  m a d e  
t end  to g ive  a low va lue  of vc, so tha t  in an ac tua l  
e l ec t rode  g r e a t e r  po la r i za t ion  is to be  expec ted .  Fo r  

H2SOr 

M o l a r i t y  0.05 0.5 2.5 5.0 l~ef. 

D(cm2/sec)  * 1.6 X 10 -5 1.6 X 10 -5 2.2 X 10 -5 2.7 X 10 -5 (7) 
tH+ 0.82 0.81 0.80 0.80 (6) 
C~ g ions/cc 0.1 X 10 - s  1.0 X 10 - s  5.0 X 10 - s  10.0 X 10 - s  

K O H  

M o l a r i t y  0.1 1.0 5.0 10.0 R e L  

D (cm2/sec)* 2.2 X 10 -5 2.2 X 10 -5 2.7 X 10 -5 3.0 X 10 -5 (7) 
tOH- 0.737 0.737 0.737 0.737 (5) 
C~ - g ions/cc 0.1 X 10 - s  1.0 X 10 - s  5.0 X 10 -8 10.0 X 10 - s  

K2COa 

M o l a r i t y  

DK2CO3 
tOH- -  
C o O H  -- 

Cocos- _ 

2.5 

0.8 X 10 -5 cm~/sec 
0 (assume current  carr ied ent i re ly  by K + and C 0 3 - - )  
10-5 g ions/cc (since pH = 12) 
2.5 X 10 - s  g ions/cc 

* S o m e  o f  t h e s e  d i f f u s i o n  coef f ic ien ts  m a y  no t  be  e n t i r e l y  a c c u r a t e ,  b u t  a r e  t h e  o n l y  v a l u e s  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  
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e x a m p l e ,  we  h a v e  a s s u m e d  t h a t  d i s soc ia t ion  is com-  
p le te ,  w h e r e a s  i t  is u n d o u b t e d l y  not.  W e  m u s t  also 
cons ide r  t he  effect in  p r a c t i c e  of c o n c e n t r a t i o n  
p o l a r i z a t i o n  due  to t he  gas  supp ly ,  t h e  r e m o v a l  and  
s u p p l y  of w a t e r  to t he  e lec t rodes ,  a c t i va t i on  p o l a r i -  
za t ion,  a n d  r e s i s t i v e  po la r i za t ion .  

I t  w i l l  be  seen  t h a t  the  p o l a r i z a t i o n  v a l u e  is m a r k -  
e d l y  d e p e n d e n t  on t h e  c o n c e n t r a t i o n  of t h e  ac t ive  
ion  in t h e  e l ec t ro ly t e .  In  b o t h  a l k a l i n e  and  ac id  cel ls  
one e l e c t r o d e  e x h i b i t s  a l i m i t i n g  c u r r e n t  dens i ty ,  
w h i c h  s e v e r e l y  r e s t r i c t s  t h e  use fu lnes s  of t h e  cel l  as 
a u se fu l  p o w e r  source.  The  p a r a m e t e r s  def in ing  th is  
l i m i t i n g  c u r r e n t  canno t  be  changed  b y  m e c h a n i c a l  
des ign  of t h e  cel l  or  b y  d e v e l o p m e n t  of  e l e c t r o d e  
s t r u c t u r e  or  ca ta lys t s .  W e  h a v e  no t  b e e n  ab le  to p r e -  
d ic t  the  p e r f o r m a n c e  of e l ec t rodes  w h e n  t h e  e l e c t r o -  
l y t e  is a c a r b o n a t e ,  b u t  th i s  spec ia l  case  wi l l  be  d e a l t  
w i t h  in d e t a i l  l a t e r  on. 

Practical requirements.--We shou ld  cons ide r  h e r e  
t he  m i n i m u m  c u r r e n t  d e n s i t y  w h i c h  is r e q u i r e d  
be fo re  a fue l  cel l  becomes  of p r a c t i c a l  in te res t .  In  
o r d e r  to c o m p e t e  w i t h  ex i s t i ng  m o b i l e  p o w e r  uni t s ,  
a p o w e r / v o l u m e  r a t i o  of 5 k w / f t  8 is r e q u i r e d  (0.2 
w / c c . ) .  T h e  p o w e r / v o l u m e  ra t io ,  p/v,  of a f u e l - c e l l  
is g iven  b y  t h e  e x p r e s s i o n :  

IeS 
p/v - - -  

d 

w h e r e  I is t he  c u r r e n t  d e n s i t y  o b t a i n e d  at  a cel l  p o -  
t en t ia l ,  e, d is t he  t h i c k n e s s  of each  ceil ,  and  S is a 
space  f ac to r  ( the  r a t i o  of t he  w o r k i n g  su r f ace  of the  
e l ec t rode  to t he  o v e r - a l l  cross  sec t ion  of the  w h o l e  
cel l  a s s e m b l y ) .  W e  h a v e  found  e x p e r i m e n t a l l y  t ha t  
t he  f o l l o w i n g  v a l u e s  can  be  r e a l i z e d  S -~ 0.8, d ~ 0.4 
cm. M a x i m u m  p o w e r  is o b t a i n e d  w h e n  e = 0.5v. The  
r e q u i r e d  c u r r e n t  d e n s i t y  is t h e r e f o r e  200 m a / c m  e a t  
n o r m a l  o p e r a t i n g  t e m p e r a t u r e s .  A t  25~ the re fo re ,  
a f igure  of a t  l eas t  100 m a / c m  ~ is l i k e l y  to be  neces -  
sary .  Our  p r e d i c t e d  p o l a r i z a t i o n  cu rves  show t h a t  
c u r r e n t  dens i t i e s  of th is  o r d e r  a r e  a c h i e v e d  on ly  in 
ac id  or  a l k a l i  s t r o n g e r  t h a n  abou t  0.7N. F o r  economic  
reasons ,  the  mos t  p r o m i s i n g  fue ls  for  a c o m p e t i t i v e  
fue l  cel l  a r e  t he  l i qu id  fue l s  con t a in ing  carbon .  I t  is 
w e l l  k n o w n  t h a t  s t r o n g l y  a l k a l i n e  e l e c t r o l y t e s  c a n -  
not  be  used  w i t h  such  fue l s  owing  to t he  f o r m a t i o n  
of c a r b o n a t e  and  b i c a r b o n a t e .  The  ev idence  so fa r  
sugges t s  t h e  use  of c o n c e n t r a t e d  ac idic  e l e c t r o l y t e  or  
a c a r b o n a t e  solu t ion .  ( A l t h o u g h  in p r i n c i p l e  a r e d o x  
s y s t e m  is also poss ib le ,  t he  a u t h o r s  k n o w  of no r e d o x  
couple  w h i c h  could  sa t i s fy  the  r e q u i r e m e n t s  of a 
h igh  p o w e r  d e n s i t y  fue l  cel l . )  

Performance of Pract ical  Electrodes 

W e  sha l l  now c o m p a r e  these  t h e o r e t i c a l  p r e d i c -  
t ions  w i t h  some e x p e r i m e n t a l l y  d e t e r m i n e d  figures.  
E l ec t rodes  w e r e  e x a m i n e d  in a h a l f - c e l l  a r r a n g e -  
m e n t  in w h i c h  t h e  e x p e r i m e n t a l  e l ec t rode  and  i ts  
gas  s u p p l y  w e r e  m o u n t e d  at  one  end  of t he  e l e c t r o -  
l y t e  b a t h  and  a p l a t i n u m  e l ec t rode  a t  t he  o the r  end .  
This  cel l  w a s  so a r r a n g e d  t h a t  a r e f e r e n c e  e l e c t r o d e  
could  be  p l a c e d  at  the  s ame  p o i n t  in  t he  e l e c t r o l y t e  
in each  e x p e r i m e n t .  A n  " i n t e r r u p t i o n "  t echn ique ,  
e m p l o y i n g  a h i g h - s p e e d  r e l a y  and  a c a t h o d e - r a y  
osc i l lograph ,  was  used  to d e t e r m i n e  the  ohmic  p o -  

l a r i z a t i o n  due  to t he  e l ec t ro ly t e .  Th is  was  s u b t r a c t e d  
f r o m  t h e  resu l t s .  

The  e l ec t rodes  w h i c h  w e  h a v e  used  a r e  no t  s imp le  
p l a n e  sur faces ,  a n d  t h e y  differ  f r o m  the  i dea l  m o d e l  
w e  h a v e  been  cons ide r ing .  The  p r i n c i p a l  d i f fe rence  
is t h a t  t h e y  a r e  po rous  and  t r a p  a s t a g n a n t  l a y e r  of 
e l e c t r o l y t e  w h i c h  inc reases  t h e  b o u n d a r y  l a y e r  
th ickness .  

W e  k n o w  t h a t  in  these  e l ec t rodes  t he  ef fec t ive  
r e a c t i o n  zone is a b o u t  0.07 cm f r o m  the  i n t e r f a c e  b e -  
t w e e n  the  f r ee  e l e c t r o l y t e  and  the  p o r e - s t r u c t u r e ,  
and  a d d i n g  th i s  d i m e n s i o n  to t h e  b o u n d a r y  l a y e r  in 
t he  f r ee  e l e c t r o l y t e  w e  o b t a i n  an  ef fec t ive  d i f fus ion  
g r a d i e n t  e x t e n d i n g  ove r  some 0.10 cm. The  v a l u e  
of ~ = 0.10 cm has  t h e r e f o r e  been  used  to r e c a l c u l a t e  
~heore t ica l  c o n c e n t r a t i o n  p o l a r i z a t i o n  cu rves  for  our  
e l ec t rodes  in  o r d e r  to c o m p a r e  t h e i r  p e r f o r m a n c e  
w i t h  t he  t he o ry .  T h e  p r e d i c t e d  cu rves  ( so l id  l i nes )  
and  the  e x p e r i m e n t a l  cu rves  ( b r o k e n  l ines )  a r e  
s h o w n  in Fig .  3 and  4. 

In  t he  case  of N/IO a n d  N so lu t ions  of p o t a s s i u m  
h y d r o x i d e ,  t h e  ca l cu la t ions  of l i m i t i n g  c u r r e n t  on 
the  h y d r o g e n  e l e c t r o d e  a r e  m o d e r a t e l y  w e l l  con-  
f i rmed.  H o w e v e r ,  t h e  l i m i t i n g  c u r r e n t  r e a c h e d  w i t h  
t h e  5N e l e c t r o l y t e  was  less  t h a n  m i g h t  be  e x p e c t e d  
f r o m  the  c o n c e n t r a t i o n  p o l a r i z a t i o n  due  to ionic  
t r a n s p o r t .  P o l a r i z a t i o n  may ,  t he re fo re ,  be  due  also 
to f a i l u r e  of gas  t r a n s p o r t  to t he  ca t a lys t .  The  o x y -  
gen  e l ec t rode  in  5N K O H  shows  a s i m i l a r  b u t  u n -  
e x p e c t e d  l i m i t i n g  c u r r e n t  w h i c h  aga in  po in t s  t o -  
w a r d  gas  t r a n s p o r t  po l a r i za t ion .  (This  v i e w  is 
b o r n e  out  b y  the  e x p e r i m e n t a l  o b s e r v a t i o n  t h a t  a 
fue l  cel l  i n c o r p o r a t i n g  a s im i l a r  h y d r o g e n  e l ec t rode  
to those  tes ted ,  w h e n  r u n  w i t h  gas  supp l i e s  a t  60 psi ,  
o p e r a t e d  qu i t e  s a t i s f a c t o r i l y  at  180 m a / c m  2 at  25~ 
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electrolyte (assuming ~ ~ 0.10 cm) and experimental curves. 
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in 6N K O H . )  The  p e r f o r m a n c e  of t he  h y d r o g e n  e lec-  
t r o d e  in  10N e l e c t r o l y t e  was  m u c h  w o r s e  t h a n  in  5N. 
If  c o n c e n t r a t i o n  p o l a r i z a t i o n  due  to gas  t r a n s p o r t  is 
t he  cause,  t h e n  th is  m a y  be  a t t r i b u t e d  to t he  r e -  
duced  so lub i l i t y  of h y d r o g e n  in t he  m o r e  concen -  
t r a t e d  so lu t ion  of p o t a s s i u m  h y d r o x i d e .  The  bes t  
p e r f o r m a n c e  is o b t a i n e d  a t  abou t  5N, w h i c h  is also 
the  o p t i m u m  c o n c e n t r a t i o n  for  conduc t i v i t y .  I t  m a y  
be  seen tha t ,  u n d e r  o p t i m u m  condi t ions ,  e l ec t rodes  
can  be  m a d e  w h i c h  j u s t  a p p r o a c h  the  p o w e r  d e n s i t y  
r e q u i r e m e n t s  for  a h igh  p e r f o r m a n c e  cell .  

The  e x p e r i m e n t a l  r e su l t s  for  h y d r o g e n  and  o x y g e n  
in su l fu r i c  ac id  a r e  s h o w n  in Fig .  4. H e r e  t h e r e  is 
b e t t e r  a g r e e m e n t  in  t he  l i m i t i n g  c u r r e n t  v a l u e s  on 
the  o x y g e n  e lec t rode ,  b u t  t he  i n i t i a l  p o l a r i z a t i o n  is 
l a r g e l y  due  to i m p e r f e c t  ca t a ly s i s  of t he  e l ec t rode  
reac t ion .  The  a g r e e m e n t  in  l i m i t i n g  c u r r e n t s  a t  t he  
h i g h e r  c o n c e n t r a t i o n s  of ac id  sugges t s  t h a t  l i m i t a t i o n  
due  to gas t r a n s p o r t  is no t  severe ,  b u t  m a y  be  af fec t -  
ing  p e r f o r m a n c e  of 10N acid.  This  m a y  w e l l  be  due  
to the  fac t  t h a t  o x y g e n  and  h y d r o g e n  a re  a b o u t  5 
t imes  m o r e  so lub le  in ac id  t h a n  in  a lka l i .  L i m i t a t i o n  
due  to gas  t r a n s p o r t  c e r t a i n l y  occurs  on the  h y d r o -  
gen  e l e c t r o d e  in  10N acid.  

F i g u r e  4 shows t ha t  t h e r e  is no t h e o r e t i c a l  r e a s o n  
w h y  h igh  p e r f o r m a n c e  ac id  cel ls  shou ld  no t  be  p r a c -  
t i cab le ,  and  the  e x p e r i m e n t a l  cu rves  i nd i ca t e  t h a t  
i t  is e x p e r i m e n t a l l y  poss ib le  to m a k e  e l ec t rodes  
w h i c h  g ive  s a t i s f a c t o r y  p o w e r  d e n s i t y  f igures.  K o r -  
desch  (6)  has  po in t ed  out  t ha t  the  r a t e  of p e r o x i d e  
d e c o m p o s i t i o n  is s low b e l o w  p H  13, so t h a t  one 
m i g h t  expec t  a g r e a t e r  p o l a r i z a t i o n  of o x y g e n  e lec -  
t r odes  in ac id  t han  in  a lka l i .  Our  r e su l t s  i nd ica t e  t ha t  
th is  effect is a func t ion  of t he  c a t a l y s t  used.  
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Carbonate Electrolytes 
W e  m a y  n o w  cons ide r  t he  use  of c a r b o n a t e  and  

b i c a r b o n a t e  e l ec t ro ly te s .  I t  a p p e a r s  a t  f irst  s ight  t h a t  
the  v e r y  low v a l u e  of the  h y d r o x y l  ion c onc e n t r a t i on  
wi l l  g ive  r i se  to a v e r y  l a r g e  d e g r e e  of p o l a r i z a t i o n  
and  a v e r y  s m a l l  l i m i t i n g  cu r r en t .  T h e  pos i t i on  is no t  
s t r a i g h t f o r w a r d ,  h o w e v e r ,  s ince  t he  h y d r o x y l  ions  
a r e  in  e q u i l i b r i u m  w i t h  c a r b o n a t e  and  b i c a r b o n a t e  
ions 

C O 3 - -  + H20 ~ O H -  + H C O 3 -  

HCO3- + H20 .~ OH- + H2CO~ 

and as the hydroxyl ions are removed from solution 
at the electrode, more are formed rapidly by hydrol- 
ysis. The limiting current density is controlled by 
diffusion of potassium carbonate across the boundary 
layer, and a value of 39 ma/cm 2 is predicted for 5N 
K2CO3 at 25~ when 8 = 0.10 cm. The electrode po- 
tential will also be controlled by the concentration 
of carbonate ion if the hydrolysis is very rapid. 

The experimentally observed polarization curve is 
shown in Fig. 5 and confirms the predicted limiting 
current (solid line). At low current densities, the 
relatively low polarization obtained indicates a very 
rapid hydrolysis of carbonate ions to form hydroxyl 
ions. In spite of this, the limiting current obtained is 
too low for carbonate electrolytes to be satisfactory 
in low-temperature cells. 

Conclusions 

W e  conclude ,  t he re fo re ,  t h a t  in o r d e r  to h a v e  a 
s a t i s f a c t o r y  p o w e r / v o l u m e  ra t io ,  t he  l o w - t e m p e r a -  
t u r e  fue l  cel l  m u s t  use  e i t h e r  a s t rong  ac id  or  s t rong  
a lka l i  e l ec t ro ly t e .  On economic  g rounds ,  a c a r b o n a -  
ceous fue l  is essen t ia l ,  b u t  th is  p r e c l u d e s  t he  use  of 
a lka l i .  Our  e x p e r i m e n t a l  r e su l t s  h a v e  shown  t h a t  i t  
is poss ib le  to cons t ruc t  o x y g e n  and  h y d r o g e n  e lec -  
t rodes  w h i c h  have  the  n e c e s s a r y  p e r f o r m a n c e  in 
ac idic  e l e c t r o l y t e s  at  low t e m p e r a t u r e s ,  so t h a t  t h e r e  
is no f u n d a m e n t a l  ob j ec t ion  to t he  ac id  fue l  cell.  
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Calorimetric Determination of Half-Cell Entropy Chang'es 
J. M. Sherfey 1 

Metallurgy Division, National Bureau of Standards, Washington, D. C. 

ABSTRACT 

The reversible heat effects (TAS) of half-cell  processes have been measured 
in a twin  calorimeter consisting of a Dewar flask divided into two halves by 
means of a vertical  parti t ion. Both compartments  contain the same electrolyte 
and each has an electrode. A hole in  the part i t ion,  covered by filter paper, 
permits the passage of electrolytic current  between the compartments.  The 
total heat  effect and the heat due to i rreversible phenomena are measured 
separately for each compartment.  The difference between these two gives the 
desired reversible heat. 

The half-cells studied include copper in acid copper sulfate, silver in acid 
silver perchlorate, and si lver-si lver  chloride in various chloride solutions. The 
effect of "transport  entropies" on these measurements  is outlined. Present ly  
accepted theories of the "irreversible" or "steady-state" thermodynamics  of 
electrolytic cells predict the equivalence of half-cell  entropy data obtained by 
the present  calorimetric method and data obtained from thermocell  studies. 
This predicted agreement  was not obtained in the case of the half-cell  s i lver-  
silver perchlorate. 

The work  repor ted  in  this  paper  is pa r t  of a con-  
t i n u i n g  inves t iga t ion  of the  heat  effects of d y n a m i c  
e lec t rochemica l  processes. A prev ious  paper  (1) 
deal t  w i th  the  ca lor imet r ic  m e a s u r e m e n t  of elec- 
t rode  po la r iza t ion  and  wi th  the  d e t e r m i n a t i o n  of 
the heat  ( e n t h a l p y  change)  of e lec t rochemica l  r e -  
actions. The  p resen t  pape r  is concerned  wi th  the  
m e a s u r e m e n t  of the en t ropy  change  of ha l f -ce l l  
processes. 

The purpose  of these  researches  is to d e m o n s t r a t e  
the  usefu lness  of ca lo r ime t ry  in  s tudies  of e lec t ro-  
chemical  p h e n o m e n a  and  to develop the  necessa ry  
appa ra tu s  and  techniques .  Therefore  the re  has been  
no a t t emp t  to accumula t e  a large mass  of da ta  or to 
refine the m e a s u r e m e n t s  u n d u l y .  

Ionic en t ropies  are  o rd ina r i l y  ca lcu la ted  f rom 
free ene rgy  and  e n t h a l p y  data,  us ing  the  second law 
of t he rmodynamics .  The va lues  obta ined ,  however ,  
refer  to molecu la r  species as they  exist  in  so lu t ion  
and  are no t  appl icab le  to i n d i v i d u a l  ions. In  order  
to avoid this  difficulty, a conven t ion  has been  
adopted which  a r b i t r a r i l y  assigns a va lue  of zero to 
the  s t anda rd  state en t ropy  of the  h y d r o g e n  ion at 
al l  t empera tu re s .  Al l  o ther  ions are t h e n  g iven  
va lues  r e l a t ive  to the h y d r o g e n  ion on this  scale. 

Ca lcu la ted  ionic en t rop ies  can be no more  accu-  
ra te  t h a n  the  free ene rgy  and  e n t h a l p y  data  f rom 

1 P r e s e n t  address :  Na t iona l  Aeronau t i c s  SDace Admin i s t r a t i on ,  
G o d d a r d  Space  F l igh t  Center ,  Greenbe l t ,  Mary l and .  

which  they  are obta ined ,  and  because  such ca lcu la -  
t ions  of ten invo lve  the difference b e t w e e n  two re la -  
t ive ly  la rge  n u m b e r s  the pe rcen tage  e r ror  is i n -  
creased p ropor t iona te ly .  

A direct  me thod  for the  d e t e r m i n a t i o n  of i nd i -  
v idua l  ionic en t ropies  would,  therefore ,  be  v e r y  va l -  
uable .  This is p a r t i c u l a r l y  t rue  if the va lues  ob ta ined  
were  on the  "abso lu te"  scale r a t h e r  t h a n  the  a rb i -  
t r a r y  scale descr ibed  above.  Such absolu te  ionic en -  
t ropies  would  be of cons iderab le  theore t ica l  in teres t .  
Also, the  d e t e r m i n a t i o n  of on ly  one ionic e n t r opy  on 
both  scales wou ld  fix the  abso lu te  e n t r opy  of the 
h y d r o g e n  ion and  thus  re la te  one scale to the  other.  

Method 
One me thod  for m e a s u r i n g  so-cal led  "abso lu te"  

ionic en t ropies  was  proposed by  Lange  (2) .  His ap-  
proach  to the  p r ob l e m was as follows: A ca lo r imete r  
was  d iv ided  in to  two s y m m e t r i c a l  ha lves  by  a 
ve r t i ca l  par t i t ion .  Both sides con ta ined  the same 
e lec t ro ly te  and  the  same type  of electrode.  A hole 
in  the  pa r t i t i on  p e r m i t t e d  the  passage of c u r r e n t  
f rom one electrode to the other,  and  a sens i t ive  t h e r -  
mopi le  wi th  j unc t i ons  on both  sides of the  pa r t i t i on  
m a d e  it possible to m a i n t a i n  t e m p e r a t u r e  equa l i t y  
on the  two sides b y  means  of a hea te r  on tha t  side 
which  t ended  to be cooler. Changes  in  the  concen-  
t r a t ions  of the  e lec t ro ly te  caused by  electrolysis  
were  negl ig ible .  
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The  e l ec t ro ly t i c  p rocess  was  e s s e n t i a l l y  r e v e r s i b l e  
because  of t he  v e r y  l o w  c u r r e n t  dens i t i e s  e m p l o y e d .  
I t  was  t h e r e f o r e  poss ib l e  to r e l a t e  t he  h e a t  d e v e l o p e d  
(or  a b s o r b e d )  on e i t h e r  s ide  to t he  TAS of t he  h a l f -  
cel l  r e a c t i o n  t a k i n g  p l a c e  on t h a t  side.  S ince  the  r e -  
ac t ions  on the  two  s ides  w e r e  i den t i ca l  e x c e p t  for  
d i rec t ion ,  t h e  h e a t  a b s o r b e d  on one  s ide  e q u a l e d  
the  hea t  evo lved  on the  o ther ,  a n d  the  e n e r g y  sup -  
p l i ed  to the  h e a t e r  used  to m a i n t a i n  t e m p e r a t u r e  
e q u a l i t y  cou ld  be  r e l a t e d  to tw ice  t h e  TAS of e i t h e r  
h a l f - c e l l  r eac t ion .  T h e  e n t r o p y  of non ion ic  r e a c -  
t an t s  and  p r o d u c t s  is k n o w n  in mos t  cases. Thus ,  
the  e n t r o p y  of t he  ion  evo lved  in t he  h a l f - r e a c t i o n  
was  r e a d i l ~  ca lcu la ted .  

Bas ica l ly ,  the  m e t h o d  used  in t h e  i n v e s t i g a t i o n  
r e p o r t e d  h e r e  is l i ke  Lange ' s .  O u r  use  of m u c h  h i g h e r  
c u r r e n t  dens i t i e s  is t he  mos t  i m p o r t a n t  d i f ference.  
This  m a k e s  poss ib l e  t he  s t u d y  of a r e l a t i v e l y  l a r g e  
n u m b e r  of r eac t i ons  w h i c h  a p p r o a c h  100% c u r r e n t  
eff iciency on ly  at  m o d e r a t e  c u r r e n t  dens i t ies .  I t  
a lso s impl i f ies  the  p r o b l e m  of d e t e r m i n i n g  the  c u r -  
r en t  efficiency. These  a d v a n t a g e s  a r e  p a r t i a l l y  b a l -  
anced,  h o w e v e r ,  b y  the  fac t  t h a t  i r r e v e r s i b l e  effects  
become  too l a r g e  to be  ignored .  H e a t  effects d u e  to 
e l ec t rode  p o l a r i z a t i o n  a n d  to t he  p a s s a g e  of c u r r e n t  
t h r o u g h  the  so lu t ion  m u s t  bo th  be  d e t e r m i n e d  and  
s u b t r a c t e d  f r o m  the  t o t a l  hea t  in o r d e r  to o b t a i n  the  
de s i r ed  r e v e r s i b l e  heat .  

The  m e t h o d  used  to  m e a s u r e  t hese  i r r e v e r s i b l e  
effects is s i m i l a r  to t ha t  u sed  to m e a s u r e  p o l a r i z a t i o n  
w i t h  a L u g g i n  cap i l l a ry .  The  t ip  of t he  h a l f - c e l l  
p robe ,  h o w e v e r ,  is not  p r e s sed  aga in s t  the  w o r k i n g  
e l ec t rode  as in p o l a r i z a t i o n  s tudies ,  b u t  is p l a c e d  
m i d w a y  b e t w e e n  the  e l ec t rodes  at  a po in t  w h i c h  ef -  
f e c t i v e l y  d iv ide s  one  ha l f  of t he  c a l o r i m e t e r  f r o m  
the  o ther .  The  p o t e n t i a l  b e t w e e n  th is  p r o b e  and  each  
w o r k i n g  e l e c t r o d e  is d e t e r m i n e d  b e f o r e  the  e x p e r i -  
m e n t  is s t a r t e d  ( s t a t i c  or  r e v e r s i b l e  p o t e n t i a l )  and  
p e r i o d i c a l l y  d u r i n g  the  e x p e r i m e n t  ( d y n a m i c  or  i r -  
r e v e r s i b l e  p o t e n t i a l ) .  Then  for  e i t h e r  s ide  t he  d i f -  
f e r ence  b e t w e e n  the  f o r m e r  a n d  the  t i m e - w e i g h t e d  
a v e r a g e  of t he  l a t t e r  g ives  the  ef fec t ive  i r r e v e r s i b l e  
v o l t a g e  d u r i n g  the  run .  This  vo l tage ,  for  a n y  g iven  
side, i nc ludes  not  on ly  t he  e l ec t rode  po la r i za t ion ,  
b u t  also t he  r e s i s t i ve  d rop  in t he  so lu t ion  b e t w e e n  
e l e c t r o d e  and  p robe .  W h e n  m u l t i p l i e d  b y  the  c u r -  
r en t  and  t ime ,  th is  equa l s  t he  t o t a l  i r r e v e r s i b l e  hea t  
due  to e l ec t ro ly s i s  on t h a t  side. 

Our  m e t h o d  also dif fers  f r o m  t h a t  of L a n g e  in 
t ha t  w e  use  two  shee ts  of h a r d e n e d  f i l ter  p a p e r  to 
cover  t he  ho le  in t he  pa r t i t i on .  This  p r e v e n t s  gross  
m i x i n g  of the  so lu t ions  on the  two  sides  w i t h o u t  
i n t r o d u c i n g  a s igni f icant  i m p e d i m e n t  to the  pa s sage  
of c u r r e n t  b e t w e e n  t h e  e lec t rodes .  

Bo th  m e t h o d s  a r e  sens i t ive  to n o n s t o i c h i o m e t r y  
of the  e l ec t rode  reac t ions ,  and  bo th  r e q u i r e  t h a t  t he  
e l ec t rodes  b e  r e v e r s i b l e  in  t he  sense  t ha t  t h e y  h a v e  
a r e p r o d u c i b l e  and  t h e r m o d y n a m i c a l l y  s igni f icant  
p o t e n t i a l  u n d e r  s ta t ic  condi t ions .  

L a n g e ' s  w o r k  was  conf ined to cel ls  h a v i n g  i d e n t i -  
cal  e l ec t rodes  on the  two  sides.  The  h a l f - c e l l  p rocess  
on one side was  thus  t he  r e v e r s e  of t h a t  on the  
o ther ,  and  t h e r e  was  no ne t  r e a c t i o n  in t h e  cel l  as 
a whole .  The re fo re ,  t he  r e v e r s i b l e  cel l  vo l tage ,  t he  

Fig. 1. The calorimeter: 1, Stirrer shaft guide tube, stainless steel; 
2, stirrer shaft, stainless steel; 3, seal, rubber tubing; 4, drive pin, 
steel; 5, probe chimney, brass; 6, probe; 7, stirrer chimney, brass; 
8, inverted cup seal, copper; 9, solder joint; 10, adiabatic thermo- 
pile; 11, ball bearing assembly; 12, oil bath level; 13, coupling 
sleeve, stainless steel; 14, wax joint; 15, Stirrer shaft, glass; 16, 
left-right thermopile; 17, partition, poly (methyl methacrylate); 
18, beater; 19, platinum resistance thermometer; 20, compression 
seal; 21, "O" ring; 22, nut; 23, bolt; 24, pelysulfide rubber sealant; 
25, electrolyte level; 26, calorimeter lid, brass; 27, flange, brass; 
28, Dewar flask, glass; 29, capillary, glass; 30, adiabatic thermopile; 
31, filter paper disk; 32, electrode; 33, electrode lead; 34, nut, poly 
(methyl methocrylate); 35, washer, poly (methyl methacrylate); 36, 
support ring with studs, poly (methyl methacrylate); 37, propeller, 
glass; 38, gasket, sponge rubber; 39, adiabatic thermopile junctions; 
40, "O" ring, neoprene rubber. 

f ree  e n e r g y  change ,  and  the  e n t h a l p y  c h a n g e  w e r e  
a l l  zero.  W e  h a v e  s t ud i ed  the  cel l  

Cd, CdC12 (1M) ,  AgC1, A g  

The  use of d i f f e r en t  e l ec t rodes  on the  two  s ides  
m a k e s  i t  poss ib le  to d e t e r m i n e  in one  e x p e r i m e n t  
t he  cel l  vo l tage ,  and  thus  t he  f ree  e n e r g y  change  
(AF) ,  the  hea t  of r e a c t i o n  (AH),  the  h a l f - c e l l  e n -  
t r o p y  change  (AS) at  each  e lec t rode ,  and,  f r o m  the  
sum of the  h a l f - c e l l  e n t r o p y  effects,  t he  t o t a l  e n -  
t r o p y  c h a n g e  fo r  t he  cell .  

Apparatus 

The  a p p a r a t u s  used  in  m a k i n g  these  m e a s u r e -  
m e n t s  is d e s c r i b e d  in d e t a i l  in  t he  a p p e n d i x .  F i g u r e  
1 is a d i a g r a m m a t i c  r e p r e s e n t a t i o n  of t h e  ca l -  
o r i m e t e r .  One of  t he  t h e r m o p i l e s  can  be  seen  to  h a v e  
a set  of j unc t i ons  on each  side of t h e  pa r t i t i on .  The  
c a l o r i m e t e r  also has  a h e a t e r  on each  side,  a n d  one 
of t he se  is u sed  to m a i n t a i n  t e m p e r a t u r e  e q u a l i t y  on 
the  two  sides. T h e  o the r  t h e r m o p i l e  (Fig .  1) has  one 
set  of j u n c t i o n s  in t h e  r i g h t  c o m p a r t m e n t  and  the  
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Fig. 2. Electrical circuit 
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other in the  oil ba th  in which the ca lor imeter  is im-  
mersed.  The t empe ra tu r e  difference be tween  these 
two is kept  at a min imum by means  of a hea te r  in 
the  oil bath.  Both sides of the ca lor imeter  are thus  
main ta ined  in an adiabat ic  condition, and no cor-  
rection for heat  l eak  is necessary.  

The essential  par t s  of the electr ical  circuit  are 
shown in Fig. 2. This can be divided into two parts ,  
the "hea te r  circuit"  and the "electrolysis  circuit ."  
The la t te r  makes  it possible to pass a known con- 
stant  cur rent  be tween  the electrodes and to meas-  
ure  the vol tages be tween  the electrodes and the 
probe. The hea te r  circuit  provides  cur ren t  to one 
of the ca lor imeter  heaters  and measures  the energy 
supplied.  

Procedure 

Each de te rmina t ion  requires  at  least  three  ex-  
periments .  The first two ( s t i r re r  and ca l ibra t ion)  
exper iments  are used to de te rmine  four quanti t ies ,  
the ra te  of heat  genera t ion  of each s t i r re r  and the 
hea t  capaci ty  of each compar tment  of the cal-  
or imeter .  The th i rd  (e lectrolysis)  exper iment  sup-  
pl ies the  des i red  the rmodynamic  data.  Procedures  
for these exper iments  are  as follows. 

Stirrer experimen.t . --A s t i r re r  exper imen t  is 
s tar ted  by  br inging  the system to an adiabat ic  
s teady state wi th  both s t i r rers  running.  Because the  
heat  capacit ies  of the two sides and the  s t i r re r  heats  
are not per fec t ly  matched,  there  wi l l  be a tendency 
for one side to hea t  more r ap id ly  than  the other. 
This is counterac ted  by the hea te r  on tha t  side 
which tends to be cooler, using the "hea ter  circuit"  
as a source of power.  The vol tage  across this  hea ter  
is ad jus ted  as necessary to ma in ta in  a min imum 
t empera tu r e  difference be tween  the two sides. Max-  
imum excursions of this  difference are o rd ina r i ly  
about  10-~~ (see Append ix ) .  

When it appears  tha t  a s teady state has been es-  
tablished,  the ini t ia l  readings  of both  t ime and the 
t empe ra tu r e  (p la t inum resis tance thermometer ,  Fig. 
1, No. 19) are recorded.  Tempera tu re  equal i ty  of 
the two sides is ma in ta ined  by  sui table  ad jus tments  
of the hea te r  voltage.  I t  is des i rable  to take  periodic  
t i m e - t e m p e r a t u r e  readings  dur ing  the exper iment ,  

but this is not necessary. After about 30 rain, the ex- 
periment is terminated by taking a final time-tem- 
perature reading. 

Calibration experiment.--The calibration experi- 
ment is similar to the stirrer experiment except that 
the heaters in both compartments of the calorimeter 
are operated. The current for one of these is sup- 
plied by the "electrolysis circuit" and is held con- 
stant. The hea t  output  of the other  is ad jus ted  as 
necessary  to main ta in  t empe ra tu r e  equali ty.  As in 
the  s t i r re r  exper iment ,  it  is des i rable  to t ake  pe r i -  
odic t i m e - t e m p e r a t u r e  readings,  and the exper iment  
is t e rmina ted  wi th  a final t i m e - t e m p e r a t u r e  reading.  

ELectrolysis experiment . - -During the  electrolysis  
exper iment  the  constant  cur rent  f rom the e lect rol -  
ysis circuit  is d i rec ted  th rough  the cell. The hea ter  
on tha t  side which tends to be cooler is opera ted  by 
means  of the  hea te r  circuit.  The vQltages be tween  
anode and probe,  cathode and probe,  and anode a n d  
cathode are noted per iodica l ly  and in sequence 
throughout  the exper iment .  These three  voltages 
are  also measured  before (and p re f e r ab ly  af te r )  the  
exper iment  when no current  is passing through the 
cell. In other  respects  the electrolysis  exper iment  is 
s imilar  to the s t i r re r  and ca l ibra t ion  exper iments .  

Reverse Electrolysis Exper imen t . - -A  four th  ex-  
per iment ,  dur ing which the electrolysis  cur rent  is 
reversed,  is ve ry  des i rable  but  not essential.  Such a 
"reverse  electrolysis  exper iment"  serves to disclose 
sources of e r ror  and doubles the amount  of da ta  ob- 
tained.  

Calculations 

The first step in the calculat ions is the de t e rmina -  
t ion of the to ta l  e lectr ical  energy suppl ied by  the 
heaters  in each of the var ious  exper iments .  The 
method used is descr ibed in the appendix.  The heat  
capaci ty  of each compar tmen t  of the ca lor imeter  and 
the ra te  of heat  genera t ion  of each s t i r re r  can then 
be ca lcula ted  by  means  of Eq. [ I ]  th rough  [4] be -  
low. The subscripts  "L" and "R" refer  to the  left  
and r ight  sides of the ca lor imeter  and the subscripts  
"1", "2", "3," and "4" refer  to the corresponding 
exper iments  descr ibed under  "Procedure ."  Also, it  
is assumed tha t  exper iment  number  one requi red  the 
use of the  lef t  heater .  
Then for expe r imen t  No. 1, 

CL AO1 ---~ ZLtl Jr [eit]Ll [1] 
and 

CR 40, = ZRtl [2] 

The symbol  • represents  the difference be tween  
the ini t ia l  and final t empera tu res  of the calor imeter ,  
expressed in te rms of the resis tance of the p la t inum 
resis tance the rmomete r  (ohm).  The heat  capaci ty  
of one compar tmen t  of the  ca lor imeter  is given by  
C and has the dimensions vol t  amp rain ohm -~. 
Thus CAO represents  the to ta l  energy suppl ied to one 
side of the ca lor imeter  in vol t  amp rain. The symbol  
Z represents  the ra te  of heat  genera t ion  of a s t i r re r  
(vol t  amp)  and t is the  t ime (min) .  The energy  
suppl ied to a hea te r  dur ing  the exper iment  is given 
by  [eit] (volt  amp min) .  The bracke ts  indicate  that  
this  quant i ty  is obta ined by  in tegra t ing  the recorder  
curves as descr ibed in the appendix.  
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F o r  e x p e r i m e n t  No. 2, us ing  the  s ame  n o t a t i o n  

CL A82 = ZLt2 + [eit]L2 [3]  

CR A82 -~ ZRt2 ~- eAveigt2 [4] 

The product eAvei2t2 represents the energy supplied 
to the right heater at constant current by means of 
the electrolysis circuit; eAve being the time- 
weighted average voltage (assuming a significant 
voltage variation), i2 the current (ampere), and t2 
the time (min). 

The only unknowns in Eq. [I] through [4] are 
the two C terms and the two Z terms. The heat ca- 
pacities and stirrer heating powers are therefore 
uniquely determined by those four equations. 

The half-cell entropy changes are calculated 
from the following equations. The subscripts a and 
c refer to anode and cathode, respectively. It is 
assumed that the anode is on the left in experiment 
No. 3 and, with the current reversed, on the right 
in experiment No. 4. It is also assumed that the 
anodic process is exothermic, requiring the use of 
the heater on the side with the cathode. 

Then for experiment No. 3 

T3 ASa13t3 
CL A03 Jr EaaI3t3 -~- ZLt3 [5]  

F 

T3 AScI3ta 
CR A~3 + Ec313t8 + ZRt3 + [eit]R3 [6]  

F 

Two s imi l a r  equa t ions  can be  w r i t t e n  for  e x p e r i -  
m e n t  [4] .  

The  a v e r a g e  t e m p e r a t u r e  d u r i n g  an e l ec t ro lys i s  
r u n  is o b t a i n e d  f rom the  in i t i a l  and  final r e a d i n g s  of 
the  p l a t i n u m  re s i s t ance  t h e r m o m e t e r .  This  is g iven  
b y  T and  is in ~ The  AS t e r m  has  t he  u s u a l  s ig-  
n i f icance and  has  t h e  d i m e n s i o n  jou l e  d e g - 1  
e q u i v - h  The  e l ec t ro lys i s  c u r r e n t  is r e p r e s e n t e d  b y  
I ( a m p ) ,  F is the  f a r a d a y  ( a m p  sec e q u i v - 1 ) ,  and  E 
is the  i r r e v e r s i b l e  v o l t a g e  b e t w e e n  the  p r o b e  and  
e i t he r  e l ec t rode  o b t a i n e d  b y  s u b t r a c t i n g  the  r e v e r s -  
ib le  p r o b e - e l e c t r o d e  p o t e n t i a l  f r o m  the  t i m e -  
we igh ted ,  ave rage ,  d y n a m i c  p r o b e - e l e c t r o d e  p o t e n -  
t ial .  The  q u a n t i t y  EIt thus  r e p r e s e n t s  the  i r r e v e r s -  
ib le  hea t  due  to e l ec t rode  p o l a r i z a t i o n  and  the  r e -  
s i s tance  of the  solut ion.  I t  is a l w a y s  pos i t ive .  The  
q u a n t i t y  [eit] aga in  r e p r e s e n t s  t he  e n e r g y  d i s s i pa t e d  
b y  the  hea te r .  

I f  bo th  s ides  of the  c a l o r i m e t e r  con ta in  t he  s ame  
k ind  of e lec t rode ,  Eq. [5]  and  [6] ,  t o g e t h e r  w i t h  
two  equa t i ons  for  e x p e r i m e n t  (4) ,  y i e l d  fou r  i n d e -  
p e n d e n t  v a l u e s  of AS s ince  a l l  o the r  quan t i t i e s  r e p -  
r e s e n t e d  a r e  known.  

If  t he  two  e l ec t rodes  a r e  d i f ferent ,  h o w e v e r ,  two  
d i f fe ren t  v a l u e s  for  AS a re  i nvo lved ,  and  e x p e r i -  
m e n t s  3 and  4 wi l l  y i e ld  two  i n d e p e n d e n t  va lue s  
for  each.  In  th is  case, t h e r e  is a ne t  cel l  r eac t ion ,  t he  
e n t r o p y  change  of w h i c h  equa l s  t he  sum of the  two  
h a l f - c e l l  e n t r o p y  changes .  The  f ree  e n e r g y  change  
of t he  cel l  is g iven  b y  t h e  f a m i l i a r  e q u a t i o n  

A F  = - -  n FEr  [7]  

in w h i c h  Er is t he  r e v e r s i b l e  cel l  vo l tage .  The  en -  
t h a l p y  change  AH of t he  cel l  is o b t a i n e d  f rom the  
d i f fe rence  b e t w e e n  the  t o t a l  e n e r g y  a d d e d  to the  

Table I. Numerical values in Eq. [ 6 ]  from half cell 
Ag, AgCI, HCI ( a = l )  

Ca ---= 492.6 volt  amp min  ohm -1 
Ae8 = 0.0100 ohm (0.100~ 
T3 = 299.47~ 
~Sc ~ --4.83 joule  equiv -1 deg -1 ( =  --ASa) 
Is ~ 0.300 amp 
t3 = 23.33 rain 
Ea313t3 ~ 0.495 volt amp min 
ZR ---- 0.0143 volt  amp 
[eit]Ra ~ 3.993 volt  amp min 

c a l o r i m e t e r  and  the  e n e r g y  e q u i v a l e n t  of t he  t e m -  
p e r a t u r e  rise.  Thus,  

AH I3t~ 
- -  (CL + C~)~08 + E~Ist~ 

F 

~- [eit]R3 ~- (ZL ~- ZR)t3 [8]  

A s im i l a r  e q u a t i o n  can  be  w r i t t e n  for  e x p e r i m e n t  4. 

The  d i m e n s i o n  of AH is j o u l e s . e q u i v - ' .  The  q u a n -  
t i t y  Es in Eq. [8]  r e p r e s e n t s  the  t i m e - w e i g h t e d  
a v e r a g e  vo l t a ge  across  the  cel l  and  does no t  i nvo lve  
s u b t r a c t i o n  of a r e v e r s i b l e  p o t e n t i a l  as do Ec and  Ea 
in Eq. [5]  and  [6] .  The  s igni f icance  of t h e  o the r  
qua n t i t i e s  is unc ha nge d .  I t  shou ld  be  n o t e d  p a r e n -  
t h e t i c a l l y  t ha t  t he  a b o v e  m e t h o d  for  d e t e r m i n i n g  
r e a c t i o n  e n t h a l p y  is s u p e r i o r  to e i the r  of t he  t w o  
m e t h o d s  d e s c r i b e d  in a p r e v i o u s  c o m m u n i c a t i o n  [1 ]. 

The  o r d e r  of m a g n i t u d e  of the  va r i ous  qua n t i t i e s  
in the  equa t ions  above  can  be  o b t a i n e d  f r o m  Tab le  
I w h i c h  g ives  t he  n u m e r i c a l  v a l u e s  for  t he  t e r m s  in 
Eq. [6] .  These  d a t a  w e r e  o b t a i n e d  f rom the  s y s t e m  
Ag,  AgC1, HC1 ( a =  1) w h i c h  r e q u i r e s  t ha t  t he  h e a t e r  
be  on t h e  a n o d e  side,  so t h a t  t he  anodic  a n a l o g u e  of 
Eq. [6]  m u s t  be  used.  

Results 

The va r i ous  sys t ems  t h a t  h a v e  been  s tud ied ,  t o -  
g e t h e r  w i t h  the  cel l  c u r r e n t s  e m p l o y e d  and  the  h a l f -  
cel l  e n t r o p y  changes  c a l c u l a t e d  a re  g iven  in  T a b l e  
II. The  AS va lues  h a v e  the  s ign of the  ca thod ic  h a l f -  
r eac t ion .  A l l  m e a s u r e m e n t s  w e r e  m a d e  at  a p p r o x -  
i m a t e l y  25~ The  va lue s  g iven  r e p r e s e n t  a se lec t ion  
"bes t  r e su l t s "  f r o m  a m u c h  l a r g e r  a c c u m u l a t i o n  of 
da ta .  Resu l t s  t ha t  showed  i n t e r n a l  incons i s t enc ies  
w e r e  d i sca rded .  

T a b l e  I I  does  not  i nc lude  the  r e su l t s  of our  w o r k  
w i t h  the  cell  Cd, 1M CdC12, AgC1, Ag. This  cell ,  w i t h  
d i f fe ren t  e l ec t rodes  on the  two  sides,  is t he  on ly  
one of i ts  t y p e  s tudied .  The  fo l lowing  h a l f - c e l l  e n -  
t r o p y  changes  w e r e  ob ta ined .  

AS (j oules ,  e q u i v -  1. d e g -  1 ) 

1/2 Cd = 1/2 Cd + + + e -  --49.1 
A g  + C1- = AgC1 + e -  --31.2 

The  e n t h a l p y  change  was  c a l c u l a t e d  us ing  Eq. 
[8] .  F o r  t he  r e a c t i o n  1/2 Cd + AgC1 = 1/2 CdC12 
(1M) + Ag, w e  find AH ---- --17.68 kca l  equ iv  -1. F o r  
the  s ame  r e a c t i o n  a t  25~ us ing  the  a b o v e  h a l f - c e l l  
e n t r o p y  changes ,  TAS = --1.28 kca l  equ iv  -1, and  AF 
= A H -  TAS = --17.68 + 1.28 ---- --16.40 kca l  
equ iv  -1. The  o b s e r v e d  r e v e r s i b l e  p o t e n t i a l  was  
0.7094v, c o r r e s p o n d i n g  to a AF of --16.36 kca l  
equ iv  -1. 
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C a t h o d i c  AS 
S y s t e m  E lec t ro lys i s  ( jou les  e q u i v  -1 deg  -1) 

No. E lec t rode  S o l u t i o n  current ,*  a m p  L e f t  s ide  R i g h t  s ide 

1 Cu 0.75M CuSO4, 1.0M H2SO4 0.4 +67.7 +65.0 
0.75M CuSO4, 1.0M H2804 1.0 +75.3 +71.5 
0.75M C u S O 4 ,  1.0M H2804 1.0 +68.3 +67.0 

2 Ag 1M KAg(CN)2, 0.33M KCN 0.3 +12.3 +19.0 
1M KAg(CN)2, 0.33M KCN 0.3 +19.3 +26.0 

3 Ag 1M KAg (CN)2, 1.0M KCN 0.5 +44.6 +41.6 

4 Ag 1M AgC104, 0.052//HC104 0.5 --24.8 --25.2 
1M AgC104, 0.05M HC104 0.5 --30.1 --27.7 

5 Ag 1M AgC104, 1.0M HC104 0.2 --42.3 --38.1 
1M AgC1Ot, 1.0M HC104 1.0 --39.2 --40.7 
1M AgC104, 1.0M HC104 1.0 --34.5 --33.0 
1M AgC104, 1.0M HC104 3.0 --44.2 --41.7 

6 Ag 1M AgC104, 4.0M HC104 0.2 --30.7 --30.5 
1M AgC104, 4.0M HC104 0.2 --34.5 --34.6 
1M AgC104, 4.0M HC104 0.5 --30.8 --31.5 
1M AgC104, 4.0M HC104 0.5 --32.7 --33.0 
IM AgC104, 4.0M HC104 0.5 --30.2 --32.2 
1M AgC104, 4.0M HC104 0.5 --33.1 --33.6 

7 1.15N ( a -  1.0) HC1 0.3 --2.4 --4.8 
1.15N (a = 1.0) HC1 0.3 --4.4 --3.2 

8 1.21N (a ~ 1.0) LiC1 0.3 +32.8 +34.2 
1.21N (a ~ 1.0) LiC1 0.3 +24.4 +23.0 

Ag, AgC1 

Ag, AgC1 

* The e lec t rode  d isks  h a v e  an  a rea  of 0.87 d m  2 (d i ame te r  = 10.5 cm) and  thus ,  the  c u r r e n t s  i n d i c a t e d  r o u g h l y  e q u a l  t he  c u r r e n t  dens i t y  
in  a m p  dm-~. 

There  are no da ta  in  the  l i t e r a tu r e  tha t  can be 
compared  d i rec t ly  wi th  the  above resul ts .  Data  on 
the heat  of fo rma t ion  of CdC12 in  more  d i lu te  so lu-  
t ions (3) can be ex t r apo la t ed  to 1M, however ,  w i t h -  
out  i n t roduc ing  a s ignif icant  error.  Using --48.10 
kcal  equ iv  -1 for hal f  of this cons tan t  and  --30.36 
k c a l / e q  as the  heat  of fo rma t ion  of A g C l ( c )  (3) 
gives --17.74 kcal  equ iv  -1 for hea t  of the  above  re -  
action.  This  agrees  w i th  our  va lue  (--17.68 kcal  
equiv  -1)  w i t h i n  the  expected  e x p e r i m e n t a l  error .  

In  order  to compare  our  va lue  of AF wi th  the  l i t -  
e ra ture ,  it was  necessa ry  to ca lcula te  hal f  the  free 
ene rgy  of f o rma t ion  of CdC12 (1M) f rom tha t  of 
the hypo the t i ca l  ideal  so lut ion at u n i t  act ivi ty .  Us-  
ing a va lue  of --40.64 kcal  equ iv  -1 (3) and  a m e a n  
ionic ac t iv i ty  coefficient of 0.0664 (4) gives ha l f  the  
free ene rgy  of fo rma t ion  of CdC12 (1M) as --42.6 
kcal  equ iv  -1. Wi th  this  value ,  and  --26.2 kcal  
equ iv  -1 as the  free ene rgy  of f o rma t ion  of A g C l ( c )  
(3) ,  the  free ene rgy  change  of the  reac t ion  was  
ca lcula ted  to be --16.4 kcal  equ iv  -1. A AF of 
--16.4 kcal  equ iv  -1 corresponds  to a cell vo l tage  of 
0.711v which  is in  sa t is factory  a g r e e m e n t  w i t h  the  
observed cell voltage,  0.7094v. 

The  l i t e r a tu re  va lue  for the  en t ropy  of CdC12 
(1 m o l e / l i t e r )  was ca lcu la ted  f rom the  s t a n d a r d  
s ta te  va lue ,  11.6 e.u. (3) ,  by  means  of the  r e l a t ion  
S ~ S ~  
was found  to equa l  13.4 e.u., aga in  us ing  0.0664 as 
the  ac t iv i ty  coefficient. The  t e r m  - - R T  d In  a / d T  
was eva lua t ed  f rom the  r e l a t ion  H = H ~ - -  R T  2 d In  
a / d T .  Both H and  H ~ were  ob ta ined  f rom re/.  (3),  
the fo rmer  by  ex t rapo la t ion .  Thus  - - R T  2 d In a / d T  

1.2 kcal  mole  -1 and  - - R T  d In  a / d T  ~ 4.02 e.u. 
T h e n  S = 11.6 + 13.4 + 4.0 = 29.0 e.u. or 14.5 e.u. 

on an  e q u i v a l e n t  basis. The  en t ropy  change  of the  
reac t ion  was t h e n  found  to be --4.45 cal  equiv  -1 
deg -1 by  us ing  the  fo l lowing add i t iona l  en t ropy  
va lues  [3] :  u = 6.15 cal  equiv  -1 deg -1, AgC1 

23.0 cal equ iv  -~ deg -1, a nd  Ag = 10.2 cal equiv  -1 
deg -1. The difference b e t w e e n  this ca lcu la ted  l i t -  
e r a tu re  va lue  for e n t r opy  change  of the  react ion,  
--4.45 cal equ iv  -1 deg -~, and  the  va l ue  g iven by  
our  m e a s u r e m e n t s ,  --4.3 cal  equ iv  -1 deg -~, is wel l  
w i t h i n  the  es t ima ted  u n c e r t a i n t y  of 1 cal equ iv  -1 
deg -1. 

D i s c u s s i o n  o l  E r r o r s  

In  genera l  the  to ta l  spread  of the AS va lues  ob-  
t a ined  for a g iven  ha l f -ce l l  r eac t ion  does no t  ex-  
ceed 8 joules  equ iv  -1 deg -1 or 2 cal equ iv  -1 deg -1. 
Those ob ta ined  toward  the  end  of the  p r o g r a m  re-  
flect the va r ious  i m p r o v e m e n t s  m a d e  in  the  appa -  
r a tus  a nd  are  somewha t  be t te r .  I t  is p robab l e  tha t  
add i t iona l  i m p r o v e m e n t s  in  the  appara tus ,  a long 
the  l ines  suggested in  the  Append ix ,  w ou l d  increase  
prec is ion  by  as m u c h  as an  order  of magn i tude .  

Such  i mpr ove me n t s ,  however ,  wou ld  no t  reduce  
er rors  caused by  nons to i ch iome t ry  of the  electrode 
processes. This  type  of m e a s u r e m e n t  is pa r t i cu l a r ]y  
sens i t ive  to side reac t ions  i nvo l v i ng  chemica l  a t tack  
of the  electrodes in  the absence  of an  electr ic  cu r -  
rent .  The  heats  (AH) of such side reac t ions  are  u s u -  
a l ly  la rge  compared  to the  r eve r s ib l e  (TAS) heats,  
and  the  consequen t  e r rors  in  the  la t te r  are  t h e r e -  
fore co r r e spond ing ly  great .  

Three  of the  ha l f -ce l l s  i nvo lved  in  these  s tudies  
were  nons to ich iomet r i c  because  of this  type  of side 
react ion.  These were  copper  in  copper  sulfate,  s i l -  
ver  in  s i lver  cyan ide  and  c a d m i u m  in  c a d m i u m  
chloride.  C u r r e n t  efficiency studies  showed tha t  
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th is  source  of e r r o r  is e l i m i n a t e d ,  in  a l l  t h r e e  cases,  
b y  e x c l u d i n g  oxygen .  The  c a l o r i m e t e r  was  modi f i ed  
to p e r m i t  t he  use  of a h e l i u m  a t m o s p h e r e  on ly  a f t e r  
t h e  s tud ies  of the  first  two  sy s t ems  h a d  been  c o m -  
p le ted .  

I t  was  n o t e d  w h i l e  m a k i n g  c u r r e n t  eff iciency 
s tud ies  on the  cel l  Cd, CdCle (1M) ,  AgC1, A g  t h a t  
the  s o l u b i l i t y  of AgC1 in 1M CdC12 is g r e a t  enough  
to cause  the  depos i t i on  of s i lve r  m e t a l  on the  c a d -  
m i u m  e l ec t rode  b y  d i sp l acemen t .  I t  was  t h e r e f o r e  
n e c e s s a r y  to a s s e m b l e  t he  c a l o r i m e t e r  w i t h  an  u n -  
coa ted  s i l ve r  e l e c t r o d e  and  to o b t a i n  t he  d a t a  b e -  
fo re  t he  AgC1 f o r m e d  b y  e l ec t ro lys i s  h a d  t i m e  to 
diffuse to t he  c a d m i u m  e lec t rode .  

S ince  the  r e su l t s  o b t a i n e d  a r e  i n t e r n a l l y  con-  
s i s t en t  a n d  in  good a g r e e m e n t  w i t h  the  l i t e r a t u r e ,  i t  
is a p p a r e n t  t ha t  t he  h e a t  effect due  to t he  d i s so lu -  
t ion  of t he  AgC1 is no t  sufficient  to affect  t h e  r e su l t s  
m a t e r i a l l y .  

The  p rec i s ion  of t he se  m e a s u r e m e n t s  is in f luenced  
b y  t h e  e l ec t rode  c u r r e n t  dens i ty .  F o r  e x a m p l e ,  s ide  
r eac t ions  such as those  m e n t i o n e d  a b o v e  wi l l  t e n d  to 
be  m a s k e d  at  h igh  c u r r e n t  dens i t ies .  Even  in t he  
case of a s t o i ch iome t r i c  cel l  reac t ion ,  h o w e v e r ,  t h e r e  
wi l l  be  an  o p t i m u m  c u r r e n t  d e n s i t y  a t  w h i c h  d a t a  
shou ld  be  t a k e n  to ob t a in  m i n i m u m  e r r o r  in t h e  ca l -  
c u l a t ed  e n t r o p y  va lues .  A n  exces s ive ly  h igh  c u r r e n t  
d e n s i t y  i nc reases  t he  r a t i o  of i r r e v e r s i b l e  to r e v e r s -  
ib le  hea t :  an  e x c e s s i v e l y  l ow c u r r e n t  d e n s i t y  i n -  
c reases  t he  p e r c e n t a g e  e r r o r  in  t he  m e a s u r e m e n t  of 
the  t e m p e r a t u r e  r i se  and  e x a g g e r a t e s  o the r  e r r o r s  
such as those  due  to i m p e r f e c t  a d i a b a t i c  control .  
N u m e r o u s  fac to rs  such  as the  n a t u r e  of t he  r e a c -  
t ion,  t h e  roughnes s  of t he  e l ec t rode  sur faces ,  and  the  
g e o m e t r y  of t he  cell ,  w i l l  b e a r  on the  t r u e  o p t i m u m ,  
b u t  in  the  w o r k  r e p o r t e d  he re  t he  be s t  p r ec i s ion  was  
o b t a i n e d  a t  0.3 to 0.5 a m p / d m  2. E r r o r s  due  to  w e a k -  
nesses  in  t he  des ign  of t he  a p p a r a t u s  a r e  d i scussed  in  
t he  A p p e n d i x .  

Discussion 
Theoret ical  aspects o~ Lange's  w o r k . - - T h e  mos t  

s ign i f ican t  f indings  b y  L a n g e  (2)  g r e w  ou t  of his  
s t u d y  of t he  h a l f - c e l l s  Ag,  AgC1, HC1, and  Ag,  AgC1, 
LiC1. A t  a g iven  t e m p e r a t u r e  a n d  concen t r a t i on ,  he  
f o u n d  t h a t  t he  e n t r o p y  changes  of t he se  two  h a l f -  
cel ls  differ  b y  a b o u t  8 cal  equ iv  -1 deg  -1. The  AS 
va lues  g iven  for  sy s t ems  7 and  8 of  T a b l e  I I  conf i rm 
th is  8 e.u. d i f ference.  I f  i t  is a s s u m e d  tha t  the  ac -  
t iv i t i e s  of  the  c h l o r i d e  ion in t hese  so lu t ions  e q u a l  
t he  ac t iv i t i e s  of the  r e s p e c t i v e  solutes ,  i t  fo l lows  
t h a t  c o n v e n t i o n a l  c h e m i c a l  t h e r m o d y n a m i c s  offers 
no e x p l a n a t i o n  of his  resu l t s .  L a n g e  t h e r e f o r e  con-  
c luded  t h a t  t he  d i f f e rence  b e t w e e n  the  e n t r o p y  
changes  of t he  two  h a l f - c e l l s  w a s  due  to " t r a n s p o r t  
e n t r o p i e s "  as def ined  b y  E a s t m a n  (5) .  

In  v i e w  of the  fac t  t h a t  s ingle  ion  ac t iv i t i e s  a r e  
not  t h e r m o d y n a m i c a l l y  def ined,  L a n g e ' s  pos i t i on  
canno t  be  d e f e n d e d  r igo rous ly .  The  p r a c t i c a l  fac t  
r ema ins ,  h o w e v e r ,  t h a t  s ingle  ion ac t iv i t i e s  a r e  
w i d e l y  used,  for  e x a m p l e  in p H  m e a s u r e m e n t s .  
F u r t h e r ,  c o m m o n  sense  r ebe l s  aga in s t  t he  s u p p o -  
s i t ion  t h a t  t h e r e  is a o n e - h u n d r e d  fo ld  d i f fe rence  
b e t w e e n  the  ch lo r ide  ion  ac t iv i t i e s  in  HC1 and  LiC1 
solut ions ,  bo th  d i l u t e  and  at  t he  s ame  concen t r a t i on .  

Such  a d i f fe rence  w o u l d  be  n e c e s s a r y  to  e x p l a i n  
L a n g e ' s  r e su l t s  in  t e r m s  of c lass ica l  t h e r m o d y -  
namics .  I t  is, t he re fo re ,  log ica l  to conc lude  t h a t  
L a n g e ' s  m e a s u r e m e n t s  en t a i l  an  effect  such  as  t h a t  
d e s c r i b e d  b y  E a s t m a n  a n d  t h a t  such  effects  can  
on ly  be  t r e a t e d  b y  t h e  m e t h o d s  of " i r r e v e r s i b l e "  or  
" s t e a d y - s t a t e "  t h e r m o d y n a m i c s .  

The  l i t e r a t u r e  on th is  sub jec t ,  as  i t  is r e l a t e d  to  
th is  pape r ,  has  been  r e v i e w e d  in two  r e c e n t  a r t i c l e s  
b y  d e B e t h u n e  ( 6 , 7 ) .  A d o p t i n g  his n o m e n c l a t u r e  
a n d  no ta t ion ,  t he  q u a n t i t y  m e a s u r e d  b y  Lange ,  and  
b y  the  e x p e r i m e n t s  d e s c r i b e d  in  th is  p a p e r ,  is S~I, 
t he  m o l a l  e n t r o p y  change  of  a t h e r m o c e l l  w i t h  t he  
S o r e t  effect h i n d e r e d .  In  our  e x p e r i m e n t s  t h e  t e m -  
p e r a t u r e  g r a d i e n t  is e s s e n t i a l l y  zero and  the  d r i v i n g  
force  is t he  a p p l i e d  vo l tage .  

The  q u a n t i t y  S~I is t h e  s u m  of two  effects,  S~E, 
t he  e n t r o p y  of e l e c t r o c h e m i c a l  t r a n s p o r t ,  a n d  S~M, 
t he  e n t r o p y  of m i g r a t i o n  t r a n s p o r t  which ,  i t  is g e n -  
e r a l l y  ag reed ,  a r e  no t  s e p a r a t e l y  d e t e r m i n a b l e .  The  
subsc r ip t s  E and  M denote ,  r e spec t i ve ly ,  t h e  p o r -  
t ion  of t he  e n t r o p y  change  w h i c h  is p r e d i c t e d  b y  
r e v e r s i b l e  t h e r m o d y n a m i c s ,  i.e., t he  effect  caused  
b y  the  e l ec t rode  reac t ion ,  a n d  the  p o r t i o n  w h i c h  
is a consequence  of the  i r r e v e r s i b l e  t r a n s p o r t  of 
m a t t e r  in t he  e l ec t ro ly t e .  

A n  a l t e r n a t i v e  e x p l a n a t i o n  of the  a n o m a l o u s  hea t  
effect  has  been  p r o p o s e d  b y  B r e n n e r  (8 ) .  He  also 
d iv ides  t he  o b s e r v e d  h a l f - c e l l  P e l t i e r  h e a t  Pt  in to  
two  c ompone n t s  b o t h  of w h i c h  a r e  r eve r s ib l e .  One, 
Pe, is caused  b y  the  e l e c t r o l y t i c  r e a c t i o n  or  change  in 
s ta te .  The  o ther ,  Pc, is a s soc ia t ed  w i t h  t he  e l e c t r o d e -  
so lu t ion  i n t e r f a c e  and  is p h e n o m e n o l o g i c a l l y  i d e n t i -  
cal  to the  hea t  effect a t  a m e t a l - m e t a l  junc t ion .  T h e r e  
is no w a y  to d i v i d e  t he  o b s e r v e d  Pt in to  i ts  two  com-  
pone n t s  or  to m e a s u r e  t h e m  i n d i v i d u a l l y .  H o w e v e r ,  
t he  o r d i n a r y  l aws  of t h e r m o c o u p l e s  app l i e s  to the  
Pe componen t .  One such l a w  is t h a t  in  a c o m p l e t e  
c i rcu i t  a t  u n i f o r m  t e m p e r a t u r e s  the  s u m m a t i o n  of 
t he  Pc c o m p o n e n t s  equa l s  zero.  The re fo re ,  these  
c o m p o n e n t s  cance l  ou t  in  a c o m p l e t e d  ce l l  a n d  c a n -  
no t  c o n t r i b u t e  to  t h e  v o l t a g e  of  a cel l  a t  u n i f o r m  
t e m p e r a t u r e .  

This  v i e w  of t he  r e v e r s i b l e  h e a t  effects of a h a l f -  
cel l  m e a s u r e d  a t  cons t an t  t e m p e r a t u r e  is e x p r e s s e d  
in the  fo l lowing  r e l a t i ons :  

F o r  a c o m p l e t e  cel l :  
Pt = Pe + Pc 

Pc z O 

Pt = TAS 

F o r  a t he rmoce l l ,  bo th  Pe and  Pc a r e  ope ra t i ve ,  
hence ,  

Pt = T F d E / d T  

w h e r e  E is vo l tage ,  F is t he  f a r a d a y ,  a n d  T the  t e m -  
p e r a t u r e .  

This  v i e w  of t he  compos i t e  n a t u r e  of t he  P e l t i e r  
h e a t  of an  e l e c t ro ly t i c  h a l f - c e l l  d i f fers  f r o m  the  one 
e m b o d y i n g  the  concep t  of an  e n t r o p y  of t r a n s p o r t  in 
two  w a y s :  ( i )  i t  a sc r ibes  t he  loca t ion  of t he  Pc con-  
t r i b u t i o n  to t he  e l e c t r o d e - s o l u t i o n  in t e r face ,  no t  to a 
t r a n s p o r t  of hea t  t h r o u g h  t h e  b o d y  of t he  so lu t ion ;  
( i i )  for  a cel l  cons i s t ing  of two  h a l f - c e l l s  each  w i t h  a 
d i f fe ren t  e l ec t rode  in  con tac t  w i t h  a d i f fe ren t  e l ec -  
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t ro ly t e ,  and  thus  i nc lud ing  a l i qu id  junc t ion ,  t he  
s u m m a t i o n  of Pc m u s t  s t i l l  equa l  zero.  H o w e v e r ,  t he  
e n t r o p y  of t r a n s p o r t  w o u l d  no t  n e c e s s a r i l y  be  t he  
s a m e  for  t he  two  d i f fe ren t  e l ec t ro ly t e s .  

The  m e a s u r e m e n t s  on sys t ems  1 a n d  5 of T a b l e  I I  
we re  m a d e  f irst  and  w e r e  c o m p l e t e d  w i t h o u t  a 
k n o w l e d g e  of t he  a n o m a l o u s  effect  d i s c o v e r e d  b y  
Lange .  Those  two  sets  of m e a s u r e m e n t s  w e r e  t h e r e -  
fo re  d e s i g n e d  in  t he  be l i e f  t h a t  t h e y  w o u l d  af ford  a 
d i r ec t  m e a s u r e  of t he  q u a n t i t y  S~E. H a d  th is  b e e n  
t r u e  w e  w o u l d  have  a t t a i n e d  our  o r ig ina l  goal,  a 
d e t e r m i n a t i o n  of t he  " a b s o l u t e "  e n t r o p y  of an  ion. 
S y s t e m s  2, 3, 4, 6, a n d  7 w e r e  s t ud i ed  to d e t e r m i n e  
t h e  effect of c o m p l e x i n g  and  of v a r i a t i o n s  of t h e  
t r a n s p o r t  n u m b e r s  i nvo lved .  The  r e s u l t s  f r o m  sys -  
t ems  7 a n d  8 a r e  in  good  a g r e e m e n t  w i t h  va lue s  ob -  
t a i n e d  b y  e x t r a p o l a t i o n  of L a n g e ' s  d a t a  and  t h e r e -  
fo re  s e r v e  to conf i rm his  f inding.  

As  an  a d d i t i o n a l  con f i rma t ion  of L a n g e ' s  resu l t s ,  
w e  m e a s u r e d  the  v o l t a g e  of t he  i s o t h e r m a l  cel l  Ag,  
AgC1, HC1 (a---- 1 ) /L iC1  (a  = 1) AgC1, Ag.  The  d i f -  
f e r ence  b e t w e e n  t h e  e n t r o p y  effects of t h e  two  h a l f -  
cel ls  is a b o u t  8 cal  equ iv  -1 deg  -1 ( T a b l e  II ,  sy s t ems  
7 and  8).  If  i t  is a s s u m e d  t h a t  t he  h e a t  of f o r m a t i o n  
of the  c h l o r i d e  ion  is t he  s ame  in bo th  so lu t ions  and  
t h e  e n t r o p y  of m i g r a t i o n  ( S ~ )  is ignored ,  th i s  8 ev  
w o u l d  c o r r e s p o n d  to a p o t e n t i a l  of 0.1v across  th is  
cell .  A v a r i e t y  of t e chn iques  w e r e  used  to f o r m  the  
l iqu id  j u n c t i o n  b e t w e e n  t h e s e  two  ha l f - ce l l s ,  i n -  
c lud ing  the  use  of s e l ec t i ve ly  p e r m e a b l e  m e m b r a n e s ,  
b u t  a cel l  p o t e n t i a l  in excess  of a p p r o x i m a t e l y  35 
m v  was  n e v e r  de tec ted .  This  e x p e r i m e n t  de f in i t e ly  
ind ica t e s  t h a t  the  r e v e r s i b l e  o p e r a t i o n  of a h a l f - c e l l  
en ta i l s  a h e a t  effect  w h i c h  is no t  p r e d i c t e d  b y  con-  
v e n t i o n a l  c h e m i c a l  t h e r m o d y n a m i c s  and  w h i c h  does  
no t  c o n t r i b u t e  to t he  cel l  emf  u n d e r  s t a t i c  i s o t h e r m a l  
condi t ions .  This  can  be  e x p l a i n e d  e i t h e r  in t e r m s  of 
a t r a n s p o r t  e n t r o p y  (S~M) or in t e r m s  of con tac t  
P e l t i e r  h e a t  Pc. 

Thermocell results.--Another f inding  of th i s  r e -  
s ea rch  b e a r s  on the  v a l i d i t y  of p r e s e n t l y  accep t ed  
theo r i e s  of i r r e v e r s i b l e  p h e n o m e n a  in e l e c t ro ly t i c  
cells .  This  f inding  was  a consequence  of a c o m p a r i s o n  
of t h e  c a l o r i m e t r i c  AS v a l u e s  in T a b l e  I I  w i t h  a S  
va lue s  c a l c u l a t e d  f r o m  the  p o t e n t i a l s  o2 the  c o r r e -  
spond ing  t h e r m o c e l l s  ( S o r e t  effect h i n d e r e d ) .  A c -  
cep ted  t h e o r y  ho lds  t h a t  t he  s ame  v a l u e  of AS 
shou ld  be  o b t a i n e d  f r o m  bo th  t y p e s  of m e a s u r e -  
ment .  

The  t h e r m o c e l l s  w e r e  set  up  as  in  t he  conf igu ra -  
t ion i n d i c a t e d  be low,  us ing  sy s t em 8 of T a b l e  II  as 
an  e x a m p l e .  

Cu, A g - - - A g ,  AgC1, HC1 (a  ---- 1) - - 

25~ 50~ 

HC1 (a  ------ 1),  AgC1, A g - - - A g ,  Cu 

0~ 25~ 

T e m p e r a t u r e s  w e r e  d e t e r m i n e d  w i t h  c a l i b r a t e d  m e r -  
c u r y - i n - g l a s s  t h e r m o m e t e r s  and  p o t e n t i a l s  w i t h  a 
p r ec i s i on  p o t e n t i o m e t e r .  

The  dE/dT v a l u e s  o b t a i n e d  w e r e  c he c ke d  b y  v a r y -  
ing  the  i n d i c a t e d  t e m p e r a t u r e s  a n d  b y  r e v e r s i n g  t h e  
e lec t rodes .  The  r e p r o d u c i b i l i t y  of t h e  t e m p e r a t u r e  
coefficients was  f o u n d  to be  a b o u t  •  m v / d e g  co r -  
r e s p o n d i n g  to a AS of 1 j ou l e  deg  -1 equ iv  -1 ( m v  
deg  -~ x 96.5 a m p  sec m i l l i e q u i v a l e n t s  -1 ~ jou le s  
e q u i v  -~ d e g - 1 ) .  The  r e su l t s  a r e  g iven  as  a v e r a g e s  
in T a b l e  III .  T h e s e  a r e  c o m p a r e d  w i t h  t he  a v e r a g e  
c a l o r i m e t r i c  v a l u e s  t a k e n  f r o m  t h e  d a t a  in  T a b l e  II .  
A pos i t i ve  s ign  for  a t h e r m o c e l l  AS v a l u e  ind i ca t e s  
t h a t  t he  ho t  e l e c t r o d e  has  t he  pos i t i ve  p o l a r i t y .  

I t  can  be  seen  f r o m  T a b l e  I I I  t h a t  t he  a g r e e m e n t  
p r e d i c t e d  b y  t h e o r y  was  o b t a i n e d  for  a l l  sy s t ems  
s t u d i e d  e x c e p t  those  w h i c h  i n v o l v e  a s i lve r  e l ec t rode  
in  an  ac id  s i l ve r  p e r c h l o r a t e  so lu t ion .  T h e  l a t t e r  
t h r e e  sys t ems  p r o d u c e d  a cons i s t en t  d i f fe rence  of 
abou t  9 jou les  e q u i v  -1 deg  -1. No e x p l a n a t i o n  is 
of fered  for  t he se  a n o m a l o u s  resu l t s .  

The  r e su l t s  o b t a i n e d  f r o m  the  s t u d y  of t he se  t h r e e  
p e r c h l o r a t e  sy s t e ms  a re  a lso  i n t e r e s t i n g  in  t h a t  t h e  
so lu t ion  of i n t e r m e d i a t e  a c i d i t y  gave  a m a x i m u m  AS. 
This  w a s  u n e x p e c t e d  b u t  can  be  a t t r i b u t e d  to v a r i -  
a t ion  in  t h e  a c t i v i t y  of t he  s i lve r  ion due  to c o m p l e x  
fo rma t ion .  T r a n s f e r e n c e  m e a s u r e m e n t s  t h a t  w e r e  
m a d e  on these  so lu t ions  p o i n t e d  s t r o n g l y  to t he  e x -  
i s tence  of c o m p l e x i n g  s ince  t he  t o t a l  e q u i v a l e n t s  of 
s i lve r  p lus  h y d r o g e n  t r a n s p o r t e d ,  e x c e e d e d  the  f a r a -  
days  of c u r r e n t  passed .  This  cou ld  be  caused  b y  an  
ion such  as [HAgC104]  +. 

A n o t h e r  e x p e r i m e n t ,  w h i c h  w a s  p l a n n e d  b u t  no t  
c a r r i e d  out,  e n t a i l e d  the  use  of p e r m s e l e c t i v e  m e m -  
b r a n e s  in  p l ace  of t he  f i l ter  p a p e r .  Such  an  e x p e r i -  
m e n t  w o u l d  b e  c o m p l i c a t e d  b y  h e a t  effects,  b o t h  
r e v e r s i b l e  a n d  i r r e v e r s i b l e ,  caused  b y  the  m e m b r a n e ,  
b u t  t he  r e su l t s  m i g h t  t h r o w  l igh t  on t r a n s p o r t  p r o c -  
esses. 
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A P P E N D I X  

The calorimeter.--Figure 1 is a d iagrammat ic  r ep re -  
sentation of the calorimeter .  The ent ire  drawing, and 
par t icular ly  the central  part i t ion and electrode support  
assembly, is shown propor t ionate ly  too wide for the 
sake of clarity. The actual in ter ior  dimensions of the 
container are 12 cm wide by 20 cm high (nominal  ca- 
pacity ~ 2 l i ters) .  

The electrolyte  shown in the top of the part i t ion is 
contained by a ver t ical  hole (about 1 cm x 1 cm).  The 
s t i r rer  shafts, 2, are enclosed in sleeves, 1, to stiffen 
them and to permit  disassembly of the s t i r rer  assembly 
after removal  of the dr ive  pins, 4. The  support  rings, 36, 
surround the circular  hole in the part i t ion and are 
at tached to the par t i t ion by stainless steel machine 
screws. Cemented into each support ring, 36, are four  
studs which pass through corresponding holes in each 
electrode. The hole through the par t i t ion is 7.5 cm in 
diameter.  

A Dewar  flask is not ordinar i ly  used in precision 
ca lor imetry  because of its excessive thermal  lag and 
the consequent  errors in the hea t - leak  calculations. In 
the work  repor ted  here, this objection to the Dewar  
flask is invalid.  This is due pr imar i ly  to the adiabatic 
na ture  of the measurements .  It is also impor tant  that  
the s teady-sta te  conditions at the beginning and end of 
a run are essentially the same. This leads to a cancel la-  
tion of lag effects. 

The Dewar  flask is preferable  to an a l l -meta l  calo- 
r imeter  in that  its ra te  of heat  leak is about one-fif th as 
great  and, because it is made of glass, it does not have  
to be protected f rom chemical  and electrochemical  
attack. 

Coolers.--The calor imeter  is equipped with  two 
"coolers," one on each side, which are not  shown. 
These consist of glass thimbles through which cold 
water  can be passed in order  to cool the ca lor imeter  
be tween experiments .  With this ar rangement ,  the 
measurements  can all be made  at approximate ly  25~ 

Oil bath.--The electrode leads must  be fa i r ly  heavy,  
about Vs in., in order  to p reven t  errors due to joule  
heating. Such heavy leads do not come to bath t em-  
pera ture  if passed through a chimney. It  was found, 
instead, that  the t empera tu re  of the ca lor imeter  is in-  
fluenced by the t empera tu re  of the room. These con- 
siderations led to the adoption of an oil bath as an 
adiabatic environment .  The bare leads pass through the 
oil and come to thermal  equi l ibr ium wi th  it before 
passing into the calorimeter .  

Reference half-cell and probe.--It is impor tant  that  
the tip of the capi l lary be at a point  which effectively 

divides one-hal f  of the ca lor imeter  f rom the other in 
order  that  the i r revers ib le  electrolyt ic  heat  be proper ly  
propor t ioned  be tween  the two sides. The a r rangement  
shown, wi th  a glass capi l lary cemented into the 
proper  position, insures such centering. 

The  probe which passes down through the central  
ch imney and into the e lect rolyte  in the upper  part  of 
the part i t ion can be ei ther  a wire  e lectrode or a glass 
capi l lary filled with  a solution containing agar. The 
la t ter  must connect wi th  a suitable hal f -ce l l  outside the 
calorimeter.  The former  is the more convenient  ar-  
r angement  but  requires  that  the wire  passing through 
the chimney be small to avoid heat  effects caused by 
variat ions in the t empera tu re  of the room. 

Heaters.--The first heaters  used were  based on a 
widely  used design consisting of a manganin  coil in a 
glass thimble.  These were  found to be inadequate  in 
that  the i r  excessive lag rendered  impossible the main-  
tenance of adequate  t empera tu re  equal i ty  on the two 
sides. 

The final design uti l ized a small  12v, 50w l ight  bulb, 
weighing  about 2.5g. Plastic insulated lead wires  were  
first soldered to the base, af ter  which the exposed meta l  
parts were  encapsulated in epoxy resin. The glass bulb 
was then etched and given two coats of flat black paint, 
fol lowed by two coats of varnish.  These heaters  were  
very  satisfactory. 

It  is probable that  even bet ter  per formance  would be 
obtained f rom an open coil of manganin  wire, sup- 
ported by a suitable plastic "spider," and encased in 
"Teflon" spaghett i  tubing. 

Thermopiles.--The fabr icat ion of satisfactory ther -  
mopiles was a par t icular ly  t roublesome problem. The 
final design, however ,  was very  satisfactory and be-  
cause it might  be useful to others, i t  wil l  be described 
in some detail. The discussion that  follows applies to 
the thermopi le  used to mainta in  t empera tu re  equal i ty  
on the two sides ( le f t - r igh t  thermopi le ) .  The the rmo-  
pile that  was used to detect  t empera tu re  differences 
be tween  the oil bath  and the r ight  side of the ca lor im-  
eter  (adiabatic thermopi le)  has the same basic con- 
struction. 

The finished thermopi le  takes the form of an inver ted  
"U," wi th  the "cold" junctions at the bot tom on one 
side and the "hot"  junctions at the bottom on the other.  
These junctions are indicated by the solid black port ion 
of i tem 16 in Fig. 1. The thickness shown in Fig. 1 is 
that  of a single covered junction. There  are 24 such 
junct ions in each compar tment  side by side, ex tending  
into and out of the plane of the paper. 

The method of construction can be i l lustrated by 
means of Fig. 3 which shows a par t ia l ly  constructed 
four-couple  (eight  junct ion)  thermopile.  Four  of the 
junctions are hidden behind the form. The wires ini-  
t ially are wound as a continuous rec tangular  spiral on 
a form such as that  indicated, a l ternat ing copper (No. 
32, S.C.C.) and constantan (No. 32, bare) .  The fo rmer  
is shown as heavy  lines, the la t te r  as l ight  ones. Af te r  
they have been anchored with  pressure-sensi t ive  tape 
all the wires are cut near  the bot tom of the fo rm and 
the insulat ion is stripped f rom the copper up to the 
point  where  the junctions are to be prepared.  Al te r -  
nate wires are then twisted together  and soldered, us- 
ing soft solder and a flux consisting of pure  rosin mixed 
with  ethanol  to fo rm a paste. The wires are then cut 
immedia te ly  below the soldered junctions thus formed. 
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Fig. 3. Thermopile construction 
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A suitable length of Teflon spaghetti  tubing (about 
1.8 mm OD x 0.2 mm wall)  is t rea ted  on its exter ior  
surface only with  a solution (9) which conditions it for  
subsequent  bonding to epoxy resin. The distance, along 
the wires, f rom the junctions to the point  where  the 
thermopi le  crosses the ca lor imeter  par t i t ion is then 
measured,  and the t reated spaghett i  tubing is cut into 
lengths equal  to twice this distance. These lengths are 
then bent  double to form a sharp "V," and one of two 
adjacent  junctions is slid into each side of the "V" unt i l  
they near ly  touch at the bend. There  are thus 12 Teflon 
loops and 24 junctions on each side of the calorimeter .  
Af te r  at taching suitable leads to the two copper end-  
wires, the ent ire  assembly, wi th  the exception of the 
junctions, is encased in epoxy resin. 

The the rmal  emf of the wires used is 41.3 ~v deg -1, 
wi th  a ga lvanometer  sensi t ivi ty of 0.125 ~ v / m m  and 24 
couples, this gives a thermopi le  sensit ivi ty of 1.3 x 
10-4~ mm -1. The per formance  of the heaters  and 
thermopi le  described above is such that  numerous  runs 
were  made during which the thermopi le  ga lvanometer  
was held wi th in  1 mm of its zero point. With both sets 
of junctions at the same temperature ,  there  was no 
detectable deflection of the galvanometer .  

The sensit ivi ty of the adiabatic the rmopi le -ga lva -  
nometer  system is about 1.5 x 10 -~ ~  which is 
adequate.  The galvanometers  used in conjunction with  
these thermopi les  must  both be connected to suitable 
shunts. These serve to protect  the galvanometers  when 
the system is out of balance. 

Stirrers.---The st i rrer  shafts enter  the calor imeter  
through a device based on the principle  of a "mercury  
seal st irrer ."  The upper  par t  of each shaft is thus pro-  
vided wi th  an " inver ted  cup seal, copper" (Fig. 1). The 
open end of each cup extends a few cent imeters  below 
the surface of the oil and thus effects a seal against the 
egress or ingress of gas. These cups have a heavy  cross 
section (about 1 cm) to avoid effects due to the t em-  
pera ture  of the room. Both st irrers are dr iven by the 
same synchronous motor  through a gear train. 

The inefficiency of the st irrers is one of the most 
serious weaknesses in the design of the calorimeter .  
Because of space limitations, the propellers  do not op- 
erate inside of tubes, and, as a consequence, adequate  
tempera ture  uni formi ty  is at tainable only with  a re la -  
t ively  large heat  of stirring. 

A closely related and more  serious source of error  is 
a consequence of poor p lacement  of the various calo- 
r imeter  components re la t ive  to one another.  Because 
the measurements  are made under  s teady-sta te  condi-  
tions, i t  is not  essential that  the various t empera tu re  
sensing elements  be surrounded by solution, the t em-  
pera ture  of which is representa t ive  of the entire com- 
par tment .  If it is not representat ive ,  however ,  this 
situation must  be the same at the beginning and end 
of the experiment .  

In the calor imeter  described here, for example,  the 
p lacement  of the left  heater  re la t ive  to the resistance 
the rmomete r  is such that  the t empera tu re  of the la t ter  
is influenced by the rate  of heat  evolut ion of the 
former.  Thus, if this ra te  is greater  at the end of the ex-  
per iment  than it was at the beginning, the apparent  
t empera tu re  rise of the compar tment  is too large. An  
error  of only 0.001~ in this measurement  would cause 
a significant error,  0.7 cal, in the revers ib le  heat. 

This source of er ror  was not detected unti l  late in 
the program and, because a major  modification of the 
calor imeter  would have been necessary, it was never  
completely  eliminated.  

Filter paper membranes.--Filter paper  serves ade-  
quate ly  as a membrane  mater ia l  except  for one fault;  
it tends to bulge or warp when  wet. This leads to two 
types of error.  First, the i r revers ib le  electrolyt ic  heat, 
as indicated by the probe-e lec t rode  potentials,  is im-  
proper ly  proport ioned be tween  the two sides. The sec- 
ond source of error  is caused by an increase in the heat  
capacity of one side and a corresponding decrease in 
the heat  capacity of the other. This source of er ror  is of 
course e l iminated if the degree of bulging is the same 
for all exper iments  in a given determinat ion;  st irrer,  
calibration, and electrolysis. It was minimized in the 
lat ter  par t  of this research by "sandwiching" each filter 
paper disk be tween  two disks of glass cloth, each of 

which was held fiat by cement ing it to a plastic ring. 
Thermometry and timing.--All t empera tu re  meas-  

urements  are made by means of a p la t inum resistance 
the rmomete r  connected to a Muel ler  bridge and a sen- 
sitive galvanometer .  Each tempera tu re  measurement  is 
t imed by means of a stop watch which has been de- 
scribed (1). The  watch was cal ibrated periodically 
using the s tandard radio t ime signal. T ime- t empera tu re  
measurements  are made  by sett ing the Muel ler  bridge 
to a reading which corresponds to a t empera tu re  higher  
than that  of the calorimeter .  The bridge key is then 
locked down, and the moment  when  the ga lvanometer  
l ight passes through its zero is noted wi th  the stop 
watch. 

Electrical circuit.--The various parts of the electrical  
circuit  are shown in Fig. 2. Heavy  lines indicate wires 
that  carry a significant current ;  l ight lines are those 
used only in connection with  vol tage measurements .  
The connections shown are those which would  be made 
for an electrolysis exper iment  requi r ing  the heater  on 
the lef t  side of the calorimeter .  Revers ing the electrol-  
ysis current  would  requi re  use of the r igh t -hand  
heater  instead of the left. During a heater  experiment ,  
the cur ren t  f rom the electrolysis circuit  would  be di-  
rected through one of the heaters  and that  f rom the 
heater  circuit  th rough the other. During a s t i rrer  ex-  
periment ,  only the heater  circuit  is used, and it is con- 
nected to the heater  on that  side which tends to be 
cooler. 

Electrolysis circuit--Current in the electrolysis cir-  
cuit passes through the fol lowing elements,  all in 
series; the electrolyt ic  cell in the calorimeter,  an 
"off-on" switch, one or more lead cells, an ammeter ,  a 
bank of resistors (R1), and a 1-ohm standard resistor. 
The current  in this circuit  is measured  indirect ly  by 
balancing the vol tage across the 1-ohm standard with  
a constant, known vol tage f rom a potent iometer .  Bal-  
ance is indicated by a nul  position of the ga lvanometer  
and is mainta ined by means of the rheostats in (R~). 
The paral le l  resistors in series wi th  the ga lvanometer  
protect  the la t ter  when  the system is badly unbalanced. 

The voltages be tween  anode and cathode, anode and 
probe, and cathode and probe, are measured by means 
of the circuit  in the upper  r ight  corner of Fig. 2. Any 
one of these three can be measured,  depending on the 
position of the selector switch. The vol tage divider  is 
identical  to that  shown as a par t  of the heater  circuit. 
This divider  is ordinari ly  used only during a heater  ex-  
per iment  When this circuit  is used to measure  the vol t -  
age across one of the heaters. 

Heater circuit.--Like the electrolysis circuit, the 
heater  circuit  is divided into two parts;  one to control 
and measure  the current,  and the other  to measure  the 
voltage. The box "R2" represents  a bank of resistors, 
l ike that  shown as a par t  of the electrolysis circuit. 

The purpose of the two po ten t iomete r - recorder  com- 
binations (see Fig. 2) is to measure  both heater  current  
and heater  vol tage as a function of time. The former  is 
obtained indirect ly  as the vol tage across the 1-ohm 
standard. This permits  the calculat ion of the total  en-  
ergy dissipated by the heater  during the t ime of the 
experiment .  In use, each potent iometer  dial is set at a 
reading that  is 0-10 my less than the vol tage being 
measured,  and this unbalance is imposed on the asso- 
ciated recorder  through the ga lvanometer  terminals  of 
the potent iometer .  The  desired vol tage at a given t ime 
is thus the sum of the readings of the po ten t iometer -  
recorder  combination. When the heater  current  is 
changed in order  to mainta in  t empera tu re  equal i ty  on 
the two sides of the calorimeter ,  these changes are 
fol lowed by the recorder.  If  the recorder  goes off scale, 
the potent iometer  sett ing is changed in such a way as 
to br ing it  back. The calculations are simplified if the 
hea te r  vol tage is changed by whole  numbers  of mi l l i -  
volts and held constant be tween  changes. The various 
potent iometer  settings are noted on the recorder  char t  
and the t ime axis of the chart  must  be keyed  to the 
t ime- t empera tu re  readings. 

The total  energy supplied to a heater  dur ing an ex-  
per iment  can be calculated f rom the data on the re -  
corder charts by adding the cu r ren t - t ime-vo l t age  
products corresponding to each sett ing of the heater  
wattage.  



Analog Solutions for the 
Growth of Activation Overpotential 

John M. Matsen 
Central Basic Research Laboratory, Esso Research and Engineering Company, Linden, New Jersey 

ABSTRACT 

The equation for bu i ld-up  of activation overpotential  

C m  
dt 

i - -  io exp (aZF~I/RT) ~- io exp (--[1 - -  a]ZF, I /RT) 

has been solved on an analog computer  to obtain ~l as a funct ion of t, for cases 
where C, io, and a remain  constant  dur ing the charging process. The analog 
solution involves no approximations,  in contrast  to the several analytic solu- 
tions which have been developed, and hence gives a t rue picture of the charg- 
ing curves resul t ing from the theoretical model. The solutions indicate that  
any a t t emp t  to calculate deposition parameters  from a single charging curve 
would be subject to large errors. Curves of d~/dt vs. ~ seem to promise greater 
accuracy in analyzing exper imental  data and are certainly simpler from a 
mathematical  standpoint.  

The re la t ionsh ip  b e t w e e n  s t eady-s t a t e  c u r r e n t  
dens i ty  and  ac t iva t ion  ove rpo ten t i a l  for e lec t rodep-  
osi t ion processes is u sua l l y  w r i t t e n  as: 

i = io exp (a ZF  ~r162 -- io exp 

(-- [ 1 - -  a] Z F v ~ / R T  ) [1] 

where  i is the  ne t  c u r r e n t  densi ty ,  a m p / c m  e, io the  
exchange  c u r r e n t  densi ty ,  a m p / c m  e, a the t r ans f e r  
coefficient (0 ~ a  ~ 1), Z the e lec t rons  t r an s f e r r e d  
in  r a t e - d e t e r m i n i n g  step, ~ the  s t eady- s t a t e  ac-  
t i va t ion  overpoten t ia l ,  volts.  The  sign conven t ion  
used here  is tha t  v is posi t ive  for deposi t ion of ca-  
tions. R is the gas constant ,  8.314 e r g s / ~  mole, T 
the  t empe ra tu r e ,  ~ and  F the Fa raday ,  96,500 
c o u l o m b s / e q u i v a l e n t .  This  m e r e l y  says tha t  the  ne t  
reac t ion  rate,  i, is the  sum of the  fo rwa rd  a nd  re -  
verse  reac t ion  rates,  which  are de r ived  according to 
the theory  of abso lu te  reac t ion  rates.  In  the  u n -  
s t eady- s t a t e  case, the  ove rpo ten t i a l  is changing ,  and  
some of the ne t  c u r r e n t  is consumed  in  cha rg ing  
the double  layer .  A n  equa t ion  for this case m a y  be 
w r i t t e n  (1) as 

i = io exp ( a Z F v / R T )  - -  io exp 
dv 

( - -  [1 - -  a ]  Z F ~ / R T )  + C - -  [2] 
dt 

where  C is the  d i f ferent ia l  capaci ty  of double  layer ,  
F a r a d s / c m  2, t the  t ime,  seconds, and  v the u n s t e a d y  
state  overpoten t ia l ,  volts.  Thus  for a specified ne t  
c u r r e n t  i, u s u a l l y  held  constant ,  a r e l a t ionsh ip  be -  
tween  ~ and  dv /d t  is g iven  in  t e rms  of the e lec t ro-  
deposi t ion p a r a m e t e r s  io, ~, and  C. E v e n  in  the  s im-  
ple  case whe re  these  p a r a m e t e r s  are  constant ,  the  
d i f fe rent ia l  Eq. [2] is n o n l i n e a r  and  has no exact  
ana ly t i c  solut ion.  Thus,  the  desired re la t ionsh ip  of 
v as an  expl ic i t  f unc t i on  of t has here tofore  been  
on ly  approx imated .  

In  the p re sen t  case, as in  most  of science, solut ions  
of theore t ica l  re la t ionsh ips  are of va lue  for two 

reasons.  First ,  they  pe rmi t  compar i son  b e t w e e n  ex-  
p e r i m e n t  and  theory.  Second,  if theory  is b o r n e  out, 
they  u sua l l y  pe rmi t  necessa ry  i n f o r m a t i o n  to be de-  
r ived  wi th  m u c h  less e x p e r i m e n t a l  observa t ion .  
The genera l  va l i d i t y  of Eq. [2] is accepted for m a n y  
cases, and  it would  be des i rab le  to use the  equa -  
t ion  or its so lu t ion  in  d e t e r m i n i n g  io and  a f rom a 
s ingle  charg ing  curve.  This  no t  on ly  would  save a 
good deal  of l abor ;  it wou ld  also p e r m i t  more  m e a n -  
ing fu l  resul ts  in  cases w he r e  r ep roduc ib i l i t y  be -  
tween  successive r u n s  is low, e.g., in  the  case of 
p l a t ing  on soiled electrodes.  

A p p r o x i m a t e  solut ions  to Eq. [2] have  been  p ro -  
posed most  r ecen t l y  by  L in fo rd  and  K a r a s y k  (2) ,  
wi th  others h a v i n g  been  deve loped  by  Bockris  and  
Po t t e r  (1) ,  Agar  (3) ,  a nd  Roiter,  Juza,  and  P o l u -  
j a n  (4) .  These are of some m a t h e m a t i c a l  in te res t  
and  give, in  ce r t a in  regions,  fa i r  a g r e e m e n t  wi th  
e x p e r i m e n t a l  cha rg ing  curves.  These solut ions  do 
invo lve  approx imat ions ,  however ,  which  l imi t  the i r  
accuracy  and  app l i cab i l i ty  in  the  d e t e r m i n a t i o n  of 
p la t ing  pa rame te r s  f rom a s ingle  cha rg ing  curve.  
Equa t i on  [2] can be solved exac t ly  on an  analog  
computer ,  however ,  and  this  approach  was  t a ken  in  
the p resen t  work.  It  was hoped tha t  this  wou ld  pe r -  
mi t  a be t t e r  p i c tu re  of the effects of the p a r a m e t e r s  
on the shapes of cha rg ing  curves,  and  it  m i g h t  i n -  
dicate  l imi ta t ions  or n e w  approaches  to e s t ima t ing  
these pa rame te r s  f rom e x p e r i m e n t a l  curves.  

Procedure 
Equa t ion  [2] was  p r o g r a m m e d  on an  Elec t ronic  

Associates Model 231 R computer .  Resul ts  were  au -  
tomat ica l ly  recorded on 10 x 15 in. p lo t t ing  tables  
as v vs. t and  also dv /d t  vs. t a nd  d~?/dt vs. 7. 

The two most  s ignif icant  fea tu res  of an  exper i -  
m e n t a l  charg ing  curve  are  its f inal  value ,  v ~ ,  and  
its in i t i a l  slope, (dv/dt) t=o = i /C.  Since i is k n o w n  
and  constant ,  C m a y  be ob ta ined  f rom the in i t ia l  
slope. K n o w i n g  v~r Eq. [1] gives a r e la t ionsh ip  be -  

222 
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Table I. Values of deposition parameters used in solutions Table II. Effect of variation of c~ at ~1 = 0.9 ~1~ 
io f o r  s e l e c t e d  c o m b i n a t i o n s  of ~ a n d  

i = 0.1 a m p  a l l  so lu t i ons ;  C = 50 x 1 0 ~  F a r a d s  a l l  so lu t i ons ;  Z = 
1; F/RT = 38.93 volt-X a l l  s o l u t i o n s  ~oo ~ ~/ 
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~=, 0.2 
vows 0.2 0.1 0.05 0.02 0.1 

0.05 
0.0 0.10004 amp 0.1020 amp 0.1167 amp 0.1849 amp 0.02 
0.1 0.09604 0.1710 
0.2 0.07905 0.1582 
0.3 0.0651 0.1464 
0.4 0.05356 0.1354 
0.5 0.04409 0.1252 
0.6 0.03629 0.1159 
0.7 0.02987 0.1072 
0.8 0.02459 0.09918 
0.9 0.02024 0.09174 
1.0 0.01666 0.08486 

0.04593 0.06916 
0.02108 0.04686 
0.009679 0.03175 
0.004443 0.02251 
0.002039 0.01458 
0.0009364 0.009876 
0.0004299 0.006692 
0.0001973 0.004534 
0.00009059 0.003072 
0.00004159 0.002081 

tween  a ahd io. The approach  the re fo re  was  to use 
cons tan t  va lues  of i, C, and  7~o in  a series of so lu-  
t ions and  find the  effect of chang ing  ~ on the shape  of 
the  charg ing  curve.  The va lues  of the  va r ious  pa -  
r ame te r s  used in  the  solut ions  are shown  in  Tab le  I. 

Results 
Example s  of charg ing  curves,  7 vs .  t ,  are shown  

in  Fig. 1 and  2. In  each figure the  p a r a m e t e r  is a, 
w i th  io be ing  ad jus ted  to give the  desired va lue  of 
7 0 0 .  

Pe rhaps  the  most  s ignif icant  charac ter i s t ic  of 
these solut ions  is the  smal l  effect on shape of charg-  
ing curves  due  to v a r i a t i o n  of a, especia l ly  for 0 .4~a  
--~1. This  means  tha t  it  wi l l  be  difficult to d e t e r m i n e  
a accura te ly  f rom a s ingle  charg ing  curve.  For  in -  
s tance assume a va lue  of a of abou t  0.5 and  e x a m i n e  
the  curves  at  the  po in t  7 = 0.9 700 where  the  g rea t -  
est d i f fe ren t ia t ion  b e t w e e n  curves  occurs. Va r i a t i on  
of a by  ----_20% wou ld  have  the  effects l is ted in  
Table  II. 

~20% • ~86% 
• • ~43% 
• •  •  
•  •  •  

In  other  words,  in  order  to d e t e r m i n e  ,oz w i t h  an  
er ror  of _ 2 0 % ,  7 m u s t  be ob ta ined  f rom a charg ing  
curve  w i th  the  accuracy  listed, and  the  e r ro r  in  
io wi l l  be as noted.  This  assumes  tha t  C, 700, and  t 
are  k n o w n  exac t ly  a nd  tha t  the  on ly  e r ro r  wou ld  be 
in  ob t a in ing  7- E v e n  then,  an  e r ror  of -----1% in  7 
( p r o b a b l y  about  the  l imi t  of e x p e r i m e n t a l  ac- 
curacy)  would  st i l l  resu l t  in  i n to l e r ab ly  la rge  errors  
in  a a nd  io. It  should  be no ted  that ,  a l though  ~ has 
a g rea te r  effect on charg ing  curve  shape for h igh 
700, i t  also has a g rea te r  effect on io, so tha t  as 
becomes easier  to d e t e r m i n e  accura te ly ,  io becomes 
more  difficult. 

The  conclus ion to be reached  f rom this  is tha t  it  
wi l l  be  exceed ing ly  difficult to d e t e r m i n e  deposi t ion  
p a r a m e t e r s  wi th  sa t is factory  accuracy  f rom a s ingle  
cha rg ing  curve,  even  if these p a r a m e t e r s  s tay  con-  
s t an t  t h r o u g h o u t  the  charg ing  process. F u r t h e r m o r e  
there  is reason  to be l ieve  tha t  these  p a r a m e t e r s  do 
not  r e m a i n  cons tan t  in  m a n y  cases, e.g., p l a t i ng  on 
soiled electrodes,  and  then  the  task  w ou l d  become 
hopeless. The resul t s  also ind ica te  tha t  even  qui te  
accura te  ana ly t i ca l  solut ions  of Eq. [2] wi l l  have  
l i t t le  use in  e x p e r i m e n t a l  work,  a l though  they  m a y  
be of m a t h e m a t i c a l  in teres t .  

A n a l y s i s  o f  C h a r g i n g  C u r v e  D e r i v a t i v e s  

The s i tua t ion  m a y  be s l ight ly  more  p romis ing  if 
one examines  curves  of d v / d t  vs .  t ,  Fig. 3 and  4. 
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These m a y  be ob t a ined  by n u m e r i c a l  subs t i t u t i on  
into Eq. [2],  bu t  in  the  p resen t  case they  were  cal-  
cu la ted  on the  ana log  computer .  

These curves  are  m u c h  more  sens i t ive  to changes  
in  a. For  ins tance,  in  the  case a = 0.5 and  ~oc = 0.2, 
a va r i a t i on  of a by  • 20% wil l  cause a m a x i m u m  
va r i a t i on  in  dv/dt of •  as opposed to a v a r i a -  
t ion of only • in ~. 

In this case C may be determined from the initial 
value of the curve. From the initial slope of this 
curve one may determine io independently of 

[ d(d~/dt) ] ioZF 
d~ t=o CRT [3] 

If one s tudies  possible  va r i a t i on  of p a r a m e t e r s  
d u r i n g  charg ing ,  the da ta  wi l l  be  m u c h  eas ier  to 
h a n d l e  in  the  form d~/dt vs..,7 t h a n  in  the fo rm ~? vs. 
t, because  the  va lue  of dy/dt depends  on ly  on the 
ex is t ing  va lues  of ~?, i, io, and  C, and  not  on the i r  
past  behavior .  

The t r ick  in  this approach  lies in  ob t a in ing  the 
de r iva t ive  d~/dt expe r imen ta l l y ,  d i f fe ren t ia t ion  be -  
ing a r a t h e r  imprec ise  operat ion.  The  most  direct  
approach  wou ld  be graphica l  d i f fe ren t ia t ion  of an  
en la rged  pho tograph  of the  cha rg ing  curve  as re -  
corded on an  oscilloscope. Wi th  care the graphica l  
me thod  can be fa i r ly  accurate .  F igu re  3 could be 
reproduced  to w i t h i n  1% by  graphica l  d i f fe ren t ia -  
t ion of Fig. 1. 

A second poss ib i l i ty  would  be to genera te  dv/dt 
elect ronical ly ,  feeding  this  to the y i npu t  of the 
scope and  feeding  ~ to the  x input .  A s imple  dif-  
f e ren t i a to r  m a y  be assembled  f rom a resis tor  and  
capacitor,  and  more  e labora te  ones m a y  be bu i l t  
wi th  opera t iona l  amplifiers.  It  should  be no ted  tha t  
d i f ferent ia tors  are i n h e r e n t l y  t roublesome,  because  
they  d i f ferent ia te  h i g h - f r e q u e n c y  noise as wel l  as 
the  signal.  P r o p e r l y  des igned filters would  reduce  
this source of e r ror  somewhat ,  a l though  pe rhaps  
not  enough.  I t  wou ld  be a r e l a t ive ly  s imple  expe r i -  
ment ,  however ,  and  seems wor th  a t ry .  

Curves  of d~/dt vs. t were  also de t e rmined ,  and  
one is shown in  Fig. 5. They  seem to have  no ad-  
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van tages  f rom the s t andpo in t  of e i ther  m a t h e m a t i c a l  
m a n i p u l a t i o n  or e x p e r i m e n t a l  work.  

Conclusion 
Accura te  cha rg ing  curves  have  been  ob ta ined  by 

analog  solut ion of the theore t ica l  d i f ferent ia l  equa -  
tion. The  s ignif icant  ( and  p rev ious ly  u n e m p h a s i z e d )  
resu l t  of these solut ions  is tha t  changes  in  ~ and  io 
have  such a smal l  effect on the  shape of the charg-  
ing curve.  This  indica tes  tha t  solut ions  of the d i f -  
f e ren t i a l  cha rg ing  equat ion ,  w he t he r  analog  or a n -  
alyt ical ,  wil l  be  of l i t t le  use in  ob t a in ing  accura te  
deposi t ion p a r a m e t e r s  f rom a single charg ing  curve.  
A more  p romis ing  approach  to the d e t e r m i n a t i o n  of 
these pa rame te r s  m a y  wel l  be to ana lyze  curves  of 
the  de r iva t ive  dv/dt vs. V, a me thod  which  has ye t  
received l i t t le  a t ten t ion .  

Manuscript  received Feb. 26, 1962; revised m a n u -  
script received Sept. 28, 1962. This paper was pre-  
pared for del ivery before the Pi t tsburgh Meeting, 
Apri l  14-18, 1963. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1963 
J O U R N A L .  
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ABSTRACT 

The theore t ica l ly  expec ted  var ia t ions  of the  cr i te r ia  of r evers ib i l i ty  for  
e lec t rochemical  reduct ion,  which  have  been proposed  for  inorganic  sys tems on 
the basis of d i rec t  cu r ren t  po larography,  have  been  deve loped  for  the  var ious  
possible mechanisms,  which  migh t  be expected  for  the  reduct ion  of the  phe ny l -  
subs t i tu ted  ethenes at  the  d ropp ing  me rc u ry  electrode.  These cr i te r ia  of r e -  
vers ib i l i ty  include the be ta  funct ion (rat io  of mean  cu r ren t  to ins tantaneous  
current ) ,  the dependence  of the  cur ren t  on the  d rop- t ime  (mercu ry  column 
height ) ,  t h e  slope of the  plot  of the  f ami l i a r  log cu r ren t  function,  i.e., log 
[ ( i ~ -  i)/i] vs. potent ia l ,  and the  va r ia t ion  of h a l f - w a v e  potent ia l  in re la t ion  
to pro ton  avai labi l i ty .  The s i tua t ion  for  i r r evers ib le  waves  is considered on the 
basis of the  equations der ived  for  both  the  p l ana r  e lec t rode  and the expand ing  
spher ical  electrode.  Since the  mechanisms considered a re  genera l ized  ap -  
proaches  which  can be app l ied  to the  reduct ion  of var ious  types  of func t ion-  
alities, both  inorganic  and organic,  the  equat ions  deve loped  and conclusions 
reached are  of genera l  u t i l i ty .  

I n  c o n t i n u a t i o n  of an  i n v e s t i g a t i o n  of t he  e l e c t r o -  
c h e m i c a l  r e d u c t i o n  m e c h a n i s m s  of c o n j u g a t e d  
d o u b l e  b o n d  sys tems ,  w h i c h  has  i n c l u d e d  s tud ies  of 
a l i f a t i c  u n s a t u r a t e d  ac ids  and  es te r s  ( 1 - 4 ) ,  p h e n y l  
ke tones  ( 5 , 6 ) ,  f i - d i k e t o n e s  (7 ) ,  a n d  a r o m a t i c  
N - n i t r o s o h y d r o x y l a m i n e s  (8 ) ,  t h e  r e d u c t i o n  of t he  
p h e n y l - s u b s t i t u t e d  e t h e n e  ser ies ,  m e m b e r s  of w h i c h  
h a v e  been  f r e q u e n t l y  s t u d i e d  p o l a r o g r a p h i c a l l y ,  was  
s y s t e m a t i c a l l y  i n v e s t i g a t e d  in  r e s p e c t  to  m e c h a n i s m .  

In  o r d e r  to f ac i l i t a t e  dec i s ion  on t h e  bas i s  of e x -  
p e r i m e n t a l  d a t a  as to t he  r e a c t i o n  m e c h a n i s m s  op -  
e r a t i v e  for  t h e  r e d u c t i o n  of t he  e thenes  at  t he  d r o p -  
p ing  m e r c u r y  e l ec t rode  (DME)  in n o n a q u e o u s  a n d  
a q u e o u s - o r g a n i c  med ia ,  t h e  t h e o r e t i c a l l y  e x p e c t e d  
v a r i a t i o n s  of t h e  c r i t e r i a  of r e v e r s i b i l i t y  for  e l e c t r o -  
c h e m i c a l  r educ t ion ,  p r e v i o u s l y  p r o p o s e d  on the  bas i s  
of d i r ec t  c u r r e n t  p o l a r o g r a p h y  for  s i m p l e  i n o r g a n i c  
sys tems ,  h a v e  b e e n  d e v e l o p e d  for  v a r i o u s  poss ib l e  
r e d u c t i o n  m e c h a n i s m s .  The  fo rms  t hus  a s s u m e d  b y  
the  v a r i o u s  p o s t u l a t e d  c r i t e r i a  a r e  s u m m a r i z e d  in  
T a b l e  I, w h i c h  w i l l  a f ford  a c o n v e n i e n t  r e f e r e n c e  
for  t he  s u b s e q u e n t  d iscuss ion.  

S ince  the  m e c h a n i s m s  cons ide red  a r e  g e n e r a l i z e d  
a p p r o a c h e s  w h i c h  can  b e  a p p l i e d  to t h e  r e d u c t i o n  
of v a r i o u s  t y p e s  of func t iona l i t i e s ,  b o t h  i no rgan i c  
and  organic ,  t he  equa t i ons  d e v e l o p e d  and  conc lu -  
sions r e a c h e d  a re  of  g e n e r a l  u t i l i t y .  Consequen t ly ,  
t he  p r e s e n t  p a p e r  a n d  t h e  succeed ing  e x p e r i m e n t a l  
s t u d y  (9) ,  in  w h i c h  the  c r i t e r i a  d i s cus sed  a r e  a p -  
p l i ed  to t he  b e h a v i o r  of t h e  five p h e n y l - s u b s t i t u t e d  
e thenes ,  r e p r e s e n t  an  a t t e m p t  to  d e t e r m i n e  t h e  v a l u e  
of c o n t e m p o r a r y  d i r ec t  c u r r e n t  p o l a r o g r a p h i c  t h e -  
o ry  w h e n  a p p l i e d  to  t h e  p r o b l e m  of t h e  e l u c i d a t i o n  
of m e c h a n i s m  for  t h e  p o l a r o g r a p h i c  r e d u c t i o n  of 
o rgan ic  compounds .  

Electrode kinetics and thermodynamics . - -The  o b -  
s e rved  b e h a v i o r  of  t h e  m a j o r i t y  of p o l a r o g r a p h i c  
p rocesses  d e p e n d  p r i m a r i l y  on the  r a t e  of mass  

1 P r e s e n t  address:  A v c o  Corporation,  Wi lmington ,  Massachusetts .  

t r a n s f e r  of t h e  e l e c t r o a c t i v e  subs t ance  a n d  the  
k ine t i c s  of t h e  e l e c t r o c h e m i c a l  reac t ion .  P o l a r o -  
g r a p h i c  w a v e s  a r e  g e n e r a l l y  c lass i f ied  as  r e v e r s i b l e  
or  i r r e v e r s i b l e  acco rd ing  to  w h e t h e r  t h e  r a t e  of mass  
t r a n s f e r  or  t h a t  of e l e c t r o c h e m i c a l  r e a c t i o n  is c u r -  
r e n t - c o n t r o l l i n g  ( c u r r e n t s  c on t ro l l e d  b y  t h e  r a t e  of 
c onve r s ion  a t  t h e  e l e c t r o d e  i n t e r f a c e  of t h e  spec ies  
be ing  s u p p l i e d  b y  m a s s  t r a n s f e r  to a r e d u c i b l e  spe -  
cies cons t i t u t e  a spec ia l  c l a s s ) .  

In  r e c e n t  yea r s ,  e l a b o r a t i o n  of t h e  t h e o r y  of e lec -  
t r o d e  p rocesses  has  r e s u l t e d  in  t he  d e v e l o p m e n t  of 
c r i t e r i a  for  t h e  r e v e r s i b i l i t y  or  i r r e v e r s i b i l i t y  of a 
p o l a r o g r a p h i c  wave .  E x p e r i m e n t a l  ve r i f i ca t ion  of 
these  c r i t e r i a ,  w h i c h  a r e  d i scussed  s u b s e q u e n t l y ,  has  
been  r a t h e r  sparse ,  e spe c i a l l y  in  r e s p e c t  to t h e  b e -  
h a v i o r  of o rgan ic  compounds .  

The  def ined  t r a n s i t i o n  f r o m  a r e v e r s i b l e  to an  
i r r e v e r s i b l e  p rocess  occurs  ove r  a r e l a t i v e l y  n a r r o w  
r a n g e  of m a g n i t u d e  of t h e  h e t e r o g e n e o u s  r a t e  con-  
s tan t ,  ks,h, for  t h e  e l e c t r o c h e m i c a l  r e ac t i on :  2 x 10 -2  
to 3 x 10 -5 cm sec -1 (10) .  The re fo re ,  mos t  p o l a r -  
o g r a p h i c  w a v e s  a r e  r e a d i l y  c lass i f iab le  b y  th i s  c r i -  
t e r i on  as e i t h e r  r e v e r s i b l e  or  i r r e v e r s i b l e .  The  b e -  
h a v i o r  of r e v e r s i b l e  w a v e s  is c h a r a c t e r i z e d  m a t h e -  
m a t i c a l l y  b y  t h e  N e r n s t  equa t ion .  The  s i t ua t i on  for  
i r r e v e r s i b l e  w a v e s  is c o m p l i c a t e d  b y  the  ex i s t ence  
of t w o  sets  of equa t ions ,  one b a s e d  on t h e  p l a n a r  
e l e c t r o d e  (10) a n d  the  o t h e r  on the  e x p a n d i n g  
s p h e r i c a l  e l e c t r o d e  (11) ;  t he  l a t t e r  set  is g e n e r a l l y  
a d m i t t e d  as b e i n g  the  m o r e  r i go rous  in  t he  case  of 
the  DME. Consequen t ly ,  in  t he  s u b s e q u e n t  d i s cus -  
s ion r e c o u r s e  w i l l  be  h a d  to t he  e x p a n d i n g  s p h e r i c a l  
e l e c t r o d e  t h e o r y  in so fa r  as poss ib le ;  in cases  w h e r e  
a p p l i c a t i o n  of t h e  l a t t e r  t h e o r y  has  no t  y e t  been  
deve loped ,  r e f e r e n c e  w i l l  be  m a d e  to t he  p l a n a r  
e l e c t r o d e  t he o ry .  R e f e r e n c e  wi l l  f r e q u e n t l y  b e  m a d e  
to bo th  theo r i e s  s ince  bo th  h a v e  b e e n  u sed  in  t he  
l i t e r a t u r e ,  a n d  i t  is of v a l u e  to  c o n t r a s t  t h e i r  d i f -  
f e r e n t  p red ic t ions .  A p p l i c a t i o n  of t he  equa t i ons  
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Table I. Variation of criteria of reversibility, log plot slopes, and E1/s expected on the basis of various possible mechanisms 

No. M e c h a n i s m  a Conditions b 

nae 
1. R > R -  k v fast, DR ~ DR- 

k k slow 
a l n l e  a2~,2e 

2. R R > R = kl v fast, k2 slow 
kl k2 k l  s l o w ,  k s  v fast 

k l  s l o w ,  k s  s l o w  

r i le an2e 
3. R ~  " R -  >R = 

k 
n~e nse H + H + 

4. R .  ~ R -  ~ R = > R H -  > RH2 
kl k2 

nle 
5. R ~  ~ R -  

H + an2e H + 
> R H  > R H -  > RH2 

kl very  fast k2 

~2n2e H + 
6. (R) -t- H + ---> ( R . . .  H) + alnle> RH > R H -  

kl k2 very fast k3 
a l n l e >  

7. (R) + HA--> RHA R H A -  --> RH + A -  
kl k2 k3 

a2nse H + 
RH > R H -  > RH2 

very fast k4 
nle H20 

8. R ~  ~ R -  > R H + O H - o r A -  

o r  HA, kl 
~n2e H20 

RH > R H -  > RH2 ~- O H -  or A -  
very fast or HA, fast 

> RH2 

A---S 
A - - O - - B  

A - - O - - U B  

A---S 
A---O--B 

A---O--UB 

kl slow, [H + ] large 
kl v fast, [H +] large 

k2 slow, other rates fast 
ks slow, other rates fast 

[HA] large in both cases 

A - - S  
[H20] large 

a Pa ren these s  ind ica te  po la r iza t ion  a t  t h e  e l e c t r o d e  surface .  
b A----S = a n h y d r o u s  solvent ;  A----O--B = aqueous  o rgan i c  buffered  solut ion;  A---O--UB = aqueous  o rgan ic  unbuf fe red  solut ion;  v = very .  

based on the  e x p a n d i n g  spher ica l  e lect rode theory  
(11) to i r r eve r s ib le  c u r r e n t - p o t e n t i a l  curves  pe r -  
mi t s  ca lcu la t ion  of the  he te rogeneous  ra t e  cons tan t  
and  the  t r ans f e r  coefficient for the  e lec t rochemica l  
react ion.  

Electrochemical Processes Involving One 
Electrochemical Reaction : Criteria of Reversibility 

The  ;~ f u n c t i o n . - - T h e  fl func t i on  is defined as the  

rat io of ( i / i )E .  For  r eve r s ib l e  processes i nvo l v i ng  a 
so luble  reduced  product ,  the  e x p a n d i n g  spher ica l  
e lectrode theory  (12) predic ts  tha t  fl should  be 
n e a r l y  cons tan t  and  s l ight ly  less t h a n  0.857, i.e., 6/7, 
t h r o u g h o u t  the  whole  wave.  On the  basis  of this  
theory  fl can  be r ep re sen t ed  by  the  equa t ion  

fl----- (6 /7 )  [ f ( X , ~ ) / f ( X ~ ) ]  [1] 

where  f ( X ~ )  --  i / /d and  S(Xm) = i/id. At  the  toe 

of an  i r r eve r s ib l e  wave,  where  the  ratio,  f ( X ~ ) /  
f (Xm),  is a p p r o x i m a t e l y  0.75, fl va lues  of app r ox -  
ima t e ly  0.64 are  to be expected;  at  the  head of the  

wave,  f (X~)  ---- f ( X ~ ) ,  a n d  fl approaches  0.857. 
Accord ing  to p l a n a r  e lectrode theory ,  fl should be 

3/5 at the  base of an  i r r eve r s ib le  wave  an d  6/7 
at the  head  (13) ;  these  pred ic t ions  agree w i th  those 
of the  spher ica l  e lec t rode  theory.  A l t h o u g h  the  ob-  
served e x p e r i m e n t a l  v a r i a t i o n  of fl a long the  wave  
in  bo th  revers ib le  and  i r r eve r s ib le  reduc t ions  is no t  
in  too good q u a n t i t a t i v e  a g r e e m e n t  w i th  theory,  the  

qua l i t a t ive  a g r e e m e n t  has been  considered  adequa te  
to have  verif ied the p red ic t ions  of this  t heo ry  (13). 

E x p e r i m e n t a l  d e t e r m i n a t i o n  of fl, m e a s u r e d  at  
the  l imi t ing  cur ren t ,  for a n u m b e r  of subs tances  
showed, however ,  tha t  no  one fl va lue  seems to ap-  
p ly  to all  e lec t roac t ive  subs tances  (14) .  

Dependence  o f  cur ren t  on the  m e r c u r y  c o l u m n  
h e i g h t . - - A  sens i t ive  c r i t e r ion  of r eve r s ib i l i t y  for 
e lect rode processes is the  dependence  of the  average  
or i n s t a n t a n e o u s  c u r r e n t  on the  flow of mercu ry .  
For  r eve r s ib l e  processes i n v o l v i n g  a soluble  r educed  
product ,  the r e l a t ion  of i to h, in  t e rms  of i/io and  
h/ho,  at  the b e g i n n i n g  of the  w a v e  is (12) 

(h l /2 /ho  1/2) -~ Q DR1/2mo -1/3 (tin) 01/6 
i / io = [2] 

1 + Q DRll2mo -1/3 (tm)o 1/6 

w he r e  
Q = (3~r/7) l/S (4~rd/3) lZ3 [3] 

At  the  head  of the  wave,  the  re la t ionsh ip  becomes 

(hl /2/ho l/s) -[- Q Dol/Smo -1/3 (tin) o 1/6 

i / io  = [4]  
1 § Q Dol/Smo -1/3 (t~n) 01/6 

W h e n  Do = DR, Eq. [2] a n d  [4] become ident ical ,  
and  the  slopes of plots of ( i / io)  vs.  (hl /S/ho l/s) 
would  be expected  to be n e a r l y  cons tan t  at  0.87 at 
al l  po in ts  a long the  wave.  Such  plots for  t r i s e t h y l e n e -  
d i aminecoba l t  (12) ( the  r educed  produc t  is soluble  
in  the  solut ion phase  a nd  it  was  a s sumed  tha t  Do = 
DR) do give s t ra igh t  l ines,  whose slopes of 0.93 do 
not  agree too wel l  wi th  the  theore t ica l  slope of 0.87. 
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V a r i a t i o n  of s lopes  of  V a r i a t i o n  of  Ez /2  as 
V a r i a t i o n  o f ~  f r o m  c u r r e n t  r a t i o s  f r o m  f u n c t i o n  of  p r o t o n  
toe  to  h e a d  of  w a v e  c toe  to h e a d  of w a v e  c Log plot slopes a v a i l a b i l i t y d  

con; < 6/7 con; < 1 n/0.059 
3/5 --> 6/7 0 > 1 ana/O.059 

3/5 ---> 6/7 0 .... > 1 (nl  ~- a2n2)/0.059 
3/5 ---> 6/7 0 > 1 alnl/0.059 
3/5 --> 6/7 0 ----> 1 (nl ~- a2n2)/O.059 > ~1nl/0.059 

con; < 6/7 con; < 1 (nz % a2n2)/0.059 

m 

con; < 6/7 con; < 1 (nl  -~ n2)/0.059 - -  
incr < 6/7 incr  < 1 (nl  ~- n2)/0.059 * pH or [R ~0] decr 
incr  < 6/7 incr  < 1 0.5(nl -~ n2)/0.059 ) (nz ~ n2)/0.059 * [H20] incr  or [R ~~ decr 

con; < 6/7 con; < 1 nl/0.059 - -  
incr < 6/7 incr  < 1 nl/0.059 * pH or [R ~ decr 
incr < 6/7 incr  < 1 0.5nl/0.059 > nl/0.059 * [H20] incr or [R ~o] decr 

3/5 ---> 6/7 0 ~ 1 ~1nz/0.059 * H + avai labi l i ty  incr  
incr  < 6/7 incr  < 1 nl/0.059 * H + availabi l i ty incr  

3/5 ---> 6/7 0 > 1 alnl/0.059 * HA availabi l i ty incr  
incr  < 6/7 incr  < 1 nl/0.059 * HA availabi l i ty incr 

con; < 6/7 con; < 1 nl/0.059 - -  
incr < 6/7 incr  < 1 nl/0.059 * [H20] or [HA] incr  

con  = c o n s t a n t ;  i n c r  = i n c r e a s e s  to;  ~ = v a r i e s  b e t w e e n  t h e  v a l u e s  g i v e n  a t  t h e  toe  a n d  h e a d  os t h e  w a v e ,  respect ively .  
* = E1/2 b e c o m e s  less  n e g a t i v e  as ;  d e e r  = d e c r e a s e s ;  i n c r  = i n c r e a s e s .  

For  i r r eve r s ib l e  waves,  p l a n a r  e lect rode theory  
predicts  c u r r e n t - i n d e p e n d e n c e  of h at  the  b e g i n n i n g  
of the  w a v e  and  direct  p ropo r t i ona l i t y  to h 1/2 at  the  
l im i t i ng  c u r r e n t  (13).  Thus,  plots of ( i l ia)  vs.  (h l /2 /  
ho 1/2) would  be expected  to give a series of l ines  of 
ever  i nc reas ing  slope as the  l im i t i ng  c u r r e n t  is ap -  
proached.  A l though  good e x p e r i m e n t a l  ver i f ica t ion 
has been  ob ta ined  in  the few cases tested,  anomal ies  
have  been  observed  for n i t r o m e t h a n e  and  2 - m e t h y l -  
2 - n i t r o p r o p a n e  in  m e t h a n o l  (15).  2 

Since the  p l a n a r  e lect rode theory  p red ic t ion  of 
the fl f unc t i on  is in  accord w i th  t ha t  of the  e x p a n d -  
ing spher ical  electrode,  bo th  theor ies  wi l l  be  in  
accord r ega rd ing  c u r r e n t  dependence  on the  m e r -  
cu ry  head.  

Log p l o t s . - - A  plot  of log [ ( i x -  i ) / i ]  or log [ (id - -  

i ) / i ]  VS. E for a r evers ib le  wave  has a slope of 
na/0.059 at 25~ s However ,  a log plot  slope of 
na/6.059 is a necessa ry  b u t  no t  sufficient condi t ion  
for a r evers ib le  po la rograph ic  process. 

For  i r r eve r s ib l e  waves ,  e x p a n d i n g  spher ica l  e lec-  
t rode  theory  predic ts  a log plot  slope of ana/O.059 
(16) .  

Other  c r i t e r i a . - - O t h e r  cr i te r ia  of r eve r s ib i l i t y  

2 G r e a t e r  c u r r e n t  d e p e n d e n c e  on  t h e  m e r c u r y  h e a d  w a s  o b s e r v e d  
a l o n g  t h e  b e g i n n i n g  of t h e  n i t r o a l k a n e  r e d u c t i o n  w a v e s  t h a n  a t  t h e  
p l a t e a u s .  S u c h  b e h a v i o r  m a y  n o t  n e c e s s a r i l y  b e  a n  a n o m a l y ,  b u t  
m i g h t  r e p r e s e n t  a d i f f e r e n t  r e d u c t i o n  m e c h a n i s m  t h a n  t h e  e x p e c t e d  
o n e .  

S u c h  p l o t s  of  l o g a r i t h m i c  f u n c t i o n s  of  t h e  c u r r e n t  v s .  p o t e n t i a l  
a r e  g e n e r a l l y  c a l l e d  " l o g  p l o t s " ;  t h e  s lope  of t h e  p l o t  h a s  i m p o r t a n t  
i m p l i c a t i o n s  a s  s u b s e q u e n t l y  d i s cus sed .  T h e  t e r m ,  R T / F ,  is  g e n e r -  
a l l y  e v a l u a t e d  f o r  25~ 

such as the  dependence  of Ell2 on d r o p - t i m e  and  
the  v a r i a t i o n  of the  i n s t a n t a n e o u s  c u r r e n t  w i th  t ime  
have  not  been  sufficiently inves t iga ted  or are  ap -  
p a r e n t l y  insuff ic ient ly  sens i t ive  to w a r r a n t  app l i -  
ca t ion  in  the  p r e se n t  s tudy.  

Electrochemical Processes Involving Two or 
More Reactions 

T w o  consecu t i ve  s low e lec t rochemica l  react ions:  
E q u i v a l e n t  reac t ion  p a i r . - - I f  the  ra te  of one step 
in  a series of consecut ive  reac t ions  is cont ro l l ing ,  
an  " e q u i v a l e n t  reac t ion  pa i r"  m a y  be w r i t t e n  
which  embodies  all  of the  k ine t ic  p roper t ies  of the  
m e c h a n i s m  (17).  For  example ,  an  e q u i v a l e n t  r eac -  
t ion  pa i r  for the  series of react ions,  

diffusion to electrode surface  
R ~ > R [5] 

kl 
R + aln~e > R -  - -  (1 - -  a l n l ) e  [6] 

k 2  

R -  -P aenee > R = --  (1 - -  aen2)e [7] 

w he r e  the  ra te  of diffusion of R | to the  e lect rode su r -  
face is m u c h  la rger  t h a n  kl a nd  where  kl is m u c h  
less t h a n  k2, is 

k' 
R |  , ~ R  = -  ( 2 - - a l n l ) e  [8]. 

k '  

R | r ep resen t s  the  e lec t roac t ive  species in  the  b u l k  
of the  solut ion.  The  ra te  cons tan t s  in  Eq. [6] and  
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[7] re fe r  to the  equi l ib r ium state in which  E = 0, 
and the act ivi t ies  of products  and reac tants  are 
uni ty.  The net  ra te  of the  react ion represen ted  by  
Eq. [8] is 

knet --~ k ' [R|  - a :n lF  (E - -  E ~  

- - k ' [ R = ] e x p [  (2 - -  a l n l ) F ( E  - -  E ~  [9] 

At  ve ry  negat ive  potent ial ,  the  second t e rm on the 
r ight  hand side of Eq. [9] becomes ve ry  small  and 
can be neglected.  A plot  of log knet (or of the ex-  
pe r imen ta l  log kf.h) vS. E should then be a s t ra ight  
l ine of slope equal  to - -  a:n1/O.059 at  25~ whi le  a 
log lid - -  i ) / i ]  vs .  E plot  should have  a slope of 
~1nl/0.059. 

If kl  and  the r a t e  of diffusion of R | to the  elec-  
t rode surface are  ve ry  large  compared  to k2, the 
equivalent  react ion pa i r  is 

k" 
R| ( n i + ~ 2 n u ) e  ~ ~ R= - -  ( 1 - -  ~2n2) e [10] 

k" 
and 

knet = k" [R |  + a 2 n 2 ) F ( E -  E~ [11] 

The log cur ren t  or log kf,h plots, therefore,  would  have 
slopes equal  to (nl + a2n2)/0.059. The l a t t e r  is the 
same as the  log plot  slope p red ic ted  by  expanding  
spherical  e lectrode theory  for  a mechanism in which 
a revers ib le  e lect rochemical  react ion precedes  an 
i r revers ib le  one (16). 

In cases where  ks and k2 are  of the same order  of 
magni tude,  and the ra te  of diffusion of R | to the 
electrode surface is ve ry  large,  the  ne t  ra te  of the 
react ion represen ted  by  Eq. [7] at the  toe of the 
wave  would  be much smal ler  than  tha t  of the reac-  
t ion represen ted  by  Eq. [6]. Hence, the th i rd  reac-  
t ion would  be ra te-cont ro l l ing ,  and log plot  slopes 
should equal  (nl + aen2)/0.059. 

At  the head of the wave, the fol lowing equat ion 
applies (17),  

1/knet = 1 / ( k n e t ) l  -~- 1 / (kne t )2  [12] 

where  (knet)l refers  to the net  ra te  if only the sec- 
ond react ion were  r a t e - d e t e r m i n i n g  and (knet)2 if 
only the  th i rd  react ion were.  The log plot  slope at  
the head of the wave,  obta ined by  subst i tu t ing Eq. 
[9] and  [11] into Eq. [12] and di f ferent ia t ing the  
resul t ing expression,  is alnl/O.059. 

Because of the d i sagreement  noted be tween  the 
log plot  slope predic t ions  of the p l ana r  and expand-  
ing spher ical  e lectrode theories  in the  case of a 
ve ry  fast, i.e., revers ible ,  e lect rochemical  react ion 
preceding an i r revers ib le  one (16), the conclusions 
regard ing  log plot  slopes for two consecutive slow 
electrochemical  react ions a r r ived  at  by  the equiv-  
a lent  react ion pa i r  theory  are to be p re fe r r ed  to 
those deduced f rom p lana r  e lectrode theory  (18), 
even though the equiva lent  react ion pa i r  equat ions 
for currents  would  not  be of the correct  form ac- 
cording to expanding  spher ical  e lectrode theory.  

Cu r r en t - r a t i o  and fl plots in cases where  two con- 
secutive slow electrochemical  react ions are  opera-  
t ive would  be ident ica l  genera l ly  wi th  those ex-  
pected on the basis of only a single slow e lec t ro-  
chemical  reaction.  

R e v e r s ib l e  e l ec t rochemica l  react ion  ]o l lowed by  
i r revers ib le  e l ec t rochemica l  r e a c t i o n . - - A  log plot  
slope for a po la rographic  wave,  in which the mech-  
anism 

h i e  ~n2e 
R .  , R -  > R = [13] 

k 

is operat ive,  would be equal  to (nl + a2~.2)/0.059 
(16). Cur ren t - r a t i o  and plots may  be deduced f rom 
the approx imate  expanding  spherical  e lectrode fo r -  
mula  (11) 

i / i~ = X m / ( 1 . 5  + Xm)  [14] 

and the approx imat ion  (16) 

Xm = (7/12) 1/2 k f ,h /exp  [ n l ( E - -  E ~  [15] 

Since X,~ is independent  of t ime, the  average  cur ren t  

i depends on t ime in the  same manner  as does id. 
Therefore,  cu r r en t - r a t i o  plots and fl va lues  would be 
expected to r ema in  constant.  

Chemica l  react ions  i n v o l v i n g  h y d r o g e n  ions p re -  
ceded by  r ever s ib l e  e l ec t rochemica l  react ions . - - -The  
following mechanism has been thoroughly  discussed 
(19) wi th  r ega rd  to the types  of log plots obta ined:  

n:e n~e H + H + 
R " R -  - R = > R H -  > RH2 [16] 

k: k2 

In unbuffered solution containing water ,  log plot  
slopes are  predic ted  to change f rom approx ima te ly  
0.5(n: + n2)/0.059 at  the  toe of the wave  to (n: + 
n2/0.059 at the head. El/e is expected to become more 
negat ive  as the bu lk  concentrat ion of R increases. 

If the ra te  of the chemical  react ion is g rea te r  than  
the ra te  of diffusion of R =, cu r r en t - r a t i o  slopes 
and fl values  would  be expected  to increase because 
the chemical  react ion would  have the effect of m a k -  
ing the diffusion coefficient of R = appear  la rger  
than  if the ra te  of the chemical  react ion were  small  
(cf. Eq. [2] ) .  

T w o  chemica l  react ions  a l terna t ing  b e t w e e n  t w o  
e lec t rochemica l  r e ac t i ons . - -F or  a mechanism of the  
type  

n:e H + an2e H + 
R ~  R -  > R H - -  > R H -  >RH 2 

kl ve ry  fast k2 
[ :7 ]  

the same type  equations as were  developed for the 
mechanism represen ted  by  Eq. [16] are  applicable,  
since the revers ib le  addi t ion of n:  electrons to R is 
the po ten t i a l -de t e rmin ing  step. In aqueous-organic  
unbuffered solvents,  the mechanism represen ted  by  
Eq. [17] would, therefore,  be expected to exhibi t  a 
log plot  slope equal  to 0.5nff0.059 at  the  toe of the 
wave  and nff0.059 at  the  head. The height  of the  
polarographic  wave  would  increase as the pH de-  
creased. Cur ren t - r a t io  slopes and fl va lues  should 
approx imate  those in the case of a chemical  react ion 
fol lowing a revers ib le  e lectrochemical  react ion (c]. 
preceding sect ion).  

Another  mechanism in the ca tegory of two chem- 
ical react ions a l t e rna t ing  be tween  two e lec t rochem- 
ical reactions,  which deserves  considerations,  is 
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nle H20 or  H A  
R ~  ~ R -  

k l  

POLAROGRAPHIC REDUCTION OF ETHENES 

>RH§ 

l n2e, v e r y  fas t  
R H -  H20 or  H A  > RI-I~ 

k2 
+ O H - o r A -  [18] 

In  a n h y d r o u s  so lven t s  t he  c h e m i c a l  r e a c t i o n  of Eq. 
[18] i n v o l v i n g  w a t e r  w o u l d  no t  occur.  In  o rgan ic  
so lven t s  con t a in ing  10% or  m o r e  w a t e r ,  the  con-  
c e n t r a t i o n  of w a t e r  a t  t he  e l ec t rode  su r f ace  m a y  be  
cons ide red  as e s s e n t i a l l y  cons tan t .  Thus ,  log p lo t  
s lopes  in  such  aqueous  o rgan ic  so lven t s  w o u l d  e q u a l  
n l /0 .059 if  r e a c t i o n  [18] occurs ;  c u r r e n t - r a t i o  p lo t s  
and  B w o u l d  v a r y  as p r e d i c t e d  in t he  case  of a m e c h -  
a n i s m  r e p r e s e n t e d  b y  Eq. [16] in bu f f e r ed  solut ion.  
F o r  a m e c h a n i s m  r e p r e s e n t e d  b y  Eq. [18]  E1/e w o u l d  
be  i n d e p e n d e n t  of pH,  b u t  w o u l d  become  m o r e  pos -  
i t ive  as t he  H20 or  H A  c o n c e n t r a t i o n  inc reased ;  t he  
d e p e n d e n c e  of  E~/2 , h o w e v e r ,  w o u l d  h a v e  to be  t e s t ed  
u n d e r  cond i t ions  w h e r e  t he  w a t e r  con ten t  was  q u i t e  
s m a l l  and  p r e c i s e l y  known .  In  p o l a r o g r a p h y  w i t h  
o rgan ic  so lven t s  m i n u t e  i n d e t e r m i n a t e  t r aces  of 
w a t e r  a r e  p r o b a b l y  p r a c t i c a l l y  i nev i t ab l e .  

Electrochemical processes controlled by diffusion 
and activation.--A m e c h a n i s m  o r i g i n a l l y  p r o p o s e d  
for  the  r e d u c t i o n  of p h e n y l  ke tones  in ac idic  so lu-  
t ion  (5) ,  a d a p t e d  for  t he  case of p h e n y l - s u b s t i t u t e d  
e thenes ,  is 

+ ' ~ l e  
(R)  +H + > ( R . . . H )  

k l  ks 

n~e H + 
R H  > R H -  > RH2 [ 19 ] 

v e r y  fas t  ka 

w h e r e  (R)  is a p o l a r i z e d  molecu le .  In  th is  m e c h -  
anism,  t he  r e d u c i b l e  species  diffuses in to  the  field of 
t he  e lec t rode ,  the  l a t t e r  i n i t i a t i ng  p o l a r i z a t i o n  of the  
r e d u c i b l e  group.  S i m u l t a n e o u s l y ,  t he  p o l a r i z e d  
g roup  a t t r a c t s  p ro tons ,  a p rocess  w h i c h  inc reases  t h e  
po la r i za t ion .  The  r e d u c i b l e  species  t h e n  comple t e s  
d i f fus ion to t he  e l ec t rode  su r f ace  and  acqu i res  an  
e lec t ron .  The  p r e c e d i n g  processes  a r e  con t inuous  
and  i nvo lve  a t r a n s i t i o n  s ta te .  The  i n v o l v e m e n t  of 
hydrogen ion in the transition state is inferred from 
the  p H - d e p e n d e n c e  of El~2. P o l a r o g r a p h i c  w a v e s  r e -  
su l t ing  f r o m  such a m e c h a n i s m  w o u l d  be  d i f fus ion 
c on t ro l l ed  t h r o u g h o u t  t he  w h o l e  wave .  

I t  is diff icult  a t  p r e s e n t  to say  e x a c t l y  w h a t  fac -  
tors  a r e  i m p o r t a n t  in  d e t e r m i n i n g  the  r a t e  of f o r m a -  
t ion  of ( R . . .  H)  + and  w h a t  inf luence  the  m a n n e r  of 
f o r m a t i o n  of ( R . . . H )  + w o u l d  h a v e  on the  log 
p lo t  slope, s ince  e l ec t r i c a l  doub le  l a y e r  effects,  
w h i c h  a r e  no t  eas i ly  e v a l u a t e d ,  u n d o u b t e d l y  p l a y  
an  i m p o r t a n t  role .  H o w e v e r ,  if  f o r m a t i o n  of 
( R . . . H )  § m a y  be  a s s u m e d  to occur  as a s imple  
c h e m i c a l  r e a c t i o n  a t  t he  e l e c t r o d e  sur face ,  log p lo t  
s lopes  in  cases  w h e r e  t he  r a t e  of f o r m a t i o n  of 
( R . . .  H)  + is v e r y  fas t  w o u l d  ref lec t  t he  r a t e  of a d -  
d i t i on  of an  e l ec t ron  to ( R . . .  H)  +, e.g., if  k2 is 
s low c o m p a r e d  to a l l  o the r  ra tes ,  a log p lo t  s lope  
w o u l d  e q u a l  a ln l /0 .059.  I f  k2 is v e r y  fast ,  t he  a d d i -  
t ion  of n~e is r e v e r s i b l e ,  a n d  a log p lo t  s lope  w o u l d  
v a r y  as in  t h e  p r e v i o u s l y  d i scussed  case  of a c h e m -  
ica l  r e a c t i o n  p r e c e d e d  b y  a r e v e r s i b l e  e l e c t r o c h e m -  
ical  reac t ion .  
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A n  a l t e r n a t i n g  c u r r e n t  p o l a r o g r a p h i c  s t u d y  (20) 
of the  b e n z o p h e n o n e  r e d u c t i o n  sugges t s  t h a t  t he  
fo l lowing  m e c h a n i s m ,  w h i c h  has  been  a d a p t e d  for  
the  case  of t he  p h e n y l - s u b s t i t u t e d  e thenes ,  is m o r e  
r e p r e s e n t a t i v e  of k e t o n e  r e d u c t i o n  in n o n a q u e o u s  
m e d i a  in  t he  p r e s e n c e  of und i s soc i a t e d  p r o t o n  do -  
nors :  

(R)  W H A  --> R H A  alnle> R H A -  -> 
kl ks k3 

R H  + A -  

] n2e, v e r y  fas t  
H + 

R H -  > RH2 
k4 [20] 

w h e r e  H A  r e p r e s e n t s  an  u n d i s s o c i a t e d  acid.  Aga in ,  
d e t e r m i n i n g  fac to r s  in t he  r a t e  of f o r m a t i o n  of R H A  
and  i ts  inf luence  on s lopes  a r e  unc e r t a in .  I f  the  
r a t e s  of f o r m a t i o n  of R H A  and  RH2 a re  a s s u m e d  to 
be v e r y  rap id ,  k2 or  k3 wi l l  d e t e r m i n e  the  log p lo t  
slopes,  i.e., log p lo t  s lopes  w o u l d  equa l  n , /0 .059  if 
k8 is r a t e - d e t e r m i n i n g ,  and  a l n j 0 . 0 5 9  if  k2 is. 4 

In  bo th  of t he  m e c h a n i s m s  of Eq. [19] and  [20],  
it  is diff icult  to p r e d i c t  c u r r e n t - r a t i o  s lopes  and  fl 
va lues ,  a l t h o u g h  b e h a v i o r  a p p r o x i m a t i n g  t h a t  e x -  
p e c t e d  for  a s ing le  s low e l e c t r o c h e m i c a l  r e a c t i o n  is 
mos t  l i ke ly .  

Electrochemical processes in which a change of. 
electron transfer mechanism occurs.--In t he  case of 
the  p h e n y l - s u b s t i t u t e d  e thenes ,  th is  t y p e  of m e c h -  
a n i s m  w o u l d  be  e q u i v a l e n t  to two  p o s s i b l y  c oncu r -  
r en t  m e c h a n i s m s  r e p r e s e n t e d  b y  Eq. [19] ,  [20] ,  and  
[16] ;  r e a c t i o n  [19] or  [20]  p r e d o m i n a t e s  d u r i n g  the  
e a r l i e r  p a r t  of t he  w a v e  and  r e a c t i o n  [16] d u r i n g  
the  l a t t e r  pa r t .  The  r e a c t i o n  p roduc t s ,  R H -  and  
R =, a r e  c a p a b l e  of  d i f fus ion a w a y  f r o m  the  e lec -  
t r o d e  su r face  or  of f u r t h e r  r e a c t i o n  in the  i n t e r f ace  
w i t h  H +. Log  p lo t s  w o u l d  be  e x p e c t e d  to show two 
i n t e r s e c t i ng  l i n e a r  l ines,  t h e  s lopes  of w h i c h  w o u l d  
be equa l  to the  c o r r e s p o n d i n g  ana/0.059 va lues ,  w i t h  
p e r h a p s  a c u r v i l i n e a r  p o r t i o n  n e a r  t he  i n t e r sec t i on  
region .  

C u r r e n t - r a t i o  and  B p lo ts  w o u l d  be  g e n e r a l l y  the  
s ame  as those  e x p e c t e d  for  a m e c h a n i s m  con t ro l l ed  
b y  a s ingle  s low e l e c t r o c h e m i c a l  r eac t ion .  

Nonspecific Salt Effects 
Recen t ly ,  a n u m b e r  of s tud ies  of t he  inf luence  of 

the  s t r u c t u r e  of t he  e l ec t r i ca l  d o u b l e  l a y e r  on e lec -  
t r o c h e m i c a l  r e ac t i ons  have  a p p e a r e d .  The  s i t ua t ion  
is c o m p l i c a t e d  b y  t h e  fac t  t h a t  mos t  of t he  theo r i e s  
e vo lve d  h a v e  not  y e t  been  r i g o r o u s l y  t e s t ed  e x p e r i -  
m e n t a l l y .  I t  is of va lue ,  h o w e v e r ,  to cons ide r  t he  
conclus ions  set fo r th  for  t he  g e n e r a l  case  of an i r -  
r e v e r s i b l e  e l e c t r o c h e m i c a l  r e a c t i o n  (21) as an  in -  
d i ca t ion  of the  p r o b a b l e  effect  of t he  doub le  l a y e r  
s t r u c t u r e  on an  e l e c t r o c h e m i c a l  reac t ion .  

F o r  t he  i r r e v e r s i b l e  e l e c t r o c h e m i c a l  r e a c t i o n  
( b a c k w a r d  r e a c t i o n  n e g l e c t e d )  

mass ~tae> 
Ox ~ > Ox  Red  [21] 

t r a n s f e r  

w h e r e  Ox  ~ ind ica t e s  b u l k  spec ies  and  O x  the  spe -  
cies b e i n g  r educed ,  the  e xp re s s ion  for  E,/2 is 
E1/2 = E ~ + ~bsb[1 -- (2z/na)] - -  (2RT/naF) 

In [ K  D o l / s / ( 5  x 104 p t I / s ) ]  - -  k /naF  [22] 

The p red ic t ed  log plot  slopes a re  eas i ly  de r ived  b y  equ iva len t  
r eac t ion  p a i r  t r e a tmen t .  
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where  ~b~b is the  e lectrosta t ic  po ten t i a l  difference 
b e t w e e n  the  reac t ion  site and  the  b u l k  of the  solu-  
t ion ( computed  in  the  absence  of the  reac t ing  spe-  
cies),  z the charge  on Ox, p the  p robab i l i t y  of elec-  
t r o n - t r a n s f e r  d u r i n g  the  l i f e - t ime  of Ox, X the  f rac-  
t ion of the  charge  separa t ion  a t t a ined  in  the  t r a n -  
s i t ion state, and  K a cons tan t  d e p e n d e n t  on the  
choice of r e fe rence  electrode.  

The  express ion  for ana is 

~na ~--- ha /2  -~- 1/2 (2z - -  n~) (~bsb/3E) - -  1/2F (3X/3E) 
[23] 

Thus,  E1/2 depends  on r and  an~ on ~sb/3E.  On 
the nega t ive  side of the  e lec t rocap i l l a ry  m a x i m u m ,  
inc reas ing  the  ionic s t r eng th  or chang ing  the  elec-  
t ro ly te  composi t ion  to favor  g rea te r  adsorp t ion  
makes  Csb more  posit ive,  and  thus  makes  E~/~ more  
nega t ive  if 2z/n~ is g rea te r  t h a n  1. 

It  is a p p a r e n t  tha t  the  c r i te r ia  of r eve r s ib i l i t y  
p resen ted  in  the p reced ing  sections are to be r e -  
garded  wi th  caut ion,  since the  inf luence  of the  
double  l ayer  s t ruc tu re  on such p a r a m e t e r s  as E~/2, a, 
and  n~ has not  yet  been  fu l ly  eva lua ted .  
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GLOSSARY OF TERMS 
1. Equation for the electrochemical half-cell reaction: 

kf,h 
Ox + ne ~-- Red [24] 

kb,h 
Ox oxidized form 
Red reduced form 
n total number  of electrons t ransferred 
na number  of electrons involved in the activation 

step of Eq. [24] 
Do diffusion coefficient of Ox in cm 2 sec-1 
DR diffusion coefficient of Red in  cm 2 see -1 
kf,h formal heterogeneous rate constant  (cm sec -D 

of the forward process at potential  E 
kb.h formal heterogeneous rate constant  (cm sec -D 

of the backward process at potential  E 
2. Rate constant relationships: 

kf.h ~ k~ exp (--anaFE/RT) [25] 
kb,h = k~ exp [ (1 - -  a )naFE/RT]  [26] 

k~ and k~ formal heterogeneous rate constants at 
E = 0  

ks.h 
E 

E~ 

E o 

El/2 
ot 

3. 
i 
it 
ia 

io 

I 
t 

(t,Oo 
m 
mo 

h 

ho 

4. 
R 

R 
T 
F 
d 

rate constant  at E ~ EOc 
measured electrode potential  vs. the normal  hy-  
drogen electrode (NHE) 
potentials vs. NHE at which the concentrat ions 
of Ox and Red are equal 
potential  vs. NHE at which the activities of Ox 
and Red are equal 
hal f -wave potential  vs. NHE 
transfer coefficient, i.e., fraction of the potential  
which favors the cathodic reaction of Eq. [24] 

Current definitions and factors: 
instantaneous current  at t ime tm 
instantaneous current  at t ime t 
ins tantaneous diffusion-limited current  at time 
tm 
mean current  over drop life 
mean diffusion-limited current  over drop life 
instantaneous current  at effective mercury 
height ho and time (tin) o 
diffusion current  constant  = i j C m 2 / S t  lm 
time in sec 
drop time in sec 
drop time in sec at mercury  height ho 
rate of flow of mercury  in  mg sec -1 
rate of flow of mercury  in mg sec-~ at mercury  
height ho 
effective mercury  height (mercury  column 
height corrected for back-pressure)  
reference effective mercury  height 
(i / i)  E at a given value of E 

Miscellaneous: 
aromatic-olefinic hydrocarbon (the gas con- 
stant  is also R but  no trouble should be en-  
countered) 
gas constant  (8.314v coulomb mole-~ ~ -z)  
absolute temperature,  ~ 
Faraday (96,500 coulombs equ iva l en t -  ~) 
density of mercury  (13,534 mg cm -3 at 25~ 
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ABSTRACT 

The polarographic behavior  of the five phenyl -subs t i tu ted  ethenes (styrene, 
stilbene, 1,1-diphenylethylene, t r iphenylethylene,  and te t raphenyle thylene)  at 
the dropping mercury  electrode has been examined in  d imethylformamide 
(DMF) and DMF-water  solution containing 0.2M t e t r a - n - b u t y l a m m o n i u m  
iodide as background electrolyte on the basis of the various criteria for re-  
versibil i ty based on direct cur rent  polarography. Heterogeneous rate constants 
and ana values have been calculated on the basis of the spherical expanding 
electrode theory. 

None of the reversibi l i ty  criteria predictions for the various possible mech-  
anisms are ent i rely in  accord with the exper imental  results. Although polar0- 
graphic reduct ion of the phenyl -subs t i tu ted  ethenes is indicated to occur by 
processes which involved a change of electron t ransfer  mechanisms, a definite 
decision regarding the actual mechanisms cannot be reached because of the 
lack of adequate theoretical bases for such a mechanism change and for the 
effects of var ia t ion in double layer s t ructure  on any  given mechanism. 

Cons ide rab le  effort has been  expended  on the  
search for cor re la t ions  b e t w e e n  po la rographic  ha l f -  
w a v e  po ten t ia l s  and  var ious  s t ruc tu r a l  and  k ine t ic  
p a r a m e t e r s  of compounds  con ta in ing  con juga ted  
double  bonds.  Most corre la t ions ,  however ,  have  b e e n  
based on e lec t rochemical  r educ t ion  mechan i sms  
which  are ques t ionab le  because  e i ther  the  effects of 
e x p e r i m e n t a l  va r i ab les  were  no t  fu l ly  cons idered  or 
the  mechan i sms  were  deduced f rom insufficient  ex-  
p e r i m e n t a l  data.  For  example ,  in  the  cor re la t ion  of 
Eli2 of a romat ic  and  a romat ic -o le f in ic  hyd roca rbons  
wi th  the  coefficient of the  molecu la r  o rb i ta l  reso-  
nance  in t eg ra l  in  the  express ion  for the  ene rgy  of the  
lowest  unoccup ied  e lec t ron  level  of the  molecules  
(1, 2), the  ca lcula t ions  are based for most  of the  
compounds  inves t iga ted  on a r educ t ion  m e c h a n i s m  
model ,  in  which  add i t ion  of the  first e lec t ron  is as-  
sumed  to be revers ib le .  There  is some quest ion,  h o w -  
ever,  as wi l l  be ev iden t  subsequen t ly ,  tha t  this add i -  
t ion  is ac tua l ly  revers ible .  

The  po la rographic  r educ t ion  m e c h a n i s m  or ig ina l ly  
proposed by  L a i t i n e n  and  W a w z o n e k  (3) for 
p h e n y l - s u b s t i t u t e d  olefins and  ace ty lenes  in  aqueous  
d ioxane  so lu t ion  is 1 

R -b e ~ -  R -  ( revers ib le ,  po t en t i a l  d e t e r m i n i n g  [1] 

R -  -t- e ~  R = ( i r r eve r s ib l e  [2] 

R = W H20 -~ RH2 -P 2 O H -  ( i r revers ib le ,  r ap id )  [3] 

This  m e c h a n i s m  was i n f e r r ed  f rom the  facts tha t  

(a) slopes of plots of log [ i /  ( /-d --  i)  ] vs. E for the  
observed  s ingle  waves  of s t i lbene  and  d i p h e n y l -  
ace ty lene  were  a p p r o x i m a t e l y  equa l  to 1/0.059, (b)  
the  waves  were  a p p a r e n t l y  i n d e p e n d e n t  of pH, and  
(c) the  I lkovic  n was  2. This  mechan i sm,  which  
was  one of the  first proposed to e luc ida te  an  organic  
po la rographic  process, has been  used by  m a n y  i n -  
ves t iga tors  as a p ro to type  for o ther  organic  elec-  

1 The  s y m b o l s  u sed  in  t h i s  p a p e r  h a v e  b e e n  def ined  i n  t h e  preVi- 
ous  paper ,  ref .  (8}. 

t rochemica l  reduct ions .  It  has been  wel l  su i ted  for 
this  purpose,  since it  emphasizes  tha t  the  first step 
is f o r ma t i on  of a free rad ica l  which  m a y  t h e n  be re -  
duced to a c a rban ion ;  such a sequence  is cha rac te r -  
istic of m a n y  organic  e lect rode reac t ions  (4) .  

However ,  s u b s e q u e n t  s tudies  showed the  exper i -  
m e n t a l  behav io r  of the  p h e n y l - s u b s t i t u t e d  e thenes  
to be  more  complicated,  e.g., s t i lbene  gives no t  one 
bu t  two po la rographic  waves,  whose heights  depend  
on the so lvent  u s e d  and  the a m o u n t  of w a t e r  p resen t  
(5 ,6 ) .  

The  fo l lowing m e c h a n i s m  has been  advanced  by  
W a w z o n e k  (6) to exp la in  the  two le  waves  of s t i l -  
bene  in  a n h y d r o u s  ace toni t r i l e  a nd  N , N - d i m e t h y l -  
f o r m a m i d e  ( r e fe r r ed  to he rea f t e r  as D M F ) :  

R + e-~ R -  (s low) [4] 

R -  + e-~ R = (s low) [5] 

R = -~ solvent--> RH2 (s low) [6] 

The m e c h a n i s m  advanced  (6) for  the  one 2e w a v e  
of s ty rene  u n d e r  s imi la r  condi t ions  is 

R ~- e-~ R -  (s low) [7] 

R -  ~- e ~ R = ( fas t )  [8] 

R = ~- so lvent  ~ RH2 (s low) [9] 

In  ace toni t r i l e  con t a in ing  water ,  the  two l e  s t i l -  
bene  waves  me r ge  in to  a s ingle  2e wave ;  the  mech -  
a n i sm  in f e r r ed  (6) is 

R + e ~ R -  (s low) [10] 

R -  § H20--> RH § O H -  (fast)  [11] 

RH -~ e ~ R H -  (fast)  [12] 

R H -  ~- H20 ~ RH2 ~- O H -  [13] 

A m e c h a n i s m  proposed b y  H o i j t i n k  (7) for the  r e -  
duc t ion  of a romat ic  h y d r o c a r b o n s  in w a t e r - d i o x a n e  

231 
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so lu t ion  can  be  c o n s i d e r e d  to  a p p l y  to r e d u c t i o n  of 
p h e n y l - s u b s t i t u t e d  e thenes .  The  f irst  s t ep  i n v o l v e s  
r e v e r s i b l e  a d d i t i o n  of an  e lec t ron ;  th is  m a y  be  fo l -  
l o w e d  b y  one or  m o r e  of t h r e e  o t h e r  p rocesses :  

1. Dif fus ion of t h e  r e s u l t i n g  c a r b a n i o n  in to  t he  
b u l k  so lu t ion ,  w h e r e  

R -  § H + --> RH--)  d i m e r i z a t i o n  o r  

d i s p r o p o r t i o n a t i o n  [ 14] 

2. I n t e r f a c i a l  n e u t r a l i z a t i o n  and  r educ t i on :  

R -  + H + -~ RH [15] 

RH + e - - )  R H -  [16] 

R H -  + H + ~ RH2 [17] 

3. I m m e d i a t e  r e v e r s i b l e  r educ t ion ,  

R -  + e<-~-R = [18] 

fo l l owed  b y  d i f fus ion  of t he  d o u b l y  c h a r g e d  c a r -  
b a n i o n  in to  t he  b u l k  so lu t ion ,  w h e r e  

R = + 2H + -~ RH2 [19] 
o r  

H + 
R = + H + --> R H -  ----~ RH~ [20] 

F o r  those  c o n j u g a t e d  h y d r o c a r b o n s  w h i c h  g ive  
two  l e  waves ,  E1/2 for  t he  r e v e r s i b l e  a d d i t i o n  of an  
e l e c t r o n  to R is a s s u m e d  to be  less n e g a t i v e  t h a n  E1/2 
for  the  r e v e r s i b l e  a d d i t i o n  of an  e l e c t r o n  to R - .  
Hence ,  w h e n  t h e  r a t e  of a d d i t i o n  of a p r o t o n  to R -  is 
s l ower  t h a n  the  r a t e  of d i f fus ion of R -  a w a y  f r o m  
the  e l ec t rode  su r f ace  l aye r ,  two  w a v e s  a r e  obse rved :  
the  first  i nvo lves  r e d u c t i o n  to R - ;  t he  second r e d u c -  
t ion  to  R =. W h e n  the  r a t e  of p r o t o n  a d d i t i o n  to R -  is 
f a s t e r  t h a n  the  r a t e  of d i f fus ion of R - ,  the  r a d i c a l  
RH is f o r m e d  in t he  e l ec t rode  l a y e r  and  i m m e d i a t e l y  
adds  an  e lec t ron ;  t he  one w a v e  n o w  o b s e r v e d  in -  
vo lves  t he  o v e r - a l l  a d d i t i o n  of two  e lec t rons .  

The  m e c h a n i s m s  r e p r e s e n t e d  b y  Eq. [ 1 5 ] - [ 1 7 ]  and  
[ 1 8 ] - [ 2 0 ]  w o u l d  r e s u l t  in p o l a r o g r a p h i c  waves ,  
whose  E1/e w o u l d  b e c o m e  m o r e  pos i t i ve  as p H  d e -  
c r ea sed  (8) .  H o w e v e r ,  on ly  s l igh t  t endenc i e s  for  E,/2 
to become  m o r e  pos i t i ve  w i t h  dec r ea s ing  p H  w e r e  
no ted  for  a n t h r a c e n e ,  f luo ran thene ,  d i b i p h e n y l e n e -  
e t h y l e n e  and  p y r e n e  in  d i o x a n e - w a t e r  and  a l c o h o l -  
w a t e r  (9 ) ;  i t  was  conc luded  t h a t  H o i j t i n k ' s  m e c h a n -  
i sm is a c c e p t a b l e  if  t he  first  e l ec t ron  u p t a k e  is as -  
s u m e d  to p r o c e e d  i r r e v e r s i b l y .  

The  p o s t u l a t e d  r e v e r s i b l e  r e d u c t i o n  of  va r i ous  
c o n j u g a t e d  h y d r o c a r b o n s  in D M F - ( B u ) 4 N I  so lu t ion  
was  t e s t ed  b y  a l t e r n a t i n g  c u r r e n t  p o l a r o g r a p h y  
(10-12) .  F o r  s t i l b e n e  and  some o t h e r  compounds ,  
a d d i t i o n  of t he  first  e l e c t r o n  was  v e r y  r a p i d  (k  = 1 
cm s e c - 1 ) ;  t h a t  of t he  second e l ec t ron  was  m u c h  
s lower  (10 -2  to 10 -8 cm sec -1 ) .  These  r e su l t s  t end ,  
on t h e  whole ,  to conf i rm the  m e c h a n i s m  p o s t u l a t e d  
b y  H o i j t i n k  (7) ,  if  a d d i t i o n  of t he  second  e l ec t ron  is 
a s s u m e d  to p roceed  m o r e  or  less  i r r e v e r s i b l y .  

I t  was ,  consequen t ly ,  of c o n s i d e r a b l e  i n t e r e s t  to 
d e t e r m i n e  w h i c h  of the  p r e v i o u s l y  d i scussed  m e c h -  
an i sms  is bes t  s u b s t a n t i a t e d  for  t h e  p h e n y l - s u b -  
s t i t u t e d  olefins b y  t h e i r  d - c  p o l a r o g r a p h i c  b e h a v i o r  
in D M F - ( B u ) 4 N I  solut ion ,  and  to e v a l u a t e  the  u s e -  
fu lness  of p r o p o s e d  d - c  p o l a r o g r a p h i c  r e v e r s i b i l i t y  

c r i t e r i a  for  m o d e r a t e l y  c o m p l e x  o rgan ic  molecu les .  
Consequen t ly ,  t he  b e t t e r  def ined  d - c  p o l a r o g r a p h i c  
c r i t e r i a  of r e v e r s i b i l i t y  w e r e  a p p l i e d  to t he  ana lys i s  
of t he  b e h a v i o r  a t  t he  DME of t he  five p h e n y l - s u b -  
s t i t u t e d  e thenes ,  i .e.,  s ty rene ,  s t i lbene ,  1 ,1 -d i -  
p h e n y l e t h e n e ,  t r i p h e n y l e t h e n e ,  and  t e t r a p h e n y l -  
e thene ,  in  D M F  a n d  in D M F - w a t e r  solut ions .  

The  b e h a v i o r  p a t t e r n s  e x p e c t e d  fo r  v a r i o u s  p o s -  
s ib le  m e c h a n i s m s  have  b e e n  e x a m i n e d  e l s e w h e r e  
(8) ,  and  d e t a i l e d  account  has  been  t a k e n  of h o w  the  
va r i ous  p a r a m e t e r s ,  w h i c h  can  be  m e a s u r e d  o r  c a l -  
c u l a t e d  f rom the  p o l a r o g r a p h i c  behav io r ,  w i l l  v a r y .  
This  i n fo rma t ion ,  s u m m a r i z e d  in T a b l e  I of ref .  (8 ) ,  
p r o v i d e s  a c o n v e n i e n t  f r a m e w o r k  in  w h i c h  to e x -  
a m i n e  the  p o l a r o g r a p h y  of t he  p h e n y l - s u b s t i t u t e d  
e thenes .  

In  t he  p r e s e n t  s tudy ,  log p lo t  s lope  p r e d i c t i o n s  
b a s e d  on the  " e q u i v a l e n t  r e a c t i o n  p a i r "  t r e a t m e n t  
(8)  a r e  used  on ly  as q u a l i t a t i v e  guides ,  for  t he  
l a t t e r  t r e a t m e n t  does no t  a p p l y  r i g o r o u s l y  to s u b -  
s t ances  w h i c h  p r o d u c e  p r i m a r y  r e d u c t i o n  p r o d u c t s  
which ,  a l t h o u g h  c a p a b l e  of  f u r t h e r  e l e c t r o c h e m i c a l  
reac t ion ,  a r e  s t ab l e  enough  for  a f r a c t i o n  of the  
a m o u n t  p r e s e n t  to dif fuse  a w a y  f r o m  t h e  e l ec -  
t r o d e  su r face ;  s t y r e n e  and  s t i l bene  a re  u n d o u b t e d l y ,  
to some degree ,  such subs tances .  

Discussion of Experimental and Calculated Data 
The  bas ic  e x p e r i m e n t a l  and  c a l c u l a t e d  d a t a  for  t he  

five p h e n y l - s u b s t i t u t e d  e thenes  in D M F  and  D M F -  
w a t e r  so lu t ions  c o n t a i n i n g  0.2M t e t r a - n - b u t y l a m -  
m o n i u m  iod ide  as b a c k g r o u n d  e l e c t r o l y t e  a r e  s u m -  
m a r i z e d  in  T a b l e  I. 

S t y r e n e . - - - I n  bo th  D M F  and  90% D M F  s t y r e n e  
g ives  one  2e wave .  I n  DMF,  p lo t s  of i / io  vs .  
( h ) l / 2 / ( h o )  1/2 fo r  v a r i o u s  po in t s  a long  the  w a v e  
show a ser ies  of l ines  whose  slopes,  w i t h  one e x c e p -  
t ion,  i nc rea se  as the  l i m i t i n g  c u r r e n t  is a p p r o a c h e d ;  
at  il, the  s lope  is 0.87. A t  ca. - -1 .92v  vs .  Hg pool,  i .e.,  
n e a r  E1/2, t he  c u r r e n t  r a t io s  fa l l  b e l o w  those  a t  l o w e r  
po ten t i a l s .  In  90% D M F  s i m i l a r  p lo ts  show essen -  
t i a l l y  the  s ame  b e h a v i o r ,  e x c e p t  t ha t  the  c u r r e n t  r a -  
t ios  a t  - -1 .92v on ly  fa l l  b e l o w  the  c u r r e n t  r a t ios  
f o u n d  at  p o t e n t i a l s  m o r e  pos i t i ve  t h a n  - -1 .92v b y  
some 20 m v  or  so. The  s lope  at  i l  is a p p r o x i m a t e l y  
0.81. 

The  B func t ion  is a p p r o x i m a t e l y  0.64 at  t he  toe  of 
the  w a v e  in DMF,  i n c r e a s i n g  to 0.79 at  in. E s s e n t i a l l y  
the  s ame  v a r i a t i o n  is o b s e r v e d  in 90% DMF.  

Log  p lo t  s lopes  o b s e r v e d  in D M F  and  90% D M F  
consis t  of two  s t r a i g h t  l ines ,  w h i c h  i n t e r s ec t  j u s t  
p r i o r  to E1/2; ana c a l c u l a t e d  f r o m  these  s lopes  is 0.59 
at  t he  toe  of t he  w a v e  and  1.02 at  t he  head  in DMF,  
and  0.62 and  1.02 in  90% DMF.  

S ince  the  s t y r e n e  w a v e  is a 2e wave ,  m e c h a n i s m s  
2, 3, or  4 [ T a b l e  I of ref .  (8)  ] s eem mos t  l i k e l y  to be  
ope ra t ive .  H o w e v e r ,  ana v a l u e s  e x p e c t e d  on t h e  bas is  
of these  m e c h a n i s m s  a re  no t  in  accord  w i t h  t he  o b -  
s e rved  va lues .  

I f  the  p re sence  of t r aces  of w a t e r  in t he  s u p p o s e d l y  
a n h y d r o u s  D M F  is a s sumed ,  m e c h a n i s m  [5]  is a p o s -  
s ib i l i ty ,  a l t h o u g h  i t  is u n l i k e l y  t h a t  enough  w a t e r  is 
p r e s e n t  to  accoun t  fo r  t h e  e n t i r e  wave .  M e c h a n i s m  
[5]  a t  t he  toe  of  t h e  w a v e  a n d  m e c h a n i s m  [4]  or  [3]  
a t  t he  head  w o u l d  seem m o r e  l i k e l y  in D M F  con-  
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Table I. Polarograpbic, rate constant, and related data for the phenyl-substituted ethenes in 
dimethylformamide and dimethylformamide-water solution, 0.2M in tetrabutylammonium iodide 

DoI /2  • 10 ~, - - l o g  kf ,  h - - l o g  k * f , h  
C o m p o u n d  S o l v e n t  - -E~% v a W a v e  I :  AE1/2, v Ic c m  sec- l l2  a~ta ~t r e a t  E1/e v s .  N.H.E .  

Styrene DMF 2.451 • 0.016 b 5.63 +- 0.12 3.98 0.59 0.59 2.82 24.7 
0.106 ___ 0.029 1.02 0.95 38.1 

90% DMF 2.345 +_ 0.013 4.37 • 0.13 3.09 0.62 0.67 2.83 26.7 
1.02 1.00 36.1 

Sti lbene DMF 1 2.141 ___ 0.013 2.64 • 0.11 3.42 1 0.62 0.67 2.96 23.5 
0.96 1.03 36.1 

II  2.498 ___ 0.022 1.69 • 0.14 II 1.20 1.18 2.85 47.8 
O.007 • 0.022 

80% DMF 2.134 _+ 0.009 2.97 • 0.11 2.60 1.20 1.12 3.18 38.9 
1,1-Diphenyl-  DMF 2.302 • 0.016 4.01 • 0.20 2.90 1 0.68 0.64 2.97 25.4 

ethylene 0.92 0.84 32.0 
0.09 0.13 7.02 

II 0.60 0.60 25.1 
0.060 ___ 0.029 

90% DMF 2.242 • 0.013 3.54 ___ 0.22 2.50 0.92 0.88 3.05 32.7 
Tr iphenyl -  DMF 2.084 __. 0.018 3.22 ___ 0.04 2.28 1 0.79 0.74 3.10 26.2 

ethylene 0.23 0.23 9.85 
II 1 t r 

0.025 +_ 0.029 
80% DMF 2.059 • 0.011 2.65 • 0.05 1.87 1.17 1.09 3.20 36.6 

Te t raphenyl -  DMF 2.020 ___ 0.012 3.75 ___ 0.09 2.65 0.94 0.89 3.03 29.8 
ethylene 0.032 +--0.023 

80% DMF 1.988 ___ 0.011 2.55 --4-_ 0.07 1.80 2.20 2.01 3.23 62.5 

a V e r s u s  S .C.E.  
E r r o r s  r e p r e s e n t  s t a n d a r d  deviat ions.  
C a l c u l a t e d  f r o m  m a x i m u m  i n s t a n t a n e o u s  l i m i t i n g  c u r r e n t s .  

a C a l c u l a t e d  f r o m  s lopes  of l og  [ (i~ - -  i ) / i ]  v s .  E c u r v e s .  M u l t i p l e  ~na  v a l u e s  f o r  a g i v e n  w a v e  i n d i c a t e  a c h a n g e  of  s lope ;  v a l u e s  a r e  
c a l c u l a t e d  f o r  e a c h  s lope .  

e C a l c u l a t e d  f r o m  s lopes  of  l o g  k~, h VS. E c u r v e s .  
f T h e  s e c o n d  w a v e  w a s  so s m a l l  t h a t  k~, h v a l u e s  c o u l d  n o t  be  c a l c u l a t e d .  

r a in ing  t races  of wa te r ;  however ,  the  observed  ann 
va lues  are no t  in  accord w i t h  the  pred ic ted  values .  

In  an  a n h y d r o u s  m e d i u m  such as DMF, the  possi-  
b i l i ty  tha t  p ro tons  are f u rn i shed  b y  the so lvent  
r ap id ly  enough  to necess i ta te  cons idera t ion  in  me c h -  
an isms  [4] or [5],  does no t  seem l ike ly  for the  fol-  
lowing  reasons.  Firs t ,  p h e n y l - s u b s t i t u t e d  ca rban ions  
have  been  d e m o n s t r a t e d  to be qu i te  s table  in  a n h y -  
drous  d i m e t h y l f o r m a m i d e  (6) .  Secondly,  p ro ton  
ava i l ab i l i t y  would  be grea te r  in  a D M F - w a t e r  sol-  
ven t  t h a n  in  DMF, so tha t  a radica l  difference in  the 
log plot  slope would  be expected w i th  s ty rene  in  
going f rom DMF to D M F - w a t e r .  Since the log plot  
slopes do not  change  apprec iab ly ,  the  dona t ion  of 
pro tons  to p h e n y l - s u b s t i t u t e d  ca rban ions  by  so lvent  
would  appear  to be  v e r y  slow. 

Mechan i sm [7] can be ru l ed  out  on the g rounds  
tha t  a l e  wave  wou ld  resu l t  in  DMF. Mechan i sm [6] 
does no t  seem l ike ly  in  v iew of the ve ry  s imi la r  be -  
havior  of the  log plot  slope in bo th  DMF and  90% 
DMF. A p p a r e n t l y  n o n e  of the  m e c h a n i s m s  p resen ted  
in  Tab le  I (8) is en t i r e ly  capable  of e x p l a i n i n g  the  
observed  po la rograph ic  behav io r  of s tyrene .  The  
sl ight  va r i a t i on  of log plot  slopes and  the  m o d e r a t e l y  
la rge  shift  of E,/2 t oward  more  posi t ive  po t en t i a l  
in  going f rom DMF to 90% DMF m a y  ind ica te  tha t  

double  l ayer  p h e n o m e n a  i nvo lv ing  H + or H20 are 
affecting the  s ty rene  r educ t ion  processes. 

Stilbene.--Stilbene gives two d i f fus ion-con t ro l l ed  
waves  in  DMF and  one in  80% DMF. Compar i son  
of s t i lbene ' s  I va lues  (Tab le  I)  w i th  s ty rene ' s  i nd i -  
cates tha t  the  two waves  in DMF are  l e  waves  and  

the one in  80% DMF is a 2e wave.  

Plots  of c u r r e n t - h e i g h t  ra t ios  show two l ines  of 
d i f ferent  slope. At  the  toe of w a v e  I in  DMF the  
slopes are cons tan t  at abou t  0.93; n e a r  E1/2 the  slopes 
decrease  to abou t  0.85 a nd  t h e n  increase  to 0.93 at  
the uppe r  por t ions  of the  wave.  Slopes for w a v e  II  
in  DMF increase  as il is approached,  becoming  0.93 
at i~. In  80% DMF, c u r r e n t - r a t i o  plot  slopes increase  
as il is approached,  becoming  0.83. 

In  DMF, fl increases  f rom 0.60 at the  toe of wave  
I to 0.70 in  the  reg ion  cor responding  to E~/2, levels  
off for a p p r o x i m a t e l y  0.04v, and  t h e n  increases  to 
0.74; fl for wave  II  decreases f rom 0.74 to 0.70 and  
then  increases  to 0.79. In  80% DMF, B increases  f rom 
0.54 to 0.75. 

The log plot  exhib i t s  a change  of slope for wave  
I in  DMF; ann is 0.62 at the  toe a nd  0.96 at  the  head  
of the wave ;  arta for wave  II  is 1.20. The  log plot  for 
the wave  in  80% DMF is a s ingle  s t ra igh t  l ine ;  ann 
is 1.20. 

If the  presence  of t races  of w a t e r  is a s sumed  in  
the DMF, the  behav io r  of s t i lbene  wave  I in  DMF 
m a y  be exp la ined  on the  basis  of a change  of elec-  
t r on  t r ans f e r  mechan i sm,  i.e., at  the  toe of the  wave ,  
m e c h a n i s m  [5],  [6],  [7],  or [8] p redomina tes ,  wh i l e  
at the  head  of the  wave,  m e c h a n i s m  [1],  in  wh ich  
the  e lec t ron  add i t ion  occurs revers ib ly ,  p r e d o m i -  
nates .  

In  80% DMF, m e c h a n i s m  [5],  [6],  [7] ,  or [8] 
would  p r e d o m i n a t e  t h r o u g h o u t  the  wave.  Mech-  
a n i sm  [5] seems u n l i k e l y  because  a change  of log 
plot slope wou ld  be expected  in  80% DMF. The  fact  
tha t  the  E~/2 is u n c h a n g e d  in  going f rom DMF to 
80% DMF would ,  however ,  t e n d  to r u l e  out  m e c h -  
an i sms  [6],  [7] ,  or [8].  
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If a l lowance  is made  for the fact  tha t  D1/2 R-  p r ob -  
ab ly  is no t  equa l  to DI/2R=, the an~ va lue  of 1.20 for 
the s t i lbene  w a v e  II in  DMF indicates  tha t  the wave  
is n e a r l y  revers ib le ,  i.e., 

R -  -b e ~----R = [21] 

1,1-Diphenyle thylene . - - - In  DMF 1 ,1 -d ipheny l -  
e thy l ene  gives one large  r a the r  d is tor ted  wave,  
whose shape suggests  the  p robab le  presence  of a 
smal l  un re so lved  second wave  n e a r  the head of the 
la rge  first wave  fol lowed by  a ve ry  smal l  th i rd  wave.  
A m a t h e m a t i c a l  t r e a t m e n t  i nvo lv ing  sub t r ac t ion  of 
the first wave  he ight  f rom the to ta l  wave  he ight  was 
no t  cons idered  jus t i f iab le  in  v iew of the  la rge  er rors  
tha t  wou ld  p r o b a b l y  resul t .  The  first two waves,  
therefore ,  were  cons idered  together  as one. 

In  90% DMF, the one wave  observed decreases 
s l ight ly  in  he ight  abou t  0.25v before  the  b a c k g r o u n d  
takeoff and  an a lmost  i nd i s t i ngu i shab l e  smal l  sec- 
ond w a v e  becomes evident .  For  ca lcu la t ion  purposes ,  
the l a t t e r  was gene ra l l y  considered as par t  of the 
ma jo r  wave.  

Compar i son  of the  I va lues  for 1 ,1 -d ipheny le thy l -  
ene w i th  those of the  other  p h e n y l - s u b s t i t u t e d  
e thenes  indicates  tha t  the  waves  in  both  DMF and  
90% DMF are essen t ia l ly  2e waves.  

In  DMF, slopes of the  c u r r e n t - r a t i o  plots, on the 
whole,  increase  as il is approached,  wi th  a few of the 
slopes in  the  toe region  of the w a v e  be ing  less t h a n  
those at more  posi t ive  potent ia l s ;  the  slope at il is 
0.96. In  90% DMF, the plot  slopes increase  as i~ is 
approached,  becoming  0.86 at i~. 

In  bo th  DMF and  90% DMF, fi increases  f rom 0.60 
to 0.78. 

The log plot  for the  wave  in  DMF shows four  
changes  of slope; an~, ca lcu la ted  f rom these, is 0.68, 
0.92, 0.09, and  0.60 f rom the  toe to the head of the 
wave;  0.60 refers  to the  smal l  th i rd  wave.  The 
change  f rom 0.68 to 0.92 occurs jus t  before  E1/2 at ca. 
--2.28v vs. S.C.E., whi le  tha t  f rom 0.92 to 0.09 occurs 
jus t  af ter  El/2 at ca. --2.35v. For  the  first w a v e  in  
90% DMF, a s ingle  s t ra igh t  l ine,  g iv ing  ana of 0.92, 
is ob ta ined  for the  log plot ;  the  second wave  was  too 
smal l  for a log plot  compu ta t i on  to have  a n y  m e a n -  
ing. 

The an~ va lues  ob ta ined  for the  first wave  in  DMF 
and  90% DMF are no t  in  accord w i th  any  of the  
m e c h a n i s m s  p resen ted  in  Tab le  I (8) or any  com-  
b i n a t i o n  thereof.  The smal l  th i rd  wave  an~ of 0.60 in 
DMF impl ies  tha t  add i t ion  of an  e lec t ron  to the  ca r -  
b a n i o n  R -  occurs i r revers ib ly .  

T r i p h e n y l e t h y l e n e . - - I n  DMF, t r i p h e n y l e t h y l e n e  
gives one large wave  of d is tor ted  shape, which,  as in  
the case of 1 ,1 -d ipheny le thy lene ,  is sugges t ive  of the  
presence  of a smal l  un re so lved  wave  nea r  its head;  
this is fol lowed by  a v e r y  smal l  second wave.  In  
80% DMF, one wave  is observed.  

A l t h o u g h  a c u r r e n t - r a t i o  plot  at  a cons tan t  po t en -  
t ia l  a n y w h e r e  a long the  t r i p h e n y l e t h y l e n e  wave  in 
DMF shows a change  of slope, even  at the l imi t ing  
cur ren t ,  the  slopes increase  as the  po ten t i a l  is i n -  
creased;  the  slope at  il changes  f rom a p p r o x i m a t e l y  
1.2 to 1.4. In  80% DMF, the  c u r r e n t - r a t i o  plot  
slopes increase  to a va lue  of 0.89 at il. 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a r c h  1963 

In  DMF fl increases  f rom 0.64 to 0.73, levels  off at  
0.73 nea r  the head of the wave,  and  increases  t h e r e -  
af ter  to 0.78; the l a t t e r  increase  is u n d o u b t e d l y  due 
to the  smal l  second wave.  In  80% DMF, fl increases  
f rom 0.60 to 0.79. 

The  log plot  shows a change  of slope n e a r  the  
head of the first wave  in  DMF, which  can be a t t r i b -  
u ted  to the smal l  un re so lved  wave;  aria ca lcu la ted  
f rom the  slopes are 0.79 a nd  0.23. In  80% DMF, the  
log plot  exhib i t s  a s ingle  s t ra igh t  l ine;  ana is 1.17. 

The  ana of 0.23 ob ta ined  for the  smal l  un re so lved  
wave  in  DMF p r o b a b l y  indicates  an  i r r eve r s ib le  
add i t ion  of the  second electron.  

T e t r a p h e n y l e t h y l e n e . - - T e t r a p h e n y l e t h y l e n e  gives 
one wave  in both  DMF and  80% DMF. 

Slopes of c u r r e n t - r a t i o  plots in  bo th  DMF and  
80% DMF increase  as il is approached;  the slopes at 
il are  a p p r o x i m a t e l y  0.95 and  0.88, respect ively .  

fl increases  f rom 0.63 to 0.77 in  DMF and  f rom 
0.61 to 0.79 in 80% DMF. 

The log plots in both  DMF and 80% DMF consist  
of s ingle  s t ra ight  l ines,  whose slopes give aria values  
of 0.94 and  2.20, respect ively .  The l a t t e r  va lue  is 
r a the r  unexpec t ed  in  v iew of the  an~ va lues  of abou t  
1 ob ta ined  wi th  the lower  m e m b e r s  of the  series and  
is not  r ead i ly  e xp l a i na b l e  in t e rms  of a ny  of the  
mechan i sms  advanced.  The poss ib i l i ty  t ha t  bo th  
e lec t rons  are added ve ry  r ap id ly  in  DMF to give R = 
( m e c h a n i s m  [4] wi th  K1 and  K2 be ing  s low) was  
exc luded  because  it would  lead to an an~ va lue  of 2, 
whereas  one of 0.94 is observed.  

Conclusions 

None of the  r eve r s ib i l i t y  c r i te r ia  or log plot  slope 
predic t ions  for the  va r ious  possible  m e c h a n i s m s  p re -  
sen ted  in  Tab le  I of ref. (8) or combina t ions  thereof  
is en t i r e ly  in  accord wi th  the  e x p e r i m e n t a l  results .  
Thus,  a s imple  decis ion as to the  ac tua l  m e c h a n i s m s  
invo lved  is not  possible. However ,  the  observed 
change  of slopes of the log plots in DMF s t rong ly  
suggests tha t  r educ t ion  of the  p h e n y l - s u b s t i t u t e d  
e thenes  at the  DME in DMF invo lves  a change  of 
e l e c t r o n - t r a n s f e r  m e c h a n i s m  d u r i n g  the  course  of 
reduct ion ,  i.e., m e c h a n i s m  [6] or [7] accounts  for 
the  process at the  toe of the  po la rographic  waves  
and  m e c h a n i s m  [2],  [3], or [4] for tha t  at the  head. 
If r educ t ion  in  DMF occurs as indicated,  r educ t ion  
in  D M F - w a t e r  solut ions  would  have  to be accounted  
for en t i r e ly  by  me a ns  of m e c h a n i s m s  [6] and  [7]. 
U n f o r t u n a t e l y ,  an  e x p l a n a t i o n  of the  po la rograph ic  
waves  in  D M F - w a t e r  solut ions  in  t e rms  of mech -  
an i sm [6] or [7] is not  possible  at p resen t  because  
of lack of an adequa te  theore t ica l  basis  for cor re la -  
t ion of e lec t rochemica l  p a r a m e t e r s  wi th  such mech -  
anisms.  I t  m a y  be po in ted  out  tha t  m e c h a n i s m s  [6] 
and  [7] have  m u c h  in common  wi th  var ious  pos tu -  
l a ted  mechan i sms  for the  r educ t ion  of solvated  H + 
to H2; e luc ida t ion  of the  l a t t e r  process has been  the  
subjec t  of n u m e r o u s  inves t iga t ions .  

The poss ibi l i ty  exists  tha t  the  observed  E~I2 shifts 
and  ana var ia t ions ,  w h e n  the  DMF so lvent  m e d i u m  is 
a l tered,  are  the  resu l t  of a l t e ra t ion  of the  s t ruc tu re  
of the e lectr ical  double  layer ,  r a t h e r  t h a n  on ly  the  
resu l t  of a pH change.  As was  ind ica ted  in  ref  (8) ,  
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var ia t ion  in the double l ayer  s t ruc ture  would be re -  
flected in var ia t ion  of the poten t ia l  difference, r 
which represents  the potent ia l  difference be tween  
the react ion site and the bu lk  of the  solution. Var i -  
ations in r and 8r may  cause var ia t ions  in E1/2 
and ana. Direct  de te rmina t ion  of r and 3r is a 
complicated mat ter .  Even if such da ta  were  avai l -  
able, it  would  stil l  be p rob lemat ica l  if a definite de-  
cision could be reached regard ing  the ac tual  mech-  
anisms involved because of the lack of an adequate  
theory  for mechanisms [6] and [7]. 

The contention tha t  surface effects are  responsible  
for the ben t  log plot  slopes of the  pheny l - subs t i -  
tu ted ethenes is suppor ted  by  the work  of Meites and 
Israel  (13), who found tha t  the log plot  slopes of an 
i r revers ib le  system (1 mM Ni ( I I )  in 0.1 F KC1) de-  
pend on the concentrat ion of m a x i m u m  suppressor.  

Al though the present  invest igat ion has not pe r -  
mi t ted  a decision to be reached as to the actual  
mechanisms involved in the polarographic  reduct ion 
of the pheny l - subs t i tu t ed  ethenes, it  has demon-  
s t ra ted  the difficulty of d i rec t ly  apply ing  cr i ter ia  of 
revers ib i l i ty  pos tu la ted  for inorganic systems to or -  
ganic systems. Such difficulties have been p r ev i -  
ously encountered  in the examinat ion  of the be-  
havior  of n i t romethane  (14) and of benzophenone 
(15). 

Experimental 
Chemicals .--Styrene (Eas tman whi te  label)  was 

dist i l led under  reduced pressure;  the f ract ion boil ing 
at 51.5~ was collected. St i lbene (Eas tman whi te  
labe l ) ,  t r ipheny le thy lene  (Aldr ich) ,  and t e t r a -  
phenyle thy tene  (Aldr ich)  were  used as received,  
since the i r  polarographic  waves were  ident ical  to 
those observed wi th  recrys ta l l ized  samples. 1,1-Di- 
pheny le thy lene  (Aldr ich)  was used wi thout  fur ther  
purification for runs in DMF since a fraction, dis-  
t i l led unde r  reduced pressure  at 156~ gave a po-  
la rographic  wave ident ical  to the one obta ined wi th  
the unpurif ied compound; the dis t i l led mate r ia l  was 
used for the runs in 90% DMF. 

N ,N-d ime thy l fo rmamide  (DuPont,  technical  
grade)  was f rac t iona l ly  dis t i l led  af te r  being dr ied 
over anhydrous  potass ium carbonate  for severa l  
days; the fract ion boil ing at 151~176 was col- 
lected. 

T e t r a - n - b u t y l a m m o n i u m  iodide was p repa red  as 
descr ibed by  La i t inen  and Wawzonek  (3).  Recrys-  
ta l l izat ion f rom anhydrous  e thyl  acetate  revea led  a 
puzzling phenomenon.  Sometimes the iodide dis-  
solved read i ly  in the hot ester,  but  at  other t imes 
resis ted dissolution. In the lat ter ,  e thanol  was added 
dropwise  unt i l  the iodide just  dissolved. 

Nitrogen was purified, dried, and equi l ib ra ted  by  
successive passage through a lkal ine  pyrogal lol ,  con- 
cent ra ted  sulfuric acid, indicat ing Drier i te ,  and a 
por t ion of the test  solution. 

Apparatus . - -A  w a t e r - j a c k e t e d  mercury  pool cell, 
main ta ined  at 25 ~ • 0.1~ was used in conjunct ion 
with  a L&N Type E e lect rochemograph.  The va l id i ty  
of using this ins t rument  for measurement  of in-  
s tantaneous  and average  currents  has been verif ied 
(16-18).  Appl ied  constant  potent ia l s  were  checked 
potent iometr ica l ly .  
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The cell resistance,  measured  at  the peak  of the  
mercury  drop format ion  in 0.2M Bu4NI in DMF, 90% 
DMF, and 80% DMF, were  450, 520, and 600 ohms, 
respect ively.  The increased resis tance wi th  increased 
wa te r  content  may  be due to p re fe ren t i a l  solvation 
of the ions. 

At  potent ia ls  va ry ing  f rom open circuit  to --2.2v, 
m for the  various capi l lar ies  used va r ied  f rom 0.80 
to 0.95 mg/sec ;  m for a given cap i l l a ry  var ied  by  not 
more than 1%. Drop- t imes  at  the appl ied  constant  
potent ials ,  at  which currents  were  measured,  were  
de te rmined  f rom the fal l  of ten drops and ranged 
from 5 sec at the wave  toe to 2.5 sec at the  l imi t ing 
current .  

The capi l lar ies  (Corning mar ine  ba romete r  tub-  
ing) became clogged easily;  d rawing  concentra ted 
ni tr ic  acid up past  the clogged area  and then  r insing 
r epea ted ly  by  d rawing  up and expel l ing  dis t i l led 
wate r  resul ted  in excel lent  funct ioning over a con- 
s iderable  length of time. (Drawing  concentra ted 
ni tr ic  acid up a cap i l la ry  is r a the r  an art ,  for the  
capi l la ry  is easi ly  ru ined  for fu r the r  use if the  in take  
and expuls ion of ni t r ic  acid are  not r ap id  and con- 
t inuous.)  Af te r  such cleaning, mercu ry  should be a l -  
lowed to drop f rom the cap i l l a ry  overnight  before  
fu r the r  use to insure  tha t  res idua l  t races of wa te r  do 
not remain.  

Procedures.--The compound concentrat ions  var ied  
be tween  0.52 and 1.13 raM. For  s tyrene and st i lbene 
in DMF, the  potent ia l  in te rva l  be tween  current  
measurements  was 0.02v; each point  on the  log plot  
was the average  of the  i/ia ra t ios  for 6 runs. For  the 
other  compounds and for  s tyrene  and st i lbene in 
aqueous DMF, the potent ia l  in te rva l  be tween  points  
was 0.01v, and each point  on the  log plot  was the 
average  of 3 runs;  the l a t t e r  ac tua l ly  represent  6 
runs at 0.02-v intervals ,  which were  spaced 0.01v 
apar t  be tween  2 sets of 3 runs each. 

Test  solutions were  deoxygena ted  by  passing n i -  
t rogen th rough  a s intered glass bubb le r  into the 
solution for 10 min. The mercu ry  pool was then 
in t roduced and ni t rogen purg ing  cont inued for 5 min 
more. A ni t rogen a tmosphere  was main ta ined  over  
the solution throughout  the  run. 

Currents  used in obtaining the log plots  were  
corrected for iR drop;  those used in obtaining cur-  
r en t - r a t i o  and B plots were  not, since in these cases 
only the var ia t ion  of the functions was of interest .  

The potent ia ls  a t  25 ~ • 0.1 ~ of the reference  pool 
electrode,  when covered wi th  solutions of 0.2M 
Bu4NI in DMF, 90% DMF, and 80% DMF, were  
0.535 • 0.008, 0.497 • 0.007, and 0.463 • 0.008v, r e -  
spectively,  vs. the  aqueous sa tu ra ted  calomel  elec- 
trode,  using a La i t inen  br idge  (19) filled wi th  sa tu-  
ra ted  KC1, in genera l  agreement  wi th  the  value  of 
--0.50v found for a reference po01 covered wi th  0.1N 
Et4NI in DMF (20);  the  var ia t ion  in potent ia l  
( s t andard  devia t ion)  may  be due to junct ion poten-  
tials.  The potent ia ls  r epor ted  in Table  I as vs. S.C.E. 
were  obta ined by  adding to the potent ia l  vs. the 
mercu ry  pool, the measured  potent ia l  be tween  the 
pool and the S.C.E. for the solution concerned. 

CaZculation of kinetic parameters .--In Koutecky ' s  
ma themat ica l  t r ea tmen t  (21) of to ta l ly  i r revers ib le  
waves,  i.e., waves due to a single r a t e - d e t e r m i n i n g  
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e l ec t rode  process ,  for  w h i c h  ks,h is less  t h a n  3 x 10 -5  
cm sec - ;  (22) ,  ( i / i x ) t , ,  = f ( X m ) .  I t  is c u s t o m a r y  to  
a s sume  t h a t  t he  r a t e  of t he  b a c k w a r d  e l e c t r o c h e m i -  
cal  r e a c t i o n  is neg l i g ib l e ;  Xm is t hen  g iven  b y  

Xm = (12 /7 )  1/3 kf,h ( t in/Do) 1/2 [22]  

F r o m  the  c o n v e n i e n t l y  c o n s t r u c t e d  t a b l e  g iven  b y  
K o u t e c k y  (21) and  r e p r o d u c e d  b y  D e l a h a y  (22) ,  t he  
v a l u e  of X can  be  d e t e r m i n e d  for  a g iven  e x p e r i -  
m e n t a l  v a l u e  of  (i/ id)tm; hence,  kf,h can  be  c a l c u -  
l a t e d  for  a g iven  p o t e n t i a l  i f  t he  v a l u e  of Do is 
known .  

F o r  s t i lbene ,  Do was  c a l c u l a t e d  b y  the  e q u a t i o n  

Do = {(I1 /708)  -t- I / to ta l / (2  X 7 0 8 ) ] } / 2  [23] 

w h e r e  I ,  r e f e r s  to t he  d i f fus ion c u r r e n t  cons t an t  of 
the  first  wave ,  and/total  r e f e r s  to the  sum of I1 and  I2. 
This  p r o c e d u r e  is a d v i s a b l e  because  the  second  w a v e  
is s m a l l e r  in  he igh t  t h a n  i t  shou ld  be  as t he  r e s u l t  
of some di f fus ion of t he  r e d u c t i o n  p r o d u c t s  of t he  
first  w a v e  a w a y  f r o m  the  e l ec t rode  in to  t he  b u l k  
solu t ion ,  w h e r e  some d i m e r i z a t i o n  u n d o u b t e d l y  oc -  
curs.  F o r  the  o t h e r  compounds ,  Do 1/2 was  c a l c u l a t e d  
b y  m e a n s  of t he  I l kov ic  e q u a t i o n  on the  a s s u m p t i o n  
t h a t  the  t o t a l  w a v e  invo lves  two  e lec t rons .  

The  f o r w a r d  h e t e r o g e n e o u s  r a t e  cons t an t  is r e -  
l a t ed  to a b y  the  equa t ion  

kf,n = k~ exp  ( - - a n a F E / R T )  [24]  

Thus,  a p lo t  of log kf,h vs. p o t e n t i a l  for  an  e l e c t r o d e  
process  i n v o l v i n g  one r a t e - d e t e r m i n i n g  s tep  w o u l d  
y i e l d  a s t r a i g h t  l ine,  whose  s lope is --0.434 a n a F / R T ,  
f rom w h i c h  the  p r o d u c t  an~ can be  ca lcu la ted .  

R a t h e r  t h a n  a t t e m p t i n g  to d e t e r m i n e  log k~ b y  a 
s t r a i g h t  g r a p h i c a l  e x t r a p o l a t i o n  ove r  a 2 -v  i n t e r v a l  
to E = 0 vs. N.H.E., t he  r e l a t i o n  was  used  

log kf,h ~--- [A( log  k f . h ) / •  + log k~ [25]  

w h e r e  E equa l s  t he  p o t e n t i a l  c o m p a r e d  to the  N.H.E., 
at  w h i c h  kf,h was  m e a s u r e d ,  i.e., E = (E vs. m e r c u r y  
pool )  --0.290v.  The  l a t t e r  v a l u e  is d e r i v e d  f r o m  t h e  
facts  -that for  a so lu t ion  of 0.2M Bu4NI in  D M F  t h e  
pool  p o t e n t i a l  is --0.535v,  and  the  p o t e n t i a l  of S.C.E. 
is 0.245v c o m p a r e d  to N.H.E.;  t he  f o r m e r  va lue ,  as  
a l r e a d y  men t ioned ,  con ta ins  u n k n o w n  j u n c t i o n  p o -  
ten t ia l s .  

In  a d d i t i o n  to the  v a l u e s  of k~ w h i c h  m a y  i n -  
vo lve  c o n s i d e r a b l e  e r r o r  due  to the  r e q u i r e d  r a n g e  
of e x t r a p o l a t i o n ,  va lue s  of kf.h a r e  g iven  in T a b l e  I, 
w h i c h  w e r e  m e a s u r e d  at  t he  h a l f - w a v e  po ten t i a l .  
These  v a l u e s  of t he  r a t e  cons t an t  p r o v i d e  a r ea l i s t i c  
m e a s u r e  of t he  r a t e  of t he  e l ec t rode  r e a c t i o n  in t he  
p o t e n t i a l  r eg ion  of mos t  in te res t .  

Ca l cu l a t i on  of t he  ( i / ix)t in ra t ios  r e q u i r e s  c o r r e c -  
t ion  of t he  o b s e r v e d  ix v a l u e s  for  e l e c t r o c a p i l l a r i t y ,  
e.g., b y  the  e q u a t i o n  

( id)  tm = ( i x )  td ( t m / t d )  1/6 [26] 

w h e r e  ta r e f e r s  to t h e  d r o p - t i m e  m e a s u r e d  on t h e  
d i f fus ion c u r r e n t  p l a t eau ,  
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R e produc ib i l i t y  of  d a t a . - - A l t h o u g h  t h e  r e p r o d u c i -  
b i l i t y  of the  i n d i v i d u a l  i / id r a t io s  is on ly  fa i r ,  the  log 
p lo t s  for  each  i n d i v i d u a l  r u n  show the  s a m e  v a r i a -  
t ion,  d i f fe r ing  on ly  in  d i s p l a c e m e n t  a long  t h e  p o t e n -  
t i a l  ax is ;  th is  b e h a v i o r  m a y  be  due  to t he  v a r i a t i o n  
in  r e f e r e n c e  e l ec t rode  p o t e n t i a l  a l r e a d y  me n t ioned .  
T h e  a v e r a g e  va lue s  of t he  i / i x  r a t i o s  for  a g i v e n  com-  
p o u n d  g ive  e x c e l l e n t  log plots .  

P o t e n t i a l  d i s p l a c e m e n t  a t  c u r r e n t s  less t h a n  t h e  
l i m i t i n g  c u r r e n t  is also e v i d e n t  in  t he  d e t e r m i n a t i o n  
of c u r r e n t - r a t i o s  as a func t ion  of h 1/2 a n d  fl va lues .  
H o w e v e r ,  the  d i agnos t i c  v a l u e  of t he  p lo t  o b t a i n e d  
in  a s ingle  r u n  is no t  i m p a i r e d .  
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ABSTRACT 

The na tu re  of a suppor t ing  e lec t ro ly te  has an effect on t ransfe r  coefficient 
and ra te  constant  of the  r edox  system. The t ransfe r  coefficients of Fe  ( C N ) 6 - - -  
and Fe (CN)6  . . . .  (0.001M equimolecula r  concentra t ion)  in 1N KC1, 1N 
KNO3, and 1N K2SO4 are  equal  and the va lue  is 0.49 at  35~ The ra te  constant  
at equ i l ib r ium in 1N KNOB, having  0.001iVi concentra t ion  of the  redox  couple, 
is 6.6 x 10 -9- cm sec -1 at  35~ The va lue  of ~, t r ans fe r  coefficient in 1N KBr  
and 1N KI,  is 0.50 and 0.47, respect ively ,  a t  35~ The different  t r ans fe r  co- 
efficient in potass ium iodide  is due to the  combined act ion of the  Fe  ( C N ) 6 - - - ,  
F e ( C N )  6 . . . .  , and KI,  KIs. The l a t t e r  was produced  as a resu l t  of reac t ion  
be tween  potass ium fe r r i cyan ide  and potass ium iodide. In  KCNS and KCN 
medium,  however ,  the  f e r ro - f e r r i  cyanide  redox  sys tem was not  stable,  hence 
the  de te rmina t ion  of a was not  possible.  

W h e n  a s inuso ida l  a l t e r n a t i n g  c u r r e n t  is m a d e  
i n c i d e n t  on two  e l ec t rodes  d i p p e d  in  a so lu t ion  con-  
t a i n ing  r e v e r s i b l e  r e d o x  r eac t an t s ,  a s m a l l  sh i f t  in  
t he  m e a n  p o t e n t i a l  is o b s e r v e d  (1)  a t  each  of t he  
e lec t rodes .  As  t h e  p h e n o m e n o n  is caused  b y  t h e  
n o n l i n e a r i t y  of r e d o x  processes  i t  was  ca l l ed  a 
" r e d o x o k i n e t i c  effect"  (1 ) ,  b u t  i t  is n o w  m o r e  c o m -  
m o n l y  k n o w n  as  f a r a d a i c  r ec t i f i ca t ion  (2, 3) .  Doss 
and  A g a r w a l  (4)  w o r k e d  out  i ts  t h e o r y  fo r  t he  
p a r t i c u l a r  case  of s m a l l  a - c  f ields c o r r e s p o n d i n g  to  
equa l  c o n c e n t r a t i o n s  (of  t he  o r d e r  of a f ew  m i l l i -  
moles  p e r  l i t e r )  and  e q u a l  d i f fus ion coefficients of 
the  r eac t an t s .  B a r k e r  (3)  g e n e r a l i z e d  t h e  t r e a t m e n t  
and  c o m b i n e d  i t  w i t h  his  i ngen ious  e x p e r i m e n t a l  
t e c h n i q u e  for  d e v e l o p i n g  his  n e w  and  p o w e r f u l  
a n a l y t i c a l  p rocess  ca l l ed  R F  p o l a r o g r a p h y .  T h e  f a r a -  
da ic  r ec t i f i ca t ion  m e t h o d  has  an  a d v a n t a g e  ove r  t he  
c o n v e n t i o n a l  m e t h o d s  (5)  s ince  i t  is f r ee  f r o m  e r -  
ro rs  a s soc ia t ed  w i t h  t h e  r e s i s t ance  of t he  solut ion.  
I f  t he  c h a n g e  in m e a n  p o t e n t i a l  is m e a s u r e d  for  a 
p l a t i n u m / e l e c t r o l y t e  i n t e r f a c e  i n s t e a d  of a m e r -  
c u r y / e l e c t r o l y t e  i n t e r f a c e  as d e s c r i b e d  e a r l i e r  (2, 3) ,  
t he  co r r ec t i on  sugges t ed  b y  M a t s u d a  and  D e l a h a y  
(6)  for  h igh  f r e q u e n c i e s  (of  t h e  o r d e r  of 1 m e g a -  
cyc le )  w i l l  no t  b e  n e c e s s a r y  s ince  t h e  o b s e r v a t i o n s  
a r e  l i m i t e d  to t he  aud io  f r e q u e n c y  r ange .  F u r t h e r -  
more ,  for  a m o d e r a t e l y  fas t  r e d o x  r e a c t i o n  (K~ of 
t h e  o r d e r  of 0.01-0.1 c m  sec -1 ) ,  t he  co r r ec t i on  for  
t he  d o u b l e  l a y e r  s t r u c t u r e  in  t h e  so lu t ion  of t h e  
b o u n d a r y  v a l u e  p r o b l e m  need  no t  be  a p p l i e d  for  
f inding  out  t h e  co r r ec t  v a l u e  of t r a n s f e r  coefficient.  
In  t he  p r e s e n t  w o r k ,  t h e  t r a n s f e r  coefficients of f e r -  
r o c y a n i d e  a n d  f e r r i c y a n i d e  r e d o x  m i x t u r e s  p r e -  
p a r e d  in  1N so lu t ions  of s e v e r a l  i nd i f f e r en t  e l e c t r o -  
ly te s  h a v e  been  d e t e r m i n e d  for  t he  p l a t i n u m / e l e c -  
t r o l y t e  i n t e r f aces  to  s t u d y  the  inf luence  of s u p p o r t -  
ing  e l e c t r o l y t e s  on t r a n s f e r  coefficients.  The  r a t e  
cons t an t  K~ of t he  r e d o x  coup le  in 1N KNO3 so lu t ion  
has  b e e n  d e t e r m i n e d  to  show t h a t  t he  r e a c t i o n s  
u n d e r  s t u d y  a re  on ly  m o d e r a t e l y  fast .  
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Fig. 1. Circuit diagram 

Experimental 
The ci rcui t  d iagram is given in Fig. 1. A Phi l ips 

aud io  osc i l la tor ,  S ( t y p e  G M  2315) se rves  as  an  a - c  
source,  a n d  t h e  c u r r e n t  is c on t ro l l e d  b y  t h e  v a r i a b l e  
r e s i s t ance  R1. A condense r  C1 is p r o v i d e d  to cu t  off 
a n y  d - c  c o m p o n e n t  t h a t  m a y  be  a s soc ia t ed  w i t h  t h e  
a l t e r n a t i n g  cu r r en t .  The  e l e c t ro ly t i c  ce l l  con ta ins  
t h r e e  e l ec t rodes  El,  E2, a n d  R. A l l  of t h e m  a r e  of 
p o l i s h e d  b r i g h t  p l a t i n u m  foil ,  each  of s ize 1.6 cm ~. E1 
and  E2 a re  s e p a r a t e d  f r o m  each  o t h e r  b y  a s i n t e r e d  
glass  d i sk  D ( p o r o s i t y  1G4) ,  so t h a t  t h e r e  m a y  be  
a u n i f o r m  d i s t r i b u t i o n  (7)  of c u r r e n t  dens i ty .  R is 
t he  r e f e r e n c e  e lec t rode .  T h e  iR d rop  in  b e t w e e n  the  
r e f e r e n c e  e l e c t r o d e  a n d  p o l a r i z e d  e l e c t r o d e  E1 
was  a v o i d e d  (7)  b y  k e e p i n g  t h e  two  close t o g e t h e r  
w i t h i n  a d i s t ance  of 0.5 cm. On p r e s s i n g  k e y s  K1 
a n d  K2, t h e  d - c  p o t e n t i a l  d e v e l o p e d  b e t w e e n  E~ and  
R is m e a s u r e d  b y  the  p o t e n t i o m e t e r  P,  a f t e r  f i l t e r ing  
off a - c  t h r o u g h  l o w - f r e q u e n c y  pass  f i l te r  F.  T h e  s ign  
of t he  p o t e n t i a l  is t h a t  of t he  r e f e r e n c e  e lec t rode .  
The  p o t e n t i o m e t e r  used  could  m e a s u r e  c o r r e c t l y  
p o t e n t i a l s  of t h e  o r d e r  of 1 ~v us ing  a P y e  & Co. 
m o v i n g  coil  m i r r o r  g a l v a n o m e t e r  G ( s e ns i t i v i t y :  
4.5 m m / ~ v  a t  a d i s t a n c e  of 1.1 m e t e r  a n d  r e s i s t ance  
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= 1840 o h m s )  as a nu l l  i n s t r u m e n t .  C is the  com-  
m u t a t o r  used  in t he  p o t e n t i o m e t e r  c i rcu i t  for  r e -  
ve r s i ng  the  cu r ren t .  On p r e s s i n g  k e y  K1, k e e p i n g  
Ka open,  t he  a - c  p o t e n t i a l  i n c i d e n t  b e t w e e n  E1 and  R 
is m e a s u r e d  b y  connec t ing  t h e m  to the  Y - a x i s  of a 
h i g h l y  sens i t ive  Ph i l i p s  o s c i l l o g r a p h - t y p e  GM 3156 
whose  s e n s i t i v i t y  was  1 m v  ( r m s ) / c m .  The  s ame  
so lu t ion  was  f i l led in t he  p a r t i t i o n e d  c o m p a r t m e n t  
of e l e c t r o d e  E2 and  the  c e l l  The  cel l  was  i m m e r s e d  
in a t h e r m o s t a t  m a i n t a i n e d  at  a d e s i r e d  t e m p e r a -  
ture .  F o r  p r o t e c t i o n  f r o m  a t m o s p h e r i c  ox ida t ion ,  
t h e  so lu t ion  in each  c o m p a r t m e n t  was  cove red  w i t h  
l i qu id  paraff in .  

Be fo re  each  e x p e r i m e n t ,  t he  e l ec t rodes  a r e  
c l eaned  b y  d i p p i n g  in hot  ch romic  acid.  Then  the  
e l ec t rodes  a r e  w a s h e d  t h o r o u g h l y  w i t h  d i s t i l l ed  
w a t e r ,  r i n s e d  w i t h  a b s o l u t e  a lcohol ,  a n d  h e a t e d  r ed  
hot  in  f lames.  The  so lu t ion  of p o t a s s i u m  f e r r o c y a n i d e  
(A.R.)  and  p o t a s s i u m  f e r r i c y a n i d e  (A .R . ) ,  t he  con-  
c e n t r a t i o n  of each  be ing  0.001M, w e r e  p r e p a r e d  in 
1N so lu t ion  of  t he  s u p p o r t i n g  e l e c t r o l y t e  (A .R . ) .  
The  ind i f f e r en t  e l e c t r o l y t e s  c h o s e n  for  t he  s t u d y  
w e r e  KC1, KNO3, K2SO4, KBr ,  KI ,  K C N S ,  and  KCN.  
The  v a l u e s  of t he  d - c  p o t e n t i a l  ~, o b t a i n e d  at  v a r y i n g  
f r equenc ie s  a n d  at  4 m y  of a -c ,  a r e  g iven  in T a b l e  I 
for  t h e  first  five i nd i f f e r en t  e l ec t ro ly t e s .  T h e  r e a d -  
ings  for  ~ at  8 m v  of a - c  w e r e  also o b t a i n e d  to see 
t he  p r o p o r t i o n a l i t y  of ~ to squa re  of t he  a - c  v o l t a g e  
inc iden t .  As  the  v a l u e s  of ~ at  8 m v  of a - c  w e r e  
e x a c t l y  fou r  t i m e s  to those  o b t a i n e d  a t  4 m y  of a - c  
a t  t he  c o r r e s p o n d i n g  f r equenc ies ,  t h e y  a r e  no t  
shown  in T a b l e  I. In  p o t a s s i u m  t h i o c y a n a t e  and  
p o t a s s i u m  cyan ide  solut ions ,  va lue s  of ~b a r e  no t  
s t ab l e  a n d  r e p r o d u c i b l e  hence  t h e y  h a v e  no t  been  
i n c o r p o r a t e d  in T a b l e  I. 

The  d i f fus ion of 0.0OlM p o t a s s i u m  f e r r i c y a n i d e  in 
1N KNOa was  s t ud i ed  b y  the  po rous  d i a p h r a g m  cel l  
m e t h o d  (8) ,  and  the  va lue s  of m e a n  c o n c e n t r a t i o n  
g r a d i e n t  (0.04 x 10 -G) and  m e a n  c o n c e n t r a t i o n  (18 
x 10 -6)  w e r e  ob ta ined .  

Results and Discussion 

In  a l l  t he  s u p p o r t i n g  e l e c t r o l y t e s  used ,  ~, t he  sh i f t  
in  m e a n  p o t e n t i a l  b e c o m e s  cons t an t  a t  a f r e q u e n c y  
of 10O0 cps or  a b o v e  ( T a b l e  1). In  KC1, KNO3, and  
K2SO4 solut ions ,  ~ acqu i r e s  c o n s t a n c y  even  a t  500 
cps, and  b e l o w  i t  ~b dec reases  p r o p o r t i o n a t e l y  to t he  
squa re  roo t  of  f r equency .  The  v a l u e s  of ~ a t  a f r e -  
q u e n c y  of 100 cps a r e  on ly  a p p r o x i m a t e  s ince  i t  was  
diff icult  to r e a d  c o r r e c t l y  the  f r ac t ions  of a m i c r o -  
vol t .  Hence  o b s e r v a t i o n s  at  t he  s t i l l  l o w e r  f r e -  

Table I. Temperature of the thermostat 35 ~ ___ 0.05~ 

F r e q u e n c y  of 
a .c .  u sed ,  cps  

V a l u e s  of s h i f t  i n  m e a n  p o t e n t i a l  ~b i n  m i c r o v o l t s  a t  
4 m v  of  a .c .  w h e n  e q u i m o l e c u l a r  q u a n t i t i e s  of  

K4Fe (CN) c and KsFe (CN) c (each 0.001M) 
are dissolved in IN solution of 

KC1 K N O a  K a S 0 4  K B r  K I  * 

100 ~-1 +1 ~-2 --7 ~-26 
200 ~-2 ~-2 ~-3 --6 ~-19 
500 -~3 ~-3 ~-4 --3 +12 

i000 ~-3 -}-3 ~-4 0 +8 
2000 +3 -I-3 +4 0 -{-8 
5000 -~3 -{-3 ~-3 0 +7 

* S o m e  Ia s e e m s  to h a v e  l i b e r a t e d  as  s o l u t i o n  b e c a m e  s l i g h t l y  
b r o w n i s h .  

quenc ies  have  no t  been  t aken .  The  va lue s  of a t r a n s -  
fe r  coefficient  can  be  c a l c u l a t e d  f r o m  the  t h e o r e t i c a l  
e q u a t i o n  a p p l i c a b l e  at  h igh  f r e q u e n c i e s  (4)  

2~RT 
= 0.5 [1]  

V2nF 

w h e r e  r is t he  sh i f t  in  m e a n  po t en t i a l ,  R is t h e  gas  
cons tan t ,  T is t he  a b s o l u t e  t e m p e r a t u r e ,  V is t h e  
a - c  vo l t a ge  inc iden t ,  n is t he  va l ency ,  a n d  F is the  
F a r a d a y .  The  t r a n s f e r  coefficient  of f e r r o c y a n i d e  and  
f e r r i c y a n i d e  r e a c t i o n  in KC1, KNOa~ and  K2SO4 
m e d i u m  wi l l  be  of the  s a m e  o r d e r  as ~; t he  shi f t  in 
m e a n  p o t e n t i a l  a t  h igh  f r e q u e n c i e s  ( a b o v e  500 cps)  
in these  m e d i a  r e m a i n s  a lmos t  unaf fec ted .  On s u b -  
s t i t u t i ng  the  va lue s  of ~ a t  1000 eps ( f r o m  T a b l e  I)  
in  Eq. [1] ,  t he  va lue s  of t r a n s f e r  coefficient  o b t a i n e d  
a r e  0.49 in KC1, KNOB, or  K2SO4 m e d i u m ,  0.50 in  
K B r ,  and  0.47 in K I  solu t ion .  The  r e su l t s  o b t a i n e d  
w i t h  K I  a r e  not  conc lus ive  as p o t a s s i u m  f e r r i c y a n i d e  
r eac t s  w i t h  p o t a s s i u m  iod ide  l e a d i n g  to t h e  e v o l u -  
t ion of iodine ,  and  th is  also b r i n g s  abou t  t he  changes  
in  c onc e n t r a t i on  of t he  two  r eac t an t s .  As  a r e s u l t  of 
the  r e a c t i o n  t h e r e  w i l l  be  in the  so lu t ion  f e r r i c y -  
a n i d e - f e r r o c y a n i d e  and  p o t a s s i u m  i o d i d e - t r i - i o d i d e  
r e d o x  m i x t u r e s ;  c o n s e q u e n t l y  t he  v a r i a t i o n  in  ~ a t  
a n y  f r e q u e n c y  wi l l  b e  t he  r e s u l t  of t he  c o m b i n e d  
effect of the  two.  I t  is i n t e r e s t i n g  to note ,  h o w e v e r ,  
t ha t  t he  s y s t e m  is s t ab le  as  c o m p a r e d  to t h a t  ob -  
t a i n e d  w i t h  e i t h e r  of the  two  (KI ,  I3 or  F e  (CN)6 ~ , 
F e  (CN)  6 . . . .  s e p a r a t e l y .  

On us ing  K C N S  a n d  K C N  as t h e  s u p p o r t i n g  e lec -  
t ro ly t e s ,  no r e p r o d u c i b l e  v a l u e s  for  ~, sh i f t  in  m e a n  
po t en t i a l ,  cou ld  be  ob ta ined ,  t h e r e b y  show ing  t h a t  
in such  a m e d i u m  t h e  s y s t e m  ( f e r r o c y a n i d e - f e r r i -  
c y a n i d e )  is uns t ab l e .  

The  v a l u e  of Ks, t h e  r a t e  cons t an t  a t  e q u i l i b r i u m ,  
is o b t a i n e d  for  t he  r e d o x  r e a c t i o n  in  1N KNO3 so lu-  
t ion,  b y  a p p l y i n g  the  t h e o r e t i c a l  e q u a t i o n  (4)  for  
l o w - f r e q u e n c y  r ange ,  Le., 

V2nF 1 / ~D 
~b= ( 0 . 5 - - a )  2R----~ 2K ~ /  2 [2]  

p r o v i d e d  D, t h e  d i f fus ion coefficient  of t he  r eac t an t s ,  
and  co (~ ---- 2~r~ w h e r e  f is t h e  f r e q u e n c y  of a .c .) ,  the  
a n g u l a r  f r e q u e n c y  a re  known .  The  d i f fus ion  coeffi- 
c ien t  of 0.001M f e r r i c y a n i d e  in  1N KNO3 was  d e t e r -  
m i n e d  f r o m  va lues  of t he  m e a n  c o n c e n t r a t i o n  g r a d i -  
en t  and  m e a n  c o n c e n t r a t i o n  us ing  t h e  m e t h o d  
a d o p t e d  b y  H a r t l e y  and  Runn ic l e s  (9 ) .  T h e  v a l u e  
of t h e  m e a n  d i f fus ion  coefficient  t hus  o b t a i n e d  is 
12.2 x 10 -6  c m  2 sec -1. T h e  v a l u e  of  Ks, t he  r a t e  con-  
s t an t  a t  e q u i l i b r i u m  ( c o n c e n t r a t i o n  of each  r e a c -  
t a n t  b e i n g  0.001M), was  d e t e r m i n e d  b y  s u b s t i t u t i n g  
the  va lue s  of a ( t r a n s f e r  coeff ic ient) ,  D, V, a n d  ~ at  
200 cps in Eq. [2] .  The  v a l u e  thus  o b t a i n e d  is 
6.6 x 10 -2 cm sec -1 w h i c h  shows  t h a t  i t  is a m o d e r -  
a t e l y  fas t  r eac t ion .  Hence  t h e  v a l u e s  of t r a n s f e r  co-  
efficient o b t a i n e d  for  t he  r eac t i ons  u n d e r  s t u d y  a re  
i n d e p e n d e n t  of co r r ec t i on  for  t he  doub le  l a y e r  s t r u c -  
t u r e  in  t h e  so lu t ion  of t he  b o u n d a r y  v a l u e  p r o b l e m  
(6) .  

In  p o t a s s i u m  iod ide  and  p o t a s s i u m  b r o m i d e  so lu-  
t ions,  t he  v a l u e  of ~, sh i f t  in m e a n  po t en t i a l ,  in -  
c reases  in m a g n i t u d e  w i t h  t he  l o w e r i n g  in f r e q u e n c y  
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of a-c, r a t h e r  t h a n  be ing  p ropor t iona l  to the  square  
root of f r equency ;  hence  in  such cases it  is no t  pos-  
sible to ca lcula te  the  va lues  of K~, the  r a t e  cons tan t  
at equ i l ib r ium.  

Manuscript  received Sept. 11, 1961; revised m a n u -  
script received June  29, 1962. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL. 
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%echn call Notes @ 
A Method for the Preparation of Low-Temperature 
Alloyed Gold Contacts to Silicon and Germanium 

W. Mehl, H. F. Gossenberger, and E. Helpert 
RCA Laboratories, Radio Corporation o5 America, Princeton, New Jersey 

For  m a n y  prac t ica l  pin-poses the  p r e p a r a t i o n  of 
low res is tance  "ohmic"  m e t a l - s e m i c o n d u c t o r  con-  
tacts  has b e e n  of grea t  in teres t .  As a c r i te r ion  for 
the  ohmic  n a t u r e  of the  contac t  a l i nea r  I - V - c h a r -  
acteris t ic  is used. The  presence  of a l i nea r  I - V - c h a r -  
acterist ic,  however ,  does no t  exc lude  the  ex is tence  
of a contact  res i s tance  due, for ins tance ,  to a t h i n  
i n su l a t i ng  film b e t w e e n  the  me ta l  and  the  semicon-  
ductor  (1) .  A th in  oxide fi lm is u n f o r t u n a t e l y  p res -  
en t  on g e r m a n i u m  and  si l icon d u r i n g  most  me thods  
of contact  p r e p a r a t i o n  so tha t  a m e t a l - o x i d e - s e m i -  
conduc tor  s t ruc tu re  is a lmost  a lways  obta ined.  For  
m a n y  appl ica t ions  such a contact  res i s tance  can be 
neglected.  There  are, however ,  device appl ica t ions  
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Fig. la. Phase diagram of the system germanium-gold (8) 
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Fig. lb. Phase diagram of the system silicon-gold (8) 

where  even  low series res is tances  are qu i t e  u n d e s i r -  
able  because  of the  la rge  cu r r en t s  involved .  One 
such device is the  t u n n e l  diode w he r e  cu r ren t s  of 
the order  of 104 a m p / c m  2 are no t  u n u s u a l  (2) and  
w he r e  contac t  res is tances  m u s t  be  kep t  as smal l  as 
possible. 

The  contact  res i s tance  associated wi th  oxide films 
can usua l ly  be avoided  if  a l loy ing  t echn iques  are  
used. One  such t echn ique  is discussed in  this  paper.  

Alloying through Oxide Films 
I n  f o r mi ng  contacts  to t u n n e l  diodes, the  a l loy ing  

t e m p e r a t u r e  m u s t  be  kept  low in  order  no t  to d a m -  
age the  concen t r a t i on  g r ad i en t  at  the  junc t ion .  As 
can be seen f rom the  phase  d iagrams  in  Fig. l a  and  
l b  (3) the  g o l d - g e r m a n i u m  and  gold-s i l icon sys tem 
al lows this  condi t ion  to be fulfilled. In  bo th  sys-  
tems a eutect ic  con t a in ing  abou t  30 at. % of the 
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s e m i c o n d u c t o r  wi l l  f o r m  at  t e m p e r a t u r e s  b e t w e e n  
350 ~ and  400~ 

No a l l o y i n g  is obse rved ,  h o w e v e r ,  if  go ld  is e l ec -  
t r o p l a t e d  onto g e r m a n i u m  or  s i l icon and  the  s t r u c -  
t u r e  h e a t e d  to  400~ S i m i l a r l y ,  no a l l o y i n g  is ob -  
s e r v e d  b e l o w  400~ if  go ld  is d e p o s i t e d  on g e r m a -  
n i u m  or  s i l icon  b y  the  r e p l a c e m e n t  p r o c e d u r e  d i s -  
cussed  b y  v a r i o u s  a u t h o r s  (4 ) .  The  fo l l owing  e x -  
p e r i m e n t  shows  t h a t  t h e  f a i l u r e  of t he  g e r m a n i u m -  
gold  a n d  t h e  s i l i con -go ld  s t r u c t u r e  to f o r m  an  a l l oy  
at  400~ can  be  r e l a t e d  d i r e c t l y  to t he  p r e s e n c e  of 
an  ox ide  fi lm on the  g e r m a n i u m  and  s i l icon su r face :  

A p iece  of g e r m a n i u m  or  s i l icon is c l eaved  (5)  in 
a gold  p l a t i n g  b a t h  d u r i n g  ca thod ic  po la r i za t ion ,  
i.e., w h i l e  t he  m e t a l  is be ing  p l a t e d  onto it. A t  the  
c l eavage  p l a n e  the  go ld  is t hen  depos i t ed  d i r e c t l y  
onto a f r e sh  o x i d e - f r e e  surface.  On su r faces  p r e -  
p a r e d  in th is  w a y  a l l o y i n g  of t he  gold  to t he  s e m i -  
conduc to r  can be  o b t a i n e d  at  t e m p e r a t u r e s  of a b o u t  
400~ 

Etching While Plating 

The  p r o b l e m  thus  seems  to be  to  p r e p a r e  an  ox ide  
f ree  g e r m a n i u m  or  s i l icon su r face  b y  a m o r e  con-  
v e n t i o n a l  m e t h o d  p r i o r  to go ld  depos i t ion .  In  t h e  
course  of th is  w o r k  i t  was  f o u n d  t h a t  t he  r e p l a c e -  
m e n t  m e t h o d  can  be  modi f ied  in such a m a n n e r  t h a t  
a gold  depos i t  is o b t a i n e d  w h i c h  wi l l  p e r m i t  l o w -  
t e m p e r a t u r e  a l loy  f o r m a t i o n  w i t h  bo th  g e r m a n i u m  
and  si l icon.  

The  p r i n c i p l e  of t he  m e t h o d  can be  d e v e l o p e d  
f rom the  fo l lowing  d i scuss ion  of t he  r e p l a c e m e n t  
r eac t ion :  

If  g e r m a n i u m  is in con tac t  w i t h  a so lu t ion  con-  
t a in ing  gold  ions, t he  fo l lowing  processes  occur  

4Au 3 + + 12e --> hUmetaIlic (cathodic partial reaction) 

3Ge ~ 3Ge 4 + + 12e- (anodic partial reaction) 
[I] 

It can thus be seen that during replacement plat- 
ing the gold ions play the same role as the oxidiz- 
ing agent during chemical etching (6). We can thus 
apply to this reaction the models developed for 
the discussion of corrosion processes (7). 

During a corrosion process an anodic (oxidation) 
and a cathodic (reduction) partial reaction proceed 
with equal rate at the corroding electrode. Unless 
local cell action occurs, the loci of cathodic and 
anodic processes are distributed randomly over the 
surface.  P a r t i a l  c u r r e n t  d e n s i t y - p o t e n t i a l  cu rves  
can  be  d e t e r m i n e d  for  bo th  t h e  anod ic  and  the  
ca thod ic  process .  T h e y  p e r m i t  p r e d i c t i o n  of t he  r e -  
sponse  of the  s y s t e m  to a change  of po ten t i a l .  F i g u r e  
2 shows  a s c h e m a t i c  p lo t  of ca thod ic  and  anod ic  
p a r t i a l  c u r r e n t - p o t e n t i a l  cu rves  for  sy s t ems  [1] .  

C u r v e  a r e p r e s e n t s  t he  p o t e n t i a l  d e p e n d e n c e  of 
t he  r a t e  of  go ld  depos i t i on  and  c u r v e  b r e p r e s e n t s  
t he  p o t e n t i a l  d e p e n d e n c e  of g e r m a n i u m  (or s i l icon)  
d isso lu t ion .  Eo is the  cor ros ion  p o t e n t i a l  w h i c h  is 
e s t a b l i s h e d  w h e n  g e r m a n i u m  is b r o u g h t  in con tac t  
w i t h  a so lu t ion  con ta in ing  A u  8+ ions. W h e n  a n e g a -  
t ive  p o t e n t i a l  is a p p l i e d  to th is  s y s t e m  ( E l ) ,  t he  r a t e  
of gold  depos i t i on  is e n h a n c e d  w h i l e  the  r a t e  of 
g e r m a n i u m  d i s so lu t ion  is r e d u c e d  ( ca thod ic  p r o -  
t e c t i on ) .  W h e n  a pos i t i ve  p o t e n t i a l  is app l ied ,  t he  

~ b M A N I U M  DISSOLUTION 

X 
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POTENTIAL 

Fig. 2. Schematic current potential diagram for germanium cor- 
rosion in a solution containing gold ions. 

r a t e  of g e r m a n i u m  d i s so lu t ion  is e n h a n c e d  and  the  
r a t e  of gold  depos i t i on  is r educed .  

P r e v i o u s l y  (10) i t  has  b e e n  shown  t h a t  d u r i n g  
e l ec t ro ly t i c  g e r m a n i u m  d i s so lu t ion  in  t he  p r e s e n c e  
of H F  p a r t s  of  t he  g e r m a n i u m  su r f ace  a r e  a t  l eas t  
t e m p o r a r i l y  f r ee  of ox ide  f i lm [ see  also T u r n e r  ( 8 ) ]  
so t ha t  i n t i m a t e  con tac t  b e t w e e n  g e r m a n i u m  (or  
s i l icon)  and  go ld  m a y  occur.  The  spots  a t  w h i c h  gold 
depos i t i on  occurs  a r e  d i s t r i b u t e d  r a n d o m l y  ove r  t he  
s e m i c o n d u c t o r  sur face ,  s e p a r a t e d  b y  anod ic  s i tes  a t  
w h i c h  d i s so lu t ion  p roceeds .  The  go ld  p l a t e d  p a r t s  
of the  c r y s t a l  a r e  b l o c k e d  for  f u r t h e r  g e r m a n i u m  
d i s so lu t ion  b u t  no t  for  f u r t h e r  m e t a l  depos i t ion .  
D u r i n g  th is  p r o c e d u r e  go ld  is d e p o s i t e d  on b o t h  the  
c a thode  and  the  a n o d e  of t he  p l a t i n g  cel l  w h i c h  a p -  
pea r s  to  be  r a t h e r  a p a r a d o x .  The  f inal  p r o d u c t  of 
th is  k i n d  of p l a t i n g  p rocess  is a r a t h e r  po rous  m e t a l  
s t r u c t u r e  the  pores  of w h i c h  can,  h o w e v e r ,  be  c losed 
b y  n o r m a l  e l e c t r o p l a t i n g  p rocedu re s .  A t  l o n g e r  p l a t -  
ing t i m e s  the  d i s so lu t ion  p rocess  u n d e r c u t s  t he  d e -  
pos i t ed  meta l ,  and  f ina l ly  t he  m e t a l  defo l ia tes .  

Procedure 

The  final compos i t i on  of t he  p l a t i n g  b a t h  d e -  
ve lope d  in th i s  w o r k  was  2.7 g/1 H A u  C14.3HeO in 
an aqueous  so lu t ion  c on t a in ing  50% hydro f luo r i c  
ac id  (49% H F )  b y  vo lume .  The  fo l lowing  p r o c e d u r e  
was  found  to g ive  qu i t e  r e l i a b l e  r e su l t s :  ( A )  C lean  
the  s e m i c o n d u c t o r  su r f a c e  b y  s t a n d a r d  p r o c e d u r e ,  
e.g., etching.  I f  e t ch ing  is no t  poss ib le ,  c l ean ing  w i t h  
bo i l ing  c h l o r o f o r m  gives  e x c e l l e n t  resu l t s .  (B)  I m -  
m e r s e  for  15 sec in  t h e  go ld  p l a t i n g  so lu t ion  (see  
above )  wh i l e  pas s ing  an anod ic  c u r r e n t  of 2 m a / c m  2 
t h r o u g h  the  wafe r .  (C)  Rinse  t h o r o u g h l y  w i t h  d i s -  
t i l l ed  wa te r .  (D)  E l e c t r o p l a t e  for  30 sec at  4 a m p /  
cm 2 in a s t a n d a r d  gold  c y a n i d e  p l a t i n g  b a t h  (11) .  
(E)  Hea t  for  30 sec to 400~ in a f lowing h y d r o g e n  
s t r eam.  

T h e r e  s eemed  to be  on ly  a ne g l i g ib l e  a m o u n t  of 
ox ide  t r a p p e d  b e t w e e n  the  gold  and  the  s e m i c o n -  
d u c t o r  because  on h e a t i n g  the  s t r u c t u r e  t he  gold 
a l l o y e d  c o m p l e t e l y  w i t h  t he  g e r m a n i u m  (or  s i l i con) .  

Rate of Plating 
The  effect of the  HAuC14-concen t ra t ion ,  t he  H F  

concen t ra t ion ,  and  the  anod ic  c u r r e n t  on the  r a t e  of 
gold  depos i t ion  was  i n v e s t i g a t e d  e x p e r i m e n t a l l y .  
F o r  th is  p u r p o s e  r o u n d  s i l icon w a f e r s  of  20 m m  
d i a m e t e r  and  0.5 m m  t h i c k  w e r e  i m m e r s e d  in  p l a t -  
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ing so lu t ions  of v a r i o u s  compos i t ions .  A f t e r  r e -  
m o v a l  f r o m  the  b a t h  t he  w a f e r s  w e r e  r i n s e d  i m -  
m e d i a t e l y  w i t h  c o n d u c t i v i t y  w a t e r .  The  go ld  d e -  
pos i t  was  d i s so lved  w i t h  aqua  r e g i a  a n d  t h e n  d e -  
t e r m i n e d  b y  a m e t h o d  d e v e l o p e d  b y  Cheng  (9) .  
F r o m  th is  ana lys i s  t he  t h i cknes s  of t he  go ld  f i lm 
was  e s t ima t ed .  F i g u r e  3 shows t h a t  a t  l onge r  p l a t -  
ing  t imes  the  d i f fus ion  of gold  ions to t h e  s e m i c o n -  
duc to r  su r f ace  becomes  r a t e - d e t e r m i n i n g .  A t  h igh  
gold  c o n c e n t r a t i o n s  compl i ca t i ons  seem to occur  
w h i c h  a r e  no t  y e t  w e l l  unde r s tood .  F i g u r e  4 shows  
t h a t  t he  r a t e  of p l a t i n g  inc reases  w i t h  i nc r e a s ing  
H F - c o n c e n t r a t i o n  p r e s u m a b l y  because  t he  p a r t i a l  
c u r r e n t - p o t e n t i a l  c u r v e  for  d i s so lu t ion  is sh i f t ed  to 
m o r e  n e g a t i v e  p o t e n t i a l s  (10) .  F i g u r e  5 shows  the  
effect of an  anod ic  c u r r e n t  on the  r a t e  of de pos i -  
t ion.  The  r a t e  of go ld  depos i t i on  dec rea se s  w i t h  in -  
c rease  in anod ic  p o l a r i z a t i o n  w h i c h  is eas i ly  u n -  
d e r s t a n d a b l e  on t h e  bas i s  of F ig .  2. 

Results 

F o r  a t u n n e l  d iode  s t r u c t u r e  a l l o y e d  gold  con tac t s  
p r e p a r e d  in t h e  m a n n e r  he r e  d i scussed  s h o w e d  a 
con tac t  r e s i s t ance  of 10 -5 to 10 -6  o h m s / c m  2. I f  
ohmic  con tac t s  to m a t e r i a l  of h i g h e r  r e s i s t i v i t y  a r e  
des i red ,  t he  go ld  depos i t  has  to be  d o p e d  acco rd ing  
to t he  p r o c e d u r e  d e s c r i b e d  b y  P u d v i n  and  B iond i  
(4 ) .  
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Fig. 3. Effect of concentration of gold ions on rate of gold depo- 
sition. A,  0.0035M HAuCI4 in 25% HF; X, 0.007M HAuCI4 in 
25% HF. e, 0.014M HAuCI4 in 25% HF. 
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Fig. 4. Effect of HF-cancentration on rate of gold deposition. A,  
25% HF; X, 12.5% HF; e, 6.25% HF. 
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A P P E N D I X  
Electronic Interaction between Germanium and 

Gold Ions 
An impor t an t  s tep in the  r ep lacement  p la t ing  r e -  

act ion is the  t rans fe r  of electrons f rom the ge rman ium 
to the gold ions resu l t ing  in the  fo rmat ion  of meta l l i c  
gold. 

Electrons  can exis t  in ge rman ium in two energy  
bands, the  valence and the conduct ion band (neglect ing 

surface states, and the quest ion therefore  arises whe the r  
these gold ions accept  e lectrons f rom the valence band  
or f rom the conduct ion band  (6). The fol lowing exper i -  
ment  decides this  quest ion in  favor  of a va lence  band re -  
action. N - t y p e  ge rman ium shows on anodic polar iza t ion  
in an e lec t ro ly te  a I igh t - sens i t ive  l imi t ing  current .  F r o m  
this observat ion  it has been concluded tha t  holes are  
needed for  b reak ing  the covalent  Ge-Ge  bands  (8).  
F igure  6 shows how this l imi t ing  cur ren t  changes wi th  
increas ing concentra t ion  of gold ions in the  plat ing.  
solution. Af t e r  a r e l a t ive ly  smal l  addi t ion  of gold ions 
the  l imi t ing cur ren t  drops, p r e sumab ly  because par ts  
of the  ge rman ium surface are  now covered by  gold. On 
fu r the r  increase  of the  gold ion concentra t ion the  l imi t -  
ing cur ren t  increases  above the va lue  measured  for the 
free ge rman ium surface in absence of gold ions. Dur -  
ing the  reduct ion  of gold ions, therefore,  more  holes 
mus t  be avai lab le  for  ge rman ium dissolution than  in 
the absence of gold ions. We thus  have to conclude tha t  
gold ions accept  electrons f rom the valence band, i.e., 
in jec t  holes into the  valence  band. These holes are  then 
ava i lab le  for ge rman ium dissolut ion resu l t ing  in an in-  
crease of the  anodic l imi t ing  current .  S imi la r  resul ts  
have  prev ious ly  been found for  o ther  oxidizing 
agents  (12). 

Vapor Pressure of Molybdenum Trioxide 
E. A. Gulbransen, K. F. Andrew, and F. A. Brassart 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

The  v a p o r  p r e s s u r e  of  so l id  a n d  l i qu id  m o l y b d e -  
n u m  t r i o x i d e  is one  of  t he  i m p o r t a n t  q u a n t i t i e s  in  
e v a l u a t i n g  the  k ine t i c s  of o x i d a t i o n  of m o l y b d e n u m  
at  t e m p e r a t u r e s  a b o v e  600~ D u r i n g  the  course  of 
these  s tud i e s  w e  h a v e  m e a s u r e d  the  v a p o r  p r e s s u r e  
of p u r e  M o O s ( s ) .  A n u m b e r  of p a p e r s  in  r e c e n t  
y e a r s  h a v e  dea l t  w i t h  th is  p r o b l e m  ( 1 - 6 ) .  T w o  r e -  
cen t  s tud ies  on t h e  v a p o r  p r e s s u r e  of sol id  m o l y b -  
d e n u m  t r i o x i d e  a r e  t he  p a p e r s  of B l a c k b u r n ,  Hoch,  
a n d  J o h n s t o n  (1)  and  HSrbe ,  K n a c k e ,  and  P r e s c h e r  
(2) .  Bo th  g roups  used  t h e  K n u d s e n  effusion me thod .  
The  f o r m e r  o b t a i n e d  an  e n t h a l p y  of s u b l i m a t i o n  of 
79.74 k c a l / m o l e  of v a p o r  w h i l e  t h e  l a t t e r  f o u n d  a 
v a l u e  of  88.6 k c a l / m o l e  of vapor .  This  d i f fe rence  is 
ou t s ide  t h e  r a n g e  of t h e  e x p e r i m e n t a l  e r rors .  The  
v a p o r  p r e s s u r e  of l i qu id  m o l y b d e n u m  t r i o x i d e  has  
b e e n  s t u d i e d  r e c e n t l y  b y  S e l i k m a n ,  Gorowi t sch ,  a n d  
P r o s e n k o v a  (3) .  A n  e n t h a l p y  of v a p o r i z a t i o n  of 
35.2 k c a l / m o l e  was  c a l c u l a t e d  b y  HSrbe ,  K n a c k e ,  
a n d  P r e s c h e r  (2)  us ing  th i s  d a t a  and  t h e  c o r r e c t e d  
d a t a  of F e i s e r  (4) .  The  bo i l ing  p o i n t  has  been  g iven  
as 1155~ and  the  m e l t i n g  po in t  as 795~ (2) .  

B e r k o w i t z ,  I n g h r a m ,  a n d  C h u p k a  (5)  h a v e  d e -  
t e r m i n e d  t h e  v a p o r  spec ies  us ing  the  mass  spec -  
t r o m e t e r  me thod .  The  t r ime r ,  (MoOs)s ,  is t he  m a i n  
gaseous  spec ies  fo r  t h e  t e m p e r a t u r e  r a n g e  of 600 ~ 
700~ S m a l l e r  q u a n t i t i e s  of (MOO8)4 and  (MOO3)5 
and  the  d i m e r  and  m o n o m e r  also a r e  p resen t .  

Method 
The  v a p o r  p r e s s u r e  a b o v e  MoOs( s )  was  m e a s u r e d  

b y  t h e  K n u d s e n  effusion m e t h o d  us ing  a v a c u u m  
m i c r o b a l a n c e  (7) .  P r e s s u r e s  of a b o u t  10 -6 T o r r  w e r e  
o b t a i n e d  a t  t e m p e r a t u r e .  The  K n u d s e n  cel ls  w e r e  
m a d e  f r o m  0.005 in. t h i c k  P t  shee t  w i t h  t he  effusion 
orifice in  t h e  top. The  orif ice was  0.06 cm in d i a m -  
e t e r  and  was  no t  beve led .  The  cel l  was  0.686 cm 

long and  h a d  a d i a m e t e r  of  0.681 cm. The  m o l y b -  
d e n u m  t r i o x i d e  was  o b t a i n e d  b y  co l lec t ing  the  con-  
densed  vo l a t i l e  ox ides  a f t e r  o x i d a t i o n  of p u r e  m o -  
l y b d e n u m  rod  a t  t e m p e r a t u r e s  of 1000~176 The  
ox ide  was  co l lec ted  in  t he  f o r m  of t h in  p l a t e s  of 
w h i t i s h - y e l l o w  crys ta l s .  Be fo re  each  use  and  b e -  
t w e e n  each  m e a s u r e m e n t  t h e  K n u d s e n  cel l  ~- s a m p l e  
was  t r e a t e d  w i t h  p u r e  o x y g e n  a t  t e m p e r a t u r e .  
Changes  in w e i g h t  of t he  K n u d s e n  cel l  a lone  w e r e  
checked  b y  w e i g h i n g  the  cel l  be fo re  and  a f t e r  t he  
ser ies  of e x p e r i m e n t s .  No changes  w e r e  obse rved .  
These  obse rva t i ons  also i n d i c a t e  t he  h igh  p u r i t y  of 
t he  m o l y b d e n u m  t r i o x i d e  used  s ince  no r e s i d u e  
could  be  o b s e r v e d  v i s u a l l y  o r  b y  we igh ing .  The  
w e i g h t  change  m e a s u r e d  e x t e r n a l l y  a g r e e d  p r e c i s e l y  
w i t h  t he  w e i g h t  change  r e s u l t i n g  f r o m  t h e  effusion 
m e a s u r e m e n t s .  T e m p e r a t u r e  was  m e a s u r e d  to • 1 7 6  
b y  m e a n s  of p l a t i n u m - 1 0 %  r h o d i u m  p l a t i n u m  t h e r -  
mocouple .  The  t h e r m o c o u p l e  was  c a l i b r a t e d  aga in s t  
a N B S  s t a n d a r d  t h e r m o c o u p l e .  W e i g h t  c h a n g e  m e a s -  
u r e m e n t s  w e r e  a c c u r a t e  to a b o u t  2%. 

Results~Vapor Pressure of Molybdenum Trioxide Solid 
V a p o r  p r e s s u r e s  w e r e  c a l c u l a t e d  f r o m  the  m e a s -  

u r e d  r a t e s  of e v a p o r a t i o n  a t  5 t e m p e r a t u r e s  b e -  
t w e e n  600 ~ a n d  700~ us ing  the  e q u a t i o n  

/ 2~rRT 
P = m  M 

H e r e  P is t he  p r e s s u r e  in a t m o s p h e r e s ,  R is 
t he  gas  cons tan t ,  7' is t he  t e m p e r a t u r e  in  ~ and  m 
is t he  r a t e  of e v a p o r a t i o n  in  g cm -2 see -1. M is t he  
m o l e c u l a r  w e i g h t  of t he  v a p o r  as c a l c u l a t e d  b y  
H6rbe ,  K n a c k e ,  and  P r e s c h e r  (2) .  The  a c c u r a c y  of 
these  M va lues  has  been  que s t i one d  b y  one of t he  
r e a d e r s  of th is  pape r .  



VoL 110, No. 3 VAPOR PRESSURE OF MOLYBDENUM TRIOXIDE 243 

Table I. Vapor pressure data for solid molybdenum trioxide 

E f f e c t i v e  ( M o O a ) ~  
T e m p ,  T i m e ,  W t  loss ,  a r e a ,  ( M ~  

~  s e c  g x 10  -3  e m  ~ x 1O ~ (2 )  p r e s s u r e ,  a t m  

873.1 1200 0.578 0.2860 3.238 6.08 X 10 -6  
898.1 3000 3.423 0.2861 3.277 1.47 X 10 -5 
923.1 900 4 . 8 3 8  0 . 2 8 6 2  3.323 6.82 X 10 -5 
948.1 480 7.258 0.2864 3.375 2.02 X 10 -4  
973.1 180 6.588 0.2866 3.438 4.69 X 10 -4  

The  ef fec t ive  a r e a  of t h e  effusion orif ice was  d e -  
t e r m i n e d  b y  m u l t i p l y i n g  the  a r e a  a t  r o o m  t e m p e r -  
a t u r e  b y  the  t h e r m a l  e x p a n s i o n  f ac to r  and  b y  the  
C laus ing  fac tor .  

T a b l e  I a n d  Fig.  1 show the  v a p o r  p r e s s u r e  d a t a  
for  sol id  m o l y b d e n u m  t r iox ide .  To ca l cu l a t e  t he  
h e a t  of s u b l i m a t i o n  of (MoBs)s  t h e  m e t h o d  of l ea s t  
squa re s  was  a p p l i e d  to t he  da ta .  F i g u r e  1 also shows  
va lue s  for  M o B s ( s )  and  MoO~(1) f r o m  the  l i t e r a -  
tu re .  Us ing  the  d a t a  of B e r k o w i t z ,  I n g h r a m ,  and  
C h u p k a  (5 ) ,  HSrbe ,  K n a c k e ,  a n d  P r e s c h e r  (2)  ca l -  
c u l a t e d  t h e  a v e r a g e  m o l e c u l a r  w e i g h t  of  t he  spec ies  
f r o m  6 0 0  ~ to  700~ a n d  h a v e  u sed  th i s  v a l u e  to ca l -  
cu la t e  t h e i r  v a p o r  p r e s s u r e  da ta .  The  d a t a  of  B e r -  
kowi tz ,  I n g h r a m ,  a n d  C h u p k a  a r e  no t  p l o t t e d  in  
t he  f igure.  T h e i r  d a t a  f a l l  close to l ine  B of Fig .  1. 
HSrbe ,  K n a c k e ,  a n d  P r e s c h e r  (2)  have  also r e c a l -  
c u l a t e d  t h e  o l d e r  d a t a  of F e i s e r  (4)  for  bo th  
M o B s ( s )  and  MoOB(1). W h e n  r e c a l c u l a t e d  the  o lde r  
d a t a  of F e i s e r  for  MoOB(1) a g r e e  v e r y  w e l l  w i t h  
t he  n e w e r  d a t a  of S e l i k m a n ,  Gorowi t sch ,  a n d  P r o -  
s e n k o w a  (3) .  The  d a t a  for  MoOB(1) a re  s h o w n  as 
cu rve  D in Fig .  1. A t  t he  m e l t i n g  p o i n t  t h e  v a p o r  
p r e s s u r e  of M o B s ( l )  is g iven  as 11.4 To r r  or  0.015 
arm. A t  t he  m e l t i n g  po in t  the  v a p o r  p r e s s u r e s  of the  
sol id  and  l i qu id  m o l y b d e n u m  t r i o x i d e  shou ld  be  
equal .  W e  h a v e  used  th i s  fac t  to he lp  cons t ruc t  t he  
e x t r a p o l a t e d  p a r t  of c u r v e  A of Fig .  1. Our  l eas t  
s q u a r e  t r e a t m e n t  of t he  d a t a  e x t r a p o l a t e s  to a p r e s -  
su re  of 11.7 T o r r  a t  t he  m e l t i n g  p o i n t  and  is in  e x -  
ce l l en t  a g r e e m e n t  w i t h  t h e  o lde r  d a t a  of F e i s e r  (4)  
as c o r r e c t e d  b y  HSrbe ,  K n a c k e ,  a n d  P r e s c h e r  (2) .  
The  C l a u s i u s - C l a p e y r o n  e q u a t i o n  for  t he  v a p o r i z a -  
t ion  of t he  so l id  as d e t e r m i n e d  f r o m  the  m e t h o d  of 
l eas t  squa re s  is 

75,400 
4.576 log P (MoBs)  n T + 62.3 --+ 0.2 

w h e r e  P is in a t m o s p h e r e s  a n d  n is t he  a v e r a g e  
m o l e c u l a r  a s soc ia t ion  n u m b e r .  AH is 75.4 k c a l /  

S-->g 

mole  _+ 1 k c a l / m o l e .  The  c o r r e s p o n d i n g  e q u a t i o n  
for  t he  v a p o r i z a t i o n  of t he  l i qu id  ox ide  is 

35,200 
4.576 log  P (MoOu)3---- - -  + 24.60 

T 

5C0 

ol 

/ 

I I I 
1.30 1.20 1.10 1.00 

T. ~ 
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Fig. 1. Vapor pressure curves, solid and liquid MOO3. A H s - g  
---- 75.4 kcal/mole, A H I - g  ~ 35.2 kcal/mole. 

The  d i f fe rence  in  h e a t  of v a p o r i z a t i o n  of t h e  sol id  
and  l iqu id  m o l y b d e n u m  t r i o x i d e  is 40.2 k c a l / m o l e  
of ( M o B s ) ~  or  12.4 k c a l / m o l e  of MoOB. The  v a l u e  

of t h e  l a t e n t  h e a t  of fus ion  acco rd ing  to Cosgrove  
and  S n y d e r  (8)  is 12.6 k c a l / m o l e  of MoOa. The  
a g r e e m e n t  g ives  f u r t h e r  ev idence  for  t he  ex i s t ence  
of t h e  t r i m e r  (MOO3)3 and  t e t r a m e r  (MoBs)4  species  
in  t h e  v a p o r  s t a t e  of t he  oxide .  

F i g u r e  1 i nd i ca t e s  a c o n s i d e r a b l e  d i s c r e p a n c y  in 
AH a n d  in t h e  a b s o l u t e  v a l u e s  of t h e  v a p o r  p r e s -  

s---> g 

su re  of m o l y b d e n u m  t r i o x i d e  as d e t e r m i n e d  b y  the  
s e v e r a l  au thors .  The  r ea sons  for  t he se  d i s c r e panc i e s  
a r e  no t  c lear .  

Manuscr ip t  rece ived  J u l y  23, 1962. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1963 
JOURNAL. 
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A Study of the Rest Potentials 
in the Gold-Oxygen-Acid System 

James P. Hoare 
Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

Two different  e lec t rode  systems are  found. One is the  A u / A u - O  sys tem in 
which  the gold surface  is covered wi th  a hyd ra t ed  mono laye r  of adsorbed 
oxygen  atoms. Here,  the  res t  potent ia l  is a mixed  potent ial ,  980 +--20 my. The 
other  is the  Au/Au203 sys tem in which  the  gold surface is covered wi th  a 
mu l t i l aye r  of h y d r a t e d  Au203. In  this  case, the  res t  po ten t ia l  is an equi l ib r ium 
m e t a l - m e t a l  oxide potential ,  1350 +-10 mv. The e lect r ica l  p roper t ies  of the  
Au-O  laye r  are  such tha t  the  O2/H20 reac t ion  proceeds wi th  grea t  difficulty 
on it, and the revers ib le  va lue  of 1230 mv is not  expected  to be observed on 
gold electrodes.  

S ince  mos t  e l e c t r o d e  r eac t i ons  w h i c h  i n v o l v e  an  
a d s o r p t i o n  s tep  a r e  e x t r e m e l y  compl i ca t ed ,  a c o m -  
p l e t e  un i f ied  p i c t u r e  is s t i l l  no t  o b t a i n e d  f r o m  the  
l i t e r a t u r e  for  t he  p rocesses  occu r r i ng  at  o x y g e n  
e lec t rodes .  I t  is i n t e r e s t i n g  to no te  t h a t  r e l a t i v e l y  
l i t t l e  w o r k  has  been  done  on the  p o t e n t i a l - d e t e r m i n -  
ing  p rocesses  r e s p o n s i b l e  for  t he  r e s t  p o t e n t i a l s  
o b s e r v e d  at  n o b l e - m e t a l - o x y g e n  e lec t rodes .  This  
s i t ua t ion  m a y  ex is t  because ,  in th i s  r eg ion  of i n -  
ves t iga t ion ,  m i n u t e  changes  in the  p r o p e r t i e s  of t he  
s y s t e m  cause  l a r g e  changes  in t he  o b s e r v e d  p o t e n -  
t ia ls .  

As  V e t t e r  (1)  po in t s  out ,  one m u s t  be  ab le  to r e -  
p r o d u c e  t h e  e x p e r i m e n t a l  condi t ions ,  t h a t  is, b e  
ab le  to o b t a i n  a r e p r o d u c i b l e  e l ec t rode  sur face .  A 
t e c h n i q u e  for  o b t a i n i n g  a r e p r o d u c i b l e  e l ec t rode  
su r f ace  in  t h e  p l a t i n u m - o x y g e n - a c i d  s y s t e m  has  
been  d e m o n s t r a t e d  (2 ) .  

In  m u c h  of the  o lde r  work ,  ca re  was  no t  t a k e n  to 
con t ro l  i m p u r i t i e s  in t he  sys tem.  This  is a v e r y  i m -  
p o r t a n t  s tep  in  such inves t iga t ions ,  as was  p o i n t e d  
out  b y  Bockr i s  (3) ,  b e c a u s e  t he  o x y g e n  p o t e n t i a l s  
a r e  so nob le  t ha t  the  pos s ib i l i t y  of less nob le  e l ec -  
t r o d e  p rocesses  occu r r i ng  is grea t .  

I t  was  sugges t ed  (2)  t h a t  t he  r e s t  p o t e n t i a l s  ob -  
s e r v e d  in  t he  P t - O 2 - a c i d  s y s t e m  could  be  e x p l a i n e d  
in t e r m s  of a m i x e d  p o t e n t i a l  (4)  and  the  a s s u m p -  
t ion  t h a t  t he  m o n o l a y e r  of a d s o r b e d  o x y g e n  on P t  
is a good  e l ec t ron ic  conduc to r  (5) .  The  ques t ion  n o w  
ar ises ,  h o w  is t h e  res t  p o t e n t i a l  in f luenced  b y  an  
a d s o r b e d  o x y g e n  l a y e r  t h a t  is a poor  e lec t ron ic  con-  
duc to r?  The  g o l d - o x y g e n - a c i d  s y s t e m  has  been  
chosen  as a r e p r e s e n t a t i v e  of th is  s i tua t ion .  

I n v e s t i g a t i o n s  of t he  r e s t  p o t e n t i a l s  of an  e l e c t r o -  
c h e m i c a l l y  p r e p a r e d  g o l d - o x i d e  e l ec t rode  a r e  sca rce  
in t he  l i t e r a t u r e .  Much  of the  e a r l y  w o r k  was  done  
w i t h  go ld  w i r e s  d i p p i n g  in a s l u r r y  of c h e m i c a l l y  
p r e p a r e d  AutO3 in H2SO~ so lu t ion  (6 -9 ) .  S ince  the  
nob le  m e t a l  ox ides  a r e  qu i t e  u n s t a b l e  w h e n  c h e m -  
i ca l l y  p r e p a r e d  (10) ,  i t  is r e a s o n a b l e  to suppose  t h a t  
t he  e l e c t r o c h e m i c a l l y  p r e p a r e d  species  m a y  be  d i f -  
f e r e n t  f r o m  the  c h e m i c a l l y  p r e p a r e d  ones. T h e r e -  
fore,  e s t ima te s  of t h e  s t a n d a r d  p o t e n t i a l s  f r o m  

s t a n d a r d  c h e m i c a l  t h e r m o d y n a m i c  d a t a  (11) m a y  
be  in e r ro r .  C e r t a i n l y  t he  a d s o r b e d  o x y g e n  a n d  o x -  
ide  l a y e r s  on the  e l ec t rode  a r e  h y d r a t e d ,  and  the  
s t a n d a r d  f ree  ene rg i e s  of such a d s o r b e d  spec ies  a r e  
not  known .  

Mos t  of t he  w o r k  in t he  l i t e r a t u r e  on Au /O2  e lec -  
t r odes  has  been  c o n c e r n e d  w i t h  o b t a i n i n g  p o l a r i z a -  
t ion  d a t a  a n d  e s t i m a t i n g  r a t e - d e t e r m i n i n g  steps.  
On ly  B a r n a r t t  (12) has  g iven  se r ious  t h o u g h t  to t he  
p o t e n t i a l - d e t e r m i n i n g  r eac t i ons  of an  e l e c t r o c h e m -  
i ca l l y  p r o d u c e d  A u / A u 2 O s  e l e c t r o d e  a t  res t .  H o w -  
ever ,  th is  a n a l y s i s  was  no t  comple te .  

In  th i s  w o r k ,  t he  r e s t  p o t e n t i a l  of a go ld  b e a d  in 
o x y g e n - s a t u r a t e d  2N H2SO4 so lu t ion  was  s t ud i ed  
as  a func t ion  of t ime ,  pH, p a r t i a l  p r e s s u r e  of oxygen ,  
and  the  h i s t o r y  of p r e p a r a t i o n  of t he  e l e c t r o d e  u n d e r  
cond i t ions  of r i go rous  con t ro l  of impur i t i e s .  

Experimental 
S m a l l  go ld  b e a d s  (0.08-0.15 cm in d i a m e t e r )  w e r e  

m e l t e d  at  the  end  of a gold  w i r e  (99.9-P% p u r e )  in 
a h y d r o g e n  f lame be c a use  n a t u r a l  gas  con ta ins  i n -  
t o l e r a b l e  m e r c a p t a n s .  A f t e r  t he  b e a d  was  c l eaned  
b y  d i p p i n g  i t  in to  c o n c e n t r a t e d  n i t r i c  ac id  fo l l owed  
b y  h e a t i n g  to r e d  h e a t  in t he  h y d r o g e n  f lame s e v e r a l  
t imes ,  i t  was  m o u n t e d  a long  w i t h  two  o t h e r  s i m i l a r l y  
c l eaned  beads ,  as checks,  in one s ide  of t he  d u a l  
Teflon cell ,  as d e s c r i b e d  be fo re  (2) .  T r a c e  i m p u r i t i e s  
w e r e  l e a c he d  f r o m  the  cel l  b y  soak ing  i t  in w a t e r ,  
w h i c h  h a d  been  t r i p l y  d i s t i l l ed  f r o m  an  a l l - q u a r t z  
st i l l ,  for  a t  l eas t  48 h r  w i t h  f r e q u e n t  changes  of th i s  
wa t e r .  

A n  a l p h a - p a l l a d i u m - h y d r o g e n  r e f e r e n c e  e l ec t rode  
(13, 14) was  used  be c a use  t he  use  of th is  s y s t e m  
avo ids  t he  p r o b l e m s  e n c o u n t e r e d  w i t h  o t h e r  r e f -  
e rence  sys t ems  u sed  p r e v i o u s l y .  Because  the  a - P d - H  
e l e c t r o d e  is r e v e r s i b l e  to h y d r o g e n  ions, j u n c t i o n  
po t e n t i a l s  a r e  no t  i n v o l v e d  as in t he  case  w i t h  s a t u -  
r a t e d  c a lome l  e l ec t rodes  no r  is c o n t a m i n a t i o n  w i t h  
m e r c u r y  a p r o b l e m  as in  t h e  case w i t h  I-Ig/Hg2SO4 
e lec t rodes .  Besides ,  s ince  t he  a - P d - H  e l ec t rode  is 
i n d e p e n d e n t  of t he  p a r t i a l  p r e s s u r e  of h y d r o g e n  
(15),  t he  d e p o l a r i z i n g  effect  on the  o x y g e n  e lec -  
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t r o d e  b y  d i s so lved  h y d r o g e n  f r o m  a P t / H 2  r e f e r e n c e  
e l e c t r o d e  is a v o i d e d  because  h y d r o g e n  need  no t  be  
b u b b l e d  ove r  a - P d - H .  A P d  b e a d  was  m o u n t e d  in  
t he  o t h e r  s ide  of t he  d u a l  cel l  as d e s c r i b e d  be fo re  
(2) .  A f t e r  t he  cel l  h a d  been  f i l led w i t h  t he  e l ec -  
t r o l y t e  and  sealed,  a l l  e l e c t rodes  on bo th  s ides  w e r e  
p r e - e l e c t r o l y z e d  a g a i n s t  a r e m o v a b l e  a u x i l i a r y  p l a t -  
i n u m  c a t h o d e  for  a t  l e a s t  24 hr .  Then ,  h y d r o g e n  w a s  
b u b b l e d  in  t he  r e f e r e n c e  s ide  of t he  cel l  u n t i l  t he  
p o t e n t i a l  of t h e  P d  b e a d  h a d  r e m a i n e d  cons t an t  a t  
50 m v  a g a i n s t  a P t / H 2  e l e c t r o d e  in  t he  same  so lu -  
t ion  (15) for  2 hr .  T h e  H2 flow w a s  s topped ,  t he  r e f -  
e rence  s ide  of t he  ce l l  s ea l ed  off, a n d  m e a s u r e m e n t s  
on the  t es t  e l e c t r o d e  begun .  I t  is to  b e  n o t e d  t h a t  t h e  
P t  l e ad  w i r e  and  the  w e l d  a r e a  w e r e  i m b e d d e d  in 
v i r g i n  p o l y e t h y l e n e  to p r e v e n t  so lu t ion  con tac t  w i t h  
t h e  P t  and  the  r e s u l t i n g  p o l a r i z a t i o n  of the  a - P d - H  
e l e c t r o d e  (16) .  

Cell ,  e l ec t rode ,  and  so lu t ion  p r e p a r a t i o n s  and  t h e  
gas  pur i f i ca t ion  w e r e  a l l  c a r r i e d  out  as be fo re  (2) .  
T h e  p o t e n t i a l  was  m e a s u r e d  w i t h  a m o d e l  1230-A 
G e n e r a l  R a d i o  e l e c t r o m e t e r  w i t h  an  i n p u t  i m p e d a n c e  
v a r i a b l e  b e t w e e n  104 and  1014 ohms.  The  p H  of t he  
so lu t ions  was  c h a n g e d  b y  d i l u t i n g  t h e  2N H2SO4 
w i t h  2N Na2SO4 to k e e p  the  ionic  s t r e n g t h  cons tan t .  
A t  the  end  of a run ,  t he  p H  was  d e t e r m i n e d  f r o m  
the  p o t e n t i a l  d i f fe rence  b e t w e e n  the  P t / H 2  e l e c t r o d e  
a n d  a s a t u r a t e d  ca lome l  (SCE)  e lec t rode .  W i t h  th is  
m e a s u r e m e n t  t h e  p o t e n t i a l  w i t h  r e s p e c t  to the  a -  
P d - H  e l ec t rode  m a y  b e  c o n v e r t e d  to  t h a t  w i t h  r e -  
spec t  to t he  n o r m a l  h y d r o g e n  e l e c t r o d e  ( N H E ) .  
Unless  o t h e r w i s e  s t a t e d  a l l  po t en t i a l s  a r e  r e p o r t e d  
vs. t h e  NHE.  A l l  e x p e r i m e n t s  w e r e  c a r r i e d  out  a t  
25 ~ _+ I~  The  p a r t i a l  p r e s s u r e  w a s  c h a n g e d  b y  
d i l u t i n g  t h e  o x y g e n  w i t h  n i t r o g e n  s ince  the  m o l e c u -  
l a r  w e i g h t  of N2 is c loser  to t h a t  of O2 t h a n  is t h a t  
of He, and  t h e  p r o b l e m s  of the  s e g r e g a t i o n  of the  
gases  w e r e  r educed .  The  c l ean l iness  of t he  t es t  e l ec -  
t r o d e  was  m o n i t o r e d  b y  o b s e r v i n g  the  p s e u d o c a -  
p a c i t a n c e  (17) w h e n  the  t e s t  e l e c t r o d e  w a s  p o l a r i z e d  
w i t h  h y d r o g e n  b u b b l i n g  ove r  i t  b y  an  e lec t ron ic  
c u r r e n t  i n t e r r u p t e r .  

Results and Discussion 
Rest  potential as a function of t i m e . - - I f  t he  c i r -  

cui t  was  b r o k e n  in w h i c h  a gold b e a d  w a s  anod ized  
a t  a b o u t  2v in  o x y g e n - s a t u r a t e d  2N H2SO4 acid,  t he  
p o t e n t i a l  f e l l  to a s t e a d y  v a l u e  of a b o u t  1280 m v  
w i t h i n  a b o u t  2 hr.  A s a m p l e  of t he  e l e c t r o l y t e  gave  
a pos i t i ve  t es t  w i t h  t i t a n i u m  su l f a t e  r e a g e n t  (18)  
for  t he  p r e s e n c e  of  p e r o x i d e .  A s  in  t h e  case  of P t /  
02 (2 ) ,  i t  was  f o u n d  t h a t  a r e p r o d u c i b l e  s y s t e m  
could  be  o b t a i n e d  on ly  a f t e r  t he  p e r o x i d e s  in  so lu -  
t ion  a n d  h i g h e r  ox ides  on the  m e t a l  su r f ac e  w e r e  
r e m o v e d  b y  b u b b l i n g  pur i f i ed  h y d r o g e n  ove r  t he  
t e s t  e l e c t r o d e  fo r  a b o u t  20 min .  In  th i s  case,  pur i f i ed  
h y d r o g e n  w a s  b u b b l e d  t h r o u g h  the  t es t  s ide  of t he  
cel l  for  15 m i n  a t  a b o u t  200 cc /min .  A t  th i s  p o i n t  t he  
p o t e n t i a l  b e t w e e n  two  P t  e l ec t rodes  was  zero,  b u t  
t he  p o t e n t i a l  of t he  A u  w a s  s t i l l  1200 mv.  T h e  tes t  
for  p e r o x i d e  w a s  nega t i ve .  A p p a r e n t l y ,  t r e a t m e n t  
w i t h  h y d r o g e n  r e m o v e d  the  p e r o x i d e  f r o m  solut ion ,  
b u t  d id  no t  r e m o v e  a l l  of t he  ox ide  f r o m  the  m e t a l  

sur face .  

If,  now,  H e - s t i r r i n g  was  r e p l a c e d  w i t h  O2-s t i r r ing ,  
t he  p o t e n t i a l  ro se  to a s t e a d y  v a l u e  of 1350 ~ 10 m v  
w h i c h  was  t ime  i n v a r i a n t  for  ove r  48 hr .  This  is in 
good a g r e e m e n t  w i t h  t he  p o t e n t i a l  v a l u e  of 1360 
m v  ass igned  b y  H i c k l i n g  (9)  to t he  A u / A u 2 0 3  couple  
and  w i t h  t he  p o t e n t i a l  v a l u e s  o b s e r v e d  b y  those  
w o r k e r s  (6-9) who  used  s l u r r i e s  of c h e m i c a l l y  p r e -  
p a r e d  Au208 in tt2SO4 solut ions .  E v i d e n t l y  t he  h y -  
d r o g e n  r e d u c e d  some of t he  Au2Os to Au,  a n d  the  
i n t i m a t e  m i x t u r e  of  A u  and  Au208 on the  su r face  
of t h e  A u  b e a d  p r o d u c e d  a good A u / A u 2 0 3  e l ec t rode  
e q u i v a l e n t  to t he  s l u r r y  e x p e r i m e n t s .  In  p h y s i c a l  
a p p e a r a n c e ,  such  a b e a d  w a s  cove red  w i t h  a r e d d i s h  
b r o w n  deposi t .  Th is  r e d d i s h  b r o w n  depos i t  has  been  
shown  (12, 19) to b e  Au203. 

Next ,  the  s y s t e m  was  s t i r r e d  w i t h  h y d r o g e n  un t i l  
the  p o t e n t i a l  of t he  A u  b e a d  h a d  r e a c h e d  t h e  h y d r o -  
gen  p o t e n t i a l  ( - -50  m v  vs. a - P d - H )  and  a l l  ox ides  
h a d  been  r e m o v e d  f r o m  the  s y s t e m  (ove r  2 h r  a t  H2 
flow ---- 200 c c / m i n ) .  Then  the  H a - s t i r r i n g  w a s  r e -  
p l a c e d  w i t h  O2-s t i r r ing ,  a n d  t h e  p o t e n t i a l  was  fo l -  
l o w e d  as a func t ion  of t ime .  The  p o t e n t i a l  rose  
q u i c k l y  to a b o u t  600 m v  (5 m i n )  and  m o r e  s l o w l y  
( s e v e r a l  hou r s )  to a b o u t  800 mv.  A f t e r  b e i n g  in  
con tac t  w i t h  O 2 - s a t u r a t e d  ac id  so lu t ion  for  ove r  two  
days  t he  p o t e n t i a l  c ame  to a s t e a d y  v a l u e  of 980 --+ 
20 inv. W h e n  such an  e l e c t r o d e  s y s t e m  w a s  s t i r r e d  
w i t h  H2 at  a b o u t  200 c c / m i n ,  t he  p o t e n t i a l  of t he  
Au  b e a d  r e a c h e d  the  h y d r o g e n  p o t e n t i a l  w i t h i n  500 
sec. This  r e d u c t i o n  t ime,  r e q u i r e d  to r e m o v e  the  
ox ide  f r o m  such a A u  bead ,  is of t he  s ame  m a g n i -  
t ude  as t ha t  r e q u i r e d  to r e m o v e  the  m o n o l a y e r  of 
a d s o r b e d  o x y g e n  f r o m  a P t  b e a d  (2) .  

V e t t e r  (20) has  p o i n t e d  ou t  t ha t  va r i ous  w o r k e r s  
(1, 9, 21) have  f o u n d  f r o m  c o u l o m b m e t r i c  m e a s u r e -  
m e n t s  t h a t  a m o n o l a y e r  of ox ide  is f o r m e d  on A u  
be fo re  o x y g e n  gas  is evo lved .  In spec t ion  of the  
c h a r g i n g  cu rves  at  l ow  c u r r e n t  dens i t ies ,  in Fig .  9 
of ref.  (1) ,  shows  a s m a l l  k i n k  n e a r  l v  b e f o r e  the  
l a r g e  k i n k  a p p e a r s  a t  a b o u t  1.35v. The  f irst  k i n k  
m a y  be  i n t e r p r e t e d  as t h e  b e g i n n i n g  of the  f o r m a -  
t ion  of a m o n o l a y e r  of a d s o r b e d  o x y g e n  a t o m s  "on 
gold,  A u - O .  W i t h  i n c r e a s e d  p o l a r i z a t i o n  the  m o n o -  
l a y e r  of A u - O  is c o n v e r t e d  to a m o n o l a y e r  of Au20~ 
w h i c h  beg ins  a t  t he  second  k ink .  The  A u - O ,  mos t  
l i ke ly ,  is not  a t r u e  o x i d e  s ince  gold  a toms  a r e  no t  
p u l l e d  out  of t he  go ld  sur face .  I t  is r e a s o n a b l e  to 
assume,  then ,  t h a t  a gold  e l ec t rode  w h i c h  exh ib i t s  
980 --+ 20 m v  has  i ts  su r f ace  c ove re d  b y  a m o n o l a y e r  
of a d s o r b e d  o x y g e n  a toms.  Such  a s y s t e m  wi l l  be  
r e f e r r e d  to as a A u / A u - O  e lec t rode .  I n  a p p e a r a n c e ,  
such an  e l ec t rode  was  e i t he r  b r i g h t  or  c ove red  w i t h  
a b l a c k  depos i t  w h i c h  m a y  be  a s s u m e d  to be  f inely  
d i v i d e d  A u  r e s u l t i n g  f r o m  the  c o m p l e t e  r e d u c t i o n  of 
Au20~ w i t h  h y d r o g e n .  

A c l ean  gold e l e c t r o d e  w a s  a l l o w e d  to ox id i ze  in  
a i r  a t  r o o m  t e m p e r a t u r e  and  was  t h e n  p l u n g e d  into  
o x y g e n - s a t u r a t e d  2N H2SO4 solut ion.  The  p o t e n t i a l  
c a m e  i m m e d i a t e l y  to  a b o u t  600 m v  a n d  in abou t  
24 h r  c ame  to a s t e a d y  p o t e n t i a l  of 980 --+ 20 my.  
W h e n  th is  s y s t e m  w a s  s t i r r e d  w i t h  It2, t he  h y d r o g e n  
p o t e n t i a l  was  r e a c h e d  w i t h i n  500 sec. These  d a t a  
i nd i ca t e  t h a t  in  t he  a b s e n c e  of anod ic  p o l a r i z a t i o n  a 
gold  su r f ace  is c ove re d  b y  a f i lm of a d s o r b e d  o x -  
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Table I. Dependence of the potential on the partial pressure of 02 

Rotameter reading* Potential vs. a-Pd, mv 
O~ N2 A u l  Au~ P% 

4.4 0 1300 772 1 
10.8 0 1300 772 1 
3.8 4.7 1300 772 0.45 
3.7 10.7 1300 772 0.26 

10.2 9.6 1300 772 0.51 
0 7.0 1280 760 0 
4.3 0 1300 772 1 

* T h e  r o t a m e t e r  ca l ibra t ion  c u r v e s  are  fairly linear from a read- 
ing of 3.0 c o r r e s p o n d i n g  to  95 ce/min to  one  of  13.0 corresponding 
to 600 cc/min. 

y g e n  a t o m s  r a t h e r  t h a n  b y  a f i lm of AueO3 or  some  
o t h e r  oxide .  

Us ing  c o u l o m b m e t r i c  m e a s u r e m e n t s ,  E1 W a k k a d  
and  E1 Din  (22) r e p o r t e d  t h r e e  a r r e s t s  in  t h e i r  
c h a r g i n g  cu rves  w h i c h  t h e y  a t t r i b u t e d  to t h e  suc -  
cess ive  f o r m a t i o n  of AueO, AuO,  a n d  f ina l ly  AueO3. 
These  d a t a  w e r e  no t  conf i rmed  b y  o t h e r  w o r k e r s  
(1, 6, 9, 23) who  f o u n d  on ly  one  a r r e s t  n e a r  1.35v. 
The re fo re ,  in t he  A u - O e - a c i d  s y s t e m  one m a y  be  
c o n c e r n e d  on ly  w i t h  one t r u e  ox ide ,  AueO~, and  
th is  is o b t a i n e d  on ly  b y  anodic  po la r i za t ion .  

Dependence  of  res t  po ten t ia l  on par t ia l  pressure  
of  o x y g e n . - - T h e  p a r t i a l  p r e s s u r e  w a s  d e t e r m i n e d  
f r o m  t h e  r o t a m e t e r  r e a d i n g s  as d e s c r i b e d  be fo re  
(2 ) .  In  T a b l e  I is p r e s e n t e d  the  p a r t i a l  p r e s su re ,  
Po~, d a t a  in  t he  o r d e r  in  w h i c h  t h e  e x p e r i m e n t s  w e r e  
p e r f o r m e d .  Each  p o t e n t i a l  h a d  been  cons t an t  for  
abou t  10 ra in  b e f o r e  b e i n g  r eco rded .  Au~ is a A u /  
AueO3 e l e c t r o d e  e x h i b i t i n g  a p o t e n t i a l  of 1347 m y  
(1300 vs.  ~ - P d - H ) ,  and  Aue is a A u / A u - O  e l ec t rode  
e x h i b i t i n g  819 m v  (772 m v  vs.  ~ - P d - H ) .  A u l  and  
Aue w e r e  o b t a i n e d  in  t h e  s a m e  ce l l  b y  m o u n t i n g  two  
gold  beads  s ide  b y  side in  the  t es t  s ide  of t he  Teflon 
cell .  A f t e r  t he  two  gold  b e a d s  h a d  been  p r e e l e c t r o -  
l y z e d  anod ica l ly ,  h y d r o g e n  gas  w a s  b u b b l e d  t h r o u g h  
the  cel l  for  15 min  w h i c h  c o n v e r t e d  b o t h  b e a d s  to  
A u / A u 2 0 ~  e l ec t rodes  as d e s c r i b e d  above .  W i t h  t he  
Hz s t i l l  f lowing,  A u  e was  ca thod i zed  b y  an  e x t e r n a l  
c u r r e n t  u n t i l  i t  r e g i s t e r e d  --50 m v  vs.  a - P d - H .  W h e n  
Oe- s t i r r i ng  r e p l a c e d  the  He- s t i r r i ng ,  Au2 b e c a m e  a 
A u / A u - O  e lec t rode .  The  d a t a  in T a b l e  I w e r e  o b -  
t a i n e d  u n d e r  i den t i ca l  cond i t ions  for  b o t h  e l ec t rodes  
a f t e r  t h e  p o t e n t i a l s  h a d  b e c o m e  f a i r l y  s t eady .  These  
d a t a  show t h a t  t he  r e s t  p o t e n t i a l  is i n d e p e n d e n t  of 
the  r a t e  of s t i r r i n g  a n d  of Po2. These  r e su l t s  s eem to 
i nd i ca t e  t h a t  t he  o v e r - a l l  p o t e n t i a l - d e t e r m i n i n g  
r e a c t i o n  does  no t  i n v o l v e  a p roces s  w h i c h  uses  m o -  
l e cu l a r  oxygen .  

In  t he  case  of t he  Au/Au~O~ e lec t rode ,  a t  l e a s t  
two  s i tua t ions  m a y  occur  w h i c h  could  g ive  t hese  
o b s e r v e d  resu l t s .  In  one, if t he  r e s t  p o t e n t i a l  is a 
m i x e d  p o t e n t i a l  s i m i l a r  to t h a t  s u g g e s t e d  for  t h e  
p l a t i n u m  case  (2) ,  i t  m a y  be  m a d e  up  of t he  O2/H20 
r e a c t i o n  

Oe + 4H + + 4e ~ 2H20 [1]  

and  the  A u / A u 2 0 3  r e a c t i o n  

Au203 ~ 6H + -~ 6e,~-  2Au  -}- 3H20 [2]  

In  add i t ion ,  if t h e  io for  Eq. [1]  p r o c e e d i n g  on a 
Au-AueO.~ su r f ace  is v e r y  low ( h i g h l y  i r r e v e r s i b l e ) ,  
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t h e n  t h e  loca l  cel l  c u r r e n t  w i l l  po la r i ze  t h e  O2/H20 
p o t e n t i a l  up  to t he  A u / A u ~ O s  po t en t i a l .  T h e  m i x e d  
p o t e n t i a l  w i l l  t h e n  b e  d e t e r m i n e d  b y  Eq. [2]  and  
w i l l  be  i n d e p e n d e n t  of t he  p a r t i a l  p r e s s u r e  of o x -  
ygen .  In  t h e  o t h e r  s i tua t ion ,  t h e  p r o p e r t i e s  of t he  
Au-Au2Os  su r f ace  a r e  such t h a t  Eq. [1]  is no t  e s -  
t a b l i s h e d  on th is  su r f ace  and  the  e l e c t r o d e  b e h a v e s  
as a t r u e  m e t a l - m e t a l  ox ide  e lec t rode .  I n  th is  case 
a loca l  cel l  is no t  se t  up,  and  the  p o t e n t i a l  is an  
e q u i l i b r i u m  p o t e n t i a l  and  no t  a m i x e d  po ten t i a l .  
The  second  s i t u a t i o n  is f a v o r e d  for  r e a sons  g iven  
l a t e r  on in  th is  r e po r t .  

I n  t h e  case  of t he  A u / A u - O  e l e c t r o d e  t h e  s ame  
sor t  of ana lys i s  can  be  made .  H e r e  t he  m i x e d  p o t e n -  
t i a l  w o u l d  be  m a d e  up  of Eq. [1]  and  t h e  A u / A u - O  
r e a c t i o n  

A u - O  -~ 2H + -~ 2e ~ A u  -t- H20  [3]  

D a t a  a r e  p r e s e n t e d  l a t e r  w h i c h  i n d i c a t e  t h a t  t h e  r e s t  
p o t e n t i a l s  o b s e r v e d  in  th is  case  a r e  m i x e d  p o t e n t i a l s  
d e t e r m i n e d  b y  t h e  p o t e n t i a l  of Eq. [3]  s ince  a d e -  
p e n d e n c y  on Po2 w a s  no t  found .  

The  s low change  of p o t e n t i a l  w i t h  t i m e  f r o m  800 
to 980 m v  e x h i b i t e d  b y  t h e  A u / A u - O  s y s t e m  in 
O e - s a t u r a t e d  2N H2SO4 ac id  m a y  be  e x p l a i n e d  in  
t e r m s  of t he  a c t i v i t y  of t h e  A u - O  l aye r .  The  e x t r e m e  
s lowness  of t h i s  t r a n s i t i o n  is i n d i c a t i v e  of a m o l e c u -  
l a r  r e a r r a n g e m e n t  in  t he  su r f ace  l aye r .  As  t i m e  
passes ,  t he  a c t i v i t y  of th is  l a y e r  increases ,  p r o b a b l y  
u n d e r  t he  inf luence  of Eq. [1] .  This  m a y  be  t r u e  s ince  
t h e  loca l  cel l  is se t  u p  such  t h a t  Eq. [1]  is c a thod ized  
a n d  Eq.  [3]  is anodized .  E v i d e n c e  fo r  th is  is f o u n d  in 
t he  case  w h e r e  Oe - s t i r r i ng  is r e p l a c e d  w i t h  p u r e  
Ne- s t i r r i ng .  H e r e  t he  p o t e n t i a l  of t he  A u / A u - O  
s y s t e m  fa l l s  to a v a l u e  n e a r  800 m v  (780 ----- 20 m v )  
in a b o u t  24 h r  s ince  t h e  Oe /H20  r e a c t i o n  is s u p -  
p ressed .  As  soon as t he  s y s t e m  is s t i r r e d  w i t h  o x y g e n  
a g a i n  t h e  p o t e n t i a l  r i ses  once more .  Th is  b e h a v i o r  
is s h o w n  in t he  l a s t  t w o  l ines  in  T a b l e  I for  Aue. 

I f  an  A u / A u 2 O s  e l e c t r o d e  is a l l o w e d  to s t a n d  in 
u n s t i r r e d  O e - s a t u r a t e d  2N H2SO4 so lu t ion  fo r  a b o u t  
a w e e k ,  t h e  de pos i t  on  t h e  A u  b e a d  c h a n g e s  f r o m  a 
r e d d i s h  b r o w n  to a b l a c k  color ,  and  the  p o t e n t i a l  
fa l l s  f r o m  1350 m v  to a b o u t  980 my.  W h e n  th i s  sys -  
t e m  is s t i r r e d  w i t h  Ha, t h e  h y d r o g e n  p o t e n t i a l  is 
o b t a i n e d  in a b o u t  500 sec. T h e s e  d a t a  i n d i c a t e  t ha t  
t he  Au2Os ox ide  l a y e r  is u n s t a b l e  in con tac t  w i t h  
t he  ac id  e l e c t r o l y t e  and  t h a t  i t  i n t e r a c t s  w i t h  the  
ac id  to f o r m  f ine ly  d i v i d e d  gold.  The re fo re ,  a A u /  
Au203 e l e c t r o d e  is c o n v e r t e d  s p o n t a n e o u s l y  to a 
A u / A u - O  e lec t rode .  This  p rocess  is h a s t e n e d  in  a 
Ne a t m o s p h e r e  as i n d i c a t e d  in  T a b l e  I fo r  Au l .  

D e pe nde nc e  of  t h e  res t  po t en t ia l  on p H . - - M e a s -  
u r e m e n t s  of t he  r e s t  p o t e n t i a l  w e r e  r e p e a t e d  in  
so lu t ions  c o m p o s e d  of  0.1N HeSO4 -b 2N NaeSO4 and  
0.01N HeSO4 W 2N NaeSO4. T h e  p H  a n d  t h e  r e s t  
p o t e n t i a l  w i t h  r e s p e c t  to b o t h  a - P d - H  and  N H E  a re  
p r e s e n t e d  in T a b l e  I I  fo r  a Au /AueO~ e lec t rode ,  
Au l ,  a n d  for  a A u / A u - O  e lec t rode ,  Aue. I t  is  seen  
t h a t  t h e  p o t e n t i a l  w i t h  r e s p e c t  to ~ - P d - H  is i n d e -  
p e n d e n t  of p H  in b o t h  cases.  Th is  m e a n s  t h a t  t h e  p o -  
t e n t i a l - d e t e r m i n i n g  r e a c t i o n s  of g o l d - o x y g e n - a c i d  
e l ec t rodes  h a v e  t h e  s ame  d e p e n d e n c e  on h y d r o g e n  
ion a c t i v i t y  as  t h a t  of a - P d - H  (9) ,  i.e., a h y d r o g e n  
ion  is i n v o l v e d  fo r  e v e r y  e l e c t r o n  t r a n s f e r r e d .  
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Table II. Dependence of potential on pH 

Pt/H2 Potent ia l  
v s .  Aul  Au~ 

Solution SCE, v s .  v s .  v s .  v s .  
composi t ion m v  pH ~-Pd  NHE ~-Pd  N H E  A E / A p H  

2NH2SO4 245 0 1306 1353 805 852 - -  

0.1N H2SO 4 ~- 
2NNa2SO4 342 1.6 1300 1250 800 750 64 

0.01N H2SO4 -~- 
2NNa2S04 395 2.5 1300 1197 798 695 62 

Therefore ,  the re  should  be a change  of R T / F  for 
each u n i t  change  in  pH. In  the  last  co lumn  of Tab le  
II, it is seen tha t  the  behav io r  is obeyed  for the  ex-  
p e r i m e n t a l  data.  I t  is to be  no ted  tha t  Eq. [ 1 ] - [ 3 ]  
fulfil l  this  r e q u i r e m e n t  as p o t e n t i a l - d e t e r m i n i n g  re -  
actions. 

Polarization at low current densi t ies . - - I f  a sys-  
t em is in  a s t e ady - s t a t e  condi t ion  on open circuit ,  
i t  m a y  be polar ized at  v e r y  low c u r r e n t  densi t ies  
w i th  some assurance  tha t  the process be ing  polar ized 
is the same as tha t  which  de t e rmines  the  s t eady-  
state or rest  potent ia l .  By v a r y i n g  the  i n p u t  i m-  
pedance  of the e lec t rometer ,  m i n u t e  cu r r en t s  were  
passed b e t w e e n  the a - P d - H  re fe rence  e lect rode and  
the gold test  e lect rode such tha t  the  test  e lec t rode  
was ca thodica l ly  polarized.  As shown before  (2) 
u n d e r  these condi t ions,  it  is safe to assume tha t  the  
observed  po la r iza t ion  is due en t i r e ly  to tha t  on the  
test  electrode.  A plot  of the difference b e t w e e n  the 
open-c i r cu i t  po ten t i a l  and  the polar ized potent ia l ,  
Eoc- -E ,  as a f unc t i on  of the l oga r i t hm of the  ap-  
p a r e n t  c u r r e n t  dens i ty  (es t ima ted  f rom the  va l ue  
of the i n p u t  impedance ,  the  exposed geometr ic  a rea  
of the test  electrode,  and  the  po ten t i a l  r ead ing )  
is p re sen ted  in  Fig. 1. 

Curve  A in  Fig. 1 shows the  po la r iza t ion  of a 
Au/Au2Os electrode (1350 m v  at res t )  in  O2-st i r red 
2N H2SO4 solu t ion  in  the absence of a de tec tab le  
a m o u n t  of peroxide.  These  poin ts  could be r ep ro -  
duced w i t h i n  3 m v  in  bo th  d i rec t ions  as ind ica ted  
by  the  a r rowheads  on the  curve.  W h e n  O2-s t i r r ing  
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Fig. 1. Cathode polarization data at low current densities for 
Au-O2 system: curve A, Au/Au20~ stirred with 02 or N2; curve 
B, Au/Au-O stirred with 02; and curve C, Au/Au-O stirred with 
N2. 

was replaced  wi th  N2-s t i r r ing,  a curve  iden t ica l  w i th  
curve  A was obta ined.  These  data  ind ica te  tha t  the  
O2/H20 reac t ion  is no t  es tab l i shed  on a Au-AueO8 
surface,  p r o b a b l y  because  such a surface  is no t  a 
good enough  elect ronic  conduc tor  (23) ,  and  tha t  all  
the  c u r r e n t  goes in to  the  A u / A u 2 0 8  react ion,  Eq. 
[2]. I t  is suggested tha t  the  observed rest  po ten t i a l  
for the  A u / A u 2 0 8  sys tem is not  a m i xe d  po ten t i a l  
bu t  an  e q u i l i b r i u m  m e t a l - m e t a l  oxide potent ia l .  
In  this  case, the  p o t e n t i a l - d e t e r m i n i n g  reac t ion  is 
g iven  by  the  reac t ion  in  Eq. [2] w i th  a s t anda rd  po-  
t en t i a l  of 1.36v. 

A plot  of the  po la r iza t ion  data  t a k e n  on a A u /  
A u - O  electrode (850 m v  at  res t )  in  O2-st i r red acid 
solut ion is p re sen ted  in  Fig. 1 as curve  B. The u n i -  
d i rec t iona l  a r rows  ind ica te  tha t  in  coming  back  
down  the curve  the  same poin ts  are not  ob ta ined  
unless  one wai t s  15 or 20 ra in  per  point .  One ob-  
serves a t e m p o r a r y  hysteresis .  W h e n  a A u / A u - O  
elect rode was polar ized in  N2-s t i r red solut ion,  the 
same curve  as found  in  O2-s t i r r ing  was  no t  obta ined.  
Ins tead,  a curve  w i th  h ighe r  polar iza t ion,  curve  C 
in  Fig. 1, was  obta ined.  Here  the  hys teres is  is m u c h  
la rger  t h a n  in  curve  B and  p e r m a n e n t  since even  
af ter  s t and ing  in  N2-s t i r red  solut ion for several  
hours  the poin ts  coming  d o w n  the curve  were  not  
the same as going up. To reproduce  curve  C, one 
had  to st i r  w i th  O2 un t i l  the  or ig ina l  res t  po ten t i a l  
was  obta ined.  These  da ta  indica te  tha t  pa r t  of the 
c u r r e n t  goes in to  the O2/H20 reac t ion  and  also, since 
the O2 curve  is different  f rom the  N2 curve,  tha t  the  
adsorbed  m o n o l a y e r  of oxygen,  Au-O,  has enough  
e lect ronic  conduc t iv i ty  to p e r m i t  Eq. [1] to be es-  
t ab l i shed  on this  surface.  It  is suggested tha t  the  
rest  po ten t ia l s  observed in  the  A u / A u - O  sys tem 
are  m i xe d  po ten t ia l s  whose componen t  p o t e n t i a l - d e -  
t e r m i n i n g  reac t ions  are those r ep resen ted  by  Eq. 
[1] and  Eq. [3]. The io for Eq. [1],  the  O2/H20 re -  
action,  is so low at the A u - A u - O  surface  tha t  on 
open circui t  the  local cell c u r r e n t  polar izes  the po-  
t en t i a l  of Eq. [1] down to tha t  of Eq. [3].  Effec- 
t ively,  then,  the  rest  po ten t i a l  is d e t e r m i n e d  by  the  
po ten t i a l  of the  A u / A u - O  react ion.  I t  is f u r t h e r  sug-  
gested tha t  the  s t anda rd  po ten t i a l  for Eq. [3] lies 
n e a r  980 m v  since this  is the  po in t  w he r e  it has been  
assumed tha t  the  ac t iv i ty  of the A u - O  layer  is at a 
m a x i m u m  va lue  ( a c t i v i t y ~ u n i t y ) .  

The hysteres is  observed  in  curves  B and  C m a y  
be i n t e rp re t ed  in  t e rms  of the  ac t iv i ty  of the  A u - O  
layer.  W h e n  the  A u / A u - O  electrode is cathodized 
some of the c u r r e n t  goes into the  r educ t ion  of A u - O  
wi th  a r e su l t i ng  lower ing  of the  ac t iv i ty  of the  A u - O  
layer.  Then  the  same po ten t i a l  as before  was no t  
ob ta ined  on open circuit .  I n  O2-st i r red solut ions,  the  
changes  in  ac t iv i ty  p roduced  d u r i n g  po la r iza t ion  
were  rectified in  m i n u t e s  due  to the inf luence  of the 
O2/H20 react ion.  In  N2-s t i r red  solutions,  however ,  
all  the  c u r r e n t  w e n t  in to  Eq. [3] w i th  a grea te r  
change  in  the ac t iv i ty  of the  A u - O  layer .  Here,  
since 02 was  no t  present ,  the  ac t iv i ty  did not  i n -  
crease again,  as discussed above,  and  a p e r m a n e n t  
hys teres is  was  observed.  

The oxygen  reac t ions  are more  i r r eve r s ib l e  on A u  
t h a n  on Pt  surfaces because  the  h y d r a t e d  mono-  
l ayer  of adsorbed oxygen  a toms on P t  is a good elec- 
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t ronic  conduc to r  (5) wh i l e  tha t  on A u  is a poor elec-  
t ronic  conductor  (23) .  I n  the  absence  of anodic  
polar izat ion,  the  oxygen  layers  on P t  and  A u  su r -  
faces do not  grow m u c h  b e y o n d  a m o n o l a y e r  be -  
cause enough  ene rgy  is no t  rea l ized in  the  reac t ion  
be tween  A u  or P t  and  oxygen  to r emove  a me t a l  
a tom f rom the  latt ice.  If add i t iona l  ene rgy  is added 
to the sys tem by  anodic  polar iza t ion ,  the  film on a 
P t  surface  does no t  bu i ld  up  because  the  field across 
the P t - O  m o n o l a y e r  is too small ,  since, be ing  a 
good e lect ronic  conductor ,  the  dielectr ic  cons tan t  of 
the P t - O  layer  approaches  inf ini ty .  Most of the  cu r -  
r en t  goes in to  an  oxygen  react ion.  However ,  w h e n  
a gold surface  is anodized,  because  the  dielectr ic  
cons tan t  of the  A u - O  l aye r  is compara t i ve ly  small ,  
the field across the A u - O  l aye r  is la rge  enough  to 
pu l l  A u  a toms out of the  latt ice.  As shown in  the  
work  of Ve t te r  and  B e r n d t  (1) ,  the  A u - O  l aye r  is 
conver ted  to a Au203 l aye r  which  t h e n  con t inues  to 
grow wi th  f u r t h e r  anodic  po la r iza t ion  (12). Be-  
cause the  Au203 is no t  an  a d h e r e n t  fi lm (12),  m u c h  
of the  c u r r e n t  goes in to  the  fo rma t ion  of Au203 
which  flakes off and  fal ls  to the  bo t tom of the  cell 
exposing n e w  sites to at tack.  A b a r r i e r  l ayer  such 
as tha t  found  on a l u m i n u m  is no t  found.  This  sup-  
ports  the  conclus ion  t ha t  the  oxygen  layers  on A u  
are be t t e r  ionic t h a n  e lec t ronic  conductors  (23).  
Suppor t i ng  ev idence  for these  conclus ions  m a y  be 
found  in  the  obse rva t ion  tha t  P t  and  A u  surfaces  
hea ted  in  a i r  and  anodized P t  surfaces  r e m a i n  b r igh t  
and  smooth wh i l e  anodized  A u  surfaces become 
dul l  and  rough.  

The  res t  po ten t i a l  of h u - O  2 electrodes  in  acid so- 
lu t ion  to which  perox ide  was  added  behaved  in  the  
same way  as the  Pt-O2 electrodes (2) .  Tha t  is, the  
rest  po ten t i a l  fel l  close to the  s t a n d a r d  po ten t i a l  of 
628 m v  (11) of the  O2/H202 react ion,  

02 -P 2H + -P 2e ~ H202 [4] 

and,  for a g iven  c u r r e n t  densi ty ,  the  po la r iza t ion  
was Iowered.  

I t  was  found  tha t  the  po t en t i a l  of the  A u / A u - O  
sys tem was more  sens i t ive  to the  presence  of i m -  
pur i t i es  t h a n  the  Au203. In  genera l ,  however ,  the  
presence  of impur i t i e s  had  a s imi la r  inf luence on 
the  rest  po ten t i a l  in  e i ther  case, as was  found  for 
P t / P t - O  electrodes.  

F r o m  this  work  it is concluded tha t  the  theore t ica l  
va lue  of the  O2/H20 react ion,  1230 my,  canno t  be 
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real ized on a gold electrode because  of the  e lect r ical  
proper t ies  of the  go l d - oxyge n  layers .  
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Flaws in Anodic Ta205 Films 

D. A. Vermilyea 
Research Laboratory, General Electric Company, Schenectady, New York  

ABSTRACT 

Electron microscopy has shown that  the flaws in Ta205 formed anodically 
on contaminated or roughened t an ta lum surfaces are th in  spots in  the film. At 
the th in  spots, which have a diameter  about equal to the film thickness, the two 
surfaces of the film have roughly conical indentat ions of considerable depth 
so that  the m i n i m u m  thickness may be less than half the film thickness 
elsewhere on the specimen. There is probably a gap be tween the metal  and the 
film under  the th in  spots. Flaws, which form around a point  where film growth 
is prevented,  can be produced by carbide and oxide particles only a few 
hundred  angstroms in  diameter, or by surface roughness resul t ing from abra-  
sion, chemical etching, or a crack in a pre-exis t ing oxide film. The formation 
behavior  and dielectric properties of films containing many  flaws differ con- 
siderably from those of flaw-free films. 

M a n y  of the  chemical  and  phys ica l  p roper t ies  of 
t h in  i n s u l a t i n g  films depend  on processes which  oc- 
cur  at  flaws in  the  films. F law,  as used in  this  paper ,  
refers  to a region  l a rge r  t h a n  an  a tom in  size which  
is chemica l ly  or phys ica l ly  di f ferent  f rom the  r e -  
m a i n d e r  of the  film. Example s  of flaws are voids 
and  regions  of d i f ferent  composi t ion or c rys ta l  s t ruc -  
ture.  

A m o n g  the  proper t ies  d e t e r m i n e d  by  flaws are 
e lectr ical  conduc t ion  and  res i s tance  to chemical  a t -  
tack. The  e lect r ical  conduc t iv i ty  of f law-f ree  regions  
of m a n y  th in  films is e x t r e m e l y  low, and  ye t  the  
films on the  whole  are poor in su la to r s  because  of 
the voids and  cracks which  they  contain .  E lec t ro-  
lyt ic  rect i f icat ion does not  occur at f l aw-f ree  regions  
of anodic  films bu t  on ly  at  the  flaws. Sc in t i l la t ion ,  or 
e lect r ical  b r e a k d o w n ,  of anodic  films also s tar ts  at 
flaws. The chemical  p ro tec t ion  afforded the subs t ra te  
by  a fi lm is of ten lost or g rea t ly  d imin i shed  by  flaws 
for two reasons.  Firs t ,  the  corrosion of the  subs t r a t e  
u sua l l y  involves  r emova l  of bo th  ions and  electrons,  
and  the  h igh electr ical  conduc tance  of the  flaws 
makes  e lec t ron  r emova l  easy. Second,  the  or ig ina l  
film m a y  t r a n s f o r m  to one which  is phys ica l ly  or 
chemica l ly  different ,  and  such t r a n s f o r m a t i o n  of ten  
s tar ts  at flaws in  the film. Examples  of such losses 
of p ro tec t ion  which  s ta r t  at flaws are  the  " b r e a k -  
a w a y  ox ida t ion"  in  gases (1) and  the fo rma t i on  of 
porous oxide films on a l u m i n u m  (2) .  

This  paper  descr ibes  the  flaws p resen t  in  anodic  
t a n t a l u m  oxide films and  tel ls  how flaw gene ra t ion  
is re la ted  to the  chemica l  and  phys ica l  state of the  
subs t ra te  surface.  A s u b s e q u e n t  pape r  wi l l  descr ibe 
e lectr ical  conduc t ion  in  these flaws and  prov ide  i n -  
fo rma t ion  abou t  the  n a t u r e  of e lec t rolyt ic  rect if ica-  
t ion. 

Experimental 
T a n t a l u m  f rom th ree  sources was  used in  these  

studies.  The  first m a t e r i a l  was 0.005 in. a n n e a l e d  
sheet  f rom Fans tee l ;  a typ ica l  ana lys i s  shows ( in  
par t s  per  mi l l ion)  ca rbon  300, oxygen  70, n i t r o g e n  
20. The  second mate r ia l ,  arc me l t ed  in  this  L a b o r a -  

tory,  ana lyzed  ca rbon  20, oxygen  481, and  n i t rogen  
33. The  th i rd  m a t e r i a l  was  zone ref ined in  this  L a b -  
o ra to ry  seven  passes by  a f loating zone t echn ique ;  
the s t a r t ing  m a t e r i a l  was  NRC t a n t a l u m  a na lyz ing  
ca rbon  8, oxygen  53, n i t r o g e n  15. For  chemical  po l -  
i sh ing  a so lu t ion  of 5H2SO4, 2HNO3, 11/2 I-IF, par t s  b y  
v o l u m e  of concen t ra t ed  commerc ia l  acids was  used.  
Unless  o therwise  no ted  chemical  po l i sh ing  was  a l -  
ways  fo l lowed by  a 10-sec HF  etch to r emove  the  
pol i sh ing  film. I t  was  necessa ry  to add abou t  50% 
more  HF  to the  po l i sh ing  so lu t ion  in  order  to pol ish 
arc me l t ed  or zone ref ined mater ia l .  

Anod iz ing  was pe r f o r me d  us ing  a va r i e t y  of d i lu te  
aqueous  solut ions,  i nc lud ing  sod ium borate ,  sod ium 
sulfate,  phosphor ic  acid, and  perchlor ic  acid; in  mos t  
e x p e r i m e n t s  0.2% Na2SO4 was  used.  No effect of 
different  solut ions  or f o r mi ng  ra tes  was  observed.  
Al l  films were  fo rmed  at room t e m p e r a t u r e ,  u sua l l y  
at 10-50A/sec.  

The th icknesses  of anodic  films were  es t ima ted  
by  color compar i son  wi th  a p rev ious ly  descr ibed 
optical  step gage (3) .  Values  ob ta ined  were  i n -  
creased by  the  factor  8.74/7.93 to t ake  account  of 
the be t t e r  es t imate  of film dens i ty  pub l i shed  b y  
Young.  Capac i tance  m e a s u r e m e n t s  we re  m a d e  us -  
ing a so lu t ion  of 1% H2SO4, sa tu ra t ed  wi th  h y d r o g e n  
gas, and  a p l a t i n u m  coun te r  electrode.  

Results 

Nature of Flaws 

Optical microscopy. - - I t  has been  f ound  tha t  m a n y  
di f ferent  surface  t r ea tmen t s ,  for ins tance ,  oxidat ion,  
ca rbur iza t ion ,  abras ion,  a nd  add i t ion  of c o n t a m -  
i n a n t s  such as grease  or par t ic les  of va r ious  m a t e -  
rials,  resu l t  in  the  g e n e r a t i o n  of flaws in  the  subse-  
q u e n t l y  fo rmed  anodic  films. F l a w  concen t ra t ions  
v a r y  f rom 104 cm -2 for the  pu re s t  ma te r i a l s  to 101~ 
cm -2 for heav i ly  c o n t a m i n a t e d  specimens.  The  flaws 
fo rmed  by  all  surface  t r e a t m e n t s  are v e r y  s imi la r  
in  appea rance  a nd  behavior .  In  the  opt ical  m ic ro -  
scope the  flaws can be observed  at a magni f ica t ion  
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Fig. 1. Thin spots (light colored) in a 3100A fi|m on 0.005 in. 
chemically polished Fansteel sheet, scratches produced by abrasion 
against a similar specimen. 500X (all magnifications before reduc- 
tion for publication). 

of a b o u t  500 p r o v i d e d  the  f i lm th i cknes s  se lec ted  is 
one w h i c h  p r o v i d e s  good c o n t r a s t  b e t w e e n  t h e  f laws 
a n d  the  r e s t  of t he  film. F i l m s  of a b o u t  3100A, 
f o r m e d  a t  195v, a r e  e spec i a l l y  s u i t a b l e  for  t h e y  
a r e  p u r p l e  w h i l e  t h e  f laws a re  p i n k  or  ye l low.  F i g u r e  
1 shows  f laws in  a f i lm f o r m e d  a t  195v on 0.005 in.  
F a n s t e e l  shee t  w h i c h  h a d  been  c h e m i c a l l y  p o l i s h e d  
and  a b r a d e d  aga in s t  a n o t h e r  s p e c i m e n  of  t h e  s ame  
m a t e r i a l .  The  flaws, w h i c h  a p p e a r  l igh t  in  t he  p h o t o -  
g r aph ,  m a y  be seen  in  p r o f u s i o n  in  t he  a b r a d e d  
a r e a s  a n d  in  s m a l l e r  c o n c e n t r a t i o n  e l s e w h e r e  on 
the  sur face .  The  colors  of t he  flaws, y e l l o w  to p ink ,  
c o r r e s p o n d  to a f i lm th i cknes s  of a b o u t  2400A; 
t h e y  a r e  t hus  th in  spots  in  t he  film. F l a w s  of g r e a t e r  
d i a m e t e r  a p p e a r  to b e  th inne r .  

The  d i f fe rence  b e t w e e n  the  t h i ckness  of t he  f i lm 
at  a p a r t i c u l a r  t h in  spot  a n d  the  res t  of t he  f i lm in -  
c reases  as t h e  t h i ckness  of t he  r e s t  of t he  f i lm in -  
creases .  Th is  effect  can  be  o b s e r v e d  on i n d i v i d u a l  
f laws as t he  vo l t age  of f i lm f o r m a t i o n  is r a i s ed ;  i t  
is even  eas i e r  to obse rve  on spec imens  con ta in ing  

a b o u t  101~ f i a w s / c m  2. W h e n  such  l a r g e  c o n c e n t r a -  
t ions  of f laws a re  p r e s e n t  t he  en t i r e  f i lm a p p e a r s  to 
t he  u n a i d e d  eye  to  have  a co lor  w h i c h  does no t  
m a t c h  p r e c i s e l y  a n y  of t he  colors  for  n o r m a l  films, 
b u t  w h i c h  c l e a r l y  c o r r e s p o n d s  to a s m a l l e r  f i lm 
th i cknes s  t h a n  w o u l d  be  p r e s e n t  on a n o r m a l  spec i -  
men .  F i g u r e  2 shows  the  d i f fe rence  b e t w e e n  the  
t h i cknes se s  of h e a v i l y  f lawed and  f law f ree  f i lms as 
a func t ion  of f o r m a t i o n  vo l tage .  (The  m e t h o d s  of 
c a r b u r i z i n g  and  ox id iz ing  the  spec imens  a r e  e x -  
p l a i n e d  be low. )  E x a m i n a t i o n  a t  n igh  magn i f i ca t ion  
shows  t h a t  the  colors  of such  spec imens  a r e  no t  u n i -  
fo rm,  bu t  a re  m o t t l e d  and  v a r y  f r o m  g r a i n  to g r a i n  
of t h e  subs t r a t e .  F o r  e x a m p l e ,  a 195v f i lm m a y  show 
p u r p l e  g r a in s  w i t h  y e l l o w  spots  and  y e l l o w  g ra in s  
w i t h  p u r p l e  spots.  In  a d d i t i o n  to t h e  v a r i a t i o n  in 
color  f r o m  g r a i n  to g r a i n  each  f law exh ib i t s  a v a r i a -  
t ion  of t h i cknes s  f r o m  i ts  p e r i p h e r y  ( t h i c k e r )  to  i t s  
c en t e r  ( t h i n n e r ) .  The  m a c r o s c o p i c a l l y  o b s e r v e d  col -  
ors  a r e  thus  an  ave rage ,  and  the  d a t a  in  Fig .  2 do 
not  g ive  m a x i m u m  v a l u e s  of t he  d e v i a t i o n  of f i lm 
t h i c k n e s s  f r o m  n o r m a l .  The  e x a c t  f o r m  of t he  cu rves  
in Fig .  2 p r o b a b l y  d e p e n d s  on the  concen t r a t i on ,  
size, and  n a t u r e  of t he  p a r t i c l e s  i n  t he  m e t a l  s u r -  
face  w h i c h  g ive  r i se  to t he  flaws. 

Electron microscopy.--Observations w i t h  the  
e l e c t r o n  mic roscope  us ing  p r e s h a d o w e d  d i r ec t  c a r -  
bon pos i t i ve  r ep l i ca s  m a d e  i t  poss ib le  to d e t e r m i n e  
the  d e t a i l e d  g e o m e t r y  of t h e  flaws. F i g u r e s  3 and  4 
show t h e  top  su r f ace  of a f i lm 2400A t h i c k  f o r m e d  
on c h e m i c a l l y  p o l i s h e d  0.005 in. F a n s t e e l  t a n t a l u m  
sheet .  The  f laws a re  seen  to  be  dep res s ions  in  t he  
f i lm su r face ;  in  Fig .  4 t h e y  l ie  a long  a g r a i n  b o u n d -  
a r y  of t he  subs t r a t e ,  w h i l e  in  Fig .  3 t h e y  a r e  d i s -  
t r i b u t e d  t h r o u g h o u t  t h e  gra in .  F i g u r e  5 shows  the  
su r f ace  of t he  s p e c i m e n  be fo re  f i lm fo rma t ion .  The  
v e r y  la rge ,  round ,  sha l l ow  p i t s  a r e  c h a r a c t e r i s t i c  of 
c h e m i c a l  pol i sh ing .  S e v e r a l  pa r t i c l e s ,  p e r h a p s  c a r -  
b ides ,  can  be  seen  on the  sur face ,  e spec i a l l y  a t  t he  
g r a i n  b o u n d a r i e s .  These  p a r t i c l e s  a r e  e v i d e n t l y  the  
sources  of t he  f laws;  no te  t h a t  t h e y  a r e  on ly  of t he  
o r d e r  of a few h u n d r e d  a n g s t r o m  un i t s  in size. W h e n  

5O 

FORMING ~TAGE 

Fig. 2. Difference, AX, between the thicknesses of heavily 
flawed and flaw free films as a function of forming voffage. 

Fig. 3. Flaws on a 2400• film. 75,000X (All electron micrographs 
are preshadowed direct carbon replicas, except as noted. The 
shadowing was always from the top or right side.) 
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Fig. 4. Flaws at a substrate grain boundary on a 2400A film. 
75,000X. 

Fig. 5. Chemically polished 0.005 in. Fansteel sheet. 75,000X 

the  p a r t i c l e s  a r e  v e r y  s m a l l  t he  f laws a re  c i r c u l a r  
and  s y m m e t r i c a l ,  t he  c e n t e r  be ing  a point ,  w h i l e  
l a r g e r  p a r t i c l e s  p r o d u c e  f laws w h i c h  a r e  no t  qu i t e  
s y m m e t r i c a l  and  w i t h  e l o n g a t e d  or  i r r e g u l a r l y  
s h a p e d  cen te r s  ( see  also Fig .  9, 10, and  11).  

The  su r f ace  of t he  m e t a l  a f t e r  f i lm f o r m a t i o n  is 
shown in Fig.  6. This  p i c t u r e  was  o b t a i n e d  b y  f o r m -  
ing  the  f i lm on a c h e m i c a l l y  po l i shed  s p e c i m e n  
w h i c h  was  not  g iven  the  10-sec H F  etch;  the  f i lm 
lef t  b y  c h e m i c a l  po l i sh ing  r educes  t he  a d h e r e n c e  of 
the  s u b s e q u e n t l y  f o r m e d  anodic  film. A f t e r  f o r m a -  
t ion  t h e  f i lm was  s t r i p p e d  w i t h  ce l lu lose  t a p e  and  
the  m e t a l  su r f ace  was  e x a m i n e d .  The  g e n e r a l  a p -  
p e a r a n c e  of  t he  m e t a l  su r face  is v e r y  s im i l a r  to t ha t  
of the  f i lm surface ,  b u t  t h e r e  a r e  two  m a j o r  d i f f e r -  
ences.  On the  m e t a l  su r f ace  the  f laws a p p e a r  as e l e -  
va t ions ,  and  s u r r o u n d i n g  the  e l e v a t i o n  is an  a n n u -  
l a r  d e p r e s s e d  area .  The  pa r t i c l e s  r e s p o n s i b l e  for  the  
f laws h a v e  been  seen  on  m a n y  m i c r o g r a p h s ;  t h e y  
r a n g e  in  size up  to s e v e r a l  h u n d r e d  a n g s t r o m s  and  in 
shape  f r o m  sphe re s  to rods.  

The  f laws a p p e a r  f r o m  these  obse rva t i ons  to h a v e  
a shape  l ike  t h a t  s h o w n  s c h e m a t i c a l l y  in  Fig .  7. 
The  shadows  cast  b y  the  f laws r e v e a l  t h e i r  shape  and  

Fig. 6. Metal surface underneath a 3100A film. 75,000X 

2400 

Fig. 7. Cross section of flaw in a 2400A film 

show that  the m a x i m u m  height  of the project ions 
on the metal  surface under  a 3100A f i lm is about 
1200A. In  order to fo rm 3100A of t an ta lum oxide 
abou t  1200A of m e t a l  m u s t  be  used,  a n d  i t  t h e r e -  
fo re  a p p e a r s  l i k e l y  t h a t  the  p e a k s  of t he  h ighes t  
e l eva t ions  on t h e  m e t a l  su r f ace  r e p r e s e n t  t he  pos i -  
t ion  of the  o r i g i n a l  su r f ace  be fo re  f i lm fo rma t ion .  
T h e  m a x i m u m  dep re s s ion  on the  u p p e r  su r f ace  of a 
2400A fi lm a p p e a r s  to be  a b o u t  800/],. The  f law 
d i a m e t e r  on the  u p p e r  su r f ace  is s l i g h t l y  l a r g e r  
t h a n  t h e  f i lm th ickness ,  w h i l e  the  d i a m e t e r  of t he  
f law on the  m e t a l  sur face ,  i nc lud ing  t h e  a n n u l a r  
depress ion ,  is a b o u t  t w i c e  t he  f i lm th ickness .  The  
s h a p e  of t he  a n n u l a r  d e p r e s s i o n  on the  m e t a l  s u r -  
face  could  not  be  d e t e r m i n e d ;  t he  absence  of s h a d -  

Fig. 8. Flaws in 2400A film formed on 0.005 in. Fansteel sheet 
as received. 35,000X. 
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Fig. 9. Flaws in 3100A film formed on carburized arc melted 
tantalum. 35,000)(. 

Fig. 10. Surface of tantalum heated 1 hr in argon at 800~ 
35,000X. 

ows places an  uppe r  l imi t  of abou t  450A on the  
depth.  

W h e n  more  and  la rger  par t ic les  are p resen t  on 
the surface,  so tha t  the  macroscopic  color of the  
spec imen  is abno rma l ,  the  e lec t ron  microscope shows 
tha t  the  flaws are so close toge ther  t ha t  they  i m -  
p inge  u p o n  each other.  F igu re  8 shows the  sur face  
of a 150v film formed  on 0.005 in. Fans t ee l  sheet  as 
received.  Some  me ta l  g ra ins  have  a ve ry  high flaw 
dens i ty  ( these gra ins  appear  b lue  ins tead  of ye l low) ,  
b u t  the  genera l  flaw shape appears  the  same as on 
the chemica l ly  pol ished mate r ia l .  P r o b a b l y  the  a n -  
nea l ing  opera t ion  resu l t ed  in  surface  con tamina t ion .  
F igu re  9 shows the  surface  of 0.010 in. arc mel ted  
sheet  wh ich  was hea ted  u n d e r  ca rbu r i z ing  condi -  
t ions (g raph i t e  wool p re sen t  n e a r  spec imen) .  The  
a p p a r e n t  th ickness  of i n d i v i d u a l  gra ins  on this  
spec imen  va r i ed  f rom 2400 to 3100A. The flaws here  
are no longer  symmet r i ca l ,  p r o b a b l y  because  the  
par t ic les  were  not  symmet r ica l .  Tha t  n o n s y m m e t r i -  
cal par t ic les  cause n o n s y m m e t r i c a l  flaws is shown  
by  Fig. 10 and  11. F i g u r e  10 shows the  surface  of a 
chemica l ly  pol ished 0.005 in. Fans t ee l  sheet  speci-  
m e n  which  was  hea ted  for 1 hr  in  unpur i f i ed  we ld -  
ing grade  a rgon;  the  p la te le ts  are p r e s u m e d  to be 

Fig. 11. Flaws in 2400A film formed on specimen of Fig. 10. 
35,000X. 

a suboxide  of t a n t a l u m .  F igu re  11 shows the surface  
of a 150v oxide film fo rmed  on a s imi la r  spec imen;  
the  a p p a r e n t  th ickness  va r i ed  f rom 1900 to 2400A. 
The  t r i a n g u l a r  shape  of the  flaws, co r re spond ing  to 
the  t r i a n g u l a r l y  shaped  part ic les ,  is c lear ly  visible.  
Note t ha t  cracks a re  p r e se n t  i n  some flaws; it  is 
l ike ly  t ha t  c racked flaws are  sites of e lect rolyt ic  rec-  
t i f icat ion and  leakage.  

W h e n  the  c o n t a m i n a t i o n  is even  more  ex tens ive  
the colors p resen t  on some gra ins  of a spec imen  
show a st i l l  g rea te r  va r i a t i on  f rom p i n k  t h rough  
yel low,  green,  blue,  and  purple .  F igu re  12 shows 
the  sur face  of such a specimen,  which  has been  
hea ted  to 800~ for 1 hr  in  a v a c u u m  of 10 -5 m m  Hg 
and  t h e n  fo rmed  at 195v. On  one g ra in  the  flaws 
appear  separa te  a nd  dist inct ,  whi le  on the  o ther  the 
en t i re  a rea  s imply  appears  rough.  I t  is be l i eved  tha t  
such films are  at least  pa r t l y  porous;  the  ev idence  is 
p r e se n t e d  below. 

On spec imens  fo rmed  to h igher  voltages,  for i n -  
s tance  300v, a few surface  m a r k i n g s  have  shapes 

Fig. 12. Flaws in film formed at 150v on a specimen previously 
heated 1 hr at 800~ at a pressure of 10 -6  mm Hg (indirect car- 
bon replica). 35,000X. 
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sugges t ive  of the collapse or hea l ing  of some flaws. 
For  example ,  such films con ta in  some s l ight ly  de-  
pressed areas wi th  flat bo t toms which  m a y  have  re -  
su l ted  f rom the  r e m o v a l  of the  par t ic le  respons ib le  
for the  flaw and  s u b s e q u e n t  hea l ing  of the  flaw. A 
second type  of spot in  such films shows concent r ic  
c i rcular  depressions,  which  m a y  have  resu l ted  f rom 
a sequence  of flaw format ion ,  heal ing,  and  n e w  flaw 
fo rma t ion  at the same spot. Such a sequence  mi gh t  
occur if ve ry  smal l  par t ic les  were  p rec ip i t a ted  a long 
a d is locat ion l ine  in  the  subs t ra te .  

Attempted chemical analysis of flaws.--Electron 
beam mic roprobe  ana lys i s  did no t  detect  any  ele-  
men t s  o ther  t h a n  t a n t a l u m  at flaws on 0.005 in. 
Fans t ee l  sheet.  Such  a resu l t  is not  su rp r i s ing  both  
because  of the  v e r y  smal l  size of the  par t ic les  which  
can a p p a r e n t l y  cause flaws and  because  the device 
used was  no t  sens i t ive  to e l ements  h a v i n g  a tomic 
weights  less t h a n  40. 

Behavior of Flaws 
Etching in H F . - - T h e  chemica l  res i s tance  of the  

flaws to al l  s t rong m i n e r a l  acids except  hydrof luor ic  
is ve ry  great .  No change  is effected in  e i ther  the  
e lectr ical  capac i tance  or l eakage  c u r r e n t  of a spec-  
i m e n  u p o n  d ipp ing  in to  concen t ra t ed  HC1, HNOs, 
or H2SO4 for severa l  minu tes .  E tch ing  in  hydrof luo-  
ric acid, however ,  increases  the  capaci tance  at  a 

ra te  g rea te r  t h a n  wou ld  be expected  f rom the  de-  
crease in  thickness ,  so tha t  the  p roduc t  of capaci-  
t ance  and  th ickness  is increased.  This effect was  
s tudied  us ing  150v films 2400A th ick  and  an  e tch-  
ing t ime  of 120 sec in  50% HF;  such an  etch reduces  
the  optical  th ickness  f rom 2400 to abou t  400A. If 
a r e l a t i ve ly  p u r e  subs t ra te  such as arc me l t ed  or 
zone ref ined t a n t a l u m  is used, the  CX produc t  stays 
cons tan t  at  abou t  240 mfd  A / c m  2. On i m p u r e  or 
ab raded  surfaces,  however ,  the  CX produc t  af ter  
such a t r e a t m e n t  m a y  rise to 104 or more.  Tab le  I 
gives some typica l  resul t s  of such exper imen t s .  Ob-  
se rva t ion  wi th  the  opt ical  microscope af ter  e tch-  
ing reveals  tha t  holes have  been  etched t h r ough  the  
film at  the flaws; it is possible  to see the  holes de-  
ve loping  in  the  t h i n  spots d u r i n g  etching.  The i n -  
creased CX produc t  resu l t s  f rom the  open ing  of 
holes at  the flaws; the capac i tance  at the  hole is 
about  22 m f d / c m  2 u n d e r  the  test  condit ions.  F igu re  
13 shows the  appea rance  of these holes af ter  e tch-  
ing  a film formed  on chemica l ly  pol ished 0.005 in. 
Fans t ee l  sheet  which  had  been  scra tched wi th  a 
d i amond ;  holes can  be seen both  at  the scratches 
and  elsewhere,  of ten at g ra in  boundar ies .  The rough  
es t imates  in  Table  I of the  n u m b e r s  of flaws on the 
var ious  spec imens  were  ob ta ined  by  coun t ing  e i ther  
the  holes p roduced  by  H F  e tch ing  or the  depress ions  
in  an  e lec t ron  micrograph .  

Table I. Results of etching 2400A films in HF 

E t c h i n g  Capac i t ance  t i m e s  
M a t e r i a l  Su r face  c o n d i t i o n  be fore  f i lm f o r m a t i o n  t ime ,  sec t h i ckness ,  m f d  A / c m  ~ No. of f l a w s / c m  2 

1. Zone refined 
2. Arc melted 
3. Arc melted 

4. Arc melted 

5. Arc melted 

6. Arc melted 
7. Arc melted 
8. 0.005 in. Fansteel  
9. 0.005 in. Fansteel  

10. 0.005 in. Fansteel  
11. 0.005 in. Fansteel  

12. 0.005 in. Fansteel  

13. 0.005 in. Fansteel  
14. 0.005 in. Fansteel  
15. 0.005 in. Fansteel  
16. 0.005 in. Fansteel  

17. 0.005 in. Fansteel  

18. 0.005 in. Fansteel  

19. 0.005 in. Fansteel  

20. 
21. 0.005 in. Fansteel  
22. 0.005 in. Fansteel  
23. 0.005 in. Fansteel  
24. 0.005 in. Fansteel 

25. 
26. Ta2C 
27. TaC 

Chemical ly polished 120 
Chemically polished 120 
Chem. pol. & abraded against  s imilar  120 

specimen 
Carburized, 2200~ 50 

Carburized as above, formed 150v, 120 
then etched clean & reformed 

Carburized as above, chem. polished 120 
800~ vacuum of 10 -6 m m  Hg 120 
Chemically polished 120 
Chem. pol. + 10 rain HF 120 
Chem. pol. + 20 min  boil ing H20 120 
Chem. pol. + 5 min  boiling 50% 120 

NaOH 
Chem. pol. + seven cycles of form-  120 

ing, etching, reforming 
Chem. pol. + 5 min  550~ in  air 120 
Same spec. reformed & etched 120 
Chem. pol. + Ta205 crystals 120 
Chem. pol. + 1~ A1203 powder spr in-  120 

kled on 
Chem. pol., ground Pyrex,  --200 120 

mesh sprinkled on 
Chem. pol. + diamond abraded one 120 

side 
Chem. pol. + abraded against sire- 120 

ilar spec. 
Specimen 19 reformed 
Chem. pol. + grease 
2200~ 15 min  in vacuum of 10 -8 
As received 
Chem. pol. + 800~ vacuum for 1 hr 

Specimen 24 etched clean & reformed 

236 104 
241 104 

3600 Very high in  scratches 

10,000 1010 on some grains;104 
on others 

242 106 on some grains; 104 
on others 

243 106to 104 
2040 

336 l0 T 
555 l0 T 
323 l0 T 
500 i0 ~ 

1020 108 

3800 I08 
4550 l0 s 
6100 109 
3000 

400 l0 T 

1590 

6200 

120 575 
120 3900 
120 242 
120 6800 
20 (~19,000) capaci- 

tance = 10 mfd /  
am 2 

120 390 
5 C = 62.5 mfd /cm 2 
5 C ---- 66 mfd /cm ~ 

High in scratches 

High in  scratches 

107 

105 
l0 s 
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The da ta  i n  Tab le  I r evea l  tha t  flaws are made  
e i ther  by  the  presence  of some fo re ign  m a t t e r  on 
the surface,  by  abras ion,  or  by  any  t r e a t m e n t  such 
as e tch ing  which  roughens  the  surface.  The  con-  
t a m i n a n t  can  ev iden t l y  be a lmos t  any th ing ,  par t ic les  
such as A1203 or Ta205, th ick  layers  of grease, and  
ove rg rowth  or prec ip i ta tes  of carbides,  oxides, and  
possibly  ni t r ides .  Not shown  in  the  tab le  is the fact 
tha t  even  v e r y  fine e lect rodeposi ted  gold par t ic les  
wil l  cause flaws. The  n a t u r e  of the  c o n t a m i n a t i o n  
and  the  re la t ionsh ip  b e t w e e n  the subs t r a t e  s t ruc tu re  
and  c o n t a m i n a n t  wi l l  be discussed in  more  de ta i l  in  
a la ter  section. 

At  one t ime  in  the  course of these s tudies  it was  
though t  possible tha t  f luoride c o n t a m i n a t i o n  on the  
surface  migh t  be  the  source of some flaws. The  ex -  
pe r imen t s  us ing  an  NaOH etch and  a 2 0 - m i n  leach 
in  boi l ing  wa t e r  seem to ru le  out  such an  effect, for 
such t r e a t m e n t s  r emove  the  f i lm left  by  chemical  
pol ishing w i thou t  i n t r o d u c i n g  HF. 

The ra te  of increase  of the  ex t ra  capac i tance  due 
to holes is v e r y  ins t ruc t ive .  F igu re  14 shows curves  
of excess capac i tance  as a func t ion  of t ime  for sev-  
eral  surface t r ea tmen t s .  The  excess capac i tance  is 
d e t e r m i n e d  by  e s t ima t ing  the  th ickness  opt ical ly,  
ca lcu la t ing  the  capaci tance  wh ich  cor responds  to 
the  opt ical  thickness ,  and  sub t r ac t i ng  this  capaci-  
t ance  f rom the  m e a s u r e d  value.  Consider  first the  
data  for the  0.005 in. chemica l ly  pol ished Fans t ee l  
sheet. The  excess capaci tance,  AC, is ve ry  smal l  af ter  
5 sec and  increases  at  a n  inc reas ing  ra te  to abou t  
0.1 m f d / c m  e. Af te r  abou t  40 sec the  slope of the  
log- log plot  is abou t  2, as wou ld  be expected  if al l  
of the flaws had  b e e n  p e n e t r a t e d  by  the HF  a nd  if 
the d i ame te r  of the  g rowing  hole at  each flaw i n -  
creased at  a cons tan t  rate.  The lower  in i t i a l  slope 
p r o b a b l y  arises because  no t  all  of the  flaws are 
comple te ly  p e n e t r a t e d  in  5 sec, some r e q u i r i n g  as 
m u c h  as 40 sec. 

Al l  of the heav i ly  c o n t a m i n a t e d  or ab raded  spec-  
imens  show a ve ry  m u c h  la rger  AC af ter  5 sec, p r e -  
s u m a b l y  because  m a n y  more  flaws are ve ry  qu ick ly  
pene t ra ted .  The slopes of the  log- log plots for 
heav i ly  c o n t a m i n a t e d  or ab r aded  spec imens  are less 
t h a n  2, p r o b a b l y  because  of i m p i n g e m e n t  of the  

iO 2 

< 

-ARC MELTED 
CARBURIZED 

AS RECEIVEO 

�9 I MELT 
ABRADED 

.005" FANSTEEL / 
To205 CRYSTALS / 

,OI- ON S U R F A C E /  

/ 
.005' FANSTEEL 
CHEM. PO-iSHE D/o/o 

o f  I L - - J  
"0011 I0 I0 ~ ~03 

ETCHING TIME- SECOflOS 

Fig. 14. Excess capacitance, ~C, caused by etching in HF. 
AC ~ measured capacitance less capacitance calculated from 
optical thickness. 

growing  holes, a nd  af ter  120 sec AC reaches a va lue  
of abou t  10 m f d / c m  ~. 

The  spec imen  on which  crys ta ls  of Ta20~ were  
sp r ink l ed  e v i de n t l y  has some flaws which  are 
qu ick ly  p e n e t r a t e d  by  H F  a nd  some which  r equ i r e  
more  t h a n  30 sec. D u r i n g  the  last  90 sec the  slope 
of the  log- log plot  is g rea te r  t h a n  2; such slopes 
could m e a n  e i ther  tha t  an  increas ing  n u m b e r  of 
flaws are becoming  act ive or tha t  the  hole s tar ts  
wi th  some finite d i ame te r  at  t ime  zero. This  la t te r  
condi t ion  migh t  ob ta in  if the  in te r face  b e t w e e n  the 
amorphous  and  c rys ta l l ine  film at the  pe r i phe ry  

Fig, 13. Holes etched by hydrofluoric acid in a specimen similar Fig. 15. Holes produced by 10-sec HF etch. Transmission through 
to that of Fig. 1 but scratched with a diamond. 500X. stripped film. 35,000X. 
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Fig. 16. Same as Fig. 15 except 30-sec etch. 

Fig. 17. Same as Fig. 15 except 50-sec etch. 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

of the crys ta l  was a t t acked  v e r y  qu ick ly  and  the 
hole s t a r t ed  wi th  the  d i ame te r  of the  crystal .  

It  is conc luded  f rom these  e x p e r i m e n t s  tha t  some 
flaws are p e n e t r a t e d  in  a ve ry  few seconds, whi le  
others r equ i r e  m a n y  seconds, and  tha t  heav i ly  con-  
t a m i n a t e d  or ab r aded  spec imens  con ta in  m a n y  of 
the  former .  E lec t ron  microscope observa t ions  of 
films s t r ipped  wi th  cel lulose tape  f rom 0.005 in. 
chemica l ly  pol ished Fans t ee l  sheet  which  was  no t  
g iven  the  10-sec H F  etch af ter  the  chemical  polish 
show how the  flaws are opened.  T ransmis s ion  mic ro -  
graphs  of such films s t r ipped  f rom the  subs t r a t e  
af ter  e tch ing  for 10, 30, and  50 sec are shown  in  
Fig. I5, 16, and  17. Af te r  10 sec the  flaws are  wel l  
opened  and  the  edges are i r regu la r .  Af te r  30 sec 
the  holes are mos t ly  circular ,  b u t  no te  tha t  the re  
is a reg ion  of t h i n n e r  oxide a r o u n d  the  pe r iphery .  
Af te r  50 sec most  of the  holes appea r  c i rcu la r  wi th  
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sharp  edges, and  they  are  abou t  the  same size as 
the  depress ions  observed  on the  surface  of the  oxide 
before etching,  about  3000A. Elec t ron  microscope 
e x a m i n a t i o n  of surface  repl icas  of e tched spec imens  
s u p p l e m e n t  the resul t s  ob ta ined  by  t r ansmiss ion ;  
a f ter  10 sec the holes are open  bu t  jagged,  w i th  
d iamete r s  to 600A; af ter  30 sec the  d i ame te r s  are as 
grea t  as 3000A, whi le  af ter  120 sec the  m a x i m u m  
d i a m e t e r  is 6000A. Af te r  30 sec the  holes are c i r -  
cu la r  wi th  steep sides at the i r  pe r iphery .  These 
surface  repl icas  also r evea l  tha t  the f law-f ree  oxide 
r e ma i ns  r e m a r k a b l y  flat d u r i n g  etching.  

These and  o ther  e lec t ron  mic rographs  have  shown  
tha t  the  radi i  of the  holes fo rmed  at  flaws by  HF  
e tching  in i t i a l ly  increase  at  a ra te  of abou t  30 fi-/sec 
to a rad ius  of abou t  1500A a nd  t h e n  at a ra te  of 
abou t  15 A/sec .  The d issolu t ion  ra te  of the  a m o r -  
phous  Ta205 in  the  film is abou t  15 A/sec ,  and  hence  
the final ra te  of g rowth  of the  hole represen t s  disso- 
lu t ion  of the  Ta205 along the  radius .  The more  rap id  
in i t i a l  g rowth  ra te  of the hole is a resu l t  of the de-  
crease in  th ickness  of the  t ape red  oxide in  the flaw 
(see Fig. 7). 

It  is be l ieved  tha t  the  HF  pene t r a t e s  u n d e r  the  
oxide some dis tance  f rom the  cen te r  of the  flaw, 
since obse rva t ion  of the colors of flaws d u r i n g  dis-  
so lu t ion  indica tes  tha t  t hey  get t h i n n e r  in i t i a l ly  
abou t  twice as fast  as the  rest  of the  oxide. This 
effect could conce ivab ly  arise f rom a composi t ion  
difference, bu t  the  fact t ha t  the  ra te  appears  to be 
the  same regardless  of the  source of the  flaws makes  
such a cause un l ike ly .  In  addi t ion,  the  fact tha t  these 
la rge  flaws are  made  by  v e r y  t i n y  par t ic les  makes  
it u n l i k e l y  tha t  impur i t i e s  wou ld  be p re sen t  so far  
f rom the cen te r  of the  flaw. I t  has been  observed 
occasional ly  tha t  a flaw dissolves at the  same ra te  
as the rest  of the  film for a m i n u t e  or so and  then  
more  rap id ly ;  p r e s u m a b l y  such a flaw was no t  i m -  
me d i a t e l y  p e n e t r a t e d  by  the  HF. The fact tha t  some 
flaws, o therwise  i nd i s t i ngu i sha b l e  f rom the  rest, 
dissolve at the  same ra te  as the  b u l k  of the film also 
suppor ts  the  idea tha t  the  m a t e r i a l  in  the  flaws is 
n o r m a l  Ta2Os. Rare ly  a flaw is seen to dissolve at 
about  five t imes  the  ra te  of the  film; this  behav io r  
was observed w i t h  some flaws p roduced  by  grease on 
the surface.  Pe rhaps  chunks  of the  film in  the  flaw 
were  dis lodged in  such cases, l eav ing  a sma l l e r  ave r -  
age th ickness  to be seen b y  the  eye. Al l  of these op-  
t ical  microscope obse rva t ions  of th ickness  changes  
d u r i n g  e tching  of flaws are  no t  v e r y  accura te  since 
the  size of the  flaw is abou t  at the  l imi t  of reso lu t ion  
of the  microscope.  However ,  m a n y  ins tances  of ap-  
p a r e n t  d issolu t ion  ra tes  twice  tha t  of the  b u l k  film 
have  convinced  me tha t  such behav io r  r ea l ly  does 
occur. Rapid  p e n e t r a t i o n  of H F  t h r ough  the  cen te r  
of the  flaw could occur because  of stress in  the  film 
at tha t  point ,  because  of a composi t ion  difference,  
or because  of a crack or pore.  

Two final observa t ions  should  be m a d e  wi th  r e -  
spect to the  H F  e tching  exper iments .  The  first is 
tha t  the effects of ab ras ion  and  most  of the  surface  
c o n t a m i n a t i o n s  s tud ied  were  r e move d  by  a few 
cycles of forming ,  etching,  and  re forming .  The  on ly  
except ion  seemed to be that ,  once c rys ta l l ine  Ta205 
had  been  p roduced  at  the  sur face  w h e t h e r  b y  oxida-  
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t ion  at  h igh  t e m p e r a t u r e ,  s p r i n k l i n g  on Ta205 p o w -  
der ,  or  b y  f ield c r y s t a l l i z a t i o n  (5 ) ,  t he  n u m b e r  of  
f laws on ly  i nc r ea sed  on r e p e a t e d  cycl ing.  In  fact ,  r e -  
p e a t e d  cyc l ing  of a s p e c i m e n  not  i n t e n t i o n a l l y  con-  
t a m i n a t e d  r e s u l t e d  in  t he  d e v e l o p m e n t  of  some c r y s -  
t a l l i ne  Ta20~, p r o b a b l y  b y  field c r y s t a l l i z a t i o n  d u r -  
ing each  f o r m a t i o n  of t he  spec imen .  The  p e r m a n e n c e  
of the  effect of c r y s t a l l i n e  Ta205 p r o b a b l y  r e su l t s  
f r om the  fac t  t ha t  i t  is una f fec t ed  b y  the  HF;  a 
s t r i p p e d  porous  c r y s t a l l i n e  f i lm p r o d u c e d  b y  sc in t i l -  
l a t ion  was  i n t ac t  a f t e r  8 h r  in  50% HF.  

The  second  p o i n t  to no t i ce  is t h a t  the  v e r y  r a p i d  
change  in  c a p a c i t a n c e  w h i c h  m a y  occur  w h e n  a 
h e a v i l y  c o n t a m i n a t e d  s p e c i m e n  is e t ched  in  H F  does  
no t  n e c e s s a r i l y  m e a n  t h a t  t he  f i lm subs t ance  d i s -  
solves  a t  a v e r y  h igh  ra te .  W h e n  fi lms f o r m e d  on 
TaeC a n d  TaC a re  e tched,  for  e x a m p l e ,  t he  c a p a c i -  
t ance  inc reases  to abou t  60 m f d / c m  ~ in 5 sec, b u t  on 
c o n t i n u e d  e t ch ing  a w h i t e  f i lm is d i s lodged .  Hence  
seve re  c o n t a m i n a t i o n  m a y  p r o d u c e  a porous  oxide .  
F i g u r e  18 shows  a n o n t y p i c a l  t r a n s m i s s i o n  e l ec t ron  
m i c r o g r a p h  of  a s t r i p p e d  f i lm w h i c h  has  not  been  
e t ched  in  H F  at  al l .  P r o b a b l y  the  l a r g e  c racks  w e r e  
p r o d u c e d  d u r i n g  s t r i pp ing ,  b u t  no te  t he  porous  f i lm 
w i t h i n  t he  l a rge s t  c rack .  P r e s u m a b l y  th is  po rous  
f i lm f o r m e d  on some l a rge  i m p u r i t y  p a r t i c l e  in  t he  
s u b s t r a t e  (0.005 in. c h e m i c a l l y  po l i shed  F a n s t e e l  
t a n t a l u m ) .  

Formation behavio~ o,f films with flaws.--Gas evo -  
lu t ion  d u r i n g  f i lm f o r m a t i o n  occurs  w i t h  mos t  s u b -  
s t r a t e s  w h i c h  have  been  c o n t a m i n a t e d  or  a b r a d e d  in 
such  a w a y  t h a t  f laws f o r m  in t he  film. Gas  e v o l u -  
t ion is copious  on  spec imens  con ta in ing  c r y s t a l l i n e  
Ta20~, on a b r a d e d  spec imens ,  on spec imens  c o n t a i n -  
ing  l a r g e  p r e c i p i t a t e s  v i s ib l e  in  t he  op t i ca l  m i c r o -  
scope, a n d  on TaC a n d  Ta2C. W h e n  l a r g e  a m o u n t s  
of gas a r e  evo lved  the  efficiency of f o r m a t i o n  is low 
and  the  r a t e  of vo l t age  i nc rea se  at  cons t an t  c u r r e n t  
is a b n o r m a l l y  low. 

W h e n  on ly  s m a l l  a m o u n t s  of gas a r e  evo lved  the  
r a t e  of v o l t a g e  i nc rea se  at  cons t an t  c u r r e n t  is o f ten  
as m u c h  as 50% h i g h e r  t h a n  n o r m a l  for  smoo th  u n -  
c o n t a m i n a t e d  spec imens .  This  effect  was  r e p o r t e d  

Fig. 18. Porous region in a cracked film stripped from the sub- 
strate. 35,000X. 
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for  a b r a d e d  su r faces  some t i m e  ago (6)  and  was  
t h o u g h t  due  to g r o w t h  a r o u n d  o x y g e n  b u b b l e s  w h i c h  
b l o c k e d  p a r t  of the  sur face .  E x a m i n a t i o n  a t  a m a g -  
n i f ica t ion  of 600X d u r i n g  f o r m a t i o n  s h o w e d  t h a t  no 
b u b b l e s  w e r e  p r e s e n t  a t  t he  t h in  spots,  and  hence  
such  an  e x p l a n a t i o n  is no t  t enab le .  G r o w t h  of the  
f i lm a r o u n d  an  e n t r a p p e d  bubb le ,  as p r o p o s e d  b y  
Young  (7) ,  w o u l d  accoun t  for  t he  h igh  r a t e  of v o l t -  
age increase ,  b u t  t he  g e o m e t r y  of t he  f laws is not  l ike  
t h a t  s u g g e s t e d  b y  Young.  Gas  evo lu t i on  d u r i n g  the  
first  f ew seconds  of H F  e tch ing  on spec imens  w h i c h  
a r e  so h e a v i l y  c o n t a m i n a t e d  t h a t  t he  mac roscop ic  
color  is a b n o r m a l l y  low do i n d i c a t e  t h a t  gas  is s o m e -  
t i m e s  t r a p p e d  in  t he  film, h o w e v e r .  Such  t r a p p e d  
gas cou ld  be  p r e s e n t  b e t w e e n  the  f i lm and  the  m e t a l  
in  t h e  r e g i o n  a r o u n d  the  flaw. 

Capacitance of f lawed fi lms.--It  has  a l r e a d y  been  
p o i n t e d  out  b y  Y o u n g  (8)  t h a t  t he  c a p a c i t a n c e  p e r  
un i t  a r e a  of f i lms f o r m e d  on r o u g h  su r faces  is a b -  
n o r m a l l y  low. The  p r e s e n t  e x p e r i m e n t s  conf i rm th is  
r e s u l t  a n d  h a v e  s h o w n  m u c h  l a r g e r  a n o m a l i e s  w h e n  
h e a v i l y  c o n t a m i n a t e d  spec imens  a r e  used.  F o r  e x -  
ample ,  a s p e c i m e n  h e a t e d  to 1200~ for  1 h r  a t  a 
p r e s s u r e  of 10 -6 m m  was  f o r m e d  a t  240v. The  op -  
t i ca l  t h i cknes s  for  an  u n c o n t a m i n a t e d  s p e c i m e n  
shou ld  h a v e  been  a b o u t  3800A, t he  c a p a c i t a n c e  
0.064 m f d / c m  2. F o r  t h e  c o n t a m i n a t e d  s p e c i m e n  the  
op t i ca l  t h i cknes s  was  2280A, t h e  c a p a c i t a n c e  
0.042 m f d / c m 2 ;  bo th  v a l u e s  a r e  a b n o r m a l l y  low! 
The  s p e c i m e n  was  e t ched  c lean  in HF,  t h e n  f o r m e d  
to 26v. The  op t i ca l  t h i cknes s  was  286A, t h e  capac i -  
t ance  0.44 m f d / c m  2 w h i l e  t he  va lue s  e x p e c t e d  for  
an  u n c o n t a m i n a t e d  s p e c i m e n  a re  420A, 0.57 m f d /  
cm e. Such  b e h a v i o r ,  a b n o r m a l l y  low v a l u e s  of bo th  
op t i c a l  t h i c k n e s s  a n d  capac i t ance ,  is e x p e c t e d  fo r  
f i lms c o n t a i n i n g  f laws w h i c h  a r e  t h i n n e r  t h a n  the  
res t  of t he  film, b u t  w h i c h  a r e  s e p a r a t e d  f r o m  the  
m e t a l  b y  a gas f i l led gap.  The  gap  w o u l d  h a v e  to be  
of  t he  o r d e r  of 100A w i d e  to g ive  t he  dec rease  in 
capac i t ance  o b s e r v e d  w i t h  a 3000A film. 

W h i l e  mos t  c o n t a m i n a t e d  or  a b r a d e d  su r faces  
p r o d u c e  f i lms w i t h  l ow capac i t ances  t h e  oppos i t e  b e -  
h a v i o r  is s o m e t i m e s  obse rved .  F o r  ins tance ,  f i lms 
f o r m e d  at  150v on TaC and  TaeC had  capac i t ances  
of 2.4 and  2.9 m f d / c m  2 vs. a n o r m a l  v a l u e  of 0.1 
m f d / c m  2, w h i l e  a s p e c i m e n  h e a t e d  at  800~ in u n -  
pur i f i ed  a rgon  y i e l d e d  a f i lm w i t h  a c a p a c i t a n c e  of 
0.18 m f d / c m  2. This  l a t t e r  s p e c i m e n  is t he  one of Fig .  
10 and  11. A p a r t i c u l a r  t r e a t m e n t  m a y  g ive  d i f f e ren t  
r e su l t s  a t  d i f fe ren t  f o r m a t i o n  vol tages .  F o r  e x a m p l e ,  
h e a t i n g  in v a c u u m  at  800~ for  1 h r  f o l l o w e d  b y  
f o r m a t i o n  to 10v gave  a c a p a c i t a n c e  of 1.62 m f d / c m  2 
vs. t he  e x p e c t e d  1.53; f o r m a t i o n  at  30v gave  an  
in i t i a l  v a l u e  of 0.4 m f d / c m  e vs. the  e x p e c t e d  0.52, 
b u t  in a few seconds  the  c a p a c i t a n c e  d r i f t e d  to 0.96; 
a n d  f o r m a t i o n  at  80v gave  a s t ab le  capac i t ance  of 
0.15 vs. t he  e x p e c t e d  0.198. P r o b a b l y  the  p a r t i c l e s  
p r o d u c i n g  the  f laws w e r e  no t  w e l l  cove red  at  10v, 
on ly  p a r t i a l l y  at  30, b u t  w e l l  cove red  a t  80 v. 

Those  spec imens  w h i c h  h a v e  a b n o r m a l l y  l a rge  
i n i t i a l  c apac i t ances  a r e  those  w h i c h  also show a v e r y  
l a r g e  c a p a c i t a n c e  change  on  e t ch ing  a few seconds  in  
HF,  as w i t h  t he  t a n t a l u m  ca rb ides ;  p r e s u m a b l y  such 
fi lms a r e  c r a c k e d  or  porous .  Those  spec imens  w h i c h  
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have  an  a b n o r m a l l y  low capaci tance  show a fa i r ly  
smal l  capac i tance  increase  af ter  5-10 sec in  HF, bu t  
the ra te  of capac i tance  change  increases  great ly ,  and  
by  50 sec such spec imens  m a y  be "bare ,"  i.e., give 
capaci tances  of abou t  20 m f d / c m  2. Such behav io r  
suggests a r e l a t i ve ly  coheren t  ou te r  l ayer  over  an  
i n n e r  porous  one. 

Healing the f laws . - -The  large holes p roduced  by 
HF a t tack  at  the flaws can be hea led  by  r e fo r mi ng  
the specimen.  Changes  in  the capaci tance  can be de-  
tected at  v e r y  low voltages.  For  example ,  a spec imen  
fo rmed  to 200v and  etched to a film th ickness  of 
450A showed an  excess capaci tance  of 0.176 m f d /  
cm 2. App l i ca t ion  of 0.5v vs. the  h y d r o g e n  e lect rode 
r educed  AC to 0.15 m f d / c m  2, whi le  5v reduced  AC 
to 0.015 m f d / c m  2. 

The  optical  th ickness  of flaws can be changed  
m a r k e d l y  by  a shor t  etch p lus  re format ion .  This 
effect is obse rvab le  on i n d i v i d u a l  flaws, bu t  is mos t  
s t r i k ing  on  heav i ly  c o n t a m i n a t e d  specimens.  For  i n -  
stance,  the  0.005 in. a s - rece ived  Fans t ee l  sheet  
fo rmed  to 195v has a p i n k  color because  of the grea t  
n u m b e r  of flaws, whi le  the  color of an  u n c o n t a m i -  
na t ed  spec imen  is purp le .  If the p ink  spec imen is 
e tched 5 sec and  r e fo rmed  to 195v, it  is pu rp l e  and  
only  s l igh t ly  di f ferent  in  color f rom a chemica l ly  
pol ished spec imen  fo rmed  to 195v. E x a m i n a t i o n  w i th  
the  microscope shows tha t  a la rge  f rac t ion  of the 
flaws have  b e e n  hea led  by  the etch and  re format ion .  
P r e s u m a b l y  the  etch al lows access of the  e lec t ro ly te  
to the gap b e t w e e n  the oxide and  the  metal ,  a nd  on 
r e fo rma t ion  the gap is filled wi th  oxide and  the film 
over the gap can grow to the  n o r m a l  thickness.  The 
spec imen sti l l  conta ins  m a n y  flaws, as shown by  the 
behav io r  on e tching  subsequen t ly ,  and  it is no t  pos-  
sible to produce  a f law-f ree  film by  repea ted  cycles 
of fo rming  and  etching.  The reason  for this  lack 
of complete  hea l ing  is discussed in  the  sect ion on 
Surface  Geomet ry .  

Effect of strain on ]taws.---The amorphous  Ta205 
films are b r i t t l e  and  crack if the spec imen  is ben t  
subs tan t ia l ly .  The repor t  by  Young  (9) t ha t  such 
films can flow p las t ica l ly  is p r o b a b l y  in  error.  The 
film does change  color and  appears  t h i n n e r  w h e n  a 
spec imen  of t a n t a l u m  is p las t ica l ly  deformed,  b u t  
e x a m i n a t i o n  at  h igh  magni f ica t ion  reveals  t ha t  the 
t h in  areas  are mot t l ed  in  such a w a y  as to suggest  
tha t  the film is ex t ens ive ly  cracked on a v e r y  fine 
scale in  such regions.  M a n y  macroscopic  cracks are 
also caused by  such deformat ion .  P r e s u m a b l y  the 
film cracks whe re  a slip b a n d  a r r ives  at the surface,  
and  cracks of va r ious  sizes resu l t  f rom slip b a n d s  
of different  act ivi ty.  E d e l e a n u  and  L a w  (10) have  
s tud ied  cracks p roduced  by  de fo rma t ion  of anodic  
a l u m i n u m  oxide films. 

Because  of the  cracks produced,  plast ic  d e f o r m a -  
t ion  of a r e l a t i ve ly  p u r e  spec imen  causes changes  in. 
capac i tance  and  leakage  cur ren t .  Fo r  example ,  a 
film 2400.~ th ick  fo rmed  on 0.005 in. chemica l ly  
pol ished Fans t ee l  sheet  had  a capac i tance  of 0.1 
m f d / c m  2. W h e n  the spec imen  was placed in  a so lu-  
t ion  con ta in ing  a 10-eM fe r rous - f e r r i c  redox  sys tem 
the  c u r r e n t  at  --0.7v w i th  respect  to the  redox  po-  
t en t i a l  w a s - - 0 . 2  ~ a / c m  2. Af te r  b e n d i n g  the  spec imen  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A p r i l  1963 

the capaci tance  was 0.17 m f d / c m  2, and  the cu r r en t  
was --2.0 ~ a / c m  2. R e f o r ma t i on  to 150v resu l t ed  in  a 
r e t u r n  to the o r ig ina l  values.  

S imi la r  plast ic  de fo rma t ion  of a spec imen  on 
which  a heav i ly  f lawed fi lm had  b e e n  fo rmed  p r o -  
duced m u c h  more  s t a r t l ing  changes.  For  example ,  
a spec imen  hea ted  to 800~ for  1 hr  at  a p ressure  of 
10 -6 m m  Hg was fo rmed  to 150v. The capaci tance  was 
0.081 m f d / c m  2 a nd  the c u r r e n t  in  the redox  test  was  
--0.016 ~ a / c m  e. Af te r  b e n d i n g  the  capac i tance  was 
0.2 m f d / c m  2 and  the  redox  c u r r e n t  was  - -12 /~a / cm 2. 
Re fo rma t ion  resu l t ed  in  a r e t u r n  of the  capac i tance  
and  c u r r e n t  to the i r  in i t i a l  values ,  b u t  also caused a 
change  in  the  color of the  spec imen  n e a r  the  bend.  
The  or ig ina l  color was  b l u e  ins tead  of the  n o r m a l  
ye l low;  b e n d i n g  and  r e f o r m a t i o n  resu l ted  in  the  
f o r ma t i on  of a n e a r l y  n o r m a l  ye l low color in  the  de-  
fo rmed  area. In  areas  at  the  p e r i p h e r y  of the  de-  
fo rmed  area i t  was  possible  to see the  slip bands  
which  had been  act ive  in  the  area  because  the flaws 
had  been  healed  and  hence  changed  color a long the 
slip bands .  F igu re  19 shows such an  a rea  on the  ca r -  
bu r i zed  specimen of Fig. 20 af ter  b e n d i n g  and  r e -  
forming.  The gray  bands ,  p u r p l e  in  the  microscope,  
are n o r m a l  flaw f ree  fi lm and  were  no t  affected b y  
the  s train.  The mot t l ed  areas  are f lawed as shown in  

Fig. 19. Flaws in carburized specimen after deformation and 
reformation. Slip bands are horizontal. 500X. 

Fig. 20. Flaws in carburized specimen. Dark grain has no flaws, 
light grain ~101~ 2, other grain has alternate streaks with no 
flaws and high flaw density along rolling grooves. 250X. 
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Fig.  9; t h e y  a r e  ye l low.  S l ip  b a n d s  c ross ing  y e l l o w  
a reas  a r e  p u r p l e  and  green .  

The  effect of d e f o r m a t i o n  on the  f laws is v e r y  
s im i l a r  to t he  effect of H F  e tching ,  t he  c a p a c i t a n c e  
and  c u r r e n t  increase ,  and  on r e f o r m i n g  the  color  b e -  
comes m o r e  n e a r l y  no rma l .  E v i d e n t l y  the  d e f o r m a -  
t ion opens  up  m a n y  of the  f laws to p e n e t r a t i o n  b y  the  
e l e c t r o l y t i c  solut ion,  and  r e f o r m a t i o n  hea l s  these  
open  f a w s .  

Origin o] Flaws 
In  th is  sec t ion  the  n a t u r e  of the  su r f ace  condi t ions  

y i e l d i n g  f laws a re  d i scussed  in m o r e  de ta i l .  These  
cons ide ra t ions  and  conclus ions  a r e  u n c e r t a i n  and  
i n c o m p l e t e  because  of t he  fac t  t h a t  an  e x t r e m e l y  
s m a l l  v o l u m e  of the  m e t a l  is i n v b l v e d  and  chemica l  
and  s t r u c t u r a l  a n a l y s e s  have  no t  b e e n  poss ib le .  
T a n t a l u m  is an  e x c e l l e n t  " g e t t e r "  and  fo rms  in -  
n u m e r a b l e  b i n a r y  and  t e r n a r y  c o m p o u n d s  w i t h  c a r -  
bon,  oxygen ,  n i t rogen ,  and  h y d r o g e n .  In  add i t ion ,  
p r e c i p i t a t i o n  f r o m  sol id  so lu t ion  is v e r y  l i k e l y  i n -  
v o l v e d  in  t he  f o r m a t i o n  of m a n y  pa r t i c l e s ,  and  w e  
k n o w  l i t t l e  abou t  t he  so lub i l i t i e s  and  r a t e s  of p r e -  
c ip i t a t i on  in  such c o m p l i c a t e d  sys tems .  The  d i scus -  
s ion to fo l low on ly  po in t s  out  some poss ib i l i t i es .  

Oxygen and nitrogen.--Tantalum spec imens  of 
a n y  p u r i t y  a v a i l a b l e  in th is  work ,  h e a t e d  for  1 h r  in  
t he  t e m p e r a t u r e  r a n g e  800~176 in an a t m o s -  
p h e r e  of unpu r i f i ed  w e l d i n g  g r a d e  a rgon  or n i t r ogen ,  
a v a c u u m  of 10 -6 m m  Hg, or  sea led  in  an  e v a c u a t e d  
q u a r t z  capsu le  a l l  y i e l d  h e a v i l y  f lawed films. The  
mos t  l i k e l y  c o n t a m i n a n t  is  o x y g e n  in mos t  e x p e r i -  
ments ,  b u t  spec imens  of 0.005 in. c h e m i c a l l y  po l i shed  
F a n s t e e l  shee t  h e a t e d  41/u h r  a t  800~ in n i t r o g e n  
w e r e  f o u n d  to con ta in  350 p p m  of n i t r o g e n  a long  
w i t h  2650 p p m  of oxygen .  Hence  n i t r o g e n  wi l l  be  
t a k e n  up  b y  the  t a n t a l u m  a t  these  t e m p e r a t u r e s .  The  
e x p e r i m e n t s  us ing  sea led  q u a r t z  capsu les  m a k e  i t  
l i k e l y  t h a t  o x y g e n  c o n t a m i n a t i o n  a lone  w i l l  cause  
flaws, s ince t he  mos t  l i k e l y  r e a c t a n t  is w a t e r  l i b e r -  
a t ed  f rom the  quar tz .  Mos t  such h e a t e d  spec imens  
d id  no t  con ta in  a n y  su r f ace  p h a s e  v i s ib le  in t he  
op t i ca l  mic roscope ,  and  w h i l e  e l ec t ron  d i f f rac t ion  
some t imes  gave  l ines  t he  iden t i f i ca t ion  was  no t  ce r -  
ta in .  P l a t e l e t s  w e r e  some t imes  obse rved .  F o r m a t i o n  
on such p ]a t e l e t s  a p p e a r e d  e n t i r e l y  no rma l ,  b u t  f laws 
w e r e  o f t en  o b s e r v e d  at  t he  edges  of t he  p la t e l e t s .  

W h e n  the  su r face  of a s p e c i m e n  is o x i d i z e d  suffi- 
c i en t ly  to p r o d u c e  c r y s t a l l i n e  TarO5 t h e n  f laws a re  
p r o d u c e d  at  t he  ox ide  pa r t i c l es .  P r e v i o u s  s tud ies  (5)  
have  s h o w n  t h a t  c racks  and  s t r i p p i n g  of t he  a m o r -  
phous  f i lm a r e  caused  b y  the  d i f f e ren t  g r o w t h  k i -  
ne t ics  of t he  c r y s t a l l i n e  and  a m o r p h o u s  ox ides  ( the  
c r y s t a l l i n e  ox ide  g rows  tw ice  as t h i c k  as t he  a m o r -  
phous  for  a g iven  v o l t a g e ) .  F l a w s  a re  e v i d e n t l y  
p r o d u c e d  in  such reg ions ,  p r o b a b l y  b e c a u s e  of loss  
of con tac t  b e t w e e n  the  ox ide  and  the  m e t a l  in a r e -  
g ion n e a r  t he  a m o r p h o u s - c r y s t a l l i n e  b o u n d a r y .  

Carbo~.--The fo l l owing  ser ies  of e x p e r i m e n t s  
m a k e s  i t  v e r y  l i k e l y  t h a t  c a r b o n  p r o d u c e s  f laws.  
S p e c i m e n s  w e r e  h e a t e d  in  a v a c u u m  of  10 -~ m m  H g  
at  2200~ for  15 m i n  ins ide  a t a n t a l u m  c y l i n d e r  
w h i c h  in  t u r n  was  ins ide  a s l eeve  of g r a p h i t e  wool .  
The  first  b a t c h  of spec imens ,  h e a t e d  in  a n e w  t a n t a -  
l u m  cy l inde r ,  h a d  on ly  abou t  l0  s f l a w s / c m  2, a r e -  
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Fig. 21. Holes produced by HF attack at flaws in a film formed 
on decorated dislocations in a carburized arc melted specimen. 
500X. 

duc t ion  f rom l0  T for  the  u n h e a t e d  m a t e r i a l  (0.005 
in. F a n s t e e l ) .  The  second  b a t c h  of spec imens  h e a t e d  
in  t he  s ame  c y l i n d e r  h a d  t r e m e n d o u s  n u m b e r s  of 
f laws on some g ra ins  w h i l e  t h e r e  w e r e  p r a c t i c a l l y  
none  on o t h e r  gra ins .  F i g u r e  20 shows  a d a r k  gra in ,  
w h i c h  h a d  the  n o r m a l  p u r p l e  color  for  a 195v f o r m a -  
t ion,  a l i gh t  g ra in ,  w h i c h  was  ye l low,  and  a l i g h t  and  
d a r k  g r a i n  w h i c h  h a d  p u r p l e  and  y e l l o w  s t r eaks  
a long the  ro l l i ng  grooves .  E v i d e n t l y  t h e r e  is a 
m a r k e d  s e n s i t i v i t y  to o r i en t a t i on ;  such a f inding  is 
no t  s u r p r i s i n g  s ince  su r face  nuc l ea t i on  of a p r e c i p i -  
t a t e  could  be  v e r y  o r i e n t a t i o n  d e p e n d e n t .  X - r a y  
ana lys i s  s h o w e d  bo th  the  p u r p l e  and  y e l l o w  g ra ins  
to h a v e  a (112) p l a n e  n e a r l y  in  t he  p l a n e  of t he  
sheet ,  b u t  t h e  p u r p l e  g r a i n  was  abou t  10 ~ c loser  to 
a (111) o r i e n t a t i o n  t h a n  the  y e l l o w  gra in .  Note  t ha t  
t he  y e l l o w  a reas  a r e  no t  u n i f o r m  b u t  m o t t l e d  on a 
v e r y  fine scale.  

Two cyc les  of e t ch ing  th i s  s p e c i m e n  in I-IF and  
r e f o r m i n g  r e s u l t e d  in  a f i lm w h i c h  was  a lmos t  en -  
t i r e l y  u n i f o r m  b u t  w h i c h  d i d  con ta in  f laws at  g r a i n  
b o u n d a r i e s  a n d  low ang le  b o u n d a r i e s ,  as s h o w n  in 
Fig .  21. This  f igure  shows  ho les  e t ched  t h r o u g h  a f i lm 
o r i g i n a l l y  2400A t h i c k  b y  120 see of H F  e tching.  
C h e m i c a l  po l i sh ing ,  r e f o r m i n g ,  and  r e - e t c h i n g  gave  
a v e r y  s im i l a r  p a t t e r n  w i t h  m a n y  i d e n t i c a l  spots,  
showing  t h a t  t he  c o n t a m i n a t i o n  e x t e n d e d  some d i s -  
t ance  into  t h e  s p e c i m e n  a long  a l ine.  ( C h e m i c a l  
po l i sh ing  r e m o v e d  a b o u t  1/~.) The  p e r s i s t e n c e  of t he  
loca t ion  of  f laws on this  s p e c i m e n  and  t h e i r  p e c u l i a r  
d i s t r i b u t i o n  a long  l ines  m a k e s  i t  v e r y  l i k e l y  t h a t  t he  
f laws a re  f o r m e d  at  c a r b i d e  p r e c i p i t a t e s  a t  d i s loca -  
t ions  in l o w - a n g l e  b o u n d a r i e s .  

The  t h i r d  set  of spec imens  h e a t e d  in  th is  c y l i n d e r  
c o n t a i n e d  450 p p m  of ca rbon ,  and  the  su r f ace  was  
cove red  w i t h  t he  p l a t e l e t s  s h o w n  in Fig .  22. F o r m a -  
t ion  r e s u l t e d  in t h in  spots  a t  t he se  p l a t e l e t s ,  w h i c h  
a r e  p r o b a b l y  ca rb ides .  I t  is i n t e r e s t i n g  t h a t  t h e  r a t e  
of dec rea se  in  t h i cknes s  of  t he  t h in  spots  in  t he  f i lm 
on these  p l a t e l e t s  was  a b o u t  t w i c e  t h a t  of t h e  r e s t  
of t he  film, w h i l e  on Ta2C and  TaC the  d i s so lu t ion  is 
a p p a r e n t l y  v e r y  m u c h  m o r e  r a p i d .  Such  a d i f fe rence  
is no t  u n e x p e c t e d ;  on a s m a l l  c a r b i d e  p l a t e l e t ,  cov-  
e r ed  w i t h  a n o r m a l  dense  f i lm p r o d u c e d  b y  g r o w t h  
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Fig. 22. Carbide platelets in a carburized arc melted specimen. 
500X. 

f rom the  s ides  a r o u n d  the  p l a t e l e t  t he  d i s so lu t ion  
r a t e  w o u l d  be d i f fe ren t  f r o m  tha t  on a b u l k  c a r b i d e  
phase  w h e r e  the  poor ,  p r o b a b l y  porous ,  f i lm canno t  
be  covered  over .  

A f t e r  these  cycles  the  t a n t a l u m  c y l i n d e r  was  v e r y  
b r i t t l e ,  con t a ined  4.1% c a r b o n  (Ta2C and  TaC con-  
t a in  3.2 % C a n d  6.2 % C, r e s p e c t i v e l y ) ,  a n d  x - r a y  d i f -  
f r ac t i on  r e v e a l e d  the  p r e s e n c e  of bo th  TafC a n d  TaC. 
The  outs ide ,  go lden  in  color,  was  p r o b a b l y  TaC,  
wh i l e  t he  ins ide,  s i l ve ry ,  was  TafC;  a s h a r p  i n t e r -  
face  s e p a r a t e d  these  phases .  The  f irst  spec imens  
h e a t e d  in  the  n e w  c y l i n d e r  w e r e  no t  c a rbu r i zed ,  b u t  
t he  second  a n d  t h i r d  sets  w e r e  i n c r e a s i n g l y  c a r -  
b u r i z e d  as the  ca rbon  con ten t  of t he  c y l i n d e r  i n -  
c reased .  

Hydrogen.--Hydrogen was  c h a r g e d  e l e c t r o l y t i -  
c a l l y  in to  t a n t a l u m  to such  an  e x t e n t  t h a t  p l a t e l e t s  
of a h y d r i d e  w e r e  v is ib le .  F o r m a t i o n  on these  spec i -  
mens  was  normal ,  and  no p r e f e r r e d  assoc ia t ion  of  
f laws w i t h  p l a t e l e t s  was  obse rved .  

Grease.--Heavy l a y e r s  of g r ea se  a r e  i n i t i a l l y  i m -  
p e r v i o u s  to the  e l e c t ro ly t i c  solut ion.  As  the  v o l t a g e  
is r a i s ed  to p e r h a p s  50v the  g r ea se  is s u d d e n l y  p e n e -  
t r a t e d  and  t h e n  p u s h e d  aside.  In  th is  p rocess  some 
g rea se  is e v i d e n t l y  t r a p p e d  and  s u b s e q u e n t  f o r m a -  
t ion  g ives  r i se  to the  t h in  spots  shown  in Fig.  23. 
F r o m  t h e i r  H F  e tch ing  (mos t  e tch  at  tw ice  t he  r a t e  
of the  r e s t  of t he  f i lm) and  o t h e r  cha r ac t e r i s t i c s  t h e y  

Fig. 23. Flaws (light colored) produced by grease on substrate 
surface. 500X. 

a p p e a r  to be  v e r y  s i m i l a r  to o the r  f laws p r o d u c e d  
b y  o t h e r  t y p e s  of  c o n t a m i n a t i o n .  

Surface geometry.--A ce r t a i n  deg ree  of su r face  
roughnes s  p r o d u c e s  flaws. E tch ing  a rc  m e l t e d  t a n t a -  
l u m  in 50/50 H F / H N O ~  p r o d u c e s  a su r f ace  w h i c h  on 
f o r m a t i o n  y ie lds  106 f l a w s / c m  e w h i l e  c h e m i c a l  p o l -  
i sh ing  g ives  o n l y  104 . 

A n y  k i n d  of a b r a s i o n  w h i c h  p r o d u c e s  a suff ic ient ly  
r u g g e d  su r f ace  p r o d u c e s  m a n y  flaws. I t  is poss ib l e  
t ha t  c o n t a m i n a t i o n  is s o m e t i m e s  i n t r o d u c e d  b y  the  
ab ras ion ,  bu t  t he  r o u g h n e s s  a lone  seems  to be  suffi- 
c ien t  to cause  flaws. C o n t a m i n a t i o n  m i g h t  r e s u l t  b e -  
cause  of h igh  loca l  su r f ace  t e m p e r a t u r e s ;  B o w d e n  
and  T a b o r  (11) f o u n d  t h a t  t e m p e r a t u r e s  as h igh  as 
t he  lowes t  mel t ing"  p o i n t  of the  couple  a n d  l a s t i ng  
10 -3 sec w e r e  p r o d u c e d  d u r i n g  r u b b i n g  one m a t e -  
r i a l  on ano the r .  In  o r d e r  to p r e v e n t  h igh  t e m p e r a -  
t u r e s  t a n t a l u m  was  a b r a d e d  w i t h  low m e l t i n g  m e t a l s  
l ike  Zn,  Cd, and  Bi w h i c h  w e r e  ch i l l ed  to 77~ and  
also b y  a g lass  w i t h  a so f t en ing  p o i n t  of 311~ 
(Minneso t a  M i n i n g  and  M a n u f a c t u r i n g  S K  201).  
A n  a q u a  r eg i a  e tch  to r e m o v e  su r f ace  c o n t a m i n a t i o n  
fo l l owed  a l l  ab ra s ions  us ing  m a t e r i a l s  d i f fe ren t  f rom 
t a n t a l u m .  Va r ious  a t m o s p h e r e s  w e r e  t r i ed ,  and  a rc  
m e l t e d  t a n t a l u m  was  s c r a t c h e d  on a rc  m e l t e d  t a n t a -  
l u m  to r educe  c o n t a m i n a t i o n .  The  a t m o s p h e r e s  used  
i n c l u d e d  a r g o n  pur i f i ed  ove r  ho t  T i - Z r  t u r n i n g s  at  
800~ oil, benzene ,  c a rbon  t e t r a c h l o r i d e ,  w a t e r ,  l i q -  
u id  n i t rogen ,  and  air .  A l l  ab ra s ions  r e s u l t e d  in 
copious  f law gene ra t ion .  The  g e n e r a t i o n  of f laws in 
t he  p u r e  a rgon  a t m o s p h e r e  m a k e s  i t  l i k e l y  t h a t  con-  
t a m i n a t i o n  is not  r e q u i r e d ,  bu t  t h a t  su r f ace  r o u g h -  
ness  a lone  is sufficient,  for  t h e  on ly  source  of con-  
t a m i n a t i o n  in those  e x p e r i m e n t s  was  t he  n a t u r a l l y  
f o r m e d  a i r  ox ide  f i lm abou t  8A th ick .  The  a b r a s i o n  
was  p e r f o r m e d  in a c losed  vesse l  t h r o u g h  a m e t a l  
be l lows ,  and  a pos i t i ve  a r g o n  p r e s s u r e  of 2 cm Hg 
was  m a i n t a i n e d .  The  500 cc vesse l  was  f lushed  for  
5 h r  w i t h  120 l i t e r s  of a r g o n  p r i o r  to t he  ab ras ion .  

Not  a l l  su r f ace  r o u g h n e s s  w i l l  p r o d u c e  f laws;  ev i -  
d e n t l y  some m i n i m u m  r u g g e d n e s s  is neces sa ry .  F o r  
ins tance ,  0.0005 in. cold  ro l l ed  foi l  w i t h  a v e r y  
smooth  su r f ace  m a d e  on h i g h l y  po l i shed  ro l l s  y i e lds  
a f i lm w i t h  on ly  105 f l a w s / c m  2. 

I t  is i n t e r e s t i n g  t h a t  r e c e n t  s tud ies  b y  E u b a n k s ,  
Moore,  and  P e n n i n g t o n  (12) of t he  o x i d a t i o n  of i ron  
h a v e  shown  tha t  su r f ace  r o u g h n e s s  g e n e r a t e s  a p o -  
rous  oxide .  E v e n  m o r e  i m p o r t a n t  is t h e i r  o b s e r v a t i o n  
t ha t  loss of con tac t  b e t w e e n  the  ox ide  and  t h e  m e t a l  
does occur  at  t he  co rne r s  of i n t e n t i o n a l l y  cu t  r e c -  
t a n g u l a r  g rooves  and  a t  t he  p e a k s  of t r i a n g u l a r  
grooves .  T h e i r  p h o t o g r a p h s  show d i r e c t l y  t h a t  the  
ox ide  fi lm canno t  fo l low p e r f e c t l y  a r o u g h  r e c e d i n g  
sur face .  

F l a w s  a re  also i n t r o d u c e d  u p o n  r e f o r m i n g  a spec i -  
m e n  c o n t a i n i n g  a c r ack  in a p r e v i o u s l y  f o r m e d  film. 
F i g u r e  24 shows  such f laws on a s p e c i m e n  w h i c h  had  
been  f o r m e d  to 195v to p r o d u c e  a 3100A film, b e n t  to 
c r a c k  the  film, and  r e f o r m e d  to 195v; t he  c r a c k  is t he  
h o r i z o n t a l  l ine  in  t he  p h o t o g r a p h .  Most  of t h e  f laws 
a p p e a r  d a r k  in  th is  p h o t o g r a p h  because  of t he  s m a l l  
sizes of t he  flaws. U n d e r  t he  mic ro scope  t h e  p i n k  
color  of the  f laws can  be  seen.  The  c r ack  in  t h e  film 
is n e c e s s a r y  for  t h e  c r e a t i o n  of such flaws,  s ince  
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Fig. 24. Flaws (dark colored) in a reformed crack in a 3100A 
film. 50OX. 

METAL 

Fig. 25. Arrows show direction of ionic motion during growth 
of a flaw. 

p las t i c  d e f o r m a t i o n  of a s p e c i m e n  p r i o r  to a n y  f i lm 
f o r m a t i o n  does  no t  i n t r o d u c e  f laws a long  s l ip  l ines.  
F l a w s  a re  p r o d u c e d  at  t he  c r a c k  on r e f o r m a t i o n  b e -  
cause  t he  n e w  fi lm b e i n g  f o r m e d  is c o n s t r a i n e d  b y  
the  s ides  of t he  c r a c k  a n d  hence  canno t  fo l low t h e  
r e c e d i n g  m e t a l  su r f ace  a t  t h e  base  of t h e  crack .  I t  is 
p r o b a b l y  for  th is  r ea son  t h a t  f laws canno t  be  e n -  
t i r e l y  r e m o v e d  f r o m  a f i lm b y  r e p e a t e d  cycles  of 
f o r m i n g  and  e tch ing .  

Summary 
The  p i c t u r e  of f laws and  t h e i r  f o r m a t i o n  w h i c h  

e m e r g e s  f r o m  these  s tud ies  is t he  fo l lowing .  I f  t h e  
su r f ace  of t he  t a n t a l u m  conta ins  some r e g i o n  on 
w h i c h  f i lm f o r m a t i o n  is s t r o n g l y  h i n d e r e d  for  some  
reason ,  t h e n  th is  r eg ion  can  be  s u r r o u n d e d  b y  
g r o w t h  of t h e  f i lm p a r a l l e l  to t he  sur face .  The  f i lm 
th i cknes s  in  t h e  r eg ion  of the  f law is d i m i n i s h e d  b e -  
cause  t he  f ield m u s t  pu l l  t a n t a l u m  ions  f r o m  ou t s ide  
t he  r e g i o n  of t he  f law into  i ts  cen te r ,  as s h o w n  
s c h e m a t i c a l l y  in  Fig.  25. The  a n n u l a r  dep re s s ion  on 
the  m e t a l  su r f ace  s u r r o u n d i n g  the  f law r e su l t s  f r o m  
the  a d d e d  m e t a l  c o n s u m p t i o n  in  t h a t  r eg ion ,  w h i c h  
m u s t  s u p p l y  the  f i lm b o t h  i m m e d i a t e l y  above  i t se l f  
a n d  also a b o v e  the  flaw. Note  t h a t  i t  is e s sen t i a l  to  
th is  m o d e l  of the  f law t h a t  no con tac t  ex i s t  b e t w e e n  
the  f i lm and  the  m e t a l  in  t he  i m m e d i a t e  v i c i n i t y  of 
t h e  flaw, for  if  such  con tac t  d id  ex i s t  t h e  t h in  r eg ion  
cou ld  t h i c k e n  to t he  n o r m a l  va lue .  

M a n y  su r f ace  cond i t ions  can h i n d e r  f i lm f o r m a t i o n  
a n d  c r e a t e  flaws. F o r m a t i o n  on  c o m p o u n d s  is p r e -  
s u m a b l y  h i n d e r e d  b y  the  r e s i d u e  ( fo r  ins tance ,  c a r -  
bon  or  n i t r o g e n )  l e f t  a f t e r  some of t h e  t a n t a l u m  is 
ex t r ac t ed .  The  o x y g e n  of an  ox ide  m a y  no t  be  ab l e  to  
f ind i ts  p r o p e r  pos i t ions  in  t h e  g r o w i n g  f i lm and  
hence  d i s r u p t  f i lm fo rma t ion .  F o r e i g n  subs t ances  
such as g r ea se  and  p a r t i c l e s  can  b l o c k  f i lm f o r m a t i o n  
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m e c h a n i c a l l y .  The  d i f fe ren t  g r o w t h  r a t e s  of c r y s t a l -  
l ine  oxides ,  subox ides ,  and  a m o r p h o u s  ox ides  can  
cause  s t resses  w h i c h  could  c r a c k  t h e  f i lm or  cause  i t  
to s e p a r a t e  f r o m  the  subs t r a t e .  V e r y  s m a l l  p a r t i c l e s  
a r e  e v i d e n t l y  effect ive.  S u r f a c e  r o u g h n e s s  m a y  r e -  
su l t  in c racks  or  losses of con tac t  because  of s t resses  
g e n e r a t e d  as t he  f i lm a t t e m p t s  to  fo l low the  m e t a l  
su r f ace  w h i c h  is no t  on ly  r e c e d i n g  b u t  a lso  c h a n g i n g  
shape  as f o r m a t i o n  p roceeds .  C r a c k s  in  p r e - e x i s t i n g  
f i lms p r e s e n t  g e o m e t r i e s  w h i c h  cause  f laws on r e -  
fo rma t ion .  P o s s i b l y  o x y g e n  gas  b u b b l e s  f o r m e d  a t  
some of these  su r f ace  r eg ions  a r e  e m b e d d e d  in t he  
g r o w i n g  film. 

D u r i n g  the  g r o w t h  of a h e a v i l y  f l awed  f i lm a t  
cons t an t  c u r r e n t  t he  v o l t a g e  of ten  r i ses  a b n o r m a l l y  
r a p i d l y  because  a t h i n n e r  f i lm is p r o d u c e d  on some 
reg ions  of  t he  su r f ace  so t h a t  f e w e r  cou lombs  a r e  
r e q u i r e d  to r e a c h  a g iven  vo l t age .  Desp i t e  t h e  fac t  
t h a t  t h e  a v e r a g e  t h i c k n e s s  of a f i lm con t a in ing  f laws 
is less  t h a n  t h a t  of a p e r f e c t  f i lm f o r m e d  u n d e r  t h e  
s ame  condi t ions ,  t he  c a p a c i t a n c e  of t he  f l awed  f i lm is 
less t h a n  t h a t  of t he  p e r f e c t  film. The  d e c r e a s e d  
c a p a c i t a n c e  p r e s u m a b l y  r e su l t s  f r o m  t h e  loss  of con-  
t a c t  b e t w e e n  the  f i lm a n d  t h e  m e t a l  in  t he  v i c i n i t y  of  
t he  flaw. 

Mos t  of t he  f laws a p p a r e n t l y  a r e  c losed  so t h a t  
con tac t  b e t w e e n  e l e c t r o l y t i c  so lu t ions  and  the  m e t a l  
is p r e v e n t e d .  H y d r o f l u o r i c  ac id  opens  m a n y  of t he  
f laws in  a 2400A f i lm in a f ew  seconds  and  mos t  f laws 
in 30 sec. P o s s i b l y  t he  c e n t e r  of  t he  f law is on ly  
t h i n l y  cove red  w i t h  a b r i d g e  of oxide .  S o m e  of t he  
f laws a re  c r a c k e d  a n d  a p p a r e n t l y  open  to t he  e lec -  
t ro ly t e .  I t  is l i k e l y  t h a t  t h e  ox ide  f i lm i m m e d i a t e l y  
ove r  t he  c e n t e r  of t he  f law is u n d e r  a t ens i l e  s t ress ,  
s ince  t he  ox ide  m u s t  b e n d  w i t h  t he  cen t e r  of t he  
f law as a p i v o t  p o i n t  in  o r d e r  to fo l low the  r e c e d i n g  
m e t a l  sur face .  Such  s t ress  m a y  l ead  to  c r a c k i n g  as 
t he  f i lm th i ckens ,  and  m a y  also a c c e l e r a t e  cor ros ion  
of t he  f i lm in hyd ro f luo r i c  acid.  

W h i l e  mos t  of t he  o b s e r v a t i o n s  d e s c r i b e d  in  th is  
p a p e r  w e r e  m a d e  on f i lms t h i c k e r  t h a n  2000A f laws 
a re  also p r e s e n t  in t h i n n e r  films. F l a w s  can  be  seen 
in t he  op t ica l  m ic ro scope  in  750A films. The  p r e s e n c e  
of f laws can  be  i n f e r r e d  in  100A f i lms b y  t h e  effect  
of a 1-sec  e tch  in  hyd ro f luo r i c  ac id  on the  c u r r e n t  
in a r e d o x  e l ec t ro ly t e .  F i n a l l y  even  a 20A fi lm has  
some areas ,  p r e s u m a b l y  f laws,  of  e a sy  m e t a l  e l ec -  
t rodepos i t i on .  

F l a w s  h a v e  b e e n  o b s e r v e d  in  anodic  f i lms on  n i o -  
b i u m  and  z i rcon ium,  a n d  p r e s u m a b l y  t h e y  occur  in 
o the r  anodic  f i lms w h e r e  t h e i r  o b s e r v a t i o n  is m a d e  
diff icult  b y  the  absence  of  s u i t a b l e  i n t e r f e r e n c e  
colors.  
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ABSTRACT 

The apparen t  optical  an iso t ropy of porous oxide films on anodized a luminum 
is shown to be due to var ia t ions  in the incl inat ion of the  pores  above different  
c rys ta l  or ientat ions  in the meta l  substrate .  This var ia t ion  is an addi t ional  
factor  which mus t  now be inc luded in the  basic p ic ture  of the  ce l lu lar  s t ruc ture  
of these films. The conditions necessary  for the  observat ion of this phenomenon 
by  means  of e lect ron microscopy are  discussed. 

I t  has  been  k n o w n  for  s e v e r a l  y e a r s  t ha t  c e r t a i n  
anod iz ing  t r e a t m e n t s  p r o d u c e  a l u m i n u m  sur faces  
wh ich  a p p e a r  to be o p t i c a l l y  an i so t rop ic  since, w h e n  
v i e w e d  u n d e r  p o l a r i z e d  l ight ,  g r a i n s  of d i f fe r ing  
o r i e n t a t i o n  a r e  r e v e a l e d  in  d i f fe r ing  cont ras t .  V a r i -  
ous a u t h o r s  (1 -6 )  h a v e  a d v a n c e d  e x p l a n a t i o n s  of 
th is  effect, a l t h o u g h  l i t t l e  conc lus ive  e x p e r i m e n t a l  
ev idence  has  been  p rov ided .  

The  p r e s e n t  i nves t i ga t i on  has  used  e l ec t ron  m i c r o -  
scopic  m e t h o d s  to d e m o n s t r a t e  d i r e c t l y  the  r ea son  
for  th is  a p p a r e n t  an i so t ropy .  

Hone  and  P e a r s o n  (1)  used  a phospho r i c  ac id  
based  e l e c t r o l y t e  to anod ize  a l u m i n u m  and  r e v e a l  
i ts  g r a i n  s t ruc tu re .  The  e l e c t r o l y t e  was  k e p t  a t  
20~ f o r m a t i o n  was  b e g u n  a t  20v and  i n c r e a s e d  to 
50v a f t e r  a f ew  seconds.  A f i lm of sufficient  t h i c k -  
ness  to d isc lose  the  g r a i n  s t r u c t u r e  d e v e l o p e d  a f t e r  
a b o u t  5 rain,  bu t  for  o p t i m u m  re su l t s  t he  t r e a t m e n t  
was  p r o l o n g e d  to 20 rain.  L a c o m b e  (2)  and  L a c o m b e  
and  B e a u j a r d  (3)  f o u n d  t h a t  shor t  anod i za t i on  t imes  
in  su l fu r i c  acid,  g iv ing  a f i lm th i ckness  of t he  o r d e r  
of a w a v e l e n g t h  of v i s ib le  l ight ,  p r o d u c e d  g r a i n  
v i s i b i l i t y  in n a t u r a l  l ight .  A t  a m o d e r a t e  c u r r e n t  
d e n s i t y  (e.g., 1.5 a m p / d i n  ~) the  effect d i s a p p e a r e d ,  
b u t  i t  r e a p p e a r e d  at  h igh  c u r r e n t  dens i t i es  (e.g., 27 
a m p / d m  ~ for  5 ra in ) .  

H e r e n g u e l  and  L e l o n g  (4)  c l a im to h a v e  s h o w n  
b y  m e a n s  of an  i n t e r f e r e n c e  m e t h o d  t h a t  the  color  
d i f fe rences  a r e  due  so le ly  to v a r i a t i o n s  in  t he  ox ide  
th i ckness  f rom g r a i n  to gra in ,  the  r e f r a c t i v e  i n d e x  
of t he  o x i d e  be ing  cons t an t  a t  1.58. H u b e r  (5)  r e -  
j e c t e d  the  pos s ib i l i t y  t h a t  t he  m a t e r i a l  of t he  anod ic  
f i lm was  b i r e f r i ngen t ,  and  hence  r e s p o n s i b i l i t y  for  
t he  an i so t ropy ,  on the  g r o u n d s  t h a t  t he  subs t ance  
of the  f i lm is an  i so t rop ic  oxide .  He also showed  
t h a t  the  b i r e f r i n g e n c e  d i s a p p e a r e d  w h e n  the  f i lm 
was  i m p r e g n a t e d  w i t h  a l i qu id  h a v i n g  the  s a m e  
r e f r a c t i v e  i n d e x  as t ha t  of t he  ox ide  and  sugges t ed  
t h a t  the  b i r e f r i n g e n c e  was  d i r e c t l y  connec t ed  w i t h  

the  p re sence  of po re s  in t he  film. Hone  and  P e a r s o n  
(1)  cons ide r  t ha t  the  pores  con t ro l  the  f i lm t h i c k -  
ness at  each  g r a i n  and  sugges t  t ha t  t h e r e  is " some  
r e l a t i o n s h i p  b e t w e e n  the  a n g l e  of a p o r e - l i k e  s t r u c -  
t u r e  and  the  f i lm th ickness .  I t  m i g h t  be  t h a t  the  
l eng th  of p o r e - l i k e  uni t s  is cons t an t  f r o m  g r a i n  
to g r a in :  w h e n  the  pores  a r e  v e r t i c a l  to t he  p o l i s h e d  
face, the  f i lm w o u l d  t hen  r each  i ts  m a x i m u m  t h i c k -  
ness;  when  the  pores  a r e  a t  an  angle ,  the  f i lm ac -  
c o r d i n g l y  w o u l d  be  t h i n n e r . "  

P e r r y m a n  (6) h o w e v e r ,  t a k e s  t he  v i ew  t h a t  the  
a n i s o t r o p y  effect m a y  be  due  e n t i r e l y  to t he  t o p o g -  
r a p h y  of t he  anod ized  sur face ,  and  not  due  to 
a n i s o t r o p y  of t he  o x i d e  film. 

E d w a r d s  and  K e l l e r  (7)  a n d  K e l l e r  et al. (8)  u sed  
op t i ca l  and  e l ec t ron  mic ro sc ope  e x a m i n a t i o n  of 
cross  sect ions,  s t r i p p e d  ox ide  films, and  r ep l i ca s  of 
the  m e t a l  su r f a c e  b e n e a t h  f i lms to  s h o w  t h a t  t h e  
anodic  f i lm cons i s ted  of a c lose p a c k e d  a r r a y  of 
ox ide  cells,  each  con ta in ing  a c e n t r a l  pore .  Con-  
f i rma t ion  of th is  s t r u c t u r e  has  been  o b t a i n e d  b y  
Booke r  et at. (9)  f r o m  e x a m i n a t i o n  of r ep l i ca s  t a k e n  
f rom cross  sec t ion  of t h i c k  (,-~30~) po rous  coa t ings  
p r o d u c e d  in su l fu r i c  ac id  e l ec t ro ly te s .  H o w e v e r ,  
n e i t h e r  of these  g roups  of w o r k e r s  g ive  a n y  i n d i c a -  
t ion  t h a t  t h e y  d e t e c t e d  change  in  po re  d i r ec t ion  
or  d i s t r i b u t i o n  w i t h  g ra in  o r i en ta t ion ,  a n d  this  
m i g h t  h a v e  been  e x p e c t e d  if  p r e v i o u s  e x p l a n a t i o n s  
of the  a n i s o t r o p y  effect  a r e  correct .  

Experimental Details 
A l u m i n u m . - - T h e  a l u m i n u m  used  t h r o u g h o u t  the  

i nve s t i ga t i on  was  99.99% p u r e  ro l l ed  a n n e a l e d  foi l  
0.002 in. th ick .  W i t h  one e x c e p t i o n  the  spec imens  
w e r e  p r e p a r e d  f rom s t r ips  of  th is  foi l  c l eaned  b y  
i m m e r s i o n  in 3% s o d i u m  h y d r o x i d e  at  30~ for  
2 min.  A s ingle  s p e c i m e n  was  e l e c t r o p o l i s h e d  in a 
s t a n d a r d  e t h y l  a l c o h o l - p e r c h l o r i c  ac id  b a t h  (10) .  
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Electrolytes and forming condi t ions . - -Two differ-  
ent  e lect rolytes  were  used:  (a) 2% chromic acid 
and  3% phosphoric  acid, and  (b)  4% phosphor ic  
acid. Elec t ro ly te  (a) had p rev ious ly  been  used in  
other  expe r imen t s  and  had  been  found  to produce  
an oxide con ta in ing  large d i ame te r  pores. Af te r  
the effects to be descr ibed had  been  observed wi th  
this e lec t rolyte  the inves t iga t ions  were  repea ted  
and  ex tended  us ing  the phosphoric  acid e lec t ro ly te  
to ensure  tha t  the observa t ions  were  not  due to 
ar t i facts  caused by the h igh so lubi l i ty  of the anodic  
coat ing in the mixed  acid solut ion.  

Elec t ro ly te  (a) was employed  wi th  a va r i e ty  of 
t empe ra tu r e ,  t ime  and  cu r r en t  dens i ty  condit ions.  
For  e lec t ro ly te  (b)  the  t e m p e r a t u r e  and  fo rma t ion  
vol tage were  s t andard ized  at 20~ 40v, and  only  
the t ime of anodiza t ion  was  var ied.  

263 

Film Thickness Measurement  

It  was found  necessary,  for reasons  which  wi l l  
appear  later ,  to have  an  accura te  m e a s u r e m e n t  of 
the th ickness  of each anodic  film specimen.  

Anodic  films were  s t r ipped f rom the  a l u m i n u m  by  
the w e l l - k n o w n  a m a l g a m a t i o n  me thod  (11) wi th  
mercur ic  chloride,  washed  tho rough ly  in dis t i l led 
water ,  and  f inal ly  floated on a c lean  wa te r  surface.  
A glass cover slide was d ipped into the  wa t e r  at 
about  45~ to the  surface  and  the oxide f r agme n t s  
coaxed nea r  to the glass surface wi th  a needle.  W h e n  
the slide was  gen t ly  w i t h d r a w n  the  wet  f r agme n t s  
f la t tened aga ins t  the glass. They  were  t hen  dr ied  
wi th  a w a r m  air  b las t  d i rec ted  n o r m a l l y  on to the 
slide. Care had to be t aken  not  to overhea t  the  oxide 
f ragments ,  as they  t hen  peeled off the  glass. 

The film th ickness  was m e a s u r e d  d i rec t ly  by  
means  of a Tay lor  Hobson T a l y s u r f  (12, 13). The 
i n s t r u m e n t  p roved  to be e m i n e n t l y  su i tab le  for 
quick and  accura te  film th ickness  measu re me n t s .  
Cur led  edges and  folds in  the films (a possible 
source of e r ror )  could easi ly  be ident if ied f rom the 
traces. A conven i en t  ver t ica l  magni f ica t ion  was 
X20,000, which  gave a th ickness  m e a s u r e m e n t  ac- 
cura te  to abou t  --+ 10%, on films r a n g i n g  f rom 1500 
to 8300A. The average  of five read ings  across sev-  
eral  d i f ferent  f r agmen t s  was ob ta ined  for each speci-  
men.  

Electron Microscopy 

The e lec t ron  microscope used for the p resen t  i n -  
ves t iga t ion  was  an  RCA EMC-2 opera t ing  at 30 kv. 
This microscope has no double  condense r  lens, and  
hea t ing  of the  spec imens  p resen ted  some p rob lems  
since the compa ra t i ve ly  th ick  oxide films were  ob-  
served to buck le  and  sl ide a r o u n d  on the i r  suppor t  
grids if they  were  m o u n t e d  dry. To overcome this  
each film was m o u n t e d  on one gr id whi le  wet,  dr ied  
in  air, and  t h e n  t r an s f e r r ed  to a second grid, made  
s t icky wi th  ace tone -mo i s t ened  "se l lo tape"  adhesive,  
by  press ing  the second gr id on top of the  m o u n t e d  
film. The  or ig ina l  gr id  was  t hen  discarded.  I t  was 
also found  necessary  to use a film which  comple te ly  
covered the  grid, so tha t  the gr id  ho lder  gr ipped the  
edges of the  film and  held i t  flat. 

Fig. 1. Typical transmission micrograph of a porous film 1~ 
thick. Magnification approximately IO00X. 

The films were  e x a m i n e d  in  the fo l lowing way.  A 
su i t ab le  area was selected at  a magni f ica t ion  of X500, 
and  mic rographs  ob ta ined  of this area in  the  five 
possible " s te reo- t i l t "  positions,  i.e., --10 ~ --5 ~ 0 ~ 
-{-5 ~ +10  ~ (angles  b e t w e e n  the inc iden t  e lec t ron  
b e a m  and  a n o r m a l  to the spec imen  sur face) .  If re -  
quired,  the same area  was t h e n  pho tographed  in  
these five posi t ions at  a h igher  magnif ica t ion.  

The topography  of the a l u m i n u m  b e n e a t h  the  an -  
odic coat ings was  e x a m i n e d  by  dissolving the  coat-  
ings in  a hot phosphor ic -ch romic  acid m i x t u r e  (8) 
and  t a k i n g  di rect  ca rbon  repl icas  (14) f rom the 
me ta l  surfaces.  These repl icas  were  s u b s e q u e n t l y  
shadowed at a g lanc ing  angle  w i th  ch romium.  

Experimental  Results 

The s t r ipped oxide films v iewed  in  t r ansmis s ion  in  
the e lec t ron  microscope appeared  as opaque  solids 
p ierced  w i th  t i n y  holes and  cor responded  in  most  
cases w i th  the  t r ansmis s ion  mic rographs  shown  by  
Kel le r  et al. (8) .  However ,  it was  found  tha t  u n d e r  
ce r ta in  condi t ions  low magni f ica t ion  mic rographs  re -  
vea led  a g ra in  s t r uc t u r e  s imi la r  to t ha t  g iven  by  an  
anisot ropic  coat ing v iewed  u n d e r  polar ized light. 
F igure  1 shows such a micrograph ,  ob ta ined  f rom a 
fi lm fo rmed  in  the  m i x e d  phosphor i c -ch romic  acid 
ba th  at 90~ and  c u r r e n t  dens i ty  of 0.25 a m p / c m  2 
for 1 min .  These condi t ions  give a film 1~ thick. 
The pa ra l l e l  scores across the  mic rog raph  are  the 
traces of scratches on the or ig ina l  a l u m i n u m  su r -  
face, p roduced  d u r i n g  the  p roduc t ion  of the foil, 
and  rep l ica ted  by  the  oxide film. 

F igures  2a, 2b, and  2c show a di f ferent  a rea  of this  
film, and  its appearances  in  th ree  of the  five s tereo-  
posit ions.  E x a m i n a t i o n  of these  mic rographs  i nd i -  
cates tha t  both  ac tua l  and  re la t ive  cont ras t  of each 
"g ra in"  changed  wi th  the angle  of the spec imens  to 
the inc iden t  e lec t ron  beam.  Opt ical  e x a m i n a t i o n  of 
the  or ig ina l  anodized a l u m i n u m  u n d e r  polar ized 
l ight  gave a s imi la r  effect w h e n  the spec imen  was  
rotated.  



264 J O U R N A L  OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  April 1963 

Fig. 2. Effect of t i l t ing specimen relative to incident electron 
beam: 2a (top) ~- 10 ~ t i l t ;  2b (center) 0 ~ tilt; 2c (bottom) 
- -  10 ~ tilt. Magnification approximately IO00X. 

Figures 3a, 3b, and 3c show individual pores re-  
solved, at higher magnification, in three grains 
meeting at a triple boundary. The appearance of 
specific pores can be followed in the three tilt posi- 
tions, as shown in Fig. 4a, 4b, and 4c. 

The grain contrast effect was examined in detail 
for the 4% phosphoric acid electrolyte. Five different 

Fig. 3. Individual pares resolved in oxide coating above a trlpfe 
grain boundary area: 3a (top) -~ I0  ~ t i l t ;  3b (center) 0 ~ tilt; 
3c (bottom) ~ 10 ~ ti lt.  Magnification approximately 11,000X. 

anodization times were employed, to give five films 
of different thickness, at a constant formation vol- 
tage of 40v (20~ Each film was stripped from the 
aluminum, and its thickness determined with the 
Talysurf. They were then examined in the five dif- 
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Fig. 6. Appearance of pores at four different film thicknesses. 

Fig. ,4. Change in appearance of individual pores with tilt of 
specimen: 4a (top) + 10 ~ tilt; 4b (center) 0 ~ tilt; 4c (bottom) 
- -  10 ~ tilt. Magnification approximately 28,500X. 

f e r en t  t i l t  pos i t ions  in t he  e l ec t ron  microscope .  The  
re su l t s  of these  e x a m i n a t i o n s  a r e  s h o w n  in Fig.  5. 

Explanation of Grain Contrast Ef#ect 

If  the  anod ic  spec imens  w e r e  c o m p l e t e l y  n o n p o r -  
ous, t h e n  t h e i r  t h i ckness  w o u l d  r e n d e r  t h e m  o p a q u e  
to the  e l ec t ron  beam.  In  fact ,  an  i m a g e  is on ly  p r o -  
d u c e d  because  p a r t  of  t he  i nc iden t  b e a m  can  pass  
t h r o u g h  bo th  po re s  a n d  the  b a r r i e r  l a y e r  (8)  a t  t he  

z GRAINS WELL-DEFINED 
o ORA,NS i / f  i ~ .  c 
U NOT 'FAINTLY 

O.~ VISIBLE VISIBLE - ~ - / - ~  ! 

uJ O.E 

~ 0 . 4  

- J  

u 0.2 , i � 9  | �9 ELECTROPOLISHED 
~ BEFORE ANODISATION 

0 / <z I I 
Oo IO 15 20 25 30 

FORMATION TIME ]N MINS, 

Fig. 5. Variation of oxide film thickness with formation time. 
Anodization at 40v 20~ in 4% phosphoric acid. 

pore  bases .  The  b a r r i e r  l a y e r  fo r  a 40v f o r m a t i o n  in 
phospho r i c  ac id  is not  g r e a t e r  t h a n  500A th ick ,  and  
p r o b a b l y  m u c h  less,  and  w i l l  t r a n s m i t  mos t  of t he  
beam.  Thus  the  pores  t h e m s e l v e s  m u s t  be  s ens ib ly  
p a r a l l e l  to t he  i n c i d e n t  e l e c t r o n  beam.  H o w e v e r ,  
s l igh t  t i l t i ng  of t he  pores  wi l l  no t  c o m p l e t e l y  e l i m -  
ina te  t r a n s m i s s i o n  of t he  b e a m ,  a n d  the  p r o p o r t i o n  
a l l o w e d  t h r o u g h  wi l l  t hen  d e p e n d  bo th  on the  ang le  
of t i l t  of the  po re s  and  the  t h i cknes s  of t he  film. 
F i g u r e  6 i l l u s t r a t e s  th is  d i a g r a m m a t i c a l l y  ( the  b a r -  
r i e r  l a y e r  has  been  o m i t t e d  for  s i m p l i c i t y  and  the  
pores  h a v e  no t  been  d r a w n  to sca le ) .  

The  e x p l a n a t i o n  of t he  c o n t r a s t  d i f fe rences  b e t w e e n  
g ra in s  t h e r e f o r e  a p p e a r s  to be  t h a t  (a )  po re s  in  the  
ox ide  f i lm on d i f fe ren t  g r a in s  a r e  t i l t e d  w i t h  r e spec t  
to one ano the r ,  a l t h o u g h  the  po re s  c o r r e s p o n d i n g  to 
a n y  one g r a i n  a r e  a l l  p a r a l l e l  to each  o ther ,  a n d  (b)  
the  ox ide  th i ckness  is sufficient  to p r o d u c e  a d e t e c -  
t a b l e  d i f fe rence  b e t w e e n  the  p r o j e c t e d  po re  images  
of d i f fe ren t  gra ins .  

The  c r u x  of th is  e x p l a n a t i o n  is t ha t  bo th  fac tors  
(a )  and  (b)  m u s t  be  fu l f i l led  in o r d e r  to ge t  t he  con-  
t r a s t  effect. I t  is b e l i e v e d  t h a t  f a i l u r e  to s a t i s fy  con-  
d i t ion  (b )  is t h e  r ea son  w h y  no g r a i n  effect  is to be  
seen  in t he  t r a n s m i s s i o n  ox ide  m i c r o g r a p h s  of K e l l e r  
et aI. (8 ) .  A l t h o u g h  no t imes  of f o r m a t i o n  o r  coa t ing  
th i cknesses  w e r e  g iven  in  th is  p a p e r ,  H u n t e r  (15) 
has  s t a t e d  t h a t  t imes  of t he  o r d e r  of 5 m i n  w e r e  used  
for  t he  p h o s p h o r i c  ac id  fo rma t ions .  F i g u r e  5 shows  
t h a t  th is  t ime  is insuff ic ient  to r e v e a l  the  g r a i n  s t r u c -  
t u r e  c l ea r ly ,  a l t h o u g h  b y  e x a m i n a t i o n  of such  spe -  
c imens  in  t he  e x t r e m e  t i l t  pos i t ions  (----10 ~ t h e  
s t r u c t u r e  m i g h t  j u s t  be  a p p a r e n t .  A n o t h e r  poss i -  
b i l i t y  is t h a t  t he  g r a i n  size of t he  a l u m i n u m  
was  too l a r g e  for  t he  effect to be  a p p a r e n t  in  e lec -  
t r o n  mic ro scope  e x a m i n a t i o n s .  

A n  a d d i t i o n a l  p a r a m e t e r  w h i c h  inf luences  t he  p r o -  
p o r t i o n  of t he  e l e c t r o n  b e a m  t r a n s m i t t e d  t h r o u g h  an  
ox ide  f i lm in t he  v a r i o u s  t i l t  pos i t ions  is t he  d i a m e t e r  
of t he  pores .  The  4 % p h o s p h o r i c  ac id  ox ide  f i lm con-  
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t a ins  po re s  of d i a m e t e r  ,-~ 330A (see  l a t e r ) .  I f  such 
a set  of p a r a l l e l  po res  a r e  t i l t e d  5 ~ f r o m  a pos i t ion  
p a r a l l e l  w i t h  t he  i n c i d e n t  b e a m  c o m p l e t e  b l a c k i n g  
out  of t he  pores  wi l l  occur  if  t he  f i lm th i ckness  is 
g r e a t e r  t h a n  (330 cot  5~  i.e. ~0.38#. F o r  th is  
r ea son  mos t  of t he  m i c r o g r a p h s  shown  a re  of t he  
p h o s p h o r i c - c h r o m i c  ac id  f i lms in  w h i c h  the  m u c h  
l a r g e r  ( N  900A) po re  d i a m e t e r  e n a b l e d  the  fu l l  t i l t -  
ing r a n g e  to be  e m p l o y e d  for  a w ide  r a n g e  of f i lm 
th icknesses .  

Cell  Base  S t r u c t u r e  

K e l l e r  et al. (8)  h a v e  s h o w n  t h a t  each  cel l  in  the  
porous  ox ides  consis ts  of a h e x a g o n a l  co lumn  of 
ox ide  c o n t a i n i n g  an  a x i a l  pore ,  m o u n t e d  a b o v e  a 
nonporous  cel l  base.  Thus,  if g roups  of po re s  a re  
t i l t ed  w i t h  r e s p e c t  to each  other ,  t h e i r  c o r r e s p o n d -  
ing  cel l  bases  m i g h t  also be  t i l t ed .  E x a m i n a t i o n  of 
r ep l i ca s  of a l u m i n u m  sur faces  b e n e a t h  such  ox ide  
l a y e r s  has  s h o w n  t h a t  th is  does occur,  a l t h o u g h  a g a i n  
the  l a y e r s  m u s t  be  g r e a t e r  t h a n  a c e r t a i n  m i n i m u m  
th i ckness  for  the  effect  to be obse rved .  

F i g u r e  7 shows  a t y p i c a l  e x a m p l e  of t he  cel l  ba se  
s t r u c t u r e  b e n e a t h  a p h o s p h o r i c - c h r o m i c  ac id  coa t -  
ing at  a t r i p l e  g r a i n  b o u n d a r y  pq,  rq,  sq, s e p a r a t i n g  
g r a in s  A, B, and  C. A l t h o u g h  i t  is diff icult  to assess  
q u a n t i t a t i v e l y  the  t i l t  b e t w e e n  g r a i n s  A and  B, t he  
effect is v i s u a l l y  ev iden t .  B o u n d a r i e s  pq  and  r q  a r e  
also c l e a r l y  de l inea t ed .  B o u n d a r y  sq is less d is t inc t ,  
p a r t l y  because  t he  s h a d o w i n g  d i r ec t i on  is n e a r l y  
p a r a l l e l  w i t h  the  b o u n d a r y  a n d  p a r t l y  because  t he  
a n g u l a r  c r a t e r - t i l t  d i f fe rence  b e t w e e n  B and  C is 
s m a l l e r  t h a n  t h a t  b e t w e e n  A and  B or  A and  C. 

Op t i ca l  e x a m i n a t i o n  of  t he  a l u m i n u m  su r faces  
a f t e r  d i s so lu t ion  of the  anodic  fi lms s h o w e d  the  
g r a i n  b o u n d a r i e s  c l ea r ly ,  a l t h o u g h  of course  t he  cel l  
bases  w e r e  not  r e so lved .  

Porous  Ox ide  Cel l  S t r u c t u r e  

I t  has  been  p r e v i o u s l y  cons ide red  t h a t  t h r e e  p a -  
r a m e t e r s  a r e  sufficient  to spec i fy  t he  po rous  s t r u c -  
t u r e  p r o d u c e d  b y  a p a r t i c u l a r  set  of f o r m a t i o n  con-  
d i t ions :  ( i )  po re  d i a m e t e r ,  ( i i )  ce l l  size, ( i i i )  n u m -  
be r  of pores  (or  ce l ls )  p e r  un i t  a rea .  

I t  is n o w  a p p a r e n t  t h a t  t he  ang le  of t i l t  of t he  
pores  shou ld  also be  i n c l u d e d  in  th is  list .  T a b l e  I 
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Fig. 7. Replica of cell base structures on three grains A, B, and 
C. Grain boundaries are pq, rq, and sq. Magnification approxi- 
mately 9000X. 

shows  va lues  o b t a i n e d  in  th i s  i n v e s t i g a t i o n  c o m p a r e d  
w i t h  the  c o r r e s p o n d i n g  v a l u e s  of K e l l e r  et  al. (8)  
for  the  4 % phospho r i c  e l e c t r o l y t e  f o r m a t i o n s  a t  20 ~ 
and  40v. A g r e e m e n t  is g e n e r a l l y  v e r y  good. 

T h e r e  is e x p e r i m e n t a l  ev idence ,  e.g., B o o k e r  et al. 
(9) ,  t h a t  t he  pores  w i d e n  on the  e l e c t r o l y t e  s ide  of  
t he  film. This  has  no t  been  i n v e s t i g a t e d  in  the  p r e s -  
en t  work ,  and  the  po re s  have  been  cons ide r ed  as 
p a r a l l e l  tubes .  I f  the  po re s  do w i d e n  at  t he  o u t e r  
sur face ,  t hen  the  f i lms can  be  t i l t ed  t h r o u g h  g r e a t e r  
ang les  w i t h  r e s p e c t  to t h e  i n c i d e n t  b e a m  of e l ec t rons  
be fo re  g r a in s  " b l a c k - o u t "  comple t e ly .  H o w e v e r ,  th is  
on ly  affects t he  a c t u a l  m a g n i t u d e  of t he  a n g u l a r  t i l t  
of t he  pores ,  n o t  t he  q u a l i t a t i v e  bas is  of t he  a r g u -  
ment .  

Conclusions 

This  i n v e s t i g a t i o n  has  d e m o n s t r a t e d  d i r e c t l y  t h a t  
the  d i r ec t ion  of pores  t h r o u g h  porous  anod ic  f i lms is 
r e l a t e d  to  t h e  g r a i n  o r i e n t a t i o n  of the  a l u m i n u m  b e -  
n e a t h  t he  films. I t  is s u g g e s t e d  t h a t  th is  is t he  r ea son  
for  the  a p p a r e n t  op t i ca l  a n i s o t r o p y  of such  films. 

Table I. Values obtained here compared with Keller et al. 

K e l l e r  et  al. (8) 
P a r a m e t e r  M e t h o d  of m e a s u r e m e n t  r e su l t s  P r e s e n t  r e su l t s  

Pore  d iamete r  (i) Direct  measuremen t  f rom s t r ipped 

Cell size 

No. of pores  
pe r  uni t  a rea  

anodic film. 

(ii) Measurement  f rom in te rcept  on 
fo rming-vo l tage /ce ] l - s i ze  plot. 

Distance be tween  cell  base centers  
measured  f rom micrographs  of 

(i) oxide repl icas  

(ii) carbon repl icas  

(i) Direct  count ing of pores in s t r ipped  
oxide micrographs .  

(ii) Direct  count ing of cell bases on 
micrographs  of carbon replicas.  

(ii i)  No detai ls  g iven 

(ii) 330A (ii) 330 • 20A 

(i) 1130A 

(iii)  78 X 108/cm 2 

(ii)  1260 _+ 200A 

74 ___ 15 X 1OS/cm 2 

79 ___ 12 X 108/cm 2 
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Control of AI Corrosion in Caustic Solutions 
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ABSTRACT 

In  aqueous solutions of 1-10M NaOH or KOH the corrosion of A1 can be 
accelera ted  by  chemical  promoters  such as S = (or S H - )  ions and /o r  by  a 
the rmal  r u n a w a y  mechanism,  and inhibi ted  by  surface amalgamat ion ,  espe-  
c ia l ly  wi th  ZnO-sa tu ra t ed  solutions, a n d / o r  by  a lky ld ime thy lbe nz y l a mmon ium 
salts. Corrosion is also m a r k e d l y  reduced  at  h igh anodic cur ren t  densit ies.  

The  use  of A1 anodes  in  a l k a l i n e  p r i m a r y  ba t t e r i e s ,  
as d i scussed  in  an  e a r l i e r  p a p e r  (1 ) ,  d e p e n d s  in l a r g e  
p a r t  on a d e q u a t e  co r ros ion  control .  The  p r e s e n t  
s tud ies  dea l  f irs t  w i t h  t he  a c c e l e r a t i o n  a n d  t h e n  
m a i n l y  w i t h  the  i n h i b i t i o n  of A1 co r ros ion  in a q u e -  
ous so lu t ions  c o n t a i n i n g  1-10M N a O H  or  KOH.  

Experimental Procedure 
The  e x p e r i m e n t s  w e r e  p e r f o r m e d  at  r o o m  t e m -  

p e r a t u r e  w i t h  s t a n d a r d  s t r ip s  of 10 cm 2 t o t a l  su r f ace  
a r ea  A1 g r a d e  1145 con ta in ing  a t  l eas t  99.45% A1, 
--~0.55% (Si  + F e ) ,  ~ 0 . 2 0 %  Mn, and  ~ 0 . 0 9 %  o t h e r  
impur i t i e s .  F o r  qu ick  c o m p a r a t i v e  tes ts ,  s e v e r a l  
Cra ig  cel ls  (2) ,  modi f i ed  as s h o w n  in Fig.  1, w e r e  
used  to r e a d  d i r e c t l y  t h e  v o l u m e  of H2 f o r m e d  b y  
the  cor ros ion  r e a c t i o n  

3 
A1 W 3HeO -t- O H -  --> A I ( O H ) 4 _  -t- --~- H2 [1]  

as a func t ion  of t ime  of i m m e r s i o n  in t he  t e s t ed  
solut ion .  These  r e a d i n g s  w e r e  c o n v e r t e d  bo th  in to  
a v e r a g e  r a t e  of c o n s u m p t i o n  of A1 and  a v e r a g e  loca l  
ac t ion  cor ros ion  c u r r e n t  b y  m e a n s  of t he  conve r s ion  
fac to rs :  1 cc H2 at  300~ and  1 a t m / 1 0  cm2-sec is 
e q u i v a l e n t  to 2.71 x 10 -5 cm (or  0.271~) A1 r e a c t e d /  
sec or  785 m a / c m  2, i.e., 1~ A1 /h r  is e q u i v a l e n t  to 
0.805 m a / c m  ~. 

1 P r e s e n t  addres s :  C o r n i n g  G l a s s  Works ,  B r a d f o r d ,  P e n n s y l v a n i a .  

e P r e s e n t  add re s s :  Rad io  C o r p o r a t i o n  of A m e r i c a ,  Moore s town ,  
N e w  Jersey. 

�9 ~ P r e s e n t  addres s :  R e s e a r c h  a nd  C o n s u l t i n g  Corpora t ion ,  1125 Eas t  
102 St ree t ,  B r o o k l y n  36, Ne w York .  

~ VOLUME 0:" Hz FO~MEL, 

5 7~'/.0 

Fig. 1. Modified Craig cell for comparative corrosion tests 

The  cor ros ion  r a t e  as a func t ion  of a n o d e  c u r r e n t  
d e n s i t y  was  m e a s u r e d  w i t h  t he  a p p a r a t u s  shown  
s c h e m a t i c a l l y  in  Fig .  2. Two po rous  Ni  a i r  ca thodes  
m o u n t e d  on th in ,  flat, sol id  Ni  f r a m e s  w e r e  c l a m p e d  
b e t w e e n  r u b b e r  ga ske t s  a n d  glass  flats on each  side 
of a v e r t i c a l  s u r f a c e - a m a l g a m a t e d  A1 anode  s t r ip  
he ld  f i rmly  at  t he  l o w e r  ( s h o r t e r )  edge  b e t w e e n  an  
F e  na i l  and  a glass  t u b e  pas s ing  t h r o u g h  a r u b b e r  
s topper .  A sha l l ow  pool  of Hg  ju s t  a b o v e  the  s t oppe r  
a s su r e d  c o n t i n u e d  anode  su r f ace  a m a l g a m a t i o n  and  
s a t i s f a c t o r y  e l ec t r i ca l  con tac t  b e t w e e n  the  A1 and  
the  F e  nai l .  W i t h  t he  ca thodes  connec t ed  in  pa r a l l e l ,  
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VbL ' 

' ~ E d T ~ Z Y ~  
Z ~ V s  

Fig. 2. Apparatus for simultaneous current density and corrosion 
rate determinations. 

a n d / o r  boil ing H~O. In view of the high free energy 
of react ion [ 1 ], this type  of chain mechanism would  
be expected at  any Al -aqueous  solutiofi in terface  
were  it not for the protec t ive  layer  of oxide s t rongly  
adher ing to the A1. Even in h ighly  a lka l ine  solutions 
in which the oxide r ead i ly  dissolves, a thin,  s lowly 
dissolving oxide layer  may  st i l l  account for observed 
s teady corrosion ra tes  at  low tempera tures .  The ac-  
t ion of chemical  accelerat ion of A1 corrosion p rob-  
ab ly  consists then of weakening  the coherence 
a n d / o r  adherence  of the protec t ive  layer .  I t  was thus 
observed in the present  studies tha t  addi t ion of 
0.1-t .0M Na~S to solutions of 1.0-3.0M NaOH ren -  
ders them severa l  t imes more corrosive to A1, 4 p rob -  
ab ly  due to the weakening  of the protec t ive  film on 
subst i tu t ion of an O = (or O H - )  by  a S = (or S H - )  
ion. 
Corrosion Inhibition.--Inorganic inhibitors.--Lim- 
i ted inhibi t ion of A1 corrosion in caustic solutions 
by  ZnO is known to occur in the  Zn immers ion  proc-  
ess (4) based on the react ion 

2A1 + 3Zn (OH) 4=-~ 2A1 ( O t t ) 4 -  + 4 O H -  + 3Zn [2] 

z J , o t I I I l o ~  
o J  - -  z o  

0 ~ 

0.4 - -  40 ~ 

~ 0 2  - -  0 20 
5 I0 15 20 25 

ANODE CURRENT DENSITY , i O (mo/cm 2) 

Fig. 3.  Corrosion rate and current efficiency at room temperature 
as functions of current density at surface-amalgamated AI grade 
1 1 4 5  anodes in 3 M  K O H  plus 0 . S M  AI(OH)3 plus on excess of ZnO. 

the cell was discharged through a resis tance decade 
box. Simul taneous  recordings of the vol tage across a 
given s t andard  resis tance and of the volume of H2 
as a function of t ime yie lded the data  shown in 
Fig. 3. 

Thermal and chemical corrosion acceleration.- 
It is wor th  noting first of all  tha t  the corrosion reac-  
t ion [1] dissipates about 1.5 ev or 36 k c a l / g - e q u i v a -  
lent  of free energy (1, 3) corresponding to 4 k c a l /  
(g A1 reac ted) .  This t remendous  energy diss ipat ion 
is localized at the Al -e l ec t ro ly t e  interface and may  
thus give r ise to hot spots if the ra te  of corrosion is 
sufficiently high and /o r  the ra te  of heat  removal  
sufficiently low. Since react ion ra tes  increase r ap id ly  
wi th  t empera tu re ,  the  hot spots may  give rise to a 
kind of chain react ion mechanism which may  come 
to end only af ter  format ion of large  bubbles  of H2 

In p re l imina ry  exper iments ,  the use of ZnO in 10M 
alkal i  solutions was p a r t l y  effective in inhib i t ing  the 
corrosion of A1. However ,  the  l aye r  of Zn formed on 
the A1 tends to flake off on cont inued immersion,  
wi th  a resul t ing corrosion of the A1 at  a ra te  of the  
order  of 10 m a / c m  2. This is about  6 t imes lower  than  
wi thout  the ZnO, but  s t i l l  too high for ba t t e ry  appl i -  
cations. However,  when Hg2SO4 was added to the 
solution, there  was no sign of flaking and the bub-  
bling of H2 appeared  quite low. 

To c lar i fy  the  role of Hg~SO4 in the corrosion in-  
h ibi t ing mechanism, ident ical  A1 str ips were  placed 
in three  beakers  conta ining 10M NaOH sa tura ted  
wi th  ZnO and e i ther  one of the  following: (a) HgO, 
(b)  Hg2SO4, and (c) Hg. The ra te  of corrosion ap-  
pea red  slowest in beaker  (c) and fastest  in beake r  
(a) .  Hence it was the meta l l ic  Hg formed on decom- 
posit ion of Hg2SO4 that  was effective in beaker  (b) .  
Fur the rmore ,  direct  contact  of the Hg wi th  A1 was 
found to be more protec t ive  than  mere  presence of 
Hg in the  container.  

When proper ly  ama lgamated  and in contact  wi th  
Hg, complete ly  submerged  A1 (grade  1145) anodes 
corroded at  room t empera tu r e  in ZnO-sa tu ra t ed  10M 
KOH or NaOH solutions at  a ra te  of less than  0.15~/ 
hr. If the corrosion ra te  could be main ta ined  in-  
definitely at such a low value, then an A1 sheet 0.3 
cm thick would lose less than  10% of its weight  by  
corrosion from both sides over a per iod of 1000 hr. 
However,  ve ry  rapid  corrosion f requent ly  occurred 
a't unpred ic tab le  t imes (cf. the preceding section and 
discussion of Table I be low) .  

The inhibi t ing effect of Hg in a lkal ine  solutions 
may  seem surpr is ing  at first sight in view of its 
known corrosion accelerat ing effects (3, 5) in neu-  
t ra l  and acidic solutions. The probable  exp lana t ion  
is that ,  wi th  most of the protect ive  oxide layer  a l -  
r eady  removed by  the s t rong alkali ,  any  fu r the r  

~E.G., add f t i on  of  0.1M NaeS to  1M Ba(OPI ) s  a n d  llVI N a O H  + 
0.1M Ba  (OH)e so lu t i ons  i nc r ea sed  t he  cor ros ion  ra tes  f r o m  5~e/hr to  
30~ /h r  and  f r o m  10 /~hr  to  25~/hr ,  r e spec t i ve ly .  A d d i t i o n  of 1M 
NaeS to  a 10M N a O t t  so lu t i on  i n  a L u c i t e  c o n t a i n e r  caused  p a r t i a l  
m e l t i n g  of t he  L u c i t e  f r o m  t h e  u n c o n t r o l l a b l y  f a s t  A1 co r ros ion  rate .  
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N o m e n c l a t u r e :  H y a m i n e  3500 is a 50% aqueous  so lu t ion  of m i x e d  (C12tol4 a lkyl )NMe2BzC1;  H y a m i n e  1622 is 
( d i - i s o b u t y l p h e n o x y e t h o x y e t h y l ) N M ~ 2 B z C 1 ;  H y a m i n e  10X is ( d i - i s o b u t y l c r e s o x y e t h o x y e t h y l ) N M e 2 B z C 1 ;  H y -  
a m i n e  2389 is a m i x t u r e  of  4 pa r t s  

Me  -F 1 p a r t  Me 
I H 1 

~_--~ CH2NMe3C1 C1Me3N - -  C __ ~ C H 2 N M e a C 1  
- -  - -  H 

I 
v I 

C~2 a lky l  C12 a lky l  

H y a m i n e  1450 is a m i x t u r e  of C14 a lky l  NMe2BzC1 and  ca rbamide ;  T r i t o n  X-400 is (s tearyl ,  i.e., n-C l s  
a lky l )NMe2BzC1;  A l i q u a t  4 is (C12 a lky l )NMe3Cl ;  A l i q u a t  6 is (pa lmi ty l ,  i.e., n-C16 alkyl)NMe3C1.  

A .  Plain vs. surface-amalgamated AI 

Set Plain 
No. Additive AI 

A v g  co r ro s ion  r a t e  ( /~hr )  in  3M so lu t i ons  of  
KOI-I NaOI'~ 

A m a l g a m a t e d  P l a i n  A m a l g a m a t e d  
A1 A1 A1 

1 N o n e  
2 0 . 5 M Z n ( O H ) 4  = 
3 0.5M A l ( O H ) 4 -  
4 0 . 5 M Z n ( O H ) 4  = -{- 0.5M A l ( O H ) 4 -  
5 10% H y a m i n e  3500 
6 10% H y a m i n e  3500 -{- 0.5M Z n ( O H ) 4  = 
7 10% H y a m i n e  3500 + 0.5M A l ( O H ) 4 -  
8 10% H y a m i n e  3500 -{- 0.5M Z n ( O H ) 4  = Jc 0.5M 

A l ( O H ) 4 -  
9 1% H y a m i n e  1622 

10 1% H y a m i n e  1622 -{- 0.5M Z n ( O H ) 4  = 
11 1% H y a m i n e  1622 + 0.1M Z n ( O H ) 4  = 
12 0.1% H y a m i n e  1622 
13 1% H y a m i n e  10X 
14 1% H y a m i n e  10X -{- 0.5M Z n ( O H ) 4  = 
15 1% H y a m i n e  10X ~ 0.1M Z n ( O H ) 4  = 
16 0.1% H y a m i n e  10X 
17 0.1% or  1% T r i t o n  X-400 
18 10% H y a m i n e  2389 
19 10% H y a m i n e  2389 -t- 0.5M A l ( O H ) 4 -  
20 10% H y a m i n e  2389 ~- 0.5M Z n ( O H ) 4  = 
21 10% H y a m i n e  2389 -{- 0.5M Z n ( O H ) 4  = -~ 0.5M 

A l ( O H ) 4 -  
22 1M K I  -{- 0.1M H g O  
23 100% M e O H  ( n o n a q u e o u s  so lu t ion)  
24 100% E t O H  (nonaqueous )  
25 50% M e O H  -{- 10% H y a m i n e  3500 
26 50% E t O H  -/- 10% t t y a m i n e  3500 

25 13-15 75 13-15 
25 - -  25 - -  
60 13-25 75 25-60 
20 0.6-1.0 20 0.6-1.5 

35-38 0.05-0.25 25-38 0.03-0.13 
5 0.13-0.5 2.5 0.25-0.5 

25 7.5-25 25 2.5-10 

5 0 . 1 3  5 0.13 
- -  - -  25 0.08-0.13 
- -  0.06-0.18 5 0.06-0.2 
- -  - -  75 0.i  

- -  50 0.1-0.5 
- -  - -  33-38 0.13-0.25 
- -  0.05-0.18 5 0.08-0.18 
- -  - -  10 0 . 0 8  

- -  50 0.08 
- -  3 0 - 5 0  3 

- -  - -  50 0.025 
- -  - -  38 0.13 
- -  - -  7.5 0.08 

- -  2.5 0.25 
0.5 - -  - -  
1.3 0.25 - -  
5 1.3 - -  - -  

40 0.1 43 0.08 
38 0.05 100 0.13 

B. Surface-amalgamated AI 

Set  
No. Organ i c  co r ros ion  i n h i b i t o r  3M N a O H  

A v g  cor ros ion  ra te  ( /dhr )  i n  so lu t i ons  of  

4M N a O t I  3.5M NaOH 
+ 0.SM ZnO {- 0.SM A1 (OH) 

4.5M NaOH 
+ 0.SM ZnO 

+ 0.5M A1 (OH) a 

27 N o n e  
28 1% Me3(C16H33)NBr 
29 1% E t  (C16H33) Me2NBr  
30 1% M e 2 ( B z ) N  
31 1.2% MesNBzC1 
32 5% P h N M e a O H  
33 I % P h N M e s C 1  (or  I) 
34 1% Me4NI 
35 1% H y a m i n e  1450 
36 1% A l i q u a t  4 
37 1% A l i q u a t  6 
38 1% T r i t o n  X-400 

5 0.3-1.8 5-7.5 0.6-1.8 
0.1-0.25 0.18-0.6 0.4-1.3 0.5 

0.25 0.25 0.25 0.25 
4 0.25 6.3 0.5 
1.5 0.25 2.5 0.8 
2.5 2.5 5 1.8 
2.5 0.8 2.5 0.8 
5 0.13 8 0.25 
0.13 0.25 0.25 0.13 
0.8 0.08 1.3 0.2 
0.13 1 0.8 1.3 

0.8-3 0.5 0.5 0.25 

w e a k e n i n g  of  t h i s  l a y e r  b y  a m a l g a m a t i o n  is o u t -  

w e i g h e d  b y  t h e  H g - i n d u c e d  i n c r e a s e  in  o v e r v o l t a g e  

f o r  t h e  He e v o l u t i o n  r e a c t i o n  

1 
H 2 0  + e -  -* O H -  + -~- H2 [3]  

w h i c h  t h e n  b e c o m e s  t h e  r a t e - l i m i t i n g  s t ep  in  t h e  
c o r r o s i o n  m e c h a n i s m .  

U n f o r t u n a t e l y ,  a m a l g a m a t i o n  of  A1 p r e s e n t s  s e v -  
e r a l  p r a c t i c a l  d i s a d v a n t a g e s .  L a c k  of  r e p r o d u c i b i l i t y  
w o u l d  r e s u l t  f r o m  i m p r o p e r  a m a l g a m a t i o n  ( t h e  b e s t  
p r o c e d u r e  c o n s i s t i n g  of  p r e - e t c h i n g  t h e  A1 in  10M 
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KOH,  d i p p i n g  i m m e d i a t e l y  in to  Hg, l e av ing  the  A1 
in con tac t  w i t h  at  l eas t  a d rop  of Hg,  and  i m m e r s i n g  
i m m e d i a t e l y  in t he  e l e c t r o l y t e ) .  E x p o s u r e  to a i r  r e -  
sul ts  in r a p i d  a t t a c k  of the  a m a l g a m a t e d  A1 b y  a t -  
m o s p h e r i c  Oz. Hence ,  an  i ne r t  gas a t m o s p h e r e  was  
used  bo th  d u r i n g  and  a f t e r  the  a m a l g a m a t i o n  p r o -  
c edu re  p r i o r  to i m m e r s i o n  in e l ec t ro ly t e .  A m a l g a -  
m a t i o n  in the  e l e c t r o l y t e  by  a d i s p l a c e m e n t  r eac t i on  
w i t h  d i s so lved  HgI4 = a p p e a r e d  s a t i s f a c t o r y  at  f irst  
(cf. set  22 of Tab le  I ) ,  bu t  r a p i d  cor ros ion  s u d d e n l y  
occu r r ed  a f t e r  s e v e r a l  hou r s  ( p r o b a b l y  due  to a con-  
t a m i n a t i n g  cor ros ion  a c c e l e r a t o r  i n t r o d u c e d  into  the  
so lu t ion  f r o m  the  con t ac t i ng  r u b b e r  s t o p p e r  or  f rom 
i m p u r i t i e s  in t he  d i s so lv ing  A1 and  r e s u l t i n g  in the  
t y p e  of t h e r m a l  cha in  r e a c t i o n  d e s c r i b e d  in  t he  p r e -  
ced ing  sec t ion ) .  H o w e v e r ,  e v e n  if a m a l g a m a t i o n  
w i t h  HgI4 = or HgfSO4 w e r e  e n t i r e l y  successful ,  the  
a b o v e - m e n t i o n e d  r e a c t i v i t y  w i t h  a t m o s p h e r i c  o x y -  
gen m a d e  i t  d e s i r a b l e  to sea rch  for  a m o r e  s u i t a b l e  
inh ib i to r .  

Organic corrosion inhibitors.--The a v e r a g e  cor ros ion  
ra t e s  g iven  in  Tab le  I can  on ly  s e rve  for  c o m p a r a t i v e  
r a t h e r  t h a n  p r e d i c t i v e  purposes .  The  mos t  c o m m o n l y  
o b s e r v e d  i r r e p r o d u c i b i l i t y  w o u l d  a r i se  f r o m  sud -  
d e n l y  a c c e l e r a t i n g  corros ion,  p r o b a b l y  i n i t i a t e d  b y  
an acce le ra to r .  I m p r o p e r  su r face  a m a l g a m a t i o n  (cf. 
the  p r e c e d i n g  sec t ion)  also accounts  for  some of t he  
i r r e p r o d u c i b i l i t y  w i t h  a m a l g a m a t e d  A1 (se ts  2, 4-7,  
10, 12-14, 27, and  28).  

Neve r the l e s s ,  s ign i f ican t  conc lus ions  m a y  be  
d r a w n  f r o m  Tab le  I. Se ts  2, 4, etc., show r e d u c e d  H2 
evo lu t ion  b u t  se r ious  Zn sponge  f o r m a t i o n  w i t h  ZnO 
as a d d i t i v e  in  absence  of Hg. C o m p a r i s o n  of sets  5-8 
w i t h  1-4 shows a m a r k e d  r e d u c t i o n  of cor ros ion  r a t e  
upon  a d d i t i o n  of 10% H y a m i n e  3500. Se ts  9-16 show 
s imi l a r  cor ros ion  i nh ib i t i on  w i t h  1% H y a m i n e  1622 
or  1% H y a m i n e  10 X, b u t  p o o r e r  i nh ib i t i on  w i t h  
on ly  0.1% of these  H y a m i n e s .  Se t s  17-21 show s i m i -  
l a r  t h o u g h  s o m e w h a t  p o o r e r  r e su l t s  w i t h  1% Tr i ton  
X-400  or  10% H y a m i n e  2389. C o m p a r i s o n  of a d j a -  
cent  co lumns  in  sets  1-26 shows  the  r e m a r k a b l e  
effect of a m a l g a m a t i o n ,  e spec i a l l y  in con junc t i on  
w i t h  the  s ame  H y a m i n e s .  Se ts  36-38 show d i s t inc t  
co r ros ion  i nh ib i t i on  b y  1% A l i q u a t  4 or  6 or  1% 
Tr i t on  X-400  w h e n  c o m p a r e d  w i t h  t he  con t ro l  sets  
1-4. S i m i l a r l y ,  sets  28, 29, and  31 c o m p a r e d  w i t h  
sets 1-4 show inh ib i t i on  b y  1% MesC16H3~NBr, 1% 
Et(C16H3a)MefNBr,  and  1.2% Me3NBzC1, sets  32-34 
show some  i n h i b i t i o n  b y  PhNMeaOH,  PhNMe3C1 or  
PhNMe3I,  and  Me4NI, set  30 shows  a q u e s t i o n a b l e  
a d v a n t a g e  of MefBzN, and  set  35 shows  d i s t i nc t  in -  
h ib i t i on  b y  H y a m i n e  1450. 

Cor ros ion  a b a t e d  m a r k e d l y  in n o n a q u e o u s  M e O H  
or  E t O H  so lven t s  ( se ts  23 and  24) ,  b u t  no t  in  1:1 
w a t e r - a l c o h o l  so lu t ions  (sets  25-26) .  S i m i l a r l y  r e -  
p l a c e m e n t  of w a t e r  b y  100% M e O H  r e d u c e d  the  a t -  
t a ck  on  p l a i n  ( H g - f r e e )  A1 in 2M Li fS  f rom 18 t~/hr 
to <0.03 ~ /h r .  

No s igni f icant  effect was  caused  b y  0.5M A I ( O H ) 3  
in sets 3, 8, 21, 27, 29, 32, and  33, bu t  d i s t inc t  i n t e r -  
f e r ence  w i t h  the  i n h i b i t i n g  effect of H y a m i n e  3500 
is shown  in set 7 and  also w i t h  o the r  i nh ib i t o r s  in 
sets  19, 28, 30, 31, a n d  3 4 - 3 7 . . O n  the  o t h e r  hand ,  
10-20% p o l y v i n y l b e n z e n e  t r i m e t h y l a m m o n i u m  

ch lo r ide  s h o w e d  no s igni f icant  effects w h e n  a d d e d  in 
con junc t ion  w i t h  t he  H y a m i n e s  or  w i t h  T r i t o n  
X-400.  

A n u m b e r  of s i m i l a r l y  t e s t ed  a d d i t i v e s  such as 
CrC13, CrO4 =, VO4 =, Na2B4OT, Na4SiO4, NafSiF6,  d i -  
bu ty lsu l f ide ,  and  s e v e r a l  qu ino l i n ium,  p y r i d i n i u m ,  
and  i n d o l i u m  c o m p o u n d s  s h o w e d  no cor ros ion  in -  
h ib i t i ng  effects.  

In  s u m m a r y ,  the  o rgan ic  a m i n e  c o m p o u n d s  w h i c h  
inh ib i t  the  cor ros ion  of A1 in caus t ic  so lu t ions  e i t he r  
by  t h e m s e l v e s  or  in  c o m b i n a t i o n  w i t h  ZnO and  Hg  
be long  m a i n l y  to the  g r o u p  of d e r i v a t i v e s  of 
Me4NOH and  Me~NBzOH w h e r e  Me = m e t h y l  and  
Bz = benzyl .  F u r t h e r  m a r k e d  i m p r o v e m e n t s  m a y  
re su l t  f r om s u b s t i t u t i n g  one of t he  m e t h y l s  in  
Me4NOI-I o r  Me~NBzOH b y  a long cha in  g r o u p  in-  
c lud ing  12 to 18 C a t o m s  such as dodecy l ,  t e t r a -  
decyl ,  h e x a d e c y l ,  s t e ry l ,  d i - i s o b u t y l p h e n o x y - e t h -  
o x y - e t h y l ,  d i - i s o b u t y l c r e s o x y - e t h o x y - e t h y l ,  etc. 
S u b s t i t u t i o n  of a H a t o m  in a Bz r a d i c a l  of 
Me3NBzOH b y  a long cha in  g roup  such as l i s t ed  
above  also a p p e a r s  sa t i s f ac to ry .  
Corrosion inhibitio~ by means of current drain.--A 
m a r k e d  dec rease  of co r ros ion  r a t e  w i t h  i nc r ea s ing  
anode  c u r r e n t  d e n s i t y  was  r e p o r t e d  b y  H i s a m a t s u  
(5)  f o r  a m a l g a m a t e d  A1 in sea  w a t e r  (pH va lues  b e -  
t w e e n  4 and  10),  who  r e l a t e d  this  effect to a n o d e  
po la r i za t ion .  The  s ame  d e c r e a s e  was  o b s e r v e d  in t he  
p r e s e n t  s tudies .  In  10M K O H  con ta in ing  no i n h i b i -  
tors ,  t he  co r ros ion  of  an  u n a m a l g a m a t e d  A1 a b a t e d  
to a m i n i m u m  loca l  ac t ion  cor ros ion  c u r r e n t  of a p -  
p r o x i m a t e l y  10 m a / c m  2 for  anode  c u r r e n t  dens i t i e s  
of the  o r d e r  of 50 m a / c m  2. 

A m o r e  a c c u r a t e  d e t e r m i n a t i o n  of t he  cor ros ion  
r a t e  d e p e n d e n c e  on a n o d e  c u r r e n t  d e n s i t y  was  
ach i eved  b y  m e a s u r i n g  t h e  r a t e  of H2 evo lu t ion  d u r -  
ing  c u r r e n t  d ra in .  The  r e su l t s  for  s u r f a c e - a m a l g a -  
m a t e d  A1 g r a d e  1145 anodes  in  a Z n O - s a t u r a t e d  
so lu t ion  con ta in ing  3M K O H  p lus  0.5M A I ( O H ) ~  a re  
g iven  in Fig.  3, w h i c h  shows  c u r r e n t  eff iciencies of 
a t  l eas t  80% for  anode  c u r r e n t  dens i t i e s  of 3-25 
ma/cm 2. 

Other examples of corrosion inhibition with in- 
creasing current density are shown in Fig. 7 and 9 
of an earlier paper (1). 

Conclusions 
A l t h o u g h  cor ros ion  i nh ib i t i on  is qu i t e  effect ive  

w i th  bo th  the  f a i r l y  l a r g e  n u m b e r  of add i t i ve s  l i s ted  
in Tab le  I and  w i t h  a n u m b e r  of a lcohol  solut ions ,  
i t  is mos t  f r e q u e n t l y  a c c o m p a n i e d  b y  i nc r ea sed  
anode  po la r i za t ion .  Neve r the l e s s ,  s e v e r a l  of t he  i n -  
h ib i to r s  i nc luded  in  T a b l e  I, as we l l  as the  o b s e r v a -  
t ions  on chemica l  and  t h e r m a l  a c c e l e r a t i o n  and  on 
inh ib i t i on  b y  c u r r e n t  d r a i n  m a y  l ead  to the  d e v e l o p -  
m e n t  of p r a c t i c a l  A1 b a t t e r i e s  (1) .  

Manuscr ip t  received Feb.  12, 1962; rev ised  m a n u -  
script  received Nov. 1, 1962. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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Correction 

In the papers "Theory and Design Principles of the 
Reversible Electroplating Light Modulator" and 
"Geometric Requirements for Uniform Current Den- 
sities at Surface-Conductive Insulators or Resistive 
Electrodes" by Solomon Zaromb, published in Vol. 
109, pp. 903-918, October 1962 JournaL, the following 
changes should be made: 

p. 908, Eq. (V') should read 

( 3 )  
~ - I s - + A g  +---~I- ~ ( 3 I - + A g + ) ~ A g I 3  = (V') 

P a g e  909: Boundary condition [40'] is: 
an amount  q a / F  injected at x = a and tp = ~-~ [40'] 

Eq. [42] is: 

cox(x, tp') = 

zqa2 ~ (2n -t- 1)~rx 
~-r (-- i)  ~ e-(2n+l)2cr2Dtp'/4a 2 sin 

Fa  n=0 2a 

+4ci ~ .  (2n -t- 1)~rx 
e -  (2n + 1)2~r2Dtp'/4a 2 s i n  

~r n=0 2a 

= F a  + ~ 

(2n + 1)~x 
e-c2n + z)2v2D~'/4a 2 sin [42] 

2a 

The last line of footnote 4 should read: 

i n C  and  j , s  Eq. w (2), and add ing  + c~. 

The line preceding Eq. [50] should read: 

[42], results in a solution of the form 5 

and Eq. [50'] is 

L Fa a W L  Fa "~ 

-b " '  1 - -  ~ e-~2Dtp'/4a 2 sin 2a [50'] 
qr 

Page 910, column 2, Eq. [50'"'] is 

2qd [ 1 ] - -  for t= ---- O Cox(X, 0) ~-- - ~ a  1 -t- ":-2 e--•2Dtp'/4a2 Xa 

[50'"'] 

On p. 914, fourth line from bottom of column 1, 
Eq. [19] should read Eq. [9]. 

On p. 916, column 2, in the line following Eq. [77'] 
insert ) following [7];  in the next line delete the , 
following [39]. 

Properties of Evaporated Thin Films of SiO 
D. B. York 

C o m p o n e n t s  Divis ion,  In t e rna t iona l  Bus iness  Machines  Corporat ion,  Kings ton ,  N e w  Y o r k  

ABSTRACT 

The absorption coefficient and transmission of vacuum deposited films of 
SiO were used as a measure of the reproducibility of the relative composition 
of the resulting films. The optical properties of the films can be reproduced 
by controlling the evaporation rate and partial pressure of oxygen. Repro- 
ducibility of optical properties does not insure reproducible electrical prop- 
erties since the surface condition of the electrode material greatly affects the 
electrical properties. 

Recently, SiO has received considerable attention 
in the fabrication of thin films by vacuum evapora-  
tion technique due to its low vapor pressure, rela-  
tive chemical inertness, sublimation of bulk mate-  
rial, and flexibility of boat design. Vacuum deposited 
thin films of SiO have been widely used in the 
areas of optical coatings, encapsulation of electrical 
and optical devices, and as an insulator or dielectric 
in thin film electrical devices. 

Although this material  has found wide applica- 
tion in the thin film area, there is a question con- 
cerning the existence of a true chemical compound 
SiO in the solid state (1-13). It  has been established 
that SiO does exist in the gas phase (7-8) whereas 

on condensation the compound probably dispropor- 
tionates according to the following reaction 

2Si0-~ Si + Si02 

The condensed material  obtained for the experi- 
ments to be discussed varied in composition depend- 
ing on conditions of preparation. As would be ex- 
pected, this variation in composition greatly affected 
the optical and electrical properties of the thin films. 

The purpose of this investigation was to study 
the influence of the partial pressure of oxygen and 
the evaporation rate of the SiO and to relate these 
findings to their optical and electrical properties. 
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Fig. 1. SiO boat used to fabricate films 
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Fig. 2. Position of sensing element relative to evaporant stream 

Experimental Procedures and Equipment 
The films were  fabr ica ted  in  a c o n v e n t i o n a l  vac -  

u u m  system,  consis t ing of a glass bel l  j a r  18 in. in  
d i ame te r  and  36 in. high,  and  m o u n t e d  on a s ta inless  
steel  base  plate.  The sys tem was evacua ted  by  a 
6-in.  oil diffusion p u m p  backed  by  a mechan ica l  
pump.  Wi th  the  aid of a Meissner  t r ap  (14) a nd  a 
Ti pump ,  the  bel l  j a r  could be evacua t ed  to a p r e s -  
sure  of abou t  10 - s  m m  Hg. A p ressure  of 5 x 10 -~ 
m m  Hg was  m a i n t a i n e d  t h r o u g h o u t  the  evapora t ion  
process. 

F igu re  1 i l lus t ra tes  the  SiO boa t  used in  the f ab r i -  
ca t ion of the  films. This des ign  me t  the necessa ry  
r e q u i r e m e n t s  of evapo ra t i on  rate ,  i n p u t  power,  and  
p r e v e n t i o n  of par t ic les  of the  b u l k  m a t e r i a l  f rom 
leav ing  the  boat  before  they  are in  the  gas phase.  
The evapora t ion  ra te  of SiO f rom this  boat  was  con-  
t ro l led  au toma t i ca l l y  by  an  evapora t ion  ra te  mon i t o r  
and  cont ro l le r  (15) .  The sens ing  e l emen t  of the  
ra te  m o n i t o r  was  located in  the  path,  and  pa ra l l e l  
to, the  e v a p o r a n t  s t r eam as shown  in  Fig. 2. 

P roduc t i on  of the films was  a ided by  a m a s k  
changer  shown in  Fig. 3, which  pe rmi t t ed  the  f a b r i -  
ca t ion of the  en t i re  device d u r i n g  a s ingle  p u m p  
down of the  v a c u u m  system.  The mask  changer  had  
t en  m a s k  posi t ions which  worked  in  con junc t i on  
w i th  th ree  source posi t ions,  had  a s o u r c e - t o - s u b -  
s t ra te  d is tance  of 36 cm, and  held  a s ingle  subs t r a t e  
which  could be hea ted  to 200~ or cooled to l iqu id  
N2 t e m p e r a t u r e .  

The  base  p la te  con ta ined  a por t  t h rough  which  
oxygen  could be b led  in to  the  v a c u u m  c h a m b e r  b y  

Fig. 3. Mask changer 

SiO AI UNDERLAYER 
" ~  (SiO) 

SUBSTRATE ~ 
Fig. 4. Parallel plate capacitor 

a m a n u a l l y  opera ted  need le  valve.  Due  to the  ge t t e r -  
ing  act ion of the  evapora ted  SiO and  the  l imi t a t ions  
of the  m a n u a l l y  opera ted  needle  va lve  it  was i m -  
prac t ica l  to a t t e mp t  to m a i n t a i n  a pa r t i a l  p ressure  of 
oxygen  lower  t h a n  1 x 10 -6 m m  Hg d u r i n g  evapora -  
tions. Higher  pressures ,  however ,  could be cont ro l led  
m a n u a l l y  w i thou t  difficulties. This  e na b l e d  us to 
s t udy  the  effects of ox ida t ion  of the  deposi ted films 
over  a l imi ted  r ange  (10 -3 ~ 10 - s  m m  Hg) .  

Two types  of geomet ry  were  employed  for the  
fabr ica t ion  of the  films: one for the  opt ical  meas -  
u r e m e n t s  a nd  one for the  electr ical  m e a s u r e m e n t s .  

The SiO films were  deposi ted on Vycor  1 subs t ra tes  
in  order  to s t udy  the  opt ica l  t r ansmis s ion  of the  fi lms 
in  the  uv  a nd  vis ib le  regions.  The  t r ansmis s ion  
curves  were  p roduced  b y  a double  b e a m  spec-  
t r o m e t e r  us ing  Vycor  glass as the  re fe rence  mate r ia l ,  
and  s t a n d a r d  tes t ing  procedures  were  fol lowed.  

The geomet ry  chosen to ob ta in  the  e lect r ical  meas -  
u r e m e n t s  was  the  pa ra l l e l  p la te  capaci tor  as i l lus -  
t r a t ed  in  Fig. 4. The  soda - l ime  glass subs t r a t e  on 
which  the  capaci tors  were  fabr ica ted  con ta ined  
baked  s i lver  l ands  which  a ided in  m a k i n g  electr ical  
connec t ion  to the  device. These  s i lver  l ands  were  

z Corning 7910. 
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Fig. 5. % Transmittance vs .  wavelength (microns): thickness, 
920/~; residual pressure 5 x 10 -6  mm Hg. 

necessary if the  device was to be tes ted  repeatedly ,  
since th in  films by  themselves  cannot  main ta in  the 
mechanical  adhesion necessary for  mul t ip le  so lder -  
ing and point  probing.  The th ick unde r l aye r  of SiO 
is used to produce a clean smooth surface for the  
e lectrode mater ia l .  Each subs t ra te  was 0.75 x 2 x 
0.04 in. and contained four capacitors.  Each capaci tor  
had  an insulat ion area  of one square cent imeter .  

Capaci tance measurements  were  taken  wi th  a 
re l iable  impedance  br idge  opera t ing  at  I kc. The 
m a x i m u m  test  vol tage appl ied  to the  film by the 
br idge  was 10v. The d -c  vol tage and current  meas-  
u rements  were  t aken  wi th  a sensi t ive e lec t rometer  
and ammeter ,  respect ively.  

Results 

A l i t e ra tu re  search revea led  no method  of de-  
te rmining  the percentages  of Si, SiO, Si208, and 
SiO2 in an evapora ted  th in  film sample. However ,  
since Si and SiO are  s trong absorbers  in the uv and 
visible regions, it was fel t  tha t  the optical  proper t ies  
could be used as a measure  of the  re la t ive  compo- 
sit ion of the films. F i lms  having the optical  cha r -  
acter is t ics  of SiO2 in the  uv, visible,  and near  in f r a -  
red were  p repa red  by  evapora t ing  SiO at  a slow 
evapora t ion  ra te  (2 A / sec )  in a high pa r t i a l  p r e s -  
sure of oxygen (10 -4 m m  Hg) .  The composit ion of 
the resul t ing  film may  consist of SiO2, Si208, or both 
(3, 4). F igure  5 shows a typ ica l  curve of the  t r ans -  
mi t tance  vs. wave leng th  for films p repa red  in the  
res idual  gas pressures  in the sys tem at var ious  evap-  
orat ion rates.  For  a constant  wave length  in the uv 
region, the  percentage  of t ransmi t tance  increases 
wi th  a decrease in the  evapora t ion  rate.  As the  evap -  
orat ion ra te  decreases more SiO is a l lowed to be ox-  
idized, and  the t ransmi t tance  of the film approaches  
tha t  of SiO2 in the uv and visible regions. The degree 
of oxidat ion of the SiO wi l l  be de te rmined  by  the 
rat io of the  number  of SiO to oxygen atoms a r r i v -  
ing at the subs t ra te  and is a funct ion of the pa r t i a l  
pressure  of oxygen in the system. 

Figures  6 and 7 compare  the t ransmi t tance  of films 
evapora ted  in a high oxygen a tmosphere  to the  
t ransmi t tance  of those evapora ted  in the a tmosphere  
of the  normal  res idual  gases in the system. These 
curves are character is t ic  of a pa r t i cu la r  vacuum 
system depending on the res idual  gases, source to 
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Fig. 6. % Transmission v s .  thickness (~- x 10-s) ;  wavelength, 
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Fig. 7. % Transmission vs .  evaporation rate (A/sec); thickness, 
1250-~; wavelength, 0.4#. 

subs t ra te  distance, and spacing of the shut te r  from 
the substrate .  

F rom these curves we conclude tha t  the composi-  
t ion of the  deposi ted films is affected by  the evapora -  
t ion ra te  and the pa r t i a l  pressure  of oxygen in the  
system, and this composit ion lies somewhere  be -  
tween Si and SIO2. 

If  the electr ical  p roper t ies  of these films (when 
used in capaci tors)  are  to be reproducible ,  it  is nec-  
essary tha t  the  composit ion of the  films be r ep ro -  
ducible.  I t  was found tha t  the optical  t r ansmi t t ance  
of these films was reproducib le  when the evapora -  
t ion ra te  and pa r t i a l  pressure  of oxygen  were  con- 
t rol led.  This indicated tha t  the composit ion of the 
deposi ted films could be control led in a s imi lar  m a n -  
ner. Reproducible  electr ical  proper t ies  did not fo l -  
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low direct ly,  however ,  unt i l  the surface roughness 
of the electrodes was reduced.  

I t  was found tha t  special  considerat ion must  be 
given electrodes used in the th in  film capacitors.  The 
surface of vacuum deposi ted meta ls  is affected by  
such pa rame te r s  as evapora t ion  rate,  subs t ra te  t em-  
pera ture ,  subs t ra te  mater ia l ,  and pressure.  Since 
the vacuum deposi ted mater ia l s  tha t  we were  most 
concerned (In,Pb, Sn, A1) wi th  resul t  in surface i r -  
regular i t ies  o f  the same order  of magni tude  as the 
dielectr ic  thickness (2000A) used to obtain the ex-  
pe r imen ta l  results,  it  was necessary to reduce sur -  
face roughness to a min imum before the electr ical  
proper t ies  of the capacitors  were  reproduced.  A lu -  
minum was chosen for the e lectrode mate r i a l  be-  
cause of its smal l  gra in  size which resul ts  in a 
smooth surface compared  to the dielectr ic  th ick-  
ness. F igure  8 i l lus t ra tes  v iv id ly  the difference in 
surface roughness of severa l  metals  vacuum de-  
posi ted in the form of th in  films. Al l  e lectr ical  
measurements  were  t aken  f rom devices tha t  were  
fabr ica ted  wi th  A1 electrodes.  These pictures  were  
p repa red  by  the indirect  carbon repl ica  technique,  
wi th  the ini t ia l  repl ica  containing 5% collodion 
shadowed with  P t / P d  at  15 ~ 

F igure  9 is a g raph  of dielectr ic  constant  and dis-  
s ipat ion factor  measured  at  room t empera tu re  
(300~ and l iquid N2 t empe ra tu r e  (770K),  vs. 
the evapora t ion  rate.  The dielectr ic  constant  and 
diss ipat ion factor both increase wi th  increasing 
evapora t ion  rate.  

This again  is as expected  and is in agreement  wi th  
the  resul ts  obta ined f rom the optical  measurements .  
The dielectr ic  constant  lies be tween tha t  of Si (11.6) 
and SiO2(3.8). Since it is not expected tha t  the 
composit ion of the  deposi ted film would ever  reach 
tha t  of Si, but  some in te rmedia te  oxidat ion state 
SixOy, the  dielectr ic  constant  should not exceed 11.6. 

A p r i l  1963 
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Fig. 9. Dielectric constant vs. evaporation rate (.~./sec); pressure, 
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dissipation factor measured at 300~ C77 dielectric constant 
measured at 77~ C3oo dielectric constant measured at 300~ 

i0 z 

/2 
I0 

,o_, 

I0 -z f / 

/ 
IO-~ 

0.01 0.1 I I0 
E (Volts) 

Fig. 10. I (#a) vs. E (v); thickness between 1500 and 3000A 

The upper  l imi t  of the dielectr ic  constant  measured  
in the l abora to ry  has been 8.0 while  the lower  l imi t  
was 4.1. Due to exper imen ta l  difficulties of control-  
l ing the ve ry  slow evapora t ion  rates,  physical  geom- 
e t ry  inside the bel l  jar ,  and stresses in the highly 
oxidized films, films could not be p repared  tha t  had 
a dielectr ic  constant  of 3.8 which would  agree wi th  
tha t  of SiO2. 

The vo l t age -cur ren t  re la t ionship  of the capacitors  
is shown in Fig. 10 and 11. These films followed 

Fig. 8. Variations in surface roughness of deposited thin films 

300 

/ 
to-~ Ha - 4 

~mm g I j 

Ioo 

parti 

0 I0 20 50 
E (Volts) 

Fig. 11. I (/~a) vs. E (v); thickness between 1500 and 3000A 
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Fig. 12. Resistance (megohms) vs. E/t  (v/crn); thickness between 
1500 and 3000A. 
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Fig. 13. Resistance (ohm) vs. evaporation rote (A/sec); thickness, 
2500A; pressure, 1 x 10 - ~  mm Hg. 

O h m ' s  l a w  a t  low vo l t ages  ( e l ec t r i c  f ie ld) ,  b u t  b e -  
c ame  n o n l i n e a r  a t  h i g h e r  vo l tages .  F i g u r e  12 is a 
p lo t  of r e s i s t ance  vs. e lec t r i c  field. W e  a re  no t  ab l e  
to e x p l a i n  t he  shape  of these  curves ,  bu t  i t  can  be  
o b s e r v e d  t h a t  t he  b r e a k  in  t he  cu rves  is f r o m  one 
to two  o r d e r s  of m a g n i t u d e  b e l o w  the  v o l t a g e  b r e a k -  
d o w n  p o i n t  (1-5 x 10 -6  v / c m ) .  I t  is poss ib l e  t h a t  
th is  b r e a k  is l a r g e l y  d e t e r m i n e d  b y  t h e  r o u g h n e s s  
of t he  e l e c t r o d e  su r f ace  c o m p a r e d  to t he  d i e l ec t r i c  
th ickness .  A poor  su r f ace  cond i t ion  could  cause  h igh  
loca l ized  fields r e s u l t i n g  in  bo th  f ield emiss ion  a n d  
h e a t i n g  effects.  

F i g u r e  13 ind ica t e s  t h a t  t he  r e s i s t ance  of t he  f i lms 
i nc r ea sed  as the  e v a p o r a t i o n  r a t e  dec reased .  This  

g r a p h  shows  a g e n e r a l  t r e n d  a n d  is a n o t h e r  e x a m p l e  
of t h e  fac t  t h a t  t h e  f i lms a p p r o a c h  t h e  p r o p e r t i e s  
of  SiO2 as the  e v a p o r a t i o n  r a t e  decreases .  

Conclusions 
If  t h e  e l e c t r i c a l  p r o p e r t i e s  of v a c u u m  depos i t ed  

t h in  f i lms of s i l icon ox ides  a r e  to be  r e p r o d u c i b l e ,  
t he  compos i t i on  of t he  f i lm m u s t  be  con t ro l l ed .  The  
compos i t i on  is r e p r o d u c i b l e  if t he  e v a p o r a t i o n  r a t e s  
of  s i l icon m o n o x i d e  and  the  p a r t i a l  p r e s s u r e  of o x -  
y g e n  in  t he  v a c u u m  s y s t e m  is con t ro l led .  B y  con-  
t r o l l i n g  these  p a r a m e t e r s  and  i n s u r i n g  t h a t  t he  su r -  
face  of t he  e l ec t rodes  is smoo th  (1: 10) c o m p a r e d  to  
the  d i e l ec t r i c  th ickness ,  r e p r o d u c i b l e  capac i to r s  
h a v e  b e e n  f ab r i ca t ed .  
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ABSTRACT 

The electrical resist ivity of stabilized zirconia of various compositions has 
been measured by a four-probe technique in the temperature range 550 ~ 
1200~ Resistivities of fully stabilized compositions are found to increase with 
increasing additions of the stabilizing oxide, and the lowest resistivities appear 
to occur in materials stabilized with small cations. 

I t  is genera l ly  accepted tha t  the conduct iv i ty  of 
zirconia s tabi l ized in the fluorite s t ruc ture  by  addi -  
tions of d iva lent  and t r iva len t  oxides is essent ia l ly  
ionic over  a wide t empera tu re  range  and tha t  the 
mobile  ions are  the anions. Kiukko la  and Wagner  
(1) a rgued tha t  the observed insens i t iv i ty  of the  
res i s t iv i ty  of z i rconia-calc ia  solutions to the oxidiz-  
ing power  of the ambien t  a tmosphere  was proof of 
the absence of a significant electronic contr ibut ion 
to the  conduct ivi ty;  and the good agreement  ob- 
served by these worke r s  be tween the rmodynamic  
da ta  obta ined wi th  galvanic  cells using these elec-  
t ro lytes  and da ta  obta ined  by  other  methods over  a 
considerable  t empe ra tu r e  range is, in itself, con- 
f irmation of the essent ia l ly  ionic na tu re  of thei r  
conductivi ty.  Pa l 'guev  and Neuimin  (2) recen t ly  
used the ga lvanic-ce l l  approach to s tudy several  
solid e lectrolytes  and found no significant electronic 
contr ibut ion  in a zirconia-15 mole % calcia solu-  
tion in the  600~176 range. S imi lar  measu re -  
ments  made  in this Labora to ry  (3) on a zirconia-10 
mole % y t t r i a  solution y ie lded  the same result .  
Hund found tha t  the oxygen deficiency of the fluo- 
r i te  phase in the z i rcon ia -y t t r i a  (4) and zirconia-  
calcia (5) systems gives rise to anion vacancies 
( ra the r  than  cation in te rs t i t i a l s ) .  K inge ry  et al. (6) 
were  able  to demons t ra te  tha t  the  mobile  car r ie r  in 
zirconia-15 mole % calcia is the oxide ion moving 
through these vacancies by  showing tha t  the  t r ace r  
diffusion coefficient for oxygen is sufficiently la rge  
to account for the ent i re  observed conductivi ty.  

Only meager  quant i t a t ive  informat ion  is ava i lab le  
on the res is t iv i ty  of these mater ia ls .  Noddack et aI. 
(7) obta ined re la t ive  data  for a series of z i rconia-  
y t t r i a  solutions, while  Kingery  et al. (6) and Hund 
(5) obta ined extens ive  da ta  on a zirconia-15 mole % 
calcia solution, and Volchenkova and Pa l ' gnev  (8) 
de te rmined  resis t ivi t ies  in this sys tem as a func-  
t ion of t empera tu re  and composition. Trombe and 
Foex (9) de te rmined  resis t ivi t ies  at  1000~ in z i r -  
conia-calcia  solutions. Most of this work  has been 
car r ied  out by  a two-p robe  technique,  in some cases 
with d i rec t  current ,  and is open to quest ion on the 
basis of the  possible impor tance  of contact res is t -  
ance. 

In the present  invest igat ion,  the two systems most  
commonly  suggested as electrolytes ,  z i rconia-calc ia  
and z i rconia-y t t r ia ,  were  inves t iga ted  in the com- 
posi t ional  range  where  the lowest  resis t ivi t ies  are 
encountered and at  t empera tu res  up to about  
1200~ A cursory  s tudy of solutions wi th  some a l -  
t e rna t ive  s tabi l izing oxides was also carr ied  out. 

Experimental Procedures 
The samples s tudied were  p repa red  f rom a va r i e ty  

of oxide, n i t ra te ,  and carbonate  s ta r t ing  mater ia l s ,  
all of which had contents of the desired meta l  
g rea te r  than 98% of to ta l  meta l  content. The z i r -  
conia-calcia,  z i rconia-neodymia ,  and most of the 
z i rcon ia -y t t r i a  samples were  p repa red  by  a cold- 
p r e s s - and - s in t e r  technique.  The desired mixed ox-  
ide was p repa red  by  a final firing of several  hours '  
dura t ion  in a i r  at  1500~176 The resu l t ing  mass 
was ground to --100 mesh, mixed wi th  a few per  
cent s tearic acid binder,  co ld-pressed  at  15,000 psi, 
and fired in air  for severa l  hours at ~1700~ The 
other  samples  were  ho t -p ressed  f rom prev ious ly  
p repa red  mixed  oxide powders  in graphi te  dies at  
3000-5000 psi and ,-~1400~ Porosi t ies  of the  sam-  
ples were  de te rmined  b y  a modification of the  
ASTM-C20-46 wa te r - abso rp t i on  procedure  (10), 
which indicated that  the open poros i ty  of the  cold- 
pressed and s intered samples was 10-20.% of the i r  
volume, while  tha t  of the ho t -pressed  samples was 
<5% in most cases. 

The res is t iv i ty  measurements  were  made  on bars  
~1 in. long by  ~ %  in. square.  The samples  were  
mounted  in a holder  of h i g h - p u r i t y  a lumina  and were  
heated in a i r  by  a p l a t i n u m - w o u n d  resis tance fu r -  
nace. Pressure  contacts were  made with  four p l a t -  
inum leads spaced along the length  of the sample,  
the two end leads being used to supply  cur ren t  and 
the two center  ones serving as vol tage taps  (Le., 
these leads served as reference  electrodes at  the  
oxygen act iv i ty  of the ambien t  a i r ) .  A l t e rna t ing  
current  of 1-1000 cps was employed,  and the r e -  
s is t iv i ty  de te rmined  by  the four -p robe  technique 
was found to be independent  of f requency in this  
range  on severa l  samples and at  severa l  t e m p e r a -  
tures  where  this effect was checked. The sample  re -  

276 
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sistance was determined by measuring the voltage 
drop across the sample and across a known series 
resistor with a calibrated oscilloscope, and resistiv= 
ities were calculated from these results, the sample 
cross sections, and the distance between the voltage 
probes. The resistivities so calculated on individual 

I00 

,u 
\ 
\ 

u o 
\ x 
x 

D 
x THIS WORK,COLD- 

PRESSED AND 
SINTERED 

o THIS WORK, HOT- 
PRESSED 

I L I 
O 5 I~0 15 210 215 310 35 

COMPOSITION (MOLE-%Y 2 0 5) 

Fig. 1. Resistivities of zirconia-yttria solutions at 1000~ 
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Fig. 2. Temperature-dependent resistivities of cold-pressed and 
sintered zirconia-yttria solutions. 

Table I. Apparent activation energies for zirconia-yttria 
solutions 

Composition, mole % Y20s Activation energy, kca l /mole  

7 ~18" 
9 ,~19" 

I0 19.8 
11 20.7 
15 24.7 
20 28.5 
30 28.4 

* Based on data for which  0.65 < 1000/T <0.95 only. 

samples are accurate to •  well within the ob- 
served variations between nominally identical 
samples. 

Exper imental  Da ta  
Zirconia-yttria solutions.--The resistivities of zir- 

conia-yt t r ia  solid solutions at 1000~ are shown in 
Fig. 1. A minimum occurs in the resistivity curve 
at .~8 mole % Y2Os, which coincides with the low- 
yt t r ia  boundary  of the cubic zirconia field in the 
phase diagram of Duwez et at. (11). Thus, in this 
system the lowest resistivities appear to be obtained 
when the minimum amount  of Y208 needed to sta- 
bilize the cubic solid solution is added. 

In Fig. 2 the temperature-dependent  data for 
three samples of the 10 mole % YeO3 solution and 
for one sample each of the 15, 20, and 30 mole % 
solutions are presented. The data for each composi- 
tion can be represented by an Arrhenius equation 
within experimental  uncertainty, the apparent  ac- 
tivation energies increasing with increasing yttr ia  
content as indicated in Table I. 

At lower yt t r ia  contents, deviations f rom this 
simple behavior are observed. This is suggested by 
the data of Fig. 3 and is quite apparent  in Fig. 4, 
where data for the three hot-pressed samples, one 
containing 11 mole % Y203 and two nominally iden- 
tical 9 mole % Y208 samples, are given. Apparent ly  
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Fig. 3. Resistivities of Iow-yttria solutions 
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Fig. 4. Resistivities of hot-pressed zirconia-yttria solutions 

some decomposit ion of the cubic solution occurs for 
these lower  y t t r i a  contents at t empera tu res  below 
800~ 

Zirconia-calcia solutions.--The resis t ivi t ies  of z i r -  
conia-calcia  solid solutions at 1000~ are shown in 
Fig. 5. As wi th  y t t r ia ,  the min imum res is t iv i ty  ap-  
pears  to be at the lower  l imit  of the s ingle-phase  
cubic region, which these da ta  place at  ~12 mole % 
CaO. This is in reasonable  agreement  wi th  Duwez 
et al. (12), who repor t  that  the bounda ry  is at 15 
mole % CaO in this  t empe ra tu r e  range.  Volchenkova 
and Pa l ' guev  (8) and Trombe and Foex (9) also find 
a res is t iv i ty  min imum near  this composition, but  
thei r  repor ted  resis t ivi t ies  are  much higher  than  
o u r s .  

The t e m p e r a t u r e - d e p e n d e n t  da ta  for the 12-15 
mole % CaO samples can be represented  by  A r -  
rhenius  equations,  as is shown in Fig. 6, the resu l t -  
ing apparen t  act ivat ion energies being genera l ly  
higher  than  those for the y t t r i a  solutions, as is in-  
dicated in Table II. Our  act ivat ion energy of 30.0 
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Fig. 5. Resistivities of zirconia-calcia solutions at 1000~ 
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Fig. 6. Temperature-dependent resistivities of zirconia-calcia 
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kca l /mo le  for the 15 mole % CaO solutions is in 
ve ry  sa t is factory  agreement  wi th  the 29.1 kca l /mo le  
repor ted  by  Kinge ry  et al. (6).  The 18 and 24 mole 
% CaO solutions show deviat ions f rom this ex-  
ponent ia l  re la t ionship,  despi te  the fact tha t  both 
compositions are wel l  wi th in  the s ingle-phase  region 
of Duwez et al. (12). Again  this may  be an indica-  
t ion tha t  these compositions undergo some decom- 
posit ion of the cubic solid solution at the lower  t em-  
pera tures ,  and indeed the older work  of Hund (5) 
places this phase bounda ry  at about 20 mole % at 
.1200~ 

Zirconia solutions with other stabilizing elements. 
- - T h e  effect of the iden t i ty  of the added cation on 
the conduct iv i ty  of zirconia solutions was examined  
in a p re l imina ry  way  by  de te rmin ing  the res is t iv i ty  
of samples containing 10 mole % NdsO3, 9 and 15 
mole % Yb203, and 10 and 15 mole % Sc20~. The 

Table II. Apparent activation energies for zirconia-calcia 
solutions 

Com pos i t i on ,  m o l e  % CaO A c t i v a t i o n  ene rgy ,  k c a l / m o l e  

12 24.5 
13 27.4 
14 29.0 
15 30.0 
18 ~38" 
24 ~39t  

* Based  on  da t a  f o r  1000/T <0 .85  only .  
t Based  on da t a  fo r  1000/T <0 .80  only .  
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phase d iagrams for all  these systems are in some 
question. Monoclinic zirconia t ransforms to t e t r ag -  
onal at  1000~ Above this t empera tu re  small  ad-  
ditions of r a r e - e a r t h  oxides appa ren t ly  go into solu-  
t ion in the  te t ragona l  phase or cause modification of 
this s t ruc ture  to the closely re la ted  cubic form. Col- 
longues et at. (13), have repor ted  tha t  in a number  
of systems, including ZrO2-Yb208 and ZrO2-Nd20~, 
the misc ib i l i ty  gap be tween  the te t ragonal  and cubic 
forms d isappears  at  h igher  t empera tu res  (1500~ 
in the Yb208 case; >2000~ for Nd203 solutions).  
This close crys ta l lographic  s imi la r i ty  suggests tha t  
the ion - t r anspor t  processes in the two s t ructures  
may  be similar .  

According to Roth (14) the equi l ib r ium s t ruc ture  
for the  10 mole % neodymia  solution s tudied here  is 
essent ia l ly  s ingle-phase  te t ragona l  solid solution at 
t empera tu res  above ~300~ The resul ts  of Col- 
longues et al. (13), on the other hand, suggest the 
presence of a large amount  of the cubic phase. The 
la t te r  da ta  would  place our 9 and 15 mole % y t t e r -  
bia  samples en t i re ly  in the cubic-sol id-solu t ion  field 
at  1200~ Duwez et al. (11) contend tha t  7 mole % 
scandia is sufficient to stabil ize the cubic phase in 
the  ZrO2-Sc20~ system. 

R o o m - t e m p e r a t u r e  x - r a y  examina t ion  of the  sam-  
ples employed in this inves t igat ion showed only the  
cubic fluorite phase  in ZrO2" i0  mole % Nd203 wi th  
a la t t ice p a r a m e t e r  of 5.197A. The 9 and 15 mole % 
Yb203 samples also showed only the fluorite s t ruc-  
ture  wi th  lat t ice pa rame te r s  of 5.127 and 5.134A, 
respect ively.  The pa t t e rns  of the I0 and 15 mole % 
Sc20~ samples  were  essent ia l ly  those of a fluorite 
phase, w i th  la t t ice  pa rame te r s  of about  5.09 and 
5.06A, bu t  there  was considerable  spl i t t ing of the 
lines, which suggests la t t ice dis tor t ion or the  pres -  
ence of a second closely re la ted  phase. 

The res is t iv i ty  da ta  for  these samples are p re -  
sented in Fig. 7 and 8. In  all  cases there  are m a r k e d  
deviat ions f rom simple Arrhen ius  behavior ,  sug- 
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Fig. 7. Resistivities of some 15 mole % zirconia solutions 
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Fig. 8. Resistivities of some 9 and 10 mole % zirconia solutions 

gesting tha t  the samples are not s ingle-phase  solid 
solutions over the  ent i re  range  of measurement .  Re-  
sults for the 10 mole % Sc203 sample were  not  r e -  
producib le  on the rma l  cycling and annealing,  pa r -  
t i cu la r ly  at  the lower tempera tures .  At  the highest  
t empera tures ,  where  only the te t ragona l  and cubic 
solutions are l ike ly  to exist,  the  resis t ivi t ies  at a 
single composit ion fal l  in the order  Nd > Y  ~ Yb > 
Sc. The ionic radi i  of the added cations fal l  in the 
same order,  as do the lat t ice pa rame te r s  of the re -  
spective cubic phases at a given composition. A sim- 
i lar  corre la t ion be tween  la t t ice  pa r ame te r  and re -  
s is t ivi ty  exists wi th in  the calc ia-z i rconia  and y t t r i a -  
zirconia systems where  the  res is t iv i ty  and lat t ice 
pa r ame te r  both  increase wi th  added lower  va lent  
oxide in the s ingle-phase  region. 

Conclusions 
The present  resul ts  indicate  tha t  the cubic solid 

solutions of y t t r i a  and calcia in zirconia have  thei r  
lowest  resis t ivi t ies  when the min imum amount  of 
l ower -va l en t  oxide needed to stabil ize the solution 
is added,  and tha t  the resis t ivi t ies  of fu l ly  s tabi l ized 
solutions follow Arrhen ius  equations over a wide 
range  of t empera tu re .  

The effect of va ry ing  the iden t i ty  of the added ca-  
t ion is difficult to assess because of the  scarci ty  of 
phase  equi l ib r ium informat ion and the meagerness  
of the  presen t  results.  The present  work  suggests, 
however ,  tha t  in the neighborhood of 1000~ solu- 
tions made  wi th  the smallest  added cations have the 
lowest  resist ivit ies.  
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Thorium Phosphate Phosphors 
P. W. Ranby and Doreen Y. Hobbs 

Thorn Electrical Industries Ltd., Enfield, Middlesex, England 

ABSTRACT 

Some thor ium phosphate  phosphors  ac t iva ted  by  a number  of different  
e lements  are  described.  Most impor t an t  of these are  the copper  ac t iva ted  ma-  
ter ia ls  which show unusua l  f luorescent  proper t ies  by  emi t t ing  s t rongly  in the  
orange when  exci ted  by  shor t  u l t raviole t .  Lower  concentrat ions  of copper  in 
the  presence of l i th ium give the  more  usual  blue emission associated wi th  
lower  va len t  copper  ac t iva t ion  of phosphates,  whi le  wi th  copper  and s i lver  an 
emission occurs in the  yel low. The fluorescent in tens i ty  of some of these  m a t e -  
r ia ls  is high, and the i r  use in l amps  is discussed. 

On ly  a f e w  t h e r m a l l y  p r e p a r e d  p h o s p h o r s  h a v e  
been  d e s c r i b e d  in w h i c h  t h o r i u m  is t h e  m a i n  m e t a l -  
l ic  c o m p o n e n t  of the  m a t r i x .  O u t s t a n d i n g  a m o n g  
these  a r e  t h o r i u m  ox ides  a c t i v a t e d  b y  ce r t a i n  of t h e  
l a n t h a n o n  e l e m e n t s  (1)  and  some  t h o r i u m  s i l ica tes  
c a p a b l e  of a c t i v a t i o n  b y  a n u m b e r  of d i f fe ren t  m e t a l s  
(2) .  T h e r e  a r e  some cases  in w h i c h  t h o r i u m  a p p e a r s  
to func t ion  as an  a c t i v a t o r  or  coac t iva to r ,  e spe c i a l l y  
in  c o n j u n c t i o n  w i t h  ce r ium;  one e x a m p l e  of  t h e  
l a t t e r  is in  a m a g n e s i u m  p y r o p h o s p h a t e  m a t r i x  (3) .  

The  fo l l owing  p a p e r  desc r ibes  some  t h o r i u m  p h o s -  
p h a t e  p h o s p h o r s  (4)  w h i c h  a r e  s t r o n g l y  e x c i t e d  b y  
u.v. r ad i a t i on .  The  m a t r i x  of  these  m a t e r i a l s  co r -  
r e s p o n d s  to t he  o r t h o p h o s p h a t e  a n d  can  be  a c t i v a t e d  
b y  a n u m b e r  of d i f f e ren t  m e t a l s  of w h i c h  coppe r  in  
t he  l o w e r  v a l e n t  f o r m  is mos t  effect ive.  W h e n  ac -  
t i v a t e d  b y  coppe r  t he  i n t e n s i t y  of  t h e  l u m i n e s c e n c e  
is r e m a r k a b l y  s t ab l e  to i nc reases  in t e m p e r a t u r e ;  
t h e  s y s t e m  also p r o v i d e s  an  e x a m p l e  of t h r e e  e l e -  
ments ,  w h i c h  i n d i v i d u a l l y  a r e  o f t en  ab l e  to  f u n c -  
t ion  as ac t iva to r s ,  p r o d u c i n g  a specific l u m i n e s c e n t  
effect w h e n  p r e s e n t  t o g e t h e r  in t he  m a t r i x .  

Preparation 
A t y p i c a l  m e t h o d  of p r e p a r i n g  these  p h o s p h o r s  is 

to hea t  an  i n t i m a t e  m i x t u r e  of t h o r i u m  ox ide  and  
a m m o n i u m  p h o s p h a t e  w i t h  c o m p o u n d s  of t he  ac -  
t i v a t o r s  a t  a b o u t  800~ in a i r  f o l l o w e d  b y  r e h e a t i n g  
at  l l 0 0 ~  A f t e r  c o m m i n u t i n g ,  t he  m a t e r i a l  is r e -  
h e a t e d  a t  l l 0 0 ~  As  is u s u a l  in  t h e  p r e p a r a t i o n  of 
p h o s p h a t e  phosphor s ,  r e l a t i v e l y  sho r t  p e r i o d s  of 
hea t ing ,  e.g., an hour ,  a r e  sufficient.  In  o r d e r  to 
avo id  the  f o r m a t i o n  of h a r d  p r o d u c t s  i t  is s o m e t i m e s  
p r e f e r a b l e  to use  on ly  p a r t  of t h e  a m m o n i u m  p h o s -  
p h a t e  in t he  in i t i a l  m i x t u r e  a n d  t hen  i n c o r p o r a t e  

t he  r e m a i n d e r  a f t e r  t he  first  h e a t  t r e a t m e n t .  A l -  
t e r n a t i v e l y ,  t h o r i u m  p h o s p h a t e  can be  c o p r e c i p i t a t e d  
w i t h  t he  a c t i v a t o r s  b y  u s i n g  a so lu t ion  of t he  m e t a l  
n i t r a t e s  and  a so lub le  phospha t e .  The  p r e c i p i t a t e  is 
w a s h e d  and  d r i e d  and  t h e n  m i x e d  w i t h  a d d i t i o n a l  
a m m o n i u m  p h o s p h a t e  be fo re  hea t ing .  

The  compos i t i on  of t he  m i x t u r e  used  for  t he  p r e p -  
a r a t i o n  of these  p h o s p h o r s  can  be  v a r i e d  ove r  w i d e  
l imi ts .  F o r  e x a m p l e ,  f luorescen t  p r o d u c t s  can  be  ob -  
t a i n e d  w h e n  the  m o l e c u l a r  r a t i o  of ThO2 to (NH4)2 
HPO4 used  in  t h e  i n i t i a l  m i x t u r e  is v a r i e d  w i d e l y  
as f r o m  1:0.2 to 1:1.9, b u t  t he  o p t i m u m  r a t i o  co r -  
r e s p o n d s  to 1 THO2:0.66 P205 w i t h  some a d d i t i o n a l  
p h o s p h a t e  to a l l o w  for  t h e  a c t i v a t o r s  p re sen t .  C h e m -  
ica l  ana lys i s  of  t h e  p r o d u c t s  a f t e r  h e a t i n g  shows  t h a t  
p r a c t i c a l l y  no p h o s p h o r u s  is los t  d u r i n g  the  p r e p a r a -  
t ion,  a n d  the  r e su l t s  r e p o r t e d  in t he  p r e s e n t  p a p e r  
a r e  for  p h o s p h o r s  h a v i n g  a m o l a r  compos i t i on  of 
1 THO2:0.66 P205, i.e., Th3(PO4)4. 

The  a c t i va to r s  can  be i n c o r p o r a t e d  in t he  i n i t i a l  
m i x t u r e  be fo re  h e a t i n g  as t he  oxides ,  e.g., Sb203 or, 
in t he  case of copper ,  t he  ace t a t e  is a c o n v e n i e n t  
form.  

The  o p t i m u m  c o n c e n t r a t i o n  of  c o p p e r  d e p e n d s  on 
the  p r e s e n c e  of o t h e r  a c t i v a t o r s  and  is d e a l t  w i t h  
la te r ,  b u t  no a p p r e c i a b l e  loss of coppe r  occurs  d u r -  
ing  the  t h e r m a l  p r e p a r a t i o n  of t he  phosphor .  In  
t he  case  of a n t i m o n y  ac t iva t ion ,  a c o n c e n t r a t i o n  in 
t he  i n i t i a l  m i x t u r e  of  0.12 a t o m s  Sb to 1 Th is r e -  
d u c e d  to a p p r o x i m a t e l y  0.04 Sb:  1 Th b y  v o l a t i l i z a -  
t ion  d u r i n g  the  p r e p a r a t i o n .  S i m i l a r l y ,  in  t he  case  
of  t h a l l i u m  a c t i v a t e d  m a t e r i a l s  f r o m  an  in i t i a l  con-  
c e n t r a t i o n  of 0.1 a t o m s  TI: 1 Th on ly  a p p r o x i m a t e l y  
0.01 Tl:  1 Th r e m a i n s  in t h e  f in ished  phospho r .  The  
o t h e r  a c t i va to r s  a r e  used  in  c o n c e n t r a t i o n s  of t he  
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order  of 0.04 a toms to 1 a tom Th except  s i lver  w he r e  
a ra t io  of abou t  0.15 Ag: 1 Th  is requ i red .  

W h e n  copper  is used as the  ac t iva tor  or as one 
of the  ac t iva tors  the  f inal  h e a t i n g  is car r ied  out  in  a 
mi ld ly  r educ ing  a tmosphere ,  such as s t eam and  h y -  
drogen.  A s imi la r  a tmosphere  is r e q u i r e d  d u r i n g  the 
p r epa ra t i on  of the  ce r ium ac t iva ted  phosphors .  

Structure of Matrix 
Because  the  composi t ion  of these  phosphors  can 

be va r i ed  over  a fa i r ly  wide  r ange  of meta I  to phos-  
phorus  rat ios  w i t h o u t  p roduc ing  m a r k e d  changes  
in  the  f luorescent  emiss ion  it  is difficult b y  chemica l  
means  a lone  to es tab l i sh  the  t r u e  n a t u r e  of the  
ma t r ix .  However ,  x - r a y  ana lys i s  indica tes  tha t  ex-  
cept  i n  the  case of the  l i t h i u m  con t a in ing  ma te r i a l s  
it  cor responds  to the  n o r m a l  o r thophospha te  
Th3 (PO4)4. The  x - r a y  p a t t e r n  of t h o r i u m  phosphates  
p r epa red  w i th  decreas ing  concen t ra t ions  of copper  

Table I 

Table II 

P e a k  of  
m a i n  e m i s s i o n  G a p  

b a n d  d u e  to  b e t w e e n  
a c t i v a t i o n  b y  p e a k s  R e f e r -  

M a t r i x  Sb  M n  in  cm-1 ence 

Calcium pyrophosphate 4150 5750 6700 (6) 
Calcium fluophosphate 4370 5700 3000 (7) 
Thor ium phosphate 4760 5420 2600 Fig. 1 

ac t iva tor  are  v i r t u a l l y  i nd i s t i ngu i sha b l e  f rom tha t  
of the  u n a c t i v a t e d  mate r ia l .  The  p a t t e r n  for a copper 
ac t iva ted  o range  f luorescent  t h o r i u m  phospha te  is 
g iven  in  col. 1 of Tab le  I wh i l e  in  col. 2 are  l is ted 
the  charac ter i s t ic  x - r a y  dif f ract ion l ines  of t h o r i u m  
or thophospha te  as g iven  by  Burdese  and  Bor le ra  
(5) .  

In  al l  colunms,  d r ep resen t s  the  i n t e r p l a n a r  spac-  
ing in  A n g s t r o m  uni ts .  The  t e r ms  in  col. 1 corres-  
pond  a p p r o x i m a t e l y  to the  i n t e n s i t y  va lues  as fol-  
lows: v e r y  s trong,  100-80; s t rong,  80-60; m e d i u m ,  
60-40; weak,  40-20;  ve ry  weak,  be low 20. 

1 2 
T h o r i u m  T h o r i u m  o r t h o -  

p h o s p h a t e  (Cu)  p h o s p h a t e  (5) 
( o r a n g e  f l uo re scence )  Th3 (POD 

d I n t e n s i t y  d I n t e n s i t y  

3 
T h o r i u m  

p h o s p h a t e  (Cu,  Li)  
(b lue  f l uo re scence )  

d I n t e n s i t y  

8.50 1 
6.44 Weak 
5.49 Medium 5.35 40 
5.23 Medium 5.08 44 

4.56 2 

4.34 Strong 4.25 100 
3.98 Weak 3.90 8 

3.66 2 
3.54 Medium 3.49 35 
3.36 Weak 3.33 11 

3.24 Weak 3.19 7 
3.05 Weak 3.03 13 
2.97 Weak 2.93 12 
2.93 Strong 2.90 80 

2.81 �9 Medium 2.79 33 

2.61 Weak 2.59 10 
2.56 Medium 2.53 25 

2.36 2 
2.31 Weak 2.29 8 
2.17 Medium 2.15 18 
2.10 Medium 2.08 18 

2.05 3 
1.99 5 

1.95 Weak 1.93 10 
1.91 Weak 1.90 11 

1.89 12 
1.87 Weak 1.85 10 
1.83 Very weak 1.82 7 
1.81 Weak 1.80 7 
1.79 Weak 1.77 10 
1.77 Very weak 1.76 7 
1.73 Weak 1.72 6 
1.67 Weak 1.66 8 
1.62 Weak 1.61 8 

1.60 7 
1.57 Weak 1.56 8 
1.54 Weak 1.55 7 
1.52 Weak 1.52 9 

1.51 8 
1.49 9 

8.57 Medium 
6.29 Strong 
5.45 Weak 
5.11 Medium 
4.77 Weak 
4.34 Medium 
4.26 Medium 
3.99 Medium 
3.58 Weak 
3.48 Weak 
3.37 Medium 
3.24 Medium 
3.18 Medium 
3.00 Medium 
2.92 Weak 

2.84 Medium 
2.80 Weak 
2.75 Medium 
2.70 Weak 
2.55 Very weak 

2.43 Weak 

2.18 Weak 

1.94 Medium 

1.82 Medium 

1.79 Weak 

1.69 Medium 
1.62 Very weak 

1.55 Very weak 

1.47 Very weak 
1.33 Very weak 

Cerium, Antimony, and Lead Activated Systems 
T h o r i u m  phosphates  ac t iva ted  b y  cerous ce r ium 

or lead, fluoresce blue,  m a n g a n e s e  is effective as a 
secondary  ac t iva tor  and  shifts  the  emiss ion  to 
longer  wave leng ths ,  b u t  n o n e  of these are  efficient 
phosphors  at r oom t empera tu r e .  Ac t iva ted  b y  a n -  
t i m o n y  alone,  t h o r i u m  phospha te  emi ts  a f a i r ly  wide  
b lue  b a n d  wi th  a m a x i m u m  at  4760A w h e n  exci ted  
by  2537A; w h e n  m a n g a n e s e  is p resen t  as an  add i -  
t iona l  ac t iva tor  a b a n d  in  the  ye l low appears  w i th  
a m a x i m u m  at  5420A and  at the  same t ime  supp re s -  
sion of the  b lue  b a n d  occurs (Fig. 1). I t  is of in te res t  
to compare  the  pos i t ion  of the  peaks  of these  m a i n  
emiss ion  ba nds  w i t h  those repor ted  for the  same 
ac t iva tor  c o m b i n a t i o n  in  o ther  phospha te  mat r i ces  
s imi l a r ly  exci ted  (see Tab le  I I ) .  

W h e n  m a n g a n e s e  is p r e se n t  in  these  ma te r i a l s  
they  show a w e a k  ye l low fluorescence u n d e r  cathode 
ray  exci ta t ion.  
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Fig. 1. Spectral energy distribution curves of thorium phosphate 
activated by (a) antimony (0.04Sb:l Th) and (b) antimony and 
manganese (O.04Sb:O.O2Mn:ITh) (2537~ excitation at room 
temperature). 
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Table III 

P h o s p h o r  

R e l a t i v e  b r i g h t n e s s  m e a s u r e d  
t h r o u g h  f i l ters* 

I l f o r d  
C h a n c e  g r e e n  n f o r d  

C h a n c e  o r a n g e  No. 404 b l u e  
OGr2  OY1 + 801 No. 304 

Thorium phosphate (Sb) 75 20 40 30 
(0.04Sb: 1Th) 
Thorium phosphate (Cu, 110 20 40 160 
Li) (0.01Cu:0.36Li: 1Th) 
Calcium tungstate 100 20 40 120 

* The  t r a n s m i s s i o n  cha rac t e r i s t i c s  of these  f i l te rs  a re :  
Chance  OGr2,  0% a t  4100A; 63% a t  5400A; 13% a t  9000A 
Chance  OY1, 0% a t  5400A; 65% a t  5800A; 85% b e y o n d  6100A 
I l f o r d  404+801 ,  0% at  4700A; 52% a t  5300A; 0% a t  6200A 
I l f o r d  304, 0% a t  3600A; 50% at  4300A; 0% at  5300A, 

In Table III  the re la t ive  br ightness  of the blue 
phosphor  at  room t empera tu re  measured  through 
a number  of s tandard  filters is compared wi th  that  
of calcium tungstate.  The in tens i ty  of luminescence 
s teadi ly  decreases as the t empera tu re  of the phos-  
phor increases (Fig. 2). 

Act iva t ion  by Copper 

Thor ium phosphate  ac t iva ted  by univa len t  copper 
emits a b r igh t  orange which peaks  at about  5920A 
when exci ted by  2537/k at room tempera ture .  The 
spectra l  energy dis t r ibut ion  of this emission is 
shown in curve (a)  of Fig. 3. As the t empera tu re  of 
the phosphor  is ra ised this emission moves to shor ter  
wavelengths ,  but  the in tens i ty  of luminescence re-  
mains high; these changes are shown by the curves 
of Fig. 4. When the phosphor is cooled to l iquid air  
tempera tures ,  the  fluorescence becomes b r i ck - r ed  
in color, and the in tens i ty  is mainta ined.  At  room 
tempera tu res  the in tens i ty  of fluorescence of this 
phosphor  compares  ve ry  favorab ly  wi th  es tabl ished 
lamp phosphors  such as the halophosphates  (see 
Table IV) .  

The propor t ion  of copper requi red  for act ivat ion 
of thor ium phosphate  is re la t ive ly  high, and rat ios 
of 0.125 atoms Cu per  atom Th are sui table  a l though 
the exact  concentrat ion is not crit ical.  

The presence of t races of manganese  in this ma-  
te r ia l  exer ts  a quenching effect on the fluorescence. 

At  room t empera tu re  the phosphor  is only feebly  
exci ted by  long wave length  u.v. (e.g., 3650A) and 
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Fig. 2. Effect of temperature on intensity of fluorescence of 
(a) thorium phosphate (antimony) (0.04Sb:lTh) and (b) thorium 
phosphate, (antimony, manganese, O.04Sb:O.O2Mn:lTh), ('2537 
A. excitation measurements through Chance OGr2 filters. 
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Fig. 3. Spectral energy distribution curves of thorium phosphate 
activated by (a) copper, (0.12Cu:lTh), (b) copper in the pres- 
ence of lithium (0.01Cu:0.36Li:1Th), (c) copper and silver, 
(0.01Cu:0.16Ag:1Th), (d) copper, thallium and manganese 
(0.04Cu:0.02Mn:0.01TI:ITh), (2537~ excitation at room tempera- 
ture). 
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Fig. 4. Effect of temperature on intensity of fluorescence of 
thorium phosphate (copper) (0.12Cu:1Th) excited by 2537~, 
radiation; measurements through (a) Chance OGr2 filter, (b) 
Ilford green filter Nos. 404-1-801 and (c) Chance orange filter 
No. OY1. 

becomes even weake r  as the t e m p e r a t u r e  is reduced,  
but  when the t empe ra tu r e  is ra ised the in tens i ty  in-  
creases and the color changes f rom an o r ange -ye l -  
low to a greenish-yel low.  Under  ca thode - r ay  exci ta -  
t ion the phosphor  emits in the  yellow. 

The fluorescence no rma l ly  associated wi th  ac t iva-  
t ion by  univa lent  copper is b lue -g reen  in color and 
thor ium phosphate  (Cu),  is one of the few efficient 
phosphors whose emission is p redominan t ly  in the 
long wave length  region of the visible spectrum. 
Other  copper ac t iva ted  phosphate  phosphors  which 
emit  in the long wave length  region of the visible 
spec t rum are  ba r ium halophosphates  of the apa t i t e -  
type of s t ruc ture  (8),  but  these mater ia l s  are ex-  
cited p r i m a r i l y  by  long wave length  u.v. a l though 
l ike thor ium phosphate  (Cu) the fluorescence tends 
to shorter  wavelengths  as the t empera tu re  of the 
phosphor  is raised. 
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Phosphor  

Thor ium phosphate  (Cu) 
(0.12Cu: 1Th) 

Thor ium phosphate  (Cu, 
Ag)  (0.01Cu: 0.16Ag: 1Th) 

Thor ium phosphate  (Cu, 
T1, Mn) (0.04Cu:0.01Th 
0.02Mn: 1Th) 

THORIUM PHOSPHATE PHOSPHORS 

Calcium ha lophosphate  
(Sb, Mn) (3500~ 

Table IV 

* See footnote  to Table IIL 

Relative brightness measured 
through filters* 

flford 
green  Ilford 

Chance Chance No. 404 blue 
OGr2 OY1 + 801 No. 304 

100 110 23 0 

74 55 25 2 

45 65 7 0 

100 100 24 6 

Activation by Copper in the Presence of Lithium 
If  l i t h i u m  is i n c o r p o r a t e d  in  t h o r i u m  p h o s p h a t e -  

copper  phosphor s ,  t h e  o r a n g e  emiss ion  b a n d  due  to 
cup rous  coppe r  w h i c h  p e a k s  at  5920A is suppressed ,  
and  a n e w  emiss ion  in  t he  deep  b lue  appea r s .  This  
b lue  emis s ion  is due  to a f a i r l y  n a r r o w  b a n d  w i t h  
a p e a k  at  a b o u t  4550A [ c u r v e  ( b ) ,  Fig.  3]. T h e r e  
is also a l e s se r  b a n d  in  t he  r e d  p e a k i n g  at  a b o u t  
6360A. The  b r i g h t n e s s  of th is  b lue  p h o s p h o r  com-  
p a r e s  f a v o r a b l y  w i t h  ca l c ium t u n g s t a t e  ( T a b l e  I I I ) .  
The  b lue  emiss ion  b a n d  is no t  as s t ab le  to inc reases  
in  t e m p e r a t u r e  as  t h e  o r a n g e  b a n d ;  i t  is a lso  e x c i t e d  
on ly  b y  sho r t  w a v e l e n g t h  u.v. U n d e r  c a t h o d e - r a y  
e x c i t a t i o n  the  p h o s p h o r  emi t s  in  t he  blue.  

The  c o n c e n t r a t i o n  of coppe r  r e q u i r e d  for  o p t i m u m  
i n t e n s i t y  of l u m i n e s c e n c e  is m u c h  less for  t he  b lue  
t h a n  for  t he  o r ange  p h o s p h o r  and  is of t he  o r d e r  of 
0.01 a toms  Cu p e r  a t o m  Th (cf. 0.125 a toms  Cu p e r  
a t o m  Th in o r a n g e  p h o s p h o r s ) .  

A d d i t i o n s  to  t he  i n i t i a l  m i x t u r e  be fo re  the  t h e r -  
m a l  p r e p a r a t i o n  of the  b l u e  p h o s p h o r  m a y  be  m a d e  
as l i t h i u m  p h o s p h a t e  Li3PO4 or  as t he  c a r b o n a t e  if  
sufficient  a m m o n i u m  p h o s p h a t e  is also a d d e d  to y i e l d  
t he  o r t h o p h o s p h a t e .  A l t h o u g h  it  is conven i en t  to  use  
a c o n c e n t r a t i o n  of t he  o r d e r  of 0.3 a t o m s  L i  p e r  a t o m  
Th, in  t he  p r e p a r a t i o n  i t  is no t  cr i t ica l .  In  fac t  th i s  
change  in  t h e  emiss ion  can  also be  b r o u g h t  a b o u t  in  
t he  absence  of l i t h i u m  b y  p r e p a r i n g  the  p h o s p h o r  a t  
a h i g h e r  t e m p e r a t u r e  t h a n  n o r m a l ,  e.g., 1250~ b u t  
t he  p r o d u c t s  a r e  no t  as b r i g h t  as t he  l i t h i u m  con-  
t a i n i n g  m a t e r i a l s .  

The  x - r a y  d i f f r ac t ion  p a t t e r n  of th is  b lue  p h o s -  
p h o r  dif fers  f r o m  t h a t  of t he  n o r m a l  t h o r i u m  o r t h o -  
p h o s p h a t e  a n d  the  l ines  a r e  l i s t ed  in col. 3 of  Tab le  
I. This  p a t t e r n  is o b t a i n e d  w h e n  the  p h o s p h o r  is 
p r e p a r e d  w i t h  as l i t t l e  as  0.05 a toms  L i  p e r  a t o m  
Th a t  t he  n o r m a l  f i r ing t e m p e r a t u r e  of l l 0 0 ~  it  
is also o b t a i n e d  in  t he  absence  of l i t h i u m  if t h e  
p r e p a r a t i o n  is c a r r i e d  out  a t  1250~ C o n s e q u e n t l y  
i t  canno t  be  due  to t h e  f o r m a t i o n  of a t h o r i u m  
l i t h i u m  phospha t e ,  b u t  a t  t he  s ame  t i m e  the  x - r a y  
d i f f r ac t ion  does  no t  a g r e e  w i t h  t h a t  of t h e  o t h e r  r e -  
p o r t e d  (5)  t h o r i u m  p h o s p h a t e s  such as t he  p y r o -  
phospha tes ,  Th2 P209, (ThO)2  P209, etc. I t  is t h o u g h t  
mos t  l i k e l y  t h a t  th is  b l u e  p h o s p h o r  is a t h o r i u m  
o r t h o p h o s p h a t e  of modi f i ed  c r y s t a l  s t ruc tu re .  
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A b l u e  or  b l u e - g r e e n  emis s ion  is m u c h  m o r e  u s u a l  
t h a n  o r a n g e  for  u n i v a l e n t  copper  a c t i v a t e d  p h o s -  
p h a t e  phospho r s ;  for  e x a m p l e ,  c a l c ium h y d r o x y -  
p h o s p h a t e  (Cu)  (9)  and  s t r o n t i u m  m a g n e s i u m  
f luophospha te  (Cu)  bo th  e m i t  s t r o n g l y  in  t h e  b lue  
w h e n  e x c i t e d  b y  sho r t  w a v e  u.v.,  and  t h e  p e a k s  of 
t h e i r  m a i n  emiss ion  b a n d s  a r e  at  4800 and  4850A, 
r e s p e c t i v e l y  [ c o m p a r e d  w i t h  4550A for  t h o r i u m  
p h o s p h a t e  (Cu, L i )  ].  Also,  w i t h  t he  o t h e r  p h o s p h o r s  
t h e r e  is l i t t l e  ev idence  of a l e s se r  b a n d  in t he  r e d  
ana logous  to t h a t  s h o w n  b y  the  t h o r i u m  p h o s p h a t e  
(Cu, L i )  (see  Fig .  3) .  

Activation by Silver in the Presence of Copper 
In  t he  absence  of copper ,  t h o r i u m  p h o s p h a t e  is 

not  a c t i v a t e d  b y  s i lver ,  for  e xc i t a t i on  b y  u.v. or  
ca thode  rays ,  b u t  m a t e r i a l s  c on t a in ing  coppe r  con-  
c e n t r a t i o n s  of t he  o r d e r  of 0.01 a t o m s  Cu  p e r  a t o m  
Th and  s i lve r  concen t r a t i ons  of t he  o r d e r  of 0.15 
a toms  A g  p e r  a t o m  Th a re  s t r o n g l y  e xc i t e d  b y  a w ide  
r a n g e  of u.v. r a d i a t i on ,  e.g., bo th  2537 a n d  3650A 
are  ef fec t ive  sources  of exc i t a t i on ;  t he  emis s ion  is 
in the  ye l low.  The  p h o s p h o r  a lso  emi t s  a w e a k  y e l -  
low u n d e r  ca thode  rays .  The  s p e c t r a l  emiss ion  c u r v e  
of a s a m p l e  e x c i t e d  b y  2537A r a d i a t i o n  a t  r o o m  
t e m p e r a t u r e  is s h o w n  in Fig .  3. The  p e a k  of t he  
m a i n  b a n d  of th is  emiss ion  is a t  abou t  5710A and  
t h e r e  is a l esser  b a n d  in t he  red .  The  b r i g h t n e s s  of 
th is  p h o s p h o r  r e l a t i v e  to some  o the r s  is s h o w n  in 
T a b l e  IV. 

T h e  o p t i m u m  p r o p o r t i o n  of copper  r e q u i r e d  for  
sens i t i z ing  th is  s i l ve r  emiss ion  is on ly  a b o u t  a t e n t h  
of t h a t  r e q u i r e d  for  efficient  a c t i va t i on  b y  copper  
a lone.  

Activation by Copper and Manganese in the 
Presence of Thallium 

W h e n  t h a l l i u m  is p r e s e n t  in  t h e  t h o r i u m  p h o s -  
p h a t e  m a t r i x ,  copper  and  m a n g a n e s e  can  be  i n c o r p o -  
r a t e d  toge the r ,  and  a r e d  e m i t t i n g  p h o s p h o r  is ob -  
t a i n e d  w h i c h  is e x c i t e d  b y  s h o r t  b u t  no t  long  w a v e -  
l e n g t h  u.v. The  r e d  emiss ion  consis ts  of a n e w  b a n d  
p e a k i n g  a t  a b o u t  6300A (see  Fig .  3) ,  a n d  the  i n -  
t e n s i t y  of th is  b a n d  is r e d u c e d  b y  r a i s ing  the  t e m -  
p e r a t u r e  of t h e  phosphor .  

In  t he  absence  of t h a l l i u m ,  m a n g a n e s e ,  as i n d i -  
ca t ed  ea r l i e r ,  acts  as an  i n h i b i t o r  of t he  n o r m a l  
c o p p e r  f luorescence,  w h i l e  in  t he  p r e s e n c e  of t h a l -  
l i um a lone  m a n g a n e s e  is no t  effect ive  as an  a c t i v a t o r  
of t h o r i u m  phospha t e .  

Use of Thorium Phosphate Phosphors in Lamps 
The  o r a n g e  coppe r  a c t i v a t e d  p h o s p h o r  can  be  

used  as t h e  coa t ing  in  c o n v e n t i o n a l  t u b u l a r  f luores -  
cen t  l a m p s  a n d  the  color  of a 48T12 40w l a m p  l ies  
j u s t  a b o v e  the  b l a c k  b o d y  locus  at  x = 0.463 y 
0.423. I n i t i a l  efficiencies of 58 l p w  w i t h  a m a i n t e -  
n a n c e  of 93% at  100 h r  a r e  t y p i c a l  of th i s  phosphor .  
The  r e l a t i v e l y  low in i t i a l  eff iciency and  m a i n t e n a n c e  
a r e  due  to t he  diff icul t ies  i n h e r e n t  in  c o n v e n t i o n a l  
l a m p  coa t ing  t e c h n i q u e s  w h e n  a p p l i e d  to p h o s p h o r s  
w i t h  a low r e s i s t ance  to ox ida t ion .  H o w e v e r ,  b y  
su i t ab l e  su r f ace  t r e a t m e n t s  of t he  glass  w a l l  of the  
l a m p  b u l b s  b e f o r e  coa t ing  these  losses can  be  r e -  
d u c e d  to some e x t e n t  (4) .  
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A n  a l t e r n a t i v e  a p p l i c a t i o n  for  th i s  p h o s p h o r  is in 
p a r t i a l l y  co lor  c o r r e c t e d  h i g h - p r e s s u r e  m e r c u r y  
v a p o r  l amps .  W h e n  used  in l a m p s  of th is  t y p e  some 
color  co r r ec t i on  is a ch i eved  a l t h o u g h  not  to t he  s ame  
e x t e n t  as w i t h  m a n g a n e s e  a c t i v a t e d  m a g n e s i u m  a r -  
s ena te  o r  f l uoge rmana t e ,  bu t  t he  h igh  b r i g h t n e s s  of 
the  p h o s p h o r  a t  e l e v a t e d  t e m p e r a t u r e s  adds  m a t e -  
r i a l ly ,  e.g., up  to 10% to t he  l u m e n  o u t p u t  of the  u n -  
c o r r e c t e d  l amp.  The  color  of 125w h i g h - p r e s s u r e  
m e r c u r y  v a p o r  l a m p s  coa ted  w i t h  th is  p h o s p h o r  is 
a r o u n d  x = 0.348, y = 0.400 c o m p a r e d  w i t h  x--~ 
0.302, y = 0.347 for  u n c o a t e d  l amps .  

Discussion 
F o r  c a l c i u m  a n d  s t r o n t i u m  o r t h o p h o s p h a t e s  ac t i -  

v a t e d  b y  u n i v a l e n t  coppe r  i t  has  been  s u g g e s t e d  
(10) t h a t  t he  h a l f - h e i g h t  b a n d  w i d t h  of 700-800A of 
these  p h o s p h o r s  is less  t h a n  t h a t  of mos t  p h o s p h o r s  
and  is a s soc ia t ed  w i t h  a good t e m p e r a t u r e  d e p e n d -  
ence of f luorescence.  H o w e v e r ,  t he  b a n d  w i d t h  of t he  
b lue  f luorescen t  t h o r i u m  p h o s p h a t e  is of t he  s ame  
o r d e r  (700A) ,  b u t  t he  f luorescence  of th is  p h o s p h o r  
is no t  r e m a r k a b l e  for  i ts  t e m p e r a t u r e  s t ab i l i t y ,  
w h e r e a s  t h e  o r ange  e m i t t i n g  coppe r  a c t i v a t e d  t h o -  
r i u m  p h o s p h a t e  has  a b a n d  w i d t h  of l 1 8 0 A  a n d  th is  
p h o s p h o r  has  a t e m p e r a t u r e  s t a b i l i t y  a t  l eas t  as h igh  
as t h a t  of a n y  of t he  a l k a l i n e  e a r t h  o r t h o p h o s p h a t e  
phosphors .  I t  w o u l d  s eem u n l i k e l y  t h e n  t ha t  t he  n a r -  
row b a n d  w i d t h  of t he  b l u e  coppe r  emiss ion  in p h o s -  
p h a t e  p h o s p h o r s  can be  a s soc ia t ed  w i t h  a good t e m -  
p e r a t u r e  d e p e n d e n c e  of f luorescence.  

I t  is i n t e r e s t i n g  to no te  t h a t  b y  G a u s s i a n  ana lys i s  
of t he  emiss ion,  the  p e a k s  of the  b l u e  and  o range  
b a n d s  due  to u n i v a l e n t  copper  a c t i va t i on  of t h o r i u m  
p h o s p h a t e  e x c i t e d  b y  sho r t  u.v. a t  r o o m  t e m p e r a -  
t u r e s  a r e  a t  22,000 and  16,510 cm -1, r e s p e c t i v e l y ;  
these  a r e  v e r y  close to the  va lue s  for  t he  p e a k s  of the  
b lue  and  o range  b a n d s  (22,400 a n d  17,000 cm -1, r e -  
s p e c t i v e l y )  w h i c h  a r e  s u p p l e m e n t a r y  (11) to t he  
m a i n  g r e e n  emiss ion  f r o m  coppe r  a c t i v a t e d  h e x a -  
gona l  z inc  sulf ide exc i t ed  b y  long u.v. a t  r o o m  t e m -  
p e r a t u r e .  This  m a y  ind i ca t e  t ha t  t he  s u p p l e m e n t a r y  
emiss ion  b a n d s  of coppe r  a c t i v a t e d  zinc sulf ide  a r e  
a s soc ia t ed  w i t h  u n i v a l e n t  coppe r  w h i l e  the  m a i n  

g r e e n  emiss ion  of zinc sulf ide is due  to d i v a l e n t  cop-  
per .  The  r e l a t i v e l y  m i l d  r e d u c i n g  cond i t ions  neces -  
s a r y  in  t he  t h e r m a l  p r e p a r a t i o n  of p h o s p h o r s  a c t i -  
v a t e d  b y  u n i v a l e n t  coppe r  w o u l d  no t  confl ict  w i t h  
th is  poss ib i l i ty .  

F r o m  a s t u d y  of the  h a l o p h o s p h a t e s  a c t i v a t e d  b y  
u n i v a l e n t  coppe r  t he  oc c u r r e nc e  of bo th  a b lue  and  
an  o r a n g e - r e d  emiss ion  h a v e  been  a t t r i b u t e d  (8)  to 
two  d i f fe ren t  t y p e s  of u n i v a l e n t  coppe r  cen te rs ;  t h a t  
is coppe r  ions  occupy  a l t e r n a t i v e  l a t t i c e  si tes.  This  
w o u l d  seem to be  a poss ib l e  e x p l a n a t i o n  w i t h  t he  
p r e s e n t  p h o s p h o r s  e spe c i a l l y  as t h e r e  is a d i f fe rence  
in  x - r a y  d i f f r ac t ion  p a t t e r n s  b e t w e e n  the  o r a n g e  and  
b lue  e m i t t i n g  s t r u c t u r e s  and  a m u c h  h i g h e r  con-  
c e n t r a t i o n  of coppe r  is r e q u i r e d  for  o r a n g e  t h a n  for  
b lue  emiss ion.  
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ABSTRACT 

A n  a t t empt  was made  to follow, by  pulse Dember  effect measurements ,  the  
changes in vacancy  concentra t ion  in ZnS resul t ing  f rom var ia t ions  of t e m p e r a -  
ture  and sul fur  pressure .  The p - t y p e  Dember  pulse  increases  at  constant  t em-  
pera tu res  roughly  as the  square  root  of the sulfur  pressure;  i t  decreases wi th  
t empe ra tu r e  for  a constant  sulfur  p ressure  so as to indicate  a reac t ion  energy  
of 0.6 ev per  zinc vacancy  formed.  The  "n - type"  pulse  measured  in ma te r i a l  
wi th  no added  sulfur  increases  wi th  t empera tu re ,  y ie ld ing  an act ivat ion energy  
of 1.1 ev for  each pa i r  of vacancies formed.  F i r ing  the "pure"  ZnS in a runn ing  
vacuum at 900~ on the other  hand, yields  p - t y p e  mater ia l ,  indica t ing  tha t  the  
fo rmat ion  of an isola ted Zn vacancy is energet ica l ly  cons iderably  more  f avo r -  
able than  the  fo rmat ion  of an isola ted S vacancy.  This conclusion agrees wi th  
the  reac t ion  energies  ment ioned  above. 

A p r e v i o u s  w o r k  (1)  has  d e s c r i b e d  bo th  t he  t e c h -  
n ique  a n d  some  app l i c a t i ons  of t he  p u l s e d  D e m b e r  
effect in  t h e  s t u d y  of c o m p o u n d s  of t he  Z n S  type .  
The  p r e s e n t  w o r k  r e p r e s e n t s  a d e t a i l e d  e x a m p l e  of 
such  app l i ca t ions .  In  gene ra l ,  one w o u l d  p r e f e r  to 
m a k e  q u a n t i t a t i v e  a n d  u n a m b i g u o u s  e l ec t r i ca l  m e a s -  
u r e m e n t s  of t he  H a l l  effect  on  w e l l - c h a r a c t e r i z e d ,  
h o m o g e n e o u s  s ingle  c rys ta l s .  In  t h e  case  of m a t e -  
r i a l s  l ike  ZnS,  h o w e v e r ,  i t  is e x p e r i m e n t a l l y  d i f -  
f icul t  if  no t  imposs ib l e  to p r o d u c e  h o m o g e n e o u s l y  a 
change  in  t he  n u m b e r  and  t y p e  of c a r r i e r s  in  s ingle  
c rys t a l s  of sufficient  size for  c o n v e n t i o n a l  g a l v a n o -  
m a g n e t i c  m e a s u r e m e n t s .  The  t i m e  r e q u i r e d  for  t h e  
c r y s t a l  i n t e r i o r  to come to e q u i l i b r i u m  w i t h  t he  
su r f ace  and  the  s u r r o u n d i n g  a t m o s p h e r e  is p r o h i b -  
i t i v e l y  long,  e spec i a l l y  a t  l o w e r  t e m p e r a t u r e s ,  
w h i c h  m a y  be  the  t e m p e r a t u r e  r eg ion  of mos t  i n -  
t e res t .  The re fo re ,  a m e a s u r e m e n t  such  as t he  D e m b e r  
effect  w h i c h  can  be  used  on powder s ,  even  t h o u g h  
it  g ives  c o n s i d e r a b l y  less  i n f o r m a t i o n  t h a n  H a l l  e f -  
fect  m e a s u r e m e n t s  on  l a r g e  s ingle  c rys ta l s ,  can  be  
of c o n s i d e r a b l e  v a l u e  in  a t  l eas t  i d e n t i f y i n g  a n d  
fo l lowing  t r e n d s  in s t o i c h i o m e t r y  in  a s e m i q u a n -  
t i t a t i v e  fash ion .  

F o r  Z n S  w h i c h  con ta ins  a suff icient  n u m b e r  of  
u n c o m p e n s a t e d  accep tors ,  t he  s ign  of the  D e m b e r  
pu l se  i nd i ca t e s  a d i f fus ion  c u r r e n t  of holes  a w a y  
f r o m  the  i l l u m i n a t e d  sur face .  S ince  t h e  e l e c t r o n  
m o b i l i t y  is g r e a t e r  t h a n  t h a t  of t he  holes,  mos t  
Z n S  m a t e r i a l s  show on ly  e lec t ron ic  D e m b e r  pulses .  
F o r  smal l ,  b u t  c o m p e n s a t e d  dop ing  levels ,  t he  a m -  
p l i t u d e  of  t h e  n - t y p e  s igna l  i nc reases  w i t h  t h e  con-  
c e n t r a t i o n  of a d d e d  impur i t i e s .  This  i nc rea se  a r i ses  
f r o m  the  fac t  t h a t  for  mos t  i m p u r i t y  sys tems ,  e.g., 
coppe r  and  ch lor ine ,  t he  t h e r m a l  d e p t h  of t he  ho le  
t r a p s  t h a t  a r e  i n t r o d u c e d  is m u c h  g r e a t e r  t h a n  t h a t  
of  t he  e l e c t r o n  t r aps ,  t y p i c a l l y  1 ev  vs. 0.3 ev ) .  
U n d e r  t h e  c i r cums tances ,  t he  n e t  n u m b e r  of e l ec -  
t rons  in  excess  of t h e  ho les  f lowing in the  concen -  
t r a t i o n  g r a d i e n t  p r o d u c e d  b y  the  s t r o n g l y  a b s o r b e d  

l igh t  m a y  be  inc reased .  F o r  s t i l l  l a r g e r  c o n c e n t r a -  
t ions  t he  effect of i nc r e a s ing  c o n c e n t r a t i o n  is s i m p l y  
to d e c r e a s e  t he  ef fec t ive  m o b i l i t y  of t he  e lec t rons ,  
hole  m o t i o n  be ing  ne g l i g ib l e  a t  th is  point .  F o r  con-  
c e n t r a t i o n s  g r e a t e r  t h a n  a b o u t  1000 ppm,  a dec rea se  
in s igna l  w i t h  i nc r e a s ing  c o n c e n t r a t i o n  is obse rved .  

The  p u r p o s e  of th is  p r e s e n t  w o r k  is to fo l low 
changes  p r o d u c e d  in  pur i f ied ,  u n d o p e d  Z n S  b y  a 
v a r i e t y  of s imp le  t r e a t m e n t s ,  w i t h i n  t he  l i m i t a t i o n s  
of t he  D e m b e r  effect me thod .  I t  is h o p e d  t h a t  desp i t e  
t he  l im i t a t i ons ,  some  l igh t  w i l l  h a v e  b e e n  shed  on  
the  f ac to r s  d e t e r m i n i n g  the  de fec t  s t r u c t u r e  of ZnS.  

Experimental 
The  e x a c t  de t a i l s  i n v o l v e d  in  t he  m e a s u r e m e n t  of 

the  D e m b e r  pu l se  c u r r e n t  of p o w d e r e d  s a m p l e s  h a v e  
b e e n  g i v e n  e l s e w h e r e  (1 ) .  In  ou t l ine  t he  p r o c e d u r e  
is as fo l lows.  The  ZnS  p o w d e r  is m i x e d  w i t h  an  
iner t ,  v i scous  l i qu id  b i n d e r  to g ive  a v o l u m e  con-  
c e n t r a t i o n  of 30% ZnS.  The  m i x t u r e  is c o m p r e s s e d  
b e t w e e n  two  p l a n a r  e lec t rodes ,  one of w h i c h  is 
t r a n s p a r e n t ,  so t h a t  t he  e l e c t r o d e  s e p a r a t i o n  is a b o u t  
100~. B y  m e a n s  of a s h u t t e r  a cons t an t  i n t e n s i t y  of 
b a n d  gap  (0.32~) l i gh t  is f lashed onto t he  sample ,  
and  the  p e a k  di f fus ion c u r r e n t  is o b s e r v e d  on a 
scope.  The  d i r ec t i on  and  m a g n i t u d e  of t h e  c u r r e n t  
pu l se  p e a k  a re  r e c o r d e d  for  two  d a r k  i n t e r v a l s  b e -  
t w e e n  flashes,  one  of i sec and  the  o t h e r  60 sec. A 
t h i r d  d a t u m  is also r e c o r d e d  for  t h e  cond i t ion  in 
w h i c h  the  s a m p l e  has  been  a l l o w e d  to r e l a x  for  60 
sec u n d e r  i n t ense  i n f r a r e d  r a d i a t i on .  If  t he  t h i r d  
r e a d i n g  is s m a l l e r  a l g e b r a i c a l l y  t h a n  the  second,  
t he  d i f fe rence  is t a k e n  as a m e a s u r e  of t he  p - t y p e  
con ten t  of t he  sample ,  t h a t  is, t he  excess  of  accep to r s  
ove r  donors .  The  60-sec  d a r k  p e r i o d  a l lows  t h e  e l ec -  
t rons  w h i c h  h a v e  d i f fused  a w a y  f r o m  the  su r f ace  to 
r e t u r n ;  t h e  holes,  w h i c h  a r e  m o r e  d e e p l y  t r a p p e d ,  
r e q u i r e  a m u c h  l onge r  p e r i o d  or  t h e  a p p l i c a t i o n  of 
i n f r a r e d  r a d i a t i on ,  ( w h i c h  ionizes  bo th  ho les  and  
e l ec t rons  f r o m  t r a p s )  to effect  t h e i r  r e t u r n .  I f  on ly  
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e lec t rons  flow, as in  an  n - t y p e  or  c o m p e n s a t e d  s a m -  
p le  in  t he  r a n g e  of de fec t  c o n c e n t r a t i o n  i nves t i ga t ed ,  
on a p p l i c a t i o n  of t h e  b a n d  gap  l ight ,  t hen  60 sec 
of i n f r a r e d  r a d i a t i o n  b e t w e e n  app l i c a t i ons  of b a n d  
gap  l igh t  shou ld  r e s u l t  in  t he  s a m e  or  a l a r g e  n - t y p e  
s igna l  as t h a t  r e s u l t i n g  f rom a 60-sec  d a r k  i n t e rva l .  
If  as in  a p - t y p e  s a m p l e  bo th  holes  and  e l ec t rons  
flow a w a y  f rom the  i l l u m i n a t e d  su r f ace  on the  a p -  
p l i c a t i on  of t he  b a n d  gap  l igh t  to a c o m p l e t e l y  r e -  
l a x e d  sample ,  t hen  i n f r a r e d  r e l a x a t i o n  wi l l  g ive  a 
s m a l l e r  n - t y p e  (or  a l a r g e r  p - t y p e )  s igna l  t h a n  the  
s ame  p e r i o d  of r e l a x a t i o n  in  t he  d a r k .  

The  m a g n i t u d e  of t he  n - t y p e  s igna l  o b t a i n e d  a f t e r  
the  60-sec  d a r k  i n t e r v a l  is a s s u m e d  to be a m e a s u r e  
of t he  c o n c e n t r a t i o n  of c o m p e n s a t e d  donors  or  ac -  
ceptors .  This  l a t t e r  co r r e l a t ion ,  as m e n t i o n e d  in  the  
i n t roduc t ion ,  app l i e s  on ly  to low " d o p i n g "  levels .  
I t  is a s s u m e d  t h a t  t he  v a c a n c y  concen t r a t i ons  p r o -  
duced  b y  the  t r e a t m e n t s  to be  d e s c r i b e d  fa l l  w i t h i n  
this  d o p i n g  l imi t .  

The  0.32~ r a d i a t i o n  used  to p r o d u c e  the  D e m b e r  
pu l se  was  o b t a i n e d  w i t h  a h i g h - p r e s s u r e  X e  arc  
l a m p  w i t h  a 250 m m  B a u s c h ' a n d  L o m b  m o n o c h r o m -  
ator .  The  i n f r a r e d  l igh t  p e a k e d  at  0.85~ to r e l a x  
the  s a m p l e s  came  f r o m  a S y l v a n i a  D X L  m o v i e  l igh t  
and  a P e r k i n  E l m e r  Mode l  98 m o n o c h r o m a t o r  w i t h  
a q u a r t z  p r i sm.  

Sample Preparation and Experimental Results 
I t  had  been  no t i ced  t h a t  some u n a c t i v a t e d  s a m p l e s  

of Z n S  f i red in  sea l ed  q u a r t z  capsu les  at  900~ 
showed  n - t y p e  D e m b e r  c u r r e n t s  w h i l e  the  same  
m a t e r i a l  f i red in  an  H2S a t m o s p h e r e  at  1200~ gave  
p - t y p e  s igna ls  in a D e m b e r  effect m e a s u r e m e n t .  To 
d e t e r m i n e  w h a t  effects w e r e  due  to a t m o s p h e r e  and  
to t e m p e r a t u r e  t he  e x p e r i m e n t s  g iven  in Fig.  1 
w e r e  p e r f o r m e d .  F o r  th is  p a r t i c u l a r  b a t c h  of R C A  
l u m i n e s c e n t  g r a d e  ZnS,  t he  sea led ,  e v a c u a t e d  c a p -  
su le  f i r ings l ed  to a n e a r l y  e x p o n e n t i a l  i nc rea se  in 
n - t y p e  r e sponse  w i t h  f i r ing  t e m p e r a t u r e .  P r a c t i c a l l y  
the  s ame  r e su l t  was  o b t a i n e d  in  an  a t m o s p h e r e  of 
N2 f lowing ove r  the  s a m p l e s  at  a r a t e  of 0.04 ft~/  
rain.  F i r i n g  in f lowing H2S a t m o s p h e r e  (0.025 ft~/  
m i n )  p r o d u c e d  s t r i k i n g l y  d i f fe ren t  resul t s .  The  d a t a  
p l o t t e d  as H2S-A,  as we l l  as t he  o t h e r  two  curves ,  
a r e  t he  p e a k  D e m b e r  pu l ses  o b t a i n e d  for  1 - m i n  d a r k  
i n t e r v a l s  b e t w e e n  pulses .  The  d a t a  p l o t t e d  as H2S-B 
a r e  a s s u m e d  to m e a s u r e  t he  p - t y p e  con ten t  of t he  
s a m p l e s  and  a re  o b t a i n e d  b y  s u b t r a c t i n g  the  D e m b e r  
pu l se  o b t a i n e d  for  a 1 - m i n  d a r k  i n t e r v a l  f r o m  t h a t  
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Fig. 1. Dember pulse as a function of temperature and atmosphere 

m e a s u r e d  a f t e r  a l - m i n  p e r i o d  of e x p o s u r e  to i n f r a -  
red.  The  bas is  for  th is  p r o c e d u r e  has  been  de sc r ibed  
in  the  m e a s u r e m e n t s  sect ion,  above.  Thus  the  effect 
of i nc r e a s ing  t e m p e r a t u r e  in  a s ea l ed  v a c u u m  or  
i n e r t  a t m o s p h e r e  is to i n c r e a s e  t he  n - t y p e  r e sponse  
of t he  sample ,  w h i c h  can  be  due,  as s t a t e d  in  t he  
i n t roduc t i on ,  to an  i nc rea se  in  the  c o n c e n t r a t i o n  of 
e i t he r  c o m p e n s a t e d  or  u n c o m p e n s a t e d  donors ,  e.g., 
su l fu r  vacanc ies .  In  v i e w  of t he  l a r g e  a m o u n t  of e n -  
e r g y  ( v i r t u a l l y  t he  b a n d  gap)  r e l e a s e d  w h e n  an  
e l ec t ron  is t r a n s f e r r e d  f r o m  a f i l led donor  to a com-  
p e n s a t i n g  accep tor ,  t he  f o r m e r  poss ib i l i ty ,  com-  
p e n s a t e d  donors ,  is cons ide red  mos t  l i ke ly .  

The  H2S f i r ings  p l a i n l y  f a v o r  t he  f o r m a t i o n  of 
some u n c o m p e n s a t e d  accep to rs ,  p r o b a b l y  zinc v a -  
cancies ,  t he  f o r m a t i o n  of w h i c h  is f a v o r e d  b y  an  
a t m o s p h e r e  con ta in ing  $2. The  effect of t e m p e r a t u r e  
is a m b i g u o u s  h e r e  since,  a l t h o u g h  one  expec t s  the  
so lub i l i t y  of $2 in ZnS  to dec rease  w i t h  i nc r ea s ing  
t e m p e r a t u r e  for  a g i v e n  p r e s s u r e  of $2 [ f r o m  the  
e n d o t h e r m i c  d i s soc ia t ion  of ( Z n S ) s  to (Zn)g  and  
(S2)g],  Ps2 is i nc r e a s ing  w i t h  t e m p e r a t u r e  s ince  t he  
d i s soc ia t ion  of H2S into  H2 and  $2 is also e n d o t h e r -  
mic. The  occu r r ence  of  t he  m a x i m u m  n e a r  the  t e m -  
p e r a t u r e  of t he  c u b i c - h e x a g o n a l  p h a s e  change  is 
p r o b a b l y  no t  s ignif icant .  

In  o r d e r  to con t inue  th is  i nves t iga t ion ,  i t  was  
f o u n d  n e c e s s a r y  to use  a n o t h e r  b a t c h  of t he  R C A  
ma te r i a l .  This  second  ba tch ,  as w e l l  as a th i rd ,  
was f o u n d  to g ive  s m a l l  p - t y p e  pu l ses  as r ece ived ,  
in con t r a s t  to t he  o r ig ina l  m a t e r i a l  w h i c h  gave  s m a l l  
n - t y p e  s ignals .  W e t  c h e m i c a l  ana lys i s  of th is  sec-  
ond b a t c h  s h o w e d  the  p r e s e n c e  of abou t  2% excess  
su l fur ,  p r o b a b l y  p r e s e n t  as po lysu l f ides  c o p r e c i p -  
i t a t e d  w i t h  t h e  ZnS.  O t h e r  i m p u r i t i e s  f o u n d  to be  
p r e s e n t  w e r e  1% ZnSO4 a n d  0.4% S b y  w e i g h t  
f r o m  w e t  c h e m i c a l  ana lys i s .  F r o m  s p e c t r o g r a p h i c  
a n a l y s e s  3 p p m  Si, less t h a n  1 p p m  of Mg or  B, and  
less t h a n  3 p p m  of P b  w e r e  de tec ted .  No Cu or  A1 
w e r e  d e t e c t e d  and  were ,  t he re fo re ,  p r e s e n t  to t he  
e x t e n t  of less  t h a n  2 ppm.  A n  e a r l i e r  ana lys i s  of the  
ZnS  b a t c h  used  in  the  f irst  ser ies  of e x p e r i m e n t s  
showed  10 p p m  Cu, bu t  a r e c e n t  r e c he c k  showed  th is  
r e su l t  to be  in  e r ro r ;  none  was  de tec ted .  No a n a l y -  
sis for  ha l ides  was  made .  

B a k i n g  a t  t e m p e r a t u r e s  in excess  of 800~ e i t he r  
in a r u n n i n g  va c uum,  s ea l ed  v a c u u m ,  or  open  sys -  
tem,  p r o d u c e d  m a t e r i a l  w h i c h  gave  r a t h e r  l a rge  p -  
t y p e  pulses ,  i n d i c a t i n g  t h a t  excess  su l fu r  (as zinc 
vacanc i e s )  was  s t i l l  p r e sen t .  F i r i n g  at  t e m p e r a t u r e s  
b e l o w  700~ e i t he r  in  r u n n i n g  v a c u u m  or  open  
sys tems ,  d id  p r o d u c e  Z n S  w h i c h  gave  s m a l l  n - t y p e  
pu l ses  w h i c h  w e r e  cons i s t en t  w i t h  e x p e c t a t i o n s  for  
s t o i ch iome t r i c  m a t e r i a l .  The  excess  su l fu r  p r e s e n t  
as po lysu l f ides  is r e m o v e d  b y  v a c u u m  bak ing ,  b u t  
as wi l l  be  shown,  b a k i n g  in  a r u n n i n g  v a c u u m  a t  
t e m p e r a t u r e s  h i g h e r  t h a n  700~ also r e m o v e s  m o r e  
zinc f r o m  ZnS  t h a n  su l fur .  M a t e r i a l  u sed  in  s u b s e -  
q u e n t  e x p e r i m e n t s  was  first  f i red a t  500~ for  96 
h r  in a r u n n i n g  vacuum.  

In  t he  n e x t  ser ies  of e x p e r i m e n t s  p r e b a k e d  m a -  
t e r i a l  was  s ea l ed  into  e v a c u a t e d  q u a r t z  capsu les  
of abou t  5 m l  v o l u m e  w i t h  sufficient  e l e m e n t a l  su l -  
f u r  to g ive  t he  de s i r e d  $2 p r e s s u r e  at  t he  f i r ing  t e m -  
p e r a t u r e .  The  r a t i o  of v o l u m e  occup ied  b y  the  $2 to 
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Fig. 2. Dember pulse data as a function of sulfur pressure and 
temperature. 

t ha t  of t he  Z n S  was  m a i n t a i n e d  a t  4: 1. A t  l eas t  two  
d i f fe ren t  f i r ing t imes  w e r e  used  for  each  p o i n t  to 
a s su re  t h a t  a s t e a d y - s t a t e  cond i t ion  h a d  been  a t -  
t a ined .  Resu l t s  a r e  s h o w n  in Fig .  2. 

In  F ig .  2 t h e  cu rves  m a r k e d  A g ive  the  size and  
s ign  of t he  D e m b e r  p u l s e  o b t a i n e d  a f t e r  1 m i n  of 
r e l a x a t i o n  in  t h e  d a r k  b e t w e e n  pulses .  Those  
m a r k e d  B g ive  t he  d i f fe rence  b e t w e e n  the  l - r a i n  
d a r k  i n t e r v a l  pu l se  and  t h a t  o b t a i n e d  a f t e r  t he  
s ame  p e r i o d  of e x p o s u r e  to i n f r a r e d  r ad i a t i on .  L a t e r  
w e  w i l l  use  B to i n d i c a t e  va lue s  of t he se  di f ferences .  
Hence  the  v a l u e  of B is a s s u m e d  to m e a s u r e  t h e  u n -  
c o m p e n s a t e d  accep to r  c o n c e n t r a t i o n  in  t h e  samples .  
I f  th i s  l a t t e r  a s s u m p t i o n  is t rue ,  t h e n  i t  can  be  seen 
t h a t  t he  zinc v a c a n c y  c o n c e n t r a t i o n  at  a g iven  su l -  
f u r  p r e s s u r e  dec reases  w i t h  i nc r ea s ing  t e m p e r a t u r e  
and  t h a t  i t  i nc reases  at  cons t an t  t e m p e r a t u r e  r o u g h l y  
as t h e  s q u a r e  roo t  of t he  su l fu r  p r e s su re ,  w h i c h  is 
as e x p e c t e d  (2) .  S ince  w e  can  w r i t e  

( Z n S ) s  = ( Z n ) g  + I / 2 (S2)~ ,  a n d  
Znzn = (Zn)g  + Vzn, f r o m  w h i c h  
PznPs21/2 = Kzns a n d  
[Vzn] = kzn/pzn -~ kznPs21/g/Kzns 

T h e  s a m e  s t a r t i n g  m a t e r i a l  which ,  w h e n  f i red in  
a sea l ed  v a c u u m  at  900~ g ives  n - t y p e  pu l ses  w i t h  
no i n d i c a t i o n  of a n y  u n c o m p e n s a t e d  accep to r s  (B 
~- 0) ,  a lso g ives  def in i te  p - t y p e  D e m b e r  pu l ses  (B 
= 10 n a n o a m p )  w h e n  f i red a t  t he  s a m e  t e m p e r a t u r e  
in  a r u n n i n g  v a c u u m .  T h e  v a l u e  of B at  700~ u n d e r  
t he  s ame  c i r c u m s t a n c e s  is less  t h a n  0.1 n a n o a m p .  
These  e x p e r i m e n t s  i n d i c a t e  t h e  d i f fe rence  of  s t e a d y -  
s t a t e  compos i t i on  r e s u l t i n g  f r o m  f i r ing ZnS  in sea l ed  
or  r u n n i n g  v a c u u m .  F u r t h e r ,  t he  fac t  t h a t  f i r ing a t  
900 ~ p r o d u c e s  a h i g h e r  p - t y p e  s igna l  and  t hus  a 
l a r g e r  Zn  v a c a n c y  con t en t  t h a n  t h e  f i r ing at  700~ 
ind ica t e s  t h a t  t h e  e n e r g y  r e q u i r e d  to r e m o v e  a zinc 
a t o m  f r o m  t h e  ZnS  l a t t i ce  is less  t h a n  t h a t  r e q u i r e d  
to r e m o v e  a su l fu r  a tom.  

Some Luminescence Measurements 

T h e  s a m p l e s  f i red in  sea l ed  capsu les  at  1200~ 
w i t h o u t  su l fu r  e x h i b i t  a p p r e c i a b l e  b l u e - g r e e n  l u -  
m inescence  a t  r o o m  t e m p e r a t u r e  in  two  b a n d s  p e a k -  
ing  a t  4500 a n d  4900A. W i t h  dec r ea s ing  f i r ing t e m -  
p e r a t u r e  the  l u m i n e s c e n c e  d imin i she s  a n d  sh i f t s  

Z 

z ,5 

ZO ATM ~~1~  i , ~  

2 ,00  3 5 0  

WAVELENGTH OF EXCITING LIGHT-- rap. 

400 

Fig. 3. Excitation spectra of ZnS samples fired at 1200~ under 
different sulfur pressures. The relative heights of the different 
curves are meant to be significant. 

t o w a r d  t h e  b lue ;  i t  is h a r d l y  d e t e c t a b l e  at  1000~ 
A t  1200~ w i t h  i nc r e a s ing  su l fu r  p r e s s u r e  t he  l u -  
minescence  e x c i t e d  b y  e x t r i n s i c  r a d i a t i o n  dec reases  
and  a g a i n  sh i f t s  t o w a r d  the  blue .  The  e xc i t a t i on  
s p e c t r a  for  s a m p l e s  f i red at  1200~ u n d e r  v a r i o u s  
su l fu r  p r e s s u r e s  a r e  shown  in Fig .  3. W h i l e  t he  
l u m i n e s c e n c e  p r o d u c e d  b y  ex t r i n s i c  r a d i a t i o n  
s t e a d i l y  dec rea se s  w i t h  su l fu r  p r e s su re ,  t h a t  e x -  
c i ted  b y  in t r i n s i c  l i gh t  a p p e a r s  to go t h r o u g h  a 
m a x i m u m  at  a r o u n d  6 arm. The  l u m i n e s c e n c e  is 
p r o b a b l y  due  to  v a c a n c y  l eve l s  a n d  m a y  also be  
connec t ed  w i t h  t he  p r e s e n c e  of coppe r  ( less  t h a n  1 
p p m  as an  i m p u r i t y  o r i g ina l l y ,  b u t  p e r h a p s  h i g h e r  
a f t e r  t h e  q u a r t z  f i r ings ) ,  a l t h o u g h  in w h a t  w a y  is 
not  c l ea r  a t  th is  poin t .  

The  l u m i n e s c e n c e  q u e n c h i n g  s p e c t r u m  of t h e  
s a m p l e  f i red at  1200~ w i t h  no su l fu r  is t y p i c a l  of 
ZnS  (3 ) ,  showing  a b r o a d  b a n d  w i t h  a low e n e r g y  
edge  a t  a r o u n d  1.3 ev  and  a s m a l l  p e a k  at  1.05 ev. 
The  w a v e l e n g t h  d e p e n d e n c e  of t he  effect  of  t he  
i n f r a r e d  r a d i a t i o n  in  a l l o w i n g  t h e  m e a s u r e m e n t  of 
l a r g e r  p - t y p e  D e m b e r  s igna ls  for  t he  s u l f u r - f i r e d  
s a mp le s  is also t y p i c a l  (1)  and  c o r r e s p o n d s  c lose ly  
to  t h e  q u e n c h i n g  s p e c t r u m  for  t he  l u m i n e s c e n c e  d e -  
s c r ibed  above .  

Discussion 

A t h o r o u g h l y  r i g o r o u s  c o n s i d e r a t i o n  of a l l  of t h e  
poss ib le  effects,  b o t h  in  l u m i n e s c e n c e  a n d  in  D e m -  
b e r  m e a s u r e m e n t s ,  of bo th  vacanc ie s  and  t r a c e  i m -  
p u r i t i e s  wi l l  no t  be  a t t e m p t e d .  T h e  fo l lowing  d i s -  
cuss ion as sumes  on ly  ne g l i g ib l e  effects of t h e  t r a c e  
impur i t i e s ,  i nc lud ing  those  o r i g i n a l l y  p re sen t ,  those  
w h i c h  can  diffuse  in  f r o m  t h e  q u a r t z  capsu les ,  and  
those  w h i c h  a r e  suff ic ient ly  v o l a t i l e  to be  r e m o v e d  
d u r i n g  t h e  f i r ings  in r u n n i n g  v a c u u m ,  such  as h a l o -  
gens. 

A n  e x a m i n a t i o n  of t h e  a v a i l a b l e  d a t a  w i l l  show 
t h a t  t h e y  a r e  cons i s t en t  w i t h  the  i n d i c a t i o n  t h a t  the  
e n e r g y  cost  of an  i so l a t ed  su l fu r  v a c a n c y  is s ig-  
n i f i can t ly  g r e a t e r  t h a n  t h a t  of an  i so la ted  zinc v a -  
cancy.  Th is  e x p e r i m e n t a l  i n d i c a t i o n  is t he  o b s e r v a -  
t ion  t h a t  f i r ing ZnS  p r e s u m e d  to b e  c o m p e n s a t e d  
w i t h  r e s p e c t  to  v a c a n c y  con ten t  in  a r u n n i n g  v a c -  
u u m  a t  a b o v e  800~ p r o d u c e s  p - t y p e  m a t e r i a l ,  t h a t  
is, z inc vacanc ies .  

F i g u r e  4 shows  an  a c t i va t i on  e n e r g y  ana lys i s  of 
the  i n c r e a s e  w i t h  t e m p e r a t u r e  of n - t y p e  D e m b e r  
s igna ls  for  s a mp le s  f i red in s e a l e d  e v a c u a t e d  c a p -  
sules  w i t h  no su l fur .  T h e r e  is no i nd i c a t i on  of a n y  
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Fig. 4. Activation energy analyses of available data. Samples 
fired in capsules, no sulfur: I-], n-type Dember signal; x, epr 
measurements; sulfur fired samples: o, slope o f  B vs .  ~ / P ' s 2 .  

u n c o m p e n s a t e d  accep to r s  in a n y  of t he se  samples ,  
i.e., B = 0. In  a cco rdance  w i t h  t h e  a s s u m p t i o n  m a d e  
in t h e  i n t r o d u c t i o n  t h a t  a t  l ow  c o n c e n t r a t i o n  l eve l s  
t he  n - t y p e  s igna l  w i l l  i n c r e a s e  w i t h  c o n c e n t r a t i o n  
of c o m p e n s a t e d  d o n o r  a n d  a c c e p t o r  levels ,  w e  as -  
s u m e  t h a t  th is  c u r v e  shows  t h e  i n c r e a s e  w i t h  t e m -  
p e r a t u r e  of Vzn-  and  Vs +. E P R  m e a s u r e m e n t s  on 
the  s a m e  s a m p l e s  a r e  also p l o t t e d  to  show t h e  i n -  
c rease  in  c o n c e n t r a t i o n  of a p a r a m a g n e t i c  species,  
w h i c h  is cons i s t en t  w i t h  the  a s s u m p t i o n  i m m e d i a t e l y  
above .  A s ingle  l ine  10 gauss  w i d e  a t  g ~ 2 was  o b -  
se rved .  A l a r g e  n u m b e r  of p a r a m a g n e t i c  species  
g ive  such  a s ignal .  The  s lope ind i ca t e s  an  a c t i v a t i o n  
e n e r g y  of 0.8 ev, so t h a t  w e  m a y  w r i t e  for  t he  e n e r g y  
of t he  r e a c t i o n  

V a c u u m  ---- Vzn-  + Vs + - -  1.6 ev  

A s s u m i n g  t h a t  t he  e n e r g y  los t  b y  the  s y s t e m  in 
t r a n s f e r r i n g  one e l ec t ron  f r o m  the  doub le  donor  
Vs to t h e  d o u b l e  a c c e p t o r  Vz~ is  n e a r l y  t he  b a n d  gap  
(4) ,  s a y  3.0 ev, w e  can  also w r i t e  

V a c u u m  = Vzn + Vs - -  4.6 ev  

F r o m  t h e  c h a n g e  w i t h  t e m p e r a t u r e  in  t he  s lope  of 

the  B vs. k/Ps2 cu rves  in  Fig.  2, w e  o b t a i n  a n e g a t i v e  
a c t i v a t i o n  e n e r g y  of 0.4 ev, ( I t  shou ld  be  no ted  t h a t  
on ly  t w o  po in t s  w e r e  a v a i l a b l e  to  d e r i v e  th i s  e n -  
e rgy .  As  a resu l t ,  t he  a c t u a l  n u m b e r s  s u b s e q u e n t l y  
d e r i v e d  shou ld  m e r e l y  i nd i ca t e  t r ends . )  Th is  v a l u e  
t hen  is t he  e n e r g y  for  t he  r e a c t i o n  

1/2 (S2)g + 1/8 ( Z n S )  s = Vzn + 1 /8(ZnS1 +~) s + 0 .4ev  

w h e r e  8 r e p r e s e n t s  t he  mo le  f r a c t i o n  of excess  su l -  
f u r  a n d  is v e r y  smal l .  W i t h  t hese  equa t i ons  a n d  f r o m  
a v a i l a b l e  t h e r m o d y n a m i c  d a t a  w e  can  w r i t e  

( Z n S ) s  = (Zn)g  + 1 /2 ($2)g  - - 1 . 0 e v  a 
V a c u u m  ---- Vzn + Vs --4.6 ev  b 

1 /2 ($2)  ~ + 1/8 ( Z n S ) s  = Vz,  + 1/8 (ZnSl+~)s  

+0 .4  ev  c 

( Z n ) g  + 1/8 (ZnSl+~)~ = Vs + (1 + 1/8) (ZnS)~  

--4.0 ev  b - - a - - c = d  
Znht  ---- Vz.  + ( Z n ) g  --0.6 ev  c + a  
S~at ~ Vs + 1 /2 (S~)g  --5.0 ev  d + a  

CONDUCTION BAND 

C = C- C 

VALENCE BAND 

Fig. 5. Transitions in the doubly ionizable center model 

The  r e a c t i o n  e n e r g y  of t h e  first  e q u a t i o n  a b o v e  was  
o b t a i n e d  f r o m  t h e r m o d y n a m i c  d a t a  (2 ) ,  t he  ene rg ie s  
for  t h e  fo l lowing  two  a r e  f r o m  t h e  p r e s e n t  d a t a  and  
those  for  t he  l as t  t h r e e  equa t i ons  fo l low f r o m  the  
f irst  t h r e e  in  the  i n d i c a t e d  fash ion .  T h e s e  da ta ,  
t he re fo re ,  s u p p o r t  t he  a s se r t i on  t h a t  i t  costs  m u c h  
m o r e  e n e r g y  to f o r m  an  i so l a t ed  Vs t h a n  Vzn. 

T h e  l umine sc e nc e  d a t a  s u p p o r t  a c u r r e n t l y  p r o -  
posed  d o u b l y  ion i zab le  c e n t e r  (3,5) as t he  o r ig in  of 
the  b lue  and  g r e e n  emiss ion  in  ZnS.  This  m o d e l  is 
shown  in Fig.  5. T h e  e x t r i n s i c  a b s o r p t i o n  AG b y  t h e  
c o m p l e t e l y  f i l led C = c e n t e r  l eads  to g r e e n  emiss ion  
E on r e c o m b i n a t i o n .  A b s o r p t i o n  AB b y  the  s i n g l y  
occup ied  cen t e r  C -  l e a d s  to t he  p r o m o t i o n  of t he  
s ing le  e l ec t ron  in to  the  conduc t ion  b a n d  a n d  to b lue  
emiss ion  EB on r e c o m b i n a t i o n .  The  p r o m o t i o n  of 
va l e nc e  e l ec t rons  in to  C -  v i a  a b s o r p t i o n  Q1 l eads  to 
a q u e n c h i n g  of Er as does  t he  a b s o r p t i o n  Q2 w i t h i n  
C - ,  s ince  at  r o o m  t e m p e r a t u r e  t h e r e  is sufficient  
t h e r m a l  e n e r g y  to p r o m o t e  a v a l e n c e  e l e c t r o n  in to  
t he  l o w e r  l eve l  ( n o w  u n o c c u p i e d  a f t e r  Q2) w h i c h  
fills C -  to g ive  C =. A l o w e r i n g  of t he  F e r m i  l eve l  
b y  a d d i n g  u n c o m p e n s a t e d  accep to r s  such  as Vzn 
w i t h  i nc r e a s ing  su l fu r  p r e s s u r e  w i l l  l o w e r  t he  con-  
c e n t r a t i o n  of C = cen te r s  and  inc rea se  t h a t  of C - .  
W i t h  f u r t h e r  l o w e r i n g  of  t he  F e r m i  leve l ,  t he  con-  
c e n t r a t i o n  of C -  w i l l  dec rea se  and  t h a t  of C wi l l  
c o r r e s p o n d i n g l y  inc rease .  The  emiss ion  e xc i t ed  b y  
AG r a d i a t i o n  wi l l ,  t he r e fo re ,  s t e a d i l y  decrease .  The  
emiss ion  e x c i t e d  b y  in t r i n s i c  r a d i a t i o n  w i l l  i nc rea se  
and  sh i f t  f r o m  g r e e n  to b lue  as obse rved .  W h y  the  
emiss ion  e x c i t e d  b y  in t r i n s i c  r a d i a t i o n  for  s a m p l e s  
p r e p a r e d  at  20 a t m  of $2 shou ld  b e c o m e  so low c a n -  
not  be  u n d e r s t o o d  w i t h o u t  m a k i n g  f u r t h e r  a s s u m p -  
t ions.  
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ABSTRACT 

A wide  range  of composit ions of the  t i t le  sys tem have  been p repa red  wi th  
x ranging  f rom 0.10 to 0.99, and x - r a y  pa rame te r s  and  pe r t i nen t  thermoelec t r ic  
proper t ies  such as Seebeck coefficient, e lectr ical  res is t ivi ty ,  and the rma l  con- 
duct iv i ty  were  de termined.  Pa r t i cu l a r  emphasis  was given to the  range  of x 
f rom 0.95 to 0.99, whe re  useful  thermoelec t r ic  p roper t ies  y ie ld ing  figures of 
mer i t  be tween  0.5-0.9 x 10 -a  deg -1 are  exper ienced  at  e leva ted  tempera tures .  

In  a p r e v i o u s  p u b l i c a t i o n  (1 ) ,  w e  d e s c r i b e d  the  
p r e p a r a t i o n ,  s t ruc tu re ,  and  t h e r m o e l e c t r i c  p r o p e r -  
t ies  of t h e  i n d i v i d u a l  c o m p o u n d s  WSe2 and  TaSe2. 
The  l a t t i c e  p a r a m e t e r s  of WSe2 h a v e  also been  p r e -  
v i ous ly  r e p o r t e d  b y  G l e m s e r  (2 ) ,  a n d  TaSe2 w a s  
d e s c r i b e d  b y  A r i y a  (3 ) .  On the  bas i s  of t he  s i ng l e -  
c r y s t a l  w o r k  in ref .  (1 ) ,  WSe2 a n d  TaSe2 a re  i so-  
s t r u c t u r a l  a n d  c r y s t a l l i z e  in  t h e  D46h - -  P 63 /mmc 
space  g r o u p  of t he  MoS2 type .  H o w e v e r ,  w h e n  p r e -  
p a r e d  in  a p o l y c r y s t a l l i n e  s t a t e  b y  a p o w d e r - m e t a l -  
l u r g i c a l  rou te ,  TaSe2 m o r e  c o m m o n l y  c rys t a l l i z e s  
in  the  D~3d space  g roup  of t he  CdC12 type .  CdC12 and  
M o S 2  a r e  k n o w n  to c r y s t a l l i z e  in l a y e r  s t r u c t u r e s  
and  in  t h e  case  of TaSe2 a n d  WSe2, t h e  l a y e r s  f o r m e d  
of t a n t a l u m ,  t ungs t en ,  a n d  s e l e n i u m  a t o m s  a re  i d e n -  
t i c a l  in  b o t h  modi f ica t ions ,  on ly  t he  sequence  of 
l a y e r s  is d i f ferent .  The  h e x a g o n a l  l a t t i c e  d imens ions  
a r e  also in  pe r f ec t  a g r e e m e n t :  aCdCl2 ~ amos2 and  
Cc~c12 = 3 /2  CMoS2. S ince  t h e  u n i t  ce l l  of CdC12 con-  
t a ins  t h r e e  mo lecu l e s  and  M o S 2  has  two  molecu les ,  
t he  m o l e c u l a r  v o l u m e  is i den t i ca l  in  bo th  s t ruc tu re s .  
Thus,  w i t h  th i s  c lose r e l a t i o n s h i p  of t he  s t r u c t u r e s  
of TaSe2 and  WSe2, t h e  e x t e n d e d  f o r m a t i o n  of sol id  
so lu t ions  cou ld  b e  expec t ed .  Such  compos i t ions  w e r e  
to be  of p a r t i c u l a r  i n t e re s t ,  s ince  t he  c o m p o n e n t s  
t h e r e o f  e x h i b i t  g r e a t l y  d i f fe ren t  e l ec t r i ca l  c h a r -  
ac te r i s t ics .  WSe2 is a r a t h e r  w e l l  b e h a v e d  s e m i c o n -  
d u c t o r  w i t h  a r e l a t i v e l y  low e l ec t r i ca l  conduc t i v i t y ,  
i nc r ea s ing  w i t h  t e m p e r a t u r e ,  a n d  a h igh  S e e b e c k  
coefficient,  w h e r e a s  TaSe2 shows  a l m o s t  m e t a l l i c  
conduc t i v i t y ,  dec r ea s ing  w i t h  t e m p e r a t u r e ,  and  a 
c o r r e s p o n d i n g  v e r y  low S e e b e c k  coefficient.  

I t  was  t h e r e f o r e  our  i n t e n t i o n  to  see if  t h e  two  
componen t s ,  TaSe2 and  WSe2, cou ld  be  c o m b i n e d  
a d v a n t a g e o u s l y  in  t he  f o r m  of s i n g l e - p h a s e ,  sol id  
so lu t ions  w i t h  o p t i m i z e d  or  a t  l eas t  i m p r o v e d  o v e r -  
a l l  t h e r m o e l e c t r i c  p r o p e r t i e s .  

Experimental 
Preparat ion. - -The s t a n d a r d  e x p e r i m e n t a l  t e c h -  

n ique  for  t he  p r e p a r a t i o n  of a l l  sol id  so lu t ions  was  
to  v a c u u m - s e a l  t he  c o n s t i t u e n t  e l ements ,  W,  Ta,  
and  Se, w e i g h e d  to t h e  n e a r e s t  t e n t h  of a m i l l i g r a m ,  
in to  a q u a r t z  ampou le ,  15 m m  in d i a m e t e r ,  20 cm 
long.  A l l  t u b e s  w e r e  c a r e f u l l y  h e a t - t r e a t e d  u n d e r  
v a c u u m  in o r d e r  to  e l i m i n a t e  m o i s t u r e  as m u c h  as  

poss ib le .  The  c o m p o n e n t s  w e r e  of t he  be s t  c o m -  
m e r c i a l l y  a v a i l a b l e  p u r i t y ,  u s u a l l y  9 9 . 9 % +  and  
w e r e  no t  g iven  a n y  spec ia l  pu r i f i ca t ion  t r e a t m e n t  
p r i o r  to  t h e  reac t ion .  Cha rge s  of a p p r o x i m a t e l y  20g 
w e r e  f i red at  600~176 for  10-15 hr ,  a f t e r  w h i c h  
t i m e  g e n e r a l l y  a b l a c k - l o o k i n g ,  f r e e - f l o w i n g  r e a c -  
t ion  p r o d u c t  was  o b t a i n e d  t h a t  cou ld  be  e f fec t ive ly  
r e m i x e d  ins ide  t he  q u a r t z  t u b e  b y  shak ing .  A sec-  
ond f i r ing s tep  a t  1000~176 for  a n o t h e r  10-15 
h r  a s s u r e d  c o m p l e t e n e s s  of t he  r e a c t i o n  a n d  a h o m o -  
geneous  p o l y c r y s t a l l i n e  p r o d u c t  of g r a y  m e t a l l i c  
l u s t e r  w a s  ob ta ined .  

Crystallographic characterizat ion.--All  x - r a y  d a t a  
a r e  b a s e d  on p o w d e r  d i f f r ac t ion  p a t t e r n s  o b t a i n e d  
w i t h  a P h i l l i p s  114.6 m m  d i a m e t e r  c a m e r a  a t  25~ 
The  samples ,  w h i c h  w e r e  t a k e n  f r o m  the  cen t e r  
po r t i ons  of t he  f inal  r e a c t i o n  p roduc t ,  w e r e  g r o u n d  
to --325 m e s h  a n d  w e r e  s ea l ed  in to  0.2 m m  d i a m -  
e t e r  L i n d e m a n n  g lass  cap i l l a r i e s .  E x p o s u r e  t i m e s  to 
t he  K~ r a d i a t i o n  of coppe r  (X -~ 1.5418A) v a r i e d  
b e t w e e n  5 and  8 hr .  A l l  f i lm p a t t e r n s  w e r e  of e x -  
ce l l en t  q u a l i t y  w i t h  r a t h e r  s h a r p  s p l i t t i n g  of t he  
~1 and  a2 l ines  in  t h e  h igh  ang le  reg ion .  A c c u r a t e  
p a r a m e t e r s  w e r e  o b t a i n e d  b y  e x t r a p o l a t i n g  b o t h  ao 
and  co acco rd ing  to t h e  func t ion  1/2(cos28/s in  9 H- 
cos 2 8 /0)  g iven  b y  Ne l son  a n d  R i l e y  (4) .  T h e  l a t t i c e  
p a r a m e t e r s  of t he  i n v e s t i g a t e d  compour /ds  a r e  g iven  
in T a b l e  I, a n d  the  o v e r - a l l  s t r u c t u r a l  p i c t u r e  of 
t he  WSe2/TaSe2  s y s t e m  is be s t  s u m m a r i z e d  b y  Fig.  
1. The  p a r a m e t e r s  for  W0.97Tao.03Se2 w e r e  also d e -  
t e r m i n e d  as  a f u n c t i o n  o f  t e m p e r a t u r e  up  to  600~ 
No s t r u c t u r a l  t r a n s i t i o n  was  e x p e r i e n c e d  up  to  th is  
po in t  and  the  r e su l t s  a r e  be s t  r e p r e s e n t e d  b y  Fig.  2. 

The  e x p a n s i o n  coefficient  in  t he  a - d i r e c t i o n  is 6.82 
x 10 -6 and  10.56 x 10 -6 in the  c -d i r ec t i on .  

I n spec t ion  of t he  d a t a  r e p r e s e n t e d  b y  Fig.  1 shows  
t ha t  t he  CdC12 s t r u c t u r e  is r e t a i n e d  up  to x = 0.55; 
w e  t h e n  h a v e  a r a t h e r  n a r r o w  t w o - p h a s e  r eg ion  
(W0.60Ta0.40Se2 c l e a r l y  c o n t a i n e d  bo th  phases  at  
abou t  e q u a l  i n t e n s i t i e s ) ;  and  f r o m  x = 0.65, w e  
c h a n g e  ove r  to  t h e  s ing le  p h a s e  iVIoS2 type .  

Dens i t i e s  w e r e  d e t e r m i n e d  b y  v a c u u m - d i s t i l l i n g  
CC14 onto the  p o w d e r e d  s p e c i m e n  c o n t a i n e d  in a 
5 m l  p y c n o m e t e r .  This  p r o c e d u r e  y i e l d e d  e x p e r i -  
m e n t a l  v a l u e s  w h i c h  w e r e  g e n e r a l l y  1 -3% l o w e r  
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Table I. Lattice parameters of the WzTal-xSe2 System 

April 1963 

U n i t  cel l  
C o m p o s i t i o n  ao Co c / a  Type  px-ray v o l u m e  

TaSe2 3.446 19.101 5.543 CdC12 8.593 196.43 
Tao.9oWo.loSe2 3.423 19.107 5.567 CdC12 8.641 194.89 
Tao.75Wo.25Se2 3.408 19.132 5.614 CdCI2 8.799 192.43 
Tao.~oWo.soSe2 3.367 19.186 5.698 CdC12 8.999 188.36 
Tao.49Wo.5zSe2 3.366 19.186 5.700 CdC12 9.005 188.25 
Tao.48Wo.52Se2 3.365 19.188 5.702 CdC12 9.0,19 188.15 
Tao.47Wo.53Se2 3.363 19.189 5.706 CdC12 9.022 187.94 
Ta0AoWo.54Se2 3.362 19.189 5.707 CdC12 9.027 187.83 
Tao.45Wo.55Se~ 3.360 19.192 5.712 CdC12 9.03s 187.64 
Ta0.4oWo.6oSe2 3.353 19.194 5.724 CdC12 9.084 186.87 

(12.796) (3.816) (MoS2) (9.07s) (124.583) 
Ta0.35Wo.65Se2 3.345 12.806 3.828 MoS2 9.119 124.086 
Tao.3oWo.7oSe2 3.336 12.836 3.848 Mo,S2 9.15o 123.71 
Tao.25Wo.75Se2 3.329 12.852 3.861 Mo.S2 9.191 123.22 
TaoaoWo.9oSe2 3.303 12.899 3.905 MoS2 9.307 121.87 
Ta0.o9W0.91Se2 3.302 12.902 3.907 MoS2 9.309 121.82 
Ta0.osWo.92Se2 3.300 12.908 3.911 MoS2 9.317 121.73 
Tao.oTWo.93Se2 3.298 12.912 3.915 MoS2 9.32~ 121.62 
Tao.osWo.94Se2 3.297 12.920 3.919 MoS~ 9.326 121.62 
Tao.osWo.95Se2 3.295 12.923 3.922 MoS2 9.336 121.50 
Ta0.04Wo.96Se2 3.293 12.928 3.926 MoS2 9.345 121.40 
Ta0.03Wo.97Se2 3.292 12.938 3.930 MoS2 9.344 121.42 
Tao.o25Wo.975Se2 3.291 12.941 3.932 MoS2 9.3% 121.38 
Tao.o~WomsSe2 3.290 12.945 3.935 MoS2 9.352 121.34 
Ta0.01~Wo.gssSe2 3.288 12.950 3.938 MoS2 9.359 121.24 
Ta0.olWo.99Se2 3.288 12.966 3.943 MoS2 9.34s 121.39 
WSe2 3.286 12.976 3.949 MoS2 9.353 121.34 
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Fig. 1. Lattice parameters as a function of composition for 
WxTal-zSe2 system. 
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Fig. 2. Lattice parameters as a function of temperature for 
W0.97Tao.o3Se2 

Electrical properties and thermal conduct iv i ty . -  
In  o r d e r  to  e v a l u a t e  t h e  t i t l e  compos i t ions  as  p o s -  
s ib le  t h e r m o e l e c t r i c  c and ida t e s ,  w e  d e t e r m i n e d  the  
p e r t i n e n t  p a r a m e t e r s ;  n a m e l y ,  e l ec t r i ca l  r e s i s t i v i t y  
p ( o h m - c m ) ,  S e e b e c k  coefficient  S (/~v/~ C) a n d  t h e r -  
ma l  c o n d u c t i v i t y  ~ ( w a t t s / c m - d e g ) .  The  c o m b i n a -  
t ion  of t he se  p a r a m e t e r s  in  f o r m  of t he  e q u a t i o n  
S2-p-I .K -~ = Z p e r m i t t e d  t hen  to  c a l c u l a t e  a " F i g -  
u re  of Mer i t . "  The  s a m p l e s  used  for  t he  e l e c t r i c a l  
m e a s u r e m e n t s  w e r e  bars ,  u x 1~ x 2 in.,  w h i c h  w e r e  
c o l d - p r e s s e d  a t  40-60 ts i  a n d  s u b s e q u e n t l y  s i n t e r e d  
at  600~176 for  10-15 hr.  The  g reen  dens i t i e s  of 
the  a s - p r e s s e d  b a r s  w e r e  u s u a l l y  85-90% of t h e o -  
r e t i c a l  and  g e n e r a l l y  d id  no t  change  u p o n  s in te r ing .  

T h e  d - c  r e s i s t i v i t i e s  w e r e  m e a s u r e d  b y  a t w o -  
po in t  me thod ,  u s ing  a s t a n d a r d  0.01 o h m  res i s t ance ,  
a 1 � 8 9  b a t t e r y  as p o w e r  source  a n d  d e t e r m i n i n g  t h e  
p o t e n t i a l  d r o p  w i t h  a L&N t y p e  K - 2  p o t e n t i o m e t e r .  

The  t h e r m a l  emf  o u t p u t  ( f r o m  w h i c h  t h e  S e e b e c k  
coefficient was  c a l c u l a t e d )  w a s  m e a s u r e d  w i t h  a 
T y p e  K - 2  p o t e n t i o m e t e r  in  c o m b i n a t i o n  w i t h  a g a l -  
v a n o m e t e r .  Vo l t age  was  g e n e r a t e d  b y  b u t t i n g  t h e  
b a r s  b e t w e e n  two  copper  b locks ,  t u r n e d  f r o m  the  
s ame  p iece  of s tock,  one of w h i c h  was  h e a t e d  b y  
m e a n s  of a h e a t i n g  tape ,  t h e  o t h e r  w a t e r - c o o l e d  b y  
a coil  s o l d e r e d  on to  t h e  b lock .  The  t e m p e r a t u r e  
g r a d i e n t  was  m e a s u r e d  b y  m e a n s  of two  t h e r m o -  
couples  ( c o p p e r / c o n s t a n t a n )  l oc a t e d  in  holes  
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dr i l led  to the  cen te r  of the  ba r  i m m e d i a t e l y  b e h i n d  
the contact  faces. Thus,  all  Seebeck coefficients are 
m e a s u r e d  w i th  respect  to copper. The correc t ion  of 
+ 2  ~ v / ~  to ob ta in  abso lu te  va lues  was  gene ra l l y  
not  applied.  

For  the  m e a s u r e m e n t  of t h e r m a l  conduc t iv i ty ,  0 
two t echn iques  were  avai lable .  For  e leva ted  te rn-  0.10 
p e r a t u r e  measu remen t s ,  we  used a t e chn ique  which  0.25 0.50 
was first descr ibed  by  F r a n c l  (5) and  can be con-  0.51 
s idered a series compara t ive  method.  The  test  cy l in -  0.52 
der  ( u sua l l y  3A in. d iameter ,  1 in. long)  was  s a nd -  0.53 
wiched  b e t w e e n  two s t a n d a r d  a l u m i n a  rods of the 0.54 

0.55 
same d imens ions ,  wh ich  were  ob ta ined  f rom the  0.60 
Nor ton  C o m p a n y  and  had  a r epor ted  t h e r m a l  con-  0.65 
duc t iv i ty  over  the  inves t iga ted  t e m p e r a t u r e  r a nge  0.70 
of 0.02 w / c m - d e g .  As soon as the  t h e r m a l  c u r r e n t  0.75 
was  es tabl i shed as equa l  t h rough  bo th  s tandards ,  0.90 

0.91 
the t h e r m a l  c u r r e n t  t h rough  the  s andwiched  u n -  0.92 
known,  toge ther  w i th  the  t e m p e r a t u r e  difference 0.93 
gave the  t h e r m a l  conduct iv i ty .  In  the  e q u i l i b r i u m  0.94 
state  w h e n  the  t e m p e r a t u r e  in  the  spec imen  is i n -  0.95 

0.96 d e p e n d e n t  of the t ime,  we  have  the  fo l lowing  con- 0.97 
di t ions  0.975 

kua~ (AT/•  = ksas (Z'T/~X)~ 0.98 
0.985 
0.99 

where  k ,  and  ks are the t h e r m a l  conduct iv i t ies  of 1 
u n k n o w n  and  s tandard ,  a ,  and  as are  the  contact  
areas and  • and  AXs are  dis tances  b e t w e e n  wh ich  
the t e m p e r a t u r e s  have  b e e n  measured .  Room t e m -  
p e r a t u r e  va lues  de r ived  f rom this  t e chn ique  were  
ob ta ined  b y  ex t r apo la t ion  only,  since the lowest  
po in t  of the  m e a s u r e m e n t  was  gene ra l l y  no t  be low 
100~ M a i n l y  due to p rob lems  in  the  contact  areas,  
accuracies  of no t  be t t e r  t h a n  • 20% can  be c la imed.  

For  more  accura te  n u m b e r s  at room t empera tu r e ,  
we also employed  an  absolu te  t e chn ique  s imi la r  to 
the  one descr ibed  by  Weiss (6) ; i t  used  smal le r  s a m -  
ples (gene ra l l y  1/2 in  d iameter ,  3-5 m m  th ick  cy l in -  
ders)  opera ted  u n d e r  vacuum,  and  the  hea te r  i n p u t  
( I .V)  could be d e t e r m i n e d  r a t h e r  accura te ly .  E r -  
rors  here  were  m a i n l y  due  to r ad i a t i on  losses, and  
the  accuracy  is p r o b a b l y  •  The room t e m p e r a -  
tu re  p roper t i es  of some 26 dif ferent  composi t ions  of 
W~Ta~_~Se2 wi th  x v a r y i n g  f rom 0.1 to 0.99 were  
m e a s u r e d  in  order  to get a good genera l  idea on the  
e lectr ical  behav io r  of the  o v e r - a l l  system. 

These data  are g iven  in  Tab le  II  and  Fig. 3 gives a 
graphica l  r e p r e s e n t a t i o n  of the  s i tua t ion .  A s s u m i n g  
a r e l a t ive ly  cons tan t  t h e r m a l  conduc t iv i ty ,  the  
p roduc t  $2~ can be cons idered  a t r u n c a t e d  figure of 
meri t ,  and  it  c lear ly  indicates  t ha t  the  the rmoe lec -  
t r i ca l ly  in t e re s t ing  reg ion  is b e t w e e n  x ~ 0.90 to 
0.99. I t  is for this  r eason  tha t  on ly  composi t ions  w i th  ~' 
x >= 0.90 were  inves t iga ted  in  some more  detail ,  p a r -  
t i cu l a r ly  as to the i r  behav io r  at  e leva ted  t e m p e r a -  ~ 
tures.  The  sca t te r ing  of the  da ta  a r o u n d  the  solid ~. 
l ine,  p a r t i c u l a r l y  in  the  regions  of m i n o r  s toichi-  
o m e t r y  var ia t ions ,  is m a i n l y  due  to f luc tuat ions  in  b 
densit ies,  and  it  should  be b o r n e  in  m i n d  tha t  all  
n u m b e r s  are charac ter i s t ic  of this  "pressed condi -  i 
t ion"  only  since no ex t r apo la t ion  to 100% dens i ty  
was  a t t empted .  As can bes t  be  seen f rom a com-  
par i son  of Fig. 1 and  Fig.  3, the  s t r u c t u r a l  t r a n s i t i o n  
f rom the  CdC12-type to the  MoS2-type does no t  qu i t e  
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Table II. Electrical properties of the WxTal-xSe2 compounds 

p, p, S ,  
m o h m - c m ,  m o h m - e r a ,  / ~ v / ~  

x 2 5 o c  ~ 1 9 6 o c  2 5 o c  S~/p Type 

0.40 0.31 --10 2.50" 10 -7  n 
0.60 0.45 - - 9  1 . 3 5 - 1 0 -  ? n 
0.55 0.42 --6 6.5-10 - s  n 
0.72 0.59 - - 2  5.5.10 -9 n 
0.82 0.53 --1.5 2.7-10 -9 n 
0.83 0.51 --1.0 1.2-10 -9 n 
0.75 0.54 --0.6 4.8.10 -z~ n 
0.79 0.57 --0.2 5.1"10 -z~ n 
0.80 0.58 -t-0.5 3.1"10 -z~ P 
0.95 0.80 -I-2 4.2.10 -9 P 
0.92 0.83 + 6  3.9.10 -8 p 
0.88 0.80 -~10 1.13"10 -7 P 
1.01 0.93 + 14 1.94.10 -7 p 
1.10 0.95 +33 9.9"10 -~ P 
1.10 0.96 ~-36 1.18"10 -6 P 
1.15 0.97 -}-39 1.32"10 .-6 P 
1.23 0.96 -]-44 1.57.10 -6 P 
1.40 1.09 -p48 1.64-10 -6 p 
1.49 1.18 +56 2.10-10 -6 p 
1.70 1.58 +65 2.48-10 -6 p 
1.90 1.83 ~- 75 2.96.10-6 p 
3.50 2.90 +90 2.31.10 -6 P 
4.51 4.00 -~100 2.22"10 -6 P 
5.71 6.02 -~110 2.12"10 -6 P 
6.92 7.21 -t-120 2.09-10 -6 P 

719 1.2-10-~ -t-700 6.82"10 -7 P 

coincide wi th  the  e lectronic  t r ans i t i on  f rom n - t y p e  
to p - t y p e  at room t empera tu r e .  D e t e r m i n a t i o n  of 
the Seebeck coefficients as a f unc t i on  of t e m p e r a t u r e  
for the  composi t ions  w i th  x = 0.50, 0.51, 0.52, 0.53, 
and  0.54 ind ica ted  tha t  it  changed  sign f rom m i n u s  
to p lus  a t  70 ~ 81 ~ 102 ~ 153 ~ and  175~ respec-  
t ively .  A l l  p - t y p e  samples  e x a m i n e d  over  a t e m p e r a -  
t u r e  r a nge  f rom 25 ~ to 600~ s tayed p - type .  

F i g u r e  4 gives the  va r i a t i on  of the  Seebeck coef- 
ficients of some of the p re f e r r ed  composi t ions  over  
an  average  t e m p e r a t u r e  r a nge  b e t w e e n  abou t  40 ~ 
and  170~ It  can be seen tha t  the  g r ad i en t  AS~AT 
increases  s igni f icant ly  even  w i t h i n  this  n a r r o w  range  
f rom 0.08 to 0.48 ~v /~  For  composi t ions  wi th  x 
< 0.91, this  g r ad i en t  becomes cons is ten t ly  smal le r  
ye t  u n t i l  i t  is f inal ly  nega t ive  for the  n - t y p e  samples  
w i th  x ~ 0.54, 0.53, 0.52, 0.51, and  0.50. TaSe2 itself 
and  Ta0.90W0.~0Se2 s tayed n - t y p e  over  the  same i n -  
ves t iga ted  t e m p e r a t u r e  range .  
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Fig. 6. Thermoelectric properties of W0.97Ta0.03Se2 as function 
of temperature. 

Since  Fig.  4 i n d i c a t e d  t ha t  a t  l e a s t  S i m p r o v e s  
w i t h  i nc r ea s ing  t e m p e r a t u r e ,  w e  s t u d i e d  a l l  t h r e e  
p rope r t i e s ,  S, p, and  k, as a func t ion  of t e m p e r a t u r e  
for  f ou r  of t he se  compos i t i ons  w i t h  x = 0.99, 0.98, 
0.97, and  0.96. C h a r a c t e r i s t i c  p lo t s  a r e  g iven  for  
W0.99Tao.01Se2 and  W0.97Ta0.03Se2 in Fig.  5 and  6. 

W e  can  see t h a t  W0.99Ta0.otSe2 e x h i b i t s  a r a t h e r  
flat  r e s i s t i v i t y  profi le ,  w h i c h  a c t u a l l y  goes t h r o u g h  
a m i n i m u m  at  abou t  400~ A l l  o t h e r  compos i t ions  
w i t h  t u n g s t e n  c o n c e n t r a t i o n s  <0.99 s h o w e d  a p o s -  
i t ive  t e m p e r a t u r e  g r a d i e n t  of t he  e l ec t r i ca l  r e s i s t i v -  
i ty .  The  h ighes t  F i g u r e  of M e r i t  of 0.90"10 -3 at  
650~ was  o b s e r v e d  for  W0.99Ta0.01Se2. A s u m m a r y  
of t he  h i g h - t e m p e r a t u r e  p r o p e r t i e s  for  th is  corn-  

Table Ill. Thermoelectric properties at 650"C for some 
compositions of the WxTal-zSe2 system 

S,  ~ ,  k ,  Z ,  
x /~v/~ m o h m - c m  d e g  -~ x m w / c m - d e g  l 0  s 

0.99 370 7.02 0.02 0.98 
0.98 260 5.30 0.02 0.64 
0.97 184 3.27 0.02 0.52 
0.96 174 3.10 0.02 0.49 

pos i t ion ,  t o g e t h e r  w i t h  t h r e e  o thers ,  is g iven  in 
Tab le  III.  

Anisotropy.--It shou ld  be  p o i n t e d  out  t ha t  a l l  
p r o p e r t i e s  quo t ed  to th is  po in t  a r e  e s s e n t i a l l y  on ly  
c h a r a c t e r i s t i c  of  t he  c r y s t a l l o g r a p h i c  a - d i r e c t i o n .  
The  fact  t ha t  the  i n h e r e n t  c r y s t a l l o g r a p h i c  an i -  
s o t r o p y  is r a t h e r  s t r o n g l y  ref lec ted ,  even  in  t he  p o w -  
d e r  compac t s  fo r  bo th  t he  e l ec t r i ca l  a n d  t h e r m a l  
p r o p e r t i e s  was  first  p o i n t e d  out  b y  Ca r l son  (7) .  
Our  o w n  m e a s u r e m e n t s  on a 1 in. cube  of W0.97Ta0.03 
Se2 (89% dense )  gave  the  r e su l t s  s u m m a r i z e d  in  
Tab le  IV, w h i c h  a r e  in good a g r e e m e n t  w i t h  those  
o b t a i n e d  e a r l i e r  b y  Car lson .  S ince  the  i n d i v i d u a l  
c ry s t a l l i t e s  a r e  smal l ,  flat  h e x a g o n a l  p l a t e s  w i t h  t he  
c r y s t a l l o g r a p h i c  c - ax i s  n o r m a l  to the  p lane ,  th is  
i n d i c a t e d  t h a t  t he  c r y s t a l s  o r i en t  t h e m s e l v e s  w i t h  

"the p l a t e s  s t ack ing  up  in t he  d i r ec t i on  of p ress ing .  
This  was  p r o v e n  b y  m e a n s  of L a u e  b a c k - r e f l e c t i o n  
p h o t o g r a p h s  t a k e n  in t he  d i r ec t i on  of p r e s s ing  and  
p e r p e n d i c u l a r  to i t  w i th  bo th  Cr  and  Cu r ad i a t i on ,  
us ing  V and  Ni f i l ters ,  r e spec t i ve ly .  The  p i c tu r e  
t a k e n  w i th  c h r o m i u m  r a d i a t i o n  y i e l d e d  the  0 0 10 
l ine,  and  the  one t a k e n  w i t h  coppe r  r a d i a t i o n  gave  
the  1 0 14 l ine,  each  of w h i c h  was  s ign i f i can t ly  
s t r o n g e r  in the  d i r ec t i on  of p ress ing ,  i n d i c a t i n g  t h a t  
t he  c ry s t a l l i t e s  do o r i en t  t h e m s e l v e s  w i t h  t he  c - a x i s  
in the  d i r ec t ion  of p ress ing .  E v e n  i m p l o s i v e  c o m -  
pac t ion  w i th  P E T N  ( p e n t a e r y t h r i t o l t e t r a n i t r a t e )  
f a i l ed  to g ive  compac t s  w i t h  r a n d o m  d i s t r i b u t i o n  of 
p rope r t i e s .  H o w e v e r ,  dens i t i e s  as h igh  as 95% of 
t h e o r e t i c a l  w e r e  ach ieved .  

The  da t a  in T a b l e  IV ind i ca t e  t ha t  t h e r e  is an  
o v e r - a l l  a d v a n t a g e  in us ing  these  compos i t ions  in 
the  a - d i r e c t i o n .  S ince  t h e  t h e r m a l  c o n d u c t i v i t y  in 
th is  d i r ec t ion  of  some 70 m w / c m - d e g  is qu i t e  h igh,  
f u r t h e r  e x p e r i m e n t s  shou ld  be  d i r e c t e d  t o w a r d  l o w -  
e r ing  th is  n u m b e r  b y  i n t r o d u c i n g  n e w  p h o n o n  sca t -  
t e r i n g  sites,  bo th  in t he  an ion  and  ca t ion  la t t ice .  
This  i n v e s t i g a t i o n  led  to the  m o r e  c o m p l i c a t e d  sys -  
t e m  Wx/2Mox/2Tal-xSe2 a n d  Wx/2MOx/~Tal-xS%Te2-y 
w h i c h  wi l l  be  sub jec t s  of s e p a r a t e  pub l i ca t ions .  

Other metal substitutions in WSe2.--Finally, the  
inf luence  of m e t a l s  such as Gd,  Hf, Zr,  Ti, Re, V, Nb,  
and  Sb on WSe2 was  s tud ied .  Due  to l a c k  of so lu-  
b i l i t y  in the  WSe2 la t t i ce ,  as e v i d e n c e d  b y  u n c h a n g e d  
l a t t i ce  p a r a m e t e r s ,  mos t  e l e m e n t s  h a d  no or  on ly  

Table IV. Anisotropy data for W0.97Tao.03Se2 

S e e b e c k  T h e r m a l  F i g u r e  
R e s i s t i v i t y ,  coef f ic ien t ,  c o n d u c t i v i t y ,  of  M e r i t ,  
m o h m - c m  g v / * C  w a t t s / c m - d e g  d e g  -~ • 10 e 

C r y s t a l l o -  C r y s t a l l o -  C r y s t a l l o -  C r y s t a l l o -  
g r a p h i c  g r a p h i c  g r a p h i c  g r a p h i c  

d i r e c t i o n  d i r e c t i o n  d i r e c t i o n  d i r e c t i o n  

a c a c a c a c 

2.11 7.63 +79 + 6 0  0.07 0.02 0.042 0.024 
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Table V. Structural and thermoelectric properties of 
Wo.97Nbo.03Se2 and Wo.97Vo.03Se2 

C o m p o s i t i o n  ao, A co, A 
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25~  600~ 
p, 25~ p, 600~ 

m o h m -  S, m o h m -  S, 
cm ~ v / ~  cm ~ v / ~  

W0.97Nb0.03Se2 3.292 12.941 2.3 ~-68 4.7 -t-178 
Wo.97V0.03Se2 3.288 12.948 3.7 ~-74 5.6 ~188 

a very  minor  effect. The only e lement  which made  
WSe2 n - t y p e  at room t empera tu re  (it changed to 
p - t y p e  at 230~ was Re, and only Nb and V, the 
two other  Group VB metalg, had  s imi lar  res is t iv i ty  
lowering effects as tan ta lum.  The lat t ice pa rame te r s  
and electr ical  proper t ies  of the two compositions 
W0.97Nb0.03Se2 and W0.97V0.03Se2 are summarized  in 
Table V. 

Discussion 

In an a t t empt  to expla in  the electr ical  behavior  
of WSe2 and TaSe2, we have prev ious ly  assumed (1) 
tha t  both  meta ls  are  in thei r  t e t r ava len t  state. Mag-  
netic suscept ibi l i ty  measurements ,  showing WSe2 
to be d iamagnet ic  and  TaSe2 paramagnet ic ,  a t  least  
qua l i t a t ive ly  indicate  tha t  this assumption has some 
value, a l though we cannot state to which degree 
these compositions are ionic or covalent.  Since See-  
beck coefficient measurements  indicated tl~at WSe2 
is of p - type ,  the conduction mechanism is by holes, 
which can r a the r  easi ly be unders tood in view of the  
WSe2 structure.  The Group VB meta l  tan ta lum,  wi th  
one electron less, if in t roduced in the WSe2 latt ice,  
acts as a p - t y p e  doping agent  (as do V and Nb) and 
the reby  contr ibutes  to the  increase of the car r ie r  
concentra t ion and consequent ly  the  electr ical  con- 
duct ivi ty.  At  the same time, we notice tha t  the See-  
beck coefficient decreases, since it var ies  as the log-  
a r i thm of the reciprocal  of the cha rge -ca r r i e r  con- 
centrat ion.  The energy gap of undoped pure  WSe2 
as der ived  f rom Hal l  measurements  vs. t empera tu re  
was calculated to be  1.4 ev. The room t empera tu re  
mobi l i ty  was 100 cm2/vol t -sec  and dropped  signifi- 
cant ly  by  the in t roduct ion of Ta as doping agent. 
So it was a ma t t e r  of es tabl ishing the region of m a x -  
imum for the product  S2"~r. This was found in a 
r a the r  empir ica l  fashion as being be tween  ~c ~ 0.95- 
0.99. In  this region, we exper ience  Seebeck coeffi- 
cient (at  e levated t empera tu res )  in the  ne ighbor -  
hood of 180 ~v/~ According to Ioffe (8),  this  is 
considered near  the opt imum, which occurs at  a 
car r ie r  concentra t ion of n ~ I01g/cm 3, and we can, 
therefore,  assume tha t  the concentra t ion of holes 
for the best  mate r ia l s  f rom this inves t igat ion is in 
the neighborhood of 10~9/cm2. The actual  ca r r ie r  
concentrat ion as der ived  f rom Hal l  measurements  
for W0.99Ta0.01Se2 was found to be 6 x 10 ~9 cm -3. 

F u r t h e r  a t tempts  at  opt imizat ion of Z have  to be 
made by  a l ter ing the la t t ice  to increase the  ra t io  of 
phonon sca t te r ing  to car r ie r  scattering.  Ai rape t i an t s  
(9) showed tha t  wi th  semiconductor  compounds,  
which can be rega rded  as consisting of a cation 
sublat t ice  and an anion sublat t ice,  e lectrons tend  
to fol low the former  whi le  holes fo]low the la t te r ;  
i.e., electron scat ter ing wil l  be s t rongly  affected by  
changes in the anion sublatt ice.  The phonons, being 

uncharged,  show no preference.  Since we were  
concerned essent ia l ly  wi th  only p - t y p e  mater ia ls ,  
new a t tempts  at lower ing  the t he r m a l  conduct iv i ty  
wil l  have  to be concerned wi th  subst i tut ions in the 
cation la t t ice  of the type  W~/2Mo~/2Tal-xSe2. These 
studies wil l  be the subject  of a separa te  for thcoming 
paper .  

Since the  composit ions of this  inves t iga t ion  are  
selenides and, therefore ,  tend  to decompose l ike 
most other  power -gene ra t i ng  candidates  of the te l -  
lur ide  or selenide category,  they  would definitely 
have to be encapsula ted  for  use at e levated t em-  
pera ture .  Compared  to p - t y p e  PbTe, there  would  be 
some other shortcomings or disadvantages .  Fo r  in-  
stance, the  average  atomic weight  of PbTe is 161.41 
as compared  to 113.51 of W0.99Tao.olSe2. PbTe  has an 
isotropic cubic s t ruc ture  as compared  to the ani-  
sotropic hexagonal  s t ruc ture  of the  discussed sel-  
enides. The lead  te l lu r ide  dens i ty  is 8.17 g m1-1 
against  9.35 g ml  ,-1 of W0.99Ta0.01Se2. For  both ma te -  
rials,  res is t iv i ty  and Seebeck coefficient increase 
wi th  t empera tu re  and both need to be encapsulated.  
The biggest  d i sadvantage  of W0.99Ta0.01Se2 as com- 
pa red  to PbTe  is the  fact  t ha t  it  does not  mel t  con- 
gruent ly ;  and therefore,  it  is a lmost  impossible  to 
obtain t ru ly  dense and consis tent ly  reproducib le  
samples. A t t empt s  to p repa re  single c rys ta l l ine  
te rnar ies  by  the prev ious ly  descr ibed (1) t r ans -  
por t  technique failed, since WSe2 was t ranspor ted  
preferent ia l ly .  

In summary ,  we can say that  the  solid solutions 
descr ibed in this  pape r  const i tute a group of com- 
pounds wi th  in teres t ing thermoelec t r ic  proper t ies  
in the in te rmedia te  t e m p e r a t u r e  range  of 300 ~ 
600~ which seem to be wor thy  of some fur ther  
investigations.  
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Improvement in the Electrolytic Preparation 
of Iodoform 
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ABSTRACT 

Use of lead dioxide anode with a graphite substrate in the electrolytic prep-  
aration of iodoform is described. Influence of bath composition, current density, 
temperature, and p i t  on the current efficiency has been investigated. Results 
are compared with those obtained with the conventional anodes like platinum 
and graphite. The effect of rotation of the anode is discussed. 

Schering (1) obta ined a German  pa ten t  in 1884 
for the e lectrolyt ic  product ion of iodoform, and in 
1885 Theodore Kempf  pa ten ted  the same process 
in the United States. Later ,  an a t t empt  was made 
to subst i tu te  (2) acetone for alcohol, and Abbot  
obtained a cur rent  efficiency of 59.7% of iodoform 
from acetone by  electrolysis  in an a lkal ine  solu-  
tion. In 1904 Teeple (3) obta ined a cur rent  effi- 
ciency of 94.5% by using acetone. He employed low 
anodic current  densi ty  and kept  the e lect rolyte  
s l ight ly  acidic, cold, and well  s t irred.  In 1905 Roush 
(4) obta ined a cur rent  efficiency of 95% by using 
two cathodes, one enclosed in a d i aphragm cell and 
thus regula t ing  the amount  of a lkal i  which mixed 
with  the main electrolyte.  Al l  these methods em-  
ployed low current  densi ty  wi th  the use of expensive 
mater ia l ,  p la t inum,  as anode and are run only for 
short  durations.  

Electrolyt ic  manufac tu re  of iodoform (5-12) is 
usual ly  carr ied out, e i ther  at a p la t inum or at a 
graphi te  anode. In the electrolyt ic  p repara t ion  of 
iodoform from ethyl  alcohol, an a t t empt  (13) was 
made to replace the  costly p la t inum anode by  g raph-  
ite (14), but  the product  obtained was s l ight ly  gray 
in color, and fur ther  purification was necessary.  I t  
is also repor ted  (13) that  nickel, copper, and si lver  
were  unsat isfactory,  and nichrome was too poor 
a conductor.  

On account of the above difficulties involved in the 
product ion of iodoform wi thout  p la t inum,  it ap-  
peared  wor thwhi le  to invest igate  a cheaper  lead 
dioxide anode p repared  by  deposi t ing the same on 
graphi te  and carbon substrates.  This process has 
been developed in this Ins t i tu te  (15) and used in 
perch lora te  p repara t ion  (16). This has now been 
done, and the influence of rota t ion of the anode (17) 
also has been studied. 

Factors in the Electrochemical Formation 
of Iodoform 

The anodic react ions (18) in the iodide elec- 
t rolyte,  dur ing electrolysis  may  be represen ted  as 
Eq. [1] 

2I- -- 2e > I2 [I] 

After the iodide discharge, the iodine formed comes 
into equilibrium with the hydroxyl ions in the al- 

kal ine  medium to give hypoiodi te  ion, Eq. [2] and 
[3] 

I2 -4- OH- HIO + I -  [2] 

HIO + O H -  I O -  + H20 [3] 

The hypoiodi te  ion is both an oxidizing and an iodin-  
a t ing agent. I t  can decompose at a measurab le  ra te  
(19, 20) to give iodate and iodide, Eq. [4] and [5], 
or it can (Eq. [6] and [7])  

6IO- + 3H20 2IO3- 

+ 6H + + I~/~ Oe + 4I- + 6e [4] 
i.e.~ 

3 0 I -  IOn- + 2I- [5] 

iodinate (21) acetone and alcohol. 

CH~--CO--CH3+ 3OI-  > 

CH~,-- CO-- O- + CHI3 + 2 OH- [6] 

CH3 -- CH2 -- OH + 5 0 I -  ) 

CHI8 + H20 + 21- + CO2 + 3 OH- [7] 

As the electrolysis proceeds, the electrolyte be- 
comes increasingly alkaline and favors reaction [5]. 
When, therefore, formation of iodoform is desired, 
it is necessary to maintain the electrolyte at mod- 
erate alkalinity (pH 10-11) so as to favor reactions 
[2], [3], and [7], giving a high current  efficiency. 
Reactions [4] and [5] can be minimized by  in-  
creasing the concentrat ion of alcohol and p reven t -  
ing the bui ld up of hypoiodi te  concentrat ion.  At  the 
same t ime occurrence of reactions [4] and [5] can-  
not be a l together  p reven ted  as seen by  the detect ion 
of iodate in the e lec t ro ly te  at the conclusion of elec-  
trolysis,  especial ly at  high current  densities.  

Experimental 
Anodes . - -The  lead dioxide  anodes were  made es- 

sent ia l ly  as descr ibed ear l ie r  (15) by  electrolyt ic  
deposit ion on a ro ta t ing  graphi te  anode of 1 cm 
d iamete r  and 15.5 cm long, which had  been p re -  
cleaned with a lkal i  solution and di lute  ni t r ic  acid. 
A solution containing 350-400 g/1 lead n i t ra te  and 
25-30 g/1 copper n i t ra te  was used as electrolyte.  
The t empera tu re  of e lectrodeposi t ion was 50~176 
and the rpm of the anode was 700-750. A copper 
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Fig. 1. Electrolytic cell with rotating anode assembly: A, lead 

dioxide anode; B, rotating shaft; C, cathodes; D, closely fitted 
diaphragm; I, inlet for C02 gas; T, thermometer; F, ball bearings; 
E, flat angle iron frame work; K, support for the frame work; J, 
pulley; G, mercury cup for contact; H, lead to the" anode; P, anode 
bus-bar; N, horizontal wooden beam; M, stand. 

plate  s u r r o u n d i n g  the anode was  used  as cathode, 
and  the ra te  of c i rcu la t ion  of e lec t ro ly te  was  2 to 3 
1/hr. The  anodic  c u r r e n t  dens i ty  was  4-5 a m p / d m  2, 
and  the  th ickness  of the  deposi t  ob ta ined  was  about  
0.2 m m  for 2 hr  of dura t ion .  The deposit  was  qu i te  
a d h e r e n t  and  free f rom holes, and  d u r i n g  deposi t ion  
the pH was kept  b e t w e e n  4 to 5 by  n e u t r a l i z i n g  the  
e lec t ro ly te  w i th  ca rbona tes  of copper and  lead ou t -  
side the  cell. The assembly  for ro ta t ion  is the  same 
as in  Fig. 1. 

Cell.--A 600 cc beaker ,  8 cm in  d i ame te r  a nd  14 
cm in  height ,  w i th  a pe rspex  l id h a v i n g  five holes 
for the  electrodes,  t he rmomete r ,  and  gas in le t  served 
as the e lect rolyt ic  cell. Two cy l indr ica l  lead rods, 
5 m m  in d i ame te r  and  14 cm in  height ,  were  used 
as cathodes. By us ing  a closely f i t t ing n y l o n  cloth 
d i a p h r a g m  (22) on the  cathodes,  a b u i l d - u p  of h y -  
d roxy l  ion concen t r a t i on  occurs on ly  in  the  pores 
of the  d iaphragm.  Adverse  po ten t i a l  g rad ien t  in  the 
pores is thus  sufficient to p r e v e n t  the  r educ t ion  of 
hypoiodi te  ion. A d i a p h r a g m  used  in  this  w a y  is 
ve ry  effective and  does no t  cause an  excessive IR 
drop or po la r iza t ion  potent ia l .  Lead  dioxide e lec t ro-  
deposi ted on g raph i te  subs t r a t e  w i th  an effective 
area of i m m e r s i o n  of 0.25 dm e was  used as anode.  
The pH of the e lec t ro ly te  was  m a i n t a i n e d  at the  
desired level  by  pass ing  in  CO2. The  cell was  kept  
in  an  electr ic  w a t e r b a t h  and  the  t e m p e r a t u r e  m a i n -  
t a ined  in  the  r equ i r ed  range .  The  ro t a t ing  anode  as- 
s embly  and  the  cell is shown  in  Fig.  1. 

Whi l e  i nves t iga t ing  the  use of the  s t a t i ona ry  
anode,  the  same cy l indr ica l  lead dioxide anode was  
used, bu t  a glass s t i r re r  was inc luded  for ag i ta t ing  
the  electrolyte .  C u r r e n t  was ob ta ined  f rom a se len-  
i um rectif ier  capable  of g iv ing  25 amp at 0-12v. 

Isolation of the product.--After electrolysis  the 
iodoform ob ta ined  was  separated,  us ing  a s in te red  

Table I. Current efficiency for the formation of iodoform 
at various anodes 

E lec t r o ly t e ,  10% ~TaI (250 e c ) ;  p H ,  11-11.5; t e m p e r a t u r e ,  60~176 
rec t i f i ed  sp i r i t ,  30 cc; c u r r e n t  d e n s i t y ,  20 a m p / d m 2 ;  c u r r e n t ,  5 
a m p ;  d u r a t i o n ,  2 h r ;  r p m  of  a n o d e ,  1000; cel l  v o l t a g e ,  5-5.5v.  

I o d o f o r m  C u r r e n t  
R u n  A n o d e  o b t a i n e d ,  e f f i c iency ,  Color  
No.  m a t e r i a l  g % of  p r o d u c t  

1. P l a t inum 13.45 91.6 Bright yellow 
2. Graphite  11.5 80.2 Greenish yellow 
3. Lead dioxide 12.0 81.4 Bright  yellow 

on graphite 
4. Lead dioxide 1.0 - -  Orange yellow 

f o r m e d  on 
lead* 

* Cel l  v o l t a g e  i n c r e a s e d  a b n o r m a l l y ,  so t h a t  t h e o r e t i c a l  c u r r e n t  
cou ld  no t  be  pa s sed .  

funne l ,  and  dr ied  to a cons tan t  we igh t  in  a v a c u u m  
desiccator  over  a n h y d r o u s  ca lc ium chloride.  The 
iodate con ten t  in  the  f i l t rate  was also es t imated  in  
some of the e xpe r i me n t s  by  iodimetry .  C u r r e n t  ef-  
f iciency was ca lcu la ted  on the  basis  tha t  10F and  6~  
are r equ i r ed  for the  f o r ma t i on  of iodoform and  
iodate,  respect ively .  

A node  po ten t i a l  was  m e a s u r e d  us ing  a Crompton  
po ten t iome te r  and  a sa tu ra t ed  calomel  e lectrode 
and  resul t s  expressed  on the  h y d r o g e n  scale. The 
di f ferent  e x p e r i m e n t a l  condi t ions  employed  are 
g iven  in  the  tables.  

Results and Discussion 
InSluence o~ anode materiaL--The c u r r e n t  effi- 

c iency for the  e lec t rosynthes i s  of iodoform at va r i -  
ous anode  ma te r i a l s  is shown  in  Table  I. The p rod-  
uct  ob ta ined  in  the  case of g raph i te  anode was  
r a the r  g reen i sh  yel low. Bu t  in  the case of e lec t ro-  
deposi ted lead dioxide  anode,  the  p roduc t  was  b r igh t  
yel low,  and  the  anode loss was a lmost  negl igible .  
W h e n  lead dioxide  fo rmed  on lead was  used as 
anode,  the lead subs t ra te  was a t tacked  g iv ing  lead 
iodide which  p r e v e n t e d  electrolysis.  The  difference 
in  c u r r e n t  efficiency b e t w e e n  p l a t i n u m  and  lead di-  
oxide anodes  could be exp la ined  on the  basis  of 
anode po ten t i a l  m e a s u r e m e n t s  as g iven  in  Fig. 2. 
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Fig. 2. Plot of anode potential v s .  duration. - -c  
dioxide anode; - -x  x-- ,  platinum anode. 
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Table II. Effect of rotation on the current efficiency of 
formation of iodoform 

Anode ,  l e ad  d iox ide  on  graphite; other conditions,  same  as in  
Tab le  I. 
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Table III. Effect of current density on current efficiency 

R o t a t i n g  anode,  lead dioxide on  g r a p h i t e ;  r pm,  900-1000; o t h e r  con-  
d i t ions ,  s ame  as i n  Tab le  I. 

C u r r e n t  C u r r e n t  
C u r r e n t  eff iciency eff iciency D u r a -  

R u n  M o t i o n  dens i ty ,  for iodo- for sodium Cur ren t ,  t ion ,  
No. of anode  a m p / d i n  2 fo rm,  % ioda te ,  % a m p  h r  

12. 2.5 4.5 10 216 13 98.5 
13. 3.75 5.0 15 162 13 98.5 

5. Rotating 10 98 1 2.3 5 14. 5 7.0 25 120 11.5 78 
6. Stat ionary 10 90 8 2.3 5 15. 7.5 7.5 30 80 11.1 76 
7. Rotating 20 78-80 14-16 4.6 2.5 16. 5 8.0 35 144 10.9 66 
8. Stat ionary 20 53 46 4.6 2.5 
9. Rotating 30 69 30.2 6.9 1.45 

10. Stat ionary 30 44 55.8 6.9 1.45 hypoiodi te  ion by  reac t ion  wi th  alcohol gives some-  
11. Rotating* 20 74 24.3 4.6 2.5 wha t  lower  anode po ten t ia l s  at the same c u r r e n t  

* I n  t h i s  case, t he  c o n c e n t r a t i o n  of  Na I  wa s  m a i n t a i n e d  cons tan t .  

In  the  case of p l a t i n u m  anode,  anode po ten t i a l  first 
increases  exponen t i a l ly ,  b u t  a f ter  2 hr  it increases  
rapidly ,  i nd i ca t ing  the  deple t ion  of the iodide ion. 
F i n a l l y  it  becomes constant .  Wi th  lead dioxide,  there  
is an  a lmost  l i nea r  inc rease  of po ten t i a l  th roughout .  
The h igher  in i t i a l  po ten t i a l  wi th  lead dioxide anode  
is due to s imu l t aneous  ox ida t ion  of hypoiodi te  ion 
to iodate  in  addi t ion  to iodide discharge.  

Influence of rotation on anode potential and cur- 
rent efficiency.--The c u r r e n t  efficiency for the elec-  
t rochemica l  p r e p a r a t i o n  of iodoform wi th  a ro ta t ing  
and  a s t a t i ona ry  anode are  g iven  in  Tab le  II. The 
inf luence  of ro ta t ion  is qui te  significant,  and  the 
difference in  the  c u r r e n t  efficiency b e t w e e n  ro ta t ing  
and  s t a t i ona ry  anode is h igh at 20 a m p / d i n  2 and  
above. This  could also be exp la ined  on the  basis  of 
data  on anode  po t en t i a l  m e a s u r e m e n t s  g iven  in  Fig. 
3, where  the  l oga r i t hm of c u r r e n t  dens i ty  ( a m p /  
dm 2) is p lot ted  aga ins t  co r respond ing  anode  p o t e n -  
t ia l  for the ro ta t ing  and  s t a t i ona ry  anodes.  At  a s ta-  
t i ona ry  anode w i thou t  alcohol ( cu rve  I ) ,  anode po-  
t en t i a l  vs. log c u r r e n t  dens i ty  is l i nea r  up to a cer-  
t a in  c u r r e n t  dens i ty  at which  a sudden  b r e a k  occurs 
due to supe r impos i t ion  of hypoiodi te  d ischarge  on 
iodide discharge.  On the  add i t ion  of alcohol, the  
p r i m a r y  reac t ion  at the  anode r e m a i n s  the  same, 
namely ,  d ischarge  of iodide ion, b u t  r emova l  of the 

. / i  

Cel l  C u r r e n t  I o d o f o r m  C u r r e n t  
R u n  Cur ren t ,  vo l t age ,  dens i t y ,  D u r a t i o n ,  ob ta ined ,  efficiency, 
No. a m p  v a m p / d m  ~ m i n  g % 

7 o . o  

L O ~  CURRENT DENSiTy  

z 

z 

o . a  

o . 4  

Fig. 3. Plot of anode potential vs .  log current density: I, station- 
ary anode without alcohol; II, stationary anode with alcohol; III, 
rotating anode without alcohol; IV, rotating anode with alcohol. 

dens i ty  (curve  I I ) .  
Wi th  a ro ta t ing  anode an  a lmost  l inear  r e l a t i on -  

ship is ob ta ined  wi th  on ly  sl ight  ind ica t ions  of a 
break.  Wi th  the  add i t ion  of alcohol, r e mova l  of 
hypoiodi te  ion keeps the  po ten t i a l  low up to qui te  
h igh  c u r r e n t  densi t ies  ( cu rve  IV) .  At v e r y  h igh cur -  
r en t  densi t ies  w h e n  hypoiodi te  concen t r a t i on  is h igh 
for the  same alcohol content ,  s imu l t aneous  iodate 
fo rma t ion  also occurs as seen by  the u p w a r d  t r end  
of anode po ten t i a l  curves.  

I t  is be l ieved  tha t  ro t a t ing  the  anode  (23) re -  
duces the th ickness  of the  diffusion l ayer  and  faci l -  
i ta tes  t r ans fe r  of the  iodide ions and  escape of hy -  
poiodite.  This  reacts  wi th  the alcohol to give iodo- 
fo rm as in  [7]. React ion [4] therefore  occurs to a 
m i n i m u m  extent .  

Influence of current density on current efficiency. 
- - C u r r e n t  efficiency for the  f o r ma t i on  of iodoform 
at a , r o t a t i n g  anode  at severa l  c u r r e n t  densi t ies  are 
shown in  Tab le  III. The c u r r e n t  efficiency is h igh 
up to 15 a m p / d m  2 and  t h e n  decreases as the  c u r r e n t  
dens i ty  is increased  up to 35 a m p / d m  2. At  h igher  
anode c u r r e n t  densi t ies  iodate  fo rma t ion  increases,  
accoun t ing  for the  lower ing  of c u r r e n t  efficiency 
for iodoform format ion .  Since the  increase  of cu r -  
r e n t  dens i ty  for the  same anode  area  shor tens  the 
d u r a t i o n  of electrolysis,  it  should  be possible  in  
pract ice  to employ  high c u r r e n t  dens i ty  up  to 20 
a m p / d m  2 which  wi l l  be  qu i te  economical .  

Influence of temperature . - -The  inf luence  of t e m -  
p e r a t u r e  on the  c u r r e n t  efficiency for the  f o r ma t ion  
of iodoform is shown  in  Ta b l e  IV. A t e m p e r a t u r e  
r a nge  of 60~176  gave o p t i m u m  c u r r e n t  efficiency. 

Influence of sodium iodide concentration.--The 
c u r r e n t  efficiency for the  fo rma t ion  of iodoform at 
d i f ferent  concen t ra t ions  of sod ium iodide solut ion 
is shown in  Tab le  V, and  it  can be seen t ha t  a 10% 
solut ion not  on ly  gives the  h ighes t  c u r r e n t  efficiency 

Table IV. Effect of temperature on current efficiency 

Anode ,  l ead  d i o x i d e  on  g r a p h i t e ;  c u r r e n t  dens i ty ,  20 a m p / d m ~ ;  other 
condi t ions ,  same  as i n  Tab le  I. 

I odo -  
Cel l  f o r m  C u r r e n t  
v o l t -  ob-  effi- 

R u n  T e m p e r -  age,  t a ined ,  c ieney,  
No. a ture ,  ~ v g % 

R e m a r k s  

17. 50-52 6.5 4.2 

18. 60-62 5.2 11.25 

19. 70-72 5.0 11.30 

29 Reaction slow. Yellow- 
ish orange product. 

78 Bright yellow. Reaction 
is fast. 

79 Reaction is very  fast. 
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Table V. Effect of sodium iodide concentration on current 
efficiency 

A n o d e ,  l e a d  d i o x i d e  on  g r a p h i t e ;  c u r r e n t  densi ty~ 20 a m p / d m f ;  o t h e r  
cond i t ions ,  s a m e  as  i n  T a b l e  I .  

Table VII. Effect of pH on the current efficiency of formation 
of iodoform 

A n o d e ,  l e a d  d i o x i d e  o n  g r a p h i t e ;  o t h e r  cond i t ions ,  s a m e  as  in  
T a b l e  1. 

S o d i u m  T o t a l  C u r r e n t  
i o d i d e  c u r r e n t  eff i -  

R u n  c o n c e n -  Cel l  p a s s e d ,  I o d o f o r m  c i ency ,  
No. t r a t i o n ,  % v o l t a g e ,  v a m p - h r  o b t a i n e d ,  g % 

C u r r e n t  
R u n  p H  d u r i n g  Cel l  I o d o f o r m  ef f ic iency ,  
No.  e l e c t r o ly s i s  v o l t a g e ,  v o b t a i n e d ,  g % 

20. 2.5 10 - 2.5 1.32 36 
21. 5 8 5 4.15 65 
22. 7.5 7.5 7.5 8.5 77 
23. 10 7.0 10 11.5 78 

Table VI. Effect of alcohol concentration on the current 
efficiency 

A n o d e ,  l e a d  d i o x i d e  on  g r a p h i t e ;  c u r r e n t ,  4.6 a m p ;  d u r a t i o n ,  2.5 h r ;  
o t h e r  cond i t i ons ,  s a m e  as  in  T a b l e  I .  

C u r r e n t  C u r r e n t  
I o d o f o r m  e f f i c i ency  A m o u n t  e f f i c iency  

R u n  V o l u m e  of  o b t a i n e d ,  f o r  l o d e -  of  f o r  
No.  a lcohol ,  ce  g f o r m ,  % NaIOs ,  g NalO~,  % 

24. 5 5.6 33 8.5 63 
(theoretical) 

25. 25 11.8 70 3.6 27 
26. 35 12.6 74 2.0 16 
27. 50 12.6 74 1.8 14 

bu t  also the lowest  cell vol tage.  A d d i t i o n  of excess 
of sod ium iodide to m a i n t a i n  its concen t r a t i on  con-  
s t an t  d u r i n g  the  e lectrolysis  did no t  increase  the 
c u r r e n t  efficiency for the  fo rma t ion  of iodoform, 
bu t  did increase  tha t  for the  fo rma t ion  of iodate,  
due to excess concen t r a t i on  of I O -  be ing  m a i n t a i n e d  
toward  the  end  of reac t ion  w h e n  the  alcohol con-  
cen t r a t i on  was  low ( R u n  No. 11, Tab le  I I ) .  

Influence of alcohol concentrat ion.--The effect of 
alcohol concen t r a t i on  in  the  e lec t ro ly te  on the  cu r -  
r en t  efficiency for the  fo rma t ion  of iodoform can  be  
seen f rom the resul t s  in  Tab le  VI. W h e n  the  t he -  
oret ical  %uanti ty  of alcohol  is used,  ve ry  low c u r r e n t  
efficiency is obta ined.  This  is increased  by  us ing  an 
excess of alcohol ( reac t ion  [7 ] ) .  

Influence of p H . - - T h e  pH of the  e lec t ro ly te  d u r -  
ing electrolysis  p lays  a v e r y  i m p o r t a n t  pa r t  in  the  
fo rma t ion  of iodoform as seen f rom Tab le  VII. A 
pH r ange  of 10-11 should be m a i n t a i n e d  for good 
cu r r en t  efficiency. 

E~ect of current concentration.--Table VIII  
gives the  resul t s  ob ta ined  at  d i f ferent  c u r r e n t  con-  
cen t ra t ions  us ing  the  same c u r r e n t  densi ty .  The  cu r -  
r e n t  efficiency of iodoform fo rma t ion  is no t  affected 
by  lower ing  the  c u r r e n t  concen t ra t ion .  
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ABSTRACT 

The formation of silicon carbide in an electric arc from consumable anodes 
composed of silica and graphite was investigated in  a special consumable elec- 
trode arc furnace, the design and operation of which are described. The elec- 
trical and erosion characteristics of the arc are described in detail. Phenomeno-  
logical observations of events occurring at the anode te rminat ion  were made 
with the assistance of high-speed motion pictures. Possible reactions occurring 
at the anode terminat ion,  the arc column, and vapor jet  regions of the arc are 
discussed in  terms of the thermodynamic  and kinetic factors dominant  in 
three critical tempera ture  regions, namely,  temperatures  greater than 3000~ 
between 2000 ~ and 3000~ and less than 2000~ The composition and 
morphology of the arc vaporized product  are discussed in relat ion to the various 
reactions and phenomena believed to occur at the anode te rminat ion  and in 
the vapors produced in  the arc. 

In te res t  in  the  vapor  phase fo rma t ion  of si l icon 
carb ide  f rom silica and  ca rbon  was  first a roused  by  
Ruff 's re fe rence  to a rc ing  w i t h i n  the  si l icon carb ide  
res i s tance  fu rnace  in  which  he s ta ted " in  the n e i g h -  
borhood of these arcs, SiC vaporizes  and  dissociates 
b r i n g i n g  about  a cooling effect. At  the same t ime  
g raph i t e  is produced."  Ruff f u r t h e r  suggested tha t  
the si l icon carbide  crysta ls  are too large  to a t t r i bu t e  
the i r  g rowth  to a solid s tate  di f fusional  process and 
conc luded  tha t  a gas phase  accounts  for the i r  
g rowth  (1) .  

A l t h o u g h  the inves t iga t ions  of Lely  (2) and  
others  have  both  conf i rmed and  re fu ted  m u c h  of 
Ruff 's ea r ly  f indings and  p rov ided  new  knowledge  
on the fo rma t ion  of si l icon carbide,  the m e c h a n i s m  
and  k ine t ics  of fo rma t ion  of si l icon carb ide  crys ta ls  
are st i l l  l i t t le  unders tood .  

Much of the  d i sag reemen t  revolves  a r o u n d  
w h e t h e r  si l icon monox ide  exists as an  i n t e r m e d i a t e  
compound  in  the  reac t ion  sequence,  and  if so, the  
precise role it  plays. The ques t ion  of its exis tence  
and  its role in  the  reac t ion  sequence  r e m a i n  w i th  
us l a rge ly  because  of the  i nab i l i t y  of researchers  
to produce  di rect  e x p e r i m e n t a l  ev idence  of si l icon 
monox ide  and  its role. The  p resen t  work  was  p r i -  
m a r i l y  u n d e r t a k e n  to produce  an  u l t ra f ine  powder  
of s i l icon carb ide  crystal l i tes .  However ,  the  t ech-  
n iques  and  procedures  employed  in  this  work  offer 
ano the r  approach  to the  s tudy  of this  react ion.  Con-  
f ining the  chemical  react ions  to the  anode t e r m i n a -  
t ion  of a consumab le  electrode and  the  products  of 
the  reac t ion  to a fast  m o v i n g  vapor  s t r eam e m a n a t -  
ing f rom the  reac t ion  surface  p rov ide  a c o n v e n i e n t  
accessible a r r a n g e m e n t  of reac tants ,  react ion,  and  
reac t ion  products  for observat ion ,  m e a s u r e m e n t ,  and  
analysis .  Morphological  s tudies  as a means  of i d e n -  
t i fy ing  var ious  species found  in  the  reac t ion  p r od -  
ucts  w i th  specific reac t ions  have  also been  a use fu l  
approach.  

The i n f o r m a t i o n  ava i lab le  f rom t h e r m o d y n a m i c  
s tudies  u t i l i z ing  a mass spec t romete r  indica tes  tha t  

the react ions  occur r ing  at h igh t e m p e r a t u r e s  be -  
t w e e n  sil icon and  ca rbon  are h igh ly  complex  i n -  
vo lv ing  var ious  combina t ions  of si l icon and  carbon  
atoms and  molecules  (3) .  The m e c h a n i s m  of g rowth  
of the si l icon carb ide  crys ta ls  f rom embryos  to n u -  
clei and  thence  to seed crysta ls  and  l a rge r  is st i l l  
m u c h  of a mys te ry .  Such cons idera t ions  suggested 
tha t  m u c h  wou ld  be l e a r ne d  about  the  in i t i a l  stages 
of fo rma t ion  of si l icon carb ide  f rom the  vapor  state 
by  vapor iz ing  silica and  ca rbon  in  s to ichiometr ic  
p ropor t ions  and  s tudy ing  the  r e su l t a n t  condensed  
products .  A n  arc f u r na c e  was  t h e r e u p o n  des igned 
and  cons t ruc ted  to faci l i ta te  such an  inves t iga t ion .  

This paper  is concerned  wi th  a descr ip t ion  of an 
e x p e r i m e n t a l  appa ra tu s  for vapor iz ing  cohsumab le  
anodes  of sil ica and  carbon,  its operat ion,  and  the 
product .  Arc  charac ter is t ics  and  p h e n o m e n a  ob-  
se rved  at the  anode  t e r m i n a t i o n  and  in  the  p lasma 
flame are discussed. The possible  reac t ions  occur-  
r i n g  in  the arc column,  anode  t e rmina t i on ,  and  
p la sma  je t  of a direct  c u r r e n t  arc b e t w e e n  a g r aph -  
i te ca thode a nd  an  anode consis t ing of a n e a r l y  
s to ichiometr ic  m i x t u r e  of silica and  g raph i te  are 
discussed in  the  l ight  of ex is t ing  p e r t i n e n t  k n o w l -  
edge of the ove r - a l l  t h e r m o d y n a m i c s  of si l icon 
carb ide  and  silica react ions.  

Apparatus and Experimental Procedure 
Arc Reac tor . - -A  d i a g r a m m a t i c  sketch of the  arc 

reac tor  is shown  in  Fig. 1. The sa l ien t  fea tures  of 
the  fu rnace  are descr ibed  below. 

The arc c h a m b e r  was des igned to be used in 
vacuo or at p ressures  up  to 200 psi. Por ts  for the 
e lect rode contact  device, gas inlets,  f u m e  col lect ing 
system,  and  v i e w i ng  w i ndow s  were  sealed w i th  
O - r i n g  seals. Cons t ruc t ion  was  brass  except  where  
no ted  in  Fig. 1. 

The contact  device shown  in  Fig. 2 u t i l ized  spr ing  
loaded m u l t i p l e  g raph i te  contac t  b rushes  housed  in  
a c ross -shaped  wa te r - coo led  v a c u u m - t i g h t  copper  
sleeve. The  % in. d i ame te r  consumab le  anodes  were  
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Fig. I .  Construction and detail of arc test cell 

Fig. 2. Design of multiple contact device for feeding consumable 
anodes. 

advanced  into the arc m a n u a l l y  by  m e a n s  of a s teel  
push rod opera t ing  t h r o u g h  a v a c u u m - t i g h t  s l id ing 
seal. A bo ron  n i t r i de  face p la te  pro tec ted  the  me t a l  
componen t s  f rom the  arc p l a sma  and  p r e v e n t e d  
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secondary  a rc ing  b e t w e e n  the  cathode a nd  the  cop- 
per  housing.  The  m u l t i p l e  contacts  p e r m i t t e d  elec-  
t rodes w i th  u n d u l a t i n g  surfaces  and  wide  to le r -  
ances to be used  t h e r e b y  r educ ing  electrode p r ep -  
a r a t i on  p rob lems  s ignif icant ly .  

The Ys in. d i a m e t e r  g raph i t e  cathode was  he ld  in  
a g raph i te  b u s h i n g  which  in  t u r n  was  suppor ted  in, 
and  i n su l a t e d  f rom,  the  arc c ha mbe r  by  boron  
n i t r ide  bush ings  as shown in  Fig. 1. The cathode was 
pos i t ioned  in  a ve r t i ca l  p l ane  c o m m o n  to the  anode 
and  inc l ined  45 ~ be low the  hor izontal .  A d j u s t m e n t  
of the  cathode was  made  outs ide the arc chamber .  

A t r a n s i t i o n  duc t  shown  in  Fig. 1 leads  f r o m  the  
top of the fu rnace  to a 1 in. d i ame te r  duc t  to an  
electrostat ic  dus t  collector 3 in. ID by  18 in. long. 
A 30 k w  dc S p e l l m a n  Model  PN-30R power  supp ly  
was  used  to charge  a 0.010 in. d i ame te r  ax ia l  s teel  
electrode.  N o r m a l l y  7-10 kv  were  used,  the  ou tpu t  
be ing  va r i ab l e  b e t w e e n  0 and  30 kv. 

The cont ro l  pane l  consis ted of p ressure  and  gas 
flow gauges,  mete r s  for m e a s u r i n g  the  arc c u r r e n t  
and  voltage,  and  va lves  for a tmosphere  control .  

Power  was suppl ied  at 70v d-c  open c i rcui t  by  a 
Wes t inghouse  Type  RA Weld ing  Rectifier r a t ed  at  
300 amp. Higher  vol tages were  ob ta ined  by  series 
connec t ing  two or more  rectif ier  uni ts .  

Materials and their preparation.--The m i x  p ro -  
por t ions  and  chemical  analys is  of the  ma te r i a l s  used 
in  the  p r e p a r a t i o n  of the  consumab le  anodes  are  
g iven  in  Tab le  I. The  ana lyses  of the  silica, graphi te ,  
and  b i n d e r  are g iven  in  Tab le  II. 

The  silica and  g raph i t e  powders  were  t h o r o u g h l y  
d ry  m i x e d  in  a Lancas t e r  m i xe r  for abou t  10 min .  
Corn  sy rup  b i n d e r  was s lowly added whi le  m i x i n g  
for abou t  20 rain. The mix  was cons idered  su i t ab le  
for ex t ru s ion  in to  % in. d i ame te r  rods af ter  ba l l ing  
commenced  a nd  f irm spheres  could be packed  f rom 
the  mix  by  hand .  The  anodes  were  e x t r u d e d  into 2 
ft l engths  at 3000 psi onto co r ruga ted  d ry ing  t rays.  
The rods were  air  dr ied  for 1 hr, oven  d r ied  at  
220~ for 29 hr,  a nd  f inal ly  fired at  800~ for 16 h r  
in  a r educ ing  a tmosphere  p rov ided  by  a g raph i te  
powder  packing.  The  e lect r ical  p roper t ies  of the  
rods af ter  f i r ing are g iven  in  Tab le  I. 

Table I. Consumable electrode composition and properties 

B i n d e r *  
c o n t e n t ,  P h y s i c a l  p r o p e r t i e s  

S i l i ca  c o n t e n t ,  % G r a p h i t e  c o n t e n t ,  % % of  SiO2 A f t e r  o v e n  d r y i n g  
A f t e r  A f t e r  p l u s  g r a p h i t e  f o r  24 h r  a t  220~  A f t e r  f i r i n g  a t  800~ f o r  16 h r  

M i x  f i r ing**  M i x  f i r ing**  b e f o r e  f i r i n g  D e n s i t y ,  g / c c  D e n s i t y ,  ec  R e s i s t i v i t y ,  o h m - c r n  S h r i n k a g e ,  % 

71 65 29 35 43 3.05 2.5 0.018 to 0.027 3 to 4 

* C o r n  s y r u p ,  speci f ic  g r a v i t y  1.31 g / c e .  
** I n c r e a s e  i n  t h e  c a r b o n  to s i l i ca  r a t i o  is  c a u s e d  b y  t h e  loss  o f  v o l a t i l e s  a n d  t h e  c o n v e r s i o n  of  o r g a n i c  m a t e r i a l  to c a rbon .  

Table II. Chemical Analyses of silica, graphite and binder 

M a t e r i a l  C SiO2 F e  A1 Si  B M n  V Ca  R e s i d u e  H 2 0  AI~O8 C a O  

Silica Nil 99.77 . . . . . . . . .  0.07 0.06 
Graphite  99.8 - -  0.01 0.001 0.01 0.01 0.005 0.005 0.005 0.2 - -  - -  

to to to to to to 
0.05 0.05 0.05 0.01 0.01 0.01 

Corn syrup* 
binder  5.32 - -  0.0002 0.0002 0.002 0.00002 0.0001 - -  0.002 0.21 11.4% 

to to to to 
0.001 0.001 0.0001 0.0002 

* Vo la t i l e s  a n d  c o m b u s t i b l e s  a t  950~ 94.5%. 
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Experimental procedure.--The arc c h a m b e r  was  
pu rged  and  filled w i th  a rgon  which  was  m a i n t a i n e d  
at 1 ps ig  whi le  a l lowing  a flow of abou t  4 s.c.f.h. 
into the arc c h a m b e r  whence  it  flowed t h r o u g h  to 
the  duc t  work  and  electrosta t ic  p rec ip i t a to r  in to  
the a tmosphere .  Before each e x p e r i m e n t  the  ca th -  
ode and  anode  tips were  pos i t ioned  to fac i l i ta te  
ign i t ion  of the arc by  s imply  touch ing  the anode  to 
the  cathode tip. The open  circui t  po ten t i a l  of the  
power  supp ly  (75 v) was t hen  appl ied  to the  elec-  
t rodes wi th  the  c u r r e n t  set at a p r e d e t e r m i n e d  
value.  Upon  ign i t ion  of the  arc the  anode  was w i t h -  
d r a w n  and  the  arc gap m a i n t a i n e d  b e t w e e n  3/s and  
1/2 in. whi le  m a i n t a i n i n g  the anode  ove rhang  at 
1~ in. 

Ign i t ion  caused the vol tage  across the arc to drop 
to b e t w e e n  30 and  40 v. No difficulties were  ex -  
per ienced  in  e i ther  s t a r t ing  the  are or m a i n t a i n i n g  
it in  operat ion.  The t ime to consume  the  m a x i m u m  
permiss ib le  l eng th  of the  electrode (ca. 75% of the 
or ig ina l  l eng th )  was no ted  and  the  ra te  of con-  
s u m p t i o n  calculated.  The electr ical  and  vapor iza -  
t ion charac ter is t ics  of the  anode were  observed 
d u r i n g  each expe r imen t .  Af te r  each e x p e r i m e n t  the 
electrodes and  the p roduc t  of vapor iza t ion  were  ex-  
amined  and  the behav io r  of the  are d u r i n g  the  ex-  
p e r i m e n t  recorded.  

H igh - speed  mot ion  p ic tures  recorded the are be-  
hav ior  at the  anode t e r m i n a t i o n  of the  p lasma re -  
gion of the  are. A Wol l ensak  Fastax |  W F - 3  16 ram. 
h igh- speed  camera  was employed  us ing  a speed set-  
t ing  of 1440 f rames / see .  

Results of  Exper iments  

Operation o[ arc reactor.--The e x p e r i m e n t a l  da ta  
are s u m m a r i z e d  in  Table  III  for open -c i r cu i t  d-c  
voltages of 75 and  145v. Arc behav io r  is s imi la r  at 
both 75 and  145v, except  tha t  the  arc can be oper-  
ated in  the region  of u n s t a b l e  arcs 1 at h igher  c u r -  
ren ts  us ing  the  h igher  voltage. The dependence  of 
consumpt ion  ra te  and  vol tage on arc c u r r e n t  is 
g iven  in  Fig. 3. F i g u r e  4 shows the  change  in the  

t " R e g i o n  of u n s t a b l e  a r c s "  is  t h a t  r e g i o n  i n  w h i c h  t h e  c u r r e n t  i s  
h i g h  e n o u g h  to c a u s e  t h e  a n o d e  spot  to o v e r l a p  t h e  t i p s  a n d  b e g i n  
to r o t a t e  a r o u n d  t h e  s ides  of t h e  a n o d e  t e r m i n a t i o n .  
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Fig. 3. Dependence of consumption rate of consumable elec- 
trodes as arc current. 

Fig. 4. Appearance of anode tip after arc vaporization. I. Current 
range 16-42 amp, voltage 38; 2. current 47-89 amp, voltage 36-40; 
3. current 104-162 amp, voltage 37-45; 4. current 170-205 amp, 
voltage 32-48. 

shape of the e lect rode tip w i th  arc c u r r e n t  at 75v, 
open circuit .  The anodes b u r n e d  c l ean ly  w i thou t  
spa t te r  or the  slag loss typ ica l  of some oxidic m a t e -  
r ials  vapor ized in  the arc (4) .  

Morphology oJ arc vaporized products.---The 
produc t  of vapor i za t ion  was t a n  in  color h a v i n g  the 

Table III. Summary of experiments conducted at 75 and 145v open circuit 

Current 
(average 
values), 

amp 

V o l t a g e  
r a n g e  of 
( a v e r a g e  
v a l u e s ) ,  

v 
T i m e  of  A n o d e  w e i g h t  C o n s u m p t i o n ,  
r u n ,  see loss,  g g / s e c  R e m a r k s  

16-42 

47-89 

104-162 

170-205 

38 320-1005 8-12.4 0.008-0.038 

36-40 115-330 12.1-12.9 0.037-0.110 

37-45 45-150 7.6-12.5 0.11-0.19 

32-48 10-30 2.0-6.0 0.19-0.20 

Unsteady movement  of tail  flame, powdery 
deposit of SiC formed on cathode tip; gen- 
eral appearance of anode tip shown in  Fig. 
4-1. At  low currents  deposit is formed on 
anode also. 

Straight, project ing tail  flame, crystal l ine de- 
posit of SiC formed on cathode tip; appear-  
ance of anode te rminat ion  shown in  Fig. 4-2. 

Straight, project ing tail  flame, crystal l ine de- 
posit of SiC formed on cathode tip; hard 
crusty deposit formed on inter ior  walls. 
Appearance of anode shown in Fig. 4-3. 

Violent, uns teady movement  of arc. Anode 
spot rolled over edge of anode and onto sides 
to give the tapered tip shown in  Fig. 4-4. 
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Table IV. Chemical composition of typical product from the 
arc vaporization of silica and carbon anodes* 
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Total carbon 18.65 
Uncombined carbon Not detected 
Total silicon 64.41 
Free silicon 14.43 
Silica 25.6 
Silicon carbide (based on C) 62.2 
Iron 0.12 
Aluminum (all other oxides as A1) 0.24 
Nitrogen* * 0.65 

* I n  dup l i ca te .  
** N i t r o g e n  is b e l i e v e d  to  o r i g i n a t e  f r o m  t h e  e lec t rodes ,  s l i g h t  a i r  

l e a k a g e  a n d  a d s o r p t i o n  on  t he  su r face  of t h e  p o w d e r  a f t e r  e x p o s u r e  
to  air .  

analysis  given in Table IV. X - r a y  diffraction studies 
of the powder  identif ied the be ta  or cubic modifi-  
cation of silicon carbide.  Electron micrographs  of 
the product  are shown in Fig. 5-9. The product  is 
very  s imi lar  to tha t  descr ibed in deta i l  e l sewhere  
(5) and consisting of a mix tu re  of be ta  silicon car -  
bide crys ta l l i tes  and fibers of d ispropor t iona ted  
silicon monoxide (Si + SiO~). The silicon carbide 
par t ic les  are p redominan t ly  p la te l ike  having t r i -  
angular  and hexagonal  configurations. The tan  color 

Fig. 7. Fibrous component of arc vaporized product believed to 
consist of disproportioned silicon monoxide. Magnification 160,- 
O00X. 

Fig. 8. Typical single crystals of silicon carbide found in arc 
vaporized product. Magnification 52,000X. 

Fig. 5. Electron micrograph of product produced by arc vaporiza- 
tion of (Si02 ~ 3C) anodes. Magnification 8500X. 

Fig. 6. Silicon carbide crystallites in product produced by arc 
vaporization of (SiOs -~ 3C) anodes, after leaching in hydrofluoric 
acid. Magnification 12,760X. 

Fig. 9. Typical appearance of silicon carbide crystallites and 
fibrous component observed in arc vaporized product. Magnification 
40,O00X. 

is impar ted  by  the d ispropor t ionated  silicon monox-  
ide fibers shown in Fig. 5, 7, and 9. Leaching with  
aqueous hydrofluoric  acid containing a smal l  
amount  of ni t r ic  acid removes  the  silica and silicon 
leaving a ve ry  fine beta  silicon carbide  powder.  
Typical  single crysta ls  are shown in Fig. 8. 
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Discussion of Results 
Arc characteristics.--The erosion charac ter is t ics  

g iven  in  Fig. 3 differ f rom those of the  h igh i n t e n s -  
i ty  arc exh ib i ted  by  ca rbon  and  some other  m a t e -  
r ials  in  tha t  the  vol tage  rises on ly  s l ight ly  wi th  arc 
cu r r en t  and  the erosion ra te  levels  off or decreases 
af ter  r each ing  a peak  at  h igh c u r r e n t  levels,  
whereas  the vol tage  and  erosion ra te  of the h igh  
i n t ens i t y  arc rise s teeply  at a fa i r ly  cr i t ical  c u r r e n t  
(6, 11). The anode spot area a p p a r e n t l y  grows in  
d i ame te r  w i th  inc reas ing  c u r r e n t  whi le  m a i n t a i n i n g  
a flat f ron ta l  area  at the anode t e rmina t i on .  At  
h igher  cu r ren t s  the arc begins  to spil l  over  and  
ro ta te  on the  sides of the anode t e r m i n a t i o n  t h e r e b y  
fo rming  a po in ted  t ip as shown  in  Fig. 4-4. As the 
cu r r en t  increases,  the  area  of the anode  spot con-  
t inues  to e x p a n d  over  the  tip wi th  l i t t le  increase  in 
anode consumpt ion  ra te  or arc voltage.  This p ro -  
duces a broad,  u n s t e a d y  anode  flame r a the r  t h a n  
the stiff vapor  je t  associated wi th  the  h igh erosion 
arc. 

Phenomena at the anode termination and in the 
vapor j e t . - -A  possible exp l ana t i on  for the behav io r  
of the arc involves  the  events  occur r ing  at the s u r -  
face of the  anode.  The t e m p e r a t u r e  at  the anode 
face was assumed to be equa l  to or s l ight ly  g rea te r  
t h a n  the boi l ing  point  of silica (3070 ~ • 25~  the 
lowest  bo i l ing  po in t  ma te r i a l  in  the anode.  X - r a y  
and  pe t rograph ic  e x a m i n a t i o n  of successive sc rap-  
ings f rom the anode  face indicates  tha t  the reac t ion  
zone is less t h a n  0.1 m m  be low the porous surface  
of the anode face. The n a t u r e  of successive layers  as 
d e t e r m i n e d  by  x - r a y  dif f ract ion and  pe t rograph ic  
e x a m i n a t i o n  is g iven  in  Table  V. 

I t  is conceivable  tha t  sudden  expans ion  of the  
gases gene ra t ed  by  the  SlOe + 3C reac t ion  over -  
comes the  compress ive  forces exer ted  by  the  arc 's  
own  magne t i c  field g iv ing  a f lar ing r a the r  t h a n  a 
sha rp ly  defined vapor  jet.  This was ev iden t  f rom a 
h igh speed mot ion  p ic tu re  f r ame  of an  arc p roduced  
in  an a rgon  a tmosphere  b e t w e e n  a ca rbon  cathode 
and  a (SiO2 ~- 3C) composi t ion anode.  

High speed mot ion  p ic tu re  s tudies  of the arc r e -  
veal  a s t r eam of par t ic les  and  vapor  f rom the s u r -  
face of the  anode,  bu t  none  f rom the  cathode. The 
speed of these par t ic les  was es t imated  f rom both  
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Fig. 10. Appearance of 55 amp arc photographed at high speed. 
Time interval represented is 0.0007 sec. Anode is at the right 
of the photograph. Magnification approximately 7X. 

m e a s u r e m e n t s  of s t reaks  of m a x i m u m  l eng th  and  
the d i sp lacement  of par t ic les  f rom one f r a me  to the 
n e x t  to be about  940 cm/sec  at an anode  c u r r en t  
dens i ty  of abou t  77 a m p / c m  2. The  s t reaks  are  be -  
l ieved to r ep re sen t  i ncandescen t  par t ic les  of ca rbon  
prope l led  by the  vapor  s t ream.  Compar i son  of a 
series of f rames  revea led  occasional  s t reaks  to d is -  
appear  in  the vapor  s t r eam as if consumed  by  r e -  
act ion wi th  the  vapors.  This m a y  exp la in  the  ab -  
sence of free ca rbon  in  the  product .  The anode  spot 
is i nd i s t i ngu i shab l e  per se, e i ther  occupying  the  
en t i re  f ron ta l  area  of the  anode  or cons is t ing  of 
mu l t i p l e  spots m o v i n g  r a p i d l y  a nd  r a n d o m l y  over  
the  surface at  such high speed as to give it  a u n i -  
f o rm appearance .  The l a t t e r  is suggested by  the  
m u l t i t u d e  of i ncandescen t  "microspots"  m o v i n g  
r ap id ly  over  the  surface.  The microspots  though  
c lear ly  vis ible  in  the  pro jec ted  film are  b a r e l y  v is i -  
ble  in  Fig. 10. 

Re la t ive ly  l a rger  part icles ,  also seen in  Fig. 10, 
b roke  away  f rom the  edge of the  anode,  m a n y  of 
which  coll ided wi th  the cathode,  p roduc ing  a si l i-  
con carb ide  fo rma t ion  jus t  be low the  t ip of the  
cathode. 

The absence of fus ion  or b u b b l i n g  of l iqu id  phases 
at the anode t e r m i n a t i o n  is t a ke n  as ev idence  tha t  
the sil ica is e i ther  d i rec t ly  vapor ized  a n d / o r  reacts  
i n s t a n t a n e o u s l y  w i t h  ca rbon  to produce  sil icon 
monox ide  vapor,  ca rbon  monoxide ,  and  n u t r i e n t  

Table V. Composition of the anode termination after partial consumption of electrode* 

C u m u l a t i v e  X - r a y  d i f f r ac t ion  i n t e n s i t y  
w e i g h t  of  E s t i m a t e d  
m a t e r i a l  a x i a l  d i s t a n c e  

r e m o v e d  f r o m  f r o m  a n o d e  
a n o d e  t ip ,  g t ip  s u r f a c e ,  m m  flSiC S i  G r a p h i t e  Quar t z  P e t r o g r a p h i c  e x a m i n a t i o n  

0.006 ~ 0.1 Major Weak/rood. Major 

0.019 ca. 0.1 Weak N.D. Major 

0.044 ca. 0.3 N.D. N.D. Major 
0.100 ca. 0.6 N.D. N.D. Major 

Unreacted mater ial  N.D. N.D. N.D. 
away from tip. 

N . D .  

N.D. 

N.D. 
Strong 

Major 

Beta SiC, glassy substance, and graphite 
present. 

Minor amount  of quartz present. Glassy 
material  and graphite present. 

Similar to above. 
Quartz increased to a significant propor-  

tion. 

Alpha quartz and graphite are major  
phases. No glass or beta SiC observed. 

* Arc  c u r r e n t  a p p r o x i m a t e l y  55 amp.  
N.D. = no t  de t ec t ed  or  d e t e r m i n e d .  
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Fig, ] 1. Free energies of formation of possible reactions occurring 
in three temperature regions of an electric arc between a con- 
sumable anode composed of silica and carbon and a graphite 
cathode. 

species for the formation of silicon carbide crystals. 
Additional evidence of this is given in Table V 
showing that silicon carbide has either former 1 or 
deposited on the tip of the anode from vapors at the 
instant the arc was quenched. These data also in- 
dicate that the gradient is very  sharp rising from 
the fusion temperature of silica (ca. 2000~ to the 
temperature at the surface of the anode termination 
(ca. 3000~ within a distance of 1 or 2 ram. The 
depth of penetration of the reaction zone is depend- 
ent on the thermal  conductivity of the anode and 
the rate of consumption of the anode reactants. 

It was concluded from the preceding observations 
that at the anode face, vaporization and reaction 
proceed simultaneously and these processes are al- 
most instantaneous. 

Possible reactions occurring at the anode termin-  
ation, arc column, and vapor je t . - -The reactions at 
the anode termination, the arc column, and vapor 
jet can be conveniently discussed in terms of three 
temperature regions derived from the thermody-  
namic data in Fig. 11 and reference (10). These are 
at temperatures  greater than 3000~ where all re-  
actants are in the gaseous state with possibly the 
exception of carbon; the temperature range be- 
tween 2000 ~ and 3000~ where solid SiC crystal-  
lizes and silicon monoxide is a stable compound; 
and below 2000~ where silicon monoxide dispro- 
portionates into silicon and silica and silicon reacts 
with carbon monoxide. 

Reactions occurring at temperatures greater than 
3000*K.--The important  reactions believed to occur 
in region I are given as follows 
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SiO~(s) --> Si02(g) [i] 

Si02(g)--> SiO(g) -{- 1/2 02(g) [2] 

Si02(g) -1- C(s or g) "~ SiO(g) n a CO(g) [3] 

Cog or s) + SiO(g) ~ Si(g) + COcg) [4] 

Cc~ ) -* Co, ) [5] 

Above 3000~ reactions [1], [2], [3], and [4] 
should proceed strongly to the right according to 
the free energy values given in Fig. 11. Also graph-  
ite begins to vaporize appreciably above 3000~ 
The main reaction sequence is believed to be in the 
order [1] -~ [3] -~ [4] above 3000~ Hence the 
partial pressure of silicon and silicon monoxide in 
the vapor phase is probably very  high. Complex 
Si-C molecular ions are reported to exist at small 
partial pressures in the gas phase at these tempera-  
tures (3). Reaction [2] is the most important  reac- 
tion when silica is vaporized. Under neutral  and 
oxidizing conditions it is reported for silica that 
the partial pressure of SiO is about i arm at 3150~ 
(7). Dissociation of the SiO(g) to monomeric, di- 
meric, or larger aggregates of silicon has been 
shown to be negligible. At  3000~ under neutral  
conditions and a pressure of 0.4 atm of SiO(g) the 
pressure of silicon is 1.30 x 10 -6 atm (7). Also, the 
formation of dimers and trimers is reported not to 
be important  above 3000~ (7). In the presence of 
excess carbon SiO will not react with carbon to 
produce SiC since the latter is unstable at these 
temperatures.  

Reactions occurring at temperatures between 
2000 ~ and 3000~ the temperature  drops into 
region II between 3000* and 2000~ the following 
reactions became important  

Cog or s) -~ SiOcg) -~ Sicg or I) ~- CO(g) [4] 

St(g) -b C(g or s) -> SiC(g or s) [6] 

SiO(g) ~- 2C(g or s) "+ SiCcg or s) "~ CO(g) [7] 

2Sicg or 1) -~- CO(g) "-> SiC(g or s) "~ SiO(g) [8]  

The vapors entering region II  are composed 
largely of SiO, silicon, carbon vapors, and CO gas. 
According to the free energy of the various reac- 
tions given in Fig. 11 the tendency for silicon car- 
bide formation is very  weak at 3000~ becoming 
stronger as the temperature  decreases. Smith has ob- 
served that silicon carbide crystallites begin to form 
in visible clouds at 2973~ in substantial agree- 
ment with the thermodynamic data, whereas dis- 
sociation of large crystals begins about 2573~ (8). 
The morphology of crystallites produced by Smith 
is, except for their larger size, very similar to the 
tr iangular and hexagonal crystallites shown in Fig. 
6. Thus the region between about 2573 ~ and 3000~ 
is the region of small crystallite formation. These 
may form by reactions [6], [7], and [8]. Reactions 
[7] and [8] are believed to have a minor role 
kinetically since the probabili ty of a trimolecular 
reaction is much less than that  of dimolecular re-  
actions. Also the thermochemical potential of re-  
action [8] does not favor the formation of SiC and 
SiO above 2000~ Thus reactions [6] and [7] will 
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compe te  for  the  a v a i l a b l e  ca rbon  in the  e n v i r o n -  
men t .  

A t  3000~ the  t h e r m o d y n a m i c  p o t e n t i a l  for  the  
f o r m a t i o n  of s i l icon  c a r b i d e  is s m a l l  wh i l e  t h a t  for  
s i l icon is h igh  in  the  p r e s e n c e  of s i l icon  m o n o x i d e  
and  ca rbon ,  w h e r e a s  t he  h igh  t e m p e r a t u r e  a n d  con-  
c e n t r a t i o n  of r e a c t a n t s  a r e  f a v o r a b l e  for  bo th  r e -  
act ions.  There fo re ,  the  compos i t i on  of t he  v a p o r  
phase  a t  th i s  t e m p e r a t u r e  p r o b a b l y  does no t  d e p a r t  
g r e a t l y  f rom e q u i l i b r i u m  condi t ions .  H o w e v e r ,  as 
the  t e m p e r a t u r e  d rops  the  t h e r m o d y n a m i c  p o t e n t i a l  
for  s i l icon c a r b i d e  f o r m a t i o n  inc reases  and  t h a t  for  
silicon formation decreases. The formation of solid 
silicon carbide crystallites, however, lowers the ki- 
netic potential of reaction [6] as the crystals grow in 
size and as the available carbon becomes less. Thus as 
the temperature lowers more time is needed to give 
the silicon and carbon an opportunity to locate at 
nucleation and growth sites on the growing crystal- 
lites. Under equilibrium conditions the two final 
phases would be silicon carbide and carbon mon- 
oxide. However, the steep temperature gradients, 
high velocity gas flows, and varying energy states 
of the molecular, atomic, and ionic species provide 
conditions for complex, nonequilibrium conditions 
and hence an incompleted over-all reaction. This 
explains the presence of disproportionated silicon 
monoxide, silicon, carbon monoxide, and silicon 
carbide in the product as the temperature rapidly 
falls below 2000~ into the third region. 

Reactions occurring at temperatures less than 
2000~ i m p o r t a n t  r eac t ions  in r eg ion  I I I  also 
i nc lude  r eac t ions  i m p o r t a n t  in r eg ions  I and  I I  and  
a re  l i s t ed  as fo l lows  

SiO(g or s) -~ C(s) ---) Sic, or g~ § CO(g~ [4] 

Si(g or ,) + C(~ -~ SiCks ~ [6] 

SiO(g or s) -~- 2Cr -+ SiC(s~ + CO(g) [7] 

2Sing or D -~ CO(g) ~ SiCks ) ~- SiO(~ or g~ [8] 

SiOux)-* 1/2 Si(s) § 1/2 SiO2(s) [9]  

3Sing or l~ + 2CO-* 2SiC(~ § SiOz(s or 1) [10]  

The  b u l k  of the  s i l icon c a r b i d e  is b e l i e v e d  to fo rm 
in the  r eg ion  I I  w h e r e  the  m o b i l i t y  of  the  n u t r i e n t  
species  is h igh .  I t  m a y  be seen f r o m  Fig.  11 t h a t  t he  
t h e r m o d y n a m i c  p o t e n t i a l  of s i l icon c a r b i d e  f o r m i n g  
r eac t ions  [6] ,  [7] ,  a n d  [8]  and  s i l icon f o r m i n g  r e -  
ac t ion  [4]  is q u i t e  l ow  a t  t e m p e r a t u r e s  less  t h a n  
2000~ R e s i d u a l  c a r b o n  w o u l d  be sol id  at  t he se  
t e m p e r a t u r e s  and  s i l icon w o u l d  be l i qu id  or  solid.  
Thus  bo th  t h e r m o d y n a m i c  and  k ine t i c  fac to rs  a r e  
r e l a t i v e l y  u n f a v o r a b l e  to f u r t h e r  s igni f icant  p r o -  
duc t ion  of s i l icon  c a r b i d e  b e l o w  2000~ in r a p i d l y  
cool ing gases.  H o w e v e r ,  if  t he  r e a c t a n t s  could  be  
h e l d  a t  these  l o w e r  t e m p e r a t u r e s  for  r e l a t i v e l y  long  
pe r i ods  of t i m e  it  is w e l l  k n o w n  tha t  the  r eac t i ons  
w o u l d  go to c o m p l e t i o n  w i t h  s i l icon c a r b i d e  and  
ca rbon  m o n o x i d e  the  f inal  p r o d u c t s  (9) .  

As  the  gases  cool b e l o w  2000~ the  p o t e n t i a l  for  
the  d i s p r o p o r t i o n a t i o n  of s i l icon m o n o x i d e  increases .  
The  e q u i l i b r i u m  p r e s s u r e  for  r e a c t i o n  [9]  in Fig .  11 
has  been  c a l c u l a t e d  to  be  1 a t m  at  2090~ A c c o r d -  
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ing  to Sch ick  (7)  excess  s i l icon m o n o x i d e  wi l l  d i s -  
p r o p o r t i o n a t e  a t  low t e m p e r a t u r e s  a f t e r  r e a c t i o n  
[9] .  So l id  s i l icon  m o n o x i d e  is cons ide red  to be u n -  
s t ab l e  r e l a t i v e  to sol id  s i l icon and  s i l ica  b e l o w  
1450 ~ and  1573~ r e s p e c t i v e l y .  A b o v e  these  t e m -  
p e r a t u r e s  sol id  s i l icon m o n o x i d e  is cons ide red  the  
s t ab l e  phase .  A l t h o u g h  the  t h e r m o d y n a m i c  d a t a  a r e  
s o m e w h a t  u n c e r t a i n  t he  e q u i l i b r i u m  p r e s s u r e  for  
t he  r e a c t i o n  SiOr ~ -+ SiOr has  been  c a l c u l a t e d  to 
be  1 a t m  at  2300~ (7) .  Thus  above  2300~ si l icon 
m o n o x i d e  p r o b a b l y  ex is t s  as a vapor ,  b e t w e e n  2090 ~ 
and  2300~ as  bo th  a so l id  and  vapor ,  and  b e l o w  
2090~ ex is t s  in e q u i l i b r i u m  w i t h  s i l icon a n d  si l ica.  
H o w e v e r ,  r e a c t i o n  [9]  is b e l i e v e d  to be  s lugg i sh  at  
t he  h i g h e r  t e m p e r a t u r e s  and  s i l icon m o n o x i d e  m a y  
ex is t  d o w n  to a b o u t  400~ be fo re  d i s p r o p o r t i o n a t i o n  
occurs  r a p i d l y  (7) .  The  f ibrous  m a t e r i a l  in Fig.  7 
and  9 is  b e l i e v e d  to be condensed  s i l icon m o n o x i d e  
w h i c h  has  d i s p r o p o r t i o n a t e d .  

The  fo rego ing  ana lys i s  sugges t s  t h a t  t he  s i l icon 
c a r b i d e  con ten t  of the  a n o d e  f lame is l a r g e l y  d e -  
p e n d e n t  on the  r eac t ions  occu r r i ng  b e t w e e n  2000 ~ 
and  3000~ p a r t i c u l a r l y  r eac t i ons  [6]  and  [4]  

Sicg ~ + C(g or s~ -~ SiC~ [6] 

SiO(g) + C(~ or g~ -~ Si~g~ + CO(g~ [4] 

of which reaction [6] is probably rate determining 
since the probability of finding a reaction site on 
the silicon carbide crystallites is believed to be less 
than collisions between silicon monoxide molecules 
and carbon atoms or particles. 

Reaction [i0] is unlikely below 2000~ because 
of t he  e x t r e m e l y  low p r o b a b i l i t y  of o c c u r r e n c e  of a 
r e a c t i o n  b e t w e e n  t h r e e  s i l icon a toms  a n d  two  c a r -  
bon  m o n o x i d e  molecu les .  A c t u a l l y ,  r e a c t i o n  [10] 
r e p r e s e n t s  the  sum of r eac t ions  [8]  and  [9] ,  hence  
s i l icon c a r b i d e  f o r m a t i o n  is con t ro l l ed  e s s e n t i a l l y  
b y  r eac t i on  [8] .  

E x p e r i m e n t s  h a v e  been  p e r f o r m e d  b y  the  a u t h o r  
w h e r e b y  s i l icon and  c a r b o n  m o n o x i d e  have  been  
r e a c t e d  in an e l ec t r i c  a rc  a b o v e  a l i qu id  b a t h  of s i l i -  
con in  a "co ld"  c ruc ib l e  a rc  fu rnace ,  t he  r e s u l t a n t  
p r o d u c t  cons i s t ing  of v e r y  fine s i l icon c a r b i d e  (ca. 
300A b y  x - r a y  l ine  b r o a d e n i n g  m e a s u r e m e n t s )  and  
d i s p r o p o r t i o n a t e d  s i l icon m o n o x i d e  fibers.  The  a p -  
p e a r a n c e  of the  f o r m e r  is s h o w n  in Fig .  12 and  the  

Fig. 12. Silicon carbide particles produced by reaction between 
carbon monoxide and silicon. Magnification approximately IO,O00X. 
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Table VI. Comparison of carbon/silica ratios of mixes 

Source 
of data,  C/SiO~ 

Table No. Descr ip t ion  %SiO~ %C ratio 

Fig. 13. Disproportionated silicon monoxide fibers formed by 
reaction between carbon monoxide and silicon metal. Magnification 
approximately 80,000X. 

l a t t e r  in Fig.  13. S i m i l a r  e x p e r i m e n t s  have  shown  
that when silica is reacted over a pool of silicon 
metal in the presence of carbon monoxide, dispro- 
portioned silicon monoxide and a small amount of 
silicon carbide are produced. These experiments 
establish that the fibrous product is associated with 
the formation of silicon monoxide gas and its sub- 
sequent condensation and that silicon carbide may 
be produced by reaction between silicon and carbon 
monoxide. In both the preceding reactions silicon 
was identified in the product and the silicon and 
silica contents were in nearly stoichiometric pro- 
portions as required by the reaction 

2SiO-~ Si  + SiO2 [2]  

I t  has  no t  been  e s t a b l i s h e d  d i r e c t l y  t ha t  s i l icon 
m o n o x i d e  ex is t s  in the  sol id  s ta te ,  b u t  o b s e r v a t i o n s  
of  t he  s t r u c t u r e  of t he  f ibrous  p r o d u c t  s t r o n g l y  sug -  
ges t  t h a t  sol id  s t a t e  r eac t ions  a r e  r e s p o n s i b l e  for  
the  cored  s t r u c t u r e  r e v e a l e d  in  Fig.  13. 

The  a b o v e  ana lys i s  r e a s o n a b l y  accounts  for  t h e  
compos i t i on  of t he  f inal  a rc  v a p o r i z e d  p roduc t .  
S i l icon  c a r b i d e  m a y  o r ig ina t e  f rom r e a c t i o n  of s i l i -  
con and  c a r b o n  and  s i l icon and  c a r b o n  m o n o x i d e ;  
s i l icon m o n o x i d e  f rom r e a c t i o n  b e t w e e n  s i l ica  and  
ca rbon  or  s i l icon and  ca rbon  m o n o x i d e ;  s i l ica  f rom 
v a p o r i z a t i o n  of si l ica,  r e a c t i o n  b e t w e e n  s i l icon and  
c a r b o n  monox ide ,  o r  d i s p r o p o r t i o n a t i o n  of s i l icon 
monox ide .  S t r o n g  e v i d e n c e  for  these  r eac t i ons  
w o u l d  be  p r o v i d e d  if t he  m o r p h o l o g y  of t he  s i l icon  
c a r b i d e  and  s i l ica  cou ld  be  shown  to be  c h a r a c t e r i s -  
t ic  of each  reac t ion .  The  p r e d o m i n a n t  species  i d e n t i -  
fied in t he  a rc  p r o d u c t  a r e  t r i a n g u l a r ,  h e x a g o n a l ,  
and  i r r e g u l a r  t h in  c r y s t a l l i t e s  of s i l icon c a r b i d e  and  
f ibrous p a r t i c l e s  r e s u l t i n g  f rom condensa t i on  of 
s i l icon monox ide .  T h e r e  a re  r e l a t i v e l y  s m a l l  
a m o u n t s  of e x t r e m e l y  fine s p h e r i c a l  pa r t i c l e s  and  
i n f r e q u e n t  spikes ,  r ibbons ,  and  o the r  odd  shapes .  

T h e r e  is no ev idence  of s igni f icant  a m o u n t s  of 
f ree  s i l icon  m e t a I  w h i c h  w o u l d  be  e x p e c t e d  to be  
p r e s e n t  as s p h e r i c a l  pa r t i c l e s .  E a r l i e r  w o r k  has  
shown  t h a t  the  m a j o r  p a r t  of the  f ree  s i l icon in t he  
p r o d u c t  is a s soc ia ted  w i t h  the  f ibers  of d i s p r o p o r -  
t i o n a t e d  s i l icon m o n o x i d e  (5 ) .  

The  c h e m i c a l  a n a l y s i s  of t he  r e a c t i o n  p r o d u c t s  r e -  
vea l s  no f r ee  ca rbon  f r o m  w h i c h  i t  m a y  be  con-  
c luded  t h a t  s i l icon c a r b i d e  f o r m e d  in t he  arc  is not  
s u b s e q u e n t l y  d issoc ia ted .  Morpho log i ca l  d a t a  r e -  

1 Electrode mix  71 29 2.05 
1 Electrode mix  af ter  firing 65 35 2.69 
4 Electrode mix  back calcu-  68 32 2.36 

la ted f rom product  ana l -  
ysis 

Stoichiometr ic  mix  compo-  62.5 37.5 3.00 
sition 

vea l s  the  s i l ica  to be  p r e s e n t  in  an  a m o r p h o u s  
f ibrous  f o r m  sugges t i ng  t h a t  i t  o r i g ina t e s  w i t h  r e -  
ac t ions  [8]  and  [9] .  

A d d e d  s u p p o r t  for  t he  p r o p o s e d  r e a c t i o n  s teps  
m i g h t  h a v e  been  o b t a i n e d  f r o m  ca r e fu l  m a t e r i a l  
ba l ance  s tud ies  and  the  exe rc i s e  of v a r i o u s  p r e c a u -  
t ions.  U n f o r t u n a t e l y ,  th is  a d d i t i o n a l  effor t  w a s  no t  
w i t h i n  t he  scope of th i s  i nves t iga t ion .  H o w e v e r ,  i t  is 
i n s t r u c t i v e  to b r ie f ly  r e v i e w  some of the  p r o b l e m s  
and  cons ide ra t i ons  t h a t  w o u l d  be  i n v o l v e d  in ob -  
t a i n ing  a c c u r a t e  d a t a  for  s t o i ch iome t r i c  and  m a t e -  
r i a l s  ba l ance  ca lcu la t ions .  

Table VI obtained from values found in other 
tables compares several carbon to silica ratios. It is 
a problem to produce an electrode containing car- 
bon and silica in stoichiometric proportions by the 
procedure outlined in this investigation because of 
t he  d i f f icul ty  of p r e d i c t i n g  a n d  con t ro l l i ng  the  c a r -  
bon  c o n t r i b u t i o n  r e s u l t i n g  f r o m  the  conve r s ion  of 
o rgan ic  b i n d e r  m a t e r i a l s  to carbon .  A s s u m i n g  s to i -  
ch iome t r i c  p r o p o r t i o n s  of c a r b o n  and  s i l ica  in t he  
e lec t rode ,  t he  c a r b o n  c o n t r i b u t i o n  f r o m  the  ca thode ,  
t h o u g h  smal l ,  w i l l  r eac t  w i t h  or  be a d d e d  to the  
a n o d e  v a p o r  p r o d u c t s  and  t h e r e b y  inf luence  t h e  
compos i t i on  of t he  p roduc t .  The  l a rge  specific s u r -  
face  a r e a  of t he  u l t r a f ine  s i l icon c a r b i d e  and  s i l icon 
in t he  p r o d u c t  r eac t s  w i t h  and  adso rbs  o x y g e n  and  
n i t r o g e n  on e x p o s u r e  to a i r  r e s u l t i n g  in  an  u n k n o w n  
i n c r e a s e  in  t he  s i l ica  con t en t  and  a p r o p o r t i o n a t e  
d e c r e a s e  in t he  c a r b o n  to s i l i c a  ra t io .  F o r  a c c u r a t e  
ana lys i s  of t he  condensed  v a p o r s  e i t he r  p r e c a u t i o n s  
m u s t  be  t a k e n  to exc lude  o x y g e n  d u r i n g  h a n d l i n g  
of t he  p o w d e r  a n d / o r  a c c u r a t e  d e t e r m i n a t i o n  of t he  
o x y g e n  p i c k - u p  jus t  p r i o r  to c h e m i c a l  ana lys i s  m u s t  
be  made .  

The  s i l icon c a r b i d e  y i e l d  is h i g h l y  d e p e n d e n t  on 
the  r a t e  of cool ing  of t he  gases  in r eg ions  I I  and  I I I  
close to the  a n o d e  face,  and  wi l l  no t  be af fec ted  a p -  
p r e c i a b l y  b y  the  s u r r o u n d i n g  e n v i r o n m e n t .  Since  
the  ve loc i t y  of t he  v a p o r  s t r e a m i n g  f r o m  the  anode  
p r o b a b l y  va r i e s  l i t t le ,  the  s i l icon c a r b i d e  con ten t  
shou ld  no t  v a r y  g r e a t l y .  H o w e v e r ,  gas  s u c k e d  into  
t he  v a p o r  j e t  w i l l  d i lu te ,  r e a c t  wi th ,  and  cool  the  
v a p o r s  in t he  gas  s t r e a m i n g  a w a y  f r o m  the  anode  
spot ,  t he  effect d e p e n d i n g  on the  gas  i n t r o d u c e d  into  
the  sys tem.  The  d e g r e e  of q u e n c h i n g  w i l l  a lso de -  
p e n d  on the  p h y s i c a l  p r o p e r t i e s  of t h e  gas  i n t r o -  
d u c e d  in to  t he  sys tem.  I t  has  been  s h o w n  t h a t  some 
gases  w i l l  r eac t  w i t h  t he  v a p o r s  and  affect  t he  c o m -  
pos i t ion  and  m o r p h o l o g y  of t he  p r o d u c t  (11) .  

Conclusions 
1. S i l i con  c a r b i d e  can  be  p r o d u c e d  in a d i r ec t  c u r -  

r en t  open  arc  b e t w e e n  a g r a p h i t e  ca thode  and  con-  
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sumable  anodes composed of n e a r l y  s toichiometr ic  
propor t ions  of silica and carbon for the fo rmat ion  of 
silicon carbide.  

2. Sil icon carbide cannot be produced by  arc 
vapor iza t ion  in an open arc of the type  under  con- 
s idera t ion  wi thout  silica and silicon being presen t  in 
the  produc t  as a consequence of nonequi l ib r ium 
conditions character is t ic  of an arc p lasma  envi ron-  
ment.  

3. The product  of vaporizing a s toichiometr ic  
mix tu re  of silica and carbon in an electr ic arc con- 
sists p r edominan t ly  of beta  silicon carbide  c rys ta l -  
l i tes in t e rmixed  wi th  d i spropor t iona ted  silicon 
monoxide  (Si + SiO2). 

4. The di rec t  cur ren t  open arc be tween  a graphi te  
cathode and a consumable (SiO2 + 3C) anode is 
character ized by the almost  constant  value  of the  
vol tage wi th  r is ing cur ren t  and erosion ra te  and  the 
level ing off or drop in the erosion ra te  at  h igher  
cur rent  levels.  

5. Vaporizat ion and react ion occur s imul tane-  
ously and ins tan taneous ly  in a layer ,  less than  1 mm 
thick at  the anode t e rmina t ion  producing a je t  
s t ream having  a ve loc i ty  es t imated  at 940 cm/sec  at 
a cur rent  densi ty  of app rox ima te ly  77 a m p / c m  2. 

6. The fibrous form of amorphous  silica in the  
product  resul t ing  f rom arc vapor iza t ion  of silica and 
carbon is associated wi th  react ions involving silicon 
monoxide  gas. Ci rcumstant ia l  evidence suggests 
that  the silicon associated wi th  d ispropor t iona ted  
silicon monoxide  is p rec ip i t a ted  by  a solid s ta te  r e -  
action wi th in  the fibers. 
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Electrode Kinetics for Chlorides of Tungsten, 
Antimony, and Phosphorus 

S. W. Mayer and W. E. Brown, Jr. 
Laboratories Division, Aerospace Corporation, ~l  Segundo, California 

ABSTRACT 

Chronopotentiometry has been utilized to measure the rate constants for the 
first electroreduction step at plat inum in dimethylformamide solution of several 
chlorine compounds of interest for regenerable fuel cell systems. The chrono- 
potentiometric curves were also used to determine the diffusion coefficients and 
the products of the transfer coefficients with the number of electrons involved 
in the ra te-determining steps. Tungsten hexachloride obeyed the chrono- 
potentiometric equation of reversible reactions, with an E1/4 of --0.159v (vs. a 
gold reference electrode) for its one-electron first reduction step. The reduc- 
tion of SbC15 to SbCI~ was irreversible and occurred in two steps, suggesting 
the intermediate formation of SbC14. The reductions of phosphorus chlorides 
and several group IV A chlorides were also found to be irreversible. Some cor- 
relation was noted between bond energies and the reciprocals of the rate 
constants. The electrode surface-area requirements for minimizing activation 
polarization for PC15 and SbC15 were calculated from the rate constants and 
chronopotentiometric data. Using Latimer's method, it was estimated that the 
WCle fuel cell could produce 40% higher open-circuit  voltage than the PC15 
fuel cell. 

Regenerable  fuel  cells po ten t ia l ly  can provide  the 
high specific energy  impor t an t  for  vehicles in longer  
satel l i te  and solar  sys tem flights. Severa l  hal ides  
have been considered for nonaqueous regenerab le  

fuel cell systems (1).  For  example,  the  react ion be-  
tween PC13 and Cl~ to form PC15 can produce  0.27v 
at open circuit  in a fuel  cell at  25~ the PC13 and 
C12 can then be regenera ted  by  decomposing the 
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PC15 thermally (at 300~ photolytically or elec- 
trolytically, and recycled in a closed system to the 
fuel cell (1). 

As par t  of a research effort on regenerable fuel 
cells using polyvalent halides, a fundamental  study 
of the electrode kinetics for the reduction of WC16, 
SbC15, SbC18, PC15, PC13, POCla, and group IV A 
chlorides was considered desirable inasmuch as fuel 
cell efficiency would be poor, because of activation 
polarization, for those halides which have relatively 
low rates of electrode reactions (1). Delahay (2) 
reported in 1953 that chronopotentiometry can be 
used to determine the kinetics of electrode reactions 
for typical inorganic ions in aqueous solutions. The 
dropping mercury  electrode has been used oc- 
casionally to provide some of the rather  scarce meas- 
urements of electrode reaction kinetics (2), but  
chronopotentiometry has a key advantage for fuel 
cell research in that it is applicable to reactions at 
solid electrodes. Accordingly, the reductions of sev- 
eral polyvalent chlorides in nonaqueous systems 
were examined to determine whether  they followed 
chronopotentiometric theory for noncomplex elec- 
trode reactions. When suitable methods were used to 
prevent  hydrolysis of the halides, chronopotentiom- 
etry was found to give reproducible results from 
which rate constants could be readily calculated for 
the first reduction step in accordance with chrono- 
potentiometric theory. Diffusion coefficients and the 
products of the transfer coefficients with the number  
of electrons involved in the rate-controll ing steps 
were also calculated from the potential-t ime curves 
at plat inum electrodes. 

Experimental 
The chronopotentiometric apparatus was a mod- 

ernized version of that  previously employed (2). A 
calibrated X-Y recorder (Model 2D-2, F. L. Moseley 
Co., Pasadena, Calif.) with a 15 x 10-in. recording 
area, was used to obtain the potential- t ime curves. 
The pen voltage-response speed (Y axis) was 2 
v/sec at a scale setting of 10 in./v;  maximum pen 
travel speed (X axis, t ime axis) was 2 in./v. The 
power supply for providing constant current  main-  
tained its voltage output constant within 0.1% at the 
375v setting used. Current  was measured by using a 
precision potentiometer to determine the potential 
drop across standard resistors accurate to 0.1%. An 
amplifier having an impedance of more than 100 
megohms was utilized in the circuit between the 
reference electrode and the polarized electrode in 
order to minimize the current between these elec- 
trodes. 

A calomel electrode was not used as the reference 
electrode because of the rapid decomposition of the 
polyvalent halides by water. Instead, the reference 
electrode (Fig. 1) consisted of a gold sheet helix 
having an area of 75 cm 2. The plat inum electrode 
used for the kinetic studies was a polished circular 
disk with an area of 0.216 cm 2. It  was sealed into the 
end of a 5-in. length of soft glass tubing and was 
maintained in a horizontal position for upward  dif- 
fusion (3). Prel iminary tests with aqueous ferri-  
cyanide solutions and nonaqueous PC15 solutions 
demonstrated that this electrode behaved in accord- 
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Fig. 1. Cell for chronopotentiometry 

ance with chronopotentiometric theory;  for the 
transition time range of 3-30 sec covered in this 
study, the product of current density with the square 
root of transition time was constant (3) within a 
standard deviation of 1%. Furthermore,  the recip- 
rocal slope (2) for the reversible one-electron re-  
duction of ferricyanide was found to be 0.0590 with 
this electrode; the transition time for the anodic 
step following the cathodic step was found to be 
0.333 of the cathodic transition time, in accordance 
with theory (2). The transition time was determined 
graphically f rom the chronopotentiogram by Dela- 
hay 's  procedure (2). 

Oxygen was removed from the dimethylforma- 
mide solution in the electrolysis cell (Fig. 1) by 
bubbling argon through the solution for at least 30 
min. The argon was pretreated to remove any oxy-  
gen and water  by passage through a 50-cm bed 
of calcium chips in a quartz tube maintained at 
650~ by a horizontal tube furnace. The argon was 
then allowed to cool, saturated with dimethylform- 
amide vapor, and passed into the dimethylformamide 
solution, which was maintained at 25~ This argon 
was also used to stir the solution between the re-  
cording of each chronopotentiogram. 

All the chlorides were reagent grade, anhydrous 
compounds. A dry  box was used for the preparat ion 
and transfer  of solutions. Reagent grade l i thium ni-  
trate was dried by heating in vacuum at 160~ for 
48 hr. The dimethlylformamide was the spectro- 
scopically pure grade, dried and distilled in accord- 
ance with the procedure of Wawzonek et. aL (4). 

Results 

PreLiminary investigations wi th  nonaqueous sot- 
vents . - - In  order to select a suitable solvent for these 
studies, prel iminary experiments were made to de- 
termine the solubility and reactivity of phosphorus 
pentachloride and other chlorides in dimethylform- 
amide, dimethylsulfoxide, pyridine, and acetonitrile. 
Dimethylsulfoxide was found to react strongly with 
these chlorides. Solubilities in the other solvents 
were adequate, and acetonitrile was found to be an 
especially strong solvent for PCI5 and SbC15. Since 
conductivity measurements  (5) suggest, however,  
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Fig. 2. Representative chronopotentiograms. Each curve begins 
at the origin, but has been shifted along the x-axis for clearer 
presentation. 

tha t  PC15 s lowly reacts  wi th  acetoni t r i le ,  this so lvent  
was no t  employed  for the ch ronopo ten t iome t r i c  
measu remen t s .  D i m e t h y l f o r m a m i d e  was used be -  
cause it has a h igher  dielectr ic  cons t an t  (6) t h a n  
py r id ine  (36.7 vs. 12.3 at 25~ and  p r e l i m i n a r y  
ch ronopo ten t iog rams  ind ica ted  tha t  the  r educ t ion  of 
PC15 in  p y r i d i n e  was  cons iderab le  more  i r r eve r s ib le  
t han  in  d i m e t h y l f o r m a m i d e .  

The suppor t ing  e lec t ro ly te  used was  1.000M LiNe3 
in  d i m e t h y l f o r m a m i d e  since ch ronopo ten t iomet r i c  
" b l a n k "  r u n s  for this e lec t ro ly te  (wi th  no p o l y v a l e n t  
chlor ide solute p resen t )  showed no r educ t ion  or oxi-  
da t ion  t r ans i t ions  f rom --3.1v to +0.9v.  Tests of 
s i lve r - s i lve r  chlor ide or m e r c u r y  as re fe rence  elec-  
t rodes showed t roub le some  drif ts  in  po ten t i a l  for 
successive chronopoten t iograms ,  whereas  the gold 
hel ix  electrode gave poten t ia l s  r ep roduc ib le  w i t h i n  a 
s t anda rd  dev ia t ion  of 3 inv. The po ten t i a l  of the  gold 
he l ix  electrode in  the 1.000M LiNen  solut ion in  d i -  
m e t h y l f o r m a m i d e  was  found  to be +0 .38v  w h e n  
compared  wi th  a s a tu ra t ed  KC1 aqueous  ca lomel  
electrode.  

Measuremen t  of rate cons tan t s . - -Represen ta t i ve  
chronopo ten t iomet r i c  curves  are shown in  Fig. 2. 
(Each curve  ac tua l ly  begins  at the  origin.  They  have  
been  sketched displaced hor i zon ta l ly  to avoid over -  
lapping . )  Date  and  resul t s  are s u m m a r i z e d  in  Tab le  
I. T u n g s t e n  hexach lor ide  was the on ly  one of these 
hal ides which  exh ib i t ed  ch ronopo ten t iomet r i c  be -  

hav ior  cor responding  to the p o t e n t i a l - t i m e  r e l a t i on -  
ship for revers ib le  e lectrode reac t ions  (2) 

2.303RT ~1/~ _ _  tl/2 
E ~ EI/~ + log [1] 

nF t '/2 

where  r is the t r ans i t i on  t ime,  t is the t ime  elapsed 
since the b e g i n n i n g  of the  electrolysis,  n is the over -  
all  n u m b e r  of e lect rons  i nvo lved  in  the  e lec t rode-  
reac t ion  equat ion ,  E is the  observed  potent ia l ,  and  
E1/4 is the  observed  po ten t i a l  at  t equa l  to 1/4~. The 
slope of the s t ra igh t  l ine  ob ta ined  by  p lo t t ing  E 
aga ins t  the logar i thmic  t e r m  was 0.0590 for WC16, 
compared  to the theore t ica l  va lue  of 0.0591 for a 
one -e l ec t ron  process. W h e n  tha t  logar i thmic  plot  
was a t t emp ted  for the ch ronopo ten t iog rams  of all  
the  other  chlor ides  in Tab le  I, the  e x p e r i m e n t a l  
poin ts  dev ia ted  s igni f icant ly  f rom a s t ra igh t  l ine.  A n  
"app rox ima te  slope" was ca lcula ted  by  app ly ing  the  
least  squares  me thod  to the  logar i thmic  plot  f rom 
t---- 1AT to t---- aA~. The resu l t s  are l is ted in  Tab le  I 
and  show cons iderab le  dev ia t ion  f rom 0.0591/n.  

The ch ronopo ten t iomet r i c  curve  for to ta l ly  i r -  
r evers ib le  processes follows the  re la t ionsh ip  (2) 

2.303RT nFCk% 2.303RT ~1/2 _ tl/2 
E -- log - -  F log [2 ] 

~naF io ~n~F T 1 / 2  

where  a is the t r ans f e r  coefficient, na is the  n u m b e r  
of e lect rons  invo lved  in  the  r a t e - d e t e r m i n i n g  charge 
t r ans fe r  step, C is the b u l k  concen t r a t i on  in  moles 
per  cubic cen t imete r ,  io is the c u r r e n t  dens i ty  in  a m -  
peres  per  square  cen t imete r ,  and  k% is the  fo rmal  
he te rogeneous  ra te  cons tan t  of the  r educ t ion  process 
at E equa l  to zero, vs. the gold re fe rence  electrode. 
The  p o t e n t i a l - t i m e  curve  for the  first r educ t ion  step 
of each chlor ide of Tab le  I, except  WC16, was  found  
to agree wi th  Eq. [2] w h e n  the  po ten t i a l  was  p lo t ted  
aga ins t  the loga r i thmic  t e r m  i n v o l v i n g  t l/u. F r o m  the  
slope of the r e su l t ing  s t ra igh t  l ine,  aria was  ca lcu-  
lated.  

Tab le  I lists the  observed potent ia l ,  Eo, at t equa l  
to zero. F r o m  Eq. [2] ,  at t equa l  to zero 

2.303RT nFCk% 
Eo -- log [3] 

~naF {o 

The ra te  constant ,  k%, was  t hen  ca lcula ted  f rom Eq. 
[3] since all of the  r equ i r ed  factors were  avai lable .  
I n a s m u c h  as e lectrode processes are he terogeneous ,  

Table I. Chronopotentiometric data 

Concen- 
tration, 

m o l e s / c c  
• I0 6 

C u r r e n t  
d e n s i t y ,  

a m p / c m  ~ 
• lO s 

T r a n s i t i o n  
t i m e ,  see 

A p p r o x i m a t e  
Eo. v s lope  C~na 

D i f f u s i o n  
coef f ic ien t ,  

cme / sec  
• 10 n 

L o g  of r a t e  
c o n s t a n t ,  

Era / see  

Bond 
energy. 

k c a l  

SbC15 
SbC13 
PC15 
PCI~ 
POC13 

SIC14 
GeC14 
SnCI4 

WC16 

7.72 
3.99 
3.85 
3.95 
3.87 

4.06 
9.89 
8.74 

5.32 

0.329 
0.994 
0.893 
0.327 
0.466 

0.259 
2.41 
0.371 

0.263 

5.66 --0.205 0.066 0.618 
3.17 --0.875 0.168 0.184 

11.36 --0.730 0.076 0.536 
10.80 --0.960 0.053 0.776 
6.11 --0.925 0.084 0.434 

28.5 --1.135 0.282 0.121 
15.12 --0.810 0.106 0.402 
10.20 .--1.190 0.014 1.94 

8.52 E1/4 ~ --0.159 0.059 

0.14 
2.68 
2.10 
1.01 
0.30 

1.58 
12.3 

0.06 

0.28 

--5.49 
--5.30 
--9.53 

--15.68 
--10.02 

--5.50 
--8.11 

--42.8 

38 
74 
40 
86 

86 
77 
77 
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the units of the rate constants are em sec-t. In Table 
I the logarithms of the rate constants are given. The 
diffusion coefficient, D, for each halide was calcu- 
lated from the Sand equation (7) 

r D1/~ 
r 112 = [4]  

2io 

D i s c u s s i o n  

Magnitudes of Rate Constants and 
Diffusion Coefficients 

The  m a g n i t u d e s  of t he  r a t e  cons tan t s  in Tab le  I 
e x t e n d  ove r  a w ide  r a n g e  and,  in v i ew  of the  c o m -  
p l e x i t y  of fac to rs  a f fec t ing  the  ac t i va t i on  e n e r g y  for  
e l ec t rode  r eac t ions  of p o l y v a l e n t  ha l ides ,  on ly  a 
q u a l i t a t i v e  cons ide r a t i on  of the  r e l a t i v e  m a g n i t u d e s  
can  be  expec t ed .  S ince  t h e  r e d u c t i o n  of a c o v a l e n t l y  
b o n d e d  p o l y v a l e n t  ch lo r ide  i nvo lves  b r e a k i n g  a 
b o n d  to t he  ch lo r ine  a tom,  the  b o n d  e n e r g y  p r o b a b l y  
affects  t he  a c t i v a t i o n  ene rgy .  A c c o r d i n g l y ,  the  e n -  
e r g y  of each  ch lo r ine  b o n d  is l i s t ed  in  T a b l e  I. These  
a r e  s i n g l e - b o n d  ene rg ie s  and  a re  c a l c u l a t e d  in ac -  
co rdance  w i t h  the  p r o c e d u r e  of P a u l i n g  (8)  f r o m  the  
a p p r o p r i a t e  t h e r m o d y n a m i c  d a t a  (9) .  In  t he  cases  
of PC15 and  SbCI.~, t he  b o n d  ene rg ie s  of the  l a s t  two  
bonds  a re  g iven  since, as d e m o n s t r a t e d  b y  t h e r m o -  
d y n a m i c  da ta ,  those  bonds  have  a l o w e r  e n e r g y  t h a n  
the  first  t h r e e  bonds  (8) .  Consequen t ly ,  the  h i g h e r  
r a t e  cons t an t  for  PCI~ r e l a t i v e  to PCI.~ is not  u n e x -  
pec ted .  Th is  c o r r e l a t i o n  is no t  f o u n d  for  t he  r a t e  
cons tan t s  of SbC15 and  SbCI~. The  ionic  c o n t r i b u t i o n  
to the  b o n d i n g  of SbC18 (as  i n d i c a t e d  b y  the  fac t  t h a t  
the  m e l t i n g  po in t  of SbCI~ is c o n s i d e r a b l y  h i g h e r  
t h a n  t h a t  of  PC13) m a y  be  a f ac to r  in l o w e r i n g  the  
ac t i va t i on  e n e r g y  for  r e d u c t i o n  s ince t he  r e d u c t i o n  
of an  Sb +3 ion w o u l d  invo lve  on ly  cha rge  t r a n s f e r  
r a t h e r  t h a n  bond  b r e a k i n g .  

The  v e r y  s m a l l  r a t e  c o n s t a n t  for  SnC14 m a y  a r i se  
f r o m  the  pos s ib i l i t y  t h a t  two  or  m o r e  bonds  a r e  
b r o k e n  for  each  r educ t ion ,  as i n d i c a t e d  by  the  v a l u e  
of 1.94 for  c~na. The  e n e r g y  of two  d i s r u p t e d  b o n d s  
for  SnC14 is 154 kcal ,  w i t h  a consequen t  s l ower  r a t e  
of reac t ion .  The  b o n d  ene rg ie s  for  SIC1, and  GeC14 
do not  c o r r e l a t e  we l l  w i t h  t he  r a t e  cons tan ts ,  r e l a t i v e  
to PCI~ and  SbC15. R e v e r s e  p o l a r i t y  c h r o n o p o t e n -  
t i o m e t r y  (1O) s h o w e d  t h a t  t he  anod ic  t r a n s i t i o n  
t imes  w e r e  o n e - t h i r d  t he  ca thod ic  t r a n s i t i o n  t imes  
for  WC16, SbC15, and  PC15, b u t  w e r e  m o r e  t h a n  one -  
t h i r d  for  t he  o t h e r  ch lo r ides  of Tab le  I. This  sugges t s  
t h a t  p r o d u c t s  w i t h  low di f fus ion  coefficients w e r e  
f o r m e d  f r o m  the  o t h e r  ch lo r ides ;  conce ivab ly ,  t he se  
p r o d u c t s  cou ld  be col lo ids  (i.e., i n so lub l e )  or  p o l y -  
mers .  A l t e r n a t i v e l y ,  the  e l ec t rode  r eac t i ons  for  these  
ch lo r ides  m a y  not  be  d i f fus ion con t ro l l ed .  

The  c o m p a r a t i v e l y  r a p i d  e l e c t r o d e  r e a c t i o n  for  
WC16 cou ld  be  a t t r i b u t e d  to i ts  ionic na tu r e ,  as i n -  
d i ca t ed  b y  i ts  r e l a t i v e l y  h igh  m e l t i n g  point .  F o r  e x -  
ample ,  if  WC16 w e r e  ion ized  to t he  e x t e n t  of f o r m i n g  
s ign i f ican t  p r o p o r t i o n s  of WCI~ + and  WC17- t he  r e -  
duc t ion  could  p roceed  b y  a cha rge  t r a n s f e r  ( w i t h  no 
a c t i va t i on  e n e r g y  r e q u i r e d  for  b o n d  b r e a k i n g )  as in 
t he  fo l lowing  e q u a t i o n  

WC15 + ~- l e -  ~-WCI~ [5]  

T h e r e  is some e v i d e n c e  (5)  t h a t  p o l y v a l e n t  c h l o r i d e  
so lu tes  in  n o n a q u e o u s  so lven t s  can  ionize  r a p i d l y ,  
bu t  to a l i m i t e d  ex ten t ,  in t he  m a n n e r  i n d i c a t e d  
above .  

The  m a g n i t u d e s  of t he  d i f fus ion  coefficients  ( T a b l e  
I)  in d i m e t h y l f o r m a m i d e  so lu t ion  a r e  s im i l a r  to 
those  f o u n d  in aqueous  solut ions .  In  i dea l  n o n e l e c -  
t r o l y t e  solu t ions ,  d i f fus ion  coefficients w o u l d  v a r y  
i n v e r s e l y  as t he  s q u a r e  roo t  of m o l e c u l a r  w e i g h t  of 
t he  solute .  A l t h o u g h  i ts  h i g h  m o l e c u l a r  w e i g h t  is a 
f ac to r  in  t he  low di f fus ion coefficient  of WC16, the  
g e n e r a l  l a ck  of c o r r e l a t i o n  w i t h  m o l e c u l a r  w e i g h t  for  
these  p o l y v a l e n t  ch lo r ides  can  be  a t t r i b u t e d  to such 
i n t e r a c t i o n s  as ionic  forces,  i nduc t i on  and  d i s p e r -  
s ion effects,  and  d ipo le  forces  w h i c h  p r o d u c e  n o n -  
idea l  so lu t ions  (11) .  

The  c h r o n o p o t e n t i o m e t r i c  cu rves  in Fig .  2 d e m o n -  
s t r a t e  t h a t  on ly  fo r  SbC15 d id  t he  second  s t ep  in  t h e  
r e d u c t i o n  a g r e e  w i t h  t he  t r a n s i t i o n  t i m e  r e l a t i o n s h i p  
for  a f i r s t -o rde r ,  n o n c o m p l e x  second  s tep  (2, 12) 

r2 2n2 I n 2 ]  2 
- -  - - +  - -  [ 6 ]  

�9 rl nl  n l  

w h e r e  the  subscr ip t s ,  1 and  2, deno t e  t he  f irst  and  
second  step.  F o r  SbC15 the  t r a n s i t i o n  t i m e  of t he  sec-  
ond s t ep  w a s  t h r e e  t i m e s  t h a t  of t he  f irst  s tep,  in  
a g r e e m e n t  w i t h  Eq. [6]  for  two  success ive  o n e - e l e c -  
t r on  r educ t ions .  Eo's w e r e  --0.205, --0.40, and  --0.87 
for  t he  first,  second,  and  t h i r d  s teps,  r e spec t i ve ly ,  in 
the  c h r o n o p o t e n t i o m e t r i c  r e d u c t i o n  of SbCI~. Eo for  
SbC13 was  --0.875v, w h i c h  ag rees  w i t h  the  t h i r d  s tep  
for  SbC15. These  o b s e r v a t i o n s  sugges t  t h a t  p e n t a -  
v a l e n t  a n t i m o n y  was  r e d u c e d  to t e t r a v a l e n t  a n t i -  
m o n y  in t he  first  o n e - e l e c t r o n  step.  [ T e t r a v a l e n t  
a n t i m o n y  has  been  r e p o r t e d  (13) as Sb204.]  In  t he  
t h i r d  s tep  of t he  r educ t ion ,  the  t r i v a l e n t  a n t i m o n y  
w o u l d  be  r e d u c e d  to l o w e r  v a l e n t  or  m e t a l l i c  a n t i -  
mony .  The  ex i s t ence  of l o w e r  v a l e n t  a n t i m o n y  ch lo-  
r ides  has  no t  b e e n  es t ab l i shed ,  a l t h o u g h  t h e r e  is ev i -  
dence  t h a t  g roup  5 e l e m e n t s  can  fo rm d i v a l e n t  and  
u n i v a l e n t  h a l i d e s  such as P2C14 (14) a n d  BiC1 
(15) .  In  these  c h r o n o p o t e n t i o m e t r i c  r educ t ions ,  no 
i n d i c a t i o n  could  be  o b t a i n e d  of depos i t i on  of g roup  
IV, V, or  VI e l e m e n t s  on the  e lec t rodes .  

F o r  t he  c h r o n o p o t e n t i o m e t r i c  r e d u c t i o n  of PCI~ at  
t he  Clio r a t i o  of 4.01 x 10 -3 moles  cm -1 a m p  -1, Eo 
w a s  --0.73v for  the  f irst  s t ep  f o l l o w e d  a t  - -1 .15v b y  a 
second step.  The  r e d u c t i o n  of PC18 was  f o u n d  to oc-  
cur  a t  - -1 .15v for  t he  same  C/io ra t io .  Th is  s u p p o r t s  
t he  v i e w  t h a t  the  first  s tep  in t he  r e d u c t i o n  of PC15 
p r o d u c e s  PC1.3. S ince  PC13 has  a l o w e r  d i f fus ion  con-  
s t an t  t h a n  PCI~ ( T a b l e  I ) ,  t he  C/io r a t i o  used  for  
PCI~ to o b t a i n  a c h r o n o p o t e n t i o g r a m  w i t h  a 10 sec 
t r a n s i t i o n  t i m e  was  12.1 x 10 -3 moles  cm -1 a m p  -1 
which ,  be c a use  of the  i r r e v e r s i b i l i t y  of t he  r e d u c -  
t ion,  p r o d u c e d  a l o w e r  Eo of --0.96v.  S t a n n i c  ch lo r ide  
also a p p e a r e d  to r e d u c e  to s t a n n o u s  c h l o r i d e  in t he  
first  s t ep  s ince t he  second s tep  for  SnC14 h a d  an Eo 
of --1.30, w h i c h  c o r r e s p o n d e d  to t he  Eo of SnC12. 

Activation PoLarization Estimates 

Since  no f ree  e n e r g y  d a t a  ex i s t  for  WC18 and  WC15, 
t he  t h e o r e t i c a l  v o l t a g e  is no t  k n o w n  for  t he  r e a c t i o n  
of WCI~ w i t h  ch lo r ine  to f o r m  WC16. E n t h a l p y  m e a s -  
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urements for these compounds have been made, how- 
ever, and it is possible to estimate the entropy differ- 
ence between WC16 and WC15 well enough by Lati-  
mer 's  method (16) to make a useful estimate of the 
free energy change. At 300~ the change in enthalpy 
for the reaction of WC15 with ~/2Cl~g) to form WC16 
is --14.7 kcal /mole (9). The entropy of WC16 is es- 
t imated to be 8 cal /mole deg more than that of WC15 
by Lat imer 's  method. Since the entropy of 1/2C12~g) 
is 26.6 cal/mole deg (9), the entropy change of 
the reaction is calculated to be --18.6 cal /mole deg. 
The free energy change can then be estimated to be 
9.1 kcal /mole  at 300~ At unit activities the open- 
circuit potential of the cell would be 0.39v, which 
is 40% higher than the 0.27v open-circuit  potential 
of the PC15-PC13 system (1). 

Since the reversible potential for the reduction of 
WC16 to WC15 is --0.16v (Table I) using the gold 
reference electrode, the reversible potential of the 
chlorine electrode is estimated to be +0.23v rela- 
tive to the gold electrode, to agree with the thermo-  
dynamic estimate. On that basis the reversible po- 
tential for the reduction of PC15 should be about 
--0.05v relative to the gold electrode, if the solvation 
effects for PC15 are comparable to those for WC16. 
The experimentally observed potential for PC15 was 
--0.73v which would correspond to the high over-  
voltage of 0.68v. Consequently, the PCI~ system 
would form a markedly inefficient fuel cell at a cur-  
rent density or 0.89 x 10 -3 amp /cm ~ (Table I) since 
the overvoltage produces a high drop in fuel cell 
voltage at that  current  density. 

The rate constant and transfer coefficient results, 
however, can now be utilized for estimating the 
minimum surface area required to make activation 
polarization negligible for a porous plat inum fuel 
cell electrode. It is, of course, essential to distinguish 
between the actual current density of a porous elec- 
trode and the apparent  current  density. The actual 
current density, io, is equal to ia /A where {a is the 
apparent current density and A is the measured sur- 
face area per square centimeter of apparent elec- 
trode area. The apparent  current density is merely 
the current  divided by the apparent  electrode area 
calculated from the over-all  dimensions of the elec- 
trode, neglected its roughness factor or porosity. In 
Eq. [3] the factor, {o, is the actual current density. 
Equation [3] can be rearranged to calculate the ac- 
tual surface area corresponding to any fuel cell volt-  
age or current. 

~nc, Eo nFCk~ ~ 
log A -~ log [7] 

2.303RT ~ 

For fuel cell estimates, i~ can be set equal to unity, 
which corresponds to the useful apparent current 
density of 100 amp/cm ~. For PC15, the rate constant 
and transfer coefficient results of Table I can be 
utilized along with the Eo value of --0.05v, estimated 
above as its reversible reduction potential. A con- 
centration of 4M and a porous platinum electrode 
0.93 mm thick with a 50% void volume were selected 
for convenience in calculation. Insertion of these 
numbers in Eq. [7] leads to the estimate that a 
plat inum electrode having an actual surface area 
of 155 m2/g would have negligible activation polar-  
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ization. Although obtaining this value for the specific 
surface area would require that the plat inum be 
extremely finely divided, it appears feasible to at- 
tain this specific area since values of 270 m2/g have 
been reported (17). The fine pores in such elec- 
trodes would tend to impede diffusion, however;  
consequently, concentration polarization problems 
could be severe. 

The thermod%namic data in the li terature is in- 
adequate for calculating the free energy and voltage 
for the formation of SbC15. A rough estimate (18) 
suggests that  the voltage is slightly less than for 
the formation of PC15. Accordingly, for the purpose 
of utilizing Eq. [7] to make a practical estimate of 
A,  Eo can be chosen as equal to +0.02v. Then, in a 
manner  similar to that used for PC15, the minimum 
specific surface area required to avoid activation 
polarization is estimated to be 0.13 m2/g for a 4M 
solution of SbC15. Since the electrode surface area 
estimate for SbC15 is less than one-hundredth  of the 
specific area estimate for PCI~, the mean diameter 
of the plat inum particles can be approximately ten 
times larger for SbC15 than for PC15. Thus, the plat- 
inum electrode for SbC15 would probably be less 
difficult to fabricate. It would also have less tend- 
ency to impede diffusion and could be made thicker 
to have greater structural  strength. The SbC15 elec- 
trode reduction reaction was less polarized during 
chronopotentiometry than that for PC15; the Eo was 
--0.205v for the former compared wi th- -0 .730v for 
the latter, and the estimated overvoltage for SbC15 
was 0.23v whereas that for PC15 was 0.68v. Con- 
sequently it is not surprising that a smaller specific 
surface area would be needed to obtain thermody-  
namically ideal voltages from SbCI5 than from PC15. 

The Tafel equation, which has long been used 
empirically to predict the effect of current density 
on overvoltage (19), has the following form 

Eo ~ a -b b log io [8] 

where a and b are constants. It can be shown that 
the empirical Tafel equation can be derived from 
Eq. [3] which is based on established electrochem- 
ical principles. Equation [3] can be wri t ten in the 
form 

Eo-~ 2.303RT log nFCk~ 2.303RT log io [9] 
anaF anaF 

Comparison of Eq. [8] and [9] shows that the 
chronopotentiometric data of Table I can be used 
to obtain the constants which are needed for the 
calculation of overvoltages from the Tafel equation 
since 

2.303RT 
a = log nFCk~ [10] 

~naF 
and 

2.303RT 
b [113 

~F 

The chronopotentiometric apparatus has been used 
to test these equations by decreasing io from the 
values of Table I by the factors 10, 100, and 1000. 
These studies were made for SbC15, SbCI~, PC15, 
and PCl~. It was found that  substituting into Eq. 
[9] the chronopotentiometric data from Table I 
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for  each  of these  c o m p o u n d s  gave  c a l c u l a t e d  v a l u e s  
of Eo w h i c h  a g r e e d  w i t h  t he  m e a s u r e d  v a l u e s  w i t h i n  
an  a v e r a g e  d e v i a t i o n  of 0.01v, w h e n  io was  d e c r e a s e d  
b y  t h e s e  fac tors .  Thus ,  t he  c h r o n o p o t e n t i o m e t r i c  
a p p a r a t u s  can  be  used  for  e v a l u a t i n g  r e l a t i v e l y  
r a p i d l y  t he  p o l a r i z a t i o n  p r o b l e m  in fue l  cel ls  in 
a d d i t i o n  to m e a s u r i n g  f u n d a m e n t a l  k ine t i c  cons t an t s  
for  the  e l ec t rode  reac t ions .  

Manuscr ip t  rece ived  June  20, 1962; rev ised  m a n u -  
scr ipt  rece ived  Sept.  26, 1962. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1963 
JOURNAL.  
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Transference Numbers and Ion Association 
in Pure Fused Alkaline Earth Chlorides 

Edward D. Wolf 1 and Frederick R. Duke 

Institute for Atomic Research and Department o~ Chemistry, Iowa State University, Ames, Iowa 

ABSTRACT 

The t ransference  number  of the  chlor ide  ion was de t e rmined  in pure  fused 
MgC12, CaC12, SrC12, and  BaC12 ut i l iz ing rad ioac t ive  chlor ide  ions in a porous 
quartz  m e m b r a n e  cell. On the basis of a two-s tep  dissociat ion for  these salts,  
M C 1 2 ~ M C 1  + - t -C1-~ :~M ++ ~-2C1- ,  the  ex ten t  of the  second dissociat ion 
was  pred ic ted  qua l i t a t ive ly  f rom a considera t ion  of the  r e l a t ive  mobil i t ies  of 
the  ions. 

T h e r e  is some  c o n t r o v e r s y  a b o u t  t h e  p h y s i c a l  s ig -  
n i f icance  of H i t t o r f - t y p e  t r a n s f e r e n c e  e x p e r i m e n t s  
in p u r e  s ing le  c o m p o n e n t  fused  sal ts .  I t  is obv ious  
t h a t  a m b i g u i t y  a b o u t  the  r e f e r e n c e  f r a m e  for  t he  
ve loc i t i e s  of t he  ions  cou ld  resu l t ,  s ince  in t he  p u r e  
fused  sa l t  t h e  so lvent ,  to  w h i c h  ion m o t i o n  is g e n -  
e r a l l y  r e f e r r e d ,  is absen t .  I n d e e d  one  m i g h t  con-  
s ide r  t h e  p h e n o m e n o n  as e lec t roosmos i s ,  s ince  e x -  
p e r i m e n t a l l y  t h e r e  is no d i s t inc t ion .  On th i s  bas i s  
S u n d h e i m  (1) has  e x t e n d e d  c o n v e n t i o n a l  h y d r o -  
d y n a m i c  equa t ions  of m o t i o n  to d e s c r i b e  t h e  m o v e -  
m e n t  of t he  ions  and  has  f o u n d  t h a t  t he  t r a n s f e r e n c e  
n u m b e r s  def ined  in  t he  r e f e r e n c e  f r a m e  of t h e  cel l  
(i.e., porous  p lug  e x p e r i m e n t s )  can  be  e x p r e s s e d  in 
t e r m s  of p a r t i a l  v i scos i t i es  of t he  ions. 

L a i t y  (2)  has  d i scussed  the  concep tua l  diff icul t ies  
of def in ing  t r a n s f e r e n c e  n u m b e r s  in  p u r e  s ingle  
c o m p o n e n t  fused  salts .  T h e  i dea  c o n v e y e d  is t h a t  
t he  c o n v e n t i o n a l  po rous  p lug  t r a n s f e r e n c e  e x p e r i -  
m e n t s  do i n d e e d  m e a s u r e  a p r o p e r t y  of t h e  sal t ,  b u t  

1 P resen t  address :  D e p a r t m e n t  o~ Chemis t ry ,  P r ince ton  Unive r s i ty ,  
Princeton, N e w  Jersey.  

t he  s ign i f icance  of th is  p r o p e r t y  has  no t  y e t  been  
clar i f ied.  H o w e v e r ,  Es in  et  al. (3)  in  a sho r t  r e v i e w  
e x p r e s s e d  t h e  v i e w  t h a t  t h e r e  is no bas i s  for  con-  
s i d e r i n g  i t  imposs ib l e  in p r i n c i p l e  to m e a s u r e  t r a n s -  
f e r e nc e  n u m b e r s  in  p u r e  s ing le  c o m p o n e n t  fu sed  
sa l t s  u s ing  the  po rous  p lug  me thod .  

In  t he  p r e s e n t  p a p e r  t he  t r a n s f e r e n c e  n u m b e r  
m e a s u r e d  w i t h  r e s p e c t  to  t he  po rous  p l u g  w i l l  be  
i n t e r p r e t e d  as  a m e a s u r e  of t he  m o b i l i t y  of t h e  
ion r e l a t i v e  to t he  sa l t  i m m o b i l i z e d  at  t he  m e m -  
b r a n e  surfaces .  F u r t h e r  c o m m e n t s  on t r a n s f e r e n c e  
n u m b e r s  in  p u r e  fused  sa l t s  w i l l  be  r e s e r v e d  for  a 
f u t u r e  pub l i ca t i on .  

The  p u r p o s e  of th i s  p a p e r  is to r e p o r t  t he  e x -  
p e r i m e n t a l  v a l u e s  of t h e  t r a n s f e r e n c e  n u m b e r  of t he  
ch lo r ide  ion in  p u r e  fu sed  a l k a l i n e  e a r t h  ch lo r ides  
and  t h e n  to i n fe r  c e r t a i n  s t r u c t u r a l  p r o p e r t i e s  (i.e., 
assoc ia t ion)  of t h e  mel t s .  

Experimental 
Materials .--"Baker A n a l y z e d "  r e a g e n t  g r a d e  a l -  

k a l i n e  e a r t h  c h l o r i d e  h y d r a t e s  w e r e  r e c r y s t a l l i z e d  
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Fig. 1. Cell holder and cell 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  April  1963 

and  dr ied u n d e r  v a c u u m  to r emove  surface wa te r  
and  some h y d r a t i o n  water .  Comple te  d e h y d r a t i o n  
was real ized for b a r i u m ,  s t ron t ium,  and  ca lc ium 
chlor ide d u r i n g  the  course of the  t r ans fe rence  ex-  
pe r imen t s  d u r i n g  which  a d ry  a rgon  a tmosphere  
covered the  salt  at all  t imes.  V a c u u m  fus ion  ana lyses  
(4) af ter  sample  r u n s  ind ica ted  a to ta l  oxygen  con-  
ten t  (ca lcu la ted  as MO) of less t h a n  1 mole  % for 
each of these salts. 

P u r e  a n h y d r o u s  m a g n e s i u m  chlor ide  was  p re -  
pared  by  v a c u u m  sub l ima t i on  of the  chlor ide ( ne a r  
800~ a w a y  f rom the  d e h y d r a t i o n  impur i t i es .  S i m -  
i lar  v a c u u m  gas ana lyses  gave an  oxygen  c o n t a m -  
ina t ion  of less t han  0.5 mole  % MgO. 

Radioac t ive  salts were  p r epa red  in  the  same 
m a n n e r  except  tha t  p r ior  to r ec rys ta l l i za t ion  a p r e -  
d e t e r m i n e d  a m o u n t  of HCI ~6 was added to the  a que -  
ous solut ion.  

Apparatus.--A Vycor  cell ho lder  which  ex t ended  
abou t  10 in. in to  an  u p r i g h t  t ube  fu rnace  was  used 
to suppor t  the  quar tz  t r ans f e r ence  cell, Fig. 1. This 
a r r a n g e m e n t  a l lowed for a d ry  ine r t  a tmosphe re  
over  the  sal t  at  al l  t imes.  The cons t ruc t ion  of cells 
and  the poros i ty  r educ t ion  t r e a t m e n t  of the quar tz  
disks have  been  descr ibed  p rev ious ly  (5) .  Spec-  
troscopic g raph i te  rods 12 in. in  l eng th  and  1/s in. 
in  d i ame te r  were  used  for the  electrodes.  

The 230v fu rnace  was  cont ro l led  by  a Br is to l  
Elec t ronic  Cont ro l le r  sensi t ized by  a C h r o m e l -  
A l u m e l  thermocouple .  

I n i t i a l l y  a Hea thk i t  Model P S - 5  va r i ab l e  vol tage  
r egu la t ed  power  supp ly  served as the  d-c  source. 
In  some of the  la te r  w o r k  a f u l l - w a v e  s e l e n i u m  rec-  
tifier in  con junc t i on  w i th  a p i - sec t ion  filter c i rcui t  
was employed.  A s i lver  cou lomete r  was  used to de-  
t e r m i n e  the  charge passed t h rough  the  cell. 

A Model  181A Nuc lea r -Ch icago  Decade Scaler  and  
a T1 Dual  T i m e r  were  used wi th  a Trace r l ab  TGC-1  
G e i g e r - M u e l l e r  tube  for d e t e r m i n i n g  the  be ta  ac-  
t iv i ty .  

Procedure.--The anode  and  cathode c o m p a r t -  
men t s  were  filled wi th  inac t ive  and  rad ioac t ive  salts, 
respect ively .  In  the  case of the  m a g n e s i u m  chlor ide  

e xpe r i me n t s  the  fi l l ing of the  cells was  done in  
d r y  box fol lowed by  a rap id  t r ans f e r  to the  cell 
holder  t h r ough  which  d ry  a rgon  was  flowing. The  
cell was a t tached to the cell holder  w i th  smal l  Ni-  
chrome spr ings  a nd  the  en t i re  assembly  lowered  
into the furnace .  Af te r  the  desired t e m p e r a t u r e  was  
reached and  sufficient t ime  a l lowed for the  salt  to 
come to e q u i l i b r i u m  t empera tu r e ,  the g raph i t e  elec-  
t rodes were  lowered  in to  the mel t ,  and  a measu red  
d-c  c u r r e n t  was passed t h r ough  the cell. The  elec-  
t rolysis  t ime  va r i ed  f rom 500 to 2000 sec de pend ing  
on the  c u r r e n t  used. G e n e r a l l y  a to ta l  charge of 
a p p r o x i m a t e l y  100 coulombs was employed.  Af te r  
e lectrolysis  the  electrodes were  l i f ted out  of the  
mel t  and  the cell was  r e m o v e d  f rom the  f u r n a c e  to 
cool and  freeze quickly .  The d ry  a rgon  flush was  
con t inued  d u r i n g  the  cooling process. The  cell was  
t hen  spli t  ca re fu l ly  at  the  disk so as no t  to c o n t a m -  
ina t e  the  ano ly te  wi th  the  more  rad ioac t ive  ca tho-  
ly te  salt. The e lec t ro ly te  in  bo th  par ts  was dissolved 
in  water .  The ano ly te  we igh t  was found  b y  we igh -  
ing the  half  cell before and  af ter  the  sal t  was  dis-  
solved wi th  correct ions  m a d e  for adsorp t ion  of the  
salt  by  the  electrode.  The solut ions  were  buffered 
below pH 10 wi th  a m m o n i u m  acetate  and  a m -  
m o n i u m  hydroxide ,  and  the chlor ide ion was  p re -  
c ipi ta ted wi th  excess s i lver  n i t ra te .  Three  samples  
f rom each ano ly te  and  ca tho ly te  we re  p r epa red  for 
count ing .  S t a n d a r d  coincidence,  se l f -absorp t ion ,  
and  b a c k g r o u n d  correct ions  were  made  and  the  spe-  
cific act ivi t ies  of the  samples  recorded.  

To be cons is ten t  wi th  the  opera t iona l  def ini t ion 
of t r ans fe rence  n u m b e r s  all  condi t ions  of the  ex-  
p e r i m e n t  m u s t  be r e fe r red  to the  disk. I t  was  dis-  
covered d u r i n g  the e x p e r i m e n t s  tha t  the  s t a n d a r d -  
ized Pt, P t - R h  the rmocoup le  did not  sense the  r a the r  
la rge  t e m p e r a t u r e  rises w i t h i n  the  disk even  though  
it was  in  contact  wi th  the  cell d i rec t ly  above the  
disk. In  order  to fol low the  t e m p e r a t u r e  of the  disk 
a fad ing  e l e me n t  Pyro  Micro-Opt ica l  P y r o m e t e r  
was  m o u n t e d  d i rec t ly  above the  furnace .  Read ings  
were  t a ke n  by  focusing on the  disk t h r ough  the  
smal l  t he rmocoup le  wel l  in  the  top of the  cell 
holder.  In  a few cases in  which  the m e m b r a n e  po-  
ros i ty  had  b e e n  s u b s t a n t i a l l y  reduced,  a rc ing  was  
observed  in a few "hot"  spots in  the disk. However ,  
for most  e xpe r i me n t s  the  hea t ing  was  m o d e r a t e  (0-  
50~ wi th  no a rc ing)  and  u n i f o r m  t h r o u g h o u t  the  
disk. Cell res is tances  va r i ed  f rom 100 to 1000 ohms 
and  the  c u r r e n t  was  ge ne r a l l y  100 ma;  however ,  
even  a sixfold va r i a t i on  of 50-300 ma  caused no ap -  
p rec iab le  change  in  the  e qu i va l e n t s  of C1- ion t r a n s -  
ported.  The t e m p e r a t u r e  of the  disk va r i ed  l i n e a r l y  
wi th  the  power  d iss ipa t ion  w i t h i n  the  disk which  
was u sua l l y  less t h a n  5w. 

P rev ious  t r ans f e r ence  e x p e r i m e n t s  have  been  
done wi th  l i t t le  or no cons idera t ion  for this  d iss ipa-  
t ion  of ene rgy  w i t h i n  the disk. L u n d e n  (6) did a t -  
t empt  to measu re  it by  w r a p p i n g  the  leads  of a 
smal l  t he rmocoup le  a r o u n d  the disk wi th  the  t he r -  
mocouple  in contact  wi th  the  outer  surface  of the  
cell. It  is r easonab le  to assume s imi la r  hea t ing  in  
P y r e x  disks. E x p e r i m e n t s  w i th  P y r e x  cells in  which  
a high c u r r e n t  dens i ty  was  m a i n t a i n e d  n e a r  the  
sof ten ing  poin t  of P y r e x  should  be v iewed  wi th  
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this  in  mind .  U n d e r  e x t r e m e  hea t ing  the  fused P y r e x  
glass would  act as an  ion exchange  m e d i u m  ex-  
h ib i t ing  on ly  cat ionic conduct ion .  

Diffusional  and  viscous flow due  to g rav i ty  can  
p lay  a m a j o r  role in  the  e x p e r i m e n t a l  e r ror  of the  
data.  However ,  for sufficiently fine disks, b l a n k  r u n s  
for diffusion and  expe r imen t s  in  which  hydros ta t i c  
heads  of severa l  m i l l ime te r s  we re  used, ind ica ted  
neg l ig ib le  correct ions  for these effects d u r i n g  the  
shor t  d u r a t i o n  of each t r ans f e r ence  expe r imen t .  

Results and Discussion 

For  most  u n i - u n i v a l e n t  mo l t en  salts complete  dis-  
sociat ion is gene ra l l y  assumed.  However ,  for mo l t en  
salts con t a in ing  m u l t i v a l e n t  ions incomple te  disso- 
c ia t ion (or associat ion)  m a y  occur. Consider  pos-  
s ible  reac t ions  for the  a lka l ine  ea r th  chlorides in  
the  m o l t e n  s tate  

MC12 ~ MC1 + § C1- al [1] 

M + + + C1- " ~2 

The re  are th ree  species, M ++, MC1 +, and  C I - ,  to 
which  t r ans f e r ence  n u m b e r s ,  t+ +, t+,  and  t_ ,  ma y  
be assigned. 

The equ iva l en t s  of chlor ide  ion t r an s f e r r ed  f rom 
cathode to anode c o m p a r t m e n t  d u r i n g  a rad ioac t ive  
chlor ide t raced  electrolysis  of a pu re  fused a lka l ine  
ea r th  chlor ide  can be shown  to be 

m = (Ca~Co) ( W a / M )  [2] 

whe re  Ca and  Co are the  specific act ivi t ies  of the  
ano ly te  and  ca tho ly te  salts, respect ively ,  at the end  
of the expe r imen t ,  gr a is the  weigh t  of the  sal t  in  
the  anode  c o m p a r t m e n t  at the  end  of the  expe r i -  
ment ,  and  M is the e q u i v a l e n t  we igh t  of the  salt. 

Cathodic  m i g r a t i o n  of rad ioac t ive  chlor ide was  
not  observed in  e x p e r i m e n t s  in  wh ich  the  rad ioac -  
t ive  salt  was  in i t i a l ly  in  the  anode  c o m p a r t m e n t .  
This  does not  exc lude  the  exis tence  of the  MC1 + ion. 
On the  c o n t r a r y  this  is cons is ten t  w i th  rap id  e qu i -  
l i b ra t ion  of the  MC1 + ions wi th  its chlor ide ion e n -  
v i r o n m e n t .  The  only  condi t ions  r equ i r ed  are tha t  
the  ra te  of exchange  of C1- ions is rap id  w i th  r e -  
spect to the  t ime  r e q u i r e d  (a few seconds)  for the  
ion to pass t h rough  the  disk and  tha t  t -  > t+. The  
first condi t ion  is satisfied by  the  ve ry  n a t u r e  of 
these fused salts. Had  the  last  condi t ion  b e e n  re -  
versed  (i.e., t -  < t+)  t hen  anodic  m i g r a t i o n  of r a -  
dioact ive chloride wou ld  no t  be  observed.  A n d  

f inal ly  if t -  = t+ the  rad ioac t ive  t race r  wou ld  not  
migra te ,  o ther  t h a n  by  diffusion, f rom e i ther  com-  
pa r t me n t .  Thus  the  ne t  mot ion  of the chlor ide ion 
m a y  be descr ibed  by  def in ing the  ne t  equ iva l en t s  of 
chlor ide ion t r a n s f e r r e d  as 

m ~ t _ Z - -  t+Z [3] 

where  Z is the  n u m b e r  of F a r a d a y s  of e lec t r ic i ty  
passed th rough  the  cell. 

The  e x p e r i m e n t a l l y  d e t e r m i n e d  q u a n t i t y ,  re~Z, 
is l is ted in Tab le  I for each of the four  a lka l ine  
ea r th  chlor ides  over  the  ind ica ted  t e m p e r a t u r e  
range.  I nc luded  also are va lues  ob ta ined  f rom the  
da ta  of L u n d e n  (6) for ZnC12 and  Duke  and  Lai ty  
(7) for PbC12. A l t h o u g h  the m / Z  va lues  are r e -  
por ted  as t e m p e r a t u r e  i ndependen t ,  it  should  be 
m e n t i o n e d  tha t  a s l ight  l i nea r  increase  of m / Z  wi th  
t e m p e r a t u r e  was  observed  for CaCle. 

The p robab i l i t y  of exis tence  of doub ly  nega t ive  
vacancies  in  the  l iqu id  seems smal l  w i th  u n i v a l e n t  
an ions  present .  On this  basis, if the  mob i l i t y  of the  
M + + ion is a s sumed  to be negl ig ib le  in  compar i son  
wi th  the mobi l i t ies  of the  MC1 + and  C1- ions, t hen  
the re la t ive  concen t ra t ions  of the  ions m a y  be es- 
t imated .  For  the  mob i l i t y  of the MC1 + ion sa t i s fy-  
ing the  condi t ion  u _ / 2  < u+ < 2u_,  va lues  of the 
degree  of dissociat ion for the  react ion,  MC1 + 
M + + + C I - ,  we re  found  to r ange  b e t w e e n  zero and  
u n i t y  as shown in  Table  I. Dissociat ion increased  
for each salt  p rogress ive ly  down  the  Group  IIA 
chlorides.  One  m a y  conclude  f rom the  smal l  va lue  
found  for ZnC12 tha t  an  apprec iab le  concen t r a t i on  
of associated ZnC12 molecules  exists  in  the  melt .  
E q u i v a l e n t  conduc t iv i ty  a nd  viscosi ty  da ta  argue  in 
favor  of this  conclus ion also. The  dissocia t ion for 
MgC12 was  somewha t  g rea te r  t h a n  for ZnC12, and  
the dissociat ion for PbC12 was  a p p r o x i m a t e l y  tha t  
found  for BaC12. 

Degrees  of dissociat ion for the a lka l ine  ear th  
chlor ides  have  been  pred ic ted  by  Markov  and  Del i -  
ma r sk i i  (8) .  F r o m  a cons idera t ion  of a s e m i - e m -  
pi r ica l  express ion  for the e lectr ical  conduc t iv i ty  
and  the r a the r  drast ic  a s sumpt ion  tha t  the  chloride 
ion wi l l  have  the  same mob i l i t y  in  the  co r respond ing  
states (i.e., in  the ne ighborhood  of the  me l t i ng  
po in ts )  for the  di f ferent  salts, they  conclude tha t  
BeC12 is mos t ly  mo l e c u l a r  whi le  BaC12 exis ts  m a i n l y  
as Ba ++ and  C1- ions wi th  abou t  30% of the  Ba ++ 
ions associated as BaC1 +. Whi le  the i r  resu l t s  are 
compat ib le  w i th  those proposed in  this  paper ,  the 

Table I. Chloride transference numbers and per cent dissociation in fused alkaline earth chlorides 

(~2 • 100 

N o .  o2 C a s e  I C a s e  I I  C a s e  I I I  T e m p .  r a n g e ,  
S a l t  e x p e r i m e n t s  m / Z  t - i t  u .  = u _ / 2  u+  = u -  u+  = 2 u -  ~  

ZnC12* (6) 0.27 • 0.08"* 0.64 0 27 55 435-673 
MgC12 6 0.52 • 0.04 0.76 23 52 73 730-920 
CaC12 29 0.58 • 0.09 0.79 31 58 76 780-1100 
SrC12 19 0.74 • 0.07 0.87 54 74 86 880-1165 
BaC12 15 0.77 • 0.09 0.89 59 77 88 960-1100 
PbC12) (7) 0.76 • 0.01 0.88 57 76 87 565-635 

* T r a c e r  m e t h o d .  
** S t a n d a r d  d e v i a t i o n  e r r o r s .  

"r B u b b l e - c e l l  m e t h o d .  
i-t C a l c u l a t e d  a s  M C I +  a n d  C1- f r o m  t h e  e x p e r i m e n t a l  d a t a .  
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m e a n s  b y  w h i c h  t h e y  w e r e  o b t a i n e d  a r e  q u e s t i o n -  
able .  

In  conclus ion,  ana logous  d i s soc ia t ion  cou ld  be  
p r e d i c t e d  b y  a s s u m i n g  S tokes '  l a w  a n d  ef fec t ive  ion  
r a d i i  for  the  s i n g l y  c h a r g e d  spec ies  a f t e r  se t t ing  
u+ + --=" 0. H o w e v e r ,  t he  use  of S t o k e s '  e q u a t i o n  for  
de sc r i b ing  t h e  m o t i o n  of ions in fused  sa l t s  is f u n d a -  
m e n t a l l y  u n s o u n d  even  t h o u g h  o r d e r  of m a g n i t u d e  
a g r e e m e n t  is  g e n e r a l l y  f o u n d  b e t w e e n  o b s e r v e d  and  
c a l c u l a t e d  va lues .  

Manuscr ip t  received May 1, 1962; rev ised  m a n u -  
scr ipt  rece ived  Oct. 23, 1962. Work  was pe r fo rmed  in 
the  Ames  Labora to ry  of the  U. S. Atomic  Energy  Com- 
mission, Cont r ibut ion  No. 1142. 

A n y  discussion of this  pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  December  1963 
JOURNAL.  
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ABSTRACT 

Sul fur  and oxide are  produced  by  e lec t roreduct ion  of the solvent  at  550 ~ 
whereas  act ive metals ,  e.g., Mg, y ie ld  sulfide and oxide ions. Cur ren t -vo l t age  
curves of d i lu te  solut ions of heavy  meta l  sulfates show reduct ion waves  cor-  
responding  to the  fo rmat ion  of e i ther  (a) me ta l  or (b) me ta l  sulfide and oxide, 
the  course of the  react ion appa ren t ly  being de te rmined  by  the solubi l i ty  of 
the  sulfide. For  the  case (a) ,  an e lec t romot ive  force series on a mola l i ty  scale 
was es tabl ished for  t empera tu res  be tween  550 ~ and 580 ~ as follows: P d ( I I ) ,  
R h ( I I I ) ,  C u ( I I ) ,  A g ( I ) ,  C u ( I ) ,  Co( I I )  [ P d ( I I )  being the s t ronges t  oxidiz-  
ing  agent] .  The p roper t i e s  of solutions of h igher  t rans i t ion  meta l  oxides  in  the  
sulfate  mel t  and the electrolysis  of oxyanion  mel ts  in genera l  are  discussed. 

C o n s i d e r a b l e  a t t e n t i o n  has  b e e n  g iven  to t h e  
p r o p e r t i e s  of m o l t e n  h a l i d e  sys t ems  in r e c e n t  yea r s ,  
b u t  t he  bas ic  c h e m i s t r y  of c o m m o n  o x y a n i o n  sa l t s  
in  t h e  m o l t e n  s t a t e  is no t  we l l  known .  The  r a n g e  of 
t h e r m a l  s t a b i l i t y  of n i t r a t e s  and  c a r b o n a t e s  is r e l a -  
t i v e l y  smal l ,  bu t  a l k a l i  su l fa t e s  a r e  s t ab le  in a i r  to 
800 ~ (1)  and  w e r e  e x p e c t e d  to con ta in  less  c o m -  
p l e x  spec ies  t h a n  phospha te s ,  bo ra tes ,  and  s i l ica tes .  
Thus,  su l f a t e  m e l t s  a p p e a r e d  to be  c o n v e n i e n t  sys -  
t ems  for  e l e c t r o c h e m i c a l  s tud ies  and  m i g h t  p r o v i d e  
i n f o r m a t i o n  on the  con tac t  p rocess  and  the  poss ib l e  
p r o d u c t i o n  of  su l fu r i c  ac id  f r o m  m e t a l  su l fa t e s  and  
s t e a m  (2) .  

The  r e l a t i v e  t h e r m a l  decompos i t i on  t e m p e r a t u r e s  
of a n u m b e r  of d i v a l e n t  m e t a l  su l f a t e s  have  been  
d e t e r m i n e d  b y  t h e r m o g r a v i m e t r i c  and  d i f f e r en t i a l  
t h e r m a l  ana lys i s  (3 ) ;  t he  r a n g e  of 537 ~ for  FeSO4 
to 1374 ~ for  SrSO4 sugges t ed  t h a t  m a n y  m e t a l  ions  
could  be  s t ud i ed  in  m i x e d  a l k a l i  su l f a t e  so lvents .  
A l l  of t he  d a t a  on t h e r m a l  s t a b i l i t y  can  be  e x p l a i n e d  
in  t e r m s  of t he  e l e c t r o n e g a t i v i t i e s  and  c r y s t a l  r a d i i  
of t he  ca t ions  (4) .  

S u l f a t e  m e l t s  h a v e  been  e m p l o y e d  to set  u p  an  
e l ec t rode  r e v e r s i b l e  to  ox ide  ions  (4, 5).  F lood ,  
F~r l and ,  and  Motz fe ld t  (6)  o b t a i n e d  s a t i s f a c t o r y  
r e su l t s  w i t h  t he  s y s t e m  Na2SO4-Na2CO3 in e q u i l i b -  

1 P r e s e n t  address: D e p a r t m e n t  of Chemis t ry ,  Sir  J o h n  Cass 
College, A ldga te ,  L o n d o n  E.C.3., England.  

r i u m  w i t h  a cons t an t  CO2 p re s su re ,  o x i d e - i o n  ac -  
t i v i t y  be ing  g iven  b y  ao2-  ---- Kaco32-/Pco2.  This  is 
one  e x a m p l e  of an  a c i d - b a s e  e q u i l i b r i u m  in  me l t s ;  
o t h e r  r e l e v a n t  e x a m p l e s  a r e  t he  f o r m a t i o n  of PO43- 
and  SOs f r o m  PO~-  and  SO42- (5)  a n d  of SOs and  
A1203 f rom A I ( I I I )  and  Na2SO4 at  900 ~ (7) .  In  th is  
connec t ion  i t  w a s  s u r p r i s i n g  to  be  ab le  to  f o r m  s t ab l e  
so lu t ions  of  C r ( I I I )  and  F e ( I I I )  in  t he  t e r n a r y  a l -  
k a l i  su l f a t e  a t  550 ~ b u t  th is  s t a b i l i t y  cou ld  m e r e l y  
be  a consequence  of a l o w e r  t e m p e r a t u r e .  H i l l  e t a l .  
(8)  u sed  t h e  s y s t e m  P t / O 2 / O  2-  in Li2SO4-K2SO4 a t  
t e m p e r a t u r e s  of 600~ ~ to m e a s u r e  s t a n d a r d  f o r -  
m a t i o n  p o t e n t i a l s  of v a r i o u s  m e t a l  oxides .  

P u s h k a r e v a  (9 ) ,  in  the  course  of s t u d y i n g  the  e f -  
fec t  of su l f a t e  on the  c u r r e n t  eff iciency of m a g n e s i u m  
p r o d u c t i o n  f r o m  c a r n a l l i t e  mel t s ,  o b s e r v e d  t h a t  v a r i -  
ous c o m p o u n d s  of su l fu r  y i e l d  t he  e l e m e n t  w h e n  
a d d e d  to the  sys tem,  e i t h e r  b y  t h e r m a l  d e c o m p o s i -  
t ion  (e.g., sulfi te,  t h i o s u l f a t e )  or  b y  r e a c t i o n  w i t h  
d i s so lved  m a g n e s i u m  ( s u l f a t e ) .  The  su l fu r  f o r m e d  
d i s so lved  to g ive  a b lue  coIor  d e t e c t a b l e  a t  0.03 w t  % 
S, b u t  i t  s l o w l y  d i s t i l l ed  f r o m  the  mel t .  M e a s u r e -  
m e n t s  of t he  d o u b l e  l a y e r  c a p a c i t y  at  Mo in th is  
s y s t e m  (NaC1-KC1-MgC12-MgSO4) as a func t ion  of 
p o t e n t i a l  (10) s h o w e d  two  d e s o r p t i o n  p e a k s  and  the  
n a t u r e  of the  c u r v e  was  a s c r i b e d  to t he  p r e s e n c e  of 

su r f a c e  ac t ive  p o l y m e r s  Sn. 
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Very recent ly ,  Liu  (11) has made  electrode po-  
ten t ia l  measurements  in Li2SO4-KaSO4 and has 
shown tha t  cer ta in  metals ,  e.g., Ni, reduce SO42-. 
Andr i eux  (12) impl ied  tha t  cer ta in  meta l  sulfates 
y ie ld  meta ls  on electrolysis  of melts  containing 
them, whereas  others y ie ld  sulfites or sulfides. S im-  
i lar  phenomena  have  been observed wi th  bora te  
(12), phosphate ,  and  si l icate melts  (13).  

The present  s tudy concerns the  fundamen ta l  elec-  
t rochemical  proper t ies  of one sulfate  mel t  as shown 
by cu r ren t -vo l t age  curves and emf measurements  on 
the Li2SO4-NaSO4-K~SO4 system. Some simple re -  
actions are  discussed qual i ta t ive ly .  

Experimental 
Reagent  grade  chemicals  were  used. The solvent  

was a m ix tu r e  of 78% Li2SO4, 8.5% Na2SO4, and 
13.5% K2SO4 wi th  mp 512. 2 Its p repara t ion  has a l -  
r eady  been descr ibed (15) except  for the addi t ion 
of a few mi l l ig rams  of potass ium pyrosu l fa te  to the 
mel t  to scavenge t races  of oxide, excess pyrosul fa te  
decomposing to sulfate  and sulfur  t r ioxide  gas. 
NiSO4 and CoSO4 were  p repa red  as previous ly  de-  
scribed (15), and PbSO4 and Ag2SO4 were  obta ined 
by double  decomposi t ion reactions.  

The sulfate  content  of a compar tment  was de-  
t e rmined  by  exchanging hydrogen  ions for cations 
through Amber l i t e  C9-120 and t i t r a t ing  wi th  ba r ium 
chloride solution using al izar in red  S as indicator  
(16). Molar i t ies  and mole fract ions were  calcula ted 
using a densi ty  va lue  of 2.13 g / m l  es t imated  f rom 
the da ta  of Jaeger  and Kahn  (17). 

Two furnaces were  used: a Hoskins pot  furnace  
(Hoskins Manufac tur ing  Company,  Detroit ,  Michi-  
gan, Type  FD 104) and a H e v i - D u t y  sp l i t - tube  fu r -  
nace (Hev i -Du ty  Electr ic Company,  Milwaukee,  
Wisconsin, Type M-3012-S) .  The la t te r  was 
mounted  on pul leys  in a steel  f rame and cou~ter-  
balanced wi th  two la rge  weights  so tha t  it  could be 
raised or lowered easi ly as wel l  as opened. An  elec-  
t rolysis  beaker  was suppor ted  on glass wool in a 
glass envelope, i tself  suspended by  its ground glass 
flange in a copper cooling jacket .  A head for e lec-  
t rodes and connections to vacuum and argon l ines 
fitted the flange (18). The method of compar tmen t -  
ing an e lec t ro ly te  and detai ls  of the  remain ing  
equipment  are descr ibed e lsewhere  (19). 

Results and Discussion 
Reduction of sut fate.--Electrolysis  of the solvent  

at 550 ~ be tween  two large  p l a t inum electrodes at  a 
cur ren t  dens i ty  of ~ 5  ~a / cm 2 y ie lded  a small  quan-  
t i ty  of sulfite but  ma in ly  sulfur  and oxide in the 
cathode compartment .  I t  was verified tha t  sulfur  
dissolves to some extent  in a mol ten  sulfate even 
when added in air. Fur ther ,  sodium sulfite y ie lded  
sulfur  and sulfur  dioxide (a) when  heated in a 
closed tube  or, (b)  added to a mol ten  sulfate or, 
(c) mixed  wi th  sulfa te  and hea ted  to melt ing.  Any  
significant quant i ty  of sulfur  appeared  as a blue  
color r ap id ly  tu rn ing  brown.  

The addi t ion of magnes ium powder  to the solvent  
produced considerable  darken ing  and sulfide and a 

2 A c c o r d i n g  t o  A k o p o v  a n d  B e r m a n  ( 1 4 )  t h i s  c o m p o s i t i o n  i s  a 
e u t e c t i c ,  b u t  t h i s  w a s  n o t  c o n f i r m e d  ir~ a r e c e n t  x m r a y  m e a s u r e -  
m e n t  ( 1 5 ) .  

R E A C T I O N S  IN Li2SO4-Na2SO4-K,~SO~ 
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Fig. 1. Current-voltage curves of Li2SO4-Na2SO4-K2S04 at 550 ~ 
A, B pure solvent; C potential v s .  log (id-i) for solvent wave; D 
solution of K2Cr04; E solution of V205. 

l i t t le  sulfur  were  found in the  cooled product .  The 
solvent  was also reduced by Fe, Cd, Ni, Zn, T1, and 
Pb metals ,  but  not so rapidly .  

Liu (19), however ,  obta ined sulfite and sulfide 
but  not sulfur  by  electrolysis  of Li2SO4-K2SO4 at 
625 ~ . 

It then  appears  p robab le  tha t  sulfa te  is first r e -  
duced to sulfite which then d ispropor t ionates  to 
y ie ld  sulfate  and sulfide or is fu r ther  reduced di-  
rec t ly  to yie ld  sulfur. The d ispropor t iona t ion  reac-  
t ion no doubt  would  be t empe ra tu r e  dependent .  
When a l a rge  quant i ty  of meta l  is the reducing 
agent, sulfide is the most l ike ly  product  because of 
a react ion such as 

Mg ~- S--> MgS 

Current-vol tage curves . - -Figure  1A shows a t yp -  
ical cu r ren t -vo l t age  curve of tl~e pure  solvent  ob-  
ta ined with  a Pt  microelectrode.  I t  was unchanged 
by  bubbl ing  wi th  argon, indicat ing the absence of 
e lectroact ive dissolved wa te r  or oxygen. The l imi t -  
ing anodic process was observed f rom macro-e lec -  
t rolysis  to be the oxidat ion of sulfate  

SO42- - -  2 e -  --> SOs -b 1/202 

The l imi t ing cathodic process was the reduct ion of 
sulfate. The first stage of this wi th  a l imi t ing cur-  
ren t  and "ha l f - w a ve  potent ia l"  of ~-, --0.6v vs. A g /  
A g ( I )  is magnif ied in Fig. lB.  The slope of the  E vs. 
log (id-i)  plot  for the wave  (Fig. 1C) was about  
0.110v whereas  2.303 R t / F  at this  t empe ra tu r e  is 
0.163v. The shape of the curve on reversa l  of po-  
lar iza t ion resembles  tha t  obta ined in the  i r revers ib le  
reduct ion of n i t r a te  (20). I t  appears  tha t  the first 
stage of the reduct ion is i r revers ible ,  but  the in-  
soluble product  on the e lect rode is capable  of elec-  
t ro-oxida t ion .  

Cur ren t -vo l t age  curves of a number  of d i lu te  
solutions of me ta l  ions and oxides were  also re -  
corded. P l a t i num microelect rodes  were  used except  
in the  case of V205 when W was subst i tu ted  for Pt. 
Potass ium chromate  dissolved to give a red  mel t  
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Fig. 2. Current-voltage curves of solutions in Li2SO4-Na2SO4 at 
550~ NiSO4 (top), PbSO4 (center), TI2SO4 (bottom). 
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Fig. 3. Nernst equation plots for couples in Li2SO4-Na2SO4- 
K2SO4. 

cool ing  to a y e l l o w  solid.  This  sugges t s  t ha t  t he  
e q u i l i b r i u m  

2CRO42- ~ Cr2072- + 0 5 -  

m a y  be  s igni f icant  in th is  s y s t e m  (4) .  A m u l t i p l e  
w a v e  was  o b t a i n e d  (Fig .  1D).  V a n a d i u m  p e n t o x i d e  
d i s so lved  to a b r o w n  so lu t ion  and  showed  r e d u c t i o n  
w a v e s  at  qu i t e  n e g a t i v e  p o t e n t i a l s  (Fig .  1E).  S o l u -  
t ions  of C r ( V I ) ,  V ( V ) ,  and  M o ( V I )  w e r e  r e d u c e d  
to C r ( I I I ) ,  V ( I V )  a n d  M o ( I V )  as i n so lub le  ox ides  
b y  Mg and  T1 me ta l s .  N icke l  su l f a t e  and  coba l t  su l -  
f a te  d i s so lved  to r e d  and  v io le t  solut ions ,  r e s p e c -  
t ive ly ,  and  g a v e  s ing le  w a v e s  (Fig .  2) .  L e a d  su l f a t e  
gave  a co lor less  so lu t ion  and  d o u b l e  w a v e  w h i l e  
t ha l lous  su l f a t e  g a v e  a co lor less  so lu t ion  and  a 
w a v e  i n i t i a l l y  c h a n g i n g  w i t h  t ime ,  the  sp l i t  p e a k  at  

- -0 .4v  fe l l  and  a p e r m a n e n t  w a v e  a p p e a r e d  at  
- -0 .7v  (Fig .  2) .  
Era5 m e a s u r e m e n t s . - - I t  was  found  t ha t  a s i lve r  

coil  cou ld  be anod ized  to s i lve r  (1)  w i t h  100% c u r -  
r en t  eff iciency and  c o n c e n t r a t i o n  cel l  m e a s u r e m e n t s  
on the  A g / A g ( I )  s y s t e m  w e r e  m a d e  in t he  m i x e d  
so lven t  at  t e m p e r a t u r e s  of 545~ ~ The  N e r n s t  
r e l a t i o n  

R T  [ A g  ( I ) ] 
E = E ~ + in  

F l A g ( O )  ] 

was  o b e y e d  a t  the  v a r i o u s  t e m p e r a t u r e s  for  concen -  
t r a t i o n s  of 10 -3 to 10-1M. Thus  a n y  a c t i v i t y  coe f -  
f ic ient  t e r m  is cons tan t .  The  t h e o r e t i c a l  l ine  and  
e x p e r i m e n t a l  po in t s  for  550 ~ a r e  shown in Fig .  3. 
T h e  so lu t ions  of  s i lve r  (1)  w e r e  color less ,  b u t  in  
t ime  the  glass  in con tac t  w i t h  t h e m  d e v e l o p e d  a 
b r o w n  color  w i t h  v io le t  f luorescence.  This  can  be  
a sc r ibed  to e x c h a n g e  of s i lve r  and  s o d i u m  ions w i t h  
s u b s e q u e n t  d i s c h a r g e  and  n e u t r a l i z a t i o n  to fo rm s i l -  
v e r  a toms  in d i spe r s i on  (21, 22) .  The  r a t e  of th i s  
m i g r a t i o n  was  no t  suff icient  to affect  the  v a l i d i t y  
of m e a s u r e d  concen t r a t i ons  so t h a t  s i lve r  ( I ) -  
s i l ve r  (0)  cou ld  be  u sed  as a r e f e r e n c e  coup le  in 
o the r  emf  s tud ies  w i t h  confidence.  

A p l a t i n u m  foi l  was  s t a ined  b r o w n  a f t e r  long 
con tac t  w i t h  the  so lven t  and  u s u a l l y  took  up  a p o -  

0.8  -! 

o i 
0 4  

.~~ ~ _o.~t_ 

- I  .0 

IJ8 

\ 
L ~  

\ I 

\ 

\\t \ \ 

OJ2 ' ; -0.06 -0.~2 -C.,~ 0,O6 
E L E C T R O D E  p O T E N T I A L  JN V O L T S  V S .  ~ M A g  ( I )  

Fig. 4. Nernst equation plot for Cu(ll)/Cu(I) in Li2SO4-Na2$O4- 
K2SO4 at 575 ~ 

t e n t i a l  of ~ - -0 .2v  vs. A g / A g ( I ) .  I t  was  used  as a 
r e f e r e n c e  e l ec t rode  on ly  in  e x p l o r a t o r y  work ,  the  
p o t e n t i a l - d e t e r m i n i n g  p rocess  be ing  u n k n o w n .  

P a l l a d i u m ,  r h o d i u m ,  copper ,  and  coba l t  w e r e  also 
anod ized  to p a l l a d i u m  ( I I ) ,  r h o d i u m  ( I I I ) ,  copper  
( I ) ,  and  coba l t  ( I I )  and  c o p p e r  ( I )  was  ox id i zed  to 
copper  ( I I )  a t  a p a l l a d i u m  foi l  anode,  a l l  w i t h  close 
to 100% c u r r e n t  efficiency. E l e c t r o m o t i v e  forces  as 
a func t ion  of c o n c e n t r a t i o n  w e r e  m e a s u r e d  vs. a 
s i lve r  ( I ) - s i l v e r  (0)  r e f e r e n c e  e l ec t rode  a n d  the  
N e r n s t  r e l a t i o n  was  found  to ho ld  in a l l  cases. T h e -  
o r e t i ca l  l ines  and  e x p e r i m e n t a l  po in t s  a r e  s h o w n  for  
th is  in Fig.  3 and  4. S t a n d a r d  e l ec t rode  po t en t i a I s  
(E ~ for  these  sy s t e ms  w i t h  r e spe c t  to s i l ve r  ( I ) -  
s i l ve r  ( 0 )  w e r e  c a l c u l a t e d  on t h r e e  c onc e n t r a t i on  
scales  and  a re  s u m m a r i z e d  in  Tab le  I. This  m a y  be  
done  e i t he r  b y  co r r ec t i ng  a l l  m e a s u r e m e n t s  to un i t  
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Table I. Electromotive force series in molten Li2SO4-Na2SO4-K2S04 

Couple Tempera tu re ,  ~ E~ E~ ]~~ 

C o ( I f )  - Co (0) 550 --0.689 --0.662 --0.764 
Cu(1) - Cu(0) 580 --0.220 --0.220 --0.220 
Ag(I) - Ag(0) 545-585 0 0 0 
Cu(I I )  - Cu(I )  575 -}-0.055 .}.0.110 --0.099 
Rh( I I I )  - Rh(0) 575 -}-0.370 -}-0.407 -}-0.267 
Pd( I I )  - Pd(0)  580 .}.0.518 -}-0.546 .}.0.441 

concen t r a t i on  of s i lver  (I)  (s ince ac t iv i ty  coeffi- 
cients  are incorpora ted  in  E ~ or f rom re la t ions  
such as 
E~ : Eceuwhen [Rh ( I I I ) ]  ---- [Ag (I)  Reference] 3 

The m e a n  va lues  of the  s t a n d a r d  po ten t ia l s  had  de-  
v ia t ions  of 0.004v except  in  the  case of cobal t  ( I I ) -  
cobal t  (0) w h e n  the dev ia t ion  was  0.017v. The elec- 
t romot ive  force series ob ta ined  is ve ry  s imi la r  to 
Liu ' s  (11) and  a close re la t ionsh ip  b e t w e e n  d isp lace-  
m e n t  reac t ions  in  va r ious  mel t s  is suggested by  the  
va lues  of the  e q u i l i b r i u m  cons tan ts  ca lcu la ted  f rom 
emf data  and  p resen ted  in  Tab le  II. 

The  pa r t  p l ayed  ( in  this  r e l a t ionsh ip )  by  coor- 
d ina t ion  of the  t r ans i t i on  me ta l  ions is not  yet  c lear :  
p a l l a d i u m  (II)  gives b r o w n  solut ions  ind ica t ing  
squa re  p l a n a r  coord ina t ion  in  chlor ide  and  sul fa te  
melts ,  cobal t  ( I I )  is t e t r a h e d r a l l y  coord ina ted  in  
chlor ide and  sul fa te  mel t s  (15) and  shows the  
grea tes t  d ive r s i ty  of K values .  The  coord ina t ion  in 
the p i n k  r h o d i u m  (I I I )  and  g reen  copper ( II)  su l -  
fate solut ions  is u n d e r  inves t iga t ion .  

A t t e m p t s  to genera te  a n u m b e r  of other  me ta l  
ions f rom the  meta l s  cou lomet r ica l ly  in  this so lvent  
we re  unsuccess fu l  because  the  metals ,  e.g., Ni, Cd, 
reduced  sul fa te  to inso lub le  sulfides. The  c r i te r ion  
for the  r educ t ion  of su l fa te  by  a me ta l  is no t  mere ly  
tha t  the  r educ t ion  of the  me t a l  su l fa te  (NiSO4) oc- 
curs  at a po ten t i a l  close to the su l fa te  po ten t i a l  b u t  
r a the r  t h a n  the  me ta l  sulfide has a low so lubi l i ty  
product .  The oxides of the  meta l s  s tudied  are  more  
soluble  t h a n  the  sulfides and  so do not  d e t e r m i n e  
the course of react ion.  

Thus,  c u r r e n t - v o l t a g e  curves  of me ta l  ions in su l -  
fates r ep r e sen t  e i ther  the  process 

M z+ 4 z e -  -~ M 
or a process such as 

SO42- 4 5Ni 2+ 4 8e- ~ NiS 4 4NiO 

Some idea of the l ike ly  course of reac t ion  of a few 
meta l s  is g iven  by  ca lcula t ions  of the  cell po ten t ia l s  
of the ove r - a l l  processes. F ree  ene rgy  da ta  for solids 
at 25 ~ (25) have  b e e n  used to compile  the  re la t ive  
va lues  g iven  in  Tab le  III. These va lues  do suggest  
tha t  s i lver  wi l l  be  s table  in  contact  wi th  sulfate ,  tha t  
sod ium and  zinc wi l l  r educe  it, and  tha t  the  reac t ion  
of lead a nd  cob'alt wi l l  p r o b a b l y  be ve ry  sens i t ive  to 
condit ions.  In  this  connect ion,  cobal t  appears  to be 
fa i r ly  s table  in  contact  w i th  the  t e r n a r y  mel t  at 550 ~ . 

The resul t s  g iven  here  and  the  f indings  of other  
worke r s  discussed p rev ious ly  suggest  tha t  the elec- 
tro]ysis of o x y - a n i o n  mel ts  in  gene ra l  can be rep -  
r e sen ted  by  the  fo l lowing scheme w r i t t e n  for a 
typ ica l  ion XOn TM- : 

XOn m- ~.~ XOn_l 2-m .}. 0 2- 

XOn-12-m 4 (2n-- m ) e -  --> X 4 (n - -  I)O 2- 

at cathode 

0 2- -- 22- --> 1/202 at anode 

(2n 4 q ) M  p+ 4 pXOn m- 4 P ( q  4 2 n - - m ) e -  

MqX, 4 nM2Op for ce r ta in  M. 
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Surface Studies on Passive Iron 

NorveU E. Wisdom, Jr. 1 and Norman Hackerman 
Department of Cherrdstry, University of Texas, Austin, Texas 

ABSTRACT 

Surfaces of zone-refined i ron in  sulfate solutions of pH between 1 and 15 
have been studied by measurement  of electrode capacity and by chronopoten- 
tiometry. Capacities were measured as a funct ion of potentiostat ically con- 
trolled average electrode potent ial  by a recent ly developed pulse technique. 
The capacity curves thus obtained were approximately plateaus over potential  
regions in  which oxygen or hydrogen evolution occurred at >10 #a cm -2. In  
in termediate  potent ial  regions the curves had shallow min ima  as low as 4 
~farad cm -2 near  the potential  region of oxygen evolution and peaks with 
maxima  as great as 165 ;,farad cm -2 near  the potential  region of hydrogen 
evolution. The capacity values depended on the history of the potential  
variat ions applied to the electrodes. Chronopotent iometry i n d i c a t e d  the 
presence of at least two sorts of reducible surface mater ia l  under  most of the 
exper imental  conditions. Results are in terpre ted to indicate the presence of a 
surface mater ia l  with properties which depend on the electrode potent ial  and 
solution env i ronment  dur ing  its formation and which are significantly differ- 
ent  from those of any known  crystalline, stoichiometric i ron oxide. Such prop- 
erties of the mater ia l  of a passive i ron surface may be reasonably explained by 
a previously presented hypothesis of a surface mater ial  formation sequence 
ini t ia ted by the adsorption of solution species. 

Despite  the  l e n g t h y  h is tory  of the  inves t iga t ion  of 
passive i ron,  no pos tu la te  to exp la in  the  n a t u r e  of 
the  pass ive  sur face  has yet  rece ived  sufficient e x -  
p e r i m e n t a l  suppor t  to m a k e  i t  u n i v e r s a l l y  accept-  
able.  A p rev ious  paper  f rom this  l abo ra to ry  p r e -  
sen ted  a hypothes is  reconc i l ing  the  two p r inc ipa l  
classical  theor ies  of the  passivi ty ,  i.e., the oxide fi lm 
and  adsorba te  film theor ies  (1).  A series of f u r t h e r  
papers  (2, 3) e x p e r i m e n t a l l y  e x a m i n i n g  aspects of 
this  hypothes i s  is con t inued  in  the  p re sen t  work,  in  
which  the  sur face  of passive i ron  has been  s tud ied  
by  m e a s u r e m e n t s  of e lectrode capaci ty  and  by  
ch ronopo ten t iome t ry .  A l t h o u g h  severa l  p rev ious  
capaci ty  m e a s u r e m e n t s  on i ron  have  been  repor ted  
(3-12) ,  they  h a v e  b e e n  charac ter ized  b y  severe  ex -  
p e r i m e n t a l  difficulties, poor reproduc ib i l i ty ,  and  

1 P resen t  address :  Centra l  Basic  Research  Labora tory ,  Esso Re- 
search  and Eng inee r ing  Company ,  Linden,  N e w  Je r sey .  

cons idera t ion  of on ly  a v e r y  l imi ted  n u m b e r  of e n -  
v i ronmen t s ,  u sua l l y  aggress ive  ones. In  this  work  
solut ions  of a wide  pH r a n g e  have  been  used at a low 
t e m p e r a t u r e  to inc lude  e n v i r o n m e n t s  less aggress ive  
t oward  i ron t h a n  those u s u a l l y  considered.  Good 
rep roduc ib i l i t y  has been  ob ta ined  u n d e r  mos t  of the  
e x p e r i m e n t a l  condit ions,  and  both  the ch ronopo ten -  
t iomet r ic  behav io r  of the  electrodes and  the  capaci ty  
va lues  ob ta ined  p roved  s igni f icant ly  d i f ferent  f rom 
most  of the resul t s  p r ev ious ly  observed in  other  en -  
v i ronmen t s .  The  resul t s  a re  be l ieved to ind ica te  a 
g rea te r  complex i ty  in  the  pass iva t ion  process t h a n  
has gene ra l l y  been  though t  to be the  case heretofore .  

Materials, Apparatus, and Procedure 
Wa t e r  used in  the  e x p e r i m e n t s  was dis t i l led  wa t e r  

d is t i l led  f rom a lka l ine  p e r m a n g a n a t e  in  a b lock t in  
system.  I t  had  no contact  w i t h  ion exchange  res ins  
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and  h a d  a specific r e s i s t ance  of > 3 x 106 o h m - c m .  
O t h e r  chemica l s  u sed  w e r e  of A n a l y t i c a l  R e a g e n t  
g r a d e  and  w e r e  r e c r y s t a l l i z e d  f r o m  w a t e r  if feas ib le .  
The  e l ec t rodes  w e r e  m a c h i n e d  f r o m  a s tock  of zone -  
re f ined  i r on  s u p p l i e d  b y  B a t t e l l e  M e m o r i a l  Ins t i tu t e .  
The  ana lys i s  f u r n i s h e d  w i t h  t he  m a t e r i a l  s h o w e d  the  
fo l lowing  i m p u r i t i e s :  10 p p m  carbon ,  23-28 p p m  
oxygen ,  2 p p m  n i t rogen ,  a n d  0.1 p p m  h y d r o g e n .  The  
cel ls  u sed  for  p r e - e l e c t r o l y s i s  a n d  m e a s u r e m e n t  
w e r e  c o n s t r u c t e d  e n t i r e l y  of P y r e x  glass ,  p l a t i n u m ,  
a n d  Teflon. 

P o t e n t i a l s  w e r e  m e a s u r e d  w i t h  r e spec t  to t h e  ha l f  
cel l :  Hg  (1) ; Hg2SO~(s)  ; Hg2SO4 ( s a t ' d  so l ' n ) ,  K2SO4 
( s a t ' d  so l 'n )  w i t h  t he  use  of a L u g g i n  c a p i l l a r y  a n d  
a p o t e n t i o m e t e r .  The  r e f e r e n c e  ce l l  was  m a i n t a i n e d  
a t  25 ~ d u r i n g  use.  T h e  m e a s u r e d  p o t e n t i a l s  w e r e  
c o n v e r t e d  to t he  s t a n d a r d  h y d r o g e n  scale  a t  25 ~ b y  
a d d i n g  0.65v. This  v a l u e  for  t h e  p o t e n t i a l  of t he  r e f -  
e rence  ha l f  cel l  w a s  d e t e r m i n e d  b y  c o m p a r i s o n  w i t h  
a s a t u r a t e d  ca lome l  ha l f  cell .  The  e r r o r  due  to n e g -  
l ec t ing  the  t h e r m a l  p o t e n t i a l  a n d  j u n c t i o n  p o t e n -  
t i a l s  shou ld  be  less  t h a n  0.01v. 

The  e l ec t rodes  w e r e  m o u n t e d  d u r i n g  use  to expose  
on ly  a c y l i n d r i c a l  su r f ace  2-4  m m  in  b o t h  l e n g t h  a n d  
d i a m e t e r .  W h e n  i n s e r t e d  in to  t he  t es t  cell ,  t he  e l ec -  
t r o d e  su r f ace  was  c e n t e r e d  ins ide  a c y l i n d r i c a l  p l a t i -  
n u m  gauze  p o l a r i z i n g  e l ec t rode  4 cm in d i a m e t e r  a n d  
7 c m  long.  

T h e  e l e c t r i c a l  a p p a r a t u s  a n d  c i r cu i t  u s e d  a r e  
s h o w n  s c h e m a t i c a l l y  in  F ig .  1. A d e t a i l e d  d e s c r i p t i o n  
of t he  i n d i v i d u a l  i t e m s  of e l ec t r i ca l  e q u i p m e n t  and  
of t he  cons t ruc t i on  of t h e  cells,  e l e c t rode  moun t s ,  
and  r e f e r e n c e  e l ec t rodes  is a v a i l a b l e  (13) .  

The  e l ec t rodes  w e r e  p r e p a r e d  for  use  b y  a b r a d i n g  
w i t h  e m e r y  p a p e r  to  a f inal  m e c h a n i c a l  f inish of  4 /0  
g r i t  a n d  t h e n  e l e c t r o p o l i s h i n g  acco rd ing  to t he  
m e t h o d  of  S e w e l l  et al. (14) .  E l e c t r o d e s  r e c e i v e d  a 
f inal  e l ec t ropo l i sh  for  8 to 15 sec i m m e d i a t e l y  b e f o r e  
t h e y  w e r e  i n s e r t e d  in t he  t es t  so lu t ion .  F r e s h  b a t h  
so lu t ion  for  th i s  f inal  e l ec t ropo l i sh  w a s  n e c e s s a r y  for  
bes t  r e p r o d u c i b i l i t y  of capac i t ies .  H o w e v e r ,  t he  ac id  
e tch  r e c o m m e n d e d  in  t he  o r ig ina l  p r o c e d u r e  was  
no t  g e n e r a l l y  used,  s ince  i t  h a d  no effect on the  
s t e a d y  v a l u e s  ob ta ined .  I t s  effect on k ine t i c s  is con-  
s i de r ed  l a t e r .  

Spec i a l  c a r e  was  t a k e n  to p r e v e n t  c o n t a m i n a t i o n  
of t he  e x p e r i m e n t a l  sys t ems  b y  fo r e ign  subs tances .  
The  use  of g r ea se  was  a v o i d e d  en t i r e ly .  A l l  t e s t  so lu-  
t ions  w e r e  p r e - e l e c t r o l y z e d  b e f o r e  use  b e t w e e n  
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Fig. 1. Apparatus and circuit diagram; R, reference electrode; 
P, polarizing electrode; W, test electrode. A and B, switch positions. 

p l a t i n u m  foi l  e l ec t rodes  a t  a c u r r e n t  d e n s i t y  of ~ 2 5  
m a  c m  -2  for  12-150 hr .  No d i f fe rence  d u e  to p r e -  
e l ec t ro lys i s  for  m o r e  t h a n  12 h r  cou ld  be  de tec ted .  
T h e  t e s t  so lu t ions  w e r e  s a t u r a t e d  w i t h  f lowing h e -  
l i u m  d u r i n g  use.  The  h e l i u m  used  was  s t a t e d  b y  t h e  
s u p p l i e r  (U.S. B u r e a u  of Mines )  to be  of 99.99% 
p u r i t y  a n d  was  u sed  as  supp l i ed .  A l l  m e a s u r e m e n t s  
w e r e  m a d e  a t  4.5 ~ ---- 0.2~ un les s  o t h e r w i s e  no ted .  

E l e c t r o d e  capac i t i e s  w e r e  m e a s u r e d  b y  the  m e t h o d  
of R i n e y  et  al. (15) .  The  c u r r e n t  pu l ses  r e q u i r e d  b y  
th is  m e t h o d  n e c e s s a r i l y  effect  some  change  in  t he  
p o t e n t i a l  of t he  e l e c t r o d e  to w h i c h  t h e y  a r e  app l i ed .  
T h e r e f o r e  no u s e f u l  r e su l t s  cou ld  be  o b t a i n e d  if a 
p o t e n t i o s t a t  w e r e  also connec t ed  d i r e c t l y  to t he  e l ec -  
t rodes ,  b e c a u s e  t h e  l a r g e  c u r r e n t  o u t p u t  i n d u c e d  
f r o m  t h e  p o t e n t i o s t a t  w o u l d  v i o l a t e  t h e  cond i t i on  of 
c o n s t a n t  t o t a l  c u r r e n t  b e t w e e n  pu l s e s  r e q u i r e d  for  
t he  v a l i d i t y  of  t he  me thod .  Th is  d i f f icul ty  w a s  o v e r -  
come  b y  the  use  of a c u r r e n t - t i m e  f u n c t i o n  w h i c h  
a v e r a g e d  n e a r l y  to zero  ove r  t i m e s  > 1 sec a n d  b y  
i n s e r t i n g  a r e s i s t o r  b e t w e e n  the  p o t e n t i o s t a t  a n d  t h e  
cell .  The  r e s i s to r  p a r t i a l l y  d e c o u p l e d  t h e  p o t e n t i o s t a t  
f r o m  t h e  c u r r e n t  pu l se  s y s t e m  a n d  s l o w e d  the  i n -  
s t r u m e n t ' s  r e sponse  to r a p i d  p o t e n t i a l  c ha nge s  w i t h -  
out  s e v e r e l y  af fec t ing  i ts  a b i l i t y  to con t ro l  a v e r a g e  
po ten t i a l .  A 480 sec -1 c u r r e n t  pu l se  of 680 /m was  
u s u a l l y  used ,  a n d  u n d e r  t h e s e  cond i t ions  t h e  m i n i -  
m u m  s a t i s f a c t o r y  r e s i s t a n c e  was  104 ohm. This  r e -  
s i s tance  l i m i t e d  the  cycl ic  v a r i a t i o n s  in  p o t e n t i o s t a t  
o u t p u t  to  < 4 ~a. 

A c o m p a r i s o n  of th is  m e t h o d  of m e a s u r i n g  ca -  
p a c i t y  w i t h  t he  use  of an  i m p e d a n c e  b r i d g e  o r  o t h e r  
c h a r g i n g  m e t h o d s  has  been  g i v e n  (15) .  I n  t h e o r y  t h e  
m e t h o d  used  h e r e  shou ld  be  e q u i v a l e n t  to  a b r i d g e  
m e t h o d  a t  inf in i te  f r e que nc y ,  s ince  t h e  c a p a c i t y  is 
c a l c u l a t e d  f r o m  t h e  i n s t a n t a n e o u s  v a l u e s  of t he  
s lopes  of a v o l t a g e - t i m e  c u r v e  on each  s ide  of a d i s -  
c o n t i n u i t y  in  t h e  a p p l i e d  cu r r en t .  In  p rac t i ce ,  of 
course ,  t he  i n i t i a l  s lope  canno t  be  m e a s u r e d  exac t ly ,  
a n d  an  a v e r a g e  s lope  ove r  a p p r o x i m a t e l y  t h e  f irst  
m ic rosecond  was  used.  A few a t t e m p t s  w e r e  m a d e  
to use  h i g h e r  f r e q u e n c y  c u r r e n t  pulses .  These  a p -  
p e a r e d  to g ive  t he  s a m e  resu l t s ,  b u t  t he  v o l t a g e  v a r i -  
a t i on  be c ome s  too s m a l l  to m e a s u r e  c o n v e n i e n t l y  
w i t h  c u r r e n t  pu l s e s  m o r e  f r e q u e n t  t h a n  ~5000  sac -1. 

Capac i t i e s  w e r e  m e a s u r e d  at  f r e q u e n t  t i m e  i n -  
t e r v a l s  a t  cons t an t  p o t e n t i a l  u n t i l  v a l u e s  s t e a d y  for  
a t  l eas t  5 ra in  w e r e  ob ta ined .  This  t i m e  i n t e r v a l  w a s  
used  as a c r i t e r i o n  for  " a p p a r e n t  e q u i l i b r i u m "  in 
mos t  cases  be c a use  p r e l i m i n a r y  w o r k  i n d i c a t e d  t h a t  
v a l u e s  s t e a d y  fo r  th i s  t i m e  w o u l d  u s u a l l y  p e r s i s t  for  
an  h o u r  or  more .  A t  c e r t a i n  specific po ten t i a l s ,  c a -  
pac i t i e s  d r i f t e d  r a t h e r  s l o w l y  for  long t imes ,  and  t h e  
t imes  t h e n  u sed  as c r i t e r i a  for  a p p a r e n t  e q u i l i b r i u m  
wi l l  be  s t a t ed  i n d i v i d u a l l y  l a t e r .  The  t e r m  e q u i -  
l i b r i u m  w i l l  be  u sed  for  conven ience  to r e f e r  to a l l  
t he se  s t e a d y  s ta tes ;  i ts  use  is no t  i n t e n d e d  to i m p l y  
a n y  t h e r m o d y n a m i c  s ignif icance.  

T h e  m e a s u r e d  c a p a c i t y  v a l u e s  w e r e  c o n v e r t e d  to 
t he  specific c a p a c i t y  of t h e  t e s t  e l e c t r o d e  b y  d i v i d i n g  
b y  i ts  m e a s u r e d  a r e a  (0.2-0.5 cm2).  No co r rec t ion  
for  r o u g h n e s s  f ac to r  w a s  a t t e m p t e d .  

E l e c t r o d e  p o t e n t i a l  was  m e a s u r e d  as a func t ion  of 
t i m e  d u r i n g  g a l v a n o s t a t i c  cha rg ing .  F o r  d e t e r m i -  
n a t i o n  of t h e s e  c h a r g i n g  curves ,  t h e  swi t ches  in  t he  
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Table I. Composition of test solutions 

pH a t  5~ 

1.0M NaOH 14.5" 
0.1M NaOH -~ 0.03M Na2SO4 13.6" 
0.07M Na2SO4 ~ 0.05M HaBO8 % 0.002M 

NaH2BO8 7.9* * 
0.10M Na2SO4 ad jus ted  to pH wi th  H2SO4 2.2** 
0.10M Na2SO4 -~ 0.025M Na2Cr2Oz ad jus ted  

to pH wi th  H2804 2.2"* 
0.50M HuSO~ 1.0"* 

* C a l c u l a t e d  f r o m  t h e  d a t a  of  C o n w a y  (18) .  
** M e a s u r e d  w i t h  a g l a s s  e l e c t r o d e .  

c i rcu i t  d i a g r a m  (Fig .  1) w e r e  set  to pos i t ion  B. The  
tes t  e l e c t r o d e  was  p o l a r i z e d  w i t h  t he  p o t e n t i o s t a t  to 
a de s i r ed  p o t e n t i a l  and  a l l o w e d  to r e m a i n  t h e r e  for  
a sufficient  l e n g t h  of t i m e  to g ive  r e p r o d u c i b l e  r e -  
sul ts  as d e t e r m i n e d  b y  p r e l i m i n a r y  e x p e r i m e n t s .  
U s u a l l y  5-10 ra in  w e r e  sufficient.  The  e l e c t r o d e  was  
t hen  s w i t c h e d  r a p i d l y  f r o m  the  p o t e n t i o s t a t  to t he  
g a l v a n o s t a t ,  w h i c h  h a d  been  p r e - s e t  to d e l i v e r  a 
k n o w n  cu r ren t .  The  p o t e n t i a l - t i m e  d i s p l a y  on the  
osc i l loscope  was  r e c o r d e d  p h o t o g r a p h i c a l l y .  C a l c u -  
l a t ions  m a d e  f r o m  t h e  p h o t o g r a p h s  a r e  cons ide r e d  
in t he  p r e s e n t a t i o n  of resul t s .  

The  compos i t ion  a n d  p H  of t he  t es t  so lu t ions  a r e  
shown  in T a b l e  I. The  p H  of the  fou r  m o r e  ac id  so lu -  
t ions  used  was  m e a s u r e d  b e f o r e  and  a f t e r  use  and  
f o u n d  no t  to have  changed .  I t  is r e a s o n a b l e  to a s s u m e  
tha t  t he  two  m o r e  a l k a l i n e  so lu t ions  also d id  no t  
change  s ign i f i can t ly  in  p H  d u r i n g  use.  

Results 

As no ted  above ,  t he  t h e o r y  of t he  c a p a c i t y  m e a s -  
u r e m e n t s  r e q u i r e s  pu l ses  of c u r r e n t  w h i c h  a r e  con-  
s t an t  b e t w e e n  d i scon t inu i t i e s ,  b u t  t he  use  of p o t e n -  
t ios ta t i c  con t ro l  of a v e r a g e  p o t e n t i a l  d id  not  p e r m i t  
the  c u r r e n t  to be  r i g o r o u s l y  cons tan t .  T h e r e f o r e  an  
e x p e r i m e n t a l  check  to d e m o n s t r a t e  t h e  m i n o r  effect 
of the  u n a v o i d a b l e  s m a l l  f luc tua t ions  in c u r r e n t  
s eemed  des i r ab le .  F o r  th is  purpose ,  t he  c a p a c i t y  
m e a s u r e m e n t s  of L a i t i n e n  and  E n k e  (16) on p l a t i -  
n u m  in 1M HC104 a t  25~ w e r e  r e p e a t e d ,  excep t  t h a t  
p l a t i n u m  w i r e s  p r e p a r e d  b y  the  m e t h o d  of P o p a t  and  
H a c k e r m a n  (17) w e r e  used  r a t h e r  t h a n  foils.  The  
r e su l t s  of L a i t i n e n  and  E n k e  for  bo th  a scend ing  a n d  
de scend ing  p o t e n t i a l  t r a v e r s e s  w e r e  r e p r o d u c e d  
w i t h i n  t he  p rec i s ion  l im i t s  t h e y  r e p o r t e d .  

P r e l i m i n a r y  e x p e r i m e n t s  w i t h  i ron  showed  t h a t  
t h e  e n v i r o n m e n t a l  h i s t o r y  of the  spec imens  o f t en  
h a d  an i m p o r t a n t  effect on the  resu l t s .  A p a r t i c u l a r l y  
i m p o r t a n t  inf luence  was  the  e x p o s u r e  of the  spec i -  
mens  in so lu t ion  to c e r t a i n  p o t e n t i a l s  or  p o t e n t i a l  r e -  
gions.  C o n s e q u e n t l y  s t a n d a r d  p r o g r a m s  of p o t e n t i a l  
v a r i a t i o n  w e r e  adop ted .  These  a r e  d e s c r i b e d  be low.  
The  p r o g r a m s  used,  w h i c h  i nvo lve  in i t i a l  p o l a r i z a -  
t ion  n e a r  one e x t r e m e  of t he  p o t e n t i a l  r a n g e  s tud ied ,  
w e r e  a d o p t e d  bo th  b e c a u s e  t h e y  a p p e a r e d  to y i e l d  
the  mos t  r e p r o d u c i b l e  r e su l t s  a n d  b e c a u s e  of t h e o -  
r e t i c a l  in te res t .  In  a f e w  c i r cums tances ,  t h e  effects  
of v a r i a t i o n  f r o m  the  s t a n d a r d  p r o g r a m s  w e r e  bo th  
r e p r o d u c i b l e  and  in t e re s t ing ,  and  such r e su l t s  w i l l  be  
g iven  w i t h  i n d i v i d u a l  spec i f ica t ions  of condi t ions .  

In  each  of t he  t h r e e  a l k a l i n e  so lu t ions  s tud ied ,  two  
p o t e n t i a l  v a r i a t i o n  p r o g r a m s  w e r e  used.  In  t he  first,  
d e s i g n a t e d  as " a f t e r  ca thod ic  p o l a r i z a t i o n , "  t he  e lec -  
t r o d e  was  p o l a r i z e d  i m m e d i a t e l y  a f t e r  i n se r t i on  in to  
the  cel l  to a p o t e n t i a l  0.5-0.3v n e g a t i v e  to t he  r e v e r s -  
ib le  h y d r o g e n  evo lu t i on  p o t e n t i a l  for  the  solut ion.  
A n y  in i t i a l  p o t e n t i a l  in  th is  r a n g e  p r o d u c e d  t h e  s a m e  
final  resu l t s ,  b u t  m o r e  t i m e  was  r e q u i r e d  fo r  e q u i -  
l i b r a t i o n  at  less n e g a t i v e  po ten t i a l s .  A f t e r  t h e  i n i t i a l  
equ i l i b r a t i on ,  t he  e l ec t rode  p o t e n t i a l  was  a l t e r e d  in  
0.1v s teps  a l w a y s  in  t he  anod iz ing  d i r ec t ion  un t i l  t he  
de s i r e d  f inal  p o t e n t i a l  was  r eached .  In  t he  r eve r se ,  
d e s i g n a t e d  as " a f t e r  anod ic  p o l a r i z a t i o n , "  i n i t i a l  
p o l a r i z a t i o n  of t he  e l e c t r o d e  was  to a p o t e n t i a l  a t  
w h i c h  o x y g e n  evo lu t i on  a t  ~ 2  ~a cm -2  occur red .  
A n y  such in i t i a l  p o t e n t i a l  p r o d u c e d  the  s a m e  s u b s e -  
q u e n t  resul t s .  A f t e r  th is  i n i t i a l  e q u i l i b r a t i o n ,  t h e  p o -  
t e n t i a l  was  a l t e r e d  in s teps  a l w a y s  in t h e  ca thod iz ing  
d i rec t ion .  

In  the  t h r e e  ac id  solu t ions ,  i n i t i a l  p o l a r i z a t i o n  of 
the  e l ec t rodes  was  a l w a y s  to an  o x y g e n  evo lu t ion  
po ten t i a l .  A g a i n  a n y  p o t e n t i a l  of r e a d i l y  d e t e c t a b l e  
o x y g e n  evo lu t ion  p r o d u c e d  the  s ame  s u b s e q u e n t  r e -  
sults .  A f t e r  t he  i n i t i a l  e q u i l i b r a t i o n ,  t he  e l e c t r o d e  
p o t e n t i a l  was  v a r i e d  in  a loop,  f irs t  in  s teps  a l w a y s  
ca thod iz ing ,  t hen  in  s teps  a l w a y s  anod iz ing  b a c k  to 
t he  o r ig ina l  po ten t i a l .  The  n e g a t i v e  b o u n d a r y  of t h e  
p o t e n t i a l  loop was  a p o t e n t i a l  e m p i r i c a l l y  d e t e r -  
m i n e d  so t ha t  1 h r  a f t e r  r e a c h i n g  i t  t he  c u r r e n t  r e -  
q u i r e d  to m a i n t a i n  i t  was  10-100 ~a cm -2  anodic .  
This  was  done  so as n e a r l y  b u t  no t  e n t i r e l y  to  ac t i -  
va t e  t he  i ron.  P o l a r i z a t i o n  as l i t t l e  as 0.02v n e g a t i v e  
to th is  e m p i r i c a l l y  s e l ec t ed  p o t e n t i a l  r e s u l t e d  in  loss 
of p a s s i v i t y  of t he  e l ec t rodes  w i t h i n  5 m i n  or  less,  
and  d u r i n g  such loss of p a s s i v i t y  t h e  e l ec t rode  m o u n t  
d e v e l o p e d  l eaks  a n d  l ed  to e r r a t i c  resu l t s .  

M e a s u r e m e n t  of t he  p o t e n t i a l  of an  e l e c t r o d e  d u r -  
ing  g a l v a n o s t a t i c  charg ing ,  as p e r f o r m e d  he re ,  is of 
course  a w e l l - k n o w n  p r o c e d u r e  of bo th  e l e c t r o a n a -  
l y t i c a l  c h e m i s t r y  a n d  p r e v i o u s  s tud ies  of pas s iv i ty .  
The  g e n e r a l  p r i nc ip l e s  of i n t e r p r e t a t i o n  of such 
m e a s u r e m e n t s  as p r e s e n t e d  b y  D e l a h a y  (19) a r e  
used  in cons ide r ing  t h e  p r e s e n t  resu l t s .  

The  fo rms  of t he  c h a r g i n g  cu rves  o b t a i n e d  u n d e r  
va r ious  cond i t ions  w i t h  a c h a r g i n g  c u r r e n t  of 1 m a  
cm - e  a r e  shown  in Fig.  2, p a r t s  (a )  to ( e ) .  In  t he  
a l k a l i n e  so lu t ions  t he  f o r m  of  t he  c h a r g i n g  cu rve  
v a r i e d  as shown  w i t h  t h e  p o t e n t i a l  of t he  e l ec t rode  
be fo re  t he  b e g i n n i n g  of t h e  charg ing .  No such v a r i -  
a t i on  occu r r ed  w i t h i n  the  n a r r o w e r  r a n g e  of  in i t i a l  
po t e n t i a l s  s t ud i e d  in  t h e  ac id  solut ions .  F o r  c o n v e n -  
ience  of r e fe rence ,  t he  v a r i o u s  a r res t s ,  c h a r a c t e r i z e d  
b y  the  po t e n t i a l s  of t h e i r  midpo in t s ,  a r e  coded  as  
shown  in the  figure.  The  a r r e s t  p o t e n t i a l s  for  1 m a  
cm -e  w e r e  p o l a r i z e d  0.1v m o r e  t h a n  those  o b t a i n e d  
w i t h  0.01 m a  cm -~ c h a r g i n g  cu r ren t .  T h e  to t a l  
po l a r i z a t i on  is diff icult  to e s t ima te ,  be c a use  c u r r e n t  
dens i t i es  s u b s t a n t i a l l y  less t h a n  0.01 m a  c m  -~ p r o -  
duced  such s low changes  t h a t  t he  a r r e s t s  w e r e  a l -  
mos t  imposs ib l e  to  d i s t ingu i sh .  A v e r y  r o u g h  es t i -  
m a t e  of 0.2v t o t a l  p o l a r i z a t i o n  a t  1 m a  c m  -2  m a y  be  
m a d e  f r o m  the  d i f fe rence  b e t w e e n  the  p o t e n t i a l  of 
t he  l eas t  n e g a t i v e  a r r e s t  in  c h a r g i n g  in ac id  so lu -  
t ions  and  the  p o t e n t i a l  a t  w h i c h  a c t i v a t i o n  of the  
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Fig. 2. Form of charging curves and arrest codes: (a) cathodic 
charging, pH 14.5; - - -  potentials ~ - -0 .60v from cathodic 
equilibrium; - - - -  potentials between - -0 .55  and 0.05 from cathodic 
equilibrium; potentials ~ 0.15 from cathodic equilibrium or 

- -0 .55  from anodic equilibrium; (b) cathodic charging, pH 13.6; 
- - -  potentials - -0 .65  to - -0 .15  from cathodic equilibrium, and 
with - - - all potentials > - -0 .65  from anodic equilibrium; - -  
potentials between - -0 .05  and 0.55 from cathodic equilibrium; (c) 
cathodic charging, pH 7.9; . . . .  potentials < - -0 .45;  ~ - -  poten- 
tials - -0 .45  to ~ 0 . 0 5 ;  - - -  potentials 0.25 to 1.25. potentials 
~1 .35 ;  potentials of 0.05 and 0.15 were intermediate, with an arrest 
at - -0 .80  and - -0 .85 ,  respectively. All  potentials are from cathodic 
equilibrium; (d) cathodic charging, acid solutions; - -  ~ pH 2.2; 
- -  - pH 2.2 -k CroaT=;  ' pH 1.0; same from all initial poten- 
tials in range 0.65 to 1.85; (e) anodic charging pH 14.5 and pH 
13.6. The charging current was ~ 1 ma cm - s  for all curves. The 
time scales are from 0.2 to 5 sec c m - L  Voltages are referred to the 
NHE at 25~ In parts (a) to (c) the potentials of the subcaptions 
refer to the potential of the electrode before charging curve was 
taken. The initial potentials before charging were reached after 
equilibration either at  extreme cathodic or extreme anodic polariza- 
tions as indicated. The codes A, ~, I, etc., are used in Fig. 3-6 to 
refer to various arrests. All  ordinates are expressed in volts vs. NHE. 

spec imens  a p p a r e n t l y  w o u l d  h a v e  occur red ,  g iven  
sufficient  t ime.  

In  t he  t h r e e  a l k a l i n e  solut ions ,  t he  p r o d u c t  of 
c h a r g i n g  c u r r e n t  d e n s i t y  and  t h e  t i m e  l e n g t h  of t he  
va r i ous  a r r e s t s  ( c h a r g e )  was  i n d e p e n d e n t  of c h a r g -  
ing c u r r e n t  d e n s i t y  f r o m  10 to 0.01 m a c m  -2. Also ,  
bo th  t he  c h a r g e  and  the  p o t e n t i a l s  of t he  a r r e s t s  
w e r e  i n d e p e n d e n t  of s t i r r i n g  up  to t he  m a x i m u m  
ra t e  o b t a i n a b l e  w i t h  a m a g n e t i c  s t i r r e r .  F o r  t hese  
r easons  t he  a r r e s t s  a r e  a s c r i b e d  to r eac t i ons  l i m i t e d  
in e x t e n t  b y  c r e a t i o n  or  c o n s u m p t i o n  of a su r f ace  
m a t e r i a l  on the  e lec t rodes .  The  c h a r g e  p e r  un i t  a r e a  
of e l ec t rode  su r f ace  is d e n o t e d  as su r f ace  coverage .  
In  t hese  so lu t ions  t he  cha rge  in a r r e s t s  d id  no t  
change  because  of i n t e r r u p t i o n s  of t he  c h a r g i n g  c u r -  
r en t  for  as m u c h  as a m i n u t e  at  a n y  p o i n t  d u r i n g  t h e  
cha rg ing .  

In  t he  t h r e e  ac id  solu t ions ,  in c o n t r a s t  to the  a l k a -  
l ine  ones, t h e  cha rge  in  a r r e s t s  i n c r e a s e d  s h a r p l y  
w i t h  i nc r ea s ing  c h a r g i n g  c u r r e n t  d e n s i t y  and  w e r e  
p o o r l y  r e p r o d u c i b l e  even  at  cons t an t  c u r r e n t  d e n -  
si ty.  F u r t h e r m o r e ,  in  ac id  so lu t ions  a t  l eas t  p a r t  of 
t he  cha rge  of t he  m o r e  n e g a t i v e  a r r e s t  d i s a p p e a r e d  
if the  c h a r g i n g  was  i n t e r r u p t e d  a f t e r  pass ing  the  less 
n e g a t i v e  a r res t .  These  p h e n o m e n a  a r e  cons i s t en t  
w i th  p r e v i o u s  r e p o r t s  (2, 8) t h a t  once a sma l l  f r a c -  
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t ion  of t he  c o v e r a g e  on i ron  in  ac id  so lu t ions  has  
been  des t royed ,  t he  r e m a i n d e r  d i s a p p e a r s  w i t h o u t  
f u r t h e r  c h a r g e  consumpt ion .  

The  su r f a c e  cove rages  of t he  va r i ous  a r r e s t s  in 
ca thodic  c h a r g i n g  in  t he  a l k a l i n e  so lu t ions  a r e  
shown  in Fig .  3-5 as func t ions  of t he  e l e c t r o d e  p o -  
t e n t i a l  be fo re  cha rg ing .  The  l o g a r i t h m i c  o r d i n a t e s  
w e r e  a d o p t e d  for  conven ience ,  a n d  no spec ia l  i m -  
p l i ca t ion  in t h e i r  use  is i n t ended .  The  v a l u e s  shown  
a re  a v e r a g e s  of two  d e t e r m i n a t i o n s  w i t h  a v e r a g e  
de v i a t i ons  of < 1 0 % .  E l e c t r o p o l i s h i n g  a n d . r e p e a t i n g  
the  p o t e n t i a l  v a r i a t i o n  p r o g r a m  a f t e r  each  c h a r g i n g  
c u r v e  d e t e r m i n a t i o n  w a s  n e c e s s a r y  to o b t a i n  r e p r o -  
duc ib l e  resul t s .  I t  is a p p a r e n t  f r o m  the  f o r m  of  t he  
c h a r g i n g  cu rves  t h a t  in  some cases  the  d iv i s ion  b e -  
t w e e n  two  a r r e s t s  is f a i r l y  a r b i t r a r y ,  and  th i s  con-  
t r i b u t e s  to t he  r e l a t i v e  i m p r e c i s i o n  of t h e  c o v e r a g e  
r e su l t s  as c o m p a r e d  to t he  c a p a c i t y  v a l u e s  cons id -  
e r e d  l a t e r .  

A n o d i c  c h a r g i n g  cu rves  w e r e  o b t a i n e d  in  t he  two  
m o r e  a l k a l i n e  solut ions .  W i t h  anod ic  c h a r g i n g  the  

10000 

E 

~u~1000 

coverage 

coverQge B or ~1 ~ -  ._o . . . .  _---O 

covere~je  . ,  
o c~erage A 

x -from cathodic equilibrium 
100 ~ a  - ram ano [c e ul i rl m 

3 ~  

10 

-1.15 -0,75 -0.35 0.05 0,4~ 0.85 
Potential, volts vL normal hydrogen electrode 

Fig. 3. Capacities and surface coverages in pH 14.5; X - -  values 
at potentials reached after cathodic polarization; O - -  potentials 
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connected by the solid line are for arrest A or ~; dashed line is 
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upper line is for arrest B, fl, or I I I ,  middle curve is for arrest A, ~, 
or II. bottom curve is for arrest I. All potentials were reached after 
cathodic polarization. 

same curve  was ob ta ined  f rom any  in i t i a l  po ten t i a l  
more  nega t ive  t h a n  those shown on the curve,  and  
the  r e m a i n i n g  appl icable  por t ion  of the cu rve  was 
ob ta ined  in  charg ing  f rom a n y  poin t  shown on it, 
wi th  a l lowance  for polar izat ion.  C o n s e q u e n t l y  the 
surface coverages co r respond ing  to var ious  arres ts  
are shown wi th  the  fo rm of the  charg ing  curves  in  
Fig. 2. 

The va lues  of specific capaci ty  in  va r ious  solut ions  
are shown as a func t ion  of e lectrode po ten t i a l  in  
Fig. 3-6. Aga in  the use of loga r i thmic  o rd ina tes  is 
for conven ience  only.  The curves  were  d r a w n  di-  
rec t ly  t h rough  the  e x p e r i m e n t a l  po in ts  wi th  no a t -  
t emp t  at smoothing,  and  the  detai ls  of the va r i a t i on  
may  not  be significant.  Except  for the  smal l  po ten t i a l  
reg ion  in  pH 14.5 solut ion where  i n d i v i d u a l  r u n s  are 
shown, each poin t  on the  capaci ty  curves  is the  a v e r -  
age of va lues  ob ta ined  in  at least  th ree  r u n s  w i th  
different  electrodes and  ba tches  of test  so lut ion each 
t ime. The average  dev ia t ion  of these  va lues  was  gen -  
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Fig. 6. Capacities in acid solutions. The lower dashed line is for 
pH 2.2 with added dichromate ion; the upper dashed line is for 
pH 1.0 solution; solid line is for pH 2.2 solution. Arrows show 
direction from which the potential of each capacity value was 
reached. 
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era l ly  less t h a n  2% or 0.2 ~f cm -2, wh icheve r  is 
greater .  On ly  for the po ten t i a l  reg ion  0.1v or more  
nega t ive  to the capaci ty  peak  in  r u n s  af ter  anodic  
po la r iza t ion  in  the  two more  a lka l ine  solut ions  was  
the dev ia t ion  5-6%.  Capac i ty  values,  l ike surface 
coverages,  were  i n d e p e n d e n t  of s t i r r ing  ra te  up  to 
the  m a x i m u m  ava i l ab le  w i th  a magne t i c  s t i r rer .  

Cer t a in  qua l i t a t i ve ly  r ep roduc ib le  fea tu res  of the  
k ine t ic  behav io r  of the  capacit ies  and  of the  po t en -  
t ia l  m a i n t a i n i n g  cu r r en t s  were  no ted  d u r i n g  the  ca-  
pac i ty  measu remen t s .  These  are  descr ibed below, as 
are the  po ten t ia l s  at wh ich  devia t ions  were  m a d e  
f rom the u sua l  t ime  used as a c r i te r ion  for equ i l i b -  
r i u m  of the capaci ty  values .  

I m m e d i a t e l y  af ter  the  in i t i a l  po la r iza t ion  in  r u n s  
af ter  cathodic polar iza t ion,  capaci t ies  of ,~50/~f cm -2 
were  observed.  The  capacit ies  dec l ined  s teadi ly  for 
abou t  an  hou r  to ~20  /~f cm -2. This  va l ue  pers is ted  
for at least  an  add i t iona l  hou r  and  u s u a l l y  for sev-  
eral  hours.  One hour  of s teady capaci ty  va lue  was 
used as a c r i t e r ion  for e q u i l i b r i u m  at  these  po t en -  
tials. Abou t  hal f  an  hour  was u sua l l y  r equ i r ed  to 
a t t a in  s teady va lues  in  these  r u n s  at  the mos t  n e g a -  
t ive po ten t i a l  at which  the  capaci ty  exceeded the  
va lue  of the  in i t i a l  p l a t e a u  region.  F i f t e e n  m i n u t e s  
was used as a c r i te r ion  here,  at the in i t i a l  po ten t i a l  
of r u n s  b e g u n  f rom an  oxygen  evo lu t ion  potent ia l ,  
and  at the  first po ten t i a l  >0 .1v  nega t ive  to the  ca-  
pac i ty  peak  in  r u n s  af ter  anodic  polar izat ion.  S teady  
va lues  were  no t  a t t a ined  only  at  the nega t i ve  b o u n d -  
a ry  of the po ten t i a l  v a r i a t i o n  loop used in  acid so lu-  
tions. In  this  case the  capaci ty  va lue  found  af ter  1 
hr  at the  b o u n d a r y  po ten t i a l  was  used a rb i t r a r i ly .  At  
all  po ten t ia l s  no t  no ted  above,  equ i l i b r a t i on  of ca-  
pac i ty  va lues  occurred  w i t h i n  10 m i n  a nd  of ten 
w i t h i n  1 m i n  a f te r  r each ing  the  potent ia l .  

Outs ide  the  po ten t i a l  reg ions  of gas evo lu t ion  or 
rap id  d issolu t ion  of iron,  cu r r en t s  r equ i r ed  to m a i n -  
t a in  po ten t i a l  were  <5  ~a cm -2. The cu r r en t s  de-  
c l ined in  m a g n i t u d e  for severa l  hours  at  po ten t ia l s  
where  they  were  small ,  a nd  no a t t e mp t  to ob ta in  
e q u i l i b r i u m  va lues  was made.  In  all  the solut ions  ex -  
cept tha t  of pH 1, the cu r r en t s  were  <0.1 /~a cm -2 
t h roughou t  a po ten t i a l  reg ion  of severa l  h u n d r e d  
mi l l ivol t s  nega t ive  to the reg ion  of oxygen  evolut ion .  
Cu r r en t s  for oxygen  evo lu t ion  were  fa i r ly  r ep ro -  
ducible ,  came to e q u i l i b r i u m  quickly ,  a nd  did no t  
depend  on the  d i rec t ion  f rom which  an  oxygen  evo-  
lu t ion  po ten t i a l  was  approached.  C u r r e n t s  for h y -  
drogen  evo lu t ion  dec l ined  f rom in i t i a l  va lues  of 
---300 to N10 ~a cm -~ d u r i n g  the  in i t i a l  e qu i l i b r a t i on  
in  r u n s  b e g u n  by  cathodic po la r iza t ion  and  depended  
g rea t ly  on the  p rev ious  t r e a t m e n t  of the  electrode.  

Severa l  qua l i t a t i ve  p h e n o m e n a  were  no ted  in  
connec t ion  w i th  cathodic polar izat ion.  If an  e lec t rode  
was t rea ted  anodica l ly  to produce  a th ick  surface  
film, the  change  in  c u r r e n t  dens i ty  w i th  t ime  at a n y  
po ten t i a l  nega t ive  to the capaci ty  peak  was  m u c h  
s lower  t h a n  on f resh ly  e lect ropol ished electrodes.  On 
the  other  hand ,  if an  e lect ropol ished electrode was  
etched in  d i lu te  n i t r ic  acid in  which  the  film formed  
d u r i n g  pol i sh ing  is soluble  (14) and  inse r t ed  in to  the  
cell, u n r i n s e d  and  wi th  e lect r ical  contacts  in  place, 
the  t ime  r equ i r ed  for dec l ine  of the  c u r r e n t  and  
equ i l i b ra t i on  of the  capaci ty  was cons ide rab ly  r e -  
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duced.  A f t e r  t he  e q u i l i b r a t i o n  at  ca thod ic  p o l a r i z a -  
tion, t h e  i n i t i a l  h igh  c u r r e n t s  cou ld  be  r e s t o r e d  b y  
po l a r i z i ng  the  e l ec t rode  to a n y  p o t e n t i a l  m o r e  pos i -  
t i ve  t h a n  a c r i t i ca l  po ten t i a l .  This  c r i t i ca l  p o t e n t i a l  
c o r r e s p o n d e d  to the  p o t e n t i a l  of t he  first  a p p e a r a n c e  
of an  a r r e s t  d u r i n g  ca thod ic  charg ing .  F i n a l l y ,  the  
c a p a c i t y  v a l u e  d u r i n g  a n y  shor t  t i m e  i n t e r v a l  d u r i n g  
the  e q u i l i b r a t i o n  t i m e  r e q u i r e d  a t  ca thod ic  p o l a r i z a -  
t ion  was  a lmos t  i n d e p e n d e n t  of p o t e n t i a l  w i t h i n  t he  
r eg ion  of t he  c a p a c i t y  p l a t e a u  o b s e r v e d  a f t e r  e qu i l i -  
b ra t ion .  

Discussion 
The  g e n e r a l  f e a t u r e s  of t he  v a r i a t i o n  of c a p a c i t y  

w i th  p o t e n t i a l  h a v e  been  f a i r l y  w e l l  e s t a b l i s h e d  for  
two  g roups  of meta l s .  One of these  is t he  " c l e a n -  
s u r f a c e d "  g r o u p  typ i f i ed  b y  m e r c u r y  (20) and  poss i -  
b l y  also i nc lud ing  p l a t i n u m  (17) and  s ta in less  s tee l  
(3) .  The  o the r  g roup  inc ludes  a l u m i n u m  a n d  t a n t a -  
lum,  w h i c h  have  been  success fu l ly  t r e a t e d  b y  con-  
s i de r a t i on  of t he  g r o w t h  of su r f ace  l a y e r s  w i t h  p r o p -  
e r t i e s  l i ke  those  of b u l k  ox ide  (21) .  F r o m  the  r e su l t s  
he re  i t  a p p e a r s  t ha t  i ron  canno t  r e a s o n a b l y  be  as -  
s igned  to e i t he r  of t he se  groups .  The  v a r i a t i o n  of 
c a p a c i t y  ( a n d  also of c h r o n o p o t e n t i o m e t r i c  b e -  
h a v i o r )  o b s e r v e d  as a func t ion  of p o t e n t i a l  is m u c h  
m o r e  c o m p l e x  t h a n  is e x p e c t e d  f r o m  m e m b e r s  of 
e i the r  of t he  two  w e l l - u n d e r s t o o d  groups .  No com-  
p le te  e x p l a n a t i o n  of a l l  the  r e su l t s  o b s e r v e d  h e r e  can  
be  offered,  b u t  some  of the  i n f e r ences  w h i c h  can  be  
d r a w n  f r o m  t h e m  a re  d i scussed  be low.  

The  first  p o t e n t i a l  r eg ion  in runs  a f t e r  ca thod ic  
p o l a r i z a t i o n  is c h a r a c t e r i z e d  in a l l  t h r e e  a l k a l i n e  
so lu t ions  b y  a c a p a c i t y  p l a t e a u  at  a v a l u e  of 20 • 3 
s.f cm -2. This  v a l u e  is t y p i c a l  of doub le  l a y e r  c a p a c -  
i ty  va lue s  f o u n d  on c l e a n - s u r f a c e d  m e t a l s  on the  
ca thod ic  s ide of the  zero  po in t  of c h a r g e  (20, 22) .  
Also  t h e r e  is no a r r e s t  in ca thod ic  c h a r g i n g  to h y d r o -  
gen  evo lu t i on  f rom th is  p o t e n t i a l  reg ion ,  and  mos t  of 
the  r eg ion  is n e g a t i v e  to t he  r e v e r s i b l e  p o t e n t i a l  for  
ox id iz ing  i ron  to  a n y  poss ib l e  c o m p o u n d  (23) .  Thus  
i t  m a y  be  r e a s o n a b l y  conc luded  t h a t  u n d e r  t hese  
condi t ions  t he  i ron  su r f ace  is f ree  f r o m  e x t e n s i v e  
fi lms and  cove red  on ly  w i t h  some h y d r o g e n  e v o l u -  
t ion i n t e r m e d i a t e s .  

The  fa l l  in  p o t e n t i o s t a t  c u r r e n t  a s soc ia t ed  w i t h  t h e  
a t t a i n m e n t  of e q u i l i b r i u m  c a p a c i t y  va lue s  at  e x -  
t r e m e  ca thod ic  p o l a r i z a t i o n  m u s t  c o r r e s p o n d  to an  
inc rease  w i t h  t i m e  of t he  o v e r v o l t a g e  of t he  h y d r o -  
gen  evo lu t i on  reac t ion .  This  is because  no o the r  
p rocess  can  r e a s o n a b l y  accoun t  for  t he  cha rge  con-  
s u m p t i o n  o b s e r v e d  ( ~ 1  cou lomb  c m - 2 ) .  Such  an  i n -  
c rease  w i t h  t i m e  of t he  o v e r v o l t a g e  of h y d r o g e n  evo -  
lu t ion  has  been  no t i ced  s e v e r a l  t i m e s  before .  I t  has  
been  v a r i o u s l y  a sc r ibed  to t he  f o r m a t i o n  of su r face  
h y d r i d e s ,  p e n e t r a t i o n  of h y d r o g e n  in to  t he  me ta l ,  
and  a d s o r p t i o n  of i m p u r i t i e s  l e a c h e d  f rom glass  
cel ls  (9) .  

A l t h o u g h  t h e s e  causes  of o v e r v o l t a g e  i n c r e a s e  
m a y  w e l l  c o n t r i b u t e  to t he  o v e r - a l l  effect, none  of 
t h e m  seems  p a r t i c u l a r l y  s a t i s f a c t o r y  for  e x p l a i n i n g  
a l l  t he  effects n o t e d  h e r e  d u r i n g  ca thod ic  p o l a r i z a -  
t ions.  W i t h  a v i e w  t o w a r d  a s ingle  s imp le  e x p l a n a -  
t ion  for  a l l  t he se  effects,  the  f o l l o w i n g  h y p o t h e s i s  is 
p r e s e n t e d :  F r o m  th is  w o r k  and  o the r s  (14, 24) ,  i t  

seems  a p p a r e n t  t h a t  r e d u c i b l e  su r face  " c o v e r a g e s "  
fo rm on i ron  d u r i n g  su r f ace  p r e p a r a t i o n  b y  mos t  
t e c hn ique s  or  b y  e x p o s u r e  of even  c lean  su r f aces  to 
a i r  or  aqueous  solut ions .  F r o m  Fig.  2-6, i t  a p p e a r s  
t h a t  t he  cove rages  m u s t  be  r e d u c e d  p r i o r  to, or  a t  
l eas t  du r ing ,  h y d r o g e n  evo lu t ion .  I t  is p r o p o s e d  t h a t  
( i )  r e d u c t i o n  of t he  f i lm m a t e r i a l  in so lu t ions  in  
w h i c h  i t  is i n so lub l e  p r o d u c e s  i n i t i a l l y  a l a y e r  of 
d i s o r d e r e d  su r f ace  i ron  a toms,  ( i t )  t h a t  th is  l a y e r  
has  c o n s i d e r a b l e  su r f ace  r o u g h n e s s  and  g r e a t e r  ac -  
t i v i t y  for  h y d r o g e n  evo lu t i on  t h a n  n o r m a l  i ron,  and  
( i i i )  t h a t  w i t h  suff icient  t ime ,  t he  d i s o r d e r e d  l a y e r  
t r a n s f o r m s  in to  c o n f o r m a n c e  w i t h  t h e  subs t r a t e ,  
w i th  m o r e  t ime  r e q u i r e d  for  t h i c k e r  l aye r s .  Such  
a hypo the s i s  f u rn i shes  a r e a d y  e x p l a n a t i o n  for  a l l  
the  effects no ted .  

I t  is n o t a b l e  in the  runs  a f t e r  ca thod ic  p o l a r i z a t i o n  
t h a t  the  end of t he  c a p a c i t y  p l a t e a u  is m a r k e d  b y  the  
s i m u l t a n e o u s  a p p e a r a n c e  of a r r e s t s  in t he  ca thod ic  
c h a r g i n g  curves .  The  f o r m  of t he  cu rves  in  th i s  and  
al l  o the r  cases  s t ud i e d  ind ica t e s  t h a t t h e  c o v e r a g e  is 
r e d u c e d  in two  stages.  T h e r e  is no cons i s t en t  r a t io  
b e t w e e n  the  c h a r g e  p r o d u c t  of the  two  a r r e s t s  for  
the  c h a r g i n g  cu rves  f r o m  d i f f e ren t  in i t i a l  po ten t i a l s .  
Thus,  t he  c o v e r a g e  i t se l f  consis ts  of a t  l eas t  two  
t y p e s  of ma te r i a l .  The  first  a r r e s t  i nvo lves  a l i n e a r  
change  of p o t e n t i a l  w i t h  t ime,  i n d i c a t i n g  a c o n t i n u -  
ing change  in  the  a c t i v i t y  of r e d u c e d  m a t e r i a l  or  i ts  
p r o d u c t  d u r i n g  the  r educ t ion .  Such  a change  is v e r y  
sugges t ive  of t he  r e d u c t i o n  of an  a d s o r b a t e  for  
w h i c h  the  specific a d s o r p t i o n  e n e r g y  dec reases  w i th  
i nc r e a s ing  coverage .  The  second p a r t  of the  r e d u c -  
t ion,  h o w e v e r ,  p roceeds  at  a cons t an t  po ten t i a l .  

One of the  mos t  s t r i k i n g  f e a t u r e s  of t he  runs  a f t e r  
ca thod ic  p o l a r i z a t i o n  is t he  s h a r p  t r a n s i t i o n  in  cov-  
e r age  and  c a p a c i t y  v a l u e s  at  0.12 • 0.02v in p H  14.5 
so lu t ion  and  at  0.24 -- 0.02v in p H  13.6 solu t ion .  The  
changes  shown  in the  f igures  occur  w i t h i n  1 min  
a f t e r  p o l a r i z a t i o n  to the  s t a t ed  p o t e n t i a l s  and  canno t  
be  r e v e r s e d  b y  s m a l l  ca thod ic  p o l a r i z a t i o n s  a f t e r  
t h e y  h a v e  occur red .  These  effects a r e  a m o n g  those  
w h i c h  m i g h t  be  e x p e c t e d  f r o m  m i g r a t i o n  of m e t a l  
ions in to  a so rbed  su r f ace  l a y e r  acco rd ing  to t h e  su r -  
face  f i lm f o r m a t i o n  sequence  t h e o r y  (1) .  The  m i g r a -  
t ion  shou ld  be  i r r e v e r s i b l e  a n d  f a v o r e d  b y  anodic  
po ten t i a l ,  as was  obse rved .  The  s t ab i l i z a t i on  of f i lm 
m a t e r i a l  so p r o d u c e d  ough t  to r e su l t  in c o n s i d e r a b l e  
i nc rea se  in t he  t o t a l  a m o u n t  of su r face  f i lm and  to 
h e i g h t e n  the  c o n s t a n c y  of a c t i v i t y  d u r i n g  r educ t ion ,  
as is i n d i c a t e d  b y  the  d i f fe rence  in  c h a r g i n g  cu rves  
b e f o r e  and  a f t e r  t h e  t r ans i t i on .  

A p o i n t  of i n t e r e s t  m a y  b e  m a d e  b y  e s t i m a t i n g  the  
d i e l ec t r i c  p r o p e r t i e s  of t he  su r f ace  m a t e r i a l .  F r o m  
e l e m e n t a r y  e l ec t r i c  t h e o r y :  if  k is t he  d i e l ec t r i c  con-  
s t an t  of t h e  d i e l ec t r i c  of a p a r a l l e l  p l a t e  capac i to r ,  
d is t he  t h i cknes s  of t he  d i e l ec t r i c  in  angs t roms ,  a n d  
C is t he  specific c a p a c i t y  of t he  capac i t o r  in  ~ fa rad  
cm -2, k / d  ~- 0.113C. A t  a g iven  po t en t i a l ,  t he  e l ec -  
t r i c a l  d o u b l e  l a y e r  m a y  be  t r e a t e d  a p p r o x i m a t e l y  
as a p a r a l l e l  p l a t e  c a p a c i t o r  w i t h  su r f ace  m a t e r i a l  
( i f  a n y )  as a d i e l ec t r i c  (20 -22) .  F r o m  the  cha rge  
p r o d u c t s  of a r r e s t s  m e a s u r e d  he re ,  t he  t h i cknes s  of 
the  f i lms m a y  be  c a l c u l a t e d  w i t h  a p p r o p r i a t e  as -  
s u m p t i o n s  as to t he  n a t u r e  of t he  r e d u c t i o n  process .  
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Table II. Minimum formal dielectric constants* of surface material 

Po ten t i a l ,  pI-I14.5 p H 1 3 . 6  p H  7.9 

v vs.  NHE kc** ka*** k~** ka*** kc** 

--0.15 69 65 129 110 
--0.05 64 58 129 110 

0.05 65 60 129 110 
0.15 64 67 129 110 54 
0.25 107 68 101 101 47 
0.35 115 68 101 96 42 
0.45 106 70 96 98 33 
0.55 95 101 28 
0.65 32 
0.75 29 
0.85 21 
0.95 21 

* See t ex t  fo r  a s s u m p t i o n s  m a d e  in  ca lcu la t ion .  
** Va lues  fo r  the  p o t e n t i a l  as r e a c he d  a f t e r  ca thod ic  po la r i za t ion .  

*** Va lues  for  t he  p o t e n t i a l  as r eached  a f t e r  anod ic  po la r i za t ion .  

To e s t i m a t e  a m i n i m u m  th i ckness  i t  is a s s u m e d  t h a t  
the  f i lm m a t e r i a l  shou ld  have  a d e n s i t y  no g r e a t e r  
t h a n  t ha t  of FeO,  t he  denses t  s t o i ch iome t r i c  i ron  
oxide ,  and  an  e q u i v a l e n t  w e i g h t  for  r e d u c t i o n  no less  
t h a n  t h a t  of Fe203 to Fe.  The  v a l u e s  of Tab le  II  w e r e  
o b t a i n e d  b y  such ca l cu l a t i on  us ing  the  m e a s u r e d  ca -  
pac i ty .  

The  d i e l ec t r i c  cons tan t s  of s t o i ch iome t r i c  i ron  
ox ides  h a v e  been  v a r i o u s l y  r e p o r t e d  (25-27)  to be  in  
the  r a n g e  7-20. The  v a l u e s  of Tab le  I I  a r e  h i g h e r  
t han  th is  and  much  h i g h e r  in the  two  m o r e  a l k a l i n e  
solut ions .  T h e y  show some ev idence  of a t r a n s i t i o n  
p o t e n t i a l  l ike  t ha t  of the  o the r  d a t a  in runs  a f t e r  
ca thod ic  po la r i za t ion .  E i t h e r  an  a d s o r b e d  l a y e r  of 
o x y g e n - c o n t a i n i n g  species,  a t  l eas t  p a r t  of w h i c h  a r e  
ions or  d ipoles ,  or  an  a m o r p h o u s  m i x t u r e  of such  
species  w i t h  i ron  ions cou ld  r a t i o n a l i z e  such d i -  
e lec t r i c  behav io r .  Speci f ica l ly ,  such mob i l e  cha rges  
could  shi f t  a b o u t  in r e sponse  to a p p l i e d  p o t e n t i a l  
v a r i a t i o n s  w h i c h  w e r e  too s m a l l  or  too r a p i d  to p e r -  
mi t  f i lm g r o w t h  or  des t ruc t ion .  In  th is  w a y  the  m a -  
t e r i a l  w o u l d  b e h a v e  as a d i e l ec t r i c  of h igh  d i e l ec t r i c  
cons t an t  in d i f f e r en t i a l  c a p a c i t y  m e a s u r e m e n t s  even  
t h o u g h  it  m i g h t  h a v e  to be  cons ide red  as an  a d d i -  
t i ona l  c a p a c i t a n c e  in ser ies  w i t h  the  doub le  l a y e r  for  
i n t e g r a l  c a p a c i t y  m e a s u r e m e n t s .  I t  is not  u n r e a s o n -  
ab le  even  to suppose  t h a t  t he  f i lm w o u l d  be  r e -  
s t r i c t ed  to g r o w i n g  in such a f a sh ion  as to p r e s e r v e  
to ta l  cha rge  n e u t r a l i t y ,  and  in th is  case  i t  cou ld  act  
as a d i e l ec t r i c  even  for  i n t e g r a l  capac i ty .  

The  c a p a c i t y  p e a k s  f o u n d  in a l l  r uns  in the  t h r e e  
a l k a l i n e  so lu t ions  a r e  s im i l a r  in  m a g n i t u d e  and  p o -  
t e n t i a l  r a n g e  cove red  to p e a k s  p r e v i o u s l y  o b s e r v e d  
w i t h  s ta in less  s tee l  (3) .  These  w e r e  i n t e r p r e t e d  as 
due  e i t he r  to ion a d s o r p t i o n - d e s o r p t i o n  processes  or  
to d i e l ec t r i c  cons t an t  changes .  F r o m  the  p r e s e n t  r e -  
sul ts  the  l a t t e r  i n t e r p r e t a t i o n  is m o r e  l i k e l y  in  v i e w  
of the  hys t e r e s i s  o b s e r v e d  in  t he  pos i t ion  of t he  
p e a k s  and  t h e  close r e l a t i o n s h i p  b e t w e e n  the  p r e s -  
ence of t he  p e a k s  and  t h e  p r e s e n c e  of r e l a t i v e l y  t h in  
su r face  coverage .  A th in  su r f ace  f i lm of suff ic ient ly  
h igh  d i e l ec t r i c  cons t an t  could  i nc rea se  t he  c a p a c i t y  
of an e l ec t rode  s ince  the  g r e a t e r  s e p a r a t i o n  of 
cha rges  w o u l d  be  m o r e  t h a n  c o m p e n s a t e d  b y  the  d i -  
e l ec t r i c  effect. Because  of the  hys t e r e s i s  of the  p o -  
t e n t i a l  of the  p e a k s  espec ia l ly ,  i t  is u n l i k e l y  t h a t  t he  

h igh  c a p a c i t y  can be  a sc r ibed  to r e v e r s i b l e  cha rge  
t r a n s f e r  processes ,  a l t h o u g h  these  canno t  be  e x -  
c luded  on the  bas is  of t he  p r e s e n t  da ta .  

A reg ion  of cons t an t  c a p a c i t y  at  e x t r e m e  anodic  
po l a r i z a t i on  w o u l d  be e x p e c t e d  f r o m  doub le  l a y e r  
effects (22) .  The  cons t an t  c a p a c i t y  o b s e r v e d  he re  in  
the  p o t e n t i a l  r eg ion  of o x y g e n  evo lu t ion  p r o b a b l y  
ind ica tes  bo th  t h a t  th is  r eg ion  has  been  r e a c h e d  and  
tha t  the  su r face  c o v e r a g e  has  g r o w n  to i ts  m a x i m u m  
e x t e n t  and  ceased  to change  in  p r o p e r t i e s  w h e n  p o -  
t en t i a l s  suff ic ient ly  pos i t i ve  for  o x y g e n  evo lu t ion  
have  been  r eached .  

In  con t r a s t  to t he  r e p o r t  of Enge l l  a n d  I l l s chne r  
(5) ,  whose  m e a s u r e m e n t s  w e r e  m a d e  a t  25~ in 
0.5M H2SO4, no p o t e n t i a l  r e g i o n  in w h i c h  r e c ip roca l  
c a p a c i t y  v a r i e d  l i n e a r l y  w i t h  p o t e n t i a l  cou ld  be  
found  in the  p r e s e n t  work .  H o w e v e r ,  in 0.5M HeSO4 
in the  p o t e n t i a l  r a n g e  cons ide red  b y  Enge l l  and  
I l l schner ,  a l ine  cou ld  h a v e  been  d r a w n  t h r o u g h  a 
p lo t  of r e c i p r o c a l  c a p a c i t y  vs. p o t e n t i a l  (no t  s h o w n )  
w i t h o u t  g r e a t  i naccu racy .  In  a n y  case, the  conc lus ion  
of these  w o r k e r s  t h a t  t h e i r  o b s e r v e d  l i n e a r i t y  s u p -  
p o r t e d  an ox ide  m o d e l  for  t he  pas s ive  f i lm does  not  
s eem e n t i r e l y  jus t i f iab le .  Such  l i n e a r i t y  imp l i e s  on ly  
t ha t  a r e g u l a r  r e l a t i o n s h i p  is o b e y e d  for  f i lm g r o w t h  
d e p e n d e n c e  (or  some q u a l i t a t i v e  c h a n g e  in  f i lm 
p r o p e r t i e s )  on po t en t i a l .  This  c i r c u m s t a n c e  is qu i t e  
c o m p a t i b l e  w i t h  m a n y  poss ib le  mode l s  for  t he  n a -  
t u r e  of the  film. 

The  effects o b s e r v e d  on a d d i t i o n  of Cr20~ = to ac id  
so lu t ion  sugges t  t h a t  t he  p r o t e c t i v e  ac t ion  of th is  ion 
is due  to i ts r educ t ion ,  in p r e f e r e n c e  to f i lm m a t e r i a l .  
In  t he  p r e s e n c e  of d i c h r o m a t e ,  m u c h  r a t h e r  t h a n  
l i t t l e  cha rge  is r e q u i r e d  to fo rce  the  e l e c t r o d e  p o t e n -  
t i a l  in to  the  ac t ive  reg ion .  

If  one cons ide rs  " c o r r e s p o n d i n g  p o t e n t i a l s "  for  t he  
va r i ous  so lu t ions  s t u d i e d  as po t e n t i a l s  pos i t i ve  to t he  
c a p a c i t y  p e a k  b y  the  s a m e  amoun t ,  i t  is a p p a r e n t  
f r o m  Fig.  3-6 t ha t  t h e r e  is a m i n i m u m  in c a p a c i t y  
n e a r  n e u t r a l  p H  and  a f a i r l y  s y m m e t r i c a l  i nc rease  
w i t h  e i t he r  ac id  of a l k a l i n e  pH. T h e r e  is a t  bes t  a 
poor  c o r r e l a t i o n  of c a p a c i t y  w i t h  q u a n t i t a t i v e  s u r -  
face  coverage ,  and  i t  s eems  l i k e l y  t h a t  t he  cons t i -  
t u t ion  p lus  t he  d i e l ec t r i c  and  s im i l a r  p r o p e r t i e s  of 
t he  su r face  m a t e r i a l  d e p e n d  on the  so lu t ion  e n v i r o n -  
m e n t  of  i ts  f o rma t ion .  Such  d e p e n d e n c e  could  w e l l  
be  e x p e c t e d  f r o m  a m o d e l  of f i lm f o r m a t i o n  in  w h i c h  
a d s o r p t i o n  of so lu t ion  spec ies  p l a y e d  an  i n i t i a t i ng  
role.  In  th is  connec t ion  i t  m u s t  be  e m p h a s i z e d  t h a t  
t he  effects of buf fe r  ions r e q u i r e d  in w o r k i n g  n e a r  
n e u t r a l  p H  have  no t  been  cons ide red  be c a use  t h e y  
a r e  no t  known .  The  b o r a t e  s y s t e m  was  chosen  to  
avo id  the  k n o w n  i ron  ion c o m p l e x i n g  effects of o t h e r  
c o m m o n  buffers  such as p h o s p h a t e  and  a m m o n i a .  I t  
is un l i ke ly ,  h o w e v e r ,  t h a t  t he  e l ec t rode  su r face  
shou ld  be  e n t i r e l y  una f fec t ed  b y  t h e  bora te .  

The  v a r i a t i o n  w i t h  p H  of t he  two  mos t  n e g a t i v e  
a r r e s t s  o b s e r v e d  in ca thod ic  c h a r g i n g  is shown  in 
Fig .  7. On ly  the  m o r e  n e g a t i v e  of t he se  is l i n e a r l y  
d e p e n d e n t  on p H  w i t h i n  e x p e r i m e n t a l  e r ro r .  I ts  
s t a n d a r d  p o t e n t i a l  ( c o r r e c t e d  b y  0.2v for  p o l a r i z a -  
t ion)  a n d  p H  coefficient  a r e  cons i s t en t  w i t h  r e d u c -  
t ion  of m a g n e t i t e  b y  s e v e r a l  poss ib l e  m e c h a n i s m s  
(28) .  This  s u p p o r t s  p r e v i o u s  p o s t u l a t e s  of m a g n e t i t e  
as t he  i n n e r  l a y e r  of a d u p l e x  p r o t e c t i v e  su r f ace  m a -  
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Fig. 7. Variation of arrest potentials with pH. [ ]  - -  potential 
of more negative arrest; X - -  potential of less negative arrest. 
Potentials at  the center of the arrests obtained with ~ 1 ma cm - 2 .  

t e r i a l  (29) .  Neve r the l e s s ,  t he  o b s e r v e d  d i s a p p e a r -  
ance  of th is  a r r e s t  in ac id  so lu t ion  a f t e r  pas s ing  the  
first  a r r e s t  only ,  i nd ica t e s  a t  l eas t  t h a t  th i s  m a t e r i a l  
a lone  is not  p ro tec t ive . .  The  n o n l i n e a r i t y  of t he  v a r i -  
a t i on  of the  p o t e n t i a l  of t he  less  n e g a t i v e  a r r e s t  w i t h  
p H  f u r t h e r  emphas i ze s  t h e  l i k e l i h o o d  t h a t  t he  c o m -  
pos i t ion  of th is  p a r t  of t he  s u r f a c e  m a t e r i a l  d e p e n d s  
on so lu t ion  e n v i r o n m e n t  d u r i n g  i ts  f o rma t ion .  

C o n c l u s i o n  

A g e n e r a l  v i ew  of the  r e su l t s  o b t a i n e d  h e r e  m a k e s  
i t  c l ea r  t h a t  the  c a p a c i t y  b e h a v i o r  of i r on  canno t  be  
t r e a t e d  e n t i r e l y  in a n a l o g y  to t h a t  of e i t h e r  t h e  
c l e a n - s u r f a c e d  or  b u l k  o x i d e - c o v e r e d  me ta l s .  The  
r e su l t s  i n d i c a t e  t h a t  a t  a l l  b u t  t h e  mos t  n e g a t i v e  p o -  
t en t i a l s  t he  i ron  su r f ace  is i n d e e d  cove red  w i t h  a 
film, b u t  t h a t  t he  f i lm is of c o m p l e x  s t r u c t u r e  and  
has  p r o p e r t i e s  w h i c h  d e p e n d  on t h e  e n v i r o n m e n t  in 
w h i c h  i t  is f o r m e d  and  w h i c h  di f fer  f r o m  those  of 
k n o w n  b u l k  ox ides  in m a n y  s igni f icant  respects .  A l l  
the  r e su l t s  a r e  cons i s t en t  w i t h  and  s u p p o r t  a m o d e l  
for  t he  f o r m a t i o n  of t he  f i lm i n v o l v i n g  i n i t i a t i on  b y  
a d s o r p t i o n  of so lu t ion  species  a n d  t r a n s f o r m a t i o n  b y  
the  m i g r a t i o n  of m e t a l  ions  in to  a p r o t e c t i v e  l a y e r  
c a p a b l e  of r e s i s t i ng  f u r t h e r  e x t e r n a l  a t t a c k  for  con-  
s i d e r a b l e  p e r i o d s  of t ime .  

A c k n o w l e d g m e n t  

The  a u t h o r s  a r e  p l e a s e d  to a c k n o w l e d g e  the  f inan-  
cial  s u p p o r t  of th i s  w o r k  b y  f e l l o w s h i p  f r o m  the  N a -  
t i ona l  Sc ience  F o u n d a t i o n  ( for  N E W )  and  b y  r e -  
s ea rch  g r a n t s  f r o m  T h e  R o b e r t  A. W e l c h  F o u n d a t i o n  
and  the  Office of  N a v a l  Resea rch .  T h e  g i f t  of t h e  
i ron  used  in the  w o r k  b y  B a t t e l l e  M e m o r i a l  I n s t i -  
t u t e  is also g l a d l y  a c k n o w l e d g e d .  

Manuscr ip t  rece ived  Apr i l  26, 1962; rev ised  m a n u -  
scr ipt  rece ived  J u l y  26, 1962. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1963 
J O U R N A L .  
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ABSTRACT 

The de te rmina t ion  of the ac t iv i ty  aA Of the  less noble component  A in a 
b ina ry  al loy A - B  wi th  the  aid of the  cell 

A I A - s a l t  [ A - B  

involves a cer ta in  e r ror  because of a d isp lacement  reac t ion  which tends  to in-  
crease the concentra t ion of A in the  a l loy  and to decrease the  concentra t ion of 
A-sa l t  in the e lectrolyte .  The magni tude  of the er ror  is es t imated  and is found 
to be apprec iable  if the  difference in the  nobi l i ty  of meta ls  A and B is not  suffi- 
c ient ly  large.  The basic assumptions  for  the  es t imate  of the  e r ror  are  tes ted 
by  measur ing  the emf of cells wi th  in i t ia l ly  pure  meta l  B on the r igh t - s ide  for 
the pairs  Cd-Sn,  Zn-Cd,  Zn-Pb,  and Zn-Sn.  

S t a t e m e n t  of  t h e  P r o b l e m  

The  a c t i v i t y  aA of t he  less  nob le  c o m p o n e n t  A in a 
b i n a r y  a l l o y  A - B  is u s u a l l y  d e d u c e d  f rom the  emf  
E~ of the  g a l v a n i c  cel l  

e l e c t r o l y t e  I e l e c t r o l y t e  A - B  
A(pure) + A-salt I + A-salt alloy 

[ I ]  

w i th  the  he lp  of t he  f o r m u l a  

E1 = --  ( R T / z A F )  In aA [ 1 ] 

w h e r e  zA is the  va l ence  of ions of m e t a l  A in t he  e lec -  
t ro ly t e .  

A t  t he  r i g h t - h a n d  e l ec t rode  of cel l  I, t h e r e  is the  
pos s ib i l i t y  of t he  d i s p l a c e m e n t  r e a c t i o n  

(1/ZB) B ( a l l o y )  + (1/ZA) A ( X )  

= ( 1 / Z A ) A ( a l l o y )  + ( 1 / Z B ) B ( X )  [2]  

w h e r e  ZB is t he  va l ence  of ions  of m e t a l  B and  the  
sa l ts  of A and  B w i t h  the  a p p r o p r i a t e  a m o u n t  of 
an ion  X p r e s e n t  in  t he  e l e c t r o l y t e  a r e  d e n o t e d  b y  
A (X)  and  B ( X ) ,  r e spec t i ve ly .  Thus  in t he  case  of a 
o n e - p h a s e  a l loy  the  concen t r a t i on  of A in t he  a l loy  
is i n c r e a s e d  and  the  c o n c e n t r a t i o n  of A - s a l t  a t  t he  
r i g h t - h a n d  e l ec t rode  is dec reased .  Bo th  changes  t e n d  
to d e c r e a s e  the  emf  of cel l  I b e l o w  t h e ' v a l u e  p e r -  
t a i n i n g  to the  n o m i n a l  compos i t ion  of t he  a l loy .  By 
and  la rge ,  changes  r e s u l t i n g  f r o m  d i s p l a c e m e n t  r e -  
ac t ion  [2]  a r e  cons ide red  to be  neg l ig ib l e  if  c o m -  
ponen t  B is m u c h  m o r e  nob le  t h a n  c o m p o n e n t  A (1) .  
This  is a q u a l i t a t i v e  f o r m u l a t i o n  w h i c h  shou ld  be  
r e p l a c e d  b y  a q u a n t i t a t i v e  f o r m u l a t i o n .  The re fo re ,  in  
w h a t  fo l lows,  the  e r r o r  due  to d i s p l a c e m e n t  r e a c t i o n  
[2]  is e s t i m a t e d  for  k n o w n  d i f fe rences  of t h e  no -  
b i l i t y  of m e t a l s  A and  B, i.e., for  k n o w n  AF ~ va lue s  
of  r e a c t i o n  [2] .  

As  a l i m i t i n g  case, one m a y  cons ide r  cel l  I w i t h  
p u r e  m e t a l  B at  t he  in i t i a l  s tage,  i.e., aA ~ 0 c o r r e -  
s p o n d i n g  to EI---- ~ acco rd ing  to Eq. [1] .  The  d i s -  
p l a c e m e n t  r e a c t i o n  [2] ,  h o w e v e r ,  p r o d u c e s  a f ini te  

c onc e n t r a t i on  of A in t he  a l l o y  n e x t  to t he  a l l o y -  
e l e c t r o l y t e  i n t e r f a c e  and,  t he re fo re ,  the  a c t u a l  v a l u e  
of  EI is finite. C a l c u l a t e d  a n d  o b s e r v e d  va lue s  of E1 
for  cel l  I set  up  w i t h  p u r e  m e t a l  B on the  r i g h t - h a n d  
s ide  a r e  c o m p a r e d  b e l o w  in o r d e r  to t es t  t h e  a s s u m p -  
t ions  w h i c h  a r e  i n t r o d u c e d  for  e s t i m a t i n g  t h e  e r r o r  
due  to t he  d i s p l a c e m e n t  r e a c t i o n  [2]  if  Eq. [1]  is 
used  for  t he  ca l cu l a t i on  of aA f r o m  E~. 

S ince  the  e x p e r i m e n t a l  cond i t ions  d e t e r m i n i n g  
c o n c e n t r a t i o n  changes  r e s u l t i n g  f r o m  d i s p l a c e m e n t  
r e a c t i o n  [2]  a r e  in  g e n e r a l  no t  a d e q u a t e l y  def ined,  
one ob ta ins  on ly  the  o r d e r  of m a g n i t u d e  of  t he  e r r o r  
bu t  no t  a c o r r e c t i on  t e rm.  Thus  one m a y  e l i m i n a t e  
o b j e c t i o n a b l e  m e a s u r e m e n t s .  

Calcu la t io~  o~ t he  Er ror  of  A c t i v i t y  D e t e r m i n a t i o n s  

I t  is shown  b e l o w  t h a t  t he  r e l a t i v e  e r r o r  in t he  
a c t i v i t y  of A is e x p e c t e d  to be  e spec i a l l y  l a r g e  if  t he  
c o n c e n t r a t i o n  of A in t he  a l loy  is low. The re fo re ,  
ca l cu la t ions  a r e  conf ined to mo le  f r ac t ions  of A in 
t he  a l loy  l o w e r  t h a n  0.1. The  fo l lowing  s i m p l i f y i n g  
a p p r o x i m a t i o n s  a r e  i n t r o d u c e d .  

( i )  The  a c t i v i t y  aA in  the  a l loy  is a p p r o x i m a t e d  
b y  

aA = XAfA [ 3 ] 

w h e r e  XA is t he  mo le  f r ac t i on  of A in the  a l loy  and  
]A is t he  l i m i t i n g  v a l u e  of t he  a c t i v i t y  coefficient  of 
A in B - r i c h  a l l oy  for  a v a n i s h i n g  c o n c e n t r a t i o n  of A. 

( i i )  The  a c t i v i t y  aB in the  a l l oy  for  XB ~ 1, IB ~- ! 
is a p p r o x i m a t e d  b y  

aB  ~ XBIB ~ (1 - -  XA) --~ 1 [4]  

( i i i )  A l a r g e  excess  of s u p p o r t i n g  e l e c t r o l y t e  is a s -  
s u m e d  so t h a t  the  ac t iv i t i e s  of A ( X )  and  B ( X )  a r e  
v i r t u a l l y  p r o p o r t i o n a l  to t he  mo le  f rac t ions ,  YA(X) 
and  YB(X~, r e spe c t i ve ly .  

( iv )  I t  is a s s u m e d  t h a t  e q u i l i b r i u m  b e t w e e n  the  
a l loy  and  the  e l e c t r o l y t e  a t  t he  a l l o y - e l e c t r o l y t e  
i n t e r f a c e  is v i r t u a l l y  e s t ab l i shed ,  i.e., t he  s ing le  e l ec -  
t r o d e  p o t e n t i a l  can  be  c a l c u l a t e d  f r o m  N e r n s t ' s  f o r -  
m u l a  w i t h  t he  r e s p e c t i v e  m o l e  f r ac t ions  at  t h e  i n t e r -  
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face, which will be indicated by a star superscript, 
whereas the initial mole fractions used for setting up 
cell I are marked by a degree superscript. 

If there were no displacement reaction, one would 
have the nominal emf E*(~om~ to be calculated as 

EI(aom) = -- (RT/zAF) in (X~ [5] 

whereas according to the general Nernst equation 
the actual emf E, is 

E,- -  RT [ln Y~ ] [6] 
ZAF Y*A(x) 

If the mole fractions at the alloy-electrolyte in- 
terface deviate from the initial mole fractions only to 
a minor extent, the difference between actual and 
nominal emf is found to be 

RT [ln Y*ACX) in x*A ] 
E1 -- EI(n~ - -  ZAF y~ X~ 

_ RT [ln ( l_ t_Y*g(x) - -Y~  
ZAF y~ 

--In (1+ X*A--X~ )]  
X~ 

RT[y*A(x)--Y~ X*A--X~ ] 

ZAF y~ X~ 
if X*A ~ X~ Y*A(X~ ~ Y%~X~ [7] 

Using Eq. [1] without additional terms one ob- 
tains only an apparent  value a'A of the activity of 
metal A in the alloy at the r ight-hand side of cell I 

a'A = exp (--zAE{F/RT) [8] 

From Eq. [7] and [8] it follows that the relative 
error in the activity is 

�9 = --a'A--aA exp [ _  ZA(EI--EI( ...... ))~7 ] _  1 
aA RT 

2A(EI -- EI(nom))F Y~ -- Y*A(X) 

RT y~ 
X*A -- X~ 

--k [9] 
37~ 

The equilibrium condition for the displacement 
reaction in Eq. [2] is 

~*A(X) X*B 

R O L E  OF D I S P L A C E M E N T  R E A C T I O N S  

K (fA(x)) 1/zA 
[10] 

fAl/ZA (fB(X)) 1/zB 
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where fa, fB --  1, etc., are the activity coefficients of 
A, B, etc., and K is given by the standard free energy 
change AF ~ of displacement reaction [2] with pure 
A, B, A ( X ) ,  and B(X)  

K = exp (--,',F~ [11] 

The value of AF ~ may be calculated as the differ- 
ence of the standard free energies of formation of 
B (X) and A (X) per equivalent. Alternatively, one 
may deduce AF ~ from emf measurements,  e.g., by 
using the cell 

B] electrolyte electrolyte I A 
[ with B(X)  with A(X)  ! 

[II] 

with a large excess of supporting electrolyte of the 
same type as used in cell I. Since in the presence of 
a large excess of supporting electrolyte there is 
vir tually no diffusion potential, the emf EII of cell II 
is given by the formula 

&F ~ RT 
En - - + - - i n  YA(X) fA(X) 

F zAF 
RT 

- - - l n  YB(X) fB(X) [12] 
ZBF 

Defining the standard states of the salts A (X) and 
B (X) so that the activities equal the mole fractions 
at infinite dilution, the standard value E~ of the emf 
of cell II  is given by 

RT in YA(X) + In YB(X~ E~ = EII - -  'ZAF ZBF 

for yA~x) -~ 0, ys(x) ~ 0 [13] 

Upon substituting Eq. [12] and [13] in Eq. [11], it 
follows that  

K (fA(X))I/~A [ E~ 1 
(fB(x~) 1/~B -- exp k ~ . l  [14] 

If the concentrations at the alloy-electrolyte inter- 
face differ only slightly f rom the respective nominal 
concentrations, one may  use the approximations 
X*A --~ X~ Y*A(X) ~ Y~ and X*B ~ 1 in order to 
calculate the concentration of B-salt  at the alloy- 
electrolyte interface from Eq. [10]. Thus 

( Y~ JA(X) ) zB/zA KzB [15] 
Y*B(X) ~ X~ fA JB(X) 

In order to calculate the differences (X'A--X~ 
and (y~ -- Y*A(X)) required for the evaluation of 
Eq. [9], it is necessary to introduce special assump- 
tions. In what  follows calculations are made for two 
different sets of conditions which are amenable to a 
mathematical  analysis. Actually, conditions may be 
more involved. A careful s tudy would be needed in 
order to specify the conditions in a given cell in a 
more realistic manner.  

In the first place, we consider conditions under 
which the concentrations at the alloy-electrolyte 
interface are determined by the interplay of diffu- 
sion in a vir tually semi-infinite alloy and a virtually 
semi-infinite electrolyte. Thus, the time elapsed 
after assembling the cell is supposed to be not ex- 
cessively long so that concentration changes due to 
displacement reaction [2] do not extend to the 
boundaries of the alloy or the electrolyte. Constant 
cross sections of both the alloy and the electrolyte 
are assumed so that equations for one-dimensional 
diffusion apply. 

Fick's second law for the alloy with the inter-  
diffusion coefficient D reads 

OXA/Ot ---- D(O2xn/~ ~) at ~ < O [16] 

where t is the time and $ is the distance from the 
alloy-electrolyte interface in the direction of the 
interior of the electrolyte. 
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The  equa t ions  for  d i f fus ion in the  e l e c t r o l y t e  w i t h  
the  d i f fus ion  coefficients DA(x) and  Dz(x) a r e  

Oyn(x)/Ot -= DA(X) (02yA(X)/O~ 2) at  f > 0 [17] 

OYB(x)/Ot -= DB(X) (02yB(X)/Of 2) at  f > 0 [18] 

These  equa t ions  a r e  to be so lved  for  t he  i n i t i a l  
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cond i t ions  

XA -=-- X~ a t  ~ < 0, t ---= 0 [19] 

XA(X) = x~ at  f > 0, t =- 0 [20]  

XB(x) ---- X~ a t  f > 0, t ---- 0 [21]  

mo le  f r ac t i on  X~A of m e t a l  A a t  the  a l l o y - e l e c t r o l y t e  
i n t e r f a c e  a n d  the  n o m i n a l  mo le  f r ac t i on  X~ 

In  o r d e r  to e s t i m a t e  t he  o r d e r  of m a g n i t u d e  of 
for  l i qu id  a l loys ,  one m a y  i n t r o d u c e  the  a p p r o x i -  
m a t i o n s  V' m ~ V"m, D ~-- DA(X) ~ DB(X) w h e r e u p o n  
Eq. [28]  becomes  

~ ~ZBKZB (y~ )~B/Zn( ~ 1  + 1 ) [29]  

zA:~x) x~ Y~ 

In  c o n t r a d i s t i n c t i o n  to the  fo rego ing  ca lcu la t ion ,  
one m a y  a s s u m e  tha t  d i f fus ion e q u i l i b r i u m  w i t h i n  
each  p h a s e  in the  r i g h t - h a n d  c o m p a r t m e n t  of cel l  I 
has  been  a t t a i n e d  a t  the  t i m e  of the  m e a s u r e m e n t  of 
EI, if  the  v o l u m e s  of t he  r e s p e c t i v e  phases  a r e  smal l .  
S ince  the  mo le  f r ac t ions  in  each  phase  a r e  l oca l ly  
cons t an t  and  equa l  to those  at  the  a l l o y - e l e c t r o l y t e  
i n t e rphase ,  t he  e q u a t i o n  of  m a t e r i a l  b a l a n c e  r e s u l t -  
ing  f r o m  Eq. [2]  is 

ZA (X~+A--XOA)n' = ZBY~B(X)n" = ZA (Y~ " 
[30] 

w h e r e  n" and  n" a re  the  n u m b e r  of moles  of the  a l l oy  
and  the  e l e c t r o l y t e  in t he  r i g h t - h a n d  c o m p a r t m e n t  
of cel l  I. S u b s t i t u t i o n  of Eq. [15] in  Eq. [30]  y i e ld s  
the  d i f fe rences  (X~A - -  X%) and  y~ - -  Y~A(X), 
w h i c h  in t u r n  a r e  s u b s t i t u t e d  in Eq. [9] .  Thus  

zBKZB ( y~ ) )zB/zn[ 1 i n " ]  

e ZAfB (X) X~ y~ X~ n' 
[3i] 

Eq. [31]  becomes  i den t i ca l  w i t h  Eq. [29]  if  n '  ---- n". 
Hence,  Eq. [29]  is r e c o m m e n d e d  in o r d e r  to es t i -  

m a t e  the  o r d e r  of m a g n i t u d e  of the  r e l a t i v e  e r r o r  
excep t  u n d e r  spec ia l  cond i t ions  w h i c h  a r e  in s t r i k i n g  
conflict  w i th  one of the  fo rego ing  a s sumpt ions .  

A c c o r d i n g  to  Eq. [28],  [29] ,  and  [31],  t he  e r r o r  e 
is e spec ia l ly  l a r g e  in  t he  case  of low concen t r a t i ons  
of A. 

E x p r e s s i n g  K in t e r m s  of AF ~ acco rd ing  to Eq. 
[11],  one ob ta in s  f rom Eq. [29]  for  fA(x) ~ JB(X) ~ 1 

( 
ZA x~ fn Y~ 

X exp  

In  v i ew  of t he  d i s p l a c e m e n t  r e a c t i o n  [2] ,  two  
b o u n d a r y  cond i t ions  at  the  m e t a l - e l e c t r o l y t e  i n t e r -  
face  a r e  o b t a i n e d  f r o m  the  m a t e r i a l  b a l a n c e  of the  
f luxes 

(--znjn(x)  = --znJn = ZBJB)~=O [22] 

w h e r e  in, in(X), and  jB(X), r e spec t i ve ly ,  a r e  the  t r a n s -  
p o r t  r a t e s  in t he  ~ - d i r e c t i o n  in  mo les  p e r  un i t  a r e a  
p e r  un i t  t i m e  for  m e t a l  A in the  a l loy ,  A - s a l t  in t he  
e l ec t ro ly t e ,  and  B - s a l t  in the  e l ec t ro ly t e .  In  v i ew  of 
F i c k ' s  f irst  law,  Eq. [22]  becomes  

v",,, o~ ~=o = v'---~- x - ~ / ~ _ _ o  

ZBDB(x) (OyB(x) 
- v"m \ - - [ f -  ) [23] 

~ 0  

w h e r e  V'm and  V"m a re  the  m o l a r  v o l u m e s  of t he  
a l loy  and  the  e l ec t ro ly t e ,  r e spec t i ve ly .  In  add i t ion ,  
Eq. [15]  at  ~ =- 0 is to be  obeyed .  

Eq. [15]  to [21] a n d  [23] d e t e r m i n e  the  mo le  
f rac t ions  of A and  B in t he  a l loy  and  of A ( X )  and  
B ( X )  in t he  e l e c t r o l y t e  as func t ions  of ~ and  t. Eq. 
[15] to [21J a r e  sa t i s f ied  b y  

XA--~ X~ + ( X ~  - x ~  e r f c [ I f l / 2 ( D t )  1/2] [24]  

YA(X) = Y~ - -  (Y~ - -  Y~A(X)) 

X erfc[f /2(DA(x)t)  1/2] [25] 

YB(X) = y~B(x)e r f [ f /2  (DB(x)t) 1/2] [26] 

S u b s t i t u t i o n  of Eq. [24]  to [26] in Eq. [23] y i e lds  

ZA (y~ - -  Y~A(X) ) (DA(x)) 1/2/V"m 

: ZBY*B(X) (DB(x)) 1/2/V"m = ZA (X*A - -  X~ DI/2/V'm 
[27] 

Upon  s u b s t i t u t i o n  of Eq. [15]  in  Eq. [27] ,  one  ob -  
t a ins  t he  d i f fe rences  (X~A--X~ and  (y~ 
w h i c h  in t u r n  a re  s u b s t i t u t e d  in Eq. [9] .  Thus  the  
r e l a t i v e  e r r o r  E of t he  a c t i v i t y  an is found  to be  

c--zBKZB ( Y~ ) zB/zA 
ZAfB (X) X~ fA 

• 1 1 [28] 
k yOn(x) \DA(x)  / x~ \ D I V'%,~ 

w h e r e  the  first  t e r m  in b r a c k e t s  is due  to t he  d i f f e r -  
ence b e t w e e n  the  a c t u a l  m o l e  f r a c t i o n  Y*A(X) of 
A - s a l t  a t  t he  a l l o y - e l e c t r o l y t e  i n t e r f a c e  and  the  
n o m i n a l  mo le  f r ac t i on  y~ and  the  second  t e r m  in 
b r a c k e t s  is due  to t he  d i f fe rence  b e t w e e n  the  ac tua l  

1) 
X~ 

RT 

ZA \ X~ fA ~~ X~ 

X exp  ( ZBE~ ) [33]  
RT 

L a i t i n e n  and  L i u  (2)  h a v e  p u b l i s h e d  s t a n d a r d  
s ingle  e l e c t r o d e  p o t e n t i a l s  of t he  mos t  i m p o r t a n t  
m e t a l s  w i t h  r e spe c t  to a P t - P t  2+ r e f e r e n c e  e l ec t rode  
for  a eu tec t i c  KC1-LiC1 m e l t  as so lven t  a t  450~ 
F r o m  t h e s e  da ta ,  t he  v a l u e  of E~ for  m a n y  m e t a l  
pa i r s  can  r e a d i l y  be  ca lcu la ted .  Hence  Eq. [33]  is of 
spec ia l  p r a c t i c a l  i m p o r t a n c e .  A s m a l l  v a l u e  of e is 
o b t a i n e d  if t he  v a l u e  of t he  e x p o n e n t i a l  func t ion  is 
smal l ,  i.e., --ZBESIF/RT is l a rge .  Hence  t h e  l o w e r  
t he  va l ence  ZB of t he  m o r e  nob le  me ta l ,  t he  g r e a t e r  

E x p r e s s i n g  K in t e r m s  of E~ w i t h  the  he lp  of 
Eq. [14],  one ob t a in s  f r o m  Eq. [29] 
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m u s t  be the  va lue  of E~ i.e., the difference of the 
s t anda rd  s ingle  electrode poten t ia l s  of meta l s  A and  
B in  order  to have  a permiss ib le  e r ror  for g iven  
va lues  of X~ y~ and  T. 

Accord ing  to Eq. [28], [29],  and  [31] to [33],  the  
e r ror  depends  on X~ and  Y%(x) as well .  U n d e r  all  
condit ions,  e is especia l ly  la rge  if X~ is lOW. In  
order  to inves t iga te  the  dependence  of ~ on y~ 
the  fo l lowing cases for the  special  condi t ions  fA(X) ---- 
fB{x) = 1 and  fA = 1 are  discussed. 

(a) If ZA ---- ZB, Eq. [29] becomes  

gzA ( Y~ ) 
~ - -  1 + - -  [ 3 4 ]  

X~ X~ 

To m i n i m i z e  e, let  y~ < <  X~ Thus  

{ ~-- KzA/X~ if y~ < <  X~ [35] 

(b)  If ZA = 2, ZB ---- 1, Eq. [29] becomes 

{ ~  K [ (  X~ ) 1/2 -~ ( Y ~  [36] 

2XOA yOA(x) \ XOA / _i 

The express ion  in  b racke t s  has a m i n i m u m  va l ue  
equa l  to 2 if X~ = y~ Hence  

{ ~ K / X ~  if y~ = X~ [37] 

Equa t i on  [37] holds w i th  sufficient a p p r o x i m a t i o n  
also if y~ is four  t imes  grea te r  or smal le r  t h a n  
X~ 

(C) If ZA ---- 1, ZB ---- 2, Eq. [29] becomes 

X~ X~ \ X~ 

The er ror  is m i n i m i z e d  if y~ < <  X~ Thus  

E ~ 2K 2 Y~176 2 [39] 

Hence  the  er ror  can, in  pr inciple ,  be  made  as smal l  
as one desires by  us ing  a low mole  f rac t ion  of A - s a l t  
in  the  e lec t ro ly te  in  accord wi th  the  fact tha t  for 
ZB > ZA the  d i sp lacement  reac t ion  [2] becomes less 
favorab le  at low concen t ra t ions  of A ( X )  and  B ( X )  
in the  electrolyte .  There  are obvious  l imits ,  however .  
If Y%(x) is ve ry  low, a smal l  a m o u n t  of oxide at one 
of the  electrodes of cell I m a y  effect a m u c h  grea te r  
n o n u n i f o r m i t y  of the concen t r a t i on  of A ( X )  t h a n  
d i sp lacemen t  reac t ion  [2].  In  pract ice,  va lues  of 
y~ lower  t h a n  0.03 or possibly  0.01 do not  seem 
recommendab le .  

Calculation of the E m f  of Cel~ I Set  up w i t h  
Pure  Metals  A and B 

As a l im i t i ng  case, one m a y  inves t iga te  cell I set 
up w i th  pu re  meta l s  A and  B. A finite concen t r a t i on  
of A n e x t  to the m e t a l - s a l t  in te r face  at the  r i gh t -  
h a n d  side is a t t a ined  by  v i r t u e  of d i sp lacement  r e -  
act ion [2]. 

In  the  first place, one m a y  assume condi t ions  cor-  
r e spond ing  to diffusion in  semi - in f in i t e  phases  of the  
me t a l  and  the  salt. For  X~ 0, one has in  v iew of 
Eq. [27] 

ZBY~B(x)DB(x)I/2/V"m ~ ZAX~AD1/2/V'm [40] 

F r o m  Eq. [10] w i th  Y~A(X)~--Y~ and  x %  ~ 1 
and  Eq. [40] one m a y  calcula te  the  va lues  of X~A 
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and  Y~B(X). For  the  special  case ZA----ZB ~ 2 for 
which  m e a s u r e m e n t s  are r epor ted  below, one has 

fA \ fB(X) ] 

D V"m [41] 

Second,  one m a y  assume tha t  diffusion equ i l ib -  
r i u m  in  each phase  in  the l e f t - h a n d  c o m p a r t m e n t  of 
cell I has been  a t ta ined.  For  X~ = 0, one has in  v iew 
of Eq. [30] 

ZBY~B(X)n " : ZAX~An ' [42] 

F r o m  Eq. [10] w i th  Y~A(X) ~ Y~ and  X~B ~ 1 
and  Eq. [42] one m a y  calcula te  the  va lue  of x~A and  
obta ins  for ZA ---- ZB ---- 2 

In  order  to ob ta in  the o rder  of m a g n i t u d e  of X~A, 
one m a y  let  DB(X)~-D a nd  V'm = V"m in  Eq. [41] 
and  n' = n" in  Eq. [43] w h e r e u p o n  in  v iew of 
Eq. [14] 

(. Eo,,F [44] 
X~A ~ \ - - - - -~A exp R----~ 

S u b s t i t u t i o n  of Eq. [44] in  Eq. [6] w i th  Y~A(X) = 
y~ yie lds  

1 R T  
EI (X~ ----- 0) ~ - -  - -  E~ --  - -  In y~ fA [45] 

2 4F 

Experimental 
In  order  to test  the  app l icab i l i ty  of Eq. [45],  the 

emf of cells of type  I w i th  X~ ---- 0 and  cells of type  
II  w i th  the  me ta l  pairs  Cd-Sn ,  Zn-Cd ,  Z n - P b ,  and  
Z n - S n  has been  m e a s u r e d  at 510~ The  suppor t ing  
e lec t ro ly te  was  an  eutect ic  m i x t u r e  of 42 mole  % 
KC1 and  58 mole  % LiC1. The  mole f rac t ion  N~ in  
cells of type  I was  0.03. Likewise ,  the  mole  f rac t ions  
YA(X) and  YB(X) in  cells of t ype  II  were  0.03 each. 

In  order  to avoid side react ions,  special  care was  
t a k e n  in  order  to p repa re  the  salt  m i x t u r e s  free of 
w a t e r  or oxide. To de hyd r a t e  LiC1, KC1, and  CdC12, 
the salts were  mi xe d  wi th  NH4C1 and  hea ted  to 
about  350~ u n t i l  all  NH4C1 had  vapor ized  in  the  
fo rm of NH3 + HC1. PbC12 was  used w i t hou t  p r e -  
t r e a t m e n t  because  it is no t  hygroscopic.  ZnC12 free of 
w a t e r  was p r epa red  by  dissolving Zn  in  e ther  con-  
t a i n i ng  HC1 according to H a m i l t o n  and  Bu t l e r  (3) .  
Since no c o n v e n i e n t  me thod  for p r e p a r i n g  SnCl~ 
free of w a t e r  was  found,  SnC12.2H20 was  me l t ed  
w i th  LiC1 and  KC1 in  the  vessels used for the  cells, 
pur i f ied HC1 was b u b b l e d  th rough  the  melt ,  and  
f inal ly  HC1 was r e move d  wi th  the  help of a s t r eam 
of purif ied N2. The  same p rocedure  was  used  for the  
o ther  salt  m i x t u r e s  in  order  to r emove  t races  of 
H~O poss ib ly  lef t  over  d u r i n g  the  p r e t r e a t m e n t  or 
p icked up  d u r i n g  the p r e p a r a t i o n  of the  mix tu res .  

The  s e t -up  for cells of type  I consis t ing of P y r e x  
vessels 1, 2, and  3 is show n  in  Fig. 1. To assemble  the  
cell, the  e lec t ro ly te  was  me l t ed  in  vessel  3 in  a 
s t r eam of pur i f ied HC1 and  s u b s e q u e n t l y  in  a s t ream 
of pur i f ied n i t rogen .  The smal l  vessels 1 and  2 con-  
t a i n i n g  meta l s  A and  B wi th  sealed-off  side a rms  
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1 2 

5AL T MELT 
Fig. 1. Vessels for ceil of type I 

3 

UL_ 

t 

I 2 

SALT MELT 

Fig. 2. Vessels for cell of type II 

w e r e  h e a t e d  in  a s e p a r a t e  f u r n a c e  in  o r d e r  to m e l t  
t he  m e t a l s  u n d e r  pur i f i ed  n i t rogen .  T h e n  the  s ide  
a r m s  w e r e  opened  and  vesse l s  1 and  2 w e r e  t r a n s -  
f e r r e d  in to  vesse l  3. The  sa l t  m e l t  m o v e d  into  vesse l s  
1 and  2. T h e r e u p o n  the  ce l l  was  r e a d y  fo r  m e a s u r i n g  
t h e  emf  w i t h  t he  he lp  of a p o t e n t i o m e t e r .  

The  s e t - u p  for  cel ls  of t y p e  II,  d e s i g n e d  a f t e r  a 
cel l  u sed  b y  L o r e n z  and  Michae l  (4) ,  cons i s ted  of 
vesse l s  1 a n d  2 s h o w n  in Fig .  2 and  a l a r g e r  P y r e x  
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Fig. 3. 
of time t 
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Emf E~ of cells of type I for X~ = 0 as a function 
(% e Cd-Sn; X Zn-Cd). 
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Fig. 4. Emf E~ of cells of type I for X~ - -  0 as o function 
of time t (% | Zn-Sn; X Zn-Pb). 

t ube  c losed  at  one end.  The  l a t t e r  t ube  c o n t a i n e d  an  
eu tec t ic  me l t  of KC1 and  LiC1. The  vesse l s  1 and  2 
w i t h  sea led -o f f  s ide  a r m s  w e r e  c h a r g e d  w i t h  t he  r e -  
spec t ive  meta l s ,  the  KC1-LiC1 base  e l ec t ro ly t e ,  and  
add i t i ons  of CdCte, PbC12, SnCIe, or  ZnC12 a n d  w e r e  
h e a t e d  in  a s e p a r a t e  f u r n a c e  to t h e  e x p e r i m e n t a l  
t e m p e r a t u r e .  D u r i n g  these  ope ra t ions ,  f irst  HC1 and  
s u b s e q u e n t l y  pur i f i ed  N2 was  b u b b l e d  t h r o u g h  the  
mel t s .  A f t e r  o p e n i n g  the  s ide  a r m s  a n d  t r a n s f e r r i n g  
vesse l s  1 and  2 in to  t he  l a r g e r  P y r e x  t u b e  c o n t a i n -  
ing  the  KC1-LiC1 mel t s ,  t he  cel l  was  r e a d y  for  m e a s -  
u r i n g  the  emf.  

E l e c t r o m o t i v e  force  r e a d i n g s  of cel ls  of t y p e  I 
v a r i e d  w i t h  t ime  as is shown  in Fig .  3 and  4. S e e m -  
ingly ,  concen t r a t i ons  of A, A ( X ) ,  and  B ( X )  at  t he  
a l l o y - e l e c t r o l y t e  i n t e r f a c e  w e r e  n o t  d e t e r m i n e d  b y  
o n e - d i m e n s i o n a l  d i f fus ion in v i r t u a l l y  s emi - in f in i t e  
spaces  of a l loy  and  e l e c t r o l y t e  a lone  as a s s u m e d  in 
t he  fo rego ing  t h e o r e t i c a l  ana lys i s ,  Eq. [16] to [28].  
Poss ib ly ,  t h r e e - d i m e n s i o n a l  r a t h e r  t h a n  o n e - d i m e n -  
s iona l  d i f fus ion is to be  cons ide red  in v i e w  of the  
c u r v a t u r e  of t h e  men i scus  of t h e  a l loy.  I t  is a lso p o s -  
s ib le  t h a t  convec t ion  is not  neg l ig ib le .  The  h ighes t  
q u a s i - s t a t i o n a r y  emf  r e a d i n g s  for  cel ls  of t y p e  I a re  
l i s t ed  in Tab le  I as r e p r e s e n t a t i v e  va lue s  for  a com-  
p a r i s o n  w i t h  v a l u e s  c a l c u l a t e d  f r o m  Eq. [45] .  
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Table I. Emf of cells of type I and II at 510~ 

EI (3C~ = 0) , V 
E s t i m a t e d  

Me ta l  pa i r  EII : Eoii ,  XZA f r o m  f r o m  
A-B  v obs. fA Eq. [44] Obs. Eq.[45]  

Cd-Sn --0.234 1.9 4-10 -3 0.18;0.18 0.165 
Zn-Cd --0.250 3.4 2-10 -3 0.18;0.18 0.165 
Zn-Pb  --0.467 12 5.10 -5 0.33;0.42;0.33 0.288 
Zn -Sn  --0.480 1.9 1.10 -4 0.39;0.39 0.251 

In  contrast ,  emf va lues  of cells of type  II  were  
v i r t ua l l y  s teady wi th  i r r egu la r  va r i a t ions  of less 
t h a n  2 mv,  see Tab le  I. These va lues  are essen t ia l ly  
equa l  to va lues  d e t e r m i n e d  by  L a i t i n e n  and  L iu  (2) 
at 450~ 

Values  fA of the  ac t iv i ty  coefficients of m e t a l  A 
needed  for the  eva lua t i on  of Eq. [44] and  [45] were  
ex t rapo la ted  to zero mole f rac t ion  of A by  us ing  data  
repor ted  by  var ious  au thors  (5 -9) ,  see Table  I. 

Discussion 

For  the me ta l  pairs  C d - S n  and  Zn-Cd ,  observed 
va lues  of EI(X~ ~ 0) l i s ted  in  Tab le  I agree, w i t h i n  
reasonab le  l imits ,  w i th  va lues  ca lcula ted  f rom Eq. 
[45]. In  contrast ,  va lues  of E~ (X~ ~ 0) observed for 
the meta l  pairs  Z n - P b  and  Z n - S n  are cons ide rab ly  
grea te r  t h a n  va lues  ca lcu la ted  f rom Eq. [45]. For  
the  l a t t e r  me t a l  pairs,  va lues  of E~ and  l ikewise  the  
s t anda rd  free ene rgy  changes  AF ~ for d i sp lacement  
reac t ion  [2] are  about  twice as m u c h  as those for the  
meta l  pairs  C d - S n  and  Zn-Cd.  Accordingly ,  va lues  
of X~A es t imated  wi th  the  help of Eq. [44] are  con-  
s iderab ly  lower  for Z n - P b  and  Z n - S n  t h a n  for 
C d - S n  and  Zn-Cd .  I t  is obvious tha t  low va lues  of 
XA are v e r y  suscept ib le  to changes  by  v i r t ue  of side 
react ions.  In  par t i cu la r ,  p resence  of oxidiz ing agents ,  
e.g., molecu la r  oxygen  or t races  of wa t e r  or oxides 
of me ta l  B m a y  lower  the  mole  f rac t ion  of A in  the  
al loy nex t  to the a l loy-e lec t ro ly te  in te r face  cons ider -  
ab ly  w h e r e u p o n  an  emf grea te r  t h a n  the  va lue  cal-  
cu la ted  f rom Eq. [45] resul ts .  This  r ead i ly  exp la ins  
the d ivergence  b e t w e e n  observed and  ca lcu la ted  
va lues  of EI(XA ~- 0) for Z n - P b  and  Z n - S n .  

Since Eq. [45] has b e e n  shown to be appl icable  
if X~A > 0.002 and  since the  basic  a s sumpt ions  for 

the de r iva t ion  of Eq. [32],  [33],  and  [45] are the  
same, one m a y  conclude  tha t  Eq. [32] or [33] can be 
used w i th  r easonab le  confidence in  order  to es t imate  
the order  of m a g n i t u d e  of the er ror  of ac t iv i ty  me a s -  
u r e m e n t s  due to d i sp lacemen t  reac t ions  in  cells of 
type  I if X~ is g rea te r  t h a n  0.01. At  lower  concen-  
t ra t ions  of me ta l  A, however ,  add i t iona l  errors  m a y  
occur owing  to ox ida t ion  of me ta l  A by  impur i t i e s  
un less  e x t r a o r d i n a r y  p recau t ions  are t a k e n  in  order  
to p r e v e n t  the  presence  of oxidiz ing agents.  

The  es t imate  of the  er ror  �9 of ac t iv i ty  d e t e r m i n a -  
t ions  in  l i qu id  alloys w i th  the  help  of Eq. [33] for 
l iquid  al loys is i l l u s t r a t ed  by  the  fo l lowing  ex -  
amples,  a s suming  a mole  f rac t ion  y~ ---- 0.03 in  an 
eutect ic  me l t  of KC1 and  LiC1 as e lec t ro ly te  in  cell I. 

(a) For  the  sys tem C d - S n  (E~ 
fA-----1.9) at 510~ one obta ins  � 9  for X~ = 0.1 
and  �9 ~ 0.12 for X~ ---- 0.01. Thus  it seems reasonab le  
to confine ac t iv i ty  d e t e r m i n a t i o n s  wi th  the  help  of 
cell I to mole  f rac t ions  of c a d m i u m  grea te r  t h a n  0.1. 

Act iv i t ies  for lower  concen t ra t ions  are to be ob-  
t a ined  by  means  of ex t rapola t ion .  

(b)  For  the  sys tem Z n - S n  (E~ --0.480v; fA 
1.9) at 510~ one obta ins  �9 --~ 2.10 -5 for X~ ~ 0.1 
and  �9 ~ 2.10 -4 for X~ ---- 0.01. Thus  m e a s u r e m e n t s  
ma y  be ex t ended  to va lues  of X~ as low as 0.01. 

(c) For  the sys tem P b - A g ,  one has E~ ~ --0.467v 
at 450~ according to L a i t i n e n  and  Liu  (2) .  As an  
approx imat ion ,  the same va lue  m a y  be adopted  for 
1000~ According  to C h i p m a n  (10) fA equals  about  
2. Thus,  for X~ 0.1, �9 is found  to be as h igh as 
0.12. In  spite of a r e l a t ive ly  h igh va lue  of E~ the  
e r ro r  is l a rge  because  zB is equa l  to i ins tead  of 2 as 
in  the  foregoing examples ,  a nd  the  t e m p e r a t u r e  is 
higher.  Thus  re l i ab le  ac t iv i ty  m e a s u r e m e n t s  canno t  
be  made  in  the  conven t iona l  m a n n e r .  However ,  one 
m a y  combine  the  resul t s  of m e a s u r e m e n t s  of the  
d i sp lacement  reac t ion  

2Ag(a l loy )  + PbC12(salt  me l t )  ---- P b ( a l l o y )  W 

2AgC1 (sal t  me l t )  

wi th  the  resul t s  of emf m e a s u r e m e n t s  in  order  to 
ca lcula te  act ivi t ies  in  bo th  the al loy and  the  sal t  
mel t  as has been  shown in  a prev ious  paper  (11).  

In  the  case of solid alloys, the  diffusion coefficient 
D for the  al loy is m u c h  lower  t h a n  the  va lues  DA(x) 
and  DB(X) p e r t a i n i n g  to the  salt  melt .  Therefore ,  the  
second t e r m  in  b racke t s  in  Eq. [28] prevai ls .  S u b -  
s t i tu t ing  Eq. [14] in  Eq. [28],  one has 

�9 ZB (Y~ zB/zA ( 1 ) l+zB/zA 
X~ / 

( DB(x) ) 1/2 V'ra ( ZB]~]~ ') [46] 
X \ ~ /  V"meXp \ RT 

For  the  sake of i l lus t ra t ion ,  Eq. [46] m a y  be ap-  
pl ied to solid A g - A u  al loys w i th  ZA = Z B -  1. The 
va l ue  E~ ------0.948v found  by  L a i t i n e n  and  L iu  (2) 
at 450~ is adopted  also for h igher  t empera tu re s .  
Accord ing  to White ,  Orr, and  H u l t g r e n  (12) fA : fAg 
for XAg ---- 0 m a y  be r ep re sen t ed  by  

RT In fA (cal)  = --7250 - -  1.375 T ( ~  [47] 

Accord ing  to Johnson  (13) the  diffusion coeffi- 
c ient  D of the  al loy is g iven  by  

D (cm2/sec) = 0.14 exp (--41700/RT) [48] 

where  RT is to be t a ke n  in  ca l /mole .  In  v iew of data  
for se l f -d i f fus ion of sodium ions in  l iqu id  NaC1 (14),  
one m a y  assume tha t  

Dg(x)(cmg/sec) = 7.10 -4 exp (--3500/RT) [49] 

Substituting Eq. [47] to [49] in Eq. [46] and let- 
ting V'm/V"m ---- 0.3, one has for X~ ~ 0.I 

[ .3625--1750+20850--21850] 
�9 ~ 2.7- 10 -2 exp RT 

[50] 

w he r e  the  four  t e rms  of the  n u m e r a t o r  of the  quo -  
t i en t  in  the  exponen t i a l  func t ion  are due to the  
t e m p e r a t u r e  dependence  of fA, DB(X~, D, and  K ac-  
cording to Eq. [14],  respect ively .  The  sum of the  
four  t e rms  is 875 cal. Thus  �9 is es t imated  to be 0.04 at 
800~ and  n e a r l y  i n d e p e n d e n t  of t empe ra tu r e .  
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The  s i t ua t ion  for  so l id  A g - A u  a l loys  is e spe c i a l l y  
f a v o r a b l e  s ince  --zBE~ is l a rge .  F o r  mos t  o t h e r  sol id  
a l loys  a c o n s i d e r a b l y  less  f a v o r a b l e  s i t ua t i on  is e x -  
pec ted ,  e spec i a l l y  at  l o w e r  t e m p e r a t u r e s  w h e r e  d i f -  
fus ion  coefficients for  sol id  a l loys  a r e  smal l .  

To o v e r c o m e  l i m i t a t i o n s  of cel ls  w i t h  c o n v e n t i o n a l  
e l ec t ro ly te s ,  n e w  t y p e s  of cel ls  i n v o l v i n g  o t h e r  e l ec -  
t r o l y t e s  t h a n  ch lo r ide  m e l t s  m a y  be used.  F o r  i n -  
s tance,  a cel l  of t y p e  I w i t h  an  eu tec t ic  KC1-LiC1 
m e l t  as base  e l e c t r o l y t e  canno t  be  used  for  t h e  
d e t e r m i n a t i o n  of the  a c t i v i t y  of Cu in sol id  C u - N i  
a l loys  b e c a u s e  E~ ~ - - 0 . 0 5 6  at  450 ~ acco rd ing  to 
L a i t i n e n  and  L iu  (2) .  W i t h  t he  he lp  of a cel l  i n v o l v -  
ing  sol id  ZrO2 d o p e d  w i t h  CaO as a u x i l i a r y  e l e c t r o -  
ly te ,  h o w e v e r  

N i ( s ) ,  ZrO2 ( -~CaO)  C u - N i ( s ) ,  
N i O ( s )  NiO (s)  [ I I I ]  

R a p p  and  M a a k  (15) h a v e  d e t e r m i n e d  the  a c t i v i t y  
of Ni in sol id  N i - C u  a l loys  b e t w e e n  700 ~ and  
1000~ I t  seems  poss ib le  to use  t he  s a m e  t y p e  of 
cel l  for  the  d e t e r m i n a t i o n  of t he  a c t i v i t y  of P b  in 
l iqu id  A g - P b  a l loys .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Apr i l  1963 

Manuscr ip t  rece ived  June  12, 1962; rev ised  m a n u -  
script  received Aug. 15, 1962. 

A n y  discussion of this pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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Transition from Hydrogen Ionization to Oxygen 
Evolution on a Platinum Electrode 

Sigmund Schuldiner and Robert M. Roe 
U. S. ~aval Research Laboratory, Washington, D. C. 

ABSTRACT 

With  pulse techniques,  de te rmina t ions  were  made of double  l ayer  capaci -  
tance and numbers  of hydrogen  and oxygen atoms associated wi th  a p l a t inum 
surface  undergoing  anodic t rans i t ions  to the oxygen  evolut ion  reaction.  The 
complex i ty  of hydrogen  sorpt ion on p la t inum was shown toge ther  wi th  quan t i -  
ta t ive  de te rmina t ions  of var ious  hydrogen  sorpt ion regions. An  improved  defi- 
ni t ion of t rue  surface area  was possible because of the  l inea r i ty  of the  atomic 
oxygen adsorpt ion region and the precis ion with  which the number  of oxygen 
atoms on a fu l ly  covered surface could be de te rmined  quant i ta t ive ly .  

R e c e n t l y  d e v e l o p e d  e x p e r i m e n t a l  t e chn ique s  w e r e  
a p p l i e d  to a s t u d y  of t he  t r a n s i t i o n  f r o m  the  h y d r o -  
gen  ion iza t ion  to t he  o x y g e n  evo lu t ion  r e a c t i o n s  on a 
p l a t i n u m  e l e c t r o d e  in  ac id  solut ion.  A n o d i c  c h a r g i n g  
cu rves  and  o t h e r  t r a n s i e n t  t e chn iques  [see  ref .  1-3)  
for  l i t e r a t u r e  s u r v e y s ]  h a v e  been  used  w i d e l y  for  
such work ,  b u t  i t  was  fe l t  t h a t  an  i n c r e a s e  in  i n s t r u -  
m e n t a l  r e so lu t i on  and  prec is ion ,  as w e l l  as r i go rous  
con t ro l  of the  cond i t ions  of e lec t ro lys i s ,  w e r e  neces -  
s a r y  for  a b e t t e r  u n d e r s t a n d i n g  of t he  de t a i l s  of SERFASS HYDROGEN PURIFIER 
t hese  reac t ions .  

In  th is  i n v e s t i g a t i o n  r e l a t ions ,  b e t w e e n  the  o p e n -  x 
c i rcu i t  p o t e n t i a l s  and  (a)  the  n u m b e r  of h y d r o g e n  
and  o x y g e n  a toms  sorbed ,  and  (b)  t he  doub le  l a y e r  
c a p a c i t a n c e  on a p l a t i n u m  e l ec t rode  w e r e  d e t e r -  
mined .  This  w o r k  ver i f i ed  t ha t  t he  m e t h o d  used  b y  
B u t l e r  and  c o - w o r k e r s  (1, 4) for  t he  d e t e r m i n a t i o n  f , o ~  
of the  t r u e  su r face  a r e a  of a p l a t i n u m  e lec t rode ,  b y  
m e a s u r e m e n t  of t he  n u m b e r  of o x y g e n  a toms  d e -  
pos i ted ,  does o p e r a t i o n a l l y  p r o v i d e  an  i m p r o v e d  CYLINDER 

def in i t ion  of t r u e  su r f ace  a r e a  fo r  th is  e l ec t rode .  

Experimental 
One of the  a ims  of th is  i n v e s t i g a t i o n  was  to b u i l d  

an e l e c t r o c h e m i c a l  s y s t e m  in w h i c h  a r i go rous  con-  
t ro l  was  poss ib le  of t he  f ac to r s  w h i c h  w e n t  in to  t he  
e l ec t rode  process .  S ince  d i f fus ion of a i r  in to  t he  cel l  
m a y  h a v e  de l e t e r i ous  effects,  pa ins  w e r e  t a k e n  to 
b u i l d  a v a c u u m - t i g h t  sys tem.  The  gas  d i s t r i b u t i o n  
(Fig .  1) and  pur i f i ca t ion  s y s t e m  was  c o n s t r u c t e d  

T•• X HZ 

FLOWMETERS 

t H2/He OR He 

I 
MERCURY 
SAFETY 
VALVE 

Fig. 1. Gas distribution system 

H2 TO PALLADIUM TUBE I=- 

TO CELL 

TO CELL 
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Fig. 2. Helium purification train : 1, flowmeter; 2, furnace 
(200~ 3, Meyer-Ronge Cu catalyst column; 4, molecular sieves; 
5, Jiquid nitrogen trap; 6, trap; 7, saturater (water); 8, oxygen 
generator (electrolytic); 9, electrolytic cell; 10, bubbler. 

e n t i r e l y  of copper  and  P y r e x  glass ,  f ree  of g r o u n d  
glass  s topcocks  and  connec tors .  C o p p e r  t u b i n g  con-  
nec t ions  w e r e  m a d e  f r o m  the  gas  sources  to t he  f low-  
m e t e r s  w h e r e  the  l ines  w e r e  connec t ed  to an  a l l -  
g lass  s y s t e m  t h r o u g h  K o v a r  seals.  The  a l l - g l a s s  sys -  
t e m  was  c o n s t r u c t e d  of 1/4 in. f l anged  glass  p ipe  
j o i n e d  to t he  v a r i o u s  c o m p o n e n t s  of t h e  pur i f i ca t ion  
s y s t e m  and  the  e l e c t r o l y t i c  cell .  A l l  j o in t s  w e r e  
sea led  w i t h  Vi ton  A O - r i n g s  w i t h  t he  n e c e s s a r y  glass  
p ipe  coupl ings .  The  en t i r e  s y s t e m  was  v a c u u m - t i g h t  
u n d e r  a m o d e r a t e  vacuum.  No di f fus ion of a i r  
t h r o u g h  the  jo in t s  was  o b s e r v e d  d u r i n g  a 3 0 - d a y  
p e r i o d  p r i o r  to t he  first  e x p e r i m e n t a l  run .  The  e n -  
t i r e  s y s t e m  was  f r e q u e n t l y  checked  fo r  l eaks  w i th  a 
l e a k  d e t e c t o r  d e v e l o p e d  at  t he  N a v a l  R e s e a r c h  L a b -  
o ra to ry .  

T a n k  h y d r o g e n  was  pa s sed  t h r o u g h  a Se r fas s  H y -  
d r o g e n  Pu r i f i e r  ( h e a t e d  p a l l a d i u m - s i l v e r  t u b e s ) ,  
s a t u r a t e d  w i t h  c o n d u c t i v i t y  w a t e r ,  and  t hen  passed  
t h r o u g h  the  e l ec t ro lys i s  cell .  The  n o r m a l  f low r a t e  
for  p u r e  h y d r o g e n  in t he  cel l  was  420 m l / m i n .  By  
su i t ab l e  m a n i p u l a t i o n  of t h e  m a n i f o l d  v a l v e s  h y d r o -  
gen  could  be  m a d e  to f low in a n y  one or  a l l  of the  
t h r e e  gas  l ines  shown  in  Fig .  i .  

F i g u r e  2 g ives  t h e  de t a i l s  of the  h e l i u m  pur i f i ca -  
t ion t r a in .  W a t e r - p u m p e d ,  G r a d e  A h e l i u m  e n t e r e d  
the  s y s t e m  f r o m  s to r age  t a n k s  t h r o u g h  a p r e s s u r e  
r e d u c i n g  gauge  to a f lowmete r .  F r o m  the  f l o w m e t e r  
the  h e l i u m  pas sed  t h r o u g h  a M e y e r - R o n g e  copper  
c a t a l y s t  b e d  (5)  w h i c h  was  m a i n t a i n e d  at  200~ 
then  t h r o u g h  two  t r a p s  con ta in ing  L i n d e  5A m o l e -  
c u l a r  sieve,  and  t h e n  t h r o u g h  an  a d d i t i o n a l  m o l e c u -  
l a r  s ieve  co lumn  i m m e r s e d  in  l i qu id  n i t rogen .  A f t e r  
pass ing  the  l i qu id  n i t r o g e n - c o o l e d  t r ap ,  the  gas  was  
s a t u r a t e d  w i t h  w a t e r  v a p o r  t hen  sent  t h r o u g h  an  
a r m  of an  e l ec t ro ly t i c  cell ,  w h i c h  could  be  used  as an  
o x y g e n  gene ra to r ,  a n d  t h e n  into  t he  e l ec t ro lys i s  cell .  
A w a t e r  t r a p  on t h e  gas  ex i t  s ide  of t he  cel l  p r e -  
v e n t e d  d i f fus ion of a i r  in to  t he  sys tem.  

In  t he  " p r e - e l e c t r o l y s i s "  t r e a t m e n t  the  p l a t i n u m  
(99.99 % p u r e )  b e a d  and  c o u n t e r e l e c t r o d e  w e r e  con-  
nec t ed  t o g e t h e r  and  m a d e  the  a n o d e  w i t h  r e s pe c t  to 
a p l a t i n u m  w i r e  ca thode  s u b s t i t u t e d  for  t he  p a l l a -  
d i u m  r e f e r e n c e  e lec t rode .  C u r r e n t  of 15 to 180 m a  
was  passed  t h r o u g h  the  h y d r o g e n - s a t u r a t e d  e lec -  
t r o l y t e  in t he  cel l  for  a t  l eas t  24 hr .  A f t e r  t he  p a l l a -  
d i u m  r e f e r e n c e  e l ec t rode  is s u b s t i t u t e d  for  t he  p r e -  
e l ec t ro lys i s  ca thode ,  t he  e l ec t rodes  w e r e  p e r m i t t e d  
to r e m a i n  in t he  h y d r o g e n - s a t u r a t e d  e l e c t r o l y t e  u n -  
t i l  the  p o t e n t i a l  b e t w e e n  the  p l a t i n u m  e l ec t rodes  
was  equa l  to zero and  the  p o t e n t i a l  of each  p a l l a -  
d i u m  e l ec t rode  was  50 m v  pos i t i ve  ( the  p o t e n t i a l  of 
the  m a x i m u m  a P d - H  e l e c t r o d e )  to each  P t / H 2  e l ec -  
t rode .  These  a P d - H  e l ec t rodes  w e r e  used  as r e f e r -  
ence e l ec t rodes  b e c a u s e  t h e i r  p o t e n t i a l  in  t he  e l ec -  
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Fig. 3. Circuit diagram 

t r o l y t e  used  is 50 m v  pos i t i ve  to t h e  n o r m a l  h y d r o -  
gen  e l ec t rode  ( N H E )  and  is i n d e p e n d e n t  of the  
p a r t i a l  p r e s s u r e  of h y d r o g e n  (6) .  

The  w i r i n g  d i a g r a m  and  cross  sec t ion  of t he  e lec -  
t r o l y t i c  cel l  is shown  in Fig .  3. The  e l e c t ro ly t i c  cel l  
was  m a d e  f r o m  two  2 in. ID f langed  glass  p ipe  caps  
s ecu red  b y  a s u i t a b l e  coup l ing  and  Vi ton  A O- r ing .  
The  p l a t i n u m  c o u n t e r e l e c t r o d e  was  m a d e  f r o m  p l a t -  
i n u m  gauze  in t he  f o r m  of a c y l i n d e r  a p p r o x i m a t e l y  
21/4 in. h igh  and  17/8 in. in  d i a m e t e r .  E l e c t r i c a l  con-  
nec t ion  was  t h r o u g h  t h e  w a l l  of t he  glass  cap.  The  P t  
and  P d  b e a d  e l ec t rodes  h a d  a p p a r e n t  a r e a s  of abou t  
0.1 cm 2. The  P d  t u b e  e l ec t rode  was  2 in. in length ,  
1/4 in. OD and  0.005 in. w a l l  th ickness .  

The  u p p e r  ha l f  of the  cel l  was  a s im i l a r  f langed 
glass  p i p e  cap  w i t h  t h r e e  f langed  glass  p i p e  n ipp l e s  
of v a r y i n g  l e n g t h  p r o j e c t i n g  f r o m  the  top  of t he  
cap. Two gas  in le t  po r t s  w h i c h  l ed  to t he  b o t t o m  
of t he  cel l  w e r e  d i a m e t r i c a l l y  oppos i te  one a n o t h e r  
w i t h  an  ou t l e t  p o r t  a t  r i g h t  angles .  

The  p l a t i n u m  b e a d  e l ec t rode  w h i c h  was  t i g h t l y  
m o u n t e d  in a d r i l l e d  Teflon rod  was  t h e n  sea led  
off w i t h  m o l t e n  p o l y e t h y l e n e ,  t he  p a l l a d i u m  b e a d  
e l ec t rode  and  the  p a l l a d i u m  t u b e  e l ec t rode  w e r e  a l l  
i n s e r t e d  t h r o u g h  the  glass  n i p p l e s  in to  t he  cell .  

The  e l e c t r o l y t e  was  2.3N I-I2SO4 m a d e  w i t h  d i s -  
t i l l ed  w a t e r  t h a t  was  f u r t h e r  pur i f i ed  b y  r e d i s t i l l a -  
t ion  w i t h  a l k a l i n e  p e r m a n g a n a t e  f o l l o w e d  b y  a 
d o u b l e  d i s t i l l a t i on  in  a q u a r t z  st i l l .  The  a m b i e n t  cel l  
t e m p e r a t u r e  was  25 ~ --  I~  

Pu l ses  f r o m  an  E l e c t r o - P u l s e  Mode l  3450C pu l se  
g e n e r a t o r  w e r e  pa s sed  first  t h r o u g h  a ser ies  of  fou r  
1N252 d iodes  to e l i m i n a t e  a r e s i d u a l  d - c  c u r r e n t  
f rom the  g e n e r a t o r  and  t h e n  t h r o u g h  a c u r r e n t - c o n -  
t r o l l i n g  r e s i s to r  (Rstd in  Fig .  3) .  S ince  the  p o t e n t i a l  
d rop  across  th is  r e s i s to r  was  a b o u t  two  o r d e r s  of 
m a g n i t u d e  h i g h e r  t h a n  the  v o l t a g e  d rop  across  t he  
cell ,  cons t an t  c u r r e n t  pu l ses  w e r e  app l ied .  Changes  
of p o t e n t i a l  w i t h  t ime  w e r e  p h o t o g r a p h e d  f r o m  the  
sc reen  of a c a r e f u l l y  c a l i b r a t e d  T e k t r o n i x  535 osci l -  
loscope.  A L&N e lec t ron ic  p H  i n d i c a t o r  was  used  to 
obse rve  o p e n - c i r c u i t  po ten t i a l s .  

Double Layer Capac i tance  
In  o r d e r  to d e t e r m i n e  a c c u r a t e l y  the  cou lombic  

e q u i v a l e n t  of h y d r o g e n  a t o m s  ion ized  and  of o x y g e n  
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a toms  f o r m e d  d u r i n g  a c h a r g i n g  curve ,  t he  n u m b e r  
of cou lombs  used  to cha rge  the  doub le  l a y e r  in  these  
p o t e n t i a l  r eg ions  m u s t  be  d e t e r m i n e d .  A d e t e r m i n -  
a t ion  of doub le  l a y e r  c apac i t ance  vs.  p o t e n t i a l  is 
t hen  n e c e s s a r y  because  the  n u m b e r  of cou lombs  
used  to cha rge  the  doub le  l a y e r  can  be  cons ide r ed  to  
be equa l  to t he  p r o d u c t  of the  a v e r a g e  doub le  l a y e r  
c a p a c i t a n c e  ove r  t he  a p p l i e d  p o t e n t i a l  r eg ion  m u l -  
t i p l i ed  b y  the  c h a n g e  in  po ten t i a l .  

The  doub le  l a y e r  c a p a c i t a n c e  was  d e t e r m i n e d  by  
a s ingle  pu l se  m e t h o d  s im i l a r  to t ha t  used  b y  S c h m i d  
and  H a c k e r m a n  (7) .  S ing l e  f ive m i c r o s e c o n d  con-  
s t an t  c u r r e n t  pu l ses  of low c u r r e n t  d e n s i t y  w e r e  
a p p l i e d  to the  p l a t i n u m  e lec t rode .  These  pu l ses  w e r e  
a p p l i e d  a t  v a r i o u s  o p e n - c i r c u i t  po ten t i a l s .  S ince  
P r e s b r e y  and  S c h u l d i n e r  (8) s h o w e d  t h a t  a t  s m a l l  
o v e r v o l t a g e s  e s s e n t i a l l y  a l l  of t h e  a p p l i e d  c u r r e n t  
goes to c h a r g i n g  of  t he  d o u b l e  l a y e r  in t he  f irst  10 
~sec, f a r a d a i c  effects due  to the  ion iza t ion  of h y d r o -  
gen  w o u l d  be  neg l ig ib le .  

The  o p e n - c i r c u i t  p o t e n t i a l  on the  p l a t i n u m  e lec-  
t r o d e  was  v a r i e d  f r o m  the  e q u i l i b r i u m  h y d r o g e n  
p o t e n t i a l  a t  1 a t m  p a r t i a l  p r e s s u r e  of h y d r o g e n  to 
o the r  e q u i l i b r i u m  h y d r o g e n  p o t e n t i a l s  b y  d e c r e a s i n g  
the  h y d r o g e n  p a r t i a l  p r e s s u r e  w i t h  h y d r o g e n - h e l i u m  
m i x t u r e s .  B y  th is  m e a n s  the  o p e n - c i r c u i t  p o t e n t i a l  
was  m a d e  m o r e  nob le  to a l imi t  of a b o u t  0.1v pos -  
i t ive  to NHE. More  pos i t i ve  r e s t  p o t e n t i a l s  w e r e  
ach i eved  b y  b u b b l i n g  p u r e  h e l i u m  t h r o u g h  t h e  so -  
lu t ion  m i x e d  w i t h  f r o m  0.01 to 1.5% oxygen .  F o r  
low o x y g e n  concen t r a t i ons  such  m i x t u r e s  caused  
the  res t  p o t e n t i a l  to change  to m o r e  nob le  v a l u e s  
v e r y  s l o w l y  ( a b o u t  16 h r  w e r e  r e q u i r e d  to change  
the  p o t e n t i a l  to a b o u t  0.8v pos i t ive  to N H E ) .  

H i g h e r  r e s t  p o t e n t i a l s  w e r e  a c h i e v e d  b y  a n o d i c a l l y  
po l a r i z i ng  the  p l a t i n u m  e l ec t rode  w i t h  a se r ies  of 
5 ~sec pulses ,  t u r n i n g  t h e m  off and  l e t t i ng  the  p o -  
t e n t i a l  d e c a y  to  a p o i n t  w h e r e  i t  c h a n g e d  v e r y  s l o w l y  
w i th  t ime .  Doub le  l a y e r  c apac i t ance  v a l u e s  w e r e  
o b t a i n e d  in th is  w a y  up  to abou t  lv .  H i g h e r  o p e n -  
c i r cu i t  v a l u e s  w e r e  d e t e r m i n e d  in  the  s ame  way ,  
b u t  in these  cases  t he  change  in  p o t e n t i a l  w i t h  t i m e  
was  p r e c e p t i b l e  in  a m a t t e r  of seconds  so t h a t  
doub le  l a y e r  c a p a c i t a n c e  va lue s  h a d  to be  t a k e n  
r a p i d l y  d u r i n g  th is  per iod .  I t  was  diff icult  to coo r -  
d i n a t e  p o t e n t i a l  w i t h  doub le  l a y e r  c a p a c i t a n c e  in 
th is  r eg ion  and  on ly  r e l a t i v e l y  f ew  va lues  w e r e  
o b t a i n e d  in th is  way .  

D o u b l e  l a y e r  capac i t ances  also w e r e  o b t a i n e d  in  
h e l i u m - s a t u r a t e d  so lu t ions  in  t he  absence  of ox -  
y g e n  b y  t h e  a b o v e  p o l a r i z a t i o n  and  d e c a y  t e c h n i q u e  
at  po t en t i a l s  b e l o w  0.8v. These  r e su l t s  checked  w i t h  
va lue s  o b t a i n e d  w i t h  r e s t  po ten t i a l s .  Doub le  l a y e r  
capac i t ances  w e r e  e f fec t ive ly  t he  s ame  for  ca thod ic  
or  anodic  po la r i za t ion ,  a l t h o u g h  mos t  of t he  va lue s  
w e r e  d e t e r m i n e d  w i t h  anod ic  pulses .  The  c a p a c i -  
t ances  w e r e  i n d e p e n d e n t  of c u r r e n t  dens i t ies ,  w h i c h  
r a n g e d  f r o m  a b o u t  10 to  40 m a / c m  2. I t  d id  no t  m a t -  
t e r  i f  r e s t  p o t e n t i a l s  w e r e  p r e c e d e d  b y  a m o r e  or  
less pos i t i ve  res t  po t en t i a l .  

F i g u r e  4 dep ic t s  t he se  5 #sec c h a r g i n g  cu rves  at  
two  o p e n - c i r c u i t  po ten t i a l s .  The  doub le  l a y e r  ca -  
pac i t ance ,  C, in m i c r o f a r a d s  was  d e t e r m i n e d  b y  the  
r e l a t i o n  

C = I ~ t / ~ E  [ 1 ] 

Fig. 4. Typical charging curves used to determine double layer 
capacitance. Note: The direction of the time scale on this and 
succeeding oscilloscope traces is reversed from its normal direction. 
Zero time is on the right side of the pulses. The time scale reads 
from right to left. 
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Fig. 5. Double layer capacitance vs. open circuit potential 

w h e r e  I is t h e  a p p l i e d  c u r r e n t  in  a m p e r e s ,  z~t is t he  
c h a n g e  in t i m e  in  mic roseconds ,  a n d  AE is t h e  c h a n g e  
in  p o t e n t i a l  in  vo l t s  d u r i n g  At. The  less  s t eep  c u r v e  
Fig.  4a ind ica t e s  a h i g h e r  c a p a c i t a n c e  t h a n  the  c u r v e  
shown  in Fig.  4b. The  a r e a  of t he  e l ec t rode  was  d e -  
t e r m i n e d  b y  a m e t h o d  w h i c h  wi l l  be  d e s c r i b e d  l a t e r .  

F i g u r e  5 shows  t h e  d o u b l e  l a y e r  c a p a c i t a n c e  vs.  
o p e n - c i r c u i t  p o t e n t i a l  r e l a t i o n  ob ta ined .  As  can be  
seen,  r e p r o d u c i b i l i t y  was  r e a s o n a b l y  good  excep t  
n e a r  zero  po ten t i a l .  He re  poor  r e p r o d u c i b i l i t y  can  
be  a t t r i b u t e d  to t he  e x t r e m e  s e n s i t i v i t y  of t he  p l a t -  
i n u m  e l e c t r o d e  sur face .  I t  is b e l i e v e d  t h a t  in  th is  
r eg ion  the  d o u b l e  l a y e r  c a p a c i t a n c e  on p l a t i n u m  
does change  d r a s t i c a l l y  f r o m  m o m e n t  to m o m e n t  
a n d  t h a t  t he se  l a r g e  v a r i a t i o n s  a r e  no t  due  to e x -  
p e r i m e n t a l  e r r o r  or  to i m p u r i t i e s .  The  i m p u r i t y  e f -  
fect  was  d i s coun ted  because  an  i nc rea se  in  doub le  
l a y e r  c a p a c i t a n c e  was  j u s t  as l i k e l y  f r o m  one  m e a s -  
u r e m e n t  to a succeed ing  one as was  a dec rease .  

Anodic  Charg ing  Curves 

A t y p i c a l  anodic  c h a r g i n g  cu rve  in  h y d r o g e n -  
s a t u r a t e d  so lu t ion  is s h o w n  in Fig .  6. S i m i l a r  cu rves  
h a v e  been  o b t a i n e d  b y  P e a r s o n  and  B u t l e r  (4) ,  
Bre i t e r ,  K n o r r ,  a n d  VSlkl  (2 ) ,  and  o thers .  H o w e v e r ,  
i t  is fe l t  t h a t  some a d d i t i o n a l  de ta i l s ,  w h i c h  could  
be  m e a s u r e d  w i t h  a r e a s o n a b l e  d e g r e e  of accuracy ,  
a r e  a p p a r e n t .  This  c h a r g i n g  cu rve  dep ic t s  a ser ies  
of even t s  occu r r i ng  a t  t he  p l a t i n u m  anode .  The  p e r -  
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Hydrogen ionization region 
Double layer charging region 
Oxygen atom adsorption region 
Molecular oxygen evolution 

0 to 0.55 +_ 0.07v 
0.55 to 0.88 _+ 0.04v 
0.88 to 1.76 __+ 0.07v 
Starts at 1.76 +_ 0.07v 

Fig. 6. Typical anodic charging curve for P~2 = 1 arm 

pendicular  r ise f rom the foot of the pulse at  open 
circuit  (zero cur ren t )  to the  point  at  zero poten t ia l  
is due to the  solution IR drop be tween  ' the work ing  
and reference  electrode. Al l  polar izat ion potent ia ls  
have been corrected for this  solution resis tance po-  
larizat ion.  The potent ia ls  shown on the charging 
curves represent  these corrected polar iza t ion  po-  
tentials .  

The port ion of the curve shown in Fig. 6 f rom 0 
to 0.58v represents  the  ionizat ion of hydrogen  atoms 
sorbed on the p l a t inum electrode.  At  0.58v a s l ight ly  
detec table  a r res t  is apparen t  fol lowed by  a sharp rise 
to 0.89v. This r ise is usua l ly  considered to represent  
the  charging  of the  double l aye r  to a potent ia l  at  
which oxygen atoms can be formed. However  it  wi l l  
be shown tha t  when hydrogen  is sorbed on the p l a t -  
inum at open circuit,  the bu lk  of the coulombs r ep re -  
sented by  this potent ia l  r ise  is owing to hydrogen  
atoms being ionized. Only about  one - th i rd  of the 
number  of coulombs go to charging the double layer .  
However,  in respect  to t radi t ion,  the  potent ia l  range  
f rom about  0.55 to 0.88v wil l  be r e fe r red  to as the 
double l ayer  charging region. The l inear  r ise f rom 
0.89 to 1.77v is caused by  the format ion  of a mono-  
l ayer  of oxygen atoms (1, 9). Molecular  oxygen is 
evolved above 1.78v. 

At  an open-c i rcu i t  po ten t ia l  of about  0.35v ( these 
were  va r i ed  as in the de te rmina t ion  of double  l aye r  
capaci tance)  no hydrogen  remains  sorbed on the 
p la t inum.  This can be seen f rom Fig. 7 where  the 
hydrogen  ionizat ion region is absent.  The sharp 
l inear  r ise  be tween  0.34 and 0.85v here  t ru ly  r ep re -  
sents the charging of the  double l aye r  capacitance.  
The calculat ion,  using Eq. [1], of the double l aye r  
capaci tance f rom a number  of s imi lar  curves gave 

Fig. 7. Typical anodic charging curve for PH2 = 0 arm 

an average  C close to 40 ~F/cm 2. This va lue  is in 
good agreement  wi th  the independen t ly  de te rmined  
average  double l ayer  capaci tance shown in Fig. 5 
for the  same poten t ia l  region. 

Average  poten t ia l  va lues  of the boundar ies  of the  
var ious  regions taken  f rom over one hundred  sep-  
a ra te  charging curves,  using pulse widths  f rom 400 
to 2000 ~sec and cur ren t  densi t ies  f rom 0.6 to 2 a m p /  
cm 2, are  given in Table  I. The percentage  e r ror  is 
most  m a r k e d  for the  l imi t  of the  hydrogen  ioniza-  
t ion region. This is not  only  because a separa t ion  
be tween two sharp ly  r is ing curves is necessary,  but  
also because the a r res t  be tween  the two curves  was 
jus t  percept ible .  

Determination of True Surface Area  

But ler  and co-workers  proposed tha t  the  surface 
area  of a p l a t inum electrode could be de te rmined  
by  the  number  of oxygen atoms deposi ted on the 
surface in the l inear  oxygen a tom format ion  region. 
This proposal  assumes tha t  a monolayer  of oxygen 
atoms is fo rmed in this  region and tha t  there  is a 
one- to -one  correspondence be tween  p l a t i num and 
oxygen atoms. The exper imen ta l  va l id i ty  of these 
assumptions is given in references  (1-3, 10) and in 
the  l i t e ra tu re  quoted therein.  There  is some ques-  
tion, however ,  as to whe ther  the  monolayer  of ox-  
ygen was chemisorbed or a un imolecular  l aye r  of 
PtO was formed (9).  The double  l aye r  capaci tance 
vs. poten t ia l  re la t ionships  shown in Fig. 5 as wel l  
as the resul ts  in perchlor ic  acid given by  La i t inen  
and Enke (10) suppor t  the chemisorbed oxygen 
atom proposal ,  since both invest igat ions  do not in-  
dicate  a fal l ing off of double  l ayer  capaci tance in 
the  oxygen format ion  region. If a t rue  oxide  were  
formed,  one would  expect  a fal l ing off in double  
l ayer  capaci tance as the surface became covered 
wi th  the oxide. 

In this invest igat ion,  the areas  of the  p la t inum 
electrodes were  de te rmined  in the fol lowing way. 
The t rans i t ion  times, in microseconds, of l inear  ox-  
ygen a tom adsorpt ion  regions (as shown in Fig. 6 
and 7) were  determined.  Mul t ip ly ing  these t r ans i -  
t ion t imes by  the appl ied  currents ,  in amperes ,  gave 
the to ta l  numbers  of microcoulombs consumed in 
these regions. These microcoulombs were  consumed 
in two processes, (a)  by  the charging of the  double 
l ayer  in the potent ia l  region f rom about  0.88 to 
1.76v, and (b)  in the  format ion  of oxygen atoms. The 
number  of microcoulombs consumed in charging the  
double l ayer  was de te rmined  f rom the average  
double  l ayer  capaci tance in the poten t ia l  region 
f rom 0.88 to 1.76v. This average  was de te rmined  by  
plot t ing a double  l aye r  capaci tance vs. potent ia l  
relat ion,  in tegra t ing  under  this curve in the  requi red  
potent ia l  region and dividing by  AE (0.88v). The 
number  of microcoulombs requ i red  to charge the 
average  double  l aye r  capaci tance f rom 0.88 to 1.76v 
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was then subtracted from the total number  of micro- 
coulombs consumed in the oxygen atom adsorption 
region of the charging curves. The resulting number  
of microcoulombs represented the number  of oxygen 
atoms adsorbed as a monolayer  on the plat inum 
electrode. Using the value of 1.31 x 1015 plat inum 
a toms/cm 2 (11) and assuming a one- to-one cor- 
respondence between oxygen and plat inum atoms on 
the surface, the true area of the electrode was 
readily determined. Areas of the electrodes used 
were all determined in this way  as were all current  
density values given in this paper. Calculations of 
the true electrode area were made also by taking 
a geometric area of the electrodes and multiplying 
by a roughness factor of two; these calculations gave 
values which were close to those found above. 

Oxygen Atom Adsorption Region 

The oxygen atom adsorption regions on the 
charging curves were very  linear when no oxygen 
was present in the gas bubbling through the elec- 
trolyte. However, when oxygen was added and 
the open-circuit  potential was above 0.175v this 
region was slightly convex, as a close examination 
of Fig. 7 will show. This effect is probably due to 
the coverage of some sites with molecular oxygen or 
other oxygen containing species. This is borne out 
by the results shown in Fig. 8. This figure shows 
a plot of the relation between the number  of oxygen 
atoms adsorbed as a result of coulombic charging 
and the open-circuit  potential for two plat inum 
electrodes of different sizes. The resulting curves 
show that  the number  of atoms adsorbed is vir tually 
independent of hydrogen partial pressure and of 
even a small amount  of oxygen up to an open-cir-  
cuit potential of about 0.175v. At higher open-circuit  
potentials there is a significant decrease in the num-  
ber of oxygen atoms formed during anodic charging. 
This decrease undoubtedly is due to the partial 
covering of the plat inum with molecular oxygen 
and/or  oxygen bearing species. The curves in Fig. 8 
clearly show that  during the time of charging the 
reaction of molecular hydrogen with the chemi- 
sorbed atomic oxygen is negligibly slow. 

In the open-circuit  region from 0 to 0.175v, the 
slope of the oxygen atom adsorption region gives an 
average oxygen atom adsorption capacitance of 478 
~Fd/cm ~. The fact that  this region is so linear (ex- 
cept, of course, for the slight rounding off at each 
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Fig.  8. Dependence of the number of oxygen atoms adsorbed 
during anodic charging on the open-circuit potential. Note: Arrows 
indicate hydrogen partial pressure limits (1 arm at zero potential 
decreasing to zero arm at points indicated on each curve) and 
potentials at which oxygen was first introduced into the cell. 
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Fig. 9. Anodic charging curve in hydrogen ionization region 

end) indicates that this adsorption capacitance is 
independent of potential. In fact, it strongly indicates 
that  the potential is determined by the degree of 
surface coverage with adsorbed oxygen atoms. 

Hydrogen Ionization Region 

A close examination of the hydrogen ionization 
region (Fig. 9) shows that  there is indeed a very  
complex relation between hydrogen atom sorption 
and potential. The total number  of hydrogen atoms 
ionized up to the start of the double layer region 
(0.55v) was determined by taking the total number  
of coulombs/cm 2 in the transition region as deter- 
mined from the charging curves, subtracting the 
number  of coulombs/cm ~ used to charge the double 
layer from the open-circuit  potential to 0.55v (av- 
erage double layer capaci tance/cm 2 from integration 
of appropriate potential regions under curve in Fig. 
5) and multiplying by 6.25 x 10 TM (factor for con- 
verting coulombs to number  of atoms). 

The relation between the number  of hydrogen 
atoms ionized up to the double layer region and the 
open-circuit  potential is given in Fig. 10 (middle 
curve).  The number  of hydrogen atoms which were 
ionized in the double layer  region (0.55 to 0.88v) 
was determined after subtraction of the number  of 
charges used to raise the potential of the double 
layer by this additional 0.33v. The average value of 
capaci tance/cm ~ again was determined from Fig. 5. 
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Fig. 10. Dependence of the number of hydrogen atoms per cm 2 
of electrode surface on the open circuit potential. 



Vol.  110, No.  4 H Y D R O G E N  I O N I Z A T I O N - O X Y G E N  E V O L U T I O N  

Table [I. Number of hydrogen atoms in each section of the charging curve 

up to the oxygen formation reaction 
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O p e n - c i r c u i t  
p o t e n t i a l  v s .  L i m i t i n g  p o t e n t i a l  of each  sec t ion  

NHE,  v EH I EH 2 EH 3 EH~ EH 5 EH 6 H1 
No. of  H a t o m s / c m  2 ( • 10 -~5) 

H2 H3 H~ H~ 

0.000 0.09 0.14 0.23 0.29 0.61 0.91 0.09 
0.020 0.08 0.13 0.21 0.27 0.60 0.88 0.09 
0.022 0.08 0.14 0.21 0.27 0.59 0.88 0.09 
0.130 - -  - -  0.22 0.31 0.55 0.89 0.00 

The bot tom curve in Fig. l0 shows the re la t ion  be-  
tween the number  of hydrogen  atoms ionized in the 
double l aye r  region and the  open-c i rcu i t  potent ial .  
The fact tha t  the  number  of hydrogen  atoms in the  
double l aye r  region is essent ia l ly  independent  of the  
hydrogen  par t i a l  p ressure  up  to an open-c i rcu i t  po-  
ten t ia l  of about  0.2v, proves  conclusively tha t  the  
number  of hydrogen  molecules which dissociate to 
give hydrogen  atoms dur ing  the charging per iod  is 
insignificant. Even a smal l  amount  of oxygen in 
this potent ia l  r ange  does not affect the  number  of 
hydrogen  atoms ionized. This shows tha t  the reac-  
t ion ra te  be tween  oxygen and adsorbed  hydrogen  
atoms at  these low oxygen par t i a l  pressures  and 
short  t rans i t ion  t imes is so slow tha t  this  react ion 
has a negl ig ible  effect. Previous  work  (8, 12) in-  
dicated tha t  in the  400 #sec or shor ter  in te rva l  used 
in removing the hydrogen  by  anodic charging,  about  
2 x 1012 hydrogen  molecules wi l l  dissociate to h y -  
drogen atoms. This means  tha t  to see the  effects of 
dissociation of hydrogen  molecules one would  have 
to increase the  precision of the  da ta  shown in Fig. 
10 by  about  100 times. 

The uppermos t  curve in Fig. 10 represents  the  
re la t ionship  be tween  the to ta l  amount  of hydrogen  
ionized and the open-c i rcu i t  potent ial .  Bre i te r ' s  
da ta  (13) gives points  which correspond closely to 
the upper  and lower  par t s  of the  middle  curve in 
Fig. 10. In t e rmed ia te  points  on Bre i te r ' s  curve ap-  
pear  to lie be tween  the midd le  and upper  curves. 

An examina t ion  of each section of the  complex 
hydrogen  ionization curves, as shown in Fig. 9, was 
made at  severa l  open circui t  potentials .  These data,  
corrected for double  l aye r  charging,  are summarized  
in Table  II. These resul ts  show tha t  the six r e l a -  
t ive ly  l inear  par t s  of the  ove r -a l l  hydrogen  ioniza-  
t ion region occurred in wel l -def ined  potent ia l  ranges  
which were  independent  of the  open-c i rcu i t  po ten-  
t ia l  (hydrogen  pa r t i a l  p ressure)  on the p la t inum.  I t  
is ins t ruct ive  to note tha t  even though the pa r t i a l  
pressure  of molecular  hydrogen  has been reduced to 
about  two- t en ths  of an a tmosphere  for  the  0.020 and 
0.022v equi l ib r ium open-c i rcui t  values,  the effects 
of molecular  hydrogen  atomizat ion are not apparen t  
in the zero potent ia l  curve. This fu r the r  supports  our 
contention tha t  dissociat ion of molecular  hydrogen  
is of insignificant effect on our charging curves. 
Also, i t  is in teres t ing  to note in the  0.13v open-c i r -  
cuit  charging curve tha t  while  sections 1 and 2 are  
complete ly  gone, a lower ing  of hydrogen  content  
in sections 3, 4, and especial ly  5 al l  occur. Hence it 
appears  tha t  as the open-c i rcui t  po ten t ia l  becomes 
increas ingly  positive, some hydrogen  (but  not  in 

0.23 0.26 0.34 0.36 0.16 
0.21 0.28 0.32 0.39 0.14 
0.24 0.17 0.32 0.37 0.16 
0.00 0.14 0.23 0.18 0.12 

re la t ive ly  equal  amounts)  is lost f rom each of 
these r e g i o n s .  

Even though this inves t igat ion has shown tha t  
the hydrogen  ionizat ion region can be b roken  down 
into six wel l -def ined potent ia l  sections and the hy -  
drogen content  of each can be de te rmined  wi th  r ea -  
sonable accuracy,  this st i l l  does not  indicate  the  di f -  
ferent  ways  in which the hydrogen  atoms are  asso- 
ciated wi th  the  p la t inum surface. P r e s b r e y  and 
Schuld iner  (8) discuss this in some detai l .  In  the 
present  paper  we can only say tha t  hydrogen  is 
sorbed on pla t inum,  most of this sorpt ion is p rob -  
ab ly  a combinat ion of s t rongly  and weak ly  bonded 
chemisorbed H atoms, and pa r t  is p robab ly  hyd ro -  
gen atoms al loyed wi th  the  surface layers  of p l a t -  
inum. The fact  tha t  the  first section has only 0.09 
x 1015 H a toms /cm 2 ( the degree of surface coverage, 
8, would  be about  0.07) indicates tha t  only re la t ive ly  
few of the  H atoms are act ive nea r  the NHE equi -  
l i b r ium potent ia l .  The to ta l  hydrogen  curve in Fig. 
10 indicates  four ma jo r  hydrogen  sorpt ion regions. 
Each of these regions can be  represen ted  by  essen- 
t ia l ly  a l inear  a tom number  vs. potent ia l  relat ion.  
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Technical Notes @ 
Phenomena a t  a S o l i d - M e l t  In te r face  

J. R. O ' C o n n o r  

Lincoln Laboratory,  ~ Massachuset ts  Ins t i tu te  of Technology, Lexington,  Massachusetts  

The general theory of crystal growth distinguishes 
between two mechanisms (1):  (a) the growth in- 
terface is singular and advances by the lateral  mo-  
tion of steps or (b) the growth interface is diffuse 
and can advance normal  to itself without the need 
of steps. Two experiments, which were designed to 
investigate such phenomena, have been performed. 

One experiment studies the distribution coeffi- 
cient, k, of Sb in Ge as a function of crystal orien- 
tation. Anisotropy in this coefficient was first re-  
ported by Hall (2). In this experiment tricrystals 
are grown from an Sb doped Ge melt. The simulta- 
neous growth of tricrystals minimizes variations in 
several crystal growth parameters.  The distribution 
coefficient is then calculated f rom the variation of 
conductivity along the growth axis. The seeds of 
these crystals were oriented in the [111], [100], 
[110], and [112] directions. When a [112] seed was 

used, the crystal invariably twinned to a [112] di- 
rection. Several crystals were grown at various 
growth rates. The data on these crystals are shown 
in Fig. 1. In part icular  one notes that  (a) a minimum 

k is obtained for a [112] crystal direction, (b) a 

small but  finite difference exists between [112] and 

z O p e r a t e d  w i t h  suppo r t  f r o m  the  U.S. A r m y ,  Navy ,  a n d  A i r  
F o r c e .  
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Fig. 1. Distribution coefficient of Sb in Ge is plotted as a 
function of growth rate for several crystal orientations. 

[112] crystal orientations, (c) for growth rates, 
f, between 2 and 7 in./hr,  the distribution coefficient 
rises at a rapid rate, (d) the coefficients for [100], 
[110], and [112] orientations are intermediate be- 
tween those for [111] and [112] directions, and (e) 
at large growth rates the slopes of all the curves ap- 
pear equal. The anisotropy in k as well as the value 
of k extrapolated to zero growth rate, k0, are in 
agreement with previous work (2, 3). For dif- 
ferent tricrystals grown at the same rate, variations 
in the anisotropy of k varied as much as 5%. To in- 
vestigate this discrepancy [ 111 ] crystals were grown 
from low and high thermal  gradient melts. For a 
high gradient the anisotropy in k was reduced by a 
factor of two. Other parameters  (e.g.,  differences in 
melt concentration, variations in crystal diameter, 
etc.) were not investigated. 

The data of Fig. 1 are interpreted as follows. The 

[112] interface of Ge is nonsingular and can ad- 
vance normal  to itself. For low growth rates the 
theory of Burton et al. (3) indicates that  k should 
increase exponentially with growth rate. This de- 
pendence is shown as a dashed curve in Fig. 1 for 
a value of 8/D = 144 sec cm -1. The [111] interface 
is singular and requires the nucleation of growth 
steps in order to advance. The lateral motion of 
these growth steps, which is much larger than the 
actual growth rate of the crystal (4), causes a non-  
equilibrium amount  of Sb to be frozen into the 
crystal. This mechanism can account for the in- 
creased value of kin1> Interfaces normal  to [100] 
and [110] poles are probably stepped surfaces (5) 

comprised of segments oriented in [111] and [112] 
directions. For these surfaces k should be interme- 
diate k cm ] and k[if2 J and it is reasonable that 
kE~00] > kmo]. In addition to growth phenomena 
one should consider anisotropy in the adsorption of 
Sb on different Ge crystal faces. This type of experi- 
ment  cannot distinguish between these two mech- 
anisms. 

To treat  this problem theoretically is a rather 
formidable task. For example, one should simulta- 
neously consider (a) fluid flow in the melt, (b) 
solute concentration gradients and the resultant un-  
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Fig. 2a. Single crystal of Bi2Te3 grown from the melt under 
varied conditions. The upper half of the crystal has been etched 
so as to reveal dislocations; b, schematic diagram of growth steps 
through section B; c, schematic diagram of the growth interface. 

dercooling at the interface, (c) phenomena at the 
interface involving adsorption, diffuseness, nuclea-  
tion, re -en t ran t  corners, etc., (d) the effect of im- 
purities on these properties as well as changes in 
interracial energy, and finally (e) solid-state diffu- 
sion. Additional experiments of the type described 
are necessary before one could at tempt a complete 
analysis. 

The following experiment deals with the mor-  
phology of Bi2Te3 crystals grown from the melt. 
This is an interesting system in that  the structure 
of Bi2Te3 is analogous to a - I I  SiC, whose properties 
have been studied so extensively (6). That  is, both 
materials have faulted, hexagonal crystal structures 

and tend to grow as platelets oriented in the [2130] 
direction. For SiC screw dislocations are required 
for growth normal  to the basal plane whereas for 
Bi2Tes a two-dimensional  nucleation process is ob- 
served. 

Several single crystals have been grown in a hy -  
drogen atmosphere from stoichiometric melts. At 
growth rates greater than I in . /hr  the crystals as- 
sumed a ribbonlike "dendritic" form. From these 
growth rates the melt  is undercooled and the crys-  
tals have fiat, mirrorl ike (0001) faces. Figure 2a 
shows some of the more interesting features of 
these crystals. Prior to point A the crystal was 
grown from the melt with uniform width and thick- 
ness. However, throughout  the entire growth process 
the crystal thickness slowly increases at a rate of 
8 ~/mm. This is due to the nucleation of N3/~ steps 
at the rotating solid-liquid interface. That  is, the 
period of this step formation coincides with the 
pulling and rotation rates. At  point A the melt tem- 
perature was Iowered and for some time the crys-  

tal becomes wider, but  not thicker. In the range B, 
however, the undercooling has increased sufficiently 
so that  large steps are nucleated. A cross section 
along the growth axis through this region is shown 
in Fig. 2b. Each large step is composed of at least 
three smaller steps of ,~25~ height. The morphology 
of these steps is undoubtedly modified as they pass 
through the solid-liquid interface because the liq- 
uid-gas interracial energy, TI,~, is reasonably large. 
It should also be noted that  the large steps are nu-  
cleated on either one face or the other, but  not si- 
multaneously on both. At point C the melt temper-  
ature has been raised and the crystal width slowly 
decreases, but the thickness remains constant. At  
point D the melt temperature  is again lowered. The 
crystal now grows out to a width greater than that  
at C before new large steps are nucleated. Figure 2c 
shows a side view of the interface geometry. Re- 
gion E is fiat and in contact with undercooled melt. 
The geometry at F depends on thermal and crystal-  
lographic factors. During growth a new plane may 
be nucleated on E when the undercooling is suffi- 
ciently large. The rate of growth is limited only by 
the rapidity with which the latent heat is dissipated 
in the undercooled melt. It appears that  the 25# 
layers interact thermally and that these layers re-  
quire appreciable undercooling for nucleation to 
take place. The upper half of the crystal in Fig. 2a 
has been etched to reveal dislocations. There is no 
evidence for screw dislocations; however, a large 
density of edge dislocations is present. Bi2Te3 seems 
to be an ideal material  to s tudy in regard to den-  
dritic and nucleation processes. 
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The Thermoluminescence of CaF :Mn 
William F. Schmid and Richard W.  Mooney 

Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, Pennsylvania 

In 1957 Ginther and Kirk (1) reported the prep-  
aration of CaF2:Mn phosphor and the dependence 
of its thermoluminescence on manganese content 
and added substituents. Schulman and co-workers  
(2) used CaF2:Mn in the development of a radia-  
tion dosimeter tube. Recent work in these labora-  
tories has led to an alternate method of preparat ion 
and to the discovery that  the addition of chloride 
ion improves the thermoluminescent efficiency of 
the phosphor. 

In Ginther 's method of preparation (3), the raw 
materials were contained in a covered Pt  crucible. 
This Pt  crucible was placed in a recrystallized alu- 
mina crucible which in turn was placed in a larger 
alumina crucible containing carbon to provide a 
reducing atmosphere. The exterior crucible was 
t ightly fitted with a Pt  cover. By firing overnight 
at 1200~ Ginther obtained a phosphor with a 
white body color. Repeated attempts in this lab- 
oratory to duplicate Ginther 's  technique and results 
were invariably unsuccessful. The method was also 
ex t r eme ly  destructive to platinum. 

An alternate procedure was developed as follows. 
Calcium fluoride was precipitated by the simulta- 
neous dropwise addition of purified CaC12 solution 
and NH4F solution to boiling deionized water. The 
CaF2 thus prepared contained less oxygen in the 
form of hydroxide or carbonate (see analyses be- 
low) than CaF2 prepared in this laboratory using 
Ginther 's  method (4) 
grade CaF~. 

or a commercial electronic 

% % 
Ca ( O H )  2 CaCO~ 

CaF2 prepared from CaCOs + 
I-IF(sol.) 7.78 3.21 

CaF2, commercial electronic grade 2.68 1.34 
CaF2 prepared from CaC12(sol.) 

+ NH4F (sol.) 2.55 0.48 

When CaF2 having a high oxygen content was used, 
the manganese reacted preferentially with the ox- 
ygen forming the colored oxides of manganese in- 
stead of entering the CaFe lattice. Ammonium man-  
ganous fluoride, NH4MnFs, was prepared by Gin- 
ther 's method (4). 

The nonmodified phosphor was prepared by mor-  
taring 1.0 mole of CaF2 with 0.03-0.10 mole of 
NH4MnFs and blending. The dry  mix was fired in 
recrystallized alumina crucibles or boats for 4 hr  
at 1200~ in a 2 %  H2-98% N2 atmosphere. A richer 
H2 content reduced manganese to the metal. The 
product had a very  faint greenish color and was 
washed to whiteness with 10% HC1 solution. 

The apparatus for the measurement  of thermo-  
luminescence is illustrated in Fig. 1. The phosphor 
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Fig. 1. Apparatus for the detection of thermolumlnescence 

to be tested was, packed into the A1 holder and ex- 
posed for 1 min to radiation from a W x - r a y  tube 
at 60 kv and 40 ma. X - r a y  irradiation produced two 
color centers in most of the phosphors. The brown 
color centers disappeared when the low- tempera-  
ture traps were emptied, and the green centers 
vanished when the higher temperature  traps were 
emptied. The A1 sample holder containing the un-  
disturbed phosphor was transferred directly to the 
detection apparatus. The advantage of using the 
same holder for irradiation by x- rays  and measure-  
ment of thermoluminescence is the elimination of 
any movement  of powder which results in tribo- 
luminescence. A heating rate of 0.5~ was used. 

The brightest unmodified phosphor, obtained 
within the range 3.5-6.7 mole % Mn, was only 42% 
of the peak height of Ginther 's  phosphor (3). At 
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Fig. 2. Thermoluminescence curves of CaF2:Mn at  various 
activator concentrations. 
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Table I. Effect of added chloride ion on Mn concentration and 
peak height of thermoluminescent emission 

M o l e s  os a d d e d  c h l o r i d e  c o m p o u n d "  

0 0.01 0.02 0.04 0.06 0.08 

NH4CI 
mole % Mn 4.97 4 . 3 4  4 . 3 3  3 . 9 7  3.44 3.10 
Rel. pk. int. 62 56 56 115 490 250 

CaCl2 
mole % Mn 4.97 4 . 0 7  2 . 5 0  1.78 1.05 0.86 
Rel. pk. int. 62 300 740 540 570 520 

NaC1 
mole % Mn 4.97 4 . 2 1  4 . 2 0  2 . 9 0  2 . 2 8  2.06 
Rel. pk. int. 62 33 22 25 42 66 

* T h e  c h l o r i d e  c o m p o u n d  w a s  a d d e d  to  1.0 m o l e  of  CaF2 a n d  0.06 
m o l e  of  NH~-VInF3. 

low manganese concentrations of 2 mole %, a low- 
temperature  emission occurs at about 160~ Ginther 
(1) also reports this effect at manganese concen- 
trations of 1 mole go or less. Representative curves 
of thermoluminescent intensity vs. temperature  are 
shown in Fig. 2. The temperature  at which max-  
imum emission is observed plotted as a function of 
the phosphor's manganese content revealed that  
the manganese concentration for maximum emission 
also roughly corresponded to that of the maximum 
temperature  peak. 

The addition of NH4C1 in the authors '  synthesis 
procedure greatly improved the brightness of the 
phosphor, but  the presence of chloride (0.18 mole % 
or greater) produced low-temperature  emission 
peaks. However,  the use of NH4C1 as a flux, with 
most of the chloride volatilized out, gave no low- 
temperature  peaks and higher temperature  emission 
than without  the use of the flux. A CaF2:Mn phos- 
phor with 0.09 mole NH4C1 added, prepared in this 
laboratory, was measured at 76% of the peak height 
of Ginther 's phosphor (3). 

In order to determine if the effect was specifically 
attributable to NH4C1 or was associated with the 
chloride ion only, a series of phosphors was pre-  
pared incorporating various amounts of NH4C1, 
CaC12, and NaC1. The results, summarized in Table 
I, lead to the following conclusions: 

1. The Mn content decreases with increasing chlo- 
ride concentration indicating volatilization of NInC12. 

2. The use of CaC12 gave a thermoluminescent 
phosphor with the greatest peak height. 

3. It  required considerably more NH4C1 than 
CaCle to produce a comparable decrease in Mn con- 

tent and increase in peak height of thermolumines-  
cenee. 

4. The use of NaC1 did not produce an improve-  
ment. 

The thermoluminescence glow-curves showed a 
characterisic temperature  spectrum for CaF2: Mn, 
consisting of very  low intensity peaks between 80 ~ 
160~ a high intensity peak between 245~176 
and a very  low intensity peak at temperatures  
greater than 360~ The relative intensities given in 
the table are those of the highest emission peak. 
When CaC12 is added, the low-temperature  emission 
peak is enhanced along with the main peak. In 
addition, a high intensity peak at about 320~ is ob- 
served overlapping the main band. Two high in- 
tensity bands at about 250 ~ and 290~ were clearly 
evident when NaC1 was added. The relative intensi- 
ties of these two bands varied with the concentration 
of Na and Mn. As in the original series, the addition 
of NH4C1 to the phosphor mix increased the thermo-  
luminescence without  producing low-tempera ture  
emission bands. 

The chief conclusion to be drawn from the results 
is that, al though the Mn concentration is the main 
determining factor for brightness, the addition of 
chloride ion in the form of CaC12 or NI-I4C1 improves 
the thermoluminescent efficiency possibly by acting 
to minimize the amount  of oxides of manganese that  
are formed. An alternate explanation is that  the 
chloride ion present in the final phosphor to the ex- 
tent of 0.02-0.11 mole % by analysis may  be pro-  
ducing a defect CaF2 lattice similar to the proposed 
defect effect of halide in ZnS (5). 
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Surface Masking in Gallium Arsenide During Diffusion 
T. H. Yeh 

Components Division, In~ernationa~ B~siness Machines Corporation, Poughkeepsie, New York  

The publication of several recent papers (1, 2) in- 
dicates a growing interest in the subject of impuri ty 
diffusion in gallium arsenide. Progress in making 
p lanar - type  diode and transistor structures for gal-  
lium arsenide would be significantly accelerated by 
the development of a diffusion-masking technique 
analogous to that  which has proved so useful for the 

silicon-diffusion technology. Studies at IBM's lab- 
oratory show that  silicon monoxide can be used as 
a masking material  against the diffusion of cadmium 
and zinc in gallium arsenide. 

Undoped, as well as tel lurium-doped, n - type  
single crystals of gallium arsenide with (111) ori- 
entation were used for these studies. The undoped 
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g a l l i u m  a r s e n i d e  c r y s t a l  (used  in t he  s t u d y  of c a d -  
m i u m )  h a d  a ne t  i m p u r i t y  c o n c e n t r a t i o n  of 2.2 x 10 iv 
cm -3 a n d  an  e l ec t ron  m o b i l i t y  of 4430 cm2/vo l t - sec .  
The  t e l l u r i u m - d o p e d  c r y s t a l  (used  in the  s t u d y  of 
z inc)  h a d  a n e t  i m p u r i t y  c o n c e n t r a t i o n  of 1.8 x 10 TM 

cm -3 a n d  an  e l ec t ron  m o b i l i t y  of 2600 cm2/vo l t - s ec .  
E t c h e d  w a f e r s  (H~SO4/I-I202/H20 so lu t i on ) ,  as  w e l l  
as op t i ca l l y  po l i shed  wafe r s ,  w e r e  used  in th is  s tudy .  
S i l i con  m o n o x i d e  f i lm th i cknes se s  of a p p r o x i m a t e l y  
10,000, 8250, 2250, 1500, and  1000A h a v e  been  t e s t e d  
for  t he  effect  of m a s k i n g  aga in s t  t he  d i f fus ion  of 
c a d m i u m  and  zinc in  g a l l i u m  a r sen ide .  The  s i l icon 
m o n o x i d e  f i lms w e r e  e v a p o r a t e d  onto  ha l f  of t he  
w a f e r  sur faces .  Two w a f e r s  w e r e  used  in each  d i f fu-  
s ion r u n :  one w a f e r  h a d  s i l icon m o n o x i d e  c o v e r -  
ing  ha l f  of t he  w a f e r  su r face ;  t h e  o t h e r  h a d  none .  
Two  di f fus ion e x p e r i m e n t s  w e r e  c a r r i e d  out  fo r  each  
p a r t i c u l a r  f i lm th i cknes s  in  t h e  s tudy .  

W a f e r s  w e r e  p l a c e d  on a f lat  q u a r t z  p l a t e  w h i c h  
was  t h e n  i n s e r t e d  in to  a q u a r t z  capsule .  A s m a l l  
q u a r t z  c a p i l l a r y  con t a in ing  e i t he r  1.5 m g  of z inc  or  
3-4 m g  of c a d m i u m ,  and  a s m a l l  q u a r t z  cup  c o n t a i n -  
ing  the  n e c e s s a r y  a m o u n t  of a r sen ic  (3)  to s u p p r e s s  
t he  w a f e r s '  decompos i t ion ,  w e r e  p l a c e d  u n d e r n e a t h  
t h e  q u a r t z  p la te .  The  q u a r t z  capsu le  ( a b o u t  20 m l )  
was  a t t a c h e d  to a h i g h - v a c u u m  sys tem,  p u m p e d  
d o w n  to a b o u t  2.0 x 10 -6 m m  Hg, a n d  t h e n  s ea l ed  off. 

Zinc  d i f fus ion  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  a t  
718~ for  6 hr .  C a d m i u m  di f fus ion  e x p e r i m e n t s  w e r e  
c a r r i e d  out  a t  718~ for  72 hr .  The  capsu les  w e r e  
cooled w i t h  a cold  zone  at  one end  to avo id  c o n d e n -  
sa t ion  of a rsenic ,  c a d m i u m ,  or  zinc on the  g a l l i u m  
a r s e n i d e  wafe rs .  A f t e r  t he  d i f fus ion  was  comple t ed ,  
t he  s i l icon m o n o x i d e  on the  w a f e r  su r f ace  was  r e -  
m o v e d  w i t h  ho t  c o n c e n t r a t e d  H F  solut ion.  T h e  o p -  
t i c a l l y  po l i shed  or  e t ched  su r f ace  was  r e t a i n e d  a f t e r  
t he  d i f fus ion process .  H a l l  m e a s u r e m e n t s  and  p - n  
j u n c t i o n  d e l i n e a t i o n  b y  an  aqueous  c o p p e r  su l f a t e  
so lu t ion  p lus  H F  or  d i l u t e d  n i t r i c  ac id  w i t h o u t  I-IF 
w e r e  p e r f o r m e d  on each  wa fe r .  J u n c t i o n  d e p t h s  
( w h e r e  w a f e r  su r f ace  was  no t  p r o t e c t e d  b y  the  s i l i -  
con m o n o x i d e )  w e r e  t h e n  d e t e r m i n e d  b y  t h e  cop-  

Fig. 1. GaAs wafer treated with copper sulfate solution. P-N 
junction delineated at right; no junction at left because of masking 
effect of SiO. Magnification 150X. 

April I963 

Fig. 2. GaAs wafer treated with diluted nitric acid. P-N junction 
delineated at right; no junction at left because of masking effect 
of SiO. Magnification 150X. 

Fig. 3. P-N junction delineated on GaAs wafer by diluted nitric 
acid and superimposed interference fringes. Magnification 1SOX. 

p e r - p l a t i n g  or  n i t r i c  ac id  s t a i n i n g  and  b y  the  i n t e r -  
f e r ence  f r i n g e  me thod .  Some  t y p i c a l  e x a m p l e s  a r e  
shown  in  Fig .  1-3. 

The  r e su l t s  i n d i c a t e d  t h a t  n - t y p e  g a l l i u m  a r s e n i d e  
w a f e r s  r e m a i n e d  n - t y p e  1 a f t e r  t h e  d i f fus ion (4, 5) ,  
w i t h  n e a r l y  t h e  s a m e  e l ec t ron  m o b i l i t y  and  i m p u r i t y  
concen t r a t i on  as b e f o r e  t he  d i f fus ion  if  t he  w a f e r  
su r f ace  had  a p p r o x i m a t e l y  2250A, or  more ,  of s i l icon 
monox ide .  A th i cknes s  of 1500A, or  less,  of s i l icon 
m o n o x i d e  d i d  no t  c o m p l e t e l y  m a s k  aga in s t  t he  d i f fu-  
s ion of  c a d m i u m  or  zinc. S p o t t e d  a r eas  of d i f fused  
p - l a y e r  w e r e  f o r m e d  on the  sur face .  O the rwi se ,  w i t h  
no s i l icon m o n o x i d e  for  p ro tec t ion ,  a p - l a y e r  of 
0.3 N 0.4 ra i l  w o u l d  m a t e r i a l i z e  on n - t y p e  g a l l i u m  
a r s e n i d e  w a f e r s  f r o m  t h e  zinc or  c a d m i u m  diffusion.  
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High-Purity CdTe by Sealed-Ingot Zone Refining 
M. R. Lorenz and R. E. Halsted 

Research Laboratory, General Electric Company, Schenectady, New York  

Single crys ta l  CdTe can be grown both f rom the 
vapor  and f rom the melt .  A t t empt s  to p repa re  h igh-  
pur i ty  CdTe have genera l ly  been confined to the 
purif icat ion of the e lementa l  components.  Recently,  
however,  l imi ted  purif icat ion was achieved by  zone 
mel t ing of the  compound (1).  The p rob lem of dis-  
sociation at  mel t  t empera tu res  and the consequent 
necessi ty of minimizing t r anspor t  of ma te r i a l  f rom 
the mel t  was met  wi th  a th ree-zone  furnace p e r m i t -  
t ing control  of Cd pressure,  ingot t empera tu re ,  and 
mol ten  zone t empera tu re .  There  are several  p rob-  
lems associated wi th  this  method,  now current  in 
compound semiconductor  technology. The main te -  
nance and control  of th ree  t e m p e r a t u r e  zones over  
r e la t ive ly  long periods of t ime is a t tended  wi th  diffi- 
culties. Also, the whole ingot is hot, a condit ion fa-  
vor ing impur i t y  back  diffusion through the solid. 
Fur the rmore ,  the ingot is located in an open boat,  a 
condit ion pe rmi t t ing  vapor  t r anspor t  of impuri t ies .  
Recent ly  a s imple technique of zone mel t ing  decom- 
posable compounds has been descr ibed (2) which 
appears  to overcome these l imitat ions.  The p r e p a r a -  
t ion of h i g h - p u r i t y  CdTe by  this technique is de-  
scribed below and evidence for its effectiveness is 
presented.  

Procedure 
Star t ing  f rom e lementa l  Cd and Te, mul t ip le  zone 

refined CdTe was obtained containing single c rys-  
tals  of sui table  size for optical  and electr ical  meas-  
urements .  H i g h - p u r i t y  t e l lu r ium (99.999 + % 
Amer ican  Smel t ing and Refining Company)  and 
cadmium (99.9999% Cominco Products ,  Inc.) were  
used. The suppl iers '  spec t rographic  analyses  of m a -  
ter ia ls  indica ted  the presence of 0.1 to 0.2 ppm lead, 
copper, and si lver  in the cadmium and less than  1 
ppm of magnes ium and copper in te l lur ium.  In add i -  
t ion i t  was found tha t  CdTe p repa red  f rom these 
mater ia ls ,  ut i l iz ing we l l -c leaned  quar tzware ,  a lways  
contained a luminum of the  order  of 1 ppm. 

E lementa l  cadmium and t e l lu r ium corresponding 
to about  l l 0 g  of CdTe were  p laced in 9/16 in. ID 
quartz  tubes prev ious ly  coated wi th  pyro ly t ic  g raph-  
ite. In addit ion,  10O mg or less of spec t rographica l ly  
pure  g raph i te  powder  was added to the charge. The 
graphi te  was  employed for  a dual  purpose.  I t  p r e -  
vented  the ingot f rom st icking to the  quar tz  walls.  I t  
may  also help  reduce any oxygen content  of the  in-  
got. A 1 in. long cyl indr ica l  quar tz  plug was inser ted  
in the  tube  and res ted  just  above the charge. The 
filled tube  was evacuated  to less than  10 -6 m m  Hg 

pressure  and, af ter  repea ted  flaming, was sealed off 
at  the  quartz  plug. The sealed tube was suspended 
f rom a wire  in a resis tance furnace,  hea ted  slowly 
to about 1150~ and held at  tha t  t empe ra tu r e  for at 
least  2 hr. Slow heat ing is necessary to al low the re -  
action be tween  the e lementa l  components  wi thout  
violence. Holding at 1150~ assures complete  me l t -  
ing of the CdTe (mp 1092~ The tube was then 
s lowly lowered to produce di rect ional  freezing f rom 
the bot tom up. Af te r  complete  solidification of the 
charge, the tube was removed  and cooled to room 
tempera ture .  The solid ingot, approx ima te ly  7 in. in 
length, occupied the lower  half  of the tube. The 
upper  pa r t  was void. To enclose the ingot  complete ly  
wi thout  any majo r  voids the tube was cut open at 
the  top. A quar tz  plug was posi t ioned to rest  on the 
ingot and a ground joint  fused onto the tube. The 
tube was then evacuated  to a pressure  less than 10 -6 
mm Hg and sealed at the quar tz  plug af ter  repea ted  
flaming. 

For  the format ion  of a na r row  mol ten  zone, while  
keeping the rest  of the ingot cold, an induction 
hea te r  was most convenient.  The complete  assembly 
is shown in Fig. 1. Briefly, the  enclosed ingot was 
suspended f rom a shaft  dr iven  by  a var iab le  speed 
motor  and centered over a graphi te  susceptor.  The 
susceptor inner  d iamete r  was cut to provide  not 
more than  1 m m  clearance for the quar tz  tube. The 
susceptor r ing height  of 0.5 in. p rovided  a mel ted  
zone es t imated  at 1-1.5 cm length. A quartz  tube 
served as a susceptor  holder.  Another  quar tz  tube 
enclosed these components.  F lowing  N2 isolated the 
sys tem from oxygen. Other  detai ls  of the  assembly  
are s e l f - exp l ana to ry  f rom Fig. 1. 

A typ ica l  zone pass consisted of posi t ioning the 
sealed ingot wi th  the  t ip jus t  in the susceptor ring, 
and act ivat ion of the induct ion coil by  means of a 
450 kc oscillator.  The power  d rawn was less than  
5 kw. When  opera t ing  t empe ra tu r e  was reached,  the 
ingot was lowered  at a un i form rate. I t  was found 
tha t  1150~176 was sufficient to main ta in  the 
mol ten  zone at  a t empe ra tu r e  about 30~176 above 
the mel t ing point  of 1092~ The ingot speed was 
var ied  f rom pass to pass for best  ut i l izat ion of time, 
bu t  r anged  be tween  1.5 and 2.5 cm/hr .  Af te r  the  
ingot had completed a pass th rough  the hot  zone, the  
operat ion was repea ted  unt i l  the desired number  of 
passes was achieved. For  the final pass the  0.5 in. 
high susceptor r ing was replaced  by  one 1 in. in 
height  and the ra te  of zone t r ave l  was reduced to 5 
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appears  to overcome these l imitat ions.  The p r e p a r a -  
t ion of h i g h - p u r i t y  CdTe by  this technique is de-  
scribed below and evidence for its effectiveness is 
presented.  

Procedure 
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refined CdTe was obtained containing single c rys-  
tals  of sui table  size for optical  and electr ical  meas-  
urements .  H i g h - p u r i t y  t e l lu r ium (99.999 + % 
Amer ican  Smel t ing and Refining Company)  and 
cadmium (99.9999% Cominco Products ,  Inc.) were  
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ter ia ls  indica ted  the presence of 0.1 to 0.2 ppm lead, 
copper, and si lver  in the cadmium and less than  1 
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t ion i t  was found tha t  CdTe p repa red  f rom these 
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contained a luminum of the  order  of 1 ppm. 
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graphi te  was  employed for  a dual  purpose.  I t  p r e -  
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may  also help  reduce any oxygen content  of the  in-  
got. A 1 in. long cyl indr ica l  quar tz  plug was inser ted  
in the  tube  and res ted  just  above the charge. The 
filled tube  was evacuated  to less than  10 -6 m m  Hg 

pressure  and, af ter  repea ted  flaming, was sealed off 
at  the  quartz  plug. The sealed tube was suspended 
f rom a wire  in a resis tance furnace,  hea ted  slowly 
to about 1150~ and held at  tha t  t empe ra tu r e  for at 
least  2 hr. Slow heat ing is necessary to al low the re -  
action be tween  the e lementa l  components  wi thout  
violence. Holding at 1150~ assures complete  me l t -  
ing of the CdTe (mp 1092~ The tube was then 
s lowly lowered to produce di rect ional  freezing f rom 
the bot tom up. Af te r  complete  solidification of the 
charge, the tube was removed  and cooled to room 
tempera ture .  The solid ingot, approx ima te ly  7 in. in 
length, occupied the lower  half  of the tube. The 
upper  pa r t  was void. To enclose the ingot  complete ly  
wi thout  any majo r  voids the tube was cut open at 
the  top. A quar tz  plug was posi t ioned to rest  on the 
ingot and a ground joint  fused onto the tube. The 
tube was then evacuated  to a pressure  less than 10 -6 
mm Hg and sealed at the quar tz  plug af ter  repea ted  
flaming. 

For  the format ion  of a na r row  mol ten  zone, while  
keeping the rest  of the ingot cold, an induction 
hea te r  was most convenient.  The complete  assembly 
is shown in Fig. 1. Briefly, the  enclosed ingot was 
suspended f rom a shaft  dr iven  by  a var iab le  speed 
motor  and centered over a graphi te  susceptor.  The 
susceptor inner  d iamete r  was cut to provide  not 
more than  1 m m  clearance for the quar tz  tube. The 
susceptor r ing height  of 0.5 in. p rovided  a mel ted  
zone es t imated  at 1-1.5 cm length. A quartz  tube 
served as a susceptor  holder.  Another  quar tz  tube 
enclosed these components.  F lowing  N2 isolated the 
sys tem from oxygen. Other  detai ls  of the  assembly  
are s e l f - exp l ana to ry  f rom Fig. 1. 

A typ ica l  zone pass consisted of posi t ioning the 
sealed ingot wi th  the  t ip jus t  in the susceptor ring, 
and act ivat ion of the induct ion coil by  means of a 
450 kc oscillator.  The power  d rawn was less than  
5 kw. When  opera t ing  t empe ra tu r e  was reached,  the 
ingot was lowered  at a un i form rate. I t  was found 
tha t  1150~176 was sufficient to main ta in  the 
mol ten  zone at  a t empe ra tu r e  about 30~176 above 
the mel t ing point  of 1092~ The ingot speed was 
var ied  f rom pass to pass for best  ut i l izat ion of time, 
bu t  r anged  be tween  1.5 and 2.5 cm/hr .  Af te r  the  
ingot had completed a pass th rough  the hot  zone, the  
operat ion was repea ted  unt i l  the desired number  of 
passes was achieved. For  the final pass the  0.5 in. 
high susceptor r ing was replaced  by  one 1 in. in 
height  and the ra te  of zone t r ave l  was reduced to 5 
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~~rlr ,ll""" I'~ 
Fig. 1. Zone refining assembly; A, quartz enveloped ingot; B, 

shaft to variable speed drive mechanism; C, graphite susceptor; 
D, quartz susceptor holder; E, quartz for protection from atmos- 
phere; F, induction coil. 

m m / h r  or less. Special  care was necessary  for  the  
last  pass to assure  the product ion of single crysta ls  
of sufficient size for p rope r ty  measurement  purposes.  

Results 
Single crys ta l  grains  of severa l  cent imeter  length  

were  found in every  ingot. Evidence for  effective 
zone refining has been obta ined by  spect rographic  
analysis,  by  observat ion  of fluorescent emission 
spectra,  and by  electron mobi l i ty  measurements .  

Results  of spect rographic  analysis  for the common 
impur i t ies  found in I I - V I  compounds indicate  the 
presence of t races  of Cu, Ag, A1, Sb, and Bi in the  
ini t ia l  ingot. Upon zoning ingots wi th  a m in im um  of 
7 and no more than  22 passes, the  t ip and center  
sections show no de tec table  concentrat ion of these 
impur i t ies  except  for  one ingot where  Cu and A1 
were  found in concentra t ion at  the  detect ion l imit ,  
i.e., 0.1 ppm. Analys is  of the  ta i l  sections, however ,  
reveals  these impur i t ies  in concentrat ions of the  
order  of severa l  ppms. The resul ts  show tha t  the 
detected impur i t ies  have  segregat ion coefficients less 
than  unity.  

F u r t h e r  confirmation of effective zoning was 
gained by  measur ing  the 80~ fluorescent emission 

spectra  of var ious  ingot  sections from 0.75 to 2.50~. 
In the  short  wave leng th  region th ree  bands  were  
observed wi th  peaks  at  0.81, 0.87, and 1.!2~. The 
emission bands have been corre la ted  wi th  na t ive  
defects and can be var ied  by  changes in s toichiom- 
etry.  At  1.45~, however ,  a wel l -def ined  band  is ob- 
served  in all  ta i l  sections. This is a character is t ic  Cu 
band  which we have  observed in our Cu doped CdTe 
crystals .  I t  was detected wi th  Cu concentrat ions as 
low as 0.1 ppm. Sections f rom the t ip  and center  
regions of the ingots show ei ther  the absence or at  
least  a tenfold decrease in the  in tens i ty  of this  band.  

Perhaps  the best  comparison of the re la t ive  mer i t s  
of this and pr ior  methods of CdTe p repa ra t ion  can 
be der ived  from res is t iv i ty  and Hal l  coefficient meas-  
urements .  Ear l ie r  work  has y ie lded  m a x i m u m  room 
t empera tu re  Hal l  mobil i t ies  of 1000 (1) and 800 (3) 
cm2/volt  sec, and a m a x i m u m  value  of 1500 (3) at  
lower  t empera tu res  in agreement  wi th  resul ts  ob-  
ta ined on nonzone refined CdTe here. In a sample  
f rom a recent  20-pass run  the electron Hal l  mobi l i ty  
was observed to increase f rom a 300~ va lue  of 1050 
cme/vol t  sec to a m a x i m u m  value  of 57,000 at  20~ 
The la rge  increase of mobil i t ies,  especial ly  at  low 
tempera tures ,  indicates  tha t  impur i ty  or defect  scat-  
ter ing of electrons has been subs tan t ia l ly  reduced by  
the present  method of prepara t ion .  

As noted in the introduct ion,  the present  method 
of CdTe purif icat ion appears  to have  severa l  im-  
por tan t  advantages  over a th ree-zone  furnace  tech-  
nique. Firs t ,  it  should minimize back-di f fus ion of 
impur i t ies  via the solid phase since the  main  body 
of our CdTe ingots was below 200~ Second, CdTe 
is more  dense in the  l iquid s ta te  than  as a solid. 
Therefore,  vapors  genera ted  in the mol ten  zone 
should be confined to a small,  self-sealed,  free vol-  
ume t rave l l ing  wi th  the zone. This should minimize 
back-diffusion of vola t i le  impuri t ies ,  via vapor  phase 
t ranspor t .  Third,  bu t  not least ,  the  method is s imple 
and requires  a min imum of supervision.  The resul ts  
on CdTe provide  clear  evidence for the  va lue  of this 
method.  
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Stresses in Anodic Films 

D. A.  Vermi lyea  
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St re s ses  in  anod ic  f i lms p r o d u c e d  on s e v e r a l  m e t -  
a ls  w e r e  m e a s u r e d  b y  c l a m p i n g  t h e  u p p e r  end  of a 
t h in  fo i l  of t h e  m e t a l  and  obse rv ing  t h e  m o t i o n  of 
t h e  l o w e r  end  t h r o u g h  a te lescope .  1 Fo i l s  w e r e  a b o u t  
10 c m  long,  a n d  one  s ide  was  coa t ed  w i t h  s topcock  
g r e a s e  to p r e v e n t  anod iza t ion .  ( G r e a s e  is p r e f e r a b l e  
to l a c q u e r  w h i c h  s h r i n k s  on d r y i n g  a n d  can  s u p p o r t  
some s t ress . )  Def lec t ions  w e r e  of t h e  o r d e r  of a 
m i l l i m e t e r  in  mos t  e x p e r i m e n t s ;  t he  m i n i m u m  m e a s -  
u r a b l e  def lec t ion  w a s  a b o u t  0.005 cm. No t w i s t i n g  
of t h e  fo i l  w a s  obse rved .  The  s t ress  m e a s u r e d  on the  
second  s ide  of a spec imen ,  us ing  the  f irst  anod ic  f i lm 
on the  o t h e r  s ide  to p r e v e n t  anod iza t ion ,  was  t he  
s ame  as  t h a t  on the  first  side. In  such  e x p e r i m e n t s ,  
h o w e v e r ,  t h e  effect  of a p p l i e d  f ield on the  s t ress  is 
m o r e  c o m p l i c a t e d  to  ana lyze ,  s ince  i t  acts  on b o t h  
films. Hence ,  on ly  e x p e r i m e n t s  c o n d u c t e d  on g r e a s e d  
spec imens  a r e  r e p o r t e d .  S t r e s ses  w e r e  c o m p u t e d  
f r o m  t h e  f o r m u l a  (2)  

h2E 
= - -  [ i ]  

6re 

where c is the stress in the anodic film, h is the foil 
thickness, E is Young's modulus of the foil, r is the 
radius of curvature, and e is the oxide film thickness. 
Some data on the metals, values of Young's moduli, 
and  f i lm th i cknes s  p e r  vo l t  used  in these  s tud ies  a r e  
g iven  in  T a b l e  I. Unless  n o t e d  o the rwi se ,  f i lms w e r e  
f o r m e d  a t  2 m a / c m  2 in  an  aqueous  so lu t ion  of 2% 
H3BO8 p lu s  0.5% (NH4)2B407 �9 4H20. No effect of 
changes  in  t h e  f o r m i n g  s o l u t i o n  w e r e  o b s e r v e d  as 
long  as d i l u t e  aqueous  so lu t ions  w e r e  used.  " G lyc o l  
b o r a t e "  in  F ig .  1 r e f e r s  to  a so lu t ion  of 2% each  of 
w a t e r  a n d  a m m o n i u m  b o r a t e  in  e t h y l e n e  glycol .  T h e  
in i t i a l  su r f ace  cond i t ion  h a d  an  i m p o r t a n t  effect,  as  
s h o w n  b y  the  r e su l t s  for  t a n t a l u m .  Unless  o t h e r w i s e  
n o t e d  t h e  spec imens  w e r e  c h e m i c a l l y  po l i shed  and  
e t ched  to  r e m o v e  t h e  po l i sh ing  film. Resu l t s  w e r e  t h e  

Table I. Data on the metals 

Fi lm  
Young ' s  t h i ck -  

Thickness~ modu lus ,  n e s s ,  
Metal  in.  Source ,  pu r i ty ,  condi t ion  psi  A / v  

Tanta lum 0.002 Fansteel ,  99.9, an -  27 16.5 
nea led  

Niobium 0.0016 W a h - C h a n g ,  99.9, 15 21 
cold ro l led  

A l u m i n u m  0.003 Uni ted  Minera l  and 10 13 
Chemical ,  99.9999, 
annea led  

Zirconium 0.0016 Foote  Mineral ,  Io-  13 21 
dide, annea led  

Ti tan ium 0.002 T i t an ium Metals,  Io-  16 20 
dide, annea led  

Tungsten 0.002 Rembar ,  99.9-b 55 18 

Z S i m i l a r  e x p e r i m e n t s  o n  a l u m i n u m  h a v e  b e e n  p e r f o r m e d  b y  
J .  S .  L .  L e a c h  o f  I m p e r i a l  C o l l e g e  ( 1 ) .  

s a m e  w h e t h e r  or  no t  t he  po l i sh ing  f i lm was  r e m o v e d .  
No c h e m i c a l  po l i sh  for  t u n g s t e n  is k n o w n  to me.  

T y p i c a l  resu l t s ,  s h o w n  in Fig .  1, e x h i b i t  t he  fo l -  
l owing  sa l i en t  f ea tu res .  F i r s t ,  t h e  s t ress  in  a l l  f i lms 
was  t ens i l e  a t  s m a l l  f i lm th ickness .  F o r  mos t  m e t a l s  
t he  s ign  of t he  s t ress  was  i n d e p e n d e n t  of f o r m a t i o n  
vo l tage ,  b u t  t h e  s t ress  in  anod ic  f i lms on z i r c o n i u m  
d e c r e a s e d  s t e a d i l y  f r o m  s t rong  t ens ion  a t  low v o l t -  
ages  to s t r ong  c o m p r e s s i o n  a t  h i g h e r  vo l tages .  E x -  
cep t  for  f i lms f o r m e d  on t a n t a l u m ,  t h e  r e p r o d u c i -  
b i l i t y  was  g e n e r a l l y  poor ,  v a r i a t i o n s  of -----25% f r o m  
s p e c i m e n  to s p e c i m e n  b e i n g  typ ica l .  S t r e s ses  r e -  
p o r t e d  for  t a n t a l u m  a re  r e p r o d u c i b l e  to  --10 %. 

Second,  t he  s t ress  w i t h  f o r m i n g  v o l t a g e  a p p l i e d  
was  a l w a y s  m o r e  c o m p r e s s i v e  t h a n  a t  zero  v o l t a g e  
excep t  for  t u n g s t e n  w h e r e  no effect of t he  a p p l i e d  
field was  obse rved .  I t  is t e m p t i n g  to i n t e r p r e t  th is  
c o m p r e s s i v e  c o m p o n e n t  due  to t he  f ield as b e i n g  
caused  b y  the  e l e c t ro s t a t i c  p r e s s u r e  r e s u l t i n g  f r o m  
the  field. ( S u c h  p r e s s u r e s  a r e  c a l c u l a t e d  to  be  abou t  
3500 to 7000 ps i  n o r m a l  to t he  film, d e p e n d i n g  on 
the  m e t a l  and  f ield.)  I f  Po i s son ' s  r a t i o  for  t he  f i lm is 
0.2, h o w e v e r ,  t h e n  the  c o m p r e s s i v e  s t ress  p a r a l l e l  to 
t h e  f i lm is m u c h  too s m a l l  to accoun t  for  t he  effects 
obse rved ,  w h i c h  a r e  s o m e t i m e s  l a r g e r  t h a n  the  e n -  
t i r e  e l ec t ro s t a t i c  p re s su re .  Moreove r ,  t he  e l e c t r o -  
s ta t ic  p r e s s u r e  shou ld  be  p r o p o r t i o n a l  to t he  squa re  
of t he  e lec t r i c  field, w h e r e a s  a c t u a l l y  t h e  change  in  
def lec t ion  on i n c r e a s i n g  the  f ield is v e r y  s m a l l  un t i l  
abou t  ha l f  or  t h r e e - q u a r t e r s  of t h e  f o r m i n g  field is 
r eached ,  a f t e r  w h i c h  i t  i nc reases  at  a r a t e  c o r r e -  

METAL AND CONDITIONS 
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s p o n d i n g  to a m u c h  h i g h e r  p o w e r  of t he  field. These  
changes  a r e  also a c c o m p a n i e d  b y  hys te res i s .  Hence ,  
w h i l e  e l ec t ro s t a t i c  p r e s s u r e  m a y  p l a y  some ro le  i t  
p r o b a b l y  is no t  r e s p o n s i b l e  for  a l l  t hese  effects.  

A t h i r d  g e n e r a l  c h a r a c t e r i s t i c  is t h a t  a h igh  f o r m a -  
t ion  r a t e  inc reases  t he  f inal  t ens i l e  s t ress  o b s e r v e d  
a t  ze ro  field. Such  i nc r ea se s  w e r e  o b s e r v e d  to r a n g e  
f r o m  a b o u t  20% for  t a n t a l u m  to m o r e  t h a n  a f ac to r  
of two  for  a l u m i n u m .  H o l d i n g  a t  a cons t an t  v o l t a g e  
to a l l o w  the  field to d e c r e a s e  r e su l t s  in  a d e c r e a s e  in 
the  s tress .  The  b e h a v i o r  u n d e r  c h a n g i n g  field is t hus  
v e r y  compl i ca t ed .  A s  n o t e d  above  the  s t ress  is m o r e  
c o m p r e s s i v e  a t  h igh  f ields;  n e v e r t h e l e s s  t he  s t ress  
f ina l ly  o b s e r v e d  a f t e r  g r o w t h  a t  the  h igh  f ield is 
m o r e  tens i le .  F i l m s  of ten  a r e  u n d e r  compres s ion  w i t h  
a field a p p l i e d  and  t ens ion  at  zero  field. 

F o u r t h ,  w h e n  much  gas  is evo lved  the  s t ress  is 
m o r e  compress ive .  The  effect can  be  seen on the  
a b r a d e d  t a n t a l u m  s p e c i m e n  and  was  o b s e r v e d  e s p e -  
c i a l ly  o f ten  w i t h  a l u m i n u m ,  z i r con ium,  and  t i t a -  
n ium.  In  fact ,  w h e n  r o l l e d  or  a b r a d e d  foi ls  of t he se  
m e t a l s  w e r e  used  the  s t ress  was  o f t en  c o m p r e s s i v e  
even  a t  s m a l l  f i lm th icknesses .  F u r t h e r m o r e ,  t he  r e -  
v e r s a l  of t he  s ign of the  s t ress  on z i r c o n i u m  coinc ides  
a p p r o x i m a t e l y  w i t h  the  s t a r t  of s u b s t a n t i a l  o x y g e n  
evolu t ion .  P e r h a p s  th is  effect r e su l t s  f r o m  gas  
t r a p p e d  u n d e r  p r e s s u r e ;  h o w e v e r ,  evo lu t i on  of h y -  
d r o g e n  on a 60v z i r c o n i u m  spec imen  d id  not  change  
the  def lect ion.  

The  f inal  g e n e r a l  c h a r a c t e r i s t i c  is t h a t  t he  s t ress  
is a s t rong  func t ion  of t he  f o r m i n g  e l e c t r o l y t e  if  v e r y  
c o n c e n t r a t e d  so lu t ions  a r e  used.  This  fac t  can  bes t  
be  seen f r o m  t h e  d a t a  p r e s e n t e d  for  t a n t a l u m .  Not  
a l l  of  t h e  d a t a  a r e  fo r  t h e  s ame  f i lm th i cknes s  or  
f o r m a t i o n  vo l tage ,  b u t  t he  m a g n i t u d e  of t he  s t ress  
for  t a n t a l u m  ox ide  f i lms w a s  n e a r l y  i n d e p e n d e n t  of 
f i lm th ickness .  F o r  ins tance ,  t he  s t resses  m e a s u r e d  
in  Ta205 fi lms f o r m e d  on a s ing le  s p e c i m e n  at  50, 150, 
a n d  250v w e r e  6250, 7110, and  7800 psi ,  r e s p e c t i v e l y .  

F o r  t a n t a l u m  ox ide  f i lms the  t ens i l e  s t ress  a f t e r  
f o r m a t i o n  in  aqueous  so lu t i on  is h i g h e r  on f i lms 
k n o w n  to con ta in  m a n y  f laws (3)  ( the  a s - r e c e i v e d  
s p e c i m e n  a n d  the  one  h e a t e d  at  850~ in n i t r o g e n )  

t h a n  on r e l a t i v e l y  p e r f e c t  ones  ( the  s p e c i m e n  a n -  
n e a l e d  a t  2200~ 

Discussion 
These  c o m p l i c a t e d  p h e n o m e n a  add  to t he  m o u n t -  

ing  ev idence  (4, 5) t h a t  t h e  p i c t u r e  of a un i fo rm,  
r ig id ,  u n c h a n g i n g  ox ide  f i lm t h r o u g h  w h i c h  on ly  
ca t ions  m o v e  is u n t e n a b l e .  I f  on ly  ca t ions  m o v e d  in 
a u n i f o r m  oxide ,  i t  w o u l d  be  e x p e c t e d  t h a t  t he  s t ress  
in t he  f i lm w i t h  f o r m i n g  v o l t a g e  a p p l i e d  w o u l d  be  
zero  (6 ) ,  a n d  t h a t  a f inal  s l igh t  n e t  c o m p r e s s i v e  
s t ress  m i g h t  r e s u l t  f r o m  t h e  r e l e a se  of t he  e l e c t r o -  
s ta t ic  p r e s su re .  

A h y p o t h e s i s  w h i c h  m i g h t  e x p l a i n  some  of t he  
o b s e r v a t i o n s  d e s c r i b e d  a b o v e  is t he  fo l lowing .  A s -  
sume  t h a t  each  n e w l y  depos i t ed  l a y e r  is h y d r a t e d .  As  
t h e  l a y e r  becomes  b u r i e d  i t  is d e h y d r a t e d  b y  p r o t o n  
mig ra t i on ,  p r o d u c i n g  t ens ion  in  the  film. E x p e r i -  
m e n t s  w i th  a l u m i n u m  on w h i c h  a h y d r a t e d  f i lm was  
p r o d u c e d  b y  bo i l i ng  for  1 h r  in d i s t i l l ed  w a t e r  s u p -  
p o r t  th is  idea.  2 S u b s e q u e n t  anod ic  f o r m a t i o n  of such 
f i lms ( w h i c h  shou ld  h a v e  been  a b o u t  3000A th i ck )  
d id  p r o d u c e  t ens ion  in the  film, and  such a t r e a t m e n t  
is t h o u g h t  to d e h y d r a t e  t h e  f i lms (7 ) .  The  h i g h e r  
s t ress  p r o d u c e d  b y  h igh  f o r m a t i o n  r a t e s  would ,  on 
th is  p ic tu re ,  r e s u l t  f r o m  i n c r e a s e d  t r a p p i n g  of  w a t e r .  
So lu t ions  c on t a in ing  m u c h  less  w a t e r  shou ld  p r o -  
duce  less  s t ress ,  as obse rved .  Z i r c o n i u m  oxide ,  fo r  
w h i c h  the  h y d r a t i o n  f ree  e n e r g y  is h ighes t ,  shows  
t h e  l a rge s t  t ens i l e  s t ress  as m i g h t  be  e x p e c t e d  on 
such a p ic tu re .  

2 This exper iment  w a s  suggested b y  W.  E.  T r a g e r t ,  a n d  J .  R .  R a i r -  
d e n  k i n d l y  supplied the s p e c i m e n s .  

Manuscr ip t  rece ived  Oct. 22, 1962; rev ised  m a n u -  
scr ipt  rece ived  Dec. 11, 1962. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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The Mechanism of the Nickel-Fluorine Reaction 

R. L. Jarry, J. Fischer, and W. H. Gunther 
Chemical Engineering Division, Argonne National Laboratory, Argonne, Illinois 

Nicke l  is c o m m o n l y  e m p l o y e d  as a m a t e r i a l  of 
cons t ruc t i on  for  l a b o r a t o r y  and  p l a n t  e q u i p m e n t  in  
w h i c h  f luor ine  is used  because  i t  has  a low r a t e  of 
r e a c t i o n  w i t h  f luor ine  up  to  t he  r e g i o n  of 500~ 
The  r e s i s t ance  of n i c k e l  to a t t a c k  b y  f luor ine  is a t -  
t r i b u t e d  to t he  f o r m a t i o n  of an  a d h e r e n t  scale  of  
n i cke l  f luor ide  on the  n i c k e l  sur face .  The  r a t e  of t h e  
n i c k e l - f l u o r i n e  r e a c t i o n  has  been  s t u d i e d  a t  A r -  
gonne  N a t i o n a l  L a b o r a t o r y  (1)  and  a t  Un ion  C a r -  
b ide  a t  O a k  R i d g e  (2) .  The  r a t e  of r e a c t i o n  of 
n i cke l  w i t h  f luor ine  was  f o u n d  to fo l low the  p a r a -  
bol ic  r a t e  l aw;  the re fo re ,  i t  was  d e d u c e d  t h a t  t he  

r a t e  is c on t ro l l e d  b y  the  d i f fus ion  of e i t he r  m e t a l  or  
n o n m e t a l  species  t h r o u g h  the  a d h e r e n t  f luor ide  
sca le  as  d e s c r i b e d  in t he  W a g n e r  (3)  t h e o r y  of  
m e t a l  ox ida t ion .  

The  w o r k  d e s c r i b e d  in  th i s  r e p o r t  was  u n d e r t a k e n  
to e luc ida t e  the  m e c h a n i s m  of t h e  n i c k e l - f l u o r i n e  
reac t ion ,  w i t h  r e s p e c t  to w h i c h  species ,  m e t a l  or  
n o n m e t a l ,  is t he  p r i n c i p a l  m i g r a n t  t h r o u g h  the  
n i c k e l  f luor ide  scale.  I n  o r d e r  to e s t ab l i sh  t he  v a l i d -  
i t y  of t he  e x p e r i m e n t a l  a p p r o a c h  e x p e r i m e n t s  w e r e  
also p e r f o r m e d  w i t h  t h e  n i c k e l - o x y g e n  sys tem.  
O t h e r  w o r k e r s  (4, 5) h a v e  e s t a b l i s h e d  t h a t  t he  
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n icke l -oxygen  react ion proceeds via the diffusion 
of me ta l  ions through the nickel  oxide scale to the  
gas-sol id  in terface  where  i t  reacts  wi th  oxygen. 
Simul taneously ,  there  is a counter  flow of cation 
vacancies to the me ta l -ox ide  interface.  

Two different  exper imenta l  techniques were  used 
in this work.  In the  first expe r imen ta l  approach  
metaUographic  examina t ion  was used to de te rmine  
whe ther  two scales of the same mater ia l ,  n ickel  
fluoride or nickel  oxide, growing t oward  each other  
f rom nea r ly  pa ra l l e l  nickel  surfaces would fuse into 
one continuous scale or form an in ter face  be tween  
the two scales. If me ta l  atoms were  the p r inc ipa l  
species migra t ing  through the film to reac t  a t  the  
film gas interface,  the two scale surfaces growing 
toward  one another  would  fuse into one scale as 
the me ta l  f rom one scale surface mig ra t ed  into the  
other scale. If the mechanism were  dependent  on 
the movement  of the  nonmeta l  across the forming 
scales, then  the two scales would  come together  
but  not  fuse, and an interface  would be present .  
This technique was s imi lar  to tha t  used by  Schniz-  
lein (6) to ident i fy  the diffusing species in the 
oxidat ion  of uranium.  The second technique em-  
ployed a radioact ive  t racer ,  nickel-63,  which was 
p la ted  on the surface of the nickel  specimens. These 
specimens were  then f luorinated or oxidized, and 
the scales were  examined  au to rad iograph ica l ly  to 
de te rmine  the location and d is t r ibut ion  of the  rad io -  
act ivi ty.  If the react ion were  control led by  meta l  
diffusion, the ac t iv i ty  would  be d is t r ibu ted  th rough  
the scale as found by  Bardeen  (7) for  the copper-  
oxygen system. Bardeen  calculated,  using the Wag-  
ner  theory,  and confirmed expe r imen ta l ly  tha t  the  
ac t iv i ty  would be d i s t r ibu ted  in the  scale in a d i -  
minishing concentrat ion as measured  f rom the 
scale-gas  to the me ta l - sca l e  interface.  If the reac-  
t ion were  not  control led by  meta l  ion diffusion but  
r a the r  by  the nonmetal ,  then the ac t iv i ty  would  r e -  
main  in a na r row band at  the scale-gas  interface.  

The nickel  used in these exper iments  was com- 
mercia l  grade  A-n icke l  of a pu r i ty  of 99.4%. The 
pr inc ipa l  impuri t ies ,  in weight  per  cents, were  m a n -  
ganese, 0.28; carbon, 0.07; iron, 0.10; silicon, 0.08; 
and copper,  0.05. The fluorine used was 98.2% pure.  
The pr inc ipa l  impur i t ies  were  n i t rogen and oxygen. 
The oxygen used was passed th rough  Molecular  
Sieves to remove water .  Nickel-63 was obta ined 
f rom the Oak Ridge Nat ional  Labora to ry  as an 
acidic chlor ide solution. The oxidat ion and f luorina-  
tions were  carr ied  out in e lec t r ica l ly  hea ted  nickel  
t ubu la r  reactors.  

Impinging scale experiments.--Reaction speci-  
mens were  p repa red  by  welding two coupons, l x3x  
16 cm, together  along the 1-cm edge. The opposing 
lx3 cm faces of the coupons, which had  been  pol -  
ished through 1~ d iamond paste,  were  nea r ly  p a r a l -  
lel and separa ted  by  a gap of about  0.1 ram. The 
samples  were  then  e i ther  f luorinated at  700~ for  
36 hr, or oxidized at  1000~ for 48 to 72 hr. Af te r  
the reac t ion  per iod the samples were  mounted  in 
Bakeli te ,  sectioned normal  to the  scale be tween  the 
opposing surfaces, and photomicrographs  were  
taken  of the sectioned specimens. F igure  1 is a r ep -  
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Fig. 1. Photomicrograph of impinging nickel fluoride scales. A and 
A', nickel substrates; B and B', nickel fluoride scales; C, interface 
between nickel fluoride scales. 

Fig. 2. Photomicrograph of impinging nickel oxide scales. A and 
A', nickel substrates; B, continuous nickel oxide scale. 

resenta t ive  photomicrograph  of the  f luorinated 
sample  and Fig. 2 of the oxidized sample.  I t  is ap-  
pa ren t  f rom Fig. 1 tha t  the  impinging fluoride scale 
is separa ted  by  an interface,  which indicates  tha t  
fluorine migra ted  f rom the gas-sol id  in terface  
through the fluoride film to the n icke l -n icke l  fluor- 
ide in terface  and tha t  any  meta l  migra t ion  was 
negligible.  

In Fig. 2 i t  is seen that  there  is a continuous oxide 
film f rom one meta l  surface to the o ther  which con- 
firms tha t  the meta l  migra tes  th rough  the meta l  
oxide scale and reacts  at  the meta l  ox ide-gas  in te r -  
face to produce a continuous oxide film. 

F u r t h e r  examina t ion  of the photomicrograph  re -  
produced in Fig. 2 reveals  a considerable  porosi ty  in 
the nickel  oxide scale. The adjacent  meta l  surfaces, 
which were  etched to provide  more contrast  wi th  
the  scale, also exhib i t  porosi ty.  The poros i ty  of the  
oxide scale can be a t t r ibu ted  to the removal  of 
cation vacancies by  condensat ion and prec ip i ta t ion  
wi th in  the  oxide phase. Birchenal l  (8) has p ro -  
posed this as a mechanism by  which cation vacan-  
cies are removed  from the meta l  oxidat ion  system. 
The vacancies are presen t  in the system as a resul t  
of the  cation diffusion mechanism of the  reaction. 

Radioactive tracer experiments.--Specimens for  
the  radioac t ive  m a r k e r  exper iments  were  p repa red  
by  p la t ing  nickel-63,  a low energy be ta  emit ter ,  
onto nickel  coupons, lx5x0.16 cm. The p la t ing  solu- 
t ion was p repa red  by  adding concentra ted  ammonia  
to the  acidic chloride solution of nickel-63 to form 
the t e t r a - a m i n e  chloride complex. These coupons, 
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pla ted  with  a l ayer  of nickel-63,  about  2/~ thick, 
were  then ei ther  f luorinated at  600~176 for 
about 50 hr  or oxidized at 1000~ for 80 to 100 hr. 
Fol lowing the react ion period, which resul ted  in 
fluoride or oxide scales of about  100~ in thickness,  
the specimens were  mounted  in a suppor t ing  me-  
dium and sectioned normal  to the  surface of the  
scale. Autorad iographs  were  made  by  a technique 
s imi lar  to tha t  descr ibed by Gomberg  and associ- 
ates (9).  In brief,  the  au torad iographic  technique 
comprised the fol lowing steps: (a)  s t r ipping film 
emulsion 1 was placed in direct  contact  wi th  the  
sectioned surface of the specimen; (b)  the film was 
exposed to the sample  for a per iod of five days;  and 
(c) the exposed emulsion was developed in place. 
F igure  3 is a photomicrograph  of the au to rad io -  
graph of the nickel  fluoride scale. This photomicro-  
g raph  c lear ly  shows a na r row band of ac t iv i ty  at 
the posit ion of the scale-f luorine interface.  The line, 
indica ted  by  a r row E in Fig. 3, locates the posi t ion 
of the sca le-gas  interface.  The wid th  of the  d a r k -  
ened por t ion of the emulsion is g rea te r  than  the 
thickness of the por t ion of the nickel  fluoride scale 
occupied by  the radioact ive  nickel  because of the  
dispersion of the beta  rays  in the 5~ th ick emulsion. 
F rom the location and d is t r ibut ion  of the rad ioac-  
t iv i ty  it can be deduced tha t  fluorine is the mi g r a t -  
ing species in this react ion and tha t  it migra tes  
through the nickel  fluoride scale to the meta l  sur -  
face where  it reacts wi th  the nickel.  

F igure  4 is a photomicrograph  of an au torad io-  
graph of the nickel  oxide scale. The nickel  ac t iv i ty  
is seen to pene t ra te  into the nickel  oxide scale. The 
l inear  pene t ra t ion  normal  to the surface of the scale 
is as much as 70% of the thickness of the oxide  
scale. 

Bardeen (7) pred ic ted  that  the ac t iv i ty  would 
extend to the n icke l -n icke l  oxide interface.  How-  
ever, the d iminut ion of the ac t iv i ty  close to the  

1 Two t y p e s  o f  s t r i p p i n g  f i lm w e r e  u s e d  i n  t h i s  work ,  K o d a k  Ex- 
perimental P e r m e a b l e  Base  S t r i p p i n g  F i l m  a n d  K o d a k  A u t o r a d i o -  
g r a p h i c  F i l m  AR-10.  

Fig. 3. Micrograph of autoradiographic emulsion showing nickel-63 
activity in nickel fluoride scale. A, original location of nickel sub- 
strate; B, nickel-nickel fluoride interface; C, nickel fluoride scale; 
D, darkened zone in emulsion due to radioactivity; E, location of 
nickel fluoride-fluorine gas interface; F, original location of dental 
rubber mounting. 
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Fig. 4. Micrograph of autoradiographic emulsion showing nickel- 
63 activity in nickel oxide scale. A, original location of nickel 
substrate; B, nickel-nickel oxide interface; C, nickel oxide scale; D, 
darkened area of emulsion due to radioactivity; E, location of nickel 
oxide-oxygen gas interface; F, original location of Bakelite mount- 
ing. 

in terface may  not  be resolved in the au torad io-  
graph. Birchenal l  (8) has also pointed out tha t  the 
expected d is t r ibut ion  of rad ioac t ive  t racer  has been 
found by  other  workers  to drop off r ap id ly  in the  
region near  the me ta l -ox ide  interface.  He has pos-  
tu la ted  tha t  this effect is due to an abrup t  change 
in the diffusion coefficient due to poros i ty  in the 
scale near  the me ta l -ox ide  interface.  Poros i ty  has 
been observed in the nickel  oxide scales produced 
in these exper iments  and could therefore  account 
for the ac t iv i ty  d is t r ibut ion  found in Fig. 4. 

The results  obta ined for both types of m a r k e r  ex -  
per iments  indicate  tha t  fluorine, r a the r  than  nickel,  
migra tes  through the fluoride scale dur ing  the 
course of the reaction. F luor ine  could reach the 
meta l  surface by  gross movement  through pores 
and cracks in the fluoride scale or by  some t r ans -  
por t  process through the bulk  of the scale. Since 
the kinet ics  of the react ion have  been shown to fol-  
low a parabol ic  ra te  it is most  p robable  tha t  the 
mechanism involves the t ranspor t  of fluorine 
through the bulk  of the nickel  fluoride scale. S t ipu-  
la t ion of the mode of t ransfe r  Qf fluorine f rom the 
gas phase through the fluoride scale requires  fu r the r  
exper imenta l  work. The evidence obta ined f rom 
the m a r k e r  exper iments  for the n icke l -oxygen  r e -  
action is in accord with  the accepted meta l  ion dif -  
fusion mechanism for tha t  reaction. 
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Brief Co   nlcadons 

Measurement of "Pressure-EMF" in 
Pure Fused Salts 

Paul Duby and Herbert H. Kellogg 
Department of Mineral Engineering, Columbia University, New York, New York. 

Determina t ion  of t r anspor t  numbers  in  a pure  
fused salt,  by the method of Duke and La i ty  (1) ,  is 
based on the measu remen t  of the volumetr ic  flow 
produced by  an electr ic potent ia l  difference in the  
absence of a pressure  gradient .  One of us recen t ly  
suggested (2) tha t  the  appl ica t ion  of the theory  of 
i r revers ib le  processes and Onsager 's  theorem to a 
system composed of a pure  fused salt, at  constant  
t empera tu re ,  predic ts  an effect rec iprocal  to tha t  
measured  by  Duke and Lai ty ,  i.e., a pressure  g r ad i -  
ent imposed on the sys tem should produce not only 
a volumetr ic  flow but  also an electr ical  po ten t ia l  
difference (here in  cal led a p r e s su re -emf ) .  

For  a cell compris ing the e lec t ro ly te  MX, and 
electrodes of the meta l  M, the fol lowing equat ion 
has been shown to app ly  

( AE ) AV VM--Tx VM x 
~P- i=0 F - -  F [1] 

where  AE is the p r e s su re - emf  developed for a 
pressure  difference ~ .  F is the F a r a d a y  equivalent ,  
•V is the  volume change accompanying the passage 
of one fa raday ,  VM and V~x are  the equiva lent  vol -  
umes of meta l  and salt,  and Tx is the t r anspor t  
number  of X. This equat ion can be der ived  (2) 
e i ther  f rom the theory  of i r revers ib le  processes or 
by  appl ica t ion  of classical the rmodynamics  to  a cell 
in which the electrode compar tments  are  ma in -  
ta ined at  different  pressures.  

The p ressu re -emf  in a fused sal t  is a phenomenon 
re la ted  to the emf of a galvanic  cell in a g r av i t a -  
t ional  or cent r i fugal  field. MacInnes and others have  
s tudied the  l a t t e r  phenomenon in aqueous e lec t ro-  
lytes and used i t  to eva lua te  t r anspor t  numbers  (3).  

Our exper iments  wi th  p ressu re -emf  have been  
confined, so far, to studies of mol ten  s i lver  n i t r a te  
and lead bromide.  The resul ts  have proven so p r o m -  
ising tha t  we repor t  them here  briefly, in an t ic ipa-  
t ion of a ful ler  account at a l a te r  date. 

The mel t  is contained in an H-shaped  P y r e x  cell  
wi th  a medium or f ine-poros i ty  f r i t ted  P y r e x  disk 
inser ted in the hor izonta l  tube. The cell is m a i n -  

ta ined  at  constant  t empera tu re  in a ba th  of molten 
wax  or mol ten  tin. The two ver t ica l  legs ex tend  
upward  out of the bath.  The pressure  difference 
across the porous plug is obta ined by  connecting 
one side of the cell e i ther  wi th  a large  vessel under  
argon pressure  or wi th  another  vessel  under  pa r t i a l  
vacuum. The two electrodes are made  of s i lver  
wire  in the case of AgNO~, and they  consist of 
pieces of tungsten wire  dipping in mol ten  lead in 
the case of PbBre. The potent ia l  difference between 
the two electrodes is measured  by  a Ke i th ley  type  
150 A microvol tmeter ,  and it is recorded cont inu-  
ously. A s lowly dr i f t ing background  emf exists be -  
tween  the electrodes as a resul t  of smal l  t e m p e r a -  
ture  differences wi th in  the cell. When pressure  is 
applied,  however,  the potent ia l  changes ab rup t ly  by 
the amount  of the pressure-emf .  

For  PbBr2 at  494~ the p re s su re -emf  is --11.6 • 
0.2 ~v/a tm.  In a less precise exper iment ,  we found 
0 • 1 ~ v / a t m  for AgNO3 at 230~ In the  case of 
PbBr2, the emf is p ropor t iona l  to the  appl ied  p res -  
sure difference wi th in  the range we studied, i.e., 
0-1 atm. 

These emf values  have been used, along wi th  r e -  
por ted  values for the equivalent  volumes of meta l  
and salt, in Eq. [1] to calculate  the t r anspor t  num-  
bers for lead and silver. The resul ts  are  given in 
Table I and compared  wi th  independent  measure -  
ments  of the t r anspor t  number  in the same salts by  
La i ty  and Duke (4) and by  the weighing method 
(5) of the authors.  The resul ts  of all  three  methods  
are in good agreement ,  and suggest tha t  the p res -  
su re -emf  method is a promising and re l iab le  tech-  
nique for measuremen t  of t r anspor t  numbers  in 
mol ten  salts. The agreement  of values  is also a new 
i l lus t ra t ion  of Onsager 's  rec iprocal  relat ions.  

The p re s su re -emf  for the cell, which we measure,  
is made  up of two parts ,  one of which describes the  
effect of pressure  on the electrode potent ia ls  and 
the other  the  effect of pressure  on the t r anspor t  
mechanism. The l a t t e r  m a y  be thought  of as a l iq-  
uid junct ion potent ia l  resul t ing  from the pressure  
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Table I. Comparison of transport numbers obtained by 
different methods 

Apri l  1963 

Tpb in  PbBr2 TAg in AgNOs 

Pressure-emf 
Weighing technique (5, 6) 
Bubble technique (4) 

0.372 + 0.006 (494~ 
0.355 __+ 0.015 (504~ 
0.347 __+ 0.013 (500~ 

0.757 _ 0.025 (230~ 
0.781 _ 0.006 (219~ 
0.76 _+ 0.05 (225~ 

gradient ,  and we call  it  the pressure-di f fus ion po-  
tential .  

The pressure-di f fus ion potent ia l  arises from the 
difference be tween  the self-diffusion coefficients of 
anions and cations which, under  the effect of the 
pressure  gradient ,  migra te  wi th  different  velocit ies 
re la t ive  to the bulk  of the liquid. If the mechanism 
proves to be correct,  the agreement  among the 
different  methods of measur ing  t ranspor t  numbers  
should offer impor tan t  implicat ions for the va l id i ty  
of the Nerns t -Eins te in  equat ion in pure  fused salts. 

Al though the measurement  of p res su re -emf  is 
analogous to the measurement  of s t reaming poten-  
t ia l  in aqueous solution we bel ieve the two phenom-  
ena are fundamen ta l ly  different. S t reaming  poten-  
t ia l  and re la ted  e lectrokinet ic  phenomena  are sur -  
face phenomena.  We bel ieve our p re s su re -emf  to 
be a bulk  phenomenon,  independent  of surface 
effects. We mean to prove this by  exper iments  wi th  
porous plugs of different  substances but  the same 
molten salt. I t  is the apparen t  absence of surface 
doub le - l aye r s  in fused salt  media  which makes  pos- 

sible the measurement  of pressure-emf ,  which 
would otherwise be obscured by  the la rger  s t r eam-  
ing potential .  
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Preparation of Spherical Single Crystal Electrodes 
For Use in Electrocrystallization Studies 

D. K. Roe ~ and H. Gerischer 

Max-Planck-Institut fi~r Metallfor~chung, Skut~gart, Germany 

Single crys ta l  electrodes have obvious impor tance  
in studies of e lectrochemical  processes which are 
influenced by  crys ta l  or ienta t ion  (1-6) .  Both flat and 
spher ical  c rys ta l  surfaces have been used; the la t te r  
exhibi ts  al l  c rys ta l  o r ien ta t ion  and may  be advan ta -  
geous in cer ta in  cases. E labora te  procedures  used in 
p repar ing  single crys ta l  electrodes usual ly  involve 
mechanical  or chemical  p r e t r ea tmen t  which causes 
indefinite surface changes and can put  the resul ts  
into quest ion quite seriously.  I t  seemed, therefore,  
an in teres t ing  p rob lem to develop an exper imenta l  
method which allows convenient  p repa ra t ion  of s in-  
gle c rys ta l  electrodes so tha t  sys temat ic  inves t iga-  
tions wi th  a grea t  number  of f reshly  p repa red  crys-  
tals  can be done in reasonable  time. 

The method descr ibed here has been used to p r e -  
pa re  single crys ta l  spheres,  wi th  a d iamete r  of 2-3 
mm, of silver,  copper, or gold. The method makes  
use of the technique first appl ied  by  Kaischev and 
Mutaf t sh iev  (7),  who p repa red  single crys ta l  

spheres by  mel t ing the end of a wire  containing 

1 Presen t  address: Department  o~ Chemistry,  Massachusetts  Ins t i -  
tu te  of Technology,  Cambridge 39, Mass. 

single crys ta l  segments. Upon cooling, the sphere  
was a single crys ta l  if nuclea ted  by  a single c rys ta l  
segment.  The concept of this technique has been 
combined wi th  the procedure  descr ibed by  Conway, 
Bockris, and Mehl (8) for p repa r ing  po lyc rys ta l -  
l ine spher ical  electrodes.  These authors  mel ted  the 
end of a po lycrys ta l l ine  wire  in a hydrogen s t ream 
by heat ing the sur rounding  quartz  tube with  a gas 
burner  and the reby  obta ined clean, smooth elec- 
t rodes free of contaminat ion  from mechanical  or 
chemical  p re t rea tment .  

The procedure  was as follows: Single crys ta l  
wires were  p repa red  by the Br idgman method of 
slow cooling. The wire,  1-2 m m  in diameter ,  was 
held in a graphi te  mold in an evacuated  quar tz  
tube. The mold was made f rom spectroscopic g raph-  
ite electrodes prev ious ly  baked  out at  1000~ in 
vacuum. Spli t  molds are p re fe r red  to bored rods 
since the la t te r  can produce s t ra ins  in the wire ;  the 
crystals  are often held fast in the mold by  surface 
i r regular i t ies .  There are no majo r  problems associ- 
a ted wi th  the p repa ra t ion  of single crys ta l  wires  of 
silver, copper, or gold. X - r a y  diffraction pa t te rns  
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t a k e n  b y  b a c k  ref lec t ion  show sha rp ,  s y m m e t r i c a l l y  
o r i e n t e d  spots.  

F o r  conven ience  in  s u b s e q u e n t  m a n i p u l a t i o n ,  t he  
s ingle  c r y s t a l  w i r e  was  a t t a c h e d  to t he  end  of a 
s i lve r  or  p l a t i n u m  wi re ;  t he  t w o  ends  can  s i m p l y  be  
m e l t e d  t o g e t h e r  in a s m a l l  f lame so t h a t  the  j u n c t i o n  
is a b o u t  t he  d i a m e t e r  of the  wi re .  A Teflon p lug ,  
e n l a r g e d  in  Fig.  l b ,  was  m a d e  to fit t i g h t l y  a r o u n d  
the  w i r e  and  s e r v e d  to ho ld  i t  to t he  end  of a g lass  
tube .  Con t ro l  of the  v e r t i c a l  pos i t i on  of t he  end  of 
t he  c r y s t a l  was  poss ib le  t h r o u g h  the  use  of a p a r a l -  
le l  g r o u n d  K.P.G.  t ube  (Scho t t  and  Gen. ,  M a i n z ) ,  
s ea l ed  to  the  i n n e r  p a r t  of t he  g r o u n d  glass  j o i n t  a t  
the  top  of t he  a p p a r a t u s  s h o w n  in Fig .  la .  Quar t z ,  
P y r e x ,  or  J e n a  glass  is su i t ab l e  for  cons t ruc t i on  of 
the  a p p a r a t u s ,  d e p e n d i n g  on  the  d i a m e t e r .  

The  end  of the  w i r e  was  loca ted  in  t he  cen t e r  of 
a t u n g s t e n  s p i r a l  h e a t e r  m a d e  f r o m  a b o u t  30 cm of  
0.4 m m  d i a m e t e r  w i r e  and  s i l v e r - s o l d e r e d  to t h i c k  
t u n g s t e n  l eads  w h i c h  a r e  sea l ed  t h r o u g h  the  i n n e r  
p a r t  of a P y r e x  jo int ,  as shown.  A p p r o x i m a t e l y  80w 
was  n e c e s s a r y  to m e l t  t he  end  of t he  c rys ta l ,  b u t  
t he  r e q u i r e d  p o w e r  wi l l  be  g r e a t l y  d e p e n d e n t  on 
the  g e o m e t r y .  H y d r o g e n  or  an  i n e r t  gas  was  used  to 
p u r g e  the  a p p a r a t u s .  W h e n  p u r e  h y d r o g e n  was  no t  
used,  i t  was  f o u n d  n e c e s s a r y  to m i x  a p e r  cen t  or  
two  of h y d r o g e n  w i t h  a rgon  or  n i t r o g e n  f lowing 
t h r o u g h  the  tube .  O the rwi se ,  as t he  t u n g s t e n  h e a t e r  
o p e r a t e d  a t  an  e x t r e m e l y  h igh  t e m p e r a t u r e ,  t h e r e  
was  some o x i d a t i o n  of t u n g s t e n  b y  t r aces  of oxygen ,  
w h i c h  caused  e v a p o r a t i o n  of t u n g s t e n  oxide .  

T e m p e r a t u r e s ,  r e l a t i v e  to t he  m e l t i n g  of t he  s i lve r  
c rys ta l s ,  w e r e  d e t e r m i n e d  b y  t r i a l  and  t h e r e a f t e r  
r e p r o d u c e d  b y  m e a s u r i n g  the  h e a t e r  cu r ren t .  The  
end  of t he  c r y s t a l  was  a l l o w e d  to m e l t  un t i l  a sphe re  
of m e t a l  fo rmed ,  two  or  t h r e e  t imes  the  d i a m e t e r  of 
t he  wi re .  F r e e z i n g  t imes  of 10-30 sec w e r e  suff icient  

b 

Fig. la. Cross section of furnace tube; Fig. lb. detail of crystal 
sphere in Teflon holder. 
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for  the  f o r m a t i o n  of s ing le  c r y s t a l  spheres .  The  r a t e  
of f r eez ing  for  a g i v e n  h e a t e r  c u r r e n t  can  be  es t i -  
m a t e d  b y  g e n t l y  t a p p i n g  the  s u p p o r t  s t a n d  and  o b -  
s e rv ing  the  v i b r a t i o n s  in  t he  l i qu id  p o r t i o n  of t he  
sphere .  A p p r o x i m a t e l y  t he  s ame  f r eez ing  r a t e  wi l l  
occur  in  s u b s e q u e n t  ope ra t i ons  w i t h  c r y s t a l s  of t he  
s ame  size. A f t e r  some e x p e r i e n c e  i t  was  f o u n d  pos -  
s ib le  to r e m e l t  a s p h e r e  w i t h o u t  f u r t h e r  m e l t i n g  of 
t he  c r y s t a l  wi re .  

A l t h o u g h  the  c r y s t a l  w i r e s  w e r e  c l eaned  in  n i t r i c  
ac id  p r i o r  to f o r m i n g  the  spheres ,  du l l  depos i t s  w e r e  
s o m e t i m e s  f o u n d  on  the  su r f ace  a f t e r  t he  first  m e l t -  
ing. These  i m p u r i t i e s  can be  r e m o v e d  b y  f u r t h e r  
c l ean ing  in acid,  f o l l o w e d  b y  r e m e l t i n g  of t he  sphere .  
The  depos i t s  a r e  a p p a r e n t l y  due  to c o n d e n s a t i o n  on 
the  c r y s t a l  of a n y  vo l a t i l e  ox ides  w h i c h  m i g h t  be  
fo rmed .  Depos i t s  w e r e  m i n i m i z e d  b y  a t h o r o u g h  gas  
p u r g e  w i t h  t he  h e a t e r  on, be fo re  the  c r y s t a l  w i r e  is 
p l aced  in  t he  a p p a r a t u s .  Also  a long p r e t r e a t m e n t  
of h e a t i n g  of t he  sp i r a l  he lps  a g r e a t  deal .  

C l e a n i n g  of s i lve r  sphe re s  in  n i t r i c  ac id  r e v e a l e d  
the  c r y s t a l l i z a t i o n  s t a t e  in  a d d i t i o n  to r e m o v i n g  
su r f ace  deposi ts .  F r o m  the  s y m m e t r y  of t he  e t ched  
su r f ace  i t  was  poss ib le  to see if t he  s p h e r e  was  a 
s ingle  c rys ta l .  A m o r e  se l ec t ive  e tch  (9)  is hot  
(70~  c o n c e n t r a t e d  su l fu r i c  acid,  w h i c h  c l e a r l y  
r e v e a l s  t he  (100) a n d  (111) p lanes .  Ac id  c l ean ing  
or  e t ch ing  fo l l owed  b y  r e m e l t i n g  of t he  sphe re  can  
be  r e p e a t e d  un t i l  a s a t i s f a c t o r y  c r y s t a l  is fo rmed .  
A f t e r  some e x p e r i e n c e  one u s u a l l y  ob ta in s  a c r y s t a l  
s p h e r e  r e a d y  for  i m m e d i a t e  use.  

A f t e r  cool ing,  t he  w i r e  was  p u l l e d  up  u n t i l  the  
c r y s t a l  s p h e r e  con tac t ed  the  Teflon p lug .  The  glass  
t u b e  was  also d r a w n  u p w a r d s  un t i l  t he  c r y s t a l  was  
close to t he  end  of t he  K.P .G.  tube .  R e m o v a l  of t he  
top  p o r t i o n  of the  a p p a r a t u s  a n d  t r a n s f e r  to an  e l ec -  
t r o c h e m i c a l  cel l  was  thus  poss ib le  w i t h o u t  expos ing  
the  c r y s t a l  to the  a t m o s p h e r e ,  p r o v i d e d  an  a d e q u a t e  
flow of i ne r t  gas was  m a i n t a i n e d .  

The  su r f ace  of the  c r y s t a l  s p h e r e  was  specu la r  
l i ke  a d rop  of m e r c u r y  and,  in  t he  case  of s i lve r  a t  
least ,  the  c ry s t a l  p l anes  (111) a n d  (100) w e r e  of ten  
o b s e r v a b l e  as s m a l l  facets .  W i t h  mic roscop ic  t e c h -  
n iques  i t  m a y  be  poss ib le  to use  t hese  i n d i v i d u a l  
c r y s t a l  p l a n e s  as e lec t rodes .  The  a p p e a r a n c e  of these  
p l a n e s  g ives  i m m e d i a t e  i n f o r m a t i o n  a b o u t  t he  o r i -  
e n t a t i o n  of t he  s p h e r i c a l  c rys ta l .  

The  d e g r e e  of p e r f e c t i o n  of  t he  su r faces  of c r y s -  
t a l s  g r o w n  in th is  m a n n e r  is, of course ,  no t  k n o w n .  
I t  s eems  r e a s o n a b l e  to a s s u m e  t h a t  gross  su r face  
i r r e g u l a r i t i e s  a r e  less l i k e l y  on these  sphe re s  t h a n  
on cut  and  p o l i s h e d  m e t a l  c rys ta l s .  C o m p a r a t i v e  
m e a s u r e m e n t s ,  w h i c h  a r e  d e p e n d e n t  on su r f ace  
s t r u c t u r e ,  w i l l  he lp  to e s t i m a t e  how c lose ly  t he  i dea l  
c r y s t a l  su r f ace  is a p p r o a c h e d .  P r e l i m i n a r y  p o t e n t i a l  
s n d  c u r r e n t - p o t e n t i a l  m e a s u r e m e n t s  h a v e  i n d i c a t e d  
t h a t  t he  (111) a n d  (100) p l anes  on s i lve r  c r y s t a l  
sphe re s  a r e  r e l a t i v e l y  f ree  of g r o w t h  sites.  Mic ro -  
scopic  e x a m i n a t i o n  of  t he  sphe re s  r e v e a l s  a n u m b e r  
of s teps  s u r r o u n d i n g  the  (111) and  (100) facets .  
The  h e i g h t  of each  s tep  is e s t i m a t e d  to be  less  t h a n  
0.5t~. The  face ts  t h e m s e l v e s  a p p e a r  m i c r o s c o p i c a l l y  
flat. 

Such  s p h e r i c a l  e l ec t rodes  a r e  in  use  in our  l a b -  
o r a t o r y  for  t he  s t u d y  of e l e c t r o c r y s t a l l i z a t i o n  p r o -  
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cesses. Some p r e l i m i n a r y  expe r imen t s  have  also 
been  conduc ted  w i th  smal l  capi l lar ies  a t t ached  to 
di f ferent  par ts  of the  surface for s t udy ing  the po-  
l a r iza t ion  behav io r  of selected areas  on the sphere.  
The  me thod  al lows a r ap id  and  qui te  r ep roduc ib le  
p r e p a r a t i o n  of a n  u n c o n t a m i n a t e d  s ingle  crys ta l  
surface,  which  m a y  be use fu l  also in  o ther  studies.  
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Investigation of the Electrochemical Characteristics 
of Organic Compounds 

X. Sulfur Compounds 

R. Glicksman 
Semiconductor and Materials Division, Radio Corporation of America, Somerville, New Jersey 

ABSTRACT 

Armdic ha l f -ce l l  potent ia l  d ischarge da ta  a re  presented  for  var ious  classes 
of organic sulfur  compounds,  such as the  thiophenols,  mercaptans ,  and th ioureas  
in a lka l ine  e lectrolyte .  The effect of group subst i tu t ion  and a romat ic i ty  on the 
anode potent ia l  of the  th iophenol  compounds is i n t e rp re t ed  in te rms of the 
e lect ron dens i ty  d is t r ibut ion  in the  molecule.  Hal f -ce l I  potent ia l  d ischarge da ta  
for the  revers ib le  t h iou rea - fo rmamid ine  disulfide and d i th iob iu re t - th iu re t  sys-  
tems in different  e lec t ro ly tes  of va ry ing  pH are  also presented.  

The  i m p o r t a n c e  of s u l f h y d r y l  c o m p o u n d s  in  b io -  
log ica l  sy s t ems  has  l ed  to c o n s i d e r a b l e  i n t e r e s t  in 
the  fo l l owing  e q u i l i b r i u m  (1) .  

2RSH = R S S R  + 2H + A- 2 e -  [1]  

M a n y  a t t e m p t s  h a v e  been  m a d e  to m e a s u r e  the  
o x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  of t h e o r e t i c a l l y  r e -  
ve r s ib l e  sy s t ems  of  th is  type ,  but ,  for  t he  mos t  pa r t ,  
t he  d a t a  of such  i n v e s t i g a t i o n s  do no t  con fo rm to 
t he  c r i t e r i a  for  f r e e l y  r e v e r s i b l e  s y s t e m s  (2) .  

The  c o m p o u n d s  of these  o x i d a t i o n - r e d u c t i o n  sys -  
t ems  a re  also of i n t e r e s t  as anode  a n d  ca thode  m a t e -  
r i a l s  in g a l v a n i c  cells.  In  th is  p a p e r ,  anodic  h a l f -  
cel l  p o t e n t i a l  d a t a  for  v a r i o u s  o rgan ic  su l fu r  c o m -  
p o u n d s  d i s c h a r g e d  in a l k a l i n e  solu t ion ,  as we l l  as 
d a t a  for  r e v e r s i b l e  t h i o l - d i t h i o  sy s t ems  d i s c h a r g e d  
in e l e c t r o l y t e s  of v a r y i n g  pH,  a r e  p r e s e n t e d .  

Apparatus and Technique 
A p r e v i o u s l y  d e s c r i b e d  t e c h n i q u e  (3)  has  been  

used  to m e a s u r e  t he  o p e r a t i n g  p o t e n t i a l  d u r i n g  c u r -  
r e n t  flow of t he  v a r i o u s  o rgan ic  su l fu r  compounds .  
This  t e c h n i q u e  consis ts  in d i s c h a r g i n g  a 0.5g s a m p l e  
of t he  su l fu r  c o m p o u n d  m i x e d  w i t h  0.05g of S h a w -  
i n igan  a c e t y l e n e  b l a c k  in  a l a r g e  v o l u m e  of  e l ec -  
t r o l y t e  at  a cons t an t  c u r r e n t  d r a i n  of 0.005 a m p / g .  
The  change  in anode  or  c a thode  p o t e n t i a l  w i t h  t i m e  
was  m e a s u r e d  w i t h  a L&N t y p e - K  p o t e n t i o m e t e r  
us ing  a s a t u r a t e d  ca lome l  r e f e r e n c e  e lec t rode .  The  
m e a s u r e d  p o t e n t i a l s  w e r e  c o r r e c t e d  for  t he  IR d rop  
as soc ia t ed  w i t h  t he  a p p a r a t u s  and  e l e c t r o l y t e  b y  
m e a n s  of an  o sc i l l og raph i c  t echn ique .  

A l l  h a l f - c e l l  p o t e n t i a l  d a t a  r e p o r t e d  a r e  r e f e r r e d  
to the  n o r m a l  h y d r o g e n  e l e c t r o d e  and  i nc lude  a 
l i qu id  j u n c t i o n  po ten t i a l .  F o r  mos t  of t he  a n o d e  
p o t e n t i a l  m e a s u r e m e n t s ,  an  aqueous  1.44M NaOI-I 
e l e c t r o l y t e  (aoR_ = 1) 1 w a s  used  as t he  e l e c t r o l y t e  
and  a m a n g a n e s e  d i o x i d e  bobbir~ w r a p p e d  in c he e se -  
c lo th  s e r v e d  as the  ca thode .  F o r  t he  ca thod  h a l f -  
cel l  p o t e n t i a l  s tudies ,  aqueous  MgBr2, NH4C1-ZnC12, 
and  N a O H  e l e c t r o l y t e s  w e r e  used  w i t h  c o m p a t i b l e  
m a g n e s i u m  and  zinc anodes .  

1 C a l c u l a t e d  f r o m  the  da t a  g i v e n  b y  L a t i m e r  (4).  

Experimental Data and Discussion of Results 
Thiourea-formamidine disulfide system.--A1- 

t h o u g h  mos t  s u l f h y d r y l  c o m p o u n d s  do no t  f o r m  
t r u l y  r e v e r s i b l e  r e d o x  sys tems ,  t h e r e  a r e  some  sys -  
t ems  of th is  t y p e  w h i c h  e s t ab l i sh  r e p r o d u c i b l e  p o -  
t en t i a l s  as p o s t u l a t e d  t heo re t i c a l l y .  The  f irst  s y s t e m  
of th is  k ind ,  d i s c ove re d  b y  P r e i s l e r  and  B e r g e r  (2) ,  
is t he  t h i o u r e a - f o r m a m i d i n e  d isu l f ide  sys t em.  

In  the  ac id  r a n g e  (0 .05-1N HC1) s t u d i e d  b y  
P r e i s l e r  and  Berge r ,  t h i o u r e a  does  no t  ionize  to a n y  
a p p r e c i a b l e  ex t en t ,  w h e r e a s  f o r m a m i d i n e  d isul f ide  
ex i s t s  as the  ac id  sa l t  of a d i v a l e n t  base.  The  r e a c -  
t ion  is as fo l lows  

NH2 NHa + NH8 + 
I J J 

2 C - - S H  = C - - S - - S - - C  + 2 e -  
ll II II 
NH N H  N H  

( t h i o u r e a )  ( f o r m a m i d i n e  d i su l f ide)  [2]  
- - a c i d  f o r m  

Because  H + is no t  i n v o l v e d  in  t he  p rocess  ( w i t h i n  
t he  p H  r a n g e  s t u d i e d )  t he  p o t e n t i a l  is una f fec t ed  b y  
change  of pH.  

The  e q u a t i o n  for  t he  e l ec t rode  po ten t i a l ,  E, m a y  
t hen  be  w r i t t e n  as fo l lows  

RT ( R S S R )  
E = Eo' + In [3 ]  

2F ( R S H )  2 

w h e r e  ( R S S R )  and  ( R S H )  a re  t he  concen t r a t i ons  
of f o r m a m i d i n e  d isu l f ide  and  th iou rea ,  r e spe c t i ve ly ,  
and  the  cons t an t  Eo' is the  p o t e n t i a l  w h e n  the  l o g a -  
r i t h m i c  t e r m  becomes  zero. F o r  th is  s y s t e m  the  Eo' 
v a l u e  was  f o u n d  b y  P r e i s l e r  and  B e r g e r  to be  
+0 .420v  for  so lu t ions  of 0 .05-1N HC1. 

F i g u r e  1 shows  h a l f - c e l l  p o t e n t i a l  d i s c h a r g e  
cu rves  of t he  c o m p o u n d s  in  th is  r e v e r s i b l e  o x i d a -  
t i o n - r e d u c t i o n  s y s t e m  o b t a i n e d  b y  d i s c h a r g i n g  
t h i o u r e a  as an  anode  and  f o r m a m i d i n e  d isu l f ide  d i -  
h y d r o c h l o r i d e  as a ca thode  in  t h r e e  e l e c t r o l y t e s  of 
d i f f e ren t  pH. As  a c a thode  m a t e r i a l ,  f o r m a m i d i n e  
d isu l f ide  d i h y d r o c h l o r i d e  o p e r a t e s  a t  a p o t e n t i a l  
c lose to i ts  t h e o r e t i c a l  v a l u e  in  t h e  14% MgBr2 (pH 
= 8.2) and  25% NH4C1-20% ZnClz ( p H  = 4.5) 
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Fig, 1. Anode and cathode half-cell potential curves for the 
system thiourea-formamidine disulfide discharged at o rote of 0.005 
amp/g in various aqueous electrolytes. 

e l e c t r o l y t e s  and  at  e l e c t r o d e  efficiencies of 56 and  
53%, r e spec t i ve ly ,  as shown  b y  the  t h e o r e t i c a l  c a -  
p a c i t y  and  e l ec t rode  eff iciency d a t a  in  T a b l e  I. As  
an  a n o d e  m a t e r i a l  in  t he  5.4% N a O H  e l ec t ro ly t e ,  
t h i o u r e a  has  a p o t e n t i a l  of  ~ 0 . 3 5 v  and  an  e l ec t rode  
eff iciency of 89% u n d e r  t hese  cond i t ions  of d i s -  
charge .  In  t he  MgBr2 and  NH4CI-ZnC12 e l ec t ro ly t e s ,  
t h i o u r e a  o p e r a t e s  a t  c o n s i d e r a b l y  l o w e r  a n o d e  p o -  
t en t i a l s ;  h o w e v e r ,  i t  p r o v i d e s  a p p r o x i m a t e l y  t he  
s a m e  cou lombic  c a p a c i t y  to  l o w e r  end  po t en t i a l s  as 
in the  s t r o n g l y  a l k a l i n e  e l ec t ro ly t e .  

Dithiobiuret-thiuret system.--The o x i d a t i o n  of 
d i t h i o b i u r e t  to t h i u r e t  ( 3 , 5 - d i i m i n o - l , 2 , 4 - d i t h i a z o -  
l ine )  i n v e s t i g a t e d  b y  P r e i s l e r  and  B a t e m a n  (5)  i n -  
d ica tes  t h a t  the  s y s t e m  a p p a r e n t l y  i nvo lves  t he  
open ing  and  c los ing of a r i ng  s y s t e m  as a p a r t  of 

Table I. Theoretical capacities and electrode efficiencies 
of various organic su|fur compounds 

Theoret ica l  
capacity,  E l e c t r o d e  

Compound a m p - m i n / g  eWiciency,$ % 

Anode  mater ia l s  ZnCl2t MgBr2t NaOHw 

Thiourea  21.1 88.6 
1 -Methy l -2 - th iourea  17.9 91.1 
1-Acetyl -2  - th iourea  13.6 55.1 
1 -Al ly l -2 - th iou rea  13.8 81.2 
1 -Pheny l -2 - th iou rea  10.6 97.2 
Thioace tamide  21.4 74.8 
Mercaptoacet ic  ac id-Na 

sal t  14.1 76.6 
Cysteine 13.3 100 * * 
Di thioloxal ic  acid d ipo-  

tass ium salt  16.2 93.8 
Di th iooxamide  26.8 53.7 
Di th iobiure t  23.8 93.7* * 
Benzenethiol  14.6 - -  
1-Hexaneth io l  13.6 - -  

NH4C1- 
Cathode mater ia l s  ZnC12t MgBr2~ NaOHw 

Formamid ine  disulfide 
d ihydrochlor ide  14.4 52.8 56.3 100 

Thiure t  hydroch lor ide  18.9 100 86.8 97.9 
Cystine 13.4 - -  - -  100 

$ Expe r imen ta l  capaci ty calculated on the  basis  of the  fol lowing 
end potent ials :  * +0.30v; ** +0.25v; t --0.40v; w --0.70v. 

0.60 H2N~'NHCNH2 O. HN-CNH C=NH .HC~ 

O. 5.4% NaOH 2 1  F 25 ~ NH 4 C~/- ~'OY'Z Nc~n2 

OO0 ~-02~ 14% MQBr2 

CAPACITY( AMPERE -MINUTES) 

Fig. 2. Anode and cathode half-cell potential curves for the sys- 
tem dlthiobiuret-thiuret discharged at a rate of 0.005 omp/g ,in 
various aqueous electrolytes. 

the oxidat ion-reduct ion equi l ibr ium, according to 
the fol lowing reaction 

S H  S H  S S 
I I I ] + 2H + + 2 e -  

H N - - C N H C ~ N H  = H N ~ C N H C ~ N H  
( d i t h i o b i u r e t )  ( t h i u r e t )  

[4] 

The  r e a c t i o n  p roceeds  b y  a r e v e r s i b l e  t w o - s t e p  
process .  The  po ten t i a l s ,  w i t h i n  the  p H  r a n g e  s t u d -  
ied,  a r e  s t ab le  a n d  fo l low the  equa t ions  a p p l i c a b l e  
to sys t ems  of th is  type .  P r e i s l e r  and  B a t e m a n  m e a s -  
u r e d  the  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  of  th is  sy s -  
t e m  ove r  t he  p H  r a n g e  of 0.05-5.2 and  o b t a i n e d  Eo' 
va lues  of -~0.251v at  p H  0 a n d  ~-0.102v a t  p H  5. 
The  va lue s  i nd i ca t e  t h a t  d i t h i o b i u r e t  w o u l d  act  as 
a s t r ong  r e d u c i n g  a g e n t  in c h e m i c a l  reac t ions .  

F i g u r e  2 shows  h a l f - c e l l  p o t e n t i a l  d i s cha rge  
cu rves  of d i t h i o b i u r e t  and  t h i u r e t  h y d r o c h l o r i d e  o b -  
t a i n e d  b y  d i s c h a r g i n g  these  c o m p o u n d s  at  a c u r -  
r e n t  d r a i n  of 0.005 a m p / g  in va r i ous  e l ec t ro ly t e s .  
T h i u r e t  h y d r o c h l o r i d e  o p e r a t e s  a t  ca thode  p o t e n -  
t i a l s  close to i ts  t h e o r e t i c a l  v a l u e  in  bo th  t he  NH4C1- 
ZnC12 and  MgBr2 e l e c t r o l y t e s  and  a t  e l e c t r o d e  effi- 
c ienc ies  of 100 and  87%, r e spec t i ve ly .  D i th iob iu re t ,  
w h i c h  i n i t i a l l y  has  a h i g h e r  anode  p o t e n t i a l  t h a n  
t h i o u r e a  in t he  N a O H  e l ec t ro ly t e ,  o p e r a t e s  a t  an  
e l ec t rode  efficiency of 94%. As  in t he  case  of t h i o u -  
rea ,  the  anode  po t e n t i a l s  of d i t h i o b i u r e t  in  t he  m o r e  
ac idic  e l e c t r o l y t e s  a r e  0.5-0.6v l o w e r  t h a n  in  t h e  
N a O H  e lec t ro ly t e ,  w h i l e  the  cou lombic  capac i t i e s  
o b t a i n e d  f r o m  d i t h i o b i u r e t  in  a l l  t h r e e  e l e c t r o l y t e s  
( to  low e n d - p o t e n t i a l s )  a r e  c o m p a r a b l e .  

Cysteine-cystine system.--The o x i d a t i o n - r e d u c -  
t ion  p o t e n t i a l  of t he  c y s t e i n e - c y s t i n e  sys t em,  shown 
be low,  has  been  the  sub j e c t  of m a n y  inves t i ga t i ons  
(6) .  

NH2 

2HSCH2CHCOOH = S - - C H 2 C H C O O H  
I I -}-2H + ~ - 2 e -  

N H e  S - - C H 2 C H C O O H  
(cyste~ne)  [ 

NH2 ( c y s t i n e )  
[5] 

F r o m  p o t e n t i a l  m e a s u r e m e n t s  c a r r i e d  out  in the  
c lass ica l  way ,  i t  is a p p a r e n t  t h a t  t he  r e a c t i o n  is no t  
s t r i c t l y  r e v e r s i b l e  t h e r m o d y n a m i c a l l y .  H o w e v e r ,  
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Fig. 3. Anode and cathode half-cell potential curves for the sys- 
tem cysteine-cystine discharged at a rate of 0.00.5 amp/g in various 
aqueous electrolytes. 

the react ion can be reversed  chemical ly  wi th  the 
expendi tu re  of large  amounts  of energy. 

As shown in Fig. 3, the ha l f -ce l l  potent ia l  dis-  
charge da ta  for cysteine and cyst ine indicate tha t  
cystine is a weak  oxidizing agent, even in the more 
acidic electrolytes.  On the other hand, the anode 
potent ia l  of cysteine in NaOH elect rolyte  is only 
0.07v lower  than  tha t  of thiourea,  whereas  it oper-  
ates at an electrode efficiency of 100%. Like th iou-  
rea and di thiobiuret ,  cysteine operates  at consider-  
ab ly  lower  potent ia ls  in NH4C1-ZnC12 and MgBre 
electrolytes.  

Organic sulfur compounds as reducing agents . -  
Organic der iva t ives  of sulfur  are of two types,  those 
re la ted  to the corresponding oxygen compounds by  
the subst i tut ion of S for O and those corresponding 
to the oxidized forms of sulfur. In this section, 
compounds of the first group, such as the mercap-  
tans, thioacids and thioamides,  are eva lua ted  as 
anode mater ia ls .  F igures  4 through 8 show ha l f -ce l l  
potent ia l  discharge curves of these compounds, ob- 
ta ined by  discharging them as anodes in 5.4% NaOH 
elect rolyte  at a ra te  of 0.005 amp/g .  Theoret ica l  
capaci ty  and electrode efficiency da ta  for the com- 
pounds, based on a theoret ica l  two-e lec t ron  ox ida-  
t ion step to the disulfide state, are shown in Table I. 
Thiophenols.--Figure 4 shows ha l f -ce l l  potent ia l  
discharge da ta  for var ious  aromat ic  thiophenol  
compounds compared  with  phenol  and 1-hexa-  
nethiol.  Of the various compounds tested, the a lky l  
der ivat ive ,  1-hexanethiol ,  had the highest  anode 

0.6C I-HEXANETHIOL -\ 0,40 

S -NAPHTHALENETHIOL OOC 
O SN 

PHENOL : / OH -0~( 
�9 
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/--p -TOLUENETHIOL 

BENZENETHIOL 

~1 ~ - - P  -N~HRO . . . . .  HENOL 
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o.6o~ 

O40- 

~o~ 
z o,~ 

~ -~ 

c~-~O 

-O.6O 

Fig. 4. Half-cell potential discharge curves of various thiophenol 
derivatives discharged at a rate of 0.005 arnp/g in 1.44M NaOH. 

potent ia l  (+0.45-0.50v)  in the NaOH electrolyte ,  
whereas  the th iophenol  der iva t ives  had  anode po-  
tent ia ls  of +0.25-0.40v. 

The higher  anode potent ia l  of th iophenol  in com- 
par ison to phenol  is to be expected on the basis of 
thei r  different  behavior  toward  oxidizing agents; 
the sulfur  atom can be oxidized whereas  the oxygen 
atom cannot. This ab i l i ty  makes  possible compounds 
such as the sulfoxides,  sulfones, and sulfonic acids. 
In addit ion,  the - - S - - S - - l i n k a g e  is s table whereas  
the - - O - - O - - l i n k a g e  is ve ry  unstable.  

Thus the mercap tans  can be read i ly  oxidized to 
disulfides in a lkal i  e lect rolyte  by  mild  oxidizing 
agents such as air, halogens, and hydrogen  pe rox-  
ide. St ronger  oxidizing agents convert  the disulfides 
into sulfonic acids. 

The discharge curves of the var ious  pa ra  sub-  
s t i tu ted  thiophenol  compounds indicate  tha t  the ef-  
fect of subs t i tu ted  groups on the anode potent ia l  of 
th iophenol  closely para l le l s  the i r  effect on the 
anode potent ia l  of aromat ic  h y d r o x y  and amine 
compounds (3).  For  example ,  the higher  potent ia l  
of p - to luene th io l  and the lower  potent ia l  of p - n i -  
t ro th iophenol  as compared to benzenethiol  can be 
read i ly  expla ined  in terms of the effect of the elec- 
t ron  r e p e l l i n g - - C H ~  group and the electron a t -  
t rac t ing  - -NO2 group on the electron dens i ty  in the 
vic ini ty  of the oxidizable - - S H  group. Similar ly ,  
the h igher  potent ia l  of 2 -naphtha lene th io l  as com- 
pared  to benzenethiol  can be expla ined  on the basis 
of the h igher  r ing electron densi ty  in the vicini ty  
of the naphtha lene  - - S H  group than  around the 
- - S H  group on the benzene ring. As a consequence 
of this higher  e lectron density,  2 -naphtha lene th io l  
has a lower electron affinity than  benzenethiol  and 
is a s t ronger  reducing agent.  

Thiourea derivatives.--Figure 5 shows ha l f -ce l l  po-  
tent ia l  discharge curves for var ious  1-subst i tu ted  
th iourea  derivat ives.  These compounds operate  at  
anode potent ia ls  of +0 .32-+0.37v,  and (assuming 
end potent ia ls  of +0 .30v) ,  at e lectrode efficiencies of 
80-90%. Unlike the effect of subs t i tu ted  groups on 
the anode potent ia l  of the thiophenols,  the effect of 
subs t i tu ted  groups on the potent ia l  of th iourea  does 
not follow any establ ished pat tern .  However ,  as in 
the case of me thy l  and phenyl  hydraz ine  (7),  the 
anode potent ia ls  of these compounds increase in the 

5 10 5 20  25  30  5 10 ;5 20  25 30 
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Fig. 5. Half-cell potential discharge curves of various 1-substi- 
tuted thiourea derivatives discharged at a rate of 0.005 arnp/g in 
1.44M NaOH. 
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Fig. 6. Half-cell potential curves of various N,N'-disubstituted 
thiourea derivatives discharged at a rate of 0.005 amp/g in 
1.44M NaOH. 

order  of 1 -methy l -2 - th iourea ,  thiourea,  and 1- 
pheny l -2 - th iourea .  

The addi t ion of another  pheny l  group to the 1- 
posit ion of. 1 -pheny l -2 - th iou rea  resul ts  in a com- 
pound which polarizes read i ly  under  these condi-  
tions of discharge. Unlike 1 ,1-d iphenyl -2- th iourea ,  
the symmetr ica l  d iphenyl th iourea  compound ( th io-  
carbani l ide)  shown in Fig. 6, operates  at  a consider-  
ab ly  h igher  electrode potent ia l  and has a g rea te r  
coulombic capaci ty  in the NaOH electrolyte.  

Also shown in Fig. 6 are ha l f -ce l l  potent ia l  d is-  
charge curves for 2- thiouraci l ,  2 - th iobarb i tu r ic  
acid, and 2- imidazol idinethione.  These compounds 
may  be considered as cyclic N,N' d i subs t i tu ted  th i -  
ourea der ivat ives .  As in the case of phenol  and 
thiophenol,  2- th iouraci l  and 2- th iobarb i tu r ic  acid 
operate  at h igher  anode potent ia ls  than  their  com- 
parab le  h y d r o x y  compounds uraci l  and ba rb i tu r i c  
acid (8),  giving fu r the r  indicat ion tha t  the - - S H  
group is a s t ronger  reducing  agent  than  the - - O H  
group. 

The ha l f -ce l l  potent ia l  discharge curves for two 
other subs t i tu ted  th iourea  compounds of in teres t  
are shown in Fig. 7. These compounds,  th iocarbo-  
hydraz ide  and thiosemicarbazide,  contain, in add i -  
t ion to the - - S H  group, the hydraz ino  group 
( - -NHNH2) ,  which is also oxidizable.  For  th iocar -  
bohydraz ide  this resul ts  in a compound which has a 
higher  ini t ia l  anode potent ia l  than  the th iourea  de-  
r iva t ives  shown in Fig. 5 and 6 and a h igher  anode 
potent ia l  than  the other  hydraz ine  compounds p r e -  
viously s tudied (7).  S imi lar ly ,  th iosemicarbazide  
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Fig. 7. Half-cell potential discharge curves for thiocarbohydrazide 
and thiosemicarbazide discharged at a rate of 0.005 amp/g in 
1.44M NaOH electrolyte. 
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operates  at a h igher  anode potent ia l  than  the s imple 
semicarbazide  hydrochlor ide  compound. 
Thioacid and thioamide der ivat ives . - -The  in t ro-  
duction of one sulfur  into a carboxyl  group might  
be expected to yield two different  products;  how-  
ever, th iocarboxyl ic  acids are tautomeric ,  and only 
one substance has been isolated because the two 
forms read i ly  in terconver t  (9) as follows 

O OH 

R - - C  - - S H  R - -  C = S [6] 

This in terconvers ion is also t rue  of the thioamides,  
as shown below 

S SH 

R - - C - - N H 2  R - - C  = NH [ 7 ] 

F igure  8 shows ha l f -ce l l  po ten t ia l  discharge da ta  
for various th ioamide  and thioacid der iva t ives  ob- 
ta ined by discharging these compounds at  a ra te  of 
0.005 a m p / g  in 5.4% NaOH electrolyte.  The da ta  
indicate  that  s imple th ioamides  such as th ioacet -  
amide and di th iooxamide opera te  at potent ia ls  0.10- 
0.15v more anodic than  thiourea;  however,  they  
provide  less coulombic capacity,  as evidenced by  the  
ha l f -ce l l  potent ia l  discharge curve of th ioace tan i l -  
ide. 

Compared to th ioace tamide  and thiourea,  th io-  
acetic acid operates  at a considerably  lower  anode 
potent ial .  Similar ly ,  d i th ioloxal ic  acid d ipotass ium 
salt  operates  at  a potent ia l  +0.15v less anodic than 
di thiooxamide.  

A curve for mercaptoacet ic  ac id-Na salt  is in-  
cluded in Fig. 8 for comparison,  a l though this com- 
pound is a mercap tan  and not a thioacid. The high 
anode potent ia l  of this compound is comparable  to 
that  obta ined for 1-hexanethiol  (Fig. 4) and is a 
fu r the r  indicat ion of the s trong reducing power  of 
the mercaptans .  

Conclusion 

Compared to inorganic  anode mater ia ls ,  organic 
sulfur  compounds are not as good both on the basis 
of theoret ical  and expe r imen ta l ly  obta ined  coulom- 
bic capacities.  In addit ion,  the anode potent ia ls  of 
the more s t rongly  reducing organic sulfur  de r iva -  
t ives range from +0.3 to +0.5% values considerably  

L 
2~ o~o I 

0.20 

~" 010 

o 

z~ 0.00 

.r 

-010  

~ DIT~(]OXAMIDE ~C N Hz~Iz 050 t / -  MERCAPTOACETICCH2SHCOONa ACIO- No S/~LT 

........... \ [ .............. ; \ \  

i I 5 I0 b5 20 25 5 ,o ,5 ~o 2'5 
CAPACITY (AMPE R E- MINUTE S ) 

Fig. 8. Half-cell potential discharge curves for various thioamide 
and thioacid derivatives discharged at a rate of 0.005 amp/g in 
1.44M NaOH electrolyte. 
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l o w e r  t h a n  those  of c o n v e n t i o n a l  i no rgan ic  m e t a l  
anodes .  

Of t he  sol id  c o m p o u n d s  tes ted ,  t h i o u r e a  and  d i -  
t h i o b i u r e t  offer t he  mos t  p r o m i s e  as a n o d e  m a t e r i a l s  
because  of t h e i r  c o m p a r a t i v e l y  h igh  anode  p o t e n -  
t i a l s  and  cou lombic  capac i t ies .  H i g h  p o t e n t i a l  l i qu id  
m e r c a p t a n  c o m p o u n d s  such  as 1 - h e x a n e t h i o l  a r e  
also of i n t e r e s t  because  of t h e i r  poss ib le  use  as 
anodes  in con t inuous  feed  e l e c t r o c h e m i c a l  cells.  A l -  
t hough  the  t h e o r e t i c a l  cou lombic  capac i t i e s  of t he se  
c o m p o u n d s  a r e  low, t he  use  of m e r c a p t a n s  w i t h  two  
or  t h r e e  f u n c t i o n a l - - S H  g roups  in  t he  m o l e c u l e  
w o u l d  a l l ow for  h i g h e r  c a p a c i t y  c o m p o u n d s  h a v i n g  
h i g h e r  anode  po ten t i a l s .  
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Disintegration of Magnesium While Dissolving Anodically in 
Neutral and Acidic Solutions 

M. E. Stroumanis and B. K. Bhatia 
Department 05 Metallurgical Engineering, 

University of Missouri School of Mines an~ Metallurgy, Rolla, Missouri 

ABSTRACT 

A closer invest igat ion of the  d a r k  deposits  which separa te  f rom a magne -  
sium anode in the  form of leaf le ts  in neu t ra l  and in acidic solutions showed 
tha t  the  views set for th  by  Baborovsky  (1905) concerning meta l l ic  Mg in the  
deposi ts  are  correct.  A mul t i tude  of Mg par t ic les  of about  6 x 10 -~ m m  in d i am-  
e ter  were  visible in the  flakes, causing the i r  da rk  color. In  perchlor ic  acid the  
magnes ium anodes first tu rned  s l ight ly  da rk  at the  r im. Beaut i fu l  pa t t e rns  of 
deformat ion  twins  appeared .  A t  h igh  cur ren t  densi t ies  flakes conta ining in -  
numerab le  metal l ic  par t ic les  separa ted  f rom the  anode. The par t ic les  b roke  off 
f rom anodic regions leaving a series of da rk  holes where  the  meta l  was local ly  
s t ra ined  or deformed  or  where  the  in te ra tomic  bonding was weakened.  The 
pa r t i a l  d is in tegra t ion  of Mg into fine par t ic les  contr ibutes  to the exp lana t ion  
of the  negat ive  difference effect; it  expla ins  the  apparen t  devia t ion  f rom F a r a -  
day 's  law and shows tha t  the  assumpt ion of expuls ion of lower  va lency  ions 
f rom the anode dur ing  anodic dissolut ion is unnecessary  at  present .  The  active 
meta l  par t ic les  themselves  have  grea t  reducing  abil i ty.  

S e v e r a l  e x p l a n a t i o n s  h a v e  a p p e a r e d  in  the  l i t e r a -  
t u r e  for  t he  anodic  b e h a v i o r  of m e t a l s  d i s so lv ing  
in aqueous  solut ions ,  e spec i a l l y  w i t h  r e g a r d  to d e -  
c rease  or  i nc rea se  of t he  s e l f - d i s s o l u t i o n  r a t e  d u r i n g  
the  pa s sage  of anod ic  cu r ren t s .  The  l a t t e r  a r e  r e -  
f e r r e d  to as t he  pos i t i ve  and  n e g a t i v e  d i f fe rence  e f -  
fects,  r e s p e c t i v e l y  (1 ) .  This  s e e m i n g l y  t h e o r e t i c a l  
p r o b l e m  is of p r a c t i c a l  i m p o r t a n c e ,  e.g., in ca thod ic  
p ro tec t ion .  The  eff iciency of sacr i f ic ia l  Mg anodes  is 
low, s o m e t i m e s  less  t h a n  50% (2) .  I t  can  be  s h o w n  
t h a t  such  Mg anodes  e x h i b i t  t he  n e g a t i v e  d i f fe rence  
effect. 

To e x p l a i n  t he  n e g a t i v e  d i f fe rence  effect,  a s s u m i n g  
F a r a d a y ' s  l a w  to hold ,  some i n v e s t i g a t o r s  h a v e  p r o -  
posed  t h a t  the  e l ec t rodes  u n d e r  anod ic  c u r r e n t  e x -  
pe l  ions  of l o w e r  v a l e n c y  (3 -7 ) ,  w h i c h  t hen  a r e  o x -  
id ized  b y  the  e l e c t r o l y t e  u n d e r  h y d r o g e n  evo lu t i on  
to t h e i r  n o r m a l  va l ency .  H o w e v e r ,  th i s  h y p o t h e s i s  

canno t  be  suff ic ient ly  b a c k e d  b y  e x p e r i m e n t a l  facts ,  
and  i t  becomes  less p r o b a b l e  w h e n  t h e  pos i t i ve  d i f -  
f e r e nc e  effect is a lso  c ons ide r e d  (8, 9) .  

The  diff icul t ies  connec t ed  w i t h  an  e x p l a n a t i o n  of 
the  n e g a t i v e  d i f fe rence  effect  or  w i t h  t he  a p p a r e n t  
d e v i a t i o n  f r o m  F a r a d a y ' s  l aw,  or  w i t h  t he  a p p e a r -  
ance  of  ions  of s e e m i n g l y  l o w e r  v a l e n c y  d i s a p p e a r  
if a n o t h e r  p h e n o m e n o n  is cons ide red :  t he  p a r t i a l  
d i s i n t e g r a t i o n  of m e t a l s  in to  fine p a r t i c l e s  u n d e r  con-  
d i t ions  of f r ee  d i s so lu t ion  and  d i s so lu t ion  u n d e r  an  
anodic  cu r ren t .  D i s i n t e g r a t i o n  was  o b s e r v e d  p r e v i -  
ous ly ,  e.g., b y  H o e y  and  Cohen  (10, 8 ) ,  and  is m e n -  
t i o n e d  b y  E v a n s  (11) .  H o w e v e r ,  on ly  r e l a t i v e l y  l a r g e  
c h u n k s  w e r e  found.  W h a t  is n e w  now is t he  p a r t i a l  
d i s i n t e g r a t i o n  in to  f inest  m e t a l l i c  p a r t i c l e s  o b s e r v -  
ab le  on ly  u n d e r  h igh  magn i f i ca t ions  us ing  oil  i m m e r -  
s ion ob jec t ives .  The  d i s i n t e g r a t i o n  of e l ec t rodes  was  
p r o p o s e d  b y  M a r s h  and  Schasch l  (12) for  t he  e x -  
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p l a n a t i o n  of the  n e g a t i v e  d i f fe rence  effect and  co r -  
ros ion  of s tee l  in  aqueous  so lu t ions  was  m e n t i o n e d  as 
an  e x a m p l e .  D i s i n t e g r a t i o n  of m e t a l s  was  f irst  r e c -  
ognized  as such  w i t h  Be, d i s so lv ing  in  HC1 (13, 14).  
Soon a f t e r w a r d  the  s ame  p h e n o m e n o n  was  o b s e r v e d  
w i t h  Mg. 

Disintegration of Mg in NaCI Solutions 

A l l  t he  d i s so lu t ion  e x p e r i m e n t s  w e r e  p e r f o r m e d  
w i t h  99.995% p u r e  Mg, and  a l l  ac ids  and  sa l t s  u sed  
w e r e  of r e a g e n t  g rade .  

I t  has  been  r e p o r t e d  t ha t  d u r i n g  anodic  d i s so lu -  
t ion  of Mg m e t a l  in aqueous  so lu t ions  a b l a c k  co r -  
ros ion  p r o d u c t  is g iven  off b y  the  anode  (15) .  Q u a l -  
i t a t i ve  s tud ies  w e r e  c a r r i e d  out  he r e  to p r o d u c e  the  
b l a c k  depos i t  and  to e x a m i n e  i t  for  the  poss ib le  
p r e sence  of Mg pa r t i c l e s .  The  e l ec t ro ly s i s  was  c a r -  
r i ed  out  w i t h  a Mg a n o d e  and  a P t  c a thode  in abou t  
3 % NaC1 aqueous  solut ion .  The  c u r r e n t  v a r i e d  f r o m  
250 to 300 m a / c m  2. In  o r d e r  to r e d u c e  the  r e a c t i o n  
r a t e  of the  Mg pa r t i c l e s  w i t h  w a t e r ,  t he  e l ec t ro lys i s  
was  p e r f o r m e d  at  l o w e r  t e m p e r a t u r e s  b y  i m m e r s i n g  
the  r e a c t i o n  b e a k e r  in ice w a t e r .  A b l a c k  cor ros ion  
p r o d u c t  s e p a r a t e d  f r o m  the  a n o d e  at  t he  s ta r t ,  b u t  
soon t h e  so lu t ion  e x h i b i t e d  a w h i t e  t u r b i d i t y .  To 
avo id  f u r t h e r  h y d r o l y s i s ,  t he  e l ec t ro ly s i s  was  
s topped  and  the  b l a c k  depos i t  d e c a n t e d  w i t h  ice 
w a t e r  s e v e r a l  t imes  in  o r d e r  to r e m o v e  the  sa l t  and  
t hen  q u i c k l y  dr ied ,  us ing  95% e thanol .  N e v e r t h e l e s s  
t he  depos i t  t u r n e d  p a r t i a l l y  w h i t e  d u r i n g  th i s  o p -  
e ra t ion .  In  a d r y  s t a t e  t he  f l a k e - l i k e  depos i t  was  
s t ab le  for  months .  In  wa t e r ,  h y d r o l y s i s  was  c o m -  
p l e t e  w i t h i n  a few hours .  X - r a y  p o w d e r  p a t t e r n s  
showed  t h e  w h i t e  p r o d u c t  to be  Mg(OH)2 .  

The  d a r k ,  s o m e t i m e s  c o m p l e t e l y  b l a c k  f lakes  
w e r e  e x a m i n e d  u n d e r  t he  mic roscope .  H o w e v e r ,  on ly  
at  h i g h e s t  magn i f i ca t ions  (oi l  i m m e r s i o n )  and  in 
re f lec ted  l igh t  cou ld  t he  s t r u c t u r e  of the  f lakes  be  
r e so lved ;  i t  cons i s ted  of i n n u m e r a b l e  p a r t i c l e s  of 
m e t a l l i c  lus te r ,  he ld  t o g e t h e r  b y  t h e  subs t ance  of t he  
flakes,  in  a l l  p r o b a b i l i t y  M g ( O H ) 2  (see  Fig.  1).  In  
t h e  t r a n s m i t t e d  l i gh t  these  pa r t i c l e s ,  e x c e p t i n g  the  
holes,  a p p e a r e d  da rk .  The  w h i t e r  the  flakes,  t he  less  
dense  was  the  a c c u m u l a t i o n  of t he  re f lec t ing  p a r t i -  
cles (see  Fig .  2) .  No m o v e m e n t  of t he  a g g l o m e r a -  
t ions  in  the  oil  was  obse rved ,  b u t  r a t h e r  a m o v e m e n t  
of t he  w h o l e  "c loud ,"  w h i c h  c l e a r l y  shows  t h a t  t h e  
p a r t i c l e s  w e r e  he ld  f ixed b y  the  h y d r o x i d e  of the  

Fig. 1. Highly reflecting metallic particles in the black anodic 
corrosion product, 250-300 ma/cm 2, electrolyte 3% NaCI aqueous 
solution. Holes in the film. Magnification 1430X. 

Fig. 2. Less dense accumulation of particles in nearly white flakes. 
Magnification 1430X. 

film. S e p a r a t e  p a r t i c l e s  and  even  l a r g e  chunks  f loat -  
ing  in the  oil  cou ld  also be  obse rved .  The  p a r t i c l e  
size was  qu i t e  un i fo rm,  as  s h o w n  in Fig.  1 and  2. 
In  t he  dense r  a c c u m u l a t i o n s  t h e r e  w e r e  m o r e  t h a n  
200,000 p a r t i c l e s / c m  2. The  d i a m e t e r  of t he  sma l l e s t  
p a r t i c l e s  was  a r o u n d  6 x 10 -5 mm.  F r o m  the  b e -  
h a v i o r  of t he  f ree  p a r t i c l e s  f loat ing in t he  oil  i t  
cou ld  be  d e d u c e d  t ha t  t h e y  w e r e  p la te le t s .  

Disintegration in Dilute Aqueous Solutions of 
HCI and HCIO4 

The  c o n c e n t r a t i o n  of HC1 was  a p p r o x i m a t e l y  
0.05N. The  cond i t ions  of e l ec t ro ly s i s  w e r e  the  s ame  as 
d e s c r i b e d  above.  The  Mg e l e c t r o d e  d e v e l o p e d  a b l a c k  
coat ing ,  as o b s e r v e d  t h r o u g h  the  solut ion,  a n d  d a r k  
f lakes  s e p a r a t e d  f r o m  t h e  a n o d e  w h i l e  t h e  c u r r e n t  
was  f lowing.  The  f lakes t u r n e d  w h i t e  q u i c k l y  on se t -  
t l i ng  and  could  no t  be  co l lec ted  in t he  b l a c k  s t a t e  
for  mic roscop ic  obse rva t ion .  The  w h i t e  f lakes d id  no t  
con ta in  a n y  sh iny  pa r t i c l e s .  

H o w e v e r ,  i t  was  poss ib l e  to  obse rve  the  p a r t i c l e s  
d i r e c t l y  in t he  f i lm of t h e  Mg e l ec t rode  w h e n  the  
l a t t e r  was  s u b j e c t e d  to anod ic  d i s so lu t ion  in  HC104 
(0 .2-0 .4N) a t  c u r r e n t  dens i t i e s  above  300 m a  cm -2. 
A r o u n d  the  edges  of t he  e lec t rode ,  a t  t he  h ighes t  
c u r r e n t  dens i t ies ,  a b l a c k  a d h e r e n t  s a l t l i ke  f i lm w a s  
fo rmed .  The  e l ec t rode  was  t hen  r e m o v e d  f r o m  the  
b e a k e r ,  washed ,  d r i ed ,  and  e x a m i n e d  m i c r o s c o p i c a l l y  
u n d e r  low magn i f i ca t ions  to r e v e a l  t he  p r e s e n c e  of a 
c r a c k e d  film of a s t r u c t u r e  r e s e m b l i n g  t h a t  of  t he  
e t ched  Mg su r f ace  (see  Fig .  3) .  In  t he  s ame  films, 
o b s e r v e d  u n d e r  oil  a t  h igh  magni f ica t ion ,  i n n u m e r -  
ab l e  sh iny  p a r t i c l e s  of t h e  size and  s h a p e  shown  in 
Fig.  1 and  2 could  be  d e t e c t e d  (Fig.  4) .  These  p a r -  
t ic les  gave  the  d a r k  fi lm (Fig .  3) a s l igh t  m e t a l l i c  
l u s t e r  (16) .  E v i d e n t l y  t he  s h i n y  pa r t i c l e s  a r e  cov-  
e r ed  b y  some th in  f i lm w h i c h  p ro t ec t s  t h e m  f r o m  
d i s so lu t ion  in t he  HC104. B y  c rush ing  t h e  t h i c k  s a l t -  
l ike  coat ings ,  t he  p a r t i c l e s  w e r e  r e l e a s e d  and  o b -  
s e r v e d  u n d e r  t he  mic roscope .  T h e r e  was  no d i f fe r -  
ence  in t he i r  a p p e a r a n c e  as c o m p a r e d  w i t h  those  
f o r m e d  in NaC1 solut ions .  The  s ame  p i c t u r e  was  
o b t a i n e d  w i t h  f lakes  p e e l e d  off the  a n o d e  d u r i n g  
e l ec t ro lys i s  in  HC104. 

Nature of the Particles 

In  t he  case of Be i t  could  be  shown  b y  x - r a y  d i f -  
f r ac t i on  t h a t  t h e  s h i n y  p a r t i c l e s  s e p a r a t i n g  f r o m  t h e  
a n o d e  w e r e  m e t a l l i c  Be (13, 14).  In  t he  p r e s e n t  case 
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Fig. 3. Dark edge of a Mg electrode etched anodically in 0,3- 
0.4N. HCIO4 for 0.5 min, 350 ma cm -2. Magnification 320X. 

Fig. 4. Dark edge of a Mg electrode etched anodically in HCIO4 
(Fig. 3). Shiny particles are present. Magnification 14:30)(. 

it was more difficult to prove the metal l ic  na tu re  of 
the Mg part icles ,  because they  were  much smal ler  
than the Be par t ic les  and were  entangled  in the  
Mg(OH)2 network.  The x - r a y  analysis  y ie lded  dif -  
fract ion lines belonging to Mg(OH)2 and in add i -  
t ion two lines, the posi t ions of which coincided wi th  
the two strongest  l ines of pure  Mg, having re la t ive  
intensi t ies  of 100 and 40. On the pa t te rns  obtained 
wi th  the  b lack  substance,  the first of these l ines was 
weak, a l though sharp,  and the second was ve ry  
weak.  The th i rd  s trong l ine of pure  Mg wi th  a re l -  
at ive in tens i ty  of 20 and all  other l ines of stil l  lower  
in tensi ty  could not be observed on the films. This 
was not surpr is ing because only a ve ry  small  
a m o u n t  of Mg was presen t  in the flakes. F u r t h e r -  
more, b road  and re la t ive ly  strong l ines of Mg(OH)2 
over lapped  the weak  Mg lines, and there  was also 
a background created by  fluorescent rad ia t ion  on 
the films. 

Fu r the r  evidence of the meta l l ic  na ture  of the 
par t ic les  was found in thei r  s t rong metal l ic  lus ter ;  
they behaved  as if they  were  t iny  mirrors .  

In addit ion,  the part icles,  af ter  separa t ing  f rom 
the anode, reacted with  the e lec t ro ly te  to evolve 
gas (in all  probabi l i ty ,  hydrogen) .  S imul taneous ly  
the flakes tu rned  whi te  [Mg (OH) 2]. Of course, this 
p rope r ty  (evolving hydrogen)  could also be ex-  
h ibi ted  by  lower  va lency ions, but  would only occur 
at the p rox imi ty  of the anodic surface (3-7) as these 
ions are only of a ve ry  short  life (10 - s  to 10 -1 sec) 
(7).  The da rk  flakes observed here  reacted only 
s lowly wi th  H20, even wi th  acids (HC104), and 
were  ve ry  s table in a d ry  state. This is exac t ly  the 
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behavior  of fine par t ic les  of act ive meta ls  and not 
of lower  va lency ions. 

Origin and B r e a k - O u t  Spots of Meta l l i c  Particles 
In previous  work  it was shown tha t  Be par t ic les  

b reak  out of a massive Be p la te  while  it  is dissolv-  
ing in HC1 (13, Fig. 3) and are not formed subse-  
quent ly  in a secondary react ion (14). In the present  
case, Mg par t ic les  also could not be formed in a sec- 
ondary  react ion in aqueous solutions. F u r t h e r m o r e  
the sharpness of the two diffraction l ines of the 
par t ic les  indicates that  the lat t ice of par t ic les  was 
not d is tor ted and, hence, or ig inated f rom the meta l  
electrode itself. 

There is a fu r the r  quest ion as to where  on a 
metal l ic  surface the par t ic les  wi l l  b r eak  out. I t  has 
to be expected tha t  this should occur on such places 
of the metal l ic  la t t ice  where  the meta l  is s t ra ined 
or distorted,  e.g. ,  along glide planes, or lines, caused 
by  mechanical  deformation,  possibly along disloca-  
t ion lines and thei r  accumulations,  or where  the 
in tera tomic  bonding is somewhat  weakened  as along 
concentrat ions of vacancies and impuri t ies .  These 
places may  be a t tacked  p re fe ren t i a l ly  by  the process 
of dissolution, and par t ic les  may  b reak  out because 
of pa r t i a l  undermin ing  (10). An uneven place 
should be left  on the sample  which should appear  
b lack in the l ight  of the opaque i l luminator .  This is 
exac t ly  wha t  is observed.  The anodic dissolut ion of 
Mg under  cer ta in  conditions can be so di rec ted  tha t  
the b r e a k - o u t  of par t ic les  occurs not throughout ,  but  
p re fe ren t i a l ly  at the above-ment ioned  locations on 
the surface of the sample (Fig. 5). Ev iden t ly  the 
t iny  par t ic les  b reak  out side by  side leaving the re l -  
a t ively  la rge  spots looking da rk  on the photomicro-  
graph.  I t  can be seen c lear ly  tha t  this b r e a k - o u t  
occurred in p re fe r r ed  directions, f requent ly  along 
s t ra ight  lines. On the r ight  side of Fig. 5 there  is an-  
other  gra in  wi th  a different  c rys ta l lographic  d i rec-  
tion. I t  is assumed tha t  the b r e a k - o u t  of the Mg 
par t ic les  occurred on the b lack  places. A similar  Mg 
pla te  t r ea ted  anodical ly  at lower  current  densit ies 
looked, especial ly in the center,  as if it had been 
electropolished,  a l though the gra in  boundar ies  were  
c lear ly  defined (Fig. 6). 

Another  pa t t e rn  of Mg, showing deformat ion  
twins, is p ic tured  in Fig. 7. Thus the consequences 
of the deformat ion of Mg and of other meta ls  (Zn, 
Cd, Be) can be s tudied by  making  electrodes of 

Fig. 5. Mg etched anodically with stirring for 15 sec in 0.4N 
HCIO4, 520 ma cm -2. Magnification 90X. 
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Fig. 6. The middle of a Mg electrode etched anodically with 
stirring for 15 sec in 0.3N HCIO4, 330 ma cm -2 .  Magnification 60X. 

Fig. 7. Mg etched anodically with stirring for 30 sec in 0.3N 
HCIO4, 350 ma cm -2.  Magnification 320X. 

t h e m  and  b y  a p p l y i n g  anodic  c u r r e n t s  of such  a 
d e n s i t y  in  a c e r t a i n  e l e c t r o l y t e  t ha t  p a r t i a l  d i s i n t e -  
g r a t i o n  of t he  a n o d e  occurs .  

Conc lus ions  conce rn ing  the  d e f o r m a t i o n  p rocess  
can  t hen  be  d r a w n  f r o m  the  mic roscop ic  p i c t u r e  of 
t he  e t ched  su r f ace  of t he  anode.  

Conclusions 

This  i n v e s t i g a t i o n  shows  t h a t  Mg d i s i n t e g r a t e s  
p a r t i a l l y  in to  v e r y  s m a l l  m e t a l l i c  p a r t i c l e s  u n d e r  
c e r t a i n  cond i t ions  of d i s so lu t ion  or  cor ros ion .  The  
d a r k  color  of  the  f lakes  s e p a r a t i n g  f r o m  the  a n o d e  
is caused  b y  the  p r e s e n c e  of m i n u t e  Mg p a r t i c l e s  
he ld  in  a m a t r i x  of M g ( O H ) 2 .  B a b o r o v s k y ,  who  as -  
s u m e d  t h a t  t he  d a r k  color  of t he  anod ic  f i lms was  
caused  b y  the  p r e s e n c e  of m e t a l l i c  Mg, was  t h e r e f o r e  
co r rec t  (17) .  

The  b r e a k - o u t  of p a r t i c l e s  e x p l a i n s  in p a r t  t he  
n e g a t i v e  d i f fe rence  effect,  t h a t  is t h e  i n c r e a s e d  r a t e  
of d i s so lu t ion  of Mg w h e n  an  anod ic  c u r r e n t  of su f -  
f ic ien t ly  h igh  d e n s i t y  is pa s sed  t h r o u g h  t h e  e lec t rode .  
The  cu r ren t ,  as also o b s e r v e d  w i t h  A1 (8) ,  p a r t i a l l y  
bu t  c o n t i n u o u s l y  b r e a k s  d o w n  the  r e g e n e r a t i n g  o x -  
ide  coa t ing  w h i c h  con ta ins  a m u l t i t u d e  of m e t a l l i c  
pa r t i c l e s .  Due  to t he  b r e a k d o w n  of the  f i lm the  r e -  
ac t ing  su r face  of Mg inc reases  and  w i t h  i t  t he  se l f -  
d i s so lu t ion  r a t e  of Mg;  t he  r a t e  is i n c r e a s e d  s t i l l  
m o r e  b y  the  s e p a r a t e  d i s so lu t ion  of the  m e t a l l i c  p a r -  
t ic les  of t h e  film. T h e  d i s i n t e g r a t i o n  also e x p l a i n s  t he  
low eff iciency of Mg anodes  used  for  ca thod ic  p r o -  
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t e c t i on  and  some  o the r  p h e n o m e n a  o b s e r v e d  d u r i n g  
d i s so lu t ion  of m e t a l s  (18) .  

T a k i n g  in to  accoun t  t h e  i n c r e a s e d  d i s so lu t ion  r a t e  
w h i l e  t he  c u r r e n t  is f lowing,  no d e v i a t i o n  f r o m  F a r a -  
d a y ' s  l a w  w o u l d  be  f o u n d  and,  t he re fo re ,  t h e r e  is a t  
p r e s e n t  no need  for  t he  a s s u m p t i o n  of e x p u l s i o n  of 
ions of a cha rge  l o w e r  t h a n  n o r m a l  (19) .  Vice  versa ,  
to p r o v e  t h e  p r e s e n c e  of  such  ions, a t  l eas t  t he  i n -  
c r ea sed  r a t e  of f r a g m e n t a t i o n  of t h e  a n o d e  w h i l e  
t he  c u r r e n t  is f lowing has  to be  t a k e n  in to  accoun t  
as b y  H a m e r  and  assoc ia tes  in t he  case  of  s i l ve r  
w h e n  t h e y  r e d e t e r m i n e d  F a r a d a y ' s  cons t an t  (20, 21) .  

T h e  r e d u c i n g  a b i l i t y  of t h e  a n o l y t e  does  no t  p r o v e  
the  ex i s t ence  of l o w e r  v a l e n c y  ions  b e c a u s e  t he  fine 
p a r t i c l e s  of a c t i v e  m e t a l s  o b s e r v e d  in  t he  a n o l y t e  
h a v e  even  a g r e a t e r  r e d u c i n g  a b i l i t y  t h a n  the  l o w e r  
v a l e n c y  ions. 
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ABSTRACT 

Sil icon dioxide  thin films have  been  deposi ted by  pyro ly t i c  hydro lys i s  of 
silicon t e t r ab romide  vapor  on hot  subs t ra tes  a t  950~ by  using a mix tu re  of 
hydrogen  and argon gases in the  presence of wa te r  vapor.  Ni t rogen  m a y  be 
subst i tu ted  for  the  argon to fo rm an  equa l ly  efficient dielectr ic .  In  e i ther  case 
chemical  and physical  ana ly t ica l  p rocedures  show tha t  the  dielectr ic  is amor -  
phous and main ly  si l icon dioxide.  

F u r t h e r  r e s e a r c h  on d ie lec t r i c s  s u i t a b l e  for  600~ 
capac i to r s  has  r e v e a l e d  t h a t  t he  d i e l ec t r i c  p r e v i o u s l y  
d e s c r i b e d  b y  the  a u t h o r s  (1)  as  s i l icon  n i t r i d e  is 
a c t u a l l y  s i l icon d iox ide  f o r m e d  as  a r e s u l t  of s m a l l  
t r aces  of r e s i d u a l  w a t e r  v a p o r  in  t he  c a r r i e r  gas.  
This  conc lus ion  has  b e e n  ver i f i ed  b y  c h e m i c a l  a n d  
p h y s i c a l  a n a l y s e s  of t he  f i lms as w e l l  as b y  the  fac t  
t ha t  a r g o n  or  o t h e r  i n e r t  gases  m a y  be  s u b s t i t u t e d  
for  the  n i t r o g e n  c a r r i e r  to p r o d u c e  a f i lm w i t h  
e q u i v a l e n t  d i e l ec t r i c  p rope r t i e s .  

To depos i t  a n o n p o r o u s  s i l icon  d iox ide  th in  f i lm 
w i t h  o p t i m u m  d ie l ec t r i c  p rope r t i e s ,  i t  is e s sen t i a l  to 
s u p p l y  a c o n t r o l l e d  a m o u n t  of m o i s t u r e  to t he  
p y r o l y t i c  r e a c t i o n  b e t w e e n  h y d r o g e n ,  w a t e r ,  a n d  
s i l icon t e t r a b r o m i d e  v a p o r s  a t  t he  ho t  s u b s t r a t e  
surface .  Due  to c o n s i d e r a b l e  v a r i a t i o n  of the  w a t e r  
a n d  o x y g e n  con ten t s  of c o m m e r c i a l l y  a v a i l a b l e  c o m -  
p r e s sed  gases,  i t  was  f o u n d  n e c e s s a r y  to deve lop  a 
m e t h o d  to con t ro l  t he se  c o n t a m i n a n t s .  

Deposition of Silicon Dioxide Dielectric 
T h e  m e t h o d  of m o i s t u r e  and  o x y g e n  con t ro l  d e -  

v e l o p e d  b y  the  au thors ,  as i l l u s t r a t e d  b y  Fig.  1, con-  
s is ts  of e n t e r i n g  fou r  d r y i n g  t o w e r s  (E)  fo l l owing  
the  deox id i ze r s  (B)  and  (C)  in  o r d e r  to o v e r d r y  the  
m i x e d  c a r r i e r  gases.  T h e n  b y  b y - p a s s i n g  a p o r t i o n  

Fig. 1. Apparatus for depositing silicon dioxide: A, flowmeters 
for hydrogen and argon, B and C, deoxidizers; D, back-flush valve; 
E, calcium hydride drying towers; F, I, J, and K, vapor control 
valves; G, deposition chamber; H, substrate; L, silicon bromide 
evaporator; M, induction heater and temperature controller; N, de- 
oxidizer temperature control; P, Q, and R, humidity control valves; 
S, sulfuric acid solution. 

Table I. Dielectric properties of silicon dioxide thin film 
capacitors vs.  heat exposure 

Capacitor No. 1 Capacitor No. 2 
Temp of heat Capaci- Dissipation Capaci- Dissipation 
exposure,~ tance-pf factor tance-pf factor 

25 2691 0.0001 3090 0.0001 
i00 . . . .  
200 2699 0.0001 3102 0.0001 
300 2711 0.0001 3110 0.0001 
400 2723 0.0002 3120 0.0001 
500 2732 0.0005 3132 0.0006 
600 2741 0.0057 3150 0.0063 

of the  m i x e d  c a r r i e r  gases  ove r  a 55% ( b y  w e i g h t )  
so lu t ion  of su l fu r i c  ac id  (S)  t he  a m o u n t  of w a t e r  
v a p o r  e n t e r i n g  t h e  p l a t i n g  c h a m b e r  m a y  be  con-  
t r o l l e d  a c c u r a t e l y .  

To depos i t  s i l icon d iox ide  th in  f i lm d i e l ec t r i c  a t  
the  r a t e  of 0.7 m i l  t h i ckness  p e r  h o u r  w i t h  t h e  
p r e s e n t  a p p a r a t u s  t he  flow r a t e s  of h y d r o g e n  and  
a rgon  shou ld  be  a p p r o x i m a t e l y  400 and  1300 m l / m i n ,  
r e spe c t i ve ly .  A t  t he  s a m e  t i m e  t h e  a m o u n t s  of m i x e d  
gases  b y - p a s s e d  ove r  t he  s i l icon t e t r a b r o m i d e  (L )  
and  the  5 5 % s u l f u r i c  ac id  so lu t ion  shou ld  be  100 and  
1000 m l / m i n ,  r e spe c t i ve ly .  

Dielectric Properties of Thin Silicon Dioxide Films 
To m e a s u r e  a n d  c o m p a r e  t he  d i e l ec t r i c  p r o p e r t i e s  

of a s i l icon d iox ide  t h in  f i lm m a d e  w i t h  h y d r o g e n  
and  a r g o n  w i t h  t h a t  f o r m e d  w i t h  h y d r o g e n  a n d  
n i t r o g e n  b y  the  a b o v e  p roc e du re ,  e n c a p s u l a t e d  
capac i to r s  w e r e  c o n s t r u c t e d  of each  us ing  the  m e t h o d  
p r e v i o u s l y  desc r ibed .  The  r e su l t s  in T a b l e  I s h o w -  
ing  the  effect of t e m p e r a t u r e  i n c r e a s e  ove r  the  
r a n g e  of 25~176  on  c a p a c i t a n c e  a n d  d i s s ipa t ion  
f ac to r  i n d i c a t e  t h a t  t he  d i e l ec t r i c  in  c a p a c i t o r  No. 1 
m a d e  us ing  h y d r o g e n  and  n i t r o g e n  c a r r i e r  is e q u i v a -  
l en t  to c a p a c i t o r  No. 2 in w h i c h  h y d r o g e n  a n d  a r g o n  
w e r e  e m p l o y e d .  

I n  o r d e r  to d e t e r m i n e  the  c h e m i c a l  compos i t i on  of 
the  d ie lec t r ic ,  two  f i lms w e r e  d e p o s i t e d  on m o l y b -  
d e n u m  b y  the  e x a c t  p r o c e d u r e s  fo l l owed  fo r  c a p a c i -  
tors  No. 1 and  2. The  f i lms w e r e  r e m o v e d  m e c h a n -  
i ca l ly  and  a n a l y z e d  for  c h e m i c a l  compos i t ion  
fo l lowing  c o m m o n  a n a l y t i c a l  and  i n v e s t i g a t i v e  
t echn iques  such  as s p e c t r o g r a p h i c  ana lys i s ,  m i c r o -  
c h e m i c a l  ana lys i s ,  i n f r a r e d  abso rp t ion ,  a n d  x - r a y  
d i f f rac t ion .  

361 
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The  r e su l t s  of the  a n a l y t i c a l  e x a m i n a t i o n s  show 
tha t  bo th  f i lms a r e  a m o r p h o u s  and  consis t  m a i n l y  of 
s i l icon  d iox ide .  M i c r o c h e m i c a l  a n a l y s i s  s h o w e d  
n i t r o g e n  con ten t s  of less t h a n  0.3% for  f i lm No. 1 
a n d  less  t h a n  0.1% for  f i lm No. 2. Due  to the  s m a l l -  
ness  of t he  s a m p l e  ava i l ab l e ,  i t  is e s t i m a t e d  t h a t  the  
n i t r o g e n  a n a l y s e s  w e r e  a c c u r a t e  to •  T h e r e -  
fo re  if  a n y  s i l icon n i t r i d e  does  ex i s t  in f i lm No. 1, i t  
is on ly  p r e s e n t  in  an  a m o u n t  less  t h a n  0.25% of t he  
film. I n f r a r e d  i n spec t ion  showed  on ly  t he  p r e s e n c e  
of s i l icon d iox ide .  X - r a y  d i f f rac t ion  e x a m i n a t i o n  
s h o w e d  t h a t  t he  f i lms w e r e  noncrys ta l l ine . "  

Conclusion 
Thin  f i lms of s i l icon d iox ide  a r e  depos i t ed  at  

950~ b y  p y r o l y t i c  h y d r o l y s i s  of s i l icon t e t r a -  

b r o m i d e  in the  p r e s e n c e  of s m a l l  a m o u n t s  of w a t e r  
v a p o r  r e g a r d l e s s  of w h e t h e r  a rgon  o r  n i t r o g e n  
c a r r i e r  gas  is used.  Such  f i lms f o r m  d ie l ec t r i c s  s u i t -  
ab l e  for  600~ capac i to rs .  

Acknowledgment 
A n a l y s e s  of the  f i lms w e r e  p e r f o r m e d  b y  B a t t e l l e  

M e m o r i a l  Ins t i tu t e ,  Co lumbus ,  Ohio. 

Manuscr ip t  rece ived  May 25, 1961; rev ised  manu-  
script  rece ived  Dec. 3, 1962. This paper  was de l ivered  
before the Los Angeles  Meeting, May 6-10, 1962. 

A n y  discussion of this  pape r  wi l l  appea r  in a Dis- 
cussion Section to be publ i shed  in the  December  1963 
JOURNAL. 

REFERENCE 
1. C. R. Barnes  and C. R. Geesner,  This Journal, 107, 98 

(1960). 

The Electrodeposition of Nickel-Molybdenum Alloys 
Nelson W. Hovey, Albertine Krohn, and George M. Hanneken, Jr. l 

Chemistry Department, University o~ Toledo, Toledo, Ohio 

ABSTRACT 

Pyrophospha te  solutions have been used for the  successful deposi t ion of 
i r o n - m o l y b d e n u m  and coba l t -mo lybdenum alloys. This inves t igat ion shows 
tha t  a s imi lar  bath  can be used to deposi t  n i c ke l -mo lybde num alloys. Hydraz ine  
sulfate  was added  to p reven t  anodic oxida t ion  of Ni ( I I ) .  This g rea t ly  improved  
the cathode cur ren t  efficiency, but  lowered  the molybdenum content  of the  
deposits.  Efficiency is fu r the r  increased by  wiping  the cathode dur ing  plat ing.  
The average  content  of the deposi ts  was about  60% molybdenum,  35.5% nickel,  
4.5% nonmeta l l ic  mater ia l .  The cathode cur ren t  efficiency was about  37.5%. The 
deposi ts  were  b r igh t  and adherent .  

The  codepos i t ion  of m o l y b d e n u m  w i t h  i r on  and  
w i t h  coba l t  f r o m  p y r o p h o s p h a t e  so lu t ions  has  been  
s t ud i ed  e x t e n s i v e l y  (1, 2) .  A spec i a l l y  de s igned  
p l a t i n g  cel l  i n c o r p o r a t i n g  ca thode  ro t a t ion ,  s t i r r ing ,  
and  w i p i n g  inc reases  t he  efficiency of the  p l a t i n g  
process .  T h e  p r e s e n t  s t u d y  is p a r t  of a con t i nu ing  
r e s e a r c h  p r o g r a m  conce rned  w i t h  t he  depos i t i on  of 
m o l y b d e n u m  w i t h  v a r i o u s  m e t a l s  f r o m  p y r o p h o s -  
p h a t e  b a t h s  us ing  th i s  spec i a l l y  de s igned  p l a t i n g  
a p p a r a t u s .  

Experimental 
Apparatus.--The p l a t i n g  cel l  and  a u x i l i a r y  e q u i p -  
m e n t  used  in  th is  s t u d y  have  been  d e s c r i b e d  in a 
p r e v i o u s  p u b l i c a t i o n  (1 ) .  
Plating bath.--The b a t h  used  at  t he  b e g i n n i n g  of 
th i s  i n v e s t i g a t i o n  was  s i m i l a r  to t ha t  e s t a b l i s h e d  b y  
K r o h n  a n d  B r o w n  (2) as  the  o p t i m u m  b a t h  for  t he  
e l e c t r o d e p o s i t i o n  of c o b a l t - m o l y b d e n u m  al loys .  
P r e l i m i n a r y  e x p e r i m e n t s  s h o w e d  t h a t  N i ( I I )  in the  
b a t h  was  a n o d i c a l l y  ox id i zed  un less  h y d r a z i n e  su l -  
fa te  was  a d d e d  as a p o t e n t i a l  buffer .  
Analysis oS the deposits.--The a l loy  depos i t s  w e r e  
d i s so lved  f r o m  the  p l a t i n u m  ca thodes  w i t h  5N n i -  
t r i c  acid.  Bo th  m o l y b d e n u m  and  n i cke l  w e r e  a n a -  
l yzed  c o l o r i m e t r i c a l l y .  M e r c a p t o a c e t i c  ac id  was  
used  for  t he  d e t e r m i n a t i o n  of m o l y b d e n u m  (3) and  
b e t a - m e r c a p t o p r o p i o n i c  ac id  for  n i c k e l  (4) .  

Present  address:  Rocky Mountain Arsenal ,  Denver ,  Colorado. 

Experimental Results 
Unless  o t h e r w i s e  s ta ted ,  t he  p l a t i n g  r u n s  w e r e  

m a d e  us ing  a c u r r e n t  d e n s i t y  of 16.1 a m p / d m  2 (150 
a m p / f t  2) and  a b a t h  t e m p e r a t u r e  of 60~ Most  of 
the  p l a t i n g  runs  w e r e  of 1 0 - m i n  du ra t i on .  The  speed  
of r o t a t i o n  of t he  c a thode  w a s  1750 rpm,  w h i c h  con-  
t i n u e d  to be o p t i m u m  (1) .  As  w i t h  o t h e r  e l e c t r o -  
depos i t ed  m o l y b d e n u m  al loys ,  a l l  t he  depos i t s  con-  
t a i n e d  a s m a l l  a m o u n t  of n o n m e t a l l i c  m a t e r i a l  
( N M M )  w h i c h  m a y  h a v e  been  oxygen ,  h y d r o g e n ,  
or  both .  The  p e r c e n t a g e  of N M M  was  o b t a i n e d  b y  
s u b t r a c t i n g  t h e  t o t a l  p e r c e n t a g e  of m o l y b d e n u m  and  
n i cke l  f rom 100. The  ca l cu l a t i on  of  ca thode  c u r r e n t  
eff iciency (CCE)  was  b a s e d  on the  o x i d a t i o n  s ta tes  
of M o ( V I )  and  N i ( I I ) .  The  effects of changes  in  
p l a t i n g  cond i t ions  and  so lu t ion  compos i t i on  on the  
depos i t s  and  on ca thode  c u r r e n t  eff iciency a r e  s u m -  
m a r i z e d  b y  the  fo l lowing  g r a p h s  and  discuss ion.  
W h e n  cond i t ions  e n c o u n t e r e d  w e r e  b e t t e r  t h a n  those  
p r e v i o u s l y  used,  these  w e r e  r e t a i n e d  for  t he  r e -  
m a i n d e r  of t h e  i nves t i ga t i on .  

Effect of current density.--The p l a t i n g  so lu t ion  
in th is  ser ies  of tes t s  h a d  the  fo l lowing  compos i t i on :  
32.2 g/1 (0.80N) Na2MoO4.2HeO, 11.9 g/1 (0.10N) 
NiC12.6H20, 70.0 g/1 (0.63N) Na~P20~.10H20,  80.0 
g/1 (0.95N) NaHCO3, and  2.5 g/1 N2H4.H2SO4. 

S e v e n  runs  w e r e  m a d e  a t  c u r r e n t  dens i t i e s  v a r i e d  
f r o m  5.4 to 21.5 a m p / d m  2 (50-200 a m p / f t 2 ) .  The  
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length of p la t ing  t ime was var ied  so tha t  2000 cou- 
lombs passed dur ing each run. Except  at the lower  
cur ren t  densit ies where  the deposits were  thin and 
dark,  this  is not a cr i t ical  var iable .  As shown in 
Fig. 1, there  is a sl ight increase in the molybdenum 
content  and in the CCE in the range  13.5 to 18.8 
a m p / d i n  2 (125-175 amp/f t2) .  At  h igher  cur rent  den-  
sities, evolut ion of hydrogen  decreases the efficiency 
and the qual i ty  of the al loy plates.  

E]yect of the length of plating time.--Using the 
same bath  composition as for the above study, six 
runs were  made  f rom 2.5- to 20-min durat ion.  It 
was necessary to double the concentrat ion of hy -  
drazine sulfate  in the 40- and 60-min runs to p re -  
vent  the format ion  of an anode deposit.  

The deposi ts  obta ined at  the shor ter  p la t ing  t imes 
were  shiny and adherent .  The 60-min deposit  was 
l ight  g ray  wi th  a rough surface. F igure  2 shows 
that,  as the length of p la t ing  t ime was increased,  the 
molybdenum content  of the deposits  decreased.  
Changes are not significant in runs  of 10 or more 
minutes.  

Eyyect of temperature.--The pla t ing ba th  for this 
s tudy contained 20.2 g/1 (0.50N) Na2MoO4.2H20, 
5.95 g/1 (0.050N) NiCI2.6H20, 16.7 g/1 (0.15N) 
Na4P~OT-10H~O, 80.0 g/1 (0.95N) NaHCO~, and 2.5 
g/1 N2H4.H2SO4. Runs were  made at va ry ing  t em-  
pera tu res  f rom 28 ~ to 70~ Deposits obta ined at 
t empera tu res  below 60 ~ were  dul l  gray. The effi- 
ciency increased as the ba th  t empe ra tu r e  increased,  
but  the molybdenum content  of the deposits de-  
creased s l ight ly  (Fig. 3). 

Effect of molybdenum ( V I ) concentration.--Seven 
runs were  made  wi th  the concentrat ion of Mo(VI)  
var ied  f rom 0.0N to 1.5N (0-60.6 g/1 Na2MoO4. 
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2H20). The other ba th  components  were  the same 
as for  the cur ren t  dens i ty  study.  With  no mo lyb -  
date present ,  the deposit  was a bl is tered,  dul l  brown,  
and difficult to dissolve in 5N HNO3. It  contained 
88.3% Ni and 11.7% NMM. As the Mo(VI)  content  
of the deposits increased (Fig. 4),  the n ickel  content  
decreased,  and the CCE dropped  considerably.  De-  
posits became b r igh te r  and more metal l ic  looking up 
to ba th  concentrat ions  of 0.10N Mo(VI)  ; above this 
concentra t ion they  were  da rk  and spotted. The 
molybdenum content  of the  deposits remains  nea r ly  
constant  above ba th  concentrat ions of 0.50N. 

Effect of nickel (II) concentration.--The concen- 
t ra t ion  of N i ( I I )  was var ied  be tween  0.0N and 0.2N 
(0-23.8 g/1 NiC12.6H20). The amount  of py rophos -  
phate  also was va r ied  to keep the nickel  complexed to 
the  same degree. Except  in the solution containing no 
N i ( I I )  where  70 g / l  NaCP2Or" 10H~O was added,  the 
no rma l i t y  of the  pyrophospha te  was six t imes the 
no rma l i t y  of the N i ( I I )  used. The pla t ing solutions 
also contained 20.2 g/1 (0.50N) Na2MoO4.2H20, 80.0 
g/1 NaHCO3, and 2.5 g/1 N2H4. H~SO4. 

Only a flash deposit  was obta ined wi thout  N i ( I I )  
in the bath.  The best  looking deposits were  obta ined 
wi th  N i ( I I )  concentrat ions  of 0.050N and 0.075N. At  
h igher  and lower  concentrations,  they  were  da rke r  
and more dull. As Fig. 5 shows, va ry ing  the N i ( I I )  
content  of the ba th  has compara t ive ly  l i t t le  effect 
on the composit ion of the al loy plates.  Curren t  effi- 
ciency tends to decrease wi th  increasing ba th  con- 
centra t ion of N i ( I I ) .  
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E~ect of sodium pyrophosphate concentration.-- 
Pyrophospha te  concentrat ion was var ied  on the 
basis of its molar  rat io  to N i ( I I ) .  The range s tudied 
was f rom 0 to 8 moles of sodium pyrophospha te  per  
mole of N i ( I I ) .  The other  ba th  components  were:  
20.2 g/1 (0.50N) Na2MoO4.2H20, 5.95 g/1 (0.50N) 
NiC12-6H20, 80.0 g/1 NaHCO3, and 2.5 g/1 N2I-I4- 
H2SO4. 

With  no pyrophospha te  present ,  Ni(OH)2 formed,  
and the expected b lack  anode deposit  formed dur ing 
plat ing.  The deposit  was dark  and nonadherent .  A t  
a mole rat io  of 0.05 pyrophosphate :  1 N i ( I I ) ,  the 
hydrox ide  sti l l  formed,  but  there  was no anode de-  
posit. A rat io  of 1:1 kept  all the N i ( I I )  in solution. 
The deposit  was st i l l  g ray  and not adherent .  In-  
creasing the mole ra t io  to 1.5:1 decreased the cur-  
rent  efficiency, but  produced a shiny adheren t  de-  
posit. Addi t iona l  pyrophospha te  fu r the r  decreased 
the cur ren t  efficiency and produced da rke r  deposits.  

F igure  6 c lear ly  shows the format ion  of the com- 
plex NiP207 =. The CCE is the highest  when jus t  
enough pyrophospha te  is present  to form this com- 
plex. At  h igher  ratios, the nickel  is more t igh t ly  
bound, and both cur ren t  efficiency and nickel  con- 
tent  of the  deposits diminish. 

Effect of pH. - -Us ing  a ba th  having the composi-  
t ion 20.2 g/1 (0.50N) Na2MoO4.2H20, 11.9 g/1 
(0.10N) NiC12.6HeO, 70.0 g/1 (0.63N) Na4P2OT- 
10H20, and 2.5 g/1 N2H4. HeSO4, five runs  were  made 
over a pH range  of 7.6-10.5. The pH of 7.6 was 
achieved by  replac ing the NaHCO3 wi th  an equiva-  
lent  amount  of NaCI (36.5 g / l ) .  This ba th  produced 
a black, s t reaked  deposit  of poor quali ty.  The p l a t -  
ing solution containing the usual  amount  of NaHCO3 
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Fig. 6. Effect of sodium pyrophosphate concentration 

had a pH of 8.3. Higher  pH values  were  obtained 
by  replacing par t  of the NaHCO~ wi th  Na2CO3. When 
the ba th  pH exceeded 9, some Ni (OH)2 precipi ta ted.  
Al loy deposits were  da rk  but  ve ry  shiny, and a black 
deposit  also formed on the anode. As Fig. 7 shows, 
the m a x i m u m  molybdenum content  is obta ined at 
pH 8.3, easi ly reproducib le  by adding an excess of 
NaHCOs. 

E#ect ol hydrazine concentration.--The pla t ing 
solution had the fol lowing composit ion: 20.2 g/1 
(0.50N) g/1 Na2MoO4.2H20, 5.95 g/1 (0.050N) 
NiC12.6H20, 16.7 g/1 Na4P20~.10H20, 80.0 g/1 
NaHCO3, and amounts  of hydraz ine  sulfate  var ied  
f rom 0 to 8.0 g/1. The ba th  containing no hydraz ine  
sulfate was a l ight  yel low green. During the run, it  
became black as colloidal  oxides of nickel  were  
formed. The oxide also deposi ted on the anode. The 
cathode deposit  was dark,  rough, and flaky. The ad-  
di t ion of 1-4 g/1 N2H4.H2SO4 gave good al loy de-  
posits wi th  no anodic oxidat ion  of N i ( I I ) .  As Fig. 8 
shows, increasing the hydraz ine  sulfate concentra-  
t ion has only a sl ight  effect on the composit ion of 
the deposits. The efficiency is lower wi thout  the 
hydrazine ,  and it again decreases at  h igher  con- 
centrations.  

Repreducibility.--Four ident ical  runs  were  made  
keeping all factors as nea r ly  constant  as possible. 
The composition of the deposits  was found to be 
reproducib le  wi th in  -----0.5% which was wi th in  the 
exper imenta l  e r ror  of the  ana ly t ica l  methods  used. 
The four deposits were  nea r ly  ident ical  in appea r -  
ance. 

Summary and Conclusions 

Eight var iables  as given in Table I were  ex-  
amined. Since the p r i m a r y  purpose of this inves t iga-  
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Table I. Optimum solution composition and plating conditions using cathode stirring and wiping 

V a l u e  f o r  V a l u e  f o r  V a l u e  f o r  p r a e -  
V a r i a b l e  h i g h e s t  % Mo g r e a t e s t  % CCE t i ca l  operation 

Curren t  dens i ty  16.1 a rnp /dm 2 16.1 a m p / d i n  2 16.1 a m p / d i n  2 
Length  of p la t ing  t ime 2.5 min  5 rain 10 min  
Tempera tu re  28 ~ C 70 ~ C 60 ~ C 
Mo (VI) conc. 0.50N 0.10N 0.50N 
Ni ( I I )  conc. 0.050N 0.050N 0.050N 
Sodium pyrophospha te  conc. 0.80N 0.10N 0.15N 
pH 8.3 8.3 8.3 
N2H4.H2SO4 conc. 0.0 g/1 3.0 g/1 3.0 g/1 

t ion was  to ob t a in  a depos i t  con t a in ing  a h igh  p e r -  
cen tage  of m o l y b d e n u m  w i t h  t he  g r e a t e s t  c u r r e n t  
eff iciency poss ib le ,  v a l u e s  of each  v a r i a b l e  a r e  g iven  
for  t he  cond i t ions  u n d e r  w h i c h  the  h ighes t  m o l y b -  
d e n u m  con ten t  and  the  g r e a t e s t  CCE w e r e  ob ta ined .  
F i n a l l y ,  t h e r e  a p p e a r s  t he  v a l u e  chosen  as t h e  one 
bes t  su i t ed  for  p r a c t i c a l  ope ra t ion .  I t  was  no t  pos -  
s ib le  in  a l l  cases  to choose  a v a l u e  for  p r a c t i c a l  op -  
e r a t i on  w h i c h  gave  bo th  the  m a x i m u m  m o l y b d e n u m  
con ten t  and  the  m a x i m u m  c u r r e n t  efficiency. 

Us ing  t h e  so lu t ion  compos i t i on  and  cond i t ions  i n -  
d i ca t ed  in  t he  l as t  c o l u m n  of T a b l e  I, depos i t s  
w e i g h i n g  a b o u t  0.16g were  o b t a i n e d  us ing  a p l a t -  
i n u m  e l ec t rode  h a v i n g  an  ef fec t ive  p l a t i n g  a r e a  of 
21.7 cm 2. Such  depos i t s  w e r e  a b o u t  7~ th ick .  A 
t y p i c a l  depos i t  is s h o w n  in Fig .  9. The  a v e r a g e  com-  
pos i t ion  of such depos i t s  was  60.2% Mo, 35.5% Ni, 
and  4.3% n o n m e t a l l i c  m a t e r i a l ,  w h i c h  m a y  have  
been  o x y g e n  or  h y d r o g e n .  I f  th is  m a t e r i a l  is o x y g e n  
and  if i t  is t i ed  up  w i t h  the  m o l y b d e n u m ,  c a l c u l a -  
t ions  show t h a t  each  p e r  cen t  of o x y g e n  w o u l d  t ie  
up  4% of m o l y b d e n u m .  A s s u m i n g  t h a t  a l l  of t he  
o x y g e n  is c o m b i n e d  w i t h  m o l y b d e n u m ,  the  c o m p o -  
s i t ion  w o u l d  be  a b o u t  44% Mo, 36% Ni, and  20% 
Mo203. 

The  c u r r e n t  eff iciency u n d e r  t he  cond i t ions  of 
T a b l e  I a v e r a g e d  37.6%. Depos i t s  w e r e  b r i g h t  and  
a d h e r e n t .  

These  r e su l t s  c o m p a r e  f a v o r a b l y  w i t h  those  of 
o the r  i nves t iga to r s .  S e i m  and  Hol t  (5)  r e p o r t e d  a l -  
loys  con ta in ing  a b o u t  20% Mo p l a t e d  at  c u r r e n t  e f -  
f ic iencies  of 20-25% f r o m  c i t r ic  ac id  ba ths .  T h e  e f -  
f ic iency was  c l a imed  to inc rease  to 75-80% if a m -  
m o n i a c a l  s o d i u m  c i t r a t e  b a t h s  w e r e  used  (6) .  A 
Russ i an  p a p e r  (7)  r e p o r t s  N i - M o  a l loys  con t a in ing  
up  to 25% Mo f r o m  a m m o n i a c a l  Citrate  b a t h s  us ing  
a l l oy  anodes .  The  efficiencies r a n g e d  f rom 30 to 40%. 

A m m o n i a c a l  c i t r a t e  b a t h s  also w e r e  s t u d i e d  b y  
I m a n a g a  (8)  who  s ta tes  t h a t  t he  m a x i m u m  M o : N i  
r a t io  in  the  a l loys  he  o b t a i n e d  was  1. P r e v i o u s  w o r k  
w i t h  p y r o p h o s p h a t e  so lu t ions  (9)  h a d  p r o d u c e d  a l -  
loys  con t a in ing  up  to 50% Mo and  efficiencies gen -  
e r a l l y  b e l o w  20%. 

P h o t o m i c r o g r a p h s  (1)  and  x - r a y  a n a l y s i s  (10) 
i nd i ca t e  t ha t  t he se  a l loys  a r e  s i n g l e - p h a s e  sol id  so-  
lu t ions  h a v i n g  the  l a t t i ce  of the  c o r r e s p o n d i n g  i r o n -  
g r o u p  m e t a l  ( cub ic  or  h e x a g o n a l ) .  Rus s i an  r e s e a r c h -  
ers  (10) b e l i e v e  t h a t  w h e n  m o l y b d e n u m - c o n t a i n i n g  
ions a r e  d i s c h a r g e d  on f r e s h l y  d e p o s i t e d  n ickel ,  t he  
Mo a t o m s  s i m u l t a n e o u s l y  e n t e r  t he  t w o - d i m e n s i o n a l  
l a t t i ce  of the  l a t t e r  as a consequence  of vacanc ie s  
p r e s e n t  in it. 

T h e r e  is, as ye t ,  no t h e o r e t i c a l  e x p l a n a t i o n  w h i c h  
s a t i s f a c t o r i l y  desc r ibes  t he  m e c h a n i s m  of t he  e lec -  
trodeposition of m o l y b d e n u m  al loys .  The  v a r i o u s  
t heo r i e s  w h i c h  h a v e  been  p r o p o s e d  for  th is  t y p e  of 
depos i t i on  w e r e  d e s c r i b e d  and  c o m p a r e d  p r e v i o u s l y  
(1) .  A d d i t i o n a l  ideas  w e r e  p r e s e n t e d  at  t h e  F o u r t h  
Sov ie t  Confe rence  on E l e c t r o c h e m i s t r y  w h e r e  K r a -  
sovsk i i  (11) concluded t ha t  t he  depos i t i on  of p u r e  
m o l y b d e n u m  f r o m  aqueous  so lu t ions  is imposs ib l e  
owing  to t h e  h igh  o v e r v o l t a g e  of Mo on Mo t o g e t h e r  
w i t h  t he  low o v e r v o l t a g e  of h y d r o g e n  on Mo. The  
m a i n  ga in  in  e n e r g y  in  codepos i t ion  comes  t h r o u g h  
r e d u c t i o n  of o v e r v o l t a g e  as  a r e s u l t  of  a l l o y  f o r m a -  
t ion  r a t h e r  t h a n  b y  r e d u c t i o n  in  e q u i l i b r i u m  p o t e n -  
t ial .  R e l a t i v e  to t h e r m o d y n a m i c a l l y  c a l c u l a t e d  
n o r m a l  p o t e n t i a l s  of Mo, th is  d e p o l a r i z a t i o n  a m o u n t s  
to 300-400 m v  (10) .  T h e  m a i n  r e a s o n  for  a l loy  
depos i t i on  is sugges t ed  to be the  f o r m a t i o n  of s u p -  
p l e m e n t a r y  d - e l e c t r o n  bonds ,  as shown  b y  a con-  
s i d e r a b l e  ga in  in  e n e r g y  and  a p o s i t i v e  sh i f t  in t he  
depos i t i on  p o t e n t i a l  of t he  i r o n - g r o u p  m e t a l s  r e l a -  
t ive  to t h e i r  s t a n d a r d  po ten t i a l s .  The  g r e a t e r  d e -  
p o l a r i z a t i o n  of  N i - M o  a l loys  as c o m p a r e d  to F e - M o  
a l loys  is a s c r i b e d  to  f e w e r  vacanc ie s  in t he  d - o r b i t a l  
and  to e n e r g y  effects caused  b y  Mo f i l l ing t h e m  
(12-15) .  

W i t h  t he  c o m p l e t i o n  of e x t e n s i v e  s tud ies  on the  
codepos i t ion  of m o l y b d e n u m  w i t h  Fe,  Co, Ni, Cu, 
and  Zn, i t  is h o p e d  t ha t  t he  m e c h a n i s m  of t he  p r o c -  
ess m a y  b e c o m e  m o r e  a p p a r e n t .  

Fig. 9. Typical nickel-molybdenum deposit 
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is abs t rac ted  f rom a thesis p resen ted  by  George M. 
Hanneken,  Jr.,  to the  Univers i ty  of Toledo in pa r t i a l  
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A n y  discussion of this pape r  wil l  appea r  in a Dis- 
cussion Section to be publ i shed  in the  December  1963 
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Infrared Effects on Luminescence and Conductivity 
of UV Excited ZnS Phosphors 

Bernard Kramer and Alva Turner 
Department of Physics and Astronomy, 

Hunter College o] the City University o] New York, New York, New York  

ABSTRACT 

Simul taneous  measurements  of the  photoconduct iv i ty  and l ight  emission 
of ZnS phosphors  under  var ious  condit ions of u.v. exci ta t ion and s imul taneous  
in f ra red  rad ia t ion  show some discrepancies  wi th  the  usua l ly  accepted SchSn- 
Klasens model.  The resul ts  of these measurements  are given and discussed in 
l ight  of a t rans i t ion  model  for  these  phosphors.  

The  q u e n c h i n g  effect  of i n f r a r e d  r a d i a t i o n  on the  
l i gh t  emiss ion  and  c o n d u c t i v i t y  of  exc i t ed  ZnS  p h o s -  
p h o r s  is w e l l  k n o w n  (1 ) .  H o w e v e r ,  un le s s  t h e  l i gh t  
emiss ion  a n d  c o n d u c t i v i t y  a re  m e a s u r e d  s i m u l t a -  
neous ly ,  i t  is diff icult  to c o m p a r e  t he  e x p e r i m e n t a l  
r e su l t s  w i t h  a p a r t i c u l a r  t r a n s i t i o n  mode l .  A p p a r a -  
tus  was  t h e r e f o r e  d e v e l o p e d  to m e a s u r e  c o n d u c -  
t i v i t y  and  l igh t  emiss ion  at  t he  s ame  t i m e  as f u n c -  
t ions  of t he  u.v. exc i t i ng  in t ens i ty ,  t he  i n f r a r e d  i n -  
t ens i ty ,  and  the  w a v e l e n g t h  of t he  i n f r a r e d  r a d i a -  
t ion.  A l l  m e a s u r e m e n t s  w e r e  m a d e  a t  r oom t e m -  
p e r a t u r e .  

The  m a i n  po in t s  of i n t e r e s t  o b t a i n e d  in th is  i n -  
v e s t i g a t i o n  fo l low:  

1. The  p h o t o c o n d u c t i v i t y  is r e d u c e d  m o r e  t h a n  
the  l igh t  emiss ion  w h e n  i n f r a r e d  is a d d e d  to t he  
u.v. exc i t a t ion .  

2. T h e  Z n S : M n  p h o s p h o r  shows  a s l igh t  e n h a n c e -  
m e n t  of l i gh t  emiss ion  w i t h  a s i m u l t a n e o u s  d e c r e a s e  
in  p h o t o c o n d u c t i v i t y .  

3. I n c r e a s i n g  t h e  i n f r a r e d  i n t e n s i t y  n e v e r  c o m -  
p l e t e l y  quenches  the  l i gh t  emiss ion  i n d u c e d  b y  u.v. 
exc i t a t ion .  

Apparatus and Phosphors 
Light emission measuremen t s . - -The  o u t p u t  c u r -  

r en t  of a 1P21 p h o t o m u l t i p l i e r  ( w h i c h  was  p r o p o r -  
t i ona l  to the  e m i t t e d  l i gh t )  passes  t h r o u g h  r e s i s t -  
ances  (101~ ohms)  w h i c h  a r e  t he  i n p u t  g r i d  r e -  
s i s tances  of a R a y t h e o n  C K  5886 e l e c t r o m e t e r  tube .  
One  b e a m  of a D u m o n t  411 osc i l loscope  is u sed  to 
de t ec t  th is  s ignal .  Co rn ing  glass  f i l ters  4-96 and  
3-73 a re  p l a c e d  b e t w e e n  t h e  p h o t o m u l t i p l i e r  a n d  
p h o s p h o r  to pass  on ly  t he  v i s ib le  l i gh t  emiss ion  and  

cut  out  the  exc i t i ng  l igh t  a n d  t h e  n e a r  i n f r a r ed .  
Conductivi ty  measuremen t s . - -The  c o n d u c t i v i t y  was  
d e t e r m i n e d  b y  use  of a - c  i m p e d a n c e  m e a s u r e -  
m e n t s  s ince  t he  i m p e d a n c e  changes  o b s e r v e d  on e x -  
c i t a t ion  w e r e  shown  to h a v e  been  p r i m a r i l y  due  to 
changes  in  t he  c o n d u c t i v i t y  (2) .  The  p h o s p h o r  is 
p l a c e d  b e t w e e n  two  c onduc t i ng  glass  sheets ,  or  a 
conduc t ing  glass  shee t  a n d  m e t a l  e lec t rode ,  and  the  
c a p a c i t a n c e  and  d i s s ipa t i on  f ac to r  m e a s u r e d  w i t h  
t h e  G e n e r a l  Rad io  C a p a c i t a n c e  B r i d g e  716-C. The  
second  b e a m  of t he  D u m o n t  411 scope was  used  to 
de t ec t  t he  unba l ance .  
Light sources . - -A m e r c u r y  a rc  w i t h  a Co rn ing  7-60 
f i l ter  w a s  used  to  o b t a i n  t h e  3660A l ine  u sed  for  e x -  
c i t a t ion :  W r a t t e n  n e u t r a l  f i l ters  ND1 and  ND2 cut  
d o w n  th is  exc i t a t i on  b y  fac to r s  of 1/28 and  1/740, 
r e spe c t i ve ly .  

The  i n f r a r e d  b e a m  was  o b t a i n e d  b y  us ing  a 750w 
p r o j e c t o r  us ing  Corn ing  f i l ter  7-56 for  w a v e l e n g t h s  
g r e a t e r  t h a n  8000A and  Corn ing  f i l ter  7-69 for  
w a v e l e n g t h s  b e t w e e n  7000 and  10,000A. I n t e n s i t y  
was  con t ro l l ed  b y  v a r y i n g  the  v o l t a g e  of t h e  l igh t  
bu lb .  F o r  i n f r a r e d  w a v e l e n g t h  m e a s u r e m e n t s ,  the  
p r o j e c t o r  was  used  w i t h  a Bausch  and  L o m b  m o n o -  
c h r o m a t o r .  
Phosphors . - -The seven  p h o s p h o r s  used,  t h e i r  k n o w n  
compos i t ion ,  and  t h e i r  source  of s u p p l y  a r e  l i s t ed  in 
T a b l e  I. 

Results and Discussion 
Co~pariso~ of luminescence and conductivi ty  

quenching wi th  full  infrared in tens i ty . - -The  
q u e n c h i n g  of t he  l igh t  emiss ion  can  be  r e a d i l y  ob -  
t a ined ,  b u t  the  v a l u e s  for  t he  quench ing  of t he  con-  
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Phosphor  Source Ac t iva to r  

MS-17 Prof. Riehl, Technische Hochschule 0.1% Cu 
(Munich) 

Prof. Riehl, Technische Hochschule 
(Munich) 

Dr. Froelich, G. E. 
Dr. Froelich, G. E. 
RCA-Commercial  
Solid State Lab., N. Y. U. 
U.S. Radium Co. 

MS-19 

GE-1127 
GE-3-202 
RCA-2040* 
F ink  No. 29 
Dl-14-1 

0.1% Ag, 0.003% Cu 

0.005% Cu 
0.01% Ag, 0.2 ppm Cu 
0.01% Cu 
0.005% Cu 
0.5% Mn 

* All except  th is  phosphor  a re  defini tely k n o w n  to be p repa red  w i t h  NaCl  as a flux. 

duc t iv i ty  are more  difficult to ob ta in  since the  con-  
duc t iv i ty  is a compl ica ted  func t i on  of the  measu red  
capaci tance  and  d iss ipa t ion  factor  for n o n h o m o -  
geneous ly  exci ted  phosphors  (2) .  The me thod  used 
for ob t a in ing  conduc t iv i ty  quench ing  is the fo l low-  
ing:  the capaci tance  change  d iv ided  by  the da rk  
capaci tance  (AC/Co) is p lo t ted  aga ins t  the  loga-  
r i t h m  of the  u.v.  i n t e n s i t y  (see Fig.  I )  w i th  no si-  
m u l t a n e o u s  in f ra red .  A smooth cu rve  is ob ta ined  
r e l a t ing  AC/Co and  in tens i ty .  The  va lue  of ~C/Co  
w h e n  i n f r a r e d  is added is t h e n  m a r k e d  on the curve,  
and  the  co r re spond ing  u.v. i n t ens i t y  p icked off. Thus,  
the u.v. i n t ens i t y  which  wou ld  account  for the r e -  
duced conduc t iv i ty  is obta ined.  If  the  re la t ionsh ip  
b e t w e e n  exci t ing  i n t e n s i t y  and  conduc t iv i ty  we re  
known ,  the  conduc t iv i ty  q u e n c h i n g  could be de -  
t e rmined .  S ince  this  r e la t ionsh ip  is no t  exac t ly  
known,  the  conduc t iv i ty  is a ssumed  to v a r y  as 

oc IVuv 

where  V is a va lue  b e t w e e n  1/2 and  1 (3) .  

Table  II gives the  da ta  for the  l ight  emiss ion  
quench ing  for all  the  phosphors  at  bo th  ba nds  of 
i n f r a r e d  wave leng ths .  At  the  h igher  u.v. i n t e ns i t y  
the r educ t ion  in  l ight  Luv+la/Luv is cons ide rab ly  less 
t h a n  the  r educ t ion  in  conduc t iv i ty  ~uv+l~/~uv. E v e n  

% 
= O 

30 

% 
2C ~ '~  

IC .~ ~, 

- , ~ o  - 5 . o  - 2 . o  - L o  o 

LOG (l/h,} 

Fig. 1. Capacitance change as a function of u.v. intensity (full 
intensity = 45 Fw/cm 2) for sample Fink-29. Curve is drawn for sMid 
circles (u.v. only); crosses indicate u.v.-1-7-56 infrared and open 
circles indicate u.v.-]-7-69 infrared AC/Co values; dotted lines indi- 
cate corresponding effective intensity for 7-69 case. 

at  the  lower  u.v. in tens i ty ,  the  l ight  q u e n c h i n g  is 
less t h a n  the c u r r e n t  q u e n c h i n g  for all  bu t  one phos-  
phor,  GE-3-202.  

In  t e rms  of the  S c hS n- K l a se ns  model ,  the  l ight  
emiss ion  is d e t e r m i n e d  b y  L = flnPt, w h e r e  n is the  
dens i ty  of f ree electrons,  and  Pt is the  dens i ty  of 
ionized act ivators .  The  conduc t iv i ty  is de t e rmined  

Table II. Light and conductivity quenching 

ND-O ND-1 
Luv + I B  g u y  § I ~  L u v  § I ~  ~ u v  §  

Phosphor  Comp. Lay ~ a v  Luv O'uv I R  filter 

MS-17 ZnS: Cu 0.88 0.60-0.36 0.64 0.45-0.20 
0.85 0.41-0.17 0.50 0.27-0.072 

RCA-2040 ZnS: Cu 0.92 0.49-0.24 0.53 0.23-0.053 
0.89 0.42-0.18 0.37 0.12-0.015 

F ink  No. 29 ZnS: Cu 0.89 0.55-0.30 0.51 0.28-0.078 
0.72 0.29-0.085 0.21 0.12-0.015 

GE-1127 ZnS: Cu 0.73 0.46-0.21 0.46 0.25-0.063 
- -  - -  0.34 0.36-0.13 

MS-19 ZnS: Ag 0.95 0.60-0.36 0.78 0.58-0.27 
0.90 0.67-0.50 0.64 0.50-0.25 

GE-3-202 ZnS: Ag 0.79 0.68-0.46 0.31 0.69-0.47 
0.88 0.77-0.60 0.60 0.75-0.56 

D 1 - 14-1 ZnS: Mn 1.0 0.81-0.65 1.02 0.49-0.24 
1.0 0.61-0.37 1.02 0.43-0.19 

7-56 
7-69 

7-56 
7-69 

7-56 
7-69 

7-56 
7-69 

7-56 
7-69 

7-56 
7-69 

7-56 
7-69 

In tens i ty  of irffrared (7-56), 6.0 rnw/cm~; in tens i ty  of in f ra red  (7-69), 13 mw/cm~;  in tens i ty  of u.v.  (ND 0), 45 /~w/cm~; in tens i ty  o f  
u.v.  (ND I ) ,  1.6 ~w~ern~ 
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b y  n (ho le  d e n s i t y  is a s s u m e d  n e g l i g i b l e ) ,  and  s ince  
th is  m o d e l  a s sumes  Pc is d e c r e a s e d  b y  i n f r a r e d  ( r e -  
lease  of t r a p p e d  holes  to va l ence  b a n d ) ,  t he  p r o d u c t  
nP t shou ld  be  m o r e  s t r o n g l y  r e d u c e d  t h a n  n. T a b l e  
II  shows  t ha t  t he  c o n t r a r y  is t rue ;  t he  c o n d u c t i v i t y  
is q u e n c h e d  m o r e  t h a n  the  l i gh t  emiss ion .  I f  holes  
as w e l l  as e l ec t rons  c o n t r i b u t e  to r t h e n  n is 
even  m o r e  s t r o n g l y  r e d u c e d  t h a n  the  r a t io s  in T a b l e  
I I  ind ica te .  

Tha t  Pt  is d e c r e a s e d  b y  i n f r a r e d  can  be  d e d u c e d  
f rom o the r  e x p e r i m e n t s  (4, 5) ,  w h e r e  the  n u m b e r  of 
t r a p p e d  e l ec t rons  (nt)  was  d e t e r m i n e d  b y  def ic iency 
a r e a s  and  g low curves  and  f o u n d  to dec rea se  w i t h  
the  a d d i t i o n  of i n f r a r ed .  

The  sugges t ion  t h a t  fl is i n c r e a s e d  b y  i n f r a r e d  i r -  
r a d i a t i o n  has  been  m a d e  (6 ) ;  th is  w o u l d  d e c r e a s e  
the  a m o u n t  of l igh t  quench ing  and  w o u l d  e x p l a i n  
some of the  e x p e r i m e n t a l  r e su l t s  ob ta ined .  

A n o t h e r  p o s s i b i l i t y  is t h a t  l eve l s  a l w a y s  ex is t  in 
these  p h o s p h o r s  w h i c h  can  accep t  e l ec t rons  f r o m  the  
va l ence  band .  These  l eve l s  differ  f r o m  the  s o - c a l l e d  
a c t i v a t o r  l eve ls  in t h a t  the  l a t t e r  a r e  f i l led un less  
ion ized  b y  exc i t a t ion .  1 If  such accep to r  l eve l s  exis t ,  
and  r e c e n t  e x p e r i m e n t s  (7) on p h o t o c o n d u c t i v i t y  
m a y  be  e x p l a i n e d  on th is  basis ,  t h e  a d d i t i o n  of in -  
f r a r e d  could  p r o d u c e  holes  w h i c h  m a y  be  t r a p p e d  
at  non ion i zed  a c t i v a t o r  l eve ls  l e a d i n g  to an  i n c r e a s e  
in l igh t  emiss ion.  This  effect, in a d d i t i o n  to t he  n o n -  
r a d i a t i v e  r e c o m b i n a t i o n  of these  ho les  w i t h  t r a p p e d  
e lec t rons ,  could  p r o v i d e  for  t he  s m a l l e r  dec rea se  of 
l igh t  emiss ion  t h a n  c o n d u c t i v i t y  w i t h  s i m u l t a n e o u s  
i n f r a r ed .  S t i l l  a n o t h e r  pos s ib i l i t y  is d i scussed  in t he  
n e x t  sect ion.  

The  e n h a n c e m e n t  of t he  l igh t  emiss ion  in  t he  Mn 
a c t i v a t e d  p h o s p h o r  c o m b i n e d  w i t h  t he  s i m u l t a n e o u s  
dec rease  in c o n d u c t i v i t y  (see  T a b l e  I I )  can  also be  
e x p l a i n e d  on this  l a t t e r  a s sumpt ion .  (S ince  the  Cu 
c o n c e n t r a t i o n  is less  t h a n  1 ppm,  i t  is u n l i k e l y  to 
be due  to a sh i f t  f r o m  Cu to Mn centers ,  and  no 
spec t r a l  sh i f t  was  obse rved . )  H o w e v e r ,  if l eve l s  a r e  
a l w a y s  a v a i l a b l e  to va l ence  b a n d  e lec t rons ,  and  if  
w e  a s s u m e  t h a t  t he  p r o b a b i l i t y  of c a p t u r e  of a ho le  
b y  a non ion ized  Mn cen t e r  is l a rge ,  t h e  c r e a t i o n  of 
n e w  ion ized  Mn cen te r s  m a y  be  g r e a t e r  t h a n  the  
r a d i a t i o n l e s s  t r a n s i t i o n s  so t h a t  l i gh t  is e n h a n c e d  
w h i l e  t he  c u r r e n t  w o u l d  be  dec reased .  

Effec t  of  i n f rared  i n t e n s i t y . - - T h e  changes  o b -  
t a i n e d  in  l i gh t  emis s ion  and  AC/Co w h e n  the  i n -  
f r a r e d  i n t e n s i t y  is v a r i e d  a r e  g iven  in  Fig .  1 for  
p h o s p h o r  MS-17  (us ing  the  sho r t  w a v e l e n g t h  in -  
f r a r e d  b a n d )  and  in T a b l e  I I I  for  a l l  t he  p h o s p h o r s  
w i t h  bo th  shor t  a n d  long  w a v e l e n g t h  i n f r a r e d .  
Q u e n c h i n g  of l i gh t  emiss ion  is def ined  as (1 - -  
L u v +  1 R / L u v )  100. 

Tab le  I I I  and  Fig.  1 show the  r e l a t i v e l y  r a p i d  
r i se  fo l l owed  b y  an  a p p r o a c h  to s a t u r a t i o n  of 
t he  q u e n c h i n g  ( b o t h  of l i gh t  emiss ion  and  c o n d u c -  
t i v i t y )  w i t h  i nc r ea s ing  i n f r a r e d  in t ens i ty .  

I t  m a y  be  n o t e d  t h a t  for  w e a k e r  u.v. i n t ens i ty ,  t he  
q u e n c h i n g  r ises  m o r e  r a p i d l y  w i t h  i nc r ea s i ng  in -  
f r a r e d  exc i t a t i on  t h a n  for  s t r o n g e r  u.v. i n t e n s i t y  
and  r eaches  a h i g h e r  va lue .  

t I t  cou ld  a lso  b e  a s s u m e d  t h a t  t h e s e  a re ,  i n  f ac t ,  i o n i z e d  cen ter s  
w h o s e  r e c o m b i n a t i o n  coef f ic ien t  is v e r y  smal l .  

60 
8 

~ a 

0 20 40 60 
IR INTENSITY % 

M a y  1963 

I { I 
80 IuO 

Fig. 2. Light quenching and capacitance change for MS-17 as a 
function of 7-69 (infrared) intensity; maximum infrared intensity = 
13 mw/cm 2. Curve A, u.v. intensity ~ 45 ~w/cm2; curve B, u.v. in- 
tensity = 1.6 ~w/cm2; curve C, u.v. intensity = 0.061 ~w/cm 2. 

In  add i t ion ,  Fig .  1 and  T a b l e  I I I  show t h a t  t he  i n -  
f r a r e d  quench ing  r e a c he s  a l i m i t i n g  v a l u e  w e l l  b e -  
low 100% for  a l l  p h o s p h o r s  excep t  F i n k  No. 29. 

A n y  t h e o r y  m u s t  account  for  these  two  c h a r a c t e r -  
istics,  and  the  fo l lowing  equa t i ons  ( b a s e d  on some 
s imp le  m e c h a n i s m s )  fit t he  d a t a  r a t h e r  wel l .  

L e t  us  a s sume  t h a t  t he  i n f r a r e d  a b s o r p t i o n  is due  
to t he  ion ized  ac t i va to r s ;  thus ,  t h e  n u m b e r  of f ree  
holes  p r o d u c e d  w o u l d  be  TIRPt w h e r e  Via is p r o p o r -  
t i ona l  to t he  i n f r a r e d  i n t ens i t y .  I f  w e  a s sume  tha t  
t he  l igh t  e m i t t i n g  p rocess  is 100% efficient  w h e n  no 
i n f r a r e d  is added ,  i t  w o u l d  be  equa l  to t he  u.v. e n -  
e r g y  a b s o r b e d  (~Iuv). W i t h  s i m u l t a n e o u s  u.v. and  
IR,  t he  l igh t  emiss ion  m a y  be  w r i t t e n  as 

L ~ ~nP t : ~Iuv - -  ~,IRPt [ 1 ] 

w h e r e  we  a s s u m e  t h a t  e v e r y  f r e e d  ho le  r e su l t s  in  
one r a d i a t i o n l e s s  t r ans i t i on .  This  y i e ld s  

a/uv 
L [2]  

TIR 
l + - -  

fin 
The  v a l u e  for  t he  q u e n c h i n g  t h e n  becomes  

( L u v + m  ) 100% 
Q =  1 = - L ~ v  100% fin [3]  

- - + 1  

This  e x p r e s s i o n  y i e ld s  t h e  s t e e p e r  r i se  in  t he  Q 
vs, 3,IR cu rve  w i t h  w e a k e r  u.v. i n t ens i t i e s  (because  
n is s m a l l e r )  b u t  has  t h e  d i s a d v a n t a g e  t h a t  i t  a l -  
w a y s  l e a d s  to 100% q u e n c h i n g  at  s t rong  i n f r a r e d  
in tens i t i es .  The re fo re ,  Eq. [1]  m u s t  be  modif ied .  W e  
a s sume  tha t  i n f r a r e d  no t  on ly  p r o d u c e s  f r ee  holes  
b u t  also g ives  r i se  to a r a d i a t i v e  t r a n s i t i o n  p r o p o r -  
t i ona l  to t he  i n f r a r e d  a b s o r p t i o n  ( K I a  P t ) .  

W e  then  r e - w r i t e  Eq. [1]  as  fo l lows  

L = fin Pt + K IR Pt [4]  

w h i c h  l eads  to  t he  fo l l owing  e x p r e s s i o n  for  t he  
quench ing  

100% 
q = [5]  

fin K 
- - + - - + 1  
TIR 
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Table Ill. Light and capacitance quenching as a function Table III (Con't) 
of infrared intensity 

L i g h t  
q u e n c h i n g ,  % AC/Co,  % 

369 

IR  i n t e n -  
P h o s p h o r  N D  t i l te r  s i ty ,  % 7-56  7-69  7-56  7 -69  

MS-17 ND-0 0 0 0 57 56 
20 5.0 8.2 56 52 
50 8.2 14 55 51 

100 12 16 54 51 
ND-1 0 0 0 45 45 

20 18 34 42 38 
50 28 45 40 36 

100 36 50 39 34 
ND-2 0 0 0 31 32 

20 40 62 24 20 
50 57 70 21 17 

100 67 72 19 15 

RCA-2040 ND-0 0 0 0 106 106 
20 2.6 4.4 98 93 
50 4.7 7.6 94 89 

100 7.8 11 91 86 
ND-I 0 0 0 69 68 

20 18 39 57 45 
50 32 54 51 37 

100 47 63 45 31 

FinkNo. 29 ND-0 0 0 0 29 29 
20 3.9 13 27 23 
50 7.8 21 25 20 

100 12 29 24 18 
ND-I 0 0 0 15 15 

20 24 54 9.6 5.5 
50 36 69 8.0 4.4 

100 49 80 6.8 3.7 
ND-2 0 0 0 5.4 5.4 

20 74 93 1.9 1.6 
50 86 95 1.7 1.6 

100 91 97 1.7 1.6 

GE-1127 ND-0 0 0 - -  39 - -  
20 12 - -  36 - -  
50 18 - -  34 - -  

I00 26 - -  34 - -  
ND-I 0 0 0 28 31 

20 30 44 24 26 
50 44 58 21 25 

100 54 67 20 23 
ND-2 0 0 0 18 18 

20 60 74 9.1 12 
50 76 84 6.9 10 

100 85 88 5.0 9.0 

MS-19 ND-0 0 0 0 28 30 
20 1.9 2.9 26 27 
50 3.7 5.7 25 26 

100 5.7 9.5 24 26 
ND-1 0 0 0 16 18 

20 7.8 17 14 14 
50 15 26 13 13 

I00 22 36 13 13 
ND-2 0 0 0 9.3 7.9 

20 39 55 7.6 6.1 
50 52 63 7.4 6.1 

100 60 67 7.8 7.1 

GE-3-202 ND-0 0 0 0 51 60 
20 5.8 4.5 43 54 
50 12 8.4 41 52 
I00 21 12 39 51 

ND-1 0 0 0 17 21 
20 29 20 14 19 
50 49 30 14 18 

100 69 39 14 17 
ND-2 0 0 0 5.4 6.0 

20 76 43 4.1 5.8 
50 88 52 3.9 5.6 

100 93 60 3.9 5.0 

L i g h t  
q u e n c h i n g ,  % AC/Co,  % 

IR  i n t e n -  
P h o s p h o r  N D  f i l ter  szty, % 7-56 7-69 7-56 7-69 

D1-14-1 ND-0 0 0 0 18 17 
20 0 0 17 15 
50 0 0 17 14 

100 0 0 17 14 
ND-1 0 0 0 9.1 8.6 

20 --0.80 --1.9 7.5 5.8 
50 --1.4 --1.1 6.5 5.8 

100 --2.0 0 6.3 5.8 
ND-2 0 0 0 3.1 3.2 

20 --4.1 --4.4 3.1 3.2 
5~ --4.3 --2.4 3.1 3.2 

10l --3.6 --1.8 3.1 3.2 

3660A. T h e  i n t e n s i t y  of  t h e  u .v .  l i g h t  is  a p p r o x i m a t e ' y  45 ~ w / c m  2 
f o r  ND-O,  45/28 ~ w / c m  2 f o r  N D - 1 ,  a n d  45/740 /~.w/crn~ f o r  N D - 2 .  F o r  
7-56, 100% is e q u i v a l e n t  to 6.0 m w / c m  e. F o r  7-69, 100% is e q u i v a l e n t  
to 13.0 m w / c m  2. 

w h i c h  no t  on ly  g ives  the  s t eepe r  r ise  for  low u.v. 
in tensi t ies ,  bu t  does not  r each  a v a l u e  of 100% as 
long as K is no t  zero. 

S ince  i n f r a r e d  s t imu la t ion  and q u e n c h i n g  are  
found  toge the r ,  t he  a s sumpt ion  tha t  a po r t i on  of 
the  i n f r a r e d  i r r ad i a t i on  induces  a s l ight  emiss ion  
process  is not  un l ike ly .  The  ra t io  K gives  the  r e l a -  
t ive  p robab i l i t y  of s t imu la t ion  to quench ing .  

This  i n f r a r e d  l igh t  i nduced  process  m a y  also ac-  
count  for  the  s t ronge r  q u e n c h i n g  of conduc t iv i t y  
than  l igh t  d iscussed above.  Bo th  processes  (KIRPt 
and TIRPt) m u s t  lead  to a r educ t ion  in the  concen -  
t r a t i on  of f r ee  e lec t rons  since the  n u m b e r  f r eed  de-  
pends  on ly  on aluv, bu t  on ly  TIRPt leads  to a r e d u c -  
t ion  in l ight .  Thus,  t he  q u e n c h i n g  of conduc t iv i ty  
m a y  be  cons ide rab ly  s t ronge r  t h a n  tha t  of l ight ,  as 
e x p e r i m e n t a l l y  found.  

Summary 
E x p e r i m e n t a l  r esu l t s  ob ta ined  w i t h  s imu l t aneous  

u.v. and i n f r a r e d  i r r ad i a t i on  of ZnS phosphors  lead 
to some con t rad ic t ions  w i t h  t he  S c h S n - K l a s e n s  
model ,  and some modif ica t ions  are  proposed.  
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ABSTRACT 

Four  ra the r  d i spara te  aspects  of e lect roluminescence are  described.  Mul t ip le  
p r i m a r y  peaks  are  found in the e lect roluminescence of a typica l  ZnS:Cu,C1 
phosphor  and are  exp la ined  on the basis of f ie ld-control led the rma l  re lease  of 
t r apped  electrons.  Car r i e r  t rans i t  t imes be tween  t raps  and centers  are  shown 
to be negl igible  in o rd ina ry  electroluminescence.  By means  of a model  of a p - i - n  
junction,  car r ie r  in ject ion is shown to be consistent  wi th  no rma l  de layed  emis- 
sion and bui ldup in electroluminescence.  A typical  e lec t ro luminescent  phosphor  
is made  photoconduct ive  by  the blue component  of its own emission. 

E l e c t r o l u m i n e s c e n c e  in  coppe r  a c t i v a t e d  zinc 
sulf ide (1 -3 )  involves ,  as do a l l  l u m i n e s c e n c e  p r o -  
cesses in  p h o t o c o n d u c t i n g  phosphor s ,  an  ion iz ing  
even t  in w h i c h  e n e r g y  is a b s o r b e d  and  a m a j o r i t y  
c a r r i e r  is r e m o v e d  f r o m  some sor t  of l umine sc e nc e  
center .  A t  a l a t e r  t i m e  the  inverse ,  or  r e c o m b i n a t i o n ,  
p rocess  t a k e s  p lace  w i t h  the  emiss ion  of l ight .  The  
ion iza t ion  process  in e l e c t r o l u m i n e s c e n c e  is s t i l l  
un iden t i f i ed .  Much  m o r e  is k n o w n  a b o u t  t he  even t s  
fo l lowing  ioniza t ion ,  n a m e l y ,  t r a p p i n g  of the  c a r -  
r ie rs ,  r e l e a se  f rom t raps ,  t r a n s i t  b a c k  to t he  ion ized  
centers ,  and  r e c o m b i n a t i o n ,  and  i t  is w i t h  these  
p rocesses  t h a t  th is  p a p e r  is p r i m a r i l y  concerned .  

The  fou r  aspec t s  of e l e c t r o l u m i n e s c e n c e  in  ZnS  
to be  d e s c r i b e d  br ief ly ,  a l l  e m p h a s i z e  t he  i m p o r t a n c e  
of  t r a p p i n g  processes  in e l e c t r o l u m i n e s c e n c e ;  a s ide  
f r o m  this ,  t he  fou r  topics  a r e  no t  c lose ly  r e l a t ed ,  
b u t  c o n t r i b u t e  to t he  g e n e r a l  p i c t u r e  of o r d i n a r y  
e l e c t r o l u m i n e s c e n c e  in  zinc sulfide.  

Multiple Primary Peaks in the Electroluminescence 
Wave form 

G e n e r a l l y  mos t  of t he  e l e c t r o l u m i n e s c e n c e  e x -  
c i ted  b y  a s inuso ida l  vo l t age  occurs  in a b u r s t  of 
emiss ion,  ca l l ed  the  p r i m a r y  peak ,  i m m e d i a t e l y  
p r e c e d i n g  the  two  v o l t a g e  m a x i m a  p e r  cycle.  This  
emiss ion  has  been  s h o w n  to be  d e l a y e d  (4, 5) and  is 
o f ten  cons ide red  to be  due  to c a r r i e r s  w h i c h  w e r e  
p r e v i o u s l y  f reed ,  s w e p t  to a d i f fe ren t  r eg ion  of the  
c rys ta l ,  t r a p p e d ,  r e l e a s e d  f rom the  t r aps ,  and  f ina l ly  
r e t u r n e d  to r e c o m b i n e  in  or  n e a r  t h e  r eg ion  f rom 
w h i c h  t h e y  o r ig ina t ed ;  th is  cycl ic  p rocess  t a k e s  
a b o u t  o n e - t h i r d  cyc le  for  comple t ion ,  a n d  occurs  
on ly  once each  cyc le  (4, 6) in a n y  p a r t i c u l a r  p h o s -  
pho r  c r y s t a l  region.  The  shape ,  phase ,  a n d  a m p l i t u d e  
of the  p r i m a r y  p e a k  s eem bes t  e x p l a i n e d  as con-  
t r o l l e d  p r i m a r i l y  b y  the  r e l ea se  process  of t r a p p e d  
c a r r i e r s  f r o m  a s ing le  t r a p p i n g  l eve l ;  t he  r e l e a se  is 
t h e r m a l ,  b u t  the  ef fec t ive  d e p t h  of the  t r a p  va r i e s  

w i t h  the  e l ec t r i c  f ield a n d  so the  r e l ea se  r a t e  is 
f i e l d - c o n t r o l l e d  (7) .  This  r e l ea se  of c a r r i e r s  gove rns  
the  t i m i n g  a n d  e x t e n t  of t h e i r  r e t u r n  and  r e c o m b i -  
na t i on  at  t he  e m p t y  l u m i n e s c e n c e  centers .  

I f  t h e r e  a r e  s e v e r a l  t r a p  d e p t h s  in an  e l e c t r o l u m i -  
nescen t  phosphor ,  t hen  t h e r e  shou ld  be  as m a n y  
d i s t i n g u i s h a b l e  p r i m a r y  p e a k s  o b s e r v a b l e  u n d e r  a p -  
p r o p r i a t e  condi t ions .  F o r  m o r e  t h a n  one p r i m a r y  
p e a k  to be v i s ib le  s i m u l t a n e o u s l y  in t he  w a v e f o r m ,  
one m u s t  d e p e n d  on p h a s e  d i f fe rences  for  t h e i r  
r e so lu t ion  and  w o u l d  e x p e c t  also t ha t  o f ten  one 
p r i m a r y  is i nc r e a s ing  w h i l e  a n o t h e r  is d i m i n i s h i n g  
as vol tage ,  f r equency ,  or  t e m p e r a t u r e  is va r ied .  

These  a d d i t i o n a l  p r i m a r i e s  have  been  o b s e r v e d  in  
s e v e r a l  s t a n d a r d  ( p r o d u c t i o n  lo t )  e l e c t r o l u m i n e s c e n t  
ZnS:Cu,C1 p h o s p h o r s  e m i t t i n g  in t he  blue ,  b l u e -  
green ,  or  g reen .  These  a d d i t i o n a l  p r i m a r i e s  a r e  f a -  
v o r e d  b y  i nc r e a s ing  vo l tage ,  i nc r e a s ing  f r equency ,  
and  de c r e a s ing  t e m p e r a t u r e ,  as shown  in t he  w a v e -  
fo rms  of Fig .  1 for  t he  s t a n d a r d  g r e e n  ZnS:Cu,C1 
phosphor ;  w i t h  a n y  one or  a n y  c o m b i n a t i o n  of such 
v a r i a t i o n  of vo l tage ,  f r equency ,  and  t e m p e r a t u r e  
t he  n e w  p r i m a r y  a p p e a r s  e a r l i e r  in  t he  cyc le  t h a n  
the  n o r m a l  p r i m a r y ,  g r o w s  in a m p l i t u d e  r e l a t i v e  to 
the  n o r m a l  p r i m a r y ,  moves  l a t e r  in p h a s e  r e l a t i v e  
to the  m a i n  p r i m a r y ,  a n d  of ten  o v e r w h e l m s  the  
n o r m a l  p r i m a r y .  A s ingle  a d d i t i o n a l  p r i m a r y  d e -  
ve lops  w i th  i nc r e a s ing  vo l t a ge  or  f r e q u e n c y  in Fig.  
1A and  1B; t he  t e m p e r a t u r e  r a n g e  of Fig .  1C is 
sufficient  t h a t  two  a d d i t i o n a l  p r i m a r i e s  deve lop  
s e q u e n t i a l l y  as the  t e m p e r a t u r e  is r educed .  A s s u m -  
ing  the  f i e l d - c o n t r o l l e d  t h e r m a l  r e l e a se  (7)  of t r a p -  
ped  c a r r i e r s  as g o v e r n i n g  the  p r i m a r y  peaks ,  a p e a k  
assoc ia ted  w i t h  a s h a l l o w e r  t r a p  shou ld  a p p e a r  
e a r l i e r  in  the  cyc le  be c a use  of r e l ea se  f rom the  t r a p s  
at  l o w e r  field s t r eng th .  The  n e w  p r i m a r y  shou ld  
g r o w  w i t h  i n c r e a s i n g  v o l t a g e  as s t r o n g e r  exc i t a t i on  
p r o v i d e s  suff icient  c a r r i e r s  to fill s h a l l o w  t r a p s  in 
a d d i t i o n  to t he  d e e p e r  ones  a s soc ia t ed  w i th  the  
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Fig. 1. Oscilloscope traces of the electrolumlnescence waveform 
of  the standard green ZnS:Cu,CI phosphor. (A) and (B) are light 
emission vs. time traces, corresponding to about one half-cycle 
of the sinusoidal voltage. The traces in (C) are light emission 
(Y-plates) vs. applied voltage (X-plates, zero center, baseline 
proportional to voltage) with the zero-light baseline shown below 
each trace, and also correspond to about one half-cycle. Peaks 
are designated by P (normal primary), S (normal secondary), and 
P' or P"  (additional primaries). Points are V = O ,  L = O .  

normal primary.  The new pr imary should grow with 
increasing frequency both because a shorter period 
favors the more rapid release from shallower traps, 
and because higher frequency seems to involve 
higher excitation per unit volume of the phosphor 
(8, 9). The new pr imary should grow with decreas- 
ing temperature since then release from the deeper 
traps is retarded compared to that  from the shal- 
lower traps. All of these characteristics are demon- 
strated in Fig. 1. 

The electroluminescence buildup (10) of the ad-  
ditional pr imary is slower than that of the normal  
primary;  that  is, the normal pr imary reaches a 
steady state, after application of voltage, while the 
additional pr imary is still increasing in magnitude. 
This observation also suggests that  the additional 
pr imary involves shallow traps which fill and be- 
come active only after there are sufficient carriers 
in circulation. 

The two additional primaries of Fig. IC dominate 
the waveform in the regions 180~176 and below 
150~ respectively. The field-excited glow curve 
for this phosphor (Fig. 2) shows peaks at approxi-  
mately 250 ~ 180 ~ and 150~ the indicated trapping 
levels may be associated with the normal pr imary 
and the two additional pr imary peaks, respectively. 
However, the release of carriers from a given t rap-  
ping level at zero field (glow curve) may  occur at a 
different temperature than that of release from the 
same level in the presence of a field (electrolumi- 
nescence), so correlation might be difficult. 

An additional pr imary  is often first seen as it 
begin to develop near the normal position of the 
preceding secondary peak (see Fig. 1). To be identi- 
fied as an "additional pr imary"  the new peak must 
therefore be distinguished from this secondary peak, 
and some evidence should exist that  the new peak 
is related to the pr imary which follows it rather 
than to the secondary (and pr imary)  which precede 
it. The additional pr imary  can be distinguished from 
a secondary peak in three ways:  
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Fig. 2. Thermoluminescence (glow curve) of the phosphor of Fig. 
1 excited by electroluminescence at 300v rms, 3000 cps and liquid 
nitrogen temperature, heating rate 14~ 

1. Both the additional pr imary  and the secondary 
adjacent to it are, under certain conditions, seen 
side by side and their individual behavior can be 
followed. This is demonstrated in Fig. 1B, where 
the first trace is a typical pr imary-secondary  se- 
quence. The following traces, representing progress- 
ively higher frequencies, show the appearance and 
growth of an additional pr imary and, except at 
highest frequencies, the normal  secondary still 
present. The normal secondary is masked out, at 
highest frequencies, by the additional pr imary fol- 
lowing. 

2. The additional pr imary is predominantly blue 
emission, while the normal secondary is predomi- 
nantly green emission. This is shown in Fig. 3B 
where the trace is the waveform through a violet 
filter (Corning 5970) and shows the additional pri-  
mary  but no secondary, and Fig. 3A is the same 
waveform under the same conditions but through 
an orange filter (Corning 3482) and shows the 
secondary but no additional primary.  

3. The new primaries are favored by high voltage, 
high frequency, and low temperature (Fig. 1), while 
the normal secondary is favored by low voltage, 
high frequency, and high temperature.  

The fact that  the additional primaries are pre-  
dominantly blue emission (Fig. 3B) serves to estab- 
lish their position among the peaks representing 
a given ionization event. It is known that excitation 
of ZnS:Cu phosphors, which emit in both the blue 
and green bands, leads to early blue emission and 
delayed green emission in photoluminescence (11), 
glow curves (11), and the normal  electrolumines- 
cence waveform (7). The effect in photolumi- 
nescence is illustrated by Fig. 3C in which the 
photoluminescence excited by chopped 3650A radia- 
tion on the standard green phosphor is resolved by 
filters into blue and green components, detected by 
separate photomultipliers, and the green signal ira- 
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Fig. 3. Oscilloscope traces of the standard green phosphor. (A) 
and (B) are light emission vs. time traces as measured through a 
Corning 3482 orange filter or a Corning 5970 violet filter, respec- 
tively, at 1000 cps, 200Y. (C) is a trace showing the more rapid rise 
of blue photoluminescence relative to green photoluminescence. (D) 
and (E) are light emission vs. applied voltage (see Fig. 1C) at 
1000 cps, 800v and 0.008 cps, 200v, respectively. The conditions 
for (F) are 1 cps, 100v, and for (G) are the same as (F) but with 
the addition of 400 cps, 5v. 

pressed on the  X-p l a t e s  and  the b lue  s ignal  on the 
Y-p la tes  of an  oscilloscope; the  b lue  l uminescence  
a lways  precedes  the g reen  luminescence .  In  the  
e l ec t ro luminescence  waveform,  the l ead ing  edge of 
the n o r m a l  p r i m a r y  is b lue r  t h a n  the  t r a i l i ng  edge, 
and  the  fo l lowing  secondary  peak  contains ,  in  gen -  
eral,  on ly  green  light. These observat ions ,  toge ther  
wi th  the  fact tha t  the n e w  peaks are p r e d o m i n a n t l y  
b lue  emission,  show tha t  the  n e w  peaks are re la ted  
to those fo l lowing  t h e m  in  the w a v e f o r m  ( n o r m a l  
p r i m a r y  and  secondary)  r a the r  t h a n  to the  sec-  
o n d a r y  ( and  p r i m a r y )  p reced ing  the  n e w  peaks. 
F ina l ly ,  by  the r eason ing  in  this  and  the  p reced ing  
pa ragraph ,  the n e w  peaks  can be ident if ied u n -  
a m b i g u o u s l y  as add i t iona l  p r imar ies .  

Negligible Carrier Transit Time 
The release and  r e t u r n  of t r apped  carr iers  to the  

centers  f rom which  they  were  p rev ious ly  f reed seem 
to govern  m a n y  of the character is t ics  of n o r m a l  
e lec t ro luminescence .  In  the  p rev ious  section, the idea 
of f ie ld-cont ro l led  t h e r m a l  re lease (7) of t r apped  
carr iers  has been  ex tended  to deal  wi th  the add i -  
t ional  p r i m a r y  peaks  which  are  observed.  However ,  
Z a l m  (5), and  la te r  Morehead  (12),  proposed tha t  
the t r ans i t  t ime  of the re leased car r ie rs  1 f rom t raps  
to r e c o m b i n a t i o n  centers  var ies  wi th  the  electr ic  
field in  such a way  as to be the d e t e r m i n i n g  factor  
in  the e l ec t ro luminescence  waveform.  I t  is the  p u r -  
pose of this  section to show (i) tha t  the  t r a ppe d  
carr iers  are no t  re leased un t i l  the electric field is 
applied,  no m a t t e r  how p r o m p t  or de layed  this  a p -  
p l ica t ion  m a y  be af ter  the  car r ie rs  are  t rapped,  and  
(i i)  tha t  the car r ie r  t r ans i t  t ime  back  to the  centers  
canno t  be s igni f icant ly  involved .  

The first a r g u m e n t  invo lves  the e l ec t ro luminescen t  
w a v e f o r m  wi th  s inuso ida l  vol tage  of v e r y  low f re -  

1 All carriers considered to be free (detrapped) at V = 0. 
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quency.  F igure  3D and  E shows tha t  the  wave fo rms  
for the  same phosphor  l aye r  at 1000 cps, 800v rms  and  
at 0.008 cps, 200v rms  are bas ica l ly  the same. At  1000 
cps, Fig. 3D, the  t r apped  e lec t rons  m u s t  be  re leased  
in  a f rac t ion  of a mi l l i second  a nd  t r ave r se  the  dis-  
t ance  back  to the r e c o m b i n a t i o n  centers  in  a t ime  
no longer  t h a n  that .  Converse ly ,  at  0.008 cps, Fig. 
3E, the t r apped  e lect rons  m u s t  aga in  be re leased in  
a f rac t ion  of a mi l l i second  if the  electr ic  field is no t  
necessary  to assist in  the  release,  since the  t e m p e r a -  
tu re  ~ (300~ is the  same. R e c ombi na t i on  is sti l l  
occurr ing,  at low f requency ,  a lmos t  a m i n u t e  af ter  
it commences,  and  this i n t e r v e n i n g  t ime  m u s t  be 
accounted  for. I t  seems u n l i k e l y  tha t  the car r ie r  
t r ans i t  t ime  could v a r y  f rom the  order  of 1 ra in  in  
one case to 10 -5 ra in  in  the  other,  even  though  the 
appl ied  vol tages are different .  I t  is m u c h  more  
p laus ib le  tha t  re lease of the  t r apped  carr iers  is con-  
t ro l led  by  the electr ic  field; pu t  in  ano the r  way,  the  
t ime ra te  of re lease f rom the  t raps  increases  wi th  
the appl ied  electric field. For  this reason  800v rms  is 
r equ i red  a t  1000 cps to gene ra t e  the  same  w a v e f o r m  
as 200v rms  at 0.008 cps. L ight  ou tpu t  per  cycle at  
0.008 cps is at least  ha l f  as grea t  as at 1000 cps so 
t rapped  carr iers  are  stored wi thou t  m u c h  loss at 
least  for m i n u t e s  in  this phosphor  at  room t e m p e r a -  
ture.  

F u r t h e r  evidence  tha t  r e c o m b i n a t i o n  is cr i t ica l ly  
cont ro l led  by the  effect of e lectr ic  field on the r e -  
lease ra te  f rom traps,  r a the r  t h a n  t r ans i t  t ime  to the 
centers ,  is shown in  Fig. 3F, which  is the  e lec t ro-  
luminescence  w a v e f o r m  of the  s t a n d a r d  phosphor  
at 1 cps, 100v rms. F igu re  3G shows the  effect of 
add ing  400 cps, 5v rms  to the  l o w - f r e q u e n c y  vol tage;  
a lmost  100%modu la t i on  is observed.  The  effect of 
field va r i a t ion  of release ra te  of t r apped  carr iers  is 
e xpone n t i a l  (7) ,  so n e a r  100% m o d u l a t i o n  of l ight  
emiss ion ( r e c ombi na t i on )  wi th  on ly  5% field m o d u -  
la t ion  is not  unexpec ted ,  if ca r r ie r  t r a n s i t  t ime  is 
negl igible .  However ,  if the  on ly  effect of the  field 
is on t r ans i t  t ime  of the carr iers ,  it  should  r equ i r e  
nea r  100% m o d u l a t i o n  of the field to cause n e a r  
100% m o d u l a t i o n  of the  emission.  In  fact, Z a l m  (5) 
shows 70% m o d u l a t i o n  by  a 15% pulse, in  the  sec- 
t ion  i m m e d i a t e l y  p reced ing  his proposal  of the 
t r ans i t  t ime  effect. F u r t h e r ,  Ivey  (3) has ca lcula ted  
tha t  if Z a l m  is correct  t h e n  car r ie r  mob i l i t y  would  
be on ly  3.5 x 10 -5 cm2/v-sec  ins tead  of abou t  100 
cm2/v-sec  as m e a s u r e d  by  m a n y  workers ;  one can-  
no t  assume a pr ior i  tha t  r e t r a p p i n g  reduces  mob i l i t y  
by  this factor  of 106 . 

T r a ns i t  t ime f rom t raps  to centers  at  zero appl ied  
field is n o r m a l l y  qu i te  rapid,  since a phosphor  i r -  
r ad ia ted  wi th  3650A at 80~  a nd  then  ve ry  r ap id ly  
w a r m e d  gives a bu r s t  of t h e r m o l u m i n e s c e n c e  which  
can be made  at least  as short  as 100 msec, a nd  p rob-  
ab ly  far  shorter .  Hence  t r a n s i t  t ime  effects canno t  
account  for the  v e r y  l o w - f r e q u e n c y  EL w a v e f o r m  
and  thus  are p r e s u m a b l y  no t  invo lved  in  the  s imi la r  
h i g h - f r e q u e n c y  EL w a v e f o r m  either.  

Delayed Emission and Buildup in Injection 
Electroluminescence 

I t  has been  proposed (13) tha t  n o r m a l  e lec t ro-  
luminescence  in  ZnS  is i n j ec t ion  e l ec t ro lumines -  
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Fig. 4. Proposed p-i-n junction and the mechanism of normal 
a-c electroluminescence in ZnS or other materials, whether insulated 
from the electrodes or not. 

cence,  w h e t h e r  p h o s p h o r  pa r t i c l e s  or  l a y e r s  a r e  
i n s u l a t e d  f r o m  or  in con tac t  w i t h  t he  e lec t rodes ,  and  
t ha t  t he  m a j o r  c u r r e n t s  f lowing a r e  due  to f o r w a r d  
b ias  of some sor t  of j unc t ions  in  the  p h o s p h o r  
c rys ta l .  This  p i c tu r e  can  be  cons i s t en t  w i t h  t he  mass  
of ev idence  for  d e l a y e d  (4, 5) emiss ion  a n d  b u i l d u p  
(10) in n o r m a l  e l e c t ro luminescence .  I t  is p r o b a b l y  
g e n e r a l l y  a g r e e d  t h a t  efficient  i n j ec t ion  e l e c t r o l u m i -  
nescence  is mos t  l i k e l y  in a p - i - n  j u n c t i o n  (14) ,  
w h e r e  t he  p and  n r eg ions  a r e  r e l a t i v e l y  good s e m i -  
conduc to r s  a n d  the  i r eg ion  is a r e l a t i v e l y  good 
phosphor .  F o r w a r d  b ias  of such a j u n c t i o n  is s h o w n  
in Fig.  4. Mos t  of t he  a p p l i e d  p o t e n t i a l  d i f fe rence  
a p p e a r s  in the  t r a n s i t i o n  r eg ions  w h i c h  t h e r e f o r e  
cause  the  o b s e r v e d  a p p r o x i m a t e l y  e x p o n e n t i a l  c u r -  
r e n t - v o l t a g e  r e l a t i o n s h i p  (13) ;  because  of t he  l a r g e  
c u r r e n t  f lowing u n d e r  f o r w a r d  b ias  cond i t ions  and  
because  of t he  h igh  r e s i s t i v i ty ,  t h e r e  is, h o w e v e r ,  a 
s u b s t a n t i a l  e lec t r i c  f ie ld in the  i reg ion .  C a r r i e r s  of 
bo th  s igns  e n t e r  a n d  cross  the  i reg ion ;  some a re  
t r a p p e d  at  t he  a p p r o p r i a t e  p o t e n t i a l  m i n i m u m ,  no t  
m a n y  r e c o m b i n e  w h i l e  c ross ing  because  of t he  h igh  
field, and  those  w h i c h  pass  t he  p o t e n t i a l  m i n i m u m  
and  e n t e r  the  s e m i c o n d u c t o r  as m i n o r i t y  c a r r i e r s  
a r e  no t  l i k e l y  to cause  v i s ib le  emiss ion.  On r e v e r s a l  
of p o l a r i t y  of t he  field, the  f ield in the  i r eg ion  
r e v e r s e s  s ign  b u t  r e m a i n s  s m a l l e r  t h a n  be fo re  b e -  
cause  of t he  v e r y  m u c h  s m a l l e r  r e v e r s e  c u r r e n t s  
passed  b y  the  t r a n s i t i o n  regions .  On d i s a p p e a r a n c e  
of the  p o t e n t i a l  m i n i m a ,  t he  m o r e  m o b i l e  and  eas i ly  
d e t r a p p e d  c a r r i e r s  w i l l  be  re leased ,  flow t o w a r d  the  
t r a p p e d  c a r r i e r s  of oppos i t e  sign, and  r e c o m b i n e  
r a d i a t i v e l y  w i t h  them,  caus ing  the  u sua l  b u r s t  of 
e l ec t ro luminescence .  

W i t h  exc i t a t i on  b y  an  a l t e r n a t i n g  vo l tage ,  t he  
f o r w a r d  b ias  h a l f - c y c l e  accounts  for  the  " i on i z a t i on"  
( l a r g e l y  b y  t h e r m a l  e n e r g y )  and  cha rge  s epa ra t i on ,  
w h i l e  r e c o m b i n a t i o n  a n d  l igh t  emiss ion  a r e  d e l a y e d  
b y  a b o u t  one h a l f - c y c l e  and  occur  d u r i n g  r e v e r s e  
b ias  condi t ions ;  th is  is t he  s o - c a l l e d  p r i m a r y  peak .  
F i e l d - c o n t r o l l e d  t h e r m a l  re lease ,  d u r i n g  the  r e v e r s e  

h a l f - c y c l e ,  of e l ec t rons  t r a p p e d  in  t he  i r e g i o n  s t i l l  
accounts  for  the  shape  of t he  p r i m a r y  ( m a j o r )  
p e a k  of  e l e c t r o l u m i n e s c e n c e  emiss ion.  

In  t h e  case of a - c  e xc i t a t i on  of  i n s u l a t e d  p h o s p h o r  
p a r t i c l e s  or  l aye r s ,  a t  l e a s t  one  of two  cond i t ions  
m a y  h a v e  to be  fu l f i l l ed  i f  th i s  m o d e l  is to a p p l y :  
(a )  the  r e s i s t i v i t y  of t he  i r e g i o n (  w h i c h  is e x p e c t e d  
to be  h igh  in  a n y  case)  m u s t  be  g r e a t  enough  t h a t  
an  a p p r e c i a b l e  f r a c t i o n  of t he  a p p l i e d  p o t e n t i a l  d i f -  
f e r e nc e  a p p e a r  across  th is  r eg ion  t h r o u g h  mos t  of 
the  f o r w a r d  b ias  h a l f - c y c l e ,  or  (b )  t h e  r e s i s t i v i t y  
a n d / o r  p e r m i t t i v i t y  of t he  i r e g i o n  m u s t  be  g r e a t  
enough  t ha t  t he  t r a n s i e n t  f o r w a r d  c u r r e n t s  pe r s i s t  
t h r o u g h  mos t  of t h a t  h a l f - c y c l e ;  t h a t  is, t he  t ime  
cons t an t  of t he  j u n c t i o n  m u s t  be  as long  as one 
p e r i o d  of t he  l owes t  f r e q u e n c y  u t i l i zed .  

I f  one t y p e  of c a r r i e r  is m o r e  d e e p l y  t r a p p e d  in 
t he  i reg ion ,  t h e n  i t  is poss ib l  e t h a t  b u i l d u p  of a 
r e s e r v o i r  of such c a r r i e r s  a t  t he  p o t e n t i a l  m i n i m u m  
shou ld  occur  be fo re  efficient  r a d i a t i v e  r e c o m b i n a t i o n  
a t  t h a t  loca t ion  is poss ib le ;  th is  w o u l d  e x p l a i n  
b u i l d u p  (10) of e l ec t ro luminescence .  Such  a b u i l d u p  
w o u l d  i m p l y  t h a t  no t  a l l  the  r e s e r v o i r  of c a r r i e r s  is 
r e c o m b i n e d  each  cycle;  t h e r e f o r e  some r e s i d u a l  r e -  
c o m b i n a t i o n  i m m e d i a t e l y  fo l lowing  f ield r e v e r s a l  
f r om r e v e r s e  to f o r w a r d  bias  cond i t ions  can  account  
for  t he  s e c o n d a r y  peak .  This  p e a k  was  a s c r i b e d  b y  
Z a l m  (5)  to ove r shoo t  of r e t u r n i n g  ca r r i e r s ,  a v e r y  
s i m i l a r  p ic tu re .  

The  d i a g r a m  of Fig .  4 r e p r e s e n t s  on ly  a v e r y  s m a l l  
v o l u m e  w i t h i n  a p h o s p h o r  p a r t i c l e  or  l a y e r  and  
does  no t  d e p e n d  on w h e t h e r  the  a - c  e xc i t e d  p h o s -  
pho r  is i n s u l a t e d  or  in  con tac t  w i t h  t he  e lec t rode .  

Self-Excited Photoconductance of 
Electroluminescent Phosphors 

P h o t o c o n d u c t a n c e  of a good  e l e c t r o l u m i n e s c e n t  
p h o s p h o r  is e x c i t e d  b y  i ts  own  emiss ion,  p r o v i d i n g  
t ha t  emiss ion  con ta ins  a " b l u e  b a n d "  componen t .  The  
a - c  c o n d u c t a n c e  of an  e l e c t r o l u m i n e s c e n t  l a m p  
( s a m e  p h o s p h o r  as Fig.  1-3)  i n c r e a s e d  b y  as m u c h  
as 10% w h e n  i l l u m i n a t e d  b y  the  e l e c t r o l u m i n e s c e n c e  
of an  a d j a c e n t  i den t i ca l  l amp,  un less  t he  b lue  
emiss ion  was  f i l t e red  out,  w h e r e u p o n  the  effect 
d i s a p p e a r e d .  This  m a y  be  r e l a t e d  to the  o b s e r v a t i o n  
t ha t  vo l t a ge  e xc i t e d  (9, 15) t h e r m o l u m i n e s c e n c e  in 
good e l e c t r o l u m i n e s c e n t  p h o s p h o r s  is v e r y  s t rong,  a t  
l eas t  85% of t he  l igh t  s u m  of t h e r m o l u m i n e s c e n c e  
fo l lowing  s a t u r a t i o n  at  80~  b y  3650A; in  th is  case, 
b lue  emiss ion  m a y  e m p t y  cen te r s  and  fill t r a p s  in 
p h o s p h o r  r eg ions  e x p e r i e n c i n g  on ly  s m a l l  e lec t r i c  
fields. 

S u m m a r y  

T h e r e  is ev idence  t h a t  each  t r a p p i n g  l eve l  in an  
e l e c t r o l u m i n e s c e n t  p h o s p h o r  l eads  to a p e a k  in t he  
emiss ion  w a v e f o r m ,  as is to be  e x p e c t e d  if  t h a t  
w a v e f o r m  is due  to f i e l d - c o n t r o l l e d  t h e r m a l  r e l ea se  
of t r a p p e d  c a r r i e r s  (7)  ; t he  emiss ion  is to be  t h o u g h t  
of as a vo l t a ge  d r i v e n  g low c u r v e  r e c u r r i n g  each  
h a l f - c y c l e  (or  each  cyc le  in  a g iven  v o l u m e  e l e -  
m e n t ) .  C a r r i e r  t r a n s i t  t i m e  f r o m  t r a p s  to cen te r s  
is s h o w n  to be  neg l ig ib le ,  and  thus  to conf i rm tha t  
i t  is t h e i r  r e l e a se  r a t e  f r o m  t r a p s  w h i c h  con t ro l s  
the  shape  and  p h a s e  of t he  emiss ion  w a v e f o r m .  
C a r r i e r  i n j ec t ion  in  a p - i - n  j u n c t i o n  is shown  to be  
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at  l eas t  cons i s t en t  w i t h  the  n o r m a l  o b s e r v a t i o n s  of 
e l ec t ro luminescence ,  i n c l u d i n g  d e l a y e d  emiss ion  
a n d  bu i ldup .  F i n a l l y ,  c o n s i d e r a b l e  f i l l ing of t r a p s  
a n d  f r e e i n g  of c a r r i e r s  occurs  b y  cascade  p rocesses  
in  these  phospho r s ;  t h a t  it, l i gh t  g e n e r a t e d  d u r i n g  
e l e c t r o l u m i n e s c e n c e  is r e a b s o r b e d  a n d  c o n t r i b u t e s  
to t r a p  p o p u l a t i o n  a n d  pho toconduc t ance .  
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Observations on the Formation of Color 
Centers in Calcium Halophosphates 

E. F. Apple 
Large Lamp Department, General Electric Company, Cleveland, Ohio 

ABSTRACT 

This paper  concerns the effects of C1/F rat io,  s toichiometry,  incorporat ion 
of Mn, Sb, and Cd, and of t he rma l  t r ea tmen t  on the format ion  of color centers  
in calc ium halophosphates .  Shor t  wave leng th  u.v. radiat ion,  or the  discharge 
f rom a Tesla coil, induces three  color centers  in the 2500-7000A region. The 
spect ra l  d is t r ibut ions  of these centers  depend on the C1/F ratio.  Incorpora t ion  
of Sb and Cd a n d / o r  rap id  quenching of the  samples  f rom e levated  t e m p e r a -  
tures  leads to a decrease  in induced color center  formation.  

The  f o r m a t i o n  of color  cen te r s  in  c a l c ium h a l o -  
p h o s p h a t e  w h e n  e x p o s e d  to e i t he r  1850A or  x - r a y  
r a d i a t i o n  has  been  o b s e r v e d  b y  Johnson  (1)  and  
S u c h o w  (2) .  Johnson  r e p o r t e d  on the  op t ica l  p r o p -  
e r t i es  of  the  color  cen te r s  f o r m e d  e i t he r  u n d e r  
1850A or  x - r a y  r a d i a t i o n  in  s ingle  c rys t a l s  of c a l -  
c ium f luoro-  and  ch lo rophospha te s .  S u c h o w  was  
conce rned  w i t h  the  effects of h a l o g e n  and  ca t ion  
i den t i t i e s  on color  c en t e r  f o r m a t i o n  i n d u c e d  in Ca, 
S r  h a l o p h o s p h a t e  p o w d e r s  b y  1850A rad i a t i on .  

A l t h o u g h  m u c h  bas ic  i n f o r m a t i o n  such as t he  
o r i e n t a t i o n  and  c o n c e n t r a t i o n  of co lor  cen te r s  can  
be  o b t a i n e d  p r e c i s e l y  on ly  w i t h  mac roscop i c  s ingle  
c rys ta l s ,  some use fu l  i n f o r m a t i o n  can  be o b t a i n e d  
on p o w d e r  s amp le s  us ing  r e f l ec t iv i ty  m e a s u r e m e n t s .  
S ing le  c r y s t a l s  of  the  h a l o p h o s p h a t e s  a re  h a r d  to 
ob t a in  in w e l l - d e f i n e d  s t o i c h i o m e t r y  a n d  w i t h  ac t i -  
v a t o r  concen t r a t i ons  of the  o r d e r  of 1 w t  %, so t h a t  
the  use  of p o w d e r s  s t i l l  a f fords  an a d v a n t a g e  in 
bo th  t i m e  of p r e p a r a t i o n  and  in s a m p l e  def ini t ion.  
One  conce rn  in  t he  g r o w t h  of  s ingle  c rys t a l s  w o u l d  
be  the  i d e n t i t y  and  v a r i a t i o n  of v a p o r  ove r  t he  s a m -  
p le  d u r i n g  c r y s t a l  g rowth .  N e i t h e r  t he  c o m p o n e n t s  
no r  t he  h a l o p h o s p h a t e  a r e  as v o l a t i l e  in  t he  l o w e r  
t e m p e r a t u r e  r a n g e  w h e r e  p o w d e r  s amp le s  a re  p r e -  
pa r ed .  

This  p a p e r  concerns  the  effects of h a l o g e n  i d e n -  
t i ty ,  s t o i ch iome t ry ,  t h e r m a l  t r e a t m e n t ,  and  i m p u r -  
i t y  s u b s t i t u t i o n  on t h e  i n t e n s i t y  and  s p e c t r a l  d i s t r i -  
bu t i on  of the  color  or  a b s o r b i n g  cen te r s  i n d u c e d  in 
Ca h a l o p h o s p h a t e  p o w d e r  s a m p l e s  b y  sho r t  w a v e -  
l eng th  u.v. r ad i a t i on .  

Experimental Procedures 
The  ca l c ium h a l o p h o s p h a t e  p o w d e r  s a m p l e s  r e -  

p o r t e d  in th is  p a p e r  w e r e  p r e p a r e d  f r o m  t h e  f o l l o w -  
ing  r a w  m a t e r i a l s :  CaHPO4, CaCO3, CaF2, NH4C1, 
Sb2Os, MnCO3, and  CdO. In  a p a r t i c u l a r  sample ,  t he  
a p p r o p r i a t e  r a w  m a t e r i a l s  w e r e  b l e n d e d  t h o r o u g h l y  
and  p u t  in  a q u a r t z  b e a k e r  w h i c h  was  c ove re d  b y  an  
i n v e r t e d  t e l e scop ing  b e a k e r  of s l i g h t l y  l a r g e r  d i a m -  
e ter .  In  genera l ,  the  s a m p l e s  w e r e  f i red in  a i r  a t  
1100~176 for  pe r iods  of 1-4 hr ,  a f t e r  w h i c h  
t h e y  w e r e  u s u a l l y  a i r  cooled to r o o m  t e m p e r a t u r e ,  
t hen  g r o u n d  a n d  sc r eened  t h r o u g h  a 200-mesh  
n y l o n  screen.  

Diffuse re f lec t iv i t i e s  in  t he  2500-7200A reg ion  
w e r e  m e a s u r e d  on a B e c k m a n  D K - 1  s p e c t r o m e t e r  
w i t h  re f l ec tance  a t t a c h m e n t .  B e l o w  2500A, t he  r e -  
f lec t iv i t ies  w e r e  m e a s u r e d  on a v a c u u m  m o n o c h r o m -  
a to r  p r e v i o u s l y  d e s c r i b e d  b y  J o h n s o n  (3) .  
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Fig. 1A. Diffuse reflectance (vs. MgO) of unactivated Cas(PO4)sF 
before and after ]-min exposure to the discharge from a Tesla coil. 
Fig. ] B. Reflectance before minus reflectance after (AR) exposure 
to (1) discharge from a Tesle coil for ]-min and (2) 1850A 
radiation from a quartz low pressure mercury lamp for 1 hr. 

1850A r a d i a t i o n  was  o b t a i n e d  f r o m  a 15w, u n -  
f i l tered,  l o w - p r e s s u r e  m e r c u r y  d i s c h a r g e  l a m p  w i t h  
a q u a r t z  enve lope .  F o r  i r r a d i a t i o n  s tudies ,  t he  
p l aques  of s a m p l e  w e r e  p l a c e d  1 in. f r o m  the  1850A 
source  in  an  a t m o s p h e r e  of f lowing n i t r o g e n  at  r o o m  
t e m p e r a t u r e .  I n  a d d i t i o n  to t h e  1850A r a d i a t i o n ,  
th is  source  gave  al l  o t h e r  Hg l ine  emiss ions  in  t he  
u.v. and  v i s ib le  p a r t s  of the  s p e c t r u m ,  a fac t  w h i c h  
in some cases  s e r i ous ly  affects t he  d a t a  o b t a i n e d  
s ince  t he  color  cen te r s  can  be  b l e a c h e d  b y  r a d i a t i o n  
of t he  a p p r o p r i a t e  w a v e l e n g t h .  

As  an  a l t e r n a t e  source  of r a d i a t i o n  for  t he  d a m -  
age s tudies ,  the  d i s c h a r g e  f r o m  a Tes la  coil  in  r o u g h  
v a c u u m  was  used.  A l t h o u g h  c o m p l e x  in  n a t u r e ,  th is  
d i s c h a r g e  p r o b a b l y  p r o d u c e s  e l ec t rons  as w e l l  as 
s h o r t  w a v e l e n g t h  u.v. r ad i a t i on .  I t  does  no t  p r o d u c e  
a p p r e c i a b l e  r a d i a t i o n  in  t he  2500-7000A r eg ion  
w h i c h  v i r t u a l l y  e l i m i n a t e s  t he  b l e a c h i n g  effects ob -  
s e rved  w i t h  the  m e r c u r y  l a m p  d i scha rge .  F u r t h e r ,  
the  r e su l t s  w e r e  r e p r o d u c i b l e  to -----2% and  cons is -  
t en t  a n d  w e r e  v e r y  s i m i l a r  to those  o b t a i n e d  u n d e r  
c a t h o d e - r a y  b o m b a r d m e n t .  U s u a l l y  1 - m i n  e x p o s u r e  
to t he  d i s cha rge  f r o m  the  Tes la  coil  r e s u l t e d  in  as 
m u c h  or  m o r e  d a m a g e  t h a n  2-3 h r  e x p o s u r e  to t he  
1850A source.  The  d e p t h  of p e n e t r a t i o n  of t h e  a b -  
so rp t ion  i n d u c e d  b y  e i t h e r  Tes la  coil  d i s c h a r g e  or  
1850A d u r i n g  the  a b o v e - m e n t i o n e d  e x p o s u r e  t i m e s  
was  of t he  o r d e r  of 0.5 m m  as d e t e r m i n e d  b y  v i s u a l  
obse rva t ion .  

The  p l a q u e  b r i g h t n e s s e s  of t he  p h o s p h o r s  used  in 
t he  b r i g h t n e s s  d e p r e c i a t i o n  s tud ies  w e r e  m e a s u r e d  
u n d e r  2537A e x c i t a t i o n  o b t a i n e d  f r o m  a 20w l o w -  
p r e s s u r e  H g  l a m p  w i t h  Corn ing  f i l ter  No. 9-54. The  
emiss ion  pa s sed  t h r o u g h  a f i l ter  w i t h  a v e r a g e - e y e -  
r e sponse  t r a n s m i s s i o n  a n d  was  d e t e c t e d  b y  a p h o t o -  
vo l t a i c  cel l  (G.E. 8 P V 1 A A F )  connec t ed  to a sens i -  
t ive  g a l v a n o m e t e r .  A p l a q u e  of t he  u n i r r a d i a t e d  
p h o s p h o r  u n d e r  tes t  was  used  as t h e  c o m p a r i s o n  
s t a n d a r d  (100% b r i g h t n e s s ) .  

Experimental Results 

Effects of CI/F Ratio 
In  Fig.  1 - A  the  diffuse re f lec tances  (vs. MgO)  of 

an  u n a c t i v a t e d  ca l c ium f l uo rophospha t e  be fo re  and  
a f t e r  1 - m i n  e x p o s u r e  to a Tes la  coil  d i s c h a r g e  a t  
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Fig. 2. Difference in reflectance, AR (R before minus R after 
1-min exposure to Tesla coil), of unactivated Ca halophosphates vs. 
wavelength as a function of CI/F. 

r o o m  t e m p e r a t u r e  a r e  shown.  T h r e e  a b s o r p t i o n  
b a n d s  a r e  i n t roduced .  The  d i f fe rence  in  diffuse r e -  
f lectance,  AR (R b e f o r e  m i n u s  R a f t e r  i r r a d i a t i o n ) ,  
is a m e a s u r e  of t he  a b s o r p t i o n  i n t roduced .  F i g u r e  
1-B plo ts  AR a ga in s t  w a v e l e n g t h  us ing  Tes la  coil  
and  1850A i r r a d i a t i o n .  I n  t h e  l a t t e r  case, t h e  s a m -  
p le  was  e x p o s e d  to the  u.v. d i s cha rge  for  1 hr .  W i t h  
Tes la  coil  r a d i a t i on ,  the  t h r e e  a b s o r p t i o n s  in  t h e  
2500-7000A r eg ion  a re  o b s e r v e d  to p e a k  a t  3700, 
4500, and  6100A, w h i l e  w i t h  1850A i r r a d i a t i o n  on ly  
t h e  b a n d s  a t  3700A a n d  4500A a re  p r e s e n t  in th i s  
sample .  E x c e p t  for  t he  n u m b e r  and  speed  of f o r m a -  
t ion  of color  cen te r s  t h e r e  is v e r y  l i t t l e  d i f fe rence  in  
t he  effects p r o d u c e d  b y  the  two  sources  for  t he  cen -  
t e r s  w h i c h  a r e  c ons ide r e d  in mos t  de ta i l .  

The  effect  of c h a n g i n g  C1/F r a t i o  on the  s p e c t r a l  
d i s t r i b u t i o n  of t he  a b s o r p t i o n  cen te r s  i n t r o d u c e d  b y  
the  d i s cha rge  f r o m  a Tes la  coil  is s h o w n  in  Fig.  2. 
The  C1/F r a t i o  is in  g e n e r a l  f ixed b y  the  o r ig ina l  
F con ten t  of t he  p h o s p h o r  mix .  As  th is  r a t io  i n -  
creases ,  the  two  i n d u c e d  a b s o r p t i o n  b a n d s  p e a k i n g  
at  3700A and  4500A m o v e  t o g e t h e r  and  c h a n g e  in  
r e l a t i v e  in t ens i ty .  

In  Ca c h l o r o p h o s p h a t e  on ly  one v e r y  b r o a d  a b -  
so rp t ion  p e a k i n g  a t  3900A is obse rved .  In  t he  l a t -  
t e r  case, AR is g r e a t e r  t h a n  30%. I t  is also i n t e r e s t -  
ing  to no te  t h a t  t h e  i n d u c e d  a b s o r p t i o n  p e a k i n g  at  
6100A in Ca f l uo rophospha t e  is also o b s e r v e d  in Ca 
c h l o r o p h o s p h a t e ,  b u t  is no t  o b s e r v e d  in  t he  ch lo ro -  
f luo rophospha te .  In s t ead ,  a n o t h e r  m i n o r  a b s o r p t i o n  
p e a k i n g  a t  a b o u t  5500A is obse rved .  I t  a p p e a r s  t h e n  
t h a t  a t  l e a s t  t h r e e  a b s o r p t i o n  b a n d s  a r e  i n t r o d u c e d  
b y  su i t ab l e  r a d i a t i o n  in  t he  2500-7000A r eg ion  in 
u n a c t i v a t e d  Ca h a l o p h o s p h a t e .  In  a d d i t i o n  to be ing  
s e v e r e l y  d a m a g e d  b y  Tes l a  coil  d i scha rge ,  i t  was  
o b s e r v e d  t ha t  t h e  c h l o r o p h o s p h a t e  was  d a m a g e d  
b y  1850A and  to a l e s se r  e x t e n t  b y  2537A rad i a t i on .  
D a m a g e  was  s eve re  on e x p o s u r e  to x - r a y  r ad i a t i on .  
I t  was  also o b s e r v e d  t h a t  b l e a c h i n g  of  t he  3900A 
b a n d  in th is  s a m p l e  was  v e r y  r a p i d  in  r o o m  l ight .  
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Fig. 3. Segment of composition diagram. Points indicate samples 
with increasing CaO content. Sample 2 is stoichiometric Cas(PO4)3F. 
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Fig. 4. Difference in reflectance, ~R (R before minus R after 
1-min exposure to Tesla coil), vs. wavelength as a function of CaO 
content. Numbers refer to samples shown in Fig. 3 and Table I. 

Effects of Stoichiometry 

S t o i c h i o m e t r i c  c a l c ium f l uo rophospha t e  has  t h e  
f o r m u l a  Cas(PO4)3F in w h i c h  the  r a t i o  of Ca /PO4  

5/3 and  P O 4 / F  = 3/1.  The  m e a s u r e  of s to ich i -  
o m e t r y  in th is  p a p e r  is b a s e d  on the  ana lys i s  of t he  
r a w  m a t e r i a l s  used  in m a k i n g  the  f luo rophospha te ,  
coup led  w i t h  x - r a y  d i f f rac t ion  ana lys i s  of the  f in-  
i shed  p roduc t .  Of course ,  the  l imi t  of de t ec t i on  of 
e x t r a n e o u s  phases  b y  x - r a y  t e chn iques  is r a t h e r  
h igh  and  p r o b a b l y  a b o v e  the  c o n c e n t r a t i o n  r a n g e  of 
defec t s  and  of i n d u c e d  a b s o r p t i o n  centers .  

In  Fig.  1 i t  was  s h o w n  t h a t  s t o i ch iome t r i c  ( w i t h  
r e spec t  to s t a r t i n g  m a t e r i a l s )  Ca f l uo rophospha t e  
was  suscep t ib l e  to r a d i a t i o n  damage .  I t  was  t he  
p u r p o s e  of th is  p o r t i o n  of t he  i n v e s t i g a t i o n  to e x -  
a m i n e  the  effects of dev i a t i ons  f rom this  s to ich i -  
ome t r i c  point .  Us ing  the  c o m m o n  t r i a n g u l a r  plot ,  
the  in i t i a l  compos i t i on  of the  f l uo rophospha t e  can  
be  r e p r e s e n t e d  b y  a t h r e e - c o m p o n e n t  s y s t e m  of 
end  m e m b e r s  P205, CaF2, and  CaO. A s m a l l  s e g m e n t  
of th is  t r i a n g u l a r  p lo t  is s h o w n  in Fig .  3. S a m p l e s  
w i t h  in i t i a l  compos i t ions  c o m p l e t e l y  s u r r o u n d i n g  
the  s t o i ch iome t r i c  po in t  w e r e  p r e p a r e d  and  i r r a d i -  
a t ed  w i t h  a Tes la  coil  d i scharge .  As  an  e x a m p l e  of 
the  change  in  t he  i n t e n s i t y  of t h e  a b s o r p t i o n  p e a k s  
w i t h  c h a n g i n g  compos i t ion ,  po in t s  1, 2, 3, a n d  4 
r e p r e s e n t  i n c r e a s i n g  CaO con ten t  ( f r o m  68.99 to 
69.69 mole  % )  in t he  s t a r t i n g  compos i t ion .  F i g u r e  4 
shows  the  i n d u c e d  a b s o r p t i o n  cu rves  for  these  fou r  
samples .  I t  is e v i d e n t  t h a t  ~R dec rea se s  w i t h  i n -  
c r ea s ing  CaO content .  T a b l e  I s u m m a r i z e s  t he  r e -  
su l t s  o b t a i n e d  f rom 35 s a m p l e s  w i t h  in i t i a l  c o m p o -  

Table I. Relative intensities of the color centers (induced by 
l-rain exposure to discharge from a Tesla coil) in Ca 

fluorophosphate as a function of the initial composition 

M o l e  % 
R e g i o n  M o l e  % M o l e  % CaO 
in  F ig .  3 CaO CaF2 + CaF2 ARssoo-AR4~o-AR61oo 

B 68.99 7.75 76.74 30-20-9 
69.23 7.69 76.92 24-15-5 

C-A 69.47 7.63 77.10 20-13-5 
C-A 69.69 7.58 77.27 10- 6-0 

A 69.30 7.00 76.30 19-14-2 
A 69.50 7.40 76.90 17-12-2 
B 69.00 7.40 76.40 26-18-5 
B 68.85 8.08 76.93 23-14-4 
C 69.10 8.10 77.20 6- 3-0 
C 69.40 7.90 77.30 6- 3-0 
C 69.50 7.72 77.22 10- 6-0 

1 "  

2* 
3* 
4* 

* N u m b e r s  r e f e r  to s a m p l e s  s h o w n  i n  F ig .  3, 4. 

s i t ions  c o m p l e t e l y  s u r r o u n d i n g  the  s t o i ch iome t r i c  
point .  The  m i n i m u m  i n t e n s i t y  of i nduc e d  a b s o r p t i o n  
of color  c en t e r  f o r m a t i o n  is f o u n d  in t he  C r eg ion  of 
Fig.  3 w h e r e  the  CaO p lus  CaF2 con ten t  is g r e a t e r  
t h a n  in  s to i ch iome t r i c  f luorophospha te .  The  d a t a  
sugges t  t ha t  t he  i m p o r t a n t  p a r a m e t e r  is the  t o t a l  
Ca conten t ,  and  i t  is conc luded  t h a t  color  c en t e r  f o r -  
m a t i o n  is m i n i m i z e d  in s a mp le s  w i t h  a much  h ighe r  
Ca con ten t  t h a n  Ca5 (PO4)3F. 

I t  is i n t e r e s t i n g  to no te  t h a t  ARs7oo/• is abou t  
cons t an t  w i t h  CaO inc rea se  in t he  f l uo rophospha t e  
samples .  This  is no t  t rue  w i t h  inc rease  of CaO in 
u n a c t i v a t e d  c h lo ro f l uo rophospha t e  (C1/F  = 1 /9)  
w h e r e  the  o v e r - a l l  a b s o r p t i o n  dec reases  in in t ens i ty ,  
bu t  the  r a t io  of t he  a b s o r p t i o n  b a n d s  changes  also 
(• d e c r e a s e s ) .  

Effects o] Impurities 
The  re su l t s  r e p o r t e d  thus  f a r  w e r e  o b t a i n e d  on 

u n a c t i v a t e d  Ca h a l o p h o s p h a t e  w i t h  no i m p u r i t i e s  or  
a c t i va to r s  a d d e d  i n t e n t i o n a l l y .  This  does  no t  p r e -  
c lude  the  p re sence  of Sb or  Mn w h i c h  m a y  be  p r e s -  
en t  in  the  o r ig ina l  r a w  m a t e r i a l s  in  t he  p p m  range .  
In  th is  p a r t  of  the  p a p e r  t he  effects of l a r g e r  
a m o u n t s  of Mn, Sb, and  Cd i n c o r p o r a t i o n  in  Ca 
f luo rophospha te  or  c h lo ro f l uo rophospha t e  on the  
f o r m a t i o n  of co lor  cen te r s  a r e  p r e se n t e d .  F i g u r e  5 
shows  the  abso rp t i ons  i n d u c e d  b y  1 - m i n  e x p o s u r e  
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Fig. 5. Change in reflectance, ~R,  vs. wavelength caused by 1-min 
exposure of Ca chlorofluorophosphate to the discharge from a Tesla 
coil. A, Unactivated; B, Mn-activated; C, Sb-activated. 
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Fig. 6. Change in reflectance, AR, vs. wavelength for Ca,Cd chlor- 
ofluorophosphates exposed for 1-min to discharge from a Tesla 
coil, Numbers indicate atom per cent Cd added in place of Ca. 

to Tesla coil discharge for unact iva ted ,  Mn-ac t i -  
vated,  and Sb-ac t iva t ed  Ca chlorofluorophosphate 
(1C1; 9F).  The effect of 1 at. % Mn (replacing Ca) 
is to decrease the induced absorpt ion peaking  at  
4500A, whi le  the in tens i ty  of the absorpt ion peak -  
ing at about  3800A is about  the  same as in unac t i -  
va ted  Ca halophosphate .  Incorpora t ion  of about  1 
at. % Sb (for Ca) wi th  or, as shown here, wi thout  
Mn reduces the in tens i ty  of al l  three  induced ab-  
sorpt ion bands. Notice in Fig. 5 tha t  the  biggest  
change in reflectance, AR, is now at 3000-3200A on 
the edge of the impur i t y  absorpt ion in t roduced by  
Sb and tha t  the  absorpt ion bands  at  3800A, 4400A, 
and 6100A are broad  and prac t ica l ly  s tructureless.  

Because of the r ap id  change in reflectance wi th  
wave length  in the region below 3200A, it would  
perhaps  be more meaningful  to plot  AR/Roriginal in 
which case the curve would increase cont inual ly  
below 3100A. 

F igure  6 shows the effect of Cd subst i tut ion for 
Ca on the induced absorpt ion in unac t iva ted  Ca 
fluorophosphate.  The numbers  represent  atom per  
cent Cd added in place of Ca. Because of pa r t i a l  
vola t i l iza t ion of cadmium dur ing firing, the ac tual  
Cd content  is s l ight ly  less. The in tens i ty  of the 
color centers  in the 2500-7000A region decreases 
g radua l ly  wi th  increasing Cd content.  Vi r tua l ly  no 
absorpt ion is induced by  Tesla coil or 1850A i r r a d i -  
ation in the sample wi th  6 at. % Cd subst i tu ted  for 
Ca. 

The diffuse reflectance curves of several  of the 
samples shown in Fig. 6 are p lot ted  in Fig. 7. Note 
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Fig. 7. Diffuse reflectance of Co,Cd chlorofluorophosphates. Num- 
bers indicate atom per cent Cd added in place of Ca. 
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Fig. 8. Change in reflectance, AR, vs .  wavelength of (Ca,Cd) 
halophosphate:Sb,Mn as a result of 1-min exposure to discharge 
from a Tesla coil. Numbers indicate atom per cent Cd added in 
place of Ca. 

tOC 

gE 

96 

94 

92 

,'o ~'o ;o 20 Jo 
TIME OF EXPOSURE {MINUTES) 

Fig. 9. Relative plaque brightness (under 2537A excitation) of 
samples listed in Fig. 8 as a function of exposure time to 1850A 
radiation. 

that  the effect of Cd subst i tu t ion is to decrease the 
reflectance, i.e., increase the absorption,  in the 
1700-1900A region. It should also be ment ioned 
tha t  an emission band which peaks at  about  3600A 
is observed in the samples l isted in Fig. 6 and 7. 
This emission, which is exci ted by  1850A or cathode 
rays,  is g rea t ly  enhanced in the samples  contain-  
ing Cd. 

F igure  8 shows the effect of Cd on the induced 
absorpt ion in calcium chlorofluorophosphate phos-  
phor  wi th  Sb and Mn activators.  Again  the effect of 
increased Cd is to reduce the  induced absorption.  As 
was pointed out before, the larges t  change in re -  
flectance induced by  the i r rad ia t ion  is in the  3100A 
region but  the induced absorpt ion  extends  th rough-  
out the ent i re  visible spectrum. 

As in Fig. 5-C, a plot  of AR/Rorlginal would lead 
to increasing values  in the  region below 3200A be-  
cause of the  rap id  decrease in reflectances of the 
or iginal  samples in this region. 

F igure  9 shows the re la t ive  p laque br ightness  
(under  2537A exci ta t ion)  of the samples l isted in 
Fig. 8 as a function of exposure  t ime to 1850A rad i -  
ation. Brightness  measurements  were  made af ter  1, 
3, 5, 7, 10, 15, 30, 60 rain exposure,  and i t  was found 
tha t  the brightness  measured  depended only on the 
total  exposure  t ime and not on the sequence of 
measurements  dur ing tha t  t ime. I t  is evident  f rom 
Fig. 9 tha t  the  ma jo r  deprecia t ion  takes  place in 
the first few minutes  of exposure  to 1850A r ad i a -  
t ion and tha t  wi th  increasing Cd content  the ra te  of 
deprecia t ion  decreases. I t  should also be ment ioned 
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Fig. 10. Change in reflectance, AR, in Cas(PO4)3F as a result of 

l-br exposure to 1850• radiation. A, Slowly coaled from llO0~ 
B, rapidly quenched from 1100~ to room temperature. 

t h a t  t he  r a t e  of  f o r m a t i o n  o f  co lo r  cen te rs  i n  u n a c -  
t i v a t e d  h a l o p h o s p h a t e  or  t he  r a t e  of f o r m a t i o n  of 
t h e  b r o a d  a b s o r p t i o n  in  Sb ,  M n - a c t i v a t e d  Ca h a l o -  
p h o s p h a t e  is a p p r o x i m a t e l y  t he  s ame  as the  r a t e  of 
p l a q u e  b r i g h t n e s s  d e p r e c i a t i o n  of  phosphors .  

E~ects of Heat Treatment 
I t  has  been  r e p o r t e d  p r e v i o u s l y  t h a t  v a r i a t i o n s  in 

h e a t  t r e a t m e n t  also affect  t he  f o r m a t i o n  of co lor  
cen te r s  in  c a l c ium h a l o p h o s p h a t e  (4 ) .  F i g u r e  10 
shows  a b s o r p t i o n s  i n t r o d u c e d  b y  1 -h r  e x p o s u r e  to 
1850/k r a d i a t i o n  in  u n a c t i v a t e d  Ca f iuo rophospha te ,  
one s a m p l e  s l owly  cooled  f r o m  l l 0 0 ~  and  the  o the r  
q u e n c h e d  r a p i d l y  f r o m  the  s ame  t e m p e r a t u r e  to 
room t e m p e r a t u r e .  To a s su re  r a p i d  quench ing ,  the  
s a m p l e s  w e r e  e i t he r  d u m p e d  d i r e c t l y  f r o m  t h e  f i r -  
ing  b e a k e r  in to  a w a t e r  b a t h  or, to avo id  poss ib le  
effects of r e a c t i o n  w i t h  the  w a t e r ,  s a m p l e s  in 
s ea l ed -o f f  q u a r t z  t u b e s  w e r e  also q u e n c h e d  in a 
w a t e r  ba th .  These  t ubes  a r e  d o u b l e - w a l l e d  c y l i n -  
d r i ca l  f i r ing vesse l s  w i t h  p h o s p h o r  in t he  a n n u l a r  
space  and  sea led  bo th  at  top  and  bo t tom.  On 
p l u n g i n g  the  tubes  in to  w a t e r ,  h i g h - t e m p e r a t u r e  
g r a d i e n t s  a r e  p r o d u c e d  in  oppos i t e  d i r ec t ions  w i t h i n  
t he  cha rge  of a b o u t  3 m m  t o t a l  t h i ckness ,  t hus  a l -  
l owing  f a s t e r  q u e n c h i n g  t h a n  in a n o r m a l  q u a r t z  t e s t  
tube .  The  two  m e t h o d s  of quench ing  gave  e s s e n t i a l l y  
t he  s a m e  resu l t s .  Note  in Fig .  10 t h a t  t he  i n d u c e d  a b -  
so rp t ion  is l o w e r  in i n t ens i ty ,  a n d  i t  is m o r e  di f fuse  
in  t he  q u e n c h e d  sample .  The  effect of h e a t  t r e a t -  
m e n t  on the  i n d u c e d  a b s o r p t i o n  is r e v e r s i b l e  in  a 
s l o w l y  cooled,  quenched ,  s l owly  cooled  sequence .  I t  
shou ld  also be  m e n t i o n e d  t h a t  p r e l i m i n a r y  o b s e r -  
va t ions  show t h a t  t he  a b s o r p t i o n  i n d u c e d  b y  1850A 
r a d i a t i o n  in  u n a c t i v a t e d  Ca f l uo rophospha t e  d e -  
c reases  w i t h  i nc r ea s ing  quench ing  t e m p e r a t u r e  in 
t he  r a n g e  500~176 

In  a d d i t i o n  to t he  effects of q u e n c h i n g  on the  i n -  
d u c e d  a b s o r p t i o n  in u n a c t i v a t e d  samples ,  s i m i l a r  
r e su l t s  w e r e  o b t a i n e d  on Ca f l uo rophospha t e  and  
ch lo ro f l uo rophospha t e  w i t h  Sb and  Mn ac t iva to r s .  
In  p h o s p h o r s  of a r e g u l a r  cool  w h i t e  f o r m u l a t i o n ,  i t  
was  o b s e r v e d  t h a t  t he  i n d u c e d  abso rp t ion ,  AR, is 
less  a t  a l l  w a v e l e n g t h s  b e t w e e n  2500-7000A in t h e  
q u e n c h e d  t h a n  in  t he  s l o w l y  cooled samples .  F i g u r e  
11 shows  the  effect  of d u r a t i o n  of e x p o s u r e  to 1850A 
r a d i a t i o n  on the  r e l a t i v e  p l a q u e  b r i g h t n e s s e s  of a 
q u e n c h e d  and  a s l o w l y  cooled  Ca ch lo ro f luo rophos -  
p h a t e : S b ,  Mn of cool w h i t e  color.  The  b r i g h t n e s s  
m e a s u r e m e n t s ,  as m e n t i o n e d  p r e v i o u s l y ,  w e r e  m a d e  
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Fig. 11. Relative plaque brightness (under 2537-~ excitation) of 
Ca chlorofluorephosphate:Sb,Mn as a function of exposure time to 
1850A radiation. A, Slowly cooled from 1150~ B, rapidly quenched 
from 1150~ 

u n d e r  2537A exc i t a t ion .  No te  t he  d i f fe rence  in d e -  
p r e c i a t i o n  b e t w e e n  the  q u e n c h e d  and  s l o w l y  cooled 
samples .  The  q u e n c h e d  s a m p l e  shows  less d e p r e c i a -  
t i on  u n d e r  1850A i r r a d i a t i o n  w h i c h  is cons i s t en t  
w i th  the  c h a n g e - i n - r e f l e c t i v i t y  m e a s u r e m e n t s .  

Discussion 

In  t he  p r e s e n t  w o r k  i t  was  o b s e r v e d  t ha t  1850/k 
r a d i a t i o n  or  t he  d i s c h a r g e  f r o m  a Tes l a  coi l  i nduces  
a b s o r p t i o n  b a n d s  in Ca f l uo rophospha t e  w h i c h  p e a k  
at  3700, 4500, and  6100A (no t  in  a l l  s a m p l e s ) .  
J o h n s o n  (1) r e p o r t s  a b s o r p t i o n  b a n d s  p e a k i n g  at  
a b o u t  4500, 6100, a n d  7500A in  x - r a y e d  CaF2-def ic i -  
en t  f luorophospha te .  A l t h o u g h  his  r e p o r t e d  d a t a  do 
no t  e x t e n d  b e l o w  3900A t h e r e  is ev idence  for  a n -  
o t h e r  a b s o r p t i o n  b a n d  in th i s  r a n g e  (5) .  The  fact  
t h a t  the  s p e c t r a l  d a t a  o b t a i n e d  f r o m  p o w d e r  s a m -  
p les  a r e  q u a l i t a t i v e l y  cons i s t en t  w i t h  those  o b t a i n e d  
f r o m  s ingle  c r y s t a l  s a mp le s  jus t i f ies  in p a r t  t he  use  
of t he  m o r e  eas i ly  p r e p a r e d  p o w d e r  samples .  Q u a n -  
t i t a t i v e  d i f fe rences  in b a n d  w i d t h s  and  r e l a t i v e  in -  
t ens i t i e s  b e t w e e n  J o h n s o n ' s  a b s o r p t i o n  d a t a  and  the  
p r e s e n t  r e f l ec tance  m i n i m a  a re  o b s e r v e d  h o w e v e r .  
These  d i f fe rences  m a y  be  due  to p r ec i s i on  of m e a s -  
u r e m e n t  as we l l  as s a m p l e  va r i a t ions .  The  r e su l t s  
sugges t  t h a t  t h e  i n d u c e d  a b s o r p t i o n s  in  t h e  p o w d e r s  
in t he  2500-7000A r a n g e  a r e  due  m a i n l y  to v o l u m e  
r a t h e r  t h a n  su r f ace  defects .  In  a d d i t i o n  to be ing  
cons i s t en t  w i th  Johnson ' s  s ing le  c r y s t a l  da ta ,  the  
p r e s e n t  s p e c t r a l  d a t a  a r e  also for  t he  mos t  p a r t  con-  
s i s t en t  w i t h  those  r e p o r t e d  b y  S u c h o w  on p o w d e r  
s a m p l e s  (2) .  

The  d a t a  on the  r a t e  of f o r m a t i o n  of color  cen te r s  
in u n a c t i v a t e d  Ca h a l o p h o s p h a t e  sugges t  s t r o n g l y  
t h a t  t he  p r i m a r y  effect of bo th  1850A r a d i a t i o n  and  
the  d i s cha rge  f r o m  the  Tes la  coil  is to p r o d u c e  
cha rge  c a r r i e r s  w h i c h  a re  s u b s e q u e n t l y  t r a p p e d  at  
de fec t s  (vacanc ies ,  etc.)  a l r e a d y  p r e s e n t  in t he  l a t -  
t ice.  S ince  a lmos t  a l l  of t he  r a d i a t i o n  d a m a g e  o b -  
s e r v e d  occurs  d u r i n g  the  f irst  f ew m i n u t e s  of e x -  
p o s u r e  to e i t he r  of t he  two  sources ,  i t  is conc luded  
t ha t  f ew  if a n y  defec t s  a r e  c r e a t e d  b y  e i t he r  source  
of r ad i a t i on .  In  con t ras t ,  i r r a d i a t i o n  w i t h  x - r a y s  
(Cu K ~ r a d i a t i o n )  at  r o o m  t e m p e r a t u r e  p r o d u c e s  
m o r e  e x t e n s i v e  co lo ra t i on  w h i c h  inc reases  c o n t i n u -  
a l l y  o v e r  the  en t i r e  e x p o s u r e  t i m e  of t h r e e  hours .  
These  p r e l i m i n a r y  d a t a  sugges t  t h a t  x - r a y s  p r o d u c e  
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defec t s  in  Ca h a l o p h o s p h a t e  a t  r o o m  t e m p e r a t u r e .  
The  d a t a  on the  effect  of t he  C1 /F  r a t i o  show t h a t  

t h e r e  a r e  t h r e e  a b s o r p t i o n  b a n d s  i n d u c e d  in  Ca 
ch loro- ,  ch lorof luoro- ,  and  f l uo rophospha t e  in  the  
2500-7000A reg ion .  Bo th  the  r a t i o s  of r e l a t i v e  i n -  
t ens i t i e s  a n d  the  s p e c t r a l  d i s t r i b u t i o n  of these  b a n d s  
d e p e n d  on the  C1/F ra t io .  In  Ca f luo rophospha te ,  
t he  a b s o r p t i o n  b a n d s  p e a k  a t  3700, 4500, a n d  6100A. 
As  the  C1/F ra t io  is i nc reased ,  the  b a n d s  p e a k i n g  a t  
3700 and  4500A ( in  f l u o r o p h o s p h a t e )  m o v e  t o g e t h e r ;  
t he i r  o v e r l a p  becomes  l a rge r .  In  s a m p l e s  whose  
C1/E r a t i o  is 0.4/0.6 or  g r ea t e r ,  on ly  one b r o a d  
compos i t e  a b s o r p t i o n  is obse rved .  Also  of in t e re s t ,  
b u t  as y e t  u n e x p l a i n e d ,  is t he  a p p a r e n t  sh i f t  of t h e  
i n d u c e d  a b s o r p t i o n  b a n d  w h i c h  p e a k s  a t  6100A in 
bo th  ch lo ro -  and  f l uo rophospha t e s  b u t  is f o u n d  a t  
5500A in ch lo ro f luo rophospha te .  

The  r e s u l t s  for  u n a c t i v a t e d  Ca c h l o r o p h o s p h a t e  
r e p o r t e d  he re  d i f fer  f r o m  those  r e p o r t e d  b y  S u c h o w  
(2) who  o b s e r v e d  an  a b s o r p t i o n  ( i n d u c e d  b y  1850A) 
e x t e n d i n g  across  t he  v i s ib l e  p a r t  of the  s p e c t r u m  
a n d  p e a k i n g  a t  a b o u t  6100A. H e  d id  n o t  obse rve  the  
m a j o r  a b s o r p t i o n  b a n d  p e a k i n g  a t  3900A. The  a p -  
p a r e n t  d i f fe rence  a r i ses  f r o m  the  d i f f e rence  in 
r a d i a t i o n  sources ,  coup led  w i t h  t he  ease  of b l e a c h -  
ing of t he  a b s o r p t i o n  b a n d  p e a k i n g  a t  3900A b y  
s e l f - a b s o r p t i o n .  In  our  e x p e r i m e n t  us ing  a Tes la  
coil, no or  l i t t l e  b l e a c h i n g  is o b s e r v e d  s ince  no 
r a d i a t i o n  in  t he  3500-4500A r e g i o n  is p roduced .  In  
S u c h o w ' s  e x p e r i m e n t ,  t he  b a n d  p e a k i n g  a t  3900A 
was  u n d o u b t e d l y  b l e a c h e d  d u r i n g  e x p o s u r e  to t h e  
un f i l t e r ed  r a d i a t i o n  f r o m  the  l o w - p r e s s u r e  H g  a rc  
l amp.  W h e n  the  1850A source  was  used,  r e su l t s  
s im i l a r  to those  of S u c h o w  w e r e  ob ta ined .  F u r t h e r ,  
w h e n  t h e  p l a q u e  of Ca  c h l o r o p h o s p h a t e  w a s  i r -  
r a d i a t e d  s i m u l t a n e o u s l y  w i t h  t he  d i s cha rge  f r o m  a 
Tes la  coil  and  a source  of 3650A r ad i a t i on ,  the  a b -  
so rp t ion  b a n d  p e a k i n g  at  3900A was  m a r k e d l y  d e -  
c r ea sed  in  i n t ens i t y .  Thus  the  a d v a n t a g e  of t he  
Tes la  coil  ove r  1850A i r r a d i a t i o n  in  avo id ing  se l f -  
b l each ing  is emphas i zed .  

The  e x p e r i m e n t a l  r e su l t s  i nd i ca t e  t h a t  color  c en -  
t e r  f o r m a t i o n  is m i n i m i z e d  in a r eg ion  of excess  Ca 
e i t h e r  i n t r o d u c e d  as CaO or  CaF2. U n d e r  t he  cond i -  
t ions  of s a m p l e  p r e p a r a t i o n ,  w h e r e  H20 v a p o r  is 
not  s c r u p u l o u s l y  a v o i d e d  or  e l i m i n a t e d ,  t he  effect 
of excess  CaO m a y  be  to sh i f t  the  e q u i l i b r i u m  
v a c a n c y  c o n c e n t r a t i o n  b y  s u p p l y i n g  bo th  C a ( I I )  
and  O H - .  The  l a t t e r  w o u l d  occupy  f luor ine  s i tes  
and  thus  c h a r g e  c o m p e n s a t i o n  w o u l d  be  m a i n t a i n e d .  
Excess  Ca as CaF2 m a y  invo lve  a sh i f t  to l o w e r  Ca 
a n d  F v a c a n c y  c o n c e n t r a t i o n s  b y  p r o v i d i n g  a d r i v -  
ing  force  for  t he  c o m p l e t i o n  of reac t ion ,  i.e., the  
f o r m a t i o n  of the  h a l o p h o s p h a t e  phase .  

I t  is diff icult  to d e d u c e  ideas  of t he  n a t u r e  of t he  
color  c en t e r s  in  Ca h a l o p h o s p h a t e  f r o m  t h e  a v a i l -  
ab le  da ta .  A l t h o u g h  the  p r e s e n t  w o r k  was  con-  
ce rned  w i t h  t he  t h r e e  cen te r s  in t he  2500-7000A 
region ,  o t h e r  cen te r s  a r e  i n d u c e d  b y  the  r a d i a t i o n  
sources  used .  A n  a b s o r b i n g  c e n t e r  p e a k i n g  a t  7500A 
has  been  r e p o r t e d  (1 ) .  In  add i t ion ,  an  i n d u c e d  a b -  
so rp t ion  p e a k i n g  at  a b o u t  2200A has  been  o b s e r v e d  
in some s a m p l e s  in  t h e  p r e s e n t  work .  L i t t l e  is k n o w n  
at  p r e s e n t  abou t  t he  r e l a t i o n s h i p s  of r e l a t i v e  i n -  
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tens i t ies ,  r a t e s  of f o rma t ion ,  ease  of t h e r m a l  a n d  
op t i ca l  b l each ing ,  etc.,  of t he  five a b s o r p t i o n  b a n d s  
m e n t i o n e d  above .  The  fac t  t h a t  co lor  c en t e r  f o r m a -  
t ion  in  t he  r e g i o n  2500-7000A is m i n i m i z e d  in  s a m -  
p les  w h i c h  o r i g i n a l l y  c o n t a i n e d  excess  Ca e i t h e r  as 
CaO or  CaF2 sugges t s  s t r o n g l y  t h a t  bo th  Ca a n d  
h a l o g e n  vacanc ie s  m a y  be  i n v o l v e d  in  t he  a b s o r b -  
ing  centers .  I n  add i t ion ,  t he  s p e c t r a l  d i s t r i b u t i o n s  
of the  cen te r s  a r e  d e p e n d e n t  on t h e  C1/F ra t io .  
S ince  i t  is t h o u g h t  t h a t  F and  C1 a toms  occupy  d i f -  
f e r en t  l a t t i c e  pos i t ions  [ (0 ,  0, 1/4; 0, 0, 3/4) and  (0, 
0, 1/2; 0, 0, 0) ,  r e s p e c t i v e l y ]  (5)  i t  w o u l d  be  e x -  
p e c t e d  t h a t  F and  C1 vacanc ie s  m a y  be  loca t ed  a t  
d i f f e ren t  l a t t i c e  si tes.  C o n s e q u e n t l y  t he  i n t e r a c t i o n  
of t he  n e i g h b o r i n g  a toms  on the  v a c a n c y  w o u l d  be  
d i f fe ren t  in  t he  two  cases. This  d i f fe rence  w o u l d  
p r o b a b l y  l e ad  to a d e p e n d e n c e  of t he  s p e c t r a l  d i s -  
t r i b u t i o n  of t h e  color  c e n t e r  on the  h a l o g e n  i d e n t i t y  
as is obse rved .  I t  has  been  s u g g e s t e d  t h a t  t he  e x a c t  
pos i t i on  of t he  ha logens  in  ch lo ro f luo rophospha t e s  
d e p e n d s  on the  h a l o g e n  r a t i o  (4, 7) .  C h l o r i n e  at  i ts  
n o r m a l  s i te  w o u l d  r e q u i r e  a t  l eas t  an  a d j a c e n t  
f luor ine  to  occupy  a n e x t  n e a r e s t  ch lo r ine  s i te  also. 
Thus  a r e l a t i v e l y  s m a l l  a m o u n t  of i n c o r p o r a t e d  
ch lo r ine  m a y  h a v e  a r e l a t i v e l y  l a r g e  inf luence  in  
d e t e r m i n i n g  the  l a t t i ce  pos i t ions  of the  ha logens .  
The  s a m e  effect m a y  inf luence  the  l oca t i on  of t he  
h a l o g e n  vacanc ie s  on the  two  poss ib le  si tes.  The  e x -  
p e r i m e n t a l  d a t a  s h o w n  in Fig.  2 i nd i ca t e  not  on ly  
a d e p e n d e n c e  of t he  s p e c t r a l  d i s t r i b u t i o n  of  t he  
color  c e n t e r s  on C1/F b u t  a lso  a s i m i l a r i t y  in  t h e  
color  cen te r s  in  s a m p l e s  w i t h  a C1/F r a t i o  of 0.4/0.6 
and  above .  P e r h a p s  t he  vacanc ie s  a r e  p r e f e r e n t i a l l y  
o r i e n t e d  on one of t he  h a l o g e n  s i tes  ( p r o b a b l y  the  
C1 s i t e )  in these  samples .  

The  q u e n c h i n g  e x p e r i m e n t s  sugges t  t h a t  t he  color  
cen te r s  p e a k i n g  a t  3700, 4500, and  6100A in Ca f luo-  
r o p h o s p h a t e  m a y  i nvo lve  a s soc ia t ed  defec t s  or  p e r -  
haps  c lus te r s  of defects .  Q u e n c h i n g  f r o m  h igh  t e m -  
p e r a t u r e s  to room t e m p e r a t u r e  g ives  s a m p l e s  m o r e  
r e s i s t a n t  to d i s co lo ra t i on  u n d e r  1850A r a d i a t i o n  
t h a n  s a m p l e s  s l o w l y  cooled  f rom the  s a m e  h igh  
t e m p e r a t u r e .  This  r e s u l t  w o u l d  be  e x p e c t e d  if  t he  
color  cen te r s  w e r e  due  to de fec t s  w h i c h  t e n d e d  to  
assoc ia te  d u r i n g  s low-coo l ing .  The  p r e l i m i n a r y  e x -  
p e r i m e n t  m e n t i o n e d  h e r e t o f o r e  in  w h i c h  i t  was  
po in t e d  out  t h a t  t he  deg ree  of color  c e n t e r  f o r m a -  
t ion  w a s  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  q u e n c h i n g  
t e m p e r a t u r e  s u p p o r t s  the  idea  of a s soc ia t ed  defec t s  
be ing  i n v o l v e d  in  t he  o b s e r v e d  color  centers .  

The  d a t a  on the  s u b s t i t u t i o n  of Mn, Sb,  and  Cd 
i n d i c a t e  t h a t  bo th  t he  r e l a t i v e  i n t ens i t i e s  a n d  spec -  
t r a l  d i s t r i b u t i o n s  of the  color  cen te r s  p re~en t  in  u n -  
a c t i v a t e d  Ca h a l o p h o s p h a t e  can  be  a l t e r e d  b y  i m -  
p u r i t y  i nco rpo ra t i on .  I t  is b e l i e v e d  t h a t  t he  i nco r -  
p o r a t i o n  of these  e l e m e n t s  p r o b a b l y  l e a d s  to de fec t s  
w h i c h  m a y  p rov ide ,  in  p l ace  of color  c en t e r  f o r m a -  
t ion,  a l t e r n a t e  a n d  c o m p e t i n g  m e c h a n i s m s  for  
e n e r g y  a b s o r p t i o n  and  d i s s ipa t ion .  A l l  t h r e e  e l e -  
ments ,  for  ins tance ,  i n t r o d u c e  a b s o r p t i o n  b a n d s  or  
change  the  a b s o r p t i o n  in  t he  r eg ion  b e l o w  2000A 
and  also g ive  r i se  to emiss ion  b a n d s  in  t he  u.v. a n d  
v i s ib l e  p a r t s  of the  s p e c t r u m .  S i m i l a r  effects h a v e  
been  r e p o r t e d  b y  De lbecq  (8)  for  KC1 w h e r e  F cen -  



380 JOURNAL OF THE ELECTROCHEMICAL SOCIETY M a y  1963 

t e r s  a r e  e s s e n t i a l l y  p r o h i b i t e d  f r o m  f o r m i n g  in  s a m -  
ples  con ta in ing  one p a r t  in  10~-104 of A g ( I ) ,  P b ( I I ) ,  
or  T I ( I ) .  These  i m p u r i t i e s  u n d o u b t e d l y  p r o d u c e  
cen te r s  w h i c h  c o m p e t e  w i t h  color  c e n t e r  f o r m a t i o n  
for  e n e r g y  a b s o r p t i o n  a n d  d i s s ipa t ion .  I n c o r p o r a t i o n  
of Cd in u n a c t i v a t e d ,  M n - a c t i v a t e d ,  S b - a c t i v a t e d ,  
and  Sb, M n - a c t i v a t e d  h a l o p h o s p h a t e s  l eads  to a d e -  
c rease  in  t he  i n d u c e d  abso rp t i ons  in  a l l  cases. 

Of p r a c t i c a l  i m p o r t a n c e  is t he  r e l a t i o n s h i p  of a b -  
so rb ing  cen te r s  i n d u c e d  b y  1850A r a d i a t i o n  to t he  
p h o s p h o r  p e r f o r m a n c e .  The  d a t a  sugges t  a c lose 
r e l a t i o n s h i p  in  t h a t  t he  r a t e  of b r i g h t n e s s  d e p r e c i a -  
t ion  is s im i l a r  to t he  r a t e  of f o r m a t i o n  of i n d u c e d  
abso rp t ion .  The  r a t e  of change  of bo th  p rocesses  is 
l a r g e  d u r i n g  the  f irst  f ew  m i n u t e s  of e x p o s u r e  to 
1850A rad i a t i on .  Also,  t he  m a g n i t u d e  of b r i g h t n e s s  
d e p r e c i a t i o n  in  a l l  cases  is p r o p o r t i o n a l  to t he  m a g -  
n i t u d e  of t h e  i n d u c e d  abso rp t ion .  C o m p a r e  Fig.  8 
and  9, 10 and  11, for  e x a m p l e .  I t  is s u g g e s t e d  t h a t  
t he  d e p r e c i a t i o n  in b r i g h t n e s s  a r i ses  bo th  f r o m  se l f -  
a b s o r p t i o n  of emiss ion  b y  the  i n d u c e d  a b s o r p t i o n  in 
the  v i s ib le  as w e l l  as a dec rea se  in  exc i t a t i on  effici- 
ency  to 2537 a n d  1850A r ad i a t i on .  A l t h o u g h  the  
o v e r - a l l  a b s o r p t i o n  of 2537A r a d i a t i o n  inc reases ,  
t he  use fu l  a b s o r p t i o n  dec reases  d u r i n g  i r r a d i a t i o n .  

The  d a t a  show tha t  the  effect  of Cd i n c o r p o r a t i o n  
is to r e d u c e  b r i g h t n e s s  d e p r e c i a t i o n  caused  b y  e x -  
posu re  to 1850A rad i a t i on .  A i a  and  Poss  (9)  r e -  
p o r t e d  t ha t  i n c o r p o r a t i o n  of up  to 5 at. % Cd for  Ca 
in Ca h a l o p h o s p h a t e  p h o s p h o r s  p r o d u c e d  l i t t l e  or  
no change  in  p l a q u e  b r igh tnes s .  H o w e v e r ,  w h e n  the  
phospho r s  w e r e  i n c o r p o r a t e d  in l o w - p r e s s u r e  m e r -  
c u r y  l amps ,  the  C d - c o n t a i n i n g  p h o s p h o r  ( a b o u t  1% 
Cd) y i e l d e d  l a m p s  of h i g h e r  b r i g h t n e s s  and  effici- 
ency.  T h e i r  o b s e r v a t i o n s  a r e  cons i s t en t  w i t h  t he  
r e su l t s  of the  p r e s e n t  w o r k  r e g a r d i n g  r e d u c t i o n  of 
d i s co lo ra t i on  b y  Cd i n c o r p o r a t i o n  in t ha t  p l a q u e  
b r i g h t n e s s  was  m e a s u r e d  u n d e r  2537A exc i t a t i on  
w h e r e a s  bo th  1850 a n d  2537A exc i t a t i on  a r e  p r e s -  
en t  in  t he  l amps .  As  was  s h o w n  in t he  p r e s e n t  work ,  
the  C d - c o n t a i n i n g  p h o s p h o r s  a r e  m o r e  r e s i s t a n t  to 
d e p r e c i a t i o n  u n d e r  1850A rad i a t i on ,  w h i c h  e x p l a i n s  
t he  o b s e r v e d  i m p r o v e m e n t  in l a m p  p e r f o r m a n c e .  

In  a d d i t i o n  to t he  i nh ib i t i ng  effect of Cd on  the  
b r i g h t n e s s  d e p r e c i a t i o n  in  Ca h a l o p h o s p h a t e  p h o s -  
phors ,  i t  was  o b s e r v e d  t h a t  q u e n c h i n g  Ca h a l o -  
p h o s p h a t e  p h o s p h o r s  f r o m  e l e v a t e d  t e m p e r a t u r e s  
also l e a d s  to i m p r o v e d  m a i n t e n a n c e  u n d e r  1850A 
rad i a t i on .  I t  has  a l r e a d y  been  p o i n t e d  out  t h a t  
q u e n c h i n g  u n a c t i v a t e d  Ca h a l o p h o s p h a t e s  l eads  to 
a dec rea se  in color  c en t e r  fo rma t ion .  In  a d d i t i o n  to 
t he  effect of r a n d o m i z i n g  l a t t i ce  defects ,  i.e., v a -  
cancies ,  i n t e r s t i t i a l s ,  quench ing  p h o s p h o r s  f r o m  
e l e v a t e d  t e m p e r a t u r e s  m a y  affect bo th  t he  s o l u b i l -  
i t y  and  d i s t r i b u t i o n  of Mn and  Sb ac t iva to r s .  P r e -  
l i m i n a r y  e x p e r i m e n t s  show t h a t  t he  c o n c e n t r a t i o n  
of i n c o r p o r a t e d  S b ( I I I )  is s l i g h t l y  h i g h e r  in 
q u e n c h e d  samples .  I t  has  been  sugges t ed  t ha t  the  
d i s t r i b u t i o n  of bo th  Mn and  Sb b e t w e e n  the  two  Ca 
si tes m a y  be  a func t ion  of t h e r m a l  t r e a t m e n t  (10) .  
In  add i t ion ,  t h e r e  is i nd i ca t i on  of a s l igh t  s t r u c -  
t u r a l  change  in  Ca ch lo ro -  and  ch lo ro f luo rophos -  
p h a t e  t o w a r d  the  f l uo rophospha t e  s t r u c t u r e  as a 
r e su l t  of quench ing  (7 ) .  

Summory 
I r r a d i a t i o n  of u n a c t i v a t e d  Ca h a l o p h o s p h a t e s  

w i t h  1850A r a d i a t i o n  or  t he  d i s c h a r g e  f r o m  a Tes la  
coil  l eads  to t he  f o r m a t i o n  of  t h r e e  a b s o r b i n g  cen -  
t e r s  ( in  the  2500-7000A w a v e l e n g t h  r e g i o n )  whose  
s p e c t r a l  d i s t r i b u t i o n s  and  r e l a t i v e  i n t ens i t i e s  d e -  
p e n d  on the  C1/F ra t io .  The  m a g n i t u d e s  of t he  color  
cen te r s  a re  r e d u c e d  w h e n  the  s a m p l e s  a r e  p r e p a r e d  
w i t h  excess  Ca, e i t he r  as CaF2 or  CaO, w h i c h  sug-  
ges ts  t ha t  bo th  Ca a n d  h a l i d e  vacanc ie s  a r e  i n v o l v e d  
in color  c en t e r  fo rma t ion .  Q u e n c h i n g  the  s a m p l e s  
f r o m  e l e v a t e d  t e m p e r a t u r e s  also dec reases  t he  m a g -  
n i t u d e  of the  color  cen te r s  ( c o m p a r e d  to s l owly  
cooled s a m p l e s )  w h i c h  sugges t s  t h a t  t he  cen te r s  
m a y  invo lve  a s soc ia t ed  defec t s  or  c lus te r s  of d e -  
fects.  I n c o r p o r a t i o n  of  i m p u r i t i e s  such as Mn, Sb, 
s n d  Cd ( s ing ly  or  in  c o m b i n a t i o n )  l eads  to a change  
bo th  in m a g n i t u d e  and  s p e c t r a l  d i s t r i b u t i o n  of the  
i n d u c e d  a b s o r p t i o n  due  p r o b a b l y  to t he  i n t r o d u c -  
t ion  of processes  w h i c h  c ompe t e  w i t h  t he  color  
cen te r  f o r m a t i o n  for  e n e r g y  a b s o r p t i o n  and  d i s -  
s ipa t ion .  Both  Cd and  Sb inco rpo ra t i on ,  e i t he r  i n -  
d i v i d u a l l y  or  t oge the r ,  r e d u c e  color  c en t e r  f o r m a -  
t ion.  

B r igh tnes s  d e p r e c i a t i o n  of p h o s p h o r s  w h e n  e x -  
posed  to  1850A r a d i a t i o n  c lose ly  p a r a l l e l s  o b s e r v a -  
t ions  on color  c en t e r  f o r m a t i o n  in u n a c t i v a t e d  h a l o -  
phospha tes .  I m p r o v e d  b r i g h t n e s s  m a i n t e n a n c e  to -  
w a r d  1850A r a d i a t i o n  is o b s e r v e d  in p h o s p h o r s  
q u e n c h e d  r a p i d l y  f r o m  e l e v a t e d  to r o o m  t e m p e r a -  
t u r e  and  in  p h o s p h o r s  c on t a in ing  Cd p a r t i a l l y  s u b -  
s t i t u t e d  for  Ca. 
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ABSTRACT 

The r e l a t ive  luminescent  in tensi ty ,  I, and  the  absolute  va lue  of the  decay 
t ime,  ~, we re  de t e rmined  for  the  green  emission of ZnO phosphors  doped wi th  
Li, Ni, and  Cu. I t  was  found tha t  doping wi th  Li  has p rac t i ca l ly  no influence on 
these parameters ,  but  tha t  Cu and Ni doping reduced  I, and Ni also reduced  ~. 
The spectrum, the  t e m p e r a t u r e  dependence  of I, and the surface conduct iv i ty  
were  also measured.  Results  are  discussed on the  basis of a model  for  ZnO 
phosphors.  

ZnO is u sed  as a fas t  d e c a y  p h o s p h o r  a n d  as a 
p h o t o c o n d u c t o r  in  a d d i t i o n  to  o t h e r  app l i ca t ions ,  
such  as a ca t a lys t ,  a n o n l i n e a r  conduc to r ,  a n d  a 
p i g m e n t .  Some  of t h e  p r o p e r t i e s  of t he  g r e e n  l u m i -  
nescence  of ZnO (Zn)  p r e p a r e d  b y  p r o v i d i n g  e x -  
cess Z n  in ZnO acco rd ing  to  t he  f o r m u l a  2ZnO + 
Z n S  = SO2 + 3Zn ( excess )  w e r e  d e s c r i b e d  in  a 
p r e v i o u s  p a p e r  (1) .  

The  p u r p o s e  of t he  p r e s e n t  w o r k  was  to i n v e s t i -  
ga t e  t he  inf luence  of dop ing  w i t h  Li, Ni, and  Cu on 
the  l u m i n e s c e n t  p r o p e r t i e s  of s i m i l a r  phospho r s ,  as  
i t  was  t h o u g h t  tha t ,  in  a n a l o g y  to t h e  q u e n c h i n g  
ac t ion  of Ni  and  Co o b s e r v e d  w i t h  Z n S  p h o s p h o r s  
(2) ,  such  d o p i n g  could  p o s s i b l y  r e d u c e  the  d e c a y  
t i m e  w i t h o u t  a p r o p o r t i o n a l  r e d u c t i o n  of t he  i n -  
t e n s i t y  of t he  g r e e n  emiss ion  band .  No s t u d y  of t he  
r e l a t i o n  b e t w e e n  the  g r e e n  a n d  t h e  u.v. emiss ion  
was  a t t e m p t e d ,  as i t  was  f o u n d  t h a t  in  g e n e r a l  t he  
i n t e n s i t y  of t he  l a t t e r  was  s m a l l  c o m p a r e d  to the  
fo rmer .  

The  va r i ous  s a m p l e s  w e r e  also s t u d i e d  for  t he  
d e p e n d e n c e  of the  c o n d u c t i v i t y  on the  p r e p a r a t i o n  
condi t ions ,  dop ing  leve ls ,  a n d  d o p i n g  ma te r i a l s .  This  
is of i n t e r e s t  for  t h e  con t ro l l ed  v a r i a t i o n  of t he  con-  
duc t iv i t y ,  such  as w h e n  these  m a t e r i a l s  a r e  used  
as pho toconduc to r s .  

Experimental Procedures 
The  s a m p l e s  w e r e  p r e p a r e d  b y  f i r ing  r e a g e n t  p u r e  

( r .p . )  ZnO a n d  l u m i n e s c e n t  p u r e  Z n S  at  v a r i o u s  
t e m p e r a t u r e s  r a n g i n g  f r o m  700 ~ to 1400~ for  1 h r  
in  an  a t m o s p h e r e  of n i t rogen .  A l l  s amp le s  used  in 
the  p r e s e n t  e x p e r i m e n t s  w e r e  p r e p a r e d  f r o m  the  
s a m e  ba t ches  of ZnO a n d  ZnS.  Use  of d i f fe ren t  
ba t ches  of ZnO s h o w e d  o n l y  r e l a t i v e l y  s m a l l  v a r i a -  
t ions  of t he  in t ens i ty ,  I, b u t  use  of r .p.  Z n S  i n s t e a d  
of 1.p'. Z n S  r e s u l t e d  in  a s t rong  d e c r e a s e  of I (1) .  

Ni  and  Cu  w e r e  i n t r o d u c e d  b y  i m p r e g n a t i n g  t h e  
base  m a t e r i a l  (ZnO + X % Z n S ,  X = 1,5,10) w i t h  
so lu t ions  of C u ( N O s ) e  a n d  Ni (NO~)2  of v a r i o u s  
s t r e n g t h s  a n d  d r y i n g  t h e m  at  120~ Dop ing  w i t h  
L i  was  done  b y  m i x i n g  a p p r o p r i a t e  a m o u n t s  of  
LifCO~ to t he  base  m a t e r i a l .  A f t e r  t h e  f ir ing,  t he  
s a m p l e s  w e r e  cooled  r a p i d l y .  

F o r  s e v e r a l  s e l ec t ed  samples ,  t h e  con ten t  of t he  
dop ing  m a t e r i a l  r e m a i n i n g  a f t e r  t h e  f i r ing p rocess  
was  d e t e r m i n e d  b y  s p e c t r o g r a p h i c  ana lys i s .  Re su l t s  

showed  t h a t  t he  q u a n t i t y  of Ni, Li,  a n d  Cu  i n t r o -  
d u c e d  be fo re  t he  f i r ing was  no t  a l t e r e d  b y  the  h e a t  
t r e a t m e n t .  

F o r  m e a s u r e m e n t s  of  c a t h o d o l u m i n e s c e n t  p r o p -  
e r t ies ,  t h e  s a m p l e s  w e r e  s u s p e n d e d  in p o t a s s i u m  
s i l i ca te  so lu t ions  and  se t t l ed  on glass  s l ides  w i t h  
Ba(NO3)2  as t he  coagu lan t .  F o r  m e a s u r e m e n t s  of 
t he  conduc t i v i t y ,  s a mp le s  w e r e  p r e s se d  in to  pe l l e t s  
w i t h  p r e s s u r e s  of  t h e  o r d e r  of 250 k g / c m  2. 

T h e  c o n d u c t i v i t y  was  m e a s u r e d  in  a D e w a r  w h i c h  
cou ld  be  e v a c u a t e d  or  f i l led w i t h  gas  u n d e r  k n o w n  
p r e s s u r e .  The  m a t e r i a l  u sed  for  e l e c t r i c a l  con tac t  to  
the  pe l l e t s  was  g r aph i t e ,  p r e s s e d  on as a d r y  p o w d e r .  

P a r a m e t e r s  m e a s u r e d  w e r e  t he  r e l a t i v e  emiss ion  
in t ens i ty ,  I, and  the  d e c a y  t ime ,  ~, u n d e r  c a t h o d e -  
r a y  e x c i t a t i o n  (10 kv ,  5 m a / c m  2, 5 ~sec pu l se  l eng th ,  
r e p e t i t i o n  f r e q u e n c y  1000 t i m e s / s e c ) .  The  g reen  
emiss ion  was  d e t e c t e d  b y  a p h o t o m u l t i p l i e r  w i t h  
S l l  response .  The  u.v. emis s ion  b a n d  was  f i l t e red  
out  ( C o r n i n g  f i l ter  CS3-72,  2.9 m m  t h i c k ) .  The  
p h o t o c u r r e n t  was  d i s p l a y e d  on an  osci l loscope.  The  
t i m e  cons t an t  of t he  c i r cu i t  was  s m a l l  enough  to 
p e r m i t  m e a s u r e m e n t s  of d e c a y  t imes  d o w n  to  50 
nanosec .  D e t e r m i n e d  w e r e  also t h e  t e m p e r a t u r e  d e -  
p e n d e n c e  of I u n d e r  u.v. e x c i t a t i o n  (3650A) ,  t he  
g r e e n  emiss ion  s p e c t r u m ,  a n d  the  conduc t i v i t y ,  ~, 
of s a m p l e s  p r e s s e d  into  pe l le t s .  

Results 
Luminescent properties.--Figure 1 shows  the  

v a r i a t i o n  of t h e  in t ens i ty ,  I,  for  the  g r e e n  emiss ion  

DECAY TIME "C 
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Fig. 1. Relative emission intensity I and decoy time �9 of 
ZnO(Zn,Cu) phosphors doped with 1% Cu as a function of the 
firing temperature. 
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band and the decay time, r, of a series of Zn O ( Zn)  
phosphors  doped wi th  10-2g C u / g Z n O  and fired at  
various tempera tures .  For  increasing firing t e m -  
pera tures ,  the in tens i ty  and the  decay t ime go 
th rough  a m a x i m u m  at about  1000~ s imi lar  to the 
behavior  of the undoped green luminescent  ZnO (Zn) 
p repa red  according to the  same formula  (1).  Dop- 
ing wi th  Li and Ni resul ts  in s imi lar  curves. 

F igure  2 shows the influence of doping wi th  va r i -  
ous quant i t ies  of Cu on the green luminescence of 
these ZnO(Zn)  phosphors.  The in tens i ty  rises first 
and reaches a m a x i m u m  at  a doping level  of 10-Sg 
Cu /g  ZnO. For  h igher  Cu doping levels the in tens i ty  
falls  off. I t  is in teres t ing to note tha t  a s imi lar  m a x i -  
mum was  found for the d ipolar  Debye absorpt ion  in 
Cu doped ZnO (3).  Cu doping p rac t i ca l ly  does not  
affect the decay time. Ni doping first increases 
s l ight ly  the  in tens i ty  and decay t ime, s imi lar  to 
doping wi th  Cu. This is fol lowed by  a reduct ion of 
the in tens i ty  and, at h igher  concentrat ions above 
10 -4 N i /g  ZnO, by  a decrease of the  decay time. 
Doping wi th  Li in quant i t ies  up to about  10-2g L i / g  
ZnO has prac t ica l ly  no influence on I or ~. 

If the  decay t ime is p lo t ted  as a funct ion of the  
intensi ty,  it  becomes clear  (Fig. 3) tha t  the qua l i ty  
of the doped phosphor  samples when  compared  to 
the character is t ics  of the undoped samples was not  
improved.  (Higher  qua l i ty  is defined here  as h igher  
emission intensi ty  at  equal  decay t ime.)  
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Comparison of the re la t ive  intensi t ies  obta ined 
under  CR and u.v. exci ta t ion  shows tha t  the  genera l  
shape of the in tens i ty  vs. doping curves remains  the  
same, regardless  of the type  of exci ta t ion (Fig. 2). 
I t  may  be noted tha t  the peak  in I is g rea t ly  en-  
hanced as the sample t empera tu re  is decreased.  

If  the sample t empe ra tu r e  is lowered,  the  in ten-  
si ty increases and reaches a m a x i m u m  in the v ic in-  
i ty  of --180~ For  the undoped samples (Fig. 4), 
this m a x i m um  value  of I is a lways  the same r ega rd -  
less of the  firing tempera ture .  The firing t e m p e r a -  
ture  s t rongly  influences the  in tens i ty  at  h igher  sam-  
ple tempera tures .  For  example ,  a t  20~ the in ten-  
si ty of the sample  fired at  1000~ is 37 re la t ive  
units, and tha t  of the  sample  fired at  1400~ is 12.5 
re la t ive  units. These resul ts  indicate  tha t  firing at  
h igher  t empera tu res  introduces a quenching mech-  
anism which acts on the  luminescence center;  this  
quenching can be e l iminated  by  lower ing the t em-  
pe ra tu re  of the sample. 

For  the doped samples, the ra te  of increase of the 
in tens i ty  wi th  decreasing sample t empe ra tu r e  is 
p rac t ica l ly  the  same as tha t  of the undoped  sample 
(curve for 1000~ firing t empe ra tu r e  in Fig. 4). 
This could indicate  tha t  some luminescent  centers  
have  been replaced  by  doping atoms, wi thout  in-  
fluencing the behavior  of the remain ing  luminescent  
centers.  

An addi t ional  expe r imen ta l  observa t ion  was tha t  
the shape of the green emission spectrum, wi th  a 
peak  at  500 m~, remains  unchanged for doped or 
undoped samples. 

Preliminary conductivity measurements.--To de-  
t e rmine  the influence of the  pressure  used to form 
pel le ts  on the  proper t ies  of the  ZnO powders,  a 
series of pel lets  were  p repa red  using pressures  up 
to 400 k g / c m  2. Af te r  this  t rea tment ,  the pel lets  
were  broken up gent ly  and the powder  set t led on 
slides. The cathodoluminescent  emission in tens i ty  
was then  de te rmined  and compared  to tha t  of the 
unpressed mater ia l .  Results  are  shown in Fig. 5: 
the in tens i ty  decreases wi th  pressure,  and those 
samples fired at  h igher  t empera tu res  are s l ight ly  
more sensi t ive than  those fired at  lower  t e m p e r a -  
ture.  Fo r  pressures  up to 250 k g / c m  2 and a 1000~ 
firing tempera ture ,  the effect does not exceed a r e -  
duction of 5% of the in tens i ty  and was therefore  
considered as negligible.  In  turn,  it  is assumed tha t  
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the  p e l l e t - f o r m i n g  process  does  no t  affect  o t h e r  
p r o p e r t i e s  of t h e  Z n O  p o w d e r s .  

A n o t h e r  i m p o r t a n t  f ac to r  to b e  d e t e r m i n e d  is t he  
inf luence  of t he  a m b i e n t  a t m o s p h e r e  on t h e  c o n d u c -  
t iv i ty .  To i n s u r e  r e p r o d u c i b l e  condi t ions ,  t he  p e l -  
l e t s  w e r e  p l a c e d  in  a v a c u u m .  U n d e r  these  c o n d i -  
t ions  an  i n c r e a s e  of t he  c o n d u c t i v i t y  is o b s e r v e d  
w h i c h  fo l lows,  a f t e r  an  i n i t i a l  s t e e p e r  increase ,  t he  
r e l a t i o n  log ~ = cl. log  t, w i t h  cz b e i n g  a cons t an t  
a n d  t b e i n g  the  t ime .  The  i n c r e a s e  of the  c o n d u c -  
t i v i t y  can  be  e x p l a i n e d  b y  a d e s o r p t i o n  of  o x y g e n  
f r o m  t h e  su r f ace  of  t h e  ZnO p o w d e r  (4 ) ,  and  the  
r e su l t s  i n d i c a t e  t h a t  t h e  effects f r o m  deso rp t i on  of 
H20 w e r e  neg l ig ib le .  T h e  t i m e  a t  w h i c h  the  con-  
d u c t i v i t y  m e a s u r e m e n t s  w e r e  m a d e  was  t h e n  se -  
l ec ted  fo r  p r a c t i c a l  r ea sons  a t  ~/2 h r  a f t e r  t he  s a m p l e  
was  p l a c e d  in  t he  v a c u u m  c h a m b e r .  

The  r e p r o d u c i b i l i t y  of t he  r e su l t s  was  t y p i c a l l y  
___15% for  t h e  c o n d u c t i v i t y  m e a s u r e m e n t s ,  if  p e l -  
le t s  f o r m e d  f r o m  ZnO p o w d e r  p r e p a r e d  f r o m  the  
s a m e  base  m a t e r i a l s  a n d  f i red u n d e r  s i m i l a r  cond i -  
t ions  w e r e  used.  To e l i m i n a t e  t h e  inf luence  of d i f -  
f e r e n t  base  ma te r i a l s ,  a l l  s a m p l e s  s h o w n  in t he  
cu rves  w e r e  p r e p a r e d  f r o m  the  s a m e  b a t c h  of ZnO 
a n d  ZnS.  

In  one  e x p e r i m e n t  s a m p l e s  w e r e  p r e p a r e d  w i t h  a 
d i f f e ren t  ZnO b a t c h  and  f i red  a t  v a r i o u s  t e m p e r a -  
tures .  The  a b s o l u t e  v a l u e  of  t h e  c o n d u c t i v i t y  i n -  
c reased ,  b u t  t h e  f o r m  of t he  c u r v e  ~r vs. f i r ing t e m -  
p e r a t u r e  r e m a i n e d  the  same.  

I t  was  also i n v e s t i g a t e d  h o w  the  p r o p e r t i e s  of the  
pe l l e t s  f o r m e d  f r o m  t h e  v a r i o u s  ZnO p o w d e r s  
w o u l d  be  in f luenced  b y  a f u r t h e r  h e a t  t r e a t m e n t .  I t  
was  f o u n d  t h a t  such  s in t e r i ng  in  a n i t r o g e n  a t m o s -  
p h e r e  changes  t he  s a m p l e  p r o p e r t i e s  s t rong ly .  The  
l u m i n e s c e n t  i n t e n s i t y  dec reases ,  a n d  the  c o n d u c t i v -  
i t y  i nc reases  up  to  a v a l u e  w h i c h  c o r r e s p o n d s  to  t he  
c a l c u l a t e d  ~r for  donors  a t  0.05 ev  in  c o n c e n t r a t i o n s  
of 101L1018/cm 3 (Fig .  6) .  The  r e s u l t  depends ,  of 
course ,  on the  s i n t e r i n g  t ime  a n d  t h e  a t m o s p h e r e .  
This  shows  c l e a r l y  h o w  h e a t  t r e a t m e n t s  a f t e r  t he  
p r e p a r a t i o n  c h a n g e  the  p r o p e r t i e s  of the  m a t e r i a l  
a n d  m u s t  t h e r e f o r e  be  i n v e s t i g a t e d  s y s t e m a t i c a l l y  if  
such  s a m p l e s  a r e  to  be  used  in m e a s u r e m e n t s .  One 
of the  r ea sons  for  th is  b e h a v i o r  is t h a t  d u r i n g  t h e  
s i n t e r i n g  p rocess  t h e  g r a i n s  b e c o m e  connec t ed  b y  
t h i n  necks  t he  size of w h i c h  d e p e n d s  on the  v a r i o u s  
cond i t ions  d u r i n g  the  s i n t e r i n g  t r e a t m e n t .  

Conductivity of doped and undoped samples . -  
F i g u r e  7 shows  t h a t  t he  c o n d u c t i v i t y  of  p r e s s e d  r.p.  
ZnO pe l l e t s  is no t  in f luenced  b y  f i r ing the  p o w d e r ,  
b e f o r e  p ress ing ,  a t  t e m p e r a t u r e s  up  to 1300~ F o r  
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t he  Z n O ( Z n ) ,  an  i nc rea se  of t he  f i r ing t e m p e r a t u r e  
dec rea se s  ~r b y  n e a r l y  fou r  decades .  I t  m a y  be  
e m p h a s i z e d  t h a t  t he  c o n d u c t i v i t y  shows  no  s imp le  
r e l a t i o n  to t h e  l u m i n e s c e n t  i n t e n s i t y  of t h e  g reen  
emiss ion  w h i c h  goes t h r o u g h  a m a x i m u m  w h e n  the  
c o n d u c t i v i t y  is a b o u t  10 -11 o h m  -z  c m  -1. 

D o p i n g  w i t h  Cu  in  c o n c e n t r a t i o n s  up  to 10-~g 
C u / g  ZnO inc rea se s  t he  c o n d u c t i v i t y  (Fig .  8) .  
Dop ing  w i t h  l a r g e r  Cu c o n c e n t r a t i o n s  t h e n  p r o d u c e s  
a d e c r e a s e  of ~ of n e a r l y  s ix  decades .  L i t h i u m  has  a 
s i m i l a r  b u t  s o m e w h a t  s m a l l e r  effect,  w h i c h  a p p e a r s  
on ly  a t  h i g h e r  L i  c o n c e n t r a t i o n s  of 10-Sg L i / g  
ZnO.  Ni  dop ing  in  c o n c e n t r a t i o n s  of up  to 10 -3 g / g  
ZnO has  no effect  on ~r (F ig .  8) .  I f  cr is p lo t t ed  
a g a i n s t  l /T,  a c t i v a t i o n  energ ies ,  E, in  t he  o r d e r  of 1 
to  2 ev  a r e  ob ta ined .  As  i t  is to be  expec t ed ,  l a r g e r  

v a l u e s  a r e  a s soc i a t ed  w i t h  l o w e r  ~. 

Discussion 

ZnO is an  n - t y p e  s e m i c o n d u c t o r  w i t h  i n t e r s t i t i a l  
Zn  ac t ing  as a donor  (5 ) .  If  i t  is f i red  u n d e r  r e d u c -  
i ng  condi t ions ,  as was  t he  case  in t he  p r e s e n t  e x -  
p e r i m e n t s ,  a f u r t h e r  excess  of Zn  is p r o d u c e d  
t h r o u g h  the  c r e a t i o n  of o x y g e n  vacanc ies .  The  g reen  
emiss ion  w h i c h  is o b s e r v e d  a f t e r  such  a r e d u c i n g  
t r e a t m e n t  has  been  a t t r i b u t e d  to  a t r a n s i t i o n  w i t h i n  
t he  excess  Zn ions  (6)  or  o x y g e n  vacanc ie s  (7 ) .  

As  an  a l t e r n a t i v e  e x p l a n a t i o n ,  i t  has  b e e n  a d -  
v a n c e d  t h a t  t h e  g r e e n  b a n d  could  be  t he  r e s u l t  of a 
s m a l l  a m o u n t  of Z n S  (0.1% or  less)  p r e s e n t  in sol id  
so lu t ion  in t h e  ZnO (8) .  On the  bas is  of p r e v i o u s l y  
r e p o r t e d  e x p e r i m e n t s ,  w h e r e  g r e e n  l u m i n e s c e n t  
ZnO was  p r e p a r e d  b y  the  o x i d a t i o n  of h i g h - p u r i t y  
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Zn (1, 7) ,  i t  is no t  poss ib l e  to e l i m i n a t e  th is  pos s i -  
b i l i t y  c o m p l e t e l y  as i t  is no t  poss ib l e  to a s c e r t a i n  
t he  absence  of s m a l l  quan t i t i e s  of s u l f u r  w h i c h  m a y  
a l r e a d y  be  l u m i n e s c e n t  ac t ive .  The  fo l l owing  d i s -  
cuss ion  is b a s e d  on t h e  a s s u m p t i o n  t h a t  t he  l u m i -  
ne scen t  p rocess  t a k e s  p l a c e  in  t he  ZnO c rys ta l .  

S ince  t h e r e  a l w a y s  is a g r e a t  n u m b e r  of e l ec t rons  
p r e s e n t  in  t he  conduc t i on  band ,  i t  is a s s u m e d  tha t  
t he  g r e e n  emiss ion  t a k e s  p l ace  w h e n e v e r  a ho le  has  
been  c a p t u r e d  b y  t h e  l u m i n e s c e n t  c en t e r  (13) .  

In  the  p r e s e n c e  of r e d u c i n g  agents ,  L i  is i n c o r -  
p o r a t e d  i n t e r s t i t i a l l y  in to  t he  ZnO la t t i ce  and  acts  
as a d o n o r  w i t h  an  ac t i va t i on  e n e r g y  of 0.05 ev  (9)  
or  less (3 ) .  Dop ing  w i t h  L i  should ,  t he re fo re ,  s i m p l y  
i nc rea se  t he  e l e c t r o n  c o n c e n t r a t i o n  in  t he  c o n d u c -  
t i on  b a n d ,  b u t  shou ld  h a v e  no  inf luence  on  I o r  ~. 
This  is in  a g r e e m e n t  w i t h  the  p r e s e n t  and  o t h e r  
(10) e x p e r i m e n t s .  

Cu e n t e r s  t he  ZnO l a t t i c e  s u b s t i t u t i o n a l l y  (11) ,  
b u t  m a y  pos s ib ly  also e n t e r  i n t e r s t i t i a l l y  (12) .  The  
o b s e r v e d  r e d u c t i o n  of t he  c o n d u c t i v i t y  w i t h  i n -  
c r ea s ing  Cu  dop ing  i nd i ca t e s  t h a t  i t  m a y  i n t r o d u c e  
l eve l s  w h i c h  act  as t r a p s  for  e lec t rons .  The  d e c r e a s e  
of I a t  a p p r o x i m a t e l y  cons t an t  v and  the  f o r m  of  t he  
t e m p e r a t u r e  d e p e n d e n c e  of I i nd i ca t e  t ha t  i t  r e -  
p laces  a c t i v a t o r  cen te r s  (13) or  t h a t  i t  acts  also as 
an  i n d e p e n d e n t  n o n r a d i a t i v e  r e c o m b i n a t i o n  cen te r .  
I t  is i n t e r e s t i n g  to no te  t ha t  t he  i nc rea se  of t h e  
l u m i n e s c e n t  i n t e n s i t y  w i t h  an  i nc rea se  of Cu d o p -  
ing  f r o m  0 to 10 -5 is s i m i l a r  to t he  i nc rea se  of t he  
i n t e n s i t y  of t he  d i p o l a r  D e b y e  abso rp t ion ,  w h i c h  
sugges t s  t h a t  t he  Cu  dop ing  i n t r o d u c e s  a l eve l  of 
a b o u t  0.20 ev  (14) .  The  i n t e n s i t y  of t h e  d i p o l a r  
D e b y e  a b s o r p t i o n  b a n d  also dec rea se s  w i t h  h i g h e r  
Cu dop ing  levels .  F u r t h e r  m e a s u r e m e n t s ,  e spe c i a l l y  
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of abso rp t ion ,  s t imu la t i on ,  a n d  q u e n c h i n g  spec t ra ,  
w o u l d  b e  n e c e s s a r y  to e l u c i d a t e  th is  ques t ion .  A 
s i m i l a r  m e c h a n i s m  and  s i m i l a r  conc lus ions  can  be  
a s s u m e d  for  the  ac t ion  of Ni. 

The  c o n d u c t i v i t y  of p r e s s e d  Z n O  pe l l e t s  is d e t e r -  
m i n e d  e s s e n t i a l l y  b y  c h e m i s o r b e d  o x y g e n  w h i c h  
acts  as an  accep to r  and  f o r m s  a su r f ace  a n d  d e p l e -  
t ion  l a y e r  (4 ) .  The  d e p t h  a n d  the  h e i g h t  of th is  
l a y e r  d e p e n d  on the  c o n c e n t r a t i o n  of e l ec t rons  in  
t he  conduc t ion  b a n d  and  a re  t h e r e f o r e  func t ions  of 
t h e  p r e p a r a t i o n  a n d  dop ing  condi t ions ,  as  w e l l  as  
of t h e  s u r f a c e - t o - v o l u m e  ra t io .  The  p r e s e n t  s i m p l e  
m e a s u r e m e n t s  of ~ show t h a t  such  effects exis t ,  b u t  
a r e  insuff ic ient  to p e r m i t  an  e x a c t  i n t e r p r e t a t i o n  of 
t h e  p h e n o m e n a .  I t  has  b e e n  e s t a b l i s h e d  t h a t  t he  
e l ec t r i ca l  c o n d u c t i v i t y  of ZnO is p r i m a r i l y  a s u r -  
face  effect  a n d  t h a t  t he  ~ of  p r e s s e d  pe l l e t s  can  be  
c o n t r o l l e d  b y  d o p i n g  w i t h  L i  or  Cu. This  r e s u l t  m a y  
be  use fu l  w h e n  ZnO p o w d e r s  a r e  u sed  in  p h o t o -  
c o n d u c t i v e  app l i ca t ions .  

T h e  p r e s s u r e  a n d  s in t e r i ng  e x p e r i m e n t s  show 
tha t ,  as expec t ed ,  t he  p o w d e r s  a r e  sens i t i ve  to a l l  
t r e a t m e n t s  a f t e r  p r e p a r a t i o n .  I t  shou ld  be  e m p h a -  
s ized  e spe c i a l l y  t h a t  h e a t  t r e a t m e n t s  a f t e r  s a m p l e  
p r e p a r a t i o n  can  affect  t he  l u m i n e s c e n t  p r o p e r t i e s  
c r i t i ca l ly .  Hence ,  s a m p l e  p rocess ing  shou ld  be  con-  
s i d e r e d  c a r e f u l l y  in  e x p e r i m e n t s  of  th is  n a t u r e .  

Manuscr ip t  rece ived  Sept.  12, 1962; rev i sed  manu-  
scr ipt  rece ived  Nov. 14, 1962. This paper  was  p resen ted  
in par t  before  the  Los Angeles  Meeting,  May  6-10, 1962. 

A n y  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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Solubility of III-V Compound Semiconductors in 
Column III Liquids 

R. N. Hall 

Research Laboratory, General Electric Company, Schenectady, New York  

ABSTRACT 

The solubi l i t ies  of InSb, InAs, and InP in In, and of GaSb,  GaAs, and  GaP  in 
Ga have  been measured  at  low tempera tures ,  cover ing the  a tom f rac t ion  solu- 
b i l i ty  r ange  10 -~ to 10 -1. Near  the  mel t ing  t e m p e r a t u r e  these systems exhib i t  
negat ive  depa r tu res  f rom idea l i ty  which  are  most  pronounced  for  InSb and 
InAs and are  r e l a t ive ly  small  for  the  others.  The measured  solubil i t ies  can be 
rep resen ted  by  a two p a r a m e t e r  fo rmula  descr ib ing the  behav ior  of r egu la r  
solutions. 

In  t he  p r e p a r a t i o n  and  p roce s s ing  of I I I - V  c o m -  
p o u n d  semiconduc to r s ,  it. is o f t en  i m p o r t a n t  to  k n o w  
the  s o l u b i l i t y  of t he  s e m i c o n d u c t o r  in  t h e  l i qu id  
phase  of i ts  co lumn  I I I  c o n s t i t u e n t  as a func t ion  of  
t e m p e r a t u r e .  P h a s e  d i a g r a m s  of t he se  sys t ems  h a v e  
been  p u b l i s h e d  ( 1 - 5 ) ,  b u t  in g e n e r a l  t h e y  do no t  
e x t e n d  to l ow t e m p e r a t u r e s  w h i c h  is t he  r e g i o n  of 
p r i n c i p a l  i n t e r e s t  here .  In  th is  p a p e r  w e  r e p o r t  
m e a s u r e m e n t s  of t he  s o l u b i l i t y  of InSb ,  InAs ,  and  
I n P  in In,  and  of G a S b ,  GaAs ,  and  G a P  in Ga,  w i t h  
p a r t i c u l a r  a t t e n t i o n  b e i n g  p a i d  to  t he  l o w - t e m p e r a -  
t u r e  r e g i o n  w h e r e  t h e  s o l u b i l i t y  becomes  qu i t e  
smal l .  

Experimental Procedure 
A t  each  t e m p e r a t u r e  l i qu id  Ga  or  In  was  s a t u -  

r a t e d  w i t h  a s a m p l e  of t he  I I I - V  s e m i c o n d u c t o r  
us ing  t h e  e q u i p m e n t  s h o w n  in Fig .  1, and  t h e  so lu -  
b i l i t y  was  c a l c u l a t e d  f r o m  the  w e i g h t  loss of t he  
sample .  A cha rge  of 15-20g of In  or  G a  was  p l a c e d  
in  a q u a r t z  t u b e  of ins ide  d i a m e t e r  1.5 cm. H y d r o -  
gen  was  i n t r o d u c e d  t h r o u g h  a s ide  t u b u l a t i o n  and  
b u r n e d  a t  t he  open  end  at  t he  top.  A q u a r t z  t h e r m o -  

Fig. 1. Equipment for measuring solubility: S, sample of III~V 
semiconductor; L, liquid Ga or In; T, thermocouple well. 

coup le  tube ,  T, was  i m m e r s e d  in  t h e  Ga  or  In. I t  
c o n t a i n e d  a c h r o m e l - a l u m e l  t h e r m o c o u p l e  w h i c h  
was  u sed  to m e a s u r e  the  t e m p e r a t u r e  of t h e  l iquid .  
A c a r e f u l l y  w e i g h e d  sample ,  S, of t h e  I I I - V  s e m i -  
conduc to r  be ing  s t u d i e d  was  f loated on the  su r f ace  
of t he  m e l t  u n t i l  t he  l i qu id  was  s a t u r a t e d ,  and  the  
s o l u b i l i t y  was  c a l c u l a t e d  f r o m  the  m e a s u r e d  w e i g h t  
loss of  t he  c rys t a l .  Q u a r t z  tube ,  T, also h a d  a " foo t"  
cons i s t ing  of a loop of q u a r t z  w h i c h  w a s  used  to 
s t i r  t he  m e l t  a n d  to r e m o v e  the  s a m p l e  for  w e i g h t  
loss m e a s u r e m e n t s .  H e a t  was  a p p l i e d  us ing  a n i -  
c h r o m e  hea t e r ,  w o u n d  on an  a l u m i n a  t u b e  20 cm 
long  and  2.5 cm ID. The  f u r n a c e  p o w e r  was  s u p p l i e d  
f r o m  a r e g u l a t e d  v o l t a g e  source  in o r d e r  to m a i n -  
t a i n  a s t e a d y  t e m p e r a t u r e  d u r i n g  each  m e a s u r e m e n t .  

A s l igh t  modi f i ca t ion  of th i s  p r o c e d u r e  w a s  of ten  
e m p l o y e d  at  h i g h e r  t e m p e r a t u r e s ,  w h e r e  so lub i l i t i e s  
w e r e  a f ew  p e r  cen t  or  more .  A n  a p p r o p r i a t e  size 
c r y s t a l  was  i n t r o d u c e d ,  a n d  the  t e m p e r a t u r e  was  
i n c r e a s e d  s l o w l y  and  w i t h  f r e q u e n t  m i x i n g  u n t i l  i t  
was  seen  to be  c o m p l e t e l y  d i s so lved  b y  v i s u a l  o b -  
s e r v a t i o n  t h r o u g h  t h e  open  end  of t h e  tube .  The  
t e m p e r a t u r e  was  t h e n  d e c r e a s e d  g r a d u a l l y  u n t i l  
c r y s t a l s  f o r m e d  a g a i n  a n d  t h e n  i n c r e a s e d  to r e d i s -  
so lve  them.  B y  r e p e a t i n g  th is  cyc le  s e v e r a l  t imes  i t  
was  poss ib le  to d e t e r m i n e  t h e  so lu t ion  t e m p e r a t u r e  
w i t h  a n  u n c e r t a i n t y  of less  t h a n  • 5~ 

G a l l i u m  of 99.99% p u r i t y  f r o m  t h e  A l u m i n u m  
C o m p a n y  of A m e r i c a  and  I n  of 99.97% p u r i t y  f r o m  
the  I n d i u m  C o r p o r a t i o n  of A m e r i c a  w e r e  used  in  
t hese  e x p e r i m e n t s .  S ince  t h e  p r i n c i p a l  i m p u r i t i e s  
p r e s e n t  in  t hese  m e t a l s  a r e  e x p e c t e d  to be  those  
c lose ly  r e l a t e d  to In  and  Ga,  t h e y  shou ld  h a v e  l i t t l e  
effect  in  th is  c o n c e n t r a t i o n  r a n g e  on t h e  so lub i l i t i e s  
of t he  I I I - V  c o m p o u n d s  u n d e r  s tudy .  The  I I I - V  
c o m p o u n d  s e m i c o n d u c t o r  c ry s t a l s  w h i c h  w e r e  used  
w e r e  o f t en  p o l y c r y s t a l l i n e .  T h e y  w e r e  g iven  a 
c h e m i c a l  po l i sh  be fo re  t h e  i n i t i a l  w e i g h i n g  and  
w e r e  f r ee  of  v i s ib le  chips  or  c rev ices  w h i c h  m i g h t  
t r a p  inc lus ions  of Ga  or  In  as j u d g e d  b y  c a r e fu l  e x -  
a m i n a t i o n  us ing  a 20X b i n o c u l a r  mic roscope .  

The  p r o c e d u r e  used  in  d e t e r m i n i n g  a so lub i l i t y  
c u r v e  was  to  s a t u r a t e  t h e  so lu t ion  a t  t h e  l owes t  
t e m p e r a t u r e  a n d  t h e n  r e m o v e  the  s a m p l e  a n d  d e -  
t e r m i n e  the  w e i g h t  loss. The  f u r n a c e  t e m p e r a t u r e  
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was then  ra ised to the  n e x t  t e m p e r a t u r e  and  the  
p rocedure  was  repeated ,  and  so on t h r o u g h o u t  the  
des i red t e m p e r a t u r e  range .  S m a l l  samples  we re  
used in  the  lower  t e m p e r a t u r e  ranges  in  order  to 
m i n i m i z e  we igh ing  errors.  

Discussion of  Exper imenta l  Errors 

Weight  loss determinat ion. - - In  the  l o w - t e m p e r a -  
tu re  range ,  crystals ,  S, we igh ing  50-200 mg were  
used and  were  we ighed  to the nea re s t  t e n t h  m i l l i -  
gram.  Since weigh t  losses in  the  da ta  wh ich  we re -  
por t  were  se ldom less t h a n  a few mi l l ig rams ,  the  
m e a s u r e m e n t  i tself  is no t  r ega rded  as a ser ious 
source of error .  I m p o r t a n t  errors  could arise if 
t races  of In  or Ga r e m a i n e d  on the  sample  af ter  
r emova l  f rom the mel t ,  and  care was  t a k e n  to i n -  
sure  tha t  this  was p rope r ly  done. G a l l i u m  was r e l a -  
t i ve ly  easy to r emove  us ing  an  air  b las t  fol lowed by  
e tch ing  in  HC1. GaSb,  GaAs, and  GaP  are no t  a t -  
tacked apprec i ab ly  by  tIC1. In  is more  difficult to 
r emove  because  of its h igher  me l t i ng  po in t  a nd  be -  
cause the  chemical  e tchants  t ha t  we  t r ied  for d is -  
so lv ing  the In  also a t t acked  InAs  and  InP.  We 
there fore  i m m e r s e d  the  samples  in  Hg to dissolve 
the In,  and  a n y  Hg which  r e m a i n e d  on the sample  
af ter  this  t r e a t m e n t  was  r emoved  w i t h  an  air  blast .  
Er rors  due  to so lu t ion  of In  or Ga in  the  crys ta ls  
are  qu i te  neg l ig ib le  because  of the  h igh  degree  of 
s to ich iomet ry  of the I I I - V  semiconductors .  

Temperature  measuremen t . - -The  t he rmocoup le  
vol tage  was  m e a s u r e d  w i th  a Rub i con  po t en t i ome -  
te r  w i th  re fe rence  j u n c t i o n  in  an  ice bath .  Since the  
end  of the  the rmocoup le  was  1 cm be low the s u r -  
face of the  mel t ,  and  since the me l t  and  a cons ider -  
able  l eng th  of the  t he rmocoup le  leads were  located 
]n a low t h e r m a l  g rad ien t  por t ion  of the furnace ,  it 
is fel t  t ha t  the  po t en t iome te r  r ead ing  gave a n  ac-  
cura te  va lue  for the  me l t  t e m p e r a t u r e .  The  p r i nc i -  
pal  t e m p e r a t u r e  u n c e r t a i n t y  r e su l t ed  f rom t e m p e r -  
a tu re  f luctuat ions,  u s u a l l y  _ 3~ or less, d u r i n g  the  
ho ld ing  per iod  whi le  me l t  s a tu r a t i on  was  e s t ab -  
l ished. Us ing  this  e q u i p m e n t  we m e a s u r e d  the  
me l t i ng  poin ts  of GaSb  and  Ge as be ing  712 ~ a nd  
936~ respect ively .  These  va lues  agree w i t h i n  1~ 
wi th  the  resul t s  of o ther  inves t iga tors  (6, 7). 

Completeness of saturation.--During each m e a s -  
u r e m e n t  the  semiconduc to r  sample  was  he ld  in  
contact  w i th  the  melt ,  e i ther  f loat ing on the  s u r -  
face or s u b m e r g e d  w i t h i n  it, for at  least  20 min ,  
and  occas ional ly  for an  hou r  or more  wi th  f r e q u e n t  
s t i r r ing  of the  me l t  by  means  of the  foot on the  
t he rmocoup le  well.  Weigh t  losses m e a s u r e d  af ter  
s a t u r a t i o n  for 20 ra in  were  i nd i s t i ngu i shab l e  f rom 
those made  af ter  s a t u r a t i o n  for an  hou r  or more,  
and  consequen t ly  it  is be l ieved  tha t  s a tu r a t i on  was  
r e a s o n a b l y  comple te  in  n e a r l y  all  cases. Lack  of 
complete  s a tu r a t i on  may,  however ,  have  occurred  
in  some of the  lowest  t e m p e r a t u r e  de te rmina t ions ,  
due  to l imi t ed  we t t i ng  of the  sample  surface  b y  the  
melt .  

Loss of Sb, As, or P . - - D u e  to the  h igh  vapor  p re s -  
sures  of Sb, As, and  P, the re  m a y  be apprec iab le  
loss of the  c o l u m n  V cons t i tuen t  d u r i n g  the  course 
of the expe r imen t ,  p a r t i c u l a r l y  as the  t e m p e r a t u r e  
approaches  tha t  of the  pu re  compound  and  the  me l t  

becomes co r re spond ing ly  r ich  in  the c o l u m n  V ele-  
ment .  This  loss was  qu i te  no t iceab le  in  the case of 
e xpe r i me n t s  i n v o l v i n g  I n P  and  GaP,  w i t h  a fa i r ly  
h e a v y  deposit  b e i n g  left  at  the  uppe r  end  of the  
quar tz  t ube  by  the conc lus ion  of the h ighes t  t e m -  
p e r a t u r e  me a su r e me n t s .  However ,  the ac tua l  weight  
of m a t e r i a l  found  in  such deposits  was r a t h e r  small ,  
be ing  10 to 50 rag, compared  w i th  severa l  g rams  of 
I n P  or G a P  in  so lu t ion  at these  t empera tu re s .  F u r -  
the rmore ,  we were  u n a b l e  to observe  a ny  change  in 
so lu t ion  t e m p e r a t u r e  w i th  t ime  over  per iods of sev-  
era l  hours  at the  h ighes t  t e m p e r a t u r e s  reached  in  
our  e xpe r i me n t s  a nd  conclude  tha t  the  loss of these 
e l ements  d u r i n g  our  e xpe r i me n t s  a m o u n t e d  to a 
neg l ig ib le  f rac t ion  of the  to ta l  a m o u n t  in  the  sys-  
t e m  and  therefore  did no t  con t r ibu t e  apprec i ab ly  
to the  e x p e r i m e n t a l  error.  

I n  s u m m a r y ,  we feel  t ha t  er rors  in  t e m p e r a t u r e  
m e a s u r e m e n t  are  less t h a n  5~ over  most  of the  
t e m p e r a t u r e  range ,  a l though  t h e y  m a y  be as h igh  as 
10 ~ above 1000~ Near  the  l o w - t e m p e r a t u r e  l imi t ,  
w he r e  the  a tom f rac t ion  of P, As, or Sb in  the  me l t  
is of the  order  of 10 -4 , we igh t  loss e r rors  and  lack 
of complete  equ i l i b r a t i on  m a y  become appreciable .  
Other  sources of e r ro r  are be l i eved  to be r e l a t i ve ly  
negl ig ible .  

Results 
We first conduc ted  p r e l i m i n a r y  m e a s u r e m e n t s  in  

each of the  sys tems u n d e r  s tudy  in  order  to work  
out  the e x p e r i m e n t a l  p rocedures  r equ i r ed  for each 
mater ia l .  These resul t s  are no t  r epor ted  here,  since 
they  inc lude  errors  which  are n o w  recognized and  
which  have  been  e l im ina t ed  in  the  l a t e r  m e a s u r e -  
ments .  A second and  in  most  cases a t h i rd  series of 
m e a s u r e m e n t s  was  t hen  car r ied  out  in  each sys tem 
g iv ing  the  resul t s  shown  in  Fig. 2. We have  also 
inc luded  the h i g h - t e m p e r a t u r e  m e a s u r e m e n t s  of 
other  workers  on I n S b  (1) ,  InAs  (2) ,  I n P  (3) ,  
GaSb  (4, 6), GaAs (4) ,  a nd  G a P  (5) .  Except  in  the  
cases of I n P  and  GaSb,  these  m e a s u r e m e n t s  are  in  
good a g r e e m e n t  w i th  ours in  the  t e m p e r a t u r e  r ange  
where  they  overlap.  The d i s a g r e e m e n t  in  the  I n P  
da ta  is in  the  d i rec t ion  an t i c ipa ted  by  v a n  den  
Boomgaard  and  Schol (3) as the  resu l t  of phos-  
phorous  condensa t ion  d u r i n g  cooling in  the i r  ex-  
pe r iments .  In  the  case of GaSb,  the d i sc repancy  
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Fig. 2. Solubility of I I I -V compounds in Ga or In. Solid points 
are our measurements; open points are from ref. (1)-(6). 
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d i s a p p e a r s  if  the  t e m p e r a t u r e s  g i v e n  b y  K S s t e r  a n d  
T h o m a  (4) a r e  i n c r e a s e d  b y  9~ to m a k e  t h e  m e l t -  
Lug p o i n t  of G a S b  a g r e e  w i t h  t h e  m e a s u r e m e n t  of 
B e d n e r  and  S m i r o u s  (6 ) .  

387 

Discussion 

W a g n e r  has  g iven  a t h e o r e t i c a l  t r e a t m e n t  of t h e  
s o l u b i l i t y  of an  A B  b i n a r y  c o m p o u n d  in each  of i ts  
cons t i t uen t s  (8 ) .  His r e su l t s  sugges t  t he  fo l lowing  
f o r m  for  t he  l i q u i d u s  cu rve  of a r e g u l a r  so lu t ion  in  
w h i c h  the  excess  f ree  e n e r g y  of so lu t ion  is p r o p o r -  
t i ona l  to t h e  p r o d u c t  of t he  a t o m  f rac t ions  of 
t he  two  cons t i t uen t s  in the  l i qu id  phase ,  F ~ 
--wx (l--x).  

AS'* ( Tm l)  _- 
- - l n  [4x (1  - - x ) ]  = - - ~  T 

w 
~ ( 1 - - 2 x )  ~ [1]  
4RT 

Tm is t he  m e l t i n g  t e m p e r a t u r e  of t he  p u r e  c o m -  
pound ,  and  x is t he  a t o m  f r ac t i on  of one c o m p o n e n t  
in the  l i qu id  phase .  In  t he  d e r i v a t i o n  of th is  e q u a -  
t ion the  t e m p e r a t u r e  d e p e n d e n c e  of t he  i n t e r a c t i o n  
p a r a m e t e r ,  w, and  t h e  d i f fe rence  in  specific hea t s  of 
t he  sol id  and  l iqu id  phases  of the  c o m p o u n d  a re  
neg lec ted .  Because  of these  a p p r o x i m a t i o n s ,  t he  
effect ive  e n t r o p y  of fusion,  AS s* , m a y  di f fer  s ignif i -  
c a n t l y  f r o m  the  t r u e  e n t r o p y  of fusion,  AS s . 

In  t he  case  of an  idea l  solut ion,  w h e r e  w = 0, a 
p lo t  of l n [ 4 x ( 1 -  x ) ]  a g a i n s t  Tm/T gives  a s t r a i g h t  
l ine  h a v i n g  a s lope e q u a l  to --ASY/R. The  r e g u l a r  
so lu t ion  a s s u m e d  a b o v e  g ives  a c u r v e  w h i c h  is 
convex  u p w a r d  for  pos i t i ve  va lue s  of  w ( n e g a t i v e  
d e p a r t u r e s  f rom i d e a l i t y )  and  w h i c h  a p p r o a c h e s  a 
l i m i t i n g  slope,  --(ASY*/R) q- (w/4RTm) at  l ow  
t e m p e r a t u r e s .  The  d a t a  of Fig .  2 in  t he  r eg ion  x < 
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Fig. 3. Solubility curves of GaSh, GaAs, and GaP in dimensionless 
form. 
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T 

Fig. 4. Solubility curves of InSb, InAs, and InP in dimensionless 
form. 

0.5 a r e  p l o t t e d  in th is  w a y  in Fig .  3 and  4. In  Fig.  3, 
the  h i g h - t e m p e r a t u r e  G a S b  d a t a  g iven  b y  ref .  (4)  
h a v e  b e e n  i n c r e a s e d  b y  9~ as  d i scussed  above.  
These  e x p e r i m e n t a l  cu rves  can  be  f i t ted  qu i t e  ac -  
c u r a t e l y  b y  Eq. [1] ,  u s ing  va lue s  for  t he  p a r a m e t e r s  
AS~* and  w w h i c h  a r e  g iven  in  T a b l e  I. The  d i s -  
c r epanc i e s  b e t w e e n  the  e x p e r i m e n t a l  v a l u e s  of 
4 x ( 1 - - x )  a n d  those  c a l c u l a t e d  f r o m  Eq. [1]  and  
T a b l e  I a r e  less  t h a n  10% e v e r y w h e r e ,  e x c e p t  in  
t he  case  of I n S b  at  low t e m p e r a t u r e  w h e r e  i t  
a m o u n t s  to 15%. If  v a l u e s  of ASY* a re  u sed  w h i c h  
differ  b y  10% f r o m  those  l i s t ed  in T a b l e  I w h i l e  r e -  
a d j u s t i n g  w to g ive  t he  bes t  fit u n d e r  t hese  c i r c u m -  
s tances ,  t h e  a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  cu rves  
becomes  s ign i f i can t ly  worse .  

The  en t rop i e s  of fus ion  of I n S b  and  G a S b  a re  r e -  
p o r t e d  to be  15.3 and  12.3 c a l / d e g - m o l e ,  r e s p e c -  
t i v e l y  (9) .  The  o t h e r  m e m b e r s  of t he  I I I - V  s e m i -  
conduc to r s  a r e  e x p e c t e d  to  h a v e  en t rop i e s  of fus ion  
of a p p r o x i m a t e l y  th is  s a m e  m a g n i t u d e .  In  o r d e r  to 
i l l u s t r a t e  t he  d e p a r t u r e s  of t he  e x p e r i m e n t a l  cu rves  
f r o m  idea l i ty ,  a d a s h e d  l ine  is s h o w n  in Fig .  3 and  
4 w i t h  a s lope  c o r r e s p o n d i n g  to an  idea l  so lu t ion  
w i t h  AS~ = 14 c a l / d e g - m o l e .  

S c h o t t k y  and  B e v e r  (9)  h a v e  also e v a l u a t e d  t h e  
i n t e r a c t i o n  p a r a m e t e r ,  w, f r o m  t h e  l i q u i d u s  cu rves  
of I n S b  and  GaSb .  O n l y  the  h i g h - t e m p e r a t u r e  d a t a  

Table I 

ASt ==, w /4Tm,  
Compound Tin, ~  cal/deg-mole cal/deg-mole 

GaSb 985 19.8 4.4 
GaAs 1510 22.2 13.4 
GaP 1743 20.1 7.8 
InSb 798 29.9 31.0 
InAs 1215 30.0 29.2 
InP 1323 21.1 8.1 
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of ref .  (1)  and  (4)  w e r e  a v a i l a b l e  at  t h a t  t i m e  and  
the  p r o c e d u r e  used  w a s  to  set  AS s~ ~ a S  s a n d  t h e n  
se lec t  w so as to g ive  a s a t i s f a c t o r y  fit. The  r e s u l t i n g  
va lues  of w / T m  (9 and  1.4 c a l / d e g - m o l e ,  r e s p e c -  
t i v e l y )  a r e  qu i t e  d i f fe ren t  f r o m  those  l i s t ed  in  T a b l e  
I. T h e y  a g r e e  w i t h  t he  e x p e r i m e n t a l  d a t a  on ly  in  
the  n e a r l y  l i n e a r  h i g h  t e m p e r a t u r e  r e g i o n  of t he  
curves  in Fig.  3 and  4. 

In  conclus ion,  w e  find t h a t  t he  l i q u i d u s  cu rves  of 
the  I I I - V  c o m p o u n d  s e m i c o n d u c t o r s  can  be  r e p r e -  
s en t ed  ove r  an  e x t e n d e d  t e m p e r a t u r e  r a n g e  b y  a 
f o r m u l a  r e p r e s e n t i n g  the  b e h a v i o r  of r e g u l a r  so lu -  
t ions,  a n d  w h i c h  con ta ins  two  a d j u s t a b l e  p a r a m e -  
ters .  One  of these  c o r r e s p o n d s  to an  effect ive  e n -  
t r o p y  of so lu t ion ,  b u t  differs  s u b s t a n t i a l l y  f r o m  
the  m e a s u r e d  e n t r o p y  of solut ion.  The  o t h e r  is a 
m e a s u r e  of t he  excess  f ree  e n e r g y  of solut ion.  
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Stacking Faults in Vapor Grown Silicon 
T. L. Chu and J. R. Gavaler 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The stacking faults in vapor grown silicon on silicon substrates have been 
investigated using chemical etching and optical microscope tehniques. The etch 
figures are generally in the form of equilateral triangles, isosceles triangles, 
squares, and isosceles triangles for grown material on {Iii}, {II0}, {100}, and 
(211} substrates ,  respect ively .  The  s tacking faul ts  take  place  along (111} planes  
in a l l  cases. The ma jo r i t y  of the s tacking faul ts  in i t ia te  f rom the subst ra te-  
deposi t  interface.  Dislocations associated wi th  the  s tacking faul ts  are  not  al l  
r evea led  by  dislocat ion etches. Expe r imen ta l  resul ts  indica ted  that  the  surface 
defects  of the  substrate ,  the  impur i t ies  on the subs t ra te  surface, and the local 
stress developed dur ing  the g rowth  process are  p robab ly  the  pr inc ipa l  causes 
of fault ing.  

The  v a p o r  g r o w t h  or  e p i t a x i a l  g r o w t h  of s e m i -  
conduc t i ng  m a t e r i a l s ,  such  as s i l icon,  g e r m a n i u m ,  
a n d  I I I - V  compounds ,  has  r e c e i v e d  c o n s i d e r a b l e  a t -  
t e n t i on  d u r i n g  the  p a s t  f ew  yea r s .  H o w e v e r ,  t he  
s t r u c t u r a l  p e r f e c t i o n  of  t he  v a p o r  g r o w n  c r y s t a l s  is 
no t  y e t  e q u a l  to t ha t  of the  bes t  m e l t - g r o w n  c rys ta l s .  
In  gene ra l ,  t he  c r y s t a l s  g r o w n  f r o m  the  v a p o r  phase ,  
p a r t i c u l a r l y  t he  t h in  f i lms depos i t ed  b y  the  v a c u u m  
e v a p o r a t i o n  t e c h n i q u e  (1) ,  o f ten  con ta in  s t a c k i n g  
f au l t s  as  s h o w n  b y  t r a n s m i s s i o n  e l ec t ron  mic roscopy .  
The  s t a c k i n g  f au l t s  in  v a p o r  g r o w n  s i l icon h a v e  
been  i n v e s t i g a t e d  r e c e n t l y  b y  op t i ca l  (2, 3), e l ec t ron  
t r a n s m i s s i o n  (2, 4),  and  x - r a y  d i f f rac t ion  t echn iques  
(5) .  I t  is n o w  we l l  e s t a b l i s h e d  t h a t  t he  de fec t s  in  
v a p o r  g r o w n  s i l icon of (111} o r i en t a t i on ,  o b s e r v a b l e  
as t r i a n g u l a r  e tch  f igures,  a re  s t a c k i n g  faul t s .  The  
th i ckness  d e t e r m i n a t i o n  of {111} o r i e n t e d  e p i t a x i a l  
s i l icon f i lms b y  m e a s u r i n g  the  e tch  f igures  has  been  
r e p o r t e d  (6) .  Some  f u n d a m e n t a l  p r o p e r t i e s  of s t a c k -  
ing  f au l t s  in the  d i a m o n d  l a t t i ce  h a v e  been  r e v i e w e d  
b y  v a n  B u e r e n  (7) .  

We  h a v e  i n v e s t i g a t e d  the  s t a c k i n g  f au l t s  in v a p o r  
g r o w n  s i l icon on s u b s t r a t e s  of (111}, (110}, {100}, 
and  (211} o r i en ta t ions ,  us ing  chemica l  e tch ing ,  

c ross - sec t ion ing ,  a n d  op t i ca l  m ic ro sc ope  t echn iques .  
S ince  the  s t a c k i n g  f a u l t  p l a n e s  e x h i b i t  f a s t e r  e tch  
r a t e s  t h a n  the  b u l k  c rys ta l ,  t h e y  a r e  r e a d i l y  r e -  
v e a l e d  b y  a p p r o p r i a t e  c h e m i c a l  e tch ing .  Thus ,  con-  
v e n t i o n a l  m e t a l l o g r a p h i c  t e chn iques  a r e  v a l u a b l e  
for  the  i nve s t i ga t i on  of s t a c k i n g  f au l t s  in  t he  v a p o r  
g r o w n  c rys ta l s .  This  p a p e r  desc r ibes  b r i e f ly  t he  
g e o m e t r y  of, the  i n t e r a c t i o n s  among ,  a n d  the  d i s -  
loca t ions  a s soc ia t ed  w i t h  the  s t a c k i n g  faul t s .  The  
p r o b a b l e  causes  of  f a u l t i n g  a r e  d i scussed .  M a n y  
spec imens  w e r e  e x a m i n e d  in de ta i l ;  h o w e v e r ,  on ly  
the  c o m m o n l y  o b s e r v e d  r e su l t s  a re  s u m m a r i z e d .  

Experimental 
The  v a p o r  g r o w t h  of  s i l icon was  c a r r i e d  ou t  b y  the  

c o n v e n t i o n a l  me thod ,  i.e., t he  t h e r m a l  r e d u c t i o n  of 
a s i l icon ch lo r ide  w i t h  h y d r o g e n  on a h e a t e d  s u b -  
s t r a t e  su r face  in a f low s y s t e m  (8) .  C h e m i c a l l y  
e t ched  s i l icon w a f e r s  of (111}, (110}, (100}, and  
(211} o r i e n t a t i ons  w e r e  used  as subs t r a t e s .  The  
g r o w n  l a y e r  was  u s u a l l y  100-250~ in th ickness .  

The  s t a c k i n g  f au l t s  a r e  u s u a l l y  not  v i s ib l e  on the  
as g r o w n  su r f ace  w i t h  an  op t i ca l  mic roscope .  T h e y  
can  be  de tec ted ,  h o w e v e r ,  b y  e t ch ing  t h e  g r o w n  
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su r face  w i t h  su i t ab l e  e tchan t s .  The  in t e r sec t ions  of 
t he  s t a c k i n g  f a u l t  p l anes  w i t h  t he  g r o w n  su r f ace  
a r e  r e v e a l e d  as grooves .  M a n y  c h e m i c a l  e t chan t s ,  
such as  CP4 etch,  1 Dash  etch,  2 iod ine  etch,  3 etc., 
s e rve  this  purpose .  The  Dash  e tch  was  used  in  mos t  
of th is  work .  W i t h  th is  e tchan t ,  t he  s t a c k i n g  f au l t s  
a r e  b r o u g h t  ou t  c l e a r l y  b y  e t ch ing  the  s p e c i m e n  for  
15 to 20 ra in  a t  r o o m  t e m p e r a t u r e .  Upon  p r o l o n g e d  
e tching ,  2-4  hr ,  the  Dash  e tch  also r evea l s  d i s loca -  
t ion  p i t s  on su r faces  of a l l  o r i en t a t i ons  u n d e r  s tudy .  
In  a d d i t i o n  to t he  Dash  etch,  t he  Sa i l e r  e tch  4 was  
also used  on {111} sur faces ,  as th is  e tch  b r i n g s  out  
m o r e  c l e a r l y  t he  s t r uc tu r e s  of t he  i n t e r sec t ions  of 
s t ack ing  f a u l t  p l anes  and  the  g r o w n  surface ,  a n d  
also t he  s t r u c t u r e  of d i s loca t ion  pi ts .  

In  t h e  c ro s s - s ec t i on  s tudies ,  t he  spec imens  w e r e  
p o t t e d  in  a p l a s t i c  m a t e r i a l ,  sec t ioned ,  and  p o l i s h e d  
w i t h  d i a m o n d  abras ives .  The  po l i shed  su r f ace  w a s  
t hen  e t c h e d  w i t h  t he  Dash  e tch  for  15 to 20 minu te s ,  
or  CP4 e tch  for  3 to 5 sec, and  e x a m i n e d  w i t h  an  
op t i ca l  mic roscope .  

G e o m e t r y  of  the  S tack ing  Faul ts  

{111} Oriented substrates.--On e t ch ing  the  g r o w n  
surface ,  mos t  of t h e  s t a c k i n g  f au l t s  a r e  b r o u g h t  ou t  
in the  fo rm of e q u i l a t e r a l  t r i a n g l e s  of one o r i e n t a -  
t ion.  In  some  cases,  t he  e tch  f igures  a r e  i n c o m p l e t e  
t r i ang le s ,  s ing le  l ines  p a r a l l e l  to a s ide  of t he  t r i -  
angles ,  or  c o m p l i c a t e d  g e o m e t r i c a l  conf igura t ions .  

A t y p i c a l  t r i a n g u l a r  e tch  f igure  is shown  in Fig .  
1, w h e r e  t he  g r o w t h  t h i cknes s  is a p p r o x i m a t e l y  
200~. T h e  d i m e n s i o n  of t he  t r i a n g l e  d e c r e a s e d  
p r o p o r t i o n a l l y  as t he  g r o w n  m a t e r i a l  was  g r a d u a l l y  
r e m o v e d ,  a n d  the  t h i cknes s  of t he  g r o w n  l a y e r  was  
a l w a y s  a p p r o x i m a t e l y  80% of  t he  l e n g t h  of  a s ide  
of t he  e tch  f igure.  On a p p r o a c h i n g  the  d e p o s i t -  
s u b s t r a t e  in te r face ,  t he  e tch  f igure  was  no l onge r  
de tec tab le .  These  r e su l t s  i n d i c a t e d  t h a t  t he  f au l t  
o r i g i n a t e d  f r o m  the  i n t e r f a c e  and  p r o p a g a t e d  a long  
the  t h r e e  a d j a c e n t  {111} p lanes ,  each  m a k i n g  an  

1 5 p a r t s  HNO~, 3 p a r t s  CH~COOH, a n d  3 p a r t s  HF.  

3 p a r t s  HNOs, 12 p a r t s  C I ~ C O O H ,  and  1 p a r t  HF.  W. C. Dash ,  
J .  Ap!ol. Phys., 27, 1193 (1956). 

110 m l  g l ac i a l  CHsCOOH, 109 m l  HNOs, 50 m l  HF,  and  0.3g Is. 
P. Wang ,  Sylvania Teeh., 11, 59 (1958). 

300 m l  HNO3 + 600 m l  H F  + 2 m l  Br= + 23g Cu(NOs)  2, d i l u t e  
10: I  w i t h  de ion ized  w a t e r  be fo re  use  and  e tch  fo r  4 hours .  A l l e -  
g h e n y  E lec t r i c  C h e m i c a l s  C o m p a n y ,  T e c h n i c a l  B u l l e t i n  No. 6. 

Fig. 1. Triangular etch figure of stacking fault in vapor grown 
silicon on {111} substrate (as grown surface etched 15 min with 
Dash etch; approximate growth thickness, 200t~). 
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Fig. 2. Vertical cross section of vapor grown silicon on {111} 
substrate showing interface and stacking fault (see text). 

ang le  of 70~ ' w i t h  t he  s u b s t r a t e  sur face .  These  
t h r e e  p l anes  and  the  g r o w n  su r f ace  f o r m  a r e g u l a r  
t e t r a h e d r o n  w i t h  one a p e x  a t  the  in t e r f ace .  The  
t r aces  of t h e  i n t e r s ec t i ons  of  t he  s t a c k i n g  f a u l t  

p l a n e s  w i t h  the  g r o w n  su r f ace  a re  in  < 1 1 0 ~  d i r e c -  
t ions.  The  s t a c k i n g  f au l t s  can  also be  r e v e a l e d  on 
the  c r o s s - s e c t i o n e d  su r faces  of t he  spec imen .  F o r  
ins tance ,  t he  v e r t i c a l  cross  sec t ion  t h r o u g h  the  o r ig in  
of a s t a c k i n g  f a u l t  a n d  an  a p e x  of t he  t r i a n g u l a r  

e tch  f igure  y i e ld s  a { i l 0 }  p lane .  Such  a cross  
sec t ion  is s h o w n  in  Fig .  2 w h e r e  two  l ines  i n t e r -  
sec t ing  at  t he  i n t e r f a c e  a r e  seen.  The  i n t e r f a c e  l ine  
is r e v e a l e d  due  to the  r e s i s t i v i t y  d i f fe rence  b e t w e e n  
the  s u b s t r a t e  and  the  g r o w n  l aye r .  The  l ine  at  t he  
l e f t  m a k i n g  an  ang le  of a p p r o x i m a t e l y  70 ~ w i t h  
the  i n t e r f a c e  l ine  r e su l t s  f r o m  the  i n t e r s ec t i on  of a 

{111} f a u l t i n g  p l a n e  w i t h  t he  {110} p lane .  The  

o t h e r  l ine  r e su l t s  f r o m  the  i n t e r s ec t i on  of  two  {11T} 
f a u l t i n g  p lanes .  This  l ine  shou ld  m a k e  an  ang le  
of 54044 , w i t h  t he  i n t e r f a c e  l ine.  The  ang le  shown  
is s l i g h t l y  off due  to the  e r r o r s  i n v o l v e d  in  m a k i n g  
th is  t y p e  of cross  sec t ion  ( the  t r i a n g u l a r  e tch  f igure  
is u s u a l l y  less  t h a n  0.03 m m  2 in a r e a ) .  

The  l i n e a r  e tch  f igures  e x h i b i t e d  b y  some fau l t s  
a r e  p a r a l l e l  to a s ide  of t he  t r i a n g u l a r  e tch  f igures,  

i.e., t h e y  a r e  o r i e n t e d  a long  < T 1 0 >  d i rec t ions .  D u r -  
ing  the  g r a d u a l  r e m o v a l  of t he  g r o w n  m a t e r i a l ,  t h e y  
d e c r e a s e  in  l e n g t h  in  t he  s a m e  m a n n e r  as t he  t r i -  
a n g u l a r  e tch  f igures.  These  fau l t s  also t a k e  p l ace  
a l o n g  one  of t he  {111} p l a n e s  a d j a c e n t  to t he  s u b -  
s t r a t e  sur face .  O t h e r  e t ch  f igures  d u e  to t he  i n t e r -  
ac t ions  of f au l t s  w i l l  be  d i scussed  l a te r .  

The  s t a c k i n g  fau l t s  in  the  v a p o r  g r o w n  s i l icon do 
no t  a l l  o r i g ina t e  f rom the  g r o w t h  i n t e r f a c e  as is 
shown  b y  the  d i f fe ren t  sizes of t he  t r i a n g u l a r  e tch  
f igures  and  b y  c ro s s - s ec t i on  s tudies .  W h e n  the  fau l t s  
o r i g i n a t e  f r o m  the  in t e r face ,  t he  g r o w t h  t h i cknes s  
can  be  c a l c u l a t e d  f r o m  the  d imens ions  of the  t r i -  
a n g u l a r  e tch  f igure  on t h e  g r o w n  surface .  I f  one 
side of the  e q u i l a t e r a l  t r i a n g l e  is of l e n g t h  a, t he  

t h i ckness  of t he  g r o w n  l a y e r  is t h e n  --~ a. 

{1 t0} Oriented substra~es.----The e tch  f igures  of t h e  
s t a c k i n g  f au l t s  in  v a p o r  g r o w n  s i l icon  on {110} 
s u b s t r a t e s  a r e  u s u a l l y  in  t h e  f o r m  of  isosceles  t r i -  
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Fig. 3. Etch figure of stacking faults in vapor grown silicon on 
(110) substrate (as grown surface etched 15 min with Dash etch). 

angles of two opposite orientations. The equal sides 
of the triangle form an angle of approximately 70 ~ . 
Figure 3 shows two nearly isosceles triangles of op- 
posite orientations; these etch figures are not exactly 
isosceles due to the slight deviation of the grown 
surface from the {llO} orientation. Besides isosceles 
triangles, lines, partial triangles, and complicated 
etch figures, due to interactions of closely spaced 
faults, have also been observed. 

The gradual removal of the grown material  in- 
dicated that the two faulting planes intersecting 
on the grown surface at 70 ~ are perpendicular to 
the substrate surface. A vertical cross section bi- 
secting this apex of the tr iangular etch figure in- 
dicated that the other faulting plane makes an angle 
of approximately 35 ~ with the substrate surface. 
Therefore the stacking faults in the vapor grown 
silicon on {110} substrates also propagate along 
three {111} planes. In this case, two combinations 
of {111} stacking fault planes yield tr iangular etch 
figures. On a (110) surface, the faulting takes place 

along (111-), (111), and (11~) planes or (111), 

(111), and (111) planes. The (111), (111), (111), 

and (1-11) planes are perpendicular to the substrate 

surface, and (111) and (111) planes make an angle 
of 35016 ' with the substrate surface. Each set of the 
three planes forms a pyramid, and the pyramids 
intersect with the grown surface to form two 
isosceles triangles, one being the mirror  image of 
the other. The sides of the tr iangular etch figure are 
along ~110~ and ~211~ directions. 

The stacking faults in the vapor grown silicon on 
{110} substrates also do not all initiate from the 
interface. When the faults do initiate from the inter-  

face, the growth thickness is equal to a/~/3, where 
a is the length of the equal sides of the tr iangular 
etch figure. 

~100} Oriented substrates.--The etch figures of 
the stacking faults in vapor grown silicon on {100} 
substrates are usually in the form of squares. Lines 
and partial squares have also been observed. A 
typical example is shown in Fig. 4, where the growth 
thickness is approximately 130#. The dimension 
of the square decreased as the grown material  was 
gradually removed, and the thickness of the grown 

Fig. 4. Etch figure of stacking fault in vapor grown silicon on 
(100) substrate (as grown surface etched 15 min with Dash etch; 
approximate growth thickness, 130~). 

material  was approximately 70% of the length of 
a side of the square. The faults seen in many speci- 
mens all originated at the deposit-substrate inter-  
face. The stacking fault planes are thus the four 
(111} planes adjacent to the substrate surface. On 
a (100) substrate surface, the stacking fault planes 

are (111), (111), (11-1), and (11-1) planes. They 
form a pentahedron and intersect with the grown 
surface along ~110~ directions forming a square. 
Since the faults initiate f rom the interface, the 

growth thickness is a/~/2, where a is the length of 
one side of the square. 

(211} Oriented substrates.--The predominant  etch 
figures of stacking faults in vapor grown silicon on 
{211} substrates are isosceles triangles of one orien- 
tation, the angle between the equal sides of the 
triangle being 44 ~ . Considerations of the geometry 
of the faulting planes indicated that, on a (211) 

substrate surface, the fault propagates along (111), 

(111), and (111) planes. The (111) plane is per-  
pendicular to the substrate surface, and each of the 
other two planes makes an angle of 61050 ' with the 
substrate surface. Another combination of {111} 

stacking fault planes, namely, the (111), (111), and 

(111) planes, would yield the same orientation and 
interior angles of the etch figure. However, none of 
the vertically cross-sectioned faults observed showed 
this combination. These results indicated that  the 
stacking faults are less likely to form on the (111) 
plane making a shallow angle with the substrate 
surface. In contrast to stacking faults in vapor grown 
silicon of other orientations described previously, 
none of the tr iangular etch figures observed in the 
grown layer of (211) orientation originated at the 
growth interface. 

Dislocations Associated with Stacking Faults and 
the Interactions of Stacking Faults 

The stacking faults in the crystal always termi-  
nate at partial dislocations, and the partial disloca- 
tions can have several structures (9). Attempts 
were made to reveal the dislocations associated with 
stacking faults by etching the vapor grown silicon 
on (111} substrates with Sailer's etch. It is gen- 
erally recognized that all dislocations present in 
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Fig. 5. Linear etch figures of stacking faults in vapor grown 
silicon on { l l l ~  substrate (as grown surface etched 4 hr with 
Sailer's etch). 

the silicon crystal ,  except  those meet ing the surface 
at  shal low angles, a re  revea led  by  this etch. 

The s tacking faul ts  y ie ld ing the l inear  etch figures 
are considered first. A number  of lines and dis loca-  
t ion pits  are  shown in Fig. 5 where  the grown 
surface was etched with  Sai ler ' s  etch for 4 hr. If 
the grown surface were  etched with  the  Dash etch 
for 15 to 20 min, these lines would have the same 
appearance  as one side of the t r i angu la r  etch figure 
shown in Fig. 1. I t  is noted f rom Fig. 5, and more  
c lear ly  in Fig. 7 and 10, tha t  the two sides of the 
etched "va l ley"  are  different  in appearance.  This 
difference enables one to de te rmine  the di rect ion of 
propagat ion  of the s tacking faul ts  wi th  l inear  etch 
figures. The ma jo r i ty  of the l inear  etch figures show 
a deep pit  at  each end, and the opposite sides of the 
ends are at  60 ~ to each other. Schwut tke  (5) and 
Booker and St ick ler  (4) have repor ted  tha t  the 
pa r t i a l  dislocations t e rmina t ing  the faul ts  wi th  

1 
l inear  etch figures possess - -  <112> Burgers  vectors. 

6 

On the basis of this result ,  it  appears  tha t  this  type  
of pa r t i a l  dislocation is revea led  by  Sai ler ' s  etch. 
During the gradua l  removal  of the  grown mater ia l ,  
the etch pits  at the posit ion of the pa r t i a l  disloca-  
tions associated with  the l inear  etch figure became 
close together.  F igure  6 shows two l inear  etch 

Fig. 7. Triangular etch figure of stacking fault in vapor grown 
silicon on {111} substrate (as grown surface etched 4 hr with Sailer's 
etch; approximate growth thickness, 180~). 

figures where  approx ima te ly  7t~ of the grown m a -  
te r ia l  remained.  On complete  remova l  of the grown 
mater ia l ,  no imperfect ions  could be detected in the 
subs t ra te  immedia te ly  below these faults.  

Con t ra ry  to the l inear  etch figures of the s tacking 
faults,  deep pits  are  not associated wi th  the  vast  
ma jo r i t y  of t r i angu la r  etch figures. A typ ica l  etch 
figure is shown in Fig. 7 where  three  val leys  form 
an equi la te ra l  t r iangle.  No dislocation pits  are  seen 
along the val leys  and inside the t r iangle.  When the 
grown ma te r i a l  was removed and subjec ted  to 
Sai ler ' s  etch at  var ious  intervals ,  the etch figure r e -  
ta ined the same structure.  No imperfect ions  were  
found immedia t e ly  below the faul t  af ter  complete  
remova l  of the grown mater ia l .  Apparen t ly ,  the 
pa r t i a l  dislocations associated wi th  this type  of faul t  
are different  f rom those associated with  the faul ts  
wi th  l inear  etch figures. In this  case, the par t ia l  
dislocations at  the intersect ions of the ad jacent  {111} 
faul t ing  planes  have  been shown to be of s t a i r - rod  

1 
type  wi th  - -  <110> Burgers  vectors (4, 5). P r e -  

6 

sumably,  this type  of pa r t i a l  dislocation is not 
etched deeper  by  the Sai ler  etch than the s tacking 
faul t  planes, thus making  them undist inguishable .  

Among the large  number  of specimens examined,  
a small  percentage  of the t r i angu la r  etch figures 

Fig. 6. Linear etch figures of stacking faults in vapor grown 
silicon on {111} substrate near interface (Sailer's etch 4 hr). 

Fig. 8. Triangular etch figure of stacking fault in vapor grown 
silicon on {111} substrate showing dislocation pits at apexes (as 
grown surface etched 4 hr with Sailer's etch; approximate growth 
thickness, 180~). 
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exhibi ted  dislocation pits at  one or more apexes. The 
interact ions  of faul ts  may  be responsible  for the 
observed pits. F igure  8 shows the dislocation pits 
associated with the t r i angu la r  etch figure where  the 
grown surface was subjected to Sai ler ' s  etch. On 
par t i a l  removal  of the grown ma te r i a l  and subse-  
quent  etching with CP4, nonintersect ing lines re -  
sulted. Al though the dislocation pits pers is ted 
through the grown mater ia l ,  no dislocation pits were  
found in the subs t ra te  immedia t e ly  below the faults  
af ter  complete  removal  of the grown mater ia l .  Tr i -  
angular  etch figures wi th  dislocation pits  associated 
with  two apexes have also been observed.  I t  is 
possible in this case tha t  a faul t  wi th  a l inear  etch 
figure and a faul t  wi th  a t r i angu la r  etch figure are 
formed s imul taneous ly  at ve ry  smal l  separations.  
The l inear  etch figure would not be d is t inguishable  
f rom a side of the t r i angu la r  etch figure, and the 
pits seen could be associated wi th  the l inear  etch 
figure. 

The interact ions of closely spaced faul ts  usual ly  
y ie ld  complicated etch figures; an example  is shown 
in Fig. 9 (Sai le r ' s  etch}. In this figure, the regions 
ABCDEF and GHI resul ted  f rom the interact ions  
of at  least  six and three  faults,  respect ively.  I t  is 
noted tha t  the dislocation pits are  not associated 
with  the apexes of the component  t r iangles,  and tha t  
these faul ts  were  pa r t i a l ly  annih i la ted  when in te r -  
acting wi th  each other. As the grown ma te r i a l  was 
g radua l ly  removed,  the complex faul ts  resolved into 
thei r  components,  and the regions J and K increased 
in areas. If  fu r the r  growth  had been a l lowed to t ake  
place, the t r i angu la r  regions J and K would have 
eventua l ly  disappeared.  On the other  hand, when 
the faul ts  had  dislocation pits at the apexes of the 
t r i angu la r  etch figure, the sides of the t r i angle  in te r -  
acting wi th  other  faults  were  not annih i la ted  (Fig. 
10). 

Causes of  Faul t ing 

I t  has been ment ioned previous ly  that  af ter  com- 
plete  removal  of the grown mate r i a l  f rom the sub- 
strate,  no s t ruc tura l  imperfect ions,  such as disloca-  
tions, could be detected in the subs t ra te  in the region 
below the s tacking faults. Thus the faul t ing is not 
d i rec t ly  re la ted  to the s t ruc tura l  defects in the sub-  
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Fig. 10. Etch figure showing interactions of stacking fau|ts in 
vapor grown silicon on (111) substrate (Sailer's etch 4 hr). 

strate.  I t  has been found tha t  the growth parameters ,  
such as subs t ra te  t empera ture ,  subs t ra te  doping 
level, reac tant  composition, growth rate,  etc., do 
not have an observable  influence on the concentra-  
t ion of s tacking faul ts  in the grown mater ia l .  

Most of the substrates  used in this work  were  
chemical ly  etched. When mechanica l ly  pol ished sub-  
s t rates  were  used, the grown mate r i a l  genera l ly  had 
a high concentrat ion of s tacking faults. Fur the rmore ,  
the faul ts  wi th  l inear  etch figures predominated .  
Since the mechanica l ly  damaged  layer  is bel ieved 
to contain high concentrat ions of dislocations, it  is 
possible tha t  the s tacking faul ts  are caused by  the 
spl i t t ing of these dislocations into par t ia ls .  The 
two par t ia l s  then continue at 60 ~ to each other  du r -  
ing the growth process, and a faul t  is formed be-  
tween them. This mechanism has been suggested for 
the stacking faul t  format ion  in thin films deposi ted 
by  vacuum evapora t ion  technique (1). 

When the subs t ra te  is free from mechanica l ly  
damaged  mater ia l ,  the impur i t ies  on the subs t ra te  
surface and in the growth  sys tem were  found to be 
main ly  responsible  for the s tacking faul ts  or ig inat ing 
at the interface.  Many sources of impuri t ies ,  such 
as insufficiently cleaned substrate ,  solvent  res idue 
on the subs t ra te  surface, impure  hydrogen,  etc., 
could increase the faul t  concentrat ion in the grown 
mater ia l .  

Fig. 9. Etch figure showing interactions of stacking faults in 
vapor grown silicon on (111) substrate (as grown surface etched 
4 hr with Sailer's etch). 

Fig. 11. Growth pyramid on the as grown (111) surface with a 
stacking fault at the apex; growth thickness, approximately 160/~). 
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Fig. 12. Etch figure showing stacking faults associated with 
star-like hillock on the (111) surface (as grown surface etched 20 
min with the Dash etch). 

I t  has been pointed out  prev ious ly  tha t  the  s tack-  
ing faults  in the grown mate r i a l  do not all  or iginate  
f rom the interface.  The faul ts  not  or ig inat ing  at  the 
in terface  were  sometimes a r ranged  in a s t ra ight  
line, along a ~ l l O ~  direct ion and this region of the 
grown mate r i a l  often had  a very  low dislocation 
density.  I t  is un l ike ly  tha t  these faul ts  were  caused 
by impuri t ies .  Thus, the generat ion of local stress 
dur ing the growth  process appa ren t ly  caused the 
format ion of s tacking faults.  I t  is conceivable  tha t  
some of the faul ts  or ig inat ing at  the in terface  may  
also be caused by local stress. 

Stacking faults  are f requent ly  found to be as- 
sociated with  other imperfect ions in vapor  grown 
silicon. F igures  11 and 12 show the s tacking faul ts  
associated, respect ively,  wi th  a growth p y r a m i d  and 
a s t a r - l i ke  hi l lock commonly observed on (111) 
or iented grown surfaces. These studies wi l l  be de-  
scr ibed in de ta i l  e l sewhere  (10). 

The mechanism of the faul t  format ion  has been 
discussed by  several  invest igators .  Booker and 
St ickler  (4) proposed tha t  s tacking faul ts  form on 
the (111) plane para l l e l  to the subs t ra te  surface and 
expla ined  many  of the exper imenta l  observat ions on 
the basis of this model. Queisser et al. (2) also sug- 
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gested this type  of growth mis take  as one of the 
possible mechanisms.  

Summary 

The s tacking faul ts  in the vapor  grown silicon on 
subst ra tes  of (111), (110), (100), and (211) or ien ta -  
tions take  place along (111) planes  in al l  cases, 
p re sumab ly  because they  are  the lowest  energy 
planes  in silicon. The ma jo r i ty  of the faul ts  in i t ia te  
f rom the growth  interface.  Impur i t ies  on the sub-  
s t ra te  surface, surface defects of the substrate ,  and 
deformat ion  of the  subs t ra te  a re  p robab ly  the p r in -  
cipal  causes of fault ing.  
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Correction 

In the ar t ic le  by C. O. Thomas, D. Kahng,  and 
R. C. Manz " Impur i t y  Dis t r ibut ion in Epi tax ia l  Si l i -  
con Fi lms"  which was publ ished in the November  

1962 issue of the Journal, Eq. [10] on page 1059 
should read  

Ny ---- Naa y -b ~bn (1 d- a d- . . . .  d- a y - l )  [10] 
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ABSTRACT 

In  a preceding  paper ,  the  effect of the  ep i tax ia l  sil icon g rowth  process on 
impur i t y  d i s t r ibu t ion  in the  ep i tax ia l  fi lm was t rea ted  in t e rms  of a counter-  
cu r ren t  model,  and expe r imen ta l  resul ts  we re  p resen ted  for n - type  films on 
n - t y p e  substrates.  In  the  p resen t  paper ,  addi t ional  exper imen ta l  da ta  a re  p r e -  
sented for p-on-p,  n-on-p,  and  p -on-n  g rowth  conditions.  

Fo r  n-on-p,  or  p -on-n  growth,  the  e lec t r ica l  junct ions  are  shif ted by  the 
process a dis tance of xj microns  ( the  junc t ion  lag) f rom the subst ra te- f i lm in ter -  
face. The process -domina ted  junc t ion  lag m a y  be much la rger  than  tha t  pre-  
d ic ted  f rom diffusion considerat ions.  I t  is dependent  on the film g rowth  tem-  
e ra tu re  and the  doping levels  in the  subs t ra te  and in the  gas phase.  As pre-  
dicted by  the counte rcur ren t  d i s t r ibu t ion  expression,  i t  is g rea te r  for  lower  
g rowth  tempera tures .  

Junc t ion  lags f rom i m m e a s u r a b l y  smal l  va lues  up to grea te r  than  30~ have 
been generated.  There  is quant i t a t ive  agreement  be tween  the observed  magni -  
tude of the junct ion lag and the va lue  p red ic ted  by  use of the  counte rcur ren t  
d i s t r ibu t ion  expression.  Also, for those samples  measured  e lec t r ica l ly  (wi th  
junct ion  lags of 1.8-4.8~) the agreement  be tween  the measu red  mean  impur i t y  
concentra t ion level  (by  four -poin t  probe measurements )  in the ep i tax ia l  l ayer  
and  the  mean  impur i t y  level  p red ic ted  on the basis of the  d is t r ibut ion  expres-  
sion is quant i ta t ive .  

A t  p r e s e n t  t h e r e  is c o n s i d e r a b l e  e x p e r i m e n t a l  
ev idence  t h a t  in  t he  g r o w t h  of e p i t a x i a l  s i l i con  f i lms 
b y  the  h y d r o g e n  s i l i c o n - t e t r a c h l o r i d e  process  in  a 
flow sys tem,  d o p a n t  is ab le  to e x c h a n g e  b e t w e e n  
the  sol id  a n d  the  gas  p h a s e  as i n d i c a t e d  b y  the  fo l -  
l owing  expres s ion .  

c d 
( d o p a n t )  ga~ ~ ( d o p a n t )  ~ser~oi~ ~ ( d o p a n t )  soua 

b a 
[1] 

The  e x c h a n g e  p r o b a b l y  invo lves  an  i n t e r m e d i a t e  
r e s e r v o i r  w h i c h  m a y  be  e i t he r  an  a d s o r b e d  l a y e r  or  
some w o r k i n g  v o l u m e  of gas  n e a r  t he  surface .  The  
r e su l t s  of such  an  e x c h a n g e  a r e  i l l u s t r a t e d  b y  the  
effect  of the  s i l icon pedes t a l ,  of a d j a c e n t  w a f e r s  in  
c e r t a i n  mu l t i s l i c e  sys tems ,  and  of the  b a c k  s ide  of 
t he  s u b s t r a t e  w a f e r  i t se l f  on the  e p i t a x i a l  f i lm d o p -  
i ng  (1, 2) .  In  o the r  words ,  the  dop ing  l eve l  in  t h e  
e p i t a x i a l  f i lm is a f fec ted  no t  on ly  b y  the  s i l i con-  
t e t r a c h l o r i d e  s a t u r a t o r  dop ing  l eve l  [or  t he  i n j e c -  
t ion  l eve l  w i t h  p h o s p h i n e  or  d i b o r a n e  d o p e d  h y d r o -  
gen  (3, 4 ) ] ,  b u t  also b y  c o n t r i b u t i o n s  f r o m  o t h e r  
sources  in  t he  sys tem.  Also,  t he  dop ing  l eve l  a n d  
d i s t r i b u t i o n  in  t he  e p i t a x i a l  f i lm wi l l  be  d e t e r m i n e d  
n o t  o n l y  b y  the  dop ing  l eve l  of t he  a m b i e n t  gas, 
b u t  also b y  r e d i s t r i b u t i o n  of d o p a n t  f r o m  the  s u b -  
s t r a t e  su r f ace  on w h i c h  the  f i lm is g rown ,  s ince  t he  
e x c h a n g e  p rocess  i n d i c a t e d  in  Eq. [1]  also w i l l  oc-  
cu r  a t  the  g r o w i n g  sur face .  

The  c h e m i c a l  k ine t i c s  of  e p i t a x i a l  s i l icon g r o w t h  
h a v e  been  d i scussed  b y  B y l a n d e r  (5)  in t e r m s  of 
a v a i l a b l e  e x p e r i m e n t a l  da ta .  The  c h e m i c a l  k ine t i c s  
of e p i t a x i a l  g e r m a n i u m  g r o w t h  h a v e  been  d i scussed  
b y  M a t o v i c h  a n d  A n d r e s  (6 ) ,  and  b y  G r o s s m a n  (7) ,  
who  r e f e r  to the  p rocess  d o m i n a t e d  r e d i s t r i b u t i o n  

of s u b s t r a t e  d o p a n t  as " a u t o d o p i n g . "  The  k ine t i c s  of 
t he  g e r m a n i u m  iod ide  d i s p r o p o r t i o n a t i o n  in  a c losed  
s y s t e m  have  been  d i scussed  b y  L e v e r  (8 ) .  H o w e v e r ,  
the  e x p e r i m e n t a l  c h e m i c a l  k ine t i c s  d a t a  a t  p r e s e n t  
a p p e a r  to be  i n a d e q u a t e  for  q u a n t i t a t i v e  t r e a t m e n t  
of the  d o p a n t  d i s t r i b u t i o n  in  t e r m s  of specific c h e m -  
ica l  reac t ions .  N e ve r the l e s s ,  i t  is poss ib le  to dea l  
w i t h  t he  p r o b l e m  b y  m e a n s  of a c o u n t e r c u r r e n t  a p -  
p roach ,  m a k i n g  no p a r t i c u l a r  a s s u m p t i o n s  a b o u t  
the  specific c h e m i c a l  r e ac t i ons  i n v o l v e d  in  t he  
g r o w t h  process .  

W e  have  p r e v i o u s l y  d e s c r i b e d  the  c o u n t e r c u r r e n t  
a p p r o a c h  in de t a i l  (9) .  In  th is  app roach ,  w e  t r e a t  
t he  f i lm g r o w t h  p rocess  as if,  t he  f i lm g r e w  b y  a 
ser ies  of d i s con t inuous  s teps ,  w i t h  a, b, c, a n d  d of 
Eq. [1]  cons t i t u t i ng  a c o m p l e t e  cycle,  and  a n u m -  
be r  of t he se  cycles  c o n s t i t u t i n g  f i lm g rowth .  I t  was  
"also shown  t h a t  th is  m e t h o d  l eads  to t he  g e n e r a l i z e d  
i m p u r i t y  d i s t r i b u t i o n  expres s ion ,  Eq. [2] .  

Nx = N*o e -~x ~- A ( 1 - -  e - r  [2]  

w h e r e  Nx is t he  dop ing  c o n c e n t r a t i o n  a t  x - m i c r o n s  
f r o m  the  s u b s t r a t e  f i lm in t e r f ace .  T h e  first  t e r m  on 
the  r i g h t  is t he  s u b s t r a t e  c o n t r i b u t i o n  to t h e  f i lm 
doping ,  and  the  second  t e r m  on the  r i g h t  is t h e  to ta l  
gas  p h a s e  c o n t r i b u t i o n  to  t h e  f i lm doping .  E q u a t i o n  
[2]  defines the  f i lm dop ing  d i s t r i bu t i on ,  exc lus ive  
of a t h in  d i f fus ion d o m i n a t e d  r e g i o n  n e a r  t h e  film 
s u b s t r a t e  i n t e r f a c e  (10) ,  in t e r m s  of t h r e e  m e a s -  
u r a b l e  s y s t e m  p a r a m e t e r s ,  N*o, r and  A. 

P r e v i o u s l y ,  w e  h a v e  d i scussed  the  m e a s u r e m e n t  
of t he se  t h r e e  p a r a m e t e r s  a n d  e x p e r i m e n t a l  d e t e r -  
m i n a t i o n  of t he  d o p i n g  prof i les  for  n - t y p e  f i lms on 
n - t y p e  subs t r a t e s .  In  th is  p a p e r  w e  wi l l  d iscuss :  
(a )  a d d i t i o n a l  d a t a  r e l a t i v e  to  t he  e x p e r i m e n t a l  

394 
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Fig. 1. Impurity profile components for epitaxial silicon film 

system parameters ,  including da ta  for p - t y p e  dop-  
ing; (b)  the doping dis t r ibut ion  for electr ical  junc-  
tions p repa red  by  growing an ep i tax ia l  film of one 
conduct ivi ty  type  on a subs t ra te  of the other  con- 
duct iv i ty  type;  and (c) genera l  aspects of the coun-  
t e rcur ren t  red is t r ibu t ion  of subs t ra te  dopant  in an 
epi tax ia l  film. 

Exper imental  System Parameters 

Figure  1 i l lus t ra tes  the profile components  as 
given by  Eq. [2] for an n - t y p e  film on an n - t y p e  
subs t ra te  (or a p - t y p e  film on a p - t y p e  subs t ra te ) .  
F rom the subs t ra te - f i lm interface out to about  X 
the diffusion tai l  over r ides the process effect. How-  
ever, throughout  the r ema inde r  of the film the p ro-  
file is dominated  by the process. For  a film grown 
from a "pure"  gas phase (A < ~- 0.01-0.05 N*o) the 
profile is defined very  closely by  

N= = N*o e -~x [3] 

Under  this condition the in tercept  p a r a m e t e r  (N%) 
may be de te rmined  by  ex t rapola t ion  of the  profile 
to the  subs t ra te  film interface,  and the slope p a r a m -  
eter  (r may  be de te rmined  f rom the slope of the 
profile. The asymptote  p a r a m e t e r  (A) is de t e r -  
mined by growing films thick enough to reach a 
s t eady-s t a t e  doping level.  For  purif ied silicon t e t r a -  
chloride (11) the asymptote ,  or s t eady-s t a t e  level,  
appears  to be less than  about  5 x 10 ~8 in the s tat ion 
used for these exper iments .  

The profiles are convenient ly  and accura te ly  
measured  by  means of a different ial  capaci tance-  
vol tage method descr ibed ear l ie r  (9).  For  n - t y p e  
films on n - t y p e  substrates ,  shal low (Y4/0 boron 
diffused diodes are  used. For  p - t y p e  films on p - t y p e  
subst ra tes  a luminum surface ba r r i e r  diodes are used. 

F igure  2 shows the re la t ionship  be tween  N*o and 
the subs t ra te  doping level  for films grown at 1180~ 
on arsenic doped substrates.  The re la t ionship  is 
somewhat  sensi t ive to the  film growth t empera tu re  
as shown by  the addi t ional  points at  the 2 x 10 TM 

level. The var ia t ion  is p robab ly  real ,  since each 
point  is an average  based on 6-8 separa te ly  p r e -  
pa red  films, wi th  at  least  6 diodes measured  on each 
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Fig. 2. Relationship between the intercept, N*o, and the sub- 
strate impurity level for films grown at 1180~ Additional points 
for other film growth temperatures are shown at a substrate level 
of 2 x 10 TM. 

film. The sens i t iv i ty  to the  growth  t empe ra tu r e  is 
less for more l ight ly  doped substrates .  The line 
slope is about  104 for  the range  of growth  t e m p e r a -  
tures  indicated.  

The re la t ionship  shown in Fig. 2 is quite sensit ive 
to the heat  t r e a tmen t  which the subs t ra te  receives 
pr ior  to film growth.  If the  indicated hea t  t r ea tmen t  
t ime is cut in half, the N% value (for a 2 x 1019 
subs t ra te)  may  rise to more  than  10 TM. Conse- 
quently,  we have  used grea t  care in main ta in ing  
r u n - t o - r u n  reproduc ib i l i ty  of the p re t r ea tmen t  t ime 
and t empera tu re .  These observat ions suggest tha t  
the effective surface concentrat ion at  t ime-zero  is 
de te rmined  by  the rma l  leaching, and that,  as the 
film grows, diffusion f rom the usua l ly  more heavi ly  
doped subs t ra te  over - r ides  the  process profile near  
the interface.  

F igure  3 i l lus t ra tes  the re la t ionship  be tween the 
film growth  t empe ra tu r e  and the profile slope pa -  
rameter ,  r in t, -1 for both arsenic and boron doped 
substrates.  This re la t ionship  is found expe r imen-  
t a l ly  to be independent  of subs t ra te  doping level  
over about  four orders  of magni tude  ( ~  10 is to 

1019). The points  for arsenic doped subst ra tes  
have  been repor ted  ear l ier  (9).  The points for boron 
doped subst ra tes  may  lie on a l ine s l ight ly  d ivergent  

FILM GROWTH TEMPERATURE IN DECREES CENTIGRADE 
1050 1100 1150 1200 

0 .6  I I I / 

. . . . . . . . .  0.67 

10~/T  ~ H 

Fig. 3. Effect of film growth temperature upon the profile slope 
parameter, q~ in # - 1 ,  for both arsenic and boron doping. 
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FILM GROWTH-TEMPERATURE IN DEGREES CENTIGRADE 
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Fig. 4. Effect of film growth temperature on impurity deposition 
rate. % boron doped saturator. A ,  arsenic doped saturator. Rates 
are calculated for the asymptote or steady-state doping level in 
thick films. 

f r o m  t h a t  for  a r sen ic  d o p e d  subs t r a t e s .  H o w e v e r ,  in  
v i e w  of  t he  d a t a  s p r e a d  w e  h a v e  no t  fe l t  jus t i f i ed  in  
m a k i n g  th is  d i s t i nc t ion  and  h a v e  f i t ted  one l eas t  
squa re s  l ine  to t he  poin ts .  Thus,  t h r o u g h o u t  t h e  r e -  
m a i n d e r  of th is  p a p e r  the  s lope  p a r a m e t e r ,  r a t  a 
g iven  g r o w t h  t e m p e r a t u r e  is t a k e n  to be  t he  s a m e  
for  bo th  n - t y p e  and  p - t y p e  dopants .  

F i g u r e  4 i l l u s t r a t e s  t he  o b s e r v e d  v a r i a t i o n  of the  
s t e a d y - s t a t e  dop ing  l eve l  w i t h  f i lm g r o w t h  t e m p e r -  
a t u r e  in  t h i c k  films. The  r a t e  p a r a m e t e r  as p l o t t e d  
con ta ins  a co r r ec t i on  fo r  t he  v a r i a t i o n  in  f i lm 
g r o w t h  r a t e  w i t h  t e m p e r a t u r e .  The  n - t y p e  a n d  the  
p - t y p e  s a t u r a t o r s  w e r e  chosen  to g ive  a p p r o x i -  
m a t e l y  t he  s a m e  dop ing  l eve l s  for  e x p e r i m e n t a l  r e a -  
sons  r e l a t e d  to t he  j u n c t i o n  s tud ies  d i scussed  in  t he  
n e x t  sect ion.  The re fo re ,  t he  a g r e e m e n t  b e t w e e n  the  
a r sen ic  and  b o r o n  po in t s  has  no f u n d a m e n t a l  c h e m i -  
cal  s ignif icance.  F i g u r e  4 shou ld  no t  be  i n t e r p r e t e d  
as  an  ac t i va t i on  e n e r g y  p lo t  for  the  i m p u r i t y  d e p o -  
s i t ion  for  r easons  to be  cons ide red  in t he  Discuss ion  
sect ion.  

The  n u m e r i c a l  va lue s  of t he  t h r e e  s y s t e m  p a r a m -  
e ters ,  (N*o,  ~, and  A )  a r e  c h a r a c t e r i s t i c  of a g iven  
s t a t i on  a n d  e x p e r i m e n t a l  condi t ions .  A l l  of t he  d a t a  
s h o w n  in Fig .  2, 3, and  4 we re  o b t a i n e d  in one v e r -  
t ical ,  R F - h e a t e d ,  s ing le  s l ice  s t a t i on  us ing  a s i l icon 
p e d e s t a l  w i t h o u t  a d o p e d  inser t .  The  gas  f low r a t e  
was  2.5 l / r a i n  t h r o u g h  a 32 m m  ID depos i t i on  
c h a m b e r .  The  to ta l  gas  flow pas sed  t h r o u g h  the  s i l i -  
con t e t r a c h l o r i d e  s a t u r a t o r  w h i c h  was  m a i n t a i n e d  
a t  - - 40~  for  a l l  of t he  work .  

Elect r ica l  J unct ions 

I n  a p r e c e d i n g  p a p e r  w e  cons ide red  the  i m p u r i t y  
d i s t r i b u t i o n  for  n - t y p e  f i lms on n - t y p e  subs t r a t e s .  
I n  th is  case, t he  n e t  d i s t r i b u t i o n  e x p r e s s i o n  is t h e  
s u m  of  t he  two  t e r m s  in  Eq. [2] .  In  th is  sect ion,  
m a k i n g  use  of t he  a d d i t i o n a l  d a t a  p r e s e n t e d  above ,  
w e  wi l l  cons ide r  t he  case  for  e l e c t r i c a l  j u n c t i o n s  
p r e p a r e d  b y  g r o w i n g  a f i lm of  one c o n d u c t i v i t y  t y p e  
on a s u b s t r a t e  of t h e  oppos i t e  c o n d u c t i v i t y  type .  
F o r  th is  case, the  first  r i g h t - h a n d  t e r m  of Eq. [2]  
g ives  t he  s u b s t r a t e  con t r i bu t i on ,  fo r  e x a m p l e ,  
donors ,  a n d  the  second  r i g h t - h a n d  t e r m  of Eq. [2]  
g ives  t he  gas  p h a s e  con t r i bu t i on ,  for  e x a m p l e ,  ac -  
ceptors .  The  ne t  dop ing  l eve l  a t  po in t s  on e i t h e r  s ide  
of the  e l e c t r i c a l  j u n c t i o n  w i l l  be  g iven  b y  t h e  d i f -  
f e r ence  of these  two  t e r m s  as s h o w n  in Eq. [4] .  
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Fig. 5. Hypothetical profile components for p-type film on n-type 
substrate. Diffusion tail near interface not shown. Components 
are calculated from known values of N*o and 4,  and an arbitrary 
value of the asymptote. 

INix = [ND--NAIx = ]N*o e -<~x- -A(1- -e -~x) [x  
[4] 

A t  the  e l ec t r i ca l  j u n c t i o n  the  n e t  dop ing  concen -  
t r a t i o n  is zero, and  w e  h a v e  

o = [ND - -  NAI j  = IN*o e-~xJ  - d ( 1  - -  e-*XJ)Is 
[5] 

F i g u r e  5 i l l u s t r a t e s  the  h y p o t h e t i c a l  prof i le  c o m -  
ponen t s  for  a p - t y p e  fi lm on an  n - t y p e  subs t r a t e .  
The  j u n c t i o n  is l o c a t e d  a t  x j - m i c r o n s  f r o m  the  s u b -  
s t r a t e  w h e r e  ND ~ NA. The  n e t  prof i le  on  e i t he r  
s ide  of t he  j u n c t i o n  is also shown.  T h e r e  wi l l  also 
be  a d i f fus ion t a i l  n e a r  t he  subs t r a t e .  

The  d i s t ance  xj is r e f e r r e d  to in  th is  p a p e r  as t he  
j u n c t i o n  lag.  F o r  a w i d e  r a n g e  of condi t ions ,  i t  m a y  
be m u c h  l a r g e r  t h a n  t ha t  p r e d i c t e d  f r o m  di f fus ion 
cons ide ra t i ons  a lone ,  even  a l l o w i n g  for  a n o m a l o u s l y  
h igh  di f fus ion r a t e s  n e a r  t h e  i n t e r f a c e  (10) .  F o r  
those  s i t ua t ions  w h e r e  t he  p rocess  j u n c t i o n  l ag  is 
g r e a t e r  t h a n  t h a t  p r e d i c t e d  b y  diffusion,  t h e  v a l u e  
of xj is d e t e r m i n e d  a lmos t  e n t i r e l y  b y  the  g r o w t h  
p rocess  i tself .  

E q u a t i o n  [5]  m a y  be  so lved  e x p l i c i t l y  for  xj in  
t e r m s  of the  t h r e e  e x p e r i m e n t a l  s y s t e m  p a r a m e t e r s .  

xj = ~ -1  l n ( ~  + 1) [6]  
w h e r e  

~? = N % / A  [7]  

F i g u r e  6 shows  the  p r e d i c t e d  j u n c t i o n  l ag  d i s t ance  
as a func t ion  of t he  s y s t e m  p a r a m e t e r  v for  s e l ec t ed  
f i lm g r o w t h  t e m p e r a t u r e s .  A con t ro l  l ine  for  a g iven  
s y s t e m  wi l l  cu t  across  th is  f a m i l y  of cu rves  on a b ias  
r a t h e r  t h a n  on the  hor izon ta l ,  s ince  t he  v a l u e  of 
is a func t ion  of t he  f i lm g r o w t h  t e m p e r a t u r e  (Fig .  
2 and  4).  

F i g u r e  7 is a b e v e l l e d  and  s t a i ne d  cross  sec t ion  
of a p - t y p e  fi lm on an  n + - t y p e  subs t r a t e .  The  d i s -  
t ance  f r o m  the  f i lm su r f a c e  to t he  e l ec t r i ca l  j u n c -  
t ion  wi l l  be  ca l l ed  the  j u n c t i o n  d e p t h  or  p - l a y e r  
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Fig. 8. Plot illustrating experimental determination of junction 
lag for a p-type film grown at 1120~ on an n+-type (2 x 10 TM 

arsenic) substrate. 

Fig. 7. Bevelled and stained cross section of a p-type film on an 
n + -type substrate. 

th ickness .  A n  n - l a y e r  in  the  f i lm also is s h o w n  in 
Fig.  7. The  th i ckness  of th is  n - l a y e r ,  o r  t he  d i s t ance  
f r o m  the  s u b s t r a t e  to t he  junc t ion ,  is the  j u n c t i o n  
l ag  d is tance .  I t  is no t  a l w a y s  poss ib le  to b r i n g  out  
a t r i p l e  s t a in  as s h o w n  in Fig.  7, p a r t i c u l a r l y  w i t h  
n - t y p e  f i lms on p - t y p e  subs t r a t e s .  F u r t h e r m o r e ,  
t h e r e  m a y  be  some ques t ion  as to w h e t h e r  t he  n -  
l a y e r  t h i ckness  as s h o w n  in Fig .  7 is in fac t  e q u a l  
to the  j u n c t i o n  l ag  d i s t a n c e  as def ined  b y  the  d i s -  
t r i b u t i o n  express ion .  There fo re ,  the  j u n c t i o n  l ag  
d i s t ance  also is d e t e r m i n e d  e x p e r i m e n t a l l y  as fo l -  
lows.  

A n u m b e r  of i n d i v i d u a l  f i lms a r e  g r o w n  for  d i f -  
f e r e n t  g r o w t h  t imes  and  g r o w t h  t e m p e r a t u r e s  u n d e r  
o t h e r w i s e  i den t i ca l  condi t ions .  The  g r o w t h  t i m e s  
and  t e m p e r a t u r e s  a r e  r a n d o m i z e d  to m i n i m i z e  the  
effect of s y s t e m  dr i f t .  The  s amp le s  a r e  t h e n  b e v e l l e d  
and  s t a i n e d  as s h o w n  in Fig.  7. The  p - l a y e r  t h i c k -  
ness  for  a g iven  g r o w t h  t e m p e r a t u r e  is t h e n  p l o t -  
t e d  v s .  g r o w t h  t i m e  as s h o w n  b y  t h e  u p p e r  c u r v e  
in  Fig.  8. The  s t r a i g h t  l ine  fo r  t he  u p p e r  c u r v e  is 
f i t ted  b y  l eas t  squares ,  w h i c h  also y i e ld s  a c a l cu -  
l a t ed  s lope  a n d  i n t e r c e p t  for  t he  l ine.  The  s lope  is 
the  f i lm g r o w t h  r a t e  a t  t he  g iven  t e m p e r a t u r e ,  and  
the  i n t e r c e p t  is t he  d i s t ance  to t he  s u b s t r a t e  f r o m  
t h e  e l ec t r i c a l  j unc t ion ,  t h e  j u n c t i o n  lag.  S i m i l a r  r a t e  
p lo t s  for  n - t y p e  f i lms on n + - t y p e  s u b s t r a t e s  y i e l d  
c a l c u l a t e d  i n t e r c e p t s  of 0 -- 0.2/4 w h i c h  ind ica t e s  
t h a t  e x t r a p o l a t i o n  of a r a t e  p lo t  to zero t i m e  is a 
va l id  m e t h o d  fo r  l oca t i ng  the  s u b s t r a t e  f i lm i n t e r -  
face  w i t h i n  t he  p rec i s ion  s t a t ed  here .  Also,  in  Fig .  

8 w e  h a v e  p l o t t e d  the  d i r e c t l y  m e a s u r e d  n - l a y e r  
t h i cknesses  f r o m  the  p h o t o g r a p h s  for  t he  s ame  s a m -  
ples.  F o r  f i lms t h i c k  e n o u g h  to h a v e  d e v e l o p e d  a 
junc t ion ,  t he  n - l a y e r  t h i cknes s  is cons t an t  and  
e q u a l  to t he  j u n c t i o n  l ag  w i t h i n  the  a c c u r a c y  of t h e  
m e a s u r e m e n t .  The  j u n c t i o n  l ag  for  these  p a r t i c u l a r  
cond i t ions  is f o u n d  to be  4.8~. F o r  f i lms too t h i n  to 
h a v e  d e v e l o p e d  a junc t ion ,  t he  n - l a y e r  t h i cknesses  
fo l low a c u r v e  w i t h  a s lope e q u a l  to t he  f i lm g r o w t h  
ra te .  

F i g u r e  9 i l l u s t r a t e s  the  j u n c t i o n  l ag  a t  a h i g h e r  
g r o w t h  t e m p e r a t u r e .  H e r e  aga in ,  for  f i lms t h i c k  
e n o u g h  to h a v e  d e v e l o p e d  a junc t ion ,  t h e  n - l a y e r  
t h i cknes s  is c o n s t a n t  and  e q u a l  to t he  j u n c t i o n  l ag  
w i t h i n  the  a c c u r a c y  of  t h e  m e a s u r e m e n t .  The  j u n c -  
t ion  l ag  he re  is 4.3/~. F o r  f i lms too t h in  to h a v e  d e -  
v e l o p e d  a junc t ion ,  the  n - l a y e r  t h i ckness  a g a i n  fo l -  
lows a cu rve  w i t h  a s lope  e q u a l  to t he  f i lm g r o w t h  
ra te .  

The  d a t a  in  Fig.  8 and  9 show t h a t  t he  j u n c t i o n  
lag,  as p r ed i c t ed ,  is g r e a t e r  a t  the  l o w e r  g r o w t h  
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Fig. 9. Plot illustrating experimental determination of junction 
lag for a p-type film grown at 1200~ on an n+-type (2 x 10 TM 

arsenic) substrate. 
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Fig. 10. Plot illustrating experimental determination of junction 
lag for n-type films grown at 1060~ and at 1180~ on p-type 
(3 x i0  z~ boron) substrates~ 

t e m p e r a t u r e .  This  fac t  p lus  t he  m a g n i t u d e  (4-5/~) 
of t h e  l ag  i n d i c a t e  t h a t  i t  is no t  a d i f f u s i o n - d o m i -  
n a t e d  p h e n o m e n o n .  

F i g u r e  10 i l l u s t r a t e s  t h e  j u n c t i o n  l ag  effect  for  
n - t y p e  fi lms on p - t y p e  subs t ra t e s .  H e r e  aga in ,  the  
l ag  is g r e a t e r  a t  the  l o w e r  g r o w t h  t e m p e r a t u r e .  F o r  
these  samples ,  we  w e r e  not  ab le  to s t a in  t he  i n t e r -  
m e d i a t e  p - l a y e r ,  and  so on ly  t he  u p p e r  r a t e  cu rves  
a r e  shown.  The  s lope  and  i n t e r c e p t  for  these  two  
cu rves  a r e  aga in  c a l c u l a t e d  b y  l e a s t  squares .  

The  d a t a  in Fig.  8, 9, and  10 w e r e  se lec ted  for  
p r e s e n t a t i o n  he re  because  the  j u n c t i o n  lag  is l a r g e  
enough  to i l l u s t r a t e  t he  effect  b u t  s m a l l  enough  for  
c o n v e n i e n t  p lo t t ing .  H o w e v e r ,  b y  p r o p e r  choice  of 
t h e  s u b s t r a t e  and  g a s - p h a s e  dop ing  levels ,  w e  have  
been  ab l e  to g e n e r a t e  j u n c t i o n  l ags  f r o m  v a l u e s  too 
s m a l l  to m e a s u r e  up  to g r e a t e r  t h a n  30/,. 

The  e x p e r i m e n t a l  m e a s u r e m e n t  of t he  j u n c t i o n  
l ag  has  b e e n  d e s c r i b e d  above.  F o r  a q u a n t i t a t i v e  
c o m p a r i s o n  of e x p e r i m e n t  and  t heo ry ,  w e  p r o c e e d  
as fo l lows,  us ing  the  d a t a  in  Fig.  8 for  i l l u s t r a t i on .  
The  v a l u e  of x~ is 4.8~ a t  1120~ ( f r o m  l ea s t  squa re s  
c a l c u l a t i o n ) .  The  r e q u i r e d  v a l u e  of  -,7 can  t hen  be  
f o u n d  f r o m  Fig.  6, or  b y  so lv ing  Eq. [6] ,  and  is 
2.49. T h e  v a l u e  of N*o fo r  t he  s t a t ed  e x p e r i m e n t a l  
cond i t ions  (Fig .  2) is 8 x 10 ~4. The  r e q u i r e d  v a l u e  
of A is t h e n  c a l c u l a t e d  to be  3.2 x 10 t4. The  e x p e r i -  
m e n t a l  v a l u e  of r (Fig .  3) for  th i s  g r o w t h  t e m p e r a -  
t u r e  is 0.26 /~-z. N o w  f r o m  the  two  e x p e r i m e n t a l l y  
k n o w n  s y s t e m  p a r a m e t e r s ,  N*o a n d  ~, and  the  ca l -  
c u l a t e d  v a l u e  of A r e q u i r e d  to sa t i s fy  t he  o b s e r v e d  
j u n c t i o n  l ag  condi t ion ,  w e  cons t ruc t  t he  prof i le  
c o m p o n e n t s  shown  b y  the  so l id  l ines  in  Fig .  11. These  
a r e  t he  s u b s t r a t e  c o n t r i b u t i o n  

ND,x = (8  • 1014) e -~ [ 8 ]  

and  the  g a s - p h a s e  c o n t r i b u t i o n  

NA,x = (3.2 • 1014) (1 - -  e -~ [9]  

The  ne t  prof i le  on e i t he r  s ide of t he  j u n c t i o n  is 
g iven  b y  

[lvl~ - -  [N~,~ - NA,~I [10]  
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Fig. ] ] .  Pint illustrating use of mean film resistivity (four-point 
probe) measurements for verification of impurity profiles. 

These  a r e  t he  prof i le  c o m p o n e n t s  c a l c u l a b l e  f rom 
the  d i s t r i b u t i o n  e x p r e s s i o n  for  t he  p a r t i c u l a r  e x -  
p e r i m e n t a l  condi t ions .  

If  t he se  in fac t  a r e  t he  t r u e  d i s t r i b u t i o n s  of 
donors ,  acceptors ,  and  ne t  i m p u r i t y  leve ls ,  t hen  the  
m e a n  i m p u r i t y  l eve l  in  a p - l a y e r  (x  - -  x j ) - m i c r o n s  
th ick ,  is g iven  b y  

~ N*o e-*~--A(1--e -*x) I dx 
N~ = [11] 

x - -  xj 

The  d a s h e d  l ine  in F ig .  11 is the  c a l c u l a t e d  r e q u i r e d  

Nx curve .  The  c i rc les  i nd i ca t e  f o u r - p o i n t  p r o b e  1 
m e a s u r e m e n t s  on s a m p l e s  f r o m  th is  set  of e x p e r i -  
m e n t s  a t  1120~ and  the  v e r t i c a l  l ines  i n d i c a t e  t h e  
s p r e a d  in  the  m e a s u r e m e n t s .  T h e  a g r e e m e n t  b e t w e e n  
the  m e a s u r e d  m e a n  i m p u r i t y  l eve l  in  t he  p - l a y e r  
a n d  t h e  m e a n  i m p u r i t y  l e v e l  p r e d i c t e d  on the  bas i s  
of t he  d i s t r i b u t i o n  e x p r e s s i o n  is qu i t e  good. S i m i l a r  
a g r e e m e n t  for  t he  d a t a  in  F ig .  9 a n d  1 0  also is 
found.  

Discussion 

Countercu~Tent concept.--Here and  in t h e  p r e -  
ced ing  p a p e r  w e  h a v e  used  the  concep t  of a d i s -  
con t inuous  c o u n t e r c u r r e n t  p rocess  as a m o d e l  f rom 
w h i c h  a m a t h e m a t i c a l  a n a l y s i s  of a con t inuous  
p rocess  is deve loped .  T h e r e  a r e  a n u m b e r  of c h e m -  
ica l  s e p a r a t i o n  processes ,  such  as ex t r ac t i on ,  w h i c h  
m a y  be  e x p e r i m e n t a l l y  c o n d u c t e d  in  e i t h e r  a d i s -  
con t inuous  or  a con t inuous  m a n n e r .  In  t he  m a t h e -  
m a t i c a l  t r e a t m e n t  of t he  d i s con t inuous  process ,  one 
m a y  a s sume  t h a t  t he  p rocess  is a l l o w e d  to r e a c h  an  
e q u i l i b r i u m  cond i t i on  at  each  s tep  be fo re  p r o c e e d -  
ing  to t he  n e x t  s tep.  In  a con t inuous  process ,  e q u i -  
l i b r i u m  g e n e r a l l y  is no t  a t t a i ned .  H o w e v e r ,  t he  e f -  
f ec t iveness  of t he  con t inuous  p rocess  is r a t e d  in 
t e r m s  of the  n u m b e r  of t h e o r e t i c a l  e q u i l i b r a t i o n s  
n e e d e d  to p r o d u c e  the  d i s t r i b u t i o n  or  d e g r e e  of i m -  
p u r i t y  s e p a r a t i o n  o b s e r v e d  e x p e r i m e n t a l l y  in t he  
process .  F u r t h e r m o r e ,  if  t h e  i n d i v i d u a l  s t eps  of a 
d i s con t inuous  p rocess  a r e  d e c r e a s e d  in size and  in -  
c r ea sed  in  n u m b e r ,  t hen  t h e  m a t h e m a t i c a l  d i s t r i -  
b u t i o n  e x p r e s s i o n  and  the  e x p e r i m e n t a l l y  o b s e r v e d  
d i s t r i b u t i o n  a p p r o a c h  the  f o r m  of those  in  a con-  

1 D a t a  o f  3 .  C .  I r v i n ,  p u b l i s h e d  i n  B e l l  Syste~n Teeh .  J. ,  4 1 ,  3 8 7  
( 1 9 6 2 ) ,  w e r e  u s e d  t o  c o n v e r t  r e s i s t i v i t y  t o  i m p u r i t y  c o n c e n t r a t i o n .  
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t i nuous  p rocess  (12-14) .  T h e r e  a r e  o the r  c h e m i c a l  
s epa ra t ions ,  such  as d i s t i l l a t i o n  (15, 16) or  c h r o m a -  
t o g r a p h y  (17-19)  w h i c h  a r e  n o r m a l l y  c o n d u c t e d  in  
a con t inuous  m a n n e r ,  b u t  for  w h i c h  the  d i s t r i b u t i o n  
m a t h e m a t i c s  can  be  success fu l ly  t r e a t e d  in  t e r m s  of 
a h y p o t h e t i c a l  d i s con t inuous  process .  

In  a d d i t i o n  to t he  above ,  t he  v a r i o u s  p rocesses  
have  r e c e i v e d  e x t e n s i v e  t r e a t m e n t  (20-23)  in t e r m s  
of t h e i r  k ine t i c s  a n d  m e c h a n i s m s .  I t  ha s  been  s h o w n  
tha t  t h e r e  is s i m i l a r i t y  in  f o r m  b e t w e e n  the  conc lu -  
sions r e a c h e d  f r o m  a d i s con t inuous  c o u n t e r c u r r e n t  
a r g u m e n t ,  and  those  one r eaches  s t a r t i n g  w i t h  
k ine t i c s  a s sumpt ions .  W e  h a v e  no t  cons ide r e d  the  
specific k ine t i c s  of the  e p i t a x i a l  p rocess  in  t e r m s  of 
i ts  effect u p o n  i m p u r i t y  d i s t r i b u t i o n  s ince  w e  fee l  
t ha t  t he  e x p e r i m e n t a l  d a t a  is i n a d e q u a t e  a t  th i s  
point .  

Etch-back.--There is i m p l i c i t  in  t he  d i s c o n t i n u -  
ous c o u n t e r c u r r e n t  model ,  as w e  h a v e  s t a t e d  it, t he  
concep t  of  an  " e t c h - b a c k . "  W e  h a v e  s h o w n  (9)  t h a t  
for  a s u b s t r a t e  w i t h  a u n i f o r m  i m p u r i t y  l eve l  of 2 
x 1029 the  r e q u i r e d  h y p o t h e t i c a l  e t c h - b a c k  d i s t ance  
is on ly  1-2A. H o w e v e r ,  t he  s u b s t r a t e  donor  i m p u r -  
i t y  l eve l  p r o b a b l y  is r e d u c e d  n e a r  i ts  su r face  due  to 
t h e r m a l  l e ach ing  d u r i n g  t h e  p r e h e a t  t r e a t m e n t .  Con-  
s equen t ly ,  the  r e q u i r e d  e t c h - b a c k  d i s t ance  w i l l  be  
g r e a t e r  t h a n  the  m i n i m u m  1-2A. The  ef fec t ive  s u b -  
s t r a t e  su r f ace  c o n c e n t r a t i o n  a t  t i m e - z e r o ,  o b t a i n e d  
b y  prof i le  e x t r a p o l a t i o n ,  is a b o u t  101~ for  a 2 x 10 TM 

subs t r a t e .  This  sets  a m a x i m u m  u p p e r  l i m i t  of a b o u t  
a m i c r o n  for  t he  e t c h - b a c k ,  w i t h  a p r o b a b l e  v a l u e  
s o m e w h e r e  b e t w e e n  the  two  l imi t s .  

The  e s t i m a t i o n  of e t c h - b a c k  d i s t ance  i nvo lves  
d a t a  f r o m  e x p e r i m e n t s  w h e r e  t h e  g a s - p h a s e  c o n t r i -  
bu t i on  is ins igni f icant .  Hence ,  t h e  t o t a l  n u m b e r  of 
i m p u r i t y  a t o m s  a v a i l a b l e  for  r e d i s t r i b u t i o n  m u s t  
come i n i t i a l l y  f rom t h e  subs t r a t e .  F u r t h e r m o r e ,  a t  
t i m e - z e r o  the  r e s e r v o i r  is emp ty .  H o w e v e r ,  a f t e r  
the  f i lm g r o w t h  is s t a r t ed ,  some of t he se  i m p u r i t y  
a toms  a re  p r e s e n t  in  t he  r e se rvo i r .  The re fo re ,  one 
m a y  n o t  c a l cu l a t e  a n  e t c h - b a c k  d i s t a n c e  for  t he  yth 
cyc le  in  t he  process  b y  i n t e g r a t i o n  of t h e  prof i le  
f r o m  xy to x~. To do so w o u l d  i m p l y  t h a t  t he  r e s e r -  
vo i r  is e m p t y  at  th is  poin t ,  w h i c h  is no l o n g e r  t he  
case. 

The  occu r r ence  of a l i t e r a l  p h y s i c a l  e t c h - b a c k  for  
some s m a l l  d i s t ance  e a r l y  in  t he  g r o w t h  p rocess  
could,  f r o m  c h e m i c a l  a r g u m e n t s ,  be  a r e a s o n a b l e  
pos s ib i l i t y  (24) .  H o w e v e r ,  i t  is no t  a r e q u i r e d  f e a -  
t u r e  of a c o u n t e r c u r r e n t  model .  F o r  e x a m p l e ,  a s -  
s u m e  the  r e s e r v o i r  to be  a n  a d s o r b e d  l a y e r  of i m -  
p u r i t y  a t o m s  at  t he  surface .  These  m a y  h a v e  o r ig i -  
na t ed ,  for  e x a m p l e ,  f r o m  t h e r m a l  l e ach ing  of t he  
subs t r a t e ,  a l t h o u g h  speci f ica t ion  of a p a r t i c u l a r  
m e c h a n i s m  of t h e i r  o r ig in  a g a i n  is no t  a n e c e s s a r y  
r equ i s i t e  for  t he  c o u n t e r c u r r e n t  mode l .  E a r l i e r  e x -  
p e r i m e n t a l  r e su l t s  i nd i ca t e  t h a t  t h e  p o s t u l a t e d  a d -  
so rbed  l a y e r  m u s t  con ta in  a b o u t  2 x 1011 i m p u r i t y  
a t o m s  p e r  s q u a r e  c e n t i m e t e r ,  ( fo r  our  e x p e r i m e n t a l  
cond i t ions )  or  a v e r y  s m a l l  f r a c t i o n  of a m o n o l a y e r .  
In  th is  case, the  s teps  of t he  h y p o t h e t i c a l  d i scon-  
t inuous  p rocess  i n v o l v e  e q u i l i b r a t i o n  of t he  l a y e r  
w i t h  i ts  i m m e d i a t e  e n v i r o n m e n t ,  r a t h e r  t h a n  an  

e t c h - b a c k .  
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General system ef]ects.--The m a g n i t u d e  of t he  
p r o c e s s - c o n t r o l l e d  r e d i s t r i b u t i o n  of i m p u r i t y  is d e -  
p e n d e n t  on the  specific e x p e r i m e n t a l  condi t ions ,  
such as s u b s t r a t e  d o p i n g  leve l ,  g r o w t h  t e m p e r a t u r e ,  
a n d  g a s - p h a s e  dop ing  level .  I t  also shou ld  be  d e -  
p e n d e n t  on t h e  specific c h e m i s t r y  of t h e  process .  
F o r  e x a m p l e ,  i t  is r e a s o n a b l e  to e x p e c t  t h a t  q u a n -  
t i t a t i v e l y  s igni f icant  d i f fe rences  m a y  ex i s t  b e t w e e n  
g e r m a n i u m  and  s i l icon g r o w t h  processes ,  a n d  t h a t  
such d i f fe rences  m a y  also exis t ,  for  e x a m p l e ,  b e -  
t w e e n  a ch lo r ide  a n d  an  iod ide  process .  The re fo re ,  
t he  n u m e r i c a l  r e su l t s  r e p o r t e d  h e r e  and  in  the  p r e -  
ced ing  p a p e r  shou ld  c l e a r l y  b e  u n d e r s t o o d  to a p p l y  
to t he  p rocess  and  the  e x p e r i m e n t a l  cond i t ions  as 
s t a t e d  in  t hese  pape r s .  H o w e v e r ,  for  a f i lm g r o w t h  
p rocess  w h i c h  o p e r a t e s  as i n d i c a t e d  b y  Eq. [1] ,  the  
p rocess  effect on the  i m p u r i t y  d i s t r i b u t i o n  w i l l  be  
q u a l i t a t i v e l y  d e s c r i b e d  b y  t h e  c o u n t e r c u r r e n t  d i s -  
t r i b u t i o n  expres s ion .  The  q u a n t i t a t i v e  m a g n i t u d e  
of t h e  p rocess  effect  wi l l ,  h o w e v e r ,  d e p e n d  on t h e  
specific e x p e r i m e n t a l  condi t ions .  

Impurity deposition rate.--In Fig.  4, w e  h a v e  
shown  the  m a n n e r  in w h i c h  the  s t e a d y - s t a t e  dop ing  
l eve l  is o b s e r v e d  to  v a r y  as  a f u n c t i o n  of t he  g r o w t h  
t e m p e r a t u r e .  I f  one i n t e r p r e t s  th is  p lo t  l i t e r a l l y  as  
showing  the  t e m p e r a t u r e  d e p e n d e n c e  of t he  r e d u c -  
t ion  of the  g a s - p h a s e  dop ing  c o m p o u n d  to so l id -  
s t a t e  dop ing  a toms,  t hen  a n e g a t i v e  a c t i v a t i o n  e n -  
e r g y  is imp l i ed .  H o w e v e r ,  two  o t h e r  poss ib l e  e x -  
p l a n a t i o n s  a r e  i m m e d i a t e l y  obvious .  I t  is k n o w n  
tha t  t h e r e  is a s ign i f ican t  a m o u n t  of  s ide  r eac t i on  
in  t he  H2-SiC14 process .  I f  t h e  s ide  r e a c t i o n s  com-  
pe t e  m o r e  e f fec t ive ly  for  d o p a n t  a t  t h e  h i g h e r  t e m -  
p e r a t u r e s ,  t h e n  r e su l t s  as s h o w n  in  Fig .  4 m i g h t  be  
expec t ed .  Also  i t  is poss ib l e  t h a t  t h e  v a p o r  p r e s s u r e  
of the  d o p a n t  ove r  the  sol id  i nc r ea se s  w i t h  t e m p e r -  
a t u r e  suff ic ient ly  to cause  t h e  effects s h o w n  in Fig .  
4 b y  a r e d u c t i o n  in  the  " s t i ck ing  p r o b a b i l i t y "  for  
the  d o p a n t  a t o m s  r e l a t i v e  to  t h a t  for  s i l icon.  

Apparent activation energy.--In t h e  m e a s u r e -  
m e n t  of the  j u n c t i o n  l ag  as s h o w n  in Fig .  8, 9, and  
10 one ob ta in s  as  b y - p r o d u c t  i n f o r m a t i o n  t h e  f i lm 
g r o w t h  r a t e s  a t  f ou r  t e m p e r a t u r e s .  These  s i l icon 
g r o w t h  r a t e s  a r e  p l o t t e d  vs. t he  r e c i p r o c a l  t e m p e r a -  
t u r e  in  Fig.  12. The  a p p a r e n t  a c t i v a t i o n  e n e r g y  ca l -  
c u l a t e d  f r o m  Fig.  12 is 30.5 k c a l / m o l e  w h i c h  is in  
a g r e e m e n t  w i t h  t he  v a l u e  f o u n d  f r o m  g r o w t h  r a t e s  
of n - t y p e  fi lms on  n + - t y p e  subs t r a t e s .  The  com-  
p a r i s o n  is for  an  a i r - c o o l e d  w a l l  in  b o t h  f i lm g r o w t h  
s ta t ions .  The  v e r t i c a l  d i s p l a c e m e n t  of t h e  l ines  r e l a -  
t i ve  to each  o t h e r  is a c c o u n t e d  for  b y  t h e  fac t  t h a t  
a b s o l u t e  f i lm g r o w t h  r a t e s  v a r y  f r o m  one a p p a r a t u s  
to ano the r .  H o w e v e r ,  t he  s lope,  w h i c h  shou ld  be  
c h a r a c t e r i s t i c  of t he  reac t ion ,  r e m a i n s  cons tan t .  

T h e u e r e r  (25)  has  r e p o r t e d  a v a l u e  of 37 k c a l /  
mo le  for  t he  a p p a r e n t  a c t i v a t i o n  e n e r g y  of th is  r e -  
act ion.  T h e u e r e r ' s  d a t a  i nc ludes  t w o  po in t s  a t  
g r o w t h  t e m p e r a t u r e s  b e l o w  1050~ Two  of  ou r  d a t a  
po in t s  for  f i lm g r o w t h  t e m p e r a t u r e s  b e l o w  a b o u t  
1050~ l ie  b e l o w  the  l ines  s h o w n  in Fig .  12 a n d  have  
b e e n  ' omi t t ed  in  c a l c u l a t i n g  t h e  a c t i v a t i o n  ene rgy .  
If  t he se  po in t s  w e r e  i nc luded ,  t he  l ine  s lope  and  
the  a p p a r e n t  a c t i v a t i o n  e n e r g y  w o u l d  be  h igher .  
W e  h a v e  o m i t t e d  these  po in t s  s ince  t h e r e  a p p e a r s  to  
be  a b e n d  in t h e  cu rve  a t  a b o u t  1000~176 Also,  
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Fig. 12. Rate plots for calculation of effective activation energy. 
From present junction lag work with air-cooled station, Ea = 
30.5 kcal/mol for o = p-type film on n-type substrate, and [ ]  
n-type film on p-type substrate. For n-type films on n+-type sub- 
strates in a separate air-cooled station ( A )  Ea -~  30.5 kcal/mole. 
For n-type films grown on n+-type substrates in a separate water- 
cooled station (o) Ea = 29.5 kcal/mole. �9 ~ Theuerer (25). 

for  t he  e x p e r i m e n t a l  cond i t ions  d e s c r i b e d  he re ,  
1000~176 is an  a p p r o x i m a t e  m i n i m u m  g r o w t h  
t e m p e r a t u r e  for  t he  p r e p a r a t i o n  of smoo th  e p i t a x i a l  
s i l icon f i lms of a c c e p t a b l e  dev ice  qua l i t y .  

S u m m a r y  

W e  h a v e  r e p o r t e d  t h e  e x t e n s i o n  of e a r l i e r  e x -  
p e r i m e n t a l  w o r k  to n - t y p e  f i lms on  p - t y p e  s u b -  
s t r a t e s  a n d  to p - t y p e  f i lms on  b o t h  n a n d  p - t y p e  
subs t r a t e s .  The  i m p u r i t y  d i s t r i b u t i o n  e x p r e s s i o n  r e -  
p o r t e d  e a r l i e r  was  f o u n d  to be  a p p l i c a b l e  to these  
t h r e e  s i tua t ions  also. I n  add i t ion ,  t he  t h r e e  e m p i r i -  
cal  s y s t e m  p a r a m e t e r s  w e r e  found  ( w i t h i n  t he  p r e -  
c is ion of t he  m e a s u r e m e n t s )  to be  n u m e r i c a l l y  i n -  
t e r c h a n g e a b l e  for  p - t y p e  a n d  n - t y p e  i m p u r i t i e s  if 
a l l  o t h e r  f i lm g r o w t h  cond i t ions  a r e  h e l d  cons tan t .  

A specific consequence  on t h e  p r o c e s s - d o m i n a t e d  
d i s t r i b u t i o n  of i m p u r i t i e s  in  t h e  f i lm is i l l u s t r a t e d  
b y  the  " j u n c t i o n  lag ."  The  j u n c t i o n  l ag  is t he  d i s -  
t ance  f r o m  the  e l ec t r i ca l  j u n c t i o n  to  t h e  s u b s t r a t e -  
f i lm i n t e r f a c e  for  f i lms of one c o n d u c t i v i t y  t y p e  
g r o w n  on s u b s t r a t e s  of t he  o t h e r  c o n d u c t i v i t y  type .  
Dif fus ion f r o m  the  n o r m a l l y  m o r e  h e a v i l y  d o p e d  
s u b s t r a t e  in to  t he  f i lm wil l ,  of course ,  p r o d u c e  such  
a shif t .  H o w e v e r ,  u n d e r  a w i d e  r a n g e  o f  cond i t ions  
t he  f i lm g r o w t h  p rocess  i t se l f  m a y  p r o d u c e  a m u c h  
l a r g e r  sh i f t  t h a n  does  diffusion.  In  t hese  cases,  t he  
m a g n i t u d e  of t he  p rocess  effect  va r i e s  i n v e r s e l y  
w i t h  t h e  f i lm g r o w t h  t e m p e r a t u r e .  

T h e r e  a r e  e x p e r i m e n t a l  cond i t ions  for  w h i c h  the  
process  effect  on the  i m p u r i t y  prof i les ,  d i scussed  
he re  a n d  in  t he  p r e c e d i n g  p a p e r ,  m a y  b e  minor .  
T h e r e  a r e  o t h e r  cond i t ions  u n d e r  w h i c h  t h e  effects  
m a y  b e  qu i t e  s ignif icant .  T h e  c o u n t e r c u r r e n t  d i s t r i -  
b u t i o n  a p p r o a c h  has  b e e n  s h o w n  to  p r o v i d e  a p r a c -  
t i ca l  a n d  q u a n t i t a t i v e l y  u s a b l e  tool  for  d e a l i n g  w i t h  
the  p r o b l e m ,  m a k i n g  use  of on ly  t h r e e  e x p e r i m e n -  
t a l l y  m e a s u r a b l e  s y s t e m  p a r a m e t e r s .  

A c k n o w l e d g m e n t s  
The  a u t h o r s  a p p r e c i a t e  t he  a s s i s t ance  of C. D. 

T h u r m o n d  in d i scuss ion  of t h e  t h e o r y  a n d  i m p l i c a -  
t ions  of th i s  w o r k ,  and  of A. L o y a  in  m a k i n g  e lec -  
t r i c a l  m e a s u r e m e n t s .  

Manuscr ip t  r ece ived  Sept.  13, 1962; rev ised  manu-  
scr ipt  rece ived  Nov. 2, 1962. This paper  was p re -  
pa red  for  de l ive ry  before  the  Los Angeles  Meeting,  
May  6-10, 1962. 

A n y  discussion of th is  pape r  wi l l  appear  in a Dis- 
cussion Section to be  publ i shed  in the  December  1963 
JOURNAL. 
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SYMBOLS 
N atoms cc -1 of dopant  in  the  solid phase. 
N*o effective dopant  concentra t ion at  the  interface,  

a toms c e -  1. 
x dis tance in microns  f rom the substrate .  
A asymptot ic  l imi t  of doping profile, a toms cc -1. 

profile s lope pa rame te r ,  ~-1. 
xj junct ion  lag dis tance in microns p roduced  by  the 

film g rowth  process. 
N*o/A. 

Nx mean  impur i t y  level,  a toms cc -1, for a film th ick-  
ness of x microns  wi th  the  junct ion at  x i microns 
f rom the substrate .  
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ABSTRACT 

Epitaxial  junctions between ZnTe and CdS have been prepared by vapor de- 
position of CdS on ZnTe single crystals. Study of the growth habits of CdS on 
ZnTe have shown that  an epitaxial  deposit of CdS can be obtained only on the 
(111) zn faces of ZnTe under the employed experimental  conditions. Double in- 
jection behavior has been observed in heterojunctions with wide compensated 
regions between the p and the n parts of the junction. A tentative band model 
has been proposed for the ZnTe-CdS junctions on the basis of the experimental  
findings. 

Recent  in teres t  in semiconductor  devices p r e -  
pa red  f rom wide band  gap semiconductors  has led 
to active work  on severa l  b ina ry  compounds of the  
IV- IV and I I I -V  class. In  the I I -VI  fami ly  of com- 
pounds s imi lar  work  has been lagging because of 
the  difficulty of p repar ing  them in both s t rongly 
n - t y p e  and p - t y p e  fo rm at room tempera tu re .  While  
several  of the  wide band  gap I I -VI  compounds have 
been p repa red  wi th  good n - t y p e  conduct ivi ty,  the 
only compound which has shown low enough r e -  
s is t ivi ty in p - t y p e  form to be useful  in p - n  junct ion 
devices is ZnTe. Unfor tunate ly ,  ZnTe is also the  
only I I -VI  compound which cannot  be  made easi ly 
in n - t y p e  form. Therefore  the  a t t empts  in p repar ing  
wel l -def ined  p - n  homojunct ions  f rom I I -VI  com- 
pounds have not been  successful in the past. 

A different  approach to this p rob lem is to p r e -  
pare  the junct ions f rom two different  compounds 
one of which can be made  n - t y p e  and the other  p -  
type  with  sui table  car r ie r  concentrat ions and t r ans -  
port  propert ies .  In the past  such heterojunct ions  
have been p repa red  f rom Ge-GaAs  by  Anderson 
(1), f rom G a A s - G a P  by  Holonyak  et al. (2),  and 
f rom G e - G a P  by Van Ruyven  and Dekker  (3).  P r e -  
l iminary  work  on the ZnTe-CdS system has been 
repor ted  by Aven and Cook (4).  

In the  p repa ra t ion  of junct ions f rom two different  
mater ia l s  i t  is impor t an t  to choose these mate r ia l s  
so as to minimize the  difference in la t t ice  constants 
and bandgaps  be tween  the p - t y p e  and the n - t y p e  
side of the junction.  Of the wide bandgap  I I -VI  com- 
pounds the most sui table  combinat ion f rom this 
s tandpoint  is the junct ion be tween  n - t y p e  CdS and 
p - t y p e  ZnTe. These two compounds differ by  less 
than 0.2 ev in bandgap,  and by  0.08A in average  
bond length.  ZnTe is cubic and CdS is hexagonal  
which, however ,  is no imped iment  for ep i tax ia l  
junct ion formation,  as wi l l  be shown below. ZnTe 
can be made  p - t y p e  wi th  as low as 0.1 o h m - c m  re -  
s is t ivi ty and a hole mobi l i ty  of about  100 cm2/volt  
sec. CdS is a we l l - known  n - t y p e  semiconductor  and 

1 Sponsored by the Air Force Cambridge Research Laboratories 
Contract No. AF-19(604)-8512. 
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can be p repa red  with  doping levels f rom n e a r - i n -  
t r insic to degenerate .  I t  has a room t empera tu re  
intr insic  mobi l i ty  of 350 cm2/volt  sec. 

Experimental 
The expe r imen ta l  a r r angemen t  for growing the 

ZnTe-CdS junct ions is shown in Fig. 1. I t  consists 
of a 2.2 cm ID quar tz  tube  which can be connected, 
th rough  appropr ia t e  valving,  to high vacuum, or 
a source of purif ied hydrogen.  Placed concentr ical ly  
around the tube  are two resis tance furnaces,  app rox -  
imate ly  20 cm apart .  One end of the  tube is p rovided  
wi th  a magne t ica l ly  opera ted  device which serves to 
t ransfe r  the crysta ls  inside the  tube f rom the etch 
into the charge furnace.  In a typica l  junct ion grow-  
ing run, a quar tz  boat  containing 10g of pref i red 
CdS powder  is placed in one end of the tube,  and a 
s imi lar  boat  wi th  a d iamond-po l i shed  single c rys ta l  
of ZnTe in the  other. The tube is evacuated,  and the 
t empe ra tu r e  of the charge and the etch furnace is 
s lowly ra ised to 500 ~ and 700~ respect ively.  Dur -  
ing this per iod  the tube is flushed th ree  or four  
times, and left  wi th  app rox ima te ly  600 m m  Hg of 
purif ied hydrogen.  The etch furnace  then is ra ised 
to 740~ at  which t e m p e r a t u r e  the  ZnTe crys ta l  
s tar ts  evapora t ing  at  a slow rate. While  the ZnTe 
crys ta l  is kep t  a t  this  t empera tu re ,  the  CdS powder  

CHARGE FURNACE ETCH FURNACE 
dS POWDER 

5~ O~ Z.Te CRYSTAL 

VACUUM 
CRYSTAL ETCH POSITIO/ 

aS FiLM ZnTe FILM MAGNETIC PUSHING 

f _ _ ]  

M E C H A N I S M  

,EmJ,iiiiiiiiiii~lr ................. ~ 

H2 
FILM DEPOSITION POSITION 

Fig. 1. Experimental arrangement for growing epitaxial ZnTe- 
CdS junctions. 
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is ra ised to 840~ When a CdS film star ts  deposi t -  
ing on the wal ls  of the tube, the ZnTe crys ta l  is 
pushed into the  posit ion in the charge furnace cor-  
responding to app rox ima te ly  600~ whereupon CdS 
star ts  growing on the ZnTe crystal .  At  this t em-  
pe ra tu re  the ra te  of g rowth  of CdS on ZnTe is ap-  
p rox ima te ly  1.5 F/rain.  

The choice of the above t empera tu res  was based 
on the fol lowing considerations.  The react ion CdS 

ZnTe ~ CdTe ~- ZnS proceeds in the indica ted  di-  
rect ion wi th  a free energy change of approx ima te ly  
--10 kcal /mo]e .  Therefore,  since CdS and ZnTe wil l  
react  to form CdTe and ZnS if p rovided  with  suf-  
ficient ac t ivat ion energy,  the film deposit ion should 
be car r ied  out at  as low a t empera tu re  as possible 
(AF does not va ry  significantly wi th  t e m p e r a t u r e ) .  
On the other  hand, the ZnTe crys ta l  has to be kept  
at  as high t e m p e r a t u r e  as possible to p reven t  sur -  
face contaminat ion  by  adsorbed impuri t ies .  I t  was 
found by  exper imenta t ion  tha t  a sui table  compro-  
mise was to keep the evapora t ing  CdS and ZnTe 
spacia l ly  separa ted  dur ing  the per iod of t he rma l  
etch, and to execute  the  t ransfe r  of the ZnTe crys-  
ta l  f rom the etch to the charge furnace  so as to have 
the crys ta l  t empe ra tu r e  below 700~ but  above 
600~ when it a r r ives  in the  etch furnace.  Adherence  
to this schedule has a lways  produced  junct ions 
which show no ext raneous  phases under  x - r a y  or 
electron diffraction analysis.  Accidenta l  deviat ions 
f rom the indicated t empera tu re  schedule, however ,  
have often produced read i ly  observable  deposits of 
ZnS. 

The p - t y p e  conduct iv i ty  of the ZnTe subst ra te  
crystals  was control led by  sui table  doping wi th  Cu 
and firing in Zn or Te a tmospheres  pr ior  to film 
deposition. The n - t y p e  conduct ivi ty  of the CdS film 
could be var ied  by va ry ing  ei ther  the pa r t i a l  p res -  
sure of hydrogen  in the  film growing appara tus  or 
by  va ry ing  the concentra t ion of the Ga dopant  in 
the CdS powder  charge. An  increase in e i ther  p ro -  
duced an increase in the n - t y p e  conduct iv i ty  of the 
film. As changing the pa r t i a l  pressure  of hydrogen 
dur ing film deposit ion changed the film growth  rate,  
it  was p re fe r red  to pe r fo rm the deposi t ion runs at a 
constant  hydrogen  pressure  (600 ram Hg) and mod-  
ify the conduct iv i ty  of the film by  Ga doping alone. 

F igure  2 shows a schematic sketch of a ZnTe-CdS 
junct ion wi th  electrodes at tached.  The In contact  
to the CdS film is a t tached immedia te ly  af ter  the 
film deposit ion run by  pressing an In dot on the sur -  
face of the film and fusing it in under  argon a tmos-  
phere  at  250~ The In contact  and a small  area  of 
the film around the contact  is then masked  off wi th  
g lyp ta l  cement. Af te r  the cement has dried, the 
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crys ta l  is etched wi th  cold 1:1 HC1 to remove  the 
CdS film from the ZnTe crystal ,  except  under  and 
around the In contact,  and with  50% w a r m  NaOH 
to clean the ZnTe face opposite the CdS film. The 
contact  to ZnTe is made  by  chemical ly  forming a 
l a rge  area  deposit  of Au on it, and fusing a dot of 
A g - I n  al loy to the Au. If  p repa red  by  the above 
descr ibed technique,  the resis tance of the In con- 
tact  to CdS is complete ly  negl ig ible  (4-probe  and 
2-probe  res is t iv i ty  measurements  give ident ical  r e -  
sul ts) .  The Au  contact  to ZnTe is also ohmic but  
since its resis tance is not negligible,  it  is p re fe r red  
to make  it a l a rge  area  (2-4 m m  e) contact. 

Results  

By growing the CdS film on different  c rys ta l lo-  
graphic  faces of the ZnTe subs t ra te  it  was found that  
the  qua l i ty  of the film depended cr i t ica l ly  on the 
or ienta t ion of the subs t ra te  crystal .  F i lm  deposit ions 
on the (110) c leavage planes,  on the (112) planes,  
or the (111) planes  containing the Te atoms inva r i -  
ab ly  resul ted  in mul t i c rys ta l l ine  deposits. Only the 
(111) planes containing the Zn atoms led to s ingle-  
c rys ta l l ine  CdS films, as evidenced by spot Laue 
pa t te rns  under  x - r a y  diffraction analysis.  F igure  3A 
shows a photomicrograph of one such s ing le -c rys -  
ta l l ine  CdS deposit.  As a contrast ,  Fig. 3B displays 
a photomicrograph of a CdS deposit  on a ZnTe crys-  
tal  containing a mis -o r ien ted  twin. The film growth  
on the twin is po lycrys ta l l ine  and extends  in many  
places even beyond the twin bounda ry  onto the cor-  
rec t ly  or iented face. 

In order  to de te rmine  the reason for this  growth  
habit ,  the react ivi t ies  of the ( l l l ) z n  and the ( l l l ) w e  
crys ta l lographic  faces were  s tudied under  chemical  
and the rmal  etch conditions. F igure  4 shows the 
photomicrographs  of a ZnTe crys ta l  t r ea ted  wi th  
hot NaOH. F igure  4A displays  the (111)we face and 
Fig. 4B the (111)zn face. The  Te side contains la rge  
shal low t r i angu la r  s t ructures  and is a lmost  specu- 
l a r ly  reflecting, while  the  Zn face has a s i lvery  sheen 
produced by the many  reflections off the sides of 
the small  deep etch pits. 

The appearance  of a pa i r  of ZnTe crystals ,  or i -  
ented wi th  the ( l l l ) z ,  and the ( l l l ) w e  faces up, 
respect ively,  and t he rma l ly  etched under  condit ions 

FUSED In CONTACT 

~ - I m m  CdS FILM 
, I -L I /  J ~cds FILM ~,~OVED 

. J _ _  .#JP/~P/////////~" f /  ~ F R O M  THIS AREA 

o-TYPE ZnTe CRYSTAL. ~'Ag~InwCONTACT 

~CHEMICALLY FORMED Au 

Fig. 2. Externol structure of ZnTe-CdS diodes 

Fig, 3. Photomicrographs (magnification approximately 100X) of 
CdS deposits on ZnTe: A, Epitaxial deposit on (111)zn face; B, 
polycrystalline growth on a misoriented twin (dark area). 
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Fig. 4. Photomicrographs (magnification approximately 110X) of 
a ZnTe crystal treated with NaOH; A, (111)Te face; B, (111)Zn 
face. 

i d e n t i c a l  to a r e g u l a r  j u n c t i o n  f a b r i c a t i o n  r u n  is 
shown  in Fig .  5. N o w  t h e  c r y s t a l  o r i e n t e d  w i t h  t he  
( l l l ) z n  face  up  has  a r e l a t i v e l y  smoo th  finish, w i t h  
occas iona l  s h a l l o w  t r i a n g u l a r  e tch  pi ts .  T h e  (111) Te 
face,  on the  o t h e r  hand ,  exh ib i t s  deep  c a n y o n - l i k e  
s t r u c t u r e s  w i t h  a f ew  t r i a n g u l a r  e tch  p i t s  a t  t he  
b o t t o m s  of t h e  canyons .  T h e  d i s t a n c e  b e t w e e n  t h e  
b o t t o m s  a n d  r i dges  of t he  canyons  is b e t w e e n  0.1 
and  0.2 mm.  

F i g u r e  6 shows  a s chema t i c  r e p r e s e n t a t i o n  of t he  
i n t e r n a l  s t r u c t u r e  of a Z n T e - C d S  junc t ion .  This  
j u n c t i o n  was  l a p p e d  at  an  ang le  of 1 ~ to t h e  j u n c -  
t ion  p l a n e  to  p r o d u c e  a magn i f i ed  c ro s s - s ec t i on  
t h r o u g h  t h e  film. U n d e r  u.v. e x c i t a t i o n  t h e  o u t e r  
su r face  of t h e  CdS f i lm is g r e e n - l u m i n e s c e n t ,  1 w h i l e  
t h e  Z n T e  s u b s t r a t e  c r y s t a l  shows  no l u m i n e s c e n t  
r e sponse  in  t h e  v i s ib le  s p e c t r a l  r ange .  B e t w e e n  the  
ou te r  CdS l a y e r  and  the  ZnTe  s u b s t r a t e  one can  see 
a r e d - l u m i n e s c e n t  s t r e a k  w h i c h  has  a w i d t h  ( in  t he  
ac tua l  c r y s t a l )  of a p p r o x i m a t e l y  4~. The  t o t a l  t h i c k -  
ness  of t he  f i lm in th i s  c r y s t a l  w a s  8~. F r o m  sep -  
a r a t e  e x p e r i m e n t s  w i t h  CdS fi lms i t  was  e s t a b l i s h e d  
t ha t  u n d e r  the  e m p l o y e d  cond i t ions  of f i lm d e p o s i -  
t ion,  r e d  l u m i n e s c e n c e  was  o b s e r v e d  in  CdS  f i lms 
w h i c h  w e r e  c o m p e n s a t e d  to  a h igh  degree .  G r e e n -  
l u m i n e s c e n t  films, on the  o t h e r  hand ,  w e r e  o b t a i n e d  
u n d e r  cond i t ions  w h i c h  m i n i m i z e d  compensa t ion .  

Heavily Ga-doped films are green-luminescent at both room and 
liquid N~ temperatures, while lightly doped films show green lumin- 
escence only at liquid N~ temperature. 

Fig. 5. Photomicrographs (magnification approximately 110X) of 
thermally etched ZnTe: A, (111)Te face; B, (111)Zn face. 

Fig. 6. Pattern of fluorescent response of angle-lapped ZnTe-CdS 
junctions. 

The  r e d - l u m i n e s c e n t  f i lms w e r e  w e a k l y  n - t y p e  or  
in su la t ing ,  w h i l e  t he  g r e e n - l u m i n e s c e n t  f i lms w e r e  
s t r o n g l y  n - t y p e .  

F i g u r e  7 shows  t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  
of a Z n T e - C d S  j u n c t i o n  a t  r o o m  t e m p e r a t u r e .  T h e  
c h a r a c t e r i s t i c  e x h i b i t s  an  e x p o n e n t i a l  r eg ion  b e -  
t w e e n  a p p r o x i m a t e l y  10 -~  a n d  10 -4  amp ,  w i t h  a 
s lope  of  q/2kT, w h e r e  q is t h e  e l ec t ron ic  charge ,  k 
is t he  B o l t z m a n n  cons tan t ,  and  T is the  t e m p e r a t u r e .  
A t  b o t h  l ow a n d  h igh  v o l t a g e s  t h e  c h a r a c t e r i s t i c  d e -  
v i a t e s  f r o m  e x p o n e n t i a l  behav io r ,  s h o w i n g  excess  
c u r r e n t  a t  l o w  v o l t a g e s  a n d  a g r a d u a l  t r a n s i t i o n  to 
l i n e a r  b e h a v i o r  a t  h igh  vo l tages .  T h e  e x t r a p o l a t e d  
i n t e r c e p t  of t he  e x p o n e n t i a l  p o r t i o n  of t h e  c u r v e  on 
the  c u r r e n t  axis ,  o f t en  r e f e r r e d  to as t he  s a t u r a t i o n  
c u r r e n t  Io, is a p p r o x i m a t e l y  10 -9 amp.  The  f o r w a r d  
to r e v e r s e  c u r r e n t  r a t i o  a t  l v  is a b o u t  104. M a n y  of 
t he  Z n T e - C d S  d iodes  h a v e  also shown  e x p o n e n t i a l  
p o r t i o n s  of t he  f o r w a r d  c h a r a c t e r i s t i c  w i t h  s lopes  
l o w e r  t h a n  q/2kT, t he  l owes t  s lopes  u s u a l l y  be ing  
e x h i b i t e d  b y  d iodes  in  w h i c h  the  r e s i s t i v i t y  of t h e  
CdS f i lm is v e r y  low. The  s a t u r a t i o n  c u r r e n t s  have ,  
gene ra l l y ,  r a n g e d  b e t w e e n  10 - s  a n d  10 -1~ a m p  ( for  
1 m m  2 j u n c t i o n s ) ,  and  h a v e  s h o w n  v e r y  l i t t l e  
c h a n g e  w i t h  t e m p e r a t u r e  a t  or  b e l o w  r o o m  t e m -  
p e r a t u r e .  

10 -2 
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10 -5 
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Fig. 7. Current-voltage characteristic of a ZnTe-CdS diode. 
Junction area ~ ]  ram2; p-type side: ZnTe crystal, Cu-doped; n- 
type side: CdS film, undoped. 
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Fig. 8. Current-voltage characteristic of a ZnTe-CdS doable- 
injection diode. Junction area N1 mm2; p-type side: ZnTe crystal, 
Cu-doped; n-type side: CdS film, Ga-doped. 

Fig. 9. Oscilloscope traces of a ZnTe-CdS double-injection diode 

In Fig. 8 is shown the cu r ren t -vo l t age  charac te r -  
istic of a ZnTe-CdS  diode in which the nea r ly  com- 
pensated region of the CdS film be tween  the ZnTe 
crys ta l  and the more s t rongly  n - t y p e  outer  port ion 
of the CdS film was in ten t iona l ly  made  wider  than  
the usual  4~ (it  is es t imated  to be app rox ima te ly  
10~). The character is t ic  shows severa l  fea tures  
which dis t inguish it f rom the th inner  junctions.  
First ,  i t  exhibi ts  an unusua l ly  large  rectification 
ratio,  app rox ima te ly  10 v at 10v. Second, the fo rward  
characteris t ic ,  if measured  p o i n t - b y - p o i n t  wi th  a 
d -c  circuit,  consists of four  segments  isolated by  
gaps which are difficult to breach  by  smooth t ie-  
lines. If  d i sp layed  on an oscilloscope, as shown in 
Fig. 9, these segments appear  one af te r  another  as 
the vol tage  across the junct ion is increased,  wi th  
some of the t races  in terconnect ing  the segments 
showing a course corresponding to negat ive  re -  
sistance. By set t ing the  vol tage across such a diode 
to a cr i t ical  va lue  (e.g., 4.1v, 5.5v, or 6.1v in Fig. 8) 
it  is possible to make  the diode oscil late be tween  the 
high and low current  regimes.  The diode can be 
made  to switch from one branch of the charac te r i s -  
t ic to another  by  i l luminat ion  of the junct ion area  
wi th  an incandescent  source. 

Discussion 
Epitaxial growth.--The general  fea tures  of the  

above descr ibed growth  habi t  of CdS on ZnTe can 

be unders tood in terms of the  t e t r ahed ra l  bonding 
s t ruc ture  of I I -VI  compounds. When CdS is deposi ted 
on a subs t ra te  on which  ep i tax ia l  g rowth  is un l ike ly  
or impossible (e.g., glass) ,  the  deposit  is, in most 
cases mul t ic rys ta l l ine ,  wi th  the  crysta l l i tes  or iented 
so tha t  thei r  c -axis  forms an angle close to 90 ~ 
wi th  the subs t ra te  plane. I t  is, therefore,  reasonable  
to assume tha t  the best  condit ions for ep i t axy  would 
be real ized if one took advan tage  of the habi t  of 
CdS to grow wi th  the c-axis  near  normal  to the  sub-  
s t ra te  p lane and presented  to the growing CdS film 
a crys ta l lographic  plane of the cubic ZnTe sub-  
s t ra te  crys ta l  which corresponds,  in its atomic a r -  
rangement ,  to the planes  pe rpend icu la r  to the c- 
axis in the hexagonal  crys ta l l ine  modification. Such 
a plane in the  cubic crys ta l l ine  modification is the 
plane pe rpend icu la r  to the [111] cubic axis. In the 
I I -VI  compounds both the  planes  pe rpend icu la r  to 
the  c-axis  in the  hexagonal  s t ruc ture  and the planes  
pe rpend icu la r  to the [111] axis in the cubic s t ruc-  
ture  are  composed of a l t e rna t ing  layers  of the  group 
II  and group VI atoms. A junct ion be tween  a hexa -  
gonal and a cubic c rys ta l  along such planes  is, 
therefore,  essent ia l ly  equivalent  to a s tacking fault,  
which is not expected to ca tas t rophica l ly  d is rupt  
the lat t ice periodici ty.  

The presented  exper imen ta l  evidence supports  
these views. S ing le -c rys ta l l ine  growth of CdS on 
ZnTe was obta ined only on the (111) c rys ta l lo-  
graphic  planes of ZnTe. Of the two (111) faces of 
different  polar i ty ,  however ,  only  the (111) faces 
containing Zn atoms led to epi tax ia l  CdS films. The 
reason for this  is evident  f rom Fig. 5. Thermal  etch 
of the (111)zn faces produces a smooth surface wi th  
long- range  order  conducive to r e l a t ive ly  f au l t - f r ee  
jo ining of the  growing CdS nuclei. The deep fu r -  
rows and r idges produced by  the rmal  etch on the 
(111) we faces, on the other  hand, are l ike ly  to lead 
to spurious nucleat ion of CdS on the ridges,  and 
the bottoms and the sides of the furrows,  wi th  l i t t le  
l ikel ihood for the nuclea ted  CdS to grow together  
to  form a s ing le -c rys ta l l ine  film. 

Because of the grea te r  vo la t i l i ty  of Zn as com- 
pa red  to Te, it  is possible tha t  the da rk  ridges in 
Fig. 5B represent  bunched chains of Te molecules, 
which would represent  a complete ly  mismatching  
base for  the overgrowth  b y  CdS. As can be seen in 
Fig. 4A, the da rk  ridges are  absent  from the (111)we 
face subjected to an a lka l ine  etch because of the 
good solubi l i ty  of Te in hot  alkalies.  

Electrical properties.--The appearance  of angle-  
lapped ZnTe-CdS junct ions  under  u.v. i r radia t ion,  
as i l lus t ra ted  in Fig. 6, indicates  tha t  t hey  are  not  
sharp p - n  junctions,  but  junct ions of the  p - s - n  or 
p - i - n  type.  ~ The red - luminescen t  h ighly  compen-  
sated layer  be tween  the p - t y p e  ZnTe subs t ra te  
c rys ta l  and the outer  s t rongly  n - t y p e  l aye r  of the 
CdS film is bel ieved to or ig inate  f rom the diffusion 
of the Cu dopant  f rom the ZnTe crys ta l  into the 
por t ion of the CdS film closest to the in ter face  of the 
two mater ia ls .  I t  is also conceivable,  however ,  tha t  
the  red  luminescence is due to the  format ion  of Cd 
vacancies in CdS b y  the diffusion of Cd into ZnTe. 

~ I n  t h e  used  n o t a t i o n ,  s s t a n d s  fo r  s e m i - i n s u l a t i n g  a n d  i f o r  
in t r ins i c .  
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ZnTe is known to a lways  have an excess of Zn over 
Te vacancies,  and could thus r ead i ly  accommodate  
ex t ra  Cd atoms. Detai led analysis  of the lumines-  
cence spectra  would  be helpful  in deciding this 
point. 

Because of the p - s - n  charac ter  of the  ZnTe-CdS 
junctions,  the i r  cu r ren t -vo l t age  behavior  should be 
analyzed  on the basis of the charge recombinat ion  
theory  r a the r  than  the more common diffusion 
theory  which is appl icable  to sharp p - n  junctions.  
In its s implest  form the cu r ren t -vo l t age  re la t ion  of 
a p - s - n  diode, in which the ca r r i e r  recombinat ion  
takes place in the s region, can be expressed as (5) 

qV 

I = ][o (e 2kT__ 1) [1] 

where  the sa tura t ion  current ,  Io, is given by  

W 
Io = A q - - n i  [2] 

T 

In this expression A is the  junct ion area, w is the 
width  of the  junction,  v is the l i fe t ime of car r ie rs  in 
the s region and nl is the  intr insic  car r ie r  concen- 
t ra t ion  in the  s region. The shape of the cu r ren t -  
vol tage character is t ic  of the  ZnTe-CdS diode, i l lus-  
t r a t ed  in Fig. 7, is qua l i t a t ive ly  ve ry  s imi lar  to the  
cur ren t  vol tage character is t ics  of p - n  or p - s - n  junc-  
t ion diodes p repa red  f rom more convent ional  semi-  
conductor  mate r ia l s  (6).  In such diodes the devia -  
t ion f rom exponent ia l  behavior  at low voltages is 
accounted for  by  bu lk  or surface l eakage  currents .  
At  high voltages the depa r tu re  f rom exponent ia l  
behavior  and the g radua l  t rans i t ion  to a l inear  cur -  
r en t -vo l t age  re la t ionship  is due to the current  l imi t -  
ing effect of series resistance.  In  the  ZnTe-CdS junc-  
tions the  series resis tance effect, which sets in at about  
1v, is bel ieved to be due to bu lk  resis tance of the 
CdS film in diodes wi th  high CdS film res is t iv i ty  and 
due to the  res is tance of the  ex te rna l  contact  to ZnTe 
in other  diodes. The exponent ia l  por t ion of the for -  
wa rd  character is t ic  which, in the  present  case, ex-  
tends over  approx ima te ly  three  decades of current ,  
has a slope of q / 2 k T  as requ i red  by  Eq. [1]. The 
sa tura t ion  current  Io however ,  does not have the 
magni tude  or the t empera tu re  dependence requ i red  
by  Eq. [2].  With  reasonable  es t imates  of the in-  
volved parameters ,  the calcula ted sa tura t ion  cur ren t  
turns  out many  orders  of magni tude  smal ler  than  
the observed va lue  and has a much steeper  var ia t ion  
with  t empe ra tu r e  than  observed exper imenta l ly .  

The reasons for these discrepancies  m a y  be, at  
least  par t ly ,  unders tood in reference  to the behavior  
of the  diode whose character is t ic  appears  in Fig. 8. 
In a recent  art icle,  L a m p e r t  (7) has theore t ica l ly  
analyzed double inject ion phenomena  in insulators  
and semiconductors  and proposed a mechanism by 
which the increasing l i fe t ime of carr iers  wi th  in-  
creasing inject ion levels  may  lead  to negat ive  r e -  
sistance. According to the  proposed mechanism at 
low vol tages such double  inject ion devices pass a 
one-ca r r i e r  space charge l imi ted  current .  As the  
vol tage  across the  device is increased,  the recom-  
binat ion centers  in the insula t ing region, which 
usual ly  have much h igher  capture  cross sections for 
holes than  for electrons, g radua l ly  become sa tu ra ted  

wi th  holes. Once all  the  recombinat ion  centers  are  
filled wi th  holes, the device switches over  to the  so- 
called semiconductor  regime and s tar ts  opera t ing  
on the  basis of a t w o - c a r r i e r  r ecombina t ion- l imi ted  
current .  While  the sa tura t ion  region sweeps through 
the semi- insula t ing  region of the crystal ,  negat ive  
res is tance is observed.  

Exper imen ta l  observat ion  of re la ted  phenomena  
have been repor ted  by  a number  of workers  (8, 9). 
In most of these cases the observed cu r ren t -vo l t age  
character is t ics  have  showed pronounced hysteres is  
be tween  r is ing and descending I -V traces,  or ex -  
hibi ted spontaneous oscillations wi th  appl ied  d.c. 
In some instances wel l -def ined  regions of negat ive  
resis tance were  also observed.  

As can be seen in Fig. 8 and 9, the  ZnTe-CdS diode 
wi th  the  wide compensated region c lear ly  exhibi ts  
double  inject ion behavior .  The appearance  of as 
many  as five branches  in the I -V character is t ic  is 
indicat ive  of the presence of several  sets of recom-  
binat ion centers  wi th  different  hole cap ture  cross 
sections and level  depths.  Refer r ing  to Fig. 9, as the 
vol tage across the junct ion is increased,  one can first 
see a t race  near  the zero current  axis which p r e -  
sumably  represents  space charge l imi ted  t raverse  of 
electrons f rom n - t y p e  CdS to p - t y p e  ZnTe v/a  the 
semi- insu la t ing  region of the  CdS film. At  about  
3v the diode switches over  to the  first semiconduc-  
tor  regime wi th  e lec t ron-hole  recombinat ions  occur- 
r ing  via the first set of recombinat ion  centers. At  
h igher  voltages new recombinat ion  centers  come in 
to p lay  wi th  the recombina t ion  switching f rom one 
set to another  dur ing  each sweep of the appl ied 60 
cps a.c. The descr ibed mul t ip le  branch  switching in 
the ZnTe-CdS diodes is thus quite analogous to tha t  
found by  Holonyak  (10) in GaAs and St, and in te r -  
p re ted  as being due to the  presence of several  sets 
of recombinat ion  centers. 

The presence of severa l  sets of recombinat ion  cen-  
ters in compensated CdS is not unexpected.  There 
are two known Cu centers  which have  been observed 
in compensated CdS (11), and one, possibly two 
se l f -ac t iva ted  centers  p r o m o t e d  by  the presence  of 
donors (coact ivators)  l ike  Ga (12). The semi - in -  
sulat ing layer  of the  CdS film in the ZnTe-CdS di -  
odes contains Ga f rom the CdS powder  charge, and 
Cu (or possibly,  Cd vacancies)  which diffuse in f rom 
ZnTe. Therefore  it is a lmost  cer ta in  tha t  this  po r -  
t ion of the film wil l  contain at  least  two recombina-  
t ion centers  of the  above-ment ioned  kind. In add i -  
t ion to this the  film may  contain centers  due to iso- 
la ted  Cu or Ga, centers responsible  for the we l l -  
known CdS "edge emission" and possibly  also cen- 
ters  due to pa r t i a l  diffusion of Zn or Te into the CdS 
film near  the ZnTe phase boundary .  Except  for the 
wid th  of the  semi- insu la t ing  layer ,  the  regu la r  n a r -  
row ZnTe-CdS junct ions are ident ical  wi th  the 
double inject ing junct ions and should the re fore  also 
contain a mul t ip l ic i ty  of recombinat ion  centers. 
Thus i t  is not surpr is ing  to find tha t  the sa tura t ion  
current  in such junct ions does not fit the  simple 
charge recombina t ion  expression of Eq. [2],  which 
is based on a model  wi th  only one set of r ecombina-  
t ion centers  at the  middle  of the  forb idden  zone wi th  
equal  cap ture  cross sections for electrons and holes. 
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In  the  fo r ego ing  d i scuss ion  i t  was  t a c i t l y  a s s u m e d  
tha t ,  a l t h o u g h  the  Z n T e - C d S  d iodes  r e p r e s e n t e d  
j u n c t i o n s  b e t w e e n  two  d i s s i m i l a r  m a t e r i a l s  w i t h  
r a t h e r  l i m i t e d  sol id  s o l u b i l i t y  in  each  o ther ,  t h e y  
b e h a v e d  as  h o m o j u n c t i o n s  as  fa r  as t h e i r  c u r r e n t -  
v o l t a g e  r e l a t i o n s h i p  was  concerned .  In  t he  f o l l o w -  
ing  d i scuss ion  i t  w i l l  be  shown  t h a t  th is  is, indeed ,  
a s a t i s f a c t o r y  first  a p p r o x i m a t i o n .  

In  r ecen t  y e a r s  r e p o r t s  abou t  the  p r o p e r t i e s  of 
s e v e r a l  h e t e r o j u n c t i o n  sy s t ems  h a v e  a p p e a r e d  in 
l i t e r a t u r e  ( 1 - 4 ) .  Ye t  t h e r e  ex is t s  no t h o r o u g h  t h e -  
o r e t i ca l  t r e a t m e n t  of t he  sub jec t  of l i n ing  up  of t he  
b a n d  edges  in d i s s i m i l a r  ma t e r i a l s .  The  on ly  p a p e r  
w h i c h  d e a l s  w i t h  th is  sub j ec t  e x p l i c i t l y  is due  to  
A n d e r s o n  (1) .  A n d e r s o n  p r e p a r e d  G e - G a A s  h e t e r o -  
j u n c t i o n s  a n d  d e t e r m i n e d  the  r e l a t i v e  pos i t ions  of 
t he  conduc t ion  and  the  v a l e n c e  b a n d s  in t he  two  
m a t e r i a l s  b y  e s t i m a t i n g  t h e  b u i l t - i n  v o l t a g e s  at  t he  
conduc t ion  a n d  v a l e n c e  b a n d  edges.  I m p l i c i t  in  his  
t r e a t m e n t  was  t h e  i dea  t h a t  t he  b a n d  prof i le  a t  t h e  
j u n c t i o n  was  no t  on ly  d e t e r m i n e d  b y  the  pos i t ions  of 
the  F e r m i  l eve l s  a n d  the  cha rge  dens i t ies ,  b u t  a lso  
b y  the  r e l a t i v e  e l ec t ron  affini t ies of t he  two  m a t e -  
r ia ls .  This  is no t  t he  p l ace  to specu l a t e  as to t h e  
t h e o r e t i c a l  jus t i f i ca t ion  of such a t r e a t m e n t .  F r o m  
the  p r a c t i c a l  s t a n d p o i n t  i t  is c l ea r  t h a t  in h e t e r o -  
j u n c t i o n s  l i ke  G e - G a A s  or  G e - G a P ,  w h e r e  t he  b a n d -  
gap  of one m a t e r i a l  is m o r e  t h a n  tw ice  t h a t  of t he  
o ther ,  and  the  e l ec t ron  affini t ies d i f fer  c o n s i d e r a b l y  
( th i s  is a n o t h e r  w a y  of s a y i n g  t h a t  t he  m a t e r i a l s  a r e  
c h e m i c a l l y  r a t h e r  d i f f e ren t  f r o m  each  o t h e r ) ,  an 
e x a c t  so lu t ion  to th is  p r o b l e m  is q u i t e  difficult .  

In  t he  Z n T e - C d S  s y s t e m  the  s i t ua t i on  is f o r t u -  
n a t e l y  m u c h  s i m p l e r  because  he re  t he  m i s m a t c h  in 
b a n d g a p s  is less  t h a n  10% of the  a v e r a g e  of t h e  two  
m a t e r i a l s .  In  a d d i t i o n  t h e  e l e c t r o n  aff ini t ies  of ZnTe  
(13) and  CdS (14) d i f fer  b y  on ly  0.3 ev. This  is, 
of course ,  no t  s u r p r i s i n g  in  v i ew  of t h e  s im i l a r  c h e m -  
ica l  n a t u r e  of t h e s e  two  compounds .  T h e  sol id  s o l u -  
b i l i t y  of Z n T e  in CdS and  vice versa  is not  v e r y  e x -  
tens ive .  H o w e v e r ,  t he  t y p e  of bonds  w h i c h  m a y  
occur  a d j a c e n t  to each  o t h e r  a t  t h e  i n t e r f a c e  of t h e  
ZnTe  c r y s t a l  and  t h e  CdS film, i.e., Z n - S ,  T e - C d ,  
Zn-Te ,  and  C d - S  a re  aga in  q u i t e  s im i l a r  and  w o u l d  
not  be  e x p e c t e d  to d i s r u p t  t he  t e t r a h e d r a l  b o n d i n g  
o r d e r  of t he  s t r u c t u r e  as a w h o l e  or  f o r m  pa t ches  of 
a b n o r m a l l y  h igh  r e c o m b i n a t i o n  ra te .  The re fo re ,  i t  
is b e l i e v e d  t h a t  a s a t i s f a c t o r y  f irst  a p p r o x i m a t i o n  
is to  s m o o t h l y  jo in  the  v a l e n c e  and  conduc t ion  b a n d  
edges  of the  two  c o m p o u n d s  t a k i n g  into  accoun t  on ly  
t he  r e l a t i v e  pos i t ions  of t h e i r  F e r m i  l eve l s  and  the  
f ixed c h a r g e  dens i t ies .  The  m o r e  s o p h i s t i c a t e d  t r e a t -  
m e n t  b y  A n d e r s o n ,  w h i c h  t a k e s  in to  account  the  d i f -  
f e r ence  in e l ec t ron  affinities,  is d e p i c t e d  in Fig .  10. 
He re  t h e  0.3 ev  d i f f e rence  in  e l ec t ron  affinit ies b e -  
t w e e n  CdS and  ZnTe  is c a r r i e d  ove r  in to  t he  ac tua l  
j u n c t i o n  space  cha rge  r eg ion  w h e r e  i t  p r o d u c e s  a 
s m a l l  sp ike  in  t he  conduc t ion  b a n d  edge  and  a 0.1 ev  
d i s c o n t i n u i t y  in  t h e  v a l e n c e  b a n d  edge.  The  e x -  
i s tence  of t he se  w o u l d  no t  be  eas i ly  o b s e r v e d  b y  t h e  
m e a s u r e m e n t s  d e s c r i b e d  in  t h e  p r e c e d i n g  tex t ,  so 
t h a t  the  ques t ion  of t h e i r  ex i s t ence  is a c a d e m i c  at  
th is  point .  
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Fig. 10. Band model for ZnTe-CdS heterojunctions 

The  o t h e r  f e a t u r e s  of t he  b a n d  m o d e l  s h o w n  in 
Fig.  10 af ford  an  i l l u s t r a t i v e  s u m m a r y  of the  p e r t i -  
nen t  conc lus ions  r e g a r d i n g  the  Z n T e - C d S  h e t e r o -  
junc t ions .  F r o m  the  e x p e r i m e n t a l  ev idence  of Fig.  
6 and  7, i t  was  conc luded  t h a t  the  j u n c t i o n s  have  a 
p - s - n  s t r uc tu r e ,  w i t h  t he  s p a r t  r e p r e s e n t i n g  a 
h e a v i l y  c o m p e n s a t e d  r eg ion  w i t h  the  F e r m i  leve ls  
n e a r  or  s l i gh t ly  a b o v e  t h e  m i d d l e  of t he  b a n d  gap  
of CdS.  The  i n d i c a t e d  pos i t ions  of the  F e r m i  leve ls  
in  Z n T e  and  t h e  o u t e r  l a y e r  of t he  CdS  f i lm w e r e  d e -  
t e r m i n e d  f r o m  H a l l  m e a s u r e m e n t s  w i t h  s i m i l a r l y  
d o p e d  s ingle  c rys ta l s .  T h e  e x p e r i m e n t s  w i t h  t he  
j u n c t i o n s  show ing  doub le  i n j ec t ion  and  n e g a t i v e  
r e s i s t ance  i n d i c a t e d  t h a t  t h e  s r eg ions  of t h e  j u n c -  
t ions  con ta in  s e v e r a l  sets  of r e c o m b i n a t i o n  centers .  
The  a p p r o x i m a t e  pos i t ions  of t w o  such sets  of  r e -  
c o m b i n a t i o n  cen te r s  a r e  s h o w n  in t he  f igure.  The  
sho r t  h o r i z o n t a l  l ines  w i t h  dots  i nd i ca t e  t he  pos i t ions  
of t he  l eve l s  w h e n  occup ied  b y  e lec t rons ,  w h i l e  t h e  
d a s h e d  l ines  i n d i c a t e  t h e i r  pos i t ions  a f t e r  ho le  c a p -  
t u r e  ( a f t e r  the  S tokes  sh i f t  has  o c c u r r e d ) .  Because  
the  r e c o m b i n a t i o n  cen te r s  h a v e  l a r g e r  c a p t u r e  cross  
sec t ions  for  ho les  t h a n  e lec t rons ,  t h e r e  is a l w a y s  
a s u p p l y  of holes  w a i t i n g  in  t hese  cen te r s  ( in  the  
r e g u l a r  n a r r o w  Z n T e - C d S  j u n c t i o n s )  for  t he  e l ec -  
t rons  to be  i n j e c t e d  ove r  t h e  p o t e n t i a l  h i l l  b e t w e e n  
the  n a n d  t h e  s p a r t s  of t he  j unc t ion ,  as  t he  v o l t a g e  
across  t h e  j u n c t i o n  is i nc reased .  T h e  s - l a y e r  in  these  
j u n c t i o n s  may ,  t he re fo re ,  b e h a v e  l ike  a m a t e r i a l  
w i t h  a p p r o x i m a t e l y  one ha l f  of t he  b a n d  gap  of i n -  
t r in s i c  CdS,  t hus  a f fo rd ing  a poss ib le  e x p l a n a t i o n  
for  the  l a r g e  o b s e r v e d  s a t u r a t i o n  cu r ren t s .  
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ABSTRACT 

Structura l  and electrical properties of CdTe films prepared by vacuum 
evaporat ion of the compound were studied. Films 0.1-1~ thick were deposited on 
glass substrates between 25 ~ and 250~ at ambient  pressures below 10 -6 Torr. 
The deposition rate was controlled by an ionization rate monitor.  F i lm thick- 
ness, uniformity,  adhesion, and infrared absorption were determined.  X-ray 
diffraction techniques were used to analyze the structure, grain size, and 
orientat ion of the films. These properties were found to be related to the de- 
position temperature.  F i lm resistivities were  greater than  107 ohm-cm at all 
deposition temperatures,  even if impuri t ies  were added dur ing  evaporation. 
Possible causes for this behavior  are discussed. 

Recent  advances  in  t h i n  film ci rcui t  t echnology  
have  c rea ted  a s t rong  in te res t  in  evapora ted  semi -  
conductor  films (1-4) .  Of the  ma te r i a l s  a m e n a b l e  to 
v a c u u m  evapora t ion ,  c a d m i u m  te l lu r ide  seemed 
p romis ing  because  the  e lect r ical  proper t ies  of s ingle  
crysta ls  have  been  va r i ed  over  a wide  range.  This  
s tudy  was made  to eva lua t e  CdTe as a m a t e r i a l  for 
evapora ted  t h i n  film devices. The  objec t ive  was  to 
es tabl ish  a con t ro l l ab le  evapora t ion  process and  to 
corre la te  fi lm proper t ies  w i th  deposi t ion  pa ramete r s .  

C a d m i u m  te l lu r ide  is a I I - V I  c o m p o u n d  semicon-  
duc tor  w i th  zinc b l e n d e  s t r uc tu r e  (5) and  a b a n d  
gap of abou t  1.5 ev (6-8) .  S ingle  crystals  of both  
conduc t iv i ty  types  have  been  g rown  by  var ious  
methods,  and  p - n  j unc t ions  showing  rect i f icat ion and  
photovol ta ic  effects have  been  demons t r a t ed  (6-11) .  
Ex t r ins ic  conduc t iv i ty  has  been  p roduced  by  de-  
v ia t ion  f rom s to ich iomet ry  or by  incorpora t ion  of 
fore ign  atoms.  

Elect r ical  proper t ies  associated wi th  var ious  de-  
fects in the CdTe lat t ice are shown below. I m p u r i t y  

Conduc- 
tivity 
t y p e  

M e c h a n i s m  of p ro -  A c t i v a t i o n  
E l e m e n t  i n c o r p o r a t i o n  duced  ene rgy ,  e v  R e f e r e n c e  

Excess Te Cd-vacancy p 0.15 (6) 
Li Substit. for Cd p 0.27 (8),(9)  
Cu Substit. for Cd p 0.34 (6) 
Ag Substit. for Cd p 0.30-0.35 (6) , (8) , (9)  
Au Substit. for Cd p 0.27-0.35 (6),(9) 
Pb Substit. for Te p 0.51 (8) 
P Substit. for Te p 0.38 (8) 
Sb Substit. for Te p 0.36 (6) , (8) , (9)  
Excess Cd Inters t i t ia l  n 0.02 (6) 
In  Substit. for Cd n 0.02 (6) , (9) , (11)  
I Substit.  for T e n  0.003 (8) , (9) , (11)  

concen t ra t ions  up to 5 x 1017 cm -3 and  mobi l i t i es  up 
to 700 cm2/v  sec for e lec t rons  and  65 cm2/v ' sec  for 
holes have  been  repor ted  (6) .  

Sma l l  CdTe crys ta ls  a nd  po lyc rys t a l l i ne  films have  
been  condensed  by  m i x i n g  Cd a nd  Te2 vapors  (12), 
or by  v a c u u m  evapora t i on  of the c o m p o u n d  at 
pressures  f rom 10 -~ to 10 -4 T o r t  (13, 14). When  
evapora t ing ,  CdTe dissociates into the  e l ements  
(6, 17) 

CdTe (s) ~ Cd (g) + 1/2 Te2 (g) [1] 

A p p r o x i m a t e  e q u i l i b r i u m  pressures  for 700 ~ to 
1000~ have  been  ca lcu la ted  f rom the s t a n d a r d  free 
ene rgy  of f o r ma t i on  (6).  P rev ious  a t t empt s  to evap-  
orate  CdTe have  p roduced  semiconduc t ing  films w i th  
d a r k  res is t iv i t ies  typ ica l ly  b e t w e e n  107 a nd  10 s o h m -  
cm at room t empera tu r e .  U n d e r  ce r ta in  deposi t ion 
condit ions,  these films have  shown  u n u s u a l l y  large 
photovol tages  ( 13-16).  

Evaporation Process 
The CdTe films were  p r epa red  in  a commerc ia l  

v a c u u m  sys tem wi th  an  18 in. d i ame te r  bel l  j a r  
shown  in  Fig. 1. Vacua  of lx10 -7 Tor r  could be 
p roduced  by  cooling the baffle of the  oil diffusion 
p u m p  a nd  a Meissner  t rap  located n e a r  the  top of 
the  bel l  j a r  w i th  l iqu id  n i t rogen .  

The films were  deposi ted on 1 x 3 x 0.04 in. boro-  
si l icate glass slides. Pa ra l l e l  e xpe r i me n t s  wi th  soda 
l ime  glass subs t ra tes  y ie lded  iden t ica l  resul ts .  S u b -  
s t ra te  c l ean ing  s ta r ted  w i th  soaking the  slides in  
a cold s a tu ra t ed  solut ion of sod ium d ich romate  in  
su l fur ic  acid fo l lowed by  a r inse  in  demine ra l i zed  
water .  Af te r  u l t r a son ic  c l ean ing  in  de t e rgen t  so lu-  
tion, the  slides were  r insed  in  dis t i l led  w a t e r  and  
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Fig. |. Evaporation system used for CdTe film deposition. A, 
source; B, glass cylinder; C, rate sensor; D, ionization gauge; E, 
shutter; F, thermocouple; G, thermocouple shield; H, substrate and 
mask; I, substrate heater; J, Meissner trap. The distances o and b 
are 15 and 7 in., respectively. 

stored in absolute isopropanol.  Immed ia t e ly  pr ior  
to loading into the evapora tor ,  the subs t ra tes  were  
r insed in pure  toluene and dr ied under  a hea t  lamp. 
For  each exper iment ,  two subs t ra te  slides were  
placed in the evapora tor  in close contact  wi th  meta l  
evapora t ion  masks.  The deposit  was obta ined in the 
form of severa l  s t r ips  or squares and such pa t te rns  
as commonly used for Hal l  and res is t iv i ty  measu re -  
ments. The subst ra tes  were  rad ia t ion  hea ted  by 
t an ta lum filaments mounted  about  1 in. above the 
glass slides. A thermocouple  spr ingloaded against  
the  deposi t  side of one subst ra te  and a t tached to a 
recorder -con t ro l l e r  p rov ided  t empe ra tu r e  constancy 
wi th in  •176 This a r r angemen t  pe rmi t t ed  con- 
venient  loading and unloading of substrates.  At  t em-  
pera tu res  above 150~ reproduc ib i l i ty  and accuracy 
of measurements  g radua l ly  de te r io ra ted  due to the 
thermocouple  contact  area  being smal l  compared  to 
the lead diameter ,  and to nonuni form heat  absorp-  
tion. 

Two types  of evapora t ion  sources were  t r ied.  An  
open cyl indr ica l  a lumina  or quartz  crucible,  r e -  
sistance hea ted  by  a t an t a lum strip, p roved  un-  
sa t is factory  because par t ic les  were  ejected and de-  
posi ted on the film surface even at  modera te  
evapora t ion  rates. This p rob lem was grea t ly  reduced 
by  using a spher ical  t an t a lum boat  wi th  an in ternal  
baffle as shown in Fig. 2. The source t empera tu re  

3/16" DIAM. HOLE~ -~- -  f~BAFFLE 

_t_ 5/8" 

�9 1 

was measured  dur ing  evapora t ion  by  a thermocouple  
spot welded to the boat.  Depending on the evapora -  
t ion rate,  in i t ia l  t empera tu res  var ied  be tween 750 ~ 
and 850~ Due to a nonuni form t empera tu r e  d i s t r i -  
but ion in the  boat,  a g radua l  increase of 30~176 
was observed toward  the end of each run, when 
ma te r i a l  in contact  wi th  the cooler port ions of the  
source evaporated.  

The source ma te r i a l  was h i g h - p u r i t y  grade  CdTe 
powder  f rom various suppliers.  X - r a y  fluorescence 
and spectroscopic analysis  of a typ ica l  product  r e -  
vea led  an excess of about  5 at. % t e l lu r ium and the 
fol lowing impur i t ies  (in p p m ) :  5 Cu, 4 Sn, 3 Ag, 
3 Pb, and  less than  0.5 Mg, A1, Fe, Ni, Bi. 

The CdTe charge, usua l ly  2.5g, was evapora ted  
to completion. The first and the las t  25% of the 
evapora t ing  charge were  excluded f rom condensa-  
t ion on the subs t ra te  by keeping the shut te r  closed. 
P r io r  to an evaporat ion,  the sys tem pressure  was 
reduced to about  2 x 10 -~ Torr;  immedia te ly  af ter  
evaporat ion,  pressures  be tween  4 x 10 -T and 1 x 
10 -8 Tor t  have  been  measured.  

The evapora t ion  process was control led by  an 
ionization ra te  moni tor  (18). As shown in Fig. 1, 
the ionization gauge C measured  the par t ic le  den-  
si ty in the  evaporan t  s tream. Another  ionization 
gauge D mounted  outside the  glass cy l inder  B in-  
dicated the background  pressure.  The difference of 
ionization currents  in both gauges was fed into a 
r ecorder -con t ro l l e r  which kept  the net  ionization 
cur ren t  constant  to wi th in  •  by  vary ing  the 
power  input  to the source. To prevent  condensat ion 
of CdTe on the inner  sensor C, all  electrodes of this  
ionization tube were  hea ted  dur ing evapora t ion  
(19). 

With  this a r r angemen t  the evapora t ion  rate,  ca l -  
culated f rom the  amount  of CdTe in the  source and 
the to ta l  evapora t ion  time, could be control led 
th rough  the ionizat ion current ;  the re la t ionship  is 
shown in Fig. 3. The scat ter  is due to smal l  differ-  
ences in the respect ive  posit ions of source and ra te  
sensor and to condensat ion of CdTe on the source 
baffle, thus res t r ic t ing  the orifice and affecting the 
d i rec t ional i ty  of the evaporan t  s tream. Most exper i -  
ments  were  made  wi th  evapora t ion  ra tes  of about  10 
micromole  CdTe per  second; at  h igher  rates,  spa t -  
ter ing occurred f requent ly .  

The condensat ion ra te  depends  on the number  
of molecules in the  evaporan t  s t ream and is t he r e -  
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Fig. 2. Tantalum boat used as evaporation source Fig. 3. Rate monitor current as a function of the evaporation rate 
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Fig. 4. Condensation rate at 200~ on glass as a function of rate 
monitor current. These rates were determined from lO-min deposi- 
tion runs. 

fore related to the ionization current. This is shown 
in Fig. 4 for CdTe films deposited on glass surfaces at 
200~ Reproducibility was limited by the method 
of measuring the substrate temperature.  As shown 
in Fig. 5, condensation rates above 150~ are quite 
sensitive to temperature  fluctuations and drop 
sharply above 200~ The slight max imum at 100~ 
is genuine and has been confirmed repeatedly. 

For constant substrate temperatures and evapora-  
tion rates, the film thickness increased linearly with 
deposition time as shown in Fig. 6. At  the higher 
temperatures,  there is indication of delayed con- 
densation of the first few hundred angstroms. 

15,000 

• lO,O00 = +f 

~ .c. 

~, 5,000 

0 5 10 15 
DEPOSITION TIME (MIN.)~ 

Fig. 6. Film thickness vs. deposition time at various substrate 
temperatures for constant evaporation rates of 10.3 ~__ 0,1 micro- 
mole/see. 

Propert ies of  C d T e  Fi lms 

The CdTe films had very smooth shiny surfaces; 
they were continuous and dense. An electron micro- 
scope picture of a surface replica taken f rom a typ-  
ical film is shown in Fig. 7. Films thinner than about 
4000A were t ransparent  with a brownish color. 
Thicker films had a metallic gray appearance. Thick- 
nesses have been determined by the Tolanski in- 
terference method (20) and with a profilometer. 
Both methods gave results in excellent agreement. 
Thickness variations over the entire 3 x 3 in. sub- 
strate area were -----1% for deposition temperatures 
up to 200~ 

Film adhesion was tested qualitatively with cello- 
phane tape pressed over the deposit and then 
stripped off (21). CdTe films deposited at tempera-  
tures of 100~ or higher adhered firmly to the sub- 
strafe. However, if no chromic acid had been em- 
ployed in the substrate cleaning procedure, films 

i t 5  

~0 Lu 

~5 

w % 50 I00 150 200 

CONDENSATION TEMPERATURE ('C)---*, 

250 

Fig. 5. Condensation rate vs. condensation temperature on g|ass 
surfaces, determined from lO-min deposition runs. Data normalized 
for 10 micromole/sec evaporation rate. 

Fig. 7. Surface of CdTe film 5000A thick, deposited at 200~ 
Magnification IO,O00X before reduction for publication. 

prepared at these temperatures were partially 
stripped off the glass. Films deposited below 100~ 
did not adhere regardless of the cleaning procedure. 
Baking the substrates in vacuum prior to deposition 
did not improve this behavior. In addition, all low- 
temperature  films were heavily strained; mechan-  
ical or thermal  action caused them to wrinkle and 
peel. 

Structure and crystallinity of the films were in- 
vestigated with an x - r ay  diffraction unit and pulse 
height analyzer using Cu Ka radiation. All films 
showed diffraction maxima characteristic for CdTe. 
The deposition temperature  had a pronounced in- 
fluence on the crystallinity of the films. Table I 
shows the relative intensities of the first three dif- 
fraction maxima for films of comparable thicknesses. 
The other maxima were always very  weak or mis- 
sing. All films deposited at 150~ or above exhibit 
preferential  (111) orientation. At lower condensa- 
tion temperatures,  part icularly at 100~ (110) and 
(311) orientations compete with (111). 

Also listed in Table I are the average grain sizes 
of these films. These have been calculated from the 
width of the (111) diffraction maxima by compari-  
son with a commercial silicon powder x - r ay  stand- 
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Table I. X-ray diffraction data of CdTe films 

Rela t ive  in tens i t ies  
Depos i t ion  F i lm Gra in  Reflections f r o m  

F i lm No. t empera tu re ,  ~  (111) (220) (311) thickness ,  A size, A crystal l ine Te, hk l  

Standard* - -  100 80 70 __ M 

13 25 100 54 21 8000 200 (100) 
41 25 100 50 40 7300 300 (101) 
14 100 3 100 2 7700 700 (100), (101) 
43 100 65 100 70 7750 600 - -  
51 100 100 43 61 8000 500 
17 150 100 10 13 7250 800 (100), (101), (102), (111) 
44 150 100 0.4 0.5 5950 2500 
52 150 I00 - -  - -  6450 2200 
15 200 100 - -  0.2 6150 1200 - -  
49 200 100 0.3 0.7 6250 2600 
18 250 I00 - -  i 5000 I000 
54 250 I00 i0  7 4000 1700 

* Rela t ive  in tens i t ies  for  r andomly  or iented CdTe powder ,  f r o m  

ard. There  is a genera l  increase of grain size with 
t empera tu re ,  but  no quant i t a t ive  re la t ionship  be -  
tween t empera tu re  and grain  size is apparent .  

X - r a y  diffraction d iagrams revea led  the presence 
of a second crys ta l l ine  phase in l o w - t e m p e r a t u r e  
films. The addi t ional  max ima  have  been identified 
as character is t ic  for hexagona l  te l lur ium,  and the 
corresponding crys ta l  planes  are l is ted in the  last  
column of Table I. If  deposi ted at  room tempera ture ,  
pa r t  of the excess t e l lu r ium is p robab ly  amorphous,  
and its c rys ta l l in i ty  improves  wi th  deposi t ion t em-  
pera ture .  At  100 ~ and 150~ condensat ion of excess 
t e l lu r ium is not reproducib le  and was found only 
if one pa r t i cu la r  CdTe powder  was used for evap-  
oration. Subs t ra te  t empera tu res  of 200~ or h igher  
consis tent ly p reven ted  the condensat ion of a te l -  
lu r ium phase.  

S imi lar  resul ts  have been publ i shed  by Semile tov 
(22), who evapora ted  CdTe on NaC1, mica, celluloid, 
and glass. He found the in tens i ty  of the (222) x - r a y  
reflection to be unusua l ly  high, which indicates  p re -  
fe r red  (111) orientat ion.  Fur the rmore ,  he repor ts  
the presence of one unidentif ied in ter ference  asso- 
ciated with  an in t e rp l ana r  spacing of 3.95A. In this  
invest igat ion,  the same in ter ference  was found in 
combinat ion with  addi t ional  max ima  and therefore  
could be a t t r ibu ted  to the (100) plane of te l lur ium.  

The influence of the  condensat ion t empera tu re  on 
the composition of CdTe films has been confirmed 

lOG 

,OOO IO,0OO 15,000 20,000 
WAVELENGTH ( ~ ) ~  

Fig. 8. Transmittance of CdTe films. I is typical of films de- 
posited at room temperature or 100~ II is typical of films de- 
posited at  150 ~ , 200 ~ , or 250~ Maxima and minima are due to 
interference effects superimposed on the transmittance characteris- 
tics. 

ASTM X - R a y  P o w d e r  Data  Pile, Card No. 10-20, Fe K~  radia t ion,  

by inf ra red  t ransmi t tance  measurements .  F igure  8 
shows the two types  of t r ansmi t t ance  curves ob-  
ta ined with  films 4000-8000A thick. Those films de-  
posi ted at 150~ or above had  a sharp absorpt ion 
edge at wavelengths  around 0.83/,. This corresponds 
to a t ransi t ion energy  of 1.5 ev, which is the wid th  of 
the energy gap of CdTe and in agreement  wi th  pho-  
to -absorp t ion  and photosens i t iv i ty  data  of CdTe sin- 
gle crystals  (6, 23, 24). CdTe films produced  at  lower  
subs t ra te  t empera tu res  showed a t r ansmi t t ance  
which decreased g radua l ly  in the wave leng th  range 
f rom 1.5 to 0.8/~. In accordance with  the resul ts  of 
the x - r a y  analysis,  absorpt ion  in this region is a t -  
t r ibu ted  to the  presence of free te l lur ium.  

Cont ra ry  to expectat ions,  the electr ical  proper t ies  
of CdTe films did not reflect differences in compo- 
sition Regardless  of deposi t ion t empera tu re ,  al l  
films had resis t ivi t ies  g rea te r  than l0 T ohm-cm. If 
sandwiched be tween  two meta l  electrodes,  the films 
had equal ly  high resis t ivi t ies  unt i l  the appl ied  elec-  
tr ic field approached  105 v /cm.  Beyond this l imi t  
e lectr ical  b reakdown occurred,  and the films were  
destroyed.  A t t empt s  were  made  to produce films 
with  lower  res is t ivi t ies  by  adding  impur i t ies  to the  
CdTe charge  in the boat. However,  addit ions of 
0.05% Cd, 0.3% In, 1% CdC12, and 1-20% CdIs were  
found to be comple te ly  ineffective. 

The high film resis t ivi t ies  indicate  e i ther  ve ry  low 
effective car r ie r  mobil i t ies ,  or low car r ie r  concen- 
trat ions,  or both. The low effective mobil i t ies  may  
be caused by  e lect r ica l  ba r r i e r  l ayers  at  the  gra in  
boundar ies  s imi lar  to those pos tu la ted  by  Goldstein 
and Pensak  (15) and Hutsin  (16) to expla in  la rge  
photo voltages in CdTe films p repa red  under  an 
oblique angle of deposition, deNobel, too, found 
large  potent ia l  drops across gra in  boundar ies  in 
CdTe crystals  (6).  

Smal l  ca r r ie r  concentrat ions  would  mean that,  a t  
the condensat ion t empera tu res  used, CdTe does not 
have the abi l i ty  to dissolve an apprec iable  excess 
of its constituents.  Al though differences in the ac-  
commodat ion coefficients of Cd atoms and Te2 mole-  
cules a re  large  enough to a l low the condensat ion of 
unreac ted  t e l lu r ium up to 150~ a significant de-  
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viat ion f rom s to ichiometry  in the  compound is not  
produced.  This conclusion is suppor ted  by  da ta  pub -  
l ished by  deNobel  (6) ,  who observed the mel t ing  
t empera tu res  of CdTe crystals  in equ i l ib r ium wi th  
Cd and Te2 vapors.  F r o m  Hal l  measurements ,  he 
de te rmined  the excess of Cd or Te dissolved in these 
crystals  and he found tha t  the  solubil i t ies  of both  
const i tuents  decrease  toward  lower  tempera tures .  
For  example ,  near  the mel t ing  point  of the  stoi-  
chiometr ic  compound at  1090~ the solid solubi l i ty  
for  Te in CdTe is app rox ima te ly  7 x 101~ cm-3;  it  
decreases to about  10 TM cm -8 at  700~ For  excess 
Cd, the  solubi l i ty  is also in the  order  of 1017 cm -3, 
but  the  decrease is less drastic.  Assuming tha t  the 
t rend  of decreasing solubi l i t ies  ex tends  to t e m p e r a -  
tures  be low the inves t iga ted  interval ,  deviat ions 
f rom s toichiometry  in CdTe films condensed be tween  
25 ~ and 250~ must  be  cons iderably  smal ler  than  
1018 cm-3.  

In those cases where  impur i t ies  had been added 
to the  evapora ted  CdTe charge, it  is quest ionable  
whe ther  they  have also been deposi ted on the sub-  
strates.  Assuming tha t  some condensat ion of impur -  
ities took place, an electr ical  effect is not necessar i ly  
to be expected.  Kroeger  (25) has shown that ,  in 
contras t  to silicon and germanium,  the incorpora t ion  
of impur i t ies  into semiconductor  compounds may  
occur by  different  mechanisms.  I t  depends on the 
ambien t  condit ions dur ing  prepara t ion ,  whe ther  the  
incorpora t ion  of an impur i ty  wi l l  cont r ibute  charge 
carr iers  or not. In CdTe, deNobel  found indium to 
be an effective donor only if the crys ta l  had  been an-  
nealed in Cd vapor  to es tabl ish a me ta l  excess. S im-  
i lar ly,  crysta ls  containing Cu or A u  showed p - t y p e  
conduct ivi ty  only if a t e l lu r ium excess had  been 
formed by  heat ing the compound at  ve ry  low Cd or 
high Te pressures.  If CdTe films condensed at  or 
below 250~ do not  show significant deviat ions f rom 
stoichiometry,  ne i ther  acceptor  not donor impur i t ies  
are e lec t r ica l ly  effective. 

Various postdeposi t ion t r ea tmen t s  have been t r i ed  
to lower  film resist ivi t ies.  Up to 400~ CdTe films 
could be hea ted  in a s t r eam of dr ied  he l ium w i t h -  
out subl imation,  but  no pe rmanen t  res is t iv i ty  
changes have  been observed.  Severa l  films were  
sealed into evacuated  quar tz  tubes  together  wi th  
small  quant i t ies  of Cd, Ga- In ,  or Te, and hea ted  to 
500~176 for 1 hr. This procedure  lowered  da rk  
resis t ivi t ies  to about  l0  s ohm-cm and increased the 
average  gra in  size of films up to about  1#. F i lms  an-  
nealed in the presence of Cd alone or Cd plus G a - I n  
showed n - t y p e  conduct ivi ty,  whereas  those baked  
in Te-vapors  were  p - type .  Hall  measurements  could 
not be made  because the  high film resis tance p ro -  
duced vol tages be tween  the Hal l  contacts which 
were  severa l  orders  of magni tude  g rea te r  than  the 
Hall  vol tages  to be expected.  

This method  of increasing the conduct ivi ty  of 
CdTe films has severa l  shortcomings.  Some of the  
films hea ted  under  ident ical  condit ions did not show 
lower  da rk  resis t ivi t ies  nor  l a rge r  grains than  they  
had  had  ini t ial ly.  Some films pee led  as a resul t  of 
anneal ing in Cd-vapor ,  others  were  severe ly  r idd led  
with  pinholes.  I t  is also quest ionable  wha t  impur i t ies  
were  responsible  for the  conduct iv i ty  increase,  be -  

cause the res is t iv i ty  of n - t y p e  films produced by  
t r ea tmen t  in Cd-vapor  e i ther  did not  change or even 
decreased s l ight ly  af ter  heat ing in a high vacuum 
up to 300~ If in ters t i t ia l  Cd had been  present  as 
donor impur i ty ,  it  should have been r e - e va po ra t ed  
and resul ted  in a res is t iv i ty  increase. F ina l ly ,  evap -  
ora ted  gold contacts to be used in connection wi th  
CdTe films cannot  be subjected to the  Cd-vapor  
t r ea tmen t  because they  al loy wi th  the  free me ta l  and 
peel  off. 

Summary and Conclusions 
CdTe can be vacuum evapora ted  under  control led 

conditions using an ionization ra te  monitor.  The 
vapors,  a l though dissociated into the  consti tuents,  
form stoichiometric,  c rys ta l l ine  CdTe films wi th  zinc 
b lende  s tructure.  The films are  continuous, uniform, 
and adhere  wel l  to glass surfaces if deposi ted at  or 
above 100~ To avoid condensat ion of free t e l -  
lur ium,  subs t ra te  t empera tu res  above 150~ are  r e -  
quired.  At  these condensat ion tempera tures ,  films 
about  0.5~ th ick have gra in  sizes of 1000-2500A, 
and thei r  (111) crys ta l  faces are  or iented para l l e l  
to the subs t ra te  surface. Above 200~ the accom- 
modat ion coefficient of condensat ion decreases 
sharply.  Regardless  of deposi t ion t empera tu re ,  all  
films have  resis t ivi t ies  of 10 ~ ohm-cm or higher,  
even if impur i t ies  are added to the source mater ia l .  
This behavior  may  be due to ba r r i e r  l ayers  at  the 
gra in  boundaries ,  or to na r row solubi l i ty  l imits  of 
excess Cd and Te in the compound at  the  conden-  
sation tempera tures .  The high resis t ivi t ies  ser iously 
l imi t  the usefulness of CdTe as a semiconductor  for 
th in  film device applications.  
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ABSTRACT 

A n  e lect rochemical  technique has been  developed for  pol ishing ge rman ium 
and silicon to y ie ld  smooth and flat semiconductor  surfaces. This technique is 
based on the anodic dissolution of a semiconductor  whose surface is close to a 
moving cathode. The average  surface  roughness  of e lec t ropol ished semicon- 
ductors  was found to be •  and  the devia t ion  f rom flatness was typ ica l ly  
1 Mcm. 

Fo r  n - type  samples,  the  holes necessary  to suppor t  uni form electrolysis  of 
the  surface were  in jec ted  by  i l lumina t ing  the anode surface. For  both n- and 
p - type  anodes the  ave rage  cur ren t  efficiencies were  found to be be tween  103 
and 105%. Prac t ica l  cur ren t  densi t ies  are  about  0.1 a m p / c m  2. At  this  value,  
the  etch ra tes  were  about  2.2 # / ra in  for ge rman ium and 1.9 ~ /min  for  silicon. 

The  t echn iques  of diffusion,  e v a p o r a t i o n ,  and  
e p i t a x i a l  g r o w t h  h a v e  m a d e  i m p r o v e d  t r a n s i s t o r s  
possible .  H o w e v e r ,  t he  ac t ive  r eg ions  of dev ices  
m a d e  b y  these  p rocesses  a r e  so close to t he  su r f a c e  
of t he  s e m i c o n d u c t o r  t h a t  p r e v i o u s l y  i gno red  m i n o r  
i m p e r f e c t i o n s  in  the  su r f ace  s t r u c t u r e  m a y  n o w  be  
s ign i f ican t  w i t h  r e g a r d  to t he  p h y s i c a l  a n d  e l e c t r i c a l  
p r o p e r t i e s  of t he  s e m i c o n d u c t o r  devices .  

A t  t he  p r e s e n t  t ime  m e c h a n i c a l  l a p p i n g  and  
po l i sh ing  a r e  c o m m o n l y  u sed  for  t he  p r e p a r a t i o n  of 
smoo th  and  flat  s e m i c o n d u c t o r  su r f aces  (i.e., s u r -  
faces  con ta in ing  a m i n i m u m  of s h o r t -  and  l o n g -  
r a n g e  i r r e g u l a r i t i e s ) .  The  su r faces  a r e  t hen  c h e m i -  
c a l l y  e t ched  to a d e p t h  j u s t  sufficient  to r e m o v e  a l l  
of the  m e c h a n i c a l  d a m a g e  i n t r o d u c e d  b y  the  p o l i s h -  
ing  p rocedu re .  D e e p e r  c h e m i c a l  e t ch ing  is u n d e s i r -  
ab le  because  of t he  d i f f icul ty  in  m a i n t a i n i n g  the  
su r f ace  smoo thness  and  f la tness  a c q u i r e d  m e c h a n i -  
ca l ly .  W h e n  the  l a p p i n g  and  po l i sh ing  d a m a g e  is 
d e e p e r  t h a n  expec t ed ,  t h e  c h e m i c a l  e t ch ing  t r e a t -  
m e n t  can  fa i l  to  r e m o v e  a l l  of t h e  m e c h a n i c a l  d a m -  
age  a n d  th is  can  l e ad  to poo r  q u a l i t y  t r ans i s to r s .  

The  p r e s e n t  p a p e r  desc r ibes  an  e l e c t r o p o l i s h i n g  
p r o c e d u r e  d e v e l o p e d  for  bo th  g e r m a n i u m  and  s i l i -  
con t h a t  can  be  used  for  t he  p r e p a r a t i o n  of smoo th  
a n d  flat  su r f aces  t h a t  con ta in  a m i n i m u m  of r e s i d u a l  
su r f ace  damage .  The  t e c h n i q u e  m a k e s  use  of an  in -  
t en s ive  s t i r r i n g  ac t ion  n e a r  t he  s e m i c o n d u c t o r  a n o d e  
sur face .  This  f o r m  of e l e c t r o p o l i s h i n g  is b a s e d  on, 

a n d  is a c o m b i n a t i o n  of, some of t he  p r i nc ip l e s  ou t -  
l i ned  in  a n u m b e r  of p u b l i s h e d  p a p e r s  ( 1 - 7 ) .  These  
p a p e r s  have  d e s c r i b e d  the  use  of s h a p e d  ca thodes  
a n d / o r  i n t e n s i v e  s t i r r i n g  to o b t a i n  spec ia l  effects 
d u r i n g  anodic  d i s so lu t ion  processes .  A c o m p r e h e n -  
s ive  r e v i e w  of e l e c t r o l y t e - s e m i c o n d u c t o r  behav io r ,  
i nc lud ing  a b i b l i o g r a p h y  of  ove r  100 r e fe rences ,  has  
been  m a d e  b y  T u r n e r  (8) .  

The  e l e c t r o p o l i s h i n g  p r o c e d u r e  w h i c h  has  been  
d e v e l o p e d  for  g e r m a n i u m  a n d  s i l icon  e m p l o y s  a 
m o v i n g  flat c a thode  w h i c h  is spaced  v e r y  close to 
t he  su r face  of the  s e m i c o n d u c t o r  anode.  S e m i c o n -  
d u c t o r  su r faces  p r e p a r e d  w i t h  th is  i n t e n s i v e l y  
s t i r r e d  s y s t e m  a re  c o m p a r a b l e  to the  f inest  m e c h a n -  
i c a l l y  p o l i s h e d  su r faces  w i t h  r e g a r d  to smoo thnes s  
and  f latness,  b u t  t h e y  a r e  f ree  of t he  m e c h a n i c a l  
d a m a g e  w h i c h  a l w a y s  a c c o m p a n i e s  m e c h a n i c a l  
po l i sh ing .  

Experimental Procedure 
A n  in t ens ive  s t i r r i n g  ac t ion  b e t w e e n  the  e l ec -  

t r odes  was  des i red .  This  was  a c c o m p l i s h e d  b y  
r o t a t i n g  a l a r g e  m o t o r - d r i v e n  ca thode  n e x t  to a 
s m a l l e r  n o n c o n d u c t i n g  d i sk  on w h i c h  the  s e m i c o n -  
duc to r  a n o d e  was  m o u n t e d .  These  e l ec t rodes  and  
t h e i r  r e l a t i v e  pos i t ions  can  be  seen  in Fig .  1 and  2. 

Anode . - -The  su r f a c e  of  t h e  s e m i c o n d u c t o r  t h a t  
was  to  b e  e l e c t r o p o l i s h e d  was  m a d e  the  a n o d e  of t he  
e l e c t r o c h e m i c a l  cell .  The  s a m p l e s  to be  po l i shed  
w e r e  w a x e d  ( u s u a l l y  w i t h  paraf f in)  to t h e  f o r w a r d  
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Fig. 1. Schematic arrangement of eleetropolishing equipment: 
A, dropping funnel containing etchant; B, light; C, heat absorber; 
D, rotating disk; E, polishing block holding 3 or more specimens; 
F, support rod for polishing block; G, motor drive; H, drip pan. 

Fig. 2. Photograph of electropolishing equipment 

surface  of a phenol ic - f ibe r  disk 7 cm in  d iameter .  
Wires  pass ing  t h rough  the  disk made  e lect r ical  con-  
tact  to the  semiconduc tor  samples.  These wires  were  
t e r m i n a t e d  on  the  rea r  surface  of the  disk at  a cen-  
t r a l l y  located socket of a b a l l - a n d - s o c k e t  joint .  
F igu re  3 is a pho tograph  showing  the  disk w i th  and  
wi thou t  semiconduc to r  samples  and  a v iew of the 
r ea r  surface  of the  disk. 

In  operat ion,  the  anode  disk was  suppor ted  n e a r  
the p e r i p h e r y  of the  cathode on a ba l l  joint .  By  
t i l t ing  the cathode s l igh t ly  (10~ ~ ) g r av i ty  he lped  
to m a i n t a i n  the anode disk in  close p r o x i m i t y  to the  
cathode. Rota t ion  of the  anode  was  caused b y  the  
d i f ferent ia l  ve loc i ty  developed across the  anode disk 
due  to the  ro ta t ion  of the m o t o r - d r i v e n  cathode. 
A l though  the  appa ra tu s  shown  in  Fig. 2 has on ly  

Fig. 3. Several views of anode disk assembly 

one anode  disk, add i t iona l  disks could be m o u n t e d  
a long  the  p e r i p h e r y  of the  cathode. E lec t r ica l  con-  
tact  to the  anode was m a d e  t h r ough  the  b a l l - a n d -  
socket j o in t  wh ich  con ta ined  a smal l  a m o u n t  of an  
e lec t r ica l ly  conduc t ive  lub r i can t .  I 

A po in t  contact  m a d e  d i rec t ly  to the  r ea r  sur face  
of the  samples  was  found  to be sufficient for  samples  
of less t h a n  abou t  0.01 o h m - c m  res is t iv i ty .  For  h igher  
res i s t iv i ty  samples  the  effect of the  sp read ing  re -  
s is tance caused a s l ight  depress ion  to appea r  on the  
pol ished surface  in  a pos i t ion  opposi te  to the  po in t  
contact  on the rea r  of the  sample.  To avoid this  
effect on h igher  res i s t iv i ty  samples  the  r ea r  surfaces  
were  meta l l i zed  w i th  electroless n icke l  (9) p r io r  to 
mounting the slices on the anode disk. After electro- 
polishing, the nickel can be stripped from the rear 
of the polished slices by immersion in a FeCl8 solu- 
tion (National Formulary, 10-11%). This solution 
did not degrade the quality of the polished silicon 
surfaces. However, for germanium it was necessary 
to protect the polished surfaces with wax prior to 
removal of the nickel plate from the back surface. 

Cathode.--As will be explained later, the anodic 
dissolution of germanium and silicon consumes 
holes. When these carriers cannot be supplied by 
the semiconductor anode (e.g., for most n-type 
samples) it is necessary to generate the carriers by 
external means in order to sustain a uniform elec- 
tropolishing of the entire surface. Light injection 
was chosen for the present work as the most con- 
venient and practical method of carrier generation. 
For this type of injection a semitransparent cathode 
was evolved that was operated in a near-vertical 
position. With this form of electrode, the radiation 
from a light source placed behind the cathode could 
illuminate the anode surface. 

Several types of transparent conductive cathodes 
were constructed and tested. One form employed a 
thin conducting film (gold, tin oxide, chrome alloy, 
or Inconel) on fiat glass disks. This type of cathode 
could be made very fiat and had over 70% trans- 
mission in the visible region. It was not considered 
practical, however, because with repeated electro- 
polishing the conductive film of this cathode either 
separated from the glass or became opaque. Another 
type of cathode which was investigated employed a 
metal grid structure on disks of either glass or plas- 
tic. This type of cathode could not be prepared 
readily with the degree of surface flatness required 
for the process and likewise was abandoned. The 
third method employed a metal disk with an array 

x " C o n d u c t o - L u b e "  o b t a i n e d  f r o m  the  Conducto-Lube C o m p a n y ,  
P o r t l a n d  19, Oregon. 
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Fig. 4. Two forms of perforated metal cathode disks 

of holes  or  s lots  t h r o u g h o u t  the  sur face .  S t a in l e s s  
s teel ,  g o l d - p l a t e d  cas t  i ron,  a n d  g o l d - p l a t e d  b r a s s  
h a v e  b e e n  u sed  success fu l ly .  F i g u r e  4 i l l u s t r a t e s  two  
t y p e s  of p e r f o r a t e d  20 cm m e t a l  ca thodes .  Of t he  
two  t y p e s  shown,  t he  s lo t t ed  d i sk  (Fig .  4A)  was  
eas i e r  to f a b r i c a t e  and  gave  s l i g h t l y  f la t te r  s e m i -  
conduc to r  su r f aces  t h a n  w e r e  o b t a i n e d  f r o m  the  
ca thode  w i t h  the  close p a c k e d  a r r a y  of  holes  (Fig .  
4B) .  

The  p e r f o r a t i o n s  in the  ca thode  s e r v e d  an  a d d i -  
t i ona l  func t ion .  The  gas  l i b e r a t e d  at  the  c a thode  
su r face  could  r e a d i l y  escape  t h r o u g h  the  holes  or  
s lots  in  t he  e lec t rode .  Thus,  even  for  s e m i c o n d u c t o r  
s a m p l e s  no t  r e q u i r i n g  c a r r i e r  in jec t ion ,  the  p e r f o r -  
a t ed  d i sks  w e r e  s u p e r i o r  to sol id  d i sks  and  th i s  t y p e  
of c a thode  was  e m p l o y e d  for  a l l  v a r i e t i e s  of s a m p l e s  
po l i shed .  

Cathode velocity.--With e q u i p m e n t  of good m e -  
c h a n i c a l  t o l e rances ,  no l a r g e  c h a n g e  in  t he  q u a l i t y  
of the  e l ec t ropo l i sh  was  f o u n d  for  ca thode  speed  
v a r i a t i o n s  b e t w e e n  25 and  500 rpm.  A l l  t he  d a t a  
r e p o r t e d  w e r e  o b t a i n e d  a t  speeds  of less t h a n  100 
r p m  w h e r e  the  m e c h a n i c a l  t o l e r a n c e s  w e r e  no t  
cr i t ica l .  

Anode-cathode separator.--It w a s  e s t a b l i s h e d  
t h a t  t h e  close a n o d e - c a t h o d e  s e p a r a t i o n  n e c e s s a r y  
for  po l i sh ing  could  be  m a i n t a i n e d  b y  the  v iscous  
f i lm of  e l e c t r o l y t e  d e v e l o p e d  b e t w e e n  the  s p i n n i n g  
e lec t rodes .  In  o r d e r  to avo id  a n y  d i r ec t  e l ec t r i ca l  
con tac t  of t he  two  e l ec t rodes  i t  was  necessa ry ,  h o w -  
ever ,  to m a i n t a i n  a r i g id  con t ro l  ove r  t he  m e c h a n i -  
cal  t o l e r a n c e s  a s soc ia t ed  w i t h  bo th  e l ec t rode  s u r -  
faces,  and  a l l  m o v i n g  and  s u p p o r t i n g  pa r t s .  A m o r e  
p r a c t i c a l  m e t h o d  to a s su re  a n o d e - c a t h o d e  s e p a r a -  
t ion  was  to e m p l o y  a t h in  shee t  of c lo th  or  p a p e r  to 
cover  t h e  ca thode  sur face .  The  use  of such a s e p a -  
r a t o r  eased  the  m e c h a n i c a l  and  o p e r a t i n g  t o l e r -  
ances.  

A n u m b e r  of  m a t e r i a l s  have  b e e n  used  as s e p a r a -  
tors .  These  h a v e  i n c l u d e d  p a p e r ,  s i lk,  Nylon ,  Or lon ,  
Dacron ,  cot ton,  fel t ,  and  ge la t in .  The  chief  r e q u i r e -  
m e n t s  of the  s e p a r a t o r  a r e  t h a t  i t  be  as th in  as p r a c -  
t i cab le ,  e x h i b i t  a smoo th  su r face  t e x t u r e ,  h a v e  the  
a b i l i t y  to w i t h s t a n d  t h e  c h e m i c a l  ac t ion  of t he  e l ec -  
t ro ly t e s ,  and  have  the  n e c e s s a r y  w e t - s t r e n g t h  to 
w i t h s t a n d  the  r u b b i n g  ac t ion  of t h e  s p i n n i n g  anode.  

Light source.--Tungsten l i gh t  sources  of fered  the  
most  effect ive  m e a n s  of c a r r i e r  i n j ec t ion  for  bo th  
g e r m a n i u m  a n d  si l icon.  A v a r i e t y  of o r d i n a r y  i l -  
l u m i n a t i n g  and  p r o j e c t i n g  l a m p s  w e r e  tes ted .  The  
l a m p  w h i c h  p r o v e d  mos t  s a t i s f a c t o r y  h a d  a p o w e r  

r a t i n g  of 625w. 2 W h e n  m o u n t e d  as s h o w n  in Fig.  2 
the  size of t he  i l l u m i n a t e d  a r e a  was  a d j u s t e d  to i n -  
c lude  the  e n t i r e  a n o d e  a rea .  A r o u n d - b o t t o m  f lask 
t h r o u g h  w h i c h  cool ing w a t e r  ' could  be  c i r c u l a t e d  
was  m o u n t e d  b e t w e e n  the  l a m p  and  the  anode .  This  
f lask r e m o v e d  a l a r g e  p o r t i o n  of t he  h e a t  f r o m  the  
p r o j e c t e d  b e a m  of l ight .  W i t h o u t  t he  cool ing f i l ter  
i t  was  f o u n d  t h a t  t he  s e m i c o n d u c t o r  s a m p l e s  o f ten  
b e c a m e  w a r m  enough  to m e l t  t he  w a x  w h i c h  h e l d  
t h e m  to the  anode  disk.  In  add i t ion ,  t he  h e a t  f r om 
the  unf i l t e red  b e a m  caused  an  u n c o n t r o l l e d  dec rease  
in  t h e  r e s i s t i v i t y  of t he  e l e c t r o l y t e  film. 

To inc rea se  t h e  l i fe  of t h e  l igh t  source  i t  w a s  e x -  
p e d i e n t  to o p e r a t e  the  l a m p  f r o m  a v a r i a b l e  a u t o -  
t r a n s f o r m e r  a t  a vo l t age  no t  m u c h  b e y o n d  t h a t  n e c -  
e s s a r y  to s u p p o r t  the  d e s i r e d  r a t e  of e lec t ro lys i s .  
Also,  a b l a s t  of a i r  was  d i r e c t e d  on the  l a m p  hous ing  
to f ac i l i t a t e  t he  cool ing  of t h e  l a m p  and  e x t e n d  i ts  
u se fu l  l ife.  

Electro lytes.--A wide  v a r i e t y  of e l e c t r o l y t e s  can  
be  used  for  t he  e l e c t r o p o l i s h i n g  of g e r m a n i u m  (6) .  
So lu t ions  of KOH,  HC1, HNO3, H2SO4, a n d  the  so-  
d i u m  sa l t  of e t h y l e n e d i a m i n e t e t r a a c e t i c  ac id  h a v e  
a l l  b e e n  i n v e s t i g a t e d  d u r i n g  the  course  of t he  p r e s -  
en t  s tudy .  D i lu t e  p o t a s s i u m  h y d r o x i d e  was  chosen  
for  the  anodic  d i s so lu t ion  of g e r m a n i u m  because  i t  
is e a s i l y  h a n d l e d ,  p r e s e n t s  l i t t l e  if a n y  s a f e ty  h a z -  
a rd ,  p r o d u c e s  a m i n i m u m  of cor ros ion  on the  v a r i -  
ous p a r t s  of t he  e l e c t r o p o l i s h i n g  a p p a r a t u s ,  and  is 
no t  a p r e f e r e n t i a l  e tch  (10) .  A so lu t ion  con ta in ing  
25% g l y c e r i n e  and  0.1% K O H  has  been  f o u n d  to be  
s a t i s f a c t o r y  for  g e r m a n i u m .  I n c o r p o r a t i o n  of g lyc -  
e r i n e  in to  t he  e l e c t r o l y t e  compos i t i on  i n c r e a s e d  t h e  
v i scos i ty  and,  t he re fo re ,  e n h a n c e d  t h e  m e c h a n i c a l  
coup l ing  b e t w e e n  the  a n o d e  d i sk  and  the  ca thode .  
The  g l y c e r i n e  also i n c r e a s e d  t h e  f i lm th i cknes s  of 
the  e l e c t r o l y t e  and  in  th is  w a y  h e l p e d  to p r e v e n t  
a n o d e - c a t h o d e  shor ts .  

F o r  s i l icon i t  was  f o u n d  t h a t  ac id ic  so lu t ions  con-  
t a i n ing  f luor ide  ion w e r e  s a t i s f a c t o r y  for  e l ec t ro -  
pol i sh ing .  D i lu t e  so lu t ions  ( b e t w e e n  0.5 and  3 w t  
% )  of H F  or  NH4HFe h a v e  bo th  been  e m p l o y e d  
d u r i n g  the  c u r r e n t  i nves t iga t ion .  As  w a s  the  case  
w i t h  g e r m a n i u m ,  the  a d d i t i o n  of g l y c e r i n e  h e l p e d  
secure  s m o o t h e r  r o t a t i o n  of t h e  a n o d e  disk .  Also,  
t h e  p r e s e n c e  of t he  g l y c e r i n e  i n c r e a s e d  the  cel l  i m -  
pedance .  A f u r t h e r  d i scuss ion  of th is  p o i n t  w i l l  be  
m a d e  la te r .  A 1% so lu t ion  of NH4ttF2 in 30% g l y c -  
e r i n e - 7 0 %  w a t e r  was  f o u n d  to p r o d u c e  a good 
po l i sh  on  p - t y p e  and  on less t h a n  0.1 o h m - c m  n -  
t y p e  si l icon.  F o r  h i g h e r  r e s i s t i v i t y  n - t y p e  si l icon,  
i t  was  found  d e s i r a b l e  to  i n c r e a s e  t he  r e s i s t i v i t y  of 
t h e  e l e c t r o l y t e  b y  d e c r e a s i n g  t h e  NH4HF2 concen -  
t r a t ion .  

The  e l ec t ro ly t e s  w e r e  g r a v i t y - f e d  a t  a r a t e  of 
a b o u t  10 to 30 m l / m i n  to  a p o i n t  c lose  to  w h e r e  t h e  
anode  was  pos i t i oned  on t h e  ca thode  disk.  The  e lec -  
t r o l y t e  was  caugh t  b e l o w  the  ca thode  d i sk  in  a p o l y -  
e t h y l e n e  c o n t a i n e r  and  d i sposed  of t h r o u g h  a w a s t e  
l ine.  These  f e a t u r e s  can  b e  seen  in  Fig .  1. R e c i r c u -  
l a t ion  of t h e  e l e c t r o l y t e  was  no t  cons ide red  p r a c t i c a l  
because  of t h e  a d v e r s e  effects w h i c h  h a v e  b e e n  
caused  b y  m e t a l  ion c o n t a m i n a t i o n .  F o r  e x a m p l e ,  as 

2 S y l v a n i a  S u n  G u n .  
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l i t t l e  as 0.001% of  Cu + + in  t he  e l e c t r o l y t e  d e g r a d e d  
the  po l i sh  on a g e r m a n i u m  surface .  I t  is i n t e r e s t i n g  
to no te  t h a t  t he  r e s i s t i v i t i e s  of the  p r e f e r r e d  e l ec -  
t r o l y t e s  for  bo th  g e r m a n i u m  and  s i l icon w e r e  h i g h e r  
t h a n  the  r e s i s t iv i t i e s  of the  b u l k  s emiconduc to r .  

Semiconductor materials .--The m a j o r i t y  of s e m i -  
conduc to r  s a m p l e s  used  d u r i n g  th is  i n v e s t i g a t i o n  
w e r e  zone l e v e l e d  or  p u l l e d  s ingle  c rys t a l s  o r i e n t e d  
and  cu t  in  t he  {111} p lane .  The  {100} and  {110} 
p l anes  h a v e  also been  e l ec t ropo l i shed .  Bo th  n -  and  
p - t y p e  m a t e r i a l  in  the  r e s i s t i v i t y  r a n g e  of 0.004- 
47 ohm-cm Ge and 0.001-300 ohm-cm Si have been 
polished. 

Results and Discussion 

Surface Characteristics 
On a mic rosca le ,  t he  su r f ace  of a s e m i c o n d u c t o r  

a p p e a r s  as a ser ies  of p e a k s  and  va l l eys .  The  sho r t  
r a n g e  p e a k / v a l l e y  r a t i o  is an  i n d e x  of the  s m o o t h -  
ness  of a sur face .  The  long  r a n g e  i r r e g u l a r i t i e s  of a 
su r f ace  d e t e r m i n e  the  o v e r - a l l  f la tness .  E l e c t r o -  
po l i sh ing  w i t h  i n t e n s i v e  s t i r r i n g  o p e r a t e s  in such  a 
w a y  as to m i n i m i z e  bo th  fo rms  of i r r e g u l a r i t i e s .  

In  e l ec t ropo l i sh ing  t h e r e  is f o r m e d  in t he  r e g i o n  
close to t he  su r f ace  be ing  po l i shed  a c o n c e n t r a t i o n  
of t he  p r o d u c t s  of e l ec t ro ly s i s  w h i c h  is g r e a t e r  t h a n  
in  the  b u l k  of t he  e l ec t ro ly t e .  By  i n t r o d u c i n g  i n -  
t ens ive  s t i r r ing ,  b r o u g h t  a b o u t  w i t h  a flat  m o v i n g  
ca thode ,  t he  c o n c e n t r a t i o n  of e l ec t ro lys i s  p r o d u c t s  
is r e d u c e d  a n d  the  c o n c e n t r a t i o n  of t he  ac t ive  e lec -  
t r o l y t e  spec ies  is i n c r e a s e d  in  t he  v i c i n i t y  of t he  
anode.  In  th is  m a n n e r  a h igh  po l i sh ing  r a t e  can  be  
ach ieved .  Good  po l i sh ing  has  been  o b t a i n e d  w i t h  
c u r r e n t  dens i t i e s  as h igh  as 1.6 a m p / c m  2. If  the  
su r f ace  be ing  p o l i s h e d  con ta ins  d i scon t inu i t i e s ,  t he  
h i l l s  or  h igh  po in t s  w i l l  r e ce ive  t he  mos t  i n t e n s i v e  
s t i r r ing .  I n  add i t ion ,  the  loca l  e l ec t r i c  f ields a n d  
t e m p e r a t u r e s  a r e  h i g h e r  n e a r  the  peaks .  Thus,  on a 
mic rosca l e  t h e  ac t ion  is t h a t  of a d i f f e r en t i a l  e tch  
r a t e  w h e r e b y  the  p e a k s  a r e  e l e c t r o l y z e d  at  a f a s t e r  
r a t e  t h a n  the  va l l eys .  O v e r - a l l  f la tness  is d e v e l o p e d  
b y  the  a p p l i c a t i o n  of th is  s ame  m e c h a n i s m  o p e r a t -  
ing  ove r  l a r g e r  areas .  Tha t  is, a n y  g roup  of p e a k s  
w h i c h  e x t e n d  b e y o n d  the  a v e r a g e  p e a k  he igh t  w i l l  
be ac t ed  on m o r e  r a p i d l y ,  s ince  the  s t i r r i n g  ac t ion  
wi l l  be m o r e  i n t ens ive  in those  regions .  

E l e c t r o p o l i s h i n g  has  been  a c c o m p l i s h e d  s t a r t i n g  
w i th  s l ices t h a t  h a d  p r e v i o u s l y  been  m e c h a n i c a l l y  
po l i shed ,  l apped ,  sawed,  or  c h e m i c a l l y  e tched.  The  
a m o u n t  of m a t e r i a l  t ha t  m u s t  be  r e m o v e d  in o r d e r  
to ach ieve  a w e l l - p o l i s h e d  su r f ace  was  f o u n d  to be 
r e l a t e d  to t he  p e a k / v a l l e y  r a t i o  of the  s t a r t i n g  s u r -  
faces.  F o r  m e c h a n i c a l l y  p o l i s h e d  su r f aces  (0.1~ p a r -  
t ic le  size a b r a s i v e )  up  to 50t~ h a d  to be  r e m o v e d  in 
o r d e r  to ob t a in  a good e lec t ropo l i sh .  F o r  s e m i c o n -  
duc to r s  l a p p e d  w i t h  12# p a r t i c l e  size A12Oz b e t w e e n  
50 and  75t~ h a d  to be  r e m o v e d .  S a w - c u t  su r f aces  
r e q u i r e d  the  r e m o v a l  of up  to 250t~ of m a t e r i a l .  
P r e s u m a b l y ,  t he  d a m a g e  h a d  been  r e m o v e d  f rom 
a l l  of t he se  su r f aces  w i t h  less t h a n  the  po l i sh ing  
a c t u a l l y  used.  The  r e m o v a l  of t h e  a d d i t i o n a l  m a t e -  
r i a l  was  r e q u i r e d  in  o r d e r  to o b t a i n  t he  d e s i r e d  
smoothness  and  f latness.  

F i g u r e s  5A and  5B c o m p a r e  a t y p i c a l  m e c h a n i -  
ca l l y  p o l i s h e d  su r f ace  (0.05t~ p a r t i c l e  size A12Os) 
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Fig. 5. Electronmicrographs of polished surfaces: A, mechanically 
polished with 0.0S,cc AI203; B, electrochemically polished. 

Fig. 6. Profilimiter patterns of several germanium surfaces: A, 
mechanically polished; B, mechanically polished followed by a 
chemical etch; C, lapped with 1800 alumina and electropolished. 

and  an  e l e c t r o p o l i s h e d  su r f ace  as seen  in  t he  e lec -  
t r on  mic roscope  us ing  a su r f ace  r ep l i c a  t echn ique .  
The  r e s i d u a l  g r a i n  in  t he  p h o t o g r a p h  of t h e  e l e c t r o -  
po l i shed  su r f ace  is t y p i c a l  of a l l  n e a r l y  p e r f e c t  s u r -  
faces  e x a m i n e d  b y  th i s  t echn ique .  F i g u r e  6 com-  
p a r e s  t he  su r f ace  prof i les  of m e c h a n i c a l l y  po l i shed ,  
c h e m i c a l l y  po l i shed ,  a n d  e l e c t r o p o l i s h e d  g e r m a n i u m  
as d e t e r m i n e d  b y  a T a l y s u r f  i n s t r u m e n t ,  M o d e l  3. 

These  su r f aces  w e r e  also e x a m i n e d  w i t h  a B r u s h  
Su r f ace  A n a l y z e r  and  the  c h a r a c t e r i s t i c s  o b t a i n e d  
a re  s h o w n  in T a b l e  I. Thus,  i t  was  f o u n d  t h a t  i t  was  
poss ib le  to ach ieve  su r f aces  b y  e l e c t r o p o l i s h i n g  t h a t  
w e r e  as smoo th  as those  o b t a i n e d  b y  the  u s u a l  m e -  
chan ica l  po l i sh ing  t echn iques .  F o r  n - t y p e  s i l icon in 
the  r a t h e r  l i m i t e d  r a n g e  of 0.1 to 1 o h m - c m ,  this  
d e g r e e  of  su r f ace  po l i sh  was  no t  ob ta ined .  The  bes t  

Table I. Surface characteristics 

Average  
Surface  t r e a tmen t  roughness,  A 

Lapped  wi th  A120~, 12~ 2100 

Pol ished wi th  A1203, 0.05~ 25 

Elect ropol ished af ter  l ap -  
p ing  wi th  AI203, 12t~ 25 
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material in this range has a roughness of 75A. The 
reason for this difficulty is not known but may be 
related to the fact that as the resistivity decreases 
the need for externally supplied holes decreases 
(see section on Electrolytic Dissolution) while the 
presence of crystal imperfections increases. 

Except for the rounding of the edges of samples 
(see Fig. 7), good control of flatness was achieved. 
Electropolished samples with diameters in excess of 
2 cm have a flatness of +i ~/cm across 80% of their 
surface. A typical interference photograph, Fig. 8, 
indicates the degree of flatness control on 1 cm 2 of 
germanium. The control of material removal was 
such that it was found possible to prepare slices of 
less than 25# thickness. It was also possible to re- 
move from thicker specimens as much as 250~ by 
e]eetropolishing and still maintain the degree of 
flatness indicated above. 

Material ImperSections 
A n  i m p o r t a n t  d i f fe rence  b e t w e e n  m e c h a n i c a l  

po l i sh ing  and  e l e c t r o p o l i s h i n g  was  n o t e d  w h e n  
s e m i c o n d u c t o r  s l ices con ta in ing  i m p e r f e c t i o n s  such  
as g r a i n  b o u n d a r i e s ,  twins ,  a n d  inc lus ions  w e r e  
pol i shed .  W h e r e a s  m e c h a n i c a l  po l i sh ing  wi l l  not  
r e v e a l  such  c r y s t a l  defects ,  t h e y  a r e  r e a d i l y  ob-  
s e r v e d  a f t e r  e l ec t ropo l i sh ing .  H o w e v e r ,  the  def in i -  
t ion  and  s e n s i t i v i t y  to t hese  t y p e s  of i m p e r f e c t i o n s  
is l o w e r  t h a n  t ha t  w h i c h  is o b t a i n e d  w i t h  s t a n d a r d  
c r y s t a l l o g r a p h i c  etches.  The  a b i l i t y  to d i sce rn  these  

Fig. 7. Sectioned electropolished slice indicating degree of edge 
rounding. 

Fig. 8. Interference photograph of an electropolished surface. 
Field of view is 1 cm x 1 cm. Each fringe indicates an elevation 
difference of 0.27~. 

May 1963 

Fig. 9. N-type sample electropolished without carrier injection. 
The long dimension of the sample is 2.5 cm. 

i m p e r f e c t i o n s  a f t e r  e l e c t r o p o l i s h i n g  can  be  u sed  to  
a d v a n t a g e  in  g r a d i n g  t h e  q u a l i t y  of s e m i c o n d u c t o r  
s l ices for  dev ice  app l i ca t ion .  

Electrolytic Dissolution 

The  e l ec t ro ly t i c  d i s so lu t ion  process  for  Ge and  
Si  invo lves  bo th  e l ec t ron  a n d  ho le  c a r r i e r s  (11) .  
The  e l ec t rons  a r e  s u p p l i e d  b y  b r o k e n  s e m i c o n d u c -  
tor  bonds.  The  holes  a r e  a v a i l a b l e  in  suff icient  
q u a n t i t y  for  p - t y p e  m a t e r i a l s  of l o w e r  t h a n  in -  
t r ins ic  r e s i s t i v i t y  and  e l ec t ro ly s i s  of th is  m a t e r i a l  
p roceeds  u n i f o r m l y .  In i t i a l l y ,  th is  is also t r ue  for  
d a m a g e d  sur faces ,  such  as f r e s h l y  l a p p e d  m a t e r i a l .  
F o r  such  su r faces  t h e r e  a r e  n u m e r o u s  c a r r i e r  g e n -  
e r a t o r  s i tes  p r e s e n t  to s u p p o r t  a good r a t e  of e lec -  
t ro lys i s  i n d e p e n d e n t  of t he  b u l k  r e s i s t i v i t y  and  
c o n d u c t i v i t y  type .  H o w e v e r ,  once the  d a m a g e d  l a y e r  
has  been  r e m o v e d  f r o m  n - t y p e  m a t e r i a l  g r e a t e r  
t h a n  abou t  0.01 o h m - c m ,  ~ the  anod ic  e t ch ing  b e -  
comes  v e r y  n o n u n i f o r m .  C o n t i n u e d  anod iza t i on  wi l l  
r e su l t  in the  f o r m a t i o n  of deep  e tch  pi ts .  Such  a 
cond i t ion  is s h o w n  in Fig.  9 for  an  n - t y p e  Ge s a m p l e  
of 1 o h m - c m .  A poss ib l e  e x p l a n a t i o n  of  t he  p i t t i n g  
fol lows.  

To ach ieve  e l ec t ropo l i sh ing  the  s e m i c o n d u c t o r  is 
m a d e  pos i t ive  in  the  e l ec t ro lys i s  cell .  U n d e r  th i s  
b i a s ing  cond i t ion  t h e r e  is b u i l t  up  in  t he  e l ec t ro ly t e ,  
n e a r  the  s e m i c o n d u c t o r  sur face ,  an  excess  of n e g a -  
t i v e l y  c h a r g e d  ions f r o m  t h e  e l ec t ro ly t e .  These  
n e g a t i v e l y  c h a r g e d  ions  in t u r n  r e p e l  e l ec t rons  in 
the  o u t e r m o s t  l a y e r  of t he  s e m i c o n d u c t o r  a n d  cause  
the  e n e r g y  b a n d s  to b e n d  u p w a r d  n e a r  t he  sur face .  
In  t he  case of p - t y p e  samples ,  th is  m e r e l y  r e su l t s  
in a p +  su r f ace  l aye r .  H o w e v e r ,  in  t h e  case  of n -  
t y p e  m a t e r i a l s  an  i n v e r s i o n  l a y e r  is p roduced .  The  
p - n  j u n c t i o n  so f o r m e d  is r e v e r s e  b i a s e d  b y  the  
e t ch ing  cu r ren t .  In  o r d e r  to e tch  a t  a r e a s o n a b l e  
r a t e  ( g r e a t e r  t h a n  0.03 # / m i n )  i t  is n e c e s s a r y  to 
use  vo l t ages  in  excess  of t h e  j u n c t i o n  b r e a k d o w n  
vol tage .  A t  these  vo l t ages  t he  su r face  p - n  j u n c t i o n  
b r e a k s  d o w n  a t  i ts  w e a k e s t  po in t  or  poin ts .  This  
concen t r a t e s  a m a j o r  p o r t i o n  of t he  e t ch ing  c u r r e n t  
t h r o u g h  the  loca l  b r e a k d o w n  reg ions  and  p r o d u c e s  
deep  e tch  pi ts .  

I t  is poss ib le  to s u p p l y  c a r r i e r s  to t he  e n t i r e  s u r -  
face  l a y e r  b y  u s i n g  e i t he r  hea t ,  or  an  i n j ec t i ng  con-  
tac t ,  or  a " c h e m i c a l  e t c h i n g "  solut ion ,  or  l ight .  In  
th is  way ,  u n i f o r m  e t ch ing  can  be  a c h i e v e d  r a t h e r  
t h a n  the  loca l  j u n c t i o n  b r e a k d o w n  w h i c h  r e su l t s  
in p i t t e d  surfaces .  F r o m  p r a c t i c a l  cons ide ra t i ons  t he  
first  m e t h o d  of hole  g e n e r a t i o n  was  r e j e c t e d  because  

For n-type material with r e s i s t i v i t i e s  b e l o w  0.01 o h m - c m  suff i -  
c i e n t  carriers appear to be available to s u p p o r t  u n i f o r m  anodization. 
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it  w o u l d  h a v e  s e v e r e l y  l i m i t e d  the  m a x i m u m  e t c h -  
ing ra te .  The  use of an  i n j ec t i ng  con tac t  was  no t  
e m p l o y e d  because  no t  enough  c a r r i e r s  w o u l d  s u r -  
v ive  pa s sage  t h r o u g h  t h i c k  spec imens  of t he  s e m i -  
conduc to r  to the  s e m i c o n d u c t o r - e l e c t r o l y t e  i n t e r -  
face. The  c h e m i c a l  e t ch ing  so lu t ion  a p p r o a c h  for  
n - t y p e  g e r m a n i u m  was  a t t e m p t e d  us ing  the  H C 1 - K I  
e l ec t ro ly t e ,  d e s c r i b e d  b y  E f i m o v  a n d  E r u s a l i m c h i k  
(12) ,  bu t  i t  was  unsuccessfu l .  The re fo re ,  l i gh t  i n -  
j ec t i on  of ca r r i e r s ,  t h e  on ly  t e c h n i q u e  t h a t  gave  
p r a c t i c a l  e t ch ing  r a t e s  and  smooth  n o n p i t t e d  s u r -  
faces,  was  e m p l o y e d .  To i l l u m i n a t e  t he  su r f a c e  of  
t he  semiconduc to r ,  i t  was  n e c e s s a r y  to dev i s e  a 
ca thode  t h a t  was  t r a n s p a r e n t  and  conduc t ive .  As  
was  e x p l a i n e d  in  t h e  e x p e r i m e n t a l  sec t ion  t h e  mos t  
effect ive  ca thode  was  a m e t a l  d i sk  con ta in ing  a 
ser ies  of slots.  W h e n  the  s e m i c o n d u c t o r  m o v e d  ove r  
th is  p e r f o r a t e d  me ta l ,  a l l  p a r t s  of  t he  anode  su r f ace  
r e c e i v e d  the  s ame  a v e r a g e  i l l u m i n a t i o n  a n d  w e r e  
e q u a l l y  e tched .  

A good i l l u s t r a t i o n  of t he  effect  of c a r r i e r  i n j e c -  
t ion  can  be  o b s e r v e d  in Fig .  10. I n i t i a l l y ,  t he  l a p p e d  
su r f ace  of an  n - t y p e  g e r m a n i u m  a n o d e  p r o v i d e d  
sufficient  ho le  g e n e r a t i o n  s i tes  to s u p p o r t  u n i f o r m  
e lec t ro lys i s .  As the  d a m a g e d  r eg ion  was  c o n s u m e d  
the  cel l  r e s i s t ance  rose  to, and  r e m a i n e d  at,  a h igh  
va lue .  A t  t he  end  of 15 m i n  the  l i g h t  source  was  
t u r n e d  on and  the  cei l  r e s i s t ance  d r o p p e d  to the  l ow 
v a l u e  i n i t i a l l y  o b s e r v e d  on the  l a p p e d  surface .  A f t e r  
1 m i n  the  i l l u m i n a t i o n  was  d i s c o n t i n u e d  and  the  
cel l  r e s i s t ance  r e t u r n e d  to a h igh  va lue .  A s l i gh t ly  
h i g h e r  i m p e d a n c e  v a l u e  was  o b s e r v e d  i m m e d i a t e l y  
a f t e r  t h e  l i gh t  was  t u r n e d  off c o m p a r e d  w i t h  t he  
va lue  be fo re  t he  l igh t  was  t u r n e d  on. The  s low r e -  
t u r n  to t h e  s t e a d y - s t a t e  cond i t ion  w a s  p r o b a b l y  
caused  b y  t h e  r a p i d  b u i l d u p  of r e a c t i o n  p r o d u c t s  
w h i l e  t he  l igh t  was  on f o l l o w e d  b y  t h e i r  s low r e -  
m o v a l  a f t e r  t he  l i g h t  was  t u r n e d  off. 

Cell Resistance 

A n  e x a m i n a t i o n  of t he  v o l t a g e - c u r r e n t  c h a r a c t e r -  
is t ic  of t he  e l e c t r o p o l i s h i n g  cel l  was  m a d e .  F i g u r e  
11 is a p lo t  of t h e  cel l  r e s i s t ance  vs. v o l t a g e  for  
g e r m a n i u m  and  Fig.  12 fo r  si l icon. The  bes t  e l e c t r o -  
po l i sh ing  was  f o u n d  in t he  r eg ion  w h e r e  a g e n e r a l  
l eve l i ng  in the  r e s i s t ance  v a l u e  was  obse rved .  This  
r eg ion  ex is t s  above  2v fo r  g e r m a n i u m  and  a b o v e  
7v for  si l icon.  This  g e n e r a l  p a t t e r n  and  the  loca t ion  
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polishing of germanium: A, 0.1% KOH; B, 0.1% KOH, 5% 
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glycerine. 
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Fig. 12. Current density and cell resistance as a function of 
voltage for the electropolishing of silicon. 

of t he  bes t  po l i sh ing  r eg ion  h a v e  been  o b s e r v e d  in 
o the r  sy s t e ms  (13) .  
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Fig. 10. Effect of damage and illumination when electropolishing 
an n-type semiconductor anode. Electropolishing was begun from 
a lapped surface without illumination. Illumination was begun at 
15 min and discontinued at 16 min. 

Current  El~ciency 

The  c u r r e n t  eff iciency for  t h e  d i s so lu t ion  p rocess  
was  m e a s u r e d  a t  s e v e r a l  c o n s t a n t  c u r r e n t  d e n s i t y  
leve ls  in t he  r a n g e  f r o m  1.5 m a / c m  2 to 1.5 a m p /  
cm 2. F o r  bo th  g e r m a n i u m  a n d  s i l icon  t h e  effici- 
encies  w e r e  f o u n d  to be  b e t w e e n  103 a n d  105%. 
These  efficiencies w e r e  c o m p u t e d  on the  bas i s  of an  
o x i d a t i o n  s t a t e  c h a n g e  of 4. Efficiencies g r e a t e r  t h a n  
100% can  r e s u l t  f r o m  d i s so lu t ion  w i t h  less t h a n  4 
e l ec t ron ic  c ha rge s  p e r  a tom.  F o r  g e r m a n i u m  a n d  
s i l icon  the  f o r m a t i o n  of a s m a l l  a m o u n t  of  t he  d i -  
v a l e n t  spec ies  w o u l d  a c c o u n t  for  t he  h igh  eff icien-  
cies obse rved .  A d i scuss ion  of t he  n u m b e r  a n d  k i n d  
of c a r r i e r s  i n v o l v e d  in  s e m i c o n d u c t o r  d i s so lu t ion  
has  been  m a d e  b y  D e w a l d  (11) .  
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Fig. 13. Cell resistance as a function of cathode displacement. 
Point of closest approach is indicated in microns at center of 
each curve. 

Anode-Cathode Spacing 

I t  is b e l i e v e d  t h a t  t he  deg ree  of po l i sh ing  i m -  
p r o v e s  as the  a n o d e - c a t h o d e  spac ing  is dec reased .  
I n  t h e  po l i sh ing  s y s t e m  d e s c r i b e d  here ,  th is  spac ing  
is a func t ion  of the  f luid mechan i c s  of t he  s y s t e m  
and  canno t  be v a r i e d  eas i ly  w i t h o u t  c h a n g i n g  o t h e r  
p r o p e r t i e s  of the  e l ec t ro ly t e .  H o w e v e r ,  t he  i m p r o v e -  
m e n t  in  po l i sh ing ,  w h i c h  r e su l t s  f r o m  a s m a l l  s p a c -  
ing, was  d e m o n s t r a t e d  b y  ho ld ing  the  s e m i c o n d u c -  
to r  s p e c i m e n  at  s e v e r a l  f ixed d i s t ances  f r o m  the  
ca thode .  

A n o t h e r  i n t e r e s t i n g  o b s e r v a t i o n  was  m a d e  b y  
ho ld ing  the  s e m i c o n d u c t o r  a n o d e  f ixed and  us ing  a 
r o t a t i n g  ca thode  w h i c h  was  c e n t r a l l y  s u p p o r t e d  b y  
a sha f t  a r b i t r a r i l y  set  a t  89 ~ 53' to t he  p l a n e  of t he  
ca thode .  W h e n  ro t a t ed ,  th is  ca thode  p r o d u c e d  a 
cyc l i ca l l y  v a r y i n g  a n o d e - c a t h o d e  spac ing .  The  
v o l t a g e - c u r r e n t  cha r ac t e r i s t i c s  of th is  ce l l  w e r e  con-  
t i n u o u s l y  m o n i t o r e d  on an  osci l loscope.  A t y p i c a l  
se t  of t r ac ings  f r o m  an  o sc i l l og raph  r e c o r d  is shown  
in Fig.  13. In  each  c u r v e  the  a n o d e - c a t h o d e  spac ing  
v a r i e d  b y  160~ t h r o u g h o u t  one r o t a t i o n  of t h e  c a t h -  
ode (0 -2=) .  The  s e p a r a t e  cu rves  a r e  for  pos i t ions  of 
t h e  a n o d e  such t h a t  t he  po in t s  of c losest  a p p r o a c h  
to t he  ca thode  w e r e  5, 10, 20, 40, 80, and  160#. 

A f t e r  i n spec t ion  of a s ing le  curve ,  i t  m i g h t  be  
conc luded  t h a t  t he  cel l  r e s i s t ance  is a s imp le  f u n c -  
t ion  of t he  a n o d e - c a t h o d e  spac ing .  A n  e x a m i n a t i o n  
of t he  r e m a i n d e r  of t he  curves ,  h o w e v e r ,  l e ads  to 
the  sugges t ion  t h a t  t he  cel l  r e s i s t ance  is also a f u n c -  
t ion  of the  s t i r r i n g  h i s to ry .  F o r  e x a m p l e ,  at  po in t  A 
in Fig.  13 the  cel l  r e s i s t ance  is 211 ohms  for  an 
a n o d e - c a t h o d e  spac ing  of 160t~, w h e r e a s  at  p o i n t  B 
the  cel l  r e s i s t ance  is 237 ohms  for  t he  s ame  s p a c -  
ing. The  a n o d e - c a t h o d e  spac ing  a t  t he  t ime  of the  
m e a s u r e m e n t  was  the  s ame  for  bo th  points .  The  d i f -  
f e r ence  in cel l  r e s i s t ance  is p r o b a b l y  d u e  to  t he  fac t  
t h a t  a t  p o i n t  A the  a n o d e  was  v e r y  i n t e n s i v e l y  
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Fig. 14. Change in cell resistance as a function of minimum 
electrode separation. 

s t i r r e d  = r a d i a n s  ago ( spac ing  ~5~)  w h e r e a s  at  po in t  
B the  a n o d e  was  v e r y  p o o r l y  s t i r r e d  = r a d i a n s  ago 
( s p a c i n g  320t~). This  s a m e  m e c h a n i s m  shou ld  l ead  
to an  a s y m m e t r i c  a p p e a r a n c e  of each  curve .  I f  th is  
is the  case, t he  d e g r e e  of a s y m m e t r y  was  so s m a l l  
t h a t  i t  was  lo s t  in  the  r e c o r d i n g  e r ror .  

A n o t h e r  p r e s e n t a t i o n  of t he se  s ame  d a t a  is s h o w n  
in Fig .  14 w h e r e  t he  a n o d e - c a t h o d e  s e p a r a t i o n  at  
the  p o i n t  of c loses t  a p p r o a c h  was  p l o t t e d  aga ins t  the  
change  in r e s i s t ance  t h r o u g h o u t  one cyc le  of the  
w h e e l  ro ta t ion .  The  d a t a  sugges t  t h a t  t he  m e c h a n -  
i sm is d i f fe ren t  a t  s m a l l  a n o d e - c a t h o d e  spac ings  
( b e l o w  20#).  This  may ,  for  e x a m p l e ,  be  the  d i s t ance  
b e l o w  w h i c h  t u r b u l e n t  s t i r r i n g  becomes  p r e d o m i -  
nan t .  A n o t h e r  i n t e r p r e t a t i o n  of t he  c h a n g e  in s lope  
m a y  be  t ha t  i t  occurs  at  a d i s t ance  f r o m  the  a n o d e  
e q u i v a l e n t  to t h e  t h i cknes s  of t he  d i f fus ion l aye r .  A n  
exce l l en t  d i scuss ion  of the  effect  of s t i r r i n g  on m e t a l  
d i s so lu t ion  is g i v e n  b y  K i n g  (14) .  

Device Applications 
A v a r i e t y  of s e m i c o n d u c t o r  dev ices  h a v e  now 

been  m a d e  us ing  m a t e r i a l s  w h i c h  h a d  been  e l e c t r o -  
po l i shed  w i t h  i n t e n s i v e  s t i r r ing .  In  e v e r y  case t he  
q u a l i t y  of the  f in ished  dev ice  was  equa l  to or  b e t t e r  
t h a n  t h a t  o b t a i n e d  w h e n  m e c h a n i c a l  po l i sh ing  was  
used.  F o r  e x a m p l e ,  Fig.  15 shows  the  d i s t r i b u t i o n  of 
s a t u r a t i o n  c u r r e n t s  on one t y p e  of h i g h - f r e q u e n c y  
g e r m a n i u m  t r ans i s t o r .  This  t r a n s i s t o r  was  p a r t i c u -  
l a r l y  sens i t ive  to su r f ace  d a m a g e  be c a use  i ts  j u n c -  
t ion  was  on ly  0.25# b e l o w  the  surface .  The  s t a n d a r d  
su r f a c e  p r e p a r a t i o n  for  th is  t r a n s i s t o r  was  a m e -  
chan ica l  po l i sh  fo l l owed  b y  a sho r t  c h e m i c a l  etch.  
W h e n  e l e c t r o p o l i s h i n g  was  used  in  the  p r e p a r a t i o n  
of th i s  device ,  t he  d i s t r i b u t i o n  s h o w n  in Fig .  16 was  
ob ta ined .  Note  t h a t  t h e  m e d i a n  v a l u e  of  t he  s a t u r a -  
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transistors as in Fig. 15 made with electropolished germanium. 

t ion  c u r r e n t  h a d  i m p r o v e d  b y  a fac to r  of 10 as t he  
r e su l t  of r e p l a c i n g  the  m e c h a n i c a l  o p e r a t i o n  w i t h  
e l ec t ropo l i sh ing .  P r e s u m a b l y  the  c h e m i c a l  e tch  d id  
not  r e m o v e  a l l  of the  m e c h a n i c a l  d a m a g e  f r o m  the  
s t a n d a r d  t r ans i s to r s .  A longe r  c h e m i c a l  po l i sh  
w o u l d  s eem to be  a s imp le  solut ion.  U n f o r t u n a t e l y ,  
h o w e v e r ,  t h e r e  is no  c h e m i c a l  po l i sh  a v a i l a b l e  for  
g e r m a n i u m  w h i c h  l eaves  a smoo th  su r face  a f t e r  a 
p r o l o n g e d  etch.  The re fo re ,  for  g e r m a n i u m ,  e l e c t r o -  
po l i sh ing  is the  mos t  d e s i r a b l e  f r o m  the  s t a n d p o i n t  
of su r f ace  qua l i t y .  I t  is s igni f icant  also t h a t  t h e  cost  
of  e l e c t r o p o l i s h i n g  is less t h a n  ha l f  t he  cost  of m e -  
chan ica l  po l i sh ing .  

In  t h e  case  of s i l icon,  a chemica l  po l i sh ing  t e c h -  
n ique  has  been  r e c e n t l y  d e v e l o p e d  w h i c h  is ab le  to 
p r o d u c e  v e r y  fine d a m a g e - f r e e  su r faces  d i r e c t l y  
f rom l a p p e d  m a t e r i a l  (15) .  These  su r faces  a r e  q u i t e  
c o m p a r a b l e  w i t h  e l e c t r o p o l i s h e d  su r faces  and  the  
se lec t ion  of a po l i sh ing  m e t h o d  mus t ,  t he re fo re ,  d e -  
p e n d  on t h e  p a r t i c u l a r  app l i ca t ion .  Bo th  c h e m i c a l  
and  e l e c t r o p o l i s h i n g  of s i l icon  a re  s ign i f i can t ly  less 
e x p e n s i v e  t h a n  m e c h a n i c a l  po l i sh ing .  

419 

Summary  

One of the  m a j o r  p r o b l e m s  in the  m a n u f a c t u r e  of 
s e m i c o n d u c t o r  dev ices  is the  m a i n t e n a n c e  of an  u n -  
d a m a g e d  su r f ace  on a s e m i c o n d u c t o r  slice.  In  con-  
v e n t i o n a l  p r a c t i c e  t h e  s l ices a r e  l a p p e d  w i t h  coarse  
a b r a s i v e s  and  t hen  p o l i s h e d  w i t h  fine a b r a s i v e s  
un t i l  a smoo th  a n d  flat su r f ace  is ob ta ined .  The  m e -  
chan ica l  d a m a g e  is t hen  r e m o v e d  b y  a sho r t  c h e m i -  
cal  etch.  This  is u s u a l l y  a c c o m p l i s h e d  at  some sac r i -  
fice to t h e  smoo thnes s  and  f la tness  o b t a i n e d  in t he  
m e c h a n i c a l  po l i sh ing  ope ra t ion .  If  t he  m e c h a n i c a l  
d a m a g e  w e r e  d e e p e r  t h a n  expec t ed ,  t he  sho r t  c h e m -  
ica l  e tch  w o u l d  fa i l  to r e m o v e  a l l  of t he  d a m a g e  and  
poor  q u a l i t y  dev ices  m i g h t  resu l t .  B y  us ing  e l e c t r o -  
p o l i s h i n g  i n s t e a d  of  m e c h a n i c a l  po l i sh ing  a l l  of t he  
d a m a g e d  m a t e r i a l  is r e m o v e d  d u r i n g  the  po l i sh ing  
ope ra t ion .  

In  o r d e r  to o b t a i n  a h igh  d e g r e e  of po l i sh  a n d  
f latness,  t he  c a t h o d e - a n o d e  spac ing  was  k e p t  v e r y  
s m a l l  and  i n t e n s i v e  s t i r r i n g  was  d e v e l o p e d  b e t w e e n  
the  r o t a t i n g  e lec t rodes .  The  s m a l l  spac ing  was  ob -  
t a i n e d  b y  a l l o w i n g  the  anode  to r i de  on  a t h in  f i lm 
of the  e l e c t r o l y t e  whose  t h i cknes s  was  d e t e r m i n e d  
p r i n c i p a l l y  b y  the  v i scos i ty  of t he  solu t ion .  A d d i -  
t i ona l  m e c h a n i c a l  space r s  such  as t h in  shee ts  of 
p a p e r  or  c lo th  w e r e  also used.  

G e r m a n i u m  or  s i l icon,  n -  or  p - t y p e ,  can  be  e l ec -  
t r o p o l i s h e d  in  th is  m a n n e r  to  g ive  a v e r y  h igh  
d e g r e e  of  po l i sh  in abou t  30 rain.  

Manuscr ip t  rece ived  Nov. 7, 1962. This  paper  is based 
on a pape r  presented  before  the Indianapol i s  Meeting,  
Apr i l  30-May 3, 1961. 

A n y  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  December  1963 
J O U R N A L .  
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Polarographic Studies in Acetonitrile and Dimethylformamide 
VII. The Formation of Benzyne 
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ABSTRACT 

Polarographic studies of the three isomeric dibromobenzenes and bromo- 
chlorobenzenes have been carried out in acetonitri le and dimethylformamide.  
The results with o-dibromobenzene in these solvents point  to an in termediate  
which el iminates a bromide ion and forms benzyne. The intermediate  from 
o-bromochlorobenzene under  the same conditions undergoes part ial  e l iminat ion 
to benzyne. The e l iminat ion reaction also occurs to a slight extent  for o-di- 
bromobenzene in aqueous dioxane. The formation of benzyne was verified by a 
large-scale electrolytic reduction of o-dibromobenzene in dimethylformamide 
in the presence of furan.  The t a r ry  product  obtained on acid hydrolysis gave a 
1% yield of ~-naphthol. 

S a t u r a t e d  hyd roca rbons  con t a in ing  ha logens  on 
ad jacen t  ca rbon  a toms unde rgo  po la rograph ica l ly  a 
t w o - e l e c t r o n  r educ t ion  and  fo rm an  olefin (1,2). 
S imi l a r ly  1 ,2-d iha loe thylenes  give ace ty lenes  as 
ind ica ted  by  coulomet r ic  data  for trans-2,5-di-  
m e t h y l - 3 , 4 - d i b r o m o - 3 - h e x e n - 2 , 5 - d i o l  (3) and  the  
po la rographic  behav io r  of a ,B-d ich loroacry lon i t r i l e  
(4) ,  d ib romomale ic  and  d i b r o m o f u m a r i c  acids and  
the i r  e thy l  esters (5) .  

In  the  p resen t  s tudy,  the po la rographic  behav io r  
and  l a rge -sca le  e lec t rolyt ic  r educ t ion  of o -d iha lo -  
benzenes  have  been  inves t iga ted  in  bo th  aprot ic  and  
prot ic  solvents  to d e t e r m i n e  w h e t h e r  b e n z y n e  is 
fo rmed  as an  in te rmedia te .  Po la rograph ic  data  for 
the o ther  isomeric  d iha lobenzenes  and  m o n o h a l o -  
benzenes  were  also ob ta ined  as an  aid in  f o r m u l a t i n g  
the m e c h a n i s m  of reduct ion .  

Experimental 
The solut ions  were  s tud ied  in  a cy l ind r i ca l ly  

shaped cell w i th  a m e r c u r y  pool anode as p r ev ious ly  
descr ibed (6) .  Al l  m e a s u r e m e n t s  were  made  in  a 
wa t e r  t he rmos t a t  at 25 ~ --+ 0.1~ 

The c u r r e n t - v o l t a g e  curves  were  ob ta ined  wi th  a 
Sa rgen t  Model  X X I  polarograph.  The  gas c h r o m a -  
tograph  was  a P e r k i n - E l m e r  Model  154 wi th  h e l i u m  
as a car r ie r  gas. 

The d ropp ing  m e r c u r y  electrode was  opera ted  
at 72 cm pressure  and  had  a drop t ime  of 5.5 sec and  
an  m va lue  of 1.17 mg  sec -1 wi th  a ca lcula ted  va lue  
of m 2/3 t 1/6 of 1.468 mg 2/~ sec -~/2. 

The  solvents  and  suppor t ing  e lect rolytes  were  
pur i f ied and  p repa red  in  a m a n n e r  to tha t  descr ibed 
p rev ious ly  (6) .  The var ious  d iha lobenzenes  were  ob-  
t a ined  f rom stock, E a s t m a n  Kodak  C o m p a n y  and  
Aldr i ch  Chemica l  Company .  The p u r i t y  was  verif ied 
by  gas c h r o m a t o g r a p h y  us ing  a P e r k i n - E l m e r  Col-  
u m n  C (si l icone oil DC 200) at 176 ~ 

ElectroZytic reduction of o -d ibromobenzene . - -The  
elect rolyt ic  r educ t ion  was  car r ied  out  w i th  a p l a t -  
i n u m  anode  and  m e r c u r y  cathode as descr ibed p r e -  
v ious ly  (6) .  The  cell  was  cooled in  a m i x t u r e  of 
e thy l ene  glycol and  d ry  ice at  - -35~ A so lu t ion  of 

300 ml  d i m e t h y l f o r m a m i d e ,  22g of t e t r a - n - b u t y l a m -  
m o n i u m  iodide, 10g of o -d ib romobenzene ,  a nd  50 ml  
of f u r a n  was degassed for 2 hr  w i th  p u r e  n i t rogen .  
The  direct  c u r r e n t  of 0.4 amp used at the  s tar t  of 
the  electrolysis  d ropped  to 0.25 amp af ter  6 hr, 
and  the electrolysis  was t e rmina t ed .  

The ca tholy te  and  ano ly te  were  combined  and  
the so lvent  was r emoved  by  d is t i l la t ion  at  a tmos -  
pher ic  p ressure  t h rough  a 1-f t  V ig reux  column.  The  
r e m a i n i n g  b lack  oily res idue  was  ref luxed wi th  100 
ml  of e thano l  s a tu ra t ed  w i th  h y d r o g e n  chlor ide for 
5 hr. Remova l  of the  so lvent  was  fol lowed by  a s team 
dis t i l la t ion  of the  b lack  t a r r y  residue.  The s team 
dis t i l la te  was ex t rac ted  w i th  ether ,  and  the  e ther  
ex t rac t  was ana lyzed  for ~ - n a p h t h o l  by  gas c h roma-  
tography  on a 4- f t  s i l icone grease co lumn  at  160 ~ 
wi th  a flow ra te  of 1.4 m l / s e c  of he l ium.  A peak  
wi th  a r e t en t ion  t ime  of 2 m i n  32 sec was ob ta ined  
which  agreed w i th  tha t  ob ta ined  wi th  an  au then t i c  
sample.  The y ie ld  based on the  a rea  of the  peak  was  
1%. The e the r  ex t rac t  in  e thano l  gave an  adsorp t ion  
peak  in  the  u l t r av io l e t  r eg ion  at 215 m# in  agree-  
m e n t  wi th  tha t  found  for a - n a p h t h o l .  

Electrolysis  of o - d i b r o m o b e n z e n e  was also car r ied  
out in  the absence  of fu ran ,  bu t  no t r i p h e n y l e n e  
could be found  in  the  b lack  oi ly p roduc t  by  gas 
ch romatography ,  po la rography ,  f luorescent  analysis ,  
and  u l t r av io le t  spectroscopy. 

Results 
The po la rographic  resul t s  ob ta ined  in  va r ious  

solvents  for the  isomeric  d iha lobenzenes  and  m o n o -  
ha lobenzenes  are g iven  in  Tab le  I. 

The  waves  observed  were  wel l  defined for most  
of the  examples ,  o - D i b r o m o b e n z e n e  gave a m a x i -  
m u m  in d i m e t h y l f o r m a m i d e  a nd  ace toni t r i l e  which  
still  pers i s ted  at  a concen t r a t i on  of 0.00026M. o -Bro -  
moch lo robenzene  gave a m a x i m u m  for the  first wave  
in  d i m e t h y l f o r m a m i d e  bu t  no t  in  acetoni t r i le .  

p - D i b r o m o b e n z e n e  gave a we l l -de f ined  first w a v e  
which, at the start of its limiting value, de- 
veloped into a drawn out second wave at a slightly 
more positive potential than that for bromobenzene. 
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Table I. Polarographic behavior of halogenated benzenes in various 
solvents containing 0.2M tetra-n-butylammonium bromide 

P O L A R O G R A P H I C  S T U D I E S  I N  A C E T O N I T R I L E  

1 s t  W a v e  2 n d  W a v e  
B e n z e n e  a S o l v e n t  --E1/2 Lib -- E1/~ Iub 

o-Dibromo DMF c 1.28 6.53 - -  - -  
CHsCN 1.41 9.77 - -  - -  
82% Dioxane 1 . 4 0  4.15 - -  - -  
75% Dioxane 1.40 3.84 - -  - -  
60% D i o x a n e  1.40 3.42 - -  - -  

o - B r o m o c h l o r o  D M F  1.38 4.50 2.02 1.44 
C H s C N  1.54 5.5 - -  - -  

m-Dibromo DMF 1.40 3.79 1.88 2.68 
CH3CN 1.55 5.0 2.05 3.9 
82% Dioxane 1 . 5 6  2.66 - -  - -  
75% Dioxane 1 . 5 6  2.57 - -  - -  
60% Dioxane 1 . 5 6  2.28 - -  - -  

m-Bromochloro  DMF 1.49 3.32 2.04 2.83 
CH3CN 1.65 4.85 - -  - -  

p -Dibromo DMF 1.53 3.02 1 .82  3.49 
CHsCN 1.70 4.12 2.02 4.12 

p-Bromochloro  DMF 1.60 3.09 2.02 2.61 
CHsCN 1.81 4.5 - -  - -  

Bromo DMF 1.85 3.28 - -  - -  
Chloro DMF 2.00 2.95 - -  - -  

0.0011M. ~ C o n c e n t r a t i o n s  v a r i e d  f r o m  0 . 0 0 0 5 M  t o  

Cm~lS~ll~ 

D i m e t h y l f o r m a m i d e .  

The  b r e a k  b e t w e e n  the  two  w a v e s  was  difficult  to 
es t imate ,  p - B r o m o c h l o r o b e n z e n e ,  h o w e v e r ,  g a v e  
w e l l - d e f i n e d  w a v e s  in bo th  solvents .  

To he lp  f o r m u l a t e  the  e l ec t rode  reac t ion  for  t he  
r educ t ion  of o - d i b r o m o b e n z e n e  and  to ob ta in  proof  
for  t he  i n t e r m e d i a t e  specie a l a r g e - s c a l e  e l ec t ro -  
ly t ic  r e d u c t i o n  of o - d i b r o m o b e n z e n e  was  ca r r i ed  out  
in the  p re sence  of f u r a n  in d i m e t h y l f o r m a m i d e .  

Discussion and Results 

E x a m i n a t i o n  of t he  resu l t s  in Tab l e  I indica tes  t ha t  
the  p o l a r o g r a p h i c  r educ t ion  of m - d i b r o m o b e n z e n e ,  
m - b r o m o c h l o r o b e n z e n e ,  and  p - b r o m o c h l o r o b e n z e n e  
is n o r m a l  in d i m e t h y l f o r m a m i d e  and ace toni t r i l e .  
The  r e d u c t i o n  of the  ha logens  p roceeds  s tepwise  
t h r o u g h  b r o m o -  and ch lo robenzene  to benzene  since 
the  h a l f - w a v e  po ten t i a l s  of the  second w a v e s  in d i -  
m e t h y l f o r m a m i d e  occur  at the  same poin t  as those 

Br 

solvent solvent > 

for bromo-and chlorobenzene. The behavior of these 
compounds in acetonitrile was quite similar ex- 
cept that the reduction wave for chlorobenzene was 
not observed since this compound is not reducible 
in this medium. 

The height of the second wave in dimethylforma- 
mide for these compounds is smaller than that of 
the first wave. This behavior parallels that observed 
for the two-step reduction of hydrocarbons (7), 
quinones (8), and ketones (9) in this solvent and 
is probably caused by a similar partial repulsion of 
the intermediate carbanion from the electrode. 

o-Dibromobenzene in contrast to the meta isomer 
gives only one wave with a diffusion current con- 
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s tan t  e q u i v a l e n t  to t he  s u m  of the  diffusion c u r r e n t  
cons tants  of the  two  w a v e s  for  m - d i b r o m o b e n z e n e .  
This  b e h a v i o r  points  to t he  f o r m a t i o n  of b e n z y n e  
by the  e l im ina t i on  of a b r o m i d e  ion f r o m  the  first 
r educ t ion  i n t e r m e d i a t e .  B e n z y n e  is t h e n  r educed  
m o r e  eas i ly  t h a n  o - d i b r o m o b e n z e n e  and the  ne t  r e -  

2e 

solvent 

; + Br- 
> r 

> <> + Br- 

f �9 
sul t  is a f o u r - e l e c t r o n  wave .  The  e l i m i n a t i o n  r eac -  
t ion is a rap id  one  since pheno l  had  no effect  on the  
he igh t  of the  w a v e  in d i m e t h y l f o r m a m i d e  and  the  
w a v e  is diffusion cont ro l led .  

o - B r o m o c h l o r o b e n z e n e  unde rgoes  only  pa r t i a l  
e l i m i n a t i o n  of ch lor ide  ion and  gives  a smal l  second 
w a v e  for  the  r e d u c t i o n  of ch lo robenzene .  The  e x t e n t  
of this  e l im ina t i on  is not  in f luenced  by  the  p re sence  
of phenol ,  bu t  seems to be  a func t ion  of the  so lvent ;  
the  amount ,  for  example ,  is less in ace toni t r i l e .  A 
s imi la r  b e h a v i o r  occurs  for  o - d i b r o m o b e n z e n e  even  
in aqueous  d ioxane ;  the  w a v e  he igh t  is l a r g e r  t h a n  
tha t  obse rved  for  m - d i b r o m o b e n z e n e .  

F u r t h e r  proof  for  t he  f o r m a t i o n  of benzyne  was  
the  l a r g e - s c a l e  e l ec t ro ly t i c  r educ t ion  of o - d i b r o m o -  
benzene  in d i m e t h y l f o r m a m i d e  in the  p resence  of 
furan .  B e n z y n e  has  been  found  by  o thers  (10) to 
add to f u r a n  and y ie ld  1 , 4 - e p o x y - l , 4 - d i h y d r o n a p h -  
t ha l ene  w h i c h  on acid hydro lys i s  y ie lds  a -naph tho l .  

0 + 0  
The  p roduc t s  f r o m  e lee t ro lys i s  upon  acid h y d r o l -  

ysis g a v e  a 1% y ie ld  of a - n a p h t h o l .  V igorous  s t i r -  
r ing  of the  ca tho ly t e  was  neces sa ry  to p roduce  this  
p r o d u c t  s ince  the  b e n z y n e  f o r m e d  is eas i ly  r e d u c e d  
e l ec t ro ly t i ca l ly  to benzene .  

E lec t ro lys i s  in the  absence  of f u r a n  g a v e  a ser ies  
of f luorescent  p roduc t s  w h i c h  could  not  be  ident if ied.  
T r i p h e n y l e n e  w h i c h  has been  isola ted  in some p r e p -  
a r a t i on  of b e n z y n e  (11),  could  not  be  de t ec t ed  by  
v.p.c, analysis ,  p o l a r o g r a p h y ,  f luorescent  analysis ,  or 
u l t r a v i o l e t  spect roscopy.  

The  p o l a r o g r a p h i c  b e h a v i o r  of p - d i b r o m o b e n z e n e  
in d i m e t h y l f o r m a m i d e  and ace ton i t r i l e  ind ica tes  t ha t  
the  b r o m i n e  subs t i tuen t s  a re  r e m o v e d  s tepwise .  The  
d r a w n  out second wave ,  w h i c h  occurs  at s l igh t ly  
m o r e  pos i t ive  po ten t i a l s  t h a n  tha t  for  b rom obenzene ,  
suggests  t ha t  the  b r o m i n e  subs t i t uen t  in the  i n t e r -  
m e d i a t e  ca rban ion  m a y  b e c o m e  m o r e  lab i le  to r e -  
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duc t ion  by  the  t e n d e n c y  of the  i n t e r m e d i a t e  to fo rm 
p - b e n z y n e .  

B r -  BP .- 

O " O 
Manuscript  received Sept. 4, 1962; revised m a n u -  

script received Nov. 12, 1962. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL. 
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Electrochemical Degradation of Aryl Sulfonium Salts 
Manuel Finkelstein, Raymond C. Petersen, and Sidney D. Ross 

Research Laboratories, Sprague E~ectr/c Company, North Adams, Massachusett~ 

ABSTRACT 

The products of the electrochemical degradation of several  aryl  sulfonium 
salts at an a l u m i n u m  cathode were studied. In  each case a phenyl  radical  was 
cleaved with the subsequent  formation of benzene. Dimethyl formamide was 
found to be an excellent  solvent for these reactions. The rate of formation 
of benzene in the electrochemical decomposition of t r iphenylsul fonium tri- 
fluoroacetate in d imethyl formamide  has been shown to be independent  of the 
concentrat ion of sul fonium salt. A brief discussion of the mechanism is pre- 
sented with reference to the observed current  efficiency. 

In  connec t ion  w i th  a s tudy  of the  m e c h a n i s m  of 
the e lec t rochemica l  deg rada t ion  of q u a t e r n a r y  a m -  
m o n i u m  salts (1, 2), the  e lectrolysis  of severa l  a ry l  
s u l f o n i u m  sal ts  was  inves t iga ted .  P rev ious  work  by  
B o n n e r  (3) had  shown  tha t  in  aqueous  so lu t ion  t r i -  
p h e n y l s u l f o n i u m  n i t r a t e  is decomposed at  a p l a t -  
i n u m  cathode to d i p h e n y l  sulfide and  some a lka l i -  
soluble  tars.  His e x p e r i m e n t a l  t e chn ique  did no t  
p e r m i t  the  de tec t ion  of benzene .  

We wish  to repor t  some resul t s  ob ta ined  f rom the  
e lectrolysis  of t r i p h e n y l s u l f o n i u m  and  e t h y l d i p h e n -  
y l s u l f o n i u m  salts  at  an  a l u m i n u m  cathode in  v a r i -  
ous so lvents  and  u n d e r  condi t ions  which  a l low the 
fo rma t ion  and  q u a n t i t a t i v e  de tec t ion  of benzene .  
Since our  ma jo r  in te res t  in  this work  was  the  fate  
of the  p h e n y l  radical ,  we have  not  s tudied  the  su l -  
f u r - c o n t a i n i n g  products  quan t i t a t i ve ly .  In  most  
cases on ly  the  ident i f ica t ion of the  su l fu r  p roduc t  
is repor ted .  

Experimental 
Electrode mater ia ls . - -The  a l u m i n u m  sheet used 

for cathodes was  ob ta ined  f rom e i ther  A l u m i n u m  
Foils  Inc., Jackson,  Tennessee ,  or A I A G  Metals,  Inc., 
Zur ich ,  and  was  99.999% Raffinal,  0.05 cm thick.  
P l a t i n u m  wi re  0.1 cm in  d i ame te r  was  used for 
anodes.  

Solven t s . - -Dimethy l formamide  (DMF)  was  p u r -  
ified b y  Method I of Thomas  and  Rochow (4).  Me t h -  
anol  was  A.C.S., r e agen t  grade.  

Compounds.---Triphenylsul fonium b r omi de  and  
n i t r a t e  were  p r e p a r e d  according to Wildi ,  Taylor ,  
and  Po t ra tz  (5) .  

E t h y l d i p h e n y l s u l f o n i u m  f luoborate  was made  by  
the  method  of F r a n z e n  (6) .  

T r i p h e n y l s u l f o n i u m  t r i f luoroaceta te  was  p r epa red  
by  t r e a t m e n t  of a me thano l i c  solut ion of the b romide  
wi th  an  e q u i v a l e n t  q u a n t i t y  of s i lver  t r i f luoroaceta te  
in  me thano l ,  f i l ter ing off the s i lver  b r omi de  and  re -  
m o v i n g  the m e t h a n o l  in vacuo. Two crys ta l l iza t ions  
f rom a c e t one - e t he r  afforded wh i t e  crystals ,  mp 
119~ ~ . 

Analysis .--Calculated: for C20H15F302S; C, 63.82; 
H, 4.02; S, 8.52. F o u n d :  C, 63.52, 63.47; H, 3.51, 3.42; 
S, 8.57, 8.64. 

The  solut ion of t r i p h e n y l s u l f o n i u m  methox ide  in  
m e t h a n o l  was  p r e p a r e d  by  m a g n e t i c a l l y  s t i r r ing  an  
excess of s i lver  oxide w i th  a me thano l i e  so lu t ion  of 
the  su l f on i um bromide .  The  s i lver  b r omi de  and  ex-  
cess s i lver  oxide were  f i l tered w i th  the  aid of Celi te 
t h rough  s in te red  glass, a nd  the  clear  so lu t ion  was  
ana lyzed  for basici ty.  

E t hy l  p h e n y l  sulfide was  p repa red  by  t r ea t ing  a 
solut ion of th iopheno l  in  excess aqueous  sod ium h y -  
droxide  w i th  a so lu t ion  of e thy l  iodide in  e thanol ,  
nD 26 1.5627 [ repor ted  (7) ,  nD 2~ 1.5666]. 

Electrolysis Pro~cedure 

The electrolysis  cell consis ted of a j acke ted  ta l l -  
form beake r  10 cm h igh  and  5 cm in  d i ame te r  wi th  
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an  e n l a r g e d  top  1 cm high.  The  e l ec t rodes  w e r e  
a t t a c h e d  to a c i r cu l a r  p iece  of B a k e l i t e  w h i c h  f i t ted  
in t he  e n l a r g e d  top. Two  s t r ips  of a l u m i n u m  2.5 cm 
a p a r t  s e r v e d  as ca thodes  w i t h  a p l a t i n u m  w i r e  a n o d e  
c e n t e r e d  b e t w e e n  them.  The  i m m e r s e d  a r e a  of each  
ca thode  was  12.5 cm 2 (5 cm h igh  and  2.5 cm w i d e )  
and  the  anode  also was  i m m e r s e d  to a d e p t h  of 5 cm. 
Cold t a p  w a t e r  was  c o n s t a n t l y  c i r c u l a t e d  t h r o u g h  
the  j a c k e t  a n d  s t i r r i n g  w a s  p r o v i d e d  b y  a Tef lon-  
cove red  m a g n e t i c  bar .  C u r r e n t  was  p r o v i d e d  b y  a 
v a r i a b l e  v o l t a g e - r e g u l a t e d  p o w e r  s u p p l y  and  an  
a m m e t e r  ( S e n s i t i v e  R e s e a r c h  I n s t r u m e n t  C o r p o r a -  
t ion  D.C. P o l y r a n g e r  Mode l  " U n i v . " )  was  connec t ed  
in ser ies  w i t h  the  e l ec t ro lys i s  cell.  The  c u r r e n t  was  
m a i n t a i n e d  cons t an t  a t  0.50 a m p  t h r o u g h o u t  each  
e lec t ro lys i s .  

Electrolysis of triphenylsulfonium nitrate in DMF. 
- - A  so lu t ion  of 16.3g (0.050 mole )  of t r i p h e n y l s u l -  
f o n i u m  n i t r a t e  in 128 m l  of D M F  was  e l e c t r o l y z e d  
for  14.5 hr .  The  in i t i a l  a p p l i e d  v o l t a g e  was  100v. 
This  was  i n c r e a s e d  as t he  r e a c t i o n  p r o c e e d e d  to 
m a i n t a i n  cons t an t  cu r r en t ,  and  i t  r e a c h e d  155v b y  
the  end  of the  e lec t ro lys i s .  The  r e a c t i o n  m i x t u r e  was  
a n a l y z e d  d i r e c t l y  fo r  b e n z e n e  b y  VPC ( v a p o r  p h a s e  
c h r o m a t o g r a p h y ) ,  and  the  y i e l d  was  f o u n d  to be  
96.2% of t h e o r e t i c a l  ( a s s u m i n g  one p h e n y l  r a d i c a l  
to be c l eaved  f r o m  each  t r i p h e n y l s u l f o n i u m  ion ) .  

In  a s e p a r a t e  e x p e r i m e n t ,  an  i d e n t i c a l  e l ec t ro lys i s  
was  p e r f o r m e d  a n d  the  r e a c t i o n  m i x t u r e  p o u r e d  
into  a l i t e r  of w a t e r  and  e x t r a c t e d  fou r  t imes  w i t h  
e ther .  The  e t h e r  was  d r i e d  ove r  m a g n e s i u m  su l fa t e  
and  d i s t i l l ed  t h r o u g h  a V i g r e u x  co lumn.  The  r e s i d u e  
was  d i s t i l l ed  a t  0.18 m m  to g ive  3.78g of a y e l l o w  
l iquid ,  bp  80~ ~ n D  21 1.6230. The  l iqu id  was  r e -  
d i s t i l l ed  and  a m i d d l e  cut,  bp  85 ~ nD 28 1.6276 t aken ,  
the  i n f r a r e d  s p e c t r u m  of w h i c h  was  i den t i ca l  w i t h  
t h a t  of d i p h e n y l  sulfide.  The  c r u d e  y i e l d  was  40.6%. 

The  y i e l d  of b e n z e n e  o b t a i n e d  and  the  e l ec t ro ly s i s  
t i m e  for  each  of t he  e x p e r i m e n t s  is p r e s e n t e d  in 
Tab le  I. 

The  e x p e r i m e n t a l  p r o c e d u r e  in  each  case  was  s i m -  
i l a r  to t ha t  d e s c r i b e d  in d e t a i l  for  t r i p h e n y l s u l f o -  
n i u m  n i t r a t e  in  DMF.  E t h y l d i p h e n y l  sulf ide was  
iden t i f i ed  b y  i so la t ion  and  c o m p a r i s o n  w i t h  an  a u -  
t hen t i c  sample .  

Electrolysis of diphenyl sull~de.--A so lu t ion  of 
9.1g of d i p h e n y l  sulfide,  4.5g of sod ium n i t r a t e  and  

Table I. Sulfonium Salt Electrolyses 

% Yield 
Salt Solvent  Time,  hr  of benzene 

Tr iphenylsu l fon ium 
n i t ra te  DMF 14.5 96.2 

Tr iphenylsu l fon ium 
n i t ra te  Wate r  14.2 40.5 

Tr iphenylsu l fon ium 
t r i f luoroaceta te  DMF 13.3 99.8 

Tr iphenylsu l fon ium 
tr i f luoroacetate  Methanol  2.7 11 

Tr iphenylsu l fon ium 
methoxide  Methanol  15.5 28 

E thy ld ipheny l su l fo -  
n ium fluoborate DMF 16.2 75.1 

E thy ld ipheny l su l fo -  
n ium fluoborate W a t e r  11.8 10.3 

130 ml  of D M F  was  e l e c t r o l y z e d  for  6 hr .  The  d a r k  
so lu t ion  was  p o u r e d  in to  w a t e r  and  e x t r a c t e d .  D i s -  
t i l l a t i on  of t he  e x t r a c t  gave  a m a x i m u m  r e c o v e r y  
of  42% of t he  d i p h e n y l  sulfide.  

Decomposition of Benzoyl Peroxide in DMF.--A 
so lu t ion  of b e n z o y l  p e r o x i d e  (12.11g, 0.05 mole )  in 
130 m l  of D M F  was  k e p t  for  30 h r  a t  78o-83 ~ A n a l -  
ys is  b y  VPC i n d i c a t e d  the  p r e s e n c e  of 0.0196 mole  of 
benzene .  Also  i so l a t ed  w e r e  6.7g (0.055 mole )  of 
benzoic  ac id  and  4.3g (0.022 mole )  of N - b e n z o y l o x -  
y m e t h y l - N - m e t h y l f o r m a m i d e ,  nD 2~ 1.5324 [ r e p o r t e d  
( 8 )  n D  2~ 1.5401]. 

Results and Discussion 
The  e l ec t ro ly s i s  of t r i p h e n y l s u l f o n i u m  n i t r a t e  in 

D M F  at  an  a l u m i n u m  ca thode  p r o d u c e d  b e n z e n e  in 
96% of the  t h e o r e t i c a l  y i e l d  a n d  d i p h e n y l  sulf ide  in  
41% yie ld .  In  con t ras t ,  t h e  e l ec t ro ly s i s  of t he  same  
sa l t  in w a t e r  gave  40% of b e n z e n e  a n d  a lmos t  60% 
of d i p h e n y l  sulfide.  These  p r o d u c t s  can  be  r a t i o n -  
a l ized  b y  an e l ec t ro lys i s  m e c h a n i s m  i n v o l v i n g  the  
d i s c h a r g e  of t he  cat ion,  c l e a v a g e  of a p h e n y l  r a d i c a l  
and  s u b s e q u e n t  a b s t r a c t i o n  of a h y d r o g e n  a t o m  to 
f o r m  benzene .  A n  a l t e r n a t i v e  source  of h y d r o g e n  in 
t he  aqueous  s y s t e m  could  be  the  c o n c u r r e n t  d i s -  
c h a r g e  of h y d r o g e n  ions p r o v i d e d  b y  t h e  wa te r .  

The  h y d r o g e n  a t o m s  in D M F  a re  a l l  b o n d e d  to 
c a r b o n  and  the  a v e r a g e  C-I-I b o n d  e n e r g y  is 98.8 
k c a l / m o l e  (9 ) .  In  t he  case  of wa t e r ,  h o w e v e r ,  t he  
h y d r o g e n s  a r e  b o n d e d  to oxygen .  To r e m o v e  a h y -  
d r o g e n  a t o m  f r o m  w a t e r  r e q u i r e s  119.9 k c a l / m o l e  
(10) .  I t  w o u l d  thus  be  eas i e r  for  t he  p h e n y l  r a d i c a l  
to r e m o v e  a h y d r o g e n  a t o m  f r o m  D M F  t h a n  f r o m  
wa te r ,  and  a h i g h e r  y i e l d  of be nz e ne  w o u l d  be  e x -  
pec t ed  in  t h e  f o r m e r  case. 

The  p o s s i b i l i t y  of such a r e a c t i o n  is d e m o n s t r a t e d  
by  de c ompos i t i on  of a k n o w n  source  of p h e n y l  r a d i -  
cals,  be nz oy l  p e r o x i d e ,  in  DMF.  W e  f o u n d  c o n v e r -  
s ion of 20% of t he  p h e n y l  r a d i c a l s  in  t he  p e r o x i d e  
to benzene .  C l e a r l y  p h e n y l  r a d i c a l s  can  a b s t r a c t  h y -  
d r o g e n  f r o m  DMF.  

F u r t h e r  e x a m p l e s  of t h e  a b i l i t y  of r a d i c a l s  to 
effect th is  r e a c t i o n  a re  g iven  b y  F r i e d m a n  and  
S c h e c h t e r  (11) and  b y  S c h w e t l i c k  (12) in t h e i r  
w o r k  on the  de c ompos i t i on  of t - b u t y l  p e r o x i d e  in 
DMF.  

The  fac t  t h a t  a h i g h e r  y i e l d  of d i p h e n y l  sulf ide 
is o b t a i n e d  f r o m  the  aqueous  s y s t e m  is bes t  e x -  
p l a i n e d  b y  the  i n s o l u b i l i t y  of d i p h e n y l  sulf ide in 
w a t e r .  I t  was  shown  t h a t  d i p h e n y l  sulf ide  could  be  
r e c o v e r e d  in a m a x i m u m  of on ly  42% y i e l d  a f t e r  
i ts  e l ec t ro lys i s  in  a so lu t ion  of s o d i u m  n i t r a t e  in 
DMF.  In  t he  aqueous  s y s t e m  the  sulf ide  fo rms  a 
s e p a r a t e  p h a s e  and  does not  r e a c t  f u r t h e r .  

A s im i l a r  d i s t i nc t ion  b e t w e e n  D M F  and  w a t e r  was  
o b s e r v e d  in t he  case of e t h y l d i p h e n y l s u l f o n i u m  
f luobora te ,  and  the  s ame  e x p l a n a t i o n  is app l i cab le .  
I t  is of some i n t e r e s t  to no te  t h a t  in D M F  t h e  p h e n y l  
is c l e a ve d  r a t h e r  t han  the  e thy l ,  as s h o w n  b y  the  
iden t i f i ca t ion  of be nz e ne  a n d  e t h y l  p h e n y l  sulf ide 
as t he  p roduc t s .  In  th is  sense  s u l f o n i u m  c o m p o u n d s  
b e h a v e  m u c h  l ike  a m m o n i u m  compounds ,  w h i c h  
also sp l i t  off p h e n y l  in  p r e f e r e n c e  to a l k y l  r ad i ca l s  
(13, 14). 
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Fig. 1. Rate of benzene production from electrolysis of tri- 
phenylsulfonium trifluoroacetate in DMF, AI cathode, 0.50 amp, 130 
ml DMF in each case; % 0.0212 mole salt; e, 0.0419 mole salt. 

The  e l ec t ro ly s i s  of t r i p h e n y l s u l f o n i u m  t r i f l uo ro -  
ace ta t e  in  D M F  at  an  a l u m i n u m  ca thode  gave  b e n -  
zene  in  99.8% yie ld .  This  was  f o l l o w e d  k i n e t i c a l l y  
b y  p e r i o d i c  v a p o r  p h a s e  c h r o m a t o g r a p h i c  a n a l y s i s  
of the  r e a c t i o n  so lu t ion  for  benzene .  

This  e x p e r i m e n t  r e p r e s e n t s  a d e p a r t u r e  f r o m  t h e  
o r d i n a r y  p o l a r o g r a p h i c  t y p e  of r educ t ion .  A sol id  
m e t a l  e l ec t rode  is used  to o b v i a t e  u n d e s i r a b l e  c o m -  
p l i ca t ions  w h i c h  m i g h t  a r i se  f r o m  the  i n v o l v e m e n t  
of m e r c u r y  in  t he  reac t ion ,  p e r h a p s  t h r o u g h  the  
a r y l - m e r c u r y  r a d i c a l s  p o s t u l a t e d  b y  C o l i c h m a n  and  
Maffei  (15) in t h e i r  r e d u c t i o n  of d i p h e n y l i o d o n i u m  
ion. 

F i g u r e  1 shows  for  two  d i f fe ren t  sa l t  c o n c e n t r a -  
t ions t ha t  a p lo t  of p e r c e n t a g e  r e a c t i o n  ( b a s e d  on 
be nzene  p r o d u c t i o n )  vs. t i m e  g ives  a s t r a i g h t  l ine  
for  a s u b s t a n t i a l  p a r t  of the  reac t ion .  This  is the  
e x p e c t e d  b e h a v i o r  for  the  s i t ua t ion  in w h i c h  the  r a t e  
of d i s c h a r g e  of s u l f o n i u m  ions is i n d e p e n d e n t  of t he  
s u l f o n i u m  ion concen t r a t ion .  

The  sol id  l ines  d r a w n  on the  p lo t  c o r r e s p o n d  to 
c u r r e n t  efficiencies for  benzene  p r o d u c t i o n  of 47% 
for  the  so lu t ion  con t a in ing  0.0212 m o l e  and  53% for  
t he  so lu t ion  con t a in ing  0.0419 mole.  If  w e  cal l  t he se  
i d e n t i c a l  w i t h i n  e x p e r i m e n t a l  e r ro r ,  th is  r e s u l t  is 
aga in  cons i s t en t  w i t h  a r eac t i on  z e r o - o r d e r  in su l -  
f o n i u m  ion concen t r a t ion .  

I t  is a p p a r e n t  f r o m  the  p lo t  t h a t  a t  abou t  50% 
r e a c t i o n  t h e r e  is a s u d d e n  dec rease  in the  c u r r e n t  
eff iciency for  b e n z e n e  p roduc t ion .  A d d i t i o n a l  po in t s  
a t  l a t e r  t imes ,  o m i t t e d  f r o m  Fig.  1 for  conven ience ,  
con t inue  the  t r e n d  of t he  l a t e r  po in t s  shown.  A t  th is  
po in t  the  two  so lu t ions  h a v e  on ly  one obvious  c o m -  
mon  d e n o m i n a t o r .  In  each  case t he  t o t a l  cha rge  
passed  b y  the  so lu t ion  has  b e e n  j u s t  a b o u t  t he  
a m o u n t  r e q u i r e d  to d i s cha rge  a l l  of t he  s u l f o n i u m  
ions, a s s u m i n g  100% c u r r e n t  eff iciency for  t he  d i s -  
cha rge  reac t ion .  W e  do no t  y e t  choose  to d r a w  a n y  
conc lus ion  f r o m  this  fact .  

M e c h a n i s t i c a l l y  the  o b s e r v e d  c u r r e n t  eff iciency 
of 50% for  t he  f o r m a t i o n  of b e n z e n e  can be  e x -  
p l a i n e d  by either a one-electron transfer for the 
discharge (path A) with diversion of the remainder 
of the current through side reactions or a two-elec- 
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t r o n  t r a n s f e r  for  t h e  d i s c h a r g e  of the  s u l f o n i u m  ion 
( p a t h  B) .  

+ l e  
( C 6 H s ) s S + P a t h  A > (C6H~)2S ~- C6H~- 

-b2e I P a t h B  1 
(C6H5)2S + C6H5- --> C6H6 

W h i l e  t he  50% c u r r e n t  eff iciency is s t r o n g l y  sug -  
ges t ive  of p a t h  B, a n d  w h i l e  w e  h e s i t a t e  to d i smiss  
i t  as a m e r e  coinc idence ,  w e  a r e  e q u a l l y  h e s i t a n t  
a b o u t  in s i s t ing  t h a t  p a t h  B is r e q u i r e d .  

A m o n g  t h e  poss ib le  s ide r eac t i ons  w h i c h  could  
occur  is t he  e l e c t r o c h e m i c a l  r e d u c t i o n  of DMF.  Tha t  
th is  is a f ea s ib l e  r e a c t i o n  has  been  shown,  a lbe i t  
u n d e r  d i f fe ren t  condi t ions ,  b y  G a v r i l o v  and  K o -  
p e r i n a  (16) .  T races  of w a t e r  p r e s e n t  in the  D M F  
could  also accoun t  for  s ide  reac t ions .  

The  p o l a r o g r a p h i c  r e d u c t i o n  of t r i m e t h y l s u l f o -  
n i u m  ion  has  been  c a r r i e d  out  b y  C o l i c h m a n  and  
Love  (17) .  R e l a t i n g  t h e i r  r e su l t s  to t he  C o l i c h m a n  
and  Maffei  d a t a  (15) on d i p h e n y l i o d o n i u m  ion and  
a s s u m i n g  e q u a l  d i f fus ion coefficients for  t he  two  ions, 
t h e y  dec ided  t h a t  t he  r e d u c t i o n  of t r i m e t h y l s u l f o -  
n i u m  i n v o l v e d  a t w o - e l e c t r o n  step.  

In  p r e v i o u s  w o r k  w i t h  q u a t e r n a r y  a m m o n i u m  
sa l t s  (2)  op t i ca l  r e su l t s  a n d  d i m e r i z a t i o n  r eac t ions  
p e r m i t t e d  the  a s s i g n m e n t  of p a t h  A as t he  p r o b a b l e  
mechan i sm.  W i t h  t he  m o r e  r e a c t i v e  p h e n y l  r ad ica l ,  
h y d r o g e n  a b s t r a c t i o n  r eac t i ons  a re  f a v o r e d  over  
coup l ing  reac t ions ,  and  the  f a i l u r e  to f ind d i p h e n y l  
as a p r o d u c t  of the  e l e c t r o c h e m i c a l  r e a c t i o n  is no 
i nd i c a t i on  t h a t  a p h e n y l  r a d i c a l  is not  i n v o l v e d  as an  
i n t e r m e d i a t e .  

I t  a p p e a r s  tha t ,  w h i l e  t h e r e  is e x p e r i m e n t a l  bas is  
for  t e n t a t i v e  conclus ions  c onc e rn ing  the  m e c h a n i s m s  
of some specific e l e c t r o c h e m i c a l  ' o n i u m '  ion r e d u c -  
t ions,  t h e r e  is s t i l l  a g r e a t  dea l  of confus ion  and  no 
s igni f icant  g e n e r a l i z a t i o n  can  y e t  be  made .  
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ABSTRACT 

Reduct ion of benzene and t e t r ahyd ronaph tha l ene  ( te t ra l in )  was achieved 
by  e lect rolys is  in e thy lened iamine  sa tu ra t ed  wi th  l i th ium chloride.  This re-  
duct ion could also be car r ied  out  w i th  t e t r a b u t y l a m m o n i u m  iodide as the  sup-  
por t ing  electrolyte .  In  the  absence of a subst ra te ,  e lectrolysis  of a solut ion of 
l i th ium chlor ide  in e thy lened iamine  produced  the blue color of the  solvated 
metal .  

In  r e c e n t  y e a r s  e l e c t r o l y t i c  m e t h o d s  h a v e  b e e n  
a p p l i e d  in  t h e  r e d u c t i o n  a n d  s t r u c t u r a l  e l u c i d a t i o n  
of coal  a n d  coal  e x t r a c t s  (1, 2) .  H o w e v e r ,  t h e  u s e f u l -  
ness of these  m e t h o d s  is l i m i t e d  b y  the  fac t  t h a t  t he  
b e n z e n e  r i n g  ( t h a t  is, t h e  i so l a t ed  b e n z e n e  r i n g  as 
in  b e n z e n e  or  t e t r a l i n ) ,  w h i c h  m a y  r e p r e s e n t  a 
l a r g e  p o r t i o n  of t h e  coal  s t ruc tu re ,  has  not  been  r e -  
d u c e d  e l e c t r o l y t i c a l l y .  W e  t h e r e f o r e  b e c a m e  i n t e r -  
e s t ed  in  d e v e l o p i n g  a m e t h o d  for  t h e  e l e c t ro ly t i c  r e -  
duc t ion  of t he  b e n z e n e  r ing .  

The  fac t  t h a t  b e n z e n e  is no t  r e d u c e d  in  so lven t s  
such as d i m e t h y l f o r m a m i d e  or  d i o x a n e - w a t e r  is 
due  to t he  h igh  r e d u c t i o n  p o t e n t i a l  of t he  b e n z e n e  
r ing.  This  has  been  e s t i m a t e d  (3)  to be  a b o u t  l v  
more  n e g a t i v e  t h a n  the  r e d u c t i o n  p o t e n t i a l  of n a p h -  
t h a l e n e  w h i c h  can  be  r e a d i l y  r e d u c e d  e l e c t r o l y t i -  
ca l ly .  So lven t s  such  as d i m e t h y l f o r m a m i d e  or  d i o x -  
a n e - w a t e r  a r e  no t  s t ab le  at  t he  h igh  p o t e n t i a l  r e -  
q u i r e d  for  t h e  r e d u c t i o n  of the  b e n z e n e  r ing .  On t h e  
o the r  hand ,  r e d u c t i o n  is r e a d i l y  a c h i e v e d  c h e m i c a l l y  
b y  t r e a t i n g  b e n z e n e  w i t h  an  a l k a l i  m e t a l  in  a m m o n i a  
(4)  or  a m i n e  so lu t ion  (5, 6) .  The  m e c h a n i s m  p r o -  
posed  for  t he  c h e m i c a l  r e d u c t i o n  of a r o m a t i c  h y d r o -  
ca rbons  in l i qu id  a m m o n i a  (7)  is s im i l a r  to t h a t  
p r o p o s e d  for  t he  e l e c t ro ly t i c  r e d u c t i o n  (8, 9 ) ;  in  
the  fo rmer ,  the  s o l v a t e d  a l k a l i  m e t a l  f u r n i s h e s  the  
e l ec t ron  whi le ,  in  t h e  l a t t e r ,  the  c a t h o d e  is t h e  e l ec -  
t r on  source.  

S ince  so lu t ions  of a l k a l i  m e t a l s  in  a m m o n i a  can  
also be  o b t a i n e d  e l e c t r o l y t i c a l l y  (10) ,  i t  o c c u r r e d  
to us  t h a t  e l e c t r o l y t i c  r e d u c t i o n  of a l k a l i  m e t a l  ions  
m i g h t  p r o v i d e  a m e a n s  for  t he  r e d u c t i o n  of t he  b e n -  
zene  r ing.  O u r  own  obse rva t ions ,  d e s c r i b e d  be low,  
show t h a t  b l u e  so lu t ions  of l i t h i u m  can  be  o b t a i n e d  
b y  e l ec t ro ly s i s  of a so lu t ion  of l i t h i u m  c h l o r i d e  in  
e t h y l e n e d i a m i n e .  This  l ed  us  to i n v e s t i g a t e  t h e  p o s -  
s ib i l i ty  of r e d u c i n g  the  b e n z e n e  r i ng  e l e c t r o l y t i c a l l y  
in e t h y l e n e d i a m i n e  in  t h e  p r e s e n c e  of l i t h i u m  ch lo -  
r ide .  

Experimental 
Apparatus . - -The a p p a r a t u s  used  for  e l ec t ro ly s i s  

is shown  in Fig.  I.  The  a r r a n g e m e n t  of  s topcock  a n d  
a d a p t e r s  p e r m i t t e d  t h e  e l ec t ro ly s i s  to be  c a r r i e d  out  

in an  i n e r t  a t m o s p h e r e  a n d  the  m e a s u r e m e n t  of t he  
e vo lve d  gas. A c a r b o n  a n o d e  was  used  in  a l l  e x p e r i -  
ments .  S m o o t h  p l a t i n u m  w i r e  (20 g a u g e ) ,  g r a p h i t e  
and  ca rbon  rods  ( m a x i m u m  i m p u r i t y  6 p p m )  w e r e  
used  as ca thodes .  The  su r f ace  a r e a  of each  ca thode  
was  7.0 cm 2. In  one e x p e r i m e n t  ( E x p e r i m e n t  No. 3, 
Tab le  I )  an  a n o d e  c o m p a r t m e n t  was  used .  I t  con-  
s i s ted  of a b a s k e t  m a d e  b y  cu t t i ng  off t he  s t em of a 
mic ro  B u c h n e r  f u n n e l  ( c a p a c i t y  3 ml ,  m e d i u m  p o -  
r o s i t y ) .  

A l l  e l ec t ro ly se s  w e r e  c a r r i e d  out  a t  m a n u a l l y  con-  
t r o l l e d  cons t an t  cu r r en t .  

P o l a r o g r a m s  w e r e  r e c o r d e d  on a L&N E l e c t r o -  
c h e m o g r a p h  T y p e  E. 

Reagents.---Lithium c h l o r i d e  and  t e t r a b u t y l a m -  
m o n i u m  iod ide  w e r e  r e a g e n t  g r a d e  m a t e r i a l s .  A n -  
h y d r o u s  e t h y l e n e d i a m i n e  was  pur i f i ed  b y  r e f lux ing  

Fig. 1. Electrolysis vessel. A, 12/30 joint; B, platinum wire; C, 
epoxy resin seal; D, 24/40 joint; E, 19/38 joint; F, carbon anode; 
G, three-necked 100 ml flask; H, thermocouple well; I, glass en- 
closed stirring bar; J, carbon cathode; K, condenser. 
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Table I. Electrochemical reduction of tetralin and benzene in ethylenediamine saturated with lithium chloride 

C u r r e n t  u sed ,  % T o t a l  c u r r e n t  
E x p e r i -  C a t r m d e  A p p l i e d  C u r r e n t ,  H y d r o g e n  a c c o u n t e d  

m e n t  No.  S u b s t r a t e  m a t e r i a l  T e m p ,  "C p o t e n t i a l ,  v a m p  T i m e ,  r a i n  R e d u c t i o n  f o r m a t i o n  fo r ,  % 

1 Tetra l in  P la t inum 33 105 0.500 60 52.9 16.5 69.4 
2 Tetra l in  Graphite 33 125 0.500 60 70.5 7.5 78.0 
3" Tet ra l in  Graphite  33 210 0.250 120 64.3 22.0 86.0 
4 Tetra l in  Carbon 33 125 0.500 60 80.3 7,6 87.9 
5 Tet ra l in  Carbon 23 190 0.500 60 81.3 6.2 87.5 
6 Tetra l in  Carbon 35 185 0.850 35 79.0 7.6 86.6 
7 Benzene Carbon 33 105 0.500 60 52.4* * 8.6 61.0 

* A n o d e  c o m p a r t m e n t  used .  See  E x p e r i m e n t a l .  
** T h i s  f i g u r e  r e p r e s e n t s  a m i n i m u m  c o n v e r s i o n  d u e  to  i n c o m p l e t e  r e c o v e r y .  

over sod ium fol lowed by  d is t i l l a t ion  u n d e r  n i t r o -  
gen. 

Electrolysis of Lithium Chloride and 
Tetrabutylammonium Iodide in Ethylenediamine 

W h e n  a sa tu ra t ed  so lu t ion  of l i t h i u m  chlor ide 
(1.4g) in  e t h y l e n e d i a m i n e  (100 ml )  was  e lec t ro-  
lyzed at  room t empera tu r e ,  deep b lue  globules  
formed at the  cathode and  t h e n  dissolved, i m p a r t -  
ing a b lue  color to the so lu t ion  in  the i m m e d i a t e  
v ic in i ty  of the electrode.  On s t i r r ing ,  the  b lue  color 
of the so lu t ion  qu ick ly  disappeared.  The  fo rma t ion  
of b lue  globules  seemed to be i n d e p e n d e n t  of ca th -  
ode ma te r i a l  ( p l a t i n u m ,  graphi te ,  or ca rbon)  and  
of the  appl ied  vol tage  and  only  d e p e n d e n t  on the  
cur ren t .  At  cu r r en t s  of less t h a n  0.050 amp, the  b lue  
color could no longer  be observed.  In  this connec-  
t ion, the obse rva t ions  of P u t n a m  and  Kobe  (11) are 
of in teres t .  They  e lect rolyzed l i t h i u m  b romi de  in  
e t h y l e n e d i a m i n e  at  100 ~ b e t w e e n  a l i t h i u m  a m a l g a m  
anode  and  a copper  ca thode and  ob ta ined  at  the  
cathode a b r o w n  deposit  w i thou t  meta l l ic  lus ter ,  
which  reac ted  explos ive ly  wi th  wa te r  and  wi th  a l -  
cohol to give hydrogen .  I t  appears  tha t  cathode m a -  
te r ia l  a n d / o r  t e m p e r a t u r e  de t e rmine  whe the r  l i th -  
ium is solvated  or p la ted  out. 

W h e n  t e t r a b u t y l a m m o n i u m  iodide was  used i n -  
stead of l i t h ium chlor ide no color was observed at 
the cathode. 

Reduction of Tetralin 

Solut ions  of 100 ml  of e t h y l e n e d i a m i n e  c o n t a i n -  
ing l a g  (0.033 mole)  of l i t h i u m  chlor ide and  3 ml  
(0.022 mole)  of pe rox ide - f r ee  t e t r a l i n  were  e lec-  
t rolyzed u n d e r  var ious  condi t ions.  W h e n  t e t r a b u -  

t y l a m m o n i u m  iodide was  used, 11.5g (0.031 mole)  
was  dissolved.  D u r i n g  electrolysis  the  cell  was  
cooled by an  ice bath.  To m a i n t a i n  cons tan t  cu r ren t ,  
l i t t le  r egu l a t i on  of appl ied  vol tage  ( abou t  ---+5v of 
the average  vol tage  g iven  in  Tables  I and  I I I )  was 
necessary.  To isolate the r educ t ion  products ,  the  
so lu t ion  was poured  onto ice and  the r e su l t i ng  aque -  
ous so lu t ion  ex t rac ted  w i th  p e n t a n e ;  the  ex t rac t  was  
t rea ted  in  t u r n  wi th  d i lu te  acid, b ica rbona te ,  and  
water ,  dr ied  over  "Drier i te ,"  filtered, and  the b u l k  
of the  p e n t a n e  r emoved  by  f rac t iona l  dis t i l la t ion.  
The  res idue  was  ana lyzed  mass  spec t rometr ica l ly .  
The reac t ion  m i x t u r e s  con ta ined  octa-  as wel l  as 
h e x a h y d r o n a p h t h a l e n e s .  The s ta r t ing  mate r i a l ,  
t e t ra l in ,  con ta ined  some d i h y d r o n a p h t h a l e n e  as an  
impur i ty ,  the  b u l k  of which  was  reduced  to te t ra l in .  

In  a typ ica l  e xa mp l e  ( r u n  1, Tab le  I ) ,  mass  spec- 
t romet r i c  analys is  of the  s t a r t i ng  t e t r a l i n  (ClaH12) 
and  of the recovered  m a t e r i a l  (on a p e n t a n e - f r e e  
basis)  gave the  fo l lowing resul t s :  

V o l u m e  % 

S t a r t i n g  m a t e r i a l  R e c o v e r e d  
M a s s  ( t e t r a l i n )  m a t e r i a l  

C10H10 130 1.8 0.3 
C10H12 132 98.0 80.9 
C10H14 134 0.05 15.3 
CloHI6 136 0.0 3.4 

In  ca lcu la t ing  c u r r e n t  efficiencies, a l l  of these 
convers ions  were  t a k e n  in to  account .  The  resu l t s  are 
s u m m a r i z e d  in  Tables  I - IV.  To d e t e r m i n e  w h e t h e r  
a ny  ch lo r ina t ion  of subs t r a t e  had  occurred  at the 
anode,  samples  of res idues  f rom var ious  e lectrolyses  
were  ana lyzed  for chlorine.  In  all  cases, ch lor ine  was 

Table II. Supplement to Table I. Breakdown of current used for reduction 

C u r r e n t  u sed ,  % 

R e d u c t i o n  of  
R e d u c t i o n  of  R e d u c t i o n  of  d i h y d r o -  R e d u c t i o n  of  al l  

E x p e r i -  t e t r a l i n  to  h e x a h y d r o n a p h t h a l e n e  to n a p h t h a l e n e *  a v a i l a b l e  o r g a n i c  
m e n t  No.  S u b s t r a t e  h e x a h y d r o n a p h t h a l e n e  o c t a h y d r o n a p h t h a l e n e  to  t e t r a l i n  s n b s t r a t e s  

1 Tetra l in  41.6 7.5 3.8 52.9 
2 Tetra l in  55.4 11.6 3.5 70.5 
3 Tetra l in  51.8 8.7 3.8 64.3 
4 Tetra l in  67.3 9.5 3.5 80.3 
5 Tet ra l in  70.0 7.9 3.4 81.3 
6 Tetral in  67.0 8.8 3.2 79.0 

Reduction of benzene Reduction of cyclohexadiene 
to cyclohexadiene to cyclohexene 

7 Benzene 38.0 14.4 52.4 

* I m p u r i t y  in  s t a r t i n g  m a t e r i a l .  See  E x p e r i m e n t a l .  
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Table III. Effect of electrolyte on reduction of tetralin* 

C u r r e n t  u s e d , %  
E x p e r i -  C o n c e n t r a t i o n ,  A p p l i e d  

m e n t  No. E l e c t r o l y t e  m o l e / l i t e r  T e m p ,  ~ p o t e n t i a l ,  v R e d u c t i o n  
H y d r o g e n  
f o r m a t i o n  

T o t a l c u r r e n t  
a c c o u n t e d  

fo r ,  % 

4 LiC1 0.3 33 125 80.3 
8 (C4H9) 4NI 0.31 28 90 17.5 
9 NH4C1 0.33 20 60 0.0 

10 NH4C1 0.17 33 120 0.0 
fNH4CI~ 0.17 21 75 70.5 

11 \LiC1 f Saturated 

7.6 
46.1 

122.0" * 
118.0"* 
26.4 

87.9 
63.6 

* S t a n d a r d  c o n d i t i o n s :  c a r b o n  c a t h o d e ;  c u r r e n t ,  0.500 a m p ;  t i m e  of  e l ec t ro lys i s ,  60 ra in .  
** E x c e s s  h y d r o g e n  p o s s i b l y  d u e  to  s ide  r e a c t i o n  i n v o l v i n g  a m m o n i u m  rad i ca l .  

Table IV. Supplement to Table III. Breakdown of current used for reduction 

R e d u c t i o n  of  
E x p e r i -  t e t r a l i n  to  

m e n t  No.  E l e c t r o l y t e  h e x a h y d r o n a p h t h a l e n e  

C u r r e n t  u sed ,  % 
R e d u c t i o n  of  R e d u c t i o n  of  :Reduc t ion  of  a l l  

h e x a h y d r o n a p h t h a l e n e  to  d i h y d r o n a p h t h a l e n e  a v a i l a b l e  o r g a n i c  
o c t a h y d r o n a p h t h a l e n e  to t e t r a l i n  s u b s t r a t e s  

4 LiC1 67.3 
8 (C4H9) 4NI 13.0 

9, 10 NH4C1 0.0 
fNH4CI~ 62.9 

11 ~LiC1 f 

found  to be absent ,  a fact  which  a l lowed us to ca r ry  
out  the  electrolysis  w i thou t  a d i a p h r a g m  cell. Mass 
spec t rometr ic  analyses  of the  gas samples  showed 
tha t  on ly  h y d r o g e n  was  evolved d u r i n g  electrolysis .  

As cathode mater ia l ,  g raph i te  p roved  to be less 
res i s tan t  t h a n  carbon.  Visua l  inspec t ion  of ca rbon  
and  graph i te  electrodes af ter  severa l  e lectrolyses 
showed li t t le,  if any,  corrosion in  the  ca rbon  elec-  
t rode and  cons iderab le  erosion in  the  g raph i te  elec-  
trode. No erosion was  not iced  w h e n  e i ther  ca rbon  or 
graphi te  was  used as an  anode.  

Reduction of Benzene 

Reduc t ion  of benzene  and  isola t ion  of the  r educ -  
t ion  products  was car r ied  out  as descr ibed u n d e r  
te t ra l in .  In  cont ras t  to te t ra l in ,  we were  u n a b l e  to 
ob ta in  q u a n t i t a t i v e  recovery ;  on ly  50% of the  m a -  
te r ia l  could be accounted  for. The c u r r e n t  efficiency 
l is ted in  Tab le  I is based  on the  a m o u n t  of m a t e r i a l  
recovered  and  the re fo re  r ep resen t s  a m i n i m u m  
figure. 

Polarographic Data 

Po la rog rams  were  r u n  in  e t h y l e n e d i a m i n e  solu-  
t ion  0.15M in  t e t r a b u t y l a m m o n i u m  iodide. There  was  
a wave  wi th  an  El/2 of abou t  --1.4v vs. the  m e r c u r y  
pool, p r o b a b l y  due to some i m p u r i t y  in  the  

Table V. Half-wave potentials, diffusion currents (id), and 
diffusion current constants (Id) in ethylenediamine (0.15M 

(C4Hg)NI as supporting electrolyte) 

C o n c n .  ~1/2 VS. 
C o m p o u n d  ( m m o l e / l i t e r )  ia id/Cm21at~l e H g  poo l  

Tetral in  50.0 - -  - -  
Naphthalene 2.00 4.4 1.4 --1.89 
Li + 1.97 9.0 2.9 --1.90 
Li + and 1.97 9.0 2.9 --1.90 

te t ra l in  50.0 

9.5 3.5 80.3 
1.8 2.7 17.5 
0.0 0.0 0.0 
6.4 1.2 70.5 

(C4H9)4NI, s ince the la t te r  gave the  same wave  
in  d i m e t h y l f o r m a m i d e .  Since ne i the r  the  pos i t ion  
nor  the  he ight  of this  wave  in t e r f e r ed  w t i h  the  fol-  
lowing  runs ,  no a t t empt  was made  to e l imina t e  this  
wave  by  f u r t h e r  pur i f ica t ion  of the e lectrolyte .  Al l  
vol tages  were  m e a s u r e d  vs. the  m e r c u r y  pool at  
27 ~ +-- 0.5~ No correct ions  were  made  for cell r e -  
sistance.  Resul t s  are  s u m m a r i z e d  in  Tab le  V, and  the  
essent ia l  fea tures  of the  curves  sketched in  Fig. 2 
for r eady  re fe rence  in  the  fo l lowing discussion.  

Discussion 

Tab le  I revea ls  some in t e re s t ing  facts r e ga rd ing  
inf luence  of cathode ma te r i a l  on Current  efficiency. 
There  is a no t iceable  difference in  c u r r e n t  efficiency 
b e t w e e n  a p l a t i n u m  cathode on the one h a n d  and  3o f 

20  Blonk or 
Tetrolin 

tO 

o I 
- I . 4  - 2 . 4  

oE Nophtholene 

o I0 

0 
- 1 8 9  

2(1 
Li + or 

LI + ond T e t r o h n  

Ie 

o I 
- I . 9 0  

volts v S HCJ pool 

id, l i m i t i n g  d i f f u s i o n  c u r r e n t ,  p.a; C, c o n c e n t r a t i o n  i n  m i l l i m o l e s  Fig. 2. Polarographic reduction w a v e s  i n  anhydrous ethylene- 
p e r  l i t e r ;  rn, f low r a t e  of  m e r c u r y ,  m g  sec'-~; t ,  d r o p  t i m e  in  s econds ;  diamine (0.1SM tetrabutylammonium iodide). 
m~l~tll e, 1.57. 
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g raph i t e  and  ca rbon  cathodes on the  other.  I t  is su r -  
p r i s ing  t ha t  this  dif ference is no t  g rea te r  in  v iew of 
the fact  tha t  the  h y d r o g e n  overvol tage  (12) of p l a t i -  
n u m  (0.29) is cons ide rab ly  lower  t h a n  tha t  of ca r -  
bon  (0.89),  and  tha t  p l a t i n u m  catalyzes  the  reac -  
t ion of amines  wi th  a lka l i  meta l s  to fo rm amides.  
The lower  c u r r e n t  efficiency ob ta ined  wi th  the 
g raph i t e  e lectrode as compared  to tha t  of the ca rbon  
electrode in  con junc t i on  wi th  the  fact  tha t  h y d r o g e n  
p roduc t ion  r e m a i n e d  cons t an t  suggests  tha t  pa r t i a l  
h y d r o g e n a t i o n  of g raph i t e  m a y  have  t aken  place. 
This v i ew  is suppor ted  by  the fact  tha t  the g raph i t e  
in  cont ras t  to the  ca rbon  cathode showed cons ider -  
able  erosion. 1 

Tab le  I also shows tha t  a 10 ~ change  in  t e m p e r a -  
t u r e  has l i t t le ,  if any,  inf luence  on c u r r e n t  efficiency. 
In  Tab le  III, c u r r e n t  efficiencies ob ta ined  wi th  v a r i -  
ous e lect rolytes  are compared  wi th  tha t  of l i t h i u m  
chloride.  

The e lec t rochemica l  r educ t ion  of the benze ne  r ing  
in  e t h y l e n e d i a m i n e  descr ibed above,  involves ,  we 
bel ieve,  p r ior  r educ t ion  of solvated l i t h ium cat ion to 
solvated  l i t h ium 

Lis + + e -  ~ Lis + . . .  es-  [1] 

E lec t ron  t r ans f e r  to and  p ro tona t i on  of the b e n z e n e  
r ing  m a y  then  proceed according to a m e c h a n i s m  
s imi la r  to tha t  proposed by  Krapcho  and  B o t h n e r - B y  
(7) for  the  r educ t ion  of the  b e n z e n e  r i ng  (R) by  
a lka l i  meta l s  in  l iqu id  a m m o n i a :  

Lis + . . .  es-  + 1%~Lis + . . .  Rs -  [2] 

Li~ + . . .  Rs -  + NH2(CH2)2NH2--> RH 

+ NH2(CH2)eNHLi [3] 

R H + L i s  + . . . e ~ - ~ L i ~  + . . . R H s -  [4] 

Lis + . . . R H s -  + NHe(CH2)2NHe-~ RHe 

+ NH2(CH2)2NHLi [5] 

The  m a i n  difference b e t w e e n  the p re sen t  sys tem and  
tha t  s tud ied  b y  Krapcho  and  B o t h n e r - B y  is tha t  in  
the fo rmer  e t h y l e n e d i a m i n e  and  in  the l a t t e r  alcohol 
is the  p ro ton  source. 

The m e c h a n i s m  of e lec t ro reduc t ion  in  the p resence  
of l i t h i u m  chlor ide m a y  be s imi la r  to tha t  in  the  
presence  of salts of meta l s  such as t i t a n i u m  or v a n a -  
dium.  These  cat ions are r educed  at  the cathode f rom 
a h ighe r  to a lower  va lence  state and  in  this  l a t t e r  
s ta te  reduce  the  organic  m a t e r i a l  (15, 16). In  the 
case of l i t h i u m  in  e thy l ened i amine ,  the two va lence  
states a re  solvated  l i t h i u m  cation, Lis + and  solvated  
l i th ium,  Li~ + . . .  es- .  

The  a s sumpt ion  t ha t  r educ t ion  of the  benze ne  r ing  
does no t  t ake  place by  d i rec t  e lec t ron t r a n s f e r  f rom 
cathode to subs t ra te  is based  on the fo l lowing  ob-  
se rva t ions  and  facts. (i) Elect rolys is  of a so lu t ion  of 
l i t h i u m  chlor ide in  e t h y l e n e d i a m i n e  produces  the  
b lue  color character is t ic  of solvated  l i t h i u m  metal .  
In  the  presence  of t e t r a l i n  or benzene ,  this color is 
no t  observed.  (it) No reduc t ion  takes  place w h e n  
a m m o n i u m  chlor ide is used. However ,  r educ t ion  does 
take  place w h e n  l i t h i u m  chlor ide is added (Tab le  

i These  o b s e r v a t i o n s  are  c o n s i s t e n t  w i t h  t h e  fac t  t h a t  g r a p h i t e  can 
be p a r t i a l l y  h y d r o g e n a t e d  b y  l i t h i u m  in  e t h y l e n e d i a m i n e  (13) a n d  
t h a t  g r a p h i t e  swe l l ed  a nd  d i s i n t e g r a t e d  w h e n  used  as a c a thode  
m a t e r i a l  in  t he  e lec t ro lys i s  of s o d i u m  a m t d e  i n  l i q u i d  a m m o n i a  (14). 
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I I I ) .  ( i i i)  No wave  a t t r i b u t a b l e  to r e duc t i on  of t e -  
t r a l i n  occurs at  a n y  po ten t i a l  less nega t ive  t h a n  the  
decomposi t ion  po ten t i a l  ( - -2 .4v)  of e t h y l e n e d i a m i n e ,  
whi le  n a p h t h a l e n e  a nd  l i t h i u m  ca t ion  give r ise to 
we l l -de f ined  waves  (Fig. 2). E lec t ron  add i t ion  to 
te t ra l in ,  if i t  occurs by  di rect  e lec t ron  t rans fe r ,  mus t  
t ake  place at  abou t  --2.9v [ l v  more  nega t i ve  t h a n  
the  r educ t ion  po ten t i a l  of n a p h t h a l e n e  ( 3 ) ] ,  i.e., at  a 
po ten t i a l  cons ide rab ly  more  nega t ive  t h a n  the  de-  
composi t ion po ten t i a l  of e thy l ened iamine .  I t  seems 
therefore  tha t  in  e thy l ened i amine ,  l i t t le,  if any ,  r e -  
duc t ion  of the  benzene  r i ng  takes  place b y  di rect  
e lec t ron  t r ans f e r  f rom cathode to subs t ra te ,  a nd  tha t  
e lec t ron  t r ans fe r  occurs p r e d o m i n a n t l y  b e t w e e n  sol- 
va ted  l i t h i u m  and  the  be nz e ne  r ing.  

I n  this connec t ion  it  is of in te res t  tha t  t e t r a b u t y l -  
a m m o n i u m  cat ion can also serve  as an  e lec t ron  
t r ans fe r  agent  (Tab le  I I I ) .  This  is su rp r i s ing  in  v iew 
of the  difference in  size a nd  s t ruc tu re  b e t w e e n  these 
two ions and  m a y  shed l igh t  on the  m e c h a n i s m  of 
e lec t ron t r ans fe r  f rom a lka l i  me t a l  to the  benzene  
r ing.  Tha t  t e t r a a l k y l a m m o n i u m  cat ions can be r e -  
duced to fo rm s tab le  so lva ted  radicals ,  R4N + �9 �9 e - ,  
in  l iqu id  a m m o n i a  was  d e m o n s t r a t e d  by  Sch lubach  
(17) in  1920. The  fact  t ha t  t e t r a b u t y l a m m o n i u m  
cat ion did no t  p rove  as effective as l i t h i u m  cat ion 
m a y  be due to decomposi t ion  (18) of the  radica l  

R4N + . . . .  e -  ~ R3N -5 R- [6] 

pr ior  to e lec t ron  t r ans f e r  to the  benzene  r ing.  e A n -  
o ther  reason m a y  be a lower  s tab i l i ty  t oward  the 
solvent .  The rad ica l  R 4 N + . . .  e -  m a y  react  fas ter  
t h a n  Li + . . .  e -  to fo rm amide  and  h y d r o g e n  

2R4N + . . .  e -  + 2NH2(CH2)2NH2 ~ 2R4N + 

+ 2 -NH(CHe)2NH2 + H2 [7] 

Indeed,  a cons iderab le  increase  in  h y d r o g e n  p roduc -  
t ion  was  observed w h e n  t e t r a b u t y l a m m o n i u m  iodide 
was used in  place of l i t h i u m  chloride.  

The e lec t rochemica l  r educ t ion  of t e t r a l i n  in the  
presence  of t e t r a b u t y l a m m o n i u m  iodide a m o u n t s  to 
the  first " m e t a l - a m i n e "  r e duc t i on  of an  organic  com- 
p o u n d  us ing  a t e t r a a l k y l a m m o n i u m  rad ica l  as the 
metal .  I t  wi l l  be  of in te res t  to s tudy  reduc t ions  us ing  
va r ious ly  subs t i t u t ed  t e t r a a l k y l a m m o n i u m  and  t r i -  
subs t i tu t ed  s u l p h o n i u m  radicals .  
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ABSTRACT 

Methods have been developed for measur ing  several of the physical prop-  
erties of pure, freshly deposited carbide-iodide thor ium over a range of tem- 
peratures without  exposing the metal  to atmospheric or other contamination.  
The allotropic t ransi t ion of such mater ia l  has been located at 1325 ~ _ 10~ 
the t ransi t ion from fcc thor ium to bcc thor ium being complete at 1335~ in  less 
than 1 min. New values are given for the electrical resist ivi ty and total  emis- 
sivity of thorium, these properties being markedly  influenced by impuri t ies  in 
materials  used by previous investigators. The morphology of the deposits has 
been studied and related to the composition and physical properties of the 
metal. 

A n  essent ia l  r e q u i r e m e n t  for accura te  d e t e r m i n a -  
t ion of the phys ica l  proper t ies  of reac t ive  meta l s  is 
a degree of p u r i t y  no t ab ly  super ior  to tha t  of cu r -  
r en t  p roduc t ion  grade  mater ia l s .  Superf ic ial  con-  
t a m i n a t i o n  of t h o r i u m  for ins tance  occurs if it  is 
exposed to the  a tmosphere ,  and  Evans  and  R a y n o r  
(1) have  shown  tha t  filings of iodide t h o r i u m  sub -  
s equen t l y  a n n e a l e d  at a p ressure  as low as 5 x 10 -6 
m m  m a y  give la t t ice  spacings as h igh  as 5.089 k X  
in place of the  c u r r e n t l y  accepted va lue  5.0741 kX. 
Ni t rogen  is the  most  ser ious offender  in  this  i n -  
stance. S imi la r  effects howeve r  are  l ike ly  to arise 
w h e n e v e r  t h o r i u m  is hea ted  to h igh  t e m p e r a t u r e s  
in  an  i n a d e q u a t e  vacuum,  even  if it  has n e v e r  been  
exposed to the  a tmosphere .  

To overcome the  difficulties of m a k i n g  re l i ab le  
phys ica l  m e a s u r e m e n t s  on such reac t ive  m a t e r i a l  
the m e a s u r e m e n t s  descr ibed  in  this  paper  have  been  
made  in situ on f resh ly  deposi ted ca rb ide - iod ide  
t h o r i u m  p repa red  as descr ibed by  Scaife and  Wyl ie  
(2) .  The qua l i t y  of this  ma te r i a l  meets  the s t a n d -  
ards of p u r i t y  requi red ,  and  the  modified iodide 
"vapor  deposi t ion"  bu lbs  used in  the work  p rov ide  
an  ideal  m e a n s  of c a r ry ing  out  m e a s u r e m e n t s  on 
t h o r i u m  me ta l  which  has n e v e r  been  exposed to the  
a tmosphere  or contacted  w i th  ref rac tor ies  which  
could a l t e r  its composi t ion.  

The  first pa r t  of the pape r  descr ibes  the  app l ica -  
t ion  of res i s tance  m e a s u r e m e n t s  to the  s tudy  of the  

1 Seconded  f r o m  A u s t r a l i a n  M i n e r a l  D e v e l o p m e n t  Labo ra to r i e s ,  
Adela ide .  

t r a n s f o r m a t i o n  of fcc ca rb ide - iod ide  t h o r i u m  to the  
bcc modificat ion.  Inves t iga to rs  po in t  out  the  diffi- 
cu l ty  of avoid ing  c o n t a m i n a t i o n  of sepa ra t e ly  
m o u n t e d  specimens,  for e xa mp l e  wi th  vapors  f rom 
oil diffusion pumps .  Also s tressed is the  effect of 
ca rbon  and  o ther  nonme ta l l i c  impur i t i e s  i n  p rogres -  
s ive ly  ra i s ing  the  t r a n s f o r m a t i o n  t e m p e r a t u r e  af ter  
each t e m p e r a t u r e  cycle t h r o u g h  this  point .  Wi th  
the  t echn iques  and  m a t e r i a l  used  in  this  w o r k  it  has 
b e e n  found  tha t  the  t r a n s f o r m a t i o n  t e m p e r a t u r e  r e -  
m a i n s  u n a l t e r e d  a f te r  th ree  comple te  cycles to ta l -  
l ing 2 hr.  

In  c on j unc t i on  wi th  the  phase  t r a n s f o r m a t i o n  
s tudy,  res i s t iv i ty  m e a s u r e m e n t s  have  been  made  on 
f resh ly  deposi ted t h o r i u m  over  a wide  r a nge  of t e m -  
pe ra tu res .  The  res i s t iv i ty  in  all  cases is sens i t ive  to 
the  care t a k e n  in  ou t -gas s ing  the  bu lb  and  reactants .  
The effect of a n n e a l i n g  the  f i lament  af ter  g rowth  
was  s tudied,  a nd  a decrease in  res i s t iv i ty  due to r e -  
c rys ta l l i za t ion  of in i t i a l ly  poor ly  coheren t  g ra ins  
was found.  This effect does no t  appear  to have  been  
noted  in  ear l ie r  l i t e ra tu re .  

The  ra te  of phase  t r a n s f o r m a t i o n  has also been  
inves t iga ted .  For  the  smal l  f i laments  used in  this  
work  the  t r a n s i t i o n  f rom fcc to bcc t h o r i u m  is found  
to be  comple ted  in  a p p r o x i m a t e l y  0.5-0.7 m i n  at  
1335~ T r a n s i t i o n  in  the  r eve r se  d i rec t ion  is at  
least  as rapid.  

Other  m e a s u r e m e n t s  have  b e e n  made  on the tota l  
emiss iv i ty  over  a r a nge  of t e m p e r a t u r e ,  since few 
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values  can be found  in  the  l i t e ra tu re ,  and  on the  
e lec t ron  emission,  bo th  above  and  below the  phase  
t r a n s f o r m a t i o n  t e m p e r a t u r e .  No d i sce rnab le  change  
was observed  in  a p p a r e n t  work  f u n c t i o n  or emiss iv -  
i ty  at  the t r a n s f o r m a t i o n  point .  

The final  sect ion of the  paper  descr ibes  the  c rys ta l  
hab i t  of ca rb ide - iod ide  thor ium.  The charac ter i s t ic  
d e v e l o p m e n t  of cube and  oc tahedron  faces, the r a n -  
dom o r i en ta t ion  of the  pu res t  deposits,  and  the  p re -  
fe r red  o r i en t a t i on  of less p u r e  m a t e r i a l  are  descr ibed  
and  cor re la ted  wi th  the  phys ica l  p roper t ies  of the  
metal .  

Exper imenta l  

T h o r i u m  carbide  and  t h o r i u m  te t ra iod ide  were  
p r e p a r e d  as descr ibed by  Scaife and  Wyl ie  (2, 3) 
al l  m a t e r i a l  t r ans fe r s  be ing  m a d e  via  glass b r e a k -  
seals. T h o r i u m  oxide was  m a d e  f rom ana ly t i ca l  
g rade  t h o r i u m  n i t r a t e  by  ign i t ion  of p rec ip i t a ted  
t h o r i u m  oxalate.  Graph i t e  was of reac tor  grade.  
A n a l y t i c a l  grade  iodine was dr ied  and  f u r t h e r  
pur i f ied by  a t e chn ique  of Reid (4) i n  which  ou t -  
gassed m a t e r i a l  is sub l imed  in vacuo t h ro ugh  a 
co lumn  of we l l -ou tgassed  L inde  molecu la r  sieves. 
T h o r i u m  f i laments  were  g rown  by  the ca rb ide -  
iodide process p rev ious ly  descr ibed (3) .  Higher  ou t -  
gassing t e m p e r a t u r e s  and  longer  outgass ing  t imes  
at lower  pressures  were  used t h a n  in  ear l ie r  work.  

T e m p e r a t u r e s  were  read  on a ca l ib ra ted  L&N 
optical  pyromete r ,  the spect ra l  emiss iv i ty  of tho-  
r i u m  be ing  taken ,  af ter  Smi the l l s  (5) as 0.36 at 
0.65~. Yosim and  Mi lne  (6) give 0.35 at 0.63~; if 
this  emiss iv i ty  is t aken  to be appl icab le  to 0.65~ 
appropr i a t e  changes,  a m o u n t i n g  to 3 ~ at 1300~ 
and  6 ~ at 1800~ m u s t  be  made  to the  corrected 
t e m p e r a t u r e s  g iven  in  this  paper.  Correc t ions  were  
made  for absorp t ion  in  the  glass wa l l  of the bulb.  
Per iod ica l  checks on the t r ansmis s ion  of the  wal l  
were  m a d e  t h r o u g h o u t  an  expe r imen t ,  and  the  ef-  
fect of condensed  films was overcome by  occasional  
use of a microf lame on the  w i n d o w  area. F i g u r e  1 
shows a typ ica l  f i l a m e n t - g r o w i n g  bulb .  

Obse rva t ion  of even  the  roughes t  f i l ament  shows 
tha t  the  t ips of p ro jec t ing  crysta ls  do not  differ in  
t e m p e r a t u r e  f rom the  b u l k  of the  f i l ament  by  more  
t h a n  8~ The i n t e r v e n t i o n  of b lack  body  cavit ies  is 
therefore  prec luded,  and  the use of the  spect ra l  
emiss iv i ty  factor  adopted  above (5, 6) is justified. 
I n  this  connec t ion  it is w o r t h y  of no te  tha t  the  
b r igh tness  t e m p e r a t u r e  of c rys ta l  ba r  z i r con ium 
g iven  by  Shapi ro  (18) coincides to w i t h i n  a few 
degrees over  the  r ange  1000~176 wi th  tha t  es t i -  

Fig. 1. Filament-growing bulb for carbide-iodide thorium: A, 
seal for tungsten anode support; B, seal for tungsten filament 
support hook; C, cylindrical molybdenum anode; D, tungsten start- 
ing wire wound over thin terminal hook on tungsten electrode; E, 
seal for tungsten potential measuring electrode spot-welded to 
filament; F, seal for current-carrying electrode (A,C included only 
for electron emission work). 

ma t e d  f rom the  spect ra l  emiss iv i ty  of a smooth  
pol ished z i r con ium surface.  

M e a s u r e m e n t  of va r ious  phys ica l  quan t i t i e s  was  
car r ied  out as follows. 

Resis t iv i ty . - -Above 1000~ res is tances  were  de-  
t e r m i n e d  f rom the read ings  of an a m m e t e r  a nd  vac -  
u u m - t u b e  vo l tmete r ,  accura te  to + 1 %  fu l l  scale. 
In  severa l  e xpe r i me n t s  two 0.005 in. t u n g s t e n  po-  
t en t i a l  leads were  a t tached  to the  s t a r t i ng  wi re  at  
its m i d p o i n t  bu t  abou t  1 cm apart .  T h o r i u m  grew 
over  the  j unc t i ons  wi th  v i r t u a l l y  no change  in  cross 
section, and  hea t  loss a long the  po t en t i a l  leads was  
negl igible .  In  gene ra l  the  a r r a n g e m e n t  shown  in  
Fig. 1 was more  sat isfactory.  Contac t  po ten t ia l s  
were  negl ig ible ,  as t h o r i u m  grew over  the  t ips of 
the  c u r r e n t  leads. A cor rec t ion  which  n e v e r  ex-  
ceeded 0.7% a nd  was of ten m u c h  smal le r  was made  
for the  end-coo l ing  effect of these c u r r e n t  leads on 
the f i lament .  

The m e a s u r i n g  t echn ique  was  checked at a n u m -  
ber  of t e m p e r a t u r e s  by  d e t e r m i n i n g  the  res i s t iv i ty  
of pu re  p l a t i n u m  f i laments  m o u n t e d  in  a v a c u u m  
sys tem r e sembl ing  in  essent ia ls  tha t  used for tho-  
r ium.  Values  w i t h i n  -el % of pub l i she d  va lues  were  
obta ined.  

Resis tances at  room t e m p e r a t u r e  were  m e a s u r e d  
by  use of an  accura te  po t e n t i ome t e r  to d e t e r m i n e  
the vol tage  drop (500-1500 #v)  w h e n  a smal l  cu r -  
r e n t  was passed th rough  selected lengths  of f i l ament  
r emoved  f rom the  bulb.  C u r r e n t  was m e a s u r e d  wi th  
a precis ion m i l l i a m m e t e r ,  res is tances  be ing  inde -  
p e n d e n t  of c u r r e n t  in  the r ange  50-500 ma. Contac t  
po ten t ia l s  at the 0.005 in. copper  po ten t i a l  probes  
were  less t h a n  1 ~v. Res is tance  d e t e r m i n e d  in  this  
w a y  agreed to w i t h i n  1% of those d e t e r m i n e d  on a 
f i l ament  in situ. 

All  f i laments  were  a n n e a l e d  un t i l  the  res i s t iv i ty  
at  a ny  t e m p e r a t u r e  was constant .  

The res is tance  of the f i laments  was corrected for 
tha t  of the subs t r a t e  wire.  Cons idera t ion  of conduc-  
t i v i t y  sums shows that ,  at  a n y  t empe ra tu r e ,  

1 1 [ P T h / p s ]  - -  1 

a ' c  .... Robs. [pWh/ps] Rs 

where  R'r is the  res i s tance  of a f i l ament  of the  
ebse rved  d imens ions  bu t  cons is t ing  e n t i r e l y  of tho-  
r ium,  pWh, Ps are the  res is t iv i t ies  a t  a g iven  t e m p e r a -  
tu re  of the f i l ament  me t a l  a nd  the  subs t r a t e  wire,  
and  Rs is the res i s tance  of the  subs t r a t e  wi re  alone.  
This fo rm of correct ion,  which  was  u sua l l y  less t h a n  
0.5%, makes  unne c e s sa r y  the  m e a s u r e m e n t  of p h y -  
sical d imens ions  of the  f i l ament  and  subs t ra te .  A 
correct ion was also made  for  the  change  in  d i m e n -  
sion of the  f i lament  w i th  t empe ra tu r e .  In  bu lbs  wi th  
ha i r p i n  f i laments  the  same res i s t iv i ty  was  ob ta ined  
for the  f i lament  as a whole  as for the  two halves  
separate ly .  As the  weights  per  u n i t  l eng th  were  the  
same w i t h i n  0.5% the  f i laments  could be  rega rded  
as hav ing  u n i f o r m  phys ica l  proper t ies  over  the i r  
length.  

Resis t ivi t ies  were  ca lcu la ted  us ing  d imens ions  
ob ta ined  f rom w e i g h i n g  m e a s u r e d  l eng ths  of fi la- 
ments .  A correct ion for c ross-sec t ion  i r r e g u l a r i t y  
was made  on the  a s s u m p t i o n  tha t  the  p ro jec t ing  
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crysta ls  occupied hal f  the  v o l u m e  b e t w e e n  base and  
peak  d iameters ,  Do a n d  D, and  tha t  the  observed  
res is tance  could thus  be a p p r o x i m a t e d  to tha t  of 
two cyl inders ,  of equa l  l eng th  and  d iame te r s  Do and  
D, t a k e n  in  series. For  the  u sua l  va lue  D/Do = 1.1 
this  correc t ion  was u sua l l y  abou t  21/2 %. 

The tota l  res i s t iv i ty  cor rec t ion  does not  exceed 
6%, of which  2% can be d e t e r m i n e d  precisely.  The 
r e m a i n i n g  4% correc t ion  is less prec ise ly  d e t e r m i n -  
able,  b u t  its appl ica t ion  wi l l  no t  lead to an  e r ror  in  
the final res i s t iv i ty  exceeding  2%. 

Transi t ion r a t e . - - A n  es t imate  of the  t r a n s i t i o n  
ra te  at a t e m p e r a t u r e  10 ~ above the  t r a n s i t i o n  po in t  
was ob ta ined  by  m e a s u r i n g  the  t ime  t a k e n  for a 
f i lament  to achieve v o l t a g e - c u r r e n t  e q u i l i b r i u m  
af ter  an  i n c r e m e n t a l  change  in  the  appl ied  voltage.  
This was  done by  ba l anc ing  a s igna l  r e p r e s e n t i n g  
the vol tage  drop across the  f i l ament  agains t  the 
vol tage  developed by  the shun t ed  secondary  w i n d -  
ing of a c u r r e n t  t r a n s f o r m e r  in  the  f i lament  circuit .  
Wi th  the sys tem ba lanced  and  at equ i l i b r ium,  a 
smal l  change  was made  in  the vol tage  appl ied  to the  
f i lament ,  and  the  t ime  to es tabl ish  a n e w  equ i l i b -  
r i u m  was measured .  T e m p e r a t u r e  e q u i l i b r i u m  as 
observed  wi th  the  p y r o m e t e r  was a t t a ined  in  6-10 
sec whe the r  or not  the change  inc luded  the  t r a n s i -  
t ion;  w h e n  it  did not,  c u r r e n t - v o l t a g e  e q u i l i b r i u m  
was a t t a ined  in  the  same time. W h e n  the  t r a n s i t i o n  
t e m p e r a t u r e  was  inc luded,  the longer  t ime  t a k e n  
to reach c u r r e n t - v o l t a g e  e q u i l i b r i u m  was t a k e n  as 
a measu re  of the t r ans i t i on  rate.  

Electron emiss ion . - -Emiss ion  cu r r en t s  were  me a s -  
u red  w i th  an  accura te  m u l t i r a n g e  meter ,  200v d.c. 
be ing  appl ied  b e t w e e n  f i l ament  and  anode of the  
bu lb  shown  in  Fig. 1. The vapor  p ressure  of tho-  
r i u m  te t ra iodide,  a p p r o x i m a t e l y  10 -9 m m  at 240~ 
had a neg l ig ib le  effect be low this t empe ra tu r e .  These 
m e a s u r e m e n t s  are discussed in  g rea te r  deta i l  e lse-  
where  (4) .  
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Fig. 2.  Variat ion  of  resist ivity of carb ide - iod ide  thorium with 
temperature. Three successive heating cycles, points for rising tem- 
peratures only shown. 

Results and Discussion 

Allo tropic  Transi t io~ 

A typica l  cu rve  of res i s tance  vs. t e m p e r a t u r e  is 
show n  in  Fig. 2. Each po in t  was  p lo t ted  on ly  w h e n  
no f u r t h e r  change  in  res i s t iv i ty  could be observed  
at a g iven  t e m p e r a t u r e .  For  c la r i ty  on ly  poin ts  for 
inc reas ing  t e m p e r a t u r e s  are shown,  bu t  the  curve  
for decreas ing  t e m p e r a t u r e s  closely fol lows tha t  for 
r i s ing  t empera tu re s ,  even  af ter  th ree  comple te  t e m -  
p e r a t u r e  cycles b e t w e e n  20 ~ a nd  1550~ For  r e -  
m o u n t e d  f i laments  the  t r ans i t i on  t e m p e r a t u r e  was 
found  to be 1360 ~ --+ 10~ For  f i laments  p r epa red  
in situ in  six di f ferent  bulbs ,  i nc l ud i ng  those p re -  
pa red  u n d e r  the  most  s t r i n g e n t  condi t ions,  the  t r a n -  
s i t ion t e m p e r a t u r e  was found  to lie in  the  r ange  
1325 ~ _ 10~ for f i laments  h a v i n g  d iame te r s  be -  

Table I. High-temperature phase transition in thorium 

Transition Sample source and purity (ppm) 

Authors Ref. Technique* temp, ~ C O N " Metals 

Ames thorium, cast 

(7) Resistivity and x - r ay  1400 _ 25 345 1000 195 1000 
(T.C.) 

(8) Resistivity (O.P.) 

(9) Resistivity (X-ray)  

Chiotti (1954) 

Deem and Winn (1955) 

Chiotti, via Rough and 
Bauer (1958) 

McMasters and Larsen 
(1961) 

Bentle (1958) 

This paper  

I o d i d e  t h o r i u m ,  d r a w n ,  p o l i s h e d  

1400 approx. 200 90-200 6-8 ? 

T h o r i u m  c a r b o n  a l loys  

1360 _--+_- 1 0  * *  

A m o s  i o d i d e  t h o r i u m ,  arc  m e l t e d  

(10) Resistivity (T.C.) 1363 +__ 10 75-100 50-150 75-150 100 

" C o m m e r c i a l  t h o r i u m "  

(11) Resistivity (T.C.) 1365 _ 10 400 1300 80 ? 
I o d i d e  t h o r i u m ,  arc  m e l t e d  

1330 __+ 10 50 290 10 ? 

Carblde-iodide t h o r i u m ?  

Resistivity (O.P.) 1325 _ 10 10-25 11-22 3-7 <<100  

* T e m p e r a t u r e  b y  op t i c a l  p y r o m e t e r  (O.P.) or  t h e r m o c o u p l e  (T.C.) .  
** T r a n s i t i o n  t e m p e r a t u r e  b y  e x t r a p o l a t i n g  da ta  to  zero c a r b o n  content .  
? H y d r o g e n  1.1 p p m .  
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tween  0.05 and  0.15 cm. This va lue  der ives  f rom a 
b r igh tness  t e m p e r a t u r e  r ange  of 1208 ~ • 5~ as 
observed  t h rough  a P y r e x  glass window.  The  t r a n -  
s i t ion t e m p e r a t u r e  was i n d e p e n d e n t  of r ec rys t a l l i -  
za t ion  or v a c u u m  a n n e a l i n g  p h e n o m e n a ,  a l though  
these  processes r educed  the  ac tua l  res is tance.  V a r i -  
a t ions of a p p r o x i m a t e l y  10% in  the  room t e m p e r a -  
tu re  res i s t iv i ty  caused no change  in  the  t r a n s i t i o n  
point .  As the  observed  t r a n s i t i o n  t e m p e r a t u r e  is in  
accord w i th  the  va lue  1330 ~ __ 10~ g iven  by  Bent le  
(Tab le  I ) ,  i t  seems u n l i k e l y  tha t  f u r t h e r  l o w e r i n g  
of the  i m p u r i t y  leve l  wi l l  a l te r  i t  s ignif icant ly .  

Transition rate . - -For spec imens  of the  size and  
composi t ion  used in  this  work,  and  for a f inal  t e m -  
p e r a t u r e  10~ above the  t r ans i t i on  point ,  the  t r a n -  
s i t ion t ime,  or t ime  for e s t ab l i shmen t  of c u r r e n t  
vol tage  e q u i l i b r i u m  wi th  the  a r r a n g e m e n t  described,  
was  found  to be 30-40 sec. The  observed  vol tage  
i n c r e m e n t  reached  0.63 of its f inal  va lue  in  app rox i -  
m a t e l y  ha l f  this  t ime. A typ ica l  ene rgy  i n c r e m e n t  
was  0.65w, and  this  was  sufficient to supp ly  the  heat  
of t rans i t ion ,  s ta ted  by  Ke l l ey  (12) to be 670 ca l /  
mole,  in  abou t  4 sec. U n d e r  s imi la r  condi t ions  the 
e lec t ron  emiss ion (q.v.) became s teady  in  6-10 sec, 
the  t ime  r equ i r ed  for a t t a i n m e n t  of s teady  t e m -  
pe ra tu re ,  i nd ica t ing  t ha t  the  emiss ion  charac ter is t ics  
do not  a l te r  m e a s u r a b l y  wi th  the  a l lotropic  t r a n s i -  
tion. 

T r a n s i t i o n  of bcc to fcc t h o r i u m  at  t e m p e r a t u r e s  
50~176 be low the  t r ans i t i on  po in t  was found  to 
take  less t h a n  30 sec. X - r a y  e x a m i n a t i o n  of samples  
quenched  by  shu t t i ng  off the  h e a t i n g  power  af ter  
a n n e a l i n g  the spec imens  at 1550~ conf i rmed tha t  
on ly  the  fcc fo rm was p re sen t  at  20~ 

Effect of tungsten or tantalum starting w i r e . -  
Rough and  Baue r  (9) in  the i r  s u m m a r y  of w o r k  on 
the  t u n g s t e n - t h o r i u m  sys tem observe  tha t  the re  is 
l i t t le  solid so lub i l i ty  in  the t e r m i n a l  phases.  Scaife  
and  Wyl i e  (2) observed  tha t  a f ter  t h o r i u m  growth  
the  t u n g s t e n  s t a r t i ng  wi re  could be a lmost  com-  
p le t e ly  recovered  by  dissolving off the  t h o r i u m  in  

hydrochlor ic  acid solut ion,  and  tha t  me ta l log raph ic  
e x a m i n a t i o n  of a cross sect ion of f i lament  revea led  
a diffusion r eg ion  of less t h a n  one d i a m e t e r  a r o u n d  
the  s ta r t ing  wire.  

McMasters  and  La r sen  (10) ,  who quote  a va lue  of 
1363 ~ • 10~ for the  t r a n s f o r m a t i o n  t e m p e r a t u r e  
of a r c - m e l t e d  Ames  iodide t h o r i u m  (Tab le  I ) ,  s tate  
tha t  t a n t a l u m  lowers  the  t r ans i t i on  t e m p e r a t u r e  to 
1338 o ___ 5 ~ The  e q u i l i b r i u m  so lubi l i ty  of t a n t a l u m  
in  t h o r i u m  and  of t h o r i u m  in  t a n t a l u m  was found  to 
be less t h a n  0.2 wt.  % at  1340~ bu t  to ob t a in  equ i -  
I i b r i u m  repea ted  r e m e l t i n g  fo l lowed by  mi l l i ng  a n d  
r e f ab r i ca t ion  was  requi red .  Thus  i n t e r ac t i on  be-  
t w e e n  t a n t a l u m  and  t h o r i u m  is s low and  h o m o g e n i -  
za t ion  is difficult to achieve.  In  the  p re sen t  w o r k  it  
has been  found  tha t  t h o r i u m  could be reac ted  off a 
t a n t a l u m  s t a r t i ng  wi re  by  iodine  vapor  at 480~ to 
leave  the  t a n t a l u m  a p p a r e n t l y  comple te ly  una l t e red .  

Thus  the  b u l k  of the  t h o r i u m  on a f i l ament  should  
con ta in  neg l ig ib le  quan t i t i e s  of e i ther  a t u n g s t e n  or 
t a n t a l u m  subs t ra te  and  the  t r a n s f o r m a t i o n  t e m p e r a -  
tu re  should  be unaffected.  This  is conf i rmed by  the  
fact  tha t  no sys temat ic  differences in  res i s t iv i ty  could 
be observed  b e t w e e n  a n n e a l e d  t h o r i u m  f i laments  
g r ow n  on 0.012 cm t u n g s t e n  s t a r t ing  wi re  to d i a m -  
eters v a r y i n g  f rom 0.07 cm to 0.15 cm, even  af ter  
r epea t ed ly  hea t ing  to 1400~ Nor was  a ny  effect 
due  to subs t i t u t i on  of t a n t a l u m  for t u n g s t e n  ob-  
served.  

Et~ect of annealing o~ resis tance.--In al l  cases 
af ter  cessat ion of g rowth  the  res i s tance  of t h o r i u m  
f i laments  decreased on  he a t i ng  t hem in  the  v a c u u m  
produced  by  cooling the  bu lb .  Typ ica l ly  an  in i t i a l  
va lue  at 1400~ of 135 ~ - o h m - c m  fel l  a f ter  2-3 m i n  
to a cons tan t  va lue  of 94 ~ - o h m - c m .  Below this  
t e m p e r a t u r e  how e ve r  a n n e a l i n g  was m u c h  slower.  
The a n n e a l i n g  effect is p r e s u m a b l y  due to r ec rys t a l -  
l iza t ion of the i ncomple t e ly  cohe ren t  c rys ta ls  of a 
g rowing  f i lament ,  the  s t r uc t u r e  of which  is descr ibed 
in  the  final sect ion of this  paper .  In  a separa te  ex-  
p e r i m e n t  a f i l ament  in  h a i r p i n  fo rm was g rown  at  

Table II. Effect of preparative procedure on resistivity of thorium a 

O u t g a s s i n g  p r o c e d u r e  R e s i s t i v i t y ,  
B u l b  a n d  c o n t e n t s  ~ - o h r n - e m  

B u l b  B e f o r e  a d m i s s i o n  of  A f t e r  ThI4 a t  20~ 
No.  C a r b i d e ,  p r e t r e a t e d  i n  q u a r t z  o u t g a s s e d  c a r b i d e  f o r m a t i o n  ( fce  t h o r i u m )  

1 20 hr  at 3 • 10 -7 mm 20 hr at 10 -.6 mm 1 hr  at 10 -7 mm 15.7 (t) 
1000~ 2 hr at l l00~ 500~ 300~ 

2 20 hr at 10 -6 mm 20 hr at 10 -6 mm 0.5 hr at 10 -6 mm 16.7 (u) 
850~ 

3 As in  2 As in 2 Not repumped 27 (tii) 
4 As in 2 As in 2 3 hr at 5 • 10 -6 mm 17.8 

500 ~ b 
5 c As in 2 As in 2 As in 2 18.3 
6 3 hr at 10-5 mm 3 hr  at 10 -5 mm 0.5 hr at 10 -5 mm 25 

850~ 500~ 300 ~ 
7 1 kg of pelleted carbide; Inconel reactor d 16 hr at 10 -~ mm while 32 (iv) 

p fell to 10 -5 mm after 10 hr  at 10 -5 mm reactor cooled to 100~ 
3 hr at 800~ 550~ 

a U n l e s s  o t h e r w i s e  s t a t e d  b u l b  t e m p e r a t u r e  d u r i n g  g r o w t h  480~ f i l a m e n t  d e p o s i t i o n  t e m p e r a t u r e  1315~ Al l  f i l a m e n t s  e x c e p t  5 t h e n  
h e a t e d  a b o v e  t r a n s i t i o n  p o i n t  a n d  q u e n c h e d  b y  s h u t t i n g  oft heat ing  p o w e r .  S t a r t i n g  w i r e s  t u n g s t e n .  O v e r - a l l  d e p o s i t i o n  r a t e  50-60 r a g / e r a / h r .  

b I n a d v e r t e n t  a d m i s s i o n  of  a i r  a f t e r  ThI~ f o r m a t i o n ,  f o l l o w e d  b y  i m m e d i a t e  r e p u m p i n g  w i t h  ThI4 h e l d  a t  356~ a n d  t h e  b o d y  of  t h e  b u l b  
a t  500~ 

r D e p o s i t i o n  t e m p e r a t u r e  1435~ 
C a r b i d e  t r a n s f e r r e d  to  r e a c t o r  in  d r y  n i t r o g e n  s t r e a m ,  f i l a m e n t  t e m p e r a t u r e  1400~ as  i n d i c a t e d  b y  t h e  f u n c t i o n  ED/8, r i s i n g  d u r i n g  

d e p o s i t i o n  u n t i l  a p o r t i o n  of  t h e  f i l a m e n t  m e l t e d ;  t e m p e r a t u r e  600~ s t a r t i n g  w i r e  t a n t a l u m ;  d e p o s i t i o n  r a t e  50-120 m g / c m / h r .  
~i> F i g .  4a;  (l ~) F i g .  4b;  ( i i  l) F i g .  5a;  (~v) F i g .  5b. 
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1400~ and quenched by  tu rn ing  off the heat ing 
current .  Af te r  the bulb had cooled one leg only of 
the f i lament  was annealed at  1400~ for 30 min  and 
quenched. At  20~ this then  had a res is tance 16% 
lower than  tha t  of the quenched leg. X - r a y  exami -  
nat ion confirmed that  both legs of this f i lament were  
in the fcc form. No m a r k e d  difference in the appea r -  
ance of the two legs could be seen under  the mic ro-  
scope, a l though crystals  on the annealed leg ap-  
pea red  to be less sharp ly  faceted. In  spite  of the  
considerable  decrease in res is t iv i ty  af ter  annealing,  
the final res i s t iv i ty  of this and other  fi laments at  
any  t empe ra tu r e  was constant  even af ter  th ree  
complete t empe ra tu r e  cycles be tween  1550 ~ and 
20~ 

L o w -  and H i g h - T e m p e r a t u r e  Res i s t i v i t i e s  

As shown in Tables II  and II I  the res is t iv i ty  at 
room t empera tu re  was found to be no tab ly  sensi t ive 
to the care t aken  in  p repa ra t ion  of the  metal .  

The pures t  specimens have  a res is t iv i ty  even 
lower than  the recent  careful ly  de te rmined  value  
of Wallace (13). Al though  it seems l ikely  tha t  
improved  degassing and vacuum techniques could 
lower  the res is t iv i ty  st i l l  fur ther ,  it  is doubtful  
whe ther  the res is t iv i ty  es t imated by  Carlson et  al. 
(14) would be reached�9 Danielsen et al. (15), who 
give res is t iv i ty  values  of 19.7-20.5 ~ -ohm-cm at 
25~ for several  lots of the much less pure  Ames 
bi l le t  thor ium cast in bery l l i a  crucibles, r epor t  tha t  
fu r the r  addit ions of e i ther  carbon, ni t rogen,  oxy-  
gen, or meta ls  almost  inva r i ab ly  raise  the res is t iv-  
ity. However  the changes in res is t iv i ty  at the high 
prevai l ing  level  of impur i t ies  (severa l  hundred  to 
several  thousand ppm of each) were  r e l a t ive ly  
small,  and it is now suggested tha t  the res i s t iv i ty  
of thor ium is most sensit ive to the presence of im-  
pur i t ies  when these are present  at low concentra-  
tions. This is logical since res is t iv i ty  is ve ry  sensi-  
t ive to the presence of impur i t ies  in solid solution 
(16) and much less sensi t ive to segregated  impur i t ies  
l ike ly  to be present  at the high concentrat ions dis-  
cussed by  Danielsen. 

The res is t iv i ty  of tho r ium at high t empera tu re s  is 
given in Table IV. At  1000~ the res is t iv i ty  falls  
wi th in  3% of the value  der ived  from the curve 
d rawn by Goldsmith  et al. (17) and wi th in  9% of 

Table III. Composition and hardness of carbide-iodide thorium 

~vIiero- 
B u l b  O x y g e n  Nitrogen H y d r o g e n  h a r d n e s s  
No.~' p p m  p p m  p p m  VPNb 

2 11-22 3-7 1.1 41 
3 55-97 11-31 4�9 40 
7 430-446 26 3�9149 44 

N u m b e r s  as  i n  T a b l e  I I .  
b L o a d  10 g. 

Table IV. Resistivity of thorium at high temperatures 

T~ 
~-ohm- 

cm 

1273 1300 1400 1500 1590 1650 1700 1800 

72 73 78 82 85.5 91 93 96 
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the va lue  given by Wallace (13). Above 1000~ 
resis t ivi t ies  are significantly h igher  than  those 
given by  other  invest igators  (17). The reasons for 
this are  not clear,  but  it  seems highly  un l ike ly  tha t  
the effect can be a t t r ibu ted  to impur i t ies  in view of 
the precaut ions  t aken  in prepara t ion ,  in view of the 
actual  low impur i t y  levels found by analysis,  and in 
view of the low res is t iv i ty  at 20~ 

Use of t he  F u n c t i o ~  EI  ~/3 5or Control  of  

F i l a m e n t  T e m p e r a t u r e  

This function, in the form EP/~ = K L ,  where  E 
is the appl ied  voltage,  I the current  flowing, and L 
the length  of the filament, has been used by  Shapiro 
(18), fol lowing Jones and Langmui r  (19), to con- 
t rol  the t empe ra tu r e  of an unseen f i lament in a 
meta l  reactor.  The constant  K is independent  of 
f i lament d iamete r  at  a given t empe ra tu r e  and for an 
ideal  f i lament in  vacuo  rad ia t ing  heat  to cold sur -  
roundings  can be ca lcula ted  to have the value  

K ----- ( 4 ~ p e 2 ~ 2 T  s )  l lS  

where  p is the res is t ivi ty ,  �9 the total  emissivi ty,  c~ 
the S te fan-Bol tzmann  constant,  and T the absolute 
temperature �9  Heat  losses by  conduction in thor ium 
iodide vapor  at a pressure  of 1 mm are negl igible  
in comparison wi th  rad ia t ion  losses�9 

The spread  of ED/3 values  per  uni t  length  for five 
carefu l ly  p r epa red  and annealed  fi laments is shown 
in Fig. 3, curve 1. The E11/~ values  dur ing  growth 
of these fi laments (Fig. 3, curve 2), were  consist-  
en t ly  h igher  than  in the  annealed state. The op- 
posite would app ly  if the fi laments were  smooth 
cyl inders  dur ing growth  since the bulb t empera tu re  
is then high enough to reduce f i lament rad ia t ion  
significantly. However  the change in resistance 
produced b y  vacuum anneal ing  af ter  growth  is of 
the order  requ i red  to produce the observed reduc-  
t ion in EI1/8; in addi t ion there  is p robab ly  a 2-3% 
reduct ion in emissivi ty.  

I , , I / L  
0 " 9 -  

0.8 - / / / /  3 / "  / . ,  

o - 

0'5 - . / "  
. /  / /  ~ /  

0"4- ~ " " / / / / ~  

0 " 3 - -  
I I I I [ 

14-00 1600 1800 
TEMPERATURE ~ 

Fig. 3. Variation of function El 1Is with temperature: curve 1, 
averaged values for fully annealed filaments of highest purity 
(resistivity less than 18 /~-ohm-cm at 20~ curve 2, values for 
same filaments during growth; curve 3, values for filaments from 
Bulb No. 3 (Fig. 5) during growth. 
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F o r  " c o n t a m i n a t e d "  f i l aments  h a v i n g  r e s i s t i v i t i e s  
of 25-27 ~ - o h m - c m  ( B u l b  3, T a b l e  I I )  t he  E1113 v a l -  
ues  w e r e  c o n s i d e r a b l y  h i g h e r  bo th  d u r i n g  a n d  a f t e r  
g r o w t h  t h a n  those  for  c l ean  f i l aments  (Fig .  3, cu rve  
3) .  This  s e n s i t i v i t y  to r e s i s t ance  is t hus  s h o w n  to be  
the  bas is  of t he  c r i t i c i sm of S h e r w o o d  and  C a m p b e l l  
(20) s ince  t he  func t ion  E111~ canno t  be  o the r  t h a n  
u n r e l i a b l e  for  t e m p e r a t u r e  con t ro l  of f i l aments  
whose  r e s i s t ance  is no t  k n o w n  accu ra t e ly .  

A s m a l l  b u t  def in i te  inf lec t ion  in t he  func t ion  
EI ~/~ was  o b s e r v e d  a t  t he  t r a n s i t i o n  t e m p e r a t u r e ,  as 
w o u l d  be e x p e c t e d  f r o m  i ts  p r o p o r t i o n a l i t y  to  pl/~. 

Elec tron  Emiss ion  and the Trans i t ion  Point  

I t  was  f o u n d  t ha t  R i c h a r d s o n  p lo t s  of log ( e m i s -  
s i o n / T  2) vs. 1 / T  w e r e  s t r i c t l y  l i n e a r  t h r o u g h  the  
r a n g e  1000~176 w i t h  no change  in  slope,  as d e -  
t e r m i n e d  b y  r e g r e s s i o n  ana lys i s ,  a t  t he  t r a n s i t i o n  
point .  The  a p p a r e n t  w o r k  func t ion  for  t he  p o l y -  
c r y s t a l l i n e  t h o r i u m ,  d e t e r m i n e d  w i t h i n  2-10 min  of 
depos i t ion ,  was  3.37 _ 0.025 ev  ove r  th i s  r a n g e  and  
d id  not  a l t e r  for  pe r iods  of up  to 2 hr .  R iv i e r e  (23) ,  
u s ing  s t r i n g e n t  u l t r a h i g h  v a c u u m  e v a p o r a t i o n  t e c h -  
n iques  r e p o r t s  the  w o r k  func t ion ,  as d e t e r m i n e d  b y  
con tac t  p o t e n t i a l  m e a s u r e m e n t s ,  to be  3.46 ev. In  
w o r k  d e s c r i b e d  e l s e w h e r e  (4)  i t  was  f o u n d  t h a t  the  
p r o c e d u r e s  d e s c r i b e d  h e r e  l e a d  to b u l b  ou tgas s ing  
r a t e s  of a p p r o x i m a t e l y  10 -9 m m / h r ,  and  t h a t  h e a t e d  
t h o r i u m  c a r b i d e  and  h e a t e d  t h o r i u m  iod ide  r e m o v e  
gases  a d s o r b a b l e  on ho t  t h o r i u m .  This  act ion,  and  
e spec i a l l y  t he  g e t t e r i n g  ac t ion  of t he  g r o w i n g  f i la-  
men t ,  en su re  t h a t  a f t e r  m e t a l  depos i t i on  r e s i d u a l  
gas  p r e s s u r e s  wi l l  be  in  the  u l t r a h i g h  v a c u u m  
region .  M o r e o v e r  i t  was  found  t h a t  e l ec t ron  e m i s -  
s ion f rom the  f i l amen t  of a b u l b  w h i c h  was  r a p i d l y  
cooled  a f t e r  depos i t i on  of t h o r i u m  was  o b s e r v a b l e  
as t h e  l a s t  t r aces  of t h o r i u m  t e t r a i o d i d e  condensed  
at  350~176 and  i n c r e a s e d  to a f inal  v a l u e  w h i c h  
r e m a i n e d  c o n s t a n t  for  a t  l eas t  2 h r  i r r e s p e c t i v e  of 
f u r t h e r  cooling.  S ince  f r e sh  t h o r i u m  sur faces  a r e  
c o n t i n u o u s l y  depos i t ed  as the  b u l b  cools to 350~ 
i t  a p p e a r s  t h a t  c a r e f u l l y  p r e p a r e d  " iod ide"  m e t a l  
f i l aments  m a y  be  used  d i r e c t l y  for  w o r k  func t ion  
d e t e r m i n a t i o n s .  More  e l a b o r a t e  ou tgas s ing  t e c h -  
n iques  m i g h t  a l t e r  t he  v a l u e  g iven ,  b u t  t he  b u l k  
p u r i t y  of t h o r i u m  used  in th is  w o r k  is c e r t a i n l y  
h i g h e r  t h a n  t ha t  of a n y  o t h e r  t h o r i u m  y e t  e x a m i n e d .  

Total  Emi s s i v i t y  
E m i s s i v i t y  of p o l y c r y s t a l l i n e  f i l aments  w e r e  ca l -  

cu l a t ed  f r o m  the  r e l a t i o n s h i p  

W ~ E1 ~ A ~ T  4 

w h e r e  W equa l s  w a t t s  r a d i a t e d  b e t w e e n  v o l t a g e  
p robes ,  E vol ts ,  I cu r r en t ,  A p r o j e c t e d  su r f ace  a r e a  
of f i l ament ,  E to ta l  emiss iv i ty ,  ~ S t e f a n - B o l t z m a n n  
cons tan t ,  (5.672 x 10 -12 w / c m  2 deg  a b s o l u t e - 4 ) ,  
T a b s o l u t e  t e m p e r a t u r e .  

F o r  two  of the  bes t  f i l aments  ( T a b l e  II, No. 2 and  
3) of  p r o j e c t e d  a r e a  6 crn 2 and  8.5 cm 2, r e spec t i ve ly ,  
t he  va lue s  of e a g r e e d  to w i t h i n  ----3%. A v e r a g e  v a l -  
ues  a re  g iven  in  T a b l e  V. 

No d a t a  cou ld  be  f o u n d  in t h e  l i t e r a t u r e  on  t h o -  
r i u m  to c o m p a r e  these  r e su l t s  wi th ,  b u t  the  va lue s  
a p p e a r  r e a s o n a b l e  in  c o m p a r i s o n  w i t h  those  for  
o t h e r  me ta l s .  

Table V. Total emissivity of carbide-carbide thorium filaments 

Temp, ~ 1400 1500 1600 1700 1800 
e, ___3% 0.30 0.305 0.31 0.32 0.34 

A s m a l l  r e d u c t i o n  in e m i s s i v i t y  ( 2 - 3 % )  occurs  
on a n n e a l i n g  a f i l amen t  of f r e s h l y  d e p o s i t e d  t h o -  
r i um.  A n y  change  in  e m i s s i v i t y  at  t he  p h a s e  t r a n s i -  
t ion  p o i n t  is p r o b a b l y  less t h a n  0.5%. 

Morphology  of Iodide T h o r i u m  

Both  the  l o w - t e m p e r a t u r e  and  the  h i g h - t e m p e r a -  
t u r e  a l lo t rop ic  modi f i ca t ions  of t h o r i u m  exh ib i t  
s i m i l a r  c h a r a c t e r i s t i c  d e v e l o p m e n t  of c r y s t a l  fo rms  
w h i c h  pe r s i s t  e s s e n t i a l l y  u n c h a n g e d  a f t e r  t h r e e  
t h e r m a l  cycles  of t he  spec imens  t h r o u g h  the  t r a n s i -  
t ion  poin t ,  or  a f t e r  q u e n c h i n g  f r o m  a b o v e  th is  point .  
Ca lcu la t ions  b a s e d  on the  un i t  ce l l  d imens ions  g iven  
b y  Chio t t i  (7)  for  fcc t h o r i u m  at  1200~ and  for  
bcc t h o r i u m  at  1400~ s h o w  t h a t  t he  v o l u m e  of  t he  
un i t  cel l  p e r  a t o m  differs  in the  two  modi f ica t ions  
b y  on ly  1.8%. 

The  mos t  s t r i n g e n t  degas s ing  p rocedu re s ,  2 w h i c h  
gave  t h o r i u m  of r e s i s t i v i t y  15.7 ~ - o h m - c m ,  p r o -  
d u c e d  depos i t s  show ing  p r o m i n e n t  d e v e l o p m e n t  of 
b o t h  cube  and  o c t a h e d r o n  faces,  a l l  of w h i c h  w e r e  
s m o o t h  and  l u s t r o u s  (Fig .  4a ) .  T r i a n g u l a r  o c t a -  
h e d r a l  faces  f r e q u e n t l y  t r u n c a t e d  the  ve r t i ce s  of 
cub ic  c r y s t a l s  and  occas iona l ly  showed  s t r i a t i ons  
p a r a I l e l  to the  cube  faces  as d e s c r i b e d  in  g r e a t e r  
d e t a i l  for  s p e c i m e n  No. 7. O r i e n t a t i o n  of these  c r y s -  
t a l s  a p p e a r e d  to be  r a n d o m .  This  was  conf i rmed  b y  
x - r a y  e x a m i n a t i o n  of spec imens  g r o w n  at  1250 ~ or  
1315~ and  cooled w i t h o u t  f u r t h e r  t r e a t m e n t .  A 
few s imi l a r  f i l aments  s h o w e d  s m a l l  r eg ions  of d e p o -  
s i t ion  w h e r e  "en  eche lon"  a r r a y s  of d i s t o r t e d  oc ta -  
h e d r a l  c ry s t a l s  showed  faces  s u b p a r a l l e l  to t he  
f i l amen t  axis ,  t h e  r e m a i n d e r  of  t he  c r y s t a l s  be ing  
r a n d o m l y  or ien ted .  

T h o r i u m  specif ied b y  the  d a t a  for  Bu lb  No. 2 in  
Tab les  I I  and  I I I  s h o w e d  p r o m i n e n t  d e v e l o p m e n t  of  
s y m m e t r i c a l  and  d i s t o r t e d  o c t a h e d r a l  faces,  t he  
cube  faces  occu r r i ng  on ly  as face ts  t r u n c a t i n g  the  
j u n c t i o n  of {111) faces,  e i t h e r  a t  co rne r s  or  a long  
edges.  T h e r e  was  a w e l l - m a r k e d  a r r a n g e m e n t  of 
c ry s t a l s  in  an  "en  eche lon"  a r r a y  (Fig .  4b ) ,  d i s -  
to r t ed ,  of ten  s i x - s i d e d  o c t a h e d r o n  faces  a p p r o x i -  
m a t e l y  p a r a l l e l  to t he  axis  of  the  f i l amen t  be ing  
b o r d e r e d  on e i t h e r  s ide  b y  ve r t i ces  of oc t ahed ra ,  
a g a i n  in  p a r a l l e l  a r r a y .  In  a l l  cases  t he  o r i e n t a t i o n  
of t he  o c t a h e d r a l  axes  of s y m m e t r y  of t he  c rys t a l s  
was  a p p r o x i m a t e l y  p e r p e n d i c u l a r  to t h e  axis  of t h e  
f i lament .  

E x a m i n a t i o n  of a f i l ament  of i n t e r m e d i a t e  p u r i t y  
( B u l b  No. 3, Tab les  I I  and  I I I )  s h o w e d  r a d i a l  a r -  
r a y s  of c o l u m n a r  c rys t a l s  a p p r o x i m a t e l y  p e r p e n -  
d i c u l a r  to the  f i l amen t  axis .  H o w e v e r ,  t he  p r o m i -  
nen t  faces  s u b p a r a l l e l  to t he  f i l amen t  ax i s  cons is ted  
of bo th  cube  and  o c t a h e d r o n  faces  in a p p r o x i m a t e l y  
e q u a l  n u m b e r s  (Fig .  5a) .  Bo th  t y p e s  of faces  w e r e  
a b o u t  e q u a l l y  deve loped ,  a n d  r e - e n t r a n t  fo rms  on 
o c t a h e d r a l  faces  w e r e  ra re .  In  th is  spec imen ,  t h e r e -  

~See  ea r l i e r  d i scuss ion  on  ef fect  o f  p r e p a r a t i v e  p r o c e d u r e  on 
r e s i s t i v i t y .  



Vol. 110, No. 5 P R O P E R T I E S  O F  C A R B I D E - I O D I D E  T H O R I U M  435 

Fig. 4a. (top) Pure thorium (resistivity 15.7 ~-ohm-cm) showing 
randomly oriented cube and octahedron faces. Magnification 75X. 
Fig. 4b. (bottom) Pure thorium (resistivity 16.7 ~-ohm-cm) showing 
distorted octahedral faces in sub-parallel orientation to filament 
axis. Magnification 50X. 

Fig. 5a. (top) Thorium of intermediate purity (resistivity 27 
~-ohm-cm) showing cube and octahedron faces in subparallel 
orientation to filament axis. Magnification 50X. Fig. 5b. (bottom) 
Relatively impure thorium (resistivity 32 ~-ohm-cm) showing cubic 
crystals oriented with an octahedral axis of symmetry perpendicular 
to filament axis. Magnification IOX. 

fore,  two  p r e f e r r e d  o r i e n t a t i o n s  a p p e a r  to be  p r e s -  
ent ,  e i t he r  a cubic  o r  an  o c t a h e d r a l  ax is  of s y m -  
m e t r y  of the  c r y s t a l  t e n d i n g  to be  p e r p e n d i c u l a r  to 
t he  f i l ament  axis .  

The  l ea s t  p u r e  m a t e r i a l  e x a m i n e d  is specif ied b y  
the  d a t a  for  Bulb  No. 7 in  Tab les  II  and  III .  This  
p r o d u c t  consis ts  of du l l  c ry s t a l s  w h i c h  have  g r o w n  
in r a d i a l  a r r a y  p e r p e n d i c u l a r l y  o u t w a r d  f r o m  the  
ax i s  of t he  f i lament .  T e r m i n a l  faces  of t he  c rys t a l s  
a re  t he  t h r e e  faces  {100} of a s imple  cube,  the  co r -  
n e r  of the  cube  f o r m i n g  the  t ip  of the  c rys ta l .  Most  
of these  t ips  a r e  t r u n c a t e d  b y  t r i a n g u l a r  o c t a h e d r o n  
faces  (Fig .  5b ) ,  t he  m a r k e d  p r e f e r r e d  o r i e n t a t i o n  of 
t he  l a t t i ce  in these  c r y s t a l s  w i t h  t he  o c t a h e d r a l  axes  
p e r p e n d i c u l a r  to t he  ax i s  of t he  f i l amen t  thus  b e i n g  
the  s a m e  as for  m a t e r i a l  f r o m  Bu lb  No. 2. O n l y  
r a r e l y  in th i s  t y p e  of m a t e r i a l  can  cube  faces  
b o u n d e d  b y  fou r  o c t a h e d r o n  faces  be  seen. 

A n o t a b l e  f e a t u r e  of t he  t r i a n g u l a r  o c t a h e d r o n  
faces  is t he  n u m b e r  of s t r i a t i ons  p a r a l l e l  to t he  cube  
faces.  These  a r e  caused  b y  s t e p p e d  g r o w t h  w h i c h  

r e su l t s  in  a ho l l ow  center .  R h o m b o h e d r a l  {110} 
fo rms  in c o m b i n a t i o n  w i t h  cube  and  o c t a h e d r o n  
a re  b e l i e v e d  to be  r e spons ib le .  A n o t h e r  f e a t u r e  of 
these  c rys t a l s  is t he  p re sence  of  smooth ,  c u r v e d  
a n h e d r a l  b o u n d a r i e s  r o u g h l y  p a r a l l e l  to t h e  d i r e c -  
t ion  of e longa t ion ,  t h e  b o u n d a r i e s  occu r r ing  close 
to the  j u n c t i o n  of a c o l u m n a r  c r y s t a l  w i t h  i ts  
n e i g h b o r s  and  e x t e n d i n g  w e l l  d o w n w a r d  t o w a r d  the  
i 'oot of t he  c rys ta l .  Cohes ion  b e t w e e n  c rys t a l s  is 
m e c h a n i c a l l y  w e a k  a long  these  b o u n d a r i e s  in u n -  
a n n e a l e d  spec imens .  

I t  is e v i d e n t  f r o m  the  d e s c r i p t i o n  of t he  v a r i o u s  
depos i t s  t h a t  t r a ce s  of gaseous  and  o the r  i m p u r i t i e s  
p r e s e n t  in an  iod ide  bu lb  b e f o r e  depos i t i on  of t h o -  
r i u m  n o t a b l y  inf luence  bo th  t he  r e l a t i v e  d e v e l o p -  
m e n t  of cube  and  o c t a h e d r o n  faces  and  the  o r i e n t a -  
t ion  of t he  d e p o s i t e d  c rys t a l s  w i t h  r e s p e c t  to t he  
axis  of a s u p p o r t i n g  t u n g s t e n  or  t a n t a l u m  f i lament .  
X - r a y  e x a m i n a t i o n  of such  f i l aments  conf i rms  the  
ex i s t ence  of a s i m p l e  f iber  t e x t u r e  w i t h  [110] p a r a l -  
le l  to t he  f i l amen t  ax is  (21) ,  de sp i t e  g r a i n  g r o w t h  
occu r r i ng  a f t e r  " f lash ing"  t he  f i l amen t  for  30 m i n -  
u tes  a t  1800~ N e v e r t h e l e s s  r a n d o m  o r i en t a t i on ,  
r a t h e r  t h a n  e p i t a x i a l  g r o w t h  on the  subs t r a t e ,  p r e -  
va i l s  in t he  p u r e s t  spec imens  of t h o r i u m  ~ w h i l e  
p r e f e r r e d  o r i en t a t i on ,  u s u a l l y  w i t h  an  o c t a h e d r a l  
ax is  of s y m m e t r y  of the  c r y s t a l  a p p r o x i m a t e l y  p e r -  
p e n d i c u l a r  to t he  f i l amen t  axis ,  is o b s e r v e d  w i th  
less p u r e  m a t e r i a l .  I t  m u s t  be conc luded ,  t he re fo re ,  
t ha t  i nc r ea s ing  concen t r a t i ons  of i m p u r i t y  a toms  on 
c lean  t u n g s t e n  or  t a n t a l u m  sur faces  can  cause  t he  
d e v e l o p m e n t  in  t h o r i u m  of a p r e f e r r e d  o r i e n t a t i o n  
w h i c h  w o u l d  no t  o t h e r w i s e  resu l t .  

Summary 

P u r e  t h o r i u m  m e t a l  has  been  g r o w n  b y  the  ca r -  
b i d e - i o d i d e  process ,  and  m e t h o d s  h a v e  been  d e v e l -  
oped  for  d e t e r m i n i n g  a n u m b e r  of i ts  p h y s i c a l  p r o p -  
e r t i e s  w i t h o u t  e x p o s i n g  the  f r e s h l y  d e p o s i t e d  m e t a l  
to a t m o s p h e r i c  or  o the r  c o n t a m i n a t i o n .  

The  a l l o t rop i c  t r a n s i t i o n  of fcc t h o r i u m  to t he  
bee modi f i ca t ion  has  been  l oca t ed  b y  r e s i s t i v i t y  
m e a s u r e m e n t s  a t  1325 ~ ---+ 10~ S t u d y  of t he  r a t e  
of t r a n s i t i o n  n e a r  t he  t r a n s i t i o n  po in t  shows  t h a t  
t he  p h a s e  c h a n g e  to bcc t h o r i u m  is c o m p l e t e  in less  
t h a n  1 rain.  

The  r e s i s t i v i t y  of the  be s t  spec imens  of c a r b i d e -  
iod ide  t h o r i u m  at  20~ has  been  f o u n d  to be  15.7 
~ - o h m - c m .  The  r e s i s t i v i t y  v a l u e s  above  1000~ a re  
s ign i f i can t ly  h i g h e r  t h a n  those  g iven  in t he  l i t e r a -  
tu re .  

Bo th  t r a n s i t i o n  t e m p e r a t u r e  and  r e s i s t i v i t y  a r e  
sens i t ive  to t he  m o d e  of p r e p a r a t i o n ,  e spec i a l l y  at  
l ow  c o n t a m i n a t i o n  levels .  Res i s t i v i ty ,  b u t  no t  t r a n -  
s i t ion  t e m p e r a t u r e ,  is sens i t ive  a t  h igh  t e m p e r a t u r e s  
to a n n e a l i n g  cond i t ions  u sed  to conve r t  t he  loose ly  
coherent grains of iodide metal to more coherent 
metal. 

The unreliability of the function EI 1/~ for control 
of filament temperature is shown to be caused by 
resistivity, annealing, and other changes in a newly 
formed filament. 

A l t h o u g h  t he  d e g r e e  of  m i s m a t c h  b e t w e e n  (111) of  fcc t h o r i u m ,  
o r  (110) of  bcc t h o r i u m ,  o n  (110) of bcc t u n g s t e n  is 31% a t  20~ 
i t  does  no t  exceed  t h a t  r e p o r t e d  fo r  n u m e r o u s  o t h e r  e p i t a x i a l l y  re -  
l a t e d  sy s t ems  (21, 22).  C o r r e s p o n d i n g  m i s m a t c h  fo r  t h o r i u m  on t a n -  
t a l u m  is 27%. 
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The  e l e c t r o n  emiss ion  of p o l y c r y s t a l l i n e  t h o r i u m  
has  been  m e a s u r e d ,  and  the  a p p a r e n t  w o r k  func t ion  
has  been  found  to be 3.37 ev. No change  in  w o r k  
func t ion  was  d e t e c t a b l e  a t  the  p h a s e  t r a n s i t i o n  t e m -  
p e r a t u r e .  

The  to ta l  e m i s s i v i t y  of t h o r i u m  has  been  f o u n d  
to r i se  f r o m  0.30 to 0.34 ove r  t he  r a n g e  1400 ~ 
1800~ Bo th  the  e l e c t r o n  emiss ion  and  the  e m i s -  
s iv i ty  of t h o r i u m  v a r y  w i t h  the  p u r i t y  of t he  spec i -  
m e n  and  i ts  su r f ace  condi t ion .  

The  m o r p h o l o g y  of c a r b i d e - i o d i d e  t h o r i u m  has  
been  desc r ibed .  The  p u r e s t  m a t e r i a l  cons i s t ed  of 
lus t rous ,  r a n d o m l y  o r i e n t e d  cubic  c rys ta l s .  S l i g h t l y  
less p u r e  m a t e r i a l  cons is ted  of a r r a y s  of d i s t o r t e d  
o c t a h e d r a l  c ry s t a l s  w h o s e  faces  w e r e  a p p r o x i m a t e l y  
p a r a l l e l  to t he  ax i s  of the  f i lament .  The  l ea s t  p u r e  
depos i t s  cons i s ted  of r a d i a l  a r r a y s  of cubic  c r y s t a l s  
whose  o r i e n t a t i o n  r e s e m b l e d  t ha t  of p u r e r  spec i -  
mens  showing  faces  s u b p a r a l l e l  to t he  f i l ament  ax is  
in  h a v i n g  an  o c t a h e d r a l  ax i s  of s y m m e t r y  a p p r o x i -  
m a t e l y  p e r p e n d i c u l a r  to the  f i l amen t  axis .  D e v e l -  
o p m e n t  of o r i e n t a t i o n  is a t t r i b u t e d  to the  i n t e r v e n -  
t ion  of l a y e r s  of i m p u r i t y  a toms  on t h e  t u n g s t e n  or  
t a n t a l u m  sur faces  r a t h e r  t h a n  to e p i t a x i a l  g r o w t h  
on the  subs t r a t e .  
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Electro-Oxidation of Ethylenediaminetetraacetocobalt(ll) 
at Platinum Electrodes. Effects of Anion Adsorption 

Fred C. Anson 
Division of Chemistry and Chemical Engineering, 

California Institute of Technology, Pasadena, CaliSornia 

ABSTRACT 

Adsorbed  bromide  ion is shown to act ca ta ly t ica l ly  on the e lec t ro -ox ida t ion  
of e thy lened iamine te t r aace tocoba l t ( I I )  ion at  p la t inum electrodes a l though no 
b romide  is incorpora ted  in the coba l t ( I I I )  product  of the e lect rode reaction.  
Adsorbed  b romide  is also shown to inhibi t  the oxidat ion of p la t inum electrodes 
especial ly  in acid solutions. 

As p a r t  of a s t u d y  in these  l a b o r a t o r i e s  of the  
effects of an ion  a d s o r p t i o n  on e l ec t rode  r eac t ions  
an  i n v e s t i g a t i o n  of t he  e l e c t r o - o x i d a t i o n  of s e v e r a l  
che la tes  of c o b a l t ( I I )  w i t h  a m i n o  acids  such as 
e t h y l e n e d i a m i n e t e t r a a c e t i c  ac id  w a s  u n d e r t a k e n .  
The  e l e c t r o - o x i d a t i o n s  w e r e  c a r r i e d  out  in t he  a b -  

sence and  p re sence  of an ions  k n o w n  to be  a d s o r b e d  
on p l a t i n u m  e lec t rodes ,  e.g., I - ,  B r - ,  C1- .  I t  was  
a n t i c i p a t e d  t h a t  p a r t i c i p a t i o n  of such an ions  as e lec -  
t r on  b r i dge s  in the  e l e c t r o d e  r e a c t i o n  m i g h t  be  d e -  
t e c t ed  b y  ana lys i s  of t he  s u b s t i t u t i o n - i n e r t  coba l t  
( I I I )  che la tes  o b t a i n e d  as p r o d u c t s  of the  e l ec t rode  
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react ion.  Thus,  if b romide  ion were  adsorbed  on 
the e lect rode d u r i n g  the  coba l t ( I I )  ox ida t ion  and  
pa r t i c ipa ted  in  the e lec t ron  t r ans f e r  in  the fo rm of 
an  e lec t ron  br idge  (1),  it m igh t  be expected  tha t  
the p roduc t  of the  electrode reac t ion  wou ld  be 
C o H Y B r -  [H4Y represen t s  e t h y l e n e d i a m i n e t e t r a -  
acetic acid; the  proper t ies  and  synthes is  of C o H Y B r -  
have  been  descr ibed in  the  l i t e r a tu r e  (2 ) ] .  Con-  
versely,  if b romide  ion did no t  act as an  e lec t ron  
br idge  in  the  electrode reac t ion  the  expected  p rod-  
uct  wou ld  by  COY-. 

The  e x p e r i m e n t a l  resul t s  demons t r a t e  tha t  ad-  
sorbable  an ions  produce  ve ry  p r o n o u n c e d  effects 
on the  k inet ics  of the e lect rode react ion,  a l though  
none  of the  adsorbed  an ions  s tud ied  was incorpor -  
a ted in  the  coba l t ( I I I )  products  of the electrode 
react ion.  

E x p e r i m e n t a l  

The ch ronopo ten t iomet r i c  t e chn ique  was used to 
inves t iga te  the  e lect rode react ions.  The  procedure ,  
t w o - c o m p a r t m e n t  cell and  c i rcu i t ry  were  of the 
conven t iona l  type  (3).  The  w o r k i n g  e lect rode was 
a piece of 0.030 in. d i ame te r  p l a t i n u m  wi re  sealed 
in  soft glass to give an  exposed area  of 0.1 cm 2. The  
aux i l i a ry  electrode was  a la rge  p l a t i n u m  gauze 
cy l inde r  s u r r o u n d i n g  the  w o r k i n g  electrode.  

C o n t r o l l e d - p o t e n t i a l  e lectrolyses were  pe r fo rmed  
in  a t h r e e - c o m p a r t m e n t  cell wi th  the  aid of a Duffers 
Associates Inc. Potent ios ta t .  A p l a t i n u m  gauze 
electrode,  w i th  an  area  of ca. 200 cm 2, served as the  
w o r k i n g  e lect rode in  these  electrolyses.  

Solu t ions  were  p r epa red  wi th  t r ip ly  dis t i l led  
wa t e r  and  were  deae ra ted  wi th  p re -pu r i f i ed  n i t r o -  
gen. K C o H Y B r . 2 H 2 0  was  synthes ized  according to 
the  p rocedure  of S c h w a r z e n b a c h  (2) and  twice  r e -  
crys ta l l ized f rom aqueous  e thanol .  A p u r e r  p roduc t  
was ob ta ined  by  subs t i t u t i ng  CoBr2 (p repa red  f rom 
CoCOs and  HBr)  for the  COC12.6H20 cal led for by  
Schwarzenbach .  Ba [CoY]2 .2H20  was  p r epa red  by  
the  p rocedure  in  Ino rgan ic  Syn theses  (4). Reagen t  
g rade  chemicals  we re  used wi thou t  f u r t h e r  p u r i -  
fication. 

Resul ts  

A n i o n  e~ec ts . - -Col lec ted  in  Fig. 1 are chronopo-  
t en t i og rams  showing  the  effect of b romide  ion on the  
ox ida t ion  of 0.01M CoY = in  phospha te  buffer  solu-  
t ions  of pH 3, 6, and  12 and  a bora te  buffer  so lu t ion  of 
pH 9. The  concen t r a t i on  of b romide  r equ i r ed  to cause 
a no t iceable  cathodic shif t  i n  the  q u a r t e r - w a v e  
po ten t i a l  of the  anodic  ch ronopo ten t iog rams  is 
c lear ly  a func t i on  of the  pH of the  solut ion:  more  
b romide  be ing  r equ i r ed  at  h igher  pH values .  At  pH 
12 no effect of b romide  was obse rvab le  up  to 1M 
NaBr.  I t  should be po in ted  out  i n  a 0.01M solu t ion  
of the  coba l t ( I I )  chela te  of E D T A  the chela te  is 
less t h a n  1% dissociated at  pH 3 or g rea te r  (5). 

S imi l a r  cathodic shifts  in  the  po ten t i a l  at  wh ich  
CoY = is oxidized were  also ob ta ined  u p o n  add i t ion  
of chloride,  iodide, azide, and  iodine.  Iodide is ox i -  
dized before  the  cobal t  chelate  so tha t  iodine is the  
act ive  species at the  e lect rode sur face  in  solut ions  
con t a in ing  iodide. The  concen t ra t ions  of the  va r ious  
species needed  to produce  a g iven  po ten t i a l  shift  
increase  in  the  order  I -  < B r -  < C1- < N3-.  
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Fig. 1. Anodic chronopotentiograms for the oxidation of CoY = 
in the presence of bromide. Current density was 1.2 ma/cm 2 
throughout. A, Buffer solution blank; [CoY = ] ~ [ B r - ]  ~ 0; 
B, [CoY = ] ~ 7x10 -3M;  [ B r - ]  ~ 0. pH 3 and 6 -C-F: [ B r - ]  

10 - 4  , 10 - 3  , 10 - 1  , 1 M. pH 9 -C-G: [ B r - ]  ~ 10 - 4  , 10 - 3  , 
10 -.2 , 10 - 1  , 1 M. pH 12 -C-F:  [ B r - ]  ~ 1 0 - 3 , 1 0  - 2 , 1 0  - 1  , 1 M. 

Behavior  qu i te  s imi la r  to t ha t  depic ted  in  Fig. 1 
was ob ta ined  wi th  the an ionic  coba l t ( I I )  chelate  
of N-  ( 2 - h y d r o x y e t h y l )  e t h y l e n e d i a m i n e - N N ' N ' - t r i -  
acetic acid as wel l  as the  cat ionic  chela te  of co- 
b a l t ( I I )  wi th  t e t r a e t h y l e n e p e n t a m i n e .  The  la t te r  
chelate  was s tud ied  at pH va lues  of 6 and  above 
because  of its lesser s tabi l i ty .  

Electrode reaction p r o d u c t s . - - T h e  produc t s  of the  
anodic  e lect rode reac t ion  were  ident i f ied in  the case 
of CoY = ox ida t ion  by  r eve r s ing  the  d i rec t ion  of the  
c u r r e n t  and  compar ing  the  r e su l t i ng  cathodic 
ch ronopo ten t iog rams  wi th  those ob ta ined  f rom solu-  
t ions con t a in ing  samples  of C o Y -  or C o H Y B r - .  The  
ion C o H Y B r -  is an  acid w i th  a pKa n e a r  3 (2) .  Thus  
at  pH va lues  g rea te r  t h a n  3 the  ion is p re sen t  p r e -  
d o m i n a n t l y  as CoYBr =. The  r educ t ion  of C o Y -  to 
CoY = occurs at abou t  --0.05v vs. S.C.E. whi le  
C o H Y B r -  and  CoYBr = are bo th  reduced  at  about  
W0.2v vs. S.C.E. The r educ t ion  waves  for the  two 
species are thus  adequa t e ly  separa ted  for r eve r se -  
c u r r e n t  c h r o n o p o t e n t i o m e t r y  to be used  to e x a m i n e  
the p roduc t  of the electrode reac t ion  i m m e d i a t e l y  
af ter  its fo rmat ion .  The r e v e r s e - c u r r e n t  waves  ob-  
t a ined  fo l lowing the  ox ida t ion  of CoY = occurred at 
--0.05v vs. S.C.E. w h e t h e r  or not  b r o m i d e  was  p res -  
ent  in  the  solut ion.  The  anodic  electrode reac t ion  
p roduc t  was thus  C o Y -  in  all  cases. 

The p roduc t  of the e lect rode reac t ion  which  re -  
sults  f rom the ox ida t ion  of CoY = in  the  presence  of 
b r omi de  was  also ident i f ied by  me a ns  of con t ro l led-  
po ten t i a l  e lectrolyses  of solut ions  of CoY = and  b r o -  
mide  fol lowed by  v i sua l  e x a m i n a t i o n  of the  r e su l t ing  
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solutions.  The  deep pu rp l e  C o Y -  ion could be r ead i ly  
d i s t ingu ished  f rom the  b l u e - g r e e n  CoYBr = a nd  
C o H Y B r -  ions. In  every  case C o Y -  was the  ob-  
served e lect rode reac t ion  product .  

The  gene ra l l y  s luggish ra te  at which  the  com- 
plexes of c o b a l t ( I I I )  a t t a in  e q u i l i b r i u m  wi th  respect  
to subs t i t u t i on  react ions  is k n o w n  to be ca ta lyzed by  
ac t iva ted  ca rbon  (6) .  I t  is conce ivable  tha t  the  la rge  
p l a t i n u m  gauze e lect rode employed  in  the cont ro l led  
po ten t i a l  electrolyses,  a l though  not  i n t e n t i o n a l l y  
p la t in ized,  could neve r the le s s  act as a ca ta lys t  for 
the decomposi t ion  of any  CoYBr = fo rmed  at  its su r -  
face in to  the  more  s tab le  C o Y -  ion. However ,  this  
poss ib i l i ty  was  ru led  out  by  i m m e r s i n g  the electrode 
in  a so lu t ion  of CoYBr = for a per iod three  to four  
t imes  longer  t h a n  was  r equ i r ed  for the  cont ro l led  
po ten t i a l  e lectrolysis  and  observ ing  no s ignif icant  
increase  in  the ra te  of the slow convers ion  of 
CoYBr = to COY-. 

EfJect of oxidation of the electrode.--To s tudy  the 
effect of added  b romide  on the behav io r  of the  p la t i -  
n u m  electrode in  the  absence  of cobal t  chelates  the 
a m o u n t  of adsorbed oxygen  1 p roduced  on the elec- 
t rode  surface  d u r i n g  c o n s t a n t - c u r r e n t  ox ida t ion  o[ 
the  electrode to a fixed po ten t i a l  was  d e t e r m i n e d  by 
r eve r s ing  the c u r r e n t  and  m e a s u r i n g  the  cathodic 
t r ans i t i on  t imes  cor respond ing  to r educ t ion  of the  
adsorbed oxygen  layer .  The resul t s  of a series of 
such e x p e r i m e n t s  r u n  at var ious  pH va lues  and  b ro -  
mide  concen t ra t ions  are s u m m a r i z e d  in  Fig. 2. At  
each pH va lue  the electrode was oxidized wi th  a con-  
s t an t  c u r r e n t  to a po t en t i a l  co r respond ing  to an  ox-  
ygen  coverage of 10-20%. U n d e r  these condi t ions,  
the rat io of coulombs of adsorbed oxygen  produced  
in the presence  of va r ious  concen t ra t ions  of b r o m i d e  
to the coulombs p roduced  in  the absence  of b r omi de  
is p lo t ted  as a f unc t i on  of the  b r o m i d e  concen t r a t i on  
in  Fig. 2. Bromide  c lear ly  inh ib i t s  the  fo rma t ion  of 

1 T h e  q u e s t i o n  as to  w h e t h e r  o x i d a t i o n  of  p l a t i n u m  e l e c t r o d e s  
l e a d s  to p l a t i n u m  ox ide s  as  d i s t i n g u i s h e d  f r o m  a d s o r b e d  o x y g e n  has  
y e t  to r e c e i v e  a t o t a l l y  u n a m b i g u o u s  a n s w e r .  R e c e n t  e x p e r i m e n t s  i n  
t h e  a u t h o r ' s  l a b o r a t o r y  i n d i c a t e  t h e  l i k e l y  p r e s e n c e  of b o t h  p l a t i -  
n u m  o x i d e  a n d  a d s o r b e d  o x y g e n  on  o x i d i z e d  e l e c t r o d e s .  ( T h e  d e t a i l s  
of  t h e s e  e x p e r i m e n t s  w i l l  b e  r e p o r t e d  e l s e w h e r e ) .  I n  t h i s  p a p e r  t h e  
t e r m  " o x i d a t i o n  of t h e  e l e c t r o d e "  m e a n s :  to  m a k e  t h e  e l e c t r o d e  
su f f i c i en t l y  a n o d i c  to  p r o d u c e  the  o x i d e  o r  o x y g e n  f i lm on i t s  s u r -  
f ace .  No  s p e c i f i c a t i o n  or  c o m m i t m e n t  is i n t e n d e d  r e g a r d i n g  t h e  c o m -  
p o s i t i o n  of  t h e  f i lm.  F o r  t h e  s a k e  of c o n s i s t e n c y  t h e  f i lm is  r e f e r r e d  
to t h r o u g h o u t  as  " t h e  a d s o r b e d  o x y g e n  l a y e r "  a l t h o u g h  a l l  of  the  
d a t a  w o u l d  be  e q u a l l y  c o m p a t i b l e  w i t h  a f i lm  c o n s i s t i n g  of  p l a t i -  
n u m  ox ides .  

I.O ~ & - -  �9 .... �9 �9 pH 12 

: 

0.2 1 �9 

I z~ I I I 1 i 
0 10 -4 lO -3 10 -2 I0 -I I 

BROMIDE CONG. 

Fig. 2. Effect of bromide concentration on oxidation of platinum 
electrode. 
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Fig. 3. Effect of oxidation of the electrode on anodic chronopo- 
tentiogroms for the oxidation of CoY = at pH 6. A, pH 6 buffer 
solution blank; [CoY =]  ~ [Br - ]  ~ O; B, [CoY =]  ~ 7xlO-SM; 
[Br - ]  ~ O; C, [CoY = ] ~ 7x10-3M; [Br - ]  ~ 1 M; D, repeat 
C after oxidation of the electrode. Current density was 1.2 ma/cm 2 
throughout. 

the oxygen  layer  up  to pH 9, the  i nh ib i t i on  be ing  
s t ronger  at the  lower  pH values.  Bre i te r  has r e -  
por ted  a s imi lar  i nh ib i t i on  of the  fo rma t ion  of the  
adsorbed  oxygen  l ayer  on p l a t i n u m  electrodes by 
adsorbed organic  molecules  i nc lud ing  me thano l ,  
amy l  alcohol, d i p h e n y l a m i n e ,  and  capryl l ic  acid (7) .  

This  a p p a r e n t  i nh ib i t i on  of e lectrode oxida t ion  by  
added b romide  could be a pa r t  of the  e x p l a n a t i o n  of 
the effect of b r omi de  on CoY = oxida t ion  if it were  
es tab l i shed  tha t  ox ida t ion  of the  electrode inh ib i t s  
the  ox ida t ion  of CoY = . Resul ts  of e x p e r i m e n t s  con-  
ducted  to test  this  poss ibi l i ty  are shown in  Fig. 3. 
Curves  B and  C show the p r o n o u n c e d  effect b romide  
has on CoY = ox ida t ion  at pH 6 w h e n  the  e lect rode is 
in i t i a l ly  unoxidized.  However  if the electrode is p r e -  
oxidized in  a separate ,  b romide - f r ee ,  pH 6 buffer  
solut ion to a po ten t i a l  of 1.0v vs. S.C.E. and  then  
p laced  in  the  C o u  - so lu t ion  and  i m m e d i a t e l y  
used to record an  anodic  ch ronopo ten t iogram,  curve  
D results .  (On s t and ing  the  oxygen  film is chemica l ly  
r e move d  by  1M B r -  at pH 6 so the oxidized elec- 
t rode mus t  be  used immed ia t e ly . )  Curve  D shows 
tha t  the b romide  is no longer  effective in  fac i l i t a t ing  
the  ox ida t ion  of CoY = at a pa r t i a l l y  oxidized elec-  
trode.  

Discussion 

All  of the e x p e r i m e n t a l  ev idence  ind ica tes  t ha t  the  
effect of b romide  arises as a resu l t  of its adsorp t ion  
on the  electrode surface.  The  fact  tha t  the  t r ans i t i on  
t ime  of the  anodic  ox ida t ion  w a v e  for CoY = in  the 
presence  of b r omi de  is e s sen t i a l ly  i n d e p e n d e n t  of 
the  b romide  concen t r a t i on  (see Fig. 1) argues  
aga ins t  a ny  ma ss - a c t i on  convers ion  of the  CoY = to 
a more  easi ly oxidized b romo-complex .  I t  was  also 
es tab l i shed  tha t  the  p roduc t  i ~1/~ for  the  anodic  
ch ronopo ten t iog rams  in  the  presence  of 0.1F NaBr  at  
p H 3 is i n d e p e n d e n t  of the c u r r e n t  dens i ty  for t r a n -  
s i t ion  t imes  f rom 1 to 10 sec, thus  r u l i n g  out .chemica l  
k ine t ic  complicat ions.  

T h a t  an ions  are  adsorbed  on p l a t i n u m  electrodes 
t h r o u g h  a cons iderab le  po ten t i a l  r ange  has been  wel l  
es tab l i shed  (8) .  Adsorp t ion  of b r omi de  is p r e s u m -  
ab ly  respons ib le  for the sma l l e r  quan t i t i e s  of ad-  
sorbed oxygen  produced  w h e n  the  electrode is ox i -  
dized in  the  presence  of b r o m i d e  as shown in  Fig. 2. 
The adsorbed  b r o m i d e  p r e v e n t s  the  f o r m a t i o n  of 



Vol .  110, No.  5 E F F E C T S  O F  A N I O N  A D S O R P T I O N  439 

the  oxygen  l ayer  u n t i l  more  anodic  po ten t ia l s  are 
reached,  p r o b a b l y  by  a s imple  b lock ing  of the  elec-  
t rode  surface.  

At  pH 9 a l a rger  concen t ra t ion  of b romide  is r e -  
qu i red  to inh ib i t  the  fo rma t ion  of the  adsorbed  
oxygen  l ayer  (see Fig. 2) as wel l  as to p roduce  a 
po ten t i a l  shift  in  the  ox ida t ion  of CoY = (see Fig. 1). 
At  pH 12 even  1M NaBr  has l i t t le  effect on the  oxy -  
gen  l ayer  fo rma t ion  or the  ox ida t ion  of CoY = . This  
behav io r  is to be expected  because  as the  pH i n -  
creases the  ox ida t ion  of the  electrode can  commence  
at less anodic  potent ia ls ,  whi le  the  po t en t i a l  at  wh ich  
CoY = is oxidized is i n d e p e n d e n t  of pH above pH 3. 
Thus  at pH 9 a l a rge r  concen t r a t i on  of b rom i de  is 
r equ i r ed  to i nh ib i t  e lect rode ox ida t ion  pr ior  to the  
ox ida t ion  of CoY =. A t  pH 12 even  1M NaBr  is i n -  
sufficient to p r e v e n t  ox ida t ion  of the  electrode be -  
fore the  CoY = can be  oxidized. 

One  can  account  in  pa r t  for the  effect of b r o m i d e  
on the ox ida t ion  of CoY = by  obse rv ing  tha t  in  the  
absence  of b romide  the  ox ida t ion  of CoY = is accom-  
pan i ed  by  fo rma t ion  of the adsorbed  oxygen  l aye r  
on the  e l e c t r o d e  which  inh ib i t s  the  ox ida t ion  of 
CoY = and  thus  causes the  ch ronopo ten t iome t r i c  
wave  to occur at more  anodic  values .  In  the  presence  
of b romide  the  fo rma t ion  of the  i n h i b i t i n g  oxygen  
film is i tself  i nh ib i t ed  and  ox ida t ion  of CoY = p ro -  
ceeds at the  more  cathodic va lues  observed.  The  
curves  in  Fig. 3 c lear ly  demons t r a t e  the  s t rong ly  i n -  
h ib i t i ng  effect of the oxygen  l ayer  on the  ox ida t ion  
of CoY =. Curve  D in  Fig. 3 shows tha t  even  in  the  
presence  of b romide ,  CoY = oxida t ion  is i nh ib i t ed  at 
an  electrode which  has been  pre-oxid ized .  This  i n -  
h ib i t ion  is p a r t l y  due to the d i sp lacemen t  of ad-  
sorbed b romide  by  adsorbed  oxygen,  bu t  e xpe r i -  
men t s  in  b r o m i d e - f r e e  solut ions  at p / I  3 showed tha t  
the oxygen  layer  also e l imina te s  the  CoY = ox ida t ion  
wave  u n d e r  condi t ions  whe re  d i sp lacemen t  of ad-  
sorbed b romide  p lays  no part .  

I n h i b i t i o n  of ox ida t ions  at p l a t i n u m  electrodes  by  
films of adsorbed oxygen  is wel l  k n o w n  in  n u m e r o u s  
o ther  ins tances  wh ich  inc lude  the  oxida t ions  of 
oxalic acid (10),  iodine  (11),  fe r rous  i ron (12),  h y -  
d rogen  (13) ,  and  th iocyana te  (14).  (The only  case 
k n o w n  to the  au thor  in  which  the  presence  of an  
oxygen  l aye r  on p l a t i n u m  electrodes does no t  i n -  
h ib i t  ox ida t ion  reac t ions  at the  e lect rode is in  the  
ox ida t ion  of the fe r rous  o - p h e n a n t h r o l i n e  complex;  
this  ox ida t ion  appears  to proceed equa l ly  as wel l  on 
o x y g e n - c o v e r e d  as on o x y g e n - f r e e  electrodes.)  

A n i o n  catalys is  of  e l ec t ron  t r a n s f e r . - - T h e r e  is 
ev idence  tha t  in  the  case of CoY = ox ida t ion  the  ad-  
sorbed b r o m i d e  ( and  o ther  an ions )  does more  t h a n  
jus t  p r e v e n t  the fo rma t ion  of the  i n h i b i t i n g  oxygen  
layer ;  posi t ive  catalysis  of the  e lec t ron  t r ans f e r  r e -  
act ion by  adsorbed  b romide  is indicated.  C o m p a r i -  
son of curves  A and  C in  Fig. 1 shows tha t  at pH 3 
and  in  the  presence  of b romide ,  ox ida t ion  of CoY = 
occurs at about  + 0 . 4 v  vs.  S.C.E. whi le  no  oxygen  
l ayer  is fo rmed  in  the  absence  of b romide  and  CoY = 
before  ca. +0 .6v  vs.  S.C.E. at pH 3. In  this  case the  
b romide  m u s t  f unc t i on  as more  t h a n  jus t  an  i nh ib i t o r  
of oxygen  l aye r  fo rmat ion .  

I t  should be po in t ed  out  tha t  in  all  cases s tudied  
here  the  catalysis  of CoY = ox ida t ion  b y  b romi de  ion 

occurs at po ten t ia l s  severa l  h u n d r e d  mi l l ivo l t s  less 
anodic  t h a n  corresponds  to the  ox ida t ion  of b romide  
itself. F u r t h e r m o r e  the  r a t e  of r eac t ion  b e t w e e n  
CoY = and  Br2 is on ly  mode ra t e  at  the concen t r a t i on  
levels  p r e v a i l i n g  in  the  e lec t rochemica l  exper iments .  
I t  is thus  no t  possible to exp la in  the  catalysis  by  
b romide  in t e rms  of e l ec t rogenera ted  b romine .  

Negat ive ,  b u t  neve r the les s  pe r suas ive  ev idence  f a -  
vo r ing  posi t ive  catalysis  by  adsorbed b r omi de  was  
ob ta ined  by  s t u d y i n g  the  effect of a m y l  alcohol on 
the  ox ida t ion  of CoY = at pH 3. A m y l  alcohol is 
k n o w n  to be adsorbed  on p l a t i n u m  electrodes (7) ,  
and  anodic  cha rg ing  curves  showed tha t  a 0.1M solu-  
t ion  of a m y l  alcohol was, l ike b romide ,  an  effective 
inh ib i to r  of the e lect rode oxidat ion.  H ow e ve r  the ox-  
ida t ion  of CoY = proceeds at more  anodic  po ten t ia l s  
in  a 0.1M a m y l  alcohol solut ion t h a n  in  solut ions  con-  
t a i n i n g  ne i t he r  a m y l  alcohol nor  bromide .  These ex-  
p e r i m e n t s  show tha t  an  adsorbed  subs tance  m u s t  do 
more  t h a n  jus t  i nh ib i t  the  fo rma t ion  of the  oxygen  
layer  in  order  to p rov ide  for the ear l ie r  ox ida t ion  
of CoY =. 

M e c h a n i s m . - - T h e  m e c h a n i s m  of the  catalysis  of 
the  ox ida t ion  of CoY = by  adsorbed ha l ide  is puz-  
zling. One wou ld  expect  tha t  if the  adsorbed  ha l ide  
served as a b r idge  for t r ans f e r  of the  e lec t ron  f rom 
CoY = to the  electrode,  the  r e su l t ing  c oba l t ( I I I )  
species wou ld  con ta in  bromide .  Jus t  such behav io r  
has been  observed  in  e x p e r i m e n t s  i n v o l v i n g  the oxi-  
da t ion  of C r ( I I )  to C r ( I I I )  at m e r c u r y  electrodes in  
the  presence  of hal ide;  the  ine r t  C r ( I I I )  ions p ro -  
duced con ta ined  b o u n d  hal ide  (15, 16). Yet  w h e n  
CoY = is oxidized in  the presence  of la rge  excesses 
of b romide ,  no b romide  is con ta ined  in  the  Co( I I I )  
product .  To tes t  the  poss ib i l i ty  t ha t  a ny  b romide  
which  m a y  be b o u n d  to the  cobal t  d u r i n g  the  elec- 
t r o n - t r a n s f e r  step is d isplaced by  the  s ix th  coordi-  
n a t i n g  group of the  h e x a d e n t a t e  EDTA, cont ro l led  
po ten t i a l  oxida t ions  of the  chelates  of coba l t ( I I )  
w i th  N-  ( 2 - h y d r o x y e t h y l )  e t h y l e n e d i a m i n e - N N ' N ' -  
t r iacet ic  acid and  t e t r a e t h y l e n e p e n t a m i n e  were  car -  
r ied  out  in  the  p resence  of excess bromide .  Both  of 
these  chelates can be at most  pen t aden ta t e .  The  b ro -  
mide  s t rong ly  ca ta lyzed the ox ida t ions  b u t  no b ro -  
mide  was  a t tached  to the  c oba l t ( I I I )  species t ha t  
we re  formed.  

Large  effects on ra tes  of e lectrode reac t ions  can 
resu l t  f rom the  add i t ion  of specificaIly adsorbed 
an ions  such as b r o m i d e  (17) because  of changes  in  
the  effective po ten t i a l  of the  electrode.  The  p resen t  
e x p e r i m e n t a l  resu l t s  can no t  be  accounted  for in  th is  
way,  however ,  because  adsorbed  b r omi de  wou ld  be 
expected to decrease the ra te  of e l ec t ro -ox ida t ion  of 
an ionic  r eac tan t s  and  inc rease  the r a t e  of cat ionic  
r eac tan t s  r e l a t ive  to the i r  ra tes  in  b r omi de  free solu-  
t ions. In  fact, b r omi de  increases  the  r a t e  for the  
an ionic  CoY = ion and  the  cat ionic  t e t r a e t h y ] e n e -  
p e n t a m i n e  cobal t  ( I I )  ion. 

Vlcek (18) has d e m o n s t r a t e d  tha t  changes  in  
l i gand  fields in  t r ans i t i on  me ta l  complexes  can be 
cor re la ted  w i th  changes  in  the  ease of the i r  po la ro-  
graphic  reduc t ion .  I t  is possible  t ha t  i n  the  p re sen t  
case the  adsorbed,  po la r izab le  b r o m i d e  ion, a l though  
a p p a r e n t l y  no t  f o r mi ng  a c o b a l t - b r o m i d e  bond,  
could n e v e r t h e l e s s  p e r t u r b  the  l igand  field of CoY = 
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ions n e a r  t he  e l ec t rode  so t ha t  i t  r e s e m b l e s  m o r e  
c lose ly  t h a t  of the  C o Y -  ion, t h e r e b y  f ac i l i t a t i ng  the  
e l ec t rode  reac t ion .  The  same  w o u l d  t h e n  be  t r u e  for  
a d s o r b e d  ch lo r ide  w h i c h  m i m i c s  t he  b e h a v i o r  of 
b r o m i d e .  

The  b r o m i d e  ca t a lys i s  of CoY = o x i d a t i o n  could  be  
used  a d v a n t a g e o u s l y  in e l e c t r o - a n a l y s i s  of co-  
b a l t ( I I )  so lu t ions  b y  m e a n s  of con t ro l l ed  p o t e n t i a l  
e lec t ro lys i s .  O n e - h u n d r e d  p e r  cen t  c u r r e n t  eff iciency 
for  t he  o x i d a t i o n  of CoY = is no t  o b t a i n a b l e  in  b r o -  
m i d e - f r e e  so lu t ions  of a n y  p H  (19) b u t  i t  shou ld  be  
eas i ly  a c h i e v e d  a t  p H  3-6 in t he  p r e s e n c e  of b r o -  
m i d e  ion. 
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Electrical Double Layer Capacities and Adsorption 
of Alcohols on Gold 

G. M. Schmid ~ and Norman Hackerman 
Department of Chemistry, The University o~ Texas, Austin, Texas 

ABSTRACT 

The different ia l  capaci ty  of po lycrys ta l l ine  gold in 1N HC10~ was s tudied 
and compared  to the behavior  of (100) and (110) gold surfaces. Re ta rda t ion  of 
"oxygen"  adsorpt ion  on the po lycrys ta l l ine  ma te r i a l  is a t t r ibu ted  to localized 
adsorpt ion,  p re fe ren t i a l  on the  (100), (110), and possibly  o ther  c rys ta l  faces. 
Changing the t e m p e r a t u r e  f rom 25 ~ to 5~ leads to an exclusion of C104- f rom 
the double  layer .  The addi t ion  of alcohols, methanol  th rough  n-pentanol ,  causes 
the appearance  of new capaci ty  peaks  at --0.1 and ~-0.5v vs. SCE at  25~ This 
is t aken  as evidence for the zero point  of charge of gold in HC104 being at  
or ve ry  close to 0.0v. A n  adsorpt ion  peak  wi th  added ani l ine at  ~-0.2v gives 
addi t ional  support .  

In  p r inc ip le ,  the  a d s o r p t i o n  of subs t ances  at  a 
m e t a l - e l e c t r o l y t e  i n t e r f a c e  can be  fo l l owed  as a 
func t ion  of p o t e n t i a l  b y  bo th  su r f ace  t ens ion  and  
c a p a c i t y  m e a s u r e m e n t s  (1 ) .  H o w e v e r ,  a d s o r p t i o n  
and  d e s o r p t i o n  f rom so lu t ion  a lmos t  a l w a y s  cons t i -  
t u t e  a r e p l a c e m e n t  step.  C o n s e q u e n t l y  the  n u m b e r  
of a d s o r b e d  molecu le s  does no t  u n d e r g o  l a r g e  
changes ,  and  at  the  p o t e n t i a l  r eg ions  at  w h i c h  an  a d -  
so rp t ion  or  d e s o r p t i o n  s tep  occurs  no s ign i f ican t  v a -  
r i a t i ons  in su r f ace  t ens ion  a r e  f o u n d  (2) .  On the  
o the r  hand ,  a d s o r p t i o n  of c h a r g e d  pa r t i c l e s ,  t hus  r e -  
p l a c e m e n t  of c h a r g e d  pa r t i c l e s  b y  n e u t r a l  molecu les ,  
l eads  to a s igni f icant  change  of t he  cha rge  in the  
i n n e r  d o u b l e  l a y e r  and  m a n i f e s t s  i t se l f  b y  a m o r e  or  
less p r o n o u n c e d  p e a k  in t he  d i f f e r en t i a l  c a p a c i t y -  
p o t e n t i a l  curve .  M o r e o v e r  su r f ace  t ens ion  m e a s u r e -  

1Present  address: Univers i ty  of Alberta,  Depa r tmen t  of Chem- 
istry, Edmonton,  Alberta ,  Canada. 

m e n t s  of the  r e q u i r e d  a c c u r a c y  a r e  r e s t r i c t e d  to l i q -  
u id  meta l s .  No such l i m i t a t i o n  exis t s  for  d i f f e r en t i a l  
c a p a c i t y  m e a s u r e m e n t s .  

In  t he  pas t ,  d i f f e r en t i a l  c a p a c i t y  m e a s u r e m e n t s  on 
sol id  e l ec t rodes  h a v e  been  h a m p e r e d  l a r g e l y  b y  poor  
r e p r o d u c i b i l i t y .  This  p r o b l e m  is be ing  o v e r c o m e  
s l o w l y  b y  use  of s ingle  c r y s t a l  e lec t rodes ,  b y  i m -  
p r o v e d  su r face  p r e p a r a t i o n ,  b y  e spec i a l l y  pur i f i ed  
e l ec t ro ly te s ,  and  b y  spec ia l  m e a s u r i n g  t echn iques .  
I n c r e a s i n g l y  v a l u a b l e  d a t a  on the  p o t e n t i a l  d e p e n d -  
ent  a d s o r p t i o n  of subs t ances  a t  t he  sol id  m e t a l / e l e c -  
t r o l y t e  i n t e r f a c e  a r e  be ing  o b t a i n e d  (3, 4) .  

So l id  e l ec t rodes  a re  o f ten  f a r  f rom b e i n g  i d e a l l y  
po la r i zab le .  I t  is u s u a l l y  a s s u m e d  tha t  pas sage  of 
c u r r e n t  t h r o u g h  t h e  e l e c t r o d e / s o l u t i o n  i n t e r f a c e  does 
not  d i s t u r b  t he  e q u i l i b r i u m  in t he  e l ec t r i ca l  doub le  " 
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l aye r .  A t h e r m o d y n a m i c  t r e a t m e n t  for  r e v e r s i b l e  
sys t ems  has  been  p u b l i s h e d  (5) .  L a c k  of i dea l  p o -  
l a r i z a b i l i t y  l eads  to a f r e q u e n c y  d e p e n d e n t  c a p a c i t y  
w i t h  t he  " t r u e "  d i f f e r en t i a l  c a p a c i t y  be ing  o b t a i n e d  
a t  in f in i te  f r equenc ies .  F r e q u e n c i e s  of the  r e q u i r e d  
m a g n i t u d e  a r e  diff icult  to h a n d l e  e x p e r i m e n t a l l y .  I t  
has  been  s h o w n  in th is  l a b o r a t o r y  t h a t  a s q u a r e  w a v e  
m e t h o d  (6)  or  a fas t  r i s e t i m e  s ingle  pu l se  t e c h n i q u e  
(7)  g ives  capac i t i e s  c o r r e s p o n d i n g  to inf in i te  f r e -  
q u e n c y  v a l u e s  in some  cases. Diff icul t ies  h a v e  b e e n  
e n c o u n t e r e d  d u r i n g  o x y g e n  evo lu t i on  and  an i l i ne  
ox ida t ion ,  r e a c t i o n s  t h a t  s eem to b e  v e r y  fas t  t hus  
caus ing  t h e  p o t e n t i a l - t i m e  c u r v e  to show c u r v a t u r e  
even  in  t he  f irst  mic rosecond .  H o w e v e r ,  these  m e t h -  
ods a r e  l i m i t e d  at  p r e s e n t  on ly  b y  the  s e n s i t i v i t y  and  
b a n d w i d t h  of t he  a v a i l a b l e  m e a s u r i n g  e q u i p m e n t  
and  can  b e  eas i ly  m a d e  to  c o r r e s p o n d  to c a p a c i t y  
va lue s  t a k e n  a t  500 kcps .  

I t  is f r e q u e n t l y  f o r g o t t e n  in  t he  i n t e r p r e t a t i o n  of 
d i f f e ren t i a l  c a p a c i t y  m e a s u r e m e n t s  t h a t  t he  v a l u e s  
o b t a i n e d  a r e  no t  an  i n d i c a t i o n  of t he  change  of 
cha rge  w i t h  p o t e n t i a l  on the  so lu t ion  side of t he  
doub le  l aye r ,  b u t  r a t h e r  g ive  t he  c h a n g e  of cha rge  
w i t h  p o t e n t i a l  on the  m e t a l  s ide  of the  i n t e r f a c e  
(1, 2) .  E l e c t r o n e u t r a l i t y  r e q u i r e s  the  c h a r g e  on the  
so lu t ion  s ide  to b e  e q u a l  and  of oppos i t e  sign, b u t  
does no t  p e r m i t  conc lus ions  as to t he  a m o u n t  of 
an ions  and  ca t ions  p resen t .  A q u a n t i t a t i v e  i n t e r p r e -  
t a t i on  of t he  a m o u n t  a d s o r b e d  r e q u i r e s  a d e t a i l e d  
k n o w l e d g e  of t he  c o m p o n e n t s  of c h a r g e  on the  so lu -  
t ion  s ide  of the  doub le  l aye r .  A n  a n a l y s i s  of th is  t y p e  
r e q u i r e s  k n o w l e d g e  of the  zero  po in t  of cha rge  and  
d e t a i l e d  d a t a  of t he  v a r i a t i o n  of t h e  c a p a c i t y  w i t h  
a c t i v i t y  of t he  a d s o r b e d  suLztance  (8) .  Bo th  a re  
diff icult  to ob t a in  on sol id  e lec t rodes ,  l a r g e l y  be c a use  
of poor  su r f ace  r e p r o d u c i b i l i t y .  I n t e r p r e t a t i o n  of 
d i f f e ren t i a l  c a p a c i t y  d a t a  h a v e  t h e r e f o r e  r e m a i n e d  
r a t h e r  qua l i t a t i ve .  

In  a r e c e n t  p a p e r  f r o m  this  l a b o r a t o r y  (9)  the  
zero po in t  of cha rge  of (110) and  (100) gold  in  
HC104 was  t e n t a t i v e l y  iden t i f i ed  as be ing  at  0.00 and  
--0 .05v vs. SCE, r e spec t i ve ly .  T h e  p r e s e n t  p a p e r  is 
a s t u d y  of t he  a d s o r p t i o n  of a ser ies  of a l i pha t i c  
alcohols on gold froni IN HCIO4 furnishing experi- 
mental proof for this identification. 

Experimental 
The  e l ec t rodes  w e r e  p o l y c r y s t a l l i n e  m i n t  gold  

p u r c h a s e d  f r o m  E n g e l h a r d  Indus t r i e s ,  Inc.,  N e w a r k ,  
N e w  Je r sey .  Rods  w e r e  p r e s s u r e  sea l ed  into  K e l - F  
a n d  j o i n e d  to a P y r e x  glass  h o l d e r  us ing  a Teflon 
washe r ,  b r a s s  rod,  and  nut .  The  x - r a y  ana lys i s  of the  
e x p o s e d  cross  sec t ion  s h o w e d  a pe r f ec t  p o w d e r  p a t -  
t e rn  i n d i c a t i n g  a r a n d o m  o r i e n t a t i o n  of t he  go ld  
c rys t a l l i t e s .  The  e l ec t rodes  w e r e  a b r a d e d  w i t h  4 /0  
e m e r y  p a p e r ,  e t ched  in  aqua  reg ia ,  w a s h e d  in  con-  
d u c t i v i t y  w a t e r ,  and  d e g r e a s e d  w i t h  ace tone  in  a 
soxhle t .  

The  base  e l ec t ro ly t e ,  1N HC104 in a l l  cases,  was  
p r e p a r e d  f r o m  70% A. R. M a l l i n c k r o d t  p e r c h l o r i c  
ac id  and  w a t e r  f r o m  a B a r n s t e a d  c o n d u c t i v i t y  s t i l l  
(N2 x 10 -~ o h m  -1 c m - 1 ) .  The  r e s u l t i n g  so lu t ion  was  
p r e - e l e c t r o l y z e d  b e t w e e n  P t  e l ec t rodes  w i t h  at  l e a s t  
35 c o u l o m b s / m l ,  d e g a s s e d  w i t h  a s t e a d y  s t r e a m  of 
g r a d e  A h e l i u m  for  12 a d d i t i o n a l  hours .  The  a lco -  

hols,  n-C1 t h r o u g h  n-C4, w e r e  B a k e r  A n a l y z e d  R e -  
agent .  T h e y  w e r e  r e d i s t i l l e d  and  the  f r ac t ions  f ina l ly  
used  h a d  a bo i l ing  r a n g e  of C1, C2: 0.1~ C8: 0.2~ 
C4: 0.3~ The  n-C5 a lcoho l  was  o b t a i n e d  f r o m  E a s t -  
man ,  a f r a c t i o n  w i t h  a bo i l ing  r a n g e  of 0.3~ be ing  
used.  Some  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  r e -  
d i s t i l l ed  ani l ine ,  B a k e r  A n a l y z e d  Reagen t .  The  a d -  
so rben t s  w e r e  a d d e d  to t he  base  e l e c t r o l y t e  us ing  a 
h y p o d e r m i c  s y r i n g e  w i t h  a P t  need le .  Unless  o t h e r -  
wise  s t a t ed  the  e x p e r i m e n t s  w e r e  p e r f o r m e d  at  
.5 ~ _ 0.5~ 

T h e  a l l - P y r e x  g lass  ce l l  c o n t a i n e d  a l a r g e  p l a t -  
i n i zed  P t  w i r e  gauze  as p o l a r i z i n g  e lec t rode .  P o l a r i z -  
ing  c u r r e n t  was  s u p p l i e d  b y  t h e  pu l se  g e n e r a t o r ,  or  
b y  a p o t e n t i o m e t e r  and  b y  a l a r g e  SCE w h e n e v e r  
t h e  t o t a l  r e q u i r e d  c u r r e n t  w a s  less t h a n  1 ~a ( f r o m  
a b o u t - - 0 . 2  to  1.4v, or  --0.2 to 0.3v w i t h  an i l ine  
a d d e d ) .  The  p o t e n t i a l s  w e r e  m e a s u r e d  w i t h  a second  
SCE a n d  a H a b e r - L u g g i n  c a p i l l a ry ,  us ing  a K e i t h l e y  
610A e l e c t r o m e t e r .  T h e y  a r e  r e p o r t e d  w i t h  r e spec t  
to SCE at  25~ A s t r e a m  of g r a d e  A h e l i u m  p r e -  
s a t u r a t e d  w i t h  a d s o r b e n t  s e r v e d  as s t i r r e r .  

T h e  s ing le  pu l se  m e t h o d  a n d  e q u i p m e n t  used  he re  
have  been  d e s c r i b e d  e l s e w h e r e  (7 ) .  The  d i f f e r en t i a l  
capac i ty ,  C, was  c a l c u l a t e d  w i t h  

C (t--O) = AQ'(O)/Ae ' (O)  

w h e r e  a Q ' ( 0 )  - -  12--12 w i t h  11 the  c u r r e n t  d e n s i t y  at  
t i m e  t < 0  ( b e f o r e  t he  p u l s e )  and  12 at  t > 0  ( d u r i n g  
the  p u l s e ) ,  h e ' ( 0 )  is t he  c h a n g e  in  s lope  of t he  p o -  
t e n t i a l - t i m e  c u r v e  a t  t - -0 .  A r e s i s to r  a n d  a c a p a c i t o r  
in  p a r a l l e l  w e r e  t a k e n  as  the  c i rcu i t  ana log  for  t he  
e l e c t r i c a l  d o u b l e  l a y e r  in  th is  ana lys i s .  The  p o t e n -  
t i a l - t i m e  func t ion  of t he  t es t  e l e c t r o d e  was  d i s p l a y e d  
on a T e k t r o n i x  T y p e  531 A osc i l loscope  us ing  a 
T y p e - D  p reampl i f i e r .  The  t r ace  was  p h o t o g r a p h e d  
w i t h  a D u m o n t  P o l a r o i d  osc i l loscope c a me ra .  

C h a r g i n g  cu rves  w e r e  o b t a i n e d  b y  a p p l y i n g  to t he  
cel l  a 50v ca thod ic  b ias  and  a 100v anod ic  pulse ,  
10 sec long,  bo th  d r o p p e d  t h r o u g h  an  a p p r o p r i a t e  
ser ies  res is tor .  The  c u r r e n t  d e n s i t y  was  17.5 m a / c m  2, 
bo th  ca thod ic  and  anodic .  

Each  r u n  w a s  s t a r t e d  a t  a b o u t  --0.6% and  the  c a -  
p a c i t y  m e a s u r e m e n t  was  t a k e n  10 m i n  a f t e r  t he  
p o t e n t i a l  b e c a m e  s teady .  T h e  e l e c t r o d e  p o t e n t i a l  
was  t h e n  g r a d t i a l l y  m a d e  m o r e  anod ic  in s teps  of 50 
m v  e v e r y  10 min .  G e n e r a l l y  t he  c a p a c i t y  h a d  
r e a c h e d  a s t ab le  v a l u e  a f t e r  less  t h a n  5 rain.  Runs  
w i t h  1N HC104 a lone  or  w i t h  a lcoho l  a d d e d  w e r e  
i n t e r r u p t e d  at  ~-l .4v.  C a p a c i t y - p o t e n t i a l  cu rves  
w i t h  a d d e d  an i l i ne  w e r e  t a k e n  b e t w e e n  --0.2 and  
~-0.3v only ,  to p r e v e n t  o x i d a t i o n  of t he  add i t i ve .  

T h e  p rec i s ion  of t h e  c a p a c i t y  m e a s u r e m e n t  is 
l i m i t e d  b y  t h e  n o n l i n e a r i t y  of t he  scope ampl i f i e r s  
to -----3%. T h e  r e p r o d u c i b i l i t y  is no t  as good  for  p o l y -  
c r y s t a l l i n e  go ld  as i t  was  for  s ing le  c r y s t a l s  (9) .  I t  
is g e n e r a l l y  -----5% e x c e p t  for  t he  h e i g h t  of t he  m a x -  
i m a  w h i c h  is r e p r o d u c i b l e  to  on ly  -----10%. A r o u g h -  
ness  f ac to r  of 1.5 w a s  e s t i m a t e d  u n d e r  t he  m i c r o -  
scope a n d  u s e d  for  c o n v e r t i n g  m e a s u r e d  c a p a c i t y  
to c a p a c i t y  p e r  t r u e  un i t  a rea .  

Results and Discussion 
F i g u r e  1 shows  a c o m p a r i s o n  of c a p a c i t y  d a t a  in 

1N HC104 a t  25~ o b t a i n e d  w i t h  s ingle  c r y s t a l  gold  
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Fig. 1. Differential capacity-potential curves of (100), (110), 
and polycrystalline gold in 1N HCIO4, 25~ 

electrodes repor ted  prev ious ly  (9) and the po ly -  
crys ta l l ine  gold used in this  work.  The most s t r ik -  
ing fea ture  is the much lower  m a x i m u m  at +1.35v 
for the polycrys ta l l ine  electrode, a resul t  which is 
more in keeping with  da ta  publ i shed  by Lai t inen  
and Chao (4) for a po lycrys ta l l ine  electrode wi th  
predominant  (111) surface orientat ion.  As s ta ted 
a l ready,  no such or ienta t ion could be found on the 
electrodes used in this work. 

In the potent ia l  region --0.6 to §  the po ly -  
c rys ta l l ine  e lect rode is ve ry  s imilar  to a (100) face. 
According to our previous explana t ion  this indi -  
cates hydrogen  adsorpt ion in the left  por t ion and 
C104- adsorpt ion in the r ight  por t ion of the broad  
max imum at +0.25v. No direct  proof  can be offered 
for this in terpre ta t ion .  The broad peak  is fol lowed 
by a min imum at + l . 0 v  as compared to min ima at  
+0.8v on the single crys ta l  electrodes. This indicates 
a cer tain re luctance of the po lycrys ta l l ine  electrode 
to adsorb "oxygen,"  which is also emphasized by the 
diminished height of the fol lowing oxygen adsorp-  
t ion maximum.  It seems that  oxygen adsorpt ion on 
gold is r a the r  localized wi th  p re fe r r ed  sites being 
on the (100), (110), and possibly other  crys ta l  faces. 
This point  of view is suppor ted  by  the immobi l i ty  of 
oxygen on Pt  repor ted  by  others (10). 

The t empera tu re  dependence of the capaci ty  of 
po lycrys ta l l ine  gold in 1N HC104 is shown in Fig. 2. 
The capaci ty  values  at  5~ are  genera l ly  lower  than  
those at  25~ The r ight  hand par t  of the broad  m a x -  
imum, a t t r ibu ted  to specific adsorpt ion of C104-, is 
lowered  more than  other  par ts  of the curve. This can 
be a t t r ibu ted  to an "anion exclusion" due to Gra -  
hame's  " ice- l ike"  layers  (11). The re la t ive  height  
of the oxygen adsorpt ion peak  is s l ight ly  less also 
and this ma t t e r  wil l  be t aken  up in a for thcoming 
paper .  

The alcohols used in this work  are not oxidized on 
gold up to + l . 4v .  This was ascer ta ined by  obtaining 
anodic and cathodic charging curves. No difference 
was detected be tween  pure  base e lec t ro ly te  and the 
same wi th  added alcohol up to 0.1M. The charge in-  
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Fig. 2. Differential capacity-potential curves of polycrystalffne 
gold in I N  HCIO4 at 25=C and 50C. 

volved in the cathodic reduct ion of the anodized 
electrode was 3.8 mcou l / cm 2 f rom an anodizat ion 
potent ia l  of + l . 9 v ,  in excel lent  agreement  wi th  the 
l i t e ra tu re  (4). Charging curves for base e lectrolyte  
wi th  0.1M anil ine showed oxidat ion of anil ine at 
+ 0.4v. These exper iments  were  therefore  t e rmina ted  
at +0.3v. 

The dependence of the capaci ty  on the concen- 
t ra t ion of added methanol  is shown in Fig. 3. Two 
new peaks point  to adsorp t ion-desorp t ion  at  about 
--0.1v and at  about  +0.5v. The capaci ty  is s t rongly  
dependent  on methanol  concentrat ion,  the peaks 
being higher  wi th  increasing concentration.  The 
maxima  are ra the r  broad and closely spaced, p re -  
vent ing the capaci ty  at in te rmedia te  potent ia ls  
f rom reaching the low values  expected for the ad-  
sorption region of neu t ra l  organic molecules (1).  

The m a x i m um  nonspecific adsorpt ion of neu t ra l  
substances on a me ta l - e l ec t ro ly te  in terface  takes  
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Fig. 3. Differential capacity-potential curves of polyerystalline 
gold in 1N HCIO4 at 5~ with 0M, 0.01M, and 0.1M methanol 
added. 
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place at  or a round  the zero point  of charge (z.p.c.) 
of the metal .  At  potent ia ls  anodic and cathodic to 
this z.p.c, the  adsorbed substance is expel led  f rom 
the ( inner)  double layer ,  p r e sumab ly  through re -  
p lacement  by  anions, cations, or wa te r  dipoles. This 
expulsion expresses i tself  in m a x i m a  in the capa-  
c i ty -po ten t i a l  behavior  of the system. The z.p.c, is 
to be found in the poten t ia l  region enclosed by  the 
capaci ty  peaks caused by  adsorpt ion or desorpt ion 
of neu t ra l  molecules. The z.p.c, of (110) and (100) 
gold in HC104 has been t en ta t ive ly  identified as be-  
ing at 0.00 and- -0 .05v ,  respect ive ly  (9).  This point  
is be tween the two peaks observed (on po lyc rys ta l -  
l ine Au)  wi th  methanol ,  as expected,  but  it  lies ve ry  
close to the  peak  at  --0.1v, a ma t t e r  which is dis-  
cussed below. 

I t  is seen f rom Fig. 3 tha t  the peaks  at  ~ l . 3 v  due 
to oxygen adsorpt ion  are  m a r k e d l y  enhanced in 
methanol -con ta in ing  solutions. No definite exp lana -  
t ion can be offered for this phenomenon.  Methanol  
is oxidized on Pt  be tween  +0.8 and -t-l.0v (12) 
whereas  no oxidat ion could b e  observed on gold Up 
to + l . 4 v  as judged  f rom the charging curves. This 
high overpoten t ia l  of the oxidat ion of methanol  on 
gold suggests coverage of the e lectrode wi th  me th -  
anol oxidat ion in te rmedia tes  s imilar  to the coverage 
jus t  before  oxygen evolution, wi th  oxygen, observed 
on many  metals  wi th  high oxygen evolution over-  
voltage. Coverage wi th  methanol  oxidat ion in te r -  
media tes  could very  wel l  lead to a higher  peak  in 
the  capac i ty -po ten t ia l  curve. However ,  cathodic and 
anodic charging curves show no difference be tween  
me thano l - f r ee  and methano l -con ta in ing  solutions. 

F igure  4 shows the ve ry  s imilar  behavior  of the 
capac i ty -po ten t i a l  curves observed wi th  methanol  
and the other  alcohols used in this work.  The m a x -  
imum on the left  is seen to decrease when  going 
f rom C1 to C5, a phenomenon which can be expla ined  
by  a spread  of the  adsorpt ion region over an in-  
creas ingly  wider  potent ia l  range. For  example,  the 
corresponding adsorpt ion of n -bu tano l  on mercu ry  
occurs over  a region of 0.6v (13). The desorpt ion 
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Fig. 4. Differential capacity-potential curves of  polycrystalline 
gold in 1N HCI04 at 5~ with O.1M n-C1 through n-C~ added. 

range  of the  alcohols on the anodic side is quite 
na r row as indicated by the steep fal l  of the capaci ty  
to the min imum at + l . l v .  This again is s imilar  to 
the  behavior  shown by n -bu t ano l  on mercu ry  (13). 

Alcohols in acid are  pro tona ted  to a cer ta in  extent ,  
more so wi th  increasing chain length. This also 
causes an increase in the hydra t ion  of the molecule 
which should lead to a decrease in adsorbabi l i ty ,  
making  the adsorpt ion of the neu t ra l  molecule  en-  
e rge t ica l ly  more favorable.  Moreover,  since hyd ro -  
gen adsorpt ion does not seem to be ve ry  pronounced 
on gold (14), the  p ro tona ted  species should be ad-  
sorbed far  into the cathodic region, tha t  is more 
than  jus t  0.6v cathodic f rom the anodic desorpt ion 
peak.  The reason for the smal ler  peaks  of amyl  a l -  
cohol can be sought in the lower  dipole  moment  (15) 
if one is wil l ing to assume tha t  the adsorpt ion bond 
is es tabl ished by  electronic in terac t ion  of the  meta l  
wi th  the dipole, this leading to a (smal l )  increase in 
the  charge  on the metal .  The oxygen adsorpt ion  peak  
is s l ight ly  higher  for amyl  alcohol than  for the other  
alcohols, the difference being jus t  outside the  exper i -  
menta l  error.  This may  be for the same reasons dis-  
cussed above for the difference be tween methanol  
and pure  base electrolyte.  

The desorpt ion of n -bu tano l  from mercu ry  on the 
cathodic side s tar ts  at potent ia ls  s l ight ly  anodic to 
the z.p.c. (13). Moreover,  a shift  of the z.p.c, to 
more posi t ive potent ia ls  in HC104 containing alco- 
hols appears  to be feasible.  Also, a small  shift as 
compared  to single c rys ta l  e lectrodes may  be a l -  
lowed for because of the po lyc rys ta l l in i ty  of the 
electrodes used in this  work. For  these reasons we 
do not bel ieve  tha t  a serious a rgument  can be made 
against  identification of the  z.p.c, of gold in HC104 
f rom the fact tha t  this z.p.c, is close to one of the 
peaks observed wi th  added alcohols. 

To obtain fu r the r  exper imen ta l  evidence, 0.1M 
anil ine was added to the base electrolyte.  Ani l ine  
should be pro tona ted  almost  complete ly  in 1N HC104 
and should also show at least  some specific adsorp-  
t ion due to ~r e lectron interact ion.  A desorpt ion peak  
on the anodic side of the z.p.c, potent ia l  should the re -  
fore be expected whereas  the peak  on the cathodic 
side should be displaced to h igher  cathodic poten-  
tials. Since ani l ine is oxidized at  ~-0.4v and the po-  
lar iz ing electrode was in the same compar tment  wi th  
the  gold electrode,  da ta  were  t aken  only be tween  
--0.2 and +0.3v (region of nea r ly  ideal  po la r izab i l -  
i ty ) .  The resul ts  are shown in Fig. 5 and are  ent i re ly  
in keeping wi th  the point  of v iew presented  here. 

Summary 

The different ial  capaci ty  of a polycrys ta l l ine  gold 
electrode in 1N ttC104 was s tudied and compared to 
data  on single crys ta l  electrodes obtained previously.  
The capac i ty -po ten t i a l  behavior  is s imilar ,  except  
in the oxygen adsorpt ion region where  the po lycrys -  
ta l l ine  electrode shows a marked  r e t a rda t ion  of 
oxygen uptake.  This is t aken  as evidence for oxygen 
adsorpt ion on fixed si~es wi th  the  (100), the  (110), 
and possibly other  crys ta l  faces prefer red .  The dif -  
ference in the capac i ty -po ten t ia l  curve at 25 ~ and 
at 5~ is a t t r ibu ted  to C104- exclusion at the  lower 
t empera tu re  caused by  Grahame ' s  " ice- l ike"  layers .  
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Fig. 5. Differential capacity-potential curves of polycrystalline 
gold in 1N HCIO4 at 5~ with 0.1M aniline added. 

The  a d s o r p t i o n  of a lcohols ,  n-C1 t h r o u g h  n-Cs,  
f r om 1N HC104 was  i nves t i ga t ed .  N e w  c a p a c i t y  
p e a k s  a t  - -0.4 and  + 0 . 5 v  w e r e  f o u n d  w i t h  the  h e i g h t  
be ing  s t r o n g l y  d e p e n d e n t  on a lcoho l  c o n c e n t r a t i o n  
up  to 0.1M, at  l eas t  for  me thano l .  G r a d u a l  d i s a p -  
p e a r a n c e  of t he  n e w  ca thod ic  p e a k  w i t h  i nc r e a s ing  
cha in  l e n g t h  is a t t r i b u t e d  to a b r o a d e n i n g  of t he  
p o t e n t i a l  r eg ion  of adso rp t ion .  The  effect of the  a l -  
cohols  on the  o x y g e n  a d s o r p t i o n  p e a k s  is p r e s u m a b l y  
caused  b y  a d s o r p t i o n  of a lcoho l  o x i d a t i o n  i n t e r -  
med ia t e s .  

The  a p p e a r a n c e  of t he  a lcohol  a d s o r p t i o n  peaks ,  
one ca thod ic  and  one anodic  to t he  sugges t ed  z.p.c. 
of (100) and  (110) gold  in  }IC104 is t a k e n  as e x -  
p e r i m e n t a l  p roo f  for  t he  z.p.c, of gold  be ing  at  or  
v e r y  close to 0.0v. This  is s u p p o r t e d  b y  a c a p a c i t y  
p e a k  on the  anod ic  s ide  of th is  z.p.c, o b s e r v e d  in 1N 
HC104 w i t h  an i l i ne  added .  
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Electrochemical Study of the Nickel-Hydrogen System 
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ABSTRACT 

A s tudy has been made  to de te rmine  the potent ia l  of a mixed  n i c k e l - h y d r o -  
gen e lec t rode  conta in ing up to about  0.7 H atoms per  N'i atom. Nickel  l ayers  
e lec t rodeposi ted  on copper  foils were  charged cathodical]y in sulfuric  acid  solu- 
tions containing th iourea  or  se lenium dioxide  as cata lyt ic  poisons of the  hydro-  
gen recombina t ion  reaction.  The e lect rode potent ia l  of n ickel  charged  wi th  h y -  
d rogen  and kinet ics  of decomposi t ion of the hydr ide  phase were  s tudied as func-  
tions of t ime of hydrogen  desorpt ion  and pH of the  electrolyte .  The resul ts  show 
that  the  n icke l -hydrogen  sys tem behaves  e lec t rochemical ly  l ike the pa l l ad ium-  
hydrogen  system. The  open-c i rcui t  po ten t ia l  of NiH0.4, i.e., of a n icke l -hydrogen  
e lec t rode  p re sumab ly  containing a mix tu re  of a lpha  and be ta  phases, is a 
l inear  funct ion of pH, wi th  a va lue  app rox ima te ly  0.13v less noble than  tha t  of 
the hydrogen  electrode.  The desorpt ion r a t e  of hydrogen  f rom Ni-H depends  
on the pH. 

I t  has  been  r e p o r t e d  in p r e c e d i n g  p u b l i c a t i o n s  l aye r s ,  and  s ingle  c rys t a l s  o b t a i n e d  b y  a s low so l id i -  
( l ,  2) t h a t  m a s s i v e  n i c k e l  s a m p l e s  (wi res ,  sheets ,  f icat ion f rom the  m e l t )  m a y  be  c h a r g e d  w i t h  h y d r o -  
and  rods  of p o l y c r y s t a l l i n e  n icke l ,  e l e c t r o p l a t e d  gen  to  con ten t s  as  h igh  as 0.7-0.8 H a toms  p e r  Ni  
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atom. The conditions br inging  out such a high sa tu-  
ra t ion degree of the meta l  wi th  hydrogen  are as 
follows: (i) cathodic polar iza t ion  at a sufficiently 
high current  densi ty;  (it) presence of cata lyt ic  poi-  
sons having the abi l i ty  to res t ra in  the recombinat ion  
react ion of hydrogen  into molecules;  ( i i i)  t e m pe r -  
a ture  not  h igher  than  about  80~ 

Under  these conditions hydrogen  pene t ra tes  in-  
te rs t i t i a l ly  into the nickel  crystals ,  and if the chem- 
ical potent ia l  of atomic hydrogen  at the e lec t ro ly te /  
meta l  in terface  is high enough, a hydr ide  phase of 
the  approx imate  composit ion NiH0.7 is produced.  

As shown by x - r a y  (3) and electron diffraction 
studies (4) ,  the nickel  hydr ide  NiH0.v has a fec c rys -  
ta l  la t t ice  wi th  a spacing about  6 % grea te r  than  tha t  
of pure  nickel.  The format ion  of this phase inside 
of the massive meta l  is therefore  accompanied wi th  
the  creat ion of very  high compression stresses (5). 
These decrease the amount  of hydrogen  which may  
be absorbed in te r s t i t i a l ly  wi th in  the nickel  crysta ls  
(6),  and, therefore,  a fu r the r  product ion of the  hy-  
dr ide  dur ing cathodic polar izat ion stops af ter  a 
cer ta in  depth  wi th in  the given nickel  specimen is 
at tained.  The l imit ing thickness of the nickel  layer ,  
which may  be t r ans fe r red  into the hydr ide  phase,  
depends on the poison added to the  e lec t ro ly te  in 
which the cathodic charging is performed.  For  ex-  
ample,  this thickness  is of the order  of 2/~ in the 
case of arsenic t r iox ide  used as poison, about 25# in 
tha t  of se lenium dioxide, and about  30# in tha t  of 
th iourea  (7).  

Catalyt ic  poisons, P, S, As, Se, Te, Bi, are thought  
to inhibi t  the hydrogen  recombinat ion  react ion 2H 
--> H2, and thus to increase the chemical  potent ia l  of 
atomic hydrogen  at  the working  cathode. Anions 
SO42- and PO43- having a high degree of oxidat ion 
and s tabi l i ty  are  not  reduced at the cathode and do 
not influence the process of hydrogen  penetra t ion,  
but  lower  oxides, such as sulfur  dioxide,  and ox-  
idized anions of other e lements  mentioned,  give by  
cathodic reduct ion free elements  and hydrides ,  for 
instance 

As203 ~ As -~ AsH3 

Evident ly ,  the format ion of a volat i le  hydr ide  is de-  
cisive for the poisoning effect and for the increased 
abi l i ty  of hydrogen  to pene t ra te  the cathodic metal .  
Thus, arsenic t r ioxide  is active as poison only at  po-  
tent ia ls  less noble t h a n - - 0 . 4 v ,  at  which the AsO2- 
ion is reduced into arsine (8).  Thiourea  is active due 
to its reduct ion  at the cathode into hydrogen  sulfide. 

It has been found by Baranowski  (9) that  e lec t ro-  
p la ted  nickel  layers,  when charged ca thodical ly  wi th  
hydrogen  at room t empera tu re  in 1N H2SO4 solution 
containing th iourea  as a catalyt ic  poison, absorb 
hydrogen  in amounts  dependent  on the cathodic 
current  density.  The isotherms, concentrat ion of 
hydrogen absorbed vs. current  density,  show two 
dist inct  changes in slope: one at  the atomic ra t io  
H : N i  ~ 0.03, and another  one at  H : N i  ~ 0.7. These 
isotherms and the curves of the dependence on the 
t empera tu re  of the amount  of hydrogen  absorbed 
at  a constant  cur rent  densi ty  suggest the existence 
of a fargoing s imi lar i ty  of the n icke l -hydrogen  sys-  
tem to the we l l -known  pa l l ad ium-hyd rogen  one. 

At  room t empera tu re  and s tandard  pressure  pa l l a -  
d ium and hydrogen  form two separa te  phases:  the 
a lpha phase  containing 0.025 atoms of hydrogen  per  
one pa l l ad ium atom, and the beta  phase in which 
the atomic rat io  H : P d  is app rox ima te ly  0.69 (10). 
The beta phase in P d - H  has a fcc crys ta l  la t t ice  wi th  
a spacing about  3.5% greater  than  tha t  of pure  pa l -  
ladium. This phase  is s imply formed at room tem-  
pe ra tu re  when gaseous molecular  hydrogen  at  
s t andard  pressure  is brought  into contact  wi th  mas-  
sive pa l lad ium.  In s imilar  condit ions nickel  absorbs 
only 6.10 -5 hydrogen  atoms per  meta l  atom. Recent 
exper imen ta l  da ta  (11) seem to suggest tha t  the 
high atomic ra t io  H : N i  ~ 0.7 corresponding to the 
presence of the hydr ide  phase may  be obta ined at a 
pressure  of gaseous hydrogen  of the order  of 2.104 
a tm in contact  wi th  nickel.  

Pa l l ad ium is be l ieved to have  0.55 holes per  a tom 
in the d shell, and since the magnet ic  suscept ibi l i ty  
of the P d - H  sys tem drops to zero when there  are 
about  0.6 hydrogen  atoms absorbed per  each pa l l a -  
d ium a tom (12), Mott and Jones (13) made  the as-  
sumption tha t  hydrogen  atoms give up the i r  elec- 
trons to the d shell  of pa l ladium,  i.e., tha t  the hyd ro -  
gen dissolved in pa l l ad ium is comple te ly  ionized. 

S imi la r ly  one might  assume that,  since nickel  has 
an average  of 0.6 holes per  each Ni atom, the filling 
up of these holes by  electrons t aken  f rom hydrogen  
atoms is a t ta ined  at an atomic rat io  H :Ni  ~ 0.6, i.e., 
not  fa r  f rom the l imit ing concentrat ion found ex-  
pe r imen ta l ly  for the Ni -H  system. This assumption 
is suppor ted  by  the fact  tha t  the  e lect r ica l  conduc-  
t iv i ty  becomes considerably  increased (14), and the 
sa tura t ion  magnet iza t ion  is reduced eventua l ly  to 
zero, by  the cathodic in t roduct ion of hydrogen  into 
nickel  (15). 

Hence, there  are  many  exper imen ta l  indicat ions 
as to the qual i ta t ive  s imi la r i ty  of both the systems 
P d - H  and Ni-H. We, therefore,  thought  i t  useful  
to compare  the e lectrochemical  behavior  of these 
systems. 

Elect rochemical  studies of the p a l l a d i u m - h y d r o -  
gen alloys have been made  by  F r u m k i n  and A l a d -  
ja lova  (16), Brei ter  et al. (17), Hoare  and Schul-  
diner  (18), and others. If pa l l ad ium is immersed  in 
an acid solution and brought  into contact  wi th  gas-  
eous hydrogen  at  s t andard  pressure,  a g radua l  shift  
of the potent ia l  can be observed to values  charac-  
ter iz ing the hydrogen  electrode. The curves of the 
potent ia l  values  p lot ted  as functions of charging 
t ime or of hydrogen  concentra t ion show three  par t s  
cGrresponding to three  successive stages of pa l l a -  
d ium hydrogenat ion,  namely,  to the a lpha  phase,  the 
presence of two immiscible  phases (a lpha  plus 
be ta ) ,  and the be ta  phase. The be ta  phase, PdH0.69, 
has been repor ted  to reveal  the potent ia l  of a hydro -  
gen electrode,  whereas  wi th in  the range  of immis-  
c ibi l i ty  of the  a lpha and beta phases, the potent ia l  
has been found about  0.05 to 0.058v more noble 
than tha t  of the hydrogen  electrode.  

In the case of nickel,  one might  expect  more in-  
volved effects due to the  fact tha t  nickel  is less noble 
than  both pa l l ad ium and hydrogen,  and tha t  the 
be ta  phase  (hydr ide  phase)  in the N i -H  system is 
unstable  at o rd inary  conditions. This phase s tar ts  
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to  d e c o m p o s e  i m m e d i a t e l y  a f t e r  i n t e r r u p t i o n  of t h e  
ca thod ic  cha rg ing .  The  k ine t i c s  of i ts  decomp os i t i on  
c o r r e s p o n d s  to a f i r s t - o r d e r  r e a c t i o n  (9) .  I t  is m o r e  
s t ab le  in s ing le  c r y s t a l s  t h a n  in  a p o l y c r y s t a l l i n e  
n ickel ,  and  the  r a t e  of i t s  decompos i t i on  seems  to 
d e p e n d  on the  c r y s t a l  o r i e n t a t i o n  (19) .  

Experimental 

Main  e x p e r i m e n t s  w e r e  p e r f o r m e d  us ing  n i c k e l  
l a y e r s  e l e c t r o d e p o s i t e d  on copper .  A c o p p e r  foil ,  
0.05 m m  th ick ,  was  d e g r e a s e d  for  10 min  in a 10% 
bo i l ing  so lu t ion  of  KOH.  F u r t h e r ,  t h e  foi l  was  
w a s h e d  in  d i s t i l l ed  w a t e r  and  in  abso lu t e  a lcoho l  
and  e l e c t r o p o l i s h e d  for  2 ra in  in  o r t h o p h o s p h o r i c  
ac id  ( d e n s i t y  of t he  ac id  1.4, c u r r e n t  d e n s i t y  0.13 
a m p / c m 2 ) .  The  foi l  was  t h e n  q u i c k l y  i m m e r s e d  in 
d i s t i l l ed  w a t e r  and  in  a b s o l u t e  a lcohol ,  d r i ed ,  and  
h e a t e d  for  1 h r  a t  400~ and  n o r m a l  p r e s s u r e  in  a 
h y d r o g e n  a t m o s p h e r e .  A f t e r  cool ing to  r o o m  t e m -  
p e r a t u r e ,  t he  coppe r  foi l  was  coa t ed  e l e c t r o l y t i c a l l y  
b y  a b r i g h t  n i c k e l  p la te .  A so lu t ion  of 75g a m -  
m o n i u m - n i c k e l  su l f a t e  p e r  l i t e r  a t  40~176  and  at  
a c u r r e n t  d e n s i t y  of 0.004 a m p / c m  2 was  app l i ed .  
The  e l e c t r o p l a t e d  foi ls  w e r e  f u r t h e r  h e a t e d  for  1 h r  
in  v a c u u m  at  300~ The  t h i cknes s  of t h e  e l e c t r o -  
d e p o s i t e d  n i cke l  l a y e r  was  u s u a l l y  of the  o r d e r  of 
0.017mm. 

The  a b o v e  p r o c e d u r e  was  chosen  for  t he  f o l l o w -  
ing  reasons .  As  k n o w n ,  the  su r f ace  of e l e c t r o p o l i s h e d  
coppe r  shows  d i f f e ren t  s t ruc tu re s .  On the  o t h e r  hand ,  
t he  s t r u c t u r e  of t he  bas ic  su r f ace  is c o n t i n u e d  to a 
c e r t a i n  d e g r e e  b y  the  e l e c t r o d e p o s i t e d  me ta l .  Thus ,  
t he  h e a t i n g  of t he  coppe r  foi l  was  done  to p r o d u c e  
a m o r e  h o m o g e n e o u s  s t r u c t u r e  on the  me ta l .  The  
h e a t i n g  was  u n d e r t a k e n  at  a not  too h igh  t e m p e r a -  
tu re ,  s ince  t h e  a b s o r p t i o n  of too g r e a t  a m o u n t s  of 
h y d r o g e n  b y  the  bas ic  m e t a l  h a d  to be  avo ided .  
H e a t i n g  of  t he  n i cke l  p l a t e  was  p e r f o r m e d  in o r d e r  
to r e m o v e  s t resses  u s u a l l y  p r e s e n t  in  e l e c t r o d e -  
p o s i t e d  me ta l s .  S t r e s ses  w e r e  s h o w n  to effect  t h e  
a b s o r p t i o n  of h y d r o g e n  b y  n i cke l  (6 ) .  The  u p p e r  
l i m i t  of t he  a p p l i e d  h e a t i n g  t e m p e r a t u r e  was  d e -  
t e r m i n e d  b y  the  r e c i p r o c a l  d i f fus ion  r a t e s  in  t he  
C u - N i  sys tem.  D u r i n g  1 h r  a t  300~ the  d i f fus ion  
d e p t h  was  c e r t a i n l y  no t  g r e a t e r  t h a n  1% of t h e  
n i cke l  p l a t e  th i ckness .  

The  spec imens  w e r e  c h a r g e d  c a t h o d i c a l l y  a t  r o o m  
t e m p e r a t u r e  in  an  aqueous  so lu t ion  of 1N H~SO4 con-  
t a i n i n g  0.001g s e l e n i u m  d i o x i d e  or  0.2g t h i o u r e a  p e r  
l i te r .  A l a r g e  a m o u n t  of e l e c t r o l y t e  was  used  for  
cha rg ing ,  n a m e l y  2 l i t e r  p e r  each  30 cm ~ of t h e  
t r e a t e d  sample ,  s ince  d u r i n g  e l ec t ro ly s i s  t h e r e  oc-  
curs  a s l igh t  evo lu t i on  of H2Se or H2S, and  t h e  con-  
c e n t r a t i o n  of the  po i son  in  t he  e l e c t r o l y t e  g r a d u a l l y  
decreases .  T h e  c h a r g i n g  w i t h  h y d r o g e n  was  c a r r i e d  
out  a t  a ca thod ic  c u r r e n t  d e n s i t y  of 0.05 a m p / c m  2 
for  a suf f ic ient ly  long t i m e  to o b t a i n  t h e  l i m i t i n g  
c o n c e n t r a t i o n  of a b o u t  0.7 H a t o m s  p e r  each  Ni  
a tom,  i.e., a b o u t  140 cm 3 gas  a t  S.T.P.  p e r  l g  n icke l .  
The  h y d r o g e n  con ten t  of s a m p l e s  was  d e t e r m i n e d  
a f t e r  t h e  i n t e r r u p t i o n  of t he  ca thod ic  c h a r g i n g  b y  
m e a s u r e m e n t  of t he  v o l u m e  of  gas  d e s o r b i n g  u n d e r  
o r d i n a r y  cond i t ions  f r o m  the  c h a r g e d  spec imens .  
Usua l ly ,  a " t r a i n i n g , "  i.e., a p r e p a r a t o r y  t r e a t m e n t  
of t he  spec imens  b y  s e v e r a l  success ive  cha rg ings  

and  d i scha rg ings ,  was  p e r f o r m e d  in  o r d e r  to o b t a i n  
r e p r o d u c i b l e  resu l t s .  S u c h  a p r e p a r a t o r y  c h a r g i n g  
was  m a d e  in  1N H2SO4 w i t h  po i son  a t  a c u r r e n t  d e n -  
s i ty  of 0.02 a m p / c m  2 fo r  12 h r  or  more .  F o r  d i s -  
cha rg ing ,  t h e  s p e c i m e n  was  i m m e r s e d  in  d i s t i l l ed  
w a t e r ,  a n d  t h e  v o l u m e  of e scap ing  h y d r o g e n  was  
obse rved .  Once  t h e  l i m i t i n g  h y d r o g e n  c o n c e n t r a t i o n  
was  a t t a i n e d  in  t he  g iven  sample ,  i t  n e x t  b e h a v e d  
qu i t e  r e p r o d u c i b l y  and  could  be  used  for  k ine t i c  
a n d  e l e c t r o c h e m i c a l  m e a s u r e m e n t s .  F o r  these ,  spec i -  
m e n s  p r e p a r e d  in  t he  a b o v e  w a y  w e r e  c h a r g e d  s e v -  
e r a l  hou r s  in  1N H2SO4 w i t h  or  w i t h o u t  po i son  a t  
0.05 a m p / c m  ~. A f t e r  cha rg ing ,  t he  spec imens  w e r e  
q u i c k l y  r i n s e d  w i t h  d i s t i l l ed  w a t e r ,  a n d  t h e  h y d r o -  
gen  con ten t  was  d e t e r m i n e d  b y  m e a s u r e m e n t  of t he  
v o l u m e  of d e s o r b i n g  gas  a t  25 ~ _ 0.05~ and  a t  
a t m o s p h e r i c  p re s su re .  The  a m o u n t  of e v o l v e d  gas  
was  d e t e r m i n e d  w i t h  an  a c c u r a c y  of 0.01 c m  3. A n  
i n t e r v a l  of 0.5 m i n  u s u a l l y  e l a p s e d  b e t w e e n  the  i n -  
t e r r u p t i o n  of  e l e c t r o l y t i c  c h a r g i n g  a n d  b e g i n n i n g  of 
t he  m e a s u r e m e n t  of d e s o r p t i o n  r a t e  and  o p e n - c i r c u i t  
po t en t i a l .  

The  r a t e  of h y d r o g e n  d e s o r p t i o n  was  m e a s u r e d  on 
spec imens  i m m e r s e d  in  a que ous  e l e c t r o l y t e s  d i f -  
f e r i n g  in  pH,  n a m e l y ,  su l fu r i c  acid,  w a t e r ,  a n d  so-  
d i u m  h y d r o x i d e  so lu t ions .  

M e a s u r e m e n t s  of the  o p e n - c i r c u i t  p o t e n t i a l  w e r e  
m a d e  a t  25~ in a vesse l  r e p r e s e n t e d  in  F ig .  1. I m -  
m e d i a t e l y  a f t e r  i n t e r r u p t i o n  of t he  c h a r g i n g  cu r r en t ,  
the  s p e c i m e n  w a s  t r a n s f e r r e d  into  th is  ves se l  con-  
t a i n ing  150 cm 3 of a p u r e  d e a e r a t e d  e l e c t r o l y t e  ( s u l -  
fu r ic  acid,  s o d i u m  h y d r o x i d e ,  or  a m i x t u r e  of b o t h ) ,  
a n d  the  p o t e n t i a l  was  m e a s u r e d  s i m u l t a n e o u s l y  w i t h  
v o l u m e  m e a s u r e m e n t s  of t he  evo lv ing  h y d r o g e n  gas. 
A m e r c u r y  s u l f a t e  r e f e r e n c e  e l ec t rode  was  used .  
Bo th  for  k ine t i c  and  e l e c t r o c h e m i c a l  m e a s u r e m e n t s ,  
s a m p l e s  5 m m  in w i d t h  a n d  15 cm in l e n g t h  w e r e  
app l ied .  Some  c o m p a r a t i v e  e x p e r i m e n t s  h a v e  been  
c a r r i e d  out  on m a s s i v e  n i c k e l  w i r e s  0.2 m m  in d i a m -  
e t e r  and  up  to 50 cm in l eng th .  In  th is  case t h e  l i m i t -  
ing  H : N i  r a t i o  c o r r e s p o n d i n g  to a c o m p l e t e  t r a n s -  
f o r m a t i o n  of n i c k e l  in t he  w h o l e  w i r e  sec t ion  in to  
NiH0.~ could  no t  be  ob ta ined .  

Results and Discussion 
A t y p i c a l  c u r v e  of changes  in t he  o p e n - c i r c u i t  p o -  

t e n t i a l  of a h y d r o g e n  c h a r g e d  n i c k e l  l a y e r  vs. t i m e  

Fig. 1. Vessel used for the measurement of the open-clrcuit 
potential of nickel charged with hydrogen. Sp, specimen; r.eh, 
reference electrode. 
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Fig. 2. Effect of time after interruption of cathodic charging 
on the open-circuit potential (hydrogen scale) of nickel. Specimen 
immersed in 0.1N H2SO4 solution. 
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Fig. 3. Effect of time of desorption in 0.1N H2SO4 solution on 
the hydrogen content of nickel charged cathodically. 

of desorpt ion is shown in Fig. 2. S imi la r ly  as it  has 
been observed by  F r u m k i n  (16) and others  for pa l -  
ladium, the  potent ia l  r ises in i t ia l ly  ve ry  quickly,  
and this corresponds to the discharge of the electr ic 
double layer .  Next,  there  appears  a par t  of the 
curve wi th  less slope, fol lowed by  an almost  hor i -  
zontal  pa r t  which is re la ted  to the presence in the  
electrode of both  the a lpha and beta  phases. La te r  
still,  the poten t ia l  changes ve ry  s lowly wi th  escap-  
ing hydrogen,  tending to a not ve ry  well  r ep ro -  
ducible  value  of the e lectrode potent ia l  of pure  
nickel.  

Specimens charged wi th  hydrogen  in the presence 
of th iourea  gave resul ts  ident ical  to those charged 
in the  presence of se lenium in sulfuric  acid solu- 
tion. There  occurred a slight incorporat ion of sul-  
fur  or se lenium on the nickel  surface, but  these e le-  
ments  ev iden t ly  had  a minor  effect on the electrode 
potent ia l  of the n icke l -hydrogen  electrode. The r e -  
p roduc ib i l i ty  of potent ia l  values  of the  mixed  Ni -H 
electrode was quite good, about •  mv  in a lka l ine  
solutions and •  mv in acids. Exper iments  pe r -  
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formed on massive nickel  wires  gave s imi lar  results,  
but, as ment ioned above, in this  case a t r ans fo rma-  
tion of the  whole wire  section into the  hydr ide  NiI-I0.~ 
could not be at ta ined.  

As m a y  be seen in Fig. 3 which i l lus t ra tes  the 
re la t ionship  be tween  the atomic ra t io  H : N i  and the 
t ime of desorpt ion  in 0.1N H 2 S O 4  solution, af ter  25 
rain the re  remains  in the  sample  an average  h y d r o -  
gen content  lower  than  Ni/-I0.1. When immersed  in 
a lka l ine  solutions, the  samples evolved hydrogen  
at a g rea te r  ra te  than  in acids, see Fig. 6. 

In  Fig. 4, the poten t ia l  is p lo t ted  as funct ion of the 
hydrogen  content.  Here  again, s imi la r ly  as found 
for pa l lad ium,  one may  observe three  par t s  corres-  
ponding to the  a lpha  phase,  the range of immisc ib i l -  
i ty  of the  a lpha and be ta  phases, and the be ta  phase.  

F igure  5 shows the effect of pH of the solution on 
the open-c i rcu i t  po ten t ia l  of the  n icke l -hydrogen  
e lect rode containing both the a lpha  and be ta  phases. 
This plot  was d rawn  using potent ia l  values for elec- 
t rodes containing 0.4 H atoms per  one Ni atom. As 
may  be seen, the  re la t ionship  be tween  the potent ia l  
of the NiH0.4 electrode and pH is represen ted  by a 
s t ra ight  l ine shif ted some 0.13v toward  less noble 
values than  those character iz ing the  hydrogen  elec-  
trode. If  the  assumpt ion  were  made  tha t  N i - H  be-  
haves l ike  a revers ib le  electrode, one would obtain 
104 a tm as the  pressure  of hydrogen  gas in equi-  
l ib r ium with  NiH0.4. This order  of magni tude  was 
also found in a recent  observat ion by  Baranowski  
(11) who showed tha t  under  a pressure  of 2.104 
atm the nickel  hydr ide  does not decompose at room 
t empera tu re  any more. 

The above resul ts  show that,  despi te  the fact  tha t  
nickel  is less noble than  hydrogen,  not  nickel,  but  

mV -i~O 
o( 
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Fig. 4. Relationship between the electrode potential of nickel in 
0.1N H2SO4 solution, and hydrogen content. 
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Fig. 5. Relationship between the electrode potential of NiHo.4, and 
pH of the solution. For comparison, the straight line for the hydro- 
gen electrode is also plotted. 
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Fig. 6. Relationship between the rate constant k of hydrogen 
desorption from NiH0.7, and pH of the solution in which the 
specimen is immersed after interruption of the cathodic charging. 
Ranges indicated on the diagram illustrate the scattering of ex- 
perimental results when three different specimens of electrode- 
posited nickel have been used. The reproducibility was much better 
in the case of one specimen used for all the experiments. 

p r i m a r i l y  h y d r o g e n  is ionized,  w h e n  a m i x e d  N i - t I  
e l ec t rode  is i m m e r s e d  in  an  aqueous  e l ec t ro ly t e .  

The  de so rp t i on  r a t e  of h y d r o g e n  f r o m  N i - H  d e -  
pends  on t h e  p H  of t he  s u r r o u n d i n g  aqueous  m e -  
d ium.  This  effect is i l l u s t r a t e d  in Fig .  6, in w h i c h  
the  r a t e  cons t an t  k f r o m  the  e q u a t i o n  

dv 
m - -  k . v  
dt 

(v is v o l u m e  of h y d r o g e n  c o m p r i s e d  b y  the  g iven  
sample ,  and  t, t i m e )  is p l o t t e d  as func t ion  of pH.  As  
m a y  be  seen,  t he  d e s o r p t i o n  r a t e  is m u c h  g r e a t e r  in  
a l k a l i n e  m e d i a  t h a n  in acids,  and  at  p H  ~ 6 t h e r e  
occurs  a change  in s lope  of t he  c u r v e  k ~ pH.  A s  
shown  in Fig .  6, t he  r e p r o d u c i b i l i t y  of e x p e r i m e n t a l  
r e su l t s  was  b e t t e r  in  ac id  t h a n  in a l k a l i n e  solu t ions .  

I t  is w o r t h  m e n t i o n i n g  t h a t  r e c e n t l y  B a g o t s k a i a  
(20) o b s e r v e d  a g r e a t e r  r a t e  of h y d r o g e n  p e r m e a -  
t ion  t h r o u g h  an  i ron  m e m b r a n e  w h e n  its ou tgo ing  
su r f ace  was  b r o u g h t  in to  con tac t  w i t h  an  a l k a l i n e  
so lu t ion  (2N N a O H ) ,  as c o m p a r e d  w i t h  t he  case 
w h e n  an  ac id  m e d i u m  (2N H2SO4) was  app l i ed .  
B a g o t s k a i a  sugges t s  t ha t  th is  effect is due  to a 

g r e a t e r  e n e r g y  of t he  Me-Hads b o u n d a r y  in a l k a l i n e  
t h a n  in ac id  so lu t ions  (21) .  

Manuscr ip t  rece ived  June  22, 1962; rev ised  m a n u -  
script  received Sept.  7, 1962. 

Any  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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Anodic Oxidation of Methanol on Platinum 
III. Adsorption Kinetics in Acidic Solution 

M. W. Breiter 
Research Laboratory, Genera~ Electric Company, Schenectady, New York 

ABSTRACT 

The rate of methanol  adsorption dur ing low-speed, periodic potent ial  sweeps 
was computed on the basis of the measured current  density and the methanol  
coverage in the potential  region of the prewave dur ing the anodic sweep and 
of the shoulder of the wave dur ing  the cathodic sweep. The rate of adsorption 
was analyzed as a funct ion of free surface area, potential,  and methanol  bu lk  
concentration. The found dependence suggests that  each methanol  molecule 
covers two p la t inum atoms on the average. The rate of adsorption is potential-  
dependent.  It  decreases with potential  on both sides of 0.65v. The rate constant  
of the discharge step of adsorbed methanol  molecules is smaller  dur ing  the 
anodic sweep than  dur ing  the cathodic sweep whi le  the rate  constant  of the 
adsorption step shows the opposite behavior.  This effect is in terpreted by the 
concept that  the heat of adsorption of methanol  molecules on a surface whose 
oxygen coverage has just  been reduced has a lower value ini t ia l ly than some 
time later. 

Resul ts  on the adsorp t ion  of m e t h a n o l  molecules ,  
oxygen  atoms, and  h y d r o g e n  atoms on smooth  p la t i -  
n u m  wire  electrodes in  uns t i r r ed  perchlor ic  acid 
solut ions w i th  different  addi t ions  of m e t h a n o l  were  
repor ted  for the po ten t i a l  reg ion  of the anodic  
m e t h a n o l  ox ida t ion  in  the  first pape r  of this  series 
(1) .  The  m e t h a n o l  coverage ~M was ob ta ined  as a 
func t ion  of po ten t i a l  U and  m e t h a n o l  b u l k  con-  
cen t ra t ions  oCM from expe r imen t s  in  which  a pe r i -  
odic vol tage  of t r i a n g u l a r  w a v e f o r m  wi th  a sweep 
ra te  of 30 m v / s e c  was  appl ied  po ten t ios ta t i ca l ly  to 
the test  electrode. The shape of potent ios ta t ic  cu r -  
r e n t - p o t e n t i a l  curves  which  were  m e a s u r e d  u n d e r  
the  same condi t ions  was  i n t e rp r e t ed  on the  basis  of 
the adsorp t ion  resul t s  in  the second paper  (2) .  I t  
was shown  the re  tha t  the  c u r r e n t  dens i ty  obeys the  
fo l lowing equa t ion  in  the po ten t i a l  reg ion  of the 
r i s ing  pa r t  of the first ox ida t ion  wave  du r ing  the  
anodic  sweep for 0.3 --~ ~M < 0.9 and  0.01M ----- oCM 
--~ 1M: 

~ n F U  
I ~ I1 = kl~M exp ~ [1] 

R T  

Here,  I des ignates  the  ne t  c u r r e n t  densi ty ,  wh ich  is 
essen t ia l ly  equa l  to the  c u r r e n t  dens i ty  I1 due  to 
the  ox ida t ion  of adsorbed  molecules ;  kl is the  ra te  
cons tan t  of the  d ischarge  step, n is the  n u m b e r  of 
e lec t rons  invo lved  in  the  d ischarge  step, and  a is 
the  t r a n s f e r  coefficient. I t  was conc luded  f rom the  
decrease of ~M wi th  inc reas ing  po ten t i a l  in  the  oxi-  
da t ion  reg ion  and  f rom the  va l id i ty  of Eq. [1] t ha t  
a d ischarge  step and  an  adsorp t ion  step are r a t e -  
d e t e r m i n i n g  s imul t aneous ly .  In  the m e n t i o n e d  re -  
gion the  difference b e t w e e n  the  ra tes  of adsorp t ion  
and  of d ischarge  can be re la ted  to the  change  in  
coverage t h rough  

d~M 
F r  --  Ia - -  11 [2] 

d t  

where  Ia is the ra te  of adsorp t ion  which  depends  
on oCM, ~M, and  U, and  F r  corresponds  to a surface 
coverage of a mono l a ye r  of m e t h a n o l  molecules.  As 
oCM, ~M, U, a nd  I1 are k n o w n  the ra te  of adsorpt ion  
is compu tab le  on the  basis  of Eq. [2] in  a s imple  
way.  

I t  is the purpose  of this  paper  to d e t e r m i n e  and  
discuss the dependence  of Ia on free sur face  area, 
potent ia l ,  and  m e t h a n o l  b u l k  concen t r a t i on  in  order  
to get i n f o r m a t i o n  on the  adsorp t ion  mechan i sm.  
Values  of 8M, I1, and  U which  were  d e t e r m i n e d  p re -  
v ious ly  (1) u n d e r  the  same condi t ions  of a periodic,  
l ow-speed  po ten t i a l  sweep are used  for the  analysis .  
Whi le  the  ra te  of adsorp t ion  of organic  species on 
m e r c u r y  has been  the  sub jec t  of ex tens ive  s tudies  
(3) in  recen t  years,  few resul ts  on the  ra te  of ad -  
sorpt ion  have  been  repor ted  for solid electrodes.  
M a n y  s tudies  deal t  wi th  the  ques t ion  of w h e t h e r  or 
no t  the  ra te  of the  anodic  ox ida t ion  of molecu la r  
h y d r o g e n  on p l a t i n u m  could be i n t e r p r e t e d  by  the  
h i n d r a n c e  of adsorp t ion  steps (4, 5). Munson ' s  r e -  
cent  t r e a t m e n t  (6) cons idered  the  inf luence  of an  
adsorp t ion  step on t r ans i t i on  t imes,  as d e t e r m i n e d  
by  a ga lvanos ta t i c  t echnique ,  but ,  for reasons  of 
s impl ic i ty ,  did no t  t ake  into account  the  inf luence 
of the  surface  coverage on the  adsorp t ion  rate.  Gi l -  
m a n  (7) developed a n e w  t echn ique  and  car r ied  out  
an  i n t ens ive  s tudy  of the  ra te  of CO-adso rp t ion  on 
smooth  p l a t i n u m  wi re  electrodes in  1N HC104. As 
for m a n y  organic  subs tances  on mercu ry ,  the  ad-  
sorpt ion  step was  found  to be less h i n d e r e d  t h a n  
other  processes on p l a t i n u m  for most  of the  sys tems 
(4, 6, 7) s tud ied  so far. However ,  m e t h a n o l  and  
o ther  alcohols or species of s imi la r  n a t u r e  appear  

to unde rgo  adsorp t ion  steps on p l a t i n u m  wi th  suffi- 

c ien t ly  la rge  ac t iva t ion  energies  to inf luence  the  
ra t e  of oxidat ion.  
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Fig. 1. Potentiostatic current-potential curves at 30 mv/sec on 
smooth platinum in IN HCIO4 with different amounts of methanol: 

IM CH3OH; - -  - -  - -  0.1M CH3OH; . . . . . .  0.01M CH3OH. 

Results 

P o t e n t i o s t a t i c  I -U curves  w h i c h  w e r e  m e a s u r e d  
at  30 m v / s e c  in u n s t i r r e d  so lu t ions  (1N HC104 w i t h  
d i f fe ren t  concen t r a t i ons  of CH3OH) at  30~ a re  p l o t -  
t ed  in  Fig.  1. The  e l ec t rode  p o t e n t i a l  is r e f e r r e d  to 
a h y d r o g e n  e l ec t rode  in  the  s ame  so lu t ion  as t he  tes t  
e l ec t rode  t h r o u g h o u t  th is  pape r .  The  cu rves  have  
the  c h a r a c t e r i s t i c  shape  w i t h  two  o x i d a t i o n  w a v e s  
d u r i n g  the  anodic  sweep  and  one o x i d a t i o n  w a v e  
d u r i n g  the  ca thod ic  sweep.  I t  was  shown  (2) t h a t  
the  first  anodic  p e a k  canno t  be  i n t e r p r e t e d  on the  
bas is  of d i f fus ion control .  The  s ame  a r g u m e n t s  ho ld  
for  t he  i n t e r p r e t a t i o n  of t he  p e a k  d u r i n g  the  
ca thodic  s w e e p  w h i c h  has  n e a r l y  t h e  s ame  h e i g h t  as 
the  first  p e a k  of t he  anodic  sweep  in the  s a m e  so lu -  
t ion.  

To see if  Eq. [1 ] is a p p l i c a b l e  for  p a r t  of t he  w a v e  
of the  ca thod ic  sweep ,  p lo t s  of log I/6M VS. U w e r e  
m a d e  in the  r e s p e c t i v e  p o t e n t i a l  r eg ions  for  t he  
t h r e e  I -U curves  of Fig.  1. These  cu rves  a r e  g iven  
in Fig.  2. F o r  p u r p o s e s  of  c o m p a r i s o n  the  c o r r e -  
s p o n d i n g  p lo t s  for  t he  first  w a v e  of t he  anod ic  
sweep  w h i c h  w e r e  p u b l i s h e d  a l r e a d y  (2)  a r e  g i v e n  
also. The  e x p e r i m e n t a l  po in t s  of the  anodic  sweep  
s ca t t e r  a r o u n d  a s t r a i g h t  l ine.  The  s y s t e m a t i c  d e -  
v ia t ions  at  m o r e  anodic  po t en t i a l s  w e r e  a t t r i b u t e d  
(2)  to the  inf luence  of an  a d d i t i o n a l  o x i d a t i o n  r e -  
ac t ion  of m e t h a n o l  w i t h  t he  r a t e  /2 on the  f r ee  s u r -  
face. F i g u r e  2 d e m o n s t r a t e s  t he  a p p l i c a b i l i t y  of Eq. 
[1]  for  t he  w a v e s  of the  ca thod ic  sweep  at  p o t e n -  
t ia l s  w h i c h  a r e  m o r e  ca thod ic  t h a n  the  p e a k  p o t e n -  
t i a l  (see  Fig.  1). H o w e v e r ,  the  p a r a l l e l  log I/OM-U 
l ines  do no t  co inc ide  as for  the  anod ic  sweep.  The  
s lopes  of the  l i nea r  p a r t s  of t he  log  I/~M-U cu rves  
differ  s o m e w h a t  for  the  anodic  and  ca thod ic  sweep.  
The  d i f fe rences  in kl  and  ~ for  t he  anodic  a n d  c a t h -  
odic  s w e e p  can  be  u n d e r s t o o d  as fol lows.  M e t h a n o l  
o x i d a t i o n  d u r i n g  the  ca thod ic  s w e e p  occurs  on a 
s u r f ace  f r e s h l y  " a c t i v a t e d "  b y  the  p r e c e d i n g  r e d u c -  
t ion  of the  o x y g e n  l ayer .  The  h i g h e r  a c t i v i t y  l eads  
to l a r g e r  kl  va lue s  ( c o m p a r e  t he  loca t ion  of the  
l i nea r  p a r t s  of the  log I/~M-U curves  in Fig.  2) .  

CATHODIC SWEEP 

O.i - - - -  -~ l s  
0.60 0.65 030 0.75 

U(v) 

Fig. 2. Logarithmic plot of I/OM vs. U in the potential region of 
the first oxidation wave during the anodic sweep and of the 
wave during the cathodic sweep. % IM CH3OH; A,  0.1M CH3OH; 
I-], 0.01M CH3OH. 

N e a r l y  a m o n o l a y e r  of m e t h a n o l  mo lecu le s  has  been  
p r e s e n t  for  some t ime  in a l l  so lu t ions  w h e n  t h e  ox i -  
d a t i o n  s t a r t s  d u r i n g  the  anod ic  sweep.  C o r r e s p o n d -  
i n g l y  the  de v i a t i ons  of t h e  e x p e r i m e n t a l  po in t s  a t  a 
g iven  p o t e n t i a l  for  0.01M, 0.1M, and  1M CH~OH 
f r o m  an  a v e r a g e  v a l u e  a r e  l a r g e r  d u r i n g  the  c a t h -  
odic s w e e p  t h a n  d u r i n g  the  anodic  one. The  h e i g h t  
of the  p e a k  d u r i n g  the  ca thod ic  sweep  was  f o u n d  
m o r e  sens i t ive  to a change  of t he  p o t e n t i a l  of r e -  
v e r s a l  in the  o x y g e n  r e g i o n  t h a n  the  h e i g h t  of the  
p e a k  of t he  anod ic  s w e e p  in t he  s ame  solut ion .  

A c loser  c o m p a r i s o n  b e t w e e n  the  r e su l t s  in  Fig.  2 
and  Fig.  1 for  1M CH3OH shows  t ha t  Eq. [1]  is a p -  
p l i cab l e  in  t he  p o t e n t i a l  r e g i o n  of a p r e w a v e  d u r i n g  
the  anod ic  s w e e p  and  of a s h o u l d e r  on  the  l e f t  s ide  
of the  w a v e  of t he  ca thod ic  sweep.  The  s y s t e m a t i c  
de v i a t i ons  of t he  e x p e r i m e n t a l  po in t s  f r o m  the  
s t r a i g h t  l ines  in the  v i c i n i t y  of t he  p e a k s  can  be  a t -  
t r i b u t e d  for  t he  ca thod ic  s w e e p  as we l l  as for  the  
anod ic  sweep  to t he  oc c u r r e nc e  of an  a d d i t i o n a l  ox i -  
da t i on  r e a c t i o n  of m e t h a n o l  mo lecu le s  on the  f r ee  
su r f ace  w h i c h  obeys  o t h e r  k ine t i c  l aws  t h a n  Eq. 
[1] .  S ince  the  k ine t i c s  of th is  r e a c t i o n  a r e  no t  
k n o w n ,  t he  d i scuss ion  of Ia w i l l  be  r e s t r i c t e d  to t h e  
r e s p e c t i v e  p o t e n t i a l  r eg ions  w h e r e  Eq. [1]  holds .  

The  r e su l t s  of the  c o m p u t a t i o n  of Ia a r e  p l o t t e d  
in Fig.  3 for  t he  anodic  sweep .  T h e r e  is an  u n c e r -  
t a i n t y  in t he  FF v a l u e  and  t h e r e f o r e  in  Ia. The  
cha rge  for  t he  anod ic  r e m o v a l  of a m o n o l a y e r  of 
a d s o r b e d  mo lecu l e s  was  d e t e r m i n e d  b y  fas t  p o t e n -  
t ios ta t i c  p o t e n t i a l  sweeps  (1 ) .  The  o b t a i n e d  F r -  
v a l u e  of 0.3 m c o u l / c m  2 is r a t h e r  smal l .  This  sug -  
ges ts  t h a t  t he  o x i d a t i o n  d u r i n g  the  fas t  s w e e p  does 
not  l e ad  p r i m a r i l y  to c a r b o n  d iox ide  (s ix  e l ec t rons )  
as i t  is t r ue  for  t he  m e a s u r e m e n t s  a t  l ow  sweep  
r a t e s  w h i c h  c o r r e s p o n d  n e a r l y  to s t e a d y - s t a t e  con-  
d i t ions .  As  f o r m a l d e h y d e  is t he  first  s t ab le  i n t e r -  
m e d i a t e  in t he  anod ic  m e t h a n o l  ox ida t ion ,  the  two  
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Fig. 3 .  Plot of la/oCM for m : 1 and m = 3 vs. ~f on a double 
logarithmic scale for different potentials and methanol c o n c e n t r a -  

tions, o, 0.68v; A ,  0.7Or; F'], 0.72v; e, 0.74v. 

l imi ts  for the ra te  of adsorp t ion  are ob ta ined  for m 
= 1 and  m = 3 f rom the  more  genera l  f o rmu l a  

I~ = I1 + m F r  - - -  [3] 
At 

w i th  F r  = 0.3 m c o u l / c m  2. The l o g a r i t h m  of the  two 
l imi t ing  va lues  for IJoCM is p lo t ted  in  Fig. 3 vs.  the  
l oga r i t hm of the  r e l a t ive  free surface  area at four  
d i f ferent  po ten t ia l s  for the  curves  in  Fig. 1 a nd  for 
oCM = 0.5M. The re la t ive  free surface  81 which  is 
p ropor t iona l  to the  n u m b e r  of P t - a t o m s  on the  75% 
of the  surface  which  become covered b y  adsorbed  
m e t h a n o l  molecules  (1) was  computed  f rom 

Q H -  0.25 �9 ~QH 
O j  = [4] 

0.75 sQH 

Here,  QH is the  a m o u n t  of adsorbed  h y d r o g e n  a toms 
in  m c o u l / c m  ~, sQH is the  va lue  for a monolayer .  A 
correc t ion  for the  change  of the  m e t h a n o l  concen-  
t r a t i on  in  the  diffusion l ayer  was  no t  appl ied  be -  
cause it  is sma l l e r  t h a n  5% for oCM = 0.01M and  
neg l ig ib le  for 0.1M ~ oCM ~ 1M as follows f rom an  
es t imate  of the  l im i t i ng  diffusion c u r r e n t  dens i ty  of 
m e t h a n o l  molecules  f rom the  f o r m u l a  

6DMF 
I ~ - - - -  oCM [5] 

w i th  DM ~-~ 10 -5 cm2/sec and  ~ ~ 0.06 cm for u n -  
s t i r red  solutions.  Il is equa l  to 10 m a / c m  2 for oCM = 
0.01M. The  e x p e r i m e n t a l  poin ts  in  Fig. 3 scat ter  
a r o u n d  s t ra igh t  l ines  w i th  equa l  slope at the  same 
potent ia l .  

Conclusions 

F i g u r e  3 demoris t ra tes  t ha t  the r a t e  of adsorp t ion  
can be descr ibed  in  a good a p p r o x i m a t i o n  by  the 
equa t ion  

Ia = J~(U) �9 0f" " oCM [6] 

Here,  the  p o t e n t i a l - d e p e n d e n t  r a t e  cons tan t  is r ep -  
r e sen ted  b y  f ( U ) ;  p is a constant .  The va lue  of p 
was  found  equa l  to 1.85. This  va lue  is close to 2 and  
suggests  tha t  each adsorbed m e t h a n o l  molecule  

f 
CATHODIC J o  I M CHsOH 

SWEEP " ~  O.IM CH30H 
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..,.~SWEEP 

..E-.,~. 

I J _ _ 1  0.60 0.65 O.TO 0.75 
U (v) 

Fig. 4. Logarithmic plot of the rate-constant of the adsorption 
step vs. potential for the anodic and cathodic sweep. 

covers two adsorp t ion  sites ( p l a t i n u m  a toms) .  Then,  
the respec t ive  m - v a l u e  in  Eq. [3] should  be close 
to 3. This  conclus ion  is in  fair  a g r e e m e n t  w i th  the 
e x p e r i m e n t a l  va lues  of sQH = 0.34 m c o u l / c m  2 and  

2 " sQM 
sQM : 0.30 m c o u l / c m  2 as the  ra t io  

2 " 0 . 7 5 . ~ Q H  
1.17 is n e a r l y  equa l  to 1. 

The l o g a r i t h m  of f ( U )  is p lo t ted  vs.  U in  Fig. 4. 
For  the  anodic  sweep ] ( U )  was  d e t e r m i n e d  f rom 
the  s t ra igh t  l ines  in  Fig. 3, for the  cathodic sweep 
f ( U )  was computed  wi th  the  aid of Eq. [6] for the  
different methanol concentrations. As log f(U) 
does not differ much for m= i and m~ 3 dur- 
ing the cathodic sweep, only the values for m = 1 
are plotted. As expected from the results in Fig. 2, 
f(U) has the same value for 0.01 --~ oCM ~- IM dur- 
ing the anodic sweep while the curves during the 
cathodic sweep lie close but do not coincide. The 
rate of adsorption, as a function of potential, de- 
creases with increasing potential above 0.68v during 
the anodic sweep and above 0.65v during the cath- 
odic sweep. The curve at 1M during the cathodic 
sweep shows a maximum at about 0.645v. On mer- 
cury a maximum rate of adsorption (as a function 
of potential alone) occurs at a potential (8) close 
to the electrocapillary maximum. The curve at IM, 
taken with the fact that a similar situation exists 
on mercury, is evidence for the existence of a maxi- 
mum on platinum. Figure 4 shows that f(U) is 
greater at 0.68v and 0.69v during the anodic sweep 
than during the cathodic one. The opposite is true 
for the rate-constant of the discharged step of ad- 
sorbed molecules (see Fig. 2). These results suggest 
t ha t  an  "ac t iva ted"  ( jus t  r educed)  sur face  has a 
lower  hea t  of m e t h a n o l  adsorp t ion  in i t i a l ly  t h a n  
some t ime  la ter .  Then ,  the  ac t iva t ion  ene rgy  of the  
d ischarge  step of the  ox ida t ion  of adsorbed  mole -  
cules is sma l l e r  and  tha t  of the  adsorp t ion  step is 
l a rger  d u r i n g  the  cathodic sweep t h a n  d u r i n g  the  
anodic  one, as it  is observed.  A theore t ica l  t r e a t -  
m e n t  of the  above a r g u m e n t  can  be found  in  papers  
(9) abou t  the inf luence  of the  hea t  of h y d r o g e n  ad-  
sorp t ion  on the  k ine t ics  of h y d r o g e n  evolut ion .  

Manuscr ipt  received Aug. 27, 1962; revised m a n u -  
script received Nov. 5, 1962. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL. 
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Molten Carbonates as Electrolytes: 
Viscosity and Transport Properties 

George J. Janz and Fumihiko Saegusa 1 
Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York 

ABSTRACT 

The mel t  viscosit ies for Li2CO3, Na2CO3, and K2CO3 as a funct ion of tem-  
pe ra tu re  to 950~ have been precisely  de termined.  The t empe ra tu r e  depend-  
ence of the  viscosit ies can be expressed by  the Ar rhen ius - t ype  equat ion:  
n ~ Ae E/RT, the  values  for A(xl07)  and E(kca l  mole -1) being respect ive ly :  
Li2CO~, 141, 16.9; Na2CO3, 4.9, 25.7; K2CO3, 1.35, 29.1. The expe r imen ta l  values  
for E correspond closely to those pred ic ted  theore t ica l ly  for the t r anspor t  proc-  
ess, assuming that  viscous flow is p r i m a r i l y  control led  by  migra t ion  of the  car-  
bonate  ion in these melts .  Elec t r ica l  t r anspor t  and viscous flow in carbonate  
and chlor ide mel ts  are  br ief ly examined.  

Some mel t  viscosit ies for the  t e rna ry  eutectic mix tu re  are  repor ted ,  but  
in te rp re ta t ion  awai ts  precise dens i ty  data. The present  resul ts  indicate  tha t  
s imple average  f luidi ty re la t ions  based on pure  carbonates  are  not  l ike ly  ap- 
pl icable  to mix tures  of carbonates  in the mol ten  state. 

C a r b o n a t e  m e l t s  h a v e  a p p r o x i m a t e l y  t he  s ame  
k i ne t i c  e n e r g y  con ten t  as the  c o r r e s p o n d i n g  m o l t e n  
ch lo r ides  b u t  d i f fer  in t he  i n t e r e s t i n g  aspec t  t h a t  t h e  
an ions  a r e  d i s k - s h a p e d  p o l y a t o m i c  spec ies  r a t h e r  
t h a n  the  r a r e - g a s  t y p e  sphe r i ca l  ions of t he  m o l t e n  
ha l ides .  The  p r o p e r t i e s  of su r face  tens ion,  dens i ty ,  
and  e l ec t r i ca l  c o n d u c t a n c e  for  Li2CO3, Na2CO3, 
K2CO8 a n d  se lec ted  m i x t u r e s  have  been  r e p o r t e d  in  
a r e c e n t  p a p e r  (1)  f r o m  this  l a b o r a t o r y .  C u r r e n t  
s u r v e y s  (2 -4 )  show t h a t  d a t a  for  t he  v iscos i t ies  of 
these  mel t s ,  e s sen t i a l  to c h a r a c t e r i z e  the  t r a n s p o r t  
p r o p e r t i e s  of th is  c lass  of m o l t e n  e l ec t ro ly t e s ,  a r e  
e n t i r e l y  nonex i s t en t ,  mos t  l i k e l y  due  to the  e x p e r i -  
m e n t a l  diff icul t ies  a s soc ia t ed  w i t h  me l t s  of such r e -  
a c t i v i t y  and  r e l a t i v e l y  h igh  l iqu id  s t a t e  ranges .  The  
p r e s e n t  c o m m u n i c a t i o n  r e p o r t s  the  d e t e r m i n a t i o n  of 
t he  m e l t  v iscos i t ies  for  Li2CO~, Na2CO3, K2CO~ and  
for  t he  t e r n a r y  m i x t u r e  (5)  as a func t ion  of t e m -  
p e r a t u r e  to 950~ Resu l t s  a re  e x a m i n e d  r e l a t i v e  to 
me l t  s t r u c t u r e  and  the  t r a n s p o r t  p rocesses  in v i scous  
flow and  e l ec t r i ca l  conduc tance .  

Experimental 
Materials.--As d e s c r i b e d  in  t he  p r e c e d i n g  p a p e r s  

in th is  ser ies  (1, 5) ,  the  a l k a l i  c a rbona te s ,  R e a g e n t  
G r a d e  chemica l s ,  w e r e  d r i e d  to c o n s t a n t  w e i g h t  u n -  
de r  COs a t m o s p h e r e  at  600~ a n d  s to r ed  ove r  P205 
un t i l  r e q u i r e d  for  use. The  m e l t i n g  po in t s  w e r e :  
Li2CO3, 726~ Na2CO~, 858~ K2CO3, 899~ and  

1 P o s t - d o c t o r a t e  r e s e a r c h  a s s o c i a t e ,  1958-1961. P resen t  address :  
Elect rochemical  Research  Depar tmen t ,  Wate rv l ie t  Arsenal ,  Wate r -  
vltet,  N e w  York.  

Li, Na, K/CO~ t e r n a r y  m i x t u r e  (mole  ra t io ,  4: 3 : 3 ) ,  
397~ 

Apparatus . --Prel iminary cor ros ion  s tud ies  (6)  
h a d  shown  t h a t  p u r e  go ld  and  a l loys  such as 80% 
A u - 2 0 %  P d  w i t h s t o o d  a t t a c k  a f t e r  con tac t  w i t h  
m o l t e n  c a r b o n a t e s  a t  900~ for  pe r i ods  up  to 60 hr .  
In  t he  p r e s e n t  w o r k  the  m e t a l  c o m p o n e n t s  of t he  
v i s c o m e t e r  c on t a in ing  the  me l t s  w e r e  m a d e  f rom 
80% A u - 2 0 %  P d  a l loy ,  s ince  i ts  p r o p e r t i e s  ( m e l t -  
ing point ,  t ens i l e  s t r e n g t h )  a r e  s o m e w h a t  m o r e  f a -  
v o r a b l e  t h a n  p u r e  gold  fo r  m e a s u r e m e n t s  a t  1000~ 

Of the  m e t h o d s  a v a i l a b l e  for  t he  d e t e r m i n a t i o n  of 
viscosi t ies ,  t he  p r i n c i p l e  of t he  osc i l l a t ing  c ruc ib l e  
seems  bes t  su i t ed  for  h igh  t e m p e r a t u r e s  w i t h  r e -  
ac t ive  mel ts .  This  me thod ,  in w h i c h  the  v i scos i ty  is 
ga ined  f rom o b s e r v a t i o n s  of t he  l o g a r i t h m i c  d e c r e -  
m e n t  of t h e  osc i l la t ions  of t he  c ruc ib l e  ( con t a in ing  
the  l i qu id  u n d e r  i n v e s t i g a t i o n )  was  first  u sed  for  
l i qu id  m e t a l s  ( 7 - 9 ) ,  and  m o r e  r e c e n t l y  has  been  
a p p l i e d  s a t i s f a c t o r i l y  to m o l t e n  sa l ts  (10-12) .  Some  
aspec ts  of the  a s s e m b l y  des igned  and  c o n s t r u c t e d  in 
th is  l a b o r a t o r y  a r e  i l l u s t r a t e d  in Fig.  1. The  de ta i l s  
of the  a p p a r a t u s  a r e  as fo l lows.  The  me l t  u n d e r  i n -  
ve s t i ga t i on  is con t a ined  in t he  c y l i n d r i c a l  c ruc ib le ,  
A, of 80% A u - 2 0 %  P d  a l loy  w i t h  a flat  b o t t o m  and  
cover  2.5 cm ID, 6.5 cm h igh  and  0.015 in. th ick .  The  
c ruc ib l e  fits s n u g l y  in an Incone l  c radle ,  B, the  top  of 
w h i c h  sc rews  to t he  b o t t o m  of t he  n i cke l  rod,  C, of 
1/4 in. d i a m e t e r  and  22 in. length .  The  u p p e r  end of 
th is  rod  is f ixed to a b ra s s  p iece  w h i c h  ca r r i e s  a d j u s t -  
ab le  b ra s s  i n e r t i a  pieces,  D,D', of  1 in. d i a m e t e r  and  
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Fig. 1. Cross-sectional view of the torsion head, suspension sys- 
tem and crucible of the "oscillating" viscometer. A, Cylindrical 
crucible, 80%-20% Au-Pd; 8, Incone] cradel; C, nickel rod, �88 in. 
diameter and 22 in. long; DD', inertia piece, 1 in. and ~/~ in. 
thick; E, pinchuck; F, tungsten suspension wire, 40 s.w.g.; G, pin- 
chuck; H, torsion head; I, aluminum base-plate; J, gear assembly; 
K, mirror; L, tripod; M,N, screws; O, aluminum rod. 

1/2 in. t h i c k n e s s  (113.157 and  113.224g) b o t h  on 
t h r e a d e d  a rms .  The  p inchuck ,  E, on the  top  of t h e  
b ra s s  p iece  ho lds  a 12 in. long suspens ion  wi re ,  F,  of 
t u n g s t e n  w i r e  h a n g i n g  f r o m  the  t o r s ion  head ,  H, b y  
a p i n c h u c k  G. A s m a l l  concave  m i r r o r ,  K,  is a t t a c h e d  
to the  b ra s s  axis  to i nd i ca t e  t he  d a m p i n g  of osc i l l a -  
t ions  b y  m e a n s  of a b e a m  of l igh t  re f lec ted  to a m i l l i -  
m e t e r  scale.  

The  to r s ion  head  consis ts  of a b a s e - p l a t e ,  I, and  a 
gea r  a s sembly ,  J, connec t ed  to t he  osc i l l a t ing  sys tem.  
The  b a s e - p l a t e  is an  a l u m i n u m  cup, 31/2 in. in d i a m -  
eter ,  pos i t i oned  on the  h e a d - p l a t e  of the  t r ipod ,  L. 
T h r e e  v e r t i c a l  screws,  M, t h r o u g h  the  t r i p o d  h e a d  
p e r m i t t e d  the  h o r i z o n t a l  a d j u s t m e n t  of t he  b a s e -  
p la te .  T h e  t r i p o d  consis ts  of i in. ang le  s tee l  legs  of 
25 in. l e n g t h  m o u n t e d  r i g i d l y  on a 1 in. t h i c k  soap -  
s tone  p l a t f o r m  d i r e c t l y  above  the  fu rnace .  The  a l u -  
m i n u m  d i sk  of 23/~ in. d i a m e t e r  w h i c h  ho lds  a p r e c i -  
s ion r a d i a l  ba l l  b e a r i n g  (Nice  t y p e  1602 DC)  of 1/4 
in. ID in t he  cen te r ,  is p l a c e d  in t he  b a s e - p l a t e  a n d  is 
c e n t e r e d  b y  m e a n s  of fou r  screws,  N, t h r o u g h  t h e  
p l a t e  wal l .  The  gea r  a s sembly ,  cons i s t ing  of two  
b rass  m i t e r  gea r s  (Bos ton  t y p e  G465y).  set  a t  r i g h t  
angles ,  is m o u n t e d  in t he  cen t e r  of t he  d i sk  so t h a t  
t he  v e r t i c a l  shaf t  is a t t a c h e d  to  t he  u p p e r  p i n c h u c k ,  
G. The  h o r i z o n t a l  shaf t  is f ixed to an  a l u m i n u m  rod,  

O, 3/4 in. d i a m e t e r  and  12 in. long,  w h i c h  was  
k n u r l e d  at  i ts  o u t e r m o s t  end.  The  p u r e  osc i l l a t ion  
could  be  s t a r t e d  b y  a s l igh t  t w i s t  of t he  k n u r l e d  rod,  
w h i c h  p r o t r u d e d  t h r o u g h  a ho le  in t he  s ide of the  
p l ex ig l a s s  d r a f t  shie ld .  

The  f u r n a c e  cons i s t ed  of 13/4 in. bo re  and  24 in. 
long  a l u n d u m  core  s u r r o u n d e d  b y  a n i c k e l  t u b e  of 
21/2 in. d i a m e t e r  and  10 in. l e n g t h  to a l l ow a u n i -  
f o rm  t e m p e r a t u r e  zone a long  the  l e n g t h  of t he  
c rad le .  The  h e a t i n g  e l e m e n t s  w e r e  five s e p a r a t e  sec-  
t ions  of r e s i s t ance  w i r e  w i n d i n g  in pa ra l l e l .  A ser ies  
of a l u n d u m  baffles was  m o u n t e d  in the  e m p t y  space  
of the  core  to m i n i m i z e  h e a t  losses.  F r e e  suspens ion  
of t he  s y s t e m  t h r o u g h  the  baffle holes  cou ld  b e  cross-  
checked  b y  m e a n s  of an  e l e c t r i c a l  c i r cu i t  b e t w e e n  the  
suspens ion  rod  a n d  baffle wal l s .  T e m p e r a t u r e  con t ro l  
and  m e a s u r e m e n t  w e r e  m a d e  w i t h  two  s e p a r a t e  
P t - P t ,  10% Rh  t h e r m o c o u p l e s  in an  a l u n d u m  shea th  
i n s e r t e d  f r o m  the  f u r n a c e  bo t tom.  A m i x t u r e  of  d r y  
a rgon  and  ca rbon  d i o x i d e  was  i n t r o d u c e d  t h r o u g h  a 
b o t t o m  in le t  to p r o t e c t  t h e  s y s t e m  f r o m  o x i d a t i o n  
and  decompos i t ion .  A coppe r  w a t e r - c o o l i n g  coil  (1/4 
in.)  was  fused  to the  u p p e r  end  of the  f u r n a c e  core. 
To g u a r d  a ga in s t  a i r - t u r b u l e n c e ,  t he  w h o l e  of t he  
a s s e m b l y  a b o v e  the  f u r n a c e  was  enc losed  in a p l e x i -  
glass  d r a f t  sh ie ld .  

Procedure.--Amplitude and time period.--As i n -  
d ica ted ,  a s l igh t  r o t a t i o n  of t h e  gea r  sha f t  of the  
to r s ion  h e a d  set  t he  c ruc ib l e  in  osc i l la t ion .  The  a m -  
p l i t udes  of the  sw ings  w e r e  o b s e r v e d  v i s u a l l y  on a 
scale  f ixed l m  f r o m  the  v e r t i c a l  ax is  of osc i l la t ion .  
F o r  t i m e  pe r i ods  g r e a t e r  t h a n  8 sec i t  w a s  poss ib le  
to r e a d  the  scale  at  t he  m o m e n t a r y  ha l t  of t he  i m a g e  
on bo th  s ides  of t he  swing  w i t h  an a c c u r a c y  of 0.1 
ram. A m p l i t u d e s  w e r e  r e c o r d e d  ove r  t h e  r a n g e  of 
20-10 cm c o r r e s p o n d i n g  to t he  a n g u l a r  def lec t ion  of 
0.032 and  0.016 r a d i a n  r e spe c t i ve ly .  The  t i m e  p e r i o d  
was  m e a s u r e d  b y  a m a n u a l  s t o p w a t c h  w i t h  an  ac -  
c u r a c y  of 1/10 sec. 
Moment 05 Inertia.--The m o m e n t  of i n e r t i a  of t h e  
w h o l e  suspens ion  s y s t e m  m u s t  be  k n o w n  for  a b s o -  
lu te  v i scos i ty  ca lcu la t ion .  The  t o t a l  m o m e n t  of 
ine r t i a ,  I, is a s u m  of t he  i n e r t i a  of a v a r i a b l e  pa r t ,  In, 
due  to t he  a d j u s t a b l e  disks ,  a n d  a f ixed pa r t ,  /o, due  
to t h e  res t  of t he  sys tem.  I n  t he  p r e s e n t  w o r k ,  t he se  
w e r e  d e t e r m i n e d  in  t he  c o n v e n t i o n a l  m a n n e r ,  for  
t h r e e  d i f fe ren t  pos i t ions  of t he  i n e r t i a  pieces ,  us ing  
100 c o m p l e t e  swings  in each  d e t e r m i n a t i o n .  The  
va lue s  of In and  Io w e r e  6148.6 and  1163.9 +__ 1.7 g 
cm 2, r e spe c t i ve ly .  
Logarithmic decrement.---The l o g a r i t h m i c  d e c r e -  
m e n t  is def ined  b y  the  l o g a r i t h m  of t he  r a t i o  of suc-  
cess ive  a m p l i t u d e s .  This  w a s  d e t e r m i n e d  b y  the  r e -  
l a t i on :  3----- 1/r In An/An+~ w h e r e  r, the  n u m b e r  of 
osci l la t ions ,  was  t a k e n  as at  l eas t  30 to r e d u c e  the  
e x p e r i m e n t a l  e r ro r .  The  a m p l i t u d e s  for  these  swings  
w e r e  in  t he  r a n g e  19 to 10 cm in t he  o b s e r v a t i o n  
scale.  F o r  t he  e m p t y  c ruc ib le ,  the  l o g a r i t h m i c  d e c r e -  
m e n t  was  3.221 x 10 -3. 
Calibration.--The osc i l l a t ing  c ruc ib l e  m e t h o d  is ca -  
p a b l e  of abso lu t e  v i scos i ty  va lues ,  b u t  t he  u n d e r l y i n g  
t h e o r y  is c o m p l i c a t e d  and  the  c o m p u t a t i o n s  a r e  t e d i -  
ous. A l t e r n a t e l y ,  t he  v i scos i t i es  m a y  be  d e t e r m i n e d  
b y  the  r e l a t i v e  m e t h o d  in w h i c h  t h e  a p p a r a t u s  con-  
s t an t  is f o u n d  f r o m  m e a s u r e m e n t s  u s ing  a ser ies  of 
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Table I. Logarithmic decrement of liquids af known viscasity and density 

M a y  1963 

Density at 
Liquid Temp,  t, ~ Viscosity, poise temp,  t, g c m ~  Density at mp  Decrement  5 Period, T, s e c  

Toluene 25.0 0.005516 0.86106 0.9749'1 0.001622 11.12 
Chloroform 21.7 0.00553 1.4858 1.64443 0.002341 11.14 
Wate r  21.7 0.009648 0.99784 0.99984 0.002302 11.11 
KNO3 359 0.02585 1.8457 1.8710 0.006206 11.15 
KNO~ 401 0.02080 1.8173 1.8710 0.005654 11.15 
KNO3 457 0.01615 1.7711 1.8710 0.004755 11.15 
KNO3 491 0.01420 1.7533 1.8710 0.004468 11.15 

" s t a n d a r d i z i n g "  l iquids ,  as g iven  b y  the  e q u a t i o n  
(13) 

( 8 + A)  ,ot/pt m = K X/71Tpt [1]  

in  w h i c h  pt, Ptm a r e  t h e  dens i t i e s  a t  t he  m e a s u r i n g  
t e m p e r a t u r e  and  the  m e l t i n g  point ,  r e spec t i ve ly ,  T is 
t he  t i m e - p e r i o d ,  and  4, K,  the  a p p a r a t u s  cons tan ts .  

The  s t a n d a r d i z i n g  l iqu ids  u sed  w e r e  to luene ,  
ch lo ro fo rm,  and  w a t e r  a t  a m b i e n t  t e m p e r a t u r e s  (14)  
a n d  KNO3 a t  e l e v a t e d  t e m p e r a t u r e s  (3)  ( to 500~ 
The  t e m p e r a t u r e s  used  and  the  v a l u e s  for  t he  d e n -  
s i tes  and  viscosi t ies ,  t o g e t h e r  w i t h  t he  l o g a r i t h m i c  
d e c r e m e n t s  8, ( c o r r e c t e d  for  t ha t  of t he  e m p t y  v e s -  
se l )  a r e  s u m m a r i z e d  in T a b l e  I. These  da ta ,  f i t ted  to 
Eq. [1] ,  u s ing  the  m e t h o d  of l eas t  squares ,  gave  
8.74 x 10 -4  a n d  9.59 x 10 -3 for  the  v a l u e s  of t he  a p -  
p a r a t u s  cons tan ts ,  A and  K,  r e spec t i ve ly .  

Molten  carbonates . - -For  t he  ca rbona te s ,  as for  
KNOa, t he  p r o c e d u r e  w a s  as fo l lows.  A w e i g h e d  
a m o u n t  of t he  me l t  ( a b o u t  100g) was  p r e p a r e d  in  
the  g o l d - p a l l a d i u m  c y l i n d r i c a l  c ruc ib l e  u n d e r  a CO2 
a t m o s p h e r e  in an  a u x i l i a r y  ( H o s k i n s - t y p e )  muffle 
fu rnace .  A t  a l l  t imes  the  CO2 a t m o s p h e r e s  w e r e  
a b o v e  the  ca rbona t e -CO2  d i s soc ia t ion  p re s su re s ,  as 
r e p o r t e d  e l s e w h e r e  (1) .  The  d e p t h  of t he  me l t s  was  

Table II. Viscosities of molten carbonates 

an pt 
Temp,  
t, ~ an+80 ~ obs ,  pte 7,  p o i s e  

(a) L i th ium carbonate  (m. 726~ 

773 1.4288 0.011894 0.99038 0.04810 
781 1.4145 0.011560 0.98880 0.04472 
782 1.4120 0.011500 0.98858 0.04413 
807 1.3827 0.010801 0.98350 0.03745 
815 1.3695 0.010481 0.98191 0.03462 
828 1.3460 0.009905 0.97924 0.02981 
849 1.3402 0.009761 0.97497 0.02854 

(b) Sodium carbonate  (m. 858~ 

879 1.3920 0.011024 0.99523 0.03705 
885 1.3805 0.010748 0.99386 0.03468 
905 1.3478 0.009949 0.98934 0.02827 
925 1.3216 0.009294 0.98478 0.02350 
940 1.3034 0.008832 0.98139 0.02041 
972 1.2743 0.008079 0.97408 0.01582 

(c) Potass ium carbonate  (m. 899~ 

913 1.3583 0.010208 0.99678 0.03168 
919 1.3435 0.009843 0.99536 0.02877 
957 1.2962 0.008648 0.98640 0.02014 
974 1.2760 0.008124 0.98238 0.01686 
984 1.2685 0.007928 0.98001 0.01570 

(d) Te rna ry  m ~ t u r e ,  Li, Na, KJCO8 (4:3:3 mole ration) (m. 397~ 

483 1.5082 0.010479 0.97852 0.0584 
484 1.4918 0.010114 0.97829 0.0547 
539 1.3839 0.007611 0.96499 0.0323 
598 1.3359 0.006434 0.95118 0.0237 
600 1.3166 0.005949 0.95071 0.0207 

a d j u s t e d  to be  t he  s a m e  for  a l l  s a m p l e s  a t  t he  r e s p e c -  
t ive  m e l t i n g  p o i n t  t e m p e r a t u r e s .  The  c r u c i b l e  and  
sample ,  t hus  p r e p a r e d ,  w e r e  p l a c e d  in  t h e  In cone l  
c r ad l e  of t h e  suspens ion  sys tem,  and  k e p t  in  t he  
a rgon-CO2 a t m o s p h e r e .  The  a rgon-CO2 gas  flow in 
t he  f u r n a c e  w a s  on ly  i n t e r r u p t e d  d u r i n g  t h e  p e r i o d  
of t i m e  ove r  w h i c h  the  a m p l i t u d e  d e c r e m e n t  was  r e -  
corded .  A p e r i o d  of abou t  1 h r  a t  each  t e m p e r a t u r e  
was  a l l ow e d  fo r  t h e r m a l  e q u i l i b r a t i o n  p r i o r  to  m e a s -  
u r e m e n t s .  

Results 
The  t e m p e r a t u r e s ,  o b s e r v e d  a m p l i t u d e  ra t ios ,  

l o g a r i t h m i c  d e c r e m e n t s  ( u n c o r r e c t e d  fo r  a i r - d a m p -  
ing )  a r e  s u m m a r i z e d  in  T a b l e  II ,  w i t h  t he  d e n s i t y  
d a t a  (1) ,  and  the  va lue s  t hus  f o u n d  for  t he  c a r b o n a t e  
viscosi t ies .  In  t he  ca lcu la t ions ,  t he  v a l u e s  for  T and  
~air used  w e r e  T =  11.15 see (as for  KNO3) and  
8 ---- 3.221 x 10 -3. The  t e m p e r a t u r e  d e p e n d e n c e  of t he  
v i scos i ty  for  t h e  t h r e e  p u r e  c a r b o n a t e s  is i l l u s t r a t e d  
in  Fig .  2. I t  is a p p a r e n t  t h a t  t he  v iscos i t ies  of t h e  c a r -  
b o n a t e  m e l t s  can  be  e x p r e s s e d  b y  the  A r r h e n i u s -  
t y p e  r a t e  e xp re s s ion  

---- A eEn/RT [2]  

The  v a l u e s  f o u n d  for  E~, t he  e n e r g y  of  a c t i v a t i o n  for  
v iscous  flow, and  the  p r e - e x p o n e n t i a l  cons t an t  A,  
bo th  b y  g r a p h i c a l  ana lys i s  a n d  the  l ea s t  squa re s  ca l -  
cu la t ion ,  a r e  

Li2CO3 ( 7 7 0 ~ 1 7 6  
Na2COs ( 8 7 5 ~ 1 7 6  
K2CO3 ( 9 1 0 ~ 1 7 6  

E ,  ( k c a l  
A ( x l 0  ~) m o l e  -1 )  
141 ~ 7 16.9 --+ 0.1 
4.9 + 0.6 25.7 ---- 0.6 

1.35 --_- 0.2 29.1 _ 0 . 3  

0.6C 

05C 

OAC 

0.3C + 
c"  

0.2C 

03( 

// 
o, o.ho 0'.85 0'.90 o!9~ ' 1.00 

( I / T )  x tO ~ 

Fig. 2. Plot of logarithmic viscosities vs. reciprocal absolute tem- 
perature, o, No2C03, e, K2C03, I-I, Li2C03. 
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The  r e su l t s  for  the  t e r n a r y  m i x t u r e  ( T a b l e  I I )  
m u s t  be  r e g a r d e d  as m o r e  q u a l i t a t i v e  t h a n  q u a n t i -  
t a t i v e  in  v i e w  of t he  a s s u m p t i o n s  i n v o l v e d  in t he  
ca l cu la t ions  r e l a t i v e  to t he  r e q u i r e d  d e n s i t y  da ta .  No 
e x p e r i m e n t a l  dens i t i e s  for  t he  t e r n a r y  m i x t u r e  h a v e  
been  r e p o r t e d  so t ha t  e s t i m a t i o n  of these  d a t a  was  
necessa ry .  The  v a l u e s  w e r e  c a l c u l a t e d  f r o m  t h e  d a t a  
of t h r e e  p u r e  sal ts ,  a s s u m i n g  the  t e m p e r a t u r e  d e -  
p e n d e n c e  for  each  could  be  e x t r a p o l a t e d  to t he  t e m -  
p e r a t u r e s  of t h e  t e r n a r y  mel t ,  and  t h a t  m o l a r  a d d i -  
t i v i t y  cou ld  be  invoked .  The  e n e r g y  of a c t i va t i on  
for  v iscous  flow thus  a p p r o x i m a t e d  is 11 • 1 k c a l  
m o l e -  1. 

Discussions 

I t  is of i n t e r e s t  to e x a m i n e  the  v iscos i t ies  of t he se  
c a r b o n a t e  m e l t s  bo th  r e l a t i v e  to m e l t  s t r u c t u r e  a n d  
the  t r a n s p o r t  processes .  

The  ionic  n a t u r e  of t he  m o l t e n  c a r b o n a t e s  is w e l l  
e s t a b l i s h e d  (5)  and  need  no t  b e  d e v e l o p e d  in de ta i l .  
I t  is suff icient  to no te  t h a t  such p h y s i c a l  p r o p e r t i e s  
as su r f ace  tens ion ,  dens i ty ,  a n d  e l ec t r i c a l  c o n d u c t -  
ance  of these  m e l t s  a r e  u n d e r s t o o d  if  t he  c a r b o n a t e  
me l t s  a r e  c o m p l e t e l y  ion ized  m o l t e n  e l ec t ro ly t e s ,  
w i t h  t he  spec ies  M + and  COs = as t he  p r e d o m i n a n t  
ionic  species ,  w i t h  some ev idence  t h a t  " con tac t  ion 
pa i r s , "  e.g. [M+CO3=]  - c o n t r i b u t e  to t he  m e c h a n -  
i sm of  e l e c t r i c a l  t r a n s p o r t .  The  l a t t e r  a r e  no t  u n l i k e  
t h e  " p a i r - i n t e r a c t i o n s "  d e t e c t e d  s p e c t r o s c o p i c a l l y  in  
m o l t e n  n i t r a t e s  (15) and  a re  p r e d i c t e d  s t a t i s t i c a l l y  
mos t  p r o b a b l e  in Li2CO3 (16) ,  for  w h i c h  the  e l e c t r o -  
s t a t i c  ion  core  p o t e n t i a l  (17) i n t e r a c t i o n s  a r e  mos t  
p r o n o u n c e d .  A consequence  of t h e  s t a t i s t i ca l  t h e o -  
r e t i c a l  t h e o r y  of fu sed  sa l t s  (17)  is t he  p r e d i c t i o n  
t h a t  the  ion  co re  p o t e n t i a l s  e f fec t ive ly  fo rce  t he  ions  
in to  loca l  c l o s e - p a c k e d  l a t t i c e - l i k e  a r r a n g e m e n t s  
of r e l a t i v e l y  h igh  order ,  pe r s i s t i ng  as a q u a s i c r y s t a l -  
l ine  l a t t i ce  m u c h  as a m e m o r y  of t h e  h i g h l y  o r -  
gan ized  c r y s t a l l i n e  s t r u c t u r e  b u t  w i t h  the  long  r a n g e  
o r d e r  of t h e  sol id  s t a t e  e n t i r e l y  absen t .  E v a l u a t i o n  
of the  p r e s e n t  r e su l t s  for  v i s cos i ty  in  the  l i gh t  of 
such  concep ts  fo l lows.  

I n  t he  t h e o r y  of r a t e  processes ,  v iscous  f low is 
seen  as a t r a n s p o r t  p rocess  in w h i c h  a bas ic  act  is 
t he  pas s ing  of a m o l e c u l e  (or  o t h e r  " u n i t  of f low")  
f rom one e q u i l i b r i u m  pos i t ion  to a n o t h e r  ove r  a 
p o t e n t i a l  e n e r g y  b a r r i e r .  Th is  r e q u i r e s  a n  a v a i l a b i l -  
i t y  of ho les  or  e m p t y  s i tes  in t he  q u a s i - c r y s t a l l i n e  
l a t t i ce  and  m a y  be  p i c t u r e d  as j u m p  of a s ingle  flow 
species,  or  some c o o p e r a t i v e  r o t a t i o n a l  ac t  such  
as b y  a m o l e c u l a r  pa i r .  The  ac t  of ho le  f o r m a t i o n  
in  the  m e l t  and  the  j u m p  or  m o v e m e n t  of t he  m o l e c -  
u l a r  f low un i t  in to  the  ho le  t h e o r e t i c a l l y  accoun t  
for ,  in  l a r g e  p a r t ,  t h e  a c t i v a t i o n  ene rgy .  T h e  f r ee  
e n e r g y  for  ho le  f o r m a t i o n  and  t h e  e n t h a l p y  for  ho le  
f o r m a t i o n  in  a l i qu id  can  be  c a l c u l a t e d  f r o m  a 
k n o w l e d g e  of the  su r f ace  t ens ion  acco rd ing  to F i i r t h  
(18) b y  the  r e l a t i ons  

A F  h = 4~r2T and  AHh ~ 4~r2( T--T dT ~ [3]  
\ dT / 

w h e r e  r and  T a re  t he  ionic  r a d i u s  and  t e m p e r a t u r e  
( ~  r e spec t i ve ly ,  and  T is t he  su r f ace  tens ion.  The  
r e su l t s  of th i s  ca l cu l a t i on  for  Na2CO~, us ing  the  s u r -  
face  t ens ion  d a t a  r e c e n t l y  r e p o r t e d  e l s e w h e r e  (1)  
a r e  g iven  in T a b l e  III ,  t o g e t h e r  w i t h  the  e x p e r i -  
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m e n t a l  va lue s  for  t he  ene rg ie s  of a c t i v a t i o n  for  e l ec -  
t r i c a l  c o n d u c t a n c e  and  v iscous  flow. I t  is c l ea r  t h a t  
t he  o b s e r v e d  v a l u e  of t he  a c t i v a t i o n  e n e r g y  for  v i s -  
cous flow c o m p a r e s  c lose ly  w i t h  t he  t h e o r e t i c a l  hea t  
of ho le  f o r m a t i o n  for  CO3=; t h a t  v iscous  flow is 
p r i m a r i l y  c on t ro l l e d  b y  the  m i g r a t i o n  of t he  CO3~- 
ion is s t r o n g l y  s u p p o r t e d  b y  th is  ev idence ,  a l t h o u g h  
a c o o p e r a t i v e  a n i o n - c a t i o n  act  is no t  r u l e d  out.  

The  e n t r o p i e s  of a c t i va t i on  for  v iscous  flow, AS=~, 
m a y  be  g a i n e d  f rom the  e q u a t i o n  d e v e l o p e d  (19) 
f r o m  the  t h e o r y  of r a t e  p rocesses  

n : exp  (AS4/RT) exp  (AH*/RT) [4]  

s ince  t he  m o l a r  v o l u m e s  can  be  c a l c u l a t e d  f rom 
the  d e n s i t y  d a t a  for  c a r b o n a t e  me l t s  (1)  a n d  the  
v a l u e s  of  AH:~ a r e  k n o w n  f r o m  the  p r e s e n t  s tudy .  
The  v a l u e s  for  AS~= thus  f o u n d  a re :  3.8, 9.9, 11.9 cal  
deg  -1 mo le  -1 for  Li2CO3, Na2CO~, and  K2CO3, r e -  
spec t ive ly .  The  v a l u e s  for  AS4 s u p p o r t  a t r a n s p o r t  
p rocess  c o m m o n  to t he  t h r e e  c a r b o n a t e  me l t s ;  t he  
pos i t i ve  va lues ,  c h a r a c t e r i s t i c  of associa t ion ,  a r e  
i n d e p e n d e n t  s u p p o r t  for  t h e  f o r m a t i o n  of  spec ies  
such  as  t h e  p a i r e d  ions  [M+CO3=]  - in  t h e s e  m o l t e n  
e l e c t r o l y t e s  as p r o p o s e d  e l s e w h e r e  f r o m  e l ec t r i ca l  
c o n d u c t a n c e  (15) and  x - r a y  (16) s tudies .  

In  gene ra l ,  for  m o l t e n  e l ec t ro ly t e s ,  e l ec t r i ca l  
t r a n s p o r t  is d e t e r m i n e d  l a r g e l y  b y  the  m o b i l i t y  of 
the  s m a l l e s t  ionic  species,  w h e r e a s  v i scous  flow in -  
vo lves  m i g r a t i o n  of p a i r e d  a n i o n i c - c a t i o n i c  species  
(as  r e q u i r e d  b y  e l e c t r i c a l  n e u t r a l i t y ) ,  a n d  is m o r e  
c lose ly  r e l a t e d  to t he  l o w e r  m o b i l i t y  of t he  l a r g e r  
ionic species.  C o m p a r i s o n  of t he  a c t i v a t i o n  ene rg ie s  
for  e l e c t r i c a l  c o n d u c t a n c e  a n d  v iscous  f low for  co r -  
r e s p o n d i n g  ch lo r ide  and  c a r b o n a t e  mel t s ,  as s h o w n  
in T a b l e  IV, is of i n t e r e s t  s ince  t h e s e  m o l t e n  sa l t s  
h a v e  a p p r o x i m a t e l y  t he  s ame  t h e r m a l  (kT) energy .  

Table IIh Free energy and enthalpy of hole formation for N2C03 

AFh AHh AE=~ (obs) 
I o n  ~', A 

( k c a l  m o l e - D  

Na + 0.95 3.42 4.36 (a) conductance,  4.17 
C03='~ (a)  2.05 15.9 20.3 (b) viscosity,  25.7 

f (b) 2.44 22.6 28.9 

(a) S m a l l e s t  h o l e  (to a c c o m m o d a t e  a d i s k - i o n ) .  
(b) L a r g e s t  h o l e  (sphere evo lved  by three  d i m e n s i o n a l  r o t a t i o n  o f  

d i s k - i o n .  

Table IV. Activation energies for electrical conductance and 
viscous flow for chloride and carbonate melts 

E~, E~, 
Sa l t  rap ,  ~ k e a l  m o l e  -1 k c a l  mole-1  E y / E x  

LiC1 610 2.06" 5.6"* 2.7 
NaC1 808 2.92* 12.2" * 4.2 
KC1 772 3.36" 7.6"* 2.3 
Li2CO3 726 4.40t 16.9 3.8 
Na2CO3 858 4.18t 25.7 6.1 
K2CO3 899 4.659 29.1 6.3 

* F r o m  E. 1t. v a n  Artsdalen and I .  S. Yaf fe ,  J. Phys .  Chem. ,  59 
118 (1955).  

** F r o m  C. E. F a w s i t t ,  J.  Chem.  Soc. ,  93, 1299 (1908) ; a n d  1t. S. 
D a n t u m a ,  Z .  Ano~'g. Chem. ,  175 1 (1928).  

? F r o m  re f .  (1) .  
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I t  is a p p a r e n t  t ha t  t he  l a r g e r  v a l u e s  of the  r a t i o  in 
t he  c a r b o n a t e  me l t s  m a y  be  a t t r i b u t e d  in l a r g e  p a r t  
to  the  i n c r e a s e d  spa t i a l  r e q u i r e m e n t s  of the  c a r b o n a t e  
ion (v iz . ,  r C I - ,  1.8A r CO3 =, 2 .05-2 .44A).  C o m p a r e d  
w i th  the  a lka l i  ch lo r ides  the  ene rg ie s  of a c t i v a t i o n  
for  e l ec t r i ca l  c o n d u c t a n c e  for  t he  c a r b o n a t e  me l t s  
a r e  a lmos t  i nva r i an t .  This  sugges t s  t h a t  the  m o b i l i t y  
of t he  ca t ion ic  species  in c a r b o n a t e  me l t s  is v e r y  
n e a r l y  cons t an t  in  LieCO~, NaeCO3, and  K2CO3, bu t  
i t  is no t  a t  p r e s e n t  poss ib l e  to d i s t i ngu i sh  w h e t h e r  
th is  is b e c a u s e  the  r a t e - d e t e r m i n i n g  process  for  e lec -  
t r i ca l  t r a n s p o r t  is a c o o p e r a t i v e  j u m p - r o t a t i o n  m e c h -  
an i sm as a d v a n c e d  e a r l i e r  (1)  or  w h e t h e r  i t  is 
s i m p l y  because  the  m o b i l i t y  of the  s m a l l e r  L i  + 
species  has  been  m a r k e d l y  d e c r e a s e d  b y  the  p r o -  
nounced  i o n - c o r e  i n t e r ac t i ons  in such me l t s  con-  
t a in ing  p l a n a r  p o l y a t o m i c  an ionic  species.  

F o r  the  t e r n a r y  m i x t u r e ,  t he  v a l u e  for  t he  ac -  
t i v a t i o n  e n e r g y  for  v iscous  flow, 10.7 kca l  m o l e  -1 
is c o n s i d e r a b l y  s m a l l e r  t h a n  the  va lue s  for  t he  p u r e  
c o m p o n e n t  ca rbona tes .  The  v a l u e  for  t he  t e r n a r y  
m i x t u r e  is an  a p p r o x i m a t i o n  in v i e w  of the  e s t i m a t e s  
m a d e  to ga in  t he  r e q u i r e d  d e n s i t y  da ta .  I f  s ignif i -  
cance can be  a t t a c h e d  to th is  v a l u e  i t  is a p p a r e n t  
t ha t  s imp le  a v e r a g e  f lu id i ty  r e l a t ions ,  b a s e d  on the  
p u r e  ca rbona te s ,  a r e  not  l i k e l y  a p p l i c a b l e  for  m i x -  
tu res  of  c a r b o n a t e s  in t he  m o l t e n  s ta te .  This  po in t  
awa i t s  f u r t h e r  i n f o r m a t i o n  on m i x t u r e s .  
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Technica  Notes 

Photoconductivity Performance in Large 
Single Crystals of Cadmium Sulfide 

Arthur B. Dreeben and Richard H. Bube 1 

RCA Laboratories, Radio Corporation o~ America,  Princeton,  N e w  Jersey  

T h e r e  has  been  w i d e s p r e a d  i n t e r e s t  in i nc r e a s ing  
the  speed  of r e sponse  of p h o t o c o n d u c t o r s  w h e n  
exc i t ed  b y  low l igh t  in tens i t ies .  P r e v i o u s  r e s e a r c h  
has  i n d i c a t e d  t h a t  l o w - l i g h t  p h o t o c o n d u c t i v i t y  p e r -  
f o r m a n c e  ( g a i n - b a n d w i d t h  p r o d u c t )  can be  i m -  
p r o v e d  up  to two  o r d e r s  of m a g n i t u d e  in CdS c r y s -  

1 Presen t  address: Stanford Univers i ty ,  D e p a r t m e n t  of Materials  
Science, Stanford, California. 

t a l s  by  t a k i n g  spec ia l  p r e c a u t i o n s  in p u r i t y ,  e s p e -  
c i a l ly  as concerns  o x y g e n  a n d  w a t e r  v a p o r  (1 ) .  The  
c rys t a l s  g r o w n  in th is  p r e v i o u s  i n v e s t i g a t i o n  b y  r e -  
ac t ion  b e t w e e n  c a d m i u m  and  su l fu r  v a p o r  w e r e  
v e r y  s m a l l  and  f r a g i l e  c rys ta l s ,  s u i t a b l e  on ly  for  
l a b o r a t o r y  e x a m i n a t i o n .  H a v i n g  d e m o n s t r a t e d  the  
f e a s i b i l i t y  of i m p r o v e d  p e r f o r m a n c e ,  i t  b e c a m e  a 
n a t u r a l  second  s tep  to a t t e m p t  to o b t a i n  these  i r a -  
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proved  character is t ics  in  la rger  crystals .  The w o r k  
descr ibed in  this  paper  g rew out  of this  a t t em p t  and  
indicates  a m e a s u r e  of success in  this  direct ion.  

A va r i e t y  of methods  have  been  descr ibed  for 
g rowing  CdS single  crystals.  Of these, s u b l i m a t i o n  
procedures  (2-4)  are a t t r ac t ive  because  they  can 
be accompl ished at lower  t e m p e r a t u r e s  and  wi th  
less compl ica ted  appa ra tu s  t h a n  mel t  growth,  are 
gene ra l l y  easier  to control ,  and  y ie ld  l a rger  s t ronger  
crys ta ls  t h a n  vapor  phase  reac t ion  (Fre r i chs )  t ech-  
niques .  Chemica l  t r a n s p o r t  (5) can be accompl ished 
at  r e l a t i ve ly  low t empera tu re s ,  bu t  the t r a n s p o r t  
agen t  (e.g., I2) is necessar i ly  a c o n t a m i n a n t  of the  
crystals.  The  p resen t  paper  descr ibes  some of the  
proper t ies  of CdS and  C d S : C u  single  crystals  p ro -  
duced  by  s u b l i m a t i o n  in  Ar  or H2S a tmospheres  at  
severa l  d i f ferent  pressures .  

Exper imenta l  
The crysta ls  were  g rown  by  a t e chn ique  s imi la r  

to one p rev ious ly  descr ibed  (3) which  was, how-  
ever,  modified to provide  i m p r o v e d  t e m p e r a t u r e  
r egu l a t i on  to w i t h i n  • 0.5~ wi th  West  or L&N pro-  
por t iona l  control lers .  G r o w t h  took place in  quar tz  
l iners  wh ich  were  p rec leaned  in  HNO8 and  H F  and  
used on ly  once. 

P re s su re  m e a s u r e m e n t s  of the  a tmosphere  gas 
were  m a d e  wi th  a Monel  Bou rdon  tube  gauge.  The 
CdS s t a r t ing  m a t e r i a l  was  p r epa red  e i ther  (a) by  
p rec ip i t a t ion  f rom aqueous  so lu t ion  fol lowed by  
pref i r ing in  an  H2S a tmosphe re  at  900~ before  use, 
or (b)  by  vapor  phase reac t ion  of the  pur i f ied ele-  
men t s  (6) .  T a n k  Ar  and  HeS were  dr ied  by  pass ing  
t h rough  a t r ap  i m m e r s e d  in  a dry- ice ,  alcohol m i x -  
ture .  I t  is c lear  t ha t  more  e labora te  p recau t ions  
could be t a k e n  to in su re  the p u r i t y  of these gases 
and  hence  to improve  even  f u r t h e r  the  r epor t ed  
pe r fo rmance  of the g rown  crystals.  

Crys ta ls  were  g rown  in  two genera l  t e m p e r a t u r e  
ranges :  above l l 0 0 ~  and  b e t w e e n  800 ~ and  950~ 

G r o w t h  t imes  r anged  f rom 4 to 7 days de pend ing  
on the  t empe ra tu r e ,  bu t  were  t e r m i n a t e d  before  the  
CdS charge  sub l imed  complete ly ,  to avoid re leas ing  
impur i t i e s  which  m a y  have  concen t r a t ed  in  the 
charge.  X - r a y  dif f ract ion showed tha t  all  crysta ls  
r epor ted  on were  hexagonal .  

Crystals Grown in Argon 
At  abou t  1200~ and  760 Tor r  in  At,  crysta ls  gen-  

e ra l ly  grow out  of or n e a r  the  powder  charge  in  the  
fo rm of la rge  t r a n s p a r e n t  pieces w i th  cen t ime te r  
d imens ions  and  we igh ing  severa l  grams.  They  of ten 
have  we l l -deve loped  faces a nd  hexagona l  cross sec- 
t ion. A quar tz  wool  subs t r a t e  i n se r t ed  in  the  g rowth  
t ube  provides  nuc l ea t i on  sites f rom which  some of 
the  la rges t  c rys ta ls  grow. Re c t a ngu l a r  pieces cut  
f rom these spec imens  can be pol ished for m e a s u r e -  
ments .  

S ingle  c rys ta l  p la tes  and  needles  can  be g rown  
by  lower ing  the  t e m p e r a t u r e  of the c rys ta l l i za t ion  
zone to abou t  1100~ The p rocedure  of Fochs (4) 
has also been  usefu l  in  p roduc ing  crys ta ls  w i th  these 
habi ts .  

P u r i t y  of the  crysta ls  va r i ed  wi th  the  type.  In  
general ,  as a resu l t  of f rac t iona l  s u b l i m a t i o n  p ro -  
cesses occur r ing  d u r i n g  growth ,  impur i t i e s  are low-  
est in  samples  which  do not  grow in  contac t  w i th  the  
powder  charge.  Tab le  IA lists the g rowth  condi t ions  
for some typ ica l  crysta ls  for which  spect rographic  
analyses  are g iven  in  Table  IIA. I t  is no t  u n r e a s o n -  
able  to expect  t ha t  nonspec t rog raph ica l ly  de tec table  
impur i t i e s  m a y  have  at least  an  equa l  effect wi th  
t ha t  caused by  the  impur i t i e s  l is ted in  Tab le  II. 
Spec t rographic  analys is  can, therefore ,  be  cons idered  
as on ly  a pa r t i a l  ind ica t ion  of to ta l  pu r i ty .  The  
ac tua l  pho toconduc t iv i ty  pe r f o r ma nc e  is a m u c h  
more  sens i t ive  test. 

T y p e - l A  crysta ls  were  g r o w n  wi th  s u b l i m a t i o n  
and  c rys ta l l i za t ion  t e m p e r a t u r e s  exceeding  l l 0 0 ~  
Type -58 -3C  grew at a lower  t e m p e r a t u r e  (943 ~  

Table I. Preparation and some properties of CdS crystals 

L o w  l i g h t  
F i g u r e  of  

T e m p ,  ~ S, M e r i t ,  
S a m p l e  Subl .  G r o w t h  CdS* A t m ,  g a s  P r e s s . ,  t o r r  T i m e ,  h r  C r y s t a l  t y p e  e m 2 / o h m - w a t t  S~ (ToL) ** 

A.  A r  g r o w n  c r y s t a l s  
1A 1200 1160 P Ar 760 95 Sublimed plate - -  
58-3C 950 943-50 P Ar 350 174 Plate growing out 

of charge - -  - -  
53-2C 1200 1200 P Ar 760 95 Chunk growing out 

of charge 10 -I 0.077 
65-4xA 1200 1160-80 P Ar 760 120 Sublimed chunk 2 • 10 -1 0.083 

B. H~S g r o w n  c r y s t a l s  

50 950 808-70 V H2S 700 168 Plate 5 X 10 -2 - -  
55DE-1 950 826-84 V H2S 304-80 170 Plate 2 X 10 -2 65 
55DE-2 950 826-84 V H2S 304-80 170 Plate 1.3 X 10 -1 - -  
64CD-1 950 800-70 V H2S 500-30 144 Plate 1.4 X 10 -1 45 
64CD-2 950 800-70 V H2S 500-30 144 Plate 1 133 
29 950 870 P H2S 200 168 Ribbon 7 X 10 -6 - -  
37CD-I 950 810-20 P H2S 200 168 Ribbon 7 X 10 -~ - -  
37CD-2 950 810-20 P H2S 200 168 Ribbon I0-~ - -  

* V,  v a p o r  p h a s e  r e a c t i o n  s t a r t i n g  m a t e r i a l ;  P,  p r e c i p i t a t e d  a n d  p r e f i r e d  s t a r t i n g  m a t e r i a l .  
** A h y b r i d  n u m b e r  o b t a i n e d  b y  d i v i d i n g  t h e  speci f ic  s e n s i t i v i t y  in  c m e / o h m - w a t t  b y  the  d e c a y  t i m e  i n  s e c o n d s  a n d  b y  t h e  l i g h t  

i n t e n s i t y  in  f t - c  i n  t h e  l o w  l i g h t  r a n g e  10-2-10 ~ f t -c .  A s t a n d a r d  C d S : C u , C 1  c r y s t a l  h a s  a F i g u r e  of  M e r i t  on  t h i s  ba s i s  b e t w e e n  10-30; t h e  
h i g h e s t  F i g u r e  of  M e r i t  e v e r  m e a s u r e d  w a s  2400 fo r  a s m a l l  f a s t  CdS  c r y s t a l  p r e p a r e d  b y  a spec ia l  t e c h n i q u e  (1) .  
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Table II. Spectrographic analyses of CdS crystals 

I m p u r i t y ,  p p m  
S a m p l e  A g  Cu  Zn  A1 F e  M g  Si  

A .  A r  g r o w n  c r y s t a l s  

1A 0.1-1 <1 0.3-3 ~ 0.3-3 0.6-6 1-10 
58-3C <1 1-10 2-20 <1 <1 0.03-0.3 0.3-3 
53-2C 1-10 3-30 3-30 ~ 0.3-3 2-20 30-300 
65-4XA 1-10 1-10 3-30 <1 <1 0.3-3 6-60 
RI* 3-30 100-1000 100-1000 - -  2-20 0.3-3 20-200 

B. H2S g r o w n  c r y s t a l s  

50 3-30 3-30 - -  - -  <1 0.3-3 10-100 
55-DE 0.3-3 1-10 - -  1-10 0.3-3 1-10 1-10 
64-CD - -  <1 - -  - -  <1 <0.1 0.1-1 
29 <1 <1 - -  ~ - -  0.03-0.3 2-20 
37CD 0.3-3 <1  - -  <1 <1 1-10 0.03-0.3 
R2* 3-30 30-300 - -  <1 1-10 1-10 1-10 

C. Starting materials  

Precipitated and 
prefired CdS <1 3-30 10-100 3-30 1-10 2-20 10-100 

Vapor phase CdS < 1 1-10 - -  <1 1-10 3-30 10-100 

* R1 a n d  R2, t y p i c a l  a f t e r - r u n  r e s i d u e s  of  o r i g i n a l  CdS  c h a r g e s .  

50~ bu t  d i rec t ly  out  of the powder  charge.  Crys -  
tals  of t y p e - l A  had  a v e r y  h igh  d a r k  res i s t iv i ty  of 
the  order  of 1012 o h m - c m  or higher .  The spect ra l  
response  of a typ ica l  1A spec imen  is g iven  in  Fig. 1. 
The sharp  drop in  pho tosens i t iv i ty  for wave l e ng t h s  
longer  t h a n  the  absorp t ion  edge is cons is ten t  wi th  a 
r e l a t ive ly  h igh p u r i t y  for these crystals ,  whereas  
the low level,  long w a v e l e n g t h  response  is c o m m o n l y  
found  in  crysta ls  which  are r ea sonab ly  photosens i -  
tive. This response  m a y  be associated wi th  smal l  
p ropor t ions  of an i m p u r i t y  such as copper  or m a y  
arise f rom exc i ta t ion  f rom crys ta l  defects such as 
compensa ted  vacancies .  

The t r ap  d i s t r i bu t ion  of the 1A crys ta l  is shown 
by  the  curve  of t h e r m a l l y  s t imu la t ed  c u r r e n t  in  
Fig. 2. The t r ap  depths  and  densi t ies  ind ica ted  by  
this  cu rve  are s u m m a r i z e d  in  Tab le  III. Compar i son  
of the t r ap  depths  found  in  this  c rys ta l  wi th  those 
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of prev ious  inves t iga tors  (1) shows a close cor re la -  
t ion  wi th  all  7 ma j o r  t r ap  depths  to w i t h i n  a few 
h u n d r e d t h s  of a volt,  which  is w i t h i n  e x p e r i m e n t a l  
error .  There  is i nc reas ing ly  good evidence,  t he re -  
fore, tha t  this is the order  of complex i ty  of the  t r ap  
s t ruc tu re  in  CdS. The t r ap  densi t ies  in  the crys ta l  
are  not  v e r y  high, and  it  wi l l  be shown  la te r  tha t  
sti l l  lower  densi t ies  and  i m p r o v e d  pe r f o r ma nce  re -  
sul t  f rom g rowth  at lower  t e m p e r a t u r e  in  an  H2S 
a tmosphere .  

The spect ra l  response  curve  for 58-3C crysta ls  is 
g iven  in  Fig. 3. These crys ta ls  we re  h igh ly  photo-  
sensi t ive,  low l ight  specific sens i t iv i ty  of 0.7 and  2.5 
c m 2 / o h m - w a t t  be ing  typ ica l  va lues  of two crysta ls  
at room t empera tu r e .  Type  58-3C crys ta ls  were  
g r ow n  at  a lower  t e m p e r a t u r e  t h a n  1A crystals ,  bu t  
g rew in  contact  wi th  the  CdS powder  charge.  As a 
resu l t  t hey  were  less pu re  t h a n  1A crystals  p a r t i c u -  
l a r ly  for Cu and  Zn  impur i t i e s  as ind ica ted  in  Table  
II, and  this lack of p u r i t y  overshadows  a n y  effect 
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Table III. Summary of traps in CdS 1-A crystals 

Trap  No.* Tin, ~ E~, ev  * j  Nt ,  cm-~t 

1 - -170  0.21 10 TM 

2 - -100  0.30 1014 
3 - - 7 5  0.37 2 • 10 TM 
4 - - 5 0  0.43 5 • 10 TM 

5 - - 5  0.56 3 )< 1015 
6 + 3 0  0.63 4 • 1015 
7 +95 0.79 2 X 1015 

* I n  F ig .  2. 
** T r a p  d e p t h  ca l cu la ted  as  t he  l o c a t i o n  of  t h e  q u a s i - F e r m i  l e v e l  

a t  t he  t h e r m a l l y  s t i m u l a t e d  c u r r e n t  m a x i m u m ,  a s s u m i n g  a m o b i l i t y  
of 100 cm~/v-sec .  

t T r a p  dens i t i e s  ca l cu la ted  f r o m  t h e  to ta l  t h e r m a l l y  s t i m u l a t e d  
charge ,  u s i n g  a s u i t a b l e  g a i n  f a c t o r  d e r i v e d  f r o m  s t e a d y - s t a t e  exc i -  
t a t ion .  

of t he  l o w e r  g r o w t h  t e m p e r a t u r e  on  t h e i r  p r o p e r -  
t ies.  I t  also accounts  for  the  h i g h e r  t r a p  dens i t i e s  
(1016 - -  10 lr cm -3)  m e a s u r e d  for  58-3C c rys ta l s .  
These  r e s u l t s  e m p h a s i z e  t he  g r e a t  i m p o r t a n c e  of 
c r y s t a l  p u r i t y  and  m o d e  of g r o w t h  in  m i n i m i z i n g  
t r a p p i n g  and  c o n s e q u e n t l y  t he  r e sponse  t i m e  of t he  
pho toconduc to r .  

Crystals Grown in H2S 

Pure C d S . - - A t  g r o w t h  t e m p e r a t u r e s  in t he  v i c i n -  
i t y  of 800~ CdS c r y s t a l s  w e r e  g r o w n  in  H2S a t -  
m o s p h e r e s  a t  s e v e r a l  p r e s su re s ,  in  t he  f o r m  of 
needles ,  rods ,  a n d  p la tes .  The  l a r g e s t  r i b b o n  a n d  
p l a t e l i k e  c rys t a l s  w e r e  f o r m e d  f r o m  the  d r y  p rocess  
CdS.  O n l y  c r y s t a l s  w h i c h  g r e w  a t  some d i s t a n c e  
f r o m  the  p o w d e r  c h a r g e  w i l l  be  cons idered .  P r e -  
p a r a t i o n  cond i t ions  and  s p e c t r o g r a p h i c  a n a l y s e s  for  
some t y p i c a l  c ry s t a l s  a r e  g iven  in T a b l e  IB a n d  
IIB, r e spec t i ve ly .  

W i t h  r e s p e c t  to t he  i m p r o v e m e n t  in  c r y s t a l  size 
o b t a i n e d  w i t h  t he  use  of the  d r y - p r o c e s s  CdS,  i t  
m a y  be  n o t e d  t h a t  w i t h  t he  e x c e p t i o n  of zinc, t he  
two  m a t e r i a l s  a r e  not  suff ic ient ly  d i s s i m i l a r  in 
ca t ionic  i m p u r i t i e s  for  t he se  to accoun t  for  t he  d i f -  
f e r ence  in  s ize of t h e  r e s u l t i n g  c rys t a l s .  I n  a d d i t i o n  
no t  a l l  i m p u r i t i e s  a r e  h a r m f u l .  I t  was  f o u n d  for  
e x a m p l e ,  t h a t  c ry s t a l s  d o p e d  w i t h  coppe r  g r o w  w i t h  
the  s a m e  h a b i t s  as p u r e  c rys ta l s .  F u r t h e r ,  Woods  
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Fig. 3. Spectral response of CdS 58-3C 
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(7)  r e p o r t s  t h a t  his  l a r g e s t  F r e r i c h s - t y p e  c rys t a l s  
w e r e  o b t a i n e d  w h e n  g a l l i u m  or  i n d i u m  was  used  as 
an  i m p u r i t y  add i t ive .  I t  is w e l l  k n o w n  t h a t  h a l o g e n s  
p r o m o t e  CdS c r y s t a l  g rowth .  The  r e su l t s  f r o m  th is  
and  o the r  w o r k  in  t h e s e  l a b o r a t o r i e s  (8 ) ,  i nd i ca t e  
t h a t  an ion ic  i m p u r i t i e s  such  as su l fa te ,  oxide ,  and  
h y d r o x y l  ions, w h i c h  a r e  no t  r e v e a l e d  b y  s p e c t r o -  
g r a p h i c  ana lys i s ,  m a y  affect  c r y s t a l  g rowth .  The  
p r e c i p i t a t e d  p roduc t ,  for  e x a m p l e ,  o r ig ina t e s  f r o m  
aqueous  so lu t ion ,  a f t e r  w h i c h  i t  is d r i ed .  I t  is p r o b -  
able ,  t he re fo re ,  t h a t  t he  o x y - a n i o n s  p r e v i o u s l y  
m e n t i o n e d  a r e  a l l  p r e s e n t  and  m a y  no t  be  c o m -  
p l e t e l y  r e m o v e d  b y  the  p r e g r o w t h  t r e a t m e n t .  On 
the  o the r  hand ,  t he  f o r m a t i o n  of o x y - a n i o n s  w o u l d  
be m i n i m i z e d  in  t he  m a t e r i a l  p r o d u c e d  b y  the  v a p o r  
p h a s e  reac t ion .  

In  c o n t r a s t  w i t h  a p r e v i o u s  r e p o r t  (3)  i t  was  
f o u n d  t h a t  H2S p r e s s u r e s  in t h e  r a n g e  b e t w e e n  200- 
700 Tor r  d id  no t  a p p r e c i a b l y  affect  t h e  size of the  
c rys ta l s .  (The  in i t i a l  H2S p r e s s u r e  dec rea se s  b y  
abou t  20-100 Tor r  d u r i n g  an  e x p e r i m e n t  as a r e su l t  
of d i f fus ion  t h r o u g h  the  q u a r t z  of H2 f o r m e d  b y  d i s -  
soc ia t ion  of H2S.) The  mos t  s ens i t i ve  c rys ta l s ,  h o w -  
ever ,  w e r e  g r o w n  w i t h  H2S p r e s s u r e s  ove r  300 Torr .  
Some  of the  H2S g r o w n  c r y s t a l s  a r e  c h a r a c t e r i z e d  
b y  good speed  of r e sponse  as w e l l  as b y  good s en -  
s i t i v i t y  as i n d i c a t e d  b y  the  F i g u r e s  of M e r i t  l i s ted  
in Tab le  IIB. The  A r  g r o w n  c rys t a l s  h a v e  c o n s i d e r -  
a b l y  l o w e r  speed  of r e sponse  for  e q u i v a l e n t  sens i -  
t i v i ty .  

T h e r m a l l y  s t i m u l a t e d  c u r r e n t  m e a s u r e m e n t s  w e r e  
m a d e  on a n u m b e r  of  t he se  c rys ta l s .  C r y s t a l  50 
g r o w n  a t  700 Tor r ,  showed  a b r o a d  d i s t r i b u t i o n  of 
t r a p s  f r o m  0.2 to 0.7 ev. In  th is  and  a n o t h e r  spec i -  
m e n  t o t a l  t r a p  dens i t i e s  of 7 x 101~ c m  -3 a n d  4 x 10 TM 

cm -~ w e r e  f o u n d  w i t h  deep  t r a p  dens i t i e s  of 2 x 
1014 cm -3 and  5 x 1015 cm -~, r e spe c t i ve ly .  These  
dens i t i e s  a r e  no t  v e r y  low,  a n d  p a r t i c u l a r l y ,  t he  
deep  t r a p  dens i t i e s  a r e  such  as to p r e v e n t  fas t  r e -  
sponse  (1) .  

C r y s t a l s  m a d e  w i t h  H2S p r e s s u r e s  b e t w e e n  300 
and  500 Tor r ,  on  the  o t h e r  hand ,  a p p e a r  to have  
bo th  s e n s i t i v i t y  and  good speed.  C r y s t a l  5 5 D E - l ,  for  
e x a m p l e ,  has  a t o t a l  t r a p  d e n s i t y  of  5 x 1015 cm -s ,  
b u t  a deep  t r a p  d e n s i t y  of on ly  3 x 1013 c m  -3. This  
low deep  t r a p  d e n s i t y  r e su l t s  in  an  i m p r o v e m e n t  b y  
a f ac to r  of 2 to 6 ove r  s t a n d a r d  CdS:  Cu,C1 c rys ta l s .  
I t  is e n c o u r a g i n g  t h a t  th is  s u p e r i o r  p e r f o r m a n c e  
has  b e e n  a c h i e v e d  in c r y s t a l s  w i t h  an  a r e a  of 30 
m m  2 a n d  u p  to 0.2 m m  t h i c k  w h i c h  a r e  a p p r e c i a b l y  
l a r g e r  t h a n  p r e v i o u s  s t a n d a r d s .  

C d S : C u  crystals.--The g r o w t h  p r o c e d u r e  has  also 
been  used  to o b t a i n  s ing le  c r y s t a l s  of CdS:  Cu b y  
i n t i m a t e l y  m i x i n g  Cu2S w i t h  t he  CdS p o w d e r  
charge .  C r y s t a l  g r o w t h  o c c u r r e d  ove r  a t e m p e r a t u r e  
r a n g e  f r o m  800~176 and  cond i t ions  a re  s u m -  
m a r i z e d  in  T a b l e  IV. The  c r y s t a l  h a b i t s  v a r i e d  w i t h  
t e m p e r a t u r e  in  t h e  s ame  m a n n e r  as t he  p u r e  c r y s -  
ta ls .  The  p r e s e n c e  of copper ,  h o w e v e r ,  m a y  a l t e r  
t he  t e m p e r a t u r e  r a n g e  in  w h i c h  a p a r t i c u l a r  h a b i t  
w i l l  grow.  A s i m i l a r  r e s u l t  ha s  been  n o t e d  b y  W o o d s  
(7)  for  F r e r i c h s  t y p e  CdS c rys t a l s  g r o w n  in HC1. 

A n  i n t e r e s t i n g  f e a t u r e  is t h a t  t he  a m o u n t  of cop-  
p e r  in  a c r y s t a l  d e p e n d s  s t r o n g l y  on t h e  g r o w t h  
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Table IV. Preparation and some properties of CdS:Cu crystals 

L o w  l i g h t  F i g u r e  
s, of  Merit, 

S a m p l e  G r o w t h ,  T, ~ C C r y s t a l  t y p e  [ Cu  ] - p p m  c m ~ / o h m  w a t t  S~ ( ToL ) * 

60-AB 800-20 Thin, clear  l ight  ye l low plates  2-200 8 • 10-2 196 
60-EF 820-40 Thick, s t r ia ted  da rk  ye l low plates  1500-3000 4 • 10 -2 10 
60-3 840-70 Dark  brown rods 12,000 3 • 10 -8 0.09 
60-DE 860-90 Black cones, some wi th  hollow 

centers  33,000 3 • 10 -4 0.002 

N o t e s :  S t a r t i n g  m a t e r i a l ,  v a p o r  p h a s e ,  CdS;  i n i t i a l  [Cu] ,  1% b y  w e i g h t  as  CufS;  a r m  Gas ,  HfS,  380 Tor r ;  g r o w t h  t i m e ,  144 hr ;  s u b l i m a t i o n  
T, 950~ * see  de f i n i t i on  T a b l e  I.  

t e m p e r a t u r e .  E s t i m a t e s  f r o m  s p e c t r o g r a p h i c  a n a l y -  
ses a re  i n c l u d e d  in  T a b l e  IV. C h e m i c a l  a n a l y s e s  on 
a c r y s t a l  w i t h  the  h ighes t  c o n c e n t r a t i o n  ind ica ted ,  
h o w e v e r ,  t h a t  the  coppe r  m a y  no t  be  h o m o g e n e -  
ous ly  d i s t r i b u t e d  t h r o u g h o u t  a c rys ta l .  S ince  i t  is 
l i k e l y  t h a t  some  e l e m e n t s  in  a d d i t i o n  to Cu wi l l  also 
s e g r e g a t e  in  h i g h e r  t e m p e r a t u r e  c r y s t a l  f r ac t ions ,  
these  d a t a  d e m o n s t r a t e  the  a d v a n t a g e  in  p u r i t y  
ga ined  f r o m  low t e m p e r a t u r e  g rowth .  

Resu l t s  of some p h o t o e l e c t r o n i c  m e a s u r e m e n t s  a r e  
s u m m a r i z e d  in Tab le  IV. As  the  p r o p o r t i o n  of Cu in 
the  c rys t a l s  inc reases :  (a )  the  s e n s i t i v i t y  dec reases ;  
(b)  the  l ow l i gh t  F i g u r e  of Mer i t  d rops  s h a r p l y  b e -  
cause  of a d e c r e a s e  in  b o t h  speed  and  sens i t i v i ty ;  
(c)  op t i ca l  q u e n c h i n g  of p h o t o c o n d u c t i v i t y  by  long  
w a v e l e n g t h  l i gh t  becomes  m u c h  m o r e  p r o n o u n c e d ,  
and  the  s p e c t r a l  r e sponse  changes  p r i n c i p a l l y  b e -  
cause  of i m p u r i t y  i n t e r a c t i o n  at  h igh  Cu concen -  
t r a t i o n s  (9) .  The  s p e c t r a l  r e sponse  of t y p i c a l  c r y s -  
ta l s  f r om each  of the  fou r  g roups  is g iven  in Fig.  3. 
Because  of the  v a r i a t i o n  of the  i m p o r t a n c e  of op t i -  
cal  quench ing  w i t h  Cu concen t r a t ion ,  a f a i r l y  s h a r p  
m a x i m u m  in r e sponse  a t  7000-80002~ is f o u n d  as a 
func t ion  of Cu  c o n c e n t r a t i o n  in  the  c rys ta l s .  C r y s t a l  
60AB has  a low Cu c o n c e n t r a t i o n  and  as a r e s u l t  
shows  a high,  l o w - l i g h t  F i g u r e  of M e r i t  cons i s t en t  
w i th  t he  fac t  t h a t  these  c rys t a l s  w e r e  p r e p a r e d  in  
an  HfS p r e s s u r e  of 330-380 Torr .  

Summary 
S u b l i m a t i o n  t e chn iques  have  been  u t i l i zed  to 

g r o w  CdS and  C d S : C u  s ingle  c rys t a l s  w i t h  the  fo l -  
l owing  resu l t s .  ( A )  I m p r o v e d  p h o t o c o n d u c t i v i t y  
p e r f o r m a n c e  for  l o w - l i g h t  exc i t a t i on  has  been  
ach i eved  in  30 m m  2 x 0.2 m m  CdS c rys t a l s  g r o w n  
a t  800~176 u n d e r  300-500 T o r r  HfS. These  c r y s -  
ta l s  h a v e  a r e l a t i v e l y  low d e n s i t y  of deep  t raps .  (B)  
V e r y  sens i t ive  c rys t a l s  w i t h  c e n t i m e t e r  d ime ns ions  
can  be  g r o w n  in argon.  (C)  C o p p e r  i m p u r i t y  has  
been  s h o w n  to s e g r e g a t e  s t r o n g l y  as a func t ion  of 
g r o w t h  t e m p e r a t u r e ,  t he  c o n c e n t r a t i o n  of i nco r -  
p o r a t e d  Cu i n c r e a s i n g  w i th  t e m p e r a t u r e .  (D)  The  
absence  of o x y a n i o n i c  i m p u r i t i e s  in the  CdS s t a r t -  
ing  m a t e r i a l  a p p e a r s  to be  i m p o r t a n t  in the  p r o d u c -  
t ion  of l a r g e r  c rys ta l s .  
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Effect of an Electric Field on the Oxidation of Zinc 

Paul J. Jorgensen 

Research Laboratory, General Electric Cocnpany, Schenectady, New York  

Recent ly  C i smaru  and  C i smaru  (1) concluded 
tha t  an  electr ic  field does no t  inf luence  the ox ida-  
t ion  ra t e  of zinc. Uhl ig  and  B r e n n e r  (2) h a v e  also 
concluded tha t  an  electr ic  field does no t  inf luence  
the ra te  of ox ida t ion  of copper. On the  other  hand ,  
Jo rgensen  (3) and  Schein,  LeBoucher ,  and  L a -  
combe (4) have  d e m o n s t r a t e d  tha t  electr ic  fields 
can inf luence ox ida t ion  ra tes  of si l icon and  iron,  
respect ively.  

In  all  the  above cases, it seems most  r easonab le  
to this  au thor  tha t  the ra tes  of ox ida t ion  are con-  
t ro l led  by  the  diffusion of ions t h rough  the  oxide 
layers.  Therefore ,  if an  electric field is to affect the  
ra tes  of react ion,  it  mus t  inf luence  the  diffusion of 
the ions or change  the  r a t e - c o n t r o l l i n g  mechan i sms .  

Both Uhl ig  and  Brenne r ,  and  C i smaru  and  Cis-  
m a r u  a t t emp ted  to es tabl ish  an electric field across 
the oxide l ayer  by  capaci t ive  coupl ing  of the  me t a l  
to be oxidized to a po ten t i a l  source. The e x p e r i m e n -  
ta l  a r r a n g e m e n t  r e su l t ed  in  a pa ra l l e l  p la te  capaci -  
tor  w i th  the oxide l ayer  and  an  air  gap as the  di -  
electric. In  this  a r r a n g e m e n t  v i r t u a l l y  all  of the  
po ten t i a l  drop occurs across the  air  gap, and  hence  
no s izeable electric field develops across the  oxide 
layer .  This  lack of electr ic  field exp la ins  Uhl ig  and  
B r e n n e r ' s  and  C i smaru  and  C i smaru ' s  resul ts .  I t  is 
the purpose  of this  note  to show tha t  an  electric field 
appl ied  across a zinc oxide layer ,  whe re  diffusion of 
ions is the  r a t e - c o n t r o l l i n g  mechan i sm,  does inf lu-  
ence the  ra te  of oxidat ion.  

Experimental Procedure and Results 

Oxide layers  were  fo rmed  s i m u l t a n e o u s l y  on a 
n u m b e r  of f resh ly  c leaved 99.999% zinc crys ta ls  by  
oxidiz ing in  1 a tm oxygen  at 375~ for a few sec- 
onds. The  th ickness  of the  oxide layers  on these  
crysta ls  was less t h a n  1% of the to ta l  th ickness  
f inal ly  formed,  and  due to the u n i f o r m  e x p e r i m e n t a l  
condi t ions  it  was assumed  tha t  all  oxide layers  were  
e q u i v a l e n t  in  thickness .  Coun t e r  electrodes were  
formed by  spu t t e r ing  p l a t i n u m  on the  oxide su r -  
faces. Ra te  cons tan ts  d e t e r m i n e d  f rom data  for f u r -  
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Fig. 1. Illustration showing experimental arrangement for study- 
ing the effect of an electric field on the oxidation of zinc. 

ther  ox ida t ion  should therefore  be s l ight ly  lower  
t h a n  if the  ra te  had  been  m e a s u r e d  exac t ly  b e g i n -  
n i n g  at  t ime  zero. The  slope of a parabol ic  plot  of 
the da ta  idea l ly  should  show some cu rva tu re ,  bu t  
the  dev ia t ion  f rom l i nea r i t y  caused by  1% of the 
oxide be ing  in i t i a l ly  p resen t  is negl ig ible .  A d ia -  
g r a m  of the e x p e r i m e n t a l  a r r a n g e m e n t  is shown in  
Fig. 1. A cons tan t  c u r r e n t  dens i ty  of 1.05 a m p / c m  e 
was appl ied  which  gave a field of 3.3 x 103 v / c m  at 
375~ A p l a t i n u m  wi re  b u r i e d  ins ide  the  zinc a l -  
lowed the same po la r i ty  to be appl ied  to bo th  sides 
of the zinc crystal .  

I n  order  to d e t e r m i n e  w h e t h e r  the  spu t t e red  
p l a t i n u m  electrode i n t e r f e r ed  w i th  the  process of 
oxidat ion,  a f u r t h e r  zinc c rys ta l  was  spu t t e red  wi th  
p l a t i n u m  and  oxidized w i t hou t  an  electr ic  field at 
400~ in  oxygen  at which  t e m p e r a t u r e  the  p a r a -  
bolic ra te  cons tan t  is wel l  known .  Resul ts  are shown 
in  Fig. 2. The  ra te  cons tan t  of 8.5 x 10 -11 g2/cm4/hr  
m e a s u r e d  by  a we igh t  ga in  me thod  compares  f avor -  
ab ly  wi th  the da ta  of P i l l ing  a nd  B e d w o r t h  (5) and  
W a g n e r  and  G r u e n w a l d  (6) ,  who ob ta ined  8.8 x 
10 -11 a nd  7.2 x 10 -11 g2/cm4/hr ,  respect ively .  It  was 
therefore  conc luded  tha t  the  spu t t e red  p l a t i n u m  a l -  
lowed the  passage of oxygen  t h r o u g h  t he  electrode,  
and  the  electrode did not  i n t e r f e re  w i th  oxidat ion.  

The  ra te  of ox ida t ion  for the  r e m a i n d e r  of the  
work  was fol lowed,  u n d e r  cons tan t  c u r r e n t  condi -  
t ions, by  m e a s u r i n g  the  change  in  vol tage  across 
the zinc oxide layer  w i th  t ime.  A re l a t ionsh ip  be -  
t w e e n  vol tage  and  t ime can be der ived,  a s suming  
the  oxide layers  exh ib i t  u n i f o r m  res i s t iv i ty  and  the 
ra te  of ox ida t ion  is parabol ic  (7) ,  i.e. 

X 2 = k t  [1]  

is the  th ickness  of the  oxide layer ,  t is 
k is the  ra te  constant .  Hence  

where X 
time, and 

8O I I I I I I i I 

70 400 ~ 
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I I I J I I I I 
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Fig. 2. Parabollc plot of the weight gain per unit area vs.  time 
for zinc oxidation at 4 0 0 = C .  
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Fig. 3. Parabolic plot of the voltage measured across o growing 
zinc oxide layer vs .  time, illustrating oxidation under an accelerating 
electric field, a retarding electric field, and normal oxidation. 

E = IR = I p X / A  [2] 

where  E is the  vol tage,  I is c u r r e n t  (0.5 a m p ) ,  p is 
the res i s t iv i ty  (3.16 x 10 ~ o h m - c m  at  375~ (8) ,  
and  A is the  electrode area  (0.477 cm2), and  

4 I2p 2 
E2----- A ~  kt [3] 

The factor  of four  en te r s  Eq. [3] due to the 
pa ra l l e l  a r r a n g e m e n t  of zinc oxide layers  in  the  ex-  
p e r i m e n t a l  setup.  This method  of fo l lowing the ra te  
of reac t ion  necess i ta tes  the  a s sumpt ion  tha t  the  
contac t  res i s tance  at  a cons tan t  t e m p e r a t u r e  is con-  
s tan t  w i th  t ime. This  a s sumpt ion  appears  to be va l id  
because  good parabol ic  plots of the  da ta  we re  ob-  
t a ined  in  accordance  w i th  Eq. [3].  

A series of expe r imen t s  were  conducted  at 375~ 
in  an  oxygen  a tmosphe re  in  which  the  ra te  of ox i -  
da t ion  was  fo l lowed w i thou t  an  electr ic  field and  
wi th  bo th  an  acce le ra t ing  and  a r e t a r d i n g  field. The 
field is t e r m e d  acce le ra t ing  w h e n  the  m e t a l - m e t a l  
oxide in te r face  is pos i t ive  wi th  respect  to the  me ta l  
ox ide-gas  in te r face  and  r e t a rd ing  w h e n  the  m e t a l -  
me ta l  oxide in te r face  is nega t ive  wi th  respect  to the  
ox ide-gas  in terface .  Resul ts  are  shown  in  Fig. 3. 
The  ra te  of ox ida t ion  for n o r m a l  ox ida t ion  was  
m e a s u r e d  by  i n t e r m i t t e n t l y  app ly ing  the  c u r r e n t  
w h e n  the  vol tage  was  to be  measured .  The  square  
and  circles ind ica te  di f ferent  r u n s  u n d e r  the  same  
condi t ions  showing  the  r ep roduc ib i l i t y  of the  r e -  
sults. The  tota l  th ickness  of oxide p roduced  for ex -  
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Table I. Rate constants obtained from slopes of data plotted 
in Fig. 3 

C o n d i t i o n  R a t e  c o n s t a n t  

Accelerating field 
Normal oxidation 
Retarding field 

2.25 X 10 -1~ g2/cm4/hr 
1.30 • 10 -1~ g2/cm4/hr 
5.40 X 10 -12 g2/cm4/hr 

ample  u n d e r  an  acce le ra t ing  field, ca lcu la ted  f rom 
the data  shown in  Fig. 3, was  4170A. 

Tab le  I lists the  ra te  cons tan t s  ob ta ined  f rom the 
slopes of data  p lo t ted  in  Fig. 3, m u l t i p l i e d  by  the  
square  of dens i ty  of ZnO. These ra te  cons tan t s  are 
u n i f o r m l y  high due  to neg lec t ing  contact  po ten t ia l s  
in  the  calcula t ion.  Compar i son  of the data  of Fig. 
2 and  3 would  suggest  a to ta l  contact  res i s tance  of 
a p p r o x i m a t e l y  0.15 ohm. 

I t  is c lear ly  ev iden t  f rom Fig. 3 tha t  the  ra te  of 
ox ida t ion  can be e i ther  accelera ted  or r e t a rded  de-  
p e n d i n g  on the  o r i en ta t ion  of the  electr ic  field. 
Therefore ,  it  is conc luded  t h a n  an  electr ic  field does 
inf luence  the ra te  of ox ida t ion  of zinc. In  the  case 
of C i smaru  a nd  C i smaru ' s  a nd  Uhl ig  a nd  B r e n n e r ' s  
work,  the  lack of inf luence of an  electr ic  field on 
zinc and  copper  ox ida t ion  m a y  be a t t r i b u t e d  to the  
m a n n e r  in  which  the  electr ic  field was  appl ied  and  
not  to an  i n h e r e n t  p r o p e r t y  of the  oxidiz ing systems.  
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Growth Twins in the F.C.C. Metals 

J. W. Faust, Jr., and H. F. John 
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A l t h o u g h  t h e r e  a r e  n u m e r o u s  r e f e r e n c e s  to  a n -  
nea l i ng  and  d e f o r m a t i o n  t w i n s  in me ta l s ,  t h e r e  a r e  
on ly  a f ew  e x a m p l e s  of t he  p r e s e n c e  of g r o w t h  
twins .  P r i c e  (1)  r e p o r t s  t h e m  in c a d m i u m  need le s  
g r o w n  f r o m  v a p o r  phase ,  H e r e n q u e l  and  L a c o m b e  
(2)  in ch i l l  cas t  a l u m i n u m ,  and  the  a u t h o r s  (3)  in 
s i lve r  d e n d r i t e s  g r o w n  b y  e l ec t rodepos i t ion .  The  
a u t h o r s  h a v e  p r e s e n t e d  the  g e n e r a l  cond i t ions  u n d e r  
w h i c h  g r o w t h  t w i n s  m a y  p l a y  a d o m i n a n t  ro le  d u r -  
ing  the  g r o w t h  of d e n d r i t e s  of o t h e r  m a t e r i a l s  in 
a d d i t i o n  to s e m i c o n d u c t o r s  (4) .  In  m e t a l s  s e v e r a l  
c r y s t a l  sy s t ems  mee t  these  condi t ions .  I t  is t he  p u r -  
pose  of th is  c o m m u n i c a t i o n  to p r e s e n t  f u r t h e r  ev i -  
dence  of g r o w t h  t w i n s  in  m e t a l s  c ry s t a l l i z i ng  in  the  
fcc sys tem.  

W r a n g l e n  (5)  has  g r o w n  d e n d r i t e s  of t he  fcc m e t -  
als  Pb,  Cu, and  Ag. These  w e r e  f ace t ed  b y  {111} 
p l anes  a n d  g r e w  in t he  < 1 1 0 >  or  < 1 0 0 >  d i r e c t i o n  
d e p e n d i n g  on the  c u r r e n t  d e n s i t y  and  c o n c e n t r a t i o n  
of the  e l ec t ro ly t e .  B a s e d  on x - r a y  e x a m i n a t i o n  
these  d e n d r i t e s  w e r e  r e p o r t e d  to be  s ingle  c rys ta l s .  
I t  has  been  shown  (4) t h a t  d e n d r i t e s  of t he  fcc 
m a t e r i a l s  g r o w i n g  in t h e  < 1 1 0 >  d i rec t ion ,  or  in a n y  
d i r ec t i on  of g e n e r a l  i n d e x  < h ,  h - l ,  1>,  could  con ta in  
t w i n  p l anes  w h i l e  those  g r o w i n g  in t he  < 1 0 0 >  d i -  
r ec t ion  could  not. In  a p r e l i m i n a r y  i n v e s t i g a t i o n  of 
d e n d r i t e s  g r o w n  b y  e l ec t rodepos i t ion ,  d e n d r i t e s  of 
Cu and  P b  w e r e  g rown ,  a n d  d e n d r i t e s  of A1 w e r e  
o b t a i n e d  f r o m  DStzer  (6 ) .  The  e l ec t ro ly t e s ,  c u r r e n t  
d e n s i t y  and  o the r  d a t a  on the  e l ec t rodepos i t s  a r e  
g iven  in  T a b l e  I. F o r  lead,  t he  cond i t ions  g iven  b y  
W r a n g l e n  (5)  w e r e  used.  

F i g u r e  1 shows  an  e x a m p l e  of a l e a d  d e n d r i t e  t h a t  
g r e w  in t he  < 1 1 0 >  d i rec t ion .  This  is s o m e w h a t  
s im i l a r  to t he  one s h o w n  b y  W r a n g l e n .  F i g u r e  2 
shows  a t y p i c a l  cross  sec t ion  of a l e ad  d e n d r i t e  t h a t  

has  been  po l i shed  and  e t ched  to r e v e a l  t he  m i c r o -  
s t ruc tu re .  S e v e r a l  t w i n  p l anes  can  be  seen  b y  fo l -  
l owing  the  changes  in e tch  p a t t e r n  across  t he  cross  
sect ion.  

Fig. 1. Lead dendrite grown in < 1 1 0 >  direction 

Table I. Summary of data on electrodeposited metals 

Metal  Electrolyte C.D., ma/cm~ G r o w t h  f o r m  Growth  direct ions T w i n  p lanes  

Pb 0.5 m Pb (NO~) 2 100 dendrites < 110 > yes 
2 m NH4NOs 

Cu CuSO4 100 sponge - -  yes 

A1 organic - -  dendr i tes  < 100> no 
<h ,  h-l ,  1> yes  

Au  0.05 m KAu (CN) 2 
0.2 rn KCN 30-60 dendr i tes  yes 
0.1 m K2CO3 
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Fig. 2. Cross section of lead dendrite showing twin planes 

Fig. 3. Cross section of copper sponge showing twin planes 

In  the  case of copper,  we ob ta ined  the  f ami l i a r  
spongy deposi t  ins tead  of the e longa ted  dendr i t e s  
found  by  Wrang l en .  Pe rhaps  the  reason  for this  lies 
in  the fact tha t  W r a n g l e n  used a copper n i t r a t e  so- 
lu t ion  r a the r  t h a n  the  copper  su l fa te  used by  us. 
Pieces of the spongy deposit  were  cross-sect ioned,  
polished, and  etched to revea l  the mic ros t ruc tu re .  
E x a m i n a t i o n  of these cross sections showed tha t  the 
crys ta l l i tes  of Cu con ta ined  t w i n  planes ,  as shown  
in Fig. 3, and  for some reason  were  inh ib i t ed  f rom 
ex tended  growth.  No a t t emp t  was  made  in  this  p r e -  
l i m i n a r y  inves t iga t ion  to d e t e r m i n e  the  l imi ts  over  
which  dendr i t es  could be produced.  

DStzer s tudied  the  e lec t rodeposi t ion  of A1 f rom 
organic  solutions.  He ob ta ined  good solid growth,  
long needles,  or po lyhedra l  g rowth  depend i ng  on 
the c u r r e n t  densi ty.  He k i n d l y  suppl ied  us wi th  
ma te r i a l  g rown  at a c u r r e n t  dens i ty  b e t w e e n  long 
needle  g rowth  and  po lyhedra l  growth.  We e x a m i n e d  
this  m a t e r i a l  and  found  the  po lyhed ra l  g rowth  to 
be s ingle  crys ta l  dendr i t e s  g rown  in  a ~ 1 0 0 ~  di -  
rec t ion  faceted by  {111} planes.  Some of the n o n -  
< 1 0 0 >  dendr i t e s  were  cross-sect ioned,  polished,  
and  etched to revea l  the i r  m ic ros t ruc tu r e  and  found  
to con ta in  t w i n  p lanes  as shown in  Fig. 4. I t  was  not  
possible to d e t e r m i n e  whe the r  the  g rowth  d i rec t ion  
was ~ 2 1 1 > ,  ~ 1 1 0 > ,  or ano the r  d i rec t ion  of the gen -  
eral  indices ~ h ,  h- l ,  1>. 

We also e x a m i n e d  some meta l s  w i th  o ther  c rys ta l  
s t ruc tures .  Dendr i t e s  of Ta, Ti, Mn, and  In  were  
found to be  s ingle  c rys ta l  as wou ld  be  p red ic ted  
from the genera l  condi t ions  for t w i n  p lane  growth.  

Fig. 4. Cross section of non ~ 1 0 0 ~  aluminum dendrite showing 
twin planes. 

As ye t  we have  not  e x a m i n e d  a ny  other  ma te r i a l s  
whose crys ta l  s t ruc tu re  al lows t w i n  planes .  

This work  shows tha t  g rowth  tw ins  can be p ro -  
duced and  p lay  a p r e d o m i n a n t  role in  the  e lec t ro-  
deposi t ion of fcc metals .  For  such to be the  case sug-  
gests tha t  r e - e n t r a n t  edges are fo rmed  at  t w i n  
p lanes  s imi lar  to tha t  f ound  in  semiconduc tor  d e n -  
dr i tes  (4) .  I t  is r e l a t i ve ly  easy to u n d e r s t a n d  how 
such r e - e n t r a n t  edges can act as sites for easy n u -  
c lea t ion d u r i n g  g rowth  f rom the melt .  I t  is more  
difficult to imagine ,  however ,  how the  r e - e n t r a n t  
edges act s imi l a r ly  in  e lec t rodeposi t ion  w he re  the  
highest  deposi t ion ra te  wou ld  be expected  at the  
corners  and  edges. One migh t  speculate  tha t  ions 
sit d o w n  in  hal f  c rys ta l  posi t ions at the corners  and  
edges and  then  migra te .  Ce r t a in ly  the  r e - e n t r a n t  
edge at the t w i n  p l ane  wou ld  be a good site for a n y  
mobi le  ions to go in to  la t t ice  posi t ions w he r e  they  
wou ld  form a nuc leus  for l ayer  growth.  Such a 
process would  be easier  t h a n  t w o - d i m e n s i o n a l  n u -  
cleat ion.  In  such a case, a ce r ta in  m i n i m u m  surface 
mob i l i t y  would  be needed  before  the r e - e n t r a n t  
edge would  p resen t  a ny  advantage .  
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Low-Temperature Deposition of Silicon Oxide Films 
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Sil icon oxide films p lay  an  i m p o r t a n t  role in  
semiconduc tor  device technology.  Surface  pass iva -  
t ion and  diffusion mask ing  are the  most  p r o m i n e n t  
appl ica t ions  for these amorphous  films. There  are 
several  methods  by  which  such oxide films m a y  be 
obta ined,  bu t  only  the e levated  t e m p e r a t u r e  proc-  
esses give sa t i s fac tory  oxide films for the above-  
m e n t i o n e d  appl icat ions .  

Decomposi t ion  of organic  compounds  on the ab -  
sorpt ion  of ene rgy  is a w e l l - k n o w n  p h e n o m e n o n .  
The necessary  ene rgy  m a y  be suppl ied  as chemical  
energy,  t h e r m a l  ene rgy  or in  the fo rm of r ad i a t i on  
(u l t rav io le t ,  g a m m a  radia t ion ,  etc.) .  The composi -  
t ion  of the decomposi t ion  p roduc t s  depends  on the  
n a t u r e  of the s ta r t ing  mater ia l ,  as wel l  as on the  
e x p e r i m e n t a l  condit ions.  Consequen t ly ,  it is diffi- 
cul t  if no t  imposs ib le  to predic t  the n a t u r e  and  
composi t ion of all  the  products  of such decomposi -  
tion. Never theless ,  one can expect  the fo rma t ion  of 
ce r ta in  compounds  f rom t h e r m o d y n a m i c  cons idera -  
tions. Thus,  the  t h e r m a l  decomposi t ion  of a l u m i n u m  
isopropoxide is expected  to give a l u m i n u m  oxide 
u n d e r  f avorab le  condit ions.  

The difficulties encoun t e r ed  in  e lec t ron  optical  
sys tems lead to the discovery (1, 2) tha t  organic  
compounds  decompose w h e n  sub jec ted  to an elec- 
t ron  beam.  The discovery was fol lowed by  the de-  
v e l o p m e n t  of the me thod  of fo rming  t h i n  po lymer ic  
and  meta l l i c  films by  e lec t ron  b o m b a r d m e n t  of 
su i table  chemica l  compounds  (3 -5) .  

The w e l l - k n o w n  p h e n o m e n o n  of direct  c u r r e n t  
glow discharge  was used for p r e p a r a t i o n  of t h i n  
films at the Elect ronics  Labo ra to ry  of Gene ra l  Elec-  
t r ic  C o m p a n y  (6) .  The work  repor ted  here fol lowed 
the same basic pr inciple ,  except  tha t  R.F. induced  
gaseous p l a sma  was  used in  order  to e l imina t e  the 
undes i r ab l e  sDutter ing observed wi th  d-c  glow dis-  
charge. 

We have  developed a me thod  by  which  a u n i f o r m  
and  amorphous  si l icon oxide film m a y  be deposi ted 
at n e a r l y  room t empera tu r e .  In  our  process a su i t a -  
ble  o rgano-s i l i con  compound  is decomposed in  a 
low ene rgy  gaseous p l a sma  to give a sil icon oxide 
film and  var ious  other  decomposi t ion  p roduc t s  
which  are p r e v e n t e d  f rom deposi t ing  on the sub-  
s t ra te  by  the con t inuous  b o m b a r d m e n t  of the  su r -  
face. A m o n g  the m a n y  o rgano-s i l i con  compounds  
a lkoxy- s i l anes  were  found  to be most  sui table .  Due 
to the f avorab le  si l icon to oxygen  ratio,  these com-  
pounds  m a y  be used successful ly  wi th  a rgon  p las -  
mas. It  follows tha t  oxygen  mus t  be added to the 
sys tem if the  si l icon to oxygen  ra t io  is too low. 

We propose  the  fo l lowing t e n t a t i v e  m e c h a n i s m  
for the react ion.  The exci ted or ionized gas a toms 

1 P r e s e n t  address :  E l ec t ron ic s  L a b o r a t o r y ,  G e n e r a l  E lec t r i c  Com-  
pany ,  Syracuse ,  N e w  York.  

of the car r ie r  gas collide wi th  the o rgano-s i l i con  
molecules.  Some of these coll isions resu l t  in  the  
fo rma t ion  of f ree radicals  which  in  t u r n  are ad-  
sorbed by  the surface  of the subs t ra te .  F u r t h e r  de-  
composi t ion  takes  place on the subs t ra te  u n d e r  the  
inf luence  of the  con t inuous  b o m b a r d m e n t .  Thus,  a 
s table  S t -O-S t  n e t w o r k  is bu i l t  up  on the  surface.  

In  order  to avoid the  i n t roduc t ion  of u n d e s i r a b l e  
impur i t i e s  the p l a sma  is gene ra t ed  in  a fused quar tz  
reac t ion  c ha mbe r  by  an  appl ied  R.F. field. In  our  
exper iments ,  f requenc ies  of 1-5 mc were  employed  
a l though  both  lower  as wel l  as h igher  f requenc ies  
m a y  be used. Reasonable  deposi t ion  ra tes  were  ob-  
t a ined  in  the  1-20 x 10 -2 Torr  p ressure  range.  The 
ra te  of deposi t ion is a func t ion  of flow rates,  power  
input ,  subs t ra te  t empe ra tu r e ,  and  e q u i p m e n t  geom-  
etry.  U n d e r  cont ro l led  condi t ions  the  film g rowth  is 
a l i nea r  f unc t i on  of t ime. Deposi t ion ra tes  of 1000- 
3000 A / h r  on u n h e a t e d  subs t ra tes  gave sa t i s fac tory  
films. The  films ob ta ined  are qui te  u n i f o r m ;  the 
va r i a t i on  in  film th ickness  over  1 in. 2 area  is est i -  
ma t e d  to be less t h a n  300A. In  some exper iments ,  
ion cu r r en t s  as h igh as 80 ma  have  been  measured .  

These films were  eva lua ted  by  severa l  methods.  
E lec t ron  diffract ion studies  have  conf i rmed tha t  the 
films are indeed  amorphous .  I n f r a r e d  t r ansmis s ion  
m e a s u r e m e n t s  fa i led to show the presence  of C-H 
bonds.  Never theless ,  the  absence  of organic  groups  
in  these films cannot  be accepted solely on the basis  
of the IR data.  

The deposi ted films protec ted  si l icon subs t ra tes  in  
ch lor ine  a tmosphere  at 900~176 a test  of ten  
used for the eva lua t i on  of si l icon oxide films. The 
films were  also used successful ly  as m a s k i n g  films 
in  phosphorous  diffusion of si l icon at 1250~ S imi -  
lar  expe r imen t s  in  boron  diffusion m a s k i n g  gave in -  
conclus ive  resul ts .  

This  inves t iga t ion  is be ing  ex tended  to other  ox-  
ide sys tems inc lud ing  m i x e d  ox ide  films since it 
seems to offer some exc i t ing  possibi l i t ies  for the  
p r e p a r a t i o n  of nove l  glassy films not  ob t a inab le  by  
conven t iona l  methods  of p repara t ion .  

Manuscript  received Jan. 2, 1963. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be publ ished in the December 1963 
J O U R N A L .  
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S e v e r a l  m e t h o d s  a r e  a v a i l a b l e  for  t he  d e t e r m i n a -  
t ion of the  zero c h a r g e  po in t  (zcp)  of m e t a l - e l e c t r o -  
l y t e  e l ec t rodes  (1) .  Each  m e t h o d  has  l i m i t a t i o n s  
w h i c h  r e s t r i c t  the  r a n g e  of i ts  app l i cab i l i t y .  W e  
b a v e  d e v e l o p e d  a m e t h o d  for  t he  d e t e r m i n a t i o n  of 
the  zcp w h i c h  e x t e n d s  t he  n u m b e r  of sys t ems  a m e n -  
ab le  to i nves t iga t ion .  

Our  m e t h o d  d e p e n d s  on the  fac t  tha t ,  u n d e r  su i t -  
ab le  condi t ions ,  an  o rgan ic  m o l e c u l e  a d s o r b e d  at  
the  m e t a l - e l e c t r o l y t e  i n t e r f ace  can  be  used  as a 
p r o b e  of t he  e l ec t ro s t a t i c  field in  the  compac t  H e l m -  
hol tz  doub le  l a y e r  ( c H d l ) ,  i.e., b e t w e e n  the  ou te r  
H e l m h o l t z  p l a n e  and  the  m e t a l  surface .  I t  has  been  
d e m o n s t r a t e d  (2, 3) t h a t  t he  p o t e n t i a l  d e p e n d e n t  
a d s o r p t i o n  of n e u t r a l ,  o rgan ic  mo lecu le s  at  t he  
m e t a l - e l e c t r o l y t e  i n t e r f a c e  can  be  i n t e r p r e t e d  in 
t e r m s  of f i e l d / d i p o l e  i n t e r a c t i o n  across  t he  cHdl .  A t  
the  zcp the  field across  the  doub le  l a y e r  a r i s ing  
f r o m  excess  cha rge  is zero,  w h e n c e  for  a f ixed so lu-  
t ion c o n c e n t r a t i o n  of o rgan ic  m a t e r i a l  t he  a m o u n t  
of o rgan ic  m a t e r i a l  a d s o r b e d  wi l l  be  i n d e p e n d e n t  of 
the  s u p p o r t i n g  e l e c t r o l y t e  concen t r a t ion .  Thus  p o -  
t e n t i a l  d e p e n d e n t  o rgan ic  m a t e r i a l  a d s o r p t i o n  
cu rves  o b t a i n e d  us ing  va r i ous  c o n c e n t r a t i o n s  of 
s u p p o r t i n g  e l e c t r o l y t e  wi l l  have  a c o m m o n  po in t  of 
i n t e r s ec t i on  at  t he  zcp. 

The  r e q u i r e m e n t s  for  th is  m e t h o d  a re :  ( i )  The  
zcp shou ld  no t  be  m a r k e d l y  ( <  10 m y )  a f fec ted  b y  
a d s o r p t i o n  of t he  o rgan ic  m a t e r i a l  ( low su r f ace  
c o v e r a g e s ) .  ( i i )  Change  of t he  c o n c e n t r a t i o n  of t he  
s u p p o r t i n g  e l e c t r o l y t e  should  cause  l i t t l e  sh i f t  of the  
zcp. I f  specific a d s o r p t i o n  of ions of the  s u p p o r t i n g  
e l e c t r o l y t e  is ex tens ive ,  t he  a d s o r p t i o n  shou ld  be  in -  
sens i t ive  to e l e c t r o l y t e  c o n c e n t r a t i o n  changes .  
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Fig. 1. Adsorption of naphthalene (mole/cm 2 and in terms of 
surface coverage) on gold at different ionic strengths. Concentra- 
tion of naphthalene, 10 -5 moles/1, o, IO-~M HCI04; /% lO-aM 
HCI04 -t- 1M NaCI04. 

The t e c h n i q u e  of m e a s u r e m e n t  uses  C14-1abeled 
o rgan ic  m a t e r i a l .  The  e lec t rode ,  a t h in  go ld  foil,  is 
e xpose d  to the  so lu t ion  on one side w h i l e  a r a d i a t i o n  
d e t e c t o r  is p l a c e d  on the  b a c k  side of t he  foil. The  
to t a l  r a d i a t i o n  pass ing  t h r o u g h  the  foi l  a r i ses  p a r t l y  
f rom a d s o r b e d  species  and  p a r t l y  f r o m  m a t e r i a l  in 
so lu t ion;  these  two  c o n t r i b u t i o n s  a r e  s e p a r a t e d  
r ead i ly .  The  go ld  foi l  was  c l eaned  b y  a l t e r n a t e  
a n o d i c / c a t h o d i c  pu l s ing  t e r m i n a t i n g  on a ca thod ic  
pulse .  A c c u r a c i e s  of - - 0 . 0 2  m o n o l a y e r  can  be  o b -  
t a i n e d  (see Fig .  1).  

The  e l ec t rode  i n v e s t i g a t e d  was  Au]10  -~ M HC104 
c M NaC104, 1 0 - s M  n a p h t h a l e n e ,  w h e r e  c in one 
case was  0 and  in a n o t h e r  case  was  1. The  
a m o u n t  of n a p h t h a l e n e  a d s o r b e d  on the  gold  was  
m e a s u r e d  as  a func t ion  of p o t e n t i a l  (4 ) .  This  sys -  
t e m  obeys  t he  c r i t e r i a  r e q u i r e d  for  t he  a p p l i c a b i l i t y  
of th is  me thod .  F o r  n a p h t h a l e n e  a d s o r p t i o n  the  p o -  
t e n t i a l  c o r r e s p o n d i n g  to t he  a d s o r p t i o n  p e a k  does 
not  change  m o r e  t h a n  10 m v  on going  f r o m  zero to 
1/10 coverage .  P e r c h l o r a t e  so lu t ions  w e r e  used  b e -  
cause  C104-  does  no t  u s u a l l y  spec i f ica l ly  adsorb .  
High,  bu t  v a r i a b l e ,  C104-  a d s o r p t i o n  w o u l d  r e su l t  in 
t he  p e a k s  for  t he  two  cu rves  h a v i n g  d i f fe ren t  v a l -  
ues,  b u t  th is  is no t  so (cf. Fig .  1). 

E x p e r i m e n t a l  r e su l t s  a r e  shown  in Fig.  1. P o i n t  
A, a t  300 • 50 my,  is t he  zcp of the  g o l d - e l e c t r o l y t e  
e lec t rode .  The  e l e c t r o d e  po t en t i a l ,  EH, m a y  be d e -  
s c r ibed  as fo l lows :  

EH ---- Ezcp ~- XltM-2 ~- ~I~2-S [1]  

w h e r e  ~M-2 and  ~I'2-s a r e  t he  p o t e n t i a l  d i f fe rences  
a r i s ing  f r o m  excess  c h a r g e  across  t he  cHdl  and  the  
G o u y  l ayer ,  r e s p e c t i v e l y ;  p o t e n t i a l  changes  associ -  
a t ed  w i t h  changes  in d ipo le  o r i e n t a t i o n  (e.g., w a t e r )  
a r e  neg l ec t ed  s ince  t hese  a r e  accoun ted  for  in t he  
se lec t ion  of v a l u e s  for  �9 a n d  d in  Eq. [2] .  F o r  a 1:1 
e l e c t r o l y t e  (5)  

dv  ~1/2 32 kT  Us �9 
XItM- 2 : ") sinh{eo ~I'2-s/2kT} 

EM--2 / 

[2]  

w h e r e  c is the  d i e l ec t r i c  cons t an t  (EM-e = 6 and  �9 
78),  d t he  t h i ckness  of the  cHdl  (3 .4A) ,  ns t he  

c onc e n t r a t i on  of anions,  eo, k and  T the  cha rge  on 
the  e lec t ron ,  B o l t z m a n n  cons tan t ,  and  a b s o l u t e  t e m -  
p e r a t u r e ,  r e spec t i ve ly .  The  p e a k s  B and  C of the  
curves  c o r r e s p o n d  to i d e n t i c a l  cond i t ions  in t he  
cHdl ,  i.e., t he  va lue s  of ~t'M-~ a re  t he  same.  Since,  
for  c = 1, ~M-2 ~ 20 ~ 2 - s  and  t h e r e f o r e  ~I'2-s can be  
neg l ec t ed  

( E H ) c -  (EH)B = [~2--S]c=0 ( =  1 6 0 m y )  [3]  

466 



Vol.  110, No. 5 

K n o w i n g  [~I'2-s]c=0 a t  t he  a d s o r p t i o n  peak ,  w e  o b -  
t a in  ~I,~_ 2 at  t he  p e a k  us ing  Eq. [2 ] :  (~M--2 = 240 
m y )  w h e n c e  Ez~p = 250 m v  which ,  w i t h i n  e x p e r i -  
m e n t a l  e r ro r ,  is in  a g r e e m e n t  w i t h  t he  p o i n t  A. 
S i m i l a r  ca l cu la t ions  can  be  m a d e  for  Ezcp, ove r  an  
en t i r e  p a i r  of a d s o r p t i o n  curves .  

Manuscr ip t  rece ived  Nov. 29, 1962. 

Any  discussion of this  paper  wi l l  appear  in a Dis- 
cussion Sect ion to be pub l i shed  in the  December  1963 
JOURNAL. 
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Extension of Iridium Crucible Lifetime 
R. S. Horwath and C. Whiteley 
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I r i d i u m  c ruc ib l e s  a r e  used  e x t e n s i v e l y  in  s ingle  
c r y s t a l  g r o w t h  of m a n y  h igh  m e l t i n g  po in t  m a t e -  
r i a l s  such  as  c a l c ium t u n g s t a t e  a n d  ca l c ium f luoride.  
The  l i f e t i m e  of such  c ruc ib l e s  is v e r y  sho r t  u n d e r  
such condi t ions .  W e  wi sh  to r e p o r t  t h a t  b y  r h o d i u m  
p l a t i n g  a n e w  or  s l i g h t l y  used  c r u c i b l e  t he  u s e f u l  
l i f e t i m e  is i n c r e a s e d  4 to 5 t imes .  T h e  r e p a i r  of a 
c r a c k e d  c ruc ib l e  m a y  also be  a c h i e v e d  b y  b r a z i n g  
w i t h  p l a t i n u m  or  r h o d i u m  me ta l .  

W h i l e  o p e r a t i n g  a t  h igh  t e m p e r a t u r e s  in a i r ,  s m a l l  
b l a c k  need l e  c r y s t i l s  of  IrO2 a re  o b s e r v e d  a t  t he  
ba se  of t h e  c ruc ib le .  The  w a l l  t h i cknes s  of t he  c r u -  
c ib les  is f o u n d  to d e c r e a s e  due  to v o l a t i l i z a t i o n  of 
i r i d ium.  Cracks  of u n k n o w n  o r ig in  a p p e a r  in  the  
c ruc ib le s  at  v a r i o u s  t i m e s  and  u n d e r  va r i ous  cond i -  
t ions.  Due  to t he  i n i t i a l  h igh  cost  of l a r g e  c ruc ib les ,  
a m e t h o d  of r e t a r d i n g  the  v o l a t i l i z a t i o n  and  r e p a i r -  
ing the  c racks  is des i r ab le .  

Pos s ib l e  m a t e r i a l s  for  such  r e t a r d a t i o n  a n d  r e p a i r  
a r e  p l a t i n u m  and  r h o d i u m  s ince  t h e y  a r e  also used  
f r e q u e n t l y  for  h i g h - t e m p e r a t u r e  c ruc ib les .  S ince  
r h o d i u m  has  a h i g h e r  m e l t i n g  p o i n t  t h a n  p l a t i n u m  
and  a l o w e r  v a p o r  p r e s s u r e  (1)  t h a n  i r i d ium,  r h o -  
d i u m  was  chosen  as t he  bes t  p l a t i n g  m a t e r i a l .  A n  
i r i d i u m  c r u c i b l e  is c l eaned ,  f irs t  c h e m i c a l l y ,  t h e n  
w i t h  a l i qu id  hon ing  process .  T h e  c ruc ib l e  is e l e c t r o -  
p l a t e d  w i t h  a th in  l a y e r  (0.0002 in.)  of r h o d i u m  
meta l ,  h e a t e d  to 1650~ for  16 hr ,  and  the  cycle ,  

e x c e p t  for  a s l i g h t l y  t h i c k e r  p l a t ing ,  is r e p e a t e d .  
This  comple t e s  t he  p rocess ing  for  a r e l a t i v e l y  n e w  
cruc ib le .  This  t r e a t m e n t  w i l l  i n c r e a s e  t he  l i fe  of an  
i r i d i u m  c ruc ib l e  f r o m  50 h r  to  a b o u t  300 hr .  

I f  t he  c ruc ib l e  fa i l s  b y  c rack ing ,  f u r t h e r  l i f e t ime  
e x t e n s i o n  m a y  be  o b t a i n e d  b y  r epa i r s .  The  r e p a i r  
is a c c o m p l i s h e d  b y  first  c l ean ing  t h e  c ruc ib le ,  t hen  
spo t  w e l d i n g  a p iece  of p l a t i n u m  or  r h o d i u m  w i r e  
in to  t he  c rack ,  w h i c h  has  been  f i led u n t i l  i t  is a 
V - s h a p e d  groove.  The  c ruc ib l e  is t hen  h e a t e d  in an  
R.F.  f ield to t h e  m e l t  t e m p e r a t u r e  of t he  f i l ler  m e t a l  
u sed  ( p l a t i n u m  or  r h o d i u m ) .  The  m e t a l  f lows as in 
a n o r m a l  b r a z e  and  seals  t h e  c racks .  The  c ruc ib l e  
l i f e t i m e  is o f t en  e x t e n d e d  b e y o n d  300 h r  w i t h  t he  
use  of th is  r e p a i r  me thod .  E v e n t u a l l y  t he  c ruc ib l e  
be c ome s  i r r e p a r a b l e  due  to  a "po ros i t y , "  caus ing  
g e n e r a l  l e a k a g e .  
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ABSTRACT 

In this system magnes ium is oxidized to a soluble form (MgC12). The i ron 
oxide is reduced  to an insoluble  species containing l i th ium ion. Electrode effi- 
ciencies are  high. A specia l ly  designed cell  was used to examine  the cha rac te r -  
istics of i ron  oxide samples.  The b road ly  impor t an t  considerat ions are  fer r ic  
ion content  and specific res is tance of the  i ron  oxide powder .  For  example ,  en-  
e rgy  ou tput  wi th  7-Fe2Oa is genera l ly  la rger  than  wi th  Fe304. Highly  conduc-  
t ive samples, such as syn the t ica l ly  p r epa red  spinel  forms, those containing 
t i t an ium( IV)  ion in the  lattice,  and those which  include conduct ing carbon 
provide  h igher  vol tages  than  poor ly  conduct ing samples  such as ~-Fe203 and 
those which contain sil ica as an impur i ty .  Cer ta in  samples  a re  h igh ly  absorbent  
and ex t ra  e lec t ro ly te  is needed. The resul ts  p rovide  a basis for  selecting sam-  
ples for  pa r t i cu la r ly  des i red  cell  character is t ics .  

T h e r m a l  cel ls  have  n o r m a l l y  sol id  e l e c t r o l y t e s  and  
become  a c t i v a t e d  w h e n  these  sol id  e l e c t r o l y t e s  a r e  
me l t ed .  Such  cel ls  have  b e e n  d e s c r i b e d  b y  s e v e r a l  
au thors ,  i nc lud ing  V i n a l  (1 ) ,  G o o d r i c h  and  E v a n s  
(2) ,  and  M c K e e  (3) .  The  n e g a t i v e  e l ec t rode  is g e n -  
e r a l l y  ca l c ium or  m a g n e s i u m  s ince  these  m e t a l s  a r e  
r e l a t i v e l y  s t ab l e  in the  e l e c t r o l y t e s  and  afford  l a rge  
cel l  vo l tages .  2 The  m a t e r i a l  r e d u c e d  at  the  pos i t i ve  
e l ec t rode  m a y  e i the r  be d i s so lved  in the  e l ec t ro ly t e ,  
o r  if inso lub le ,  m a y  be  l oca t ed  on the  pos i t ive  e lec -  
t r o d e  me ta l .  

Sel is  and  M c G i n n i s  (5)  h a v e  d i scussed  the  b e h a -  
v io r  of a so lub le  o x i d a n t  ( p o t a s s i u m  c h r o m a t e )  in 
t he  t h e r m a l  cel l  s y s t e m  Mg/LiC1-KC1-K2CrO4/Ni .  
The  p r e s e n t  p a p e r  is conce rned  w i t h  a s l i gh t ly  so lu -  
b le  or  " so l id"  ca thode  r e a c t a n t ,  i r on  oxide ,  l oc a t e d  
on a n i cke l  m e t a l  subs t r a t e .  W h e n  t h e y  afford  sa t i s -  
f a c t o r y  v o l t a g e  a n d  d i s c h a r g e  cha rac te r i s t i c s ,  t he  
so l id  r e a c t a n t s  a r e  of spec ia l  a d v a n t a g e  for  t h e r m a l  
cel ls  b e c a u s e  t h e y  do no t  a t t a c k  the  n e g a t i v e  e lec -  
t r o d e  w h e n  the  cel ls  a r e  a c t i v a t e d  and  because  t h e y  
do no t  r a i s e  t he  l i qu idus  t e m p e r a t u r e  of the  e l e c t r o -  
l y t e  (as  does  p o t a s s i u m  c h r o m a t e ) ;  some ser ious  
des ign  p r o b l e m s  a re  thus  avo ided .  

H o w e v e r ,  c h a r a c t e r i z i n g  the  i ron  ox ide  c o m p o -  
n e n t  is a c o m p l e x  task.  F i r s t  t h e r e  a r e  t h r e e  d i f f e r -  
en t  h i g h e r  ox ides  w h i c h  a r e  a v a i l a b l e  f r o m  c o m -  
m e r c i a l  sources ;  t he se  i nc lude  Fe304 ( m a g n e t i t e ) ,  
~-Fe203 ( h e m a t i t e ) ,  and  ~-Fe2Os. W i t h  each  one, 
t he  r a t i o  of i ron  to o x y g e n  can  v a r y .  I m p u r i t i e s  wi l l  
a lso v a r y .  F u r t h e r m o r e ,  t h e r e  wi l l  be  d i f fe ren t  p a r -  
t i c le  size d i s t r i bu t ions .  Such  v a r i a t i o n s  r e su l t  f r om 
d i f f e ren t  m o d e s  of p r e p a r a t i o n  for  d i f fe ren t  corn- 

P r e s e n t  a d d r e s s :  R e s e a r c h  L a b o r a t o r i e s ,  G e n e r a l  Motors  Corpo-  
ra t ion ,  W a r r e n ,  M i c h i g a n .  

Some  f o r m a t i o n  of a l i q u i d  c a l c i u m - l i t h i u m  a l loy  d o e s  o c c u r  i n  
m o l t e n  LiC1-KC1. H o w e v e r ,  t he  c a l c i u m  can  s t i l l  be  a v e r y  u s e f u l  
e l e c t r o d e  m a t e r i a l  and,  i n  fact ,  t h e  a l loy  is de s i r ab l e  s ince i t s  f lu id  
p r o p e r t i e s  s e r v e  to  keep  t h e  a n o d e  f r o m  b e i n g  exc e s s ive ly  p o l a r -  
ized (4). 

m e r c i a l  uses  and  p r o v i d e  a w i d e  se lec t ion  of s a m p l e s  
for  t he  cons t ruc t i on  of t h e r m a l  cells.  

T h e r e  w e r e  two  ob j ec t i ve s  for  th is  work .  The  
first  was  to shed  some l igh t  on the  n a t u r e  of the  
e l ec t rode  r eac t i ons  for  t he  s y s t e m  M g / L i C 1 - K C 1 /  
Fe203, Ni, and  the  e x p e r i m e n t s  w e r e  done  w i t h  m o r e  
or  less  c o n v e n t i o n a l  a r r a n g e m e n t s .  The  second  ob -  
j e c t i ve  was  to cons ide r  i ron  ox ide  s a m p l e s  as ca thode  
r e a c t a n t s  in  t h e r m a l  cel ls  of m o r e  p r a c t i c a l  g e o m -  
e t ry .  F o r  t h a t  p a r t i c u l a r  p u r p o s e  some i ron  ox ide  
lots  a r e  of l i t t l e  v a l u e ;  t he  use  of o the r s  a l lows  the  
b u i l d i n g  of  cel ls  of c a pa b i l i t i e s  as des i red .  In  the  
p r e s e n t  pape r ,  p e r f o r m a n c e  wi l l  be  c o r r e l a t e d  w i th  
p h y s i c a l  and  c h e m i c a l  p a r a m e t e r s  of t he  ox idan t .  
These  can  p r o v i d e  a bas is  for  spec i fy ing  i ron  ox ide  
lots  s a t i s f a c t o r y  for  t he  f a b r i c a t i o n  of t h e r m a l  cel ls  
for  d i f fe ren t  app l i ca t ions .  The  cel l  c ons t ruc t i on  used  

"he re  has  been  r e f e r r e d  to b y  G o o d r i c h  and  Evans  
(2)  and  is d i scussed  be low.  

Experimental 
Studies ol electrode react ions . - -Materials . - -The 

n e g a t i v e  e l ec t rodes  w e r e  c o n s t r u c t e d  f r o m  shee t  
m a g n e s i u m  w h i c h  was  0.37 m m  in t h i cknes s  and  of 
a c o m m e r c i a l l y  p u r e  g r a d e  (99.8% Mg; m i n o r  
a m o u n t s  of Ca a n d  Z n ) .  The  m a g n e s i u m  sur faces  
w e r e  a b r a d e d  w i t h  fine emery ,  t h o r o u g h l y  r i n s e d  in 
cold  w a t e r ,  and  w i p e d  d r y  b e f o r e  i m m e r s i o n  in t he  
e l ec t ro ly t e .  The  pos i t i ve  e l ec t rodes  w e r e  p r e p a r e d  
w i t h  r e a g e n t  g r a d e  i ron  ox ide  (~-Fe2Os)  and  com-  
m e r c i a l l y  p u r e  n i c k e l  gauze  (98 -99% Ni;  m i n o r  
a m o u n t s  of Co, Fe ,  and  Z n ) .  

The  l i t h i u m  and  p o t a s s i u m  ch lo r ides  w e r e  of r e -  
agen t  g r a d e  and  w e r e  h a n d l e d  in a " d r y  r o o m "  
( r e l a t i v e  h u m i d i t y  of 4 - 5 %  at  a m b i e n t  t e m p e r a -  
t u r e ) .  
Cell construction and discharge.--Porcelain c ruc i -  
bles w e r e  Used for  cel l  con ta ine rs .  The  e l e c t r o l y t e  
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consis ted of 60g of the  l i t h i u m  ch lo r ide -po ta s s ium 
chlor ide eutect ic  m i x t u r e  (58 mole  % LiC1, 42 mole  
% KC1) accura t e ly  weighed  out.  A cell con ta ined  
two pairs  of electrodes;  one pai r  was  d ischarged  u n -  
der  load and  the  o ther  pa i r  r e m a i n e d  on open cir-  
cuit  and  served  as references .  Each pa i r  i nc luded  a 
m a g n e s i u m  nega t ive  and  an  i ron  oxide, n icke l  posi-  
t ive  electrode.  The m a g n e s i u m  electrodes each p re -  
sented  an  a rea  of 12.9 cm e ( i nc lud ing  f ron t  and  
back su r f aces ) ;  the  posi t ive  electrodes had  a p ro -  
jec ted  a rea  of 6.4 cm 2 and  were  made  by  sp read ing  
3.40g of i ron  oxide in to  a n icke l  cup, cover ing  w i th  
a piece of n icke l  gauze, and  c r imp ing  the edges of 
the  cup over  the  gauze. ~ These were  t h e n  dr ied  at 
105~ Nickel  wi re  leads were  spo t -we lded  to all  
electrodes.  The electrodes were  pos i t ioned on the 
edges of a square  wi th  d iss imi lar  electrodes facing 
each o ther  and  separa ted  by  four  cent imeters .  A 
c h r o m e l - p - a l u m e l  the rmocoup le  in  a P y r e x  pro tec-  
t ion  t ube  was  located in  the  center .  

Discharges  were  made  wi th  cons t an t  cu r r en t s  of 
0.50 or 1.O0 amp, and  va lues  of coulombic  passage 
were  calculated.  Po ten t i a l s  b e t w e e n  electrodes tha t  
were  d ischarged  and  not  d ischarged  were  recorded 
as a f unc t i on  of t ime,  and  typica l  curves  are shown  
in  Fig. 1. 
Chemical analysis.--After a d ischarge  the e lec t ro-  
lyte  was dissolved in  250 ml  of d is t i l led  water .  The 
so lu t ion  was f i l tered and  the res idue  was ana lyzed  
q u a n t i t a t i v e l y  for m a g n e s i u m .  The pH of the f i l t rate  
was measured ,  and  the  f i l t rate  also was ana lyzed  for 
magnes ium.  The m a g n e s i u m  electrodes were  r insed  
in  cold dis t i l led  water ,  dried,  and  weighed.  The i ron  
oxide electrodes were  washed  and  t h e n  ana lyzed  
q u a n t i t a t i v e l y  for fe r rous  and  ferr ic  i ron  and  also 
s u b m i t t e d  to spec t rochemica l  ana lys i s  and  to x - r a y  
powder  diffract ion studies.  The  resul ts  of the v a r i -  
ous qua l i t a t i ve  and  q u a n t i t a t i v e  ana lyses  wi l l  be 
presented ,  and  the  i n f e r r ed  electrode reac t ions  are 
discussed below. 

Thermal cell studies.--Cell design and procedure. 
As wi th  the work  on  electrode react ions,  the  l i t h i u m  

3 I n  p r i n c i p l e  t he  n i c k e l  s u b s t r a t e  d o e s  n o t  p a r t i c i p a t e  in  t he  o v e r -  
a l l  cel l  reac t ions ,  and  in  p r ac t i ce  the  b e h a v i o r  of  the  i r o n  o x i d e  
e l ec t rode  is  e s sen t i a l ly  u n c h a n g e d  w h e n  such  m e t a l s  as  s t a i n l e s s  
s tee l  or  g o l d  rep lace  t he  n i c k e l  i n  s h o r t - p e r i o d  d i scharges .  W i t h  dis -  
c h a r g e s  of  l o n g e r  t i m e  d u r a t i o n ,  loca l  coup les  b e t w e e n  the  m e t a l  
an d  t he  i r o n  o x i d e  do  h a v e  a s m a l l  effect  on t he  p o s i t i v e  e l e c t r o d e  
po ten t i a l .  
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Fig. 1. Magnesium and iron oxide potentials and voltages under 
no load and under constant current discharge of 0.50 amp. (a) 
Zero-current voltage between reference electrodes; (b) closed-cir- 
cuit cell voltage; (c) Mg potential vs. Mg reference; (d) Fe203 
potential vs. Fe203 reference. 

and  po tas s ium chlorides were  of r eagen t  grade  and  
h a n d l e d  in  a l o w - h u m i d i t y  room. The  eutect ic  m i x -  
t u r e  was  me l t ed  in  a la rge  porce la in  crucible ,  and  
into the  fused salts some leng ths  of glass tape  were  
dipped.  The glass tape  s a tu ra t ed  w i t h  e lec t ro ly te  
was  a l lowed to cool in  a desiccator  charged  wi th  
ca lc ium sulfate.  The  glass tape  can be descr ibed  as 
t igh t ly  w o v e n  f rom fine ya rn ,  hea ted  to n e a r l y  
600~ to r e m o v e  sizing, a nd  hav ing  a th ickness  of 
0.08 m m  before  sa tu ra t ion .  Af t e r  s a tu r a t i on  the  
th ickness  was 0.25 m m  and  an  a n n u l a r  piece, as de-  
scr ibed  below,  con ta ined  200 mg (3.6 mi l l imoles )  of 
electrolyte.  

The var ious  i ron  oxides wi l l  be discussed later .  
The p r e p a r a t i o n  of the ca thode  m a t e r i a l  was  as fol-  
lows. A m i x t u r e  of 3.14g of the  i ron  oxide sample,  
0.04g of P y r e x  glass fiber, a nd  0.5 ml  of a 5% aque -  
ous so lu t ion  of Ninol  1281 we t t i ng  agen t  i n  500 m l  
of dis t i l led w a t e r  was ag i ta ted  for 30 sec in  a food 
b lender .  The s l u r r y  was  t h e n  poured  in to  a suc t ion  
f u n n e l  fi t ted w i th  a 12.5-cm circle of W h a t m a n  No. 
40 filter paper .  F i l t r a t i on  was fast  a nd  the re  was  
even  d i s t r i bu t ion  on the paper .  The fil ter paper  was  
r e move d  and  hea ted  in  a n  oven  for 15 m i n  at  120~ 
and  t h e n  pu t  in  a ca lc ium sul fa te  desiccator  for at  
least  18 hr. The sheet  was  cut w i th  a die pr ior  to 
s t r ipp ing  a w a y  the  deposit  which  could t h e n  be 
h a n d l e d  as a wafer .  The  th ickness  of these  disks was  
0.2-0.3 mm. This  spread  is caused by  the va r i a t i on  in  
the  dens i ty  of the  samples.  

The  severa l  componen t s  of the  t h e r m a l  cells are  
shown  in  Fig. 2. The n icke l  cup was cons t ruc ted  of 
commerc ia l ly  pu re  me ta l  pa r t i a l l y  a n n e a l e d  and  
0.13 m m  in  thickness .  The  d i ame te r  of the  base of 
the  cup was 3.43 cm and  the  hole d i ame te r  was 1.27 
cm. The no tched  wa l l  had  a he igh t  of abou t  0.25 cm 
wi th  special  notches  to accommodate  the  n icke l  
r i b b o n  leads spo t -we lded  to the  n icke l  and  m a g -  
n e s i u m  disks. 

In  the  n icke l  cup was  la id an  i ron  oxide disk. Next  
were  p laced  one or two pieces of e l e c t r o l y t e - s a t u -  
r a ted  glass cloth;  the m a t t e r  of us ing  s ingle  or 
double  e lec t ro ly te  wi l l  be discussed. The  i ron  oxide 
and  e lec t ro ly te  pieces had  an  outs ide d i ame te r  of 
3.38 cm and  a hole d i ame te r  of 1.27 cm and  p resen ted  
an  a p p a r e n t  area  of 7.68 cm 2 on each face. The  
weigh t  of i ron  oxide in  each disk was  0.195-0.198g. 
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Fig. 2. Exploded view of thermal cell 
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N e x t  is t he  m a g n e s i u m  n e g a t i v e  e lec t rode ,  s o m e -  
w h a t  s m a l l e r  t h a n  the  o the r  c o m p o n e n t s  so t h a t  
s h o r t - c i r c u i t i n g  is avo ided .  This  was  of c o m m e r -  
c ia l ly  p u r e  m e t a l  a n d  0.13 m m  th ick .  On i t  was  
p l aced  one or  two  p ieces  of e l e c t r o l y t e  c lo th  and  an  
i ron  o x i d e  d i sk  l a id  so t h a t  t h e  su r f aces  t h a t  w e r e  
aga in s t  t he  f i l ter  p a p e r  w e r e  now a g a i n s t  t he  e lec -  
t r o l y t e  cloth.  F i n a l l y  t he  n i c k e l  cover  was  pos i t i one d  
and  the  cel l  was  c losed  u n d e r  a h y d r a u l i c  r a m  w i t h  
a to ta l  fo rce  of 4500 kg.  The  cel ls  h a d  a t h i cknes s  
of 2-3 mm.  The  l eads  w e r e  w r a p p e d  w i t h  asbes tos  
p a p e r  to avo id  shor t  c i r cu i t i ng  d u r i n g  d i scha rge ,  and  
the  a s s e m b l e d  cel ls  w e r e  s to red  in a des i cca to r  p r i o r  
to ac t iva t ion .  

The  cel ls  w e r e  a c t i v a t e d  u n d e r  load  b e t w e e n  two  
m ass ive  s tee l  b locks ,  each  p r e s e n t i n g  to the  cel l  a flat  
c i r c u l a r  h e a t i n g  su r f ace  of 6 0 - m m  d i a m e t e r .  The  
s tee l  b locks  w e r e  k e p t  hot  in  i n d i v i d u a l  e lec t r i c  c r u -  
c ible  fu rnaces ,  s e p a r a t e l y  con t ro l l ed  at  a t e m p e r a -  
t u r e  of  420~ D u r i n g  d i s c h a r g e  the  cel ls  w e r e  
p r e s s e d  u n d e r  a fo rce  of 12 kg.  The  e x t e r n a l  l oad  
was  a f ixed r e s i s t ance  of 3.5 ohms.  Vo l t ages  w e r e  
m e a s u r e d  w i t h  a good q u a l i t y  v o l t m e t e r  h a v i n g  an  
i n t e r n a l  r e s i s t ance  of 3000 ohms  and  w e r e  r e a d  
e v e r y  5 sec a f t e r  a c t i va t i on  for  a 2 - m i n  per iod .  I n  
add i t ion ,  t he  t ime  r e q u i r e d  for  t he  cel l  v o l t a g e  to 
r e a c h  1.35v was  r eg i s t e r ed ,  and  the  p e a k  v o l t a g e  
was  also r eco rded .  

I t  shou ld  be n o t e d  t h a t  t he se  a n n u l a r  ce l ls  w e r e  
d i s c h a r g e d  a t  420~ w h i l e  the  s tud ies  of e l ec t rode  
r eac t i ons  w e r e  done  w i t h  a t e m p e r a t u r e  of 500~ 
No th ing  has  been  f o u n d  in t he  course  of t he  w o r k  
to  i nd i ca t e  t h a t  t h e  r e su l t s  of e l e c t r o d e  r e a c t i o n  
s tud ies  a r e  not  w h o l l y  v a l i d  for  420~ A t t e n t i o n  is 
also ca l l ed  to one  o the r  bas ic  d i f fe rence  in  e x p e r i m e n -  
t a l  me thod .  W h e n  c h e m i c a l  ana lyse s  and  s t o i c h i o m e t -  
r ic  c o m p a r i s o n s  w e r e  to  be  done  fo r  t he  p u r p o s e  of 
e s t ab l i sh ing  h a l f - c e l l  r eac t ions  t h e n  the  e l ec t rodes  
w e r e  d i s c h a r g e d  at  cons t an t  cu r r en t .  This  g ives  t he  
a d v a n t a g e  of s imp le  ca l cu l a t i on  of t o t a l  p a s s e d  
cha rge  and  d e l i v e r e d  ene rgy .  In  use,  h o w e v e r ,  b a t -  
t e r i e s  a r e  d i s c h a r g e d  t h r o u g h  loads  w h i c h  a r e  m o r e  
l ike  f ixed res i s tances .  F o r  such a s i t ua t i on  i t  is u n -  
de r s tood  t h a t  c u r r e n t  changes  c o n t i n u o u s l y  due  to 
change  in  cel l  v o l t a g e  as w e l l  as t o t a l  c i rcu i t  r e -  
s i s tance  (s ince  t h e r e  a r e  v a r i a t i o n s  in  r e s i s t ance  
w i t h i n  t he  ce l l ) .  The  a u t h o r s  h a v e  b e e n  ca r e fu l  to 
i n t e r p r e t  t he  b e h a v i o r  of t he  a n n u l a r  cel ls  in  t e r m s  
of d i s cha rge  t h r o u g h  cons t an t  e x t e r n a l  l oad  r e s i s t -  
ance.  

Modification of iron oxide samples.--Brief r e f e r e n c e  
has  a l r e a d y  been  g i v e n  to t he  v a r i o u s  f o r m s  of i r on  
oxide ,  n a t u r a l  and  syn the t i c ,  w h i c h  a re  c o m m e r -  
c i a l ly  a v a i l a b l e  for  w i d e l y  d i f f e ren t  app l i ca t ions .  
Modi f ica t ions  w e r e  also m a d e  in  t he  l a b o r a t o r y  in 
t e r m s  of c h a n g i n g  c r y s t a l  s t r u c t u r e ,  i n c o r p o r a t i n g  
fo re ign  e lements ,  r e m o v i n g  impur i t i e s ,  and  b l e n d i n g  
of d i f fe ren t  i ron  ox ide  samples .  

A s y n t h e t i c  Fe304 was  c o n v e r t e d  to ~/-Fe2Oa or  to 
a-FefO~ b y  h e a t i n g  in air .  T h e  t r a n s f o r m a t i o n s  w e r e  
i n d i c a t e d  b y  color  changes  and  ve r i f i ed  b y  x - r a y  
p o w d e r  d i f f rac t ion  s tud ies  and  d i f f e r en t i a l  t h e r m a l  
a n a l y s e s  and  wi l l  be  d i scussed  b e l o w  in s o m e w h a t  
more  de ta i l .  
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The  a d d i t i o n  of c a r b o n  to an  i ron  ox ide  s a m p l e  
was  a s imp le  d r y  b l e n d i n g  p roc e du re .  H i g h l y  con-  
duc t i ve  c a r b o n  p o w d e r s ,  such  as S t a t e x  B l a c k  and  
S h a w i n i g a n  Black ,  w e r e  used  in t h e  a m o u n t  of 
16.5 w t  % (72 mo le  % w i t h  Fe2Os; 79 mo le  % w i t h  
Fe~O4). The  m i x i n g  of two  d e p o l a r i z e r  s a m p l e s  w a s  
also done  b y  d r y  b l e n d i n g ;  t he se  m i x t u r e s  c o n t a i n e d  
50.0 w t  % of each  componen t .  

N a t u r a l l y  occu r r i ng  i ron  ox ides  g e n e r a l l y  con-  
t a i n  a f ew  w e i g h t  p e r  cen t  of  sil ica.  W i t h  one such  
s a m p l e  s i l ica  was  r e m o v e d  b y  w a r m i n g  w i t h  an  e x -  
cess of aqueous  hyd ro f luo r i c  ac id  so lu t ion  fo l lowed  
b y  a t h o r o u g h  w a s h i n g  and  d r y i n g  of t he  r e s i d u e  at  
125~ 

A n  a-FefO3 lot  was  p r e p a r e d  b y  p r e c i p i t a t i o n  of 
f e r r i c  ion f r o m  HC1 so lu t ion  w i t h  a m m o n i u m  h y -  
d rox ide .  A n o t h e r  such  s a m p l e  i n c l u d e d  a s m a l l  
a m o u n t  of c o p r e c i p i t a t e d  TiOf. The  p r e c i p i t a t e s  w e r e  
h e a t e d  in o x y g e n  o v e r n i g h t  a t  550~ o r  h i g h e r  and  
t hen  p u l v e r i z e d  and  passed  t h r o u g h  a 200 -mesh  
sieve.  

X-ray powder diffraction and differential thermal 
analysis studies.--X-ray p o w d e r  d i f f rac t ion  m e a s -  
u r e m e n t s  w e r e  m a d e  b y  c o n v e n t i o n a l  me thods .  
Va lues  of d / n  w e r e  c o m p a r e d  w i t h  those  g iven  in  
p u b l i s h e d  tab les .  

The  d i f f e r en t i a l  t h e r m a l  ana lys i s  t e c h n i q u e  used  
he re  has  been  d e s c r i b e d  b y  N e w m a n  and  Wel l s  (6) .  
R e f e r e n c e  wi l l  be m a d e  b e l o w  in r e g a r d  to a p p l y i n g  
the  r e su l t s  of D T A  to v e r i f y  t he  modi f ica t ions  of 
i ron  o x i d e  samples .  
Oil absorption.--This t e c h n i q u e  is u sed  b y  the  F e d -  
e r a l  S u p p l y  Se rv i ce  (7)  for  e v a l u a t i n g  the  a b i l i t y  
of a p a i n t  p i g m e n t  to abso rb  oil. A good  g r a d e  of 
l i n seed  oil  is a d d e d  d r o p w i s e  to a k n o w n  w e i g h t  of 
sol id  m a t e r i a l  w h i c h  is c o n s t a n t l y  s t i r r e d  w i t h  a 
spa tu la .  The  end  po in t  is t he  p o i n t  a t  w h i c h  a h o m o -  
geneous  p a s t e  is fo rmed ,  and  the  oi l  a b s o r p t i o n  
n u m b e r  is def ined  as t he  n u m b e r  of w e i g h t  un i t s  of 
oil  n e e d e d  for  100 w e i g h t  un i t s  of pow de r .  S ince  the  
compos i t i on  of l i n seed  oil  v a r i e s  s o m e w h a t ,  t he  s ame  
lot  of  oi l  m u s t  be  used  to o b t a i n  c o m p a r a t i v e  m e a s -  
u r e m e n t s .  This  tes t  is p e r t i n e n t  in d e s c r i b i n g  t h e  
a b i l i t y  of a d e p o l a r i z e r  s a m p l e  to a b s o r b  e l e c t r o -  
l y t e  (8) .  I ts  a p p l i c a t i o n  w i l l  be  d i scussed  la te r .  

Results and Discussion 

Electrode Reactions 

The magnesium electrode.--The d i s so lu t ion  of 
m a g n e s i u m  on open  c i rcu i t  has  been  m e a s u r e d  in  t he  
L iC1-KC]  e l e c t r o l y t e  a t  500~ The  loss of m e t a l  is 
s low, a n d  for  pe r i ods  up  to 1 h r  i t  is l i n e a r  w i t h  t ime .  
On the  bas is  of t w e l v e  e x p e r i m e n t s  t he  d i s so lu t ion  
r a t e  is 1.0 +-- 0.2 x 10-~g (8 x 10 - s  e q u i v a l e n t ) / c m  ~ 
of e x p o s e d  su r f a c e  p e r  minu te .  A t  r e a s o n a b l e  d i s -  
cha rge  r a t e s  th is  s ide  r e a c t i o n  is no t  v e r y  i m p o r t a n t  
as can  be  s h o w n  w i t h  t h e  d a t a  in  T a b l e  I. The  first  
fou r  sets  of r e su l t s  in th is  t a b l e  a r e  t y p i c a l  for  t he  
t w e l v e  e x p e r i m e n t s .  E l e c t r o d e  eff iciency was  n e v e r  
f o u n d  b e l o w  91%,  a n d  in  mos t  cases  i t  was  above  
96%. 

W i t h i n  e x p e r i m e n t a l  a c c u r a c y  e s s e n t i a l l y  a l l  of  
t he  ox id i zed  m a g n e s i u m  is f o u n d  in t h e  e l e c t r o l y t e  
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Table I. Analysis of magnesium electrode efficiency at 500~ 

J u n e  1963 

C o u l o m b i c  p a s s a g e  L o s s  of  w e i g h t  Loss  of  w e i g h t  
D u r a t i o n  of  for  e l ec t rode  of  e l e c t r o d e  o f  e l e c t r o d e  

E x p e r i m e n t  e x p e r i m e n t ,  u n d e r  load,  n o t  u n d e r  load,  u n d e r  load,  
No. r a i n  f a r a d a y  e q u i v a l e n t  e q u i v a l e n t  

M a g n e s i u m  r e c o v e r e d  f r o m  e l e c t r o l y t e  

W a t e r - s o l u b l e ,  W a t e r - i n s o l u b l e ,  
e q u i v a l e n t  e q u i v a l e n t  

M 8 20.0 6.22 X 10 -3 0.33 • 10 -3 6.76 X 10 -3 
M 10 20.0 12.4 0.21 12.4 
M 2 62.0 19.3 0.92 20.1 
M 1 71.0 22.1 1.18 24.2 
M 13 30.0 18.6 - -  - -  
M 14 30.0 18.6 - -  - -  

and  in  a w a t e r - s o l u b l e  form. Reac t ion  [1] is w r i t -  
t en  for the  nega t ive  electrode process. F o r m a t i o n  of 

Mg(c )  ~ - 2 C 1 - ( 1 ) - ~  Mg++(1)  -~2C1-(1)  -k 2 e -  [1] 

m a g n e s i u m  oxide at the  electrode or in  the  elec-  
t ro ly te  does not  seem possible. In  the first place, 
ve ry  l i t t le  of the oxidized m a g n e s i u m  was w a t e r -  
insoluble ,  and  in  the  second place the  pH of the  
wa te r  so lu t ion  of e lec t ro ly te  was  4.9 ins tead  of a 
va lue  of 11-12 p re sen t ed  by  a sa tu ra t ed  aqueous  
so lu t ion  of MgO. Therefore ,  ne i t he r  MgO nor  oxide 
ion exist  in  the  d ischarged  cell e lectrolyte .  

The iron oxide, nickel  e lectrode.--Table  II  p r e -  
sents  resul t s  which  are typica l  for eight  separa te  
exper iments .  The posi t ive  electrodes were  ma tched  
in  r ega rd  to con ten t  of act ive m a t e r i a l  (Fe203).  
F r o m  the t ab le  it  is seen tha t  not  enough  ferr ic  ion 
was expended  nor  was  qui te  enough  ferrous  ion 
formed to account  for the c u r r e n t  passage, and  
therefore  some uncha rac t e r i zed  electrode process 
mus t  occur to a r e l a t i ve ly  m i n o r  extent .  No ele-  
m e n t a l  i ron was detec ted  wi th  the  x - r a y  powder  
dif f ract ion technique .  

Whi le  a-Fe203 is r ead i ly  detected by  x - r a y  a n a l -  
ysis of e lectrode m a t e r i a l  which  has not  been  dis-  
charged,  this  phase  is no t  found  in  a d ischarged  
electrode.  Fe304 is found  and  there  is a ve ry  s t rong  
poss ibi l i ty  of (Li20)(Fe203)~.  There  are also some 
un iden t i f i ed  l ines in  the  diffract ion pa t t e rn .  

There  is the  m a t e r i a l  in  the d ischarged  electrodes 
which  does no t  con ta in  meta l l i c  i ron  and  which  is 
p r o b a b l y  a compound  of l i th ium.  Spec t rochemica l  
ana lys i s  shows the  col lect ion of l i t h i u m  in a w a t e r -  
inso lub le  form;  in  fact, d ischarged electrodes were  
heav ie r  t h a n  those no t  discharged.  A w a t e r - i n s o l -  
ub le  compound  of l i t h i u m  oxide and  an  i ron oxide 
would  exp la in  the absence  ,of oxide ion in  the e lec-  

18.3 X 10 -3 0.15 • 10 -3 
18.8 0.26 

t ro ly te ;  oxide ion wou ld  o therwise  be expected  con-  
sequen t  to pos i t ive  electrode discharge.  

In  t e rms  of the x - r a y  observa t ions  s u m m a r i z e d  
above,  reac t ion  [2] 

2Li + (1) + 8Fe203(c)  -P 2 e -  --> 2Fe304(c)  

-P (Li20)  (Fe203)5(c)  [2] 

wou ld  be reasonable ,  bu t  it is not  s t rong ly  sup-  
por ted  and  canno t  be the  complete  descr ip t ion  of 
the cathode process. Not enough  Fe203 was  inc luded  
in  the  electrode to account  for the  coulombic  pas-  
sage on  the  basis  of reac t ion  [2]. Indeed,  if al l  the 
Fe2Os were  reduced  to Fe304, the  coulombic  passage 
would  sti l l  not  be accounted  for. F u r t h e r m o r e ,  
Fe304 po ten t ia l s  are ge ne r a l l y  more  cathodic u n d e r  
load t h a n  those of a-Fe203, as wi l l  be  seen later.  

As a m a t t e r  of fact,  the phase  in  wh ich  fer rous  ion 
exists  in  the d ischarged electrode is not  known .  Re-  
duc t ion  to FeO is no t  possible  be low 560~176 
because  FeO wou ld  d i sp ropor t iona te  to a - F e  and  
Fe304 (9) .  Much could be exp la ined  in  t e rms  of a 
species ( L i 2 0 ) ( F e O ) x ,  b u t  this  has no t  b e e n  re -  
por ted  in  the  l i t e r a tu r e  nor  has an  a t t e mp t  been  
made  by  the  p re sen t  au thors  to prove  its existence.  

Iron Oxide as a Cathode Reactant  

The iron oxide samples . - -Table  I I I  l ists the  s y n -  
thet ic  and  n a t u r a l l y  occur r ing  i ron  oxides tha t  were  
ob ta ined  for this  s tudy.  The  first pa r t  of the  tab le  
is for the  syn the t i c  ma te r i a l s  which  are in  th ree  
groups:  pure  or m a i n l y  ~,-Fe203, pu re  or m a i n l y  
Fe304, a nd  ~-Fe20~. For  each sample  the re  is g iven  
the  suppl ier ,  his des igna t ion  of the  lot, and  the  sug-  
gested use for tha t  lot. Nex t  are some of the  p a r a m -  
eters  m e a s u r e d  by  the  authors .  These are  the oil 
absorp t ion  n u m b e r ,  the  t ime  r equ i r ed  for the  vo l t -  
age to reach  1.35v w h e n  the  cell was  ac t iva ted  

Table II. Analysis of iron oxide electrode efficiency 

E x p e r i m e n t  No. 
W e i g h t  o f  e l e c t r o d e  

a f t e r  r u n ,  g 

C o u l o m b i c  p a s s a g e :  0.01865 f a r a d a y  
W e i g h t  o f  Fe++ as  

W e i g h t  o f  Fe+++ as  F e O  a f t e r  r u n ,  g 
Fe2Os a f t e r  r u n ,  g 

Calc.  Obs.  Calc .  Obs.  

R e s i d u a l  
w e i g h t  

a f t e r  r u n ,  g 

F7 
(not under  load) 3.418 - -  3.295 0.000 0.049 0.074 

F7 
(under  load) 3.626 1.807 2.130 1.339 1.215 0.281 

F8 
(not under  load) 3.482 - -  3.358 0.000 0.050 0.074 

F8 
(under  load) 3.660 1.870 2.169 1.339 1.200 0.291 
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Table III. Commercial iron oxides as cathode reactants 
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F o r m  I m p u r i t i e s  

Acti- 
Oil ad- vatlon 

s o r p -  t i m e  to  l~eak 
S u p p l i e r  and  S u g g e s t e d  t i o n  1.35v, vo l t age ,  
designation use  No. sec v 

Vo l t age  (v) a t  i n d i c a t e d  t i m e  (sec) 

10 20 30 45 60 75 90 105 120 

7-FesO8 
7-Fe2Os 
~/-FesO8 
7-FesOs, FesO4 
7-Fe~O3, a-FesOs 
FesO4 
FesO~ 
Fe~O4 

FesO4 

FesO~ 
FesO~, ,y-Fe~Os 
Fe~O4, 7-Fe~Os 
FesO4, c~-FeeO3 
c~-Fe2Os 
a-Fe20~ 
a~Fe20~ 

W i l l i a m s  I R N  210 R e c o r d i n g  65 5 1.80 1.80 1.74 1.70 1.63 1.55 1.48 1.42 1.34 1,25 
G e n e r a l  A n i l i n e  P1719 45 4 1.72 1.72 1.70 1.66 1.64 1.52 1.39 1.25 1.16 1,15 
W i l l i a m s  I R N  110 R e c o r d i n g  42 12 1.66 1.00 1.63 1.64 1.66 1.64 1.62 1.58 1.51 1.45 
C o l u m b i a n  C a r b o n  421 P a i n t  28 11 1.52 1.30 1.52 1.50 1.44 1.40 1.20 1.32 1.30 1.28 
C o l u m b i a n  C a r b o n  422 P a i n t  26 10 1.54 1.38 1.54 1.54 1.50 1.46 1.43 1.41 1.40 1.39 
W i l l i a m s  I R N  190 R e c o r d i n g  9 1.82 1.80 1.72 1.52 1.24 1.16 1.16 1.16 1.15 1.14 
W i l l i a m s  IIRN 200 R e c o r d i n g  9 1.76 1.70 1.76 1.71 1.54 1.38 1.19 1.14 1.12 1.1O 
C o l u m b i a n  C a r b o n  

Map ico  B l a c k  592 P a i n t  33 9 1.69 1.66 1,69 1.65 1.45 1.24 1.19 1.18 1.16 1.15 
C o l u m b i a n  C a r b o n  

Map ico  B l a c k  401 P a i n t  33 8 1.62 1.60 1.62 1.61 1.54 1.45 1.26 1.20 1.19 1.18 
W i l l i a m s  B l a c k  250 P a i n t  20 4 1.69 1.52 1.57 1.58 1.52 1.35 1.20 1.15 1.13 1.11 
C o l u m b i a n  C a r b o n  419 P a i n t  28 9 1.57 1.52 1.56 1.57 1.55 1,52 1.44 1.27 1,22 1.20 
G e n e r a l  A n i l i n e  55 30 9 1.56 1.56 1.51 1.43 1.34 1.29 1.24 1.20 1.16 1.14 
R e i c h a r d  82046 36 10 1.42 1.40 1.38 1.32 1.28 1.24 1.22 1.20 1.18 1.17 
J .  T. B a k e r  Co. R e a g e n t  23 1.33 1.20 1.31 1.27 1.26 1.26 1.26 1.26 1.26 1.24 
C o l u m b i a n  C a r b o n  347 P a i n t  22 1.33 1.30 1.33 1.32 1.32 1.31 1.31 1.30 1.29 1.29 
C o l u m b i a n  C a r b o n  567 P a i n t  20 1.31 1.20 1.29 1.31 1.30 1.29 1.28 1.28 1.28 1.28 

a-Fe=Os 
a-Fe~Os 

ez-Fe~Os 

~-Fe2Os 
FesO4 

TiO~ N a t i o n a l  L e a d  Ti  ore 12 10 1.45 
TiO2, SiO2 W h i t t a k e r ,  C la rk ,  and  

Dan ie l s  S1OO JM2594 P a i n t  15 1.28 
TiO2, SiO2 W h i t t a k e r ,  C la rk ,  and  

n a n i e l s  S175 JM2561 P a i n t  1.24 
SiO2, PO4~ N a t i o n a l  B u r e a u  of 

S t a n d a r d s  27-B S t a n d a r d  
s a m p l e  1.16 

TiO~, SiO2 W i l l i a m s  N-3185 P a i n t  12 1.05 
TiO~, SiO2 N a t i o n a l  L e a d - M a c I n -  

t y r e  M a g n e t i t e  Con-  
cen t r a t e  Tl  ore 12 0.64 

under load, the peak voltage observed, and the 
voltage after different lapses of time (10-120 sec). 

The second part  of the table is for the natural ly 
occurring samples. The additional information 
given here is on the major  impurities. Some of 
these samples were analyzed for silica which was 
found to the extent of 3-5 wt %. It should be noted 
that these descriptions pertain to the material  as 
received from the suppliers. Modifications of samples 
as made by the present investigators will be spe- 
cifically referred to below, and data for the modified 
ones will be given there. 

Characteristics o] unmodi~ed synthetic samples. 
- - I t  is at once obvious that the 7-Fe208 and the 
Fe304 samples provide higher ceil voltages than 
does a-Fe203, and the differences cannot possibly be 
accounted for on the basis of thermodynamics.  The 
7-Fe208 and Fe304 are very similar in their spinel- 
type structures and have relatively high electronic 
conductivities. On the other hand, ~-Fe~O~ has a 
hexagonal structure, contains only trivalent ions, 
and has a conductivity which is several orders of 
magnitude less than that of magnetite or 7-Fe208. 
It is this large difference in conductivity to which 
the authors ascribe the basic difference in electrode 
performance at the beginning of discharge. In this 
regard it will be seen that the four samples suggested 
for recording tape application give higher voltages 
than do the materials simply used as pigments. 

Both 7-Fe203 and Fe304 exhibit peak load volt-  
ages as high as 1.80v. However, with Fe~O4 the volt-  
age drops much faster. At the end of 60 sec, the 
average voltage for the T-Fe203 samples was above 
1.5v; for the Fe804 samples this average was well 
below 1.4v. At 120 sec the corresponding averages 
were 1.3 and 1.15v, respectively. The explanation 
may be in terms of the amount of reducible iron. 
With T-Fe203 there are 4.96 mg-ions of Fe ( I I I )  per 
cell, but with Fe804 there is only 69.0% of that 
amount. 

1.39 1.32 1.28 1.23 1,19 1,15 1.10 1.OO 0.90 

1.26 1.26 1,22 1,21 1.20 1.20 1.19 1.18 1.18 

1.21 1.24 1.22 1.19 1.18 1.18 1,17 1.16 1.14 

0.60 1.1O 1.15 1.13 1.11 1.10 1.09 1.08 1.07 
1.05 1.03 0.99 0.93 0.90 0.88 0.87 0.86 0.87 

0.84 0.78 0.66 0.55 0.48 0.45 0.41 0.40 0.38 

With a-Fe203 the initial voltages are much lower 
than with the samples of higher conductivity. How- 
ever, the discharge curves are very  flat and at 120 
sec ~-Fe203 voltages are as high as those of T-Fe203 
and are higher than the Fe804 voltages. Open-cir-  
cuit voltage with ~-Fe203 is 1.70 +--- 0.03v (meas- 
ured with a meter of high impedance),  and the ini- 
tially lower closed-circuit voltage can be reasonably 
accounted for by the larger IR drop through the 
a-Fe203 cells. The larger circuit resistance with 
~-Fe203 cells will also explain the flatter discharge 
curves. 

The unmodified synthetic samples have oil absorp- 
tion numbers from 20 to 65. These numbers reflect 
the ability of a material  to absorb electrolyte, and 
depletion of electrolyte from the magnesium elec- 
trode occurs when single electrolyte disks are used 
with samples having oil absorption numbers greater 
than 35-40. Excessive polarization of the magnesium 
electrode under these circumstances has been dem- 
onstrated by the use of the micro reference elec- 
trode developed by Walker (8). Any such difficulty 
is circumvented by using double electrolyte disks 
with the more absorbent samples, and if this is done, 
no particular irregularities are observed. Such 
samples as Williams IRN 210 and IRN 110 and Gen- 
eral Aniline P1719 were discharged with double 
electrolyte. 

Characteristics of unmodil~ed natural samples . -  
The natural ly occurring samples of a-Fe203 provide 
less power than do the pure ones. This is part icu- 
larly evident after 30 sec of discharge, and even with 
lower peak voltages,  the drop of voltage with time 
is more severe than with pure ~-Fe2Os. (The sample 
giving the lowest voltages is actually an Fe304 con- 
taining some TiO2 and SIO2.) 

Apparent ly  the decreased performance of the im- 
pure iron oxides is again based on differences in re-  
sistance. Wagner and Koch (10) measured the spe- 
cific conductance of similar magnetite samples. The 
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pure  ones gave va lues  of 125-215 o h m - ~ c m  -~ at 
room t empera tu r e .  A sample  wi th  4 at. % of SiO2 
had a va lue  of 52 o h m - ~ c m - L  It  has been  suggested  
t ha t  the  sil ica m a y  coat the  outsides of the  i ron  oxide 
part icles .  This  is r easonab le  i n a s m u c h  as the  i m p u r e  
oxides are  improved  by  the  r e l a t i ve ly  superf icial  
t r e a t m e n t  w i th  aqueous  HF. 

Characteristics of modified samples.--Three gen-  
era l  types  of modif icat ions were  used. The first was 
the  s imple  b l e n d i n g  of an  i ron  oxide w i th  conduc-  
t ive ca rbon  powder  or ano the r  i ron  oxide. A second 
type  of modif icat ion resu l t ed  f rom the  app l ica t ion  
of hea t  to change  al lotropic  form. St i l l  o ther  mod-  
ifications consis ted of chemical  t r e a t m e n t  to add 
or r emove  fore ign  ions. 

Seven  i ron  oxide samples  were  d i scharged  wi th  
and  w i thou t  be ing  mixed  wi th  16 wt  % of conduc t -  
ing  ca rbon  powder .  Enough  of the b l end  was used so 
tha t  the  n o r m a l  a m o u n t  of i ron  oxide was inc luded  
in  the  cells. F igu re  3 shows two typica l  pairs  of dis-  
charge curves  (for  a 7-Fe203 and  an  ~-Fe~O3); one 
curve  of a pa i r  is for the u n m i x e d  sample  and  the  
other  is for the  i ron  oxide b l ended  wi th  S ta tex  Black 
or S h a w i n i g a n  Black. 

It  wi l l  be no ted  tha t  an  effect of add ing  ca rbon  is 
to increase  in i t i a l  voltages.  This m a y  be due  in  pa r t  
to an  increase  in  ac tua l  e lectrode a rea  w i th  a con-  
comi tan t  decrease  in  c u r r e n t  dens i ty  and  mass 
t r ans f e r  po la r iza t ion ;  it  m a y  also be due to a de-  
creased res is tance  and  smal le r  IR loss across the i ron 
oxide layer .  However ,  vol tages  fal l  a w a y  more  
r ap id ly  t h a n  wi th  the  u n m i x e d  samples ;  this  sec- 
ond effect m a y  be the  resul t  of dep le t ion  of i ron  
oxide because  of n o n g a l v a n i c  reac t ion  wi th  the 
carbon.  

W h e n  two samples  give somewha t  pa ra l l e l  dis-  
charge curves,  it is possible to b l end  them and  re -  
cord i n t e r m e d i a t e  behavior .  Such a s i tua t ion  can be 
seen in  Fig. 4 which  inc ludes  d ischarge  curves  for 
an  FeaO4 ( C o l u m b i a n  Ca rbon  Mapico Black 401),  
an  a-Fe203 (J. T. Baker  C o m p a n y ) ,  and  a 1:1 we igh t  
mix tu re .  The i m p o r t a n t  impl ica t ion  here  is tha t  a 
cathode ma te r i a l  of selected ga lvan ic  proper t ies  
can be p r epa red  by  su i tab le  b lend ing .  

I t  is wel l  k n o w n  tha t  syn the t ic  m a g n e t i t e  can  be 
conver ted  to ~,-FeeOz and  ~,-FeeO~ can be conver ted  
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to ~-Fe20~ by  hea t ing  in  air  or  oxygen  (11).  In  this  
work  an  Fe~O4 sample  ( C o l u m b i a n  C a r b o n  Mapico 
Black 401) was  hea ted  for 3 hr  in  air  at 380~ to 
p repa re  ~/-Fe203 and  was hea ted  for 1 hr  at 800~ 
to p repa re  a-Fe203. The convers ions  were  verif ied 
by  x - r a y  powder  diffract ion as wel l  as d i f ferent ia l  
t h e r m a l  analysis .  F igu re  5 shows the DTA curves  
which  have  the  genera l  character is t ics  descr ibed 
by  Lepp (12) for the  th ree  forms;  w i th  the  Fe304 
a b road  exo thermic  peak  begins  at 140~ and  cu l -  
mina t e s  at 500~ the 7-Fe2Os displays  a sharp  
e x o t h e r m  at 500~ ~-Fe208 is r e l a t i ve ly  s table  in  
the r a nge  of t e m p e r a t u r e s  shown.  F igu re  6 p resen t s  
d ischarge curves  for the  th ree  depolar izer  samples  
thus  obta ined.  Differences in  behav io r  are gene ra l l y  
typica l  of those shown in  Tab le  III.  The  or ig ina l  
Fe304 gives a no t iceable  vol tage  m a x i m u m  and  a 
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r e l a t i v e l y  fas t  vo l t age  drop .  A l a r g e  vo l t a ge  is 
also o b t a i n e d  w i t h  the  7-Fe2Oa, and  this  v o l t a g e  
fa l l s  m o r e  s lowly .  W i t h  a -Fe208  t h e  v o l t a g e  is d e -  

" c i d e d l y  l o w e r  and  t h e  d i s c h a r g e  c u r v e  is flat. 
R e f e r e n c e  has  b e e n  m a d e  to t he  v e r y  low vo l t ages  

o b t a i n e d  w i t h  n a t u r a l l y  occu r r ing  i r on  ox ide  s a m -  
ples.  I t  was  of i n t e r e s t  to d e t e r m i n e  the  effect of 
r e m o v i n g  the  s i l ica  i m p u r i t y  which ,  as n o t e d  above ,  
can  inc rease  t he  r e s i s t i v i t y  of t he  sample .  A q u a n -  
t i t y  of the  N a t i o n a l  L e a d - M a c I n t y r e  M a g n e t i t e  Con-  
c e n t r a t e  was  t r e a t e d  w i t h  aqueous  h y d r o f l u o r i c  ac id  
as d e s c r i b e d  above.  B e h a v i o r  a p p r o a c h e d  t h a t  for  a 
s y n t h e t i c  Fe~O4. This  is s h o w n  in Fig.  7 w h i c h  also 
g ives  t he  d i s cha rge  c u r v e  for  t he  u n p u r i f i e d  m a t e r i a l .  

V e r w e y  et  al. (13) and  M o r i n  (14) d iscuss  t he  
l o w e r e d  r e s i s t i v i t y  of a -Fe203  due  to t he  inc lus ion  
of sma l l  a m o u n t s  of t e t r a v a l e n t  t i t a n i u m  ion in t he  
h e m a t i t e  l a t t i ce ;  an  n - t y p e  c o n d u c t o r  r e su l t s  w i t h  
a specific r e s i s t ance  w h i c h  is fou r  or  m o r e  o r d e r s  of 
m a g n i t u d e  less t h a n  t h a t  for  p u r e  a-Fe2Os.  In  t h e  
p r e s e n t  w o r k  s e v e r a l  mole  p e r  cent  of TiO2 was  co-  
p r e c i p i t a t e d  w i t h  ~-FeeO~. A n o t h e r  q u a n t i t y  of 
a-FeeO~ w a s  p r e c i p i t a t e d  b u t  w i t h o u t  TiO2. The  s a m -  
p les  w e r e  washed ,  d r i e d  and  b a k e d  and  d i s c h a r g e d  in 
cells.  F i g u r e  8 c o m p a r e s  t he  b e h a v i o r  of  t he  two.  
The  p u r e  m a t e r i a l  p e r f o r m s  in a m a n n e r  g e n e r a l l y  
t y p i c a l  of s y n t h e t i c  a -Fe203.  T h e  s a m p l e  con t a in ing  
TiO2 g ives  a p e a k  v o l t a g e  w h i c h  is 0.25v h ighe r ,  
and  a f t e r  1 m i n  the  v o l t a g e  fa l l s  f a s t e r  t h a n  i t  does 
in t he  case  of the  p u r e  i ron  ox ide  cell .  

Conclusions 

This  w o r k  has  p r o v i d e d  an  in s igh t  as to t he  e l ec -  
t r o d e  r eac t ions  in  t h e  t h e r m a l  cel l  s y s t e m  M g / L i C 1 -  
KC1/Fe2Os,Ni.  More  t h a n  tha t ,  i t  ou t l ines  t he  c a p a -  
b i l i t i e s  w h i c h  one can  e x p e c t  f r o m  t h e s e  cells ,  
p o i n t i n g  ou t  t h a t  a ca thode  m a t e r i a l  can  be  se lec ted  
or  p r e p a r e d  a c c o r d i n g  to d e s i r e d  d i s c h a r g e  behav io r .  

The  p h y s i c a l  a n d  c h e m i c a l  r e a sons  fo r  d i f fe rences  
in  th is  b e h a v i o r  can  be  d i scussed  on the  bas is  of 
two  b r o a d  cons ide ra t ions .  One  of these  is t he  a m o u n t  
of a v a i l a b l e  r e d u c i b l e  i ron.  Thus  a m a g n e t i t e  cel l  
c on t a in ing  on ly  3.42 r a g - i o n s  of F e ( I I I )  po la r i zes  
m o r e  r a p i d l y  t h a n  a y-Fe~O3 cel l  w i t h  4.96 rag- ions .  
The  a d d i t i o n  of c onduc t i ve  c a r b o n  e n h a n c e s  b e -  
h a v i o r  a t  the  b e g i n n i n g  of a d i scha rge ,  b u t  vo l t age  
d rop  is v e r y  fas t  p r e s u m a b l y  be c a use  of n o n g a l -  
van ic  r e d u c t i o n  of t he  i ron  oxide .  

The  o t h e r  g e n e r a l  c o n s i d e r a t i o n  is t he  specific 
r e s i s t ance  of t h e  ox ide .  I n  each  i n s t ance  d iscussed  
above ,  those  effects w h i c h  e n h a n c e  c o n d u c t a n c e  l e ad  
to h i g h e r  cel l  v o l t a g e  and  those  w h i c h  i n c r e a s e  r e -  
s i s tance  r e s u l t  in l o w e r  t e r m i n a l  vo l tages ,  a l be i t  
f l a t te r  cu rves  b e c a u s e  of d e c r e a s e d  d i s c h a r g e  c u r -  
ren t .  I n  th is  r e g a r d  the  p e r f o r m a n c e  of t h e  m a g n e t i t e  
and  ~,-Fe2Os sp ine ls  is to be  c o m p a r e d  w i t h  t h a t  
of ~-Fe203 o b t a i n e d  as such  or  t h e r m a l l y  p r e p a r e d ;  
s a m p l e s  con ta in ing  s m a l l  a m o u n t s  of s i l ica  h a v e  a 
h i g h e r  r e s i s t i v i t y  t h a n  p u r e  samples ,  and  th i s  is r e -  
f lected in  cell  p e r f o r m a n c e ;  s m a l l  a m o u n t s  of t i t a -  
n i u m  ion  dec rease  r e s i s t i v i t y ,  a n d  this  is also r e -  
f lected in  cel l  p e r f o r m a n c e .  U n f o r t u n a t e l y ,  th is  r e -  
s i s tance  p a r a m e t e r ,  w h i c h  is of p r i m a r y  in te res t ,  is 
diff icult  to m e a s u r e  d i r ec t ly .  I t  is a f fec ted  b y  such 
th ings  as c o m p a c t i n g  p r e s su re ,  p a r t i c l e  size, and  
poros i ty .  B e v a n  et al. (15) s t a t e  t ha t  a b s o l u t e  va lues  
have  l i t t l e  s igni f icance  s ince  t he  g e o m e t r y  of t he  
p o w d e r  s a m p l e  is i n d e t e r m i n a t e .  In  fact ,  m u c h  e x -  
p e r i m e n t a l  d i f f icul ty  was  e n c o u n t e r e d  in m a k i n g  
b r o a d l y  r e l a t i v e  m e a s u r e m e n t s ,  and  even  such  r e -  
sul ts  as those  canno t  be  r e p o r t e d  here .  

These  r e su l t s  w i l l  h a v e  an  i m p o r t a n t  c o n n o t a -  
t ion  in  the  b u i l d i n g  of a t h e r m a l  cel l  as  a source  of 
power .  I t  can  be  i n f e r r e d  t h a t  one m a y  se lec t  a 
ca thode  r e a c t a n t  to y i e l d  e l ec t r i ca l  c ha r a c t e r i s t i c s  
w h i c h  a r e  p a r t i c u l a r l y  de s i r e d  in  a g iven  ins tance .  
F o r  e x a m p l e ,  i f  a l a r g e  v o l t a g e  is w a n t e d  w i th  
g r e a t e r  e n e r g y  o u t p u t  d u r i n g  a s h o r t - t i m e  d i scha rge ,  
t hen  a ~-Fe20~ or  m a g n e t i t e  m i g h t  be  chosen.  If  a 
flat  d i s cha rge  c u r v e  is m o r e  i m p o r t a n t  t h a n  l a rge  
vo l tage ,  t h e n  an  a-FeeO8 shou ld  be  used.  The  vo l t age  
can  be  sh i f t ed  up  o r  d o w n  to some e x t e n t  b y  incor -  
p o r a t i n g  s m a l l  a m o u n t s  of  TiO2 or  SiO2 and  a h igh  
p e a k  v o l t a g e  of sho r t  d u r a t i o n  m a y  be  h a d  b y  
b l e n d i n g  the  i r on  ox ide  w i t h  c o n d u c t i v e  carbon.  
B e h a v i o r  w h i c h  is b e t w e e n  t h a t  of two  s e p a r a t e  
s a m p l e s  can be  o b t a i n e d  b y  m i x i n g  the  samples .  I t  
is e m p h a s i z e d  t h a t  no p a r t i c u l a r  i ron  ox ide  is s u g -  
ges t ed  as t he  "bes t "  one;  th is  d e p e n d s  s t r i c t l y  on the  
spec ia l  app l i ca t ion .  
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at the  Cata lys t  Research Corpora t ion  u n d e r  spon-  
sorship by  the  U.S. A r m y  Elect ronics  Research  a nd  
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Manuscript  received Sept. 4, 1962; revised manuscr ip t  
received Nov. 24, 1962. This paper was presented in 
par t  at the 12th Annua l  Bat tery Research and Develop- 
ment  Conference, U. S. Army  Electronics Research and 
Development  Laboratory,  Fort  Monmouth.  N. J., May 
21-22, 1958, and at the I14th Meeting of the Society, 
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Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL. 
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The Oxidation of Graphite at Temperatures of 600 ~ to 1S00~ 
and at Pressures of 2 to 76 Torr of Oxygen 

E. A. Gulbransen, K. F. Andrew, and F. A. Brassart 
Physical Chemistry Department, Research Laboratory, 

Westinghouse Electric Corporation, Pittsburgt~, Pennsylvania 

ABSTRACT 

The oxidation of graphite is an interest ing reaction due to its technological 
importance. Volatile reaction products of carbon monoxide and carbon dioxide 
are formed at all temperatures  above 25~ Below 800~ a small  amount  of 
surface oxide is also formed. The rate of oxidation below 800~ is l imited 
by a chemical process having an  energy of activation of 39 kcal/mole.  Above 
800~ the reaction is limited, by either a chemical process or by gaseous diffu- 
sion of oxygen through the products of reaction. The t ransi t ion between the two 
processes depends on the pressure, sample size, and the na ture  of the reaction 
system. 

Gravimetric,  pressure change, and mass spectrographic methods were 
used to study the kinetics of the oxidation reaction. The discovery of the 
surface area effect greatly aided the study of the pr imary  chemical reaction 
up to I000~ and the diffusion-controlled region of oxidation. Using small 
samples having surface areas of 0.13 cm 2 rates of oxidation of 5.9 x 10 TM 

atoms/cm2/sec were measured in a static system. Exper imenta l ly  the rate 
of oxidation of carbon is governed by three factors (i) the p r imary  chemical 
reaction, (ii) the diffusion-controlled reaction, and (iii) the theoretical rate 
based on collision theory. 

Due to cu r r en t  in te res t  in the  use of g raph i t e  at 
high t e m p e r a t u r e s  m a n y  papers  (1-9)  have  ap-  
peared  in  recen t  years  on the reac t ions  of g raph i t e  
w i th  oxygen,  ca rbon  dioxide, and  o ther  gases. F e w  
studies  have  been  made  on g raph i te  above  1200~ 
This paper  p resen t s  a s t udy  of the  h i g h - t e m p e r a t u r e  
ox ida t ion  of graphi te .  Of special  i n t e re s t  is the  r e -  
gion of h igh  reac t ion  ra tes  b e t w e e n  10 TM to 1020 
atoms of ca rbon  reac t ing  per  squa re  cen t ime te r  per  
second. The  t r a n s i t i o n  b e t w e e n  chemica l -  and  d i f -  

fu s ion -con t ro l l ed  ox ida t ion  is inves t iga ted  to ex t end  
the  r ange  for the  s tudy  of the  chemical  cont ro l led  
react ion.  Compar i son  is m a d e  b e t w e e n  the  chemi -  
ca l -con t ro l l ed  a nd  d i f fus ion-cont ro l led  ra tes  of 
ox ida t ion  and  va lues  ca lcula ted  f rom k ine t ic  theory.  

Walker ,  Rusinko,  and  A u s t i n  (1) made  an  e x t e n -  
sive su rvey  in  1959. They  also po in ted  out  some of 
the proposed m e c h a n i s m s  of oxidat ion.  

G u l b r a n s e n  a nd  A n d r e w  (9) s tud ied  the  ox ida-  
t ion  of art if icial  g raph i te  in  1952 us ing  mi c r og rav i -  



Vol.  110, No. 6 O X I D A T I O N  

met r ic  methods  over  the  t e m p e r a t u r e  r ange  425 ~ 
575~ The object  of the  work  was  to d e t e r m i n e  the  
m e c h a n i s m  of the p r i m a r y  chemical  r eac t ion  u n d e r  
condi t ions  whe re  t r a n s p o r t  processes were  no t  r a t e  
control l ing.  The  ra te  of ox ida t ion  fol lowed a n e a r l y  
l inear  ra te  law, whi le  the  t e m p e r a t u r e  dependence  
fol lowed an  e x p o n e n t i a l  r a t e  law. A n  ene rgy  of ac-  
t i va t ion  of 36.7 k c a l / m o l e  was  calculated.  A ra te  
analys is  showed the  r a t e - l i m i t i n g  process was  the  
adsorp t ion  of oxygen  on the  g raph i t e  surface.  

Recen t ly  B lyho lde r  and  E y r i n g  (2, 3) p r e sen t ed  
a different  m e c h a n i s m  for the  p r i m a r y  chemical  r e -  
action. They  s tudied  the  ox ida t ion  of spectroscopic 
p u r i t y  g raph i te  b e t w e e n  800 ~ and  1300 ~ at low oxy-  
gen pressures  us ing  a flow method  and  th in  speci-  
mens  of low porosi ty.  A n  ene rgy  of ac t iva t ion  of 
80 k c a l / m o l e  was  ca lcu la ted  for the r a t e  of ox ida-  
tion. For  th ick  spec imens  whe re  pore diffusion can 
occur, a V2 order  reac t ion  was observed  and  an  
ene rgy  of ac t iva t ion  of 42 k c a l / m o l e  was  ca lcu-  
lated. Ca rbon  monox ide  was  the  reac t ion  product .  
For  t h in  spec imens  desorp t ion  of ca rbon  monox ide  
was proposed as the  r a t e - c o n t r o l l i n g  mechan i sm.  

Thermochemical  Calculations 

Five  reac t ions  i nvo lv ing  graphi te ,  ca rbon  d iox-  
ide, ca rbon  monoxide ,  and  oxygen  are of in te res t  
in  the i n t e r p r e t a t i o n  of the  e x p e r i m e n t a l  resul ts .  
These are shown in  Tab le  I together  w i th  va lues  of 
the e q u i l i b r i u m  constant ,  KR, for the  t e m p e r a t u r e  
r ange  600~176 The  t h e r m o d y n a m i c  da ta  are 
t aken  f rom J A N A F  (10) tables.  • -Graphi te  was  
used as the  s t anda rd  s ta te  for graphi te .  Vo lume  
changes  associated wi th  each reac t ion  a re  also 
listed. 

Ca rbon  dioxide and  ca rbon  monox ide  are s table  
to decomposi t ion  according to reac t ions  [A] ,  [B] ,  
and  [C].  React ion  [C] shows ca rbon  monox ide  can 
be oxidized at all  t e m p e r a t u r e s  g iven  in  Tab le  I. 
The reac t ion  of ca rbon  dioxide w i th  graphi te ,  r eac -  
t ion  [D],  is possible above 700~ In  a stat ic sys tem 
where  the products  of reac t ion  can accumula te ,  the  
pe rcen tage  of ca rbon  monox ide  should increase  
wi th  t empe ra tu r e .  The dissociat ion of oxygen  mole -  
cules, r eac t ion  [E l ,  becomes apprec iab le  above  
1200~ 

Exper imental  
Figure  1 shows the  ba l ance  and  associated reac -  

t ion  sys tem used for d e t e r m i n i n g  the  ra tes  of ox ida-  

Table I. Thermodynamic calculations 

C(s) + ~O2(g)  ~ C O ( g )  • = +1/2 [A] 
C(s)  + O2(g) ~ CO2(g) ~V = 0 [B] 
CO(g) + ~/zO2(g) ~:~ CO2(g) ~V = --1/2 [C] 
CO2(g) + C(s) ~ 2CO(g) AV = +1  [D] 
V202(g) ~=:~ O(g) ~V = +1/2 [El 

LogloKR for reactions 

T e m p , ~  [A] [B] [C] [D] [El 

600 11.27 23.64 12.37 --1.10 --11.725 
800 10.05 19.25 9.20 0.85 --8.92 

1000 9.20 16.27 7.07 2.13 --6.97 
1200 8.55 14.04 5.49 3.06 --5.56 
1400 8.06 12.38 4.32 3 . 7 4  --4.48 
1600 7.66 11.00 3.34 4.32 --3.63 
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Fig. 1. Reaction system 

t ion  of graphi te .  The appa ra tu s  and  ba l ance  are 
changed  grea t ly  f rom our  ear l ie r  work  in  order  to 
m e a s u r e  the  fas ter  ra tes  of reac t ion  a nd  to ex tend  
the  t e m p e r a t u r e  r a n g e  of the  system. Since a p res -  
sure  change  occurs if ca rbon  m o n o x i d e  is formed,  
p ressure  gauges  are also used to fol low the  course 
of the  react ion.  To d e t e r m i n e  the  composi t ion  of 
the  reac t ion  products ,  samples  are  t a ke n  for mass  
spec t romete r  ana lys i s  a f ter  r e a c t i o n . - T h e  reac t ion  
sys tem is essen t ia l ly  stat ic wi th  the  products  of 
reac t ion  a c c u m u l a t i n g  in  the  system. Some gas c i r -  
cu la t ion  is m a i n t a i n e d  by  t h e r m o m o l e c u l a r  flow 
processes. 

Balance . - -A  special  gold p la ted  I n v a r  b e a m  b a l -  
ance is used (11).  This  ba l ance  is 14.5 cm long, 
weighs  46g, and  has a sens i t iv i ty  of 75t~g/0.001 cm 
deflection at 7.25 cm for a 1.4g weight .  Sect ions of 
8 a nd  20 mi l  p l a t i n u m  wi re  in  the  hot  zone and  a 
sect ion of 2 mi l  n i c k e l - c h r o m i u m  wi re  were  used 
to suspend  the  specimen.  Above  1500~ p l a t i n u m  
wi re  e i ther  reac ted  w i th  g raph i te  or was  too weak  
to suppor t  the  load. 

Furnace tubes . - -The  fu rnace  tubes  shown  in  Fig. 
1 were  1 in. d iameter ,  h igh dens i ty  mu l l i t e  or a lu -  
mina .  A l u m i n a  tubes  were  used above 1200~ 

Furnace and controls . - -A special  f u r n a c e  us ing  
m o l y b d e n u m  disi l icide fu rnace  e lements  was bu i l t  
(12).  This  f u r n a c e  could be used w i t hou t  a t e m -  
p e r a t u r e  cont ro l le r  at  t e m p e r a t u r e s  up  to 1600~ 
The  fu rnace  e l emen t s  are m o u n t e d  d i rec t ly  in  the  
hot  zone which  is 5 cm square  and  15 cm long. 

Temperature  measurement . - -Cal ibrated  P t - P t  -t- 
10% Rh the rmocoup les  were  used. They  were  
m o u n t e d  ad jacen t  to the spec imen  as shown in  Fig. 
1. The  t e m p e r a t u r e  was cont ro l led  b y  se t t ing  the 
c u r r e n t  to the  hea te r  e lements .  The t e m p e r a t u r e  
va r i ed  _+ 3~ 

Specimens and analyses.--Spectroscopic grade  of 
g raph i te  ( A G K S P )  ob ta ined  f rom Na t iona l  Carbon  
C o m p a n y  was  used. The  spec imens  were  ca re fu l ly  
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m a c h i n e d  f r o m  rods. The  s t anda rd  spec imens  w e r e  
about  0.62 cm in d i ame te r ,  2.65 cm long, and  had  
h e m i s p h e r i c a l  ends. T h e y  w e i g h e d  1.4g and  had  
sur face  a reas  of about  6.3 cm e. S e v e r a l  e x p e r i m e n t s  
w e r e  m a d e  on one sample .  N e w  sur face  areas  w e r e  
ca l cu la t ed  for  each  e x p e r i m e n t .  S m a l l e r  samples  
h a v i n g  sur face  areas  of about  3.37, 1.74, 0.947, 0.232, 
and 0.136 cm 2 w e r e  used  for  s t udy ing  the  t r ans i t i on  
b e t w e e n  chemica l  and  diffusion con t ro l l ed  react ions .  

Spec t roscopic  ana lyses  showed  the  fo l l owing  i m -  
pur i t i e s  in ( p p m ) :  Fe, 0.2; Mg, 0.6; and Si, 0.2 w i t h  
a conf idence l eve l  of 95%. No t races  w e r e  found  for  
A1, Ba, Ca, Cu, Pb, Mn, K, Ag, Na, Ti, Sn, or V. 

Gas s o u r c e . - - T a n k  o x y g e n  was  used. W a t e r  v a p o r  
was  r e m o v e d  and the  d r ied  gas passed  ove r  a d ry  
ice t r ap  be fo re  using.  

M e t h o d . - - T h e  spec imen  was  p laced  on the  ba l -  
ance b e a m  and the  sys tem closed and e v a c u a t e d  to 
a p re s su re  of 1 x 10 -6 T o r r  or be t te r .  A t  f r e q u e n t  
i n t e rva l s  the  f u r n a c e  tube  and  sys t em w e r e  h e a t e d  
w i t h o u t  s a m p l e  to test  the  fu rnace  tube  for  cracks  
no t  obse rvab le  in t he  r o o m  t e m p e r a t u r e  e v a c u a t i o n  
test. 

The  f u r n a c e  was  k e p t  at t e m p e r a t u r e .  Fo r  the  
ox ida t ion  e x p e r i m e n t  the  f u r n a c e  was  ra i sed  abou t  
the  f u r n a c e  tube  and the  p r e s su re  r ead  on the  ion 
gauge  or McLeod  gauge.  A t  1500~ the  p re s su re  
was  1 x 10 -5 m m  of Hg or lower .  A f t e r  t h e r m a l  
e q u i l i b r i u m  was  ach ieved ,  o x y g e n  was  added.  
W e i g h t  and p r e s s u r e  changes  w e r e  r e c o r d e d  as a 
func t ion  of t ime.  

The  w e i g h t  change  cu rves  w e r e  found  to be  r e -  
p roduc ib l e  to ----- 3%. One sample  was  used  for  a 
ser ies  of runs.  Fo r  t he  6.3 cm 2 samples ,  the  to ta l  
b u r n  off for  the  ser ies  of runs  was  less t h a n  6%. 
Fo r  the  sma l l e r  samples ,  comple t e  ox ida t ion  oc-  
cur red .  On ly  the  in i t i a l  r a t e  of  r eac t i on  has m e a n -  
ing due  to e x t e n s i v e  changes  in the  su r f ace  a rea  
and t e m p e r a t u r e .  

Results 

Tes t  of  Reac t ion  S y s t e m  and M e t h o d  

The  s tudy  of fas t  gas - so l id  reac t ions  w h e r e  v o l a -  
t i le  r eac t ion  p roduc t s  a re  f o r m e d  p resen t s  s eve ra l  
p rob lems .  Due  to the  r ap id  reac t ion ,  hea t  effects  
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Fig. 2. Effect of surface area on rate of oxidation at 1200~ and 
38 Torr, dn/dt = 5.1 x 1017]A; open circle, cylinders; open circle 
with line on top, spheres. 

occur  w h i c h  m a k e  an e v a l u a t i o n  of the  sur face  t e m -  
p e r a t u r e  difficult. As  a resul t ,  confl ic t ing da ta  are  
found  in the  l i t e ra tu re .  Idea l ly ,  the  phys i ca l  d i m e n -  
sions of the  r eac t ion  sys t em i tse l f  should  be con-  
s idered  a s ' va r i ab l e s .  A n  a l t e r n a t i v e  p r o c e d u r e  is to 
s tudy  the  r eac t ion  sys t em by  v a r y i n g  the  s ample  
size and shape  and consequen t l y  t he  sur face  a rea  
to mass  ratio.  We  h a v e  used  this  p r o c e d u r e  to tes t  
our  sys tem for  s eve ra l  ox id iz ing  condi t ions .  

Tab le  II s u m m a r i z e s  our  s tudy  of the  effect of 
sample  size and  shape on the  r a t e  of ox ida t ion  of 
g r aph i t e  at 1200~ and o x y g e n  at  38 T o r r  pressure .  
Long  and shor t  cy l inders  and spheres  of t h r e e  d i -  
am e te r s  a re  used  in add i t ion  to two  flat p la tes  of 
d i f fe ren t  th ickness .  The  in i t i a l  r a tes  of ox ida t ion  
are  g iven  in un i t s  of a t o m s / c m 2 / s e c .  The  d i m e n -  
sions, su r face  area,  mass  and sur face  a rea  to mass  
ra t io  are  g iven  in the  table .  The  w e i g h t  loss vs.  
t i m e  curves  show a dec reas ing  slope as o x y g e n  is 
used and the  spec imen  a rea  decreases .  A w i d e  v a r i -  
a t ion  is  found  fo r  the  ra tes  of  ox ida t ion  g iven  in 
Tab l e  II. Cons ide r ing  sur face  area,  mass  and sur -  
face  a rea  to mass  ra t io  as s y s t e m  var iab les ,  a good 
co r re l a t ion  is found  b e t w e e n  the  r a t e  of ox ida t ion  
and the  sur face  area.  

F i g u r e  2 shows a l og - log  p lo t  of the  in i t i a l  ra tes  
of reac t ion  vs.  su r face  area.  The  fo l lowing  equa t i on  
fits the  da ta  

dn 
- -  �9 A = 5 . 1  X 1 0 1 7  = K(p, T) [ 1 ]  
dt  

Table II. Effect of sample shape and sample area on rate of oxidation, 1200~ 38 Torr 

D i m e n s i o n ,  c m  dn/dt, L o g  
L e n g t h  D i a m e t e r  A r e a ,  e m  ~ Mass ,  g A/M, cm~/g  a t o m s / c m 2 / s e c  dn/dt 

3.2 0.617 6.215 1.4001 4.439 7.31 X 10 TM 16.86 
Sphere  1.228 4.737 1.8102 2.617 1.278 X 10 I7 17.107 
1.54 0.617 3.570 0.7193 4.963 1.772 X 1017 17.248 
3.216 0.318 3.366 0.3833 8.773 1.629 X 1017 17.212 
0.72 0.615 1.985 0.3686 5.385 3.15 X 1017 17.500 
1.59 0.316 1.735 0.1912 9.074 3.33 X 1017 17.523 
a a 1.188 0.0839 14.159 4.93 X 1017 17.693 
Sphere 0.614 1.185 0.2245 5.278 4.655 X 1017 17.668 
b b 1.198 0.402 29.8 4.718 X 1017 17.674 
0.79 0.317 0.949 0.0955 9.937 4.923 X 1017 17.692 
Sphere  0.4695 0.6925 0.1017 6.809 8.326 X 1017 17.920 
0.397 0.3165 0.552 0.0492 11.22 1.118 X 10 is 18.048 
0.396 0.156 0.232 0.0123 18.86 2.05 X 10 is 18.312 
0.198 0.156 0.135 0.0063 21.42 3.016 X 10 is 18.479 

a F l a t  p l a t e  1.01 X 0.383 • 0.149. 
b F l a t  p l a t e  1.015 x 0.514 X 0.051. 
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Fig. 3. Effect of temperature on oxidation of graphite, 600 ~ 
I000~ 76 Torr; A, 600~ B, 700~ C, 800~ D, 1000~ 
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Fig. 4. Effect of temperature on oxidation of graphite, 1000 ~ 
1500~ 76 Torr; A, 1000"; B, 1200~ 12, 1400~ D, 1500~ 

H e r e  dn /d t  is t he  r a t e  of ox ida t ion  in a t o m s / c m e /  
sec and A is the  sur face  area.  We h a v e  def ined 
K(p ,  T) as the  capab i l i ty  cons tan t  of t he  r eac t ion  
sys t em (13).  Fo r  reac t ions  u n d e r  diffusion cont ro l  
the  spec imen  a rea  u n i q u e l y  d e t e r m i n e s  the  m a x i -  
m u m  ra t e  of r eac t ion  for  a g iven  pressure ,  t e m p e r a -  
ture ,  and reac t ion  sys tem.  This  equa t i on  suggests  
t ha t  smal l  samples  can be  used  to inc rease  dn /d t  
p r o v i d e d  dn /d t  is less t h a n  the  l imi t ing  va lue  for  
chemica l  control .  

We conclude  tha t  it is essent ia l  for  s tudies  on the  
ox ida t ion  of ca rbon  at t e m p e r a t u r e s  above  800~ 
to define the  r eac t ion  sys tem,  gas flow, spec imen  
area,  t e m p e r a t u r e ,  p ressure ,  and  source  of carbon.  
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Kinetic Studies 600 ~ to 1500~ Large Samples 

Effect of t ime and tempera ture . - -Spec imens  of 
6.3 cm 2 w e r e  used to e x t e n d  the  t e m p e r a t u r e  r ange  
of our  ea r l i e r  ox ida t ion  s tudies  and  to s tudy  the  
t r ans i t ion  b e t w e e n  chemica l  and  diffusion con-  
t ro l l ed  oxidat ion .  

F igu res  3 and 4 show the  resu l t s  at a p r e s s u r e  of 
76 Torr .  We igh t  loss is g iven  in uni t s  of  m i c r o -  
g rams  per  s q u a r e  cen t ime te r ,  and  t ime  is g iven  in 
minu tes .  The  ra tes  of ox ida t ion  dec rease  as t i m e  
increases  since o x y g e n  is consumed  and ca rbon  d i -  
ox ide  and ca rbon  m o n o x i d e  a re  produced .  The  
change  in o x y g e n  concen t r a t i on  was  l a rges t  for  the  
low p res su re  e x p e r i m e n t s  at h igh  t e m p e r a t u r e s .  

F i g u r e  3 shows a l a rge  inc rease  in the  r a t e  of 
ox ida t ion ,  d W / d t ,  b e t w e e n  600 ~ and 700~ and 
m u c h  sma l l e r  increases  above  700~ S im i l a r  r e -  
sults  w e r e  found  in e x p e r i m e n t s  at 38, 19, 9.5, and 
2 Tor r  pressures .  A m a j o r  change  occurs  in the  
m e c h a n i s m  n e a r  700~ F i g u r e  4 shows t h e  r a t e  of 
ox ida t ion  increases  s lowly  b e t w e e n  1000 ~ and 
1500~ 

The  th ickness  of ca rbon  r e m o v e d  can  be es t i -  
m a t e d  f r o m  the  densi ty ,  1.6 g / c m  s, and the  sur face  
roughness  va lue ,  p, of 350 (9) .  Th ickness  m a r k e r s  
based on these  e s t ima tes  are  p laced  on Fig.  3 and  4. 

The  ex i s t ence  of a change  in m e c h a n i s m  of r eac -  
t ion at  825~ was  r e p o r t e d  by  Tu, Davis ,  and H o t -  
te l  (14).  These  au thors  r e p o r t e d  a change  f r o m  a 
chemica l  r eac t ion  be low  825~ to a d i f fus ion-con-  
t ro l l ed  r eac t ion  above  825~ Kuch ta ,  Kant ,  and  
D a m o n  (15) ,  L e v y  (16) ,  and B l y h o l d e r  and E y -  
r ing  (2, 3) also r e p o r t  a change  in m e c h a n i s m  n e a r  
825~ Our  resu l t s  sugges t  a t r ans i t i on  f r o m  c h e m i -  
cal  to diffusion con t ro l  at abou t  700~ for  a p res -  
su re  of  76 T o r r  and a sample  a rea  of 6.3 cm 2. Us ing  
0.136 cm 2 samples  w e  h a v e  been  able  to ra ise  this  
t r ans i t i on  t e m p e r a t u r e  to 1000~ The  fac t  t ha t  
ea r l i e r  w o r k e r s  found  a t r ans i t i on  t e m p e r a t u r e  n e a r  

Table Ill. Summary of data, oxidation of graphite, 600~176 6.3 cm 2 area 

dw/d t  tin~tit dw/d t  d~n/dt 
Pressure,  ( ini t ia l) ,  ( ini t ia l) ,  Pressure,  ( ini t ia l) ,  ( ini t ia l) ,  

Temp, ~ Tor t  /Lg/cm~/sec at . /cme/sec AP, Torr Temp, ~ Torr ~g/cm~/sec at . /cm2/sec AP, Torr 

600 38 0.033 1.65 X 1015 0 1200 2 0.63 3.16 X 10 TM 1.4 
600 76 0.118 5.9 X 1015 O 1200 5 0.85 4.26 X 10 TM 2.0 
700 2 0.16 8.0 X 1015 0 1200 9.5 1.07 5.37 X 10 TM 3.5 
700 5 0.15 7.5 X 1015 0 1200 19 1.34 6.72 X 10 TM 3.75 
700 9.5 0.20 1.0 X 10 TM 0 1200 38 1.57 7.88 X 10 TM 5.4 
700 19 0.37 1.86 X 10 TM 0 1200 76 2.07 1.04 X 1017 4.0 
700 38 0.59 2.96 X 10 TM 0 1400 2 0.75 3.76 X 1016 1.5 
700 76 1.17 5.87 X 10 TM 0 1400 5 1.24 6.22 X 10 TM 2.8 
800 2 0.45 2.26 X 1016 0 1400 9.5 1.47 7.37 X 1016 4.05 
800 5 0.57 2.86 X 10 TM 0 1400 19 1.72 8.63 X 10 TM 5.1 
800 9.5 0.72 3.61 X 10 TM 0 1400 38 1.90 9.53 X 10 TM 6.6 
800 19 0.88 4.41 X 10 TM 0 1400 76 2.65 1.33 X 1017 6.0 
800 38 1.03 5.17 X 10 TM 0 1500 2 0.63 3.16 X 10 TM I.I 
800 76 1.59 7.98 X 10 TM 0 1500 5 0.90 4.52 X 1016 5.0 
900 38 1.09 5.47 X 10 TM 0 1500 9.5 1.40 7.02 X 1016 4,1 
900 76 1.31 6.57 X 10 TM 0 1500 19 1.57 7.88 X 1016 5.0 

1000 2 0.44 2.21 X 10 TM 0 1500 38 1.90 9.53 X 10 TM 6.6 
1000 5 0.70 3.51 X 10 TM 0 1500 76 2.33 1.17 X 101~ 6.5 
1000 9.5 0.80 4.01 X 10 TM 0 
1000 19 0.86 4.31 X 1016 0 
1000 38 1.08 5.42 X 10 TM 0 
1000 76 1.50 7.53 X 10 TM 0 
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Fig. 5. Log dw/dt vs. 1/T, 4250-7000C, 76 Torr, E = 39 
kcal/mole; o, new date; o, Gulbransen and Andrew (9). 

825~ indica tes  the i r  reac t ion  systems,  spec imen  
areas, and  ox ida t ion  condi t ions  were  s imilar .  

Tab le  I I I  gives a s u m m a r y  of the  resul ts .  The 
in i t i a l  ra tes  of reac t ion  are g iven  in  un i t s  of mic ro -  
grams per  square  cen t ime te r  per  second and  in  
a toms of ca rbon  reac t ing  per  squa re  cen t ime te r  per  
second. P res su re  changes  occur r ing  in  the  sys tem 
are also given.  Accord ing  to the  equa t ions  of Tab le  
I, p ressure  increase  indica tes  ca rbon  monox ide  for-  
m a t i o n  in  addi t ion  to ca rbon  dioxide.  No change  
indicates  ca rbon  dioxide  format ion .  Mass spec t rom-  
eter  s tudies  were  also made.  These wi l l  be  p re -  
sented  later.  P r e s su re  increases  were  found  at 
1200~ and  higher .  

Temperature  dependence and energy of activa- 
t i on . - -A  log d W / d t  vs. 1 /T  graph  of the  da ta  at 76 
Torr  is shown in  Fig. 5. Here  d W / d t  in  g rams  per  
square  cen t ime te r  per  second, is used to compare  
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Fig. 6. Log dw/dt vs. 1 /T oxidation of graphite; A, 2 Torr; B, 38 
Torr; C, 76 Torr. 
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Fig. 7. Effect of pressure, dw/dt vs. P (Torr), dw/dt = (0.06 
~- 0.01565 P) 10 - ~  7000C, 0-76 Torr. 

wi th  our  older  data,  and  dn/dt ,  in  a toms per  square  
cen t ime te r  pe r  second, can be ca lcula ted  by  us ing  
Avogadro ' s  n u m b e r .  Good a g r e e m e n t  was  found  
wi th  the  ear l ie r  da ta  of G u l b r a n s e n  a nd  A n d r e w  
(9) .  A n  e n e r g y  of ac t iva t ion  of 39.0 k c a l / m o l e  is 
calculated.  This  m a y  be compared  to our  ear l ie r  
va lue  of 36.7 kca l /mole .  

F igu re  6 shows the  da ta  for  th ree  pressures  on a 
log d W / d t  vs. 1 /T  plot  for the complete  t e m p e r a -  
t u r e  r ange  of 425~176 Below 725~ the  da ta  
fal l  on pa ra l l e l  s t ra igh t  l ines.  The da ta  of B lyho lde r  
and  Eyr ing  (2, 3) are  cons is ten t  w i th  our  resul ts ,  
a l though  a p ressure  of 0.026 Torr  was  used. Above  
725~ a change  is no ted  in  the  k ine t ics  of ox ida-  
t ion  at all  pressures .  For  this  reg ion  an  ene rgy  of 
ac t iva t ion  of 3.6 k c a l / m o l e  is calculated.  A de-  
crease was no ted  in  the  ra te  of ox ida t ion  b e t w e e n  
1400 ~ and  1500~ 

Pressure dependence .wLinear  plots of the  effect 
of p ressure  on the  in i t i a l  ra tes  of reac t ion  are 
shown in  Fig. 7 and  8. The  in i t i a l  ra tes  of ox ida t ion  
were  d e t e r m i n e d  f rom la rge - sca le  plots of the  da ta  
us ing  the first few m i n u t e s  of oxidat ion.  

This  confirms our  ea r l i e r  resul t s  (9) at  500~ 
Above  700~ a n e w  pressure  re la t ionsh ip  is ob-  
served.  This is shown  in  Fig. 8 for four  t e m p e r a -  
tu res  b e t w e e n  1000 ~ a nd  1500~ To es tab l i sh  the  
p ressure  re la t ionship ,  a log d W / d t  vs. log P plot  is 
g iven  in  Fig. 9 for the  da ta  at 800 ~ 1200 ~ and  
1500~ C o m b i n i n g  the  p ressure  a nd  t e m p e r a t u r e  
coefficients we have  the  fo l lowing equa t ion  for the  
data  at 800~ and  h ighe r  t e m p e r a t u r e s  

dw 3600 
- -  1 . 8 6  • 1 0  - 6  p0.3~ e RT [ 2 ]  

dt 

Here  P is the  p ressure  in  Torr  and  R is the  gas con-  
s tant .  The f rac t iona l  e x p o n e n t i a l  power  suggests  a 
complex  m e c h a n i s m  for the  react ion.  

xlO "6 

7.0 J ~ J Ij~o 
J / / f - ~ f  j 

z ~ 15 ~ j JD1~--~- 

~1~1"~ ~ ~ ' ~ ~  

0 ~ 10 20 30 40 5O 60 70 8O 
P frorr~ 

Fig. 8. Effect of pressure, dw/dt vs. P (Torr), 1000*-15000C; A, 
1500~ B, 1400~ C, 1200~ D, 1000~ 
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Effect o[ pre treatment . - -Gulbransen  and  A n d r e w  
(9) showed  tha t  ce r t a in  p r e t r e a t m e n t s  of  t he  
g r a p h i t e  h a v e  an i m p o r t a n t  inf luence  on the  r a t e  of 
ox ida t ion  be low  575~ This  is to be e x p e c t e d  since 
hea t  t r e a t m e n t s  and ox ida t ion  can effect  the  sur face  
a rea  and the  e x t e n t  of su r face  ox ide  fo rma t ion .  
A b o v e  800~ the  sur face  oxide  is uns tab le ,  and the  
ra te  of ox ida t ion  is p r o b a b l y  con t ro l l ed  by  t r a n s -  
por t  of r eac t i ng  gas t h r o u g h  the  b o u n d a r y  l aye r  of 
r eac t ion  p r o d u c t  to the  r eac t ing  in te r face .  

Tab le  IV shows a ser ies  of e x p e r i m e n t s  to tes t  
t he  effects of p r e t r e a t m e n t  on the  ox ida t ion  r e a c -  
tion. No i m p o r t a n t  effect  was  found  above  800~ 
This  ev idence  suppor t s  the  p roposa l  t ha t  t r a n s p o r t  
processes  a re  r a t e  cont ro l l ing .  

Transition Be tween  Chemical and Dif]usion 

Controlled Oxidation Above  800~ 

Stud ies  on the  gaseous  d i f fu s ion -con t ro l l ed  ox i -  
da t ion  of g r aph i t e  h a v e  l imi t ed  use, unless  the  ra tes  
of r eac t ion  are  r e l a t ed  to the  c h e m i c a l - c o n t r o l l e d  
r eac t ion  and  to the  t heo re t i c a l  va lues  ca lcu la ted  
f r o m  k ine t ic  theory .  K ine t i c  t h e o r y  gives  the  fo l -  
lowing  e q u a t i o n  for  the  n u m b e r  of impac t s  n of 
o x y g e n  molecu les  w i t h  a squa re  c e n t i m e t e r  of su r -  
face  per  second 

P 
n----3.52 X 1022 [3] 

(MT)  1/2 

H e r e  M is the  m o l e c u l a r  we igh t ,  T is the  t e m p e r a -  
t u r e  in ~ and P is the  p re s su re  in Torr .  A t  
1500~ and  76 Tor r  n = 1.21 • 1022 co l l i s ions /cm2/  
sec. If  CO is fo rmed ,  each  col l is ion resu l t s  in r e a c -  
t ion w i t h  two  a toms  of C; t h e r e f o r e  the  t heo re t i c a l  
v a l u e  of dn /d t  at  1500~ and  76 T o r r  is 2.4 X 1022 
a toms of C /cm2/ sec .  This  is e q u i v a l e n t  to 3 m m  
ab la ted  pe r  second for  g r a p h i t e  of dens i ty  1.6. 

Table IV. Effect of pretreatment on rates of oxidation 800~ 
76 Torr 

Wt.  loss,  20 m i n ,  I n i t i a l  dw/dt ,  
T r e a t m e n t  g / c m e  g / c m ~ / s e c  

New sample 1.28 X 10 -8 1.50 X 10 -6 
After  1 oxidat ion 1.33 X 10 -8 1.575 X 10 -6 
Af ter  4 oxidations 1.32 X 10 -8 1.53 X 10 -6 
Prehea t  1300~ 16 hr  1.29 X 10 - s  1.46 X 10 -6 
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Fig. 10. Log dn/dt vs. 1/T, oxidation of graphite, 76 Torr; line 
ABC, chemical control. Sample areas: D, 6.2 cm2; E, 0.947 cm2; 
F, 0.232 cm2; G, 0.136 cm2; H, estimated 0.0316 cm2; I, theory 
C ~ O 2 .  

We h a v e  i nves t i ga t ed  the  diffusion reg ion  by de-  
t e r m i n i n g  the  r a t e  of oxida t ion ,  dn/dt ,  for  a series 
of samples  of d i f fe ren t  a reas  at  s eve r a l  r eac t ion  
t e m p e r a t u r e s .  In  these  e x p e r i m e n t s ,  we  h a v e  used 
sample  areas  of 6.3-0.136 cm 2. S m a l l e r  samples  
l ead  to l a rge  s ample  t e m p e r a t u r e  increases  due  to 
the  hea t  of react ion .  

Tab l e  V and Fig.  10 show the  su r face  a rea  s tudies  
for  an o x y g e n  p res su re  of 76 Torr .  A t  1500~ the  
s ample  a rea  was  v a r i e d  by a fac to r  of 44 to d e t e r -  
m i n e  the  t r ans i t ion  b e t w e e n  di f fus ion-  and c h e m i -  
c a l - c o n t r o l l e d  react ion .  Since  the  v a l u e  of dn /d t  in -  
c reased  on r e d u c i n g  the  spec imen  size w e  conc lude  
the  ox ida t ion  is s t i l l  u n d e r  diffusion con t ro l  for  the  
sma l l e s t  sample .  Reac t ion  ra tes  up to 5.9 x 10 TM 

w e r e  measu red .  These  ra tes  of ox ida t ion  p roduced  
app rec i ab l e  changes  in sur face  t e m p e r a t u r e s .  Ob-  
se rva t ions  on the  t h e r m o c o u p l e  n e a r  the  sample  
showed  t e m p e r a t u r e  changes  of up to 7~ for  the  
0.136 cm 2 sample  d u r i n g  oxida t ion .  

Es t ima te s  of the  sur face  t e m p e r a t u r e  can be 
m a d e  on the  fo l l owing  basis. Fi rs t ,  ca rbon  m o n o x i d e  

Table V. Effect of surface area on initial rates of oxidation 

P r e s -  F u r n a c e  Ca lc .  S a m p l e  
s u r e ,  t e m p ,  t e m p ,  a r e a ,  tin~dr, L o g  
T o r r  ~ ~ c m  2 a t o m s / c m 2 / s e c  cln/clt 

76 800 800 6.25 7.98 • 10 TM 16.90 
76 800 809 0.135 7.48X 1017 17.87 
76 900 900 6.25 6.57 X 10 TM 16.82 
76 900 960 0.136 3.28 X 10 TM 18.52 
76 1100 1197 0.135 4.83 X 10 TM 18.68 
76 1500 1500 6.044 1.17 X 1017 17.07 
76 1500 1501 0.947 7.93 X 1017 17.90 
76 1500 1513 0.232 4.15 X 10 TM 18.62 
76 1500 1518 0.136 5.85 X 18 TM 18.77 
38 1200 1200 6.22 7.31X 10 TM 16.86 
38 1200 1200 3.37 1.63 X 1017 17.21 
38 1200 1200 1.74 3.33 X 1017 17.52 
38 1200 1202 0.95 4.92 X 1017 17.69 
38 1200 1207 0.55 1.12 X 10 TM 18.05 
38 1200 1211 0.232 2.05 X 10 TM 18.31 
38 1200 1216 0.135 3.02 X 10 TM 18.48 
38 1500 1500 6.08 1.06 X 1017 17.02 
38 1500 1501 0.95 7.33 X 1017 17.87 
38 1500 1507 0.236 2.36 X 10 TM 18.37 
38 1500 1509 0.136 3.25 X 10 TM 18.51 

2 1500 1500 6.3 3.16 X 10 TM 16.50 
2 1500 1501 0.942 2.25 X 1017 17.35 
2 1500 1502 0.234 6.96 X 1017 17.84 
2 1500 1506 0.136 1.79 X 10 TM 18.25 
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is a s s u m e d  as t he  p r i m a r y  r e a c t i o n  p roduc t .  Hea t s  
of f o r m a t i o n  of gaseous  c a r b o n  m o n o x i d e  w e r e  
t a k e n  f r o m  the  J A N F  (10) t ab les .  Second,  t he  
e m i s s i v i t y  was  a s s u m e d  to be  0.5. Th i rd ,  r a d i a t i o n  
was  a s s u m e d  as t h e  m a j o r  source  of h e a t  loss. The  
c a l c u l a t e d  su r face  t e m p e r a t u r e s  b a s e d  on the  m e a s -  
u r e d  r a t e s  of o x i d a t i o n  a r e  g iven  in  T a b l e  V. E x c e p t  
for  t he  s m a l l  s a m p l e  sizes, t e m p e r a t u r e  i nc reases  
due  to o x i d a t i o n  w e r e  c a l c u l a t e d  to be  less  t h a n  
13~ 

F i g u r e  10 shows  a log dn /d t  vs. 1 /T  g r a p h  of  the  
d a t a  o b t a i n e d  at  76 T o r r  o x y g e n  p r e s s u r e  t o g e t h e r  
w i th  our  e a r l i e r  d a t a  at  l o w e r  t e m p e r a t u r e s  (9) .  
L i n e  A B  and  i ts  e x t e n s i o n  r e p r e s e n t s  t he  d a t a  for  
the  c h e m i c a l  c o n t r o l l e d  r e g i o n  of ox ida t ion .  L i n e  
A B D  was  o b t a i n e d  us ing  6.0-6.3 cm 2 samples .  L ine  
B C G  w a s  o b t a i n e d  u s i n g  0.136 cm ~ samples .  P o i n t s  
E, F, a n d  G w e r e  o b t a i n e d  b y  us ing  s a m p l e s  of d i f -  
f e r en t  su r f ace  areas .  P o i n t  H is an  e s t i m a t e d  v a l u e  
for  a 0.032 c m  2 pa r t i c l e .  

L ine  A B C  r e p r e s e n t s  c h e m i c a l - c o n t r o l l e d  o x i d a -  
t ion  w i t h  an  e n e r g y  of a c t i va t i on  of 39 k c a l / m o l e .  
Reac t ion  r a t e s  to the  r i g h t  of l i ne  ABC,  a r e a  BCHD,  
r e p r e s e n t  d i f f u s i o n - c o n t r o l l e d  ox ida t ion .  In  th is  r e -  
gion, t e m p e r a t u r e  has  on ly  a m i n o r  effect on the  
r a t e  of reac t ion .  The  i m p o r t a n t  v a r i a b l e  is t h e  s u r -  
face  a rea .  

The  m e a s u r e d  r a t e  of r e a c t i o n  for  a 0.136 cm 2 
s a m p l e  a t  a f u r n a c e  t e m p e r a t u r e  of 1500~ and  76 
To r r  p r e s s u r e  was  5.9 x 10 TM a t . / cm2/ sec .  The  a b l a -  
t ion r a t e  in  A n g s t r o m s  p e r  second  is g iven  a t  the  
r i gh t  in t he  f igure.  

C u r v e  I of Fig.  10 shows  the  c a l c u l a t e d  dn/d t  
va lues  f r o m  k ine t i c  t h e o r y  for  76 T o r r  p re s su re .  A 
v a l u e  of 2.4 x 1033 a t . / c m 2 / s e c  is f o u n d  at  1600~ 

F i g u r e s  I I  and  12 and  Tab le  V g ive  the  r a t e  da t a  
for  p r e s s u r e s  of 38 a n d  2 T o r r  o x y g e n  p r e s s u r e .  
These  d a t a  s u p p o r t  the  p i c t u r e  of t he  o x i d a t i o n  
r e a c t i o n  a l r e a d y  deve loped .  

Mass Spectrometer  Studies 

S e v e r a l  e x p e r i m e n t s  w e r e  m a d e  to t es t  t he  c o m -  
pos i t ion  of t he  gas  a t m o s p h e r e  a f t e r  reac t ion .  The  
s a m p l e s  w e r e  co l lec ted  b y  open ing  a v a l v e  to an  
e v a c u a t e d  flask, a f t e r  reac t ion .  T a b l e  VI  shows  a 
s u m m a r y  of t he  resu l t s .  E x p e r i m e n t s  1 and  2 show 
CO2 was  the  gas f o r m e d  in t h e  r e a c t i o n  at  800 ~ 
and  900~ These  r e su l t s  conf i rm the  o b s e r v a t i o n s  
on the  r e a c t i o n  p re s su re .  Ca l cu l a t i ons  show t h a t  the  
a m o u n t  of CO2 in t he  gas  s a m p l e  was  in t he  r a n g e  
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Fig. 11. Log dn/dt vs. 1/T, oxidation of graphite, 38 Torr; line 
ABC, chemical control Sample areas: D, 6.2 cm2; E, 1.19 cm2; F, 
0.232 cm2; G, 0.136 cm2; H, estimated 0.0316 cm 2 particle; l, 
theory, C + 02. 
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Fig. 12. Log dn/dt vs. 1/T,  oxidation of graphite, 2 Tort; llne 
ABC, chemical control. Sample areas: D, 6.2 cm2; E, 1.19 cm2; F, 
0.136 cm2; G, estimated 0.0316 cm 2 particle; H, theory, C + 02. 

of the  e x p e c t e d  va lues .  Due  to l a ck  of c o m p l e t e  
mix ing ,  q u a n t i t a t i v e  ca l cu la t ions  canno t  be  made .  

Two  i n t e r p r e t a t i o n s  a r e  poss ib le .  F i r s t ,  CO2 is 
t he  p r i m a r y  r e a c t i o n  p roduc t .  Second,  CO is t he  
p r i m a r y  r e a c t i o n  p r o d u c t  a n d  CO2 is f o r m e d  b y  the  
s low w a l l  r e a c t i o n  of CO a n d  O2. S ince  CO was  
p r e s e n t  on ly  in t races ,  w e  f a v o r  t he  i n t e r p r e t a t i o n  
t h a t  CO2 is t h e  gas  f o r m e d  fo r  t he se  condi t ions .  

A t  h i g h e r  t e m p e r a t u r e s  bo th  CO and  CO2 a re  
f o r m e d  as s h o w n  in T a b l e  VI  for  o x i d a t i o n s  a t  
1200 ~ and  1400~ The  mass  s p e c t r o m e t e r  r e su l t s  
conf i rm the  p r e s s u r e  change  e x p e r i m e n t s .  A t  1200 ~ 
a n d  1400~ CO2 can  r e a c t  w i t h  g r a p h i t e  to f o r m  
CO. 

E x p e r i m e n t s  5 and  6 w e r e  m a d e  as  con t ro l  e x -  
p e r i m e n t s  on the  pos s ib l e  f o r m a t i o n  of c a r b o n  gases  
b y  r e a c t i o n  of o x y g e n  w i t h  i m p u r i t i e s  in t he  a l u -  

Table VI. Mass spectrometer results 

R a t i o  
E x p e r i m e n t  G a s e s  p r e s e n t  CO~/CO R e m a r k s  

1.  

2. 

3. 

4. 

5. 

6. 

Oxidat ion  800~ 76 Torr,  1 h r  

Oxidat ion  900~ 76 Torr,  1 h r  

Oxidat ion  1200~ 76 Torr,  1 h r  

Oxida t ion  1400~ 76 Torr,  1 h r  

Oxygen  + tube  1200~ 76 Torr,  
1 hr  (no graphi te  p resen t )  

Oxygen + tube 1400~ 76 Torr,  
1 hr  (no graphi te  present )  

O2, CO2, ( t races  CO and H~) 115 

02, CO2, ( t races CO and H2) 43 

02, CO2, CO, ( t races N2 and H2) 1 

O2, CO, CO2, ( t races H2) 0.73 

02, ( t races CO, CO~, N2, H2) 

02, ( t races CO, CO2, N2, H2) 

CO2 fo rmed  

CO2 fo rmed  

CO and CO2 formed 

CO and CO2 formed 

No reac t ion  

No reac t ion  
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m i n a  tube .  Mass  s p e c t r o m e t e r  r e su l t s  s h o w e d  no 
m e a s u r a b l e  reac t ion .  

Discussion and Summary 
S u m m a r y  of Kinet ic  Data 

F i g u r e s  10-12 s u m m a r i z e  in  g r a p h i c a l  f o r m  our  
d a t a  on the  k ine t i c s  of o x i d a t i o n  of g raph i t e .  The  
r e su l t s  can  be  e x p l a i n e d  in  t e r m s  of c h e m i c a l - c o n -  
t r o l l e d  o x i d a t i o n  a n d  gaseous  d i f f u s i o n - c o n t r o l l e d  
ox ida t ion .  D i s c o v e r y  of t he  su r face  a r e a  effect m a d e  
poss ib le  t he  i n v e s t i g a t i o n  of t he  t r a n s i t i o n  b e t w e e n  
the  two  t y p e s  of o x i d a t i o n  p h e n o m e n a .  The  t r a n s i -  
t ion  t e m p e r a t u r e  b e t w e e n  c h e m i c a l -  and  d i f fus ion-  
con t ro l l ed  r e a c t i o n  d e p e n d s  on the  s p e c i m e n  a r e a  
and  the  n a t u r e  of t he  reac t ion .  

Rate express ions . - -At  700~ t h e  fo l l owing  e x -  
p r e s s ion  is d e r i v e d  f r o m  the  p r e s s u r e  d e p e n d e n c e  
of t he  r a t e  of o x i d a t i o n  as s h o w n  in Fig .  7 

dn 
- -  5.02 • 1016 (0.06 ~- 0.01565 P )  [4]  

dt 

H e r e  dn /d t  is in  a t o m s  p e r  s q u a r e  c e n t i m e t e r  p e r  
second  and  P is the  p r e s s u r e  in  Tor r .  

A t  500~ the  fo l lowing  e x p r e s s i o n  is d e r i v e d  
us ing  the  e a r l i e r  d a t a  of G u l b r a n s e n  and  A n d r e w  
(9) 

dn 
- -  5.02 • 1013 (1.35 + 0.0505 P)  [5]  

dt 

A t  800~ and  h i g h e r  t e m p e r a t u r e s ,  t he  o x i d a t i o n  
r e a c t i o n  is u n d e r  d i f fus ion control .  A m o r e  g e n e r a l  
f o r m  of t he  r a t e  e x p r e s s i o n  can  be  used.  C o m b i n -  
ing  the  p r e s s u r e  and  t e m p e r a t u r e  coefficient  w e  
h a v e  the  fo l lowing  e q u a t i o n  for  s a m p l e s  w i t h  an  
a r e a  of 6.3 cm 2 

dn 
--  9.33 • 10 TM p0.32 e--3600/aT [6]  

dt 

Here  T is t he  a b s o l u t e  t e m p e r a t u r e ,  R is t h e  gas  
cons tan t ,  and  P is t he  p r e s s u r e  in Tor r .  To p u t  t he  
equa t ions  on an  a b s o l u t e  bas i s  of r e a l  a rea ,  w e  d i -  
v ide  Eq. [4] ,  [5] ,  and  [6]  b y  the  s u r f a c e  r o u g h n e s s  
fac to r  of 350 (9) .  

Fast reactions.--For d i f f u s i o n - c o n t r o l l e d  o x i d a -  
t ion  the  r a t e  of o x i d a t i o n  is i n v e r s e l y  p r o p o r t i o n a l  
to su r f ace  a rea .  F a s t  r e ac t i ons  of 5.9 x 10 TM a t . / c m f /  
sec w e r e  m e a s u r e d  on s m a l l  s a m p l e s  of  0.136 cm 2 
area ,  a t  a f u r n a c e  t e m p e r a t u r e  of 1500~ a n d  an  
o x y g e n  p r e s s u r e  of 76 Torr .  K i n e t i c  t h e o r y  c a l c u -  
l a t ions  i nd i ca t e  a m a x i m u m  r e a c t i o n  r a t e  of 2.4 x 
1022 a t . / c m f / s e c  at  1600~ and  76 Tor r .  This  v a l u e  
is 3000 t imes  the  o b s e r v e d  v a l u e  fo r  a 0.136 cm 2 
s p e c i m e n  area .  

Mechanism of Reaction 
Two m e c h a n i s m s  h a v e  been  p r o p o s e d  for  t h e  

c h e m i c a l - c o n t r o l l e d  o x i d a t i o n  process .  G u l b r a n s e n  
and  A n d r e w  (9) s h o w e d  t h a t  t he  r a t e - c o n t r o l l i n g  
p rocess  w a s  p r o b a b l y  one  of two  a d s o r p t i o n  p r o c -  
esses for  t h i c k  spec imens ,  m o b i l e  a d s o r p t i o n  or  i m -  
m o b i l e  a d s o r p t i o n  w i t h  d issoc ia t ion .  B l y h o l d e r  and  
E y r i n g  (2, 3) sugges t ed  d e s o r p t i o n  as t he  r a t e - c o n -  
t r o l l i n g  p rocess  for  t h in  spec imens .  The  p r e s e n t  
s t u d y  s u p p o r t s  t h e  e a r l i e r  conc lus ions  of G u l b r a n -  
sen and  A n d r e w  (9) .  H o w e v e r ,  t he  n e w  e n e r g y  of 
a c t i v a t i o n  is 39 k c a l / m o l e  i n s t e a d  of the  e a r l i e r  
v a l u e  of 36.7 k c a l / m o l e .  The  p r e s e n t  w o r k  does  no t  

OXIDATION OF GRAPHITE 483 

confl ict  w i t h  the  m e c h a n i s m  sugges t ed  b y  B l y -  
h o l d e r  a n d  E y r i n g  s ince  t he  e x p e r i m e n t a l  s a m p l e s  
w e r e  v e r y  d i f ferent .  

Interpretation of Surface Area  Effect 

E q u a t i o n  [1]  r e l a t e s  t he  o b s e r v e d  r a t e  of o x i d a -  
t ion  to s p e c i m e n  a r e a  w h e n  the  r e a c t i o n  is u n d e r  
d i f fus ion  control .  U n d e r  d i f fus ion  con t ro l  t he  spec i -  
m e n  is s u r r o u n d e d  b y  bo th  c a r b o n  m o n o x i d e  and  
c a r b o n  d iox ide .  I f  c a r b o n  m o n o x i d e  is the  p r i m a r y  
r e a c t i o n  p roduc t ,  c a r b o n  d i o x i d e  is f o r m e d  b y  gas 
p h a s e  o x i d a t i o n  or  a t  t he  f u r n a c e  w a l l  b y  a su r f ace  
reac t ion .  F o r  r e a c t i o n  to occur ,  o x y g e n  mo lecu l e s  
m u s t  diffuse to t he  s a m p l e  t h r o u g h  th is  r e g i o n  of 
r e a c t i o n  p roduc t s .  The  i m m e d i a t e  r eg ion  s u r r o u n d -  
ing  the  s a m p l e  is v e r y  t u r b u l e n t  due  to t h e  h e a t  of 
r e a c t i o n  and  to t he  f o r m a t i o n  of  two  mo lecu l e s  of 
c a rbon  m o n o x i d e  for  each  o x y g e n  m o l e c u l e  a r r i v -  
ing  a t  t h e  sur face .  In  th i s  t u r b u l e n t  r eg ion  the  
s p e c i m e n  reac t s  w i t h  a l l  of t he  o x y g e n  gas  a r r i v i n g  
in  t he  r e a c t i o n  zone p r o v i d e d  the  s p e c i m e n  a r e a  is 
s m a l l  c o m p a r e d  to the  d ime ns ions  of t he  r e a c t i o n  
sys tem.  F a s t  r e ac t i ons  can  be  m e a s u r e d  us ing  s m a l l  
samples .  

Manuscr ip t  rece ived  Oct. 5, 1962. This paper  was pre-  
pa red  for  de l ive ry  at the Boston Meeting,  Sept.  16-20, 
1962. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
J O U R N A L .  
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Effect of Crystal Structure on the Anodic Oxidation of Nickel 

J. L. Weininger and M. W. Breiter 
Research Laboratory,  General  Electric Company,  Schenectady,  N e w  Y o r k  

ABSTRACT 

The format ion  of Ni (OH)2  and NiOOH on different  c rys ta l  p lanes  of 
nickel,  and of po lycrys ta l l ine  nickel,  was s tudied in a lka l ine  solution. Oxide 
films of less than  two monolayers  were  reduced  potent ios ta t ica l ly ,  then 
cu r ren t -po ten t i a l  curves were  measured  in the range  --200 to 1600 m y  at  
different  ra tes  of the  l inea r ly  increas ing potential .  Elect ron diffract ion and 
microscopy were  used to deve lop  a sui table  expe r imen ta l  p rocedure  for deal ing 
wi th  bare  and smooth nickel  surfaces. The ex ten t  of oxide film format ion  in 
air  on different  p lanes  was in the  order  (110) ~ (100) ~ (111). The r e -  
ac t iv i ty  on anodizat ion,  charac te r ized  by  the potent ia l  at  which  the equiva lent  
of one monolayer  of hyd rox ide  is formed,  was in the same order.  On cont inued 
oxida t ion  the s t ruc ture  of the  crys ta l  surface is lost; subsequent  reduct ion  
forms a s t rongly  d isordered  surface. The resul ts  are  discussed wi th  r ega rd  to 
the  mechanism of anodization,  the  ex ten t  of differences be tween  crys ta l  
planes,  and the condit ions under  which  they  are  main ta ined  or lost. 

In  t he  course  of a s t u d y  of t he  m e c h a n i s m  of e l ec -  
t rode  r eac t i ons  of n ickel ,  and  of i ts  ox ides  a n d  h y -  
d r o x i d e  in  an  a l k a l i n e  solu t ion ,  e x p e r i m e n t s  on 
s ingle  c r y s t a l s  of  n i c k e l  w e r e  p e r f o r m e d  because  
these  offer the  bes t  poss ib le  c h a r a c t e r i z a t i o n  of the  
surface .  In  r e c e n t  y e a r s  an  i nc r ea s ing  e m p h a s i s  on 
c r y s t a l  o r i e n t a t i o n  a n d  s t r u c t u r e  has  d e v e l o p e d  in 
e l e c t r o c h e m i c a l  s tudies .  To d a t e  the  mos t  t h o r o u g h  
w o r k  of th is  n a t u r e  is t ha t  of P ion t e l l i  and  co-  
w o r k e r s  (1)  on the  e l e c t r o d e  b e h a v i o r  of m e t a l l i c  
s ingle  c rys ta l s .  T h e y  i n v e s t i g a t e d  anodic  a n d  c a t h -  
odic  o v e r v o l t a g e s  d u r i n g  d i s so lu t ion  and  depos i t i on  
and  h y d r o g e n  evo lu t ion  on d i f fe ren t  c r y s t a l  p l a n e s  
of m e t a l s  and  f o u n d  s y s t e m a t i c  d i f fe rences  in  t he  
o v e r v o l t a g e s  w i t h  h igh  e x c h a n g e  c u r r e n t s  for  d e p o -  
s i t ion  and  d i sso lu t ion ,  e.g., lead,  t in ,  and  c a d m i u m .  
W i t h  n i c k e l  the  o v e r v o l t a g e  for  t he  ca thod ic  d e p o -  
s i t ion  at  t he  (100) p l a n e  was  a b o u t  30 m v  l o w e r  
t h a n  for  the  (110) p l a n e  in a c h l o r i d e  so lu t ion  at  
p H  3.1. 

O x i d a t i o n  of s ingle  c rys t a l s  has  been  s t u d i e d  e x -  
t e n s i v e l y  b y  G w a t h m e y  and  assoc ia tes  (2)  in t h e  
gas phase ,  b u t  t h e r e  a r e  on ly  f ew  r e p o r t s  of anod ic  
f o r m a t i o n  of ox ides  on s ing le  c rys ta l s .  E x a m p l e s  of 
the  l a t t e r  a r e  t he  r e p o r t e d  e p i t a x i a l  g r o w t h  of v e r y  
th in  l a y e r s  of ZnO on Zn c rys ta l s ,  s t u d i e d  b y  H u b e r  
and  Bie r i  (3 ) ,  and  the  g r o w t h  of  AgC1 on A g  c r y s -  
t a l s  r e p o r t e d  b y  F l e i s c h m a n n  and  T h i r s k  (4) .  Such  
a s t u d y  is a p p r o p r i a t e  for  n i cke l  c ry s t a l s  in a l k a l i n e  
solut ions .  R e c e n t l y  K u c h i n s k i i  and  E r s h l e r  (5)  
m a d e  mic roscop ic  o b s e r v a t i o n s  of  s ingle  g r a i n s  of 
N i ( O H ) 2  d u r i n g  anod iza t ion .  E x t e n s i v e  s tud ies  of 
ca thod ic  p o l a r i z a t i o n  of  n i cke l  ox ide  w e r e  m a d e  b y  
W y n n e - J o n e s  and  c o - w o r k e r s  (6 ) ,  a n d  b y  L u k o v t -  
sev  (7 ) ,  w h o  s e p a r a t e l y  sugges t ed  p r o t o n  d i f fus ion  
in  t he  h y d r o x i d e  as a s tep  in  t he  m e c h a n i s m  of ox i -  
d a t i o n  of N i ( O H ) 2  to NiOOH.  This  was  ver i f i ed  e x -  
p e r i m e n t a l l y  b y  L u k o v t s e v  and  S l a i d e n  (8) .  X - r a y  
d i f f rac t ion  s tud ies  of t he  a n o d i z a t i o n  of n i cke l  in 
a l k a l i n e  so lu t ion  w e r e  p e r f o r m e d  b y  Br iggs  a n d  
W y n n e - J o n e s  (9 ) ,  b y  S a l k i n d  and  B r u i n s  (10) ,  and  

b y  F a l k  (11) ,  who  e l u c i d a t e d  the  e l ec t rode  p rocess  
in the  n i c k e l - c a d m i u m  cell .  Recen t  m e a s u r e m e n t s  
b y  C o n w a y  a n d  B o u r g a u l t  (12)  of t he  d i s c h a r g e  of 
n i cke l  ox ide  e l ec t rodes  a t  open  c i rcu i t  a lso gave  i n -  
f o r m a t i o n  on the  s t r u c t u r e  of the  oxide .  T h e i r  r e -  
su l t s  i l l u s t r a t e  t he  ro le  of su r f a c e  l a y e r s  in t he  
e l ec t rode  reac t ions .  

This  p a p e r  p r e s e n t s  e x p e r i m e n t a l  r e su l t s  showing  
the  d i f fe rences  b e t w e e n  c r y s t a l  p l a n e s  in  t he  in i t i a l  
o x i d a t i o n  of n i c k e l  to t he  h y d r o x i d e  a n d  to h i g h e r  
oxides .  The  m e c h a n i s m  of anod ic  o x i d a t i o n  in th is  
sys tem,  w h i c h  is l i m i t e d  to on ly  a f ew  l a y e r s  of o x y -  
h y d r o x i d e  ( N i O O H )  is also d iscussed .  

Experimental 
The  fo l lowing  p r o c e d u r e  gave  r e p r o d u c i b l e  r e -  

sul ts .  A f t e r  c h e m i c a l  po l i sh ing  n i c k e l  e l ec t rodes  
w e r e  p o l a r i z e d  a t  --200 m v  in 0.2N K O H  so lu t ion  
s a t u r a t e d  w i t h  argon.  (The  e l e c t r o d e  p o t e n t i a l  is 
r e f e r r e d  to a h y d r o g e n  e l ec t rode  in 0.2N K O H  
t h r o u g h o u t  th i s  p a p e r . )  The  e l ec t rodes  w e r e  t h e n  
a n o d i z e d  c yc l i c a l l y  in a c o n t r o l l e d  " p o t e n t i o d y -  
n a m i c "  p r o g r a m .  The  p o t e n t i a l  was  i n c r e a s e d  
l i n e a r l y  at  a g i v e n  r a t e  as a r a m p  (o r  s a w - t o o t h  
v o l t a g e )  f r o m - - 2 0 0  to 1600 m v  and  the  c u r r e n t  was  
r e c o r d e d  on an  osci l loscope.  A t  the  end  of t he  p o -  
t e n t i a l  increase ,  t he  p o t e n t i a l  d r o p p e d  i n s t a n t a n e -  
ous ly  to --200 my.  The  e l e c t r o d e  was  k e p t  for  2 ra in  
a t  --200 m v  so t h a t  the  o x i d e  f i lm was  r educed .  Then  
the  n e x t  p o t e n t i a l  s w e e p  was  app l i ed .  This  cyc le  
was  r e p e a t e d  s e v e r a l  t imes .  The  p o t e n t i a l  w a s  con-  
t r o l l e d  w i t h  a W e n k i n g  p o t e n t i o s t a t ;  t he  osc i l loscope  
was  a T y p e  502 T e k t r o n i x .  This  p r o c e d u r e  was  d e -  
v e l o p e d  in c o n j u n c t i o n  w i t h  e l e c t r o n  d i f f r ac t ion  
a n a l y s e s  m e n t i o n e d  be low.  

S ing le  c rys t a l s  of n i c k e l  of 99.9% p u r i t y  ( p r i n -  
c ipa l  i m p u r i t y  Co ~ 0.0.5%) w e r e  s u p p l i e d  b y  the  
V i r g i n i a  I n s t i t u t e  for  Scient i f ic  Resea rch .  The  p o l y -  
c r y s t a l l i n e  s a m p l e  was  a 0.005 in. c o l d - r o l l e d  99.97% 
n i c k e l  foi l  f r o m  S i g m u n d  Cohn  Corpora t ion .  The  
p r i n c i p a l  i m p u r i t y  in  t he  foi l  was  0.02% Fe.  The  
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c r y s t a l s  w e r e  c y l i n d r i c a l  w i t h  [100] axes.  O t h e r  
p lanes ,  (110) and  (111) ,  w e r e  e i t he r  s p a r k - c u t  or  
s a w e d  and  m e c h a n i c a l l y  po l i shed  b e f o r e  su r face  
t r e a t m e n t .  The  c y l i n d r i c a l  w a l l s  of t he  c rys t a l s  
w e r e  m a s k e d  w i t h  Teflon s leeves .  A p p r o p r i a t e  c r y s -  
t a l  p l anes  w e r e  t hen  e t ched  and  p o l i s h e d  to a d e p t h  
of a b o u t  1 m m  b e l o w  the  o r ig ina l  su r f ace  in a so lu -  
t ion  of 50 m l  acet ic  acid,  30 m l  HNO3, 10 m l  H2SO4, 
and  10 m l  H3PO4 (13) .  T h e  chemica l  po l i sh ing  r e -  
m o v e d  d a m a g e  and  s t r a i n  in the  su r f ace  l aye r s .  P o l -  
i sh ing  was  p e r f o r m e d  at  80~176  for  d i f fe ren t  
per iods ,  d e p e n d i n g  on the  r e l a t i v e  r e a c t i v i t y  of t he  
su r faces  w h i c h  was  Observed v i s u a l l y  d u r i n g  the  
pol i sh ing .  E l e c t r o n  m i c r o g r a p h s  s h o w e d  t h a t  p o l -  
i sh ing  y i e l d e d  e x c e p t i o n a l l y  smoo th  sur faces .  The  
po l i sh ing  so lu t ion  was  w a s h e d  off, and  the  c rys t a l s  
w e r e  t r a n s f e r r e d  to t he  e l e c t r o c h e m i c a l  cel l  in d i s -  
t i l l ed  w a t e r  s a t u r a t e d  w i t h  h y d r o g e n  to m i n i m i z e  
ox ide  fo rma t ion .  This  was  n e c e s s a r y  because  l a y e r s  
of ox ide  fo rm r a p i d l y  on v i r g i n  su r faces  of n i c k e l  
in  a i r  o r  o x y g e n - c o n t a i n i n g  solut ions .  In  the  p r e s e n t  
p r o c e d u r e  the  e l ec t rode  was  i m m e r s e d  in  the  K O H  
so lu t ion  at  a n e g a t i v e  po t en t i a l ,  and  the  e x p o s u r e  
of the  w e t  n i cke l  su r f ace  to a t m o s p h e r i c  o x y g e n  was  
l i m i t e d  to t he  f r ac t i on  of  a second  n e c e s s a r y  to ac -  
compl i sh  t he  t r a n s f e r  to t he  cell .  

The  ex i s t ence  of ox ide  and  h y d r o x i d e  f i lms a f t e r  
c h e m i c a l  po l i sh ing  was  s h o w n  b y  50 k e v  e l ec t ron  
d i f f r ac t ion  m e a s u r e m e n t s .  I t  was  f o u n d  t h a t  n i c k e l  
c ry s t a l s  h a d  p a t t e r n s  of s ingle  c r y s t a l  su r faces  a f t e r  
po l i sh ing ,  a n d  also a f t e r  t he  c rys t a l s  w e r e  d i p p e d  
w i t h  a n e g a t i v e  p o t e n t i a l  in to  0.2N K O H  solut ion.  
W i t h o u t  an  e x t e r n a l l y  a p p l i e d  p o t e n t i a l  t he  h y d r o x -  
ide  f o r m e d  spon t aneous ly .  A f t e r  on ly  1 - m i n  i m -  
m e r s i o n  t h e r e  was  s t i l l  a n i cke l  p a t t e r n ,  b u t  also a 
t r ace  of N i ( O H ) 2  w i t h  a s t r o n g l y  p r e f e r r e d  o r i e n -  
t a t ion ,  a p p r o x i m a t i n g  p s e u d o m o r p h i c  g r o w t h  of t he  
h y d r o x i d e  on the  m e t a l  subs t r a t e .  A f t e r  3 0 - m i n  
i m m e r s i o n  the  p a t t e r n s  i n d i c a t e d  some t e x t u r e  of 
N i ( O H ) 2 ,  and  a f t e r  16-h r  i m m e r s i o n  su r faces  
s h o w e d  r a n d o m  p o l y c r y s t a l l i n e  p a t t e r n s  of Ni  (OH)2.  
E lec t rons  w i t h  50 k e v  e n e r g y  p e n e t r a t e  to a d e p t h  
of a b o u t  50A. Consequen t ly ,  t he  d i f f r ac t ion  p a t t e r n s  
do not  d e s c r i b e  t he  su r f ace  a lone.  T h e y  r e su l t  f r om 
an  a r r a y  of abou t  15 a t o m  layers .  In  t he  l - r a i n  
e x a m p l e  a b o v e  p r o b a b l y  mos t  of t h e  p a t t e r n  is due  
to the  n i cke l  subs t r a t e ,  b u t  N i ( O H ) 2  is f o r m e d  i m -  
m e d i a t e l y  on i m m e r s i o n  to t he  e x t e n t  of a t  l eas t  1 
or  2 l aye r s ,  b y  a loca l  cel l  m e c h a n i s m .  

To a r r i v e  at  q u a n t i t a t i v e  v a l u e s  for  t he  n u m b e r  
of ox ide  l a y e r s  f o r m e d  on anod iza t ion ,  as w e l l  as 
for  t he  a m o u n t  of o x y g e n  a d s o r b e d  or  ox ide  f o r m e d  
in t r ans f e r ,  i t  is n e c e s s a r y  to h a v e  a r e a s o n a b l e  es-  
t i m a t e  of su r f ace  roughness .  In  t he  p r e s e n t  w o r k  w e  
a s sume  a roughnes s  f ac to r  of one. This  is t he  i dea l  
case, bu t  such  a su r f ace  is c lose ly  a p p r o a c h e d  in t he  
e x p e r i m e n t a l  p rocedu re .  A f t e r  e x t e n s i v e  c h e m i c a l  
po l i sh ing  no a spe r i t i e s  ex i s t  a t  t he  su r f ace  and,  
excep t  for  a v e r y  occas iona l  e tch  pi t ,  the  su r f ace  
p r e s e n t s  an  e x t r e m e l y  smoo th  a p p e a r a n c e .  This  is 
shown  in e l ec t ron  m i c r o g r a p h s .  W i t h i n  t h e i r  l imi t s  
of s e n s i t i v i t y  t h e r e  is no i nd i ca t i on  t h a t  po l i sh ing  
i n t r o d u c e d  a d i f fe ren t  or  p r e f e r e n t i a l  su r f ace  o r i -  
en ta t ion .  

C R Y S T A L  S T R U C T U R E  I N  O X I D A T I O N  O F  N i  485 

Results 
Electron microscopy.--Figures 1 t h r o u g h  5 a re  

e l ec t ron  m i c r o g r a p h s  of c a r b o n  r ep l i ca s  of n i cke l  
e lec t rodes ,  w h i c h  a f t e r  c h e m i c a l  p o l i s h i n g  w e r e  
s h a d o w - c a s t  w i t h  p l a t i n u m .  The  t h r e e  c r y s t a l  
p l a n e s  a p p e a r  to be  e x c e p t i o n a l l y  smooth .  This  is 
seen  in  Fig.  1, 2, and  3, w h i c h  a r e  t he  e l e c t r o n  m i -  
c r o g r a p h s  of t he  (110) ,  (100) ,  a n d  (111) p lanes ,  
r e spec t i ve ly .  A t  a magn i f i ca t ion  of 75,000, n e a r  the  
l imi t  o f  t h e  i n s t r u m e n t  and  t echn ique ,  w h a t  su r f ace  
t e x t u r e  t h e r e  is m a y  be  due  to t he  m e t h o d  i tself .  The  
(111) p l a n e  has  a f ew  e tch  pi ts ,  some  of t h e m  t r i -  
angu la r .  F i g u r e  4 p r e s e n t s  t h e  p o l y c r y s t a l l i n e  su r -  
face  a t  l o w e r  magn i f i ca t ion  (X 10,000), showing  
g r a i n  b o u n d a r i e s ,  i nc lud ing  t r i p l e  points .  A t  l a r g e r  
magn i f i ca t ion  (Fig .  5, X 75,000) su r f ace  roughnes s  
is obse rved .  I t  is r e s t r i c t e d  m o s t l y  to t he  n e i g h b o r -  
hood of t he  g r a i n  bounda r i e s .  

Current- t ime curves measured at constant .po- 
tential after immersion. - -Current- t ime curves  of 
c r y s t a l s  i m m e r s e d  in  t he  e l e c t r o l y t e  w e r e  m e a s u r e d  
at  con t ro l l ed  po t en t i a l s  of --280,  --200, --100, and  

Fig. 1. Electron micrograph of a carbon replica of the (110) 
crystal plane of nickel after chemical polishing. Magnification 
4800X. Arrow indicates direction of shadow casting. 

Fig. 2. Electron micrograph of (100) crystal plane of nickel. Mag- 
nification 4800X. 
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Fig. 3. Electron micrograph of (111) crystal plane of nickel. Mag- 
nification 4800X. 

0 my.  A va lue  of --200 m v  was t hen  chosen for the  
f inal  series of e xpe r i me n t s  as the  po ten t i a l  at which  
h y d r o g e n  evolves  f ree ly  and  at which  oxide films 
are comple te ly  reduced  w i t h i n  2 min.  

F igure  6 is a typ ica l  cu rve  for the  (111) crystal .  
Three  traces are shown.  The lowest  (a) defines zero 
cur ren t .  Trace  (b)  is due to h y d r o g e n  evo lu t ion  
in  the  s teady  state. The  more  or less e xponen t i a l  
decay curve  (c) shows the  r educ t ion  of oxygen  
picked up in  the  t r ans f e r  of the  e lect rode f rom the  
h y d r o g e n - s a t u r a t e d  dis t i l led  wa te r  to the  a rgon -  
sa tu ra t ed  0.2N K O H  electrolyte .  I n t e g r a t i o n  of the 
curve  yields  0.24 m C / c m  2 which  corresponds  to a 
coverage of 0.4 mono laye r s  of oxide. 

A l though  the re  is cons iderab le  e x p e r i m e n t a l  e r -  
ror, both  due to the  me thod  of i m m e r s i o n  of the  
crys ta l  and  the  i n t e g r a t i on  of the  curves  wi th  a 
p l an ime te r ,  the  n u m b e r  of layers  of oxide fo rmed  
was r ep roduc ib ly  di f ferent  for the  four  surfaces 
s tudied.  This  is shown in  Tab le  I, which  gives the  
charges r equ i r ed  to reduce  the  oxide layers .  Each 
va lue  is an  average  of abou t  7 d e t e r m i n a t i o n s  w i th  
a l imi t  of r ep roduc ib i l i t y  of __-10%. O x i d e - r e d u c t i o n  
m e a s u r e m e n t s  were  also made  by  expos ing  the  c rys-  
tals to air  for t imes  up to 90 sec a nd  m e a s u r i n g  cu r -  
r e n t - t i m e  curves  af ter  immers ion .  The resul t s  were  
not,  however ,  sufficiently r ep roduc ib le  to a r r ive  at 
re l iab le  conclusions.  

Table I. Charges required to reduce oxide layers formed during 
the transfer of electrode 

Sur face  (110) (I00) (111) Po lyc rys t a l l i ne  

Fig. 4. Electron micrograph of polycrystalline nickel electrode. 
Magnification 4800X. 

mC/cI~ 2 0.73 0.58 0.36 1.09 

Anodic current-potential curves during single po- 
tential sweeps . - - In  the anodic  sweeps which  were  
car r ied  out at  a ra te  of abou t  110 m v / s e c  f rom --200 
m v  to about  1600 m v  a m a r k e d  difference was  found  
be t w e e n  the  first sweep on a v i rg in  c rys ta l  surface 
and  la te r  sweeps. The osci l lograms of Fig. 7 are the  
in i t i a l  t races for the  four  di f ferent  n icke l  surfaces.  
On repea t ing  these  af ter  2 ra in  of po la r i za t ion  at  
--200 mv,  the  t races  of Fig. 8 were  obta ined .  The 
most  i m p o r t a n t  changes  in  the  shape  of the  curves  
occur i m m e d i a t e l y  af ter  the  first sweep. On  subse-  
que n t  repe t i t ion ,  w i t hou t  repo l i sh ing  the  crys ta l  
surface,  on ly  the  h igh -vo l t age  peak  (at  1440 m v )  
increased  in  magn i tude .  

Fig. 5. Electron micrograph of grain boundary in polycrystalline 
nickel electrode of Fig. 4. Magnification 36,000X. 

2O 

5 

0 
I I 1 I 

0 0.05 0.1 0.15 0.2 
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Fig. 6. Current-time curve of cathodic polarization of the (111) 
nickel crystal plane after immersion in O.2N KOH at - -200 my: 
(a) zero current; (b) current due to hydrogen evolution; (c) current 
due to reduction of oxide film. 
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Fig. 7. Anodic current-potential curves during single potential 
sweeps at 110 mv/sec. Nickel crystal planes and palycrystalline foil 
in 0.2N KOH. Initial sweeps on virgin surfaces. 

The  s igni f icant  f e a t u r e s  of t he  cu rves  a r e  s h o w n  
s c h e m a t i c a l l y  in  Fig .  9. The  cu rves  m a y  be  d i v i d e d  
in to  t h r e e  pa r t s ,  an  a r e a  a t  l ow  p o t e n t i a l  ( A ) ,  one  
at  a h i g h e r  one (C) ,  and  an  i n t e r m e d i a t e  r e g i o n  
(B) .  In  t he  i n i t i a l  s w e e p  t h e r e  a r e  c h a r a c t e r i s t i c  
p e a k s  ( a t  p o t e n t i a l s  ~, fi, ~,) for  each  of t he se  r e -  
gions,  b u t  t he  i n t e r m e d i a t e  p e a k  d i s a p p e a r s  on  s u b -  
s equen t  t r aces .  The  n u m e r i c a l  v a l u e s  for  t he se  p o -  
t en t i a l s  a n d  the  n u m b e r  of cou lombs  r e q u i r e d  to 
fo rm the  ox ide  on the  e l e c t r o d e  su r f aces  a r e  t a b u -  
l a t ed  in T a b l e  II .  S ince  p o t e n t i a l  was  i n c r e a s e d  
l i n e a r l y  w i t h  t ime ,  t he re fo re ,  t he  a r eas  of t he  t h r e e  
reg ions ,  a n d  hence  t h e  charges ,  cou ld  be  o b t a i n e d  
b y  i n t e g r a t i n g  ove r  t he  con tours  and  a long  e x t r a p o -  
l a t e d  l ines  f r o m  the  m a x i m a  i n d i c a t e d  b y  the  d a s h e d  
l ines  of  Fig.  9. This  n e c e s s a r i l y  a r b i t r a r y  p r o c e d u r e  
i n t roduces  c o n s i d e r a b l e  e r r o r  in  t he  r e l a t i v e  va lue s  
of t he  i n d i v i d u a l  a reas ,  b u t  c o m p a r i s o n  of t h e  t o t a l  
i n t e g r a t i o n  (i.e.,  A ~- B ~- C vs.  A '  % B'  ~- C ' )  i n -  
d ica tes  good  r e p r o d u c i b i l i t y .  

I t  w o u l d  be  d e s i r a b l e  to conve r t  t h e  c h a r g e - d a t a  
of Tab les  I and  I I  in to  t h e  a c t u a l  n u m b e r  of h y -  
d r o x i d e  or  ox ide  l a y e r s  fo rmed ,  b u t  th is  c anno t  be  
done  a c c u r a t e l y  s ince  t h e  a c t u a l  s t r u c t u r e  of t he  
v e r y  few a tomic  or  m o l e c u l a r  l a y e r s  c o v e r i n g  the  
e l ec t rode  su r f ace  is no t  known .  In  fact ,  th is  l a c k  
of k n o w l e d g e  is a p r i n c i p a l  r e a s o n  for  u n d e r t a k i n g  
the  p r e s e n t  work .  H o w e v e r ,  good  e s t i m a t e s  can  s t i l l  
be made .  F o r  e x a m p l e ,  a r e a s o n a b l e  a s s u m p t i o n  for  
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Fig. 8. Anodic current-potential curves during single potential 
sweeps at 110 mv/sec. Nickel crystal planes and polycrystalline foil 
in 0.2N KOH. Sweeps subsequent to those of Fig. 7. 
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Fig. 9. Schematic current-potential curves of single crystal (ini- 
tial trace) and disordered surfaces (subsequent trace) of nickel. 

su r f a c e  c o v e r a g e  of  a b a r e  n i c k e l  e l e c t r o d e  w o u l d  
be  a 1 : 1 c o r r e s p o n d e n c e  of n i c k e l  and  o x y g e n  a toms  
or  ions.  Thus  w e i g h t i n g  c r y s t a l  p l a n e s  acco rd ing  to  
t h e i r  d i f fe ren t  g e o m e t r y ,  and  n o r m a l i z i n g  w i t h  r e -  
spec t  to t he  (100) p lane ,  t he  n u m b e r  of a t o m s  p e r  

un i t  a r e a  a r e  in  the  r a t i o  of  l/k/2--: 1: 2 /~ /3 -  for  t h e  
p l anes  ( 1 1 0 ) : ( 1 0 0 ) : ( 1 1 1 ) .  B a s e d  on the  l a t t i ce  

Table II. Characteristic features of current-voltage curves for anodization of nickel 

(110  ) (100)  (111)  P o l y c r y s t a l l i n e  

Voltage measurements ,  mv  

Charge measurements ,  m C / c m  2 

a 370 ___ 20 450  _ 20 480 • 20 370 _ 20 
fl 880 ___ 20 815 ___ 20 870 ___ 20 850 ~ 20 
7 1440 _ 20 1430 _ 20 1435 • 20 1435 ~ 20 
~' 325 _ 20 320 +__ 20 340 _ 20 320 _ 20 
7' 1435 ___ 20 1445 ___ 20 1425 ___ 20 1450 __. 20  

A 1.4 _ 3 0 %  1.6 -+- 30% 1.3 ___ 30% 1.3 • 3 0 %  
B 3.9---- 30% 3.6 ___ 3 0 %  2.7 ___ 30% 1.5 _ 3 0 %  
C 0.8 _ 30% 0.7 _ 3 0 %  1.1 -4- 30% 1.0 _ 3 0 %  
A'  1.2 +- 30% 1.9 _ 30% 1.1 _ 30% 1.1 _ 30% 
B'  2.9 +- 3 0 %  2.2 __+ 30% 2.7 _ 30% 1.4 _ 30% 
C' 2.0 +- 30% 1.6 _+ 30% 1.2 +- 30% 1.0 +- 30% 

A + B ~- C 6.1 ___ 10% 5.9 _ 10% 5.1 -4- 10% 3 . 8 _  10% 
A'  -~ B'  ~- C' 6.1 +- 10% 5.7 ___ 10% 5.0 ___ 10% 3.5 +- 10% 
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constant  of fcc n i c k e l  the  surface  coverage  f r o m  the  
data of Table  I w o u l d  then  be 2 .0:1 .1:0 .6  for the 
above  planes.  The s a m e  as sumpt ion  carried out  for 
the ini t ia l  anodizat ion  to the  h y d r o x i d e  ( A  and A' 
in Fig. 7, 8, and 9, and Table  II )  leads to the  con-  
c lus ion that about t w o  layers  of h y d r o x i d e  are in-  
v o l v e d  in the  potent ia l  reg ion defined by  area A or 
A' (1 layer  is a p p r o x i m a t e l y  equ iva len t  to 0.6 m C /  
cm2) .  F u r t h e r m o r e  potent ia l s  a and ~' are reached  
on coverage  equ iva lent  to about  1 m o n o l a y e r .  On 
cont inued  ox idat ion  other s tructures  and other  con-  
vers ion  factors  c o m e  into play.  With in  reasonable  
l imi t s  of error the curves  can be interpreted ,  h o w -  
ever ,  to the  e x t e n t  that  about 3 or 4 layers  of h y -  
drox ide  are f o r m e d  up to 600-800 m y  during the  
potent ia l  s w e e p ,  and about  10 layers  of o x y h y d r o x -  
ide at the  end of the s w e e p ,  at 1600 m y .  

The tabula ted  data w e r e  obta ined  w i t h  v o l t a g e  
s w e e p s  at rates  of 101 to 125 m v / s e c .  At  s l o w e r  
rates,  w h e n  the e lec trode  is c loser  to s t e a d y - s t a t e  
condit ions ,  the  peaks  are also reproducible .  T h e y  
are sharper and sma l l er  w i t h  respect  to the  m a g n i -  
tude  of both potent ia l  and current  dens i ty .  This  is 
inherent  in the p o t e n t i o d y n a m i c  t echn ique  and con-  
s i s tent  w i t h  the m e c h a n i s m  of ox idat ion  d iscussed  
be low.  

Whereas  the (110)  and (111 ) crysta ls  are b e l i e v e d  
to have  s ingle  crysta l  s tructure  there  w a s  s o m e  
indicat ion that the  (100)  crys ta l  conta ined  subgrain  
boundar ies  representa t ive  of s o m e  surface  disorder.  
This  m a y  exp la in  the  shape of the  l o w - v o l t a g e  peak,  
w h i c h  conta ined  a shoulder  in the  case  of a fast  
s w e e p  (Fig.  10a, vo l tage  rate  150 m v / s e c ) .  This  
peak  could be  re so lved  into t w o  separate  peaks  at 
a s l ow  s w e e p  (Fig.  10b, vo l tage  rate  12.4 m v / s e c ) .  

The fo l Iowing  m e a s u r e m e n t s  w e r e  m a d e  to see  
w h e t h e r  a gradual  trans i t ion  of the e l e c t r o c h e m i c a l  
behav ior  b e t w e e n  the  t w o  curves  s h o w n  in Fig.  10 is 
possible .  Af ter  po l i sh ing  the  (100)  surface  an init ial  
s w e e p  w a s  traced f r o m  --170 to 380 m v  at 12.5 m v /  
sec. The osc i l logram s h o w e d  a s l ight  peak  at 340 m v  
( see  Fig. l l a ) .  This  m a x i m u m  g r e w  s l o w l y  on the 
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Fig. 10. Current potential curve of formation of Ni(OH)2 on a 
(100) nickel face in 0.2N KOH: (a) sweep rate 150 mv/sec; (b) 
sweep rate 12.4 mv/sec. 

n e x t  t w o  sweeps ,  not  s h o w n  in Fig. 11. Then,  w i t h -  
out re -po l i sh ing ,  the  vo l tage  range w a s  increased 
f r o m  - -170  to 510 at 10.4 m v / s e c ,  i .e.,  n o w  the  range 
inc luded  the  second or "single  crystal" peak  at 450 
m v  (Fig.  l l b ) .  The  n e x t  s w e e p  s h o w n  in Fig. l l c  
s h o w e d  that  this  peak  pers i s ted  on recyc l ing  al-  
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Fig. 11. Current potential curves of a series of anodizing sweeps: 
(a) initial anodization of (100) surface in 0.2N KOH at about 
12 mv/sec; (b) fourth sweep in oxidation-reduction cycle without 
repolishing to higher potential; (c) fifth sweep to the same poten- 
tial as Fig. 11b; (d) sixth sweep to still higher potential, (e) seventh 
sweep to the same potential as Fig. 11d. 
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though it decreased in magni tude.  On a fu r the r  vol t -  
age increase from --170 to 880 mv on the next  sweep 
at 12.2 mv/ sec  (Fig. l l d ) ,  both peaks,  as well  as 
that  of the in te rmedia te  range in Fig. 9, showed up. 
On the fol lowing sweep the h igher  peaks  identif ied 
as a and fl in Fig. 9 d i sappeared  (Fig. l l e ) .  With  the 
sensit ive current  dens i ty  scale of Fig. 11 negat ive  
currents  at low potent ia ls  are noticed. This is due to 
oxygen diffusion, which could not be p reven ted  even 
in a rgon- s t i r r ed  and sa tu ra ted  solution. The exper i -  
men ta l  difficulties of immers ing  crys ta ls  r ap id ly  into 
the e lect rolyte  p reven ted  a more e labora te  setup 
needed to suppress oxygen diffusion ent irely.  1 

Discussion 
The questions regard ing  the present  exper iments  

which may  be answered  are:  (a)  wha t  is the mech-  
anism of anodizat ion at  surfaces of nickel  crysta ls  
when only  a few layers  of react ion product  are 
formed under  the influence of a l inear ly  increasing 
potent ial ;  (b) how do oxygen adsorpt ion  and anodi-  
zation differ on different  planes of a single crystal ,  
and (c) how long, and under  wha t  conditions, are 
the crys ta l  surfaces mainta ined?  

Mechanism of anodization.--The cur ren t -vo l t age  
curves consist of at least  three  separa te  regions. The 
low-vo l tage  region (A and A' in Fig. 9) represents  
the format ion of Ni (OH)2  on the bare  Ni surface 

Ni -~ 2 OH- : Ni(OH)2 q- 2e- 

About one monolayer of the hydroxide is formed 
when the potential ~ or a' (Fig. 10) is reached. The 
rate of formation, reflected by the current density, 
then decreases as the reaction is sustained by the 
mobility of Ni(II) ions through the hydroxide sur- 
face cover. 

The intermediate-voltage region (B and B', Fig. 
9) begins when about two layers of Ni(OH)2 are 
formed. With increasing potential the oxyhydroxide 
NiOOH is produced 

Ni(OH)~ q- OH- = NiOOH q- H20 q- e-  

This process is sustained by proton diffusion to the 
hydroxide/solution interface which has been dem- 
onstrated by Lukovtsev and Slaidin (8). In the 
present work it is postulated that in the broad inter- 
mediate region this process occurs simultaneously or 
consecutively with the oxidation of Ni to Ni(OH)2. 
Thus, under the present experimental conditions, up 
to a potential of about lv both Ni(II) ions and pro- 
tons are mobile, Ni(OH)2 is formed and partially 
converted to NiOOH in a quasi-solid solution. 

Finally, at sufficiently higher potentials Ni is con- 
verted directly to NiOOH according to 

Ni § 3 OH- = NiOOH + H20 + 3e- 

At about 1.5v oxygen is evolved. The current result- 
ing from this process masks the small contribution 
by still higher oxidation of Ni(IIl) to Ni(IV), for 
which Lukovtsev and Slaidin (8) give a current ef- 
ficiency of 1 or 2%. 

Oxide formation during transyer ol electrode.--In 
spite of the  large  expe r imen ta l  e r ror  in  de te rmin ing  

1 N o t e  a d d e d  in  p roo f :  T h i s  is n o t  d u e  to o x y g e n  d i f fu s ion  in t h e  
so lu t i on .  E v i d e n c e  to t h a t  e f f ec t  is  i n  t h e  p r o c e s s  of p u b l i c a t i o n .  

the number  of oxide layers  the values  of Table I 
st i l l  indicate  c lear ly  that  oxide is formed on nickel  
c rys ta l  planes in the order  (110) > (100) > (111). 
The reac t iv i ty  is in tha t  order ,  f rom leas t  to closest-  
packed  planes.  If roughness were  taken  into account 
the value  for the polycrys ta l l ine  surface, which is 
rougher,  would be reduced correspondingly.  

Crystal s tructure in anodization.--Ni (OH)2 forms 
spontaneously  (i.e., on open circuit)  on nickel  single 
crystals  in KOH solution. For  this  reason crystals  
must  be immersed  in the e lect rolyte  at  a negat ive  
potential .  On poten t iodynamic  oxidat ion the vol tage 
and extent  of surface coverage at which the unique 
proper t ies  of single crystals  are lost can be located 
fa i r ly  accurately.  This is discussed below. Ini t ia l ly ,  
Ni(OH)2 is formed at different  ra tes  on the crys ta l  
planes.  The location of the Ni(OH)~ peaks  ~ in Fig. 
2 and 4 is a rough measure  of this  va ry ing  degree of 
h indrance  of the reaction. The a peaks  occur at 480 

450 > 370 mv for the planes (111) ~ (100) 
(110) in the order  of closest to l eas t -packed  planes. 
Exper imenta l ly ,  this is consistent  wi th  the above 
da ta  and also wi th  growth  and dissolution rates  of 
some fcc crystals  measured  by  Piontel l i  (1) .  This is 
genera l ly  expla ined  by  assuming that  atoms in the 
c loses t -packed planes have m a x i m u m  bond energies 
in the plane, min imum for a const i tuent  out of the 
plane. Hence thei r  res idual  affinity for oxidation,  
e.g., for the c loses t -packed (111) plane, is also a 
minimum.  

Loss of crystal sur]ace structure on anodization.--  
The most pronounced effect tha t  can be a t t r ibu ted  to 
the s t ruc ture  of the crys ta l  planes is the change of 
shape in cu r ren t -vo l t age  curves, f rom the first ano- 
dic sweep (Fig. 7) to the second sweep (Fig. 8). In 
the second sweep al l  three  c rys ta l  p lanes  show the 
same genera l  shape which is s imilar  to the  first 
sweep of the polycrys ta l l ine  nickel  electrode.  The 
sweeps extend to 1600 mv and encompass 8 to 10 
layers  of oxide. I t  is clear  tha t  on subsequent  reduc-  
t ion the  nickel  planes are  not r egenera ted  but  tha t  
a d isordered  surface is formed. It  should be men-  
t ioned tha t  nickel  ions did not  go into solution. This 
was tested by  cycling a n ickel  e lectrode f o r  several  
hours, evapora t ing  the electrolyt ic  solution, and an-  
alyzing the prec ip i ta te  by  x - r a y  fluorescence. Nickel  
could not be detected.  For  the  given exper imen ta l  
condit ions the  l imi t  of detect ion was 0.1 ppm. 

Knowing tha t  surface s t ruc ture  of the  crysta ls  is 
lost at the end of an anodic sweep, one can locate 
the change in s t ruc ture  in the potent ia l  range at  600- 
800 mv (corresponding to 3-4 monolayers )  where  
the h igher  oxidat ion of Ni to NiOOH comes to the 
fore. This is i l lus t ra ted  by  the series of measure -  
ments  shown in Fig. l l a  to l l e .  Cycling at lower  
vol tages up to 380 and 510 my, respect ively ,  does not  
influence dras t ica l ly  the location of the a -peak .  I t  
is character is t ic  of the single crys ta l  surface. On go- 
ing past  this potent ia l  range  the a - p e a k  d isappears  
on the very  next  sweep. F rom this we conclude tha t  
a single c rys ta l  surface of fcc nickel  can support ,  for 
r easonab ly  short  t imes, a few Ni (OH)2  layers ,  or -  
dered pseudomorphica l ly  on nickel,  but  not ordered 
wi th  respect  to the hexagonal  s t ruc ture  of Ni(OH)2,  
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a l t h o u g h  the  a c t u a l  d imens ions  i n v o l v e d  a re  no t  f a r  
apa r t .  On f u r t h e r  o x i d a t i o n  of N i ( O H ) 2  a d r a s t i c  i r -  
r e v e r s i b l e  s tep  t a k e s  p lace .  This  is also i n d i c a t e d  b y  
t h e  a p p e a r a n c e  of t he  c u r r e n t  m a x i m u m  fl in  the  
i n t e r m e d i a t e  v o l t a g e  r eg ion  ( see  Fig .  7 a n d  9) ,  
w h i c h  occurs  on ly  on first  sweeps .  I t  m a y  s ign i fy  a 
s i n g u l a r  t r a n s f o r m a t i o n  of ca t ions  in  t he  h y d r o x i d e  
film, of u n k n o w n  or ig in ,  w h i c h  for  t h a t  p a r t i c u l a r  
p o t e n t i a l  and  h i s t o r y  of t he  ox ide  f i lm acce l e ra t e s  t he  
r a t e  of ox ida t i on .  I t  is p l a u s i b l e  to  assoc ia te  i t  w i t h  
a loss of t he  o r ig ina l  su r f ace  s t r uc tu r e ,  r e s u l t i n g  in  a 
d i s o r d e r e d  p o l y c r y s t a l l i n e  sur face ,  s ince  t he  f l - m a x i -  
m u m  also a p p e a r s  d u r i n g  the  first  s w e e p  on the  po l -  
y c r y s t a l l i n e  e lec t rode ,  and  d i s a p p e a r s  on i t  as wel l .  
A r e l a t e d  effect m a y  be  a g e n e r a l  change  in  e l e c t r o -  
c h e m i c a l  b e h a v i o r  as a r e su l t  of ag ing  N i ( O H ) 2  
e l ec t rodes  o b s e r v e d  b y  Br iggs ,  S to t t ,  and  W y n n e -  
Jones  (14) .  

In  s u m m a r y ,  t he  p o t e n t i o d y n a m i c  t e c h n i q u e  is a 
sens i t ive  tool  for  t he  s t u d y  of su r f ace  changes  w h i c h  
invo lve  on ly  a f ew  m o n o l a y e r s  of r e a c t i o n  p roduc t s .  
Us ing  i t  in anod i za t i on  of n i c k e l  in  a l k a l i n e  so lu t ion  
i t  was  f o u n d  t ha t  t h e r e  a r e  s ign i f ican t  d i f fe rences  in  
the  r a t e  of o x i d a t i o n  of d i f fe ren t  c r y s t a l  p l anes  i n i -  
t i a l ly ,  b u t  t h a t  a f t e r  b u i l d i n g  up  on ly  a few l a y e r s  of 
h y d r o x i d e  and  o x y h y d r o x i d e  the  c r y s t a l  su r f ac e  b e -  
comes  d i so rde red .  
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The Oxidation Behavior of Tantalum at 700~176 

Per I (o fs tad  

Central Institute for Industrial Research, Blindern, Oslo, Norway 

ABSTRACT 

The oxidation behavior  of t an t a lum has been studied at 700~176 at 
oxygen pressures ranging from 1 arm to 0.01 Torr 02. The oxidation involves 
oxide formation and oxygen dissolution in the metal. The rate of oxygen 
dissolution is governed by diffusion of oxygen in the t an ta lum metal.  Except 
for the very ini t ial  stage of the oxidation, the weight  gain due to oxygen dis- 
solution is of minor  importance compared to the total weight gain dur ing  
oxidation. However, the relat ive importance of oxygen dissolution increases 
with decreasing oxygen pressure. The oxide scale consists of Ta205. At and 
below 800~ the metall ic oxide phase TaOz is formed at the meta l /oxide  in -  
terface, while above this tempera ture  TaO gradual ly  becomes the in termediate  
reaction product  at the meta l /oxide  interface. Below 800~ and at the 
higher oxygen pressures the Ta205 formation follows a l inear  rate f rom the 
start  of the reaction. At about 800~ one begins to observe a change in  the 
oxidation behavior,  and at higher temperatures  the ini t ial  Ta205 formation is 
parabolic. The parabolic oxidation is concluded to be governed by a ra te-  
de termining  diffusion of oxygen through the oxide scale. The parabolic stage 
is followed by a l inear  oxidation. The paral inear  t ransi t ion is due to cracking 
of the protective scale down to the meta l /oxide  phase boundary,  and the 
subsequent  l inear  oxidation above 800~ is concluded to be determined by 
the rate of nucleat ion and growth of Ta205 on TaO at the meta l /oxide  interface. 
The l inear  oxidation is dependent  on oxygen pressure and the pressure 
dependence is in terpre ted in  terms of an oxygen chemisorption equi l ibr ium 
prior to the ra te -de te rmin ing  part-process. The l inear  rate of oxidation at 
1 atm 02 exhibits a reversal  in the tempera ture  dependence at 700~176 At  
100 Torr  02 the oxidation rate is independent  of tempera ture  and at lower 
pressures the reversal  is absent. Above 800~ the l inear  rate constant  increases 
rapidly with tempera ture  at all oxygen pressures. The reversal  in tempera ture  
dependence is a resul t  of the change in  oxygen pressure dependence associated 
with the change in  the reaction scheme at about 800~ An addit ional factor 
may be a decreased thermal  stabil i ty of the in termediate  reaction product  
TaOz with increasing temperature.  

S tudies  of the  ox ida t ion  behav io r  of t a n t a l u m  is 
of p r i m a r y  i m p o r t a n c e  in  e v a l u a t i n g  the  po ten t ia l s  
of this  me ta l  as a h i g h - t e m p e r a t u r e  mater ia l .  

The p re sen t  work  is pa r t  of a series of i n v e s t i g a -  
t ions  on ox ida t ion  of t a n t a l u m  in  the  t e m p e r a t u r e  
r ange  300~176 (1-5) .  The  e x p e r i m e n t a l  w o r k  
comprises  g r av ime t r i c  reac t ion  ra te  m e a s u r e m e n t s  
coupled w i th  x - r a y  diffraction,  e lec t ron  microscope,  
meta l lographic ,  and  mie roha rdness  s tudies  on r e -  
acted specimens.  

S u m m a r i e s  of p rev ious  s tudies  of the  t a n t a l u m -  
oxygen  sys tem and  of ox ida t ion  of t a n t a l u m  a nd  
descr ip t ions  of the  ma te r i a l s  and  e x p e r i m e n t a l  
methods  employed  have  been  g iven  in  p rev ious  
papers  (1, 2). 

Exper imenta l  Results 

Reaction rate measurements.---The s tudies  were  
m a d e  on e lec t ron  b e a m  mel t ed  t a n t a l u m .  The speci-  
mens  m e a s u r e d  a p p r o x i m a t e l y  1.2 x 1.2 x 0.14 cm. 
P r io r  to ox ida t ion  the  spec imens  were  pol i shed and  
etched (1) .  

The resul t s  of the  g rav ime t r i c  ox ida t ion  ra te  
m e a s u r e m e n t s  on u n a n n e a l e d  t a n t a l u m  are shown  
in  Fig. 1-6. In  all  cases the  resul t s  r ep re sen t  a v e r -  
ages of 3 or more  ( in  a few cases as m a n y  as I0)  

d i f ferent  runs .  Al l  va lues  were  eva lua t ed  us ing  the  
o r ig ina l  geomet r ica l  d imens ions  of the  specimens.  

The  effect of oxygen  p ressure  (1 a rm to 0.01 
Tor r )  on the  ra t e  of ox ida t ion  at 800~ is shown  in  
Fig. 1 a nd  2, at  900~ in  Fig. 3 and  4, a nd  at  1000~ 
in  Fig. 5 and  6. A t  h igher  oxygen  pressures  ox ida-  
t ion  was  fol lowed for r e l a t i ve ly  shor t  per iods of 
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Fig. 1. Effect of oxygen pressure on the oxidation of tantalum 
at 800~ 
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Fig. 2. Effect of oxygen pressure on the oxidation of tantalum 
at 800~ 
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Fig. 3. Effect of oxygen pressure on the oxidation of tantalum 
at 900~ 
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Fig. 4. Effect of oxygen pressure on the oxidation of tantalum 
at 900~ 

t ime  due to the  rap id  oxidat ion.  At  lower  oxygen  
pressures  it  was  necessa ry  to fol low the  ox ida t ion  
for per iods up  to 3 days  in  order  to get a good de-  
scr ip t ion of the kinet ics .  

M e a s u r e m e n t s  were  also m a d e  at a few oxygen  
pressures  at 750 ~ 850 ~ and  950~ The  resu l t s  of 
cor responding  studies  on the ox ida t ion  behav io r  as 
a func t ion  of oxygen  pressure  in the  t e m p e r a t u r e  
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Fig. 5. Effect of oxygen pressure on the oxidation of tantalum 
at 1000~ 
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Fig. 6. Effect of oxygen pressure on the oxidation of tantalum 
at 1000~ 

r a nge  500~176 have  b e e n  pub l i shed  p rev ious ly  
(1). 

At 700~ the  ox ida t ion  (Ta205 fo rma t ion )  fol-  
lows, w i t h i n  the  l imi t s  of error ,  a l i nea r  ra te  f rom 
the s tar t  of the  reac t ion  at the  h igher  oxygen  p res -  
sures  (1) .  I n  the  p r e se n t  s tudy  the  same behav io r  
was  also observed  at  750~ However ,  a t  about  
800~ a change  in  the  k ine t ics  begins  to take  place, 
and  at h igher  t e m p e r a t u r e  the  in i t i a l  ox ida t ion  con-  
forms wi th  a p a r a b o l i c - t y p e  behavior .  This  is seen 
in  Fig. 7 and  8, in  which  the  in i t i a l  ox ida t ion  at  
900 ~ and  1000~ has been  p lo t ted  pa rabo l i ca l ly  
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Fig. 7, Parabolic plot of initial oxidation of tantalum at 900~ 
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Fig. 8. Parabolic plot of initial oxidation of tantalum at 1000~ 

OXIDATION BEHAVIOR OF TANTALUM 

Table I. Tantalum lattice parameter at metal/oxide 
interface, in A. 

Temp,  ~ Do2, to r r  Time,  rain (321) 

( w e i g h t  ga in  vs. squa re  roo t  of t i m e ) .  In  g e n e r a l  
t he  d u r a t i o n  of t he  p a r a b o l i c  o x i d a t i o n  becomes  
l onge r  w i t h  dec r ea s ing  o x y g e n  p r e s s u r e  a n d  w i t h  
i nc rea s ing  t e m p e r a t u r e .  

The  in i t i a l  p a r a b o l i c  o x i d a t i o n  is f o l l o w e d  b y  an  
a p p r o x i m a t e l y  l i n e a r  ox ida t ion .  A t  h i g h e r  o x y g e n  
p r e s s u r e s  at  900 ~ and  100O~ th is  t r a n s i t i o n  f r o m  
p a r a b o l i c  to l i n e a r  o x i d a t i o n  e x h i b i t s  a b r e a k a w a y -  
t y p e  b e h a v i o r  (Fig .  3 a n d  5),  w h i l e  a t  t he  l o w e r  
o x y g e n  p r e s s u r e s  one obse rves  m o r e  g r a d u a l  t r a n s i -  
t ions.  

R e p r o d u c i b i l i t y  d u r i n g  p a r a b o l i c  o x i d a t i o n  was  
r e l a t i v e l y  good and  m a y  be  e s t i m a t e d  to be  w i t h i n  
15%. H o w e v e r ,  t he  r e p r o d u c i b i l i t y  of t he  l i n e a r  
o x i d a t i o n  was  r e l a t i v e l y  poor .  Desp i t e  c a r e fu l  p r e p -  
a r a t i ons  of spec imens  and  con t ro l  of e x p e r i m e n t a l  
condi t ions ,  t he  r e p r o d u c i b i l i t y  was  u n d e r  some con-  
d i t ions  on ly  w i t h i n  50%. This  poor  r e p r o d u c i b i l i t y  
was  p a r t i c u l a r l y  m a r k e d  at  the  h i g h e r  o x y g e n  p r e s -  
sures  at  800~176 and  1000~ 

X-ray studies.--The ox ide  scales  w e r e  in a l l  
cases f o u n d  to consis t  of t he  l o w - t e m p e r a t u r e  m o d -  
i f icat ion of t a n t a l u m  p e n t o x i d e ,  fl-Ta2Os. This  ox ide  
is i s o m o r p h o u s  w i t h  t h e  l o w - t e m p e r a t u r e  mod i f i ca -  
t ion  of n i o b i u m  pen tox ide ,  y-Nb205.  

D i f f r a c t o g r a m s  of p o w d e r e d  ox ide  scales  gave  r e -  
f lect ion l ines  w h i c h  w e r e  in e x c e l l e n t  a g r e e m e n t  
w i th  t h e  p u b l i s h e d  d a t a  for  fl-Ta2Os. A t  600~176 
the  re f lec t ion  l ines  b e c a m e  s o m e w h a t  s h a r p e r  w i t h  
i nc rea s ing  t e m p e r a t u r e .  

D i f f r a c t o g r a m s  d i r e c t l y  on t h e  scales  i n d i c a t e d  
o r i e n t e d  g r o w t h  of t h e  scale.  The  fi-Ta205 at  t he  
m e t a l / o x i d e  i n t e r f a c e  p r o v e d  to be  s t r o n g l y  o r i -  
en ted .  If  ~-Ta205 is i n d e x e d  on the  bas is  of a p s e u -  
d o h e x a g o n a l  un i t  cell ,  t h e  r e su l t s  sugges t  a p r e -  
f e r r e d  o r i e n t a t i o n  w h e r e  t he  h e x a g o n a l  ax i s  l ies  
p a r a l l e l  to t he  m e t a l  sur face .  

A t  700~ and  b e l o w  the  m e t a l l i c  ox ide  phase ,  
TaOz, is f o r m e d  a t  t he  m e t a l / o x i d e  i n t e r f a c e  (1, 2, 
4, 5) .  TaOz was  also d e t e c t e d  a t  the  m e t a l / o x i d e  
i n t e r f ace  on spec imens  ox id i zed  at  800~ I t  a p -  
p e a r e d  t h a t  the  a m o u n t  of TaOz was  l a r g e r  in 
spec imens  ox id i zed  at  t he  l o w e r  o x y g e n  p r e s s u r e s .  

On spec imens  ox id i zed  a t  900~ t r aces  of TaO~ 
could  in some cases  be d e t e c t e d  a f t e r  o x i d a t i o n  at  
t he  l o w e r  o x y g e n  p re s su res .  In  some  cases  a d d i -  
t i ona l  re f lec t ions  w h i c h  i n d i c a t e  t he  p r e s e n c e  of TaO 
w e r e  obse rved .  H o w e v e r ,  the  p r e s e n c e  of TaO could  

493 

(222) 

3.317 800 0.01 300 
800 0.1 300 
800 1 300 
900 0.01 300 
900 0.1 300 

1000 0.Ol 300 

3.317 

3.317 
3.313 

3.317 
3.316 

not  be  e s t a b l i s h e d  in  a l l  spec imens  a n d  p a r t i c u l a r l y  
those  w h i c h  w e r e  o x i d i z e d  a t  t he  h i g h e r  o x y g e n  
p re s su res .  

A t  1000~ TaOz was  no t  de t ec t ed .  P r e s e n c e  of 
TaO was  e s t a b l i s h e d  b y  m e a s u r e m e n t s  on the  ox i -  
d ized  su r f ace  in  spec imens  ox id i zed  for  sho r t  
pe r i ods  of t i m e  ( <  ~ 20 m i n )  a t  low o x y g e n  p r e s -  
sures .  But  on spec imens  w i t h  r e l a t i v e l y  l a rge  
a m o u n t s  of Ta205 it  was  in  g e n e r a l  diff icul t  to as -  
c e r t a i n  the  p r e s e n c e  of TaO. The  iden t i f i ca t ion  of 
TaO u n d e r  such cond i t ions  was  also m a d e  difficult  
b y  the  n u m e r o u s  ref lec t ions  f r o m  Ta205. 

The  a b o v e  e x a m i n a t i o n s  w e r e  a l l  m a d e  on spec i -  
mens  cooled  in  the  o x i d a t i o n  a p p a r a t u s  b y  l o w e r -  
ing the  f u r n a c e  f r o m  the  r e a c t i o n  zone. B y  q u e n c h -  
ing  ox id i zed  spec imens  in  Octo i l  (d i f fus ion  p u m p  
oi l )  i t  was  in  m a n y  cases  eas i e r  to de t ec t  TaO. This  
m a y  sugges t  t h a t  TaO has  a d e c r e a s e d  t h e r m a l  s t a -  
b i l i t y  a t  l o w e r  t e m p e r a t u r e .  

F r o m  these  s tud ies  i t  is conc luded  t h a t  TaO is 
p r e s e n t  a t  t he  m e t a l / o x i d e  i n t e r f a c e  in  t r a c e  or  
s m a l l  a m o u n t s  a b o v e  80O~ and  t h a t  TaO is an  
i n t e r m e d i a t e  o x i d a t i o n  p r o d u c t  in  t he  r eac t i on  
s cheme  at  such  t e m p e r a t u r e s .  

O x i d a t i o n  of t a n t a l u m  also i nvo lves  d i s so lu t ion  
of o x y g e n  in t he  me ta l .  In  o r d e r  to e s t i m a t e  the  
c o n c e n t r a t i o n  of o x y g e n  at  t he  m e t a l / o x i d e  i n t e r -  
face,  d e t e r m i n a t i o n s  of t he  l a t t i ce  p a r a m e t e r  w e r e  
m a d e  a f t e r  r e m o v i n g  and  po l i sh ing  off t he  scale.  
Resu l t s  of t he  l a t t i ce  p a r a m e t e r  d e t e r m i n a t i o n s  a r e  
s h o w n  in T a b l e  I. The  l a t t i ce  p a r a m e t e r s  w e r e  d e -  
t e r m i n e d  f r o m  the  ( 3 2 1 ) - a n d  (222 ) - r e f l e c t i ons  
us ing  n i c k e l - f i l t e r e d  copper  r a d i a t i on .  

The  p a r a m e t e r  d e t e r m i n e d  on t h e  su r f a c e  of u n -  
ox id i zed  t a n t a l u m  was  3.306A. Thus  an  a p p r e c i a b l e  
i nc rea se  in t h e  l a t t i ce  p a r a m e t e r  t a k e s  p l ace  d u r -  
ing  ox ida t ion .  By  c o m p a r i s o n  w i t h  t h e  r e su l t s  of 
G e b h a r d t  and  Seghezz i  (6)  a n d  V a u g h a n ,  S t e w a r t ,  
and  S c h w a r t z  (7 ) ,  who  d e t e r m i n e d  the  changes  in  
l a t t i ce  p a r a m e t e r  w i t h  o x y g e n  conten t ,  i t  fo l lows  
t h a t  v a l u e s  of 3.313-3.317A c o r r e s p o n d  to o x y g e n  
concen t r a t i ons  of 2.2-3.0 (7)  or  2.8-3.6 at. % o x y -  
gen  (6 ) .  

Surface appearance of oxidized specimens . -  
S p e c i m e n s  ox id i zed  a t  800~ h a d  a w h i t e  and  p o r -  
ous ox ide  scale.  A f t e r  p r o l o n g e d  o x i d a t i o n  the  
fl-Ta20~ scale  h a d  a f l ake l ike  a p p e a r a n c e .  A f t e r  
cool ing  to r o o m  t e m p e r a t u r e  t he  scale  was  eas i ly  
d e t a c h e d  f r o m  meta l ,  and  t h e  e xpose d  m e t a l  was  
c ove re d  in spots  b y  w h i t e  oxide .  

W i t h  i n c r e a s i n g  t e m p e r a t u r e  t he  ox ide  a p p e a r e d  
to become  m o r e  s in te red .  C o n c u r r e n t l y  t he  ox ide  
e x h i b i t e d  p r o n o u n c e d  c l eavages  at  the  edges ,  t h e r e -  
b y  caus ing  r a i s e d  ox ide  edges.  This  is also c h a r a c -  
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te r i s t i c  of n i o b i u m  spec imens  ox id i zed  u n d e r  s i m i -  
l a r  cond i t ions  (8) .  The  r a i s e d  ox ide  edges  w e r e  
wh i t e ,  w h i l e  t he  o x i d e  c loser  to  t h e  c e n t e r  h a d  m o r e  
g r a y i s h  color.  T h e  ox ide  also a d h e r e d  b e t t e r  to t he  
m e t a l  a t  t he  cen t e r  of t he  surface .  W i t h  d e c r e a s i n g  
o x y g e n  p r e s s u r e  t he  o x i d e  t e n d e d  to h a v e  d a r k e r  
color ;  h o w e v e r ,  a f t e r  p r o l o n g e d  o x i d a t i o n  the  o x i d e  
edges  t e n d e d  to become  whi te .  

Electron microscope studies.--The ox ide  su r f ace  
of a f ew  spec imens  was  e x a m i n e d  b y  e l e c t r o n  m i -  
c roscope  t echn iques  (1 ) .  In  g e n e r a l  t he  su r f ace  h a d  
a v e r y  u n e v e n  a p p e a r a n c e  and  e x h i b i t e d  a l a r g e  
n u m b e r  of c racks .  The  su r f ace  a p p e a r e d  m o r e  s in -  
t e r e d  a t  1000 ~ t h a n  a t  800~ E x a m p l e s  of ox ide  
su r faces  a f t e r  o x i d a t i o n  a t  800 ~ a n d  1000~ a r e  
shown  in  Fig .  9 a n d  10, r e spec t i ve ly .  I n  a f ew  cases  
o x i d e  w h i s k e r s  also a p p e a r e d  on the  sur face .  

Metallographic studies.--Studies of m e t a l l o g r a p h i c  
cross  sec t ions  of ox id i zed  t a n t a l u m  spec imens  i n d i -  
ca t ed  t h a t  t he  ox ide  scales  w e r e  po rous  a f t e r  e x -  
t e n d e d  o x i d a t i o n  a t  a l l  o x y g e n  p r e s s u r e s  f r o m  1 a t m  
to 0.01 T o r r  02. This  is shown  in Fig .  11-15, w h i c h  
r e p r e s e n t  v a r i o u s  e x a m p l e s  of t h e  m e t a l l o g r a p h i c  
obse rva t i ons .  The  a p p a r e n t  p o r o s i t y  is l a r g e r  t he  
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Fig. 9. Electron micrograph (replica) of oxide surface after oxida- 
tion of tantalum for 75 min at 800~ and 1 arm 02. Magnification 
approximately 2730X. 

Fig. 10. Electron micrograph (replica) of oxide surface after 
oxidation of tantalum for 50 min at 1000~ and 10 Torr 02. Mag- 
nification approximately 10,500X. 

Fig. 11. Metallographic cross section of tantalum specimen oxi- 
dized for 1620 min at 900~ and 0.01 Torr 02. Magnification ap- 
proximately 120X. (a) (top) Vertical illumination; (b) (bottom) 
polarized light. 

h i g h e r  t he  o x y g e n  p re s su re .  U n d e r  such  cond i t ions  
the  o x i d e  scales  w e r e  also o f t en  e x f o l i a t e d  and  
b r o k e n  up  and  a d h e r e d  p o o r l y  to t h e  m e t a l  (Fig .  
15).  S p e c i m e n s  ox id i zed  for  sho r t  pe r i ods  c o r r e -  
s p o n d i n g  to the  i n i t i a l  p a r a b o l i c  p e r i o d  h a d  we l l  a d -  
h e r i n g  scales,  a n d  t h e  sca le  t h i c k n e s s  a g r e e d  to  
w i t h i n  10-15% of t he  t h i cknes s  c a l c u l a t e d  f r o m  o b -  
s e r v e d  w e i g h t  ga ins  w h e n  a s s u m i n g  t h e o r e t i c a l  
d e n s i t y  for  Ta2Oh. 

T h e r e  was  no p r o n o u n c e d  occu r r ence  of an  i n n e r  
compac t  ox ide  b a r r i e r  w i t h  a t h i cknes s  c o r r e s p o n d -  
ing  to t h a t  of t he  w e i g h t  ga in  a t  t he  end  of t h e  p a r a -  
bol ic  ox ida t ion .  W h e n  e x a m i n i n g  the  cross  sec t ions  
in  p o l a r i z e d  l ight ,  t he  ox ide  a t  t he  m e t a l / o x i d e  in -  
t e r f ace  in  some cases  a p p e a r e d  to h a v e  a s t r u c t u r e  or  
o r i e n t a t i o n  d i f f e ren t  f rom t h a t  of t he  b u l k  o x i d e  
(Fig .  l l b ) .  This  m a y  ind i ca t e  e i t he r  t h a t  t he  p e n t -  
ox ide  is h e a v i l y  o r i e n t e d  a t  t he  m e t a l / o x i d e  i n t e r -  
face  (see  sec t ion  on x - r a y  d i f f rac t ion)  or  i t  m a y  
ref lect  the  p r e s e n c e  of TaO. 

The  cross  sec t ions  s h o w e d  an  u n e v e n  o x i d a t i o n  of 
t he  m e t a l  sur face .  This  b e c a m e  i n c r e a s i n g l y  p r o -  
n o u n c e d  the  l o n g e r  t he  t i m e  of o x i d a t i o n  and  was  
also c h a r a c t e r i z e d  b y  an  ox ide  g r o w t h  in to  t he  m e t a l  
and  an  i n t e r n a l  o x i d a t i o n  (Fig .  I 1 - 1 5 ) .  In  u n a n -  
h e a l e d  spec imens  the  ox ide  p e n e t r a t i o n  in to  t h e  
m e t a l  p r e f e r e n t i a l l y  o c c u r r e d  a long  the  ro l l i ng  d i -  
r ec t ion  (Fig.  14 and  15).  The  i n t e r n a l  ox ida t i on ,  oc-  
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Fig. ]4. Metallographic cross section of tantalum specimen oxi- 
dized for 30 min at 1000~ and 0.01 Torr 02. Magnification 
approximately 550X. 

Fig. 12. Metaliographic cross section of tantalum specimen oxi- 
dized for 2300 min at 900~ and 0.01 Torr 02. Magnification ap- 
proximately 120X. (a) (top) Vertical illumination; (b) (bottom) 
polarized light. 

Fig. 13. Metallugraphic cross section of tantalum specimen oxi- 
dized for 3000 min at 1000~ and 0.01 Tort 02. Magnification 
150X. 

curr ing af ter  longer  periods of oxidation,  was char -  
acter ized by  appa ren t ly  isolated oxide par t ic les  in a 
zone benea th  the surface oxide (Fig.  11-13). 

The oxidized specimens showed a p re fe r r ed  ox ida-  
t ion of the edges of the specimens, and this resul ted  
in a rounding  off of the or ig ina l ly  square  edges of 

Fig. 15. Metallographic cross section of tantalum specimen 
oxidized for 300 rain at I000~ and 10 Tort O~. Magnification 
approximately 80X. 

the specimens (Fig. 11 and 15). This p re fe r r ed  oxi-  
dat ion is bel ieved to reflect t ha t  oxide format ion 
takes  place at  the me ta l / ox ide  in ter face  following 
a sa tura t ion  of an outer  l ayer  of the meta l  wi th  oxy -  
gen. The very  edges become sa tu ra ted  faster  wi th  
oxygen due to the s imultaneous diffusion f rom the 
in tersect ing surfaces,  and this causes a fas ter  ox ida -  
t ion at such p l aces .  

Microhardness studies.--Gebhardt and Seghezzi 
(6) have shown tha t  the  microhardness  of t an t a lum 
increases almost  l inear ly  wi th  increasing oxygen 
content.  Microhardness  t raverses  on meta l lographic  
cross sections may  therefore  by  used to s tudy the 
diffusion and dissolution of oxygen dur ing oxidat ion 
of tanta lum.  

The resul ts  of microhardness  measurements  of 
t an t a lum specimens oxidized for var ious  lengths of 
t ime at 800~ at oxygen pressures  of 0.1 Torr  and 
1 arm are  shown in Fig. 16 and 17. An  appreciable  
oxygen pene t ra t ion  takes place, and the pene t ra t ion  
re la t ive  to the m e t a l / o x i d e  interface  increases wi th  
time. 

Discussion 

Tanta lura  exhibi ts  a complex oxidat ion behavior .  
In  the t empe ra tu r e  range 700~176 the to ta l  oxi-  
dat ion react ion is composed of severa l  par t -processes  
which include oxygen dissolution in the me ta l  and 
oxide (TaOz, TaO, and Ta2Os) formation.  For  an e lu-  



496 JOURNAL OF THE ELECTROCHEMICAL SOCIETY J u n e  1963 

== , 

~ "1~ 120 min 
~ 30rnin ."~ 

.u lOrnin ~'o " a " - ~  = A ~  
:~ ~ - "o"- A~ - - -  e-,- _ _,,A - - - ' . - ,A  

120 /0 ~o 3~o ~ ~o ~ ~o 
P e n e t r a t i o n  re ta t iv r  to metaL/oxide intcr'face~ m i c r o n s .  

Fig. 16. Microhordness traverses on tantalum specimens oxidized 
for different lengths of time at 800~ and 0.1 Torr 0~. 
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Fig. 17. Microhordness traverses on tantalum specimens oxidized 
for different lengths of time at 800~ and 1 atm 02. 

c i d a t i o n  of  t he  o x i d a t i o n  m e c h a n i s m  i t  is n e c e s s a r y  
to e s t i m a t e  the  r e l a t i v e  i m p o r t a n c e  of t he se  p a r t -  
processes .  

Dissolution of oxygen  in tantalum during oxida- 
t ion . - -From the  l a t t i ce  p a r a m e t e r  d e t e r m i n a t i o n s  i t  
is f o u n d  t h a t  t he  o x y g e n  con ten t  in  t he  m e t a l  a t  t he  
m e t a l / o x i d e  i n t e r f a c e  a m o u n t s  to 2.2-3.0 at .  % at  
800~176 The  m a x i m u m  s o l u b i l i t y  of o x y g e n  in 
t a n t a l u m  as d e t e r m i n e d  b y  V a u g h a n  et al. (7)  i n -  
c reases  f r o m  abou t  2.8 at. % at  800~ and  close to 3 
at. % a t  1000~ Thus  at  t he se  t e m p e r a t u r e s  i t  is 
conc luded  t ha t  t he  o x y g e n  c o n c e n t r a t i o n  a t  t he  
m e t a l  ox ide  i n t e r f a c e  is e q u a l  to the  s o l u b i l i t y  l imi t .  
This  is also to be  e x p e c t e d  t h e r m o d y n a m i c a l l y .  

D u r i n g  o x i d a t i o n  a t  t e m p e r a t u r e s  b e l o w  700~ 
the  o x y g e n  c o n c e n t r a t i o n  at  the  m e t a l  su r f ace  has  
in cases  been  found  to be  5-7 at. % (1, 2) ,  and  thus  
i t  a p p e a r s  t h a t  t h e  so lub i l i t y  l i m i t  has  been  e x c e e d e d  
in such  cases.  H o w e v e r ,  t h e  m e a s u r e d  so lub i l i t i e s  
a t  h igh  t e m p e r a t u r e s  r e f e r  to e q u i l i b r i a  w i t h  Ta205 
(7) ,  w h i l e  the  l a r g e  o x y g e n  c o n c e n t r a t i o n  a t  t he  
m e t a l  su r face  has  been  f o u n d  on ly  d u r i n g  o x i d a t i o n  
w h e n  t h e  m a i n  r e a c t i o n  p r o d u c t  has  been  TaOz and  
w h e n  l i t t l e  or  no Ta~O5 has  been  p r e s e n t  on the  
m e t a l  sur face .  Thus  t h e  l a r g e  o x y g e n  c o n c e n t r a t i o n  
p r o b a b l y  p e r t a i n s  to an  " e q u i l i b r i u m "  of T a - O  sol id  

so lu t ion  w i t h  TaOz. This  a g a i n  in fe r s  t h a t  TaO~ is 
m e t a s t a b l e .  In  th is  connec t ion  i t  shou ld  also be  
n o t e d  t ha t  s m a l l  s u p e r s a t u r a t i o n s  of o x y g e n  in t a n -  
t a l u m  a re  n e c e s s a r y  to i n i t i a t e  ox ide  nuc l ea t ion .  

F r o m  i n t e r n a l  f r i c t i o n  m e a s u r e m e n t s  t h e  d i f fu -  
s ion coefficient  of o x y g e n  in t a n t a l u m  has  been  d e -  
t e r m i n e d  to be  D ---- 0.01 exp  (--27,700/RT) (9 ) .  
This  v a l u e  also a d e q u a t e l y  desc r ibes  d i f fus ion of 
o x y g e n  in  t a n t a l u m  d u r i n g  o x i d a t i o n  a t  a n d  b e l o w  
700~ (1, 2) .  

The  m e a n  s q u a r e  d i s p l a c e m e n t  d u r i n g  d i f fus ion 

as a func t ion  of t ime ,  t, is g iven  b y  x ~ ~/Dt .  Us ing  

the  above  v a l u e  for  D, t h e  v a l u e  of x a f t e r  30 m i n  
at  800~ is c a l c u l a t e d  to be  64~. This  v a l u e  m a y  be  
c o m p a r e d  w i t h  t he  p e n e t r a t i o n  d i s t ances  o b s e r v e d  
in  t he  m i c r o h a r d n e s s  m e a s u r e m e n t s  (F ig .  16).  One  
ob ta in s  s a t i s f a c to ry  a g r e e m e n t  b e t w e e n  c a l c u l a t e d  
and  e x p e r i m e n t a l  va lues ,  and  the  a b o v e  v a l u e  for  
D wi l l  t hus  a lso  be  used  to desc r ibe  d i f fus ion  of 
o x y g e n  in t a n t a l u m  a t  700~176 

B y  c o m b i n i n g  t h e  s o l u b i l i t y  and  d i f fus ion  d a t a  
the  w e i g h t  ga in  due  to o x y g e n  d i f fus ion  a lone  m a y  
be  e s t ima ted .  The  a m o u n t  of m a t e r i a l  d i f fus ing  in to  
a s e mi - i n f i n i t e  s p e c i m e n  is g i v e n  b y  the  e q u a t i o n  
(10) 

n = 1.1284 ~/Dt (Cs--  Co) [1]  

cs r e p r e s e n t s  t he  o x y g e n  c o n c e n t r a t i o n  a t  t he  m e t a l  
sur face ,  i.e., the  m a x i m u m  s o l u b i l i t y  of o x y g e n  in 
t a n t a l u m  at  t he  p a r t i c u l a r  t e m p e r a t u r e ,  and  Co is 
the  o x y g e n  i m p u r i t y  con ten t  in  t h e  u n o x i d i z e d  
m a t e r i a l  [0.006 at.  % o x y g e n  ( 1 ) ] .  

Us ing  the  s o l u b i l i t y  l im i t s  d e t e r m i n e d  b y  V a u g -  
h a n  et al., c a l c u l a t e d  w e i g h t  ga ins  (Eq. [ 1 ] )  due  
to o x y g e n  d i s so lu t ion  a lone  a t  800 ~ 900 ~ and  
1000~ a r e  s h o w n  as  b r o k e n  cu rves  in  F ig .  2 to  4 a n d  
6 to 8. In  e s t i m a t i n g  the  c o n t r i b u t i o n  of o x y g e n  d i s -  
so lu t ion  i t  has  been  n e g l e c t e d  t h a t  some  of t he  
m e t a l  is c o n s u m e d  b y  ox ide  fo rma t ion .  F u r t h e r -  
more ,  t h e  cu rves  h a v e  no t  b e e n  c o r r e c t e d  for  t h e  
fac t  t h a t  t he  o x y g e n  p e n e t r a t i o n  r e a c he s  t he  m i d d l e  
of t he  spec imen  d u r i n g  the  l a t e r  s tages  of t he  r e a c -  
t ion.  Such  s a t u r a t i o n  effects dec rea se  t h e  c o n c e n t r a -  
t ion  g r a d i e n t  and  s low d o w n  t h e  r a t e  of o x y g e n  
d isso lu t ion .  

F r o m  the  c a l c u l a t e d  v a l u e s  i t  is seen  t h a t  o x y g e n  
d i s so lu t ion  is of m i n o r  r e l a t i v e  i m p o r t a n c e  c o m -  
p a r e d  to t he  t o t a l  w e i g h t  gain.  H o w e v e r ,  t he  ox ide  
f o r m a t i o n  has  a l a rge  o x y g e n  p r e s s u r e  d e p e n d e n c e  
(see  l a t e r  s ec t ion ) ,  w h i l e  o x y g e n  d i s so lu t ion  m a y  
be  cons ide red  i n d e p e n d e n t  of o x y g e n  p r e s s u r e  as 
long as ox ide  is p r e s e n t  on the  surface .  C o n s e q u e n t l y  
t he  r e l a t i v e  i m p o r t a n c e  of o x y g e n  d i s so lu t ion  in -  
c reases  w i t h  d e c r e a s i n g  o x y g e n  p re s su re .  This  is 
also c l e a r l y  e v i d e n t  f r o m  Fig.  2 to 4 a n d  6 to 8. 

I t  shou ld  of course  be  b o r n e  in  m i n d  tha t ,  a l -  
t h o u g h  t h e  w e i g h t  ga in  due  to o x y g e n  d i s so lu t ion  is 
r e l a t i v e l y  smal l ,  t h e  o x y g e n  p e n e t r a t i o n  is qu i t e  
r ap id .  F i g u r e s  16 a n d  17 show tha t  o x y g e n  p e n e t r a -  
t ion  r e l a t i v e  to t he  m e t a l / o x i d e  i n t e r f a c e  is a p -  
p r o x i m a t e l y  t he  s ame  a t  1 a t m  and  0.1 T o r r  O2 at  
800~ and  th is  shows t h a t  o x y g e n  p e n e t r a t i o n  into  
t he  m e t a l  is m u c h  f a s t e r  t h a n  t h e  r a t e  of m e t a l  con -  
s u m p t i o n  t h r o u g h  ox ide  fo rma t ion .  A t  900 ~ a n d  
1000~ the  spec imens  also become  s a t u r a t e d  w i t h  
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oxygen wi th in  the t ime per iod of the exper iments  
(Fig. 4 and 6). Dissolved oxygen grea t ly  affects the 
mechanical  p roper t ies  of the metal ,  and thus wi th  
regard  to using t a n t a l u m  for construct ional  p u r -  
poses, oxygen dissolution is an impor tan t  p a r t -  
process. 

Al though  the weight  gain due to oxygen dissolu-  
t ion in genera l  is of minor  importance,  the dissolu-  
t ion process is the p redominan t  pa r t -p rocess  dur ing 
the very  ini t ia l  stage of the  oxidat ion  (Fig. 7 and 8). 
This fea ture  becomes more m a r k e d  wi th  decreasing 
oxygen pressure  as has also prev ious ly  been shown 
by Gebhard t  and Seghezzi (11). The rmodynamica l ly  
it is also to be expected tha t  oxygen dissolution and 
sa tura t ion  of an outer  l ayer  of the  meta l  precedes  
oxide formation,  as the free energy  of format ion  of 
t a n t a l u m - o x y g e n  solid solutions is l a rger  than  tha t  
of the oxides. The higher  free energy of the  solid 
solutions is evidenced by  the we l l - known  fact  tha t  
thin oxide films on t a n t a l u m  meta l  a re  dissolved in 
the meta l  dur ing  hea t  t r ea tmen t  in high vacuum. 

Oxide f o r m a t i o n . - - A s  shown in the proceeding 
section oxide format ion is responsible  for  the  main  
weight  gain dur ing  oxidat ion  at  700~176 The 
oxide scale consists of fl-Ta2Os. Traces or small  
amounts  of TaOz and TaO may  be detected at  the 
me ta l / ox ide  interface  depending on the t e m p e r a -  
ture.  

At  700~ and below the oxidat ion has been found 
to involve the  fol lowing react ion scheme (1) 

Ta-bOchem. -~ Ta--O sol. sol 'n ~ TaOy ~ TaOz ~ Ta205 
[2] 

TaOy is formed p redominan t ly  below about  500~ 
(1, 2, 4, 5). TaOz grows as p la te le ts  pa ra l l e l  to 
{320} sets of planes of the meta l  (5, 12), and the 
p la te le ts  ex tend into the meta l  f rom the surface (1, 
2, 4, 5). Ta205 grows on the TaO~ platelets ,  and the 
r a t e -de t e rmin ing  react ion is in te rp re ted  to involve 
nucleat ion and growth  of Ta205 nuclei  (1).  The 
Ta205 layer  is ve ry  porous and has no protect ive  
propert ies ,  and wi th in  the l imits  of e r ror  of the 
measurements  the  Ta205 format ion  follows a l inear  
ra te  f rom the s tar t  of the react ion at  the h igher  
oxygen pressures.  

At  about  800~ one begins to observe a change 
in the react ion mechanism. At  h igher  t empe ra tu r e  
the  in i t ia l  oxidat ion conforms wi th  a parabol ic  ra te  
which is subsequent ly  fol lowed by  a l inear  rate.  At  
the same t empe ra tu r e  the amount  of TaOz at the 
meta l  surface becomes smaller .  In addit ion,  at 
900~176 traces or small  amounts  of TaO are  
observed at  the  m e t a l / o x i d e  interface.  These re -  
sults are concluded to reflect g radua l  change in the 
react ion scheme wi th  increasing t empera tu re  f rom 
Eq. [2] to 

Ta--O sol. sol 'n ~ TaO ~ Ta205 [3] 

This proposed react ion scheme thus suggests tha t  
TaO~ becomes less t he rma l ly  s table a n d / o r  tha t  the 
format ion  of Ta205 through TaO becomes a fas ter  
react ion wi th  increasing t empera tu re .  

Parabolic o x i d a t i o n . ~ F i g u r e s  7 and 8 show tha t  
the ini t ia l  oxidat ion  conforms wi th  a parabol ic  be -  
havior.  The parabol ic  ra te  curves do not  ex t rapo la te  
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Fig. 18. Parabolic rate constant for initial Ta205 formation at 
900 ~ and 1000~ as a function of oxygen pressure. 

back to zero time, but  are preceded by an incuba-  
t ion period,  which becomes longer  wi th  decreasing 
oxygen pressure.  This incubat ion per iod  involves 
oxygen dissolution in the  metal ,  TaO formation,  and 
the ini t ia l  nucleat ion of Ta205. 

The parabol ic  oxidat ion  p robab ly  reflects a Wag-  
n e r - t y p e  oxidat ion  mechanism. Judging  f rom the 
growth  of the Ta205 scale and as small  scratches on 
the unoxidized me ta l  can be c lear ly  observed on the 
oxide surface, i t  is concluded tha t  oxygen ions are 
the fas ter  moving ionic species. The same conclu- 
sions have been d rawn  by Albrech t  et al. (13). 

The format ion  of an in i t ia l ly  compact  Ta205 scale 
above 800~ may  be due to two factors:  (i)  TaO 
facil i t ies the format ion  of a more continuous, com- 
pact  l ayer  of Ta2Os. This is in contrast  to format ion  
of Ta205 on TaOz pla te le ts  at  lower  t empera tu res  
which resul ts  in more  isolated Ta205 nuclei  and a 
porous scale (1, 2). (i i)  Higher  t empera tu re s  re -  
sults in increased s inter ing of the oxide scale. 

By subt rac t ing  the es t imated  weight  gain due to 
oxygen dissolution f rom the to ta l  weight  gain, the 
contr ibut ion  due to oxide format ion is obta ined 
(Fig. 7 and 8). In Fig. 18 the  values for the p a r a -  
bolic r a t e  constant  for Ta205 format ion  at 900 ~ and 
1000~ have been p lo t ted  as a function of oxygen 
pressure.  At  900~ the parabol ic  ra te  constant  is 
p ropor t iona l  to po2 T M  at and above 1 Torr  O2. In 
going f rom 1 to 0.1 Torr  02 one observes a r e l a -  
t ive ly  large  drop in the  va lue  of the parabol ic  ra te  
constant,  and at  0.1 Torr  02 the parabol ic  ra te  con- 
s tant  is essent ia l ly  independent  of oxygen pressure.  
A t  1000~ a s imi lar  change in oxygen pressure  de-  
pendence takes place be tween  10 and 1 Torr  02. 
This change in oxygen pressure  dependence  is 
p robab ly  re la ted  to the  defect  s t ruc ture  of Ta2Os. 

The defect  s t ruc ture  of Ta205 has been s tudied by  
measurements  of the  electr ical  conduct iv i ty  as a 
funct ion of the pa r t i a l  pressure  of oxygen (14). 
Ta205 exhibi ts  p - t y p e  conduct iv i ty  at pressures  
close to 1 a tm  O2 and n - t y p e  conduct ivi ty  at  lower  
oxygen pressures.  F rom these studies it has been 
concluded tha t  Ta20~ has an a n t i - F r e n k e l  defect 
s t ruc ture  involving in te rs t i t i a l  oxygen ions (p- 
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t y p e )  a n d  o x y g e n  vacanc i e s  ( n - t y p e ) .  A t  900 ~ a n d  
1000~ t h e  t r a n s i t i o n  f r o m  p -  to n - t y p e  c o n d u c t i v -  
i t y  t a k e s  p l ace  a t  a b o u t  0.8 a n d  3.5 To r r  02, r e -  
spec t ive ly .  T r a n s i t i o n  p r e s s u r e s  a r e  i n d i c a t e d  b y  
b r o k e n  v e r t i c a l  l ines  in  Fig .  18. 

The  s e m i c o n d u c t i n g  p r o p e r t i e s  of t he  Ta20~ scale  
should ,  on th is  basis ,  b e  d e p e n d e n t  on the  o x y g e n  
p re s su re .  A t  o x y g e n  p r e s s u r e s  l o w e r  t h a n  t h a t  of 
the  p - n  t r a n s i t i o n  the  ox ide  sca le  shou ld  consis t  of 
n - t y p e  Ta20~, wh i l e  a t  h i g h e r  o x y g e n  p r e s s u r e s  an  
o u t e r  p a r t  of t he  sca le  shou ld  b e  p r e d o m i n a n t l y  
p - t y p e  oxide ,  w h i l e  an  i n n e r  p a r t  shou ld  b e  n - t y p e  
Ta205. 

A c c o r d i n g  to t he  W a g n e r  t heo ry ,  p a r a b o l i c  ox i -  
d a t i o n  i n v o l v i n g  the  f o r m a t i o n  of n - t y p e  ox ide  is 
e s s e n t i a l l y  i n d e p e n d e n t  of o x y g e n  p re s su re ,  w h i l e  
w h e n  p - t y p e  ox ide  is  fo rmed ,  t h e  p a r a b o l i c  r a t e  
c o n s t a n t  is p r o p o r t i o n a l  to Po2 ~/", w h e r e  t he  v a l u e  
of n is g iven  b y  the  de fec t  s t r u c t u r e  of t he  oxide .  
As  seen  in  Fig .  18 a c h a n g e  in  the  o x y g e n  p r e s s u r e  
d e p e n d e n c e  of t he  p a r a b o l i c  r a t e  cons t an t  t a k e s  
p l a c e  at  o x y g e n  p r e s s u r e s  c lose  to those  of t he  p - n  
t r ans i t i on ,  a n d  the  o b s e r v e d  o x y g e n  p r e s s u r e  d e -  
p e n d e n c e  is in a g r e e m e n t  w i t h  t h e  W a g n e r  t heo ry .  
I t  is to be  no ted  t h a t  a g r a d u a l  t r a n s i t i o n  in the  
o x y g e n  p r e s s u r e  d e p e n d e n c e  is e x p e c t e d  c o r r e -  
spond ing  to a g r a d u a l  change  in  t he  de fec t  s t r u c -  
ture .  

In  t e r m s  of the  a b o v e  i n t e r p r e t a t i o n  t r a n s p o r t  of 
o x y g e n  t h r o u g h  the  compac t  Ta20~ scale  p r e d o m i -  
n a n t l y  occurs  via vacanc ie s  at  0.1 a n d  0.01 T o r r  O2 
a t  900~ w h i l e  a t  1 To r r  02 a n d  a b o v e  the  t r a n s -  
p o r t  of o x y g e n  in a d d i t i o n  t a k e s  p l ace  t h r o u g h  
i n t e r s t i t i a l  pos i t i ons  in an  o u t e r  l a y e r  of t h e  ox ide .  
The  d r o p  in  t he  v a l u e  of t h e  p a r a b o l i c  r a t e  con-  
s t an t  a t  t he  t r a n s i t i o n  sugges t s  t h a t  t h e  r a t e  of d i f -  
fus ion  of  o x y g e n  vacanc ie s  is s l ower  t h a n  t h a t  of 
i n t e r s t i t i a l  oxygen .  

A n  A r r h e n i u s  p lo t  of t h e  p a r a b o l i c  r a t e  cons t an t  
a t  0.1 and  10 T o r r  O~ is shown  in Fig .  19. A t  bo th  
o x y g e n  p r e s s u r e s  the  ac t i va t i on  e n e r g y  is a b o u t  45 
k c a l / m o l e .  I f  v a c a n c y  d i f fus ion  is t he  s l ower  p r o c -  
ess, as  s u g g e s t e d  above ,  i t  is r e a s o n a b l e  t h a t  t h e  
a c t i va t i on  ene rg ie s  a r e  t h e  s a m e  at  t he  two  p r e s -  
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Fig. 19. Arrhenius plot of the parabolic rate constant for initial 
Ta205 formation during oxidation of tantalum. 
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Fig. 20. Arrhenius plot of the linear rate constant at 1 arm, 100, 
10, 1, 0.1, and 0.01 Torr 02 during oxidation of tantalum. 

sures.  In  t he  s a m e  t e rms ,  t h e  a c t i va t i on  e n e r g y  co r -  
r e s p o n d s  to t h a t  for  v a c a n c y  diffusion.  

Linear  o x i d a t i o n . - - A t  t he  h i g h e r  o x y g e n  p r e s -  
su res  b e l o w  800~ the  ox ida t ion ,  "which  ref lects  
Ta205 f o r m a t i o n  on TaOz, is l i n e a r  f r o m  t h e  s t a r t  of 
t he  reac t ion .  A b o v e  800~ the  o x i d a t i o n  is i n i t i a l l y  
pa rabo l i c ,  b u t  t h i s  is  s u b s e q u e n t l y  f o l l o w e d  b y  a 
l i n e a r  ox ida t ion .  U n d e r  t h e  l a t t e r  cond i t ions  TaO 
also becomes  the  i n t e r m e d i a t e  r e a c t i o n  p r o d u c t  
(Eq. [3]  ). 

A n  A r r h e n i u s  p lo t  of t h e  l i n e a r  r a t e  cons t an t  a t  
1 a tm,  100, 10, 1, 0.1, and  0.01 To r r  02 at  700 ~ 
1000~ is s h o w n  in Fig.  20. Resu l t s  a t  500~176 
(1)  a r e  also i n c l u d e d  in  t h e  p lo t  to g ive  a m o r e  
o v e r - a l l  d e s c r i p t i o n  of t h e  o x i d a t i o n  b e h a v i o r  of 
t a n t a l u m .  

F i g u r e  20 shows  t ha t  a t  1 a t m  O2 a r e v e r s a l  in  t he  
t e m p e r a t u r e  d e p e n d e n c e  t a k e s  p l a c e  a t  a b o u t  700 ~ 
750~ A t  100 T o r r  02 the  r a t e  cons t an t  is e s sen -  
t i a l l y  i n d e p e n d e n t  of t e m p e r a t u r e ,  and  at  10 T o r r  
O2 a n d  b e l o w  no r e v e r s a l  t a k e s  p lace .  A t  a l l  p r e s -  
su res  t he  l i n e a r  r a t e  cons t an t  i nc reases  r a p i d l y  w i t h  
t e m p e r a t u r e  a b o v e  800~ 

F i g u r e  21 shows  a p lo t  of the  l i n e a r  r a t e  cons t an t  
as a func t ion  of  o x y g e n  p re s su re .  A t  700 ~ a n d  
1000~ the  l i n e a r  r a t e  c o n s t a n t  is p r o p o r t i o n a l  to  
poe z/2 ove r  t h e  p r e s s u r e  r a n g e  1 a t m  - -  0.01 T o r r  

/ /  
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Fig. 21. The linear rate constant of oxidation of tantalum at 
700~176 as a function of oxygen pressure. 
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03. The same re la t ionship  applies  to in te rmedia te  
t empe ra tu r e  at  10 Torr  02 and lower  pressures,  but  
at  10-750 Torr  O2 the l inear  ra te  constant  is less 
dependent  on oxygen pressure.  By compar ing Fig. 
20 and 21 it is seen tha t  the reversa l  in t empe ra tu r e  
dependence at 1 arm O2 also m a y  be considered to 
arise f rom differences in the oxygen pressure  de-  
pendence above 10 Torr  O2. 

At  and below 750~ the l inear  oxidat ion  is i n t e r -  
pre ted  as a r a t e -de t e rmin ing  nucleat ion and growth  
of TacOs on TaOz pla te le ts  (1).  The l inear  ra te  con- 
s tant  below 750~ is given by  

ak2 K.  Po21/2 
kl = [4] 

(RT)  1/2 + Kpo21/2 

The oxygen pressure  dependence is expla ined  by 
assuming an oxygen chemisorpt ion equi l ib r ium 
pr ior  to the r a t e -de t e rmin ing  react ion (1).  K de-  
notes the chemisorpt ion equi l ib r ium constant  for  
chemisorpt ion of oxygen on TaOz, a is the number  
of chemisorpt ion sites, and ks the r a t e  constant  for 
the  r a t e -de t e rmin ing  reaction. According to this  
re la t ionship k~ is approx ima te ly  propor t iona l  to 
Po2 ~/2 at  low oxygen pressure  a n d / o r  high t e m p e r a -  
ture,  whi le  at  low t empera tu res  a n d / o r  high oxygen 
pressures  the  TaaO5 format ion is app rox ima te ly  in-  
dependent  of oxygen pressure.  As indicated in Fig. 
20 and as discussed in detai l  e l sewhere  (1) ,  the ac-  
t iva t ion energy for the  l inear  oxidat ion below 
750~ is equal  to 6.7 kca l /mo le  when kl oc po21/2 
and equal  to 71.1 k c a l / m o l e  when kl is independent  
of the oxygen pressure.  

Above 800~ the l inear  oxidat ion  follows an 
ini t ia l  parabol ic  stage. The pa ra l inea r  t rans i t ion  
may  be due to (i) a b reakdown  of the pro tec t ive  
scale th rough  cracking due to stresses in the oxide 
scale or (i i)  a l inear  deplet ion of a compact  ba r r i e r  
layer  into an outer  porous layer  (15). 

The pa ra l inea r  t rans i t ion  for t an t a lum at 800 ~ 
1000~ is best  descr ibed by  a l te rna t ive  ( i ) .  The 
t rans i t ion  to l inear  oxidat ion exhibi ts  a b r e a k a w a y -  
type  behavior  which is consistent wi th  a l t e rna t ive  
.(i) but  inconsistent  wi th  a l t e rna t ive  ( i i ) .  A b r e a k -  
down of the pro tec t ive  scale th rough  cracking due 
to mechanical  stresses is not unreasonable  when 
considering tha t  the molar  volume ra t io  of 1/2TaeO J 
Ta is 2.31. Presence of mechanical  stresses in the 
scale is fu r the rmore  evidenced by  the cleavages at 
the oxide edges. A mechanical  cracking mechanism 
also explains  the r e l a t ive ly  poor reproduc ib i l i ty  for 
the l inear  oxidation.  A fur ther  evidence for the 
cracking mechanism is tha t  the  meta l lographic  ex-  
aminat ion  of specimens oxidized wel l  into l inear  
stage suggest porous scales wi th  no evidence of an 
inner  compact  ba r r i e r  as requi red  by  a l te rna t ive  
( i i ) .  As to the  la t te r  a rgument  it  is of course r ea l -  
ized tha t  the appearance  of the oxide scale may  
change dur ing cooling to room t empera tu r e  and tha t  
the meta l lographic  cross section may  not represent  
the t rue  s tatus dur ing oxidation.  

The dura t ion  of the  parabol ic  stage becomes 
longer and in general  the weight  gain at the p a r a -  
l inear  t rans i t ion  also becomes l a rge r  wi th  decreas-  
ing oxygen pressure.  In te rms of a mechanism in-  

volving cracking of the scale, this behavior  is in te r -  
p re ted  as a resul t  of plas t ic  flow in the oxide. One 
would expect  the oxide to have more t ime to a l levi -  
ate stresses through plast ic  flow at the lower  oxygen 
pressures  when the react ion rates  are smaller ,  and 
consequent ly  the onset of cracking would  occur 
dur ing la te r  stages at lower  oxygen pressures.  
Plast ic  flow may  also be affected by  differences in 
the amount  of ionic d isorder  wi th  oxygen pressures.  

The l inear  oxidat ion  af ter  the onset of cracking 
and loss protect ive  proper t ies  reflects a r a t e - d e t e r -  
mining par t -p rocess  which e i ther  involves (a)  for -  
mation,  e.q. nucleation,  and growth  of Ta205 on 
TaO, or (b)  diffusion through a thin, inner  compact  
scale wi th  an app rox ima te ly  constant  thickness.  

On the basis of the observed oxygen pressure  de-  
pendence (at  1000~ klin oc po21/2 over an oxygen 
pressure  range  of almost  5 powers  of ten)  it  is d i f -  
ficult to expla in  the  react ion in te rms of a l t e rna t ive  
(b) .  Thus if the oxygen pressure  dependence re -  
flects a chemisorpt ion equi l ib r ium pr ior  to the  r a t e -  
de te rmining  par t -process ,  a l t e rna t ive  (b) would 
infer  tha t  the thickness of the inner  compact  film 
is app rox ima te ly  constant  at all  oxygen pressures.  
This appears  unl ikely.  In te rms of a l t e rna t ive  (b) 
one would also expect  to observe effects of the 
change of defect s t ruc ture  of Ta205 associated with  
p - n  t rans i t ion  on the  l inear  ra te  of oxidation.  Such 
effects are not observed.  It is therefore  concluded 
that  the r a t e -de t e rmin ing  pa r t -p rocess  dur ing the 
l inear  ox ida t ion  involves the formation,  e.q. nuclea-  
t ion and growth  of TacOs on TaO. 

The l inear  oxidat ion above 800~ is thus in te r -  
p re ted  to involve a repet i t ive ,  continuous, and p rob-  
ab ly  s ta t i s t ica l ly  d i s t r ibu ted  cracking of the scale 
down to the meta l  whereby  the m e t a l / o x i d e  in te r -  
face benea th  the cracks is exposed to oxygen. Oxy-  
gen chemisorbs on active sites (TaO) and subse-  
quent ly  takes  pa r t  in the r a t e -de t e rmin ing  p a r t -  
process. This mechanism also explains  the  uneven 
oxidat ion of the meta l  surface which is observed in 
the meta l lographic  cross sections of oxidized t an -  
t a lum specimens. 

The proposed mechanism may  be descr ibed by  
the equations 

K~ 
site -~ 1/2 O2 (g) <---* Ochem" site [5] 

rate-determining 

Oeh .... -{- TaO k3 -> Ta205 [6] 

Equat ions [5] and [6] neglect  the oxygen consumed 
through  oxygen dissolution in the metal .  

This react ion scheme leads to an expression for 
the l inear  ra te  constant  which is ident ical  to Eq. 
[4], bu t  which contains different  values for a, k2, 
and K. The difference in the l inear  oxidat ion  below 
and above 800~ thus lies in the change of react ion 
scheme (Eq. [2] and [3], i.e., t ha t  Ta20~ is formed 
via TaOz and TaO below and above 800~ respec-  
t ively.  

The oxygen pressure  dependence above 800~ is 
thus qua l i t a t ive ly  the same as at  lower  t e m p e r a -  
ture :  at  high t empera tu re s  a n d / o r  low oxygen 
pressures  [when (RT)  1/2 > >  Kpo21/e], the l inear  
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ra te  constant  is p ropor t iona l  to Po21/2, while  at low 
t empera tu res  a n d / o r  high oxygen pressures  
[ (RT)  1/2 ~ KPo21/2], the oxidat ion becomes less 
dependent  on oxygen pressure.  This behavior  is in 
accordance with  the observed oxygen pressure  de-  
pendence at  and above 800~ (Fig. 21). However ,  
the resul t  does not permi t  an accurate  evalua t ion  
for the  corresponding values of ks and K. 

F igure  20 shows tha t  the act ivat ion energy  of the 
l inear  oxidat ion above 800~ increases wi th  t em-  
pera ture .  This is in t e rp re ted  as a g radua l  t rans i t ion  
in the oxidat ion mechanism f rom Eq. [2] to Eq. [3].  
In te rms of Eq. [4] this means  tha t  the  number  of 
TaO chemisorpt ion sites g radua l ly  increases wi th  
t empera tu re  at 800~176 

During la te  stages of the l inear  oxidat ion ap-  
pa ren t ly  isolated oxide par t ic les  appear  in a zone 
beneath  the  surface oxide. Whether  these par t ic les  
are direct  cont inuat ions of the surface oxide is dif-  
ficult to ver i fy  exper imenta l ly ,  but  theore t ica l ly  
they  must  at least  be connected to the  surface oxide 
through microcracks in the metal .  Such cracks in 
the  outer,  oxygen-sa tu ra ted ,  and br i t t l e  l ayer  of 
the meta l  may  poss ibly  arise f rom the growth  
stresses of the oxide. 

Reversa l  in t empera ture  d e p e n d e n c e . - - O n  the 
basis of the proceeding discussion it is concluded 
tha t  the reversa l  in t empe ra tu r e  dependence  at  
700~176 and 1 arm is p r i m a r i l y  a resul t  of the 
change in oxygen pressure  dependence  associated 
with  the change in react ion scheme at  about  800~ 
An  addi t ional  factor  causing such a reversa l  m a y  be 
a decreased the rmal  s tab i l i ty  of TaOz with  increas-  
ing t empera tu re .  

When Ta205 is formed via TaOz (Eq. [2 ] ) ,  the 
ra te  of format ion of Ta20~ wil l  not be affected by  
changes in the s tab i l i ty  of TaOz as long as the meta l  
surface is " sa tu ra ted"  wi th  TaO~, i.e., when the ra te  
format ion  of TaOz is fas ter  than tha t  of TafO~. This 
s i tuat ion is concluded to exist  below 750~ How-  
ever, if the the rmal  s tabi l i ty  and the ra te  of fo rma-  
tion of TaO~ becomes smal ler  wi th  increasing t em-  
pera tu re ,  the  s i tuat ion may  arise when the concen- 
t ra t ion of TaOz begins to affect and l imi t  the  ox ida -  
tion. 

The concentra t ion of TaOz may  be descr ibed by 

d (TaOz) 
-~ k n - -  k3.Po21/2 [7] 

dt  

k~ denotes the ra te  of formation,  i.e., the ra te  of 
nucleat ion and growth  of TaOz nuclei  f rom Ta-O 
solid solutions; k3 designates the  ra te  of deplet ion 
of TaO~ through the format ion of Ta205 which at  
700~ is p ropor t iona l  to poe 1/2. 

As long as ks ~ ks-Poe 1/2 the meta l  surface wil l  be 
"sa tura ted"  wi th  TaO~ platelets .  If the the rmal  s ta-  
b i l i ty  of TaO~ decreases wi th  increasing t e m p e r a -  
ture,  k~ will,  according to the  genera l  theory  of 
nucleat ion and growth  of nuclei, have  an associated 
act ivat ion energy which decreases wi th  t e m p e r a -  
ture. Thus as t empe ra tu r e  is increased,  k~ wil l  
even tua l ly  become of the same order  of magni tude  
as tha t  of k3. Under  such conditions the  meta l  sur -  
face may, depending on the oxygen pressures ,  no 

longer be sa tu ra ted  with  TaOz platelets .  The total  
ra te  of react ion may  be de te rmined  by the ra te  of 
format ion  of TaOz, and because of the decreased 
the rmal  s tab i l i ty  of TaOz this may  resul t  in a r e -  
versa l  in the t empe ra tu r e  dependence  of the to ta l  
oxidat ion reaction.  

The occurrence of a reversa l  wi l l  be dependent  on 
the oxygen pressure  because of the t e r m  ks.po~ t/2 
At  high oxygen pressures  the value  of ksPo2 l/2 is 
l a rge  and may  therefore  cause a reversa l ;  at low 
oxygen pressures  the t e rm  k3-Po21/2 wil l  become of 
minor  importance,  and under  such conditions the 
meta l  surface wi l l  sti l l  be sa tu ra ted  wi th  TaO~ and 
no reversa l  wi l l  take  place. This in te rp re ta t ion  is 
also qua l i t a t ive ly  in agreement  wi th  the x - r a y  
studies which show la rger  concentrat ion of TaO~ 
at the lower  oxygen pressures  at 800~ 

A qua l i t a t ive ly  s imi lar  in te rp re ta t ion  based on 
decreased the rmal  s tab i l i ty  of meta l l ic  oxide phases 
of n iobium and assuming a r a t e - d e t e r m i n i n g  nu -  
cleat ion and growth  of oxide has p rev ious ly  been 
given to expla in  a corresponding reversa l  in the 
t e m p e r a t u r e  dependence of oxidat ion of niobium 
(16). For  n iobium the reversa l  takes place at  1 a tm 
O2 at  600~ while  corresponding reversals  are  ab-  
sent below 10 Torr  02 (8).  

Compar i son  w i t h  prev ious  inves t iga t ions . - -Ox i -  
dat ion of t an t a lum under  condit ions s imi lar  to those 
of the  present  s tudy has previous ly  been studied 
by  Peterson,  Fassell ,  and Wadswor th  (17) and by 
Albrecht ,  Klopp, Koehl,  and Jaffee (13). 

Pe te rsen  et al. found t an ta lum to oxidize l in -  
ea r ly  at  500~176 at oxygen pressures  f rom V2 
to 40.8 atm. The oxidat ion was in te rp re ted  as in-  
volving an equi l ib r ium adsorpt ion  process preced-  
ing the r a t e - d e t e r m i n i n g  step of the l inear  oxida-  
tion. The p ressure -dependence  was fitted to a Lang-  
mui r  t y p e - I  adsorpt ion isotherm. 

Albrech t  et al. s tudied the react ion of pu re  t an -  
t a lum with  oxygen and a i r  at 500~176 The 
react ion in pure  oxygen at  1 a tm was found to fol-  
low a l inear  r a t e  in the range  500~176 The 
react ion of t an t a lum wi th  air  at 400~176 was 
in i t ia l ly  parabol ic  and showed a t ransi t ion to l inear  
oxidat ion af ter  a t ime depending on the t e m p e r a -  
ture.  At  800~176 l inear  oxidat ion only was 
noted for the react ion in air. The react ion in oxygen 
at  1000~ fol lowed a square  root of pressure  de-  
pendence. 

Cowgill  and S t r inger  (18) s tudied the  pressure  
dependence  of the oxidat ion of t an t a lum at 600 ~ 
860~ at  760-1 Torr  O2. At  sufficiently low pres -  
sures the r a t e  was found to depend on the  square  
root  of the oxygen pressure.  

A comparison be tween the present  resul ts  and 
those of Peterson et al. and Albrech t  et al. is 
shown in Fig. 22 where  the l inear  ra te  constant  has 
been plot ted  as a function of the  reciprocal  absolute  
tempera ture .  There  is fa i r  agreement  be tween  the 
resul ts  of the three  different  studies. The resul t  of 
Peterson et al. and of Albrech t  et al. also suggest 
reversa ls  in the t empe ra tu r e  dependence.  

Ong has presented  two discussions of the  ox ida-  
t ion mechanism of t an t a lum (19, 20). In the first 
t r e a t m e n t  (19), as in the  equivalent  in te rpre ta t ion  
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Fig. 22. Arrhenius plot of the linear rate constant during oxida- 
tion of tantalum. Comparison between present results (1 arm and 
100 Tort 02) and those of Peterson et al. (1 and 0.5 atm 02) and 
Albrecht et ol. (1 atm 02). o, Albrecht et al.; I ,  /k, Petersan 
et o1., - . . . . . .  , 0.5 otto 02, theoretical curve, Ong. 

of t he  o x i d a t i o n  m e c h a n i s m  of n i o b i u m  (21) ,  the  
ox ide  scale  is cons ide red  n o n p r o t e c t i v e ,  and  i n t e r -  
s t i t i a l  o x y g e n  a toms  in t h e  m e t a l  in t he  i m m e d i a t e  
r e g i o n  of t he  m e t a l / o x i d e  i n t e r f ace  a r e  a s s u m e d  to 
be  t h e  i n t e r m e d i a t e  spec ies  i n v o l v e d  in  t h e  r a t e -  
d e t e r m i n i n g  step.  I t  is f u r t h e r m o r e  p r o p o s e d  t h a t  
t h e  c o n c e n t r a t i o n  of i n t e r s t i t i a l  o x y g e n  is r e l a t e d  
to t he  o x y g e n  p r e s s u r e  t h r o u g h  an  o x y g e n  a d s o r p -  
t ion  e q u i l i b r i u m  on the  sur face .  D i lu t e  so lu t ions  of 
o x y g e n  in t a n t a l u m  a re  cons ide red  non idea l .  

B y  e s t i m a t i n g  and  a s s u m i n g  v a l u e s  for  t]~e en -  
t h a l p y  of a d s o r p t i o n  of oxygen ,  t he  e n t r o p y  and  
e n t h a l p y  of so lu t ion  of o x y g e n  in t a n t a l u m ,  a n d  the  
i n t e r a c t i o n  e n e r g y  b e t w e e n  i n t e r s t i t i a l  oxygen  
a toms,  Ong c a l c u l a t e d  va lue s  for  t h e  l i n e a r  r a t e  
c o n s t a n t  as a func t ion  of t e m p e r a t u r e  and  o x y g e n  
p re s su re .  The  t r e a t m e n t  p r e d i c t s  a cusp or  r e v e r s a l  
in  the  t e m p e r a t u r e  d e p e n d e n c e  a t  a l l  o x y g e n  p r e s -  
sures  a n d  t h a t  t he  r e v e r s a l  t a k e s  p l a c e  a t  d e c r e a s -  
ing  t e m p e r a t u r e  t he  l o w e r  t he  o x y g e n  p re s su re .  The  
v a l u e s  a t  0.5 a t m  a re  s h o w n  as a s t i pp l ed  c u r v e  in 
Fig .  22. 

This  i n t e r p r e t a t i o n  of t he  o x i d a t i o n  m e c h a n i s m  
is no t  cons i s t en t  w i t h  a n d  does  no t  g ive  a s a t i s f ac -  
t o r y  d e s c r i p t i o n  of t he  p r e s e n t  e x p e r i m e n t a l  resu l t s .  
The  f u n d a m e n t a l  a s s u m p t i o n  t h a t  t he  c o n c e n t r a t i o n  
of i n t e r s t i t i a l  o x y g e n  in t he  m e t a l  is r e l a t e d  to t he  
o x y g e n  p r e s s u r e  t h r o u g h  an o x y g e n  a d s o r p t i o n  
e q u i l i b r i u m  a t  o x y g e n  p r e s s u r e s  of t h e  o r d e r  of 
m a g n i t u d e  of 1 a t m  also a p p e a r s  e r roneous .  B y  e x -  
t r a p o l a t i n g  the  r e su l t s  of P e m s l e r  (23)  on the  t h e r -  
m o d y n a m i c s  of t he  i n t e r a c t i o n  of t a n t a l u m  w i t h  
oxygen ,  i t  m a y  b e  e s t i m a t e d  t h a t  t he  e q u i l i b r i u m  
p r e s s u r e  of o x y g e n  at  700~ over  t a n t a l u m  c o n t a i n -  
ing  2 at. % o x y g e n  is of t he  o r d e r  of 10-22-1024 a tm.  
T h e r m o d y n a m i c a l l y ,  t a n t a l u m  shou ld  t hus  be  s a t u -  
r a t e d  w i t h  o x y g e n  a t  a n y  o x y g e n  p r e s s u r e  a b o v e  
10 -22 a t m  a t  700~ A l t h o u g h  k ine t i c  fac to rs  a r e  
v e r y  i m p o r t a n t  in cons ide ra t i ons  of o x i d a t i o n  m e c h -  
anisms,  i t  a p p e a r s  h i g h l y  u n l i k e l y  t h a t  t he  t a n -  
t a l u m  m e t a l  a t  the  m e t a l / o x i d e  i n t e r f ace  is a n y -  
t h i n g  b u t  s a t u r a t e d  w i t h  o x y g e n  a t  p r e s s u r e s  of t he  
o r d e r  of m a g n i t u d e  of 1 a t m  O2. The  c o n c e n t r a t i o n  

of i n t e r s t i t i a l  o x y g e n  shou ld  thus  no t  be  r e l a t e d  to 
t he  o x y g e n  p r e s s u r e  t h r o u g h  an  a d s o r p t i o n  e q u i l i b -  
r i um.  These  s a m e  r e m a r k s  also a p p l y  to Ong ' s  
c o r r e s p o n d i n g  i n t e r p r e t a t i o n  of t he  o x i d a t i o n  m e c h -  
a n i s m  of n i o b i u m  (22) .  

On the  bas i s  of m o r e  r e c e n t  e x p e r i m e n t a l  ev i -  
dence  Ong (20) in a l a t e r  t r e a t m e n t  a s s u m e d  the  
o x i d a t i o n  of t a n t a l u m  to occur  b y  fou r  s i m u l t a n e o u s  
f i r s t - o r d e r  cha in  r eac t ions :  so lu t ion  of o x y g e n  in 
t he  me ta l ,  n u c l e a t i o n  and  g r o w t h  of a s u b o x i d e  
p h a s e  a t  t h e  m e t a l  sur face ,  and  two  p h a s e  b o u n d a r y  
p rocesses  w h i c h  g ive  r i se  to two  d i f fe ren t  modi f i ca -  
t ions  of  Ta2Os. As  in K o f s t a d ' s  q u a l i t a t i v e l y  s i m i l a r  
i n t e r p r e t a t i o n  of t he  o x i d a t i o n  m e c h a n i s m  of n io -  
b i u m  (16) ,  t he  cusp or  r e v e r s a l  in the  t e m p e r a t u r e  
d e p e n d e n c e  at  a b o u t  700~ is e x p l a i n e d  in  t e r m s  of 
a t h e r m a l  i n s t a b i l i t y  of t he  i n t e r m e d i a t e  s u b o x i d e  
phase  at  h i g h e r  t e m p e r a t u r e s .  This  t r e a t m e n t  also 
p red i c t s  a cusp in  t he  t e m p e r a t u r e  d e p e n d e n c e  r e -  
ga rd l e s s  of o x y g e n  p re s su re .  As  shown  a b o v e  th is  
p r e d i c t i o n  is no t  conf i rmed  b y  the  p r e s e n t  work .  
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The  w o r k  has  been  sponso red  b y  the  A e r o n a u t i c a l  
Div i s ion  A F S C ,  t h r o u g h  the  E u r o p e a n  Office, Office 
of A e r o s p a c e  Resea rch ,  U n i t e d  S t a t e s  A i r  Force .  

Manuscr ip t  rece ived  Oct. 30, 1962; rev ised  manu-  
scr ipt  received Jan.  7, 1963. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
JOURRTAL. 
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ABSTRACT 

The oxidat ion  of tungs ten  meta l  becomes apprec iab le  at  abou t  600~ A 
thin, b lack  adheren t  l ayer  is first fo rmed  and at  h igher  t empera tu re s  is 
even tua l ly  over la in  by  a b r i gh t  ye l low scale. The s t ruc ture  of these  oxides 
has been  s tudied by  x - r a y  diffraction. I t  is concluded tha t  the  essential  
difference be tween  the b lack  and ye l low oxides is one of s t ruc tu ra l  pe r -  
fect ion and or ienta t ion  r a the r  than  composition. The observat ions  a r e  shown 
to be consis tent  wi th  the  pro tec t ive  na tu re  of the  b lack  film. 

The  o x i d a t i o n  of t u n g s t e n  m e t a l  in  a i r  or  o x y g e n  
becomes  a p p r e c i a b l e  at  a b o u t  600~ A th in ,  b l a c k  
(or  b l u e - b l a c k )  t i g h t l y  a d h e r e n t  su r f ace  ox ide  is 
first  f o rmed ,  and  th is  is n o r m a l l y  "p ro t ec t i ve , "  i.e., 
f u r t h e r  a t t a c k  on the  t u n g s t e n  base  p roceeds  b y  d i f -  
fus ion  of o x y g e n  t h r o u g h  the  ox ide  l aye r .  

The  r a t e  of f o r m a t i o n  of the  b l a c k  ox ide  inc reases  
r a p i d l y  w i t h  t e m p e r a t u r e .  E v e n t u a l l y  i t  ceases  to 
g r o w  and  g r a d u a l l y  becomes  o v e r l a i n  b y  a b r i g h t  
y e l l o w  deposi t ,  g e n e r a l l y  accep t ed  to be  t ungs t i c  
oxide ,  WO3. 

The  compos i t i on  a n d  s t r u c t u r e  of t he  b l a c k  ox ide  
f i lm h a v e  been  the  sub j ec t  of s e v e r a l  i n v e s t i g a t i o n s  
in r e c e n t  years .  The  d i s t i nc t ion  b e t w e e n  i t  and  i ts  
y e l l o w  o v e r l a y  has  u s u a l l y  b e e n  cons ide red  on 
s t o i ch iome t r i c  g rounds ,  bu t  v a r i o u s  op in ions  a r e  
held.  Of t he  t h e r m o d y n a m i c a l l y  s t ab le  ox ides  of 
t u n g s t e n  (Tab l e  I ) ,  t he  b l a c k  f i lm has  been  c l a i m e d  
to be  t he  T - f o r m  (1) ,  and  the  8 fo rm (2) .  I t  has  also 
been  s u r m i s e d  to be  a m e t a s t a b l e  modi f i ca t ion  of  one 
of the  i n t e r m e d i a t e  ox ide  phases  (3 ) .  

In  t he  p r e s e n t  work ,  the  s t r u c t u r e  of t he  b l a c k  
oxide ,  in  r e l a t i o n  bo th  to the  y e l l o w  l a y e r  a n d  the  
m e t a l  subs t r a t e ,  has  been  s t ud i ed  b y  x - r a y  ana lys i s .  
I t  is conc luded  t h a t  t he  essen t i a l  d i f fe rence  b e t w e e n  
the  b l a c k  and  y e l l o w  ox ides  is one of s t r u c t u r a l  p e r -  
fec t ion  a n d  o r i e n t a t i o n  r a t h e r  t h a n  of compos i t ion .  
The  o b s e r v a t i o n s  a r e  shown  to be  cons i s t en t  w i t h  t he  
p r o t e c t i v e  n a t u r e  of t h e  b l a c k  f i lm as c o m p a r e d  w i t h  
the  n o n p r o t e c t i v e  y e l l o w  oxide .  

Preparation of Specimens  

The m e t a l  u sed  was  c o m m e r c i a l  t u n g s t e n  of b e t t e r  
t h a n  99.9% p u r i t y .  I t  was  r e c e i v e d  as c e n t e r l e s s -  

g r o u n d  r o d  of 1 m m  d i a m e t e r  and  was  e l e c t r o p o l -  
i shed  to a su r f ace  f inish of c e n t e r - l i n e - a v e r a g e  v a l u e  
a b o u t  1O pin. S h o r t  tes t  l e n g t h s  w e r e  cut  b y  m e a n s  of 
a d i a m o n d - i m p r e g n a t e d  s l i t t i ng  disk.  S h a r p  edges  
w e r e  r e m o v e d  b y  filing, b u t  t he  flat  ends  w e r e  no t  
po l i shed .  

The  spec imens  w e r e  ox id i zed  at  650 ~ 700 ~ a n d  
800~ in a s t r e a m  of c y l i n d e r  o x y g e n  d r i e d  b y  a c t i -  
v a t e d  a lumina .  

The  b l a c k  ox ide  on ly  w a s  f o r m e d  a f t e r  sho r t  t imes  
at  650 ~ and  700~ a n d  t h e  y e l l o w  o v e r l a y  a t  h i g h e r  
t e m p e r a t u r e s .  The  o v e r l a y  was  " s p o n g y "  and  
c r a c k e d  and  could  be  r e m o v e d  r ead i ly .  One  spec i -  
men ,  c o m p l e t e l y  c o n v e r t e d  to oxide ,  gave  a p r o d u c t  
w h i c h  was  y e l l o w  t h r o u g h o u t ,  w i t h  no ev idence  of 
e i t he r  b l a c k  ox ide  or  a c a v i t y  a t  t he  cen te r .  

X - R a y  Exarr~nation 

F o r  the  rods  ox id i zed  a t  650 ~ a n d  700~ x - r a y  
p o w d e r  p a t t e r n s  w e r e  o b t a i n e d  f rom the  b l a c k  f i lm 
in situ on the  rods  and  also f r o m  a f ew  f lakes  d e -  
t a c h e d  f rom the  700~ sample .  F o r  t he  rods  ox id i zed  
at  800~ p a t t e r n s  w e r e  o b t a i n e d  f r o m  ( i )  t h e  coa t -  
ings  r e m o v e d  as a w h o l e  f r o m  the  rods,  ( i i )  t he  y e l -  
low coa t ings  in situ, and  ( i i i )  t h e  u n d e r l y i n g  b l a c k  
coa t ings  in situ. The  x - r a y  e x a m i n a t i o n s  w e r e  a l l  
c a r r i e d  out  a t  r o o m  t e m p e r a t u r e .  

The  fi lms and  scales,  w h e t h e r  b l a c k  or  y e l l o w  in 
a p p e a r a n c e ,  gave  x - r a y  p a t t e r n s  showing  t h a t  t h e y  
cons i s ted  e s s e n t i a l l y  of t u n g s t i c  ox ide  of c o m p o s i -  
t ion  a p p r o a c h i n g  WO3. T h e r e  w e r e  h o w e v e r  w i d e  
d i f fe rences  in t he  de t a i l s  of  c r y s t a l  s t r uc tu r e ,  bo th  as 
r e g a r d s  o r i e n t a t i o n  f e a t u r e s  a n d  s t r u c t u r a l  p e r f e c -  
t ion.  These  t e x t u r a l  and  s t r u c t u r a l  d i f fe rences  a r e  

Table I. Stable oxides of tungsten 

A p p r o x i m a t e  l a t t i c e  p a r a m e t e r s  

1~0. Of 
Des ig-  tool.  p e r  Space  Refe r -  
n a t i o n  F o r m u l a  Color  S t r u c t u r e  a, A b,  -~ c, A ~ u n i t  cel l  g r o u p  ence 

WO3 Yellow Monoclinic 7.28 7.51 3.83 90 ~ 4 P21/a-C52h (6-8) 
t~ WO2.90 (W20058) Light  blue 12.1 3.8 23.4 95 ~ 20 Laue2/m (9, 10) 
~, WO2.v2* (W~8049) Violet  Monoclinic 18.32 3.79 14.04 115~ ' 18 C12h-P2/m (11) 
5 WO2 Monoclinic 5.56 4.884 5 .54.6  118056 ' 4 P21 (9) 

* S e v e r a l  compos i t i ons  b e t w e e n  WO~.ss a nd  WOs.50 h a v e  b e e n  c la imed ,  a n d  t h u s  t h e  o x i d e  h a s  b e e n  v a r i o u s l y  d e s c r i b e d  as  W~Os, W4Oll, 
etc. Magnd l i  (11) h a s  s h o w n  t h a t  t h e  f o r m u l a  WO2.vs(WlsO49) is c o n s i s t e n t  w i t h  t h e  c rys t a l  s t r u c t u r e  a n d  c l a i m s  (9) t h a t  t h e r e  is  no  evz- 
dence  for  e x t e n d e d  h o m o g e n e i t y  r a n g e s  for  a n y  of  t he  t u n g s t e n  o x i d e s .  
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very  significant from the point  of view of the phys i -  
cal proper t ies  of the scales. For  s impl ic i ty  al l  the  
scales are  denoted by  the formula  "WOs," but  it  is 
emphasized tha t  in some instances this  is a ve ry  ap-  
p rox ima te  description,  pa r t i cu l a r ly  where  the th ree -  
d imensional  a r r angemen t  of we l l -c rys ta l l i zed  WO3 
is obviously p r imi t ive  or feebly developed.  In  these 
circumstances a dis t inct ion be tween  WOn and the 
other  s t ruc tu ra l ly  re la ted  tungsten oxides, such as 
WO~.ga (Table  I)  is academic. 

Strong diffraction pa t te rns  f rom the under ly ing  
tungsten were  observed in the pa t te rns  obtained 
from black  films in situ, showing tha t  the m a x i m u m  
thickness of the b lack  films was a few microns under  
the conditions of the present  exper iments .  

Oxidation at 650~ specimens were  oxi-  
dized at  650~ for 1, 21/2, and 4 min. X - r a y  diffrac-  
t ion pa t te rns  obtained f rom the b lack  films in situ 
showed tha t  the oxide crys ta l  s t ruc ture  was re l a -  
t ive ly  ve ry  feebly  developed. The ma jo r i t y  of the 
diffraction m a x i m a  were  very  weak  and diffuse, so 
tha t  growth  of a t rue  th ree -d imens iona l  s t ruc ture  
had appa ren t ly  been much re tarded .  

The s t ruc tura l  condit ion of this  oxide layer  was 
essent ia l ly  s imi lar  to tha t  descr ibed below for the  
specimen oxidized at  700~ 

A sl ight  increase in deve lopment  of the crys ta l  
s t ruc ture  was observed wi th  increasing t ime of oxi-  
dat ion f rom 1 to 4 min. 

Oxidation at 700~ specimen was oxidized for 
2 min at  700~ While  in b road  appearance  the x - r a y  
pa t t e rn  represen t ing  the film resembled  tha t  of WOs, 
the rea l ly  s t r ik ing fea ture  was tha t  the OkO re -  
flections [ ident if iable  wi th  the (OkO) planes  of the 
or thorhombic  s t ruc ture  of WO3] were  ve ry  s trong 
and sharp and showed arcing, in m a r k e d  contrast  wi th  
the diffuse charac ter  of most of the  other reflections. 
This indicated a marked  d i rec t ional ly  or iented a r -  
rangement  of the "WOz" crysta] l i tes;  (010) p lanes  
tended to be al igned para l l e l  to the surface of the  
oxidized rod. The diffuse charac ter  of reflections 
other than  those of OkO type  indica ted  a ve ry  im-  
perfect  development  of the WO3 s t ruc ture  in d i rec-  
tions normal  to the direct ion [OkO].  Gross la t t ice 
strains were  impl ied  by the imperfect ions of s t ruc-  
ture  across the  direct ion [OkO].  

This b lack  oxide film re ta ined  di rect ional  o r ien ta -  
t ion features  when rol led intact  on to a glass fiber 
for x - r a y  examinat ion.  The flakes were  thus pa ra l l e l  
to (010) planes  of the WO3 s t ructure .  

Oxidation at 800~ this  t empera tu re ,  the 
yel low coating formed read i ly  over the  th in  b lack  
film on the rod surface. Specimens were  oxidized for 
5, 7, and 10 rain. 

The coat ing as a whole comprised "WO3." F rom 
the detai ls  of the x - r a y  diffraction pat tern ,  there  
was a suggestion of some sl ight  deficiency in oxygen 
with  respect  to s toichiometr ic  WO3: signs of the 
presence of the lower  oxide WO2.95 were  not iceable  
in some of the x - r a y  pat terns .  

On s t r ipping away  the main layer  of oxide, the 
under ly ing  film was exposed and examined  in situ. 
I t  exhib i ted  t ex tu ra l  and s t ruc tura l  fea tures  essen-  
t i a l ly  s imi lar  to the  b lack  film on the 700~ speci-  
mens. 

There  was an indicat ion in the pa t t e rn  of the  10- 
min  specimen of some lessening of the broadening  of 
cross- la t t ice  reflections, so tha t  some sl ight  advance 
in the perfect ing of the s t ruc ture  pe rpend icu la r  to 
the [010] direct ion may  have  star ted.  

Examina t ion  in situ of the  yel low oxide showed 
tha t  d i rect ional  or ienta t ion  character is t ics  s imi lar  to 
those of the b lack  film were  only feebly  noticeable.  
The diffraction pa t t e rn  was now tha t  of "WO3" wi th  
crysta l l i tes  in nea r ly  random orientat ion.  Crysta l  
growth  appeared  to have occurred to a level  a t  
which the t rue  th ree -d imens iona l  s t ruc ture  of WO3 
was compara t ive ly  wel l -deve loped .  Cross- la t t ice  
s t rains  had  been la rge ly  removed  and the average 
crys ta l  domain size was p robab ly  approaching 1/~. 

Discussion 
The format ion  of l aye red  oxides of different  colors 

is a fea ture  of a number  of metals .  The layers  can 
sometimes be dis t inguished as different  oxide phases, 
but  for tungsten it seems clear  f rom the present  r e -  
sults tha t  the  dist inct ion be tween  the b lack  and 
ye l low phases is essent ia l ly  one of degree of s t ruc-  
tu ra l  perfect ion and orientat ion.  Var ia t ions  from 
the s toichiometr ic  composition WO3 do not appea r  to 
be significant. 

Or ienta t ion  effects as such are wel l  known in thin 
oxide films, the  degree of randomness  increasing 
with  distance f rom the meta l  surface. The only other  
repor ted  instance of such effects being used to dis-  
t inguish be tween  oxide layers  of different  color ap-  
pears  to be tha t  of n iobium (4).  When  a specimen of 
rod or sheet was oxidized for 5 min at  800~ a 
b lack  adheren t  film of a-NbeO5 was formed.  This 
showed m a r k e d  p re fe r red  orientat ion.  Af te r  10 min 
oxidat ion,  the oxide formed was a loose yel low de-  
posit, again a-Nb2Os, but  free f rom orientat ion.  

The present  x - r a y  invest igat ions on tungsten 
oxides have  shown tha t  in the b lack  film the oxide 
has grown wi th  a pronounced di rec t ional ly  or iented 
texture .  For  s impl ic i ty  the oxide has been described 
as "WO3," but  perfect ion of the WO3 atomic a r r ange -  
ment  is obviously poor, except  pe rpend icu la r  to the 
(010) layers  in the or thorhombic  s tructure.  The 
direct ionaUy or iented growth  is such tha t  (010) 
planes  of the  s t ruc ture  tend  to be pa ra l l e l  to the 
surface of the tungsten rod. In some respects  the 
s t ruc ture  condit ion may  be rega rded  as basical ly  a 
two-d imens iona l  one. Layers  of a toms are  s tacked 
para l l e l  to one another  to give the normal  in te r -  
p lanar  spacing along the [010] direct ion of the WO3 
structure ,  but  are not in p roper  regis ter  l a te ra l ly ;  
thus cross- la t t ice  atomic spacings remain  re la t ive ly  
i l l -defined.  This p r imi t ive  la te ra l  development  p rob-  
ab ly  accommodates  a large  degree of s t ra in  (or a 
high densi ty  of dis locat ions)  such as is l ike ly  to be 
genera ted  in a growing and expanding  film of oxide. 

By contrast  considerable  crys ta l  g rowth  has t aken  
place when the yel low scale stage is reached.  True 
th ree -d imens iona l  deve lopment  of the WO3 s t ruc-  
ture  is advanced,  and the average  size of the c rys ta l -  
l i tes approaches  the micron level.  The s t ra in  condi-  
t ion p resen t  in  the  b lack  film can be considered to 
have been l a rge ly  e l iminated,  and the direct ional  
or ienta t ion  fea tures  have  been lost. 
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The  ev idence  thus  sugges t s  t ha t  t he  c h a n g e - o v e r  
f rom the  a d h e r e n t  b l a c k  ox ide  to t he  n o n a d h e r e n t  
y e l l o w  ox ide  is a s soc ia t ed  w i t h  an  a d v a n c e  in c r y s t a l  
g r o w t h  in  w h i c h  the  n o r m a l  t h r e e - d i m e n s i o n a l  c r y s -  
t a l  s t r u c t u r e  of "WOa" becomes  s u b s t a n t i a l l y  p e r -  
fec ted .  The  a d h e r e n c e  and  p r o t e c t i v e  c h a r a c t e r  of 
t he  b l a c k  l a y e r  p r o b a b l y  d e p e n d  on the  a b i l i t y  of the  
f i lm to r e t a i n  and  a c c o m m o d a t e  a h igh  d e g r e e  of 
l a t t i c e  s t r a i n  and  d i r e c t i o n a l  o r i en ta t ion .  

The  o b s e r v a t i o n s  on rod  ox id i zed  at  650~ show 
tha t  the  first  t r ace  of  ox ide  scale  w h i c h  fo rms  is 
th is  b lack ,  p r o t e c t i v e  f i lm possess ing  s i m i l a r  t e x -  
t u r a l  and  s t r u c t u r a l  f e a t u r e s  to t he  b l a c k  scale  
f o r m e d  on the  rod  su r f ace  at  h i g h e r  t e m p e r a t u r e s .  

Magn61i (5)  has  d i scussed  the  a n a l o g y  b e t w e e n  
the  R e O a - t y p e  s t r u c t u r e  and  the  s t r u c t u r e s  of t he  
ox ides  of m o l y b d e n u m  and  tungs ten .  He shows  how 
r e c u r r e n t  d i s loca t ions  in an  a tomic  p a t t e r n  of t he  
ReO3- type  can  l ead  to a tomic  a r r a n g e m e n t s  of the  
k i n d  f o u n d  in o x y g e n - d e f i c i e n t  ox ides  of m o l y b d e -  
n u m  and  tungs ten .  The  a tomic  p a t t e r n s  of t he se  
ox ides  a r e  f o r m e d  of m e t a l - o x y g e n  o c t a h e d r a  j o i n e d  
b y  co rne r s  to g ive  b locks  of t he  ReOa- type .  The  
b locks  e x t e n d  in f in i t e ly  t h r o u g h  the  c r y s t a l s  in  two  
d i mens ions  and  have  a f ini te  c h a r a c t e r i s t i c  w i d t h  in 
a t h i r d  d i r ec t i on  (a t  an  ang le  to the  a and  c axes  and  
in  the  a - c  p l a n e  of the  p s e u d o - o r t h o r h o m b i c  s t r u c -  
t u r e ) .  Magn61i s ta tes  t ha t  a c o m m o n  f e a t u r e  of the  
x - r a y  d i f f rac t ion  p a t t e r n s  of the  s t r u c t u r e s  of such  
ox ides  wi l l  be  t he  a p p e a r a n c e  of a s u b s t r u c t u r e  
effect caused  b y  the  d o m i n a t i n g  inf luence  of t he  
ReO3- type  a r r a n g e m e n t  of the  a toms.  

I t  is of i n t e r e s t  to no te  t ha t  t he  O k O  ref lec t ions  of 
WOa, w h i c h  e x h i b i t e d  such  p r o n o u n c e d  a rc ing  in 
p a t t e r n s  o b t a i n e d  f rom the  b l a c k  ox ide  film, pe r s i s t  
t h r o u g h  the  ser ies  of d i f f rac t ion  p a t t e r n s  of ox ides  
def ic ient  in o x y g e n  w i t h  r e spec t  to the  compos i t i on  
WO3. F u r t h e r ,  t h e  i n t e r p l a n a r  spac ing  of such  r e -  
f lect ions a r e  a l lmos t  i d e n t i c a l  w i t h  t he  hOO spac ings  
of the  p r i m i t i v e  cubic  s u b s t r u c t u r e  (a  ---- 3.75A) 
p r o p o s e d  b y  Magn41i for  the  b locks  of the  ReOa-  
t y p e  s t ruc tu re .  The  v a l u e  of a is a m e a s u r e  of the  
space  d i a g o n a l  of WO6 o c t a h e d r a  in the  t u n g s t e n  
ox ide  s t ruc tu re s .  

W e b b  et al. (3)  r e c o r d e d  five d i f f r ac t ion  l ines  
f r o m  a d a r k - b l u e  ox ide  l aye r ,  us ing  x - r a y  p o w d e r  
d i f f r a c tome t ry ,  w h i c h  w e r e  s h a r p  a n d  w h i c h  could  
be i n d e x e d  on the  a s s u m p t i o n  of a cubic  l a t t i ce  w i t h  
a p a r a m e t e r  3.77A. T h e y  s t a t e  t h a t  the  compos i t ion  
and  s t r u c t u r e  w e r e  not  de f in i t e ly  d e t e r m i n e d ,  b u t  
t h e y  s u r m i s e  t h a t  t he  ox ide  is a m e t a s t a b l e  m o d i -  
f icat ion of one of t he  i n t e r m e d i a t e  o x i d e  phases .  In  
v i e w  of t h e  p r e s e n t  o b s e r v a t i o n s  on the  a r c ing  of 
c e r t a i n  ref lec t ions  in the  WO3 p a t t e r n  w h i c h  can be  
i n d e x e d  on the  bas is  of a cubic  s u b s t r u c t u r e  of p a -  
r a m e t e r  3.77A, ( the  i n t e r p l a n a r  spac ings  of t he  
a r c e d  ref lec t ions  r e c o r d e d  in  t he  p r e s e n t  s t u d y  a re  
3.77, 1.885, 1.258, and  0.943A) i t  n o w  seems  l i k e l y  t ha t  
W e b b  et al. w e r e  obse rv ing  a s i m i l a r  p h e n o m e n o n ,  
b u t  t ha t  i t  was  not  r ecogn ized  t h e n  as an  o r i e n t a t i o n  
effect. The  d i f f rac t ion  effects p r o d u c e d  b y  such  o r i -  
e n t a t i o n  m i g h t  r e m a i n  u n d e t e c t e d  b y  the  d i f f r ac -  
t o m e t e r  t e c h n i q u e  a d o p t e d  b y  W e b b  et al. 

Acknowledgment 
The  w o r k  d e s c r i b e d  fo rms  p a r t  of a p r o g r a m  spon-  

so red  b y  the  D i r e c t o r  of M a t e r i a l s  R e s e a r c h  and  De-  
v e l o p m e n t ,  M i n i s t r y  of Av ia t i on .  

Manuscr ip t  rece ived  Oct. 25, 1962; rev ised  manu-  
script  received Jan.  28, 1963. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL.  

REFERENCES 
1. V. I. A r k h a r o v  and Yu. D. Kozmanov,  Fiz. Metal. i 

Metalloved., Akad. Nauk  S.S.S.R., Ural Filial, 2, 
361 (1956). 

2. J. W. Hickman  and E. A. Gulbransen,  Trans. AIME, 
171, 371, (1947). 

3. W. W. Webb, J. T. Norton,  and C. Wagner .  This 
Journal, 103, 107 (1956). 

4. H. J. Goldschmidt ,  J. Inst. Metals, 8 7 ,  235 (1958-9). 
5. A. Magn~li, Acta. Cryst., 6, 495 (1953). 
6. G. Andersson,  Acta. Chem. Scand., 7, 154 (1963). 
7. R. Ueda and J. Kobayashi ,  Phys. Rev., 91, 1565 

(1953). 
8. H. BrRkken, Z. Krist., 78, 484 (1931). 
9. G. H~igg and A. Magn41i, Arkiv  Kemi,  Minerali. 

Geoli., 19A (1944). 
10. A. Magn61i, Ark iv  Kemi,  1, 513 (1950). 
11. A. Magn~li, ibid., l ,  223 (1949). 

A Method for Calculating Paralinear Constants for the 
Formation of Volatile Scale 

Dominik Wajszel 
Institute of Fertilizers, TarnSw, Poland 

ABSTRACT 

When  a lead  specimen is exposed  to a chlor ine  s t ream at 300" C, a coherent  
l aye r  of vola t i le  PbC12 is formed.  The consumption of meta l  follows pa ra l i nea r  
kinetics.  The parabol ic  constant  A and l inear  constant  B of Haycock 's  equat ion 
were  ca lcula ted  f rom the m a x i m u m  on the exper imen ta l  curve of weight  
change vs. t ime obta ined  by  means  of a the rmal  balance.  A was 4.2 x 10-11g = �9 
c m  - 4 "  s e c  - 1 ,  a n d  B w a s  2 .8  x 1 0 - g g  �9 c m  - 2 -  s e c  - 1 .  

In  the  sca l ing  s y s t e m  in w h i c h  a c o h e r e n t  b a r r i e r  
l a y e r  of scale  is fo rmed ,  t he  r a t e  of t he  p rocess  is 
c o m m o n l y  con t ro l l ed  b y  di f fus ion a n d  obeys  t he  so-  
ca l l ed  p a r a b o l i c  law.  The  r a t e  of m e t a l  c o n s u m p t i o n  
is i n v e r s e l y  p r o p o r t i o n a l  to the  t h i cknes s  of the  c o r n -  

pac t  l a y e r  (1)  in a c c o rda nc e  w i t h  t he  s t a n d a r d  

equa t ion  dWm Kp 
- -  = [ 1 ]  

dt 

w h e r e  Wm is the  w e i g h t  of c o n s u m e d  m e t a l  p e r  un i t  
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The  ev idence  thus  sugges t s  t ha t  t he  c h a n g e - o v e r  
f rom the  a d h e r e n t  b l a c k  ox ide  to t he  n o n a d h e r e n t  
y e l l o w  ox ide  is a s soc ia t ed  w i t h  an  a d v a n c e  in c r y s t a l  
g r o w t h  in  w h i c h  the  n o r m a l  t h r e e - d i m e n s i o n a l  c r y s -  
t a l  s t r u c t u r e  of "WOa" becomes  s u b s t a n t i a l l y  p e r -  
fec ted .  The  a d h e r e n c e  and  p r o t e c t i v e  c h a r a c t e r  of 
t he  b l a c k  l a y e r  p r o b a b l y  d e p e n d  on the  a b i l i t y  of the  
f i lm to r e t a i n  and  a c c o m m o d a t e  a h igh  d e g r e e  of 
l a t t i c e  s t r a i n  and  d i r e c t i o n a l  o r i en ta t ion .  

The  o b s e r v a t i o n s  on rod  ox id i zed  at  650~ show 
tha t  the  first  t r ace  of  ox ide  scale  w h i c h  fo rms  is 
th is  b lack ,  p r o t e c t i v e  f i lm possess ing  s i m i l a r  t e x -  
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f o r m e d  on the  rod  su r f ace  at  h i g h e r  t e m p e r a t u r e s .  

Magn61i (5)  has  d i scussed  the  a n a l o g y  b e t w e e n  
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ABSTRACT 

When  a lead  specimen is exposed  to a chlor ine  s t ream at 300" C, a coherent  
l aye r  of vola t i le  PbC12 is formed.  The consumption of meta l  follows pa ra l i nea r  
kinetics.  The parabol ic  constant  A and l inear  constant  B of Haycock 's  equat ion 
were  ca lcula ted  f rom the m a x i m u m  on the exper imen ta l  curve of weight  
change vs. t ime obta ined  by  means  of a the rmal  balance.  A was 4.2 x 10-11g = �9 
c m  - 4 "  s e c  - 1 ,  a n d  B w a s  2 .8  x 1 0 - g g  �9 c m  - 2 -  s e c  - 1 .  

In  the  sca l ing  s y s t e m  in w h i c h  a c o h e r e n t  b a r r i e r  
l a y e r  of scale  is fo rmed ,  t he  r a t e  of t he  p rocess  is 
c o m m o n l y  con t ro l l ed  b y  di f fus ion a n d  obeys  t he  so-  
ca l l ed  p a r a b o l i c  law.  The  r a t e  of m e t a l  c o n s u m p t i o n  
is i n v e r s e l y  p r o p o r t i o n a l  to the  t h i cknes s  of the  c o r n -  

pac t  l a y e r  (1)  in a c c o rda nc e  w i t h  t he  s t a n d a r d  

equa t ion  dWm Kp 
- -  = [ 1 ]  

dt 

w h e r e  Wm is the  w e i g h t  of c o n s u m e d  m e t a l  p e r  un i t  
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area af ter  t ime  t, $ the  th ickness  of the  compact  
product ,  and  Kp the parabol ic  r a t e  constant .  There  
are sys tems in  which  l i nea r  dep le t ing  of a compact  
scale layer  occurs by  s u b l i m a t i o n  or r ec rys ta l l i za -  
t ion,  w i th  f o r m a t i o n  of a l ayer  t ha t  has neg l ig ib le  
res i s tance  to the  t r an spo r t  of reac tants .  This  gives 
rise to p a r a l i n e a r  kinet ics .  Qua l i t a t i ve  a r g u m e n t s  
for such k ine t ics  were  g iven  by  Evans  (2) and  
Lor iers  (3) .  Q u a n t i t a t i v e  ana lys i s  of p a r a l i n e a r  scal-  
ing  was car r ied  out by  Webb,  Nor ton ,  and  W a g n e r  
in  the  case of ox ida t ion  of t u n g s t e n  (4) ,  and .by  H a y -  
cock in  the  case of i ron-HaS scal ing sys tem (5) and  
oxida t ion  of a l u m i n u m  and  h a f n i u m  (6) .  In  such 
sys tems the re  is a s imple  r e l a t ion  b e t w e e n  Wm and  
the  weigh t  change  of the  spec imen  W, and  the  p a r a -  
bolic and  l inear  cons tan ts  of p a r a l i n e a r  equa t ions  
can be es t ima ted  f rom e x p e r i m e n t a l  data.  

In  a sys tem whe re  the  ba r r i e r  scale l ayer  MeXn is 
pa r t i a l l y  volat i le ,  it is possible  to adap t  a n e w  
method  for ca lcu la t ing  the  p a r a l i n e a r  constants .  The  
ra te  of we igh t  change  of the  spec imen  in  such sys-  
t ems  is equa l  to 

d W  1 d W m  d W ~  
[2] 

d t  a d t  d t  

where  a is a s to ichiometr ic  convers ion  factor  f rom 
gas to me t a l  and  Ws is the  weigh t  lost per  u n i t  a rea  
by  sub l imat ion .  On the cu rve  of W vs .  t ime  the re  is a 
m a x i m u m ,  as observed by  S p r e t n a k  e t  al. (7) i n  the  
case of the  ox ida t ion  of m o l y b d e n u m .  I n  the case of 
ch lo r ina t ion  of lead at  300~ a s imi la r  m a x i m u m  
is found  f rom which  the  p a r a l i n e a r  cons tan ts  can be 
ca lcu la ted}  

M a t h e m a t i c a l  T r e a t m e n t  

The fo l lowing  analys is  wi l l  be  appl ied  to sys tems 
where  scale s u b l i m a t i o n  appears  to be  the  on ly  
m e c h a n i s m  of b a r r i e r  l ayer  deplet ion.  The  ra te  of 
me t a l  consumpt ion  in  this case can  be g iven  by  the  
genera l  p a r a l i n e a r  equa t ion  (6) 

d W ~  A 
[3a]  

d t  W m  - -  B t  

where  A = Kp  �9 dp �9 a / b  is Haycock 's  parabol ic  con-  
stant ,  b = a + 1 is a s to ichiometr ic  convers ion  factor  
f rom gas X2 to p roduc t  MeXn, do is the dens i ty  of the  
p roduc t  and  B �9 b / a  is a l i nea r  ra te  cons tan t  of s u b -  
l ima t ion  of MeXn. 

E q u a t i o n  [3a] can be t r a n s f o r m e d  af ter  i n t e g r a -  
t ion  (see Eq. [7] )  and  r e -d i f f e r en t i a t i on  in to  

d W m  B 
= [ 3 5 ]  

d t  1 - -  e - W m  "B/A 

or expressed in  t e rms  of the  th ickness  of the p roduc t  

dWm b A 
. . . . .  [4] 

d t  a W ,  

where  W,  is the th ickness  of p roduc t  in  un i t s  of 
we igh t  ga in  per  u n i t  area.  The  ra te  of t h i c k e n i n g  of 
the  r e m a i n i n g  p roduc t  can be  w r i t t e n  (3, 4) 

z Another ease of oxidation with volatilization w a s  d i s c u s s e d  by 
Bernstein and Cubbieciotti (8) (scaling system Ge/O2) and by Wag- 
ner (9) (scaling system Si/O2). In both t h e s e  s y s t e m s  t h e  metal be- 
comes oxidized to a volatile product MeO, or further to a nonvolatile 
product MeOs which covers the surface forming a protective layer. 

i f  D I ' ' ' ' ' ' ' ' I I ' ' ' I ' ' 

,n 

~-~ W Wm 

t~ 

TIME IN ARBITRARY UNITS 

Fig, 1. Illustroting the curves for the rote of weight chonge. 
The curves of W~, Wp, end W ogoinst time ore calculated from 
Eq. 17], [8] ,  ond [9] ,  respectively. The curve of Ws �9 a/b, which 
demonstrotes the suhlimotion of the product, expressed in units of 
weight loss of metol ogoinst time, is colculoted from Ws ~ b/a �9 Bt. 

d W p  b ( b  A B )  [5] 

d t  a a W ,  

f rom which  the  l im i t i ng  th ickness  of the p roduc t  can 
be ca lcula ted  (3, 4) 

b A 
Wp(max) . . . .  [6] 

a B 

The  i n t e g r a t i on  of Eq. [3] a nd  Eq. [5] yields,  r e -  
spect ively,  

A Wm 
- -  (--1 q- e -Win  "13/A) + - -  .~- t [7] 

B 2 B 

A In I A wp a . . . .  ~ t 

Ba l a B b d - - - ~ .  B �9 Wo [8] 

The we igh t  ga in  of the  spec imen  at  t ime  t is g iven  by  

W ----- W~ --  Wm [9] 

and  typ ica l  curves  of W, Win, W,, and  Ws are shown 
in  Fig. 1. 

F r o m  Eq. [2] and  [3b]  we have  

d W B ( _  . 1 b )  [10] 
d t  a 1 - -  e -Win  "B/A 

At the  t i m e t ,  d W / d t = O ;  the  cor responding  va lue  

of Win, W,,  a nd  W are equa l  to Win, Wp, a nd  W, r e -  
spect ively,  a nd  can  be expressed in  t e rms  of H a y -  
cock's p a r a l i n e a r  constants ,  a nd  in  t e rms  of a stoi-  
chiometr ic  factor  as ca lcu la ted  f rom Eq. [2] ,  [4],  
[1O] 

A b 
Wm = - - l n - -  [11] 

B a 

A 1 
W,  . . . .  [12] 

B a 

A 1 b 
W ---- - -  �9 a w he r e  ~ = - -  - -  in  - -  [13] 

B a a 

F r o m  Eq. [7] and  [11] we ob ta in  express ion  f o r t  

A b 1 
t - =  ~ �9 ~ w he r e  fl = In  - -  --  - -  [14] 

a b 
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The above express ions  lead to the  equa t ions  for 
A and  B 

( w )  ~ 
A = _ [15] 

t a 2 

w 
B . . . .  _ [16] 

t a 

Experimental 
To check the  proposed me thod  for compu t ing  the 

p a r a l i n e a r  constants ,  lead samples  were  corroded 
in  ch lor ine  at  300~ at  a flow of 100 m l / m i n .  

Materials.--Metallic lead  ( s i lve r - f r ee  lead sup-  
p l ied  by  POCH Gliwice,  P o l a n d )  wi th  an  ana lys i s  of 
be t t e r  t h a n  99.98% Pb  was v a c u u m  mel t ed  on a 
m o l y b d e n u m  boat  at  5 .10 -5 Tor r  of to ta l  p ressure  
and  cold rol led to the  th ickness  of about  5 .10 -3 cm. 
This foil was  cut into a r e c t a n g u l a r  coupon 2.5 cm 
long  and  1.6 cm wide.  

Reagen t  grade  lead chloride for the d e t e r m i n a t i o n  
of the s u b l i m a t i o n  ra te  was  me l t ed  in  the  s t r eam 
of dr ied chlorine,  powdered,  and  pressed at a p res -  
sure  of about  6 t o n s / c m  2 to tab le t s  5 .10 -2 cm in 
th ickness  and  1 cm in  d iameter .  Chlor ine  was t a k e n  
f rom commerc ia l  cy l inde r  and  dr ied  over  phos-  
phorus  pentoxide .  

Apparatus.--Measurements of the  curve  of to ta l  
ga in  in  the  we igh t  of lead sample  were  by  m e a n s  of 
a q u a r t z - s p i r a l  mic roba lance  in  a flowing sys tem 
(see Fig. 2). The ou te r  t ube  in  which  the  spec imens  
were  corroded was of glass, 4 cm in  outer  d iamete r .  
In  the midd le  of the tube  there  was  a t tached  a move -  
able  m i c r o m e t e r  microscope. The lower  pa r t  of the 
tube  was w o u n d  wi th  Nichrome wi re  in  a m a n n e r  
to e l imina t e  t e m p e r a t u r e  g rad ien t s  in  the  hot  zone. 
In  add i t ion  a th ick  a l u m i n u m  cy l inder  was placed 
a r o u n d  the glass tube  at  the midd le  of the furnace .  
The t e m p e r a t u r e  was cont ro l led  by  a Pt  res i s tance  
t h e r m o m e t e r  connec ted  to a commerc ia l  e lec t ronic  
control ler .  The t e m p e r a t u r e  of the  gas be low the 
sample  was m e a s u r e d  by  means  of a P t - P t - 1 0 %  Rh 
the rmocoup le  i n t roduced  t h rough  the  lower  pa r t  of 

To UPPER 
JOINT 

OUTER 

TUBE 

u ~ E m  
T A ~  

; j O J ~  

TAP~R 
JOINT 

QUARTZ 
HELIX 

INNER 

T U B E  

TAPEI~ 
JOim"  

CAPILLARY 
WITH SHIELDS 

TAPER 
JOINT 

Fig. 2. Diagram of quartz-spiral microbalance 

the tube  and  connec ted  to a prec is ion  po ten t iomete r .  
The i n n e r  t ube  of glass, 3 cm in  d iameter ,  in  which  
the quar tz  he l ix  was hung ,  had  in  the  lower  pa r t  a 
cap i l l a ry  w i th  a row of glass shields. A n o t h e r  row 
of shields was  placed on the the rmocoup le  j acke t  
l eav ing  in  the midd le  of the  f u r na c e  a f ree space 
above 6 cm height .  A qua r t z  fiber cha in  which  was  
connec ted  to the  he l ix  was  suppl ied  in  the  uppe r  
pa r t  wi th  a cy l indr ica l  glass scale 0.15 cm in  d i a m -  
eter  and  2 cm in  length .  (Such  a scale can be made  
by  means  of a sapphi re  p h o n o g r a p h  need le  m o u n t e d  
on a mic rome te r  screw.)  The m o v e m e n t  of the  scale 
was observed t h r ough  the  w indows  in  the  tubes.  

The uppe r  p a r t  of the  tube ,  the  f u r na c e  walls ,  and  
the s t r eam of gas were  t he r mos t a t t e d  w i th  water .  

The m a i n  charac ter i s t ic  of the descr ibed t h e r m a l  
ba lance  was as follows: by  m e a s u r i n g  the  e longa-  
t ion  wi th  an  accuracy  of •  10 -4 cm an  accuracy  of 
•  could be obta ined.  There  was  no shift  of 
zero point  in  a per iod of 100 hr  at 300~ w h e n  the  
he l ix  was  loaded wi th  a 200 mg qua r t z  rod and  a 
s t r eam of t he rmos t a t t ed  n i t r o g e n  was  passed d o w n -  
ward.  However ,  the  v i b r a t i o n  of the  he l ix  r educed  
the accuracy  to •  The  ba l ance  was  sens i t ive  
to t e m p e r a t u r e  changes  in  the  uppe r  pa r t  g iv ing  an  
e r ror  of 3- 10-4g/5  ~ C of t e m p e r a t u r e  decrease.  (Usu-  
a l ly  in  spi ra l  mic roba lances  the  i m p o r t a n c e  of t e m -  
p e r a t u r e  cons tancy  is no t  gene ra l ly  rea l ized  l ead ing  
to r ead ing  errors ;  these  can be m i n i m i z e d  by  a 
s t r eam of t he rmos t a t t ed  gas a nd  shields.)  

The hel ix  was  ca l ib ra ted  by  loading  wi th  k n o w n  
weights  of a l u m i n u m  and  m e a s u r i n g  the co r respond-  
ing e longat ion,  which  was found  to be sa t i s fac tor i ly  
p ropor t iona l  to the  load. 

Procedure.--The sequence  of opera t ions  in  an  ex-  
p e r i m e n t  was as follows: (i) hea t ing  the  fu rnace  to 
desired t e m p e r a t u r e  and  es tab l i sh ing  the  chlor ine  
flow; (ii) rol l ing,  cut t ing ,  and  degreas ing  the  lead 
sample  in  benzene ;  (i i i)  we igh ing  the  lead sample  
and  the  quar tz  fiber cha in ;  ( iv)  i n t r oduc i ng  the  
sample  u n d e r  the  s t r eam of chlor ine  in to  the  f u r -  
nace  and  t h e n  m e a s u r i n g  the  t ime;  (v)  r ead ing  the  
e longa t ion ;  (v i )  ra i s ing  the  i n n e r  t ube  af ter  chlo-  
r i na t i on  to the cool zone, r e m o v i n g  it  f rom the sys-  
t em and  r ewe igh ing  the sample  and  the chain.  The 
first r ead ing  was  done a f te r  1 hr  to achieve t h e r m a l  
equ i l ib r ium.  F u r t h e r  r ead ings  were  t a k e n  at  5 h r  
i n t e rva l s  to 20 hr, and  la te r  at 10 hr  in te rva ls .  

The sample  was t h e n  observed  u n d e r  a microscope 
and  me ta l log raph ica l ly  in  an  e p o x y - r e s i n  moun t .  

Results and Discussion 
The k ine t ic  da ta  for the  ch lo r ina t ion  of lead at 

300.0 ~ --+ 0.2~ and  at a ch lor ine  ra te  flow of 100 
m l / m i n  are shown in  Fig. 3. The r ep roduc ib i l i t y  of 
the  curve  of W m e a s u r e d  in  the per iod of two days 
was  •  f rom the  mean ,  as d e t e r m i n e d  on the  
t h e r m a l  balance ,  and  -----8% f rom the  m e a n  va lue  
w h e n  us ing  a f resh sample  for each e x p e r i m e n t a l  
point .  This is g rea te r  t h a n  the re la t ive  e r ror  of r ead -  
ings which  var ied  f rom 3% for the  first po in t  to 
abou t  1% for the  m a x i m u m  point .  The  m a x i m u m  

on the curve  of W was reached  at t ime  t = 59 hr  

and  at W ---- 7.2.10 -4 g / c m  2 y ie ld ing  A ~ 4.2-10 -12 
g2 . cm-4 . sec  -1 and  B = 2.8.10 -9 g . c m - 2 . s e c  -1 ac-  
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Fig. 3. Chlorination rate curves of lead at 300~ and at a flow 
rate of chlorine of 100 ml/min. The experimental W points demon- 
strate the change of weight of lead sample. The corrosion curve 
Wm which illustrates the metal consumption is calculated according 
to Eq. [7] using A and B obtained from Eq. [15] and [16]. The 
points on this curve are obtained from the experimental W points 
by use of Wm ~ a(W+Ws) .  

cord ing  to Eq. [15] and  [16].  These  va lue s  w e r e  
u sed  to ca l cu l a t e  the  Wm for  H a y c o c k ' s  c u r v e  (Fig .  
3) .  The  po in t s  on th is  c u r v e  w e r e  o b t a i n e d  f r o m  the  
e x p e r i m e n t a l  W po in t s  b y  m e a n s  of  t he  e q u a t i o n  
Wm = a ( W  + Ws), showing  r e a s o n a b l e  a g r e e m e n t  
w i t h  t he  c a l c u l a t e d  curve .  

The  v a l u e  of B o b t a i n e d  f r o m  the  s u b l i m a t i o n  
m e a s u r e m e n t s  of p r e s sed  t a b l e t s  was  3.4.10 -9 
g .  cm -2 .  s e c - L  

Microscopic  e x a m i n a t i o n  s h o w e d  t h a t  t he  scale  
was  r e l a t i v e l y  smoo th  and  cons i s ted  of one l a y e r  
w i t h o u t  m a c r o d i s c o n t i n u i t i e s  a t  t he  m e t a l / s c a l e  
i n t e r f ace  a n d  w i t h o u t  w h i s k e r s  a t  t he  s c a l e / g a s  i n -  
t e r face .  The  t h i cknes s  of  t he  r e m a i n i n g  p r o d u c t  was  
no t  cons tan t ,  r a n g i n g  f rom 7.5 to 15-10 -4  cm, in  r e a -  
sonab le  a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  v a l u e  of 1.4. 
10 -3 cm. I t  m u s t  be  p o i n t e d  out  t h a t  a t  t he  m a x i m u m  
on the  W c u r v e  the  t h i cknes s  of t he  p r o d u c t  r e a c he s  
1 0 0 / b %  of i ts  l i m i t i n g  v a l u e  as e v a l u a t e d  f r o m  Eq. 
[6]  and  [12] ;  for  t h e  PbC12 l a y e r  th i s  v a l u e  is 26%. 

The  e x p e r i m e n t a l  r e su l t s  w i t h  t he  Pb/C12 s y s t e m  
a t  300~ a p p e a r  to  show c o n c l u s i v e l y  t h a t  t he  d e -  
s c r i be d  m e t h o d  of e v a l u a t i n g  t h e  p a r a l i n e a r  con-  
s t an t s  can  be  used  in  sy s t e ms  in w h i c h  a n o n p o r o u s  
l a y e r  of vo l a t i l e  MeXn is c o n t i n u o u s l y  fo rmed .  I f  
a f t e r  t i m e  to an  a d d i t i o n a l  c r a c k i n g  of t he  sca le  oc-  
curs,  t he  r a t e  of m e t a l  c o n s u m p t i o n  wi l l  be  g r e a t e r  
and  could  be d e s c r i b e d  b y  the  e q u a t i o n  

dWm A 

dt W m -  B t -  R ( t  ~ to) 

w h e r e  R is a l i n e a r  r a t e  cons t an t  of r e c r y s t a l l i z a t i o n .  
In  th is  case  t he  a b o v e  d e r i v e d  f o r m u l a s  fo r  A and  B 

canno t  be  used  if  to < t. 
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Corrosion Inhibition in HCI Using Methyl Pyridines 
Robert C. Ayers, Jr., 1 and Norman Hackerman 

Department 05 Chemistry, The University of Texas, Austin, Texas 

ABSTRACT 

The inhib i t ing  effect of pyr id ine  and seven of its me thy l  der iva t ives  on 
the corrosion of i ron in O2-free, 6.08N HC1 at 35~ was de te rmined .  Corrosion 
rates  were  measured  by  color imetr ic  analysis  for i ron wi th  mercaptoacet ic  
acid. The re la t ive  inhib i tor  efficiency and cathodic potent ia l  shift  increased 
wi th  increas ing inhib i tor  concentra t ion and, for  a given concentrat ion,  wi th  
increas ing e lect ron dens i ty  at  the  n i t rogen atom. Both  increased  s l ight ly  wi th  
decreas ing HC1 concentrat ion,  bu t  a t e m p e r a t u r e  increase of 10~ had  no 
effect on ei ther .  The propos i t ion  tha t  chemisorpt ion  is involved  in Corrosion 
inhibi t ion is suppor ted  by  these exper iments .  As a supp lemen ta ry  i tem the 
grea t  impor tance  of careful  purif icat ion of the  organic compounds used in 
such researches  as this is documented.  

Organ i c  amines  act  as i nh ib i t o r s  of the  d i s so lu -  
t ion of i ron  in  ac id  b y  a d s o r b i n g  a t  t he  m e t a l - s o l u -  
t ion  in t e r face .  T h e r e  is some d i f fe rence  of op in ion  
as to t he  de t a i l s  of t he  m e c h a n i s m  of  i n h i b i t i o n  and  
the  n a t u r e  of the  a d s o r b e d  species.  Some  w o r k e r s  

�9 P r e s e n t  addres s :  H u m b l e  Oi l  & R e f i n i n g  C o m p a n y ,  P r o d u c t i o n  
Research ,  Hous ton ,  Texas .  

ho ld  t h a t  the  o rga n i c  ca t ion  is e l e c t r o s t a t i c a l l y  a d -  
so rbed  ( 1 - 3 ) .  This  spec ies  is b e l i e v e d  to i nh ib i t  t he  
ca thod ic  reac t ion .  This  l a b o r a t o r y  does  no t  d e n y  the  
p a r t i c i p a t i o n  of t he  o rgan ic  cat ion,  b u t  m a i n t a i n s  
t h a t  i nh ib i t i on  is a t t r i b u t e d  in  p a r t  to  c h e m i s o r p -  
t ion,  p r o b a b l y  of the  n e u t r a l  spec ies  (4, 5) .  The  
so rp t ion  p r e d o m i n a n t l y  po l a r i ze s  t h e  anod ic  process  
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in v i e w  of the  g e n e r a l l y  o b s e r v e d  ca thod ic  sh i f t  
seen  w i t h  o rgan i c  inh ib i to r s .  

C o r r e l a t i o n  of i n h i b i t o r  eff iciency w i t h  m o l e c u l a r  
s t r u c t u r e  has  no t  y e t  been  an  o u t s t a n d i n g  success.  
P e r h a p s  th is  comes  f r o m  t r y i n g  to s t r e t ch  the  
l i m i t e d  k n o w l e d g e  of such a c o m p l e x  s y s t e m  too 
far .  The  bas ic  p r o b l e m  of r e l a t i n g  s t r u c t u r e  to  
p r o p e r t i e s  is a g g r a v a t e d  b y  these  p r o b l e m s  d e p e n d -  
ing  on p r o p e r  k n o w l e d g e  of zero p o i n t  of c h a r g e  
(zpc)  for  the  s y s t e m  (6) and  on the  effect of n o n -  
b u l k  c o n c e n t r a t i o n  in  t he  e l e c t r i c a l  doub le  l a y e r  
( ed l )  on e q u i l i b r i a  and  k ine t ics .  I t  was  a d v a n t a -  
geous,  t he re fo re ,  to i n v e s t i g a t e  c lose ly  r e l a t e d  c o m -  
pounds  on the  p r e m i s e  t ha t  sma l l  changes  in  m o -  
l e cu l a r  p r o p e r t i e s  l e ad  to c o r r e s p o n d i n g l y  s m a l l  
changes  in i nh ib i t i on  and  l i t t l e  or  no change  in  sys -  
t emic  zpc. Thus,  th is  w o r k  is conce rned  w i t h  i n h i -  
b i t ion  by  p y r i d i n e  a n d  seven  of i ts  m e t h y l  d e r i v a -  
t ives  on the  r e a c t i o n  of i ron  w i t h  6N HC1. A n  a d -  
v a n t a g e  of a r o m a t i c  mo lecu le s  is t h a t  cha rge  d e n s -  
i t y  at  t he  n i t r o g e n  a t o m  m a y  be  v a r i e d  b y  c h a n g -  
ing  the  loca t ion  of a s u b s t i t u e n t  r a t h e r  t h a n  by  
chang ing  the  m o l e c u l a r  w e i g h t  or  s t r u c t u r e  type .  

Materials 

The  e l ec t rode  a s s e m b l y  was  s i m i l a r  to t h a t  d e -  
s c r i bed  b y  S t e r n  a n d  M a k r i d e s  (7) .  C y l i n d r i c a l  
e l ec t rodes  of a p p r o x i m a t e l y  4.5 cm 2 a r e a  w e r e  cut  
f r o m  99.9% A r m c o  i ron  rod.  The  open end  was  
p r o t e c t e d  f r o m  the  so lu t ion  b y  a Teflon p lug  w h i c h  
s c r e w e d  in to  t h e  e lec t rode .  E l ec t r i c a l  con tac t  w a s  
m a d e  t h r o u g h  a s tee l  rod  w h i c h  s c r e w e d  in to  t he  
o t h e r  end.  The  s tee l  rod  was  p r o t e c t e d  f r o m  the  so-  
l u t i on  b y  a Teflon g a s k e t  and  a glass  e l ec t rode  
ho lder .  

The  cons t an t  bo i l ing  HC1 (6.08N) was  p r e p a r e d  
w i t h  r e a g e n t  g r a d e  HC1 and  d i s t i l l ed  w a t e r ,  and  
pur i f i ed  b y  d i s t i l l a t ion .  

The  o rgan i c  m a t e r i a l s  w e r e  o b t a i n e d  f r o m  E a s t -  
m a n  Organ i c  Chemica l s  and  f r o m  Matheson ,  Co le -  
man,  and  Bell .  A l l  t he  p y r i d i n e  d e r i v a t i v e s  con -  
t a i n e d  s m a l l  a m o u n t s  of su l fu r  c o m p o u n d s  t h a t  
g r e a t l y  in f luenced  inh ib i t ion .  This  r e q u i r e s  a v e r y  
i m p o r t a n t  p r ecau t i on ,  t he  l ack  of  w h i c h  m a y  o b v i -  
a te  a c o n s i d e r a b l e  a m o u n t  of t he  i n f o r m a t i o n  now 
in t he  l i t e r a t u r e .  In  o r d e r  to r e m o v e  these,  as we l l  
as a l l  nonbas i c  o rgan ic  impur i t i e s ,  a l l  the  i n h i b i t o r s  
we re  t r e a t e d  in t he  fo l lowing  m a n n e r .  S t e a m  was  
pa s sed  t h r o u g h  a bo i l ing  m i x t u r e  of the  o rga n i c  
base  d i s so lved  in  1.2 e q u i v a l e n t s  of 22% su l fu r i c  
ac id  u n t i l  abou t  10% of the  base  h a d  been  r e m o v e d  
(6) .  A f t e r  cool ing,  t h e  ac id  so lu t ion  of t he  a m i n e  
was  t r e a t e d  w i t h  an  excess  of hot ,  c o n c e n t r a t e d  
N a O H  (9) .  The  l i b e r a t e d  o rgan ic  base  was  s e p a -  
r a t e d  and  d r i e d  ove r  sol id  s o d i u m  h y d r o x i d e .  A t  
th is  po in t  in the  pur i f i ca t ion  process  t h e  s e v e r a l  i n -  
h ib i t o r s  w e r e  t r e a t e d  d i f fe ren t ly ,  as  de t a i l ed  be low.  

(a)  P y r i d i n e :  The  d r y  base  was  r e f luxed  for  30 
min  in  t he  p r e s e n c e  of 1.5% KMnO4 (8) d i s t i l l ed ,  
and  a l l o w e d  to s t a n d  in  a bo t t l e  c o n t a i n i n g  i ron  
p o w d e r  ( a b o u t  4g /100g  of p y r i d i n e )  for  abou t  30 
hr .  Then  t h e  c o m p o u n d  was  r e d i s t i l l e d  out  of a f lask 
con ta in ing  f re sh  i r on  p o w d e r .  

(b )  2-  and  4 -P i co l i ne :  Each  d r y  base  was  d i s -  
t i l led ,  t r e a t e d  w i t h  i ron  p o w d e r ,  and  r e d i s t i l l e d  out  
of a f lask con ta in ing  f r e sh  i ron  p o w d e r .  

(c)  3 -P ico l ine :  To r e m o v e  t r ace s  of 4 -p i co l i ne  
a n d  2 ,6-1ut idine  400g of t he  d r y  base  was  r e f luxed  
w i t h  27g p h t h a l i c  a n h y d r i d e  a n d  30g ace t ic  a n h y -  
d r i d e  for  12 hr .  3 - P i c o l i n e  w a s  s e p a r a t e d  b y  add ing  
s o d i u m  h y d r o x i d e  a n d  s t e a m  d i s t i l l i ng  i t  ou t  of t he  
m i x t u r e .  T h e n  the  c o m p o u n d  was  d i s t i l l ed ,  t r e a t e d  
w i t h  i ron  p o w d e r ,  and  r ed i s t i l l ed .  

(d)  3,5-, 2,4-, and  2 ,6 -Lu t id ine ;  2 ,4 ,6-col l id ine :  
Each  d r y  base  was  d i s t i l l ed  and  t hen  c r y s t a l l i z e d  as 
the  h y d r o c h l o r i d e  out  of r e a g e n t  g r a d e  b e n z e n e  
us ing  d r y  HC1 gas. The  a m i n e  h y d r o c h l o r i d e s  w e r e  
tw ice  r e c r y s t a l l i z e d  out  of an  e t h a n o l - e t h e r  m i x -  
ture .  

A l l  d i s t i l l a t i ons  w e r e  c a r r i e d  out  in a P y r e x  f r a c -  
t i o n a t i n g  c o l u m n  h a v i n g  30 t h e o r e t i c a l  p la tes .  The  
t e m p e r a t u r e  cou ld  be  r e a d  to 0.2~ a n d  t h e  f r ac t i on  
of d i s t i l l a t e  used  in  the  e x p e r i m e n t s  h a d  a cons t an t  
bo i l ing  po in t  w i t h i n  th is  r ange .  

To d e t e r m i n e  the  effect of f u r t h e r  pur i f ica t ion ,  
p y r i d i n e  and  4 -p ico l ine ,  a f t e r  be ing  t r e a t e d  in t he  
m a n n e r  desc r ibed ,  w e r e  c r y s t a l l i z e d  as t he  h y d r o -  
c h l o r i d e  ou t  of r e a g e n t  g r a d e  be nz e ne  us ing  d r y  
HC1 gas. The  c rys t a l s  w e r e  w a s h e d  s e v e r a l  t imes  
w i t h  d r y  e t h e r  and  d r i e d  in a v a c u u m  des icca tor .  
This  las t  m e a s u r e  d id  n o t  change  t h e  i n h i b i t o r  
p r o p e r t i e s  of e i t he r  compound .  

Experimental 
Cor ros ion  r a t e s  w e r e  d e t e r m i n e d  b y  w i t h d r a w -  

ing  s a mp le s  of so lu t ion  f r o m  the  cel l  and  a n a l y z i n g  
t h e m  c o l o r i m e t r i c a l l y  for  i ron.  The  p o t e n t i a l  of t he  
i ron  e l e c t r o d e  w i t h  r e spe c t  to a s a t u r a t e d  c a lome l  
e l e c t r o d e  (SCE)  was  m e a s u r e d  w i t h  an  L&N S t u -  
den t  T y p e  p o t e n t i o m e t e r .  

The  i ron  e l ec t rodes  w e r e  po l i shed  success ive ly  
w i t h  1/0, 2/0,  and  4 /0  e m e r y  pape r ,  w a s h e d  w i t h  
Alconox ,  a n d  t h o r o u g h l y  r i n s e d  in d i s t i l l ed  w a t e r  
and  ace tone .  T h e y  w e r e  t h e n  p l a c e d  in  a Vycor  
tube ,  and  a n n e a l e d  in a h y d r o g e n  s t r e a m  at  630~ 
for  12 to 15 hr .  The  e l ec t rodes  w e r e  a l l o w e d  to cool 
u n d e r  h y d r o g e n ,  r e m o v e d  f r o m  the  fu rnace ,  and  
s to red  in  a de s i c c a to r  u n t i l  needed .  E l e c t rodes  
t r e a t e d  in  th is  w a y  w e r e  r e - u s e d  s e v e r a l  t imes  
s ince  t h e y  s h o w e d  no change  in t h e i r  co r ros ion  
p rope r t i e s .  Be fo re  each  e x p e r i m e n t  t h e  e l e c t r o d e  
a p p a r a t u s  was  a s sembled ,  p l aced  in a S o x l e t  e x -  
t r a c t o r  c on t a in ing  ace tone ,  and  d e g r e a s e d  o v e r -  
n ight .  Thus  some  ox ide  e x i s t e d  b u t  r e l a t i v e l y  l i t t le ,  
and  th is  d i s so lved  w i t h i n  the  first  f ew  m i n u t e s  of  
t h e  e x p e r i m e n t .  

The  cel l  is shown  in Fig .  1. Be fo re  each  e x p e r i -  
m e n t  i t  was  c l e a ne d  w i t h  sod ium d i c h r o m a t e - s u l -  
fu r ic  ac id  solu t ion ,  r insed ,  a n d  a l l o w e d  to l each  in 
d i s t i l l ed  w a t e r  for  12 to 14 hr.  A f t e r  th is  700 cc of 
t he  HC1 so lu t ion  was  p o u r e d  into  t he  cell ,  w h i c h  
was  t hen  p l a c e d  in  a w a t e r  b a t h  m a i n t a i n e d  at  35 ~ 
--+ 0.1~ G r a d e  A h e l i u m  (99.997% p u r e )  f lowed 
t h r o u g h  the  so lu t ion  c o n t i n u o u s l y  to m a i n t a i n  an 
i n e r t  a t m o s p h e r e .  I t  also p r o v i d e d  mi ld  a g i t a t i o n  as 
we l l  as  p r e s s u r e  for  w i t h d r a w i n g  samples .  A f t e r  
a b o u t  30 min  the  e l ec t rode  a s s e m b l y  was  r e m o v e d  
f r o m  the  d e g r e a s e r  and  i n s e r t e d  in to  t he  cell .  A f t e r  
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Fig. 1. Corrosion cell 
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Fig. 3. Uninhibited rate curve in 6.08N HCI at 35~ 

150 m i n  the  corrosion ra te  and  corrosion po ten t i a l  
had  become constant ,  and  samples  were  w i t h d r a w n  
by  forc ing so lu t ion  out  t h rough  a cap i l l a ry  tube.  
The sample  vo lume  was 8 cc. The cell v o l u m e  was  
lowered  abou t  10% by  r e m o v i n g  samples  d u r i n g  a 
run .  Samples  were  t a k e n  every  10 ra in  for I h r  to 
es tab l i sh  the  u n i n h i b i t e d  rate.  A p p r o x i m a t e l y  15 
sec were  r e q u i r e d  to take  a sample.  

Af te r  the  u n i n h i b i t e d  ra te  was  es tabl ished,  an  
HC1 so lu t ion  of the  a m i n e  hydroch lo r ide  was  added 
to the cell t h rough  the  gas out le t  wi th  a hypode rmic  
syr inge .  I m m e d i a t e l y  the rea f t e r  the  po t en t i a l  was  
m e a s u r e d  at  1 m i n  i n t e rva l s  u n t i l  i t  h ad  become 
constant .  Af te r  1 hr,  samples  were  t a k e n  at  r egu la r  
i n t e rva l s  to es tabl ish  the  i nh ib i t ed  rate.  Stock 
a m i n e  hydroch lo r ide  solut ions  were  made  up  to 
a p p r o x i m a t e l y  1N in  HCI. The  h y d r o g e n  ion concen-  
t r a t ion  in  the  cell was n e v e r  lowered  more  t h a n  3 % 
by  add i t ion  of i nh ib i t o r  solut ion.  

The samples  were  ana lyzed  us ing  the  m e r c a p t o -  
acetic acid me thod  for i ron.  The  pe r cen t  t r a n s m i t -  
t ance  of each sample,  as d e t e r m i n e d  on a Bausch  
& Lomb Spect ronic  20 color imeter  at  a w a v e l e n g t h  
of 525 m~, was  compared  to a s t a n d a r d  L a m b e r t -  
Beer  l aw curve  to d e t e r m i n e  the  i ron  concen t ra t ion .  
The  presence  of inh ib i to r s  in  concen t ra t ions  used 
here  had  no effect on the  analysis .  

The  me thod  descr ibed he re  y ie lds  more  r e p r o -  
ducib le  va lues  for the r e l a t ive  r a t e  t h a n  wou ld  be 
ob ta ined  by  s imply  i m m e r s i n g  the  electrode in  the 
so lu t ion  con ta in ing  the  inh ib i tor ,  m e a s u r i n g  the  i n -  

I 480 

~) 120 

lie X t'~ IO0 

~ 7o 

Z 60 
0 
i~ 50 

~ 4o 
o"j 30 
W 
N ao 

O 
120 

150 

I I I I i I I i 
,so zoo 240 zoo ~zo 3so 400 4,*0 

TIME IN MINUTES 
Fig. 2. Typical rate curve in 6.08N HCI at 35~ 

i i l 
0.05 0.1 0.15 

CONCENTRATION IN MOLES/LITER 

140 
130 

~ 120 
X IiO 

~ ,o 
~ 8o 
~" 7o 

~ . o  

~ 5o 

o~ 

Vol. 110, No. 6 

400 

hib i t ed  rate,  and  compar ing  it  to an  ave rage  u n i n -  
h ib i t ed  rate.  In  the  p re sen t  me thod  the  u n i n h i b i t e d  
ra t e  was  a lways  d e t e r m i n e d  first; therefore ,  u n c e r -  
t a in t ies  due to differences in  ra tes  b e t w e e n  i n d i -  
v i d u a l  e lectrodes were  e l imina ted .  Elect rodes  d i f -  
f e r ing  in  in i t i a l  ra tes  by  as m u c h  as 12% wou ld  
y ie ld  the  same re la t ive  i nh ib i t ed  rate.  For  the  same 
reason  the  po t e n t i a l  shift  was  r ep roduc ib le  to  __ 1 
my,  wh i l e  the  corrosion po ten t i a l  was r ep roduc ib le  
to on ly  _ 5 my.  

Results  

Resul ts  of a typ ica l  r u n  are g iven  in  Fig. 2. The 
por t ion  of g rea te r  slope r ep re sen t s  u n i n h i b i t e d  cor-  
rosion. The  a r row m a r k s  the  t ime  at which  the  i n -  
h ib i to r  was  added. F igu re  3 gives the  ra te  curve  in  
u n i n h i b i t e d  6.08N HC1 at 35~ The  ra te  became  
cons t an t  a f ter  abou t  90 ra in  and  r e m a i n e d  so for 
at least  600 rain,  the longest  t ime  the  u n i n h i b i t e d  
ra te  was  fol lowed.  The ra te  was  4.3 x 10 -5 m o l e s /  
cm 2 h r  wi th  an  ave rage  dev ia t ion  of 4%. Dev ia -  
t ions  as h igh  as 12% were  observed  in  a few cases. 

The  s teady-s ta te ,  un inh ib i t ed ,  corrosion po ten t i a l  
vs. SCE was --0.461 -- 0.005v. The  u n i n h i b i t e d  cor-  
ros ion  ra te  a nd  the  po ten t i a l  reached  the i r  s teady 
va lues  at  a p p r o x i m a t e l y  the  same t ime. U p o n  addi -  
t ion  of inh ib i tor ,  the  po ten t i a l  shif ted r a p i d l y  in  the  
cathodic direct ion,  r each ing  a s teady  va lue  w i t h i n  
2 or 3 rain.  However ,  the  shif t  was  80% or more  
comple te  in  2 sec. 
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Fig. 4. Effect of inhibitor concentration on relative inhibitor 
efficiency, 0, with 2,6-1utidine. 
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The re la t ive  i nh ib i t o r  efficiency, 8, is def ined here  
a s  

?- _ r i 

r 

where  r is the  u n i n h i b i t e d  ra te  and  ri is the  i n -  
h ib i t ed  rate.  F igu re  4 shows the  va r i a t i on  of 8 wi th  
concen t r a t i on  of 2,6-1utidine. Data  for all  the  com-  
pounds  are shown in  Tab le  I. The cathodic p o t e n -  
t ia l  shift,  AE, is the  difference in  the  s teady  state  
corrosion po ten t i a l  before  a n d  af ter  add i t ion  of 
the  inhib i tor .  Al l  po ten t i a l  shif t  da ta  are l is ted in  
Tab le  II. 

Effect of HC1 concentration.--To d e t e r m i n e  the  
effect of lower  acid s t rength ,  r u n s  were  made  in 
2.0N HC1 at  35~ The  compounds  inves t iga ted  
were  p y r i d i n e  and  coll idine.  The i nh ib i t o r  concen-  
t r a t i on  was  0.1M, and  ju s t  as w i th  the more  con-  
cen t r a t ed  acid, the  i nh ib i t ed  s teady  s ta te  po ten t i a l  
shifts to w i t h i n  a mi l l ivo l t  or two of its final va lue  
w i t h i n  2 sec af ter  the  add i t ion  of inhib i tor .  A com- 
par i son  of the  corrosion p a r a m e t e r s  in  2.0N and  
6.08N HC1 is shown  in  Tab le  III. 

E~ect of temperature.--To d e t e r m i n e  the effect of 
inc reas ing  t empe ra tu r e ,  r u n s  were  made  in  6.08N 
HC1 at 45 ~ The compounds  inves t iga ted  were  p y r i -  
d ine  and  2,4-1utidine. The i nh ib i t o r  concen t r a t i on  
was 0.1M. A compar i son  of these resu l t s  w i th  those 
at  35~ is shown  in  Tab le  IV. 

To d e t e r m i n e  the effect of a la rge  t e m p e r a t u r e  
increase,  i nh ib i t i on  tests were  car r ied  out on 2,4- 
l u t id ine  in  bo i l ing  6.08N HC1. These  107~ r u n s  
were  made  in  a 500 ml  flask equ ipped  wi th  a ref lux 
condenser .  R e c t a n g u l a r  shaped spec imens  of 1.8 
cm ~ a p p a r e n t  area  were  cut  f rom Armco  i ron  sheet. 
They  were  pol ished wi th  1/0 e m e r y  paper ,  r insed  
w i t h  water ,  dried,  weighed,  and  s tored in  acetone. 
Before each run ,  250 ml  of 6.08N HC1 was poured  
into the flask and  ref luxed for 10 min .  To s tar t  a 

Table III. Comparison of corrosion parameters 

HC1 concentrat ion 6.08N 2.0N 
Rate, mole /cm 2 hr  4.3 X 10 -5 5.5 X 10 -6 

Potent ial  vs. SEC, v --0.461 --0.496 
for pyr id ine  0.31 0.33 

~E for pyridine,  mv 5 11 
e for collidine 0.43 0.45 
AE for collidine, mv 12 17 

Table IV. Comparison of temperature effect 

Temperature  35 ~ C 45 ~ C 
Rate, mole /cm 2 hr 4.3 X 10 -5 7.7 >< 10 -5 

Potent ial  vs. SCE, v --0.461 --0.469 
0 for pyr id ine  0.31 0.30 
hE for pyridine,  mv 5 4 
e for 2,4-1utidine 0.41 0.42 
AE for 2,4-1utidine, mv 10 10 

r u n  the condenser  was  removed ,  an  i ron  spec imen  
dropped  into the  flask, a nd  the  condense r  replaced.  
The d u r a t i o n  of the  test  was  4 rain. A r u n  was t e r -  
m i n a t e d  by  r e m o v i n g  the  condense r  a nd  pour ing  the  
solut ion and  spec imen  in to  a la rge  beake r  of cold 
water .  The re la t ive  i nh ib i t o r  efficiency at  an  i n -  
h ib i to r  concen t r a t i on  of 0.1M ca lcula ted  f rom 
weight  loss m e a s u r e m e n t s  was  0.42. 

E~ect of purification.--Other e xpe r i me n t s  were  
pe r fo rmed  in  6.08N HC1 at 35~ wi th  the  same 
group of organic  compounds  pur i f ied on ly  by  dis t i l -  
la t ion.  Values of 8 d e t e r m i n e d  f rom these expe r i -  
me n t s  at 0.15M are compared  wi th  the  va lues  of 
the pur i f ied compounds  in  Table  V. The re la t ive  
i nh ib i t o r  efficiencies in  these  e xpe r i me n t s  were  r e -  
p roduc ib le  to a l i t t le  be t t e r  t h a n  -- 0.02. Also, in  
gene ra l  all  po ten t i a l  shifts  were  smal l  and  wi th  the  
except ion  of pyr id ine ,  col l idine,  a nd  2,6-1utidine 
were  anodic.  Af te r  an  in i t i a l  cathodic surge,  the 
po ten t i a l  s lowly  dr i f ted  in  the  anodic  d i rec t ion  for 
5 to 10 rain af ter  add i t ion  of the  inh ib i tor .  

Table I. Relative inhibitor efficiency 

I n h i b i t o r  0 .01M 0,05M 0.1M 0.15M 

Pyr id ine  0.05 0.18 0.31 0.36 
3-Picoline 0.07 0.23 0.33 0.40 
2-Picoline 0.08 0.26 0.36 0.44 
4-Picoline 0.09 0.26 0.37 0.44 
3,5-Lutidine 0.09 0.27 0.37 0.44 
2,6-Lutidine 0.10 0.30 0.40 0.46 
2,4-Lutidine 0.10 0.30 0.41 0.46 
2,4,6-Collidine 0.12 0.32 0.43 0.48 

Reproducibil i ty : _021  

Discussion and Results 

The re la t ive  i nh ib i t o r  efficiency and  cathodic po-  
t en t i a l  shift  inc reased  w i th  c onc e n t r a t i on  for all  
e ight  mater ia l s .  The ra te  of increase  d ropped  off 
w i th  inc reas ing  concen t ra t ion .  The  r a p i d  a t t a i n -  
m e n t  of s teady po ten t i a l  suggests  tha t  the  in i t i a l  
adsorp t ion  invo lves  the p ro tona t ed  species. F ree  
a mi ne  adsorp t ion  m a y  also be t ak ing  place, bu t  if 
this  were  the on ly  species be ing  adsorbed,  a longer  
t ime  lag for diffusion wou ld  be expected.  The total  
n u m b e r  of molecules  of f ree p y r i d i n e  t ha t  would  
have  t ime  to diffuse to the  surface  a m o u n t s  on ly  to 
about  0.04% of a m o n o l a y e r  based on a diffusion 

Table II. Cathodic potential shift in mv Table V. Effect of purification on relative inhibitor efficiency 

I n h i b i t o r  D i s t i l l e d  P u r i f i e d  
Inhibitor O.01M O.05M 0.1M O.15M 

Pyr id ine  1 2 5 6 
3-Picoline 1 2 6 6 
2-Picoline 1 4 6 7 
4-Pico]ine 1 4 6 8 
3,5-Lutidine 1 6 9 11 
2,6-Lutidine 2 7 10 12 
2,4-Lutidine 2 6 I0 13 
2,4,6-Collidine 2 8 12 16 

Reproducibility ~ • my 

Pyr id ine  0.48 0.36 
3-Picoline 0.58 0.40 
2-Picoline 0.74 0.44 
4-Picoline 0.74 0.44 
3,5-Lutidine 0.78 0.44 
2,4-Lutidine 0.80 0.46 
2,6-Lutidine 0.56 0.46 
2,4,6-Collidine 0.62 0.48 
Reproducibil i ty ___0.02 _0.01 
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Table Yl. Molecular areas, A 2, and relative inhibitor 
efficiencies at 0.15M (see text) 

C O R R O S I O N  I N H I B I T I O N  I N  HC1 

I n h i b i t o r  0 Az  A2 ~ '  As 

Pyr id ine  0.36 30 37 37 37 
3-Picol ine 0,40 60 49 49  68 
2-Picol ine  0.44 60 49 49  68 
4-Picoline 0.44 30 ~ 41 49 68 
3,5-Lutidine 0.44 60 58 58 68 
2,6-Lutidine 0.46 60 58 58 68 
2,4-Lutidine 0.46 60 58 58 68 
2,4,6-Collidine 0.48 60 68 68 68 

coefficient  of 2 • 10 -5 cm2/sec  a n d  an  effect ive  
b o u n d a r y  l a y e r  t h i cknes s  of 0.005 cm. 

Effect of molecular a r e a . J I n  T a b l e  VI  a p p r o x i -  
m a t e  m o l e c u l a r  a r e a s  a r e  c o m p a r e d  w i t h  v a l u e s  of 

a t  a m i n e  c o n c e n t r a t i o n s  of 0.15M. T h e  a reas  w e r e  
c a l c u l a t e d  f r o m  S t u a r t  a n d  B r i e g l e b  a t o m  models .  
A~ is t he  p r o j e c t e d  a r e a  w i t h  t he  r i n g  s t r u c t u r e  
o r i e n t e d  p e r p e n d i c u l a r  to t he  p l a n e  of t h e  m e t a l  
su r f ace  w i t h  f r ee  r o t a t i o n  a l l o w e d  (1) .  As a n d  Aa 
a re  a r e a s  b a s e d  on r i ng  o r i e n t a t i o n  p a r a l l e l  to t h e  
surface .  The  a r e a  of t h e  s m a l l e s t  poss ib le  c i rc le  
con t a in ing  the  m o l e c u l e  is Af, t h e  ca t ion  o r i e n t e d  
the  s a m e  w a y  g ives  Ae'. A3 is t h e  c i r c u l a r  a r e a  w i t h  
t he  r i ng  o r i e n t e d  p a r a l l e l  to t he  su r f ace  a n d  a l l o w -  
ing  f ree  r o t a t i o n  a b o u t  t he  cen t e r  of t he  r ing .  

Which ,  i f  any ,  of t he se  o r i e n t a t i o n s  is  co r r ec t  
canno t  be  d e d u c e d  f r o m  these  da ta .  A l t h o u g h  poor ,  
t he  p a r a l l e l  o r i e n t a t i o n  offers the  b e s t  c o r r e l a t i o n  
b e t w e e n  a r e a  a n d  i n h i b i t o r  efficiency. F o r  th is  t y p e  
of o r i e n t a t i o n  w h e t h e r  the  ca t ion  or  t he  f r ee  a m i n e  
is i nvo lved ,  ~r i n t e r a c t i o n  w o u l d  h a v e  to be  s t r o n g e r  
t h a n  e l ec t ro s t a t i c  o r  c h a r g e  t r a n s f e r  i n t e rac t ions .  
H o w e v e r ,  i t  is diff icul t  to u n d e r s t a n d  w h y  the  
s t r o n g e r  t y p e  of i n t e r a c t i o n  in  p y r i d i n e  w o u l d  in -  
v o l v e  ~r b o n d i n g  w h e n  mos t  s a t u r a t e d  a m i n e s  of 
c o m p a r a b l e  size and  so lub i l i t y  a r e  b e t t e r  i n h i b i -  
to t s .  None  of the  a r e a  se ts  is a s ing le  v a l u e d  f u n c -  
t ion  of t he  r e l a t i v e  i n h i b i t o r  efficiency. P e r h a p s  a l l  
o r i en t a t i ons  a r e  incor rec t .  H o w e v e r ,  i t  is diff icult  to 
i m a g i n e  a n y  o r i e n t a t i o n  w h e r e  t h e  a r e a  of 3,5- 
l u t i d i n e  w o u l d  be  e q u a l  to t h a t  of 4 -p i co l i ne  w h i l e  
t he  a r e a  of 4 - p i c o l i n e  w o u l d  be  g r e a t e r  t h a n  t h a t  of 
3 -p ico l ine .  I t  is conc luded  t h a t  as f a r  as  d i f fe rences  
in i nh ib i t i on  p r o p e r t i e s  in  th i s  ser ies  of c o m p o u n d s  
a r e  conce rned ,  d i f fe rences  in a r e a  a r e  no t  of f irst  
o r d e r  i m p o r t a n c e .  
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Effect of me thy l  subst i tu t ion.- -To show h o w  
m e t h y l  s u b s t i t u t i o n  inc reases  inh ib i t ion ,  t he  r a t io  
of t he  i n h i b i t e d  r a t e  to t h e  i n h i b i t e d  r a t e  w i t h  

1 - - 0  
p y r i d i n e ,  1 - - 0  p y r i d i n e '  is p l o t t e d  as a func t ion  of 

the  n u m b e r  of s u b s t i t u t e d  m e t h y l  g roups  in  Fig .  5. 
I t  is seen  t ha t  i nh ib i t i on  inc reases  w i th  t h e  n u m b e r  
of m e t h y l  groups .  Also  m e t h y l  s u b s t i t u t i o n  o r tho  or  
p a r a  to t he  n i t r o g e n  i nc r ea se s  i nh ib i t i on  m o r e  t h a n  
does  m e t a  subs t i t u t i on .  The  d a t a  a t  0.01M a r e  no t  
i n c l u d e d  due  to the  fac t  t h a t  a t  l o w  i n h i b i t o r  con-  
c e n t r a t i o n s  t he  8 v a l u e s  a r e  n e a r  zero.  T h e  s ame  
t r e n d  is p r e sen t ,  b u t  in  mos t  cases  d i f fe rences  in  i n -  
h i b i t i o n  a r e  in s ide  t he  e r r o r  l imi t s .  

The  effect  of r e s o n a n c e  is p y r i d i n e  is to c o ncen -  
t r a t e  c h a r g e  at  t he  n i t r o g e n  a tom,  l a r g e l y  a t  t h e  e x -  
p e n s e  of t he  2 and  4 pos i t ions  on t h e  r ing .  A s u b -  
s t i t u t e d  m e t h y l  g roup  at  t h e  2 or  4 pos i t i on  w o u l d  
d o n a t e  c h a r g e  t h r o u g h  h y p e r c o n j u g a t i o n  a n d  b y  
the  i n d u c t i v e  effect. A m e t h y l  g r o u p  s u b s t i t u t e d  a t  
the  3 pos i t i on  w o u l d  d o n a t e  cha rge  i n d u c t i v e l y ,  bu t  
shou ld  no t  i n c r e a s e  t h e  e l e c t r o n  d e n s i t y  a t  t he  
n i t r o g e n  a t o m  as m u c h  as does  a 2 or  4 subs t i tu t ion .  
S e v e r a l  of t he  c o m p o u n d s  a r e  a r r a n g e d  in o r d e r  of 
i nc r e a s ing  n i t r o g e n  a t o m  e l e c t r o n  d e n s i t y :  

p y r i d i n e  < 3 -p i c o l i ne  < 2 - p i c o l i n e  = 4 - p i c o l i n e  
This  is also t h e  o r d e r  of  r e l a t i v e  i n h i b i t o r  efficiencies 
and  sugges t s  a r e l a t i o n s h i p  b e t w e e n  e l e c t r o n  d e n s -  
i ty  a t  t he  n i t r o g e n  a n d  inh ib i t ion .  

I t  is g e n e r a l l y  b e l i e v e d  t h a t  in  t h e s e  c o m p o u n d s  
the  e l e c t r o n  r e l e a s e d  d u r i n g  the  f irst  i on iza t ion  is 
one of t h e  " lone  p a i r "  e l ec t rons  (10) .  The re fo re ,  
d i f fe rences  in  i on iza t ion  po t e n t i a l ,  I,  s h o u l d  be  a 
m e a s u r e  of d i f fe rences  in  cha rge  d e n s i t y  a t  t he  n i -  
t rogen .  N a k a j i m a  a n d  P u l l m a n  (11) c a l c u l a t e d  
va lue s  of I for  s e v e n  of t h e  e igh t  c o m p o u n d s  in -  
v e s t i g a t e d  in  t hese  e x p e r i m e n t s .  A p lo t  of 8 vs. I at  
a m i n e  c o n c e n t r a t i o n s  of 0.05, 0.10, a n d  0.15M is 
shown  in Fig.  6. 0 inc reases  as  I decreases .  This  
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Fig. 6. Variation of inhibitive power, #, with ionization potential. 
1, Pyridine; 2, 3-picoline; 3, 2-picoline; 4, 4-picoline; 5, 2,6-1utidine; 
6, 2,4-1utidine; 7, 2,4,6-collidine. 
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fact, combined wi th  the  apparen t  lack of an area  
effect, points  c lear ly  to the par t ic ipa t ion  of the  f ree  
amine in the inhibi t ion process. If the free amine 
were  not  involved,  one would not  expect  any  cor-  
re la t ion be tween inhibi t ion and the resonance ef-  
fects descr ibed above. Since the f ree  amine would 
p robab ly  not  have  t ime to diffuse to the e lect rode 
surface wi thout  being protonated,  it  must  be as-  
sumed tha t  the chemisorbed f ree  amine is genera ted  
f rom the  cation at the meta l  surface. This genera-  
t ion process could occur most easi ly if the adsorbed 
py r id in ium ions are  or iented wi th  the  r ing pe r pe n -  
d icular  to the surface  wi th  the  N nex t  to the metal.  
The zpc for iron is genera l ly  be l ieved to lie about  
0.25v posi t ive  to the observed corrosion poten t ia l  
(6).  If  this  is the case cations would  be p re fe ren -  
t ia l ly  adsorbed and the above type  of or ienta t ion 
would be most l ikely.  

Going on the assumpt ion tha t  the f ree  amine is 
chemisorbed and impor tan t  in inhibit ion,  the  in-  
crease in inhibi t ion wi th  n i t rogen a tom electron 
densi ty  may  be due to one or both  of the fol lowing 
effects: (a)  an increase in the number  of chemi-  
sorbed molecules, (b)  an increase in the abi l i ty  of 
chemisorbed molecules to inhibi t  corrosion. The 
first describes inhibi t ion in terms of a molecule 's  
chemisorpt ion "constant"  and the second in terms 
of the molecule 's  ab i l i ty  to inhibi t  corrosion once it 
has been adsorbed.  That  is, the second separa tes  
adsorpt ion  and inhibit ion.  Due to a lack of knowl -  
edge of actual  surface coverage i t  can be s ta ted  only 
tha t  at a constant  bu lk  concentra t ion of inhibi tor ,  
inhibi t ion and perhaps  adsorption,  is increased by  
an increase  in the electron dens i ty  at  the ni t rogen 
atom. 

Other e~ec ts . - -The  fact  tha t  AE is cathodic indi -  
cates tha t  the anodic react ion is inhibi ted  more than  
the cathodic reaction.  However,  both react ions are 
sure ly  affected, because AE is small  among other 
reasons. F r o m  Tables I and II  it  is seen tha t  in gen-  
era l  AE increases wi th  8. However  no quant i t a t ive  
re la t ion  be tween 0 and AE was found. 

Values of both 0 and ~E were  s l ight ly  grea te r  in 
2.0N than  in 6.08N. This resul t  could be due to an 
increase in ava i l ab i l i ty  of free amine, keeping  in 
mind a lways  the role  of the surface in the genera l  
equi l ibr ia  and thus to an increase in the number  of 
chemisorbed molecules. 

Tempera tu re  had l i t t le  effect over the 10 ~ range,  
suggest ive more  of chemisorpt ion than of phys ica l  
adsorption.  The va lue  of 0 for 2,4-1utidine at 107~ 
was sti l l  appreciable ,  a l though it must  be  r e m e m -  
bered that  a different  type  of exper iment  was used. 
However,  i t  is impor t an t  to note tha t  inhibi t ion is 
st i l l  pronounced at 107~ This is fu r the r  evidence 
for the existence of chemisorption.  

E~ject of impur i t ies . - - In  every  case the com- 
pounds purif ied only by  dis t i l la t ion were  consider-  
ab ly  be t te r  inhibi tors  than  the corresponding com- 
pounds subjected to extensive purification. Some of 
the compounds purif ied only by  dis t i l la t ion deve l -  
oped a sl ight  color if a l lowed to s tand for severa l  
days or developed color when dissolved in HC1. 
Nei ther  effect occurred wi th  the  ex tens ive ly  p u r i -  
fied compounds, even af ter  severa l  months.  

The impur i t ies  contained in pyr id ine  are dis-  
cussed in deta i l  by  Coulson and Di tcham (8).  They 
found that  the  major  impur i t y  was t e t r ahyd ro th io -  
phen in concentrat ions va ry ing  f rom 0.06% in tech-  
nical  grade  to less than  0.005% in the  pures t  r e -  
agent  grade. Al l  of the compounds s tudied come 
from coal tar ,  and it is qui te  l ike ly  tha t  the sul fur  
contaminants  in all  the compounds s tudied are  also 
th iophene der ivat ives .  Other  workers  have  found 
tha t  these contaminants  cannot  be complete ly  re -  
moved by  dis t i l la t ion (14). Te t rahydro th iophen  
was found in this l abora to ry  to be an effective cor-  
rosive inhibi tor  at  low concentra t ion (15). 

In order  to see how the addi t ion of th iophene 
affects the system, the  fol lowing exper imen t  was 
performed.  A run  was made  in 6.08N HC1 at 35~ 
in the usual  way. Af te r  the  es tabl ishment  of the un -  
inhibi ted rate,  the inhibi ted  ra te  in the  presence of 
4-picoline,  and the cathodic potent ia l  shift, enough 
thiophene was added to the  cell to make  up a con- 
centra t ion of 0.019M. This caused the  potent ia l  
to shift  about  7 mv anodic to the  uninhib i ted  cor-  
rosion po ten t ia l  and increased  the value  of 0 f rom 
0.45 to 0.69. The t rue  th iophene concentra t ion was 
considerably  less than  0.019M since drops of th io-  
phene  were  detected floating on the surface. Thio-  
phene is not necessar i ly  the pa r t i cu la r  contaminant  
in 4-picoline tha t  causes g rea te r  inhibi t ion but  the 
contaminant  is p robab ly  a th iophene der ivat ive.  

Conclusion 
It  appears  that  the Hackerman  and Makr ides '  

inhibi t ion mechanism is the most appl icable  to 
these results  (4, 13). The fol lowing two step mech-  
anism of the inhibi t ion process is postulated.  

1. Diffusion of the cation to the surface where  it 
is weak ly  adsorbed.  

2. A t rans format ion  of the weak ly  adsorbed 
cation to the s t rongly  adsorbed free amine. An 
equi l ibr ium is r ap id ly  set up at the surface 
be tween these species. 

Inhibi t ion through chemisorpt ion occurs e i ther  
because of s tabi l izat ion of the iron a tom in the sur -  
face lattice,  complex ion format ion  in situ, or by 
the ar res t  of emergent  fer rous  ions. 

Whether  the cation or free amine is most impor t -  
ant  in inhibi t ion cannot be sure ly  stated, but  ad-  
sorpt ion of the neut ra l  species accounts for the di f -  
ferences observed in inhibi t ion and for the cathodic 
potent ia l  shift. 
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ABSTRACT 

The kinet ics  of dissolut ion of semiconductors  as a funct ion of poin t  defects  
in t roduced  by  va ry ing  the s to ichiometry  a n d / o r  by  doping addi t ions have  
been  studied. Exper imen t s  on two ionic semiconductors ,  l ead  sulfide and zinc 
oxide, a re  described.  Unde r  condit ions involv ing  a r e l a t i ve ly  large  change 
in the oxidat ion  states of the  const i tuents  in the  sol id- l iquid  reaction,  the  
kinet ics  have  been  shown to va ry  m a r k e d l y  wi th  point  defect  concentrat ion.  

In  t he  case  of h e t e r o g e n e o u s  r e a c t i o n s  b e t w e e n  a 
gas  and  a solid,  t he  ro le  of po in t  de fec t s  has  been  
d e m o n s t r a t e d  e spec i a l l y  in  the  o x i d a t i o n  of m e t a l s  
and  also in  c a t a l y t i c  r eac t i ons  (1, 2) .  The  ro le  of l i ne  
defec t s  has  also been  s t u d i e d  (3) .  I n  t he  case  of 
r eac t ions  b e t w e e n  l iqu ids  and  solids,  spec i f ica l ly  
d i s so lu t ion  processes ,  m u c h  r e s e a r c h  has  been  d e -  
v o t e d  to an  u n d e r s t a n d i n g  of the  ro l e  of d i s loca t ions  
in  t he  f o r m a t i o n  of e tch  pi ts .  H o w e v e r ,  as ide  f r o m  
the  w o r k  of Enge l l  and  c o - w o r k e r s  (4)  on the  d i sso-  
lu t ion  of  w i i s t i t e  as a func t ion  of o x i d a t i o n  or  r e d u c -  
t ion  p o t e n t i a l  and  the  s tud ies  of C r e t e l l a  and  Ga tos  
(5)  and  D e w a l d  a n d  T u r n e r  (6)  on t h e  d i s so lu t ion  
of g e r m a n i u m ,  l i t t l e  w o r k  has  b e e n  c a r r i e d  out  on 
the  k ine t i c s  of d i s so lu t ion  of s e m i c o n d u c t o r s  con-  
t a i n ing  w e l l - d e f i n e d  c o n c e n t r a t i o n s  of  po in t  de fec t s  
(7 ) .  These  t y p e s  of d a t a  a r e  n e e d e d  for  bo th  p r a c -  
t i ca l  a n d  t h e o r e t i c a l  purposes .  I t  is t he  p u r p o s e  of 
th is  p a p e r  to r e p o r t  i n i t i a l  r e su l t s  of such  a s t u d y  
w h i c h  d e m o n s t r a t e s  tha t ,  in  c e r t a i n  cases,  t he  p r e s -  
ence of p o i n t  de fec t s  has  a s t r i k i n g  inf luence  on the  
r a t e  of l i q u i d - s o l i d  reac t ions .  

Two v e r y  d i f fe ren t  sys t ems  w e r e  chosen  for  th is  
s t u d y  in o r d e r  to t es t  t he  g e n e r a l i t y  of t he  effect. 
These  w e r e  t he  d i s so lu t ion  of l e a d  sulf ide  in  concen -  
t r a t e d  n i t r i c  ac id  and  in  aqueous  h y d r o c h l o r i c  ac id  
and  the  d i s so lu t ion  of zinc ox ide  in  aqueous  h y d r o -  
ch lor ic  acid.  L e a d  sulfide,  an  a m p h o t e r i c  s e m i c o n -  
duc to r ,  was  i n v e s t i g a t e d  as a func t ion  of s to i ch i -  
o m e t r y  a n d  as a func t ion  of dop ing  add i t ions ,  s i l ve r  
sulf ide (Ag2S) and  b i s m u t h  sulf ide  (Bi2Ss).  Zinc  

1 Present  address: Edgar  C. B a i n  L a b o r a t o r y  f o r  F u n d a m e n t a l  R e -  
s ea r ch ,  U n i t e d  States  S tee l  Corporation Research  Center,  Monroe -  
vil le,  P e n n s y l v a n i a .  

Present  address:  D e p a r t m e n t  of Materials  Sc ience ,  N o r t h w e s t e r n  
Univers i ty ,  E v a n s t o n ,  I l l ino i s .  

oxide ,  p u r e  a n d  d o p e d  w i t h  e i t h e r  a l u m i n u m  ox ide  
(A120~) or  w i t h  l i t h i u m  ox ide  ( L i 2 0 ) ,  was  also i n -  
ves t i ga t ed .  In  add i t ion ,  an  a t t e m p t  w a s  m a d e  to 
s t u d y  the  d i s so lu t ion  of p u r e  a n d  d o p e d  n i c k e l  oxide ,  
b u t  t he  e x p e r i m e n t s  w e r e  unsucces s fu l  b e c a u s e  t he  
r a t e  of r e a c t i o n  was  qu i t e  s low and  the  r e a c t i o n  was  
diff icult  to fo l low in t he  a p p a r a t u s  e m p l o y e d .  

Experimental 
L e a d  sulf ide was  p r e p a r e d  b y  s l o w l y  h e a t i n g  an  

e v a c u a t e d  t u b e  con ta in ing  l e ad  a n d  su l fu r  (bo th  of 
99.999 + p u r i t y )  to 400~ w h e r e  i t  w a s  he ld  for  
a p p r o x i m a t e l y  one week .  B i s m u t h  sulf ide a n d  s i lve r  
sulf ide  w e r e  s y n t h e s i z e d  in  a s i m i l a r  m a n n e r .  F r o m  
this  m a t e r i a l ,  s ing le  c rys t a l s  of  p u r e  l e a d  sulf ide,  or  
l e a d  sulf ide  to w h i c h  a p p r o p r i a t e  a m o u n t s  of  e i t he r  
b i s m u t h  sulf ide or  s i lve r  sulf ide  h a d  b e e n  added ,  
w e r e  g r o w n  b y  t h e  B r i d g m a n  t e c h n i q u e  u t i l i z ing  
e v a c u a t e d  q u a r t z  t u b e s  as c ruc ib l e s  a n d  a l o w e r i n g  
r a t e  of a p p r o x i m a t e l y  1 iph.  

The  s ingle  c r y s t a l s  so o b t a i n e d  w e r e  c l e a v e d  in to  
s m a l l e r  sec t ions  a n d  w e r e  t h e n  e q u i l i b r a t e d  u n d e r  
k n o w n  p a r t i a l  p r e s s u r e s  of su l fu r  b y  m e t h o d s  d e -  
s c r i be d  e l s e w h e r e  (8 ) .  The  d a t a  of B loem and  co-  
w o r k e r s  (9)  w e r e  e m p l o y e d  d i r e c t l y  for  t he  su l fu r  
p r e s su re s .  Cond i t ions  u n d e r  w h i c h  the  c rys t a l s  w e r e  
a n n e a l e d  a r e  t a b u l a t e d  in  T a b l e  I. 

The  a n n e a l e d  s ingle  c r y s t a l s  w e r e  c l e a v e d  a long  
t h e i r  n a t u r a l  c l e a v a g e  p lanes ,  t he  [100] p lanes .  A n y  
g r i n d i n g  n e c e s s a r y  to o b t a i n  r e c t a n g u l a r  spec imens  
was  p e r f o r m e d  at  th is  t i m e  on n u m b e r  4 /0  m e t a l l o -  
g r a p h i c  pape r .  I t  shou ld  be  r e m a r k e d  t h a t  d i s so lu -  
t ion  m a y  be  a func t ion  of c r y s t a l  o r i en ta t ion .  The  
c o l d - w o r k e d  l a y e r s  w e r e  r e m o v e d  b y  d i s so lu t ion  
in  c o n c e n t r a t e d  n i t r i c  ac id  at  r o o m  t e m p e r a t u r e .  The  
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Table I. Dissolution of lead sulfide single crystals in acid solutions 

Pre- Cro~- 
Equil. Temp, ~ dominant sectional Dissolution 

Sample ]No. PbS S res. carrier area, cm ~ Dissolving media temp, ~ RPM 

PbS, stoich. 11 700 192.5 n ---- p 0.15718 500 cc conc. ttNO3 60 • 0.5 
PbS, stoich. 10 700 192.5 n = p 0.22729 500 cc conc. HNO8 60 • 0.5 
PbS + excess Pb 9 700 82.5 n 0.19126 500 cc conc. HNO3 60 ___ 0.5 
PbS -t- excess S 8 700 400 p 0.219'42 500 cc conc. HNO3 60 • 0.5 
PbS -t- 1/2 mole % Bi2S3 7 700 192.5 n 0.20915 500 cc conc. HNO3 60 • 0.5 
PbS -k 1/2 mole % Ag2S 6 700 192.5 p 0.22803 500 cc conc. HNO3 60 • 0.5 
PbS -F 1/20 mole % Ag2S 5 700 192.5 p 0.22729 500 cc conc. HNO3 60 _ 0.5 
PbS, stoich. 20 700 192.5 n = p 0.16221 250 cc conc. HC1, 45 ___ 0.5 

250 cc H20 
PbS -~ 1/2 mole % Bi2S8 19 700 192.5 n 0.27483 250 cc conc. HC1, 45 • 0.5 

250 cc H30 
PbS -p 1/2 mole % Ag3S 21 700 192.5 p 0.2787 250 cc cone. HC1, 45 _ 0.5 

250 cc H20 

900 • 25 

900 • 25 

900 • 25 

l eng th  and  w id th  of the  c leaved and  pol ished speci-  
m e n s  were  m e a s u r e d  at  a m i n i m u m  of four  poin ts  
us ing  a m i c r o m e t e r  accura te  to a t en  t h o u s a n d t h  of 
an  inch, and  the  a rea  of the  c leaved p l ane  to be used  
for d i sso lu t ion  was  ca lcu la ted  f rom a n  ave rage  of 
these m e a s u r e m e n t s .  P o l y e t h y l e n e  was  used  as a 
m o u n t i n g  mater ia l .  

For  the  e x p e r i m e n t s  on  lead sulfide, two dissolv-  
ing med ia  were  used. These were  concen t r a t ed  
n i t r ic  acid and  aqueous  hydroch lor ic  acid. Because  
qua l i t a t i ve  e x p e r i m e n t s  had shown  the  d isso lu t ion  
reac t ion  to be cont ro l led  by  a phase  b o u n d a r y  r e -  
act ion u n d e r  condi t ions  r epor ted  here in ,  an  ap -  
pa r a tu s  was  des igned to ensu re  a we l l  mixed  disso- 
l u t i on  m e d i u m  of suff icient ly la rge  v o l u m e  tha t  s a m -  
ples could be w i t h d r a w n  conven ien t ly .  For  the  dis-  
so lu t ion  of lead sulfide in  aqueous  n i t r i c  acid, a 
ho lder  was made  of Teflon. Benea th  this  ho lder  was 
p laced  a Tef lon-covered  m a g n e t  wh ich  was  used  to 
st i r  the  solut ion.  

For  the  e x p e r i m e n t s  on the d isso lu t ion  of lead 
sulfide crysta ls  and  on  the  zinc oxide pel le ts  i n  h y -  
drochlor ic  acid the  samples  were  m o u n t e d  in  a 
room t e m p e r a t u r e  se t t ing  plast ic  ( K o l d - M o u n t )  
a long wi th  a magne t ,  and  the  en t i r e  a s sembly  was  
ro ta ted  b y  means  of the  magne t i c  s t i r re r  b e n e a t h  the  
solut ion.  The  zinc oxide pel le ts  we re  pressed f rom 
U.S.P. g rade  powder  in  a steel  die at 60,000 psi. 
Doping addi t ions  were  made  to the  zinc oxide p o w -  
der  before  pressing.  The  r e su l t i ng  pel le ts  were  s in -  
t e red  in  air  at  500~ for 12 hr.  The  pel le ts  were  
cooled and  p laced  ins ide  quar tz  tubes  wh ich  were  
evacua ted  and  sealed off. These tubes  c o n t a i n i n g  the  
pellets" we re  t h e n  hea ted  for 24 hr  at  1200~ This  
p rocedure  was  fo l lowed to ensu re  a dense  f inal  
p roduc t  and  to p r e v e n t  the  loss of m a t e r i a l  due to 
evapora t ion  d u r i n g  the  h i g h - t e m p e r a t u r e  annea l .  

The  cy l indr ica l  pel le ts  of zinc oxide were  m e a s -  
u r ed  w i th  a m i c r o m e t e r  and  m o u n t e d  as ind ica ted  
above w i t h  one end  exposed as the  p l ane  for d is -  
solut ion.  

A wa t e r  b a t h  p rov ided  w i t h  a t e m p e r a t u r e  con-  
t ro l le r  was  used  as a t he rmos t a t  ( • 1 7 6  an d  the  
800 m l  b e a k e r  con t a in ing  d isso lu t ion  m e d i u m  was 
i m m e r s e d  in  this  the rmos ta t .  To beg in  a run ,  a 
sample  was placed in  the  beake r  and  the  s t i r r e r  
act ivated.  For  the  expe r imen t s  i n  wh ich  the  sample  
was  rota ted,  the  ro t a t iona l  ve loci ty  was  d e t e r m i n e d  

us ing  a s troboscope a r r a n g e m e n t .  To fol low the  
ra t e  of dissolut ion,  10 m l  samples  of the  d issolv ing 
m e d i u m  were  w i t h d r a w n  f rom the  so lu t ion  at  def -  
in i te  t imes.  Chemica l  ana lyses  were  made  on  the  
in i t i a l  d issolu t ion  m e d i u m  a nd  on the  w i t h d r a w n  
samples  by  the  Br idgepor t  Tes t ing  Labora to ry ,  
Br idgepor t ,  Connect icu t .  

Results and Discussion 
The p - T - x  da ta  of B loem a nd  Kroge r  (9) have  

shown  tha t  PbS  a n n e a l e d  at  700~ u n d e r  a $2 p a r -  
t ia l  p ressure  of 10 -3.69 a t m  (cor respond ing  to a su l -  
fu r  reservoi r  at  192.5~ is in t r ins ic  a nd  s toichi-  
ometric .  These da ta  also show tha t  excess su l fu r  i n -  
creases the  hole  concen t r a t i on  whi le  excess lead i n -  
creases the e lec t ron  concen t ra t ion .  L ikewise  s i lver  
and  b i s m u t h  e n t e r  the host  la t t ice  as acceptor  and  
donor,  respect ively .  S imkov ich  a nd  J. B. W a g n e r  
(8) have  shown  tha t  P b S  exhib i t s  a F r e n k e l  d is -  
order  on the  cat ion sublat t ice .  C o n s e q u e n t l y  the  fol-  
lowing  equa t ions  m u s t  hold  for both  pu re  and  doped 
crysta ls  (8, 14) 

[pb+( i ) ]  oc 1 /{[excess  6] �9 pl/3s2} [1] 
and  

[Vpb+] oc ( [excess  0] �9 pl/2s3} [2] 

where  the  symbo l  Pb+(i~ denotes  a s ing ly  ionized 
lead in ters t i t ia l ,  8 denotes  an  electron,  a nd  Vpb+ 
denotes  a lead va c a nc y  wi th  an  excess nega t ive  
charge.  

The defect  s t r u c t u r e  of zinc oxide has b e e n  re -  
por ted  b y  von  B a u m b a c h  a nd  C. W a g n e r  (10) ,  by  
K. Hauffe  (11) ,  and  others.  A recen t  s u m m a r y  of the  
da ta  has been  p resen ted  by  Thomas  (12).  U n d e r  
an  excessive zinc p ressure  the  reac t ion  m a y  be 
fo rmu la t ed  as 

Z n  (g) = Zn+(i~ + 0 [3] 

w he r e  the Zn+(~  denotes  a s ing ly  ionized in t e r s t i t i a l  
zinc a tom ( in t e r s t i t i a l  zinc acts as a donor ) .  The  
i n t roduc t i on  of a t r i v a l e n t  solute  to a s to ichiometr ic  
c rys ta l  of zinc oxide creates  cat ion vacanc ies  and  
t h e r e b y  lowers  the  concen t r a t i on  of in t e r s t i t i a l  zinc 
ions as has been  discussed by  C. W a g n e r  (13) for 
solid solut ions  of ga l l i um oxide, Ga203, i n  ZnO. 
Converse ly ,  the  i n t r o d u c t i o n  of a m o n o v a l e n t  solute  
such as l i t h i u m  oxide, Li30 , w i l l  increase  the  con-  
cen t r a t i on  of in t e r s t i t i a l  zinc ions. U n d e r  a fixed 
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Table II. Dissolution of pure and doped zinc oxide in aqueous 
hydrochloric acid solution (150 cc concentrated HCI plus 

350 cc H20) at 37~177176 Samples rotated at 
950-+'25 rpm 

C r o s s - s e c t i o n a l  
S a m p l e  No .  area ,  c m  s 

Pure  ZnO 23 0.2824 
Pure  ZnO 27 0.3269 
ZnO -5 1/10 mole  % A12Os 26 0.6491 
ZnO -5 1/2 mole  % A12Os 24 0.8928 
ZnO -5 1/2 mole  % Li20 25 0.5799 

o x y g e n  p a r t i a l  p r e s s u r e  t h e  t r i v a l e n t  so lu te  inc reases  
t he  c o n c e n t r a t i o n  of e l ec t rons  w h e r e a s  t he  i n t r o -  
duc t ion  of a m o n o v a l e n t  so lu te  w i l l  d e c r e a s e  t h e  
c o n c e n t r a t i o n  of e lec t rons .  

The re fo re ,  in  t he  two  d i f f e ren t  sys tems ,  P b S  a n d  
ZnO, t h e r e  is t h e  p o s s i b i l i t y  to v a r y  the  c o n c e n t r a -  
t ion  of b o t h  e l ec t ron ic  and  a tomic  de fec t s  b y  v a r y i n g  
the  s t o i c h i o m e t r y  a n d / o r  dop ing  as d i scussed  b r i e f ly  
above .  F u r t h e r m o r e ,  if  t he se  changes  in  p o i n t  d e -  
fects  affect  t he  s o l i d - l i q u i d  reac t ion ,  t h e r e  is a 
suf f ic ient ly  w i d e  r a n g e  of  c o n c e n t r a t i o n s  a n d  t y p e s  
t h a t  t h e  effect shou ld  be  r e a d i l y  Qbservable .  

Tab les  I a n d  I I  l i s t  s a m p l e  sizes a n d  e x p e r i m e n t a l  
condi t ions .  The  k ine t i c s  of d i s so lu t ion  a r e  s h o w n  
g r a p h i c a l l y  in  Fig .  1, 2, a n d  3. F i g u r e  1 shows  t h e  
d i s so lu t ion  k ine t i c s  of  l e ad  sulf ide c r y s t a l s  in  con -  
c e n t r a t e d  n i t r i c  acid.  Note  t h a t  t h e s e  cu rves  t e n d  
to show an  e x p o n e n t i a l  i nc rea se  in  r a t e  w i t h  t ime .  
This  b e h a v i o r  m a y  be  a t t r i b u t e d  to t he  f o r m a t i o n  
of HNO2 d u r i n g  the  r e a c t i o n  and  t h e  s u b s e q u e n t  
ca t a ly s i s  of t he  reac t ion .  D u r i n g  the  reac t ion ,  l a r g e  
a m o u n t s  of  gas  w e r e  e v o l v e d  a n d  f r ee  su l fu r  was  
l i be r a t ed .  C o n s e q u e n t l y  w e  w r i t e  t he  fo l l owing  t e n -  
t a t i v e  e q u a t i o n  

3PbS  -5 8HNO~ = 35 ~ -5 3Pb(NO~)2  -5 4H20 -5 2NO 
[4] 

for  the  d i s so lu t ion  process .  As  can  be  seen  f r o m  
Fig.  1, t he  s a m p l e s  w h i c h  w e r e  d o p e d  w i t h  s i lve r  
d i s so lve  m u c h  m o r e  r a p i d l y  t h a n  the  u n d o p e d  or  
t he  b i s m u t h  d o p e d  samples .  E s p e c i a l l y  because  of 
the  c a t a l y t i c  effect of t he  HNO2, a c o m p a r i s o n  of t he  
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Fig. 1. Kinetics of dissolution of single crystals of lead sulfide in 
concentrated nitric acid at 60 ~ -+- 0.5~ o, PbS plus ~ mole % 
Ag2S; D ,  PbS plus 1/20 mole % Ag2S; A ,  PbS stoichiometric; ~ ,  
PbS sulfur excess; e, PbS lead excess; �9 PbS plus ~ mole % 
Bi2S3. 
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Fig. 2. Kinetics of dissolution of single crystals of lead sulfide in 
aqueous hydrochloric acid at 45 ~ ___ 0.5~ Open triungle, PbS; 
solid inverted triangle, PbS; open squure, PbS plus ~ mule % 
Ag2S; solid square, PbS plus �89 mole % Bi2S3. 
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Fig. 3. Kinetics of dissolution of zinc oxide pellets in concentrated 
hydrochloric acid at 37 ~ ___ 0.5~ o, ZnO; e, ZnO; I-1, ZnO plus 
�89 mole % Li20; A ,  ZnO plus ~ mole % AI208; ~7, ZnO plus 
V2 mole % AI208. 

i n i t i a l  s lopes  of  t h e  cu rves  is m o r e  m e a n i n g f u l  as 
a m e a s u r e  of t h e  effect  of t h e  inf luence  of  de f ec t  
s t ruc tu re .  Also,  as t he  r e a c t i o n  p rogres ses ,  t h e  s u r -  
face  a r e a  of a l l  s a m p l e s  m a y  change .  Ra t e  d a t a  o b -  
t a i n e d  f r o m  the  i n i t i a l  s lopes  a r e  p r e s e n t e d  in  
Tab le  III .  The  d a t a  a r e  r e p o r t e d  as  m i l l i g r a m s  of  
l e ad  p e r  cub ic  c e n t i m e t e r  of so lu t ion  p e r  second  for  
1 cm 2 of i n i t i a l  su r f a c e  a r e a  of sample .  

F o r  t he  ana logous  compound ,  l e a d  s e l en ide  (14) ,  
Se l t ze r  a n d  W a g n e r  (15) f o u n d  t h a t  t h e  b i s m u t h  
d o p e d  c r y s t a l s  d i s so lved  m u c h  m o r e  r a p i d l y  t h a n  
the  s i lve r  d o p e d  or  t h e  u n d o p e d  c rys ta l s .  T h e  r e a c -  
t ion  in  t h e  l a t t e r  case  also e v o l v e d  l a r g e  qua n t i t i e s  
of gas, b u t  t h e r e  was  no f r ee  s e l e n i u m  a p p a r e n t ,  
a n d  w e  w r i t e  t h e  t e n t a t i v e  d i s so lu t ion  e q u a t i o n  as 

3 P b S e  + 8HNO3 = 3PbSeO4 + 8NO + 4H20 [5]  

I n  b o t h  sy s t e ms  the  r e a c t i o n  is m a r k e d l y  af fec ted  
b y  the  i n t r o d u c t i o n  of dop ing  agen t s  w h i c h  change  

Table III. Initial rates of dissolution of doped and undoped 
lead sulfide single crystals in concentrated nitric acid 

D i s s o l u t i o n  r a t e ,  
T e s t  No .  C o m p o s i t i o n  m g / c c / c m 2 / s e c  

6 PbS + 1/2 mole % Ag2S 7.97 • 10 -5 
5 PbS + 1/20 mole % Ages 1.76 • 10 -5 
9 PbS (Pb excess) 1.25 X 10 -6 

I0 PbS (Stoich) 3.83 • 10 -6 
11 PbS (Stoich) 4.54 X 10 -6 
8 PbS (S excess) 1.88 X 10 -8 
7 PbS -5 1/2 mole % Bi2S3 8.81 X 10 -6 
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the  de fec t  s t ruc tu re .  The  r ea son  for  th is  a p p a r e n t  
i n v e r s i o n  in  b e h a v i o r  or  the  fac t  t h a t  one dope  is 
m o r e  ef fec t ive  t h a n  a n o t h e r  is no t  known .  

F i g u r e  2 shows  the  k ine t i c s  of d i s so lu t ion  of  s ing le  
c r y s t a l s  of  l e a d  sulf ide in  c o n c e n t r a t e d  h y d r o c h l o r i c  
acid.  In  th is  case  t h e r e  was  a m u c h  less  p r o n o u n c e d  
d i f fe rence  b e t w e e n  t h e  d i s so lu t ion  r a t e s  of t he  d o p e d  
a n d  u n d o p e d  c rys ta l s ,  and  a t e n t a t i v e  r e a c t i o n  e q u a -  
t ion  m a y  b e  f o r m u l a t e d  as 

P b S  -b 2HC1 = PbC12 + H2S [6]  

L i k e w i s e  t he  k ine t i c s  of  d i s so lu t ion  of t he  zinc 
ox ide  pe l l e t s  in aqueous  h y d r o c h l o r i c  ac id  w e r e  no t  
m a r k e d l y  af fec ted  b y  the  dop ing  agen t s  as can  be  
seen  in  F ig .  3. A t e n t a t i v e  equa t ion  fo r  th i s  p rocess  
is 

ZnO -b 2HC1 = ZnC12 ~- H20 [7]  

Note  t h a t  in  b o t h  t he  P b S  and  P b S e  sys t ems  w h e r e  
t h e r e  was  a l a r g e  c h a n g e  in t he  o x i d a t i o n  s t a tes  of 
the  r e a c t a n t s  and  p roduc t s ,  t h e  k ine t i c s  w e r e  a l -  
t e r e d  m a r k e d l y  b y  t h e  i n t r o d u c t i o n  of  dop ing  agen t s  
( and  to a less  e x t e n s i v e  w a y  b y  changes  in  s to ich i -  
o m e t r y  in  t he  case  of t he  P b S  c r y s t a l s )  w h i l e  those  
r eac t ions  in  w h i c h  t h e r e  was  on ly  a s m a l l  change  
in  the  o x i d a t i o n  s t a t e s  of  t he  r e a c t a n t s  and  p roduc t s ,  
t h e r e  was  no  effect  of  dop ing  a d d i t i o n s  n o r  of  d e v i a -  
t ions  f r o m  s t o i c h i o m e t r y .  

A c o m p a r a b l e  s t u d y  (16) us ing  e t chan t s  w h i c h  
r e a c t  s l o w l y  has  b e e n  m a d e  on the  r a t e  of e tch  p i t  
f o r m a t i o n  in  d o p e d  and  u n d o p e d  c r y s t a l s  of l e ad  
sulfide.  In  t h a t  s tudy ,  t he  d i s so lu t ion  m e d i u m  w a s  
a m i x t u r e  of  aqueous  h y d r o c h l o r i c  ac id  and  t h iou rea .  
The  r a t e  of e tch  p i t  g r o w t h  was  l i n e a r  in t ime ,  and  
t h e r e  w a s  no effect  of dop ing  or  d e v i a t i o n  f r o m  
s t o i c h i o m e t r y  on the  r a t e  of e tch  p i t  g rowth .  This  
b e h a v i o r  m a y  be  e x p e c t e d  on the  bas i s  of t he  f o r e -  
go ing  d iscuss ions  i f  t h e  t h i o u r e a - h y d r o c h l o r i c  ac id  
e tch  r e m o v e s  t he  l e a d  b y  m e a n s  of a c o m p l e x  f o r -  
m a t i o n  (17) i n v o l v i n g  an  " a d d i t i o n  c o m p o u n d "  of 
l ead  a n d  t h i o u r e a  w h i c h  does  no t  i n v o l v e  a l a r g e  
change  in  t he  o x i d a t i o n  s t a t e  of lead.  U n f o r t u n a t e l y ,  
t he  e x a c t  e l ec t ron ic  s t a t e  of l e a d  in th i s  c o m p l e x  is 
not  as  y e t  k n o w n .  (17) .  

Summary 
The  k ine t i c s  of d i s so lu t ions  of s e m i c o n d u c t o r s  as 

a func t ion  of  p o i n t  de fec t s  i n t r o d u c e d  b y  v a r y i n g  
the  s t o i c h i o m e t r y  a n d / o r  b y  d o p i n g  add i t i ons  of 
f o r e ign  i m p u r i t i e s  h a v e  been  s tud ied .  In  p a r t i c u l a r ,  

e x p e r i m e n t s  on two  ionic  s emiconduc to r s ,  z inc ox ide  
and  l e a d  sulfide,  h a v i n g  d i f fe ren t  de fec t  s t r u c t u r e s  
have  been  c a r r i e d  out  in  t w o  d i f f e ren t  d i s so lu t ion  
med ia ,  n i t r i c  ac id  and  h y d r o c h l o r i c  acid.  These  d a t a  
show tha t  w h e n  t h e r e  is a l a r g e  c h a n g e  in t h e  o x i d a -  
t ion  s t a t e  of t he  r e a c t a n t s  a n d  p r o d u c t s  d u r i n g  the  
s o l i d - l i q u i d  r e a c t i o n  t h e r e  m a y  be  a p r o n o u n c e d  
inf luence  of  p o i n t  de fec t s  on  t h e  k ine t i c s  of t he  r e -  
act ion.  F u r t h e r  s t u d y  on o t h e r  sys t ems  a r e  n e e d e d  
to t es t  t he  g e n e r a l i t y  of th i s  w o r k i n g  hypo thes i s .  

Manuscr ip t  rece ived  Sept.  4, 1962; rev ised  manusc r ip t  
rece ived  Nov. 30, 1962. This work  was suppor ted  by  the 
Office of Nava l  Research.  

A n y  discussion of ~his paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the December  1963 
JOURNAL. 
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Photoluminescence of a-SiC 
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ABSTRACT 

The room temperature photoluminescence of single crystals of SiC was 
investigated. Broad emission bands peaking from 5450 to 6700A were observed 
for crystals containing grown p-n junctions prepared by alternate doping 
with BC13 and 1XT2. Only the n-par t  of the junctions showed appreciable 
luminescence. Changes in photoluminescence spectra were found to be as- 
sociated with changes in crystal structure and optical absorption edge. 
Analysis of the emission and absorption spectra and the temperature de- 
pendence of brightness suggests that  photoluminescence involves transitions 
from a deep donor level to a boron acceptor level about 0.3 ev above the 
valence band. At temperatures from 77~ to room temperature,  the quantum 
efficiency of the photoluminescence is of the order of 1%. 

Lely  and KrSger  (1) inves t iga ted  the photo lumi-  
nescence of s -S iC  at  l iquid ni t rogen tempera ture .  
For  crystals  grown in an a tmosphere  of Ar  + Ne 
they  repor ted  emission in bands  peaking  at 4800A, 
5200A, 6000A, and 6600A. At  room t empera tu re  
none of the crysta ls  showed apprec iable  lumines-  
cence. More recent ly  Choyke, Hamil ton,  and Pa t r i ck  
(2) repor ted  for crysta ls  grown in Ar  or He a band  at  
5000A ~ plus a series of lines at shor ter  wavelengths  
at 77~ but  only an ex t r eme ly  weak  orange emis-  
sion at room tempera tu re .  The presen t  paper  re -  
ports  some observat ions on a -S iC  crystals  which 
show modera t e ly  br igh t  photoluminescence peak -  
ing at 5450A, 6100A, and 6700A, and having about 
the same br ightness  a t  room t empera tu re  as at  
77~ 

Experimental  and Results 
The crysta ls  s tudied were  or ig inal ly  p r epa red  as 

pa r t  of a p rog ram for making  rectifiers and re la ted  
devices and thus were  not  in ten t iona l ly  doped to 
obtain photoluminescence.  The method used for 
growing these crysta ls  was s imi lar  to tha t  of Le ly  

1 F o r  c o m p a r i s o n  w i t h  t h e  o t h e r  e m i s s i o n  s p e c t r a ,  t h e  c u r v e s  of  
C h o y k e  e t  aL  w e r e  r e p l o t t e d  as  e n e r g y  p e r  u n i t  w a v e l e n g t h  i n t e r v a l ;  
t h i s  p l o t  s h o w s  t h e  p e a k  a t  5000A.  
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Fig. 1. Schematic drawing of the modified growth chamber used 
with a conventional Lely type furnace. 

(3) and of Chang and Kroko (4-5) but  modified in 
the growth  chamber  as i l lus t ra ted  in Fig. 1. 

The purpose  of the cent ra l  tube was to faci l i ta te  
the exchange of gases be tween  the ambient  and the 
growth  chamber  and to offer some control  over  the 
t empe ra tu r e  gradient .  The da ta  repor ted  here  were  
taken  wi th  crystals  grown in an argon ambien t  to 
which boron t r ich lor ide  and ni t rogen were  added to 
effect p -  and n - t y p e  doping respect ively.  The argon 
was purif ied by  pass ing over  a t i t an ium get te r  a t  
900~ The boron t r ichlor ide  was added to the  argon 
dur ing  the in i t ia l  pa r t  of the crys ta l  growing run  
and replaced  wi th  n i t rogen toward  the end so tha t  
a p - n  junct ion was formed dur ing  the t ime of dopant  
change. The n - t y p e  region was therefore  on the ex-  
ter ior  of the  crys ta l  platelets .  

The concentra t ion of the  n i t rogen in the argon 
admi t t ed  to the  growth chamber  was about  10% 
and the boron t r ichlor ide  about  15% by volume. 
The boron-doped  p - t y p e  region was p u r p l e - b l a c k  
and the n i t rogen-doped  n - t y p e  region was var ious  
shades of green depending on the n i t rogen concen- 
t rat ion.  Only the  n - t y p e  region was photo lumines-  
cent under  3650A excitat ion.  

The ma jo r i t y  of these p la te le ts  were  of the types  
schemat ica l ly  represen ted  in Fig. 2. The type  shown 
in Fig. 2a has been repor ted  prev ious ly  (4-5) .  The 

(a) (b) 

Fig. 2. Schematic drawing of the two most typical types of platelets 
obtained with consecutive BCI3 and N2 doping during growth. In 
case a the fluorescent n-type layer grows on both faces of the 
crystal while in case b it grows on only one face. 
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Fig. 3. Various views of a section cut from a hexagonal SiC 
platelet. In a, a', b, and b' the c axis is perpendicular to the plane 
of the paper. In c and c' an edge on view of the crystal section 
is displayed. Photographs a and a' are of the same surface of the 
crystal with a taken in reflected light and a' under 3650A excita- 
tion. Photographs b and b' represent corresponding conditions on 
the other surface of the crystal. Photograph c was taken in trans- 
mitted light and c' under 3650A excitation. (The edge of the 
platelet chipped off during polishing between c' and c and thus 
the transparent portion which should appear on the right edge of 
c is missing.) 

more unusua l  type  shown in Fig. 2b is fu r the r  i l -  
lus t ra ted  in Fig. 3 where  the presence of the n - l a y e r  
is shown in various ways  by  t ransmiss ion and photo-  
luminescence under  3650A excitat ion.  In some crys-  
tals  the n - t y p e  l aye r  appeared  as two dis t inct  r e -  
gions, one l ight  green in color and the other  a da rke r  
green wi th  a dist inct  bounda ry  be tween  them. This 
was also manifes ted  in the  photoluminescence where  
the l ighter  colored region was b r igh te r  than  the 
other. 

To e l iminate  any doubt  tha t  the observed photo-  
luminescence might  be due to some hi ther to  un-  
known compound or to an oxide layer ,  some crysta ls  
were  boiled in conc HC1, conc HNO3, conc HF, aqua 
regia, 10% Na3PO4, and 10%(NHa)2HPO4. No 
change of photoluminescence occurred af ter  these 
t reatments .  One week firing of the crysta ls  at 900~ 
in a i r  or in a s t ream of O~ produced an ex t r eme ly  
thin oxide layer  which was easi ly removed  by  I-IF 
t r ea tmen t  wi thout  loss of photoluminescence.  The 
luminescent  l ayer  could be removed  by  abras ion 
wi th  d iamond paste;  the resul t ing  powder  was lumi -  
nescent.  An x - r a y  powder  photograph  of this  ma te -  
r ia l  showed all  the  lines of the 6H-SiC polytype .  

Single c rys ta l  oscillation, ro ta t ion and moving 
film x - r a y  photographs  of photoluminescent  c rys-  
tals  were  in most cases consistent wi th  the existence 
of an hexagonal  6H structure.  A few 4H crysta ls  
were  also identified. In every  case d isorder  was 
present ,  as evidenced by  the presence of diffuse 
scat ter ing and s t reaks  across the reflections. 

The emission spectra  of selected crystals  under  
3650A exci ta t ion at  room t empera tu re  are shown in 
Fig. 4 and consist of broad  bands peaking  at  5450A, 
6100A, and 6700A. The band  peaking  at  5450A is 
typical  of crystals  which gave the diffraction pa t -  
te rn  of the 4H polytype,  while  for the  crysta ls  g iv-  
ing the 6100A and 6700A peak  the diffract ion p a t -  
terns  were  those of the  6H polytype .  The optical  
t ransmission of the n pa r t  of the crysta ls  inves t i -  
gated was different  for  crystals  hav ing  different  
photoluminescence.  F igure  5 shows tha t  the  absorp-  
t ion edge follows the same t r end  as the emission 
peaks.  The other  features  of the  t ransmiss ion spec- 
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Fig. 4. Emission spectra of SiC crystals at room temperature under 
3650.~. excitation. (The ordinate is relative energy per unit wave- 
length interval.) 
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Fig. 5. Transmission spectra of the n-type region of crystals 
showing the indicated emission peaks. (Thickness: 4H, 100/~; 6H, 
114#; 6H(?), 122~.) 

t ra  for our 6H crysta ls  are  s imi lar  to those repor ted  
by  Le ly  and KrSger  (1) and Groth  and K a u e r  (6).  

Between 77~ and room t empera tu re  the  b r igh t -  
ness (and, therefore,  the efficiency) of the  photo-  
luminescence of our crysta ls  did not  change ve ry  
much. Typica l ly  a room t empera tu r e  quan tum ef-  
ficiency of about  1% was measured  for the crysta ls  
emit t ing at 6100A. F igure  6 gives the t empera tu re  
dependence of the  br ightness  for the crysta ls  ex-  
hibi t ing the 6700A, 6100A, and 5450A emission 
bands. The curves are ve ry  s imi lar  for the 6100A 
and 5450A emissions, whi le  for the 6700A emission 
the curve has its inflection at  an apprec iab ly  lower  
tempera ture .  If the re la t ion  B = [ 1 + s (exp--E/kT)  ] - z 

is assumed for the high t empe ra tu r e  pa r t  of the  
curves, where  B is the re la t ive  br ightness  at  the  
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Fig. 6. Temperature dependence of photoluminescence brightness 
typical of SiC crystals showing the indicated emission peaks. 
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Fig. 7. Glow curve typical of both the 5450A and 6100A emitting 
crystals. Heating rate l~ 

t empera tu re  T, a plot  of log ( 1 / B - - 1 )  vs. 1/T 
should give a s t ra ight  line, whose slope is a measure  
of the act ivat ion energy  �9 for t he rma l  quenching of 
luminescence.  When the da ta  were  so plot ted,  
s t ra ight  lines were  obta ined wi th  �9 ~--0.3 electron 
vo l t ( ev )  for the 6100A and 5450A emissions, and 
e ~ 0.2 ev for  the 6700A emission. 

Glow curves were  measured  in crysta ls  exh ib i t -  
ing 5450A and 6100A emissions; there  was no sig- 
nificant difference in the glow curves for these two 
crystals .  The da ta  for a typ ica l  case are shown in 
Fig. 7. The t rap  depth  was es t imated  by  the method 
of ini t ia l  rise slope (7).  The values  of t r ap  depth  
found af ter  a l lowing decay at  var ious  t empera tu res  
up to about  170~ were  al l  about  the same, i.e., 
0.1 ev. F u r t h e r  exper iments  wi l l  be necessary  to 
decide whe the r  we are  deal ing with  electron t raps  or 
wi th  hole traps.  

Discussion 

The p repa ra t ive  condit ion which appears  to cor-  
re la te  wi th  the growth  of an n - l a y e r  of a -S iC show-  
ing re la t ive ly  br igh t  room t empera tu re  pho-tolu- 
minescence is a l t e rna te  doping wi th  BC13 and N2. 
Crysta ls  grown at the  same t empe ra tu r e  in the  same 
furnace  wi th  only Ar  or Ar  + N2 dur ing the ent i re  
run  showed l i t t le  or no room t empera tu r e  photo-  
luminescence,  a l though they  did show blue, green, 
and orange emission at  lower  tempera tures .  Crys-  
tals  grown in Ar  -t- BCI~ only showed no photo-  
luminescence at room t empera tu r e  or lower  t em-  
pera tures .  

P resumably ,  af ter  the  change of doping gases the  
composit ion of the crysta ls  va r i ed  in re la t ive  as 
well  as in absolute  concentrat ions of boron and n i -  
trogen. These var ia t ions  are  reflected in the  t r ans -  
mission color and photoluminescent  br ightness  
changes in the  n - r eg ion  of the  crystal .  

The var ia t ion  in the emission peaks  of the three  
crysta ls  shown in Fig. 3 may  be re la ted  to thei r  
s t ruc ture  th rough  the var ia t ion  of band  gap wi th  

Table !. Approximate band-gaps of different SiC polytypes 
at 300~ 

Cubic 3C 2.3ev 
Hexagonal 6H 3.0ev 
Hexagonal 4H 3.2ev 
Rhombohedral 15R 2.8ev 
Rhombohedral 21R 2.7ev 

6 H  S iC 4 H  SiC 

Fig. 8. Proposed energy level diagram for 4H and 6H SiC showing 
the observed emissions. 

s t ructure .  Table  I gives the values repor ted  for 
different  po ly types  of SiC (9-11) corrected f rom 77 ~ 
to 300~ when necessary.  The two crysta ls  emit t ing 
at  5450A and 6100A are 4H and 6H polytypes ,  r e -  
spect ively,  according to x - r a y  diffraction analysis  
and the re la t ive  values  of the i r  band  edges shown in 
Fig. 5. Al though the crys ta l  emit t ing at  6700A also 
appeared  to be 6H according to x - r a y  diffraction, its 
band edge is seen to be at  a longer  wave leng th  than  
the other  6I-I crystal ,  and i t  m a y  be pos tu la ted  tha t  
its s t ruc ture  is in te rmedia te  be tween  6H and a phase 
wi th  a smal ler  band  gap such as 3C. 

On the assumption tha t  the same acceptor  forms 
pa r t  of the ac t iva tor  sys tem in both 6H and 4H crys-  
tals, an energy  level  d i ag ram was constructed for 
them (Fig. 8). The model  of the luminescence center  
is an associated donor-acceptor  pa i r  analogous to 
tha t  proposed by  Apple  and Wil l iams (12) for a 
group of ZnS phosphors.  The acceptor  in the present  
case is p robab ly  boron. The t rans i t ion  responsible  
for the  emission takes  place be tween  the ground 
state of the donor and an exci ted v ib ra t iona l  s tate 
of the acceptor.  The ground state of the  acceptor  is 
t aken  to be 0.3 ev above the valence band  edge, in 
accord wi th  the  act ivat ion energy  for the rmal  
quenching of luminescence in 6H and 4H crystals,  e 
The te rmina l  v ibra t iona l  s ta te  is assumed to be 0.2 
ev above the acceptor  ground state;  this represents  
a guess as to the  polar izat ion energy  loss. If the sum 
of the emission peak  energy (2.03 or 2.27 ev) and the 
t e rmina l  s ta te  energy  (~0.5 ev) is sub t rac ted  f rom 
the band  gap, about  the same energy  difference, 0.4 
to 0.5 ev, is found for both 6H and 4H stuctures.  This 
va lue  is t aken  as the  depth  of the  donor level. 

As ye t  we have  no other  evidence for a donor of 
this depth  in our crystals .  According to Le ly  and 
KrSger  (1),  the  n i t rogen donor level  is only 0.085 
ev deep. However ,  Pa t r i ck  and Choyke (14) re -  
por ted  a Fe rmi  level  0.5 ev below the conduction 
band for the  low conduct iv i ty  n - r eg ion  in the i r  
e lec t ro luminescent  junctions.  This suggests tha t  
some i m p u r i t y  level  p robab ly  lies at  this  position. 
Chlorine and oxygen  are  two impur i t ies  which  might  
be presen t  and which could be expected to lead to 
deep donor levels in SiC. Chlorine f rom the BCIs 
might  wel l  be presen t  in an apprec iab le  concent ra-  
tion, while  oxygen is not  l ike ly  to be present  in 

V a l u e s  c lose  to  0.3 e v  h a v e  b e e n  r e p o r t e d  b y  L e l y  a n d  K r S g e r  
(1) a n d  b y  v a n  D a a l  e$ aS. (13) ~rom H a l l  e f fec t  m e a s u r e m e n t s  on  

a-SiC containing boron. 
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greater than trace amounts. Either impurity would 
have an energetic advantage over nitrogen for for- 
mation of donor-acceptor pairs because of the 
greater charge on the fully ionized donors (+3 or +2 
compared to + I). 

Summary 
C e r t a i n  s a m p l e s  of n - t y p e  SiC show a p h o t o l u m i -  

nescence  q u a n t u m  eff iciency of  t he  o r d e r  of  1%, 
w h i c h  ho lds  n e a r l y  to r o o m  t e m p e r a t u r e  be fo re  t h e r -  
m a l  q u e n c h i n g  sets in. The  emiss ion  color  d e p e n d s  
m a r k e d l y  on c r y s t a l  s t ruc tu re ,  v a r y i n g  f rom r e d  to 
g r e e n  for  d i f fe ren t  s t ruc tu res .  Emiss ion  and  a b s o r p -  
t ion  spec t ra ,  and  t e m p e r a t u r e  d e p e n d e n c e  of b r i g h t -  
ness  a r e  i n t e r p r e t e d  in  t e r m s  of a c e n t e r  cons i s t ing  
of  an  a c c e p t o r  i n t r o d u c i n g  a l eve l  a b o u t  0.3 ev  a b o v e  
the  v a l e n c e  b a n d  edge  as soc ia t ed  w i t h  a deep  donor .  
I t  is s u g g e s t e d  t h a t  t he  accep to r  is boron .  
Note Added in Proof. Measurements  in progress  in 
this  l abo ra to ry  on the b r i g h t n e s s - t e m p e r a t u r e  r e l a -  
t ion vs. exci ta t ion in tens i ty  on luminescent  crys ta ls  
and on the t empe ra tu r e  dependence  of e lect r ica l  con- 
duc t iv i ty  of crys ta ls  doped wi th  boron on ly  suggest  
an a l t e rna te  energy level  d iagram in which  the ~0.3 
ev act ivat ion energy  for  quenching is assigned to the  
donor level  and the boron acceptor  level  is deeper  than  
0.3 ev. 

Manuscr ip t  rece ived  Sept. 26, 1962. Revised m a n u -  
scr ip t  rece ived  Nov. 28, 1962. 

Any  discussion of this paper  wil l  appea r  in  a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL. 
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Carrier Compensation in Germanium Telluride 
M. S. Lubell and R. Mazelsky 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 
Changes in the  Seebeck  coefficient and Hal l  constant  have  been s tudied  for  

the sys tem ( 1 - -  x)  M0.024 + (1 - -  x)  Ge0.9~6 Te + x Bi2Te~ where  M stands for  
the metals ,  germanium,  tin, indium, gal l ium, t i tanium, and silver.  The solu-  
b i l i ty  of these meta ls  is shown to increase  wi th  the  addi t ion  of "neu t ra l  va -  
cancies" in t roduced v ia  b i smuth  te l lur ide .  A l inear  re la t ionship  is obta ined 
be tween  the log of the  ca r r i e r  concentra t ion and the amount  of neu t ra l  
vacancies.  The ini t ia l  so lubi l i ty  is de t e rmined  on ly  by  the ion charge  and 
radius  of the  solute metal ,  and the in i t ia l  ca r r i e r  concentra t ion is inverse ly  
propor t iona l  to the cha rge / r ad iu s  rat io.  An express ion sa t i s fy ing the da ta  is 
obta ined for  the solubi l i ty  as a funct ion of charge,  radius,  neu t ra l  vacancy,  
and known  constants.  

A l t h o u g h  t h e r e  a r e  e x t e n s i v e  d a t a  a v a i l a b l e  on 
t in  and  l e a d  t e l lu r ides ,  t h e r e  has  been  l i t t l e  r e -  
p o r t e d  on g e r m a n i u m  t e l l u r ide .  The  a v a i l a b l e  d a t a  
on g e r m a n i u m  t e l l u r i d e  have  been  s u m m a r i z e d  
r e c e n t l y  (1 ) .  F o r  t h e  p u r p o s e s  of t h e  p r e s e n t  w o r k ,  
t he  i m p o r t a n t  i n f o r m a t i o n  is t h a t  t he  c o n g r u e n t l y  
m e l t i n g  c o m p o u n d  c o r r e s p o n d s  to the  compos i t i on  
Geo.978Te (2) .  A l l o y s  of Geo.9~6Te and  GeTe  w i t h  
b i s m u t h  t e l l u r i d e  w e r e  i n v e s t i g a t e d  r e c e n t l y  (3) .  
On the  bas i s  of th i s  w o r k ,  i t  was  s h o w n  t h a t  t h e  
f a v o r a b l e  t h e r m o e l e c t r i c  p r o p e r t i e s  a n d  low c a r r i e r  
c o n c e n t r a t i o n  of p r e s s e d  a n d  s i n t e r e d  GeTe-Bi2Te3 
a l loys  w e r e  due  to g e r m a n i u m  m e t a l  i n i t i a l l y  p r e s -  
en t  as a second  p h a s e  d i s so lv ing  in to  t h e  l a t t i ce  a n d  
f i l l ing the  ca t ion  vacanc ies .  This  s o l u b i l i t y  was  a t -  
t r i b u t e d  to  t h e  " n e u t r a l  v a c a n c i e s "  i n t r o d u c e d  v i a  
Bi2Tes. 

The  p r e s e n t  w o r k  was  u n d e r t a k e n  ( i )  to d e t e r -  
m i n e  if  o t h e r  m e t a l s  a r e  also so lub le  in  Ge0.9~6Te- 

Bi2Tes a l loys ;  ( i i )  to o b t a i n  t h e  d e p e n d e n c e  of  c a r -  
r i e r  c o n c e n t r a t i o n  and  s o l u b i l i t y  on the  va l ence  
s t a t e  and  r a d i i  of t he  so lven t  a t o m  i n t r o d u c e d ;  and  
( i i i )  to ob t a in  t he  d e p e n d e n c e  of c a r r i e r  concen -  
t r a t i o n  and  s o l u b i l i t y  on t h e  a m o u n t  of " n e u t r a l  
va c a nc i e s "  added .  

Experimental 
T h e  p r o c e d u r e  used  for  t he  s a m p l e  p r e p a r a t i o n s  

and  the  e x p e r i m e n t a l  t e c hn ique s  e m p l o y e d  fo r  t he  
Seebeck ,  Hal l ,  and  r e s i s t i v i t y  m e a s u r e m e n t s  h a v e  
been  d e s c r i b e d  p r e v i o u s l y  (3 ) .  

Results 
The  sol id  so lu t ions  p r e p a r e d  w i t h  g e r m a n i u m  

t e l l u r i d e  w e r e  of t h e  f o l l o w i n g  g e n e r a l  t y p e  

( 1  - -  x)Mo.024 + (1 - -  x)Geo.976Te + x Bi2Te3 [1]  

H e r e  M s t ands  for  t h e  m e t a l  solutes ,  g e r m a n i u m ,  
t in,  i nd ium,  ga l l i um,  t i t a n i u m ,  a n d  s i lver .  A n  e x -  
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Fig. 1. Room temperature absolute Seebeck coefficient in ~v /~  
vs. x, the mole per cent of Bi~Te3. Open circle, Ge; open circle 
with plus sign, Sn; open square, Ga; open square with times sign, 
In; open triangle, Ti; open inverted triangle, Ag, in all 5 figures. 

cep t ion  was  m a d e  for  g a l l i u m  in t ha t  on ly  2.0 at. % 
Ga  was  used  r a t h e r  t h a n  2.4 at. %. 

F i g u r e  1 shows  the  v a r i a t i o n  of t he  r o o m  t e m -  
p e r a t u r e  S e e b e c k  coefficient  [ cc] w i t h  x,  t h e  m o l e  
p e r  cent  of  b i s m u t h  t e l l u r i d e  fo r  t h e  va r i ous  m e t a l  
solutes .  A l l  t he  s a m p l e s  a r e  p - t y p e .  In  m a r k e d  con-  
t r a s t  to p r e v i o u s  dop ing  of g e r m a n i u m  t e l l u r i d e  
(1-3)  r o o m  t e m p e r a t u r e  S e e b e c k  v a l u e s  in  excess  
of +150  ~ v / ~  could  b e  o b t a i n e d  for  mos t  of t he  
a b o v e  me ta l s .  I ndeed ,  t he  x = 6% c o m p o u n d  w i t h  
i n d i u m  has  a v a l u e  of 296 ~v /~  A n o t h e r  po in t  
w o r t h  no t i ng  is t h a t  t he  s i l ve r  d o p e d  compound ,  
Ag0.024Ge0.976Te has  a l o w e r  S e e b e c k  coefficient  t h a n  
Ge0.976Te i t se l f  (21 c o m p a r e d  to 32 ~ v / ~  

On Fig .  2, t he  e l e c t r i c a l  r e s i s t i v i t i e s  (p) m e a s -  
u r e d  a t  l i qu id  n i t r o g e n  t e m p e r a t u r e  a r e  d r a w n  vs. 

I 0 " I  I I I I I 1 I 

iO -2 

I O ' ~ ~  

~0" I I I l I 0 I 2 3 4 5 6 
X Mole Percent Bi2T % 

Fig. 2. Electrical resistivity in ohm-cm vs. x, the mole per cent of 
Bi~Te3 at  T ~ 77~ 

E 

= 

X Mole Percent Bi2Te 3 

Fig. 3. Carrier concentration in cm -'~ vs. x, the mole per cent 
of Bi2Te3 at T ~ 77~ 

x. T h e s e  d a t a  a r e  p r e s e n t e d  in o r d e r  to e s t i m a t e  
t he  m o b i l i t y  of t h e  c a r r i e r s  and  also fo r  c o m p l e t e -  
ness.  I t  has  g e n e r a l l y  been  our  e x p e r i e n c e  t h a t  
S e e b e c k  a n d  H a l l  d a t a  t a k e n  on p r e s s e d  and  s in -  
t e r e d  m a t e r i a l  r e p r o d u c e  w e l l  a n d  c o m p a r e  f a v o r a -  
b l y  w i t h  m e a s u r e m e n t s  on  c r y s t a l s ;  h o w e v e r ,  th is  
is not  a l w a y s  the  case  for  r e s i s t i v i t y  m e a s u r e m e n t s .  

On Fig .  3, c a l c u l a t e d  ho le  c a r r i e r  c o n c e n t r a t i o n s  
a r e  s h o w n  vs. x. These  w e r e  c a l c u l a t e d  f r o m  t h e  
Ha l l  m e a s u r e m e n t s  on the  bas i s  of a d e g e n e r a t e ,  

1 
s ing le  b a n d  m o d e l  us ing  t h e  e x p r e s s i o n  P = RHIe---~, 

w h e r e  l el is t h e  abso lu t e  v a l u e  of t h e  e l ec t ron ic  
charge ,  1.6 x 10 -19 cou lombs .  The  f ew  low va lues  
of  c a r r i e r  concentrat ion w h i c h  c o r r e s p o n d e d  to S e e -  
beck  v a l u e s  of 2 ( k / e ) ~ v / ~  or l a r g e r  w e r e  co r -  
r e c t e d  for  n o n d e g e n e r a c y  b y  the  u s u a l  f ac to r  3~r/8. 
Owing  to t he  fac t  t h a t  mos t  of  t he  H a l l  m e a s u r e -  
m e n t s  showed  an  a n o m a l o u s  r i s e  w i t h  t e m p e r a t u r e  
( p o s s i b l y  due  to t w o - p h a s e  m a t e r i a l ) ,  a l l  c a l c u l a -  
t ions  of c a r r i e r  c o n c e n t r a t i o n s  w e r e  m a d e  us ing  
Ha l l  v a l u e s  t a k e n  a t  l i qu id  n i t r o g e n  t e m p e r a t u r e .  
In  t he  n o n d e g e n e r a t e  r e g i o n  t h e  change  in  S e e b e c k  
coefficient  w i t h  change  in  c a r r i e r  c o n c e n t r a t i o n  
a p p r o x i m a t e l y  fo l lows  t h e  t h e o r e t i c a l  f o r m u l a  for  
an  ex t r ins ic ,  s ing le  b a n d  s emiconduc to r ,  i.e., ace 
- - ( k / e ) A l n P .  In  t he  d e g e n e r a t e  r eg ion  f a i r  a g r e e -  
m e n t  is o b t a i n e d  b y  us ing  t h e  e x p r e s s i o n  ace = 
- -  0.7 ( k / e ) ~ l n P .  

Discussion 
I t  has  b e e n  s h o w n  for  Ge0.0~6Te t h a t  t h e  c a r r i e r s  

c a l c u l a t e d  f r o m  the  n o n s t o i c h i o m e t r y  on the  as -  
s u m p t i o n  of t w o  holes  p e r  g e r m a n i u m  v a c a n c y  
a g r e e  w e l l  w i t h  t h e  H a l l  m e a s u r e m e n t s  of bo th  
B r i d g e m a n n  g r o w n  ingots  a n d  p r e s s e d  and  s in t e r ed  
s a m p l e s  (1 -3 ) .  F o r  p u r p o s e s  of ca l cu l a t i on  the  c a r -  
r i e r  c o n c e n t r a t i o n  of Ge0.076Te ( e q u i v a l e n t  to 
GeTel.02~) w a s  a s s u m e d  to b e  t he  t h e o r e t i c a l  va lue ,  
P = 9.25 x 1020 c m  -3. I t  was  p r e v i o u s l y  f o u n d  t h a t  
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t h e r e  is a d e p e n d e n c e  b e t w e e n  the  vacanc i e s  in  t he  
Gec l -~)Te  l a t t i ce  h e r e a f t e r  r e f e r r e d  to as " e m p t y  
Ge s i tes"  (V2+c) a n d  the  c a r r i e r  c o n c e n t r a t i o n  ca l -  
c u l a t e d  f r o m  Ha l l  m e a s u r e m e n t s  (3 ) .  Thus,  changes  
in  t h e  c a r r i e r  c o n c e n t r a t i o n  a r e  a s s u m e d  to r e s u l t  
f r o m  a m e t a l  d i s so lv ing  in to  t h e  l a t t i c e  on ca t ion  
s i tes  and  ionizing.  F o r  t he  ser ies  of a l loys  M0.024 
Ge0.9~sTe, t he  s o l u b i l i t y  of t he  m e t a l  M is no t  v e r y  
la rge .  I n  o r d e r  to i n c r e a s e  the  so lub i l i ty ,  i t  is n e c -  
e s s a r y  to i n c r e a s e  the  n u m b e r  of a v a i l a b l e  v a c a n c y  
si tes.  I t  a lso  is  i m p o r t a n t  t h a t  the  a d d i t i o n a l  v a c a n -  
cies do n o t  c r e a t e  a cha rge  i m b a l a n c e  u p o n  t h e i r  
i n t roduc t i on .  Such  a p r o c e d u r e  is poss ib le  t h r o u g h  
a l l o y i n g  w i t h  Bi2Tes. 

F o r  c la r i f ica t ion ,  Eq. [1]  is r e c a l c u l a t e d  on the  
bas is  of one t e l l u r i u m  a t o m / m o l e c u l e ;  i.e., 

Mo.024(1-x) Ge0.976(1-x) Bi2x 
- -  W e  [ 2 ]  

1 + 2 x  1 + 2 x  l ~ - 2 x  

Hence ,  t he  sol id  so lu t ions  of g e r m a n i u m  t e l l u r i d e  
w i t h  BifTe3 r e su l t  in ca t ion  vacanc i e s  becau se  for  
e v e r y  t h r e e  t e l l u r i u m  ions  i n t r o d u c e d  into  t he  l a t -  
t ice, on ly  two  b i s m u t h  ions a r e  a d d e d  to  ca t ion  
sites. S ince  BieTe3 b y  c o m p a r i s o n  w i t h  Ge0.976Te is 
e s s e n t i a l l y  an  e l e c t r i c a l l y  n e u t r a l  m a t e r i a l ,  th is  a l -  
l o y i n g  does  no t  d i m i n i s h  the  c a r r i e r  c o n c e n t r a t i o n  
(3 ) .  A l t h o u g h  the  ca t ion  vacanc ie s  a d d e d  m a y  be  
p h y s i c a l l y  i n d i s t i n g u i s h a b l e  f r o m  the  i n i t i a l  " e m p t y  
Ge s i tes ,"  for  conven ience ,  t h e y  wi l l  be  ca l l ed  

" n e u t r a l  vacanc i e s "  ( V~ -= x ) 
I - F 2 x  " 

The  s o l u b i l i t y  of t he  donors  in a t o m  p e r  cen t  (Ag,  
the  on ly  accep to r  w i l l  be  d i scussed  s e p a r a t e l y )  is 
c a l c u l a t e d  f r o m  the  d i f fe rence  b e t w e e n  the  i n i t i a l  
" e m p t y  Ge s i tes"  [Vf+~ ( i n i t i a l )  = 2.4 at. % ]  and  
t h e  f inal  c h a r g e d  vacanc ie s  p resen t .  A t  a n y  c o m p o -  
s i t ion  t h e  c h a r g e d  vacanc ie s  a r e  s i m p l y  p r o p o r t i o n a l  
to t he  c a r r i e r  concen t ra t ion .  In  s y m b o l s  t h e  c a r r i e r s  
and  s o l u b i l i t y  t a k e  t h e  f o r m  

P = 2AV 2 + ~ [3 ]  

1 
s = ~ [ 2 s - -  2V~%] [4] 

w h e r e  B = 2.4 at. % ( the  in i t i a l  e m p t y  Ge s i t e s ) ,  
[e[ is t he  ion  c h a r g e  or  n u m b e r  of d o n o r  e l e c t r o n s /  
a tom,  and  A = 1.93 x 102e cm -s ,  t he  c a r r i e r s / d e -  
f e c t / c h a r g e  b a s e d  on one f o r m u l a  w e i g h t  of t h e  
c o n g r u e n t l y  m e l t i n g  compos i t ion ,  Ge0.976Te. In  Fig .  
4 t he  s o l u b i l i t y  S in  a t o m  p e r  cen t  is p l o t t e d  a ga in s t  

2 . 4 ,  
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I I I ] I I I 
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Fig. 4. Solubility of donors in atom per cent vs. the neutral 
vacancies (V~ in atom per cent. 
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Fig. 5. The |og of the hole carrier concentration in cm - 3  vs. the 
neutral vacancies in atom per cent at T = 77~ 

V~162 t he  n e u t r a l  vacanc ies ,  a s s u m i n g  t h a t  lel ~ 2 
for  Ge,  Sn, and  Ti;  lel = 3 fo r  Ga  a n d  In. W e  offer 
as jus t i f i ca t ion  for  t h e s e  a s s u m p t i o n s  t h e  fac t  t h a t  
no t  e n o u g h  Ga  or  In  was  a d d e d  to accoun t  for  t he  
low c a r r i e r  c o n c e n t r a t i o n  on t h e  bas i s  of j u s t  2 c a r -  
r i e r s / a t o m  w h e n  the  c o n c e n t r a t i o n  of t he  a l loy  
r e a c h e d  x = 6%.  The  s o l u b i l i t y  l imi t s  w e r e  t e s t ed  
b y  p r e p a r i n g  x = 4 % a l loys  w i t h  v a r y i n g  a m o u n t s  
of t he  solute .  B e l o w  t h e  l i m i t  t h e  S e e b e c k  coefficient  
a n d  c a r r i e r  c o n c e n t r a t i o n  c h a n g e d  c o n t i n u o u s l y  
w i t h  i n c r e a s i n g  a m o u n t s  of t he  solute .  W h e n  the  
s o l u b i l i t y  l i m i t  was  exceeded ,  no changes  in t he  
S e e b e c k  coefficient  and  c a r r i e r s  w e r e  found.  

I n  Fig .  5, t he  log  of t h e  ho le  c a r r i e r  c o n c e n t r a -  
t ion  is p l o t t e d  a g a i n s t  t h e  n e u t r a l  vacanc ies ,  and  i t  
can  b e  seen  t h a t  a se t  of s t r a i g h t  l i ne s  fit a l l  t he  
da ta .  The  l ines  in  Fig .  5 a r e  d r a w n  acco rd ing  to t he  
e q u a t i o n  

P = Po exp  ( - -  V~ [5]  

w h e r e  Po is t h e  i n i t i a l  c a r r i e r  c o n c e n t r a t i o n  fo r  each  
of t he  v a r i o u s  m e t a l  so lu tes  w h e n  no n e u t r a l  v a c -  
anc ies  a r e  a d d e d  (V~ = 0) ,  and  K is a cons t an t  
for  a p a r t i c u l a r  m e t a l  solute .  The  v a r i o u s  K v a l u e s  
c on fo rm to a s imp le  r e l a t i o n s h i p  

( g  l e t ) ~ - ~  ( K  let)Ge = 6 [6]  

W e  m a y  a sk  ou r se lves  h o w  the  l a t t i c e  is be ing  
c h a n g e d  as t he  m e t a l  so lu tes  a r e  added .  The  on ly  
d i f f e rence  the  l a t t i c e  de tec t s  in  the  end  p o i n t  c o m -  
p o u n d s  ( x  = V~ ~ 0) a r e  t h e  c h a r g e  a n d  r a d i u s  
of t h e  so lu te  me ta l .  I t  is n a t u r a l  to e x p e c t  t h e n  t h a t  
bo th  t he  i n i t i a l  c a r r i e r  c o n c e n t r a t i o n  a n d  s o l u b i l i t y  
wi l l  d e p e n d  on these  p a r a m e t e r s .  In  T a b l e  I, t h e  
a s s u m e d  ion  cha rge ,  o c t a h e d r a l  cova l en t  r ad i i ,  and  
c a r r i e r  c o n c e n t r a t i o n  d a t a  a r e  t a b u l a t e d  for  each  
of t he  so lu te  e l e m e n t s  in  o r d e r  to d e t e r m i n e  the  
r e l a t i o n s h i p  b e t w e e n  Po a n d  So, t he  i n i t i a l  s o l u b i l i t y  
fo r  V~ = 0 on these  p a r a m e t e r s .  T h e  r a d i i  w e r e  
t a k e n  as 1.03 t imes  the  t e t r a h e d r a l  c o v a l e n t  rad i i .  
The  d a t a  a r e  p r e s e n t e d  as a r a t i o  of t h e  le l /R for  Ge 
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Table I. Dependence of carrier concentration on charge and 
radius for the system { ! -  x) M0.024 ~ (1 - - x )  Ge0.976 

Te ~ x Bi2Te3 

Octa-  
h e d r a l  

c o v a l e n t  (e/R) Ge P~/PGe f o r  
Ele-  r ad ius ,  

m e n t  C h a r g e  A.* e / R  ( e / R ) ~  x=O zc= l  x = 2  x = 3  ~c=4 
% 

Ge 2 1.26 1.59 1.0 1.0 1.0 1.0 1.0 1.0 
Sn 2 1.44 1.39 1.1 1.2 1.3 1.4 1.3 1.3 
Ga 3 1.30 2.31 0.7 0.9 0.9 0.7 0.6 0.5 
In  3 1.48 2.02 0.8 0.9 1.0 1.0 0.8 0.6 
Ti 2 1.32 1.52 1.0 0.8 1.0 1.1 1.1 1.0 
A g  1 1.57 0.637 2.5 2.6 2.3 2.5 2.4 2.3 

* C a l c u l a t e d  f r o m  T e t r a h e d r a l  C o v a l e n t  R a d i i  o b t a i n e d  f r o m  ref .  
(4), p. 246. 

to t he  [e[ /H for  t he  me ta l .  This  v a l u e  is c o m p a r e d  
w i t h  t h e  r a t i o  of t he  P for  t h e  m e t a l  to  t h e  P fo r  Ge  
a t  v a r i o u s  a l l o y  compos i t ions .  A l t h o u g h  t h e  e/R 
v a r i e s  b y  as m u c h  as  a f ac to r  of four ,  a n d  t h e  c a r -  
r i e r  c o n c e n t r a t i o n  b y  a f ac to r  of t h r e e  for  x 
V~ = 0, t h e  fo l l owing  s imp le  r e l a t i o n s h i p  ho lds  
r e m a r k a b l y  w e l l  

(Po lel/R)M = (Po lel/R)Ge -= 11.6 x 1020 cm -3 -k -1 
[7]  

In  fact ,  th is  t y p e  of r e l a t i o n s h i p  is seen  to ho ld  
f a i r l y  w e l l  fo r  va lue s  of P to n e u t r a l  v a c a n c y  con-  
c e n t r a t i o n s  of 2.8 at. %. A l t h o u g h  i n i t i a l l y  t h e  v a l u e  
fo r  the  c h a r g e  was  a s sumed ,  Eq. [7]  w i l l  n o w  p r e -  
d ic t  t he  ion c h a r g e  of a m e t a l  d i s so lved  in  g e r -  
m a n i u m  t e l l u r i d e  if  one has  a m e a s u r e m e n t  of t h e  
c a r r i e r  concen t r a t i on .  T h e  d e v i a t i o n s  of PM f r o m  
th is  s i m p l e  r e l a t i o n  a t  h i g h e r  n e u t r a l  vacanc i e s  is of 
course  due  to t he  e x p o n e n t i a l  t e r m  of Eq. [5]  b e -  
ing  omi t t ed .  A t  cons t an t  V~ the  e x p o n e n t i a l  t e r m  
has  a d e p e n d e n c e  on c h a r g e  e x p r e s s e d  b y  t h e  r e l a -  
t i onsh ip  of Eq. [6] .  

I t  is i m p o r t a n t  to no te  t h a t  Eq. [7]  is no t  c o m -  
p a t i b l e  w i t h  s i m p l e  s o l u b i l i t y  for  a u n i v a l e n t  donor  
unless  t he  ef fec t ive  r a d i u s  is  s m a l l e r  t h a n  0.8A. A 
donor  w i t h  an  ion c h a r g e  of one d i s so lv ing  in to  
" e m p t y  Ge  s i tes"  w o u l d  r e d u c e  the  ho le  c a r r i e r  con-  
c e n t r a t i o n  b e l o w  t h e  i n i t i a l  v a l u e  of  9.25 x 1020 
c m  -~. H o w e v e r ,  Eq. [7]  p r e d i c t s  v a l u e s  g r e a t e r  
t h a n  th i s  for  r e a s o n a b l e  v a l u e s  of R (R > 1 .0A).  
The  u n i v a l e n t  case  wi l l  be  d i scussed  be low.  

E q u a t i o n s  [3]  t h r o u g h  [7]  can  n o w  be  c o m b i n e d  
to y i e l d  an  e x p r e s s i o n  for  S as a f u n c t i o n  of t h e  
p a r a m e t e r s ,  charge ,  r ad i i ,  n e u t r a l  v a c a n c y  co nc e n -  
t r a t ion ,  a n d  k n o w n  cons tan ts .  

1 6.02 
S = ~ - [ 4 . 8  ] e ] / ~ e x p - - ( [ e [ V ~  [8]  

A l l  t h e  d a t a  in  Fig .  4 h a v e  the  f o r m  of t he  a b o v e  
equa t ion .  

A l t h o u g h  the  d a t a  . for  s i lver ,  t h e  on ly  accep to r  
i nves t i ga t ed ,  con fo rms  w i t h  mos t  of t h e  a b o v e  
equa t ions ,  t h e r e  a r e  some es sen t i a l  d i f fe rences  in 
i n t e r p r e t a t i o n .  The  in i t i a l  hole  c a r r i e r  c o n c e n t r a -  
t ion  for  s i l ve r  (no t  s h o w n  in Fig .  5) is 18.7 x 1020 
cm -3, i.e., t w i c e  t h a t  of Geo.gvsTe. B y  m e a n s  of Eq. 
[7] ,  t h e  p r o p e r  ion c h a r g e  is one b u t  s ince  the  c a r -  
r i e r  c o n c e n t r a t i o n  for  some of t h e  a l loys  also d rops  
b e l o w  t h a t  of Ge0.9~6Te, s i l ve r  c anno t  be  r e g a r d e d  as 
h a v i n g  a n e g a t i v e  va lence .  A poss ib l e  e x p l a n a t i o n  

is t h a t  A g  +1 r e p l a c e s  t he  g e r m a n i u m  w h i c h  e i t he r  
r e m a i n s  u n - i o n i z e d  in  i n t e r s t i t i a l  s i tes  (R~e = 
1.26 < 1.33 - t h e  t e t r a h e d r a l  s i t e ) ,  o r  e l se  comes  
ou t  of t h e  l a t t i ce  f o r m i n g  a second  phase .  I n  th is  
m a n n e r  one  ho le  is c r e a t e d  fo r  each  A g  a t o m  t h a t  
d issolves .  I f  i t  is a s s u m e d  t h a t  i n i t i a l l y  a l l  t he  A g  
is so luble ,  t h e n  t h e  c a l c u l a t e d  c o n c e n t r a t i o n  is 
Po----14 x 102~ c m  -3. I n  Fig .  5, i t  can  be  seen  t h a t  
for  l a r g e  n e u t r a l  vacanc ie s  t he  c a r r i e r  c o n c e n t r a -  
t ion  of t he  s i l ve r  d o p e d  a l loys  d rops  r a p i d l y  and  
a b o v e  V~ -= 1.5 at .  % fa l l s  b e l o w  t h a t  for  Geo.9~6Te. 
W e  i n t e r p r e t  th i s  to m e a n  t h a t  as  t h e  n e u t r a l  v a -  
canc ies  a r e  i n c r e a s e d  t h e  d i s p l a c e d  G e  d i s so lves  
b a c k  in to  t he  l a t t i c e  p r o v i d i n g  2 e l e c t r o n s / G e .  The  
cons tan t ,  K ~ 3 for  th i s  r ange ,  is cons i s t en t  w i t h  a 
c h a r g e  of two  for  c a r r i e r  compensa t ion .  I t  seems  
r e a s o n a b l e  to e x p e c t  t h a t  a l l  t he  Ge  is so lub l e  s ince  
t h e r e  w i l l  s t i l l  be  a c o n s i d e r a b l e  ho le  c o n c e n t r a t i o n  
due  to t h e  2.4% A g  +1 ions. On th i s  model ,  w h e n  a l l  
t he  Ge  m e t a l  d i s so lves  b a c k  in to  t h e  la t t i ce ,  t he  
m i n i m u m  hole  c a r r i e r  concen t r a t ion ,  P = 4.62 x 102~ 
c m  -3 shou ld  be  ob ta ined .  Th is  v a l u e  c o r r e s p o n d s  to 
t he  d o t t e d  l ine  d r a w n  across  t h e  A g  d o p e d  a l l o y  in  
Fig .  5. If,  i n s t ead ,  t he  m o d e l  is w r o n g  a n d  c o m p e n -  
sa t ion  con t inues  b e y o n d  th i s  va lue ,  t h e n  t h e  v a l u e  
P ---= 3.4 x 102~ cm -~ w o u l d  be  e x p e c t e d  for  t h e  x 
5% a l loy .  As  seen  in  Fig .  5, t h e  c a r r i e r  c o n c e n t r a -  
t ion  for  t he  x -= 5 % a l loy  is in  good  a g r e e m e n t  w i t h  
t h e  p r o p o s e d  model .  I t  is e v i d e n t  t h e n  t h a t  t h e  u n i -  
v a l e n t  m e t a l  u n l i k e  t h e  d i v a l e n t  and  t r i v a l e n t  m e t a l s  
is no t  s i m p l y  soluble .  This  is in  ve r i f i ca t ion  of Eq. [7] .  

Summary 
1. W e  h a v e  shown  tha t  a v a r i e t y  of e l e m e n t s  

( b o t h  donors  a n d  a c c e p to r s )  a r e  so lub le  in  Ge0.9~6Te. 
2. F u r t h e r m o r e ,  t he  s o l u b i l i t y  is s h o w n  to i n -  

c rease  w i t h  t he  a d d i t i o n  of n e u t r a l  vacanc ie s  i n t r o -  
d u c e d  v i a  b i s m u t h  t e l lu r ide .  

3. A l i n e a r  r e l a t i o n s h i p  is o b t a i n e d  b e t w e e n  the  
log  of  t he  c a r r i e r  c o n c e n t r a t i o n  and  t h e  a m o u n t  of  
n e u t r a l  vacanc ies .  

4. The  in i t i a l  so lub i l i t y  is d e t e r m i n e d  on ly  b y  the  
ion  c h a r g e  a n d  r a d i u s  of t he  m e t a l  a n d  the  i n i t i a l  
c a r r i e r  c o n c e n t r a t i o n  is i n v e r s e l y  p r o p o r t i o n a l  to  
t he  c h a r g e / r a d i i  ra t io .  

5. A n  e x p r e s s i o n  s a t i s fy ing  a l l  t h e  d a t a  is o b -  
t a i n e d  for  t he  so lub i l i t y  as a func t ion  of charge ,  
r ad ius ,  n e u t r a l  v a c a n c y ,  a n d  k n o w n  cons tan ts .  

6. The  dop ing  b y  s i lver ,  a l t h o u g h  c o m p a t i b l e  
w i t h  mos t  of t he  exp re s s ions  used  for  t he  donors ,  is 
i n t e r p r e t e d  d i f f e ren t ly .  The  i n i t i a l  i n c r e a s e  in  c a r -  
r i e r  c o n c e n t r a t i o n  is due  to A g  +1 r e p l a c i n g  Ge, a n d  
t h e n  t h e  d e c r e a s e  at  l a r g e  n e u t r a l  v a c a n c y  con-  
c e n t r a t i o n  is a t t r i b u t e d  to G e  d i s so lv ing  b a c k  in to  
t h e  la t t i ce .  
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Surface Energy of Germanium and Silicon 
R. J. Jaccodine 

Bell Telepho~e Labo.ratories, Incorporated, A~lent~wn~ Pennsylvania 

ABSTRACT 

Surface energy is one of the most fundamenta l  parameters  of a solid since 
it depends directly on the b inding  forces of the material .  Indeed, it  is a meas-  
ure of the work necessary to separate a mater ia l  into two parts along a plane. 
Very few measurements  have been made of this quant i ty  and these by indirect  
means, because of difficulties of measurement  and interpretat ion.  This report  
deals with a direct measurement  of specific surface energy of Ge and Si made 
by the cleavage technique. By measur ing  the force just  necessary to move a 
crack "in reversible fashion" the surface energy can be obtained. The meas-  
ured value for the {111} planes of Ge and Si are 1060 ergs/cm 2 and 1230 
ergs /cm 2. From these measured values the energy of the planes {100} and {110) 
can be estimated. They are: 

{100} {110} 
Ge 1835 ergs /cm 2 1300 ergs/cm 2 
Si 2130 ergs/cm 2 1510 ergs/cm 2 

Using the measured value of specific surface energy, assuming this is due 
to the appropriate number  of broken bonds/cm 2, the bond strength of Ge and 
Si was obtained as Ge-Ge = 42.6 kcal /mole;  Si-Si  = 45.5 kcal/mole.  

The sur face  e n e r g y  of a solid is a f u n d a m e n t a l  
p rope r ty  wh ich  depends  on the  n a t u r e  of the  b o n d -  
ing of the  mate r ia l .  I t  is for this  reason  tha t  m a n y  
theore t ica l  t r e a t m e n t s  have  been  m a d e  to ca lcula te  
this pa r ame te r .  These t r e a t m e n t s  r a n g e  f rom s imple  
a tomist ic  theor ies  (1) to more  sophis t icated ca lcu-  
la t ions  r ev iewed  by  Van  der  Hoff and  Benson  (2) 
and  by  Ewa ld  and  Ju re t s chke  (3) .  A n o t h e r  reason  
for the  la rge  a m o u n t  of theore t ica l  work  in  this  a rea  
is tha t  a t t empts  to ca lcu la te  e n e r g y  of cohes ion i n -  
volve  the  same approach.  The surface  ene rgy  is the  
work  r equ i r ed  to separa te  a c rys ta l  into two par t s  
a long a p lane  and  is equa l  to half  the  ene rgy  of co- 
hesion.  

The a t t empts  at theore t ica l  ca lcula t ions  an t eda t e  
the  e x p e r i m e n t a l  a t t empt s  to measu re  this ene rgy  
in  pa r t  due  to difficulties in  m e a s u r e m e n t  and  i n t e r -  
p re ta t ion .  One  of the  ear l ies t  a t t empt s  was  by  L ip -  
sitt, Johnson ,  and  Maass (4) who used the  differ-  
ence of hea t  of so lu t ion  be tween  f inely g r o u n d  a nd  
coarse sodium chlor ide as a m e a s u r e  of the  surface  
energy.  Most successful  a t t empts  have  been  m a d e  b y  
this and  s imi la r  ind i rec t  techniques .  

In  v iew of the def ini t ion of surface  energy ,  a d i -  
rect  t e chn ique  wou ld  be a m e a s u r e m e n t  of the w o r k  
necessa ry  to cleave in  " revers ib le"  fash ion  a u n i t  
a rea  of surface.  In  prac t ice  this  m e a n s  m a k i n g  the  
force m e a s u r e m e n t  j u s t  at the  po in t  whe re  an  a l -  
r e ady  p re sen t  c leavage crack begins  to move  aga in  
w i th  such diss ipat ive  factors as s tep format ion ,  
p las t ic  s t ra in ,  heat ,  etc., he ld  to a m i n i m u m  or ab -  
sent.  

A n  ear ly  m e a s u r e m e n t  m a d e  this  w a y  on mica  was  
by Obre imov  (5) ,  and  r e c e n t l y  Bai ley  (6) checked 
and  found  good a g r e e m e n t  w i th  Obre imov ' s  values.  
More r ecen t ly  G i l m a n  (7) has appl ied  this  t e chn ique  
to a series of s imple  crys ta ls  ( m a i n l y  ionic crys ta ls )  
and  compares  theore t ica l  w i th  e x p e r i m e n t a l  va lues  
made  by  var ious  workers .  G i l m a n  also appl ies  the  
c leavage mechanics  of B e n b o w  and  Roesler  (8) to 
the  case of the va r ious  crys ta ls  he measured .  I t  m u s t  
be m e n t i o n e d  tha t  G i l m a n  inc ludes  two m e a s u r e -  
m e n t s  on Si  spec imens  and  gives a va lue  of 1240 
e r g s / c m  2 ( the  average  of the  two)  for {111} plane.  
He cites e x p e r i m e n t a l  difficulty in  ob t a in ing  su i t ab le  
cracks for l im i t i ng  the n u m b e r  of m e a s u r e m e n t s .  

In  passing,  m e n t i o n  should be made  of the  w o r k  of 
Udin,  Shaler ,  and  Wulff  (9) which  measu res  the  
force necessa ry  to ba l ance  the  surface  t ens ion  of a 
wi re  n e a r  its me l t i ng  point .  This  me thod  has been  
appl ied  by  U d i n  and  co -worke r s  to m e a s u r e  a va -  
r i e ty  of meta l s  i nc lud ing  r e f r ac to ry  metals .  Some 
recen t  rev iews  of this and  s imi la r  work  can be found  
in  the  l i t e r a tu re  (10).  

The purpose  of this pa pe r  is to give resul t s  of 
surface  ene rgy  m e a s u r e m e n t s ' m a d e  on {111} p lanes  
of Si and  Ge. F u r t h e r ,  this  i n f o r m a t i o n  is used to 
ob ta in  ene rgy  of {110} and  {100} p lanes  and  to 
d e t e r m i n e  the  S i -S i  and  Ge-Ge bond  energy.  

Experimental Technique 
The t echn ique  of m e a s u r i n g  sur face  e n e r g y  de-  

pends  on d e t e r m i n i n g  the  force necessa ry  ( in  " re -  
vers ib le  fash ion")  to jus t  move  a crack tha t  is a l -  
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ready  present  in the specimen under  test. De te rmin-  
ing this force and the lever  a rm to the  crack tip, 
along wi th  other  specimen geomet ry  measurements ,  
allows one to calculate  the surface energy.  

A majo r  obstacle in br i t t l e  ma te r i a l  is the fo rma-  
tion of a sui table  cleavage crack a r res ted  in the 
specimen. At tempts  at  c racking  specimen bars  only 
resul ted  in complete cleavage or f ractur ing.  A more 
successful sys tem consisted of using careful ly  p re -  
pared  {111} slices, c lamping these r igidly,  and ini -  
t ia t ing a crack in the exposed top surface. When 
successful, the constraints  slowed and stopped the 
crack f rom propaga t ing  th rough  the slice. Pol ishing 
slices in acid and using th inner  cross sections in-  
creased the yie ld  of usable  specimens. When a slice 
contained a proper  cleavage crack, then a specimen 
of sui table  geomet ry  was  cut. Smal l  holes were  m a -  
chined in e i ther  side of the crack to be used with  
tungs ten  wire  hooks as places for appl icat ion of 
force. At  this stage, the  specimen is r eady  for a 
measurement .  I t  mus t  be r e m a r k e d  tha t  no one sys-  
tem could be considered rea l ly  sa t is factory  for p ro-  
ducing cracked specimens. With  care and patience,  a 
fair  number  of specimens could be brought  to the 
point  of measurement .  

The specimen to be tes ted was jus t  immersed  
with  tungs ten  grips in l iquid Nf. Dur ing the meas-  
urement ,  l iquid N2 vapor  is p layed  over the specimen 
cont inuously to main ta in  i t  below room t e m p e r a -  
ture  and in the v ic in i ty  of l iquid N2 (--196~ Since 
the cracking was not  done in vacuum, the possibi l i ty  
of adsorpt ion on the f reshly  cleaved surface must  be 
considered. More par t i cu la r ly ,  the region at  the ve ry  
tip of the f rac ture  would  have to be affected to 
change the force necessary  to move the crack. For  
specimens cracked and lef t  s tanding in a i r  for pe -  
riods grea te r  than  severa l  hours, no consistent t r end  
was noted in measured  surface energy values.  How-  
ever, specimens oxidized to a thickness of severa l  
thousand angstroms showed a m a r k e d  decrease in 
measured  surface energy value  which can be a t t r i b -  
u ted to the oxide acting as a wedge to help spread 
the crack sides. 

Force is appl ied  to the  specimen by  slowly adding 
l inks of chain (1.7 g / l i n k )  onto the specimen. This 
sys tem is simple, easy to use, and allows weight  as 
smal l  as half  a l ink  to be added and held for as long 
as one wishes before addi t ional  weight  is added.  A 
very  good de te rmina t ion  of force could be made  in 
this way. Af te r  the  specimen is cracked,  the two 
sections are examined  for evidences of steps, t ea r  
marks ,  etc. Then a second measu remen t  of crack 
length  is made  using evidence on the cracked face 
of the place where  the ini t ia l  crack s topped and re -  
started.  This could be convenient ly  done wi th  a 
too lmaker ' s  microscope. Final ly ,  specimen d imen-  
sions are rechecked using micrometer  or toolmaker ' s  
microscope. F rom the measured  force and geometry,  
surface energy is de te rmined  and the value  recorded 
provided  the specimen did not  show large  numbers  
of steps, tear  marks,  and diss ipat ive signs. Since dis-  
s ipat ive  factors tend to raise the measured  va lue  of 
surface energy,  more credence is p laced on the lower 
values.  For  this reason, de te rmina t ions  which r e -  
sul ted in higher  values  are  not included in the  data.  

Interpretation of Experiments 
In order  to der ive  the surface energy  f rom the 

measured  values,  an analysis  of the mechanics of a 
c leaved specimen mus t  be made.  This has been done 
r a the r  thoroughly  by  Benbow and Roesler  (8) using 
isotropic e las t ic i ty  and modified by  Gi lman (7) for 
c rys ta l l ine  mater ia l .  Briefly, fol lowing Gilman,  the 
cracked crys ta l  is t r ea ted  as two cant i lever  beams 
of length  L, height  t, wid th  w, and moment  of iner t ia  
I ---- wt3/12. Under  the  force F appl ied  at  x ---- 0 the 
bending moment  in each beam is M (x)  = F x  and the 
s t ra in  energy U due to this moment  is 

1 I ~ '  FfL3 
M 2 ( x ) d x  

U -~ 2EI  6EI  

Here E is Young's  modulus  for the cleavage plane in 
the direct ion of crack propagat ion.  The deflection 
due to bending at  the point  of appl icat ion of the 
force is 

8 o ~ 
x=0 3EI  

and incrementa l  work  d W  is given by:  

d W  ~- Fd~o -~ 
F f L 2 d L  

E I  

Now to sat isfy the condit ions tha t  crack motion be 
"revers ib le ,"  we make  an energy  balance  for the  
sys tem at the point  where  the  crack jus t  begins to 
move. The work  done (neglect ing diss ipat ive fac-  
tors)  when a crack moves dL must  be equal  to the 
change in s t ra in  energy plus the energy of the newly  
created surface. 

This balance  equat ion gives 

6 F f L  2 

= E w f t  a 

This is the requ i red  re la t ion used to in te rp re t  the 
measured  values.  

Now in order  to take  into account the crys ta l l ine  
na tu re  of a c leavage crack, the  value  of Young's  
modulus  E must  be tha t  for the cleavage p lane  {111} 
in the  direct ion of crack propagat ion.  We can cal-  
culate  Young's  modulus  using the fol lowing relat ions 
be tween elastic constants  and compliance coeffi- 
cients (11) 

C1i + C12 

S11 ~--- Ci i  (C,i -I- C~2) - -  2C,2 2 ; 

--C1~ 1 

S12---- Cil(C~l J rCle)- -2C122 ; $ 4 4 = "  C44 

where  the elastic coefficients are  t aken  f rom Mc- 
Sk imin  (12) for  l iquid N2 t empera tu re  as: 

Si Cll---- 16.74 X 10 ll d y n e s / c m  2 
C12---- 6.495 X 10 il d y n e s / c m  2 
C44---- 8.00 X 1011dynes/cm 2 

Ge Cll = 13.16 X 1011 d y n e s / c m  2 
C12---- 4.95 • 10 l i  d y n e s / c m  e 
C44---- 6.84 • 1O ll d y n e s / c m  2 
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T h e n  the  compl iance  coefficients can  be ca lcu la ted  
f rom the  above  express ions  and  va lues  as: 

Si Szz ~- 7.64 • 10 -13 cm~/dyne  
$12 = -  2.14 • 10 -13 cm~/dyne  
S ~  ~- 12.50 • 10 - l a  cm~/dyne  

Ge Szl = 9.59 • 10 - i3 cm2 /dyne  
$12 ~ - -  2.62 X 10 - i3 cm2/dyne  
$4~ = 14.60 • 10 -13 cm~/dyne  

The va lue  for Young ' s  modu lus  in  the  {111} is i n -  
v a r i a n t  and  g iven  b y  

4 
E 

(iii} 2 S l l  -~ 2S12 -~- 344 

Which  t h e n  gives 

S i  E{111 ) 

Ge E 
{i11} 

= 16.8 • 10 zz d y n e s / c m  e 

= 14.0 • 1011 d y n e s / c m  2 

Results 
The m e a s u r e d  quan t i t i e s  and  r e su l t i ng  d e t e r m i -  

n a t i o n  for Si and  Ge are g iven  in  Tab les  I a nd  II. 
M e a s u r e m e n t s  were  made  in  the  m a n n e r  descr ibed  
previous ly .  I t  should  be no ted  tha t  spec imens  wi th  
di f ferent  sur face  finishes did no t  show any  t rend ,  
and  also room t e m p e r a t u r e  m e a s u r e m e n t s  y ie lded  
a p p r o x i m a t e l y  the  same resul t s  as those at  l iqu id  N2. 
These facts are p r o b a b l y  due  to the  b r i t t l e  n a t u r e  of 

Table I. Cleavage surface energy for Si (in order of increasing 
value) 

Specimen 
N o .  w, cm t, em L, em F, g 5', e r g s / c m 2  

Si 2 0.025 0.40 0.25 477 1220 
14 0.057 0.50 1.20 100.5 1230 
15 0.037 0.40 0.585 95 1230 
6 0.025 0.35 0.65 151 1230 

10 0.0215 0.35 0.215 384 1235 
12 0.0405 0.30 0.52 244 1240 
5 0.025 0.60 0.037 190 1250 
9 0.023 0.40 0.35 333 1245 
7 0.016 0.40 2.50 310 1250 
3 0.0215 0.60 0.64 305 1270 
8 0.016 0.40 0.014 580 1270 

13 0.0605 0.40 0.445 212 1270 
4 0.025 0.65 0.75 338 1280 

16 0.020 0.22 0.206 193.6 1290 
1 0.025 0.305 0.515 160 1300 

Preferred value 1230 ergs/cm 2 

Table II. Cleavage surface energy for Ge (in order ofincreasing 
value) 

Specimen 
No. w t L F, g ,y, e r g s / c m  ~- 

Ge 2 0.0175 0.20 0.40 60.5 1000 
3 0.0113 0.40 0.50 90.5 1020 
7 0.0114 0.40 0.85 54 1045 
4 0.011 0.40 0.60 73 1050 
1 0.010 0.15 0.475 20 1060 
5 0.0115 0.40 1.10 42 1060 
6 0.0112 0.35 0.40 93 1080 
9 0.010 0.55 0.154 135 1085 
8 0.0127 0.20 0.30 62 1090 

10 0.010 0.30 0.35 77 1120 
11 0.010 0.55 0.30 70.8 1130 

Preferred value 1060 ergs/cm 2 

these ma te r i a l s  a nd  the i r  lack of plas t ic  behav io r  at 
room t empera tu re .  On ly  "successful"  m e a s u r e m e n t s  
are  inc luded  in  Tables  I a nd  II. As p rev ious ly  
po in ted  out, d iss ipa t ive  factors  would  t end  to raise 
the m e a s u r e d  va lue  of sur face  energy.  Therefore ,  
s t ronger  re l i ance  is pu t  on the  group of lower  va lues  
w i th  the  au thors '  choice be ing  1230 e r g s / c m  ~, a nd  for 
Ge a va lue  of 1060 e r g s / c m  2. 

Discussion 

Using  the  m e a s u r e d  va l ue  of surface  e n e r g y  for 
{111} we can der ive  add i t iona l  i n f o r m a t i o n  abou t  
the  b o n d  ene rgy  a nd  surface  ene rgy  of {110} and  
{100}. Since in  c leav ing  a c rys ta l  we fo rm twice  the  
area  of surface,  we can  say tha t  the  sur face  ene rgy  
is equa l  to one hal f  the  cohesive energy.  Now we 
m a k e  the  s impl i fy ing  a s sumpt ion  fo l lowing  H a r k i n s  
(13) tha t  this  e n e r g y  is due  to a g iven  n u m b e r  of 
bonds  per  u n i t  a rea  of the  c leavage  plane.  K n o w i n g  
this dens i ty  and  a t t r i b u t i n g  our  surface  ene rgy  to 
b r e a k i n g  this n u m b e r  of bonds  al lows us to ca lcula te  
the respect ive  G e - G e  and  S i -S i  bond  energy.  H a v -  
ing this  ene rgy  a nd  k n o w i n g  the  bond  dens i ty  of the  
o ther  p r inc ipa l  p l anes  we  can  t h e n  d e t e r m i n e  the i r  
specific surface  energies.  

By this  process we  ca lcula te  the  s t r eng th  of the  
G e - G e  and  S i -S i  bond  as 

G e - G e  ---- 42.6 k c a l / m o l e  

S i - S i  = 45.5 k c a l / m o l e  

Wi th  this  va lue  and  the  bond  dens i ty  of {110} and  
{100} p l ane  we  get the  surface  ene rgy  for these  
p lanes  as 

{110} {100} 

Ge 1300 e r g s / c m  2 1835 e r g s / c m  ~ 
Si 1510 e r g s / c m  2 2130 e r g s / c m  2 

These va lues  can  be compared  f a vo r a b l y  w i th  the 
theore t i ca l ly  a r r ived  at  va lues  g iven  by  Via tk in  and  
Ver topakhov  (14) of 

{110} {100} 

Ge 1330 e r g s / c m  2 1900 e r g s / c m  e 
Si 1465 e r g s / c m  2 2085 e r g s / c m  e 

Conclusions 

The  surface  e n e r g y  of Ge a nd  Si was  m e a s u r e d  
by  c leavage t echn iques  a nd  va l ue  of Ge ---- 1060 

{111} 
e r g s / e m  2 a nd  Si ~ 1230 e r g s / c m  2 w e r e  ob ta ined .  
F r o m  the  m e a s u r e d  values ,  the  va lues  of sur face  
ene rgy  for (110} and  {100} a nd  the  respec t ive  b o n d -  
ing ene rgy  were  also es t imated .  The es t ima ted  
va lues  for Ge a nd  Si bond  energ ies  are  42.6 a n d  45.5 
kca l /mole ,  respect ively .  These  va lues  can be com-  
pa red  w i th  l ike va lues  of 46 and  52 k c a l / m o l e  ob-  
t a ined  f rom hea t  of s u b l i m a t i o n  da ta  l i s ted by  R. 
Hon ig  (15).  I t  should  aga in  be  r e m a r k e d  tha t  these  
m e a s u r e m e n t s  were  b iased  in  the  d i rec t ion  of low 
surface  energy.  This wou ld  account  for  the  lower  
va lues  ob ta ined  for the  bond  energies .  A l t h o u g h  Ge 
and  Si are bo th  ve ry  br i t t le ,  which  t ends  to m i n i -  
mize  diss ipat ive  factors,  it  complicates  the  p r ob l em 
of ob t a in ing  p rope r ly  cleaved,  usab le  spec imens  in  
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sufficient n u m b e r s  to o b t a i n  su i tab le  d i s t r i bu t ion  of 
measu remen t s .  

Manuscript  received Nov. 1, 1962; revised m a n u -  
script received Jan. 12, 1963. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be publ ished in the December 1963 
J O U R N A L .  
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The Oxidation of Silicon in 
Dry Oxygen, Wet Oxygen, and Steam 

Bruce E. Deal I 

Semiconductor Division, Raytheon Company, Mountain View, California 

ABSTRACT 

The oxidation of single crystal, n-type silicon has been investigated in the 
temperature range 900~176 These studies involved the use of three differ- 
ent oxidizing atmospheres, dry oxygen, wet oxygen, and steam, all at atmos- 
pheric pressure. Kinetic data, including thickness and weight rate constants, 
activation energies, and oxidation effieieneies, were compared among the three 
systems. The silicon oxides produced by the different methods were charac- 
terized by certain properties, such as density, dielectric strength, masking 
ability, and number of imperfections. It was demonstrated that the wet oxygen 
process produces oxides exhibiting the best protective properties relative to 
semiconductor device applications. No effects on oxidation characteristics were 
found due to impurity type or concentration, but a surface orientation effect 

was observed. 

A n u m b e r  of inves t iga t ions  have  b e e n  repor ted  
conce rn ing  the ox ida t ion  of silicon, i nc lud ing  re -  
act ion kinet ics ,  surface  pass iva t ion ,  and  mask i ng  of 
diffusing species, as re la ted  to semiconduc tor  tech-  
nology (1-18) .  However ,  in  none  of these has a 
direct  compar i son  been  m a d e  of the  common  h igh -  
t e m p e r a t u r e  processes for si l icon oxidat ion.  P r e -  
sented  here,  therefore ,  are  the  resul t s  of a s tudy  
concerned  wi th  the reac t ion  k ine t ics  and  proper t ies  
of oxides p roduced  in  d ry  oxygen,  we t  oxygen,  and  
s team atmospheres ,  at a tmospher ic  p ressure  and  at  
t e m p e r a t u r e s  r a n g i n g  f rom 900 ~ to 1200~ These 
s tudies  are pa r t  of a gene ra l  p r o g r a m  des igned to 
c lar i fy  some of the  sur face  p rob lems  associated 
wi th  semiconduc tor  device fabr ica t ion .  

Materials and Apparatus 
Sil icon used for the m a j o r i t y  of these  s tudies  was  

s ingle  crys ta l  Czochralski  pul led,  n - t y p e  phos-  
phorus  doped, (111) surface  or iented ,  wi th  a res is-  
t iv i ty  r ange  of 1.5-2.5 ohm-cm.  Ingots  were  cut 
into c i rcu la r  slices abou t  20 m m  in d iameter .  The 
th ickness  of the slices af ter  l app ing  and  pol i sh ing  
was about  0.20 ram. 

i P r e s e n t  add re s s :  F a i r c h i l d  Semiconductor, Pa lo  Al to ,  Cal i f .  

The ox ida t ion  p rocedure  was  as follows. The  ap-  
p ropr ia te  a tmosphere  was d i rec ted  in to  a 45 m m  
ID quar tz  reac t ion  t u b e  con ta ined  in  a s i l i con-ca r -  
b ide  type,  t h r e e - z o n e  furnace .  The  t e m p e r a t u r e  of 
the reac t ion  zone was  cont ro l led  to w i t h i n  • I~  
The si l icon slices we re  placed flat on a qua r t z  boat. 
Special  e x p e r i m e n t s  d e m o n s t r a t e d  tha t  bo th  sides 
of the slices, p laced flat in  this  m a n n e r ,  oxidized at 
equa l  rates,  and  u n i f o r m  hea t  d i s t r i bu t i on  was  ob-  
t a ined  across the  slices. 

The  in le t  sys tem of the  appa ra tu s  was  so a r -  
r anged  tha t  the  oxidiz ing a tmosphere  could be 
changed  i n s t a n t a n e o u s l y  at a ny  t ime.  T a n k  oxygen,  
whose dew po in t  was m a i n t a i n e d  at less t h a n  
--  60~ by  a d r y i n g  uni t ,  was  used at a l i nea r  flow 
ra te  of 62.9 c m / m i n  for the  d r y  oxygen  process. 
S t eam was ob ta ined  b y  boi l ing  deionized,  dis t i l led 
water .  The  s t eam flow ra te  was  a p p r o x i m a t e l y  570 
c m / m i n  at a tmospher ic  p ressure  and  room t e m -  
pera tu re .  For  al l  the  oxida t ions  repor ted  here  in -  
vo lv ing  a wet  oxygen  a tmosphere ,  oxygen  was  
b u b b l e d  t h r o u g h  w a t e r  m a i n t a i n e d  at 95 ~ -- 0.2~ 
at  1 1/min.  This  resu l t ed  in  a to ta l  l i nea r  flow ra te  
of 315 c m / m i n  (oxygen  plus  w a t e r )  at a tmospher ic  
p ressure  and  room t empera tu r e .  
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Procedure 
All  s i l icon slices were  m e c h a n i c a l l y  pol ished to 

assure  a u n i f o r m  sur face  and  r ep roduc ib le  area.  
Af te r  pol ishing,  the slices were  c leaned,  us ing  or-  
ganic  so lvents  and  ino rgan ic  acids, the  last  s tep be -  
ing an  H F  r inse  fo l lowed by  a deionized wa t e r  r inse.  
Diamete r s  and  th icknesses  we re  t hen  d e t e r m i n e d  
and  areas  calculated.  A t  least  th ree  slices were  oxi -  
dized per  run .  One was for we igh t  m e a s u r e m e n t s .  
A second slice was  used for oxide th ickness  me a s -  
u r emen t s ,  dielectr ic  s t r eng th  de te rmina t ions ,  and  
v isua l  observa t ion .  Add i t i ona l  samples  were  p re -  
pa red  d u r i n g  each ox ida t ion  for s u b s e q u e n t  m a s k -  
ing and  misce l laneous  expe r imen t s .  At  leas t  two 
runs  were  made  for each ox ida t ion  condi t ion.  

I m m e d i a t e l y  pr ior  to oxidat ion,  the  samples  used 
for we igh t  d e t e r m i n a t i o n s  were  weighed  on a 
mic roba lance  h a v i n g  an  accuracy  of • 0.002 mg. 
The slices t h e n  were  placed in  the  reac t ion  tube ,  
and  ox ida t ion  was car r ied  out  u n d e r  the  r equ i r ed  
t e m p e r a t u r e  and  t ime  condit ions.  Af te r  oxidat ion ,  
the  weight  samples  were  aga in  weighed,  the  oxide 
r emoved  in  an  H F  solut ion,  and  the  samples  we ighed  
again .  T h u s  i t  was  possible  to ca lcula te  we igh t  ga in  
due  to oxygen,  (W2 - -  W~), s i l icon oxide weigh t  
(W2 - -  Wa), and  weigh t  of si l icon consumed  d u r i n g  
the  reac t ion  (W1 - -  W3). The precis ion of we igh t  
per  u n i t  a rea  m e a s u r e m e n t s  (which  depended  
la rge ly  on the  accuracy  of the  area  d e t e r m i n a t i o n )  
was be t t e r  t h a n  • 0.5% for a 1~ th ick  oxide. 

Oxide th icknesses  were  ob ta ined  us ing  the 
g roove-chord  method,  s imi la r  to t ha t  descr ibed by  
McDonald  and  Goe tzberger  for m e a s u r i n g  diffused 
j unc t i ons  (19).  Accuracy  of this  type  of oxide 
th ickness  d e t e r m i n a t i o n  was cons idered  to be w i t h -  
in  • 2% for a 1~ oxide. Dielectr ic  s t r eng th  va lues  
were  ob ta ined  us ing  the  Anodica tor .  2 This  i n s t r u -  
m e n t  is based  on the  A.S.T.M. me thod  for m e a s u r -  
ing dielectr ic  s t r eng ths  of i n s u l a t i n g  coat ings  on 
metals .  A n  a-c  vol tage  is impressed  across the  coat-  
ing, s t a r t ing  wi th  zero volts  and  inc reas ing  at  a 
u n i f o r m  ra te  un t i l  b r e a k t h r o u g h  occurs. The i n s t r u -  
m e n t  t h e n  indicates  the  vol tage  at  which  b r e a k -  
t h rough  occurs. Reproduc ib i l i t y  and  accuracy  de-  
pend  on the  n a t u r e  of the  coating,  type  of p robe  
used, and  o ther  factors.  

Resul ts- -React ion Kinetics 

R a t e  d a t a . - - A l l  th ree  ox ida t ion  processes we re  
found  to obey parabol ic  ra te  laws in  the  t e m p e r a -  
t u r e  r a n g e  1000~176 The  parabol ic  law, i n -  
d ica t ing  a diffusion cont ro l led  reac t ion  (20) ,  m a y  
be expressed  as fol lows 

w 2 ~ k t  

where  w is oxide weigh t  or thickness ,  t, ox ida t ion  
t ime;  and  k, ra te  constant .  A parabol ic  plot of oxide 
t h i cknes s -ox ida t i on  t ime  da ta  for the  we t  oxygen  
process is shown in  Fig. 1. S t ra igh t  l ines  are ob-  
ta ined,  which  m e a n s  the  ox ida t ion  ra tes  are con-  
t ro l led  b y  the  diffusion of one of the  r eac tan t s  
t h rough  the  oxide. Weigh t  data  for the  same ox ida-  
t ions a re  p lot ted  in  Fig. 2. I t  can  be no ted  t ha t  

2 Manufactured by the R. O. Hull Company, Rocky River, Ohio. 
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Fig. I. Parabolic plot of thickness-time data far wet oxygen 
(95"C H20) oxidation of silicon. 
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Fig. 2. Parabolic plot of weight-time data for wet oxygen (95=(; 
H20) oxidation of silicon. 

weigh t  va lues  are  more  r ep roduc ib le  t h a n  th ick-  
ness values ,  due to the  g rea te r  precis ion of we igh t  
me a su r e me n t s .  

The da ta  for  d r y  oxygen  a n d  s t eam oxida t ions  
also p rov ided  parabol ic  curves.  The  s team rates  
were  g rea te r  t h a n  those of wet  oxygen,  whi le  the 
ox ida t ion  ra tes  for the d ry  oxygen  process were  
cons ide rab ly  less. Tab le  I p resen t s  a s u m m a r y  of 
parabol ic  ra te  cons tan t s  for the  th ree  processes at 
two t empera tu res .  Both weigh t  a nd  th ickness  data  
are included.  In  genera l  the  precis ion of these de-  
t e r m i n a t i o n s  was • 4%. The  r ep roduc ib i l i t y  of the  
d ry  and  wet  oxygen  va lues  f rom one set of exper i -  
m e n t s  to a no t he r  was  also • 4%.  The  s t eam ra te  
cons tan ts  va r i ed  more  f rom one t ime  to another ,  
de pe nd i ng  l a rge ly  on the  e x p e r i m e n t a l  condi t ions.  
These va r i a t ions  wi l l  be cons idered  in  the  Discus-  
s ion Section. A more  p rac t ica l  compar i son  of ox ida-  
t ion  ra tes  is p r e sen t ed  in  Ta b l e  II. Here,  ox ida t ion  
t imes  r equ i r ed  to p roduce  ce r ta in  oxide th icknesses  
are l is ted for the  th ree  processes. 

O x i d a t i o n  e I ~ i c i e n c i e s . - - T h e  t e r m  "ox ida t ion  effi- 
c iency"  was i n t roduced  in  this  p rogram.  I t  is de-  

Table 1. Parabolic rate constants for three types of 
silicon oxidation 

Rate constant from 
Temper- Thickness data, Weight data, 

Oxidation type ature, ~ /zU/min (mg/cm u) ~/min 

Dry oxygen 1000 1.48 X 10 -4 0.077 X 10 -4 
1200 7.64 X 10 -4 0.351 X 10 -4 

Wet oxygen 1000 38.5 X 10 -4 1.82 • 10 -4 
(95~ H20) 1200 117.5 X 10 -4 5.72 X 10 -4 

Steam 1000 54.5 X 10 -4 2.35 >< 10 -4 
1200 159.0 X 10 -4 6.67 X 10 -4 
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Table II. Time required to obtain specific silicon oxide 
thicknesses using three types of oxidation 
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T i m e  r e q u i r e d  to o b t a i n  
O x i d a t i o n  t y p e  T e m p e r a t u r e ,  ~ 0.5/4 m i n  1.0/~ r a in  

Dry oxygen 1000 1800 - -  
1200 320 1320 

Wet oxygen 1000 70 252 
(95~ H20) 1200 22 85 

Steam 1000 55 195 
1200 16 60 

fined as the rat io  of measured  weight  of silicon 
oxide to tha t  amount  of SiO2 which should have 
been produced f rom the measured  weight  of s i l i -  
con consumed dur ing the oxidation.  In te rms of 
weights  obta ined 

( W ~ -  W3) 
Oxidat ion efficiency 

2.139 (W1 -- Ws) 

where  W~ is the weight  of sample before  oxidat ion;  
W2, weight  of sample af ter  oxidat ion;  and Ws, 
weight  of sample  af te r  oxide is r emoved  with  HF. 
An oxidat ion  efficiency of less than  un i ty  (or 
100%) indicates  e i ther  tha t  the silicon is not oxi-  
dized comple te ly  to SiO2, or tha t  pa r t  of the  SiO2 
produced is subsequent ly  eroded by  the oxidizing 
atmosphere.  Results  indicated tha t  d ry  oxygen oxi-  
dat ion efficiencies are  ex t r eme ly  close to 100%, wet  
oxygen values  are 95-100%, while  oxidat ion  effi- 
ciencies of s team oxidat ions range from 75 to 100%. 
An in te rp re ta t ion  of these resul ts  is presented  in 
the Discussion Section. 

Act i va t ion  energ ies . - -Ac t i va t ion  energies have 
been de te rmined  for the th ree  types  of oxidat ions by  
p lo t t ing  the logar i thms of the parabol ic  ra te  con- 
s tants  vs. reciprocals  of absolute  tempera tures .  Val -  
ues are l is ted in Table  III. Good agreement  is ob-  
ta ined be tween  weight  and thickness data.  The 
values of act ivat ion energies are in genera l  lower  
than  those repor ted  by  Ata l Ia  (6) for a s imi lar  
process, but  are more in line wi th  values  found by  
Thurs ton (18). Dur ing the course of our exper i -  
ments, a possible cause of d i sagreement  among 
various inves t igators  concerning act ivat ion energies  
was found. Above 1000~ all  oxidat ions proceed 
according to a parabol ic  ra te  law. Below 1000~ 
however,  the oxidat ion mechanism appa ren t ly  

Table III. Activation energies for different types of silicon 
oxidation in the temperature range 1000~176 

A c t i v a t i o n  e n e r g y  f r o m  
T h i c k n e s s  da ta ,  W e i g h t  da ta ,  

O x i d a t i o n  t y p e  k e a l / m o ) e  k c a ] / m o l e  

28.2 
21.4 
20.0 

m 

Dry oxygen 30.2 
Wet oxygen (95~ H20) 20.8 
Steam 19.9 

A t a l l a ' s  d a t a  (6) 
Dry oxygen 40 
Steam (16 mm Hg) 40 
Steam (50-120 atm) 23 

T h u r s t o n ' s  d a t a  (18) 
Dry air 28 
Steam 25 

changes to a combinat ion pa rabo l i c - l inea r  type  re -  
action. This re la t ionship  is expressed as (20) 

w ~ -~ k l w  ~ kut 

where  w is amount  of oxide formed,  t, oxidat ion 
time, and kl and k2 are  constants.  Such a growth  
law indicates  tha t  the  ra te  of react ion is control led 
by both a diffusion process and a surface or in te r -  
face reaction. If this  is the  case, then act ivat ion 
energies de te rmined  over  a t empe ra tu r e  range  ex= 
tending both above and below 1000~ may  be in 
error.  I t  would be difficult to separa te  out the two 
act ivat ion energy values  corresponding to two ra te -  
control l ing processes occurr ing s imul taneously ,  as 
indicated by a mixed  pa rabo l i c - l i nea r  ra te  law. 
Therefore,  ac t ivat ion energies have been deter= 
mined and repor ted  here  for the t empe ra tu r e  range  
1000~176 only. 

Combina t ion  and in terrup ted  oxidatio~zs.--The 
quest ion arose as to whe ther  the  character is t ics  of 
one type  of oxide are  a l t e red  if the  oxidized slice 
were  subsequent ly  subjected to a second type  of 
oxidat ion process. This procedure  is requ i red  in the 
fabr ica t ion  of cer ta in  oxide=protected devices. An 
example  of the resul ts  for one pa r t i cu la r  combina= 
t ion oxidat ion is shown in Fig. 3. Here, silicon slices 
were  oxidized in s team at 120O~ for 15 min. Then, 
wi thout  removing  them from the react ion chamber ,  
the oxidat ion  was cont inued in d ry  oxygen. The 
oxide thickness (and weight )  values  obta ined dur= 
ing the d ry  oxygen por t ion were  compared  wi th  a 
curve represent ing  an al l=oxygen oxidation.  (This 
curve is labeled theore t ica l  and is super imposed 
through the point  of change=over) .  F r o m  the  figure 
it is shown tha t  the  ini t ia l  s team oxidat ion does not 
affect the subsequent  d ry  oxygen oxidation.  Other  
evaluat ions  indicated also that  the oxide proper t ies  
were  s imi lar  to d ry  oxygen oxides. 

The resul ts  of the reverse  procedure  are  shown 
in Fig. 4. An ini t ia l  d ry  oxygen oxidat ion was fol-  
lowed by  a s team oxidation.  When compared  with  
an a l l - s t eam curve, the denser  d ry  oxygen oxide 
(see next  section compar ing oxide densi t ies)  ap-  
pa ren t ly  s lowed down the diffusing reactants ,  and 
thus the s team oxidat ion r a t e  was decreased.  Again  
the oxide proper t ies  resembled  those character is t ics  
of the second type  of oxidat ion ( s team) .  

Other  exper iments  were  conducted where  an 
oxidat ion was in t e r rup ted  by  removing the sample 
f rom the furnace,  a l lowing i t  to cool, and then con= 
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Fig. 3. Thickness-time data for steam-dry oxygen combination 
oxidation of silicon (1200~ 
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Fig. 4. Thickness-time data for dry oxygen-steam combination 
oxidation of silicon (12000C). 

t i n u i n g  t h e  ox ida t ion .  No d i f fe rences  in  o x i d a t i o n  
c h a r a c t e r i s t i c s  w e r e  f o u n d  d u e  to th i s  p roce du re ,  
even  w h e n  the  o x i d a t i o n  was  i n t e r r u p t e d  s e v e r a l  
t imes  for  t he  s a m e  sample .  

I t  was  also de s i r ed  to k n o w  if  o x i d a t i o n  c h a r a c -  
t e r i s t i cs  w o u l d  c h a n g e  if  one s a m p l e  w e r e  ox id i zed  
a n u m b e r  of t imes .  This  was  a c c o m p l i s h e d  b y  ox i -  
d iz ing  a sl ice in w e t  o x y g e n  for  a long  enough  t ime  
to p r o d u c e  a 1/~ t h i c k  oxide ,  t h e n  r e m o v i n g  the  
ox ide  w i t h  HF,  and  r e - o x i d i z i n g .  The  o x i d a t i o n  was  
r e p e a t e d  a t  l eas t  s ix  t imes  for  each  of s e v e r a l  sl ices,  
r e s u l t i n g  in a r e m o v a l  of a t  l eas t  3/~ p e r  s ide  p e r  
sample .  The  r e su l t s  i n d i c a t e d  a b s o l u t e l y  no d i f f e r -  
ence  in o x i d a t i o n  cha rac te r i s t i c s ,  f r o m  the  s t a n d -  
po in t  of ox ide  th icknesses ,  we igh t s ,  o x i d a t i o n  effi- 
c ienc ies  a n d  dens i t ies ,  w i t h i n  e x p e r i m e n t a l  e r ro r .  In  
fact ,  th is  p r o c e d u r e  h e l p e d  to e s t ab l i sh  p r ec i s i on  or  
r e p r o d u c i b i l i t y  l imi t s  of the  e x p e r i m e n t a l  m e a s u r e -  
ments .  I t  also d e m o n s t r a t e d  t h a t  a n y  d a m a g e  of the  
s i l icon caused  b y  the  m e c h a n i c a l  po l i sh ing  e i t h e r  
d id  not  affect  o x i d a t i o n  or  else p r o v i d e d  a cons t an t  
effect t h r o u g h  the  3/L of s i l icon oxid ized .  

R e s u l t s - - O x i d e  Propert ies 

General appearance o[ oxides.--Generally, oxides  
f o r m e d  on s i l icon at  h igh  t e m p e r a t u r e s  t e n d  to fo l -  
l ow  the  con tou r  of t h e  su r f ace  qu i t e  c losely.  The  
ox ides  in the  d r y  and  w e t  o x y g e n  a t m o s p h e r e s  w e r e  
v e r y  u n i f o r m  and  r e p r o d u c i b l e  as i n d i c a t e d  b y  the  
i n t e r f e r e n c e  colors  and  t h i c k n e s s - w e i g h t  m e a s u r e -  
ments .  The  s t e a m  oxides ,  h o w e v e r ,  ( a n d  occas ion-  
a l ly ,  b u t  to a l e s se r  ex t en t ,  t he  w e t  o x y g e n  ox ides )  
e x h i b i t e d  m a n y  spots  and  defects .  Moreove r ,  these  
spots  a p p e a r e d  on bo th  the  top  and  b o t t o m  sides of 
t he  s l ices ( p l aced  h o r i z o n t a l l y  in  the  r e a c t i o n  
c h a m b e r ) .  The  n u m b e r  and  size of these  de fec t s  
could  be min imized ,  h o w e v e r ,  b y  c e r t a i n  p rocess  
changes ,  and  these  a r e  d i scussed  l a t e r .  

Oxide densities.--Bulk s i l icon ox ide  dens i t ies ,  as 
c a l c u l a t e d  f r o m  the  w e i g h t  and  th i ckness  da ta ,  a r e  
l i s t ed  in T a b l e  IV. The  a v e r a g e  d e v i a t i o n  f rom the  
m e a n  for  t he se  v a l u e s  is • 0.05 g /cc .  T h e  d e n s i t y  
va lue s  for  d r y  o x y g e n  and  w e t  o x y g e n  a r e  s i m i l a r  
and  do no t  change  a p p r e c i a b l y  w i t h  t e m p e r a t u r e .  
F o r  these  p a r t i c u l a r  e x p e r i m e n t s  t he  dens i t i e s  of 
s t e a m  ox ides  w e r e  f o u n d  to b e  c o n s i d e r a b l y  less.  
H o w e v e r ,  as o t h e r  ox ida t i ons  w e r e  c a r r i e d  out  a t  
l a t e r  t imes  and  w i t h  modi f i ed  p r o c e d u r e s ,  the  s t e a m  
ox ide  dens i t i e s  changed ,  as d id  o t h e r  c h a r a c t e r i s t i c s  
of t he  process .  The  o v e r - a l l  d e n s i t y  r a n g e  for  s t e a m  

Table IV. Apparent densities of silicon oxides produced by 
three types of oxidation 

o x i d a t i o n  type  Temp,  ~ Densi ty ,  g / cc  

Dry  oxygen 1000 2.27 
1200 2.15 

Wet  oxygen  1000 2.18 
(95~ H20) 1200 2.21 

Steam 1000 2.08 
(2.00-2.20) 

1200 2.05 
(2.00-2.20) 

ox ides  is t h e r e f o r e  l i s t ed  in p a r e n t h e s e s  in T a b l e  
IV. The  s t e a m  process  is t r e a t e d  m o r e  c o m p l e t e l y  in 
the  Discuss ion  Sect ion .  

Dielectric strengths.---As m e n t i o n e d  above ,  d i -  
e l ec t r i c  s t r e n g t h s  w e r e  c o m p a r e d  a m o n g  the  t h r e e  
t y p e s  of ox ides  u s ing  t h e  A n o d i c a t o r .  F o r  ox ides  of 
s im i l a r  dens i t ies ,  a l i n e a r  r e l a t i o n s h i p  was  f o u n d  
to ex i s t  b e t w e e n  b r e a k t h r o u g h  vo l t a ge  and  ox ide  
th i ckness  or  we igh t .  I f  the  dens i t i e s  va r i ed ,  t hen  
the  d i e l ec t r i c  s t r e n g t h  was  p r o p o r t i o n a l  to ox ide  
we igh t .  F i g u r e  5 shows  the  r e l a t i o n s h i p  b e t w e e n  
d i e l ec t r i c  s t r e n g t h  p e r  un i t  t h i ckness  a n d  ox ide  
dens i ty ,  w h i c h  is e q u i v a l e n t  to  p l o t t i n g  to t a l  b r e a k -  
t h r o u g h  v o l t a g e  a g a i n s t  ox ide  we igh t .  The  po in t s  
shown  r e p r e s e n t  t he  a v e r a g e  of a n u m b e r  of s a m -  
ples.  

Masking properties.--Another c o m p a r i s o n  of 
p r o p e r t i e s  a m o n g  d i f f e ren t  t ypes  of ox ides  is t h e  
m a s k i n g  a b i l i t y  aga ins t  c e r t a i n  d i f fus ing  i m p u r i t i e s  
used  in  t r a n s i s t o r  f ab r i ca t i on .  R e p r e s e n t a t i v e  s a m -  
p les  of ox ides  p r o d u c e d  b y  the  t h r e e  o x i d a t i o n  
m e t h o d s  w e r e  e x a m i n e d  for  t h e i r  a b i l i t y  to m a s k  
p h o s p h o r u s  a n d  boron.  The  d e p t h  of p e n e t r a t i o n ,  if 
any ,  of the  d i f fus ing  spec ies  in to  t he  s i l icon b e -  
n e a t h  each  ox ide  was  d e t e r m i n e d  b y  j u n c t i o n  d e p t h  
and  shee t  r e s i s t a n c e  m e a s u r e m e n t s .  (S i l i con  used  
for  t he  p h o s p h o r o u s  e x p e r i m e n t s  was  p - t y p e . )  U n -  
ox id i zed  s a m p l e s  w e r e  used  as  s t a n d a r d s .  Resu l t s  of 
t he  p h o s p h o r o u s  m a s k i n g  e x p e r i m e n t s  a r e  p r e -  
s en ted  in Fig.  6. Here ,  p h o s p h o r o u s  j u n c t i o n  d e p t h  
is p l o t t e d  a ga in s t  ox ide  t h i cknes s  for  s t e a m  and  w e t  
o x y g e n  oxides .  The  p h o s p h o r o u s  d i f fus ion was  a 
o n e - s t e p  p rocess  a n d  the  cond i t ions  w e r e  as fo l -  
lows:  d i f fus ion t e m p e r a t u r e ,  1150~ source  t e m -  
p e r a t u r e ,  260~ d i f fus ion  t ime ,  145 min ;  c a r r i e r  
gas, d r y  o x y g e n  at  1 l / r a in .  If  t he  d i f f e rence  in 
cu rves  shown  in Fig.  6 is r e l a t e d  to o x i d e  dens i ty ,  
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Fig. 5. Dielectric strength as a function of silicon oxide density 
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Fig. 6. Effect of silicon oxide thickness on phosphorous junction 
depth. 

t hen  a j u n c t i o n  d e p t h - o x i d e  w e i g h t  p lo t  shou ld  
r e su l t  in one curve .  This  was  found  to be  the  case  
as shown  in Fig .  7. S i m i l a r  r e su l t s  a r e  o b t a i n e d  
us ing  shee t  r es i s t ance ,  ox ide  th ickness ,  and  w e i g h t  
da ta .  

A d d i t i o n a l  ana lys i s  of the  p h o s p h o r o u s  m a s k i n g  
d a t a  d e m o n s t r a t e d  t h a t  the  m o v e m e n t  of the  p h o s -  
pho rous  species  t h r o u g h  the  ox ides  is l i nea r  w i t h  
t ime  for  these  cond i t ions  of diffusion.  

F o r  the  p a r t i c u l a r  cond i t ions  of b o r o n  dif fus ion 
used  in these  s tudies ,  a l l  ox ides  h a v i n g  th i cknesses  
of 0.4~ or  g r e a t e r  c o m p l e t e l y  m a s k e d  the  boron.  
The  bo ron  di f fus ion was  a t w o - s t e p  p rocess  and  r e -  
su l t ed  in  a 12# j u n c t i o n  in an  u n o x i d i z e d  s i l icon 
sample .  S ince  mos t  of the  ox ides  se lec ted  for  these  
p a r t i c u l a r  e x p e r i m e n t s  w e r e  t h i c k e r  t h a n  0.4t~, no 
a d d i t i o n a l  r e su l t s  can be  r e p o r t e d  at  th is  t ime  r e -  
g a r d i n g  b o r o n  mask ing .  

Chlorine etch test.--Samples of t he  t h r e e  t y p e s  of 
o x i d a t i o n  w e r e  s u b j e c t e d  to ch lo r ine  gas for  3 rain 
at  800~ This  p rocedu re ,  as sugges t ed  b y  A t a l l a  
(6) ,  is a s ens i t i ve  t es t  for  i m p e r f e c t i o n s  in t he  
oxide .  Resu l t s  i n d i c a t e d  t h a t  t he  w e t  o x y g e n  ox ides  
w e r e  p r a c t i c a l l y  f ree  f r o m  a n y  defects .  A fa i r  n u m -  
b e r  of p i t s  w e r e  p r o d u c e d  in t he  s t e a m  oxide .  Bo th  
the  we t  o x y g e n  and  s t e a m  re su l t s  w e r e  f a i r l y  r e -  
p roduc ib l e .  H o w e v e r ,  i t  was  s h o w n  t h a t  t he  d r y  
o x y g e n  ox ides  a r e  e x t r e m e l y  sens i t ive  to the  c l e a n -  
ing  p rocess  and  s a m p l e s  s u b j e c t e d  to the  ch lo r ine  
t es t  r a n g e d  f r o m  some c o m p l e t e l y  f r ee  of e tch  p i t s  
in  t he  ox ide  to o the r s  s e v e r e l y  a t t a cked .  This  same  
f inding  was  r e p o r t e d  b y  Ing  and  c o - w o r k e r s  (10) .  

Oxidation Dependence on Silicon Composition 
and Structure 

Impurity type and concentration.--The o x i d a t i o n  
c h a r a c t e r i s t i c s  of a se r ies  of s i l icon s amp le s  con-  
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F ig .  7 .  E f f e c t  o f  s i l i c o n  o x i d e  w e i g h t  on  p h o s p h o r o u s  j u n c t i o n  
depth; e, steam; o, wet oxygen. 

t a i n ing  bo th  n - t y p e  ( p h o s p h o r u s )  and  p - t y p e  
(bo ron )  i m p u r i t i e s  w i t h  r e s i s t i v i t i e s  r a n g i n g  f r o m  
0.001 to 50 o h m - c m  w e r e  c o m p a r e d  for  t he  t h r e e  
processes .  No d i f fe rences  in  e i t h e r  r e a c t i o n  k ine t i c s  
or  o x i d e  p r o p e r t i e s  w e r e  f o u n d  due  to i m p u r i t y  t y p e  
or  c o n c e n t r a t i o n  ove r  t he  above  r e s i s t i v i t y  range .  

Epitaxial surface.--Limited e x p e r i m e n t s  w e r e  
c a r r i e d  out  in w h i c h  o x i d a t i o n  c h a r a c t e r i s t i c s  of 
e p i t a x i a l  depos i t ed  s i l icon w e r e  c o m p a r e d  w i t h  
those  of c o n v e n t i o n a l  s i l icon of t he  s ame  i m p u r i t y  
t y p e  and  concen t r a t ion .  Resu l t s  i n d i c a t e d  t h a t  t h e r e  
is p r o b a b l y  no d i f fe rence  b e t w e e n  the  e p i t a x i a l  and  
n o n e p i t a x i a l  su r f aces  as r e l a t e d  to t h e r m a l  o x i d a -  
t ion.  The  e p i t a x i a l  depos i t s  used  for  these  e x p e r i -  
m e n t s  w e r e  3 o h m - c m  n - t y p e  and  a b o u t  12/~ th ick .  
The  s u b s t r a t e s  w e r e  0.01 o h r a - c m  n - t y p e  (Sb  
d o p e d ) .  The  e p i t a x i a l  l a y e r  was  depos i t ed  on bo th  
sides of the  s l ices ( b y  two  s e p a r a t e  de pos i t i on s ) .  

Surface orientation.--The effect of c ry s t a l  o r i e n -  
t a t ion  on o x i d a t i o n  c h a r a c t e r i s t i c s  was  s tud i ed  
br ief ly .  Sl ices  w i t h  su r f aces  o r i e n t e d  in t he  (111) ,  
(110) ,  a n d  (100) p l anes  w e r e  ox id i zed  us ing  the  
t h r e e  processes ,  and  t h e  r e su l t s  compared .  F i g u r e  8 
shows  t h e  d e p e n d e n c e  of t he  w e t  o x y g e n  process  
on su r face  o r i en ta t ion .  V e r y  l i t t l e  d i f fe rence  in r a t e s  
is no t ed  at  1200~ H o w e v e r ,  a t  1000~ the  (100) 
va lue s  a r e  de f in i t e ly  l o w e r  t h a n  those  of (111) and  
(110) .  In  add i t ion ,  t h e  (100) r a t e  a t  1000 ~ no l onge r  
obeys  a p a r a b o l i c  law,  b u t  r a t h e r  i nd i ca t e s  t he  
m i x e d  p a r a b o l i c - l i n e a r  r e l a t i o n s h i p  d e s c r i b e d  p r e -  
v ious ly .  

L izenza  has  p r e d i c t e d  (14) t h a t  for  t he  h i g h -  
p r e s s u r e  s t e a m  ox ida t ion ,  t he  o x i d a t i o n  r a t e  on a 
(100) su r face  w o u l d  be  less t h a n  (110) or  (111) 
surfaces .  He p r o p o s e d  t h a t  t h e r e  a r e  f e w e r  su r face  
bonds  or  r e a c t i o n  s i tes  a v a i l a b l e  for  t he  w a t e r  
species  to reac t .  E v i d e n t l y ,  th is  d e p e n d e n c e  also 
ca r r i e s  ove r  to a t m o s p h e r i c  p r e s s u r e  o x i d a t i o n s  of 
(100) sur faces ,  w h e r e  t he  r a t e  l a w  sugges t s  the  
r e a c t i o n  is p a r t i a l l y  c on t ro l l e d  a t  t he  in t e r face .  

The  s ame  o r i e n t a t i o n  effects a r e  a lso  n o t e d  in 
Fig.  8 for  the  900~ o x i d a t i o n  da ta .  In  add i t ion ,  a l l  
cu rves  a t  th is  t e m p e r a t u r e  a re  f o u n d  to be  m i x e d  
p a r a b o l i c - l i n e a r .  This  s u b s t a n t i a t e s  the  p r o b a b i l i t y  
of a change  in o x i d a t i o n  m e c h a n i s m  a r o u n d  1000~ 
for  a l l  t h r e e  t y p e s  of ox ida t ion .  

Discussion 

The  r e su l t s  o b t a i n e d  in th is  p r o g r a m  h a v e  shown  
t h a t  ox ides  p r o d u c e d  in  s t e a m  a t m o s p h e r e s  a re  u s u -  
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Fig. 8. Weight time data for wet oxygen (95~ H20) oxidation 
as a function of surface orientation and temperature: A,  (111); 
o, (110); I-7, (100). 
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a l l y  less pe r f ec t  and  h a v e  l o w e r  dens i t i e s  t h a n  those  
f o r m e d  in d r y  or  w e t  o x y g e n  a t m o s p h e r e s .  As  a r e -  
sul t  of t h e  a p p a r e n t  l o w e r  dens i t i e s  of s t e a m  oxides ,  
o the r  p r o p e r t i e s  d e p e n d e n t  on the  d e n s i t y  a r e  also 
affected.  A r e a s o n a b l e  c o r r e l a t i o n  was  f o u n d  to 
ex i s t  b e t w e e n  dens i t i e s  and  o x i d a t i o n  efficiencies.  
This  ind ica t e s  t h a t  an  e ros ion  of the  ox ide  b y  the  
we t  ox id i z ing  a t m o s p h e r e  occurs .  W a t e r  and  h y d r o -  
gen  a re  the  two  p r i n c i p a l  gaseous  c o m p o n e n t s  of t he  
s t e a m - s i l i c o n  o x i d a t i o n  sys tem.  To d e t e r m i n e  the  
e x t e n t  of SiO2 e ros ion  b y  th i s  a t m o s p h e r e ,  spec ia l  
e x p e r i m e n t s  w e r e  conduc t ed  w h e r e  ox ides  p r e v i -  
ous ly  f o r m e d  w e r e  e x p o s e d  to a w a t e r - h y d r o g e n  
m i x t u r e  at  h igh  t e m p e r a t u r e s .  I t  was  diff icult  to 
ob t a in  q u a n t i t a t i v e  d a t a  f r o m  the  e x p e r i m e n t ,  s ince  
t he  H20-H2 m i x t u r e  also ox id izes  s i l icon.  I t  was  
d e t e r m i n e d ,  h o w e v e r ,  t h a t  t he  gas  m i x t u r e  def i -  
n i t e l y  a t t a c k e d  the  ox ide .  This  h e l p e d  to s u p p o r t  
t he  t h e o r y  of e ros ion  in  the  s t e a m  a t m o s p h e r e .  

D u r i n g  the  course  of t he  e n t i r e  p r o g r a m ,  ho les  
and  o t h e r  de fec t s  cou ld  b e  o b s e r v e d  in t he  s t eam 
oxides .  These  i m p e r f e c t i o n s  cou ld  be  t r a c e d  m a n y  
t imes  to some  f o r m  of c o n t a m i n a t i o n ,  b u t  m o r e  
of ten  to w a t e r  d rop le t s .  T h e  p r e v a l e n c e  of t he se  
holes  was  e m p h a s i z e d  d u r i n g  t h e  d i e l ec t r i c  s t r e n g t h  
d e t e r m i n a t i o n s .  I n i t i a l l y  a l a r g e  ba l l  p robe ,  w i t h  a 
1/8 in. r ad ius ,  was  used,  as r e c o m m e n d e d  b y  the  
A.S.T.M. for  such m e a s u r e m e n t s .  H o w e v e r ,  t he  
m a j o r i t y  of t he  s t e a m  ox ides  b r o k e  t h r o u g h  a t  m u c h  
l o w e r  v o l t a g e s  t h a n  w o u l d  be  e x p e c t e d  even  w i th  
l o w e r  dens i t ies .  On c h a n g i n g  to a need l e  p robe ,  the  
r e su l t s  w e r e  m u c h  m o r e  cons is ten t ,  h o w e v e r .  A pos -  
s ib le  r ea son  for  th is  d i f fe rence  is as fol lows.  I f  i t  is 
a s s u m e d  t h a t  holes  a n d  defec t s  a r e  spaced  at  r a n -  
d o m  t h r o u g h o u t  the  oxide ,  i t  w o u l d  be  diff icult  to 
p l a c e  t h e  l a r g e  b a l l  p r o b e  in  an  a r e a  no t  c o n t a i n i n g  
such a defect .  Thus  a p o r t i o n  of the  ox ide  th i ckness  
w o u l d  be  sho r t ed  out.  The  n e e d l e  p robe ,  on the  
o the r  hand ,  covers  a m u c h  s m a l l e r  a r e a  a n d  the  
p r o b a b i l i t y  of con t ac t i ng  a de f ec t i ve  a r e a  is much  
less. Thus,  i t  w o u l d  p r o v i d e  a m o r e  cons i s t en t  and  
r e l i a b l e  m e a s u r e m e n t  of d i e l ec t r i c  s t r eng th .  

I t  was  r e a s o n e d  t h a t  b e t t e r  s t e a m  oxides ,  m o r e  
dense  and  f r e e r  f r o m  defects ,  cou ld  be  f o r m e d  b y  
p r o v i d i n g  c loser  con t ro l  of t he  process .  This  was  
a c c o m p l i s h e d  first  b y  i m p r o v i n g  c lean l iness  cond i -  
t ions.  Second,  t he  s y s t e m  was  modi f i ed  in such a 
w a y  as  to p r e v e n t  w a t e r  d r o p l e t s  f r o m  d e p o s i t i n g  
out  on the  slices.  The  l a t t e r  was  f o u n d  to be  i m -  
p o r t a n t  bo th  d u r i n g  the  o x i d a t i o n  as w e l l  as t h e  
t i m e  w h e n  the  s l ices w e r e  p l a c e d  in or  r e m o v e d  
f rom the  r e a c t i o n  zone. A m a r k e d  i m p r o v e m e n t  in 
s t e a m  ox ides  was  no ted  b y  these  changes .  Dens i t i e s  
and  o x i d a t i o n  efficiencies inc reased .  A t  the  s a m e  
t ime ,  h o w e v e r ,  r e a c t i o n  r a t e s  dec reased ,  s ince  p a r a -  
bol ic  r a t e  cons t an t s  a r e  i n v e r s e l y  p r o p o r t i o n a l  to  
ox ide  dens i ty .  

The  ch lo r ine  t e s t  h e l p e d  to i d e n t i f y  t he  i m p e r f e c -  
t ions  in t he  s t e a m  ox ides  m e n t i o n e d  above.  In  a d -  
d i t ion,  a second  t y p e  of de fec t  was  e s t a b l i s h e d  to 
be  p r e s e n t  in d r y  o x y g e n  ox ides  us ing  th is  tes t .  
Insuff ic ient  c l ean ing  of t he  s i l icon su r f ace  b e f o r e  
o x i d a t i o n  r e s u l t e d  in  t he  f o r m a t i o n  of s m a l l  c r y s -  
t a l l i t e s  in t h e  ox ide  d u r i n g  the  long  o x i d a t i o n  t ime .  

W h i l e  these  c r y s t a l l i t e s  a r e  not  r e a d i l y  v i s ib le  and  
do no t  l o w e r  the  dens i ty ,  i t  is r e a s o n a b l e  to expec t  
t ha t  t h e y  m i g h t  be  a t t a c k e d  b y  c e r t a i n  d i f fus ing  
spec ies  w h i c h  a r e  n o r m a l l y  m a s k e d  b y  a m o r p h o u s  
SiO~. Thus,  s e v e r e  diff icul t ies  m i g h t  r e su l t  d u r i n g  
f a b r i c a t i o n  of ox ide  p r o t e c t e d  devices ,  i f  such i m -  
pe r f ec t i ons  w e r e  p r e s e n t  in  t he  oxide .  The  w e t  o x y -  
gen  and  s t e a m  ox ida t ions ,  w h i c h  r e q u i r e  c o n s i d e r a -  
b l y  s h o r t e r  t r e a t m e n t  t i m e s  a t  h igh  t e m p e r a t u r e s ,  
a r e  a p p a r e n t l y  m u c h  less  sens i t i ve  to su r f ace  con -  
t a m i n a t i o n  w h i c h  r e su l t s  in c r y s t a l l i t e  fo rma t ion .  

I t  shou ld  be  e m p h a s i z e d  t h a t  t he  s i l icon d iox ides  
f o r m e d  b y  the  t h r e e  m e t h o d s  u n d o u b t e d l y  h a v e  t h e  
s a m e  s t r u c t u r e  and  d e n s i t y  on a m o l e c u l a r  scale.  
The  d i f fe rences  in dens i t i e s  and  o t h e r  p r o p e r t i e s  
found  in th is  i n v e s t i g a t i o n  a r e  p r o b a b l y  due  to 
m a c r o m o l e c u l a r  voids  and  defec t s  of v a r i o u s  o rde r s  
of  m a g n i t u d e .  M a n y  a re  microscopic ,  o the r s  v i s ib l e  
to t he  eye.  W h a t e v e r  t h e i r  cause  and  size, h o w e v e r ,  
the  effect is mos t  i m p o r t a n t  d u r i n g  dev ice  f a b r i c a -  
t ion  and  l a t e r  w h e n  the  su r f ace  of t he  f in i shed  d e -  
v ice  m u s t  be  p ro t ec t ed .  

In  conclus ion,  i t  has  been  d e m o n s t r a t e d  t h a t  t he  
w e t  oxygen process  p r o d u c e s  s i l icon ox ides  w i t h  t he  
bes t  p r o t e c t i v e  cha rac te r i s t i c s ,  f r om the  s t a n d p o i n t  
of dens i ty ,  d i e l ec t r i c  s t r eng th ,  m a s k i n g  ab i l i ty ,  and  
f r e e d o m  f rom defects .  Ox ides  p r o d u c e d  in d r y  
o x y g e n  a re  m u c h  m o r e  sens i t ive  to t h e  c l ean ing  
t r e a t m e n t ,  in t h a t  a n y  su r f ace  c o n t a m i n a t i o n  p r i o r  
to o x i d a t i o n  r e su l t s  in  o x i d e  impe r f ec t i ons .  The  
s t e a m  o x i d a t i o n  process  is m o r e  diff icult  to control ,  
is less r e p r o d u c i b l e ,  and  ox ides  p r o d u c e d  t e n d  to 
be  less pe r fec t .  These  can  be  i m p r o v e d ,  h o w e v e r ,  
w i th  v e r y  close p rocess  cont ro l .  
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Gettering of Metallic Impurities from Planar Silicon Diodes 
S. W.  Ing, Jr., 1 R. E. Morrison, L. L. AIt, and R. W .  Aldrich ~ 

Semiconductor Department, General Electric Company, Electronics Park, Syracuse, New York  

ABSTRACT 

Experimental studies are presented in which reverse leakage currents in 
diffused silicon planar diodes are reduced by orders of magnitude via an inter- 
media te  t empe ra tu r e  (800~176 get ter ing  of meta l l ic  impur i t i es  which  
p re sumab ly  cause excess leakage.  Inorganic  oxides having  mel t ing  points  
below the get ter ing process t e m p e r a t u r e  have  been  ernployed as the  getters.  
Life test  da ta  on ge t te red  diodes are  also presented.  The effectiveness of such 
get ter ing  processes is fu r the r  demons t ra ted  by  exper iments  in which r ad io -  
active copper  is ut i l ized as the diffused contaminant .  

In  the  m o d e r n  d a y  m a n u f a c t u r i n g  of d i f fused s i l i -  
con devices ,  one or  m o r e  g e t t e r i n g  s t eps  a r e  u s u a l l y  
i n c o r p o r a t e d  in  the  p rocess  to p r e v e n t  i n t r o d u c t i o n  
of u n d e s i r a b l e  m e t a l  i m p u r i t i e s  in to  t he  j u n c t i o n  
r eg ion  or  to r e m o v e  a n y  m e t a l  i m p u r i t i e s  t h a t  m a y  
be a l r e a d y  there .  G o e t z b e r g e r  and  S h o c k l e y  (1)  
h a v e  s h o w n  t h a t  a n u m b e r  of f a s t  d i f fus ing  me ta l s ,  
such as Cu, Fe,  Mn, and  Au,  w h e n  i n t r o d u c e d  into  
s i l icon d iodes  can  cause  excess  r e v e r s e  l e a k a g e  c u r -  
r e n t  be low a v a l a n c h e  b r e a k d o w n .  This  c u r r e n t  v a -  
r ies  d i r e c t l y  w i t h  r e v e r s e  v o l t a g e  r a i s e d  to t he  n t h  
p o w e r  w h e r e  "n"  was  b e t w e e n  4 and  7. T h e y  a t -  
t r i b u t e  t he  cause  of th i s  r i se  to  loca l i zed  h igh  field 
po in t s  w h i c h  cause  Z e n e r  t u n n e l i n g  c u r r e n t  to flow. 
T h e y  h a v e  f u r t h e r  d e m o n s t r a t e d  t ha t  t he  excess  r e -  
ve r se  c u r r e n t  can  be  r e d u c e d  c o n s i d e r a b l y  b y  ge t -  
t e r i n g  w i t h  p h o s p h o r u s  or  b o r o n  s i l i ca te  a t  t e m p e r a -  
t u r e s  of 1000~ and  h ighe r .  I n  t h e i r  case, t he  l o w e r  
l i m i t  on the  g e t t e r i n g  t e m p e r a t u r e  was  g o v e r n e d  
m a i n l y  b y  the  l i qu idus  t e m p e r a t u r e  of t h e i r  g e t t e r -  
ing  g lasses  as i t  was  f o u n d  t h a t  t h e  f o r m a t i o n  of a 
low v i scos i ty  ox ide  m i x t u r e  was  e s sen t i a l  for  t he  
process  to be  effect ive.  

The  p u r p o s e  of our  w o r k  was  to  i n v e s t i g a t e  t he  
pos s ib i l i t y  of effect ing g e t t e r i n g  at  t e m p e r a t u r e s  
l o w e r  t h a n  those  w h i c h  h a v e  been  r e p o r t e d ,  w h i c h  
w o u l d  be  of g r e a t  p r a c t i c a l  i n t e re s t ,  b y  us ing  s u i t -  
ab l e  i no rgan i c  ox ide  compos i t ions  t h a t  h a v e  l o w e r  
l i q u i d u s  poin ts .  F u r t h e r m o r e ,  th is  p rocess  w o u l d  be  
a p p l i e d  to t he  p l a n a r  t y p e  of d iodes  in  w h i c h  the  

P r e s e n t  addres s :  E l e c t r o n i c s  Labora tory ,  Genera l  Electric Com- 
pany,  Electronics Park ,  Syracuse,  New York. 

j u n c t i o n s  t e r m i n a t e  a t  the  i n t e r f ace  b e t w e e n  the  
s i l icon a n d  the  t h e r m a l l y  g r o w n  s i l icon d iox ide .  

The  m e t a l  ox ides  a n d  ox ide  m i x t u r e s  used  in th is  
i nve s t i ga t i on  as t he  g e t t e r i n g  agen t s  a r e  l i s t ed  a long  
w i t h  t h e i r  m e l t i n g  poin ts ,  if k n o w n ,  in  T a b l e  I. W h e n  
one of these  ox ides  is a p p l i e d  to the  s i l icon w a f e r  
su r f ace  at  e l e v a t e d  t e m p e r a t u r e s ,  one w o u l d  expec t  
some c h e m i c a l  r e a c t i o n  to occur  w h i c h  w o u l d  i nco r -  
p o r a t e  s i l icon into  t he  oxide ,  t hus  a l t e r i n g  i ts  l i q -  
u idus  point .  S ince  the  g e t t e r i n g  t r e a t m e n t s  a r e  c a r -  
r i ed  out  in an  a i r  a m b i e n t ,  t he  r e a c t i o n  p r o d u c t s  
cou ld  t h e r e f o r e  be  c ons ide r e d  as b i n a r y  o x i d e  m i x -  
t u r e s  of t he  s i l icon a n d  the  m e t a l  oxides .  O n l y  a few 
of these  sys t ems  h a v e  been  i n v e s t i g a t e d  in  r e g a r d  
to t h e i r  p h a s e  r e l a t i onsh ips .  F o r  e x a m p l e ,  in  t he  l e a d  
ox ide  a n d  s i l icon  d iox ide  sys t em,  G e l l e r  and  his  
c o - w o r k e r s  (2)  h a v e  f o u n d  l i q u i d - s o l i d  eu tec t ics  a t  
8, 15, and  30% si l icon d iox ide  concen t ra t ions ,  a l l  
o c c u r r i n g  w i t h i n  t he  t e m p e r a t u r e  r a n g e  of a p p r o x i -  
m a t e l y  720~176 F o r  t he  b o r o n  t r i o x i d e  a n d  c r y s -  
t a l l i ne  s i l icon  d i o x i d e  sys tem,  Gie l l i se  and  h is  co-  
w o r k e r s  (3)  h a v e  p r e s e n t e d  a t e n t a t i v e  p h a s e  d i a -  
g r a m  show ing  a con t inuous  l i q u i d u s  c u r v e  s t a r t i n g  
f r o m  p u r e  s i l icon d iox ide  to p u r e  b o r o n  oxide .  I t  is 
t h e r e f o r e  poss ib le  w i t h i n  a c e r t a i n  p e r i o d  of  t ime  
f r o m  the  s t a r t  of t he  g e t t e r i n g  process ,  to h a v e  the  
a p p l i e d  glass  r e m a i n  in i ts l i qu idus  s ta te ,  a t  or  
s l i g h t l y  a b o v e  i ts  i n i t i a l  m e l t i n g  point ,  w h i l e  t he  
c o n c e n t r a t i o n  of t h e  s i l icon in  t h e  glass  is  s t i l l  low.  
A g e t t e r i n g  t e m p e r a t u r e  r a n g e  of 800~176 was  
t h e n  chosen. The  m e t a l  i m p u r i t i e s  t ha t  di f fuse  v i a  an  
i n t e r s t i t i a l  m e c h a n i s m  shou ld  h a v e  suff ic ient ly  h igh  

Table I. Oxides and oxide mixtures used for gettering 

Compound B203 B~O3-P205 P205 V ~ O 5  V2Os-BaO Pb2P207 PbO 
Mel t ing  point,  o C 577 - -  563 690 - -  824 888 
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INITIAL DEVIGE 

REMOVE OXIDE FROM THE BACK 

GETTERING 

Fig. 1. Schematics of the procedure 

diffusion ra tes  at these t e m p e r a t u r e s  to a l low cap-  
tu re  by  the l iqu id  oxides. 

Experimental Procedure 

In  our  exper imen t s ,  0.9 o h m - c m  n - t y p e  sil icon 
wafers  a p p r o x i m a t e l y  9 mils  thick,  were  used as 
the s t a r t ing  mater ia l .  These wafers  w e n t  t h r ough  
a s t anda rd  process of s team oxidat ion,  w indow cut -  
t ing, boron  predeposi t ion,  and  final diffusion u n d e r  
oxidizing ambien t .  The oxide th icknesses  were  abou t  
10,000A and  the  j u n c t i o n  depths  were  7-8#. Af te r  
diffusion, the  wafe r  was cut into quar te rs ,  each 
q u a r t e r  con ta in ing  a n u m b e r  of diodes of 2-4 m m  2 
area. One piece was r e t a ined  as a cont ro l  sample,  and  
the o ther  pieces were  used for ge t ter ing .  

Al l  the  oxides except  V205 were  appl ied  by  a 
p a i n t - o n  t echn ique  us ing  the oxides in  a sa tu ra t ed  
solut ion,  or s lur ry ,  in  e thy lene  glycol m o n o e t h y l  
ether.  The boron  and  phosphorus  oxide m i x t u r e  was 
p repa red  by  m i x i n g  equa l  vo lumes  of the s a tu ra t ed  
solut ions of the i n d i v i d u a l  oxides in  e thy lene  glycol 
m o n o e t h y l  e ther  at  room t e m p e r a t u r e .  The expe r i -  
m e n t a l  p rocedure  is depicted in  Fig. 1. The t h e r m a l  
oxide which  covered the  j u n c t i o n  area was  no t  
touched.  The oxide on the  back  side of the  wafe r  
was removed,  the ge t te r ing  agent  was applied,  and  
the wafer  was inse r t ed  into the  fu rnace  u n d e r  an 
air  ambien t .  Fo l lowing  the  ge t te r ing  period, which  
u sua l l y  las ted a r o u n d  30-60 min,  the wafe r  was 
w i t h d r a w n  f rom the fu rnace  and  air  quenched.  In  
the  case of V~O5 get te r ing ,  the  wafe r  was  s imply  
floated on top of the me l t  in  a quar tz  crucible,  wi th  
on ly  the  back side of the  wafe r  con tac t ing  the melt .  
In  a few runs  BaO was added ( in  a ra t io  of 3-8, 
B.aO-VeOs) to the V20~ for the purpose  of r educ ing  
creeping  of the V~O5 onto the  top surface  of the 
wafer .  In  all  cases, except ing  those wi th  PeO5 and  
PbeP2OT, the glasses fo rmed  could be easi ly r emoved  
by  us ing  su i tab le  chemical  etches. PeO5 and  Pb2P207 
glasses were  r e l a t i ve ly  difficult to etch chemical ly ,  
so these were  lapped  off. Reverse  bias and  c u r r e n t  
m e a s u r e m e n t s  and  life tests were  t hen  pe r fo rmed  
on the  diodes. 

Results and Discussion 

The results ,  in  genera l ,  showed cons iderab le  i m-  
p r o v e m e n t  in  the  reverse  character is t ics  of the di-  
odes ge t te red  w i th  the  above m e n t i o n e d  oxides. 
The  reverse  leakage  cu r r en t s  decreased by  orders  of 
m a g n i t u d e  and  became m u c h  less vol tage  dependen t .  

O ~  

! I ~ f  
f J  

. . . . .  

/ 

i J i l l  

Fig. 2. Reverse bias characteristics of diodes gettered with baron 
oxide and boron-phosphorus oxide mixture, x, B20~ 30 min, 900~ 
% B~O3-P205 30 min, 900~ A,  ungettered. 

IR, the  reverse  cur ren t ,  became  p ropor t iona l  to VR, 
the reverse  bias, ra ised to a power  of 0.5 or less 
pr ior  to the onset  of a va l a nc he  mu l t i p l i ca t i on  con-  
dit ion.  This reverse  c u r r e n t  and  bias re la t ionsh ip  is 
typica l  of space charge l ayer  car r ie r  gene ra t ion  
p h e n o m e n a  (4) .  As a check on the  poss ib i l i ty  tha t  
the observed ge t t e r ing  migh t  be i n d e p e n d e n t  of the 
presence  of the  oxides, some wafers  were  subjec ted  
to the en t i re  process except  no oxide was appl ied  
to the back  side. No i m p r o v e m e n t  in  diode charac-  
terist ics was  observed.  

Fo l lowing  are a n u m b e r  of curves  which  show the 
ex ten t  of ge t t e r ing  u n d e r  var ious  process condi t ions  
as reflected in  the  e lectr ical  charac ter is t ics  of the  
diodes. Each curve  represen t s  m e a s u r e m e n t s  t aken  
on one of the ten  or so diodes on a wafe r  tha t  has 
u n d e r g o n e  the  same t r ea tmen t s .  G e n e r a l l y  about  
80% of the diodes on one s ingle  wafe r  show s im-  
i lar  b r e a k d o w n  voltages,  and  the va r i a t ions  in  r e -  
verse  cu r ren t s  are  w i t h i n  a factor  of two. The m a j o r  
difference of a few of the  diodes f rom the m a j o r i t y  
is the i r  lower  b r e a k d o w n  voltages.  In  Fig. 2, the 
c u r r e n t  is p lo t ted  vs. the  reverse  vol tage  for diodes 
ge t te red  wi th  b o r o n - o x i d e  and  wi th  a boron  and  
phosphorus  oxide m i x t u r e  at 900~ for 30 rain. The 
character is t ic  of an  u n g e t t e r e d  diode also is s h o w n  
here for compar ison.  The ge t te red  devices show 
vast  i m p r o v e m e n t  over the u n g e t t e r e d  device. The 
reduc t ion  in  the  c u r r e n t  is especia l ly  p ronounced  
at high biases. However ,  there  is no s ignif icant  dif-  
fe rence  here,  pr ior  to l ife test, b e t w e e n  the  two di-  
odes ge t te red  wi th  d i f ferent  oxides. 

In  Fig. 3 we compare  phosphorus  pen tox ide  wi th  
the boron  and  phosphorus  oxide m i x t u r e  as getter.  
Again,  we in i t i a l ly  observe  no rea l  difference be -  
t w e e n  the two;  both  show cons iderab le  i m p r o v e m e n t  
over  the u n g e t t e r e d  mate r ia l .  

In  Fig. 4 the  charac ter is t ics  of diodes ge t te red  
wi th  the boron  and  phosphorus  oxide m i x t u r e  for 
30 ra in  at 800 ~ , 900 ~ , a nd  1000~ are presented .  If 
we focus our  a t t en t i on  at  the  h igher  bias region,  
which  is the reg ion  of g rea t e r  in teres t ,  we  see con-  
s iderable  i m p r o v e m e n t  in  the  leakage  c u r r e n t  by  
going f rom 800 ~ to 900~ However ,  no apprec iab le  
ga in  is observed  by  inc reas ing  the  ge t t e r i ng  t e m -  
p e r a t u r e  to 1000~ 

A series of r u n s  also were  m a d e  to see the  effect 
of the ge t t e r ing  t ime  d u r a t i o n  of the diode reverse  
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Fig. 3. Reverse bias characteristics of diodes gettered with phos- 
phorus oxide and boron-phosphorus oxide mixture, x, P205 30 min, 
900~ % P2Os-B~O3 30 min, 900~ A, ungettered. 

>. 

s 

t ,  (~o~  

Fig. 6. Reverse bias characteristics of diodes gettered with 
various oxides, x, Pb2P207 30 min, 900~ % V205-BaO 30 min, 
900~ [],  PbO 30 min, 900~ A,  ungettered. 

+ /// 
o ! . 

Fig. 4. Reverse bias characteristics of diodes gettered with boron- 
phosphorus oxide mixture at various temperatures, x, B203-P205 
30 min, 800~ o, B203-P205 30 min, 900~ I-1, B203-P~O5 
30 min, 1000~ A,  ungettered. 

cur ren t .  G e t t e r i n g  was  done  at  800~ for  60, 150, 
and  300 m i n  us ing  the  boron ,  p h o s p h o r u s  ox ide  m i x -  
ture .  F i g u r e  5 shows the  r e d u c t i o n  of t he  l e a k a g e  
c u r r e n t  b y  i n c r e a s i n g  the  p e r i o d  of g e t t e r i n g  t i m e  
f rom 60 to 150 rain.  H o w e v e r ,  a 300 min  g e t t e r i n g  
pe r iod  p r o v e s  to be  too long;  a l l  d iodes  showed  soft  
c h a r a c t e r i s t i c s  and  a re  no t  shown on th is  plot .  Too 
long a h e a t i n g  t i m e  could  cause  e x t e n s i v e  e v a p o r a -  
t ion of the  ox ides  w h i c h  m a y  se r i ous ly  l imi t  t h e i r  
g e t t e r i n g  ac t ion  and,  in th is  case, a p p a r e n t l y  a r e -  
ve r se  process  took  p l ace  a f t e r  t he  g e t t e r i n g  ac t ion  
h a d  s t opped  d u r i n g  the  l a t t e r  ha l f  of the  300 min  
h e a t i n g  t ime .  

Fig. 5. Reverse bias characteristics of diodes gettered with boron- 
phosphorus oxide mixture for different periods. X ,  B203-P205 60 
min, 800~ % B20~-P205 150 min, 800~ A,  ungettered. 

F i g u r e  6 shows  the  effect of g e t t e r i n g  us ing  
Pb2P2OT, V2Os-BaO m i x t u r e  and  P b O  at  900~ 
A g a i n  a vas t  dec rea se  in l e a k a g e  c u r r e n t  is o b s e r v e d  
b y  ge t t e r i ng ;  h o w e v e r ,  P b O  seems  to be  t he  leas t  
e f fec t ive  a m o n g  a l l  t he  ox ides  used.  

W e  h a v e  seen  so f a r  t he  r e su l t s  p r i o r  to l i fe  t e s t -  
ing. We can s u m m a r i z e  t he  r e su l t s  b y  s ay ing  t ha t  
a l l  the  ox ides  used  in  t he  e x p e r i m e n t  a r e  effect ive  
and  a g e t t e r i n g  t e m p e r a t u r e  of 900~ a n d  a t ime  
p e r i o d  of  30-60 m i n  seems  to be  qu i t e  adequa t e .  I f  
cond i t ions  neces s i t a t e  a l o w e r  t e m p e r a t u r e ,  800~ 
g e t t e r i n g  can be  used,  a l t h o u g h  i t  is less effect ive.  
The  l i m i t i n g  fac to rs  in  us ing  g e t t e r i n g  t e m p e r a t u r e s  
l o w e r  t h a n  800~ can,  p e r h a p s ,  be  i t e m i z e d  as fo l -  
lows:  (a )  h i g h e r  ox ide  v iscos i ty ,  (b)  s l ower  d i f -  
fus ion  r a t e  of t he  m e t a l  impur i t i e s ,  a n d  (c)  i n -  
c r e a se d  g e t t e r i n g  t i m e  r e q u i r e d ,  r e s u l t i n g  in  t he  
d e p l e t i o n  of ox ide  due  to vo la t i l i za t ion .  

The  g e t t e r e d  d iodes  w e r e  s u b j e c t e d  to h e a t  t e s t i ng  
in room a m b i e n t  a t  t e m p e r a t u r e s  of 190~176 w i t h  
or w i t h o u t  r e v e r s e  bias.  A l l  d iodes  s h o w e d  good 
s t a b i l i t y  a f t e r  m a n y  h u n d r e d s  of hours  of h e a t i n g  at  
300~ if no b ias  was  app l ied .  W h e n  a 50v r e v e r s e  
b ias  was  a p p l i e d  d u r i n g  h e a t  s o a k i n g  at  190~ w i t h  
the  e x c e p t i o n  of d iodes  g e t t e r e d  b y  P205, a n d  the  
P2Os-B2Os m i x t u r e ,  a l l  g e t t e r e d  d iodes  t end  to fa i l  
a f t e r  50 or m o r e  hours .  Some  t y p i c a l  t e s t  r e su l t s  
a re  s h o w n  in T a b l e  II. Each  of the  r e su l t s  shown  
r e p r e s e n t s  a g roup  of fou r  to s ix  d iodes .  A t  300~ 
the  f a i l u r e  r a t e  a c c e l e r a t e d  and  b e c a m e  qu i t e  r ap id .  
The  r e v e r s e  l e a k a g e  c u r r e n t  i nc rea se  could  be  ca t a s -  
t roph ic .  H e a t i n g  to 200~176 for  a few hour s  
w i t h  t he  b ias  r e m o v e d  u s u a l l y  w o u l d  r e s t o r e  these  
f a i l ed  diodes ,  b u t  t h e y  a r e  s u b s e q u e n t l y  even  m o r e  
su scep t i b l e  to d e g r a d a t i o n .  The  f a i l u r e s  a r e  mos t  
p r o b a b l y  due  to some c h e m i c a l  i n t e r a c t i o n  occu r r ing  
in the  t h e r m a l  ox ide  and  s i l icon  i n t e r f a c e  r eg ion  of 
t he  junc t ion .  The  r e v e r s i b l e  n a t u r e  of t h e  f a i l u r e  
s t r o n g l y  sugges t s  ionic  m o v e m e n t s  u n d e r  t he  inf lu-  
ence of a h igh  e lec t r i c  field. These  ionic species  could  
have  f o r m e d  or  i n t r o d u c e d  in to  t he  t h e r m a l  ox ide  
and  s i l icon t r a n s i t i o n  r e g i o n  d u r i n g  t h e  g e t t e r i n g  
process .  A t  t he  h e a t  t e s t  t e m p e r a t u r e  a n d  h igh  e lec -  
t r ic  f ield ionic  p o l a r i z a t i o n  could  occur  and  g ives  
r ise  to t he  f o r m a t i o n  of a s i l icon su r f ace  i nve r s ion  
l aye r .  This  p r o p o s e d  f a i l u r e  m e c h a n i s m  is j u s t  a 
con jec tu re .  W e  have  no d i r ec t  e v i d e n c e  to s u b s t a n -  
t i a t e  it. H o w e v e r ,  d iodes  g e t t e r e d  w i t h  P205 seem to 
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Table II. Typical life test results of gettered diodes 

Li fe  tes t  L i f e  t e s t  T ime ,  h r  
G e t t e r e d  w i t h  t e m p e r a t u r e ,  =C bias ,  v 0 20 60 150 330 

IR* 0.54 
B203 300 0 VB** 80 

IR 0.3 
B203 190 50 VB 80 

IR 0.85 
Pb2P207 300 50 VB 95 

IR 0.38 
P205 190 0 VB 85 

IR 0.59 
P205 300 50 VB 85 

IR 0.44 
B203 + P205 190 0 VB 85 

IR 0.35 
B203 ~- P205 300 0 VB 82 

Ia  0.27 
B203 -~- P205 190 50 VB 95 

B203 + P205 300 50 IR 0.90 
VB 83 

1200 
100 

0.79 
85 

0.11 
75 

300 
80 

0.36 

0.1 
90 

0.15 
88 

0.24 
82 

0.28 
92 

6.4 
81 

* Ia  (m~ amp)  m e a s u r e d  a t  VR = 10v. 
** Va (v) d iode  b r e a k d o w n  vo l t age .  

be m o r e  s tab le .  As  s h o w n  in Tab le  II ,  for  a P205 
g e t t e r e d  diode,  s l igh t  d e g r a d a t i o n  is o b s e r v e d  a f t e r ,  
for  e x a m p l e ,  l i fe  t e s t ed  a t  300~ and  50v b ias  fo r  
60 hr.  E v e n  m o r e  s t ab le  dev ices  r e s u l t e d  f r o m  us ing  
the  b o r o n - p h o s p h o r u s  ox ide  m i x t u r e  as the  g e t t e r -  
ing  agent .  H e r e  we  see no change  in l e a k a g e  c u r r e n t  

Fig. 7. (Upper and lower left) Before and after boron-phosphorus 
oxide mixture gettering of Cu 64 in silicon diodes. (Upper and lower 
right) Before and after boron oxide gettering of Cu 64 in silicon 
diodes. 

a f t e r  soak ing  at  190~ for  ove r  300 h r  w i t h  50v r e -  
v e r s e  b ias  app l i ed .  T h e  d iodes  also s tood u p  w e l l  
a f t e r  150 h r  a t  300~ a n d  50v b ia s  b u t  s t a r t e d  to 
d e g r a d e  a f t e r  ove r  300 hr.  This  t es t  cond i t ion  of 
300~ a i r  a m b i e n t  and  50v b ias  cou ld  be  o v e r l y  
severe .  The  hea t  d i s s ipa t ion  at  t he  j u n c t i o n  i t se l f  
w o u l d  a m o u n t  to a t e n t h  of a w a t t  or  m o r e  u n d e r  
t hese  condi t ions .  Hence ,  t he  t e m p e r a t u r e  a t  t h e  
j u n c t i o n  could  w e l l  s u b s t a n t i a l l y  exceed  t h a t  of t h e  
e n v i r o n m e n t .  

The  ox ide  g e t t e r i n g  ac t ion  we  have  s h o w n  so fa r  
y i e lds  no q u a n t i t a t i v e  m e a s u r e m e n t s  on  the  ac tua l  
m e t a l  i m p u r i t i e s  dep le t ed .  The re fo re ,  a r a d i o  t r a c e r  
t e c h n i q u e  was  used  to o b t a i n  such  da ta .  Rad io  Cu 64 
was  used  as t he  m e t a l  i m p u r i t y  and  was  p l a t e d  onto  
t he  b a c k  s ide  of t he  d iode  w a f e r  f o l l o w e d  b y  in -  
d i f fus ion a t  600~176 A f t e r  t he  diffusion,  t he  
excess  coppe r  was  r e m o v e d  and  the  w a f e r  s u b j e c t e d  
to g e t t e r i n g  in  t he  s ame  m a n n e r  as d e s c r i b e d  p r e -  
v ious ly .  F o l l o w i n g  the  g e t t e r i n g  and  r e m o v i n g  of 
the  g e t t e r i n g  oxide ,  a r a d i o a u t o g r a m  was  t a k e n  of 
the  wafe r .  R a d i o a c t i v i t y  c o u n t i n g  was  u s u a l l y  t a k e n  
be fo re  and  a f t e r  g e t t e r i n g  to g ive  i nd i ca t ions  of 
change  in coppe r  concen t r a t ion .  In  Fig .  7 w e  h a v e  
two  pa i r s  of r a d i o a u t o g r a m s  showing  the  i n i t i a l  and  
f inal  coppe r  d i s t r i b u t i o n  a f t e r  g e t t e r i n g  at  900~ 
for  1 h r  us ing  bo ron  ox ide  a lone  and  the  b o r o n  and  
p h o s p h o r u s  ox ide  m i x t u r e .  As  is ev iden t ,  t h e  coppe r  
t ends  to c o n c e n t r a t e  in t he  b o r o n  d i f fused  reg ion .  
This  is p r o b a b l y  due  to, first,  e n h a n c e d  c o p p e r  so lu -  
b i l i t y  in  t he  h e a v i e r  d o p e d  p - r e g i o n  (5)  a n d  second,  
m o r e  d i s loca t ions  and  hence,  m o r e  coppe r  p r e c i p i -  
t a t i on  in  the  d i f fus ion i n d u c e d  s t ress  r e g i o n  first  
d e m o n s t r a t e d  b y  Que i s se r  (6)  and  t h e n  b y  P r u s s i n  
(7 ) .  The  e f fec t iveness  of g e t t e r i n g  is obvious .  The  
r e m a i n i n g  coppe r  a p p e a r s  as dots ,  p r o b a b l y  c lus te r s  
of p r e c i p i t a t e s  s c a t t e r e d  w i t h i n  t he  d i f fused  reg ion .  
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Fig. 8. Boron-phosphorus oxide mixture gettering rates of Cu fi4 
in silicon diodes, x, Gettered with B20~-P205 at 870~ o, get- 
tered with B203-P205 at 1000~ ,% ungettered, but heated in air 
at 870~ 

W e  h a v e  o b s e r v e d  no s igni f icant  d i f fe rence  in  t h e  
r e su l t s  us ing  the  two  d i f fe ren t  oxides .  Some  p r e -  
l i m i n a r y  r e su l t s  on the  g e t t e r i n g  r a t e  a re  s h o w n  in 
Fig.  8. H e r e  w e  h a v e  p l o t t e d  the  log  of t he  a c t i v -  
i ty ,  w h i c h  is p r o p o r t i o n a l  to t h e  coppe r  concen -  
t r a t ion ,  vs. g e t t e r i n g  t i m e  d u r a t i o n  at  two  d i f -  
f e r e n t  t e m p e r a t u r e s ,  870 ~ and  1000~ The  r a d i o -  
a c t i v i t y  p l o t t e d  h e r e  r e f e r s  to  t h e  fl p a r t i c l e  c o u n t -  
ing  t a k e n  on the  top  su r f ace  w h e r e  t he  p l a n a r  d i -  
odes  w e r e  loca ted .  F o r  a first  a p p r o x i m a t i o n  w e  
fit t he  po in t s  w i t h  s t r a i g h t  l ines,  w h i c h  is e q u i v -  
a l en t  to a s s u m i n g  a first  o r d e r  d e p l e t i o n  ra te .  A 
s m a l l  pos i t i ve  t e m p e r a t u r e  coefficient  is a p p a r e n t  
b y  c o m p a r i n g  the  s lopes  of t h e s e  l ines .  W e  also 
have  shown  he re  t h e  ac t iv i t i e s  of t he  w a f e r  b e -  
fo re  and  a f t e r  going  t h r o u g h  the  hea t  cyc le  at  

870~ w i t h o u t  t he  g e t t e r i n g  ox ide  app l i ed .  W e  
see no  s ign i f ican t  change  in t h e  c o p p e r  concen -  
t r a t i o n  level .  

Conclusion 

In  conclus ion,  w e  h a v e  s h o w n  the  f e a s i b i l i t y  of 
r e d u c i n g  the  r e v e r s e  l e a k a g e  c u r r e n t  of p l a n a r  d i -  
odes  b y  us ing  s u i t a b l e  ox ide  g e t t e r i n g  of m e t a l  i m -  
p u r i t i e s  in  the  t e m p e r a t u r e  r a n g e  of 800~176 
The  b o r o n  and  p h o s p h o r u s  o x i d e  m i x t u r e  seems  to 
be  t he  o u t s t a n d i n g  g e t t e r i n g  agen t  in  t h a t  the  
g e t t e r e d  dev ices  show good s t a b i l i t y  d u r i n g  l i fe  
tes t .  A r a d i o  t r a c e r  t e c h n i q u e  is s h o w n  to be  a 
use fu l  tool  for  s t u d y i n g  the  m e t a l  i m p u r i t y  d i s -  
t r i b u t i o n  and  t h e  g e t t e r i n g  k ine t ics .  
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A Novel Four-Point Probe for Epitaxial and 
Bulk Semiconductor Resistivity Measurements 
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ABSTRACT 

A novel configuration for a four-point probe with points on opposite sides 
of the wafer is proposed. The potential distribution from a small area contact 
on a two resistivity epitaxial structure is given. The effects of the layer and 
substrate parameters on this potential distribution are discussed. A considera- 
tion of these potential distributions indicates that a probe of this design would 
be usable for epitaxial layer resistivity measurement under the design con- 
siderations discussed. These same potential distributions indicate that a two- 
point probe is also usable. Brief experimental results of the over-under four- 
point probe on bulk silicon are given. The two point probe is contrasted ex- 
perimentally with the P-type control wafer, and three point breakdown for 
measurement of N on N + epitaxial silicon. 

The use of semiconduc tor  ma te r i a l s  in  the f ab r i -  
cat ion of so l id-s ta te  devices has crea ted  a need  for 
res i s t iv i ty  m e a s u r e m e n t s  of tha t  mater ia l .  Since 
the ma te r i a l  on which  m e a s u r e m e n t s  are made  is 
to be used for f abr ica t ion  purposes,  it is essent ia l  
tha t  this m e a s u r e m e n t  be n o n d e s t r u c t i v e  and,  if 
possible, simple.  Valdes (1) i n t roduced  an  i n l i ne  
four-point probe technique for measurement of re- 
sistivity on finite samples with insulating or con- 
ducting bottom surfaces. This theory was expanded 
to a square array probe and further developed to 
incorporate sheet resistance measurements (2-5). A 
convenient technique for finding the solution to 
many sample and probe geometries was introduced 
by Uhlir (6). Uhlir found a general class of solu- 
tions for point contact potential distributions and 
finite sample geometry with conducting or insulat- 
ing bottom surfaces. The four-point probe as de- 
veloped is adequate for most resistivity measure- 
ments on bulk material. However, the measurement 
of epitaxial layers on substrates of the same type 
has created a new problem which cannot be solved 
by the normal four-point probe unless the probe 
spacing is of the order of the layer thickness. 

The measurement of N on P or P on N epitaxial 
material can be made with a normal four-point 
probe and appropriate correction factors. However, 
this measurement itself is open to question due to 
the resistivity profile in the epitaxial layer and the 
effects of the substrate. The resistivity of N on N + 
or P on P+ epitaxial material has not been meas- 
ured on the sample with a nondestructive technique 
which is predictable from theory. The most common 
technique is to place an opposite-type substrate in 
the reaction chamber with the normal wafers. The 
sheet resistance of this sample is then measured 
with a four-point probe, and the resistivity is cal- 
culated. This technique is not advantageous because 
it does not measure the sample of interest and be- 
cause of the different resistivity profiles obtained 

from growing on different types of substrates. A 
technique has recently been proposed by Brownson 
(7) whereby N on N + or P on P+ epitaxial mate- 
rial may be measured. This technique involves a 
three-point probe and makes use of the point con- 
tact peak inverse voltage as a function of resistivity. 
But, as no adequate theory of point contact break- 
down is available, this technique must be calibrated 

on known resistivity samples. 

A normal four-point probe with extremely small 
spacing would be ideal for epitaxial layer measure- 
ment. However, the problems of holding a small 
probe spacing for four probes in a conventional 
array are many. The smallest published probe 
spacing (8) is 254~ (I0 mils) which is not small 
enough to measure an epitaxial N on N + or P on 
P+ structure. Also, there is no published solution 
to the four-point probe problem with a finite con- 
ducting substrate of finite thickness. Some of the 
mechanical problems of a small spacing probe may 
be eliminated if two probes are placed on the top 
surface of the wafer and two on the bottom surface. 
Then one need only maintain two probe spacings 
that are small. Also, because the substrate is low 
resistivity, the probe spacing on the epitaxial sur- 
face will be the most important, and tolerances on 
the subs t ra te  sur face  probe  m a y  be re laxed.  

The theory  of opera t ion  and  design cons ide ra -  
t ions of this p robe  w h e n  used to me a su r e  ep i tax ia l  
N on N + or P on P+ layers  is developed here.  The 
po ten t i a l  d i s t r i bu t ion  for a finite area  contact  on an  
ep i tax ia l  s t ruc tu re  wi th  a finite conduc t ing  sub -  
s t ra te  of finite th ickness  and  the  dependence  of this  
d i s t r i bu t ion  on l aye r  and  subs t ra te  p a r a m e t e r s  is 
solved and  re l a t ed  to probe  design. 

The a fo remen t ioned  d i s t r ibu t ions  suggest  an  a l -  
t e r na t e  t e chn ique  i nvo l v i ng  only  two probes.  A 
discussion of the  same p a r a m e t e r s  shows tha t  this  
t e chn ique  can be used for the  m e a s u r e m e n t  of epi-  
t ax ia l  l ayer  res is t iv i ty .  
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Fig. 1. Over-under four-point probe 

Four-Point  Probe 
T h e o r e t i c a l  

In  the  o v e r - u n d e r  conf igura t ion ,  p robes  a r e  
p l aced  in p a i r s  on oppos i t e  s ides  of the  wa fe r ,  as 
shown  in Fig.  1. C u r r e n t  is pa s sed  t h r o u g h  p robes  
1 and  3, and  vo l t age  is m e a s u r e d  b e t w e e n  p robes  2 
and  4. The  s u b s c r i p t  1 deno tes  l a y e r  p a r a m e t e r s ,  
and  the  s u b s c r i p t  s deno tes  s u b s t r a t e  p a r a m e t e r s .  

The  b o u n d a r y  cond i t ions  used  in  the  so lu t ion  of 
L a p l a c e ' s  e q u a t i o n  for  th is  conf igura t ion  a re  shown  
below.  

The  n o r m a l  f ield at  a l l  su r faces  excep t  u n d e r  t he  
con tac t s  is m a d e  to v a n i s h  b y  

0~r = O ( F i e l d  a t  edge  of w a f e r )  

T ~ r o 

and 

04] 
~ ~ O ( F i e l d  at  su r face  of w a f e r  

e x c l u d i n g  con tac t )  

r > a  
Z----0 and  Z - - - - t ~ + t s  

The  a v e r a g e  n o r m a l  field u n d e r  the  con tac t  is g iven  b y  

a~z = I p~ o~ ~ I ps 
~r a 2 ~r a 2 

r ~ a  r~ - -a  
Z = 0 Z = t~ + t~ 

The cond i t ions  at  t he  i n t e r f ace  a r e  

ar 0r 
O- l ~ O- s - -  

aZ aZ  

The  p r o b l e m  was  so lved  us ing  c y l i n d r i c a l  s y m m e -  
t ry .  I t  was  a s s u m e d  t h a t  t he  j u n c t i o n  b e t w e e n  the  
s u b s t r a t e  and  l a y e r  w a s  a b r u p t  w i t h  u n i f o r m  r e s i s -  
t i v i t y  on e i t he r  side. The  con tac t  was  a s s u m e d  to 
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Fig. 2. Equipotential plot for over-under probe 

be p l a n a r  w i t h  an  effect ive  r a d i u s  a; t h e  r a d i u s  of 
the  w a f e r  is ro. The  n u m e r i c a l  so lu t ions  p r e s e n t e d  
he re  w e r e  ob ta ined .  

F i g u r e  2 shows  a t y p i c a l  p o t e n t i a l  d i s t r i b u t i o n  for  
s t a t ed  b o u n d a r y  condi t ions ,  n o m i n a l  r e s i s t i v i t y ,  and  
d imens ions .  The  e q u i p o t e n t i a l  l ines  shown  a re  at  
m i l l i v o l t  i n c r e m e n t s  w h e n  the  c u r r e n t  is 1 ma.  The  
e n l a r g e m e n t  de t a i l s  the  s t r u c t u r e  of the  e q u i p o -  
t e n t i a l  su r f aces  n e a r  the  contacts .  I t  shou ld  be  r e -  
m e m b e r e d  t h a t  the  field l ines,  w h i c h  g ive  an  i n d i -  
ca t ion  of t he  c u r r e n t  flow, w o u l d  be  d r a w n  p e r -  
p e n d i c u l a r  to the  p o t e n t i a l  l ines.  This  f igure  i n d i -  
ca tes  t h a t  t he  c u r r e n t  f lows a lmos t  d i r e c t l y  t h r o u g h  
the  l a y e r  w i t h  v e r y  l i t t l e  sp read ing ,  w h i l e  t h e r e  is 
a w i d e  c u r r e n t  s p r e a d  in  t he  subs t r a t e .  The  e q u i -  
p o t e n t i a l  l ines  a r e  v e r y  c lose ly  spaced  in  t he  l a y e r  
w i t h i n  a r a d i a l  d i s t ance  of 50t~ and  v e r y  w i d e l y  
spaced  in  the  subs t r a t e .  This  i nd i ca t e s  t h a t  t he  
p r o b e  spac ing  on the  s u b s t r a t e  is no t  as c r i t i ca l  as 
t h a t  on the  l aye r .  Thus,  t he  p r o b e  spac ing  on the  
e p i t a x i a l  l a y e r  wi l l  h a v e  to be  less t h a n  50~ ( abou t  
2 mi l s )  in o r d e r  to ga in  s e n s i t i v i t y  to t he  l ayer .  

Figure 3 shows the dependence of the equivalent 
resistance on probe spacing for various layer resis- 
tivities with all other parameters held constant. The 
equivalent resistance is the probe voltage divided 
by the sample current. For this plot the effective 
contact radius is 10.2#, substrate thickness is 203t~, 
layer thickness is i0.2~, and substrate resistivity is 
0.010 ohm-cl;n. Calculations are shown for layer 
resistivities of 0.I, 1.0, and I0.0 ohm-cm. It can be 
seen from this graph that in order to have sensi- 
tivity to 0.10 ohm-cm layers, probe spacing must 
be less than 50~. However, if higher resistivities 
are to be measured, larger probe spacing may be 
tolerated. 

Figure 4 shows the layer resistivity as a function 
of the equivalent resistance for various probe spac- 
ings. Calculations were made for the same parame- 
ters used in Fig. 3. The slope of the line indicates 
the sensitivity to the layer resistivity. The best 
sensitivity is obtained with the zero probe spacing. 
Sensitivity decreases with an increase in probe 
spacing and at 102t~ is practically zero. Calculations 
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h a v e  been  m a d e  for  va r i ous  effect ive  con tac t  r ad i i .  
As  an t i c i pa t ed ,  the  s t r o n g e s t  d e p e n d e n c e  on the  
con tac t  r a d i u s  is a t  zero  p r o b e  spac ing .  W i t h  a 
p r o b e  spac ing  of 25-50/~, d e p e n d e n c e  is no t  as  g rea t .  

F i g u r e  5 shows  in m o r e  de t a i l  t he  l a y e r  r e s i s t i v -  
i t y  as a f u n c t i o n  of the  e q u i v a l e n t  r e s i s t ance  for  a 
p r o b e  spac ing  of 25.4/~ (1 mi l )  and  an  effect ive  
r a d i u s  of con tac t  of 10.2/~. The  t h r e e  g roups  of l ines  
a r e  for  l a y e r  t h i cknesses  of 5.08, 10.2, and  15.2/~. 
I t  can  be  seen  f r o m  th i s  t ha t  t he  t h i c k e r  l a y e r  
m a k e s  t he  e q u i v a l e n t  r e s i s t ance  m o r e  sens i t ive  to 
t he  l a y e r  r e s i s t i v i t y .  The  f iner  s t r u c t u r e  shows  the  
d e p e n d e n c e  on s u b s t r a t e  p a r a m e t e r s .  The  l a r g e s t  
ho r i zon t a l  s e p a r a t i o n  is due  to t he  s u b s t r a t e  r e s i s -  
t i v i ty ,  a n d  a l e s se r  effect is d u e  to t he  s u b s t r a t e  
th ickness .  The  cu rves  he r e  a r e  s h o w n  for  s u b s t r a t e  
r e s i s t iv i t i e s  of 0.008 and  0.012 o h m - c m ,  and  s u b -  
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Fig. 4. Layer resistivity as a function of equivalent resistance 
and probe spacing. 

) -  
I-- 
> 

~ LO 
r r - r  

W 

J 

~o[ ~ = =  5.os # ~ 

I / 

/ / / /  -"-P'='~176 n-ore 
// // ~ ~ - : o l 2 n - c m  

, . . . . . . . . . . . .  O,I 
I0 IO 2 

EQUIVALENT RESISTANCE (OHMS) 

Fig. 5. Layer resistivity as a function of equivalent resistance, 
layer thickness, substrate resistivity, and substrate thickness; s, 
25.4/~; a, 10.2 F. 

s t r a t e  t h i cknesses  of 152 a n d  203/~. T h e r e  is less 
sp l i t t i ng  of the  cu rves  for  a l l  t h r e e  t h i cknes se s  as 
the  l a y e r  r e s i s t i v i t y  is i n c r e a s e d  and  less  sp l i t t i ng  
at  a l l  l a y e r  r e s i s t i v i t i e s  as  l a y e r  t h i cknes s  is in -  
c reased .  

F i g u r e  6 shows  m u c h  the  s ame  d a t a  e x c e p t  for  
a p r o b e  spac ing  of 50.8/~ (2 mi l s )  and  a cons t an t  
s u b s t r a t e  t h i cknes s  of 178~. W i t h  th is  p r o b e  spac ing ,  
a change  in r e s i s t i v i t y  p r o d u c e s  a s m a l l e r  c h a n g e  
in  t he  e q u i v a l e n t  r e s i s t ance  t h a n  w i t h  a 25.4/~ s p a c -  
ing. I t  can  be  seen  t h a t  t he  effects of t he  s u b s t r a t e  
b e c o m e  m o r e  i m p o r t a n t .  

As  seen f r o m  Fig .  1 t h r o u g h  6, a p r o b e  spac ing  
of 25-50# is n e e d e d  to e m p h a s i z e  t he  effects of l a y e r  
r e s i s t i v i t y  on the  e q u i v a l e n t  r e s i s t ance .  W i t h i n  th is  
r a n g e  of p r o b e  spac ing  the  effect  of l a y e r  r e s i s t i v i t y  
is l a r g e  w h i l e  t h e  effects of t he  s u b s t r a t e  and  con-  
tac t  r a d i u s  a r e  small �9 

The  effects of t he  r a d i u s  of t he  w a f e r  a r e  shown  
in T a b l e  I for  v a r i o u s  p r o b e  spac ing .  The  co r r ec t i on  
f ac to r  n e c e s s a r y  for  a p r o b e  spac ing  of 50~ is 0.99 
w h e n  a w a f e r  w i t h  a r a d i u s  of 208/~ (8 m i l s )  is 

t i ~ . u  tA = I~O2J~ tA = ~2~u 
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Fig. 6. Layer resistivity as a function of equivalent resistance, 
layer thickness, and substrate resistivity for a probe spacing of 
50.8/~. - - - - p s ,  0.008 ohm-cm; ~ ' p s ,  0.012 ohm-cm; ts, 178F; 
a, I0.2/~; s, 50.8/~. 
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Table I. Size correction factors for over-under four-point 
probe on epitaxial material 

N O V E L  F O U R - P O I N T  P R O B E  

P r o b e  spacing, 
W a f e r  

radius, ~ 254 203 152 102 50.8 25.4 

508 0.98 1.00 1.00 1.00 1.00 1.00 
406 0.97 1.00 1.00 1.00 1.00 1.00 
305 0.79 0.95 0.99 1.00 1.00 1.00 
203 - -  0.42 0.78 0.94 0.99 1.00 

C.F.  = Roo/Rs; p~ = 0.5 o h m - c m ;  p,  = 0.006 o h m - c m ;  $t = 1O.2/e; 
t ,  = 203/~; a = 15.2#.  

used.  W i t h  t hese  s m a l l  co r r ec t i on  fac tors ,  t he  r a d i u s  
of the  w a f e r  is no t  i m p o r t a n t  for  mos t  app l i ca t ions .  

Experimental 

A p r o b e  is be ing  d e s i g n e d  to m e e t  t he  cond i t ions  
for  m e a s u r e m e n t  of e p i t a x i a l  l a y e r  r e s i s t i v i ty .  A 
m o d e l  of th i s  p r o b e  has  been  c o n s t r u c t e d  to t es t  
the  f e a s i b i l i t y  of the  p r o b e  des ign .  The  p r o b e  is 
cons t ruc t ed  w i t h  t u n g s t e n  c a r b i d e  po in t s  w h i c h  a r e  
i n d e p e n d e n t l y  l o a d e d  b y  l eve r  a r m s  and  weigh ts .  
P o i n t  l oad ing  and  spac ing  is i n d i v i d u a l l y  a d j u s t a -  
ble.  The  p r o b e  spac ing  and  r e p r o d u c i b i l i t y  is con-  
t r o l l e d  b y  the  ac t ion  of a b e a r i n g  on w h i c h  each  
p o i n t  m e c h a n i s m  ro ta te s .  P r o b e  spac ing  on th is  
first  a t t e m p t  is a d j u s t a b l e  d o w n  to 62F. 

The  r e p r o d u c i b i l i t y  of t he  p r o b e  spac ing  was  
s t ud i ed  b y  o b s e r v i n g  the  d a m a g e d  a r e a s  t he  po in t s  
m a k e  on p o l i s h e d  si l icon.  M e a s u r e m e n t  was  m a d e  
w i t h  a 100 X mic ro scope  and  an  X - Y  s t a g e  ca l i -  
b r a t e d  to 2.54F (0.1 m i l ) .  R e p r o d u c i b i l i t y  was  b e t -  
t e r  t h a n  2.54/~ (0.1 mi l )  w h i c h  inc ludes  the  e r ro r s  
d u e  to t he  f ini te  size and  i r r e g u l a r  shape  of  t he  
d a m a g e d  a r e a  of contact .  The  r e p r o d u c i b i l i t y  of t h e  
p r o b e  spac ing  was  s t u d i e d  also b y  a p p l y i n g  the  
p r o b e  to b u l k  wafe r s .  S ince  t h e r e  i s n o  t h e o r y  a v a i l -  
ab l e  for  th is  case, t h e  e q u i v a l e n t  r e s i s t a n c e  is shown  
in Fig.  7 p l o t t e d  aga in s t  r e s i s t i v i t y  as m e a s u r e d  
w i t h  a n o r m a l  f o u r - p o i n t  p robe .  The  r e p r o d u c i b i l i t y  
in th is  case  was  • 5% as a v e r a g e d  ove r  23 w a f e r s  
w i t h  r e s i s t i v i t i e s  b e t w e e n  0.005 and  100 o h m - c m .  
This  s p r e a d  of cour se  i nc ludes  t he  v a r i a t i o n  of r e -  
s i s t i v i t y  w i t h i n  the  wafe r s .  
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Fig. 7. Experimental equivalent resistance as a function of re- 
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Fig. 8. Layer resistivity as a function of equivalent resistance, 
layer thickness, and substrate resistivity for over-under two-point 
probe. - - - -Ps ,  0.008 ohm-cm; ~ ; o s ,  0.012 ohm-cm, s equals 
O; a, 10.2/~; 152.4/~ ~ ts ~ 203.2/~. 

The  a p p l i c a t i o n  of th is  p r o b e  to b u l k  w a f e r s  of-  
fers  some  a d v a n t a g e s  w h i c h  canno t  be  h a d  b y  a 
n o r m a l  f o u r - p o i n t  p robe .  The  effects of t h e  r a d i u s  
of t he  w a f e r  w i l l  no t  be  as p r o n o u n c e d ,  a n d  the  
r a d i a l  g r a d i e n t s  m a y  be  m a p p e d  accu ra t e ly .  W i t h  
the  s m a l l  p r o b e  spac ing  o b t a i n a b l e  in  th is  conf igu-  
r a t ion ,  s m a l l  s a m p l e s  m a y  be  m e a s u r e d  w i t h  no size 
c o r r e c t i on  fac tors .  

T w o - P o i n t  Probe 

Theoretical 

As was  seen  in  Fig .  4, t he  g r e a t e s t  s e n s i t i v i t y  to 
t he  l a y e r  and  the  l eas t  s e n s i t i v i t y  to t he  s u b s t r a t e  
was  o b t a i n e d  w i t h  a zero  p r o b e  spac ing ,  r e d u c i n g  
the  f o u r - p o i n t  o v e r - u n d e r  p r o b e  to a t w o - p o i n t  
o v e r - u n d e r  p robe .  Ca l cu l a t i ons  s h o w n  in Fig .  8 a r e  
g iven  for  zero  p r o b e  spac ing  a n d  l a y e r  t h i cknesses  
of 5.08, 10.2, and  15.2F. The  fine s p l i t t i n g  a t  low 
l a y e r  r e s i s t i v i t i e s  is for  s u b s t r a t e  r e s i s t i v i t i e s  of 
0.0080 a n d  0.012 o h m - c m .  F o r  s u b s t r a t e  t h i cknesses  
b e t w e e n  152 a n d  203F, no  v a r i a n c e  is o b s e r v e d  for  
a c h a n g e  in s u b s t r a t e  th i ckness .  S i m i l a r  cond i t ions  
can  be m e t  b y  p l a c i n g  two  p r o b e s  on the  e p i t a x i a l  
su r f a c e  a g r e a t  d i s t ance  apa r t .  In  th i s  way ,  t he  c u r -  
r e n t  s t i l l  f lows a lmos t  d i r e c t l y  t h r o u g h  t h e  l a y e r  to 
the  subs t r a t e .  W i t h  th is  conf igura t ion  the  c u r r e n t  
f lows t h r o u g h  t h e  l a y e r  twice ,  ga in ing  m o r e  sens i -  
t i v i t y  to t h e  l aye r .  

Experimental 

M e a s u r e m e n t s  w e r e  m a d e  on e p i t a x i a l  s i l icon 
w a f e r s  (N on N +) u s ing  two  po in t s  of a F e l l  0.159 
cm (62.6 mi l s )  i n - l i n e  p robe .  Resu l t s  a r e  shown  in 
T a b l e  I I  w i t h  t he  t h r e e - p o i n t  b r e a k d o w n  m e a s u r e -  
m e n t  (8)  and  r e s i s t i v i t y  m e a s u r e m e n t s  m a d e  on a 
N on P con t ro l  w a f e r  g r o w n  w i t h  t h e  N on N + 
wafe r s .  R e s i s t i v i t y  was  c a l c u l a t e d  f r o m  t h e  t h e o -  
r e t i c a l  d a t a  a n d  ef fec t ive  con tac t  r ad ius .  T h e  effec-  
t i ve  con tac t  r a d i u s  was  o b t a i n e d  b y  m e a s u r e m e n t  
of t he  cons t r i c t i on  r e s i s t a nc e  on N - t y p e  po l i shed  
b u l k  si l icon.  W i t h  th is  p robe ,  t h e  ef fec t ive  con tac t  
r a d i u s  was  n o m i n a l l y  5/,. Good  a g r e e m e n t  b e t w e e n  
t h e  t h r e e - p o i n t  b r e a k d o w n  and  t w o - p o i n t  p r o b e  
m e a s u r e m e n t s  was  o b t a i n e d  in  t h e  0.10-0.60 o h m -  
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Table II. Experimental results obtained on N-N + epitaxial 
wafers with two-point probe compared with three-poin t 

breakdown and P-type control 

L a y e r  res is t iv i ty ,  ohm~cm 
L a y e r  P - t y p e  Th ree -po in t  Two-po in t  

th ickness ,  ~ con t ro l  b r e a k d o w n  p r o b e  

6.09 0.75 0.47 0.48 
7.36 0.85 0.64 0.44 
7.87 0.95 0.68 0.86 
8.38 0.47 0.41 0.41 

12.5 0.23 0.18 0.18 
9.40 0.34 0.29 0.23 
7.36 0.020 0.022 0.0093 
9.90 6.0-8.2 - -  3.3 
8.88 0.39 0.35 0.36 

10.2 0.10 0.09 0.11 
9.90 0.10 0.09 0.15 

10.7 0.12 - -  0.12 
10.7 4 - -  8.8 
10.9 0.75 0.53 0.52 

cm range.  Very  poor a g r e e m e n t  was  ob ta ined  be-  
tween  e i ther  of these  methods  and  the  P - t y p e  con-  
trol. The th ickness  of the ep i tax ia l  l aye r  was  meas -  
u red  wi th  the i n f r a r ed  ref lectance t echn ique  (9, 10). 
If the effective area  of contact  is ca lcu la ted  before  
each m e a s u r e m e n t ,  r epea t ab i l i t y  is abou t  -----15%. 

Some m e a s u r e m e n t s  have  been  made  on P - t y p e  
ep i tax ia l  g e r m a n i u m .  The resul t s  ind ica te  t ha t  the 
t w o - p o i n t  p robe  m e a s u r e m e n t  should  be easier  on 
g e r m a n i u m  t h a n  on silicon. However ,  no theore t ica l  
ca lcu la t ions  have  been  made  for the low res i s t iv i ty  
subs t ra tes  n o r m a l l y  used for g e r m a n i u m .  The  re -  
pea t ab i l i t y  of m e a s u r e m e n t  on g e r m a n i u m  ranges  
w i t h i n  • 10 %. 

Summary 

The o v e r - u n d e r  probe  has the  a d v a n t a g e  in  the 
m e a s u r e m e n t  of ep i tax ia l  l aye r  res i s t iv i ty  as its 
r ange  is la rge  and  is b o u n d e d  on the  h igh end  only  
by  in jec t ion  effects. In  fact, the  sens i t iv i ty  at high 
l ayer  res i s t iv i ty  is greatest .  I t  is b o u n d e d  on the 
lower  end  by  the  res i s t iv i ty  of the  subs t ra te .  Meas-  
u r e m e n t  of l ayer  res is t iv i t ies  less t h a n  0.1 o h m - c m  
is not  feasible.  As was seen in  Tab le  I, the effects 
of wafe r  size are negl ig ible .  Because  of its size, it  
is possible  to b r i n g  the  probe  down  in  the ve ry  
smal l  w i n d o w  of a diffusion mask.  

Besides these advantages ,  it  is s imi la r  to the n o r -  
ma l  f o u r - p o i n t  p robe  in  tha t  it is a f o u r - t e r m i n a l  
res i s tance  m e a s u r e m e n t  p red ic tab le  f rom po ten t i a l  
theory.  

Its app l ica t ion  to b u l k  wafers  is l imi ted  by  the 
same condi t ions  tha t  l imi t  the  n o r m a l  f o u r - p o i n t  
probe.  However ,  it  m a y  be more  usab le  at  h igh  re -  
s is t ivi t ies  where  surface  leakage  m a y  be a p r ob l e m 
for n o r m a l  f o u r - p o i n t  p robe  measu remen t s .  Its 
usefu lness  for m a p p i n g  wafers  is increased  b y  the 
fact tha t  it  averages  the  res is t iv i t ies  over  a smal le r  
area t h a n  the n o r m a l  f o u r - p o i n t  probe.  The effect 
of wafe r  size is r educed  w h e n  the o v e r - u n d e r  con-  
f igura t ion  is used. 

The smal l  p robe  spacing needed  for ep i tax ia l  
l aye r  res i s t iv i ty  m e a s u r e m e n t  is ce r t a in ly  more  

easi ly  ob ta ined  w h e n  only  one probe  spacing  need  
be held  accurate ly .  I t  is easier  to p lace  two poin ts  
close together  t h a n  to hold four  poin ts  in  l ine  wi th  
a smal l  p robe  spacing.  

The t w o - p o i n t  p robe  t echn ique  is usab le  for r ea -  
sons tha t  m a k e  a n o r m a l  f o u r - p o i n t  p robe  useless. 
The fact tha t  a h igh res i s t iv i ty  l ayer  is p laced on a 
low res i s t iv i ty  subs t r a t e  is w hy  the t w o - p o i n t  probe  
can even  be considered.  Because the  c u r r e n t  is 
l a rge ly  confined to the reg ion  be low the  contact  in  
the layer  and  because  the  c u r r e n t  spreads  wide ly  
in  the subs t ra te ,  the vo l tage  b e t w e e n  the two 
probes  is a p r i m a r y  func t i on  of the layer.  Since this 
is t rue ,  the vol tage  m e a s u r e d  b e t w e e n  the  two 
poin ts  is a lmost  i n d e p e n d e n t  of p robe  spacing as 
long as the  spacing is m u c h  grea te r  t h a n  the layer  
thickness.  Therefore ,  r e f inement s  can  be made  on 
p robe  poin ts  to achieve  o p t i m u m  m e a s u r e m e n t  con-  
d i t ions  which  wi l l  be a func t i on  of m a t e r i a l  and  
type.  

The ca lcula t ions  p resen ted  here  wi l l  be ref ined to 
ob ta in  be t t e r  accuracy  a nd  a w ide r  r a n g e  of pa -  
r a m e t e r  va r i a t i on  and  wi l l  inc lude  ca lcula t ions  of 
the b u l k  res i s t iv i ty  case. 

Both t echn iques  wi l l  be appl ied  to va r ious  epi-  
t ax ia l  m a t e r i a l  and  eva lua t ed  for the i r  usefulness .  
The mechan i ca l  des ign  of the  o v e r - u n d e r  probe  
wi l l  be improved ,  and  the  p resen t  model  wi l l  be 
a l te red  to achieve smal le r  p robe  spacing.  
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Photoconductivity in Thin Organic Films 
Arthur  Bradley and John P. Hammes 
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ABSTRACT 

Organic films of approximately 1~ thickness were prepared by glow-dis-  
charge polymerizat ion of monomers  containing nitrogen, sulfur, selenium, and 
certain metals and tested for photosensitivity. Conductivities (in the dark 
ranging from 10 -17 to 10 -13 m h o / c m  at room temperature)  were enhanced by 
as much as three orders of magni tude  by 10 w/ in .  2 of white  l ight excitation. 
Nitrile groups and sulfur  appeared most promising as chemical subst i tuents  in 
the polymer films for promoting conductivi ty to useful levels. Addit ion of 
traces of iodine to the discharge dur ing  the deposition of a polynaphthalene  
film increased its dark and photoconductivi ty over a thousandfold. Act ivat ion 
energies of photoconduction of the order of 0.25 ev were found (25~176 
Short-circui t  photocurrents  of consistent polari ty in  all films were observed 
and a t t r ibuted to a photovoltaic effect at the interface between the film and the 
t ransparen t  electrode. 

Glow discharge  po lymer i za t i on  has been  shown  
to be a usefu l  t e chn ique  for the p r e p a r a t i o n  of t h i n  
organic  films (1, 2).  These  films have  been  cha r -  
acter ized by  good chemica l  and  t h e r m a l  s tab i l i ty  
and  gene ra l ly  h igh electr ical  res is tance.  The i r  first 
commerc ia l  app l ica t ion  has been  as a capaci tor  
dielectr ic  foil w h e n  deposi ted on an  a lumin i zed  
Myla r  subs t r a t e  (3) ,  bu t  they  are also be ing  i n -  
ves t iga ted  for possible  use in  mic romodu le  elec-  
t ronic  componen t s  ( p r i n t ed  and  evapora ted  cir-  
cui ts ) ,  as p ro tec t ive  coat ings on me ta l  surfaces,  as 
v a p o r - b l o c k i n g  deposits  on o therwise  porous  s u b -  
strates,  as the  dielectr ic  e l emen t  in  e l e c t ro lumi ne s -  
cent  panels ,  as the cha rge - s to r ing  l ayer  in  pho to-  
sensi t ive  i n f o r m a t i o n  storage tape,  and  for m a n y  
other  purposes.  A recen t  pub l i ca t ion  f rom this  l abo-  

r a to ry  descr ibed  procedures  for c a r ry ing  out  elec- 
t r ica l  m e a s u r e m e n t s  on g low-d i scha rge  films and  
repor ted  typica l  deposi t ion efficiency and  d a r k  con-  
duc t iv i t y  da ta  for spec imens  of va r ious  chemical  
compos i t ion  (4) .  The p resen t  c o m m u n i c a t i o n  deals 
wi th  the  pho toconduc t ive  proper t ies  of these  films. 

Glow discharge  films, as a class of i n s u l a t i n g  m a -  
terials ,  have  the  charac ter i s t ic  pa t t e rn s  of da rk  and  
pho toconduc t iv i ty  r ep re sen t ed  w i th  s l ight  va r ia t ions  
in  Fig. 1 t h r ough  4. A modera t e  photosens i t iv i ty ,  or 
add i t iona l  c u r r e n t  u n d e r  l ight  exci ta t ion,  was  a 
gene ra l  p rope r ty  of all  specimens,  and  its m a g n i -  
tude  was  not  obv ious ly  re la ted  to the  da rk  c u r r e n t  
(or r e s i s t iv i ty ) .  Da rk  and  pho tocu r ren t s  va r i ed  to 
some ex t en t  w i th  the  composi t ion  of the  films, t e n d -  
ing to be h igher  wi th  more  polar  subs t i t u t ed  m o n -  
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Fig. 1. Dark current and photocurrent (encircled points) vs. 
temperature for polymer film derived from thioacetamide; 103/TABs; 
*, 24V; x, 6v; e, 1 .Sv. 
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temperature for polymer film derived from thiophene; |03/TABs; 
*, 24v; x, 6v; e, 1.5v; A,  0v. 
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Fig. 3. Dark current and photocurrent (encircled points) vs. 

temperature for polymer film derived from pyrrole; 103/TABs; *, 
24v; x, 6v; e, 1.5V. 
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Fig. 4. Dark current and photocurrent (encircled points) vs. 

temperature for polymer film derived from pyrazole; 103/TABs; 
*, 24v; x, 6v; e, 1.5v; A ,  0v. 

omers  (Tab le  I ) .  Some a p p a r e n t  re la t ionsh ips  be -  
tween  s t ruc tu re  and  conduc t iv i ty  are discussed 
below. 

Since d a r k  conduc t iv i ty  in  all  cases inc reased  
more  r ap id ly  w i t h  t h e r m a l  ac t iva t ion  t h a n  pho to-  
conduct iv i ty ,  the  a p p a r e n t  sens i t iv i ty ,  or "gain ,"  
was most  p r o n o u n c e d  at room t empera tu r e .  The  i n -  
c r emen t s  t ended  to decrease w i t h  t e m p e r a t u r e  and  
in  some cases had  fa l l en  to ins ign i f ican t  levels  above  
200~ As an  example ,  a th ioace tamide  spec imen  
had  p h o t o : d a r k  c u r r e n t  a t  room ~ t e m p e r a t u r e  of 
2500:1, fa l l ing  to abou t  200:1 at  90~ and  5:1 at  
150~ (Fig. 1). On the  o ther  h a n d  ce r ta in  films 

Table I. Ambient dark and photocurrents of typical specimens 
(6v applied, currents in units of 10 - 9  amp) 

Compound Id l*w (a) I*UV (a) 

1. N-Methyl -a lan ine  ni t r i le  0.003 0.25 0.12 
2. Hexa -n -bu ty l  (di) t in  0.01 1.5 1.7 
3. Naphthalene 0.01 2 0.7 
4. Pyrazole 0.005 2 0.4 
5. Pyrrole 0.02 5 3 
6. Tetraisopropyl orthot i tanate 0.03 5 5 
7. p -Ace toxy-mercur i -an i l ine  0.01 6 8 
8. Tr ibu ty lamine  0.04 8 7 
9. N-Nitrosopiperidine 0.01 2.5 0.2 

10. N-Formylpiper id ine  0.03 10 0.8 
11. N-Nitrosodiethylamine 0.03 12 15 
12. Dicyanoketene ethylacetal  0.025 15 3 
13. Diphenyl  selenide 0.003 16 5 
14. Ferrocene 0.2 15 5 
15. Thian threne  0.05 70 16 
16. Malononitr i le  2 250 75 
17. Thioacetamide 0.1 250 35 
18. Tetracyanoethylene 10 1500 400 
19. 2,4-Thiazolidone dione 20 2000 1500 
20. Naphthalene- iodine  40 7000 1200 

(a) C u r r e n t s  c o r r e c t e d  f o r  w ( w h i t e  l i g h t )  = U V  ~ 10 w .  

st i l l  r e t a ined  s ignif icant  pho tosens i t iv i ty  a t  the  top 
of the  t e m p e r a t u r e  cycle range .  

Da rk  conduc t iv i ty  was re la ted  to t e m p e r a t u r e  by  
the f ami l i a r  express ion  

o- = o'oe-Ea/kT [1] 

in  which  Ea is bes t  descr ibed as the "ac t iva t ion  en -  
e rgy  for conduc t ion"  (5) .  The  ac t iva t ion  ene rgy  
(Ea) for da rk  conduc t ion  for the  th ioace tamide  spe-  
c imen  was  ca lcula ted  to be jus t  u n d e r  1.0 e lec t ron  
vol t  (ev)  f rom the s t ra igh t  l ine  sect ion of the  plot  
in  Fig. 1. 

In  the t e m p e r a t u r e  r a nge  where  an  ac t iva t ion  
ene rgy  of pho toconduc t ion  (E~*)  could be ca lcu-  
la ted  or r ea sonab ly  es t imated ,  it  fel l  in  the  r ange  
of 0.2-0.3 ev (Fig. 1-4) .  A n  example  of a ma te r i a l  
wi th  man i fe s t  ac t iva t ion  energies  for bo th  da rk  
and  pho toconduc t ion  is g iven  in  Fig. 3 (py r ro l e ) .  
The va lues  of E~ and  Ea*, respect ively ,  for the  p y r -  
role film were  0.65 and  0.25 ev. 

The ze ro-vo l tage  cu r r en t s  exh ib i t ed  the  same 
t e m p e r a t u r e  dependence  as those observed  wi th  an  
e x t e r n a l l y  appl ied  field. This is p a r t i c u l a r l y  wel l  
d e m o n s t r a t e d  in  the  case of a pyrazole  spec imen  
(Fig. 4) where  the log I v s .  1 / T  curves  were  n o n -  
l inear ,  bu t  the  da rk  ze ro-vo l tage  c u r r e n t  fol lowed 
the  exact  con tour  of the ohmic cur rents .  The  source 
of the  i n t e r n a l  vol tage  (of the  order  of 0.Sv) m a y  
have  been  at  the  in te r face  b e t w e e n  the g low-d i s -  
charge film a nd  one of the  electrodes.  

Exper imenta l  
P h o t o c u r r e n t s  were  m e a s u r e d  u n d e r  e q u i l i b r i u m  

condi t ions  wi th  i l l u m i n a t i o n  f rom a t u n g s t e n - f i l a -  
m e n t  whi te  l ight  source ( add i t iona l  work  w i th  
pu lsed  exc i ta t ion  us ing  a x e n o n  flash l a m p  has been  
in i t i a ted  and  wi l l  be r epor ted  at a l a t e r  da t e ) .  P h o -  
tosens i t iv i ty  of one to more  t h a n  th ree  orders  of 
m a g n i t u d e  above da rk  conduc t iv i ty  was  observed  
at  room t empera tu r e ,  de pe nd i ng  on the  composi -  
t ion  of the film. Since the  da rk  conduct iv i t ies  also 
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v a r i e d  ove r  a r a n g e  of p e r h a p s  104, t h e r e  was  g r e a t  
v a r i e t y  in  t he  a b s o l u t e  m a g n i t u d e s  of t he  s t a t i c  
p h o t o c u r r e n t s  m e a s u r e d .  

S p e c i m e n s  for  e l e c t r i c a l  m e a s u r e m e n t s  w e r e  p r e -  
p a r e d  on s i l ica  or  o the r  h i g h - s u r f a c e - r e s i s t i v i t y  
glass.  These  s u b s t r a t e s  w e r e  c o n v e n i e n t l y  in  t h e  
s h a p e  of mic roscope  s l ides  1 x 25 x 75 ram,  w i t h  a 
t r a n s p a r e n t  conduc t i ng  f i lm e l ec t rode  cove r ing  a p -  
p r o x i m a t e l y  t w o - t h i r d s  of one face.  S o m e  p r e l i m -  
i n a r y  w o r k  was  c a r r i e d  out  w i t h  t r a n s p a r e n t  e l ec -  
t rodes  of  go ld  a n d  Nesa,  bu t  b y  f a r  t he  g r e a t e s t  suc -  
cess was  o b t a i n e d  w i t h  Corn ing  EC coat ing ,  w h i c h  
was  p r o v i d e d  on C o r n i n g  1723 glass  subs t r a t e ,  t he  
e l ec t rode  h a v e  a su r f ace  r e s i s t ance  of less  t h a n  100 
o h m s / s q u a r e .  This  a r r a n g e m e n t  for  m e a s u r i n g  p h o -  
t o c o n d u c t i v i t y  was  o r i g i n a l l y  d e s c r i b e d  in  1951 b y  
W e i m e r  a n d  Cope (6 ) .  

P a i r s  of a l u m i n i z e d  or  E C - c o a t e d  s l ides  w e r e  
m o u n t e d  a b o u t  1 cm a p a r t  in a g lass  be l l  j a r  for  
depos i t i on  of o rgan i c  p o l y m e r  f i lm b y  g l o w - d i s -  
cha rge  in  t he  m a n n e r  p r e v i o u s l y  d e s c r i b e d  (4 ) .  A 
top  e l ec t rode  was  a p p l i e d  b y  e v a p o r a t i o n  of a l u -  
m inum.  The  c o m p l e t e  s p e c i m e n  was  e s s e n t i a l l y  a 
c a p a c i t o r  of a p p r o x i m a t e l y  1 in. 2 a rea ,  and  0.5- 
2~ th ick .  T y p i c a l  c apac i t ances  w e r e  in  t he  r a n g e  of 
0.003-0.03 #F.  

P h o t o c o n d u c t i v i t i e s  a t  v a r y i n g  t e m p e r a t u r e s  w e r e  
m e a s u r e d  w i t h  t he  a id  of a spec ia l  V y c o r  a p p a r a t u s  
in w h i c h  the  s p e c i m e n  could  be  m o u n t e d  and  m a i n -  
t a i n e d  u n d e r  vo l t age  in  an  i n e r t  gas  a t m o s p h e r e .  A n  
ou t l ine  d r a w i n g  of t he  e x p e r i m e n t a l  se tup  is g iven  
in  :Pig. 5. M e a s u r e m e n t s  w e r e  c a r r i e d  out  w i t h  t he  
V y e o r  " f inger"  i m m e r s e d  in a g lyco l  b a t h  w a r m e d  
ove r  a ho t  p la te .  

The  i l l u m i n a t i o n - s o u r c e  for  mos t  of these  m e a s -  
u r e m e n t s  was  an  A r g u s  200 s l ide  p ro j ec to r ,  focus -  
ing  l igh t  f r o m  a 200w S y l v a n i a  p r o j e c t o r  l a m p  bulb .  
The  f ron t  of t he  lens  s y s t e m  of t he  p r o j e c t o r  was  
po.c~itioned abou t  2 in. f r om the  t r a n s p a r e n t  face  of 
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the specimen in the glycol bath. Neither the walls 
of the Vycor finger nor the half-inch or so of glycol 
in the path of the beam absorbed any appreciable 
fraction of the illumination. It may be estimated that 
the photoconductivity excitation consisted of ap- 
proximately 25w (over an area of 1 in. 2) of lu- 
minous power more or less uniformly distributed 
across the visible spectrum. 

Photocurrents and dark currents were taken on 
a General Radio 1230-A d-c amplifier. In all cases 
the shielded input lead to the electrometer was 
connected to the aluminized "back" electrode of the 
specimen, and the dry-cell voltage (between 1.5 
and 24v) connected to the transparent electrode, 
which was therefore the frame of reference. As 
recorded in the figures, "positive" current was ob- 
tained when the transparent electrode was biased 
positively with respect to ground and to the alu- 
minized face. The short-circuit currents (photo and 
dark) were invariably "negative" and therefore 
re f lec ted  a cons i s t en t  i n t e r n a l  p o l a r i z a t i o n  t e n d -  
ency  in  the  spec imens .  

C u r r e n t s  w e r e  m o n i t o r e d  v i s u a l l y  to he lp  d e t e r -  
m i n e  the  t i m e  n e c e s s a r y  to  w a i t  for  e q u i l i b r a t i o n  
b e t w e e n  vo l t ages  a n d  a f t e r  t u r n i n g  the  i l l u m i n a -  
t ion  on  or  off. The  r e c o r d e r  t r a c i n g s  r e v e a l e d  t y p i c a l  
d e p o l a r i z a t i o n  effects,  r e q u i r i n g  abou t  an  h o u r  to  
s t ab i l i ze  w h e n  a p p r o a c h i n g  n e w  e q u i l i b r i u m  c u r -  
r e n t  a t  r e d u c e d  vol tage .  Most  spec imens  showed  
d e l a y s  of t he  o r d e r  of  15 ra in  in r e t u r n i n g  to t h e i r  
d a r k  c u r r e n t  l eve l s  a f t e r  p h o t o c u r r e n t s  of t h r e e  
o r d e r s  of m a g n i t u d e .  These  t i m e s  t e n d e d  to  be  
s h o r t e r  a t  e l e v a t e d  t e m p e r a t u r e s  and  at  h i g h e r  a p -  
p l i ed  fields.  

Mos t  good spec imens  w e r e  e s sen t i a l l y  ohmic  in 
t h e i r  r e sponse  to  v o l t a g e s  b e t w e e n  1.5 a n d  24v 
( a p p r o x i m a t e l y  104-105 v / c m ) .  A n  e x c e p t i o n  was  
p e n t a c h l o r o t h i o p h e n o l ,  for  w h i c h  bo th  d a r k  and  
p h o t o c u r r e n t s  w e r e  sens i t ive  func t ions  of vo l t age  
( T a b l e  I I ) .  

W i t h  t he  z e r o - v o l t a g e  c u r r e n t s  a l l  t e n d i n g  to  be  
" n e g a t i v e "  i t  was  no t  s u r p r i s i n g  t ha t  t he  c u r r e n t s  
o b s e r v e d  a t  - -1 .5v also re f lec ted  a c e r t a i n  b ias  in  
t he  n e g a t i v e  d i rec t ion .  I t  was  no t  u n c o m m o n  for  
- -1 .5v  c u r r e n t s  to exceed  + l . 5 v  b y  a b o u t  50%. This  
was  t he  on ly  no t i c e a b l e  t r e n d  t o w a r d  rec t i f ica t ion .  
A t  h i g h e r  vo l t ages  t he  c u r r e n t s  w e r e  s y m m e t r i c a l  
bo th  in t he  d a r k  a n d  u n d e r  i l l umina t i on .  

A P e n - r a y  uv  l a m p  d i s s ipa t i ng  14w was  m o u n t e d  
d i r e c t l y  on the  s i l ica  w i n d o w  of  t he  V y c o r  f inger  to 
s u r v e y  u v  s e n s i t i v i t y  in  t he  f i lm spec imens .  T e m -  
p e r a t u r e  con t ro l  was  poor ,  even  w i t h  t he  l a m p  a p -  
p a r a t u s  i m m e r s e d  in the  g lyco l  ba th .  The  u v  e x c i -  
t a t i on  a v a i l a b l e  to t he  s p e c i m e n  was  e s t i m a t e d  at  
2.5w ( sens i t i ve  a r e a  1 in.2). F o r  c o m p a r i s o n  p u r -  
poses,  t he  c u r r e n t s  a s s e m b l e d  in Tab le  I h a v e  been  
c o r r e c t e d  to a u n i f o r m  i n p u t  e xc i t a t i on  l eve l  of 10w. 

Table II. Field effect in pentachlorothiophenol 
(25 ~ current in #a) 

V o l t a g e  Id I* w 

1.5 0.00041 0.0063 
6 0.021 0.32 

24 1.7 21 
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Fig. 6. Ambient photocurrent vs. light intensity. Thianthfene. 
A, 22V2v; o, lOV2v; I I ,  3v. 

A ser ies  of v a r i a b l e  i l l u m i n a t i o n  l eve l s  for  a p lo t  
of p h o t o c o n d u c t i v i t y  vs .  l i gh t  i n t e n s i t y  ~(Fig. 6) was  
ach i eved  b y  a d j u s t i n g  the  p r o x i m i t y  of a s m a l l  m i -  
c roscope  l amp.  A s s u m i n g  the  l a t t e r  to be a p o i n t  
source ,  r e l a t i v e  l igh t  l eve l s  a t  d i s t ances  f r o m  f i la-  
m e n t  to s p e c i m e n  face  b e t w e e n  0.7 a n d  7.0 in. w e r e  
c a l c u l a t e d  f r o m  the  i n v e r s e  s q u a r e  r e l a t i o n s h i p  and  
p l o t t e d  ( log  log)  vs .  p h o t o c u r r e n t .  The  s p e c i m e n  in 
th is  case  was  t h i a n t h r e n e  (323A) .  The  s lope  of Fig.  
6, A = 0.8, co r r e sponds  to the  p o w e r  of the  i l l u m i n a -  
t ion  l eve l  p r o p o r t i o n a l  to the  cu r ren t .  The  e x p e r i -  
m e n t  was  r e p e a t e d  w i t h  a m a l o n o n i t r i l e  s p e c i m e n  
(370A) ,  g iv ing  the  s ame  resu l t .  

Discussion and Summary 
I t  is an  i n t e r e s t i n g  aspec t  of th is  w o r k  t h a t  a l l  

spec imens  gave  z e r o - v o l t a g e  or  s h o r t - c i r c u i t  c u r -  
ren ts ,  t he  ra t ios  p h o t o : d a r k  and  t h e  t e m p e r a t u r e  
d e p e n d e n c e  be ing  e s s e n t i a l l y  i d e n t i c a l  to those  ob -  
t a i n e d  w i t h  an  a p p l i e d  field. These  c u r r e n t s  w e r e  
a l w a y s  in  the  d i r ec t ion  of s p o n t a n e o u s  flow of e l ec -  
t rons  f r o m  the  t r a n s p a r e n t  e l e c t r o d e  in to  t h e  spec i -  
men.  In  m a g n i t u d e  t h e y  u s u a l l y  c o m p r i s e d  one - f i f t h  
to o n e - t h i r d  of the  n o r m a l  ohmic  c u r r e n t  o b s e r v e d  
w i t h  1.5v app l ied .  

The  s e l f - g e n e r a t e d  c u r r e n t s  u n d e r  i l l u m i n a t i o n  
m a y  be  r e g a r d e d  as r e s u l t i n g  f rom a p h o t o v o l t a g e :  
the  effect of p h o t o n  exc i t a t i on  on the  j u n c t i o n  emf  
o r i g i n a t i n g  a t  t he  i n t e r f ace  b e t w e e n  the  f i lm and  
the  t r a n s p a r e n t  e l ec t rode .  The  i n c i d e n t  p h o t o n  r a -  
d i a t i on  c r ea t e s  f ree  c a r r i e r  in  t h e  b u l k  to a m u c h  
l a r g e r  e x t e n t  t h a n  in  t he  n a r r o w  b a r r i e r  reg ion ,  
and  th i s  a p p e a r s  as a l o w e r i n g  of the  e l e c t r i c a l  
r e s i s t ance  of t he  spec imen .  W i t h  a p p l i e d  f ields of 
1.5v and  l a r g e r  th is  " p h o t o c o n d u c t i v i t y "  d o m i n a t e s  
t he  effect  of  t he  i n t e r n a l  emf.  E v e n  a t  zero  a p p l i e d  
fie]d bo th  effects a r e  i m p o r t a n t  in d e t e r m i n i n g  the  
m a g n i t u d e  of t he  s e l f - g e n e r a t e d  p h o t o c u r r e n t .  W h e n  
the  source  of i l l u m i n a t i o n  is r e m o v e d ,  t he  f ree  ca r -  
r i e r s  in t he  b u l k  q u i c k l y  r e c o m b i n e  and  the  r e s i d u a l  
c u r r e n t  ( a t  V = 0 )  d rops  in a few m i n u t e s  to b e -  
low the  l eve l  of e q u i l i b r i u m  d a r k  c u r r e n t  a t  1.5v. 
H o w e v e r ,  i t  does no t  fa l l  to zero  for  s e v e r a l  days ,  
and  s o m e t i m e s  a p p e a r s  to l as t  indef in i t e ly .  

The  e x i s t e n c e  of a p e r m a n e n t  z e r o - v o l t a g e  d a r k  
c u r r e n t  w o u l d  be  of c o n s i d e r a b l e  t h e o r e t i c a l  i n -  
te res t .  A s y s t e m  at  e q u i l i b r i u m  w i t h  its s u r r o u n d -  
ings  cou ld  not,  a c c o r d i n g  to t he  second  l a w  of 
t h e r m o d y n a m i c s ,  m a i n t a i n  a s t e a d y  e l ec t r i ca l  o u t -  

p u t  c o n s u m i n g  h e a t  a lone.  I t  m u s t  be  a s s u m e d  t h a t  
e i t he r  a c h e m i c a l  r e a c t i o n  was  occu r r i ng  a t  t he  e l ec -  
t r o d e  i n t e r f ace  or  t h e r e  was  a l o n g - t e r m  r e s i d u a l  
c u r r e n t  de c r e a s ing  too s l o w l y  to  m e a s u r e  in  t i m e  
i n t e r v a l s  less t h a n  days ,  or, in  some cases,  weeks .  
Most  of t he  d a t a  on  z e r o - v o l t a g e  d a r k  c onduc t i v i t y ,  
such  as w i t h  py razo le ,  Fig .  4, w e r e  r e c o r d e d  b e t w e e n  
30 and  60 ra in  a f t e r  d i s con t inu ing  the  i l l umina t i on .  
These  c u r r e n t s  a p p e a r e d  to be  s t e a d y  a t  t he  t i m e  of 
m e a s u r e m e n t  b u t  f u r t h e r  i n v e s t i g a t i o n  m i g h t  have  
r e v e a l e d  a long  t i m e  cons t an t  d e c a y  t h a t  e v e n t u a l l y  
w o u l d  h a v e  f a l l en  to zero.  

The  p e r s i s t e n t  s h o r t - c i r c u i t  c u r r e n t s  a f t e r  i l l u -  
m i n a t i o n  was  d i s c on t i nue d  m a y  h a v e  been  due  to 
cha rges  r e l e a s e d  f rom l o n g - l i v e d  t r a p s  in  t he  b a r r i e r  
r eg ion  m a i n t a i n i n g  a p s e u d o - p h o t o v o l t a g e .  A l t e r n a -  
t i ve ly ,  t he  z e r o - v o l t a g e  d a r k  c u r r e n t s  m a y  have  
been  no m o r e  t h a n  the  m i n i m u m  r e q u i r e d  to d i s -  
cha rge  the  e n e r g y  s to red  in t he  p h o t o v o l t a g e  across  
the  b a r r i e r  t h r o u g h  the  h igh  r e s i s t ance  of t he  b u l k  
of the  spec imen .  A n  e s t i m a t e  of the  o r d e r s  of m a g -  
n i t u d e  i n v o l v e d  w i l l  he lp  r a t i o n a l i z e  th is  po in t  of 
v iew.  The  c a p a c i t a n c e  of  a 1/~ t h i c k  s p e c i m e n  was  
abou t  0.01~F. The  b a r r i e r  l aye r ,  h o w e v e r ,  m a y  have  
been  on ly  10-100A th i ck  (10 -~ -10 -2# )  w i t h  a co r -  
r e s p o n d i n g  inc rea se  in capac i t ance  to 1-10 ~F. A 
t y p i c a l  r e s i s t ance  for  t he  s p e c i m e n  w o u l d  be b e -  
t w e e n  1011 and  1012 ohms.  The  RC t ime  cons t an t  
t h e r e f o r e  cou ld  r e a s o n a b l y  be e x p e c t e d  to l ie  in  t he  
r a n g e  of 10~-10 v sec. Thus  i t  w o u l d  be  poss ib le  for  
some spec imens  to con t inue  to show s h o r t - c i r c u i t  
d a r k  c u r r e n t s  a f t e r  a w e e k  t h a t  w e r e  as m u c h  as 
ha l f  those  o b s e r v e d  soon a f t e r  d i s con t inu ing  the  
i l l umina t ion .  

I t  was  p r e d i c t e d  b y  e a r l y  w o r k e r s  (7, 8) t h a t  t he  
m a j o r i t y  c a r r i e r s  in  a n t h r a c e n e  w e r e  p o s i t i v e l y  
cha rged ,  on the  bas is  of h i g h e r  p h o t o c u r r e n t s  be ing  
o b s e r v e d  w h e n  the  i l l u m i n a t e d  e l ec t rode  w a s  p o s i -  
t ive.  This  was  l a t e r  conf i rmed  b y  d i r ec t  m e a s u r e -  
m e n t s  (9) .  On the  o t h e r  hand ,  e v a p o r a t e d  f i lm 
s a n d w i c h  spec imens  of h y d r o c a r b o n s  such  as  ova l ene  
and  v i o l a n t h r e n e  w e r e  f o u n d  to g ive  h i g h e r  p h o t o -  
c u r r e n t s  w h e n  the  i l l u m i n a t e d  e l ec t rode  was  n e g a -  
t ive  and  t h e r e f o r e  a n e g a t i v e  c a r r i e r  s ign  was  sug -  
ges t ed  (1O). 

I t  is e q u a l l y  c o n v e n i e n t  on t h e  bas i s  of t h e  d i r e c -  
t ion  of  the  z e r o - v o l t a g e  p h o t o c u r r e n t  in  t hese  g l o w -  
d i s cha rge  f i lms to cons ide r  t h a t  t he  m a j o r i t y  ca r -  
r i e r s  a r e  n e g a t i v e l y  cha rged .  This  w o u l d  r e q u i r e  
t h a t  e l ec t rons  g e n e r a t e d  in  t he  b a r r i e r  l a y e r  a t  t he  
t r a n s p a r e n t  e l e c t r o d e  m i g r a t e  in to  t h e  b u l k  r a t h e r  
t h a n  holes  o r i g i n a t i n g  a t  t h e  a l u m i n u m  e l e c t r o d e  
t r a v e r s i n g  the  f i lm in t he  oppos i t e  d i rec t ion .  

A c t i v a t i o n  ene rg i e s  for  d a r k  c onduc t i on  w e r e  
f o u n d  in t he  r a n g e  of 0.6-1.0 ev  for  the  bes t  p h o t o -  
conductors ,  p r e p a r e d  f r o m  su l fu r  and  p o l y n i t r i l e -  
con t a in ing  m o n o m e r s .  H y d r o c a r b o n s  and  a m i n e s  
w e r e  u s u a l l y  s o m e w h a t  h i g h e r  (1.0-1.4 e v ) .  These  
f igures  a r e  in  a g r e e m e n t  w i t h  p r e v i o u s  d a t a  r e p o r t e d  
for  s i m i l a r  t y p e s  of f i lms (4 ) ,  and  for  o rgan ic  " s e m i -  
conduc to r s "  in  g e n e r a l  (5 ) .  The  be s t  i n t e r p r e t a t i o n  
of th is  a p p r o x i m a t e l y  l v  a c t i va t i on  e n e r g y  t ha t  can  
be  offered at  p r e s e n t  is t h a t  i t  is p r o b a b l y  r e l a t e d  
to t he  a v e r a g e  d e p t h  of c a r r i e r  g r o u n d  s ta tes  b e l o w  
the  b o t t o m  of a " conduc t i on  b a n d "  conce ived  b y  
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a n a l o g y  w i t h  t he  t h e o r y  of conduc t ion  in s ingle  
c rys ta l s .  

I no rgan i c  s e m i c o n d u c t o r s  l ike  g e r m a n i u m ,  w i t h  
good c r y s t a l  o r d e r  and  h igh  d i e l ec t r i c  cons tan t ,  h a v e  
loose ly  b o u n d  donor  and  accep to r  o rb i t a l s  and  cor -  
r e s p o n d i n g  i m p u r i t y  a c t i va t i on  ene rg ie s  as low as 
0.01 ev. Organ i c  m o l e c u l a r  c rys ta l s ,  h o w e v e r ,  w i t h  
shor t  r a n g e  o r d e r  a n d  low d ie l ec t r i c  cons t an t  t e n d  
t o w a r d  loca l ized  o rb i t a l s  ( t i g h t l y  b o n d e d  e l e c t r o n s ) ,  
r e s u l t i n g  in  a c t i va t i on  energies,  of t he  o r d e r  of 1 ev 
even  fo r  i m p u r i t y  m e c h a n i s m s .  H e n c e  the  h igh  ac -  
t i v a t i o n  ene rg ie s  s h o w n  b y  these  p o l y m e r  f i lms do 
not  n e c e s s a r i l y  i m p l y  in t r i n s i c  conduc t i v i t y .  

P h o t o c u r r e n t s  i n c r e a s e d  w i t h  t e m p e r a t u r e  in 
r o u g h l y  the  s ame  m a n n e r  as d a r k  cu r ren t s ,  excep t  
t h a t  t he  a p p a r e n t  a c t i va t i on  ene rg i e s  up  to a b o u t  
150~ w e r e  qu i t e  low, of t he  o r d e r  of 0.2 ev. K o m -  
m a n d e u r  et al. (11) f o u n d  Ea * v a r i e d  b e t w e e n  0.08 
ev  for  n a p h t h a l e n e  and  0.35 for  p y r e n e  in a ser ies  of 
p h o t o c o n d u c t i v i t y  m e a s u r e m e n t s  on a r o m a t i c  h y -  
d roca rbons .  I t  was  sugges t ed  t h a t  such  ac t i va t i on  
ene rg ie s  of p h o t o c o n d u c t i o n  w e r e  a s soc ia t ed  w i t h  
h i n d r a n c e s  to cha rge  t r a n s p o r t  a r i s ing  f r o m  p o l a r -  
i za t ion  of the  mo lecu le s  of the  l a t t i ce  b y  cha rge  
ca r r i e r s .  

The  ex i s t ence  of an  ac t i va t i on  e n e r g y  of p h o t o -  
conduc t ion  sugges t s  t h a t  the  c a r r i e r - g e n e r a t i n g  
m e c h a n i s m  does no t  r e q u i r e  a b a n d  t r a n s i t i o n  b u t  
r a t h e r  a m o l e c u l a r  exc i t a t i on  to an  i n t e r m e d i a t e  
n o n c o n d u c t i n g  s t a t e  f rom w h i c h  t h e r e  is f u r t h e r  

t h e r m a l  a c t i va t i on  to p r o d u c e  f r ee  ca r r i e r s .  A n  
e q u i v a l e n t  s equence  i n v o l v i n g  such  "exc i tons"  is 
we l l  e s t a b l i s h e d  in a n t h r a c e n e  and  o the r  m o l e c u l a r  
c ry s t a l s  (12) .  

E v i d e n c e  of  a t h r e s h o l d  of p h o t o c o n d u c t i v i t y  has  
o f ten  been  o b s e r v e d  (5) .  In  th is  i nves t iga t ion ,  h o w -  
ever ,  t h e r e  was ,  on the  ave rage ,  less  p h o t o c u r r e n t  
f r o m  n e a r  u l t r a v i o l e t  exc i t a t i on  t h a n  f rom a c o m -  
p a r a b l e  i n t e n s i t y  of w h i t e  l ight .  This  i nd i ca t e s  s o m e -  
w h a t  less  efficient  c h a r g e  c a r r i e r  p r o d u c t i o n  b y  t h e  
h i g h e r  e n e r g y  r ad i a t i on .  

I t  was  f o u n d  t h a t  t he  p h o t o c u r r e n t  ( I  ~) was  r e -  
l a t e d  to t h e  i n t e n s i t y  of i l l u m i n a t i o n  (L )  b y  an  e x -  
p o n e n t i a l  f ac to r  A = 0.8, as in Eq. [2]  

I~ ~ cc L a [2]  

A c c o r d i n g  to Rose (13) ,  a p h o t o c o n d u c t o r  a t  low 
f r ee  c a r r i e r  dens i t i e s  w i l l  g ive  0.5 < • < 1.0 if t h e r e  
is p r e d o m i n a n t l y  one class of g r o u n d  s ta tes .  P r e -  
v ious  w o r k  in  th is  L a b o r a t o r y  l ed  to a v a l u e  of  
• ~ 0.7 for  b e t a  r a y  b o m b a r d m e n t - i n d u c e d  con-  
d u c t i v i t y  in  p o l y s t y r e n e  (14) ,  and  m a n y  o the r  o r -  
ganic  p o l y m e r  fiIms h a v e  g iven  a p p r o x i m a t e l y  th is  
v a l u e  (15) .  

I t  does  no t  a p p e a r  t h a t  h igh  p h o t o c u r r e n t s  can be  
o b t a i n e d  f r o m  films p r e p a r e d  f r o m  h y d r o c a r b o n  
m o n o m e r s ,  or  f r o m  c o m m o n  o x y g e n  or  n i t r o g e n  
compounds .  M a n y  o t h e r  e l emen t s ,  m e t a l s  and  n o n -  
m e t a l s  can  also be  i n c o r p o r a t e d  in  s u b s t a n t i a l  
a m o u n t s  w i t h o u t  m a t e r i a l l y  e n h a n c i n g  th is  p r o p -  
e r ty .  T h e  p h o t o c o n d u c t i v i t y  of f e r rocene ,  for  e x -  
ample ,  was  d i s a p p o i n t i n g l y  low. H o w e v e r ,  w i t h  
m u l t i p l i c a t i o n  of p o l a r  f u n c t i o n a l  g roups ,  such  as 
t he  u n s a t u r a t e d - - C ~ - N  ( n i t r i l e )  g roup ,  a def in i te  
t r e n d  t o w a r d  h i g h e r  c u r r e n t s  was  obse rved .  This  
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was also true of compounds containing sulfur. Some 
slight enhancement of conductivity occurred when 
mixed substituents (S and N; S, N, and O) were 
available from the monomer. 

The factor most directly related to conductivity, 
dark or photo-excited, appeared to be the concen- 
tration of unsaturated (or charge-sharing) groups 
in the polymer. Second to the chemistry was the 
physical state, as reflected in the appearance. Hard, 
glossy, and moderately opaque films gave the best 
photoconductivity; cloudy or smoky films often had 
high dark conductivity but poor dielectric strength 
and little photosensitivity. 

The thickness and area of the film specimens 
were such that eonduetances (I/V) obtained from 
the figures and tables can be converted to conduc- 
tivities by dividing by the factor 105. Thus the room- 
temperature dark conductivities corresponding to 
the experimental results given in Table I ranged 
from as low as 10 -17 mho/cm for naphthalene, pyra- 
zole, diphenylselenide, and others to nearly 10 -13 
for the polynitrile, sulfur, and iodine-treated films. 
The spread in magnitudes and relationship to com- 
position were similar to those previously reported 
(4). The photoconductivities (corrected to approx- 
imately 10w of white light) ranged from I0 -I~ to 
10 -11 mho/cm. 

The 2,4-thiazolidone dione specimen 318B was 
representative of the best semi(photo)conductors 
prepared. At room temperature it had ~r --~ 4 x 10 -14 
and ~r ~ ~ 4 x 10 -I~ mho/cm (10w input). Thus it 
was still, technically, an insulator according to the 
convenient classification of Hannay (16), in which 
a "semiconductor" lies in the range 103 ~ ~ ~ 10 -9. 
It is evident that the best glow-discharge films are 
still of only borderline interest for consideration as 
conductive components in solid state devices. 

There may already be applications for these films 
in high temperature photosensitive detectors. Thio- 
phone and pyrrole films had photo:dark ratios in 
excess  of 20:1 a t  190~ (Fig .  2 and  3) ,  a n d  at  t he  
h ighes t  t e m p e r a t u r e s  s t u d i e d  m a n y  fi lms d i d  i n d e e d  
e n t e r  t he  a r b i t r a r y  " s e m i c o n d u c t o r "  ca t egory .  

The  f u t u r e  of  th is  r e s e a r c h  invo lves  a s ea r ch  for  
h i g h e r  c o n d u c t i v e  films, for  b e t t e r  p h o t o s e n s i t i v i t y ,  
and  for  m o r e  d e t a i l e d  i n v e s t i g a t i o n  of r e l a t e d  s e m i -  
conduc to r  p a r a m e t e r s ,  such  as c a r r i e r  l i f e t ime ,  m o -  
b i l i ty ,  a n d  t r a p  dens i ty .  A p r e l i m i n a r y  i n v e s t i g a t i o n  
of poss ib le  e l ec t ron ic  a pp l i c a t i ons  wi l l  a lso cons t i -  
t u t e  a p o r t i o n  of t he  n e x t  p h a s e  of  th is  p r o g r a m .  
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Optical and Electrical Properties 
of Semiconducting Cadmium Oxide Films 

T. K. Lakshmanan 

Weston Instruments, Division of Daystrom Inc., Newark, New Jersey 

ABSTRACT 

Ind ium-doped ,  copper -doped ,  and undoped cadmium oxide films were  p re -  
pa red  by  react ive  sput ter ing.  The oxygen  vacancy concentra t ion in these films 
was changed by  va ry ing  the oxygen  pressure  in the sput te r ing  chamber .  Elec- 
t r ica l  propert ies ,  spectra l  t ransmi t tance ,  and Hall  effect were  measured  on 
doped and undoped specimens. Both the conduct iv i ty  and the Hal l  coefficient 
were  found to va ry  monotonica l ly  wi th  the oxygen pressure  at  the  t ime of 
film formation.  Copper  doping increased the Hal l  constant  and ind ium doping 
decreased it. Stoichiometr ic  and impur i ty  effects on car r ie r  concentra t ions  are  
discussed. Spect ra l  t r ansmi t t ance  curves are  given for the doped and undoped 
oxide films. 

Not  m u c h  is k n o w n  abou t  t he  bas ic  p r o p e r t i e s  of 
c a d m i u m  ox ide  as a s emiconduc to r .  The  r ea son  for  
th is  l a c k  of k n o w l e d g e  is t h a t  good s ingle  c r y s t a l s  
h a v e  no t  been  g r o w n  yet .  Gas  p h a s e  o x i d a t i o n  of 
" c a d m i u m  m e t a l l i c u m  in bac i l l i s "  as we l l  as s u b -  
l i m a t i o n  of t he  ox ide  in a s t r e a m  of o x y g e n  h a v e  
been  r e p o r t e d  r e c e n t l y  b y  H a u l  and  J u s t  (1)  b u t  
these  m e t h o d s  y i e l d e d  on ly  s m a l l  and  h i g h l y  i m -  
p u r e  c rys ta l s .  

S e v e r a l  p a p e r s  h a v e  a p p e a r e d  d u r i n g  the  pa s t  
f ew y e a r s  on s tud ies  on p o w d e r  m a t e r i a l ,  s i n t e r e d  
blocks ,  c o m p r e s s e d  t ab le t s ,  or  s p u t t e r e d  films. 
P r e s t o n  (2) ,  H e l w i g  (3 ) ,  H o l l a n d  a n d  S i d d a l l  (4 ) ,  
Mi lo s l avsk i i  and  R a n y u k  (5) ,  and  L a p p e  (6)  used  
th in  f i lms p r o d u c e d  b y  r e a c t i v e  spu t t e r ing .  S i n t e r e d  
b locks  or  c o m p r e s s e d  and  s i n t e r e d  t a b l e t s  w e r e  
used  b y  W r i g h t  (7)  and  W r i g h t  and  Bas t i n  (8 ) ,  
wh i l e  C imino  and  Marez io  (9)  used  p o w d e r  m a t e -  
r ia l .  The  r e su l t s  p u b l i s h e d  so f a r  s eem to i n d i c a t e  
t ha t  c a d m i u m  ox ide  is a n o n s t o i c h i o m e t r i c  s e m i -  

conduc to r  w i t h  excess ,  i n t e r s t i t i a l  c a d m i u m  or  v a -  
canc ies  in t he  an ion  s u b l a t t i c e  r a n g i n g  in concen -  
t r a t i o n  b e t w e e n  0.01 a n d  0.05%. D e p e n d i n g  on 
p u r i t y  and  m e t h o d  of p r e p a r a t i o n ,  c a r r i e r  concen -  
t r a t i o n s  r a n g e  b e t w e e n  10 TM a n d  1021. Some  k n o w n  
cons tan ts ,  t a k e n  f r o m  the  I n t e r n a t i o n a l  Tab l e s  of 
Cons t an t s  and  N u m e r i c a l  D a t a  (10) ,  a r e  shown  in 
T a b l e  I. 

The  effects of dop ing  on the  e l ec t ron ic  p r o p e r t i e s  
h a v e  no t  been  r e p o r t e d  ye t .  The  p a p e r  b y  Cimino  
and  Marez io  (9)  desc r ibes  t he  effect of i n c o r p o r a t -  
ing  i nd ium,  s i lver ,  and  s o d i u m  on t h e  l a t t i c e  p a -  
r a m e t e r .  These  a u t h o r s  p r e p a r e d  the  ox ide  f rom 
the  p r e c i p i t a t e d  h y d r o x i d e  and  pur i f i ed  i t  subse -  
q u e n t l y  b y  h e a t i n g  and  q u e n c h i n g  in  air .  They  
a s c r i b e d  the  o b s e r v e d  c ha nge s  in the  l a t t i ce  p a r a m -  
e t e r  on i nc r e a s ing  a d d i t i o n s  of i n d i u m  to t h e  in i t i a l  
e l i m i n a t i o n  of excess  c a d m i u m  fo l lowed  b y  a con-  
t r o l l e d  va l e nc e  p rocess  c o r r e s p o n d i n g  to a dec rea se  
of va l e nc e  of c a d m i u m  ions. K roge r ,  Vink,  and  van  

Table I. Some properties of cadmium oxide (10) 

Energy  gap 
Electron effective mass 
Electron mobi l i ty  
Lat t ice  parameter ,  a 
Ref rac t ive  index 
Densi ty  

2.5 • 0.1 (T, 300 ~ 
0.1 
120 
4.6953 (T, 300 ~ 
2.49 (~ 671) 
8.238 (T, 300 ~ (calc) 

(Duns tad ter )  
(Wright  and Bast in)  
(Winkler )  
(Swanson and Fuya t )  
(Wyckoff)  
(Swanson and F u y a t )  
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den  B l o o m g a a r d  (11) h a v e  s h o w n  t h a t  t he  con-  
t r o l l e d  v a l e n c e  d e s c r i p t i o n  of V e r w e y  a n d  co-  
w o r k e r s  (12)  is b a s i c a l l y  the  s ame  as t he  q u a s i -  
f ree  c a r r i e r  desc r ip t ion .  

V e r y  r ecen t ly ,  Ha l l  and  J u s t  (1)  r e p o r t e d  on l a t -  
t ice  d i f fus ion  s tud ies  in c a d m i u m  ox ide  f u r n i s h i n g  
s t r o n g  e v i d e n c e  for  a t r a n s p o r t  m e c h a n i s m  i n v o l v -  
ing  vacanc ie s  in the  an ion  sub la t t i ce .  T h e y  doped  
t h e  ox ide  w i t h  i n d i u m  a n d  l i t h i u m  and  f o u n d  t h a t  
L i  + c r e a t e d  a d d i t i o n a l  o x y g e n  vacanc ie s  w h i l e  In  8+ 
d e c r e a s e d  t h e i r  concen t r a t ion .  These  w o r k e r s  f a v o r  
the  o x y g e n  v a c a n c y  scheme  aga in s t  t he  p o s t u l a t e  of 
c a d m i u m  excess  in o r d e r  to e x p l a i n  t he  nons to i ch i -  
ome t ry .  

The  p u r p o s e  of t he  p r e s e n t  i n v e s t i g a t i o n  was  to 
deve lop  a nove l  t e c h n i q u e  for  i n t r o d u c i n g  o x y g e n  
and  m e t a l l i c  i m p u r i t i e s  s i m u l t a n e o u s l y  in to  c a d -  
m i u m  o x i d e  a n d  to s t u d y  e m p i r i c a l l y  t he  effects  of 
these  a d d i t i o n s  on the  e l ec t r i ca l  p r o p e r t i e s  of t he  
oxide .  R e a c t i v e  s p u t t e r i n g  of a l loys  of c a d m i u m  in 
the  p r e s e n c e  of o x y g e n  w a s  used  because  i t  was  
f o u n d  to y i e l d  u n i f o r m  l a r g e - a r e a  spec imens .  The  
c a d m i u m  ox ide  was  d o p e d  w i t h  c a d m i u m  or  i n d i u m  
in th is  m a n n e r .  The  m a i n  a d v a n t a g e  of the  t e c h -  
n ique  was  t h a t  dop ing  and  dev i a t i ons  f r o m  s to ich i -  
o m e t r y  w e r e  bo th  a c c o m p l i s h e d  d u r i n g  f i lm f o r -  
m a t i o n  and  no t  s u b s e q u e n t  to it. 

ExperimentM Results 
The s p u t t e r i n g  c h a m b e r  was  p r o v i d e d  w i t h  a 

c a d m i u m - i n d i u m  or  c a d m i u m - c o p p e r  a l loy  ca thode  
w h i c h  was  w a t e r - c o o l e d .  W a t e r - c o o l i n g  was  f o u n d  
to i m p r o v e  r e p r o d u c i b i l i t y  of t he  films. A m i x t u r e  
of p u r e  a r g o n  and  o x y g e n  was  fed  into  t he  c h a m b e r  
a t  a s t e a d y  r a t e  m a i n t a i n i n g  t h e  c h a m b e r  p r e s s u r e  
at  10~. In  t he  e a r l i e r  e x p e r i m e n t s  n i t r o g e n  was  used  
as t he  s p u t t e r i n g  gas  s ince  h i g h e r  f i lm c o n d u c t i v i -  
t ies  w e r e  t h e r e b y  p r o d u c e d .  

S ince  m a n y  v a r i a b l e s  ex i s t  in the  r e a c t i v e  s p u t -  
t e r i ng  t echn ique ,  i t  was  n e c e s s a r y  to k e e p  mos t  con-  
d i t ions  cons t an t  and  v a r y  on ly  one at  a t ime.  One 
v a r i a b l e  i n v e s t i g a t e d  was  the  p a r t i a l  p r e s s u r e  of 
o x y g e n  in t he  c h a m b e r  us ing  a g iven  ca thode .  V o l u -  
m e t r i c  r a t i o s  of o x y g e n  in t he  a r g o n - o x y g e n  m i x -  
tu res  w e r e  m a i n t a i n e d  a t  1%, 2%,  5%,  10%, and  
100%. F o r  a g iven  p r o p o r t i o n  of o x y g e n  t h r e e  e lec -  
t r odes  w e r e  u sed :  100% c a d m i u m ,  95 Cd-5  Cu  b y  
we igh t ,  and  95 Cd-5  In  b y  we igh t .  The  r e m a i n i n g  
s p u t t e r i n g  p a r a m e t e r s  w e r e  o p t i m i z e d  for  m a x i -  

m u m  depos i t i on  r a t e  and  k e p t  cons t an t  t h r o u g h o u t  
t he  e n t i r e  ser ies  of e x p e r i m e n t s  ( T a b l e  I I ) .  The  
s u b s t r a t e s  w e r e  op t i ca l  cover  g lass  s l ides  ( C o r n i n g  
No. 0211) w i t h  f i r e d - o n  p l a t i n u m  (Du  P o n t  No. 
7553) e lec t rodes .  

The  fo l lowing  m e a s u r e m e n t s  w e r e  m a d e  on the  
r e s u l t i n g  fi lms: c onduc t i v i t y ,  s p e c t r a l  t r a n s m i t -  
tance ,  th ickness ,  H a l l  coefficient,  and  i m p u r i t y  con-  
cen t r a t i on .  T h e  spec imens  used  fo r  mos t  m e a s u r e -  
m e n t s  w e r e  2.5 cm long and  0.5 cm wide .  Conduc -  
t i v i t y  m e a s u r e m e n t s  w e r e  m a d e  b y  m e a n s  of the  
t w o - t e r m i n a l  t e c h n i q u e  u n d e r  a m b i e n t  r o o m  con-  
di t ions .  The  a m o u n t  of coppe r  or  i n d i u m  i n t r o d u c e d  
in to  t h e  m i x e d  ox ide  f i lms w a s  m e a s u r e d  b y  m e a n s  
of  x - r a y  emiss ion  s p e c t r o g r a p h y .  L a r g e  a r e a  f i lms 
of a b o u t  50 cm 2 w e r e  p r e p a r e d  for  th is  purpose .  The  
f i lm m a t e r i a l ,  w e i g h i n g  s e v e r a l  m i l l i g r a m s ,  was  
d i s so lved  in  d i l u t e  HC1 a n d  d i s t i l l ed  w a t e r ,  e v a p o -  
r a t e d  down,  d r i e d  u n d e r  h e a t  l amps ,  and  g e n t l y  
ign i ted .  Then  i t  was  g r o u n d  to a fine p o w d e r  in an 
a g a t e  m o r t a r  and  e x p o s e d  to x - r a y s .  The  f luores -  
cence  p e a k s  o b t a i n e d  w e r e  c o m p a r e d  w i t h  those  
f r o m  k n o w n  s t a n d a r d s .  The  second  o r d e r  s p e c t r u m  
was  n e c e s s a r y  for  s e p a r a t i n g  i n d i u m  f r o m  c a d m i u m  
since  these  a r e  a d j a c e n t  e l e m e n t s  in t he  p e r i o d i c  
t ab le .  

The  spec imens  a n a l y z e d  w e r e  those  p r e p a r e d  in  
t he  10% o x y g e n  m i x t u r e .  T h e  f i lms p r e p a r e d  us ing  
the  95 Cd-5  Cu c a thode  y i e l d e d  a p r o p o r t i o n  of 95.5 
Cd-4.5 Cu. W h i l e  t he  p r o p o r t i o n  of c o p p e r  to c a d -  
m i u m  in t he  f i lm r e m a i n e d  a p p r o x i m a t e l y  t he  same  
as in  the  ca thode ,  t he  f i lms p r e p a r e d  us ing  the  95 
Cd-5  In  ca thode  c o n t a i n e d  78 Cd-22  In  as t he  p r o -  
p o r t i o n  of the  two  m e t a l s  b y  weight .  W h e t h e r  these  
f i lms con t a ined  a second  i n d i u m - r i c h  p h a s e  is no t  
known .  

T h e  H a l l  effect w a s  m e a s u r e d  u n d e r  d - c  c o n d i -  
t ions.  S e v e r a l  p r e l i m i n a r y  m e a s u r e m e n t s  showed  
t h a t  t he  Ha l l  coefficient  w a s  i n d e p e n d e n t  of t h e  
s p e c i m e n  c u r r e n t s  in t he  r a n g e  used.  F o r  p u r p o s e s  
of t a b u l a t i o n  a l l  H a l l  coefficients w e r e  c a l c u l a t e d  
for  a s p e c i m e n  c u r r e n t  of 1 m a  and  a field of 12,000 
oe. F i l m  th i cknes s  was  m e a s u r e d  us ing  t h e  T o l a n -  
s k y  m u l t i p l e  b e a m  i n t e r f e r e n c e  t echn ique .  

T a b l e  I I  shows  the  conduc t i v i t i e s  of t he  v a r i o u s  
spec imens .  F o r  d o p e d  as w e l l  as u n d o p e d  f i lms the  
c o n d u c t i v i t i e s  d e c r e a s e  m o n o t o n i c a l l y  w i t h  an  i n -  
c r ea s ing  p r o p o r t i o n  of o x y g e n  in t h e  s p u t t e r i n g  
c h a m b e r .  This  d e p e n d e n c e  seems  r e a s o n a b l e  if  i t  is 

Table II. Electrical properties of doped and undoped oxide films 

F i l m  C o n d u c t i v i t y ,  a, Ha l l  cons tan t ,  Ha l l  m o b i l i t y ,  
C a t h o d e  A r g o n :  O x y g e n  th i ckness ,  A Ohms~square o h m  -1 cm -1 RH, cmS/cb RHO', cm2/v  s e c  

Cd 98:2 2430 88 467 0.017 7.9 
Cd 95:5 1850 490 1-10 0.045 5.0 
Cd 90:10 2030 590 83 0.051 4.2 
Cd 0:100 1-390 22,400 .0.64 0.251 0.16 

95 Cd-5 Cu 98:2 2430 390 106 0.030 3.2 
95 Cd-5 Cu 95:5 2620 800 48 0.067 3.2 
95 Cd-5 Cu 90:10 2810 1500 24 0.101 2.4 

95 Cd-5 In  99:1 2810 188 189 0.012 2.3 
95 Cd-5 In 98:2 2250 240 131 0.013 1.7 
95 Cd-5 In 95:5 1690 466 127 0.017 2.2 
95 Cd-5 In 90:10 1390 630 117 0.018 2.1 
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the cadmium excess or the oxygen deficiency that  
gives cadmium oxide its high conductivi ty.  As the 
depa r tu re  from s toichiometry  is reduced the con- 
duct iv i ty  decreases. The na ture  of the var ia t ion  for 
undoped oxide is in agreement  wi th  the findings of 
Hol land and Siddal  (4) and Helwig (3).  No resul ts  
have prev ious ly  been repor ted  for the mixed oxide. 
For  a given propor t ion  of oxygen, copper doping 
decreases the conduct iv i ty  and ind ium doping in-  
creases it except ing for very  low amounts  of oxy-  
gen where  depa r tu re  f rom s to ichiometry  p lays  a 
part .  

The room t empera tu re  Hall  coefficients are also 
t abu la ted  in Table II. Al l  specimens were  found to 
be N- type .  For  any given electrode the Hall  coeffi- 
cient increases wi th  increasing propor t ion  of oxy-  
gen. In other  words,  the car r ie r  "concentration de-  
creases wi th  decreasing oxygen deficiency in the 
lattice. The high value  of the Hall  coefficient for 
100% oxygen is noteworthy.  For  a given oxygen 
proport ion,  the Hall  constant  increases on doping 
with  copper and decreases wi th  indium doping. The 
dependence of the Hall  mobi l i ty  on s to ichiometry  
is s t r ik ing  for the undoped samples. In the doped 
samples the effect of s to ichiometry  is clouded by 
impur i t y  effects which seem to p lay  a significant 
role. 

For  undoped oxide with  the least  amount  of oxy-  
gen deficiency the car r ie r  concentrat ion is approx i -  
ma te ly  1019 . I t  is no tewor thy  that  Wright  and 
Bastin (8) obta ined the same value  for s intered 
specimens. This value  agrees wi th  the value of 4 x 
10 -4 for oxygen defect  or meta l  excess concent ra-  
t ion de te rmined  by  Haul  and Jus t  (1) and by Ci- 
mino and Marezio (9) on crysta ls  and powder  
specimens respect ively.  With  increasing oxygen 
deficiency the car r ie r  concentra t ion in the presen t  
samples increases to 102~ Miloslavskii  and Ranyuk  
(5) obta ined values  ranging f rom 1020 to 1021 on 
sput te red  films depending on the method of p r epa -  
ration. 

The spectra l  t r ansmi t tance  curves for  doped and 
undoped specimens are seen super imposed in Fig. 
1. Al l  three  specimens were  sput te red  at a constant  
oxygen propor t ion  of 10% and the plots were  nor -  
malized to app rox ima te ly  equal  film thickness 
namely  2800A. The absorpt ion edge is not sharp 
but, for the undoped oxide, it  genera l ly  agrees wi th  
the repor ted  energy gap of 2.5. I t  is significant here 
that  Mollwo (13) had shown that,  wi th  zinc oxide 
films, increasing amounts  of zinc excess make the 
absorpt ion edge less steep and extend it toward  
lower energies. The copper -doped  sample shows a 
weak  absorpt ion in the region of 600 m~ possibly 
due to copper  itself. 

Doped and undoped specimens were  found to 
form photovol ta ic  junct ions when appl ied to a 
special ly p repa red  selenium layer .  Open circuit  
voltages as high as 0.Tv have been observed with  
the undoped  specimens in sunlight.  Measurements  
made  at  10, t00, and 1000 ftc show tha t  copper  dop-  
ing reduces the open circuit  potential ,  whereas  in-  
d ium doping increases it. 

A cer ta in  amount  of empir ica l  work  has p rev i -  
ously been repor ted  on this photovol ta ic  effect at 
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Fig. 1. Spectral transmittance of undoped and doped films 

the se len ium-cadmium oxide junction.  The ten-  
dency has been to regard  this as s imilar  to a meta l  
P - t y p e  semiconductor  contact. The energy  gap of 
selenium is 1.7 ev and of cadmium oxide 2.5 ev. If 
cer ta in  specimens of CdO should be nondegenerate ,  
the question would arise as to wha t  type  of a com- 
plex or he terojunct ion  exis ted be tween the two 
types. Since the crys ta l  class is different  for the 
two semiconductors,  the p ic ture  becomes even more 
complicated.  A very  e l emen ta ry  model  has been 
proposed by  the author  (14). A good deal  of fu r the r  
invest igat ion is necessary to es tabl ish the na tu re  
of the contact. 

The manner  in which the impur i t ies  are  in t ro-  
duced is not known. The effect of hea t  t r ea tmen t  is 
now under  study. One has to be careful  in looking 
for t empera tu re  effects on the electr ical  p roper t ies  
of oxides, sulphides and selenides because of va r i a -  
tions in s to ichiometry  at high tempera tures .  A very  
recent  paper  by  Becker  and Freder ikse  (15) points 
out the complicat ions wi th  nonstoichiometr ic  semi-  
conductors. 

Summary 
The react ive  sput te r ing  technique has been ex-  

tended to form mixed or doped oxide films through 
the use of al loy cathodes in the sput te r ing  chamber.  
Indium and copper  have been in t roduced into cad-  
mium oxide films in this manner  and the i r  respec-  
t ive amounts  de te rmined  by  x - r a y  emission spec- 
t rography.  By vary ing  the oxygen pressure  in the 
chamber  the s to ichiometry  of the resul t ing  oxide 
is bel ieved to be al tered.  Both doping and va r i a -  
tions in s to ichiometry  are  effected dur ing  the for-  
mat ion of the film and not subsequently.  

When the pa r t i a l  pressure  of oxygen is increased,  
the resul t ing films show a decrease  in the  N - t y p e  
conduct ivi ty  and an increase in the Hal l  coefficient. 
These results  a re  expla ined  qua l i ta t ive ly  by  noting 
that  the carr iers  resul t  f rom an oxygen deficiency 
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in  the  film and  tha t  the  deficiency concen t ra t ion  
decreases wi th  increas ing  amoun t s  of oxygen  in  the 
chamber .  For  a g iven  p ressure  of oxygen,  i n d i u m  
doping  increases  the  car r ie r  concen t r a t i on  and  cop- 
per  doping  decreases it. 

The  absorp t ion  edge of the  undoped  film corre-  
sponds rough ly  w i th  the  r epor ted  ene rgy  gap for 
c a d m i u m  oxide. The doped and  undoped  films were  
found  to fo rm h igh ly  photovol ta ic  j unc t i ons  wi th  
se len ium.  
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Stress Generation in Tantalum During Oxidation 
R. E. Pawel, J. V. Cathcart, and J. J. Campbell 

Metals and Ceramics Division, Oak Ridge National Laboratory, 1 Oak R~dge, Tennessee 

ABSTRACT 

Thin  rectangular  specimens of t an t a lum were oxidized on one side at 
500~ and 1 atm oxygen pressure. F rom curvature  measurements ,  the bending 
stresses arising as a consequence of the oxidation process were determined 
and correlated with known oxidation rate behavior  and oxide morphology. 
The simplest stress model, that  of a un i form film on a substrate, was shown 
to be an inadequate  description of the stress source, thus reflecting the com- 
plexity of the t an ta lum-oxygen  reaction. A model re la t ing the stress gradient  
to the oxygen concentrat ion gradient  was tested and shown to be reasonably 
consistent with the exper imental  data. 

The  fact tha t  h igh  stresses m a y  exist  in  surface  
layers  of a m a t e r i a l  as a resu l t  of gaseous ox ida t ion  
has b e e n  po in ted  out  by  several  p rev ious  inves t i -  
gators  (1 -4) .  Also, ind i rec t  ev idence  of l a rge  
stresses, ex i s t ing  as a resu l t  of an  ox ida t ion  process 
or exe r t ing  an  inf luence  on the process, is ava i l ab le  
(5-8) .  If the  k ine t ics  of a reac t ion  d e p e n d  on the 
state of the  reac t ion  product ,  it  seems ce r ta in  t ha t  
va r iab les  which  cont ro l  the characteristics of m e -  
chanica l  film r u p t u r e  and  repa i r  become impor t an t .  
Stress b u i l d u p  e i ther  on a local or gene ra l  scale 
d u r i n g  the  reac t ion  is thus  recognized as a l ike ly  
inf luence  on both  the  ox ida t ion  k ine t ics  and  the  
oxide morphology .  

Q u a n t i t a t i v e  da ta  on the m a g n i t u d e  of the  stresses 
ar i s ing  d u r i n g  ox ida t ion  are l imi ted .  D a n k o v  and  
C h u r a e v  (9) a t t emp ted  to descr ibe q u a n t i t a t i v e l y  
the  ox ida t ion  of Fe, Mg, and  Ni in  t e rms  of stresses 
in  the  oxide film. Despi te  some ques t ionab le  as-  
sump t ions  r e g a r d i n g  the  th ickness  of the  oxide 
l aye r  and  the  stress d i s t r ibu t ion ,  the i r  da ta  were  
cons is ten t  w i th  a r g u m e n t s  based on v o l u m e  rat ios  

1 O p e r a t e d  b y  t h e  U n i o n  C a r b i d e  C o r p o r a t i o n  fo r  t h e  U n i t e d  S t a t e s  
A t o m i c  E n e r g y  C o m m i s s i o n .  

of me t a l  a nd  oxide. J aen icke  and  Le is t ikow (10) 
inves t iga ted  the  state of stress in  copper oxide fi lms 
fo rmed  on copper  as a f unc t i on  of t ime  at  e leva ted  
t e m p e r a t u r e s  (300~176  These da ta  confirm 
the  p resence  of e x t r e m e l y  h igh  stresses in  these 
films. More recent ly ,  x - r a y  diffract ion and  optical  
s tudies  of t h i n  films of Cu20 fo rmed  on copper  (11, 
12) r evea led  the  presence  of la rge  ep i t ax ia l ly  i n -  
duced strains,  e The  exis tence  of s t r a in  g rad ien t s  
and  s t r a in  an i so t ropy  in  the  films was  also noted.  
Eva ns  (2) l ikewise  observed  a stress g r ad i en t  in  
t h in  n icke l  oxide films; however ,  he conc luded  tha t  
the  or ig in  of this  stress g rad ien t  was no t  ep i tax ia l  
forces, bu t  an  " i nhe r i t a nc e "  of a stress g rad ien t  
tha t  exis ted in  the  me ta l  p r ior  to oxidat ion.  

In  an  effort to charac ter ize  the  n a t u r e  of stresses 
ar i s ing  as a resu l t  of ox ida t ion  processes in  several  
m e t a l - o x y g e n  systems,  an  appara tus ,  s imi la r  to tha t  

used b y  D a n k o v  and  C h u r a e v  (9) ,  was  cons t ruc ted  
in  wh ich  the  de fo rma t ion  r e su l t i ng  w h e n  a s p e c i -  

T h e  d a t a  i n  t h e s e  i n v e s t i g a t i o n s  r e l a t e  d i r e c t l y  to  a t o m  p o s i t i o n s  
a n d  t h u s  s t r i c t l y  r e f l ec t  " s t r a i n . "  A l t h o u g h  a d e s c r i p t i o n  of  t h e  in -  
t e r f a c e  a n d  t h e  m e c h a n i c a l  p r o p e r t i e s  of  t h e  t h i n - f i l m  s t a t e  is  s o m e -  
w h a t  o b s c u r e ,  u n d o u b t e d l y  t h e  w o r d  " s t r e s s "  cou ld  b e  s u b s t i t u t e d  
he re .  
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Fig. 1. Schematic drawing of apparatus 

m e n  is oxidized on one side on ly  is m e a s u r e d  as a 
func t ion  of t ime. This pape r  inc ludes  a descr ip t ion  
of the  e q u i p m e n t  and  some p r e l i m i n a r y  resul t s  for 
ox ida t ion  of po lyc rys t a l l i ne  t a n t a l u m .  The da ta  
also demons t r a t e  tha t  stress m e a s u r e m e n t s  p rov ide  
a usefu l  me thod  for charac te r iz ing  f u r t h e r  the  oxi -  
da t ion  behav io r  of metals .  

Exper imental  Procedure 

T a n t a l u m  spec imens  3 were  cut  f rom 0.020-in. 
sheet  as r e c t a n g u l a r  coupons 1 x 4 cm, and  a n -  
nea led  in  v a c u u m  for 2 hr  at 1600~ These cou-  
pons were  m e c h a n i c a l l y  pol ished t h rough  0.3~ 
lev iga ted  a l u m i n a  and  p repa red  for the  app a r a t u s  
in the fo l lowing way:  A suppor t  yoke of he a vy  
(0.060 in . )  Nichrome  wire  was  d i s cha rge -we lded  to 
one end  of the  spec imen  and  a smal l  V - n o t c h  filed 
at  tha t  end (see Fig. 1). At  the  other  end, on the 
same  side, a smal l  "eye"  was  fash ioned  f rom 30 
gauge Nichrome.  The  spec imen was  e lec t ropol ished 
in  a 90% H2SO4-10% H F  solut ion,  p laced  in  the  
v a c u u m  evapora tor ,  and  p la ted  on one side w i th  a 
t h in  fi lm of a l u m i n u m .  The a l u m i n u m  layer  served 
as adequa te  p ro tec t ion  f rom oxida t ion  for the t a n -  
t a l u m  b e n e a t h  it, as has been  repor ted  p rev ious ly  
for ox ida t ion  s tudies  on n i o b i u m  (6) .  The resu l t s  
of e x p e r i m e n t s  in which  specimens  were  pro tec ted  
on one side wi th  a l u m i n u m  or gold layers  and  held 
at  500~ in  v a c u u m  showed also tha t  the  th in  
me ta l  l aye r  exe r t ed  no m e a s u r a b l e  mechan i ca l  ef -  
fect on the  spec imen;  fu r t he rmore ,  no change  in  
c u r v a t u r e  was observed  w h e n  the  a l u m i n u m  layer  
was  dissolved in  HC1 af ter  a spec imen  had cooled 
to room t empera tu r e .  

The spec imen  was  suspended  in  the  app a r a t u s  
by  f i rmly  a t t ach ing  the  Nichrome  suppor t  yo lk  to 
the  quar tz  pos i t ion ing  rod w i th  severa l  sections of 
wire.  A qua r t z  fiber, 20-30 cm long, was  h u n g  onto 
the  spec imen  w i t h  the  free end  t h r o u g h  the  "eye"  

N o m i n a l  ana ly s i s :  a p p r o x  99.7-99.8 w t  % Ta, w i t h  Nb, Fe,  a n d  W 
b e i n g  m a j o r  m e t a l l i c  i m p u r i t i e s .  O x y g e n  c o n t e n t  a f t e r  v a c u u m  an -  
nea l :  a p p r o x i m a t e l y  200 p p m .  

located at the bo t tom end  of the a l u m i n u m - c o a t e d  
side. The purpose  of the eye was  to res t r ic t  l a te ra l  
mot ion  of the fiber a long the  edge of the  spec imen 
as b e n d i n g  proceeded.  The fiber ex t ended  so tha t  
deflection m e a s u r e m e n t s  could be made  t h r o u g h  the  
qua r t z  w i n d o w  in  the  pa r t  of the  appa ra tu s  b e n e a t h  
the  furnace .  Deflections could be m e a s u r e d  wi th  a 
s t anda rd  catheton~eter  to an  accuracy  of about  --+ 
0.05 m m  up to a to ta l  deflect ion of abou t  2 cm. 
Radi i  of c u r v a t u r e  of the  specimen,  and  thus  the  
b e n d i n g  stresses, were  d e t e r m i n e d  d i rec t ly  f rom the 
deflection me a su r e me n t s .  

Wi th  the spec imen  in  posi t ion,  the  sys tem was 
evacua ted  to a p ressure  of approx.  10 -6 m m  Hg, and  
the  t e m p e r a t u r e  was ra ised to 500~ Smal l  and  
er ra t ic  fiber deflections were  somet imes  observed 
d u r i n g  the  hea t ing  per iod;  however ,  a f ter  t e m p e r a -  
tu re  was  reached,  a ny  dr i f t  was  u n i f o r m  and  qui te  
small .  A "zero" r ead ing  was  t a k e n  i m m e d i a t e l y  be -  
fore d ry  oxygen  was admi t t ed  at  s l ight ly  less t h a n  
a tmospher ic  pressure .  Ca the tome te r  r ead ings  were  
t hen  t a ke n  i n t e r m i t t e n t l y  for the  d u r a t i o n  of the  
exper imen t .  

Data  and In terpre ta t ion  

P r e l i m i n a r y  e x p e r i m e n t s  in  which  t a n t a l u m  spec-  
imens  were  oxidized on one side on ly  showed tha t  
b e n d i n g  could be observed  v e r y  shor t ly  af ter  the 
spec imens  were  exposed to oxygen  at 500~ F ig -  
ure  2 is a pho tograph  of a series of spec imens  oxi-  
dized for var ious  t imes  at  this  t empe ra tu r e .  The 
c u r v a t u r e  can be easi ly  detec ted  w i th  the  eye even  
in the  first specimen.  Thus  in  a qua l i t a t i ve  sense it  
was obvious tha t  large stresses are gene ra t ed  in  the  
spec imen  as a resu l t  of the  ox ida t ion  process. 

The q u a n t i t a t i v e  eva lua t i on  of the  stress in  the  
spec imens  was made  in v iew of the fo l lowing  con-  
s iderat ions.  If a r e c t a n g u l a r  spec imen  is sub jec ted  
to u n i f o r m  b e n d i n g  about  one axis b y  an  e x t e r n a l  
force and  if the m a t e r i a l  obeys Hooke 's  law, the  
m a x i m u m  stresses in  the ou te rmos t  fibers of the 
spec imen  are g iven  by  a s imple  f lexure f o r mu la  

hE 
O-s = • [1]  

2p 

where  ~s is m a x i m u m  b e n d i n g  stress, h the  th ickness  
of specimen,  E Young ' s  modulus ,  24.8 x 106 psi for 
Ta at  500~ (13),  and  p the rad ius  of curva tu re .  
However ,  stresses which  exist  as a resu l t  of a su r -  
face reac t ion  are t w o - d i m e n s i o n a l  in  na tu re ,  and  
the s imple  b e a m  theory  m u s t  be modified in  order  
to take  into account  the dev ia t ion  f rom cy l indr ica l  
bend ing .  The act ion of the  l a te ra l  (Poisson)  s t ra in  

Fig. 2. Series of tantalum specimens oxidized on the upper side 
for 1/z hr, 1 hr, 7 hr, 24 hr, and 168 hr at 500~ Note separation 
of a layer of oxide in the last specimen. 
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components  dur ing  even one dimensional  bending 
of thin s tr ips  is sufficient to a l te r  the above equa-  
tion by  a factor  of 1 / (1  _~2)  (14), where  :~ is Pois-  
son's ra t io  (0.35 for t an ta lum)  (15). The correct ion 
factor  would be increased even more,  to 1 / ( 1 -  ~), 
if the bending  in two dimensions occurred wi thout  
distortion.  As dis tor t ion does occur for coupon- 
shaped specimens, the t rue  re la t ionship  be tween 
stress and measured  curva ture  becomes dependent  
on the geomet ry  of the specimen. For  the specimen 
geomet ry  repor ted  in this paper ,  a fou r - to -one  
l e n g t h - t o - w i d t h  ratio, the correct ion is undoubted ly  
closer to 1/ (1  --~,2). We have chosen, however,  be-  
cause of the  unce r t a in ty  in the  correct ion which ex-  
ists a t  present ,  to ana lyze  the stresses and repor t  the 
resul ts  based on Eq. [1] wi th  the real iza t ion tha t  
the actual  stresses may  be higher  by  11% or more. 

If the  stress sys tem which leads to bending or igi-  
nates in the v ic in i ty  of the  specimen surface and a 
sui table  stress d is t r ibut ion  model  is chosen, then the 
existence of a s tate of stat ic equi l ib r ium permi ts  
the magni tude  and dis t r ibut ion  of stresses in both 
the layer  and the under ly ing  mate r i a l  to be com- 
puted.  The significance of the numbers  ar is ing f rom 
such a calculation,  however ,  depends p r imar i l y  on 
the accuracy of the model  used to describe the stress 
d is t r ibut ion  in the base ma te r i a l  and the react ion 
products.  

The data  were  in i t ia l ly  analyzed in the cus tomary  
fashion (16) under  the assumptions tha t  al l  oxygen 
absorbed by  the specimen was present  as a uni form 
surface layer  of oxide and tha t  a uni form stress 
exis ted in the oxide. However ,  for a specimen con- 
ta ining sufficient oxygen to produce a 120OA l aye r  
of oxide at its surface, this model  for  stress d i s t r i -  
but ion requ i red  the existence of the  ve ry  large. 
compressive stress of about  2,000,000 psi in the ox-  
ide l aye r  in order  to account for the observed 
bending of the specimen dur ing oxidation.  F u r t h e r  
evidence for the  inadequacy  of this s imple stress 
model  was provided  by  the observat ion that,  while  
chemical  removal  of the surface layers  of the speci-  
men resul ted  in a decrease in the amount  of bend-  
ing, more  than  20 t imes the " ideal  oxide thickness"  
had to be removed  in order  to e l iminate  the curva-  
ture  of the specimen. I t  was concluded, therefore ,  
tha t  the processes responsible  for the  observed in-  
crease in stress level  as oxidat ion proceeds on po ly -  
c rys ta l l ine  t an t a lum at 500~ occur in a r e l a t ive ly  
thick "surface region" and are  not  confined to any 
surface oxide films which may  form. 

Thus, since the source of the genera l  stress bu i ld -  
up obviously must  in some way  be associated wi th  
the t a n t a l u m - o x y g e n  reaction,  factors other  than  
those re la ted  to classical film format ion  must  be 
taken  into consideration.  For  example,  it  is well  
known tha t  the solution of oxygen in the  meta l  
wi th  the resul t ing  expansion of the  meta l  la t t ice  is 
an impor t an t  step in the oxidat ion  of t an t a lum at 
5O0~ Fur the rmore ,  the  ear ly  stages of oxidat ion 
of t an t a lum involve the format ion  and growth  of 
p la te le ts  of oxide into the metal ,  p roducing  a non-  

uniform interface which persists  as oxidat ion pro-  

ceeds. The geomet ry  of the p la te le ts  is such tha t  a 

"wedge"  effect could resul t  at the surface of the 
specimens. 

For  the purposes  of the presen t  paper ,  the region 
of stress genera t ion  dur ing the ea r ly  stages of oxi-  
dat ion of t an t a lum at 500~ is considered to be that  
l ayer  of ma te r i a l  in which an oxygen concentrat ion 
grad ien t  exists  and in which p la te le ts  of oxide are 
forming.  The stress model  is based on the assump-  
tion tha t  the  la t t ice  expansion accompanying oxy-  
gen solution is the ma jo r  source of stress genera -  
tion. I t  is, therefore,  pos tu la ted  tha t  the thickness of 
the affected l aye r  is control led by  the diffusion of 
oxygen into the t an t a lum and tha t  the stress g rad i -  
ent in this region is p ropor t iona l  to the oxygen con- 
centra t ion gradient .  I t  is fu r the r  assumed tha t  the 
macroscopic oxygen concentrat ion gradient  is not 
affected apprec iab ly  by  the presence of the oxide 
platelets .  

The oxygen concentra t ion in the outermost  surface 
layers  of t an t a lum undoubted ly  reaches a high level  
in a ve ry  short  t ime. Thus, the resul ts  of previous  
invest igat ions (8, 17, 18) indicate  tha t  the first ox-  
ides to form on t an ta lum at  these t empera tu res  and 
pressures  do so from a meta l  a l r eady  supersa tu ra ted  
wi th  respect  to oxygen and tha t  on a macroscopic 
scale this  supersa tura t ion  persists  dur ing the per iod 
of p la te le t  formation.  In the stress model  it  was as-  
sumed, therefore ,  tha t  the t ime requi red  for the a t -  
t a inment  of the m a x i m u m  oxygen concentra t ion at  
the t an t a lum surface was negl ig ib ly  small,  and tha t  
the oxygen concentra t ion at  the surface and, conse- 
quent ly,  the m a x i m u m  surface stress, remains  es-  
sent ia l ly  constant  throughout  the course of the ex-  
per iment .  

These same exper imen ta l  resul ts  along wi th  the 
observat ion (see Fig. 4) tha t  the bending of the  
specimen was in i t ia ted  at the very  beginning of the 
oxidat ion process, pr ior  to the appearance  of the 
first oxide platelets ,  l ikewise  suggest  tha t  the "wedge 
effect" due to the presence of the p la te le ts  in the 
surface layers  of the t an t a lum may  be a less impor t -  
ant source of stress genera t ion  than  the lat t ice ex-  
pansion associated with  oxygen solution. Should this  
not be the case, however ,  the model  descr ibed above 
p robab ly  st i l l  provides  at  least  a first approx imat ion  
of the stress d is t r ibut ion  since the stress gradient  
would then be propor t iona l  to the p l a t e l e t -dens i ty  
grad ien t  which in tu rn  must  be re la ted  in some way  
to the oxygen concentrat ion gradient .  

As shown in Fig. 3, the  stress in the specimens 
consists of two component  parts ,  the stress ~1, occa- 
sioned by  the solution of oxygen in the specimen, and 
the bending  stress, (re, which arises as a consequence 
of c~1. The actual  stress at  any  point  in the  bending 
specimen wil l  be the a lgebra ic  sum of the  two 
stresses 

C ~ C o  X 
o ' 1  m o - I  - -  - -  ~ r I  - -  o ' I  e r f  _ _  [ 2 ]  

c~ --  co 2 ~ D t  

o'2 = ~B + h x [3] 

where  h is the thickness  of specimen, x the posit ion 
in specimen wi th  respect  to surface in contact  wi th  
oxygen,  t t ime, D the diffusion coefficient of oxygen 
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Fig. 3. Schematic diagram of stress distribution across tantalum 
specimen oxidized on one side. Experiment No. 225: specimen 
length, 4.0 cm; specimen thickness, 0.0445 cm; fiber length, 19.5 
cm; temperature, 500~ pressure, 1 arm. 

in  t a n t a l u m  at 500~ D = 3.2 x 10 - l~  cm2/sec (19) ,  
cs the surface  concen t r a t i on  of oxygen  w h e n  speci-  
m e n  is in  contact  wi th  02 gas, ~ri the  surface stress 
(at  x ~ 0 and  c = cs), ~B the c o m p o n e n t  of b e n d i n g  
stress at convex  surface,  o- D the componen t  of b e n d -  
ing stress at concave surface,  c oxygen  concen t ra t ion ,  
and  co res idua l  oxygen  concen t r a t i on  pr ior  to ox ida-  
tion. It  should be po in ted  out tha t  the  stress d i s t r i -  
bu t ion  is expressed i n d e p e n d e n t l y  of the  ac tua l  con-  
cen t r a t i on  values,  which  pe rmi t s  ca lcula t ions  to be 
made  in  t e rms  of di f fusivi ty  data  alone. The condi -  
t ions for mechan i ca l  equ i l i b r ium,  i.e., the sum of 
forces and  m o m e n t s  for the sys tem m u s t  be equa l  to 
zero, r equ i r e  tha t  

~i - -  o -~  err dx  
o 2 ~ D t  

g[ ] ~B § h x dx = 0 [4] 

and  

?[ s ~i - -  o - i  err x dx  ~- 
o 2 

~ B §  h x x d x = 0  [ 5 ]  

I t  is possible  to s impl i fy  the  so lu t ion  of the  equa t ions  
by  no t ing  (see Fig. 3) tha t  ~ m a y  be a p p r o x i m a t e d  
by  a l i nea r  f unc t i on  of x, viz., 

o -  I 

o ' 1 = ~ - i - - - - x  O ~ x ~ d  [6] 
d 

where  d is d e t e r m i n e d  as a f unc t i on  of t ime  f rom 
ava i l ab le  oxygen  di f fus iv i ty  data.  At  500~ d ~ 3.23 

x 1 0 - 4 ~ / t - c m  (t  in  m i n u t e s ) .  Using Eq. [6] ,  the  
s imu l t aneous  so lu t ion  of the  stat ic e q u i l i b r i u m  Eq. 
[4] and  [5] i n  t e rms  of the  d p a r a m e t e r  yields  the  
fo l lowing work ing  equa t ions  

h e 
[7] ~ ~ ~  - -  2d) 

(h - -  d) 2 
~I + ~B ~ O-Md(3h _ _  2d) [8] 

'2~ I ! i ' I = 

I / ~  1 I 
/ ~ "  ' ! I 

/ i  i 
l 

i 

t * / ,  - [ F 
I 

I 
550 4OO 450 5OO 0 50 too t50 2oo 25o 3oo 

TIME (mln) 

Fi~. 4. Deflection-time curve for oxidation of polycrystalline tan- 
talum at 500~ and atmospheric pressure. 

where  ~M : CrD - -  O ' B  = hE/p.  (Note, f rom Eq. [1],  
tha t  o- M ~ 2 0 "  s .  Thus,  for the  case u n d e r  cons idera -  
t ion, the  surface  stress ~i is r e la ted  by  a v e r y  s imple  
equa t ion  to the m a x i m u m  b e n d i n g  stress ~s.) ~z -t- 
~B is the m a x i m u m  stress wh ich  exists at  the  surface 
of the ben t  specimen.  ~z be t t e r  r epresen t s  the  m a x i -  
m u m  surface  stress if the spec imen  were  not  a l lowed 
to bend  as would  be the case for a th ick  spec imen  
oxidized on both  sides, a nd  the  da ta  wi l l  be r epor ted  
in  t e rms  of this  pa rame te r .  

The i n h e r e n t  accuracy  of the  foregoing simplif ied 
p rocedure  for compu t ing  stresses based  on this  
model  was tes ted by  so lv ing  Eq. [4] and  [5] s imu l -  
t aneous ly  for severa l  per iods of t ime  and  compar ing  
the re su l t ing  figures wi th  those ob ta ined  f rom Eq. 
[7]. For  ox ida t ion  t imes  up to 8 hr, an  e r ror  of less 
t h a n  2% f rom this source was indicated.  

Results and Discussion 

A typica l  def lec t ion- t ime  curve  is i l l u s t r a t ed  in 
Fig. 4 for a t a n t a l u m  spec imen  oxidized at 500~ in  
1 a tm of d ry  oxygen.  The  degree  of b e n d i n g  is a 
smooth func t ion  of t ime  wi th  the  m a x i m u m  b e n d -  
ing ra te  es tabl i shed v e r y  ea r ly  in  the  process. The 
curve  of m a x i m u m  b e n d i n g  stress computed  wi th  
Eq. [1 ] for this  e x p e r i m e n t  is shown  in  Fig. 5 and  
compared  wi th  the  ox ida t ion  ra te  curve.  I t  is s igni -  
ficant to note  tha t  the  " b r e a k a w a y "  inf lect ion in  the  
ox ida t ion  ra te  curve,  associated phenomeno log ica l ly  

E 

(I "^~" 

TIME (min) 

Fig. 5. Oxidation rate and bending stress curves for polycrystalline 
tantalum. 
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Fig. 6. Surface stress-time curve for the oxidation of polycrystalline 
tantalum. 

TIME (ram) 

Fig. 7. Deflection-time curve for interrupted oxidation expe6ment 
Experiment No. 229: specimen length, 4.0 cm; fiber length. 28.5 cm. 

w i t h  loca l i zed  c r a c k i n g  of t he  su r f ace  ox ide  (5 ) ,  
has  no obv ious  c o u n t e r p a r t  in  t h e  b e n d i n g  s t ress  
curve .  N e i t h e r  can  i t  be  a s soc ia t ed  w i t h  an  inf lec-  

t ion  in  t he  su r f ace  s t ress  curve ,  see Fig .  6. 
The  t h i r d  c u r v e  in  Fig .  5 shows  as  a f u n c t i o n  of 

t ime  t h e  a m o u n t  of o x y g e n  w h i c h  d isso lves  in  t a n -  
t a l u m  as c a l c u l a t e d  f r o m  ex i s t ing  va lue s  for  t he  
d i f fus ion  coefficient  (19) w i t h  the  su r f ace  c onc e n -  
t r a t i o n  of o x y g e n  in t a n t a l u m  t a k e n  as 1800 ppm.  
As m a y  be  seen f r o m  Fig.  5, t he  so lu t ion  of o x y g e n  
is an  i m p o r t a n t  p a r t  of t he  r e a c t i o n  in t he  e a r l y  
s tages ,  a ccoun t i ng  fo r  a t  l eas t  ha l f  of the  t o t a l  o x y -  
gen  consumed .  The  ca l cu la t ions  of K o f s t a d  (20) 
i nd ica t e  t h a t  th is  r a t i o  m a y  be  even  h igher .  

F i g u r e  6 is a p lo t  of t he  su r f ace  s t ress ,  .~z, c o m -  
p u t e d  f r o m  Eq. [7] ,  as a func t ion  of t i m e  for  t h e  
s ame  set  of da ta .  The  su r f ace  s t ress  r e a c h e d  i ts  
m a x i m u m  v a l u e  of  60,000-65,000 ps i  compres s ion  
a f t e r  t he  first  m i n u t e  or  so of o x i d a t i o n  a n d  r e -  
m a i n e d  v i r t u a l l y  cons t an t  for  t he  r e m a i n d e r  of t he  
e x p e r i m e n t ,  in  a g r e e m e n t  w i t h  t he  p r o p o s e d  mode l .  
D u r i n g  t h e  first  f ew  m i n u t e s  of o x i d a t i o n  t h e  d e -  
f lect ion m e a s u r e m e n t s  f rom w h i c h  the  su r f ace  
s t resses  a r e  c a l c u l a t e d  a r e  p a r t i c u l a r l y  sens i t i ve  to 
s m a l l  e x p e r i m e n t a l  e r r o r s  a r i s ing  f r o m  such sources  
as t r a n s i e n t  h e a t i n g  effects or  s l igh t  m e c h a n i c a l  d i s -  
p l a c e m e n t s  of t h e  q u a r t z  p o i n t e r  caused  b y  the  
i n t r o d u c t i o n  of o x y g e n  to t he  sys tem.  The  s ca t t e r  of 
d a t a  po in t s  in t he  first  p a r t  of t he  s t ress  c u r v e  in  
Fig.  6 can  p r o b a b l y  be  e x p l a i n e d  mos t  s i m p l y  in  
t hese  t e rms .  

In  o r d e r  to tes t  f u r t h e r  t he  v a l i d i t y  of t he  p r o -  
posed  s t ress  d i s t r i b u t i o n  model ,  an  i n t e r r u p t e d  
o x i d a t i o n  e x p e r i m e n t  was  p e r f o r m e d .  In  th is  e x -  
p e r i m e n t ,  t h e  s p e c i m e n  was  ox id i zed  in t he  u s u a l  
f a sh ion  fo r  20 min ;  t h e  s y s t e m  w a s  t h e n  e v a c u a t e d  
to a p r e s s u r e  of app rox .  10 -6 m m  Hg and  the  spec i -  
m e n  a l l o w e d  to r e m a i n  a t  t e m p e r a t u r e .  A f t e r  a t o t a l  
of 375 ra in  o x y g e n  was  aga in  a d m i t t e d  to t he  sys -  
tem.  Def lec t ion  m e a s u r e m e n t s  w e r e  m a d e  t h r o u g h -  
out  the  t h r e e  s t ages  of th is  e x p e r i m e n t  and  a r e  
p l o t t e d  in  Fig .  7. D u r i n g  the  v a c u u m  annea l ,  t he  
a m o u n t  of  b e n d i n g  was  o b s e r v e d  to d e c r e a s e  s l igh t ly .  
Upon  the  r e - a d m i s s i o n  of  oxygen ,  the  s p e c i m e n  
c o n t i n u e d  to b e n d ;  h o w e v e r ,  t h e  c h a n g e  in  t he  i n i -  
t i a l  s lope  of t he  c u r v e  s h o w e d  t h a t  t h e  a n n e a l  r e p -  
r e s e n t e d  m o r e  t h a n  s i m p l y  a l apse  in  t he  o x i d a t i o n  
reac t ion .  P r e s u m a b l y ,  t he  p r i n c i p a l  even t s  occu r -  
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Fig. 8. Stress distributions pertinent to interrupted oxidation ex- 
periment computed on oxygen concentration basis. 

r i ng  d u r i n g  the  a n n e a l  w e r e  t he  c h a n g e  in  the  o x y -  
gen  c o n c e n t r a t i o n  g r a d i e n t  caused  b y  d i f fus ion  and,  
t o  a lesser  ex ten t ,  the  so lu t ion  of some of t he  ox ide  
p resen t .  

The  o x y g e n  c o n c e n t r a t i o n  g r a d i e n t  in the  spec i -  
m e n  at  v a r i o u s  t imes  d u r i n g  t h e  e x p e r i m e n t  w a s  
c o m p u t e d  us ing  ex i s t i ng  d i f fus iv i ty  d a t a  (19) a n d  
e x p r e s s e d  in  t e r m s  of t he  c o r r e s p o n d i n g  s t ress  
g r a d i e n t  (via Eq. [ 2 ] ) ;  t he  r e su l t s  shown  in Fig.  8 
a r e  thus  s i m p l y  r e p r e s e n t a t i o n s  of o x y g e n  p e n e t r a -  
t ion  cu rves  w h e r e  t he  o r d i n a t e  is g iven  in  t e r m s  of 
f r a c t i o n a l  v a l u e s  of ~rr, t he  su r f ace  s t r ess  w h e n  the  
o x y g e n  c onc e n t r a t i on  in  t h e  su r f ace  l a y e r s  of t he  
spec imen  is a t  i ts  m a x i m u m  va lue ,  cs. The  v a l u e s  of 
the  s t ress  def ined  b y  these  cu rves  for  each  p a r t i c u -  
l a r  t i m e  w e r e  s u b s t i t u t e d  for  r in  Eq. [2]  (see  also 
Fig.  3) ,  and  c o r r e s p o n d i n g  va lue s  of ~n w e r e  d e t e r -  
m i n e d  f r o m  the  b e n d i n g  d a t a  b y  a p p l y i n g  the  con-  
d i t ions  of m e c h a n i c a l  e q u i l i b r i u m .  The  r e su l t s  of 
t he se  c o m p u t a t i o n s  a r e  s u m m a r i z e d  in  Fig .  9. D u r -  
ing the  first  p e r i o d  of ox ida t i on ,  ~n i n c r e a s e d  r a p i d l y  
to a cons t an t  v a l u e  in  excess  of 50,000 psi  a n d  r e -  
m a i n e d  e s s e n t i a l l y  i n v a r i a n t  b o t h  d u r i n g  the  s u b -  
s e que n t  v a c u u m  a n n e a l  and  the  second  p e r i o d  of 
ox ida t ion .  I t  shou ld  also be  p o i n t e d  out  tha t ,  a l -  
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Fig. 9. Maximum stress-time curve for interrupted oxidation 
experiment. 

t h o u g h  the  a c t u a l  su r f ace  s t ress  d u r i n g  annea l ing ,  
cn', d e c r e a s e d  g rea t l y ,  t he  b e n d i n g  s t resses  w e r e  
no t  p r o p o r t i o n a t e l y  affected.  B e n d i n g  s t resses  a r e  
less  sens i t ive  to th is  sor t  of s t ress  r e d i s t r i b u t i o n .  

The  mos t  s igni f icant  f e a t u r e  of these  r e su l t s  was  
the  cons t ancy  of t he  c o m p u t e d  ~,  va lues .  As  o u t -  
l i ned  above ,  t he  s t ress  m o d e l  is b a s e d  on the  a s -  
s u m p t i o n  t h a t  the  s t ress  g r a d i e n t  is p r o p o r t i o n a l  
to t he  o x y g e n  c o n c e n t r a t i o n  g r a d i e n t  and,  conse -  
quen t ly ,  t ha t  

= K ( c - - C o )  

w h e r e  t he  p r o p o r t i o n a l i t y  cons t an t  K = ~ /  (cs - -  Co). 
F o r  f ixed v a l u e s  of cs and  Co, t h e  m o d e l  o b v i o u s l y  
r e q u i r e s  t h a t  ~z l i k e w i s e  r e m a i n  cons t an t  even  w h e n  
t h e  o x y g e n  c o n c e n t r a t i o n  g r a d i e n t  in  t he  s p e c i m e n  
is c o n s i d e r a b l y  a l t e r ed .  The  r e su l t s  of th is  e x p e r i -  
m e n t  are,  thus ,  e n t i r e l y  cons i s t en t  w i t h  t he  r e -  
q u i r e m e n t s  of the  s t ress  m o d e l  and  a r e  r e g a r d e d  
as  f u r t h e r  ev idence  for  t he  v a l i d i t y  of t he  a s s u m p -  
t ion  t h a t  t he  s t ress  g r a d i e n t  in  t he  spec imens  is 
p r o p o r t i o n a l  to the  o x y g e n  c o n c e n t r a t i o n  g r a d i e n t  
as  def ined  in  t e r m s  of t he  d i f fus ion  cons tan t .  

W h i l e  th is  s t u d y  ind ica t e s  t h a t  t h e  o x i d a t i o n  of 
t a n t a l u m  u n d e r  t he  a f o r e m e n t i o n e d  cond i t ions  r e -  
su l t s  in  t he  d e v e l o p m e n t  of v e r y  h igh  c o m p r e s s i v e  
s t resses  at  and  n e a r  t he  sur face ,  t he  ques t i on  r e -  
m a i n s  as to h o w  these  s t resses  spec i f ica l ly  affect  
the  o x i d a t i o n  process .  The  a n s w e r  to th is  ques t i on  
o b v i o u s l y  l ies  w i t h  t he  r e su l t s  of a m o r e  c o m p l e t e  
i nves t i ga t i on ;  for  the  p re sen t ,  h o w e v e r ,  i t  m a y  be  
m e n t i o n e d  t h a t  the  concep t  of t he  i n i t i a t i on  of o x i d e  
p l a t e l e t  f o r m a t i o n  b y  a s h e a r  m e c h a n i s m  (8)  is 
cons i s t en t  w i t h  and  c o n s i d e r a b l y  s t r e n g t h e n e d  b y  
these  obse rva t ions .  Thus  the  ex i s t ence  of l a r g e  
s t resses  in  t a n t a l u m  d u r i n g  o x i d a t i o n  m a y  d i c t a t e  
t h e  m o r p h o l o g y  of t h e  ox ide  fo rmed .  

I t  shou ld  also be  m e n t i o n e d  t h a t  in  the  e v a l u a -  
t ion  of the  effects of s t resses  on the  o x i d a t i o n  of 
t a n t a l u m ,  t he  p u r i t y  of t he  t a n t a l u m  m a y  be  an  
i m p o r t a n t  fac tor ,  p a r t i c u l a r l y  w i t h  r e g a r d  to t he  
effects of p u r i t y  or~ t h e  e las t ic  s t ress  w h i c h  the  
m a t e r i a l  can  sus ta in .  In  v e r y  h i g h - p u r i t y  t a n t a l u m ,  
for  e x a m p l e ,  t h e  y i e l d  s t ress  m i g h t  v a r y  f r o m  6000 
to 30,000 ps i  (13) or  h i g h e r  a long  t h e  o x y g e n  con-  
c e n t r a t i o n  g r a d i e n t  a r i s ing  as a consequence  of 
ox ida t ion .  Thus,  the  a c t u a l  e las t ic  s t ress  g r a d i e n t  
m a y  be  in f luenced  b y  t h e  " m e c h a n i c a l  p r o p e r t y  
g r a d i e n t "  w h i c h  could  ex i s t  d u r i n g  ox ida t ion .  In  

the  case  of th is  p a r t i c u l a r  i nves t i ga t i on ,  h o w e v e r ,  
the  in i t i a l  c o n c e n t r a t i o n  of i n t e r s t i t i a l  i m p u r i t i e s  
was  suff ic ient ly  h igh  so as to m i n i m i z e  this  effect. 

F i n a l l y ,  the  inf luence  in  t he  l a t t e r  s tages  of ox i -  
d a t i o n  of s t resses  in  the  o x i d e  f i lms t h e m s e l v e s  has  
no t  been  c ons ide r e d  in th i s  p a p e r ,  a l t h o u g h  such 
effects m a y  also  be  qu i t e  i m p o r t a n t .  T h a t  such 
s t resses  ex i s t  m a y  b e  d e d u c e d  f r o m  the  a p p e a r a n c e  
of t he  o x i d e  f i lm on the  h e a v i l y  ox id i zed  s p e c i m e n  
shown  a t  the  e x t r e m e  r i g h t  in  Fig.  2. Note  t h a t  t he  
o x i d e  f i lm was  p a r t i a l l y  s e p a r a t e d  f r o m  t h e  s u b -  
s t r a t e  and  e x h i b i t e d  a p r o n o u n c e d  c u r v a t u r e  oppos i t e  
t h a t  shown  b y  the  r e m a i n d e r  of t he  spec imen .  
S i m i l a r  b e h a v i o r  has  been  o b s e r v e d  on spec imens  
ox id i zed  on bo th  sides.  A l t h o u g h  s e v e r a l  e x p l a n a -  
t ions  fit the  obse rva t ion ,  t he  r e s u l t  sugges t s  t h a t  a 
s t ress  g r a d i e n t  e x i s t e d  in  t h e  f i lm p r i o r  to s e p a r a -  
t ion.  F u r t h e r  e x p e r i m e n t s  shou ld  y i e l d  i n f o r m a t i o n  
on the  n a t u r e  and  m a g n i t u d e  of t he  s t resses  i n -  
v o l v e d  as we l l  as the  m e c h a n i c a l  p r o p e r t i e s  of the  
films. 

Summary 

B e n d i n g  s t resses  caused  b y  the  o x i d a t i o n  of one 
s ide  of p o l y c r y s t a l l i n e  t a n t a l u m  spec imens  at  500~ 
and  1 a t m  o x y g e n  p r e s s u r e  w e r e  m e a s u r e d  as a 
f u n c t i o n  of t ime .  The  su r f a c e  s t ress ,  b a s e d  on a 
m o d e l  in  w h i c h  the  s t ress  is a s s u m e d  p r o p o r t i o n a l  
to the  o x y g e n  concen t r a t i on ,  was  f o u n d  to i n c r e a s e  
to a h igh  va lue ,  a p p r o x i m a t e l y  50,000 psi  c o m p r e s -  
sion, d u r i n g  the  first  f ew  m i n u t e s  of ox ida t i on .  This  
v a l u e  d id  not  change  a p p r e c i a b l y  as o x i d a t i o n  con-  
t inued .  The  ex i s t ence  of a p p r e c i a b l e  s t resses  in  t he  
s p e c i m e n  d u r i n g  o x i d a t i o n  is in a g r e e m e n t  w i t h  t he  
p r o p o s e d  m e c h a n i s m  for  ox ide  f o r m a t i o n  in  t he  i n -  
i t ia l  s tages  of t a n t a l u m  ox ida t ion .  
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Electrodeposition of Dispersion-Hardened NickeI-AI20  Alloys 
F. K. Sautter 

Research Branch, Research & Engineering Division, Watervliet Arsenal, Watervliet, New York 

ABSTRACT 

Nickel-A1208 alloys were electrodeposited from a Watt ' s - type nickel-elec- 
trolyte, which contained the second phase particles suspended in the solution. 
The effects of particle concentration, particle size, and plating conditions on 
microstructure and physical properties of the deposits were studied. Using 
submicroscopic A120~ particles, the room temperature yield strength increased 
from 8 kg /mm ~ for pure nickel to 35 kg /mm 2 for alloys containing 3.5-6.0 
v/o (volume per cent) A1203. It  is believed that this increase was due to dis- 
persion strengthening effects similar to those observed in sintered or in- 
ternal ly  oxidized metal-metal  oxide systems. 

Since I rmann  (1) and von Zeer leder  (2) in 1949 
first publ i shed  da ta  re la t ing  to the super ior  h igh-  
t empera tu re  proper t ies  of SAP (S in te red  A l u m i n u m  
Powder ) ,  the  subject  of dispersion s t rengthening  
and hardening  has won increasing interes t  in re -  
cent years  (3).  1 The main  advan tage  of this method 
of s t rengthening  lies in the high t empera tu re  
s trength,  the resis tance to recrysta l l iza t ion,  and in 
the creep resis tance at e levated  tempera tures .  

Dispersion hardening  is obta ined by  uni form dis-  
persion of a submicroscopic,  ha rd  and iner t  second 
phase in the metal l ic  matr ix .  In contrast  to prec ip i -  
ta t ion hardened  alloys, the second phase reacts  ve ry  
s lowly or not at all  wi th  the ma t r i x  and is nea r ly  or 
complete ly  insoluble at  high tempera tures .  Thus the 
mechanical  proper t ies  are super ior  even at t e m p e r a -  
tures close to the mel t ing  point.  

The two bes t -known  methods for dispersing a 
second phase in a meta l l ic  ma t r i x  are  "mechanical  
mixing"  and " in te rna l  oxidat ion."  S t rengthening  by  
in te rna l  oxidat ion is more effective than  by  me-  
chanical  mixing,  p robab ly  due to more  uni form 
s t ruc ture  and smal ler  in te rpar t ic le  spacings. An ex-  
ception has to be made for SAP alloys, which are 
obtained by  mechanical  mixing, but  show the g rea t -  
est s t rengthening effects h i ther to  obtained for d i sper -  
sion ha rdened  alloys. The reasons are thought  to be 
the ve ry  small  size and the shape of the A1203 pa r t i -  
cles and the fact tha t  there  exists coherency be tween  
the ma t r i x  and the oxide. There are  also indicat ions 
of SAP being a honeycomb of a lumina  filled wi th  

1 A v e r y  e x t e n s i v e  s u r v e y  of  the  subject  w a s  p u b l i s h e d  i n  M a r c h  
1960 as  a W A D C  T e c h n i c a l  R e p o r t  59-414 b y  R. F .  B u n s h a h  a n d  C. C. 
G o e t z e l  of  N e w  Y o r k  U n i v e r s i t y .  

aluminum,  ra the r  than  a dispersion of A120~ in a lu-  
minum (4).  

This repor t  deals wi th  another  way  of obtaining 
dispersion hardened  alloys, namely,  e lec t rodeposi -  
tion. The second phase par t ic les  are  kep t  in sus- 
pension in a convent ional  electrolyte,  and dur ing 
the e lectrolyt ic  crys ta l l iza t ion the par t ic les  come 
in contact  wi th  the cathode and are so imbedded  in 
the metal l ic  deposit.  Depending on the concentra-  
t ion and the size of the par t ic les  in suspension, dis-  
pers ion hardened  alloys of various concentrat ions 
and in te rpar t ic le  spacings can be obtained.  

Equipment  and Materials 

Electrolyte:  300 g/1 NiSO4 x 6H20 A.R.; 45 g/1 
NiC12 x 6H20 A.R.; 30 g/1 H~BO3 A.R.; 0.2 v / o  
N13 (Wet t ing  Agent  by  Harshaw Chemical  Co.) 

A1203: 1. Linde Alumina  Type A-5175, a, par t ic le  
size 0.3/~; 2. Linde Alumina  Type B-5125, % par t ic le  
size 0.1~; 3. Cabot Alumina  Alon C, a + % par t ic le  
size 0.01-0.04 #. 

Anodes:  rol led nickel  99.9% 
Cathode:  stainless steel, polished 
St i r rers :  magnetic,  wi th  Teflon coated s t i r r ing 

bars  
pH meter :  Beckman Zeromat ic  
Power  supplies:  3-phase  rectifiers 
Heaters :  quar tz  immers ion hea ter  
Elec t ro ly te  tanks:  Pyrex ,  4 - l i t e r  capaci ty  

Experimental Procedure 
Specimen preparation.---In order  to obtain speci-  

mens which could be used for de te rmina t ion  of the 
yie ld  s t rength  of the e lectrodeposi ted mater ia l ,  
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Fig. 1. Size and shape of tensile specimen 

s ta in less  s tee l  ca thodes  w e r e  used.  The  a d h e s i o n  of 
n i c k e l  coa t ings  on s t a in less  s tee l  is v e r y  poor  w i t h -  
ou t  spec ia l  su r f ace  t r e a t m e n t ,  and  t h e r e f o r e  i t  was  
v e r y  easy  to  s t r ip  the  depos i t  f r o m  the  ca thode  bY 
fi l ing off t h e  edges.  T h e  size of t he  ca thode  was  
200 x 100 m m  and  the  ca thode  was  i m m e r s e d  150 
m m  in t he  e l ec t ro ly t e .  This  gave  a c a thode  a r e a  of 
3 d m  ~ cons ide r ing  b o t h  s ides  of t he  ca thode .  By  fi l-  
ing  off t he  edges  a f t e r  p l a t ing ,  two  shee t s  100 x 150 
m m  in size w e r e  o b t a i n e d  f rom w h i c h  t ens i l e  spec i -  
mens  of t he  size and  f o r m  shown  in  Fig .  1 w e r e  
s t a m p e d  out  w i t h  a p u n c h  and  d ie  set. The  t h i cknes s  
of the  spec imens  v a r i e d  b e t w e e n  80-120~. 

Preparation of the suspensions.--Linde A12Os.--  
The  a l u m i n u m  ox ides  m a n u f a c t u r e d  b y  L i n d e  Cor -  
p o r a t i o n  w e r e  v e r y  eas i ly  s u s p e n d e d  in t he  e l e c t r o -  
l y t e  b y  s t i r r i n g  w i t h  a c o n v e n t i o n a l  l a b o r a t o r y  
s t i r r e I .  T h e  p a r t i c l e s  d id  no t  a g g l o m e r a t e  in t h e  
so lu t ion  a n d  no spec ia l  p r e c a u t i o n s  w e r e  needed .  
Alon C.--  A c c o r d i n g  to t he  l i t e r a t u r e ,  A lon  C has  
a p a r t i c l e  size b e t w e e n  0.01-0.04F and  a su r f a c e  
a r e a  of 50-100 m2/g.  These  p r o p e r t i e s  m a k e  is n e c e s -  
s a r y  to use  a b l e n d e r  for  d i spe r s ion  of t he  ox ide  
pa r t i c l e s  in  t he  e l ec t ro ly t e .  A W a r i n g  b l e n d e r  was  
used  for  th is  purpose .  The  fo l lowing  t h r e e  d i f f e r en t  
m e t h o d s  of d i spe r s ion  w e r e  t r i e d  a n d  w e r e  f o u n d  
to g ive  no p a r t i c u l a r  d i f fe rence  in t he  f inal  s u s p e n -  
sion:  ( i )  d i s p e r s i n g  A1203 d i r e c t l y  in  t he  e l e c t r o -  
ly te ,  ( i i )  d i spe r s i ng  AI20~ in w a t e r  and  a d d i n g  to  
t he  e l ec t ro ly t e ,  and  ( i i i )  d i spe r s i ng  A1208 in w a t e r  
and  a d d i n g  e l e c t r o l y t e  to t he  d i spers ion .  

W i t h  t he  l a t t e r  t echn ique ,  a coagu l a t i on  was  o b -  
s e r v e d  a f t e r  a d d i n g  a s m a l l  a m o u n t  of e l e c t r o l y t e  to  
t he  aqueous  suspens ion ,  b u t  b y  con t inuous  b l e n d i n g  
the  s ame  g r a d e  of d i spe r s i on  was  a c h i e v e d  as b y  
m e t h o d s  ( i )  and  ( i i ) .  ( In  these  cases  s e t t l i ng  t i m e  
was  used  as the  c r i t e r i on  for  d e t e r m i n i n g  the  g r a d e  
of d i spe r s ion . )  

Plating conditions.--The t e m p e r a t u r e  of t h e  
n i c k e l - e l e c t r o l y t e  was  k e p t  a t  50~ the  p H  a t  3.5, 
and  the  c u r r e n t  d e n s i t y  at  2 a m p / d m  2 un less  o t h e r -  
wise  no ted .  

A f t e r  p r e p a r i n g  the  suspens ion  w i t h  A lon  C, t he  
e l e c t r o l y t e  h a d  to be  s t i r r e d  for  48 h r  because  of 
e n t r a p m e n t  of a i r  b y  the  b l e n d i n g  process .  A d d i -  
t ion  of a w e t t i n g  a g e n t  to  p r e v e n t  p i t t i n g  was  neces -  
s a r y  a t  t he  beg inn ing ,  b u t  no a d d i t i o n a l  w e t t i n g  
agen t  h a d  to be  a d d e d  l a te r .  The  anodes  w e r e  h u n g  
in d i a p h r a g m s  m a d e  of d a c r o n - c o t t o n  c lo th  to p r e -  
ven t  c o n t a m i n a t i o n  of t he  e l e c t r o l y t e  w i t h  a n o d e  
s ludge .  A s t e a d y  d e c r e a s e  in  t he  ox ide  c o n c e n t r a -  
t ion  of t he  e l e c t r o l y t e  was  o b s e r v e d  due  to a c c u -  
m u l a t i o n  of t he  ox ide  p a r t i c l e s  ins ide  t h e  d i a -  
p h r a g m s .  

Plating procedures.--The m e c h a n i c a l l y  a n d  e lec -  
t r o l y t i c a l l y  po l i shed  s ta in less  s tee l  ca thodes  w e r e  
e l e c t r o l y t i c a l l y  d e g r e a s e d  in  an  a l k a l i n e  so lu t ion  
c o n t a i n i n g  50 g/1 N a O H  and  25 g/1 Na2CO3 for  

1-2 min.  A f t e r  r i n s ing  in  r u n n i n g  w a t e r ,  f o l l o w e d  b y  
an  ac id  d ip  in  10% H2SO4, a n d  a second  w a t e r  r inse ,  
t he  ca thode  was  t r a n s f e r r e d  to t he  p l a t i n g  t ank .  
P l a t i n g  t i m e  was  a p p r o x i m a t e l y  4 h r  for  a depos i t  
of 100# th ickness .  

Analysis.--In o r d e r  to d e t e r m i n e  the  a m o u n t  of 
A1203 in t he  t es t  samples ,  t he se  s a m p l e s  w e r e  d i s -  
so lved  in  50% HNO8 a f t e r  t es t ing .  The  a l u m i n u m  
o x i d e  was  s e p a r a t e d  f r o m  the  n i c k e l  n i t r a t e  so lu t ion  
b y  c e n t r i f u g i n g  a n d  a f t e r  suff icient  w a s h i n g  and  
d r y i n g  was  w e i g h e d  in  t h e  c e n t r i f u g e  t u b e  on a 
m i c r o b a l a n c e .  

A c c o r d i n g  to t he  m a n u f a c t u r e r ' s  l i t e r a t u r e  t he  
d i f fe ren t  k i n d s  of A1208 w e r e  a n h y d r o u s ,  w i t h  ar~ 
ign i t i on  loss of less  t h a n  3% at  1000~ A specific 
d e n s i t y  of 3.5 was  t h e r e f o r e  a s s u m e d  for  t he  con-  
ve r s i on  of w e i g h t  p e r  cen t  in v o l u m e  p e r  cent .  Tes ts  
w e r e  also m a d e  to i n s u r e  t he  i n s o l u b i l i t y  of the  
a l u m i n u m  ox ides  in  the  50% HNO3 used  for  d i s -  
so lv ing  the  samples .  

Results 

Influence of A1203 content of the electrolyte on 
A1203 content of the deposit.mSince i t  was  s u p p o s e d  
t h a t  the  codepos i t ion  of A120~ d e p e n d s  so le ly  on the  
n u m b e r  of co l l i s ions  b e t w e e n  p a r t i c l e s  and  ca thode ,  
i t  was  e x p e c t e d  t h a t  i n c r e a s i n g  the  c o n c e n t r a t i o n  of 
A1203 in the  e l e c t r o l y t e  w o u l d  also i n c r e a s e  t he  
a m o u n t  of A1203 i m b e d d e d  in t he  n i cke l  m a t r i x .  As  
Fig.  2 shows,  th is  is t he  case  w i t h i n  c e r t a i n  l imi t s  
of e r ro r ,  w h i c h  a r e  p r o b a b l y  due  to t he  a b o v e  m e n -  
t i oned  fac t  t ha t  t he  fine A1203 suspens ion  p e n e t r a t e d  
the  anode  d i a p h r a g m s  and  t h e  pa r t i c l e s  a c c u m u l a t e d  
ins ide  t he  d i a p h r a g m s .  A n  u p p e r  l imi t  was  set  b y  
the  v i scos i ty  of t he  suspens ions ,  w h i c h  m a d e  it, for  
e x a m p l e ,  imposs ib l e  to m a i n t a i n  good s t i r r i n g  ac t ion  
above  50 g/1 A l o n  C. The  use of m e c h a n i c a l  i n s t ead  
of m a g n e t i c  s t i r r e r s  w i l l  p r o b a b l y  p e r m i t  o b t a i n i n g  
a l loys  of a h i g h e r  A1203 c o n t e n t  t h a n  those  r e p o r t e d  
here .  

Inl~uence of temperature, pH, and current density 
on A1203 content of deposit.--The e l e c t r o l y t e  used  to 
s t u d y  the  inf luence  of t e m p e r a t u r e ,  pH, and  c u r r e n t  
d e n s i t y  con t a ined  50 g/1 A l o n  C. As  can  be  seen  f r o m  
Fig.  2, t he  ox ide  c o n c e n t r a t i o n s  a r e  g r e a t l y  s c a t t e r e d  
f r o m  2.0-2.75 v / o  A1203 in t he  deposi t .  F i g u r e s  3 
and  4 show g e n e r a l l y  t h a t  t h e r e  was  l i t t l e  or  no e f -  

o o 

z 

o 
o o 

25 
GKAMS//LITEK AJ, C~ 

Fig. 2. Oxide'content of deposit as a function of oxide content 
of electrolyte; 2 amp/dm2; pH, 3.5; temperature, 50~ 
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Fig. 3. Influence of temperature of the electrolyte on oxide con- 
tent of deposit; 50 g/I AI203; 2 amp/dm2; pH, 3.5. 
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Fig. 4. Dependence of oxide content on current density; 50 g/I 
AI203; pH, 3.5; temperature, 50~ 

fect of t empera tu re  and current  densi ty  on the co- 
deposi t ion of the A1208 with  nickel. In addit ion,  the 
pH value  appeared  to have no influence on the A1203 
concentrat ion in the deposit  be tween pH 2.0 and 5.0 
(see Fig. 5). Below pH 2.0, however ,  a sharp de-  
crease in A1208 concentrat ion was observed.  This is 
in agreement  wi th  observat ions made with  CuSO4- 
type  electrolytes  which contained SiC and A1203 
suspensions. No codeposition of copper and carbide 
or oxide was obtained f rom these electrolytes,  which 
are also opera ted  at pH values below pH 2.0. 

Inf luence 05 A1203 on yield s t r e n g t h . - - T h e  
s t rengthening effect of dispersed A1208 in nickel  was 
inves t iga ted  by  measur ing  the yie ld  s t rength  of the 
alloys at 0.1% offset. The equipment  used was an 
Inst ron Tensile Test ing machine and the appl ied  
s t ra in  ra te  was 0.010 in . / in . /min .  Al l  tests were  car -  
r ied out  at room t empera tu re  (22~ To e l iminate  
the effect of the p la t ing  conditions on the yie ld  
s t rength  by  different  gra in  s t ructure  and orientat ion,  
al l  specimens were  given a heat  t r ea tmen t  pr ior  to 
test ing by  anneal ing at 750~ for 1 hr in dry,  pure  
nitrogen. 

F igure  6 shows the dependence of the yield 
s t rength  on the in te rpar t ic le  spacing. I t  is evident  

d 
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Fig. 5. Effect of pH value on oxide content of deposit; SO g/I 
AI203; 2 amp/dm2; temperature, 50~ 
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Fig. 6. Dependence of the yield strength on the interparticle 
spacing. 

tha t  a dependence  based on the distance be tween 
two par t ic les  is only  val id  for a given par t ic le  d i -  
ameter .  Based on resul ts  obta ined from dispersion of 
e lectrodeposi ted iron par t ic les  in mercury,  M e i k l e -  
john and Skoda (5) proposed a relat ionship,  where  
the yie ld  s t rength  is also a function of the par t ic le  
d iameter ,  and a r r ived  at the equat ion 

ICd) 
•y ---- -b (To 

k - - d  

where  (Ty is the y ie ld  s t rength  of the alloy, k is the 
average  distance be tween centers  of two neighbor ing 
part icles ,  assuming a cubic a r r a y  of the part icles,  d 
is the par t ic le  diameter ,  and (To the yie ld  s t rength  of 
the matr ix ,  and f ( d )  is the slope of the lines and a 
funct ion of the  par t ic le  d iameter .  

F igure  7, in which the slope of the lines are p lot ted  
vs. the par t ic le  diameter ,  shows tha t  also in this in-  
vest igat ion f ( d )  = ad where  a is constant.  

Since it has been shown (5) tha t  X/d = 0.82/f 1/3, 
where  5 is the volume fract ion of the dispersed 
phase, Fig. 8 represents  the plot  of the yie ld  s t rength  
as a function of the volume fract ion according to the 
equat ion by Meikle john and Skoda 

O, " f l / 3  
cry = , ~ (To 

( 0 . 8 2 -  51/3) 

Discussion 

The resul ts  of this inves t igat ion are obta ined from 
dispersions of spheres  of discrete size and re la t ive ly  
uniform dis t r ibut ion  as shown in Fig. 9, which shows 
an e lec t ronmicrograph of a dispersion of Alon C in 

"1o 

o 

O.I 0-2 0.3 ~ 4  
d ( m i c r o n s )  

Fig. 7. Slope of the lines of Fig. 6 plotted vs. particle size 
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Fig. 8. Yield strength as a function of the volume fraction; A ,  
0.02~; V1, 0.1~; e, 0.3~. 

Fig. 9. Electromicrograph of Ni-AI203 alloy containing 2.5 v/o 
Alon C. Magnification approximately 50,000X. 

n icke l  a t  50,000 magni f i ca t ion .  The  p a r t i c l e  size 
m e a s u r e m e n t s  f rom this  p i c tu r e  show a s h a r p  p e a k  
at  a p a r t i c l e  size of 210A c o m p a r e d  to t he  l i t e r a t u r e  
v a l u e  of 200A for  t he  u n d i s p e r s e d  powde r .  I t  is 

p r o b a b l y  th is  fac t  t ha t  g ives  the  good a g r e e m e n t  
w i t h  t he  r e su l t s  r e p o r t e d  for  d i spe r s i on  of i r on  p a r -  
t ic les  in  m e r c u r y .  C o h e r e n c y  p r o b l e m s  a re  e l i m i -  
na t ed ,  s ince  t h e r e  is de f in i t e ly  no cohe rence  b e t w e e n  
m a t r i x  and  d i s p e r s e d  p h a s e  t h r o u g h o u t  t he  en t i r e  
p a r t i c l e  size range .  

I t  is t h e r e f o r e  b e l i e v e d  t h a t  e l e c t r o d e p o s i t i o n  is a 
su i t ab l e  p rocess  to c o m p e t e  w i t h  s i n t e r i ng  and  in -  
t e r n a l  o x i d a t i o n  in  o r d e r  to  o b t a i n  d i spe r s i on  h a r d -  
ened  a l loys  bo th  for  mode l s  in  s t u d y i n g  m e c h a n i s m s  
of d i spe r s i on  s t r e n g t h e n i n g  and  for  t e c h n i c a l  a p p l i -  
cat ions.  

Two fac to rs  a r e  cons ide red  e spec i a l l y  f a v o r a b l e  
for  th is  p rocess ing  me thod .  

a. The  suspens ion  of t he  second  p h a s e  in aqueous  
so lu t ions  r educes  c lu s t e r ing  and  a g g l o m e r a t i o n  of  
the  submic roscop ic  pa r t i c l e s ,  t hus  p r o d u c i n g  a v e r y  
u n i f o r m  d i spe r s i on  of t he  second  phase  in  t he  m a t r i x .  

b. The  economica l  w a y  of e lec t ro lys i s .  By  us ing  
d i spe r s ion  s t r e n g t h e n e d  shee t s  of 0.1 m m  th i ckness  
as ca thodes ,  p l a t e s  up  to 10 m m  th i ckness  h a v e  been  
ob ta ined .  

The  i m p r o v e d  r o o m  t e m p e r a t u r e  p r o p e r t i e s  and  
the  m i c r o s t r u c t u r e  of t he se  a l loys  i nd i ca t e  t h a t  s i m i -  
l a r  i m p r o v e m e n t s  for  the  h igh  t e m p e r a t u r e  b e h a v i o r  
can  be  expec ted ,  as w e r e  r e p o r t e d  for  bo th  s i n t e r e d  
and  i n t e r n a l l y  ox id i zed  m e t a l - m e t a l  ox ide  a l loys .  

Manuscr ipt  rece ived  Oct. 26, 1962; revised manuscr ip t  
rece ived  Jan.  15, 1963. This pape r  was p repa red  for  
de l ivery  before  the  Boston Meeting, Sept.  16-20, 1962. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL. 
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The Mutual Solid Solubility of Hafnium Carbide 
and Uranium Monocarbide 
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ABSTRACT 

In contras t  to the  misc ib i l i ty  gap which ear l ie r  worke r s  have r epor t ed  for 
the sys tem HfC-UC, the present  work  demonst ra tes  complete  solid solubi l i ty  
of these carbides  at  2000~ Inc luded are the  prepara t ion ,  heat ing conditions,  
x - r a y  data,  and chemical  analysis  of the  s ta r t ing  mate r ia l s  and the solid 
solutions. 

The  p s e u d o b i n a r y  sys t ems  of u r a n i u m  c a r b i d e  
w i t h  t he  ca rb ides  of  z i rcon ium,  t a n t a l u m ,  and  n io -  
b i u m  h a v e  been  i n v e s t i g a t e d  b y  N o w o t n y ,  Kief fer ,  
Benesovsky ,  and  L a u b e  (1) ,  as w e l l  as B r o w n l e e  
(2) .  The  m u t u a l  s o l u b i l i t y  of u r a n i u m  c a r b i d e  and  
z i r con ium c a r b i d e  has  also been  conf i rmed  b y  W i t t e -  
man ,  L e i t n a k e r ,  and  B o w m a n  (3) .  W o r k  on u r a n i u m  

c a r b i d e  w i t h  h a f n i u m  c a r b i d e  has  been  r e p o r t e d  b y  
N o w o t n y ,  Laube ,  Kieffer ,  and  B e n e s o v s k y  (4 ) ;  
N o w o t n y ,  Kieffer ,  Benesovsky ,  B ruk l ,  and  R u d y  (5)  
fo l lowed  b y  a s t u d y  of t he  t e r n a r y  u r a n i u m - h a f -  
n i u m - c a r b o n  b y  B e n e s o v s k y  and  R u d y  (6) .  The  las t  
t h r e e  r e f e r ences  b a s e d  p r e s u m a b l y  on the  s ame  d a t a  
i nd i ca t e  a m i s c i b i l i t y  gap  in  t he  H f C - U C  sys tem.  
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Table I. Atomic diameters of Group 4a and 5a transition metals 
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D i a m e t e r  in  L a t t i c e  p a r a m e t e r s  
M e t a l  A fo r  m e t a l  i n  A for  MC 

V 2.63 4.166 
Ti 2.79 4.332 
Ta 2.92 4.456 
Nb 2.93 4.471 
Hf 3.10 4.641 
Zr 3.16 4.702 
U 3.42 4.958 

A s s u m i n g  d e  ~ 1.54 f r o m  P a u l i n g  

Table II. Size difference for the metals in carbide pairs 

% Dif fe rence  % Di f fe rence  
s m a l l e r  l a r g e r  

Ca rb ide  pa i r  as s o l v e n t  as s o l v e n t  

UC-ZrC 8.2 7.6 
UC-HfC 10.3 9.4 
UC-NbC 16.7 14.3 
UC-TaC 17.1 14.6 
UC-TiC 22.2 18.4 
UC-VC 30.0 23.1 

This  f inding seemed to cont rad ic t  ea r l ie r  w o r k  by  
the  p resen t  inves t iga tors  and  the  pred ic t ions  of the  
empi r i ca l  "size factor"  ru le  of H u m e - R o t h e r y  (7) .  

There  are severa l  methods  of q u a n t i t a t i v e l y  ex -  
p ress ing  "size factor,"  all  of which  are  based  o n  how 
the  a tom size is defined. The  au thors  have  chosen to 
use  the d i ame te r  of the  me t a l  f rom the  monoca rb ides  
a s suming  P a u l i n g ' s  va lue  for the ca rbon  d i ame te r  to 
be 1.54A (8).  Tab le  I shows the a tomic d iamete r s  of 
the Group  4a and  5a t r ans i t i on  meta l s  and  the  cell 
d imens ions  for the i r  cubic  monocarb ides .  

Us ing  the  differences in  the  meta l l i c  d iamete r s  on 
the basis  of the  monocarb ides ,  the  pe rcen tage  size 
differences can t h e n  be ca lcula ted  for the  l is ted car -  
b ide  pai rs  shown  in  Tab le  II. 

The sys tems VC-UC and  T i C - U C  are  outs ide the  
l imi t  of the  size factor  ru le  and  wou ld  therefore  be 
expected  to have  a misc ib i l i ty  gap. These  gaps have  
been  e x p e r i m e n t a l l y  observed  by  N o w o t n y  e t  al .  

(1) .  A l t h o u g h  T a C - U C  and  N b C - U C  are at the  l imi t  
of the size factor  rule ,  m u t u a l  solid so lubi l i ty  has 
been  observed  (1, 2) for these  sys tems as wel l  as 
Z r C - U C  which  falls wel l  w i t h i n  this  ru le  (1 -3) .  
Thus,  the  behav io r  of HfC-UC wou ld  appear  to be 
anomalous  as repor ted  by  the  p rev ious  (4-6)  i n -  
vest igators .  

Exper imental  

This inves t iga t ion  can thus  be d iv ided  in to  two 
areas. The first i nvo lved  the  use of h a f n i u m  carbide  
p r epa red  f rom HfO2 (con ta in ing  1.8% Zr)  wh ich  
was  reac ted  wi th  carbon.  Since the h a f n i u m  con-  
t a ined  1.8% z i rconium,  it  migh t  be possible to in fe r  

tha t  i t  con t r i bu t ed  to increased  so lub i l i ty  of the  ha f -  
n i u m  c a r b i d e - u r a n i u m  carb ide  system. Thus  a def in-  
i t ive  e x p e r i m e n t  wou ld  be one on which  the  z i r -  
con ium con ten t  of the  h a f n i u m  carb ide  wou ld  be 
negl ig ib le .  In  the  second phase,  e x t r e m e l y  h igh-  
p u r i t y  h a f n i u m  m e t a l  (<200 p p m  Zr)  was  reac ted  
wi th  outgassed g raph i t e  to fo rm HfC0.97. The UC 
used wi th  bo th  ba tches  of HfC was p r e p a r e d  by  arc-  
me l t i ng  u r a n i u m  wi th  ca rbon  to give a n o m i n a l  UC. 
A long  t ime i n t e r v a l  b e t w e e n  the  ear l ie r  w o r k  and  
la te r  work  necess i ta ted  us ing  UC of d i f ferent  in i t i a l  
composi t ions.  Tab le  I I I  gives ana ly t i ca l  da ta  for the 
s t a r t ing  mater ia l s .  

The  carb ide  powders  used were  --325 mesh.  The  
e x p e r i m e n t s  consis ted essen t ia l ly  in  hea t ing  a m i x -  
t u r e  of f inely d iv ided  carb ide  powder  in  an  outgassed 
t u n g s t e n  cruc ib le  at  2100 ~ • 100~ at 10 -~ Torr  for 
most  of the  work.  For  the  work  us ing  h i g h - p u r i t y  
h a f n i u m  carbide,  the  hea t ing  was  done at  2000 ~ 
• 1 7 6  at  10 -5 to 10 -6 Torr .  O n e - h a l f  per  cent  of 
ana ly t i ca l  r eagen t  grade  r educed  i ron  powder  was 
added to the m i x t u r e s  to accelera te  a c h i e ve men t  of 
solid solut ions  (9) .  Ana lyses  of the reac ted  speci-  
mens  showed tha t  p rac t ica l ly  all  the  i ron  was  evap -  
ora ted  d u r i n g  the  hea t ing  process. 

The  ana ly t i ca l  da ta  disclosed a s l ight  t u n g s t e n  
p ickup  on hea t ing  us ing  a t u n g s t e n  crucible .  Con-  
sequen t ly ,  the  hea t ing  us ing  h i g h - p u r i t y  HfC was 
done in  a t a n t a l u m  crucib le  whose in t e r io r  a nd  l id 
were  carb ided  to a few mils  depth.  The  ca rb id ing  
m i n i m i z e d  the  p ickup  of meta l l i c  t a n t a l u m .  

The  hea t ing  was  done i n d u c t i v e l y  us ing  an  eddy 
c u r r e n t  concen t ra to r  as eng inee red  by  Dona ld  Hull ,  
Jr .  of this  Labora to ry .  1 

In  all  cases the  en t i r e  compact  was  r e move d  f rom 
the  cruc ib le  af ter  cooling a nd  c rushed  in  a "d ia -  
m o n d "  or h a r d e n e d  steel  m o r t a r  in  a d ry  box. A 
r ep re sen t a t i ve  sample  was  g r o u n d  in to  powder  for 
la t t ice  p a r a m e t e r  me a su r e me n t s .  The x - r a y  samples  
were  sealed in  L i n d e m a n n  glass capil lar ies ,  and  the  
x - r a y  diffract ion s tudies  were  car r ied  out  on a 
Norelco u n i t  u s ing  n icke l  f i l tered copper  r ad ia t ion  
a nd  a 114.59 m m  D e b y e - S c h e r r e r  camera .  

The  x - r a y  w a ve l e ng t h s  used in  ca lcu la t ing  the  
la t t ice  p a r a m e t e r s  were :  K~I ~ 1.54051A; Ka2---- 
1.54433A and  a we igh ted  va lue  (for un re so lved  
double t s )  of Ka  z 1.54178A. 

Results 

The repor ted  ao values  are the a r i thme t i c  average  
of the  ca lcula ted  ao values  based on the  last  3 or 4 
double t s  (reflect ions g rea te r  t h a n  60~ The e r ror  is 
r epor ted  as the average  dev ia t ion  f rom this  va lue  for 
those reflections. The  resul ts  are  expressed  in  a n g -  

1 D r a w i n g s  of a n  ea r ly  d e s i g n  m a y  be o b t a i n e d  f r o m  C o o p e r - T r e n t  
B l u e p r i n t  and  Mic ro f i lm  Corpo ra t i on ,  2701 W i l s o n  B lvd . ,  A r l i n g t o n ,  
V i rg in i a ,  D r a w i n g s  26Y-70250-1 t h r o u g h  32. 

Table III. Analytical data on starting materials 

La t t i c e  p a r a m e t e r  a n d  ca rb ide  % Meta l  % To ta l  c a r b o n  % F r e e  ca rbon  M a j o r  i m p u r i t y  

UC ao z 4.958 • 0.002 
HfC ao ~ 4.641 _ 0.001 
UC ao ---- 4.961 _ 0.001 
HfC ao ~ 4.640 _ 0.001 

93.2 6.2 0.4 600 ppm Fe 
92.3 5.4 - -  1.8% Zr 
94.23 5.42 <500 ppm 200 ppm Fe, Si and Mo 100 ppm 
93.84 6.31 0.19 ~200 ppm Zr 



562 JOURNAL OF THE ELECTROCHEMICAL SOCIETY June 1963 

Table IV. Solid solubility of UC-HfC at 2100 ~ ___ 100~ 

Mole  f r a c t i o n  L a t t i c e  c o n s t a n t  C a l c u l a t e d  l a t t i c e  c o n s t a n t  
HfC IJC H e a t i n g  t ime ,  h r  X - r a y  p a t t e r n  f o u n d  A V e g a r d  Z e n  

1.00 - -  - -  Doublets resolved 4.640 • 0.001 - -  - -  
0.90 0.10 2.5 Doublets resolved 4.674 • 0.002 4.672 4.674 
0.70 0.30 5.0 Doublets resolved 4.714 • 0.002 4.735 4.739 
0.50 0.50 2.0 Doublets resolved 4.796 ___ 0.002 4.799 4.804 
0.50* 0.50 2.0 Doublets unresolved 4.798 • 0.002 4.799 4.804 
0.35 0.65 10.0 Doublets unresolved 4.843 ___ 0.003 4.847 4.851 
0.20 0.80 8.0 Doublets unresolved 4.903 ___ 0.001 4.894 4.898 
0.10 0.90 10.0 Doublets resolved 4.918 • 0.001 4.926 4.928 
- -  1.00 - -  Doublets resolved 4.958 • 0.002 - -  - -  

* U s i n g  h i g h - p u r i t y  t t f C  ( ~ 2 0 0  p p m  Zr ) .  

s t rom uni ts .  Table  IV summar i zes  the condi t ions  and  
f indings  of these  e x p e r i m e n t s  compared  to the  ca lcu-  
la ted  la t t ice  p a r a m e t e r s  a s suming  the n o r m a l  
s t ra igh t  l ine  re la t ionsh ip  of Vegard  (10).  Also shown  
in  Table  IV are va lues  for the la t t ice  p a r a m e t e r s  of 
the  solid solut ions  based on a m a t h e m a t i c a l  t r e a t -  
m e n t  for Vegard ' s  r e la t ionsh ip  fo rmu la t ed  by  Zen  
(11).  Using Vegard ' s  r e la t ionsh ip  the expressed  l a t -  
tice p a r a m e t e r  is p ropor t iona l  to the  mole  f rac t ion  
itself, whereas  Zen ' s  equa t ion  makes  the  la t t ice  
p a r a m e t e r  p ropor t iona l  to the cube root  of the mole  
fract ion.  The  ne t  resul t ,  at least  in  this  system,  is 
about  the  same. The  da ta  f rom Tab le  IV are also 
shown in  Fig. 1. 

Severa l  samples  were  chemica l ly  ana lyzed  af ter  
hea t ing  for ha fn ium,  u r a n i u m ,  carbon,  and  possible 
con taminan t s .  The m i x t u r e s  had o r ig ina l ly  been  
weighed  a s suming  con fo rma t ion  to theore t ica l  com-  
posit ion.  On the basis  of the ana ly t i ca l  da ta  l is ted in 
Table  V, the  composi t ion  af ter  h e a t i n g  r e m a i n e d  es- 
sen t i a l ly  cons tan t  except  for the  s l ight  t u n g s t e n  
pickup.  

Discussion 

Both pu re  HfC and  HfC con ta in ing  z i r con ium form 
con t inuous  solid solut ions  wi th  UC at 2000~176 
It would  be des i rab le  to reconci le  these f indings wi th  
the  misc ib i l i ty  gap ex t end ing  f rom 35 to 65 m / o  re -  
por ted  by  the  A u s t r i a n  inves t iga tors  (5) .  Since they  
did no t  give comple te  ana ly t i ca l  data,  it  is diffi- 
cul t  to compare  the  var ious  s t a r t ing  carbides.  For  i n -  
stance,  the au thors  have  found  a la t t ice  p a r a m e t e r  
of 4.6406 • 0.0009 for HfC0.90. Yet  the la t t ice  p a r a m -  
eter  r epor ted  by  the  A u s t r i a n  inves t iga tors  (4, 5) for 
HfC0.97 (on the  basis of the i r  ana lys i s  for on ly  ca r -  
bon)  gives a va lue  of a o  ~ 4.632 which  is low w h e n  
compared  w i th  the da ta  of Cotter  and  K o h n  (12) 
(4.640A) and  Curt is ,  Doney,  and  Johnson  (13) 

Table V. Analytical 

4 . 9 0  

4.85 

i <  
_z 

t- 4.80 

~ 4.'/5 

.J 

4.70 

4 .65  

4 . 6 0  
UC I0 20 ~O 4 0  5 0  6 0  7 0  6 0  9 0  HFC 

COMPOSITION (MOLE % HFC) 

Fig. 1. Lattice parameter vs.  nominal molar composition; % HfC 
(1.8% Zr); ~ ,  HfC ( ~  200 ppm Zr). 

(4.6365 • 0.0002). Indeed  us ing  the  da ta  of Cot ter  
and  Kohn,  a va lue  of HfC0.7~ can be ascr ibed to the 
HfC repor ted  by  the  A u s t r i a n  group. The  e x p l a n a -  
t ion  of the  difference in  f indings  on the  basis  of n o n -  
i n t eg ra l  s to ich iomet ry  is obv ious ly  no t  definit ive.  

Yet ano the r  difference in  e x p e r i m e n t a l  t e chn ique  
is the  add i t ion  of the  ~/2 % reduced  i ron  powder  in  
the p resen t  work  to accelerate  solid so lu t ion  f o r m a -  

data on solid solutions 

N o m i n a l  
so l id  so lu t ion ,  

mo le  % C a l c u l a t e d  in  w / o  

HfC U C  U Hf  C 

F o u n d  i n  w / o  S u m m a t i o n  

U Hf  C W 

10 90 87.77 7.31 4.92 
35 65 67.49 27.26 5.24 
50 50 54.02 40.52 5.45 
70 30 34.26 59.98 5.76 

86.1 8.2 4.84 0.64 99.78 
65.6 28.8 5.18 0.96 100.5 
54.1 40.6 5.16 d0.1* 99.86 
32.1 58.5 5.73 3.7 100.0 

* T a n t a l u m .  
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tion. Therefore ,  it  is possible tha t  the  misc ib i l i ty  gap 
others  have  r epor t ed  represen t s  a n o n e q u i l i b r i u m  
condi t ion  due  to insuff icient  hea t ing  t ime.  

Possible  differences in  t e m p e r a t u r e  read ings  were  
also cons idered  as was  a misc ib i l i ty  gap at  lower  
t empera tu res .  In  order  to inves t iga te  this  possibi l i ty ,  
a solid so lu t ion  n o m i n a l l y  40 m / o  HfC-60 m / o  UC 
was first f o rmed  at 2000~ This was t h e n  hea ted  for 
333 hr  at  1700~ in  h igh  vacuum.  Some u r a n i u m  
was lost, t u n g s t e n  was  p icked up, b u t  the solid so lu-  
t ion  con t i nued  to pers is t  in  the r ange  where  the  gap 
had  been  repor ted .  

Conclusions 
F r o m  this  s tudy,  it is a p p a r e n t  tha t  the pseudo-  

b i n a r y  carb ide  sys tem UC-HfC  forms a con t inuous  
solid solut ion.  The composi t ion  vs. la t t ice  p a r a m e t e r  
plot closely approx ima tes  Vegard ' s  re la t ionship .  
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Interpretation of Knudsen Vapor-Pressure Measurements 

on Porous Solids 
Gerd M. Rosenblatt 

Department of Chemistry, and Inorganic Materials Division of the 
Lawrence Radiation Laboratory, University of Cali]ornia, Berkeley, California 

ABSTRACT 

A simple steady-state model is used to describe the vaporization, in a 
Knudsen  cell, of a porous solid having a low vaporization coefficient. The 
description is in  terms of the effective vaporizing area of the solid. The na ture  
of the effective area and the assumptions in the model are investigated. Pro-  
cedures to obtain the equi l ibr ium pressure and vaporization coefficient from 
pressures measured by vary ing  the cell and sample geometry are discussed. 
A one-parameter ,  empirical equat ion is presented which accurately repre-  
sents measurements  of the vapor pressure of porous arsenic taken over a 
large range of Knudsen-ce l l  orifice areas. 

The K n u d s e n  effusion me thod  is w ide ly  used to 
measu re  low vapor  pressures .  I t  is somet imes  diffi- 
cul t  to re la te  the pressures  ob ta ined  f rom such 
m e a s u r e m e n t s  to the  e q u i l i b r i u m  vapor  pressure .  
This is p a r t i c u l a r l y  t rue  w h e n  the  subs tance  u n d e r  
i nves t iga t ion  has a low vapor iza t ion  coefficient. 
Motzfeldt  (1) has used a s t eady- s t a t e  approach  to 
re la te  the  m e a s u r e d  and  e q u i l i b r i u m  pressures  for 
a l iqu id  h a v i n g  a low vapor iza t ion  coefficient. The 
vapor iz ing  area  of the  l iqu id  was  t a k e n  to be equa l  
to the  c ross-sec t ional  area  of the  K n u d s e n  cell. Thus  
the  resul t s  do no t  app ly  to porous  solid samples.  

In  this  paper  Motzfeldt ' s  equa t ion  is genera l ized  
to inc lude  solid samples  wi th  an  effective vapor iz ing  
a rea  di f ferent  f rom the  cross-sec t ional  area  of the  
cell, and  the  n a t u r e  of the  effective vapor iz ing  area  
is inves t iga ted .  A l t h o u g h  the  equa t ions  der ived  
f rom the  rough  model  employed  should no t  be used 
to ca lcula te  the  e q u i l i b r i u m  pressure  and  the  v a -  
por iza t ion  coefficient f rom the  m e a s u r e d  p ressure  
and  o ther  e x p e r i m e n t a l l y  a m e n a b l e  quant i t i es ,  they  
m a y  serve as some guide  to p rope r  e x p e r i m e n t a l  
p rocedure  and  wi l l  serve  to po in t  out  the  quan t i t i e s  
which  are sens i t ive  to the  p a r t i c u l a r  mode l  chosen. 
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Recogn i t i on  and  in spec t ion  of t he  a s s u m p t i o n s  in 
the  s imp le  m o d e l  also he lp  to i n t e r p r e t  e x p e r i m e n t a l  
r e su l t s  a n d  to d e t e r m i n e  the  t y p e  of i n f o r m a t i o n  
w h i c h  is o b t a i n e d  f r o m  n o n e q u i l i b r i u m  K n u d s e n  
m e a s u r e m e n t s .  

In  a d d i t i o n  a s i m p l e  e m p i r i c a l  e q u a t i o n  is p r e -  
s en t ed  w h i c h  has  been  f o u n d  to r e p r e s e n t  a c c u r a t e l y  
the  m e a s u r e d  v a p o r  p r e s s u r e  of porous ,  sol id  a r sen ic  
as a func t ion  of t he  orif ice a r ea  of t he  K n u d s e n  cell .  

Background and Definitions 
The  p r e s s u r e  m e a s u r e d  in  a K n u d s e n  effusion e x -  

p e r i m e n t  is 
P m =  qG/Waa [1]  

w h e r e  q is t he  n u m b e r  of mo les  of v a p o r  w h i c h  
escape  t h r o u g h  the  orif ice of a r e a  a in  un i t  t ime ,  
Wa is t he  f r ac t i on  of t he  mo lecu l e s  e n t e r i n g  the  
orif ice w h i c h  ex i t  f r o m  it, and  G ~- ( 2 ~ R M T )  1/'2 
w h e r e  M is t he  m o l e c u l a r  w e i g h t  of the  gaseous  
species .  The  f r a c t i o n  W ,  was  first  c a l c u l a t e d  b y  
C laus ing  (2)  u n d e r  t he  a s s u m p t i o n  t h a t  t h e  m o l e -  
cules  e n t e r  the  orif ice w i t h  a cosine a n g u l a r  d i s t r i -  
but ion .  The  e q u i l i b r i u m  v a p o r  p r e s s u r e  sha l l  be  
d e n o t e d  b y  Pe. 

The  v a p o r i z a t i o n  coefficient,  av, m a y  be  def ined  as 
t h e  r a t i o  of t he  n u m b e r  of mo lecu le s  a c t u a l l y  e v a p -  
o r a t i n g  f r o m  un i t  a r e a  of p l a n e  su r f ace  in un i t  t i m e  
to t h e  n u m b e r  of  mo lecu l e s  w h i c h  a r e  c a l c u l a t e d  to 
s t r i ke  t h a t  su r f ace  in  un i t  t ime  w h e n  t h e  su r f ace  is 
in  e q u i l i b r i u m  w i t h  v a p o r  a t  Pe. T h e  coefficient  av 
is c lose ly  r e l a t e d  to ae, t he  c o n d e n s a t i o n  coefficient,  
w h i c h  is t he  f r ac t ion  of  mo lecu le s  s t r i k i n g  a p l a n e  
su r f ace  w h i c h  s t icks  to t he  sur face .  A t  e q u i l i b r i u m ,  
av = ac. As  v a p o r i z a t i o n  and  c o n d e n s a t i o n  coeffici-  
en t s  ref lect  the  a c t i v a t i o n  e n e r g y  n e e d e d  for  these  
processes ,  the  coefficients a r e  e x p e c t e d  to v a r y  w i t h  
t e m p e r a t u r e .  The  d i scuss ion  in th is  p a p e r  is r e -  
s t r i c t e d  to  v a p o r i z a t i o n  a n d  c o n d e n s a t i o n  coeffici-  
en t s  a t  a s ingle  t e m p e r a t u r e .  

A l t h o u g h  mos t  m e t a l s  h a v e  been  found  to h a v e  
v a p o r i z a t i o n  and  c o n d e n s a t i o n  coefficients c lose to 
un i ty ,  m a t e r i a l s  w h i c h  v a p o r i z e  to m o l e c u l a r  g a s e -  
ous species  s o m e t i m e s  h a v e  v e r y  s m a l l  v a p o r i z a t i o n  
coefficients.  This  a p p e a r s  to be  p a r t i c u l a r l y  l i k e l y  
w h e n  the  s t r u c t u r e  of t he  gaseous  m o l e c u l e  dif fers  
a p p r e c i a b l y  f rom the  s t r u c t u r e  ex i s t i ng  in the  sol id  
l a t t i c e  (3, 4) .  

O the r  fac to rs  m a y  cause  subs t ances  to v a p o r i z e  
m o r e  s l o w l y  t h a n  w o u l d  b e  c a l c u l a t e d  f r o m  the  
e q u i l i b r i u m  v a p o r  p r e s s u r e :  The  t e m p e r a t u r e  of a 
v a p o r i z i n g  su r f ace  m a y  no t  be  the  s a m e  as t he  t e m -  
p e r a t u r e  of the  b u l k  s a m p l e  if  t h e r e  is a l a r g e  ne t  
f lux of v a p o r i z i n g  m a t e r i a l ,  r e s u l t i n g  in an  a p p a r e n t  
low v a p o r i z a t i o n  coefficient  (5) .  Or,  w i t h  s a m p l e s  
c on t a in ing  m o r e  t h a n  one componen t ,  s o l i d - s t a t e  
d i f fus ion m a y  be  the  r a t e - d e t e r m i n i n g  process ,  p a r -  
t i c u l a r l y  if t he  s a m p l e  does  not  v a p o r i z e  c o n g r u e n t l y .  

Motzfeldt 's  equat ion.- -Motz fe ldt  (1)  cons ide red  
t h e  effect  on Pm of a l ow  v a p o r i z a t i o n  coefficient  
and  of t he  r e s i s t ance  to f low of t he  K n u d s e n  cel l  
p r ope r .  I t  was  a s s u m e d  t h a t  the  v a p o r i z a t i o n  coeffi- 
c ien t  is i n d e p e n d e n t  of p r e s su re ,  i.e., of the  e x t e n t  
of  s a t u r a t i o n  of the  v a p o r  ove r  t he  e v a p o r a t i n g  s u r -  
face,  and  thus ,  t ha t  ~ = ae a t  a l l  p re s su res .  M o t z -  

f e ld t ' s  resu l t ,  for  a c y l i n d r i c a l  cel l  of c ro s s - s e c t i ona l  
a r e a  B con ta in ing  a s a m p l e  of  t h e  s ame  v a p o r i z i n g  
a rea ,  w i th  ce l l  C laus ing  f ac to r  WB a n d  orif ice a r e a  
a, is 

Re _ 1 + 2 +--~- [2] 
Pm - g - -  - 2 - -  

T h e  s y m b o l  a w i t h o u t  a s u b s c r i p t  r e p r e s e n t s  the  
v a p o r i z a t i o n  a n d / o r  c o n d e n s a t i o n  coeff icient  w h e n  
these  a r e  e q u i v a l e n t  and  cons tan t ,  a n d  d i s t inc t ion  
is u n w a r r a n t e d .  W h i t m a n  (6)  h a d  o b t a i n e d  an  
e q u i v a l e n t  r e s u l t  p r e v i o u s l y  b y  a m o r e  c o m p l e x  
de r iva t ion .  A s o m e w h a t  s i m p l e r  e q u a t i o n  has  been  
p r e s e n t e d  b y  S p e i s e r  and  J o h n s t o n  (7 ) ,  a n d  Ross-  
m a n  and  Y a r w o o d  (8) ,  and  others .  These  a u t h o r s  
cons ide red  the  ease  w h e r e  t he  cel l  r e s i s t a nc e  can  
be  neg l ec t ed  (We = 1) and  w h e r e  t he  orif ice is 
suff ic ient ly  s m a l l  so t ha t  t he  p r e s s u r e  t h r o u g h o u t  
t he  cel l  is e s s e n t i a l l y  u n i f o r m  (W~a < <  B) .  In  t ha t  
case, on ly  a low v a p o r i z a t i o n  coefficient  causes  Pm 
to d e v i a t e  f r o m  Pc. A t  these  l imi t s ,  Eq. [2]  r educes  
to t h e i r  r e su l t  

Pe Waa 
- - =  1 + -  [3J 

P,,  aB 

A l l  these  a u t h o r s  m e n t i o n  t ha t  the  ef fec t ive  v a p o r -  
iz ing a r e a  of a po rous  sol id  w i t h  a low v a p o r i z a t i o n  
coefficient  w i l l  be  g r e a t e r  t han  the  c ro s s - s e c t i ona l  
a r e a  of t he  cell .  

Assumpt ions . - -The  d e r i v a t i o n  of Eq. [2]  i nvo lves  
a s s u m p t i o n s  a d d i t i o n a l  to those  of a p l a n e  v a p o r i z -  
ing su r f ace  and  av = ac i n d e p e n d e n t  of p re s su re .  
Some  of  these  a r e  the  a s s u m p t i o n s  u s u a l l y  m a d e  in 
ca l cu l a t i ng  t h e  p r o p e r t i e s  of d i l u t e  gas  sys tems ,  
such  as: col l i s ions  b e t w e e n  mo lecu l e s  can  be  n e g -  
lec ted ,  and  molecu le s  a r e  re f lec ted  f rom a su r face  
w i t h  a cosine a n g u l a r  d i s t r i b u t i o n  i n d e p e n d e n t  of 
t h e  i n c i d e n t  d i rec t ions .  These  cond i t ions  can  be  
c lose ly  r e a l i z e d  at  low p r e s s u r e s  w h e r e  t he  m e a n  
f ree  p a t h  of t he  v a p o r  is g r e a t e r  t h a n  the  d i m e n -  
sions of t h e  cell .  The  mo lecu l e s  a r e  also a s s u m e d  to 
r e b o u n d  f rom the  s a m e  p o i n t  a t  w h i c h  t h e y  s t r i ke  
a sur face ,  w i t h o u t  s k i d d i n g  or  d i f fus ing  ove r  the  
sur face .  Sea r s  (9)  and  W i n t e r b o t t o m  a n d  H i r t h  
(10) have  que s t i one d  this  a s s u m p t i o n  and  h a v e  ca l -  
c u l a t e d  t h e  c o n t r i b u t i o n  of su r f ace  d i f fus ion a long  
the  wa l l s  of the  orif ice to t he  t o t a l  flow f rom a 
K n u d s e n  cell .  

The  d e r i v a t i o n s  c i t ed  a b o v e  i nvoke  f u r t h e r  a s -  
sumpt ions .  T h e  m o l e c u l a r  flow across  a h o r i z o n t a l  
p l a n e  of t he  cel l  is cons ide red  u n i f o r m  ove r  t he  
p lane .  Car l son  (11)  has  d e m o n s t r a t e d  t h a t  r i g o r o u s  
a p p l i c a t i o n  of t he  cosine re f lec t ion  l a w  in a ca l cu -  
l a t ion  of t he  t y p e  c a r r i e d  out  b y  C laus ing  (2)  l eads  
to a r a d i a l  d e p e n d e n c e  of t h e  mass  flow across  a 
p l a n e  p e r p e n d i c u l a r  to t h e  ax i s  of a c y l i n d r i c a l  
K n u d s e n  cell .  T h e  d e r i v a t i o n  of Eq. [2]  w h i c h  
m a k e s  use  of t he  C l a u s i n g  f ac to r  for  t he  cell ,  We, 
also r e q u i r e s  t ha t  t he  C laus ing  f ac to r  for  t he  m o l e -  
cu les  r e b o u n d i n g  off t he  top  of t he  cel l  a f t e r  a c e r -  
t a i n  f r ac t i on  h a v e  been  los t  t h r o u g h  the  orif ice be  
t he  s ame  as if  t he  r e b o u n d i n g  molecu le s  h a d  v a p o r -  
ized u n i f o r m l y  f r o m  the  w h o l e  cel l  c ro s s - s e c t i ona l  
a rea .  The  m a g n i t u d e  of  t he  e r r o r  due  to these  l as t  
two  a s s u m p t i o n s  has  been  d i scussed  b y  W h i t m a n  
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(6) ,  Ca r l son  (11) ,  and  Ba l son  (12) .  Ba l son  p r e -  
sents  n u m e r i c a l  ca l cu la t ions  of the  f r ac t i on  e s c a p -  
ing t h r o u g h  the  orif ice w h i c h  shou ld  be  m o r e  ac -  
c u r a t e  t h a n  the  use  of t he  cel l  C laus ing  fac tor ,  W~. 

Model Applicable to Solid Samples 
In  th is  sec t ion  the  s t e a d y - s t a t e  a p p r o a c h  used  b y  

Motz fe ld t  is e x t e n d e d  to cover  t he  g e n e r a l  case  in 
w h i c h  the  s a m p l e  has  an  ef fec t ive  v a p o r i z i n g  a r e a  
d i f fe ren t  f r o m  the  c ro s s - s ec t i ona l  a r e a  of t he  cell .  
The  a s s u m p t i o n s  m a d e  in  d e r i v i n g  Eq. [2]  a r e  also 
m a d e  here .  The  effect of these  a s s u m p t i o n s  wi l l  be  
d i scussed  f u r t h e r  be low.  I t  is a s s u m e d  t h a t  ~ = Re = 
c o n s t a n t  a a t  a l l  p re s su res ,  no t  b e c a u s e  a s t e a d y -  
s t a t e  a p p r o a c h  r e q u i r e s  th is  a s sumpt ion ,  b u t  b e -  
cause  t h e  f u n c t i o n a l  f o r m  of t h e  poss ib l e  v a r i a t i o n  
of ~c and  ~v w i t h  p r e s s u r e  is u n k n o w n .  The  m o d e l  
p r e s e n t e d  h e r e  can  be  so lved  r e a d i l y  w i t h  a~ ~ ~e. 
In  t h a t  case  ~ a n d  ae m i g h t  be  i n t e r p r e t e d  as f u n c -  
t ions  of t he  e x t e n t  of s a t u r a t i o n  in  t h e  cell ,  w h i c h  
h a v e  d i f fe ren t  va lue s  for  e v e r y  s t e a d y - s t a t e  a t -  
t a ined .  As  t h e  f u n c t i o n a l  f o r m  of th is  v a r i a t i o n  is 
u n k n o w n ,  h o w e v e r ,  such an i n t e r p r e t a t i o n  l acks  
c o n c r e t e  m e a n i n g  and  i n t r o d u c e s  concep tua l  diffi- 
cul t ies .  These  diff icul t ies  m i g h t  l e a d  to i ncons i s t -  
enc ies  in p h y s i c a l  i n t e r p r e t a t i o n  of t he  so lu t ion  or  
in the  def in i t ion  of a u x i l i a r y  q u a n t i t i e s  such as t he  
effect ive  a rea .  

Cons ide r  a K n u d s e n  cell ,  shown  in  Fig.  1, of 
c r o s s - s ec t i ona l  a r e a  B, w h i c h  con ta ins  a s a m p l e  
w h i c h  has  an  ef fec t ive  v a p o r i z i n g  a r e a  A' .  T h e  defi-  
n i t ion  and  n a t u r e  of t he  ef fec t ive  v a p o r i z i n g  a r e a  
a r e  d i scussed  in  the  n e x t  sect ion.  Note  t ha t  A '  can  
be v a s t l y  d i f fe ren t  f r o m  B. The  C laus ing  f ac to r  of 
t he  orif ice of a r e a  a is W~ and  the  C laus ing  f ac to r  
of the  cel l  is WB. Cons ide r  the  two  p l a n e s  r e p r e -  
s en ted  b y  d o t t e d  l ines  in  Fig .  1. P l a n e  1 is j u s t  b e -  
low the  orifice and  p l a n e  2 is j u s t  a b o v e  the  s a m p l e  
sur face .  Le t  us be  the  n u m b e r  of mo les  of v a p o r  
vchich pass  u p w a r d  t h r o u g h  un i t  a r e a  of  p l a n e  1 in 
un i t  t ime .  T h e  t o t a l  m a s s  f lux u p w a r d s  t h r o u g h  
p l a n e  1 is t h e n  u~B. I t  is a s s u m e d  t h a t  t he  v a p o r  
d e n s i t y  across  p l a n e s  1 and  2 is un i fo rm.  L e t  d~ be  
t h e  n u m b e r  of mo les  of v a p o r  w h i c h  pass  d o w n -  
w a r d  t h r o u g h  un i t  a r e a  of p l a n e  1 in un i t  t ime .  
S i m i l a r l y  def ine u2 and  de for  p l a n e  2. 

The  n u m b e r  of mo les  of v a p o r  w h i c h  escape  
t h r o u g h  t h e  orif ice in  u n i t  t ime ,  q, w i l l  be  equa l  to 
the  n u m b e r  t ha t  e n t e r  the  orifice, u~a, t imes  the  
f r ac t i on  w h i c h  ge t  t h r o u g h  the  orif ice,  Wa. Thus  
q = u i W ~ a  and  the  m e a s u r e d  p r e s su re ,  Pm ~ u l G  
(cf. Eq. [ 1 ] ) .  The  e q u i l i b r i u m  p r e s s u r e  is r e l a t e d  to 

a 

B 
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2 

Fig. 1. Diagram of effusion cell 

the  n u m b e r  of moles  of gas, r,  w h i c h  e v a p o r a t e  f rom 
a rea  A '  in un i t  t ime  b y  the  L a n g m u i r  e q u a t i o n  

Pe = r G / a v A '  [4]  

The  n u m b e r  of moles  w h i c h  v a p o r i z e  f r o m  un i t  a r ea  
in  un i t  t i m e  is t hus  g iven  b y  a v P e / G .  

N o w  a p p l y  a mass  b a l a n c e  to the  flow of v a p o r  
t h r o u g h  the  cell  a f t e r  a s t e a d y - s t a t e  has  been  a t -  
t a ined .  The  n u m b e r  of moles  of v a p o r  w h i c h  escape  
f r o m  the  cel l  in  un i t  t ime  equa l s  t he  ne t  n u m b e r  
c ross ing  p l a n e s  1 a n d  2 and  equa l s  t he  n u m b e r  
v a p o r i z i n g  m i n u s  t he  n u m b e r  condens ing .  

U l W a a  = (Ul - -  d~) B [5]  

= ( u 2 - - d 2 )  B [6]  

= a v P e A ' / G  - -  aed2A'  [7]  

The  to t a l  n u m b e r  of mo les  w h i c h  pass  d o w n w a r d  
t h r o u g h  p l a n e  2 is equa l  to  the  n u m b e r  f r o m  p l a n e  
1 w h i c h  r e a c h  p l a n e  2 p lus  the  n u m b e r  pas s ing  u p -  
w a r d  t h r o u g h  p l a n e  2 w h i c h  do not  r e a c h  p l a n e  1. 

d2B = dl  W B B  Jr u2 (1 - - W B )  B [8]  

This  equa t ion  a s sumes  the  a p p l i c a b i l i t y  of C laus ing  
fac to rs  to t he  s i t ua t i on  ins ide  a K n u d s e n  cell .  

E q u a t i n g  ul  w i t h  P m / G  a n d  ac w i t h  a ,  t he se  fou r  
equa t i ons  can  be  so lved  to y i e l d  1 

P e  1_~_ W e e  ( 1 2 ~ _ _ _ _ ~ )  
Pm "~A' B + [9]  

This  e q u a t i o n  r educes  to M o t z f e l d t ' s  r e su l t ,  Eq. [2] ,  
as expec t ed ,  w h e n  the  ef fec t ive  v a p o r i z i n g  a r e a  is 
e q u a l  to the  cel l  a rea ,  t h a t  is w h e n  A" = B.  E q u a -  
t ion  [9]  r e duc e s  to t he  s i m p l e  f o r m  used  b y  S p e i s e r  
and  Johns ton ,  Eq. [3] ,  w h e n  a A '  < <  W ~ B ,  showing  
t h a t  t he  a r e a  a p p r o p r i a t e  to t h a t  e q u a t i o n  is t he  
s ame  effec t ive  a r e a  used  here .  This  l a s t  l i m i t  is t he  
mos t  i m p o r t a n t  r e s u l t  of equa t ions  of th is  t y p e  b e -  
cause  of  the  a m b i g u i t i e s  i n v o l v e d  in t he  e s t i m a t i o n  
of t he  r e s i s t ance  to flow of t he  cel l  p rope r .  T h e  cel l  
r e s i s t ance  m a y  be  p a r t i c u l a r l y  diff icul t  to ca l cu l a t e  
w h e n  the  s a m p l e  has  a low v a p o r i z a t i o n  coefficient,  
as in t h a t  case  t he  v a p o r i z i n g  mo lecu l e s  m i g h t  no t  
cross  p l a n e  2 w i t h  a cos ine  a n g u l a r  d i s t r i bu t i on .  

The Effective Vaporizing Area 
The  ef fec t ive  v a p o r i z i n g  a r e a  of a po rous  sol id  is 

de f ined  to  be  t he  a r e a  of p l a n e  s a m p l e  s u r f a c e  w h i c h  
w o u l d  g ive  r i se  to  t h e  s ame  gross  r a t e  of v a p o r i z a -  
t ion.  The  p r e s s u r e  above,  a n d  t e m p e r a t u r e  of, t h e  
porous  sol id  a n d  the  p l a n e  su r f ace  b e i n g  c o m p a r e d  
shou ld  b e  equa l .  The  gross  r a t e  of v a p o r i z a t i o n  of 
the  p l a n e  su r f ace  is t a k e n  to  i nc lude  a l l  t he  m o l e -  
cules  v a p o r i z i n g  f rom the  sur face ,  b u t  does  no t  i n -  
c lude  mo lecu l e s  in t he  a m b i e n t  v a p o r  w h i c h  s t r i ke  
t he  su r face  and  a re  re f lec ted  w i t h o u t  condensa t ion .  

1 The  v a p o r i z a t i o n  coeff ic ient  ~ def ined  i n  t h i s  p a p e r  is  de t e r -  
m i n e d  o n l y  by  t he  p r i m a r y  v a p o r i z a t i o n  process.  A s o m e w h a t  d i f f e ren t  
v a p o r i z a t i o n  coeff ic ient  av* can be de f ined  b y  s p e c i f y i n g  t h a t  t he  n e t  
n u m b e r  of moles  of s a m p l e  v a p o r i z i n g  f r o m  u n i t  a rea  in  u n i t  t i m e  is  
av* (P~ -- P) / G .  T h a t  is, Clv * (Pe -- P) / G  is  t h e  o b s e r v e d  w e i g h t  loss, 
in  mo le s  pe r  u n i t  a rea  pe r  u n i t  t ime ,  of  a s a m p l e  w i t h  a p l a n e  su r -  
face  s u r r o u n d e d  by  i t s  v a p o r  a t  p r e s s u r e  P. W h e n  t h e  a m b i e n t  p res -  
su re  is  no t  n e g l i g i b l e  (P ~ 0) av* i n v o l v e s  b o t h  v a p o r i z a t i o n  and  
c o n d e n s a t i o n  processes.  The  coeff ic ient  ~v* is r e l a t ed  to  t he  v a p o r i z a -  
t i on  and  c o n d e n s a t i o n  coeff icients  def ined  i n  t he  t e x t  b y  

ol~* = (Peony -- P ~ c ) / ( P ~  -- P) 

I n  t e r m s  of ~ *  Eq. [7] becomes  u l W a a  = a~*A'  ( P e / G  -- de) and  a 
in  Eq. [9] can be  d e s i g n a t e d  as ~ * .  
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If the  gross ra te  of evapora t ion  is r moles /sec ,  the 
evapora t ion  coefficient has been  d e t e r m i n e d  by  
vapor iza t ion  f rom a p l ane  surface,  and  the  equ i -  
l i b r i u m  vapor  p ressure  is known ,  the  effective area  
can be eva lua t ed  f rom the  L a n g m u i r  equa t ion  [4],  
A'  = rG/a~Pe. Usual ly ,  the evapora t ion  coefficient 
is not  k n o w n  f rom other  expe r imen t s  and  the p r od -  
uct a~A" is de te rmined .  This def ini t ion of the effec- 
t ive vapor iz ing  area impl ies  tha t  the  gross ra te  of 
vapor iza t ion  is a lways  g iven  by  Pea~A'/G. 

The m a g n i t u d e  of the effective vapor iz ing  area  is 
a func t ion  of the condensa t ion  coefficient, the tota l  
vapor iz ing  area  of the  sample,  and  the geomet ry  of 
the  sample  as wi l l  be seen in  the  s imple  ca lcu la -  
t ions below. ~ I t  is, however ,  i n d e p e n d e n t  of the 
p ressure  in  the  K n u d s e n  cell, as long as a~ is i nde -  
p e n d e n t  of pressure.  The vapor iza t ion  coefficient 
a~ is a measu re  on ly  of the p robab i l i t y  of a molec-  
cule in i t i a l ly  vapor iz ing  f rom the  solid. Af t e r  a 
molecule  is in  the  vapor  inside a pore its chance of 
escaping depends  on the n u m b e r  of coll isions made  
wi th  the pore wal l  and  on the condensa t ion  coeffi- 
cient.  Thus  if the  condensa t ion  coefficient is un i ty ,  
on ly  those molecules  which  h a v e  a l ine  of s ight  
pa th  out  of a pore can escape. This means  tha t  the 
effective area has a m i n i m u m  va lue  equa l  to the 
a rea  of the  p l ane  i m m e d i a t e l y  above  the  sample  
w h e n  ac = 1. This m i n i m u m  va lue  is equa l  to the  
cross-sec t ional  area  of the cell, A'  = B, w h e n  the  
sample  comple te ly  covers the  cell bot tom. 

The effective vapor iz ing  area approaches  a m a x i -  
m u m  va lue  equa l  to the total  vapor iz ing  a rea  of 
the sample,  A, as the condensa t ion  coefficient ap-  
proaches  zero. This l imi t  means  tha t  a lmost  every  
molecule  which  vapor izes  escapes because  a mole -  
cule wi l l  not  r econdense  un t i l  it has made  a v e r y  
large  n u m b e r  of coll isions w i th  the  surface.  In  
pract ice  this  means  tha t  inc reas ing  the  tota l  v a p o r -  
izing area  of a subs tance  wi th  a v e r y  low condensa -  
t ion  coefficient (on the order  of 10 -6 for example )  
increases  the  effective area  p ropor t iona te ly .  If the 
sample  were  a porous  solid, a L a n g m u i r  e v a p o r a -  
t ion ra te  which  increased  d i rec t ly  wi th  the depth  of 
sample  in  the  crucible  would  be observed.  

There  is ano the r  l imi t  on the effective area  which  
is imposed by  the t h e r m o d y n a m i c  condi t ion  tha t  the  
mass flow in  a n y  p l ane  in any  d i rec t ion  canno t  be 
grea te r  t h a n  the  mass flow cor responding  to the 
e q u i l i b r i u m  pressure .  

u2~-- P~/G [10] 

u2B ~ B Pe /G [ 11 ] 

The ra te  of evapora t ion  f rom the sample  is P~a,A ' /G.  
As some of the molecules  t r ave l ing  d o w n w a r d  
t h rough  p l ane  2 are reflected w h e n  ac ~ 1, 

u2B ~ Pea~A'/G [12] 

C o m b i n i n g  [11] and  [12] yields  the condi t ion  

avA' ~ B [13] 

the  equa l  s ign ho ld ing  on ly  w h e n  a~ = ac = 1. 

2 T h e  e f f e c t i v e  v a p o r i z i n g  a r e a  cou ld  a l so  h a v e  b e e n  de f i ned  in  
t e r m s  of t h e  n e t  r a t e  of  v a p o r i z a t i o n .  T h e  l a t t e r  is d i r e c t l y  a c c e s s i b l e  
by  e x p e r i m e n t  a t  a l l  a m b i e n t  p r e s s u r e s  w h e r e a s  t h e  g ross  r a t e  of  
v a p o r i z a t i o n  is  not .  I n  t h o s e  t e r m s ,  t h e  e f f e c t i v e  v a p o r i z i n g  a r e a  
w o u l d  be  the  a r e a  of p l a n e  s a m p l e  s u r f a c e  w h i c h  g i v e s  r i s e  to  ~he 
m e a s u r e d  n e t  r a t e  of  v a p o r i z a t i o n .  I t  f o l l o w s  t h a t  t h e  n e t  r a t e  of  
v a p o r i z a t i o n  w i l l  a l w a y s  be  e q u a l  to  c~v*A" ( P c  - -  P ) / G .  T h e  coeffi-  
c i e n t  a~7 is  t h a t  d i s c u s s e d  i n  t h e  p r e c e d i n g  foo tno t e .  I t  c a n  be  s h o w n  
t h a t  t h e  e f f e c t i v e  a r e a  d e f i n e d  i n  s u c h  a m a n n e r  is i d e n t i c a l  to  t h e  
e f f e c t i v e  a r e a  d e s c r i b e d  in  t h e  t e x t .  

In  s u m m a r y ,  the  fo l lowing l imi ts  exist  for the 
effective area, A',  of a homogeneous  solid sample  
wi th  tota l  vapor i z ing  area, A, which  comple te ly  
covers the bo t tom of a cell of c ross-sec t ional  area,  
B: 

~ B / ~  
B~- -A '~ - -~Ar  whicheve r  is less [14] 

S o m e  calculat ions  of  the  e f]ect ive  a r e a . - - V i d a l e  
(13) has p resen ted  an  i n t e r e s t i ng  a p p r o x i m a t i o n  to 
the effective area  of a un i fo rm,  porous,  powder  
sample  by  cons ider ing  the  p r o b l e m  to be one of 
diffusion th rough  the  powder .  I t  was  assumed  tha t  
av = ac = cons tant .  The powder  sample  can be con-  
s idered to be in f in i te ly  deep w h e n  a ,  is la rge  
enough  and  the sample  is deep enough  for the  equ i -  
l i b r i u m  pressure  to be m a i n t a i n e d  at the  bo t tom of 
the porous sample.  Vidale ' s  ana lys i s  for this case 
yields  

A ' :  1.55 B (e/ac) 1/~ [15] 

where  ~ is the ra t io  of pore  v o l u m e  to tota l  v o l u m e  
of the powder  and  the  other  symbols  have  the same 
m e a n i n g  as before.  W h e n  ~c becomes v e r y  smal l  
( ~  10 -1~ Vidale ' s  equa t ions  give 

A" = 6 (1 --  e) ZB/d [16] 

w he r e  d is average  d i ame te r  of a powder  par t ic le  
and  I is the depth  of powder  in  the crucible.  Thus  
w h e n  ac is v e r y  smal l  the  effective area  is d i rec t ly  
p ropor t iona l  to the depth  of the  sample,  or to ta l  
vapor iz ing  area,  and  i n d e p e n d e n t  of the va lue  of 
ac, as expected.  

A n  a t t empt  to t r ea t  the  effective area  p r o b l e m  
has been  m a d e  by  Melvi l le  (14) who der ived  an  
equa t ion  for the  r a t e  of vapor i za t ion  f rom a wedge-  
shaped crack. U n f o r t u n a t e l y ,  in  add i t ion  to m a t h e -  
mat ica l  errors,  Melvi l le  appears  to assume tha t  
w h e n  one follows a group of molecules  which  v a p o r -  
ize at a g iven  t ime,  the f rac t ion  of molecules  escap-  
ing  af ter  each r e b o u n d  f rom the  wal ls  of the crack 
is the  same as the f rac t ion  which  escaped on the 
in i t i a l  vapor iza t ion .  The p r o b l e m  of the  effective 
vapor iz ing  a rea  of a pore in  a subs tance  wi th  a low 
condensa t ion  coefficient is in  m a n y  ways  e q u i v a l e n t  
to the p r ob l e m of the dev ia t ion  f rom b l a c k - b o d y  
rad ia t ion  of the  r ad i a t i on  emerg ing  f rom var ious  
par ts  of a cy l ind r i ca l  cavi ty.  This l a t t e r  p r ob l em 
has been  discussed by  a n u m b e r  of au thors  (15-20) ,  
who used a va r i e t y  of m a t h e m a t i c a l  app rox ima t ions  
to ob ta in  n u m e r i c a l  resul ts .  

Vapar i za t ion  in  a spher ical  cav i ty . - - -This  section 
is concerned  wi th  the  ra te  of mo lecu l a r  flow th rough  
an  open ing  of p l ane  area Ao w h e n  the to ta l  v a p o r -  
izing area  is A and  no molecules  r e t u r n  to the  cav-  
i ty  t h rough  the  open ing  Ao. The crucia l  a s sumpt ion  
is tha t  the  n u m b e r  of molecules  s t r ik ing  a ny  ele-  
m e n t a l  area  of surface  is the  same as tha t  s t r ik ing  
a ny  o ther  e l e m e n t a l  area,  bo th  in i t i a l ly  and  on all 
rebounds .  This a s sumpt ion  is t r ue  for a spher ica l  
cav i ty  con t a in ing  a homogeneous  vapor iz ing  surface  
as a consequence  of the cosine spat ia l  d i s t r i bu t i on  
of the  vapor i z ing  and  reflected molecules .  The 
model  serves also as an  a p p r o x i m a t i o n  to other  
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Fig. 2. Diagram of spherical vaporizing cavity 

g e o m e t r i e s  w h e r e  the  a r e a  of the  opening ,  Ao, is 
c o n s i d e r a b l y  s m a l l e r  t han  the  a r e a  of the  w a l l  con-  
t a i n ing  the  opening .  

Cons ide r  t he  s p h e r i c a l  c a v i t y  s h o w n  in Fig .  2. 
The  open ing  has  p l a n e  area ,  Ao, and  a r e a  on the  
sphere ,  So. F o r  t he  sake  of g e n e r a l i t y  on ly  a p o r t i o n  
of t he  s p h e r i c a l  sur face ,  A,  is cons ide r ed  to consis t  
of v a p o r i z i n g  sample .  The  r e m a i n d e r  of t h e  s p h e r i -  
cal  su r face  is S. This  cou ld  co r re spond ,  for  e x a m p l e ,  
to a d i f fe ren t  c r y s t a l  face  of t he  v a p o r i z i n g  m a t e -  
r ia l .  N o w  fo l low a p a r t i c u l a r  g r o u p  of mo lecu l e s  
w h i c h  e v a p o r a t e  f r o m  A in un i t  t ime .  

1. Of those  t h a t  v a p o r i z e  i n i t i a l l y  a f r a c t i o n  
So/(So + S -k A)  escape.  S / (So  + S + A )  hi t  the  
w a l l  w h i l e  A / ( S o  + S + A)  hi t  the  v a p o r i z i n g  s u r -  
face  again .  Of those  t h a t  s t r i k e  t h e  v a p o r i z i n g  s u r -  
face  a f r a c t i o n  ae condense ,  so (1 - - a c )  A / ( S o  + 
S + A )  m a k e  the  first  r e b o u n d .  As  al l  mo lecu l e s  
h i t t i ng  the  w a l l  r e b o u n d ,  t he  t o t a l  f r ac t i on  of t he  
i n i t i a l l y  v a p o r i z i n g  molecu le s  w h i c h  m a k e  the  f irst  
r e b o u n d  is [S  + (1 - - a c ) A ] / ( S o  + S + A ) .  

2. Of those  t h a t  m a k e  the  first  r e b o u n d  a f r a c -  
t ion  So/(So + S + A)  escape,  t h a t  is, t he  f r a c t i o n  
So [S + (1 - - a ~ ) A ] / ( S o  + S + A)  2 of the  i n i t i a l l y  
v a p o r i z i n g  mo lecu l e s  e scape  a f t e r  t he  first  r e b o u n d .  
The  f r ac t i on  S [S + ( 1 - - a ~ ) A ] / ( S o  + S + A )  2 
r e b o u n d  f r o m  the  w a l l s  and  (1 - -  ~c)A [S  + (1 
ac)A] / (So  + S + A)  2 r e b o u n d  f r o m  the  s a m p l e  
surface .  Thus  the  t o t a l  f r ac t i on  of the  i n i t i a l l y  
v a p o r i z i n g  molecu le s  m a k i n g  the  second  r e b o u n d  is 
[S  + (1 - -O~c)A]2 / (So  + S + A )  ~. 

3. The  f r ac t i on  w h i c h  escape  a f t e r  t he  second  
r e b o u n d  is t h e n  So [S t ( 1 -  ac)A]2/(So + S + A)  ~. 

4. The  f r ac t i on  of t he  i n i t i a l l y  v a p o r i z i n g  m o l e -  
cules  w h i c h  escape  t h r o u g h  the  open ing  a f t e r  t he  
n th  r e b o u n d  is 

[ S + ( I - - a ~ ) A  ] n.  So 

S o q - S + A  S o + S + A  

S u m m i n g  the  f r ac t ions  w h i c h  escape  on each  of 
an in f in i te  n u m b e r  of r e b o u n d s  g ives  

To ta l  f r ac t i on  e scap ing  = So/(So + acA) 

The  r a t e  of v a p o r i z a t i o n  ins ide  t h e  c a v i t y  is avAPe/G. 
The r a t e  of escape  of mo lecu le s  t h r o u g h  the  o p e n -  
ing, w h i c h  is the  r a t e  w h i c h  is m e a s u r e d ,  is t h e n  

avAPe So 
r = - -  [17]  

G So + acA 

The  ef fec t ive  area ,  w h i c h  has  been  def ined  b y  the  
equa t ion  A' = rG/avPc, is s i m p l y  

A ' =  SoA/(So + acA) [18] 

I t  can  be  s h o w n  t h a t  t he  p l a n e  area ,  Ao, is r e l a t e d  
to t he  s p h e r i c a l  a rea ,  So, b y  Ao -~ So( S + A ) / (So 
S + A ) .  The  ef fec t ive  v a p o r i z i n g  a r e a  of t he  c a v i t y  
can  t h e n  be  e x p r e s s e d  as 

1 
A' = [19] 1) 

ac + A~ S §  

If  the  c a v i t y  w e r e  a s p h e r i c a l  c a v i t y  in  a h o m o -  
genous  sample ,  S w o u l d  be  zero.  

1 
A '  = [20] (• 1) 

ac acA -t- A~ A 

E x a m i n a t i o n  of th is  r e s u l t  shows  the  effect ive  
a r e a  to b e h a v e  as expec ted .  W h e n  t h e  c o n d e n s a t i o n  
coefficient,  ac, is v e r y  s m a l l  t h e  ef fec t ive  area ,  A',  is 
e q u a l  to t he  t o t a l  v a p o r i z i n g  area ,  A. W h e n  ac = 1, 
A' = Ao, t he  a r e a  of t he  opening .  

I t  is i n t e r e s t i n g  to cons ide r  th is  c a v i t y  as  a 
K n u d s e n  cell .  I f  r in  Eq. [17] is e q u a t e d  w i t h  q in 
Eq. [1]  and  the  a r e a  Ao is d e s i g n a t e d  as t he  orif ice 
a rea ,  a, ( w i t h  W a  ~ 1, av = ac = a, and  S = 0) one 
ob ta in s  

~  ) 
P~ = 1 + 1 [21] 
P-Z-  - X ; - - -  

which is i d e n t i c a l  w i t h  Motz f e ld t ' s  r esu l t ,  Eq. [2] ,  
w h e n  the  r e s i s t a nc e  of t he  cel l  to flow is ne g l i g ib l e  
(WB = 1).  The  d e r i v a t i o n  of Eq. [21]  shows t h a t  
Mo tz f e ld t ' s  e q u a t i o n  w o u l d  be  e x p e c t e d  to b e  a 
good a p p r o x i m a t i o n  to t he  v a p o r i z a t i o n  of a n o n -  
po rous  sol id  w h i c h  c o m p l e t e l y  l ines  a K n u d s e n  cel l  
of t o t a l  i n t e r i o r  a r e a  A ( w h e n  a < <  A ) ,  if the  as -  
s u m p t i o n  av = ac = cons t an t  w e r e  correct .  I t  
should ,  p e r h a p s ,  be  po in t e d  out  t h a t  t he  s p h e r i c a l  
c a v i t y  also r e duc e s  to t he  s ame  e q u a t i o n  as d e r i v e d  
b y  M o t z f e l d t ' s  s t e a d y - s t a t e  m o d e l  w h e n  a .  is a s -  
s u m e d  d i f fe ren t  f r o m  ac in  b o t h  de r iva t i ons .  

Procedures to Obtain Pe and 
On the  bas i s  of Eq. [2] ,  Mo tz f e ld t  (1)  sugges t ed  

t ha t  a p lo t  of Pm aga ins t  P,~W,,a/B for  a l i qu id  s a m -  
p l e  w o u l d  be  a s t r a i g h t  l i ne  w i t h  i n t e r c e p t  Pe and  
s lope  - - (1 /a  + 1/WB -- 2).  T h e  r e s u l t  of t h e  g e n e r a l  
e f fec t ive  a r e a  case, Eq. [9] ,  can  be  r e a r r a n g e d  to 

( 1 2 W~) P,~ = Pe -- Pm Waa + [22] 
aA' B 

E q u a t i o n  [22]  i m m e d i a t e l y  po in t s  ou t  two  d a n g e r s  
in  a p p l y i n g  the  sugges t ed  p r o c e d u r e  to po rous  
solids.  I f  t he  r a t i o  W,~a/B w e r e  v a r i e d  b y  c h a n g i n g  
the  cel l  c r o s s - s e c t i o n a l  a rea ,  B, t h e  i n t e r c e p t  of t he  
p lo t  w o u l d  no t  be  Pc un less  t he  ef fec t ive  v a p o r i z i n g  
a r e a  h a d  c h a n g e d  in d i r ec t  p r o p o r t i o n  to B. Also,  if  
t h e  orif ice a rea ,  a, w e r e  va r i ed ,  Pm p l o t t e d  a ga in s t  
PmWaa/B, and  a s t r a i g h t  l i ne  o b t a i n e d  ( th is  a p p e a r s  
u n l i k e l y  for  r ea sons  d i scussed  b e l o w ) ,  t h e  v a p o r i -  
za t ion  coefficient  s t i l l  cou ld  no t  be  c a l c u l a t e d  f r o m  ~ 
the  s lope  of th is  plot .  A t  best ,  t h e  p r o d u c t  aA ' /B  
w o u l d  be  o b t a i n e d  w h e r e  A' m i g h t  be  v a s t l y  d i f f e r -  
e n t  f r o m  B. 
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The  d i scuss ion  in the  p r e c e d i n g  p a r a g r a p h  i m -  
p l i c i t l y  accep t s  the  a s s u m p t i o n s  m a d e  in t he  d e r i v a -  
t ion  of Eq. [2]  and  [9] .  I t  is i n s t r u c t i v e  to e x a m i n e  
the  effect on Eq. [9]  of the  r e m o v a l  or  modi f i ca t ion  
of these  a s sumpt ions ,  a n d  thus  e x a m i n e  the  effect  of 
t he se  a s s u m p t i o n s  on such  p r o c e d u r e s  to  o b t a i n  Pe 
and  a as a r e  i m p l i e d  b y  Eq. [9]  a n d  [22] .  E q u a t i o n  
[22] sugges t s  t h a t  a p lo t  of Pm aga in s t  PmWaa wi l l  
be  a s t r a i g h t  l i ne  w i t h  i n t e r c e p t  Pe w h e n  a = 0. I t  
is i n t u i t i v e l y  c l ea r  t h a t  Pm m u s t  a p p r o a c h  Pe as  a 
a p p r o a c h e s  zero.  Use of t he  C laus ing  fac tor ,  WB, in 
t he  d e r i v a t i o n  igno res  t he  r a d i a l  d e p e n d e n c e  of the  
v a p o r  d e n s i t y  ins ide  t h e  cell ,  t he  n o n u n i f o r m  d i s -  
t r i b u t i o n  of t h e  mo lecu le s  re f lec ted  f r o m  the  top  of  
t he  cell ,  a n d  the  poss ib l e  d e p a r t u r e  f r o m  a cos ine  
s p a t i a l  d i s t r i b u t i o n  of t h e  mo lecu l e s  v a p o r i z i n g  
f r o m  a po rous  s a m p l e  w i t h  a low c o n d e n s a t i o n  co-  
efficient.  Ca r l son ' s  (11)  and  Ba l son ' s  (12) a n a l y s e s  
of t h e  f low of v a p o r  in  a K n u d s e n  cel l  show t h a t  
t he  r e s i s t ance  to f low of t he  K n u d s e n  cel l  v a r i e s  as 
t he  orif ice a r e a  is va r i ed .  This  m e a n s  t h a t  WB in 
Eq. [9]  is no t  a cons t an t  but ,  r a t h e r ,  a func t ion  of 
t he  orif ice a rea ,  a. This  be ing  so, a p lo t  of P,~ 
aga in s t  PmW~a wi l l  d e v i a t e  s o m e w h a t  f r o m  a 
s t r a i g h t  l ine.  

E q u a t i o n  [2]  has  a l t e r n a t e l y  been  t a k e n  to i n d i -  
c a t e  t h a t  a p lo t  of 1/Pm aga in s t  Waa wi l l  be  a 
s t r a i g h t  l ine  w i t h  i n t e r c e p t  1~Pc and  s lope  (1 /BP~)  
(1 /a  -- 2 + 1 / W B ) .  The  h a z a r d s  and  u n c e r t a i n t i e s  
d i scussed  h e r e i n  a r e  e q u a l l y  a p p l i c a b l e  to th is  l a t t e r  
p r ocedu re .  

F o r  subs t ances  w h i c h  have  v e r y  s m a l l  v a p o r i z a -  
t ion  coefficients t he  aA'  t e r m  in Eq. [9]  is much  
l a r g e r  t h a n  the  B and  WBB t e r m s  so t h a t  these  l a t -  
t e r  t e rms ,  a n d  t h e i r  unce r t a in t i e s ,  can b e  neg lec ted .  
This  is t he  s i t ua t i on  of p r i m a r y  i n t e r e s t  in th is  
pape r .  U s u a l l y  w h e n  .c~ is close to u n i t y  t he  orif ice 
a r e a  can  b e  m a d e  s m a l l  enough  so t h a t  t he  m e a s -  
u r e d  p r e s s u r e  is v e r y  close to t he  e q u i l i b r i u m  p r e s -  
sure.  

I t  was  a s s u m e d  in d e r i v i n g  Eq. [9]  t h a t  the  v a -  
p o r i z a t i o n  and  c o n d e n s a t i o n  coefficients a r e  i n d e -  
p e n d e n t  of p r e s s u r e  and,  t he re fo re ,  t h a t  av ~ ac at  
a l l  p re s su res .  N e i t h e r  t h e o r y  no r  e x p e r i m e n t  has  
y e t  g iven  a d e s c r i p t i o n  of t he  b e h a v i o r  of a~ and  a~ 
for  m o l e c u l a r  subs tances .  H o w e v e r ,  bo th  t h e o r y  
a n d  e x p e r i m e n t  i nd i ca t e  t h a t  a~ and  ac a re  not  con -  
s t an t s  i n d e p e n d e n t  of p r e s su re .  K n a c k e ,  Schmolke ,  
a n d  S t r a n s k i  (21) p r e d i c t  t he  v a p o r i z a t i o n  coeffi- 
c ien t  of an  ionic  c r y s t a l  to be  a func t ion  of  t he  
u n d e r s a t u r a t i o n  of t h e  v a p o r  and  of t he  c r y s t a l  f ace  
vapor i z ing .  J a e c k e l  and  P e p e r l e  (22) h a v e  m e a s -  
u r e d  K n u d s e n  cel l  p r e s s u r e s  of s ingle  c r y s t a l  faces  
of NaC1, KI ,  Sb2S3, and  su l fu r  w i t h  d i f fe ren t  cel ls  
and  orifice a reas .  T h e i r  r e su l t s  show t h a t  t he  v a l u e  
of a c a l cu l a t ed  f r o m  Eq. [2]  v a r i e s  w i t h  t he  orif ice 
size. 

H e r t h  and  P o u n d  (23) h a v e  c o n s i d e r e d  the  v a -  
p o r i z a t i o n  of pe r f ec t  m e t a l  c ry s t a l s  to m o n a t o m i c  
vapors .  F o r  such  subs t ances  a~ = 1. T h e y  c a l c u l a t e  
a~ = ( 2 / 3 ) ( P / P c )  Jr 1/3. T h e i r  r e s u l t  m i g h t  be  
t a k e n  to sugges t  a func t ion  for  m o l e c u l a r  subs t ances  
w i t h  low c o n d e n s a t i o n  coefficients such  as 

~v : ( P / P e )  (1 -- z) ac + zac [23] 

w h e r e  ac and  z a r e  cons t an t s  ( ~ 1 )  i n d e p e n d e n t  of P.  
This  f u n c t i o n  has  av v a r y  f r o m  ac a t  e q u i l i b r i u m  to 
zac u n d e r  L a n g m u i r  condi t ions .  3 The  ef fec t ive  a r e a  
m o d e l  l e a d i n g  to Eq. [9]  can  be  e x t e n d e d  to i nc lude  
Eq. [23].  The  so lu t ion  is e x a c t l y  the  s ame  as  Eq. 
[9]  w i t h  a r e p l a c e d  b y  the  v a c u u m  v a p o r i z a t i o n  
coefficient,  zac. The  r a t e - d e t e r m i n i n g  s tep  in  t he  
v a p o r i z a t i o n  of a m o l e c u l a r  subs t ance  w i t h  a l ow  
v a p o r i z a t i o n  coefficient  is e x p e c t e d  to be  v e r y  d i f -  
f e r e n t  f r o m  the  r a t e  s tep  c o n s i d e r e d  b y  H i r t h  and  
Pound ,  r e m o v i n g  jus t i f i ca t ion  for  an  e q u a t i o n  of t he  
f o r m  of Eq. [23].  Indeed ,  J a e c k e l  and  P e p e r l e ' s  r e -  
su l t s  (22) i n d i c a t e  t h a t  za~ in  Eq. [23]  is a func t ion  
o f  P.  As  t h e  a c t u a l  v a r i a t i o n  of  ~v a n d  ~c w i t h  p r e s -  
su r e  is, a t  p re sen t ,  a m a t t e r  of c o n j e c t u r e  i t  canno t  
be a s s u m e d  t h a t  a p lo t  of Pm vs. PmWaa wi l l  be  
a s t r a i g h t  l ine  even  w h e n  the  B and  W B B  t e r m s  a re  
neg l ig ib le .  

This  l a s t  conc lus ion  con ta ins  a f u r t h e r  w a r n i n g .  
I t  is on ly  poss ib le  to e x t r a p o l a t e  to Pe w i t h  confi-  
dence  a f t e r  e x p e r i m e n t s  w i t h  a n u m b e r  of orifices 
h a v e  def ined  the  c u r v a t u r e  of  t he  p lo t  u sed  and  
w h e n  the  m e a s u r e d  p r e s s u r e s  a r e  r e a s o n a b l y  close 
to t he  e q u i l i b r i u m  p r e s s u r e .  I f  t he se  cond i t ions  a r e  
no t  met ,  t he  r e s u l t i n g  long e x t r a p o l a t i o n  n e c e s s a r y  
to o b t a i n  Pe is haza rdous .  

An Empirical  Equation 

As has  been  seen  t h e r e  a r e  m a n y  u n c e r t a i n t i e s  in 
m o d e l s  of the  t y p e  cons ide red  in th is  pape r .  This  is 
p a r t i c u l a r l y  due  to t h e  l a ck  of e x p e r i m e n t a l  i n f o r -  
m a t i o n  on the  v a r i a t i o n  of av and  a~ w i t h  p r e s su re .  
I t  is t h e r e f o r e  t e m p t i n g  to t r y  to ob t a in  h e l p f u l  
i n f o r m a t i o n  f r o m  e x p e r i m e n t s  w h i c h  h a v e  been  
pub l i shed .  B r e w e r  and  K a n e  (4)  r e p o r t  t he  r e su l t s  
of K n u d s e n  m e a s u r e m e n t s  on the  v a p o r  p r e s s u r e  
of po rous  a r s e n i c  a t  575~ The  v a p o r  p r e s s u r e  was  
m e a s u r e d  for  seven  d i f fe ren t  orif ice sizes w h i c h  d i f -  
f e r e d  b y  a f ac to r  of 10,000 w h i l e  t he  o the r  geo-  
m e t r i c a l  and  e x p e r i m e n t a l  v a r i a b l e s  w e r e  he ld  
cons tan t .  The i r  r e su l t s  a r e  i l l u s t r a t e d  in Fig .  3. I f  an  
a t t e m p t  is m a d e  to t r e a t  t he se  m e a s u r e m e n t s  b y  an  
e q u a t i o n  such as [9] ,  a is f o u n d  to v a r y  r e g u l a r l y  
and  to a g r e a t  degree .  

H o w e v e r ,  B r e w e r  a n d  K a n e ' s  r e su l t s  can  be  r e p -  

8 H o w e v e r ,  av*, t he  v a p o r i z a t i o n  coeff ic ient  def ined  i n  t h e  first 
foo tno te ,  is  a cons t an t  e q u a l  to z~c. 

t i i 

E q u i l i b r i u m  pressure~ '~ 

E Io -B 

,~o C, al,c'~ Io ted  

I0 - *  

0. 

10 -5 10 -4  IO -3 IO -= O.I  1.O 

Orifice area (cm ~) 

Fig. 3. Kundsen cell data for arsenic at 575~ The experimental 
results and equilibrium pressure are from Brewer and Kane (4). The 
calculated curve represents the empirical equation, Pe/Pm ~-  1 -f.- 
(a /k)  2/3, with k = 1.3 x 10 -4.  e, Experimental results. 
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r e s e n t e d  w i t h i n  e x p e r i m e n t a l  e r r o r  b y  a one -  
p a r a m e t e r ,  e m p i r i c a l  e q u a t i o n  

Pc~Pro : 1 Jr (a /k )  2/3 [25] 

The  c u r v e  d r a w n  t h r o u g h  the  e x p e r i m e n t a l  r e su l t s  
in Fig.  3 r e p r e s e n t s  th is  equa t ion .  Pc, Pro, a n d  a a r e  
t a k e n  d i r e c t l y  f r o m  t h e i r  pape r .  The  v a l u e  of  k 
used  to ca l cu l a t e  the  c u r v e  (1.3 x 10 -4)  is t he  a v e r -  
age  of t he  k v a l u e s  c a l c u l a t e d  f r o m  the  m e a s u r e -  
ments .  The  fit of t he  s even  e x p e r i m e n t a l  po in t s  to 
th is  s imp le  e q u a t i o n  is s u r p r i s i n g  cons ide r ing  the  
c o m p l e x i t y  of the  s i t ua t i on  ins ide  t he  K n u d s e n  cel l  
and  the  l a rge  r a n g e  of v a r i a b l e s  covered .  

C o m p a r i n g  Eq. [25]  w i th  Eq. [9]  sugges t s  as -  
soc ia t ion  of t he  e m p i r i c a l  cons t an t  k w i t h  ~A'. The  
a r e a  a w o u l d  be  Waa if  s igni f icant  C laus ing  fac to r s  
w e r e  invo lved .  I t  m i g h t  be  i n t e r e s t i n g  to d e t e r m i n e  
if  Eq. [25] app l i e s  to e x p e r i m e n t a l  r e su l t s  on o t h e r  
subs t ances  h a v i n g  low v a p o r i z a t i o n  coefficients,  
w h e n  on ly  t he  orif ice a r e a  is v a r i e d  w h i l e  the  o the r  
g e o m e t r i c a l  v a r i a b l e s  a r e  he ld  cons tan t .  One w a y  
to tes t  the  ap tnes s  of Eq. [25] w o u l d  be  a p lo t  of 
1~Pro vs. (Waa) 2/3. I t  would ,  p e r h a p s ,  b e  i n s t r u c t i v e  
to f ind a m o d e l  for  v a p o r i z a t i o n  in a K n u d s e n  cel l  
w h i c h  l eads  to an  e q u a t i o n  of t he  f o r m  of Eq. [25] .  

Conclusions 
The  m o d e l  used  to d e s c r i b e  t he  v a p o r i z a t i o n  of 

porous  sol ids  w i t h  l ow v a p o r i z a t i o n  coefficients is 
s u b j e c t  to m a n y  u n c e r t a i n t i e s .  A p a r t i c u l a r  diffi- 
cu l ty  is t he  u n k n o w n  v a r i a t i o n  of t he  v a p o r i z a t i o n  
and  condensa t i on  coefficients w i t h  t he  u n d e r s a t u r a -  
t ion  of t he  a m b i e n t  vapor .  The  m o d e l  does,  h o w -  
ever ,  focus  a t t e n t i o n  on t h e  ef fec t ive  v a p o r i z i n g  
a r e a  of a sol id  s a m p l e  and  shows  t h a t  v a p o r i z a t i o n  
coefficients for  po rous  s a m p l e s  canno t  be  o b t a i n e d  
f r o m  the  s lope  of a p lo t  of Pm a g a i n s t  Pm~Vaa. The  
m o d e l  also d e m o n s t r a t e s  t h a t  a t t e m p t s  to v a r y  the  
cel l  d imens ions  or  t he  s a m p l e  v a p o r i z i n g  a r e a  w i l l  
no t  n e c e s s a r i l y  e x t r a p o l a t e  to Pc. 

U n c e r t a i n t y  r e g a r d i n g  the  b e h a v i o r  of av and  a~ 
w i t h  p r e s s u r e  sugges t s  t h a t  K n u d s e n  m e a s u r e m e n t s  
on subs t ances  w i t h  low v a p o r i z a t i o n  coefficients can  
on ly  be  e x t r a p o l a t e d  to t he  e q u i l i b r i u m  p r e s s u r e  
r e l i a b l y  w h e n  e x p e r i m e n t s  h a v e  been  c a r r i e d  out  
w i t h  a n u m b e r  of orif ice sizes and  w h e n  the  m e a s -  
u r e d  p r e s s u r e s  a r e  c lose  to t he  e q u i l i b r i u m  va lue .  
This  v e r y  u n c e r t a i n t y  also sugges t s  t h a t  e x p e r i -  
m e n t a l  d a t a  shou ld  be  c a r e f u l l y  e x a m i n e d  to see 
w h a t  l igh t  t h e y  t h r o w  on th is  u n k n o w n  behav io r .  

A s i m p l e  e q u a t i o n  e m p i r i c a l l y  r e p r e s e n t s  t he  
v a r i a t i o n  w i t h  orif ice a r e a  of K n u d s e n  m e a s u r e -  
m e n t s  on arsenic .  I t  w o u l d  be  i n t e r e s t i n g  to a s c e r -  
t a in  i f  th is  e q u a t i o n  has  m o r e  g e n e r a l  v a l i d i t y .  
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SYMBOLS 
a, cross-sect ional  a rea  of orifice of Knudsen  cell. 
A, total  vapor iz ing area. 
A', effective vapor iz ing area. 
B, cross-sect ional  a rea  of Knudsen  cell. 
G : (2~RMT) 1/2 
k, empir ica l  constant.  
Pc, equi l ib r ium pressure.  
Pm, measured  pressure .  
q, number  of moles of vapor  effusing th rough  orifice 

of Knudsen  cell in uni t  t ime. 
r, gross number  of moles  vapor iz ing in uni t  t ime. 
W, Clausing fac tor  for  orifice (Wa) or cy l indr ica l  cell 

(WB). 
a, condensat ion coefficient (ac) a n d / o r  vapor iza t ion  

coefficient (av) when these are  equ iva len t  and 
constant.  
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The Distribution of Potential at the Germanium 
Aqueous Electrolyte Interface 
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ABSTRACT 

Measurement  of the interfacial  capacity of germanium electrodes in 
aqueous solutions of pH 4.5-11.5 permits the determinat ion of the potent ial  
difference (p.d.) across the semiconductor space charge region (~s). Hence, 
under  changing conditions, changes in the p.d. across the Helmholtz region 
(VH) may be deduced since 

A V E  = A V H  - -  A ~ S  

where VE is the electrode potential  on an arbi t rary  scale. The steady-state 
value of VH depends on anodic cur ren t  density. The values of VH corresponding 
to a fixed current  density vary  by about 59 mv per decade of hydrogen ion 
concentration. This supports a recent  view that  a "dissociation double layer" 
is formed by the pH dependent  ionization of surface hydroxyl  groups. For 
solutions more acid than pH 4.5 and more alkal ine than pH 11.5 the data in -  
dicate that considerable densities of fast surface states occur. 

Recent  m e a s u r e m e n t s  on g e r m a n i u m  surfaces  
anod ica l ly  polar ized in  aqueous  so lu t ion  (1, 2) have  
shown  tha t  the  p.d. across the space-charge  reg ion  
in  the  semiconduc tor  m a y  be d e t e r m i n e d  f rom the  
observed  in te r rac ia l  capacity,  p rov ided  p recau t ions  
are t aken  wi th  r ega rd  to the p u r i t y  of the  so lu t ion  
[i.e., Cu + + etc. < 10-gM (8, 9) ]. 

Cons idera t ion  of the d i s t r i bu t ion  of po ten t i a l  at 
the g e r m a n i u m - a q u e o u s  e lec t ro ly te  in te r face  (3, 4) 
indica tes  tha t  p.d. 's m a y  exist  across th ree  separa te  
regions;  the  space -cha rge  regions in  the  so lu t ion  and  
the  semiconductor ,  and  the He lmhol tz  region  a few 
Angs t roms  e i ther  side of the interface.  Wi th  suffi- 
c ien t ly  concen t ra t ed  e lec t ro ly te  ( >  M/10)  the space-  

charge reg ion  in  the solut ion,  for the purposes  of the 
expe r imen t s  descr ibed here,  need  not  be considered.  

We have  p rev ious ly  shown tha t  g e r m a n i u m  elec-  
trodes,  u n d e r  modera t e  anodic  polar iza t ion,  r a p i d l y  
applied,  in  n e a r l y  n e u t r a l  aqueous  so lu t ion  obey the  
re la t ionsh ip  (1) 

~ s - -  ( k T / e )  lnX = VE § K [1] 

where  qJs is the  p.d. across the  semiconduc to r  space-  
charge region,  VE is the  electrode po ten t i a l  on  some 
a r b i t r a r y  scale ( in  this  case vs. SCE) ,  and  X is p/r~, 
p be ing  the  b u l k  hole concen t r a t i on  in  the p a r t i c u l a r  
electrode,  ni the  e lec t ron  concen t r a t i on  in  in t r in s i c  
g e r m a n i u m ,  and  K is a constant .  The  equa t ion  i n -  
dicates tha t  i n s t a n t a n e o u s  changes  in  Os - -  ( k T / e )  In 
X and  VE are equal ,  and  tha t  at a g iven  VE the space-  
charge po ten t i a l  for va r ious ly  doped electrodes v a r -  
ies b y  ( k T / e )  In  X. 

Us ing  the  phys ica l  conven t ion  tha t  bands  b e n d i n g  
up  makes  the  space-charge  po ten t i a l  more  nega t i ve  
and  the e lec t rochemica l  conven t ion  tha t  anodic  bias  
(i.e., bands  b e n d i n g  up)  makes  the  electrode p o t e n -  
t ia l  more  posi t ive,  Eq. [ 1 ] should be r e w r i t t e n  

q~s --  ( k T / e )  ln  X = --  VE + K [ 2] 

The cons tan t  K conta ins  all  the  p.d. 's in  the sys tem 
other  t h a n  tha t  across the  semiconduc tor  space-  
charge region. Ex t r ac t i ng  f rom K the p.d. across the 
Helmhol tz  region  (VH) and  i n t r oduc i ng  ano the r  
cons tan t  L we have  

q,s --  ( k T / e )  In X -= - -  V~ -t- VH q- L [3] 

Where  VH is tha t  pa r t  of the  i n n e r  p.d. not  occur-  
r ing  in  the semiconduc to r  space-charge  region,  
m e a s u r e d  on an  a r b i t r a r y  scale of po ten t i a l  wi th  the  
same sign conven t ion  as V~, L conta ins  none  of the 
p.d. 's in  the s emiconduc to r - so lu t i on  in te r rac ia l  re -  
gion and  hence  is cons tan t  u n d e r  all  condi t ions  in a 
p rope r ly  conducted  expe r imen t .  

Cons ider ing  changes  of potent ia l ,  we have  f rom 
Eq. [3] 

• = • - -  A~S [4] 

The va lue  of ~s m a y  be d e t e r m i n e d  f rom capaci ty  
m e a s u r e m e n t s  and,  since AVE is d i rec t ly  observed,  
the behav io r  of the p.d. across the  He lmhol tz  region  
can be examined .  

Due to the r e l a t i ve ly  low b u l k  charge dens i ty  in  
semiconductors ,  in te r rac ia l  electr ic  fields are gene r -  
a l ly  smal l  and  the  c o n t r i b u t i o n  to the  p.d. across the  
Helmhol tz  region  f rom this source is negl igible .  De-  
wa ld  (3) gives a t ab le  of the  a pp r ox i ma t e  m a g n i -  
tude  of this  q u a n t i t y  in  a v a r i e t y  of eases. Except ions  
to this s i tua t ion  occur w h e n  there  is a h igh  dens i ty  
of charged surface  states or ionized surface  groups.  
F u r t h e r  con t r ibu t ions  to changes  in  the  p.d. across 
the  Helmhol tz  reg ion  which  m a y  be of i m p o r t a n c e  on 
semiconductors  arise f rom changes  in  n u m b e r  or 
k ind  of eova len t ly  bonded  surface  groups and  ad-  
sorbed dipoles. 

K now l e dge  of the  dry,  e tched g e r m a n i u m  su r -  
face (5) indica tes  tha t  the  surface  states m a y  be 
classified as fast  or s low according  to the i r  speed of 
equ i l i b r a t i on  wi th  chang ing  car r ie r  densi t ies  in  the  
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s e m i c o n d u c t o r  s p a c e - c h a r g e  region .  O u r  p r e v i o u s  
w o r k  (1, 2) has  i n d i c a t e d  t h a t  t h e r e  a r e  no fas t  s u r -  
face  s ta tes  w i t h i n  200 m v  of t he  cen t e r  of t he  fo r -  
b i d d e n  gap  for  an  a n o d i c a l l y  p o l a r i z e d  e l e c t r o d e  in a 
n e a r l y  n e u t r a l  so lu t ion  t h a t  has  been  c a r e f u l l y  
pur i f ied .  

The  r e su l t s  of B o h n e n k a m p  and  Enge l l  (6)  s u g -  
gest  t h a t  t he  change  in  e l ec t rode  p o t e n t i a l  w i t h  p H  
occurs  at  l eas t  p a r t i a l l y  across  t he  H e l m h o l t z  reg ion .  
W e  h a v e  c a r r i e d  out  e x p e r i m e n t s  to d e t e r m i n e  the  
d e t a i l e d  p o t e n t i a l  d i s t r i b u t i o n  ove r  a r a n g e  of p H  
and,  in p a r t i c u l a r ,  to i n v e s t i g a t e  t he  cond i t ions  
u n d e r  w h i c h  changes  in  V~ m a y  occur.  

Exper imenta l  
The  e x p e r i m e n t a l  a r r a n g e m e n t s ,  e lec t rodes ,  m a t e -  

r ia ls ,  and  m e t h o d s  h a v e  been  d e s c r i b e d  p r e v i o u s l y  
(1, 2) .  O n l y  a b r i e f  d e s c r i p t i o n  is g i v e n  here .  

The  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  in  a cel l  con-  
t a i n ing  aqueous  M/10  K2SO4, a d j u s t e d  to a p p r o -  
p r i a t e  p H  b y  H2804, KOH,  p h o s p h a t e  or  b o r a t e  
buffer .  The  so lu t ions  w e r e  pur i f i ed  b y  t r e a t i n g  w i t h  
g e r m a n i u m  f inely  c ru shed  in  s i tu .  The  a t m o s p h e r e  
in t he  cel l  was  pur i f i ed  h e l i u m  r e p l e n i s h e d  b y  con-  
s t an t  flow t h r o u g h  a f r i t t e d  d i sk  in  t he  solu t ion .  

Bo th  s imp le  and  b r i d g e  e l ec t rodes  w e r e  used.  The  
s imp le  e l ec t rodes  w e r e  42 o h m - c m  n - t y p e  and  25.5 
o h m - c m  p - t y p e  g e r m a n i u m  in t he  f o r m  of p l a n e  
e n d e d  cy l inde r s .  The  b r i d g e  e l ec t rode  was  25.5 o h m -  
cm p - t y p e .  The  p l a n e  faces  w e r e  of (100) o r i e n t a -  
t ion.  Befo re  each  e x p e r i m e n t  t h e y  w e r e  e t ched  in 
CP4, washed ,  t hen  a n o d i z e d  in  t he  pur i f i ed  solut ion .  

The  b r i d g e  e l ec t rodes  w e r e  used  to m e a s u r e  s u r -  
face  c o n d u c t i v i t y  a n d  su r face  r e c o m b i n a t i o n  v e l o c i t y  
as p r e v i o u s l y  d e s c r i b e d  (1 ) .  C a p a c i t y  m e a s u r e m e n t s  
w e r e  m a d e  on bo th  t y p e s  of e l e c t r o d e  b y  e x a m i n a -  
t ion  of the  v o l t a g e  r e sponse  to sho r t  d u r a t i o n  c u r r e n t  
pulses .  

P o l a r i z a t i o n  of t he  i n t e r f ace  w i t h  r e spec t  to a 
l a rge  a r e a  p l a t i n u m  e l ec t rode  in  an  a u x i l i a r y  com-  
p a r t m e n t  was  c a r r i e d  out  w i t h  a cons t an t  c u r r e n t  
source.  E l e c t r o d e  po t en t i a l s  w e r e  m e a s u r e d  vs.  a 
ca lome l  e l ec t rode  on a L&N m i l l i v o l t m e t e r .  

Results 
A t y p i c a l  p lo t  of i n t e r f a c i a l  c a p a c i t y  vs .  VE in  a 

so lu t ion  of p H  7.4 is shown  in Fig.  1. W e  have  s h o w n  
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Fig. 1. Experimental capacity for 42.2 ohm-cm n-type (100) in 
M/IO K2S04, phosphate buffered to pH 7.4. 
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Fig. 2. Experimental capacity for 25..5 ohm-cm p-type (100) in 
several solutions of different pH. Pulsed polarization, zero current 
steady state. 
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Fig. 3. Analysis of some data from Fig. 2: %% 25.5 ohm-cm 
p-type (100); A , A ,  42.2 ohm-cm n-type (100); solid points pH 
5.90; open points pH 8.68. 

p r e v i o u s l y  t ha t  such  cu rves  a r e  mos t  r e a s o n a b l y  i n -  
t e r p r e t e d  as the  c a p a c i t y  of t he  s p a c e - c h a r g e  r eg ion  
in  t he  g e r m a n i u m  w i t h  ne g l i g ib l e  e x t r a  c a p a c i t y  due  
to fas t  su r face  s ta tes .  U n d e r  t hese  c i r c u m s t a n c e s  t he  
d a t a  m a y  be  a n a l y z e d  to y i e l d  @s b y  c o m p a r i n g  the  
e x p e r i m e n t a l  and  t h e o r e t i c a l  c a p a c i t y  vs.  p o t e n t i a l  
curves .  

F i g u r e  2 shows  the  d a t a  o b t a i n e d  for  one e l ec t rode  
at  a v a r i e t y  of p H  va lues .  I t  is c l ea r  t h a t  ove r  the  
r a n g e  of p H  f rom ca. 4.5 to ca. 11.5, t he  cu rves  a re  
s im i l a r  in g e n e r a l  shape  and  m i n i m u m  va lue ,  i n -  
vo lv ing  on ly  a sh i f t  on the  VE sca le  a n d  m i n o r  
changes  in shape .  Ove r  th is  r a n g e  the  d a t a  w e r e  
a n a l y z e d  b y  c o m p a r i s o n  w i t h  t h e o r y  to y i e l d  p lo t s  
of @s-- ( k T / e )  In k vs. VE. F i g u r e  3 shows  t y p i c a l  
e x a m p l e s  a t  two  p H  va lues .  T h e  c u r v a t u r e  of t h e  
p lo ts  a t  less n e g a t i v e  po ten t i a l s ,  i.e., g r e a t e r  anodic  
po la r i za t ion ,  ( the  e x t r e m e  r i g h t - h a n d  po in t  in each  
case r e p r e s e n t s  t he  cond i t ion  of the  u n p o l a r i z e d  e lec -  
t r o d e  at  t h a t  pH)  has  been  p r e v i o u s l y  d i scussed  (1)  
and  w i l l  be  f u r t h e r  dea l t  w i t h  l a t e r  in  th is  pape r .  
The  s lope  of t he  l i n e a r  p o r t i o n  of t he  cu rves  is n e a r  
to m i n u s  u n i t y  i nd i c a t i ng  a o n e - t o - o n e  r e l a t i o n s h i p  
b e t w e e n  changes  in VE and  @s. This  is cons i s t en t  
w i t h  our  v i e w  of a neg l ig ib l e  d e n s i t y  of fas t  su r face  
s ta tes  in th is  r e g i o n  of p o t e n t i a l  and  also ind ica t e s  
t h a t  over  th is  r a n g e  of p o l a r i z a t i o n  t h e r e  is no 
change  in VH f r o m  the  o r ig ina l  u n p o l a r i z e d  va lue ,  
i.e., •  = --• •VH = 0 in  Eq. [4] .  

F o r  the  d a t a  in t he  i n t e r m e d i a t e  p H  r a n g e  we  m a y  
choose  some a r b i t r a r y  v a l u e  of  @s - -  ( k T / e )  In X, d e -  
t e r m i n e  the  c o r r e s p o n d i n g  va lue s  of VE l y i n g  on the  
l i n e a r  p o r t i o n s  of the  @s-- ( k T / e )  in  X vs.  VE curves  
and  p lo t  these  vs.  pH.  Since  the  l i n e a r  r e l a t i ons  in 
Fig.  3 i n d i c a t e  t h a t  V~ has  no t  c h a n g e d  f rom the  r e s t  
cond i t ion  due  to p o l a r i z a t i o n  at  each  p H  w e  a re  es-  



572 J O U R N A L  O F  T t t E  E L E C T R O C H E M I C A L  S O C I E T Y  Ju n e  1963 

sen t i a l ly  p lo t t ing  the va r i a t i on  of VH wi th  pH, i.e., 
AVE ~ AVm A~s ~-- 0 in  Eq. [4]. I t  ma t t e r s  no t  at al l  
which  va lue  of ~ s - -  ( kT / e )  In  ~, we pre fe r  as a 
s t anda rd ;  for conven ience  we  choose the  va lue  zero, 
i.e., flat b a n d  on an  in t r in s i c  semiconductor .  The 
l i nea r  por t ions  of the  ~s - -  ( kT / e )  i n  ), vs. VE curves  
mus t  be ex t r apo la t ed  to this  value ,  if necessary,  to 
m a i n t a i n  the  condi t ion  tha t  AVH (due  to po la r i za -  
t ion)  ~ 0. The da ta  shown  in  Fig. 2 were  in  response  
to pu lsed  polar izat ion.  The  p a r a m e t e r s  were  me a s -  
u r ed  as r ap id ly  as possible  (less t h a n  1 sec) af ter  
the  app l i ca t ion  of polar iza t ion ,  and  the  electrode 
was at zero ne t  c u r r e n t  dens i ty  b e t w e e n  po la r iza t ion  
pulses.  

We have  p rev ious ly  m e n t i o n e d  the  slow change  in  
VII which  causes the  n o n l i n e a r  behav io r  of the  
curves  in  Fig. 3 and  also the  b roadened  capaci ty  vs. 
VE curves  ob ta ined  by  s teady state r a t h e r  t h a n  by  
pulse  polar iza t ion .  At  a p a r t i c u l a r  pH the  s t eady- s t a t e  
va lue  of V~ depends  on the  anodic  c u r r e n t  densi ty .  
The a t t a i n m e n t  of the  s t eady- s t a t e  va lue  how e ve r  
requ i res  the  passage of a cer ta in  a m o u n t  of charge.  
Hence  an  es tab l i shed  va lue  of VH is m a i n t a i n e d  for 
a more  or less br ief  t ime  w h e n  the c u r r e n t  dens i ty  is 
changed  abrup t ly .  For  la rge  changes  in  c u r r e n t  d e n -  
si ty the  t ime  is fas ter  t h a n  we are able  to ob ta in  the 
data,  l ead ing  to the  c u r v a t u r e  in  Fig. 3. It  has been  
shown  tha t  the  change  in  VR wi th  c u r r e n t  dens i ty  at 
cons tan t  pH reaches a p l a t eau  of abou t  180 m v  for 
anodic  c u r r e n t  densi t ies  of a p p r o x i m a t e l y  10 /~a 
cm -e, and  changes  on ly  a l i t t le  at h igher  c u r r e n t  
densi t ies  for (100) 1N sul fa te  solut ions  of pH 7.45 
(i). 

Data  s imi la r  to tha t  p rev ious ly  descr ibed were  
t aken  f rom a s t eady- s t a t e  condi t ion  of an  anodic  
cu r r en t  of 50 /~a cm -~. This  c u r r e n t  was  passed  
t h rough  the  in te r face  es tab l i sh ing  pa r t i cu l a r  va lues  
of VE, VH, and  ~s, and  pulsed  pola r iza t ions  made  
a r o u n d  this  point .  The cathodic polar iza t ions  did  no t  
exceed 50 /~a cm -2 so tha t  the ne t  c u r r e n t  dens i ty  
was n e v e r  such as to m a k e  the e lect rode cathodic. 
The  capaci ty  curves  ob ta ined  by  this  me thod  are 
shown  in  Fig. 4. In  fo rm they  are qu i te  s imi la r  to 
those in  Fig. 2, bu t  d isplaced to more  anodic  p o t e n -  
t ia ls  by  v i r t u e  of the  di f ferent  va lues  of Vm A n  
analys is  for % --  ( kT / e )  ]n X s imi la r  to tha t  in  Fig. 3 
has been  m a d e  for this  case and  appears  in  Fig. 5. 
The c u r v a t u r e  due  to change  in  VH w i t h  po la r i za t ion  
appears  as we approach  zero ne t  c u r r e n t  densi ty ,  i.e., 
as we approach  the  r i g h t - h a n d  side of Fig. 5 (ac-  
t u a l l y  beyond  the l imi t  of the  figure for pH 8.68), 
and  the l i nea r  por t ion  of the curve  ( l e f t - h a n d  side) 
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corresponds  to the  l imi t ing  va lue  of V~ u n d e r  50 /za 
cm -2 anodic  polar iza t ion.  In  bo th  cases (0 and  50 
/~a cm -~) the  s t eady - s t a t e  va lues  of VE and  
~s -- ( kT /e )  In )~ lie on  the l i nea r  por t ion  of the ap-  
p ropr ia t e  curves  (Fig. 3 and  5, r e spec t ive ly ) .  

The va lues  of VE at ~ s - -  ( k T / e )  In k equa l  to zero 
for all  the curves  in  the i n t e r m e d i a t e  p / t  r ange  in  
bo th  cases are p lo t t ed  vs. pH in  Fig.  6. The  l ines  are 
d r a w n  wi th  a slope of 59 m y  per  pH uni t .  

Before p roceed ing  to discussion of these  da ta  we 
wi l l  describe some e x p e r i m e n t s  dea l ing  in  more  de-  
ta i l  w i th  the s i tua t ion  in  s t rong ly  acid and  a lka l ine  
solutions.  I t  is c lear  f rom Fig. 2 tha t  at the  ex t remes  
of pH, a s suming  the  same roughness  factor,  the re  is 
capaci ty  in  excess of tha t  of the  semiconduc tor  
space-charge  region.  These were  the  pH regions  
most  ex t ens ive ly  s tud ied  by  B o h n e n k a m p  and  E n -  
gell  (6) .  We are  in  a g r e e m e n t  wi th  t h e m  tha t  in  
these  ranges  of pH the  observed  m i n i m a  are  severa l  
t imes  la rger  t h a n  the theore t ica l  values .  

The  data  we wi l l  p resen t  were  ob ta ined  in  a sepa-  
ra te  exper imen t .  The  m a j o r  p r o b l e m  was to de te r -  
m i n e  ~s u n d e r  condi t ions  w he r e  the  observed ca-  
pac i ty  is no longer  solely t ha t  of the  space -cha rge  
region.  For  this  purpose  we  used a br idge  electrode 
and  m e a s u r e d  changes  in  the  surface  conduct iv i ty .  
We have  p rev ious ly  shown tha t  the  surface  conduc-  
t i v i ty  e x p e r i m e n t  does no t  behave  as expected  by  
s imple  theory  (1) ,  due p r o b a b l y  to the  combined  
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effects of p a r a l l e l  c o n d u c t i v i t y  t h r o u g h  the  so lu t ion  
a n d  d i s t r i b u t i o n  of  p o t e n t i a l  a long  t h e  t h in  a r m  of 
t he  e l ec t rode  u n d e r  po l a r i za t i on ,  as also cons ide red  
by  H a r v e y  (7) .  I t  was  shown,  h o w e v e r ,  t ha t  t he  s u r -  
face  c o n d u c t i v i t y  was  a r e p r o d u c i b l e  func t ion  of VE 
and  t h a t  i t  cou ld  be  n o r m a l i z e d  to @s d e r i v e d  f r o m  
c a p a c i t y  or  p h o t o v o l t a i c  r e sponse  (2)  and  s u b s e -  
q u e n t l y  used  to  d e t e r m i n e  @s in t he  p r e s e n c e  of fas t  
su r f ace  s ta tes .  This  a p p r o a c h  has  been  used  to d e t e r -  
m i n e  p a r a m e t e r s  of fas t  su r f ace  s t a tes  r e s u l t i n g  f r o m  
the  i n t e r a c t i o n  w i t h  g e r m a n i u m  su r faces  of t he  ions 
C u ( I I )  (8 ) ,  A g ( I ) ,  and  A u ( I I I )  (9) .  

I n  t he  e x p e r i m e n t  u n d e r  ques t ion  w e  first  m a d e  
d e t a i l e d  m e a s u r e m e n t s  of c a p a c i t y  and  su r f ace  con-  
d u c t i v i t y  in  a pur i f i ed  so lu t ion  of p H  7.4. W h e n  these  
d a t a  w e r e  e s t ab l i shed ,  a l i t t l e  c o n c e n t r a t e d  su l fu r i c  
ac id  or  p o t a s s i u m  h y d r o x i d e  solut ion ,  w h i c h  h a d  
been  pur i f i ed  in an  a u x i l i a r y  c o m p a r t m e n t  b y  p r o -  
longed  s t i r r i n g  w i t h  c ru shed  g e r m a n i u m  in a h e l i u m  
a t m o s p h e r e ,  was  t r a n s f e r r e d  b y  h e l i u m  p r e s s u r e  to 
the  m a i n  cell .  The  f inal  p H  va lues  w e r e  1.4 and  12.9 
in the  two  s e p a r a t e  e x p e r i m e n t s .  The  c a p a c i t y  was  
first  e x a m i n e d  ove r  a n a r r o w  r a n g e  of p u l s e d  p o -  
l a r i z a t i o n  i n c l u d i n g  the  m i n i m u m  va lue ,  w h i c h  was  
f o u n d  to be  c o n s i d e r a b l y  i n c r e a s e d  ove r  t he  case  of 
n e u t r a l  solut ion.  S ince  v e r y  l i t t l e  c u r r e n t  h a d  
c rossed  the  i n t e r f ace  as a r e su l t  of t he  po la r i za t ion ,  
we  a s s u m e  no c h a n g e  in  r o u g h n e s s  f ac to r  fo r  t h e  
e l ec t rode  sur face .  S u b s e q u e n t  g r e a t e r  po l a r i z a t i ons  
had  l i t t l e  effect on the  m a g n i t u d e  of t he  c a p a c i t y  at  
a g iven  po t en t i a l ,  h e n c e  w e  w i l l  a s s u m e  the  r o u g h -  
ness  f ac to r  to be cons t an t  t h r o u g h o u t  our  m e a s u r e -  
ments .  

In  Fig .  7 and  8 w e  show the  t o t a l  m e a s u r e d  ca -  
p a c i t y  p l o t t e d  ve r sus  @s-- (kT/e)  In X d e t e r m i n e d  
f rom c o n d u c t i v i t y  m e a s u r e m e n t s .  In  Fig.  9 w e  show 
s e v e r a l  @s-- (kT/e)  In X vs. VE r e l a t i o n s h i p s  d e t e r -  
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Fig. 7. Experimental capacity for 25.5 ohm-cm p-type (100), 
H2S04 pH 1.4: o, after 20 min; A ,  after 60 min; [ ] ,  immediately 
after S00 ~a cm - 2  anodic for i rain; �9 after further 60 min. The 
lower curve is theoretical (assuming no surface states). 
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m i n e d  b y  su r f a c e  c o n d u c t i v i t y  m e a s u r e m e n t s  in  t he  
a l k a l i n e  solut ion.  The  r e l a t i o n s h i p  for  ac id  so lu t ion  
was  s i m i l a r  e x c e p t  t h a t  i t  was  d i s p l a c e d  b y  abou t  
0.60v in the  d i r ec t ion  of m o r e  pos i t i ve  V~. 

The  a d d i t i o n a l  c a p a c i t y  was  d e t e r m i n e d  b y  s u b -  
t r a c t i n g  the  t h e o r e t i c a l  c u r v e  [ m u l t i p l i e d  b y  1.3 for  
r oughnes s  f ac to r  ( 1 ) ]  f r o m  the  e x p e r i m e n t a l l y  ob -  
s e r v e d  capac i ty .  The  r e su l t s  of th is  p r o c e d u r e  a r e  
s h o w n  in Fig .  10 and  11. I n  each  case  t h e  i n t e r -  
f ac i a l  c a p a c i t y  was  m e a s u r e d  o v e r  a r a n g e  of VE at  
i n t e r v a l s  of t ime .  The  e l ec t rode  was  t h e n  anod ized  
(500 t~a for  1 m i n )  and  r e m e a s u r e d  at  i n t e rva l s .  No te  
t ha t  even  i m m e d i a t e l y  a f t e r  anodiz ing ,  t he  cu rve  
shows  a g r e a t e r  m i n i m u m  t h a n  t h a t  o b s e r v e d  in 
n e u t r a l  so lu t ions .  A t  t he  p r e s e n t  t i m e  our  d a t a  a r e  
insuff ic ient  to j u s t i f y  d e t a i l e d  ana lys i s  in t e r m s  of 
t he  c o n v e n t i o n a l  p h y s i c a l  m o d e l  of d i sc re t e  su r f ace  
s ta tes ,  a l t h o u g h  w e  hope  to ob t a in  m o r e  e x t e n s i v e  
d a t a  in  f u t u r e  e x p e r i m e n t s .  

Discussion 

F i g u r e  1 i nd i ca t e s  t h a t  ove r  t he  r a n g e  of p H  l y i n g  
b e t w e e n  4.5 and  11.5, VH changes  b y  a p p r o x i m a t e l y  
59 m v  p e r  decade  of h y d r o g e n  ion concen t r a t i on .  I t  
shou ld  be  n o t e d  t h a t  th is  is t r u e  bo th  in t he  case of 
zero c u r r e n t  and  50 ~a cm -2  anod ic  c u r r e n t  as the  
s t e a d y - s t a t e  cond i t ion  of  t h e  e lec t rode .  As  w e  h a v e  
po in t e d  out,  t he  d i f fe rence  b e t w e e n  these  two  con-  
d i t ions  invo lves  a r e l a t i v e l y  s low change  in VH ( b e -  
coming  m o r e  pos i t i ve )  on the  pa s sa ge  of c u r r e n t  
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Fig. 10. Additional capacity from some data in Fig. 7. The curves 
are the theoretical capacities of surface states with parameters 

~ 0.8 kT/e ,  Nt  ~ 1.7 and 1.06 x 1011 cm - 2 .  
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Fig. 11. Additional capacity from some data in Fig. 8. The curve 
is the theoretical capacity of a surface state with parameters 

~ 2.7 kT/e ,  Nt  ~ 2.6 x 10 zz cm -2 .  

t h rough  the in terface ,  the  l imi t ing  m a g n i t u d e  of the  
change  be ing  re la ted  to the  c u r r e n t  dens i ty  up  to 
--10 ~a cm -2 anodic  af ter  which  l i t t le  f u r t h e r  change  
occurs. I t  is ev iden t  tha t  a n y  m e a n i n g f u l  m e a s u r e -  
m e n t  of the  VH VS. p H  r e l a t ionsh ip  m u s t  be  m a d e  
u n d e r  condi t ions  tha t  the pa r t  of VH depend i ng  on 
c u r r e n t  dens i ty  is kep t  constant .  We feel  t ha t  this  is 
t r ue  for the  pu lsed  pola r iza t ion  me thod  over  the 
r ange  whe re  the  @s --  ( k T / e )  In X vs.  VE is l i nea r  
w i th  a slope of m i n u s  u n i t y  in  Fig. 3 and  5. 

M e a s u r e m e n t s  of a n a t u r e  s imi la r  to some of those 
descr ibed  here  have  b e e n  pub l i shed  r ecen t ly  (10) .  

1.~ • \ .  

c~ 

_z 

u 

o 
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Fig. 12. Effect of 5 x ] O - T M  Cu + + on experimental capacity for 
2S.S ohm-cm p-type (100). The lower curve is theoretical. 

These  m e a s u r e m e n t s  differ i n  severa l  respects  f rom 
ours. The m i n i m u m  capacit ies  observed  seem to be 
at least  some th ree  t imes those ca lcula ted  for the  
theore t ica l  m i n i m u m  over the  whole  pH range .  This 
is in  conflict w i th  our  obse rva t ion  of ca. 1.3 t imes  
over  the i n t e r m e d i a t e  pH range .  The effect of m i n u t e  
t races  of i m p u r i t y  ions on the capaci ty  observed  in  
the  n e u t r a l  r a nge  is shown  in  Fig. 12. Such  effects 
are increased  cons ide rab ly  by  cathodic po la r i za t ion  
of the  electrode (11) which  these au thors  employed  
in order  to ob t a in  the  comple te  curves.  We have  
found  tha t  this is acceptable  for smal l  c u r r e n t  dens i -  
ties if done on a pu lsed  basis  (8, 9), bu t  u n d e r  the  
inf luence of d i rect  c u r r e n t  a g e r m a n i u m  cathode is 
sub jec t  to m a r k e d  changes  in  the e lect r ical  charac -  
te r  of the  surface (11).  Effects of this  k i n d  were  ob-  
served in  ref. (10).  

A f u r t he r  c o m m e n t  concerns  the  c u r r e n t  dens i ty  
d e p e n d e n t  par t  of VH, which  in  our  m e a s u r e m e n t s  is 
kep t  constant ,  bu t  in  ref. (10) may,  in pr inc ip le ,  v a r y  
de pe nd i ng  on w h e t h e r  or no t  the  a r b i t r a r i l y  chosen 
po in t  on the to ta l  space charge  p lus  sur face  states 
capaci ty  curve  a lways  occurs at the same cu r r en t  
densi ty .  

The d i s ag reemen t  b e t w e e n  the i r  quoted  va lue  for 
d V H / d p H  o f - - 5 0  to --56 m v  and  our va lue  of --59 
m v  is poss ib ly  due  to a c o m b i n a t i o n  of the  effects 
m e n t i o n e d  above,  a l though  inspec t ion  of the i r  Fig. 
5 shows tha t  the  da ta  for solut ions  more  a lka l ine  
t h a n  pH 5.0 are cons is ten t  w i t h  a va lue  close to --59 
mv.  I t  is on ly  in  solut ions  more  acid t h a n  pH 5.0 
tha t  the va lue  becomes n u m e r i c a l l y  sma l l e r  to an  
apprec iab le  extent .  

We are in  a g r e e m e n t  w i th  these au thors  tha t  the  
p h e n o m e n a  are best  i n t e r p r e t e d  on the  basis  of a 
"dissociat ion double  l ayer"  due  to a ]oH d e p e n d e n t  
e q u i l i b r i u m  b e t w e e n  ionized and  u n - i o n i z e d  surface 
h y d r o x y l  groups.  On  a (100) surface  the  first ioniza-  
t ion  e q u i l i b r i u m  

OH O -  
r "  I / 

Ge ~ Ge + H + [5] 

I OH ] "" OH 
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is cons ide red ,  a n d  t h e  e x p r e s s i o n  t h e y  d e r i v e  fo r  t he  
p.d.  across  t he  d i s soc ia t ion  doub le  l a y e r  is e q u i v -  
a l en t  to 

dVH/dpH = RT  / F  (1--dln ( a G e o o H - - / a c e ( O I - I ) 2 ) / d p H )  

[6] 

Since  the  e x p e r i m e n t s  show t h a t  d V / d p H  ~- - -59  m v  
for  so lu t ions  m o r e  a l k a l i n e  t h a n  p H  5.0 th is  i mp l i e s  
t h a t  dln(aGeooH-/ace(OH)2)/dpH is n e g l i g i b l y  smal l .  
A s s u m i n g  t h a t  t he  i n t e g r a l  c a p a c i t y  of the  r e g i o n  
across  w h i c h  the  ion iza t ion  e q u i l i b r i u m  occurs  is 
a p p r o x i m a t e l y  30 x 10 -8 f a r a d s  cm -2  t h e n  s ince  
AQ -= C.AV, w e  h a v e  b e t w e e n  p H  5.0 a n d  p H  11.0, 
AQ ~ 30 x 10 -6 x 0.35 ~ 10 -5 coulombs .  This  c h a n g e  
in  c h a r g e  is p r o d u c e d  b y  the  i on i za t i on  of a f r a c t i o n  
a of t he  m o n o l a y e r  of su r f ace  h y d r o x y l  g roups ,  hence  
AQ ---- anq, w h e r e  n is t he  n u m b e r  of g e r m a n i u m  
a toms  cm -2, q is t he  e l ec t ron ic  charge ,  and  t h e r e -  
fo re  10 -5  = a.6 x 10-14.1.6 x 1 0  - 1 9  w h e n c e  a ~ 0.1. 
This  shows  t h a t  t he  o b s e r v e d  p o t e n t i a l  c h a n g e  r e -  
qu i r e s  t he  ion iza t ion  of a b o u t  one t e n t h  of t he  s u r -  
face  h y d r o x y l  groups ,  i.e., cons ide r ing  on ly  one 
ion izab le  g r o u p  a t t a c h e d  to each  g e r m a n i u m  a tom.  
D u r i n g  th is  change  in  c o n c e n t r a t i o n  of t he  su r f ace  
spec ies  t h e  q u a n t i t y  d l n  (aceoOH-/aGe(OH)2)/dpH 
m u s t  r e m a i n  s m a l l  s ince  a s lope  o f - - R T / F  is ob -  
se rved .  F r o m  th is  w e  m a y  m a k e  a r o u g h  e s t i m a t e  
of t he  d e g r e e  of i on iza t ion  of t he  su r f ace  groups .  
This  m a y  be  done  m o r e  s i m p l y  b y  d e r i v i n g  an  a l -  
t e r n a t i v e  e x p r e s s i o n  for  t he  ion iza t ion  e q u i l i b r i u m .  
Cons ide r  t h e  process  as t he  a d s o r p t i o n  of h y d r o g e n  
ions  onto  a p l a n e  of - - O -  groups ,  t h e n  

~H + surface ~ ~-H + solution [ 7 ] 

O H+surface -~ R T  i n  all+surface "~ F . r  o ~ H + solution 

q- R T  i n  all+solution -{- F.~hsolution [ 8 ]  

w h e r e  r is t he  p l a n e  of t he  - - O -  and  - - O H  g roups  
( i n n e r  H e l m h o l t z  p l a n e ) .  

VH = r - -  Csolutlon ~= c o n s t a n t  - -  ( R T / F ) p H  

- -  ( R T / F )  ln all+surface [9]  

dVH/dpH ----- -- R T / F  ( 1 q- d in  aH+ surface/dpH) [ 10 ] 

I t  is r e q u i r e d  t h a t  d in  aH+surface/dpH is s m a l l  c o m -  
p a r e d  to un i ty .  W e  m a y  p l ace  an  u p p e r  l imi t  on i ts  
v a l u e  b y  a s s u m i n g  our  e x p e r i m e n t a l  a c c u r a c y  to be  
--+10%, and  t ha t  all+surface ----- # / 1 ~ 0  w h e r e  8 is t he  
f r a c t i o n a l  c o v e r a g e  of H + (i.e., f r a c t i o n a l  c o v e r a g e  
b y  u n - i o n i z e d  g r o u p s ) ,  t h e n  ove r  t h e  r a n g e  f r o m  
p H  5.0 to p H  11.0, s ince  w e  h a v e  s h o w n  t h a t  a ( =  dS) 
~--0.1 

{In(8--0 .1)  (8 - - -1 ) /8 (8 - -1 .1 )} /6  < --+ 0.1 

w h e n c e  8 is 0.2-0.8. 

The  e x p e r i m e n t a l  r e su l t s  i nd i ca t e  an  e r r o r  of 
s o m e w h a t  less  t h a n  10%, a n d  the  r a n g e  of a cce p t a b l e  
va lue s  for  8 is less t h a n  t h a t  shown  above .  8 is p r o b -  
a b l y  close to 50% s ince  w e  ca l cu l a t e  a 6% v a r i a t i o n  
of dVn /dp t I  f r o m  R T / F  for  a c h a n g e  in 8 f r o m  0.45 
to 0.55. 

T h e r e  is a f u r t h e r  p o i n t  of i n t e r e s t  in  t he  v a l u e  
of dVH/dpH. F o r  t h e  case  of specific a d s o r p t i o n  of 
an ions  on m e r c u r y  i t  is f o u n d  t h a t  t h e  v a r i a t i o n  of 
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the  p o t e n t i a l  of t h e  ecm w i t h  l o g a r i t h m  of con-  
c e n t r a t i o n  of  t he  ion  in  so lu t ion  is n u m e r i c a l l y  
g r e a t e r  t h a n  - - R T / F  (14) ,  a l t h o u g h  on  the  a s s u m p -  
t ions  t h a t  ~M __ r  "~- 0 and  Eeemads - -  E e c m  O ---- ~b 1 - -  ~b s ,  

i t  shou ld  e q u a l  - -RT/F .  The  n u m e r i c a l l y  g r e a t e r  
v a l u e s  t h a t  a r e  o b s e r v e d  a r e  a s c r i b e d  to p e n e t r a t i o n  
of t he  field,  se t  up  due  to t he  cha rge  s e p a r a t i o n  on 
adso rp t ion ,  in to  t he  r eg ion  b e t w e e n  t h e  m e t a l  s u r -  
face  a n d  the  i n n e r  H e l m h o l t z  p l ane ,  due  to t h e  d i s -  
c r e t enes s  of c h a r g e  (15) in  t h e  i n n e r  H e l m h o l t z  
p lane .  As  a consequence ,  t he  a d s o r b i n g  ion  m o v e s  
t h r o u g h  on ly  a p a r t  of t he  p o t e n t i a l  d i f fe rence  Eecmads 
- -  E e c m  o.  The  fiat b a n d  p o t e n t i a l  ( , s = 0 )  on g e r m a -  
n i u m  is ana logous  to  t he  ecru. Bo th  ou r  d a t a  and  
those  of H o f f m a n n - P e r e z  a n d  G e r i s h e r  show t h a t  
for  so lu t ions  m o r e  a l k a l i n e  t h a n  p i t  5.0, dVH/dpH 
has  i ts  t h e r m o d y n a m i c a l l y  p r e d i c t e d  va lue ,  a n d  
hence  t h e r e  is no p e n e t r a t i o n  of t he  field in to  t h e  r e -  
g ion  b e t w e e n  the  g e r m a n i u m  su r f ace  and  t h e  i n n e r  
H e l m h o l t z  p l ane .  A poss ib l e  e x p l a n a t i o n  m a y  be  in  a 
s c r een ing  effect due  to " s m e a r i n g  out"  of t he  cha rges  
in t he  c lose ly  p a c k e d  i n n e r  H e l m h o l t z  p l a n e  b e -  
cause  of t he  r a p i d  f luc tua t ions  in  t h e i r  loca t ions ,  

~. . / O -  H + ~ ~ O H  
Ge Ge 

"~ OH / "~ OH 
Ge +~- Ge etc. 

7 O H  -~ f O H  
Ge Ge 

/ ~ O H  ~-0- H + 

thus  

A n o t h e r  poss ib l e  e x p l a n a t i o n  w o u l d  be  t h a t  d ln  
aH+surfaoe/dpH was  no t  s m a l l  c o m p a r e d  to un i ty ,  
b u t  was  a lmos t  e x a c t l y  cance led  b y  the  d i s c r e t enes s  
of c h a r g e  effect. This  w o u l d  be  an  u n l i k e l y  co in -  
c idence.  

In  s t r o n g l y  ac id  and  a l k a l i n e  so lu t ions  as w e  
h a v e  shown,  i t  is not  poss ib le  to d e d u c e  t h e  change  
in  VH f r o m  c a p a c i t y  m e a s u r e m e n t s  due  to t he  p r e s -  
ence of su r f ace  s t a tes  even  in  c a r e f u l l y  d e c o n t a m -  
i n a t e d  solut ions .  The  flat  b a n d  cond i t i on  a t  t he  p i t  
e x t r e m e s  m a y  be  d e d u c e d  f r o m  the  c o n d u c t i v i t y  
m e a s u r e m e n t s ,  e.g., Fig.  9. The  po in t s  o b t a i n e d  r e -  
l a t e  to t he  zero  c u r r e n t  l ine  in  Fig .  6, b u t  t he  d a t a  
do not  l ie  on t h a t  l ine.  This  is not  too s u r p r i s i n g  
s ince  w e  k n o w  tha t  t h e r e  a r e  c o n s i d e r a b l e  d i f fe r -  
ences in  the  n a t u r e  of the  i n t e r f a c e  a t  t he  e x t r e m e s  
of  p H  (as  e v i d e n c e d  b y  the  oc c u r r e nc e  of fas t  s u r -  
f ace  s t a t e s )  c o m p a r e d  w i t h  t he  n e a r  n e u t r a l  reg ion .  

The  r e l a t i v e l y  s low change  in  VH on p o l a r i z a t i o n  a t  
f ixed pH,  w h i c h  is e v i d e n c e d  b y  t h e  shi f t  in  t h e  VE vs. 
~ s - - ( k T / e )  In X r e l a t i o n s h i p s  in Fig.  3 and  5 u n d e r  
the  two  d i f f e ren t  s t e a d y - s t a t e  cond i t ions  a p p e a r s  
in t he  cons t an t  t e r m  in Eq. [2] ,  w h i c h  is cons t an t  
on ly  a t  a g iven  s t e a d y  c u r r e n t  d e n s i t y  or  u n d e r  expe~ 
r i m e n t a l  cond i t ions  w h e r e  ~V~ ---- ~ ( ~ s - -  ( k T / e )  in  X). 
We m a y  conc lude  t h a t  i t  is p r o b a b l y  no t  due  to a 
v a r i a t i o n  of  t he  d e n s i t y  of c o v a l e n t l y  b o n d e d  h y -  
d r o x y l  g roups .  I f  th is  w e r e  so, t he  l i m i t i n g  case  
for  h igh  anod ic  c u r r e n t  w o u l d  p r e s u m a b l y  be  t he  
c o m p l e t e  absence  of su r f ace  h y d r o x y l  groups .  The  
r e a s o n i n g  b e h i n d  th is  s t a t e m e n t  is t h a t  s ince  a b o u t  
50% of Z~V~ (due  to p o l a r i z a t i o n )  occurs  for  2 ~a 
cm -2, w e  conc lude  t h a t  th is  c u r r e n t  is a l r e a d y  c o m -  
p a r a b l e  w i t h  t he  s p o n t a n e o u s  r a t e  of r e - e s t a b l i s h -  
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m e n t  of t he  d ipole .  A s s u m i n g  t h a t  t h e r e  is a s imp le  
c o m p e t i t i o n  b e t w e e n  anod ic  d i s so lu t ion  and  r a t e  of 
r e p l e n i s h m e n t ,  t he  s t e a d y  s t a t e  a t  h igh  anod ic  c u r -  
r en t  shou ld  be  a l m o s t  zero  d e n s i t y  of t he  spec ies  
g iv ing  r i se  to the  d ipole .  H o w e v e r ,  f r o m  the  v a r i a -  
t ion of VH w i t h  p H  a t  h i g h e r  c u r r e n t  dens i t i e s  ( >  
10 ~a cm -2)  w e  k n o w  t h a t  t h e r e  m u s t  s t i l l  be  a 
c o n s i d e r a b l e  su r f ace  d e n s i t y  of  h y d r o x y l  g roups  
p r e s e n t  u n d e r  these  condi t ions ,  a n d  t h a t  i nc rea se  
in  c u r r e n t  d e n s i t y  a b o v e  th is  f igure  (up  to a t  l eas t  
200 ~a cm -2)  does  no t  change  the  d e n s i t y  s igni f i -  
can t ly ,  s ince  l i t t l e  f u r t h e r  change  in  VH is obse rved .  
This  is in  a cco rdance  w i t h  t he  v i e w  t h a t  t h e  a t -  
t a c h m e n t  of h y d r o x y l  g roups  to a g e r m a n i u m  s u r -  
face  d u r i n g  anod ic  d i s so lu t ion  occurs  r a p i d l y  (12) .  

W e  fee l  t h a t  i t  is m o r e  l i k e l y  t h a t  t h e  effect  is due  
to  an  o r i e n t e d  l a y e r  of  w a t e r  molecu les ,  h y d r o g e n -  
b o n d e d  to t he  su r f ace  h y d r o x y l  g r o u p s  thus  

H 
J 

OH - - - O 

Ge H 

The  pa s sage  of c u r r e n t  wi l l ,  b y  v i r t u e  of t he  r e -  
m o v a l  of su r f ace  a toms  a n d  the  d i f fus ion  of r e a c t a n t s  
and  p r o d u c t s  t h r o u g h  the  so lu t ion  s ide  of t he  d o u b l e  
l aye r ,  d i s r u p t  th is  o r i e n t e d  l a y e r  of molecu les .  I t  
is a s s u m e d  t h a t  a t  10 ~a cm -2  the  l a y e r  becomes  
l a r g e l y  d i so r i en ted .  The  o b s e r v e d  v a l u e  for  AVH 
( d u e  to  p o l a r i z a t i o n  a t  a f ixed p H )  of ca. 180 m v  is 

not  u n r e a s o n a b l y  f a r  f r o m  the  e x p e r i m e n t a l l y  m e a s -  
u r e d  v a l u e s  of t he  su r f ace  p o t e n t i a l  for  w a t e r  of 
300-400 m v  (13) .  The  s t r u c t u r e  as w r i t t e n  a b o v e  is 
cons i s t en t  w i t h  t he  fac t  t h a t  i ts  r e m o v a l  w i l l  cause  
VE to b e  m o r e  pos i t i ve  a t  a g iven  *s. H o w e v e r ,  w e  
canno t  r u l e  out  o t h e r  poss ib le  exp l ana t i ons .  

W i t h  r e g a r d  to t h e  a d d i t i o n a l  c a p a c i t y  s h o w n  a t  
t he  p H  e x t r e m e s  in  Fig.  10 and  11, w e  do no t  p r o -  
pose  to m a k e  a c o m p l e t e  ana lys i s  a t  t he  p r e s e n t  
t ime.  One of t he  ob jec t s  of th is  w o r k  was  to d e -  
t e r m i n e  if su r f ace  s t a tes  cou ld  be  o b s e r v e d  on g e r -  
m a n i u m  even  w h e n  none  of t he  m e t a l  ion c o n t a m -  
i n a n t s  w h i c h  h a v e  b e e n  o b s e r v e d  to  c r e a t e  su r f ace  
s ta tes  (8, 9) w e r e  p re sen t .  This  is a p p a r e n t l y  the  
case, and  w e  conc lude  t h a t  the  s ta tes  o b s e r v e d  a r e  
due  to p a r t i c u l a r  su r f ace  ox ide  s t r u c t u r e s  at  the  
e x t r e m e  p H  va lues .  

In  Fig.  10 and  11 w e  h a v e  i n c l u d e d  the  t h e o r e t i c a l  
cu rves  for  loca l ized  fas t  su r face  s t a tes  of t he  g iven  
p a r a m e t e r s  as an  i nd i ca t i on  of t he  a p p r o x i m a t e  fit 
of t he  d a t a  to such a model .  W e  hope  to c a r r y  out  
f u r t h e r  e x p e r i m e n t s  to e x a m i n e  in  d e t a i l  t he  n a -  
t u r e  of these  su r f ace  s ta tes .  

Conclusions 
The  p.d. ac ross  t he  H e l m h o l t z  r e g i o n  b e t w e e n  a 

g e r m a n i u m  e l ec t rode  a n d  a c o n c e n t r a t e d  aqueous  
e l e c t r o l y t e  d e p e n d s  on b o t h  c u r r e n t  d e n s i t y  a n d  pH.  
O v e r  an  i n t e r m e d i a t e  r a n g e  of p H  the  v a r i a t i o n  a t  
cons t an t  c u r r e n t  d e n s i t y  is 59 m v  p e r  p H  un i t  and  
sugges t s  t he  p r e s e n c e  of ion ized  su r f a c e  h y d r o x y l  
g roups .  

A t  m o r e  e x t r e m e  p H  v a l u e s  fas t  su r f ace  s ta tes  a r e  
o b s e r v e d  even  in  so lu t ions  c a r e f u l l y  pur i f i ed  f r o m  
t r aces  of nob le  m e t a l  ions. This  i nd i ca t e s  t h a t  s u r -  
face  s t a tes  m a y  be  an  in t r i n s i c  p r o p e r t y  of some 
s t r u c t u r a l  f e a t u r e s  of t h e  su r f ace  o c c u r r i n g  in 
t hese  r a n g e s  of pH.  
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Transport of Bicarbonate, Carbonate, and Chloride Ions 
through Ion Exchange Membranes 
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ABSTRACT 

The integral  t ranspor t  numbers  of chloride and bicarbonate  ions in  the 
commercial  an ion-exchange  membranes  "Permut i t  3148," "AMF 101" (Ameri -  
can Machine and Foundry  Company) and "Asahi Anionic," and the con- 
comitant  water  t ranspor t  were determined.  The cathode compar tment  con- 
tained mixed solutions of sodium bicarbonate and chloride in  different propor-  
tions and of total normal i ty  0.05. I t  was found that  in all three membranes  
preferent ial  t ransport  of chloride takes place, tha t  the electroosmotic t ranspor t  
of water  with bicarbonate  is higher than  with chloride and that  the electro- 
osmotic water  t ranspor t  varies in  the same order as the water  content  of the 
chloride forms of the membranes  expressed in  terms of moles H20 per 
equivalent  C1-. Competit ive t ranspor t  of carbonate and chloride in  "AMF 
101" was also measured. The preferent ia l  t ranspor t  of chloride is even more 
pronounced in this case than  in  chlor ide-bicarbonate  systems. 

In  the  e lect rodia lys is  of wa te r s  con t a in ing  b i ca r -  
bona tes  a n d / o r  carbonates ,  scale f o r m a t i o n  is o f ten  
encoun te red .  Scale is caused by  the  local  b u i l d u p  
of h igh concen t ra t ions  of these ions on the  side of 
the an ion  exchange  m e m b r a n e  facing the  concen-  
t r a te  s t r e a m  (1-3) .  The  r e su l t ing  p rec ip i t a t ion  of 
ca lc ium ca rbona te  a n d / o r  m a g n e s i u m  hydrox ide  
g rea t ly  decreases  the  efficiency of the  e l ec t rod ia ly -  
sis process. The  concen t r a t i on  po la r iza t ion  caus ing  
these p h e n o m e n a  is due to the  difference of the  ion 
t r a n s p o r t  n u m b e r s  in  so lu t ion  and  m e m b r a n e ,  r e -  
spect ively.  

1 P resen t  address :  D e p a r t m e n t  of Min ing  and  Minera l  Technology,  
Impe r i a l  College of S c i e n c e  a n d  Technology,  London,  England.  

2 Presen t  address :  Willgoos Phys ica l  Chemis t ry  Labora tory ,  P ra t t  
and  Whi tney  Airc ra f t ,  East  Har t ford ,  Connecticut .  

It  was  there fore  cons idered  of in te res t  to meas -  
u re  the  t r a n s p o r t  n u m b e r  of b i c a r bona t e  in  a n u m -  
ber  of commerc ia l  an ion  exchange  m e m b r a n e s  and  
in  the  presence  of chlor ide ions. P rev ious  field ex -  
pe r ience  w i th  these a nd  o ther  commerc ia l  m e m -  
b r a n e s  had  ind ica ted  tha t  chlor ide t r a n s p o r t  was 
favored  over  b i c a r bona t e  t r a n s p o r t  u n d e r  some 
condi t ions  (4, 5) bu t  opposi te  effects had  also been  
repor ted  (6) .  In  the  p resen t  w o r k  we d e t e r m i n e d  
the  t r a n spo r t  n u m b e r s  3 of b i c a r bona t e  and  chlor ide 
in  th ree  m e m b r a n e s  in  contact  w i th  mi xe d  b ica r -  
b o n a t e - c h l o r i d e  solut ions,  in  which  the  to ta l  con-  
cen t r a t i on  was  held  constant ,  at  0.05N whi le  the  

SThe t ranspor t  n u m b e r s  re fe r red  to  are  t h e  " i n t e g r a l  t r anspor t  
n u m b e r s "  (6a) w h i c h  a re  s o m e w h a t  d i f ferent  f r o m  t h e  "di f ferent ia l  
t r anspor t  n u m b e r s "  m e a s u r e d  be twe e n  solutions of a lmost  ident i ca l  
composi t ion (7). 

Table I. Properties of anion exchange membranes (chloride form) 

N a m e  P e r m u t i t  No. 3148 AMF 101 Asah i  Anionic* 

Manufacturer  P faud le r -Pe rmut i t  Inc., New American  Mach. and Asahi Chemical Co., 
York, N.Y. Foundry  Co., Spr ing-  Yurakucho, Chi- 

dale, Conn. yoda-ku,  Tokyo 

Homogeneous Type 

Capacity, m e q / g  dry resin 

Heterogeneous, s t rengthened 
by iner t  plastic fiber 

Homogeneous 

0.7 1.5-1.6 1.3-1.4 

Thickness, m m  

Electrical resistance, ohm cm 2 
in  0.1N NaC1 25~ 
in  0.5N NaC1 25~ 

Water  content, % 
molecules per C1- 

Electroosmotic water  t ranspor t  
molecules H20 per  C1- 
molecules H20 per HCO3- 

0.17 0.12 0.16 

11.0 2.0-2.5 
9.0 

17 17 25 
15-16 6-7 13-14 

6.5 3 4 • 0.5 
9.5 5.7 6.5 

* T h e  m e m b r a n e  t e s t e d  h a d  t he  c h e m i c a l  character i s t i c s  o f  the  m a t e r i a l  d e s i g n a t e d  as DA- I ,  w h i c h  is n o w  in c o m m e r c i a l  p r o d u c t i o n  in 
sheets  of 0.23 m m  th i ckness .  
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b i c a r b o n a t e :  ch lo r ide  c o n c e n t r a t i o n  r a t i o  was  v a r i e d  
in  d i f f e r en t  e x p e r i m e n t s .  The  w a t e r  t r a n s p o r t  oc-  
c u r r i n g  at  t he  s a m e  t i m e  as t he  ion  t r a n s p o r t  was  
also m e a s u r e d ,  and  so was  the  t r a n s p o r t  n u m b e r  
of c a r b o n a t e  in  t he  p r e s e n c e  of ch lo r ide  across  one 
m e m b r a n e .  The  r e su l t s  s h o w e d  t h a t  c h l o r i d e  ion  is 
t r a n s p o r t e d  in  p r e f e r e n c e  to b i c a r b o n a t e  a n d  t h a t  
b i c a r b o n a t e  ca r r i e s  m o r e  w a t e r  t h a n  ch lor ide .  

Experimental 

The  m e m b r a n e s  used  and  t h e i r  r e l e v a n t  p r o p -  
e r t i es  a r e  l i s t ed  in  T a b l e  I. D u p l i c a t e  m e m b r a n e  
i o n - e x c h a n g e  c a p a c i t y  d e t e r m i n a t i o n s  w e r e  p e r -  
f o r m e d  b y  s h a k i n g  w e i g h e d  s a m p l e s  w i t h  suc -  
cess ive  p o r t i o n s  of s o d i u m  ch lo r ide  solu t ion ,  fo l -  
l o w e d  b y  e x h a u s t i v e  d i s p l a c e m e n t  of C1- w i t h  1N 
s o d i u m  n i t r a t e .  The  c o m b i n e d  n i t r a t e  w a s h i n g s  
w e r e  t i t r a t e d  for  ch lo r ide .  M e m b r a n e  w a t e r  con-  
t e n t  w a s  d e t e r m i n e d  b y  e q u i l i b r a t i o n  of d u p l i c a t e  
s amp le s  in  O.05N NaC1 solut ions ,  r a p i d  b l o t t i n g  and  
we igh ing ,  w i t h  s u b s e q u e n t  d r y i n g  to c o n s t a n t  
w e i g h t  ove r  p h o s p h o r u s  pen tox ide .  

The  cel l  for  t he  m e a s u r e m e n t  of ion  and  w a t e r  
t r a n s p o r t  is an  a d a p t a t i o n  of a cel l  u sed  b y  one of 
the  a u t h o r s  ( K S S )  p r e v i o u s l y  (7)  and  is s h o w n  in 
Fig.  1. I t  is m a d e  of  " P l e x i g l a s , "  has  a f lat  b o t t o m  
to a l l o w  m a g n e t i c  s t i r r i n g  and  a c u r v e d  roo f  to f a -  
c i l i t a t e  t he  escape  of gases  f o r m e d  in e l e c t r o d e  r e -  
act ions .  ( In  t he  e x p e r i m e n t s  r e p o r t e d  here ,  no gas  
f o r m a t i o n  occu r r ed . )  Each  h a l f - c e l l  con ta ins  an  
e lec t rode ,  a t h e r m o m e t e r ,  and  a m i c r o b u r e t t e ,  i n -  
t r o d u c e d  t h r o u g h  " N y l o n "  p lugs ,  as w e l l  as a s p a r e  
p lug .  

In  our  e x p e r i m e n t s  t he  an ion  e x c h a n g e  m e m b r a n e  
was  c l a m p e d  b e t w e e n  the  two  h a l f - c e l l s  and  a con-  
s t an t  c u r r e n t  pa s sed  for  a specif ied p e r i o d  b y  m e a n s  
of a t h y r a t r o n - c o n t r o l l e d  p o w e r  supp ly .  The  e x -  
posed  m e m b r a n e  su r f ace  was  10 cm 2. Bo th  e l ec -  

Fig. 1. Cell for measurement of ion and water transport. Electrode 
connections, thermometers, and burets with magnifiers are shown. 
Ruler is calibrated in centimeters. 
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t r odes  w e r e  s i l v e r - s i l v e r  ch lo r ide  m a d e  f rom 20 
m e s h  p u r e  s i l ve r  w i r e  w o u n d  on a c y l i n d r i c a l  
P l e x i g l a s  s u p p o r t  of d i a m e t e r  3.9 cm a n d  l e n g t h  3.2 
cm and  cond i t i oned  b e f o r e  use  b y  e l ec t ro ly s i s  in  
0.1N HC1 w i t h  p e r i o d i c  c u r r e n t  r eve r sa l .  A t  t he  
s t a r t  of each  e x p e r i m e n t  t he  ca thode  c o m p a r t m e n t  
was  f i l led w i t h  a m i x e d  so lu t ion  of NaC1 and  
NaHCO3 (or  Na2CO3) of t o t a l  c o n c e n t r a t i o n  0.O5N. 
The  anode  c o m p a r t m e n t  was  f i l led w i t h  a 0.05N 
NaC1 solut ion .  

As  a r e s u l t  of the  pa s sage  of the  cu r r en t ,  t he  
concen t r a t i ons  in  bo th  c o m p a r t m e n t s  changed .  
F r o m  these  changes  t he  t r a n s p o r t  n u m b e r s  of t h e  
an ions  w e r e  ca l cu la t ed .  M a t e r i a l  b a l a n c e s  conf i rmed  
t h a t  p o l a r i z a t i o n  s ide  r e a c t i o n s  w e r e  a lmos t  n e g l i g -  
ible.  T h e  a n a l y s e s  of t he  so lu t ions  in the  cel l  c o m -  
p a r t m e n t s  w e r e  c a r r i e d  ou t  p o t e n t i o m e t r i c a l l y  w i t h  
a B e c k m a n  " Z e r o m a t i c "  p H  m e t e r :  ch lo r ide  b y  t i -  
t r a t i o n  w i t h  0.03N AgNO8 solut ion ,  b i c a r b o n a t e ,  
c a rbona t e ,  a n d  h y d r o x i d e  w i t h  O.01N H2SO4 (8) .  

E l e c t r o o s m o t i c  w a t e r  t r a n s p o r t  was  c a l c u l a t e d  
f r o m  the  d i f fe rence  in a n o l y t e  v o l u m e  a t  cons t an t  
h y d r o s t a t i c  p r e s s u r e  be fo re  and  a f t e r  each  run ,  co r -  
r e c t e d  for  e l e c t r o d e  v o l u m e  change  and  for  m o l a r  
v o l u m e  change  caused  b y  so lu te  t r ans f e r ,  as w e l l  as 
for  t h e r m a l  expans ion .  

A l l  e x p e r i m e n t s  w e r e  c a r r i e d  out  a t  a m b i e n t  
r o o m  t e m p e r a t u r e .  I t  is k n o w n  t h a t  bo th  ionic  
t r a n s p o r t  n u m b e r  and  e l ec t roosmot i c  w a t e r  t r a n s -  
p o r t  p e r  ion  a r e  a f fec ted  on ly  s l i g h t l y  b y  the  p r e -  
va i l i ng  t e m p e r a t u r e  f luc tua t ions .  

The  t o t a l  c h a r g e  pa s sed  was  c a l c u l a t e d  f r o m  the  
v o l u m e  of h y d r o g e n - n i t r o g e n  m i x t u r e  evo lved  f r o m  
a h y d r a z i n e  su l f a t e  s o l u t i o n  in  a P a g e - L i n g a n e  
c o u l o m e t e r  in  ser ies  w i t h  t he  t r a n s p o r t  cel l  (9 ) .  
C u r r e n t  dens i t i e s  w e r e  k e p t  low, a n d  the  so lu t ions  
w e r e  v i g o r o u s l y  a g i t a t e d  b y  m a g n e t i c  s t i r r e r s  to 
m i n i m i z e  p o l a r i z a t i o n  p h e n o m e n a .  The  e l ec t ro ly s i s  
p e r i o d  in these  e x p e r i m e n t s  was  b e t w e e n  60 and  200 
min ,  d e p e n d i n g  on c u r r e n t  d e n s i t y  and  compos i t i on  
of t he  solu t ions .  

The  r a t e  of i n t e rd i f fus ion  of ch lo r ide  and  b i c a r -  
b o n a t e  (or  c a r b o n a t e )  b e t w e e n  a 0.05N NaC1 so lu -  
t ion  and  a m i x e d  ch lo r ide  a n d  b i c a r b o n a t e  (o r  c a r -  
b o n a t e )  so lu t ion  of t o t a l  c o n c e n t r a t i o n  0.05N was  
also m e a s u r e d .  These  m e a s u r e m e n t s  w e r e  m a d e  in 
t he  absence  of an  e x t e r n a l  a p p l i e d  v o l t a g e  a n d  
s h o w e d  tha t  t he  d i f fus ion f lux of t he  ions is cons id -  
e r a b l y  s m a l l e r  t h a n  the  f lux i n d u c e d  b y  the  e lec t r i c  
field. 

Results and Discussion 
The  b i c a r b o n a t e  t r a n s p o r t  n u m b e r  as a func t ion  

of t he  a v e r a g e  e q u i v a l e n t  f r ac t i on  of  b i c a r b o n a t e  in  
t he  c a t h o l y t e  is s h o w n  in Fig .  2. " A v e r a g e "  r e f e r s  
h e r e  to  the  a r i t h m e t i c  m e a n  of t he  b i c a r b o n a t e  f r a c -  
t ion  in  the  c a t h o l y t e  at  t he  b e g i n n i n g  and  the  end  
of t he  e x p e r i m e n t .  O n l y  the  b i c a r b o n a t e  t r a n s p o r t  
n u m b e r s ,  tnco~- ,  a r e  r e p o r t e d ,  s ince  t he  ch lo r ide  
t r a n s p o r t  n u m b e r s ,  c a l c u l a t e d  i n d e p e n d e n t l y  f r o m  
the  a r g e n t o m e t r i c  t i t r a t i ons ,  w e r e  f o u n d  to be  
e q u a l  to 1 - -  tHCO3-- w i t h i n  1.5%. The  e s t i m a t e d  
a c c u r a c y  of  t he  e x p e r i m e n t s  is i n d i c a t e d  b y  the  size 
of t h e  po in t s  on the  g raphs .  

The  in t e rd i f fus ion  e x p e r i m e n t s  l a s t ed  3 h r  and  
a r e  shown  in Fig .  2. In  e l e c t r o d i a l y s i s  a t  4 m a / c m  2 
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Fig. 2. Bicarbonate transport number and interdiffusion in the 
system: (anode) Ag/AgCI/  0.5N NaCI / Anion-exchange mem- 
brane / Mixed solution o NaHCOa and NaCI / AgCl/Ag (cath- 
ode). Total normality of mixed solution is 0.05. tHcoa- = integral 
bicarbonate transport number; qHCO3-- = mole fraction of bicar- 
bonate in the anolyte; QD = meq HCOs- diffused through mem- 
brane from mixed solution of NaHCO3 and NaCI into NaCI solution 
in 3 hr. Points marked solid rectangle and open rectangle refer to 
current densities of 4 and 8 ma/cm s membrane surface, respectively. 

a c h a r g e  of 4.5 m F  w o u l d  h a v e  pa s sed  in  th i s  
per iod .  To p e r m i t  some c o m p a r i s o n  b e t w e e n  
e l e c t r o m i g r a t i o n  a n d  in t e rd i f fus ion  e x p e r i m e n t s ,  
t h e  sca le  chosen  w a s  such  t h a t  i n t e rd i f fu s ion  v a l u e s  
of 4.5 m e q  a re  oppos i t e  ch lo r ide  t r a n s p o r t  n u m b e r  
va lue s  of  1.0, r e s p e c t i v e l y ,  and  bo th  scales  s t a r t  a t  
a c o m m o n  zero  l ine.  

T h e  r e su l t s  of t h e s e  e x p e r i m e n t s  show t h a t  in  a l l  
t h r e e  m e m b r a n e s  c h l o r i d e  t r a n s p o r t  is f a v o r e d  ove r  
b i c a r b o n a t e  t r a n s p o r t ,  b ecause  tHC03- is s m a l l e r  
t h a n  qaco3-  over  t he  w h o l e  r a n g e  covered .  Th is  is 
t r u e  in  sp i t e  of t h e  f ac t  t h a t  t he  b i c a r b o n a t e  con-  
c e n t r a t i o n  in  t h e  a n o l y t e  was  l o w e r  t h a n  in  t he  
ca tho ly t e ,  so t h a t  d r i v i n g  forces  w e r e  p r e s e n t  for  
d i f fus ion  of b i c a r b o n a t e  ions in  t he  s ame  d i r ec t i on  
as e l e c t r o m i g r a t i o n  and  of c h l o r i d e  ions  in  t h e  o p -  
pos i te  d i rec t ion .  H a d  the  t r a n s p o r t  n u m b e r  b e e n  
m e a s u r e d  in  such  a m a n n e r  t h a t  t he  c o n c e n t r a t i o n s  
of the  e l e c t r o l y t e s  on b o t h  s ides  w e r e  k e p t  cons t an t  
t h r o u g h o u t  t h e  e x p e r i m e n t ,  a s t i l l  h i g h e r  p r e f e r -  
ence  for  c h l o r i d e  t r a n s p o r t  w o u l d  no d o u b t  h a v e  
b e e n  found.  A m e t h o d  for  t he  m e a s u r e m e n t  of 
t r a n s p o r t  n u m b e r s  u n d e r  such  cond i t ions  has  been  
d e s c r i b e d  (7)  u s ing  r a d i o a c t i v e  t r ace r s .  H o w e v e r ,  
in  p r a c t i c e  such cond i t ions  a r e  no t  encoun t e r e d .  
Moreove r ,  i t  was  o b s e r v e d  (a )  t h a t  e x p e r i m e n t s  
c o n d u c t e d  a t  8 m a / c m  ~ fe l l  on the  s a m e  c u r v e  as 
those  at  4 m a / c m  2, a l t h o u g h  the  d u r a t i o n  of t h e  
runs  v a r i e d  b y  a f ac to r  of two,  and  (b )  t h a t  changes  
in  i n i t i a l  a n o l y t e  c o n c e n t r a t i o n  h a d  on ly  a s l igh t  
effect on the  t c l -  found.  Bo th  these  fac ts  show t h a t  
u n d e r  t h e  cond i t ions  of t he se  e x p e r i m e n t s ,  t r a n s -  
p o r t  is d e t e r m i n e d  m a i n l y  b y  the  a p p l i e d  e l ec t r i c  
force.  

In  Fig.  3 t he  t r a n s p o r t  n u m b e r  of c a r b o n a t e  ion 
in  t h e  A M F  101 an ion  e x c h a n g e  m e m b r a n e  is p l o t -  
t ed  a g a i n s t  t he  a v e r a g e  c a r b o n a t e  concentration in  
t he  ca tho ly t e .  I n t e rd i f fu s ion  is also shown.  Be c a use  
of t he  h y d r o l y s i s  of s o d i u m  ca rbona t e ,  h y d r o x y l  
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Fig. 3. Carbonate transport and interdiffusion conditions as in 
Fig. 2 except that carbonate was substituted for bicarbonate. 
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Fig. 4. Electroosmotic water transport in three membranes. Bi- 
carbonate and chloride ions migrate through membrane from mixed 
solution of NaCl and NaHCO~ of total normality of 0.05N into 
0.05N NaCl solution. Water transport is plotted against integral 
transport number of bicarbonate. 

ions  a r e  p r e s e n t  a n d  c o n t r i b u t e  to t he  f low of c u r -  
r e n t  t h r o u g h  the  m e m b r a n e .  This  effect  is mos t  
p r o n o u n c e d  a t  t he  h ighe s t  c a r b o n a t e  concen t r a t i ons ,  
( e x c e e d i n g  0.03N) w h e n  t h e  t r a n s p o r t  n u m b e r  of 
h y d r o x y l  ions  w a s  f o u n d  to be  0.03 • 0.015%. A t  
the  l o w e r  c a r b o n a t e  concen t r a t i ons ,  t he  s u m  of t he  
t r a n s p o r t  n u m b e r s  of  ch lo r ide  and  c a r b o n a t e  ions 
was  u n i t y  w i t h i n  the  e x p e r i m e n t a l  e r r o r  of t h e  r e -  
spec t i ve  e x p e r i m e n t s ,  e s t i m a t e d  a t  1.5%. I t  is seen  
t h a t  t h e  p r e f e r e n t i a l  t r a n s p o r t  of c a r b o n a t e  ove r  
ch lo r ide  in  th i s  m e m b r a n e  is even  m o r e  p r o n o u n c e d  
t h a n  t h e  t r a n s p o r t  of b i c a r b o n a t e .  

The  v a r i a t i o n  of e l ec t roosmot i c  w a t e r  t r a n s p o r t  
f r o m  c h l o r i d e - b i c a r b o n a t e  so lu t ions  w i t h  b i c a r b o n -  
a te  t r a n s p o r t  n u m b e r s  for  the  t h r e e  m e m b r a n e s  is 
p l o t t e d  in  F ig .  4. The  cu rves  show t h a t  m o r e  w a t e r  
is t r a n s p o r t e d  w i t h  t he  b i c a r b o n a t e  t h a n  w i t h  t he  
ch lo r ide  ion. P r e l i m i n a r y  e x p e r i m e n t s  s h o w e d  the  
s a m e  t e n d e n c y  w i t h  c a r b o n a t e  ion, w h i c h  c a r r i e d  
even  m o r e  w a t e r  across  t h e  m e m b r a n e s .  Moreove r ,  
t he  e l ec t roosmot i c  w a t e r  t r a n s p o r t  i nc reases  in t he  
s a m e  o r d e r  as t he  n u m b e r  of w a t e r  mo lecu l e s  p e r  
c o u n t e r i o n  ( l i s t ed  in T a b l e  I .)  These  t r e n d s  a r e  
no t  s u r p r i s i n g  s ince  p r e v i o u s  e x p e r i m e n t s  w i t h  
ca t ion  e x c h a n g e r s  have  s h o w n  t h a t  h igh  e l e c t r o -  
osmot ic  w a t e r  t r a n s p o r t  is c o r r e l a t e d  w i t h  low 
e l e c t r i c a l  m o b i l i t y  of ions  (10) a n d  h igh  w a t e r  
c o n t e n t  of t hose  res ins  (11) .  T h e o r e t i c a l  c o n s i d e r a -  
t ions  (12) also l e a d  to t h e s e  conclus ions .  

Manuscr ip t  rece ived  Sept.  4, 1962, This paper  p r e -  
sents ma te r i a l  f rom the thesis of M. Block submi t ted  
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in pa r t i a l  ful f i l lment  of the M.Sc. r equ i rements  of 
Techn ion- I s rae l  Ins t i tu te  of Technology. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1963 
J O U R N A L .  
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Technical Notes @ 
The Effect of the Dielectric Constant of the 

Embedding Media on Electroluminescent Light Intensity 
John Tanaka and Daniel Berg 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

The  e l ec t r i c a l  p r o p e r t i e s  of t he  d i e l ec t r i c  g r e a t l y  
inf luence  the  o p e r a t i o n  of an  e l e c t r o l u m i n e s c e n t  
l amp.  The  b r i g h t n e s s  of the  l a m p  has  been  s h o w n  to 
be  d e p e n d e n t  on  the  d i e l ec t r i c  cons t an t  of t he  d i e l e c -  
t r ic ,  b y  Robe r t s  (1)  for  p o l y m e r s  w i t h  d i e l ec t r i c  
cons tan t s  up  to 7 and  b y  K a t o n a  (2)  for  v a r i o u s  
d i e l ec t r i c  l iqu ids  w i t h  d i e l ec t r i c  cons t an t s  up  to 
1300.1 K a t o n a ,  fo l l owing  Rober t s ,  gave  an  e l e c t r i c a l  
ana lys i s  of t he  s u s p e n d e d  p h o s p h o r - d i e l e c t r i c  as -  
s u m i n g  s p h e r i c a l  p h o s p h o r  p a r t i c l e  shape ,  and  he 
took  accoun t  of the  loss t a n g e n t  as w e l l  as the  d i e l e c -  
t r i c  cons t an t  in  ca l cu l a t i ng  the  f ield u n d e r  w h i c h  the  
p h o s p h o r  p a r t i c l e  is a c t u a l l y  exc i ted .  F o r  a d i e l ec t r i c  
cons t an t  of 2.5 or  g r ea t e r ,  t he  f ield across  t he  p h o s -  
p h o r  p a r t i c l e  is a lmos t  i n d e p e n d e n t  of t a n  3 up  to 
t a n  3 = 0.25. F o r  p r a c t i c a l  e l e c t r o l u m i n e s c e n t  cel ls  
w h e r e  t he  d i e l ec t r i c  c o n s t a n t  of t he  e m b e d d i n g  m e -  
d i u m  is a b o u t  10, t he  l i gh t  i n t e n s i t y  is not  s t r o n g l y  
d e p e n d e n t  on t a n  ~ s ince  i t  is v e r y  diff icult  to o b t a i n  
t a n  $'s of 0.25 w i t h  a m a t e r i a l  of d i e l ec t r i c  cons t an t  
e q u a l  to 10. 

I t  shou ld  be  m e n t i o n e d  also t h a t  t he  c o m p l e x  d i -  
e l ec t r i c  cons t an t  of  t he  exc i t ed  p h o s p h o r  p a r t i c l e  
changes  w i t h  the  i m p r e s s e d  field. This  has  n e v e r  
been  t a k e n  in to  account ,  a n d  the  s i m p l e  t h e o r y  w i t h -  
out  th is  f e a t u r e  seems  to a p p l y  f a i r l y  wel l .  

In  th is  p a p e r ,  the  effect  of t he  d i e l ec t r i c  cons t an t  
of sol id  e m b e d d i n g  m a t e r i a l s  on the  b r i g h t n e s s  of 
e l e c t r o l u m i n e s c e n t  l a m p s  is d e s c r i b e d  for  d i e l ec t r i c  
cons tan t s  up  to 65. The  t h e o r y  R o b e r t s  used,  for  
sphe re s  e m b e d d e d  in a d i e l ec t r i c  m e d i u m ,  is a p p l i e d  

1 K a t o n a ' s  (2) m e a s u r e d  v a l u e  fo r  e' for  a c e t o n e  w a s  1300 w i t h  a 
t an  6 o f  25 at  1 kc;  a t  10 kc  e' wa s  23, and  t a n  6 = 0.7. The  l i t e r a t u r e  
v a l u e  of e" for  a c e t o n e  is 20.7.  T h e  m a t e r i a l  u s e d  by  h i m  m u s t  h a v e  
b e e n  suf f ic ien t ly  lossy  to  c a u s e  e l e c t r o d e  P o lar i za t ion  and  e q u i v a l e n t  
capac i tance .  See  Tab le  of  D ie l ec tr i c  C o n s t a n t s  of  P u r e  L iqu ids ,  Na-  
t i o n a l  B u r e a u  of  S t a n d a r d s ,  C i r c u l a r  514, 1951. 

and  success fu l ly  accoun t s  for  t he  v a r i a t i o n  of  l igh t  
i n t e n s i t y  w i t h  d i e l ec t r i c  cons tan t .  

Experimental Method 
Materials.---At first,  l i qu ids  w e r e  c o n s i d e r e d  as t he  

d i e l ec t r i c  m e d i u m  because  of t he  r e a d y  a v a i l a b i l i t y  
of a w ide  r a n g e  of  d i e l ec t r i c  cons tan ts .  H o w e v e r ,  t he  
h igh  losses of t he  h i g h e r  d i e l ec t r i c  cons t an t  l i qu ids  
( e v e n  w h e n  pur i f i ed )  r e n d e r e d  m e a s u r e m e n t s  diffi- 
cult .  In  v i e w  of this ,  sol id  d i e l ec t r i c s  w e r e  chosen.  
V a r ious  d i e l ec t r i c  cons t an t s  w e r e  o b t a i n e d  b y  us ing  
m i x t u r e s  of d i e l e c t r i c  m a t e r i a l s .  A c e t a t e  r a y o n  and  
c y a n o e t h y l  ce l lu lose  m i x t u r e s  gave  f i lms w i t h  d i -  
e lec t r i c  cons tan t s  r a n g i n g  b e t w e e n  6 a n d  15. C y a n o -  
e t h y l  ce l lu lose  a n d  succ inon i t r i l e  m i x t u r e s  gave  f i lms 
w i t h  d i e l ec t r i c  cons t an t s  r a n g i n g  b e t w e e n  15 for  t he  
p u r e  c y a n o e t h y l  ce l lu lose  to 65 for  t he  pu re ,  w a x y  
succ inon i t r i l e .  A su l fone ,  w h i c h  was  p r e p a r e d  in  th is  
l a b o r a t o r y  and  w h i c h  was  mos t  p r o b a b l y  a - n a p t h y l -  
p h e n y l  sul fone,  was  also used .  I t  is a w a x y  subs t ance  
w i t h  a d i e l ec t r i c  cons t an t  of 24. 

The  p h o s p h o r  used  in  t he  d i f fe ren t  l a m p s  was  f r o m  
the  s a m e  b a t c h  of o r i g i n a l l y  p r e p a r e d  m a t e r i a l .  I ts  
c o n c e n t r a t i o n  was  k e p t  c lose to 60% b y  w e i g h t  in 
the  sol id  m i x t u r e .  The  p h o s p h o r  p a r t i c l e s  w e r e  i r -  
r e g u l a r ,  a n g u l a r  p a r t i c l e s  a p p r o x i m a t e l y  10~ in d i -  
ame te r .  

Dielectric constant . - -Fi lms of the  e m b e d d i n g  
m a t e r i a l  w e r e  d e p o s i t e d  on N E S A  glass  ( T r a d e m a r k  
of P i t t s b u r g h  P l a t e  Glass  C o m p a n y )  w h i c h  is a 
g lass  w i t h  a conduc t ing ,  t r a n s p a r e n t  t in  ox ide  s u r -  
face.  The  d i e l ec t r i c  cons t an t  a t  60 cycles  was  d e t e r -  
m i n e d  us ing  the  N E S A  coa t ing  as one e lec t rode .  F o r  
h i g h e r  f r equenc i e s  the  N E S A  coa t ing  i n t roduces  
e r ro r s  be c a use  of i ts res i s tance .  S ince  i t  was  diff icult  
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to d e t e r m i n e  fi lm th i cknesses  to t h e  a c c u r a c y  d e -  
s i red ,  e spec i a l l y  w i t h  sof te r  films, t he  d i e l ec t r i c  con-  
s t a n t  of t he  m i x t u r e s  was  c a l c u l a t e d  acco rd ing  to 
t he  e m p i r i c a l  e q u a t i o n  (3)  

log  ~'x = V1 log  e' l  + V 2 log ~'~ [ 1 ] 

w h e r e  ~'~ is t h e  d i e l ec t r i c  conStant  of t he  m i x t u r e ,  e'~, 
E'2 a re  d i e l ec t r i c  cons tan t s  of c o m p o n e n t s  1 a n d  2, 
r e spec t i ve ly ,  a n d  V~, V 2 a r e  t he  v o l u m e  f r ac t ions  of 
c o m p o n e n t s  1 and  2, r e spec t i ve ly .  

S u c c i n o n i t r i l e  t ends  to s u b l i m e  eas i ly ,  so t h a t  
e v a p o r a t e d  a l u m i n u m  e l ec t rodes  cou ld  no t  be  a p -  
p l i ed  b y  v a c u u m  e v a p o r a t i o n .  The re fo re ,  a m e r c u r y  
e l ec t rode  was  used  as t h e  second  e l ec t rode  as shown  
in Fig.  1. 

Light output.~In o r d e r  to d e t e r m i n e  c o m p a r a t i v e  
l igh t  ou tpu t s ,  a t h i ckness  of 1.5 m i l  for  t h e  p h o s -  
p h o r - d i e l e c t r i c  f i lm was  e s t a b l i s h e d  as a s t a n d a r d  of 
r e f e rence ,  for  a l a m p  to be  o p e r a t e d  a t  60 cps. B e -  
cause  a t a m p  of e x a c t l y  th is  t h i ckness  was  diff icult  
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Fig. 1. Mercury electrode for EL cell measurements 
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Fig. 2. Light output as a function of dielectric constant, o, Theory 
(fitted for g ~ 5.9; see text); [ ] ,  experiment, 120v, 60 cps, 1..5 
mil film; phosphor 60% by weight. 

to m a k e ,  a se r i e s  of l a m p s  of v a r y i n g  t h i cknes se s  
w e r e  p r e p a r e d  f r o m  each p h o s p h o r - d i e l e c t r i c  m i x -  
t u r e  and  t h e i r  l igh t  ou tpu t s  d e t e r m i n e d .  The  l igh t  
o u t p u t  for  a 1 .5-mi l  t h i c k  l a m p  was  t h e n  i n t e r p o -  
l a t e d  f r o m  these  da ta .  

Results and Discussion 

The  r e l a t i o n s h i p  b e t w e e n  l i gh t  i n t e n s i t y  a n d  d i -  
e lec t r i c  cons t an t  is s h o w n  in Fig .  2. The  n u m b e r s  
r e f e r  to t he  e m b e d d i n g  m a t e r i a l s  l i s t ed  in  T a b l e  I. 
T a b l e  I a lso  g ives  t he  d i e l ec t r i c  cons tan t ,  a n d  t a n  8 
for  these  e m b e d d i n g  ma te r i a l s .  The  po in t s  m a r k e d  
e x p e r i m e n t a l  a r e  m e a s u r e d  va lues .  The  po in t s  
m a r k e d  t h e o r e t i c a l  w e r e  compu ted .  The  field on the  
p h o s p h o r  for  an  a p p l i e d  v o l t a g e  of 120v was  c o m -  
p u t e d  for  t he  v a r i o u s  d i e l ec t r i c  cons t an t s  of  t h e  e m -  
b e d d i n g  d i e l ec t r i c  u s ing  the  e q u a t i o n  of R o b e r t s  (1)  

E2 3~1 
[ 2 ]  

Em = 2~i + ~'2 - -  V2 (~ 'e-  ~'1) 

w h e r e  E~ is the  f ield on the  p h o s p h o r  pa r t i c l e ,  Em 
the  a p p l i e d  f ie ld ( v o l t a g e  d i v i d e d  b y  cel l  t h i c k n e s s ) ,  
e'~ t he  d i e l ec t r i c  c o n s t a n t  of t h e  d ie lec t r ic ,  e'~ t he  
d i e l ec t r i c  cons t an t  of the  p h o s p h o r  ( ~  10),  and  V 2 
the  v o l u m e  f r ac t i on  of t he  phosphor .  

In  o r d e r  to c o n v e r t  t he  c a l c u l a t e d  v a l u e s  for  t he  
f ield on t h e  p h o s p h o r  p a r t i c l e s  e m b e d d e d  in t h e  v a r i -  
ous m e d i a  to b r i g h t n e s s  va lues ,  a l a m p  w h i c h  was  
p r e p a r e d  w i t h  ace t a t e  r a y o n  of d i e l ec t r i c  cons t an t  
5.9 h a d  i ts  b r i g h t n e s s  d e t e r m i n e d  as a f u n c t i o n  of 
60-cyc le  vo l tage .  The  b r i g h t n e s s  v a l u e s  o b t a i n e d  
w h e n  the  vo l t a ge  was  suff icient  to c r e a t e  t h e  field 
c a l c u l a t e d  a r e  p lo t t e d  a ga in s t  t h e  d i e l ec t r i c  cons t an t  
and  a re  l a b e l e d  " t h e o r y "  in Fig .  2. These  can  t h e n  
be  c o m p a r e d  w i t h  t he  a c t u a l  l i g h t  i n t e n s i t y  for  t h e  
l a m p s  m a d e  w i t h  t h e  specif ied "dielectr ic  cons t an t  
and  m e a s u r e d  a t  120v. 

F r o m  the  a g r e e m e n t  b e t w e e n  the  c a l c u l a t e d  po in t s  
a n d  t h e  e x p e r i m e n t a l  ones,  one can  d r a w  s e v e r a l  
conclus ions .  E q u a t i o n  [2]  seems  to a p p l y  to n o n -  
s p h e r i c a l  p a r t i c l e s  e m b e d d e d  in d i e l ec t r i c  media .  
The  d a t a  also a r e  in  a g r e e m e n t  w i t h  t h e  p lo t  of 
R o b e r t s  w h i c h  shows  t h a t  t h e  l i gh t  i n t e n s i t y  i n -  
c reases  f o u r f o l d  w i t h  an  i nc rea se  in  d i e l ec t r i c  con-  
s t a n t  of the  s u s p e n d i n g  m e d i u m  ove r  t he  r a n g e  of 
4-65, for  o p e r a t i o n  a t  a cons t an t  a p p l i e d  field of 

Table I. Dielectric constants and tan 8 for embedding materials 

P o i n t  i n  a t  60 
Fig .  2 D ie l ec t r i c  cps, 25~ t an  6 

1 Aceta te  r ayon  5.9 ~--0.02 
2 66.2% Aceta te  r ayon  + 7.9* ~0.02 

33.8% CEC 
3 35.3% Aceta te  r ayon  + 11" ~0.02 

64.7% CEC 
4 Cyanoethyl  cellulose 15 ~0.02 

(CEC) 
5 a Naph thy l  sulfone 24 N0.05 
6 50.2% CEC** 34 ,-,0.05 

49.8% Succinoni t r i le  
7 Succinoni t r i le  65 ~0.1 

* C a l c u l a t e d  f r o m  Eq. [1]  u s i n g  t h e  v a l u e s  f o r  t h e  p u r e  c o m p o -  
n e n t s  l i s t e d  u n d e r  1, 4, a n d  7. A s s u m i n g  t h e  d e n s i t i e s  to  b e  equa l ,  
w e i g h t  f r a c t i o n s  w e r e  s u b s t i t u t e d  f o r  t h e  v o l u m e  f r a c t i o n s  of  t h e  
c o m p o n e n t s .  

** T h i s  l a m p  u n e x p l a i n e d l y  d a r k e n e d  w i t h  t i m e ,  T h e  l i g h t  i n t e n -  
s i t y  w a s  m e a s u r e d  b e f o r e  t h e  d a r k e n i n g  w a s  a p p a r e n t ,  
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100 v / m i l .  Hence ,  i t  a lso can  be  conc luded  t h a t  t he  
l igh t  o u t p u t  is no t  a s t rong  func t ion  of d i e l ec t r i c  
cons t an t  for  d i e l ec t r i c  cons tan t s  h i g h e r  t h a n  30 ( in  
a g r e e m e n t  w i t h  K a t o n a ' s  o b s e r v a t i o n  t h a t  l i gh t  i n -  
t en s i t y  is r e l a t i v e l y  i n d e p e n d e n t  of d i e l ec t r i c  con-  
s t an t s  for  va lue s  g r e a t e r  t h a n  50).  

Robe r t s  has  also s h o w n  t h a t  for  v e r y  low fields t he  
d i e l ec t r i c  cons t an t  of t he  e m b e d d i n g  m a t e r i a l  e x e r t s  
a l a r g e  effect on the  l i gh t  o u t p u t  of a l amp ,  be c a use  
at  l ow  fields t he  l igh t  o u t p u t  is an  e x p o n e n t i a l  f u n c -  
t ion  of t he  field to t he  f irst  power .  A t  h i g h e r  fields,  
the  d e p e n d e n c e  of l i gh t  o u t p u t  is an  e x p o n e n t i a l  
func t ion  of t he  field to a p o w e r  less t h a n  one. The  
field on the  p h o s p h o r  inc reases  w i t h  i nc r ea s i ng  d i -  
e l ec t r i c  c o n s t a n t  of t h e  e m b e d d i n g  d ie lec t r ic ,  b u t  in 
a d i m i n i s h i n g  m a n n e r  for  h i g h e r  d i e l ec t r i c  cons tan ts .  
Hence ,  for  bo th  these  reasons ,  ( the  d i m i n i s h i n g  e f -  

fect  of d i e l ec t r i c  cons t an t  on field, and  of field on 
b r i g h t n e s s ) ,  t he  i n c r e m e n t a l  l igh t  o u t p u t  dec reases  
r a p i d l y  w i t h  i n c r e m e n t a l  d i e l ec t r i c  cons tan t .  T h e r e -  
fore,  an  i nc rea se  in  d i e l ec t r i c  cons t an t  of t he  e m b e d -  
d ing  m e d i u m  a b o v e  30 does  no t  c o n t r i b u t e  to a suffi- 
c i e n t l y  i n c r e a s e d  l igh t  o u t p u t  to j u s t i f y  d e v e l o p m e n t  
of n e w  m a t e r i a l s  w i t h  h i g h e r  d i e l ec t r i c  cons tan ts .  

Manuscr ip t  rece ived  Dec. 11, 1962; rev ised  m a n u -  
scr ipt  received Feb.  18, 1963. 

A n y  discussion of this p a p e r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1963 
JOURNAL. 
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M a n y  c o m p o u n d s  be ing  s t ud i ed  for  poss ib le  s e m i -  
conduc to r  dev ice  or  t h e r m o e l e c t r i c  a p p l i c a t i o n  con-  
t a in  e l e m e n t s  w h i c h  have  a s ign i f ican t  v a p o r  p r e s -  
su re  a t  the  m e l t i n g  po in t  of t he  compound .  Hence ,  
c r y s t a l  p u l l i n g  e q u i p m e n t  d e v e l o p e d  for  n o n v o l a t i l e  
s i l icon and  g e r m a n i u m  is not  s a t i s f a c t o r y  for  these  
compounds ,  and  n e w  a p p a r a t u s  m u s t  be  deve loped .  

The  bas ic  r e q u i r e m e n t  for  such  a c r y s t a l  p u l l e r  
is a c h a m b e r  w h i c h  can  m a i n t a i n  an  e q u i l i b r i u m  
p r e s s u r e  of the  v o l a t i l e  c o m p o n e n t  ove r  t he  c o m -  
p o u n d  mel t .  This  m e a n s  t h a t  a n y  p a r t  of the  c h a m b e r  
in  con tac t  w i t h  the  v a p o r  m u s t  be  h e a t e d  to, or  above ,  
the  c o n d e n s a t i o n  t e m p e r a t u r e  of t he  vapor .  G e n e r -  
a l ly ,  t he  m e l t  need  no t  be  s to i ch iome t r i c  to ach ieve  
good c r y s t a l  g rowth ,  b u t  i t  is des i r ab le .  

S e v e r a l  des igns  for  such  c r y s t a l  pu l l e r s  have  been  
desc r ibed .  The  G r e m m e l m a i e r  m e t h o d  (1)  i nvo lves  
m a g n e t i c  coup l ing  to i m p a r t  sp in  and  pu l l  m o t i o n  
to t he  seed  ins ide  a s ea l ed  c h a m b e r .  A s y r i n g e  t y p e  
p u l l e r  d e s c r i b e d  b y  M o o d y  and  K o l m  (2) e m p l o y s  a 
c lose - f i t t ing  q u a r t z  p i s t on  to o b t a i n  m o t i o n  of the  
seed  w h i l e  m a i n t a i n i n g  a c losed c h a m b e r .  R i c h a r d s  
(3)  desc r ibes  a p u l l e r  for  g a l l i u m  a r s e n i d e  w i t h  a 
l i qu id  g a l l i u m  sea l  to close t he  c h a m b e r .  Each  of 
these  m e t h o d s  emphas i ze s  a p u l l i n g  c h a m b e r  w h i c h  
is as gas  t i gh t  as poss ib le  to p r e v e n t  loss of the  v o l a -  
t i le  c o m p o n e n t  whose  p r e s s u r e  is t h e n  con t ro l l e d  b y  
the  t e m p e r a t u r e  at  t he  co ldes t  p a r t  of  the  c h a m b e r .  

Apparatus 
The  c r y s t a l  p u l l e r  d e s c r i b e d  in  th i s  p a p e r  is b a s e d  

on the  p r i n c i p l e  t h a t  a g a s - t i g h t  s y s t e m  is no t  neces -  
s a r y  w h e n  the  v o l a t i l e  c o m p o n e n t  has  an  e q u i l i b -  
r i u m  p r e s s u r e  of less  t h a n  1 a t m  a t  t he  m e l t i n g  po in t  
of the  compound .  The  en t i r e  p u l l i n g  c h a m b e r  is k e p t  
above  the  c o n d e n s a t i o n  t e m p e r a t u r e  of  t h e  vapo r ,  
and  the  p r o p e r  a t m o s p h e r e  is m a i n t a i n e d  b y  b a l a n c -  
ing  the  c h a m b e r  p r e s s u r e  aga in s t  t he  e x t e r n a l  a m b i -  

en t  and  d i l u t i n g  the  c o m p o n e n t  v a p o r  w i t h  an  i n e r t  
gas  such  as a rgon.  U n d e r  these  cond i t ions  t he  loss of 
v a p o r  t h r o u g h  l e a k s  in t h e  c h a m b e r  occurs  b y  d i f fu-  
s ion and  is suf f ic ient ly  s low to a l l ow the  g r o w t h  of 
l a r g e  s ingle  c rys ta l s .  C o n s e q u e n t l y  t h e  need  for  
e l a b o r a t e  or  p r e c i s i o n  g r o u n d  q u a r t z  as w e l l  as an  
e x t e r n a l  m a g n e t i c  p u l l i n g  s y s t e m  has  been  e l i m i -  
na t ed .  

A s c h e m a t i c  of the  a p p a r a t u s  is s h o w n  in Fig .  1. 
The  c e n t r a l  f e a t u r e  of th is  e q u i p m e n t  is a q u a r t z  
c h a m b e r ,  25 cm high,  7.5 cm ID w i t h  2 m m  wal l .  The  
c h a m b e r  is open  at  the  top  a n d  f i t ted  a t  t he  b o t t o m  

JACKET 

BORO 

i'OP RESI. r 
HEATI 

BORON NI 

~UART] 

RF. 

IN 

tNG 

RM 

CIBLE 

KTHERMOCOUPLE 

Fig. 1. Crystal growing apparatus for compounds with volatile 
components. 
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w i t h  a r e c e p t a c l e  for  a t h e r m o c o u p l e .  The  l id  for  th i s  
c h a m b e r  is m a d e  of b o r o n  n i t r i d e  and  con ta ins  a r e -  
s i s tance  h e a t e r  so t h a t  i t s  t e m p e r a t u r e  can  be  m a i n -  
t a i n e d  a b o v e  the  c o n d e n s a t i o n  t e m p e r a t u r e  of t he  
vo l a t i l e  componen t .  A n  effect ive  sea l  is m a i n t a i n e d  
b e t w e e n  the  q u a r t z  p u l l  r od  and  the  bo ron  n i t r i d e  l i d  
b y  m e a n s  of a t h r e a d e d  g r a p h i t e  b e a r i n g  a t  t he  b o t -  
t o m  a n d  a w a t e r - c o o l e d  Teflon b e a r i n g  at  t h e  top.  
These  two  b e a r i n g s  also m a i n t a i n  the  a l i g n m e n t  of 
the  pu l l  rod.  A s p r i n g - l o a d e d  p r e s s u r e  seal  is m a d e  
b e t w e e n  the  top  of t he  q u a r t z  c h a m b e r ,  w h i c h  has  
been  l a p p e d  flat, and  t h e  b o t t o m  of t he  b o r o n  n i t r i d e  
l id.  D u r i n g  c r y s t a l  g r o w t h  a s m a l l  a m o u n t  of t he  
vo l a t i l e  c o m p o n e n t  diffuses  t h r o u g h  the  ho t  g r a p h i t e  
b e a r i n g  and  condenses  ins ide  t he  b o r o n  n i t r i d e  l id  in  
a s m a l l  enc losu re  p r o v i d e d  for  th i s  purpose .  The  
r a t e  of th i s  loss is t he  c r i t i ca l  f ac to r  g o v e r n i n g  the  
a m o u n t  of m e l t  w h i c h  can  be  g r o w n  into  a s ing le  
c rys ta l .  A s l igh t  pos i t i ve  p r e s s u r e  of a r g o n  is m a i n -  
t a i n e d  in  t he  space  a b o v e  the  g r a p h i t e  b e a r i n g  in  
t he  bo ron  n i t r i d e  l id  t h r o u g h o u t  c r y s t a l  g r o w t h  a n d  
p a r t i c u l a r l y  d u r i n g  the  cool ing cyc le  to p r e v e n t  i n -  
t r u s ion  of air .  The  p r e s s u r e  sea l  b e t w e e n  the  top  of 
the  q u a r t z  c h a m b e r  and  the  b o t t o m  of t he  b o r o n  
n i t r i d e  l id  is s i m i l a r l y  p r o t e c t e d  b y  an  e n v e l o p e  of 
d r y  argon.  The  e f fec t iveness  of th is  sea l  is d e m o n -  
s t r a t e d  b y  the  fac t  t h a t  t he  c r y s t a l s  m a i n t a i n  a c lean,  
sh iny ,  a p p a r e n t l y  u n o x i d i z e d  sur face .  A g r a p h i t e  
c ruc ib le ,  c e n t e r e d  in  an  i n d u c t i o n  coil,  is f i t ted  w i t h  
a q u a r t z  l i ne r  and  res t s  on a q u a r t z  p e d e s t a l  ins ide  
the  c h a m b e r .  The  seed  is he ld  in  p l ace  a t  t he  l o w e r  
end  of t h e  pu l l  r od  b y  a q u a r t z  p in  w h i c h  fits in to  a 
s m a l l  no tch  s a n d b l a s t e d  on one edge  of a s q u a r e  sec-  
t i oned  seed.  A t h e r m o c o u p l e  w e l l  in  t he  b o t t o m  of 
the  suscep to r  a l lows  close t e m p e r a t u r e  con t ro l  of t he  
mel t .  

A p h o t o g r a p h  of t he  e q u i p m e n t  r e a d y  for  o p e r a -  
t ion  is s h o w n  in Fig .  2. Qua r t z  f iber  b a t t i n g  is u sed  to 
i n su l a t e  t he  c h a m b e r  wal l .  H e a t  r a d i a t e d  f r o m  the  
bo ron  n i t r i d e  l id  and  the  g lowing  suscep to r  is suffi-  
c ien t  to  k e e p  the  c h a m b e r  f ree  f r o m  c o n d e n s a t e  
w h e n  g r o w i n g  g a l l i u m  a r sen ide ,  for  e x a m p l e .  A n  
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a r e a  of a f ew  s q u a r e  c e n t i m e t e r s  on the  c h a m b e r  
w a l l  j u s t  a b o v e  the  l eve l  of t he  m e l t  su r f ace  is l e f t  
f ree  of i n su l a t i on  for  v i e w i n g  purposes ,  and  h e a t  
r a d i a t e d  f r o m  the  su scep to r  w i l l  m a i n t a i n  th is  a r e a  
suf f ic ient ly  f ree  f r o m  condensa te .  

Indium hrsenide 

I n d i u m  a r s e n i d e  can  be  c o m p o u n d e d  a n d  p u l l e d  
into  a s ing le  c r y s t a l  in  one ope ra t ion .  F r e s h l y  e t ched  
i n d i u m  is p l a c e d  in  t he  c ruc ib le .  A n  a m o u n t  of a r -  
senic  w h i c h  is a b o u t  7 -10% in excess  of  t he  s to i -  
ch iome t r i c  a m o u n t  is p l a c e d  in  t he  b o t t o m  of t he  
c h a m b e r  s u r r o u n d i n g  the  c ruc ib le .  T h e  excess  a r -  
senic  a l lows  for  t he  n e c e s s a r y  a t m o s p h e r e  w i t h i n  t h e  
c h a m b e r  as w e l l  as s m a l l  losses w h i c h  occur  b y  d i f -  
fus ion  t h r o u g h  the  g r a p h i t e  bea r ing .  T y p i c a l l y  2 to 4 
g r a m s  of a r sen i c  a r e  r e m o v e d  f r o m  the  i n n e r  w a l l  
of t he  bo ron  n i t r i d e  l id  a f t e r  each  run .  The  c h a m b e r  
is f lushed w i t h  d r y  a rgon ,  and  the  b o r o n  n i t r i d e  l id  
is p l a c e d  in  pos i t i on  w i t h  t he  s p r i n g  l oad  app l i ed .  
The  f lushing s ide  a r m  is r e m o v e d  w i t h  a h y d r o g e n -  
o x y g e n  t o r c h  a n d  the  c ruc ib l e  t e m p e r a t u r e  r a i s e d  
s l o w l y  ove r  a b o u t  an  h o u r  to  t he  m a x i m u m  m e l t i n g  
point .  H e a t  r a d i a t e d  f rom t h e  c ruc ib l e  vapo r i ze s  t h e  
a r sen ic  w h i c h  s u b s e q u e n t l y  d i s so lves  in  t he  indium" 
to f o r m  i n d i u m  a r sen ide .  The  s low c o m p o u n d i n g  is 
n e c e s s a r y  to a v o i d  r a p i d  v a p o r i z a t i o n  and  excess ive  
loss of a rsenic .  W h e n  a l l  t he  a r sen i c  has  v a p o r i z e d  
f r o m  the  b o t t o m  of t he  c h a m b e r  a n d  t h e  m e l t  t e m -  
p e r a t u r e  has  s t ab i l i zed ,  t h e  seed  is d i p p e d  and  the  
c r y s t a l  pu l l ed .  T y p i c a l  sp in  and  p u l l  cond i t ions  a r e  
20 r p m  at  3-4 c m / h r .  The  y i e l d  of s ing le  c r y s t a l  i n -  
d i u m  a r s e n i d e  is a b o u t  80% or  g r e a t e r  b a s e d  on a 
t o t a l  c h a r g e  w e i g h t  of 100g (Fig .  3) .  

E l e c t r i c a l  p r o p e r t i e s  of a t y p i c a l  c r y s t a l  c o m -  
p o u n d e d  f rom s ix  n ines  g r a d e  s t a r t i n g  m a t e r i a l  a r e  
shown  in T a b l e  I. 

Gall ium Arsenide 

U s u a l l y  g a l l i u m  a r s e n i d e  is g r o w n  b y  p l a c i n g  a 
p r e c o m p o u n d e d  c h a r g e  in  t he  c ruc ib l e  and  a d d i -  
t i ona l  a r sen i c  for  s u p p l y i n g  the  a m b i e n t  in  the  bot-  

Table I. Electrical data on indium arsenide and gallium 
arsenide crystals 

~ p ( o h m - c m )  f~ (cmU v-~ sec-~) n (cm -a) 

Fig. 2. Crystal puller ready for operation 

InAs 

GaAs 

300 1.33 X 10 -2 2.74 X 104 1.72 X 10 TM 

77 6.81 X 10 -3 6.12 X 104 1.50 X 1016 
300 2.40 X 10 -2  4.83 • 103 5.37 X 10 TM 

77 2.81 X 10 -2  5.09 X 103 4.36 X 10 TM 
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Table II. Electrical data on lead telluride crystals 

Stoichiometr ie  Melt  
mel t  51 at.  % Pb  

Fig. 4. Gallium arsenide crystals 

p (ohm-cm) 2.36 • 10 -3 3.04 X 10 -3 
(cm 2 v -1 sec-O 794 1440 

n(cm-3)  1.42 • 1018 
p (cm -3) 3.92 • 10 TM 

Fig. 5. Lead telluride crystals 

tom of the chamber.  Af te r  flushing wi th  argon and 
sealing off the side arm, the  crucible is heated to mel t  
the charge. Dur ing this heat ing the excess arsenic 
vaporizes,  flushing argon from the chamber  and 
forming the des i red  ambient .  Af te r  melt ing,  the seed 
is lowered  and the crys ta l  grown under  conditions 
s imi lar  to those descr ibed for indium arsenide.  Crys-  
tals  have been successfully grown along all  ma jo r  
growth  directions,  a l though the [111] is genera l ly  
used. Ga l l ium arsenide can also be compounded and 
grown in one operat ion l ike  ind ium arsenide.  

F igure  4 is a photograph  of typ ica l  gal l ium a r -  
senide crysta ls  grown in the appara tus ,  and Table I 
gives the electr ical  propert ies .  The charge was p re -  
compounded from six nines grade ga l l ium and a r -  
senic. 58 mg of t in was added to the  charge (122g) 
in the crys ta l  puller .  The dislocation density,  meas-  
u red  by  select ive e~ching, was about 6000/cm 2. 

Lead  T e l l u r i d e  

Single crys ta ls  of lead  te l lu r ide  have  been  grown 
from the elements.  Again,  al l  ma jo r  or ientat ions  have 
been successfully employed.  Stoichiometr ic  amounts  
of five nines grade lead and t e l lu r ium are p laced in 
the crucible and the t empe ra tu r e  s lowly ra ised to the  
mel t ing  point  of lead  te l lu r ide  where  a single c rys ta l  
is grown as p rev ious ly  described.  I t  is possible to 
pul l  up to 90% of the or iginal  charge, growing crys-  
tals  of about  75g (Fig. 5). Typical  dislocation densi -  
ties range  f rom 6 x 104/cm 2 to 2 x 10e/cm 2. 

Stoichiometr ic  mel ts  inva r i ab ly  give p - t y p e  c rys -  
tals, whereas  if the mel t  is about  51 at. % lead, 
n - t y p e  port ions of the crysta ls  have been observed.  
Typical  e lectr ical  da ta  are shown in Table II. 

Conclusions 
This pul l ing appara tus  offers severa l  advantages  

over other  systems designed for volat i le  mater ia ls .  
The quar tz  work  requi red  for p repa r ing  chambers  is 
s imple and requires  no precision gr inding or fitt ing 
in contrast  wi th  p i s ton- type  pullers.  The p repara t ion  
and dismant l ing  of the appara tus  is rap id  and un-  
complicated and involves no l iquid seals. The ro ta -  
t ion of the  seed is smooth and undis turbed ,  a char -  
acteris t ic  not a lways  achieved wi th  magne t ica l ly  
coupled pullers.  The appara tus  is r e l a t ive ly  inex-  
pensive to opera te  since the quar tz  chamber,  boron 
n i t r ide  lid, and pul l  rod, etc., can be used repea ted ly  
for a number  of runs. 

On the other hand, the severest  l imi ta t ion  of this 
equipment  is its inab i l i ty  to cope with  in te rna l  p res -  
sures above 1 atm. Also, because of the graphi te  
bear ing  around the pul l  rod, the chamber  cannot 
be complete ly  evacuated.  To c i rcumvent  this  l imi t a -  
tion, air  is removed  from the chamber  at  the begin-  
ning of each run by  flushing with  an iner t  gas such 
as argon. 

The pur i ty  of the InAs descr ibed in Table I, even 
though p repa red  f rom as received s tar t ing mater ia ls ,  
compares  favorab ly  wi th  tha t  repor ted  elsewhere.  
Al l red  (4) repor ts  pul led  InAs wi th  a mobi l i ty  at  
77~ of 70,000 cm2/vol t -sec whi le  Effer (5) repor ts  
one sample of boat  grown mate r ia l s  wi th  a mobi l i ty  
of 75,700 cm2/vol t -sec at 77~ 

The mobi l i ty  of undoped crystals  of GaAs has in 
genera l  not been as high as tha t  repor ted  e lsewhere  
(4, 6). This is p r inc ipa l ly  due to contaminat ion  from 
the quar tz  crucibles. Silicon free crucible mate r ia l s  
such as a luminum ni t r ide  are cur ren t ly  under  in-  
vest igation.  

Manuscript received Nov. 15, 1962; revised manu- 
script received Feb. 8, 1963. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL.  

REFERENCES 
1. R. Gremmelmaier, Z. Naturforsch, Ua, 511 (1958). 
2. P. L. Moody and C. Kolm, Rev. Sci. Instr., 29, 1144 

(1958). 
3. J. L. Richards, J. Sci. Instr., 34, 289 (1957). 
4. W. P. Allred, "Ultrapurification of Semiconductor 

Materials," M. S. Brooks and J. K. Kennedy, 
Editors, p. 562, The Macmillan Company, New 
York (1962). 

5. D. Effer, This Journal, 108, 357 (1961). 
6. S. E. Bloom, J. Appl. Phys., 33, 2391 (1962). 



The Chemical Polishing of Gallium Arsenide 
in Bromine-Methanol 
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The  {111} ( g a l l i u m  r i ch )  faces  i of g a l l i u m  a r -  
s en ide  h a v e  a l w a y s  been  the  mos t  diff icult  to  po l i sh  
chemica l ly .  I t  is n o w  poss ib le  to p r o d u c e  a h igh  
po l i sh  on these  as w e l l  as on the  o t h e r  c o m m o n  faces  
of g a l l i u m  a r s e n i d e  b y  i n c o r p o r a t i n g  i n t e n s i v e  s t i r -  
r i ng  w i t h  a n e w  e t ch ing  compos i t ion .  

The  use  of i n t e n s i v e  s t i r r i n g  to i m p r o v e  the  
smoo thness  and  f la tness  of e l e c t r o c h e m i c a l l y  or  
c h e m i c a l l y  t r e a t e d  su r faces  is no t  new.  S u l l i v a n  
et al. h a v e  d e s c r i b e d  t h e  e l e c t r o c h e m i c a l  po l i sh ing  
of g e r m a n i u m  and  si l icon,  us ing  i n t e n s i v e  s t i r r i n g  
(1 -3 ) .  Y o u n g  and  W i l s o n  have  d e s c r i b e d  a po l i sh ing  
a p p a r a t u s  and  compos i t i on  for  t he  c h e m i c a l  p o l i s h -  
ing of  s ing le  c r y s t a l  coppe r  (4) .  

One  of t he  bes t  c h e m i c a l  po l i shes  a v a i l a b l e  for  
g a l l i u m  a r s e n i d e  was  r e p o r t e d  b y  Cunnel ,  E d m o n d ,  
and  H a r d i n g  (5) .  This  po l i sh  is qu i t e  good for  a l l  of 
the  c o m m o n  faces  e x c e p t  the  {111} on w h i c h  i t  
l eaves  a r o u g h  finish. S u l l i v a n  and  P o m p l i a n o  h a v e  
used  th is  po l i sh ing  compos i t i on  a long  w i t h  a n e w  
and  s i m p l e  m e t h o d  for  i n t e n s i v e  s t i r r i n g  w h i c h  i m -  
p r o v e d  t h e  smoo thness  and  f la tness  (6) .  S t i r r i n g  
was  o b t a i n e d  b y  p l ac ing  sl ices of g a l l i u m  a r s e n i d e  
b e t w e e n  Teflon d i sks  in  t he  b o t t o m  of a r o t a t i n g  i n -  
c l ined  beake r .  The  two  Teflon d i sks  h a d  d i f f e ren t  
d i ame te r s .  This  r e s u l t e d  in a d i f f e ren t  r o t a t i o n a l  

i T h i s  n o t a t i o n  is  m e a n t  to  i n c l u d e  t h e  (111) ,  ~ l i l ) ,  ( i - l l )  a n d  
( i l l )  f aces .  T h e  oppos i t e  f o u r  f a c e s  a r e  r e f e r r e d  to  as  t h e  {111"}. 

A 

B 

Fig. 1. Schematic arrangement of polishing equipment: A, drop- 
ping funnel containing etchant; B, light; C, heat absorber; D, 
cloth covered rotating disk; E, polishing block holding three or 
more specimens; F, support rod for polishing block; G, motor drive; 
H, drip pan. 

v e l o c i t y  for  each  d i sk  as i t  was  d r i v e n  b y  the  r o t a -  
t ion  of t h e  b e a k e r .  In  th is  way ,  a b e t t e r  s t i r r i n g  ac -  
t ion  was  p r o d u c e d  t h a n  i f  t he  d i sks  w e r e  of  t he  s ame  
d i a m e t e r .  This  m e t h o d  of o b t a i n i n g  i n t e n s i v e  s t i r -  
r i ng  r e q u i r e s  v e r y  l i t t l e  e q u i p m e n t  and,  t he re fo re ,  
has  a p p l i c a t i o n  in  r e s e a r c h  and  d e v e l o p m e n t  l a b o r a -  
tor ies .  I t  does  not,  h o w e v e r ,  p r o d u c e  su r f aces  as  
h i g h l y  p o l i s h e d  as t he  e q u i p m e n t  d e s c r i b e d  in t he  
p r e s e n t  p a p e r .  

The  use of ch lo r ine  or  b r o m i n e  in  m e t h a n o l  as a 
c h e m i c a l  po l i sh  for  g a l l i u m  a r s e n i d e  was  s u g g e s t e d  
b y  F u l l e r  a n d  A l l i son  (7) .  The  h e a t  of r e a c t i o n  b e -  
t w e e n  ch lo r ine  and  m e t h a n o l  was  suff icient  to ign i t e  
t he  m e t h a n o l  u n d e r  c e r t a i n  c i r c u m s t a n c e s ;  t h e r e -  
fore ,  b r o m i n e  was  chosen  for  th i s  i nves t iga t ion .  
C o n c e n t r a t i o n s  up  to a f e w  p e r  cen t  of t he  b r o m i n e  
w e r e  v e r y  ef fec t ive  as a c h e m i c a l  po l i sh  w i t h o u t  
i n t e n s i v e  s t i r r ing .  W i t h  t he  a d d i t i o n  of  i n t ens ive  
s t i r r i n g  the  e t c h ing  r a t e  for  a g iven  c o n c e n t r a t i o n  
of b r o m i n e  w a s  i n c r e a s e d  b y  m o r e  t h a n  an  o r d e r  
of m a g n i t u d e .  The  c o m b i n a t i o n  of th is  n e w  e t c h a n t  
and  i n t e n s i v e  s t i r r i n g  has  g iven  t h e  smoo thes t  and  
f la t tes t  c h e m i c a l l y  po l i shed  g a l l i u m  a r s e n i d e  su r f ace  
of a n y  k n o w n  t echn ique .  

Experimental 
The  e q u i p m e n t  is s h o w n  s c h e m a t i c a l l y  in  Fig .  1. 

The  po l i sh ing  w h e e l  was  a p l a t e - g l a s s  d i sk  abou t  
20 cm in d i a m e t e r ,  0.6 cm t h i c k  and  c ove re d  w i t h  a 
shee t  of  P e l l o n  2 cloth.  This  c lo th  comes  w i t h  an  a d -  
hes ive  back ing .  A f t e r  t he  c lo th  was  a t t a c h e d  to t he  
whee l ,  t he  en t i r e  w h e e l  was  soaked  o v e r n i g h t  in  a 
so lu t ion  of 0.05 vol.  % b r o m i n e  in m e t h a n o l .  I t  w a s  
f o u n d  t ha t  th i s  t r e a t m e n t  was  n e c e s s a r y  to m a i n -  
t a i n  good  con t ro l  of t he  e t ch ing  ra te .  I f  th is  t r e a t -  
m e n t  h a d  no t  been  given,  t h e  l i m i t e d  a m o u n t  of 
b r o m i n e  used  in t he  po l i sh ing  p rocess  w o u l d  h a v e  
been  s h a r e d  b y  the  g a l l i u m  a r s e n i d e  and  the  p o l i s h -  
ing  w h e e l  in  an  u n c o n t r o l l e d  m a n n e r .  The  w h e e l  
w a s  t h e n  r o t a t e d  a t  a b o u t  72 r p m  and  fed  w i t h  t he  
e t c h a n t  a t  a r a t e  of 15-20 c c / m i n .  

The  g a l l i u m  a r s e n i d e  m a t e r i a l  was  m o u n t e d  on 
the  po l i sh ing  b l o c k  and  h a n d - l a p p e d  fo r  a b o u t  a 
m i n u t e  to b r i n g  a l l  s l ices on the  b l o c k  in to  a c o m m o n  
p lane .  The  p o l i s h i n g  b lock  was  t h e n  p l a c e d  as i n d i -  
ca t ed  in  F ig .  1 and  c h e m i c a l l y  po l i shed  in  t he  b r o -  
m i n e - m e t h a n o l  s y s t e m  ( r e a g e n t  g r a d e  chemica l s  
u sed  t h r o u g h o u t ) .  The  p l a n e t a r y  r o t a t i o n  of t he  
b lock  w h i c h  ho lds  t he  g a l l i u m  a r s e n i d e  s a m p l e s  was  
s i m i l a r  to t h a t  o b t a i n e d  in c o n v e n t i o n a l  m e c h a n i c a l  
po l i sh ing  mach ines .  The  a d d i t i o n  of a b r i g h t  l a m p  8 

P A N - W  P e l l o n  c l o t h  m a y  b e  o b t a i n e d  f r o m  T h e  G e o s c i e n c e  I n -  
s t r u m e n t s  C o r p o r a t i o n ,  N e w  Y o r k  Ci ty .  

3 A S y l v a n i a  S u n  G u n  w a s  o p e r a t e d  a t  a b o u t  t h r e e - f o u r t h s  of  i ts  
o p e r a t i n g  v o l t a g e  a n d  w i t h  f o r c e d - a i r  c o o l i n g  to  i n c r e a s e  b u l b  l ife.  
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Fig. 2. Etch rate for gallium arsenide as a function of the con- 
centrotion of bromine in methanol. The solid line is for the {1111} 
faces and the two dashed lines are for the {111} faces. The upper 
dashed line is for a pressure of 83 g/cm 2 and the lower two lines 
are for 250 g/cm 2. 
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Fig. 3. Etch rate for the (111} faces of gallium arsenide as 
a function of bromine concentration. A constant pressure of 250 
g/cm 2 was used with intensive stirring of the samples. 

to i l l u m i n a t e  the  su r f ace  w h e n  the  {111} faces  w e r e  
be ing  po l i shed  was  d e s i r a b l e  b u t  no t  a b s o l u t e l y  n e c -  
essary .  I t  s e e m e d  to p r e v e n t  t he  occas iona l  f o r m a -  
t ion  of e tch  pi ts .  

Results 

F i g u r e  2 is a g r a p h  showing  the  e t ch  r a t e  as a 
func t ion  of b r o m i n e  concen t r a t ion .  The  u p p e r  two  
( d a s h e d )  l ines  a r e  for  t he  {111} faces  a t  two  d i f f e r -  

en t  p res su res .  The  l o w e r  l ine  is for  t he  {111} faces.  

The  {111} faces  e tch  a b o u t  30% f a s t e r  t h a n  the  
{111} faces  at  t he  85 g / c m  2 p re s su re .  The  iden t i f i ca -  
t ion  of these  faces  was  m a d e  us ing  the  t e c h n i q u e  
d e s c r i b e d  b y  W h i t e  a n d  Ro th  (8) .  

The  two  u p p e r  l ines  of Fig .  2 a r e  b o t h  for  t he  s ame  
c r y s t a l  face  b u t  p o l i s h e d  u n d e r  d i f f e ren t  p res su res .  
The  e t ch ing  r a t e  a p p e a r s  to be d i r e c t l y  p r o p o r t i o n a l  
to p r e s s u r e  in th is  r ange .  S ince  po l i sh ing  is u s u a l l y  a 
s low process ,  th is  a c c e l e r a t i o n  due  to p r e s s u r e  w a s  
des i r ab le .  The  smoo thness  of t he  p o l i s h e d  su r f ace  
was  also i m p r o v e d  b y  the  i n c r e a s e d  p re s su re .  P r e s -  
su res  as h igh  as 2000 g / c m  2 h a v e  b e e n  used,  b u t  
diff icul t ies  w e r e  e n c o u n t e r e d  w i t h  t e a r i n g  of the  
po l i sh ing  c lo th  a t  th i s  level .  In  o r d e r  to ob t a in  s ev -  
e r a l  d a y ' s  w e a r  on each  po l i sh ing  cloth,  a p r e s s u r e  
of a b o u t  250 g / c m  2 is r e c o m m e n d e d  for  r o u t i n e  use.  

F i g u r e  3 g ives  t he  e t ch ing  r a t e  for  t he  {111} faces  
of g a l l i u m  a r s e n i d e  as a func t ion  of b r o m i n e  con-  
c e n t r a t i o n  up  to 0.1% b romine .  The  r e c o m m e n d e d  
po l i sh ing  compos i t ion  for  t he se  faces  as w e l l  as t h e  
{100} a n d  the  {110} faces  is 0.05% b r o m i n e  in  m e -  

thanol .  A v e r y  good po l i sh  was  o b t a i n e d  on a l l  of 
these  faces  in  15-30 m i n  s t a r t i n g  f r o m  a su r f ace  
w h i c h  h a d  been  l a p p e d  w i t h  1950 a l u m i n a  GS~ 
p a r t i c l e  size)  or  a n y  f iner  ab ra s ive .  A t  b r o m i n e  con-  
c e n t r a t i o n s  a b o v e  0..05 %, t h e  po l i sh ing  ac t ion  is s ig -  
n i f i can t ly  poore r .  

The  mos t  diff icult  faces  of g a l l i u m  a r s e n i d e  to 
po l i sh  a r e  the  {111}. H o w e v e r ,  a v e r y  h igh  po l i sh  
was  also o b t a i n e d  on these  faces  i f  t he  b r o m i n e  con-  
c e n t r a t i o n  was  r e d u c e d  to 0.0025%. The  po l i sh ing  
r a t e  is v e r y  low at  th i s  c o n c e n t r a t i o n  and,  t he r e fo r e ,  
a v e r y  shor t  m e c h a n i c a l  po l i sh  w i t h  L i n d e  A (0.3~ 
p a r t i c l e  size)  is d e s i r a b l e  b e f o r e  t he  c h e m i c a l  pol ish.  
In  th is  m a n n e r ,  a po l i sh  e q u a l  to  t h a t  f o u n d  on t h e  
o the r  faces  can  be  a c h i e v e d  in 15-30 min.  

F i g u r e s  4a and  4b a re  i n t e r f e r e n c e  p h o t o g r a p h s  of 

(111) a n d  (111) faces,  r e spec t i ve ly ,  of a s l ice of 
g a l l i u m  a r sen ide .  Bo th  faces  w e r e  l a p p e d  w i t h  1950 
a l u m i n a  and  t hen  e t ched  in  a b e a k e r  w i t h  n o r m a l  
s t i r r i n g  at  80~ in t h e  f o l l o w i n g  compos i t i on  (5 ) :  
H2SO4 ( 9 8 % ) ,  60 vol.  %; H202 ( 3 0 % )  20 vol.  %; 
H20 20 vol.  %. F i g u r e s  4c a n d  4d a re  p h o t o g r a p h s  of 
t he  s ame  two  faces  a f t e r  r e l a p p i n g  and  e t ch ing  in t he  
i n t e n s i v e l y  s t i r r e d  b r o m i n e  m e t h a n o l  s y s t e m  (see  
Fig .  1) as d e s c r i b e d  e a r l i e r  in th is  sect ion.  As  a f u r -  
t h e r  check  on t h e  compar i son ,  t he  h i g h l y  po l i shed  
su r faces  s h o w n  in 4c and  4d w e r e  t h e n  r e - e t c h e d  
( w i t h o u t  r e l a p p i n g )  in  t he  su l fu r i c  a c i d - h y d r o g e n  
p e r o x i d e  sys tem,  and  the  r e s u l t i n g  i n t e r f e r e n c e  
p a t t e r n s  w e r e  f o u n d  to be  i n d i s t i n g u i s h a b l e  f rom 
4a and  4b. The  a v e r a g e  r o u g h n e s s  of su r f aces  such 
as 4a and  4b w e r e  2000 a n d  200A, r e spec t i ve ly .  The  
a v e r a g e  roughnes s  of t he  i n t e n s i v e l y  s t i r r e d  su r faces  
was  less t h a n  25A as m e a s u r e d  on a B r u s h  S u r f a c e  
A n a l y z e r .  

The  edges  of a l l  of the  p o l i s h e d  su r faces  show a 
s igni f icant  round ing .  The  b r o m i n e  m e t h a n o l  po l i shed  
su r faces  a r e  f la t ter ,  h o w e v e r ,  t h a n  the  c o n v e n t i o n -  
a l l y  po l i shed  sur faces .  In  Fig .  4c and  4d the  c e n t e r  
70% of the  a r e a  is flat  to -----1~ (4 i n t e r f e r e n c e  

Fig. 4. A quarter inch square of gallium arsenide polished at 
80~ in the Cunnel, Edmond and Harding etch (4a and 4b), and 
at room temperature in the bromine methanol etch (4c and 4d). The 
left-hand views (a and c) are the (111) face and the right-hand 
views (b and d) ere the ~11) face. 
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f r inges ) .  A n u m b e r  of res is t iv i t ies  in  the  r ange  of 
10 -3 to l0  T o h m - c m  and  both  n -  and  p - t y p e  con-  
duct iv i t ies  have  been  successful ly  polished.  

Manuscript  received Jan. 11, 1963. This paper  was 
prepared for del ivery before the Boston Meeting, Sept. 
16-20, 1962. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1963 
J O U R N A L .  
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Low-Temperature Thermal Expansion of the Group 4a Carbides 
N. H. Krikorian, T. C. Wallace, and James I.. Anderson 1 

Los Alamos Scientific Laboratory of the University' o~ California, Los Alamos, New Mexico 

References  to a n  exhaus t i ve  s u r v e y  on the  t h e r m a l  
expans ion  m e a s u r e m e n t s  of r e f r ac to ry  ma te r i a l s  
have  b e e n  g iven  by  W a c h t m a n ,  Scuderi ,  and  Cleek 
(1) .  L i n e a r  coefficients of t h e r m a l  expans ion  have  
been  d e t e r m i n e d  for carbides  f rom room t e m p e r a -  
tu res  to h igh t e m p e r a t u r e s  (2 -5) ,  bu t  the re  are no 
repor ted  la t t ice  p a r a m e t e r  m e a s u r e m e n t s  at l i qu id  
n i t r o g e n  t empera tu re s .  This  note  deals wi th  de t e r -  
m i n a t i o n s  of l i nea r  coefficients of t h e r m a l  e x p a n s i o n  
for TiC, ZrC, and  HfC based on m e a s u r e m e n t s  at  
26~ a n d - - 1 9 0  ~ __. I~  

X - r a y  dif f ract ion da ta  were  ob ta ined  us ing  a 114.6 
m m  d i ame te r  D e b y e - S c h e r r e r  powder  camera  for 
the  room t e m p e r a t u r e  m e a s u r e m e n t s  and  a diffrac-  
t ome te r  a t t a c h m e n t  des igned by  Pre tze l  and  P e t t y  
(6) for the  m e a s u r e m e n t s  at --190~ Lat t ice  p a r a m -  
eters we re  computed  w i th  an  IBM-704 p r o g r a m  
us ing  the  modif ied leas t  squares  ex t r apo la t i on  of 
Hess (7) .  

The TiC powder  consisted of f r agmen t s  of a L i nde  
TiC single  crystal .  ZrC0.97 was ob ta ined  f rom U n i o n  
Carb ide  Metals  Company .  Al l  the  HfC samples  and  
ZrC0.95 and  ZrC0.s0 were  p r epa red  b y  reac t ing  the  
me ta l  and  spectroscopic grade  g raph i te  for 1 to 2 
hr  at  abou t  2200~ in  a v a c u u m  of 10 -5 to 10 -~ Torr .  
Reactor  grade  z i r con ium me ta l  and  h a f n i u m  con-  
t a in ing  <200 p p m  Zr  were  used as s t a r t ing  m a t e -  
rials. 

S ince  the  group 4a t r ans i t i on  me ta l  carbides  have  
a r a t h e r  wide  r ange  of homogene i ty ,  it  is i m p o r t a n t  
to charac ter ize  the  composi t ion of the  samples.  The 
composi t ions  l i s ted in  Tab le  I we re  d e t e r m i n e d  b y  
chemical  ana lyses  for ma jo r  meta l ,  to ta l  carbon,  and  
free carbon.  The me ta l  and  to ta l  ca rbon  were  de te r -  

1 G u e s t  S c i e n t i s t ,  Los  A l a m o s  L a b o r a t o r y  S u m m e r  S t u d e n t  P r o -  
g r a m .  

m i n e d  by  combus t ion .  Spec t rographic  ana lyses  were  
also m a d e  on r ep re sen t a t i ve  samples  to d e t e r m i n e  
t race  me ta l  impur i t i es .  In  al l  cases me t a l  impur i t i e s  
were  p resen t  in  concen t ra t ions  lower  t h a n  300 ppm. 

Tab le  I also lists the  ca lcula ted  la t t ice  constants ,  
toge ther  w i th  the  s t a n d a r d  devia t ion ,  the  change  in  
la t t ice  constant ,  a nd  the  average  l inea r  coefficient of 
t h e r m a l  expans ion  for the  m e a s u r e d  t e m p e r a t u r e  
range.  In  this  t e m p e r a t u r e  range ,  there  appears  to be 
an  increase  in  ~ in  the  series TiC, ZrC, and  HfC. 

On compar ing  the  lat t ice p a r a m e t e r s  of HfC and  
ZrC as a f unc t i on  of ca rbon  content ,  it  appears  t ha t  
ZrC0.95 has a la t t ice  cons tan t  h igher  t h a n  tha t  of 
ZrC0.9~, whi le  HfC0.s9 has a p a r a m e t e r  s imi la r  to tha t  
of HfC0.95. However ,  this  r esu l t  m a y  be due  to the  
presence  of oxygen,  since da ta  ob ta ined  in  this  l ab -  
o ra to ry  (8, 9) ind ica te  tha t  the  la t t ice  p a r a m e t e r  is 
lowered  app rec i ab ly  by  the  presence  of smal l  
a m o u n t s  of oxygen  in  the ca rb ide  latt ice.  U n f o r t u -  
na te ly ,  at  present ,  no re l i ab le  me thod  for the  de te r -  
m i n a t i o n  of low concen t ra t ions  of combined  oxygen  
in  these  compounds  has been  developed.  I t  is be -  
l ieved tha t  the  oxygen  con ten t  of these  samples  was  
no t  g rea t  s ince p recau t ions  were  t a k e n  to exc lude  
oxygen  d u r i n g  p repara t ion .  The  presence  of n i t r o -  
gen wou ld  have  a s imi la r  effect on the la t t ice  con-  
s tant ,  bu t  to a m u c h  lesser  degree (8, 9). 

Manuscr ipt  received Nov. 26, 1962; revised m a n u -  
script received Feb. 14, 1963. Work on this paper  was 
done under  the auspices of the United States Atomic 
Energy Commission. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be publ ished in  the December 1963 
JOURNAL. 
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Communications @ 
Growth Rates of Epitaxial Gallium Arsenide 

N. Goldsmith 

Semiconductor and Materials Division, Radio Corporation o~ America, Somerville, New Jersey 

A n  inc r ea s ing  n u m b e r  of r e p o r t s  h a v e  a p p e a r e d  
de a l i ng  w i t h  t he  e p i t a x i a l  g r o w t h  of g a l l i u m  a r -  
sen ide  f r o m  the  v a p o r  phase .  These  r e p o r t s  h a v e  p r e -  
s en t ed  confl ic t ing ev idence  as to t he  r e l a t i v e  g r o w t h  

r a t e s  of t he  (111) and  (111) p l anes  ( A  and  B s u r -  
faces )  ( 1 - 5 ) .  

The  o v e r - a l l  r e a c t i o n  for  the  iod ine  s y s t e m  (6)  
has  been  d e s c r i b e d  as  fo l lows  

3GaI  + 1/2 As4 ~ 2GaAs  + GaIs  

The  r e a c t i o n  for  the  c o r r e s p o n d i n g  ch lo r ide  s y s t e m  is 
c o m p l i c a t e d  b y  the  s t a b i l i t y  of  Ga~C14 a t  t he  t e m -  
p e r a t u r e s  n o r m a l l y  used  (7) .  The  m a j o r  v a r i a b l e  in  
t h e  m e t h o d s  r e p o r t e d  t hus  f a r  has  b e e n  t h e  m a n n e r  
in  w h i c h  the  l o w e r  h a l i d e  is p r o d u c e d  w i t h i n  t h e  
sys t em.  

If  these  m e t h o d s  a r e  a r r a n g e d  in o r d e r  of i n c r e a s -  
ing  in i t i a l  H X  c o n c e n t r a t i o n  as s h o w n  in T a b l e  I, and  
the  r e p o r t e d  r a t io s  for  A - t o - B  g r o w t h  r a t e s  a r e  c o m -  
pa red ,  t h e r e  is a c l ea r  t r e n d  t o w a r d  d e c r e a s i n g  
r a t io s  w i t h  i n c r e a s i n g  H X  concen t r a t ion .  A poss i -  
b l e  e x p l a n a t i o n  for  t he  o b s e r v e d  d i f fe rences  m a y  be  
d e r i v e d  f r o m  c o n s i d e r a t i o n  t h a t  a f u n d a m e n t a l  s t ep  
in  the  g r o w t h  process  i nvo lves  t he  fo l lowing  r e -  
ac t ion  

3 G a X  ,~ 2Ga  + GaXs  

This  t y p e  of r e a c t i o n  has  been  s h o w n  to be  b a s e -  
c a t a l y z e d  (8) .  Thus,  t h e  B su r f ace  h a v i n g  a p a i r  of 
f ree  e l ec t rons  (9)  is a bas ic  sur face ,  a n d  h i g h e r  
g r o w t h  r a t e s  a r e  expec ted .  If,  h o w e v e r ,  t he  f irst  s t ep  
in  t he  g r o w t h  p rocess  is cons ide r ed  to be  t he  f o r m a -  
t ion  of a l a y e r  of  a r s en i c  a t o m s  on the  A face,  t he  
r e s u l t i n g  su r f ace  is m u c h  m o r e  bas ic  t h a n  t h e  B face  
because  t he  a r sen ic  is on ly  s i n g l y  b o n d e d  to t he  s u r -  

face.  In  t he  p r e s e n c e  of HC1, w h i c h  is p r e s u m a b l y  a 
s t r o n g e r  ac id  t h a n  GaC1, t h e  effect of th is  s t r o n g l y  
bas ic  su r f ace  is r e d u c e d  as a r e s u l t  of i n t e r a c t i o n  
w i t h  t he  acid.  A t  suf f ic ient ly  h igh  HC1 c o n c e n t r a -  
t ions,  the  d i f fe rence  b e t w e e n  the  two  su r faces  can  be  
e x p e c t e d  to d i s a p p e a r  or  to c h a n g e  in  f a v o r  of t he  
B face.  This  effect is p a r t i c u l a r l y  n o t i c e a b l e  in  an  
open  t u b e  sys tem,  w h e r e  an  a p p r e c i a b l e  HC1 con-  
c e n t r a t i o n  wi l l  ex i s t  in  t he  v a p o r  ove r  t he  g r o w i n g  
l aye r .  

This  effect has  been  o b s e r v e d  q u a l i t a t i v e l y .  Be -  
cause  t he  g r o w t h - r a t e  r a t i o  can  be  e x p e c t e d  to v a r y  
w i t h  bo th  source  and  depos i t i on  t e m p e r a t u r e ,  as w e l l  
as w i t h  v a r i a b l e s  of t he  sys t em,  t he  v a r i o u s  r e su l t s  
a r e  no t  s u b j e c t  to q u a n t i t a t i v e  compar i son .  H o w e v e r ,  
i t  is f e l t  t ha t  confl ic t ing r e p o r t s  of g r o w t h  r a t e s  on 
the  A a n d  B su r faces  of v a p o r - g r o w n  g a l l i u m  a r -  
s en ide  can  be  r econc i l ed  in  th is  m a n n e r .  

Manuscr ip t  rece ived  Jan.  29, 1963. The w o r k  de-  
scr ibed was pe r fo rmed  in pa r t  under  the  sponsorship 
of the  Electronic Technology Labora tory ,  Aeronaut ica l  
Systems Division, Ai r  Force  Sys tems  Command,  Uni ted  
States  Ai r  Force.  

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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Table I. Variation of GaAs epitaxial growth rates with growth procedure 

Ini t ia l  HX G r o w t h  rate  
M e t h o d  p r e s s u r e ,  Torr  A /B  R e f e r e n c e  

GaAs + I2 (closed tube)  0 nonepi tax ia l  ( I )  
on B face 

GaAs + GaC13 + H2 (open tube)  0 I0:1 (3) 
Ga + GaC13 + H2 + As (open tube)  0 I0:1 (10) 
GaAs + HCI + H2 (open tube)  1 2:1 (3) 
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Condenser Pressure as an Explanation of Field Dependent Tafel 
Slopes of High Field Ionic Conduction of Anodic Tantalum 

Pentoxide Films 

L. Young 
British Columbia Research Council, University of British Columbia, Vancouver, British Columbia 

A c c o r d i n g  to t h e  t h e o r y  p r o p o s e d  b y  Bean,  F i she r ,  
a n d  V e r m i l y e a  (1)  t he  ionic  conduc t i on  p rocess  in 
anodic  ox ide  f i lms on t a n t a l u m  invo lves  two  p r o c -  
esses in  w h i c h  ionic  m o v e m e n t  is ass i s ted  b y  the  
a p p l i e d  field. These  p rocesses  a r e  t he  p r o d u c t i o n  of 
F r e n k e l  de fec t s  a n d  the  t r a n s p o r t  of t he  i n t e r s t i t i a l  
t a n t a l u m  ions  t hus  p roduced .  Each  of t he se  p r o c -  
esses has  been  s u p p o s e d  to d e p e n d  on the  f ield in  t he  
ox ide  acco rd ing  to exp re s s ions  of the  "h igh  f ield" 
f o r m  

i : 2any e x p { - - ( W  --  q a E ) / k T }  [1]  

w h e r e  i is ra te ,  n c o n c e n t r a t i o n  of ions, v v i b r a t i o n  
f r equency ,  W ac t i va t i on  ene rgy ,  q cha rge  on ion, a 
a c t i v a t i o n  d is tance ,  E field, k B o l t z m a n n ' s  cons tan t ,  
and  T a b s o l u t e  t e m p e r a t u r e .  

I t  is poss ib le  w i t h  t a n t a l u m  to ob t a in  suff ic ient ly  
a c c u r a t e  r e su l t s  to be  ab l e  to d e t e c t  t h a t  t h e  t e m -  
p e r a t u r e  and  f ield d e p e n d e n c e  of OE/O log i for  bo th  
these  p rocesses  is anomalous ,  as  was  first  s h o w n  in 
the  case  of the  s t e a d y - s t a t e  k ine t i c s  b y  V e r m i l y e a .  
The  a c c u r a c y  of p r e s e n t  t e chn iques  is not ,  h o w e v e r ,  
so g r e a t  t h a t  a g r e e m e n t  ex i s t s  a b o u t  t he  p r ec i s e  f o r m  
of t h e  anomal ies .  Thus,  a l t h o u g h  V e r m i l y e a  (2)  in  
his  second  s t u d y  of t he  s t e a d y - s t a t e  k ine t i c s  r e p o r t e d  
t ha t  t h e  ac t i va t i on  d i s t ance  for  t he  p r o d u c t i o n  of 
F r e n k e l  de fec t s  d o u b l e d  ove r  a c e r t a i n  r a n g e  of f ie ld 
and  t h a t  t he  p r e - e x p o n e n t i a l  f ac to r  v a r i e d  in  a 
r a t h e r  c o m p l e x  fash ion ,  t he  p r e s e n t  a u t h o r  (3, 4) 
f o u n d  t h a t  his  e x p e r i m e n t a l  r e su l t s  for  bo th  s t e a d y -  
s ta te  a n d  t r a n s i e n t  k ine t i c s  cou ld  be  d e s c r i b e d  a d e -  
q u a t e l y  b y  a d d i n g  a q u a d r a t i c  t e r m  in  E to  t h e  e x -  
p r e s s i o n  of t he  f o r m  g i v e n  b y  Eq. [1] ,  i.e., 

i = io e x p { - - ( W -  aE ~- fiE 2 ) /kT}  [2]  

This  modi f i ca t ion  cou ld  no t  be  e x p l a i n e d  a t  t he  t ime .  
I t  was ,  in  p a r t i c u l a r ,  no t  e x p l a i n e d  b y  the  idea  t h a t  
a r a n g e  or  d i s t r i b u t i o n  of  p a r a m e t e r s  is a s soc ia t ed  
w i t h  an  a m o r p h o u s  m a t e r i a l .  

The  p u r p o s e  of  t he  p r e s e n t  no te  is to p o i n t  ou t  a 
r a t h e r  obvious  p h y s i c a l  e x p l a n a t i o n  of t h e  q u a d r a t i c  
t e r m  in E. Thus,  t h e  p r e s s u r e  in  t he  ox ide  due  to t he  
a p p l i e d  f ield is P = E2e/8~ (E in  e.s.u., p r e s s u r e  in  
dynes  c m - 2 ) .  Us ing  the  zero  f ield v a l u e  of t he  d i e l ec -  
t r i c  cons t an t  E----27.6, w e  o b t a i n  for  t he  e x p e r i -  
m e n t a l  r a n g e  of f ield s t r e n g t h  

E (10% cm -1)  4 5 6 7 

P ( a t m )  190 300 430 590 

N o w  the  e x p e r i m e n t a l  d a t a  on the  p r e - e x p o n e n t i a l  
f ac to r  for  t he  m o b i l i t y  of i n t e r s t i t i a l  ions  i nd i ca t e  a 
l a r g e  pos i t i ve  e n t r o p y  of ac t iva t ion ,  if  t he  concen -  
t r a t i o n  of m o b i l e  ions  is no t  to be  e x c e s s i v e l y  la rge .  
This  is a c o m m o n  f inding  in l ow field ionic  c o n d u c -  
t ion,  and  the  u s u a l  p h y s i c a l  e x p l a n a t i o n  (5)  is t h a t  
t he  a c t i v a t i o n  e n e r g y  for  ionic  m o v e m e n t  dec reases  
as t he  l a t t i ce  e x p a n d s  w i t h  i nc r e a s ing  t e m p e r a t u r e .  
One  w o u l d  expec t ,  t he re fo re ,  if  t he  u s u a l  e x p l a n a -  
t ion  ho lds  for  t he  p r e s e n t  case, tha t ,  as w i t h  l ow 
field ionic conduc t ion ,  the  a c t i va t i on  e n e r g y  shou ld  
i nc rea se  w i t h  i nc rea se  in p re s su re .  A r u l e  of t h u m b  
g iven  b y  J e s t  is tha t ,  w i t h  m a t e r i a l s  such  as  AgC1, 
100 a t m  a r e  a b o u t  e q u i v a l e n t  to I~  If  w e  a s s u m e  a 
s im i l a r  o r d e r  of effect here ,  t h e n  the  c o n d e n s e r  p r e s -  
su res  l i s t ed  a b o v e  w o u l d  a p p e a r  to be  of  t he  m a g -  
n i t u d e  r e q u i r e d  to e x p l a i n  t he  a m o u n t  of c u r v a t u r e  
o b s e r v e d  in  p lo t s  of log i vs. E. I t  shou ld  be  n o t e d  
t h a t  o t h e r  a n o m a l i e s  ex i s t  in t he  b e h a v i o r  of  these  
f i lms (1) .  The  effect d e d u c e d  he re  m u s t  ex i s t  even  
if  t he  iden t i f i ca t ion  w i t h  t he  e x p e r i m e n t a l  o b s e r v a -  
t ion  is incor rec t .  I t  m a y  also occur  at  e l ec t rodes  
w i t h o u t  ox ide  f i lms at  w h i c h  t h e  r a t e  of an  e l ec t rode  
p rocess  is c o n t r o l l e d  b y  the  t r a n s f e r  of ions  t h r o u g h  
the  doub le  l aye r .  
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A Solid Electrolyte Fuel Cell 

J. Weissbart and R. Ruka (pp. 723-726, VoI. 109, No. 8) 

R.  L i t t l e w o o d l :  T h e  a u t h o r s  q u o t e  t h r e e  f a c t o r s  
w h i c h  c a n  r e s u l t  i n  a c u r r e n t - p r o d u c i n g  g a l v a n i c  ce l l  
g i v i n g  a l o w e r  v o l t a g e  t h a n  t h e  o p e n - c i r c u i t  vo l t age .  
T h e r e  is h o w e v e r ,  a n  a d d i t i o n a l  f a c t o r  w h i c h  n e e d s  to 
b e  c o n s i d e r e d .  Th i s  is t h e  p o s s i b l e  o c c u r r e n c e  of  e l e c -  
t r o n i c  c o n d u c t a n c e  i n  t h e  m i x e d  o x i d e  e l e c t r o l y t e  
w h i c h  w i l l  g ive  a n  " i n t e r n a l  s h o r t - c i r c u i t "  a n d  l e a d  to  
a l ow  e m f  e v e n  o n  o p e n  c i ru i t .  

E l e c t r o n i c  c o n d u c t a n c e  i n  Z r O 2 - C a O  m i x t u r e s  c a n  
a r i s e  u n d e r  h i g h l y  r e d u c i n g  cond i t i ons ,  s u c h  as in  
h i g h l y  p u r i f i e d  h y d r o g e n  o r  i n  c o n t a c t  w i t h  a h i g h l y  
r e d u c i n g  m e t a l ,  e.g. ,  ca l c ium.  O x y g e n  lofts a r e  r e m o v e d  
f r o m  t h e  l a t t i ce ,  g i v i n g  o x y g e n  v a c a n c i e s  a n d  a lso  f r e e  
e l ec t rons ,  i n  a c c o r d a n c e  w i t h  a n  e q u a t i o n  s u c h  as 

2 0  2 - - >  O2(gas )  -~- 2 0 [ ]  ~- 4e [1] 

T h u s  t h e  e l e c t r o n i c  c o n d u c t i v i t y  s h o u l d  b e  p r o p o r t i o n a l  
to  ( o x y g e n  p r e s s u r e ) - 1 / 4  a n d  e l e c t r o n i c  c o n d u c t a n c e  
w i l l  b e c o m e  d o m i n a n t  o v e r  a n i o n i c  c o n d u c t a n c e  a t  v e r y  
l o w  o x y g e n  p a r t i a l  p r e s s u r e s .  W h e n  t h i s  occu r s  ( a t  t h e  
a n o d e )  t h e  e m f  of a n  o x y g e n  c o n c e n t r a t i o n  ce l l  ( f o r  
c o n s t a n t  o x y g e n  p a r t i a l  p r e s s u r e  a t  t h e  c a t h o d e )  w i l l  
t a i l  off. U l t i m a t e l y ,  as  t h e  c o n d i t i o n s  a t  t h e  a n o d e  a r e  
m a d e  e v e n  m o r e  r e d u c i n g ,  t h e  e m f  w i l l  b e g i n  to  f a l l  
a n d  m a y  e v e n  b e c o m e  zero.  M e a s u r e m e n t s ,  r e p o r t e d  
i n f o r m a l l y  a t  a r e c e n t  m e e t i n g  b y  S t e e l e  a n d  b y  W a g -  
h e r  2, s u g g e s t  t h a t  t h e  l i m i t i n g  v a l u e  of o x y g e n  p a r t i a l  
p r e s s u r e  is a b o u t  10 -80 a t  800~ a n d  10 -24 a t m  a t  
100O~ a n d  w i l l  be  h i g h e r  f o r  h i g h e r  t e m p e r a t u r e s .  

T h i s  e f fec t  w i l l  be  a f u r t h e r  f a c t o r  l i m i t i n g  t h e  e m f  
o b t a i n a b l e  ( a t  c o n s t a n t  v a l u e  of o x y g e n  p a r t i a l  p r e s -  
s u r e  a t  t h e  c a t h o d e )  f r o m  a n  o x y g e n  c o n c e n t r a t i o n  cel l  
w i t h  a m i x e d  o x i d e  e l e c t r o l y t e .  

J.  W e i s s b a r t  3 a n d  R .  R u k a :  W e  a g r e e  w i t h  Dr .  L i t t l e -  
w o o d  t h a t  a n y  e l e c t r o n i c  c o n d u c t a n c e  in  t h e  m i x e d  
o x i d e  e l e c t r o l y t e  r e s u l t s  i n  a n  o p e n - c i r c u i t  v o l t a g e  
l o w e r  t h a n  t h e  t h e o r e t i c a l  m a x i m u m .  H o w e v e r ,  t h e  
s t a t e m e n t  i n  q u e s t i o n  on  p. 725, is i n t e n d e d  to a p p l y  
o n l y  to  t h o s e  cases  w h e r e  t h e  o p e n - c i r c u i t  v o l t a g e  d e -  
c r eases  w h e n  c u r r e n t  is  d r a w n .  W h i l e  t h e  v o l t a g e  losses  
d u e  to t h e  g e n e r a l  p o l a r i z a t i o n  p h e n o m e n a  l i s t ed  i n -  
c r e a s e s  w i t h  i n c r e a s i n g  c u r r e n t  d r a w n  f r o m  t h e  cell ,  t h e  
loss due  to e l e c t r o n i c  c o n d u c t a n c e  i n  t h e  e l e c t r o l y t e  d e -  
c reases ,  p r o v i d e d  t h e  c h e m i c a l  c o m p o s i t i o n  of  t h e  e l ec -  
t r o l y t e  r e m a i n s  i n v a r i a n t .  T h i s  c a n  r e a d i l y  b e  s h o w n  
b y  c o n s i d e r i n g  t h e  l oad  r e s i s t a n c e  to b e  in  p a r a l l e l  w i t h  
t h e  " e l e c t r o n i c  r e s i s t a n c e "  of t h e  e l e c t r o l y t e .  T h e  a n a l -  
ysis  is s i m i l a r  to  t h e  e q u i v a l e n t  c i r c u i t  a p p r o a c h  u s e d  
b y  J e s t  4 a n d  H o a r  a n d  P r i c e  5. 

To c h e c k  o n  t h e  o p e n - c i r c u i t  v o l t a g e  loss  w e  cou ld  
e x p e c t  i n  t h e  p r e s e n t  ce l l  w e  h a d  e a r l i e r  m a d e  a n o t h e r  
s t u d y  w h i c h  s h o w e d  t h a t  t h e  a v e r a g e  e l e c t r o n i c  t r a n s -  
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4 W. Jest, "Diffusion und chemische Reaktion in festen Stoffen," 
p. 149, Verlag yon Theodor Steinkopff, Dresden and Leipzig (1937). 

5 T. P. Hoar and L. E. Price, Trans. Faraday Soc., 34, 867 (1938). 

t e r e n c e  n u m b e r  in  (ZrO2)o.s5 (CaO)0.15 is s m a l l  f o r  t h e  
r a n g e  of o x i d i z i n g  a n d  r e d u c i n g  c o n d i t i o n s  a c t u a l l y  
s tud ied .  T h i s  d a t a  w a s  r e p o r t e d  i n  a p a p e r  p r e s e n t e d  a t  
t h e  1961 f a l l  m e e t i n g  of T h e  E l e c t r o c h e m i c a l  Soc i e ty  6. 
A s  Dr .  L i t t l e w o o d  p o i n t s  out ,  a t  l o w e r  e f fec t ive  o x y g e n  
p a r t i a l  p r e s s u r e s  s ign i f i can t  c o m p o s i t i o n a l  c h a n g e s  can  
o c c u r  i n  t h e  o x i d e  e l e c t r o l y t e  a n d  e l e c t r o n i c  c o n d u c t -  
a n c e  t h e n  b e c o m e s  i m p o r t a n t .  

The Lithium Hydride Electrode 

Maurice E. Indig and Richard N. Snyder (pp. 757-759, 
Vol. 109, No. 9) 

A. K.  M. S h a m s u l  H u q r :  Y o u  h a v e  g i v e n  t w o  r eac -  
t i o n  s c h e m e s  i n  y o u r  p a p e r :  L i H - >  Li  + + H + + 2e a n d  
LiH--> L i  + + ~ H 2  -~ e. A r e  t h e y  e l e c t r o d e  r e a c t i o n s  or  
o v e r - a l l  r e a c t i o n s ?  I f  t h e y  a r e  e l e c t r o d e  r e a c t i o n s ,  w h a t  
a r e  t h e  c o r r e s p o n d i n g  r e a c t i o n s  a t  t h e  c o u n t e r  e l ec -  
t r o d e ?  I f  t h e y  a r e  o v e r - a l l  r e a c t i o n s ,  w h a t  a r e  t h e  i n -  
d i v i d u a l  e l e c t r o d e  r e a c t i o n s  to m a k e  u p  t h e  o v e r - a l l  
r e a c t i o n ?  D i d  y o u  o b s e r v e  t h e  d i s c h a r g e  ( p l a t i n g  ou t )  
of a n y  a l k a l i  m e t a l  or  m e t a l s  a t  t h e  c a t h o d e ?  

M .  E.  I n d i g  a n d  R .  N .  S n y d e r :  T h e  r e a c t i o n s  l is ted,  
L i H - +  L i  + + H + + 2e a n d  L i H - >  L i  + ~- 1/2H2 -t- e a r e  
s ing le  e l e c t r o d e  r e a c t i o n s  t h a t  o c c u r r e d  to v a r y i n g  d e -  
g rees  a t  t h e  n i c k e l  anodes .  T h e  c o m p l e t e  ce l l  r e a c t i o n  
t h a t  o c c u r r e d  on  d i s c h a r g e  of  t h e  l i t h i u m  h y d r i d e  w a s  
t h e  d e c o m p o s i t i o n  of t h e  c o m p o u n d ,  L iH  -> ~ H 2  + Li. 
I n  t h e  case  of t h e  two  e l e c t r o n  o x i d a t i o n  of t h e  l i t h i u m  
h y d r i d e ,  t h e  c a t h o d i c  r e a c t i o n  p r o c e e d s  c o n c u r r e n t l y  as, 
H + + le--> �89  a n d  M + + l e - +  M o ( w h e r e  M is  Li  or  
K ) .  T h e  f a c t  t h a t  h y d r o g e n  w a s  p r o d u c e d  a t  t he  
c o u n t e r  e l e c t r o d e  w a s  d e f i n i t e l y  s h o w n  in  t h e  e x p e r i -  
m e n t s  i n v o l v i n g  t h e  V - t u b e  a s s e m b l y  as i l l u s t r a t e d  in  
t h e  p a p e r  (Fig.  6) .  I n  t h e  one  e l e c t r o n  o x i d a t i o n  of 
l i t h i u m  h y d r i d e ,  t h e  r e a c t i o n  o c c u r r i n g  o n  t h e  c o u n t e r  
e l e c t r o d e  was  s i m p l y  M + +  l e ~  NI o. A f t e r  t e r m i n a -  
t i o n  of a t y p i c a l  d i s c h a r g e ,  e x a m i n a t i o n  of t h e  cel l  
s h o w e d  t h e  p r e s e n c e  of a r i n g  of l iqu id ,  s i l v e r y  m e t a l  
f l oa t ing  o n  t h e  s u r f a c e  of t h e  e l e c t r o l y t e  a d j a c e n t  to  
t h e  s t a in l e s s  s t e e l  c o u n t e r  c a thode .  T h e  m e t a l  p r o d u c e d  
w a s  l i t h i u m  or  p o t a s s i u m  or  s o m e  a l l oy  of these ,  as l i t h -  
i u m  a n d  p o t a s s i u m  ions  w e r e  t h e  o n l y  r e d u c i b l e  m e t a l  
ions  i n  t h e  e l e c t ro ly t e .  

Effects of Electrostatic Fields on the Surface Tension 
of Salt Solutions 

G. M. Schmid, R. M. Hurd, and E. S. Snavely, Jr., (pp. 852-856, 
Vol. 109, No. 9) 

E.  P .  D n m m ,  Jr.S: I h a v e  r e a d  w i t h  i n t e r e s t  t h e  r e -  
c e n t  a r t i c l e  b y  S c h m i d ,  H u r d ,  a n d  S n a v e l y .  I w o u l d  
l i ke  to  c o m m e n t  o n  a n u m b e r  of t h e i r  a s s u m p t i o n s  a n d  
conc lus ions .  

I h a v e  d o n e  e x t e n s i v e  w o r k  o n  t he  a t t r a c t i o n  of 
l i qu id s  b y  d i v e r g e n t  e l ec t r i c  fields. I t  h a s  b e e n  n o t i c e d  
t h a t  t h e  t r a n s i t  t i m e  of  p o l a r  l i qu id s  ac ross  a i r  g a p s  
is l o w e r  w i t h  n e g a t i v e  a i r  e l e c t r o d e s  t h a n  w i t h  p o s i t i v e  
a i r  e l ec t rodes .  T h i s  d e c r e a s e  i n  t r a n s i t  t i m e  is e v i d e n t  
w h e t h e r  p o s i t i v e  or  n e g a t i v e  c h a r g e d  co l lo ids  a r e  
p r e s e n t  i n  t h e  t e s t  l i qu id .  I t  is n o t  a t t r i b u t e d  to a s u b -  

6 j. Weissbart and R. Ruka, Electrochemical Society Meeting, De- 
troit, Oct. 2-5, 1961, Extended Abstract No. 44, Battery Div. 

7 Materials Research Lab., TYCO, Inc., Bear Hill Rd., Waltham, 
Mass. 

s International Business Machines Corp., General Products Div., 
Development Lab., Endicott, N. Y. 
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stantial  decrease in surface tension difference by nega-  
t ive air electrodes over  posit ive air electrodes as might  
be inferred f rom the paper  by Schmid et al. It has been 
presumed to be a p rebreakdown phenomenon perhaps 
re la ted  to cathode emission. This would  account for  the 
phenomenon also noted by Horgan and Edwards.  9 I 
would like to point out also that  Hakim and Higham 10 
and Farazmand  11 using Schl ieren Optics have  noted 
ra ther  large changes in the ref rac t ive  index of l iquids 
around negat ive  points but  not around posit ive points. 

Incidentally,  it should be noted that  the exper iment  
the authors used to correct  for the rise in the l iquid and 
effects due to the "position of the working  edge of the 
float" were  per formed wi th  a posit ive electrode. It  
should also be noted that  since the l iquid in the t ray is 
an aqueous salt solution, it is difficult to bel ieve that  
the authors real ly  have a uniform field configuration. 
Field plots plus a few numer ica l  calculations would  
probably revea l  the field to be quite  nonuni form at the 
edges of the air electrode. In fact the exper imenta l  data 
might  even be reproducible  wi thout  the presence of 
the bottom metal  electrode, provided a ground connec- 
tion is made  to the l iquid body. 

However ,  if the l iquid would effectively serve as the 
lower  electrode in the authors '  configuration, it would  
cast doubt on the absoluteness of the data obtained for 
the surface tension depression by the electric field. 

This is because of the fol lowing reason: 
(A) The assumptions made in developing their  

model  are based on a uni form field configuration. 
(B) Cutt ing out portions of the dielectric wil l  cer-  

ta inly change the field if the l iquid can be considered 
mathemat ica l ly  as a second conductor. 

(C) Within  the confines of the edges of the upper  air 
electrode the field wil l  be fa i r ly  uniform. Therefore  
when  the dielectric is ent i re ly  wi th in  this region a 
change in the force on the balance arm would be ex-  
pected mere ly  on the basis of field geometry.  This effect 
might  even overshadow any expected change in sur-  
face tension because of reor ienta t ion of the surface 
molecules. 

G. M. Sehmid 12, R. M. Hurd, and E. S. Snavely,  Jr.: 
We are pleased to have the interes t  and the comments  
of Mr. Damm. 

It  is t rue that  the field at the edges of the air elec-  
trode is not uniform. This is indicated by the fact  tha t  
the sudden drop in balance deflection does not occur 
when  the front  par t  of the mica float just  enters the 
confines of the air electrode. Rather  it occurs when the 
front  par t  of the float is somewhere  be tween  shield and 
air electrode. However ,  apart  f rom field distort ion by 
the float itself, the field can reasonably be assumed to 
be uni form wi th in  the area covered by the air elec-  
trode. 

It is difficult to see how a sudden change in balance 
deflection should be due to the fact that  the float enters 
the confines of the air electrode. The field forces on the 
float should then be proport ional  to the area of the 
float and are accounted for by extrapolat ion.  

Oxygen-Transport and Reaction Rates at an 
Air-Depolarized Copper Cathode 

H. C. Weber, H. P. Meissner, and D. A. Sama (pp. 884-889, 
Vol. 109, No. 10) 

A. K. M:. Shamsul  Huq13: Steel  wool  of apparent  
large area was used as the  anode and it  was tacit ly 
assumed that  the ra te  of the over-al l  cell reaction 

9 j .  D. H o r g a n  and  D. L. E d w a r d s ,  J. AppL Phys. ,  32, [9]~ 1784 
(1961). 

1o S. S. H a k i m  a n d  J.  B. H i g h a m ,  Nature, 189, [4769], 996 (1961). 

11B. F a r a z m a n d ,  Brit. J. AppL Phys. ,  12, 251 (1961). 

�9 e P r e s e n t  add re s s :  Dept .  of  C h e m i s t r y ,  U n i v e r s i t y  of A l b e r t a ,  Ed -  
m o n t o n ,  A l b e r t a ,  Canada. 

is M a t e r i a l s  Resea rch  Lab. ,  TYCO, Inc. ,  Bea r  Hi l l ,  W a l t h a m ,  Mass.  
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would be governed by this react ion ra te  at the cath- 
ode of much  smaller  area. This is only par t ia l ly  true. The 
cell react ion may ve ry  wel l  be control led by the reac-  
tion rate  of the steel anode which  may be passivated 
in a lkal ine solution 14. Should this happen, one would  
observe a l imit ing current  under  apparent ly  vary ing  
conditions at the cathode, viz., area exposed above 
e lect rolyte  level,  oxygen pressure. 

H. C. Weber, H. P. Meissner, and D. A. Sama: Two 
exper imenta l  observat ions 15 indicate that  react ion rates 
at the steel wool  anodes did not govern  performance  
of these cells. First,  the l imit ing cur ren t  at a given 
copper cathode was found to r emain  constant when  the 
steel wool anode area  was doubled. Second, for any 
given anode, doubling the wet ted  per imeter  of the 
par t ia l ly  submerged copper cathode doubled the l imit-  
ing current.  

Pr ior  to use as a cell anode, the steel wool  electrode 
was connected for a few minutes  to a zinc wire  coil 
submerged in the electrolyte.  The  hydrogen evolved 
within  the steel wool electrode swept  entra ined oxygen 
out of the steel wool  and probably  r emoved  any pas- 
sive oxide film which  migh t  have  been present  at the 
outset. Steel  wool electrodes, so treated, showed an 
unchanged per formance  even after  several  weeks of 
submergence and use. It  wi l l  be noted that  passivation 
occurred in the example  f rom Kor tum and Bockris 
only when  the cur ren t  density was raised to 8.3 m a /  
cm 2. The cur ren t  densities on the wool  cathode under  
discussion were  at least 50-fold smaller  than this. 

Sodium Borohydride, an Interesting Anodic Fuel 

M. E. Indig and R. N. Snyder, (pp. 1104-1106, Vol. 109, No. 11) 

J. P. Elder16: The genera l  characteris t ics  of the anodic 
behavior  of the borohydride ion at p la t inum electrodes 
in alkal ine aqueous media  have already been estab- 
lished. 17 An oscillographic invest igat ion TM has con- 
firmed unequivocal ly  that  the sole e lectrochemical  re-  
action is the ionization of hydrogen f rom the BH4-  
and similar  type ionic groups. These charging curve 
studies also indicated that  under  certain conditions, 
this negat ive  potent ia l  e lectrochemical  oxidat ion may 
proceed at nickel  surfaces. These la t ter  observations 
per ta in  solely to smooth electrodes. 

In order  to set up a stable borohydr ide  ion electrode 
system, two factors must  be taken into consideration. 
Firstly, the electrode mater ia l  must  have  the power  of 
adsorbing the bound hydrogen and render ing  it avail-  
able for ionization on anodic polarization. Secondly, 
the molar  ratio, [ O H - ] : [ B H 4 - ]  must  not  be too high. 
At  h ighly  act ive surfaces, such as plat inized plat inum, 
this la t ter  consideration is not  of such great  import.  
Thus, this negat ive  potent ia l  may be sustained at a 
molar  rat io of 20:1. However ,  when  a smooth nickel  
electrode is employed, the molar  ratio must  always be 
less than unity. By using porous nickel, the importance 
of the molar  ratio effect is reduced. The electrochemi-  
cal features  of the porous n ickel -borohydr ide  ion elec- 
t rode are in excel lent  agreement  wi th  those charac- 
ter izing the corresponding electrode system at plati-  
num surfaces. 

At a smooth nickel  electrode immersed  in a 0.1M 
potassium borohydr ide  solution in potassium hydrox-  
ide at pH 12.5, i.e., a molar  ratio of 3.16:1, potent ial  
decay studies TM indicated an open circuit  potent ial  of 
--0.95v on the hydrogen  scale. Thus, the potent ia l  of 
the nickel-borohydride  electrode is 0.21v more  nega- 

14 G. K o r t f i m  a n d  J .  O'M. Bockr i s ,  " T e x t b o o k  of E l e c t r o c h e m i s t r y , "  
Vol. II ,  p. 463, E l s e v i e r  P u b l i s h i n g  Co., New Y o r k  (1951). 

15 D. A.  Sama,  Sc. D.  Thesis ,  Massachuset t s  I n s t i t u t e  of  Technol -  
ogy,  1960. 

16 C h e m i c a l  E n g i n e e r i n g  Div . ,  A r g o n n e  N a t i o n a l  Labo ra to ry ,  A r -  
gonne ,  I l l .  

l r j .  p .  E l d e r  a n d  A. H t c k l i n g ,  Trans. Faraday Soc., 58, 1852 
(1962). 

is j .  p .  E lder ,  Eleetrochimica Aeta,  7, 417, (1962). 
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t ive than the revers ible  hydrogen potent ial  in the 
same basic medium. This is in excel lent  agreement  
wi th  the figure of 0.22v obtained by Drs. Indig and 
Snyder  f rom galvanostat ic  measurements  in a more 
concentrated solution wi th  a molar  ratio of 3:1. Their  
polarizat ion data shows a l imit ing current  density 
plateau commencing at a potent ial  0.4v more  posit ive 
than the open circuit  potent ial  in qual i ta t ive  agree- 
ment  wi th  the findings at plat inized platinum. 17 At an 
act ive nickel  surface, a react ion mechanism analogous 
to that  proposed at a p la t inum electrode would appear 
to be operat ive.  Thus, the static potent ia l  is character-  
istic of a fast two-elect ron par t ia l  hydrogen ionization 
f rom the parent  ion, BH4-.  On anodic polarization, 
fur ther  hydrogen ionization f rom the adsorbed 
BH~OH- ion occurs by an analogous process. The stoi- 
chiometry of the react ion at porous nickel  is similar  
to that  observed at smooth plat inum, which has been 
accounted for by a competi t ion be tween  hydrolyt ic  
and ionization react ions fol lowing the init ial  electro- 
chemical  step. There  is every  indication that  at high 
pH and a fa i r ly  large molar  ratio, the main anodic 
process is the four-e lect ron t ransfer  cited by Drs. Indig 
and Snyder.  

The borohydr ide  ion has great  potential i t ies  as an 
anodic fuel. One is dealing wi th  a simple electrolyte  
system and fur thermore ,  the final react ion product  in 
solution, the H2BO3- ion appears to have  no deleter i -  
ous effect. One of the disadvantages of employing a 
smooth p la t inum surface is that  it "ages." A stable 
open circuit  potent ia l  is never  maintained.  The poten- 
t ial  slowly and steadily drifts to more posit ive values, 
u l t imate ly  reaching the oxygen evolut ion region. This 
is accompanied by a steady decrease in the rate  of 
hydrogen evolut ion f rom the surface. At plat inized 
plat inum, the react ion ra te  is steady. When the molar  
ratio is grea ter  than 3:1, a l imi t ing current  density is 
at tained and hydrogen evolut ion ceases, this surface 
being sufficiently act ive to ionize the free hydrogen 
produced by hydrolysis. However ,  like smooth plati-  
num, it is highly probable that  nickel  is not  sufficiently 
act ive for this la t ter  effect to be observed. 

In concluding, I should like to congratulate  Drs. 
Indig and Snyder  on their  work  and inquire  for wha t  
length of t ime wil l  the porous n ickel -borohydr ide  ion 
electrode continue to operate wi thout  deact ivat ion of 
the surface and subsequent  rapid polarization to the 
oxygen evolut ion region? 

M. E. Indig and R. N. Snyder: It  is unfor tunate  that  
the publications cited by Dr. Elder  were  unavai lable  
unt i l  af ter  our publication was submitted. However ,  
it is grat i fying to see the points of agreement  be tween  
the work  of Drs. Elder and Hickl ing and that  of our- 
selves. In response to the quest ion concerning the de- 
act ivat ion of the nickel  surface, we can only say that  
in the length  of t ime of our galvanostat ic  discharges, 
which were  no longer than five hours, rapid polariza-  
tion did not occur unti l  86 to 98% of the four-e lect ron 
oxidat ion was achieved. Also in the case of the lower  
coulombic efficiencies the potent ia l  gradual ly  drif ted 
upward,  approaching open circuit  values after  the 
polarizing load was removed.  

The Anodic Dissolution of Binary Alloys 
R. F. Steigerwald and N. D. Greene, (pp. 1026-1034, 

Vol. 109, No. 11) 
W. A. Mueller~9: The exper imenta l  study of the anodic 

dissolution of alloys is cer ta inly  very  useful  for the 
clarification of the rate  and mechanism of attack. Also 
the process by which components of lower  dissolution 
rate accumulate  on the surface may find interest ing 
elucidation by the same study. Unfor tuna te ly  the 
authors chose the short exposure t ime of 10 min. The 
accumulat ion of components of low solubil i ty is often 
still in the init ial  stage af ter  10 min of exposure. Even 
after  days the steady state of dissolution is not at- 
tained in ex t reme cases if the component  of low solu- 
bi l i ty is present  in low concentrat ion.  Hence the 
change f rom Eq. [5] to Eq. [9] as theoret ical ly  de- 
r ived before is by no means general ly  finished after  
10 rain t ime of exposure. Actua l ly  the best test would  
have been to fol low the dissolution curve with  in- 
creased t ime of exposure,  e.g., by the mult ipoint-  
polar izat ion-curve technique.  For the same reason the 
correct ion factors for the dissolution of in termetal l ic  
compounds should have been calculated f rom current-  
densi ty- t ime curves after a t ta ining steady state. More- 
over, the correction factor should be val id  independent  
of the applicabil i ty of Eq. [5] or [9]. Some confusion 
is caused by the fact that  displacement  along the cur- 
ren t  axis is der ived f rom the exper imenta l  data, but a 
shift along the potent ial  axis is claimed in the sum- 
mary. 

R. F. Ste igerwald  and N. D. Greene: We thank Dr. 
Muel ler  for his comments.  Apparen t ly  there  has been 
some misunders tanding and we wish to re-emphasize  
several  points of the published exper imenta l  proced- 
ure. 

(A) "Pr ior  to polarization, the specimens were  ex- 
posed to the test solution for several  hours to insure 
that  a stable corrosion potent ial  was at tained." 

(B) "At  most potentials,  the  cur ren t  reached steady- 
state values in a short  t ime (less than 5 min)  and 
these steady-state values are reported. 

Only the passive currents  were  t ime-dependent ,  and 
these currents  were  recorded af ter  ten min. We real-  
ized the difficulty in repor t ing the passive currents  
af ter  so short a t ime and ment ioned this as a possible 
source of error  in the discussion of the differences be- 
tween the exper imenta l  and calculated passive cur- 
rents. It is impor tant  to note that  our conclusions were  
not based on the t ime-dependent  passive currents  but  
rather,  on the s teady-state  values and the over-al l  
polarization behavior  of the alloys. 

We do not unders tand the confusion regarding the 
exper imenta l  results and our s tatements  in the sum- 
mary.  Exper imenta l ly ,  we observed that  the polariza- 
tion curves of in termetal l ic  compounds were  fre- 
quent ly  displaced along the current  axis and stated in 
the summary:  " - - b u t  s tronger solid state interactions 
may shift their  polarizat ion curves along the current  
axis." 

19 Physica l  Chemis t ry  Div.,  Pu lp  and Pape r  Research  Ins t i tu te  of 
Canada,  3420 Unive r s i ty  St., Montreal  2, Canada.  
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Report on the Investigation of the Binary System 
CoS-in2S3 

R. E. Johnson 1 

Department oJ Metallurgy, Pennsylvania State University, University Park, Pennsylvania 

H a h n  and  co -worke r s  (1) showed the exis tence  of 
sulfide spinels,  which  were  p r e p a r e d  by  so l id-s ta te  
react ions  AS + B2S3 = AB2S4. In  these spinels  the  
su l fu r  ions occupy a c lose-packed,  f ace -cen te red  
cubic latt ice,  whi le  the  A and  B cat ions are located 
on oc tahedra l  and  t e t r a h e d r a l  sites. The s i tua t ion  
seems to be ana logous  to oxide sp ine l  systems,  and  
it seemed prof i table  to s tudy  the  defect  s t ruc tu re  
and  so l id-s ta te  react ions  in  a w a y  s imi la r  to tha t  
used for oxide sp ine l  sys tems in  severa l  p rev ious  i n -  
ves t iga t ions  (2, 3). 

The work  covered in  this  repor t  is the  p r e p a r a -  
t ion  of CoS, In2S3, CoIn2S4, the  s tudy  of the  quas i -  
b i n a r y  phase d i a g r a m  CoS-In2S3 , and  the s tab i l i ty  
of CoIn2S4 at d i f ferent  su l fu r  pa r t i a l  pressures .  

Phase  d iagrams  of Co-S and  I n - S  sys tems are 
g iven  in  ref. (4) .  S tubb le s  (5) gives f u r t h e r  i n fo r -  
m a t i o n  on the  su l fu r  pa r t i a l  p ressure  for Co S 

1 - - 8  

at l l 0 0 ~  No da ta  for su l fu r  pa r t i a l  p r e s s u r e s  for 
equ i l ib r i a  i nvo lv ing  i n d i u m  sulfides and  free en -  
ergies of fo rma t ion  of i nd ium-su l f ides  could be lo-  
cated in  the  l i t e ra ture .  

Both  the  i n d i u m  and  the  cobalt  sulfide were  p re -  
pa red  as follows: S to ichiometr ic  amoun t s  of h igh-  
p u r i t y  me t a l  and  su l fu r  were  placed in  quar tz  tubes.  
These tubes  were  evacuated ,  sealed, and  hea ted  
in  a n  electric furnace .  CoS fo rmed  f rom the  ele-  
men t s  at 900~ af ter  abou t  24 hr ;  In2Ss r equ i r ed  
about  5 hr  longer  to prepare .  The fo rma t ion  of the 
sulfide was  assumed to be complete  w h e n  no su l fu r  
could be no ted  on the side of the quar tz  tube.  Abou t  
2g of m a t e r i a l  was  p roduced  in  each tube.  

CoS and  In2S~ were  powdered  and  mi xe d  
tho rough ly  in  appropr i a t e  a m o u n t s  to cover the  
q u a s i - b i n a r y  sys tem CoS-In2S3, evacua ted  and  
sealed as before,  and  hea ted  at  t e m p e r a t u r e s  of 
about  1000~ for one day. At  the  cooler end  of the 
tubes  In2S3 was deposited,  if the  tubes  were  no t  
sufficiently smal l  and  the  hea t i ng  zone of the  f u r -  
nace  no t  sufficiently u n i f o r m  in  t empe ra tu r e .  On 
cooling m o l t e n  CoS in  the  evacua ted  quar tz  tubes,  
these tubes  a lways  b roke  as the  sulfide solidified. 

Af te r  q u e n c h i n g  the  different  a n n e a l e d  m i x t u r e s  
of CoS and  In2S~, the  (666) - re f lec t ion  of x - r a y s  for 

1 Mr. Johnson is the first r e c i p i e n t  o f  t he  F. M. Becket Memorial 
Award of the Electrothermic and Metallurgy Division of the Society. 
S e e  p. 135C of  the  M a y  1962 JOUrnAL. The r e s e a r c h  w a s  c o n d u c t e d  
at the Max-Planck-Institut fiir physikalische Chemie, GSttingen, 
u n d e r  the  g u i d a n c e  of  Dr. H. Schmalzried and with the technical 
a s s i s t a n c e  of Mr. I-I. H. Hohmann. 

the sp ine l  s t r uc t u r e  was s tudied  as a f unc t i on  of the 
CoS/In2S3 ra t io  in  order  to get i n f o r m a t i o n  on the  
phase  boundar ies .  F igure  1 shows the resul ts .  Be-  
t w e e n  0 mole  % CoS and  50 mole  % CoS the  lat t ice 
p a r a m e t e r  changes  con t inuous ly ,  whi le  b e t w e e n  50 
and  100 mole % CoS the  sp ine l  l ine  is a lways  p res -  
ent  w i thou t  a change  in  the lat t ice pa rame te r .  This 
indica tes  a one - pha se  reg ion  b e t w e e n  0 and  50% 
CoS and  a t w o - p h a s e  reg ion  b e t w e e n  50 and  100% 
CoS. The one -phase  reg ion  can be under s tood  by  
the  fact  tha t  In2S3 crystal l izes  in  the  ~,-AI~O3 
s t ruc ture ,  which  is qu i te  s imi la r  to a sp ine l  s t ruc -  
t u r e  (bo th  have  c lose-packed  cubic su l fu r  la t t ices)  
and  by  the fact  tha t  the la t t ice  p a r a m e t e r  of In2S3 
( =  In2/3In2S4) is on ly  abou t  2% grea te r  t h a n  the  
la t t ice  p a r a m e t e r  of CoIn2S4 (a = 10.55). In  the 
t w o - p h a s e  reg ion  the phases  could be identif ied 
as CoIn2S4 and  CoS by  x - r a y  analysis .  

I n  order  to s u p p l e m e n t  the  x - r a y  analysis ,  the  
l iqu idus  of the  sys tem CoS-In2S3 was  d e t e r m i n e d  
by  t h e r m a l  analysis .  As before,  appropr i a t e  a moun t s  
of CoS and  In2S3 were  placed in  quar tz  tubes  shown 
in  Fig. 2, evacua ted  and  sealed, t hen  the  samples  

| 

~ ~ze ~ cos c~ 

Fig. 1. X-ray measurement of line shift with composition in the 
In2CoS system. 

s ee,,l.ed ~ L - ' t , s  
Tube 

r "la'2s3 ' 'ther~couple wires 
'to Po'~ent,,'Lo~ , 'b~ 

Fig. 2. Schematic drawing of the apparatus used to determine the 
CoS-In2S3 phase diagram. 
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i 

T 4 " -  a 

Fig. 3. Schematic figure of a cooling curve obtained by cooling 
a mixture of CoS-In2S3 from the liquid. The first slope change (a) 
is ascribed to the reaching of the liquidus; the slope change at (b) 
is ascribed to the reaching of the solidus. Supercooling effects cause 
the slight dip near (a). 

(about  200 mg  each) were  hea ted  above  the  m e l t -  
ing po in t  of the  m i x t u r e  (about  1100~ Af te r  the  

fu rnace  power  was cut  off, the t e m p e r a t u r e  drop 
of the sample  was m e a s u r e d  by  a P t - P t R h  t h e r m o -  
couple. In  genera l ,  curves  of the  type  as r ep re sen t ed  
in  Fig. 3 were  obta ined.  The first change  of the  slope 
in  the  cooling curve  was  ascr ibed  to r each ing  the 
l iquidus .  The t e m p e r a t u r e  of the final change  of the  
slope (Fig. 3) was ascr ibed to r each ing  the  solidus. 
The me l t i ng  po in t  of In2S3 could be compared  w i th  
l i t e r a tu r e  da ta  (4) .  Both  va lues  agreed  qui te  well ,  
ind ica t ing  the  cons is tency  of the  va lues  b e t w e e n  
0 and  50% CoS. Since the me l t i ng  po in t  of CoS is 
ve ry  sens i t ive  to changes  in  the ra t io  Co/S,  a s imi la r  
proof as on the In2S3 side of the  phase  d i ag ra m was 
not  possible. F igure  4 shows the  resul t s  of the me a s -  
u r emen t s .  

UZO a �9 .~" 

1090 

IO?~ 

I070 

Fig. 4. Phase diagram of the In2S3-CoS system: A ,  liquidus; A ,  
solidus. 

Fina l ly ,  the s tab i l i ty  of the  sp ine l  w i th  the  stoi-  
ch iometr ic  composi t ion  CoIn2S4 at d i f ferent  su l fu r  
pa r t i a l  p ressures  at 900~ was  inves t iga ted .  To this  
end, m i x t u r e s  of H2S and  H2 were  fed into the  f u r -  
nace  t h r ough  ca l ib ra ted  capil lar ies .  Var ious  rat ios  
H2S/H2 were  t r ied  and  the  r a nge  of s tab i l i ty  de :  
t e r m i n e d  by  x - r a y  analysis .  P r e l i m i n a r y  resul t s  i n -  
dicate that ,  at a t e m p e r a t u r e  of 900~ the  sp ine l  
CoIneS4 is s table  in  a su l fu r  p ressure  r ange  of 
10 -4 --  10 -2 atm.  
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A General Thermodynamic Theory of the Potential 
of Passive Electrodes and Its Influence on Passive Corrosion 

K. J. Vet ter  

Fritz-Haber-Institut of the Max-Planck-Gesellschaft, Berlin-Dahlem, Germany 

ABSTRACT 

A theory of the electrode potential of nonstoichiometric electron conductive 
metal oxides MeOn on a foreign metal is presented. When the oxygen ions of 
the oxide are in equilibrium with the electrolyte the oxide electrode potential 
is eu ~ (I/2F) �9 dAG (n)/dn- 0.059 �9 pH with the free enthalpy AG (n) for the 
reaction Me -b nH20 -> MeOn ~ nil2 as a function of the degree of oxidation n. 
The oxide electrode potential for the case of an equilibrium of the metal ions 
between the oxide and the electrolyte is also derived. The condition of equilib- 
rium between the oxide MeOn and the electrolyte with dissolved z-valent 
metal ions (z =~ 2n) is given. The "equilibrium oxide" relative to its parent 
metal and the corresponding potential are discussed. The potential of a passive 
electrode depends only on the surface oxide in contact with the electrolyte and 
is independent of the construction of the passive layer. 

The effect of the corrosion rate and of the current density on the passive 
potential and on the construction and composition of the inner layer are dis- 
cussed. The establishment of a stationary layer is explained. The experimental 
pH dependence of the corrosion current density of equal surface oxides of Ni, 
Fe, and Cr are analyzed. For this reason passive potentials against the hydrogen 
electrode at the same pH value are compared. 

In e lectrolyt ic  solutions the pass iv i ty  of metals  is 
caused by  a porefree  (1) oxidic layer ,  which p re -  
vents  the direct  contact  of the meta l  and the e lect ro-  
lyte. The behavior  of the passive meta l  depends on 
the proper t ies  of this pass ive layer ,  especial ly on the 
thickness,  chemical  composition, ra te  of dissolution 
in the electrolyte ,  and the electronic and ionic con- 
duct ivi ty.  In most cases of clear 1 pass iv i ty  the elec-  
tronic conduct ivi ty  is good. The ra te  of dissolution 
of the passive layer  in the e lec t ro ly te  is a function 
of the chemical  composition at the  in terface  passive 
l aye r / e l ec t ro ly te .  Af te r  a s ta t ionary  state of this 
l ayer  has been reached,  the ra te  of dissolution is 
equal  to the remain ing  corrosion ra te  of the meta l  
in the passive state. Therefore  the corrosion ra te  is 
one of the most impor tan t  proper t ies  of the passive 
metal.  

The chemical  composit ion and thickness of the 
passive layer  depend on the potent ial .  The s ta t ionary  
thickness is regula ted  by  the ionic current  through 
the layer ,  which depends on the electr ical  field 
s t rength in the layer.  The field s t rength  and the re -  
fore the ionic current  increase wi th  increasing po-  
tent ia l  difference in the layer  and decrease wi th  
increasing layer  thickness.  By changing the 
layer  thickness the ionic current  densi ty  can be-  
come equal  to the corrosion current  density.  At  
this point, the s ta t ionary  state of the layer  wi l l  
be reached. In this case the anodic ra te  of format ion 
of passive oxide wil l  be equal  to the dissolution ra te  
in the electrolyte.  

In this paper  the  composit ion of a nonstoichi-  
ometric inhomogeneous passive layer  shall  be dis-  
cussed according to Vet te r  (2) as a function of the 

1 T h e  d e f i n i t i o n  of  Dass iv i ty  is v e r y  difficult.  A d e f i n i t i o n  w h i c h  
is  s a t i s f a c t o r y  in  all  cases  c a n n o t  be  f o u n d  as ye t .  

potential ,  corrosion rate,  pH-value ,  and e lect rolyte  
concentrat ion of ions of the passive meta l  on the 
basis of the rmodynamic  considerations.  

Potential of an Oxide Electrode with a 
Nonstoichiometric Oxide with Electronic Conductivity 

Oxide on a Foreign Metal. Oxygen  Io~ Equil ibrium 
Oxide~Electrolyte 

Single-phase (homogeneous) ox ide . - -This  prob-  
lem wil l  be worked  out most s imply  for  the case of 
an a rb i t r a ry  nonstoichiometr ic  oxide, oxyhydra te ,  
or hydrox ide  M e O , . m t I 2 0  on a foreign meta l  other 
than  the paren t  meta l  Me in the oxide. La te r  these 
considerat ions wil l  be extended to the case of an 
oxide in contact  wi th  its paren t  meta l  Me. It may  
be assumed tha t  the foreign meta l  is complete ly  in-  
soluble in the oxide. In this case the meta l  s imply 
acts as an electron carr ier .  F igure  1 represents  the 
phase scheme for this case. At  the phase boundar ies  
the equ i l ib r ium of the electrons fl(1,2) and of the 
oxygen ions fl(2,3) 0 2 -  (oxide)  ~ 2H + (e lec t ro ly te)  

H20(e lec t ro ly te )  a re  es tabl ished (s t ra ight  l ines) .  
Al l  other  react ions are assumed to be complete ly  in-  
hibi ted (dot ted  l ines) .  Later ,  this res t r ic t ion wil l  be 

5 (gas) 

I 2 3 3 ~  4 I' 

metal oxide electrolyte platin metal 
a) b) 

Fig. 1. (a) Phase scheme of an oxide electrode in contact with a 
foreign metal; (b) hydrogen reference electrode. 
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r emoved  to a ce r t a in  extent .  I n s t ead  of reac t ion  
fl(2,3) the  reac t ion /9 ' (2 ,3 )  O 2- (oxide)  + H + (elec-  
t ro ly te )  ~ O H - ( o x i d e )  can occur. Both  reac t ions  
are t h e r m o d y n a m i c a l l y  equ iva len t .  There fo re  only  
the first one fl(2,3) shal l  be discussed fu r the r .  

By an  anodic  c u r r e n t  0 2 -  ions wi l l  be t a k e n  up, 
and  for each O 2 ion two elect rons  of the  own  me ta l  
ions wi l l  be de l ivered  to the fore ign  metal .  If the 
anodic  c u r r e n t  is so smal l  tha t  the e q u i l i b r i u m  po-  
t en t i a l  differences at the  two phase b o u n d a r i e s  1,2 
and  2,3 are no t  apprec iab ly  d i s turbed ,  bo th  phase  
b o u n d a r y  react ions  occur revers ib ly .  Therefore ,  the  
total  e lectrode process is a t h e r m o d y n a m i c a l l y  r e -  
vers ib le  absorp t ion  of oxygen  atoms by  the oxide 
MeO~ or MeOn.mH20.  2 Th rough  this  process the 
degree  of ox ida t ion  n wi l l  be increased  by  a smal l  
amount .  In  the  case fl ' (2,3) p ro tons  H + wi l l  be 
emi t t ed  in  a t h e r m o d y n a m i c a l l y  revers ib le  m a n n e r .  
The a s sumpt ion  is tha t  the  phase  w id th  is la rge  
enough  tha t  no f u r t h e r  oxide phase  is formed.  For  
v moles MeOn and  2F coulombs the  revers ib le  over -  
all  e lect rode reac t ion  is 

vMeOn + .H20 ~ vMeOn+i/v + 2H + + 2 e -  [1] 

Aga ins t  a h y d r o g e n  electrode in  the  same e lec t ro-  
ly te  ( same pH value,  Fig. 1) the revers ib le  cell r e -  
act ion is 

vMeO~ + H20 ---> vMeO~+u~ + H2 ~G [2] 

wi th  the  e lect rode reac t ion  va l ency  2 and  the free 
e n t h a l p y  of the reac t ion  2~ AG. The revers ib le  cell 
vol tage  becomes e -- +AG/2F.  

This  f ree e n t h a l p y  of the reac t ion  AG can be 
ca lcula ted  f rom the va lues  of free en tha lp ies  of 
f o rma t ion  AG(n )  and  AG(n+I/~,)  for the  oxides 
MeO~ and  MeOn+v,  according to 

Me + nH20->  MeO,  + nil2 •  [3] 

Me + (n+I/.)H20-~ MeO,,+I/. + (n+l/v)H2 
AG ( n + l / v )  [4] 

Therefore  AG a m o u n t s  to 

AG = v .  [ A G ( n W l / v )  -- AG(n)  ] 

AG ( n + l / v )  --  AG (n)  
= [5]  

1/~ 

For  the  l imi t ing  case w h e n  An = l /v -~ 0 one gets 

dAG(n)  
l im AG = l im AG -- [6] 

v-~ ~ An-> 0 dn  

There fore  the  revers ib le  cell vol tage  aga ins t  the h y -  
drogen  electrode of the  same pH va lue  can be ex-  
pressed by  the d i f ferent ia l  quo t i en t  of the free e n -  
t ha lpy  of fo rma t ion  of the  oxide MeOn to the  degree  
of ox ida t ion  n 

1 dAG(n)  
Eo = + -  [7] 

2F dn 

Agains t  the s t a n d a r d  h y d r o g e n  electrode the  p o t e n -  
t ial  eh of the  oxide electrode on a fore ign m e t a l  is 
(at  25~ 

1 dAG (n)  
Eh ~ 2~"  dn 0.059 �9 pH [8] 

2 I n s t e a d  of MeOn.mH.~O the  a b b r e v i a t e d  f o r m u l a  fo r  t he  ox ide  
1V[eOn sha l l  be  used  in t he  f o l l o w i n g  par t .  The  same  t r e a t m e n t  m a y  
also be  a p p l i e d  to MeO,~.mHeO. 

e* C h a n g e  of G i b b s  f ree  e n e r g y  AG. 

G(n) kcal/rnol 

5~ for IVle+nH~O---, MeO.*nH= E (volts) 

single-phase F 3 
~0 " - -  double-phase ] 

D~ / , 

20 /" ~ I ,' / 
/ I , I I 

-___/- . . . . .  es~ 
0 ~I ~ ~n 

/\: f . , .  1 .  dAG(n) 

Fig. 2. Free reaction enthalpy AG(n) and the deviated oxide elec- 
trode potential Eo (Eq. [8])  as function of the degree of oxidation 
n (arbitrary assumed values). 

If an  oxide MeO~.mHeO is considered,  the  va lue  of 
AG(n)  corresponds  to the  reac t ion  Me + ( n + m )  
H20 ~ MeO, , .mH20 + nil2. Equa t ions  [5] to [8] are 
l ikewise  val id.  However ,  the va lue  of the  po ten t i a l  
el~ depends  on the  con ten t  m of water ,  which  can be 
a func t i on  m = 5 (n)  of n. In  Fig.  2 AG (n)  is r e p r e -  
sented  as a f unc t i on  of the  degree of ox ida t ion  n by  
a s suming  a r b i t r a r y  va lues  for AG (n ) .  Equa t ions  [7] 
or [8] are first of all  on ly  appl icable  to one of the  
th ree  ranges  of homogeneous  solid so lu t ion  series of 
the oxide, which  are a s sumed  in  Fig. 2. 

For  a n o n h y d r a t e d  (m = 0) oxide MeO~ Eq. [7] 
and  [8] can also be f o r m u l a t e d  by  us ing  the  s t and -  
a rd  free e n t h a l p y  of f o r ma t i on  of the  oxide f rom 
the  e lements  AGo(n) fo l lowing  the paper  of Bell  and  
H u b e r  (3).  F r o m  the re l a t ion  

~xG(n) = AGo(n) -- n .AGo(H20)  

wi th  the free e n t h a l p y  of f o r ma t i on  of wa te r  
AGo(H20) according  to H 2 + 1 / 2  02 -~ H20, Eq. [7] 
t r ans fo rms  in to  

1 dAGo(n) 1 
Eo = - -  AGo(H20) [9] 

2F dn 2F 

The t e rm - - ( 1 / 2 F )  �9 •  = + 1.23v is the po-  
t en t i a l  of the  revers ib le  s t a n d a r d  oxygen  electrode.  

For  a h y d r a t e d  oxide MeOn-mH20  wi th  a wa te r  
con ten t  m = f ( n )  de pe nd i ng  on the degree of ox ida-  
t ion  n the r e l a t ion  

A G ( n )  -- AGo(n) -- ( n + m )  �9 AGo(H20) [10] 

is valid.  There fore  the s t a n d a r d  oxide po ten t i a l  Eo, 
according to the  f o r m u l a t i o n  of Bell  and  H u b e r  (3) ,  
becomes 

1 dAGo(n) 1 
Eo = - -  (1 + d m / d n ) . - - . A G o ( H 2 0 )  

2F dn 2F 
[ 1 1 ]  

Regard ing  AGo (n ,m)  as a func t ion  of two i n d e p e n d -  
ent  va r i ab les  n and  m, d •  can be f o r m u -  
la ted  as 

dAGo(n,m) OAGo(n,m) OAGo(n,m) dm 

dn On Om dn 
Using this re la t ion ,  Eq. [11] changes  to 

1 OAGo(n,m) 
E o  ~ -  _ _  

2F ~n 
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1 

+---zT" [ 
aAGo(n,m) l dm 

- -  AGo(H20) | 
Om ~ dn 

1 
- - - - -  AGo(H20) [12] 

2F 

The bracket in the second term represents the free 
enthalpy of association of the crystal water. 

In the special case of the frequently observed 
oxide series Me(OH)2-~ MeO(OH) -~ MeO2 which 
mostly form series of mixed crystals without mis- 
cibility gap, the water content m is m = a -- n (here 
2 - - n ) .  Because m ~ 2 -  n is dm/dn = - - I  and Eq. 
[ 11 ] simplifies to 

1 daGo(n)  1 d h G ( n )  
Eo = - -  - -  [11'] 

2 F dn 2 F dn 

( f o r m - - - - a - - n )  

In  all  cases the electrode po ten t i a l  ~h aga ins t  the 
s t anda rd  h y d r o g e n  electrode is Eh ---- Eo --  0.059 �9 pH. 

Double-phase  (heterogeneous)  o x i d e s . - - D u r i n g  
the ox ida t ion  of the  oxide the u p p e r  l imi t  n l  (po in t  
D in  Fig. 2 for example )  of the  phase r ange  m a y  be 
reached.  Then,  f u r t he r  ox ida t ion  causes a fo rma t ion  
of a new  phase  of the  lower  l imi t  n~ (po in t  E in  
Fig. 2), if the  fo rma t ion  of c rys ta l  nuc le i  is fast  
enough.  T h e n  both  phases  are in  equ i l ib r ium.  W h e n  
two phases  are in  equ i l i b r ium,  the  po ten t i a l  wi l l  no t  
depend  on the  ra t io  of the quan t i t i e s  of the  phases.  
The po ten t i a l  wi l l  r e m a i n  cons tan t  d u r i n g  the ox-  
ida t ion  u n t i l  the  first phase  wi th  the  uppe r  l imi t  
n l  is consumed.  By ana logy  the p reced ing  eva lua t ion ,  
the  po ten t i a l  is now defined by  the quo t i en t  of d i f -  
ferences  ins tead  of the  d i f ferent ia l  quo t i en t  

1 A G ( n 2 ) - - A G ( n l )  
Eh= 0.059 " pH [13] 

2F n2 -- n~ 

This equa t ion  is used for the two-phase  ranges  in 
Fig. 2. If in  Fig. 2 the  uppe r  and  the  lower  l imi ts  of 
two succeeding s ing le -phase  ranges  are connec ted  
by  s t ra ight  l ines,  the  first equa t ion  w i th  the  d i f -  
f e ren t i a l  quo t i en t  can be used in  the  whole  r ange  of 
degrees of ox ida t ion  n. The curve  A 'F '  in  Fig. 2 r ep -  
resents  the  po ten t i a l  E as a f unc t i on  of the  degree  of 
ox ida t ion  n according to Eq. [8] and  [9] or also [13].  

Oxide on a Foreign Metal.  Metal  Ion Equi l ibr ium 

at the Phase Boundary  Oxide~Electroly te  

C o n t r a r y  to the foregoing discussion on oxide on 
a fore ign  me ta l  the e q u i l i b r i u m  ~(2,3) of the me ta l  
ions at the  phase b o u n d a r y  ox ide /e l ec t ro ly te  Me ~+ 
(oxide)  -~ Me ~+ (e lec t ro ly te )  shal l  be establ ished.  
Moreover  the  e q u i l i b r i u m  of the  e lect rons  fl(1,2) 
and  a sufficiently h igh e lect ronic  conduc t iv i ty  shal l  
be assumed  again.  This means  tha t  the  reac t ions  
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r ep resen ted  in  Fig. 3 are in  equ i l i b r ium,  a nd  all 
o ther  reac t ions  are essen t ia l ly  inhib i ted .  

The va l e nc y  z of the  me ta l  ion Me ~+ in  the  elec- 
t ro ly te  mus t  no t  gene ra l ly  have  the  same va lue  as 
the  ave rage  va l e nc y  2n of the  me t a l  ions in  the 
oxide. By an  anodic  c u r r e n t  me t a l  ions Me z+ wi l l  
be t r a n s f e r r e d  f rom the  oxide in to  the  e lectrolyte ,  
and  the r e m a i n i n g  nega t ive  charge wi l l  be  de l ivered  
as z e lect rons  to the  fore ign  metal .  The to ta l  e lec-  
t rode  process is a t h e r m o d y n a m i c a l l y  revers ib le  
t r ans f e r  of a me t a l  a tom f rom the  oxide a nd  the  for-  
m a t i o n  of a me t a l  ion Me ~+ in  the e lectrolyte .  I t  is 
a s sumed  tha t  the  c u r r e n t  is so smal l  tha t  the  equ i -  
l i b r i u m  po ten t i a l  differences at the  two phase  b o u n d -  
aries 1,2 and  2,3 (Fig. 3) are no t  d i s tu rbed  to any  
s ignif icant  extent .  The degree  of ox ida t ion  n wi l l  be 
increased  t h r ough  this  process by  a smal l  a m o u n t  
•  The q u a n t i t y  of oxygen  ions in  the  oxide 
r e ma i ns  cons tan t  d u r i n g  this  process. There fo re  the  
revers ib le  e lect rode react ion,  for zF coulombs  and  
cons ider ing  a s ingle  phase  r a nge  of sufficient width ,  
is 

(v + 1) M e O n o  vMeOn+n/, -t- Me z + ' a q  + z . e -  [14] 

This reac t ion  involves  no h y d r o g e n  ions�9 There fore  
the electrode po t en t i a l  wi l l  no t  depend  on the pH 
value,  and  it wi l l  be  su i tab le  to choose the  s t anda rd  
h y d r o g e n  e lect rode as coun te r  e lectrode in  a r e -  
vers ib le  ga lvan ic  cell�9 The revers ib le  cell reac t ion  is 
t hen  

(~ + 1) MeOn + zH + (a = 1) --> 
Z 

vMeOn+l/ ,  + Me ~+ �9 aq + ~ - H e  (1 a tm)  [15] 

w i th  the electrode reac t ion  va l e nc y  z. The  revers ib le  
cell vol tage  eh resul t s  f rom the  free e n t h a l p y  • of 
reac t ion  [15] according to Eh = + •  • resul t s  
by  us ing  AG (n)  of reac t ion  Me + nH20  ~ MeO,, -}- 
n i le  and  AGMe Of reac t ion  Me -t- zH + ( a = l )  -~ Me ~+ - 
aq + (z /2)H2 according to the  re la t ion  

AG = v [ A G ( n + n / , )  --  •  ] - -  AG(n)  + AGMe 

[16] 
Since 

l i m v -  AG n +  - h G ( n )  = n -  
v-~ ~ ~ dn 

and  A G M e  ~ zF" EMe where  ~Me i s  the revers ib le  po-  
t en t i a l  of a M e / M e ~ + . a q - e ! e c t r o d e  aga ins t  the 
s t a n d a r d  h y d r o g e n  electrode,  the po ten t i a l  ch of the  
oxide electrode u n d e r  cons idera t ion  becomes 

n dAG (n)  1 
Eh = EMe ~- - -  - -  �9 A G ( n )  [17] 

zF dn zF 

wi th  

I 2 3 

I ~'*.. ~1 ~ Me'taq 
e-,~ ~ e -  H*.aq 

~1 o2- HaO 
foreign metal oxide MeOn electrolyte 

(electronic conductor) 

Fig. 3. Phase scheme of an oxide electrode in contact with a 
foreign metal. Equilibrium of the metal ions, 

RT 
EMe ~ Eo ,Me -[- - -  " in  a M e z +  

zF 

Eo.Me is the  s t a n d a r d  po ten t i a l  of the me ta l  ions Me ~+ . 
EMe is the  revers ib le  po ten t i a l  of the  e lec t ro ly te  in  
contac t  wi th  the compact  me ta l  Me according to the  
Nerns t  equat ion ,  and  the  t e r m  [ n ( A G ( n ) / d n ) - -  
A G ( n ) ] / z F  is the  dev ia t ion  of the  oxide electrode 
po ten t i a l  f rom the  revers ib le  po ten t i a l  of the  act ive 
M e / M e  z+ electrode�9 
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.4 G(n)kcal/rnol 

40 

A aG(n) E 
30 ~ 

zF.~el = - / "  / 

zF.~ / ^.., . ~Otno) 
, ~ (n  j -n  �9 

/ 
_..A / . . . . . . . . . . . . . . . . .  

! 2 3 

I Me'% = =Me"aq 
e- :  p : e- ( .>  H+.aq 

I 02"~ "~.H~O 
,~G(n') foreign metal oxide MoO n electrolyte 

(electronic conductor) 

Fig. 4. Free reaction enthalpy ~G(n) as function of the degree 
of oxidation n (arbitrary assumed values). Evaluation of the oxide 
potential for an equi!ibrium of the metal ions. 

Here  ins tead  of A G ( n )  one can also use  the  free 
e n t h a l p y  of fo rma t ion  of the  oxide MeO~-mH20 
f rom the e lements  AGo(n) according to the  reac t ion  

n + m  
Me -~ O2 ~ mH2 ~ MeOn �9 mH20 AGo (n)  

2 

T h e n  Eq. [10] and  [11] are to be  t a k e n  for A G ( n )  
and  d A G ( n ) / d n .  However ,  the f o r m u l a  rece ived in  
this  m a n n e r  is not  ve ry  clear. 

Equa t i on  [17] is g raph ica l ly  i n t e rp r e t ed  in  Fig. 
4 and  is for the  t ime  be ing  only  va l id  for a s ing le -  
phase, homogeneous  oxide w i th  sufficient phase  
width.  For  a d o u b l e - p h a s e  he te rogeneous  oxide 
MeO~I/MeOn2 ins tead  of the  d i f fe rent ia l  quo t i en t  
d •  the  quo t i en t  of differences [AG(n2) - -  
A G ( n l )  ] / ( ~ v 2 - - n l )  is to be used. I t  resul t s  tha t  

1 n lAG(ne)  --  n2AG(nl )  
Eh = ~ M e  ~ -  - -  [18] 

z F  n2  - -  n l  

The e s t ab l i shmen t  of the  e q u i l i b r i u m  of the  me ta l  
ions Me ~+ at  the  phase  b o u n d a r y  ox ide / e l ec t ro ly t e  
is on ly  g u a r a n t e e d  if o ther  e lec t rochemica l  phase  
b o u n d a r y  react ions  are e i ther  to ta l ly  i nh ib i t ed  or in 
equ i l i b r ium.  For  example  it m a y  be possible, tha t  
for a nons to ich iomet r i c  oxide wi th  2n :~ z, ions of 
the  same me ta l  bu t  h a v i n g  ano the r  va l ency  z ~ can 
also be dissolved f rom the oxide in  the electrolyte .  
On ly  if the  e lec t ro ly te  is s a tu ra t ed  w i th  these me t a l  
ions Me ~ + wi th  respect  to the oxide wi l l  the  equ i -  
l i b r i u m  of the  Me ~+ ions no t  be d is turbed ,  s Be t w e e n  
the  Me z+ ions and  the Me ~ +  ions there  exists  a 
redox po ten t i a l  

RT a * 
Ere d : E z / z ,  -~- �9 I n -  [19] 

(z ~ -- z ) r  a 

Because  of the good electronic  conduc t iv i ty  a nd  ac-  
cording  to Eq. [17] or [18] ~h m u s t  be equa l  to E~ed 
(Eq. [19] ) .  This  r e l a t ion  defines a ra t io  a* /a  of  the  
act ivi t ies  of the  two dissolved me ta l  ions of d i f ferent  
va lency.  In  m a n y  cases this  ra t io  wi l l  be  e x t r e m e l y  
small .  T h e n  the e lec t ro ly te  can be s a tu ra t ed  n e a r  
the  oxide surface  t h rough  the d issolu t ion  of ex -  
t r e m e l y  smal l  amoun t s  of z * v a l e n t  me ta l  ions. In  

F o r  e x a m p l e ,  M n O 2  ( 2 n  = 4 ) ,  IV i n ~+- i o n s  ( z ) ,  a n d  M n ~ §  ( z * ) .  

Fig. 5. Phase scheme of an oxide electrode in contact with a 
foreign metal. Equilibrium of the oxide with the electrolyte. 

this  m a n n e r  the  condi t ions  wi l l  not  be apprec iab ly  
d is turbed .  However ,  this  c i r cums tance  had  to be 
t a k e n  into cons idera t ion  for an  appl ica t ion  of Eq. 
[17] or [18]. 

Oxide  on a Fore ign  M e t a l  in  E q u i l i b r i u m  
w i t h  the  E l ec t ro l y t e  ( S i m u l t a n e o u s  Me ta l  

Ion  and O x y g e n  Ion  E q u i l i b r i u m )  

If all  equi l ibr ia ,  the  me t a l  ion  e q u i l i b r i u m  a(2,3)  
Me ~+ (oxide)  <-> Me z+ (e lec t ro ly te ) ,  a l l  o ther  me ta l  
ion equ i l ib r i a  Me ~* + (oxide)  <-> Me z* + (e lec t ro ly te ) ,  
and  the  oxygen  ion e q u i l i b r i u m  fl ( 2,3 ) 0 2 -  (oxide)  + 
2H + (e lec t ro ly te)  ~ H20 (e lec t ro ly te)  or 0 2 -  (ox-  
ide)  + H + (e lec t ro ly te)  ~ O H - ( o x i d e )  are es tab-  
l ished (Fig. 5), the  oxide is in  a to ta l  so lub i l i ty  equ i -  
l i b r i u m  wi th  the electrolyte .  This  so lub i l i ty  equ i -  
l i b r i u m  differs f rom the n o r m a l l y  discussed equ i -  
l i b r i u m  be t w e e n  a solid s to ichiometr ic  subs tance  
and  a sa tu ra t ed  solut ion on ly  because  of the  differ-  
en t  va l ency  of the  me ta l  ions in  the e lec t ro ly te  (z) 
and  in  the  oxide (2n) .  The  n o r m a l l y  used so lubi l i ty  
p roduc t  is defined for a solid subs tance  of the same 
va l e nc y  as the  dissolved ions. 

Now we shal l  d i scuss  the  fact  tha t  the  condi t ion  
2n = z is no t  necessary.  A so lubi l i ty  e q u i l i b r i u m  
can also exist  w h e n  2n ~= z. For  the eva lua t i on  of 
the e q u i l i b r i u m  condi t ion  for this  case the po ten t ia l s  
according to Eq. [8] and  [17] mus t  be equal .  F r o m  
Eq. [8] and  [17] it resul t s  tha t  

1 dAG (n)  
E h = E H "~- - -  

2F dn 
n d A G ( n )  1 

EMe - ~ - -  �9 �9 A G ( n )  [20] 
zF dn  zF 

Wi th  the  po ten t i a l  E~ = ( R T / F ) � 9  all+ of the  h y -  
d rogen  electrode aga ins t  the s t a n d a r d  h y d r o g e n  
electrode,  and  af ter  t r a n s f o r m a t i o n  

z d A G ( n )  
�9 - -  A G ( n )  - - z F  (EM e - -  EH) [21] (n - • )  

dn 

takes  place for the  e q u i l i b r i u m  condit ion.  The t e rms  
ZF(EMe--EH) and  z / 2  are fixed by  the concen t r a -  
t ions (ac t iv i t ies)  of the  me t a l  ions and  of the  h y d r o -  
gen ions in  the  electrolyte .  Accord ing  to Eq. [21] 
the  degree of ox ida t ion  n of the  oxide is defined by  
the  electrolyte.  On ly  one oxide wi th  a definite degree  
of ox ida t ion  n exists  in  e q u i l i b r i u m  wi th  a fixed 
electrolyte.  The va lue  n depends  on the  e lec t ro ly te  
according to Eq. [21]�9 

Because  of a cons tan t  va lue  

R T  R T  
- -  In a n + = cons tan t  EMe - -  EH = E o , M e  -~" - ~ -  In aMe z + F 

[22] 
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~ G(n) kcol#r~ 
' F 

40 O ~ ,  _ _ _ : 
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,,u(n) ~ / ! 

/ i 
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- 1 0  / ~j AG(n') - zF (~I~ F-"H) 
z F ' ( ~  H ) / ! 

- 2 0  Z I 
. . . .  

,, 

Fig. 6. Free reaction enthalpy AG(n) as function of the degree 
of oxidation n (arbitrary assumed values). Evaluation of the oxide 
potential and the degree of oxidation n* for an equilibrium between 
oxide and electrolyte. 

t h e  deg ree  of o x i d a t i o n  is def ined  and  cons tan t .  A 
" s o l u b i l i t y  p r o d u c t "  [P  (n,z)  ] fo l lows  f r o m  Eq.  [22] ,  
t hus  

P ( n , z )  = aMez+ �9 aZo~ - = 

PZH2O. exp  ( zFEo.Me ) . 
R T  

( A G ( n ) - - ( n - - z / 2 ) . A G ( n ) / d n  ) [23] 
exp  R T  

w i t h  the  ionic  p r o d u c t  PH2o ----- all+ �9 aOH-- of w a t e r .  
This  s o l u b i l i t y  p r o d u c t  d e p e n d s  on the  func t ion  
AG(n)  a n d  the  v a l e n c y  z of t he  d i s so lved  m e t a l  ions. 

E q u a t i o n  [21] can  be  g r a p h i c a l l y  i n t e r p r e t e d  in 
a s im i l a r  m a n n e r  as Eq. [8]  and  [17] in Fig .  2 or  4, 
r e spec t i ve ly .  The  va lue s  of t he  absc i s sa  and  o r d i n a t e  
of po in t  E1 in  Fig.  6 a r e  def ined  b y  the  e l ec t ro ly t e .  
The  coo rd ina t e s  of po in t  E1 a re  z /2  ( n - s c a l e )  and  
z F .  (EMe--EH) in t h e  e n e r g y  scale  ( A G ( n ) - s c a l e ) .  
The  t a n g e n t  to the  a G ( n )  cu rve  f r o m  the  p o i n t  E1 
r e su l t s  in t he  deg ree  n ~ of o x i d a t i o n  at  the  po in t  of 
con tac t  Ox. T h e  s lope  of t he  t a n g e n t  a m o u n t s  to t he  
r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l  

1 d ~ G ( n  ~) R T  
~ = 2---F- "" dn + - ~ - - l n a ~ t +  [8 ' ]  

as c a l c u l a t e d  f r o m  Eq. [8] .  F o r  a def ined  e l e c t r o l y t e  
( [ M e ~ + ] , [ H + ] )  on ly  one ox ide  MeOw. w i t h  a f ixed 
p o t e n t i a l  eh (Eq. [ 8 ' ] )  ex is t s  in t he  m e n t i o n e d  case  
of equ i l ib r i a .  Because  of t he  a s s u m e d  h igh  e lec -  
t ron ic  c o n d u c t i v i t y  of t h e  ox ide  t h e  cond i t ion  Eq. 
[19]  ered = eh m u s t  be  fu l f i l led  for  a l l  o the r  poss ib l e  
va l enc i e s  of t he  p a r e n t  m e t a l  ions in t he  e l ec t ro ly t e .  
In  m a n y  cases  t h e  n e c e s s a r y  concen t r a t i ons  of t he se  
m e t a l  ions  wi l l  be  s m a l l  or  even  e x t r e m e l y  smal l .  
Then  th is  m e n t i o n e d  cond i t ion  can be  eas i ly  ver i f i ed  
in an e x p e r i m e n t .  

Oxide  on Its Paren t  Meta l  
(Equ i l i b r ium  Ox ide  MeO~o) 

A t  pa s s ive  m e t a l s  t he  ox ide  l a y e r  M e O n . m H 2 0  
is on i ts  own  p a r e n t  m e t a l  of t he  ox ide  and  no t  on 
a fo re ign  me ta l .  T h e r e f o r e  t he  p r e c e d i n g  c o n s i d e r a -  
t ion  is to be  e x p a n d e d  for  a con tac t  b e t w e e n  the  o x -  
ide  and  i ts  own  meta l .  H e r e  t he  a s s u m p t i o n  t h a t  the  
m e t a l  is i n so lub l e  in  t h e  ox ide  is no l o n g e r  va l id .  

1 2 3 

e-  e -  ( - +  H*.aq 

0 ~-( P l "~" HzO 

parent metal oxide Me On o electrolyte 

Fig. 7. Phase scheme of an oxide electrode in contact with the 
parent metal. 

On the  c o n t r a r y  t h e  p a r e n t  m e t a l  can  on ly  be  in  
con tac t  w i t h  one oxide ,  t he  " e q u i l i b r i u m  ox ide"  
MeOno (or  MeOno �9 moHaO).  The  compos i t i on  of th is  
e q u i l i b r i u m  ox ide  g e n e r a l l y  w i l l  d e p e n d  on the  t e m -  
p e r a t u r e .  H o w e v e r  a t  a cons t an t  def ined  t e m p e r a -  
t u r e  on ly  one o x i d e  can ex i s t  in  a t h e r m o d y n a m i c  
e q u i l i b r i u m  w i t h  t h e  own  me ta l .  I n  th is  case,  in  a d -  
d i t ion  to Fig .  1 t h e  m e t a l  ion e q u i l i b r i u m  a t  t he  
phase  b o u n d a r y  m e t a l / o x i d e  has  a lso  to be  e s t a b -  
l i shed.  F i g u r e  7 r e p r e s e n t s  t h e s e  condi t ions .  In  t h e  
anod ic  d i r ec t i on  r eac t i ons  a (1 ,2 )  and  f l (2 ,3)  r e s u l t  
in t he  anodic  f o r m a t i o n  of t h e  e q u i l i b r i u m  ox ide  ac -  
co rd ing  to  

Me § noH20 --> MeO,o -t- 2noH + [24] 

or  a ga in s t  t he  h y d r o g e n  e l e c t r o d e  in t he  s ame  e lec -  
t r o l y t e  

Me + noH20--> MeO~o -5 noH2 [25] 

The  f r ee  e n t h a l p y  of t he  r e a c t i o n  is AG(no)  and  
t h e r e f o r e  t he  r e v e r s i b l e  p o t e n t i a l  of t he  " e q u i l i b -  
r i u m "  ox ide  e l e c t r o d e  is 

~G(no)  
eo.u = -~ 0 .059 .pH [26] 

2noF 

S i m u l t a n e o u s l y  t h e  r e a c t i o n  sequences  f l (1,2)  and  
f l (2,3)  of t he  case  a l r e a d y  d i scussed  a r e  in  e q u i -  
l i b r i u m  so t h a t  t he  p o t e n t i a l  can  also be  c a l c u l a t e d  
b y  us ing  Eq. [8]  w i t h  t he  d i f f e r en t i a l  q u o t i e n t  of 
h G ( n ) .  T h e r e f o r e  as  to be  seen  in  Fig .  2, t h e  t a n g e n t  
of t h e  AG (n)  c u r v e  at  t he  v a l u e  no goes t h r o u g h  the  
zero point .  The  t a n g e n t  f r o m  the  zero  p o i n t  to t he  
A G ( n )  c u r v e  r e su l t s  in t h e  v a l u e  no at  t h e  p o i n t  
of contact .  

Nonequ i l i b r ium Oxide  MeO~ on an In t e rmed ia te  
Layer  w i t h  Electronic  Conduc t i v i t y  (Pass ive  L a y e r )  

F o r  a l l  p r e v i o u s  cons ide ra t i ons  of t he  d i scuss ion  
on p o t e n t i a l  of o x i d e  e l e c t rode s  in th i s  p a p e r  an  
e lec t ron ic  e q u i l i b r i u m  b e t w e e n  the  m e t a l  and  the  
ox ide  was  supposed .  This  m e a n s  t h a t  t h e  e l e c t r o -  
c h e m i c a l  p o t e n t i a l  7 ---- ~ -5 z F  �9 44 of t he  e l ec t rons  
f r o m  t h e  ox ide  t h r o u g h o u t  a l l  t h e  phases  up  to t he  
m e t a l  of t he  v o l t m e t e r  w i r e s  ( m o s t l y  c oppe r )  is 
cons tan t .  T h e r e f o r e  t he  p o t e n t i a l  d i f fe rence  4 1 -  % 
= 42.2 r e su l t s  as 

1 
41,2 ---- 4, - -  4~ = - ~  (~1 - -  ~2) [27]  

s ince  v ---- #1 - -  F . r  = ~e - -  F-4e.  If  a n o t h e r  me ta l ,  
for  e x a m p l e  t he  p a r e n t  m e t a l  ( phase  l a )  or  a n y  
e l ec t ron ic  conduc to r ,  for  e x a m p l e  t he  e q u i l i b r i u m  

~fz is  t h e  c h e m i c a l  !ootential ,  ~e is  t h e  c h e m i c a l  ~)otential  of t he  
e lec t rons  = F e r m i  po ten t i a l ,  ~ is t he  G a l v a n i  p o t e n t i a l .  
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a) 

I 2 3 

I oxide electrolyte fo re ign  metal MeOn 

foreign parentlox/deloxide electrolyte 
b) metal metal MeOr~ MeOn 

I 10 Ib 2 3 
(vo l ts )  , b 

bc  P"~zCj- ' I /  Ib,2 
. _:i_ __ J~m,/b " l  J~-. i c 

I ~ / I-~2 ~ ~2,3 
o,b,c a ~ o,b,c 

distance 
Fig. 8. (o and b). Change of the potential distribution by insertion 

of other electronic conductors (parent metal, equilibrium oxide 
MeOno) between the foreign metal and the oxide of an oxide 
electrode; (c) without miscibility gap. 

oxide (phase  l b )  is inse r ted  b e t w e e n  the me ta l  
(phase  1) and  the oxide (phase 2) as shown in  Fig. 
8, the  cell vol tage  aga ins t  the same re fe rence  elec-  
t rode wi l l  not  be changed.  The po ten t i a l  difference 
41,2 = 41 - -  42 consists of 41,2 = 41,1a ~- 41a, lb ~- 41b,2 
(Fig. 8). Because of the  re la t ions  

1 
41,1a = 41 - -  41a  = "~-- " (~t~l - -  /~ la )  

1 
41a , lb  : 41a  - -  41b  : " ~  " ( /Lla  - -  [ t l b )  

1 
41b,2 : 41b - -  42 = ~ -  " (J~lb - -  # 2 )  

[27a] 
1 

41,2 : ~ 1 - -  42  = "~-  " ( [ t l  - -  ~ 2 )  

the va lue  41,2 r ema ins  u n c h a n g e d  in  the  case w h e n  
ano the r  or even  some other  e lect ronic  conductors  
are inse r ted  b e t w e e n  the me ta l  and  the  oxide. 

The thus  inse r ted  e lect ronic  conductors  can be in  
the form of the  e q u i l i b r i u m  oxide MeO~ o in  contact  
wi th  its own  meta l  in  phase 1, as r ep resen ted  in  Fig. 
8b. This  is possible if a misc ib i l i ty  gap exists be -  
tween  the  two oxides MeOno and  MeOn, o therwise  a 
con t inuous  change  of the degree  of ox ida t ion  f rom no 
to n wi l l  be es tab l i shed  (curve  c in  Fig. 8). In  all  
cases the v e r y  i m p o r t a n t  resu l t  for all  pass iv i ty  
p h e n o m e n a  is the fact tha t  the electrode po ten t i a l  
depends  on ly  on the  t h e r m o d y n a m i c  proper t ies  of 
the oxide at the phase  b o u n d a r y  2,3 ox ide / e l ec t ro -  
lyte.  If the  e lect ronic  e q u i l i b r i u m  th rough  the  l ayer  
and  also the  ions e q u i l i b r i u m  fl(2,3) or a (2 ,3)  are 
es tabl i shed the po ten t i a l  of an oxide electrode canno t  
depend  on the cons t ruc t ion  of the oxide layer.  T h e r e -  
fore the po ten t ia l  of a pass ive  electrode is on ly  de-  
fined by  the  p rope r ty  and  the composi t ion  of the  
surface  oxide nea r  the electrolyte .  The layer  th i ck -  
ness and  the exis tence  of i n t e r m e d i a t e  layers  can -  
not  have  any  direct  inf luence  on the passive p o t e n -  
tial,  m a y  be by  an ind i rec t  inf luence of these p a r a m -  
eters on the degree  of ox ida t ion  of the surface 
oxide. A fixed passive po t en t i a l  signifies a defined 
surface  oxide. This s t a t emen t  mus t  be  used as the  
l ead ing  idea for all  cons idera t ions  abou t  pass ivi ty .  

If the  pH va lue  is changed,  the po ten t i a l  of the  
passive electrode is 

~h ~ Eo(n)  --  0.059 �9 pH [28] 

Eo(n) is a defini te  f unc t i on  of the degree  of ox ida-  
t ion  of the  surface  oxide and  is equa l  to Eo of Eq. [ 7 ] 
or [11], if the reac t ion  fl(2,3) is po ten t i a l  d e t e r m i n -  
ing. 

Influence of a Corrosion Process on the Potential 
The corrosion process of a passive me ta l  covered 

wi th  a pore - f ree  oxide is r ep re sen t ed  by  the reac t ion  
a(2,3)  MeZ+(oxide)  ~ MeZ+.aq (e lec t ro ly te ) .  In  
the  prev ious  par t s  i t  was a s sumed  tha t  this reac t ion  
was e i ther  to ta l ly  i nh ib i t ed  (Sect ion on Oxide on a 
Fo re ign  Metal.  Oxygen  Ion  E q u i l i b r i u m  O x i d e / E l e c -  
t ro ly te )  or in  e q u i l i b r i u m  (Sect ion on Oxide on a 
Fore ign  Metal.  Meta l  Ion E q u i l i b r i u m  at the  Phase  
B o u n d a r y  O x i de / E l e c t r o l y t e ) .  In  most  cases of pas -  
s iv i ty  the  reac t ion  fl(2,3) 0 2 -  (oxide)  + 2H + (elec-  
t ro ly te )  -~ H20 (e lec t ro ly te)  de t e rmines  the  po t en -  
t ia l  (Sect ion on Oxide on a Fo re ign  Metal.  Oxygen  
Ion E q u i l i b r i u m  Ox ide /E lec t ro ly t e )  a l though  the  
corrosion reac t ion  a (2 ,3)  is no t  to ta l ly  inhib i ted .  
There fore  the inf luence  of the ra te  of this  corrosion 
process on the  t h e r m o d y n a m i c a l l y  eva lua t ed  elec- 
t rode po ten t ia l  is discussed here.  

Current Equivalent  to the Rate of Corrosion 

If the  corrosion reac t ion  a(2 ,3)  is not  comple te ly  
inh ib i ted ,  the passive l ayer  wi l l  be dissolved by  a 
cer ta in  ra te  in  the  electrolyte .  This  loss of oxide can 
be compensa ted  by  an  anodic  fo rma t ion  of oxide. In  
the s t a t i ona ry  s tate  which  is associated wi th  a t e m -  
po ra ry  cons tan t  l ayer  thickness ,  the  loss and  the  
anodic  fo rma t ion  of oxide mus t  have  exac t ly  the 
same rate.  There fore  the anodic  c u r r e n t  of the  s ta-  
t i ona ry  state is e q u i v a l e n t  to the  corrosion rate,  it  
is in  fact the corrosion c u r r e n t  dens i ty  iK. It  m a y  be 
r e m a r k e d  that  this  resu l t  is on ly  val id  in  the  absence  
of redox  processes; therefore  no e lect rons  can cross 
the phase b o u n d a r y  ox ide /e lec t ro ly te .  In  spite of the 
assumed  good e lect ronic  conduc t iv i ty  no e lect ronic  
c u r r e n t  can t hen  flow t h r ough  the passive layer .  The 
tota l  c u r r e n t  m u s t  be an  ionic cur ren t .  

The corrosion process can also be i n t e r p r e t e d  in  
ano the r  m a n n e r ,  and  this  m a y  be the be t t e r  one for 
r ega rd ing  the e l e m e n t a r y  react ions.  I t  was  assumed  
tha t  the e lec t ro ly te  is no t  s a tu ra t ed  by  me ta l  ions. 
There fore  the re  exists  a t h e r m o d y n a m i c  t e n d e n c y  
for a t r ans fe r  of the  me ta l  ions of the oxide to the  
electrolyte .  The  ra te  of this  process is the  corrosion 
ra te  or the d issolu t ion  ra te  of the  oxide. The ra te  of 
this me ta l  ion t r ans f e r  depends  on the  po ten t i a l  
difference ox ide /e l ec t ro ly te  and  on the  composi t ion  
of the oxide, bu t  it  m u s t  be essen t ia l ly  i n d e p e n d e n t  
of other  p a r a m e t e r s  such as l ayer  th ickness ,  cons t ruc -  
t ion of the  layer ,  etc. If the  e lectr ical  field s t r eng th  
in  the l ayer  has such a va l ue  tha t  the  ionic c u r r e n t  
dens i ty  is e q u i v a l e n t  to the corrosion c u r r e n t  dens i ty  
of the  me ta l  ions at  the  ox ide / e l ec t ro ly t e  b o u n d a r y ,  
the same a m o u n t  of me ta l  ions which  reach  ~ this  
b o u n d a r y  by  ionic conduc tance  wi l l  be t r a n s f e r r e d  to 
the e lect rolyte  by  the corrosion process. A reac t ion  
O2(oxide)  + 2 H + - a q  ~--~ H~O (e lec t ro ly te)  does 
not  pass. I t  is to be  recognized by  this cons idera t ion  

5 M i g r a t i n g  o x y g e n  ions  in  t he  e l ec t r i ca l  f ield h a v e  t he  same  
effect. I n  t h i s  case excess  m e t a l  ions  w i l l  r e m a i n  a t  t he  phase  
b o u n d a r y  and  w i l l  be  t r a n s f e r r e d  to t he  e l ec t ro ly t e  w i t h  t he  cor-  
ros ion  ra te .  No d i s t i n c t i o n  can  be m a d e  b e t w e e n  m e t a l  ion  or  o x y -  
gen  ion  m i g r a t i o n .  
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Fig. 9. Phase and potential scheme of the interface oxide/elec- 

trolyte. (a) Stationary state i ~ iK,stat (b) nonstationary state 
i ~ i~,stat. ~12,~ ~ overvoltage. 

tha t  even  the  oxygen  ions e q u i l i b r i u m  has to be es- 
t ab l i shed  if the  s t a t i ona ry  corrosion c u r r e n t  dens i ty  
iK flows. There fo re  all t h e r m o d y n a m i c a l l y  eva lua t ed  
re la t ions  r e fe r red  to in  the  section on Po t en t i a l  of an  
Oxide Elect rode a s suming  e q u i l i b r i u m  fl(2,3) are 
va l id  for i ~ iK. F igure  9a r ep resen t s  these  condi -  

tions. @2,3 is the  e q u i l i b r i u m  po ten t i a l  difference. 

No Current 

In  the  cur ren t l ess  case an  anodic  pa r t i a l  c u r r e n t  
dens i ty  iK of me t a l  ion d issolu t ion  a (2 ,3)  con t inues  
and  mus t  be compensa ted  by  an  equa l  cathodic p a r -  
t ial  c u r r e n t  dens i ty  of oxygen  ion r e c o m b i n a t i o n  
wi th  h y d r o g e n  ions to fo rm water ,  r eac t ion  fl(2,3).  
The e q u i l i b r i u m  po ten t i a l  difference @2,3 of the r e -  
act ion ~(2,3)  mus t  be ca thodica l ly  polar ized by  a 
c u r r e n t  dens i ty  equa l  to i~ ~--iK. The  electrode po-  
t en t i a l  m u s t  differ f rom the  e q u i l i b r i u m  po ten t i a l s  
Eq. [8],  [11],  or [13] b y  the  cathodic overvol tage  
~2.z of the  reac t ion  f i (2,3) .  If the  corrosion c u r r e n t  
dens i ty  ig is smal l  compared  to the exchange  cu r -  
r en t  dens i ty  io of reac t ion  fl(2,3) the  overvol tage  is 
smal l  according  

RT iK 
�9 7 : - -  - -  [ 2 9 ]  

2F io 

For the nonstationary state the conclusions are also 
valid if iK is the nonstationary corrosion current 
densi ty .  

A n y  Arbitrary Current Density i 

If i =~ iK, the l ayer  is not  in  the  s t a t i ona ry  state. In  
absence  of a redox  process the  c u r r e n t  m u s t  be  
caused by  an  ionic m i g r a t i o n  t h r o u g h  the  l ayer  in  a 
h igh electr ical  field. However ,  this  process is no t  to 
be discussed in  connec t ion  wi th  the p r o b l e m  of po-  
t en t i a l  e s t ab l i shmen t  if the  e lectronic  conduc t iv i ty  is 
good enough  tha t  the e lec t rochemica l  po ten t i a l  n = 
t~ + zFqJ of the e lec t rons  can be cons idered  cons t an t  
t h r o u g h o u t  the whole  layer .  

F r o m  this  po in t  of v iew the  oxide electrode po-  
t en t i a l  assumes a va lue  which  differs f rom the  re -  
vers ib le  po ten t ia l s  eh in  Eq. [8],  [11],  or [13] by  an 
overvol tage  v2,3 of the po ten t i a l  difference @2,3 at the  
phase  b o u n d a r y  ox ide /e l ec t ro ly t e  (Fig. 9b) .  This  
overvol tage  is caused b y  the  fo rma t ion  or d issolu t ion  
of oxygen  ions according  O 2- (oxide)  + 2H + (e lec-  
t ro ly te )  ~ H20 (e lec t ro ly te)  w i th  a ra te  e q u i v a l e n t  
to the c u r r e n t  dens i ty  i~ = i -  iK. P r i m a r i l y  a v a r i -  
a t ion of the c u r r e n t  can only  produce  a change  

of the electrode po ten t i a l  z,e ~ /~y ~ *12 --  yl 
~(i2--in,2) -- ~(il--i~,1).  Very  soon a va r i a t i on  of 
the  degree  of ox ida t ion  n of the surface  oxide wi l l  
fol low by  the reac t ion  fl(2,3),  and  a f u r t h e r  change  
of the po ten t i a l  wi l l  ensue.  In  all  these cons idera t ions  
it is i m p o r t a n t  tha t  the  corrosion c u r r e n t  dens i ty  
iK does not  ge ne r a l l y  have  the s t a t i ona ry  va lue  
ig,stat. The process ~(2,3) Me~+(oxide)  --> Me ~+ 
(e lec t ro ly te)  depends  on the po ten t i a l  difference 
@2,s, which  changes  wi th  the  overvol tage .  There fore  
iK(n) wi l l  be a func t ion  of the  overvol tage  n. More-  
over  ig(~l) is a f unc t i on  of the  degree  of ox ida t ion  n. 
The th ickness  or the  in te r io r  composi t ion  and  con-  
s t ruc t ion  of the  l ayer  canno t  have  a ny  p r i m a r y  in -  
f luence on the passive potent ia l .  

Influence of the Inner Layer Construction and 
Layer Thickness on the Ionic Current 

The electrode po ten t i a l  depends  on ly  on the  su r -  
face oxide (n )  and  the overvol tage  ~12.3 of reac t ion  
fl(2,3) ; however ,  it does not  depend  on the cons t ruc -  
t ion  of the layer .  A n  ionic c u r r e n t  can flow only  if 
a g r ad i en t  of the e lec t rochemica l  po ten t i a l  of the  ions 
(me ta l  or oxygen  ions)  exists. Here  an  electr ical  
field of 106 to 107 v / c m  (4-11)  has an  i m p o r t a n t  i n -  
fluence. The degree  of ox ida t ion  n has to increase  
f rom the  me ta l  b o u n d a r y  to the e lec t ro ly te  b o u n d -  
ary.  On ly  in  such a l ayer  can the  mi g r a t i on  of me ta l  
ions f rom the me t a l  to the  e lec t ro ly te  side and  the  
mi g r a t i on  of oxygen  ions in  the  opposite d i rec t ion  
lead "to an  equa l i za t ion  of the  di f ferent  l aye r  com- 
posi t ions at bo th  sides, if this  l ayer  wou ld  be isolated. 

The difference of the  e lec t rochemica l  and  chemical  
po ten t ia l s  A n and  A~ of the  Me ~n+ a nd  O ~- ions and  
also the  e lectr ical  po ten t i a l  difference A@ inside  the 
l ayer  is fixed by  the  e lect rode potent ia l .  This  is the 
resu l t  of the fo rmer  discussion.  However ,  the  ionic 
c u r r e n t  dens i ty  depends  on the  g rad ien t  On/O$, 0#/05 
and  O@/O$ in  the layer .  There fo re  the ionic c u r r e n t  
depends  at  the same po ten t i a l  on the  l ayer  thickness .  
The th icker  the  l ayer  the  smal le r  is the  ionic cu r -  
rent .  The s t a t iona ry  l ayer  th ickness  is then  reached  
if at a p r e t e nde d  e lect rode potent ia l ,  which  defines 
the  va lue  A T = A~ q- zF./%, the  ionic c u r r e n t  d e n -  
si ty is equa l  to the corrosion c u r r e n t  de ns i t y  iK. This 
s t a t i ona ry  l ayer  th ickness  $o can be reached  f rom 
both  sides, f rom 8 < ~o by  i ~  iK and  f rom 8 ~ 8o by  
i < ix<. The va r i a t i on  of the  s t a t i ona ry  l aye r  th ickness  
by  chang ing  the  electrode po ten t i a l  depends  on the  
va r i a t i on  of the  corrosion c u r r e n t  densi ty .  

Passive Electrodes with Equal Surface Oxides at 
Different pH Values 

In  the  s t a t iona ry  case i ~ iK the  overvo l tage  ~2,3 of 
the  process fl(2,3) O ~- + 2H + ~ H20 m u s t  be  zero. 
There fo re  Eq. [8] and  [13] m u s t  be  exac t ly  va l id  
here.  T h e n  a s t a t i ona ry  passive e lect rode has the  
same surface oxide in  contact  wi th  the  e lec t ro ly te  
if the passive po ten t i a l  aga ins t  the  h y d r o g e n  elec-  
t rode  in  the  same e lec t ro ly te  ( same pH va lue )  is 
equal .  

These cons idera t ions  are necessa ry  to c o m p r e h e n d  
the dependence  of the  corrosion c u r r e n t  dens i ty  on 
the  po ten t i a l  and  on the pH value.  The reac t ion  ra te  
of a (2 ,3)  Me ~+ (oxide)  -* Me ~+ (e lec t ro ly te )  wil l  
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d e p e n d  on the  p o t e n t i a l  d i f fe rence  42,~ and  on  the  
d e g r e e  of o x i d a t i o n  n of t he  s u r f a c e  oxide .  A t  t he  
s ame  p H  v a l u e  42,3 d e p e n d s  de f in i t e ly  on the  v a l u e  of 
n. A def ined  func t ion  iK (n) resul t s .  H o w e v e r ,  a t  con-  
s t an t  n - v a l u e  42.3 d e p e n d s  on the  p H  v a l u e  acco rd ing  
to 

42,3 ---- o42,3-- 0.059 �9 p H  [30] 

A t  p a s s i v e  Ni,  Fe ,  and  Cr th is  concep t ion  m a y  be  
a p p l i e d  in  t h e  fo l l owing  pa r t .  

Passive Nickel, pH-Dependence o5 Corrosion 

F i g u r e  10a r e p r e s e n t s  t he  cor ros ion  c u r r e n t  d e n -  
s i ty  a t  pa s s ive  n i c k e l  a cco rd ing  to V e t t e r  and  A r n o l d  
(12) .  S i m i l a r  cu rves  w e r e  also f o u n d  b y  O k a m o t o  
(13) and  O s t e r w a l d ,  Uhl ig ,  and  F e l l e r  (14, 15).  F o r  
a l l  p H  va lues  t he  p o t e n t i a l  i n  Fig.  10a is r e f e r r e d  to 
t he  s t a n d a r d  h y d r o g e n  e lec t rode .  I n  c e r t a i n  p o t e n t i a l  
r ange ,  in  w h i c h  m o r e o v e r  a Tafe l  l i ne  is va l id ,  t he  
co r ros ion  c u r r e n t  d e n s i t y  seems  to be  i n d e p e n d e n t  
of t he  p H  va lue .  I t  m u s t  b e  u n d e r s t o o d  t h a t  th i s  i n -  
d e p e n d e n c e  is on ly  acc iden ta l .  Here ,  two  p a r a m e t e r s  
w o r k  a g a i n s t  each  o t h e r  and  c o m p e n s a t e  a lmos t  
comple t e ly .  These  two  p a r a m e t e r s  a r e  t h e  change  of 
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Fig. 11. Dependence of the corrosion current density iK of Ni on 
the pH value at a fixed potential (1.5v) against the hydrogen 
electrode of the same pH value. 

t he  compos i t ion  of the  ox ide  b y  the  p o t e n t i a l  and  t h e  
c h a n g e  of t he  p o t e n t i a l  d i f fe rence  a t  t h e  p h a s e  
b o u n d a r y  o x i d e / e l e c t r o l y t e  b y  the  p H  v a l u e  of the  
e l ec t ro ly t e .  The  s ta tes  of t he  ox ides  w h i c h  a r e  c o m -  
p a r e d  a t  the  s a m e  p o t e n t i a l  eh for  d i f fe ren t  p H  v a l u e s  
a r e  no t  the  s a m e  ones as m e n t i o n e d  before .  The  
s ta tes  and  compos i t ions  of t he  ox ides  a r e  a l w a y s  
e q u a l  for  a l l  p H  v a l u e s  at  t he  s ame  p o t e n t i a l  a g a i n s t  
t he  h y d r o g e n  e l e c t r o d e  of t he  s ame  c o r r e s p o n d i n g  
p H  va lue .  H o w e v e r ,  t h e  co r ros ion  c u r r e n t  dens i t i e s  
shou ld  be  c o m p a r e d  a d v a n t a g e o u s l y  a t  d i f fe ren t  p H  
va lues  w i t h  t he  s ame  ox ide  of the  s ame  d e g r e e  of 
ox ida t ion .  T h e r e f o r e  for  th is  p u r p o s e  the  c o r r o -  
s ion c u r r e n t  d e n s i t y  has  to be  d r a w n  a g a i n s t  the  p o -  
t e n t i a l  of the  h y d r o g e n  e l e c t r o d e  at  the  c o r r e s p o n d -  
ing  p H  va lues  in  Fig .  10b. 

In  n e a r l y  the  w h o l e  p o t e n t i a l  r ange ,  t h a t  is in  
n e a r l y  t he  w h o l e  r a n g e  of deg rees  of ox ida t ion ,  the  
d e p e n d e n c e  of the  c u r r e n t  dens i t i e s  on the  p H  va lues  
is e q u a l  in Fig .  10b. F o r  t he  e q u i v a l e n t  s t a t e  of t he  
ox ide  the  cor ros ion  c u r r e n t  d e n s i t y  d e p e n d s  on the  
p H  v a l u e  or  on the  p o t e n t i a l  d i f fe rence  o x i d e / e l e c -  
t ro ly t e ,  r e spe c t i ve ly ,  acco rd ing  to a Ta fe l  r e l a t ion .  
Th is  r e l a t i o n  is r e p r e s e n t e d  in F ig .  11. The  s t r a i g h t  
l ine  c o r r e s p o n d s  to a t r a n s f e r  r e a c t i o n  of t he  n i cke l  
ion  Ni  2+ w i t h  a t r a n s f e r  coefficient  a = 0.23. The  
change  of the  cor ros ion  c u r r e n t  d e n s i t y  b y  t h e  p o -  
t e n t i a l  e is connec t ed  w i t h  t he  c o r r e s p o n d i n g  change  
of the  d e g r e e  of ox ida t ion .  

Passive Iron, pH Dependence of Corrosion 
The  cor ros ion  c u r r e n t  d e n s i t y  of pa s s ive  i ron  is in 

a w i d e  p o t e n t i a l  r a n g e  i n d e p e n d e n t  of t he  p o t e n t i a l  
acco rd ing  to F r a n c k  and  W e l l  (16, 1). The  i n v e s t i -  
g a t e d  p o t e n t i a l  r a n g e  is a b o v e  the  F l a d e  p o t e n t i a l  
�9 ~ �9 w h e r e  a su r f ace  ox ide  of an  a p p r o x i m a t e  c o m -  
pos i t ion  ~,Fe203 is a s s u m e d  (17-20) .  The  d e g r e e  of 
o x i d a t i o n  m a y  change  on ly  to a v e r y  s m a l l  e x t e n t  
in sp i te  of t he  i n d e p e n d e n c e  of i~ s ince t he  p o t e n t i a l  
d e p e n d e n c e  is v e r y  s t r a n g e  and  is no t  y e t  e x -  
p l a ined .  6 The  p H  d e p e n d e n c e  of iK is f o u n d  b y  V e t t e r  
(21) to be  log iK = a - -0 .84-pH and  w o u l d  c o r r e -  
spond  to a t r a n s f e r  coefficient  ~ ~ 0.28 for  t r i v a l e n t  
i ron  ions Fe  3 +. 

Passive Chromium, pH Dependence o] Corrosion 
The  cor ros ion  c u r r e n t  d e n s i t y  of pa s s ive  c h r o -  

m i u m  is s t r o n g l y  d e p e n d e n t  on the  p H  v a l u e  and  
~The  explanat ion of Vet ter  (21) and Schot tky (22) mus t  be  

changed according to the  n ew  theory .  
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also on the  potent ia l .  Accord ing  to H e u m a n n  (23) 
and  also to our  m e a s u r e m e n t s  (24) in  the  r a nge  
whe re  a Tafe l  l ine  is val id ,  t he  po t en t i a l  for a defi- 
n i t e  c u r r e n t  dens i ty  depends  on the  pH va lue  a nd  
closely follows the re l a t ion  Eh = co(i) - -  0.059"pH. 
However ,  at  a cons t an t  c u r r e n t  dens i ty ,  these  p o t e n -  
t ials  cor respond to a cons tan t  sur face  oxide  as could 
be d r a w n  f rom the  p rev ious ly  p re sen t ed  theory  a nd  
since the  po t en t i a l  change  is n e a r l y  59 m v / p H  un i t .  
In  a r ep re sen t a t i on  of the  c u r r e n t  dens i ty  aga ins t  the  
hyd rogen  electrode of the  same pH va lue  as tha t  of 
the e lec t ro ly te  the  Tafe l  l ines  of d i f ferent  pH va lues  
coincide. This  means  tha t  the  corrosion c u r r e n t  d e n -  
sity, for an  oxide of cons tan t  composi t ion,  is i nde -  
p e n d e n t  of the  pH value.  

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL. 
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Anodic Passivation of Nickel in Sulfuric Acid Solutions 

Norio Sato and Go Okamoto 
Physicochemical and Electrochemical Laboratory, Faculty of Engineering, 

Hokkaido University, Sapporo, Japan 

ABSTRACT 

The potential  decay curve of a passive nickel  electrode on open circuit  was 
followed in solutions of pH ranging  from 0.4 to 1.4. The three arrest  potentials 
observed in the decay curve correspond to the equi l ibr ium potentials for the 
NiO/Ni, Ni304/NiO, and the Ni203/Ni304 electrodes, respectively; the second 
potential  is called the Flade potential,  and the passivation occurs beyond this 
potential. A process for format ion of the film is proposed that  can be repre-  
sented by the successive reactions, Ni ~ O H -  --~ NiOH + -~ 2e, 3NiOH + § O H -  
~Ni304 -t- 4H + ~- 2e. Then the critical potent ial  beyond which the oxide 
formation takes place is calculated, under  conditions when  the solution in the 
vicini ty of the surface becomes saturated with NiOH + corresponding to the 
solubili ty product of NiO, and is found to be equal to the Flade po ten t i a l  The 
proposed mechanism can also explain the abil i ty of the passive film to protect  
the metal  against active dissolution due to breakdown of the film. 

The mechanisms of dissolution of nickel in the passive and overpassive po- 
tent ial  regions are discussed from measurements  of the Tafel constant  
[T ~ RT/F  (~ In i/DE)] and the pH dependence of the dissolution rate 
(k ~ ~ log i/~ p~) .  

The results are summarized as follows: passive region; Ni 2+ (oxide) § 
O H -  (aq.) -+ NiOtt  + (surface),  NiOH) + (surface) ~ NiOH + (aq.): Over-  
passive region; Ni ~- H20 (aq.) ~ NiOH (ads.) + tI  + ~- e, NiOH (ads.) --> 
NiOH + (aq.) % e. 

Since the  day  of F a r a d a y  m a n y  inves t iga t ions  have  
been  pe r fo rmed  on the  pass iv i ty  of metals ,  b u t  the  
m e c h a n i s m  of anodic  pass iva t ion  is st i l l  to be  c la r i -  
fied. 

The  p re sen t  au thors  h a v e  m a d e  a series of expe r i -  
men t s  on the  passive n icke l  to find the  charac ter i s t ic  
behav io r  on the pass iva t ion  of this  me t a l  (1-12) .  
The  purpose  of the  p r e s e n t  i nves t iga t ion  is to e luc i -  
date  the  m e c h a n i s m  of anodic  pass iva t ion  of n i cke l  

and  d issolu t ion  of passive n icke l  in su l fur ic  acid 
solutions.  

Experimental 
Elec t rop la ted  (A)  and  ro l led  (B) n icke l  plates  

we re  used as specimens.  The  e lec t rop la ted  spec imen  
was p r epa red  in  the  fo l lowing  way.  A p u r e  n icke l  
p la te  was  welded  wi th  a p l a t i n u m  c u r r e n t  lead 
which  was  sealed by  a glass tube .  The  e lec t rop la t ing  
was  p e r f o r m e d  in  a n icke l  su l fa te  b a t h  (NiSO4.7H20 
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Table I. Composition of specimens 

specimen Co Cr A1 Mg Mn Ca Zn Ag Cu Sn Pb Fe Ni 

A 0.88 - -  <0.04 <0215 - -  + - -  + + - -  -- + Balance 
B 0.28 - -  <0.04 - -  <0.03 + Trace - -  + -- -- + Balance 

30g HeBO3 3.8g H20 100 cc) at  a c u r r e n t  dens i ty  of 
10 m a / c m  2 at 40~176 the th ickness  of the film 
p la ted  out  be ing  abou t  1 mm.  In  order  to p repa re  
spec imen B, an  e lect rolyt ic  n icke l  p la te  was me l t ed  
and  cast into an  ingot  in  a v a c u u m  a tmosphere ;  t h e n  
it was cold rol led in to  a p la te  of 5 m m  th ickness  and  
was a n n e a l e d  at 800~ for 10 min.  The  spec imen  of 
15 x 10 m m  wi th  a smal l  hand le  was  cut  out f rom the 
plate.  Af t e r  pol i sh ing  the  surface wi th  4/0  e me r y  
paper ,  a P t  c u r r e n t  lead was soldered to the hand le  
of the  spec imen  and  was sealed into a glass t u b e  
w i th  an  epoxy resin.  The  spectroscopic ana lys i s  of 
these spec imens  A and  B gave the  composi t ion  as in  
Table  I where  the sign ( + )  r e fe r red  to de tec tab le  
e l ements  and  ( - - )  the unde tec tab le .  

Spec imens  were  degreased by  s w a b b i n g  wi th  
benzene ,  e tched wi th  a m ixed  so lu t ion  of 50% H2SO4 
and  50% HNO~ for abou t  1 min ,  fol lowed by  wash ing  
wi th  a splash of dis t i l led water .  

Solu t ions  of va r ious  h y d r o g e n - i o n  concen t ra t ions  
were  made  f rom doub le -d i s t i l l ed  water ,  su l fur ic  
acid, sod ium sulfate,  and  sodium hydrox ide  of A.R. 
grade  reagents .  In  all  cases the concen t r a t i on  of the 
sul fa te  ion was ad jus ted  to a cons tan t  va lue  of 0.5m 
SO42-/1. A smal l  a m o u n t  of phosphate  or aceta te  
solut ion was added to this sul fa te  solut ion in  order  
to increase  the  buffer ing  capaci ty  for h y d r o g e n - i o n  
w h e n  necessary.  

The glass e lect rolyt ic  cell, h a v i n g  a capaci ty  of 
about  500 ml,  consists of two c o m p a r t m e n t s  t ha t  
con ta in  the  spec imen and  the  aux i l i a ry  p l a t i n u m  
electrode,  respect ively .  These c o m p a r t m e n t s  are con-  
nec ted  to each other  w i th  a s in te red  glass filter in  
order  to avoid c o n t a m i n a t i o n  of the  spec imen  wi th  
h y d r o g e n  produced  on the  aux i l i a ry  electrode.  

Dissolved oxygen  and  the  other  impur i t i e s  in  so lu-  
t ion  were  ca re fu l ly  r emoved  by  p re -e lec t ro lys i s  w i th  
a p l a t i n u m  cathode of 10 cm e for severa l  hours  at a 
cu r r en t  dens i ty  of abou t  5 m a / c m  2 and  by  b u b b l i n g  
pure  n i t r o g e n  gas (O2 < 0.001%) for one day  before  
the  expe r imen t .  Al l  the e x p e r i m e n t s  were  car r ied  
out  in  pu re  n i t r o g e n  gas at t e m p e r a t u r e s  of 25 ~ and  
40~ 
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Fig. 1. Steady-state anodic polarization curve of nickel obtained 

by a potentiostatie method. Electrolyte: 1N H2SO4 saturated with 
pure nitrogen gas; temperature, 25~ 

Poten t ios ta t ic  and  ga lvanos ta t i c  methods  were  
used for po la r iza t ion  m e a s u r e m e n t s .  The e lec t ronic  
po ten t ios ta t  used has a c u r r e n t  capaci ty  of 150 ma  
in  bo th  anodic  and  cathodic direct ions,  and  the r e -  
sponse - t ime  for po ten t i a l  va r i a t i on  is abou t  10 -2 
sec/v .  

Po ten t i a l  of the spec imen  was  m e a s u r e d  w i th  r e f -  
e rence  to a s a tu ra t ed  ca lomel  e lectrode by  a v a c u u m  
tube  po t e n t i ome t e r  and  was conver ted  to the  s t a n d -  
ard  hyd rogen  scale. 

Results and  Discussion 

Flade potent iaL--Figure 1 shows the  s t eady- s t a t e  
anodic  po la r iza t ion  curve  of n icke l  ob ta ined  by  the 
potent ios ta t ic  me thod  in  1N H2SO4 solut ion.  The 
t r ans i t i on  f rom the act ive  to the passive s tate  takes  
place in  the r ange  e x t e n d i n g  f rom +0.3 to +0.7v,  
and  hence  no c lear ly  defined t r ans i t i on  is observed.  
The d issolu t ion  c u r r e n t  is a lmost  cons tan t  in  the 
passive po ten t i a l  reg ion  A, and  it  increases  s teeply  
w i th  r is ing po ten t i a l  in  the  ove r -pass ive  reg ion  B. 
The evo lu t ion  of oxygen  was  observed in  the  po-  
t en t i a l  reg ion  C. A n  osci l la t ion of c u r r e n t  is of ten 
observed  in  the t r ans i t i on  reg ion  b e t w e e n  B and  C. 

The  d issolu t ion  ra te  of n icke l  and  the  ra te  of oxy-  
gen evo lu t ion  were  m e a s u r e d  at var ious  po ten t ia l s  
and  compared  wi th  the anodic  cur ren t .  It  is found  
f rom the m e a s u r e m e n t  (2, 4) tha t  n icke l  dissolves 
in to  the solut ion in  the fo rm of d iva l en t  ion in  both  
regions  A and  B and  tha t  it  dissolves as t r i v a l e n t  ion 
in  reg ion  C. 

In  the  nex t  expe r imen t ,  the po ten t i a l  decay of 
pass ive  n icke l  was  fol lowed af ter  swi tch ing  the 
anodic  c u r r e n t  off. The e x p e r i m e n t  was  s ta r ted  f rom 
a fixed po ten t i a l  in  reg ion  A. Two po ten t i a l  ar res ts  
E2 and  E1 were  observed  in  acid solut ions  as can be 
seen in  Fig. 2. These po ten t i a l  ar res ts  are longer  and  
more  c lear ly  defined the longer  is the t ime  of po la r -  
iza t ion at the fixed potent ia l .  

W h e n  the po ten t i a l  of n icke l  was  a l lowed to decay 
f rom a s teady state in  reg ion  C, an  add i t iona l  po-  
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+O.I . . . . . . . . . . . . . .  ~.~.~.~ E, (O.II2V) 
\ " . . . .  " L ' - - L  

-O.I . 3~erzog)  2 . ~  
-0,2 ~ ' ' ' ' ' 

0 5 I0 15 20 25 50 
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Fig. 2. Potential decay curves of the passive nickel, the initial 
potential being maintained at a constant potential in the passive 
region (A region) for about 30 hr: curve 1, 1N H2SO4; 2, 1M HgPO4, 
pH = 0.98; 3, 1N H2SO4 + 0.1N NiSO4, measured by Herzog 
(14).  
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Fig. 3. Potential decay curves of nickel anode in neutral and al- 
kaline solutions at 25"C, in the case of passive state (the curve 
in the less noble potential region) the initial potential being main- 
tained at a constant potential for about 30 hr. Electrolyte: 0.5M 
Na2SO4 4- 0.1M (KH2PO4 4- K2HPO4), pH 6.6; 0.SM Na2SO4 
4- 0.01N NaOH, pH, 11.7. 
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Fig. 4. Relation between potential and quantity of electricity 
accumulated in the passive oxide film at various anodic current 
densities. Initial potential, + 0.7Sv; equivalent dissolution current, 
ia 4- 6.75 #a/cm2; 40~ 1N H2SO4. Curve 1, i 8.26 amp/cm 2 K 
0.0870 v.cm2/mcoul; curve 2, i 9.36 amp/cm 2, K 0.0900 v.cm2/ 
mcoul; curve 3. i 11.88 amp/cm 2, k 0.0950 v.cm~/mcoul; curve 4, 
i 14.25 amp/cm 2, K 0.099S v.cm2/mcoul. 

t en t i a l  a r res t  appeared  a r o u n d  the  po ten t i a l  E3 
which  was  close to the  t r ans i t i on  po ten t i a l  f rom r e -  
gion B to region  C. These po ten t i a l  arrests ,  El, E2, 
and  E3, were  also observed in  n e u t r a l  and  in  a lka l i ne  
solutions,  ~ two examples  of which  are shown  in  
Fig. 3. 

In  order  to confirm the  va lue  of the  F lade  p o t e n -  
t ia l  El, the  t ime  v a r i a t i o n  of the  po la r i za t ion  p o t e n -  
t ia l  of pass ive  n icke l  was  measu red  at va r ious  anodic  
c u r r e n t  densi t ies  in  1N H2SO4 (3, 9).  The spec imen  
was kept  at a fixed po ten t i a l  in  reg ion  A before  the  
expe r imen t .  A l inea r  r e l a t ion  was ob ta ined  b e t w e e n  
the  po la r iza t ion  potential ,  and  the q u a n t i t y  of elec- 
t r ic i ty  a ccumula t ed  in  the  pass ive  film as is shown 
in  Fig. 4. F r o m  this  the  spon taneous  po ten t i a l  of 
passive n icke l  ( the F lade  po ten t i a l )  was  es t imated  
according to the  fo l lowing equa t ion  (3, 9, 13). 

E --  Ef ~-~ K8 = K (i --  id)t  + ~o [1] 

1 Only the least noble potential E1 tends to approach the final spon- 
taneous potential with the decrease of hydrogen-ion concentration. 
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Fig. 5. Relation between estimated potential at t = 0 and the 
slope of the straight line in Fig. 4, which shows that extrapolation 
of all straight lines in Fig. 4 goes through one point from which the 
Flode potential Ef and the initial film thickness 8o can be 
estimated. So ~ 3.85 mcoul/cm 2. 

K v. cm2/mcoul Ef v 
1 0.0870 +0.434 
2 0.0800 +0.434 
3 0.0948 +0.436 
4 0.0995 +0.433 

where  E is the  po la r iza t ion  po ten t i a l  appl ied  at a 
c u r r e n t  dens i ty  i, Ef the  F lade  potent ia l ,  id the  po-  
t e n t i a l - i n d e p e n d e n t  d issolu t ion  c u r r e n t  in  reg ion  A, 
t the  t ime,  8o the  in i t i a l  th ickness  of the  passive film, 
a nd  K a constant .  The  va lue  of the F lade  po ten t i a l  
ca lcu la ted  f rom Eq. [1] which  as ind ica ted  in  Fig. 5 
is close to the a r res t  po ten t i a l  E2 observed  in  the  de-  
cay curve  of passive nickel .  The a r res t  po ten t i a l  E,, 
is v e r y  close to the  t r ans i t i on  po ten t i a l  for the  pass i -  
va t ion  of n icke l  tha t  is seen in  the  anodic  po la r iza-  
t ion  curve  shown  above in  Fig. 1. 

The ar res t  po ten t ia l s  El, E2, and  E3 and  the final 
spontaneous potential reached after the decay were 
estimated in sulfate solutions of various pH's ex- 
tending from acid to alkaline regions. Results are 
shown in Fig. 6. The pH dependence of these poten- 

tials is expressed by 

E1 = + 0.13-- 0.060 pH (V) [2] 

+1 .6  

+1 .4  

+1.2  

+1 .0  

* 0 . 8  

+0.6 
+0.4 

- -  + 0 . 2  

tu 0 
-0.2 
- 0 . 4  

-0.6 
-08 
-I.0 

' ~  o 

" " ~ ' ~ % , ~ I , ~  Es = 1.60 - 0 . 0 7 5  pH 

'~176176 E2 = 0.4e - O.OGO pH 

a 

E~ = 0.13 - 0.0@0 pH x~x~..~x ~- 

i i i i , ~ i 

0 2 4 6 8 lo 12 14 

pH 

Fig. 6. Effect of pH on El, E2, and E3 at 25~ x, spontaneous po- 
tential; % 0.SM SO42-; e, 0.5M SO4 - 2 -  4- 0.1M (KH2PO4 + 
K2HPO4); A ,  0.5M SO42- + 0.1M (CH3COOH + CHzCOOK); A ,  
1M H3PO4; o, 1N KOH; 4-, values measured by Hickling and Spice 
(15). 



608 

E2 = -5 0 . 4 8 -  0.060 p H  (V)  [3]  

Es = -5 1.60 - -  0.075 p H  (V)  [4]  

The  a r r e s t  p o t e n t i a l  Ei  seems  to a g r e e  w i t h  the  e q u i -  
l i b r i u m  p o t e n t i a l  for  t he  f o r m a t i o n  of NiO 

Ni -5 H20 ,~ NiO -5 2H + -5 2e [5]  

E l ( c a l c )  ---- -5 0.108-- 0.059 p H  (V,25~ [6]  

I t  is t h e r e f o r e  a r e a s o n a b l e  a s s u m p t i o n  t h a t  E1 is 
m a i n l y  due  to t he  r e d o x  r e a c t i o n  g iven  b y  Eq. [5] .  

I t  is qu i t e  n a t u r a l  to p r e s u m e  h e r e  t h a t  E2 and  Es 
c o r r e s p o n d  to t he  p o t e n t i a l  of t he  f o r m a t i o n  of 
h i g h e r  oxides .  The  ex i s t ence  of two  t y p e s  of h i g h e r  
oxide ,  NisO4 and  Ni208 h a v e  b e e n  s h o w n  b y  a n u m -  
b e r  of w o r k e r s ,  and  the  p o t e n t i a l  of t he  Ni203 e lec-  
t r o d e  in  an  a l k a l i n e  so lu t ion  (15) a p p e a r e d  to  be  
v e r y  c lose  to the  o b s e r v e d  p o t e n t i a l  E3. 

The  p r e s e n t  au tho r s  a s sume  he re  t h a t  t he  f o l l o w -  
ing  r eac t i ons  a r e  d i r e c t l y  r e l a t e d  to Ee ( F l a d e  p o t e n -  
t i a l )  and  E3, r e s p e c t i v e l y  

3NiO -5 H20 ~ Ni304 -5 2H + -5 2e [7]  
E2 : E~ ~  0.059 p H  (V, 25~ 

2Ni304 -5 H20 ~- 3NieO3 -5 2H + -5 2e [8]  
Es ~ Eg ~ - -  0.059 p H  (V, 25~ 

W h e n  the  c o n c e n t r a t i o n  of d i v a l e n t  n i cke l  ion in  
so lu t ion  is c o m p a r a t i v e l y  la rge ,  a n o t h e r  pos s ib i l i t y  
of e x p l a i n i n g  the  a r r e s t  po t en t i a l s  E2 and  E3 ar ises .  
T h e  r eac t i ons  a r e  

3NiOH + + H20 ~ Ni~O4 -5 5H + + 2e [9]  2 
E21 : oE21 - -  0.0885 p H  (V, 25~ 

2NiOH + + H20 ~ Ni208 -5 4H + + 2e [10] 2 
E31 = oEa i - -  0.118 p H  (V, 25~ 

In  the  case  w h e r e  the  e x c h a n g e  r a t e  of r e a c t i o n  [9]  
a t  the  e q u i l i b r i u m  p o t e n t i a l  is l a r g e r  t h a n  t h a t  of 
r e a c t i o n  [7] ,  the  a r r e s t  p o t e n t i a l  E2 wi l l  be  d e -  
t e r m i n e d  b y  r e d o x  r e a c t i o n  (9) .  This  s i t ua t ion  could  
be  e x p e c t e d  i f  t he  c o n c e n t r a t i o n  of n i cke l  ion in 
so lu t ion  is h igh ,  s ince  t h e  e x c h a n g e  r a t e  of th is  r e -  
ac t ion  inc reases  w i t h  n i cke l  ion c o n c e n t r a t i o n  (17) .  
The  d i s c r e p a n c y  b e t w e e n  the  o b s e r v e d  p H  d e p e n d -  
ence of Es and  t h a t  e x p e c t e d  f r o m  r e a c t i o n  [8]  m a y  
be caused  b y  a s ide  r e d o x  r e a c t i o n  i n v o l v i n g  n i cke l  
ion in so lu t ion  w h i c h  is p r o d u c e d  as t he  r e s u l t  of 
t he  d i s so lu t ion  of n icke l .  The  r a t e  of th is  s ide  r e a c -  
t ion  m a y  b e  r e l a t i v e l y  l a rge  in ac id  solut ion.  

I t  is conc luded  f r o m  the  a b o v e  t h a t  t he  F l a d e  p o -  
t e n t i a l  is not  t he  f o r m a t i o n  p o t e n t i a l  of NiO b u t  t he  
t r a n s f o r m a t i o n  p o t e n t i a l  f r o m  NiO to  t he  h i g h e i  
ox ide  NisO4 w h e n  the  c o n c e n t r a t i o n  of n i cke l  ion in  
so lu t ion  is smal l .  T h e  pas s ive  ox ide  film, t he re fo re ,  
w i l l  be  e i t he r  the  s ingle  h i g h e r  ox ide  Ni304 or  t he  
d u p l e x  ox ide  of NiO and  Ni~O4. The  p o t e n t i a l  of 
m u l t i p l e - p h a s e  ox ide  e l e c t r o d e  has  b e e n  d i scussed  
in g e n e r a l  f r o m  the  po in t  of v i ew  of t h e r m o d y n a m i c s  
and  e l ec t rode  k ine t i c s  (7 ) .  

Mechanism of anodic formation o] passive f i lm . -  
In  th is  sect ion,  t h e  a u t h o r s  wi l l  e x p l a i n  how the  
p a s s i v a t i o n  of n i cke l  in ac id  so lu t ion  t a k e s  p l a c e  

The existence of the divalent complex-ion NiOH+ has been ascer- 
gained by several workers (16). The redox reactions involving tri- 
valent nickel ion should also be considered. 
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at  the  F l a d e  p o t e n t i a l  w h i c h  is the  t r a n s f o r m a t i o n  
p o t e n t i a l  f r o m  NiO to Ni~O4. 

Two  poss ib l e  p rocesses  h a v e  been  p r o p o s e d  for  
the  anodic  f o r m a t i o n  of pa s s ive  ox ide  f i lm on m e t a l s  
(18, 21) .  

(A)  " P r e c i p i t a t i o n "  f r o m  s u p e r s a t u r a t e d  so lu t ion  
(p rocess  A ) .  

( e l e c t r o d e  r e a c t i o n  a t  t he  s u r f a c e )  
Metal.  -* 

d i s so lu t ion  
( c h e m i c a l  r e a c t i o n  in  the  so lu t ion)  

So lub l e  m e t a l  ion 
p r e c i p i t a t i o n  

-~ O x i d e  f i lm depos i t i on  
(B)  Di rec t  r e a c t i o n  of m e t a l  w i t h  so lu t ion  ( p r o c -  

ess B) .  
( e l e c t r o d e  r e a c t i o n  a t  the  s u r f a c e )  

M e t a l  
f o r m a t i o n  of ox ide  f i lm 

-* S u r f a c e  ox ide  film. 
W h e n  the  n i cke l  e l e c t r o d e  in su l fu r i c  ac id  so lu t ion  
is p o l a r i z e d  a n o d i c a l l y  in  the  ac t ive  reg ion ,  i t  d i s -  
so lves  in to  t he  so lu t ion  in  a c c o rda nc e  w i t h  t he  r e -  
ac t ion  

: Ni  -5 O H -  ~ N iOH + -5 2e [11] 

the  e q u i l i b r i u m  p o t e n t i a l  of w h i c h  is g iven  b y  

RT In E~=Es~ [ N i O H  + ] [H  + ] 

= -50.0278--0.0295 pH-50.0295 log N i O H  +, (V, 25~ 
[12] 

w h e r e  Es ~ deno tes  the  s t a n d a r d  r e d o x  po ten t i a l ,  
[ N i O H  +] and  [H +] the  c o n c e n t r a t i o n  of N iOH + 
and  H + ions, r e spe c t i ve ly .  

The  r a t e  of anodic  d i s so lu t ion  inc reases  w i t h  r i s -  
ing  p o t e n t i a l  as s c h e m a t i c a l l y  shown  in Fig.  7. 
A c c o r d i n g  to e l ec t rode  k ine t ics ,  the  r a t e  e q u a t i o n  of 
th is  r e a c t i o n  could  be  f o r m u l a t e d  if  t he  r a t e  of 
b a c k w a r d  r e a c t i o n  is ne g l i g ib l e  c o m p a r e d  to t ha t  of 
t he  f o r w a r d  reac t ion .  Thus  

is = ks  [ O H - ]  exp  {rs FE/RT} 
---- is ~ exp  {rs F(E--E~)/RT} [13] 

w h e r e  ks  is the  r a t e  cons tan t ,  i~ ~ t he  e x c h a n g e  r e -  
ac t ion  r a t e  a t  t he  e q u i l i b r i u m  po ten t i a l ,  and  ~ the  
Ta fe l  cons tan t .  As  the  anod ic  d i s so lu t ion  proceeds ,  
t he  c o n c e n t r a t i o n  of n i cke l  ion in t h e  v i c i n i t y  of 
su r f ace  wi l l  a p p r o a c h  an  e q u i l i b r i u m  va lue .  Thus  

1 
[ N i O H  +] . . . .  - -  - -  exp  {2F(E--E~~ [14]  

[H + ] 

/ 
[,NiOl-I~ < Kw (1"~ / (NiOH~j ~ Kw (H+) 

E= E# E~=Ef s 

E 

Fig. 7. Schematic potential-current curves of nickel for passivation 
in acid solution, a, dissolution in active state, Ni -5 OH --> NiOH + 
-5 2e; % formation in active state, 3NiOH + -t- O H -  ~ Ni304 
-5 4H + -5 2e; Ef, Flade potential; Kw, [ N i O H + ] / [ N i O ]  [H + ] 
102.73. 



V o l .  110, No.  6 

W h e n  the  c o n c e n t r a t i o n  of NiOH + ion becomes  
l a r g e r  t h a n  the  s a t u r a t e d  v a l u e  w h i c h  is d e t e r m i n e d  
b y  the  so lub i l i t y  p r o d u c t  of NiO, the  p r e c i p i t a t i o n  
of NiO occurs  in  t h e  v i c i n i t y  of t h e  sur face .  

w : N i O H  + ~ NiO + H + [15] 

The  v a l u e  of so lub i l i t y  p r o d u c t  of NiO has  been  es -  
t i m a t e d  as 

Kw = [ N i O H + ] s / [ H  + ] = 102.~s [16]  

The  c r i t i ca l  p o t e n t i a l  a b o v e  w h i c h  th is  p r e c i p i t a t i o n  
process  occurs  can be  c a l c u l a t e d  f r o m  Eq. [14]  and  
[16] 

R T  R T  
E-~ -= Ew ~ + 2--F- in  Kw + --~-- in  [H  + ] 

----- + 0 .108- -  0.059 p H  (V, 25~ [17] 

This  po t en t i a l ,  of course ,  co inc ides  w i t h  t he  e q u i -  
l i b r i u m  p o t e n t i a l  of t he  d i r ec t  f o r m a t i o n  r e a c t i o n  of 
ox ide  on  n ickel .  

fi : Ni  + O H -  --> NiO + H + + 2e [18] 

R T  
E~ ~ E~ ~ + --F-- In [ H  + ] 

= + 0 .108- -  0.059 pH (V, 25~ [19] 

T h e r m o d y n a m i c a l l y ,  t he se  two  r eac t i ons  [15]  a n d  
[18] can  occur  in  t he  p o t e n t i a l  r eg ion  a b o v e  Ew or  E~. 

The  ox ide  f i lm d e p o s i t e d  f r o m  t h e  so lu t ion  ac -  
co rd ing  to r e a c t i o n  [15] is e x p e c t e d  to h a v e  a po rous  
cha rac t e r .  T h e  l i m i t i n g  c u r r e n t  of t he  ac t ive  d i s -  
so lu t ion  t h r o u g h  po res  w o u l d  be  c a l c u l a t e d  b y  the  
fo l lowing  e q u a t i o n  if  t he  r a t e  of d i s so lu t ion  is con-  
t r o l l e d  b y  the  d i f fus ion of N iOH + ion f r o m  the  s u r -  
face  to t he  b u l k  of so lu t ion .  C o n s i d e r i n g  t h a t  t h e  
su r f ace  is s a t u r a t e d  

D 
/limit ~ 2F-~- [ N i O H + ] s  [20] 

w h e r e  D is t he  d i f fus ion  coefficient  a n d  d t h e  t h i c k -  
ness  of the  d i f fus ion l aye r .  The  l i m i t i n g  d i s so lu t ion  
r a t e  inc reases  w i t h  t h e  dec rease  of p H  in acco rda nc e  

0 I 
| E Ef 

- ' t  I 2 s o c  

/ 
~" - / / \ pH=0.45 

-4 i- / ~  pH:5.1 1 t (IN. Hi~S04) 

- i \ 
/ /  \ i  \.. 

-6 / "  o ~ . . . . . . . .  pH=l1.7 I ~  

- 8  L , r ~ , , , ~ , ' 0.4-5 
0 * 0 . 2  §  +0.6  +0.8 

" 0 : '  (~ , ..i.0,.2 , 4 0 .  ~l I ' t O '  6 ' 3.' 

_ 0 1 ~  I _OI~:  ' __012 ' ~ I ..i.OI2 11.7 

E ( volt ) pH 

Fig. 8. Steady-state anodic polarization curves of nickel in sulfate 
solutions of acid and alkali measured by a potentiostatic method. 
Electrolyte, O.5M S 0 4 2 - / 1 ,  saturated with N2 gas; specimen, elec- 
trolytic nickel. 
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- I  
~ o  

- 4  �9 

.E  - 5  

-~ - 6  

_ '  I I | I I L I I 
0 i 2 5 4 5 6 ? 

pH 

Fig. 9. Relation between pH and the limiting dissolution current 
of nickel in active state. Log ilimit = - -  1.1 - -  0.83 pH; 25~ 
electrolyte, pH = 0.45 - -  4.1, O.5M 5042--; pH ~ 6.6, O.5M 
S 0 4 2 -  Jr 0.1M (K2HP04 + KH2P04);  o, electrolytic nickel 
melted in vacuum; e, commercial nickel. 

w i t h  the  change  in t he  s a t u r a t i o n  c o n c e n t r a t i o n  of 
N i O H  +. Thus,  in  ac id  so lu t ion  the  d i s so lu t ion  r a t e  
is so l a r g e  t h a t  t h e  ex i s t ence  of p r e c i p i t a t e d  ox ide  
NiO does  no t  c o n t r i b u t e  to t he  pass iva t ion .  F i g u r e  
8 shows  t h e  s t e a d y - s t a t e  anod ic  p o l a r i z a t i o n  cu rves  
m e a s u r e d  in ac id  a n d  a l k a l i n e  solu t ions .  The  l i m i t -  
ing  d i s so lu t ion  c u r r e n t  o b s e r v e d  in  t h e  ac t i ve  s ta te  
is s h o w n  in Fig .  9; t h e  p H  d e p e n d e n c e  of i t  is close 
to t h a t  e x p e c t e d  f r o m  Eq. [20] .  

I f  t he  ox ide  f i lm of NiO is f o r m e d  b y  t h e  d i r ec t  
r e a c t i o n  of n i c k e l  and  w a t e r ,  i t  w o u l d  be  p o r e - f r e e  
a n d  w o u l d  r e n d e r  t he  s p e c i m e n  pass ive .  H o w e v e r ,  
i t  is n o t  c lea r  w h e t h e r  or  no t  such  a d i r e c t  f o r m a -  
t ion  of ox ide  p roceeds  on the  su r face  w h e r e  r a p i d  
d i s so lu t ion  of n i c k e l  is t a k i n g  p lace .  T h e  r a t e  of t he  
two  r eac t i ons  i~ and  i~ is g iven  as fo l lows  

i(~ = ic, ~ e x p  { ' r a F ( E - - E , ~ ) / R T }  [21]  

i~ ---- i~ ~ exp  { ~ F ( E - - E ~ ) / R T }  [22] 

w h e r e  i~ ~ and  i~ ~ deno t e  t he  r a t e  of t he  e x c h a n g e  
r eac t i ons  at  e q u i l i b r i u m  po t e n t i a l s  E~ a n d  E~, ~ and  
ra b e i n g  t h e  Ta fe l  c o n s t a n t  for  b o t h  reac t ions .  I n  ac id  
solu t ion ,  t he  p o t e n t i a l  c u r r e n t  cu rve  for  t he  r e a c -  
t ion  a is u s u a l l y  in t he  less  nob le  p o t e n t i a l  r eg ion  
c o m p a r e d  to t h a t  for  t h e  o x i d e  f o r m a t i o n  as can  b e  
seen  in  Fig.  7. In  o r d e r  to s a t i s fy  t he  cond i t ion  
i~ > is, t he  p o t e n t i a l  of n i c k e l  e l ec t rode  shou ld  be  
k e p t  m o r e  nob le  t h a n  the  p o t e n t i a l  E x. 

.r~E~ - -  ~'aEa R T  i,~ ~ 
E x = + In [ 23 ] 

v ~  - -  z a  r ~  - -  v a  i ~  ~ 

Thus ,  t h e  p a s s i v a t i o n  of n i c k e l  due  to  t h e  d i r ec t  
f o r m a t i o n  of ox ide  is e x p e c t e d  to occur  a b o v e  the  
p o t e n t i a l  E x. A c c o r d i n g l y ,  i t  is n e c e s s a r y  to show 
t h a t  r B is u n e q u a l  to r so t h a t  t h e  v a l u e  of t he  p o -  
t e n t i a l  E x can  be  rea l i zed .  H o w e v e r ,  no v a l u e  of r 
has  b e e n  a va i l a b l e ,  and  i t s  e x a c t  m e a s u r e m e n t  c a n -  
not  be  m a d e  us ing  a v a i l a b l e  e l e c t r o c h e m i c a l  t e c h -  
n ique .  I t  seems  also to be  diff icult  in  t h e  d i r ec t  f o r -  
m a t i o n  m e c h a n i s m  to  e x p l a i n  t h e  co inc idence  of t h e  
p a s s i v a t i o n  p o t e n t i a l  o b s e r v e d  on t h e  p o l a r i z a t i o n  
c u r v e  w i t h  t he  F l a d e  p o t e n t i a l  o b s e r v e d  on t h e  p o -  
t e n t i a l  decay .  

The  p r e s e n t  au thors ,  then ,  p r o p o s e d  a n e w  m e c h -  
a n i s m  t h a t  is r e p r e s e n t e d  b y  t h e  e l ec t rode  r e a c t i o n  
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produc ing  a h igher  oxide film f rom the me t a l  ion 
in  solut ion.  

~: 3NiOH + ,1, O H -  --> Ni804 .1. 4H + + 2e [24] 

5RT 
3RTln  [NiOH+]  .1. - ~ l n  [H + ] = .1. 0.725 E~ = E~ ~  2F 

- -  0.1475 p H - -  0.0885 log NiOH +, (V, 25~ [25] 

The  concen t r a t i on  of NiOH + in  the  v ic in i ty  of the  
surface wi l l  be m a i n t a i n e d  at abou t  the  s a tu ra t ed  
va lue  of [N iOH+]s  in  the  po ten t i a l  reg ion  more  
noble  t h a n  E~, owing  to the p rec ip i t a t ion  of the  ox-  
ide NiO, so tha t  the  cr i t ical  po ten t i a l  ( e q u i l i b r i u m  
po ten t i a l )  for the  fo rma t ion  of this  oxide can be 
der ived  f rom Eq. [16] and  [25]. 

3RT RT 
- -  l n K w + - - ~ - l n [ H  +) E ~ s  : E~~ 2F 

= -t- 0.480 --  0.059 pH (V, 25~ [26] 

This is the  pass iva t ion  po ten t i a l  expected  f rom this  
mechan i sm.  The cr i t ical  po ten t i a l  E~ ~ is the  same as 
the e q u i l i b r i u m  po ten t i a l  of the  redox reac t ion  be -  
t w e e n  NiO and  NiaO4 

f : 3NiO "1" O H -  --> Ni~O4 -t- H + "1" 2e [27] 

RT 
Ef=Er~ -~- - ln  [H + ] = .1.0.480--0.059 pH (V, 25 ~ 

[28] 

because  the va lue  of {E~ ~  (3RT/2F) In Kw} is cal-  
cu la ted  to be equa l  to Er ~ 

Thus,  the  proposed m e c h a n i s m  in t e rp re t s  w i t hou t  
a m b i g u i t y  the  i m p o r t a n t  e x p e r i m e n t a l  fact tha t  the 
pass iva t ion  occurs beyond  the F lade  po ten t ia l ,  i.e., 
the t r a n s f o r m a t i o n  po ten t i a l  be tween  NiO and  NizO4. 

Accord ing  to the electrode kinet ics ,  the ra te  of ox-  
ide fo rma t ion  ~/is g iven  by  

i v : k~ [NiOH + ] [ O H - ]  exp {r~FE/RT} 
= i~ ~ exp {T~ (E--E)/RT} [29] 

The c u r r e n t  i v increases  wi th  the rise of po ten t i a l  
and  also wi th  the increase  of the concen t r a t i on  of 
NiOH + which  is fo rmed  by  the d isso lu t ion  reac t ion  
~. Thus,  pores in  the  pass ive  film, if they  h a p p e n  to 
appear ,  wi l l  be r epa i red  qu ick ly  according to the  
high concen t r a t i on  of NiOH + produced  at the  pores. 
In  o ther  words,  the  pass ive  film of h igher  oxide NiaO4 
possesses the  capaci ty  of s e l f - r epa i r i ng  which  b r ings  
about  more  effective pro tec t ion  of the n icke l  elec- 
trode. 

The  anodic  po la r iza t ion  curves  of n icke l  in  acid 
so lu t ion  (Fig. 1 and  8) show tha t  the  spec imen  m u s t  
be  kept  at  somewhat  more  noble  po ten t i a l  t h a n  
the F lade  po ten t i a l  in  order  to ob ta in  the  s table  
passive state. Differences b e t w e e n  the  F lade  po t en -  
t ia l  and  the cr i t ical  po ten t i a l  of the  s table  passive 
state have  b e e n  repor ted  on the anodic  pass iva t ion  
of i ron in  acid and  n e u t r a l  solut ions  (22-24) .  Ac-  
cording to the  proposed m e c h a n i s m  T, the  anodic  
pass iva t ion  of n icke l  in  acid solut ion commences  to 
occur a r o u n d  the  F lade  po ten t i a l  at which  the sa t -  
u r a t ed  concen t r a t i on  of NiOH + ion and  O H -  ion 
in  the  v i c in i ty  of surface  and  hence  the  ra te  i v of 

Eq. [29] begins  to decrease  because  of the  f o r m a -  
t ion  of Ni304 f rom these ions and  the decrease  of the 
area  of bare  me t a l  surface.  The change  of the  po ten -  
t i a l - c u r r e n t  curve  of r eac t ion  y w i th  the  decrease 
of NiOH + concen t r a t i on  is schemat ica l ly  shown in  
Fig. 7. The decrease in  the  ra te  i v resul t s  in  the de-  
crease in  the  s e l f - r epa i r i ng  capaci ty  of the  passive 
film. According]y,  in  order  to ob ta in  the s table  pas-  
s ive s tate  it is necessary  to polar ize  the  spec imen  
at a somewhat  more  nob le  po ten t i a l  t h a n  the F lade  
potent ia l ,  because  the increase  of the ra te  of reac t ion  
~, w i th  the  r ise of po ten t i a l  is also expected.  

The s t anda rd  chemical  po ten t ia l s  used are as 
fol lows 
/LNiOH+ = --55.41 k c a l / m o l e  /~NiO = --51.7 (25),  /~Ni304 

z --189.7 (5) ,  /~H2O : --56.69 (25),  /~OH-- = --37.595 
(25) 
The va lue  of ]-tNiOH-F was ca lcu la ted  f rom the s tab i l i ty  
cons tan t  of the complex  ion (16) g iven  by  [NiOH + ] 
[ H + ] / [ N i  2+] = 10 -9-4, and  the  va lue  of J~Ni304 was 
ca lcula ted  f rom the  F lade  po t en t i a l  m e a s u r e m e n t  by  
the  p re sen t  authors .  

Dissolution of passive nickeL--In the passive po-  
t en t i a l  reg ion  A, the d issolu t ion  ra te  of passive 
n icke l  in  su l fur ic  acid so lu t ion  is i n d e p e n d e n t  of 
e lectrode po ten t i a l  as is seen in  Fig. 1. The wid th  
of region  A increases  w i th  decreas ing  pH and  in  
a lka l ine  solut ions  the  act ive  po ten t i a l  reg ion  dis-  
appears  a lmost  comple te ly  as can be seen in  Fig. 10. 

The  d isso lu t ion  c u r r e n t  iA was  m e a s u r e d  ] n  sul fa te  
solut ions of var ious  pH's,  the  resu l t  be ing  shown in  
Fig. 11. In  the acid region,  iA decreases wi th  the i n -  
crease of pH whi le  in  the  a lka l ine  region  it i n -  
creases wi th  inc reas ing  pH. The re la t ion  be tween  
iA and  pH in the  acid reg ion  is expressed by  

log iA = k -- 0.46 pH [30] 

w he r e  k: 1.9 # a / c m  2 at 25~ and  k: 10.9 
/ m / c m 2 at 40~ No effect of the concen t r a t i on  of 
sul fa te  ion on the d issolu t ion  c u r r e n t  iA was ob-  
served in  acid solutions.  The  concen t r a t i on  of d i -  
va l en t  n icke l  ion did not  affect the d isso lu t ion  cu r -  
r e n t  iA in  acid so lu t ion  w h e n  the  concen t r a t i on  was  
no t  too large. This me a ns  tha t  the ra te  of the  back -  
w a r d  r e a c t i o n  is neg l ig ib ly  smal l  compared  wi th  
tha t  of the f o r w a r d  reac t ion  w h e n  the  concen t r a t i on  
of n icke l  ion is small .  

8 02 

6 2 E3 

' -  .e .  k ~ | 
2 - . -  . . . . . . . . . . . . . . . .  ] ] 

n ~ 
0 - - o  o o o - - o - - - - o - - - o - - o ~  

0.08 pA/cmZ 
- 0 . 8  -0 .6  -0 .4  -0.2 0 + 0 2  + 0 4  * 0 . 6  +O8 *1,0  *1, ;~ 

E ( v o l t  ) 

Fig. 10. Potential-current curves of nickel in alkaline solution 
under the nitrogen atmosphere, pH, 11.7, 25=C. Specimen, elec- 
trolytic nickel; electrolyte, O.SM No2S04 "1" O.O]N NoOH; a, sta- 
tionary state; b, transient state, the potential being changed with 
a rote of 0.02 v/min. 
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Fig. 11. Effect of pH on the dissolution current of passive 
nickel, l a g  JA ~ k - -  0.46 pH. Specimen, electrolytic nickel. % 
0.SM S042-; �9 1M CHaCOOH; A, 1M HAP04; I~, 0.SM S042- 
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W h e n  the  spec imen  is in  the  pass ive  reg ion  the  
fo rma t ion  and  the  d isso lu t ion  of pass ive  f i lm pro -  
ceed s imul t anous ly .  The ra tes  of these  reac t ions  are 
exac t ly  the  same at the  s teady  state  of po la r iza t ion  
so as to keep th ickness  of the  film constant .  The  
d issolu t ion  reac t ion  m a y  be expressed by  

(Ni2+,O2-)  + H + (aq . ) -+  Ni 2+ (aq.) q - O H -  (aq.)  
[311 

The ra te  of this  r eac t ion  is no t  affected by  the elec-  
t rode po ten t i a l  of nickel ,  bu t  cont ro l led  on ly  by  the  
G a l v a n i - p o t e n t i a l  difference across the  o x i d e / s o l u -  
t ion  in terface .  

Reac t ion  [31] is a coupled reac t ion  of the  fol-  
lowing  two processes 

a : O 2- (oxide)  + H + (aq.)  -~ 
O H -  (aq . ) ,  z = - - 2  

b : Ni 2+ (oxide)  -~ Ni 2+ (aq. ) ,  z ---- + 2  

whe re  z is the  charge  of the  ion pass ing  across the  
i n t e rphase  in  the  anodic  direct ion.  If t he  n icke l  ion 
dissolves as the  complex  ion NiOH +, reac t ion  b 
could be expressed as fol lows 

passive surface 
oxide, layer of oxide. 

H t s ~  

02%-- I as 

OH~, 

aqueous 
solution. 

-~'"iHi'~q j 

!as' OH;=q~ 

process : b 

passive sur face  aqueous 
oxide, layer of oxide solution. 

H § H t s , ~  -~-, ,oqJ 

O z.- { as 

O H & ~  -~=OHToq~ 

Ni s*-- c, 3 Nl~aa~ 

NiOH~-- ~NiOH**oq~ 

process : c 

Fig. 12. Possible reaction steps at the phase boundary of oxide/so- 
lution in acidic region. 

c : Ni 2+ (oxide) + OH-  (aq.) -+ 
NiOH + (aq.),  z = +2 

In the same way, the reactions a, b, and c can be 

divided, respectively, into the following steps. 

Process a. 
al : H + (aq.)  ~ H + (s) ,  z = --1 
ae:  O 2 - ( o x i d e )  + H + ( s ) - *  O H - ( s ) ,  z = 0  
aa : O H -  (s) ~ O H -  (aq.)  z ---- --1 

Process b. 
b l  : Ni 2+ (oxide)  -~ Ni e+ (s) ,  z = 0 
b2 : Ni 2+ (s) -~ Ni 2+ (aq.), z = +2 

Process c. 
Cl : Ni 2+ (oxide) + OH-  (s) -+ 

NiOH +(s) ,  z = 0 

ca : NiOH + (s) -~ NiOH + (aq . ) ,  z = +1  
ca : NiOH + (aq.)  -~ 

Ni 2+ (aq.)  Jr- O H -  (aq. ) ,  z ---- 0 
Here, (s) denotes  an  ion located in  the  surface  l ayer  
of the  pass ive  oxide. F i g u r e  12 is the  schemat ic  
r ep re sen t a t i on  of these processes. 

Since processes a are  in  equ i l i b r ium,  the  G a l v a n i -  
po ten t i a l  difference g b e t w e e n  the  pass ive  oxide and  
the so lu t ion  can be  expressed  as 

g = go + ( R T / F )  In  [H + (aq.)  ] / [ H  + (s) ] 
= go' + ( R T / F )  In  [H + (aq.)  ] / [ H  + (s) ] 
---- go" + ( R T / F )  In  [ 0 2 -  (oxide)  ] / [ O H -  (aq.)  ] 

[32] 

where  g decreases wi th  the  increase  of pH. The  ra te  
equa t ions  can be f o r m u l a t e d  for process b and  proc-  
ess c if the  r a t e - d e t e r m i n i n g  step is a s sumed  (26).  
The pH dependence  of d isso lu t ion  ra te  was  es t imated  
theore t ica l ly  by  a s suming  the  s y m m e t r y  factor  of 
the  r a t e  d e t e r m i n i n g  step is 0.5. The  resu l t s  of the  
ca lcu la t ion  shown  in  Tab le  II  we re  compared  w i th  

Table II. Theoretical pH dependence of the dissolution rate of passive nickel for possible reaction steps 

R e a c t i o n  s t e p  z 0 log  i/O pit  

a l :H  + (aq) ~ H + (s) 
a2:O u (oxide) + H+(s )  ~ O H - ( s )  
aa: O H -  (s) ~ O H -  (aq) 
b l :Ni  2+ (oxide) -* Ni 2+ (s) 
b2:Ni ~+ (s) -+ Ni 2+ (aq) 
cl :Ni  2+ (oxide) + O H -  (s) -~ NiOH + (s) 
c2:NiOH + (s) -* NiOH + (aq) 
ca NiOH + (aq) -~ Ni 2+ (aq) + O H -  (aq) 
d l :Ni  2+ (oxide) -t- 2 O H -  (s) -~ NiO~H- (s) q- H + (s) 
d2: NiO2H- (s) -> NiO2H- (aq) 

--1 
0 

--1 
0 O 

4-2 --23 
0 0 

+1  
0 - -1  
0 0 

- -I  + a  

(s) d e s i g n a t e s  t h e  s u r f a c e  l a y e r  i n  t h e  p a s s i v e  o x i d e :  z i s  t h e  n u m b e r  of  t h e  e l e m e n t a l  c h a r g e  of  i o n  p a s s i n g  t h r o u g h  t h e  p h a s e  b o u n d -  
a r y  of  o x i d e / a q u e o u s  s o l u t i o n  i n  t h e  a n o d i c  d i r e c t i o n ;  ~ is  t h e  s y m m e t r y  f a c t o r  o f  r e a c t i o n  s tep .  I n  m a n y  electrode reactions, i t  h a s  b e e n  
k n o w n  t h a t  a ~ 0.5. 
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the  p H - d e p e n d e n c e  of iA (0 log i~/O pI-I = --0.46)  
o b s e r v e d  for  the  su l fu r i c  ac id  solu t ions ,  a n d  i t  w a s  
conc luded  t h a t  t h e  d i s so lu t ion  of pa s s ive  f i lm p r o -  
ceeds  t h r o u g h  process  c in  w h i c h  s t ep  c2 is r a t e -  
con t ro l l ing .  The  fo l l owing  m e c h a n i s m  m a y  be  sug -  
ges t ed  for  t he  d i s so lu t ion  of pas s ive  n i c k e l  in 
a l k a l i n e  so lu t ions  

d,  : Ni  2+ ( o x i d e )  + 2 O H -  (s)-> N i O 2 H -  ( s ) ,  z ---- 0 
d2 : N i O 2 H -  (s)  --> N i O f H -  (aq . )  z = 1 

As  can  be  seen in T a b l e  II ,  t he  p H - d e p e n d e n c e  of 
t he  d i s so lu t ion  r a t e  is + 0.5 for  t he  r a t e - d e t e r m i n -  
ing  s t ep  df. Here ,  t h e  s ign  is r e v e r s e d  c o m p a r e d  to  
t h a t  for  t he  ac id ic  solu t ion .  The  e x p e r i m e n t a l  r e -  
sul ts  o b t a i n e d  in  t he  a l k a l i n e  r e g i o n  a g r e e d  w i t h  
this ,  even  t h o u g h  the  a g r e e m e n t  was  no t  p e r f e c t  
w i t h  r e spec t  to t he  n u m b e r  (Fig .  13).  

Anodic dissolution in overpassive regio~.--The 
s t e a d y - s t a t e  anod ic  p o l a r i z a t i o n  cu rves  of n i c k e l  for  
t he  su l fu r i c  ac id  so lu t ions  of v a r i o u s  p H ' s  w e r e  
m e a s u r e d  in t h e  p o t e n t i a l  r eg ion  e x t e n d i n g  f r o m  the  
pas s ive  to t he  o v e r p a s s i v e  reg ion .  The  r e s u l t  is 
shown  in Fig .  14. The  anodic  c u r r e n t  o b s e r v e d  in  the  
o v e r p a s s i v e  r eg ion  m a y  be  r e g a r d e d  as t h e  s u m  of 
the  d i s so lu t ion  c u r r e n t  of pa s s ive  f i lm {A a n d  the  

g g 

Acidic region i ~ ~ j _  c Alkaline region--//]l// 

. . . . . . . . .  NiOIH~ / I 

a / I / OH[oel~ 

O'~mdde I - -  OH ('r H ~'=, ) / / / / i  - N i O H I ~ I I / /  d.- J " / ~ - i  - - - - ~ -  O~'radOI + H ' ~ o q I ' A / L  

~r i anodic ~colhodic i onodic 

Fig. 13. Postulated Galvani potential-current diagram at the 
phase boundary of oxide/solution in acidic and alkaline region. 
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Fig. 14. Effect of pH on the steady-state anodic polarization 
curve of nickel in the passive and over passive region. Specimen, 
electrolytic nickel. 0.5 mole/I SO42-, 25~ o, pH 0.45; I-I, pH 
1.55; -I-, pH 1.80; A ,  pH 2.08; e, pH 4.01. 
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Fig. 15. Effect of pH on the potential-current curve for onodic 
dissolution of overpassive nickel in sulfate solution, iB ~--- i - -  iA. 
pH, 1.55; 25~ g- 1.25v. 

d i s so lu t ion  c u r r e n t  of n i c k e l  iB t h r o u g h  the  ac t ive  
pa t c he s  in t h e  pa s s ive  film. 

i B  = i - -  i A  [33]  

I t  was  f o u n d  t h a t  t he  T a f e l  r e l a t i o n  w a s  o b s e r v e d  
b e t w e e n  the  p o t e n t i a l  a n d  the  c u r r e n t  iB a n d  t h a t  i t  
was  s ca rce ly  a f fec ted  b y  t h e  h y d r o g e n  ion c o n c e n t r a -  
t ion  in so lu t ion  (Fig .  15).  The  r e su l t s  of t he  e s t i -  
m a t i o n  of t he  Ta fe l  cons t an t  a r e  s h o w n  in  T a b l e  III .  
The  m e a n  v a l u e  a m o u n t s  to  a b o u t  0.5 w h i c h  is close 
to t ha t  o b s e r v e d  b y  V e t t e r  and  A r n o l d  (27) .  

R T (  Olni~ ) ~0 .5  [34] 
r = - - F -  a E  

The  c o n c e n t r a t i o n  of su l f a t e  ion  a n d  n i c k e l  ion, as 
we l l  as t h a t  of h y d r o g e n  ion, does  no t  affect  t he  d i s -  
so lu t ion  c u r r e n t  iB. H o w e v e r ,  t h e  m a x i m u m  v a l u e  of 
{B o b s e r v e d  at  t h e  p o t e n t i a l  Esc  d e c r e a s e d  w i t h  t h e  
i nc rea se  of p H  acco rd ing  to t he  e q u a t i o n  

log is  max ---- - -  2.13 - -  0.46 pH,  ( a m p / c m 2 ) ,  25~ [35] 

The  e x p e r i m e n t a l  r e su l t s  a r e  shown  in Fig .  16 a n d  
17. The  r e l a t i o n  b e t w e e n  t h e  c r i t i ca l  p o t e n t i a l  EBc 
and  p H  can  be  e x p r e s s e d  b y  the  e q u a t i o n  

EBc ~-~ -~- 1.68 - -  0.08 p H  (vo l t )  [36]  

w h i c h  is no t  a f fec ted  b y  the  t e m p e r a t u r e  b e t w e e n  
25 ~ a n d  40~ T h e  v a l u e  of th i s  p o t e n t i a l  a n d  i t s  
p H - d e p e n d e n c e  a r e  in  a good  a g r e e m e n t  w i t h  those  
of t he  a r r e s t  p o t e n t i a l  Es o b s e r v e d  in  t h e  p o t e n t i a l  
d e c a y  c u r v e  of anod ized  n i c k e l  e l e c t r o d e  (cf. Fig .  6) .  

In  T a b l e  IV a r e  s h o w n  s e v e r a l  poss ib l e  r e a c t i o n  
p a t h s  of t h e  p o t e n t i a l  d e p e n d e n t  d i s so lu t ion  of  n i c k e l  
t o g e t h e r  w i t h  t h e  Ta fe l  cons t an t  and  the  p H  d e p e n d -  
ence  of r e a c t i o n  r a t e  e s t i m a t e d  t h e o r e t i c a l l y  b y  a s -  
s u m i n g  the  s y m m e t r y  f ac to r  of  each  s t ep  is  0.5. 

C o m p a r i s o n  b e t w e e n  th i s  and  t h e  r e s u l t  of  e x p e r i -  
m e n t  w a s  m a d e  in  t h e  s a m e  w a y  as  d e s c r i b e d  above ,  

Table III. Tafel constant of the dissolution of overpassive nickel 
measured in 0.5M SO42-/1 sulfate solutions with various pH values 

Solution Slope of  T a f e l  c o n s t a n t  
p H  T a f e l  l i n e  ~ = (RT/F) aln tB/aE 

0.45 0.123 0.480 
1.55 0.129 0.458 
1.80 0.122 0.484 
2.10 0.125 0.472 
2.80 0.131 0.451 
3.10 0.131 0.451 
4.01 0.125 0.472 
4.10 0.121 0.488 
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Fig. 16. Effect of pH on the maximum dissolution current of 
overpassive nickel in sulfate solution. 0.5M SO42-, 25~ log 
I B  m a x  ~ - -  2 . 1 3  - -  0 . 4 6  pH. 
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Fig. 17. Effect of pH on the critical potential where the maximum 
dissolution current iB max of overpassive nickel were observed. EBC 

-~ 1.68 - -  0.080 pH. 0.5M SO42-; i ,  25~ o, 40~ 

and  i t  is conc luded  t h a t  t he  r a t e - d e t e r m i n i n g  s t ep  is 
r e a c t i o n  d or  p o s s i b l y  r e a c t i o n  b w h e r e  t he  w h o l e  
su r f ace  of n i c k e l  is cove red  w i t h  NiOH. I t  has  been  
conc luded  f r o m  a s e p a r a t e  ser ies  of e x p e r i m e n t s  
(12) c o n d u c t e d  b y  t h e  a u t h o r s  t h a t  in  t he  ac t ive  
p o t e n t i a l  r e g i o n  n i c k e l  d i s so lves  t h r o u g h  t h e  r e a c -  
t ion  p a t h  (a  ~- b)  w i t h  t he  r a t e - d e t e r m i n i n g  s tep  a; 
in o t h e r  w o r d s  t h e  r a t e  of s t ep  b is l a r g e r  t h a n  t h a t  
of  s t ep  a. The re fo re ,  if  s t ep  b is r a t e  con t ro l l ing ,  t h e  
d i s so lu t ion  r a t e  o b s e r v e d  in  t he  o v e r p a s s i v e  r eg ion  
should  be  l a r g e r  t h a n  t h e  d i s so lu t ion  r a t e  of  ac t ive  
n i cke l  e x t r a p o l a t e d  to  t h e  s ame  p o t e n t i a l  r e g i o n  
because  s tep  a is r a t e  d e t e r m i n i n g  in t h e  ac t ive  r e -  
gion. This  is c o n t r a r y  to t he  e x p e r i m e n t a l  r esu l t .  

S �9 S 

~:,,(., r I ~ ~ 

2 

//z.. + 

E 

Fig. 18. Postrated potential-current curves of nickel in active and 
overpassive state. 

Thus,  s t ep  b is  d i s c a rde d .  I t  is t h e n  c l ea r  t h a t  t he  
d i s so lu t ion  r e a c t i o n  in  t he  o v e r p a s s i v e  r e g i o n  p r o -  
ceeds  t h r o u g h  the  consecu t ive  r e a c t i o n  ( d - k b )  in  
w h i c h  s t ep  d is r a t e  con t ro l l ing .  

The  e q u i l i b r i u m  p o t e n t i a l  of t h e  d i s so lu t ion  r e -  
ac t ion  ( d + b )  in  t h e  o v e r p a s s i v e  r e g i o n  is e q u a l  to  
t h a t  of t h e  d i s so lu t ion  r e a c t i o n  ( a + b )  in  t he  ac t ive  
reg ion ,  even  t h o u g h  t h e r e  is a d i f f e rence  b e t w e e n  
the  r a t e s  of these  reac t ions .  F i g u r e  18 shows  the  
s chema t i c  i n t e r p r e t a t i o n  for  t he  p r o p o s e d  m e c h -  
an i sms  of anod ic  d i s so lu t ion  in  ac t ive  r eg ion  a n d  in  
o v e r p a s s i v e  reg ion .  
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The  a u t h o r s  w i sh  to e x p r e s s  t h e i r  t h a n k s  to Dr.  
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A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1963 
~OURNAL. 
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Table IV. Tafel constant and pH dependence of reaction rate for various reaction steps 

Tafel  constant  pH dependence  
Reaction v = ( R T / F )  �9 01niB/0E X = 0log i B / O p H  

w : N i  -k O H -  (aq) ~ NiOH + (aq) -b 2e 
c :NiOH + (aq) -~ Ni 2+ (aq)  -t- O H -  (aq) 

a :N i  q- O H -  (aq) --> NiOH(ads )  -k e 
b: NiOH (ads)  -~ NiOH + (aq)  q- e 

(xNio~ ~ 0) 
(XNiOH --> 1) 

c :NiOH + (aq) -> Ni+2(aq)  -k O H - ( a q )  

z :Ni  + H 2 0 ~  NiOH + (aq) -b 2e 
c :NiOH + (aq) -~ Ni 2+ (aq)  q- O H - ( a q )  

d : N i  -k H20-~ NiOH(ads )  q- H + -b e 
b : N i O H ( a d s )  -~ NiOH + (aq)  -t- e 

(XNiOH "~ 0 )  
(XNion -> 1) 

c :NiOH + (aq) --> Ni 2+ (aq) -k O H -  (aq) 

1 1 
2 1 

0.5 1 

1.5 1 
0.5 0 
2 1 

1 0 
2 O 

0.5 0 

1.5 1 
0.5 0 
2 0 



614 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u n e  1963 

5. G. Okamoto and N. Sate, J. Japan Inst. Metals, 23, 
721 (1959). 

6. G. Okamoto and N. Sate, ibid., 23, 725 (1959). 
7. G. Okamoto and N. Sate, ibid., 24, 179, 183 Cl960). 
8. G. Okamoto  and N. Sate,  ibid., 24, 105 (1960). 
9. G. Okamoto and N. Sate, ibid., 24, 130 (1960). 

10. N. Sate  and G. Okamoto,  ibid., 24, 735 (1960). 
11. N. Sa te  and G. Okamoto,  Trans. Japan Inst. Metals, 

2, 113 (1961). 
12. N. Sate, "Elect rochemical  S tudy  on the Passive 

Sta te  of Nickel ,"  Dissertat ion,  Hokkaido  Univ., 
Sapporo,  J apan  (1961). 

13. K. G. Weil ,  Z. EIektrochem., 59, 711 (1955). 
14. N. W. Herzog:  Prom.  Nr. 2671, Eidgenogssischen 

Techn. Hochschule Zurich (1957). 
15. A. Hickl ing  and J. E. Spice, Trans. Faraday Soc., 

43, 762 (1947). 
16. K. H. G a y e r  and L. Woontner ,  J. Am. Chem. Soc., 

74, 1436 (1952); S. Chaberek,  R. C. Courtney,  and 
A. E. Martel l ,  ibid., 74, 5057 (1952); "S tab i l i ty  
Constant  of Me ta l - Ion  Complexes,  P a r t  II ," The 
Chemical  Society, Bur l ing ton  House, London 
(1958). 

17. J. O'M. Bockris,  "Modern Aspect  of E lec t rochem-  
is t ry,"  Chap. IV, Academic  Press,  Inc., New York  
(1954). 

18. W. J. Muller ,  Z. Elektrochem., 30, 401 (1924); 36, 
367 (1930); "Die Bedeckungs theor ie  de r  Pass i -  
vit~t der  Metal le ,"  Ber l in  (1933). 

19. E. Mii l ler  and  K. Schwabe,  Z. Elektrochem., 39, 
414, 815 (1933). 

20. W. A. Mueller ,  This Journal, 107, 157 (1960). 
21. H. Gerischer,  Agnew. Chem., 70, 285 (1958). 
22. U. F. F r anck  and K. G. Weil,  Z. Elektrochem., 56, 

814 (1952). 
23. K. G. Wei l  and  K. F. Bonhoeffer,  Z. Physik. Chem. 

N.F., 4, 175 (1955). 
24. K. E. Heusler ,  K. G. Weil ,  and K. F. Bonhoeffer, 

ibid., 15, 149 (1958). 
25. W. M. Lat imer ,  "The Oxidat ion  Potent ia ls ,"  

Pren t ice -Hal l ,  New York  (1952). 
26. J. O'M. Bockris,  "Modern  Aspect  of E lec t rochem-  

i s t ry  I," Chap. IV, Academic  Press  Inc., New 
York  (1954). 

27. K. J. Vet te r  and K. Arnold,  Z. Elektrochem., 64, 
244 (1960). 

The Initiation of Pores in Anodic Oxide Films Formed 
on Aluminum in Acid Solutions 

T. P. Hoar and J. Yahalom 
Department o~ Metallurgy, University oS Cambridge, Cavnbridge, England 

ABSTRACT 

When  pure  a luminum is pass iva ted  at constant  appl ied  vol tage in solutions 
ranging  f rom pH 0-7, the  cu r ren t  densi ty  represen t ing  film growth  fal ls  dur ing  
the first few seconds in a manner  tha t  is qua l i t a t ive ly  and nea r ly  quan t i t a t ive ly  
the same for al l  solutions. The fa l l  of cur ren t  is succeeded by  a r ise to a constant  
value;  the r ise occurs the  earl ier ,  and is the  greater ,  the lower  the  pH. The fa l l  
is i n t e rp re t ed  as caused by  b a r r i e r - l a y e r  formation,  and the r ise as caused 
by  pore  in i t ia t ion  when  the field across the  ba r r i e r  l aye r  has fa l len  low enough 
to a l low the en t ry  of protons into the  film. Elect ron micrographs  of the  film 
surface show tha t  ve ry  few pores  are  presen t  on specimens tha t  have  not  been 
anodized long enough for  the  ini t ia l  cu r ren t  fal l  to halt ,  and tha t  the  pore  
system is fu l ly  es tabl ished as soon as the succeeding rise is complete.  A mech-  
anism for pore  fo rmat ion  is proposed.  

W h e n  a l u m i n u m  is m a d e  the  a n o d e  in  n e a r l y  
n e u t r a l  so lu t ions  such  as those  of a m m o n i u m  b o r a t e  
or  t a r t r a t e ,  w i t h  a v o l t a g e  of ca. 4-400v ac ross  t he  
cell ,  i t  q u i c k l y  becomes  p a s s i v a t e d  w i t h  an  ox ide  
film. This  con t inues  to t h i cken ,  a t  a dec r ea s ing  ra te ,  
b y  ion m i g r a t i o n  u n d e r  h igh - f i e ld  condi t ions ,  f o r m -  
ing  a " b a r r i e r "  l a y e r ;  i t  s u b s t a n t i a l l y  ceases  to 
t h i c k e n  w h e n  i ts  t h i cknes s  r e aches  a b o u t  14 A / v  of 
the  cel l  v o l t a g e  (1 ) ,  because  at  t he  c o r r e s p o n d i n g  
f ield s t r eng th ,  ca. 7 x 106 v / c m ,  t he  f o r m i n g  c u r r e n t  
d e n s i t y  has  f a l l en  to a v e r y  s m a l l  va lue .  Q u a n t i t a -  
t i v e l y  (2, 3) 

i : A exp (BEF/y )  [1]  

w h e r e  i a m p / c m  ~ is t he  c u r r e n t  dens i ty ,  EF v the  p.d. 
b e t w e e n  the  m e t a l  and  the  solut ion,  ( t he  " f o r m i n g  
v o l t a g e " )  and  y cm t h e  f i lm th i ckness ;  A and  B a re  
cons tan ts ,  f o u n d  b y  C h a r l e s b y  (3)  in  w o r k  on s u b -  
s t a n t i a l  f i lms f o r m e d  at  f a i r l y  h igh  v o l t a g e s  to be  
10 -~s a m p / c r a  2 and  3.1 x 10 -6 c m / v ,  r e s p e c t i v e l y  
(3 ) ,  a l t h o u g h  t h e  e a r l i e r  v a l u e s  f o u n d  b y  G u n t e r -  
schu l t ze  and  Betz  (2)  a n d  the  m o r e  r e c e n t  va lue s  of 

Johansen ,  A d a m s ,  a n d  V a n  R y s s e l b e r g h e  (4)  a r e  
s o m e w h a t  d i f ferent .  The  e x p o n e n t i a l  c u r r e n t / f i e l d  
r e l a t i o n s h i p  a r i ses  f r o m  t h e  h i g h - f i e l d  n a t u r e  of t he  
p rocesses  of ion  t r a n s p o r t  e i t he r  across  t he  m e t a l /  
f i lm in t e r f ace  or  t h r o u g h  the  film, e i t h e r  or  bo th  of 
w h i c h  p rocesses  m a y  con t ro l  t h e  o v e r - a l l  c u r r e n t  
dens i ty ,  a cco rd ing  to V e r w e y  (5) ,  C a b r e r a  a n d  Mot t  
(6 ) ,  and  D e w a l d  (7 ) .  

W h e n  a l u m i n u m  is m a d e  the  a n o d e  in  ac id  so lu-  
t ions  such as 5 -20% aqueous  su l fu r i c  or  p h o s p h o r i c  
acid,  the  c u r r e n t  d e n s i t y  ( a t  a ce l l  v o l t a g e  of 10-20v)  
does  no t  f a l l  to  a v e r y  s m a l l  v a l u e  a n d  the  f i lm con-  
t i nues  to t h i c k e n  indef in i t e ly .  A b a r r i e r  l a y e r  of 
t h i ckness  some 10 A / v  fo rms  (8) ,  b u t  a v e r y  m u c h  
t h i c k e r  porous  l a y e r  fo rms  ou t s ide  it, and  p a r t  of t he  
a l u m i n u m  ox id i zed  a p p e a r s  in  t he  solu t ion .  S t ud i e s  
b y  e l e c t r o n - m i c r o s c o p e  ( 9 - 1 1 ) ,  b i r e f r i n g e n c e  (12) ,  
and  a . c . - i m p e d a n c e  t e c hn ique s  (13, 14) h a v e  shown  
t h a t  t he  pores  a r e  long,  n e a r l y  c y l i n d r i c a l  t ubes  
r e a c h i n g  f r o m  the  ou te r  su r f a c e  to t he  b a r r i e r  l aye r ,  
and  t h a t  t h e y  a r e  a r r a n g e d  in a n e a r l y  r e g u l a r  h e x -  
agona l  p a t t e r n  w i t h  a c e n t e r - t o - c e n t e r  spac ing  of 
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Solut ion ~Hexagonal 
colurnn - - -~  

Pore 

M e t a l  L i n e s  of current f l o w  

Fig. 1. Porous structure of acid formed anodic film, showing 
lines of current flow, pore-base structures and hexagonal columns. 

about double the thickness of the ba r r i e r  l ayer  
(Fig. 1). The continuing growth  of the porous layer  
has been expla ined  by  Hoar  and Mott  (15) as caused 
by ion migra t ion  of A1 a + ou tward  and O H -  inward  
through the film; oxygen movement  inward  and 
s ideways f rom the pore  end is necessary to bui ld  
oxide ions into the hexagonal  columns sur rounding 
each pore (see Fig. 1). Migrat ion of O 2- is con- 
s idered (15) less l ike ly  than  tha t  of O H - ;  this, hav-  
ing migra ted  through or pa r t l y  through the growing 
solid, dissociates to 02 - ,  which stops, and H +, which 
easily migra tes  back  and fetches in more oxygen as 
OH- .  The to ta l  film thickness agrees very  closely 
wi th  that  calculated for compact  A120~ from the 
total  charge  passed;  thus  the  A13+ found in the  solu- 
tion must  have dissolved, not f rom the surface of the 
porous film nor f rom the sides of the nea r ly  cyl in-  
dr ica l  pores, but  solely f rom the oxide at the base 
of the pores, and this dissolution is almost cer ta in ly  
f ie ld-assis ted (15) r a the r  than  " thermal ."  

F rank l in  (16) f rom electron microscope studies 
has suggested tha t  the  pores in i t ia te  dur ing the 
format ion of the ba r r i e r  layer ,  in the nea r ly  hexag-  
onal pa t te rn ;  he has even suggested tha t  this  l aye r  
contains pore nuclei  f rom the beginning.  Nonethe-  
less, no deta i led mechanism for pore  ini t iat ion,  or 
explanat ion  of the hexagonal  pa t te rn ,  has been 
given. 

We have now studied the ea r ly  stages of film 
format ion in var ious  acid solutions by  measur ing  
cu r r en t -dens i ty  t rans ien ts  at constant  appl ied  emf, 
by  measur ing  the a-c  impedance  of thin formed 
films, and by  electron microscopic examina t ion  of 
the film surface at  different  stages. The resul ts  indi -  
cate tha t  the film in its ear l ies t  stages is of compact  
ba r r i e r  nature ,  wi thout  pore  nuclei,  in eve ry  case. 
However,  when the forming cur ren t  densi ty  has 
fal len to a pa r t i cu la r  value,  dependent  on the ano-  
dizing solution and in pa r t i cu la r  on its pH, it  in -  
creases cons iderably  and, af ter  passing th rough  a 
max imum,  finally reaches a s teady va lue  corre-  
sponding to the  format ion  of the porous l aye r  and 
the dissolut ion of A1 ~+ at the base of each pore. We 
in te rpre t  the rise in forming cur ren t  densi ty  as 

caused by pore init iat ion,  for which we suggest a 
mechanism. By electron microscopic examinat ion  of 
the film surface at  different  stages, we have  con- 
firmed that  pores are indeed in i t ia ted  dur ing the 
per iod when the current  densi ty  has ceased to de-  
crease according to ideal  ba r r i e r  l aye r  formation,  
and tha t  the nea r -hexagona l  pore pa t t e rn  is fu l ly  es-  
tabl ished by the t ime tha t  the final s teady current  
densi ty  is reached.  

Exper imental  Techn ique  

Materials.--Superpure a lumin ium wire  z speci-  
mens, 0.264 cm in d iamete r  and 22 cm long, were  
used. They were  s topped off at both  ends to expose 
an area  of ca. 3 cm 2 by  the method  of Hoar  and 
Wood (14). The exper imen ta l  surface was p rov ided  
by a final chemical  br igh ten ing  in the fol lowing solu- 
tion, used at 95~176 in which the specimens were  
immersed  wi th  gent le  movement  for  45-75 sec: 
phosphoric acid (s.g. 1.75) 78% by volume;  ni t r ic  
acid (s.g. 1.42) 11% by volume;  sulfuric  acid (s.g. 
1.84) 11% by  volume;  FeSO4.7H20 0.8 g/1. Solutions 
were  made f rom Ana la r  chemicals and wa te r  con- 
densed on Pyrex .  

Apparatus . - -A  simple anodizing cell (Fig. 2), held 
at constant  t empera tu re  to wi th in  --0.2~ by  con- 
vent ional  means, was used. Emf was p rov ided  f rom 
l ead /ac id  ba t te r ies  wi th  sui table  resistors  in series, 
with simple switching. Curren t  was recorded with  a 
Honeywel l  Recorder  (series 153 x 16, 0.25 sec pen 
speed) or wi th  a Model 1049 Cossor Oscil lograph 
with  a Cossor Camera  Model 1428 for the fas ter  
t ransients .  The p.d. across the cell (and any compen-  
sating resistance,  Fig. 2) was measured  with  an 
Avomete r  Model 8 or wi th  a Solar t ron  oscilloscope 
(CD 513). Impedance  measurements  were  made 
with  the  br idge  descr ibed by  Wood, Cole, and Hoar 
(17), and electron micrographs  were  obtained on a 
Siemens Elmiskop I. 

Procedure.--Before a pa r t i cu la r  anodizing, the 
specimen was degreased in methanol  and acetone 

x 99.99% A1, suppl ied by  the  A l u m i n u m  Deve lopmen t  Associat ion.  

I I 
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t I 
I t 
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I ' 1 , 1 , 1 ' 1 ' 1 ' 1 ' 1 ~  

Fig. 2. Anodizing cell and circuit: (1) anode; (2) Pt cathodes; 
(3) cooling water coil; (4) compensating external resistance; (S) 
resistors to give a maximum of 10 my potential drop for various 
current ranges; (6) pen recorder; (7) external beam-triggering 
circuit. 
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a n d  dr ied .  I t  was  t h e n  c h e m i c a l l y  po l i shed ,  r i n s e d  in  
t a p  a n d  d i s t i l l ed  w a t e r ,  d i p p e d  in d i s t i l l ed  w a t e r  for  
1 rain,  and  d i p p e d  i n t o . t h e  anod iz ing  b a t h  for  1 ra in  
b e f o r e  t he  c u r r e n t  was  s w i t c h e d  on. The  emf  s u p p l y  
was  k e p t  p e r m a n e n t l y  on c i rcu i t  t h r o u g h  a s u i t a b l e  
r e s i s to r  be fo re  s w i t c h i n g  ove r  to t he  cell ,  so as  to be  
as s t ab l e  as poss ib le .  T h i r t y  seconds  a f t e r  the  c u r r e n t  
was  s w i t c h e d  off, t he  s p e c i m e n  w a s  r e m o v e d  f r o m  
the  ba th ,  r i n s e d  in  r u n n i n g  d i s t i l l ed  w a t e r ,  and  
d i p p e d  fo r  1 ra in  in d i s t i l l ed  w a t e r ,  be fo re  i t  was  
used  for  a - c  i m p e d a n c e  m e a s u r e m e n t s  or for  p r o -  
duc ing  a c a r b o n  rep l ica .  

The  H o n e y w e l l  r e c o r d e r  was  a r r a n g e d  w i t h  s h u n t -  
ing  r e s i s to r s  to g ive  fu l l  scale  def lec t ion  of 10 m v  for  
v a r i o u s  c u r r e n t  d e n s i t y  ranges ,  as i n d i c a t e d  in Fig.  2. 
W h e n  the  c u r r e n t  d e n s i t y  t r a n s i e n t s  w e r e  r e c o r d e d  
osc i l l og raph ica l l y ,  two  a l t e r n a t i v e  m e t h o d s  w e r e  
e m p l o y e d ,  t he  m o v i n g - f i l m  t echn ique ,  and  the  t i m e -  
base  b e a m - t r i g g e r i n g  t e c h n i q u e  w i t h  t he  t r i g g e r i n g  
c i rcu i t  c losed  s i m u l t a n e o u s l y  w i t h  the  anod iz ing  
circuiL One b e a m  of t he  osc i l loscope  was  connec t ed  
across  t he  r e s i s to r s  in t he  s ame  w a y  as t he  H o n e y -  
we l l  r e c o r d e r ,  w h i l e  t h e  second  b e a m  was  used  as a 
r e f e r e n c e  l ine  and  as  a t i m e  con t ro l  on the  osc i l lo -  
g ram,  w i t h  a s m a l l  50 cps s ignal .  

I m p e d a n c e  m e a s u r e m e n t s  on f o r m e d  fi lms w e r e  
c a r r i e d  ou t  a t  r o o m  t e m p e r a t u r e  in a 3 % so lu t ion  of 
a m m o n i u m  t a r t r a t e ,  w i t h  a c y l i n d r i c a l  a l u m i n u m  
c o u n t e r - e l e c t r o d e  as  d e s c r i b e d  b y  H o a r  and  Wood  
(14) .  

C a r b o n  r ep l i ca s  for  e l ec t ron  m i c r o s c o p y  w e r e  p r e -  
p a r e d  on the  d r i e d  spec imens  b y  g r a p h i t e  e v a p o r a -  
t ion in vacuo. The  c a r b o n  fi lm on t h e  s p e c i m e n  was  
c a r e f u l l y  s c r a t c h e d  in to  2 - rnm squares ,  and  t h e  
spec imen  was  d i p p e d  for  2 sec in  t he  c h e m i c a l  p o l -  
i sh ing  so lu t ion  a t  r o o m  t e m p e r a t u r e  and  i m m e d i a t e l y  
a f t e r w a r d  in to  d i s t i l l ed  w a t e r  in  a P e t r i  dish,  in  
w h i c h  i t  was  r o t a t e d  s l i gh t ly  for  a f ew  seconds.  The  
r ep l i ca s  t h e n  f loated on the  w a t e r  surface .  This  
m e t h o d  fu l f i l led  t he  r e q u i r e m e n t  t h a t  no  gas, w h i c h  
m a y  b r e a k  the  r ep l i ca ,  shou ld  be  evo lved  d u r i n g  the  
ox ide  d i s so lu t ion ;  a l l  t he  c a r b o n  f i lm was  s t r i p p e d  off 
in w a t e r ,  and  t h e r e  w a s  no d i f f icu l ty  in  m o u n t i n g  the  
r e p l i c a  on a 200-mesh  e l ec t ron  mic roscope  gr id.  R e p -  
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Fig. 3. Current transients for anodizing in various electrolytes at 
14.4v, 25~ (pen recorded), a, 15% w/v sulfuric acid, pH 0.02; b, 
H2SO4 -I- NaHSO4, pH 0.23; c, 183.6 g/I NaHSO4, pH 0.36; d, 
NaHSO4 -I- Iqa2SO4, pH 1.19; e, 3% ammonium tartrate, pH 7.30. 
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Fig. 5. Influence of sulfuric acid concentration on current tran- 
sients at applied emf of 2v and 1Or. 

l icas  w e r e  s h a d o w e d  w i t h  g o l d - p a l l a d i u m  a l loy  to 
i m p r o v e  con t ras t ,  and  e l e c t r o n  m i c r o g r a p h s  w e r e  
t a k e n  at  a magn i f i ca t ion  of 60,000X. 

Results and Interpretation 
Current-density~time relation.--Typical c o n t i n u -  

ous ly  r e c o r d e d  c u r r e n t  d e n s i t y  t r ans i en t s ,  for  a n o -  
d iz ing  at  25 ~ a n d  14.4v a p p l i e d  emf  in  s e v e r a l  so lu-  
t ions,  a r e  s h o w n  in Fig.  3. I t  is e v i d e n t  t h a t  t he  i n i -  
t i a l  p a r t s  of a l l  t he  cu rves  a r e  v e r y  n e a r l y  iden t i ca l .  
Also,  t he  m i n i m u m  c.d. and  the  f inal  s t e a d y  c.d. a r e  
h i g h e r  a n d  occur  ea r l i e r ,  t h e  l o w e r  t he  ptI of t he  
solut ion.  The  f a l l  of c.d. to a m i n i m u m ,  and  i ts  s u b -  
s equen t  r i se  to a f inal  s t e a d y  va lue ,  a r e  w e l l - k n o w n  
f e a t u r e s  of su l fu r i c  ac id  anod iz ing  g iv ing  porous  
f i lms (18) .  

Influence of cell voltage.--Figure 4 shows  some  
m a n u a l l y  r e c o r d e d  c u r r e n t  d e n s i t y  t r a n s i e n t s  for  
anod iz ing  in  15% w / v  su l fu r i c  ac id  a t  25~ a t  a p -  
p l i ed  e m f  f r o m  2 to 20v. T h e  s h a p e  of a l l  t he  cu rves  
is s i m i l a r  and  t h e  f inal  s t e a d y  c.d. is d e p e n d e n t  on 
t h e  a p p l i e d  vo l t age .  

Influence o] acid concentration.--Figure 5 shows  
the  effect of d i l u t i n g  su l fu r i c  ac id  f r o m  15% to 
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Table I. Thickness of pore-base layer, shortly after the start of steady-state anodizing, 
and in later stages, showing influence of forming voltage 
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Solution Temp,  "C 

Balancing EF 
Steady state Forming  Total capaci tance Thickness 

cur ren t  density,  voltage,  charge  passed, at  30 cps, of pore-base  y ' 
Run i~, m a / c m  ~ Er,  v c/cm~ /tF/cm~ layer ,  y ,  A v / c m  X I0~ 

H2SO4 (15% w / v )  17 

H2SO4 (7.5% w/v )  25 

H2SO4 (15% w/v ) ,  25 
pH 0.02 

H2SO4 + NaHSO4,* 25 
pH 0.23 

NaHSO4 (18.36% 25 
w/v) ,*  pH 0.36 

NaHSO4 + Na2SO4,* 25 
pH 1.19 

1 1.53 7.4 2.7 1.13 66 1.13 
2 3.93 11.2 2.8 0.707 105 1.07 
3 7.73 15.3 2.8 0.525 142 1.08 
4 7.33 15.3 20.0 0.541 137 1.12 
5 43.3 21.4 19.9 0.421 177 1.21 

6 0.55 3.5 2.8 2.77 27 1.30 
7 1.03 7.4 2.8 0.887 84 0.88 
8 3.70 11.3 2.8 0.707 105 1.08 
9 3.67 11.3 19.7 0.729 102 1.11 

10 6.47 15.3 19.7 0.537 138 1.11 
11 17.8 21.2 19.7 0.533 139 1.53 

12 0.83 3.4 2.8 2.96 25 1.36 
13 1.77 5.3 2.8 1.63 46 1.15 
14 3.17 7.3 2.8 1.23 60 1.22 
15 - -  ca 11.2 2.8 0.750 99 
16 7.0 11.2 19.7 0.752 99 1.13 
17 13.7 15.2 19.7 0.550 135 1.13 
18 127 21.1 19.7 0.450 165 1.28 

19 9.43 15.7 5.7 0.517 144 1.09 

20 4.65 15.8 2.8 0.509 146 1.08 

21 1.43 15.8 0.9 0.467 159 0.99 

* SO42- c o n c e n t r a t i o n  a s  i n  H ~ O l  (15% w / v ) .  

7.5%; it  is s imi la r  to t ha i  ob ta ined  by  chang ing  to 
su l fa te  solut ions  of h igher  pH (Fig.  3) .  

Influence of temperature.--Reducing the  ba th  
t e m p e r a t u r e  f rom 25 ~ to 17~ had  a m a r k e d  i n -  
f luence on the  final anodiz ing  c u r r e n t  densi ty ,  Tab le  
I, bu t  no t  on the  genera l  shape of the  curves.  These 
resu l t s  a re  discussed la ter .  

Initial part o~ the transients.--The in i t i a l  par t s  of 
some of the  t r ans i en t s  we re  e x a m i n e d  in  more  de ta i l  
by  pho tograph ica l ly  record ing  osci l lograph traces.  
F i g u r e  6a shows a typ ica l  t race  for  anodiz ing  in  3 % 
a m m o n i u m  bora te  solut ion,  Fig. 6b one for 15% su l -  
fur ic  acid solut ion.  These  are no t  s t r ic t ly  comparab le  
because  of the  m u c h  h igher  e lect rolyt ic  res i s tance  of 
the a m m o n i u m  bora te  solut ion,  which  p roduced  a 
cons iderab le  ohmic drop;  Fig. 6c shows a typ ica l  
t race  for the  15% su l fur ic  acid so lu t ion  w i th  a 16.8 

O0 50 100 
TIME (msec)  TIME_ (m $ec) 

0 50 100 0 5 0  100 
TIME (m t, ec) Tl ME ( m E )  

Fig. 6. Current transients for anodizing at 14.4v and 25~ in 
various solutions osciUographically recorded (a) 3% ammonium 
borate; (b) 15% w/v sulfuric acid; (c) 15% w/v sulfuric acid with 
16.8 ohm in series; (d) NariS04 (183.6 g/I) with 16.8 ohm in series. 

ohm compensa t ing  resis tor  in  series, and  the close 
qua l i t a t i ve  r e s e m b l a n c e  of this  t race  to Fig. 6a is ev i -  
dent .  F i g u r e  6d is a typica l  t race  for the 18.36% so- 
d i u m  d ihyd rogen  sul fa te  solut ion,  pI-I 0.36, also wi th  
a series resis tor;  it  is a lmost  iden t ica l  w i th  the  t race  
of Fig. 6c. I t  is ev iden t  tha t  the  ear ly  pa r t  of the  film 
f o r m a t i o n  is subs t a n t i a l l y  the  same for  al l  solutions,  
and  it  seems v e r y  p robab l e  tha t  the  process is the  
f o r ma t i on  of a b a r r i e r  l ayer  of Al~O8 (~, or a m o r -  
phous)  in  every  case. 

We shal l  a s sume  tha t  an  A1208 l aye r  grows accord-  
ing to Eq. [1] w i th  A----10 -18 a m p / c m  2, B = 3 . 1  x 
10 -6 c m/ v .  EF, the  fo rming  vol tage  across the  film 
b e t w e e n  the  me t a l  and  the  solut ion,  is g iven  by  

E F  = Eapp  -~ E i n t - -  ~qc - -  i ( r ( R s o l  J r  R e x t )  [2] 

Here  Eapp v is the  appl ied  emf  (Fig. 2). Eint v is the 
emf of the  cell h a v i n g  as o v e r - a l l  r eac t ion  

2A1 + 3HeO ~ AleO8 + 3H2 

As po in ted  out  by  V e r mi l ye a  (19) ,  such an  " i n t e r -  
na l "  emf  m u s t  be inc luded  as pa r t  of the  d r iv ing  
force in  the  anodiz ing  c i rcui t ;  f rom the  free ene rgy  
of f o r ma t i on  da ta  in  the  l i t e r a t u r e  (20) we  t ake  it  as 
1.50v. ~c v is the  ove rpo ten t i a l  at  the  cathode,  
m e a s u r e d  in  separa te  exper imen t s ,  i a m p / c m  e is the  
c u r r e n t  dens i ty  at t he  anode  and  ~ cm ~ its surface  
area,  Rsol a is the  res i s tance  of the  cell  so lu t ion  
( m e a s u r e d  w i th  a b r i g h t  p l a t i n u m  anode  of the  same 
geome t ry  as the  a l u m i n u m  anodes  at 10 kc / sec  on an  
a -c  b r idge)  and  Rex t ~'~ is the  e x t e r n a l  series res i s tance  
as shown  in  Fig.  2. Thus,  subs t i t u t i ng  the  v a l u e  of EF 
given by  Eq. [2] in  Eq. [1] ,  we can es t ima te  the  
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Table II. Anodic film thickness at earliest stages, estimated from charge passed (X) and from Eq. [1] (Y) 

S o l u t i o n  

A p p l i e d  e m f :  14.4v. T e m p ,  25~ 
A n o d i c  To ta l  A n o d i c  

f i lm  f i lm f i lm 
Charge t h i c k -  t h i c k -  t h i c k -  
p a s s e d ,  n e s s  f r o m  n e s s  h e s s  

S o l u t i o n  S e r i e s  T i m e  C a t h o d e  ~ t  ~ r  f r o m  f r o m  
r e s i s t -  r e s i s t -  A r e a  of  of  a n o d -  C u r r e n t  o v e r -  F o r m i n g  ~ .  idt, ~o i ~t,  i a n d  i a n d  X 
a n c e ,  a n c e ,  s p e c i m e n ,  i z ing ,  d e n s i t y ,  po t en t i a l ,  v o l t a g e ,  o Eq.  [1] ,  Eq .  [1],  - -  

Rsol ,  ohrfl Rext ,  o h m  o-, c m  2 t, m s e c  i, m a / c m e  We, v Ep  m c / c m 2  X ,  A A Y,  A Y 

H 2 S O 4  ( 1 5 %  w / v )  0 . 3  1 6 . 8  2 . 5 9  

NaHSO4 (18.86% 0.5 16.8 2.56 
w/v)  

A m m o n i u m  bora te  17.9 0 2.69 
( 3 % w / v )  

A m m o n i u m  t a r t r a t e  5.5 6.0 2.68 
(3% w / v )  

0 300 0.8 1.8 0 0 13 0 - -  
50 181 0.7 7.2 12.0 62 56 43 1.44 

100 108 0.6 10.5 19.2 99 83 70 1.41 

0 313 0.5 1.5 0 0 11 0 - -  
50 184 0.3 7.5 12.2 63 58 47 1.34 

100 107 0.3 10.9 19.4 100 86 75 1.33 

0 225 0.8 4.3 0 0 33 0 - -  
50 140 0.8 8.4 8.8 46 66 33 1.39 

100 90 0.7 10.9 14.6 75 87 54 1.39 

0 330 0.9 4.8 0 0 37 0 - -  
50 190 0.8 9.2 13.4 69 71 34 2.03 

100 119 0.7 11.5 21.6 111 91 54 2.05 

f i lm th i cknes s  y cm for  a n y  c u r r e n t  d e n s i t y  i. W e  
can also e s t i m a t e  the  t h i ckness  of f i lm f o r m e d  b y  
anod iz ing  f r o m  t h e  c h a r g e  p a s s e d  a t  t i m e  t, ftoidt , and  

the  d e n s i t y  of AleO3, t a k e n  as 3.42, a s s u m i n g  a 
roughnes s  f ac to r  of u n i t y  and  no f i lm d isso lu t ion .  
F i l m  th i cknes se s  e s t i m a t e d  b y  the  two  s e p a r a t e  
me thods ,  for  t = 0, 50, and  100 msec,  fo r  s e v e r a l  
solut ions ,  a r e  g iven  in T a b l e  II, of w h i c h  the  sa l i en t  
f e a t u r e s  a re :  

( A )  The  in i t i a l  f i lm th ickness ,  be fo re  the  a p p l i c a -  
t ion  of t he  anod iz ing  emf,  is s m a l l  b u t  s igni f icant :  
f r om the  v a l u e  in  t he  b o r a t e  (pH 8) solut ion,  i t  is 
abou t  w h a t  w o u l d  be  e x p e c t e d  for  t he  f i lm lef t  a f t e r  
chemica l  pol i sh ing .  T h e  s m a l l e r  v a l u e s  f o u n d  in t he  
ac id  so lu t ions  m a y  ind i ca t e  some d i s so lu t ion  of the  
in i t i a l  film, occu r r i ng  be fo re  the  anod iz ing  emf  was  
app l i ed .  These  e s t ima te s  assume,  of course ,  t ha t  t he  
f i lm le f t  a f t e r  c h e m i c a l  po l i sh ing  obeys  Eq. [ 1 ] w i t h  
the  s ame  v a l u e s  of A and  B as those  a p p r o p r i a t e  to 
C h a r l e s b y ' s  anodic  films. 

(B)  The  a g r e e m e n t  b e t w e e n  the  f i lm th i ckness  
as o b t a i n e d  f r o m  t h e  i /EF r e l a t i o n s h i p  and  f r o m  ftoidt 
m i g h t  be  t h o u g h t  as good as could  be  expec ted ,  in 
v i ew  of t he  th inness  of t he  films. H o w e v e r ,  the  d i f -  
f e rences  f o u n d  a re  a lmos t  c e r t a i n l y  s ignif icant .  I t  is 
no t ab l e  t h a t  the  r a t i o  

A n o d i c  f i lm th i cknes s  e s t i m a t e d  f r o m  cha rge  p a s s e d  

A n o d i c  f i lm th i ckness  e s t i m a t e d  f r o m  Eq. [ 1] 

is a l w a y s  in  the  r a n g e  1.33-2.05. I t  is p r o b a b l e  t h a t  
t he  s m a l l  r a t i o  a r i ses  m a i n l y  because  t he  " r o u g h n e s s  
f ac to r "  is s o m e w h a t  l a r g e r  for  our  su r faces  w i th  
v e r y  t h in  f i lms t h a n  i t  was  for  t he  m u c h  t h i c k e r  f i lms 
f r o m  w h i c h  A and  B in Eq. [1]  w e r e  d e t e r m i n e d  b y  
C h a r l e s b y  (3)  ; i t  is e v i d e n t  ~hat t he  e s t i m a t e  of f i lm 
th i ckness  f r o m  cha rge  pa s sed  d imin i shes  in i nve r se  
p r o p o r t i o n  to t he  r o u g h n e s s  fac tor ,  and  i t  is ea s i ly  
shown  t h a t  t he  e s t i m a t e  f r o m  Eq. [1]  i nc reases  
s l i g h t l y  w i t h  i n c r e a s e  of r o u g h n e s s  fac tor .  The  use  of 
va lue s  for  A and  B g iven  in t he  e a r l y  w o r k  of G u n -  
t e r s chu I t ze  and  Betz  (2 ) ,  3.62 x 10 -23 a m p / c m  ~ and  
4.25 x 10 -6 c m / v ,  r e spec t i ve ly ,  m e r e l y  a l t e r s  the  

r a n g e  of the  a b o v e  r a t i o  to 1.2-1.9, w i t h o u t  affect ing 
the  a r g u m e n t .  

These  q u a n t i t a t i v e  resu l t s ,  e x p e r i m e n t a l l y  s ca rce ly  
d i s t i n g u i s h a b l e  for  t he  v a r i o u s  solut ions ,  a re  good 
conf i rma t ion  t h a t  t he  i n i t i a l  p rocess  is t he  f o r m a t i o n  
of a b a r r i e r  l a y e r  a lmos t  i n d e p e n d e n t  of the  solut ion.  

The  c u r r e n t  d e n s i t y  a t  w h i c h  the  i / t  r e l a t i o n s h i p  
for  the  f i l m - f o r m i n g  beg ins  to d e v i a t e  f rom t h a t  for  
t he  n e a r l y  n e u t r a l  so lu t ions , /p ,  t he  m i n i m u m  c u r r e n t  
dens i ty ,  i~, and  the  f inal  s t e a d y  c u r r e n t  dens i ty ,  is, 
(Fig.  3, 4, 5, 7) d e p e n d  on the  solu t ion ,  in p a r t i c -  

u l a r  on its p H  and  t e m p e r a t u r e .  Dec rease  of p H  a n d /  
or  i nc rease  of t e m p e r a t u r e  l eads  to l a r g e r  va lue s  of 
i~, ira, and  is; ip is, of course ,  diff icult  to d e t e r m i n e  
q u a n t i t a t i v e l y ,  ira, e v i d e n t l y  g o v e r n e d  b y  the  o v e r l a p  
of t r a n s i e n t s  r e p r e s e n t i n g  d i f fe ren t  processes ,  Fig.  7, 
has  q u a l i t a t i v e  r e l e v a n c e  in  t h a t  i t  occurs  ea r l i e r ,  
showing  t ha t  t he  second  process  l e a d ing  to t he  in -  
c rease  of i w i t h  t i m e  beg ins  sooner ,  a t  l o w e r  p H  
va lues  and  h i g h e r  t e m p e r a t u r e s .  

These  r e su l t s  a r e  mos t  eas i ly  i n t e r p r e t e d  b y  s u p -  
pos ing  t ha t  a t  ~ pores  beg in  to form,  and  t h a t  b y  the  
t ime  is is r eached ,  t he  po re  d i s t r i b u t i o n  is comple te ;  
the  g r o w i n g  porous  f i lm s u b s e q u e n t l y  offers v e r y  
l i t t l e  r e s i s t ance  to i ts  own g rowth ,  th is  r e s i s t ance  
b e i n g  a lmos t  c o m p l e t e l y  p r o v i d e d  b y  the  s t e a d y -  
s t a t e  p o r e - b a s e  l ayer .  W e  no te  he r e  p a r t i c u l a r l y  t ha t  

~ ~ ~ f T ~  current 

i l ~ _  __~S~===_ __ __ . . . . . . . .  _'-~ . . . . .  
z 

rrent 

g \ 

/ ~ /F i lm forming current 
I 

/1 

TIME 

Fig. 7. Schematic illustration of "overlapping" processes leading 
to minimum in current transient. 
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the  p rocess  l e ad ing  to d e v i a t i o n  f r o m  the  i n i t i a l  
b a r r i e r  g r o w t h  does no t  b e g i n  u n t i l  i, and  t hus  t he  
field b e t w e e n  the  m e t a l  and  the  so lu t ion  (Eq. [ 1 ] ) ,  
is s m a l l  enough.  S ince  th is  p rocess  beg ins  a t  h i g h e r  
va lue s  of EF w h e n  the  so lu t ion  p H  is l o w e r  a n d / o r  
the  t e m p e r a t u r e  h ighe r ,  w e  conc lude  t ha t  i t  is t he  
t h e r m a l  e n t r y  of p ro tons  f r o m  t h e  so lu t ion  in to  t he  
b a r r i e r  f i lm aga in s t  t he  field. W e  cons ide r  l a t e r  a 
m e c h a n i s m  b y  w h i c h  such a p rocess  m a y  be  e x -  
pec t ed  to in i t i a t e  pores .  

Electron microscopic examination.--Figures 8a 
and  b a r e  e l ec t ron  m i c r o g r a p h s  of : h a d o w e d  c a r b o n  
r ep l i ca s  of the  su r f ace  of anodic  fi lms f o r m e d  at  
25~ 14.4v r e s p e c t i v e l y  for  0.5 sec and  10 m i n  in 3% 
a m m o n i u m  t a r t r a t e  so lu t ion .  In  Fig .  8a no po re s  a re  

v i s ib le ;  the  f ew  s i n g u l a r i t i e s  of i r r e g u l a r  d i s t r i b u t i o n  
a r e  de fec t s  in  t he  o r ig ina l  p r e - a n o d i z i n g  f i lm or  in  
t he  rep l ica .  In  Fig .  8b t h e r e  a r e  d i s t i nc t  i nd ica t ions  
of a f ew  pores ,  w h i c h  m a y  be  supposed  to  h a v e  b e -  
come i n i t i a t e d  j u s t  as  in  t he  a c i d - f o r m e d  films, b u t  
a f t e r  t he  m u c h  l onge r  t i m e  lapse .  F i g u r e s  9a and  b 
show s imi l a r  r ep l i ca s  of t he  su r f ace  of anod ic  f i lms 
f o r m e d  in su l fu r i c  ac id  at  14.4v, 25~ r e s p e c t i v e l y  
for  0.25 sec a n d  5 sec. In  Fig .  9a a s u b s t a n t i a l  p o r e -  
f ree  a r e a  is v i s ib le ,  a l t h o u g h  some po re  i n i t i a t i on  
has  a l r e a d y  occu r r ed ;  i t  was  imposs ib l e  to anod ize  
for  a sho r t  enough  t ime  and  to r e m o v e  the  spec imen  
be fo re  ip was  reached .  In  Fig .  9b the  po re  s y s t e m  
m a y  be  seen to be  f u l l y  e s t ab l i shed .  

These  r e su l t s  a r e  in h a r m o n y  w i t h  t he  i n t e r p r e t a -  
t ion  of the  c u r r e n t  d e n s i t y  t r ans i en t s ,  t h a t  po re s  a r e  

Fig. 8. Electron micrographs of oxide surface of specimens ano- 
dized in 3% ammonium tartrate at 14.4v 25~ (carbon replica, 
Au-Pd shadowed. (a) (top) anodizing for 0.5 sec; (b) (bottom) 
anodizing for 10 min. 

Fig. 9. Electron micrographs of oxide surface of specimens ano- 
dized in 15% H2SO4 at 14.4v, 25~ (carbon replica Au-Pd shad- 
owed. (a) (top) anodizing for 0.26 sec; (b) (bottom) anodizing 
for 10 sec. 
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not  i n i t i a t e d  u n t i l  the  field across  a f i r s t - f o r m e d  
b a r r i e r  l a y e r  fa l l s  l ow  enough,  to a v a l u e  t h a t  is 
l o w e r  fo r  h i g h e r  so lu t ion  p H  and  l o w e r  t e m p e r a t u r e .  
I t  is s ign i f ican t  t ha t  these  a r e  w e l l - k n o w n  cond i t ions  
for  t h e  f o r m a t i o n  of less  po rous  and  n e a r l y  n o n -  
po rous  films. 

F r a n k l i n ' s  conc lus ion  (16) t h a t  f o r m e d  b a r r i e r -  
l a y e r  f i lms m a y  con ta in  po re s  is also conf i rmed,  b u t  
his  sugges t ion  t ha t  t he se  po re s  o r i g i n a t e  in t h e  
e a r l i e s t  s tages  of  f o r m a t i o n  f o r m e d  is not  s u p p o r t e d  
b y  our  resu l t s .  

Later part of the transients.--Impedance meas- 
urements . - -To conf i rm t h a t  t he  po re  d i s t r i b u t i o n  is 
c o m p l e t e  a n d  a s t e a d y - s t a t e  p o r e - b a s e  l a y e r  e s t a b -  
l i shed  b y  the  t ime  is is r eached ,  t he  specific i m -  
p e d a n c e  of t he  e l ec t rode  su r f ace  was  m e a s u r e d  w i t h  
spec imens  a n o d i z e d  as f a r  as is and  a f te r .  The  b r i d g e  
m e t h o d  of H o a r  and  W o o d  (14) w i t h  an  i n p u t  of ca. 
3 m v  a t  30 cps was  used ;  as shown  b y  H o a r  a n d  
Wood,  a b a l a n c i n g  c a p a c i t a n c e  w i t h  ser ies  r e s i s t ance  
g ives  t h e  p o r e - b a s e - l a y e r  c a p a c i t a n c e  v e r y  c lose ly  
u n d e r  t hese  condi t ions ,  s ince  the  i m p e d a n c e  is a lmos t  
so le ly  t h a t  of the  p o r e - b a s e - l a y e r  c a p a c i t a n c e  in 
se r ies  w i t h  t he  po re  r e s i s t ance  of a n y  porous  l aye r .  
The  p o r e - b a s e - l a y e r  c a p a c i t a n c e  p e r  un i t  a rea ,  t o -  
g e t h e r  w i t h  t h e  d e n s i t y  3.42 and  d i e l ec t r i c  cons t an t  
8.4 of Al203, t h e n  g ives  d i r e c t l y  t h e  p o r e - b a s e - l a y e r  
th ickness ,  a n d  even  if  w r o n g  va lue s  of the  p a r a m -  
e te r s  a r e  used,  2 the  r e su l t s  a r e  c o m p a r a b l e .  T h a t  t h e  
o u t e r  c o n d u c t o r  of the  a s s u m e d  " p a r a l l e l  p l a t e "  
p o r e - b a s e - l a y e r  c a p a c i t o r  consis ts  of an  h e x a g o n a l  
p a t t e r n  of  s m a l l  p o r e - b a s e s  r a t h e r  t h a n  a c o m -  
p l e t e  p l a t e  s c a r c e l y  m a t t e r s ,  as shown  b y  D e k k e r  
and  U r q u h a r t  (22) .  

Some  r e su l t s  for  su l fu r i c  ac id  and  su l fa t e  so lu -  
t ions  a r e  g iven  in  T a b l e  I. I t  m a y  be  seen  t h a t  b a r r i e r  
l a y e r s  of t h i cknes s  some 10 A / v  of f o r m i n g  v o l t a g e  
EF a re  i n d e e d  p r e s e n t  w h e n  is has  been  r eached ,  a n d  
t h a t  t h e y  c h a n g e  v e r y  l i t t l e  w i t h  t he  t o t a l  a m o u n t  of 
f i lm f o r m a t i o n  ( r u n s  3,4; 8,9; 15,16). The  s l i g h t l y  
t h i c k e r  p o r e - b a s e  l a y e r s  f o u n d  w i t h  t he  less ac id  
so lu t ions  ( r u n s  17, 19, 20, 21) a r e  q u a l i t a t i v e l y  in 
l ine  w i t h  t h e  s m a l l e r  v a l u e s  of is. 

F i g u r e  10 is a p lo t  of log is vs. EF/y, t he  " m e a n "  
f ield across  t he  p o r e - b a s e  l a y e r  of t h i cknes s  y. T h e r e  
is no obv ious  co r re l a t ion ,  even  a m o n g  g roups  of 
po in t s  r e p r e s e n t i n g  d i f f e ren t  p o r e - b a s e  l a y e r s  in  t he  
s ame  solut ion .  H o w e v e r ,  a l l  the  po in t s  l ie  f a i r l y  
c lose  to  l ines  

BEE 
log  is = log A + 

2.303y 

the  l o g a r i t h m i c  fo rm of  Eq.  [1] ,  w h e t h e r  w e  t a k e  
A ~ 10 - i s  a m p / c m  2, B = 3.1 x 10 -6 c m / v  fo l lowing  
C h a r l e s b y  (3)  or  A = 3 . 6 2 x 1 0  -23 a m p / c m  2, B ~-- 
4.25 x 10 -6  c m / v  f r o m  the  e a r l i e r  r e su l t s  of G u n t e r -  
schu l t ze  and  Betz  (2) ,  bo th  o b t a i n e d  f r o m  r e l a t i v e l y  
t h i c k  b a r r i e r  l a y e r s  f o r m e d  at  h igh  f o r m i n g  v o l t a g e s  
in va r i ous  a m m o n i u m  b o r a t e  solu t ions .  This  is f u r -  
t he r  ev idence  t ha t  t h e  t h i n  p o r e - b a s e  l a y e r  u n d e r -  

H o a r  a n d  W o o d  (14) u s e d  10.0 fo r  t h e  d i e l e c t r i c  c o n s t a n t ;  o t h e r s  
h a v e  u sed  8.4. I t  is u n l i k e l y  t h a t  t h e  b a r r i e r  l a y e r  m a t e r i a l  is  in  f ac t  
s t o i c h i o m e t r i c  AleOs; i t  m a y  w e l l  c o n t a i n  p r o t o n s  a n d  SO4 ~- i ons  in  
a m o u n t s  d e p e n d i n g  on  t h e  c o n d i t i o n s .  F u r t h e r m o r e  t h e  d ie l ec t r i c  
" c o n s t a n t "  e no d o u b t  i n c r e a s e s  at  h i g h  f r e q u e n c i e s  (21). W i t h i n  
t h e  r a n g e  of  ou r  cond i t ions ,  h o w e v e r ,  e is  p r o b a b l y  v e r y  n e a r l y  
c o n s t a n t .  
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Fig. 10. Logarithm of current density vs. electric field across the 
pore base. [ ] ,  J'J2~d:)4 (15% w/v), 17~ A ,  H2SO4 (7.5% w/v), 
25~ % H2SO4 (15% w/v), 25~ l ,  H2SO4 -I- NaHSO4 pH 0.23, 
25~ A ,  NaHSO4 (183.6 g/I) pH 0.36, 25~ e, NaHSO4 -I- 
Na2SO4 pH 1.19 25~ G & B, line given by log i ~ log A ~- 
BF/2.303 using A = 3.62 • 10 -28 amp/cm2; B = 4.25 X 10 - 6  
cm/v according to Gunterschulze and Betz (2); C, similar line using 
A ~ 10 -28 amp/cm2; B ~ 3.1 X 10 -6  cm/v, according to 
Charlesby (3). 

l y i n g  the  po rous  l a y e r  in su l fu r i c  ac id  or  su l f a t e  
so lu t ions  has  e l ec t r i ca l  p r o p e r t i e s  t h a t  a r e  n e a r l y  
q u a n t i t a t i v e l y  t he  s a m e  as those  of t h e  t h i c k  b a r r i e r  
l a y e r s  f o r m e d  in b o r a t e  solu t ions .  

Discussion 

D u r i n g  the  e a r l y  s tages  of b a r r i e r - l a y e r  t h i c k e n -  
ing, the  cel l  v o l t a g e  compr i se s  p o t e n t i a l  d r o p s  across  
the  m e t a l / f i l m  in te r face ,  t h r o u g h  the  film, across  t he  
f i l m / s o l u t i o n  in t e r f ace ,  t h r o u g h  t h e  solu t ion ,  a n d  a t  
the  ca thode .  As  t h e  ( n o n o h m i c )  f i lm r e s i s t a nce  in -  
c reases  and  the  c u r r e n t  d e n s i t y  decreases ,  t he  p o t e n -  
t i a l  d rop  t h r o u g h  the  f i lm inc reases  and  a l l  t he  
o t h e r  p o t e n t i a l  drops ,  i n c l u d i n g  t h a t  across  t he  f i l m /  
so lu t ion  in t e r face ,  decrease .  Thus  po re  i n i t i a t i on  at  
the  f i l m / s o l u t i o n  in t e r face ,  so f a r  f r o m  b e i n g  f ie ld-  
ass is ted ,  a p p e a r s  to  be  f i e l d - i n h i b i t e d ;  i t  occurs  on ly  
w h e n  the  f ield across  the  f i l m / s o l u t i o n  i n t e r f a c e  is 
suff ic ient ly  low. T h e  on ly  p rocesses  t h a t  could  
o p e r a t e  aga ins t  t he  anodic  field a r e  t he  " t h e r m a l "  
p a s s a g e  of 0 2 -  an ions  o u t w a r d  or  t h a t  of H + ca t ions  
i n w a r d .  E i t h e r  p rocess  w o u l d  c l e a r l y  be  f a v o r e d  b y  
an  ac id  so lu t ion  as  c o m p a r e d  w i t h  t h e  n e a r l y  n e u t r a l  
so lu t ions  in  w h i c h  po re s  a r e  no t  n e a r l y  so r e a d i l y  
in i t i a t ed .  W e  t h i n k  t h a t  p r o t o n  pa s sa ge  in to  t h e  f i lm 
is m u c h  the  m o r e  p r o b a b l e ,  b e c a u s e  i t  l e a d s  to no 
loss of an ions  f r o m  the  b a r r i e r  l aye r ,  w h i c h  be comes  
on ly  v e r y  s l i g h t l y  t h i n n e r  d u r i n g  t h e  s u b s e q u e n t  
po rous  f i lm fo rma t ion .  

I f  p ro tons  e n t e r  t he  b a r r i e r  l a y e r  a ga in s t  t he  field, 
e i the r  s t a t i s t i c a l l y  at  r a n d o m  or  at  a l r e a d y  w e l c o m -  
ing  pos i t ions  such as a g r a i n  b o u n d a r y ,  a v i t a l  con-  
sequence  ensues.  I t  is k n o w n  t h a t  t h e  h y d r a t e d  o x -  
ides of a l u m i n u m  have  l o w e r  specific e l e c t r i c a l  r e -  
s i s tance  t h a n  the  a n h y d r o u s  oxides .  I t  is t hus  v e r y  
l i k e l y  t h a t  qu i t e  a s m a l l  d e g r e e  of p r o t o n a t i o n  
g ives  an  a p p r e c i a b l e  d rop  of specific r e s i s t ance .  Thus  
at  a f a v o r a b l e  p r o t o n a t e d  spot ,  t he  c u r r e n t  d e n s i t y  
increases .  Loca l  J o u l e  h e a t i n g  in  t he  a d j a c e n t  so lu -  
t ion and  in  t he  f i lm i t se l f  t h e n  s t i l l  f u r t h e r  f avo r s  
the  r a t e  of p r o t o n  u p t a k e ,  a n d  t h a t  of A13+ d i s so lu -  
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Fig. 11. Schematic picture demonstrating the spreading of pore 
nuclei on the surface of the initial barrier film. 

t ion.  Thus  a po re  beg ins  to f o r m  in dep th ,  ( a n y  t h i n -  
n ing  caused  b y  a n y  O 2-  d i s so lu t ion  f u r t h e r  r e d u c i n g  
the  f i lm r e s i s t a n c e ) ,  and  also to s p r e a d  r a d i a l l y .  

I f  t he  h e a t i n g  effect w e r e  t h e  sole consequence  
of p r o t o n  e n t r y  f o l l o w e d  b y  p o r e  in i t i a t ion ,  t he  p o r e  
w o u l d  s p r e a d  r a d i a l l y  u n t i l  g e n e r a l  f i lm d i s so lu t ion  
occur red ,  as i n d e e d  h a p p e n s  a t  f o r m i n g  v o l t a g e s  
g r e a t e r  t h a n  25v in 15% su l fu r i c  acid.  O t h e r w i s e  put ,  
t he  p r o b a b i l i t y  of i n i t i a t i on  of a second  po re  is g r e a t -  
est  at  t h e  edge  of t he  first,  w h e r e  t he  h e a t i n g  effect  
is l a rges t .  W e  h a v e  to e x p l a i n  w h y  t h e  p o r e  s p r e a d s  
to on ly  a s m a l l  d e g r e e  ( r a d i u s  ca. 50-100A)  a n d  w h y  
s u b s e q u e n t  pores  in  fac t  n u c l e a t e  a t  a d i s t a n c e  f r o m  
the  first.  

The  poss ib l e  c h a r g e  c a r r i e r s  w i t h i n  t h e  b a r r i e r  
l a y e r  a r e  A13+, 0 2 - ,  Q H - ,  and  H + ions,  m o v i n g  
u n d e r  h igh - f i e ld  condi t ions .  C o n s i d e r a b l y  m o r e  A13 + 
t han  the  e q u i v a l e n t  of O 2-  or  O H -  m u s t  be  t r a n s -  
p o r t e d  t h r o u g h  the  b a r r i e r  l aye r ,  b e c a u s e  some  of 
t he  A1 ~+ d i sso lves  in to  t h e  so lu t ion  in t he  pore .  I t  
is u n l i k e l y  t h a t  the  v a l u e s  of t he  v a r i o u s  ca t ion  and  
an ion  mob i l i t i e s  a r e  close to each  o ther .  I f  t he  A13 + 
m o b i l i t y  is g r e a t e r  t h a n  t h a t  of 0 2 -  a n d  O H - ,  in t he  
s t e a d y  s t a t e  t h e r e  w i l l  be  a pos i t i ve  ionic  space  
cha rge  in t he  b a r r i e r  l a y e r  in  t he  n e i g h b o r h o o d  of 
the  n u c l e a t e d  pore .  Such  a c h a r g e  d i s t r i b u t i o n  w i l l  
t end  to i nh ib i t  f u r t h e r  H + u p t a k e  f r o m  the  so lu t ion  
into t h e  b a r r i e r  l aye r ,  t he  i n h i b i t i n g  effect be ing  
g r e a t e s t  n e a r e s t  to  t he  g r o w i n g  nuc leus ,  a n d  to  d i s -  
cou rage  the  f u r t h e r  c o n c e n t r a t i o n  of c u r r e n t  n e a r  to 
the  pore ;  t hus  t he  p r o b a b i l i t y  of i n i t i a t i on  of a sec-  
ond po re  wi l l  i nc rea se  w i t h  t he  d i s t ance  f r o m  the  
first. 

The  oppos ing  effects se t  out  a b o v e  wi l l  l e a d  to a 
m a x i m u m  p r o b a b i l i t y  of f u r t h e r  H + u p t a k e  at  a 
p a r t i c u l a r  d i s t a n c e  f r o m  the  c e n t e r  of t h e  first  n u -  
cleus;  owing  to t he  g e o m e t r i c a l  f o r m  of c u r r e n t  d i s -  
t r i b u t i o n  s p r e a d i n g  in  t he  b a r r i e r  l a y e r  f r o m  the  
first nuc leus  (Fig .  11) th i s  d i s t a n c e  w i l l  be  a p p r o x i -  
m a t e l y  t w i c e  t he  b a r r i e r  l a y e r  th ickness .  As  soon as 
a second nuc leus  has  so d e v e l o p e d  on the  c i r c u m f e r -  
ence of such  a c i rc le  a r o u n d  the  first,  a t h i r d  nuc l eus  
m a y  be  e x p e c t e d  at  t he  i n t e r s ec t i on  of t he  s i m i l a r  
c i rc les  a r o u n d  the  first  a n d  second;  r e p e t i t i o n  of t he  
process  wi l l ,  of course ,  p r o d u c e  the  h e x a g o n a l  p a t -  
tern .  This  m a y  be  e x p e c t e d  to  s p r e a d  ove r  t he  s u r -  
face  f r o m  a r e l a t i v e l y  sma l l  n u m b e r  of p r i m a r y  
nuclei ,  in  t he  sho r t  p e r i o d  d u r i n g  w h i c h  the  m e a n  
to t a l  c u r r e n t  d e n s i t y  ove r  t he  w h o l e  su r face  i n -  
c reases  to t he  v a l u e  c h a r a c t e r i s t i c s  of p o r o u s - f i l m  
fo rma t ion .  

The  e l ec t r i ca l  p r o p e r t i e s  of t he  in i t i a l  b a r r i e r  l a y e r  
a n d  the  s t e a d y - s t a t e  p o r e - b a s e  l a y e r  t h a t  f o r m  in 
su l fu r i c  ac id  and  su l fa t e  so lu t ions  a r e  e v i d e n t l y  
c lose ly  s im i l a r  to  those  of t h in  or  t h i c k  b a r r i e r  l a y e r s  
f o r m e d  in n e a r l y  n e u t r a l  b o r a t e  or  t a r t r a t e  solut ions.  
I t  is c l ea r  t h a t  a l l  t hese  f i lms are,  bas i ca l ly ,  n e a r l y  
a n h y d r o u s ,  n e a r l y  a m o r p h o u s  a l u m i n a :  t h e  w e l l -  
k n o w n  i n c o r p o r a t i o n  of s u b s t a n t i a l  a m o u n t s  of su l -  
fa te ,  bo ra te ,  etc.,  an ions  in to  t h e  " l a t t i c e "  has  no 
v e r y  g r e a t  effect on the  e l ec t r i ca l  or  m e c h a n i c a l  
p r o p e r t i e s ,  p r o b a b l y  be c a use  one SO42- r e p l a c e s  fou r  
O 2- ,  one  BO~ ~-,  t h r e e  O 2-  etc.,  a m a t t e r  w e  sha l l  
d iscuss  e l sewhere .  The  e n t r y  of p ro tons ,  h o w e v e r ,  
g ives  t he  v e r y  m a r k e d  effect t h a t  w e  sugges t  p e r h a p s  
be c a use  of t he  g r e a t  modi f i ca t ion  of t he  an ion  l a t t i ce  
consequen t  u p o n  the  p r o d u c t i o n  of O H -  and  of h y -  
d r o g e n  bond ing .  
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ABSTRACT 

In  oxygen-sa tura ted  distilled water  at 70 ~ the rate and amount  of corrosion 
dur ing short exposure are influenced by exper imental  conditions. One note-  
worthy effect is that  contaminat ion of the water  by the reaction increases the 
corrosion rate. Subsequent  to the first several days, the amount  of corrosion 
varies with the logari thm of the exposure time. This behavior  holds for at least 
180 days; it  is believed to hold for as long as tests have provided reasonable 
data, the longest being about 650 days. These results are in terpre ted in terms 
of local film rup tu re  and growth. A method of averaging the over-al l  corro- 
sion rate on the basis of cyclical local reactions is derived. 

The corrosion of a l u m i n u m  in n e a r l y  pu re  w a t e r  
has been  u n d e r  s tudy  in  this  l abo ra to ry  for a n u m b e r  
of years.  Or ig ina l ly  1100 a l u m i n u m  ( then  2S) was  
chosen for s tudy  at t e m p e r a t u r e s  be low 100 ~ because  
it  was u n d e r  cons idera t ion  for use in  wa te r -coo led  
nuc l ea r  reactors.  Subsequen t ly ,  w h e n  the  resea rch  
object ive  became s imply  the  d e t e r m i n a t i o n  of cor-  
ros ion mechan i sms ,  the  same al loy was  con t i nue d  
u n d e r  s tudy.  A l though  this al loy conta ins  a n u m b e r  
of impur i t i es ,  the m a j o r  ones be ing  iron,  silicon, 
and  copper,  its behav io r  is reproducib le ,  and  the  
backlog of i n f o r m a t i o n  p rev ious ly  ob ta ined  is he lp -  
fu l  in  i n t e r p r e t i n g  more  recen t  resul t s  and  in  tes t -  
ing hypothes ized  mechan i sms .  

A ce r ta in  a m o u n t  of research  has also been  done 
wi th  p u r e  a l u m i n u m  in water .  F r o m  the  po in t  of 
v iew of k ine t ic  s tudies  this ma te r i a l  does no t  l end  i t -  
self to r e l a t ive ly  s imple  t r e a t m e n t  because  of the  
local p e n e t r a t i n g  a t tack  which  takes  place at g ra in  
boundar ies ,  and  because  of a sens i t iv i ty  to the  
a m o u n t  of impur i t i e s  p resen t .  

In  a p rev ious  pub l i ca t ion  (1),  m a n y  of the fea-  
tu res  of the  corrosion of 1100 a l u m i n u m  in  o x y g e n -  
s a tu ra t ed  dis t i l led  w a t e r  at 70 ~ have  been  described.  
Of pa r t i cu l a r  in te res t  to the p re sen t  i nves t iga t ion  
are:  (A) No gross p i t t i ng  occurs, a l t hough  micropi t s  
of the order  of 20~ in  d i ame te r  form. These do not  
grow in  size, bu t  the i r  n u m b e r  increases.  Localized, 
sel f -s t i f l ing reac t ion  is indicated.  (B) Af t e r  suffi- 
c ien t ly  ex tended  exposure,  bi ts  of the  corrosion 
p roduc t  s lough or flake off, l eav ing  a meta l l i c  sheen. 
The  corrosion p roduc t  does not  aga in  grow th ick  in  
those places, and  the re  is no obse rvab le  increase  in  
corrosion of the  specimens.  I t  is a p p a r e n t  that ,  at 
least  at long exposure  t imes,  the  pro tec t ive  oxide 
is t h in  and  the bu lk  of the  corrosion p roduc t  coat ing 
is not  s igni f icant ly  protect ive .  

Also in  the  same publ ica t ion ,  some aspects of the  
k inet ics  of the  reac t ion  were  given.  For  the  first sev-  
era l  hours  of exposure  of w e t - g r o u n d  spec imens  the  
a m o u n t  of corrosion va r i ed  as the  l oga r i t hm of t ime ;  
subsequen t ly ,  an  increase  in  ra te  occurred,  fo l lowed 
by  a per iod of d i m i n i s h i n g  corrosion rate .  The shape 
of this  pa r t  of the  cu rve  was  not  es tabl ished.  

In  the  p resen t  pub l i ca t ion ,  some of the fea tu res  
of the  in i t i a l  per iod of corrosion are explored,  the  
k inet ics  of the  reac t ion  d u r i n g  long exposure  is de-  

t e rmined ,  and  for the la t te r  there  is de r ived  a ra te  
express ion  which  seems to fit the k n o w n  facts. 

Experimental 
Water.--High qua l i t y  w a t e r  was provided  for all  

tests by  pass ing  l abo ra to ry  s team condensa te  
t h r ough  ion exchange  res ins  and  then  dis t i l l ing.  Oc- 
casional  spec t rographic  ana lyses  showed on ly  a few 
meta l l i c  e lements  p resen t  above  the l imi t  of detec-  
t ion. Sodium,  potass ium,  and  m a g n e s i u m  conten ts  
va r ied  f rom a few ppb  (g rams  per  109g H20) up  
to 50 ppb.  

This w a t e r  was v igorous ly  boi led in  P y r e x  carboys  
at room t e m p e r a t u r e  (by  p u m p i n g  wi th  a s team 
ejector)  for degassing,  and  oxygen  was  b u b b l e d  
th rough  it for a per iod of t ime.  Per iodic  m e a s u r e -  
m e n t  showed the  wa te r  to have  a pH of 6.5 --- 0.2 
and  specific res i s tance  1.4 _+ 0.2 • 106 ohm-cm.  No 
not iceable  change  in  pH was caused by  passage over  
the  specimens;  there  was somet imes  a s l ight  increase  
in res is t ivi ty ,  i nd ica t ing  tha t  the  ox ide -covered  
spec imens  had somewha t  purif ied the water .  

Method of exposure.--Eight (or fewer )  spec imens  
were  suspended  on P y r e x  glass in  the  c hambe r  
shown in  Fig. 1 ( t he rmos t a t t ed  to 70 ~ ---- I ~  Fresh  
w a t e r  f rom the  carboy  was  added con t inuous ly  
t h r ough  a r egu l a t i ng  section of P y r e x  capi l lary ,  
and  the  excess wa te r  was  d ischarged to the  drain .  

Fig. 1. Corrosion test chamber 
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The  d i f f e rence  b e t w e e n  t h e  t e m p e r a t u r e  a n d  p r e s -  
su re  in t he  t es t  c h a m b e r  a n d  those  in  t h e  s t o r -  
age  c a r b o y  (2 -4  ps ig  02)  caused  con t inuous  s low 
e v o l u t i o n  of o x y g e n  gas  d u r i n g  the  cor ros ion  e x -  
posure .  F o r  the  tes t  of l ong  d u r a t i o n ,  two  c h a m -  
be r s  w e r e  u sed  in  ser ies ,  w i t h  t h e  r e f r e s h i n g  w a t e r  
pass ing  t h r o u g h  each  in  t u rn ;  t he  r a t e  w a s  a b o u t  
15 c c / m i n  for  the  f irst  5 d a y s  a n d  7 c c / m i n  t h e r e -  
a f te r .  

Material and sample pveparation.--The m a t e r i a l  
source  was  one b a t c h  of c o m m e r c i a l l y  e x t r u d e d  1100 
a l u m i n u m  rod.  A n a l y s e s  s h o w e d  i m p u r i t i e s  to con-  
s is t  of: 0.54% Fe,  0.12% Cu, 0.07% Si, 0.017% Zn, 
100-200 p p m  Ti, 25-50 p p m  Zr,  5 p p m  Mo. S a m p l e s  
w e r e  p r e p a r e d  b y  c a r e f u l  m a c h i n i n g  to a size j u s t  
s l i gh t ly  too l a r g e  for  use  in  t he  e d d y  c u r r e n t  t h i c k -  
ness gauge .  T h e y  w e r e  t h e n  d e g r e a s e d  a n d  e t ched  
(10 cc conc. HNOs, 1 cc 48% HF,  89 cc H20;  a b o u t  
60~ u n t i l  a p p r o x i m a t e l y  50# h a d  b e e n  r e m o v e d .  
S p e c i m e n s  w e r e  r i n s e d  and  a n n e a l e d  (15 ra in  a t  
360~ s low cooled)  be fo re  be ing  we ighed ,  m e a s -  
u r e d  in  t he  t h i cknes s  gauge ,  and  cor roded .  

Determination ol amount ol corrosion.--Since t he  
p r e d o m i n a n t  co r ros ion  p r o d u c t  is an  a d h e r e n t  oxide ,  
s p e c i m e n  w e i g h t  ga in  p r o v i d e s  an  a p p r o x i m a t e  
m e a s u r e  of t he  a m o u n t  of cor ros ion .  H o w e v e r ,  some 
of the  o x i d e  is los t  to t h e  w a t e r  (d i s so lu t ion ,  s p a l l a -  
t ion,  e t c . ) ,  and  t h e  compos i t i on  of t he  p r o d u c t  
changes  w i t h  t i m e  as w e l l  as w i t h  e x p o s u r e  cond i -  
t ions.  These  f e a t u r e s  a r e  i l l u s t r a t e d  in Fig .  2 whe re ,  
for  a s ing le  spec imen ,  t he  ga in  in  w e i g h t  ( G ) ,  t he  
a m o u n t  of m e t a l  c o r r o d e d  ( L ) ,  d e t e r m i n e d  b y  the  
e d d y  c u r r e n t  g a u g e  to b e  desc r ibed ,  a n d  the  a m o u n t  
of a l u m i n u m  lost  f r o m  the  s p e c i m e n  (~) d u r i n g  e x -  
posu re  to O 2 - s a t u r a t e d  w a t e r  a t  70~ a r e  shown.  
The  a m o u n t  of m e t a l  los t  was  d e t e r m i n e d  b y  c h e m -  
ical  a n a l y s e s  of t he  effluent  so lu t ion  f r o m  the  tes t  
c h a m b e r ,  a f t e r  i t  h a d  been  c o n c e n t r a t e d  b y  e v a p o r a -  
t ion.  I t  was  n e c e s s a r y  to co r r ec t  these  va lue s  for  the  
a m o u n t  of a l u m i n u m  i n i t i a l l y  p r e s e n t  in  t h e  w a t e r .  

Us ing  the  a p p r o x i m a t i o n  t h a t  t he  compos i t i on  of 
the  co r ros ion  p r o d u c t  is A I ( O H ) z ,  t he  v a l u e  of x is 

G - F ~  27 
r e a d i l y  s h o w n  to be  e q u a l  to - -  �9 ~ .  This  r a t i o  

L--~ 17 

is observed to decrease with exposure time for the 
present experiment, although other types of change 
have sometimes been observed. It is typically not 
equal to 3.0, the stoichiometric composition of the 
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ox ide  ( b a y e r i t e )  i n d i c a t e d  b y  x - r a y  d i f f r ac t ion  to  
c o m p r i s e  t h e  b u l k  of t he  co r ros ion  p roduc t .  

T h e r e  a r e  two  c h e m i c a l  m e t h o d s  a v a i l a b l e  for  d e -  
t e r m i n i n g  d i r e c t l y  t he  a m o u n t  of u n r e a c t e d  m e t a l  a t  
t he  end  of an  exposure .  The  m e t a l  can  b e  d i s so lved  in  
a so lu t ion  of i od ine  in  m e t h a n o l  (2 ) ,  or  t he  ox ide  can  
be  d i s s o l v e d  f r o m  t h e  su r f ace  (1 ) .  Bo th  of t he se  m e t h -  
ods h a v e  b e e n  cons ide red  u n s a t i s f a c t o r y  for  t h e  p r e s -  
ed t  r e sea rch .  T h e  e r r o r s  for  t he  spec imens  used  r a n g e  
f r o m  abou t  0.1 m g  ( for  t he  f i lm r e m o v a l  m e t h o d )  to 
s o m e t h i n g  s e v e r a l  t imes  th is  m a g n i t u d e  for  t he  m e t a l  
d i s so lu t ion  me thod .  These  e r r o r s  a r e  o b j e c t i o n a b l y  
h igh  and  w o u l d  m a k e  imposs ib l e  a s a t i s f a c t o r y  d e -  
t e r m i n a t i o n  of t he  k ine t i c s  of t he  r e a c t i o n  of 1100 
a l u m i n u m  w i t h  w a t e r  a f t e r  t he  first  f ew  m o n t h s  of 
exposu re .  

In  a d d i t i o n  to t he  i n a c c u r a c y  of t h e s e  two  m e t h o d s  
t h e r e  is a n o t h e r  p r o b l e m .  Di f f e ren t  spec imens  c h a r -  
a c t e r i s t i c a l l y  c o r rode  to a d i f fe ren t  ex ten t ,  even  
t h o u g h  the  co r ros ion  r a t e s  in  an  i n d i v i d u a l  t e s t  a r e  
g e n e r a l l y  iden t i ca l ,  as w e l l  as can  be  m e a s u r e d ,  
a f t e r  e x t e n d e d  exposu re .  A n y  m e t h o d  of d e t e r m i n -  
ing  the  a m o u n t  of co r ros ion  w h i c h  d e s t r o y s  t h e  s a m -  
p le  for  s u b s e q u e n t  e x p o s u r e  adds  a k i n d  of s t a t i s t i ca l  
s ca t t e r  in  t he  d a t a  w h i c h  has  m a d e  i t  imposs ib l e  to 
d e t e r m i n e  c u r v e  shapes  w i t h  r e a s o n a b l e  confidence.  

A spec i a l l y  d e v e l o p e d  e d d y  c u r r e n t  t h i cknes s  
g a u g e  is i n sens i t i ve  to t he  a m o u n t  of o x i d e  coat ing .  
F o r  a f ew  y e a r s  i t  has  been  u sed  in  o b t a i n i n g  d a t a  
w h i c h  a r e  b e l i e v e d  r e l i a b l e  and  of a c c e p t a b l e  p r e -  
c is ion ( - -  25A p e n e t r a t i o n ) .  The  change  in the  i n -  
d u c t i v e  p r o p e r t i e s  of a coi l  a r e  m e a s u r e d  as a f u n c -  
t ion  of t he  t h i cknes s  of m e t a l  p l a c e d  w i t h i n  it. D e -  
t a i l s  of th is  g a u g e  a r e  y e t  to be  r e p o r t e d ,  a l t h o u g h  a 
first  m o d e l  (3)  a n d  a u s a b l e  b u t  less s ens i t i ve  v e r -  
s ion h a v e  b e e n  d e s c r i b e d  (4 ) .  The  c a l i b r a t i o n  curve ,  
as used  in  t he  p r e s e n t  i nves t iga t ion ,  is g i v e n  in Fig.  
3. T h e  s t r a i g h t  l i ne  d r a w n  t h r o u g h  t h e  po in t s  for  
s a m p l e s  w h i c h  w e r e  e t ched  in  I'HNOs-HF s o l u t i o n  
c o n t i n u e d  l i n e a r l y ,  b e y o n d  th is  f igure,  up  t h r o u g h  
200 m g  of m e t a l  r e m o v e d  p e r  sample .  S ince  a l l  spec i -  
m e n s  h a d  t h e  s ame  su r f ace  a r e a  (29.19 --  0.01 cm2),  
th is  c a l i b r a t i o n  c u r v e  could  r e a d i l y  be  u sed  to d e -  
t e r m i n e  the  a m o u n t  of co r ros ion  in m g / d m  2. 

The  sol id  po in t s  a r e  for  spec imens  w h i c h  h a d  been  
c o r r o d e d  in  w a t e r ;  mos t  of those  s h o w i n g  m o r e  c o r -  
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Fig. 3. Thickness gauge calibration curve; o, etched HNOs-HF; 
e, corroded in HsO. 
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ros ion  t h a n  10 r a g / s a m p l e  w e r e  t he  ones used  in  
d e t e r m i n i n g  the  k ine t i c s  for  e x t e n d e d  exposure .  I n  
a l l  such  cases,  the  w e i g h t  of m e t a l  c o r r o d e d  w a s  o b -  
t a i n e d  a f t e r  r e m o v a l  of t h e  co r ros ion  p r o d u c t  c o a t -  
ing  fo l lowing  exposu re .  I t  is n o t e d  t h a t  t he se  po in t s  
g e n e r a l l y  fa l l  b e l o w  the  l ine.  This  is a p p a r e n t l y  a 
consequence  of u n e v e n  co r ros ion  of t h e  spec imens .  
D u r i n g  the  e a r l y  p a r t  of the  e x p o s u r e  t he  spec imens  
h a d  less co r ros ion  p r o d u c t  n e a r  t he  ends  t h a n  in  t he  
center ,  sugges t i ng  t h a t  less  co r ros ion  h a d  t a k e n  p l ace  
a t  t h e  ends.  A s  a consequence  i t  is b e l i e v e d  t h a t  d a t a  
r e p o r t e d  a t  p r e s e n t  can  be  e x p e c t e d  to a p p l y  to t he  
c e n t r a l  p o r t i o n  of t he  s p e c i m e n s  on ly .  T h e  p h e n o m -  
enon  is b e l i e v e d  r e l a t e d  to a w a t e r  c o n t a m i n a t i o n  
effect d u r i n g  the  i n i t i a l  s t ages  of t he  co r ros ion  r e a c -  
t i on  (see  n e x t  s ec t ion ) .  F o r  t h e  longes t  e x p o s u r e  
t imes ,  t h e r e  is also a n o t h e r  f ac to r  c o n t r i b u t i n g  to  
d e v i a t i o n  of  t h e  po in t s  f r o m  the  l ine.  This  w i l l  be  
d e s c r i b e d  l a t e r .  

Data and Results 
Short time behavior.--In ref .  (1)  i t  was  i n d i c a t e d  

t h a t  the  a m o u n t  of co r ros ion  in w a t e r  a t  70 ~ is p r o -  
p o r t i o n a l  to t h e  l o g a r i t h m  of t i m e  t h r o u g h  a b o u t  
t he  first  7 h r  of  exposure .  The  c h a r a c t e r i s t i c s  of t he  
cor ros ion  k ine t i c s  in  th is  s t age  h a v e  b e e n  i n v e s t i -  
g a t e d  s o m e w h a t  f u r t h e r .  I t  is not  cons ide red  s u i t a b l e  
to d iscuss  h e r e  a l l  of t he  e x p e r i m e n t a l  p a r a m e t e r s  
w h i c h  inf luence  the  r a t e  and  a m o u n t  of co r ros ion  
d u r i n g  e a r l y  exposures .  H o w e v e r ,  i t  is cons ide r e d  
d e s i r a b l e  to p o i n t  out  a f ew  of t he  i m p o r t a n t  o b -  
s e r v a t i o n s  for  t h e  p u r p o s e  of a d d i n g  p e r s p e c t i v e  in  
t h e  cons ide r a t i on  of t he  l onge r  t i m e  cor ros ion .  

E~ect of exposure interruption.--If i t  is d e s i r e d  
to m a k e  a ser ies  of m e a s u r e m e n t s  of t h e  a m o u n t  of 
co r ros ion  on the  s ame  sample ,  w i t h  f u r t h e r  co r ros ion  
e x p o s u r e  b e t w e e n  m e a s u r e m e n t s ,  i t  is i m p o r t a n t  to 
k n o w  w h e t h e r  t he  a m o u n t  of co r ros ion  has  been  i n -  
f luenced  b y  r e m o v a l  f r o m  the  t es t  w a t e r  a n d  d r y i n g .  
S u b s e q u e n t  to t h e  f irst  s e v e r a l  d a y s  of exposu re ,  
w h e n  r e a c t i o n  r a t e s  h a v e  become  low,  i t  has  b e e n  
d e m o n s t r a t e d  t h a t  t h e r e  is no d i s c e r n i b l e  effect  of  
th is  i n t e r r u p t i o n  of t h e  exposure .  

F o r  sho r t  e x p o s u r e s  t he  s i t ua t ion  is d i f ferent .  A 
ser ies  of 10 spec imens  was  p l aced  in one c h a m b e r  
and  c o r r o d e d  toge the r .  These  spec imens  w e r e  r e -  
m o v e d  one at  a t i m e  for  e x p o s u r e s  up  t h r o u g h  48 hr,  
dr ied ,  and  t h e  a m o u n t  of  m e t a l  c o r r o d e d  d e t e r m i n e d  

w i t h  t he  e d d y  c u r r e n t  t h i cknes s  gauge .  Each  of these  
spec imens  was  s u b s e q u e n t l y  r e i n s e r t e d  in  t h e  t es t  
for  f u r t h e r  exposu re ,  up  to a t o t a l  of a b o u t  13 days .  
The  po in t s  r e p r e s e n t i n g  con t inuous  e x p o s u r e  a r e  
connec t ed  b y  a so l id  l ine  in  Fig .  4. This  l ine  is qu i t e  
s im i l a r  in  c h a r a c t e r  to d a t a  p r e v i o u s l y  r e p o r t e d  (1) .  
T h e r e  is a p p a r e n t l y  a l o g a r i t h m i c  cor ros ion  b e h a v i o r  
up  to  s o m e t h i n g  less t h a n  ha l f  a day ,  f o l l o w e d  b y  
an  i nc rea se  in  s lope  of t he  l ine  on semi log  c o o r d i -  
nates .  

Note  t ha t  a f t e r  i n i t i a l  e x p o s u r e s  t h r o u g h  1 d a y  
a l l  spec imens  c o r r o d e d  a t  m u c h  l o w e r  r a t e s  on r e -  
e x p o s u r e  to t h e  w a t e r .  The  d e p e n d e n c e  of t h e  r a t e  
on f u r t h e r  e x p o s u r e  is no t  w e l l  d e t e r m i n e d ,  b u t  
t h e r e  is a c o m m o n  b r e a k  u p w a r d  in  t he  cu rves  a f t e r  
a t i m e  of  the  o r d e r  of 5 days .  I t  is t hus  e v i d e n t  t h a t  
r e m o v i n g  the  spec imens  a n d  d r y i n g  t h e m  causes  a 
s u b s t a n t i a l  r e d u c t i o n  in s u b s e q u e n t  co r ros ion  r a t e  
and  a d e l a y  of  t h e  u p w a r d  b r e a k  in  t he  s emi log  plot .  

Number of specimens.--There a re  a n u m b e r  of 
i nd i ca t ions  t h a t  d u r i n g  the  i n i t i a l  s tages ,  a p r o d u c t  
of t h e  cor ros ion  r e a c t i o n  c o n t a m i n a t e s  t he  w a t e r  and  
inc reases  the  a m o u n t  of co r ros ion  occur r ing .  One of 
t he  i nd i ca t ions  of th is  is i l l u s t r a t e d  in  Fig.  5. Two 
tes ts  w e r e  r u n  i d e n t i c a l l y  e x c e p t  t h a t  one  c h a m b e r  
con t a ined  e igh t  spec imens  a n d  the  o t h e r  c o n t a i n e d  
on ly  one. I t  is c h a r a c t e r i s t i c  t h a t  s u b s t a n t i a l l y  m o r e  
cor ros ion  o c c u r r e d  p e r  s p e c i m e n  in t he  c h a m b e r  
c on t a in ing  the  g r e a t e r  a r e a  of co r rod ing  me ta l .  

A n u m b e r  of o t h e r  such c o m p a r a t i v e  e x p e r i m e n t s  
have  shown  t h a t  t he  t i m e  of onse t  of t h e  u p w a r d  
b r e a k  in  t he  s e m i - l o g  p lo t  a n d  i ts  m a g n i t u d e  a r e  t he  
mos t  sens i t ive  aspec t s  of t he  cor ros ion  r e a c t i o n  t o  
th is  va r i ab l e .  

Refreshment rate.--When the  n u m b e r  of  spec i -  
mens  in  the  c h a m b e r  was  m a d e  t h e  s ame  b u t  t he  
r a t e  of a d d i t i o n  of r e f r e s h i n g  w a t e r  was  c h a n g e d  
f r o m  5 to 16 m l / m i n  s i m i l a r  r e su l t s  w e r e  ob ta ined .  
A p p a r e n t l y  t he  h i g h e r  f low r a t e  d i l u t e d  t h e  con-  
t a m i n a n t  and  r e d u c e d  the  m a g n i t u d e  of i ts  c o r r o -  
s i o n - i n d u c i n g  effect.  

F u r t h e r  i l l u s t r a t i o n  of th i s  effect  is s h o w n  in Fig.  
6. H e r e  t he  ga in  in w e i g h t  of spec imens  c o r r o d e d  in 
i den t i ca l  f a sh ion  for  16 h r  is p l o t t e d  as  a func t ion  
of t he  r a t e  of r e f r e s h m e n t .  I t  is i n d i c a t e d  t h a t  for  
t he se  p a r t i c u l a r  condi t ions ,  s o m e t h i n g  a b o v e  20 
m l / m i n  r e f r e s h m e n t  r a t e  m i n i m i z e s  the  effect of t he  
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Fig. 7. Various effects of water contamination 

contaminant ,  and tha t  fu r the r  increase in the  re -  
f reshment  has no fu r the r  effect. The specimens in 
this series of exper iments  were  we t -g round  before  
exposure,  but  the resul ts  a re  be l ieved to be indica-  
t ive of the behavior  of in i t i a l ly  etched surfaces. The 
weight  gain provides  only an approx imat ion  of the 
amount  of meta l  corroded,  but  the t r end  is evident .  

In Fig. 7 are shown curves which seem to i l -  
lus t ra te  all  of the three  effects so far  discussed: in-  
te r rupt ion,  number  of specimens, and re f reshment  
rate.  Comparison of the  top two curves indicates  
that  a high re f reshment  ra te  provides  a smal ler  
amount  of corrosion (abe t ted  by  ear ly  in t e r rup t ion ) .  
Comparison of the middle  and bot tom curves shows 
tha t  the effect of the number  of specimens was 
grea te r  than  tha t  of the re f reshment  rate.  The middle  
curve was run  at condit ions which have now been 
taken as s tandard.  For  the  ear l ies t  pa r t  of the  ex-  
posure the  flow ra te  was main ta ined  high to min -  
imize the effect of contaminat ion;  subsequent ly  the 
re f reshment  ra te  was decreased for ease in pe r fo rm-  
ing the long t ime exper iment .  

Reproducibility.--For longer  tests it  is charac-  
te r i s t ica l ly  observed tha t  different  specimens in the 
same test  show amounts  of corrosion which differ 
by perhaps  10% al though the ra tes  of corrosion seem 
to be identical .  This effect is a consequence of v a r i -  
able behavior  of specimens dur ing  ear ly  exposure.  
The slopes of the logar i thmic  curves genera l ly  have 
been equal  pr ior  to the u p w a r d  break :  however  the  
t ime at  which the b reak  occurs has var ied  over  a 

fa i r ly  wide range,  and this has influenced the height  
of the final plateau.  

Long Time Behavior 
The resul ts  of one long tes t  wi l l  be descr ibed 

here. As a precaut ion  against  possible meta l lu rg ica l  
changes in the  specimens which would influence the  
readings  taken  on the eddy current  thickness gauge, 
three  specimens were  main ta ined  in a he l ium en-  
v i ronment .  These were  kept  in the same constant  
t e m p e r a t u r e  ba th  which was used for the  corrosion 
exposure,  and they  were  removed  and rep laced  at  
the same t imes as the corroding specimens. Their  
apparen t  thicknesses,  as de te rmined  by  the gauge, 
were  recorded per iodical ly .  

The changes in thickness gauge readings  were  
significant, but  ve ry  errat ic .  The genera l  t rend  
and all  to ta l  changes were  in the  di rect ion op- 
posite to the  change caused by  corrosion, a l -  
though there  were  i r regu la r  reversals ,  sometimes 
quite large.  I t  was concluded tha t  some me ta l -  
lurgical  changes, influencing thickness  gauge r ead -  
ings, were  occurr ing at  corrosion tempera ture .  
Aging was suspected as the p r i m a r y  change; its r a te  
and even the ra te  law were  not sa t i s fac tor i ly  de-  
termined.  I t  was clear  tha t  the  change was minor  
for about  the first 180 days of test. 

For  corroding specimens, plots of thickness  gauge 
readings  f rom 8 days  onward  showed tha t  corrosion 
was logar i thmic  for 180 days exposure.  Such da ta  
for one specimen (No. VI)  are shown as the  open 
circles in Fig. 8. A good s t ra ight  l ine is formed,  wi th  
re la t ive ly  l i t t le  scatter.  Subsequent  to 180 days, 
consistent  devia t ion  of the points f rom a s t ra ight  
l ine is observed.  Only one reading,  at one day, was 
taken  for  each specimen at t imes less than  8 days. 
This point  was consis tent ly far  below the e x t r ap -  
olated long- t ime  line. I t  is indica ted  tha t  at  tha t  t ime 
the amount  of corrosion had  not  ye t  reached the 
p la teau  fol lowing the u p w a r d  short  t ime b reak  in 
the corrosion curve. 

At  180 days, there  r emained  six specimens in each 
chamber ;  two f rom each had  been removed  ear l ier  
to provide  da ta  for ca l ibra t ing  the th ickness  gauge. 
Data  f rom these twelve  were  p lot ted  (uncorrec ted)  
as in Fig. 9, and the  basic constants  of the logar i th -  
mic curves were  de te rmined  for  all  except  No. XV 
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Fig. 9. Suggested corrosion at one point 

( w h i c h  u n e x p l a i n a b l y  s h o w e d  too m u c h  s ca t t e r  to 
be  u s e d ) .  The  s lopes  a n d  the  e x t r a p o l a t e d  a m o u n t s  
of co r ros ion  a t  one d a y  ( l o g a r i t h m i c  " i n t e r c e p t s " )  
a r e  shown  in T a b l e  I. T h e  i n t e r c e p t  v a l u e s  p e r h a p s  
ref lect  t he  fac t  t h a t  t he  e x p o s u r e  was  i n t e r r u p t e d  
at  1 d a y  a n d  t hus  m u s t  be  cons ide r ed  r e p r e s e n t a t i v e  
on ly  of t h e  p a r t i c u l a r  e x p e r i m e n t a l  cond i t ions  e m -  
p loyed .  

S p e c i m e n s  I I  t h r o u g h  VII  w e r e  in  t he  second  
c h a m b e r ;  t h e i r  r e f r e s h i n g  w a t e r  was  the  effluent  
f r o m  the  f irst  c h a m b e r .  The  c h a m b e r  con ta in ing  
spec imens  X t h r o u g h  X I V  r e c e i v e d  r e f r e s h i n g  w a t e r  
d i r e c t l y  f r o m  the  s to rage  ca rboy .  Bo th  the  s lopes  and  
i n t e r c e p t s  of t he  second  c h a m b e r  spec imens  w e r e  
g r e a t e r  t h a n  those  of t h e  spec imens  in  t he  first  
c h a m b e r  ( b y  a b o u t  1 7 % ) .  

I t  was  c l ea r  t ha t  t he  a v a i l a b l e  i n f o r m a t i o n  was  
no t  suff icient  to d e t e r m i n e  w h e t h e r  cor ros ion  con-  
t i n u e d  l o g a r i t h m i c a l l y  to t he  end  of t he  tes t  a t  547 
days .  In  an  effor t  to p r o v i d e  a r e a s o n a b l e  e s t ima te ,  
co r rec t ions  w e r e  c a l c u l a t e d  f r o m  the  t h i cknes s  g a u g e  
r e a d i n g s  of t he  s t a n d a r d  s a m p l e s  w h i c h  h a d  been  
aged  in  he l ium.  I t  was  a s s u m e d  t h a t  t he  ag ing  (or  
o the r  m e t a l l u r g i c a l  c h a n g e )  h a d  o c c u r r e d  a t  a con-  
s t a n t  r a t e  t h r o u g h o u t  t he  t i m e  t h e y  w e r e  k e p t  a t  
70 ~ , and  t h a t  t he  a v e r a g e  for  t he  t h r e e  s t a n d a r d  
spec imens  could  l e g i t i m a t e l y  be  a p p l i e d  to each  
co r ros ion  spec imen .  A c c o r d i n g l y  t he  " l eas t  s q u a r e s "  
s lope  of a l l  of the  t h i cknes s  g a u g e  changes  of t he  
s t a n d a r d s  (as  a func t ion  of t i m e )  w a s  d e t e r m i n e d  
and  used  to ca l cu l a t e  " co r r ec t i ons "  to be  a d d e d  to 
t h e  bas ic  d a t a  for  t he  cor ros ion  spec imens .  As  i l lus-  

Table I. Constants for logarithmic corrosion 
1100 A l u m i n u m ,  dist i l led wa te r ,  70~ O~-saturated 

L at  1 day,* 
Slope,* m g / d m  2 

Spec imen  No. mg/dm2-cyc le  (extrapolated) 

II  3.15 35.36 
II I  3.22 36.70 
IV 3.28 33.47 
V 3.16 36.98 

VI 3.26 35.61 
VII  3.29 34.20 

Average  3.23 35.59 

X 2.62 30.20 
XI 2.83 30.37 

XII  2.91 30.15 
XI I I  2.77 30.95 
XIV 2.78 29.32 

Average  2.78 30.20 

* D e t e r m i n e d  f r o m  u n c o r r e c t e d  d a t a .  

t r a t e d  in  Fig.  8, t h e  " c o r r e c t e d "  po in t s  f o r m e d  r e a -  
s o n a b l y  good  s t r a i g h t  l ines  on the  semi log  p lo t s  for  
t he  fu l l  t e s t  du ra t i on .  T h e r e  was  also a s l igh t  i n -  
c rease  in  s lope  in  going  to c o r r e c t e d  va lues ,  b u t  in  
v i ew  of t he  u n c e r t a i n t i e s  in  t he  co r rec t ions  i t  is no t  
c ons ide r e d  d e s i r a b l e  to r e p o r t  t h e  c o r r e c t e d  s lopes  
and  in t e r cep t s .  

Some  y e a r s  ago, b e f o r e  t he  t h i cknes s  g a u g e  h a d  
been  pe r f ec t ed ,  a co r ros ion  tes t  was  run ,  a t  t he  s ame  
n o m i n a l  cond i t ions  as those  for  t h e  p r e s e n t  r epor t ,  
for  a t o t a l  e x p o s u r e  t i m e  of 940 days .  The  a v e r a g e  
ga in  in  w e i g h t  of a l l  t he  spec imens  v a r i e d  l i n e a r l y  
w i t h  t he  l o g a r i t h m  of t i m e  f r o m  18 t h r o u g h  650 
days .  B e y o n d  t h a t  t ime,  t he  w e i g h t  ga in  s h o w e d  
some d e c r e a s e  a n d  some e r r a t i c  b e h a v i o r ,  p r o b a b l y  
be c a use  of t he  spo rad ic  s l o u g h i n g  of some of the  
cor ros ion  p roduc t .  A l t h o u g h  the  w e i g h t  ga in  is not  
cons ide red  to be  a t r u l y  r e l i a b l e  i n d i c a t i o n  of the  
a m o u n t  of cor ros ion ,  t he se  o b s e r v a t i o n s  t e n d  to sup -  
p o r t  t he  op in ion  t h a t  l o n g - t e r m  cor ros ion  r e m a i n s  
l oga r i t hmic .  

Discusison 
The  d e p e n d e n c e  of shor t  t i m e  cor ros ion  on m a n y  

e x p e r i m e n t a l  p a r a m e t e r s  i nd i ca t e s  t he  n e e d  of e x -  
t e n s ive  i n v e s t i g a t i o n  to u n d e r s t a n d  the  reac t ions .  
In  p a r t i c u l a r ,  t he  n a t u r e  of t he  w a t e r  c o n t a m i n a t i o n  
b y  t h e  cor ros ion  r eac t i ons  and  h o w  th is  inf luences  
co r ros ion  r a t e  shou ld  be  s tud ied .  Some  effor ts  to  do 
th is  a r e  be ing  m a d e  in th is  l a b o r a t o r y .  The  v a r i a t i o n  
of t he  p H  of t he  w a t e r  is b e i n g  m e a s u r e d  as a f u n c -  
t ion  of t i m e  a n d  pos i t ion ,  b o t h  a long  the  s u r f a c e  and  
n o r m a l  to it. S u b s t a n t i a l  p H  changes  do occur ,  p a r -  
t i c u l a r l y  close to  t he  c o r r o d i n g  su r f ace  (0.1 r a m ) .  

I t  has  s e e m e d  to be  t r u e  t ha t  i n i t i a l  co r ros ion  is 
l o g a r i t h m i c  and  is f o l l owed  in t u r n  b y  an  i nc rea se  
in r a t e  and  b y  a s u b s e q u e n t  e x t e n d e d  p e r i o d  of 
l o g a r i t h m i c  reac t ion .  I t  has  no t  been  d e t e r m i n e d  
for  h o w  long  th i s  e x t e n d e d  p e r i o d  endures .  The  
r a t e  l a w  seems  c l e a r l y  to ho ld  for  a t  l eas t  180 days ;  
subsequen t ly ,  i t  can  on ly  be  guessed  t h a t  to a t o t a l  
o b s e r v a t i o n  t i m e  of 650 d a y s  no c h a n g e  in  k ine t i c s  
occurs .  

I t  is i n t e r e s t i n g  to s p e c u l a t e  as to t he  m e c h a n i s m  
w h i c h  is r e s p o n s i b l e  for  t h e  long  t ime,  r e p r o d u c i b l e ,  
l o g a r i t h m i c  co r ros ion  b e h a v i o r .  P r e v i o u s  o b s e r v a -  
t ions,  as p o i n t e d  out  in  the  i n t roduc t i on ,  h a v e  i n d i -  
ca t ed  t h a t  a t  a n y  one t i m e  m u c h  of t he  co r ros ion  r e -  
ac t ion  occurs  at  a s m a l l  n u m b e r  of loca l ized  points ,  
and  t h a t  mos t  of t h e  co r ros ion  p r o d u c t  coa t ing  is no t  
in f luen t i a l  in  d e t e r m i n i n g  co r ros ion  ra te .  These  ob -  
s e r v a t i o n s  sugges t  t h a t  p r e v i o u s  d e r i v a t i o n s  (5)  a r e  
no t  suff icient  to e x p l a i n  t he  cor ros ion  b e h a v i o r .  The  
fo l lowing  d e v e l o p m e n t  of a r a t e  e x p r e s s i o n  is b a s e d  
on t h e  pe r iod i c  l o g a r i t h m i c  g r o w t h  and  b r e a k d o w n  
of p r o t e c t i v e  oxide .  

I t  is a s s u m e d  t h a t  a t  a n y  p o i n t  on the  s p e c i m e n  
su r f a c e  cor ros ion  fo l lows  l o g a r i t h m i c  cu rves  of the  
t y p e  i n d i c a t e d  in  Fig.  9. S u b s e q u e n t  to  each  t ime  
t h a t  b r e a k d o w n  of t h e  p r o t e c t i v e  f i lm occurs  t he  
i n i t i a l  r a t e  of r e a c t i o n  is less  t h a n  at  t he  p r e c e d i n g  
b r e a k .  The  t o t a l  a m o u n t  of  co r ros ion  o c c u r r i n g  in 
each  cyc le  is t h e  s ame ;  c o n s e q u e n t l y  t h e  d u r a t i o n  
of succeed ing  cyc les  is longer .  

I t  is a lso a s s u m e d  t h a t  a t  a n y  t i m e  t h e  va r i ous  
po in t s  on t h e  c o r r o d i n g  s p e c i m e n  a r e  b e h a v i n g  as  
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Fig. 10. Hypothetical rate curve for one time 

t h o u g h  a t  r a n d o m  po in t s  a long  a c h a r a c t e r i s t i c  
l o g a r i t h m i c  g r o w t h  curve .  Thus,  co r ros ion  r a t e s  of 
po in t s  on the  s p e c i m e n  a re  e q u a l  to s lopes  of v a r i o u s  
po r t ions  of t he  fo l lowing  g e n e r a l  e q u a t i o n  f r o m  0 to 
ti m ( i l l u s t r a t e d  in  Fig .  10) 

L ~ = a W b l n ( t  ~ ~ - f )  [1]  

The  v a l u e  of ] d e t e r m i n e s  the  i n i t i a l  slope, ti m is t he  
end  of t h e  c u r v e  segmen t ,  and  s is t he  ( c o n s t a n t )  
a m o u n t  of co r ros ion  o c c u r r i n g  in  t he  cycle.  

The  a v e r a g e  co r ros ion  r a t e  w i l l  be  t he  a v e r a g e  
s lope  of th i s  l ine  f r o m  0 to ti m. The  v a l u e  of th is  is 

dL ~ s 
- -  [ 2 ]  

d t  ~ t~ ~ 

Now, r ea l i z ing  t ha t  s is equa l  to Li ~ - -  Lo s, an  e x -  
p r e s s ion  for  i t  can  r e a d i l y  be  o b t a i n e d  f r o m  Eq. [1] .  
R e a r r a n g i n g ,  b y  so lv ing  for  ti m, g ives  Eq. [3]  

t~ ~ = I ( e S ~ b _  1) [ 3 ]  

S u b s t i t u t i n g  th is  in to  Eq. [2]  g ives  Eq.  [4] ,  w h i c h  
is the  a v e r a g e  ( o v e r  t he  su r f ace )  r a t e  of co r ros ion  
for  t he  s p e c i m e n  at  a n y  one  t ime.  

dL ~ s 
- -  - -  [ 4 ]  
d t  ~ ~ ( e s/b - -  1) 

In  o r d e r  to dec rea se  ( w i t h  r e spec t  to t i m e )  t he  
co r ros ion  r a t e  i m m e d i a t e l y  fo l lowing  the  v a r i o u s  
b r e a k s  in  t he  loca l  co r ros ion  curve ,  i t  is n o w  as -  
s u m e d  t h a t  f -~ c t .  S u b s t i t u t i n g  th i s  in to  Eq. [4]  a n d  
d r o p p i n g  the  *, s ince  w e  a re  dea l i ng  w i t h  a c t u a l  
cor ros ion  r a t h e r  t h a n  a h y p o t h e t i c a l  c u r v e  for  some 
p a r t i c u l a r  t ime ,  t he  o v e r - a l l  r a t e  exp re s s ion  in  Eq. 
[5]  is ob ta ined .  

d L  s 
- -  - [ 5 ]  
d t  c t  ( e ~ j b -  1) 

I n t e g r a t i n g ,  a n d  us ing  the  b o u n d a r y  cond i t ion  t h a t  
L = a w h e n  t -~ c t  = 1, t he  exp re s s ion  g iven  in  Eq. 
[6]  is ob t a ined .  

s 
L = a -~ In [ t ( c  Jr 1) ]  [6]  

c ( e ~/b - I )  

This  is o b s e r v e d  to be  a s i m p l e  l o g a r i t h m i c  e q u a -  
t ion  of t he  f o r m  L ~ KI  -~ Ke In t. 
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I t  has  no t  been  poss ib le  to d e m o n s t r a t e  t h a t  th is  
d e r i v a t i o n  c o r r e c t l y  e x p l a i n s  t he  l o g a r i t h m i c  d e -  
p e n d e n c e  of  t he  a m o u n t  of co r ros ion  on t ime .  I t  does  
s e e m  to fit t he  k n o w n  obse rva t ions .  I t  is an  a t t r a c -  
t ive  hypo the s i s  in  t h a t  t he  a m o u n t  of co r ros ion  for  
each  cyc le  at  a n y  p a r t i c u l a r  p o i n t  on the  spec imen  
su r f ace  is cons tan t .  This  sugges t s  t h a t  t he  cause  of 
t he  b r e a k  is some d i r ec t  effect of t he  t o t a l  a m o u n t  
of co r ros ion  w h i c h  o c c u r r e d  d u r i n g  th is  cycle.  A t  
th is  t i m e  the  p a r t  of t h e  co r ros ion  process  w h i c h  is 
p r e f e r r e d  to e x p l a i n  th is  is t he  l i b e r a t i o n  of gaseous  
h y d r o g e n  b e n e a t h  t h e  p r o t e c t i v e  ox ide  film. I t  is 
a s s u m e d  t h a t  a f ixed  p e r c e n t a g e  of  t h e  co r ros ion  
p r o d u c t  h y d r o g e n  is p r o d u c e d  b e n e a t h  t he  ox ide  
f i lm (6) ; t ha t  w h e n  the  gas  at  a n y  po in t  r e a c h e s  the  
a m o u n t  r e q u i r e d  to g e n e r a t e  p r e s s u r e  suff icient  to 
r u p t u r e  t he  oxide ,  t he  f i lm is b r o k e n  a n d  the  n e x t  
cyc le  o f , t h e  l o g a r i t h m i c  g r o w t h  is r e a d y  to begin .  
This  ana lys i s  sugges t s  t h a t  a g iven  a r e a  is a l t e r -  
n a t e l y  ca thod ic  and  anodic  ( in  a c c o rda nc e  w i t h  
su r f ace  a p p e a r a n c e ) ,  and  t h a t  t he  ca thod ic  a c t i v i t y  
is l a r g e l y  r e s p o n s i b l e  for  a c t i v a t i o n  a n d  the  change  
to ac t i ve  anodic  cor ros ion .  

T h e r e  is n o t h i n g  in  t he  p r e s e n t  r e s e a r c h  w h i c h  
offers an  e x p l a n a t i o n  for  t he  a p p a r e n t  fac t  t h a t  lo-  
cal  ox ide  g r o w t h  is l oga r i t hmic .  E v a n s  (5)  has  d e -  
r i v e d  such  a r a t e  e x p r e s s i o n  in  w h i c h  i t  is a s s u m e d  
t h a t  t h e r e  is h e a l i n g  or  f i l l ing of i n t e r n a l  c r acks  
and  vo ids  in t he  ( p r o t e c t i v e  p a r t  of t he )  ox ide  film. 
On the  bas is  of a n u m b e r  of obse rva t ions ,  th is  e x -  
p l a n a t i o n  seems  t enab le ,  a l t h o u g h  the  a c t u a l  p o r e -  
f i l l ing m e c h a n i s m s  seem l i k e l y  to be  d i f fe ren t  f rom 
the  s imp le  one used  b y  Evans .  

I t  is b e l i e v e d  t h a t  t h e  p r e s e n t  m e t h o d  of d e r i v i n g  
an  o v e r - a l l  r a t e  e x p r e s s i o n  for  n o n u n i f o r m  c o r r o -  
s ion is p o t e n t i a l l y  a p p l i c a b l e  to m a n y  cor ros ion  
sys tems .  A l i m i t a t i o n  to t h e  v a l u e  at  t he  p r e s e n t  
t i m e  is t ha t  i t  a p p e a r s  to be  qu i t e  diff icult  to d e -  
t e r m i n e  e x p e r i m e n t a l l y  t he  cons tan t s  bas ic  to the  
m e c h a n i s m .  

The work  on this paper  was pe r fo rmed  under  the 
auspices of the U. S. Atomic  Energy  Commission. 

A n y  discussion of this  p a p e r  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1963 
JOURNAL. 
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Contribution to the Electrochemical Behavior of Chromium 
and Iron-Chromium Alloys in the Transpassive Region 

Th.  Heumann  and H. S. Panesar 

Ins t i tu t  fi~r Me ta l l fo r schung  der Universi f f i t  Mi ins t e r /Wes t f . ,  W e s t  G e r m a n y  

ABSTRAC~ 

The polarization curves of Cr in electrolytic solutions containing different 
anions showed that  these anions did not have any influence on the mechanism 
of dissolution of Cr in  the transpassive region and that  only O H -  ions take 
part. The cur ren t /po ten t ia l  curves of CrOOH and Cr203 demonstrated the pos- 
sibility of the former compound being present  in the passive layer. Measure- 
ments  of the roughness factor of Cr after polarization in  the active or the pas- 
sive state indicated that  the roughness of the surface remains  constant  wi thin  
the accuracy of this method. The average roughness factor was 1.7. Fur the r  sur-  
face measurements  were carried out on a Fe-Cr  alloy (containing 27% Cr) 
which demonstrated an increase in  the roughness of the surface after polariza- 
tion of the alloy in the p r imary  transpassive region. 

D u r i n g  the past  few years  m a n y  inves t iga t ions  
(1-9)  of the e lec t rochemica l  behav io r  of c h r o m i u m  
and  i r o n - c h r o m i u m  alloys have  been  car r ied  out, 
which  demons t r a t e  the i r  grea t  t e n d e n c y  toward  
pass ivat ion.  These expe r imen t s  sti l l  do no t  give 
sufficient da ta  to exp la in  c lear ly  the m e c h a n i s m s  
of: 1, pass iva t ion ;  2, d issolu t ion  in  the  t r anspass ive  
region;  and  3, ac t iva t ion  and  cathodic deposi t ion.  
Almost  all  the inves t iga t ions  were  car r ied  out  in  
su l fur ic  acid. 

In  order  to discuss the most  i m p o r t a n t  m e c h -  
an i sms  of pass iva t ion  and  d issolu t ion  in  the  t r a n s -  
passive state, we wi l l  consider  c u r r e n t / p o t e n t i a l  
curves  which  have  been  m e a s u r e d  us ing  the  p o t e n -  
t iostat ic  method.  F igu re  1 shows the  c u r r e n t / p o t e n -  
t ia l  curves  of c h r o m i u m  in  H2SO 4 of different  n o r -  
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Fig. 1. Current density/potent:al curves of Cr in H2S04 with 
different normalities measured potentiostatically; o % 0.2N 
H2S04 (3); 1 7 - - - - I - 1 ,  0.1N H2S04 (Kolotyrkin) and o - - - - 0  1N 
H2S04 (Kototyrkin) i7), analytically determined. 

mali t ies .  A n  anodic  c u r r e n t  dens i ty  of 10 -3 a m p / c m  2 
in  0.2N H2SO 4, appl ied  to a c h r o m i u m  spec imen  in  
the  act ive s ta te  causes pass iva t ion .  The  pass iva t ion  
is complete  at a po ten t i a l  va l ue  of --300 my.  As the  
po ten t i a l  is f u r t h e r  increased,  the  s ign of the  cu r -  
r en t  is reversed.  Evo lu t ion  of h y d r o g e n  takes  place 
on the  passive surface  of the  ch romium.  The  n e x t  
change  in  the c u r r e n t  s ign takes  place at  a po ten t i a l  
which  can v a r y  over  a w ide  range.  The  va r i a t i ons  
in  this  e q u i l i b r i u m  rest  po t en t i a l  are  due  to a smal l  
exchange  c u r r e n t  densi ty .  The smal l e r  the  a m o u n t  
of adsorbed  h y d r o g e n  on the  surface  of the  ch rom-  
ium,  the g rea te r  is the  va l ue  of the  e q u i l i b r i u m  rest  
potent ia l .  

I n  the passive region,  c h r o m i u m  dissolves as t r i v a -  
l en t  Cr 3+, and  w h e n  the  po t en t i a l  is ra i sed  to 1050 
m v  and  above it  goes into solut ion as chromate .  The 
pola r iza t ion  curves  for the  d issolu t ion  of Cr as 
chromate ,  which  are reproducib le ,  are  displaced 
toward  h igher  po ten t ia l s  as the  pH of the  e lectro-  
lyt ic  solut ion decreases and  are  pa ra l l e l  to each 
other  (1) .  I t  was  a s sumed  f rom these obse rva t ions  
tha t  the d issolu t ion  of Cr  as ch romate  in  the  t r a n s -  
passive reg ion  r equ i r ed  2 O H -  ions. 

In  the case of F e - C r  al loys (Cr above 11%) a 
double  pass iva t ion  is observed  (4) .  In  the  p r i m a r y  
t r anspass ive  reg ion  the  po la r iza t ion  curves  of F e - C r  
alloys coincide wi th  tha t  of p u r e  Cr and  in  the  sec- 
o n d a r y  t r anspas s ive  reg ion  wi th  tha t  of p u r e  iron.  

The f u r t he r  inves t iga t ions  descr ibed in this  r e -  
por t  were  des igned to test  or measure :  ( i)  the i n -  
f luence of an ions  on the m e c h a n i s m  of d isso lu t ion  
of pu re  Cr in  the  t r anspass ive  region;  (ii) the be -  
hav ior  of the  compounds  CrOOH and  Cr203 on 
anodic  polar iza t ion,  because  the  passive l ayer  on 
c h r o m i u m  could be composed of one of these  com-  
pounds ;  and  (ii i)  the t rue  sur face  area  of the  Cr and  
F e - C r  specimens  af ter  d i f ferent  p r e l i m i n a r y  t r ea t -  
ments .  

The e lect rolyt ic  c h r o m i u m  was reduced  in  a h y -  
d rogen  a tmosphe re  at abou t  1300~ Microscopic ex-  
a m i n a t i o n  showed a f t e rwards  an  absence  of oxide 
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inclus ions .  The  m a t e r i a l  w h i c h  h a d  a l a r g e r  g r a i n  
size (1-2 m m )  in c o m p a r i s o n  to t h e  o r ig ina l  one,  
was  used  for  a l l  f u r t h e r  inves t iga t ions .  

The  i r o n - c h r o m i u m  a l loys  w e r e  p r e p a r e d  b y  
m e l t i n g  c a r b o n y l  i ron  and  the  pu r i f i ed  c h r o m i u m  and  
a n n e a l e d  to h o m o g e n i z e  be fo re  use. 

E x p e r i m e n t a l  de t a i l s  a r e  g iven  in  t he  l i t e r a t u r e  
(1,2).  A l l  the  i nves t i ga t i ons  w e r e  c a r r i e d  out  a t  
20~ 

Dissolution of Chromium in the Transpassive Region in 

the Presence of Different Electrolytes 

The  c u r r e n t / p o t e n t i a l  cu rves  w e r e  m e a s u r e d  in  
so lu t ions  of chromic ,  su l fur ic ,  hyd roch lo r i c ,  n i t r ic ,  
and  ace t ic  acids.  These  ac ids  c o n t a i n e d  t h e  c o r r e s -  
p o n d i n g  p o t a s s i u m  sa l t s  to i nc rea se  t he  c o n d u c t i v i t y  
and  buf fe r  act ion.  

F i g u r e  2 shows  the  r e su l t s  fo r  h y d r o c h l o r i c  acid.  
A l l  t he  cu rves  a r e  p a r a l l e l  to each  o t h e r  and  show 
the  s a m e  p o t e n t i a l / p H  d e p e n d e n c e  as was  o b s e r v e d  
in  the  p r e v i o u s  i nves t i ga t i ons  (1) .  T h e  c u r r e n t / p o -  
t e n t i a l  m e a s u r e m e n t s  in  the  r e m a i n i n g  so lu t ions  
gave  i d e n t i c a l  resu l t s .  W h e n  t h e  p o t e n t i a l s  for  a 
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Fig. 2. Polarization curves of Cr with and without addition of KCI; 
left, pH, 1, 0.15; 2, 0.60; 3, 091; 4, 1.70; 5, 2.20; 6, 2.65; right 
pH, 1, 0.10; 2, 0.60; 3, 1.10; 4, 1.27; 5, 1.70; 6, 2.40. 
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Fig. 3. Potential of Cr in different electrolytes in relation to the 
pH value with on anodic current density of 10 -5  amp cm -2. Solid 
circle, HNO3; open triangle, O.1M KN03 -~- HN03; open square 
with an x, H2504; open circle, O.]M K2S04 -I- H2S04; x, HCI; open 
square, O.1M KCI -I- HCI; open dotted triangle, chromic acid; open 
dotted circle, K-acetate -]- acetic acid. 
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Fig. 4. Electron microscope photographs of CrOOH (right) and 
Cr203 (left) powder. 

p a r t i c u l a r  c u r r e n t  d e n s i t y  a r e  t a k e n  f r o m  the  curves  
for  t he  d i f fe ren t  so lu t ions  and  p l o t t e d  aga in s t  t he  
c o r r e s p o n d i n g  p H  a s t r a i g h t  l ine  w i t h  an  inc l ina t ion  
65 m v / p H  is ob t a ined ,  as s h o w n  in Fig .  3. This  shows  
c l e a r l y  t h a t  t he  p re sence  of d i f fe ren t  an ions  in t h e  
so lu t ion  does  no t  h a v e  a n y  inf luence  on the  d i s so lu -  
t ion  of c h r o m i u m  as c h r o m a t e  in  t he  t r a n s p a s s i v e  
r e g i o n  and  t h a t  on ly  t he  O H -  ions  a r e  r e spons ib le .  
The  t r a n s f e r  coefficients h a d  the  s a m e  v a l u e  for  t he  
d i f fe ren t  e l e c t r o l y t e s  in t he  s t ud i ed  p H  range .  The  
F e - C r  a l loys  show the  s ame  b e h a v i o r  as f a r  as t he  
p r i m a r y  t r a n s p a s s i v e  r eg ion  is concerned .  

Polarization Curves of CrOOH and Cr203 
These  subs tances ,  in  a v e r y  fine p o w d e r  fo rm,  1 

w e r e  f irst  e x a m i n e d  w i t h  t he  a id  of an  e l e c t r o n  m i -  
croscope.  E l e c t r o n  m i c r o g r a p h s ,  in  Fig .  4, show t h a t  
t h e i r  g ra ins  h a v e  a lmos t  t he  s a m e  size b u t  d i f fe ren t  
shapes .  

Because  of the  low e l ec t r i ca l  c o n d u c t i v i t y  of these  
m a t e r i a l s  i t  was  no t  e a sy  to s t u d y  t h e m  e l e c t r o -  
chemica l ly .  The  fo l lowing  t r e a t m e n t  was  successful ,  
h o w e v e r .  

The  m a t e r i a l ,  in  a fine g r a i n e d  p o w d e r  fo rm,  was  
s u s p e n d e d  in a so lu t ion  con ta in ing  p r e v i o u s l y  p r e -  
c i p i t a t e d  p l a t i n u m .  A f t e r  s t i r r i n g  the  so lu t ion  for  
a b o u t  30 m i n  i t  was  poss ib le  to ob t a in  a good h o m o -  
geneous  m i x t u r e .  I t  was  t hen  f i l te red ,  w a s h e d  w i t h  
d i s t i l l ed  w a t e r  m a n y  t imes  to ge t  r i d  of N a  + and  
C1- ions, a n d  t h e n  dr ied .  This  m i x t u r e ,  con t a in ing  
an  excess  of p l a t i n u m ,  was  p r e s s e d  into  t a b l e t  f o rm  
us ing  a p r e s s u r e  of 150 k g / c m  2. The  s p e c i m e n  so 
p r e p a r e d  possessed  h igh  c o n d u c t i v i t y  and  ha rdness .  
A f t e r  i m b e d d i n g  in  a spec ia l  p l a s t i c  m a t e r i a l ,  t h e y  
w e r e  a b r a d e d  on 6 /0  e m e r y  p a p e r .  These  spec imens  
t hen  showed  m e t a l l i c  lus te r .  The  r a t i o  of t he  s u r -  
face  areas ,  ox ide  to P t  was  1:1.5 w i t h  c o r r e s p o n d i n g  
w e i g h t  r a t ios  of 0.15: 1.2g. The  e q u i l i b r i u m  res t  p o -  
t e n t i a l  v a l u e s  of t he  ox ide  e l ec t rodes  in  0.1N H2SO4 
w e r e  i d e n t i c a l  w i t h  those  of Pt .  

Be fo re  m e a s u r i n g  c u r r e n t / p o t e n t i a l  cu rves  on 
these  e l ec t rodes  b y  the  g a l v a n o s t a t i c  me thod ,  t h e y  
w e r e  c a t h o d i c a l l y  p o l a r i z e d  w i t h  a c u r r e n t  d e n s i t y  
of 1 m a / c m  2, r e s u l t i n g  in h y d r o g e n  evo lu t i on  on the  
sur face .  

In  o r d e r  to i n v e s t i g a t e  t he  inf luence  of t h e  P t  
b l a c k  in  t he  e lec t rode ,  a s p e c i m e n  cons i s t ing  of a 
P t - r i n g  and  a c h r o m i u m  d i sk  was  p r e p a r e d .  F i g u r e  
5 shows  the  P t  r i n g - C r  spec imen .  The  p o l a r i z a t i o n  
cu rves  of th is  s p e c i m e n  a re  s h o w n  in Fig .  6. I t  is 
o b s e r v e d  t h a t  t he  p o t e n t i a l  r e m a i n s  cons t an t  as t h e  

1 T h e  a u t h o r s  are grateful to Dr. H u n d t  for  supplying the pure 
c o m p o u n d  CrOOH. 
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Fig. 5. Electrode composed of Pt ring and Cr disk; a, Cr; b, Pt 
ring; c, plastic material; d, isolated Cu wire. 
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Fig. 6. Current density/potential curves of Cr, CrOOH, Cr203, 
and Cr-Pt ring electrodes. Electrolyte, 0.1N H2SO4 at 20~ % Pt 
ring ~ Cr; e, Cr; X ,  Pt black ~ CrOOH; ~-, Pt black -~- 
Cr203. 

cu r r en t  dens i ty  increases.  W h e n  the  cu r r en t  dens i ty  
reaches a va lue  of 1 m a / c m  e, the re  is a s u d d e n  in -  
crease in  potent ia l ,  and  s i m u l t a n e o u s l y  the ye l low 
color due  to the  fo rma t ion  of ch romate  is seen. 

This fact is observed not  on ly  on the  p l a t i n u m  
r i n g - c h r o m i u m  electrode,  bu t  also on CrOOH and  
Cr203 electrodes.  For  the sake of verif icat ion,  the  
po la r iza t ion  curve  of p u r e  c h r o m i u m  is p lo t ted  in  
the  same figure. I t  is seen t ha t  in  the  t r anspass ive  r e -  
gion the  P t - r i n g - C r  curve  comple te ly  coincides wi th  
the c u r r e n t / p o t e n t i a l  cu rve  of the  pu re  c h r o m i u m  
electrode.  It  is the re fore  assumed  tha t  the presence  
of p l a t i n u m  does no t  in  a n y  way  inf luence  the dis-  
so lut ion of CrOOH and  Cr203 as chromate ,  b u t  i n -  
creases on ly  the i r  conduct iv i ty .  

Fu r the r ,  Fig. 7 shows tha t  the  c u r r e n t / p o t e n t i a l  
curves  of CrOOH and  Cr20~ and  passive Cr are 
pa ra l l e l  to each other.  Wi th  re fe rence  to the Cr 
curve,  the CrOOH curve  is d isplaced by  35 m v  to a 
lower  potent ia l ,  and  the  Cr203 curve  is shif ted by  
80 m v  to a h igher  potent ia l .  

The para l l e l  d i sp lacemen t  of the  CrOOH curve  is 
due to the  g rea te r  surface  area  of fine powdered  
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Fig. 7. Current density/potential curves on different electrodes 
in O.1N H2SO4 at 20~ X,  CrOOH; e, Cr; % Cr203; [3, Pt; A,  Pt 
black pressed; | Pt black deposited on Pt electrode. 

CrOOH in  compar i son  to tha t  of ch romium.  The 
d i sp lacement  of the  curves  to a lower  potent ia l ,  due  
to the increase  in  the surface  area,  can be exp la ined  
by  the  resul ts  of the  fo l lowing inves t iga t ion  car r ied  
out  on p l a t i num.  

F igu re  7 shows the c u r r e n t / p o t e n t i a l  cu rve  on 
p l a t i num,  p l a t i n u m  black in  pressed fo rm a nd  p la t -  
i n u m  black  deposi ted on a p l a t i n u m  electrode.  They  
aI1 r u n  pa ra l l e l  to each o ther  and  are  d isplaced in  
order  of the i r  sur face  areas  to the  lower  po ten t i a l  
va lues  (surface  areas:  P t  b lack  deposi ted > P t  b lack  
pressed > P t ) .  In  the  same figure the  c u r r e n t / p o -  
t en t i a l  curves  of oxide electrodes which  were  meas -  
u r ed  in  a separa te  expe r imen t ,  are  plot ted.  Now 
because  bo th  the  oxide ma te r i a l s  have  a lmost  the  
same g ra in  size (see Fig. 4) and  there fore  possibly  
the  same areas  and  the same poros i ty  w h e n  mixed  
and  pressed wi th  P t  b lack  in  the same propor t ion ,  
the  d i sp lacemen t  of the  Cr203 curve  to the  h igher  
po ten t i a l  is no t  due to the  sma l l e r  surface  area  b u t  
due  to a h igher  overvol tage  which  is needed  for the  
ox ida t ion  of t r i v a l e n t  Cr to h e x a v a l e n t  Cr. It  can 
also be seen tha t  if the  Cr a nd  the  CrOOH spec imen  
had  the  same surface  areas,  the i r  c u r r e n t / p o t e n t i a l  
curves  wou ld  coincide.  

It  can there fore  be said tha t  the  passive l ayer  on 
Cr is poss ib ly  composed of CrOOH and  not  of the  
less p robab le  Cr208. It  is difficult, however ,  to come 
to une qu i voc a l  conclus ion  abou t  the n a t u r e  of the  
passive l ayer  on the  basis of these  expe r imen t s .  The  
ques t i6n  of how far  the  e lec t rochemica l  p roper t ies  
of the  t h in  oxide films differ f rom those of the  com- 
pact  ma te r i a l s  mus t  first be  t ho rough ly  s tudied  be -  
fore a specific decision is made.  

Determinat ion of the Roughness Factor (R.F.)  
The q u a n t i t a t i v e  eva lua t i on  of e lec t rochemical  

inves t iga t ions  fail  mos t ly  because  the  t r u e  surface  
area  of the spec imen  is not  known .  In  ca lcula t ions  



Vol. 110, No. 6 B E H A V I O R  O F  C r  I N  

of such resul ts ,  one gene ra l l y  assumes  a roughness  
factor  of 2-3. In  p rev ious  inves t iga t ions  us ing  this  
R.F., the  th ickness  of the  pass ive  l aye r  on e lec t ro-  
lyt ic c h r o m i u m  was found  to be 1-2 a toms thick.  
I t  is i m p o r t a n t  the re fore  to find a me thod  for de-  
t e r m i n i n g  the  t rue  surface  area, as far  as possible. 
F u r t h e r m o r e ,  as most  of the  electrodes used pos-  
sessed sur face  areas of abou t  1 cm 2, methods  l ike 
B.E.T. or dye adsorp t ion  were  excluded.  

The me thod  of E rbache r  (10) for d e t e r m i n i n g  
R.F. was  found  to be the most  su i t ab le  for this  p u r -  
pose. By  this  e lec t rochemical  method,  cat ions  of a 
metal ,  more  nob le  in  po ten t i a l  t h a n  the  subs t ra te ,  
are deposi ted by  di rect  a tom exchange  f rom the i r  
solut ion,  w i thou t  us ing  any  e x t e r n a l  c u r r e n t  on the  
surface  of the  me t a l  electrode. Accord ing  to E r -  
bacher  (10),  the l ayer  so deposi ted is on ly  one a tom 
thick.  The a m o u n t  of the  e l emen t  deposited,  be ing  
ve ry  small ,  could on ly  be d e t e r m i n e d  wi th  the  help  
of a rad ioac t ive  t racer .  In  our  case, Bi 212 isotope, 
occur r ing  as a decay p roduc t  in  the  rad ioac t ive  
t h o r i u m  series, was  used as t racer .  For  the  accuracy  
of this  method,  it  m a y  be said tha t  the  resu l t s  ob-  
t a ined  are no t  comple te ly  exact,  b u t  enab le  us to 
d r aw  v a l u a b l e  conclus ions  w h e n  used in  the  e lec t ro-  
chemical  calculat ions .  This  method,  ver i f ica t ion of 
its assumpt ions ,  and  the  ob ta ined  resul ts  are de-  
scr ibed below. 

In  the  p r e l i m i n a r y  exper imen t s ,  a passive ch rom-  
i um electrode was placed in to  BiC13 solu t ion  which  
con ta ined  an  excess of 0.1N HC1. The  change  in  
e q u i l i b r i u m  rest  po ten t i a l  was  no ted  w i th  t ime.  
Af t e r  abou t  2 hr, the  e q u i l i b r i u m  res t  po ten t i a l  of 
c h r o m i u m  reached  a cons t an t  value.  This  va lue  cor-  
responds  to the  one observed for a Bi e lectrode in  
the same solut ion,  u n d e r  s imi la r  condi t ions.  F igu re  
8 shows the  no ted  p o t e n t i a l / t i m e  dependence .  

The Bi 212 isotope used as t r ace r  was separa ted  
f rom the n a t u r a l  rad ioac t ive  t h o r i u m  in  the  fol-  
lowing  way.  The emi t t ed  r adon  gas (Rn  e2~ was  col- 
lected on a p l a t i n u m  foil. Rn  22~ isotope decays f u r -  
the r  in to  o ther  isotopes, bu t  the one w i th  the  longest  
ha l f  life, 10.6 hr, is Pb  212. The Pb  212 isotope f u r t h e r  
decays  in to  Bi 2~2, which  s u b s e q u e n t l y  decomposes 
into rad ioac t ive  products  wi th  v e r y  short  ha l f  life, 
f inal ly  p roduc ing  inac t ive  Pb  2~ On the  p l a t i n u m  
foil were  m a i n l y  Pb  212 and  Bi 21e in  e q u i l i b r i u m  wi th  
each other.  

§ 200 l 

8 i  

30 60 90 120 150 
Time (rnin) 

Fig. 8. Potential/time curves on Bi and Cr electrodes in BiC]3 
solution; cone., i mg Bi/I; electrolyte, BiCI,~ at 20~ X ,  Bi; % Cr, 
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Fig. 9. Experimental arrangement for depositing Bi. G, small test 
tube; P, plastic material. 

The  p l a t i n u m  foil was  kep t  in  rad ioac t ive  a tmos -  
phe re  of n a t u r a l  t h o r i u m  for abou t  36 hr  in  order  to 
get a la rge  q u a n t i t y  of Pb  212 isotope. 

For  the  s epa ra t ion  of B 2~2 f rom the  P b  212 isotope, 
the  rad ioac t ive  deposit  was  dissolved e lec t ro ly t ica l ly  
f rom the  p l a t i n u m  foil in  0.1N HC1. The  hydroch lo r ic  
acid used was  air  f ree and  sa tu ra t ed  w i th  hydrogen .  
This  so lu t ion  was  placed u n d e r  the vessel  shown in  
Fig. 9. The  glass test  t ube  G, con ta in ing  abou t  40 ml  
of the  solut ion,  was  fixed in  a bored  plast ic  ma te r i a l  
P, which  was i tself  fitted in  a glass base  con ta in ing  
dis t i l led  water .  H y d r o g e n  was  passed t h r ough  the 
glass vessel  d u r i n g  the whole  e x p e r i m e n t  to p r e -  
v e n t  the entrance of oxygen from the atmosphere 
into the glass vessel. Oxygen or air redissolves the 
deposited bismuth in hydrochloric acid. A platinum 
foil, 1 cm 2 in area, was dipped in the radioactive 
solution and rotated in it. After about 90 min Bi 
isotope deposition was complete. In order to prevent 
the adsorption of even a small amount of lead isotope 
on the platinum foil, l mg of solid PbCl~ was added 
to the original solution. The particles of inactive lead 
adsorbed on their surface the active Pb isotope. The 
deposi t ion  of Bi 21~ isotope on p l a t i n u m  foil u n d e r  
these condi t ions  takes  place p r e f e r e n t i a l l y  because  
of its nob le r  po ten t i a l  aga ins t  tha t  of lead. 

This separa ted  Bi 212 was  e lec t ro ly t ica l ly  dissolved 
in  0.1N HC1, and  by  us ing  a "Bohr loch crys ta l"  its 
ha l f  l ife was  de t e rmined .  F i g u r e  10 shows the  i n -  
t e n s i t y / t i m e  curve.  The ha l f  life per iod  d e t e r m i n e d  
in  this  w a y  was  in  good a g r e e m e n t  w i th  the one 
s ta ted in  the  l i t e ra tu re .  

For  deposi t ing  b i s m u t h  on the  sur face  of the  
c h r o m i u m  electrode,  the  same e x p e r i m e n t a l  a ppa ra -  
tus  was  used as shown  in  Fig. 9. 

To 1 ml  of the  act ive solut ion,  0.5 ml  of inac t ive  
b i s m u t h  solut ion (conc. 1 mg B i / l i t e r )  was  added. 
This concen t r a t i on  is sufficient to cover  the surface 
of the  c h r o m i u m  wi th  a b i s m u t h  l ayer  of on ly  one 
a tom thickness .  

The  difference in  the  m e a s u r e d  rad ioac t ive  i n t e n -  
s i ty before  and  af ter  deposi t ion  enab led  the  de te r -  
m i n a t i o n  of the  absolu te  a m o u n t  of b i s m u t h  de-  
posited. The i n t e ns i t y  m e a s u r e m e n t s  were  carr ied 
out  b y  m e a n s  of a sc in t i l l a t ion  counter .  In  separa te  



632 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  June 1963 

Id'. 
Imp~ O,5min 

s 

l~  ~ '~""~-.~......~ 

io' 

5 

o ~o eo 12o ~o 
Time ( rninJ---P. 

Fig. 10. Radioactive decay of experimentally separated Bi isotope. 
T, 62.0 min; in literature, % 60.5 min. 
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Fig. 11. Amount (%)  of Bi, deposited on Cr, plotted against time. 
Geometrical surface area of Cr, 0.625 em2; concentration of Bi in 
solution before deposition, 1 mg/I. 

exper iments ,  the a m o u n t  of b i s m u t h  adsorbed  on the  
plast ic  mate r ia l ,  in  which  the  Cr and  F e - C r  elec- 
t rodes  were  imbedded ,  was  de t e rmined .  I t  was  
found  to be about  5% of the  q u a n t i t y  of b i s m u t h  in  
solut ion.  I t  was  there fore  a lways  sub t rac t ed  f rom 
the  observed  va lues  of the b i s m u t h  deposit ion.  In  a 
c lose-packed layer  of b i s m u t h  a toms the  surface 
area  occupied by  a s ingle  b i s m u t h  a tom according  to 
Erbache r  (10) is 6 r 2 t a n  30 ~ whe re  r is the radius  
of the b i s m u t h  atom. F igu re  11 shows the  a m o u n t  in  
per  cent  of b i s m u t h  deposited,  p lo t ted  aga ins t  t ime.  
As seen f rom this  figure, a f ter  abou t  100 m i n  the  
whole  surface  of the electrode seems to be covered 
w i th  b i s m u t h  atoms. 

V a r y i n g  the  concen t r a t i on  of b i s m u t h  in so lu t ion  
b e t w e e n  3 x 10-6g and  5 x 10-7g b i s m u t h  per  l i ter  
did not  affect, w i t h i n  the  accuracy  of this method,  
the q u a n t i t y  of b i s m u t h  f inal ly  deposi ted on the  elec-  
trode. It  is therefore  assumed  tha t  the  a m o u n t  of 
b i s m u t h  deposi ted is i n d e p e n d e n t  of the o r ig ina l  
b i s m u t h  concen t ra t ion .  This just i f ied fu r t h e r  the  
basis  of this  method.  

Al l  the  spec imens  were  ab raded  on 6/0 e m e r y  
paper  and  g iven  di f ferent  p r e l i m i n a r y  t r ea tmen t s .  

Tab le  I p resen t s  the  da ta  f rom a series of m e a s -  
u r emen t s ,  and  Table  II  gives al l  the  resul t s  for the  
different  roughness  factor  de te rmina t ions .  

Table I. Data from a series of measurements 

S u r f a c e  G e o m e t -  
a r e a  r i e a l  

g B i i n  % B i  g B i  f o u n d ,  s u r f a c e  
No.  s o l u t i o n  deposited deposited cm ~ a r e a ,  c m  ~ R .F .  

1 5 X 10 -7 71.10 3.55 X 10 -7 
2 5 X 10 -7 68.21 3.41 X 10 -7 
3 5 X 10 -7 71.13 3.55 X 10 -7 
4 5 X 10 -7 68.04 3.40 X 10 -7 
5 5 X 10 -7 65.48 3.27 X 10 -~ 

3.43 X 10 -7 

1.12 0.625 1.81 

Table II. Results for different roughness factor determinations 

S p e c i m e n  P r e l i m i n a r y  t r e a t m e n t  R .F .  

C r  

Cr 

Cr 

Fe-Cr  (27%) 
Fe-Cr  (27%) 

Abraded on 6/0 emery paper 1.8 
Abraded on (6/0) and polarized 1.6 

in the active state 
Abraded on (6/0) and polarized 1.7 

in the passive state 
Abraded on (6/0) 2.0 
Abraded on (6/0) and polarized 2.7 

in the pr imary  transpassive re-  
gion 

The va lues  found  for the R. F. seem to agree in 
order  of m a g n i t u d e  wi th  the  one gene ra l ly  assumed  
in  e lec t rochemical  calculat ions .  

I t  is wor th  n o t i n g  tha t  the  t rue  surface area  of the  
c h r o m i u m  r e ma i ns  p rac t i ca l ly  cons tan t  af ter  anodic  
d issolu t ion  in  the  t r anspass ive  reg ion  w i th  an  anodic  
c u r r e n t  dens i ty  of 5 x 10 -4 a m p / c m  e or af ter  po l a r -  
izat ion wi th  a cathodic c u r r e n t  dens i ty  of --10 -5 
a m p / c m  2 in  the  act ive  state. This  agrees w i th  the 
fact t ha t  the  po la r iza t ion  curves  can be reproduced  
so well ,  po in t i ng  to an  even  d issolu t ion  of the chro-  
m i u m  surface.  

Using the q u a n t i t y  of c u r r e n t  1.4 m i l l i c o u l o m b s /  
cm 2 r equ i r ed  for pass iva t ion  (3) ,  and  the  average  
R.F. of 1.7, the  th ickness  of the  passive l ayer  on 
c h r o m i u m  is found  to be about  1.5 a toms thick. 

In  ear l ie r  inves t iga t ions  (2) for u n t r e a t e d  elec-  
t ro ly t ic  c h r o m i u m  the q u a n t i t y  of c u r r e n t  necessary  
for pass iva t ion  was  found  to be 2.3 m i l l i c o u l o m b s /  
cm 2. I t  can the re fo re  be conc luded  tha t  the  R.F. for 
this ma te r i a l  is abou t  1.6 g rea te r  t h a n  the one found  
for h y d r o g e n - t r e a t e d  ch romium.  

The R.F. for an  F e - C r  a l loy (27% Cr) is increased  
af ter  po la r iza t ion  in  the p r i m a r y  t r anspass ive  region. 
This agrees w i th  our  suppos i t ion  tha t  the passive 
layer ,  on this  a l loy in  the  p r i m a r y  t r anspass ive  re -  
gion, is a lmost  iden t ica l  w i th  the  passive l ayer  on 
pu re  ch romium.  The  m e c h a n i s m  of d issolu t ion  gives 
rise to a g rea te r  surface  roughness ,  which  r e m a i n s  
cons tan t  on f u r t h e r  po la r iza t ion  of the alloy. 

C u r r e n t  inves t iga t ions  have  shown  tha t  this  "chro-  
m i u m  pass iv i ty"  is observed  not  on ly  in  case of Fe -  
Cr al loys bu t  also for Ni /Cr ,  Co/Cr ,  and  M n / C r  a l -  
loys con ta in ing  Cr in  solid solut ion.  They  al l  show 
s imi la r  mechan i sms  of d isso lu t ion  in  the  p r i m a r y  
t r anspass ive  region.  I t  can therefore  be said tha t  
ch romium,  because  of its o u t s t a n d i n g  p r o p e r t y  of 
passivi ty ,  confers  it on all al loys con ta in ing  at  least  
10% Cr. 
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It was  not  possible to s t r ip  off the  pass ive  l ayer  
f rom the  F e - C r  alloys by  the k n o w n  b r o m i n e - m e t h -  
anol  t e chn ique  (11),  a f ter  pass iva t ing  t h e m  in  the 
p r i m a r y  t r anspas s ive  region.  The reason  is obvious ly  
tha t  the  p r i m a r y  passive layer  is on ly  abou t  1-2 
a toms thick.  In  contrast ,  the  passive l ayer  f rom the 
F e - C r  al loy af ter  pass iva t ing  in  the secondary  t r a n s -  
pass ive  reg ion  could be removed.  

Abso lu te  ana ly t i ca l  resul t s  are ha rd  to produce  
because  a select ive d isso lu t ion  and  a back  adsorpt ion,  
d u r i n g  the  process of s t r ipping,  canno t  be  excluded.  
I t  is possible e.g., to show tha t  Cr was adsorbed by  
the pass ive  l ayer  f rom the b r o m i n e - m e t h a n o l  solu-  
t ion,  which  can s imula te  a h igher  concen t ra t ion .  
Sa t i s fac tory  resul t s  can only  be ob ta ined  if a t ech-  
n ique  is found  which  can be used to ana lyze  the 
passive l ayer  whi le  it r ema ins  on the  surface  of the 
alloy. 

One  of the au thors  wishes  to t h a n k  the  Deutscher  
A k a d  Emischer  Aus tauschd iens t ,  Bad Godesberg,  
West  G e r m a n y  for the i r  f inancia l  suppor t  of this  
research.  

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the December 1963 
J O U R N A L .  
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ABSTRACT 

Chronopotent iometry and differential capacity measurements  were used 
to study the passive films formed by anodic polarization of a series of Fe-Cr  
alloys in  dilute H2804. Steady-state  conditions were established by electronic 
control of the electrode potential  prior to making  measurements .  

Cathodic reduction studies indicated the presence of at least three types 
of surface materials.  One is nonprotect ive in  the case of Fe and several of the 
lower Cr alloys, but  achieves considerable stabil i ty to reduct ion or dissolution 
at an alloy composition approaching 12% Cr. Another  mater ia l  is essential 
for passivity of Fe and the alloys with Cr content  less than 12% and plays an 
impor tant  role in  the electrical properties of the films on these alloys. A third 
type of surface mater ia l  appears as a by-product  of processes occurring in the 
transpassive region. 

In  the composition range 2.70-9.02% Cr, capaci ty-potent ial  curves are quite 
similar and capacities follow a reciprocal relat ion with electrode potential  over 
a range of potentials. Extrapolat ion of these data was used to obtain a re la-  
tion between film thickness, dielectric constant, and charge equivalents  in-  
volved in film reduction. Fi lm dielectric constant  values, calculated assuming 
the reduct ion of normal  Fe203, varied from 29.1 to 87.5, depending on the re-  
duction react ion assumed. At an alloy composition approaching 12% Cr, the 
passive film assumes opt imum protective properties. Correspondingly, humps 
develop in the capacity-potential  curves, and the curves shift in  the direction 
of higher capacity values with increasing Cr content. 

At  presen t ,  two m a j o r  points  of v iew exist  as to 
the cause of pass iv i ty :  the  adsorbed  film theory  a nd  
the b u l k  oxide theory.  Whi le  the  u l t i m a t e  fo rma t ion  
of an  oxide h a v i n g  b u l k  proper t ies  on pass ive  Fe, 
Ni, Cr, etc., is gene ra l l y  recognized,  the p r o b l e m  is 
cen te red  on the exact  n a t u r e  of these films in  the i r  
ea r ly  stages and  on w h e t h e r  or not  adsorp t ion  p lays  
a role in  passivi ty .  

In  this  connect ion,  a t heo ry  was  pu t  for th  r ecen t ly  
which  a t t empt s  to reconci le  these v iews  by  pos tu l a t -  
ing a sequence  consis t ing of adsorpt ion,  e lec t ron  
t r ans f e r  to the  adsorbate ,  and  u l t i m a t e  f o rma t i on  of 
b u l k  amorphous  oxide via cat ion mig ra t i on  in to  the 
adsorbed  a r r a y  (1) .  

I P r e s e n t  a d d r e s s :  A m e r i c a n  Oil Company,  Research  & Develop-  
m e n t  Depar tmen t ,  P. O. Box 431, Whi t ing ,  Indiana ,  

I ron  which  demons t r a t e s  the  m a i n  fea tu res  of the  
ac t ive -pass ive  t rans i t ion ,  has been  s tud ied  p r o b a b l y  
more  t h a n  a ny  o ther  metal .  In  recen t  years,  however ,  
cons iderab le  in te res t  has b e e n  shown  in  the  pass iv i ty  
of s ta inless  steel and  the i r o n - c h r o m i u m  alloys be -  
cause of the wide  r a nge  of corrosion res i s tance  shown 
by these  metals .  In  addi t ion,  the a t t a i n m e n t  of op- 
t i m u m  corrosion res i s tance  and  ease of pass iva t ion  
at a cr i t ical  a l loy composi t ion in  the ne ighborhood  
of 12% Cr has ra ised  f u r t h e r  quest ions.  

C h r o n o p o t e n t i o m e t r y  was  employed  in  this  work  
to d e t e r m i n e  pass ive  film charge  equ iva len t s .  Anodic  
film f o r ma t i on  t echn iques  ve ry  of ten do not  sat isfy 
the  r e q u i r e m e n t  of k n o w n  or 100% c u r r e n t  effi- 
c iency because  of s i m u l t a n e o u s  anodic  dissolut ion.  
Cathodic  film r educ t ion  s tudies  can  suffer f rom these 
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It was  not  possible to s t r ip  off the  pass ive  l ayer  
f rom the  F e - C r  alloys by  the k n o w n  b r o m i n e - m e t h -  
anol  t e chn ique  (11),  a f ter  pass iva t ing  t h e m  in  the 
p r i m a r y  t r anspas s ive  region.  The reason  is obvious ly  
tha t  the  p r i m a r y  passive layer  is on ly  abou t  1-2 
a toms thick.  In  contrast ,  the  passive l ayer  f rom the 
F e - C r  al loy af ter  pass iva t ing  in  the secondary  t r a n s -  
pass ive  reg ion  could be removed.  

Abso lu te  ana ly t i ca l  resul t s  are ha rd  to produce  
because  a select ive d isso lu t ion  and  a back  adsorpt ion,  
d u r i n g  the  process of s t r ipping,  canno t  be  excluded.  
I t  is possible e.g., to show tha t  Cr was adsorbed by  
the pass ive  l ayer  f rom the b r o m i n e - m e t h a n o l  solu-  
t ion,  which  can s imula te  a h igher  concen t ra t ion .  
Sa t i s fac tory  resul t s  can only  be ob ta ined  if a t ech-  
n ique  is found  which  can be used to ana lyze  the 
passive l ayer  whi le  it r ema ins  on the  surface  of the 
alloy. 
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to study the passive films formed by anodic polarization of a series of Fe-Cr  
alloys in  dilute H2804. Steady-state  conditions were established by electronic 
control of the electrode potential  prior to making  measurements .  

Cathodic reduction studies indicated the presence of at least three types 
of surface materials.  One is nonprotect ive in  the case of Fe and several of the 
lower Cr alloys, but  achieves considerable stabil i ty to reduct ion or dissolution 
at an alloy composition approaching 12% Cr. Another  mater ia l  is essential 
for passivity of Fe and the alloys with Cr content  less than 12% and plays an 
impor tant  role in  the electrical properties of the films on these alloys. A third 
type of surface mater ia l  appears as a by-product  of processes occurring in the 
transpassive region. 

In  the composition range 2.70-9.02% Cr, capaci ty-potent ial  curves are quite 
similar and capacities follow a reciprocal relat ion with electrode potential  over 
a range of potentials. Extrapolat ion of these data was used to obtain a re la-  
tion between film thickness, dielectric constant, and charge equivalents  in-  
volved in film reduction. Fi lm dielectric constant  values, calculated assuming 
the reduct ion of normal  Fe203, varied from 29.1 to 87.5, depending on the re-  
duction react ion assumed. At an alloy composition approaching 12% Cr, the 
passive film assumes opt imum protective properties. Correspondingly, humps 
develop in the capacity-potential  curves, and the curves shift in  the direction 
of higher capacity values with increasing Cr content. 

At  presen t ,  two m a j o r  points  of v iew exist  as to 
the cause of pass iv i ty :  the  adsorbed  film theory  a nd  
the b u l k  oxide theory.  Whi le  the  u l t i m a t e  fo rma t ion  
of an  oxide h a v i n g  b u l k  proper t ies  on pass ive  Fe, 
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cen te red  on the exact  n a t u r e  of these films in  the i r  
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cause of the wide  r a nge  of corrosion res i s tance  shown 
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t i m u m  corrosion res i s tance  and  ease of pass iva t ion  
at a cr i t ical  a l loy composi t ion in  the ne ighborhood  
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C h r o n o p o t e n t i o m e t r y  was  employed  in  this  work  
to d e t e r m i n e  pass ive  film charge  equ iva len t s .  Anodic  
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d i s a d v a n t a g e s  if  t he  f i lm b r e a k s  d o w n  s p o n t a n e o u s l y  
d u r i n g  the  r educ t ion ,  i f  so lu t ion  c o m p o n e n t s  a r e  s i -  
m u l t a n e o u s l y  r educed ,  or  if e l e c t r o d e  r o u g h e n i n g  
occurs.  By  su i t ab l e  choice of e x p e r i m e n t a l  v a r i a b l e s  
these  diff icul t ies  m a y  be  avo ided .  In  p r inc ip l e ,  t he  
m e t h o d  shou ld  also d i f f e r en t i a t e  b e t w e e n  s e p a r a t e  
r e d u c t i o n  s teps  and  t hus  ind ica t e  t he  ex i s t ence  of 
m o r e  t h a n  one t y p e  of pas s ive  f i lm componen t .  

D i f f e r en t i a l  c a p a c i t y  m e a s u r e m e n t s  h a v e  been  
used  w i t h  some success  in  r e c e n t  y e a r s  in d e t e r m i n -  
ing  the  t h i cknes s  of anod ic  f i lms f o r m e d  on m e t a l s  
such as t a n t a l u m  and  a l u m i n u m  (2) .  Recen t  s tud ies  
on pas s ive  i ron  (3, 4) have  shown  tha t  r e c i p r o c a l  
c a p a c i t y - p o t e n t i a l  r e l a t i ons  ex i s t  to a deg ree  of a p -  
p r o x i m a t i o n ,  b u t  t h a t  t h e  e l ec t r i ca l  p r o p e r t i e s  of  
the  s y s t e m  a re  m o r e  c o m p l i c a t e d  t h a n  for  a n o d i z e d  
t a n t a l u m  or  a l u m i n u m .  Di f f e ren t i a l  c a p a c i t y  s tud ies  
w e r e  i n c l u d e d  to p r o v i d e  c o m p a r i s o n s  w i t h  t he  b e -  
h a v i o r  of m e t a l s  l i ke  anod ized  t a n t a l u m  and  c lean  
su r f ace  m e t a l s  such  as p l a t i n u m  a n d  m e r c u r y ,  a n d  to 
see if  e l e c t r i c a l  p r o p e r t y  changes  in t he  p a s s i v e  f i lm 
p a r a l l e l  p r o p e r t y  changes  such as cor ros ion  r e s i s t -  
ance  and  ease  of p a s s i v a t i o n  at  some c r i t i ca l  a l loy  
compos i t ion .  

Experimental Materials and Procedures 
A ser ies  of F e - C r  a l loys  r a n g i n g  f rom 2.70 to 19.1 

w t  % Cr  was  o b t a i n e d  f r o m  t h e  l a b o r a t o r i e s  of P r o -  
fessor  It .  H. Uhl ig .  T h e i r  p r e p a r a t i o n  is d i scussed  
e l s e w h e r e  (5, 6).  The  i ron  used  came  f r o m  a s tock  
of zone - r e f i ned  i ron,  s u p p l i e d  b y  the  B a t t e l l e  M e -  
m o r i a l  Ins t i tu te .  T h e i r  ana lys i s  shows:  ca rbon ,  10 
p p m ;  oxygen ,  23 to 28 p p m ;  n i t rogen ,  2 p p m ;  h y d r o -  
gen,  0.1 ppm.  C y l i n d r i c a l  e lec t rodes ,  a p p r o x i m a t e l y  
2 cm Iong a n d  0.2 cm in d i a m e t e r ,  w e r e  a b r a d e d  w i t h  
4 /0  e m e r y  pape r ,  e l e c t ropo l i shed  acco rd ing  to the  
m e t h o d  of S e w e l l  et al. (7 ) ,  and  m o u n t e d  in a P y r e x  
h o l d e r  w i t h  p o l y e t h y l e n e .  I m m e d i a t e l y  b e f o r e  use,  
e l ec t rodes  w e r e  e l e c t ropo l i shed  b r i e f ly  and  t h e n  
r i n s e d  in  c o n d u c t i v i t y  w a t e r .  E l ec t rodes  p r e t r e a t e d  
b y  m e c h a n i c a l  a b r a s i o n  on ly  gave  poo r  r e p r o d u c i -  
b i l i ty .  

The  cel l  and  p r e - e l e c t r o l y s i s  ves se l  w e r e  con-  
s t r u c t e d  of P y r e x .  The  use  of s topcock  g rease  was  
avo ided  en t i r e ly .  A l l  so lu t ions  w e r e  0.1M in Na2SO4 
and  w e r e  p r e p a r e d  f rom 3x r e c r y s t a l l i z e d  Na2SO4 
and  c o n d u c t i v i t y  w a t e r  of specific r e s i s t ance  > 3 x 
106 o h m  cm. The  r a n g e  of so lu t ion  p H  used  was  f r o m  
0.6 to 13.6 and  was  a d j u s t e d  w i t h  H2SO4 or  NaOH.  
F r e s h l y  p r e p a r e d  so lu t ions  w e r e  s u b j e c t e d  to p r e -  
e l ec t ro lys i s  for  p e r i o d s  up  to 120 h r  a t  a c.d. of ~ 8  
m a / c m  2. I t  was  f o u n d  t h a t  a 2 4 - h r  p r e - e l e c t r o l y s i s  
was  suff icient  to i n su re  t ha t  diff icul t ies  due  to so lu-  
t ion  i m p u r i t i e s  w o u l d  be  avo ided .  B u r e a u  of  Mines  
G r a d e  A h e l i u m  was  b u b b l e d  t h r o u g h  the  t e s t  so lu -  
t ion  for  12 h r  p r i o r  to b e g i n n i n g  an  e x p e r i m e n t ,  and  
also d u r i n g  the  e x p e r i m e n t .  A l l  r u n s  w e r e  m a d e  at  
4.5 ~ • 0.2~ 

C h r o n o p o t e n t i o m e t r i c  s tud ies  w e r e  m a d e  in  t he  
u sua l  w a y  b y  r e c o r d i n g  the  p o t e n t i a l  d e c a y  d u r i n g  
cons t an t  c u r r e n t  p o l a r i z a t i o n  and  m e a s u r i n g  the  
l eng ths  of a r r e s t  r eg ions  in t he  t races .  Capac i t i e s  
w e r e  m e a s u r e d  as a func t ion  of anod i za t i on  p o t e n -  
t ia l ,  u s ing  the  cons t an t  c u r r e n t  pu l se  m e t h o d  of 
R i n e y  et  al. (8)  modi f i ed  for  s q u a r e  w a v e  cha rg ing .  

A d e s c r i p t i o n  of t he  e l ec t r i ca l  a p p a r a t u s  a n d  c i rcu i t  
is a v a i l a b l e  e l s e w h e r e  (3 ) .  E l e c t r o d e  po t e n t i a l s  w e r e  
m e a s u r e d  w i t h  r e spe c t  to a Hg /Hg2SO4(s )  Hg2SO4 

K2SO4 ( s a t ' d )  ha l f  cell ,  w h i c h  was  a l l o w e d  to 
a s sume  the  t e m p e r a t u r e  of t he  l a b o r a t o r y  a t m o s -  
p h e r e  ( 2 5 0 - -  + 3 .0~ Connec t ion  was  m a d e  to t he  
cel l  t h r o u g h  a sa l t  b r i d g e  f i l led w i t h  t es t  solut ion.  
Because  of s m a l l  b u t  u n k n o w n  t h e r m a l  a n d  c oncen -  
t r a t i o n  j u n c t i o n  p o t e n t i a l s  a n d  p o t e n t i a l  v a r i a t i o n s  
i n d u c e d  b y  the  s q u a r e  w a v e  s ignal ,  e l e c t r o d e  p o t e n -  
t i a l s  a r e  r e p o r t e d  on ly  to t he  n e a r e s t  0.01v. A l l  e l ec -  
t r o d e  po t e n t i a l s  g iven  w e r e  co r r ec t ed  to t he  n o r m a l  
h y d r o g e n  e l e c t r o d e  ( N H E ) .  

Experimental Results 
P r e l i m i n a r y  s tud ies  w e r e  p e r f o r m e d  to d e t e r m i n e  

t h e  p o t e n t i a l  r eg ions  in  w h i c h  m e a s u r e m e n t s  cou ld  
be  m a d e  w i t h  a m i n i m u m  of m e t a l  d i s so lu t ion  oc-  
cu r r ing ,  as s igni f icant  changes  in  su r f ace  r o u g h n e s s  
and  in  the  Cr  con ten t  of t he  su r f ace  l a y e r s  of t he  
a l l oy  w e r e  u n d e s i r a b l e .  F o r  s i m i l a r  r ea sons  cold  
0.1M Na2SO4, a d j u s t e d  to p H  2.2, was  e m p l o y e d  in 
mos t  of th is  work .  F o r  t he  p r e s e n t  pu rposes ,  th is  was  
suff ic ient ly  w e l l  bu f f e r ed  and  a s su re d  r e l a t i v e l y  low 
cou lomb  and  c.d. r e q u i r e m e n t s  for  p a s s i v a t i o n  of t he  
a l loys ,  and  for  m a i n t e n a n c e  of t he  pa s s ive  s ta te .  

Anodic current  dens i t ies . - -The  anod ic  c.d. in  t h e  
p a s s i v e  p o t e n t i a l  r eg ion  v a r i e d  f r o m  10 -6  a m p / c m  2 
for  the  2.70% Cr a l loy  to 10 -~ a m p / c m  2 for  the  
12.2% Cr  al loy.  F o r  a l loys  w i t h  Cr con ten t  ~ 9 . 0 2 % ,  
and  at  anod i za t i on  p o t e n t i a l s  m o r e  nob le  t h a n  1.05v, 
t he  anodic  c.d. i n c r e a s e d  a b o v e  these  s t e a d y  va lue s  
to a p e a k  at  a b o u t  1.35v. This  was  f o l l o w e d  b y  a d e -  
c l ine  j u s t  p r i o r  to r e a c h i n g  the  O2 evo lu t i on  region .  
The  p e a k  va lue s  v a r i e d  f r o m  3.5 ~ a / c m  ~ for  the  
9.02% Cr a l l oy  to 22 / m / c m  2 for  the  19% Cr  a l loy.  
S h i f t i n g  the  e l ec t rode  p o t e n t i a l  in t he  oppos i t e  d i -  
rec t ion ,  f r om O2 evo lu t i on  to 1.05v, r e s u l t e d  in  l o w e r  
va lue s  of t he  anod ic  e.d. t h r o u g h o u t  th i s  r eg ion .  
W h i l e  these  d a t a  a r e  no t  too r e p r o d u c i b l e ,  the  b e -  
h a v i o r  no t ed  has  been  o b s e r v e d  p r e v i o u s l y  and  
ag rees  q u a l i t a t i v e l y  w i t h  o b s e r v a t i o n s  m a d e  b y  o t h e r  
inves t iga to r s ,  e.g. ref .  (9 ) .  

A t  po t e n t i a l s  m o r e  nob le  t h a n  1.65v, t he  anodic  
c.d. for  O2 evo lu t i on  fo l l owed  a Tafe l  r e l a t i o n  w i t h  
e l ec t rode  po ten t i a l .  T a b l e  I l is ts  the  b va lue s  of t he  
p o t e n t i o s t a t i c a l l y  o b t a i n e d  e l ec t rode  p o t e n t i a l - l o g  
c.d. p lo t s  for  s e v e r a l  of t h e  a l loys ,  c o r r e c t e d  for  r e -  
s i s tance  ove rvo l t age .  

Cathodic chronopoten t iometry . - -Examples  of t he  
t i m e - p o t e n t i a l  b e h a v i o r  of a pas s ive  a l loy  u n d e r  con-  
s t an t  c u r r e n t  ca thod ic  p o l a r i z a t i o n  a r e  shown  in Fig .  
1. C u r v e  1 is for  2.70% Cr  and  shows  a p o t e n t i a l  
a r r e s t  (B)  at  a m o r e  ac t ive  p o t e n t i a l  t h a n  the  F l a d e  

Table I. b values of electrode potential-log c.d. plots for 
several alloys 

Alloy b, (pH 2.2) b, (pH 13.6) 

7.14% Cr 0.043 

9.02% Cr 0.042 

12.2% Cr 

18.6% Cr 0.052 

0.050 
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Fig. 1. Time-potentlal curves taken during constant current 
cathodic polarization of a pre-unodized electrode in oil M Na2SO4, 
pH 2.2, 5.0~ Curve 1, 2,70% Cr alloy, c.d. 1173 #a/cm2; curve 
2, 12.2% Cr alloy, c.d. 17.5/~a/cm ~. 

a r r e s t  ( F ) .  C u r v e  2 for  12.2% Cr  shows  s t i l l  a n o t h e r  
a r r e s t  (A)  at  a m o r e  nob le  p o t e n t i a l  t h a n  t h e  F l a d e  
a r res t .  These  a r r e s t s  w e r e  s t ud i ed  w i t h  r e s p e c t  to  oc-  
c u r r e n c e  and  g r o w t h  as a func t ion  of anod i za t i on  p o -  
t en t ia l ,  E, c h r o m i u m  conten t ,  and  pH.  I n  add i t ion ,  
the  effect of ca thod ic  c.d., c h r o m i u m  conten t ,  and  p H  
on the  a r r e s t  po ten t i a l s ,  V, w a s  e x a m i n e d .  A r r e s t  
l eng ths  w e r e  e s t i m a t e d  to b e  b e t w e e n  po in t s  of i n -  
f lect ion in  t he  a r r e s t  b r e a k  off r eg ions  of the  t races .  
W i t h  these ,  specific cha rge  v a l u e s  in un i t s  of t~coul/ 
cm 2 (Q)  w e r e  o b t a i n e d  f r o m  the  t races .  T ime  in -  
d e p e n d e n t  v a l u e s  of Q for  a g iven  E w e r e  u s u a l l y  
a t t a i n e d  w i t h i n  s e v e r a l  minu te s ,  b u t  anod i za t i ons  of 
5 - r a i n  d u r a t i o n  w e r e  u n i f o r m l y  used .  T h e  e x p e r i -  
m e n t a l  po in t s  in t he  Q-E curves  for  A and  F w e r e  
in mos t  cases  a v e r a g e d  ove r  t h r e e  s e p a r a t e  r u n s  w i t h  
f r e s h l y  p r e p a r e d  e l ec t rodes  and  f r e s h  so lu t ion  each  
t ime.  A v e r a g e  d e v i a t i o n s  d id  no t  exceed  10% for  
m o r e  t h a n  95% of t h e  points .  Q-E c u r v e s  for  B w e r e  
p l o t t e d  f r o m  the  d a t a  of i n d i v i d u a l  runs ,  b u t  t h a t  
for  t he  2.70% Cr  a l l oy  r e p r e s e n t s  an  a v e r a g e  of 
t h r e e  s e p a r a t e  runs  w i t h  a v e r a g e  d e v i a t i o n s  no t  e x -  
ceed ing  6 .0%.  

F o r  t he  a l loys  w i t h  Cr  con ten t  ~ 4 . 9 8 % ,  A m a k e s  
i ts  i n i t i a l  a p p e a r a n c e  at  1.05v. F i g u r e  2 shows  the  
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Fig. 2. Q(A)-E curves for alloys from 4.98 to 18.6% Cr in 0 . IM 
Na2SO4, pH 2.2, 5.0"C. 
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Fig. 3. Q(F)-E curves for the "lower" range alloys in 0.1M 
No2SO4, pH 2.2, 5.0~ Open dotted circle, 2.70% Cr; open {lotted 
square, 4.98% Cr; inverted dotted triangle, 7.]4% Cr; open dotted 
triangle, 9.02% Cr. 
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Fig. 4. Q(F)-E curves for alloys from 9.02 to 19.1% Cr in 0.1M 
Na2SO4, pH 2.2, 5.0~ The curve for the 9.02% Cr alloy is pre- 
sented for comparison and was replotted from Fig. 3. 

v a r i a t i o n  in  specific charge ,  Q ( A ) ,  i n v o l v e d  in  A, 
w i t h  a n o d i z a t i o n  po t en t i a l .  A sh i f t  to  h i g h e r  Q ( A )  
v a l u e s  is f o u n d  w i t h  i n c r e a s i n g  Cr  conten t .  In  t he  
02 evo lu t i on  reg ion ,  Q ( A )  is i n d e p e n d e n t  of E. If  
t he  l a t t e r  Q (A)  v a l u e s  a r e  p l o t t e d  as  a func t ion  of 
t h e  mo le  % Cr,  t he  p lo t  is n e a r l y  l inea r ,  a t  l eas t  up  
to 14.8 mo le  %. 

A r r e s t  F,  w h i c h  was  o b s e r v e d  he re  b e f o r e  (10, 11) 
on e i t he r  o p e n - c i r c u i t  d e c a y  or  fo rced  d e c a y  of 
pas s ive  i ron  e l ec t rodes  in  ac id  solut ions ,  can  be  seen  
for  a l l  t h e  a l loys  i nve s t i ga t e d .  The  a r r e s t  r e g i o n  is 
not  w e l l  def ined  for  E < 0.55v, b u t  t h e  a r r e s t  p o t e n -  
t ia l ,  V ( F ) ,  does  no t  v a r y  w i t h  E for  E nob le  to 0.55v. 
The  Q ( F ) - E  cu rves  s h o w n  in Fig.  3 a n d  4 i nd i ca t e  
a change  in  f o r m  b e t w e e n  the  " l o w e r "  a l loys  (2.70 
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Fig. 5. Q(B)-E curves for Fe, a 2.70% Cr alloy, and a 4.98% Cr 
alley in 0.1M Na2S04, pH 2.2, 5.0"C. 

to 9.02% Cr)  and  the  " h i g h e r "  a l loys  (12.2 to 19.1% 
Cr). 

Q ( B ) - E  cu rves  a re  shown  in Fig .  5 for  Fe ,  2.70% 
Cr  a n d  4.98% Cr a l loys .  V ( B )  sh i f t ed  to m o r e  n e g a -  
t ive  v a l u e s  w i t h  i n c r e a s i n g  Cr  in t he  " l o w e r "  r ange ,  
r e s u l t i n g  in a p o o r l y  def ined  a r r e s t  for  a l loys  w i t h  
Cr  con ten t  >4 .98%.  I f  ca thod ic  p o l a r i z a t i o n  c h a r g i n g  
was  i n t e r r u p t e d  a f t e r  pas s ing  F, Q (B)  d e c r e a s e d  on 
s u b s e q u e n t  ca thod ic  t r e a t m e n t  w i t h  t ime  of o p e n -  
c i rcu i t  t r e a t m e n t .  W h i l e  5-10 sec was  suff icient  to 
r educe  Q ( B )  to zero  for  Fe ,  or  a 2.70% a l loy ,  a r r e s t  
B could  no t  be  r e m o v e d  for  a l loys  w i t h  Cr con ten t  
~ 1 2 . 2 %  w i t h o u t  a v igo rous  ca thod i za t i on  or  r e p o l -  
i sh ing  of the  e lec t rode .  

The  po t en t i a l s  of t he  v a r i o u s  a r r e s t s  w e r e  t a k e n  
to be  at  the  po in t  of m i n i m u m  s lope  in t he  a r r e s t  
reg ion .  These  va lue s  v a r i e d  l i n e a r l y  w i t h  so lu t ion  
p H  f r o m  p H  0.6 to 13.6. The  fo l lowing  r e l a t i ons  
w e r e  o b t a i n e d  f r o m  e x t r a p o l a t i o n  of t he  V-pH plo t s  

V ( A )  ---- 0.89 - -  0.066 p H  [1]  

V ( F )  -= 0.45 - -  0.066 p H  [2]  

W h i l e  V ( A )  d id  no t  v a r y  w i t h  Cr  con t en t  over  t he  
r a n g e  s tud ied ,  V ( F )  ( c a l c u l a t e d  for  p H  = 0) v a r i e d  
f r o m  0.55v for  F e  to 0.45v for  a 19.1% Cr a l loy .  
V ( B ) - p H  s tud ies  w e r e  not  done  here ,  b u t  f r o m  d a t a  
r e p o r t e d  for  F e  in a p r e v i o u s  w o r k  (3) ,  e.g. 

V ( B )  ~ 0 .30 - -  0.063 p H  [3]  

F o r  a g iven  v a l u e  of E, Q ( A )  and  Q ( B )  d id  no t  
v a r y  w i t h  ca thodic  c.d. for  va lue s  >100  # a / c m  2. 
Q ( F )  was  i n d e p e n d e n t  of c.d. b e t w e e n  4.0 # a / c m  2 
and  10 m a / c m  2 for  a l loys  in the  " l o w e r "  range .  In  
these  cases  c.d. 's  f r o m  ~0 .5  m a / c m  2 to ,~1.5 m a / c m  2 
w e r e  e m p l o y e d .  F o r  t h e  " h i g h e r "  a l l oy  range ,  c.d. 's  
< 5 0  ~ a / c m  2 w e r e  used  as o t h e r w i s e  Q ( F )  d e c r e a s e d  
w i t h  i n c r e a s i n g  c.d. In  add i t ion ,  n e i t h e r  Q no r  V was  
af fec ted  b y  so lu t ion  s t i r r i n g  or  r e p l e n i s h m e n t .  

If,  a f t e r  a n o r m a l  anod iza t ion ,  E w a s  c h a n g e d  and  
he ld  at  a m o r e  n e g a t i v e  va lue ,  Q v a l u e s  n o r m a l l y  
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Fig. 6. Q(F)-E curves for Fe, a 12.2% Cr alley, and a 19.1% Cr 
alloy in a 0.1M NaOH Jr- 0.1M No,SO4 at 5.0~ 

f o u n d  a t  E pe r s i s t ed  for  s e v e r a l  hou r s  u p o n  ca thod ic  
p o l a r i z a t i o n  f r o m  the  m o r e  n e g a t i v e  po ten t i a l .  This  
h y s t e r e s i s  was  no t  a p p a r e n t  f rom p o t e n t i a l s  w i t h i n  
0.1-0.2v nob le  of t h e  a r r e s t  po ten t i a l s .  In  s u m m a r y ,  
Q was  m e t a s t a b l e  w i t h  r e s p e c t  to E, e x c e p t  for  E 
va lue s  a p p r o a c h i n g  V. 

A t  p H  va lues  <2.2,  t he  t r a ce s  r e t a i n e d  t h e i r  f o r m  
b u t  Q v a l u e s  w e r e  lower .  In  a l k a l i n e  so lu t ions  Q ( A )  
d e c r e a s e d  s h a r p l y  w i t h  i nc r e a s ing  p H, and  A could  
not  be  o b s e r v e d  in 1.0M NaOH.  F i g u r e  6 shows  
Q ( F ) - E  cu rves  for  s e v e r a l  a l loys  in 0.1M N a O H  
a long  w i t h  one for  F e  t a k e n  f rom a p r e v i o u s  
w o r k  (3) .  

Anodic chronopotentiometry.---Figure 7 is a t i m e -  
p o t e n t i a l  t r ace  for  cons t an t  c u r r e n t  anod ic  p o l a r i z a -  
t ion  of an i n i t i a l l y  ac t ive  19.1% Cr al loy.  The  t r a c e  
can be  d i v i d e d  in to  t h r e e  reg ions ;  1, 2, and  3. The  
specific c h a r g e  i n v o l v e d  in r eg ion  1 was  diff icult  to 
r e p roduc e ,  bu t  t h a t  for  r eg ions  2 and  3 could  be  r e -  
p r o d u c e d  to b e t t e r  t h a n  10% if  t h e  e l e c t r o d e  w e r e  
br ie f ly  e tched  in w a r m  50% H2SO4 a f t e r  e l e c t r o -  
pol i sh ing .  In  th is  case  specific cha rge  v a l u e s  for  r e -  
gions 2 and  3 w e r e  i n d e p e n d e n t  of anodic  c.d. ove r  
the  r a n g e  of c.d. s t u d i e d  ( ~ 2 0 0  /~a/cm 2 to ~ 5  m a /  
cm2). Reg ion  3 a p p e a r e d  on ly  for  a l loys  w i t h  Cr 
con ten t  ~ 9 . 0 2 % .  The  c h a r g e  i n v o l v e d  in r eg ion  3 
i nc r ea sed  w i t h  i n c r e a s i n g  Cr  content .  F i g u r e  8 shows  
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Fig. 7. Time-potential trace for anodic polarization of an initially 
active 19.1% Cr alloy. Anodic c.d. 1755 /~a/cm 2, 2.0 sec/div. 
Specific charge values in /zcoul/cm 2 involved in the various regions 
are noted below the trace. 
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Fig. 8. Time-potential traces for alternate cathodic an~l anodic 
polarization of a 19.1% Cr alloy initially at on 02 evolution po- 
tential. Ano~lic c,d. 3510 /~o/cm ~, catbodic e.d. 567 ~alcm ~ 2.0 
sec/div. 

the results  of a l te rna te  cathodic and anodic charg-  
ing on a 19.1% Cr al loy in i t ia l ly  at an O2 evolut ion 
potential .  Specific charge values  involved in the 
anodizing and cathodizing port ions respect ively ,  
agreed if only ar res t  A was passed as in the first two 
traces. In the  th i rd  trace,  F is passed as wel l  and 
region 3 of Fig. 7 appears  in the anodizing port ion.  

Dif]erential capacity measuremen t s . - -  Throughout  
the potent ia l  region studied, t ime independent  values  
of the capacity,  C, could usual ly  be obtained in the 
order  of seconds, a l though at least  two readings,  
5-10 min apar t ,  at a given electrode potent ial ,  and 
agreeing to wi th in  1.0%, were  used for  al l  of the 
p lot ted  data. As the C-E curves showed hysteres is  in 
te rms of the direct ion of potent ia l  change, runs  were  
begun by  set t ing E at the ex t reme negat ive  end of 
the passive poten t ia l  region. I t  was then a l te red  in 
the direct ion of more noble values  in increments  of 
0.01v. At  1.75v, E was then changed in the opposite 
direct ion unt i l  the lower  l imits  of s table pass iv i ty  
had been reached,  or on to the approach of the He 
evolut ion region. Capacit ies were  not  s tudied in the 
regions of He or O~ evolution. In the former,  meas-  
urements  dr i f ted  wi th  time, whi le  in the la t ter ,  the 
t ime-ce l l  vol tage t race  showed considerable  curva-  
ture  and slopes were  difficult to measure  accurately.  

Capaci ty  values for an electrode on open circuit  
were  measured  immedia te ly  af ter  immersion in the 
solution. Open-c i rcui t  potent ia ls  were  --0.39 to 
--0.40v. Capaci ty  measurements  for a given al loy 
could be reproduced to be t te r  than  3.0% and values  
of 16.9 #f /cm 2 and 18.1 /~f/cm ~ were  obtained for a 
2.70% Cr al loy and a 13.8% Cr alloy, respect ively.  
These values  averaged  to 17.5 ~f /cm 2. 
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E L E C T R O D E  P O T E N T I A L  (VOLTS vs N H E )  

Fig. 9. C-E curves for the "lower" range alloys in 0.1M Na2S04 
pH 2.2, 5.0~ �9 �9  2.70% Cr; o - - - o, 4.98% Cr; A - -  - - -  A ,  
7.14% Cr; [ ]  I-I, 9.02% Cr. 
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Fig. 10. C-E curves for the "higher" range alloys in 0.1M Na2SO4, 
pH 2.2, S.0~ �9 �9  12.2% Cr; o . . . .  o, 13.8% Cr; A - -  - - -  A ,  
18.6% Cr. 

Figures  9 and 10 show C-E plots for the al loys in 
pH 2.2 solution. The points on these plots represent  
values  averaged  f rom between two and four runs 
made  wi th  fresh solution and wi th  f reshly  p repared  
electrodes each time. Average  deviat ions were  less 
than  6.0%. 

Except  for the small  hump in the v ic in i ty  of 1.35v 
for the 9.02% Cr alloy, and several  s l ight ly  high 
values for the  2.70% Cr al loy at  the left  of the 
curves, the curves for the al loys in the " lower"  
range  (Fig. 9) are quite similar.  F igure  11 is a plot  
of 1/C vs. E for the points  of the curves in Fig. 9 
t aken  in the direct ion of increas ingly  noble  values,  
i.e., the upper  branches.  Except  for the two most 
negat ive  potent ia ls  for the 2.70% Cr alloy, C appears  
to follow a reciprocal  re la t ion wi th  E up to ~ l .05v ,  
i.e. 

E = 13.4/C --  0.475 

F igure  10 shows tha t  impor tan t  changes occur in 
going to the "h igher"  range  alloys. The hysteres is  is 
opposite to tha t  found with  the " lower"  al loys (note 
a r rowheads  on curves) .  
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in 0.1M NaOH + 0.1M Na2SO4 at 5.0~ 

A t  the  l e f t  of t he  cu rves  a b r o a d  p e a k  is f o u n d  for  
the  13.8 and  18.6% Cr  a l loys  w i t h  m a x i m u m  v a l u e s  
of C inc reas ing ,  and  sh i f t ing  to m o r e  n e g a t i v e  E w i t h  
i nc r ea s ing  Cr content .  This  r eg ion  was  e x a m i n e d  
fu r the r .  B e g i n n i n g  w i t h  a f r e s h l y  p r e p a r e d  spec imen ,  
E was  a d j u s t e d  to some v a l u e  n o b l e  to t he  p e a k  
reg ion .  The  p o t e n t i a l  was  t h e n  a l t e r e d  in t he  n e g a -  
t ive  d i r ec t i on  and  capac i t i e s  w e r e  m e a s u r e d .  P e a k  
he igh t s  w e r e  f o u n d  to i nc rea se  as m o r e  nob le  p o t e n -  
t i a l s  w e r e  r eached .  W i t h  v igo rous  c a t h o d i z a t i o n  a f t e r  
a n o d i z a t i o n  at  1.65v, p e a k  he igh t s  d e c r e a s e d  w i t h  
t ime  of ca thod ic  t r e a t m e n t .  H o w e v e r ,  i t  w a s  neces -  
s a r y  to r e p o l i s h  t he  e l e c t r o d e  to r e p r o d u c e  the  o r i g i -  
na l  c a p a c i t y  va lue s  in t he  p e a k  r eg ion  (--0.05 to 
0.45v).  

F i g u r e  12 shows  C-E plots  for  the  12.2 and  19.1% 
Cr a l loys  in  0.1M N a O H  + 0.1M NafSO4. A l t h o u g h  
the  p l o t t e d  po in t s  r e p r e s e n t  i n d i v i d u a l  runs ,  an  a d d i -  
t i ona l  r u n  on the  19.1% Cr  a l loy  i n d i c a t e d  t ha t  r e -  
p r o d u c i b i l i t y  of b e t t e r  t h a n  6.0% could  be  e x p e c t e d  
for  a l l  b u t  a few of t he  points .  The  p lo t s  a r e  c h a r a c -  
t e r i z ed  b y  a s m a l l  h u m p  in t he  n e g a t i v e  p o t e n t i a l  
r eg ion  of t he  p lo ts  on going  to m o r e  nob le  p o t e n t i a l s  
and  a g e n e r a l  dec rea se  in C in th is  d i rec t ion .  In  the  
oppos i t e  d i rec t ion ,  capac i t i e s  i nc rea se  g r a d u a l l y  and  
t h e n  r i se  to a p e a k  v a l u e  in excess  of 130 ~ c o u l / c m  2 
at  the  m o r e  n e g a t i v e  po ten t i a l s .  The  hys t e r e s i s  b e -  
h a v i o r  o b s e r v e d  in  th is  r eg ion  is q u a l i t a t i v e l y  s i m i l a r  
to t he  r e su l t s  o b t a i n e d  for  the  h i g h e r  a l loys  in  ac id  
solut ions .  The  cu rves  seen  in Fig.  9 c o m p a r e  f a v o r -  
a b l y  to C-E curves  r e p o r t e d  for  F e  in a l k a l i n e  
so lu t ion  (3) .  

Discussion 

A n u m b e r  of o b s e r v a t i o n s  p r o v i d e d  ev idence  t ha t  
t he  p o t e n t i a l  a r r e s t s  c o r r e s p o n d  to a p H  d e p e n d e n t  
r e d u c t i o n  of s u r f a c e  compounds .  Q was  i n d e p e n d e n t  
of so lu t ion  s t i r r i n g  ra t e ,  so lu t ion  r e p l e n i s h m e n t ,  or  
ca thod ic  c.d. bu t  no t  of E. A d d e d  to these  w e r e  t he  
p H  d e p e n d e n c e s  of t he  a r r e s t  po ten t i a l s ,  t he  h y s -  
t e res i s  b e h a v i o r  of the  Q-E curves ,  a n d  the  Q v a l u e s  
themse lves .  The  l a t t e r  w e r e  too g r e a t  to b e  ac -  

c oun t e d  for  b y  such  p rocesses  as r e d u c t i o n  of so lu -  
t ion  i m p u r i t i e s  or  b u i l d u p  of c o n c e n t r a t i o n  o v e r -  
v o l t a g e  for  h y d r o g e n  evo lu t ion .  

A c o m p a r i s o n  of t he  Q-E cu rves  for  a r r e s t s  A,  B, 
and  F showing  an  absence  of a n y  obv ious  c o r r e l a -  
t ions,  i nd ica t e s  t ha t  the  f o r m  of  the  ca thod ic  t i m e -  
p o t e n t i a l  cu rves  does no t  r e su l t  f r o m  a sequence  of 
r e d u c t i o n  s teps  o r i g i n a t i n g  f r o m  a s ingle  r e a c t a n t  
b u t  i nvo lves  t he  r e d u c t i o n  of t h r e e  i n d i v i d u a l  s u r -  
f ace  m a t e r i a l s ;  "A,"  "B," a n d  "F . "  

M a t e r i a l  "B"  becomes  i n c r e a s i n g l y  s t ab le  w i t h  r e -  
spec t  to  bo th  r e d u c t i o n  a n d  d i s so lu t ion  in the  
" h i g h e r "  a l loy  range .  R e d u c t i o n  of " A "  and  " F "  
fa i l s  to a c t i v a t e  a 12.2% Cr  a l loy.  Tha t  "B"  can sus -  
t a in  p a s s i v i t y  for  a l loys  ~ 1 2 . 2 %  Cr  w i t h o u t  t he  
p re sence  of "F , "  is also i n d i c a t e d  b y  the  d i s c r e p a n c y  
of s e v e r a l  h u n d r e d  mi l l i vo l t s  b e t w e e n  V ( F )  and  the  
p a s s i v a t i o n  p o t e n t i a l  of t he se  a l loys .  Bo th  the  r a p i d  
g r o w t h  of "B"  w i t h  E in t he  O2 evo lu t i on  r eg ion  and  
the  s t rong  t i m e  d e p e n d e n c e  of th is  g r o w t h  at  a 
g iven  02 evo lu t i on  p o t e n t i a l  sugges t s  t h a t  m a t e -  
r i a l  "B"  g rows  in th is  r e g i o n  b y  di f fus ion of 02 or  
some i n t e r m e d i a t e  of 02 evo lu t i on  t h r o u g h  the  film. 

W h i l e  l o w e r  Q ( F )  v a l u e s  h a v e  been  r e p o r t e d  for  
F e  (11, 12),  V ( F )  and  t h e  p a s s i v a t i o n  p o t e n t i a l  do 
no t  change  in go ing  to a 2.70% Cr a l loy.  The  ob -  
s e r v e d  p H  v a r i a t i o n  of 0.066 m v / p H  un i t  can  be  
c o m p a r e d  to the  v a l u e  0.059 m v / p H  un i t  r e p o r t e d  for  
F e  (13) .  S ince  the  " l o w e r "  r a n g e  a l loys  b e h a v e  a l -  
mos t  i d e n t i c a l l y  w i t h  r e spe c t  to bo th  Q ( F )  and  ca -  
pac i ty ,  i t  seems  r e a s o n a b l e  to conc lude  t h a t  m a t e r i a l  
" F "  changes  l i t t l e  in  s t r u c t u r e  or  compos i t i on  b e -  
t w e e n  F e  and  an  a l loy  compos i t i on  of 9.02% to 
12.2% Cr. 

A r r e s t  A m a k e s  i ts  a p p e a r a n c e  for  a l loys  ~ 4.98 % 
Cr  a t  E > 1.05v, i.e., t he  p o t e n t i a l  of t he  onse t  of a 
r eg ion  of s e c o n d a r y  a c t i v i t y  c h a r a c t e r i s t i c  of the  F e -  
Cr a l loys  and  Cr. I t  is a t t r i b u t a b l e  to c h r o m a t e  p r o -  
duc t ion  on c o m p a r i n g  t h e  p o l a r i z a t i o n  cu rves  of t he  
a l loys  w i t h  t h a t  for  c h r o m i u m  (14) .  The  m a t e r i a l  
r e d u c e d  d u r i n g  the  a r r e s t  m a y  we l l  be  h e x a v a l e n t  
c h r o m i u m .  This  is sugges t ed  b y  the  g e n e r a l  i nc rea se  
in Q ( A )  w i t h  i nc r e a s ing  Cr  con ten t  of t he  a l loy,  and  
b y  the  nob le  v a l u e  of V ( A ) .  A Cr  +8 c on t a in ing  
spec ies  should  be  r e d u c e d  at  a m o r e  n e g a t i v e  p o -  
t en t ia l .  W h i l e  c o r r e l a t i o n  b e t w e e n  V ( A ) ,  i ts  p H  co-  
efficient,  and  the  t h e r m o d y n a m i c  CrO3/Cr203 or  
HfCrO4 /Cr  +s p o t e n t i a l s  was  no t  found,  a c o m p a r i s o n  
can  be  m a d e  w i t h  t he  t h e r m o d y n a m i c  p o t e n t i a l  of 
0.90v at  p H = 0 for  t he  r e a c t i o n  H C r O 4 -  Jr 3H + -t- 
3 e -  = C r O f -  + 2H20. This  was  c a l c u l a t e d  us ing  
the  r e p o r t e d  s t a n d a r d  p o t e n t i a l s  (15, 16) for  t he  
r eac t ions :  2H20 + Cr = C r O f -  § 4H + + 3e and  
H C r O 4 -  + 7H + -b 6 e -  = 4HeO + Cr. The  d rop  in 
Q ( A )  w i t h  i nc r e a s ing  p H  fits a p r e v i o u s l y  r e p o r t e d  
o b s e r v a t i o n  t h a t  dec reases  in  so lu t ion  c h r o m a t e  u p -  
t a k e  on a Cr  su r f ace  occurs  w i t h  i nc r e a s ing  p H  (17) .  
This  was  e x p l a i n e d  as due  to c o m p e t i t i v e  a d s o r p -  
t ion  b y  O H - .  

Reg ion  3 of the  anodic  t i m e - p o t e n t i a l  c u r v e  (Fig .  
7) is a p o t e n t i a l  a r r e s t  occu r r i ng  at  ~ 1.35v i.e., at  
t he  p o t e n t i a l  of t he  p e a k  c.d. in  t he  t r a n s p a s s i v e  r e -  
gion. In  add i t ion ,  t he  r a n g e  of a l loy  compos i t ion  in  
w h i c h  r eg ion  3 appea r s ,  i.e., >1 9.02% Cr, p a r a l l e l s  
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the  r a n g e  in  which  the  secondary  ac t iv i ty  is ob-  
served.  Region 3 m u s t  t h e n  be connec ted  w i t h  the  
p roduc t ion  of the secondary  pass ivi ty .  Both  the  
t races  of Fig. 8 and  the  s imu l t aneous  appea rance  of 
a r res t  A w i t h  the  onset  of the  secondary  ac t iv i ty  
suggest  tha t  m a t e r i a l  "A"  does no t  p roduce  the  sec- 
o n d a r y  pass iv i ty  bu t  is p r o b a b l y  a b y - p r o d u c t  of 
processes occur r ing  in  the  t r anspass ive  region.  
Changes  in  "F,"  which  p r e v e n t  the  con t inuous  pas -  
sage of c h r o m i u m  th rough  the  pass ive  film, m u s t  
be looked to. 

Both the  Q ( F ) - - E  and  1/C vs. E plots are l inear  
b e t w e e n  ~- 0.35 and  1.05v for  the  " lower"  alloys. In  
addi t ion,  bo th  show hysteresis .  I t  seems reasonab le  
to connec t  these data.  If m a t e r i a l  "F"  were  the  di -  
electric of a pa ra l l e l  p la te  capaci tor  in  this  po ten t i a l  
range,  an  equa t i on  r e l a t ing  th ickness  of F, d, Q (F ) ,  
and  dielectr ic  constant ,  k, can be ob ta ined  a s suming  
a pass ive  f i lm-so lu t ion  in te r fac ia l  capacity,  C f i l m - s o l , n  

in  series w i th  a fi lm capacity,  Cfilm, and  tha t  "B" 
makes  no c o n t r i b u t i o n  to the  m e a s u r e d  capaci ty,  C. 
F r o m  the  l i nea r  por t ion  of the  cu rve  of Fig. 11, 
the  b r a n c h  of the  lower  curve  in  Fig. 3 which  lies 
at  po ten t ia l s  less t h a n  abou t  1.05v, and  the pa ra l l e l  
p la te  capaci tor  fo rmula :  

E ---- 13.4 ( 1 / C f i l m  Jc l /Cfil  . . . . .  1.n) --  0.475 

E : 8.43 x 10 -4 Q ( F )  + 0.254 

Cnlm ~ k/O.l13 d 
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[4] 

[5] 

[6] 

If [4] and  [5] are combined  wi th  the  condi t ion  t ha t  
1/Cnlm • 0 w h e n  Q ( F )  ~ 0, a va lue  for Cfil . . . .  1.n 
can be ob ta ined  

13.4 
C f i l m . s o l ,  n = = 18.4/~f/cm 2 

0.475 + 0.254 

This va lue  is comparab le  to the  va lue  of 17.5 # f / c m  2 
ob ta ined  e x p e r i m e n t a l l y  for an  act ive  electrode at 

--0.40v. C o m b i n i n g  Eq. [4],  [5] ,  and  [6] w i th  
the  va lue  ob ta ined  for Cmm-sol.n 

Q ( F )  = 1 .80x 103 d / k  [7] 
o r  

k = 1.80x 103 d / Q ( F )  

If the r educ t ion  react ion,  the  densi ty ,  and  the  mo-  
lecu la r  weight  of "F"  are known ,  a r e l a t ion  b e t w e e n  
Q (F)  and  d can be obta ined.  A s s u m i n g  the reac t ion  
is 

3Fe203 + 2H + + 2 e -  = 2Fe~O4 + H20 
t h e n  

159.7 x l0  s x 10 -6 
d/Q (F)  = -- 4.85 x 10 -2 

5.12 x 2/3 x 96,500 

C o m b i n i n g  this  resu l t  w i th  Eq. [7] ,  a va lue  for the  
a p p a r e n t  dielectr ic  cons tan t  of "F"  can be ob ta ined  

k = 1.80 x l0  s x  4.85 x 10 -2 ~ 87.5 

If the  reac t ion  o fFe203  + 2H + + 2 e -  = 2FeO + 
H20 is assumed,  a va lue  of 29.2 ob ta ins  for  k. Reduc -  
t ion  to Fe  can be ru l ed  out  since d less t h a n  the  O = 
d i ame te r  wou ld  ob ta in  for some va lues  of E. Values  
repor ted  for the  dielectr ic  cons tan ts  of n o r m a l  oxides 
of i ron r ange  f rom 7 to 20 (18-20) .  

For  E more  nob l e  t h a n  1.05v, 1/C vs. E re la t ions  
fail, a nd  a h u m p  develops  in  the  C-E curves  for the  
"h igher"  r a nge  alloys. This  can  be con t ras ted  wi th  
the  behav io r  of Fe in  d i lu te  H2SO4, in  wh ich  case C 
con t inues  to decrease  hype rbo l i ca l ly  w i th  inc reas ing  
E (3,4). Whi le  for iron,  smal l  anodic  c u r r e n t  flow 
ex tends  to the  b e g i n n i n g  of oxygen  evolu t ion ,  a 
po ten t i a l  of 1.05v m a r k s  the  onset  of the  secondary  
ac t iv i ty  reg ion  for the  al loys in  the  pH 2.2 solut ion 
used. A connec t ion  can  thus  be es tab l i shed  b e t w e e n  
the secondary  ac t iv i ty  and  the  observed  change  in  
e lectr ical  proper t ies .  Elec t r ica l  changes  in  "F," 
pe rhaps  caused by  the  con t inuous  passage of c h r o m -  
i u m  t h r ough  the  film, m a y  be involved .  Signif icant  
s t r u c t u r a l  changes  seem u n l i k e l y  since V ( F )  is i n -  
d e p e n d e n t  of E. 

The shift  of the  curves  to h igher  C va lues  b e t w e e n  
12.2 a nd  18.6% Cr could be  accounted  for if e i ther  
the  dielectr ic  cons tan t  or the  e lect ronic  conduc t iv i ty  
of the film increased.  At  18.6% Cr, the  C-E curve  
(except  for the  h u m p  in  the  t r anspass ive  reg ion)  
compares  qu i te  f a v o r a b l y  w i th  C-E da ta  ob ta ined  
for "c lean"  P t  in  n e u t r a l  Na2SO4 solut ions  (21).  

Conclusion 
While  the  al loys s tud ied  show some of the  be -  

hav io r  found  on phase  oxide covered meta l s  l ike Ta 
a nd  A1, the  fact  tha t  a 1/C vs. E r e l a t ion  holds only  
for the  " lower"  r a nge  al loys over  a res t r ic ted  r ange  
of anodiza t ion  po ten t i a l  and  only  in  acid solut ions  
indica tes  tha t  a classification w i th  the  l a t t e r  group 
of meta l s  is no t  appropr ia te .  At  the same t ime,  a 
film consis t ing of m o n o l a y e r  quan t i t i e s  or less of a 
s ingle  type  of adsorbate ,  i.e., O, OH, O2, canno t  be  
reconci led  w i th  the  resul t s  ei ther .  Indeed  Q ( F )  a t -  
t a ins  va lues  too h igh  for this  to occur. 

The  resul t s  migh t  be  accounted  for be t t e r  by  a 
mode l  consis t ing of a m o n o l a y e r  of oxygen  a toms 
adsorbed  on the  me t a l  over  wh ich  an  amorphous  
m i x t u r e  of me ta l  ions and  oxygen  ions mi gh t  form 
by  me t a l  ion m o v e m e n t  t h r ough  the  adsorbed  a r ray .  
Some ev idence  can be p resen ted  to suppor t  this  view. 
Q (B) r e m a i n s  at ,~ 0.7 m c o u l / c m  2 over  a r a n g e  of E, 
i.e., close to the  va lue  of 0.6 m c o u l / c m  2 ca lcula ted  
for r educ t ion  of a m o n o l a y e r  of adsorbed  oxygen  
atoms in  1:1 cor respondence  w i th  the  sur face  me ta l  
atoms. Tha t  "B" is nonp r o t e c t i ve  for Fe b u t  achieves 
o p t i m u m  pro tec t ive  proper t ies  at  ~ 12% Cr fits an  
e lec t ron  conf igura t ion  theory  of pass iv i ty  which  re -  
la tes  this  cr i t ical  composi t ion  to d - e l ec t ron  v a c a n -  
cies in  the  al loy componen t s  and  the  r e su l t ing  ab i l i ty  
of the  a l loy to chemisorb  oxygen  (22).  Indeed,  tha t  
"F"  fai ls  to grow as r ap id ly  w i th  E, at  E < 1.05v 
for the  "h igher"  r a nge  al loys as for the  " lower"  
r a nge  suggests  tha t  s t rong  adsorp t ion  forces inh ib i t  
the  m o v e m e n t  of me t a l  ions t h r ough  the  adsorbed  
a r r a y  for the fo rmer  metals .  The  hys teres is  behav io r  
in  the  C-E curves  for these  al loys seems more  r ea -  
sonable  on the basis  of such a model .  

The  change  in  the  fo rm of the  C-E curves  for 
the  "h igher"  r a nge  alloys para l l e l s  the a t t a i n m e n t  of 
o p t i m u m  pass ive  film s tab i l i ty  w i th  respect  to bo th  
"F"  and  "B." Other  inves t iga tors  have  observed  this  
composi t ion  to m a r k  the a t t a i n m e n t  of e i ther  opt i -  
m u m  ease of pass iva t ion  or m a x i m u m  corrosion re -  
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s is tance (5) .  The va l id i ty  of the  capaci ty  da ta  in  
s tudies  l ike these is thus  suppor ted .  
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The Influence of Film Thickness on the Thermodynamic 
Properties of Thin Oxide Layers on Iron 

K. G. Weil 
Eduard Zintt  Institut der Technischen Hochschule Darmstadt, Lehrstuhl  fi2r Physikatische Chemie, 

Darmstadt, West  Germany 

The proper t ies  of a pass ive  me ta l  are, in  genera l ,  
d e t e r m i n e d  by  the  p roper t i es  of the  oxide films 
which  cover  the  me t a l  surface.  Recen t ly  Ve t te r  (1) 
showed how to ca lcula te  the  e q u i l i b r i u m  po ten t i a l  
of such a n  ox ide -cove red  e lect rode f rom the  free 
ene rgy  of f o rma t ion  of the  oxide. To use his for-  
m u l a e  the  free e n e r g y  of f o rma t ion  of the  oxide 
mus t  be k n o w n  as a f unc t i on  of the  degree  of ox ida-  
tion. This  in fo rmat ion ,  however ,  can only  be ac-  
qu i r ed  by  e x p e r i m e n t s  wh ich  are u sua l l y  done on 
b u l k  oxides. In  this  pape r  it  wi l l  be  shown  tha t  it  
m a y  be r i sky  to use resu l t s  ob ta ined  for such b u l k  
ma te r i a l s  to ca lcula te  e q u i l i b r i u m  proper t ies  of th in  
films. 

In  the  first s tage the free surface  ene rgy  wi l l  be 
t aken  in to  account .  In  a sys tem m e t a l / o x i d e / s o l u -  
t ion  there  m a y  be th ree  interfaces ,  and  therefore  
the free ene rgy  change  of such a sys tem at  cons tan t  
v o l u m e  and  t e m p e r a t u r e  m a y  be w r i t t e n  as 

= dOj [1] 
i - ~ j  V,T 

where  the  in t ege r  i denotes  the  di f ferent  species 
i nvo lved  in  the  oxide fo rming  reac t ion  and  the  i n -  
teger  j = 1,2,3 denotes  the  th ree  di f ferent  i n t e r -  
faces Oj. I n t r o d u c i n g  {he ex ten t  of reac t ion  X accord-  
ing to de Donder  we ob ta in  

dn~ = vide. 

and  dOj = dO~_ dX 
d~ 

and  f inal ly  

W h e n  e q u i l i b r i u m  is ob ta ined  the  t e r m  in  b racke t s  
m u s t  vanish ,  i.e., 

2 (  l dOj _ o 

Compar ing  Eq. [3] w i th  the  e q u i l i b r i u m  cond i t ion  
for chemical  reac t ions  in  b u l k  phases:  ~ i v i  = 0, we 

i 
find, tha t  an  inf luence  of the  free surface  ene rgy  is 
to be expected in  all  eases in  which  dOj/d,X #-O. 
This  is the  ease w h e n  the  me t a l  surface  is no t  com-  
p le te ly  covered by  the  oxide, and  the  f rac t ion  of 
the surface covered var ies  du r ing  the  react ion.  It  
m a y  also be the  ease w h e n  the  oxide does not  form 
a smooth  film, bu t  forms whiske r s  the  he ight  of 
which,  and  there fore  also the  oxide surface,  var ies  
d u r i n g  the  react ion.  In  this  ease a change  in  the 
roughness  factor  wi l l  be re la ted  to the  t e r m  dOj/dX. 

U n d e r  ce r ta in  condi t ions  ano the r  effect m a y  be 
respons ib le  for dev ia t ions  in  the  free ene rgy  of for-  
m a t i o n  of an  oxide film f rom the va lue  ob ta ined  by  
expe r imen t s  done on b u l k  phases. T h e r m o d y n a m -  
ical ly  an  oxide is defined by  its chemical  composi t ion 
as wel l  as by  its c rys ta l lographic  state, especial ly  by  
the concentration and distribution of lattice defects 
and interstitials. These properties are very likely to 
be different in oxide layers grown on solid surfaces 
from those in bulk oxide phases. Especially when 
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t he  f i lm th i ckness  is of t he  s a m e  o r d e r  of m a g n i t u d e  
as t he  l a t t i c e  cons t an t  of t h e  ox ide  c r y s t a l s  f o r m i n g  
t h e  film, c o n s i d e r a b l e  d e v i a t i o n s  a r e  to  be  expec t ed .  

In  t hese  cases  a t e r m  d e p e n d i n g  on the  f i lm t h i c k -  
ness  is to be  i n t r o d u c e d  in to  t he  e q u a t i o n  for  t he  
f ree  e n e r g y  c h a n g e  

dF = ~ #~dni + dE [4 ] 
i V ,T  

( f  is t h e  f i lm t h i c k n e s s ) .  A s s u m i n g  t h e  g r o w t h  of a 
smoo th  f i lm w i t h  u n i f o r m  d e n s i t y  a n d  c h e m i c a l  c o m -  
pos i t i on  w e  h a v e  the  fo l lowing  r e l a t i o n  b e t w e e n  d~ 
a n d  t h e  e x t e n t  of r e a c t i o n  

M 
d~ = - ~  7,'oxid e d~- 

(M is t h e  m o l e c u l a r  w e i g h t  of t h e  oxide ,  p i ts  
dens i ty ,  Voxide t h e  s t o i c h i o m e t r i c  n u m b e r  of t he  o x i d e  
in t he  ox ide  f o r m i n g  reac t ion ,  O t h e  a m o u n t  of s u r -  
face . )  

The  e q u i l i b r i u m  cond i t i on  in th is  case  r e a d s  

E v a l u a t i n g  the  f irst  t e r m  of Eq. [5]  w e  ge t  

X#ivi = ~#i~ + ~RT in  pivi = - -RT  In Kp ~ + RT~ in  piV~ 

[6] 
w i t h  K~ = = e q u i l i b r i u m  cons t an t  of t he  o x i d e  f o r m -  
ing  r e a c t i o n  for  f -~ oo. I n t r o d u c i n g  Eq. [6]  in to  [5]  
w e  o b t a i n  f ina l ly  

~ l n p ~ v ~ = l n K  ~ ( O F )  M 
- -~-~.~po----T~ox~. [7] 

In  cases  in  w h i c h  the  Pi can  be  m e a s u r e d  as  a f u n c -  

t ion  of f,  can  be  o b t a i n e d  as a func t ion  of f, 
V,T 

as w i l l  be  s h o w n  for  one t y p i c a l  case  in  t he  sec t ion  
on t h in  F e O  fi lms at  h igh  t e m p e r a t u r e s .  

Application to the Theory of the Flade Potential 
In  the  case of pas s ive  i ron  the  F l a d e  p o t e n t i a l  co r -  

r e s p o n d s  to  t he  f r ee  e n e r g y  of t he  r e a c t i o n  (2, 3) 

2Fe304 + H20 = 3TFe203 + I-I2 

A c c o r d i n g  to the  cons ide ra t i ons  in t h e  p r e c e d i n g  sec-  
t ion  i t  shou ld  d e p e n d  on the  t h i cknes s  of t he  f i lm 
f o r m e d  d u r i n g  t h e  reac t ion .  U n f o r t u n a t e l y  i t  s eems  
imposs ib l e  to f ind e x p e r i m e n t a l  cond i t ions  u n d e r  
w h i c h  the  f i lm is f o r m e d  w i t h  def in i te  k n o w n  t h i c k -  
nesses.  On the  o t h e r  hand ,  the  f i lm th i ckness  does 
not  d e c r e a s e  u n i f o r m l y  ove r  t he  w h o l e  su r face  d u r -  
ing  the  a c t i v a t i o n  p rocess  so t h a t  one  canno t  a s so -  
c ia te  w i t h  c e r t a i n t y  t h e  o b s e r v e d  ac t i va t i on  p o t e n -  
t i a l s  to d i f fe ren t  f i lm th icknesses .  

Neve r the l e s s ,  i t  can  be  shown  t h a t  t he  p r o p e r t i e s  
of t he  pa s s ive  f i lm d e p e n d  on i ts  th ickness ,  p r o v i d e d  
the  f i lm th i cknes s  is  of t h e  s ame  o r d e r  of m a g n i t u d e  
as t he  l a t t i ce  cons t an t  of i t s  cons t i tuen t s .  In  a p r e -  
v ious  p a p e r  (4)  i t  cou ld  be  p r o v e d  t h a t  t he  f i lm 
th i cknes s  in t he  s t a t i o n a r y  s ta te  in ac id  so lu t ions  is 
ove r  a w i d e  r a n g e  of p o t e n t i a l s  p r o p o r t i o n a l  to  t he  
p o t e n t i a l - d i f f e r e n c e  U - -  U~ (U is t h e  p o t e n t i a l  of 
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Fig. 1. Steady-state current vs. layer thickness. Iron in IN H2S04. 

Upper abscissa, potential against normal hydrogen electrode. 

t h e  pa s s ive  e l ec t rode ,  U~ t h e  F l a d e  p o t e n t i a l  m e a s -  
u r e d  a g a i n s t  t he  same  r e f e r e n c e  e l e c t r o d e ) .  Us ing  
the  f igures  g iven  in  t h a t  p a p e r  i t  is poss ib l e  to p lo t  
t he  s t e a d y - s t a t e  c u r r e n t  of a p a s s i v e  i r on  e l ec t rode  
a g a i n s t  t h e  f i lm th ickness .  Such  a p lo t  is s h o w n  
in Fig .  1, us ing  d a t a  r e p o r t e d  b y  I-Ierbsleb a n d  E n g e l l  
(5 ) .  [ S i m i l a r  d a t a  a r e  r e p o r t e d  b y  B a r t l e t t  and  Ord  
(6)  a n d  b y  O s t e r w a l d  ( 7 ) . ]  I t  is v e r y  obv ious  f r o m  
the  f igure  t h a t  the  p r o p e r t i e s  of t he  p a s s i v e  i ron  a r e  
d e p e n d e n t  on t h e  f i lm th i ckness  b e t w e e n  0 and  a b o u t  
12A a n d  a re  c o m p l e t e l y  i n d e p e n d e n t  a t  h i g h e r  t h i c k -  
nesses.  [The  i nc rea se  a t  ~ 1500 m v  is caused  b y  
o x y g e n  evo lu t ion . ]  

H e r b s l e b  a n d  Enge l l  a lso showed  t h a t  in  the  r e -  
g ion  b e t w e e n  600 a n d  850 my,  w h e r e  t he  s t e a d y -  
s t a t e  c u r r e n t  is t h i c k n e s s - d e p e n d e n t ,  F e  + + ions a r e  
f o r m e d  as co r ros ion  p r o d u c t  bes ides  F e  +++ ions  
w h i c h  a r e  f o u n d  in t he  w h o l e  r a n g e  of p a s s i v i t y  (8 ) .  
T h e y  r e l a t e d  the  occu r r ence  of t he  f e r r o u s  ions to 
t h e  ex i s t ence  of f luc tua t ing  po re s  in t he  pas s ive  f i lm 
w i t h i n  th i s  p o t e n t i a l  r ange .  

These  f ind ings  fit v e r y  w e l l  t h e  a s s u m p t i o n  t h a t  
t he  p r o p e r t i e s  of an  e x t r e m e l y  th in  f i lm di f fer  f rom 
those  of a t h i c k e r  one. G e n e r a l l y  t he  f i lm th i ckness  
wi l l  no t  be  u n i f o r m  ove r  a mac roscop i c  r eg ion  of a 
sur face .  This  s p a t i a l  f luc tua t ion  does  no t  m a t t e r  in 
cases  w h e n  t h e  f i lm t h i c k n e s s  is  h igh  enough  to 
p r o v i d e  a f r ee  e n e r g y  i n d e p e n d e n t  of f i lm th i ckness  
( 0 F / 0 f  = 0).  If,  h o w e v e r ,  f is so s m a l l  t h a t  0 F / 0 f  > 0 
then  f luc tua t ions  in f w i l l  g ive  r i se  to f luc tua t ions  
in the  f ree  ene rgy ,  and  t h e r e f o r e  a r e a c t i o n  is pos -  
s ible .  As  can  b e  seen  f r o m  Fig.  2 p l ace s  w i t h  l o w e r  
f a r e  less  s t ab le  w i t h  r e spe c t  to those  w i t h  h i g h e r  f,  

1,2 
a OF 

Thick 

\ /  
Gralh Boundaries 

F#m 

F 

Thin Film 

Fig. 2. Influence of fluctuations in thickness on free energy fluc- 
tuations for normal and extremely thin films. 
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and  so the reac t ion  leads to the  fo rma t ion  of pores 
at  those posi t ions whe re  spots of lower  film th i ck -  
ness were  s i tua ted  or ig inal ly .  W h e t h e r  the  pores 
fo rmed  by  this process wi l l  g row and  cause to ta l  
ac t iva t ion  of the pass ive  metal ,  or w h e t h e r  t hey  wi l l  
be  closed by  t a n g e n t i a l  g rowth  of the  film is m e r e l y  
a ques t ion  of the  capaci ty  of the  po ten t ios ta t  used in  
the  exper imen t .  

Thin FeO Films at High Temperatures 
The fact tha t  it  was  possible  to descr ibe some 

proper t ies  of the  pass ive  fi lm us ing  the  concept  of 
a t h i c k n e s s - d e p e n d e n t  f ree ene rgy  encouraged  us to 
ca r ry  out  some expe r imen t s  to show the  inf luence  
of fi lm th ickness  on e q u i l i b r i u m  proper t ies  in  a more  
q u a n t i t a t i v e  m a n n e r .  The  sys tem Fe/H2Ovapor was  
chosen, for the e q u i l i b r i u m  cons tan t  of the  reac t ion  

Fe + H20 = FeO + H2 [9] 

can  easi ly  be d e t e r m i n e d  by  s imple  m e a s u r e m e n t s  
of the p ressure  if the  pa r t i a l  p ressure  of the  s t eam 
is kep t  cons tan t  d u r i n g  the  exper imen t s .  

Exper imental  Design 

The i ron  spec imen  consis ted of " M a g n e t r e i n e i s e n "  
of the  V a k u u m s c h m e l z e  Hanau .  Ten  sheets w i th  a 
to ta l  geometr ic  surface  of 100 cm 2 were  m o u n t e d  
in  a glass vessel  wh ich  was fixed in  the  cen te r  of 
the coil of a h i g h - f r e q u e n c y  furnace .  The glass ves-  
sel was cooled by  r u n n i n g  wa t e r  suppl ied  by  a 
t he rmos t a t  kep t  at  a t e m p e r a t u r e  of 18~ The  i ron  
spec imen was kept  in  its posi t ion b y  two th in  wires  
of P t  and  P t / 10  Rh which  at the  same t ime served  
as a thermocouple .  The vessel  could be connec ted  
wi th  a con ta ine r  filled w i th  a s a tu ra t ed  CaCl2 solu-  
t ion  ca re fu l ly  t he rmos t a t t ed  at 15~ to m a i n t a i n  the  
pa r t i a l  p ressure  of the  s t eam at 5.1 Torr .  The  to ta l  
p ressure  in  the  sys tem was m e a s u r e d  by  a m e r c u r y  
m a n o m e t e r ,  the  read ings  be ing  t a k e n  by  m e a n s  of 
a ca the tometer .  

I t  is essent ia l  to keep the tota l  v o l u m e  of the  r e -  
act ing sys tem as smal l  as possible.  This  m a y  be 
shown by  the  fo l lowing  considera t ions .  In  the  in i t i a l  
s tate  the  i ron  surface  is free of oxide (k = O) and  
the  a tmosphere  consists on ly  of s t eam at a g iven  
pa r t i a l  pressure .  W h e n  reac t ion  [9] occurs the  
h y d r o g e n  pressure  increases  in  p ropor t ion  to the  
ex ten t  of reac t ion  

RT 
PH2 ---- X [1O] 

V 

As the  pa r t i a l  p ressure  of the  s t eam is kep t  cons tan t  
d u r i n g  the  react ion,  the p ressure  ra t io  also increases  
p ropo r t i ona l l y  

RT 
PH2/PHfo a • [ 11 ] 

PHfo ~ V 

The  reac t ion  comes to an  end  w h e n  this  p ressure  
ra t io  equals  the  e q u i l i b r i u m  cons tan t  of reac t ion  [9]. 
This  is i l lus t ra ted  schemat ica l ly  in  Fig. 3. The u n -  
b r o k e n  curve  r ep resen t s  the  e q u i l i b r i u m  cons tan t  
as a f unc t i on  of >, as expected  according to the  con-  
s idera t ions  in  the  p reced ing  sections. The  two dot ted 
l ines show the  increase  of the p ressure  ra t io  w i th  X 
for two di f ferent  va lues  of the  p roduc t  PHfo ~ V. I t  

/ /  

/ J 1 

/ ~  / / 2  
~// / /  

/ 
/ 

/ 
~X 

/ 

t 
% 

Fig. 3. Kp and p H 2 / p H 2 0  ~ VS. extent of reaction for two different 
apparatus. 

is obvious  f rom Fig. 3 tha t  an  appa ra tu s  in  which  
PH2o ~  has the  va lue  used  for the  cons t ruc t ion  of 
curve  2 is useless for m e a s u r e m e n t s  of the  de pend -  
ence of Kp on X. The a ppa r a t u s  used in  the  i nves t i -  
gat ions  r epor ted  here  cor responded  to curve  1 wi th  
P n 2 0  ~  V ~--- 103 Tor r  cm ~ (PHfo ~ = 5.1 Torr ,  V ---- 187 
cm 3) . 

The necess i ty  of w o r k i n g  in  such a smal l  vo lume  
makes  it  imposs ib le  to use a n  a p p a r a t u s  according 
to the  advice of E m m e t t  (9) .  The m e a s u r e d  equ i l i b -  
r i u m  cons tants  therefore  m a y  be e r roneous  due to 
a n y  effect of t h e r m a l  diffusion. Bu t  as is seen f rom 
Tab le  I on ly  the  quot ien t s  K , ~ / K p  are needed  for 
the purposes  of this  paper ,  and  therefore  the  er ror  
wi l l  be  reduced  r e m a r k a b l y .  On the other  hand,  as 
long as there  is no i n f o r m a t i o n  abou t  the  t rue  su r -  
face, the u n c e r t a i n t y  which  arises f rom the e s t ima-  
t ion  of the roughness  factor  wi l l  be m u c h  la rger  t han  
tha t  a r i s ing  f rom the  t h e r m a l  diffusion effect. 

Exper imenta l  Procedure 

Al l  e xpe r i me n t s  were  car r ied  out w i th  the  t e m -  
p e r a t u r e  of the  me t a l  at  815~ At  the  b e g i n n i n g  
of each e x p e r i m e n t  the  i ron  spec imen  was  a n n e a l e d  
in  a hyd rogen  a tmosphere  of 200 Tor r  for 2 hr.  This  
was  fol lowed by  a second a n n e a l i n g  in vacuo for 
2 hr. F ina l ly ,  the  spec imen  was  a n n e a l e d  in  a h y -  
d rogen  a tmosphere  of 10 Tor r  to s a tu r a t e  the  meta l  
wi th  hyd rogen  at abou t  the  same p ressure  as wou ld  
be es tab l i shed  in  the ox ida t ion  reac t ion  fol lowing.  

The hyd rogen  in  the  gas phase  was  t hen  r emoved  
v e r y  r ap id ly  before  open ing  the  stopcock b e t w e e n  
the reac t ion  vessel  and  the con ta ine r  wi th  the  CaC12 
solut ion.  F r o m  then  on p ressure  r ead ings  were  t aken  
every  m i n u t e  un t i l  e q u i l i b r i u m  was es tabl ished.  

Table I 

nFeo/cm ~, y, 7,, 
10s K~ K~/Kp ~, A kcal/cm 

16.0 1.38 1.00 67.2 0 
14.1 1.38 1.00 59.2 0 
11.9 1.35 1.02 50.0 0.33 
10.2 1.31 1.05 42.8 0.85 
8.9 1.27 1.09 37.3 1.49 
8.0 1.25 1.103 33.7 1.70 
6.4 1.10 1.255 26.9 3.95 
6.0 1.10 1.255 25.2 3.95 
5.5 1.04 1.33 23.1 4.82 
4.8 0.95 1.46 20.2 6.55 
4.1 0.85 1.625 17.2 8.37 
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Fig. 4. Pressure readings in one set of experiments, sl~owing the 
decrease in total pressure with decreasing amount of oxide. 

The nex t  steps of the  process are  eas i ly  descr ibed  
w i th  help of Fig. 4. At  va r ious  t imes,  deno ted  wi th  
1, 2 . . . .  , smal l  a m o u n t s  of h y d r o g e n  were  added  to 
the  e q u i l i b r i u m  mix tu re .  (The a m o u n t  of h y d r o g e n  
added  in  each step was  abou t  1/5 to 1/10 of the  
a m o u n t  fo rmed  in  the  ox ida t ion  reac t ion  at  the  be -  
g i n n i n g  of the  expe r imen t . )  This  caused a s u d d e n  
rise in  the  to ta l  pressure ,  fo l lowed b y  a s low de -  
crease u n t i l  the  n e w  e q u i l i b r i u m  was  es tabl ished.  
Each e q u i l i b r i u m  state  corresponds  to a d i f ferent  
a m o u n t  of oxide p re sen t  on the  i ron  surface.  I t  can  
be seen f rom Fig. 4 tha t  a r e m a r k a b l e  decrease in  
e q u i l i b r i u m  pressure  is observed  in  the  steps 3, 4, 
and  5 as the  a m o u n t  of oxide d imin i shes  more  a nd  
more.  Af t e r  the  6th add i t ion  of h y d r o g e n  all  t he  
oxide is reduced,  and  e q u i l i b r i u m  is no  longer  
reached.  

To ca lcula te  the a m o u n t  of oxide p re sen t  at  the  
var ious  stages of the  process it  is necessa ry  to k n o w  
the  a m o u n t  of h y d r o g e n  fo rmed  or consumed  at these  
stages. As the  t e m p e r a t u r e  is no t  u n i f o r m  in  the  
sys tem the  gas laws canno t  be appl ied  direct ly .  We 
d e t e r m i n e d  the  ave rage  t e m p e r a t u r e  in  the  fo l low-  
ing way.  The whole  sys tem was kep t  at room t e m -  
p e r a t u r e  and  h y d r o g e n  added up  to a pressure  p (T1). 
T h e n  the  i ron  spec imen  was  hea ted  to 815~ and  the  
p ressure  p(T2)  was  measured .  D u r i n g  this  expe r i -  
m e n t  the  CaC12 solut ion was  covered w i th  a film of 
si l icon oil to p r e v e n t  the  i o r m a t i o n  of wa t e r  va po r  
in  the  system. The average  t e m p e r a t u r e  can t h e n  be 
ca lcu la ted  

p ( T I ) / p  (T2) = T1/Taverage [12] 

This rat io p roved  to be p r e s s u r e - i n d e p e n d e n t  in  the  
r ange  of pressures  used in  the exper imen t s .  The  
average  t e m p e r a t u r e  was  ca lcula ted  to be Taverage 
383~ Al l  the  e x p e r i m e n t s  were  repea ted  severa l  
t imes  and  showed a fa i r ly  good reproduc ib i l i ty .  

Results 
The resu l t s  of the e x p e r i m e n t s  are  g iven  in  Tab le  

I. The  f igures i n  the  first two co lumns  are ca lcu la ted  
d i rec t ly  f rom the  e x p e r i m e n t a l  da ta  w i thou t  i n t r o -  
duc ing  a n y  assumpt ions .  To ca lcula te  the  va lues  of 
$ f rom those ob ta ined  for n ~ o  as sumpt ions  m u s t  be 
m a d e  for the  dens i ty  of the  oxide and  for the  r o u g h -  
ness  factor.  The dens i ty  was  t a k e n  as 5.7 g cm -3, be -  
ing the va lue  for the b u l k  m a t e r i a l  at room t e m p e r a -  
ture .  The  roughness  factor  was  es t ima ted  to be 3, as 
the  me t a l  rec rys ta l l i zed  d u r i n g  the  a n n e a l i n g  p ro -  
cedure,  and  showed a cons ide rab ly  rough  surface  
af ter  the  exper iments .  To ca lcula te  the va lue  of 
(OF/O$) Eq. [7] was used. The dens i ty  aga in  was  

~6 
1,4 Kp 

l 
g8 

Fig. 
Upper 

25 50 ~. 10% ~m 

nFe%m 2 " 10 s 

5. K~ as a function of the amount of oxide on the metal. 
abscissa, estimated film thickness (~). 

assumed  to be 5.7 g cm -3, for O the  geomet r ica l  su r -  
face was  taken.  F i g u r e  5 shows g raph ica l ly  the  re -  
sul ts  for Kp as a f u n c t i o n  of the  a m o u n t  of oxide on 
the  surface.  

I t  is s t r ik ing  to see f rom Fig. 5 tha t  dev ia t ions  
f rom n o r m a l  b e h a v i o r  become obvious  a t  film 
th ickness  as h igh  as N50A. I t  is v e r y  u n l i k e l y  tha t  a 
fi lm of 50A which  consists of at  least  15 a tomic layers  
w ou l d  show an  a b n o r m a l  e q u i l i b r i u m  behavior .  Bu t  
these  va lues  of ~ are, of course, ave rage  values ,  and  
i t  is possible  tha t  a r easonab le  pa r t  of the surface is 
covered  b y  a t h i n n e r  film even  if the ave rage  film 
th ickness  equals  50A. 

Conclusions 

The e x p e r i m e n t s  r epor ted  above gave ev idence  for 
the  ex is tence  of t h i c k n e s s - d e p e n d e n t  e q u i l i b r i u m  
proper t ies  of solid layers  on solid mater ia l s .  The  ex-  
p e r i m e n t a l  data,  however ,  are  no t  sufficient to sug-  
gest a ny  de ta i led  mechan i sm.  The  only  con jec tu re  
tha t  can be made  is tha t  it  is v e r y  l ike ly  tha t  m e -  
chan ica l  stresses caused  b y  the  difference in  la t t ice  
p a r a m e t e r s  of the  base me t a l  a nd  the  l aye r  are  re -  
sponsible  for this  behavior .  These stresses act on 
each a tom in  the in te r face  in  a d i f ferent  d i rec t ion  so 
tha t  no  y ie ld  processes are possible  and  the  to ta l  e n -  
ergy of s t r a in  is s tored in  the  in te r face  a nd  its su r -  
round ings .  

I t  is to be  not iced  tha t  t h e r m o d y n a m i c a l l y  this  
concept  differs f rom tha t  of a surface  energy.  The 
ex is tence  of a surface  e n e r g y  can on ly  inf luence  
equ i l i b r i a  the  es tab l i sh ing  of wh ich  is connec ted  
wi th  a change  in  surface.  Never theless ,  the  phys ica l  
causes for the  ex is tence  of a sur face  ene rgy  b e t w e e n  
two solids wi l l  be  the  same as those respons ib le  for 
the  ex is tence  of a t h i c k n e s s - d e p e n d e n t  f ree ene rgy  
in  t h i n  films. 
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Ion-Exchange Properties of the Film on Passive Iron and Steel 

G. H. Cartledge and Dieter H. Spahrbier 1 
Chemistry Division, Oak Ridge National Laboratory, 2 Oak Ridge, Tennessee 

ABSTRACT 

Measurements  of ion exchange  be tween  the film on pass ive  fer rous  meta ls  
and  aqueous ions have  been  made  as a means  of s tudying  the chemical  and 
e lec t rochemical  in terac t ions  of the  film in situ. I t  is shown tha t  the  chromate  
ion, in  par t icu lar ,  is he ld  exchangeab ly  in  amounts  approaching  a monolayer .  
This exchanged  s lowly  wi th  a lka l ine  or  w e a k l y  acidic sul fa te  solutions, and 
the  kinet ics  of the  exchange has  been  studied. I t  was  found tha t  the  r a t e  equa-  
t ion contains both  a l inear  deple t ion  t e rm and a t e rm exponent ia l  in the  ex ten t  
of the  r ep lacemen t  reaction.  This is i n t e rp re t ed  ma themat i ca l ly  by  an act ivat ion 
energy  which  increases  l i nea r ly  wi th  the  quan t i ty  exchanged.  The s imi la r i ty  
to the  kinet ics  of adsorpt ion  of gases on meta ls  in cer ta in  cases is poin ted  out. 

The  c h e m i c a l  s t a t e  a n d  e l e c t r o c h e m i c a l  p r o p e r t i e s  
of t h e  su r f ace  of a p a s s i v e  m e t a l  h a v e  been  r e g a r d e d  
in  a v a r i e t y  of w a y s  s ince  F a r a d a y  a s c r i b e d  i ts  p e -  
cu l i a r  b e h a v i o r  to a f i lm of o x y g e n  f ixed in  some  u n -  
d e t e r m i n e d  form.  In  r e c e n t  yea r s ,  t he  f i lm on pa s s ive  
i ron  has  been  e x a m i n e d  b y  a n u m b e r  of e x p e r i -  
m e n t a l  t echn iques ,  b u t  a lmos t  a l l  t he  p r o c e d u r e s  
used  r e q u i r e d  the  d r y i n g  of t h e  f i lm o r  even  i ts  r e -  
m o v a l  f r o m  the  m e t a l l i c  subs t r a t e .  Hence ,  t he  r e su l t s  
do no t  n e c e s s a r i l y  d isc lose  t he  n a t u r e  of t h e  f i lm as 
i t  ex i s t s  in  con tac t  w i t h  i ts  aqueous  e n v i r o n m e n t .  
F o r  t h e  u n d e r s t a n d i n g  of t he  r e l a t i o n  of t he  p r o p -  
e r t i e s  of t h e  f i lm to e l e c t r o c h e m i c a l  p rocesses  o c c u r -  
r i ng  a t  or  t h r o u g h  it,  one needs  to s t u d y  t h e  a p p r o -  
p r i a t e  p h e n o m e n a  w i t h  t h e  f i lm in situ, and  o n l y  a 
few e x p e r i m e n t s  of th i s  k i n d  h a v e  been  desc r ibed .  

Thus,  i t  has  been  s h o w n  t h a t  t he  p a s s i v e  f i lm on 
i ron  in  n i t r i c  ac id  has  a l ow  e l ec t ron ic  r e s i s t i v i t y  (1) ,  
and  the  c a p a c i t y  of p a s s i v e  m e t a l  su r f aces  has  been  
m e a s u r e d  in  a f e w  ins tances ,  a l t h o u g h  t h e  r e su l t s  
a r e  no t  e a s i l y  unde r s tood .  I t  has  been  s h o w n  also 
(2, 3) t h a t  t he  f i lm p r o d u c e d  w h e n  i ron  is p a s s i v a t e d  
in  o x y g e n a t e d  i n h i b i t o r  so lu t ions  exh ib i t s  t h e  F l a d e  
p o t e n t i a l  w h e n  a c t i v a t e d  b y  a d d e d  an ions  a n d  h e n c e  
has  an  e l e c t r o c h e m i c a l  c h a r a c t e r  s i m i l a r  to t h a t  of 
t he  f i lm p r o d u c e d  b y  anod ic  p o l a r i z a t i o n  in  a 
s t r o n g l y  ac id ic  solu t ion .  Ca thod ic  r e d u c t i o n  p rocesses  
a t  pa s s ive  su r f aces  on z i r c o n i u m  (4) ,  s t a in less  s tee l  
(5 ) ,  a n d  i r on  (6 -9 )  h a v e  been  r e p o r t e d  r e c e n t l y  
f r o m  th is  l a b o r a t o r y .  These  m e a s u r e m e n t s  h a v e  shed  
some l i gh t  on t h e  b e h a v i o r  of t h e  su r f ace  f i lms w i t h  
r e s p e c t  to t r a n s p o r t  of cha rge  across  t he  in t e r f ace .  
T h e y  also d i sc losed  m a r k e d  a c c e l e r a t i o n  of ca thod ic  
p rocesses  w h e n  Os (OH)4  or  Tc (OH)4  was  d e p o s i t e d  
ove r  t he  pa s s ive  i ron  film. 

A l t h o u g h  the  f i lm on i ron  is g e n e r a l l y  d e s c r i b e d  
as an  ox ide  and  e l e c t r o n  d i f f rac t ion  of d r y  f i lm r e -  
v e a l s  t h e  s t r u c t u r e  of m a g n e t i t e  or  T-Fe203, t h e r e  is 

1 P r e s e n t  address:  Var ta  AG,  Zentral  Labora tor ium,  Frankfur t ,  
G e r m a n y .  

s Operated for  the  U n i t e d  States  A t o m i c  E n e r g y  Commiss ion  by 
the  U n i o n  Carbide Corporation, Oak Ridge,  Tennessee .  

some r e a s o n  to  b e l i e v e  t h a t  t h e  m a t e r i a l  in situ is 
a t  l eas t  p a r t i a l l y  h y d r o x y l a t e d ,  p e r h a p s  as  T -FeOOH.  
Such  d a t a  as  ex i s t  show t h a t  th i s  c o m p o u n d  (or  t h e  
a - f o r m )  has  c o n s i d e r a b l e  s t a b i l i t y  u n d e r  p a s s i v a t i n g  
cond i t ions  (10) .  W h a t e v e r  t h e  m e c h a n i s t i c  source  of 
t h e  F l a d e  p o t e n t i a l  m a y  be,  i ts  d e p e n d e n c e  on t h e  
h y d r o g e n - i o n  c o n c e n t r a t i o n  a n d  the  r a p i d  r e sponse  
of t h e  p o t e n t i a l  of a p a s s i v a t e d  e l e c t r o d e  to changes  
in  a c i d i t y  d e m o n s t r a t e  t h a t  some k i n d  of p r o t o n  
i n t e r a c t i o n  is i n v o l v e d  a t  t h e  in te r face .  In  s e v e r a l  
ins tances ,  i t  has  been  s h o w n  (11-14)  t h a t  p a r t i a l  
o x i d a t i o n  of a sol id  M ( O H ) 2  consis ts  of t h e  m e r e  
loss of a p r o t o n  a n d  an  e l e c t r o n  w i t h o u t  c h a n g e  of 
s t ruc tu re .  T h e s e  fac ts  m a k e  i t  p r o b a b l e  t h a t  p r o t o n s  
need  to be  c ons ide r e d  as e s sen t i a l  c o m p o n e n t s  of t he  
pa s s ive  f i lm and  as p a r t i c i p a n t s  in  a n y  e l e c t r o c h e m -  
ica l  p rocesses  a t  t h e  sur face .  

Tha t  anions ,  as we l l  as  p ro tons ,  m a y  i n t e r a c t  w i t h  
t h e  pas s ive  su r f a c e  is i n d i c a t e d  b y  n u m e r o u s  s tud ies  
in  th is  l a b o r a t o r y  (9, 15) as w e l l  as e l s e w he re .  F u r -  
ther ,  m e a s u r e m e n t s  of effects r e l a t e d  to ze t a  p o t e n -  
t i a l s  h a v e  d e m o n s t r a t e d  def in i te  a n d  specific i n t e r -  
ac t ions  b e t w e e n  an  " o x i d e "  su r f a c e  and  d i s so lved  
ions  (16) .  These  effects a r e  mos t  r e a d i l y  u n d e r s t o o d  
as a k i n d  of a c i d - b a s e  i n t e r a c t i on .  

F i n a l l y ,  i t  has  been  d e m o n s t r a t e d  b y  K r a u s  et al. 
(17)  t h a t  s e v e r a l  p r e c i p i t a t e d  ox ides  or  i n so lub le  
h y d r o u s  sa l t s  possess  h i g h l y  specific i o n - e x c h a n g e  
p rope r t i e s .  Thus ,  i t  was  s h o w n  t h a t  t h e  c h r o m a t e  ion  
is f i r m l y  b o u n d  on c e r t a i n  of t h e m  b u t  m a y  be  e x -  
c h a n g e d  b y  an ions  such  as  t he  h y d r o x i d e  ion. The  
s ame  s u b s t r a t e  f a i l ed  to  a d s o r b  p e r t e c h n e t a t e  ions  
( T c O 4 - )  in  t h e  s a m e  m e d i u m ,  in  t h e  e x p e r i m e n t s  
of these  au thors .  T h e y  obse rved ,  f u r t h e r ,  t h a t  t he  
e x c h a n g e  c a p a c i t y  d i m i n i s h e d  w h e n  the  p r e c i p i t a t e s  
w e r e  s i n t e r e d  a t  on ly  m o d e r a t e l y  e l e v a t e d  t e m p e r a -  
tures .  

A l l  these  l ines  of  i n v e s t i g a t i o n  sugges t  a need  for  a 
m o r e  i n t i m a t e  k n o w l e d g e  of t h e  c h e m i s t r y  of t h e  
p a s s i v e  f i lm in  i ts  u n i q u e  s t a t e  w h i l e  i n t e r v e n i n g  b e -  
t w e e n  a m e t a l  a n d  an  a que ous  e n v i r o n m e n t .  I f  i t  a lso 



Vol. 110, No. 6 I O N - E X C H A N G E  P R O P E R T I E S  O F  F I L M  645 

en t e r s  in to  specific e x c h a n g e  p rocesses  w i t h  n e i g h -  
b o r i n g  ions,  i t  can  be  t r e a t e d  no l o n g e r  m e r e l y  as an  
i n e r t  b a r r i e r  to t r a n s p o r t  of c h a r g e  (e lec t rons ,  ions, 
or  de f ec t s ) ,  because  i ts  compos i t ion ,  s t r uc tu r e ,  a n d  
t h e  g r a d i e n t  of p o t e n t i a l  t h r o u g h  i t  w i l l  be  d e -  
p e n d e n t  on t h e  compos i t i on  of t he  so lu t ion  w i t h  
w h i c h  i t  is in  contact .  F o r  these  reasons ,  w e  h a v e  
s t u d i e d  i o n - e x c h a n g e  p rocesses  a t  t he  su r f a c e  of 
p a s s i v a t e d  i ron,  s teel ,  and  s ta in less  s teel ,  in t he  h o p e  
t h a t  a c o m p r e h e n s i v e  k n o w l e d g e  of t he  b e h a v i o r  of 
ions of d i f f e ren t  t y p e s  m a y  l e a d  to a c l e a r e r  u n d e r -  
s t a n d i n g  of t h e  t h in  o u t e r  s u r f a c e  of t he  film, w h e r e  
the  k ine t i c s  of co r ros ion  and  o t h e r  e l e c t r o c h e m i c a l  
p rocesses  is so l a r g e l y  d e t e r m i n e d .  T h e  p r e s e n t  p a p e r  
desc r ibes  t he  o r i e n t i n g  e x p e r i m e n t s  w i th  s e v e r a l  
sys t ems  a n d  g ives  an  ana lys i s  of t h e  k ine t i c s  of e x -  
change  for  one  p a r t i c u l a r  sys tem.  

Experimental 
In  p r e l i m i n a r y  e x p e r i m e n t s ,  the  m e t a l s  u sed  w e r e  

c a r b o n y l  i r on  p o w d e r  a n d  ca rbon  s tee l  ( 0 . 1 % C ) .  
The  p o w d e r  cons i s t ed  of sphe re s  w i t h o u t  po ros i t y ;  
a f t e r  b r i e f  t r e a t m e n t  w i t h  I f  HC104, i ts  su r f ace  a r ea  
was  d e t e r m i n e d  b y  t h e  B.E.T. m e t h o d  to be  0.4 
m2g-1. 3 Suff icient  p o w d e r  (3 - lOg)  was  r i n s e d  in  i f  
HC104 a n d  t h e n  p a s s i v a t e d  for  3-5 da  in a e r a t e d  
c h r o m a t e  or  m o l y b d a t e  so lu t ions  a d j u s t e d  to p H  
va lues  as low as 3.5. S a m p l e s  of th is  size p r o v i d e d  
a suff ic ient ly  l a r g e  su r f ace  for  s p e c t r o p h o t o m e t r i c  
p r o c e d u r e s  to be  used  in  a n a l y z i n g  the  e x t r a c t s  s u b -  
s e q u e n t l y  made .  In  th i s  way ,  i t  was  poss ib l e  no t  on ly  
to d e t e r m i n e  the  a m o u n t  of c h r o m i u m  or  m o l y b d e -  
n u m  r e c o v e r e d  f r o m  the  film, b u t  also, in  the  case  of 
c h r o m i u m ,  to d e m o n s t r a t e  t ha t  i t  was  r e m o v e d  as 
t he  an ion  con ta in ing  C r ( V I ) ,  r a t h e r  t h a n  as  some 
r e d u c t i o n  p roduc t .  C h r o m a t e  ions w e r e  d e t e r m i n e d  
b y  use of d i p h e n y l c a r b a z i d e ,  w h i c h  is not  s ens i t i ve  
to C r ( I I I ) .  M o l y b d e n u m  was  d e t e r m i n e d  b y  the  
t h i o c y a n a t e  p rocedu re .  

T h e  p a s s i v a t e d  p o w d e r  was  w a s h e d  r e p e a t e d l y  on 
a suc t ion  f i l te r  w i t h  d i s t i l l ed  w a t e r  h a v i n g  the  p H  
v a l u e  of t he  p a s s i v a t i n g  so lu t ion  a n d  t h e n  was  e x -  
t r a c t e d  w i t h  success ive  po r t i ons  of 3] NH4OH at  24 ~ 
I t  was  f o u n d  t h a t  t he  s even th  w a t e r  w a s h  c o n t a i n e d  
a b a r e l y  d e t e c t a b l e  a m o u n t  of C r ( V I ) ,  w h e r e a s  t he  
f irst  s u b s e q u e n t  a m m o n i a  e x t r a c t  was  s o m e t i m e s  
v i s i b ly  ye l low.  Thus,  in  a t y p i c a l  e x p e r i m e n t ,  t h e  
t o t a l  a m o u n t  r e m o v e d  in fou r  10 -min  e x t r a c t i o n s  
w i t h  3f NH4OH at  24 ~ was  1 x 10-Sg ( C r ) c m  -e,  
and  a d d i t i o n a l  e x t r a c t i o n s  w i t h  a m o r e  a l k a l i n e  so lu -  
t ion  s h o w e d  t h a t  a l l  t h e  C r ( V I )  h a d  no t  b e e n  r e -  
moved .  The  re su l t s  of s e v e r a l  such e x p e r i m e n t s  i n -  
d i ca t ed  t h a t  t he  t o t a l  e x c h a n g e a b l e  C r ( V I )  a p -  
p r o a c h e d  m o n o l a y e r  coverage ,  if t he  c h r o m a t e  ion is 
t a k e n  to cover  25A 2 [3.47 x 1 0 - 8 g ( C r ) c m - ~ ] .  S i m i -  
l a r  e x p e r i m e n t s  w i t h  i ron  p o w d e r  p a s s i v a t e d  in  
a e r a t e d  m o l y b d a t e  so lu t ions  showed  t h a t  m o l y b -  
d e n u m  also is r e m o v e d  b y  a m m o n i a .  

P r e l i m i n a r y  e x p e r i m e n t s  w e r e  c o n d u c t e d  also 
w i t h  t he  p e r t e c h n e t a t e  ion as p a s s i v a t i n g  agent .  The  
m e t a l  was  e i t h e r  No. 36 i r on  w i r e  ( " f o r  s t a n d a r d i z a -  
t i on" )  or  1 x 2 cm p ieces  of l o w - c a r b o n  s teel .  The  
p a s s i v a t i n g  so lu t ions  w e r e  1 .5 -5x i0  -4  fKTcO4 at  p l l  
ca 6. No e x c h a n g e a b l e  TcO4-  e x c e e d i n g  p o s s i b l y  a 

3 T h e  a u t h o r s  a r e  i n d e b t e d  to  t h e  A n a l y t i c a l  C h e m i s t r y  D i v i s i o n  
fo r  t h i s  m e a s u r e m e n t .  

p e r c e n t  or  so of  a m o n o l a y e r  w a s  d e t e c t e d  b y  m e a s -  
u r i n g  the  b e t a  a c t i v i t y  b o t h  of  t he  e x t r a c t s  ( a f t e r  
s u i t a b l e  t r e a t m e n t )  a n d  of t he  m e t a l  i tself .  This  
n e g a t i v e  r e s u l t  w o u l d  a g r e e  w i t h  t h e  o b s e r v a t i o n s  of 
K r a u s  et al .  (17) ,  b u t  in  v i e w  of s u b s e q u e n t  e x p e r i -  
m e n t s  does no t  e xc lude  t h e  p o s s i b i l i t y  t h a t  some 
e x c h a n g e  m i g h t  be  f o u n d  if  p a s s i v a t i o n  could  be  
ef fec ted a t  a l o w e r  p H  a n d  w i t h  a m o r e  h i g h l y  con-  
c e n t r a t e d  p e r t e c h n e t a t e  so lu t ion .  F u r t h e r  effor ts  in  
th is  d i r ec t i on  w i l l  be  m a d e .  

In  a t es t  for  ca t ion  exchange ,  t r a c e r  Zn  65 was  used  
w i t h  s tee l  shee t  w h i c h  was  f irst  p a s s i v a t e d  in  o x y -  
g e n a t e d  10-2f  p h t h a l a t e  i n h i b i t o r  a t  p H  5.87. In  a 
t y p i c a l  e x p e r i m e n t ,  s u b s e q u e n t  e x p o s u r e  to Zn 65 in  
the  p a s s i v a t i n g  m e d i u m  for  15 h r  g a v e  a z inc  con ten t  
of 2.31 x 1 0 - S g ( Z n ) c m  -2 on the  r i n s e d  spec imen .  
The  m e t a l  was  t h e n  e x t r a c t e d  w i t h  10-2f  Mg (NO8)~ 
in 10-2]  p h t h a l a t e  a t  p H  6.88. In  5 e x t r a c t i o n s  ove r  
a p e r i o d  of 3 hr ,  1.18 x 1 0 - 8 g ( Z n ) c m  -2  w a s  r e m o v e d .  
The  t o t a l  a m o u n t  on t h e  m e t a l  w o u l d  c o r r e s p o n d  
to on ly  a few p e r  cen t  of a m o n o l a y e r  of zinc ions 
if i t  w e r e  a l l  conf ined to t he  sur face .  

Rate measurements . - -S ince  t h e  ex i s t ence  of an ion  
e x c h a n g e  was  d e m o n s t r a t e d  a n d  s h o w n  to be  a s low 
process ,  a s t u d y  of t he  r a t e  of e x c h a n g e  w a s  u n d e r -  
t aken .  F o r  th is  pu rpose ,  t he  c h r o m a t e - s u l f a t e - h y -  
d r o x i d e  s y s t e m  w a s  se lec ted ,  in  v i e w  of t h e  c o n v e n -  
ience  a n d  s e n s i t i v i t y  of r a d i o m e t r i c  m e a s u r e m e n t s  
w i t h  Cr  51 of 27 .8 -day  ha l f - l i f e .  

F o r  t h e  p r e p a r a t i o n  of t h e  r a d i o a c t i v e  i n h i b i t o r  
so lu t ion ,  4-6 m c  of Cr  51 as CrC18 was  f r e e d  of ch lo r -  
ide  b y  p r e c i p i t a t i o n  of C r ( O H ) ~  and  c o n v e r t e d  to 
Cr207 = in  10-2f  K2Cr207 a d j u s t e d  to p H  2.35. T h e  
f r e s h l y  p r e p a r e d  p a s s i v a t i n g  so lu t ions  h a d  such  spe -  
cific ac t iv i t i e s  as to g ive  1 c o u n t / m i n  fo r  a b o u t  2 x 
10-11g Cr, w h e n  us ing  e n o u g h  channe l s  of a m u l t i -  
c ha nne l  a n a l y z e r  to cover  t he  0.32 m e v  p e a k  of Cr 51. 
By  m e a s u r i n g  the  loss due  to a b s o r p t i o n  w h e n  t h i c k  
m e t a l l i c  e l ec t rodes  w e r e  used ,  i t  w a s  poss ib le  to 
check  the  m a t e r i a l  b a l a n c e  at  t he  end  of an  e x p e r i -  
men t .  

Because  of t h e  s lowness  of t he  exchange ,  t he  first  
e x p e r i m e n t s  w e r e  c o n d u c t e d  at  40 ~ w i t h  a c oncen -  
t r a t e d  so lu t ion  as e x t r a c t a n t ,  n a m e l y ,  i f  (NH4)2SO4 
in 6f NH4OH. In  l a t e r  e x p e r i m e n t s ,  O.5f K2SO4 
bu f f e r ed  to p H  9.22 b y  a 0.1f c a r b o n a t e  m i x t u r e  was  
used.  F o r  t he  q u a n t i t a t i v e  r a t e  m e a s u r e m e n t s ,  t y p e  
347 s t a in less  s tee l  spec imens  w e r e  used  in  o r d e r  t h a t  
p a s s i v i t y  m i g h t  b e  m a i n t a i n e d  b y  a i r  t h r o u g h o u t  t he  
e x p e r i m e n t .  T h e  spec imens  w e r e  e i t h e r  p ieces  of 
3-4 cm 2 shee t  or  c y l i n d e r s  1 cm in d i a m e t e r  b y  2 
cm long  (ca. 7 c m  2 a rea ,  coun t ing  on ly  one e xposed  
c i r c u l a r  sec t ion) .  T h e y  w e r e  p r e p a r e d  w i t h  su r faces  
of d i f fe r ing  r o u g h n e s s  b y  e l ec t ropo l i sh ing ,  a l t e r n a t e  
a c t i v a t i o n  in  H2SO4 and  p a s s i v a t i o n  in HNO3, e t c h -  
ing  in  6N HC1 -5 H202, or  a b r a d i n g  w i t h  2 /0  emery .  
In  some  ins tances ,  t he  spec imens  w e r e  p r e p a s s i v a t e d  
in 0.1N H2SO4 in a i r  or  b y  a d d i t i o n  of a s m a l l  a m o u n t  
of H202 to t he  acid.  T h e y  w e r e  t h e n  p a s s i v a t e d  in t h e  
10-2f  d i c h r o m a t e  so lu t ion  for  pe r i ods  of 16 h r  to  
s e v e r a l  days  a t  24 ~ . Be fo re  ex t r ac t i on ,  t h e  spec imens  
w e r e  r i n s e d  30 sec u n d e r  r u n n i n g  d i s t i l l ed  w a t e r ,  
s ince i t  was  k n o w n  f r o m  w o r k  w i t h  t h e  p e r t e c h n e -  
t a t e  ion t h a t  th is  t r e a t m e n t  e f fec t ive ly  r e m o v e s  a d -  
h e r i n g  solut ion .  
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Fig. 1. Apparatus for ion exchange. A, Water-jacketed reservoir; 
B, jacketed extraction cell; C, specimen, held by a Teflon support 
having an axial stainless steel rod for electrical connection; D, con- 
tact for platinum gauze counter electrode; E, reservoir for rinsing; 
F, holder for counting tubes. 

The  e x t r a c t i o n s  w e r e  c o n d u c t e d  b y  e x p o s i n g  the  
spec imens  to success ive  2 or  3 m l  p o r t i o n s  of  so lu -  
t ion  for  m e a s u r e d  t imes ,  e i t he r  in  t u b e s  w h i c h  f i t ted  
in to  t h e  w e l l  of t h e  d e t e c t o r  of t h e  a n a l y z e r  or  in  t h e  
a p p a r a t u s  shown  in  Fig .  i .  In  bo th  ins tances ,  t he  
e x t r a c t i o n  vesse l  was  he ld  at  40 ~ b y  w a t e r  c i r cu -  
l a t i ng  t h r o u g h  a c o n s t a n t - t e m p e r a t u r e  ba th .  To 
d e t e r m i n e  w h e t h e r  t h e  k ine t i c s  w a s  a f fec ted  b y  ag i -  
t a t ion ,  a c o m p a r i s o n  was  m a d e  in  two  e x p e r i m e n t s  
u n d e r  i den t i ca l  cond i t ions  excep t  tha t ,  in one, t he  
so lu t ion  was  c o n t i n u o u s l y  a g i t a t e d  b y  a s t r e a m  of 
oxygen ,  w h e r e a s  t h e r e  was  no  d e l i b e r a t e  s t i r r i n g  
in the  o ther .  T h e  r e su l t s  w e r e  a l ike .  

F i g u r e  1 shows the  de ta i l s  of t he  a p p a r a t u s  u sed  
w h e n  i t  was  d e s i r e d  to  fo l low or  con t ro l  t h e  p o t e n -  
t i a l  of the  s p e c i m e n  d u r i n g  the  ex t r ac t ion .  

Two t y p e s  of e x p e r i m e n t s  w e r e  m a d e  in o r d e r  to 
e s t ab l i sh  t h e  co r rec tness  of t he  p r e s u m p t i o n  t h a t  
on ly  su r f ace  c h r o m i u m  was  b e i n g  e x c h a n g e d  w i t h  
s ign i f ican t  r a p i d i t y .  In  t he  first  t ype ,  t w o  spec imens  
w e r e  p r e p a r e d  w i t h  as n e a r l y  s im i l a r  su r f ace  t r e a t -  
m e n t s  as poss ib le .  One s p e c i m e n  w a s  p a s s i v a t e d  in 
10-2f,  K2Cr25~O~ (a t  p H  2.35),  w h i l e  t he  o t h e r  was  
p a s s i v a t e d  in  a s i m i l a r  so lu t ion  con t a in ing  Cr  51. The  
two  spec imens  w e r e  t h e n  e x t r a c t e d  b y  success ive  
po r t i ons  of I f  (NH4)2SO4 in 6f NH4OH at  40 ~ ove r  a 
p e r i o d  of 22 hr .  Then ,  w i t h o u t  i n t e r v e n i n g  t r e a t -  
ments ,  bo th  spec imens  w e r e  soaked  fo r  1 h r  a t  24 ~ 
in  t he  Cr 5~ p a s s i v a t i n g  so lu t ion  and  a g a i n  c a r r i e d  
t h r o u g h  the  ex t r ac t i ons .  Thus ,  one s p e c i m e n  con-  
t a i n e d  Cr  5~ t h r o u g h o u t  i ts  film, w h e r e a s  t he  o t h e r  
could  h a v e  con t a ined  i t  on ly  so f a r  as  i t  m i g h t  h a v e  
p e n e t r a t e d  in to  t he  p r e - e x i s t i n g  fi lm in the  1 h r  e x -  
posure .  In  t he  p a r a l l e l  e x t r a c t i o n s  in  t w o  sets  of e x -  
p e r i m e n t s  of th is  type ,  t he  two  r a t e  cu rves  a lmos t  
co inc ided  d u r i n g  t h e  f irst  5 hr ,  w h e n  d e p l e t i o n  b e g a n  
to b e  i n d i c a t e d  for  t h e  s p e c i m e n  h a v i n g  on ly  s u p e r -  
ficial  Cr  51. In  t he  s u b s e q u e n t  k ine t i c  ana lys i s  of t h e  
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Fig. 2. First-order exchange of Cr 51 on surface by aqueous 
Cr25207=; Wo is the initial exchangeable chromate and q the 
amount exchanged at time t. The curve represents the slow ex- 
change following a rapid initial removal of some 0 51. 

da ta ,  i t  was  f o u n d  t h a t  t h e y  fo l l owed  t h e  s ame  
k ine t ics .  The  s igni f icance  of a v e r y  s low r e s i d u a l  e x -  
t r a c t i o n  of Cr  51 f r o m  the  s p e c i m e n  i n i t i a l l y  p a s s i -  
v a t e d  in K2Cr25107 w i l l  be  c ons ide r e d  at  a l a t e r  point .  

In  t h e  second  t y p e  of e x p e r i m e n t ,  t he  k ine t i c s  of 
ion e x c h a n g e  of f i lm Cr  5~ b y  aqueous  Cr 52 was  d e -  
t e r m i n e d .  H a v i n g  the  a que ous  Cr2520~ = in  l a r g e  
excess ,  one  w o u l d  expec t  t h e  r a t e  of e x c h a n g e  to  be  
f irst  o r d e r  w i t h  r e s p e c t  to Cr  5~ r e m a i n i n g  on the  s u r -  
face  at  t i m e  t if  on ly  a s u r f a c e - e x c h a n g e  p rocess  
w e r e  r a t e  d e t e r m i n i n g .  This  shou ld  no t  be  t r u e  if  
d i f fus ion f r o m  t h e  i n t e r i o r  of the  f i lm w e r e  t he  
l i m i t i n g  fac tor .  In  each  of t h r e e  e x p e r i m e n t s ,  f i r s t -  
o r d e r  k ine t i c s  was  d e m o n s t r a t e d ,  f o l l owing  a fas t  
i n i t i a l  p rocess  w h i c h  w i l l  be  t r e a t e d  m o r e  fu l ly  in 
a s u b s e q u e n t  pape r .  F i g u r e  2 i l l u s t r a t e s  one  of t h e  
ser ies  of m e a s u r e m e n t s  w h i c h  was  c a r r i e d  to abou t  
98% c omple t i on  in 43 hr .  The  e x c e l l e n t  a g r e e m e n t  
w i t h  f i r s t - o r d e r  k ine t i c s  t hus  d e m o n s t r a t e s  t h a t  t h e  
m e a s u r e m e n t s  a r e  no t  s ign i f i can t ly  c o m p l i c a t e d  b y  
e i t he r  di f fus ion or  a r e v e r s e  process .  

Results 
Since  the  m e a s u r e m e n t s  e x t e n d e d  f r o m  1 m i n  to 

s e v e r a l  days ,  as a ru le ,  i t  was  f o u n d  c o n v e n i e n t  no t  
to count  t he  first  e x t r a c t i o n  of  1 m i n  d u r a t i o n  in  
t he  k ine t i c  a n a l y s i s  b e c a u s e  of i r r e g u l a r i t i e s  i n -  
v o l v e d  in  t h e  a d j u s t m e n t  of t e m p e r a t u r e ,  w e t t i n g  
of the  spec imen ,  a n d  r e sponse  of t he  su r f a c e  to t he  
c o n s i d e r a b l e  d i f fe rence  in  p H  b e t w e e n  p a s s i v a t i n g  
m e d i u m  and  the  so lu t ion  for  ex t r ac t ion .  F r o m  the  
t y p e  of k ine t i c s  fo l l owed  b y  t h e  sys tem,  i t  w i l l  b e -  
come a p p a r e n t  t h a t  t h e  m a t h e m a t i c a l  ana lys i s  m a y  
be  s t a r t e d  a t  a n y  p o i n t  e a r l y  in  t he  e x p e r i m e n t ,  t he  
on ly  d i f fe rence  be ing  in t h e  v a l u e s  of t h e  cons tan ts .  
T h e  a m o u n t  of c h r o m i u m  f o u n d  in t h e  f irst  e x t r a c t  
has  been  counted ,  h o w e v e r ,  in  t h e  t o t a l  q u a n t i t y  of 
c h r o m i u m  e xc ha nge d ,  Wo. 
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Fig. 3. Typical exchange-log time curve. Passivation in 10 -2 t  
K2Cr207 at pH 2.35; extraction at 40 ~ by I f  (NH4)2SO4 in 6f 
NH4OH. Specimen etched and abraded. (Point 11 in Fig. 7.) 

The  po in t s  of Fig .  3 a r e  f r o m  a t y p i c a l  m e a s u r e -  
ment .  One m i g h t  h a v e  e x p e c t e d  a f i r s t - o r d e r  d e -  
p e n d e n c e  of r a t e  on c h r o m i u m  a c t i v i t y  r e m a i n i n g  
on the  sur face ,  in  v i e w  of t he  e n o r m o u s  excess  of 
t he  e x t r a c t i n g  ion. T h e  r a t e  d i m i n i s h e d  i n i t i a l l y  
m u c h  too r a p i d l y  for  such  a r e l a t i onsh ip ,  h o w e v e r ,  
a n d  i t  was  f o u n d  t h a t  a p lo t  of q, t he  a m o u n t  e x -  
c h a n g e d  p e r  s q u a r e  c e n t i m e t e r  of p r o j e c t e d  a r e a  a t  
t i m e  t a g a i n s t  log t b e c a m e  a lmos t  l i n e a r  a f t e r  some 
minu tes .  The  cu rve  in  Fig .  3 is a l e a s t - s q u a r e s  fit 
of the  d a t a  to an  e q u a t i o n  of t he  f o r m  

q = m l o g ( n t  + 1) [1]  

t he  d e r i v a t i o n  of w h i c h  w i l l  b e  g iven  be low.  T h e  
q - l o g  t r e l a t i o n  h e l d  for  s e v e r a l  h o u r s  in  m e a s u r e -  
m e n t s  a t  40 ~ un t i l  t h e  r a t e  b e c a m e  s lower ,  e v i -  
d e n t l y  b y  d e p l e t i o n  of t h e  e x c h a n g e a b l e  c h r o m i u m  
on the  sur face .  

The  log  t r e l a t i o n s h i p  sugges t s  an  a n a l o g y  to t h e  
E lov ich  equa t ion ,  w h i c h  app l i e s  to t he  r a t e  of a d -  
so rp t ion  or  d e s o r p t i o n  of a gas  on a me ta l .  As  
s h o w n  e x p e r i m e n t a l l y  b y  S c h o l t e n  a n d  Z w i e t e r i n g  
(18) ,  th is  t y p e  of k ine t i c s  a rose  in  t h e i r  s y s t e m  

g,o / \  

~ t 0  t 

Exp, H) 
I i L I ~ i 2 ~ ~ 

t ( )  0 2 4 6 8 40 44 46 

C H R O M I U M  E X T R A C T E D  ( g / c m 2 x 1 0 8 )  

Fig. 4. Curve A, data of Fig. 3; Carve B, corrected by an "end- 
effect" factor. Analysis of experimental rate-q curve (111) into a 
first-order term (I) and a term exponential in q (11), Circles on 
III are taken frem tangents to a linear plot of q (corrected) vs. t. 
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b e c a u s e  of a l i n e a r  v a r i a t i o n  of t h e  a c t i v a t i o n  e n -  
e r g y  w i t h  t he  e x t e n t  of cove rage ,  8. A r a t e  e q u a t i o n  
for  t h e  i o n - e x c h a n g e  p rocess  was  t h e r e f o r e  d e -  
v e l o p e d  f r o m  t h e  E y r i n g  a b s o l u t e  r a t e  t h eo ry ,  
u n d e r  t h e  p r o v i s i o n a l  a s s u m p t i o n  t h a t  t h e  a c t i v a -  
t ion  e n e r g y  inc reases  l i n e a r l y  w i t h  t h e  e x t e n t  of 
exchange ,  as m e a s u r e d  b y  q, t h a t  is 

rq 
AHq~ = Z~Ho* + - -  [2]  

f 

I n  o r d e r  t h a t  t h e  c o n s t a n t  v m a y  b e  r e f e r r e d  to  t h e  
t r u e  a r e a  a v a i l a b l e  for  ion exchange ,  t h e  f ac to r  f 
was  i n t r o d u c e d  to  r e p r e s e n t  t he  r a t i o  of th i s  a r e a  
to t he  p r o j e c t e d  a r e a  on w h i c h  q is based .  T h e  f ac -  
to r  r t hus  has  t h e  d i m e n s i o n s  cal  mo le  -~ c m  ~ g -~  
b a s e d  on the  a v a i l a b l e  a rea ,  w h e n  q is in  g (Cr )  
cm -2 ( p r o j e c t e d ) .  ( U n l i k e  a c o n v e n t i o n a l  r o u g h -  
ness  fac tor ,  f m a y  r e a d i l y  b e  less  t h a n  un i t y ,  s ince  
i t  r e f e r s  on ly  to s i tes  t h a t  a r e  bo th  c h e m i c a l l y  a n d  
g e o m e t r i c a l l y  access ib le  to t he  e x c h a n g e  process . )  

T h e  c o m p l e t e  r a t e  e q u a t i o n  t hen  con ta ins  a 
l i n e a r  d e p l e t i o n  fac tor ,  wo-q, w h e r e  Wo is t h e  
a m o u n t  of c h r o m i u m  e x c h a n g e d  f r o m  t i m e  zero  to 
t he  l imi t ,  a n d  an  e x p o n e n t i a l  t e r m  in q 

dq _ So' [Wo-- q] exp - -  [3] 
dt SRT 

H e r e  So' i nc ludes  t h e  u s u a l  k ine t i c  fac tors ,  t h e  con-  
s t an t  c o n c e n t r a t i o n  of t he  e x t r a c t i n g  species,  e x p  
[--AHo$/RT], and  the  e n t r o p y  t e rm,  v a r i a t i o n  of 
w h i c h  is a s s u m e d  to be  of m i n o r  i m p o r t a n c e .  This  
e q u a t i o n  m a y  b e  e x p l i c i t l y  i n t e g r a t e d  on ly  ove r  
such  a t i m e  as t he  e x p o n e n t i a l  t e r m  is d o m i n a n t .  
F o r  th i s  case, w e  o b t a i n  for  a p a r t i c u l a r  e x p e r i m e n t  

q = 2.3 I R T .  log  ~ �9 t -F 1 
r fRT  

- - 2 . 3 m l o g [  S~ - t + l  ] [4 ]  
m 

So b e i n g  t h e  i n i t i a l  r a t e ,  So'wo, (q = 0) .  This  is seen  
to b e  e q u i v a l e n t  to Eq. [1] ,  w h i c h  c lose ly  desc r ibes  
t he  course  of t h e  e x c h a n g e  p rocess  for  some  h o u r s  
a t  40 ~ (Fig .  3) .  A l l  of t he  ser ies  of m e a s u r e m e n t s  
f o l l o w e d  th is  r e l a t i o n s h i p  for  pe r i ods  of  t i m e  w h i c h  
v a r i e d  acco rd ing  to  t h e  t r e a t m e n t  g iven  t h e  spec i -  
mens  be fo re  e x p o s u r e  to  t he  Cr  5~ p a s s i v a t i n g  so lu -  
t ion.  

The  a p p l i c a b i l i t y  of  Eq.  [3]  for  l o n g e r  t i m e s  w a s  
t e s t e d  in t he  fo l lowing  way .  I f  t he  r i g h t  s ide  of t h e  
e q u a t i o n  is m u l t i p l i e d  b y  Wo/Wo, w e  m a y  ob t a in  
Eq. [5]  

log dq = l o g S o + l o g W ~  r q  [5J 
dt  wo 2.3 fRT 

o r  

log [ dq  wo ] = l o g S o  rq 
d t  Wo--  q 2 . 3 ] R T  [6]  

R a t e s  w e r e  t a k e n  as  t a n g e n t s  to  l i n e a r  p lo t s  of q vs. t. 
Log  dq /d t  w a s  t h e n  p l o t t e d  vs. q, as s h o w n  b y  cu rve  
I I I  in  Fig.  4. I f  Eq. [6]  is va l id ,  i t  shou ld  b e  poss ib l e  
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to find a va lue  of Wo, cons is ten t  w i th  the  va lue  ap-  
p r o x i m a t e l y  ind ica ted  by  the  e x p e r i m e n t a l  cu r ve  III ,  
such t ha t  a g raph  of the  lef t  side of Eq. [6] aga ins t  
q is l i nea r  and  ex t rapo la tes  to a va lue  of So at  q = 0 
tha t  also is cons is ten t  w i th  the  e x p e r i m e n t a l  r a t e  
curve.  Cu rve  II  in  Fig. 4 is such a resul t ,  cu rve  I 
be ing  the  ra t e  tha t  wou ld  have  b e e n  observed  for the  
f i r s t -order  dep le t ion  process w i th  cons tan t  ac t iva t ion  
energy.  This  type  of ana lys i s  was  made  for 15 e x -  
p e r i m e n t s  in  10 -2 to i f  su l fa te  at 40 ~ the  so lu t ion  
be ing  a lka l i ne  w i th  NH4OH in 11 cases, buffered  at  
pH 9.22 w i t h  a 0.1f ca rbona t e  m i x t u r e  in  2 cases, a nd  
at pH 4.82 in  2 cases. 

In  addi t ion ,  one e x p e r i m e n t  was  conduc ted  at  0 ~ 
Even  af ter  70 hr, the  ex t r ac t ion  was  sti l l  fo l lowing  
the simplif ied Eq. [4] so closely tha t  an  accura te  es- 
t ima te  of Wo was no t  possible. In  ano the r  e x p e r i m e n t  
at  40 ~ the  r a t e  of ex t rac t ion  of c h r o m i u m  by  dis-  
t i l led  w a t e r  was  measured .  This fo l lowed the  same  
type  of equat ion ,  b u t  subs t i t u t i on  of 0.5f K2SO4 
0.1$[Na, H]2CO3 at pH 9.22 for wa t e r  t oward  the  
end  of the e x p e r i m e n t  showed the  ra t e  (for a 15 -min  
ex t rac t ion )  to be  abou t  25 t imes  fas ter  in  the  sal t  
so lu t ion t h a n  it  was  in  water .  

W h e n  e x p e r i m e n t s  were  ex tended  for some days 
a t  40 ~ a compl ica t ion  appeared  af ter  the r a t e  had  
d imin i shed  by  someth ing  l ike 3 to 4 orders  of m a g -  
n i t ude  f r o m  the  in i t i a l  value .  It  was  a p p a r e n t  tha t  
the  ra te  now decreased more  s lowly t h a n  was  r e -  
qu i red  by  the  dep le t ion  term.  As was  po in ted  out  
previous ly ,  dep le t ion  was  approached  closely w h e n  
only  the  surface  of the  pass ive  fi lm con ta ined  Cr 5~, 
whereas ,  a f ter  severa l  hours,  Cr 51 in  apprec iab le  
a m o u n t s  con t inued  to pass into the  ex t rac t s  w h e n  the  
en t i re  film con ta ined  Cr 5~. In  the l o n g - c o n t i n u e d  ex-  
p e r i m e n t s  (25-200 h r ) ,  i t  was there fore  necessa ry  to 
take  this  end  effect in to  account  as a m i n o r  correc-  
t ion, if it was des i red to deduce  va lues  of Wo. The 
correct ions  became  significant,  however ,  on ly  w h e n  
the  exchange  ra te  had  fa l l en  to a few t en ths  of a p e r -  
cent  of the  in i t i a l  rate ,  as seen in  Fig. 6, for one ex-  
ample.  Here  Curve  I I I - A  gives the  e x p e r i m e n t a l  
ra tes  and  I I I -B  the  ra tes  corrected for a cons t an t  
"end  effect" of 7 x 10 - r ig  ( C r ) c m  -2 hr  -~. I t  is seen 
tha t  the  e x p e r i m e n t a l  ra te  curve  showed signs of 
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Fig. 5. Curve of q vs. log t showing variation in potential during 
exchange. Passivation in 10-2/ K2Cr207 at pH 2.35. Extraction at 
40* by 0.5f K2S04 -I- 0.1f [Na,H]2C03 at pH 9.22. 
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Fig. 6. Analysis of the data of Fig. 5 
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l eve l ing  off at some such va lue ,  the  ex t rac t ions  h a v -  
ing been  c on t i nue d  for 95.5 hr. 

I t  is no t  c lear  w h e t h e r  the  end  effect ar ises f rom a 
c o n t i n u i n g  corrosion process, a s imple  d issolu t ion  of 
film, diffusion of C r ( V I )  f r o m  the  in t e r io r  of the 
film, or, possibly,  a s low isotopic exchange  w h e r e b y  
CrSl(I I I )  in  the  fi lm passes in to  Cr51(VI) and  then  
into solut ion.  The ra te  is p r o b a b l y  of the  r igh t  order  
of m a g n i t u d e  for the  corrosion ra te  in  the  a lka l ine  
med ium,  but ,  in  a n y  case, is so low as no t  to d i s tu rb  
the  conclus ions  r e ga r d i ng  the  k ine t ics  over  by  far  
the  g rea te r  pa r t  of the  process. The  cor rec t ion  
was  observed to be g rea te r  w h e n  a su l fa te  so lu t ion  
at pH 4.2 was  used for the  exchange.  

Discussion 
I t  appears  tha t  Eq. [3],  con t a in ing  the  a s sumpt ion  

of v a r y i n g  ac t iva t ion  energy,  appl ies  to the  exchange  
process u n d e r  a va r i e t y  of condi t ions  and  over  a 
r a nge  of ra tes  e x t e n d i n g  over  someth ing  l ike four  
orders of magn i tude .  By t r e a t i n g  the  surface  in  a 
va r i e t y  of ways  before  expos ing  it to Cr51(VI),  it 
was possible to beg in  the  e xpe r i me n t s  wi th  a m o u n t s  
of exchangeab le  c h r o m i u m  r a n g i n g  b e t w e e n  2.3 and  
20.3 x 10-Sg (Cr)  cm -2 (p ro jec ted ) .  (These  n u m b e r s  
are  Wo and  inc lude  the  a m o u n t s  r e m a i n i n g  on the  
spec imen  af ter  the  30-sec r inse  wi th  dis t i l led  wa t e r  
even  though  Wo, used in  the  ca lcu la t ion  of rates,  
excludes  the  a m o u n t  r e move d  d u r i n g  the  first m i n -  
ute .)  To ga in  some i n f o r m a t i o n  as to r, the  ra te  at 
which  the  ac t iva t ion  ene rgy  increases  d u r i n g  ex-  
change,  the  da ta  w e r e  t r ea t ed  in  the  fo l lowing way.  

The va lues  of Wo increased  wi th  the  roughness  of 
the surface,  which  was  k n o w n  qua l i t a t i ve l y  f rom 
the p r e t r e a t m e n t  g iven  the  specimens.  Hence,  the  
va lues  of f / r  given  by  curves  l ike II i n  Fig. 4 and  6 
were  plot ted  aga ins t  Wo. The  points  for the  15 ex-  
p e r i m e n t s  r ough l y  ind ica ted  a l i nea r  r e l a t ion  f i r  = 
a-b bWo. A leas t - squa re s  l ine  computed  for this  
equa t i on  had an  in te rcep t  on the  f / r  axis  at --0.14, 
wi th  b = 2.44 x 10 -4. W i t h i n  the  s ta t is t ical  prec is ion  
of the  data,  this i n t e rcep t  equals  zero, which  it 
should do for phys ica l  reasons,  since the factor  f is 
a m e a s u r e  of the  r e l a t ive  surface  area  ava i l ab le  for 
exchange  and  Wo = 0 w h e n  f = 0. Hence,  a second 
l ea s t - squa re s  ] ine  was computed  w i th  a = 0 in  the  
equa t i on  above. This  gave b = 2.32 x 10-4; the  r e -  
su l t ing  curve  is d r a w n  in  Fig. 7. I t  is seen t ha t  10 of 
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Fig. 7. Graph of f i r  vs. VIgo. The numerals merely identify the 
experiments in chronological sequence. 

t h e  po in t s  f a l l  v e r y  close to t h e  curve ,  w i t h  some 
s ca t t e r  for  t h e  o thers .  4 

The  l e a s t - s q u a r e s  v a l u e  of Wor/f g iven  b y  Fig.  7 
is 4.31 x 103 cal  m o l e  -~, a n d  th i s  r e p r e s e n t s  t h e  
a m o u n t  b y  w h i c h  t h e  a c t i v a t i o n  e n e r g y  of t h e  p r o c -  
ess i nc reases  u p o n  e x c h a n g e  of t he  a m o u n t  of c h r o -  
m i u m  c o r r e s p o n d i n g  to  a c o m p l e t e  l a y e r  of ions. To 
e v a l u a t e  r ,  i t  is n e c e s s a r y  to d e t e r m i n e  Wo/f, w h i c h  
m a y  be  d e r i v e d  at  l e a s t  a p p r o x i m a t e l y  b y  the  fo l -  
l owing  cons ide ra t ions .  

The  close a p p r o a c h  to l i n e a r i t y  in  t h e  r e l a t i o n  
b e t w e e n  f i r  and  Wo is s t rong  ev idence  bo th  for  t he  
cons t ancy  of r in  these  e x p e r i m e n t s  and  for  t he  as -  
s u m p t i o n  t h a t  t h e  t o t a l  i n i t i a l  a m o u n t  of e x c h a n g e -  
ab le  c h r o m i u m  is s i m p l y  p r o p o r t i o n a l  to  t h e  a v a i l -  
ab l e  su r f ace  area ,  for  t he  g i v e n  cond i t ions  of  p a s s i -  
va t ion .  I f  b o t h  of t he se  cond i t ions  w e r e  not  sat isf ied,  
i t  w o u l d  t h e n  be  n e c e s s a r y  to a s s u m e  t h a t  s i m u l t a -  
neous  v a r i a t i o n s  in  r a n d  Wo w e r e  j u s t  such  as to 
g ive  t he  o b s e r v e d  l i n e a r i t y  b y  c o m p e n s a t i n g  each  
other .  This  seems  u n l i k e l y .  I t  fo l lows  also tha t ,  in  a l l  
t h e  e x p e r i m e n t s ,  t he  i n i t i a l  f r a c t i o n a l  cove rages  
m u s t  h a v e  b e e n  v e r y  a p p r o x i m a t e l y  equa l .  

T h a t  t h e  c h r o m i u m  is no t  i n i t i a l l y  d e r i v e d  in  s ig -  
n i f ican t  a m o u n t s  f r o m  u n d e r l y i n g  p a r t s  of t he  f i lm 
was  d e m o n s t r a t e d  in  t he  e x p e r i m e n t s  d e s c r i b e d  p r e -  
v i ous ly  (see  above ,  page  646).  Hence ,  w e  can  con-  
s ide r  t h e  s i tes  for  e x c h a n g e  to  be  on t h e  m o r e  or  less  
flat  su r f ace  of  t h e  p a s s i v e  film. F r o m  the  d i m e n s i o n s  
of t he  c h r o m a t e  ion in  c rys ta l s ,  one m a y  ca l cu l a t e  
t h a t  a t e t r a h e d r a l  face  of t he  ion  has  an  a r e a  of 
25A~. If  such  ions w e r e  c lose ly  p a c k e d  on a p l a n e  
sur face ,  c o m p l e t e  ionic  c o v e r a g e  w o u l d  r e q u i r e  
3.47 x 10-Sg (Cr )  c m  -2 ( t r u e  a r e a ) .  The  a c t u a l  
a r ea s  of t he  spec imens  are ,  of course ,  no t  k n o w n  
accu ra t e ly .  S p e c i m e n s  for  e x p e r i m e n t s  12 and  13 
w e r e  h e a v i l y  e l ec t ropo l i shed ,  h o w e v e r ,  to  a v e r y  
b r i g h t  f inish;  t h e y  also h a d  the  l owes t  v a l u e s  of f/r. 
S p e c i m e n  12 was  p o l i s h e d  s o m e w h a t  m o r e  h e a v i l y  
t h a n  13. No g r e a t  e r r o r  can  t h e r e f o r e  be  i n t r o d u c e d  
b y  a s s u m i n g  t h a t  the  su r f ace  f ac to r  for  c h r o m a t e  
ions is e s s e n t i a l l y  e q u a l  to u n i t y  for  s p e c i m e n  12, 
so f a r  as g e o m e t r y  a lone  is conce rned .  (The  v a l u e  
m i g h t  b e  l a r g e r  for  s m a l l e r  a d s o r b a b l e  en t i t i e s . )  
On th is  a s sumpt ion ,  t he  m i n i m u m  v a l u e  for  c o m p l e t e  

F i g u r e  7 i n c l u d e s  e x p e r i m e n t s  d o n e  e a r l y  i n  t h e  s t u d y ,  b e f o r e  
the  c o n d i t i o n s  for  a t t a i n i n g  h i g h e s t  a c c u r a c y  in  t h e  v a l u e s  of  Wo 
h a d  b e e n  es tab l i shed .  T h e  l i n e a r  r e l a t i o n s h i p  i s  c o n f i r m e d  b y  m e a s -  
u r e m e n t s  in  o t h e r  s y s t e m s  w h i c h  w i l l  b e  p u b l i s h e d  e l s e w h e r e .  

c o v e r a g e  w o u l d  b e  t h e  o b s e r v e d  Wo for  s p e c i m e n  
12, or  2.26 x 10-Sg c m - %  This  is 0.65 of  t he  m a x -  
i m u m  v a l u e  c a l c u l a t e d  f r o m  t h e  d ime ns ions  of t he  
ion. I t  is c e r t a i n l y  a r e a s o n a b l e  resu l t ,  e spec i a l l y  
s ince  close p a c k i n g  of an ions  w i t h o u t  some m e a n s  of 
d i m i n i s h i n g  the  ~epuls ive  forces  is h a r d l y  to b e  
expec ted ,  s I f  w e  t h e n  t a k e  f = 1 and  Wo = 2.26 x 
10-Sg cm -2  fo r  e x p e r i m e n t  12, w e  o b t a i n  r --~ 1.91 
x 1011 ca l  mo le  -1 g - 1  c m  2. 

T h e  m a g n i t u d e  of r accoun t s  fo r  t he  r e l a t i v e  effects  
of t h e  d e p l e t i o n  f a c t o r  (Wo--  q)/Wo a n d  the  a c t i v a -  
t i o n - e n e r g y  t e r m ,  exp  (--rq/fRT), in  caus ing  the  r a t e  
dq/dt to d e c r e a s e  d u r i n g  t h e  e x c h a n g e  process .  F o r  
a t y p i c a l  e x p e r i m e n t ,  8, for  e x a m p l e ,  t he  d e p l e t i o n  
f ac to r  a lone  r e duc e s  t he  r a t e  b y  one o r d e r  of m a g -  
n i t u d e  a t  q = 0.9 Wo, t he  e x p o n e n t i a l  t e r m  a lone  b y  
two  orders ,  for  an  o v e r - a l l  r e d u c t i o n  of t he  r a t e  b y  
t h r e e  orders .  This  l a rge  effect  of t h e  e x p o n e n t i a l  
t e r m  accounts  for  t h e  f ac t  t h a t  t he  q vs. log  t g r a p h s  
become  l i n e a r  a f t e r  a sho r t  t i m e  and  r e m a i n  so over  
a l a r g e  p o r t i o n  of t h e  e x t r a c t i o n  process .  

The  e x p e r i m e n t s  t hus  g ive  a d d i t i o n a l  ev idence  
for  t he  c h e m i c a l  a c t i v i t y  of the  pa s s ive  f i lm t o w a r d s  
the  so lu t ion  w h i c h  b a t h e s  it. I t  is seen  also t h a t  t h e  
i o n - e x c h a n g e  p rocess  a t  t he  pas s ive  i n t e r f a c e  of a 
m e t a l l i c  s u b s t r a t e  dif fers  r a d i c a l l y  f r o m  a s imp le  
r e v e r s i b l e  c h e m i c a l  process .  U n t i l  o t h e r  sys t ems  
h a v e  b e e n  e x a m i n e d  q u a n t i t a t i v e l y ,  i t  w o u l d  b e  p r e -  
m a t u r e  to d r a w  conclusions as to t he  de t a i l s  of t he  
e l e c t r o c h e m i c a l  r ea sons  for  th i s  d i f ference .  I t  is sug -  
ges ted ,  h o w e v e r ,  t h a t  the  r e su l t s  e m p h a s i z e  t he  n e -  
cess i ty  to  cons ide r  t h e  p a s s i v e  f i lm as  a r e g i o n  in  
w h i c h  e n e r g y  l eve l s  or  p o t e n t i a l  g r a d i e n t s  a r e  
m a r k e d l y  in f luenced  b y  the  p o p u l a t i o n  of ions  on 
i ts  sur face ,  in  q u i t e  t he  s a m e  m a n n e r  as B o u d a r t  
has  t r e a t e d  t h e  a d s o r p t i o n  of gaseous  mo lecu l e s  on 
a m e t a l l i c  s u b s t r a t e  (19) .  O the rwi se ,  i t  w o u l d  be  
diff icult  to u n d e r s t a n d  w h y  t h e  k ine t i c s  of t h e  e x -  
change  p rocess  shou ld  b e  so d i f fe ren t  w h e n  the  r a -  
d ioac t i ve  f i lm i n t e r a c t s  w i t h  Cr 52 c h r o m a t e  ions, in  
one case,  and  w i t h  su l f a t e  o r  h y d r o x i d e  ions, in  
t he  o ther .  

T h e  e x p e r i m e n t s  a r e  b e i n g  c o n t i n u e d  w i t h  o the r  
sys t ems  and  u n d e r  o t h e r  condi t ions .  

A n y  discussion of this p a p e r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
J 'OUP,.NAL. 
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Corrosion and Passivity of Molybdenum-Nickel Alloys 
in Hydrochloric Acid 
H. H. Uhlig, P. Bond, 1 and H. Feller 2 
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ABSTRACT 

Data  are  presented  on corrosion ra tes  of 3-25% Mo-Ni  al loys in 10% HC1 
at 25 ~ 70~ and the boi l ing point.  Data  also include measurements  of cor ro-  
sion potent ials ,  cr i t ica l  cu r ren t  densi t ies  for  passivi ty,  anodic polar iza t ion  in 
the act ive potent ia l  region,  and hydrogen  overvoltage.  Molybdenum-n icke l  
alloys, l ike  other  passive metals ,  corrode under  anodic control,  but  the i r  cor-  
rosion potentials ,  un l ike  values  for  the  passive chromium alloys, are  more  active 
than  the corresponding F lade  potent ia ls  at  which  a passive film is established.  
Corrosion resis tance der ives  appa ren t ly  f rom a sluggish anodic dissolut ion r e -  
action, such as a low ra te  of ion hydra t ion .  Chemical  p roper t i e s  of Mo are  i m -  
pa r t ed  to Ni or to Ni plus  Fe  al loys at  cr i t ical  rat ios  re la ted  to e lec t ron con-  
f igurat ion of the component  metals .  

C h r o m i u m  is o u t s t a n d i n g l y  pass ive ,  and  i t  confers  
th is  p r o p e r t y  on a l loys  of i ron  a t  a m i n i m u m  con-  
c e n t r a t i o n  of a b o u t  12% Cr. The  l a t t e r  a l loys  m a k e  
up  the  s t a in l e s s  s teels .  C h r o m i u m  also confers  p a s -  
s i v i t y  on o t h e r  a l loys ,  e.g., of n ickel ,  t h e  m i n i m u m  
compos i t i on  coming  at  a b o u t  14% Cr, and  of cobal t ,  
t he  m i n i m u m  compos i t i on  coming  a t  a b o u t  8 % Cr as 
m e a s u r e d  b y  c r i t i ca l  c u r r e n t  dens i t i e s  for  p a s s i v i t y  
in  H2SO4 (1) .  N e a r e s t  to c h r o m i u m  in a tomic  e l ec -  
t r o n  conf igu ra t ion  is m o l y b d e n u m ,  w h i c h  e x c e p t  for  
an  e x t r a  c losed she l l  of e lec t rons ,  has  t he  s a m e  o u t e r  
conf igura t ion .  I t  m i g h t  be  expec t ed ,  t he re fo re ,  t h a t  
m o l y b d e n u m  s i m i l a r  to  c h r o m i u m  w o u l d  also i m -  
p a r t  p a s s i v i t y  to i ts  a l loys ,  and,  in  fact ,  s e v e r a l  
c o m m e r c i a l l y  i m p o r t a n t  co r ros ion  r e s i s t a n t  n i c k e l -  
base  a l loys  a r e  p roduced .  

Bu t  t h e r e  a r e  o u t s t a n d i n g  d i f fe rences  in c h e m i c a l  
p r o p e r t i e s  b e t w e e n  Mo and  Cr  a l loys .  F o r  e x a m p l e ,  
t he  Mo a l loys  r e a c t  r e a d i l y  w i t h  n i t r i c  ac id  and  w i t h  
m a n y  o t h e r  ox id i z ing  agen t s  c o n t r a r y  to Cr a n d  the  
p a s s i v e  c h r o m i u m  al loys .  On the  o t h e r  hand ,  Mo a n d  
Mo a l loys  t e n d  to be  cor ros ion  r e s i s t a n t  to h y d r o -  
ch lor ic  ac id  in  w h i c h  Cr  a l loys  co r rode  a t  h igh  ra tes .  
Also,  Mo t a r n i s h e s  in  t he  a t m o s p h e r e ,  w h e r e a s  Cr  is 
f r ee  of v i s ib l e  su r f ace  f i lms and  r e m a i n s  b r i g h t  for  
a long t ime .  These  d i f fe rences  sugges t  t h a t  the  e l ec -  
t r o n  conf igura t ion  of Mo and  Cr de sp i t e  s im i l a r i t i e s  

1 P r e s e n t  a d d r e s s :  F o r d  S c i e n t i f i c  L a b o r a t o r y ,  D e a r b o r n ,  M i c h i g a n .  
2 P r e s e n t  a d d r e s s :  I n s t i t u t  f i l r  M e t a l l k u n d e  d e r  T e c h n i s c h e n  U n i -  

v e r s i t ~ t ,  B e r l i n ,  W e s t  G e r m a n y .  

of the  a toms  a r e  no t  a l i ke  in t he  m e t a l l i c  s ta te .  I t  
is of i n t e r e s t  n e v e r t h e l e s s  to c o m p a r e  t h e  pas s ive  
p r o p e r t i e s  of t he  two  me ta l s ,  and  to c o m p a r e  t he  
a tomic  p e r c e n t a g e s  at  w h i c h  e i t he r  m e t a l  confers  
o p t i m u m  cor ros ion  r e s i s t a nc e  and  p a s s i v i t y  on i ts  
a l loys .  

Experimental Procedure 
M e a s u r e m e n t s  w e r e  m a d e  of t h e  po ten t i a l s ,  p o -  

l a r i z a t i o n  b e h a v i o r ,  and  co r ros ion  r a t e s  of m o l y b -  
d e n u m - n i c k e l  a l loys .  These  a l loys  ex i s t  in  sol id  
so lu t ion  up  to 20 w t  % Mo. P a s s i v i t y  in  the  m o l y b -  
d e n u m - i r o n  a l loys  is not  as easy  to s t u d y  b e c a u s e  a 
t w o - p h a s e  s t r u c t u r e  beg ins  at  7 w t  % Mo, l i m i t i n g  
a n y  poss ib l e  i n t e r p r e t a t i o n  of r e su l t s  w i t h i n  t he  
pas s ive  compos i t i on  range .  

R e l a t i v e l y  p u r e  a l loys  w e r e  m a d e  up  in  a v a c u u m  
f u r n a c e  us ing  a l u m i n a  cruc ib les .  The  m e l t s  w e r e  
d r a w n  in to  7 m m  q u a r t z  t u b e s  in  an  a t m o s p h e r e  of 
h e l i u m  pur i f i ed  b y  pas s ing  the  gas  ove r  Ti  sponge  a t  
800~ and  the  ingots  w e r e  q u e n c h e d  in wa t e r .  C a r -  
b o n y l  n i c k e l  and  c o m m e r c i a l l y  p u r e  m o l y b d e n u m  
w e r e  u sed ;  a f e w  a l loys  (3.1 and  5.6% Mo)  w e r e  
m e l t e d  us ing  s p e c t r o s c o p i c a l l y  p u r e  Mo and  h y d r o -  
g e n - d e c a r b u r i z e d  c a r b o n y l  Ni  (0.001% C, < 0.002% 
S)  in  o r d e r  to check  the  effect of impur i t i e s .  No es-  
s en t i a l  d i f fe rences  in p r o p e r t i e s  w e r e  f o u n d  for  t he  
two  sets  of a l loys .  Ingo t s  w e r e  h o m o g e n i z e d  at  
1100~ for  12 hr .  T h e y  w e r e  t h e n  ro l l ed  to 0.10 in. 
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(0.25 cm)  s t r ip ,  h e a t e d  for  15 m i n  a t  10O0~ 
in He  or  A,  and  w a t e r  quenched .  C o m p o s i t i o n  
was  d e t e r m i n e d  b y  c h e m i c a l  ana lys i s .  S p e c i m e n s  
m e a s u r i n g  0.5 to 1 cm wide ,  3 c m  long a n d  0.2 cm 
t h i c k  w e r e  cut  f r o m  t h e  s t r ip .  A ho le  was  d r i l l e d  at  
one end of each  s p e c i m e n  f r o m  w h i c h  i t  was  sus -  
p e n d e d  b y  a glass  hook.  S u r f a c e  p r e p a r a t i o n  was  b y  
ab ras ion ,  end ing  w i t h  No. 600 s i l icon c a r b i d e  p a p e r  
a p p l i e d  wet .  S p e c i m e n s  w e r e  w a s h e d  in w a t e r ,  d e -  
g r e a s e d  w i t h  bo i l ing  benzene ,  and  p i c k l e d  in w a r m  
6N HNO3. 

Cor ros ion  r a t e  d e t e r m i n a t i o n s  in  h y d r o c h l o r i c  
ac id  a t  25 ~ w e r e  c o n d u c t e d  in  s e p a r a t e  2 - l i t e r  g lass  
vesse l s  for  each  spec imen .  The  vesse l s  w e r e  p l a c e d  
in an  a i r  t h e r m o s t a t  m a i n t a i n e d  at  25 ~ • 0.5~ A t  
70~ l - l i t e r  g lass  vesse l s  w e r e  l oca t ed  in  a w a t e r  
t h e r m o s t a t ,  each  vesse l  b e i n g  f i t ted  w i t h  an  a i r -  
cooled re f lux  condense r .  A i r  or  n i t r o g e n  a t  40 m l /  
min  e n t e r e d  the  ac id  t h r o u g h  gas  d i spe r s i on  tubes ,  
the  ac id  be ing  s a t u r a t e d  w i t h  e i t he r  gas  s e v e r a l  
hours  b e f o r e  each  run .  N i t r o g e n  was  pur i f i ed  b y  
pass ing  t h e  gas  ove r  coppe r  t u r n i n g s  a t  450~ P u r i -  
fied h y d r o g e n  was  used  to d e a e r a t e  t he  ac id  a t  25~ 
Cor ros ion  r a t e s  w e r e  d e t e r m i n e d  b o t h  b y  w e i g h t  
loss of  t he  s p e c i m e n  a n d  b y  a n a l y s i s  of the  ac id  for  
Ni + + us ing  a s t a n d a r d  c o l o r i m e t r i c  m e t h o d  e m p l o y -  
ing d i m e t h y l g l y o x i m e  as i n d i c a t o r  (2) .  R e p o r t e d  
cor ros ion  r a t e s  a r e  s t e a d y - s t a t e  v a l u e s  d e t e r m i n e d  
f rom s lopes  of m e t a l  loss vs. t i m e  (4-8  d a y  tes t s  a t  
25~ 1-3 days  a t  70~ F r o m  a f ew  w e i g h t  loss -  
t i m e  cu rves  c a r r i e d  out  a t  70~ for  a l loys  c o n t a i n -  
ing  b e t w e e n  3 and  9% Mo, i t  was  f o u n d  t h a t  t he  
in i t i a l  r a t e  is h i g h e r  t h a n  t h e  f inal  r a t e  a n d  t h a t  t h e  
s t e a d y - s t a t e  r a t e  is a c h i e v e d  a f t e r  a b o u t  1 hr .  F o r  
bo i l ing  acid,  on ly  w e i g h t  loss v a l u e s  w e r e  d e t e r -  
m i n e d ;  these  resu l t s ,  t he re fo re ,  r e p r e s e n t  a v e r a g e  
cor ros ion  r a t e s  i n c l u d i n g  an  i n d u c t i o n  t ime  (1-2  d a y  
t e s t s ) .  Gases  w e r e  not  b u b b l e d  t h r o u g h  t h e  bo i l ing  
acid,  c o n t r a r y  to t he  l o w e r  t e m p e r a t u r e  runs .  

P o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  conduc t ed  at  
25~ in an  a i r  t h e r m o s t a t  us ing  Ag-AgC1,  0.1N KC1 
as r e f e r e n c e  e lec t rode .  A cons t an t  c u r r e n t  was  s u p -  
p l i e d  b y  30 d r y  cel ls  in  ser ies  w i t h  a v a r i a b l e  r e -  
s i s tance .  Cr i t i ca l  c u r r e n t  dens i t i e s  w e r e  d e t e r m i n e d  
b y  the  m e t h o d  of U h l i g  a n d  W o o d s i d e  (3)  us ing  d e -  
a e r a t e d  acid.  This  m e t h o d  cons i s t ed  of a p p l y i n g  in -  
c r eas ing  i n c r e m e n t s  of c u r r e n t  and  o b s e r v i n g  t h e  
s t e a d y - s t a t e  p o t e n t i a l  The  l o w e s t  c u r r e n t  w h i c h  
b r o u g h t  t h e  s p e c i m e n  to t he  pa s s ive  p o t e n t i a l  was  
t a k e n  as t he  c r i t i ca l  va lue .  To m a k e  ce r t a i n  t h a t  t he  
a p p l i e d  c u r r e n t  was  or  was  no t  b e l o w  the  c r i t i ca l ,  
p o l a r i z a t i o n  was  c o n t i n u e d  in each  i n s t ance  u n t i l  
t he  p o t e n t i a l  c h a n g e d  less t h a n  2 m v / m i n .  
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i I 

ed I 

0 , 0 o - Q  O - -  
Ni 5 I0 15 20  25 

Wf % Molybdenum 

Fig. 1. Corrosion rates of nickel-molybdenum alloys in aerated 
and decorated 10% HCI at 25~ (4-8 day exposure). 
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Results 

Cor ros ion  r a t e s  in  a e r a t e d  and  d e a e r a t e d  10% 
HC1 a t  25 ~ 70 ~ a n d  102~ (bo i l i ng )  a r e  shown  in 
Fig.  1-4. A t  25~ in a e r a t e d  acid,  t he  a v e r a g e  c o r r o -  
s ion r a t e  of a l loys  a t  and  a b o v e  3% Mo is 65 todd;  
in d e a e r a t e d  ac id  t h e  r a t e s  a r e  l o w e r  b e c o m i n g  e x -  
t r e m e l y  s m a l l  a b o v e  10% Mo, and  zero  w i t h i n  t he  
e x p e r i m e n t a l  a c c u r a c y  of t he  m e a s u r e m e n t s  a t  
19.1% Mo and  above .  A t  70~ r a t e s  in  d e a e r a t e d  
ac id  a r e  also s u b s t a n t i a l l y  l o w e r  t h a n  in  a e r a t e d  
acid.  In  d e a e r a t e d  acid,  a m i n i m u m  r a t e  is r e a c h e d  

I I I 

 ;ooo,_ , - -  
/ X ,  X-c~176176 . . . .  ,,P, 

p-  _ _  
200 

Ni 5 I0 15 20  25 
WI. % Molybdenum 

Fig. 2. Corrosion rates of nickel-molybdenum alloys in aerated 
10% HCI at 70~ (1-3 day exposure). 
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Fig. 3. Corrosion rates of nickel-molybdenum alloys in deaerated 
10% HCI at 70~ (1-3 day exposure). 
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Fig. 4. Corrosion rates of nickel-molybdenum alloys in boiling 
10% HCI (1-2 day exposure). 
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at or above 20% Mo; a s imi lar  min imum is also ob- 
served in boi l ing 10% HC1. The present  resul ts  do 
not  agree  wi th  ear l ie r  resul ts  of F ie ld  (4) who r e -  
por ted  much higher  corrosion ra tes  in 10% HC1 at 
70~ for 5 and 10% Mo compositions. On the other  
hand, the present  resul ts  are in reasonable  accord 
wi th  those of Grube  and Schlecht  (5) who obtained 
da ta  in 4.3N HC1 (15%) at  60~ Their  alloys were  
s lowly cooled f rom 1280~ and the specimens for 
corrosion tests were  ro ta ted  at 500 rpm. 

The present  da ta  show reproducib le  slight dis-  
continuit ies  in corrosion ra te  at  about  7% Mo (Fig. 
2 and 3). Al though sufficient points  are not ava i l -  
able to reach a definite conclusion, it  may  be s igni-  
ficant t ha t  the  Curie t empera tu re  for these al loys 
also occurs at  the  same approx ima te  composition, 
and hence a change in magnet ic  proper t ies  may  ac-  
count for the observed fluctuation in corrosion rate.  

In order  to de te rmine  the possible effect of ca th-  
odic impuri t ies ,  and also whe ther  the ra te  is anodi -  
cal ly  or ca thodical ly  controlled,  pa ra l l e l  runs were  
conducted in 10% HC1 at 70~ for al loys ga lvan i -  
cal ly  coupled to an equal  area  of pla t inum.  Rates 
with Pt  are somewhat  h igher  in aera ted  acid, wi th  
the difference diminishing as Mo content  of the a l -  
loys increases. In deae ra ted  acid, the ra tes  wi th  or 
wi thou t  P t  are not  g rea t ly  different  except  for Ni 
and the 3% Mo-Ni  alloy. Alloying,  on the other  
hand, has an apprec iab le  effect on the  rate.  In boi l -  
ing 10% HC1, for example ,  the ra te  for 20% Mo-Ni 
a l loy is only 1/50 the r a t e  for Ni. The lower ing of 
the  corrosion ra te  which results  f rom al loying ad-  
di t ions of Mo is more pronounced in deaera ted  than  
in ae ra ted  acids. There was a tendency  toward  in te r -  
g ranu la r  a t tack  in a few of the low-Mo al loys for 
which the corrosion ra te  was highest.  This t endency  
pers is ted  even in the pure  al loys p repa red  f rom 
spectroscopical ly  pure  Mo and decarbur ized  Ni. 

Corrosion potent ia ls  of al l  the al loys in H2-satu-  
ra ted  5% H2SO4 at 25~ were  wi th in  2 mv of a hy -  
drogen electrode in the same solution. S imi la r  va l -  
ues for H2-sa tura ted  10% HC1 are  given in Table I. 

Cri t ical  cur ren t  densi t ies  for pass iv i ty  in 0.01N 
H2SO4 at 25~ deaera ted  with  purif ied N2, showed 
no definite t rend  with  composition. The values 
ranged  f rom 0.3 to 0.83 m a / c m  2. On the other  hand,  
a l loyed molybdenum had an apprec iab le  effect on 
anodic polar izat ion in the act ive poten t ia l  region in 
contras t  to the passive region. Values of po ten t ia l  
a t  an anodic cur ren t  dens i ty  of 0.3 m a / c m  2 in de-  
ae ra ted  0.01N H2SO4 and in deaera ted  0.01N HC104 
are  shown in Fig. 5. Polar iza t ion  in each acid 
reaches a m a x i m u m  beginning at about  15 wt  % Mo 
(9.8 at. % Mo). 

Hydrogen  overvol tage  measurements  showed no 
t rend  wi th  al loy composition. The overvol tage  at 
1 m a / c m  2 at  25~ in p re -e lec t ro lyzed  5% H2SO4 
sa tu ra ted  wi th  purif ied hydrogen  was the same for 

Table I. Corrosion potentials of Mo-Ni alloys (anode) in 
H2-saturated 10% HCI, 25~ v s .  H2 electrode (cathode) 

in same solution 

Wt % Mo 0.0 3.0 6.8 9.9 13.0 22.8 
Potential, v 0.099 0.017 0.005 0.000 0 .000  0.000 

0 . 3 C  

~ e  

s  - 

o.,o t i 
5 I0 15 20 25 

Wt Per Cent Molybdenum 

Fig. 5. Anodic polarization of nickel-molybdenum alloys at 0.3 
ma/cm '~ in N2-saturated H2SO4 or HCIO4 at 25~ [] ,  0.01N 
HCIO4; �9 0.01N H2SO4. 

all  alloys including pure  nickel,  averaging  0.30 • 
0.08v. At  10 m a / c m  2, the va lue  was 0.43 --+ 0.05v. 
Lack of an effect may  be rea l  or may  be caused by a 
s imi lar  composit ion surface for al l  alloys, b rought  
about  by  selective etching. The la t te r  possibi l i ty  
would not enter  anodic polar iza t ion  measurements  
to the same extent  because of continuous removal  
of the al loy surface by anodic dissolution. 

Discussion 
It  is apparen t  tha t  the Mo-Ni  al loys in 10% HC1, 

despi te  a low corrosion rate,  are  not passive in the 
same sense as are  the  stainless steels in d i lu te  sul-  
furic acid. The Mo-Ni  alloys, for example ,  corrode 
more  r a p i d l y  in aera ted  than in deae ra t ed  acid, 
con t ra ry  to the behavior  of passive chromium a l -  
loys. Also, the corrosion potent ia ls  in deae ra ted  
acid are not noble  but  a re  close to or equal  to the 
poten t ia l  of the  hydrogen  e lect rode (Table  I ) .  This 
behavior  indicates  marked  polar iza t ion  of anodic 
areas on the al loy surface and, fur thermore ,  tha t  the  
al loys corrode under  anodic control.  Al though anodic 
control  is typ ica l  of passive metals ,  corrosion po ten-  
t ials of the present  al loys are more active than  the 
corresponding F lade  potent ials ,  con t ra ry  to passive 
Cr al loys the corrosion potent ia ls  of which are  more  
noble than  the i r  F lade  potent ials .  Al though  hydro -  
gen overvol tage values show no significant change 
wi th  a l loy composition, anodic polar izat ion data,  on 
the other  hand, show an apprec iable  change, the  
m a x i m u m  beginning at about  15% Mo in ei ther  
9.01N H2SO4 or HC104. M a x i m um  polar iza t ion  be-  
ginning at  about  15% Mo was also repor ted  by  Mas-  
ing and Roth (6) for al loys polar ized as anode in 
2N deaera ted  HC1. S imi lar  anodic behavior  in three  
different  acids suggests tha t  the cri t ical  a l loy com- 
position, a l though possibly resul t ing f rom an invis-  
ible r eac t ion-p roduc t  film which differs f rom the 
passive film forming at the  F lade  potent ia l ,  more 
l ike ly  resul ts  f rom a high act ivat ion energy  for dis-  
solution of meta l  ions. The la t te r  may  be caused, for  
example,  by  a slow ra te  of ion hydrat ion.  Along 
these lines, the  ra te  of dissolution of pure  Mo in 
HC1 and in H2SO4 is apprec iab ly  below tha t  of Ni. 
A difference in act ivat ion energies  can also account 
for the re la t ive  ease of e lect rodeposi t ing Ni f rom 
solutions of its salts, compared  to the difficulty or 
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impossibility of electrodepositing Mo. The electron 
configuration theory in agreement with results of 
anodic polarization predicts that  the critical alloy 
content for imparting chemical properties of Mo to 
Ni lies at about 9.1 at. % or 14 wt % Mo (7). 

The minimum corrosion rate in deaerated acid 
begins at the somewhat  higher alloy composition of 
about 20% Mo rather  than at 15% Mo. This is t rue 
of values at 70 ~ and 102~ and even at 25~ in 
deaerated acid, the rate decreases f rom 0.9 mdd at 
9.9% Mo to 0.0 mdd at 19.1% Mo and higher Mo 
compositions. One possible reason for the difference 
is that  the presence of hydrogen generated by cor- 
rosion tends to shift the critical composition to a 
higher molybdenum value. A similar effect of inter-  
stitial hydrogen has been observed in the Cr-Fe 
alloy system (8). 

Aeration increases the corrosion rate by increas- 
ing the potential difference between anodic and 
cathodic areas, the potential of cathodic areas ap- 
proaching but not attaining the potential of the 
oxygen electrode. Mixed control of the corrosion 
rate predominates in aerated acids except at 25~ 
where it appears that the rate of oxygen reduction 
on the alloy surface is controlling. On pure Ni, for 
example, oxygen reduction proceeds at a higher 
rate and the corresponding corrosion rate is higher 
than for the alloys, all of which corrode at the same 
rate despite change in anodic polarization. Oxygen 
reduction, therefore, may  be an activation-controlled 
reaction ra ther  than diffusion controlled. The rate 
for all the Mo-Ni alloys (65 todd) falls below the 
maximum rate of about 100 todd calculated from 
the limiting diffusion current  for oxygen reduction 
in air-saturated water  at room temperature  [0.039 
m a / c m  2 (9)] .  The calculated value should be re-  
duced about 20% because of reduced solubility of 
02 in 10% HC1, but  the corrected value is still 
larger than 65 mdd. 

Corrosion resistance of commercial Mo-Ni-Fe 
alloys of about 30% Mo, 60% Ni, and 10% Fe com- 
position probably also follow a mechanism parallel- 
ing that  described above for the Mo-Ni alloys, and 
similarly their corrosion potentials lie at values 
more active than the corresponding Flade potentials 
at which a passive film forms. These alloys are used 
in practice to withstand relatively concentrated 
nonoxidizing acids such as HC1 or H2SO4. Since they 
are active in potential and cannot set up passive- 
active cells as do the passive Cr alloys, they are not 
subject to pitting in the chemical media to which 
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they are usually exposed. The maximum amount of 
Fe which can be tolerated in such solid solution 
alloys for opt imum corrosion resistance corresponds 
in accord with the electron configuration theory to 
an atomic ratio Mo/Fe equal to or greater than 0.2 
(10). Results of Schmidt and Wetternick (11) for 
corrosion of various Mo-Ni-Fe alloys in boiling 
29.8% H2SO4 confirm that  a ratio of this order is 
observed. This is similar to the ratio accounting for 
passivity beginning at about 12 wt % Cr (atomic 
ratio Cr /Fe  = 0.15) in the Cr-Fe alloys. This ratio, 
it was found (12), is preserved in the solid solution 
te rnary  Cr-Fe-Ni  alloys, being most pronounced in 
alloys below 50% Ni. 

Hence, although passivity in the Mo alloys ap- 
parent ly  derives from a sluggish anodic reaction in 
contrast to the Cr alloys which form a metastable 
passive film accompanied by a noble potential, the 
alloying proportions leading to opt imum corrosion 
resistance are similar for both metals and can be 
related to their similar atomic configuration. 
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ABSTRACT 

Polarized light was used to measure the thickness and optical properties 
of passive films as they were forming while s imultaneous electrochemical 
measurements  were being made. The film formation studies showed that  a 
change in  film thickness of 15-20A was associated with the onset of a passive 
potential.  A direct, logar i thmic- type law governed the growth of a semi- 
conductor film with crystallographic orientat ion of the substrate having little 
effect. 

When  iron surfaces prepared in an ul t rahigh vacuum (a vacuum of the 
10 -9 Torr  order of magni tude) ,  were passivated a 20A film formed ins tan tane-  
ously on the introduct ion of an a i r -sa tura ted  0.1N NaNOf. This film then dis- 
solved and a new film commenced to grow. A passive potential  coincided with 
a film 15A thick. No such ini t ia l  dissolution occurred when  the solution con- 
tained only dissolved oxygen, the ins tantaneously  formed film cont inuing to 
grow and a passive potent ial  occurring after the growth of around 40A. When 
the solution contained no dissolved gases, the ins tantaneous  film did not  form. 

F i lm breakdown studies revealed that  only the 20-30A film next  to the 
metal  was responsible for passivity even if thicker films were ini t ia l ly  present. 
Studies of the sites of film breakdown showed that  the number  of sites was 
highest for films on {110) iron surfaces and that  these sites were not related to 
points where dislocations intersected the surface. These studies support  the 
oxide film theory of passivity. 

One of the grea t  e x p e r i m e n t a l  obstacles to r e -  
solving the con t rove r sy  tha t  exists  b e t w e e n  the  
var ious  schools of t hough t  on the  n a t u r e  of the  pas-  
s iv i ty  of iron,  which  F a r a d a y  (1) r e fe r red  to as 
"this  v e r y  beau t i f u l  and  i m p o r t a n t  case of vol ta ic  
condi t ion  p resen ted  to us b y  the  me ta l  i ron,"  is the  
grea t  difficulty in  be ing  able  to d i s t ingu i sh  b e t w e e n  
an  adsorbed  film and  a t h i n  compound  film. E v e n  if 
this  difficulty did no t  exist,  there  wou ld  st i l l  r e m a i n  
the  p rob lem,  c o m m o n  to all  sur face  studies,  of how 
to be sure  tha t  the re  does not  exist  a l r eady  on  the  
surface  a p recursor  to the pass ive  film or a chemica l  
species tha t  d ras t i ca l ly  modifies the  pass iva t ion  p ro -  
cess, g iv ing  r ise to a false p ic tu re  of the  pass iva t ion  
process. P r i m a r i l y  because  of these  two e x p e r i m e n -  
ta l  difficulties and  because  of theore t ica l  ones, the 
con t rove r sy  con t inues  b e t w e e n  those who favor  an  
adsorbed  oxygen  film (2-4)  and  those who favor  a 
t h r e e - d i m e n s i o n a l  oxide film (5-7) .  A n  i n t e r m e d i -  
ate  group  in  the  con t rove r sy  (8, 9) says tha t  the  
first step in  the pass iva t ion  process is the  adsorp-  
t ion  of an  oxygen  fi lm which  confers  t e m p o r a r y  
pass iv i ty ;  this  t hen  becomes an  oxide film b y  i n -  
corpora t ion  of a me t a l  ion into the  adsorbed  oxy -  
gen. 

This w o r k  descr ibes  e x p e r i m e n t a l  approaches  
tha t  a t t e m p t  to a t tack  these difficulties by  a tech-  
n i q u e  tha t  enables  one to l e a r n  someth ing  abou t  
the  n a t u r e  of the  pass ive  film and  the  pass iva t ion  
processes whi le  t hey  are  ac tua l ly  going on. This 

t echn ique  uses e l l ip t ica l ly  polar ized l ight  to meas -  
u re  the  th ickness  of a film fo rmed  and  to d e t e r m i n e  
some of its opt ical  proper t ies .  A n  a d v a n t a g e  of this  
t e chn ique  is t ha t  film th icknesses  as low as 3-5A 
can be m e a s u r e d  s i m u l t a n e o u s l y  w i t h  the  e lec t ro-  
chemical  po ten t i a l  to give an  ind ica t ion  of the  onset  
of passivi ty .  This t e chn ique  was p ioneered  over  
t h i r t y  years  ago by  T r o n s t a d  (10, 11). 

This  w o r k  differs f rom tha t  of T rons t ad  in  t ha t  
g rea te r  a t t en t i on  has been  paid  to s t a r t i ng  w i th  
clean,  we l l - cha rac t e r i zed  surfaces.  This has been  
made  possible  b y  the  use  of m o d e r n  u l t r a h i g h  vac -  
u u m  techn iques  (12) and  s ingle  c rys ta l  surfaces.  
The use of u l t r a h i g h  v a c u u m  techn iques  is espe-  
c ia l ly  i m p o r t a n t  in  such a s tudy  since one of the  
sources of con ten t ion  is the  ex is tence  of a m o n o l a y e r  
film tha t  is supposed to be respons ib le  for passivi ty .  
Unless  u l t r a h i gh  v a c u u m  techn iques  are used such 
m o n o l a y e r  films can fo rm on a surface  at p ressures  
of 10 -6 Torr  in  t imes  less t h a n  1 sec (13).  Hence,  
on ly  by  the use of such u l t r a h i g h  v a c u u m  techn iques  
can one s tar t  to cope wi th  the  ques t ion  of the  i m p o r -  
t ance  of a m o n o l a y e r  film of oxygen  in  confe r r ing  
pass iv i ty  to an  i ron  surface.  

In  the  s tudies  descr ibed here,  e l l ip t ica l ly  polar ized 
l ight  is used to fol low both  the  f o r ma t i on  and  the  
b r e a k d o w n  of pass ive  films p roduced  in  inorgan ic  
i nh ib i t o r  solut ions.  

Because a comple te  descr ip t ion  of pass iva t ion  i n -  
volves,  in  add i t ion  to a know l e dge  of the  n a t u r e  of 
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the passive film, an unders tand ing  of the role p layed  
by  the atomist ic  s t ruc ture  of the meta l  surface, the 
influence of surface s t ruc ture  on format ion  kinet ics  
and on the sites where  b reakdown  of a passive film 
occurs was studied. The b reakdown  studies used 
optical  and thin  foil  e lectron microscopy to examine  
surfaces t r ea ted  by  a technique which decora ted  the  
sites of b r eakdown  of passive films. The c rys ta l -  
lographic  or ienta t ion  of the me ta l  surface and the 
presence of defects in i t  were  re la ted  to b reakdown 
sites using this approach.  

Passive Fi lm Format ion  

In al l  of the  presen t  studies concerned wi th  fol-  
lowing the format ion  of passive film wi th  t ime, e l -  
l ipsomet ry  was used. A descr ipt ion of the e l l ipsom- 
eter  and the method used to evalua te  the resul ts  is 
given e lsewhere  (14). This technique was used to 
measure  both the thickness of the films tha t  exis ted 
on a surface at  a given t ime and the optical  p r ope r -  
ties of the film. A ve ry  comprehensive  descr ipt ion of 
the theore t ica l  and exper imen ta l  aspects of the use 
of e l l ip t ica l ly  polar ized l ight  to s tudy surfaces is 
given by  Win te rbo t tom (15). 

To compare  this  e l l ipsometr ic  method for s tudying 
passive film format ion  d i rec t ly  wi th  ano the r '  en-  
t i r e ly  different  technique,  the kinet ics  of passive 
film growth  on iron in K2CrO4 solution was first 
studied. This sys tem had been s tudied with  a rad io-  
t racer  technique by  Brasher  and Kingsbury  (16). 
The iron specimen [240 ppm impur i t ies  and de-  
scribed by  Moore (17)]  was mechanica l ly  pol ished 
using a 1/4~ d iamond abras ive  as the  final polish and 
then chemical ly  pol ished in a chemical  polishing 
solution. 1 Af te r  r ins ing the specimen in distilled 
wate r  and spect rographic  grade methanol ,  and t a k -  
ing a reading on the dr ied  surface, the specimen was 
placed in a vessel containing 0.0025M KeCrO4 solu- 
tion. Readings were  then taken  per iodica l ly  by the 
e l l ipsometer  on the surface so immersed  in the in-  
h ibi tor  solution. The film thicknesses e measured  on 
a {100} iron surface in 0.0025M K2CrO4 solution are 
p lot ted  against  log (t  + 1) in Fig. 1. The th ick-  
nesses p lot ted  in this figure are not absolute values,  
but  increments  of thickness  over tha t  of the in i t ia l ly  
present  a i r - fo rmed  film. Other  grains  on the speci-  
men used gave essent ia l ly  the same readings  as the 
~100} grain.  A ra te  constant  of 1.43/k was obtained,  
t rea t ing  this da ta  in the manner  descr ibed by  K u b a -  
schewski and Brasher  (18). This e l l ipsometr ic  va lue  
compares  reasonably  wel l  wi th  tha t  of 1.5A ob-  
ta ined by  the en t i re ly  different  r ad io t race r  tech-  
nique (18). 

S imi la r  p r e l im ina ry  exper iments  were  carr ied  
out using concentra ted HNO~ as the pass ivat ing 
solution. I t  was r a the r  difficult to make  precise 
enough measurements  in this  case to de te rmine  
wha t  sort  of ra te  law governed the pass ivat ion pro-  
cess for a number  of reasons. Firs t ,  the re f rac t ive  

1 Mi r roFe ,  a c h e m i c a l  p o l i s h i n g  so lu t i on  fo r  i r on  m a n u f a c t u r e d  b y  
M a c n e r m i  Corpo ra t i on ,  c o n t a i n i n g  a n  a l c o h o l  a nd  p h o s p h o r i c  acid.  
T h r e e  p a r t s  o f  t h i s  w e r e  t h e n  m i x e d  w i t h  1 p a r t  of 30% HeO~ to  p ro -  
duce  t h e  p r o p e r  p o l i s h i n g  b a t h .  

2 These  w e r e  based  on  t h e  a p p r o x i m a t i o n ,  u sed  by  T r o n s t a d  and  
B o r g m a n n  (11), fo r  f i lms  less  t h a n  100• t h a t  t he  m e a n  t h i c k n e s s  is 
p r o p o r t i o n a l  to  t he  d i f fe rence  i n  t h e  phase  r e t a r d a t i o n  v a l u e s  o f  t h e  
" f i l m - f r e e "  a n d  f i l m - c o v e r e d  s u r f a c e  (A -- A), 1 ~ c o r r e s p o n d i n g  ap-  
p r o x i m a t e l y  to 5A. 
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Fig. 1. Growth of a passive film OR a (100) iron surface in an air- 
saturated 0.0025M K2CrO4 solution. Logarithmic plot. 

index of the solution changed wi th  t ime because 
of the s l ight  decomposit ion of ni t r ic  acid tha t  oc- 
curred.  Second, the surface was somewhat  roughened 
on in t roduct ion  of the specimen into the acid dur ing 
the shor t  t ime in te rva l  before it became passive. 
Final ly ,  thick films formed in a not  too reproducib le  
manner .  

Usual ly  a film approx ima te ly  60/k th ick formed 
on the iron in a per iod  of 1 hr. When  the specimen 
was a l lowed to remain  in the concentra ted  HNO3 
overnight ,  a film wi th  a thickness grea te r  than  
100• formed,  and the specimen exhib i ted  pass iv i ty  
to a copper sulfate  solution. The thickness of the 
films formed on the l a rge -g ra ined  iron specimen 
var ied  wi th  the crys ta l lographic  or ienta t ion of the 
grains. This could be seen wi th  the  unaided  eye, for 
different  grains exhib i ted  different  colors. 

For  more  control led studies of passive film growth 
in inorganic inhibi tor  solutions, sodium ni t r i te  solu- 
tions were  selected because the complicat ion of the 
in t roduct ion of other meta l l ic  e lements  into the 
film, such as chromium when  chromates  are used, 
is absent.  

The appara tus  used in this s tudy is shown in Fig. 
2. I t  was s imi lar  to the appara tus  descr ibed else-  
where  (19) in tha t  no greased joints  were  used, the 

TO VA~JUM ~ ~  ~CON NECTION 

LaK ~ 
A 

noos ICLOSEO 
IN GLASS FOR MOVING 
CR~STAL BY MAGNET 

ELEVATION VIEW 
~tNLET FOR SOLUTION 

CRYSTAL 

PT ELECTRODE 
PLAN VIEW 

Fig. 2. Apparatus for studying the optical properties and the 
electrochemical potentials of an iron surface immersed in a 
passivating solution. 
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Fig. 3. Growth of o passive film on a (]]O) iron surface in an 
air-saturated 0.]N NAN02 solution. Logarithmic plot. 

s p e c i m e n  b e i n g  sea led  i n  f o r  each  r u n  a n d  t h e  s o l u -  
t i o n  i n t r o d u c e d  a f t e r  t h e  s p e c i m e n  h a d  b e e n  a n -  
n e a l e d  in  pur i f i ed  h y d r o g e n  a t  500~ A f t e r  th is  a n -  
n e a l  and  evacua t ion ,  r e a d i n g s  w e r e  m a d e  on the  
" b a r e "  sur face ,  and  so lu t ion  was  i n t r o d u c e d .  This  
a p p a r a t u s  d i f fe red  f r o m  the  p r e v i o u s l y  d e s c r i b e d  
a p p a r a t u s  in  t h a t  a p l a t i n u m  w i r e  was  s e a l e d  in to  
t he  a p p a r a t u s  to p e r m i t  m e a s u r e m e n t  of t he  p o t e n -  
t i a l  of t he  i r on  s p e c i m e n  w i t h  r e s p e c t  to the  so lu t ion  
in w h i c h  i t  was  i m m e r s e d .  3 The  i r on  s p e c i m e n  used  
was  of the  s a m e  p u r i t y  a n d  h a d  the  s a m e  su r f ace  
p r e t r e a t m e n t  d e s c r i b e d  for  the  c h r o m a t e  e x p e r i -  
m e n t s  j u s t  g iven .  I t  h a d  two  l a r g e  g r a in s  h a v i n g  
{110} a n d  {211} o r i en ta t ions ,  a n d  e l l i p s o m e t r i c  
m e a s u r e m e n t s  cou ld  be  m a d e  on each  of t he se  two  
gra ins .  Runs  w e r e  c a r r i e d  out  in  an  a t m o s p h e r e  of 
p u r e  o x y g e n  or  air .  

F i g u r e  3 shows  the  r e su l t s  o b t a i n e d  for  a {110} 
su r f ace  in  a 0.1N NaNO2 so lu t ion  s a t u r a t e d  w i t h  air .  
The  p o t e n t i a l  was  m e a s u r e d  at  t he  s a m e  t i m e  as the  
f i lm t h i c k n e s s  a n d  is s h o w n  on th i s  curve .  I n  th i s  
f igure  a n d  in  a l l  t he  o t h e r  f igures to fo l low w h e r e  
p o t e n t i a l  is p lo t t ed ,  t he  in i t i a l  r a p i d l y  c h a n g i n g  
va lue s  a r e  no t  shown.  I t  shou ld  be  men t ioned ,  h o w -  
ever ,  t h a t  a c h a n g e  of  a r o u n d  0.8v o c c u r r e d  in  t h e  
t r a n s i t i o n  f r o m  an  ac t i ve  to a pas s ive  i ron  sur face .  
No g r e a t  d i f fe rences  in  b e h a v i o r  b e t w e e n  the  two  
d i f f e ren t  o r i en ta t ions ,  {110} a n d  {211}, s t u d i e d  in  
th is  m a n n e r  w e r e  obse rved ,  a d i f fe rence  of less  t h a n  
4A b e i n g  o b s e r v e d  a f t e r  40 days  of exposu re .  The  
r a t e  of g r o w t h  a p p e a r s  to obey  a d i r ec t  l o g a r i t h m i c  
law.  The  f ac t  t h a t  t h e  l i ne  o b t a i n e d  does  no t  e x -  
t r a p o l a t e  to  zero t h i cknes s  i nd i ca t e s  e i t he r  t ha t  
t h e r e  a l r e a d y  ex i s t ed  a f i lm a t  t he  b e g i n n i n g  of the  
p rocess  or  t h a t  t h e  f o r m a t i o n  of t he  i n i t i a l  m o n o -  
l a y e r s  w a s  n o n l o g a r i t h m i c .  

Because  a d i r ec t  l i n e a r  l o g a r i t h m i c  r e l a t i o n s h i p  
was  o b s e r v e d  for  t he  g r o w t h  of pa s s ive  f i lms on i ron  
in  bo th  n i t r i t e  a n d  c h r o m a t e  so lu t ions ,  t h e  t h e o r y  of 
Hauffe  and  I l s c h n e r  (20)  m a y  be  app l i cab l e .  Th is  
t h e o r y  sugges t s  t h a t  for  e x t r e m e l y  t h in  f i lms a 
d i r ec t  l o g a r i t h m i c  r a t e  l a w  is o b e y e d  because  e l ec -  
t r o n  m o v e m e n t  r a t h e r  t h a n  ion t r a n s p o r t  t h r o u g h  
the  f i lm is t he  r a t e - d e t e r m i n i n g  step.  The  g r o w t h  

8 P l a t i n u m  was  used  rather t h a n  a m o r e  s u i t a b l e  r e fe rence  elec-  
t r o d e  i n  o r d e r  to  a v o i d  t h e  i n t r o d u c t i o n  of  a n i o n s  o t h e r  t h a n  t h o s e  
of  the  p a s s i v a t i n g  salt and to e n a b l e  t h e  c o n s t r u c t i o n  of  a ce i l  w h i c h  
c o u l d  b e  h e a t e d  to  h i g h  t e m p e r a t u r e s .  T h e  potent ia l  m e a s u r e m e n t s  
w e r e  t h u s  m a d e  to  d e t e r m i n e  t h e  onse t  of  p a s s i v i t y  r a t h e r  t h a n  to  
d e t e r m i n e  t h e r m o d y n a m i c a l l y  m e a n i n g f u l  va lue s .  T h a t  t h e  v a l u e s  of  
potent ia l  obta ined b y  us ing  a p la t inum e lectrode  do c o r r e s p o n d  to 
t h e  onse t  of  p a s s i v i t y  w a s  ve r i f i ed  i n  a n o t h e r  cel l  w h e r e  b o t h  a sa t -  
u r a t e d  ca lome l  r e f e r ence  e l ec t rode  and  a p l a t i n u m  e lec t rode  w e r e  
used  to  m e a s u r e  t h e  p o t e n t i a l  of i r o n  i n  an  a i r - s a t u r a t e d  DAN hTaNOe 
so lu t ion .  Is o x y g e n  w e r e  e x c l u d e d  f r o m  t h e  so lu t ion ,  h o w e v e r ,  t he  
pla t inum could  not  be  r e l i a b l y  used  to  d e t e r m i n e  t he  onse t  of  
passivity.  

Table I. Constants obtained from Hauffe-Ilschner theory 

H e i g h t  of p o t e n t i a l  
P a s s i v a t i n g  s o l u t i o n  Ra t e  constant ,  lo, A b a r r i e r ,  ~ ,  e v  

0.0025M K2CrO4 1.43 0.46 
0.1M Na.NO2 1.00 0.95 

l a w  b a s e d  on  th i s  t h e o r y  w a s  f o r m u l a t e d  b y  K u b a ~  
s c h e w s k i  a n d  B r a s h e r  (18)  as fo l lows  

z =  Zoln ( t +  1) 

w h e r e  I is t he  f i lm th ickness ,  t t i m e  and  lo -~ h / 4 ~  

~/2Mr  w h e r e  h is P l a n c k ' s  cons tan t ,  M mass  of e l ec -  
t ron ,  a n d  r t he  h e i g h t  of t h e  p o t e n t i a l  b a r r i e r  across  
the  film. I n  T a b l e  I a r e  l i s t ed  the  v a l u e s  of lo, t h e  
r a t e  cons tan t ,  a n d  r fo r  t he  f i lms f o r m e d  in t he  
so lu t ions  s tud ied .  The  v a l u e s  of  r a r e  of  t he  o r d e r  
of m a g n i t u d e  cons i s t en t  w i t h  those  f o u n d  for  s e m i -  
conduc to r s  (21) .  

S ince  t h e r e  was  u n d o u b t e d l y  p r e s e n t  on the  i r on  
su r f ace  a t  l e a s t  a m o n o l a y e r  f i lm u n d e r  t he  c o n d i -  
t ions  p r e v a i l i n g  in  t he  e x p e r i m e n t s  j u s t  d e s c r i b e d  i t  
was  n e c e s s a r y  to  go to t he  n o w  w e l l - k n o w n  t e c h -  
n iques  (12) fo r  w o r k i n g  in  v a c u a  of t he  10 - s  T o r r  
or  be t t e r .  B y  t a k i n g  r e a d i n g s  on su r faces  p r e p a r e d  
u n d e r  such  u l t r a h i g h  v a c u u m  cond i t ions  one could  
be  b e t t e r  a s s u r e d  t h a t  t h e  s t a r t i n g  p o i n t  of t he  p a s -  
s i va t i ng  process ,  be fo re  t he  i n t r o d u c t i o n  of an  in -  
h i b i t i n g  so lu t ion ,  a p p r o a c h e d  a " b a r e "  sur face .  Such  
cons ide ra t i ons  are ,  of course ,  e x t r e m e l y  p e r t i n e n t  in 
v i e w  of  t he  i m p o r t a n c e  a s c r i b e d  to a m o n o l a y e r  f i lm 
b y  the  a d s o r p t i o n  t h e o r y  of pa s s iv i t y .  

The  f inal  v e r s i o n  of a n u m b e r  of d i f f e ren t  modi f i -  
ca t ions  of t he  a p p a r a t u s  used  in  t h e s e  u l t r a h i g h  
v a c u u m  s tud ies  is s h o w n  in Fig .  4. In  th is  ve r s i on  
the  s p e c i m e n  was  s c r e w e d  in to  p l ace  b y  ope n ing  t h e  
b o t t o m  of t he  ce l l  and  t h e n  sea l ing  the  glass  b o t t o m  
wi th  a torch.  T h i c k  q u a r t z  w i n d o w s  (3 r am)  we re  
u sed  to  m i n i m i z e  t h e r m a l  a n d  m e c h a n i c a l  s t r a in s  
w h i c h  w o u l d  affect  the  op t i ca l  m e a s u r e m e n t s .  

The  i ron  spec imen ,  4 m e c h a n i c a l l y  po l i shed  us ing  
1/4g d i a m o n d  a b r a s i v e  fo r  t he  f inal  pol ish ,  was  

I n  these  e x p e r i m e n t s  p o l y c r y s t a l l i n e  v a c u u m  m e l t e d  i r o n  (Fer ro -  
Vae) w a s  used  r a t h e r  t h a n  the  iron p r e v i o u s l y  de sc r ibed  because  i t  
w a s  eas ier  to outgas.  
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Fig. 4. Ultrahigh-vacuum apparatus for studying the optical 
properties of and the electrochemical potential of an iron surface 
immersed in a passivating solution. 
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etched for a second in di lute  ni t r ic  acid and im-  
med ia t e ly  r insed in spect rographic  g rade  methanol .  

I t  was then  out -gassed  by  vacuum anneal ing it in 
another  vacuum appara tus  at  900~ unt i l  the p res -  
sure in this sys tem wen t  down to app rox ima te ly  
10 -6 Tor t  wi th  the specimen st i l l  at  t empera tu re .  
Af te r  this  outgassing, the  specimen was sealed into 
the  u l t r a h i g h - v a c u u m  system and annealed in hy -  
drogen to remove the oxide film formed dur ing  the 
sea l ing- in  procedure.  The sys tem was then  baked  at  
430~ for  5-6 hr  and a pressure  of 10 -9 Torr  ob-  
tained.  The specimen was hea ted  to redness  using 
an induct ion coil in assayed reagent  grade  h y d r o -  
gen 5 admi t t ed  to a pressure  of 1-2~. At  this pressure  
a glow discharge occurs in the field of the h igh-  
f requency induct ion coil so tha t  the i ron surface was 
thus bombarded  by  hydrogen  atoms and ions. Read-  
ings were  made  wi th  the  e l l ipsometer  af ter  each 
step in the  surface t rea tment ,  the values  of the  opt i -  
cal parameters ,  A, the re la t ive  phase re tarda t ion ,  
and @, the ampl i tude  reduct ion,  changing in a d i rec-  
t ion indicat ing tha t  the  surface was becoming 
cleaner.  This p rocedure  was cont inued unt i l  no 
changes in A and @ were  observed wi th  fu r the r  
hydrogen  annealing.  The specimen was then  vac-  
uum annealed  and the sys tem baked  out again. No 
changes in A and @ were  again noted, and the values 
measured  at  this point  were  used as those for a 
clean surface. 

In  some exper iments  a solution open to the  air  
and sa tu ra ted  wi th  air  was used to approx ima te  the 
ma jo r i t y  of pass iv i ty  exper iments  in the  l i te ra ture .  

In other  exper iments  the  solutions were  p repa red  
so tha t  the i r  dissolved gas content  could be con- 
trol led.  The solution in the  bulb shown above b r e a k -  
seal C in Fig. 4 was degassed in another  vacuum 
system by a l t e rna te  freezing and thawing  five t imes 
in vacuum and then  in t roducing  e i ther  assayed r e -  
agent  grade  oxygen or argon ~ (for exper iments  
where  oxygen was to be exc luded) .  This bulb,  in 
which the solution was in equ i l ib r ium wi th  0.5 a tm 
of gas, was then  sealed off f rom the solution p r e p a -  
ra t ion  sys tem and sealed onto the u l t r a h i g h - v a c u u m  
sys tem above b r eak - sea l  C. The space be tween  A 
and C was then pumped  out by a zeolite sorpt ion 
pump at  B, the pump then  being removed  by  seal-  
ing off a t  B. A run  was s ta r ted  by  break ing  b r e a k -  
seal  A and then  C, the solution covering the  speci-  
men in less than  15 sec. Readings could then  be 
made wi th  the  e l l ipsometer  and potent ia l  measure -  
ments  made  of the  iron surface  vs. the p l a t inum 
electrode.  

The resul ts  obtained,  using such an approach,  d i f -  
fered f rom those obta ined under  less r igorous condi-  
t ions (Fig. 1 and 3) in tha t  at the beginning  of the 
pass ivat ion process the re la t ive  phase re ta rda t ion ,  
A, increased r a the r  than  decreased wi th  t ime. Such 
ini t ia l  increases in A were  found occasionally by 
Trons tad  and Borgmann  (11) for films formed in 
concentra ted  HNO3. This is shown in Fig. 5, along 
wi th  a s imul taneous  plot  of the poten t ia l  of the i ron 

Thi s  w a s  specified to h a v e  no  i m p u r i t i e s  as f o u n d  b y  mass  spec-  
t r o g r a p h i c  ana lys i s .  

o I m p u r i t i e s  i n  t h e  o x y g e n  w e r e  i n  mo le  p e r  cents  0.0040 A,  0.02 H, 
0.019 N, 0.0065 COe and  0.00018 t o t a l  h y d r o c a r b o n s ,  and  i n  t h e  a r g o n  
w e r e  n o n e  as i n d i c a t e d  b y  m a s s  s p e c t r o g r a p h i c  ana lys i s ,  

O P T I C A L  S T U D I E S  O F  F O R M A T I O N  O F  F I L M S  
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Fig. 5. Change in phase retardation with time for an iron surface 
immersed in air-saturated 0.1N NaNO2 solution. 
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Fig. 6. Influence of the optical constants of the film and the 
medium on the variation of the phase retardation with thickness for 
different angles of incidence. [After Winterbottom (15) p. 46.] 

surface vs. p la t inum for an air  sa tu ra ted  0.1N 
NaNO~ solution. 

Because the  growth  of oxide films is accompanied 
by a decrease in A (11), the  increase  found indicates  
tha t  at the beginning of the  pass ivat ion  process 
something else was occurring. F igure  6 which is 
t aken  f rom Win te rbo t tom (15) points to one pos-  
sible reason for the increases. The curves show tha t  
for a meta l  surface such as iron the change in A with  

thickness (A - - ~ ) / d l  is negat ive  if the re f rac t ive  in-  
dex of the film ne is less than  tha t  of the su r round-  
ing med ium nl and is posi t ive if n2 ~ nl. This im-  
plies tha t  a r ise in A could indicate  tha t  a film is 
forming wi th  a re f rac t ive  index less than  1.3349, 
the re f rac t ive  index of 0.1N NaNO2 solution for the 
wave length  of the  l ight  used in all  of the  studies 
repor ted  here,  5461A. None of the  oxides of iron 
whose re f rac t ive  indices are  known or indeed any 
of the  possible solids whose values are known which 
could const i tute  the film have a re f rac t ive  index 
lower  than  tha t  of the n i t r i te  solution. On the other  
hand,  an oxygen film (14) or an adsorbed n i t r i te  
film would p robab ly  have a re f rac t ive  index lower  
than  the solution. 

This in te rp re ta t ion  does not  app ly  in this  case, 
however ,  because a l though a r ise in A-values was 

in i t ia l ly  observed,  • was a lways  less than  ~, the 
va lue  of the phase  re t a rda t ion  for the f i lm-free  sur -  
face. This quan t i ty  (shown in Fig. 5) was obtained 
f rom a calculat ion of its va lue  in n i t r i t e  solution 
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Fig. 7. Growth of a passive film on an iron surface in an air- 
saturated 0.1N NaNO2 solution. Logarithmic plot. 

b a s e d  on the  a l l - i m p o r t a n t  m e a s u r e m e n t s  m a d e  in  
u l t r a h i g h - v a c u u m .  D u r i n g  the  t i m e  w h e n  the  so lu -  
t i on  w a s  i n t r o d u c e d  in to  t he  cel l  con t a in ing  t h e  
spec imen ,  a n d  a r e a d i n g  was  m a d e  ( in  some cases  
less  t h a n  0.5 r a in ) ,  A h a d  d e c r e a s e d  4 ~ This  c o r r e -  
sponds  to t he  f o r m a t i o n  of a 20A film, w h o s e  r e f r a c -  
t i ve  i n d e x  was  h i g h e r  t h a n  t ha t  of t he  solu t ion ,  d u r -  
ing  the  t i m e  of so lu t ion  i n t roduc t i on .  Thus  the  r i se  
of A - v a l u e s  was  due  e i t h e r  to t he  a d s o r p t i o n  of a 
l ow  i n d e x  f i lm (n2 < n l )  on top  of  t he  f i lm f o r m e d  
a lmos t  i n s t a n t a n e o u s l y  a t  t he  b e g i n n i n g  of t he  p r o -  
cess, or  t he  d i s so lu t ion  of th is  i n i t i a l  film, w h e r e  
d e c r e a s i n g  f i lm th i cknes s  va lue s  cause  an i nc rea se  
in  A-va lues .  The  fac t  t h a t  A max .  a l w a y s  a p p r o a c h e d  

closely,  b u t  n e v e r  e x c e e d e d  i t  a r g u e s  for  t he  f i lm 
d i s so lu t ion  i n t e r p r e t a t i o n .  I f  t he  i n s t a n t a n e o u s l y  
f o r m e d  f i lm was  Fe304, as is qu i t e  l i k e l y  (7)  in  t he  
a t m o s p h e r e  of a i r  and  w a t e r  v a p o r  t h a t  e x i s t e d  b e -  
t w e e n  the  t i m e  the  s y s t e m  was  o p e n e d  to the  so lu -  
t ion  a n d  the  so lu t ion  cove red  the  spec imen ,  i ts  d i s -  
so lu t ion  in t he  a i r  s a t u r a t e d  n i t r i t e  so lu t ion  ( p H  
5.8),  b a s e d  on P o u r b a i x ' s  d i a g r a m  for  i r on  a n d  
w a t e r  (22) ,  is t h e r m o d y n a m i c a l l y  r ea sonab l e .  In  
Fig .  7 t he  t h i ckness  and  p o t e n t i a l  d a t a  o b t a i n e d  for  
an  a i r - s a t u r a t e d  so lu t ion  a r e  p l o t t e d  l o g a r i t h m i c a l l y  
for  t imes  a f t e r  t he  i n i t i a l  a d s o r p t i o n  or  d i s so lu t ion  
p rocesses  h a d  s t opped  ( a f t e r  a b o u t  45 m i n ) .  

I n  o r d e r  to see  if  i n i t i a l  f i lm d i s so lu t ion  was  oc-  
c u r r i n g  because  of t he  low p H  of t he  a i r - s a t u r a t e d  
so lu t ion  due  to  t he  CO2 p r e s e n t  in  it, ou tga s sed  so lu -  
t ions,  p r e p a r e d  as d e s c r i b e d  ea r l i e r ,  in  e q u i l i b r i u m  
w i t h  0.5 a t m  of h i g h - p u r i t y  o x y g e n  w e r e  used .  As  
can  be  seen  f r o m  Fig.  8 t he  i n i t i a l  r i se  in ~ is c o m -  
p l e t e l y  absen t ,  the  i n s t a n t a n e o u s l y  f o r m e d  f i lm in -  
s t e a d  con t i nu ing  to i nc rea se  (A d e c r e a s i n g )  w i t h  
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Fig. 8. Change in phase retardation with time for an iron surface 
immersed in 0.1N NaNO2 solution in equilibrium with 03 atm of 
pure oxygen. 
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Fig. 9, Growth of a passive film on an iron surface in 0.1N NaNO2 
solution in equilibrium with 0.5 atm of pure oxygen. Logarithmic 
plot. 

I 140 ~ 

hlRIN 

136 

102 

130 I I |,~1 , , , , , I I I 
0 100 200 1000 1400 1800 2200 2600 

TIME, MINUTES 

Fig. 10. Change in phose retardation with time for on iron sur- 
face immersed in a deoerated 0.1N NoNO2 solution. 

t ime.  Thus  i t  a p p e a r s  t h a t  the  in i t i a l  r i se  in  ~ for  
a i r - s a t u r a t e d  so lu t ions  was  due  to  f i lm d i s so lu t ion  
r a t h e r  t h a n  to t he  a d s o r p t i o n  of a low i n d e x  f i lm on 
top of i n s t a n t a n e o u s l y  f o r m e d  film, for  t he  cond i t i on  
for  t he  l a t t e r  p o s s i b i l i t y  s t i l l  e x i s t e d  w h e n  o x y g e n  
was  the  o n l y  gas  p resen t .  F i g u r e  9 shows  a l o g a r i t h -  
mic  p lo t  of t he  t h i ckness  and  p o t e n t i a l  d a t a  for  t he  
so lu t ion  in  e q u i l i b r i u m  w i t h  p u r e  oxygen .  

To a s c e r t a i n  w h e t h e r  t he  i n s t a n t a n e o u s l y  f o r m e d  
f i lm was  p r o d u c e d  d u r i n g  the  so lu t ion  i n t r o d u c t i o n  
i n t e r v a l  b y  i n t e r a c t i o n  w i t h  o x y g e n  a n d  w a t e r  
vapo r ,  e x p e r i m e n t s  w e r e  c a r r i e d  out  u s ing  d e a e r a t e d  
so lu t ions  and  h i g h - p u r i t y  a r g o n  as the  gas  for  p u s h -  
ing  the  so lu t ion  in r a p i d l y .  As  Fig.  10 shows,  an  
e x t r e m e l y  t h in  f i lm ( <  5A)  f o r m e d  in t he  a lmos t  
c o m p l e t e l y  d e o x y g e n a t e d  solut ion .  A n  i n i t i a l  a d -  
s o r p t i o n  on top  of  or  d i s so lu t ion  ~ of  th i s  f i lm a p -  
p e a r e d  to t a k e  p lace ;  i t  t h e n  s t a r t e d  to grow.  As  
m e n t i o n e d  before ,  t he  p o t e n t i a l  m e a s u r e m e n t s  u s -  
ing  a p l a t i n u m  e l ec t rode  in  t he  absence  of o x y g e n  
do no t  g ive  a m e a n i n g f u l  i n d i c a t i o n  of t he  onse t  of 
pas s iv i ty .  A f t e r  1400 min  a i r  was  i n t r o d u c e d  and,  
as Fig.  10 shows,  t he  r a t e  of f i lm f o r m a t i o n  in -  
c reased .  The  changes  in  p o t e n t i a l  t ha t  o c c u r r e d  a f t e r  
a i r  was  i n t r o d u c e d  p r o b a b l y  sugges t  t h a t  t h e  20A 
fi lm t h a t  was  p r e s e n t  be fo re  t he  i n t r o d u c t i o n  of a i r  
was  no t  y e t  a pa s s ive  film. No  d i s so lu t ion  o c c u r r e d  
u p o n  i n t r o d u c i n g  a i r  i n d i c a t i n g  t h a t  t h e  f i lm f o r m e d  

O n  t h e  b a s i s  o f  P o u r b a t x ' s  d i a g r a m  f o r  i r o n ,  l o w  o x y g e n  c o n c e n -  
t r a t i o n  w o u l d  t e n d  t o  h a v e  t h e  s a m e  e f f e c t  o n  t h e  d i s s o l u t i o n  o f  
F e 3 0 4  a s  l o w  p H .  T h u s  d i s s o l u t i o n  s e e m s  t o  b e  t h e  m o r e  l i k e l y  a l t e r -  
n a t i v e  h e r e  a s  i t  w a s  f o r  t h e  a i r - s a t u r a t e d  s o l u t i o n .  
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Fig. 11. Growth of a film on an iron surface in a deaerated 
0.1N NAN02 solution. Logarithmic plot. 

in  the presence  of the i nh ib i t o r  differs f rom the  film 
formed  i n s t a n t a n e o u s l y  d u r i n g  the  so lu t ion  i n t r o -  
duc t ion  in te rva l .  F igu re  11 is a logar i thmic  plot  of 
the  po ten t i a l  and  th ickness  da ta  for the  deae ra ted  
solut ion.  The f luc tuat ions  in  film th ickness  p r o b a b l y  
m e a n  n o n u n i f o r m  film fo rma t ion  not  rea l ly  a m e n -  
able  to ana lys i s  by  the  Hauf f e - I l s chne r  theory.  
However ,  the  cons tan ts  ca lcu la ted  us ing  this  t heo ry  
are compared  in  Tab le  II  for the  deae ra ted  so lu t ion  
a long wi th  the  other  solut ions  s tudied.  

Passive Film Breakdown 
These studies,  qua l i t a t i ve  in  na tu re ,  were  con-  

ce rned  wi th  the  changes  in  film th ickness  tha t  oc- 
cur  w h e n  a passive film passes t h r o u g h  the  F lade  
potent ia l .  

I n  one set of e x p e r i m e n t s  a n  i ron  spec imen  was  
r insed  in  dis t i l led wa t e r  and  then  p laced  in  a so lu-  
t ion  tha t  wou ld  cause a decay in  pass iv i ty  in  the  
same  m a n n e r  as descr ibed  by  Uhl ig  and  K i n g  (23) .  
F i l m  th ickness  changes  were  m e a s u r e d  wi th  the  el-  
l ipsometer  d u r i n g  decay t h rough  the  F lade  p o t e n -  
tial. Ac t iva t ion  was  car r ied  ou t  in  the  acid, neu t r a l ,  
and  a lka l ine  regions  of the  pH scale. 

Acid.- -Here dis t i l led  wa t e r  w i th  a pH of app rox i -  
m a t e l y  3.5 ( ad jus t ed  by  the  add i t ion  of HNOa) was  
used to cause a decay in  the passivi ty .  For  i ron  
pass iva ted  in  concen t ra t ed  HNO 3 a change  in  film 
th ickness  of over  100A was observed  af ter  passage 
t h rough  the F lade  region.  The  t ime  to go f rom 
- -  0.22v to + 0.62v (vs. s a tu ra t ed  calomel  elec-  
t rode)  was less t h a n  1 min.  M e a s u r e m e n t s  ind ica ted  
tha t  the  i ron  surface  was  essen t ia l ly  ba re  af ter  ac t i -  
vat ion.  S imi la r  behav io r  was observed  wi th  i ron  
pass iva ted  in  0.0025M NaNO2, the  fi lm th ickness  
change  aga in  ind ica t ing  the  d issolu t ion  of the  en t i re  
passive film, 30A th ick  in  this  case. The  t ime  to go 
f rom the  pass ive  to the  act ive s ta te  was  app rox i -  
m a t e l y  5 rain.  

Neutral.--O.2M Na2SO4 solu t ion  was  used as the 
ac t iva t ing  solut ion.  I ron  pass iva ted  in  concen t ra t ed  

Table II. Hauffe-Ilschner constants for 0.1N NaNO2 solutions 
containing different gases 

H e i g h t  o f  p o t e n t i a l  
P a s s i v a t i n g  s o l u t i o n  R a t e  c o n s t a n t ,  Io ,  A b a r r i e r ,  ~ ,  e v  

Air-sa tura ted  solution 2.13 0.21 

Oxygenated solution 3.00 0.11 

Deaerated solution 4.17 0.01 

HNO~ ove rn igh t  took 35 ra in  to pass t h r o u g h  the  
F lade  region.  The  change  in  fi lm th ickness  accom- 
p a n y i n g  the  change  f rom the  pass ive  to the  act ive  
po ten t i a l  was  40A. A film of g rea te r  t h a n  100A 
th ickness  r e m a i n e d  on  the  i ron  surface  af ter  an  ac-  
t ive po ten t i a l  was  reached.  

Alkal ine . - - I t  was difficult to ac t iva te  pass iva ted  
surfaces in  the  a lka l ine  region.  K O H  solut ions  h a v -  
ing a pH of 9 a nd  0.2M Na2SOr solut ions  whose 
pH was ad jus ted  to 9 w i th  K O H  were  used. For  
surfaces pass iva ted  in  e i ther  concen t ra t ed  HNO3 or 
NaNO2 ac t iva t ion  was  v e r y  slow and  errat ic .  In  
those cases w he r e  the surfaces were  r e n d e r e d  act ive 
in  the  a lka l ine  solut ion,  the change  in  film th i ck -  
ness observed  was  10A or less. 

The behav io r  observed  in  the  n e u t r a l  and  a lka l ine  
solut ions  wou ld  seem to bea r  out  a sugges t ion  of 
P r yo r ' s  (24) tha t  e r ra t ic  b r e a k d o w n  tha t  occurs at 
high pH is due  to exchange  b e t w e e n  oxide and  h y -  
d roxy l  ions which  decreases ionic res i s tance  so tha t  
an  act ive po ten t i a l  m a y  be m e a s u r e d  wi thou t  m u c h  
d isso lu t ion  of the  film. 

Besides the me thod  of caus ing  a decay of passive 
films jus t  described,  ano the r  me thod  was  employed  
for i ron  pass iva ted  in  concen t ra t ed  HNO~. In  these 
s tudies  the  decay of the  pass ive  film was b rough t  
abou t  by  the  slow add i t ion  of w a t e r  to the  HNO3. 
W h e n  the  concen t r a t ed  HNO3, in  wh ich  was  im-  
mersed  an  i ron  surface  b e a r i n g  a film of g rea te r  
t h a n  100A thickness ,  was d i lu ted  to less t h a n  20 
par ts  of acid to 1 pa r t  of wa te r  by  the  addi t ion  of 
water ,  the  th ickness  of the film on the i ron  r e m a i n e d  
the  same. If, however ,  the  HNO3 was d i lu t ed  sti l l  
f u r t h e r  to, e.g., 10 to 1, the  fi lm on the  i ron  de-  
creased to a th ickness  of 20-30A, a l though  the  po-  
t en t i a l  exh ib i ted  by  the i ron  surface  to the  HNO~ 
so lu t ion  was st i l l  a passive one. F u r t h e r  addi t ions  
of wa te r  caused per iodic  b r e a k d o w n s  of this 20-30A 
film. These b r e a k d o w n s  coincided wi th  the  exh ib i -  
t ion  of m o m e n t a r i l y  ac t ive  po ten t ia l s  as d e t e r m i n e d  
by  the use of a recorder .  Such  a recorder  t race  is 
shown in  Fig. 12. This b r e a k d o w n  and  r epa i r  of the  
pass ive  film c on t i nue d  at more  f r e q u e n t  in t e rva l s  as 
more  w a t e r  was  added u n t i l  comple te  b r e a k d o w n  
occurred.  This p h e n o m e n o n  could be fol lowed by  
m a k i n g  e l l ipsometer  and  po ten t i a l  m e a s u r e m e n t s  
s imul t aneous ly .  

This  sort  of e x p e r i m e n t  shows tha t  the  th ick  films 
tha t  f o rm on  i ron  in  concen t ra t ed  HNO~ m a y  be 
made  up of two components ,  the  ou te r  l aye r  not  
be ing  respons ib le  for pass iv i ty ;  for, w h e n  this  was  

T 

O - - -  

_O.(i. 

l 

J 
WATER 

AO0[O ~__~_~_..~._, .,'.'.~. ,.~r 

@ I 5* �9 4* is a Y 8 9 

S E C O N D S  X J O 0  

Fig. 12. Breakdown of a > 100~ passive film formed in con- 
centrated HNO3 by the addition of water. Film is 20-30A thick 
after first addition of water shown on curve. 
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removed,  the t h in  fi lm r e m a i n i n g  st i l l  r e n d e r e d  the  
sur face  passive.  This  th icker  ou te r  film was also 
respons ib le  for the  differences in  film th icknesses  ob-  
served on surfaces  of d i f ferent  c rys ta l  o r i en ta t ions  
as m e n t i o n e d  above for  i ron  pass iva ted  in  concen-  
t r a t ed  I-INOa. No la rge  o r i en ta t ion  effect was ob-  
served w h e n  the  t h i n  pass ive  film was present .  

Sites of  Fi lm Breakdown 
Other  t h a n  e lec t ron  diffract ion s tudies  [some of 

the  most  r ecen t  by  Cohen (15) ]  l i t t le  w o r k  has 
been  done on the inf luence  of the  s t ruc tu re  of the  
i ron  sur face  on the  n a t u r e  and  proper t ies  of the  
pass ive  film. This is so because  the  pass ive  fi lm is 
too t h in  to be observed  even  by  u s ing  the e lec t ron  
microscope. Thus,  a n  ind i rec t  approach  was used 
which  inves t iga ted  the inf luence  of the  surface  
s t ruc tu re  on the  b r e a k d o w n  of the film, or ac tua l ly  
the  sites of b r eakdown ,  r a the r  t h a n  the  proper t ies  
of the  film itself. 

A t e chn ique  was used for decora t ing  the  sites 
where  the  passive film b r e a k d o w n  occurs. I t  i n -  
vo lved  p lac ing  the pass iva ted  i ron  surface  in  a so- 
lu t ion  con t a in ing  copper  ions and  a l lowing  i t  to 
r e m a i n  the re  u n t i l  the po ten t i a l  exh ib i t ed  by  i ron  
s ta r ted  s lowly  to become active.  The  spec imen  was  
t h e n  qu ick ly  r emoved  and  r insed  before  the whole  
surface  became  coated wi th  copper. E x a m i n a t i o n  
by  the opt ical  microscope and  by  the  e lec t ron  m i -  
croscope r evea led  the fo rma t ion  of discrete  (some 
h a v i n g  defini te  geometr ic  shapes)  crys ta l l i tes  at 
m a n y  sites on the surface.  The copper  a p p a r e n t l y  
p rec ip i t a ted  at sites in  the passive film where  film 
b r e a k d o w n  had  t a k e n  place first. A n  example  of the  
resul ts  ob ta ined  wi th  a po lyc rys t a l l i ne  spec imen  
us ing  a 0.01M solu t ion  of copper  sul fa te  is shown  
in  Fig. 13. This  shows the difference in  dens i ty  of 
decora ted  sites on di f ferent  o r ien ta t ions .  There  also 
appears  to be  a p i l i ng  up of sites at one of the  g ra in  
boundar ies .  The  dens i ty  of sites is seen to v a r y  be -  
t w e e n  the grains,  and  there  also appears  to be two 
dis t inc t  types  of sites where  decora t ion  occurs. 

In  order  to l e a rn  abou t  the n a t u r e  of the m a t e -  
r ia ls  m a k i n g  up the  sites and  the inf luence  a n y  i m -  
perfec t ions  in  the i ron  m a y  p lay  in  in i t i a t ing  them,  
t h i n  foil e lec t ron  microscopy studies  were  car r ied  
out. 

Fig. 14. Transmission electron micrograph of a thin foil treated 
as in Fig. 13. Magnification approximately 7000X. 

A 0.05 m m  th ick  foil of Armco  i ron  99.9% a n -  
nea led  in  h y d r o g e n  at 950~ for 18 hr  was placed 
in  the  chemical  pol ishing so lu t ion  m e n t i o n e d  ear l ie r  
for 2 min.  It  was t h e n  placed in  f resh pol i sh ing  so- 
l u t i on  a nd  a l lowed to r e m a i n  there  u n t i l  the  foil 
had  t h i n n e d  suff icient ly so tha t  it s ta r ted  to float 
on top of the  solut ion.  U s u a l l y  por t ions  of the  foil 
had  been  dissolved away.  At  this  po in t  in  the  p ro -  
cedure  the  t h i n n e d  foil was  r ap id ly  removed ,  r insed  
in  dis t i l led  w a t e r  for one m i n u t e  and  then  placed 
i m m e d i a t e l y  in  a pas s iva t ing  solut ion.  Af te r  passi-  
va t ion  and  b r e a k d o w n - d e c o r a t i o n  the  foil was 
r insed  in  spect rographih  grade  methanol .  A smal l  
por t ion  nea r  the  edge of a d i s so lved -away  pa r t  of 
the foil was t h e n  cut out  and  m o u n t e d  for s tudy  
wi th  the  e lec t ron microscope.  Such pieces were  less 
t h a n  1000A in  thickness .  

The  decora ted  sites were  s tud ied  by  looking at  
t h e m  in  t r ansmis s ion  wi th  the  e lec t ron  microscope.  
Selected area diffract ion p a t t e r n s  were  made  of the  
var ious  decora ted  sites. F i g u r e  14 shows an  e lec t ron  
mic rog raph  made  f rom one of these foils. The dif-  
f rac t ion  pa t t e rns  showed tha t  the cubes were,  as 
thought ,  copper,  a nd  the  o ther  m a t e r i a l  was 

Fig. 13. Polycrystalline iron surface passivated in 0.1N NaNO2 
solution with sites of film breakdown decorated using 0.01M CuSO4 
as decorating solution. Magnification approximately 700X. 

Fig. 15. Polycrystalline iron surface passivated in 0.1N NaNO2 
solution with the sites of film breakdown decorated by 0.015M 
CuCI2 as decorating solution. Note two types of breakdown sites. 
(A) Bright field illumination; (B) polarized light illumination. 
Magnification approximately 700X. 
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Table III. Breakdown sites X 10-7 /cm 2 

Orien ta t ion  o f  
surfaces {ii0} {I00} {210} {211} {III} 

Cathodic sites 6.4 3.7 2.5 4.7 3.8 
Anodic sites 0.28 0.16 - -  - -  - -  

TFeOOH. This  agrees w i th  the  work  of Mellors,  
Cohen, and  Beck (26) who showed tha t  in  the 
b r e a k d o w n  of pass ive  films 1,FeOOH forms as b l i s -  
ters  at d iscrete  spots. 

Thus  us ing  the  decora t ion  t echn ique  one could 
decorate  the  cathodic sites where  r educ t ion  takes  
place on the  me ta l  surface  w i th  copper  and  the  
anodic  sites whe re  Fe  ++ ions en te r  the  so lu t ion  
wi th  I~FeOOH. Since TFeOOH is b i r e f r i n g e n t  it  
could be p icked  out  w i th  polar ized  light.  F igu re  15 
shows this  for the  case whe re  0.015M CuC12 was  
used as the  decora t ing  solut ion.  

The effect of c rys ta l lographic  o r i en t a t i on  is shown  
in  Table  I I I  whe re  a compar i son  of the  n u m b e r s  of 
cathodic and  anodic  sites ( d e t e r m i n e d  f rom a large  
n u m b e r  of pho tographs )  for d i f ferent  c rys ta l  o r i en -  
ta t ions  is presented .  

Wi th  r ega rd  to these  e x p e r i m e n t s  the  ques t ion  
arises as to w h e t h e r  the  decorat ions  are  charac te r i s -  
tic of the  pass ive  films or the  me t a l  subs t ra te .  To 
answer  this, u n p a s s i v a t e d  surfaces  were  decorated.  
They  gave a m u c h  h igher  concen t r a t i on  of anodic 
sites per  u n i t  area,  and  the re  was no o n e - t o - o n e  
cor respondence  w i th  the  cathodic sites found  w h e n  
the same area  was  pass iva ted  and  decorated.  Thus,  
it  appears  t ha t  the p h e n o m e n a  observed  on pass i -  
va ted  surfaces depended  on the  proper t ies  of the  film, 
this  be ing  affected, in  t u rn ,  by  the me ta l  subs t ra te ,  
s ince surface  o r i en t a t i on  had  an  inf luence  on the 
n u m b e r  of b r e a k d o w n  sites. 

The  fact  tha t  the closest packed  p l ane  for the 
b o d y - c e n t e r e d - c u b i c  s t ruc ture ,  the  {110}, exh ib i t ed  
the  la rges t  n u m b e r  of b r e a k d o w n  sites coincided 
wi th  ear l ie r  s tudies  on the p i t t i ng  of i ron  in  w a t e r  
(27) which  found  tha t  this  p l ane  also exh ib i t ed  the 
larges t  n u m b e r  of pits. The reason  for the  g rea te r  
r eac t iv i ty  of the  closest packed  p l ane  m a y  be con-  
nec ted  w i th  the  obse rva t ion  made  by  Germer ,  Mac-  

Rae, a nd  H a r t m a n  (28),  us ing  low ene rgy  e lec t ron  
diffraction,  tha t  in  the  f a c e - c e n t e r e d - c ub i c  sys tem 
the less dense ly  packed  p lanes  form a f i rmer  bond  
wi th  fore ign  a toms such as oxygen  t h a n  the  more  
dense ly  packed  planes .  Pe rhaps  this  is also the  case 
for the  b o d y - c e n t e r e d - c u b i c  iron.  

The ques t ion  t h e n  arises as to the  n a t u r e  of 
b r e a k d o w n  sites. A br ief  s tudy  was  car r ied  out  to 
d e t e r m i n e  w h e t h e r  they  were  re la ted  to sites where  
dis locat ion l ines emerge  f rom the i ron  surface.  An  
e t chan t  ( H C I : H N O ~ : H F  ~ 10:5: 1) was  developed 
tha t  p roduced  etch pits at sites tha t  looked as if they  
were  re la ted  to dis locat ions w h e n  compared  wi th  
s imi la r  p h e n o m e n a  in  the  l i t e r a tu r e  (see Fig. 16). 
At a n y  rate,  these  etch pits could be ob ta ined  re -  
pea ted ly  at the same sites each t ime  they  were  re -  
moved  by  repol ishing.  W h e n  this  same surface  was 
pol ished mechan ica l ly ,  chemica l ly  polished,  pass i -  
vated,  and  decorated,  there  was  no re la t ionsh ip  be -  
t w e e n  the  decora ted  sites and  these  etch pits. Thus  
i t  appears  tha t  the  b r e a k d o w n  sites in  the  passive 
film were  no t  r e l a t ed  to dis locat ions  (or the  sites 
where  the  etch pits f o rmed) .  Likewise,  no connec-  
t ion  b e t w e e n  b r e a k d o w n  sites and  dis locat ions was 
no ted  in  the  t h in  foil e lec t ron  exper iments .  

This  m a y  ind ica te  tha t  the  surface  free ene rgy  
change  for b r e a k d o w n  is cons ide rab ly  h igher  t h a n  
the differences tha t  m a y  exist  b e t w e e n  perfect  and  
imper fec t  surface  sites. 

Discussion 

The most  s ignif icant  resul t s  r epor ted  in  this  s tudy  
are those ob ta ined  in  the  u l t r a h i g h  v a c u u m  exper i -  
ments .  These e xpe r i me n t s  were  a imed  at  fulf i l l ing 
the need,  so far  unsat isf ied (29) ,  for a pos i t ive  way  
for d i s t i ngu i sh ing  b e t w e e n  the adsorp t ion  a nd  solid 
film theor ies  of pass ivat ion.  By us ing  e l l ip somet ry  
it is possible to d e t e r m i n e  w h e t h e r  the pass iva t ion  
process involves  the  adsorp t ion  of an  oxygen  film, 
the g rowth  of a th ree  d imens iona l  oxide, or a com- 
b i n a t i o n  of both,  a t r a n s f o r m a t i o n  of an  adsorbed 
film in to  an  oxide. The  theore t i ca l ly  der ived  v a r i a -  
t ion  of A wi th  th ickness  for each of these th ree  
models  is show n  in  Fig. 17. 

The optical  and  po ten t i a l  m e a s u r e m e n t s  made  on 
an i ron  sur face  pass iva ted  in  n i t r i t e  so lu t ion  con-  
t a in ing  only  p u r e  oxygen  c lear ly  ind ica ted  tha t  
oxide g rowth  was p resen t  even  before  a passive 
po ten t i a l  was observed.  Thus  it should  be e m p h a -  
sized tha t  this film, formed almost  i n s t a n t a n e o u s l y  

Fig. 16. Etch pits formed on iron using an etchant containing 
10 parts HCI, 5 parts HNO3, and 1 part HF. Magnification ap- 
proximately 350X. 
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Fig. 17. Theoretically derived curves for the variation of the 
phase retardation with film thickness for: (A) a film whose refrac- 
tive index is less than the solution (n2 ~ nD; (B) a film whose 
refractive index is greater than the solution (n~ ~ nl); (C) a film 
where initially n2 ~ nl, but later n2 becomes greater than nl. 
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w h i l e  so lu t ion  was  be ing  i n t roduced ,  was  no t  y e t  
the  p a s s i v e  film. Indeed ,  i t  t ook  s t i l l  f u r t h e r  g r o w t h  
a n d / o r  a l t e r a t i o n  of th is  f i lm be fo re  a pa s s ive  p o -  
t e n t i a l  was  obse rved .  H o w e v e r ,  w h e n  a pa s s ive  po -  
t e n t i a l  was  f ina l ly  obse rved ,  a t h r e e  d i m e n s i o n a l  
f i lm of ) 30A th i cknes s  was  p r e s e n t  on the  i ron  
surface .  On the  bas is  of t he  w o r k  of V e t t e r  (6) ,  
Cohen  (7 ) ,  and  o the r s  th is  ox ide  f i lm w h i c h  f o r m e d  
i n s t a n t a n e o u s l y  b y  r e a c t i n g  w i t h  t he  mois t  o x y g e n  
a t m o s p h e r e  was  Fe304, and  d u r i n g  the  p a s s i v a t i o n  
p rocess  the  o u t e r  l aye r ,  a t  leas t ,  of t he  Fe304 was  
c o n v e r t e d  in to  ~,Fe203. I t  is no t  poss ib l e  b y  e l l i p s o m -  
e t r y  to e s t ab l i sh  p o s i t i v e l y  th i s  compos i t i on  of t he  
pas s ive  film. The  op t i ca l  s tud ies  do, h o w e v e r ,  i n d i -  
ca te  t he  f o r m a t i o n  of a f i lm w i t h  a r e f r a c t i v e  i n d e x  
g r e a t e r  t h a n  t h a t  of t h e  solu t ion .  In  fact ,  c a l c u l a -  
t ions  i nd i ca t e  t h a t  i t  is a p p r o x i m a t e l y  the  c o m p l e x  
n u m b e r ,  2.5-0.3i, a v a l u e  close to t h a t  f o u n d  for  the  
ox ide  f i lm f o r m e d  b y  ox id i z ing  i ron  in  a i r  (30) .  The  
r a t e  s tud ies  also ind ic tae ,  if t he  H a u f f e - I l s c h n e r  
t h e o r y  is cor rec t ,  t h e  f o r m a t i o n  of a f i lm w i t h  a p o -  
t e n t i a l  b a r r i e r  r e a s o n a b l e  for  a s emiconduc to r .  
Hence  a l l  i nd i ca t i ons  p o i n t  to  t he  p r e s e n c e  of a 
g r o w i n g  ox ide  fi lm f r o m  the  v e r y  m o m e n t  t h a t  the  
o x y g e n a t e d  n i t r i t e  so lu t ion  con tac t s  t h e  i ron  surface .  

The  p o s s i b i l i t y  t ha t  t he  f i lm o b s e r v e d  in th is  case 
is an  a d s o r b e d  o x y g e n  f i lm is c o m p l e t e l y  r u l e d  out  
for  two  reasons .  F i r s t ,  t he  r e f r a c t i v e  i n d e x  of an 
a d s o r b e d  o x y g e n  f i lm w o u l d  p r o b a b l y  be  l o w e r  t h a n  
1.25, t he  v a l u e  f o u n d  for  sol id  o x y g e n  fi lms on gold  
(14) and  the  v a r i a t i o n  in  A w i t h  t h i cknes s  w o u l d  be  
as Fig.  17a r a t h e r  t h a n  17b. Second,  even  if the  
r e f r a c t i v e  i n d e x  of  the  o x y g e n  f i lm w e r e  h i g h e r  
t h a n  t h a t  of t he  solu t ion ,  t he  va lue s  of  A w o u l d  
i nd i ca t e  a d s o r b e d  o x y g e n  f i lms a r o u n d  40/k w h e n  
the  su r f ace  h a d  become  pas s ive  as j u d g e d  b y  the  po -  
t e n t i a l  m e a s u r e m e n t s .  Such  a t h i c k  a d s o r b e d  o x y -  
gen  f i lm (10-15 m o n o l a y e r s )  is v e r y  un l ike ly .  

W h e n  the  i ron  was  p a s s i v a t e d  in a i r - s a t u r a t e d  
n i t r i t e  so lu t ion ,  t he  v a r i a t i o n  of A w i t h  t i m e  (or  
t h i cknes s )  (see  Fig.  5) a p p e a r s  to fo l low the  m o d e l  
i l l u s t r a t e d  b y  Fig.  17c, the  in i t i a l  a d s o r p t i o n  of an  
o x y g e n  f i lm fo l lowed  b y  its conve r s ion  to an  oxide .  
W e r e  i t  not  for  t he  r e a d i n g s  m a d e  on the  i ron  s u r -  
face  in  the  u l t r a h i g h - v a c u u m  sys tem,  th is  conc lu -  
sion w o u l d  be  r ea sonab l e .  H o w e v e r ,  because  these  
m e a s u r e m e n t s  w e r e  m a d e  on the  e s s e n t i a l l y  b a r e  
i ron  su r f ace  p r i o r  to t he  i n t r o d u c t i o n  of t he  so lu t ion ,  
i t  could  be  seen  t h a t  the  A-va lues  m e a s u r e d  w e r e  

a l w a y s  less t h a n  Z. This  m e a n s  t h a t  t h e r e  was  a l -  
w a y s  p r e s e n t  on the  su r f ace  an  n2 ~ nl film. As 
m e n t i o n e d  e a r l i e r  the  i nc rea se  in  A va lues  i n i t i a l l y  
o b s e r v e d  could  be  e i t he r  t h e  a d s o r p t i o n  of o x y g e n  
or nitrite ions on top of the instantaneously formed 
FesO4 film, or, more likely, the initial dissolution of 
this FesO4 and the subsequent formation of ~Fe203. 
The results obtained on the less rigorously prepared 
iron surface tend to bolster the latter interpretation. 
No initial increase in A values were observed for 
passivation in air-saturated nitrite solution here. 
Since the iron surfaces in these experiments were 
prepared in a system where the pressure was never 
lower than 10 -6 Torr an oxide film undoubtedly 
existed on this surface, and according to Sewel], 
Stockbridge, and Cohen (31) this .oxide formed in 

the  d r y  cond i t ions  ex i s t i ng  in  the  va c uum,  was  
p r o b a b l y  7Fe~O~ a t  t h e  o x i d e - g a s  in t e r f ace .  A p -  
p a r e n t l y  w h e n  th is  ox ide  is p r e s e n t  in  t he  b e g i n n i n g  
r a t h e r  t h a n  Fe304 the  i n i t i a l  d i s so lu t ion  p rocess ,does  
no t  occur.  

I t  t h e r e f o r e  can  be  conc luded  t h a t  t he  e x p e r i m e n -  
t a l  o b s e r v a t i o n s  d e s c r i b e d  for  pas s ive  f i lm f o r m a t i o n  
s t r o n g l y  s u p p o r t  the  ox ide  f i lm model .  The  f i lm 
b r e a k d o w n  e x p e r i m e n t s ,  h o w e v e r ,  po in t  to an  a r e a  
w h i c h  s t i l l  needs  a g r e a t  dea l  of s tudy ,  the  spec ia l  
p r o p e r t i e s  of th is  ox ide  film. F o r  i n s t ance  the  
b r e a k d o w n  e x p e r i m e n t s  in  n i t r i c  ac id  showed  t h a t  
t h e  spec ia l  p r o p e r t i e s  of t h e  20-30•  f i lm n e x t  to  t h e  
m e t a l  w e r e  r e s p o n s i b l e  for  p a s s i v i t y  a n d  no t  the  
r e s t  of the  t h i c k  fi lm obse rved .  Nie l sen  a n d  Rhod in  
f o u n d  e s s e n t i a l l y  the  s a m e  s i t u a t i o n  for  ox id i zed  
s t a in less  s tee l s  (34) .  T h e  fac t  t h a t  no g r e a t  d i f f e r -  
ences  in  pa s s ive  f i lm th i cknes s  on s u b s t r a t e s  of 
d i f f e ren t  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  w e r e  o b s e r v e d  
also po in t s  to t he  spec ia l  p r o p e r t i e s  of t he  t h r e e -  
d i m e n s i o n a l  film, i n d i c a t i n g  an  absence  of the  f ac -  
tors  t ha t  affect  r a t e  d i f fe rences  b e t w e e n  d i f fe ren t  
c r y s t a l l o g r a p h i c  p l a n e s  such  as  s t r a i n  a n d  the  p r e s -  
ence of g r a i n  bounda r i e s .  I t  is p l a n n e d  to go into  the  
b r e a k d o w n  process  in  g r e a t e r  d e t a i l  in  f u t u r e  e x -  
p e r i m e n t s  w h e r e  the  op t i ca l  p r o p e r t i e s  of i ron  s u r -  
faces  whose  po t e n t i a l s  w i l l  be  f ixed at  va r i ous  ac -  
t ive ,  pass ive ,  and  t r a n s p a s s i v e  va lue s  w i t h  a p o t e n -  
t i o s t a t  wi l l  be  s tud ied .  
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Investigation into the Nature of 
Anodic Passive and Barrier Coatings 

K. Schwabe 1 

Technische Hochschule, Dresden, East Germany 

I. Effect of CI on the Anodic Behavior of Iron in 
Alkaline Solutions 

The  r e n d e r i n g  p a s s i v e  of m a n y  me ta l s ,  e spec i a l l y  
n ickel ,  is poss ib l e  accord ing  to our  i n v e s t i g a t i o n s  and  
in c o n f o r m i t y  w i t h  the  ideas  of Uhl ig  (1)  and  K o l o -  
t y r k i n  (2)  b y  m e a n s  of a c h e m i s o r b e d  o x y g e n  
film. Even  if  a g iven  m e t a l  is coa ted  w i t h  a 
b u l k  oxide ,  n e v e r t h e l e s s  t he  dec i s ive  effect  on its 
pa s s ive  b e h a v i o r  is e x e r t e d  b y  the  p h a s e  b o u n d a r y  
b e t w e e n  the  m e t a l  a n d  the  oxide ,  w h i c h  can  also 
be  r e g a r d e d  as  an  o x y g e n  c h e m i s o r p t i o n  l aye r .  The  
r e m o v a l  of th is  l a y e r  can  be  a c h i e v e d  b y  h a v i n g  
v e r y  a d s o r p t i v e  anions ,  e.g., C I - ,  d i sp l ace  t h e  c h e m i -  
so rbed  oxygen ,  thus  m a k i n g  the  m e t a l  ac t ive .  F r o m  
the  anodic  b e h a v i o r  of n i cke l  in  a l k a l i n e  so lu t ions  
in the  p r e s e n c e  of C1- or  B r -  i t  has  been  s h o w n  
t h a t  the  d i s p l a c e m e n t  of o x y g e n  f r o m  the  c h e m i s o r p -  
t ion  l a y e r  b y  the  h a l o g e n  ions  d e t e r m i n e s  t he  p o -  
t e n t i a l  c u r v e  up  to t he  ac t ive  r eg ion  if  a cons t an t  
anodic  c u r r e n t  dens i ty  is a p p l i e d  to t he  me ta l .  

The  f r e q u e n t l y  i n v e s t i g a t e d  effect of ch lo r ide  ions  
on the  anod ic  b e h a v i o r  of i ron  in  a l k a l i n e  so lu t ion  
was  now a s s u m e d  in p r i n c i p l e  to be  b a s e d  on t h e  
d i s p l a c e m e n t  of t he  o x y g e n  b y  ~ the  C1- .  I n  th i s  case,  
h o w e v e r ,  w e  do not  e x p e c t  to find the  s ame  q u a n t i -  
t a t i v e  r e l a t i onsh ip s  because  i ron  di f fers  c o n s i d e r -  
a b l y  f r o m  n i c k e l  in  i ts  e x c h a n g e  c u r r e n t  dens i ty .  
T h e r e f o r e  i ts  p a s s i v a t i o n  c u r r e n t  d e n s i t y  u n d e r  c o m -  
p a r a b l e  cond i t ions  is abou t  1,000 t imes  g r e a t e r  t h a n  
t h a t  of n ickel .  M o r e o v e r  t he  o v e r - v o l t a g e s  of t he  
e l ec t rode  p rocess  and  the  a d s o r p t i o n  b e h a v i o r  of 
an ions  on bo th  m e t a l s  is v e r y  d i f ferent .  A t  l eas t  t he  
anodic  p r o d u c t s  (n i cke l  or  f e r r i c  h y d r o x i d e )  h a v e  
d i f fe ren t  so lubi l i t i es .  This  l a t t e r  p o i n t  was  i m p o r t -  
an t  i n a s m u c h  as no r e p r o d u c i b l e  v o l t a g e - t i m e  c u r v e  
at  cons t an t  c u r r e n t  d e n s i t y  could  be  o b t a i n e d  for  
n i c k e l  a t  f i rs t  on accoun t  of  t h e  p r e c i p i t a t i o n  of 
n i cke l  h y d r o x i d e  at  t h e  anode ;  on ly  w h e n  the  p r e -  
c ip i t a t i on  of t he  h y d r o x i d e  was  p r e v e n t e d  b y  the  
a d d i t i o n  of a m m o n i a  could  the  cu rves  be  r e p r o d u c e d  
r e l i a b l y  and  i n t e r p r e t e d  q u a n t i t a t i v e l y .  In  t he  case  
of i ron  i t  was  no t  poss ib l e  to avo id  the  p r e c i p i t a t i o n  
of f e r r i c  h y d r o x i d e .  The  a d d i t i o n  of c o m p l e x  f o r m -  
ing  an ions  was  to  be  a v o i d e d  b e c a u s e  o t h e r w i s e  no 

1 E x p e r i m e n t s  of  C h r .  V o i g t ,  Q. N g u y e n ,  a n d  M. P a u l .  

c lea r  s t a t e m e n t  cou ld  be  m a d e  conce rn ing  the  effect 
of t he  C1-.  C o n s e q u e n t l y  the  anodic  v o l t a g e  t ime  
cu rves  for  i ron  at  cons t an t  anod ic  c u r r e n t  d e n s i t y  
h a v e  a less  r e g u l a r  s h a p e  t h a n  those  for  n i c k e l  in  
t he  p re sence  of a m m o n i a .  B y  i n t ens ive  m o v e m e n t  
of the  e l e c t r o l y t e  in f ron t  of t h e  e l ec t rode  su r face  i t  
was  i n d e e d  poss ib le  to e l i m i n a t e  to a l a r g e  e x -  
t en t  t he  effect of t he  f e r r i c  h y d r o x i d e  s e p a r a t i n g  out;  
on the  o t h e r  h a n d  the  cond i t ions  w i t h  r e s p e c t  to t he  
e l e c t r o l y t e  compos i t i on  at  t he  anode  w e r e  con-  
s i d e r a b l y  a l t e r e d  c o m p a r e d  w i t h  t h e  i n v e s t i g a t i o n s  
of n ickel ,  a po in t  w h i c h  wi l l  h a v e  to be  e x a m i n e d  
in g r e a t e r  de ta i l .  

Test Set-up and Procedure 
As in t he  a m p e r o s t a t i c  i nves t i ga t i ons  w i t h  n i cke l  

t h e  r o d - s h a p e d  a n o d e  of soft  s tee l  w i t h  t r a ce s  of 
Cr,  Cu, and  A s  was  s i t u a t e d  in  a g r o u n d  sec t ion  on 
the  b o t t o m  of t h e  e l e c t r o l y t i c  cell .  H o w e v e r ,  t he  
r e f e r e n c e  e l ec t rode  was  no t  s i t ua t ed  in a c a p i l l a r y  
p r o b e  n e a r  t he  su r f ace  of t he  e l ec t rode ;  i n s t ead  a 
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Fig. 1. Cell for measuring with Miiller-Soller probe. The inserts 
top to bottom are: reference electrode; electrolyte; cathode (Pt 
gauze); steel anode; capillary tube; epoxy resin; electrolyte; 
rubber connection. 
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Fig. 2. Cell for flow experiments 
1. Circulating pump 4. Calomel electrode 
2. Pt cathode 5. Flow meter 
3. Anode (cf. Fig. 1) 6. Electrolyte 

M i i l l e r - S o l l e r  p r o b e  was  used  in w h i c h  the  s tee l  
c y l i n d e r  was  p i e r c e d  and  the  c a p i l l a r y  t u b e  i n s e r t e d  
into  the  ho le  p r o j e c t e d  into  t he  l o w e r  p a r t  of the  
g r o u n d  sec t ion  w h i c h  w a s  f i l led w i t h  the  e l e c t r o l y t e  
and  w h i c h  p r o v i d e d  the  l i qu id  connec t ion  w i t h  
the  r e f e r e n c e  e l ec t rode  ( s a t u r a t e d  ca lome l  e lec -  
t r o d e )  t h r o u g h  a U t u b e  (Fig .  1). A l ead  w i r e  i n -  
su l a t ed  f r o m  t h e  e l e c t r o l y t e  so lu t ions  and  b r o u g h t  
l a t e r a l l y  f r o m  the  g r o u n d  sec t ion  was  so lde red  to  
the  s tee l  c y i n d e r  and  connec ted  to the  pos i t i ve  
t e r m i n a l  of the  po l a r i z i ng  c u r r e n t  source.  The  
s teel  a n o d e  was  coa ted  up  to i ts  f r o n t  face  w i t h  an  
i n su l a t i ng  c o m p o u n d  ( e p o x y  r e s i n )  so t h a t  t h e  e f -  
fec t ive  e l ec t rode  su r f ace  was  0.6 cm e. In  o r d e r  to 
r e m o v e  r a p i d l y  t he  f e r r i c  h y d r o x i d e  f o r m e d  a t  t he  
su r f ace  of t h e  anode,  a p l a s t i c  w i p e r  was  r o t a t e d  
a ga in s t  t h e  a n o d e  in some of t he  tes t s ;  in o t h e r  tes ts  
the  s tee l  anode  w i t h  M i i l l e r - S o l l e r  p r o b e  was  in -  
s e r t ed  t e m p o r a r i l y  in  a g lass  t ube  t h r o u g h  w h i c h  
the  e l e c t r o l y t e  was  p u m p e d  at  h igh  v a r i a b l e  speed  
b y  m e a n s  of a g lass  c i r cu l a t i ng  p u m p  (Fig .  2) .  The  
a r r a n g e m e n t  for  p r o d u c i n g  a cons t an t  d i r e c t  c u r -  
r en t  and  for  m e a s u r i n g  or  r e c o r d i n g  the  anode  
vo l t age  w i t h  r e f e r e n c e  to t he  s a t u r a t e d  c a lome l  
e l ec t rode  was  the  s a m e  as t ha t  d e s c r i b e d  p r e v i o u s l y  
(5) .  

Be fo re  each  tes t  t he  anode  was  g r o u n d  [ w i t h  
g r a d e d  sand  p a p e r  (180 to 700) ] and  deg reased .  A f -  
t e r  i n se r t i on  in  t he  t es t  cel l  a n d  f i l l ing w i t h  e l ec -  
t r o l y t e  a c e r t a i n  t ime ,  g e n e r a l l y  15 rain,  was  a l -  
l o w e d  b e f o r e  sw i t ch ing  on t h e  p o l a r i z i n g  cu r r en t .  
G e n e r a l l y  s p e a k i n g  the  e l e c t ro ly t i c  so lu t ions  w e r e  
no t  d e a e r a t e d  so t ha t  t he  effect of o x y g e n  on the  
vo l t age  b e h a v i o r  cou ld  be  s tud ied ;  h o w e v e r ,  tes t s  
w e r e  also c a r r i e d  out  u n d e r  n i t r o g e n  w i t h  so lu t ions  
f rom w h i c h  O2 h a d  been  e l i m i n a t e d  ca re fu l ly .  The  
K O H  concen t r a t i ons  w e r e  v a r i e d  f r o m  10 -8 to 2 
m o l e s / l ,  those  of t he  KC1 f r o m  10 -4  to 2.5 moles/1.  
Tests  c a r r i e d  out  in  3 -4M K O H  so lu t ions  s h o w e d  no 
a c t i va t i on  of t he  i r on  even  at  KC1 sa tu ra t ion .  C u r -  
r en t  dens i t i e s  w e r e  v a r i e d  in a r a n g e  f rom 0.1 to 35 
m a / c m  2 (7 ) .  

T e s t  R e s u l t s  

W h e n  the  c u r r e n t  is s w i t c h e d  on t h e  p o t e n t i a l  
j u m p s  to a pos i t ive  v a l u e  and  t h e n  fa l l s  to n e g a t i v e  

�9 [.v] 
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Fig. 3. Effect of KCI concentration at constant (0.1M) KOH 
and anode current density (j ~ I ma/cm2). Air-saturated solu- 
tions. Waiting-time 15 rain. 

va lues  ( in  the  ac t ive  r e g i o n )  the  f a s t e r  t he  h i g h e r  
the  KC1 concen t r a t ion ,  b u t  t h e  v o l t a g e  dec rease  does  
not  occur  so r e g u l a r l y  as in  t he  case  of n i cke l  (Fig .  3) .  

We  m u s t  t h e r e f o r e  d i s t i n g u i s h  b e t w e e n  the  fo l -  
l owing  p o t e n t i a l  r eg ions :  

1. The  p o t e n t i a l  r eg ion  of res t  be fo re  t he  c u r r e n t  
is s w i t c h e d  on is a l w a y s  in  t h e  ac t ive  r eg ion  [ - -300 
to --500 m v  (SCE)  ]. 

2. T h e  p a s s i v e  r e g i o n  a f t e r  t he  c u r r e n t  is s w i t c h e d  
on [ a p p r o x i m a t e l y  ~-650 m v  ( S C E ) ] .  

3. The  p o t e n t i a l  d rop  to  the  ac t ive  po ten t i a l .  
4. The  ac t ive  r eg ion  a c c o m p a n i e d  b y  anod ic  f o r -  

m a t i o n  of f e r r i c  h y d r o x i d e .  

The  t ime  t h a t  i t  s t ays  in  t he  pa s s ive  r eg ion  (tp) is 
d e t e r m i n e d  b y  the  compos i t i on  of t he  e l ec t ro ly t e ,  
b y  the  t ime  spen t  in t he  so lu t ion  be fo re  sw i t ch ing  
on the  cu r ren t ,  and  the  o x y g e n  content .  In  a cco rd -  
ance  w i t h  the  cons ide ra t i ons  p r e s e n t e d  e a r l i e r  and  
conf i rmed  on n ickel ,  the  a n o d e  p o t e n t i a l  shou ld  v a r y  
e x p o n e n t i a l l y  w i t h  t ime  acco rd ing  to the  func t ion  

~ t = E p - - K "  ( 1 - - e  -K't)  [1]  

w h e r e  E, is t he  p o t e n t i a l  of t h e  pas s iva t ion .  F o r  
v e r y  b r i e f  t i m e s  t h e r e f o r e  the  p o t e n t i a l  is a t  t he  p a s -  
s ive  va lue .  The  v a l u e  of t h e  cons t an t  is d e t e r m i n e d  
b y  the  r a t io  of the  KC1 and  K O H  concen t r a t i ons  
at  the  su r face  of t he  e lec t rodes .  A t  cons t an t  K O H  
concen t r a t i ons  (0.1M) tp dec reases  e x p o n e n t i a l l y  
w i t h  t h e  c o n c e n t r a t i o n  of KC1 (c m o l e / l )  a cco rd ing  
to Eq. [2]  

~ : 687 �9 e -3~-7" c [2]  

a t  25~ in t h e  c o n c e n t r a t i o n  r a n g e  0.03-0.12 moles /1  
(Fig.  4) .  F o r  e v e r y  K O H  c o n c e n t r a t i o n  t h e r e  is a 
m i n i m u m  KC1 c o n c e n t r a t i o n  (Cmi,), w h i c h  j u s t  
b a r e l y  suffices to  b r i n g  a b o u t  a d e c r e a s i n g  p o t e n t i a l  
in the  ac t ive  reg ion .  G e n e r a l l y  s p e a k i n g  w e  m a y  
w r i t e  

1 / tp  : K2 ( C -  Cmin) [3]  

w h e r e  the  cons t an t  Ke d e p e n d s  on the  K O H  c o ncen -  
t r a t ion ,  a g i t a t i o n  or  flow condi t ions ,  and  a l l  t he  
t i m e  p r i o r  to p o l a r i z a t i o n  (Fig .  5) .  The  t i m e  tp in a i r  
or  Oe s a t u r a t e d  so lu t ions  inc reases  a p p r o x i m a t e l y  
p r o p o r t i o n a l l y  to t he  w a i t i n g  t ime ;  in  o x y g e n  f ree  
so lu t ions  i t  is a lmos t  i n d e p e n d e n t  of t he  w a i t i n g  
t ime.  W i t h  i nc r e a s ing  c u r r e n t  dens i t i e s  t he  t i m e  r e -  
m a i n i n g  in t he  pas s ive  reg ion ,  t , ,  dec reases  a p p r o x -  
i m a t e l y  p r o p o r t i o n a l l y  ( in  t he  r a n g e  0.1-20 m a /  
c m  2 ) .  

tp : a . j -~ b [4]  
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Fig. 4. Time in passive region (tp) as funct ion of  KCI con- 
centration. 
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Fig. 5. tp as function of KCI concentration. 1/tp ~ K (CKcl - -  
C K C l , m i n ) .  

w h e r e  j is t he  c u r r e n t  d e n s i t y  in  m a / c m  2, and  a 
and  b a r e  cons t an t s  d e p e n d i n g  on the  compos i t i on  
of t he  e l ec t ro ly t e .  

W h e n  t h e  e l e c t r o l y t e  flows p a s t  t he  anode ,  t h e n  
w h e r e  t he  KC1 c o n c e n t r a t i o n  is s m a l l  in  r e l a t i o n  to 
the  K O H  c o n c e n t r a t i o n  a n d  the  flow ve loc i t y  is su f -  
f ic ien t ly  h igh  so t h a t  t he  e l ec t rode  can  be  k e p t  
pas s ive  for  a n  a r b i t r a r i l y  long t i m e  (tp -> oo) ; w h e n  
t h e  f low is s topped ,  a d rop  to t h e  ac t ive  r e g i o n  t a k e s  
p l a c e  and  w h e n  t h e  c i r cu l a t i on  p u m p  is t u r n e d  on 
a g a i n  t he  a n o d e  g r a d u a l l y  becomes  pa s s ive  once 
m o r e  (Fig .  6) .  A t  h igh  KC1 concen t ra t ions ,  h o w -  
ever ,  tp is d e c r e a s e d  b y  t h e  f low of t he  e l ec t ro ly t e .  

W h e n  the  v a r i a t i o n  of t he  p o t e n t i a l  (Era) a f t e r  t he  
t ime  tp is a n a l y z e d  as  a f u n c t i o n  of t, w e  find in  t he  
first  seconds  a r e l a t i o n s h i p  of t he  f o r m  

E~ = ~p - -  ( t - -  tp) 3 �9 K~ [5] 

f u r t h e r m o r e ,  K~ inc reases  a p p r o x i m a t e l y  in  p r o p o r -  
t ion  to t he  r a t i o  CCl-/CoH-- (see  Fig .  7a and  b ) .  O v e r  

L 

Fig. 6, Effect of electrolyte flow velocity (0.1 M KOH -I- 0.03 
M KCI; j ~ (ma/cm2). 
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Fig. 70, b. Potential fall after the time tp 

l onge r  pe r i ods  of t ime  i r r e g u l a r i t i e s  in  t h e  p o t e n t i a l  
dec rea se  a p p e a r  ( see  Fig .  3 and  6) w h i c h  do no t  p e r -  
mi t  t he  ca l cu l a t i on  of a func t ion ,  b u t  i t  can  be  as -  
s u m e d  t h a t  in  p r i n c i p l e  t he  p o t e n t i a l  fo l lows  an  e x -  
p o n e n t i a l  f unc t ion  f rom the  b e g i n n i n g  of t he  flow 
of c u r r e n t  to t he  ac t ive  reg ion ,  as w e  f o u n d  e a r l i e r  
for  t he  case of n ickel .  

In  t he  ac t ive  r eg ion  the  m e a s u r e d  po t e n t i a l s  co r -  
r e s p o n d  a p p r o x i m a t e l y  w i t h  t h e  p rocess  F e  ~ Fe-.  

28. 

Discussion 

The  r e su l t s  can  be  i n t e r p r e t e d  if  w e  a g a i n  as -  
sume,  as  in  t h e  case  of n ickel ,  t h a t  t h e  i ron  is a t  
f irst  c ove re d  b y  c h e m i s o r b e d  oxygen ,  w h i c h  is d i s -  
p l a c e d  b y  the  C I - ,  and  t h a t  th is  d i s p l a c e m e n t  l eads  
to t h e  a c t i v a t i o n  of t he  i ron.  As  a l r e a d y  s t a t ed  for  
n i cke l  a g r e a t e r  r a t i o  CC~-/COH- wi l l  p r e v a i l  a t  t h e  
a n o d e  t h a n  in  t he  so lu t ion  owing  to t h e  c u r r e n t  
w h i c h  accounts  for  d i s cha rge  of O H -  in  t he  pas s ive  
s t a t e  and  t h e  t r a n s f e r e n c e  of C1-.  Also  for  a c t i v a -  
t ion,  t he r e fo r e ,  t h e  i m p o r t a n t  c o n s i d e r a t i o n  is no t  
t h e  r a t i o  in  so lu t ion  b u t  t h a t  a t  t he  e l ec t rode  s u r -  
face.  Hence ,  a h igh  c o n c e n t r a t i o n  of  K C 1 -  w i t h o u t  
p o l a r i z a t i o n  does  not  suffice to b r i n g  a b o u t  for  i n -  
s t a n c e  a c t i v a t i o n  in  0.1M K O H ;  on ly  a t  a r a t i o  of 
m o r e  t h a n  t w e n t y  in t he  so lu t ion  does  t h e  e l ec t rode  
b e c o m e  ac t ive  p r a c t i c a l l y  i m m e d i a t e l y .  The  neces -  
s i ty  of i n c r e a s i n g  the  r a t i o  CCl-/COH-- as a cond i t ion  
for  t he  a c t i va t i on  also e x p l a i n s  the  d e c r e a s e  in  t h e  
t i m e  tp w i t h  t he  c u r r e n t  d e n s i t y  in a c c o rda nc e  w i t h  
Eq. [4] .  D u r i n g  the  t i m e  in t he  pa s s ive  r eg ion  
the  i nc rea se  in  t h e  C1- c o n c e n t r a t i o n  at  t he  a n o d e  
is p r o p o r t i o n a l  to t he  c u r r e n t  d e n s i t y  a n d  acco rd ing  
to  [3]  i n v e r s e l y  p r o p o r t i o n a l  to t he  t i m e  tp. I f  t h e  
e l ec t rode  res t s  in  t he  so lu t ion  in the  p r e s e n c e  of o x y -  
gen,  a s m a l l  a m o u n t  of co r ros ion  occurs  as  t he  p o -  
t e n t i a l  s i t ua t i on  ind i ca t e s  and  l eads  to a po rous  n o n -  
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Table I. Minimum KCI concentration with activating effect for j ~ 1 ma/cm 2 on iron as a function 
of the KOH content at  25~  

KOH (m/ l )  : 10-3 10 -2 0.05 0.10 0.15 0.20 0.50 1 2 
KC1 (m/ l )  : 10 -4 10 -3 10 -9 0.03 0.07 0.1 0.33 0.75 2.5 

On n icke l  

KOH (m/ l )  : 0.035 0.070 0.14 
KC1 (m/ l )  : 0.05 0.080 0.20 

pass iva t ing  coating. However ,  this  coat ing p r even t s  
the a r r iva l  of the C1- pa r t l y  in  a mechan i ca l  w a y  
and  p a r t l y  pe rhaps  by  fo rming  basic chlor ides  and  
thus  de l ay ing  the concen t r a t i on  of C1- at  the elec-  
t rode surface;  this expresses  i tself  in  p ro long ing  the  
t ime  spent  in  the pass ive  region.  W h e n  the  elec-  
t ro ly te  flows past  the  anode  at h igh velocity,  the  
r equ i r ed  e n r i c h m e n t  canno t  occur at no t  too grea t  
concent ra t ions ,  and  thus  the electrode r ema ins  pas-  
sive, bu t  w h e n  the flow is i n t e r r u p t e d  the r equ i r ed  
concen t r a t i on  takes  place. The h igher  the c u r r e n t  
densi ty ,  the more  rap id  wi l l  be the  e n r i c h m e n t  
process. The increased  rap id i ty  of the  t r ans i t i on  to 
the act ive s tate  at h igh C1- concen t ra t ions  is p e r -  
haps  due to the  fact that ,  on account  of the  h igh 
CI -  concent ra t ions ,  corrosion even  in  the pass ive  
reg ion  is sti l l  so cons iderab le  tha t  i n h i b i t i n g  coat ings  
are fo rmed  which  are r emoved  by  the  flow. To i n -  
t e rp re t  the  change  of po ten t i a l  af ter  passage t h r ough  
the passive region  it m u s t  first be  no ted  tha t  the  a t -  
tack  on the  iron,  w h e n  occurr ing,  a lways  takes  the  
form of p i t t ing ;  thus  the act ive pa r t  of the  surface,  
f, is ve ry  smal l  in  r e l a t ion  to the  to ta l  surface  a nd  
even  to the  passive pa r t  (1-3 % compared  w i th  l - f ) .  
W h e n  it is a ssumed  there fore  tha t  the  po ten t i a l  E,~ 
at a g iven  t ime  t can be ca lcula ted  f rom the  passive 
po ten t i a l  and  the r eve r s ib l e  po ten t i a l  of the i ron  
d issolu t ion  ~Fe according to 

e,, z ( l - f )  �9 ~pep + ~bFef " eFe [6] 

and  if at the  same t ime the p ropor t iona l i t y  factors  
~p and  'hFe are  r ega rded  as constant ,  the  first t e r m  
can be pu t  a p p r o x i m a t e l y  equa l  to ~bp �9 ep : con-  
s tant .  2 

Accord ing  to Engel l  and  Stolica (8) the r ad ius  of 
p i t t i ng  increases  p ropo r t i ona l ly  w i th  the  t ime,  i .e.,  
r = clt  (cl ~-- cons tan t )  and  so does the  n u m b e r  of 
pits z ~ c2 �9 t (c2 = cons t an t ) ,  f rom which  follows 
tha t  the f rac t ion  of the  act ive  surface by  i n t eg ra t i on  
of F -~ f~ Fi �9 dz,  where  Fi is the  a rea  of a p i t  a nd  

O is the tota l  e lect rode surface  and  the  fo rm f 

2~rCi 2 �9 C2 �9 t 3 2~rCl 2 �9 C2 
or wi th  ~ G t h e n F - ~ G  �9 t 3. 

3 . O  3 . O  

For  em we then  have  

Em : ~ p  " Ep "~- CFe " G �9 EFe t 3 

If we coun t  the  t ime  f rom the b e g i n n i n g  of the  de-  
creas ing potent ia l ,  4 ,  is a p p r o x i m a t e l y  1 and  take  
in to  account  eF~ is negat ive ,  we ob ta in  in  confo rmi ty  
wi th  the  expe r imen t s  in  the  fo rmu la  

~m ---- E , -  K3 (t  - -  t , )  8 

2 I n  r ea l i t y  these  fac to r s  w i l l  be  a f u n c t i o n  of t he  ra t io  of ex-  
c h a n g e  c u r r e n t  d e n s i t y  a n d  p a r t i a l  c u r r e n t  d e n s i t y  os t he  process  
i n v o l v e d .  I n  each  case i t  can  be a s s u m e d  t h a t  0 ,  ~ OF-. C.f. 
K. Bonhoe f f e r  a n d  Vq. R e n n e b e r g ,  Z. phys.  Chem.,  118, 389 (1941), 
w h o  i n t r o d u c e  a " c r i t i c a l  t h r e s h o l d  a rea . "  

Of course, since ( l - f )  = 1 was  impl ied  we can ex-  
pect  to find this  cu rve  on ly  at the  b e g i n n i n g  of ac-  
t iva t ion.  As the  process con t inues  we  m u s t  expect  
an  exponen t i a l  drop according  to Eq. [1] de r ived  
earl ier .  It  mus t  be borne  in  m i n d  of course tha t  
K and  K1 contain ,  in  add i t ion  to the  concen t r a t i on  
of C I -  and  O H - ,  also the i r  adsorb t iv i t ies  on the  
me ta l  in  ques t ion  as wel l  as the  ra te  cons tan ts  of 
adsorpt ion,  and  tha t  consequen t ly  these cons tan ts  
could assume qui te  different  values.  Moreover ,  in  
de r iva t ion  [5] of this  equa t i on  the  coefficients Cp 
and  <~Me a r e  not  t a k e n  into account ,  bu t  ac tua l ly  it 
mus t  be assumed  tha t  '~Fe ~ CNi  because  w i th  i ron  
the  reac t ion  Me -~ Me.- + 28 is m u c h  less i nh ib i t ed  
t h a n  in  the  case of Ni. Because  of this  also the  ac-  
t iva t ion  by  C1- can fol low a di f ferent  course wi th  
the  two meta ls ;  however ,  we can ac tua l ly  find no 
differences in  p r inc ip le  b e t w e e n  the  behav io r  of 
n icke l  and  tha t  of i ron  in  a lka l ine  solut ions  in  the 
presence  of ha logen  ions. The  t ime  r e m a i n i n g  in  the 
passive region  is cons ide rab ly  shor ter  for n icke l  t h a n  
for i ron  which,  as a l r eady  stated,  can be a t t r i b u t e d  
to the differ ing adsorb t iv i t i es  of the an ions  or to 
different  exchange  c u r r e n t  densit ies,  a nd  also pe r -  
haps  to the fact tha t  in  the  case of n icke l  the  phase  
oxide form has been  kept  in  so lu t ion  by  the  add i t ion  
of NHs. Wi th  n icke l  the  po ten t i a l  decrease is s lower 
t h a n  wi th  iron, bu t  it is m u c h  more  s t rong ly  affected 
b y  C1- concen t ra t ion ,  and  the  m i n i m u m  C1- con-  
cen t r a t i on  r e q u i r e d  for ac t iva t ion  is g rea te r  
(Tab le  I ) .  

I t  can be concluded f rom the resul t s  tha t  for 
i ron and  n ickel  ( p r oba b l y  also for cobal t )  the  ac-  
t ive  anodic  d isso lu t ion  of me t a l  in  a lka l ine  solut ions  
con t a in ing  ha l ide  does not  t ake  place u n t i l  the  ha lo-  
gen ions have  displaced chemisorbed  oxygen  or ad-  
sorbed O H - ;  in  the course of this, i n t e r m e d i a t e  
products  m a y  occur in  accordance  w i th  

(MeOH)ad ~- X - - ~  ( M e O H X - ) a d  -~ n H20 (i)  

and  

(MeOH,X- )ad  + m H 2 0 ~  MeOH. + X -  W 0 (i i)  

as F r u m k i n  (9) for example  has assumed.  If we sup-  
pose at  the  same t ime  tha t  the  ac t iva t ing  adsorp t ion  of 
ha logen  ions and  the  pass iva t ing  adsorp t ion  of O H -  
occur as compet ing  s imu l t aneous  react ions  (4) ,  it  

Table II. Change in dissolution potential for 2N KCI z 
constant and j ~ 1 ma/cm ~ with the KOH content (measured 

in each case after 3.5 min) at 25~ 

KOH (m/ l )  : 10 -3 10 -2 10 -1 1 
(my SCE) : --505 --450 --385 --265 
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Table II I .  Change of dissolution potential at O. IN  KOH 
constant and j ~ I ma/cm 2 with the KCI b content (measured 

after 3.5 min in each case) at 250C 

KCI (m/l) : 0.04 0.05 0.07 0.12 0.15 
e(mv, SCE) : --40 --150 --280 --390 --425 

also becomes  u n d e r s t a n d a b l e  t h a t  for  cons t an t  C1- 
c o n c e n t r a t i o n  w i t h  i nc r ea s ing  O H -  c o n c e n t r a t i o n  the  

Oe 
p o t e n t i a l  becomes  m o r e  pos i t i ve  > O 

O in Con- 

( T a b l e  I I ) ,  w h e r e a s  for  the  p rocess  

F e  + 2 O H -  ~ F e ( O H ) 2  -t- 20 ( i i i )  

Oe RT 
a n e g a t i v e  coefficient  = 2.303 

O in COIl- F 

w o u l d  h a v e  to occur.  
W e  h a v e  found ,  of course ,  s im i l a r  to o b s e r v a t i o n s  

of P o p o w a  and  K a b a n o w  (10) t h a t  a t  v e r y  s m a l l  
c u r r e n t  dens i t i e s  (<0 .5  m a / c m  e) t he  g r a d i e n t  ac -  
t u a l l y  does  b e c o m e  nega t i ve .  P o s s i b l y  the  r e a c t i o n  
a l w a y s  occurs  to a s l igh t  e x t e n t  and  a t  s m a l l  c u r r e n t  
dens i t i e s  w h e r e  r eac t i ons  ( i )  a n d  ( i i )  a r e  no t  r e -  
q u i r e d  for  the  p e n e t r a t i o n  of the  charge ,  bec ome s  
the  d e t e r m i n i n g  f ac to r  for  the  po ten t i a l .  The  g r a d i -  

Oe 
ent  as e x p e c t e d  is n e g a t i v e  ( N - - 7 3  m v )  

O in  Ccl- 

( T a b l e  I I I ) .  
On the  o t h e r  h a n d  H e u s l e r  and  C a r t l e d g e  (11) h a v e  
found  t h a t  in  ac ids  con ta in ing  h a l i d e  for  i ron  

0e de 
--  59 m v  and  ---- q- 53 mv.  Thus ,  

a in  c o n -  ~ In ccl- 

for  the  anodic  d i s so lu t ion  in  ac ids  con ta in ing  h a l i d e  
s t i l l  o the r  f ac to r s  m u s t  be  decis ive .  F o r  e x a m p l e  
t he  s t rong  a d s o r b t i v i t i e s  of t h e  h a l o g e n  ions a f t e r  
r e m o v a l  of t he  pas s ive  f i lm could  p r e v e n t  d i s so lu -  
t ion,  j u s t  as i t  can  of course ,  i nh ib i t  the  H ' - d i s -  

ae 
charge .  The  n e g a t i v e  g r a d i e n t  = - -59 my,  

In Con- 
w h i c h  is a t t r i b u t i v e  of course  to t he  c a t a l y t i c  effect  
of the  O H -  on the  d i s so lu t ion  of t he  i ron  (12) ,  is a t  
f irst  diff icult  to i n t e r p r e t  (13) .  T h e o r e t i c a l  i n v e s t i g a -  
t ions  a n d  e x p e r i m e n t s  w i t h  t r a c e r  ions a re  a t  p r e s -  
en t  in p r o g r e s s  w i t h  r e g a r d  to th i s  ques t ion .  I t  m u s t  
not  be  o v e r l o o k e d  t h a t  r e l i a b l e  q u a n t i t a t i v e  s t a t e -  
m e n t s  a r e  m a d e  m u c h  m o r e  diff icult  b y  t h e  fac t  
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t ha t  the  co r ros ion  c u r r e n t  dens i t i es  and  t h e  f o r m  
of t he  a t t a c k  on the  e l ec t rode  su r faces  d e p e n d  v e r y  
s t r o n g l y  on the  p r e h i s t o r y  and  p r e t r e a t m e n t  of th is  
sur face ,  on the  p u r i t y  of t he  e l ec t rode  m e t a l  (14) ,  
and  on the  v o l t a g e  s i tua t ion .  As  p roof  w e  m a y  ci te  
t h r e e  m i c r o g r a p h s  of n i cke l  e l ec t rodes  f r o m  which ,  
u n d e r  c o m p l e t e l y  s i m i l a r  cond i t ions  at  d i f fe ren t  p o -  
t en t ia l s ,  a p p r o x i m a t e l y  t he  s ame  q u a n t i t y  of  n i cke l  
was  b r o u g h t  a n o d i c a l l y  in to  so lu t ion  in 5N H2SO4, 
w h e r e a s  in  t he  ac t ive  r a n g e  I N  + 50 m v  ( S C E )  and  
at  + 1400 m v  ( S C E ) ]  a c o m p l e t e l y  u n i f o r m  su r f ace  
a t t a c k  t a k e s  p lace .  A t  + 1700 m y  a def in i te  g r a i n  
b o u n d a r y  cor ros ion  occurs.  These  r e su l t s  a r e  con-  
f i rmed  by  m a n y  d e t e r m i n a t i o n s  (15) .  
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II. Investigations of Ion Conducting Barrier Layers with Anodic Polarization 

W h e r e a s  in  the  case  of m e t a l s  w i t h  r e s t r i c t e d  
pa s sage  r e a c t i o n  

+ n H20  
Me > Me + + q- 20 

e.g., for  n ickel ,  i ron,  and  coba l t  w e  r e g a r d  a c h e m i -  
so rbed  o x y g e n  f i lm f o r m e d  b y  the  c o m p e t i n g  r e a c -  
t ion  

Me q- OH~ --> Me - -  O a d  -~ 2H + q- 20 

(see  P a r t  I ) ,  as sufficient  for  t h e i r  pas s iva t ion ,  for  
m e t a l s  w i t h  u n r e s t r i c t e d  pa s sa ge  r e a c t i o n  such  as Ag,  
Zn,  Cd, a n d  A1 ion  c onduc t i ng  b a r r i e r  l a y e r s  of sa l t s  
or  ox ides  can  p r o d u c e  h igh  anod ic  po la r i za t ion .  

On zinc sa l t  b a r r i e r  l a y e r s  w e r e  i n v e s t i g a t e d  
w h i c h  in m a n y  r e spec t s  show a b e h a v i o r  s im i l a r  to 
the  a l u m i n u m  b a r r i e r  l a y e r  (1 ) ,  in s a t u r a t e d  so lu-  
t ions  of zinc su l f a t e  and  o the r  sal ts .  I n  p a r t i c u l a r  
v e r y  h igh  p o s i t i v e  p o t e n t i a l s  (up  to g r e a t e r  t h a n  
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10v) w e r e  m e a s u r e d  even  w i t h  the  i n t e r r u p t e d  
me thod .  These  w e r e  i n t e r p r e t e d  as condense r  
charges .  

On m e r c u r y  in  ch lo r ide  so lu t ions  us ing  osc i l lo -  
g r a p h i c  sw i t ch  off curves ,  w e  have  f o u n d  t h a t  the  
h igh  a n o d e  po t en t i a l s  w e  w e r e  ab le  to m e a s u r e  d u r -  
ing p o l a r i z a t i o n  w e r e  m a d e  up  of t h r e e  componen t s ,  
an ohmic  v o l t a g e  d r o p  ( r e s i s t a n c e  p o l a r i z a t i o n ) ,  a 
t y p e  of  condense r  charge ,  and  the  r e l a t i v e l y  s l igh t  
c h e m i c a l  p o l a r i z a t i o n  w h i c h  can  be  a t t r i b u t e d  p r i -  
m a r i l y  to t he  fac t  t h a t  a f t e r  e x c e e d i n g  s a tu r a t i on ,  
i . e . ,  at  a c e r t a i n  s u p e r s a t u r a t i o n ,  sol id  sa l t  m u s t  be  
f o r m e d  f r o m  the  m e t a l  d i r e c t l y  on the  su r f ace  of 
the  e lec t rode .  I f  t he  vo l t age  d rop  is p l o t t e d  s e m i -  
l o g a r i t h m i c a l l y  aga in s t  the  t ime,  t h r e e  r e c t i l i n e a r  
cu rve  s egmen t s  a r e  o b t a i n e d  w h i c h  c o r r e s p o n d  to 
the  t h r e e  p o l a r i z a t i o n  effects.  W e  n o w  a p p l y  th is  
m e t h o d  to z inc  in a s a t u r a t e d  su l fu r i c  ac id  zinc 
su l f a t e  solut ion.  We sha l l  not  d iscuss  he r e  t h e  d e -  
t a i l s  of t he  e x p e r i m e n t a l  p rocedu re ,  e spec i a l l y  the  
ver i f i ca t ion  of t he  fac t  t h a t  th is  does  i n v o l v e  a zinc 
su l f a t e  l a y e r  w h i c h  b r ings  abou t  t he  po la r i za t ion .  
In  a n y  case i t  was  aga in  found  tha t ,  a f t e r  a s t eep  
d rop  w h i c h  t a k e s  p l a c e  in less t h a n  10 -3 sec and  
w h i c h  in r e l a t i o n  to the  t o t a l  p o l a r i z a t i o n  dec reases  
w i t h  i n c r e a s i n g  anode  p o t e n t i a l  d u r i n g  t h e  f low of 
cu r ren t ,  a p o t e n t i a l  d rop  occurs  w h i c h  goes a c c o r d -  
ing  to a func t ion  U ~ K �9 e - t / ~  and  inc reases  w i t h  
i nc r ea s ing  to t a l  po l a r i za t ion ,  and  f ina l ly  a r e l a t i v e l y  
s low d rop  w h i c h  is m o r e  or  less i n d e p e n d e n t  of the  
to ta l  p o l a r i z a t i o n  (Fig .  1). Here ,  too, w e  i n t e r p r e t  
the  first  s teep  d rop  as a r e s i s t ance  po la r i za t ion ,  t he  
second as a c o n d e n s e r  d i scharge ,  and  the  s low d rop  
at  the  end  as c h e m i c a l  p o l a r i z a t i o n ;  of course ,  t he se  
t h r e e  p rocesses  o v e r l a p  to some ex ten t .  

W h e n  we  c o m p a r e  t he  r a t e  of t he  p o t e n t i a l  d rop  
on zinc in N a O H  w i t h  t h a t  in s a t u r a t e d  zinc su l f a t e  
so lu t ion  (3 ) ,  w e  find t h a t  i t  t a k e s  p l ace  m o r e  s l owly  
b y  s e v e r a l  o rde r s  of m a g n i t u d e  w i t h  zinc ox ide  in 
N a O H  than  in  su l fa te .  The  r a p i d  d rop  in  su l f a t e  and  
o t h e r  sa l t  so lu t ions  was  long  ago (4)  a t t r i b u t e d  to 
the  fac t  t ha t  the  sa l t  l a y e r  is d e h y d r a t e d  e l e c t r o -  
o s m o t i c a l l y  b y  the  h igh  p o t e n t i a l  g r ad i en t ,  and  
hence  its i n su l a t i on  r e s i s t ance  is c o n s i d e r a b l y  i n -  
c reased .  This  w o u l d  also e x p l a i n  t he  r e c t i f y i n g  e f -  
fect  of such l a y e r s  because  w i t h  ca thod ic  c h a r g i n g  
of e l ec t rodes  w i t h  such l a y e r s  t he  w a t e r  is r e t u r n e d ,  
and  h e n c e  t h e  b a r r i e r  effect  is p r a c t i c a l l y  e l i m i n a t e d .  
S e v e r a l  y e a r s  ago Mi i l l e r  (5) e x p r e s s e d  the  v i ew  
tha t  t he  rec t i f ie r  effect  in the  case  of ox ide  coa ted  
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Fig. 1. The three polarization effects on Zn 

a l u m i n u m  is due  e s s e n t i a l l y  to such  d e h y d r a t i o n ,  to 
wh ich  i t  was  sub j ec t ed ;  h o w e v e r ,  (6)  a l u m i n u m  
shows  a rec t i f ie r  effect even  in  n o n a q u e o u s  su l fu r i c  
acid.  We have  n o w  d e m o n s t r a t e d  t ha t  in  t he  case  of 
zinc in a s a t u r a t e d  su l fa t e  so lu t ion  w a t e r  is fo rced  
out  of the  b a r r i e r  l a y e r  b y  an  anodic  field. F o r  th i s  
p u r p o s e  w e  connec t ed  a zinc e l ec t rode  in s a t u r a t e d  
zinc solut ion,  in  w h i c h  t h e  w a t e r  h a d  been  t a g g e d  
w i t h  t r i t i um,  to t h e  anode  and  p o l a r i z e d  i t  u n t i l  t h e r e  
was  a d rop  in c u r r e n t  dens i ty ,  i . e . ,  u n t i l  t he  b a r -  
r i e r  l a y e r  h a d  been  f o r m e d ;  the  c u r r e n t  was  t h e n  
t u r n e d  off and  the  e l ec t rode  was  r e m o v e d  f r o m  the  
r a d i o a c t i v e  solu t ion ,  w a s h e d  w i t h  d i o x a n e  to con-  
s e rve  the  sa l t  l aye r ,  and  i m m e r s e d  in an  i nac t i ve  
s a t u r a t e d  ZnSO4 solut ion.  F r o m  th is  p o i n t  on, b y  
t a k i n g  samples ,  t h e  a c t i v i t y  of th is  c o n t i n u o u s l y  
s t i r r e d  so lu t ion  was  m e a s u r e d  w i t h  a l i qu id  sc in t i l -  
l a to r  coun te r  and  a co inc idence  m e a s u r i n g  pos i t i on  
(7) .  A f t e r  a c e r t a i n  t i m e  w h e n  i so tope  e x c h a n g e  
e q u i l i b r i u m  h a d  become  e s t a b l i s h e d  at  the  surface ,  
and  thus  t he  a c t i v i t y  w a s  cons tan t ,  t he  e l ec t rode  
was  connec ted  to t h e  anode,  w h e r e u p o n  a f t e r  a h igh  
in i t i a l  v a l u e  t he  c u r r e n t  i m m e d i a t e l y  d e c r e a s e d  
sha rp ly .  A t  the  s ame  t ime  the  a c t i v i t y  of the  so lu -  
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Fig, 2. Dehydration of barrier foyer os function of time ot vorious 
field strengths, (Zn in saturated ZnS04 solution). Aonodic 
potential opplied at A. 
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Fig. 3. The rate of water emergence  as a function of anodic 
voltage (Zn in saturated ZnS04 solution). 
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Fig. 4. Dehydration of Zn anode in 90% H2S04 saturated with 
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Fig. 5. Dehydration of AI anode in ammonium borate solution 

t ion  was  m e a s u r e d ;  i t  i m m e d i a t e l y  s h o w e d  a s t eep  
i nc rea se  and  t hen  r e m a i n e d  cons t an t  (F ig .  2) .  The  
r a t e  of w a t e r  e m e r g e n c e  m e a s u r e d  b y  t h e  i nc rea se  
in  t he  pu l se  r a t e  is p r o p o r t i o n a l  to t he  a p p l i e d  v o l t -  
age,  as was  to be  e x p e c t e d  in  an  e l ec t roosmot i c  d e -  
h y d r a t i o n  p rocess  (Fig .  3) .  I n  90% su l fu r i c  ac id  
s a t u r a t e d  w i t h  zinc su l fa te ,  t h e  m u c h  s m a l l e r  effect  
is j u s t  b a r e l y  m e a s u r a b l e  at  30v a p p l i e d  v o l t a g e  
(Fig .  4) .  F o r  a l u m i n u m  w e  w e r e  also ab le  to d e m o n -  
s t r a t e  such  a d e h y d r a t i o n  effect  in a s im i l a r  w a y  
w i t h  T20 ~:agged a m m o n i u m  b o r a t e  solu t ion .  The  i n -  
c rease  of pu l se  r a t e  p e r  cm 2 of course  was  v e r y  m u c h  
smal l e r ,  p r o b a b l y  b e c a u s e  of t he  s m a l l e r  coa t ing  
th icknesses .  F o r  t he  e lec t rode ,  t he re fo re ,  w e  used  a 
ho l low a l u m i n u m  c y l i n d e r  w i t h  an  ins ide  su r f ace  
a r e a  of a b o u t  250 cm 2 and  p l a c e d  i t  abou t  3 m m  a w a y  
f rom a sol id  a l u m i n u m  c y l i n d e r  as t he  ca thode ;  the  
e l e c t r o l y t e  v o l u m e  was  t h e r e f o r e  v e r y  s m a l l  (7) .  
O t h e r w i s e  t he  s ame  p r o c e d u r e  was  f o l l o w e d  as  for  
zinc in  zinc su l fa te ;  h o w e v e r ,  t he  anode  v o l t a g e s  
w e r e  c o n s i d e r a b l y  l a rge r .  F i g u r e  5 shows  t h a t  w h e n  
40v a re  a p p l i e d  t h e r e  is a s u d d e n  inc rea se  in t he  
t r i t i u m  a c t i v i t y  w h i c h  c o r r e s p o n d s  a p p r o x i m a t e l y  to 
a w a t e r  e m e r g e n c e  of  1 to 1.5 �9 10 - r  m o l e  H e O / c m  2. 
Be cause  of  t he  m u c h  s m a l l e r  effect h e r e  w e  could  no t  
e s t ab l i sh  a c l ea r  r e l a t i o n s h i p  b e t w e e n  the  w a t e r  
e m e r g e n c e  r a t e  and  t h e  a p p l i e d  vo l tage .  N e v e r t h e -  
less for  a l u m i n u m  also M u e l l e r ' s  a s s u m p t i o n  t h a t  t he  
rec t i f ie r  effect  is b r o u g h t  a b o u t  or  a t  l e a s t  p r o m o t e d  
by  an  e l ec t roosmot i c  d e h y d r a t i o n  is t h e r e b y  g iven  
c o n s i d e r a b l e  suppor t .  T h e  rec t i f i e r  effect  in  n o n a q u e -  
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Fig. 6. H2S04 emergence at an AI anode 
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ous su l fu r i c  ac id  could  t h e n  be e x p l a i n e d  b y  an  e l ec -  
t r oosmot i c  e j ec t ion  of H2SO4 f r o m  the  b a r r i e r  l aye r ,  
e spec i a l l y  w h e n  it  is c o n s i d e r e d  t h a t  t he  d i e l ec t r i c  
cons t an t  of H2SO4 (84) is d e c i d e d l y  g r e a t e r  t h a n  
t h a t  of t he  AleO8 b a r r i e r  l a y e r  (7.5 fo r  A1203). I n  
o r d e r  to c l a r i f y  th is  ques t ion  w e  c a r r i e d  out  m e a s -  
u r e m e n t s  in  f u m i n g  su l fu r ic  ac id  w h i c h  h a d  been  
t a g g e d  w i t h  S 35, a f t e r  f irst  e s t a b l i sh ing  t h a t  a d e -  
h y d r a t i o n  of t he  b a r r i e r  l a y e r  b y  f a i r l y  long p r e -  
t r e a t m e n t  in  th i s  ac id  does  not  inf luence  the  r e c t i -  
f ier  effect,  t he  quo t i en t ;  JG1/Jefr bo th  b e f o r e  and  a f t e r  
the  t r e a t m e n t  was  0.40-0.45. 

A f t e r  t he  a l u m i n u m  e l ec t rode  h a d  b e e n  connec ted  
for  a f a i r l y  long t i m e  to t he  anode  in  su l fu r i c  ac id  
t a g g e d  w i t h  H2SS504 the  c u r r e n t  was  s w i t c h e d  off 
and  t h e  c y l i n d e r  was  r e m o v e d ,  w a s h e d ,  and  p u t  in 
i nac t i ve  su l fu r i c  acid.  A f t e r  t he  i so tope  e q u i l i b r i u m  
h a d  b e e n  e s t a b l i s h e d  v a r i o u s  anode  vo l t ages  w e r e  
aga in  app l ied .  In  a l l  cases  a r a p i d  i n c r e a s e  in t he  
pu l se  r a t e  in  the  i nac t i ve  su l fu r i c  ac id  took  p lace ;  
a f t e r  a sho r t  t i m e  the  a c t i v i t y  b e c a m e  cons tan t .  
F i g u r e  6 shows  the  effect for  an  a p p l i e d  v o l t a g e  of 
50v; the  e s t a b l i s h m e n t  of i so tope  e x c h a n g e  e q u i l i b -  
r i u m  in t he  case of  a l u m i n u m  a l w a y s  r e q u i r e s  a 
c o n s i d e r a b l y  l o n g e r  t ime  t h a n  for  zinc even  in 
aqueous  solut ions .  As  a r e s u l t  of the  a p p l i e d  v o l t a g e  
a b o u t  2 �9 10 -7 m o l e  H2SO4/cm 2 a re  g iven  off. This  is 
of t he  s ame  o r d e r  of m a g n i t u d e  as t h a t  for  wa t e r .  

Th is  s eems  to us  to p r o v e  t h a t  the  b a r r i e r  f o r m i n g  
effect of a l u m i n u m  ox ide  l a y e r s  is d e t e r m i n e d  to a 
l a r g e  e x t e n t  b y  e l ec t roosmot i c  effects,  and  thus  a 
p r e v i o u s  a s s u m p t i o n ,  w h i c h  was  p r o p o s e d  b y  F i s c h e r  
(8)  is conf i rmed.  Of course  t he  ca thod ic  e l ec t rode  
p rocess  also p l a y s  a p a r t  in  s a t u r a t e d  zinc su l f a t e  
so lu t ion .  W e  do no t  obse rve  a n y  q u e e r  rec t i f ie r  effect 
(Jm/Jer~O.O1).  In  90% tI2SO4 s a t u r a t e d  w i t h  
ZnSO4 an  effect  is p r e s e n t  (Jal/J~ff ~ 0.15).  In  t h e  
first  case t h e r e  is depos i t i on  of zinc d u r i n g  the  ca -  
t hod ic  impu l ses ,  as is e v i d e n t  u n d e r  t he  mic roscope ,  
b u t  the  s a t u r a t i o n  at  the  a n o d e  is t h e r e b y  e l im ina t ed ,  
and  t hus  pa s sa ge  for  t he  c u r r e n t  of t he  anodic  i m -  
pu l se  is m a d e  poss ib le .  In  90% tt2SO4 b e c a u s e  of t h e  
s l igh t  s o l u b i l i t y  of ZnSO4 a t  t he  h igh  h y d r o g e n  ion 
c o n c e n t r a t i o n  no a p p r e c i a b l e  Zn depos i t i on  t a k e s  
place,  and  t h e r e f o r e  w e  obse rve  a r e c t i f y i n g  effect  
here .  O u r  v i e w  is f u r t h e r  s u p p o r t e d  b y  the  fac t  t h a t  
s i l ve r  in  c h l o r i d e  so lu t ion  has  no  rec t i f i e r  effect (9 ) ,  
w h e r e a s  m a g n e s i u m  in m a g n e s i u m  su l f a t e  does  show 
such an  effect, if on ly  a s l igh t  one (10) .  In  each  case 
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of course it  depends  on the  s t ruc tu re  of the layer,  
and  this  is d e t e r m i n e d  not  on ly  by  the  composi t ion  
of the  e lec t ro ly te  bu t  also by  the  me thod  of its 
fo rmat ion .  

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL. 
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The Anodic Oxidation of Iron in a Neutral Solution 
II. Effect of Ferrous Ion and pH on the Behavior of Passive Iron 
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ABSTRACT 

The anodic polarization curve, the static passive potential, and the behavior  
of the decay of the polarized passive potential  of i ron were examined in neut ra l  
boric acid/borate  solutions with and without  Fe + + ion addition. It was found 
that  the passivation potent ial  is a funct ion of the [Fe + +] and pH and corre- 
sponds to the equi l ibr ium potential  of the reaction of 7-Fe20~ + 6H + + 2e 
2Fe + + + 3H20. The polarized passive potential  in the steady state is related to 
a pseudoequi l ibr ium potential  that  corresponds to a higher defect concentrat ion 
in the oxide surface and to a lower [Fe + + ] at the oxide/solut ion interface. The 
potential  gradient  across the film appears to be very  small. The decay of the 
polarized passive potential  on open circuit  is explained as due main ly  to the 
change in the defect-concentrat ion and consequently of the film composition at 
the oxide/solut ion interface either by the outward migrat ion of i ron through 
the film or by the reaction with Fe + + ion in solution when the la t ter  had 
been added or supplied by a small  amount  of self-corrosion. 

I t  was  shown in  the  p rev ious  paper  (1) tha t  
anod ica l ly  pass iva ted  i ron  in  a boric a c id /bo r a t e  
buffer  so lu t ion  at  a pH of 8.41 is covered wi th  an  
oxide fi lm (10-30A)  consis t ing of an  i n n e r  Fe304 
and  an  ou te r  ~,-Fe203 l ayer  of which  the ou te rmos t  
por t ion  is a ca t ion-def ic ien t  s t ruc tu re  such as Fex 6+- 
Fe2-2x 8+ "[:]x-Oa. The th ickness  of the  layers  and  the  
concen t r a t i on  of defects were  es t imated  as func t ions  
of the appl ied  pass ive  potent ia l .  The slope of the  
f i l m - t h i c k n e s s / p o t e n t i a l  cu rve  becomes smal le r  be -  
yond  the po ten t i a l  Ea 2 which  is found  b e t w e e n  the 
pass iva t ion  po ten t i a l  Ea 1 and  the oxygen  evo lu t ion  
po ten t i a l  Ea a, whereas  the  concen t r a t i on  of defects 
begins  to increase  apprec i ab ly  above this  potent ia l .  
It  was also found  in  the prev ious  i nves t iga t ion  t ha t  
the ~,-Fe2Oa layer  begins  to be p roduced  or to be 
reduced  above and  be low the  pass iva t ion  po ten t i a l  
Ea 1. The r educ t ion  occurs as the  d isso lu t ion  of Fe + + 
ion in  the  solut ion wi th  a lmost  100% c u r r e n t  effi- 
ciency. 

The m a i n  purpose  of this  i nves t iga t ion  is to i n t e r -  
p re t  the s ignif icance of the  charac ter i s t ic  po ten t ia l s  
Ee I ( the pass iva t ion  po ten t i a l )  and  E ,  2, and  the 
role of defects in  the m e c h a n i s m  of passivi ty .  

1 Postdoctorate  Fellow; presen t  address :  Facul ty  of Engineer ing ,  
Hokka ido  Univers i ty ,  Sapporo,  J apan .  

* N.R.C. No. 7436. 

Experimental 
Mater ia l s  and  the i r  p r epa ra t i ons  were  the same 

as those used in  the  p rev ious  i nves t iga t ion  (1) .  
Spec imens  were  e lect ropol ished Fe r rovac  i ron 
sheets. Elec t ro ly tes  were  a m i x t u r e  of 0.15N boric 
acid and  0.15N sod ium bora te  solut ion,  s a tu ra t ed  
wi th  purif ied n i t rogen .  Elec t ro ly tes  of var ious  pH's  
b e t w e e n  5 and  9 were  p r e p a r e d  by  chang ing  the 
ra t io  of these solut ions;  the buf fe r ing  capaci ty  was 
f a i r ly  smal l  be low pH 7. A n  e q u i v o l u m e  m i x t u r e  at 
a pH of 8.41 was  m a i n l y  used as a s t a n d a r d  solut ion,  
and  it  was kept  in  the  first s torage vessel. The sec- 
ond s torage vessel  was filled wi th  the s t a n d a r d  solu-  
t ion  or wi th  a so lu t ion  of d i f ferent  pH. Fe ++ ion 
could be added b y  the  anodic  d issolu t ion  of an  i ron 
wi re  inse r t ed  into the  vessel. 

The e lect rolyt ic  cell and  the  e lectr ical  circui ts  
were  the  same as employed  in  the prev ious  inves t i -  
gation.  Anodic  pass iva t ion  of the  spec imen  was a l -  
ways  done in  the  s t a n d a r d  so lu t ion  by  the  po ten t io -  
stat ic method,  by  s t a r t ing  w i th  a f resh  i ron  surface  
f rom which  all  p rev ious  oxide film had  b e e n  re -  
moved  by  cathodic t r e a t m e n t .  In  the e xpe r i men t s  
in  which  the effect of Fe + + ion and  pH were  ex-  

amined ,  the  solut ion was changed  f rom the  s t anda rd  
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Fig. 1. Effect of ferrous ion concentration on the anodic polariza- 
tion curve of passive iron; pH = 8.41.  - A - ,  Fe + + = 5.81 x 10 - 4  

mole/i; -o-, Fe + + = 2.06 x 10 . 4  mole/l; - - [ ]  - -, no ferrous ion 
addition. Fe + + in the passive potential region is of the order of 
10 . 7  mole/l; A,e,  l l ,  static passive potentials for above solutions, 
$ current was checked after renewal of the solution. 

so lu t ion  to the  so lu t ion  of d i f ferent  pH and  Fe + + 
ion content ,  w i thou t  i n t e r r u p t i n g  the  anodic  po la r i -  
zation.  The cathodic r educ t ion  of the  passive speci-  
m e n  was conducted  only  in  the  f resh s t a n d a r d  solu-  
t ion  b y  a ga lvanos ta t i c  me thod  wi th  a cons tan t  c.d. 
of 10 ~ a / c m  ~. The a m o u n t  of fe r rous  ion in  so lu t ion  
was ana lyzed  by  the  o - p h e n a n t r o l i n e  method.  

Exper imental  Results 

EfJect aS ferrous ion on the polarization c u r v e . -  
The s t eady- s t a t e  p o t e n t i a l / c u r r e n t  r e l a t ionsh ip  for 
the passive i ron  was m e a s u r e d  in  solut ions  (pH 
8.41) to which  Fe + + ion had  been  added at  va r ious  
concent ra t ions .  The resu l t  is shown  in  Fig. 1, to-  
ge ther  w i th  the po la r iza t ion  curve  ob ta ined  in  a 
so lu t ion  wi thou t  Fe ++ ion add i t ion  ( the s t a n d a r d  
so lu t ion) .  The  l i m i t i n g  c u r r e n t  is observed  to in~ 
crease w i th  the  fer rous  ion concen t r a t i on  in  the  
passive po ten t i a l  r eg ion  above --200 inv. The  cu r -  
r en t  g r a d u a l l y  drops to zero as the  po t en t i a l  is 
lowered  to the reg ion  of the  pass iva t ion  potent ia l ,  
Ea 1. The  resul t s  were  the  same w h e n  m e a s u r e d  in  
the d i rec t ion  of e i ther  inc reas ing  or decreas ing  
potent ia l .  I t  was d e t e r m i n e d  by  chemica l  analys is  
of the  solut ion tha t  the c u r r e n t  observed  rough ly  
corresponds  to the  ra te  of ox ida t ion  of Fe + + ion to 
ferr ic  oxide at the  ox ide / so lu t i on  in te r face  (Tab le  
I ) .  Because of the  g r adua l  decrease  of Fe  ++ ion  
concen t r a t i on  w i th  t ime,  the so lu t ion  had  to be 
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Fig. 2. Comparison of the cathodic reduction curves obtained for 
thin and thick passive films; standard solution, c.d. ~ #a/cm2; 
Expt. 1, cathodically pretreated iron was passivated at +850  mv 
for 1 hr in the standard solution. The amount of charge passed 
during anodic polarization is about Qa = 6.80 mc/cm 2, Qc 1 = 
1.54 mc/cm 2, Qc 2 = 3.92 mc/cm 2. Expt. 2, After repetition of 
Expt. 1, solution was changed for one containing about 1.8 x 10 -4  
mole/1 Fe + + ion, and passivation was continued fur half an hour. 
The amount of charge accumulated on the surface after the change 
of solution was Qa ~ 3.82 mc/cm 2. [Qc z = 4.55 mc/cm 2, 
Qc 2 = 5.64 mc/cm 2] Inflection of Curve 2 indicated by arrow is 
explained by the noncontinuous change between the primary and 
the secondary oxide films which are obtained before and after the 
change of solution. 

changed  twice d u r i n g  the m e a s u r e m e n t  of the po-  
la r iza t ion  curve.  The va lue  of the  l i m i t i n g  c u r r en t  
was f inal ly  checked by  the r e n e w a l  of the  so lu t ion  
at the end of the  m e a s u r e m e n t  as is ind ica ted  by  
a r rows  in  Fig. 1. Thus,  if the  anodic  po la r iza t ion  is 
con t inued  for a long per iod of t ime  in  the  presence  
of Fe + + ion in  solut ion,  an  oxide f i lm of a n y  th i ck -  
ness can be ob ta ined  in  cont ras t  to the  m a x i m u m  
film th ickness  of about  30A ob ta ined  in  a so lu t ion  
o r ig ina l ly  free f rom Fe + + ion (cf. Fig. 9). The be -  
havior  on cathodic r educ t ion  of the  th icker  film, 
however ,  was qu i te  s imi la r  to tha t  of the  t h in  pas-  
sive film, even  though  the  n u m b e r  of coulombs re -  
qu i r ed  to reduce  the  th ick  film is of course m u c h  
grea te r  (Fig. 2). This  indica tes  tha t  the  oxide 
fo rmed  by  the  ox ida t ion  of Fe + + ion in  solut ion is 
essent ia l ly  the  same as tha t  fo rmed  by  anodic  oxi -  
da t ion  of iron.  

A s t ra igh t  l ine  pass ing th rough  the  or ig in  is ob -  
t a ined  w h e n  the  l imi t ing  c u r r e n t  m e a s u r e d  at +600  
m v  is p lo t ted  aga ins t  the  Fe + + ion c onc e n t r a t i on  as 
is seen in  Fig. 3. The pH of the  so lu t ion  seems to 
have  no effect on the  resul ts .  The  l im i t i ng  c u r r e n t  

Table I. Comparison between the amount of charge passed and the amount of oxidation of Fe + + 
ion during anodic polarization in solutions with Fe + + ion addition (pH = 8.41) 

N o .  
P r e - p o l a r i z a t i o n  

Ea', m v  ta', m i n  
P o l a r i z a t i o n  A m o u n t  I n i t i a l  F i n a l  * C a l c u l a t e d  

Ea, m v  ta, r a i n  o f  c h a r g e  a m o u n t  o f  a m o u n t  o f  a m o u n t  o f  
p a s s e d  Fe++ i o n  Fe++ i o n  c h a r g e  

Qa ~ me  *~71, ]~g W2, ~g W 1 - - W 2 ,  ]s Q a  c a l  , mc Qaeal/Qa ~ 

1 +590 40 +590 60 
2 +400 80 +400 48 
3 -I-600 120 --200 78 
4 After Expt. No. 3 +100 60 

46.5 223.5 196.1 27.4 47.4 1.02 
37.7 246.2 225.1 20.7 35.8 0.95 
42.5 153.7 127.9 25.8 44.6 1.05 
15.6 76.2 65.6 10.6 18.3 1.17 

* C a l c u l a t e d  b y  a s s u m i n g  t h e  r e a c t i o n  Fe++  -~ Fe~++ + e.  
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Fig. 3. Relation between ferrous ion concentration and the 
anodic current. DFe + +  --" 5.3 x 10 - 6  cm 2 sec -1 .  o, + 600 my, 
pH, 8.41; X, + 850 my, pH, 7.31. 

was m a r k e d l y  inc reased  by s t i r r ing  the  solut ion.  It  
is c lear  f r o m  these  e x p e r i m e n t a l  facts  that ,  in the  
po ten t i a l  r eg ion  w h e r e  the  l imi t ing  c u r r e n t  is ob-  
se rved ,  the  r eac t ion  is con t ro l l ed  e n t i r e l y  by the  
r a t e  of diffusion of f e r rous  ion f r o m  the  b u l k  of 
so lu t ion  to the  o x i d e / s o l u t i o n  i n t e r f a c e  w h e r e  the  
f e r rous  ion concen t r a t i on  is cons idered  to be v e r y  
small .  The  diffusion coefficient of f e r rous  ion was  
e s t i m a t e d  as D ~ 5 X 10 -6 cm 2 sec -1 by  us ing  the  
s imple  diffusion equa t ion  

ia ~ nFDC/d  ( n = l )  

w h e r e  ia ( a m p / c m  2) is the  l imi t ing  c u r r e n t  at a 
f e r rous  ion concen t r a t i on  of C ( m o l e / c m a ) ,  F is 
the  F a r a d a y ,  and  the  e f fec t ive  th ickness  of the  di f fu-  
sion l a y e r  d in a s t agnan t  so lu t ion  is a s sumed  to be  
5 X 10 -2 cm. The  v a l u e  ob ta ined  seems to be  r e a -  
sonable.  

Ef]ect of [Fe  ++ ] and pH on the static passive po- 
t en t i a l .~When  the  c i rcu i t  is i n t e r r u p t e d  a f te r  ap-  
p ly ing  anodic  po la r i za t ion  the  po t en t i a l  decays  un t i l  
a s tat ic  pass ive  po ten t i a l  is reached.  The  final s t eady  
potent ia l ,  w h i c h  is in the  r eg ion  of the  pass iva t ion  
potent ia l ,  is o f ten  ca l led  the  F l ade  po ten t i a l  (2) .  
The  effect  of f e r rous  ion concen t r a t i on  and pH of 
the  so lu t ion  on the  s ta t ic  pass ive  p o t e n t i a l  was  e x -  
a m i n e d  in a series of expe r imen t s .  The  resul t s  ob-  
t a ined  are  s u m m a r i z e d  in Tab le  II. 2 

The  r e l a t ion  b e t w e e n  the  p o t e n t i a l  and  the  loga -  
r i t h m  of the  f e r rous  ion concen t r a t i on  at cons tan t  
pH is a s t r a igh t  l ine  h a v i n g  a slope of 60 m v  per  
l o g a r i t h m i c  u n i t  (Fig.  4).  A l inea r  r e l a t i onsh ip  is 
also found  b e t w e e n  the  po ten t i a l  and pH at a con-  
s tan t  f e r rous  ion concen t ra t ion ,  the  s lope be ing  163 
m y  p e r  pH  un i t  (Fig.  5). I t  should  be  emphas i zed  
tha t  the  v a l u e  of the  m e a s u r e d  s ta t ic  po t en t i a l  is 
not  d e p e n d e n t  on the  p r ev ious  h i s to ry  of the  speci -  
men,  such as the  app l ied  anodic  potent ia l ,  the  t ime  
of po la r i za t ion  or the  film thickness ,  bu t  is d e t e r -  
m i n e d  only  by  the  ex i s t ing  Fe  + + ion concen t r a t ion  

D u r i n g  t h e  e x p e r i m e n t  i t  w a s  n o t i c e d  t h a t  t h e  s t a t i c  p o t e n t i a l  
w a s  n o r m a l l y  m a i n t a i n e d  s t e a d i l y  f o r  a n  i n d e f i n i t e  t i m e ,  a l t h o u g h  
a t  h i g h  c o n c e n t r a t i o n  of  f e r r o u s  i o n  (C = 3 x 10 4 m o l e / l )  t h e  
v a l u e  s o m e t i m e s  f e l l  off a g a i n  a f t e r  s h o w i n g  a p l a t e a u .  I n  t h e  l a t t e r  
c a s e  p l a t e a u s  w e r e  n o t  p e r f e c t l y  l e v e l  b u t  h a d  a s l i g h t  d o w n w a r d s  
s lope ;  i n  s u c h  c a s e s  t h e  p o t e n t i a l  v a l u e s  s h o w n  in  F ig .  4 w e r e  t a k e n  
j u s t  b e f o r e  t h e  s h a r p  d r o p  a t  t h e  e n d  of  t h e  p l a t e a u .  

Table II. Effect of pH and [Fe + + ]  on the static potential of 
passive iron (boric acid-sodium borate buffer solutions) 

E~, m v  t=, l ~  p H  [Fe++],  mo le /1  E s t a t ,  m v  

2.5 9'.21 3.63 X 10 -6 .--444 
2.6 9.21 9.88 X 10 -6 --472 

+850 11.0 9.21 4.23 X 10 -5 --513 
3.0 9.21 5.37 X 10 -5 --512 
5.0 9.21 1.04 X 10 -4 --538 

3.0 8.41 4.7 X 10 -7 --285 
- -  8.41 2.15 X 10 -6 --328 
3.0 8.41 7.25 X 10 -6 --347 
3.0 8.41 9.52 X 10 -6 --352 
4.5 8.41 1.02 X 10 -5 --360 

+850 2.5 8.41 1.85 X 10 -5 --370 
4.3 8.41 4.95 X 10 -5 --404 
3.0 8.41 5.80 X 10 -5 --410 
2.5 8.41 7.86 X 10 -5 --410 
5.0 8.41 1.66 X 10 -4 --430 
3.0 8.41 2.39 X 10 -4 --430 
2.7 8.41 5.75 X 10 -4 --460 

16.5 8.41 5.54 X 10 -6 --338 
--100 2.0 8.41 1.93 X 10 -5 --381 

2.0 8.41 1.36 X 10 -4 --425 
16.0 8.41 2.72 X 10 -4 --432 

1.0 7.31 3.01 X 10 -6 --156 
1.0 7.31 7.85 X 10 -6 --189 

+850 1.0 7.31 1.70 X 10 -5 --208 
3.0 7.31 9.78 X 10-~ --255 
1.0 7.31 1.05 X 10 -4 --254 
3.0 7.33 (7.31) 5.09 X 10 -4 --295 

1.0 6.31 1.61 X 10 -6 +22 
3.0 6.31 4.90 X 10 -6 +1  
4.0 6.31 1.02 X 10 -5 --22 
5.5 6.34 (6.31) 3.21 X 10 -5  --62 

+850 6.0 6.35 (6.31) 7.31 X 10 -5 --83 
12.5 6.38 (6.31) 1.09 X 10 -4 --102 
4.0 6.36 (6.31) 1.73 X 10 -4 --108 
5.5 6.44 (6.31) 3.62 X 10 -4 --144 
3.0 6.54 (6.31) 1.01 X 10 -a  --189 

+850 3.4 5.78 9.14 X 10 -5 ~-34 

+850 17.0 5.58 3.34 X 10 -5 +98 

+850* 1.25 4.02 3.42 X 10 -5 +232 
6.0 4.02 9.39 X 10 -4 +151 

(--293) t 

(--57)t 
(--77)t 
(--91) t 
(--lOO) t 
(--123) 
(--152) 

* 0 .15N s o d i u m  b o r a t e - a c e t i c  a c i d  s o l u t i o n s .  
t . .  �9 V a l u e  of p o t e n t i a l  w a s  c o r r e c t e d  w i t h  t h e  a i d  of  t h e  e q u a -  

t i o n  s h o w n  i n  s e c t i o n  on  Ef fec t  of  [Fe++] a n d  PH on  t h e  s t a t i c  p a s -  
s ive  p o t e n t i a l .  

and pH. The  m e a s u r e d  points  ind ica ted  in Fig.  4 as 
circles are  ob ta ined  for  the  spec imen  p repo la r i zed  
at + 8 5 0  m v  for  va r ious  pe r iods  of t ime  r ang ing  
f r o m  1 to 15 hr. The  points  ind ica ted  by  t r i ang les  
cor respond  to p r epo l a r i z a t i on  at  --100 mv,  the  t imes  
r ang ing  f r o m  2 to 16 hr.  On the  basis of this  ex -  
pe r imen t ,  the  s tat ic  pass ive  po t en t i a l  can be ex -  
p ressed  a s  E s t a t .  ~ 9 5 8 -  163 pH - -  60 log [Fe  ++]  
m v  (vs. N.H.E.) .  

Decay of the polarized potential and the effect of 
Fe  ++ ion on it.---The s ta t ic  po ten t ia l s  m e n t i o n e d  
above  w e r e  ob ta ined  a f te r  the  decay  of the  p o l a r -  
ized pass ive  po t en t i a l  on open circuit .  The  cha rac - .  
ter is t ics  of the  decay  of po t en t i a l  wi l l  n o w  be de -  
scr ibed  in this section.  C u r v e s  1, 2, and 3 in Fig.  6 
w e r e  ob ta ined  in s t a n d a r d  so lu t ion  (pH 8.41) w i t h -  
out  the  addi t ion  of f e r rous  ion. The  spec imens  w e r e  
p r e p o l a r i z e d  at +850  m v  for  va r ious  per iods  of 
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' t  --300 Fig. 7. Effect of the change of solution on the behavior 
~ t  of potential. Expt. 1, the decay of potential was followed in the 

- 4 0 0  standard solution for a specimen prepolarized at -I-850 my for 
-500 960 min in the same solution; Expt. 2, after Expt. 1, the specimen 

k ~  \1 was polarized again at + 8 5 0  my for 60 min in the standard 
-600 ~ 1 solution and the decay of potential was followed in another solution 

a containing about 5 x 10 -5 mole/1 ferrous ion; Expt. 3, after Expt. 
, , , , , , ~ ~ s 2, cell and specimen were both quickly rinsed twice with standard I 2 3 4 5 6 7 8 9 I0 

PH solution and the change of potential with time was followed on open 

Fig. 5. Effect of pH on the static potential of passive iron. o, 
0.15N boric acid-borate solutions (pH, 5-9); e, 0.15N acetic acid- 
borate solutions (pH, - -4) ;  X, results obtained by Franck for acid 
solutions; A ,  passivation potential Ea 1 appeared in the anodic 
polarization curve (standard solution at pH, 8.41); I-I, passivation 
potential Ea 1 and activation potential Ea I'  which appeared in the 
anodic polarization curve and in the cathodic reduction curve, re- 
spectively, of Heusler, Well, and Bonhaeffer for borate solution 
at a pH of 9.3. 

t ime. It  is seen tha t  the re  is no sharp  drop of p o t e n -  
t ia l  on cu t t ing  the c u r r e n t  and  tha t  the  ra te  of de-  
cay is f a i r ly  slow and  decreases w i th  the t ime  of 
p repo la r iza t ion ;  the  r ep roduc ib i l i t y  of the curves  
becomes worse  be low abou t  +300  my.  The a m o u n t  
of Fe  + + ion d isso lu t ion  d u r i n g  the  decay was  t h e n  
fol lowed by  separa te  exper imen t s .  F r o m  the resu l t s  
ind ica ted  by  the  n u m b e r s  on curve  2, it seems tha t  
Fe ++ ion d isso lu t ion  beg ins  to occur be low abou t  
the  character is t ic  po ten t i a l  Ea 2 (0 m v )  even  though  
the a m o u n t  detected was v e r y  small .  No effect of 

, h l I H , I  , I , , , l I I I  ~ I I l l l l d  I I L i l l , , l  ~ I ~ l L l l l l  

0 I I I0  IO0 I 0 0 0  
TIME MINUTE 

Fig. 6. Effect of time of anodic polarization and ferrous ion ad- 
dition on the decay of the polarized potential. Numbers attached 
to curve 2 indicate the amount of Fe + +  ion found in solution 

circuit in the standard solution. 

of decay 

s t i r r ing  of the  so lu t ion  was observed  in  these ex-  
pe r imen t s .  

It  was  found  tha t  the add i t ion  of la rge  a m o u n t s  
of Fe + + ion to the  so lu t ion  acce lera ted  the  decay 
qui te  r e m a r k a b l y .  In  this case the  ra te  of decay was 
observed  to inc rease  sha rp ly  by  s t i r r ing.  Curve  4 in  
Fig. 6 was  ob ta ined  for a Fe  ++ ion concen t r a t i on  
of 2.5 • 10 -4 mole/1  af ter  3 - h r  p repo la r i za t ion  in  a 
so lu t ion  w i t hou t  Fe  + + ion addi t ion.  The final stat ic 
po ten t i a l  ob ta ined  in  this case is, of course, m u c h  
lower  compared  to tha t  shown  in  curves  1, 2, and  3, 
as wou ld  be expected  f rom the  m u c h  h igher  con-  
cen t r a t i on  of Fe  + + ion in  solut ion.  

In  the  nex t  expe r imen t ,  a f ter  fo l lowing  the  decay 
of po ten t i a l  for a shor t  t ime  in  a so lu t ion  con ta in ing  
a la rge  a m o u n t  of Fe + + ion, the  cell and  spec imen  
were  bo th  qu ick ly  r insed  w i th  the  s t a n d a r d  solu-  
t ion, a nd  the  change  of po ten t i a l  w i th  t ime  was  
t raced  on open  circui t  in  the s t a n d a r d  so lu t ion  (Fig. 
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7). As can be seen, a slow rise of po ten t i a l  was ob-  
t a ined  ins tead  of the c o n t i n u a t i o n  of the  decay. The 
same sort  of po ten t i a l  change  was observed af ter  
i n t e r r u p t i o n  of a cathodic c u r r e n t  which  had  been  
appl ied  to the passive spec imen  for a shor t  per iod 
of t ime. 

Change of cathodic r educ t ion  curve  dur ing  decay.  
- - I n  order  to ob ta in  fu r t he r  knowledge  of the  
m e c h a n i s m  of the decay of the po la r i za t ion  po t en -  
tial, two k inds  of e x p e r i m e n t s  we re  conduc ted  in 
the  s t a n d a r d  solut ions  for spec imens  p repo la r i zed  at 
+850 m v  for 1 hr:  expt.  1, cathodic r educ t ion  
curves  were  observed at d i f ferent  t imes  d u r i n g  the 
decay w i thou t  the  add i t i on  of Fe  + + ion to the  so lu-  
t ion;  expt.  2, af ter  d r a i n i n g  the so lu t ion  af ter  pas -  
s ivat ion,  dr ied  spec imens  were  exposed to a n i t r o -  
gen a tmosphe re  for d i f ferent  per iods of t ime,  and  
cathodic r educ t ion  curves  were  t hen  measured .  

The cathodic r educ t ion  curve  ob ta ined  is a lways  
of a typ ica l  shape h a v i n g  three  arres ts  or two waves  
as can be seen in  Fig. 2. I n  genera l ,  the t r ans i t i on  
f rom the  first to the second wave  becomes sha rpe r  
wi th  the t ime  of decay or of n i t r o g e n  exposure.  The 
change  in  the n u m b e r  of coulombs Q I and  Q2  as- 
sociated w i th  the first and  the second waves  was  fol-  
lowed in  expt.  1 and  2; the resul t s  are shown  in  
Tables  III  and  IV, respect ively .  In  the  p reced ing  
inves t iga t ion  (1) ,  the  first and  the second waves  
were  shown  to cor respond to the  r educ t ion  of the 
ou te r  "~,-Fe203" l ayer  to Fe + + ion in  so lu t ion  and  
to the r educ t ion  of the  i n n e r  Fe304 l aye r  to meta l l i c  
iron, the c u r r e n t  efficiency of these  react ions  be ing  
a lmost  100% and  40%, respect ively .  If it is a ssumed  
here  tha t  the ove r - a l l  cu r r en t  efficiency of these  
r educ t ion  react ions  does not  change  wi th  the t ime  
of decay or of exposure,  the  change  in  the  va lues  of 
Qc 1 and  Q2 would  give a rough  idea of the change  
of composi t ion  of the passive film wi th  t ime. 

Table III. Effect of the time of decay on the 
cathodic reduction curve 

Static 
potential 

Time of after 
decay, decay, Qc 1, AQcl,  Qce, AQ~2, 

No. min my mc/cm2 mc/cm~ mc/crn2 mc/cm e 

0 0 +850 1.540\ 3.92  
0' 0 +850 1.541.1.54 ~ 3.93J3.92 - -  

0" 0 +850 1.534j 
1 18 +380 1.53 --0.07 3.91 --0.01 
2 27 +330 1.51 --0.03 3.88 --0.04 
3 58 +188 1.50 --0.04 4.01 +0.09 
4 125 +20 1.48 --0.06 3.94 +0.02 
5 289 --190 1.42 --0.12 4.16 +0.24 
6 295 --233 1.40 .--0.14 4.22 +0.30 
7 1260 --270 1.36 --0.18 - -  - -  

7' 1260 - -  1.38 --0.18 4.32 -t-0.40 

Table IV. Effect of the time of exposure to a nitrogen atmosphere 
on the cathodic reduction curve 

Static 
Time of potential 

exposure, after expo- Qc 1, hQcl, Qc~, AQc ~, 
No. rain sure, my mc/cm ~ mc/cm ~ me/cm 2 mc/cm 2 

0 0 +850 1.54 - -  3.92 - -  

1 90 +250 1.485 --0.055 4.05 ~-0.13 
2 960 +92 1.43 --0.11 4.25 +0.33 
3 5280 --63 1.39 --0.15 4.83 +0.91 
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Fig. 8. Change in the amount of charge associated with the first 
and the second waves of the cathodic reduction curve during the 
decay of polarized potential, o, Oc I or Qc 2 for Expt. 1; A ,  
Oc 1 or Qc 2 for Expt. 2; e ,A ,  potential of the specimen just before 
the cathodic reduction experiment; $, potential changing fairly 
rapidly. 

As can be seen in  the  above tables,  the  resul t s  
ob ta ined  in  bo th  e x p e r i m e n t s  are  qu i te  s imi la r ;  Qc 1 
decreas ing  a nd  Qc 2 inc reas ing  w i th  t ime.  This  could 
be i n t e r p r e t e d  s imply  as a decrease in  the a m o u n t  
of defects and  ~/-Fe203 and  an  increase  of the  
a m o u n t  of Fe~O4 wi th  t ime.  However ,  as can be seen 
in  Fig. 8, IAQcll increases  r ap id ly  in  the first t ype  
of e x p e r i m e n t  af ter  about  100 ra in  w h e n  the  p o t e n -  
t ia l  has fa l len  to the  reg ion  of the  charac ter i s t ic  
po ten t i a l  Ea 2 of about  0 m v  where  the  c o m m e n c e -  
m e n t  of Fe + + ion d isso lu t ion  is to be expected.  The 
change  of Qc 2 w i t h  t ime  on the o ther  h a n d  appears  
to be unaffected by  the presence  of the solut ion.  

Discussion 

Prev ious  Theor ies  on the  Pass iva t ion  Po ten t ia l  
The anodic pass iva t ion  of i r on  is charac te r ized  by  

the  exis tence  of a pass iva t ion  po ten t i a l  above which  
pass iv i ty  becomes stable,  so that ,  in  order  to discuss 
the m e c h a n i s m  of passivi ty ,  it is qui te  essent ia l  to 
u n d e r s t a n d  the s ignif icance of this  potent ia l .  It  has 
been  observed  for i ron  in  an  acidic so lu t ion  t ha t  
the  pass iva t ion  po ten t i a l  observed  in  a po ten t io -  
stat ic po la r iza t ion  e x p e r i m e n t  has a lmost  the same 
va lue  as the  F lade  p o t e n t i a l - a r r e s t  which  is ob-  
served jus t  before  the  spon taneous  ac t iva t ion  of the 
pass ive  spec imen occurs (3, 4).  F r a n c k  (5) meas -  
u r ed  the  effect of pH on the  F lade  po ten t i a l  by  
us ing  several  k inds  of buffer  solut ions  at va lues  of 
pH f rom 0.3 to 4 and  ob ta ined  the  empi r i ca l  equa -  
t ion  

E = 580 - -  59 pH m v  (vs .  N.H.E.) [1] 

Most p rev ious  theor ies  of pass iva t ion  more  or less 
a t t e mp t  to exp la in  Eq. [1].  However ,  a t t empt s  to 
i n t e r p r e t  the F lade  po ten t i a l  as cor responding  to the 
e q u i l i b r i u m  po ten t i a l  of f o r ma t i on  of a n y  k n o w n  
oxide f rom meta l l ic  i ron  have  been  unsuccess fu l  
because  the theore t ica l  va lues  are a lways  far  lower  
(by  abou t  660 m v )  t h a n  the  e x p e r i m e n t a l  values .  
In  order  to avoid this  difficulty, Be ine r t  a nd  Bon-  
hoeffer (6) first a s sumed  an  o x y g e n - r i c h  i ron  oxide 
of u n k n o w n  s t ruc tu re  as the  passive film. P r y o r  (7) 



Vol.  110, No. 6 O X I D A T I O N  O F  I R O N  

r e c e n t l y  p r o p o s e d  a s o m e w h a t  con t inuous  change  of 
de fec t  s t r u c t u r e  w i t h  t h i cknes s  in  a s ing le  p h a s e  
~-Fe203 film, t he  i n n e r  a n d  the o u t e r  p a r t  of t he  f i lm 
b e i n g  a m e t a l  excess  and  an  o x y g e n  excess  t y p e  of 
oxide ,  r e spec t i ve ly .  H e  sugges t ed  t h a t  t he  s t r u c -  
t u r e  of the  o u t e r m o s t  p a r t  of f i lm con t ro l s  t he  b e -  
h a v i o r  of t he  F l a d e  po t en t i a l .  GShr  a n d  L a n g e  (8, 9) 
and  l a t e r  V e t t e r  (10) p i c t u r e d  the  s y s t e m  as be ing  
F e / F e 3 0 4 / ~ - F e 2 O J H 2 0  and  e x p l a i n e d  the  p a s s i v a -  
t ion  p o t e n t i a l  as t he  e q u i l i b r i u m  p o t e n t i a l  of t he  
r e a c t i o n  

3 ~,-Fe2Oa + 2H + + 2e ~ 2Fe30~ + H~O [2]  

T h e y  cons ide r ed  t h a t  t h e  c h e m i c a l  p o t e n t i a l  of i r on  
in the  m a g n e t i t e  l a y e r  dec reases  w i t h  t he  d i s t ance  
o u t w a r d  f r o m  the  m e t a l  su r f ace  in  a cco rdance  w i t h  
the  i n n e r  p o t e n t i a l  d i f fe rence  across  the  f i lm w h e n  
the  e l ec t rode  F e / F e 8 0 ~ / H 2 0  is a n o d i c a l l y  po la r i zed ;  
a t  t he  d i s t a n c e  w h e r e  t he  p o t e n t i a l  l o w e r i n g  comes  
to a v a l u e  ( ~  = 660 m v )  c o r r e s p o n d i n g  to t he  
change  in  t he  f r ee  e n e r g y  of the  r e a c t i o n  ~ 3FezO~ 
4 ' 7 - F e 2 0 {  + Fe,  the  f o r m a t i o n  of ~-Fe20~ occurs  
to g ive  a d u p l e x  l a y e r  a n d  r e s u l t i n g  pas s iv i ty .  A c -  
c o r d i n g  to  V e t t e r ' s  concept ,  t h e r e  is no f u r t h e r  
change  of compos i t i on  w i t h  t h i ckness  in  t he  ou te r  
~-Fe20~ l a y e r  and  g r o w t h  of f i lm occurs  s i m p l y  
fo rced  b y  the  field s t r e n g t h  set  up  across  t h e  l aye r .  
He also cons ide r ed  tha t ,  a f t e r  t h e  i n t e r r u p t i o n  of 
t he  c i rcui t ,  once the  o u t e r  ~,-Fe2Oa was  c o n s u m e d  
b y  s low d i s so lu t ion  in  an  ac id  so lu t ion  i t  w a s  fo l -  
l o w e d  b y  an  e x t r e m e l y  r a p i d  d i s so lu t ion  of t h e  
m a g n e t i t e  l a y e r  a n d  r e s u l t i n g  ac t iva t ion .  Heus l e r ,  
Wel l ,  a n d  Bonhoef fe r  (11, 12) o b s e r v e d  t h a t  in 
n e u t r a l  a n d  a l k a l i n e  so lu t ions  t he  va lue s  of p a s -  
s iva t ion  p o t e n t i a l s  w e r e  m u c h  m o r e  n e g a t i v e  t h a n  
tha t  e x p e c t e d  f r o m  Eq. [1] .  T h e y  e x p l a i n e d  t h a t  
the  p r i m a r y  Fe~O~ f i lm is suff ic ient ly  i n so lub le  to 
p r o d u c e  " p s e u d o p a s s i v i t y , "  and  t h a t  " r e a l  p a s s i v a -  
t ion"  occurs  w h e n  the  p o t e n t i a l  is r a i s e d  to the  
e q u i l i b r i u m  p o t e n t i a l  of  t he  f o r m a t i o n  of ~-FeeOz 
f r o m  FelOn. C a r t l e d g e  (13) i n t e r p r e t e d  the  p a s s i v a -  
t ion p o t e n t i a l  in  a s i m i l a r  w a y  as L a n g e  and  V e t t e r  
b y  p o s t u l a t i n g  an  e l e c t r o d e  s y s t e m  of F e ] ' F e O '  I 
Fe20~IH20. ~ In  con t r a s t  to t hese  w o r k e r s  U h l i g  a n d  
K i n g  (14) have  cons ide r ed  t h a t  t he  F l a d e  p o t e n t i a l  
is an  e q u i l i b r i u m  p o t e n t i a l  for  t he  r e d u c t i o n  of 
c h e m i s o r b e d  o x y g e n  a t o m s  and  mo lecu l e s  on the  
su r f ace  of i ron.  

The  d a t a  r e p o r t e d  h e r e  show t h a t  t he  p a s s i v a t i o n  
p o t e n t i a l  and  the  s t a t i c  p o t e n t i a l  o b s e r v e d  a f t e r  t he  
d e c a y  of t he  p o l a r i z e d  anod ic  p o t e n t i a l  a r e  e s sen -  
t i a l l y  t he  s ame  and  is d e p e n d e n t  on b o t h  [ F e  ++]  
and  pH. Because  the  above  cons ide ra t i ons  a r e  i n -  
a d e q u a t e  for  t he  e x p l a n a t i o n  of these  r e su l t s  a n e w  
m e c h a n i s m  is p r o p o s e d  for  anod ic  p a s s i v i t y  in  n e u -  
t r a l  solut ions .  

Ef]ect of F e  + + Ion on the Formation o~ the 
Passive Fi lm 

In  t he  p r e v i o u s  p a p e r  (1)  i t  was  o b s e r v e d  t h a t  
t h e r e  was  a r e g i o n  in  t he  anod ic  p a s s i v a t i o n  r a n g e  
(--550 m v  to - -200  m v )  w h e r e  F e  + + was  f o u n d  in 

a T h e  v a l u e  of  the  c h e m i c a l  p o t e n t i a l  of  " o x i d e "  is c h o s e n  so  a s  to  
e x p l a i n  t h e  F l a d e  p o t e n t i a l  w h i c h  w a s  m e a s u r e d  b y  F r a n c k  in  ac id ic  
so lu t ions .  

S e e  f o o t n o t e  3. 
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Fig. 9. Anodic polarization curve and effect  of potential  on the 
amount of Fe + + ion dissolution, fi lm thickness, and on the amount 
of defects. 

so lu t ion  a f t e r  1 h r  of po l a r i za t ion .  This  is s h o w n  in 
Fig.  9. W h e n  f e r r o u s  ion is a d d e d  to a so lu t ion  in  
w h i c h  i ron  w i t h  t he  pas s ive  f i lm is be ing  a n o d i c a l l y  
p o l a r i z e d  (Fig .  1) i t  is c o n v e r t e d  to Fe2Oa at  a r a t e  
d e p e n d e n t  on t h e  c o n c e n t r a t i o n  of  F e  + + a n d  the  
a p p l i e d  po ten t i a l .  A t  suff ic ient ly  h igh  a p p l i e d  p o -  
t en t i a l s  t h e  r a t e  of o x i d a t i o n  to  Fe20~ is s i m p l y  d i f -  
fus ion  c o n t r o l l e d  (Fig .  3) .  I n  t he  a bse nc e  of an  a p -  
p l i ed  c u r r e n t  a n d  a t  cons t an t  p H  the  s t a t i c  p o t e n t i a l  
is d e p e n d e n t  on [ F e  ++ ]. I t  w a s  also o b s e r v e d  t h a t  
t he  d e c a y  r a t e  of t he  p o t e n t i a l  of f i lms f o r m e d  a t  
h i g h e r  o x i d a t i o n  p o t e n t i a l s  was  i n c r e a s e d  b y  the  
a d d i t i o n  of  F e  + + ion  to  t h e  solu t ion .  

In  t he  p r e v i o u s  p a p e r  a c h a r a c t e r i s t i c  p o t e n t i a l  
(Ea 2) was  o b s e r v e d  a t  w h i c h  t h e r e  was  a n  i nc rea se  
in the  r a t e  of f o r m a t i o n  of vacanc ie s  in  t he  o u t e r  
l a y e r  of ox ide  w i t h  p o t e n t i a l  (F ig .  9) .  On  the  bas is  
of t he  a b o v e  o b s e r v a t i o n  th i s  p o t e n t i a l  w o u l d  a p p e a r  
to c o r r e s p o n d  to  a r a n g e  in  w h i c h  the  [ F e  + +] is so 
low t h a t  i t  canno t  affect  t he  r a t e  of f o r m a t i o n  of 
vacanc ie s  b y  r e a c t i o n  w i t h  the  ou te r  l a y e r  of oxide .  
Thus,  a l t h o u g h  Ea 2 is  no t  a specific p o t e n t i a l  r e l a t i n g  
to a r eac t ion ,  i t  is c o n v e n i e n t  to d iscuss  t he  r a n g e  
of p o t e n t i a l s  in  w h i c h  p a s s i v i t y  is o b t a i n e d  in  two  
reg ions ,  "Reg ion  A "  w h e r e  F e  + + in  so lu t i on  is o b -  
se rved ,  a n d  "Reg ion  B"  w h e r e  t h e  [ F e  + +] is too 
low for  ana lys i s .  

Behavio~ of Passive Iron in Region A 

I t  is to be  e x p e c t e d  f r o m  the  a b o v e  t h a t  t he  de fec t  
c o n c e n t r a t i o n  in  t he  e x t r e m e  su r f ace  of t he  ox ide  
found  p r e v i o u s l y  (1)  is m a i n t a i n e d  at  a l m o s t  zero  
in t he  p o t e n t i a l  r e g i o n  A b e c a u s e  of t he  r e a c t i o n  of 
de fec t s  w i t h  F e  + + ion  in  t he  solu t ion .  I f  t he  de fec t  
is e x p r e s s e d  as F e  6+ ion, t he  r e a c t i o n  w i l l  be  

F e  6+ + 3Fe  ++ ~ 4Fe  +++ 

The  r a t e  of t he  r e a c t i o n  is a s s u m e d  to be  v e r y  h igh  
due  to t h e  r e l a t i v e l y  h igh  c o n c e n t r a t i o n  of F e  + + 
ion  in  th is  p o t e n t i a l  r eg ion ;  t he  r a t e  m u s t  be  a f u n c -  
t ion  of t he  c o n c e n t r a t i o n  of t he  su r f ace  de fec t s  and  
of t he  [ F e  + +]  in  solu t ion .  

The  poss ib le  c h a n g e  in t he  f inal  compos i t i on  of 
t h e  ox ide  f i lm w i t h  d i s t ance  f r o m  t h e  m e t a l  is 
s h o w n  s c h e m a t i c a l l y  as cu rve  A in Fig .  10; t he  f i lm 
wi l l  cons is t  o f  ~-Fe203,  w i t h  a m o r e  or  less  de fec t  
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Fig. 10. Possible change of composition of the passive film with 
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s t ruc ture ,  and  FesO4 layers ,  the  l a t t e r  be ing a d j a -  
cent  to the  metal�9 I n  the  in i t i a l  per iod  of pass iva -  
t ion  for  a ca thodica l ly  p r e t r ea t ed  spec imen  the pas-  
sive oxide film, whose change  of composi t ion  wi th  
th ickness  is shown as curve  B, is fo rmed  by  the 
h igh po ten t i a l  g r ad i en t  i n i t i a l ly  appl ied  across the 
film. As Fe  + + ions are a ccumula t ed  in  the so lu t ion  
wi th  t ime,  the composi t ion  of the  e x t r e m e  surface  
of the  oxide changes  t oward  tha t  of s to ichiometr ic  
~,-Fe2Os. However ,  s ince the  ra te  of m ig ra t i on  of 
defects  f rom the in t e r io r  pa r t  of the  film is qu i te  
small ,  the  defects in  the  in te r io r  canno t  be e l imi -  
na t ed  w i t h i n  the  o r d i n a r y  t ime  of the  expe r imen t .  
Hence  even  in  region  A af ter  1 -h r  po la r iza t ion  a 
smal l  n u m b e r  of defects is observed  by  analys is  
(Fig. 9).  

If we assume here  tha t  the in te r io r  pa r t  of the 
oxide film, w h a t e v e r  composi t ion  it has, behaves  
m e r e l y  as an  e lec t ronic  conductor ,  the  pass ive  i ron  
would  behave  bas ica l ly  as an  e lect rode sys tem of 
FeI~,-Fe2031Fe ++, H~O, i r respec t ive  of the ex is tence  
of an  i n n e r  oxide l ayer  h a v i n g  a di f ferent  composi -  
tion. 
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Derivation of Potential in Region A 

F i g u r e  11 (a)  shows the  schemat ic  phase  a r r a n g e -  
m e n t  of the e lect rode sys tem and  the  possible  p a r -  
t ia l  react ions  at  in terfaces .  In  a p s e u d o e q u i l i b r i u m  
condi t ion  5 of this  electrode,  the  i n n e r  po t en t i a l  d i f -  
fe rence  (g) across each in te r face  can  be expressed 
in  t e rms  of the  chemical  po ten t i a l  (/~) of the  sub -  
s tances  which  pa r t i c ipa te  in  each pa r t i a l  reaction�9 
B e t w e e n  the me ta l  (phase  l )  and  the  ou te r  oxide 
(phase  2b) ,  e lec t ron  t r ans f e r  react ions  are  

iv ~ 2ae ~ 2e ~--, . . . . . . . . . . . . . .  ~ 2 b e  

SO tha t  the i n n e r  po t en t i a l  difference be t w e e n  the 
me t a l  and  the  outer  oxide can  be expressed  as 

g l , 2 b  = 4}1 - -  r  - 5  4}2a - -  r  -}- 4 ' 2  - -  . . . . . . . . .  - -  4 ' 2 b  

: 4}1 - -  4}2b : - -  ( l]~e - -  2 b ~ e ) / - -  r [4] 

where  r is the  i n n e r  po t en t i a l  of a phase.  
Thus,  as far  as the express ion  of gt,2b is con-  

cerned,  the  presence  of the  i n n e r  oxide layers  h a v -  
ing different  composi t ions  can  be neglected�9 

At  the  ox ide / so lu t i on  in te r face  

ebFe + + + + ebe ~ 3Fe + + )doub le  
e q u i l i b r i u m  reac t ion  ! 

2 5 0 - -  + 23H + ~---3H20 J 

�9 �9 g 2 b , 3  ~--- 4}2b - - 4 ) 3  = - -  (2b/~Fe+ + + "~- 2b/~e ] 

J - -  3~Fe+ + ) / 2 F  = --  (~H20 --  2bgO-- -- - -  23/~H + ) /2F  
[5] 

As can be seen in  Eq. [5],  the  va l ue  of g2b,3 is de t e r -  
m i n e d  on ly  by  the  chemica l  po ten t i a l  or the  ac t iv i ty  
of H + ion in  so lu t ion  if the  composi t ion  of the  s u r -  
face oxide is constant ,  s ince in  this cond i t ion  s~H2O, 
2b~fe+++ and  2b/~O---- are expected  to be cons tant .  
The chemical  po ten t i a l  of the  electron,  2b~e, is con-  
s idered to be a func t i on  of the  chemical  po ten t i a l  
or the  ac t iv i ty  of Fe + + ion in  so lu t ion  w h e n  the  
composi t ion of the  surface  oxide and  the  ac t iv i ty  of 
H + ion are  cons tan t ,  so that ,  if  the  ac t iv i ty  of Fe + + 
ion fs changed,  gl,2b wi l l  be changed  according to 
Eq. [4] because  the  va l ue  of 1/~e is expected  to be 
constant .  

The  e lec t rode  po ten t i a l  is the  sum of the  i n n e r  
po ten t i a l  difference across the  in te r faces  so tha t  

gJ.3 = 4}1 - - r  = gl.2b -5 g2b,3 = (2b/~--fe20~ + 

63/~H+ T 21~e - -  23FFe+ + - -  33/~H2o)/2F 

This corresponds  to the  e q u i l i b r i u m  po ten t i a l  of 
the ne t  reac t ion  of 

7-Fe203 -5 6H + T 2e ~ 2Fe + + + 3H20 [6] 

If g~,8 is m e a s u r e d  aga ins t  the n o r m a l  h y d r o g e n  
electrode as Eh, us ing  the  re la t ion /~  = /~~ -5 RT In a, 

S t r i c t l y  s p e a k i n g  o n e  c a n n o t  u s e  t h e  t e r m  e q u i l i b r i u m  i n  a s y s -  
t e m  o f  t h i s  t y p e .  O b v i o u s l y  i n  t h e  t h e r m o d y n a m i c  s e n s e ,  i r o n  is 
e s s e n t i a l l y  u n s t a b l e  w h e n  a n o d i c a l l y  p o l a r i z e d  i n  a w a t e r  s o l u t i o n  
d u e  t o  s u c h  r e a c t i o n s  a s  

Fe-~ Fe §247 + 2e 
lee + iVe~Os-+ Fe30~ 

However, in that it is observed that these reactions take place only 
extremely slowly in this system, one can use the term equilibrium 
w h i l e  m e a n i n g  " p s e u d o e q u i l i b r i u r n . "  
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the  d e p e n d e n c e  of Eh on [ F e  ++ ] a n d  p H  can be e x -  
p re s sed  as 

Eh : { (~~ + 6~~ --2/L~ + 

- -  3~~ + (3 R T / F )  In all+ 

- - ( R T / F )  In aFe+ + : Eh ~ --  177 p H  

- -  59 log afe+ + m v  (25~ [7]  

The  e q u i l i b r i u m  p o t e n t i a l  of the  e l ec t rode  is a f u n c -  
t ion  of on ly  [ F e  + +] and  pH,  s ince t he  c h e m i c a l  p o -  
t en t i a l  of the  ou te r  T-Fe203 is e x p e c t e d  to be  con-  
s t an t  as f a r  as i t  has  cons t an t  s t o i ch iome t r i c  c o m p o -  
si t ion.  Thus,  t he  change  of  the  i n n e r  p o t e n t i a l  across  
the  phases  is shown  s c h e m a t i c a l l y  in  Fig.  l l a .  E q u a -  
t ion  [7]  is s u p p o r t e d  b y  the  d a t a  s h o w n  in Fig .  4 
and  5. 

I f  pa s s ive  i ron  in  p s e u d o e q u i l i b r i u m  at  a con-  
s t an t  p H  is a n o d i c a l l y  p o l a r i z e d  b y  • in th is  p o t e n -  
t i a l  r eg ion  A, a flow of e l ec t rons  across  t he  f i lm 
t o w a r d  the  m e t a l / o x i d e  i n t e r f ace  occurs  in  a c c o r d -  
ance  w i t h  the  effect ive  p o t e n t i a l  g r a d i e n t  AE/~ e 
(~:f i lm th i cknes s )  se t  up  in  t he  film, be ing  a c c o m -  
p a n i e d  b y  the  o x i d a t i o n  of Fe  + + ion  to T-Fe203 at  
the  o x i d e / s o l u t i o n  in te r face .  The  c o n s u m p t i o n  of 
F e  + + ion in  so lu t ion  is c o n t i n u e d  s l o w l y  u n t i l  t he  
change  of gl,2b c o m p e n s a t e s  t he  p o l a r i z a t i o n  hE. In  
o the r  words ,  a t  e q u i l i b r i u m  o b t a i n e d  a f t e r  an  i n -  
f ini te  pa s sage  of t i m e  the  a p p l i e d  p o l a r i z a t i o n  wi l l  
be of f -se t  b y  a change  of t he  p o t e n t i a l  d i f fe rence  
b e t w e e n  the  ou te r  ox ide  and  m e t a l  gl,2b ( the  con-  
c e n t r a t i o n  p o l a r i z a t i o n  of F e  + + ion ) ,  a n d  t h e r e  wi l l  
be  no g r a d i e n t s  of p o t e n t i a l  in t he  b o d y  of t he  oxide ,  
such g r a d i e n t s  e x i s t i n g  on ly  d u r i n g  e l ec t ron  flow in 
t he  a p p r o a c h  to e q u i l i b r i u m .  D u r i n g  the  n o n s t e a d y  
s t a t e  of po l a r i za t ion ,  g r o w t h  of t he  f i lm due  to t he  
m i g r a t i o n  of  i ron  ions o u t w a r d  f r o m  the  m e t a l  is 
also poss ib le  u n d e r  the  inf luence  of t he  p o t e n t i a l  
g r a d i e n t  t h a t  ex is t s  in t he  film. I t  shou ld  be  e m -  
phas i zed  h e r e  tha t ,  in o r d i n a r y  t imes  of e x p e r i m e n t ,  
such a p s e u d o e q u i l i b r i u m  s t a t e  is no t  a t t a ined ,  even  
t h o u g h  the  c h a n g e a b l e  p o t e n t i a l  d i f fe rence  hE (e f -  
fec t ive  p o t e n t i a l  g r a d i e n t  •  across  t he  f i lm is 
v e r y  s m a l l  c o m p a r e d  to t he  t o t a l  p o t e n t i a l  d i f fe rence  
gl ,3 .  

Signi f icance of  the  Pass iva t ion  Po ten t ia l  

The  effect  of [ F e  ++ ] and  p H  on the  s ta t ic  pas s ive  
p o t e n t i a l  ( F l a d e  p o t e n t i a l ) ,  w h i c h  was  d e s c r i b e d  
above,  is in f a i r l y  good a g r e e m e n t  w i t h  Eq. [7] .  
A c c o r d i n g l y  the  p a s s i v a t i o n  p o t e n t i a l  o b s e r v e d  
in n e u t r a l  b o r a t e  so lu t ions  can  be  i n t e r p r e t e d  as 
c o r r e s p o n d i n g  to the  e q u i l i b r i u m  p o t e n t i a l  for  t he  
r e a c t i o n  b e t w e e n  ~,-Fe203 and  F e  + + ion in solu t ion .  
Thus,  in  r e g i o n  A, i t  seems  qu i t e  l i k e l y  t h a t  the  p a s -  
s ive  f i lm o b t a i n e d  in th is  e x p e r i m e n t  b e h a v e s  s i m p l y  
as an FeIT-Fe2031Fe + +, H20 e l e c t r o d e  in t he  p r e s -  
ence of F e  + + ion in  so lu t ion ,  even  t h o u g h  the  c o m -  
pos i t ion  of  the  i n t e r i o r  p a r t  of t he  f i lm is d i f fe ren t  
f rom the  n e a r l y  s to i ch iome t r i c  T-Fe203 t h a t  ex i s t s  
at  t he  s u r f a c e  of oxide .  This  b e h a v i o r  is e x p e c t e d  
for  the  pa s s ive  f i lm w h i c h  has  been  s h o w n  to be  a 
d u p l e x  t y p e  of ox ide  e l ec t rode  which ,  b y  i gno r ing  
compl i ca t i ons  due  to the  v a r i a t i o n  of de fec t  concen -  

a AE d o e s  no t  inc lude  t h e  i n n e r  p o t e n t i a l  d i f f erence  originally 
e x i s t i n g  b e t w e e n  d i f ferent  o x i d e  phases. 
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t r a t i o n  in the  i n t e r i o r  (cf. Fig.  9),  can  be  s i m p l y  
e x p r e s s e d  as 

FelFe3041T-Fe2031Fe + +, H20  

(1)  (2a)  (2b)  (3) 

To ge t  a g r e e m e n t  in  b e h a v i o r  i t  is n e c e s s a r y  to as -  
s u m e  t h a t  the  ox ide  is a good e l ec t ron ic  conduc to r  
a n d  t h a t  t he  e x c h a n g e  r a t e s  of t he  p a r t i a l  r e ac t i ons  
at  t he  o x i d e / s o l u t i o n  i n t e r f a c e  (2bFe + ++ + 2be 
3Fe + + a n d  2 b O - -  ~- 23H + -~ 3H20) a r e  m u c h  g r e a t e r  
t h a n  t h a t  of t he  p a r t i a l  r e a c t i o n  at  t he  o x i d e / o x i d e  
i n t e r f ace  (2aFe s/3+ --~ 2bFe +++ -b 1/3 2e). The  e x -  
change  c u r r e n t  of the  l a t t e r  r e a c t i o n  w h i c h  is ac -  
c o m p a n i e d  b y  the  m o v e m e n t  and  the  r e a r r a n g e m e n t  
of i ron  ions  and  o x y g e n  ions in  t he  ox ide  p h a s e  m u s t  
be  e x t r e m e l y  smal l .  I t  was  shown  p r e v i o u s l y  in  t he  
ca thod ic  r e d u c t i o n  e x p e r i m e n t  (1)  t h a t  t he  r e d u c -  
t ion  of T-Fe203 to F e  + + ion in  so lu t ion  beg ins  to 
occur  w i t h  a lmos t  100% c u r r e n t  eff iciency w h e n  the  
p o t e n t i a l  is l o w e r e d  to the  r eg ion  of p a s s i v a t i o n  
p o t e n t i a l  Ea 1. I t  is seen, on the  o the r  hand ,  in the  
sec t ion  on Effect  of f e r rous  ion on the  p o l a r i z a t i o n  
curve ,  t ha t  t he  change  of p o t e n t i a l  a b o v e  Ea 1 causes  
the  r e a c t i o n  f r o m  F e  + + to FeeO3 to occur,  aga in  
w i t h  a lmos t  100% c u r r e n t  efficiency. T h e s e  e x p e r i -  
m e n t a l  fac ts  g ive  c l ea r  e v i d e n c e  of t he  v a l i d i t y  of 
the  a s s u m p t i o n  t h a t  the  ox ide  is a good e l ec t ron ic  
c o n d u c t o r  and  t h a t  the  p o t e n t i a l - d e t e r m i n i n g  r e -  
ac t ion  is t he  r e a c t i o n  at  t he  o x i d e - s o l u t i o n  in t e r face .  

Heus le r ,  Wei l ,  and  Bonhoef fe r  (11) c o m p a r e d ,  in 
t h e i r  m e a s u r e m e n t s  c o n d u c t e d  in a b o r a t e  so lu t ion  
(pH : 9.3),  t h e  v a l u e  of t he  p a s s i v a t i o n  p o t e n t i a l  
Ea ~ o b t a i n e d  w h e n  ac t ive  i ron  is a n o d i c a l l y  p o l a r -  
ized  b y  a s t e p w i s e  p o t e n t i o s t a t i c  m e t h o d  and  t ha t  of 
t he  p o t e n t i a l  E~ r,  at  w h i c h  a s p e c i m e n  c o m p l e t e l y  
p a s s i v a t e d  a t  r e l a t i v e l y  h igh  p o t e n t i a l  beg ins  to be  
r e d u c e d  c a t h o d i c a l l y  to the  ac t ive  s ta te .  As  is i n d i -  
ca t ed  in  Fig.  5 for  p u r p o s e  of c o m p a r i s o n  w i t h  the  
r e su l t  of our  s ta t ic  p o t e n t i a l  ( F l a d e  p o t e n t i a l )  
m e a s u r e m e n t s  t h e i r  p o t e n t i a l  E~ ~ is in  t h e  same  
reg ion  as ours ,  bu t  Ee l' is m u c h  m o r e  pos i t i ve  ( b y  
abou t  500 m v )  t h a n  Ea 1. T h e i r  e x p l a n a t i o n  was  t ha t  
E~ 1 and  Ea r c o r r e s p o n d  to t he  po t e n t i a l s  of t h e  fo r -  
m a t i o n  of Fe304 and  Fe203 w h i c h  p r o d u c e  " p s e u d o - "  
and  " r e a l - p a s s i v i t y , "  r e s p e c t i v e l y ;  the  p s e u d o p a s -  
s i v i t y  is e x p e c t e d  o n l y  in n e u t r a l  and  a l k a l i n e  so lu-  
t ions  in  w h i c h  t h e  r a t e  of d i s so lu t ion  of Fe304 is 
suff ic ient ly  s m a l l  to  p r o d u c e  p a s s i v i t y  (cf. sec t ion  
on P r e v i o u s  Theor ies  on the  P a s s i v a t i o n  P o t e n t i a l ) .  
H o w e v e r ,  t h e i r  e x p l a n a t i o n  does  not  fit our  p r e v i o u s  
e x p e r i m e n t a l  r e s u l t  (1)  w h i c h  shows  t h a t  t he  fo r -  
m a t i o n  of a s u b s t a n t i a l  a m o u n t  of T-Fe20~ beg ins  
to occur  at  t h e  p a s s i v a t i o n  p o t e n t i a l  c o r r e s p o n d i n g  
to t h e i r  p o t e n t i a l  Ea l, w h e r e  t h e y  p o s t u l a t e  the  p r e s -  
ence  on ly  of Fe304. The  above  d i s a g r e e m e n t  b e -  
t w e e n  Ea 1 and  E~ l' shou ld  be  i n t e r p r e t e d  in  t e r m s  of 
F e  ++ ion  c o n c e n t r a t i o n  w h i c h  is in e q u i l i b r i u m  
w i t h  T-Fe203, the  pa s s ive  oxide .  In  p rec i se  t e rms ,  
the  p o t e n t i a l  t h e y  m e a s u r e d  as E~ 1 wi l l  c o r r e s p o n d  
to a f a i r l y  h igh  c o n c e n t r a t i o n  of F e  + + ion because  
an  i n i t i a l l y  ac t ive  s p e c i m e n  is g r a d u a l l y  p a s s i v a t e d ;  
t he  p o t e n t i a l  E~ r ,  on the  o the r  hand ,  is cons ide red  
to c o r r e s p o n d  to a m u c h  l o w e r  c o n c e n t r a t i o n  of 
F e  + + a n d  c o n s e q u e n t l y  h i g h e r  c o n c e n t r a t i o n  of d e -  
fects  in t h e  su r f ace  of ox ide  (cf. sec t ion  on D e r i v a -  
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t ion  of P o t e n t i a l  in  Reg ion  A )  w h i c h  is o b s e r v e d  if 
t he  s p e c i m e n  has  been  m a i n t a i n e d  at  a suff ic ient ly  
h igh  p o t e n t i a l  for  a suff icient  p e r i o d  of t ime.  

As  can  be  seen  in  Fig .  5, t he  r e su l t s  of our  s ta t ic  
p o t e n t i a l  m e a s u r e m e n t s  o b t a i n e d  ove r  a p H  r a n g e  
of 5-9 a t  va r i ous  F e  + + ion c o n c e n t r a t i o n s  on e x -  
t r a p o l a t i o n  to t he  ac id ic  r e g i o n  do n o t  a g r e e  w i t h  
those  o b t a i n e d  b y  F r a n c k  (5)  for  spec imens  p a s -  
s i va t ed  in  ac idic  solu t ions .  The  cause  of the  d i s -  
a g r e e m e n t  is not  c l ea r  a t  t he  m o m e n t .  H o w e v e r ,  t he  
n a t u r e  of t h e  pa s s ive  f i lm a n d  the  m e c h a n i s m  of 
p a s s i v i t y  for  i ron  in s t r o n g l y  ac idic  so lu t ion  m a y  be  
qu i t e  d i f fe ren t ,  b y  j u d g i n g  f r o m  the  fac t  t h a t  t he  
a d d i t i o n  of F e  + + ion to t he  so lu t ion  and  s t i r r i n g  of 
t he  so lu t ion  do no t  change  t h e  size of anod ic  c u r r e n t  
i~ in t he  pa s s ive  p o t e n t i a l  r eg ion  (15) .  7 I t  m a y  be 
tha t ,  in  v i ew  of t he  h igh  r a t e  of a u t o r e d u c t i o n  in 
ac id  solu t ions ,  t he  d e c a y  p o t e n t i a l  o b s e r v e d  is a 
h i g h l y  p o l a r i z e d  m i x e d  po t en t i a l .  

Behaviov of Passive Iro~ in Region B 
As has  been  d e s c r i b e d  above,  t he  c o n c e n t r a t i o n  of 

Fe  + + in  t h e  v i c i n i t y  of t he  o x i d e / s o l u t i o n  i n t e r f ace  
is c o n s i d e r e d  to be  e x t r e m e l y  s m a l l  w h e n  the  p o -  
t e n t i a l  of the  pa s s ive  i r on  is he ld  in t he  h i g h e r  p o -  
t e n t i a l  r e g i o n  B. In  th i s  case, t he  c h a n g e  in  t he  
compos i t ion  of f i lm w i t h  t h i ckness  is e x p r e s s e d  b y  
cu rve  B in Fig .  10 and  the  pas s ive  i ron  is a s s u m e d  
to b e h a v e  e s s e n t i a l l y  as a n .  e l e c t r o d e  s y s t e m  of 
FeJdefec t  T-Fe2031Fe ++ ( v e r y  d i l u t e ) ,  H20,  the  
p h a s e  a r r a n g e m e n t  be ing  shown  in Fig.  l lb .  The  
p a r t i a l  r e ac t i ons  o c c u r r i n g  at  the  i n t e r f aces  a r e  con-  
s i d e r e d  to be  e s s e n t i a l l y  t he  s ame  as those  a s s u m e d  
for  t he  e l ec t rode  s y s t e m  in the  p o t e n t i a l  r eg ion  A 
(Fig .  l l a ' ) ,  excep t  for  t he  a d d i t i o n a l  effect of the  
defects ,  w h i c h  a p p e a r  in t he  su r f ace  of the  ox ide  in 
th is  p o t e n t i a l  reg ion ,  on the  r e a c t i o n  at  t he  o x i d e /  
so lu t ion  in t e r face .  A t  the  p s e u d o e q u i l i b r i u m  cond i -  
t ion  of th is  e lec t rode ,  t h e  t o t a l  p o t e n t i a l  d i f fe rence  
gl.8 is m u c h  l a r g e r  t h a n  t h a t  in  r eg ion  A because  of 
t he  u n u s u a l l y  l ow a c t i v i t y  of F e  +++ ion (or  t he  
c o r r e s p o n d i n g l y  h igh  a c t i v i t y  of O - -  ion)  in t he  
ox ide  p h a s e  as we l l  as  t he  e x t r e m e l y  low concen -  
t r a t i o n  of  F e  + + ion in  solu t ion .  The  a p p e a r a n c e  of 
su r f ace  defec t s  in  p o t e n t i a l  r e g i o n  B p r o v i d e s  a 
second  f o r m  of c o n c e n t r a t i o n  o v e r p o t e n t i a l  be c a use  
t he  c o n c e n t r a t i o n  of defects ,  as w e l l  as H + ions ~n 
solut ion ,  can  also c h a n g e  the  v a l u e  of geb.3. 

W h e n  the  spec imen  is a n o d i c a l l y  p o l a r i z e d  in the  
p o t e n t i a l  r e g i o n  B, a p o t e n t i a l  g r a d i e n t  is set  up  
across  the  f i lm and  defec t s  b e g i n  to be  p r o d u c e d  b y  
the  r e m o v a l  of e l ec t rons  f r o m  F e  +++ ions a t  t he  
ox ide  sur face ,  a c c o m p a n i e d  b y  the  t r a n s f e r  of t he  
c o r r e s p o n d i n g  excess  a m o u n t  of O - -  ion f r o m  the  
so lu t ion  (3H20 ~ 2 0 - -  ~ 22H + ). S i m u l t a n e o u s l y ,  
g r o w t h  of t he  f i lm and  a dec rea se  of F e  + + ion  in t he  
v i c i n i t y  of t he  ox ide  su r f ace  t a k e  p lace .  H o w e v e r ,  
s ince  t h e r e  is a t e n d e n c y  for  m i g r a t i o n  of de fec t s  
f rom the  su r f ace  to t he  i n t e r i o r  p a r t  of the  film, i t  
w i l l  t a k e  a v e r y  l ong  t i m e  to a t t a i n  a s t e a d y  con-  
c e n t r a t i o n  of defec t s  a t  t he  ox ide  su r f ace  u n d e r  
cons t an t  a p p l i e d  po ten t i a l .  A t  t he  p s e u d o e q u i l i b -  
r i u m  condi t ion ,  t he  d i s t r i b u t i o n  of defec t s  across  

7 This  ha s  b e e n  p a r t i a l l y  c o n f i r m e d  in  ou r  e x p e r i m e n t  fo r  a bo ra t e -  
acet ic  ac id  so lu t i on  a t  p H  of  4. H o w e v e r ,  t he  effect  of Fe++ ion  on 
t h e  s ta t ic  p a s s i v e  p o t e n t i a l  is  o b s e r v e d  e v e n  in  t h i s  so lu t i on  (cf. 
Tab le  I I ) .  

the  f i lm (cf. Fig .  10, c u r v e  B ) ,  t h e  su r f ace  concen -  
t r a t i o n  of defects ,  a n d  also t he  su r f ace  c o n c e n t r a -  
t ion  of F e  + + ion r e m a i n  u n c h a n g e d  w i t h  t ime ,  and  
the  changes  in  t he  va lue s  of gl,2b a n d  g2b.3 a lmos t  
c o m p l e t e l y  c o m p e n s a t e  t he  a p p l i e d  p o l a r i z a t i o n  for  
the  Fe I~-Fe203IFe+  +, H20 e lec t rode .  F o r  t h e  i n t e r -  
m e d i a t e  s t age  be fo re  e q u i l i b r i u m ,  t h e  ef fec t ive  p o -  
t e n t i a l  g r a d i e n t  across  t he  f i lm 

A E I ~  = ( g ' 2 a , 2 b  - g 2 a , 2 b ) / ( ~  

is s h o w n  s c h e m a t i c a l l y  in  Fig .  l l b ' .  
As  can  be e x p e c t e d  f r o m  t h e  above ,  t h e  p o t e n t i a l  

g r a d i e n t  across  the  f i lm AE w o u l d  be  m u c h  g r e a t e r  
if t he  defec t s  w e r e  no t  p r o d u c e d  u n d e r  t he  s ame  a p -  
p l i ed  po ten t i a l .  Thus,  t h e  ro le  of de fec t s  in t he  
m e c h a n i s m  of p a s s i v i t y  is s i m p l y  to d e c r e a s e  t he  
ef fec t ive  p o t e n t i a l  g r a d i e n t  across  the  film, w h i c h  
wi l l  be  the  d r i v i n g  force  for  f i lm g r o w t h  b y  the  
m i g r a t i o n  of ca t ions  t h r o u g h  the  ox ide  film. The  d e -  
c rease  in  s lope  of t he  f i lm t h i c k n e s s - p o t e n t i a l  c u r v e  
o b s e r v e d  a b o v e  the  p o t e n t i a l  Ea 2, t h a t  was  d e s c r i b e d  
in the  sec t ion  on the  Effect  of F e  + + on the  F o r m a -  
tiorz of t he  P a s s i v e  F i l m ,  can  t hus  b e  e x p l a i n e d  as 
be ing  due  to t he  b e g i n n i n g  of an  i n c r e a s e  in su r f ace  
de fec t  c o n c e n t r a t i o n  w i t h  po ten t i a l .  

Mechanism of the Decay of the Polarized Potential 
The  c ha ra c t e r i s t i c s  of t h e  d e c a y  of t he  p o l a r i z e d  

p o t e n t i a l  on open  c i rcu i t  in  so lu t ions  i n i t i a l l y  f r ee  
f r o m  f e r rous  ion  can  be  e x p l a i n e d  in  t e r m s  of t he  
change  in  t he  p s e u d o e q u i l i b r i u m  p o t e n t i a l  of t he  
F e  de fec t  T-Fe203]Fe  ++, H20 e l e c t r o d e  due  to 
changes  in bo th  t he  c o n c e n t r a t i o n  of de fec t s  and  of 
Fe  + + ion. As  can  be  seen  in  Fig .  6 t h e r e  is no m a j o r  
change  in p o t e n t i a l  i m m e d i a t e l y  a f t e r  s t o p p i n g  the  
cu r ren t .  This  o b s e r v a t i o n  is cons i s t en t  w i t h  t he  
v i ew  t h a t  t he  p o l a r i z e d  p o t e n t i a l  is v e r y  close to 
the  e q u i l i b r i u m  p o t e n t i a l  of t he  de fec t  oxide .  The  
r e l a t i v e l y  s low d e c a y  of t he  p o t e n t i a l  to t he  s t a t i c  
p o t e n t i a l  c h a r a c t e r i s t i c  of T-Fe203 is due  to r e a c -  
t ions,  p r o b a b l y  d i f fus ion con t ro l l ed ,  b e t w e e n  the  
s u b s t r a t e  m e t a l  a n d  the  oxide .  The  o v e r - a l l  r e a c -  
t ions  a r e  as fo l lows  

F e  -t- 4Fe203-~ Fe304 (a )  

x F e  ~- Fe2-xO3 ~ Fe203 (b )  

Fe  % Fe203 ~- 3H20-~  3Fe  + + + 6 O H -  (c)  

R e a c t i o n  (c)  is on ly  poss ib le  w h e n  the  s p e c i m e n  is 
in  con tac t  w i t h  t he  solu t ion .  These  r e a c t i o n s  can  be  
d i v i d e d  into  t he  p a r t i a l  r e a c t i o n s  

1Fe-> 3Fe ++ -P 2e-> 2Fe +++ % 3e 
( anod ic  r e a c t i o n )  
2Fe 6+ -~ 3e--> 2Fe++ +, 2Fe +++ ~- e ~  3Fe ++ 
( ca thod ic  p rocess )  

In  t he  absence  of so lu t ion  i ron  diffuses f r o m  the  
m e t a l  in to  t he  o x i d e  to g ive  b o t h  r eac t i ons  (a)  a n d  
(b )  as  can  be  seen  f r o m  Fig.  8. T h e r e  is a n  i nc rea se  
in the  a m o u n t  of m a g n e t i t e  a n d  a d e c r e a s e  in  t he  
a m o u n t  of Fe203. This  r e a c t i o n  shou ld  t a k e  p l ace  b y  
d i f fus ion of f e r r o u s  ion a n d  e l ec t rons  and,  if  th i s  
is t he  on ly  d i f fus ion  p rocess  t a k i n g  p lace ,  t h e  c o m -  
pos i t i on  of  t he  su r f a c e  of t h e  oxide ,  a n d  hence  the  
i m m e r s i o n  po t e n t i a l ,  shou ld  no t  be  c h a n g e d  u n t i l  



Vol.  110, No. 6 O X I D A T I O N  O F  I R O N  

p r a c t i c a l l y  t he  w h o l e  of t he  ox ide  is c h a n g e d  to 
Fe304. E l e c t r o n  d i f f r ac t ion  e x a m i n a t i o n  of t he  
anod ic  ox ide  (1)  gave  p a t t e r n s  and  spo t  sizes v e r y  
s i m i l a r  to those  o b s e r v e d  p r e v i o u s l y  (16) .  These  
p a t t e r n s  w e r e  i n t e r p r e t e d  to m e a n  t h a t  the  p a r t i c l e  
s ize in th is  h i g h l y  o r i e n t e d  f i lm is o n l y  30-50A,  a n d  
hence  t h e r e  a r e  a l a r g e  n u m b e r  of g r a i n  b o u n d a r i e s .  
G r a i n  b o u n d a r y  d i f fus ion  is m u c h  f a s t e r  t h a n  b u l k  
diffusion.  One m i g h t  t h e r e f o r e  e x p e c t  p ipes  of 
Fe304 a t  t he  g r a i n  b o u n d a r i e s  w h i c h  w o u l d  a l l o w  
m o r e  r a p i d  access of F e  + + a n d  e l ec t rons  to  t he  
o x i d e  sur face .  These  w o u l d  combine  to r e d u c e  t h e  
c o n c e n t r a t i o n  of de fec t s  a t  the  su r f ace  and  hence  
the  i m m e r s i o n  p o t e n t i a l  long be fo re  t he  b o d y  of t he  
ox ide  is c o n v e r t e d  b y  s imple  b u l k  diffusion.  This  
g r a d u a l  conve r s ion  of t he  ox ide  to Fe304 was  also 
no ted  in a p r e v i o u s  s t u d y  (16) .  

In  t he  p r e s e n c e  of so lu t ion  the  p rocess  of con-  
ve r s ion  of t he  su r f ace  of t he  ox ide  to s t o i ch iome t r i c  
ox ide  a n d  f ina l ly  t he  r e d u c t i v e  d i s so lu t ion  of t h e  
~/-Fe203 is a c c e l e r a t e d  b y  r e a c t i o n  (c ) .  I r o n  ions  
can  be  s u p p l i e d  bo th  b y  d i f fus ion t h r o u g h  the  m a g -  
ne t i t e  po re s  and  b y  r e d u c t i v e  d i s so lu t ion  of a n y  
s to i ch iome t r i c  ~/-Fe20~. In  r eg ion  B a n y  i ron  ion 
w h i c h  ge ts  in to  t h e  so lu t ion  w i l l  be  c o n s u m e d  b y  
r e a c t i o n  w i t h  n o n s t o i c h i o m e t r i c  ox ide  on t h e  su r f ace  
w i t h  a s u b s e q u e n t  dec rea se  in po ten t i a l .  W h e n  the  
p o t e n t i a l  r e aches  r eg ion  A at  a b o u t  0 m v  (Ea2), 
some i ron  shou ld  a p p e a r  in the  solu t ion ,  and  the  
p o t e n t i a l  w i l l  g r a d u a l l y  a p p r o a c h  the  s ta t ic  p o t e n -  
t i a l  for  T-Fe203 c h a r a c t e r i s t i c  for  th i s  p H  and  
[ F e  + +].  As  can  be  seen  in  Fig .  8, a l t h o u g h  the  c o m -  
pos i t ion  of t he  ou te r  l a y e r  is c h a n g e d  m o r e  r a p i d l y  
in the  so lu t ion  t h a n  in  n i t rogen ,  t he  r a t e  of g r o w t h  
of m a g n e t i t e  is e s s e n t i a l l y  t he  same.  This  i nd i ca t e s  
t h a t  b u l k  d i f fus ion in  b o t h  cases  is equal .  A con-  
s i d e r a b l e  t i m e  wi l l  e l a p s e  be fo re  t he  s t e a d y  s t a t e  is 
a t t a i n e d  because  of t he  s low m i g r a t i o n  of de fec t s  
f r o m  t h e  i n t e r i o r  to t h e  su r f ace  of t he  o x i d e  film. 
A t  a cons t an t  pH, t h e  s t a t i c  p o t e n t i a l  is d e t e r m i n e d  
on ly  b y  the  ex i s t i ng  F e  + + ion  c o n c e n t r a t i o n  w h e r e -  
as t he  p o t e n t i a l  d u r i n g  the  d e c a y  is a func t ion  of 
the  c o n c e n t r a t i o n  of bo th  de fec t s  and  F e  + + ions. 
D u r i n g  the  d e c a y  of p o t e n t i a l  in  th is  r e g i o n  s l igh t  
t h i n n i n g  of t he  f i lm due  to  a u t o r e d u c t i o n  is to be  
e x p e c t e d  in  sp i te  of t he  t h i c k e n i n g  due  to t he  m i g r a -  
t ion  of i ron  t h r o u g h  t h e  film. As  a m a t t e r  of fact ,  
t he  a m o u n t  of cor ros ion ,  0.5 ~g F e + + / 1 0  cm 2, e s t i -  
m a t e d  s f r o m  the  d e v i a t i o n  of t h e  Qc~/time c u r v e  
for  Exp t .  1 f r o m  t h a t  for  Exp t .  2 (F ig .  8) is of t h e  
s ame  o r d e r  of m a g n i t u d e  as t h a t  o b t a i n e d  b y  an  
ana lys i s  of t he  so lu t ion  w h i c h  is i n d i c a t e d  in  Fig .  6. 
I t  shou ld  be  p o i n t e d  ou t  h e r e  t h a t  F e  + + ion  d i s so lu -  
t ion  was  d e t e c t e d  on ly  w h e n  t h e  p o t e n t i a l  c ame  
d o w n  to a b o u t  0 m v  (E~ 2) w h e r e a s  no change  in t he  
so lu t ion  was  o b s e r v e d  a b o v e  th i s  p o t e n t i a l  (Fig .  8) .  

The  a b o v e  conc lus ion  is s u p p o r t e d  b y  the  fac t  
t h a t  a m a r k e d  p o t e n t i a l  d e c a y  occurs  v e r y  r a p i d l y  
w h e n  the  s p e c i m e n  is p u t  in con tac t  w i t h  a l a r g e  
n u m b e r  of F e  + + ions  in  so lu t i on  (F ig .  6) .  The  r i s e  
of p o t e n t i a l  o b s e r v e d  a f t e r  c h a n g i n g  the  so lu t ion  
con ta in ing  F e  + + ion to t he  s t a n d a r d  so lu t ion  (Fig .  
7') cons t i tu t e s  s t rong  ev idence  for  t he  m i g r a t i o n  of 

s F o r  t h e  P u r p o s e  o f  t h e  ca lculat ion ,  t h e  r e a c t i o n s  w e r e  a s s u m e d  
to  b e  F e  -~ Fe++ + 2e;  ~,-Fe~:~3 % 6H+ § 2e  --> 2Fe++ + 3H~O. 
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defec t s  f r o m  the  i n t e r i o r  to t he  su r f ace  of t he  ox ide  
d u r i n g  t h e  p o t e n t i a l  decay .  

General Mechanism for Fi lm Growth  and 
Breakdown 

On the  bas is  of t he  a b o v e  d a t a  and  d i scuss ion  i t  is 
n o w  poss ib le  to p ropose  a g e n e r a l  m e c h a n i s m  for  
t he  fo rma t ion ,  s t ab i l i t y ,  and  b r e a k d o w n  of t h e  
a n o d i c a l l y  f o r m e d  ox ide  f i lms (pas s ive  f i lms)  in 
n e u t r a l  solut ions .  

W h e n  an  anod ic  p o t e n t i a l  is f irst  a p p l i e d  to a 
f i l m - f r e e  i ron  s p e c i m e n  the  i r on  is ox id i zed  to fo rm 
b o t h  a f i lm of m a g n e t i t e  a n d  f e r rous  ion  in so lu -  
t ion.  W h e n  t h e  a p p l i e d  anod ic  p o t e n t i a l  is a b o v e  the  
r a n g e  w h e r e  ~-Fe203 is s tab le ,  ~,-Fe208 is f o r m e d  
on top  of t he  m a g n e t i t e ,  a n d  a n y  excess  f e r rous  ion 
in  t he  so lu t ion  ove r  the  e q u i l i b r i u m  v a l u e  is also 
ox id i zed  at  t he  o x i d e - s o l u t i o n  i n t e r f a c e  to fo rm 
~,-Fe2Os. In  t he  i n i t i a l  s t ages  t he  f i lm is t h in  so t h a t  
t h e r e  is a h igh  p o t e n t i a l  g r a d i e n t  across  t he  f i lm 
and  t h i c k e n i n g  occurs  r a p i d l y .  H o w e v e r  as t he  p o -  
t e n t i a l  g r a d i e n t  dec reases  w i t h  t h i c k e n i n g  the  r a t e  
of m i g r a t i o n  also dec reases  and  the  anod ic  c u r r e n t  
drops .  The  second  fac to r  l e a d i n g  to a dec rease  in 
t he  f i lm g r o w t h  r a t e  is a change  in  t he  compos i t ion  
of t h e  ou te r  l a y e r  of  oxide .  As  the  e q u i l i b r i u m  con-  
c e n t r a t i o n  of  F e  + + in  t h e  so lu t ion  d rops  to a v e r y  
low n u m b e r  ( a r o u n d  Ea 2) i t  becomes  poss ib le  to 
f o r m  an  ox ide  w i t h  ca t ion  defec t s  a t  t he  su r face  
because  of t he  s t rong  ox id i z ing  condi t ions .  The 
h i g h e r  e q u i l i b r i u m  p o t e n t i a l  a s soc ia t ed  w i t h  th is  
de fec t  ox ide  l eads  to a f u r t h e r  dec rea se  in the  p o -  
t e n t i a l  g r a d i e n t  across  t he  f i lm w h i c h  is f ina l ly  a l -  
mos t  i n d e p e n d e n t  of a p p l i e d  p o t e n t i a l  because  of 
t he  c o m b i n a t i o n  of t h i c k e r  fi lms and  i n c r e a s e d  
ca t ion  vacanc ie s  ( a c c o m p a n i e d  b y  a h i g h e r  " e q u i -  
l i b r i u m  p o t e n t i a l " )  a t  t he  h i g h e r  a p p l i e d  anodic  
po t en t i a l .  

O n l y  those  f i lms f o r m e d  close to t he  p a s s i v a t i o n  
p o t e n t i a l  (Ea 1) w i l l  g ive  e q u i l i b r i u m  b e h a v i o r  w i t h  
r e g a r d  to [ F e  ++]  a n d  pH. F i l m s  f o r m e d  at  h i g h e r  
p o t e n t i a l s  t e n d  to change  to t he  e q u i l i b r i u m  t y p e  
f i lm on cessa t ion  of anod ic  po l a r i za t i on .  This  decay  
of t h e  p o t e n t i a l  can  occur  n a t u r a l l y  b y  d i f fus ion or  
a u t o r e d u c t i o n  t h r o u g h  " po re s "  and  can  be  acce l e r -  
a t ed  b y  the  a d d i t i o n  of f e r r o u s  ion to t he  so lu t ion  
or  s l igh t  ca thod ic  t r e a t m e n t .  In  t he  long  r u n  a l l  of 
t h e  ox ide  m a y  be  r e m o v e d  b y  a u t o r e d u c t i o n  a n d  
t h e  r e a c t i o n  of i r on  to g ive  f e r rous  ion  in  so lu t ion  
wi l l  p r e d o m i n a t e .  This  l a t t e r  condi t ion ,  of course ,  
is t he  ac t ive  s ta te .  

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
J O U R N A L .  
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Valency Changes in the Surface Oxide 
Films on Metals 

H. S. Isaacs and J. S. Llewelyn Leach 
Metallurgy Department, I~nperial College of Science and Technology, London, ~ngland 

ABSTRACT 

Two methods are described by which a square current  pulse may be used 
to measure the surface capacity and resistance of metal  electrodes immersed 
in an electrolyte. The methods have been applied to the study of electrodes of 
a luminum, tantalum, and zirconium, and to electrodes of t i tanium, niobium, 
vanadium, and uranium.  The first group shows surface capacities which vary  
with the hydrogen content  of the oxide but  which are always less than  those 
of the double layers. The second group shows surface capacities greatly in  ex- 
cess of those associated with double layers, and these have been in terpre ted in 
terms of reversible reactions occurring wi thin  the oxide layers. 

I t  has been  suggested that  hydrogen ,  fo rmed  as a 
corrosion product ,  m a y  inf luence  the physica l  or 
chemical  p roper t ies  of the pro tec t ive  oxide, and  the  
re su l t ing  change  m a y  give rise to enhanced  cor-  
rosion (1, 2). A change  in  the va l ency  of the me ta l  
ion has also been  suggested as a cause of change  in  
the  corrosion rate.  However ,  cons iderab le  difficul- 
ties are invo lved  in  d i rec t ly  e x a m i n i n g  the  p r o p e r -  
ties of these oxide films wi thou t  a l t e r ing  the i r  
character is t ics .  

Of the ind i rec t  t echn iques  avai lable ,  a-c  meas -  
u r e m e n t s  are  one of the  mos t  sens i t ive  for d e t e r m i n -  
ing the  proper t ies  of me t a l  e lectrodes in  solut ions,  
and  the  use of these  methods  has con t r i bu t ed  sub -  
s t an t i a l ly  to the  u n d e r s t a n d i n g  of the proper t ies  of 
and  processes occur r ing  at e lectrode surfaces (3, 4). 
The resul ts  of such m e a s u r e m e n t s  can be descr ibed 
in t e rms  of the surface  capaci ty  and  res i s tance  of 
the electrode.  The va lues  of the capaci ty  of oxide 
layers  on the va lve  meta l s  are u sua l l y  less t h a n  
15 t~F/cm 2, and  the behav io r  of these oxides at anodic  
po ten t ia l s  is s imi la r  to tha t  of the  dielectr ic  in  a 
pa ra l l e l  p la te  condenser ,  the electrodes of which,  in 
the case of the oxide layers ,  are fo rmed  by  the  me ta l  
on the one side and  the  solut ion on the  other.  Li t t le  
is k n o w n  about  these  ox ide-covered  electrodes at 
cathodic po ten t ia l s  besides the fact tha t  e lect ronic  
c u r r e n t  flows p roduc ing  rect i f icat ion (5, 6). 

P rev ious  m e a s u r e m e n t s  on u r a n i u m  (1) which  
rap id ly  forms an oxide layer ,  have  shown  high ca-  
paci t ies  (ca. 300 ~ F / c m  2) in  a res t r ic ted  po ten t i a l  
range.  A s imi la r  obse rva t ion  has been  made  on i ron  
by  H a c k e r m a n  (7) .  This  would  not  be expected  if the 
oxide behaved  as a dielectric,  and  it  was there fore  
decided to test  a series of ox ide -covered  meta l s  in  
order  to inves t iga te  this  p h e n o m e n o n .  

Experimental Methods 
In  p r inc ip le  the  t echn ique  used examines  the vo l t -  

age response  of an  electrode on which  a square  cu r -  
r en t  wave  is imposed.  This vol tage  change  has been  
e x a m i n e d  in  two ways.  In  the first me thod  the  be-  
havior  of the electrode is compared  w i th  tha t  of an 
ana logue  circui t  consis t ing of a capaci tor  and  a r e -  
sistor in  paral le l .  I n  the second me thod  the  vol tage  
response  is recorded as a func t ion  of t ime  and  a n a -  
lyzed ma thema t i ca l ly .  

The  a ppa r a t u s  used in  the  first method  was  de-  
veloped by  D e n h o l m  (1) .  The  vol tage  developed by  
the c u r r e n t  w a v e  (ca. 10 m v )  is m e a s u r e d  by  com-  
pa r ing  the vol tage  of the spec imen  wi th  t ha t  of a 
s i lver  wi re  re fe rence  electrode.  This me thod  over -  
came some of the difficulties i nvo lved  in  the  use of 
more  conven t iona l  i mpe da nc e  br idges  which  include,  
in the measu red  impedance ,  the  impedance  of the 
anode and  the res i s tance  of the  solut ion.  As v i r t u a l l y  
no c u r r e n t  flows th rough  the  s i lver  r e fe rence  elec- 
t rode  the  vol tage response  is i n d e p e n d e n t  of its im-  
pedance.  

The a-c  vol tage  of the  test  e lectrode was  compared  
wi th  the vol tage  response  of an  ana logue  circuit ,  
consis t ing of a va r i ab le  capaci tor  and  res is tor  in  
paral le l ,  to which  was  appl ied  a square  c u r r e n t  w a v e  
in  phase wi th  tha t  t h r ough  the  test  electrode.  A n  
elect ronic  i n t eg ra to r  c i rcui t  e l imina t ed  the  need  for 
severa l  decades of capaci ty  and  res is tance  in  the  
ana logue  circuit .  The two vol tage  responses,  af ter  
amplif icat ion,  were  appl ied  respec t ive ly  to the X and  
Y plates  of an oscilloscope, a correct  ba l ance  be ing  
ind ica ted  by  a s t ra igh t  l ine  at  45 ~ Fig. la .  

The use of square  wave  exc i ta t ion  enab les  series 
res i s tance  to be e x a m i n e d  separa te ly ,  as a pa ra l l e lo -  
gram,  wi th  one pa i r  of sides at  45 ~ and  the  o ther  pa i r  
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Fig. 1. Oscilloscope traces indicating (a) an ideal balance, (b) an 
ideal balance with uncompensated series resistance, (c) balance 
with distortion caused by a smaller time constant, (d) compen- 
sation for apparent series resistance in (c). 

ver t i ca l ,  i nd i ca t e s  t he  p re sence  of ser ies  r e s i s t ance  
a s soc ia t ed  w i th  the  tes t  e l ec t rode  (see  Fig .  l b ) .  P r o -  
v i s ion  is m a d e  in t he  e q u i p m e n t  to c o m p e n s a t e  for  
th is  ser ies  r e s i s t ance  w h i c h  was  shown  to be asso-  
c ia ted ,  in  mos t  cases, w i t h  t he  r e s i s t ance  of t he  so lu-  
t ion  b e t w e e n  the  r e f e r e n c e  and  tes t  e l ec t rodes  a n d  
was  no t  m e a s u r e d .  If,  i n s t e ad  of a squa re  w a v e ,  a 
s ine  w a v e  of t h e  s a m e  r e p e a t  f r e q u e n c y  was  used ,  
va lue s  at  b a l a n c e  w e r e  t he  s ame  in b o t h  cases  once 
a l l  ser ies  r e s i s t ance  was  compensa t ed .  

I f  t he  b e h a v i o r  of an  e l e c t r o d e  is m o r e  a c c u r a t e l y  
r e p r e s e n t e d  b y  two  a n a l o g u e  c i rcu i t s  w i t h  d i f fe ren t  
t ime  cons tan ts ,  one m u c h  s m a l l e r  t h a n  t h e  o ther ,  
t hen  t h e  b a l a n c e  o b t a i n e d  w h i c h  ref lec ts  t h e  l a r g e r  
t i m e  cons t an t  is r e p r e s e n t e d  b y  a p s e u d o p a r a l l e l o -  
g r a m  w i t h  one p a i r  of s ides  at  45 ~ , b u t  in th is  case  
t he  ob tuse  ang les  a r e  r o u n d e d  as in  Fig.  lc .  These  
cu rves  a r e  f o r m e d  b y  the  i n i t i a l  p o r t i o n  of t he  squa re  
w a v e  (h igh  ~requenc ies )  which ,  in t h e  p r e s e n c e  of 
two  t ime  cons tan ts ,  p r o d u c e s  a m o r e  r a p i d  v o l t a g e  
change  in  t he  c i rcu i t  h a v i n g  the  s m a l l e r  v a l u e  of 
t i m e  cons tan t .  W h e n  f u l l y  c h a r g e d  the  v o l t a g e  across  
th is  c i rcu i t  is cons t an t  and  the  c i rcu i t  b e h a v e s  as a 
se r ies  res i s t ance .  T h e  t r a c e  o b t a i n e d  on co r r e c t i ng  
for  th is  as if  for  a ser ies  r e s i s t ance  is shown  in Fig .  
l d .  A s  the  d i f fe rence  b e t w e e n  t h e  two  t i m e  cons tan t s  
dec reases ,  t h e  r o u n d e d  p o r t i o n  occupies  m o r e  of t h e  
t r a c e  and,  u n d e r  c e r t a i n  condi t ions ,  no b a l a n c e  can  
be  ob ta ined .  As  t h e  t i m e  cons t an t s  b e c o m e  m o r e  
n e a r l y  t he  s a m e  the  b a l a n c e  r e p r e s e n t s  a m e a n  va lue .  

This  e q u i p m e n t  has  l i m i t a t i o n s  in  tha t ,  a l t h o u g h  i t  
is v e r y  sens i t ive  to changes  in p a r a l l e l  capac i ty ,  p r e -  
cise changes  in  p a r a l l e l  r e s i s t ance  a r e  m o r e  diffi- 
cu l t  to d e t e r m i n e .  In  add i t ion ,  m e a s u r e m e n t s  a t  h igh  
r e p e a t  f r equenc i e s  ( > 2 0  k c / s e c )  a r e  c o m p l i c a t e d  b y  
the  s m a l l  s igna l  and  l i m i t a t i o n s  of t he  ampl i f i e r s  in 
the  a p p a r a t u s .  The  r e su l t s  a p p e a r i n g  in  Fig .  4-12 
w e r e  o b t a i n e d  us ing  th is  t echn ique .  

In  t he  second  m e t h o d  t h e  v o l t a g e  r e s p o n s e  of t he  
t es t  e l ec t rode  to the  s q u a r e  c u r r e n t  w a v e  is d i s -  
p l a y e d  d i r e c t l y  on a m e a s u r i n g  c a t h o d e - r a y  osc i l lo -  
scope, as a func t ion  of t ime .  The  c i r c u i t r y  of t h e  a p -  
p a r a t u s  is shown  in Fig .  2. The  m a g n i t u d e  of t h e  
squa re  c u r r e n t  w a v e  can  be  a l t e r e d  b y  v a r y i n g  the  

~ E  wave G~.E~ATo. ~ ~ 

P o  T _ 

Fig. 2. Electrical circuit of apparatus for measuring the voltage 
response of a metal electrode to a square current wave. 

v a l u e s  of t he  h igh  ser ies  r e s i s to r s  or  b y  c h a n g i n g  
the  p e a k  to p e a k  v a l u e  of the  s q u a r e  w a v e  vo l tage .  
The  c u r r e n t  is m e a s u r e d  b y  d i s p l a y i n g  on the  osc i l -  
loscope  the  p o t e n t i a l  d e v e l o p e d  across  t h e  s t a n d a r d  
res i s tors .  This  m e t h o d  also p e r m i t s  t he  shape  of t he  
c u r r e n t  w a v e  to be  mon i to r e d .  The  r i se  t i m e  of the  
v o l t a g e  w a v e  ( c l a i m e d  to b e  4 x 10 -8 see)  could  no t  
be  m e a s u r e d  as t h e  b a n d  w i d t h  of t he  ampl i f i e r s  of 
t he  osc i l loscope  is no t  suff ic ient ly  la rge .  The  m i n i -  
m u m  v a l u e  of t he  b a n d  w i d t h  w h i c h  occurs  at  m a x i -  
m u m  ga in  (1 m v / c m )  is of t he  o r d e r  0.5 Mc / sec .  The  
a p p a r a t u s  thus  e n a b l e d  a vo l t a ge  r e sponse  at  t imes  
g r e a t e r  t h a n  2.10 -6 sec to be  obse rved .  C o m p e n s a -  
t ion  of t h e  se r ies  r e s i s t ance  can  be  m a d e  and  t h e  d - c  
p o t e n t i a l  of t h e  s p e c i m e n  can  be  m e a s u r e d  in a 
m a n n e r  s im i l a r  to t h a t  a d o p t e d  in  t he  o the r  e q u i p -  
men t ,  i.e., b y  use  of a d i f f e r e n t i a l  ampl i f i e r  on the  
osci l loscope.  As  the  p o t e n t i a l  of t he  s i lve r  e l ec t rode  
t e n d e d  to v a r y  w i t h  t ime ,  i t  was  s t a n d a r d i z e d  a g a in s t  
a s a t u r a t e d  ca lome l  e l e c t r o d e  us ing  a v a l v e  v o l t -  
me te r .  

A s s u m i n g  t h a t  t h e  e l ec t rode  b e h a v i o r  can  be  r e p -  
r e s e n t e d  b y  a res is tor ,  R, and  capac i to r ,  C, in  p a r a l -  
le l ,  w i t h  a cons t an t  cu r r en t ,  I, f lowing t h r o u g h  the  
c i rcui t ,  t hen  the  v o l t a g e  across  t he  c i r cu i t  is g iven  b y  

V = I R ( 1  --  e - t /cR) 

Dif f e r en t i a t i ng  g ives  

dV I 
- -  _ _  e - - t / C R  

dt C 

w h i c h  can  be  e x p r e s s e d  as 

dV I t 1 
log = l o g - - -  

dt C CR 2.3 

A p lo t  of log d V / d t  a ga in s t  t shou ld  g ive  a s lope  
1/2 .3CR and  an  i n t e r c e p t  a t  t = 0 of log ,I/C. A l t e r -  
n a t i v e l y  t he  l o g a r i t h m i c  scale  m a y  be  n o r m a l i z e d  
b y  p l o t t i n g  log 1 / I  d V / d t  w h i c h  a l lows  d i r ec t  com-  
p a r i s o n  of resu l t s .  

This  ana lys i s  is co r rec t  for  t he  case  w h e r e  t h e  
squa re  c u r r e n t  s t ep  is s u p e r i m p o s e d  on s t e a d y - s t a t e  
condi t ions .  In  t h e  p r e s e n t  e q u i p m e n t  t h e  i m p o s e d  
c u r r e n t  r e v e r s e s  p e r i o d i c a l l y  g iv ing  a zero n e t  a d d i -  
t i ona l  d i r ec t  cu r r en t .  T h e  f r e q u e n c y  is such  t h a t  in  
g e n e r a l  s t e a d y - s t a t e  cond i t ions  a r e  no t  ach i eved  
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Table I. Metals tested p r i o r  to each  r e v e r s a l ,  a n d  the  f o r m  of t he  v o l t a g e  
r e sponse  is modi f i ed  so t h a t  i t  is e x p r e s s e d  

{ (  } V = I R  1 - -  1 + t a n h - -  e- t /cR 
CR 

w h e r e  4T is t he  p e r i o d  of t he  s q u a r e  w a v e  osc i l la t ion .  
W h e n  T/CR is s m a l l  t a n h  T/CR < <  1 a n d  the  

e q u a t i o n  r e d u c e s  to  t h a t  for  a s ingle  step.  The  v o l t -  
age r e sponse  t h e n  ind i ca t e s  the  v a l u e  of the  c a p a c i t o r  
as n e a r l y  a l l  the  c u r r e n t  f lows in to  t he  c a p a c i t o r  a n d  
l i t t l e  l e a k s  t h r o u g h  the  res is tor .  W h e n  T/CR is 
l a r g e  ( >  10),  t a n h  T/CR ~- 1. T h e  c a p a c i t o r  can  t h e n  
r e a c h  a f u l l y  c h a r g e d  s t a t e  a n d  a l l  t h e  c u r r e n t  f lows 
t h r o u g h  the  res i s tor .  G e n e r a l l y  (1 4 - t a n h  T/CR) 
wil l  be n e i t h e r  one no r  two  b u t  w i l l  be  b e t w e e n  
these  two  va lues .  As  in  t he  first  case  (a  s ing le  s t ep )  
the  p lo t  of log dV/dt  aga in s t  t w i l l  g ive  a s lope  
1/2.3CR. H o w e v e r ,  t h e  i n t e r c e p t  a t  t = 0 is  log I/C 
(1 + t a n h  T/CR) a n d  th i s  co r r ec t i on  f ac to r  m u s t  b e  
app l i ed .  

This  m e t h o d  p e r m i t s  t he  ca l cu l a t i on  of t h e  p a r a l -  
le l  c a p a c i t y  and  r e s i s t ance  f r o m  the  s lope a n d  i n t e r -  
cept  on  the  l o g a r i t h m i c  ax i s  w h e n  log dV/d t  is p l o t t e d  
aga in s t  t, as, for  a s ing le  v a l u e  of c a p a c i t y  and  r e -  
s is tance,  t he  p lo t  is a s t r a i g h t  l ine.  

W h e r e  the  m e a s u r e d  va lue s  of C and  R a re  a 
func t ion  of f r equency ,  as is u s u a l l y  t he  case  w i t h  
ox ide  films, the  r e l a t i o n  b e t w e e n  log dV/dt  a n d  t is 
no t  l inea r .  The  va lue s  of C and  R fo r  a n y  f r eque nc y ,  
f, can  be d e r i v e d  b y  d r a w i n g  the  t a n g e n t  to t he  c u r v e  
at  t i m e  t ( w h e r e  t x f = 1). The  b e h a v i o r  of t he  
e l ec t rode  m a y  be  a p p r o x i m a t e d  to a n y  d e s i r e d  d e -  
g ree  b y  a n u m b e r  of  a n a l o g u e s  in  ser ies ,  the  c o m p o -  
nen t s  of each  of w h i c h  a r e  f r e q u e n c y  i n d e p e n d e n t .  
This  is done  b y  t a k i n g  the  t a n g e n t  to t he  c u r v e  at  
long t imes ,  g iv ing  the  c o m p o n e n t s  of one ana logue .  
The  r a t e  of v o l t a g e  change  a r i s ing  f r o m  th is  a n a -  
logue  is t h e n  s u b t r a c t e d  f rom the  o r ig ina l  c u r v e  and  
the  r e m a i n d e r  t r e a t e d  in t he  s a m e  w a y  g iv ing  a n -  
o the r  set  of c o m p o n e n t s  a n d  so on. F i g u r e s  14 and  15 
show re su l t s  o b t a i n e d  b y  th is  m e t h o d  of ana lys i s  
f rom d a t a  of the  t y p e  g iven  in  Fig .  13. 

M e a s u r e m e n t s  of t he  e l ec t rode  i m p e d a n c e  w e r e  
m a d e  a t  ca thod ic  p o t e n t i a l s ,  i n i t i a l l y  on  c h a n g i n g  t h e  
p o t e n t i a l  to m o r e  n e g a t i v e  va lues  and  t hen  w i t h  t he  
p o t e n t i a l  inc reas ing .  The  solut ions ,  wh idh  w e r e  m a d e  

' [o ,~.,alo ree l  electrode. / s l i v e r  
w i r e .  

gas f 
,nlet. 

�9 , I 

i i ]  i i  i ) 

~ ~  Anode (platinum wire) 
F test electrode. 

/ sinterecl disc. 

Fig. 3. Diagram of the cell 

A1 
Ta 
Zr 
Ti 
Nb 
V 
U 
Cr 

Metal Percentage c o m p o s i t i o n  

+ 0'2 

99.99 A1 
99.8 Ta, 0.1 Nb, 0.01 C 
99.9 Zr 
99.9 Ti 
99.5 Nb, 0.3 Ta, 0.05 At, Fe,  C, Si, O 
99.7 V, 0.09 O, 0.05 C, Fe, N, Si 
99.95 U, 0.009 Fe, O, N, C, Si, A1 
99 Cr, 0.3 Fe, 0.2 A1, 0.1 Si, 0.06 C, Cu, S, P 

f r o m  d i s t i l l ed  w a t e r  a n d  A n a l a r  r eagen t s ,  w e r e  a 
c a r b o n a t e - b i c a r b o n a t e  buf fe r  so lu t ion  ( 5 / N  NaHCO3 
+ 5 / N  Na2CO3) h a v i n g  a p H  of 9.7 and  a n o r m a l  
so lu t ion  of s o d i u m  su l fa t e  t he  p H  of w h i c h  was  a d -  
j u s t e d  w i t h  s o d i u m  h y d r o x i d e  or  su l fu r i c  acid.  The  
cel l  u sed  is shown  in Fig .  3. O x y g e n - f r e e  n i t r o g e n  
was  b u b b l e d  in to  t he  so lu t ion  p r i o r  to  t e s t i ng  to r e -  
duce  the  o x y g e n  concen t r a t i on .  

The  m e t a l s  t e s t ed  w e r e  a l u m i n u m ,  t a n t a l u m ,  z i r -  
conium,  n iob ium,  t i t a n i u m ,  v a n a d i u m ,  u r a n i u m ,  and  
c h r o m i u m  (see  T a b l e  I ) .  The  e l ec t rodes  w e r e  p r e -  
p a r e d  b y  m o u n t i n g  s a m p l e s  in  a co ld  se t t ing  p l a s t i c  
fo l l owed  b y  g r i n d i n g  on e m e r y  p a p e r  d o w n  to 600 
g rade .  The  r e s u l t i n g  su r face  was  e i the r  used  in  t h a t  
s t a t e  or  anod ized  in a bo r i c  ac id  solu t ion ,  a d j u s t e d  
to p H  9-10 b y  add i t i ons  of a m m o n i u m  h y d r o x i d e .  
T h e  m o r e  d e t a i l e d  tes t s  on t i t a n i u m  e l ec t rodes  i n -  
v o l v e d  su r faces  p r e p a r e d  b y  chemica l  e t ch ing  in  a 
hydro f luo r i c  ac id  and  h y d r o g e n  p e r o x i d e  m i x t u r e  
(10 cc 40% H F  + 90 cc 20 vols  H202).  This  p r e p a -  
r a t i on  was  f o u n d  to g ive  m o r e  r e p r o d u c i b l e  va lue s  
of capac i ty ,  a l t h o u g h  the  v a l u e s  w e r e  no t  s t r i c t l y  
c o m p a r a b l e  w i t h  those  for  a b r a d e d  su r f aces  due  to 
the  d i f fe rences  in  t r u e  su r f ace  area .  

Results 

The var ia t ion of the capacity w i th  potent ia l  for 
an a l u m i n u m  e l ec t rode  bo th  w h e n  a b r a d e d  and  w h e n  
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Fig. 4. Variation of the capacity of an anodized and an abraded 
electrode of aluminum with potential. Carbonate solution pH 9.7. 
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Fig. S. Variation of the capacity of an anodized and an abraded 
electrode of tantalum with potential. Carbonate solution pH 9.7. 
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Fig. 6. Variation of the capacity of an anodized and an abraded 
electrode of zirconium with potential. Carbonate solution pH 9.7. 

anodized to 60v is shown in Fig. 4. The results for 
similarly prepared specimens of tantalum, zirco- 
nium, niobium, and t i tanium are shown in Fig. 5, 
6, 7, and 8, respectively. 

From these results it can be seen that the ca- 
pacities of the anodized specimens, measured prior 
to cathodic polarization, are lower than those for 
abraded surfaces. The subsequent behavior of nio- 
bium and titanium, which on decreasing the poten- 
tial shows marked capacity maxima, differs sig- 
nificantly from that of aluminum, tantalum, and 
zirconium. 

The capacities of vanadium, chromium, and ura-  
nium specimens, which had been abraded prior to 
testing, are shown in Fig. 9, t0, and 11. The vanadium 
specimen, on decreasing the potential, shows two 
capacity maxima. Chromium (Fig. 10) shows a ca- 
pacity of the order of 25 ~F/cm e and has no marked 
maximum. Figure 11 shows the results for uranium 
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Fig. 7. Variation of the capacity of an anodized and an abraded 
electrode of niobium with potential, Carbonate solution pH 9,7. 
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Fig. 8. Variation of the capacity of an anodized and an abraded 
electrode of titanium with potential. Carbonate solution pH 9.7. 
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Fig. 9. Variation of the capacity of an abraded electrode of 
vanadium with potential. Carbonate solution pH 9.7. 

in a sulfate solution of pH 9.8; the results are similar 
to those observed in a carbonate solution of similar 
pH (1). 



-0"4 

J O U R N A L  OF THE  E L E C T R O C H E M I C A L  S O C I E T Y  June 1963 

Figu re  12 shows, for a t i t a n i u m  electrode,  the v a r -  
ia t ion w i th  pH of the  po ten t i a l  of the  capaci ty  
m a x i m u m  in a sod ium sul fa te  solut ion.  The  po t en t i a l  
is i n d e p e n d e n t  of pH up  to a va lue  n e a r  11 and  t h e n  
decreases by  0.06 v/pH uni t .  In  the lower  pH reg ion  
below a pH of abou t  5, a second capaci ty  m a x i m u m  
is p resen t  at a more  posi t ive  po ten t i a l  t h a n  the  one 
shown in  Fig. 12 and  appears  to be d e p e n d e n t  on pH 
bu t  as ye t  has no t  been  fu l ly  inves t iga ted .  

F i g u r e  13 shows the  vol tage  response  of an  etched 
t i t a n i u m  electrode in  the  ca rbona te  buffer  so lu t ion  

i 
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Fig. 10. Variation of the capacity of an abraded electrode of 
chromium with potential. Carbonate solution pH 9.7. 
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Fig. 11. Variation of the capacity of an abraded electrode of 
uranium with potential. Sulfate solution pH 9.8. 
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Fig. 13. Voltage response of an etched titanium electrode to a 
square current wove. Carbonate solution pH 9.7; electrode potential 
--0.03v SHE; area of electrode 0.33 cm 2. 
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Fig. 14. Plot of log 1/ I  dV/dt  vs. t for Fig. 13 
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Fig. 15. Plot of log 1/ I  dV/dt  vs. t for the titanium electrode at 
--1.055v SHE. 
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Fig. 12. Variation with pH of the potential of the capacity maxi- 
mum for a titanium electrode. Sulfate solution. 

at a po ten t i a l  of --0.03v SHE. The  repea t  f r e quency  
was 200 c/sec, a nd  the c u r r e n t  was -----12.10 -6 a mp  for 
the curve  shown. The g raph ica l ly  d e t e r m i n e d  de-  
r i va t ive  of the  curve  is p lo t ted  loga r i thmica l ly  
agains t  t ime  in  Fig. 14. F igu re  15 shows the  same 
p a r a m e t e r s  for a t i t a n i u m  elect rode at a po ten t i a l  of 
--1.055v SHE. The  c u r r e n t  pulse  in  this  case was 
--+58.1 x 10 -6 amp. Both  m e a s u r e m e n t s  were  made  
on .decreasing the  po ten t i a l  of the  specimen.  

Discussion 

F r o m  an  e x a m i n a t i o n  of the  resul t s  it  is possible  to 
d iv ide  the  ox ide -covered  me t a l  e lectrodes in to  two 
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groups: the first consists of those metals  the oxides 
of which behave as dielectrics,  and the second group 
comprises those whose oxides show high capaci ty  
values, g rea te r  than the values usual ly  accepted for 
the e lectrochemical  double layer .  T i tan ium shows 
both character is t ics  and, as a result ,  was s tudied in 
more detai l  than  the other metals.  

Normal ly  ox ide-covered  metals  would be expected 
to show capacit ies which  correspond to the thickness 
of the oxide, decreasing wi th  increased thickness 
as has been shown wi th  the va lve  metals  a luminum,  
tanta lum,  zirconium, and niobium, at anodic po ten-  
tials. 

The increase of capaci ty  wi th  decreasing poten t ia l  
for a luminum,  tan ta lum,  and zirconium could be 
a t t r ibu ted  ei ther  to a th inning of the oxide, or, as 
appears  more  l ikely,  to a change in the resis tance 
of the oxide. If the oxide is considered to be com- 
posed of a series of layers,  an increase in the con- 
duct iv i ty  of a l ayer  could act as a shunt  across tha t  
layer  of oxide. This pr inc ip le  may  be i l lus t ra ted  by  
considering the analogue shown in Fig. 16a. Reduc-  
ing the high resistance in e i ther  of the pa ra l l e l  c ir-  
cuits to a low value wil l  effectively short out the 
re levant  capaci tor  and resul t  in a l a rger  measured  
value of capacity.  

On increasing the potential ,  the values of the 
capaci ty  and conduct ivi ty  for the anodized speci-  
mens of a luminum, tan ta lum,  and zirconium are 
la rger  than  the values  recorded on decreasing the 
potential .  The magni tude  of the  increase (cal led 
hysteres is)  appears  to be dependent  on the min imum 
potent ia l  reached.  This has been the subject  of a 
more deta i led  s tudy which has confirmed the resul ts  
shown here wi th  other measurements  on anodized 
zirconium (10) which had been subjected to more 
negat ive  potentials .  The hysteresis  of the k ind  shown 
in that  work  has been repor ted  previous ly  (1, 5, 12) 
and in the  present  work  has been observed on all 
the ox ide-covered  meta ls  invest igated.  I t  was also 
shown in tha t  work  that  the capaci ty  decreased wi th  
t ime at 0v SHE (solution pH 9.7) to its or iginal  
value. The capacit ies of the 60v oxide films, on a lu-  
minum, tanta lum,  and zirconium after  hydrogen  had 
been evolved f rom thei r  surfaces, could be res tored  
to a value  approaching the original,  pr ior  to cathodic 
t rea tment ,  by  anodizing to 10v. This t r ea tmen t  
would not  give r ise to any oxide growth.  These r e -  
sults suggest tha t  hydrogen  in the oxide increases 
its conductivi ty.  The hydrogen  can be .introduced 
into the oxide by  cathodic polar izat ion accompanied 
by the evolution of hydrogen  and removed  by  anodic 
polarizat ion.  These processes might  provide  a mech-  
anism by which the rectif ication observed on these 
metals  could occur. A s imilar  mechanism has also 
been proposed by Schmidt  (9). 

The conduct ivi ty  change does not  appear  to be 
uni form throughout  the thick oxides as indicated by  

C1 C 2 

R~ R 2 

Fig. 16. Hypothetical analogue of an oxide composed of two layers 
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the value  of the capaci ty  change. A uni form decrease 
in the resis tance of the oxide would  not  be accom- 
panied by  an apparen t  change in the capaci ty  of the 
oxide unless its dielectr ic  constant  also increases. 

These resul ts  are in many  respects  s imi lar  to those 
repor ted  by Vermi lyea  (11) who found tha t  the 
capaci ty  of anodized films on t an t a lum increased 
af ter  heat ing in vacuo above 300~ wi thout  any  sig- 
nificant change in the in ter ference  colors of the films 
or thei r  porosity.  He a t t r ibu ted  the increased ca-  
paci ty  to an increase in the conduct ivi ty  of the oxide 
resul t ing  f rom loss of oxygen to the meta l  dur ing 
vacuum heat  t rea tment .  Young (8) has in te rp re ted  
his results  on the var ia t ion  of the  impedance  with  
frequency,  as showing tha t  the res is t iv i ty  of the 
oxide on niobium var ies  wi th  the dep th  below the 
oxide surface. 

It should be stressed that,  in all  the effects so far  
discussed, the surface capaci ty  of the electrodes of 
a luminum, tan ta lum,  and zirconium at no t ime ex-  
ceeded that  corresponding to a clean surface, i.e., 
the capaci ty  of the e lectrochemical  double  layer .  

Considering the behavior  of the capaci ty  of t i -  
t an ium and niobium before  and af ter  cathodic po la r -  
ization, i t  is seen tha t  an increase in both the con- 
duct iv i ty  and capaci ty  resul ts  f rom cathodical ly  
polar izing the anodized specimens, but  to a ve ry  
much grea te r  extent  than  is found wi th  the metals  
a luminum, tanta lum,  and zirconium. Subsequent  
anodic polar iza t ion  to 10v restores  the  capaci ty  to 
the original  value  pr ior  to cathodic polar izat ion (cor-  
responding to a 60v fi lm),  indicat ing tha t  l i t t le  
change in the thickness of the oxide occurred du r -  
ing cathodic t rea tment .  The in ter ference  colors ob- 
served on the anodized specimens also remained  ap-  
pa ren t ly  unchanged,  suppor t ing this in terpre ta t ion .  

The high values  of the  capaci ty  obtained wi th  t i -  
tanium, vanadium,  and niobium cannot be expla ined  
on the model  of a para l l e l  p la te  condenser  as the 
value of the thickness of the oxide calculated on 
this basis would be less than  1A at the potent ia l  of 
the capaci ty  maximum.  

Simi lar  capaci ty  max ima  have been observed at 
the polarographic  h a l f - w a v e  poten t ia l  (3),  where  
a species in the solution is deposi t ing on the mercury  
surface, and by  Bre i te r  on p la t inum where  adsorp-  
t ion processes are  occurr ing (4).  In the present  work  
the solutions used for measur ing  contained no active 
species, other than  those composing the water ,  which 
could be involved in an e lectrochemical  reaction. 

The basic r equ i remen t  for  a high Farada ic  ca-  
paci ty  is tha t  the e lectrochemical  react ion tak ing  
place must  be reversible .  The s imi la r i ty  be tween  a 
revers ib le  react ion and a capaci tor  has been d rawn 
by Bryer  and Gutmann  (13). When the current  is 
cathodic, deposi t ion of a meta l  ion takes  place, whi le  
on the reverse  cycle dissolution occurs; the process 
thus involves the  storage of charge, e i ther  meta l  
ions in the  solution or electrons by  the meta l  to be 
re leased on the opposite half  cycle of the  current .  

If a va lency change occurred revers ib ly  in the 
oxide, i t  could account for the  high capaci ty  values  
observed in t h e  present  work  with  the electrodes of 
t i tanium,  niobium, and vanad ium and those p rev i -  
ously repor ted  for u ran ium and iron. The capaci ty  
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Table I I  

J u n e  1963  

P o t e n t i a l  

R e a c t i o n  C a l c u l a t e d  O b s e r v e d  R e m a r k s  

V202 ~- H20 = V2Os -~ 2H + + 2e-  
V208 ~- H~O = V204 -t- 2H + -t- 2e -  

NbO ~- H20 = NbO2 -b 2H + -~ 2e -  
2NbO~ + H20 ---- Nb205 + 2H + -t- 2e-  

3Ti203 -F H20 --~ 2TiaO5 -F 2H + % 2e -  

3UO2 -~- 2H20 ---- UsO8 -}- 4H + + 4e -  
U308 + H20 = 3UO8 + 2H + + 2e -  

--1.393 --1.35 Carbonate soln. 
--0.363 --0.5 pH 9.7 

Ref. (14) 

--1.198 --1.21 Carbonate soln. 
--0.862 NO pH 9.7 

Ref. (15) 

Carbonate  soln. 
--1.063 --1.03 pH 9.7 

Ref. (16, 18) 

--0.05 --0.5 to 0* Sulfate and carbonate solns. 
-~0.32 pH 9.7 

Ref. (17) 

NO, no  capac i ty  m a x i m u m  was  o b s e r v e d  a r o u n d  t h i s  p o t e n t i a l .  
* No s h a r p  capac i ty  m a x i m u m  wa s  o b s e r v e d  a l t h o u g h  t he  v a l u e s  

m a x i m a  observed do occur in  the v i c in i ty  of the  po-  
t en t i a l s  which  m a y  be ca lcula ted  f rom t h e r m o d y -  
namic  data  (see Table  I I ) .  A l u m i n u m ,  t a n t a l u m ,  a nd  
z i r con ium do not  exh ib i t  a change  in  va lency ,  and  no 
large capacit ies  are observed wi th  these metals .  

The s tab i l i ty  of t r i v a l e n t  c h r o m i u m  covers a la rge  
po ten t i a l  range,  and  no high capaci ty  is observed  
w i t h i n  this  range.  If the  h igh capacit ies  resu l t ed  
f rom an  adsorp t ion  process, it wou ld  be expected 
tha t  such a reac t ion  wou ld  be seen w i th  the chro-  
m i u m  electrode,  as the  res i s tance  of the  oxide is 
r e l a t i ve ly  low and  capaci ty  r e l a t i ve ly  high. 

The reac t ion  occur r ing  in  the oxide is be l ieved  to 
be of the  fo rm 

MO + H + -F e -  ~ M O H  

which  only  requ i res  tha t  p ro tons  and  e lec t rons  are 
mobi le  species. The  process the re fore  would  depend  
on the  concen t r a t i on  of h y d r o g e n  in  the  oxide, a nd  
this  could exp la in  the  observed  hys teres is  in  the  ca-  
pac i ty  on po ten t i a l  cycl ing of t i t a n i u m  and  v a n a -  
d ium.  The  presence  of g rea te r  concen t ra t ions  of p ro -  
tons wou ld  al low the reac t ion  to proceed more  
rapid ly ,  increase  the va lue  of the  capaci ty  measured ,  
and  move  the  po ten t i a l  of the capaci ty  m a x i m a  to 
more  posi t ive  values.  

In  order  to get a c learer  u n d e r s t a n d i n g  of this  
p h e n o m e n o n  a more  de ta i led  s tudy  has been  made  
of the  behav io r  of a t i t a n i u m  electrode.  

On the  basis  of a reac t ion  such as MO + H + -t- e -  
MOtI  it  wou ld  be expected  tha t  the  po ten t i a l  of 

the  capaci ty  m a x i m u m  would  depend  on the  pH of 
the solut ion,  according to the equa t ion  

E -~ Eo - -  0.059 pH 

where  Eo is the  revers ib le  or e q u i l i b r i u m  po ten t i a l  
for the  react ion.  This  va r i a t i on  wi th  pH has been  
found  to hold wi th  t i t a n i u m  in  a sod ium sul fa te  
so lu t ion  above  pH va lues  of 11, as shown  in  Fig. 
12. At  lower  pH va lues  the  po ten t i a l  of the  capaci ty  
m a x i m u m  is i n d e p e n d e n t  of pH. 

There  are  two possible exp l ana t i ons  for this  be -  
havior .  The  first is tha t  the  r eac t ion  occur r ing  does 
no t  i nvo lve  h y d r o g e n  ions and  resu l t s  f rom the  

of t h e  c a p a c i t y  w e r e  h i g h  (ca. 200  /~F/cm~). 

change  in  va l ency  of some ions most  p r o b a b l y  in  
solut ion,  e.g. 

Ti 3+ + e - - - - - T i  2+ 

The other  possible e x p l a n a t i o n  is t ha t  the  pH at the  
in te r face  b e t w e e n  the oxide and  solut ion is i nde -  
p e n d e n t  of the so lu t ion  pH up  to a va l ue  of abou t  11. 
This could be due  to the  h y d r o g e n  evo lu t ion  reac t ion  
associated wi th  the d-c  po la r iza t ion  which  resul ts  
in  a high concen t r a t i on  of h y d r o x y l  ion at the  elec- 
t r ode - so lu t i on  interface.  

The po ten t ia l  of the capaci ty  m a x i m u m  of the t i -  
t a n i u m  electrode depends  on the  composi t ion of the 
solut ion,  as can be  seen f rom the compar i son  of the  
po ten t ia l s  at which  the m a x i m u m  occurs in  the  su l -  
fa te  (Fig. 12) a nd  ca rbona t e  (Fig. 8) solut ions.  

F r o m  the m e a s u r e d  va lues  of the  capaci ty  of the  
electrodes an  es t imate  can be  m a d e  of the  n u m b e r  of 
ions chang ing  va lency.  For  the  case of t i t a n i u m  a 
surface capaci ty  of 150 ~ F / c m  2 corresponds  to 4.7 x 
10 TM t i t a n i u m  ions per  cm 2 chang ing  v a l e n c y  f rom 
Ti 2+ to Ti 3+. This  is abou t  5 x 10 -8 of the  n u m b e r  of 
a toms in  the surface.  F r o m  this  it m i gh t  be  con-  
c luded tha t  this p h e n o m e n o n  is confined to the  oxide 
surface.  However ,  p r e l i m i n a r y  resul t s  show that ,  
u n d e r  ce r ta in  condit ions,  the  capaci ty  exh ib i t ed  by  
both  u r a n i u m  a nd  t i t a n i u m  increases  w i th  inc reas ing  
oxide thickness.  This p h e n o m e n o n  appears  to be  de-  
p e n d e n t  on the  pH and  on the  n a t u r e  of the  an ion  
in  the  solut ion,  a nd  more  work  is r equ i r ed  to e luc i -  
da te  the  details.  I t  is r ea sonab le  to ask w h y  so few 
ions change  va lency,  and  it  seems l ike ly  t ha t  the 
n u m b e r  is l imi ted  by  the  ava i l ab i l i t y  of h y d r o g e n  in  
the oxide which  mi gh t  be  expected  to be  in  the  r ange  
10 - 6 _  10 -~ mole  fract ion.  A p r e l i m i n a r y  e x a m i n a -  
t ion  of the  behav io r  of these  h igh capacit ies  shows 
tha t  the  m e a s u r e d  va lues  are t ime  d e p e n d e n t  in  a 
w a y  which  adds add i t iona l  suppor t  to the  sugges t ion  
tha t  this  is not  a surface  p h e n o m e n o n ,  bu t  invo lves  
the b u l k  of the  oxide. 

The dev ia t ion  f rom l i ne a r i t y  of the  de r iva t ive  of 
the  vo l tage  response,  as shown  in  Fig. 14 and  15, i n -  
dicates tha t  the  ana logue  of a pa ra l l e l  capaci tor  and  
res is tor  chosen to r ep re sen t  the  t i t a n i u m  spec imen 
is on ly  a p p r o x i m a t e l y  correct.  The r e  is a closer ap-  
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12-5 15o 43 pFi  c~ 

7 7 0  2 7  16 OHM. cm ~ , 

9 ' 6  4 "0  0"71 CR m. sec. 

(a)  

150 3 3 0  120 H F / c m  2 

6 3  12 4 O H M . c m  2. 

9 . 6  3 - 9 5  0 . 7 0 5  CR. re.see. 

(b )  

Fig. 17. Analogue circuit derived (a) from Fig. 14, (b) Fig. 15 

p r o x i m a t i o n  to a s t r a i g h t  l i ne  w h e n  the  ox ide  b e -  
haves  as  a d i e l ec t r i c  (Fig .  14) t h a n  u n d e r  those  con-  
d i t ions  w h e r e  t he  o x i d e  b e h a v e s  as  an  e l e c t r o l y t e  
g iv ing  r i se . to  a n  e l e c t r o c h e m i c a l  r eac t ion .  

The  d e v i a t i o n  f r o m  l i n e a r i t y  is l a r g e r  w i t h  ano -  
d ized  spec imens  and  on i nc r ea s ing  t h e  p o t e n t i a l  a f t e r  
h y d r o g e n  h a d  been  evo lved  f r o m  the  ox ide  sur face .  
These  r e su l t s  sugges t  t h a t  the  p r o p e r t i e s  of t he  ox ide  
a r e  not  h o m o g e n e o u s  a n d  t h a t  a h igh  h y d r o g e n  ac -  
t i v i t y  does  i nc rea se  t he  h e t e r o g e n e i t y  of t h e  ox ide ,  
w h i c h  w o u l d  accoun t  for  t he  i n c r e a s e d  capac i ty .  

As  e x p l a i n e d  p r e v i o u s l y ,  b y  p l o t t i n g  the  n u m e r i c a l  
va lue s  of t h e  d e v i a t i o n  f r o m  l i n e a r i t y  in  a m a n n e r  
s i m i l a r  to those  of t he  d e r i v a t i v e ,  t w o  m o r e  t i m e  
cons tan t s  can  b e  de r ived .  The  t h r e e  ser ies  n e t w o r k s  
of c apac i t o r s  and  r e s i s to r s  in  p a r a l l e l  e q u i v a l e n t  to 
t he  t h r e e  t i m e  cons tan ts ,  a p p r o x i m a t e  c lose ly  to the  
vo l t age  r e sponse  of t h e  e lec t rode .  F i g u r e  17a shows  
such an  a n a l o g u e  d e r i v e d  f r o m  Fig.  14 w h i l e  F ig .  17b 
is d e r i v e d  f r o m  Fig .  15. A t  t he  p r e s e n t  s t age  of d e -  
v e l o p m e n t  i t  is no t  poss ib le  to say  w h e t h e r  such  m o r e  
c o m p l e x  ana logues  h a v e  a n y  r e a l i t y  in  a p h y s i c a l  
sense or  w h e t h e r  th is  is m e r e l y  a m a t h e m a t i c a l  d e -  
v ice  for  de sc r i b ing  a f r e q u e n c y  d e p e n d e n t  p rocess .  

Conclusions 
1. The  su r f ace  c a p a c i t y  and  c o n d u c t i v i t y  of  o x i d e -  

cove red  m e t a l  e l ec t rodes  can  be  g r e a t l y  c h a n g e d  b y  
the  p r e s e n c e  of h y d r o g e n .  

2. The  m a r k e d  i n c r e a s e  in  c a p a c i t y  and  c o n d u c -  
t i v i t y  o b s e r v e d  on a l u m i n u m ,  t a n t a l u m ,  a n d  z i r -  
con ium e l ec t rodes  a f t e r  ca thod ic  p o l a r i z a t i o n  has  
been  e x p l a i n e d  in  t e r m s  of a change  in t he  ox ide  
c o n d u c t i v i t y  r a t h e r  t h a n  in  t e r m s  of m e c h a n i c a l  
d a m a g e  to the  ox ide  film. N e v e r t h e l e s s  t he  ox ide  
con t inues  to b e h a v e  l ike  a d ie lec t r ic ,  and  t h e  m e a s -  
u r e d  su r f ace  capac i t i e s  do no t  exceed  those  c o r r e -  
spond ing  to t he  d o u b l e  l aye r .  

3. The  b e h a v i o r  of t he  m e t a l s  t i t a n i u m ,  n i o b i u m ,  
u r a n i u m ,  a n d  v a n a d i u m  w h i c h  can  show su r f a c e  
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capac i t i e s  g r e a t l y  in  excess  of t h e  d o u b l e  l a y e r  c a -  
p a c i t y  canno t  be  e x p l a i n e d  in  t e r m s  of a d i e l ec t r i c  
ox ide  w i t h o u t  i m p l y i n g  a l a r g e  a n d  v a r i a b l e  i n -  
c rease  in the  d i e l e c t r i c  cons tan t .  T h e  p h e n o m e n a  a r e  
d i scussed  in  t e r m s  of a F a r a d a i c  c a p a c i t y  a r i s ing  
f r o m  a c h a n g e  of v a l e n c y  of ca t ions  in  t h e  ox ide  b y  
a r e a c t i o n  such  as  

M O + H  + + e - - ~ M O H  

w h i c h  on ly  i n v o l v e s  t he  m o v e m e n t  of e l ec t rons  and  
p ro tons .  

4. F u r t h e r  w o r k  is r e q u i r e d  to c l a r i f y  t he  r e l a -  
t ions  b e t w e e n  the  m e a s u r e d  v a l u e s  of c a p a c i t y  and  
such  v a r i a b l e s  as f r e q u e n c y  of m e a s u r e m e n t ,  ox ide  
th ickness ,  a n d  n a t u r e  of t he  so lu t ion  a l l  of w h i c h  
have  been  s h o w n  to be  i m p o r t a n t .  
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The Growth of Thin Passivating Layers on 
Metallic Surfaces 
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The Nature of the "Passivating Material" 
The m a i n  p r o b l e m  in  i n t e r p r e t i n g  the pass iva t ion  

of meta l s  }n t e rms  of a theore t ica l  mode l  lies in  the  
n a t u r e  of the  "pass iva t ing  mate r i a l . "  Discussion re -  
pea t ed ly  r e t u r n s  to this  ques t ion  [see for exa mp l e  
(1-3)  ], and  the a n s w e r  u sua l ly  takes  one of two ex-  
t r eme  forms, the  first: pass iva t ion  is due to a t h r ee -  
d imens iona l  film of a definite chemical  phase;  the  
second: pass iva t ion  is due to a d isordered  m o n o -  
molecu la r  a r r a y  of adsorbed ions or molecules.  In  
the  l ight  of the discuss ion g iven  in  this  paper  we 
migh t  wel l  add a th i rd  form:  pass iva t ion  is due to an  
ordered  monomolecu la r ,  t w o - d i m e n s i o n a l  film of a 
definite chemica l  phase.  

In  m a n y  ins tances  there  can be l i t t le  doub t  tha t  
the  first answer  is correct  (4) .  A new  phase  is 
fo rmed  at  a po ten t i a l  close to a we l l -de f ined  re -  
vers ib le  potent ia l ,  d iscrete  centers  can be seen to 
grow by  microscopy or e lec t ron  microscopy,  and  the 
electrode is pass iva ted  some t ime  af ter  these centers  
coalesce. A n y  adsorbed l aye r  fo rmed  before  the  
t h r e e - d i m e n s i o n a l  film c lear ly  has l i t t le  pass iva t ing  
effect. The g rowth  of the centers  is in  gene ra l  con-  
t ro l led  by  at least  two po ten t i a l  d e p e n d e n t  ra te  con-  
s tants ,  the  nuc l ea t i on  ra te  cons tan t  A 1 (nuc le i  cm -e  
sec -1) and  the  crys ta l  g rowth  cons tan t  (moles  cm -~ 
sec -1) (5 -7) .  If the  fo rma t ion  of the  new  phase  is 
e x a m i n e d  u n d e r  cons tan t  po ten t i a l  condi t ions,  the 
c u r r e n t - t i m e  t r ans i en t s  ob ta ined  can be ana lyzed  
and  the  ra te  cons tan ts  deduced.  The concen t r a t i on  
and  po ten t i a l  dependence  of these ra te  cons tan ts  can 
t h e n  in  t u r n  be inves t iga ted  and  the  m e c h a n i s m  of 
lat t ice fo rma t ion  deduced  by  methods  f ami l i a r  in  the 
gene ra l  field of e lec t rochemica l  k ine t ics  (5 -7) .  The  
pr inc ip les  i nvo lved  are  r e fe r red  to br ief ly  in  the n e x t  
section. There  can  aga in  be l i t t le  doub t  tha t  a t h r ee -  
d imens iona l  film is pass iva t ing  the  surface  in  cases 
where  the  fo rma t ion  of s imi la r  g rowth  centers  in  a 
p a r e n t  phase  ( i tself  fo rmed  f rom the  subs t r a t e  
me ta l )  can  be fol lowed po ten t ios ta t i ca l ly  such as in  
the  ox ida t ion  of lead sul fa te  (8) or of s i lver  su l -  
fate (9) .  

In  a la rge  n u m b e r  of cases, n o t a b l y  of i ron  and  
s ta inless  steel, the  s imple  e x p l a n a t i o n  of the b lock-  
ing of the  e lec t rode  by  t h r e e - d i m e n s i o n a l  g rowth  
centers  is insufficient.  Pas s iva t ion  is m u c h  fas ter  a nd  
the  essent ia l  step is u sua l l y  masked  by  side reac t ions  
such as the  "act ive  d isso lu t ion"  of the  metal .  The 
on ly  we l l -de f ined  e lec t rochemica l  step which  can be 
observed for example  on i ron  (10) as wel l  as on 
meta l s  such as a l u m i n u m  and  t a n t a l u m  (11, 12) is 
the  t h i c k e n i n g  of the  pass iva t ing  m a t e r i a l  by  h igh  
field conduc t ion  (13-15) .  A t h r e e - d i m e n s i o n a l  fi lm 
can be s t r ipped  f rom the  u n d e r l y i n g  me ta l  for ex-  

ample  wi th  i ron  (16, 17) a nd  s ta inless  steel (18, 19). 
and  the  th ickness  can be m e a s u r e d  in  a va r i e t y  of 
ways,  for example  by  chemical  e s t ima t ion  (20) or by 
m e a s u r i n g  the  change  in  ro ta t ion  of p l a ne  polar ized 
l ight  (21).  The th ickness  of the  films has  also been  
shown to depend  on the  appl ied  potent ia l ,  for ex-  
ample,  on  i ron  (22, 23). In  v iew of these  proper t ies  
of the pro tec ted  metal ,  pas s iva t ion  in  these sys tems 
is also of ten a t t r i b u t e d  to the  f o r ma t i on  of a t h r ee -  
d i me ns i ona l  film. M a n y  fea tu res  of the  pass iva t ion  
process are, however ,  more  r ead i ly  exp la ined  in  t e rms  
of the  effect of adsorbed layers  on the me t a l  (24, 25). 
The inh ib i t i on  of corrosion by  adsorp t ion  of ca rbon  
monox ide  (26, 27), the  oxygen  u p t a k e  by  s ta inless  
steel  (28) ,  a nd  the  effect of this  adsorp t ion  on the  d is -  
solution of iron (29) and chromium and nickel (30) 
can all be explained in terms of such a model. The 
similarity of the passivation process to the inhibition 
of other reactions such as the ionization of hydrogen 
on platinum by the adsorption of anions (31) ha~ 
also been taken to support the view that passivation 
is due to adsorption, particularly of hydroxyl 
ions (32). 

A combination of the two views is sometimes ad- 
vanced in specialized theories of adsorption followed 
by reaction leading to passivation (3, 33). It can be 
assumed for example that the "decision" for passi- 
vation may be taken at the monolayer adsorption 
stage (I).  The relative role of adsorption and film 
formation in causing passivation is still uncertain, 
however. It has been suggested that the rapidity of 
the first adsorption stage precludes the formation 
of an ordered film and that passivation must be due 
to the formation of a random adsorbed layer (3). 
The purpose of this paper is to examine the initial 
stages of passivation in a number of systems by 
measurements of the kinetics at constant potential 
using potentiostats suitable for measurements at 
high frequencies (34) and to correlate the measure- 
ments with structural observations obtained by elec- 
tron microscopy and electron diffraction. It will be 
shown that the problem can be treated, in favorable 
cases, as an example of the electrochemical kinetics 
of crystal growth. 

Growth of Discrete Centers on Electrodes 
Discrete  centers  can grow on electrodes in  a n u m -  

ber  of ways  (5-9) .  At  cons tan t  po ten t i a l  the ra te  
cons tants  gove rn ing  crys ta l  g rowth  are i n d e p e n d e n t  
of t ime,  and  in  genera l  the  c u r r e n t  in  a m p / c m  ~ into 
sur face  S wil l  be  g iven  by  

i = z F k S  [ 1 ] 

This  equa t ion  also holds for centers  which  expand  
in  one d imens ion  only,  i .e. ,  the  c u r r e n t  is i n d e p e n d -  
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and  

en t  of t ime. For  centers  g rowing  in  two or th ree  
d imens ions  the  c u r r e n t  m a y  be expressed by  us ing 
the  l i nea r  d imens ions  of the  part icles ,  r 

M k t  
r - - -  [2] 

p 

where  M is the molecu la r  weight  and  p is the  d e n -  
sity. For  cy l inders  and  hemispheres  we therefore  
obtain ,  respec t ive ly  

2zF~rMhk2t 
[ 3 ]  

p 

2zF~M~kat  2 
i = [4] p2 

where  h is the  he ight  of the  cyl inders .  These e q u a -  
t ions for the  g rowth  of a s ingle  cen te r  m u s t  be  l i nked  
wi th  the appropr i a t e  law giv ing  the  t ime  dependence  
of the n u m b e r  of nuclei ,  N. If 

i = $1(t) [5] 
and  

N =  l~(t) [ 6 ]  

t hen  in  the in i t i a l  stages whe re  the re  is no l i m i t a t i o n  
of the area  of the g rowing  centers  by  over lap  

s ( ) i = ] l ( u )  df~ du  [7] 
dt  t = t  u 

If nuc l ea t i on  takes  place at a n u m b e r  of p r e f e r r ed  
sites No on the  subs t ra te  and  the  p robab i l i t y  of f o r m -  
ing a nuc leus  is u n i f o r m  wi th  t ime  

N : No(1  --  exp --  A t )  [8] 

where  A is in  seconds -1, Eq. [8] c o m m o n l y  reduces  
to two l imi t ing  forms:  if A is la rge  so tha t  A t  > >  1 

for the  b u l k  of the per iod of g rowth  

N ~ N o  [9] 

i.e., the  nuc le i  appear  to be fo rmed  i n s t a n t a n e o u s l y ;  
on the  o ther  h a n d  if A is smal l  so tha t  A t  < <  1 d u r -  
ing the per iod  of g rowth  

N ~ A N o t  
= A ' t  [10] 

where  A '  is nuc le i  cm -2 sec -1. E q u a t i o n  [10] also 
applies  if the re  are no p re fe r red  sites for nuc lea t ion .  
C o m b i n a t i o n  of [8] or [10] w i th  the  appropr i a t e  law 
for the  g rowth  of a s ingle  cen te r  according to [7] 
gives the  o v e r - a l l  c u r r e n t - t i m e  t r a n s i e n t  in  the i n i -  
t ia l  stages of growth.  For  example ,  for t w o - d i m e n -  
sional  centers  wi th  i n s t a n t a n e o u s  fo rma t ion  of nuc le i  

2zF1rMhN ok2t 
i = [ 1 1 ]  

P 

and  for progress ive  n u c l e a t i o n  

z F ~ M h k 2 A ' t  ~ 
i = [12] 

p 

whi le  for t h r e e - d i m e n s i o n a l  centers  w i th  progress ive  
n u c l e a t i o n  

2 z F v M ~ k S A ' t  ~ 
i = [13] 

3p 2 
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Fig. I. Variation of current with cube of time for the electrode- 
position of 7-manganese dioxide onto a platinum electrode at a 
potential Eh = 1320 my. Solution composition: 0.01M MnSO4, 1.0M 
Na2SO;, 0.25M H2SO;. 
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.~ o~5 

e~ 

Time. sec 

Fig. 2. Variation of (current/current at maximum) with the time 
for the oxidation of silver sulfate to argentic oxide in molal sulfuric 
acid at the following potentials with respect to the lead dioxide/lead 
sulfate electrode: solid circle -l- 0.325v, half opened circle, solid 
on right side -I- 0.350v, open circle -~- 0.0375v, half opened circle, 
solid on left side -~- 0.400v. 

This  equa t ion  is i l l u s t r a t ed  in  Fig  1 by  the  in i t i a l  
stages of the  e lec t rodepos i t ion  of ~ , -manganese  di -  
oxide f rom m a n g a n o u s  su l fa te  solut ions onto p l a t i -  
n u m  electrodes (35).  It  has also been  found  to apply  
for the  e lec t rodeposi t ion  of ~- and  f l - lead dioxide 
(36, 5) as wel l  as the ox ida t ion  of lead su l fa te  (8) .  

In  the la te r  stages of c rys ta l  g rowth  the  centers  
overlap,  and  the  area  ava i l ab le  for e lec t rodeposi t ion  
becomes res t r ic ted.  In  the  cases of in te res t  in  the con-  
tex t  of this  pape r  reac t ion  m u s t  f inal ly  stop e i ther  
w h e n  the  electrode surface  is "b locked"  or w h e n  the  
p a r e n t  phase  has been  comple te ly  conver ted  into the  
n e w  phase. The  c u r r e n t  m u s t  the re fore  pass  t h rough  
a m a x i m u m .  This  is i l l u s t r a t ed  in  Fig. 2 by  the  oxi-  
da t ion  of s i lver  sul fa te  to s i lver  oxide (9) .  In  this  
sys tem cy l indr ica l  centers  grow f rom nuc le i  which  
are  fo rmed  in s t an t aneous ly ,  bu t  it  can be seen tha t  
the  in i t i a l  l i nea r  r ise of the  c u r r e n t  w i th  t ime  is 
r ap id ly  res t r ic ted  by  over lap.  The ex ten t  of over lap  
of centers  t a k e n  two at a t ime  can be r ead i ly  ca lcu-  
la ted for most  g rowth  geometr ies .  In  the  p resen t  ex -  
ample  the  over lap  area  takes  the  p a r t i c u l a r l y  s imple  
fo rm 

So = 4~No~rh a cos -1 ~ �9 da 
2r 

: 4~r2No2hr 8 [14] 
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Fig. 3. Variation of the rate constant for the oxidation of silver 
sulfate with electrode potential and solution composition. Open cir- 
cle, 0.001M sulfuric acid @ M sodium sulfate; half open circle, 
solid on right side, 0.01M sulfuric acid ~- 0.99M sodium sulfate; 
solid circle, 0.1M sulfuric acid @ 0.gM sodium sulfate; half opened 
circle, solid on left side, 0.1M sulfuric acid; half opened circle, 
solid on top, M sulfuric acid; half opened circle, solid on bottom, 
5M sulfuric acid. 

w h e r e  a is t he  r a d i u s  of a n  a n n u l a r  r i n g  of t h i c k n e s s  
da s u r r o u n d i n g  the  c e n t e r  of r a d i u s  r. C o m b i n a t i o n  
w i t h  t he  f r e e l y  g r o w i n g  a r e a  g ives  t he  c u r r e n t - t i m e  
t r a n s i e n t  

( ~rN~ [15] i 2zF~MhN~ 1 p2 

E q u a t i o n  [15] has  b e e n  shown  to ho ld  for  t he  o x i d a -  
t ion  of s i lve r  su l f a t e  i l l u s t r a t e d  in  Fig .  2. In  g e n e r a l  
t h e  equa t i ons  d e r i v e d  b y  a l l o w i n g  for  o v e r l a p  of 
cen te r s  h a v e  a s im i l a r  f o r m  a n d  p r e d i c t  a m a x i m u m  
in t he  c u r r e n t - t i m e  curve .  The  t i m e  a n d  c u r r e n t  a t  
t he  m a x i m u m  can be  o b t a i n e d  b y  d i f fe ren t i a t ion ,  and  
t h e  r a t e  cons tan t s  knA ' or  knNo m a y  be  d e r i v e d  f r o m  
the  e x p e r i m e n t a l  v a l u e s  or  f r o m  the  s lope  of t he  
a p p r o p r i a t e  p o w e r  l a w  p lo t  in t he  i n i t i a l  s t ages  of 
g rowth .  In  f a v o r a b l e  cases  the  n u c l e a t i o n  and  g r o w t h  
cons t an t s  can  be  s e p a r a t e l y  d e t e r m i n e d  b y  d e t a i l e d  
a n a l y s e s  of t he  c u r r e n t - t i m e  t r a n s i e n t s  (8) .  T h e  n u -  
c lea t ion  r a t e  can  also be  o b t a i n e d  b y  coun t ing  the  
n u m b e r  of g r o w t h  cen te r s  on m i c r o g r a p h s  (9)  or  
e l ec t ron  m i c r o g r a p h s  (35) or b y  f o r m i n g  a l a r g e  
n u m b e r  of nuc le i  b y  m e a n s  of a p r e l i m i n a r y  p o l a r -  
i za t ion  for  a shor t  t i m e  a t  a h igh  p o t e n t i a l  and  
t h e r e b y  c h a n g i n g  t h e  t r a n s i e n t  f r o m  t h a t  for  p r o -  
g r e s s ive  to t ha t  for  i n s t a n t a n e o u s  nuc lea t ion ,  e.g., 
f r o m E q .  [12]  to Eq. [11]  (36, 5, 7) .  

W h e n  the  c h a r a c t e r i s t i c s  of the  c r y s t a l  g r o w t h  
processes  h a v e  been  found ,  t he  v a r i a t i o n  of t h e  r a t e  
cons tan t s  k and  A '  w i t h  so lu t ion  compos i t i on  and  p o -  
t e n t i a l  can  be  e x a m i n e d .  This  is a g a i n  i l l u s t r a t e d  in 
Fig.  3 for  t h e  f o r m a t i o n  of s i lve r  o x i d e  f r o m  s i lve r  
su l f a t e  (9) .  F o r  th is  one e l ec t ron  o x i d a t i o n  the  s lope  
of the  Ta fe l  l ines  at  low p o t e n t i a l s  is n e a r l y  60 m v  -1, 
and  the  r e a c t i o n  is p r o p o r t i o n a l  to pH.  A t  h igh  p o -  
t en t i a l s  t he  r a t e  cons t an t  is i n d e p e n d e n t  of p o t e n t i a l  
and  pH. These  fac ts  a r e  a l l  e x p l a i n e d  b y  a r a t e -  
d e t e r m i n i n g  f o r m a t i o n  of t he  l a t t i c e  a t  t he  g r o w t h  
s i tes  b y  a s low c h e m i c a l  r e a c t i o n  b e t w e e n  a r g e n t o u s  
ions and  a d s o r b e d  h y d r o x y l  r ad i ca l s  f o r m e d  b y  an  
e l e c t r o c h e m i c a l  e q u i l i b r i u m  

H20 ~ O.Hads -~ H + + e 

s low 
OHads Jr A g  + > A g O  + H + 

In  o the r  e x a m p l e s  w h i c h  h a v e  been  e x a m i n e d  l a t t i ce  
f o r m a t i o n  has  also b e e n  f o u n d  to b e  t h e  s low s tep  in  

c o n t r a s t  to t he  a s s u m p t i o n s  f r e q u e n t l y  m a d e  in  
theo r i e s  of c r y s t a l  g r o w t h  (see  for  e x a m p l e  [ 7 ] ) .  

Growth of Centers  of M o n o m o l e c u l a r  H e i g h t  
A n  i m p o r t a n t  e x a m p l e  of t he  k ine t i c s  of c r y s t a l  

g r o w t h  is o b t a i n e d  i f  c e n t e r s  of m o n o m o l e c u l a r  
h e i g h t  g r o w  t w o  d i m e n s i o n a l l y  on e lec t rodes .  I f  t he  
n e w  p h a s e  shows  a def in i t e  o r i en t a t i on ,  t h e  h e i g h t  of 
t h e  g r o w i n g  cen te r s  is a def in i te  spac ing  of t he  un i t  
cell.  I f  t hese  cen te r s  a r e  r e g a r d e d  as cy l inde r s ,  Eq. 
[11] and  [12] a g a i n  a p p l y  for  t he  i n i t i a l  s tages  of 
g r o w t h  for  i n s t a n t a n e o u s  a n d  p r o g r e s s i v e  nuc lea t ion ,  
r e spec t i ve ly .  I f  t h e  nuc le i  a r e  d i s t r i b u t e d  ove r  t he  
su r f ace  in  a c o m p l e t e l y  r a n d o m  m a n n e r ,  i t  is poss ib le  
in  t hese  cases  to  ca l cu l a t e  t he  c u r r e n t - t i m e  t r a n s i e n t  
comple t e ly ,  t ha t  is, to a l l ow for  a l l  poss ib l e  fo rms  
of o v e r l a p  b e t w e e n  g r o w i n g  cen te r s  (37-39, 7).  I f  
S is t h e  a r e a  of s u b s t r a t e  c ove re d  b y  t h e  g r o w t h  cen -  
ters ,  $1 ex is t h e  e x t e n d e d  a r e a  (37) of a l l  t h e  p a t c h e s  
i gno r ing  o v e r l a p  t h e n  

S --~ 1 - -  exp  ( - -  Slex) [16] 

S ince  the  v o l u m e  v of t he  n e w  p h a s e  is g iven  b y  

v = Sh [17] 
t h e n  

zFp dv 
i . . . . .  [18] 

M dt 

The  mos t  i m p o r t a n t  case  is t h a t  of p r o g r e s s i v e  n u -  
c l ea t ion  acco rd ing  to Eq. [10].  S u b s t i t u t i n g  in  [16] 
and  [18] one ob t a in s  

i : zFvMhk2A't2 exp  ( ~M2k2A't3 [19] 
p 3p 2 

w h i l e  for  i n s t a n t a n e o u s  n u c l e a t i o n  

( ~N~ ) [ 2 0 ]  i = 2zF~MhN~ exp  P~ - 

P 

If  t h e  g r o w i n g  c e n t e r s  a r e  no t  c i r cu la r ,  t he  a rea  
cove red  b y  a s ingle  c e n t e r  m a y  be  w r i t t e n  

~M2k2t 2 
s [21] p2 

w h e r e  ~ is a shape  f ac to r  (e.g., ~ = 6 t a n  ~r/6) in the  
case of r e g u l a r  h e x a g o n s  (40) .  W i t h  t he  e xp re s s ion  
one  ob ta in s  for  e x a m p l e  i n s t e a d  of [19]  t h e  e q u a t i o n  

i -- ~rzFMhk2A't2 exp  ( ~M2k2A't3 ) [22] 
p 3p 2 

These  equa t i ons  show t h a t  i t  is poss ib le  to d i s -  
t i n g u i s h  the  f o r m a t i o n  of  c r y s t a l l i t e s  of m o n o m o -  
l e c u l a r  he igh t  f r o m  a d s o r p t i o n  b y  fo l lowing  the  
k ine t i c s  of  t he  process .  The  equa t ions  a r e  s i m i l a r  in  
fo rm  to those  o b t a i n e d  b y  o n l y  cons ide r ing  the  o v e r -  
l ap  of cen te r s  t a k e n  two  at  a t i m e  such as Eq. [15].  
The  a p p r o x i m a t e  e q u a t i o n  is in  fac t  g i v e n  b y  the  
first  t e r m  of t he  e x p a n s i o n  of  t he  e xpone n t i a l .  The  
c u r r e n t  aga in  has  a m a x i m u m ,  b u t  t h e  v a l u e  and  
pos i t i on  differ  b y  a n u m e r i c a l  f ac to r  f r o m  t h a t  d e -  
r i v e d  f r o m  the  a p p r o p r i a t e  a p p r o x i m a t e  equa t ion .  
A t  h igh  t imes  the  p r e d i c t e d  c u r r e n t  h o w e v e r  a p -  
p r o a c h e s  zero a s y m p t o t i c a l l y .  These  equa t i ons  a r e  
also of i n t e r e s t  as t h e y  e xp re s s  the  c u r r e n t - t i m e  
t r a n s i e n t  for  t h e  f o r m a t i o n  of a s ingle  l a y e r  ac -  
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co rd ing  to a m e c h a n i s m  s i m i l a r  to the  c lass ica l  
m e c h a n i s m  of c r y s t a l  g r o w t h  (41-43) .  The  d i f f e r -  
ences l ie  in  t he  a s s u m p t i o n  of g r o w t h  f rom a l a r g e  
n u m b e r  of nuc le i  r a t h e r  t h a n  f r o m  one nuc leus ,  in 
the  r e s t r i c t i o n  of g r o w t h  b y  the  o v e r l a p  of g r o w t h  
cen te r s  r a t h e r  t h a n  b y  the  b o u n d a r i e s  of t he  sub -  
s t r a t e  c r y s t a l  p lane ,  and  in  t he  s low s tage  be ing  the  
l a t t i ce  f o r m a t i o n  at  t he  p e r i p h e r y  of the  g r o w i n g  
cen te r s  r a t h e r  t h a n  the  d i f fus ion of r e a c t i n g  en t i t i e s  
to t he  po in t s  w h e r e  the  l a t t i ce  is b u i l t  up.  A con-  
s equence  of these  changes  in  the  a s s u m p t i o n s  is a 
c o m p l e t e  change  in  the  p o t e n t i a l  and  c o n c e n t r a t i o n  
d e p e n d e n c e  of t he  r a t e  of depos i t i on  in  t he  e v e n t  
of t he  r e p e a t e d  depos i t i on  of m o n o l a y e r s  (7) .  The  
c lass ica l  m e c h a n i s m  of c r y s t a l  g r o w t h  d e m a n d s  the  
n u c l e a t i o n  of g r o w t h  cen te r s  w h i c h  r e q u i r e s  an  a p -  
p r e c i a b l e  s u p e r s a t u r a t i o n  or  t he  e q u i v a l e n t  o v e r -  
po ten t i a l .  I t  is to be  no ted  tha t ,  s ince  c rys t a l s  w i l l  
g r o w  a t  low s u p e r s a t u r a t i o n s ,  i t  has  been  sugges t ed  
in  r e c e n t  y e a r s  t h a t  t he  l a t t i ce  is b u i l t  up  at  t he  
edges  of s e l f - p e r p e t u a t i n g  s teps  such  as those  p r o -  
d u c e d  b y  s c r e w  d i s loca t ions  (44-46,  5) ,  b u t  i t  has  
b e e n  p o i n t e d  out  (5)  t h a t  t h e  r e j e c t i o n  of t he  c lass ica l  
m e c h a n i s m  d e p e n d s  .on an  a s s u m p t i o n  of t he  f r e -  
q u e n c y  f ac to r  for  n u c l e a t i o n  w h i c h  m a y  no t  be  
jus t i f ied .  

Invest iga t ion  of the  In i t i a l  Stages of Passivat ion 

E v i d e n c e  for  the  f o r m a t i o n  of o r d e r e d  c r y s t a l s  or  
for  the  v a l i d i t y  of t he  c lass ica l  m e c h a n i s m  of c r y s -  
t a l  g r o w t h  has  no t  been  o b t a i n e d  in  p r e v i o u s  i n -  
ves t iga t ions .  This  has  p r o b a b l y  been  due  m a i n l y  to 
t h e  use  of sol id  s u b s t r a t e  e lec t rodes .  E v e n  for  h i g h l y  
pe r f ec t  s ingle  c r y s t a l  faces  i t  is l i k e l y  t h a t  i m p e r -  
fec t ions  such as d i s loca t ions  or  even  the  p r e s e n c e  of 
mosa ic  b o u n d a r i e s  wi l l  l e ad  to a l a c k  of " s y n c h r o -  
n i za t i on"  of t he  c u r r e n t - t i m e  t r a n s i e n t  b e t w e e n  d i f -  
f e r e n t  p a r t s  of the  su r face  so t h a t  t he  o v e r - a l l  c u r -  
r e n t - t i m e  t r a n s i e n t  w i l l  be  a s u p e r p o s i t i o n  of t r a n -  
s ients  of t he  t y p e  [19] and  [20].  E v e n  for  t he  d e p o -  
s i t ion  of a s ingle  l a y e r  th i s  s u p e r p o s i t i o n  w o u l d  g ive  
r i se  to a p l a t e a u  on the  c u r r e n t - t i m e  p lo t  i n s t e a d  
of a m a x i m u m .  In  t h e  e v e n t  of t he  depos i t i on  of 
s e v e r a l  l a y e r s  t he  o b s e r v a t i o n  of a p l a t e a u  is s t i l l  
m o r e  l ike ly ,  a n d  th is  does  not  g ive  a n y  d i s t i n g u i s h -  
ing  f e a t u r e  as to t he  m e c h a n i s m  of f o r m a t i o n  of the  
l ayer .  I t  is c l ea r  t h a t  i t  is i m p o r t a n t  to avo id  n u c l e a -  
t ion  at  p r e f e r r e d  si tes,  and  w e  h a v e  a t t e m p t e d  th is  
in  t h e  first  p l ace  b y  m e a s u r i n g  the  k ine t i c s  of f o r -  
m a t i o n  of l a y e r s  on l i qu id  m e r c u r y  and  a m a l g a m  
e lec t rodes .  A l t h o u g h  these  su r faces  a r e  in no sense  
pe r f ec t  w e  can  r e g a r d  t h e m  as p e r f e c t l y  r a n d o m  so 
t ha t  n u c l e a t i o n  is l i k e l y  to t a k e  p l a c e  a t  a u n i f o r m  
r a t e  ove r  t he  w h o l e  sur face .  I t  is l i k e l y  t h e r e f o r e  
t h a t  equa t i ons  of the  t y p e  [19] w i l l  a p p l y  for  t he  
f o r m a t i o n  of a s ingle  l aye r .  

In  a l l  t he  k ine t i c  m e a s u r e m e n t s  r e p o r t e d  h e r e  t he  
w o r k i n g  e l e c t r o d e  h a d  the  f o r m  of a s e g m e n t  of a 
sphe re  f o r m e d  on the  end  of a w i d e  b o r e  c a p i l l a r y  
fed  f r o m  a p rec i s ion  s y r i n g e  con t ro l l ed  w i t h  a m i c r o -  
me te r .  The  size of t h e  e l ec t rode  was  set  e i t h e r  b y  
e x t r u d i n g  a k n o w n  v o l u m e  or  b y  a d j u s t i n g  the  
he igh t  w h i l e  v i e w i n g  t h r o u g h  a c a t h e t o m e t e r .  The  
f o r m a t i o n  of t h e  i n i t i a l  l a y e r s  a n d  the  a d s o r p t i o n  
of an ions  p r e c e d i n g  i t  h a v e  b e e n  f o u n d  to be  fas t  

p rocesses  (38, 39) ,  and  p o t e n t i o s t a t s  s u i t a b l e  for  
m e a s u r e m e n t s  a t  sho r t  t imes  h a v e  b e e n  u sed  (34) 
t h e  cel ls  be ing  also d e s i g n e d  so as to m i n i m i z e  t h e  
effect of s t r a y  capac i t i e s  a t  h igh  f r equenc i e s  (34) .  
The  p o t e n t i a l  to b e  a p p l i e d  to t he  w o r k i n g  e l ec t rode  
b y  the  p o t e n t i o s t a t  was  c o n t r o l l e d  b y  m e a n s  of 
pu l se  g e n e r a t o r s  of f a s t  r i se  t i m e  and  a c c u r a t e  a m p l i -  
t u d e  s t ab i l i t y ,  and  a l l  c u r r e n t - t i m e  t r a n s i e n t s  w e r e  
m e a s u r e d  o sc i l l og raph ica l l y .  

E x a m p l e s  of t he  k ine t i c s  of a d s o r p t i o n  and  of 
l a y e r  f o r m a t i o n  a r e  shown  in Fig.  4-10. I f  t he  p o -  
t e n t i a l  of t he  w o r k i n g  e l e c t r o d e  is p u l s e d  f r o m  a 
p o t e n t i a l  n e g a t i v e  to t h a t  for  t h e  f o r m a t i o n  of t he  
n e w  p h a s e  to a second  p o t e n t i a l  w h i c h  is e i t he r  less  
n e g a t i v e  to t h e  r e v e r s i b l e  p o t e n t i a l  or  a c t u a l l y  at  
t he  r e v e r s i b l e  p o t e n t i a l  a n d  if  th is  second  p o t e n t i a l  
is pos i t i ve  to t he  e l e c t r o c a p i l l a r y  m a x i m u m  of t he  
subs t r a t e ,  t h e n  t h e r e  w i l l  be  a specific a d s o r p t i o n  of 
an ions  in mos t  sys tems .  The  i m p l i c a t i o n  of t he  t e r m  
"specif ic"  is t h a t  th is  is to some e x t e n t  an  a c t i v a t e d  
p rocess  so t h a t  i t  w i l l  cover  an  a p p r e c i a b l e  p e r i o d  
of t ime .  A n  e x a m p l e  is g iven  in  Fig .  4 for  a 300 m v  
pu l se  n e g a t i v e  to t he  r e v e r s i b l e  c a lome l  p o t e n t i a l  
on m e r c u r y  in  0.1M h y d r o c h l o r i c  ac id  (47) .  I t  w o u l d  
be  e x p e c t e d  t h a t  t he  c u r r e n t - t i m e  t r a n s i e n t s  due  to 
a d s o r p t i o n  w o u l d  u s u a l l y  h a v e  th i s  fo rm.  I t  is of 
i n t e r e s t  t h a t  t he  p rocess  is a p p r e c i a b l y  r e t a r d e d  
a l t h o u g h  the  t i m e  sca le  is such  t h a t  t he  r e t a r d a t i o n  
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Fig. 4. Variation of current with time for the specific adsorption 
of chloride ions on mercury at the reversible calomel potential in 
0.1M hydrochloric acid, 0 my. 
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Fig. 5. Plot of 1/t against t for the specific adsorption of chloride 
ions on mercury at the reversible calomel potential in O.01M hy- 
drochloric acid. 
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w o u l d  no t  n o r m a l l y  be  o b s e r v e d  in  m e a s u r e m e n t s  
of the  d i f f e ren t i a l  c a p a c i t y  (48) .  E s t i m a t e s  of t he  
a m o u n t  a d s o r b e d  a g r e e  w i t h  m e a s u r e m e n t s  d e r i v e d  
f r o m  the  d i f f e r en t i a l  c a p a c i t y  and  ind i ca t e  t h a t  the  
a d s o r p t i o n  is fo l l owing  a T e m k i n  i so the rm.  In  con-  
sequence  the  t i m e  d e p e n d e n c e  of t he  a d s o r p t i o n  
fo l lows  the  E l o v i c h  e q u a t i o n  at  low c o v e r a g e  w h i c h  
is bes t  i l l u s t r a t e d  b y  a p lo t  of 1/i aga in s t  t, Fig .  5 
(47) .  The  a d s o r p t i o n  of ch lo r ide  ions  on t h a l l i u m  
a m a l g a m  is i l l u s t r a t e d  in Fig.  6 (50) .  A t  p o t e n t i a l s  
m o r e  t h a n  20 m y  n e g a t i v e  to the  r e v e r s i b l e  t ha l l ous  
ch lo r ide  p o t e n t i a l  the  t r a n s i e n t  has  the  s ame  f o r m  
as for  t he  a d s o r p t i o n  of ch lo r ide  ions  on m e r c u r y ,  
b u t  a t  less  n e g a t i v e  po t en t i a l s  a p l a t e a u  deve lops  
on the  c u r r e n t - t i m e  curve .  The  s igni f icance  of th i s  
p l a t e a u  is d i scussed  in t he  l as t  sect ion.  

A t  po t en t i a l s  pos i t i ve  to the  r e v e r s i b l e  p o t e n t i a l  
t he  c u r r e n t - t i m e  cu rves  in  g e n e r a l  deve lop  a ser ies  
of p e a k s  (38) .  This  is i l l u s t r a t e d  for  ca lome l  in  
Fig.  7. In  th is  s y s t e m  up  to seven  m a x i m a  can  be  
obse rved .  I t  is n a t u r a l  to a t t r i b u t e  t he  m a x i m a  to a 
success ive  depos i t i on  of l a y e r s  on the  su r f ace  ac -  
co rd ing  to t he  m e c h a n i s m  g iv ing  Eq. [19]  for  one 
l ayer .  W i t h  i nc r ea s ing  o v e r p o t e n t i a l  the  a m p l i t u d e  
of t he  p e a k s  inc reases  and  the  t ime  scale  con t r ac t s  
due  to  t he  i nc rea se  of t he  r a t e  cons tan ts .  The  a r e a  
u n d e r  each  p e a k  r e m a i n s  cons t an t  and  a p p r o x i m a t e s  
to a m o n o m o l e c u l a r  l a y e r  of t he  {110} p lane ,  t he  
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Fig. 6. Variation of current with time for the specific adsorption 
of chloride ions on thallium amalgam observed by applying a pulse 
of 70 my and of 90 my from an initial potential 100 my negative 
to the thallium chloride potential. 
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Fig. 7. Variation of current with time for the formation of calomel 
on mercury in 0.1M hydrochloric acid at  an overpotential  of 36 mv. 
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Fig. 8. Variation of current with time for the formation of thallous 
chloride on thallium amalgam in M hydrochloric acid: A (top) 
overpotential of 30 mv, first monolayer peak; B (bottom left) over- 
potential of 30 my, multilayer peak; C (bottom right) overpotential 
of 75 my, first and second monolayer and multilayer peaks. 

a d s o r p t i o n  t r a n s i e n t  be ing  a d d e d  to the  first  peak .  
The  effect  of t he  a d s o r p t i o n  can  obscure  t he  first  
p e a k  and  can be  l a r g e l y  e l i m i n a t e d  b y  a p p l y i n g  a 
first  pu l se  up  to t he  r e v e r s i b l e  p o t e n t i a l  a n d  t hen  
a second  pu l se  to a pos i t i ve  o v e r p o t e n t i a l .  The  r e -  
su l t s  in Fig.  7 and  8 h a v e  b e e n  t a k e n  in  th i s  way .  

In  t h e  case  of t ha l lous  ch lo r ide  (50) two  p e a k s  
a r e  o b s e r v e d  at  low ove rpo t en t i a l s ,  the  first  cor -  
r e s p o n d i n g  to  t he  depos i t i on  of a s ingle  l a y e r  of t he  
{100} p l a n e  p a r a l l e l  to the  s u b s t r a t e  ( see  n e x t  sec-  
t i on ) ,  t h e  second up  to 100 l aye r s ,  Fig .  8A, 8B. A t  
h i g h e r  o v e r p o t e n t i a l s  t he  second  p e a k  is spl i t ,  and  
the  f o r m a t i o n  of a second  m o n o m o l e c u l a r  l a y e r  can  
be  de tec ted .  The  q u a n t i t y  of e l ec t r i c i t y  u n d e r  the  
t h i r d  m u l t i l a y e r  p e a k  decreases ,  abou t  e igh t  l a y e r s  
be ing  depos i t ed  in t he  e x a m p l e  shown.  A t  s t i l l  
h i g h e r  po t e n t i a l s  t he  o r i e n t a t i o n  changes ,  t he  p r i s m  
face  l y i n g  p a r a l l e l  to the  subs t r a t e .  
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Fig. 9. Variation of current with time for the formation of cad- 
mium hydroxide on cadmium amalgam in N sodium hydroxide: A, 
overpotential of 20 my, first monolayer; B, overpotential of 20 my, 
second monolayer; C, overpotential of 170 my, first, second, and 
third monolayer. 
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m l , r  

Fig. 10A (left) Variation of current with time for the formation 
of zinc oxide on zinc amalgam in 0.1N sodium hydroxide ~ 0.gM 
sodium nitrate at an overpotential of 185 my; B (right) variation of 
current with time for the reduction of zinc oxide on zinc amalgam 
in borate buffer of pH 9.14 at an overpotential of 35 my. 

In  t he  f o r m a t i o n  of c a d m i u m  h y d r o x i d e  on c a d -  
m i u m  a m a l g a m  (40) two  p e a k s  can  be  o b s e r v e d  at  
low o v e r p o t e n t i a ] s  w h i c h  a g a i n  occur  at  w i d e l y  
d i f f e ren t  t i m e s  and  w h i c h  differ  in a m p l i t u d e ,  Fig .  
9A a n d  9B. W i t h  i nc r ea s ing  o v e r p o t e n t i a l  t he  sec-  
ond p e a k  "ca tches  u p "  on t h e  first  peak ,  a n d  the  
a m p l i t u d e s  b e c o m e  n e a r l y  equal .  A t  t he  s ame  t i m e  
a s h o u l d e r  deve lops  on the  second  peak .  This  m a y  be  
a t t r i b u t e d  to t he  f o r m a t i o n  of a t h i r d  l a y e r  s ince  t he  
to ta l  q u a n t i t y  of e l e c t r i c i t y  used  is s o m e w h a t  in  e x -  
cess of t h a t  r e q u i r e d  for  t h r e e  l a y e r s  of t h e  {001} 
p l a n e  ( see  n e x t  s ec t ion ) ,  w h e r e a s  at  low o v e r p o t e n -  
r ia ls  t he  a r e a  u n d e r  each  p e a k  a p p r o x i m a t e s  to one 
l a y e r  of th is  p lane .  

A f inal  e x a m p l e  is the  f o r m a t i o n  of zinc ox ide  on 
zinc (51) ,  Fig .  10A. In  th i s  case a s ingle  l a y e r  on ly  is 
f o r m e d  on t h e  surface .  The  k ine t i c s  of r e d u c t i o n  of 
th is  s ingle  l a y e r  a r e  i l l u s t r a t e d  in  Fig .  10B and  can  
be  seen  to fo l low the  s ame  p a t t e r n  as  t he  f o r m a t i o n  
of the  l aye r s ,  Fig.  7-10. This  p a t t e r n  m u s t  be  a t -  
t r i b u t e d  to  t he  f o r m a t i o n  a n d  g r o w t h  of t w o - d i m e n -  
s ional  holes  in  t he  l ayer .  

Investigation of the Structure of the Deposits 

I t  is e v i d e n t  t h a t  for  the  ana lys i s  of t he  d a t a  in 
Fig .  7-10 t h e  o r i e n t a t i o n  a n d  s t r u c t u r e  of t h e  f i lms 
m u s t  be  d e t e r m i n e d .  S ince  t h e  l a y e r s  a r e  v e r y  t h in  
th is  is be s t  done  b y  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  
and  d i f f r ac t ion  of f i lms s t r i p p e d  f r o m  the  sur face .  
In  the  p r e s e n t  i nves t i ga t i on  the  fo l lowing  m e t h o d  
was  e m p l o y e d  as a s t a n d a r d  t e c h n i q u e :  t he  de pos i t  
was  f o r m e d  on a h o r i z o n t a l  pool  e l ec t rode  f ed  f r o m  
a s y r i n g e  and  connec t ed  in p a r a l l e l  to a second  
w o r k i n g  e lec t rode .  The  L u g g i n  c a p i l l a r y  was  c a r -  
r i ed  on a s l eeve  jo in t  a n d  a f t e r  t he  f o r m a t i o n  of the  
f i lm h a d  b e e n  c o m p l e t e d  was  p l a c e d  oppos i t e  th is  
second e lec t rode .  The  so lu t ion  l eve l  was  l o w e r e d ,  
t h e  p o l a r i z a t i o n  i n t e r r u p t e d ,  and  the  l a y e r  w a s h e d  
w i t h  w a t e r  or  a lcohol  and  dr ied .  The  f i lm was  t h e n  
coa ted  w i t h  a d rop  of 0.1% F o r m v a r  in  ch lo ro fo rm,  
and  the  compos i t e  l a y e r  was  s t r e n g t h e n e d  b y  the  
a d d i t i o n  of a f ew  d rops  of 2% col lod ion  in e t h y l  
ace ta te .  A t  th i s  s t age  the  b a c k e d  fi lm could  be  r e -  
m o v e d  in the  f o r m  of a d i sk  a b o u t  1 cm in d i a m -  
e te r  f r o m  the  m e r c u r y  or  a m a l g a m  surface .  S m a l l  
a r ea s  n e a r  the  cen t e r  of t he  d i sk  w e r e  cut  out  b y  
m e a n s  of a r a z o r  b l ade ,  and  t hen  p ieces  a p p r o x i -  
m a t e l y  2 m m  squa re  w e r e  p l a c e d  on E.M. g r ids  
us ing  a d rop  of ace tone  to fix t he  f i lms in pos i t ion .  
The  g r ids  and  a t t a c h e d  fi lms w e r e  p l a c e d  in a m y l -  
ace t a t e  v a p o r  and  t hen  in the  l i qu id  for  s e v e r a l  
hours  to  r e m o v e  the  co l lod ion  s u p p o r t i n g  film, and  

f ina l ly  p l a c e d  in  c h l o r o f o r m  to r e d u c e  the  t h i ckness  
of the  F o r m v a r  film. 

S p e c i m e n s  w e r e  t h e n  s t u d i e d  a t  m i n i m u m  b e a m  
i n t e n s i t y  in  t he  e l ec t ron  mic roscope  and  at  t he  s ame  
t ime  se lec ted  a r e a  e l e c t r o n  d i f f r ac t ion  p a t t e r n s  
t a k e n  w i t h  a 10/~ d i a m e t e r  se lec t ion  a r e a  at  t he  
spec imen .  C a l i b r a t i o n  of t he  d i f f rac t ion  p a t t e r n s  
was  c o n v e n i e n t l y  c a r r i e d  ou t  b y  p l a c i n g  a g r id  
c a r r y i n g  an  e v a p o r a t e d  gold  f i lm a d j a c e n t  to t he  
g r id  c a r r y i n g  the  f i lm in t he  s p e c i m e n  c a r r i e r  of 
t he  microscope .  Va lues  of spac ings  in a d i r ec t i on  p e r -  
p e n d i c u l a r  to t he  f i lm w e r e  a s c e r t a i n e d  b y  t r a n s f e r -  
r i ng  t h e  g r id  to a F i n c h - t y p e  e l ec t ron  d i f f rac t ion  
c a m e r a  and  r o t a t i n g  the  s p e c i m e n  r o u n d  a h o r i z o n t a l  
ax i s  some 30o-50 ~ . 

C a d m i u m  h y d r o x i d e  possesses  a s im i l a r  s t r u c t u r e  
to c a d m i u m  iodide ,  t h a t  is a l a y e r  s t r u c t u r e  con-  
s i s t ing  of two  p l a n e  h e x a g o n a l  n e t w o r k s  of h y -  
d r o x i d e  ions s u p e r i m p o s e d  in  such a w a y  t h a t  t he  
o x y g e n  a toms  of one res t  on those  of t he  o the r  in  
a l t e r n a t e  i n t e r s t i ce s  w i t h  an  h e x a g o n a l  n e t w o r k  of 
c a d m i u m  a toms  s e p a r a t i n g  the  p a i r  of l a y e r s  of h y -  
d r o x i d e  ions b u t  w i t h  t he  c a d m i u m  ion  l y i n g  a t  t he  
cen t e r  of a l ine  p e r p e n d i c u l a r  to  t he  l a y e r  p l a n e  and  
j o in ing  the  cen t e r  of a l ine  p e r p e n d i c u l a r  to t he  
l a y e r  p l a n e  and  j o in ing  the  c e n t e r  of t he  t r i a n g l e s  
of h y d r o x i d e  ions. The  h e x a g o n a l  l a y e r s  of c a d m i u m  
a r e  a r r a n g e d  w i t h  t he  ions d i r e c t l y  a b o v e  those  of 
t h e  n e x t  l o w e r  l aye r .  

The  a c t u a l  ao,Co a x i a l  spac ings  of t he  h e x a g o n a l  
un i t  cel l  v a r y  qu i t e  w i d e l y  in  the  l i t e r a t u r e .  R e a -  
sons for  th is  v a r i a t i o n  m a y  p r o b a b l y  be  t he  inc lus ion  
of w a t e r  mo lecu l e s  in the  "OH"  layer .  I n d e e d  u n d e r  
t he  w i d e  v a r i e t y  of cond i t ions  of f o r m a t i o n  i t  w o u l d  
not  be  u n r e a s o n a b l e  to seek  for  a CdC12 t y p e  of 
s t r u c t u r e  and  for  a b n o r m a l i t i e s  in  t he  s t ack ing  of 
t h e  h e x a g o n a l  ne t s  g iv ing  r i se  to a d o u b l i n g  of t he  
Co axis  r e p e t i t i o n  un i t  c o r r e s p o n d i n g  to t he  sugges -  
t ions  m a d e  b y  A r n e f e l t  (52) .  In  th i s  e s sen t i a l l y  
k ine t i c  i n v e s t i g a t i o n  w e  h a v e  sat is f ied ourse lves ,  b y  
the  m e t h o d s  d e s c r i b e d  b r ie f ly  be low,  t h a t  t he  s t ruc -  
t u r e  of the  h y d r o x i d e s  p r e p a r e d  a r e  of t he  " n o r m a l "  
CdI2 type ,  b y  us ing  t e c hn ique s  w h i c h  w o u l d  disclose  
s m a l l  changes  in  t he  ao,co p a r a m e t e r s  b u t  have  no t  
sough t  as y e t  for  t he  p r e s e n c e  of s y s t e m a t i c  changes  
in  l a t t i ce  spac ings  w i t h  p r e p a r a t i v e  condi t ions .  

Se l ec t ed  films, p r e p a r e d  as d e s c r i b e d  a b o v e  f r o m  
the  l a y e r s  depos i t ed  in the  k ine t i c  e x p e r i m e n t s ,  w e r e  
first  e x a m i n e d  b y  e l e c t r o n  mic roscopy .  E l e c t r o n  d i f -  
f r ac t i on  was  t h e n  used  to conf i rm the  o r i e n t a t i on ;  
th is  was  i n v a r i a b l y  one w i t h  t he  [0001] ax i s  p e r -  
p e n d i c u l a r  to the  m e r c u r y  su r f ace  as s h o w n  in Fig .  
l l a  and  showing  t h e r e f o r e  hk ,O d i f f rac t ions  only .  
Fig .  l l b  shows  a compos i t e  p a t t e r n  w i t h  t he  gold  
d i f f rac t ion  c a l i b r a t i n g  r ings .  A cube  edge  p a r a m e t e r  
of ao ---- 4.0786A (53) was  used  in  t h e  c a l i b r a t i o n  of 
t he  Cd (OH)2 spacings .  S e l e c t e d  a r e a  d i f f r ac t ion  p e r -  
m i t t e d  the  ca l cu l a t i on  in m a n y  cases  of t he  a c t u a l  
n u m b e r  of c r y s t a l s  p r e s e n t  in the  g iven  a r e a  f r o m  
t h e  r e so lu t i on  of t he  d i f f r ac t ion  spots  in  t he  r ings .  
This  n u m b e r  is in  a p p r o x i m a t e  a g r e e m e n t  w i t h  t he  
n u m b e r  of h e x a g o n a l  c ry s t a l l i t e s  w h i c h  can  be  
c oun t e d  on the  m i c r o g r a p h s ,  Fig.  l l c .  I t  is l i k e l y  
t h e r e f o r e  t h a t  these  c r y s t a l l i t e s  a re  t he  bas ic  un i t s  
g r o w i n g  on the  sur face .  R o t a t i o n  of t h e  s p e c i m e n  
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Fig. 11A (left) Electron diffraction pattern of cadmium hy- 
droxide film formed on cadmium amalgam in I N  sodium hydroxide; 
beam [I to ~ 0 0 1 ~  axes of crystallies; B (right) composite pattern 
with gold for calibration. 

Fig. 12. Indexed electron diffraction pattern of cadmium hydroxide 
film tilted through 41~ (hexagonal indices). 

which  gives  for  the  un i t  cel l  ao = 3.580 Co/ao = 1.405; 
ao = 3.475 Co/ao = 1.358 (54) ;  ao : 3.47A Co/ao = 
1.337 (55).  

A s imi la r  t e c h n i q u e  w i t h  m e r c u r o u s  ch lor ide  w i t h  
the  e l ec t ron  b e a m  at  an ang le  to the  o r i en t a t ed  p lane  
pa ra l l e l  to the  m e r c u r y  sur face  y ie lds  p a t t e r n s  such 
as t ha t  shown in Fig.  13. The  o r i en t a t i on  w i t h  the  co 
axis  of the  t e t r a g o n a l  cel l  t o g e t h e r  w i t h  the  end 
face  d iagona l  is i n v a r i a b l y  fo l lowed  u n d e r  any  con-  
d i t ion  of deposi t ion.  The  p a t t e r n s  are  mos t  r ead i ly  

i n d e x e d  by subs t i tu t ing  as un i t  cell  one of ~/2ao 
and Co as the pa rame te r s ,  this  cell  l y ing  w i t h  the  

Fig. 11C. Electron micrograph of cadmium hydroxide crystals 

in the  e l ec t ron  b e a m  g a v e  r ise  to p a t t e r n s  s imi la r  
to the  e x a m p l e  i n d e x e d  in Fig.  12 w h e r e  the  {hk,1} 
h e x a g o n a l  indices  ( w r i t t e n  as {hkl} for  conven i ence  
on the  d i a g r a m )  co r re spond  to sharp  and eas i ly  
m e a s u r e d  spots deve lop ing  on the  l a y e r  l ines cor -  
r e spond ing  to a spacing of )~L/co cos 0 w h e r e  ~ is the  
w a v e  length ,  L the  c a m e r a  length ,  and 0 the  e x t e n t  
of ro t a t ion  of the  fi lm f r o m  the  pos i t ion  w i t h  the  Co 
axis  pa r a l l e l  to the  beam.  

The  p l ane  spacings can be i n t e r n a l l y  ca l ib ra t ed  
f r o m  the  ao v a l u e  ca l cu la t ed  f r o m  the  {hk,O} d i f f rac-  
t ions ca l i b r a t ed  in t u r n  w i t h  the  gold. The  ax ia l  ra t io  
is t h e n  ca lcu la ted  by  the  express ion  

Co l 
-= [23] 

[ V ao ao 2 4 (h 2+ k 2 + hk)  
d e 3 

Typ ica l  da ta  for  the  c a d m i u m  h y d r o x i d e  films p r o -  
duced  t h r o u g h  t h r ee  k ine t i c  runs  w i t h  1% cad-  
m i u m  a m a l g a m  concen t r a t i on  in 1N sod ium h y d r o x -  
ide are  for  an o v e r p o t e n t i a l  ~ : 70 m v  ao : 3.502A 
co/ao ---- 1.339; ~? = 120 m v  ao 3.510A Co/ao ---- 1.323 
and v : 220 m v  ao : 3.489A co/ao = 1.323. These  
va lues  should  be  c o m p a r e d  w i t h  the  A.S.T.M. i ndex  Fig. 13. Electron diffraction pattern of tilted calomel film 
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{100) face  in  t he  f i lm a n d  the  l a y e r  l ines  d e v e l o p i n g  

f r o m  the  aoX/2-p lane  spac ings  p e r p e n d i c u l a r  to t he  
film. 

Tha l lous  ch lo r ide  ( ce s ium ch lo r ide  s t r u c t u r e )  
c ry s t a l l i z e s  w i t h  spac ings  s t r i c t l y  in  a c c o r d a n c e  w i t h  
the  m a s s i v e  m a t e r i a l .  A t  o v e r p o t e n t i a l s  up  to a b o u t  
80 m v  the  b a s a l  o r i e n t a t i o n  is w i t h  a cube  face  
p a r a l l e l  to t he  a m a l g a m  sur face ;  a t  h i g h e r  o v e r p o -  
t en t i a l s  a change  in  o r i e n t a t i o n  is obse rved ,  a n d  the  
l a r g e r  c ry s t a l s  can  be  seen  to h a v e  a {110) face  
p a r a l l e l  to t he  a m a l g a m  surface .  This  is c l e a r l y  
shown  in  Fig .  14A a n d  B. W i t h  m o r e  f inely  c r y s -  
t a l l i ne  m a t e r i a l  i t  is diff icult  to s ay  if t he  {110} 
o r i e n t a t i o n  is u n i q u e  b e c a u s e  t h e r e  a r e  no a b s e n t  r e -  
f lect ions as is t he  case w i t h  t he  f inely  c r y s t a l l i n e  
m a t e r i a l  in  the  {100} o r i en ta t ion .  

The  con f i rma t ion  of t he  s t r u c t u r e  of t he  e x t r e m e l y  
th in  l a y e r s  of zinc ox ide  has  p r o v e d  to be  of con-  
s i d e r a b l e  diff iculty.  R e a s o n a b l y  c l ea r  d i f f r ac t ion  p a t -  
t e rns  w e r e  o b t a i n e d  w i t h  an  A k a s h i  T ronscope  e lec-  
t r on  mic roscope  a f t e r  t he  r e m o v a l  of t he  po le  p ieces  
and  on a M e t r o p o l i t a n  V icke r s  t y p e  E.M.3. i n s t r u -  
ment .  A t t e m p t s  to use  a F i n c h - t y p e  e l ec t ron  d i f f r ac -  
t ion  c a m e r a  w e r e  w i t h o u t  success.  T h e r e  was  a c lose  
s i m i l a r i t y  b e t w e e n  the  p a t t e r n s  f r o m  the  f i lms w h i c h  
w e r e  c l e a r l y  of v e r y  s m a l l  p a r t i c l e  size. T y p i c a l  d 
spac ings  in  ~_ a re  2.821, 2.437, 1.623, 1.357 co r r e s -  
p o n d i n g  to d i f f rac t ions  f r o m  the  {10,0}, {10ft}, 
{11,0}, a n d  {20,1} p l a n e s  of h e x a g o n a l  zinc oxide .  
(The  A S T M  i n d e x  g ives  2.861, 2.476, 1.626, 1.354A, 
r e s p e c t i v e l y . )  The  {00,2} d i f f rac t ion  r i ng  is c o m -  
p l e t e l y  mi s s ing  as a r e  t h e  {10,2} and  {10,3}. W e  
cons ide r  t h a t  t he  ev idence  for  a n e a r l y  u n i m o l e c u l a r  
l a y e r  of f inely  c r y s t a l l i n e  zinc ox ide  w i t h  a p r e d o m -  
i n a n t l y  b a s a l  o r i e n t a t i o n  is t hus  qu i t e  s t rong.  

Discussion of the Kinetics of the 
In i t ia l  Stages of Passivation 

I t  has  a l r e a d y  been  p o i n t e d  out  t h a t  the  c u r r e n t -  
t i m e  t r a n s i e n t s  o b t a i n e d  b e l o w  the  r e v e r s i b l e  p o -  
t e n t i a l  can  be  e x p l a i n e d  b y  the  s low a d s o r p t i o n  of 
anions .  In  mos t  sy s t ems  the  c o v e r a g e  a t  t he  r e -  
v e r s i b l e  p o t e n t i a l  is a l r e a d y  v e r y  high,  of t he  o r d e r  
0.5. A t  p o t e n t i a l s  a b o v e  the  r e v e r s i b l e  p o t e n t i a l  t he  
s h a p e  of t he  c u r r e n t - t i m e  t r a n s i e n t  changes  and  
th is  shape  is c l e a r l y  cons i s t en t  w i t h  t h e  m e c h a n i s m  
of g r o w t h  of t w o - d i m e n s i o n a l  centers .  Th is  m e c h -  
a n i s m  is c l e a r l y  f a v o r e d  b y  the  h i g h l y  condensed  
a d s o r b e d  l a y e r  w h i c h  is f o r m e d  at  t h e s e  po ten t i a l s .  
In  such  a l a y e r  t he  f o r m a t i o n  of c lus te r s  l e ad ing  
to t w o - d i m e n s i o n a l  n u c l e a t i o n  is v e r y  l ike ly .  

D e t a i l e d  tes t s  of t he  fit of t h e  d a t a  to Eq. [19]  can  
be c a r r i e d  out  a t  low o v e r p o t e n t i a l s  w h e r e  a s ingle  
p e a k  can  be  o b s e r v e d  s e p a r a t e l y ,  for  e x a m p l e ,  for  
c a d m i u m  h y d r o x i d e ,  Fig.  9A. F o r  t he  r e d u c t i o n  of 
t he  l a y e r  on z inc  a m a l g a m  the  in i t i a l  p a r t  can  be  
o b s e r v e d  i n d e p e n d e n t l y  of  o t h e r  p rocesses  such as 
adso rp t ion .  I n  th is  r e g i o n  of t i m e  Eq. [19] r educes  
to Eq. [12].  A tes t  of th is  e q u a t i o n  is s h o w n  in 
Fig.  15. A t  l o n g e r  t imes  the  e x p o n e n t i a l  t e r m ,  l e a d -  
ing to a r e d u c t i o n  in  t h e  cu r ren t ,  m u s t  be  t a k e n  into  
account .  E q u a t i o n  [19] can  be  w r i t t e n  

i z F ~ M h k e A  ' ~M2keA ' t  3 
In ~ -  = In [24] 

p 3p 2 

A tes t  of th is  is s h o w n  in Fig .  16A. I t  can  be  seen 
t ha t  t h e  fit is a g a i n  good (40) .  On the  o t h e r  h a n d  a 
s i m i l a r  t e s t  for  t he  second  l aye r ,  a s s u m i n g  th is  to 
g r o w  on a u n i f o r m  c o m p l e t e  m o n o l a y e r  of t he  n e w  
phase ,  does not  g ive  a good  fit, Fig.  16B. I t  is c l ea r  
t h a t  l a y e r s  a f t e r  t he  first  canno t  be  a s s u m e d  to g row 
i n d e p e n d e n t l y  of each  o ther .  I t  is diff icult  to t r e a t  
the  p r o b l e m  of t he  depos i t i on  of a success ion  of 
m o n o l a y e r s  a l g e b r a i c a l l y ,  b u t  i t  has  been  shown  
(38, 39) t ha t  t r a n s i e n t s  of the  k i n d  in  Fig .  7, 8c, 
and  9c can  be  o b t a i n e d  b y  d i r ec t  s i m u l a t i o n  in a 
d ig i t a l  c o m p u t e r  of the  m u l t i l a y e r  p r o b l e m .  I t  is 
poss ib le  in th is  w a y  to o b t a i n  also a s e p a r a t e  e s t i -  

Fig. 14. Electron diffraction patterns of thallium chloride films 
formed on thallium amalgam in 1N hydrochloric acid. A, overpo- 
tential of 90 mv, 1-110] orientation; B, overpotential of 50 my, 
[100] orientation. 

4 ~  

35mV 
15 

? 

~'~ V 2 5mu 
V 

5 

,.to 2 

Fig. i5. Variation of the current with the square of time for the 
reduction of zinc oxide on zinc amalgam in borate buffer of pH 
9.14 at the overpotentials shown (-ve values). 
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Fig. 16. Variation of log i / t  2 with the cube of time for the forma- 
tion of cadmium hydroxide on cadmium amalgam in 5F/ sodium 
hydroxide. A, first monolayer at an overpotential of 30 my; B, sec- 
ond monolayer at an overpotential of 80 my. 
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Fig. 17. Variation of the current with the square of time according 
to Eq. [25] for the growth of cadmium hydroxide an cadmium amal- 
gam in N sodium hydroxide at the overpotentials s h o w n : - - e - -  
first layer; - - I g - -  second layer. 

m a t e  of k and  A 1. The  a s s u m p t i o n  t h a t  the  s u c c e e d -  
ing  l a y e r s  g r o w  i n d e p e n d e n t l y  of each  o t h e r  is mos t  
l i k e l y  to ho ld  in  t h e  v i c i n i t y  of t he  c u r r e n t  m a x i m u m  
and  the  v a l i d i t y  of t he  m o d e l  can  a l t e r n a t i v e l y  be  
t e s t ed  in  th i s  r e g i o n  fo r  a l l  t he  l a y e r s  (7, 39, 40) .  
E x p a n s i o n  a b o u t  t he  m a x i m u m  gives  for  s m a l l  t ime  
d i s p l a c e m e n t s  _+ u us ing  the  g e n e r a l  Eq. [22]  for  
r a n d o m l y  o r i e n t a t e d  cen t e r s  

( 4 )  MS/~Su2 3 exp  -~- 

iu + i - u  ~ 2ira [25] 
2z2F2h2p 2 

p r o v i d e d  u 2 / t  2 > ~ u 4 / t  4. This  e q u a t i o n  can  be  t e s t ed  
in  t w o  w a y s .  I n  t h e  f i rs t  p l ace  t he  c u r r e n t  in  t h e  
v i c i n i t y  of t he  m a x i m u m  shou ld  v a r y  w i t h  t he  
s q u a r e  of t he  d i s p l a c e m e n t  f r o m  the  m a x i m u m .  This  
is i l l u s t r a t e d  in  Fig.  17 fo r  t he  f irst  and  second  p e a k  
o b s e r v e d  d u r i n g  the  f o r m a t i o n  of c a d m i u m  h y d r o x -  
ide. Second,  t h e  s lope  of these  p lo t s  shou ld  be  p r o -  
p o r t i o n a l  to t he  cube  of  the  c u r r e n t  a t  t he  m a x i -  
mum,  and  th i s  is i l l u s t r a t e d  in Fig .  18 a g a i n  for  t he  
f o r m a t i o n  of c a d m i u m  h y d r o x i d e .  The  v a l u e  of t he  
i n t e r c e p t  can  be  c a l c u l a t e d  f u r t h e r m o r e  f r o m  the  
o b s e r v e d  o r i e n t a t i o n  a n d  g ives  t he  fu l l  l ine  in  Fig .  18. 
I t  can  be  seen  t ha t  the  a g r e e m e n t  w i t h  th is  s t r i n g e n t  
t es t  is r e a s o n a b l e  and  t h a t  t h e r e  a r e  no s y s t e m a t i c  
d i f fe rences  b e t w e e n  the  first  and  second  l aye r s .  T h e  
a s s u m p t i o n  t h a t  t h e  first  and  second  l a y e r s  g r o w  
i n d e p e n d e n t l y  of each  o t h e r  in  t he  v i c i n i t y  of t he  
c u r r e n t  m a x i m u m  is t h e r e f o r e  jus t i f i ed  (40) .  S i m -  
i l a r  a g r e e m e n t  has  been  o b t a i n e d  for  t h e  first  t h r e e  

l a y e r s  of ca lome l  g r o w i n g  on m e r c u r y  (39) a n d  the  
first  two  l a y e r s  of t h a l l i u m  ch lo r ide  on t h a l l i u m  
a m a l g a m  (50) .  

The  fit of t he  c u r r e n t - t i m e  t r a n s i e n t s  to t h e  m o d e l  
a s s u m i n g  t h e  g r o w t h  a n d  o v e r l a p  of t w o - d i m e n -  
s iona l  cen te r s  l eads  to f u r t h e r  conc lus ions  and  r e -  
sul ts .  S ince  the  equa t i ons  of t he  t y p e  [19] a n d  [22] 
a r e  d e r i v e d  a s s u m i n g  a u n i f o r m  r a t e  of  depos i t i on  
( k  mo les  c m - 2 s e c  -1)  i t  fo l lows  t h a t  t h e  o v e r l a p  of 

the  cen te r s  c anno t  l e a d  to  a r e t a r d a t i o n  of g r o w t h  
as i t  would ,  for  e x a m p l e ,  if  t he  r a t e  of mass  t r a n s f e r  
of ions  to t he  c e n t e r s  w e r e  r e d u c e d  b y  the  i n t e r a c -  
t ion  of t he  d i f fus ion  fields.  T h e  s low s t age  of c r y s t a l  
g r o w t h  m u s t  t h e r e f o r e  t a k e  p l a c e  a t  t he  edges  of 
the  g r o w i n g  cen te r s  so t h a t  l a t t i c e  f o r m a t i o n  b y  an  
e l e c t r o c h e m i c a l  r e a c t i o n  is r a t e - d e t e r m i n i n g  in  t he  
s a m e  w a y  as in  t h e  g r o w t h  of t h r e e - d i m e n s i o n a l  
cen t e r s  (5, 6, 8, 9, 35) .  T h e  compos i t e  r a t e  cons t an t  
k2A  ' can t h e r e f o r e  be  d e d u c e d  f r o m  the  p a r a m e t e r s  
of t he  peaks ,  p r e f e r a b l y  the  c u r r e n t  a t  t h e  m a x -  
i m u m .  The  p o t e n t i a l  and  c o n c e n t r a t i o n  d e p e n d e n c e  
of the  compos i t e  r a t e  cons t an t  k2A  ' can t h e n  be  
e x a m i n e d  in  t he  u sua l  way .  The  e x a m p l e  for  the  
first  two  p e a k s  of c a d m i u m  h y d r o x i d e  s h o w n  in 
Fig .  19 is t y p i c a l  of the  r e su l t s  ob ta ined .  A t  h igh  
o v e r p o t e n t i a l s  t he  r a t e  cons t an t s  for  t he  two  p e a k s  
a r e  equal .  I t  fo l lows  t ha t  k and  A '  m u s t  s e p a r a t e l y  
be  e q u a l  for  t he  two  l aye r s .  A t  low o v e r p o t e n t i a l s  
the  v a l u e  of k2A  ' for  t h e  second  p e a k  is m u c h  s m a l l e r  
t h a n  t h a t  for  t h e  first  peak ,  and  th is  has  been  a t -  
t r i b u t e d  to a d e c r e a s e  in  t he  n u c l e a t i o n  r a t e  con-  
s t a n t  for  the  second  succeed ing  l a y e r s  (7, 38, 39) 
as c o m p a r e d  to the  first.  F o r m u l a t i o n  of t he  n u c l e a -  
t ion  r a t e  cons t an t  for  t he  f irst  l a y e r  a cco rd ing  to t he  
c lass ica l  t h e o r y  g ives  

A , '  = K k o  exp  [ hpzVv ] 
-~- (0" 3 - -  (O" 1 "~- 0"2) ) R T  

[26]  

w h e r e  ~1, 0-2, and  0-3 a r e  t he  su r f a c e  ene rg ie s  b e t w e e n  
the  nuc leus  and  the  solut ion,  t he  nuc l eus  and  the  
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Fig. 18. Variation of the slope of plots such as those in Fig. 17 
with the cube of the current at the maximum. The full line is drawn 
according to Eq. [25] with the crystallographic values of h and p. 
% first layer on 1% cadmium amalgam in 5N sodium hydroxide; I-I, 
second layer an 1% cadmium amalgam in SN sodium hydroxide; �9 
first layer on 1% cadmium amalgam in 1N sodium hydroxide; I I ,  
second layer on 1% cadmium amalgam in 1N sodium hydroxide. 

4, 
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Fig. 19. Variation of rate constant k2A with electrode potentio| 
for the growth of cadmium hydroxide an 1% cadmium amalgam in 
1N sodium hydroxide.-- I - - ,  first layer; - - ~ - - ,  second layer. 

e lec t rode ,  t he  e l e c t r o d e  and  t h e  solu t ion ,  ko is t he  
v a l u e  of  k a t  t h e  r e v e r s i b l e  po t en t i a l ,  and  K is a 
cons t an t  con t a in ing  the  n u m b e r  of a d s o r b e d  species.  
F o r  t he  second  a n d  succeed ing  l a y e r s  i t  is l i k e l y  t h a t  
c~3 - -  (~rl + ~ )  is s m a l l  so t h a t  t he  u s u a l  exp re s s ion  
for  t w o - d i m e n s i o n a l  n u c l e a t i o n  is ob ta ined .  

NM~rhcrl 2 
As' ~ Kko e x p - -  [27]  

pzF~?RT 
k2A2' 

Since  In ~ can  be  s h o w n  to v a r y  l i n e a r l y  w i t h  

1/~? i t  has  b e e n  s u g g e s t e d  (39, 40, 50) t h a t  ~ 
(~1 ~- ~r2) is l a r g e  for  t he  first  l a y e r  g iv ing  a n u c l e a -  
t i on  r a t e  n e a r l y  i n d e p e n d e n t  of p o t e n t i a l  ( n e g l e c t i n g  
the  v a r i a t i o n  of ~ w i t h  ~b). The  l a r g e  v a l u e  of t he  
su r f ace  e n e r g y  b e t w e e n  t h e  m e t a l  a n d  so lu t ion  in 
fac t  d r i v e s  t he  n u c l e a t i o n  in t he  first  l a y e r  a n d  in 
f a v o r a b l e  cases  cou ld  l e a d  to i nc ip i en t  c r y s t a l  
g r o w t h  b e l o w  t h e  r e v e r s i b l e  po ten t i a l .  This  b e -  
h a v i o r  is ana logous  to t he  f o r m a t i o n  of condensed  
l a y e r s  on a d s o r b e n t s  b e l o w  the  s a t u r a t i o n  v a p o r  
p r e s s u r e  a n d  is t he  mos t  l i k e l y  e x p l a n a t i o n  for  t h e  
p l a t e a u  d e v e l o p i n g  on the  c u r r e n t - t i m e  cu rves  for  
the  specific a d s o r p t i o n  of ch lo r ide  ions  on t h a l l i u m  
a m a l g a m ,  Fig .  6. 

W i t h  t he  a s s u m p t i o n  of a cons t an t  n u c l e a t i o n  r a t e  
in t h e  f irst  l a y e r  t he  v a r i a t i o n  of k w i t h  compos i t i on  
and  p o t e n t i a l  can be  e x a m i n e d .  In  f a v o r a b l e  cases  
(39) t he  n u c l e a t i o n  r a t e  can  also be  e s t i m a t e d  g iv -  
ing a b s o l u t e  v a l u e s  of k and  ko. These  a r e  l a rge ,  of 
t h e  o r d e r  ko -~ 4 x 10 -8 moles  c m  -2  sec -1 in t he  
case  of t h e  c r y s t a l  g r o w t h  of ca lomel .  These  l a r g e  
va lue s  in  t he  p a r t i c u l a r  c r y s t a l l o g r a p h i c  d i r ec t ions  
a long  t h e  p l a n e  u n d o u b t e d l y  aga in  f a v o r  t he  c lass ica l  
m e c h a n i s m  of c r y s t a l  g rowth .  I t  is of i n t e r e s t  t ha t  
t he  v a l u e s  of k w h e n  c o r r e c t e d  for  t he  effects of the  
r e v e r s e  r e a c t i o n  g ive  s imp le  T a f e l  s lopes  n e a r  the  
r e v e r s i b l e  po t en t i a l ,  Fig .  20, w h i c h  i m p l y  a r a t e -  
d e t e r m i n i n g  f o r m a t i o n  of t he  l a t t i c e  f r o m  ions  " d i s -  
c h a r g e d "  onto t he  edge.  F r o m  an  e x a m i n a t i o n  of 
the  p o t e n t i a l  and  c o n c e n t r a t i o n  d e p e n d e n c e  i t  has  
been  sugges t ed  t h a t  in  t h e  case  of  ca lome l  (39)  
th is  is t h e  i n c o r p o r a t i o n  of a s imp le  Hg  + ion, for  
c a d m i u m  h y d r o x i d e  a r a t e - d e t e r m i n i n g  r e a r r a n g e -  
m e n t  of two  O H -  ions  in to  t he  l a y e r  p l a n e s  (40) ,  
a n d  for  t h a l l o u s  c h l o r i d e  a success ion  of t w o  first  
o r d e r  depos i t i on  s teps  (50) p o s s i b l y  ana logous  to t he  

Illlnpi~l .11 
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Fig. 20. Variation of the rate constant k~/A for the growth of 
the first monolayer of calomel, cadmium hydroxide, and thallous 
chloride with overpotentlal at low overpotentials. - -e--- ,  cadmium 
hydroxide; half opened circle, solid on right side, calomel; ---~--,  
thallous chloride. The full lines are drawn with the theoretical 
slopes according to the mechanisms suggested in the text. 

n u c l e a t i o n  of k i n k s  at  s t eps  (56)  fo l l owed  b y  g r o w t h  
a t  these  k inks .  I t  m u s t  be  n o t e d  t h a t  s ince  l a t t i ce  
g r o w t h  is the  s low stage,  t h e  r e su l t s  do not  g ive  a n y  
i nd i c a t i on  as to t he  m e c h a n i s m  of ion t r a n s p o r t  to 
t he  g r o w t h  si tes.  

The  sy s t e ms  w h i c h  h a v e  been  e x a m i n e d  a l r e a d y  
show a w ide  v a r i e t y  of b e h a v i o r .  In  t he  case  of c a d -  
m i u m  a m a l g a m  in a l k a l i n e  so lu t ion  and  of m e r c u r y  
in c h l o r i d e  so lu t ions  p a s s i v a t i o n  sets  in  a f t e r  a d e -  
f ined n u m b e r  of m o n o l a y e r s  have  been  fo rmed .  F o r  
t h a l l i u m  a m a l g a m  in ch lo r ide  so lu t ions  a m u l t i -  
m o l e c u l a r  l a y e r  succeeds  t he  f o r m a t i o n  of two  m o n o -  
l a y e r s  b e f o r e  t h e  e l e c t r o d e  is p a s s i v a t e d ,  w h i l e  for  
the  case  of zinc a m a l g a m  in a l k a l i n e  so lu t ions  a 
s ingle  l a y e r  on ly  is found .  The  r e su l t s  show t h a t  a 
m o n o m o l e c u l a r  f i lm of a def in i te  c h e m i c a l  phase  is 
f o r m e d  f r o m  t h e  a d s o r b e d  l a y e r  and  t h a t  t he  p r o c -  
esses of a d s o r p t i o n  and  l a t t i ce  f o r m a t i o n  can  be  
k i n e t i c a l l y  d i s t i n g u i s h e d  and  e x a m i n e d  s t r u c t u r a l l y .  
I t  s eems  l i k e l y  t h a t  t he  p rocess  of p a s s i v a t i o n  w i l l  
u s u a l l y  b e  ea sy  w h e n  t h e r e  is a f a v o r a b l e  c r y s t a l  
t y p e  a n d  h a b i t  such  as  a l a y e r  s t r uc tu r e .  I n  t he  e x -  
a m p l e s  so f a r  s t u d i e d  i t  a p p e a r s  t h a t  t he  k ine t i c s  of 
the  i n i t i a l  s t ages  of p a s s i v a t i o n  can  be  r e g a r d e d  as 
a p r o b l e m  in e l e c t roc ry s t a l l i z a t i on ,  t he  p rocess  of 
c r y s t a l  g r o w t h  b e i n g  s t e r i c a l l y  def ined.  

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1963 
JOURNAL. 
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Throwing Power of the Current in Anodic and Cathodic Protection 
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Pulp and Paper Research Institute 05 Canada, Montreal, Quebec, Canada 

ABSTRACT 

Based on Ohm's and Kirchhoff's laws, a differential equation is derived re-  
la t ing the changing potent ial  slope in  the length direction of a pipe to the cur-  
ren t  density at the inner  pipe surface. The extension of the pipe that  can be 
passivated or main ta ined  in the passive state by supplying cur ren t  with one 
cathode is formulated for l inear  as well as exponential  types of polarization 
curves and for pipes of finite and infinite length. Completely passivated pipes 
can be kept  in the passive state over a much greater distance from the cathode 
than par t ly  passive pipes. Agreement  is found with reported exper imental  data 
on the throwing power of anodie protection. The same basic equations are valid 
with respect to the throwing power of cathodic protection, which is much 
smaller  than that of anodic protection at comparable corrosiveness. On the 
application of anodic protection redox reactions of substances produced on 
cathodes, anodes on corroding metals and alloys can strongly influence the 
behavior. 

For  the app l ica t ion  of anodic  p ro tec t ion  (1-6)  in  
any  l eng thy  vessel  the  t h r o w i n g  power  (4) of the  
c u r r e n t  is of p r i m a r y  impor tance .  E v i d e n t l y  pass iv -  
i ty  is reached  v e r y  r ap id ly  in  a vessel  w h e n  the  
c u r r e n t  dens i ty  on its whole  sur face  surpasses  the  

m a x i m u m  va lue  of the  po la r i za t ion  curve.  However ,  
even  at  lower  ave rage  c u r r e n t  densi t ies ,  f o r ma t ion  
and  expens ion  of pass iv i ty  occur w h e n  the  c u r r en t  
dens i ty  local ly  surpasses  the  m a x i m u m  va lue  of the  
po la r iza t ion  curve.  Af te r  the  a rea  of best  c u r r e n t  
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supply  has been passivated,  more  dis tant  areas  re -  
ceive an increas ing f rac t ion of current .  

A s tudy of this p rob lem has been car r ied  out by 
Edeleanu and Gibson (7).  They developed an ex-  
pe r imen ta l  a r r angemen t  for the der iva t ion  of the 
throwing power  of anodic protect ion.  To this end a 
wire  fed into a glass tube which was filled wi th  an 
e lect rolyte  was used as anode. F rom the wire  the 
cur ren t  flowed through  the e lect rolyte  to the ca th-  
ode which was a t tached to the opening of the glass 
tube.  F rom the length of the pass iva ted  area  in the  
glass tube  and f rom the cur ren t  supplied,  conclu- 
sions were  made  about  the length  of a pipe (made 
of the same meta l  as the  tes ted  wire)  tha t  can be 
pass ivated  by  cur ren t  supply  f rom one end. In this 
paper  the throwing power  of the cur ren t  in anodic 
and cathodic protect ion is der ived  theore t ica l ly  
f rom polar izat ion curves wi thout  the requ i rement  
of any other  exper imen ta l  data.  

For  the prac t ica l  appl icat ion of anodic protect ion 
a rough es t imat ion of the requi red  cur ren t  is often 
possible wi thout  ex tended  calculation.  The high 
current  requi red  for in i t ia l  pass ivat ion is equal  to, 
or smal ler  than  the product  of the exposed surface 
area  and the m a x i m u m  current  densi ty  of the 
per t inen t  polar iza t ion  curve. In a vessel of l engthy  
shape, s tepwise  pass ivat ion can reduce the neces-  
sa ry  cur ren t  to a f ract ion of the amount  requ i red  
for s imul taneous  passivation.  Also pass ivat ion  f rom 
p rope r ly  d i s t r ibu ted  cathodes or f rom both ends of 
tubes reduces the requ i red  current .  The reader  who 
is in teres ted  in prac t ica l  appl icat ion only, may  omit  
the s tudy of the complicated der ivat ions  to find 
most prac t ica l  suggestions in the discussion. 

Basic Derivation 
This der iva t ion  refers  to a pipe  filled wi th  an 

e lect rolyte  of the specific res is tance p ohm x cm. 
For  the  sake of s impl ic i ty  a constant  cross section 
of the pipe and a clean inner  surface are assumed. 
I r regula r i t i es  in the meta l  composit ion and deposits  
of foreign ma te r i a l  are excluded.  

The potent ia l  slope in the length  direct ion of the 
pipe is according to Ohm's law 

dE 
= - -  p l L  [ 1 ]  

dx 

where  E is the potent ial ,  x the length  coordinate  of 
the  pipe, and I t  the cur ren t  densi ty  in the length  
direct ion of the pipe. 

Kirchoff 's  law m a y  now be appl ied  to calculate  
the change of the cur ren t  in the length  direct ion oc- 
cur r ing  when a f rac t ion of it  is b ranched  off to the 
pipe surface. The cur ren t  in the length  direct ion of 
the pipe is I L c r R  2 where  R is the radius  of the pipe. 
The current  exchange with  the pipe surface be tween 
x and x + dx  amounts  to 2~rRIsdx, where  Is is the 
cur ren t  dens i ty  at the pipe surface. Hence 

dlL 2 
- -  - -  I s  [ 2 ]  
do: R 

d I L / d X  c a n  be der ived  f rom Eq. [1]. Thus a differ-  
ent ia l  equat ion of genera l  va l id i ty  is der ived  (8) 

d2E ~_ --2P Is [3 ] 
(ix 2 R 
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Equat ion [3] can be used for the der iva t ion  of E = 
S(x) if the polar iza t ion  curve is known, i.e., the 
current  densi ty  Is as a function of the poten t ia l  d i f -  
ference be tween  pipe surface and electrolyte .  I t  
serves to der ive  the th rowing  power  of the  current  
in anodic and cathodic protect ion.  In the  present  
der iva t ion  the th rowing  power  of the current  wi th  
respect  to anodic protect ion is expressed in two 
different  ways :  (a)  as the m a x i m u m  length  of a 
pipe tha t  can be pass ivated  by  current  suppl ied 
f rom one end of the pipe which was or ig inal ly  in 
the act ive state, and (b)  the m a x i m u m  length of 
an or ig ina l ly  passive pipe which can be main ta ined  
passive b y  supply ing  current .  Wi th  respect  to ca th-  
odic protect ion,  the  throwing power  of the current  
is the m a x i m u m  length  of the pipe wi th in  which 
the corrosion ra te  is subs tan t ia l ly  reduced by  cath-  
odic protect ion.  The values of R, p, and of the  length 
of the  pipe are requ i red  for the calculation. Equa-  
tion [3] can be appl ied  to any form of the polar iza-  
t ion curve. Winsel  (9) t r ea ted  a s imilar  problem, 
the d is t r ibut ion  of cur ren t  in porous electrodes.  He 
l imi ted  the der iva t ion  to exponent ia l  polar izat ion 
curves only, whereas  in this paper  the cases of 
l inear  cu r r en t -dens i t y -po t en t i a l  re la t ion and of po-  
t en t i a l - i ndependen t  cur rent  densi ty  are also dis-  
cussed. 

Application to an Exponential Polarization Curve in 
the Active State with Respect to Anodic Protection 
In i t ia l ly  the  whole pipe may  be in the  active 

state. I t  is then  pass iva ted  by  anodic protect ion up 
to a cer ta in  distance f rom the cathode. The active 
state is assumed to be s table as indica ted  by  a posi-  
t ive cur ren t  densi ty  at the m a x i m u m  of the po la r i -  
zation curve (1, 3, 10). The passive state may  be 
s table  or unstable,  but  in any case the  current  dens-  
i ty  in the passive s tate  should be negl ig ib ly  low in 
comparison to the current  densi ty  in the active 
state. 

For  example,  the polar iza t ion  curve may  be of 
the form given in Fig. 1 (12). For  the slope of the 
polar izat ion curve in the act ive state the decline of 
the cur ren t  densi ty  may  follow approx ima te ly  the 
equat ion (12). 

IS -~ 2IsM e x p  f l ( E  - -  E M )  [4] 

where  IsM is the m a x i m u m  value  of Is, fl the ex-  
ponent  (12) ( v o l t - I ) ,  and EM the potent ia l  at which 
Is is equal  to IsM. The numer ica l  factor  2 in Eq. [4] 
is only an approx ima te  value  (12);  it equals uni ty  
at  E = E~. 

Af te r  subst i tu t ing Is f rom Eq. [4] into Eq. [3] 

d2E 4p 
ISM exp f l (E --  EM) [5] 

dx  2 -- R 

which is va l id  for E M - -  E > O. 
For  E ---- EM, exp B(E  - -  E M )  ---~ 1 and therefore  

d2E ) =4---~PlsM [6] 
d x 2  (E~-EM) R 

The apparen t  devia t ion  of Eq. [6] f rom Eq. [3] 
by  the factor  2 is caused by  the devia t ion  of the 
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Fig. 1. Schematic diagram of a polarization curve composed of an 
exponential branch of the anodic dissolution current (10) leading 
to the constant very low current density in the passive state and 
of the diffusion current ISD in the active state. 

polarization curve from the exponential course 
when approaching ISM (see definition of EM). 

It is easily shown that 

d e  ( 4 p  2 )1/2 
dx  - - - -  R I S M ' ~ e x p f l  ( E - - E M )  + C  [73 

is the solution of the differential Eq. [5], because 
Eq. [5] results from differentiation of Eq. [7]. It is 
understood from the derivation that Eq. [7] is valid 
for E < EM. As the polarization curve reaches the 
maximum value of Is at EM, the deviation of d E / d x  
from Eq. [7] becomes very  pronounced. 

With respect to pipes of various lengths the value 
of C can be derived from the assumption d E / d x  = 
0 at the closed end of the pipe. Of course, the limits 
of the validity of Eq. [4] are to be considered. For a 
pipe of finite length 

8 p ISM 
C = - -  exp fl (EE -- EM) [8] 

R f l  

where EE is the potential reached at the closed end 
of the pipe. 

After substitution into Eq. [1], IL is derived by 
integration 

IL : ( SIsM `)Z/2 ( ( e x p f l ( E - - E M ) - -  
\ p e e l /  

1/2 
exp fl(EE -- EM) [9] 

For the potential E = EM, Eq. [9] becomes 

=: ( 8 IsM `) 1/2 
Item \ p - - ~ /  (1 - - e x p f l  ( E E - - E M ) )  1/2 

[10] 

ILM is the current density flowing in the length di- 
rection of the pipe where the potential is EM. 

In an analogous manner  the behavior in the range 
of the conversion from active to passive states can 
be derived, assuming an exponential decrease of 
the current  density (10) according to 

Is = 2IsM exp y ( E M - - E )  [11] 

where y is a constant. Close to Is ---- ISM a deviation 
occurs as discussed with respect to Eq. [6] and [7]. 

The current density in the length direction is de- 
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rived for the potential range between EM and the 
Flade potential Ee 

( 8 ISM ,)1/2 
IL ~,p----~T / ( +  exp7  ( E M - - E )  -- 

exp 7 (EM --  EE) )z/2 + ILF [12] 

where ILv is the current density flowing from the 
passive to the active range of the pipe. 

Usually the term exp 7 (EM --  E l )  can be neg- 
lected and ILM is given by 

IL~ -~ - -  ( a IsM y~2 
\ p R Y ] Jr" ILF [13] 

ILv results f rom Eq. [10] and [13] 

ICE ( 8 ISM `)1/2 
= \ p e t  ] -}- 

- ~ - ~ 1  (1 - - e x p f l  ( E E - - E M ) )  1/~ [14] 

Equation [14] is valid for a pipe in which the po- 
tential E~ < EM is reached at the end located distant 
from the current supply. 

The density of the current  which flows from the 
cathode to the active range of the pipe is ILE. If Is 
in the passive state can be neglected, IL in the pas- 
sive state equals ILE and the slope of the potential 
in the passive range is piLE. The current  supplied to 
the cathode can be increased so as to reach the po- 
tential of the borderline ET between passive and 
transpassive range at the pipe surface close to the 
cathode. Then in agreement with Edeleanu and 
Gibson (7) the passive length Lp of the pipe is de- 
rived from Eq. [1] 

ET - -  EF 
Lp = [15] 

ILF p 

By substitution in Eq. [14] Lp is derived for a pipe 
of finite length 
Lp 

(ET '-- EF) 

(s pIsM y/2+(SpZs~,y/2 
---R~T / \ ~ /  ( 1 - - e x p f l ( E E - - E M ) ) ' / 2  

[16] 

If the whole pipe is initially in the active state, 
the current density at the pipe surface close to the 
cathode may initially be greater than ISM. Hence 
the potential of that area of the pipe shifts rapidly 
to the passive range. The increasing extension of the 
passive range can be calculated from Eq. [16] if 
the changing polarization curve is known with re- 
spect to a surface that is active before the passivat- 
ing current is switched on. For a pipe of limited 
length the passive area becomes somewhat further 
extended than for a pipe of infinite length. If two 
cathodes of distance D apart are used, D can be 
chosen twice the length of a tube with closed ends 
that can be passivated by applying current at one 
point "only. For the calculation of Lp the value of EE 
in Eq. [16] is required. 

Hence the change of the potential with the dis- 
tance from the source of current is of interest. 
Across the passive region of the pipe, dE/dx equals 
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--ILFp. As in the active range an increasing frac- 
tion of IL passes to the pipe surface, d E / d x  de- 
creases with increased distance from the source of 
current. According to Eq. [7] and [8] the relation 
between potential and the distance x -  XM from the 
point where E = EM is given by 

( R fl ) ~/2 
x --  x ~  = -- 8 p IsM 

~] : dE [17] 
M x%1/2 

exp fl ( E -  EM) -- exp f l(E~ -- EM) ) 

Equation [17] can be integrated by applying the 
standard integral 

dx _ 
(a + exp p x )  1/2 

--2 p 
arc sin ( - -a)  I/2 exp - - - - x  + C [18] 

p ~/--a 2 

to Eq. [17], giving 

( R )1 /2 .  

x -- XM == 2,8 p ISM 

( fl (E--EM)--I) fl (EE -- EM) exp -- -~- arc sin e x p ~ -  

exp -~  (E~ -- EM) 

[19] 

Equation [19] represents the relation between the 
metal-electrolyte potential difference and the dis- 
tance ( x - - X M )  from the point where E = EM. For 
the application of Eq. [19] ( x - - X M )  might be cal- 
culated as a function of ( E -  EM) for a variety of 
(EE - -  EM) values. 

fl (E~--  EM) For a pipe of infinite length exp -~  

can be neglected. Hence the relation is considerably 
simplified and can be formulated 

x - -  xM = - -  ( R )1/2 
2 fl p Is~ 

t~ ( E - -  EM) -- 1 > [20] exp -- ~- 

From Eq. [20] the potential difference E -- EM is 
given by 

2 R 1/2 + 1 [21] 

2 p p  IM 

The potential changes approximately proportionally 
to the logari thm of the distance from the point 
where E = EM. These equations hold only in the 
potential range where anodic dissolution produces 
the main fraction of the current  (Eq. [4]) .  For in- 
stance, the equations no longer apply when He de- 
velopment causes the flow of current  at an amount 
comparable to that caused by the dissolving metal. 

The polarization curve does not always follow the 
model course assumed in the above derivation. For 
instance, it may follow a straight line from the 
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Fig. 2. Schematic diagram of a polarization curve composed of 
branches which change linearly with the potential. 

maximum value IM at EM to the stable potential in 
the active state EA (Fig. 2) 

E --  EA 
ls = IsM [22] 

EM - -  EA 

According to Eq. [3] the corresponding differential 
equation is 

d 2 ( E - - E A )  2p l sM E - - E A  
- -  - -  [ 2 3 ]  

dx  ~ R E M -  EA 

In a manner  analogous to the above derivation the 
potential-distance relation is derived to 

E ,-- EA ~ /  2 p IS~ 
EM -- EA exp V R (EM -- EA) 

(x XM) [24] 

where ( x  --  XM), the distance of the point of the  
potential E from that  of the potential EM, is zero or 
negative. This equation shows that the potential ap- 
proaches the stable active potential with an ex- 
ponential curve. I t  applies to the potential range 
EA <- E "< EM. 

Application to the Conditions of the Passive State 
It  has been proven (4) that excellent throwing 

power is obtained with respect to anodic protection 
of a lengthy tube even if the current is supplied 
only at one open end. This is possible because the 
density of the anodic dissolution current  in the 
demonstrated case is almost negligible. To investi- 
gate this effect, assumptions have to be made with 
respect to the current-densi ty-potent ia l  relation. 
For the sake of simplicity a constant current  den- 
sity (Is ---- Isp) may be assumed. Equations [1] to 
[3] are the basis of any such derivation. Integration 
of Eq. [3] results in 

dE _ 2p f Isp dx  [ 2 5 ]  

dx R 

At the end of the pipe d E / d x  = 0 and (x -- x0) may 
be the distance from the closed end, hence 

dE 2p 
dx  = ---R"- Isp ( x  - xo) [26] 

The potential is derived by another integration 

p Is}, 
E - - E o =  --~ ( x - - x o )  2 [27] 
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where  Eo is the potent ia l  at x ---- x0. If the potent ia l  
of the pipe at  the point  which is closest to the ca th-  
ode is ET and the potent ia l  at the  end of the F lade  
potent ia l  EF, (X --  X0) ----- LM, which is the m a x i m u m  
length  tha t  can be kep t  in the passive s tate  by 
means one cathode, then 

LM-: ( ( E T - - E F ) R )  1/2 
P Isp [28] 

Of course for safety reasons the  to ta l  difference 
(ET--EF) cannot be used; the poten t ia l  at  the end 
has to be h igher  than  EF to make  sure no shift  to the  
act ive s ta te  can occur even when conditions are 
changed temporar i ly .  

Equat ion [28] m a y  now be compared  wi th  the 
da ta  given by  Sudbury  and co-workers  (4) wi th  
respect  to the pass ivat ion of a tube of 60 ft (1820 
cm).  The tube  radius  was 3/4 in. (1.91 cm).  The 
potent ia l  drop was 0.4v; the specific res is tance of 
67% by  weight  HeSO4 is about  1.54 ohm x cm at 
75~ (13). The cur ren t  densi ty  is therefore  cal -  
culated to 

Isp = 0.15 ~a /cm e [29] 

if the cur ren t  was suppl ied  only f rom one end of 
the tube,  and to 

Isp ~ 0.60 ~a /cm 2 

if the  cur ren t  was suppl ied f rom both ends of the 
tube, i.e., through the back  flowing acid as wel l  as 
through the acid enter ing the pipe. 

Shock and others (5) found at  304 stainless steel 
immersed  in 67 % I-I2SO4 by weight  a decreasing cur-  
rent  densi ty  which a t ta ined  0.6 ~a /cm 2 af ter  1-2 hr. 
On the other  hand, it  is known tha t  the decrease of 
the  cur ren t  densi ty  continues for days and weeks  
(11), and the calculated value  of 0.15 ~a /cm 2 may  
have been reached dur ing  the operat ion of anodic 
protection.  In  any case, the calculat ions give the 
r ight  order  of magni tude.  

Throwing Power of Cathodic Protection 
The equations of genera l  val idi ty ,  viz., Eq. 

[ 1 ] - [ 3 ] ,  can also be appl ied  to der ive  the  th rowing  
power  of cathodic protect ion with  respect  to pipes. 
In this appl icat ion the form of the polar izat ion curve 
in the cathodic range  is of decisive importance.  If 
the negat ive  current  densi ty  in the cathodic range  
follows the same t rends  as the posi t ive current  den -  
si ty in the  anodic range, the same equations app ly  
to the cu r r en t -dens i t y -po t en t i a l -d i s t ance  relat ion.  
For  instance, the polar izat ion curve may  follow a 
s t ra ight  l ine  f rom the current  densi ty  Isc (Fig. 2) 
a t ta ined  at  the most cathodic po ten t ia l  to zero at the 
potent ia l  EA. Then the cur ren t  dens i ty  Is amounts  to 

E - -  E A  
Is : Isc [30] 

Ec - -  EA 

Equat ion [30] is equal  to Eq. [22] except  for  the 
constants. In an equat ion analogous to Eq. [24] the 
potent ia l  distance re la t ion can be formula ted  

E -- EA _ /  2pIsc 
Ec - -Ea  - - e x p  V R(~c=~EA) (X- -Xc)  [31] 

where  x = Xc at the  potent ia l  E ~ Ec. F rom Eq. [31] 
the  corrosion ra te  in a pipe  can be calculated as a 

funct ion of the distance f rom the anode, p rovided  
the cu r r en t -dens i t y -po t en t i a l  re la t ion follows Eq. 
[30]. 

There  is another  group of polar izat ion curves in 
which the nega t ive  current  densi ty  main ta ins  a con- 
s tant  level  over  an extended range.  For  instance, 
this type  of polar izat ion curve is formed when the 
total  depolar iza t ion cur ren t  is diffusion-control led.  
Under  these condit ions Eq. [25] - [27]  app ly  when 
Isp is rep laced  by  the diffusion current  ISD (Fig. 1) 
and Eo by EA. Analogous to Eq. [27] the current  
dens i ty -po ten t i a l -d i s t ance  re la t ion is fo rmula ted  

pIsD 
E -- EA -- - -  (X -- Xc) 2 [32] 

R 

If the par t  of the  pipe which is closest to the anode 
is kept  at the  potent ia l  EH at which the negat ive  
current  begins to increase r ap id ly  (because of H~ 
development)  the range covered by cathodic p ro-  
tect ion is 

L M ~  ( (EH--EA)R . )  1/2 
- - - -  [33] 
p IsD 

ISD is g rea te r  than or equal  to the  densi ty  of the 
corrosion current  /corr. Hence under  the conditions 
of Eq. [33] the distance f rom the anode at  which 
cathodic protec t ion  would begin to reduce the cor-  
rosion ra te  in a pipe  is equal  to, or lower  than  

( ( EH- - EA) R) 1 / 2 .  For an effective protection of 
p Icorr 

the pipe the distance f rom the anode should be con- 
s iderab ly  smaller.  Equat ion [28] equals Eq. [33] 
except  for the definition of the current  densities. 
However,  when the range protec ted  by  cathodic p ro-  
tect ion becomes large  because of a very  small  value  
of/SD, the corrosion ra te  found at  tha t  smal l  va lue  of 
ISD which is reduced by  cathodic protect ion is ve ry  
small. But in anodic protect ion Isv can be many  
orders  of magni tude  smal ler  than  the corrosion cur-  
rent  in the act ive state. Hence a high th rowing  power  
of the current  in anodic protec t ion  can be a t ta ined  
even if the  corrosion ra te  in the act ive state is high. 

Discussion 
The present  der ivat ion  is based on the assumption 

tha t  the actual  polar izat ion curve is known for the 
condit ions under  consideration.  In addi t ion  to the 
polar izat ion curve, only Ohm's and Kirchhoff 's  laws 
are used in Eq. [ 1 ] - [ 3 ] .  Detai led equations are  
der ived  wi th  respect  to a polar izat ion curve tha t  can 
be formula ted  as a Tafel  relat ion.  For  the appl icat ion 
of the der ived equations an exact  knowledge  of ac-  
tual  polar iza t ion  curves is of fundamenta l  impor -  
tance. Swinging potent ia ls  and t ime -dependen t  po-  
lar izat ion curves requi re  pa r t i cu la r  at tention.  Also 
differences in the supply  of chemicals to the  meta l  
surface may  have a considerable  influence. In this 
respect  the s trong influence of reagents  produced 
by  corrosion and by  the appl ied  current  may  be 
mentioned.  The rap id  dissolut ion of the me ta l  in the 
bounda ry  region be tween act ive and passive areas 
causes a r ap id ly  increasing concentra t ion of the 
produced meta l  ions. The pa r t i a l  cur rent  or iginat ing 
f rom redox react ions of these ions has to be con- 
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sidered in the calculations. For instance, if in an iron 
pipe the electrolyte flows from active to passive 
areas (14), bivalent iron ions formed in the active 
range would react with the passive fraction of the 
pipe to form trivalent iron ions. The anodic current  
caused by this redox reaction would decrease the 
current supplied to the active fraction of the pipe, 
thus strongly reducing the throwing power of anodic 
protection. In an analogous manner  an electrolyte 
flowing from passive and transpassive to active areas 
might carry oxidizing reagents which would initiate 
a cathodic partial current in the active area thus re-  
ducing the total current density, i.e., the throwing 
power of the current in anodic protection would be 
increased. On the other hand, reducing reagents 
produced at the cathode and carried by the flowing 
electrolyte would have the opposite effect. Evidently 
redox reactions and their dependency on the flow 
direction of the electrolyte can strongly influence 
the throwing power of anodic and cathodic protec-  
tion. These conclusions suggest methods to improve 
the throwing power of electrochemical protection, 
and they may explain some important  phenomena 
(14). No experiments have been carried out to cor- 
roborate the derived equations, which appear to be 
reliable because no arbi t rary  assumptions had to be 
made in the basic derivations of Eq. [1 ] - [3 ] .  The 
comparison with the experimental data of Sudbury 
and co-workers shows a reasonable agreement. 

A striking result of these derivations is the great 
difference between the excellent throwing power of 
the anodic current in a completely passivated system 
and its fairly limited throwing power in a pipe 
which is part ly in the active state. This result can 
be expressed by the ratio LM/LP| where Lp~ is the 
length of the passivated fraction of the pipe of in- 
finite length which is in the active state except for 
the passivated fraction close to the cathode. From 
Eq. [16J and [28] is derived 

LM 

Lp~ 

The 

8 / 1/2 

I )1/2_1_ ( 1 ) 1 / 2  ] [(7 
)1/2 1 ,~1;,~ (1)1/2  
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is usually close to unity. As the ratio ISM/[SP is in the 
range 104 to 108 in most cases, the protection in a 
completely passivated system covers about 102 to 104 
times the length protected in a system which is 
part ly in the active state. The initial passivation of 
an originally active pipe requires special methods to 
attain the extremely high throwing power known 
for completely passivated systems. The pipe might 
be passivated by filling with a passivating solution 
at low temperature (7, 15). Once passivity has been 
attained in the total length of the pipe, current  is 
required only to maintain passivity when replacing 
the passivating solution by the solution to be con- 
ducted in the pipe. If the passive state is unstable, 
reactivation is caused by interruption of the current. 
With respect to a portion of a tube which is just 
being reactivated, the current  required for repassi- 
vation is much less than the current required for the 
initial passivation. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1963 
JOURNAL. 
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On the Passivity of Manganese in Acid Solutions 
K. E. Heusler 

Max-Planck-Institut fiir Metall~orschung, Abteilung Sondermetalle, Stuttgart, Germany 

A review of the li terature concerning the anodic 
behavior of manganese gives some indication that 
manganese can be passivated. Passing sufficiently 
large anodic currents through a manganese elec- 
trode enobles the potential until oxygen is evolved 
and permanganate  is formed (1). One would expect 
(2) the passive manganese to be covered by a thin, 
invisible, and electron conducting oxide layer simi- 
lar to the layers known to exist on iron and chro- 

mium. However, in most of the earlier experiments 
with manganese passivity was accompanied with 
formation of a thick, visible deposit of manganese 
dioxide. The thick deposits could have been formed 
by oxidation of manganous ions or by decomposition 
of permanganate  f rom the solution. 

Detailed information on passive manganese is 
lacking. Polarization curves of passive manganese 
have not yet  been measured, and it is an open ques- 
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Fig. 1. Electrolytic cell with Mn, manganese electrode; Pt, 
platinum counter electrode; C, Haber-Luggin capillary; S, supply 
of electrolyte; M, magnetic stirrer. In order to renew the electrolyte, 
stopcock 2 was closed and stopcock 3 was opened. After removing 
from the cell about 2/3 of the electrolyte, stopcock 1 was opened 
to fill the cell. 

t ion  w h e t h e r  an  ac t i va t i on  p o t e n t i a l  of the  t y p e  first  
d i s cove red  b y  F l a d e  (3)  on i ron  can  also be  found  
on m a n g a n e s e .  A n  a t t e m p t  to c l a r i f y  some of these  
p r o b l e m s  is p r e s e n t e d  in  th is  pape r .  

Exper imental  

S m o o t h  m a n g a n e s e  e l ec t rodes  w e r e  p r o d u c e d  b y  
ca thod ic  depos i t i on  of m a n g a n e s e  on p l a t i n u m  w i r e  
e l ec t rodes  f r o m  a so lu t ion  of 1M MnSO4 a n d  1M 
(NH4)2 SO4 a d j u s t e d  to p H  = 2.2 b y  a d d i t i o n  of 
H2SO4. The  c u r r e n t  d e n s i t y  was  50 m a / c m  e. The  
so lu t ion  was  k e p t  a t  a b o u t  22~ 

Most  of  t h e  e x p e r i m e n t s  w e r e  p e r f o r m e d  in 0.5M 
o r t h o p h o s p h o r i c  ac id  so lu t ions  w h i c h  h a d  been  p a r -  
t i a l l y  n e u t r a l i z e d  b y  a d d i t i o n  of sod ium h y d r o x i d e  
u n t i l  t h e  d e s i r e d  p H  v a l u e  was  r eached .  A l l  so lu-  
t ions  w e r e  p r e p a r e d  f r o m  M e r c k  a n a l y t i c a l  g r a d e  
chemica l s  and  t r i p l e  d i s t i l l ed  wa te r .  

The  cel l  (Fig .  1) was  des igned  to a l l ow for  e f -  
f ec t ive  r e n e w a l  of t he  solu t ion ,  w h i c h  could  be  c i r -  
c u l a t ed  b y  a m a g n e t i c  s t i r r e r .  E x p e r i m e n t s  w e r e  
p e r f o r m e d  a t  a b o u t  22~ 

A W e n k i n g  p o t e n t i o s t a t  was  used  in t he  p o t e n t i o -  
s t a t i c  c i rcui t .  C u r r e n t s  could  be m e a s u r e d  b y  f e e d -  
ing  the  v o l t a g e  d rop  across  a p r ec i s i on  r e s i s to r  to 
the  i n p u t  of a C a r y  32 v i b r a t i n g  r e e d  ampl i f i e r  con-  
nec t ed  to a S i e m e n s  L i n e c o m p  r eco rde r .  The  v i b r a t -  
ing  r e e d  amp l i f i e r  also s e r v e d  to d e t e r m i n e  t i m e  
d e p e n d e n c e s  of t he  p o t e n t i a l  in g a l v a n o s t a t i c  e x -  
pe r imen t s .  P o t e n t i a l s  w e r e  m e a s u r e d  vs. a s a t u r a t e d  
ca lome l  e l e c t r o d e  ( S C E ) .  

Results 

P a s s i v a t i o n . - - T h e  m a n g a n e s e  could  be  p a s s i v a t e d  
in p h o s p h o r i c  ac id  so lu t ions  b y  a p p l y i n g  an anodic  
c u r r e n t  d e n s i t y  of s e v e r a l  h u n d r e d  m a / c m  2. P a s -  
s i va t i on  u s u a l l y  s t a r t e d  f r o m  a c e r t a i n  po in t  of the  
e l ec t rode  a p p a r e n t l y  c o r r e s p o n d i n g  to the  h ighes t  
loca l  c u r r e n t  d e n s i t y  and  s p r e a d i n g  f r o m  t h e r e  over  
t he  r e s t  of t h e  e lec t rode .  D u r i n g  p a s s i v a t i o n  a zone 
w h e r e  p e r m a n g a n a t e  and  s m a l l  b u b b l e s  of o x y g e n  

w e r e  p r o d u c e d  m o v e d  across  t he  e l ec t rode  su r f ace  
r e p l a c i n g  the  zone w h e r e  ac t ive  m a n g a n e s e  d i s so lved  
w i th  h y d r o g e n  evolu t ion .  A f t e r  c o m p l e t i o n  of the  
p a s s i v a t i o n  the  e l ec t rode  was  cove red  b y  a b r o w n  
depos i t  w h i c h  was  eas i ly  s w e p t  a w a y  on r e n e w i n g  
the  solut ion.  In  the  so lu t ion  f ree  of  m a n g a n e s e  ions  
t he  m a n g a n e s e  was  k e p t  p o t e n t i o s t a t i c a l l y  at  a po -  
t e n t i a l  in  t he  r eg ion  b e t w e e n  the  po t e n t i a l s  of o x y -  
gen  evo lu t i on  a n d  of ac t iva t ion .  The  m e t a l l i c  a p -  
p e a r a n c e  of t he  m a n g a n e s e  was  r e t a i n e d  even  a f t e r  
days .  

Polarizat ion c u r v e s . - - A  p o l a r i z a t i o n  c u r v e  m e a s -  
u r e d  u n d e r  p o t e n t i o s t a t i c  cond i t ions  in 0.5M o r t h o -  
p h o s p h a t e  so lu t ion  a t  p H  ---- 1.9 one d a y  a f t e r  p a s -  
s iva t ion  is shown  in Fig.  2. The  Ta fe l  l ine  at  nob le  
po t e n t i a l s  c o r r e s p o n d s  to o x y g e n  evo lu t ion .  The  
r eg ion  of f o r m a t i o n  of p e r m a n g a n a t e  a t  v e r y  h igh  
p o t e n t i a l s  was  a v o i d e d  d u r i n g  the  e x p e r i m e n t s .  A t  
m o r e  n e g a t i v e  po t e n t i a l s  t he  c u r r e n t  d e n s i t y  was  
a lmos t  p o t e n t i a l  i n d e p e n d e n t .  Such  b e h a v i o r  is 
c h a r a c t e r i s t i c  of pa s s ive  m e t a l s  (4) .  The  c u r r e n t  
d e n s i t y  c o r r e s p o n d i n g  to the  co r ros ion  r a t e  of t he  
pa s s ive  m e t a l  i n c r e a s e d  at  l o w e r  po ten t i a l s ,  and  the  
m a n g a n e s e  f ina l ly  b e c a m e  act ive .  

The  po in t s  on the  p o l a r i z a t i o n  c u r v e  w e r e  t a k e n  
b y  chang ing  the  p o t e n t i a l  s t e p w i s e  and  w a i t i n g  for  
1 to 2 h r  un t i l  t he  c u r r e n t  d e n s i t y  b e c a m e  a p p r o x i -  
m a t e l y  i n d e p e n d e n t  of t ime .  I m m e d i a t e l y  a f t e r  
sh i f t ing  the  p o t e n t i a l  in t he  n e g a t i v e  d i r ec t ion  a 
ca thod ic  c u r r e n t  or  an  anod ic  c u r r e n t  s m a l l e r  t h a n  
the  s t e a d y - s t a t e  c u r r e n t  f lowed.  I f  the  p o t e n t i a l  was  
m a d e  m o r e  noble ,  t he  anod ic  c u r r e n t  a t  f irst  was  
l a r g e r  t h a n  in  t he  s t e a d y  s ta te .  These  o b s e r v a t i o n s  
i nd i ca t e  t h a t  a f t e r  a sh i f t  of  t he  p o t e n t i a l  c e r t a i n  
e l ec t r i c  charges ,  w h i c h  a re  l a r g e  c o m p a r e d  to those  
e x p e c t e d  for  c h a r g i n g  the  d o u b l e  l a y e r  capac i ty ,  a r e  
s t o r e d  in  t he  e l e c t r o d e  a n d  se rve  to change  the  
t h i cknes s  o r  t he  s t a t e  of o x i d a t i o n  of t he  pas s ive  
l aye r .  

The  p o t e n t i a l  i n d e p e n d e n t  co r ros ion  r a t e  of the  
pas s ive  m a n g a n e s e  was  s t i l l  d e c r e a s i n g  s l o w l y  a f t e r  
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Fig. 2. Polarization curve of passive manganese in 0.SM sodium 
orthophosphate solution, pH = 1.9, measured after having main- 
tained a potential of about ESCE ~ ~ 1300 mv for one day after 
passivation. 
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s e v e r a l  days .  The  co r ros ion  c u r r e n t  dens i t i e s  f o u n d  
a f t e r  fou r  days  w e r e  a b o u t  1 F a / c m  2 a t  p H  = 1.0 
and  abou t  0.1 F a / c m  2 a t  p H  ~ 4 (5) .  These  va lue s  
t a k e n  in u n s t i r r e d  so lu t ions  a t  22~ w e r e  t h r e e  to 
four  t imes  l o w e r  t h a n  the  cor ros ion  c u r r e n t  d e n s i -  
t ies  a t  42~ 

I t  was  diff icult  for  two  reasons  to e v a l u a t e  t he  
cor ros ion  c u r r e n t  d e n s i t y  q u a n t i t a t i v e l y :  In  r a p i d l y  
s t i r r e d  so lu t ions  t he  c u r r e n t  dens i t i e s  w e r e  a f ew  
t en th s  of a F a / c m  2 l a r g e r  t h a n  in  u n s t i r r e d  so lu -  
t ions.  This  p H - i n d e p e n d e n t ,  a d d i t i o n a l  c u r r e n t  d e n -  
s i ty  a p p a r e n t l y  r e s u l t e d  f r o m  the  o x i d a t i o n  of t r aces  
of m a n g a n o u s  ions, p h o s p h o r o u s  acid,  o r  h y d r o g e n  
d i f fus ing  to the  e lec t rode .  A l t h o u g h  the  d i f fus ion 
c u r r e n t  d e n s i t y  m u s t  be  qu i t e  s m a l l  in u n s t i r r e d  
solut ions ,  m e a s u r e m e n t s  of t he  co r ros ion  c u r r e n t  
d e n s i t y  w e r e  m a d e  u n c e r t a i n  a t  h igh  p H  v a l u e s  
w h e r e  t he  cor ros ion  is v e r y  slow. A n o t h e r  d i f f icul ty  
a rose  at  low p H  v a l u e s  close to p H  ~ 1, w h e r e  on ly  
a m i n i m u m  of the  c u r r e n t  d e n s i t y  and  no r eg ion  of 
p o t e n t i a l  i n d e p e n d e n t  c u r r e n t  d e n s i t y  was  obse rved .  
The  r e a s o n  for  th is  effect is t h a t  t he  p H  d e p e n d e n c e  
of t he  p o t e n t i a l  of a c t i va t i on  (see  sec t ion  on The  
F l a d e  p o t e n t i a l  of M n )  is m u c h  l a r g e r  t h a n  the  p H  
d e p e n d e n c e  of the  o x y g e n  evo lu t ion  reac t ion .  The  
cor ros ion  c u r r e n t  d e n s i t y  a t  a b o u t  p H  --  1 m u s t  be 
e v a l u a t e d  f r o m  the  d e v i a t i o n s  f rom the  Ta fe l  l ine  
at  low c u r r e n t  dens i t ies .  

The Flade potential of manganese.--To d e t e r -  
m i n e  the  F l a d e  p o t e n t i a l  of m a n g a n e s e  F l a d e ' s  
e r i g i n a l  m e t h o d  (3a)  of s e l f - a c t i v a t i o n  was  used.  
The  m a n g a n e s e  was  k e p t  pas s ive  for  a t  l eas t  s e v e r a l  
hours  at  a f ixed po t en t i a l .  The  p o t e n t i o s t a t i c  c i r cu i t  
t hen  was  i n t e r r u p t e d  and  the  t i m e  d e p e n d e n c e  of 
t he  p o t e n t i a l  was  r e c o r d e d  (Fig .  3) .  A t  f irst  t he  r a t e  
of dec rea se  of t he  p o t e n t i a l  s lows down,  i nc r e a s ing  
aga in  a f t e r  a c e r t a i n  p o i n t  of inf lec t ion  has  been  
passed .  The  p o i n t  of inf lect ion was  t a k e n  as the  
F l a d e  po ten t i a l .  The  F l a d e  p o t e n t i a l  is a f u n c t i o n  of 
t h e  p H  v a l u e  of t he  solu t ion ,  and  i t  is no t  s ignif i -  
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Fig. 3. Potential decoy during self-activation of passive manga- 
nese in 0.5M sodium orthophosphoric acid solutions at different 
pH values. 
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Fig. 4. Flade potential of manganese as a function of the pH 
value of sodium orthophosphoric acid solutions. (I) from potential 
decays; (I) from polarization curves. 

c a n t l y  in f luenced  b y  the  p r e h i s t o r y  of  the  e lec t rode .  
F r o m  Fig.  4, the  p H  d e p e n d e n c e  of t he  F l a d e  p o t e n -  
t i a l  of m a n g a n e s e  (vs. S.H.E.)  can  be  d e s c r i b e d  b y  

EF(Mn) ~ 1.50 - -  0.118 p H  [1]  

The  F l a d e  po ten t i a l ,  as d e t e r m i n e d  b y  the  ga l -  
v a n o s t a t i c  m e t h o d  of s e l f - a c t i v a t i o n ,  m u s t  be  e x -  
p e c t e d  to co inc ide  w i t h  t he  p o t e n t i a l  c o r r e s p o n d i n g  
to t he  first  i n c r e a s e  of t he  anodic  c u r r e n t  d e n s i t y  
w h e n  m e a s u r i n g  the  p o l a r i z a t i o n  c u r v e  u n d e r  p o -  
t en t i o s t a t i c  cond i t ions  f r o m  nob le  t o w a r d  less  nob le  
po ten t i a l s .  In  fact ,  w i t h i n  t he  e x p e r i m e n t a l  l imi t s  
t h e  s a m e  v a l u e s  of the  F l a d e  p o t e n t i a l  h a v e  been  
m e a s u r e d  b y  bo th  me thods .  

Factors influencing potential decay.--A m a n g a -  
nese  e l ec t rode  c ove re d  b y  m a n g a n e s e  d iox ide  ob -  
t a i n e d  b y  k e e p i n g  the  m a n g a n e s e  pa s s ive  in  a so lu-  
t ion  con ta in ing  m a n g a n o u s  ions, e x h i b i t e d  the  s a m e  
F l a d e  p o t e n t i a l  as a pas s ive  m a n g a n e s e  e l ec t rode  of 
m e t a l l i c  a p p e a r a n c e .  The  m a n g a n e s e  d iox ide  s lows 
d o w n  the  p o t e n t i a l  decay ,  b u t  i t  does  not  affect  the  
v a l u e  of  the  p o i n t  of inf lec t ion  c o r r e s p o n d i n g  to t he  
F l a d e  po ten t i a l .  In  Fig .  3 t he  p o t e n t i a l  d e c a y  shown  
for  p H  = 1.1 is c h a r a c t e r i s t i c  for  an  e l e c t r o d e  cov-  
e r e d  w i t h  a v i s ib l e  depos i t  of m a n g a n e s e  d iox ide ,  
w h e r e a s  t he  p o t e n t i a l  d e c a y  shown  for  p H  = 4.2 is 
c h a r a c t e r i s t i c  for  t he  n o r m a l  case  of a c l ean  pas s ive  
m a n g a n e s e  e lec t rode .  

The  t i m e  of ac t iva t ion ,  t h e  i n t e r v a l  f r om i n -  
t e r r u p t i n g  the  p o t e n t i o s t a t i c  c i rcu i t  u n t i l  t he  F l a d e  
p o t e n t i a l  is r eached ,  i nc reases  w i t h  i nc r e a s ing  p H  
of t h e  so lu t ion  and  w i t h  e n n o b l i n g  of t he  p o t e n t i a l  
a t  w h i c h  the  m a n g a n e s e  h a d  been  k e p t  p o t e n t i o -  
s t a t i ca l ly .  

The  p o t e n t i a l  of t h e  p o i n t  of inf lec t ion  and  the  
t i m e  of  a c t i v a t i o n  a r e  in f luenced  b y  add i t i ons  of 
m a n g a n o u s  ions  or  f e r rous  ions  to t he  solu t ion ,  or  
b y  ca thod ic  cu r ren t s .  T h e  ac t ion  of m a n g a n o u s  and  
f e r rous  ions  w a s  t e s t ed  in  t h e  fo l lowing  w a y :  The  
p o t e n t i a l  d e c a y  was  o b s e r v e d  in  a so lu t ion  c o n t a i n -  
ing  no m a n g a n e s e  ions. W h e n  the  p o t e n t i a l  a p -  
p r o a c h e d  the  r e g i o n  close to t he  F l a d e  p o t e n t i a l  t he  
so lu t ion  was  r e p l a c e d  b y  an  a lmos t  i d e n t i c a l  so lu -  
t ion,  b u t  c o n t a i n i n g  some  m a n g a n o u s  or  f e r rous  
sal t .  F i g u r e  5 shows  t h a t  t he  p o t e n t i a l  of t he  po in t  
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Fig. 5. Influence of reducing agents or cathodic currents on the 
potential decay during the activation of manganese in 0.SM 
orthophosphoric acid solution of pH ~ 1.95. a, normal potential 
decay; b, C(Mn++) ~ 10-5M; c, C(Mn + + )  ~ I 0 - 4 M ;  d, 
C(Mn+§ ~ IO-~M; e, j ~ - -  1.0 ~a/cm2; f, C~Mn + + )  

10-4M; g, C(Fe + +) ~ 10-4M. 

of inf lect ion is m a d e  m o r e  n e g a t i v e  t h a n  the  F l a d e  
p o t e n t i a l  f o u n d  in so lu t ions  f r ee  of Mn + + for  con-  
c e n t r a t i o n s  cr + ~ ~ 10-5M. The  t i m e  of a c t i v a t i o n  
is m a r k e d l y  dec reased .  

A d d i t i o n  of F e  + + caused  a lmos t  i den t i ca l  d e c a y  
curves ,  if t h e  F e  ++ c o n c e n t r a t i o n  w a s  a b o u t  one 
t e n t h  of t he  Mn + + concen t r a t ion .  The  s ame  effects 
could  be  p r o d u c e d  b y  a p p l y i n g  ca thod ic  cu r ren t s .  A 
c u r r e n t  d e n s i t y  of 1.0 F a / c m  2 c o r r e s p o n d e d  to a b o u t  
C(Mn+ +) ~ 10-4M, a c u r r e n t  d e n s i t y  of 10 ~ a / c m  2 to 
a b o u t  C~M~+ +~ ~-- 10-SM. 

C u r r e n t  i m p u l s e s  a p p l i e d  to t he  pas s ive  m a n g a -  
nese  d u r i n g  the  p o t e n t i a l  d e c a y  shou ld  y i e l d  i n f o r -  
m a t i o n  on the  s t a t e  of o x i d a t i o n  of t he  pa s s ive  l aye r .  
A l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  l o g a r i t h m  of t he  
c h a r g e  n e c e s s a r y  to p o l a r i z e  t h e  m a n g a n e s e  to  a 
g iven  p o t e n t i a l  and  the  p o t e n t i a l  r e a c h e d  d u r i n g  t h e  
p o t e n t i a l  d e c a y  was  o b s e r v e d  (Fig .  6).  I f  t he  p o t e n -  
t i a l  d e c a y  h a d  pa s sed  the  F l a d e  po t en t i a l ,  t he  c h a r g e  
i n c r e a s e d  even  m o r e  t h a n  e x p o n e n t i a l l y .  This  is 
e a s i l y  e x p l a i n e d  b y  the  fac t  t h a t  t h e  co r ros ion  c u r -  
r e n t  d e n s i t y  i nc reases  b e l o w  the  F l a d e  po t e n t i a l .  
O n l y  the  d i f fe rence  of t he  a p p l i e d  c u r r e n t  d e n s i t y  
to  t he  co r ros ion  c u r r e n t  d e n s i t y  can  c o n t r i b u t e  to 
t he  c h a r g e  s t o r e d  in  t he  pa s s ive  l aye r .  

I f  the  p H  v a l u e  of  t he  so lu t ion  was  s u d d e n l y  
c h a n g e d  d u r i n g  the  p o t e n t i a l  decay ,  t he  p o t e n t i a l  
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Fig. 6. Charge stored in the passive manganese as a function 
of the potential EHss vs. the hydrogen electrode in the same solu- 
tion. By applying an anodic current density of lO ~a/cm 2 the 
potential was brought back to E H S S  ~ -~- 1330 my. Curves are 
corrected by adding a charge Qo (dotted circle, circle within a cir- 
cle) to the charges determined experimentally. Qo is the charge 
which would be necessary to shift the potential of the passive man- 
ganese from EHss = -}- 1330 mv further to E --> ~ oo. 
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Fig. 7. Change of the potential of passive manganese in 0.5M 
orthophosphoric acid solution after replacing a solution of pH = 
1.95 by a solution of pH = 3.70. 

sh i f t ed  b y  a b o u t  (OE/OpH) -~ --  57 (-+5) m v  (Fig .  
7). 

Inl~uence of anions on the  pass iv i ty  of manganese .  
- - S o m e  e x p e r i m e n t s  c o n d u c t e d  at  v a r i o u s  p h o s -  
p h a t e  c o n c e n t r a t i o n s  b e t w e e n  0.1 and  1.0M and  in 
o r t h o a r s e n i c  ac id  so lu t ions  d id  no t  show a n y  effect 
on the  b e h a v i o r  of t he  pa s s ive  m a n g a n e s e .  

I t  was  v e r y  diff icult  to  p a s s i v a t e  or  k e e p  the  
m a n g a n e s e  pa s s ive  in ac id  su l fa te ,  p e r c h l o r a t e ,  or  
ace t a t e  solut ions .  This  is connec ted ,  e v ide n t l y ,  w i t h  
the  fac t  t h a t  t he  m a n g a n o u s  sa l t s  of these  an ions  a r e  
e x t r e m e l y  soluble .  E x p e r i m e n t s  b y  A g l a d z e  et  al. 
(1)  h a v e  d e m o n s t r a t e d  t h a t  m a n g a n e s e  is m o r e  and  
m o r e  eas i ly  p a s s i v a t e d  in su l fu r i c  ac id  so lu t ions  at  
concen t r a t i ons  f r o m  10 to 22N, w h e r e  t he  so lub i l i t y  
of m a n g a n o u s  su l f a t e  is r e l a t i v e l y  low. 

Discussion 

The  e x p e r i m e n t s  d e s c r i b e d  above  a re  in  accord  
w i t h  t he  a s s u m p t i o n  t h a t  a con t inuous  ox ide  l a y e r  
gove rns  the  e l e c t r o c h e m i c a l  b e h a v i o r  of pas s ive  
m a n g a n e s e  in  a w a y  s i m i l a r  to t h a t  k n o w n  for  o t h e r  
pas s ive  me ta l s .  The  F l a d e  po t e n t i a l ,  in  p a r t i c u l a r ,  is 
d e t e r m i n e d  b y  p r o p e r t i e s  of t he  ox ide  l aye r .  T h e r e -  
fo re  i t  has  to be  de c ide d  w h e t h e r  t he  F l a d e  p o t e n t i a l  
is an  e q u i l i b r i u m  p o t e n t i a l  or  w h e t h e r  i t  is d e t e r -  
m i n e d  b y  k ine t i c  p a r a m e t e r s .  

The  pI-I d e p e n d e n c e  of t h e  F l a d e  p o t e n t i a l  g iven  
b y  Eq. [1]  c anno t  be  e x p l a i n e d  as an  e q u i l i b r i u m  
p o t e n t i a l  b e t w e e n  two  ox ides  or  b e t w e e n  an  o x i d e  
and  the  m e t a l :  

MnO~ ~ y H20 <--> MnO~ + y ~- 

2 y H  + + 2 y e - x ~ O  [2]  

A l l  r e ac t i ons  of t he  t y p e  g iven  b y  Eq. [2]  h a v e  
e q u i l i b r i u m  p o t e n t i a l s  w i t h  t he  s ame  p H  d e p e n d -  
ence  of 59 m v / p H  as t he  r e v e r s i b l e  h y d r o g e n  e lec -  
t rode .  

I f  t h e  F l a d e  p o t e n t i a l  c o r r e s p o n d s  to  an  e q u i l i b -  
r i u m  p o t e n t i a l  a t  al l ,  t he  r e a c t i o n  m u s t  i n vo lve  
tw ice  as m a n y  h y d r o g e n  ions  as e l ec t rons  and,  con-  
s equen t ly ,  m a n g a n e s e  ions f r o m  the  solut ion .  The  
mos t  p r o b a b l e  r e a c t i o n  of t h a t  t y p e  is g iven  b y  Eq. 
[3] 

M n  + + W 2H20 ~ MoO2 ~ 4H + § 2 e -  [3]  

A n  e q u i l i b r i u m  i n v o l v i n g  t r i v a l e n t  m a n g a n e s e  ions 
in t he  so lu t ion  is h i g h l y  i m p r o b a b l e ,  s ince  th is  ion 
is u n s t a b l e  in  o r t h o p h o s p h o r i c  ac id  solu t ions .  The  
s t a n d a r d  p o t e n t i a l  of r e a c t i o n  [3]  is EN = 1.23v (6) .  
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The F lade  potent ia l  normal ized  to pH ~ 0 of E~ ---- 
1.50v would  be the revers ib le  po ten t ia l  of react ion 
[3] at a manganous  ion act iv i ty  of 10-4.5M. The 
F lade  poten t ia l  should depend on the manganous  
ion ac t iv i ty  by  OE/O log a(Mn+ +) ---- - -  29 mv/decade .  
The effect found expe r imen ta l ly  is about  twice this 
value. 

In addit ion,  i t  is difficult to unders tand  tha t  the 
t ime of ac t ivat ion is considerably  shor tened by  an 
increase of the manganous  ion concentrat ion.  The 
manganous  ions seem to act on the  passive m a n g a -  
nese as a reducing agent  (7).  This v iew is suppor ted  
by  the observat ion tha t  the act ivat ion of passive 
manganese  is affected by ferrous  ions or by sui table  
cathodic currents  in the same way  as by  manganous  
ions. 

Very p robab ly  the F lade  potent ia l  of manganese,  
as for iron, must  be expla ined  as resul t ing  f rom the 
kinetics of dissolution of the passive oxide. 

According to Vet te r  (2) the composition of an 
oxide at  the oxide solution interface  in solutions of 
different  pH values  is the same at  equal  potent ia ls  
vs. the hydrogen  electrode in the  same solution. 
The conditions are tha t  the oxide is a good electron 
conductor,  and tha t  the corrosion ra te  is small  
compared to the ra te  of exchange of oxygen ions 
be tween the oxide and the wa te r  of the solution. 
Both of these condit ions are fulfilled: Oxygen evo- 
lut ion or any other  redox react ion proceeds at  no r -  
mal  overvoltages.  Therefore  the passive oxide must  
be a good electron conductor.  F igure  7 shows that ,  
on sudden change of the pH, the potent ia l  of the 
passive manganese  responds by  a potent ia l  change 
of about  

(OE/OpH) = -- RT /F  [4] 

which is expected for an equi l ib r ium be tween  the 
oxygen ions in the oxide and in the  wa te r  (2).  No 
apprec iable  change of the s ta te  of oxidat ion can 
occur in the passive layer  dur ing this exper iment .  

Measured against  the hydrogen  electrode in the 
same solution the F lade  potent ia l  of manganese  is 

EF(HSS) = 1.50 --  0.059 pH (v) [5] 

Relat ion [5] means tha t  at the F lade  potent ia l  the  
passive oxide is in a lower  state of oxidat ion  at  high 
pH values than  at low pH values. The resul ts  given 
in Fig. 6 ver i fy  this conclusion. More charge must  
be s tored in the passive layer  a t  h igh pH values  
than  at  low ones in order  to oxidize the l aye r  ex is t -  
ing at  the F l ade  potent ia l  to a given s tate  of ox ida-  
tion. The p ropor t iona l i ty  be tween  t he - loga r i t hm of 
the charge and the poten t ia l  reached dur ing  the 
potent ia l  decay indicates  tha t  the charge is s tored 
by  changing the s ta te  of oxidat ion of the passive 
oxide r a the r  than  the thickness.  A change of th ick-  
ness at  constant  composit ion of the oxide would 
yie ld  a l inear  re la t ion be tween  charge and poten-  
t ia l  (8).  The charge is only a measure  of the amount  
of the reduced oxide reoxidized dur ing  the anodic 
pulse. Nothing is known about  the  d is t r ibut ion  of 
the  concentrat ions as a funct ion of t ime and of the 
distance f rom the oxide-solut ion  interface,  nor 
about  the ac t iv i ty  coefficients as a funct ion of the 
composition of the oxide. Therefore  an explanat ion  
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of the slope of the curve in Fig. 6 cannot be given 
wi thout  more  exper iments .  

At  the noble potent ia ls  where  the manganese  is 
passive, only some modification of manganese  di-  
oxide can exist  the rmodynamica l ly .  Since ~,-MnO2 
can be reduced through a wide range of composition 
to a -MnOOH in a homogeneous phase (9),  the re -  
duced form of the oxide wil l  be denoted as MnOOH 
and the oxidized form as MnO2 without  excluding 
other possibili t ies.  It follows f rom the rmodynamic  
considerat ions tha t  

OE(Hss)/O log { a(Mn~176 } = -- R T / F  [6] 
a(MnO2 ) 

The rat io  of the  activi t ies a(inOOH)/a(Mn02) at the 
oxide solution interface  should increase by  one 
decade per  pH at the F lade  potent ial ,  as now can 
be concluded f rom Eq. [5]. Thus, the observed pI-I 
dependence  of the F lade  potent ia l  is caused by  two 
effects, g iven by  Eq. [4] and [6]. 

The kinet ics  of the dissolution of the passive 
oxide must  be such tha t  at noble potent ia ls  the 
oxide dissolves at a potent ia l  independent  rate.  If at  
less noble potent ia ls  a cer ta in  state of oxidat ion cor-  
responding to the  pH value  of the solution is 
reached,  the ra te  of dissolution increases as the po-  
ten t ia l  is shif ted into the negat ive  direction. The 
mechanism of the reduct ion of manganese  dioxide 
is not  known sufficiently well.  At  potent ia ls  nega-  
t ive  to the F lade  potent ia l  of the  manganese,  a 
potent ia l  dependent  reduct ive  dissolution of manga-  
nese dioxide influenced by  pH and composit ion of 
the oxide has been observed (9b, 10). This process 
may  correspond to the increase of the corrosion ra te  
of the  manganese  jus t  below the F l ade  potent ial .  

The act ivat ion of the passive manganese  appears  
to be a process very  s imi lar  to the  act ivat ion of i ron 
in neu t ra l  and a lka l ine  solutions. The F lade  po ten-  
tial,  defined as the potent ia l  where  the  corrosion 
cur ren t  densi ty  s tar ts  to increase when making  the 
potent ia l  more negative,  has a much grea te r  pH 
dependence for iron in neu t ra l  and a lka l ine  solu-  
tions than  in acid solutions below pH ~ 4. The pH 
dependence of 59 m v / p H  observed in acid solutions 
(3b) means tha t  the F lade  poten t ia l  a lways  cor-  
responds to the same composit ion of the  passive 
oxide. At  pH ~ 4 the  passive oxide on iron must  be 
reduced more the  h igher  the pH, in order  to obtain 
a ra te  of the poten t ia l  dependent ,  reduc t ive  dissolu-  
t ion exceeding the ra te  of the potent ia l  independent ,  
nonreduct ive  dissolution. In a lka l ine  solutions at  
potent ia ls  nega t ive  to the F lade  poten t ia l  expected 
f rom the measurements  in acid solutions, the pas -  
sive l aye r  has to be reduced f rom Fe20~ to Fe30~ 
almost  comple te ly  before the actual  F lade  potent ia l  
is reached at  r e l a t ive ly  negat ive  potent ia ls  (11). 
Vet te r  and Kle in  (12) were  able to detect  the re -  
duced form of the passive l aye r  on iron in solutions 
of pH ~ 4 to pH ----- 7. At  these low pH values the  
reduced form of the passive layer  was found to dis-  
solve ve ry  rapidly .  
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Dissolution of Brass in Sulfuric Acid Solutions 
1 1 . 9 5 / 5  Brass 

T. J. Kagetsu 1 and W. F. Graydon 
Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Canada 

ABSTRACT 

Dissolution rates of 95/5 brass cylinders in dilute sulfuric acid solutions have 
been determined as a funct ion of rotat ional  speed, acid concentration, oxygen 
part ial  pressure, temperature,  apparent  surface area, and corroding solution 
volume. The dissolution of copper from 95/5 brass was found to be auto-  
catalytic as in the case of pure  copper and copper from 85/15 brass, and a 
similar  mechanism w a s  indicated. Deviations due to changes in  the brass sur-  
face were observed.~The slower copper rate for 95/5 brass as compared to pure 
copper indicated that  zinc entered solution by a displacement mechanism. At 
long times, the rate of dissolution of copper from 95/5 brass became independ-  
ent of cupric ion concentrat ion and was controlled main ly  by the diffusion of 
oxygen to the metal -solut ion interface. 

Much of the ea r ly  work  on the corrosion of brass  
was  concerned  wi th  the  prac t ica l  aspect of p r e v e n t -  
ing dezincification,  the lower ing  of zinc con ten t  in  a 
corrosive e n v i r o n m e n t .  The weigh t  loss da ta  ob-  
t a ined  to d e t e r m i n e  the  effects of the  different  v a r i -  
ables are no t  a m e n a b l e  to ana lys i s  by  the  methods  
of chemical  kinetics.  

In  the  p resen t  work,  the  ra tes  of d issolu t ion  of 
95/5 (95% C u - 5 % Z n )  brass  in  d i lu te  su l fur ic  acid 
solut ions  were  d e t e r m i n e d  to inves t iga te  the  m e c h -  
a n i s m  of the  d issolu t ion  process. Disso lu t ion  of 85/15 
(1) and  95/5 brasses  were  inves t iga ted  s i m u l t a n e -  
ously  as an  ex tens ion  of an  ear l ie r  s tudy  on pure  
copper (2) .  

Exper imental  

The e x p e r i m e n t a l  p rocedure  has been  descr ibed 
e l sewhere  (1, 2).  The  a n n e a l e d  po lyc rys t a l l i ne  brass  
suppl ied  by  the  A n a c o n d a  A m e r i c a n  Brass  L imi t ed  
ana lyzed  94.83% Cu, 5.10% Zn, 0.06% Sn, 0.01% Fe, 
and  0.005% Pb. In  a s t a n d a r d  expe r imen t ,  a pol ished 

1 P r e s e n t  a d d r e s s :  U n i o n  C a r b i d e  N u c l e a r  C o m p a n y ,  T u x e d o ,  N e w  
Y o r k .  
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Fig. 1. Dissolution of copper from 95/5 brass under standard con- 
ditions. A, Zero order plot for a polished sample shows zero order 
region at long dissolution times; B, half order plot for a polished 
sample shows change in rate; C, half order plot for a corroded sam- 
ple shows no change in rate. 

1.9 cm d i ame te r  cy l inder  w i th  11 cm 2 surface  area  
was  ro ta ted  at 1410 r p m  in  500 m l  of a i r - s a t u r a t e d  
0.26N H2S04 at  35~ Samples  of the  cor roding  solu-  
t ion  were  ana lyzed  po la rograph ica l ly  for copper  and  
zinc (1, 3).  

Results and Discussion 

The ra te  of d isso lu t ion  of copper  f r o m  95/5 brass  
is g iven  by  the slope of the  t a n g e n t  to curve  A in  
Fig. 1. The  n o n l i n e a r  por t ion  of curve  A indica tes  
tha t  the ra te  increases  w i th  t ime. As in  ~the case for 
the au toca ta ly t ic  d issolu t ion  of pu re  copper  (2) and  
copper f r o m  85/15 brass  (1) ,  the  da ta  were  cor-  
re la ted  on the  basis  of a half  order  ra te  dependence  

d [Ou ++ ] 
on cupr ic  ion concen t ra t ion .  S ince  

dt 
k [ C u + + ]  1/2, the  reac t ion  ra te  constant ,  k, is equa l  

2d [Cu + +]1/2 
to , i.e. twice the  slope of the  square  

dt 
root plots. 

W h e n  a pol ished sample  was used, in i t i a l  dev ia -  
t ions f rom this  ha l f  order  ra te  dependence  were  
found.  A bou t  0.4 m g / c m  2 of copper  was  dissolved 
d u r i n g  this  per iod  which  somet imes  las ted as long 
as 15 hr. Even  though  the  plots of cupric  ion  concen-  
t r a t i on  vs. t ime  were  l i nea r  d u r i n g  this  in i t i a l  period,  
the fas ter  ra tes  ob ta ined  w h e n  cupr ic  su l fa te  was  
added to the  cor roding  so lu t ion  ind ica te  some ra te  
dependence  on cupr ic  ion concen t ra t ion .  Since these 
in i t i a l  dev ia t ions  could be e l imina t ed  by  us ing  a 
brass  sample  tha t  had  been  corroded to the  hal f  
order  region,  it  is conc luded  tha t  a change  of the 
brass  surface  a l te red  the  kinet ics .  Wi th  85/15 brass  
(stage 1), dezincif icat ion of the  surface was  detected 
in  this  region.  A s imi la r  behav io r  is a s sumed  for 
95/5 brass  a l though  the  in i t i a l  zinc concen t ra t ions  
were  too low to es tab l i sh  this  expe r imen ta l l y .  The 
d issolu t ion  of the  pol ished surface  l ayer  m a y  also 
con t r ibu t e  to this  in i t i a l  devia t ion .  

For  the d issolu t ion  of a pol ished 95/5 brass  s am-  
ple, a change  in  r a t e  was also observed  in  the  hal f  
o rder  reg ion  as shown by  cu rve  B, Fig. 1. C u r v e  C 
shows tha t  the  fas ter  ra te  could be ob ta ined  f rom 
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the  s t a r t  of the  r u n  b y  us ing  a s a m p l e  t h a t  h a d  p r e -  
v i ous ly  been  c o r r o d e d  to g ive  th i s  f a s t e r  ra te .  S ince  
e t ch ing  of t h e  b r a s s  su r f ace  was  o b s e r v e d  d u r i n g  
the  f irst  p a r t  of t he  ha l f  o r d e r  reg ion ,  t he  i nc rea se  
in  r a t e  was  a t t r i b u t e d  to a n  i n c r e a s e  in  e f fec t ive  
su r face  area .  

The  r a t e s  of d i s so lu t ion  of coppe r  f r o m  95/5 b r a s s  
in  t he  ha l f  o r d e r  r eg ion  w e r e  i n d e p e n d e n t  of t he  
r o t a t i o n a l  speed  of t he  sample ,  a n d  of the  ac id  con-  
c e n t r a t i o n  above  0.15N; t h e y  w e r e  ha l f  o r d e r  w i t h  
r e spec t  to t he  o x y g e n  p a r t i a l  p r e s s u r e  of t he  gas  
s a t u r a t i n g  the  co r rod ing  solut ion .  T h e  e x p e r i m e n t a l  
d a t a  for  t he  ha l f  o r d e r  r e g i o n  a r e  s u m m a r i z e d  b y  
the  fo l lowing  e m p i r i c a l  r a t e  e q u a t i o n  

d [ C u  + + ] 
Ke -E/aT [ C u + + ]  1/2 [Po2]I/s A / V  [1]  

�9 d t  

w h e r e  t he  r a t e  is in  m o l e s / l i t e r / h r .  F o r  t he  first  
p a r t  of t h e  ha l f  o r d e r  reg ion ,  K ---- 5.0 x 105 b a s e d  
on 61 p lo t s  and  E ----- 13,000 c a l / m o l e ;  for  t he  second  
p a r t  of t he  ha l f  o r d e r  r eg ion  w i t h  t he  f a s t e r  r a t e  
K = 7.2 x 103 b a s e d  on 48 p lo t s  a n d  E ---- 10,200 
c a l / m o l e .  The  a v e r a g e  d e v i a t i o n  was  less t h a n  5%,  
the  m a x i m u m  d e v i a t i o n  a b o u t  10%. The  r a n g e  ove r  
w h i c h  the  v a r i a b l e s  w e r e  i n v e s t i g a t e d  a r e  as fo l -  
lows:  T, abso lu t e  t e m p e r a t u r e  ( 2 8 7 ~ 1 7 6  Po2, 
p a r t i a l  p r e s s u r e  of o x y g e n  (0.05-1.0 a t m ) ;  A, b r a s s  
su r f ace  a r e a  (5.6-11.6 cm2);  V, so lu t ion  v o l u m e  
(0.25-0.75 l i t e r ) ;  S, p e r i p h e r a l  ve loc i t y  (1700-20,-  
600 c m / m i n ) ;  a n d  [H2SO4], ac id  c o n c e n t r a t i o n  
(0.15-0.26N). 

The difference in over-all Arrhenius activation 
energies can be attributed to the rate of increase of 
surface area at a given temperature. For a polished 
sample, the dissolution of about 1 to 1.5 mg/cm 2 of 
copper was required before the faster half order 
rate was obtained. Thus, at the higher temperatures, 
the rate of increase in surface area was faster 
and for the conditions under which the fastest rate 
was obtained (i.e., oxygen, 45~ only the faster 
half order rate was observed. 

At long dissolution times, the plot of cupric ion 
concentration against time was linear (see curve A, 
Fig. 1). This zero order rate dependence on cupric 
ion concentration shows that there is a limit to the 
increase in the rate of dissolution of copper from 
95/5 brass due to autocatalysis. The rate of disso- 
lution of copper from 95/5 brass in this zero order 
region was proportional to the 0.62 power of the 
rotational speed and to the 0.69 power of the oxy- 
gen partial pressure of the gas phase. A first order 
dependence on oxygen concentration would be ex- 
pected if the process was controlled completely by 
the diffusion of oxygen to the interface. The ob- 
served dependence indicates that the concentration 
of oxygen at the metal-solution interface is not zero, 
but varies with the gas composition and rotational 
speed  used .  In  t h e  t r a n s i t i o n  f r o m  a c h e m i c a l l y  
con t ro l l ed  process  to one t ha t  is d i f fu s ion -con t ro l l ed ,  
a r eg ion  of m i x e d  con t ro l  can  be  as sumed .  H o c h b e r g  
and  K i n g  (4) h a v e  r e p o r t e d  a s i m i l a r  s i t ua t i on  for  
the  d i s s o l u t i o n  of coppe r  in ace t ic  ac id  so lu t ions  
con ta in ing  p - b e n z o q u i n o n e .  

In  t he  zero  o r d e r  reg ion ,  t he  A r r h e n i u s  p lo t  was  
not  l inea r .  The  t e m p e r a t u r e  coefficient  b e t w e e n  15 ~ 
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Fig. 2. Typical plot showing hydrogen peroxide formation and 
disappearance at 45~ 

and  25~ was  1.9, and  b e t w e e n  35 ~ and  45~ it  
was  1.3. This  d i f fe rence  in  t e m p e r a t u r e  coefficients 
also i nd i ca t e s  t h a t  t he  r a t e  is no t  c o m p l e t e l y  d i f fu-  
s i on -con t ro l l ed .  

The  e x p e r i m e n t a l  d a t a  for  t he  zero  o r d e r  r eg ion  
a re  s u m m a r i z e d  b y  the  fo l lowing  e m p i r i c a l  r a t e  
e q u a t i o n  d e r i v e d  f r o m  30 p lo t s  

d [ C u  + + ] 
- -  1 .7x  10 -T (po2) ~ (S)~ [2]  

dt 

The  r a n g e  ove r  w h i c h  the  v a r i a b l e s  w e r e  i n v e s t i -  
g a t e d  a r e  t he  s ame  as for  t he  ha l f  o r d e r  reg ion .  H o w -  
ever ,  Eq. [2]  is on ly  v a l i d  for  a r e a c t i o n  t e m p e r a t u r e  
of 35~ 

H y d r o g e n  p e r o x i d e  was  d e t e c t e d  d u r i n g  the  d i s -  
so lu t ion  of 85/15 (1)  a n d  95/5 brasses .  The  a m o u n t  
of h y d r o g e n  p e r o x i d e  f o r m e d  was  m u c h  g r e a t e r  on  
a m o l a r  bas is  t h a n  the  a m o u n t  of zinc c o r r o d e d  f r o m  
the  brass .  Thus  mos t  i f  no t  a l l  of t he  h y d r o g e n  
p e r o x i d e  f o r m e d  is a s soc ia t ed  w i t h  t he  d i s so lu t ion  
of coppe r  f r o m  95/5 brass .  A t y p i c a l  p lo t  of h y d r o -  
gen  p e r o x i d e  c o n c e n t r a t i o n  as  a func t ion  of t i m e  is 
shown  in Fig .  2. The  m o l a r  r a t i o  of h y d r o g e n  p e r o x -  
ide  to coppe r  in so lu t ion  i n c r e a s e d  d u r i n g  the  first  
p a r t  of the  ha l f  o r d e r  r eg ion  w h e r e  su r f ace  changes  
w e r e  occur r ing .  In  some cases,  the  r a t i o  of h y d r o g e n  
p e r o x i d e  to cupr i c  ions f o r m e d  ove r  a sho r t  t i m e  
i n t e r v a l  a p p r o a c h e d  un i ty .  The  r a t e  of a p p e a r a n c e  
of h y d r o g e n  p e r o x i d e  in  so lu t ion  b e g a n  to fa l l  off 
d u r i n g  the  l a t t e r  p a r t  of  t he  ha l f  o r d e r  r eg ion  even  
t h o u g h  t h e  abso lu t e  a m o u n t  of h y d r o g e n  p e r o x i d e  
in so lu t ion  c o n t i n u e d  to i nc rea se  w i t h  t ime .  In  the  
zero o r d e r  reg ion ,  t he  h y d r o g e n  p e r o x i d e  c oncen -  
t r a t i o n  d e c r e a s e d  w i t h  t ime.  Q u a l i t a t i v e l y ,  h i g h e r  
m a x i m u m  h y d r o g e n  p e r o x i d e  c o n c e n t r a t i o n s  w e r e  
o b t a i n e d  w h e n  t h e  zero  o r d e r  coppe r  d i s so lu t ion  
r a t e  was  f a s t e r  a n d  c o n c e n t r a t i o n s  as  h igh  as  0.004M 
w e r e  obse rved .  

The  r a t e  of d i s so lu t ion  of coppe r  f r o m  a c o r r o d e d  
95/5 b ra s s  s a m p l e  in  a n e w  b a t c h  of ac id  was  the  
s ame  as for  t he  o ld  so lu t ion  con ta in ing  h y d r o g e n  
pe rox ide .  Thus  h y d r o g e n  p e r o x i d e  a t  t he  concen -  
t r a t i o n s  o b t a i n e d  d u r i n g  d i s so lu t ion  h a d  no no t i c e -  
ab le  effect on the  ra te .  On the  o t h e r  hand ,  w h e n  a 
suff icient  a m o u n t  of h y d r o g e n  p e r o x i d e  was  a d d e d  to 
t he  co r rod ing  so lu t ion  in i t i a l l y ,  the  su r f ace  effects 
n o r m a l l y  f o u n d  for  a po l i shed  s a m p l e  could  be  
e l i m i n a t e d .  

D e l a h a y ' s  (5)  w o r k  on o x y g e n  r e d u c t i o n  on v a r i -  
ous m e t a l s  i n c l u d i n g  coppe r  and  zinc i nd i ca t e s  t h a t  
t w o -  and  f o u r - e l e c t r o n  p rocesses  can  occur  s i m u l -  
t a n e o u s l y  to f o r m  h y d r o g e n  p e r o x i d e  a n d  w a t e r  
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Table I. Comparison of copper dissolution rates 
( s lower  h a l f  o r d e r  reg ion)  

C o p p e r  f r o m  C o p p e r  f r o m  
P u r e  copper*  95/5 b rass  85/15 brass** 

T e m p e r a t u r e ,  ~ C a l c u l a t e d  r eac t i on  r a t e  cons tan t s ,  k x 108 

15 0.99 0.68 0.45 
25 2.25 1.47 0.85 
35 4.87 2.99 1.52 
45 10.0 5.82 2.63 

Conditions: Pol ished sample ,  po 2 = 0.21 atrn, A = 10.8 em2, V = 0.5 1. 

* Ref.  (2), Eq.,  p a g e  162. 
**Ref .  ( 1 ) , E q .  [6]. 

r e spec t i ve ly .  H y d r o g e n  p e r o x i d e  a p p e a r s  to be  s t a -  
b i l i zed  in  d i l u t e  su l fu r i c  ac id  so lu t ions  (6) ,  a n d  t h e  
ca t a ly t i c  decompos i t i on  of h y d r o g e n  p e r o x i d e  b y  
cupr i c  su l f a t e  has  been  f o u n d  to be  s low (7) .  These  
fac to rs  can  affect  t he  h y d r o g e n  p e r o x i d e  c o n c e n t r a -  
t ions.  

The  r a t e s  of d i s so lu t ion  of p u r e  coppe r  and  coppe r  
f r o m  85/15 a n d  95/5 b r a s se s  h a v e  b e e n  d e t e r m i n e d  
u n d e r  p r a c t i c a l l y  i d e n t i c a l  condi t ions .  The  r e su l t s  
i nd ica t e  t h a t  in  a l l  t h r e e  cases,  t h e  d i s so lu t ion  of 
coppe r  is occu r r i ng  b y  the  s ame  m e c h a n i s m  w h i c h  
has  been  d i scussed  in  t h e  o the r  two  p a p e r s  (1, 2) .  
The  zinc con ten t  of t he  b r a s s  has  a m a r k e d  effect  
of t he  r a t e  of d i s so lu t ion  of coppe r  f r o m  b r a s s  as 
shown in T a b l e  I. 

I f  the  d i s so lu t ion  of zinc f r o m  b r a s s  occurs  b y  
a d i s p l a c e m e n t  m e c h a n i s m ,  then  cupr i c  ions  w i l l  be  
r e d u c e d  to m e t a l l i c  copper .  The  effect  of th is  d e -  
c rease  in cupr i c  ion c o n c e n t r a t i o n  w i l l  be  magn i f i ed  
because  of a u t o c a t a l y s i s  a n d  w i l l  r e s u l t  in  a s l ower  
coppe r  d i s so lu t ion  ra te .  Also,  the  i n i t i a l  d e v i a t i o n s  
f r o m  t h e  ha l f  o r d e r  d e p e n d e n c e  on cupr i c  ion  con-  
c e n t r a t i o n  can  be  a t t r i b u t e d  to th is  d i s p l a c e m e n t  
process  w h i c h  r e su l t s  in the  p o s t u l a t e d  dez inc i f ica-  
t ion  of t he  sur face .  

The  d i s p l a c e m e n t  of cupr i c  ion b y  z inc  m e t a l  in 
cupr i c  su l f a t e  so lu t ions  is no t  a s imp le  r e a c t i o n  
(8, 9) .  K i n g  and  B u r g e r  (9)  f o u n d  the  r a t e  of 
c h e m i c a l  r e a c t i o n  for  t he  d i s p l a c e m e n t  p rocess  to 
be  fas t  w h e n  c o m p a r e d  to a d i f fus iona l  process .  
S ince  cup r i c  ions a r e  f o r m e d  at  t h e  m e t a l - s o l u t i o n  
in t e r f ace ,  t he  d i s so lu t ion  of zinc f r o m  b r a s s  shou ld  
no t  be  a r a t e - c o n t r o l l i n g  fac tor .  

Thus,  t he  r a t e s  of d i s so lu t ion  of 85/15 a n d  95/5 
b ra s se s  a r e  g o v e r n e d  b y  the  r a t e s  of d i s so lu t ion  of 

coppe r  f r o m  these  b ra s se s  a n d  the  e xpose d  zinc 
r eac t s  r a p i d l y  b y  a d i s p l a c e m e n t  m e c h a n i s m .  A f t e r  
the  i n i t i a l  su r f ace  changes  w e r e  comple t ed ,  t he  r a t io  
of copper  and  zinc in so lu t ion  w e r e  f o u n d  w i t h i n  
a n a l y t i c a l  l imi t s  to be  t h e  s ame  as in t he  brass .  
S ince  the  r e p o r t e d  r a t e s  of d i s so lu t ion  of  p u r e  cop-  
p e r  (2)  and  c o p p e r  f r o m  85/15 b r a s s  (1)  w e r e  
s l o w e r  t h a n  the  r a t e s  c a l c u l a t e d  b y  Eq. [2] ,  no zero 
o r d e r  r e g i o n  was  o b s e r v e d  for  these  me ta l s .  
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ABSTRACT 

Evapora t ion  character is t ics  of meta l l ic  films deposi ted on nonmeta l l ic  sub-  
s t ra tes  are  eva lua ted  to de te rmine  the in ter fac ia l  bonding energies  and to 
e lucidate  the energy s t ruc ture  in the v ic in i ty  of the  interface.  This method  also 
al lows measurement  of the  range  of the bonding forces and the de te rmina t ion  
of thei r  t empe ra tu r e  dependency.  A smal l  energy  step in a dis tance of 400-500A 
is observed in severa l  me ta l -ox ide  systems. 

The  g r e a t  poss ib i l i t i e s  of c o m b i n i n g  h e t e r o g e n -  
eous m a t e r i a l s  l ike  m e t a l s  and  ce ramics ,  o rgan ics  
and glasses ,  etc.,  to n e w  compos i t e  m a t e r i a l s  w i t h  
p r e d i c t a b l e  p r o p e r t y  s p e c t r a  d e p e n d  to a l a r g e  d e -  
g ree  on the  bond  in t he  in t e r face .  S ince  the  i n t e r -  
face  is t he  r eg ion  w h e r e  m e c h a n i c a l  and  t h e r m a l  
s t resses  o b t a i n  t h e i r  m a x i m a l  va lues ,  these  effects 
m a y  of ten  o v e r s h a d o w  the  p h y s i c o c h e m i c a l  i n t e r f a c e  
p h e n o m e n a  if s t ud i ed  on a mac roscop ic  scale.  T h e r e -  
fo re  a m e t h o d  was  sough t  w h i c h  w o u l d  p e r m i t  t he  
m e a s u r e m e n t  of the  p h y s i c o c h e m i c a l  bond,  i n d e -  
p e n d e n t  of s ide -e f fec t s  l ike  t he  m e c h a n i c a l  i n t e r -  
lock ing  of r o u g h  sur faces ,  not  m a t c h i n g  coefficients 
of t h e r m a l  expans ion ,  etc. F o r  h o m o g e n e o u s  i n t e r -  
faces  l ike  g r a i n  b o u n d a r i e s ,  two  n e w  m e t h o d s  w e r e  
r e c e n t l y  deve loped ,  b u t  t h e r e  is no e q u i v a l e n t  p r o -  
c e d u r e  a v a i l a b l e  for  h e t e r o g e n e o u s  i n t e r f ac e s  of 
solids.  Theo re t i c a l l y ,  i t  is poss ib le  to a p p l y  the  
p r e s e n t  m e t h o d  to h o m o g e n e o u s  in te r faces ,  l ike  
g r a i n  bounda r i e s ,  b u t  because  of t h e i r  t h e r m a l  i n -  
s t a b i l i t y  th is  is diff icult  in  p rac t i ce .  H o w e v e r ,  i t  
m a y  be  r e a s o n a b l e  to a s sume  t h a t  c e r t a i n  c h a r a c t e r -  
is t ics  of h e t e r o g e n e o u s  i n t e r f aces  m a y  be  of v a l u e  
to i n t e r p r e t  the  s t r u c t u r e  of g r a i n  bounda r i e s .  

If  i t  is t h e  goa l  to i n v e s t i g a t e  t he  e n e r g e t i c a l  b e -  
h a v i o r  of h e t e r o g e n e o u s  in te r faces ,  m e t h o d s  w h i c h  
a r e  c o n c e r n e d  w i t h  t he  s t r u c t u r e  on ly  do no t  g ive  
the  f inal  answer .  E l e c t r o n  m i c r o s c o p y  and  x - r a y  i n -  
ves t iga t ions  of a l l  k i n d s  can  g ive  v a l u a b l e  r e su l t s  
and  m i g h t  even  g ive  some i n d i r e c t  c lues  a b o u t  
b o n d i n g  energ ies ,  b u t  t h e y  fa i l  to de sc r ibe  t he  
ac t ing  p h y s i c o c h e m i c a l  forces,  t h e i r  r ange ,  m a g -  
n i tude ,  a n d  d e p e n d e n c y  on t e m p e r a t u r e  and  o t h e r  
p a r a m e t e r s .  

Other ,  d i f fe ren t  a t t e m p t s  w e r e  m a d e  to o b t a i n  
a d e e p e r  ins igh t  in to  t he  e n e r g y  s t r u c t u r e  of so l id  
in te r faces .  One m e t h o d  consis ts  of m e a s u r i n g  the  
hea t  of b o n d i n g  in  the  in i t i a l  s t a t e  of v a p o r  d e p o s i -  
t ion b y  v e r y  sens i t i ve  t h e r m o c o u p l e s ,  b u t  th is  
m e t h o d  gave  e r r a t i c  r e su l t s  (1 ) .  

A n o t h e r  m e t h o d  is b a s e d  on a t h e o r y  of F r e n k e l  
(2)  in w h i c h  the  c r i t i ca l  condensa t i on  r a t e  is r e l a t e d  
to t he  b i n d i n g  ene rgy .  U n f o r t u n a t e l y ,  i t  is v e r y  d i f -  
f icult  to d e t e r m i n e  c r i t i ca l  e v a p o r a t i o n  r a t e s  and  to 
d i s t i n g u i s h  b e t w e e n  nuc l ea t i on  a n d  g r o w t h  of t he  
depos i t i ng  f i lm in th is  e a r l y  s t age  (3, 4) .  O n l y  the  
f o r m a t i o n  of nuc le i  r e f e r s  s t r i c t l y  to t h e  b i n d i n g  
ene rgy ,  and  i t  d e p e n d s  on the  n u m b e r  of s t r u c t u r a l  
impe r f ec t i ons ,  i m p u r i t i e s ,  etc.,  on t h e  su r f ace  of t h e  
subs t r a t e .  

In  the  p r e s e n t  s t u d y  a d i f fe ren t  m e t h o d  was  e m -  
p loyed .  The  dec rease  of t he  r a t e  of e v a p o r a t i o n  of a 
m e t a l l i c  f i lm in  t h e  v i c i n i t y  of t he  i n t e r f a c e  is r e -  
l a t e d  to the  b i n d i n g  ene rgy .  S ince  the  i n t e g r a t i o n  
of the  e v a p o r a t i o n  ra te ,  c a r r i e d  out  o v e r  t he  t i m e  
i n t e rva l ,  is a m e a s u r e  fo r  t h e  t h i cknes s  of t h e  r e -  
m a i n i n g  film, t h e  r a n g e  a n d  t h e  p o t e n t i a l  of t he  i n -  
t e r r a c i a l  forces  can  be  d e t e r m i n e d  w i t h i n  t he  s ame  
e x p e r i m e n t  also. 

A n  a d v a n t a g e  of the  m e t h o d  is t h a t  t h e  t e m p e r -  
a t u r e  d e p e n d e n c y  of t he  b i n d i n g  force  is eas i ly  d e -  
t e r m i n a b l e .  S ince  the  b i n d i n g  e n e r g y  of so l id  as w e l l  
as l i qu id  f i lms can  be  s tud ied ,  i t  is poss ib l e  to c o m -  
p a r e  the  r e su l t s  w i t h  d a t a  o b t a i n e d  f r o m  o t h e r  d i -  
rec t  me thods ,  e.g., t h e  sess i le  d r o p  me thod ,  etc.  

Description of the Apparatus 

The  a p p a r a t u s  consis ts  of a v a c u u m  t u b e  f u r n a c e  
in w h i c h  the  spec imen ,  a m e t a l  coa ted  ox ide  p la te ,  
is s u s p e n d e d  b y  m e a n s  of a 100 cm long  and  0.5 ra i l  
t h i c k  t u n g s t e n  w i r e  (Fig .  1). The  w i r e  is f a s t e n e d  
to a th in  t i t a n i u m  rod  w h i c h  en t e r s  t he  h e a t e d  

Fig. 1. Evaporation apparatus 
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zone of t he  f u r n a c e  and  a d a p t s  t he  s p e c i m e n  ho lder .  
One ha l f  s ide  of the  r e c t a n g u l a r  s h a p e d  ox ide  p l a t e  
is coa ted  w i t h  t he  m e t a l  f i lm so t h a t  w h e n  h e a t e d  
the  e v a p o r a t i n g  a t o m s  of th i s  f i lm wi l l  e x e r t  an  
a n g u l a r  m o m e n t u m  in t he  suspens ion  wi re .  The  t o r -  
s iona l  sp r ing  cons t an t  of t h e  w i r e  was  d e t e r m i n e d  
b y  m e a s u r i n g  the  p e r i o d  of t he  s u s p e n d e d  s y s t e m  
b e f o r e  and  a f t e r  a d d i n g  a sma l l  m a g n e s i u m  d i sk  of 
k n o w n  m o m e n t  of ine r t i a .  T h e  t o r s i o n a l  sp r ing  con-  
s t an t  h a d  a v a l u e  of 5.23.10 -3 d y n e  cm. The  sens i -  
t i v i t y  of th i s  t o r s iona l  s y s t e m  is h igh  enough  to 
m e a s u r e  v a p o r  p r e s s u r e s  in  t he  r a n g e  of 10-7-10 - s  
m m  Hg. The  s u s p e n d e d  s y s t e m  is m a g n e t i c a l l y  
d a m p e n e d  b y  a m a g n e s i u m  d i sk  and  a ho r se shoe  
magne t .  The  m a g n e s i u m  d i sk  is e n g r a v e d  in deg rees  
and  se rves  to m e a s u r e  the  a n g u l a r  deflect ion.  Th in  
p l a t e s  of a l u m i n a  of h ighes t  p u r i t y  a n d  d e n s i t y  w e r e  
v a p o r  coa ted  w i t h  2000A t h i c k  l a y e r s  of Cu a n d  A1. 
O the r  s amp le s  w e r e  o b t a i n e d  b y  anod iz ing  t h in  a l u -  
m i n u m  foils  on one s ide  so t h a t  an  a l u m i n u m  m e t a l  
f i lm r e m a i n e d  on t h e  o t h e r  side. 

The  v a p o r  coa t ing  was  done  at  a p r e s s u r e  of 10 -5 
m m  Hg. A f t e r  t he  coa t ing  p r o c e d u r e  t he  spec imen  
r e m a i n e d  in v a c u u m  un t i l  i t  was  i n s e r t e d  in the  a p -  
p a r a t u s ,  so t h a t  t he  f i lm was  exposed  to a i r  for  on ly  
a f ew  minu tes .  

M e t h o d  

The  m e t h o d  used  in  th is  i nves t i ga t i on  is based  
on the  fo l lowing  p r inc ip le .  L a y e r s  of f i lm m a t e r i a l  
a r e  c o n t i n u o u s l y  r e m o v e d  u n t i l  t he  v i c i n i t y  of t he  
i n t e r f ace  is r eached .  T h e  e n e r g y  to  r e m o v e  these  
l a y e r s  in v a r i o u s  p a r t s  of t he  i n t e r v a l  differs,  and  
this  e n e r g y  change  c o r r e s p o n d s  to t he  i n t e r f a c i a l  
b i n d i n g  ene rgy .  The  l a y e r  r e m o v a l  is a c h i e v e d  b y  
e vapo ra t i on .  

A m e t a l  f i lm of h igh  p u r i t y  and  of sufficient  t h i c k -  
ness e v a p o r a t e s  u n d e r  i s o t h e r m a l  cond i t ions  w i t h  a 
cons t an t  r a t e  l i ke  t h e  b u l k  m a t e r i a l .  Bu t  as  the  f i lm 
becomes  t h i n n e r  and  t h i n n e r  in  t he  course  of f u r -  
t he r  e v a p o r a t i o n ,  t he  f ree  su r face  of t he  m e t a l  f i lm 
f ina l ly  en t e r s  t h e  r a n g e  of t he  i n t e r f a c i a l  b o n d i n g  
force  and  the  e v a p o r a t i o n  r a t e  decreases .  A t  th i s  
t e m p e r a t u r e  t h e  r e m a i n i n g  m e t a l  of t he  f i lm is r e -  
m o v e d  a t  a m u c h  s lower  r a t e  w h i c h  m a y  f ina l ly  f a i l  
b e l o w  the  s e n s i t i v i t y  l imi t  of the  i n s t r u m e n t .  I f  t he  
t e m p e r a t u r e  is t hen  r a i s e d  fu r the r ,  e v a p o r a t i o n  
t a k e s  p l ace  u n t i l  e v e n t u a l l y  t he  l as t  t r aces  of t he  
f i lm a r e  r e m o v e d .  

T h e r e  a r e  obv ious ly  t w o  p r e r e q u i s i t e s  for  a u n i -  
v e r s a l  a p p l i c a t i o n  of th is  m e t h o d :  ( i )  the  v a p o r  
p r e s s u r e s  of t h e  f i lm and  the  s u b s t r a t e  m u s t  be  of 
a d i f fe ren t  o r d e r  of m a g n i t u d e ,  ( i i )  f i lm and  s u b -  
s t r a t e  subs t ances  shou ld  no t  in te rd i f fuse .  I f  i n t e r -  
d i f fus ion t a k e s  place,  b i n d i n g  ene rg i e s  and  fo rce  
r anges  m a y  s t i l l  b e  d e t e r m i n e d  if  t he  d i f fus ion  co-  
efficient is k n o w n ,  b u t  t h e y  d e p e n d  on the  h i s t o r y  
and  the  m o m e n t a n e o u s  m i x t u r e  r a t io  of t he  a d j a c e n t  
subs tances .  A l so  the  def in i t ion  of an  i n t e r f ace  wi l l  
become  s o m e w h a t  confus ing  in  th i s  case. 

The  a n g u l a r  def lec t ion  0, caused  b y  the  m o m e n t u m  
of t he  e v a p o r a t i n g  a toms,  is r e l a t e d  to t he  v a p o r  
p r e s s u r e  p b y  the  fo l lowing  e q u a t i o n  

p ~- 4DO~a21 [1]  
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w h e r e  D is t he  t o r s i o n a l  sp r ing  cons tan t ,  a t he  w i d t h  
of the  film, and  ! t he  l e n g t h  of t he  film. 

The  f r ee  e n e r g y  of b i n d i n g  AF m a y  be  e x p r e s s e d  
b y  t h e  r a t i o  of t he  v a p o r  p r e s s u r e  of t he  b u l k  m e t a l  
and  the  v a p o r  p r e s s u r e  of t he  m e t a l  s u b j e c t e d  to 
the  i n t e r r a c i a l  b o n d i n g  forces  

AF : - - R T  log p / P o  : - - R T  log ~/0o [2]  

w h e r e  Po is the  b u l k  v a p o r  p r e s su re ,  p t he  v a p o r  
p r e s s u r e  u n d e r  t he  inf luence  of bond,  and  R the  
gas  cons tan t .  

S ince  p is o b t a i n e d  e x p e r i m e n t a l l y  as a func t ion  
of t he  t ime,  AF can  also be  p l o t t e d  a g a i n s t  t ime.  
But  i t  is poss ib le  to t r a n s f o r m  the  t ime  c oo rd ina t e  
into a d i s t ance  c oo rd ina t e  so t h a t  AF v a l u e s  m a y  be  
d e t e r m i n e d  as a func t ion  of t he  r e m a i n i n g  film 
th ickness .  This  m a y  be  done  b y  t h e  fo l lowing  con-  
s ide ra t ion .  

If  t he  coa ted  s p e c i m e n  is of t he  p r e v i o u s l y  d e -  
s c r ibed  r e c t a n g u l a r  shape,  t he  m o m e n t u m  of the  
i s o t h e r m a l l y  e v a p o r a t i n g  mo lecu l e s  e x e r t e d  on the  
s u s p e n s i o n  s y s t e m  is 

d N  
OD : - -  m l a2/2 ( 2 k T  / m l r  ) 1/2 [3] 

dt  

d N  
w h e r e  is t he  n u m b e r  of e v a p o r a t i n g  a t o m s  p e r  

dt  

sec a n d  cm e, m the  m a s s  of t he  a toms,  and  k is 
B o l t z m a n n ' s  cons tan t .  

The  fo l lowing  r e l a t i o n  is eas i ly  ver i f ied  

fo  r d t  ( X o -  x ) p  
d N  

m d t  

w h e r e  t he  i n t e g r a t i o n  is c a r r i e d  out  ove r  t h e  d u r a -  
t ion �9 of t he  e x p e r i m e n t  and  Xo is t he  i n i t i a l  f i lm 
th ickness ,  x t he  f i lm th i cknes s  a f t e r  t he  t i m e  ~, and  
p t he  d e n s i t y  of  t he  film. 

I n s e r t i n g  this  e x p r e s s i o n  in  Eq. [3]  y i e lds  t he  fo l -  
l owing  f o r m u l a  for  t he  f i lm th i cknes s  

x = Xo - -  2D/ la2p(~rm/2kT)1 /2  fT" 0 d t  
0 

The i n t e g r a t i o n  can  be  c a r r i e d  out  g r a p h i c a l l y .  
In  t hese  cons ide ra t i ons  i t  is a s s u m e d  tha t  t he  

v a p o r  is a tomic .  Recen t  mass  spec t roscop ica l  s tud ies  
r e v e a l e d ,  h o w e v e r ,  t h a t  m a n y  m e t a l  v a p o r s  con-  
sist  p a r t l y  of b i n a r y  mo lecu le s  or  l a r g e r  m o l e c u l a r  
c lus te r s  (5 ) .  I n  a lmos t  a l l  cases  t he  c o n c e n t r a t i o n  
of p o l y m o l e c u l a r  c lus te r s  is 1% or  less;  t he re fo re ,  
the  e r r o r  of t he  p r e v i o u s  ca l cu l a t i on  w i l l  r e m a i n  
smal l .  

Some  o t h e r  diff icult ies ,  h o w e v e r ,  m u s t  be  e l i m -  
i n a t e d  to g u a r a n t e e  t he  v a l i d i t y  of t he  conclus ions  
w h i c h  w i l l  be  d r a w n  f r o m  the  e x p e r i m e n t a l  facts.  
U n d e r  the  inf luence  of v a c u u m  and  t e m p e r a t u r e ,  
t h in  m e t a l  f i lms m a y  coagu la t e  in to  d r o p l e t - l i k e  
sma l l  p a r t i c l e s  w i t h  g r e a t l y  i n c r e a s e d  su r f ace  area .  
The  i n c u b a t i o n  t i m e  for  th is  p h e n o m e n o n  is con-  
t r o l l e d  b y  d i f fus ion  and  is d e p e n d e n t  on t e m p e r a t u r e ,  
f i lm th ickness ,  n a t u r e  of  t he  subs t r a t e ,  and  r a t e  of 
e v a p o r a t i o n .  The  v a c u u m  a p p a r e n t l y  has  a p r o -  
n o u n c e d  inf luence,  be c a use  f i lms of even  nob le  m e t -  
als  l ike  gold  do not  coagu l a t e  r e a d i l y  in  a i r  b u t  w i l l  
a g g l o m e r a t e  in v a c u u m  if  t he  t e m p e r a t u r e  exceeds  
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500~ for  a long enough  per iod .  S o m e w h e r e  a r o u n d  
the  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e ,  the  m o b i l i t y  of 
the  a t o m s  inc reases  to the  po in t  w h e r e  i n t e r n a l  
s t resses  in  the  f i lm can  be r e l e a s e d  b y  a v a r i e t y  of 
mechan i sms .  F o r  t h in  films, for  e x a m p l e ,  one pos -  
s i b i l i t y  is to t r a n s f o r m  t h e  s t o r e d  e las t ic  e n e r g y  r e -  
su l t ing  f rom u n e q u a l  coefficients of expans ion ,  etc., 
in to  su r f ace  ene rgy .  H o w e v e r ,  if ox ide  l a y e r s  or  
even  a b s o r b e d  gas  l a y e r s  a r e  b o n d e d  to t he  sur face ,  
the  a c t i v a t i o n  e n e r g y  for  th is  e n e r g y  t r a n s f o r m a t i o n  
is g e n e r a l l y  too h igh  and  f i lm su r faces  s t ay  cohe ren t  
and  r e t a i n  t h e i r  h igh  op t ica l  re f lec t iv i ty .  The  s t ress  
af fec ted  zones of t h e  su r f ace  m a y  also be  r e m o v e d  
b y  e v a p o r a t i n g  the  su r f ace  l aye r ,  and,  if th is  is done  
fas t  enough,  no coagu la t i on  w i l l  occur.  I t  was  ob -  
s e rved  t h a t  w i t h  r e l a t i v e l y  long  h e a t i n g  t i m e s  and  
s m a l l  r a t e s  of e v a p o r a t i o n  the  a n g u l a r  def lec t ion  
m a y  increase ,  even  at  a cons t an t  t e m p e r a t u r e ,  b y  
a b o u t  15%, i n d i c a t i n g  t ha t  su r f ace  c o a g u l a t i o n  oc-  
cu r red .  In  such cases,  the  e x p e r i m e n t  was  r e p e a t e d  
w i t h  m o r e  r a p i d  h e a t i n g  and  h i g h e r  r a t e s  of e v a p -  
ora t ion .  

Desp i t e  t he  fac t  t h a t  f i lm coa t ings  on nonporous  
glass s u b s t r a t e s  y i e l d e d  e v a p o r a t i o n  cu rves  of t he  
s ame  g e n e r a l  shape  as shown  in Fig .  2 and  3, the  
p o r o s i t y  of t he  s u b s t r a t e  could  inf luence  the  e v a p -  
o r a t i on  c h a r a c t e r i s t i c s  and  affect  the  v a l i d i t y  of the  
conclus ions  d e r i v e d  f r o m  the  e x p e r i m e n t s .  The  
p o r o s i t y  of the  a l u m i n a  p la t e s  used  in t he  e x p e r i -  
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Fig. 2. Isothermal evaporation of AI films on AI203 substrates 
(initial film thickness, 2000J~). 
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Fig. 3. Isothermal evaporation of Cu films on AI203 substrates 
(initial film thickness, 2000A.). 

m e n t s  was  on the  o r d e r  of 3%,  so t h a t  (3 /100)  2/8, 
or  abou t  10% of t he  sur face ,  is c ove re d  w i t h  holes.  
In h igh  d e n s i t y  a lumina ,  po re s  a r e  r a t h e r  sha l low 
and  not  i n t e r connec t ed .  

I f  m e t a l  e v a p o r a t e s  f r o m  t h e  b o t t o m  of a pore ,  
two  v e r y  d i f fe ren t  poss ib i l i t i e s  ex is t :  ( i )  t h a t  on ly  
p a r t  of t he  e v a p o r a t i n g  m e t a l  w i l l  e scape  t h r o u g h  
the  po re  o p e n i n g  and  c o n t r i b u t e  to t he  recoi l ,  w i t h  
the  r e m a i n d e r  f o r m i n g  a s e c o n d a r y  m e t a l  f i lm on 
the  po re  wa l l s ;  ( i i )  t h a t  t h e  b o n d  b e t w e e n  s u b s t r a t e  
and  m e t a l  is no t  suff ic ient ly  s t rong  to a l l ow m e t a l  
to be  d e p o s i t e d  on the  ho t  w a l l s  of t he  pore ,  and  
e i t he r  r e - e v a p o r a t i o n  or  re f lec t ion  of t he  b o m b a r d -  
ing  m e t a l  a t o m s  wi l l  occur.  I t  w i l l  be  s h o w n  l a t e r  
t ha t  t he  s e c o n d a r y  p l a t i n g  of t he  p o r e  w a l l s  canno t  
occur  u n d e r  t he  cond i t ions  of the  e x p e r i m e n t .  I f  
th is  holds ,  e v a p o r a t i o n  f r o m  a po re  w i l l  cause  a 
s l i g h t l y  h i g h e r  r e p u l s i v e  m o m e n t u m  t h a n  e v a p o r a -  
t ion  f r o m  a f lat  p l a t e  be c a use  t he  mo lecu le s  a r e  
l e a v i n g  u n d e r  ang les  c loser  to 90 ~ . In  those  r a r e  
cases  w h e r e  t he  po re  ope n ing  is v e r y  smal l ,  the  po re  
could  be  c ons ide r e d  as a t i n y  K n u d s e n  cel l  w i t h  a l l  
t he  a toms  l e a v i n g  n e a r l y  p e r p e n d i c u l a r  to the  p l a t e  
surface .  The  s tep  b e t w e e n  the  u p p e r  and  l o w e r  l eve l  
of t he  cu rve  in Fig.  2 a n d  3 w o u l d  no t  be  affected,  
h o w e v e r ,  and  the  c a l c u l a t e d  v a l u e s  for  t h e  b i n d i n g  
e n e r g y  a re  t h e  s ame  if  t h e  su r face  is s l i g h t l y  po rous  
or  not.  W i t h  t he  l a rge  po re  open ings  w h i c h  g e n -  
e r a l l y  p r e v a i l ,  t h e r e  is  no p r o l o n g e d  a f t e r -e f fec t ,  
and  e v a p o r a t i o n  f rom the  pores  wi l l  fo l low the  
e v a p o r a t i o n  f r o m  flat su r f aces  w i t h  on ly  a s l igh t  
de lay .  

T h e r e  is also a p o s s i b i l i t y  t ha t  w r o n g  t h i cknes s  
d e t e r m i n a t i o n s  m a y  be  m a d e  if  the  s u b s t r a t e  is 
po rous  b e c a u s e  j:~dt w i l l  be  l a rge r .  A c o m p a r i s o n  of 
t h i ckness  d e t e r m i n a t i o n s  b y  x - r a y  s p e c t r o s c o p y  and  
m e a s u r e m e n t s  m a d e  b y  e v a p o r a t i o n  t e c hn iques  
showed  tha t  t he  effect  of a sma l l  p o r o s i t y  is n e g l i -  
g ib le  and  w i t h i n  e x p e r i m e n t a l  e r ro r s  (6) .  

I t  w i l l  n o w  b e  shown  t h a t  t he  po re  w a l l s  a r e  .not 
p l a t e d  b y  the  r e - e v a p o r a t i n g  m e t a l  w i t h i n  t he  pores .  
W h e n  an  a tomic  b e a m  i m p i n g e s  on a su r f a c e  w h i c h  
is m a i n t a i n e d  at  a cons t an t  t e m p e r a t u r e ,  a c o n t i n u -  
ous depos i t  can  be  f o r m e d  on ly  w h e n  the  r a t e  of 
i nc idence  of a t o m s  is l a r g e r  t h a n  a c e r t a i n  c r i t i ca l  
va lue .  This  c r i t i ca l  b e a m  d e n s i t y  is d e t e r m i n e d  b y  
t e m p e r a t u r e  of t he  s u b s t r a t e  and  the  b i n d i n g  e n -  
e r g y  b y  the  fo l lowing  r e l a t i o n s h i p  

nc ~ A'e--b/kT1 

w h e r e  nc is t he  c r i t i ca l  b e a m  dens i ty ,  A a cons t an t  
i n sens i t i ve  to t e m p e r a t u r e ,  b the  b i n d i n g  ene rgy ,  
and  T1 t h e  c r i t i ca l  s u b s t r a t e  t e m p e r a t u r e .  If  t he  
c r i t i ca l  b e a m  dens i t i e s  a r e  d e t e r m i n e d  for  two  d i f -  
f e r e n t  s u b s t r a t e  t e m p e r a t u r e s  T1 and  T2, b m a y  
be  c a l c u l a t e d  b y  

T1 T2 n'c 
b ---- k l o g - -  [4]  

T1 - -  T2 n ' c  

The  first  v i s ib l e  depos i t  of coppe r  on the  a l u m i n a  
f u r n a c e  t u b e  was  o b s e r v e d  a t  a spot  w h e r e  t he  w a l l  
t e m p e r a t u r e  was  610~ and  the  b e a m  d e n s i t y  was  
7 .10 TM . 

Le t  us a s s u m e  a p o r e  w h i c h  has  on ly  a v e r y  s m a l l  
open ing  so t h a t  e q u i l i b r i u m  v a p o r  p r e s s u r e  is m a i n -  
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r a ined  ins ide  t he  pore .  The  t e s t ing  t e m p e r a t u r e  for  
t he  c o p p e r - a l u m i n a  s a m p l e s  was  a r o u n d  870~ T h e  
v a p o r  p r e s s u r e  of coppe r  a t  th is  t e m p e r a t u r e  is a b o u t  
7 .10 -7 m m  Hg, and  the  w a l l  of t he  po re  w o u l d  be  
b o m b a r d e d  b y  a r o u n d  7.1014 a t . / s e c / c m  2, a cco rd ing  
to 

NL �9 p 
n =  (27rMRT) 1/2 

If  i t  is a s s u m e d  t h a t  7.1014 is t he  c r i t i ca l  b e a m  d e n -  
s i ty ,  t h e  b i n d i n g  e n e r g y  m a y  be  c a l c u l a t e d  b y  the  
two  sets of (he, T)  v a l u e s  f r o m  Eq. [4] .  A v a l u e  of 
36 kca l  is ob t a ined ,  w h i c h  a p p e a r s  f a r  too h igh  for  
t he  i n t e r f a c i a l  bond  of  coppe r  to a l u m i n a  (7 ) .  I f  i t  
is cons ide r ed  t h a t  mos t  pores  h a v e  l a r g e  open ings  in  
w h i c h  the  e q u i l i b r i u m  p r e s s u r e  canno t  b e  m a i n -  
t a ined ,  even  h i g h e r  b i n d i n g  ene rg ie s  w o u l d  be  ca l -  
cu la ted .  The  a s s u m p t i o n  t h a t  v a p o r  p l a t i n g  o c c u r r e d  
at  the  t e s t i n g  t e m p e r a t u r e s  m u s t  t h e r e f o r e  b e  r u l e d  
out. The  s ame  a r g u m e n t s  a r e  t r u e  for  t he  A1-A1203 
e x p e r i m e n t s .  A s m a l l  d e g r e e  of p o r o s i t y  wi l l  n o t  
affect  t he  v a l i d i t y  of t h e  conclus ions .  

Discussion and Results 

I s o t h e r m a l  e v a p o r a t i o n  r a t e  cu rves  for  2000A 
t h i c k  a l u m i n u m  fi lms depos i t ed  on p o l y c r y s t a l l i n e  
A1203 a r e  shown  in Fig .  2. In  the  i n d i c a t e d  t e m -  
p e r a t u r e  r ange ,  t he  a l u m i n u m  fi lm e v a p o r a t e s  l i ke  
t he  b u l k  m e t a l  d o w n  to a d i s t ance  of 480-500A f r o m  
the  in te r face .  A t  th is  p o i n t  t h e r e  is a f a i r l y  s u d d e n  
dec rease  in  t he  e v a p o r a t i o n  r a t e  and ,  consequen t ly ,  
in  t he  v a p o r  p r e s su re .  A f t e r  th is  t r a n s i t i o n  zone w i t h  
a t h i cknes s  of a b o u t  1O0A is passed ,  t he  e v a p o r a t i o n  
r a t e  r e m a i n s  cons t an t  for  some t i m e  a t  t he  l o w e r  
l eve l  and  dec reases  on ly  s l owly  h e r e a f t e r .  The  f ree  
e n e r g y  change  b e t w e e n  the  two  cons t an t  l eve l s  is 
seen  f r o m  T a b l e  I. In  t he  case  of a l u m i n u m ,  the  sens i -  
t i v i t y  of t he  a p p a r a t u s  w a s  no t  h igh  enough  to s t u d y  
the  s o l i d - s o l i d  in te r face .  A t  t h e  t es t  t e m p e r a t u r e ,  
t he  a l u m i n u m  fi lm w a s  a l r e a d y  l iquif ied.  

F i g u r e  3 shows  t h e  r e su l t s  of t he  s tud ies  on the  
s y s t e m  Cu-A12Os. The  2000A t h i c k  coppe r  f i lm 
e v a p o r a t e s  w i t h  a c o n s t a n t  r a t e  d o w n  to a t h i cknes s  
of 410-422A. A t  th is  t h r e s h o l d  the  f r ee  e n e r g y  of 
b o n d i n g  changes  ove r  a d i s t ance  of a b o u t  100A b y  
abou t  1980 cal  (see  T a b l e  I ) .  A f t e r  th i s  t r a n s i t i o n  
zone is passed ,  t he  e v a p o r a t i o n  r a t e  becomes  con-  
s t an t  aga in  and  is on ly  s l i gh t ly  d e c r e a s e d  l a te r .  The  
f r ee  e n e r g y  of t he  b o n d  a p p a r e n t l y  does  no t  c h a n g e  
in t he  t e m p e r a t u r e  r a n g e  f r o m  900~176 

Table I. Free energy change 

Temp,  ~ 6 80 AF, cal 
A1-AleO8 

762 8 15.5 1360 

750 5.2 10.5 1310 

741 3.5 7.0 1295 

Cu-A120s 

901 81 180 1980 

880 37 89 1990 

860 19.5 47 1980 

715 

\ 
0 I00 200 :500 400  500 600 

DISTANCE IN .~ 

Fig. 4. Free binding energy increase in vicinity of metal-oxide 
interfaces. 

I t  is i n t e r e s t i n g  to no te  t h a t  t he  e n e r g y  s tep  occurs  
a t  a lmos t  t he  s a m e  f i lm t h i c k n e s s  in bo th  sol id  a n d  
l iqu id  s ta tes .  This  seems  to ru l e  out  t he  t h e o r y  t h a t  
the  fo rce  field of i n t e r r a c i a l  d i s loca t ions  is r e s p o n -  
s ib le  fo r  th is  p h e n o m e n o n .  

This  e n e r g y  s t r u c t u r e  i n s inua t e s  t he  i d e a  t h a t  a 
d i s to r t ed ,  a lmos t  a m o r p h o u s  a tomic  s t r u c t u r e  e x -  
t e n d s  a f ew  h u n d r e d  A n g s t r o m s  deep  in to  t h e  b u l k  
of t he  film. T h e  s t r u c t u r a l  s i t ua t i on  in  l i qu ids  a n d  
sol ids  w o u l d  be  s imi la r .  This  s t r u c t u r a l  i n d e p e n d -  
ency  sugges t s  t h a t  t h e  d i s t o r t e d  r a n g e  is no t  v e r y  
t e m p e r a t u r e  d e p e n d e n t .  I t  w o u l d  be  v e r y  i n t e r e s t -  
ing  to  s t u d y  th is  p h e n o m e n o n  w i t h  s ing le  c r y s t a l  
s u b s t r a t e s  u n d e r  e p i t a x i a l  condi t ions .  

T h e  H a l l  cons tan t s  of some  m e t a l  f i lms h a v e  
m a x i m a  in th is  t h i cknes s  r a n g e  of 400-500A (8) .  
E lec t r i c  r e s i s t a nc e  cu rves  for  t h in  f i lms h a v e  t h e i r  
s m a l l e s t  r a d i i  of c u r v a t u r e  in  th i s  r ange .  The  t h i c k -  
ness  of the  a m o r p h i t i z e d  l a y e r  b e t w e e n  me ta l l i c  
g r a i n  b o u n d a r i e s ,  as d e t e r m i n e d  b y  t h e  l ine  b r o a d -  
en ing  of s c a t t e r e d  x - r a y s ,  also fa l l s  w i t h i n  t hese  
l imi t s  (9 ) .  

This  i n v e s t i g a t i o n  was  m a i n l y  c o n c e r n e d  w i t h  t h e  
f irst  e n e r g y  s tep  in a d i s t a n c e  of 400-500A,  b u t  
m e a s u r e m e n t s  a t  h i g h e r  t e m p e r a t u r e s  in  a c loser  
v i c i n i t y  to t he  i n t e r f a c e  sugges t  t h e  e n e r g y  s t r u c -  
t u r e  s c h e m a t i c a l l y  s h o w n  in Fig .  4. H i g h  v a l u e s  of 
the  b i n d i n g  e n e r g y  a r e  r e a c h e d  a t  t he  c lose  d i s t ance  
of s e v e r a l  10 a tomic  d i s t ances  f r o m  t h e  in t e r face .  

This  r a n g e  was  no t  s t ud i e d  s y s t e m a t i c a l l y  because  
of t h e  p r e s e n t  t e m p e r a t u r e  l i m i t a t i o n s  of t h e  f u r -  
nace .  I t  was  h o p e d  t h a t  t h e  e n e r g y  s t r u c t u r e  in  t h e  
i m m e d i a t e  v i c i n i t y  of t he  i n t e r f a c e  cou ld  be  s t ud i ed  
b e t t e r  in  the  Z n - Z n O  sys tem,  in  w h i c h  the  m e t a l  can  
eas i ly  b e  e v a p o r a t e d  a t  r e l a t i v e l y  l ow t e m p e r a t u r e s .  
Because  of t he  h igh  r a t e  of i n t e rd i f fus ion  in  th i s  
sys tem,  t he  r e su l t s  in  t h e  r a n g e  b e l o w  100A w e r e  
not  cons i s t en t  or  r e p r o d u c i b l e .  A f u r t h e r  s m a l l  e n -  
e r g y  s tep  of  a b o u t  2000 cal  a t  a p p r o x i m a t e l y  4O0A 
was  o b s e r v e d  in t h e  Z n - Z n O  sys tem.  

Manuscr ip t  rece ived  Aug. 17, 1962; rev ised  m a n u -  
scr ipt  rece ived  Dec. 21, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be  publ i shed  in the  June  1964 JOURNAL. 
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Mechanism of Electrodeposition from Aqueous Solutions of 
Square Planar Complexes 
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ABSTRACT 

Cathode cur ren t  efficiencies a n d / o r  cathode potent ia ls  have been measured  
for a va r ie ty  of sp in -pa i r ed  square  p l ana r  complexes of P t ( I I ) ,  P d ( I I ) ,  and 
A u ( I I I )  in aqueous solutions. I t  was found tha t  the tendency  toward  e lec t ro-  
deposi t ion depends  on the bond  s t rengths  of the  pa r t i cu la r  l igands  about  the  
cent ra l  meta l  ion, and tha t  the ove r -a l l  charge  of the complex  influences cur -  
ren t  efficiency in the expected  direction,  i.e., complexes wi th  more  negat ive  
ove r -a l l  charges tend  to deposi t  a t  lower  efficiencies even though t h e r m o d y -  
namica l ly  less stable.  The mechanism of deposi t ion has been shown not  to in-  
volve dissociation; ra ther ,  expe r imen ta l  da ta  show tha t  deposi t ion proceeds  
f rom the undissocia ted complex  as a whole. 

E a r l i e r  w o r k  (1)  l ed  to t he  p r o p o s a l  t h a t  c a thode  
c u r r e n t  eff iciencies m e a s u r e d  for  t h e  e l e c t r o d e p o s i -  
t ion  of n i cke l  f r o m  l i qu id  a m m o n i a  so lu t ions  of 
o c t a h e d r a l  s p i n - f r e e  N i ( I I )  c o m p l e x e s  w e r e  i n t e r -  
p r e t e d  bes t  in  t e r m s  of an  in i t i a l  SN2 s u b s t i t u t i o n  
into  t he  n i cke l  c o m p l e x  b y  a c o m p e t i t i v e  l igand .  
This  was  fo l l owed  b y  a r a t e - c o n t r o l l i n g  S s l  d i s so -  
c i a t i v e - t y p e  m e c h a n i s m  s i m i l a r  to t h a t  p r o p o s e d  b y  
L y o n s  (2)  w h i c h  w o u l d  be  in f luenced  b y  the  r e l a -  
t ive  t r a n s l a b i l i z i n g  p o w e r  of t h e  s u b s t i t u t e d  l igand .  
More  r ecen t l y ,  c u r r e n t  eff iciency m e a s u r e m e n t s  for  
the  depos i t i on  of coba l t  f r o m  a m m o n i a  so lu t ions  of 
o c t a h e d r a l  s p i n - p a i r e d  C o ( I I I )  c o m p l e x e s  w e r e  i n -  
t e r p r e t e d  (3)  b y  a s i m i l a r  t r a n s l a b i I i z e d  d i s soc ia t ive  
m echan i sm .  O n l y  f a i r  a g r e e m e n t  was  f o u n d  b e t w e e n  
the  t r e n d s  in  ca thode  c u r r e n t  eff iciencies e x h i b i t e d  
b y  t h e  c o m p l e x e s  of these  two  m e t a l  ions  a n d  the  
i nc r ea s ing  t r a n s  effect e x h i b i t e d  b y  P t ( I I )  c o m -  
p lexes .  This  is not  u n e x p e c t e d  s ince  t he  t r a n s  effect  
ser ies  is b a s e d  on ly  on q u a l i t a t i v e  obse rva t i ons ;  
m o r e  i m p o r t a n t ,  t h e r e  is l i t t l e  r e a s o n  to a s sume  t h a t  
t he  s a m e  sequence  w o u l d  a p p l y  e q u a l l y  w e l l  to t h e  
cases of s q u a r e  p l a n a r  a n d  o c t a h e d r a l  s y m m e t r y .  
S ince  the  e x p e r i m e n t a l  ev idences  for  t h e  t r a n s  effect  
per se are  l i m i t e d  l a r g e l y  to P t ( I I )  c h e m i s t r y  (4 ) ,  
i t  was  of i n t e r e s t  to i n v e s t i g a t e  a se r ies  of P t ( I I )  
c o m p l e x e s  in  o r d e r  to p r o v i d e  f u r t h e r  ev idence  and  
poss ib le  ve r i f i ca t ion  of the  t r a n s  effect  in  e l e c t r o -  
depos i t ion .  These  s tud ies  w e r e  f u r t h e r  of i n t e r e s t  
s ince  efforts  to  s t u d y  the  depos i t i on  of p l a t i n u m  
f rom aqueous  so lu t ions  b y  p o l a r o g r a p h i c  m e t h o d s  
have  been  u n r e w a r d i n g  (5, 6).  

Two compl i ca t i ons  at  once ar ise .  F i r s t ,  i t  is i m -  
p r a c t i c a l  to e m p l o y  the  s ame  so lven t  as used  in  t h e  
e a r l i e r  w o r k  s ince  c o m p l e x e s  of t he  t y p e  
[ P t ( N H 3 ) 3 X - ]  + r e a c t  a lmos t  i n s t a n t a n e o u s l y  w i t h  
l i qu id  a m m o n i a  to f o r m  [ P t  (NHs)4]  e+. A c c o r d i n g l y ,  
a l l  of t h e  p r e s e n t  m e a s u r e m e n t s  e m p l o y e d  aqueous  

solut ions .  Second,  i t  w o u l d  be  r e a s o n a b l e  to a s sume  
t h a t  s q u a r e  p l a n a r  c o m p l e x e s  in  so lu t ion  in  a p o l a r  
so lven t  m i g h t  be  e x p e c t e d  to assume,  and  e x h i b i t  
p r o p e r t i e s  a s soc ia t ed  wi th ,  d i s t o r t e d  o c t a h e d r a l  
s y m m e t r y .  The  r e su l t s  r e p o r t e d  h e r e  h o w e v e r  a r e  
no t  cons i s t en t  w i t h  th is  a s sumpt ion .  

The  in i t i a l  e x p e r i m e n t s  w i t h  p l a t i n u m  complexes  
i n d i c a t e d  t h a t  the  m e c h a n i s m  of e l e c t r o d e p o s i t i o n  
d id  no t  i nvo lve  d i ssoc ia t ion ;  t he re fo re ,  a t r a n s  effect 
cou ld  no t  be  tes ted .  Moreove r ,  t he  c o m b i n e d  d a t a  
g a t h e r e d  in th is  l a b o r a t o r y  b y  s e v e r a l  w o r k e r s  i n -  
d ica te  t ha t  t h e r e  is a f u n d a m e n t a l  d i f fe rence  in t he  
m e c h a n i s m  of depos i t i on  b e t w e e n  o c t a h e d r a l  and  
s q u a r e  p l a n a r  complexes .  Hence ,  e l e c t r o d e p o s i t i o n  
f rom so lu t ions  of c o m p l e x e s  of P d ( I I )  and  A u ( I I I )  
was  also i n v e s t i g a t e d  in  o r d e r  to e x p l o r e  m o r e  
b r o a d l y  the  b e h a v i o r  of s q u a r e  p l a n a r  species.  

Experimental 
Equipment  and Exper imenta l  Procedures 

The ceiL--Unless s t a t ed  o the rwise ,  bo th  ca thode  
c u r r e n t  efficiencies and  c a thode  p o t e n t i a l s  w e r e  
m e a s u r e d  us ing  t h e  cel l  s h o w n  in Fig .  1. T h e  cel l  
was  des igned  so t h a t  100 m l  of so lu t ion  could  be  
i n t r o d u c e d  and  r e m o v e d  eas i ly ,  and  the  ca thode  
h o l d e r  was  c o n s t r u c t e d  to p r o v i d e  for  e a sy  r e m o v a l  
of e l ec t rodes  for  d i r ec t  we igh ing .  O the r  de t a i l s  of t he  
cel l  i nc lude :  s e p a r a t e d  a n o d e  and  ca thode  c o m p a r t -  
men ts ,  fac i l i t i es  for  r a p i d  s t i r r i n g  in  t he  ca thode  
c h a m b e r ,  and  a m e a n s  for  p u r g i n g  the  c a t h o l y t e  
w i t h  a n y  d e s i r e d  gas. 

Cathode current efficiency measurements . - -For  
c u r r e n t  eff iciency m e a s u r e m e n t s ,  a ser ies  e l ec t r i ca l  
c i rcu i t  cons i s t ing  of a m i l l i a m m e t e r ,  s i l ve r  c ou lom-  
e ter ,  rheos t a t ,  50v b a t t e r y ,  and  cel l  was  emp loyed .  
Efficiencies t h a t  w e r e  c a l c u l a t e d  e i the r  b y  m e a s u r -  
i ng  t i m e  and  c u r r e n t  or  s i l ve r  depos i t ed  w e r e  w e l l  
w i t h i n  e x p e r i m e n t a l  e r ror .  Cons t an t  c u r r e n t  was  
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Fig. 1. Electrolysis cell. A, copper rod; B, standard taper 34/4S 
ground glass joints; C, 3/8-in. OD Teflon rod drilled to fit copper 
rod; D, gold plated chuck; E, platinum cathode; P, platinum anode; 
G, fine porosity glass frits; H, glass flit; I, Teflon stirring bar; 
J, constant temperature bath; K, stirring motor; L, Luggin capillary; 
M, to reference electrode; O, filling tube; P, gas inlet tube. 

m a i n t a i n e d  by  m a n u a l l y  ad jus t i ng  the  rheos ta t  as 
the r u n  progressed.  For  p l a t i n u m  deposi t ion,  the  
cathodes were  r insed  in  dis t i l led  wa t e r  and  hea ted  
to redness  before  and  af ter  each r u n ;  a s imi la r  p ro -  
cedure  was  used  for p a l l a d i u m  and  gold deposi t ion,  
except  tha t  the  d r y i n g  t e m p e r a t u r e  was  ca. 200~ 

Determination o] cathode potentials.--Cathode 
poten t ia l s  for aqueous  solut ions  of p l a t i n u m  com-  
plexes were  m e a s u r e d  w i th  c o n v e n t i o n a l  equ ip -  
m e n t  i nc lud ing :  a Ag/AgC1, 0.1M KC1 re fe rence  
electrode;  a L u g g i n  cap i l l a ry  c o n t a i n i n g  s a tu ra t ed  
KC1 solu t ion  gel led w i th  agar ;  and  a po ten t iomete r .  
For  pa l l ad ium,  the  re fe rence  electrode was  A g / A g X ,  
0.1M K X  where  X was e i ther  C I - ,  B r - ,  or I -  de-  
p e n d i n g  on the  p a r t i c u l a r  p a l l a d i u m  complex  u n d e r  
inves t iga t ion .  In  this  case, the  re fe rence  electrode 
made  electr ical  contac t  w i th  the  w o r k i n g  cathode 
by  m e a n s  of a b r idge  which  con ta ined  0.1M K X  
solution.  The  b r idge  he ld  two f ine-poros i ty  glass 
fr i ts  which  were  separa ted  by  a d is tance  of 15 cm 
and  t e r m i n a t e d  at the w o r k i n g  cathode in  a L u g g i n  
capi l lary .  A s imi la r  re fe rence  electrode was  em-  
p loyed w h e n  a n h y d r o u s  m e t h a n o l  was  used as the  
e lec t ro ly te ;  the  E ~ va lue  of the  r e su l t i ng  Ag/AgC1, 
0.1M NaC1 ( m e t h a n o l )  e lectrode was  t a k e n  as 
0.0228v at  35~ f rom the  da ta  of H a r n e d  (7) .  (The 
po ten t ia l s  of al l  r e fe rence  electrodes used were  
t a k e n  f rom this  source.)  

A l l  r u n s  were  m a d e  at cons t an t  cur ren t ,  and  the 
ca tholy te  was r a p i d l y  s t i r red;  a p l a t i n u m  cathode 
was  used  in  eve ry  case. W h e n  possible,  differences 
in  e lec t ro ly te  concen t ra t ions  b e t w e e n  the  re fe rence  
electrode and  the  p l a t i ng  so lu t ion  were  kep t  at a 
m i n i m u m  to avoid s ignif icant  junc t~sn  potent ia ls .  

Materials 

Water.--Distilled w a t e r  passed t h r ough  "Dee-  
minac"  ion exchange  res in  was  used to p repa re  all  
p la t ing  solut ions  and  re fe rence  electrodes.  

Supporting electrolytes.--Reagent grade  e lec t ro-  
ly tes  used to p r e pa r e  the  p l a t i ng  solut ions  and  re f -  

Table I. Analytical and x-ray diffraction data 

A n a l .  f o r  M a, % 
C o m p l e x  Ca l ed .  F o u n d  Ref .  d, A a n d  1/lo b 

K2PtC14 47.0 46.9 9 
K2PtBr4 32.9 32.3 10 
K2Pt (NO2) 4 42.7 42.6 11 
K2Pt (CN) 4 51.8 51.8 12 
K2Pt (SCN) 4 38.6 38.2 13 
K [ PtC13 (NH3) ] 54.6 54.6 14 
[Pt (NHs) 4] C12 c 55.4 55.4 15, 16 
[Pt (NH3) 4] Br2 e 44.8 44.8 - -  
[Pt (NH~) 3C1] C1 61.6 61.6 17 
[Pt (NHa) 8Br] Br 48.2 48.4 31 
[Pt (NH3) 3NO2] C1 59.6 59.0 18 
[ Pt  (NH3) 2C12] d 65.2 65.4 19 
[Pt (NH3) 2Br2] g 50.3 50.4 20 
[Pt (NH3) 2 (NO2) 2] g 60.8 60.7 18 
K2PdC14 32.5 32.8 21 
K2Pd (CN) 4 c 34.7 34.8 22 
K2Pd (NO2) 4 28.9 28.9 23 
K2Pd (SCN) 4 25.5 25.5 24 
[Pd (NH3) 4]Br2 31.9 31.5 25 
[Pd (dien) Br] Br e 28.9 29.1 26 
[Pd (dien) I] I 23.0 22.8 26 
KAuC14 52.2 52.0 27, 28 
KAuBr4 35.5 35.6 29 
KAu (CN) 4 ~ 56.4 56.8 30 

7.06, 3.18 (0.9), 2.51 
7.56, 4.35 (0.7), 3.35 
6.55, 3.97 (0.6), 3.75 
7.95, 6.71 (0.5), 3.29 
8.37, 5.53 (0.5), 4.00 
6.39, 3.88 (0.6), 3.79 
7.36, 3.64 (1.0), 3.26 
7.56, 6.51 (0.5) 3.41 
5.64, 5.94 (0.4) 3.53 
5.91, 4.55 (0.9) 3.92 
4.35, 6.47 (0.9) 3.72 
6.21, 7.30 (0.1) 3.40 
6.11, 7.48 (0.9) 3.27 
6.04, 3.25 (0.6) 2.28 
7.06, 3.18 (0.9) 2.51 
7.96, 3.30 (0.9) 3.19 
(Amorphous) 
6.59, 3.95 (0.7), 3.75 
3.86, 3.45 (0.9), 2.73 
3.86, 6.28 (0.5), 4.90 
4.55, 4.44 (0.8), 3.88 
5.67, 6.14 (0.8), 3.53 
7.58, 3.77 (0.9), 3.31 
4.24, 8.18 (0.9), 4.92 

(0.9) 
(0.7) 
(0.8) 
(0.7) 
(O.5) 
(O.6) 
(1.0) 
(0.9) 
(O.5) 
(O.9) 
(O.9) 
(0.3) 
(0.7) 
(O.6) 
(0.9) 
(0.7) 

(0.9) 
(0.8) 
(0.6) 
(0.9) 
(0.7) 
(0.6) 
(0.9) 

a M = P t ,  P d ,  Au .  W h e r e  n e c e s s a r y ,  c o m p l e x e s  w e r e  a lso  a n a l y z e d  f o r  t o t a l  h a l o g e n  (8) .  
b X - r a y  p o w d e r  d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d  u s i n g  CuK~ r a d i a t i o n ,  N i  f i l t e r ,  35 k v  t u b e  v o l t a g e ,  15 m a  f i l a m e n t  c u r r e n t ,  a n d  e x p o -  

s u r e  t i m e s  of  8-24 h r .  R e l a t i v e  i n t e n s i t i e s  w e r e  e s t i m a t e d  visually.  The f i r s t  d - s p a c i n g  l i s t e d  in  e a c h  case  c o r r e s p o n d s  to  a r e l a t i v e  i n t e n -  
s i t y  of  1.0. O n l y  t h e  t h r e e  m o s t  i n t e n s e  l i n e s  a r e  g i v e n  h e r e ;  m o r e  e x t e n s i v e  d a t a  a r e  a v a i l a b l e  e l s e w h e r e  (8) .  

c M o n o h y d r a t e .  
c i s - i s o m e r .  

e al ien ~ d i e t h y l e n e t r i a m m i n e .  
! H e m i h y d r a t e .  
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e rence  e l ec t rodes  w e r e  r e c r y s t a l l i z e d  once b e f o r e  
u s e .  

Complexes.--Most of t he  c o m p l e x e s  of P t ( I I ) ,  
P d  ( I I ) ,  and  A u  ( I I I )  w e r e  p r e p a r e d  b y  k n o w n  m e t h -  
ods o r  b y  m i n o r  modi f i ca t ions  the reof ,  t he  de t a i l s  of 
w h i c h  a r e  a v a i l a b l e  e l s e w h e r e  (8) .  O the r s  w e r e  
p r e p a r e d  b y  n e w  or  i m p r o v e d  p r o c e d u r e s  as d e -  
s c r i bed  be low.  The  p u r i t y  of a l l  of these  p r o d u c t s  
was  e s t a b l i s h e d  b y  ana lys i s  and  b y  x - r a y  d i f f r ac -  
t ion  d a t a  ( T a b l e  I ) .  

Tetrammineplatinum( II ) bromide.--A so lu t ion  of 
6g of c i s - [ P t ( N H 3 ) 2 B r ~ ]  in  300 m l  of 28% aqueous  
a m m o n i a  was  e v a p o r a t e d  at  90 ~ u n t i l  the  v o l u m e  
was  r e d u c e d  to ca. 50 ml.  A f t e r  1 h r  a t  25 ~ the  m i x -  
t u r e  was  f i l te red ,  t he  w h i t e  sol id  w a s  w a s h e d  suc-  
ce s s ive ly  w i t h  ace tone  and  e ther ,  a n d  d r i e d  in  a i r  a t  
r oom t e m p e r a t u r e .  The  y i e l d  was  6g. 

Bromotriammineplatinum(II) bromide.--As s u g -  
ges t ed  b y  r e l e v a n t  w o r k  b y  T s c h u g a e v  (31) ,  13.22g 
of c i s - [ P t ( N H ~ ) 2 B r 2 ]  was  d i s so lved  in 500 m l  of 
bo i l ing  w a t e r ,  2.64g of K O C N  was  a d d e d  w i t h  s t i r -  
r ing,  a n d  a f t e r  2 ra in  5 m l  of 48% H B r  was  a d d e d  
cau t ious ly .  The  so lu t ion  was  b o i l e d  for  an  a d d i -  
t i ona l  5 rain,  cooled to 0 ~ and  u n r e a c t e d  sol id  was  
r e m o v e d  b y  f i l t ra t ion .  A so lu t ion  of 9g of K2PtBr4 in  
w a t e r  was  a d d e d  to t he  f i l t ra te ;  t he  r e s u l t i n g  p r e c i p -  
i t a t e  was  col lec ted ,  e x t r a c t e d  w i t h  300 m l  of bo i l -  
ing  w a t e r ,  and  f i l t e red  hot.  G r e e n  i n so lub l e  [ P t -  
(NH3)4]PtBr4  was  t h e r e b y  r e m o v e d ,  and  b r o w n  
[ P t ( N H 3 ) ~ B r ] P t B r 4  c r y s t a l l i z e d  f r o m  the  f i l t ra te .  
The  c r y s t a l s  w e r e  r e c r y s t a l l i z e d  once f rom 250 m l  
of bo i l i ng  w a t e r  and  dr ied .  This  p r o d u c t  (3.05g) 
and  1.0g of [P t (NH3)4 ]Br2"H20  w e r e  bo i l ed  in  10 
m l  of  w a t e r  for  5 min ,  cooled in  an  ice ba th ,  f i l te red ,  
and  1 m l  of 48% H B r  was  a d d e d  to t he  f i l t ra te .  
P r e c i p i t a t i o n  was  ef fec ted b y  a d d i t i o n  of 500 m l  of 
acetone.  A f t e r  s t a n d i n g  ove r  n ight ,  t he  m i x t u r e  was  
f i l t e red  and  the  c r e a m - c o l o r e d  b r o m o t r i a m m i n e  was  
w a s h e d  success ive ly  w i t h  ace tone  and  e t h e r  and  
d r i e d  at  65~ the  y i e l d  w a s  1.5g. 

Potassium trichloronitrosylplatinate ( II ).--Nitric 
ox ide  was  b u b b l e d  for  2 h r  t h r o u g h  a s t i r r e d  so lu -  
t ion  of 1.34g of KC1 a n d  0.831g of K2PtC14 a t  25 ~ 
The  color  of t he  so lu t ion  c h a n g e d  f r o m  r e d  to y e l -  
l o w - g r e e n ,  p r e c i p i t a t i o n  of [Pt (NO)2C12]  d id  no t  
occur,  and  a d d i t i o n  of [Pt (NH3)4]C12 to a p o r t i o n  
of t he  so lu t ion  gave  on ly  a r e d - b r o w n  p r e c i p i t a t e  of 
[ P t  (NH3)4] [P tCls  (NO)  ]2; these  o b s e r v a t i o n s  i n d i -  
ca te  t h a t  t he  t e t r a c h l o r o  c o m p l e x  was  q u a n t i t a t i v e l y  
c o n v e r t e d  to the  t r i c h l o r o n i t r o s y l  compound ,  w h i c h  
was  no t  i so la ted .  

Results 
Preliminary Experiments 

Effect of separation of anode and cathode com- 
partments.--Early e x p e r i m e n t s  w e r e  c a r r i e d  out  in  
a cel l  s i m i l a r  to t he  one s h o w n  in Fig .  1, e x c e p t  t h a t  
the  a n o d e  a n d  ca thode  c o m p a r t m e n t s  w e r e  no t  s ep -  
a r a t ed .  I t  was  o b s e r v e d  t ha t  t he  ca thode  c u r r e n t  
eff iciency d r i f t e d  s e v e r e l y  w i t h  t ime  b e c a u s e  of 
spec ies  g e n e r a t e d  at  t he  anode  [ p r o b a b l y  c o m p l e x e s  
of P t ( I V ) ] .  The  eff iciency was  i n d e p e n d e n t  of t i m e  
if  a cel l  w i t h  d i v i d e d  c o m p a r t m e n t s  was  e m p l o y e d ,  
and  a l l  s u b s e q u e n t  r u n s  w e r e  m a d e  in  th is  t y p e  of  
cel l  (F ig .  1).  The  so lu t ions  in  t he  anode  and  c a t h -  

ode c o m p a r t m e n t s  w e r e  of t he  s a m e  compos i t ion ,  
u n s t i r r e d  so lu t ion  was  con t a ined  in the  c o m p a r t m e n t  
b e t w e e n  the  two  f r i t s  (Fig .  1) and  r u n  t i m e s  w e r e  
15-30 min .  These  cond i t ions  w e r e  d e s i g n e d  to  m i n i -  
mize  d i f fus ion effects.  

Effect of cathode surface pretreatments.--Electro- 
depos i t i on  f r o m  so lu t ions  of [Pt(NH3)4]C12 gave  
e s s e n t i a l l y  equa l  and  r e p r o d u c i b l e  c u r r e n t  eff icien-  
cies w h e n  the  c a thode  was  g iven  the  f o l l o w i n g  p r e -  
t r e a t m e n t s :  ( a )  t he  e l e c t r o d e  w a s  i m m e r s e d  in  b o i l -  
ing  5% h y d r a z i n e  so lu t ion  for  30 min ,  r i n s e d  w i t h  
d i s t i l l ed  w a t e r ,  and  d r i e d  b y  h e a t i n g  to r edness ;  (b )  
a f t e r  a 1 - m i n  d ip  in bo i l ing  aqua  reg ia ,  t he  e l ec t rode  
was  r i n s e d  w i t h  d i s t i l l ed  w a t e r  and  h e a t e d  to r e d -  
ness.  This  was  fo l l owed  b y  h e a t i n g  the  ca thode  in 
a h y d r o g e n  a t m o s p h e r e  for  1 h r  a t  500~ and  cool ing 
in an  a t m o s p h e r e  of he l ium.  

F u r t h e r m o r e ,  e l e c t r o d e p o s i t i o n  f r o m  so lu t ions  of 
K2PtC14 y i e l d e d  e q u i v a l e n t  c u r r e n t  efficiencies 
( w i t h i n  e x p e r i m e n t a l  e r r o r )  us ing  ca thodes  of 
e i t he r  b r i g h t  " n e w "  o r  d u l l e d  p l a t i n u m  ( f r o m  p r e -  
v ious  de pos i t s ) .  Hence ,  i t  w a s  c o n c l u d e d  t h a t  t h e  
in i t i a l  cond i t ion  of t he  ca thode  su r f ace  w a s  no t  a 
p a r a m e t e r  w h i c h  w o u l d  inf luence  ca thode  c u r r e n t  
eff iciency m e a s u r e m e n t s .  

Effect of hydrolysis.--No effects w e r e  found  
w h i c h  could  be  a t t r i b u t e d  to h y d r o l y s i s ;  i.e., aged  
so lu t ions  gave  e s s e n t i a l l y  t he  s ame  r e su l t s  as f r e s h  
solut ions .  

Quality of the deposits.--The q u a l i t y  of t he  d e -  
pos i t s  v a r i e d  f r o m  v e r y  r o u g h  to b r i g h t  and  smooth ,  
b u t  in  a l l  cases  t he  depos i t s  w e r e  suff ic ient ly  a d -  
h e r e n t  for  good r e p r o d u c i b i l i t y .  F r o m  the  s t a n d -  
p o i n t  of bo th  b r i g h t n e s s  a n d  adhe rence ,  t he  be s t  
depos i t s  u s u a l l y  occu r r ed  w h e n  the  eff iciency was  
70% or  less.  One  n o t e w o r t h y  e x c e p t i o n  was  t h a t  
m i r r o r - b r i g h t  p l a t i n u m  cou ld  be  depos i t ed  at  100% 
efficiency f r o m  a 0.01M K2PtC1, 0.1M KC1, d e o x y -  
g e n a t e d  so lu t ion  a t  c u r r e n t  dens i t i e s  of f r o m  2 to 8 
m a / c m  2 at  25 ~ Depos i t i on  of " p l a t i n u m  b l a c k "  w a s  
not  o b s e r v e d  in  a n y  case. A l l  ca thodes  w e r e  h e a t e d  
to r edness  p r i o r  to f inal  we igh ing .  

Cathode Current E]~ciency Measurements 

The effects of c u r r e n t  dens i ty ,  c o m p l e x  c oncen -  
t r a t ion ,  d i s so lved  gases,  a n d  t e m p e r a t u r e  on c a t h -  
ode  c u r r e n t  eff iciency w e r e  s t u d i e d  to e s t ab l i sh  
o p t i m u m  cond i t ions  for  c o m p a r i n g  the  effects of  
specific l i gands  on c u r r e n t  efficiency. 

Effect of current density on current e~ciency.--  
F i g u r e  2 i l l u s t r a t e s  the  effect  of c u r r e n t  d e n s i t y  on 
c u r r e n t  eff iciency and  also gives  an  i n d i c a t i o n  of 
e x p e r i m e n t a l  r e p r o d u c i b i l i t y .  I t  is a p p a r e n t  t h a t  
t he  eff iciency is i n d e p e n d e n t  of c u r r e n t  d e n s i t y  at  
l eas t  ove r  t he  r a n g e  f r o m  1 to 3 m a / c m 2 ;  t he re fo re ,  
s u b s e q u e n t  r u n s  w e r e  m a d e  in  th is  reg ion .  These  
r u n s  w e r e  m a d e  w i t h  a i r - s a t u r a t e d ,  0.01M K2PtC14 
so lu t ions  w i t h o u t  s u p p o r t i n g  e l e c t r o l y t e s  at  a t e m -  
p e r a t u r e  of 71.0~ 

Effect of concentration on current efflciency.-- 
F i g u r e  3 i l l u s t r a t e s  the  effect of c o n c e n t r a t i o n  on 
c u r r e n t  eff iciency fo r  so lu t ions  of t h r e e  p l a t i n u m  
complexes .  The  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  us ing  
a i r - s a t u r a t e d  so lu t ions  w i t h o u t  s u p p o r t i n g  e l e c t r o -  
ly tes ;  t he  c u r r e n t  d e n s i t y  w a s  1.5 m a / c m  ~ a n d  the  
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t e m p e r a t u r e  was  40~ It  was  conc luded  tha t  the  
efficiency is essen t ia l ly  i n d e p e n d e n t  of complex  
concen t r a t i on  above  ca. 0.005M. F u r t h e r m o r e ,  for 
these solut ions  the  efficiency was  found  to be t e m -  
p e r a t u r e - i n d e p e n d e n t  ( b e t w e e n  40~176  if the  
concen t r a t i on  was above 0.005M; be low this  con-  
cen t r a t i on  inc reas ing  t e m p e r a t u r e s  resu l t ed  in  
h igher  efficiencies. 

Effect  of specific l igands on curren t  e f f i c i e n c y . -  
In  genera l ,  d e p e n d i n g  on the  composi t ion  of the  
p la t ing  solut ion,  th ree  reac t ions  compete  to v a r y i n g  
degrees at the  cathode,  i.e., meta l  deposi t ion,  oxy-  
gen reduct ion ,  and  h y d r o g e n  evolut ion.  The ques -  
t ion  of the  effect of oxygen  concen t r a t i on  was  
s tud ied  by  e i ther  d e o x y g e n a t i n g  the  p la t ing  so lu t ion  
w i th  h e l i u m  or by  s a t u r a t i n g  the  so lu t ion  w i th  oxy-  
gen. Thus,  the  fo l lowing three  types  of solut ions  
were  s tudied:  

1. A i r - s a t u r a t e d  solut ions.  The  effect of specific 
l igands  on c u r r e n t  efficiency is shown  in  Tab le  II. 
Suppor t i ng  e lect rolytes  we re  added  to inves t iga te  
the  effect of suppress ing  possible  hydro lys i s  or dis-  
sociat ion of the var ious  complexes.  These r u n s  were  
made  at a t e m p e r a t u r e  of 40~ and  the  c u r r e n t  
dens i ty  was  1.5 m a / c m  2. The  r ep roduc ib i l i t y  was  
f rom 2 to 4%. 

2. O x y g e n - s a t u r a t e d  solut ions.  The  da ta  shown  
in  Tab le  III  i l lus t ra te  the  m a r k e d  decrease in  effi- 
c iency caused by  dissolved oxygen  (oxygen  was  
b u b b l e d  t h rough  the solut ions  for 1 hr  pr ior  to de-  
pos i t ion) .  In  this  case, it was  no ted  tha t  the  t e n d e n c y  
to e lec t rodeposi t  was  cons ide rab ly  less f rom solu-  
t ions  of K2PtBr4 t h a n  f rom solut ions  of K2PtC14, 

whereas  the  efficiencies co r respond ing  to these  two 
complexes  were  qu i te  close in  a i r - s a t u r a t e d  solu-  
t ions. These r u n s  were  made  at a t e m p e r a t u r e  of 
30~ and  the  c u r r e n t  dens i ty  was  2.5 m a / c m  2. 

3. H e l i u m - s a t u r a t e d  solut ions.  E lec t rodepos i t ion  
f rom deoxygena t ed  solut ions  r e su l t ed  in  the  da ta  
shown  in  Tab le  III ,  a nd  it  is c lear  t ha t  m e t a l  depo-  
s i t ion was  the on ly  cathodic process occur r ing  in  
the case of depos i t ion  f rom solut ions  of K2PtC14, 
K2PtBr4, K[PtC13(NH3)] ,  [Pt(NH3)3C1]C1, and  
[ P t  (NH3) 3Br ] Br. The  low efficiencies associated w i th  
[Pt(NHs)3NO2]C1 and  K [ P t C 1 8 ( N O ) ]  are con-  

Table II. Effect of ligands on cathode current efficiency 
(air-saturated solutions) 

Added Conc, Efficiency, 
C o m p l e x  Conc,  M e l ec t ro ly t e  M ' % 

[Pt (NH3) 3NO2] C1 0.01 None 38 
KNO3 0.1 37 
NH4NO3 0.1 24 
KNO2 0.1 21 

0.005 KNO2 0.05 
NH4NO3 0.05 19 

K [PtC13 (NH3) ] 0.01 None 100 
NH4C1 0.1 87 

0.01 None 68 
[Pt (NH3) 3C1] C1 0.005 None 66 

NH4C1 0.1 67 
[Pt (NH~) 3Br] Br 0.01 None 75 

NH4Br 0.1 74 
K2PtC14 0.004 None 74 

0.01 None 79 
0.005 KC1 0.1 75 

K2PtBr4 0.01 None 83 
KBr 0.1 80 

[Pt (NH3) 4] C12" H20 0.01 None 2 
K2Pt (NO2) 4 0.01 None 0 
K2Pt (CN) 4 0.01 None 0 
K2Pt (SCN) 4 0.01 None 0 
K2PdC14 0.01 None 100 

KC1 0.01 99 
KuPd (CN4) .H20 0.01 None 0 
K2Pd (SCN) 4 0.01 None 93 

KSCN 0.01 100 
K2Pd (NO2) 4 0.01 None 72 

KNO2 0.01 66 
[Pd (NH3) 4] Br2 0.01 None 84 

NH4Br 0.01 84 
KAuC14 0.01 None 100 

KC1 0.01 99 
KAuBr4 0.01 None 100 

KBr  0.01 97 
KAu (CN) 4" 1/2 H20 0.01 None 71 

KCN 0.01 44 

Table Ill. Cathode current efficiencies for oxygen-saturated 
and helium-saturated solutions 

Added C u r r e n t  Eff ic iency ,  % 
e lec t ro-  dens i ty ,  O x y g e n -  H e l i u m -  

Complex ,  0.01M lyre,  0.1M m a / c m  ~ saturated saturated 

K2PtC14 KC1 2.5 50 96 
K2PtBr4 KBr  2.5 25 100 
K [PtC13 (NH3) ] KC1 2.5 50 99 
[Pt (NH~) ~C1] C1 KC1 2.5 - -  50 

1.25 - -  99 
[Pt (NH3) 8Br]Br KBr 1.25 - -  100 
[Pt (NIt3) 3NO2] C1 KC1 2.5 - -  7 

1.25 - -  16 
K [PtCla (NO) ] KC1 1.25 - -  20 
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sidered in the Discussion Section. These runs were 
made at 30~ 

Cathode Potentials 
Cathode potential measurements were made to 

provide another criterion to aid in establishing 
trends for the effect of specific ligands on the tend-  
ency to "electrodeposit. 

During metal  deposition, the current  density 
range from about 0.5 to 5 m a / c m  2 gave potentials 
which were reproducible to about 0.02v. Measured 
potentials outside this range were less reproducible. 
Approximately  1 min after a current  change, the 
drift in potential was less than experimental  error. 

Platinum (II) co mplexes.--The cathode potential-  
current density determinations for plat inum com- 
plexes were made using deoxygenated solutions at 
35~ (Fig. 4 and 5). These polarization curves 
clearly indicate that hydrogen evolution is not a 
reaction concurrent with metal deposition at low 
current densities. 

"E ,4 I . . . . I  

, / /  i o 12 
E 

~: 

-0.6 -0.4 -0.2 0 0.2 0.4 06 S 
GATHODE POTENTIALS, v 

Fig. 4. Cathode potential-current density curves for platinum com- 
plexes and for oxygen. Open circle, K2[PtCI4]; half opened circle 
darkened on right side, K2[PtBr4]; open square, K[PtCI3NO];  
solid square, K[PtCI3NH3]; solid triangle, [Pt(NH3)3Br]Br; open 
triangle, [Pt(NH3)3CI]CI; solid circle, [Pt(NH3)3N02] CI; half 
opened triangle darkened on right side, saturated oxygen solution. 

~E 141 

I 2 3 

g 8 

g 

I I 

-0.6 -0.4 -0.2 0 012 0!4 016 
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Fig. 5. Cathode potential-current density curves for K2PtCI4-KCI 
solutions. I ,  0.1M K2[PtCI4], 0.1M KCI; 2, O.01M K2[PtCI4], 0.1M 
KCI; 3, O.01M K2[PtCI4], 1M KCI; 4, O.O01M K2[PtCI4], 0.1M KCI. 
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Fig. 6. Cathode potential-current density curves for [Pd(dien)X] 
X-KX solutions. % [Pd(dien)CI]CI; E], [Pd(dien)Br]Br;  /% [Pd 
(dien) I] I. 

Using dry methanol as a solvent, 0.01M solutions 
if K2Pt (SCN)4 and K2Pt(CN)4 were prepared, and 
cathode potent ial-current  density measurements 
were attempted. Surprisingly, no deposition re-  
sulted in either case before the applied potential 
was sufficiently high to decompose the solvent; thus, 
it was concluded that the oxidation potentials of 
these two complexes are more positive than about 
1.1v (the decomposition potential of methanol) .  

Palladium(II) complexes.--Figure 6 shows the 
results of similar cathode potential experiments (at 
50~ for three palladium complexes. The effect of 
the iodo, bromo, and chloro ligands in the coordina- 
tion sphere of Pd ( I I )  complexes is clear, i.e., the 
tendency to electrodeposit decreases as C1- > B r -  
> I - .  

Discussion 

The complexes formed with P t ( I I ) ,  P d ( I I ) ,  and 
Au( I I I )  have many  properties in common: They 
all form square-planar  complexes with very  few 
exceptions; P t ( I I ) ,  P d ( I I ) ,  and Au( I I I )  are iso- 
electronic d s systems; the thermodynamic stabilities 
of the halo complexes of these ions are known to 
stand in the same order, i.e., I -  > B r -  > C1- > >  
F -  (32); and there is considerable evidence (33- 
37) which indicates that the order of decreasing 
bond strengths is CN-  > NO2- > NH8 > SCN-  > 
I -  > B r -  > C1- for the complexes of these metals 
in the indicated oxidation states. Even comparable 
standard oxidation potentials are quite close. 1 

Since these complexes are so similar (and the ex- 
perimental  data presented here offer no contradic- 
tions to their general similarity),  it is assumed that 
the mechanism of electrodeposition is probably the 
same for the three metals studied. Thus, the follow- 
ing discussion, generally concerned with plat inum 
deposition, can be extended to include deposition 
from solutions of Pd ( I I )  and Au( I I I )  complexes. 

Electrodeposition from the systems described 

T h e  s t a n d a r d  o x i d a t i o n  p o t e n t i a l s  f o r  t h e  r e a c t i o n  M + 4 X -  --~ 
[MX4]n-~  + n e  f o r  t h e  ch lo ro  a n d  b r o m o  c o m p l e x e s  of  P t ( I I ) ,  
P d  ( I I ) ,  a n d  A u  ( I I I )  a r e  g i v e n  b y  de  B e t h u n e  e t  at. (38) .  
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yie lded cathode cur ren t  efficiencies and cathode 
potent ia ls  tha t  are m a r k e d l y  dependent  on the pa r -  
t icular  l igands coordinated about the cent ra l  me ta l  
ion. Compared  wi th  this effect, the resul ts  show tha t  
the influences on deposi t ion of the pa rame te r s  of 
t empera ture ,  complex concentrat ion,  cathode sur -  
face conditions, and even cur ren t  densi ty  (wi th in  
l imi ts)  a re  negligible.  With  this in mind,  four  pos-  
sible slow steps in the mechanism of e lect rodeposi-  
t ion can be considered:  (I)  Transfer  or diffusion of 
ions to the cathode (concentra t ion polar iza t ion) .  
( II)  Or ienta t ion  or crys ta l l iza t ion of meta l  atoms 
on the cathode (crys ta l l iza t ion polar iza t ion) .  ( I I I )  
Dissociation of the complex by  loss of one or more 
coordinat ing groups (a type of concentrat ion po la r i -  
zat ion) .  (IV) Complex ion discharge in the double 
l aye r  (discharge or ac t ivat ion polar iza t ion) .  

Depending on which react ion step is r a t e - d e t e r -  
mining, it  is possible to der ive  different  equations 
for the re la t ion  be tween  the polar izat ion,  v, and the 
cur ren t  density,  i, 2 and it appears  theore t ica l ly  pos-  
sible to de te rmine  the mechanism of e lect rodeposi-  
t ion f rom the expe r imen ta l ly  de te rmined  ~? vs. i 
relat ion.  This method has had some successes wi th  
hydrogen  evolutions but  has been m a r k e d l y  unsuc-  
cessful for meta l  deposition, and the polar izat ion 
data  in the l i t e ra tu re  are often in poor agreement  
(39, 40). Many  authors  feel  tha t  the main  exper i -  
menta l  difficulty centers  about  the fact tha t  the 
cathode surface changes area  and proper t ies  as 
deposi t ion proceeds. Glasstone has pointed out tha t  
at low cur ren t  densities,  the  expression for c rys ta l -  
l izat ion polar iza t ion  and act ivat ion polar iza t ion  are 
the same (41). I t  is therefore  not  surpr is ing  tha t  
we were  unable  to corre la te  the  presen t  data  wi th  
theore t ica l  v vs. i curves. 

I. Concentration polarization.--Figure 3 shows 
tha t  the ra te  of diffusion of ions to the cathode 
p robab ly  becomes ra te -con t ro l l ing  (a t  1.5 m a / c m  2) 
if the concentrat ion falls  below about  0.005M; the 
t empera tu re  effect noted in this low concentra t ion 
region supports  this conclusion. Similar ly ,  the cath-  
ode po ten t i a l - cu r r en t  densi ty  curves show tha t  
l imi t ing currents  can be reached at  quite low cur-  
rent  densi t ies  (6-7 m a / c m  2) at complex concentra-  
tions of 0.0091M (see curve for K2PtC14 in Fig. 4). 
These effects were  observed even though al l  meas-  
urements  were  made  in efficiently s t i r red  solutions. 
Nevertheless ,  the fol lowing discussions of the r a t e -  
control l ing process assume tha t  concentrat ions are 
sufficiently high and cur ren t  densit ies are adequa te ly  
low to p reven t  any  apprec iable  effects which could 
be a t t r ibu tab le  to concentrat ion polarizat ion.  

II. Crystallization polarization.--Theoretical ar -  
guments  (42) indicate  that  the r a t e  of surface dif-  
fusion, or ra te  of or ienta t ion in the crys ta l  lat t ice,  of 
adsorbed atoms (adatoms)  is p robab ly  not the r a t e -  
de te rmining  step for N i ( I I ) ,  F e ( I I ) ,  and Co (I I )  
deposi t ion [N i ( I I )  and P t ( I I )  are isoelectronic]  and 
would be even more un l ike ly  to influence p la t inum 
deposi t ion because of its r e l a t ive ly  h igher  sub l ima-  
tion energy  (ca. 4.9 ev) (43). Fur the rmore ,  it  seems 
un l ike ly  tha t  the energies necessary for deposi t ion 

F o r  a r e v i e w  of  t h e  t h e o r y  of  p o l a r i z a t i o n  a t  e l e c t r o d e s  see  r e f .  
(39 ) .  

would be dependent  only  on the pa r t i cu la r  l igands 
coordinated about  the centra l  meta l  ion, as this 
work  shows, if such a surface diffusion step were  
ra te-cont ro l l ing .  However ,  surface diffusion of ad-  
sorbed adions to appropr ia te  meta l  surface sites 
cannot  be ru led  out as a contr ibut ing  factor  in the 
ove r -a l l  deposit ion mechanism. 

III. Dissociation o] the c o m p l e x . - - A  dissociat ive 
type  mechanism, as descr ibed by  Lyons (2),  in 
which the  fo rward  ra te  of a react ion of the type  

M ( X ) 4  ~.~ M ( X ) 3  2c X 

tak ing  place in the bu lk  solution is r e la ted  to the 
ra te -cont ro l l ing  step, is not  compat ib le  wi th  the fol-  
lowing exper imen ta l  resul ts :  

(a) F igure  3 shows tha t  efficiency is independent  
of complex concentra t ion above about 0.005M. 

(b) The addi t ion of a p la t ing  solution of a sup-  
por t ing e lec t ro ly te  which has l igands tha t  are  com- 
mon to those in the meta l  complex should force re -  
actions of the above type far to the left, and the 
current efficiency should greatly decrease, if such an 
SNI type mechanism were operative. Inspection of 
Table II shows that such a lowering effect was ob- 
served for the cases: K[PtC18(NH3)], [Pt(NH3)8 
NO2]CI, and KAu(CN)4.1/2H20; but no significant 
reductions in efficiency were observed for 
[Pt (NHs) 8Cl]Cl, [Pt (NH3) 8Br]Br, K2PtBr4, 
KAuBr4, KAuC14, K2Pd(SCN)4, [Pd(NHs)4]Br2, 
and K2Pd(NO2)4. The reduction in efficiency found 
for KAu(CN)4-I/2H20, KCN solutions is due to the 
well-known dissolution of gold in KCN solution, 
and therefore is not comparable; the lowering effect 
associated with [Pt(NH3)sNO2]CI also is not com- 
parable as shown below. 

The three triammines [Pt (NHs) 3NO2] C1, 
[Pt(NHs)sBr]Br, and [Pt(NH3)sCI]CI were pre- 
pared originally with the intention of testing a pos- 
sible trans effect, i.e., if bond breaking was occur- 
ring trans to the monosubstituted group, the effi- 
ciencies should be dependent on the relative trans- 
labilizing powers of the particular monosubstituted 
ligands: This, of course, is assuming that a dissocia- 
tive type mechanism is operative. Chattet aL (4) 
give NO2- > Br- > Cl- for the order of decreasing 
translabilizing effects. Table II shows that the effi- 
ciencies in air-saturated solutions decrease in the 
order [Pt (NH3) 8Br]Br > [Pt (NH~) 3CI]CI > 
[Pt (NH3) ~NO2]CI (the triamminebromo and chloro 
cases are quite close), which is not the expected 
trend if the trans effect were operative. However, 
the results for these triammines are not comparable, 
unfortunately, because the reactions concurrent 
with platinum deposition were not the same in each 
case. The experimental results indicate that oxygen 
reduction was the only reaction occurring other than 
metal deposition for both triamminehalo complexes 
(the efficiencies were 100% in deoxygenated solu- 
tions as Table III indicates), but for the case of the 
triamminenitrito complex, NO2- was reduced also, 
since the efficiency was very low even in oxygen- 
free solutions. A similar situation occurred in the 
case of K[PtC18NO], in that the nitrosyl ligand was 
reduced. This effect explains the anomalous cath- 
ode potential curve (Fig. 4) and the low efficiency 
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which were exhibited by this complex in oxygen-  
free solutions. 

The polarization curves in Fig. 4 show that hy-  
drogen evolution did not occur during electrodepo- 
sition of plat inum if the current density was suffi- 
ciently low, except perhaps for the case of 
[Pt(NHs)3NO2]C1, which was reduced close to po- 
tentials high enough for simultaneous hydrogen 
evolution. 

(c) The classical expressions for concentration 
polarization lead to an approximate expression 

i l i m  = 25mZ 

for the limiting current  density il~, in m a / c m  2, 
where m is the molar concentration of the reacting 
species, and Z is the electrochemical valence. This 
relation is for an unstirred solution at 20~ Glas- 
stone (44) estimates that for a well-st irred solu- 
tion at 35~ a fair approximation is 

i l im  = 1700 mZ 

For a 0.001M K2PtC14, 0.1M KC1 solution at 35~ 
assuming that the plating species is (PtC14) 2-, the 
above expression gives about 3 m a / c m  2 for iHm. Fig- 
ure 5 shows that the experimental ly determined 
limiting current  for such a solution is about what  is 
predicted from theory. Assuming that the reacting 
species is Pt 2+ ion, and the equilibrium constant for 
K2PtC14 is about 10 -16 (45), for a similar 0.001M 
K2PtC14, 0.1M KC1 solution, the above expression 
gives about 3 x 10 -12 m a / c m  2 for the limiting cur-  
rent density. Furthermore,  the equilibrium constant 
for the ligand substitution reaction 

(PtC14) 2- -4-H20 ~ [PtC13(H20) ] -  + C1- 

is known to be 0.021 at 30~ (46), and assuming 
deposition from [PtC13(H20)]- ,  a similar calcula- 
tion for a 0.01M K2PtC14, 1M KC1 solution gives 
about 0.7 ma /cm 2 as the limiting current density. 
Figure 5 shows that this agreement is quite poor 
also. Thus, the electrodeposition of these metals 
probably proceeds from the undissociated complex 
ion. 

It is significant to note that limiting currents 
cannot be reduced by large excesses of ions common 
to those making up the complex (Fig. 5) but can be 
reduced easily by lowering the molar concentration 
of the reacting complex. The potential shifts noted 
here are attributed to changing junction potentials, 
changing (PtC14) 2- activity, and increased adsorp- 
tion of K + and C1- ions on the cathode surface 
when the KC1 concentration is increased. 

IV. Activation polarization.--The standard free 
energy change for the reaction 

Metal + solvent ~ Metal z+ (solvated) + Ze 

is given approximately (entropy terms neglected) 
by 

A F = S  + I - - W - - Z r  

where S is the sublimation energy; I is the ioniza- 
tion energy of the metal in the vapor state; W is the 
salvation energy of the gaseous ion, or in this case, 
the coordination and salvation energies; and Z6 is 
the electronic work function of the metal. 
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Fig. 7. A possible path for electrodeposition of platinum for solu- 
tions of Pt 2+. 

For platinum, the values are: S -~ 4.86 ev (43), 
I = 28.3 ev (47), W =- 22.7 ev, 3 Z~b -= 10.64 ev (48). 

A possible path of reduction could be pictured as 
shown in Fig. 7. This represents an adion type 
mechanism, which seems unlikely considering the 
height of the barr ier  presented by the desolvation 
energy. An easier path (lower energy barrier)  
would be an initial electron transfer to the central 
metal ion which would weaken the bonds with co- 
ordinated ligands. Thus, the rate-controll ing step is 
probably dependent on the magnitude of the energy 
barrier presented by the complex for the over-al l  
processes of stripping the complex of its coordinated 
ligands in the double layer, and transfer  of electrons 
to the metal ion. 

Regardless of the detailed mechanism, the tend- 
ency to electrodeposit is certainly dependent on the 
bond energies of the particular ligands coordinated 
about the central metal ion. The polarization curves 
give K2PtC14 > K2PtBr4 > K[PtCI~(NHs)]  > 
[P t (NHs)aBr]Br  N [Pt(NH3)3C1]C1 > K2Pt(SCN)4 

K2Pt (CN)4 and [Pd (dien) Cl]C1 > 
[ P d ( d i e n ) B r ] B r  > [ P d ( d i e n ) I ] I  as the orders of 
decreasing ease of reduction. Efficiency data give 
(using the data for oxygen-sa tura ted  solutions, 
Table III, for the first three) K2PtC14 ,~ 
K[PtC18(NHs) ] > K2PtBr4, and [Pt(NH3)sC1]C1 N 
[Pt  (NH3)3Br]Br > [Pt  (NH3) 3NO2]C1 > 
K2Pt(SCN)4 ~-- [Pt(NH3)4]Clz 'H20 N K2Pt(NO2)4 

K2Pt(CN)4, and K2PdC14 > K2Pd(SCN)~ > 
[Pd(NH~)4]Br2 > K2Pd(NO2)4 > >  K2Pd(CN)4"H20, 
and KAuC14 -- KAuBr4 > KAu(CN)4" l /2H20  as 
the orders of decreasing ease of reduction. Recalling 
that  the order of decreasing bond strengths for these 
complexes is C N -  > NO2- > NH3 > SCN-  > 
I -  > B r -  > CI- ,  the correlation between bond 
strengths and these experimental  data is evident. 

The efficiencies found in air-saturated solutions 
(Table II) for the tr iammines and K[PtCls(NH~)]  
were surprisingly high, considering their positions 
on the polarization curves. The efficiency associated 
with K[PtC13(NH3)] (100%) is higher than that of 
K2PtC14 (79%),  even though K2PtCI~ is thermody-  
namically less stable than K[PtC13(NHs)].  This 
implies that the over-all  charge of the complex may 

8 C a l c u l a t e d  f r o m  l i g a n d  f ield t h e o r y  fo r  t he  r e a c t i o n  P t  ~+ (g) 
P t  ~+ (aq) ,  w h i c h  s h o u l d  be  close to  t he  v a l u e  fo r  a n  a n i o n i c  com-  
p l e x  of  t he  t ype  (PtXD ~- because  t h e  e x t r a  s a l v a t i o n  e n e r g y  of  t he  
f ree  a n i o n  c o m p a r e d  w i t h  a n e u t r a l  l i g a n d  c o m p e n s a t e s  f o r  t he  
f i r m e r  b o n d i n g  i n  t h e  c o m p l e x  (47). 
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inf luence  the  ra te  of e lectrodeposi t ion,  i.e., the more  
posi t ive  the  charge,  the  grea te r  the rate.  
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Mechanism of Electrodeposition of Metals from Liquid 
Ammonia Solutions 

George W. Watt and Joe W. Vaughn 
Department of Chemistry, The University of Texas, Austin, Texas 

ABSTRACT 

Absorption spectra, x - r ay  diffraction, and cathode current  efficiency data 
have been used to support  a previously postulated mechanism for the genera-  
tion of the electrochemically active species in  the deposition of metals from 
l iquid ammonia  solutions of octahedral  complexes. New data for certain cop- 
per ( I I )  complexes are also presented. Deposition of metal  did not  occur from 
solutions of complexes of ch romium(I I I ) ,  r hod ium( I I I ) ,  and osmium(I I I ) .  

Ear l i e r  work  (1) has shown  tha t  deposi t ion  of co- 
ba l t  f rom l iqu id  a m m o n i a  solut ions  of oc tahedra l  
s p i n - p a i r e d  cobal t  ( I I I )  complexes  can be cor re la ted  
wi th  the opera t ion  of the  t r ans  effect. Thus,  e n h a n c e -  
m e n t  of ca thode  c u r r e n t  efficiency for [Co (NH3)5I] 2 + 
as compared  w i th  [Co (NH3)6] ~+ is a t t r i b u t e d  to the  

t r ans l ab i l i z ing  effect of the I -  l igand.  S imi la r ly ,  the 
increase  in  cathode c u r r e n t  efficiency for 
[Co(NH3)6]  3+ q- KSCN as compared  w i th  
[Co(NH3)6]  3+ alone is exp la ined  by  a b imo lecu l a r  
l igand  subs t i t u t i on  

[ML6] n+ -~- X -  ~.~ [ M L s X - ]  (n- l )+ "~- L 
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fo l l owed  b y  a t r a n s l a b i l i z a t i o n - i n d u c e d  d i s soc ia t ion  
p rocess  of  t he  t y p e  p r o p o s e d  b y  L y o n s  (2)  

[ M L s X - ]  (n- l )+  ~,~ [ M L 4 X - ]  ~ - 1 ) +  + L 

t hus  g iv ing  r i se  to t he  e l e c t r o c h e m i c a l l y  ac t ive  
species .  

A l t h o u g h  ca thode  c u r r e n t  eff iciency d a t a  for  bo th  
s p i n - f r e e  (3)  a n d  s p i n - p a i r e d  (1)  o c t a h e d r a l  c o m -  
p l e x e s  a r e  in  a g r e e m e n t  w i t h  t hese  ideas ,  i t  s e e m e d  
w o r t h w h i l e  to secu re  i n d e p e n d e n t  ev idence  for  the  
r e a l i t y  of t he  i n i t i a l  l i g a n d  s u b s t i t u t i o n  process .  Such  
ev idence  is g iven  b e l o w  t o g e t h e r  w i t h  an  ex t ens ion  
of these  s tud ies  to c o p p e r ( I I )  c o m p l e x e s  some  of 
w h i c h  a r e  o c t a h e d r a l  and  some of w h i c h  m a y  be  
s q u a r e  p l a n a r .  1 Effor ts  to secure  a d d i t i o n a l  s u p p o r t -  
ing  ev idence  w e r e  unsucces s fu l  s ince  m e t a l  d e p o s i -  
t ion d id  no t  occur  f r o m  a m m o n i a  so lu t ions  of oc t a -  
h e d r a l  c o m p l e x e s  of c h r o m i u m ( I I I ) ,  r h o d i u m ( I I I ) ,  
and  o s m i u m  ( I I I ) .  

Experimental 
Materials.--The fo l l owing  c o m p l e x e s  w e r e  p r e -  

p a r e d  a n d  pur i f i ed  b y  t h e  p r o c e d u r e s  to w h i c h  r e f e r -  
ence is m a d e ;  t h e  c a l c u l a t e d  and  e x p e r i m e n t a l l y  d e -  
t e r m i n e d  m e t a l  conten t ,  r e s p e c t i v e l y ,  a r e  g iven  in  
b r a c k e t s :  N i t r o p e n t a m m i n e c h r o m i u m ( I I I )  n i t r a t e  
(5 ) ,  [16.7, 16.9]; a q u o p e n t a m m i n e c h r o m i u m ( I I I )  
n i t r a t e  (5 ) ,  [16.1, 15.8]; c h l o r o p e n t a m m i n e r h o d i u m  
( I I I )  n i t r a t e  (7 ) ,  [34.9, 34.9];  b r o m o p e n t a m m i n e o s -  
m i u m ( I I I )  b r o m i d e  (8 ) ,  [37.0, 37.3]. C o p p e r ( I I )  
c o m p l e x e s  w e r e  p r e p a r e d  as d e s c r i b e d  be low;  x - r a y  
d i f f r ac t ion  d a t a  a r e  g iven  in T a b l e  I. 
[ C u ( d i e n ) I ] I . - - T o  a so lu t ion  of 8.5g (0.05 m o l e )  of 
CuC12-2H20 in 25 m l  of w a t e r  was  a d d e d  5.3g (0.05 
mole )  of d i e t h y l e n e t r i a m i n e  (d i en )  w i t h  s t i r r ing .  
The  so lu t ion  was  a d d e d  to 12.7g (0.76 mole )  of K I  
d i s so lved  in  a m i n i m u m  a m o u n t  of w a t e r ,  w h e r e u p o n  
the  so lu t ion  b e c a m e  b l a c k  a n d  viscous .  A n o t h e r  3 
m l  of d i en  was  a d d e d  to r ed i s so lve  t h e  p r e c i p i t a t e ;  
th is  was  f o l l o w e d  b y  excess  so l id  K I  w h i c h  p r e c i p i -  
t a t e d  a d a r k  g r e e n  p roduc t .  This  was  f i l te red ,  d i s -  
so lved  in a m i n i m u m  a m o u n t  of w a t e r ,  and  r e p r e -  
c i p i t a t e d  b y  a d d i t i o n  of sol id  KI .  T h e  p r o d u c t  was  
f i l tered,  w a s h e d  w i t h  e thano l ,  e the r ,  and  a i r - d r i e d .  
T h e  f inal  p r o d u c t  w a s  a g r e e n  p o w d e r  (15.0, 14.7).  
[ C u ( d i e n ) 2 ] I 2 . - - T o  a so lu t ion  of 8.5g (0.05 m o l e )  of 
CuC12.2H20 in 25 m l  of w a t e r  w a s  a d d e d  10.6g 

1 F o r  r e l a t e d  s t u d i e s  c o n c e r n e d  w i t h  d e p o s i t i o n  f r o m  a q u e o u s  so- 
l u t i o n s  o f  s p u a r e  p l a n a r  c o m p l e x e s  s e e  re f .  (4). 

(0.103 mole )  of d ien,  w i t h  s t i r r ing .  The  r e s u l t i n g  
w a r m  so lu t ion  was  cooled  to r o o m  t e m p e r a t u r e  a n d  
f i l te red;  t he  f i l t r a t e  was  t r e a t e d  w i t h  excess  sol id  
K I  w h e r e u p o n  a b lue  so l id  s e p a r a t e d .  Th is  was  fil-  
t e red ,  w a s h e d  w i t h  e t h a n o l  a n d  e ther ,  a n d  d r i e d  ove r  
m a g n e s i u m  p e r c h l o r a t e  [12.1, 12.2]. 
[Cu  ( d i e n ) S C N ] I . - - T o  a so lu t ion  of 8.5g (0.05 m o l e )  
of CuC12.2HeO in  50 m l  of w a t e r  was  a d d e d  w i t h  
s t i r r i n g  5.3g (0.05 m o l e )  of dien.  Suff icient  d i l u t e  
HC1 was  a d d e d  to d e s t r o y  the  b lue  color  of t he  c o m -  
p lex ;  t he  ac id  so lu t ion  was  t r e a t e d  w i t h  5.3g d i en  
f o l l o w e d  b y  19g (0.19 mole )  K S C N  in  a s m a l l  
a m o u n t  of w a t e r  to p r o v i d e  a b r i g h t  b lue  solid.  Th is  
was  f i l te red ,  d i s so lved  in  ho t  w a t e r ,  a n d  t r e a t e d  w i t h  
8.5g (0.05 mole )  of K I  in  a m i n i m u m  a m o u n t  of 
w a t e r .  B l u e - g r a y  m e t a l l i c  p l a t e s  p r e c i p i t a t e d  and  
w e r e  r e c r y s t a l l i z e d  s e v e r a l  t imes  f rom ho t  w a t e r  a n d  
KI ,  and  a i r - d r i e d  [18.1, 17.5]. T r e a t m e n t  of  a n  a q u e -  
ous so lu t ion  of th is  sa l t  w i t h  A g  + r e su l t s  in t he  
p r e c i p i t a t i o n  of on ly  AgI .  
[Cu  (d i en )  SCN]  S C N . - - T h i s  c o m p o u n d  was  p r e p a r e d  
as d e s c r i b e d  a b o v e  e x c e p t  t h a t  r e c r y s t a l l i z a t i o n  was  
ef fec ted us ing  K S C N  r a t h e r  t h a n  K I  [22.5, 22.5]. 
[ C u ( e n ) 2 ] S O 4 . - - T h i s  was  p r e p a r e d  b y  the  m e t h o d  
of G o r d o n  and  B i r d w h i s t l e  (9) .  Conve r s ion  to t h e  
iod ide  was  a c c o m p l i s h e d  b y  t r e a t i n g  a c o n c e n t r a t e d  
aqueous  so lu t ion  of t he  su l f a t e  w i t h  b a r i u m  iod ide ;  
t he  p r o d u c t  was  r e c r y s t a l l i z e d  f r o m  w a t e r  and  a i r -  
d r i e d  [22.0, 22.4]. 

T h e  p o t a s s i u m  iodide ,  p o t a s s i u m  t h i o c y a n a t e ,  p o -  
t a s s i u m  n i t r i t e ,  h e x a m m i n e c o b a l t  ( I I I )  n i t r a t e ,  and  
n i t r i t o p e n t a m m i n e c o b a l t ( I I I )  n i t r a t e  w e r e  p r e p a r e d  
a n d  pur i f i ed  as d e s c r i b e d  p r e v i o u s l y  (1) .  

Spectra.--The cells  e m p l o y e d  to m a k e  a b s o r p t i o n  
s p e c t r u m  m e a s u r e m e n t s  on l i qu id  a m m o n i a  so lu t ions  
w e r e  f a b r i c a t e d  f r o m  op t i ca l  q u a r t z  (12 m m  OD, 10 
m m  ID)  o b t a i n e d  f r o m  the  L a m p  Div i s ion  of The  
G e n e r a l  E lec t r i c  Co. A c c u r a t e l y  w e i g h e d  s a m p l e s  
of t he  coba l t  c o m p l e x e s  sufficient  to p r o v i d e  10 -4 
and  10-3M solu t ions  in  7-9 m l  of l i qu id  a m m o n i a  
w e r e  a d d e d  to t he  cel l  w h i c h  was  t h e n  e v a c u a t e d  to 
ca. 10 -3 m m  and  cooled in d r y  i c e - a c e t o n e .  A n -  
h y d r o u s  gaseous  a m m o n i a  was  condensed  in the  cell ,  
t he  d r y  i c e - a c e t o n e  w a s  r e p l a c e d  b y  l i q u i d  n i t rogen ,  
and  the  cel l  w a s  sealed.  A f t e r  t he  cel l  a n d  con ten t s  
h a d  w a r m e d  to r o o m  t e m p e r a t u r e ,  t he  cel l  was  
t r a n s f e r r e d  to t he  cel l  h o l d e r  of a B e c k m a n  DU 
q u a r t z  s p e c t r o p h o t o m e t e r .  The  r e s u l t i n g  d a t a  a r e  

Table I. X-ray diffraction data* 

[Cu (dien) 2]I~ [Cu (dien) I]I [Cu (dien) SCN]I [Cu (dien) SCN]SCN 

d , A  
5.2 
4.0 
3.7 
3.4 

[Cu (en) 2]I2 

UIo  d, A ~ I o  d, A ~ I o  d, A ~ I o  
1.0 5.4 1.0 9.6 0.6 5.3 1.0 
0.7 5.1 1.0 7.9 0.6 4.7 0.4 
0.6 4.6 0.6 5.1 1.0 4.0 0.5 
1.0 4.5 0.6 3.4 0.5 3.7 0.2 

[Co ( N ~ )  6]- 
[Co (NI-I~) e] (NOs) s [Co (NHs) 5NO~] (NOs) 2 (NO3) s + KNO2 

6.1 0.5 6.2 0.8 6.1 0.8 6.2 0.7 
5.2 1.0 5.3 0.9 5.2 1.0 5.2 1.0 
4.1 0.7 3.9 1.0 4.6 0.5 4.6 0.3 
3.7 0.7 2.8 0.3 4.1 0.5 4.0 0.5 

* CuKa r a d i a t i o n ,  Ni  f i l ter ,  40 k v  t u b e  vo l t age ,  15 m a  f i l a m e n t  cu r r en t ,  7-8 h r  exposu re  t ime .  R e l a t i v e  i n t e n s i t i e s  w e r e  e s t i m a t e d  v i s u -  
a l ly ;  on ly  t he  f o u r  m o s t  i n t ens e  l ines  are  i n c l u d e d  here .  
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Table II. Absorption spectra of cobalt(Ill) complexes in liquid 
ammonia at 250-27 ~ 

C o m p l e x  
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cobalt  from, for example,  the sp in -pa i r ed  complex 
[Co(NH3)6] (NOa)8 in the presence of the compet i -  
t ive l igand NO2- would involve an ini t ia l  dissocia- Opt i ca l  d e n s i t y  
t ion 

M a x i m a  M i n i m u m  
[Co(NHs)6]  3+ ~ [Co(NHa)5] 8+ T NH3 [1] 

390 
400 and in t roduct ion of an NO2- l igand 

390 [Co(NH3)5] 3+ -F NO2- ~ [Co(NI-I3)sNO2] 2+ [2] 

resul t ing  in t rans labi l iza t ion  leading to genera t ion  of 
the species tha t  par t ic ipa tes  in the p r i m a r y  electrode 
process 

[Co(NH3)sNO2] 2+ ,~ [Co(NHs)4NO2] 2+ + NH3 [3] 

by  v i r tue  of the ava i l ab i l i ty  of a bonding orb i ta l  re -  
sult ing f rom [3]. The present  work  provides  two 
addi t ional  kinds of evidence in suppor t  of the  rea l i ty  
of the species pos tu la ted  in [2] : The shift  in the ab-  
sorpt ion m a x i m u m  for [Co(NH3)6] (NO3)3 + KNO2 
as compared  wi th  [Co (NH3)6] (NO3)8 alone (Table  
II) ,  even though small,  is indicat ive  of the  in situ 
genera t ion  of [Co (NHs)sNO2] 2+. Not to be neglected 
is the fact  that  the optical  densi ty  of the n i t r i t e -con-  
ta ining solution increased by  ca. 0.02 unit  dur ing  the 
first 18 h r ,  af ter  this in i t ia l  change the optical  den-  
s i ty remained  c6nstant, thus indicat ing an equi l ib-  
r ium situation. St i l l  more  convincing is the  fact  that ,  
af ter  evapora t ion  of the  solvent ammonia,  the x - r a y  
diffraction pa t t e rn  for the res idual  solid provided  an 
unequivocal  identif ication of [ CO ( NH3 ) 5NO2 ] (NO~) 2 
(Table  I ) .  

The effects produced by  the compet i t ive  l igands in 
the case of the coppe r ( I I )  complexes  are in accord 
with  those observed for coba l t ( I I I )  complexes,  but  
the magni tude  of the  effect is considerably  enhanced 
in the case of copper ( I I ) .  Addi t ion  of KI  to a l iquid 
ammonia  solution of [Cu(dien)2]I2  produces  no 
change, but  addi t ion of KSCN resul ts  in an increase 
of 100% in the cathode cur ren t  efficiency. This 
large  increase is a t t r ibu ted  to the  format ion 
of [ C u ( d i e n ) S C N ]  +; however,  conversion of 
[Cu(d ien)2]  2+ to [ C u ( d i e n ) S C N ]  + must  be incom- 
plete since the observed current  efficiency is about 
30% less than  tha t  found for [ C u ( d i e n ) S C N ]  + 
alone. 

The da ta  in Table I I I  inc lude other  significant 
features.  The [Cu(d ien)2]  2+ ion is more s table than  
the corresponding e thy lenediamine  complex, 
[Cu(en)2]  2+. This is not too surpr is ing in view of 
the l igand effect; however,  in the case of 
[Cu (dien)  2] 2+ a forced configuration wi th  consider-  
able s t ra in  would be expected.  Gran ted  tha t  
[Cu(en)2]  2+ p robab ly  exists  in l iquid ammonia  
solution as a dis tor ted octahedron,  this configuration 
never theless  should be re la t ive ly  s t ra in  free as com- 
pared  wi th  [Cu (dien)  2] 2+. 

If the order  of increasing cathode current  effi- 
21.0, 18.3 ciency can be considered to para l le l  the increase  in 
21.0, 16.0 t rans  effect of the  l igand X in complexes of the  type  
40.0 [Cu (dien)  X] n+, it  is concluded tha t  the th iocyanate  
25.2 l igand has a much grea te r  t rans  effect t han  the 
28.3 iodide ligand. This resul t  is in accord with  p re -  
75.0,70.0 vious work  (1) on complexes of coba l t ( I I I )  and 
73.3 
73.5 wi th  the results  of Pa lmer  and Basolo (10) for 
25.2, 2 5 . 8  square p l ana r  complexes Of P t ( I I ) .  By use of the 

[Co (NH3) 6] (NOs)s 
[Co (NH3) 5NO2] (NO3) 2 
[Co (NHs) 5NCS] (NO~)2* 
[Co (NHs) 6] (NO3) 3 -F KNO2 

476-480,340 
466 
476-480,340 
476-480,340t 
472-4745 

* A t  r o o m  t e m p e r a t u r e ,  l i g a n d  . s u b s t i t u t i o n  occu r r ed  r a p i d l y  to  
f o r m  [Co (NI-L~) 6] (NOa)8. 

? R e a d i n g s  t a k e n  as soon as cel l  c ame  to  r o o m  t e m p e r a t u r e .  
$ R e a d i n g s  r e m a i n e d  c o n s t a n t  a f t e r  i n t e r v a l s  of 18, 42, and  66 hr .  

given in Table II. Where  necessary for examinat ion  
of res idual  solids, the cells were  recooled in l iquid 
ni trogen,  opened, and the solvent  a l lowed to evapo-  
rate.  

Cathode current eI~ciency !data.--The electrolysis  
cell, e lectrode holders,  electrodes,  and coulom- 
eter  were  the same as those descr ibed ear l ier  
(1).  In all  cases the  to ta l  solution volume was 100 
ml. The concentrat ions of the c h r o m i u m ( I I I ) ,  rho-  
d i u m ( I I I ) ,  and o smium( I I I )  complexes were  2.0- 
3.7 x 10-3M; that  of the copper ( I I )  complexes was 
5.6-6.0 x 10-~M; and the added potass ium salts, 
1-2 x 10-2M. 

At  current  densit ies tha t  ranged  f rom 0.4 to 1.0 
m a / c m  2, meta l  deposi t ion did not occur over per iods  
of 2.5-4.0 hr  f rom l iquid ammonia  solutions of 
[Cr (N.H3) 5NO2] (NO3) 2, [Cr (NHs) ~H20] (NO3) 2, 
[Cr (NH3) 5SCN] (NO3) 2, and [Rh (NH3) 5C1] (NO8) 2. 
With  [Os(NH3)sBr]Br2,  the  apparen t  cathode cur-  
rent  efficiency was 72-76%, but  ma te r i a l  removed  
from the cathode gave an x - r a y  diffract ion pa t t e rn  
tha t  did not correspond to e i ther  osmium meta l  or 
the original  bromide.  When, in a dupl ica te  exper i -  
ment,  the cathode and deposit  were  dr ied  in vacuo 
for 5 days before  weighing,  the  apparen t  cathode 
current  efficiency was decreased by  14%. 

Data  for the coppe r ( I I )  complexes are given in 
Table III;  all  of these measurements  were  made at 
a constant  current  densi ty  to avoid var ia t ions  in cur-  
rent  efficiency that  might  be a t t r ibu tab le  to changes 
in current  density.  The na tu re  of the deposi ted cop- 
per  var ied  wi th  the complex used, and f rom run  to 
run  for the same complex. However,  all  deposits 
were  sufficiently adheren t  to permi t  weighing of 
the  electrodes.  

Discussion 

On the basis of cathode current  efficiency da ta  it 
was proposed ear l ie r  (1) tha t  e lectrodeposi t ion of 

Table Ill. Electrolysis of liquid ammonia solutions of copper(ll) 
complexes at - -34  ~ and 1.5 ma/cm 2 

Cathode  c u r r e n t  
C o m p l e x  T ime ,  h r  A d d e d  sa l t  eff iciency,  % 

[Cu (dien) 2]I2 2.0 
KI 
KSCN 

[Cu (dien) I ] I  2.5 - -  
2.75 

[Cu (dien) SCN] I 2.0 
[Cu (dien) SCN] SCN 2.0 

1.75 
[Cu (an) 2] I2 2.5 - -  
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p r e s e n t  c r i t e r i a  i t  is poss ib le  to d i f f e r en t i a t e  t he  
r e l a t i v e  t r a n s  effects of v a r i o u s  l igands .  M e thods  
b a s e d  on syn thes i s  do no t  m a k e  th i s  d i s t inc t ion ;  a n d  
in  fact ,  t he  s y n t h e t i c  m e t h o d s  show t h a t  t he  t h i o -  
c y a n a t e  and  i o d i d e  l i g a n d s  e x h i b i t  c lose ly  c o m p a r a -  
b l e  t r a n s  effects.  

A s  i n d i c a t e d  above ,  c o m p l e x e s  of c h r o m i u m ( I I I )  
and  r h o d i u m ( I I I )  w e r e  no t  r e d u c e d  to t h e  c o r r e -  
s p o n d i n g  m e t a l s  u n d e r  the  e x p e r i m e n t a l  cond i t ions  
e m p l o y e d ;  t h e  u n u s u a l  s t a b i l i t y  of c h r o m i u m ( I I I )  
c o m p l e x e s  in l i qu id  a m m o n i a  has  been  o b s e r v e d  
p r e v i o u s l y  b y  Boo th  and  M e r l u b - S o b e l  (11) .  The  r e -  
su l t s  o b t a i n e d  u s i n g  b r o m o p e n t a m m i n e o s m i u m ( I I I )  
b r o m i d e  sugges t  t h a t  t he  depos i t  on the  ca thode  con-  
s i s t ed  of a n  a m m o n i a t e d  c o m p l e x  con t a in ing  o s m i u m  
in an  o x i d a t i o n  s t a t e  < 3  + . 
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Subsolidus Equilibria and Luminescence Data on 
Phases in the System MgO-GeO2-SiO2-Ti02 

J. F. Sarver 1 and F. A. Hummel 

Department of Ceramic Technology, The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

As an aid to the unders tand ing  of the  luminescence of manganese -ac t iva t ed  
magnes ium germanates ,  silicates,  and t i tanates ,  subsolidus compat ib i l i ty  r e -  
la t ionships  were  de te rmined  for  the systems MgO-GeO2-SiO2 and MgO-GeO2- 
TiO2. The new da ta  on these systems, coupled wi th  previous  work  on the sys-  
tems MgO-GeO2, MgO-SiO2, MgO-TiO2, and MgO-SiO2-TiO2, and the po ly -  
morphism of the  compound MgSiO3, pe rmi t  an unders tand ing  of the  host  
la t t ices  responsible  for luminescence and the influence of solid solut ion on the 
peak  wave leng th  and br ightness  of these r ed -emi t t i ng  phosphors  under  u l t r a -  
violet  and ca thode - r ay  exci tat ion.  Some in teres t ing  observat ions  have  been  
made  on the red  luminescence of manganese -ac t iva ted  spinel  and o l iv ine - type  
Mg2GeO4, Mg2SiO4 (ol iv ine) ,  the  ol ivine solid solut ion series, MgGeO~, MgSiO8 
and the i r  in te rmedia te  solid solutions, but  Mg4GeO6 remains  as the  only effi- 
cient red  emi t t e r  wi th  u l t rav io le t  excitat ion.  

The  c r y s t a l  c h e m i c a l  s im i l a r i t i e s  b e t w e e n  the  
g e r m a n a t e s ,  s i l ica tes ,  a n d  t i t a n a t e s  of m a g n e s i u m  
p r o v i d e d  a bas i s  fo r  an  i n v e s t i g a t i o n  of t he  m a n -  
ganese  emiss ion  of p h o s p h o r s  in  po r t i ons  of t he  
s y s t e m  MgO-GeO2-SiO2-TiO2.  

The  p o l y m o r p h i s m  of GeO2 and  t h e  l u m i n e s c e n c e  
e x h i b i t e d  b y  the  r u t i l e - t y p e  modi f i ca t ion  of GeO2 
have  been  d i scussed  p r e v i o u s l y  (1, 2) .  S h a f e r  and  
Roy  (3) ,  u s ing  bo th  d r y  and  h y d r o t h e r m a l  quench  
t echn iques ,  e s t a b l i s h e d  subso l idus  r e l a t i o n s h i p s  in 
t he  GeO2-SiO2 sys tem.  So l id  so lu t ion  of GeO~ in 
s - q u a r t z  r a i ses  t he  i n v e r s i o n  t e m p e r a t u r e  f r o m  
573~ for  p u r e  SiO2 to a b o u t  750~ for  a sol id  so lu -  
t ion  con t a in ing  a b o u t  30 m o l e  % GeO2. T h e r e  is 
c o m p l e t e  so lub i l i t y  b e t w e e n  t h e  f l - q u a r t z  modi f i -  
ca t ions  of GeO2 and  SIO2, b u t  t he  r u t i l e  mod i f i ca t ion  

1 Present  address:  L a m p  Research  and D e v e l o p m e n t  Organ iza t ion ,  
L a m p  Division,  G e n e r a l  Electxic C o m p a n y ,  Nela  P a r k ,  Cleveland,  
Ohio. 

of GeO2 wi l l  not  t a k e  a n y  SlOe in so l id  solu t ion .  This  
is u n d e r s t a n d a b l e  s ince  Si  4+ is r a r e l y  f o u n d  in a n y  
o x y g e n  c o o r d i n a t i o n  o t h e r  t h a n  t e t r a h e d r a l .  A s u b -  
so l idus  d i a g r a m  for  t he  GeO2-TiO2 s y s t e m  w a s  p u b -  
l i shed  b y  S a r v e r  (4) .  T h e r e  is p a r t i a l  so l id  s o l u b i l i t y  
b e t w e e n  t h e  r u t i l e  modi f i ca t ions  of t h e  end  m e m -  
bers .  A c c o r d i n g  to DeVries ,  Roy,  a n d  Osbo rn  (5 ) ,  
t h e r e  is no so l id  so lu t ion  f o r m a t i o n  in  t he  SiO2-TiO2 
sys tem.  This  can  be  a t t r i b u t e d  to t h e  d i f fe rences  in  
ionic  r a d i i  a n d  c o o r d i n a t i o n  p r e f e r e n c e s  of Si  4+ 
(0 .39A) and  Ti  4+ (0 .64A) .  

In  the  p r e s e n t  i n v e s t i g a t i o n  subso l idus  e q u i l i b -  
r i u m  d a t a  for  t h e  MgO-GeO2-SiO2 and  M g O - G e O 2 -  
TiO2 sys t ems  w e r e  u sed  to e s t ab l i sh  c o m p a t i b i l i t y  
r e l a t i o n s h i p s  a n d  e x t e n t  of sol id  so lu t ion  fo rma t ion .  
Us ing  these  da ta ,  m a n g a n e s e - a c t i v a t e d  p h o s p h o r s  
w e r e  p r e p a r e d ,  and  the  effects of s y s t e m a t i c  v a r i a -  
t ions  in c h e m i c a l  compos i t i on  on the  emiss ion  c h a r -  
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acterist ics of the solid solution phosphors  were  con- 
sidered. 

Experimental Procedure 

Starting materials.--Oxides, carbonates,  or hy -  
dra tes  of the  var ious  components  were  used as 
s tar t ing mater ia ls .  In some cases it was necessary 
to add smal l  quant i t ies  of MgF2 as a minera l izer  to 
promote  the a t t a inment  of equi l ibr ium. S ta r t ing  
mater ia l s  were  as follows: basic magnes ium car -  
bonate,  3MgCO3.Mg(OH)2.3H20,  F isher  Scientific 
C. P.; silicic acid, SIO2. xH20, Mal l inckrodt  phosphor 
grade;  ge rman ium dioxide,  GeO2 ( q u a r t z - t y p e ) ,  
Genera l  Electr ic phosphor  grade;  t i t an ium dioxide, 
TiO2 (ana tase) ,  G.E. phosphor  grade;  manganous 
carbonate,  MnCOs, G.E. phosphor  grade.  

Apparatus.--Heat-treatment.--Solid-state reac-  
tions of g ram-s ize  batches  were  car r ied  out in p la t i -  
n ium crucibles in a G l o b a r - t y p e  furnace  which could 
be control led to --+10~ for severa l  days  at t em-  
pera tu res  up to 1300~ For  quenching exper iments ,  
a p l a t i num-wound  ver t ica l  tube furnace  which could 
be control led to ___I~ was used. 

A l imi ted  number  of react ions were  carr ied  out 
under  hyd ro the rma l  conditions to enhance a t t a in -  
ment  of equ i l ib r ium at low tempera tures .  A s i lver -  
l ined Morey bomb was used so tha t  gram quan t i -  
ties of ma te r i a l  could be reacted wi thout  danger  
of contaminat ion.  A test  t u b e - t y p e  bomb wi th  ex-  
t e rna l ly  control led pressure  was used for h igher  
t empera tu re  runs, but  this  method l imits  the amount  
of ma te r i a l  p repara t ion  to mi l l ig ram quanti t ies.  

Identif ications of phases encountered were  made 
by use of a Norelco x - r a y  dif f ractometer  employing 
Ni-f i l tered CuK~ radia t ion  and opera t ing  at 40 kv 
and 15 ma. 

Emission measurements.--Ultraviolet exci ta t ion 
measurements  were  made  wi th  a 15w black  l ight  
lamp for 3650A rad ia t ion  and a germicidal  lamp for 
2537A excitat ion.  For  cathodoluminescence meas-  
u rements  the  phosphor  was coated on one side of a 
glass p la te  which was placed in a demountable  
ca thode - ray  tube. Minus 325 mesh mate r ia l  was 
screened by  s tandard  set t l ing techniques to give a 
phosphor screen densi ty  of 4.0 m g / c m  2. The pla tes  
were  dr ied for 20 min at  425~ 

Spec t ra l  energy d is t r ibut ion  measurements  were  
made on a G.E. recording spect roradiometer .  Peak  
positions were  obta ined by measur ing  the wid th  of 
peaks at  75% m a x i m u m  intens i ty  and calculat ing 
the wave length  fa l l ing midway  be tween  the l imits  of 
the band  at this position. 

Cathodoluminescence br ightness  readings  were  
made wi th  a Weston eye-cor rec ted  foo t - l amber t  
mete r  (Model 931) for specified anode vol tages and 
beam current  densities. 

Experimental Results 

Mn-Activated Binary Compounds 

In Table I are  summar ized  composit ional ,  hea t -  
t rea tment ,  and luminescence da ta  for manganese-  
ac t iva ted  magnes ium germana te  and magnes ium 
sil icate compounds. Magnesium t i t ana te  phosphors 
were  not  p r epa red  since it has been shown by Tiede 
and Vil lain (6) tha t  the or tho t i tana te  which has the 
inverse  spinel  s t ruc ture  is the only one which can be 
ac t iva ted  by  manganese  to produce a phosphor.  
KrSger  (7) has demons t ra ted  that  the valence of 
manganese  in this phosphor  lies be tween three  and 
four in air  or oxygen firings. 

The second Mg4GeO6 phosphor  l isted in Table I 
was p repa red  wi th  1 mole % of the magnes ium 
added as MgF2. Mg2SiO4 was p repa red  s imilar ly ,  but  
the pro toens ta t i t e  modification of MgSiOa was re -  
acted wi th  2 mole % MgFe. A port ion of the pro to-  
ensta t i te  phosphor  was used for the  p repa ra t ion  of 
the c l inoenstat i te  phosphor  by  hea t ing  at 1450~ for 
24 hr, quenching, reheat ing  to 800 ~ and cooling to 
400~ over  a per iod of severa l  days. 

A t t empt s  were  made to p repa re  gram quant i t ies  
of the spinel  modification of Mg2GeO4 h y d r o t h e r -  
real ly  at  600~ in a s i lver - l ined  Morey bomb, but  
because of the l a rge  heat  capaci ty  of the bomb, it 
could not be cooled sufficiently r ap id ly  f rom 600~ 
to p reven t  the format ion  of hyd ra t ed  magnes ium 
germana te  phases which are  s table  below 520~ 
under  h y d r o t h e r m a l  condit ions according to Roy and 
Roy (8).  

Ternary Subsolidus Equilibrium Relationships 
System MgO-GeO2-SiO2.- -A complete series of 

solid solutions be tween  Mg2SiO4 and the h igh- te rn-  

Table I. Summary of data for Mn-activated magnesium germanates and silicates 

C r y s t a l l i n e  Mole  % F i r i n g  t e m p ,  
H o s t  l a t t i c e  m o d i f i c a t i o n  M n  ~ h r  E x c i t a t i o n  1 E m i s s i o n  peak ,  A B r i g h t n e s s  

Mg4GeO6 0.25 1350 3650A 6310, 6570 85% commercial 2 
Mg4GeO6 0.25 1350 3650A 6310, 6570 90% commercial 
Mg2GeO4 Spinel ~ 1.00 700 c.r. Red Weak 
Mg2GeO4 Olivine 1.00 1300 2537A 6550 Weak 

3650A 6630 Weak 
c.r. 6510 10.8 f t -L  

MgGeO8 Enstatite 1.00 1200 2537A 6800 Weak 
3650A 6830 Weak 
c.r. 6780 5.9 f t -L 

Mg2SiO4 Olivine 1.00 1300 c.r. 6390 14.0 f t -L 
MgSiO3 Protoenstatite 1.00 1300 c.r. 6610 8.0 f t -L 

Clinoenstatite 4 1.00 1450 c.r. 6720 3.3 f t -L 

1 C a t h o d e - r a y  e x c i t a t i o n  cond i t i ons :  16 kv ,  2 ~a/cm~. N B S  Zns (POD 2 g a v e  b r i g h t n e s s  of 43,8 ~'t-L 
s i m i l a r  c o n d i t i o n s .  

2 No f luor ide  a d d e d .  
s P r e p a r e d  u n d e r  p r e s s u r e  of  8000 ps i  in  t e s t  t u b e - t y p e  b o m b .  
a16 kv ,  1 ~ a / e m  ~. 

w i t h  peak e m i s s i o n  at 6380A u n d e r  
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pe ra tu r e  o l iv ine  or fors te r i te  modif icat ion of 
Mg2GeO4 was es tab l i shed  by  Ringwood  (9) .  Dachi l le  
and  Roy (10) have  pub l i shed  h i g h - p r e s s u r e  da ta  on 
the solid so lubi l i ty  of Mg2SiO4 in  the  l o w - t e m p e r a -  
tu re  sp ine l  modif icat ion of Mg2GeO4. 

In  the p resen t  i nves t iga t ion  t e r n a r y  composi t ions  
were  reac ted  in  the  t e m p e r a t u r e  r ange  f rom about  
900 ~ to 1350~ Since n o n e  of the  composi t ions  were  
reac ted  at h igh  pressures  and  lower  t empera tu re s ,  
the  sp ine l  modif icat ion of Mg2GeO4 was no t  e n c o u n -  
tered.  

The ens ta t i t e  modif ica t ion of MgGeO3 is the  s table  
p o l y m o r p h  be low 1555~ whereas  tha t  of MgSiOs is 
s table  be low 1042~ It  was found  tha t  ens ta t i t e  
solid solut ions  b e t w e e n  these  two compounds  could 
be prepared .  Wi th  inc reas ing  MgSiO~ content ,  it be -  
came inc reas ing ly  difficult to fo rm these solid solu-  
t ions w i thou t  a minera l ize r .  Up to abou t  50% 
MgSiO3, complete  react ions  occurred at 1300 ~ for 24 
hr, bu t  for composi t ions  b e t w e e n  50 and  100% 
MgSiO~, it was necessa ry  to use 2% by  weigh t  of 
L iF  as a minera l izer .  F i g u r e  1 was  cons t ruc ted  f rom 
quench ing  da ta  g iven  in  Tab le  II. The  p ro toens ta t i t e  
solid solut ions  wh ich  were  found  to exist  at h igh 
t e m p e r a t u r e s  by  h i g h - t e m p e r a t u r e  x - r a y  dif f ract ion 
e x p e r i m e n t s  i n v e r t  to c l inoens ta t i t e  solid solut ions  
d u r i n g  quench ing .  The  two-phase  reg ion  b e t w e e n  
ens ta t i t e  solid solut ions  and  p ro toens ta t i t e  solid 
solut ions  rises v e r y  r ap id ly  wi th  inc reas ing  a m o u n t s  
of MgGeO3. If a p ro toens ta t i t e  modif icat ion of 
MgGeO3 were  s table  above 1555~ one could p r ob -  
ab ly  expect  to find comple te  so lub i l i ty  b e t w e e n  the 
p ro toens ta t i t e  modif icat ions of the  end  m e m b e r s  w i th  
r a t h e r  s imple  a scendan t  t - x  re la t ionsh ips ;  however ,  
Robbins  and  Lev in  (11) did no t  observe  a p ro to -  
ens ta t i t e  fo rm of MgGeOs. If a p ro toens ta t i t e  fo rm 
of MgGeO~ were  a s table  p o l y m o r p h  and  if the re -  
l a t ionsh ips  f rom Fig. 1 are  considered,  the re  would  
have  to be e i ther  a m a x i m u m  in  the  two-phase  re -  
gion or a misc ib i l i ty  gap b e t w e e n  the  two regions  of 
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Table II. Quench results for the system MgGeO~-MgSi03 

Protoenstahte ss 

I I 
I00 

I i I 
90 95 
Mole % MgSiO:$ 

Fig. I. Subsolidus equilibria in a portion of the system MgGeO3- 
MgSiO3. 

Mole  % T e m p e r -  Phases  a t  r oom 
MgSiO8 a tu re ,  ~ T ime ,  h r  t e m p e r a t u r e *  

95 1152 24 Enstat i te  ss 
1158 19 Enst. ss + tr. clino, ss 
1172 23 Enst. ss + clino, ss 
1179 29 Enst. ss +t- clino, ss 
1189 24 Clino. ss -t- tr. enst. ss 
1204 25 Clinoenstati te ss 

90 1266 24 Enstati te ss 
1279 6 Enst. ss +t- tr. clino, ss 
1300 7 Enst. ss -t- clino, ss 
1318 7 Enst. ss 4- clino, ss 
1329 5 Enst. ss + clino, ss 
1334 6 Clinoenstati te ss 
1361 5 Clinoenstati te ss 

85 1335 5 Enstati te ss 

* Tr . - - t r ace .  

Table III. Compositions, heat-treatments, and phase analyses of 
MgO-GeO2-SiO2 mixtures 

Mole  % Time,  
MgO GeO~ SiO2 Temp,  =C days  Phase  ana ly s i s  

10 45 45 900 14 Enst. ss + quartz ss 
+ cristobalite 

20 40 40 900* 14 Enst. ss + quartz ss 
60 20 20 1200 2 Enst. ss + forster-  

ite ss 
80 10 10 1300 2 Forst. ss + MgO +t- 

Mg4GeO6 

* Reac ted  w i t h  2% L i F  to a t t a i n  e q u i l i b r i u m .  

pro toens ta t i t e  solid solut ions.  It  would  seem more  
p robab le  tha t  no p ro toens ta t i t e  modif icat ion of 
MgGeO8 exists,  and  tha t  if sufficiently h igh  t e m -  
pe ra tu res  could be a t t a ined  wi thou t  vo la t i l i za t ion  
losses of GeO2, a reg ion  of c l inoens ta t i t e  solid so lu-  
t ions would  be es tabl i shed on the  MgGeO3 side of 
the  system. 

T e r n a r y  e q u i l i b r i u m  data  g iven  in  Tab le  I I I  were  
used to cons t ruc t  the d i a g r a m shown in  Fig.  2. Com-  
posi t ions con t a in ing  MgO in  excess of the  o r tho - ra t io  
y ie ld  t h r e e - pha se  assemblages ,  n a m e l y  MgO -t- 
Mg4GeO6 + fors ter i te  solid solut ion,  so tha t  an  i n -  
finite n u m b e r  of t h r e e - p h a s e  t r i ang les  exist,  one of 

MgO 

MoO § Mg4Ge06 = 
Mg4GeO 6 +Forsf. ss (BOO C} 

Mg2GeO ~ ~ C ,  )~11 Fofs tcr[t~ss ~ g2S104 

~ '~ = ' = ' ' ' l~ 'n 's~t~ii=tte= =ss~= = = " " = ' ' ' ' ' = ~ 

/ o 
Enst. ss +,l~-Ouartz ss (90 

GeO 2 SIO 2 

Fig. 2, Partial subsolidus relations in the system MgO-Ge02-SiO2 
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MgO 

Mg4GeO 6 

Mg2GeO 4 MqzT=04 

MgGeC 3 MQTIO 5 

1 

Gr 2 TiO 2 

Fig. 3. Compatibility relations in the system MgO-GeO2-TiO2 

~gO 

Mg2StO 4 Mg2TiO 4 

MgS~O 5 MgT~{~ 5 

S~O 2 TIO 2 

Fig. 4. Compatibility relations in the system MgO-SiO2-TiO2 

w h i c h  is r e p r e s e n t e d  b y  the  d a s h e d  l ines .  A n  a t -  
t e m p t  was  m a d e  to r e p l a c e  a b o u t  5% of t he  Ge  4+ 
in Mg4GeO6 b y  Si  4+, b u t  no sol id  so lu t ion  could  be  
de tec ted ,  as e v i d e n c e d  b y  the  a p p e a r a n c e  of MgO 
and  a f o r s t e r i t e  sol id  solu t ion ,  and  b y  t h e  cons t ancy  
of h i g h - a n g l e  p e a k  pos i t ions  in t he  x - r a y  d i f f rac t ion  
p a t t e r n  of Mg4GeO6. T h e  absence  of Mg4GeO6 sol id  
so lu t ions  m a y  be  due  to o c t a h e d r a l l y  c o o r d i n a t e d  
Ge 4+, r e c a l l i n g  t ha t  Si  4+ wi l l  not  r e p l a c e  Ge 4+ in 
the  r u t i l e  modi f i ca t ion  of GeO2. 

System M g O - G e O 2 - T i O 2 . - - T h e  c o m p a t i b i l i t y  r e -  
l a t ions  in  th is  s y s t e m  a r e  shown  in  Fig .  3 and  w e r e  
e s t a b l i s h e d  b y  e q u i l i b r a t i n g  s e v e r a l  t e r n a r y  c o m -  
pos i t ions .  Q u e n c h i n g  d a t a  a r e  s u m m a r i z e d  in Tab le  
IV. The  i n c o m p a t i b i l i t y  b e t w e e n  MgeGeO4 a n d  
Mg2TiO4 is s u r p r i s i n g  s ince  Mg2GeO4 occurs  in  a 
sp ine l  modi f i ca t ion  at  t e m p e r a t u r e s  b e l o w  810~ 
The  absence  of sol id  so lub i l i t y  of Mg2TiO4 in t he  
o l iv ine  modi f i ca t ion  of Mg2GeO4 is u n d e r s t a n d a b l e  
on the  bas is  of the  o c t a h e d r a l  c o o r d i n a t i o n  p r e f e r -  
ence of Ti  4+. A compos i t i on  m i d w a y  b e t w e e n  these  
two  compounds ,  h e a t e d  at  1542~ for  24 hr ,  y i e l d e d  
a m i x t u r e  of Mg2GeO4 and  Mg2TiO4, b u t  no sol id  
so lu t ion  cou ld  b e  d e t e c t e d  in  e i t h e r  compound ,  as  
e v i d e n c e d  b y  the  cons t ancy  of h i g h - a n g l e  x - r a y  r e -  
f lections.  The  s ame  compos i t i on  was  h e a t e d  in  a t e s t  
t u b e - t y p e  h y d r o t h e r m a l  b o m b  at  750~ for  24 h r  a t  
10,000 psi  p r e s su re .  I n s t e a d  of t he  o l iv ine  mod i f i ca -  
t ion  of MgeGeO4, t he  sp ine l  modi f i ca t ion  was  com-  
p a t i b l e  w i t h  Mg4GeO6 and  MgTiO3. The  d a s h e d  l ine  
in Fig.  3 i nd i ca t e s  t he  change  in  c o m p a t i b i l i t y  r e l a -  
t ions  a b o v e  1495~ t h e  t e m p e r a t u r e  a t  w h i c h  
Mg4GeO~ d issoc ia tes  to MgO and  Mg~Ge04. The  
jo ins  Mg4GeO6-Mg2TiO4 a n d  Mg4GeO6-MgTiO~ cease  

to exis t ,  and  Mg~GeO4 and  Mg2TiO4 b e c o m e  com-  
pa t ib l e .  Due  to t h e  n o n e x i s t e n c e  of t e r n a r y  sol id  
so lu t ions  in  th i s  sys t em,  no p h o s p h o r s  w e r e  p r e p a r e d .  

Note  t h a t  t h e  p r e s e n c e  of TiOe m i n e r a l i z e s  t he  
f o r m a t i o n  of Mg4GeO6 at  1100 ~ Mg4GeO6 wi l l  not  
c r y s t a l l i z e  at  th i s  t e m p e r a t u r e  w i t h o u t  a m i n -  
e ra l i ze r .  

System M g O - S i O 2 - T i O 2 . - - T h e  c o m p a t i b i l i t y  r e l a -  
t ions  in th is  sys tem,  as  d e t e r m i n e d  b y  Massazza  and  
S i r c h i a  (12) and  conf i rmed  in th is  i nves t iga t ion ,  a r e  
s h o w n  in Fig.  4. T h e y  a re  s i m i l a r  to those  in  the  
MgO-GeO2-TiO2 s y s t e m  at  t e m p e r a t u r e s  a b o v e  the  
d i s soc ia t ion  t e m p e r a t u r e  of Mg4GeO6. Aga in ,  t he  a b -  
sence  of t e r n a r y  sol id  so lu t ion  p r e c l u d e d  the  p r e p -  
a r a t i o n  of phosphors .  

Mn-Activated Ternary Compositions 

Olivine-type solid solutions.--In a d d i t i o n  to t he  
end  m e m b e r s  in  the  Mg2GeO4-Mg2SiO4 sys tem,  fou r  
i n t e r m e d i a t e  compos i t ions  a c t i v a t e d  w i t h  1 mo le  % 
m a n g a n e s e  w e r e  f i red at  1300~ for  24 hr ,  a n d  the  
c a t h o d o l u m i n e s c e n c e  d a t a  for  t he se  compos i t ions  a r e  
g iven  in  Tab le  V. The  n u m b e r  of moles  of MgF2 

Table V. Cathodoluminescence data for Mn-activated 
Mg~GeO4-Mg2SiO4 solid solutions 

Mole % Moles P e a k  Br ightness*  
Mg2SiO~ MgF~ posit ion, A (ft-L) 

0 0.000 6510 10.8 
20 0.002 6500 8.1 
40 0.004 6480 6.8 
60 0.006 6470 5.8 
80 0.008 6430 7.3 

100 0.010 6390 14.0 

Table IV. Compositions, heat treatments, and phase analyses of 
MgO-GeO2-Ti02 mixtures 

Mole % Temp,  Time,  
MgO GeOz TiO2 ~ h r  Phase  assemblage  

* 16 kv ,  2 /~a/em ~ (1N-BS Zna(PO4)2:Mn, 43.8 f t -L ) .  

Table Yl. Cathodolumineseence data for Mn-activated 
MgGeO3-MgSi03 enstatite solid solutions 

10.0 45.0 45.0 950 48 MgGeO3 -t- GeO2 ss -~- 
TiO2 ss 

33.3 33.3 33.3 1100 48 MgGeO3 -~ TiO2 
50.0 25.0 25.0 1100 48 Mg2GeO4 -t- MgGeO3 ~- 

MgTi205 
66.6 16.7 16.7 1100 48 Mg4GeO6 ~- Mg2GeO4 ~- 

MgTiO~ 
1542 24 Mg2GeO4 -t- Mg2TiO4 

80.0 10.0 10.0 1200 48 MgO -t- Mg4GeO6 -t- 
Mg2TiO4 

Mole % Moles P e a k  Brightness* 
MgSiO8 MgF~ posit ion, A (ft-L) 

0 0.000 6780 5.9 
20 0.005 6770 3.9 
40 0.010 6760 2.2 
60 0.015 6750 1.7 
80 0.020 6740 1.1 

* 16 kv, 2 ~a/em s (NBS Zns (POD ~:Mn, 43.8 ft-L). 
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Fig. 5. Cathodoluminescence peak positions for Mn-activated 
Mg2GeO4-Mg2Si04 solid solutions. 
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Fig. 6. Cathodoluminescence brightness values for Mn-activated 
Mg2GeO4-Mg2Si04 solid solutions. 

r e f e r  to t he  a m o u n t  of th is  m a t e r i a l  a d d e d  as a 
m i n e r a l i z e r  p e r  mo le  of sol id  solut ion.  

In  Fig .  5, p e a k  pos i t ions  a r e  p lo t t ed  as a func t ion  
of compos i t ion ,  a n d  Fig.  6 is a s i m i l a r  r e p r e s e n t a -  
t ion  of c o r r e s p o n d i n g  b r i g h t n e s s  va lues .  

Enstatite-type solid solutions.--Cathodolumines- 
cence d a t a  for  compos i t i ons  in t he  MgGeO3-MgSiO~ 
s y s t e m  a re  g iven  in  T a b l e  VI. The  compos i t ions  w e r e  
f ired a t  1200~ for  24 hr ,  w i t h  s m a l l  a m o u n t s  of 
MgF2 as a m i n e r a l i z e r .  S ince  MgSiO3 ens t a t i t e  w i l l  
not  f o r m  w i t h  even  3 % MgF2, and  s ince  the  p r e s e n c e  
of l i t h i u m  f r o m  L i F  add i t i ons  t e n d s  to p r o m o t e  t he  
o x i d a t i o n  of m a n g a n e s e ,  th is  p h o s p h o r  was  no t  p r e -  
pa r ed .  

As  s h o w n  in Fig.  7 and  8, the  sh i f t  in  t he  pos i t ion  
of the  p e a k  w a v e l e n g t h  of t he  emiss ion  to l o w e r  
va lues  w i t h  i nc r ea s ing  SP  + for  Ge 4+ s u b s t i t u t i o n  is 
o b s e r v e d  as w i t h  t he  o l iv ine  sol id  solut ions ,  w h e r e a s  
a con t inuous  dec rease  in b r i g h t n e s s  e x t e n d s  to  a t  
l eas t  80% MgSiO3. 

Discussion of Luminescence Data  

Magnesium Germanates 
M g 4 G e O 6 . - - C o m m e r c i a l  M n - a c t i v a t e d  m a g n e s i u m  
g e r m a n a t e  w i t h  0.25% m a n g a n e s e  s u b s t i t u t e d  for  
m a g n e s i u m  r e s p o n d s  eff ic ient ly  to 3650A exc i t a t ion .  
I t  is p r e p a r e d  at  a b o u t  l l 0 0 ~  in a i r  w i t h  a p o r t i o n  
of t he  m a g n e s i u m  a d d e d  as MgF2. X - r a y  p o w d e r  
p a t t e r n s  of t he  c o m m e r c i a l  p h o s p h o r  i n d i c a t e d  w e l l -  
c r y s t a l l i z e d  Mg4GeO6 on the  bas i s  of x - r a y  d a t a  
g iven  b y  Robb ins  and  L e v i n  (11) .  No o t h e r  phase s  
could  be  de tec t ed .  I t  is k n o w n  t h a t  some of t he  
MgF2 is c o n v e r t e d  to MgO b y  r e a c t i o n  w i t h  a m b i e n t  
w a t e r  v a p o r  d u r i n g  s o l i d - s t a t e  reac t ions .  

I n  t h e  p r e s e n t  i nves t iga t ion ,  th i s  p h o s p h o r  was  
p r e p a r e d  at  1350~ for  24 h r  in a i r .  A s a m p l e  p r e -  
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6 7 0 0  
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I , I , I , I = 
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Fig. 7. Cathodoluminescence peak positions for Mn-activated 
MgGeO3-MgSiO3 enstatite solid solutions. 
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Fig. 8. Cathodoluminescence brightness values for Mn-activated 
MgGeO3-MgSiO3 enstatite solid solutions. 

p a r e d  w i t h o u t  MgF2 was  abou t  85% as b r i g h t  as t he  
c o m m e r c i a l  p r e p a r a t i o n .  A s a m p l e  p r e p a r e d  w i t h  
0.04 mo le  MgF2 p e r  mo le  of Mg4GeO6 was  90% as 
b r igh t .  W i t h  3650A exc i t a t ion ,  no d i f fe rences  in  
p e a k  pos i t ions  cou ld  be  d e t e c t e d  in  c o m p a r i n g  t h e  
emiss ion  cu rves  of these  p r e p a r a t i o n s  w i t h  t h a t  of 
the  c o m m e r c i a l  one s h o w n  in Fig.  9. The  fine s t r u c -  
t u r e  of the  emiss ion  b a n d s  is not  c h a r a c t e r i s t i c  of 
Mn 2+. The  emiss ion  is m a d e  up  of s e v e r a l  o v e r l a p -  
p ing  b a n d s  w i t h  two  p r e d o m i n a t i n g  p e a k s  at  abou t  
6310 a n d  6570A. A c c o r d i n g  to T h o r i n g t o n  (13) ,  t h e  
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Fig. 9. Emission curve for Mg4GeO6:Mn, 3650A excitation 
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emiss ion  consis ts  of a t  l eas t  s ix  e x t r e m e l y  n a r r o w  
l ine  bands .  

K r S g e r  a n d  v a n  den  B o o m g a a r d  (14) r e a c t e d  a 
s i m i l a r  compos i t i on  at  1100~ w i t h o u t  MgF2. I t  is 
h i g h l y  i m p r o b a b l e  t h a t  t he  emiss ion  s p e c t r u m  they  
o b s e r v e d  for  th is  compos i t i on  was  t h a t  of t h e  4:1 
c o m p o u n d  a lone.  In  t he  absence  of a m i n e r a l i z e r ,  
t e m p e r a t u r e s  in  t he  v i c i n i t y  of 1250~176 a re  r e -  
q u i r e d  to f o r m  w e l l - c r y s t a l l i z e d ,  s ingle  p h a s e  
Mg4GeO6 in a f ew  hours .  L o w e r  t e m p e r a t u r e  f i r ings 
w i t h o u t  a m i n e r a l i z e r  i n v a r i a b l y  y i e l d  n o n e q u i l i b -  
r i u m  m i x t u r e s  of MgO and  o t h e r  m a g n e s i u m  g e r -  
m a n a t e  compounds .  I t  is n o t e w o r t h y ,  in  th is  respec t ,  
t h a t  K o e l m a n s  and  V e r h a g e n  (15) d id  not  e n c o u n t e r  
Mg4GeO6 in t h e i r  s tud ies  on the  l u m i n e s c e n c e  of 
b i n a r y  and  t e r n a r y  g e r m a n a t e s  of t he  a l k a l i n e  e a r t h  
e l emen t s .  

A d e t a i l e d  k n o w l e d g e  of t he  s t r u c t u r a l  c h a r a c -  
t e r i s t i cs  of Mg4GeO~ w o u l d  p r o b a b l y  be  h e l p f u l  in 
accoun t ing  for  t he  p e c u l i a r  m a n g a n e s e  emiss ion.  The  
s u b s t i t u t i o n  of M n  4+ for  Ge 4+ m i g h t  be  jus t i f i ed  
f rom ionic  r a d i i  cons ide ra t ions .  As  wi l l  be  shown  in 
a l a t e r  pub l i ca t i on ,  Zn 2+ ( r :  0.83A) does no t  
subs t i t u t e  for  Mg 2+ ( r  = 0.78A) in Mg4GeO6. This  
m i g h t  e x p l a i n  w h y  Mn 2+ ( r  -~ 0.91A) w o u l d  no t  r e -  
p l ace  Mg e+. A l t h o u g h  a G o l d s c h m i d t  r a d i u s  for  
Mn 4+ has  no t  been  d e t e r m i n e d ,  t h e  P a u l i n g  r a d i u s  is 
0.46A as c o m p a r e d  w i t h  a P a u l i n g  r a d i u s  of 0.44A 
for  Ge 4+. 

On the  bas is  of the  emiss ion  d a t a  for  the  c o m p o s i -  
t ion  p r e p a r e d  w i t h o u t  t he  use  of MgFf ,  i t  is conce iv -  
ab le  t h a t  t he  ro l e  of MgF2 in c o m m e r c i a l  p r e p a r a -  
t ions  is to m i n e r a l i z e  t he  f o r m a t i o n  of w e l l - c r y s -  
t a l l i z ed  M n 4 + - a c t i v a t e d  Mg4GeO6, r a t h e r  t h a n  to 
t a k e  p a r t  s t r u c t u r a l l y  as a s o - c a l l e d  m a g n e s i u m  
f l u o r o g e r m a n a t e  phosphor .  I t  is l i k e l y  t h a t  m a g -  
n e s i u m  f l u o r o g e r m a n a t e  c o m p o u n d s  do ex i s t  b e t w e e n  
Mg2GeO4 and  MgFf,  as  in t h e  case  of s i l i ca tes  ( c h o n -  
d r o d i t e  m i n e r a l s ) ,  b u t  f r o m  the  d a t a  p r e s e n t e d  h e r e  
it w o u l d  be  diff icult  to e x p l a i n  t he  o b s e r v e d  l u m i n e s -  
cence on the  bas i s  of a m a g n e s i u m  f i u o r o g e r m a n a t e  
phase .  

Magnesium orthogermanate.--The ol iv ine  mod i f i ca -  
t ion of MgfGeO4 has  a b r o a d  emiss ion  b a n d  c h a r -  
ac t e r i s t i c  of t h e  Mn 2+ emiss ion  in o t h e r  phosphor s .  
K r S g e r  and  v a n  den  B o o m g a a r d  (14) r e p o r t e d  t h a t  a 
s i m i l a r  compos i t i on  f i red at  l l 0 0 ~  d id  not  r e s p o n d  
to u.v. exc i t a t i on  b u t  h a d  a c a t h o d o l u m i n e s c e n c e  
w h i c h  p e a k e d  at  6600A as c o m p a r e d  to 6510A f o u n d  
in t he  p r e s e n t  i nves t iga t ion .  T h e i r  v a l u e  is a p p a r -  
e n t l y  ins ign i f ican t  s ince  t h e y  f o u n d  t h a t  t he  x - r a y  
d i f f rac t ion  p a t t e r n  of t h e i r  p r e p a r a t i o n  d id  no t  co r -  
r e s p o n d  to t ha t  for  MgfGeO4. I t  is v e r y  p r o b a b l e  t h a t  
1100~ is no t  suff ic ient ly  h igh  to syn the s i z e  th i s  
c o m p o u n d  w i t h o u t  a m i n e r a l i z e r .  

Magnesium Silicates 

Magnesium orthosilicate.---MgfSiO 4 is i so typ ic  w i t h  
t h e  o l iv ine  or  f o r s t e r i t e  modi f i ca t ion  of MgfGeO4. 
L e v e r e n z  (16) r e p o r t e d  a p e a k  pos i t i on  of 6420A 
for  th is  p h o s p h o r  w i t h  a m a n g a n e s e  c o n c e n t r a t i o n  
of 1.2 m o l e  %, t he  m a t e r i a l  be ing  f i red a t  1600~ 
for  1 hr .  The  v a l u e  for  t h e  p e a k  emiss ion  of  a p h o s -  
p h o r  a c t i v a t e d  w i t h  1 mo le  % Mn was  6390A in t he  

p r e s e n t  i nves t iga t ion .  This  s l igh t  d i f fe rence  in  m a n -  
ganese  c o n c e n t r a t i o n  p r o b a b l y  could  no t  account  
for  t he  30A d i f f e rence  in  p e a k  w a v e l e n g t h .  As  wi l l  
be d i scussed  l a te r ,  MgeGeO4 in sol id  so lu t ion  in 
MgfSiO4 causes  t he  p e a k  emiss ion  to sh i f t  t o w a r d  
l onge r  w a v e l e n g t h s ,  b u t  a n  a d d i t i o n  of a b o u t  15 mole  
% MgfGeO4 is n e c e s s a r y  to sh i f t  the  p e a k  to 6420A. 
I t  is i n t e r e s t i n g  t h a t  L e v e r e n z  also ci tes  a r e f e r e n c e  
to a MgfS iO4:Mn p h o s p h o r  w h i c h  p e a k e d  at  6400A 
w h e n  f i red at  1180~ in s team.  This  v a l u e  is m u c h  
c loser  to t h a t  o b t a i n e d  in  the  p r e s e n t  i nves t iga t ion .  
Magnesium metasilicate.--The r e su l t s  of t he  mos t  
r ecen t  i n v e s t i g a t i o n  of t he  p o l y m o r p h i s m  of MgSiO3 
h a v e  been  p u b l i s h e d  b y  S a r v e r  and  H u m m e l  (17) .  
The  s t ab l e  h i g h - t e m p e r a t u r e  p o l y m o r p h  k n o w n  as 
p r o t o e n s t a t i t e ,  a c t i v a t e d  w i t h  1 mole  % m a n g a n e s e ,  
d id  no t  r e s p o n d  to u.v. exc i t a t ion ,  b u t  d id  e x h i b i t  a 
r e d  c a t h o d o l u m i n e s c e n c e  w i t h  a p e a k  pos i t i on  at  
6610A and  a b r i g h t n e s s  of 8.0 f t -L .  This  ag rees  we l l  
w i t h  a v a l u e  of 6600A r e p o r t e d  b y  L e v e r e n z  (16) 
for  t he  same  compos i t i on  f i red a t  1180 ~ in s team,  
a l t h o u g h  the  i d e n t i t y  of t he  p r o d u c t  was  not  specif ied 
as p r o t o e n s t a t i t e .  

C l i n o e n s t a t i t e  is a m e t a s t a b l e  p o l y m o r p h  of 
MgSiO~ w h i c h  can  be  r e t a i n e d  at  r o o m  t e m p e r a t u r e  
indef in i te ly .  I t  f o rms  on ly  f r o m  p r o t o e n s t a t i t e  b e l o w  
865~ v i a  a m e t a s t a b l e  c r y s t a l l o g r a p h i c  t r a n s f o r m a -  
t ion w h i c h  is f a v o r e d  b y  l a r g e  c r y s t a l l i t e  size of t he  
o r i g i n a l  p r o t o e n s t a t i t e .  The  s u b s t i t u t i o n  of 1 mo le  % 
Mn 2+ for  Mg 2+ in p r o t o e n s t a t i t e  s o m e w h a t  i nh ib i t s  
t he  conve r s ion  of p r o t o e n s t a t i t e  to c l i n o e n s t a t i t e  on 
cool ing  (17) .  A p o r t i o n  of the  p r o t o e n s t a t i t e  p h o s -  
p h o r  was  r e h e a t e d  to 1450~ for  24 h r  to p r o m o t e  
c r y s t a l  g rowth .  On a i r - q u e n c h i n g  the  phase s  p r e s e n t  
w e r e  p r o t o e n s t a t i t e  and  c l inoens ta t i t e .  R e h e a t i n g  to 
800~ and  cool ing  v e r y  s l o w l y  to abou t  400 ~ ove r  a 
p e r i o d  of s e v e r a l  days  p r o d u c e d  a m i x t u r e  cons i s t -  
ing of c l i n o e n s t a t i t e  w i t h  on ly  a t r ace  of p r o t o e n -  
s t a t i t e  r e m a i n i n g .  The  c l i noens t a t i t e  p h o s p h o r  r e -  
sponde d  on ly  to c a thode  r a y  exc i t a t ion ,  and  the  p e a k  
pos i t ion  of t he  emiss ion  w a s  6720A, w i t h  a b r i g h t -  
ness  of 3.3 f t - L  (16 kv,  1 # a / c m f ) .  This  ag ree s  f a i r l y  
w e l l  w i t h  a v a l u e  of  6740A r e p o r t e d  b y  L e v e r e n z  
(16) for  a s i m i l a r  compos i t i on  f i red at  1600~ for  1 

hr.  The  s t ab le  l o w - t e m p e r a t u r e  p o l y m o r p h  of 
MgSiO3 k n o w n  as e n s t a t i t e  could  be  s y n t h e s i z e d  
on ly  w i t h  a L i F  a d d i t i o n  w h i c h  p r o m o t e d  o x i d a t i o n  
of t he  m a n g a n e s e  in e x p e r i m e n t s  c a r r i e d  out  to p r o -  
duce  an  ens t a t i t e  phosphor .  

Ternary Compositions 

Olivine-tyPe solid solutions.--In the  m a n g a n e s e - a c -  
t i v a t e d  MgfGeO4-MgfSiO4 compos i t ions ,  s u b s t i t u t i o n  
of Si 4+ (r---- 0.39A) for  Ge 4+ ( r =  0.53A) p r o d u c e s  
two  a n t a gon i s t i c  effects on the  emiss ion.  The  d e -  
c rease  in  l a t t i c e  p a r a m e t e r s  t ends  to dec rea se  t he  
M n - O  d i s t ances  in  MnO6 oc t ahed ra .  Cons i de r ed  
alone,  th is  w o u l d  cause  i n c r e a s e d  p e r t u r b a t i o n  of 
t he  e l ec t ron ic  c louds  of t he  Mn ~+ ions,  f a v o r i n g  an  
i nc rea se  in the  p e a k  w a v e l e n g t h  of t h e  emiss ion.  
H o w e v e r ,  th is  effect is m o r e  t h a n  b a l a n c e d  b y  an  
oppos i t e  effect, n a m e l y  d e c r e a s i n g  t h e  M n - O  i n t e r -  
ac t ions  due  to t h e  g r e a t e r  f ield s t r e n g t h  or  p o l a r i z -  
ing  p o w e r  of t he  Si  4+ ion. Th is  m o r e  d o m i n a n t  effect 
l e ads  to a con t inuous  d e c r e a s e  in  t he  p e a k  w a v e -  
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l e n g t h  of t he  m a n g a n e s e  emiss ion  as the  Ge 4+ is r e -  
p l a c e d  b y  Si  4+. 

The  r e su l t s  of t he  b r i g h t n e s s  m e a s u r e m e n t s  w e r e  
s o m e w h a t  u n e x p e c t e d .  One m i g h t  e x p e c t  a c o n t i n u -  
ous i n c r e a s e  or  d e c r e a s e  in  b r i g h t n e s s  in  a se r ies  of 
sol id  solu t ions ,  r a t h e r  t h a n  a m i n i m u m .  In  Mn 2+- 
a c t i v a t e d  p h o s p h o r  sys tems ,  t he  pos i t i on  ( p e a k  
w a v e l e n g t h )  and  t h e  shape  ( h a l f - w i d t h )  of t he  
emiss ion  b a n d  is d e t e r m i n e d  b y  the  e n v i r o n m e n t  of 
t he  l u m i n e s c e n t  cen te rs .  On the  o t h e r  hand ,  t h e  i n -  
t e n s i t y  of t he  emis s ion  ( r e l a t i v e  p e a k  h e i g h t )  is 
not  p r e d i c t a b l e  and  d e p e n d s  on m a n y  factors .  A c -  
co rd ing  to K r S g e r  (7 ) ,  t h e  mos t  i m p o r t a n t  of t he se  
f ac to r s  a r e  t he  eff iciency of the  a b s o r p t i o n  of t he  e x -  
c i t a t i on  e n e r g y  b y  the  phosphor ,  t h e  t r a n s f e r  of the  
a b s o r b e d  e n e r g y  to t he  cen te rs ,  t he  eff iciency of con-  
ve r s ion  of t he  exc i t a t i on  e n e r g y  in to  l u m i n e s c e n c e  in  
t he  centers ,  and  the  a b s o r p t i o n  of t h e  emis s ion  as  i t  
l eaves  t h e  cen te r s  and  passes  t h r o u g h  t h e  c rys ta l s .  
These  effects a r e  c o m p l i c a t e d  s t i l l  f u r t h e r  b y  such 
fac to rs  as m a n g a n e s e  c o n c e n t r a t i o n  a n d  the  p h o s -  
p h o r  sc reen  dens i t i e s  w h i c h  w e r e  k e p t  cons t an t  in 
t he  ca thode  r a y  e x c i t a t i o n  s tudies .  
Ens ta t i t e - t ype  solid so lu t ions . - - I f  t he  c u r v e  in Fig .  7 
is e x t r a p o l a t e d  to 100% MgSiOs,  i t  is obv ious  t h a t  
the  pos i t i on  of t he  p e a k  emiss ion  for  MgSiO3 e n s t a -  
t i t e  shou ld  occur  a r o u n d  6730A. This  is no t  s ignif i -  
c a n t l y  d i f fe ren t  f r o m  the  v a l u e  of 6720A m e a s u r e d  
fo r  c l i noens t a t i t e  in w h i c h  the  o c t a h e d r a l  c o o r d i n a -  
t ion  of Mg 2+ is s i m i l a r  to t h a t  of Mg 2+ in ens t a t i t e .  
I n  p r o t o e n s t a t i t e ,  ha l f  of t he  m a g n e s i u m s  a r e  oc ta -  
h e d r a l l y  c o o r d i n a t e d  b y  two  o x y g e n s  each  a t  2.0, 
2.1, and  2.2A. The  r e m a i n i n g  m a g n e s i u m s  a r e  co-  
o r d i n a t e d  o c t a h e d r a l l y  also b u t  b y  fou r  o x y g e n s  at  
2.1A and  two  at  2.5A acco rd ing  to S m i t h  (18) .  I t  is 
poss ib le  t h a t  Mn 2+ ions,  w h i c h  a r e  l a r g e r  t h a n  Mg 2+, 
p r e f e r e n t i a l l y  occupy  the  m o r e  a s y m m e t r i c  s i tes  
s ince  t h e s e  s i tes  h a v e  an  e f fec t ive ly  l a r g e r  vo lume .  
This  m i g h t  account  for  t he  s t ab i l i z ing  effect in  p r o -  
t o e n s t a t i t e  w h i c h  is o b s e r v e d  w h e n  1 mole  % Mn 2+ 
is s u b s t i t u t e d  for  Mg 2+, as w e l l  as for  t he  s h o r t e r  
w a v e l e n g t h  emiss ion  of t he  m a n g a n e s e - a c t i v a t e d  
c a t h o d o l u m i n e s c e n c e  w h i c h  p e a k s  at  6610A. The  
h i g h e r  e n e r g y  of t he  Mn 2 + emiss ion  in p r o t o e n s t a t i t e  
m a y  t h e r e f o r e  b e  t he  r e s u l t  of d e c r e a s e d  p e r t u r b a -  
t ion  of t he  e l ec t ron ic  c louds  of t he  Mn 2+ ions  a s so -  
c ia ted  w i t h  e f fec t ive ly  l onge r  M n 2 + - O 2 -  d is tances .  

Summary 
Of t h e  t h r e e  t e r n a r y  sys t ems  w h i c h  m a k e  up  t h r e e  

of t he  faces  of the  q u a t e r n a r y  s y s t e m  M g O - G e O 2 -  
SiO2-TiO2, on ly  t he  MgO-GeO2-S iO2  s y s t e m  con -  
t a i n e d  reg ions  of e x t e n s i v e  sol id  solu t ion .  N e i t h e r  
Ge 4+ for  Ti  4+ nor  Si  4+ for  Ti 4+ s u b s t i t u t i o n  occurs  
b e t w e e n  b i n a r y  c o m p o u n d s  in the  sy s t ems  M g O -  
TiO2-GeO2 and  MgO-SiO2-TiO2.  

Si  4+ for  Ge 4+ s u b s t i t u t i o n  in  o l i v i n e - t y p e  sol id  
so lu t ions  b e t w e e n  Mg2GeO4 and  Mg2SiO4 p r o d u c e d  

a g r a d u a l  sh i f t  in  t he  p e a k  pos i t ion  of t he  c a t h o d o -  
l umine sc e nc e  f r o m  6510 to 6390A, t he  d i r ec t i on  of 
t he  sh i f t  be ing  e x p l a i n e d  b y  q u a l i t a t i v e  r e a s o n i n g  
b a s e d  on ionic r a d i i  and  r e l a t i v e  p o l a r i z i n g  p o w e r s  
of Si  4+ and  Ge 4+. S i m i l a r  s u b s t i t u t i o n  in  t he  e n -  
s t a t i t e  sol id  so lu t ion  ser ies  b e t w e e n  MgGeO3 a n d  
MgSiO~ also p r o d u c e d  a sh i f t  in p e a k  pos i t i on  of t he  
c a t h o d o l u m i n e s c e n c e  to h i g h e r  ene rg ie s  f r o m  6780A 
for  MgGeO~ to 6740A for  a compos i t i on  c on t a in ing  
80 mo le  % MgSiO~. 

Si  4+ does not  s u b s t i t u t e  for  Ge 4+ in Mg4GeO6, 
sugges t ing  the  p o s s i b i l i t y  of o c t a h e d r a l  c oo rd ina t i on  
of  Ge 4+ in th is  compound .  
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ABSTRACT 

Exis t ing theories  of Z n S - p o w d e r - E L  are  shown to be unable  to expla in  the  
new findings of e lec t ro luminescent  s t r ia t ions  or lines descr ibed in P a r t  I of 
this  work.  Severa l  new hypotheses  are  discussed. Among these, a model  seems 
to be l ike ly  which is based on s imul taneous  b ipolar  f ie ld-emission f rom op-  
posite ends of conduct ing imperfec t ion  l ines into the  insula t ing  crystal l i te ,  
wi th  t r app ing  of in jec ted  holes in ac t iva tor  centers,  and recombina t ion  wi th  
mobile  electrons at  f ie ld-reversal .  This model,  which  is shown to be consistent  
wi th  facts, is discussed in detai l .  A new impact  ionizat ion model  is also de-  
scr ibed which is ve ry  s imi lar  to tha t  of the  f ie ld-emission model.  A t  present ,  
i t  is expe r imen ta l ly  indis t inguishable  f rom the f ie ld-emission model.  

Desp i t e  e x t e n s i v e  r e s e a r c h  efforts ,  t h e  t h e o r e t i c a l  
s i t ua t i on  a b o u t  t he  n o w  26 y e a r  o ld  D e s t r i a u  effect  
is s t i l l  in  a s t a t e  of confusion.  The  m a i n  r e a s o n  for  
th is  is t he  i nacce s s ib i l i t y  of t h e  i n d i v i d u a l  ac t ive  
e l e m e n t s  w i t h i n  t he  t i n y  p o w d e r  pa r t i c l e s  to d i r ec t  
o b s e r v a t i o n  a n d  m e a s u r e m e n t ,  so t h a t  mode l s  h a v e  
to be  m o r e  o r  less specu la t ive .  In  t he  f irst  mode l s  i t  
was  a s s u m e d  tha t  i m p a c t  exc i t a t i on  t h r o u g h o u t  t he  
v o l u m e  of the  p a r t i c l e s  was  t he  cause  of EL;  l a t e r ,  
d e p l e t i o n  l a y e r s  a t  t he  su r f aces  w e r e  a s s u m e d  to be  
t he  s i te  of i m p a c t  ioniza t ion .  A t  p re sen t ,  ve r s ions  of 
these  mode ls ,  p - n  j u n c t i o n  theor ies ,  and  Z e n e r  
emiss ion  m o d e l s  a r e  in  c i rcu la t ion .  M a n y  of these  
mode l s  a r e  i ncomple t e ,  s e v e r a l  a r e  p r e s e n t e d  in  a 
c r yp t i c  fashion ,  some  a r e  l og i ca l l y  incons i s ten t ,  
o the r s  go in to  h i g h l y  m a t h e m a t i c a l  de ta i l s  b e f o r e  
t he  u n d e r l y i n g  concepts  a r e  c lear .  I n  add i t ion ,  t he  
n u m b e r  of p u r e l y  e m p i r i c a l  p a p e r s  con t a in in g  u n -  
e x p l a i n e d  d a t a  is r a p i d l y  g rowing .  In  such  a s i t u a -  
t ion,  a syn thes i s  effor t  d i r e c t e d  t o w a r d  un i f i ca t ion  
of t he  m u l t i p l i c i t y  s e e m e d  jus t i f ied .  

To m a k e  n e w  s t a r t s  t o w a r d  t h e o r e t i c a l  i n t e r p r e -  
t a t ion ,  a f i rm e x p e r i m e n t a l  bas i s  is t h e  p r i m e  r e -  
q u i r e m e n t .  M e a s u r e m e n t s  on d i r e c t l y  c o n t a c t e d  
s ingle  c r y s t a l s  a r e  no t  a priori s u i t a b l e  for  th i s  p u r -  
pose,  s ince  a d i f fe ren t  m e c h a n i s m  m a y  be ac t ive  in 
e m b e d d e d  p o w d e r  pa r t i c l e s .  M e a s u r e m e n t s  on c o m -  
p l e t e  EL cel ls  a r e  no t  too i n f o r m a t i v e  s ince  t h e y  
do not  r e v e a l  t he  p r o p e r t i e s  of t he  i n d i v i d u a l  e m i t -  
t ing  e lements .  B y  m e a n s  of n o v e l  e m b e d d i n g  m e d i a  
w i th  m a t c h e d  r e f r a c t i v e  index ,  i t  has  n o w  become  
poss ib le  to obse rve  a n d  m e a s u r e  t he  l i g h t - e m i t t i n g  
e l e m e n t s  in  s ing le  p o w d e r  p a r t i c l e s  of 10~ a v e r a g e  
d imens ions  t a k e n  f r o m  typ ica l ,  i n d u s t r i a l  E L  p o w -  
ders.  As  d e s c r i b e d  b y  Gi l l son  and  D a r n e l l  (1)  for  
s m a l l  s ing le  c rys ta l s ,  and  f u r t h e r  c o r r o b o r a t e d  b y  
F i s c h e r  ( l a )  for  t y p i c a l  p o w d e r  pa r t i c l e s ,  l i gh t  is 
e m i t t e d  in  t h e  f o r m  of l ines  w h i c h  e x t e n d  t h r o u g h  
the  b u l k  of t h e  p a r t i c l e s  a t  s l igh t  ang les  to t h e  field. 
The  l u m i n e s c e n t  l ines  a r e  a s soc ia t ed  w i t h  l i n e -  
s h a p e d  c r y s t a l  impe r f ec t i ons .  The  l u m i n e s c e n t  l ines  
u s u a l l y  consis t  of two  co l l i nea r  h a l v e s  w h i c h  h a v e  
the  a p p e a r a n c e  of two  comets  f leeing each  o ther .  
The  h a l v e s  l i g h t  up  a l t e r n a t e l y ,  w h e n e v e r  t h e  a d -  

j a c e n t  cel l  e l ec t rode  becomes  pos i t ive .  The  t i m e -  
i n t e g r a t e d  b r i g h t n e s s  of s ing le  l ines  fo l lows  a p -  
p r o x i m a t e l y  t h e  s ame  r e l a t i o n  w h i c h  ho lds  for  t he  
c o m p l e t e  cell ,  w i t h o u t  a p p a r e n t  l ow- f i e ld  t h r e sho ld ,  
b u t  in  some cases  w i t h  a s a t u r a t i o n  r a n g e  a t  v e r y  
h igh  a p p l i e d  fields.  

I t  w i l l  be  s h o w n  t h a t  ex i s t i ng  m o d e l s  a r e  no t  ab le  
to e x p l a i n  t he  n e w  e x p e r i m e n t a l  fac ts  so t h a t  a r e -  
e v a l u a t i o n  of t he  s i t ua t i on  is neces sa ry .  In  t he  
course  of a s u r v e y  of a l l  f o r m e r  a n d  s e v e r a l  n e w  
models ,  t he  f inal  choice  w i l l  be  n a r r o w e d  d o w n  b y  
success ive  e l i m i n a t i o n  to two  models ,  w h i c h  use  e l e -  
m e n t s  of f o r m e r  models ,  p lus  n e w  f e a t u r e s  ( f ie ld-  
emiss ion  of e l ec t rons  and  holes ,  i m p a c t  i on i za t i on  b y  
e l ec t rons  m o v i n g  t o w a r d  i n t e r n a l  p r e c i p i t a t e s )  in  
n e w  combina t ions .  

Q u a n t i t a t i v e  t r e a t m e n t  of  t he  v e r y  i n t r i c a t e  s i t u -  
a t i on  is o f ten  imposs ib l e  a t  th i s  s tage  a n d  w o u l d  
on ly  a d d  m o r e  confus ion  a n d  compl ica t ion .  T h e r e -  
fore ,  p r e v a l e n c e  of q u a l i t a t i v e  a r g u m e n t s  is u n -  
avo idab l e ,  a l t h o u g h  th is  wi l l ,  a t  first,  d i s t u r b  m a n y  
r eade r s .  On d e e p e r  p e n e t r a t i o n  one w i l l  recognize ,  
h o w e v e r ,  t h a t  t he  two  se l ec t ed  mode l s  a r e  t he  
s i m p l e s t  poss ib l e  ones  to cope w i t h  t h e  set  of g iven  
facts.  

Survey of Models for AC-Excited EL of Embedded 
ZnS-Type Powders 

Requirements  Sor a consistent mode l . - -A  cons i s t -  
en t  ana lys i s  of an  e x t r e m e l y  c o m p l i c a t e d  " m o l e c u l a r  
e l ec t ron ics  de v i c e "  such as an  E L  p a r t i c l e  m u s t  con-  
t a i n  a l l  of t he  fo l lowing  f e a t u r e s :  

(a )  C a r r i e r  g e n e r a t i o n  m e c h a n i s m :  S ince  t h e r e  
is no e x t e r n a l  s u p p l y  of charge ,  n e w  c a r r i e r  pa i r s  
to m a k e  up  for  r a d i a t i v e  r e c o m b i n a t i o n  losses h a v e  
to be  c r e a t e d  w i t h i n  the  p a r t i c l e s  b y  one of t he  fo l -  
l owing  m e c h a n i s m s :  ( i )  I m p a c t  i on iza t ion  of ac t i -  
v a t o r  cen te r s  or  of t he  l a t t i ce  b y  a c c e l e r a t e d  e lec -  
t rons  in  b a r r i e r  l aye r s .  H e r e  i t  has  to be  d e m o n -  
s t r a t e d  h o w  t h e  b a r r i e r  l a y e r s  a r e  cons t i tu t ed ,  
p h y s i c a l l y  and  chemica l ly .  ( i i )  T h e r m a l  g e n e r a t i o n  
in  l o w - b a n d - g a p  or  m e t a l l i c  inc lus ions  w i t h  s u b s e -  
q u e n t  i n j ec t ion  in to  a d j a c e n t  l u m i n e s c e n t  m a t e r i a l .  
H e r e  t he  c h e m i c a l  n a t u r e  of t h e  inc lus ions  and  the  
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physical properties of the injecting contacts have 
to be described. (iii) Tunneling or internal field 
emission from the valence band across the forbid- 
den gap in one step, or via "trap ladders," or from 
quasi-continuous surface states, or f rom conducting 
inclusions. Here it has to be demonstrated how the 
local field strength can become high enough that 
these phenomena can occur. 

Only where electrons are excited on internal ionic 
levels without ionization, is carrier re-generat ion 
unimportant.  

(b) Carrier t ransport  and recombination mech- 
anism: Since pair generation according to one of 
the above mechanisms takes place either in non- 
luminescent regions of the crystal, or in high-field 
regions where electrons and holes are immediately 
separated once a pair has been created, it has to be 
shown where the carriers exist after generation. 
This includes transport  and trapping processes. 

(c) Consistency with the body of established 
facts, such as: (i) brightness-voltage-relation, (it) 
brightness-frequency-relat ion,  (iii) brightness 
waves, delayed emission, build-up and quenching 
phenomena, (iv) temperature dependence of br ight-  
ness, (v) all observations pertaining to the chemis- 
t ry  of the preparat ion process, (vi) compliance with 
the new facts presented in ref. (1) and, Par t  I ( l a ) .  
Compatibility of a model with the finding of long, 
alternately coruscating double lines is an especially 
important  criterion for the validity of a model. 

Since thermal regeneration across the bandgap of 
3.7 ev is negligible, it is insufficient to postulate that 
electroluminescence is based on minori ty-carr ier  
injection in forward-biased p -n  junctions if one 
does not show how new carriers are created (2). 
Similarly, it does not suffice to postulate that the 
effect is due to "carrier accumulation" (3), if the 
information required under (a) and (c) above is 
not given. 

Previous and new models . --To enable the reader 
to evaluate the models to be developed in this dis- 
cussion in their proper context, it is necessary to 
give a simultaneous critical review of the most im- 
portant, previously proposed hypotheses of the EL 
process. Such a synoptic t reatment  does not yet 
exist in the literature. 
Impact ionization models.--Destriau (4) assumed 
that  the externally applied fields of about 104 v / cm 
are sufficient to cause impact ionization throughout  
the volume of the particles, a view later supported 
by Curie (5). Theories of dielectric breakdown and 
of "hot" electrons (6) suggest, however, that  fields 
in excess of 106 v / c m  are necessary for pair crea- 
tion by impact. 

Piper and Williams (7) and Fischer (8) recog- 
nized that  in n - type  conducting, directly contacted 
crystals or sintered layers depletion regions with 
enhanced field-strength exist in front of the nega- 
tive contact, in which impact ionization can take 
place. Light  is mainly emitted when the electrons 
flow back at voltage reduction and reversal and 
reunite with previously ionized centers. Piper and 
Williams (9) put forth a quanti tat ive model in 
which it is assumed that  the crystal has shallow 
and deep donors. Depletion of shallow donors in 

front of the cathode creates a high-field region, un-  
til the field is high enough to empty the deep 
donors. The field-released pr imary  electrons become 
accelerated and cause impact ionization. The num-  
ber of pr imary electrons released per cycle is as- 
sumed to be about constant; however, the fraction 
which is able to cause collision ionization increases 
with the field. Alfrey and Taylor (9, 10) modified 
and improved the Piper-Williams model by incor- 
porating the Seitz function (11) which states that 
the fraction of pr imary  electrons which is accele- 
rated to impact ionization energy increases as exp- 
const/F, F being the field strength. Fur ther  they 

introduced the relation F ~ ~/V which connects the 
maximum field strength within a depletion layer 
with the externally applied voltage V (12). Thus 
the brightness voltage relation given by the theory 
becomes 

I - - - - A e x p - - B V  -1/2 

which fits measurements of most powder cells very 
well. 

The obvious shortcoming of this theory is that it 
has to assume conducting crystals. Whereas there 
is no doubt that  this type of impact-ionization EL 
in the cathodic depletion layer exists indeed in di- 
rectly contacted conducting ZnS (7), ZnSe (13), 
ZnO (14), and GaP (15) crystals and in many semi- 
conductors, even with d-c current excitation, it is 
also certain that  efficient, Destr iau-type powder 
particles do not fit into this model since they are 
insulating. This is demonstrated by high-f requency-  
loss measurements on powders with increasing cop- 
per content: Powders with equal concentrations of 
copper and co-activator are electrically compen- 
sated and have low losses, like insulators. If the 
copper (----acceptor) content exceeds the coactivator 
(=donor )  content, localized, dark precipitatibns 
become visible and the losses go up. This is not due 
to p- type  conductivity in the ZnS since removal of 
the external precipitates by cyanide washing re- 
duces the losses. The losses are caused by the con- 
ducting precipitates, whereas the adjacent lumines- 
cent material  remains insulating, in the order of 
1014 ohm cm (16). Further,  the Piper-Will iams- 
model does not treat  the case of embedded particles. 
It also cannot explain the existence of long electro- 
luminescent lines extending throughout  the bulk of 
the particle; to get the required field-intensification 
of 100 in one part  of a crystal, the applied field has 
to relax to zero over 99% of the length of the crys- 
tal, and in this part, impact ionization is hardly  
possible. 

Zalm, also claiming that electroluminescence oc- 
curs exclusively at the surfaces, modified the Piper-  
Williams model to explain the EL of embedded 
powder (17). He assumed that the particles are in- 
sulating, having equal amounts of donors and ac- 
ceptors, with externally precipitated copper sulfide 
layers to serve as a reservoir of pr imary  electrons. 
He first assumed that the conducting coating com- 
pletely covers the particle, which is somewhat sus- 
pect (18), but Klasens showed (19) that  the model 
works if we assume that  there are non-contiguous 
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Cu2S specks 1 which form blocking contacts for elec- 
tron flow into the interior. At  field application, 
starting at fine roughnesses at the CueS-ZnS inter-  
face, electrons tunnel f rom the conducting speck 
into the ZnS. The conducting speck is assumed to 
be an unlimited reservoir, yielding pr imary elec- 
trons according to the field-emission function A 
exp - -  C V -1/2 (20). A fraction of the pr imary  elec- 
trons proportional to the Seitz function (which has 
the same form) is capable of causing impact ioniza- 
tion. The electrons drift  toward the positive end of 
the particle, whereas the excess holes remain t rap-  
ped in front of the injecting spike, thus creating a 
positive space charge layer which enhances tun-  
neling and impact ionization. Radiative recombina- 
tion takes place at field reversal. Zalm completely 
neglects polarization, but polarization has an im- 
portant  influence: as soon as the displaced charge Q 
which is shifted from one end of the insulating 
crystal to the other has filled the capacitance C 
given by the particle dimensions, a polarization 
voltage V ~ Q / C  develops which cancels the voltage 
drop of the applied voltage over the particle. The 
integrated current must then change from I -~ A 
exp - -  B V -1/2 to I ~ A ' V  (high voltage satura-  
tion) which, however, Zalm's measurements do not 
show. [In Par t  I ( la )  and previously b y ' L e h m a n n  
(21) it has been found that  saturation does exist.] 
Similar difficulties exist in Zalm's interpretation of 
the brightness-frequency dependence. 

To explain the electroluminescent double-lines, 
observed in Part  I ( l a ) ,  by  the Zalm model, one 
could assume that the particle has CusS specks on 
the front and back surface so that electrons created 
by impact in the cathodic depletion layer drift into 
the anodic layer which contains the holes created 
by impact ionization in the previous half cycle. This 
mechanism would yield the correct phase-relation 
of the light wave [Par t  I ( l a ) ] .  As in the Destriau- 
Curie model, it would have to be assumed, however, 
that impact ionization avalanches can extend from 
the surface far into the interior, where the field 
is low, to explain the observed lines. Another  pro- 
posed explanation, which might be adaptable to 
explain the EL lines, assumes that holes can drift 
from the space charge layer where they were cre- 
ated, into the crystal, and recombine there with 
electrons coming from the other side of the particle 
(22). The objection to both proposals is that  the 
shape of the EL lines should be the reverse of that 
which is observed, due to the diffusion-broadening 
of either the avalanche or the migrating hole-cloud 
(Fig. la, b).  In the case of the migrating hole- 
cloud, emission should become concentrated near 
the surfaces at higher frequencies since not enough 
time is available for the diffusion into the center 
of the particle. In Par t  I ( l a ) ,  the contrary was 
observed: The lines become sharper and brighter  at 
high frequencies; surface emission prevails at low 
frequencies. However, the main objection against 
this model is that it can be easily proved by etching 
experiments that the surfaces of cyanide-washed 
EL particles do not possess any conducting Cu2S 

:'. T h e r e  is  n o  conclusive e v i d e n c e  p u b l i s h e d  f or  the  exac t  chemical  
composition o f  the  conduct ing  c o p p e r  su]f lde precipi ta tes .  T h r o u g h -  
out this  p a p e r  we wil l  neglect  this  difficulty. 

EL-LINES 

ZnS -Ca,At 
(a) 

LIGHT- 
EMITTING 

AREAS 

Z n S - C u , A t  
PARTICLE 

(b) 

F I E L D  

Fig. 1. (a) Observed EL lines; (b) broadening of impact avalanches 
or of trap-hopping hole clouds which extend from the surface into 
the interior, due to sideward diffusion. The shape of these EL lines 
is iust the reverse as in Fig. la  (exaggerated). 

coatings. One can reduce the size of EL particles to 
1/10 by gradual dissolution in a stream of fresh 
acid and completely maintain EL properties (23). 
Besides, many EL lines start in the interior of part i-  
cles and end in the interior, without ever reaching 
the surface. Some lines are crooked, even have 
zig-zag form where part  of the line bends back 
against the field, which certainly cannot be ac- 
counted for by long impact ionization avalanches. 

One can modify the Zalm model in the way  sug- 
gested by Lehmann (16) and Ivey (24) and treated 
by Maeda (25), by assuming that impact ionization 
by electrons occurs alternatingly at the ends of in- 
ternal, conducting, Cu-containing precipitates in 
which the applied field relaxes so that  field intensi- 
fication at the ends takes place (Fig. 2). The exist- 
ence of such internal precipitations is long estab- 
lished and has often been associated with the mech- 
anisms of EL (26) though in vague terms. In this 
model the pr imary  electrons are field-released from 
the conducting inclusion and accelerated. The im- 
pact avalanches move away from the inclusion. 
Hence, the light pulses should be emitted at that  
end of a conducting line which is next to the cell 

Fig. 2. Conducting needle embedded in insulator. A uniform 
electric field is applied parallel to the needle. Geometrical field- 
intensification at the ends. 
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electrode which is tu rn ing  negat ive  so tha t  the ex-  
cess electrons can flow back to and recombine wi th  
the prev ious ly  ionized centers. The object ion to this 
model  is tha t  this phase  re la t ion  is 180 ~ different  
f rom the observed one. 

To p reven t  this shortcoming one can reverse  
Maeda 's  model  and assume tha t  the  p r i m a r y  elec-  
t rons are re leased f rom t raps  in the bulk  of the in-  
sula tor  and move toward  the l ine - shaped  conduct-  
ing inclusion at  which the field is intensified. Im-  
pact  ionizat ion takes place in the h igh- f ie ld - reg ion  
near  the surface of the conducting line. The impac t -  
genera ted  holes are  t r apped  there  in ac t iva tor  cen-  
ters, and the excess electrons flow into the conduc-  
tor, f rom which they  are f ie ld-emi t ted  into the 
luminescent  c rys ta l  at  the other end of the line, 
where  they  recombine wi th  holes t r apped  there  
since the previous  ha l f -cyc le  (main  l ight  peak ) .  
Other  f i e ld -de t rapped  electrons do not get sucked 
up by  the conductor  but  move through the bu lk  to 
recombine d i rec t ly  wi th  t r apped  holes (secondary  
l ight  peak) .  This model  can expla in  all  the findings, 
including the l ine - shape  of EL emission. Compared  
to the b ipolar  f ield-emission model  discussed in the 
main pa r t  of this paper ,  it  may  requi re  higher  fields 
(106 v / c m ) .  This mechanism may,  however,  be-  
come contr ibut ing  at  h igher  appl ied  voltages. I t  is 
i l lus t ra ted  in Fig. 3. We wil l  come back to this 
model  later .  

In an a t t empt  to find a mechanism by  which im-  
pact  ionization at low fields (104 v / c m )  can be made 
plausible,  a hypothesis  was proposed (27) which 
makes  use of the saw- too thed  b a n d - c u r v a t u r e  asso- 
ciated wi th  s taggered stacking faul t  planes  p r ev i -  
ously pos tu la ted  to expla in  the h i g h e r - t h a n - b a n d -  
gap photovol tages  in cer ta in  ZnS crystals  (28). If a 
"wa rm"  electron is f ie ld-dr iven over the crest  of a 

CONDUCTING LINE 

Fig. 3. Inverted Maeda model. Above, geometrical model; below: 
band model. For clarity, only a few electron and hole traps are 
shown. In reality, there is a uniform trap distribution throughout 
the volume. Electrons field-released from traps generate secondary 
electrons and holes by collision before entering the conducting line. 
At the other end, electrons are field-emitted from the line and 
recombine with holes which were generated there in the previous 
half-cycle. 

CONDUCTION BAND 

VALENCE BAND 
(e) BAND BENDING BY STACKING FAULTS IN ZnS 

IMPACT IONIZATION 

(b) WITH APPLIED FIELD 

Fig. 4. (a) Band-curvature due to the pyroelectric charges at lo- 
cation of stacking fault planes; (b) with external field, "warm" 
carriers become "hot" carriers as they cross the stacking fault 
plane. 

saw-tooth ,  it  finds i tself  suddenly  0.3 ev above the 
conduction band edge, l ike  a "hot" e lectron (Fig. 
4). At  this energy,  fr ict ion due to phonon in te rac-  
t ion has been reduced so tha t  un impeded  accelera-  
t ion up to la t t ice  ionizat ion energy becomes possi-  
ble, even in low fields. The object ion to appl icat ion 
of this  concept to p o w d e r - E L  is tha t  in most pub-  
l ished work  e lect roluminescent  s t r ia t ions are  re -  
por ted  to run  pa ra l l e l  to s tacking faults,  wi th  the 
field para l l e l  to the s tacking faul ts  (29), whereas  
the model  postulates  EL only if the field is pe rpen -  
dicular  to the s tacking faul t  planes. Besides, dot ted 
r a the r  than continuous lines would have to be ex-  
pected, unless the  dots are so close together  tha t  the 
microscope cannot  resolve them. 
Injection in p-n junctions.--It has a lways  been 
t empt ing  to ascribe the Des t r iau  effect to minor i t y -  
car r ie r  inject ion in p - n  junctions.  Yet, there  are 
formidable  obstacles to overcome for any  consistent 
theory  of this type.  First ,  the problem of car r ie r  r e -  
genera t ion  has to be solved since the rmal  genera-  
t ion across the bandgap  of ZnS is subs tan t ia l ly  zero. 
Fur ther ,  due to the w e l l - know n  p rope r ty  of ZnS of 

.possessing deep- ly ing  centers  (e lectron t raps  0.3 to 
0.8 ev, hole t raps  1.2 ev) and of favor ing compensa-  
t ion of e lec t r ica l ly  active centers  by  creat ion of va -  
cancies and by  donor-acceptor  pa i r  format ion  dur -  
ing the firing process (30), the conductivs in ZnS, 
especial ly  the p - t y p e  conduct ivi ty,  is ve ry  low. 
Since the thickness of p - n  junct ions is p ropor t iona l  
to the inverse of the square root of car r ie r  densi ty  
(31) which may  be 1016/cm 3 in ZnS (32),  p - n  junc-  
tions in ZnS become so broad tha t  dot ted  EL lines 
should be visible under  the microscope, which is not 
the  case, even with  the highest  resolution. Besides, 
g e r m a n i u m - t y p e  p - n  junct ions wi th  the i r  f o rward -  
cur ren t  dependence I = A (exp V/kT- -1 )  are  very  
un l ike ly  to exist  in ZnS: A p - n  junct ion in ZnS at  
room t empera tu r e  resembles  a p - n  junct ion in si l i -  
con at  l iquid he l ium tempera tures ,  as far  as the 
electron popula t ion  in t raps  is concerned. The la t te r  
case has been s tudied (33):  F o r w a r d  b reakdown  
voltages, negat ive  resistance,  hysteresis  have  been 
reported.  Such phenomena  are not t r ea ted  in con- 
vent ional  diode theory.  They are descr ibable  by  the 
theory  of space-charge- l imi ted ,  l i f e t ime-modu la t ed  
double  inject ion currents  in insulators  (34). 



Vol. 110, No. 7 

Thornton (2) mentions tha t  fine, meta l l i c -con-  
ducting elements  are needed to connect the s tacked 
p - n  junct ions pos tu la ted  by  him. This implies tha t  
the metal l ic  conductors make  ohmic contacts to n-  
type  ZnS at  one end and to p - t y p e  at  the other  
end. In view of the large  bandgap  of ZnS and the 
short  distances f rom junct ion to junct ion (0.1t~, be -  
low the resolut ion of the microscope, o therwise  the 
EL lines would appear  do t ted) ,  this seems improb-  
able. 

A model  where  g raded  bandgap  t ransi t ions  f rom 
the conducting inclusions to the embedding  lumin-  
escent insula tor  are  pos tu la ted  to make  possible 
ohmic inject ion of both electrons and holes was 
proposed by  the author  (30). Whereas  it can ex-  
p la in  the l ine-shape  and the observed phase re l a -  
tion, it  fails to account for the b r igh tness -vo l tage  
re la t ion unless fu r the r  assumptions are  introduced,  
l ike  impur i ty - ion iza t ion  avalanches.  Moreover,  it  
was recognized la te r  tha t  g raded-gap ,  quas i -homo-  
geneous junct ions be tween  CufS and ZnS are im-  
possible because of the ve ry  l imi ted  solid solubi l i ty  
of these two compounds. Thus the concept of ohmic 
bipolar  in ject ion f rom Cu2S into ZnS has to be 
dropped,  which leaves only the  approaches to be 
discussed in the main  pa r t  of this paper .  
Field emission.--Field-emission of p r i m a r y  elec-  
t rons f rom traps,  surface coatings or conducting, 
sha rp -po in ted  inclusions has often been pos tu la ted  
in impac t - ion iza t ion  models  (9, 17, 25). This is, 
however,  not a sui table  means  for c a r r i e r - r e g e n e r a -  
tion. 

The of ten-discussed Zene r - t ype  field emission 
f rom the valence band to the conduction band (9, 
35) is improbab le  in ZnS, since the r equ i red  fields 
are so high tha t  o ther  phenomena  would  set in be-  
fore Zener  emission can occur. There  are ways,  
however,  by  which the large  forb idden  gap could 
be divided up into smal le r  t ransi t ions  which are  
more probable .  Band-gap  reduct ion due to the 
F r a n z - K e l d y s h  effect (36) is not  significant enough 
to become impor tant ,  but  f ie ld-emission via  t r a p -  
ladders  caused by  gross la t t ice  dis turbances,  e i ther  
in the bulk  or at  the surface, is poss ib ly  impor tant .  
These lat t ice dis turbances  would no rma l ly  act as 
"ki l ler"  centers  for excess carriers ,  but  in high fields 
thei r  action is reversed  and they  become "genera t -  
ing" centers  (37), a common explana t ion  for the 
reverse  cur ren t  in semiconductor  p - n  junct ions  
(38). Since not only the  forb idden energy  distance, 
but  also the densi ty  of emit t ing and receiving states 
enter  into these calculations,  field emission via  iso- 
la ted single t rap  levels is too slow to be significant. 
Quasi -cont inuous  d i s tu rbed  states, localized im-  
pur i ty  bands,  or l o w - b a n d - g a p  inclusions are  more 
effective. In  these cases, less than  half  the bandgap  
has to be tunne led  which is a significant a l levia t ion 
for the tunnel ing  process. 

This draws a t tent ion  to the impor tan t  fact  tha t  
in semiconductors  not only electrons but  also holes 
can be f ie ld-emit ted.  This is in contrast  to the vac-  
uum case, where  there  is no posi t ron analog. In 
par t icu lar ,  it  is possible in our case tha t  electrons 
and holes are  f ie ld-emi t ted  f rom opposite ends of 
the conducting, need le - shaped  inclusion, through 

EL LINES IN ZnS POWDER PARTICLES 

�9 " - "  L . . . . .  ~ . . . . . . . .  --I ~<4 qx\" 
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Fig. 5. Field-emission from semiconductor into insulator (simpli- 
fied). Note that less than half of the insulator-bandgap has to be 
tunneled. The concept of field-emission of holes is new. 

the high-f ield regions in f ront  of the needle,  into 
the embedding,  nea r - insu la t ing  ZnS crys ta l  (Fig. 
5). New car r ie r  pai rs  a re  t he rma l ly  regenera ted  
wi th in  the  conduct ing inclusion, which is degener -  
ate, intrinsic,  semiconducting,  or metal l ic  conduct-  
ing. 

Since in jec ted  electrons and holes are separated,  
recombinat ion  and emission take  place only af ter  
field reversa l  when  the carr iers  can flow into each 
other. Due to the proper t ies  of ZnS-Cu,  C1 (deep 
acceptors = luminescent  centers,  and shal low donors 
= electron t r aps ) ,  in jected holes become firmly 
t rapped,  af ter  only short  t ravel ,  in luminescent  
centers  ( = e x c i t a t i o n ) ,  whereas  the in jec ted  elec- 
t rons remain  re la t ive ly  free. Therefore,  r ad ia t ive  
recombinat ion  takes  place at  field reversa l  in form 
of a sheath around tha t  half  of a conducting l ine 
where  holes were  in jected and t r apped  in the p re -  
vious half  cycle. The electrons which move to the 
t r apped  holes can ei ther  be f ie ld-emi t ted  f rom the 
conducting needle  ( p r i m a r y  l ight  peak) ,  or they  can 
flow back f rom the other  end of the crys ta l  where  
they  were  s tored dur ing the previous  half  cycle 
(secondary  l ight  peak) .  A p re l im ina ry  i l lus t ra t ion 
of the model  is given in Fig. 6. 

The fact tha t  the  f ield-emission current  follows 
the F o w l e r - N o r d h e i m  equat ion (39) which is ve ry  
s imi lar  to the A l f r e y - T a y l o r  equat ion 

Zn S PARTICLE 

/ CONDUCTING LINE~ 

TRAPS 

Fig. 6. Illustration of the basic principle of the field-emission 
model. Above, at field application, electrons and holes are field- 
omitted from opposite ends of the conducting inclusion, where the 
field is intensified, into the insulator. Holes are trapped after a 
short path. Electrons can travel farther. Below, at field reversal, 
trapped electrons flow back to recombine with trapped holes (light 
emission.) Other electrons are field-emitted into the trapped holes. 
New holes are field-emitted at the other end of the conducting line. 
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I ---- A F 2 exp m B/F, (I current  s, A, B constants)  

(if all  complicat ions due to space charge are neg-  
lected for the moment)  immedia t e ly  suggests tha t  
the b r igh tness -vo l tage  re la t ion can be expla ined  by  
the model. A more de ta i led  discussion of this  model  
will  follow. 
Various other possibilities excluded.--In Par t  I 
( l a )  and in ref. (1) i t  was pointed out tha t  some 
of the microscopical ly  visible e longated  black lines 
in ZnS crysta ls  are  hol low channels. This immedi -  
a te ly  br ings to mind the r a the r  heret ic  proposi t ion 
tha t  electrodeless  gas discharges in voids might  be 
the cause of e lectroluminescence (40}. This can be 
countered by  the a rgument  tha t  the channels  are 
most p r o b a b l y  l ined wi th  conducting Cu2S which 
acts l ike F a r a d a y  cages for the included gas. More-  
over, the la rge  round cavities which are present  in 
all  EL par t ic les  [Pa r t  I ( l a ) ] ,  and the t iny  spher i -  
cal gas bubbles  in the embedding med ium which 
are easi ly  visible [Pa r t  I ( l a ) ] ,  are definitely not 
the site of l ight  emission, whereas  they  should be 
p re fe r red  sites of l ight  emission if the above hy -  
pothesis were  correct.  

I t  has been suggested tha t  l ight  which is emi t ted  
by some unidentif ied mechanism somewhere  in the 
crys ta l  could be sca t tered  by  l ine - shaped  optical  
nonhomogenei t ies  (e.g., AlsO3 prec ip i ta tes )  in the 
crystal ,  or be conducted in " leaky"  l ight  pipes f rom 
local b r igh t  spots into the bulk  so tha t  the impres -  
sion of EL st r ia t ions is created (41). This can be 
discounted since at  the sites where  e lec t ro lumines-  
cent lines appear  wi th  field excitat ion,  the embed-  
ded par t ic les  appear  comple te ly  homogeneous un-  
der  the microscope both with  intense da rk  and 
br igh t  field i l luminat ion.  

Gillson and Darnel l  (1) suggest tha t  excess elec- 
t rons and holes c rea ted  by  impact  ionization in un -  
specified hypothet ical ,  r eve r se -b iased  p -n  junctions,  
dr i f t  or diffuse to imperfec t ion  l ines which act as 
p re fe ren t i a l  t r app ing  and recombinat ion  sites. This 
concept can be discounted because microscopic ex-  
aminat ion  reveals  tha t  wi th  intense x - r a y  or u.v. 
exci ta t ion the  luminescence is d i s t r ibu ted  homo-  
geneously throughout  the bu lk  of the crystals .  Be-  
sides, i t  is un l ike ly  tha t  the imperfec t ion  lines act 
as especial ly efficient rad ia t ive  recombinat ion  cen- 
ters. Since they  must  be assumed to be decora ted  
wi th  p rec ip i t a t ed  Cu2S, (a fact neglected by  Gil lson 
and Darne l l ) ,  i t  is more l ike ly  tha t  they  are k i l le r  
centers. F inal ly ,  one would l ike to know more about  
the hypothe t ica l  p - n  junctions,  and what  they  do at 
fo rward  bias. 

Detailed Discussion of Bipolar Field-Emission Model 
and of Inverted Impact Ionization Model 

In the preceding pa rag raph  the conclusion was 
d rawn  tha t  the inver ted  model  of Maeda (Fig. 3) 
and the b ipolar  f ie ld-emission model  (Fig. 6), which 
are both new models though they  contain fea tures  
of former  models, are sui ted to expla in  the finding 
of a l t e rna te ly  coruscat ing double lines. Al l  the other  
models fai l  in impor tan t  detai ls  upon confrontat ion 
wi th  known qual i ta t ive  facts. 

I w i l l  be  u sed  i n t e r c h a n g e a b l y  for  c u r r e n t  a n d  E L  b r i g h t n e s s  
t h r o u g h o u t  t h i s  p a p e r .  

We will  now a t t empt  to compile more  evidence 
for the correctness of these new models  and t ry  to 
e l iminate  one of them. It  wil l  be shown tha t  the b i -  
polar  f ield-emission model  has a high degree of 
probabi l i ty .  The inver ted  impac t  ionization scheme 
cannot be excluded and may  be contr ibut ing.  We 
wil l  discuss the impact  ionizat ion model  af ter  the 
field emission model  for didact ic  reasons: Most of 
the arguments  fit both models  but  are easier  to p re -  
sent  and unders tand  wi th  the field emission model. 

Bipolar field emission from conducting, line- 
shaped inclusions.--Main ]eatures.---In agreement  
wi th  observations,  the embedded  par t ic les  are as-  
sumed to be insulat ing,  compensated semiconductors  
wi th  equal  concentrat ions of ac t iva tor  ( :  acceptor)  
and co-ac t iva tor  ( :  donor)  centers  (10 TM cm-3) .  
The donor electrons occupy acceptor  centers. Due to 
the very  s imi lar  la t t ice energies of the cubic and 
hexagonal  modification of ZnS, the par t ic les  con- 
tain many  imperfec t ion  lines [one-d imens iona l  
s tacking faul ts  (42), screw dislocations (1) ] at  
which the excessive, insoluble copper, which was 
added before the firing process, prec ip i ta tes  dur ing 
cooling in the  form of conducting copper sulfide. 
Decorated imperfec t ion  l ines have  been observed in 
Si, CdS, and ZnS (43). Since copper diffuses rapidly ,  
the decorat ion of the imperfec t ion  l ines can also be 
achieved by  reprocessing af te r  the main  firing step. 
The length  of the  decora ted  l ines varies,  some ex-  
tending through the whole d iamete r  of the part icle.  
Their  d iamete r  is less than  0.05/~ so tha t  they  are 
invisible  under  the microscope, both wi th  da rk  and 
br ight  field i l luminat ion.  Not only thei r  thinness 
makes  the lines invisible,  but  also the  fact  tha t  CusS 
is t r ansparen t  in th in  layers  [Pa r t  I, ( l a ) ]  and has 
a re f rac t ive  index s imi lar  to ZnS. Whereas  the 
cyanide  washing process removes  the Cuss f rom the 
ex te rna l  surfaces of the part ic les ,  it does not reach 
the in te rna l ly  p rec ip i ta ted  copper except  possibly 
the copper in those imperfec t ion  lines which reach 
the surface. 

If an ex te rna l  field is applied,  it  re laxes  in those 
conducting lines which have a component  para l le l  
to the field, so tha t  the conducting lines remain  at 
equal  potential .  This gives r ise to a f ield-intensif ica-  
t ion f rom the center  of the  line, where  the field is 
zero, to the tips, where  the field is much h igher  than 
the appl ied  field (Fig. 2). The f ie ld-dependence 
along the l ine can be calculated,  assuming tha t  the 
line is prolate ,  conducting spheroid in a uni form 
field (44). According to Maeda  (25), the field at the 
tips is p ropor t iona l  to (L/d)  ~, where  L is the  length, 
d the d iameter  of the  line. 8 To obtain a f ie ld- in tens i -  

T h e  d e r i v a t i o n  o f  t h i s  r e s u l t  i s  m a t h e m a t i c a l l y  compl ica ted .  The  
cor rec tness  can be  checked  v e r y  eas i ly :  The  u n i f o r m  a p p l i e d  f ield 
Fo i nduces  i n  t he  c o n d u c t i n g  l i ne  ( l e n g t h  L,  t h i c k n e s s  d) a d ipo le  
such  t h a t  t h e  d i p o l e  f ie ld  cance l s  Fo n e a r  t he  su r face  of  t h e  l i ne  a t  
L /2 ,  so t h a t  t h e  c e n t e r  of t he  l i n e  is  f ie ld-f ree .  I f  we  assume,  fo r  
s im p l i c i t y ,  t h a t  t h e  d i p o l e  cha rges  a re  c o n c e n t r a t e d  a t  t he  t i p s  of 
t he  l ine ,  t h e n  t he  s ize of  t h e  i n d u c e d  cha rges  c an  be c a l c u l a t e d  f r o m  
the  c o n d i t i o n  

2Q ~reeoFoL 2 
Fo; Q 

4~reeo (L/S) ~ 2 

W i t h  t h i s  c h a r g e ,  t h e  f i e ld  Fmax a t  t he  t i p s  ( rad ius  of  c u r v a t u r e  
d/2) is  t h e n  

Fmax = Fo 

I n  rea l i ty ,  t he  c h a r g e  is no t  a l l  c o n c e n t r a t e d  in  t he  t ips ,  hence  t h i s  
e n h a n c e m e n t  f a c t o r  is  s o m e w h a t  t o o  la rge .  
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f icat ion of 100, a l ine  of 10 -4 cm l e n g t h  has  to be  
10 -5 cm th ick ,  w h i c h  ind i ca t e s  t h a t  even  m u c h  
h i g h e r  in tens i f i ca t ion  f ac to r s  a r e  ea s i l y  poss ib le .  

F r o m  the  f i e l d - e m i s s i o n  mic roscope  (39) w h e r e  
t he  t ip  r a d i u s  is m u c h  l a r g e r  t h a n  in  our  case, in  
t he  o r d e r  of 1000A, i t  is k n o w n  tha t  a p p r e c i a b l e  c u r -  
r en t s  (10 -6 a m p )  can be  d r a w n  f r o m  a l k a l i - c o v e r e d  
t u n g s t e n  t ips  a t  f ields in  excess  of 106 v / c m .  

I n  the  case of d e c o r a t e d  i m p e r f e c t i o n  l ines,  the  
effect ive  t ip  r a d i u s  is m u c h  sma l l e r ,  s ince i t  is v e r y  
l i k e l y  t h a t  t he  p r e c i p i t a t i o n s  a r e  r o u g h  so t h a t  a 
m u l t i t u d e  of v e r y  fine t ips  a re  ac t ive  w i t h  r a d i i  in 
the  o r d e r  of  a few a t o m  d i ame te r s .  

E v e n  if t he  conduc t i ng  l ines  w e r e  smooth ,  t h e i r  
d i a m e t e r  m u s t  be  m u c h  s m a l l e r  t han  1000A b e c a use  
of t h e i r  i nv i s ib i l i t y .  4 H o w e v e r ,  s ince  these  p r e c i p i t a -  
t ions  a r e  f o r m e d  b y  diffusion,  i t  is m u c h  m o r e  l i k e l y  
t h a t  t h e y  a r e  r o u g h  w i t h  count less  s m a l l  e m i t t i n g  
t ips ,  w i t h  a s t a t i s t i ca l  d i s t r i b u t i o n  of t ip  r a d i u s  a n d  
t ip  p r o t r u s i o n .  

The  h e i g h t  of the  t h r e s h o l d  to be  t u n n e l e d  b e -  
t w e e n  conduc t ing  inc lus ion  and  e m b e d d i n g  l u m i -  
nescen t  crystal (similar to the work function in the 

vacuum case) is less than half the bandgap of ZnS, 

i.e., about equal to the work function of cesium (see 

Fig. 5). In zinc sulfo-selenides with their lower 

bandgap, it is even less than that of cesium. The 

Fermi level of the conducting inclusion stays auto- 

matically in about the middle of the insulator band- 

gap for the following reason: The conducting line 

has to emit equal amounts of positive and negative 

charge from opposite ends in order to prevent ex- 

cessive charging. If more charge of one sign is 

emitted than of the other, then the line charges up 

and its Fermi level shifts in a direction to make the 

work function of the stronger emitted charge type 

higher and to quench excessive emission. Simul- 

taneously, emission of the other carrier type be- 

comes easier. 

These two effects, sharper tips and lower work 

function, make it plausible that the fields required 

to obtain noticeable tunnel emission are lower than 

106 v / c m ,  p o s s i b l y  l o w e r  t h a n  105 v / c m .  C a l c u l a -  
t ions  to p r o v e  th is  p o i n t  a r e  less conv inc ing  t h a n  the  
a b o v e - m e n t i o n e d  c o m p a r i s o n  w i t h  t he  f i e l d - e m i s -  
s ion mic roscope .  

The  m e c h a n i s m  of f i e l d - emi s s ion  of e l ec t rons  and  
holes  f r o m  oppos i te  ends  of a c o n d u c t i n g  inc lus ion ,  
w i t h  t h e r m a l  r e g e n e r a t i o n  of c a r r i e r s  in  t he  i nc lu -  
sion, has  an  a d d i t i o n a l  u n i q u e  f e a t u r e :  S ince  the  
inc lus ion  can  n e v e r  cha rge  up  a p p r e c i a b l y ,  i t  
f o rms  an  u n l i m i t e d ,  i n e x h a u s t i b l e  source  of supp ly .  
If  on ly  one  c a r r i e r  t y p e  w e r e  emi t t ed ,  as in  t h e  case  
of a fine, i n s u l a t e d  w i r e  s u s p e n d e d  in a f ield in 
vacuum,  on ly  a v e r y  s m a l l  a m o u n t  of cha rge  Q 
g iven  b y  Q = C V, w h e r e  C is t he  c a p a c i t a n c e  of 
t he  w i r e  and  V the  p o t e n t i a l  d rop  across  it, can  be  

1 A p l a t i n u m  w i r e  w h o s e  t h i c k n e s s  h a d  b e e n  d e t e r m i n e d  w i t h  t h e  
e l e c t r o n  m i c r o s c o p e  to b e  a b o u t  1000A w a s  v i s i b l e  u n d e r  t h e  L e i t z  
P a n p h o t  l i g h t  m i c r o s c o p e ,  w h e r e a s  t h e  s i t e  of  b r i g h t  E L  l i n e s  is  i n -  
d i s t i n g u i s h a b l e  f r o m  t h e  b u l k  w h e n  e x t e r n a l  i l l u m i n a t i o n  is u s e d .  
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emi t t ed .  The  s ame  ho lds  for  a conduc t ing  p r e c i p i t a t e  
in Z n S  w h i c h  emi t s  o n l y  e lec t rons .  5 

In  t he  case of b i p o l a r  emiss ion,  t he  on ly  l i m i t a t i o n  
of the  e m i t t e d  c h a r g e  is g iven  b y  the  p o l a r i z a t i o n  
field w h i c h  is c r e a t e d  b y  cha rges  w h i c h  p i le  up  a t  
the  ends  of t he  c r y s t a l l i t e  w h e r e  t h e y  a r e  s t opped  
b y  the  e m b e d d i n g  t h e r m o p l a s t i c  res in .  This  p o l a r i -  
za t ion  f ield w e a k e n s  t he  a p p l i e d  field and  thus  b r ings  
t u n n e l  emiss ion  to a stop.  T h e  e m i t t e d  c h a r g e  is 
t hus  l i m i t e d  b y  p a r t i c l e  c a p a c i t a n c e  and  the  p o t e n -  
t i a l  d rop  across  t he  pa r t i c l e .  6 

I t  m a y  be  m e n t i o n e d  in  pa s s ing  tha t  t he  t h e r m a l  
r e g e n e r a t i o n  of c a r r i e r s  in  t he  conduc t ing  inc lus ion  
shou ld  p r o d u c e  a s l igh t  cool ing effect w h i c h  m a y  
p a r t i a l l y  c o m p e n s a t e  t he  hea t  w h i c h  is g e n e r a t e d  
b y  conduc t ion  losses.  

The  d e t a i l e d  s t r u c t u r e  of t he  con tac t  b e t w e e n  
conduc t ing  inc lus ion  and  l u m i n e s c e n t  c r y s t a l  is s t i l l  
open  to specu la t ion .  W e  m a y  h a v e  an  a b r u p t  t r a n s i -  
t ion  f r o m  the  c onduc t i ng  p h a s e  ( w h i c h  m a y  be  cop-  
per ,  cuprous ,  or  cupr i c  sulf ide,  polysul f ide ,  or  a 
spec ia l  m i x t u r e  w h i c h  also con ta ins  zinc a n d  coac-  
t i v a t o r )  to the  l u m i n e s c e n t  ZnS,  as shown  in  Fig .  5. 
I t  is poss ib le  t h a t  t he  Z n S  a d j a c e n t  to t he  p r e c i p i -  
t a t e  is r i ch  in  Cu w h i c h  m a k e s  i t  s l i g h t l y  p - t y p e  
(Fig .  7 a - c ) ,  or  t h a t  t he  c r y s t a l  is s t r o n g l y  d i s t u r b e d  

5 T h e  c a p a c i t a n c e  of  a p r o l a t e  c o n d u c t i n g  s p h e r o i d  o f  l e n g t h  L 
a n d  t h i c k n e s s  d is  g i v e n  by  t h e  r e l a t i o n  (45) 

~eoL 

4d 
l n - -  

L 
F o r  L = 5.10 - t  cm,  d = 10 -6 cm,  e = 10, C ~ 10-17 F a r a d .  

e T h e  c a p a c i t a n c e  of  a n  i d e a l i z e d  c u b e - s h a p e d  p a r t i c l e  of  e d g e  d is  
C = eeod. 

W i t h  d = 10 - s c m  a n d  e = 10, C ~ 10 -15 F a r a d .  

~ CuS 

HOLES Jr 
BECOME f (~% [ .  . 

TRAPPED \ L ~  e,~... 
~ E  INJECTION 

b 

TUNNELING".~A-- -- W I- 

RECOMBINATION ~ k .  * 
/YJ ,~  . . . . .  

" ~ 1  ; ~  ELECTRON INJECTION 

; TRAPPED HOLES 

Zn S Cu S 
. . . . . . .  ~ . . . . .  

~-e-~ Ef ---'5 ouou~ouoou 
-e- 4F -e- ~ ~I-41- 

STRONGLY DISTURBED 
LATTICE 

Fig. 7. (a-c) Bipolar injection at Cu2S-ZnS contact. The injection 
of holes may be alleviated over the injection of electrons since the 
ZnS may be slightly p-type adjacent to the Cu2S. (d) Another 
possibility of the Cu2S-ZnS contact. Due to lattice mismatch or 
different thermal expansion there may be many dislocation levels 
in the junction. 
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Fig. 8. Redistribution of injected charge due to drift (trap-hop- 
ping) in an applied field, in dependence of frequency. The effect 
leads to changes in the effective capacitance of the particle, and 
to changes in the appearance of El. lines (extremes: sharp lines, 
surface emission). 

at the contact (Fig. 7d) so that  emission of carr iers  
proceeds via  traps.  

Such differences have no influence on the model  
because the F o w l e r - N o r d h e i m  equat ion is obeyed, 
at least  approx imate ly ,  in any case. Assume, for in-  
stance, tha t  ho le- in jec t ion  is nea r -ohmic  as i l lus-  
t r a t ed  in Fig. 7a, b. The e lec t ron- in jec t ion  must  be 
all  the  more non-ohmic  and governed by  tunne l -  
emission as shown in Fig. 7c. Since the resis tance 
for e lec t ron-emiss ion  is much higher  than  for hole-  
emission, the e l ec t ron-cur ren t  also l imits  the hole 
current ,  which then also follows the F o w l e r - N o r d -  
heim equation, otherwise the inclusion would charge 
up as expla ined  previously.  

The in jec ted  electrons remain  re la t ive ly  free due 
to the i r  high mobi l i ty  ( ~  200 cm2/v sec) and be-  
cause of the re la t ive ly  shal low electron t raps  (0.3 
ev) .  The in jec ted  holes, however ,  are  efficiently 
captured  by deep - ly ing  levels (ac t iva tor  centers,  
1.2 ev in ZnS)  and become immobi l ized  af ter  a short  
distance of t rave l  given by the i r  mean free life t ime 
[10 - l~  - -  10 -12 sec (46)] ,  forming a sheath of posi-  
t ive  space charge around the line. Only at ve ry  
high fields a n d / o r  low frequencies does the dr i f t  of 
t r apped  holes become noticeable,  as demons t ra ted  
by a gradua l  fading of the e lect roluminescent  lines 
in favor  of emission near  the par t ic le  boundar ies  
(Fig. 8). The polar izat ion field due to holes t r apped  
in front  of the posi t ive end of the conducting line 
impedes not  only fu r the r  hole emission, but  also 
e lect ron emission f rom the negat ive  end of the l ineJ  
The line, due to its smal l  capaci tance which is in 
the order  of 10-1~F, charges up posi t ively  if more 
electrons than  holes are  in jec ted  f rom it. Whereas  
at low frequencies and high fields, where  hole mi -  
grat ion is possible, the par t ic le  capacitance,  which 
is in the  order  of 10-15F, forms the l imit  for the 
amount  of charge emi t ted  per  half  cycle, at high 
frequencies  a n d / o r  low fields, whe re  the  holes have  
no t ime for migra t ion  by  t r ap-hopp ing ,  the capaci-  
tance of the conductive l ine (10-1~F) forms the final 
l imitat ion.  [This is one reason for the  decrease of 
l i gh t -ou tpu t  per  cycle wi th  increasing frequency.  
Another  reason is tha t  at h igher  f requencies  not all 
in jected carr iers  find t ime to recombine dur ing  one 
cycle so tha t  a conduct iv i ty  due to unrecombined  
charge develops which shields the  conducting lines 
f rom the appl ied  field and reduces  the  efficiency due 
to IeR-losses. Photoconduct ivi ty ,  which  is se l f - in -  

I l l u m i n a t i o n  of  t h e  l i n e  w i t h  f ine  spo t s  o f  I R  h a s  b e e n  f o u n d  to 
e n h a n c e  t h e  E L  u n d e r  c e r t a i n  c o n d i t i o n s  [ O r a n o v s k i i  e t  a~ (2 ) ] .  
T h i s  c a n  b e  i n t e r p r e t e d  as  op t i c a l  d e t r a p p i n g  of  c a p t u r e d  h o l e s ,  
l e a d i n g  to  a r e d u c t i o n  of  s p a c e - c h a r g e - q u e n c h i n g  of  i n j e c t i o n .  

duced in b lue -emi t t ing  EL powder ,  has the same 
harmfu l  effect. I l lumina t ion  of the lines wi th  spots 
of u l t raviole t  quenches the EL (1).  Another  reason 
may  be that  at high frequencies,  due to the finite 
conduct ivi ty  of the  copper -su l f ide-decora ted  lines, 
the re laxa t ion  t ime of the  field in the  conducting 
line has the same order  as the per iod of the appl ied 
field so tha t  the field at  the t ips is lower.]  

At  field reversal ,  electrons are in jec ted  from the 
negat ive  half  of the conducting line into the posi t ive 
space charge sheath of holes t r apped  in front  of the  
emi t t ing  t ips in the previous  half  cycle. This elec- 
t ron emission is, therefore,  space -cha rge -enhanced  
unt i l  all of the t r apped  holes have recombined,  which 
is accompanied by  the typ ica l  recombina t ion  r ad ia -  
t ion (p r imary  l ight  peak) .  The secondary  l ight  peak  
which, wi th  s ine -wave  excitat ion,  can be observed 
separa te ly  f rom the p r i m a r y  l ight  peak,  may  be 
caused by  electrons which, on reduct ion of the ap-  
pl ied field, r e tu rn  f rom the opposite end of the c rys -  
tal  through the bulk  to recombine  r ad ia t ive ly  wi th  
t r apped  holes. Dur ing this cur rent  flow t rapp ing  
and de t rapp ing  of electrons occur, hence the sec- 
ondary  peak  should be more sensit ive to t e m p e r a -  
ture  var ia t ions  than  the p r i m a r y  peak. This is in 
accordance wi th  observations.  Since the current  
flow connected with  this secondary  peak  extends 
over wider  distances and is dr iven  by  lower  fields 
than  the cur ren t  of the p r i m a r y  peak, the secondary 
peak  is also more susceptible  to f ie ld-quenching by  
super imposed vol tage pulses than  the p r i m a r y  peak. 
This also agrees wi th  exper imenta l  findings (47). 

Since the luminescent  t rans i t ion  in ZnS consists 
of a f ree  electron in the conduction band dropping 
into an exci ted ac t iva tor  center,  l ight  is emit ted  
only when electrons are moved into regions con- 
ta ining t r apped  holes. If holes are in jec ted  into 
regions containing t r apped  electrons, luminescence 
is f ie ld-quenched because the electrons which evap-  
orate  f rom t raps  into the conduction band are  swept  
away  faster  than  they  can recombine wi th  the  holes. 
Thus, the model  expla ins  the observed fact  tha t  
l ight  is emi t ted  f rom tha t  half  of a l ine which is 
nex t  to the electrode becoming positive, s 

The model  also explains  the observed fact of 
"de layed emission" (48) i.e., tha t  no l ight  is emit ted  
from a res ted  cell  at  first appl icat ion of voltage,  but  
only  at removal  or reversa l  of the voltage;  also the 
observat ion tha t  EL "spots" (in our pic ture:  halves 
of EL lines) l ight  up only once per  cycle, finds a 
na tu ra l  explanat ion.  A more deta i led  i l lus t ra t ion  of 
the  events dur ing  a full  cycle is given in Fig. 9a-f.  

At  the ins tant  of first field appl icat ion (Fig. 9a),  
the appl ied field collapses wi th in  the conducting 
l ine in a t ime span given by  its r e l axa t ion  time. 
Af te r  this has happened,  we have the field d i s t r ibu-  
t ion of Fig. 9b, where  the  field is concentra ted at 
the tips of the conductor.  Electron and hole emission 
from sharp points set in. I t  is l ike ly  that  the con- 
duct ing l ines have  sharp points  not only at thei r  
ends, but  tha t  they  are  rough ( "ba rbed  w i r e " ) ,  wi th  

s I n  p h o s p h o r s  w h i c h  h a v e  n o t  o n l y  d e e p  h o l e  t r a p s  b u t  also  d e e p  
e l e c t r o n  t r a p s  (e.g. ,  I n  c o a e t i v a t o r ) ,  b r i g h t n e s s  is  s e v e r e l y  q u e n c h e d  
b e c a u s e  e l e c t r o n s  c a n n o t  t r a v e l ,  h u t  e x p e r i e n c e  t h e  s a m e  s p a c e -  
c h a r g e  l i m i t a t i o n s  as  holes .  T h e  a c t i v e  c a p a c i t a n c e  (F ig .  8) b e c o m e s  
t h a t  o f  t h e  c o n d u c t i n g  l ine .  T h e  s e c o n d a r y  p e a k ,  w h i c h  is  a s c r i b e d  
to  b a c k - f l o w i n g  e l ec t rons ,  is  s u p p r e s s e d .  
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Fig. 9. (a-f) Events during full cycle of voltage applied 
ized particle. Explanation see text. 

to ideal- 

numerous  emit t ing spots of var ious  effective field 
strengths.  For  simplici ty,  we d is regard  this effect 
here and consider only the ends of the lines. Due 
considerat ion of mul t ip le  emission wil l  be presented  
la ter .  

Since the electrons are more mobile  than  the 
holes, the  inhibi t ing space charge is tha t  of holes 
t r apped  in front  of the  posi t ive emi t te r  and not tha t  
of t r apped  electrons. Current - f low comes to a stop 
as soon as the polar izat ion field reduces the field 
s t rength  at  the posit ive emi t t e r  where  fu r the r  emis-  
sion becomes negl igible  due to broadening  of the  
ba r r i e r  (Fig. 9c). 

If the ex te rna l  field is removed,  only the "frozen-  
in" polar izat ion field be tween the posi t ive space-  
charge region and the conducting line exists (Fig. 
9d). This unbucked  polar izat ion field causes field- 
emission of electrons f rom the same point  which 
previous ly  emi t ted  holes, giving rise to l ight  emis-  
sion. I t  also moves electrons back f rom the other  
end through the bu lk  of the crys ta l  to recombine 
with  t r apped  holes, giving rise to l ight  emission. 
The l ight  is emi t ted  at the  end of the line next  to 
the e lectrode which was negat ive  or which is be-  
coming more  positive. 

If the t ime dur ing  which no ex te rna l  field is ap-  
pl ied to the  par t ic le  is short, a por t ion of the  po la r i -  
zation field st i l l  exists at  the  moment  the field is 
reversed.  This polar izat ion field adds to the appl ied  
field so tha t  a s t ronger  pulse of electrons is emi t ted  
than  at the first appl icat ion of the field. The field- 
emi t ted  charge  first neutra l izes  the  res idual  t r apped  
holes, giving rise to a l ight  pulse, and then bui lds  
up a polar izat ion field of the opposite po la r i ty  unt i l  
again the field at the emi t te r  is sufficiently weakened  
so that  fu r the r  emission p rac t i ca l ly  ceases (Fig. 9e). 
We wil l  come back to the ut i l izat ion of this effect of 

space -cha rge -enhanced  inject ion for the exp lana -  
t ion of ini t ia l  bu i ld -up  of brightness.  

If the field is reversed  instant ly ,  wi thout  a field- 
free per iod as before,  the  polar izat ion field and the 
appl ied  field are  addi t ive  so tha t  the effective field 
at  the emi t te r  is almost  twice the appl ied  field, wi th  
the  corresponding emission of cur rent  propor t iona l  
to exp --  B/2F. The space charge of the previous 
half  cycle is neut ra l ized  by direct  field emission into 
t r apped  charge and by  electrons flowing b a c k  
through the bu lk  (Fig. 9f). The posi t ive end of the 
conducting l ine is l ike ly  to a t t rac t  some of the  loose 
electrons which gives r ise to losses (Fig. 9e,f). 

I t  can be seen tha t  s lowly changing fields l ike 
t r i angu la r  or sine waves  lead to a less pronounced 
increase in inject ion current  since the polar izat ion 
field has decayed before  the field is reversed.  The 
f ie ld-enhancement  is s t rongest  for exci ta t ion with  
squa re -waves  wi th  steep flanks. The increase  in 
br ightness  for squa re -wave -exc i t a t i on  over  sine and 
t r i a n g u l a r - w a v e  exci ta t ion wi th  equal  P - P  vol tage 
has been ac tua l ly  observed by  Rajchman and co- 
workers  (49) and was demons t ra ted  to the author  
by Shrader  (41) at  low f requency (below 300 cps).  
Detail Problems.--(a) Ini t ia l  bu i ld -up  of b r igh t -  
ness . - -The  effect of space -cha rge -enhanced  or space-  
charge- inh ib i t ed  t rans ien t  inject ion can be used to 
expla in  the bu i ld -up  of br ightness  of a res ted  cell 
dur ing the first few cycles of the appl ied  voltage.  

Dur ing  the first hal f  cycle, no t r apped  charge  of 
opposite sign exists in front  of the emit ters ,  so in-  
ject ion is space -cha rge -quenched  due to t rapp ing  
of charge of the same sign. In  the second half  cycle, 
inject ion is at first space -cha rge -enhanced  to com- 
pensate  the t r apped  opposi te  charge. In addi t ion to 
this charge needed for neutra l iza t ion,  a pulse of 
space-charge-quenched  current  is now injected,  of 
the same magni tude  as in the first hal f -cycle ,  so 
tha t  a higher  to ta l  of charge has been emit ted.  In 
the th i rd  hal f -cycle ,  this  l a rger  amount  of charge is 
first compensated,  and again an ex t ra  amount  of 
charge is in jec ted  to br ing  about  space-charge-  
quenching of fu r the r  emission, and so on. In this 
way, the  in jec ted  charge per  ha l f -cyc le  keeps in-  
creasing, unt i l  r ad ia t ive  recombinat ion  of opposite 
charge carr iers ,  which  increases wi th  the square of 
car r ie r  concentrat ion,  catches up wi th  car r ie r  in-  
jection, and unt i l  the finite t ime avai lab le  for in-  
ject ion dur ing  one ha l f -cyc le  sets a l imit  to fur ther  
increase. 

(b)  Shape of EL l ines . - -S ince  the field s t rength  
is much higher  at  the  tips of the conducting lines 
than  at  posit ions closer to the center,  one would 
expect  tha t  l ight  is emi t ted  at the t ips only, and not, 
as observed,  in the form of the typica l  col l inear  
double-comets  [Pa r t  I ( l a )  and (1) ] .  The observed 
shape is the consequence of space-charge-quench ing  
of hole-emiss ion which sets in at the t ips first, s o  
tha t  then emission f rom posit ions along the line 
which are  remote  f rom the tips can take  place.  

Though most of the  lines are  double- l ines ,  one 
sometimes observes unpa i red  lines which do not fit 
into the genera l  scheme discussed so far. The exis t -  
ence of unpa i red  l ines can be expla ined  in two 
ways:  ( i ) .  A conducting l ine m a y  be a t tached to 
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Fig. 10. Field-distribution in unpaired EL line. Only the left half 
is capable of field-emission. 

LINES ~ I  

EL BY BIPOLAR TUNNEL-INJECTION 
BETWEEN CONDUCTING LINE-ELEMENTS. 

Fig. 11. Alternate explanation for unpaired EL lines. The length 
of the conducting elements and of the insulating interspaces may 
be submicroscopic. 

the Cu2S-coating of a void [Pa r t  I ( l a ) ] ,  which, by 
its lack of sharp edges and tips, is incapable  of field- 
emission but  acts as capaci tance (Fig. 10). ( i i ) .  An 
unpa i red  line can consist of a series of submicro-  
scopic col l inear ly  s tacked Cu2S-lines, wi th  insula t -  
ing, luminescent  ZnS filling the interspaces,  into 
which double- f ie ld- in jec t ion  with  rad ia t ive  recom- 
binat ion takes place (Fig. 11). 

Unl ike the case of s tacked p - n  junct ions against  
which a rguments  were  presented  before,  the 
stacked, conducting l ine -e lements  can be so short  
and so closely spaced tha t  the microscope cannot  
resolve the l i gh t - emi t t ing  spots so that  a cont inu-  
ous l ine is seen. Exper imen ta l  evidence in powder  
par t ic les  supports  case ( i ) .  

Sometimes,  odd-shaped  lines can be seen wi th  
zig-zag or whip form where  pa r t  of the line bends 
back  against  the field or runs pe rpend icu la r ly  to the 
field. This can be easi ly  accounted for because a 
conducting line in a field has a field component  
perpendicu la r  to the surface at all  points  except  at 
a short  range where  the potent ia l  of the field matches  
the constant  po ten t ia l  of the line, regardless  of the 
configuration of the line. As ment ioned before,  
former  impact  ionizat ion theories cannot expla in  
these odd forms. Some of the l ines pe rpend icu la r  to 
the field are also expla inab le  by assuming tha t  the 
crys ta l  contains not only decora ted  imperfect ion 
lines but  also decora ted  conducting s tacking faul t  
sheets, at  the edges of which a l ternate ,  b ipolar  field- 
emission takes  place. 

(c) Br igh tness -vo l tage  r e l a t i on . - -The  exp lana -  
t ion of the b r igh tness -vo l tage  re la t ion  is an impor -  
t an t  test  for the  va l id i ty  of an EL model. The b i -  
polar  f ield-emission model  is not in d i sagreement  
wi th  facts also in this respect.  I t  offers two different,  
mu tua l ly  nonexclusive ways  to describe the meas -  
urements  repor ted  in Pa r t  I ( l a ) .  

( i ) .  I t  is ve ry  l ike ly  tha t  the conducting lines are 
rough on a submicroscopical  level, wi th  countless 
l i t t le  spikes of va ry ing  sharpness f rom which field- 
emission takes place. Using this mu l t ip l e - t i p  con- 
cept one can presume tha t  each l i t t le  emi t te r  injects  
only one short  burs t  of cur ren t  per  half  cycle, which 
s tar ts  when the local field surpasses a cr i t ical  va lue  
where  f ield-emission becomes significant, and stops 
as soon as the local polar iza t ion  field due to t r apped  
holes reduces the field at  the  tip. This concept sup-  
plies one possible explana t ion  for the  br igh tness -  
vol tage re la t ion  if it  is pos tu la ted  tha t  the number  
of f ie ld-emit t ing spikes wi th in  one l ine increases 
exponent ia l ly  wi th  voltage.  In  Fig. 10 of P a r t  I ( l a )  
it has been shown tha t  the number  of lines which 
are percept ib le  above a given threshold  of intensi ty,  
increases s teeply  wi th  vol tage in an exponent ia l  
way. A s imi lar  re la t ion  m a y  hold for the emission 
f rom submicroscopic roughnesses wi th in  a single 
line. 

( i i ) .  The br igh tness -vo l tage  re la t ion  can be ac-  
counted for in another  way  which does not exclude 
the s imultaneous exis tence of the above exp lana -  
tion. The momen ta ry  f ie ld-emission cur ren t  through 
the contact  Cu2S-ZnS follows the w e l l - k nown  
F o w l e r - N o r d h e i m  equat ion (39) 

A F  2 BW3/2 
I = W 3/2 exp F [amp/cm2]  [1] 

where  A and B are constants,  W = work  function. 
This equat ion is very  s imi lar  to the  observed b r igh t -  
ness-vol tage  relat ion,  but, as Lehmann  has pointed 
out (21), the p r e - e xpone n t i a l  t e rm causes Eq. [1] 
to become infinite at high fields, whereas  EL b r igh t -  
ness shows sa tura t ion  at  high field strengths.  

The t ime- in t eg ra t ed  br ightness  of EL cells made  
of powders  wi th  "na tu ra l "  par t ic le  size d is t r ibut ion  
is best  descr ibed by the equat ion 

I = A exp - -  B / V  1/2 [2] 

Lehmann  repor ted  (21) that  cells made  of powders  
wi th  uniform par t ic le  size, and also the br ightness  
of single part icles,  fit be t te r  the  equat ion 

I---- A e x p - -  B / V  [3] 

and that  cells made  wi th  powder  having a d i s t r ibu-  
t ion function differing f rom the na tu ra l  d is t r ibut ion  
function coming with a no rma l ly  fired powder  have 
br igh tness -vo l tage  rela t ions in te rmedia te  be tween 
Eq. [2] and [3]. Lehmann  also showed tha t  Eq. [2] 
can be obtained by  summat ion  of severa l  functions 
of t ype  [3] having different  values  of A and B. 
(This leads to the conclusion tha t  it  may  be unnec-  
essary to pos tu la te  deplet ion layers  wi th  Fmax 
const V lie in f ront  of the f ie ld-emit t ing  junctions,  
which fits ve ry  well  in our concept of insula t ing 
part ic les . )  Our own measurements  in Pa r t  I ( l a )  
s t rongly  suppor t  Lehmann ' s  findings. Therefore,  one 
should a t tempt  to deduce Eq. [3] f rom the model. 

For  a str ict  proof tha t  our model  yields  a b r igh t -  
ness-vol tage  dependence of Eq. [3] we would have 
to in tegra te  Eq. [1] wi th  all  necessary corrections,  
over  half  a cycle of the appl ied  field, assuming tha t  
the l ight  emission f rom one half  of a l ine is p ropor -  
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t iona l  to the  cha rge  e m i t t e d  f r o m  t h a t  ha l f  in to  the  
c rys ta l .  This  w i l l  be s h o w n  to be  too diff icult  so t h a t  
we  sha l l  l i m i t  ou r se lves  to a s e m i q u a n t i t a t i v e  p l a u -  
s ib i l i ty  a r g u m e n t  for  t he  p resen t .  

S e v e r a l  co r rec t ions  w o u l d  h a v e  to be  a p p l i e d  to 
Eq. [i]: (i) The "image force" correction (39) 
which takes into account the effect of the bending 
d o w n  of t he  r ims  of t he  p o t e n t i a l  w e l l  of t he  con-  II 
d u c t o r  b y  the  e x t e r n a l  field, caus ing  a h i g h e r  c u r -  C=Co(V) 
r e n t  to flow t h a n  p r e d i c t e d  b y  Eq. [1] .  ( I t  is u n -  
k n o w n  to w h a t  e x t e n t  th is  effect is s igni f icant  for  
i n t e r n a l  f i e l d - e m i s s i o n  in to  i n su l a to r s . )  ( i i )  S p a c e -  
cha rge  l i m i t a t i o n  due  to f ree  c a r r i e r s  in f ron t  of t he  
e m i t t e r  a t  v e r y  h igh  c u r r e n t  dens i t ies ,  s i m i l a r  to 
t he  w e l l - k n o w n  case of t h e  v a c u u m  d iode  (Ch i ld  
e q u a t i o n )  (50) : 

V 2 
I - -  

d 8 

(The  n o n p l a n a r  g e o m e t r y  in  our  case a l lows  d, t he  
e l ec t rode  spac ing ,  to be  on ly  e s t i m a t e d . )  ( i i i )  S p a c e -  
cha rge  l i m i t a t i o n  due  to t r aps .  ( A v a i l a b l e  o n e - c a r -  
r i e r  s p a c e - c h a r g e - l i m i t e d  c u r r e n t  t heo r i e s  t r e a t  t he  
s t a t i o n a r y  case, or  de sc r ibe  on ly  t he  t r a n s i e n t  case 
for  the  s i t ua t i on  of  conduc t i ng  c r y s t a l s  w i t h  one 
ohmic  a n d  one b lock ing  con tac t  (50) w h i c h  is d i f -  
f e r e n t  f r o m  our  case. Besides ,  if  the  c r y s t a l  r eg ion  
in to  w h i c h  in j ec t ion  t a k e s  p l ace  con ta ins  t r a p p e d  
c h a r g e  o f  t he  oppos i t e  sign, t hen  in j ec t ion  is s p a c e -  
c h a r g e - e n h a n c e d  u n t i l  c o m p e n s a t i o n  is comple te ,  
and  t h e n  becomes  no t  on ly  s p a c e - c h a r g e - l i m i t e d  
b u t  s p a c e - c h a r g e - q u e n c h e d . )  ( iv )  Q u e n c h i n g  of 
c h a r g e - i n j e c t i o n  due  to p o l a r i z a t i o n  of t h e  pa r t i c l e .  
A t  h igh  b r i g h t n e s s  th is  l i m i t a t i o n  due  to  t he  p a r t i c l e  
c a p a c i t a n c e  becomes  i n d e e d  d o m i n a n t ,  a fac t  t h a t  
was  e v a d e d  in  f o r m e r  theor i e s . )  

These  modi f i ca t ions  of Eq. [1]  m a k e  i t  v e r y  diffi-  
cul t  to p e r f o r m  the  n e c e s s a r y  i n t eg ra t i on .  F u r t h e r ,  
the  q u a n t u m  eff iciency does  no t  r e m a i n  cons tan t ,  
s ince  at  v e r y  h igh  fields i t  is l i k e l y  t h a t  t r a p p e d  
holes  can  be  r e l e a s e d  b y  the  field a n d  a t t r a c t e d  b y  
the  conduc t i ng  l ine  so t h a t  t he  s t o r age  ove r  ha l f  a 
cycle,  w h i c h  is n e c e s s a r y  for  t he  f u n c t i o n i n g  of t he  
model ,  becomes  p a r t i a l l y  ineffec t ive .  The  o b s e r v e d  
d rop  of eff iciency a t  h igh  o p e r a t i n g  v o l t a g e  (51) 
m a y  we l l  be  caused  b y  th is  f i e l d - d e t r a p p i n g ,  and  
r e a b s o r p t i o n  b y  the  conduc tor ,  of i n j e c t e d  holes.  
These  changes  m a k e  i t  even  m o r e  diff icult  to a r r i v e  
at  a s t r i c t  solut ion.  

As  a s u b s t i t u t e  for  a c o m p l e t e  so lu t ion ,  t he  t r e n d s  
of t h e  b r i g h t n e s s - v o l t a g e  and  b r i g h t n e s s - f r e q u e n c y  
d e p e n d e n c e  of s ing le  EL p a r t i c l e s  can  be  a p p r o x i -  
m a t e d  b y  a c i r cu i t  m o d e l  (Fig .  12a, b ) ,  cons i s t ing  of 
a r e s i s to r  and  a c a p a c i t o r  in  ser ies .  The  res i s to r ,  
s y m b o l i z i n g  the  f i e l d - e m i t t i n g  junc t ions ,  is v a r i a b l e  
w i t h  a v o l t a g e  d e p e n d e n c e  

Vr  V r exp  B/Vr 
Rr --  - -  - -  

I A F 2 e x p -  B/F Vr A 

I t  is a s s u m e d  t h a t  no d e p l e t i o n  l a y e r s  a r e  p r e s e n t  in 
f ron t  of t he  emi t t e r ,  so t h a t  t h e  r e l a t i o n  F ~ Vr can  
be used,  w h e r e  Vr is t he  vo l t age  d r o p  ove r  t h e  r e -  
s is tor .  A n  a.c., r m s  v o l t a g e  is app l i ed ,  and  the  v a r i -  
ab les  Rr, Vr, I, and  F m a y  a l l  s i gn i fy  r m s  va lues .  

EL PARTICLE 

CELL ELECTRODE 

L , It  F 
R~EXP B/V C= C(,(v) 

V 
EQUIVALENT CIRCUIT 
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C=CONST. R~EXP B/V 
V 

SIMPLIFIED CIRCUIT 

Fig. 12. Circuit model of EL line 

The  capac i to r ,  w h i c h  symbo l i z e s  t he  f in i te  ca -  
p a c i t a n c e  of  the  EL pa r t i c l e ,  is also v o l t a g e - d e p e n d -  
en t  since,  as d i scussed  before ,  i t s  v a l u e  can  sh i f t  
f r o m  the  c a p a c i t a n c e  of a c onduc t i ng  l ine  a t  low 
v o l t a g e  a n d / o r  h igh  f r equency ,  to t he  l a r g e r  v a l u e  
g iven  b y  the  g e o m e t r y  of t he  pa r t i c l e ,  a t  h igh  v o l t -  
age  a n d / o r  low f r e que nc y .  To s i m p l i f y  t he  d i s cus -  
sion, w e  sha l l  a s s u m e  t h a t  t he  c a p a c i t a n c e  is con-  

1 
s tan t ,  t hus  Rc = . S ince  the  n o n l i n e a r  r e s i s to r  

j ~ C  
d i s to r t s  t he  s inuso ida l  vo l tage ,  Rc m a y  also s ign i fy  
an  a v e r a g e  v a l u e  w h i c h  t a k e s  in to  accoun t  h i g h e r  
ha rmon ics .  The  t o t a l  i m p e d a n c e  is t hen  

R -~- ~ / R r  2 -{- Rc 2 

U is t h e  t o t a l  a p p l i e d  r m s  v o l t a g e  w h i c h  is d iv ided ,  
to an  u n k n o w n  v o l t a g e  and  f r e q u e n c y  d e p e n d e n t  
ex ten t ,  in to  t he  v o l t a g e  across  t he  capac i to r ,  Vc, and  
the  v o l t a g e  across  t he  n o n l i n e a r  res i s tor ,  Vr, so t h a t  
U =  Vc- l -  Vr. 

I f  t h e  r e s i s to r  w e r e  cons tan t ,  the  r m s  c u r r e n t  
t h r o u g h  the  c i r cu i t  w o u l d  be  

~CU 
I =  

~/~02C2nr 2 -~ 1 

R e p l a c e m e n t  b y  the  v a r i a b l e  r e s i s t ance  l e a d s  to 

A co CU 
I =  

~ / ( ~  2 
Vr + A2 

( ~C exp B/Vr ) 
The  e x p r e s s i o n  Vr m a y  b e  ca l l ed  P. 

I t  is r e a l i z e d  t h a t  th is  t r e a t m e n t  is i n a c c u r a t e  due  
to t he  n o n l i n e a r i t i e s  invo lved ,  b u t  i t  is s u i t a b l e  to 
d iscuss  t he  a p p r o x i m a t e  t r ends .  

L e t  us  f irst  d iscuss  t he  t r e n d  of t he  v o l t a g e - d e -  
p e n d e n c e  at  cons t an t  f r e que nc y ,  (~ = c o n s t a n t ) .  
The  cons t an t  A,  w h i c h  s t ems  f r o m  t h e  F o w l e r -  
N o r d h e i m  equa t ion ,  is r e l a t e d  to the  ( u n k n o w n )  
e m i t t i n g  a r e a  of t he  t ips .  I t  m a y  be  s u i t a b l y  a d -  
j u s t e d  so t h a t  a t  l ow  v o l t a g e  P > A. A t  low vo l t age  
the  r e s i s t ance  is l a r g e  and  mos t  of t he  a p p l i e d  v o l t -  
age  deve lops  across  t he  res i s tor ,  so t h a t  U --- Vr. The  
b r i g h t n e s s  d e p e n d e n c e  is t h e n  

I = A U 2 e x p - -  B/U 
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wh ich  ag rees  in  f o r m  wi th  e x p e r i m e n t a l  f indings.  
A t  h igh  vol tages ,  w h e r e  P < A, w e  o b t a i n  

I~Uo~C 

a l i n e a r  vo l t age  d e p e n d e n c e ,  in a c c o r d a n c e  w i t h  our  
m e a s u r e m e n t s  on  long,  b r i g h t  l ines  [ P a r t  I ( l a ) ] .  

F o r  t he  t r e n d  of b r i g h t n e s s  w i t h  i nc r ea s ing  f r e -  
q u e n c y  at  cons t an t  v o l t a g e  U, w e  find a l i n e a r  i n -  
c rease  at  low f r e q u e n c y  w h e r e  P < A,  c h a n g i n g  to 
a s u b l i n e a r  i nc rea se  at  i n t e r m e d i a t e  f r equenc i e s  
w h e r e  P N A,  a n d  a f r e q u e n c y - i n d e p e n d e n c e  at  h igh  
f r equenc i e s  w h e r e  P > A and  U ~ Vr. These  t r e n d s  
a g r e e  w i t h  o b s e r v e d  t r ends .  

I t  m u s t  be  n o t e d  t h a t  in  th is  c i r cu i t  m o d e l  v o l t -  
age  and  f r e q u e n c y  d e p e n d e n c e  a r e  i n t e r r e l a t e d  in  
a m u c h  m o r e  p r o n o u n c e d  w a y  t h a n  is o b s e r v e d  in 
El  cells.  (The  s t r o n g e r  i n t e r d e p e n d e n c e  of t he  m o d e l  
is caused  b y  neg l ec t i ng  the  v o l t a g e - v a r i a b l e  c a p a c i -  
t ance  of t he  pa r t i c l e . )  The  h i g h - v o l t a g e  s a t u r a t i o n  
of b r i g h t n e s s  sets  in at  l o w e r  v o l t a g e  at  low f r e -  
q u e n c y  t h a n  at  h igh  f r equency ,  a n d  the  f r e q u e n c y -  
s a t u r a t i o n  of b r i g h t n e s s  sets  in  at  l o w e r  f r equenc i e s  
a t  l ow  v o l t a g e  t h a n  a t  h igh  vo l tage .  Such  effects a re  
o b s e r v e d  in  EL cel ls  (21) .  This  i n t e r d e p e n d e n c e  e x -  
p l a ins  t he  s t r a n g e  f inding [ P a r t  I ( l a )  Fig.  11] t h a t  
t h e  b r i g h t n e s s  of long  l ines  r i ses  m o r e  s t e ep ly  ( b u t  
s t i l l  s u b l i n e a r l y )  w i t h  f r e q u e n c y  t h a n  t h a t  of sho r t  
l ines :  A t  t he  t ips  of long l ines  t h e r e  is a h i g h e r  
field t h a n  at  t h e  t ips  of shor t  ones so t h a t  Plong < 
Pshort, hence  the  long l ines  show f r e q u e n c y  s a t u r a -  
t ion at  h i g h e r  f r equenc i e s  t h a n  the  sho r t  l ines .  

The  a lmos t  l i n e a r  i nc rea se  of b r i g h t n e s s  w i t h  f r e -  
q u e n c y  to w h i c h  m u c h  s igni f icance  was  a t t r i b u t e d  
in f o r m e r  mode l s  is no t  o b s e r v e d  for  s ingle  E L  l ines.  
In  l a r g e  EL cells  i t  is caused  b y  an  i n c r e a s e  in  t he  
n u m b e r  of p a r t i c i p a t i n g  EL l ines  w i t h  f r e q u e n c y 2  

(d )  Effect  of  p a r t i c l e  s i z e . - - I t  has  been  o b s e r v e d  
b y  s e v e r a l  a u t h o r s  (51, 52) t h a t  t he  b r i g h t n e s s  of 
cel ls  m a d e  of u n i f o r m  sma l l  p a r t i c l e s  r i ses  m o r e  
s t e e p l y  w i t h  vo l t age  a n d  reaches  h i g h e r  va lue s  t h a n  
the  b r i g h t n e s s  of c o m p a r a b l e  cel ls  m a d e  w i t h  se-  
l ec ted  l a rge  pa r t i c l e s .  G o l d b e r g  (52) has  a n a l y z e d  
these  f indings  and  conc ludes  t ha t  one has  to a s sume  
a cons t an t  n u m b e r  of " b a r r i e r s "  (of  unspec i f i ed  
n a t u r e )  p e r  p a r t i c l e  r e g a r d l e s s  of size. The  v o l t a g e  
d rop  across  each  p a r t i c l e  m u s t  be  a s s u m e d  to be  
p r o p o r t i o n a l  to t h e  d i a m e t e r  of the  pa r t i c l e .  S ince  
G o l d b e r g  conc ludes  e l s e w h e r e  t h a t  the  pa r t i c l e s  a r e  
qu i t e  i n su l a t i ng  (23) ,  i t  is not  c l ea r  h o w  the  " b a r -  
r i e r s "  can  be  exposed ,  as a s s u m e d  in his t r e a t m e n t ,  
to a v o l t a g e  p r o p o r t i o n a l  to t he  p a r t i c l e  d i a m e t e r .  
I n  our  mode l ,  G o l d b e r g ' s  g e n e r a l i z e d  t h e o r y  i m -  
m e d i a t e l y  ga ins  a v e r y  conc re t e  m e a n i n g  if w e  in -  
t r o d u c e  the  l e n g t h  L of conduc t i ng  i m p e r f e c t i o n  
l ines,  w h i c h  w e  a s s u m e  to be  p r o p o r t i o n a l  to t he  
d i a m e t e r  of the  pa r t i c l e s .  This  a s s u m p t i o n  is p l a u s -  
ib le :  Dis loca t ion  l ines  a r e  s t ab le  on ly  if t h e y  s t a r t  
and  end  at  a surface .  Besides ,  if  a p a r t i c l e  has  bo th  
long and  shor t  conduc t i ng  l ines,  t h e n  the  long  ones 

C e r t a i n  Z n S e - C u  E L  p h o s p h o r s  s h o w  a s t e e p e r  t h a n  l i n e a r  r i se  
of  b r i g h t n e s s  a t  low f r e q u e n c y ,  w h i c h  can  be  e x p l a i n e d  i n  a com-  
p l e t e ly  d i f f e r en t  w a y :  Due  to  m u c h  s h a l l o w e r  a c t i v a t o r  centers ,  t he  
t r a p p e d  ho les  can be t h e r m a l l y  r e l eased  i f  e n o u g h  t i m e  is ava i l ab l e .  
A t  i n c r e a s i n g  f r e q u e n c y ,  less  a nd  less t i m e  is a v a i l a b l e  fo r  t h e  t r a p p e d  
ho les  to  escape a n d  to be  r e a t t r a c t e d  by  t he  c o n d u c t i n g  l ine ,  so t h a t  
t h e  eff iciency inc reases  w i t h  f r e q u e n c y ,  g i v i n g  r i se  to a s u p e r l i n e a r  
inc rease  of b r i g h t n e s s  w i t h  f r e q u e n c y .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  July 1963 

abso rb  mos t  of the  p o w e r  a n d  sh ie ld  t he  sho r t  ones  
f rom the  field, so t ha t  a l w a y s  the  l onges t  ones a r e  
ac t ive .  

If  one r ep lo t s  t he  p u b l i s h e d  d a t a  on b r i g h t n e s s -  
vo l t a ge  cu rves  in d e p e n d e n c e  of p a r t i c l e  size, or  
t he  m e a s u r e m e n t s  of long  and  shor t  EL l ines  [ P a r t  
I ( l a ) ] ,  and  uses as the  abscissa ,  i n s t e a d  of t h e  a p -  
p l i ed  field, t he  a c t u a l  f ield w h i c h  is ac t ive  at  t he  
t ips  of t he  conduc t ing  l ines  and  w h i c h  is p r o p o r -  
t i ona l  to the  s q u a r e  of t he  l e n g t h  L of t he  l ines  (25) 

r m a x  ~ const  L 2 r a p p l  

t hen  the  F o w l e r - N o r d h e i m  equa t ion  becomes  

I ~ A L4F 2 e x p  - -  B/L2F or .I ~ A ' F  2 exp  - -  B'/F 

and  the  b r i g h t n e s s - v o l t a g e  cu rves  for  d i f fe ren t  
p a r t i c l e  sizes or  l i n e - l e n g t h s  coincide.  

(e)  M a x i m u m  b r i g h t n e s s  of EL c e l l s . - - T h e  low 
b r i g h t n e s s  of E L  p a n e l s  has  a l w a y s  been  a d i s a p -  
p o i n t m e n t  to those  who  h a d  h o p e d  for  a n e w  l igh t  
source  for  r oom i l l umina t i on .  The  fo l lowing  con-  
s i de ra t i on  p e r m i t s  t he  p r e d i c t i o n  t ha t  t he  m a x i m u m  
b r igh tne s s  l eve l  has  a b o u t  been  r e a c h e d  and  t h a t  
o r d e r - o f - m a g n i t u d e  i m p r o v e m e n t s  canno t  be  e x -  
pec ted .  

A n  EL cel l  w i t h  a p h o s p h o r - t o - b i n d e r  r a t io  of 
1:2 b y  v o l u m e  can  be  i dea l i z ed  as in Fig .  13. I t  
m a y  be  o p e r a t e d  at  m a x i m u m  field s t r eng th ,  2.105 
v / c m  or  600v p_p.lo If  t he  d i e l ec t r i c  cons t an t  a n d  
a v e r a g e  d ie l ec t r i c  loss f ac to r  of b i n d e r  and  p h o s p h o r  
a r e  equa l  (e ~ 10),  the  v o l t a g e  d rop  across  t he  p h o s -  
pho r  is 1/3 t he  a p p l i e d  v o l t a g e  or  200v. The  c a p a c i -  
t a n c e / s q u a r e  c e n t i m e t e r  of t he  10/~ t h i c k  p h o s p h o r  
l a y e r  is 10 -9 F / c m  e. A t  200v, t he  m a x i m u m  cha rge  
wh ich  can  be  d i s p l a c e d  f r o m  one s ide  of t he  l a y e r  
to t he  o the r  is g iven  b y  Q = C V as 2.10 -T c o u l o m b /  
cm e, or  1.2 x 1012 e l e m e n t a r y  c h a r g e s / c m  2. I t  is a s -  
s u m e d  tha t  each  second cha rge  c a r r i e r  t r a n s p o r t e d  
f rom one s ide  to t he  o the r  g ives  r ise  to t he  emiss ion  
of one pho ton  of 2.5 ev e n e r g y  (50% q u a n t u m  effici-  
e n c y ) ,  n The  l igh t  e n e r g y  e m i t t e d  p e r  second  a n d  
s q u a r e - f o o t  a r e a  if  the  a p p l i e d  f r e q u e n c y  is 60 cps, is 
t hen  2.7 x 10 -2 wa t t s .  F o r  an  e n e r g y - e q u i v a l e n t  for  
Z n S - C u  g reen  emiss ion  of 400 l u m e n s / w a t t  w e  ob t a in  
as m a x i m u m  b r i g h t n e s s  a v e r y  r ea l i s t i c  v a l u e  of 11 
f t -L .  This  b r i g h t n e s s  l i m i t a t i o n  is a sole conse -  
quence  of t h e  p o l a r i z a t i o n  f ield in i n s u l a t e d  p a r t i c l e s  
and  does  no t  ex i s t  for  d i r e c t l y  con tac t ed  l a y e r s  of 
t he  t y p e  d i scussed  in  ref .  (30) .  The  b r i g h t n e s s - l i m -  
i t a t i on  due  to p o l a r i z a t i o n  also app l i e s  for  mode l s  

lo A b o v e  th i s  f ie ld  s t r e n g t h ,  safe  o p e r a t i o n  is  i m p o s s i b l e  because  
of  b r e a k d o w n .  

11 Th is  v a l u e  is r e ached  by good  ZnS p h o s p h o r s  w i t h  u.v.  exc i t a -  
t ion .  

IEMITTING LINE 

TRANSPARENT j ~ , ! .  / REFLECTING 

"AC' 

Fig. 13. Idealized EL cell with 30 vol.-% packing density of 10/~ 
particles. 



Vol. 110, No. 7 EL L I N E S  IN ZnS P O W D E R  P A R T I C L E S  745 

which postulate p-n  junctions in embedded par-  
ticles. It also holds for impact-ionization models, 
even if one pr imary  electron is capable of produc-  
ing more than one collision ionization event during 
its passage through the particle: each ionization 
gives rise to one extra mobile electron which moves 
to the boundary  of the embedded crystal and con- 
tributes to the polarization. 

(5) Efficiency.--The above-mentioned simple cal- 
culation for a layer which is one particle diameter 
thick also yields crude estimates for the efficiency. 
Since, at 50% quantum efficiency, every second 
elementary charge, upon passing the voltage drop 
across the particle (which is assumed to contain 
one emitting line), gives rise to the emission of one 
photon of 2.5 ev of energy, the efficiency is 2.5/(2 x 
voltage drop).  Due to the build-up of the polariza- 
tion field, the voltage drop across the particle is 
200v only at the very beginning and decays in some 
exponential way  (square-wave-exci tat ion) .  Insert-  
ing an average voltage drop/e lect ron/hal f -cycle  of 
100v, the efficiency is 1.2% or 4.8 lumen/wat t .  The 
other energy is converted into heat by the current 
oscillating within the conducting lines and by the 
currents flowing through the crystal. 

Despite the fact that the model does not require 
impact-ionization or hot-carr ier  concepts, consider- 
able energy is wasted because the carriers, after 
emerging from the tunnel are needlessly accelerated 
and braked down by lattice vibration until they set- 
tle down in traps. 

An increase in brightness and efficiency can be 
achieved if, instead of one long line per particle, 
many collinearly stacked ones can be produced 
within one particle, so that each passing electron can 
give rise to many  emitted photons. A similar effect 
can be obtained by dense packing of small particles 
having the same number  of lines/particles as large 
particles. This brightness-and-efficiency-increase 
is an empirically known fact (51). 

(g) Deterioration of EL cells.--EL cells deterio- 
rate under operating conditions, even if moisture 
effects [which lead to darkening of the front and 
back faces of the particles due to electrolytical gen- 
eration of free zinc (53)] are completely excluded. 

The conducting-l ine-model offers a new and 
plausible deterioration mechanism which is similar 
to the one acting in the field-emission microscope: 
blunting of the tips. The tips of the copper-sulfide- 
decorated imperfection lines (not only the end tips 
but also the innumerable little roughnesses) can be 
blunted by outward drift of copper ions, or by at- 
traction of ions from the adjacent host crystal, or, 
most likely, by sideward-drif t  of copper ions in 
front of the tips during their back-and-for th  oscilla- 
tion under the influence of the high a-c field in front 
of the tips. One may assume that a cloud of inter-  
stitial copper ions builds up which, since the ions 
are charged, masks the roughnesses and thus re-  
duces the local field. TM 

D i s p l a c e m e n t  of  t h i s  i o n  c loud  w i t h  a r e s u l t a n t  f i e l d - c h a n g e  a t  
the  t ips ,  m a y  be  t h e  e x p l a n a t i o n  fo r  t he  o b s e r v e d  " m e m o r y  e f fec ts"  
(41) i f  s h a r p  pulses  are s u p e r i m p o s e d  on t he  e x c i t i n g  s i n e - w a v e ,  

a n d  fo r  t h e  r e c o v e r y  effects  i f  a n  aged  ce l l  is  r e s t ed  for  a w h i l e ,  
o r  b a k e d .  

The ion cloud becomes thicker during prolonged 
operation until only the end-tips of the conducting 
line, where the local field is still high enough to 
produce field-emission, remain for light generation. 

This change of an emitting double-comet-l ine into 
just two l ight-emitt ing points at the positions where 
the "heads" of the comets were before, and the 
corresponding disappearance of the comet "tails," 
has actually been observed under the microscope, 
using the matched-refract ive- index embedding me- 
dium described in Par t  I ( l a ) .  

It is known that EL cells made with zinc sulfo- 
selenide powders have a longer life than cells made 
of zinc sulfide (54). Aside from the possible expla- 
nation that the ion mobility may decrease with in- 
creasing selenium content of the crystals because 
the bigger selenium ions block diffusion more than 
do sulfur ions, one can assume that, due to the re-  
duced work function at the emitting contacts caused 
by the lower band gap of ZnS-ZnSe, lower fields 
suffice to get the same amount  of field emission. 
Lower fields mean less ion drift. 

The deterioration mechanism seems to be photon- 
assisted. This follows from the fact that  blue-emit-  
ting cells deteriorate faster than orange-emitt ing 
ones, with the same host material  (55). One may 
assume that the Cu-ion cloud is actually generated 
by light quanta which are absorbed by the Cu2S and 
knock off Cu-ions. 

(h) Color shift with f requency.--Electrolumines-  
cent ZnS-Cu, C1 powders change their emission 
color from green to blue with increasing frequency. TM 

Similar color shifts are observed in these phosphors 
with photoexcitation, where high temperature  and /  
or low excitation density favor the green band emis- 
sion, whereas low temperature  and/or  high excita- 
tion density promote emission of the blue band (56). 

Microscopic observation of the color-shift in EL 
lines, using the low-melt ing As-S-Br-glass  or the 
T1Br-T1C1 mixture as matched embedding media 
[Par t  I ( l a ) ]  was not yet  possible since the re-  
quired heating of the powder, even if it lasts only 
a minute, destroys the color shift. The unmatched 
P-S-CH212 [Par t  I ( l a ) ]  had to be used. It could 
be established that all E1 lines turn  from green to 
blue with increasing frequency, as opposed to the 
possible alternative that the green lines disappear 
and new blue lines emerge. 

A possible explanation of the color shift is based 
on the plausible assumption that  the ZnS adjacent 
to the copper-decorated lines is richer in copper than 
the bulk (see Fig. 7a-c). At high freqUency, when 
the lines become sharp and concentrated (see Fig. 8) 
the blue emission of the copper-rich ZnS predom- 
inates. At low frequencies, where the lines are 
spread out, the green emission of the bulk ZnS pre- 
dominates. Heating promotes the precipitation of 
excess copper to the line and thus quenches the 
color shift. 

(i) Contact-electroluminescence.--Lehmann dis- 
covered that certain non-electroluminescent but 
photoluminescent powders (e.g., ZnS, 3 % MnS, fired 
with NaC1 flux under exclusion of oxygen) become 

S o m e  Z n S - Z n S e - C u ,  Br  phosphors  s h o w  a s i m i l a r  co lor  shift  
f r o m  y e l l o w  to  green.  



746 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1963 

SILVER COATINC~ REMOVED 
AT TIPS ~2OOO/k DIAMETER) 

Ar 

Pi-  WIRE BRUSH 
~ COVER SLIDE 

t / ~ C s  I - T I  
/ ~ ~ / P L A T I N U M  LAYER 

Fig. 14. Macroscopic analog of the model. A double-brush made 
of Wollaston wire is mounted on a gap cell. The silver coating 
of the tips is etched away, so that the invisibly fine platinum wire 
(2000A) is exposed. The structure is covered with molten and re- 
crystallized CsI-TI. Light-emission at the tips is observed. 

e l e c t r o l u m i n e s c e n t  if  t h e y  a r e  m i x e d  w i t h  s h a r p -  
edged,  h i g h l y  conduc t ing  p o w d e r  p a r t i c l e s  (16) .  
This  f inding  has  r e c e n t l y  been  d i s p u t e d  as be ing  
caused  b y  gas  d i s c h a r g e  in t h e  d e c o m p o s i n g  e m -  
b e d d i n g  m e d i u m  (40) ,  b u t  L e h m a n n ' s  r e su l t s  (57)  
w e r e  conf i rmed  b y  the  au thor .  

The  s h a r p - p o i n t e d ,  h i g h l y  conduc t i ng  pa r t i c l e s  
w h i c h  contac t ,  or  b r idge ,  i n su l a t i ng  l u m i n e s c e n t  
pa r t i c l e s ,  p e r f o r m  the  s ame  ro le  as the  cond uc t i ng  
c o p p e r - s u l f i d e - d e c o r a t e d  i m p e r f e c t i o n  l ines  w i t h i n  
ZnS pa r t i c l e s ,  on ly  w i t h  r e d u c e d  efficiency. In  a d d i -  
t ion  to L e h m a n n ' s  e x p e r i m e n t ,  a f unc t i on ing  m a c r o -  
scopic ana log  of t he  conduc t ing  l ine  m o d e l  has  been  
p r e p a r e d  w h i c h  consis ts  of a g a p - c e l l  [ see  P a r t  I 
( l a )  ] con ta in ing  2000A t h i c k  W o l l a s t o n  w i r e s  fused  
in l uminescen t ,  t h a l l i u m - a c t i v a t e d  ces ium iod ide  
( m p  620~ (Fig.  14).  

Impact  ionization electroluminescence according 
to the inverted Maeda m o d e L - - T h e  discuss ion  of 
th is  model ,  t he  m a i n  f e a t u r e s  of w h i c h  w e r e  o u t -  
l ined  before ,  can  be  b r i e f  because  i t  is in m a n y  w a y s  
s u r p r i s i n g l y  s im i l a r  to t he  f i e l d - e m i s s i o n  m o d e l  
desp i t e  t h e  fac t  t ha t  t he  c a r r i e r - g e n e r a t i o n  m e c h -  
an i sms  a re  qu i t e  d i f ferent .  

A g a i n  w e  a s sume  tha t  the  Z n S  p o w d e r  p a r t i c l e s  
a r e  n e a r l y  c o m p e n s a t e d  s emiconduc to r s  (---- i n s u l a t -  
ing)  w i t h  a u n i f o r m  d i s t r i b u t i o n  of sha l l ow  donors  
and  deep  acceptors ,  and  w i t h  conduc t i ng  l ines  dec -  
o r a t e d  w i t h  copper  sulfide.  A t  f ield app l i ca t ion ,  a 
few e l ec t rons  f rom donors  w h i c h  a re  no t  c o m p e n -  
s a t ed  a r e  f i e l d - r e l e a s e d  f r o m  t h e i r  t r a p s  as the  loca l  
f ield s t r e n g t h  su rpas ses  a c r i t i ca l  va lue .  The  f ie ld-  
r e l ea se  is a ided  b y  t e m p e r a t u r e .  The  r e l e a s e d  e l ec -  
t rons  a r e  a t t r a c t e d  b y  the  conduc t ing  l ine  which ,  b y  
g e o m e t r i c a l  field e n h a n c e m e n t ,  f o rms  a s ink  of field 
l ines  at  i ts  one half ,  and  a source  at  t he  o ther ,  w i t h  
the  field s t r e n g t h  i nc r ea s ing  t o w a r d s  t he  l ine  (Fig .  
2).  The  e l ec t rons  b e c o m e  acce le ra t ed ,  and  some of 
t h e m  i m p a c t - i o n i z e  the  c ry s t a l  l a t t i c e  s h o r t l y  b e f o r e  
t h e y  fa l l  in to  t he  conduc t ing  l ine,  t h e r e b y  c r e a t i n g  
a s e c o n d a r y  e lec t ron ,  w h i c h  also fa l l s  in to  t he  l ine ,  
a n d  a hole.  The  ho le  t r a v e l s  in  t h e  oppos i t e  d i r e c -  
t ion,  b u t  becomes  soon t r a p p e d  in an  a c t i v a t o r  
cen te r ,  t h e r e b y  " a c t i v a t i n g "  it. The  p o s i t i v e  space  

cha rge  due  to t r a p p e d  ho les  loca l ly  w e a k e n s  t h e  f ield 
n e a r  the  l ine.  14 O t h e r  pos i t ions  a long  the  conduc t ing  
l ine  n o w  become  ac t ive  as t he  field i nc reases  f u r -  
ther .  The  c onduc t i ng  l ine  be c ome s  i n c r e a s i n g l y  n e g -  
a t ive  due  to the  a b s o r b e d  e l ec t rons  and  s t a r t s  to 
f i e l d - e mi t  e l ec t rons  at  t he  o t h e r  end.  T h e s e  e lec -  
t r o n s  b e c o m e  t r a p p e d  a t  t h e  o t h e r  end  of t h e  c rys ta l .  
A t  field r educ t ion ,  some of these  e l ec t rons  flow b a c k  
t h r o u g h  the  c r y s t a l  and  r e c o m b i n e  r a d i a t i v e l y  w i t h  
t r a p p e d  holes.  The  c onduc t i ng  l ine,  w h i c h  s t i l l  has  
some n e g a t i v e  charge ,  f i e l d - e m i t s  e l ec t rons  f r o m  the  
end  w h i c h  f o r m e r l y  a t t r a c t e d  e lec t rons ,  in to  the  s u r -  
r o u n d i n g  pos i t i ve  space  cha rge  due  to t h e  h igh  loca l  
u n b a l a n c e d  p o l a r i z a t i o n  field. As  the  a p p l i e d  field 
is r e v e r s e d ,  e l ec t rons  a r e  f i e l d - r e l e a s e d  f r o m  t r a p s  
w h i c h  p r e v i o u s l y  h a d  become  f i l led (no te :  m o r e  
p r i m a r y  e lec t rons  a r e  a v a i l a b l e  now! )  a n d  a re  a t -  
t r a c t e d  b y  the  l ine ,  i m p a c t - c r e a t i n g  seconda r i e s  a n d  
holes.  The  e l ec t rons  w h i c h  now a re  f i e l d - e m i t t e d  
f r o m  the  oppos i t e  end  of  t he  l ine,  find t h e r e  t r a p p e d  
holes  l e f t  f r o m  the  p r e v i o u s  ha l f  cycle,  w i t h  w h i c h  
t h e y  can  r ecombine .  In  t h e  n e x t  cycles  th is  b u i l d - u p  
inc reases  un t i l  an  e q u i l i b r i u m  b e t w e e n  r e c o m b i n a -  
t ion  and  r e g e n e r a t i o n  w h i c h  is c h a r a c t e r i s t i c  for  t he  
g iven  field, f r e q u e n c y  and  t e m p e r a t u r e  condi t ions ,  
has  b e e n  r eached .  

The  f i e l d - d i s t r i b u t i o n  d u r i n g  a fu l l  cyc le  is t he  
s ame  as in t he  o t h e r  model .  The  s u p p l y  of p r i m a r y  
e l ec t rons  fo l lows  a r e l a t i o n  of t h e  t y p e  e x p  - -  AE/F  
(20) ,  w h e r e  AE is t h e  ( t e m p e r a t u r e - d e p e n d e n t )  e f -  
f ec t ive  t r a p  d e p t h  and  F the  loca l  field. A s  soon as 
t h e  c h a r g e  d i s p l a c e d  f r o m  one end  of t he  p a r t i c l e  
to the  o the r  comes  in t h e  o r d e r  of Q = C V, w h e r e  
C is the  p a r t i c l e  c a p a c i t a n c e  and  V the  p o t e n t i a l  
d rop  across  t he  pa r t i c l e ,  t he  p o l a r i z a t i o n  field w e a k -  
ens the  a p p l i e d  field and  the  loca l  f ield no l onge r  
i nc r ea se s  p r o p o r t i o n a l  to t he  e x t e r n a l l y  a p p l i e d  field. 

The  n u m b e r  of col l i s ion  exc i t a t i ons  p e r  p r i m a r y  
e l ec t ron  [Se i tz  func t ion  ( 1 1 ) ]  w h i c h  s t a r t s  w i th  a 
v e r y  low f r a c t i o n  of one a n d  can  b e c o m e  a l m o s t  one,  
a lso  s a t u r a t e s  as t he  p a r t i c l e  c apac i t ance  becomes  
the  l i m i t i n g  fac to r  a t  h igh  a p p l i e d  fields. 

T h e  a r g u m e n t s  w h i c h  w e r e  used  to e x p l a i n  t he  
obse rva t i ons  and  m e a s u r e m e n t s  on EL doub le  l ines  
[ P a r t  I ( l a ) ]  b y  the  f i e ld - emi s s ion  model ,  can  w i t h  
l i t t l e  change  be  used  b y  the  col l i s ion  model .  In  one 
case, holes  a r e  f i e ld - i n j ec t ed ,  in  the  o t h e r  case col -  
l i s i o n - g e n e r a t e d ,  b u t  t h e  t iming ,  t he  c h a r g e  flow, 
and  t h e  r e c o m b i n a t i o n  a r e  e x a c t l y  t he  same.  

A d i s t i nc t ion  b e t w e e n  the  two  mode ls ,  for  i n -  
s t a n c e  b y  m e a n s  of p r e d i c t a b l e  field or  t e m p e r a t u r e  
dependences ,  is h a r d l y  poss ib l e  be c a use  of too m a n y  
fac tors  w h i c h  w o r k  in oppos i t e  d i rec t ions .  15 

A c o m b i n a t i o n  w i t h  t he  o t h e r  m o d e l  seems  p o s -  
s ib le  w h e r e  t he  a c c e l e r a t e d  e l ec t rons  do no t  i m p a c t -  
ionize  the  Z n S - l a t t i c e  be fo re  t h e y  e n t e r  t he  con-  

14 There fore ,  t he  p r o b a b i l i t y  of  i m p a c t  i o n i z a t i o n  decreases .  Th i s  
effect  of  t r a p p e d  ho le s  is  s i m i l a r  to t he  r e d u c t i o n  of  f i e l d - e m i s s i o n  
due  to  p o l a r i z a t i o n  caused  by  ho les  t r a p p e d  in  f r o n t  of  t he  emi t t e r .  

1~ I t  has  b e e n  a t t e m p t e d  to  use  t h e  f ac t  t h a t  ZnS-Cu ,CI ,Mn  s h o w s  
e l e c t r o l u m i n e s c e n c e  w i t h  t he  cha rac t e r i s t i c  m a n g a n e s e  e m i s s i o n  as 
e v i d e n c e  t h a t  the  effect is based  o n  t he  co l l i s ion  m e c h a n i s m ,  a s s u m -  
i ng  t h a t  t he  M n  f luorescence  is e x c i t a b l e  on ly  b y  impac t .  I f  one  ac-  
cepts  th i s ,  t h e n  i t  is of course  l og i ca l  to  p o s t u l a t e  t h a t  t h e  i m p a c t  
i o n i z a t i o n  m e c h a n i s m  also app l i e s  i f  no  M n  is  p r e s e n t  (58). G u m l i c h  
(59) has  es tab l i shed ,  h o w e v e r ,  t h a t  t he  i n t e r n a l  Nin l u m i n e s c e n c e  

can  be exc i t ed  by  a f r e e - c a r r i e r  t r a n s i t i o n ,  cons i s t i ng  of  an  e l ec t ron  
in  a t r a p  assoc ia ted  w i t h  t he  M n  cen te r  r e c o m b i n i n g  w i t h  a f ree  
ho le  i n  the  v a l e n c e  b a n d .  The  r e c o m b i n a t i o n  e n e r g y  is r e sonance -  
t r a n s f e r r e d  to t he  M n - i o n .  
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duc t i ng  l ine,  b u t  w h e r e  t h e i r  k ine t i c  e n e r g y  is 
t r a n s f e r r e d  to holes  at  the  su r f ace  of t he  c o n d u c t -  
ing m a t e r i a l ,  e n a b l i n g  t h e m  to o v e r c o m e  the  b a r -  
r i e r  and  m o v e  into  t he  ZnS.  

I t  is a lso  poss ib le  t ha t  bo th  m e c h a n i s m s  a re  ac t ive  
s i mu l t aneous ly ,  b u t  in  chang ing  p r o p o r t i o n s  d e -  
p e n d i n g  on the  condi t ions .  
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On the Emission of Electrons from Solids in Gas Discharges 
II. Accelerating Field Emission 

D. M .  Speros and P. R. Bucci l l i  

Lamp Research Laboratory, General Electric Company, Nela Park, Cleveland, Ohio 

ABSTRACT 

The behavior of practical cathodes in gas discharges under accelerating field 
conditions is examined. 

Pa r t  I of this work  (1) examined  cathode emis-  
sion in the v ic in i ty  of zero field. Pa r t  II  is concerned 
wi th  emission phenomena  under  accelerat ing field 
conditions. 

The intr insic  behavior  of cathodes in  gas discharges 
is normal ly  masked  by  var ia t ions  in cathode t em-  
pe ra tu re  and state of ac t iv i ty  caused by  the dis-  
charge. This is especial ly t rue  when the cathode is 
subjected to ionic b o m b a r d m e n t  due to an acce lera t -  
ing field. 

In this study,  cathode behavior  is examined  du r -  
ing the first few microseconds af ter  the ignit ion of 
the discharge (1).  The discharge is ext inguished a 
few mil l iseconds later .  The cathode is a l lowed to 
recover  before a new measurement  is made. The 
results  thus obtained are reproducib le  and give an 
idea of (i) the  capabi l i ty  of the cathode sys tem while  
at a thermochemica l ly  definable equi l ibr ium,  and 
(ii)  vo l t - ampe re  character is t ics  of the system ca th-  
ode-discharge  which are nea r ly  independent  of un-  
de te rminab le  var ia t ions  in the cathode component.  

The ca thode-d ischarge  sys tem of in teres t  here  is 
that  of fluorescent lamps. Since the vol tage drop 
along the posi t ive column and its var ia t ions  is a 
separa te  subject,  ca thode-anode  gaps of a few mi l l i -  
meters  were  used. The discharge tubes, Fig. 1, were  

made  and degassed wi th  al l  the care normal ly  de-  
voted to high vacuum diodes. The get ter ing  a r r ange -  
ment  and operat ion was such that  the argon (2.5 
mm H g ) - m e r c u r y  a tmosphere  remained  uncontam-  
inated dur ing the measurements .  The cathodes were  
those of normal  fluorescent lamps and consisted of 
a tungsten coi led-coil  coated wi th  oxides of the 
following composit ion by  weight  

B a O : S r O : C a O : Z r O e  ---- 49:29:19:3 

Five mi l l igrams of this ma te r i a l  were  on each 
coated cathode. The tungsten coil was tha t  used in 
s tandard  40w fluorescent lamps. The over -a l l  d i am-  
eter  of the coil was 0.7 mm, the length be tween 
leads 14 ram, and the coated port ion 12 ram. 

Measurements  were  made  both wi th  uncoated 
(pure  tungsten)  and oxide-coa ted  cathodes. 

The resul ts  of the s tudy of the cur ren t -vo l t age  
isotherms of these tubes are  seen in Fig. 2 and 3 
where  the s i tuat ion emerges r e m a r k a b l y  uncompl i -  
cated in comparison to resul ts  of past  work  (2-3) :  
for a significant range,  the logar i thm of the current  
is l inear ly  1 dependent  on the  voltage.  This tends to 

1 Th i s  is  t e n t a t i v e  because  t h e  s e m l l o g  n a t u r e  of t h e  p l o t s  a n d  t h e  
r a n g e  of the  resu l t s  do no t  a l l o w  a p rec i se  d e t e r m i n a t i o n  of  t he  
exponent of  V. 

9 

SCALE: 
I c m  

Fig. 1. Experimental discharge tubes: 1, cathode; 2, anode, 15 x 
15 mm tantalum foil; 3, titanium heater-evaporator coils; 4, ti- 
tanium film deposit continuously replenished by means of 3. 

o 5 zo  25 3o z s  40  45 ~o 55 so  65 7o 75 eo  e~ 90 95 

V [volts] 

Fig. 2. Current-voltage interdependence for tungsten cathode. 
Value ofd In J / d V  ~ 7.05 x 10 . 3  V -1.  
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Fig. 3. Current voltage interdependence for oxide cathode. Value 
of d In J/dV-~ 7.07 x 10 - 2  V - z .  
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Fig. 4. Ricbardson-Dushman plots of A, points of intersection 
between the isotherms and V ~- Ve of Fig. 2; and B, points of in- 
tersection between isotherms and ordinate at V ~ 0 of Fig. 2. 
Slopes = 4.87 ev. 

occur above a ce r ta in  vol tage  Vo, the  va lue  of wh ich  
is cons tan t  wi th  t e m p e r a t u r e  and  which  (see be low)  
identif ies the  condi t ion  of "zero field." Hence  the  
points  of in t e r sec t ion  of the i so therms  wi th  the  Vo 
l ine,  w h e n  p lo t ted  on a R i c h a r d s o n - D u s h m a n  plot  
give a s t ra igh t  l ine,  l ines A in  Fig. 4 and  5, w i th  
the appropr i a t e  slopes. There fore  the  behav io r  of 
this  ca thode-d i scharge  sys tem of grea t  p rac t ica l  i m -  
por tance  can be expressed  as 

d l n  J 
l n J  = l n J 0  A- - - -~ - - - - (V - -Vo)  

where  Je is the  " t he rmion i c "  c o n t r i b u t i o n  and  
(d In J / d V )  �9 AV is tha t  due to the  field. I t  is seen 
that ,  for these s table  cathodes,  (d In J / d V )  = K is 

\ 

~c 
o 

z 

Fig. 5. Ricbardson-Dushman 
between the isotherms and V 
intersection between isotherms 
Slopes ~ 1.05 ev. 

I l 

!. 

I~) 1.4 i.s 
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plots of A, points of intersection 
V# of Fig. 3; and B, points of 

and ordinate at V ~-~ 0 of Fig. 3. 

cons t an t  and  a m o u n t s  to 7.07 x 10 -2 V -1 for the  ox-  
ide cathode and  7.05 x 10 -8 V -1 for the  t u n g s t e n  
cathode. 2 Accord ing ly  the  ab i l i ty  of these cathodes 
to emi t  e lect rons  can  be defined by  the  cons tan t  Ao, 
q$, and  K in  

J ~ AoT2e-~r . eK(V-Ve) 

which  are m e a s u r e d  as a l r eady  descr ibed  here  and  
in  ref. (1) .  

The  va lue  of Vo t u r n s  out  to be  the  vol tage  at  
which  p l a t eau  B of ref. (1) disappears ,  a nd  this  was  
shown to occur in  the v i c in i ty  of zero field. The zero 
field ident i f ica t ion  according to the  me thod  of Cay-  
less (2, 4) is also shown on Fig. 3 and  is n e a r  Vo. A 
gl impse  of the  phys ica l  s ignif icance of Ve and  also 
of the  Cayless  zero field vo l tage  is ob ta ined  by  n o t -  
ing tha t  the i r  va lues  are, w i t h i n  correc t ion  for con-  
tact  and  r e s idua l  potent ia ls ,  n e a r  the  va lues  of the  
first exc i ta t ion  or ion iza t ion  poten t ia l s  of a rgon  (11.5 
a nd  15.7v, r e spec t ive ly ) .  If so, they  should  v a r y  
wi th  changes  in  the  r a re  gas. P r e l i m i n a r y  work  i n -  
dicates tha t  t hey  do. 

Lines  B in  Fig.  4 and  5 show the  R icha rdson -  
D u s h m a n  plots of the  po in ts  of in t e r sec t ion  b e t w e e n  
the  ex t r apo la t ed  i so therms  and  the  o rd ina te  at  V = 
0. It  r e m a i n s  to be seen w h e t h e r  this  wou ld  corres-  
pond  to the  v a c u u m  zero field behav io r  of these  
tubes.  However ,  Cayless  (5) in  s imi la r  w o r k  found  
e x p e r i m e n t a l l y  a s imi la r  co r respondence  b e t w e e n  
zero field v a c u u m  and  discharge  emiss ion  as is f ound  
here  by  ex t rapo la t ion .  

In  Fig. 10 of ref. (1) an  emiss ion  hys teres is  ef-  
fect was  shown  as f u n c t i o n  of bo th  ca thode  t e m p e r -  
a tu re  and  field. The  effect of chang ing  cathode ac-  
t iv i ty  because  of the  field at cons tan t  ca thode te rn-  

U n s t a b l e  c a t h o d e s  t e n d  to g i v e  i s o t h e r m s  w h o s e  s lopes  i n c r e a s e  
w i t h  t e m p e r a t u r e ,  t h u s  g i v i n g  a f a n  s h a p e d  a p p e a r a n c e  to  F i g .  3. 
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Fig. 6. Progressive emission hysteresis due to field at constant 
temperature for oxide cathode. Measurements followed the sequence 
shown by the numbers for each branch and the arrows within each 
branch. 

p e r a t u r e  is seen in  Fig. 6: the c u r r e n t - v o l t a g e  de-  
pendence  is reproducib le ,  in  the oxide cathode, as 
long as the  field r e m a i n s  small .  For  fields h igher  
t h a n  V0 by  abou t  12v i r r eve r s ib le  effects beg in  to 

occur. I t  is this  k i n d  of effect tha t  causes the  th i rd  
l ine  f rom the bo t tom of Fig. 3 to be out  of place in  
compar i son  to the  rest. This  hys teres is  becomes  the  
more  p r o n o u n c e d  the h igher  the c u r r e n t  u n t i l  above 
abou t  100 ma, for these cathodes,  emiss ion s lumps  
in  a m a t t e r  of microseconds  if the field is h igher  
t h a n  V0. 

F u r t h e r  ins ight  in to  the  significance of the  re -  
sul ts  r epor ted  here  involves  the i r  i n t e r compar i son  
wi th  resul ts  ob ta ined  us ing  p lanar ,  u n i p o t e n t i a l  
cathodes (6) .  
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Field-Induced Luminescence of Powdered Phosphors 
F. C. Palil la and M.  Rinkevics 

General Telephone & Electronics Laboratories, Inc., Bayside, New York  

ABSTRACT 

Luminescence has been observed in  a var ie ty  of materials  under  the action 
of a-c and d-c fields. The materials  include rare earth tungstates,  Al203, and 
ZnO which have been self-activated or activated with Cr, Mn, or a rare  earth 
element. Experiments  in reduced pressures of a variety of atmospheres indi -  
cate that  the luminescence observed is not the same as the electroluminescence 
of ZnS or of ZnO phosphors. This is fur ther  confirmed by differences in  the 
f requency dependence of emission and by the analysis of the spectral com- 
ponents of the emission. Speculations as to the mechanism of the possible 
emission processes are discussed. 

Inves t iga t ions  of the  p h e n o m e n o n  of e l ec t ro lumi -  
nescence  have  been  most  ex tens ive  wi th  ma te r i a l s  
based on zinc sulfide as the host and  ac t iva ted  w i th  
copper  a lone  or w i th  copper  and  manganese .  A 
search has none the less  con t inued  to p rov ide  fami l ies  
of ma te r i a l s  charac ter ized  by  g rea te r  s tabi l i ty ,  
r ange  of emiss ion colors, and  sens i t iv i ty  to va r ious  
modes of exc i ta t ion  t h a n  is c u r r e n t l y  ava i l ab le  w i th  
ZnS.  The  recen t  ac t iv i ty  in  optical  masers  has d i -  
rec ted  a t t en t i on  to a va r i e t y  of o x y g e n - d o m i n a t e d  
host  lattices. Adams  et al. have  repor ted  on the  elec-  
t rof luorescence of A1203 ac t iva ted  w i t h  ra re  ea r th  
and  t r a n s i t i o n  e lements  (1, 2). Van  Ui te r t  et al. 
have  pub l i shed  ex tens ive ly  on the l u m i n e s c e n t  cha r -  
acter is t ics  of r a re  e a r t h - a c t i v a t e d  oxides i nc l ud i ng  
tungs ta tes ,  molybda tes ,  and  vanada t e s  (3) .  This  i n -  
ves t iga t ion  was  therefore  d i rec ted  t o w a r d  an  e v a l u -  

a t ion  of the e l ec t ro luminescen t  capabi l i t ies  of a 
va r i e t y  of o x y g e n - d o m i n a t e d  host latt ices.  

Mater ia ls  
The mate r i a l s  s tudied  inc lude  se l f -ac t iva ted  ZnO, 

ZrO2, r a r e  ea r th  garnets ,  a nd  ra re  ear th  t ungs t a t e s  
as wel l  as Cr, Mn, and  r a r e  ea r th  ac t iva ted  A1203, 
r a re  ea r th  tungs ta tes ,  and  a lka l i  a nd  a lka l ine  ear th  
me ta l  tungs ta tes .  

I n  all  cases, the  sens i t iv i ty  to a n  appl ied  electr ic  
field was  gene ra t ed  by  i nco rpo ra t i ng  in  the  synthes is  
a t h e r m a l  t r e a t m e n t  in  air  at a t e m p e r a t u r e  above 
1200~ or in  an  a tmosphere  of N~ or C12 at a t e m p e r -  
a tu re  above 900~ A br ie f  descr ip t ion  of the  phos-  
phor  systems wi th  examples  follows: 

Z n O : X  where  X z excess Zn. A synthes is  i n v o l v -  
ing convers ion  of ZnS  to ZnO has been  found  to give 
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pho to - ,  c a thodo- ,  and  e l e c t r o l u m i n e s c e n c e  r e sponse  
s u p e r i o r  to t h a t  o b t a i n e d  b y  e q u i v a l e n t  t h e r m a l  
t r e a t m e n t  of t he  oxide .  The  emiss ion  color  is g reen .  

ZrO2 is r e n d e r e d  l u m i n e s c e n t  b y  a t h e r m a l  t r e a t -  
m e n t  in a i r  a b o v e  1000~ w i t h  no i n t e n t i o n a l l y  
a d d e d  ac t iva to r s .  

A1203:X w h e r e  X ---- Cr, Mn, or  a r a r e  e a r t h  m e t a l  
acco rd ing  to t h e  m e t h o d  of A d a m s  et al. (1) .  In  no 
case  has  an  e lec t r i c  f i e l d - i n d u c e d  l u m i n e s c e n c e  been  
o b s e r v e d  un less  a t h e r m a l  t r e a t m e n t  in  a C12 a t -  
m o s p h e r e  has  b e e n  app l i ed .  A c t i v a t i o n  w i t h  Cr  l eads  
to g r e e n  a n d / o r  r e d  emiss ion.  A c t i v a t i o n  w i t h  Mn, 
Eu, or  S m  leads  to r e d  emiss ion,  a n d  Tb l eads  to 
g reen  emiss ion.  W i t h  Mn or  Tb ac t iva t ion ,  no v i sua l  
p h o t o l u m i n e s c e n c e  is obse rved .  The  r a r e  e a r t h s  Er,  
Yb, Pr ,  Dy,  Ho, Lu,  Gd,  and  T m  g ive  a p u r p l i s h  
l igh t  a t  t he  n e g a t i v e  e l ec t rode  w h e n  a d - c  field is 
used,  b u t  no emiss ion  e i t he r  in an  a - c  f ield or  u n d e r  
u.v. exc i t a t ion .  N d  or  Ce l i k e w i s e  g ive  no d e t e c t a b l e  
emiss ion  u n d e r  u.v. exc i t a t ion ,  b u t  do g ive  a p u r -  
p le  emis s ion  in a - c  f ields and  a t  bo th  e l ec t rodes  in  
a d - c  field. 

A n  u n u s u a l  effect  is found  in A1208: Cr. I f  t he  m a -  
t e r i a l  is p r e p a r e d  w i t h  a l e a d - b e a r i n g  flux, r e d  e m i s -  
s ion is o b s e r v e d  a t  t h e  pos i t i ve  e lec t rode ,  b u t  a n e w  
g r e e n  b a n d  is also p r e s e n t  a t  t h e  n e g a t i v e  e l e c t r o d e  
w h e n  o b s e r v e d  t h r o u g h  t r a n s p a r e n t  ( c o n d u c t i v e  
g lass)  e lec t rodes .  Red  emiss ion  is n o r m a l l y  o b s e r v e d  
at  t he  n e g a t i v e  e l e c t r o d e  w h e n  P b  is a b s e n t  in  t he  
synthes i s .  This  fact ,  and  spec t roscop ic  o b s e r v a t i o n s  
of the  l igh t  i n t ens i t i e s  a t  bo th  e lec t rodes ,  s p e a k  
aga ins t  two  l i g h t - g e n e r a t i n g  processes ,  one o r i g -  
i na t ing  at  t he  c a thode  a n d  t h e  o t h e r  a t  t h e  anode .  
These  obse rva t ions ,  t o g e t h e r  w i t h  the  exc i t a t i on  
s p e c t r u m  and  a b s o r p t i o n  c h a r a c t e r i s t i c s  of AleO3: Cr  
i nd i ca t e  i n s t ead  e i t he r  ( i )  two  f i e l d - i n d u c e d  e m i s -  
s ion p rocesses  o r i g i n a t i n g  at  t he  ca thode  w i t h  p r e f -  
e r e n t i a l  s e l f - a b s o r p t i o n  b y  the  p h o s p h o r  of t he  g r e e n  
emiss ion,  or  ( i i )  one f i e l d - i n d u c e d  emiss ion  ( g r e e n )  
o r i g i n a t i n g  at  t he  ca thode  fo l l owed  b y  p h o t o e x c i t a -  
t ion  of t he  r e d  emiss ion  b y  the  g r e e n  ( c a s c a d e ) .  

Ra re  e a r t h  garne t s .  These  r e p r e s e n t  a f a m i l y  of 
m a t e r i a l s  d e r i v e d  f r o m  the  f o r m u l a  t y p e  M3e+R2 ~+ 
X3+4012 in w h i c h  the  d i -  and  t e t r a - v a l e n t  m e t a l s  
(M and  X )  a re  r e p l a c e d  b y  t r i v a l e n t  m e t a l s  ( R ) ,  
one of w h i c h  is a r a r e  e a r t h  (4) .  In  p a r t i c u l a r ,  
Y~A15012 a c t i v a t e d  w i t h  Cr  or  Eu y i e l d  r e d - e m i t t i n g  
phosphors .  

R2(WO4)3 and  RR ' (WO4)3  w h e r e  R and  R '  a r e  
r a r e  e a r t h  me ta l s .  S ing l e  a n d  d o u b l e  r a r e  e a r t h  
t u n g s t a t e s  have  been  p r e p a r e d  b y  d i r ec t  r e a c t i o n  
b e t w e e n  the  ox ides  and  tungs t i c  acid,  w i t h  and  
w i t h o u t  a NaeWeO7 flux. The  emiss ion  color  d e p e n d s  
on the  c o m b i n a t i o n  and  concen t r a t i ons  of r a r e  e a r t h  
m e t a l s  used.  

M0.5+R0.53+WO4 and  M(x)+M(1-2x)~+R(x)8+WO4 
w h e r e  M + is an  a l k a l i  me ta l ,  M e+ is an  a l k a l i n e  
e a r t h  me ta l ,  and  R can  r e p r e s e n t  one or  m o r e  of t he  
r a r e  e a r t h  e l e m e n t s  (6) .  Q u a n t i t a t i v e  m e a s u r e m e n t s  
of t h e  effect of t he  hos t  m e t a l  r a d i u s  on t h e  r a r e  
e a r t h  p h o t o l u m i n e s c e n c e  emiss ion  i n t e n s i t y  and  h o w  
this  is i n v o l v e d  in the  m e c h a n i s m  of t he  a b s o r p t i o n  
and  emiss ion  processes  has  b e e n  d e s c r i b e d  b y  V a n  
U i t e r t  and  c o - w o r k e r s  (6) .  The  e n h a n c e m e n t  and  
quench ing  effects of one r a r e  e a r t h  e l e m e n t  on a n -  

o t h e r  in  t hese  m a t r i c e s  h a v e  also been  i n v e s t i g a t e d  
(7) .  I n i t i a l  i n v e s t i g a t i o n  of t he  T b - E u  i n t e r a c t i o n  
in  Na0.sEu0.5-xTbxWO4 has  s h o w n  t h a t  Tb can  e n -  
h a n c e  the  Eu emiss ion  u n d e r  2537A e xc i t a t i on  w i t h  
p o s s i b l y  a c o n c o m i t a n t  sh i f t  in  emis s ion  color  to 
s h o r t e r  w a v e l e n g t h s .  C o n c u r r e n t l y ,  t he  r e sponse  to 
3600A decreases ,  as w e l l  as t he  r e sponse  to an  e l ec -  
t r i c  field. 

Experimental 
I t  shou ld  be  n o t e d  t h a t  abso lu t e  b r i g h t n e s s  r e a d -  

ings  a r e  no t  r e p o r t e d  in th is  a r t i c l e  be c a use  such  
d a t a  m a y  p r o v e  mis l ead ing .  Due  to t he  d i f f icul ty  of 
m a k i n g  d r y  p o w d e r  l a y e r s  r e p r o d u c i b l y ,  e q u a l  
b r i g h t n e s s  does  no t  a l w a y s  r e s u l t  w h e n  s e v e r a l  ce l ls  
a r e  p r e p a r e d  w i t h  t he  s a m e  p h o s p h o r  a n d  e x c i t ed  
b y  t h e  s ame  fields.  H o w e v e r ,  w i t h  a n y  g iven  cel l  
p r e p a r a t i o n ,  t he  o b s e r v a t i o n s  m a d e  (i.e., b r i g h t n e s s  
d e p e n d e n c e  on r e d u c e d  p re s su re ,  f r e que nc y ,  a t m o s -  
phe re ,  etc.)  s t i l l  app ly .  

I n v e s t i g a t i o n s  h a v e  i n d i c a t e d  t h a t  t he  emiss ions  
o b s e r v e d  w i t h  the  a b o v e - d e s c r i b e d  p h o s p h o r s  in  
a - c  and  d - c  f ields a r e  no t  of t he  i n t r i n s i c  t y p e  a s -  
soc ia ted  w i t h  ZnS  phosphor s .  Ra the r ,  t he  p h e n o m -  
ena  o b s e r v e d  a p p e a r  to be  ex t r ins i c ,  and  f u r -  
t h e r m o r e  of two  d i s t i nc t  t ypes :  T y p e  I, con tac t  
e l e c t r o l u m i n e s c e n c e  w h i c h  a m o n g  the  p h o s p h o r s  
i n v e s t i g a t e d  is p e c u l i a r  to ZnO and  w h i c h  has  p r e -  
v i o u s l y  been  d e s c r i b e d  (8) ,  and  T y p e  II,  w h i c h  m a y  
t e n t a t i v e l y  be  ca l l ed  e l e c t r i c a l  l uminescence ,  w h i c h  
is less  c l e a r l y  def ined,  and  a p p e a r s  to be  c o m m o n  
to t he  r e m a i n i n g  p h o s p h o r s  i nves t i ga t ed .  In  a l l  
cases,  t he  e l ec t r i ca l  r e s p o n s e  was  o b s e r v e d  b y  a p -  
p l y i n g  the  f ield (200-600v)  to the  p h o s p h o r  p r e s sed  
b e t w e e n  two  c onduc t i ve  p l a t e s  ( spa c e d  6 mi l s  a p a r t )  
a t  l eas t  one of w h i c h  was  t r a n s p a r e n t .  The  t r a n s -  
p a r e n t  e l ec t rode  was  g e n e r a l l y  a t i n  ox ide  coa ted  
glass  a l t h o u g h  c onduc t i ve  mica  has  also b e e n  used .  
The  o t h e r  e l e c t r o d e  was  m e t a l l i c  and  m a d e  of b rass ,  
a l u m i n u m ,  or  s ta in less  s teel .  W i t h  a n y  combina t ion ,  
no d i f fe rence  in  r e su l t s  w e r e  obse rved .  

In  CaC12-dried air ,  t h e  T y p e  II  emiss ion  i n i t i a l l y  
o b s e r v e d  u n d e r  an  e lec t r i c  field inc reases  in  i n t e n s i t y  
as t he  a m b i e n t  p r e s s u r e  is r educed .  These  e x p e r i -  
m e n t s  w e r e  p e r f o r m e d  in a b e l l - j a r ,  a n d  e v a c u a t i o n  
was  a c h i e v e d  b y  a c o m b i n a t i o n  of a m e c h a n i c a l  and  
an  oi l  d i f fus ion p u m p .  T h e  emiss ion  i n t e n s i t y  r eaches  
a m a x i m u m  a n d  t h e n  f ades  a w a y  w h e n  t h e  p r e s s u r e  
is r e d u c e d  to a po in t  j u s t  b e f o r e  a l u m i n o u s  d i s -  
c h a r g e  is obse rved .  B e l o w  a b o u t  1# of  Hg, no e m i s -  
s ion  is obse rved .  In  p u r e  O2, N2, or A,  even  a t  p r e s -  
sures  a b o v e  1~, no l u m i n e s c e n c e  is found .  W i t h  
t r ace s  of w a t e r  v a p o r  in t hese  gases,  h o w e v e r ,  s t rong  
l u m i n e s c e n c e  occurs  w h i c h  fo l lows  t h e  s ame  se -  
quence  as t h a t  w h i c h  occurs  in  a i r  w h e n  the  p r e s -  
su re  is r educed .  In  su l fu r  hexa f luo r ide ,  w h i c h  is 
k n o w n  not  to be  sub j e c t  to d i s c h a r g e  a t  a t m o s p h e r i c  
p re s su re ,  no emiss ion  occurs ,  and  the  a d d i t i o n  of 
m o i s t u r e  does  not  r e su l t  in  l uminescence .  This  is 
t r u e  even  a t  p a r t i a l l y  r e d u c e d  p re s su res .  W i t h  t he  
T y p e  I emiss ion  in air ,  on the  o t h e r  hand ,  t h e r e  is 
no i nc rea se  in  i n t e n s i t y  on (a )  r e d u c t i o n  of t he  
a m b i e n t  p r e s su re ,  or  (b )  on i n t r o d u c t i o n  of m o i s -  
tu re .  Due  to t h e  c o n d u c t i v i t y  of ZnO, f ields in  excess  
of a f e w  h u n d r e d  vo l t s  l e a d  to b r e a k d o w n .  Conse -  
q u e n t l y ,  a t  t h e  l ow vo l t ages  app l i ed ,  t h e r e  is l i t t l e  
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p r o b a b i l i t y  for  c o r o n a - t y p e  d i s cha rges  to occur .  In  
c o n t r a s t  to t he  o x y g e n - d o m i n a t e d  phosphor s ,  e l ec -  
t r o l u m i n e s c e n t  ZnS:Cu ,C1  p o w d e r s  g e n e r a l l y  g ive  
no emiss ion  in  a d - c  field. W i t h  a - c  fields, t he  d r y  
p o w d e r  g ives  a n  emiss ion  w h i c h  is m u c h  w e a k e r  
t h a n  t h a t  o b t a i n e d  w h e n  i t  is e m b e d d e d  in cas to r  
oil  d ie lec t r ic ,  b u t  bo th  emiss ions  p e r s i s t  a t  r e d u c e d  
p r e s s u r e s  of a m b i e n t .  F u r t h e r m o r e ,  t he  T y p e  II  
ox ide  p h o s p h o r s  g ive  no o b s e r v a b l e  emiss ion  u n d e r  
a n y  c i r cums t ances  w h e n  e m b e d d e d  in cas to r  oil, 
a l t h o u g h  T y p e  I does  g ive  an  emiss ion  w h e n  so e m -  
bedded .  Bo th  t y p e s  also a p p a r e n t l y  r e q u i r e  a con-  
t i nuous  conduc t i ve  p a t h  b e t w e e n  bo th  e lec t rodes ,  
bu t  ZnS:Cu ,C1  emi t s  l i gh t  even  w i t h  an  i n s u l a t i n g  
l a y e r  b e t w e e n  one e l ec t rode  and  the  p h o s p h o r  
gra ins .  Also,  w h i l e  emiss ion  occurs  t h r o u g h o u t  t he  
b u l k  of t he  ZnS:  Cu,C1 powde r ,  in t he  T y p e  I I  ox ide  
p h o s p h o r s  t he  emiss ion  o r i g ina t e s  in  t h e  v i c i n i t y  of 
one of t he  e l ec t rodes  w h i l e  T y p e  I does  not  show 
this  d e p e n d e n c e  on p o l a r i t y .  In  T y p e  II  t he  e l ec -  
t r o d e  a t  w h i c h  the  emiss ion  occurs  d e p e n d s  on the  
p r e v i o u s  h i s t o r y  of t he  m a t e r i a l .  F o r  e x a m p l e ,  w i t h  
ZrO2 the  emiss ion  occurs  a t  t he  n e g a t i v e  e l ec t rode  
w h e n  t h e  field r e s p o n s e  is g e n e r a t e d  b y  a t h e r m a l  
t r e a t m e n t  in  C12 a t  1000~ b u t  t he  emiss ion  oc-  
curs  a t  t h e  pos i t ive  e l ec t rode  w h e n  the  field r e -  
sponse  is g e n e r a t e d  b y  a t h e r m a l  t r e a t m e n t  in a i r  
a t  1400~ In  mos t  cases  s t ud i ed  he re  t he  emiss ion  
o r ig ina t e s  at  t h e  ca thode .  U n d e r  a - c  exc i t a t ion ,  as 
is to be  expec ted ,  t h e  emiss ion  is of e q u a l  i n t e n s i t y  
at  bo th  e lec t rodes .  

A f u r t h e r  d i f f e rence  b e t w e e n  the  o x y g e n - d o m -  
i n a t e d  p h o s p h o r s  and  ZnS:Cu,C1 is in the  f r e -  
q u e n c y  d e p e n d e n c e  of b r igh tnes s .  W h i l e  the  ZnS  
e l e c t r o l u m i n e s c e n c e  i n t e n s i t y  i nc reases  a p p r e c i a b l y  
w i t h  f r equency ,  the  o x y g e n - d o m i n a t e d  p h o s p h o r s  
a r e  c h a r a c t e r i z e d  b y  a n  emiss ion  i n t e n s i t y  w h i c h  
dec reases  s l igh t ly ,  if  a t  al l ,  w i t h  i nc rea se  in  f r e -  
q u e n c y  up  to 6000 cps. G e n e r a l l y ,  no dec rease  was  
obse rved ,  bu t  in a f ew  cases,  the  emiss ion  d e c r e a s e d  
b y  a b o u t  10% w i t h  a f r e q u e n c y  inc rea se  of 100 
t imes .  

S t i l l  a n o t h e r  d i f f e rence  o b s e r v e d  a m o n g  the  t h r e e  
l igh t  p rocesses  i n v o l v e d  he re  is t h a t  the  Z n S  and  
ZnO p h o s p h o r s  h a v e  no m e a s u r a b l e  u.v. c o m p o n e n t  
in t h e i r  f i e l d - i n d u c e d  emiss ions  w h i l e  the  r e m a i n -  
ing  T y p e  I I  p h o s p h o r s  show a s t rong  u.v. componen t .  
In  a l l  such cases  at  l eas t  20% of t he  r e sponse  of a 
1P22 p h o t o m u l t i p l i e r  t u b e  was  due  to t he  u.v. c o m -  

p o n e n t  of the  emiss ion ,  as  d e t e r m i n e d  b y  a p p r o -  
p r i a t e  f i l ters .  A t a b u l a t e d  s u m m a r y  of t he  a b o v e  ob -  
s e rva t i ons  is g i v e n  in  T a b l e  I. 

Discussion 

The  o b s e r v a t i o n s  for  ZnS  a n d  ZnO a r e  cons i s t en t  
w i t h  t h e  f a m i l i a r  t heo r i e s  p o s t u l a t e d  for  t he  i m p a c t  
i on iza t ion  m e c h a n i s m  of e l e c t r o l u m i n e s c e n c e  in  ZnS  
and  w i t h  the  con tac t  i n j ec t i on  m e c h a n i s m  of e l ec -  
t r o l u m i n e s c e n c e  in ZnO. I t  is c l ea r  t h a t  t h e  l i g h t -  
g e n e r a t i n g  p rocess  i n v o l v e d  w i t h  t he  o t h e r  p h o s p h o r  
sys t ems  differs  c o n s i d e r a b l y  f r o m  e i the r  of these  
two  m e c h a n i s m s .  T h e  o b s e r v a t i o n s  t h a t  c e r t a i n  spe -  
cies in t he  gaseous  a m b i e n t  a r e  n e c e s s a r y  for  f ield 
e x c i t a t i o n  a l l ow for  the  fo l l owing  spe c u l a t i o ns  as 
to t he  m e c h a n i s m  of the  e x c i t a t i o n  p rocess  or  
p rocesses :  

1. P h o t o e x c i t a t i o n  a s soc ia t ed  w i t h  a corona  t y p e  
d i s c h a r g e  occu r r i ng  in the  n o n u n i f o r m  field of a 
p o w d e r  spec imen  in a g a s - p o w d e r  l aye r ,  or  a t  the  
v i c i n i t y  of t he  e l ec t rodes  w h e r e  h igh  field b a r r i e r  
r eg ions  can  be  d e v e l o p e d  b y  m i g r a t i o n  of c o n d u c -  
t i ve  ionic  spec ies  a w a y  f r o m  the  e lec t rodes .  The  t i m e  
r e q u i r e d  for  t he  d e v e l o p m e n t  of such  reg ions  can  e x -  
p l a i n  t he  nega t ive ,  b u t  smal l ,  f r e q u e n c y - d e p e n d e n c e  
of b r i g h t n e s s  obse rved .  The  p re sence  of a shor t  
w a v e l e n g t h  c o m p o n e n t  in t he  emiss ion  s p e c t r u m  
s u p p o r t s  th is  d i s c h a r g e - p h o t o e x c i t a t i o n  m e c h a n i s m .  
H o w e v e r ,  the  a p p a r e n t  absence  of p h o t o l u m i n e s -  
cence in some  m a t e r i a l s  w h i c h  n e v e r t h e l e s s  show a 
field emiss ion  (i.e., A1203:Tb and  A1203:Mn) con-  
s t i t u t e s  e v i d e n c e  a g a i n s t  th i s  m e c h a n i s m .  T h e  e n -  
h a n c e m e n t  of t he  emiss ion  b y  t r aces  of m o i s t u r e  can  
be  r e l a t e d  to t h e  ease  w i t h  w h i c h  n e g a t i v e  ions  a re  
f o r m e d  b y  the  p r e s e n c e  of h y d r o g e n o u s  i m p u r i t i e s  
such  as H20, and  the  efficient  p r o d u c t i o n  of H30 + 
(9, 10).  

Thus,  t he  sequence  of even t s  he r e  invo lves  (a)  an  
in i t i a l  con t inuous  c o n d u c t i v e  p a t h  b e t w e e n  bo th  
e l ec t rodes  due  to c onduc t i ve  ionic  spec ies  on the  
su r f ace  of t he  p h o s p h o r  g r a i n s  w h i c h  a r e  in  con tac t  
w i t h  each  o t h e r  or  w i t h  t he  e lec t rodes ,  (b )  t h e  m i -  
g r a t i o n  of t he  c onduc t i ve  species  on the  p h o s p h o r  
su r faces  a w a y  f r o m  one of t he  e l ec t rodes  due  to ion -  
ion r e p u l s i o n  ( the  e l ec t rode  at  w h i c h  th is  occurs  d e -  
p e n d i n g  on the  ionic  species  i n v o l v e d ) ,  (c)  t he  d i s -  
t r i b u t i o n  of t he  field p r e d o m i n a n t l y  across  th i s  now 
" n o n c o n d u c t i v e "  r eg ion  l e a d i n g  to a gaseous  d i s -  

Table I. Summary of observations 

EL type  
Type  I 

ZnS ZnO Type  I I  

Emission in a -c  field 
Emission in d-c  field 
Emission in a i r  dielectr ic  
Emission in castor  oil d ie lectr ic  
In tens i ty  of emission wi th  reduced  

pressure  
Enhancement  wi th  mois ture  
Requ i remen t  for  conduct ion be tween  

e lect rodes  
Po la r i ty  dependence  
Ul t rav io le t  component  in emission 
F requency  dependence  

Yes Yes Some 
No Yes Yes 
Li t t le  Yes Yes 
Yes ~ air  Yes ~ a i r  No 

Pers is ts  - -  Fades  
No No Yes 

No Yes Yes 
- -  None Some 
None None Yes 
Yes Lit t le,  if any Lit t le,  if  any 
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charge,  and  f inal ly  (d) a pho toexc i ta t ion  of the  
phosphor  by  the  energet ic ,  short  w a v e l e n g t h  com- 
ponen t s  r e su l t i ng  f rom the  discharge.  

The effect descr ibed here  is c lear ly  not  the  phe -  
n o m e n a  observed  by  Moros in  and  H a a k  (11),  H e r -  
we l ly  (12) ,  or T h o r i n g t o n  (13).  Whi le  the  emiss ions  
observed by  Morosin  and  Haak  and  T h o r i n g t o n  m a y  
wel l  be due  to pho to luminescence  induced  by  the  
u.v. l ight  emi t t ed  by  e lect r ical  discharges,  the me c h -  
an isms  by  which  these  come abou t  and  the  m a -  
ter ia ls  inves t iga ted  differ cons ide rab ly  f rom those 
repor ted  here.  Morosin  and  Haak  exp la in  the  resul t s  
of "contac t"  e l ec t ro luminescence  as due to the  p res -  
ence of large field inhomogene i t i e s  gene ra t ed  by  the  
p resence  of h igh  conduc t iv i ty  par t ic les  admixed  wi th  
the phosphor  or by  the  incorpora t ion  in  the  e m -  
b e d m e n t  m e d i u m  of ma te r i a l s  w i th  h igh dielectr ic  
constants .  Ne i the r  of these two procedures  have  r e -  
su l ted  in  field emiss ion wi th  the phosphors  repor ted  
here in .  As m e n t i o n e d  prev ious ly ,  no emiss ion was  
observed  us ing  a l iqu id  e m b e d m e n t .  This  is t r ue  
even  wi th  the  fu r t he r  add i t ion  of meta l l i c  filings or 
inorgan ic  salts. He rwe l ly  suggested the  occurrence  
of e lect r ical  discharges o r ig ina t ing  w i t h i n  i n t e r n a l  
voids of i n d i v i d u a l  phosphor  gra ins  f rom gases in  
the  e m b e d d i n g  med ium.  This does no t  exp la in  our  
obse rva t ions  t ha t  the  emiss ions  occur at  the  elec-  
t rode  v ic in i t ies  and  not  in  localized areas t h r o u g h o u t  
the  b u l k  of the  layers,  or the  absence  of a n y  e mi s -  
sion in  l iqu id  e m b e d m e n t s  which  have  not  been  de-  
gassed. Herwel ly ,  fu r the rmore ,  observes  no emiss ion 
in  s teady d-c  fields and  observes  emiss ion only  w h e n  
the  field is changing ,  i.e., in  a-c  fields or on the  ap-  
p l ica t ion  and  r emova l  of the  d-c  field. The exper i -  
men t s  descr ibed by  T h o r i n g t o n  l ikewise  are no t  the  
same as those descr ibed here.  He has descr ibed  m a -  
ter ia ls  which  are  not  e l ec t ro luminescen t  u n d e r  the  
usua l  e x p e r i m e n t a l  condi t ions,  b u t  which  are made  
respons ive  s imply  by  p lac ing  t h e m  in  a vacuu m.  He, 
however ,  does not  a t t r i bu t e  the exc i ta t ion  to a field- 
induced  gas b r e a k d o w n  since it is observed at v e r y  
low pressures .  He f u r t h e r m o r e  on ly  observed this  
v a c u u m  e n h a n c e m e n t  w i th  ZnS  type  phosphors .  
This  is no t  in  conflict w i th  our  observa t ions  w i th  
ZnS:  Cu,C1 which  we have  used here  to ind ica te  how 
the  Type  II  phosphors  differ. 

2. I o n o l u m i n e s c e n t  processes, i nc iden t a l  to or as-  
sociated w i th  a gaseous discharge,  i nvo lv ing  e n e r g y  
t r ans fe r  to the  phosphor  crys ta l l i tes  by  fast  m o v i n g  

gaseous ions. Here,  gaseous ionic species can resul t  
f rom a gaseous type  d ischarge  as in  1 above or by  
direct  ion iza t ion  of the gas molecules  at  the  elec- 
trodes.  Thus,  ca thodo-  or a n o d o l u m i n e s c e n t  proc-  
esses can resu l t  d e p e n d i n g  on the  ionic species gen -  
e ra ted  a n d / o r  the  electrode involved.  The molecu la r  
ion so fo rmed  is s u b s e q u e n t l y  accelera ted by  the  
field. On r e c o m b i n a t i o n  of the  molecu la r  ions at or 
nea r  the  surfaces  of the phosphor  grains,  ene rgy  is 
t r a n s f e r r e d  to the  phosphor  grains,  r e su l t i ng  in  
emission.  

Except  for the  somewha t  inconc lus ive  evidence  
m e n t i o n e d  in  1 above  wi th  respect  to the n o n p h o t o -  
l u m i n e s c e n t  ma te r i a l s  which  neve r the le s s  show a 
field emission,  bo th  processes can  exp la in  all  the  
observa t ions  made.  F u r t h e r  e x p e r i m e n t a t i o n  would  
be r equ i r ed  to es tabl ish  the  correct  one. 
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Emission Spectra of (Zn,Cd)S Phosphors 
W. Lehmann 1 

Research Department,  Westinghouse Electric Corporation, Bloomfield, New  Jersey 

ABSTRACT 

Single emission bands of ZnS-type phosphors are represented as Gaussian 
curves and critically examined. The width (at half maximum amplitude) of 
the emission bands of almost all ZnS and (Zn,Cd)S phosphors activated by Cu 
or Ag and containing various coactivators is 0.36 ev. The colors of single emis- 
sion bands, and of superpositions of the two main bands in case of copper ac- 
tivation, are represented in color diagrams. A red shift of the green copper 
emission band of ZnS phosphors with increasing high concentrations of acti- 
vator and coactivator, as reported by Froelich for ZnS:Cu, A1, has also been 
observed in (Zn,Cd)S phosphors and with many different coactivators. 

Zinc sulfide type  phosphors are wel l  known to 
d isp lay  many  different  emission spectra  depending 
on the phosphor  matr ix ,  the impuri t ies ,  the condi-  
tions of excitat ion,  etc. 2 With  the exceptions of edge 
emissions, which ord inar i ly  can be observed only 
at  ve ry  low tempera tures ,  and of the  complex l ine 
spectra  due to incorpora ted  ra re  earths,  all  spectra  
consist of s t ructureless  broad  bands  of var ious  
widths  and peak  positions. Even a single act ivator ,  
e.g., copper in ZnS, may  cause severa l  emission 
bands to appear  s imultaneously,  often wi th  con- 
s iderable  overlap,  so that  an analysis  of such spect ra  
is not simple. However,  zinc sul f ide- type  phosphors  
emit t ing only, or p r imar i ly ,  in a single emission 
band can be prepared ,  and these spectra  are more 
accessible to a quant i t a t ive  study. The work  p re -  
sented here was or ig inal ly  under t aken  in an a t t empt  
to obtain a s imple yet  fa i r ly  accurate  ma themat i ca l  
expression of the shape of a single emission band,  
and to compute CIE color coordinates  and lumi-  
nosi ty factors corresponding to these bands.  How-  
ever, the resul ts  appear  to be of in teres t  beyond the 
or iginal  scope. The exper iments  were  l imited ma in ly  
to photoluminescence of blue emit t ing ZnS:Ag,  of 
blue or green ZnS:Cu,  and of the corresponding 
emission bands of (Zn ,Cd)S  phosphors  wi th  var ious  
CdS concentrations.  Some addi t ional  results  on other  
phosphors indicate  tha t  the observed pa t t e rn  has a 
r a the r  genera l  val idi ty .  

Experimental Procedure 
The phosphors  p r epa red  in this  work  were  made  

in convent ional  ways,  i.e., by firing in t imate  mix -  
tures  of luminescent  grade ZnS, CdS, and the de-  
sired impur i t ies  3 at t empera tu res  ranging  f rom 600 ~ 
to 1200~ Care was t aken  to avoid any e lement  
which might  in ter fere  wi th  the proper t ies  of the  
phosphors,  e.g., chlorine was added only as ZnC12 
(not as NaC1, etc.) and copper only as CuS. About  
10g of the d ry  raw mixes were  placed in Closely 
fitting capped silica tubes [descr ibed by Wachtel  
(1 ) ]  of about  12 cm 8 capacity.  Smal l  amounts  of 
purif ied sulfur  were  added  which, at a r e l a t ive ly  

1 P r e s e n t  add re s s :  W e s t i n g h o u s e  Resea rch  Labora to r i e s ,  P i t t s b u r g h ,  
P e n n s y l v a n i a .  

No a t t e m p t  sha l l  be  m a d e  h e r e  to  cove r  t he  comple t e  l i t e r a t u r e  
on  t h i s  o f t en  i n v e s t i g a t e d  topic .  

A l l  c o n c e n t r a t i o n s  exp re s sed  in  pe r  cen t  of g r a m  a tom pe r  mo le  
of the  ZnS, CdS,  etc. 

low tempera ture ,  evapora ted  and drove all  air  out 
of the tubes. The re la t ive ly  large free headroom 
over the  phosphor  p rov ided  a sufficiently constant  
a tmosphere  sur rounding the phosphor  dur ing  firing 
and contained main ly  sul fur  vapor,  vola t i le  com- 
pounds or iginat ing f rom the phosphor  (e.g., ZnC12) 
and, probably ,  some ni t rogen f rom the protec t ive  
a tmosphere  sur rounding the capped tubes dur ing 
firing. Af te r  firing and cooling, all  phosphors  were  
washed in appropr ia t e  solutions in order  to remove 
separa ted  second phases (e.g., unreac ted  free sulfur,  
zinc halides, copper sulfides) as wel l  as possible. 

Zinc sulfide is known to occur in two different  
modifications, hexagonal  ( h i g h - t e m p e r a t u r e  form) 
and cubic ( l o w - t e m p e r a t u r e  form) .  In  general ,  the 
spectra  of cubic ZnS phosphors  peak  at  somewhat  
lower  energies than those of corresponding hexa-  
gonal  phosphors  (2-4) .  Hence, it is impera t ive  to 
de te rmine  the  lat t ice s t ruc ture  wherever  there  is 
doubt. The s t ruc ture  is immedia te ly  obvious in some 
cases. For  instance, (Zn, Cd)S  phosphors  contain-  
ing appreciable  amounts  of CdS crystal l ize  only in 
the hexagonal  form under  all  o rd ina ry  c i rcum- 
stances. The la t t ice  s t ructures  of all other samples 
were  de te rmined  by x - r a y  analysis.  A phosphor  was 
considered to be 100% cubic if the  [200] reflection 
line (d = 2.705A) appeared,  but  the  lines [100] 
(d ~ 3.309/k) and [101] (d ---- 2.925A) were  miss-  
ing, and vice versa. The l imi t  of de tec t ib i l i ty  of a 
cubic por t ion in an o therwise  hexagonal  phosphor,  
and vice versa,  was about  1%. 

The phosphors were  exci ted to photoluminescence 
by shining 365 m~ rad ia t ion  onto thin layers  spread 
with  a l i t t le  nonluminescent  b inder  on glass. Thick 
layers  were  avoided in order  to minimize the danger  
of reabsorpt ion  which, since selective, m a y  fals ify 
the  shape of an emission spectrum. This could be 
observed to occur in severa l  cases of th ick layers.  
However ,  separa te  measurements  of emission and 
absorpt ion spectra  of thin phosphor layers  used in 
these exper iments  indicate  only  negl igible  r eab -  
sorption. 

The emission spectra  were  recorded ei ther  wi th  a 
Genera l  Electr ic Recording Spec t ro -Rad iomete r  or 
wi th  a P e r k i n - E l m e r  Spec t rometer  (Model 13U) 
ca l ibra ted  wi th  a s t andard  tungsten r ibbon lamp 
suppl ied by  the U. S. Bureau  of Standards .  The re-  
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sults  f rom both  i n s t r u m e n t s  were  iden t ica l  w i t h i n  
n a r r o w  l imi ts  and  are be l i eved  to be fa i r ly  accurate .  
The recorded spect ra  were  normal ized ,  po in t  by  
point ,  and  cons t i tu te  the figures p resen ted  here.  Al l  
m e a s u r e m e n t s  were  done at room t empera tu r e .  

Results 

Sing le  emiss ion  bands  of Z n S - t y p e  phosphors  are 
of a s y m m e t r i c a l  shape if p resen ted  in  the  co nve n -  
t iona l  w a y  by  p lo t t ing  the  e n e r g y  der iva t ive ,  e ----- 
dE/dk,  as a func t i on  of the  wave leng th ,  k. Typica l  
examples  are  shown  in  Fig. 1. The  curves  e x t e n d  
more  t oward  the  l o n g - w a v e  t h a n  t oward  the  shor t -  
wave  side and  are  the  wide r  the more  the  peak  
posi t ion  is shif ted t o w a r d  longer  w a v e l e n g t h  (by  
va r i a t i on  of the  Z n S / C d S  ratio,  for i n s t ance ) .  I t  
seems to be l i t t le  k n o w n  tha t  this a s y m m e t r y  dis-  
appears  and  tha t  all  curves  ve ry  a p p r o x i m a t e l y  
have  Gauss i an  shapes of cons tan t  w id th  i n d e p e n d -  
en t  of the  Z n S / C d S  rat io  if E is p lo t ted  no t  as a 
func t ion  of X b u t  of l / k 3  Hence  

E = eo exp [ - -  (~- -~o)2 /c  2] [1] 

where  ~ ---- l /k ,  and  c = constant .  A m p l i t u d e  and  
posi t ion of this  curve  are denoted  by  eo and  by  Vo ----- 
1/Xo, respect ively .  A cr i t ical  proof of the  fit of this  
equa t ion  to e x p e r i m e n t a l  da ta  can  be ob ta ined  by  a 
me thod  proposed by  Pa t t e r son  and  Kl ick  (11),  i.e., 
by  p lo t t ing  ( In  ~o/e) 1/2 as a f unc t i on  of v so tha t  
each side of a Gauss i an  becomes a s t ra igh t  line. The 

A l t h o u g h  t h i s  m e t h o d  of  r e p r e s e n t a t i o n  h a s  no  o b v i o u s  p h y s i c a l  
s i g n i f i c a n c e ,  i t  a p p e a r s  to  p r o v i d e  a c loser  f i t  to  e x p e r i m e n t a l  d a t a  
t h a n  o the r ,  p h y s i c a l l y  m o r e  m e a n i n g f u l  d e s c r i p t i o n s  p r o p o s e d  b y  
v a r i o u s  o t h e r  w o r k e r s  (4-10) .  

400 500 600 700 
Wavelength, k (mp ) 

Fig. 1. Emission spectra of (Zn,Cd)S:Ag, Br phosphors excited by 
ultraviolet (365 m~) at room temperature. The sample containing 
no CdS is cubic in structure; all others are hexagonal. 

Wavelength, k frog ~, 
400 500 600 700 

5 o ~ , 8 _  . 7  ._ . 4o-I_1. o 

/ 
pc 

i I I i ~ [ ~  i i i I , i  i I ,I 
' 3.0 20 22 

Quantum Energy (eV) 

Fig. 2. Emission spectra of Fig. 1 redrawn as functions of 1/k. 
The ordinate scale is deformed so that each side of a normalized 
Gaussian becomes a straight line. The width of all bands is 0.36 ev. 
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Fig. 3. CIE color coordinates of single emission bands as a func- 
tion of width {in ev) and peak position (in m~). 

emiss ion curves  of Fig. 1 are  rep lo t ted  in  this way  
in  Fig. 2. The me thod  requ i res  tha t  the spect ra  be 
essen t ia l ly  s ingle  bands .  However ,  weak  s u b - b a n d s ,  
if present ,  can eas i ly  be detec ted  in  the  ta i l  of a 
m a i n  band .  Al l  curves  in  Fig. 2 have  equa l  w id th  
which  m a y  be descr ibed by  the  d is tance  be tween  
two poin ts  of the  cu rve  w he r e  E = ~o/2. This  wid th  
is 0.36 ev i n d e p e n d e n t  of the  CdS concentration. 

The CIE color coordinates  of s ingle  emiss ion  
bands  fo l lowing  Eq. [1] have  been  computed  for 
d i f ferent  wid ths  and  dif ferent  peak  posit ions.  The 
resu l t  is shown  in  Fig. 3. The color coordinates  of 
s ingle  emiss ion ba nds  0.36 ev wide,  which  are  the  
ru le  i n  (Zn,  C d ) S : A g  phosphors ,  are  also descr ibed 
by  the dashed  curves  in  Fig. 6, 7, and  8; they  agree 
w i th  resu l t s  r epor ted  by  Crosn ie r  and  Cur ie  (12).  
This  dashed curve,  in  c o m b i n a t i o n  w i th  the  s t ra igh t  
base l ine  of the  d iagram,  represen t s  all  possible 
colors which  can be ob ta ined  wi th  emiss ion  bands  of 
0.36 ev width .  Al l  colors m u s t  be e i ther  on the  
dashed  curve  (if  one emiss ion b a n d )  or w i t h i n  the  
a rea  s u r r o u n d e d  by  it  and  the s t ra igh t  base l ine  (if  
two or more  emiss ion  bands  are present ,  e.g., in  
b lends  of severa l  phosphors ) ,  bu t  canno t  be  outs ide  
of it. 

This  r e l a t i ve ly  s imple  p ic tu re  becomes m u c h  more  
compl ica ted  if s i lver  is rep laced  by  copper. S i lver  
o r d i n a r i l y  creates  on ly  one emiss ion b a n d  in  these 
phosphors  (e.g., blue  in  Z n S )  whi le  copper  p ro -  
duces two m a i n  ba nds  (e.g., blue  a n d  g reen  in  Z n S )  
de pe nd i ng  m a i n l y  on the  ra t io  of the copper  to the 
coact ivator .  5 The genera l  behav io r  is shown in  Fig. 4 
for the  case of Z n S : C u ,  C1. The  b lue  copper  emis-  
sion b a n d  domina tes  at low c h l o r i ne / c oppe r  ratios.  
A n  inc reas ing  ch lo r ine / coppe r  ra t io  causes the  b lue  
b a n d  to d i sappear  g r a d u a l l y  in  favor  of the  green  
b a n d  u n t i l  the l a t t e r  is p rac t i ca l ly  isolated. Both 
bands  are  of cons tan t  peak  posi t ions  w i t h i n  this 
r ange  ( samples  A to F in  Fig. 4).  

If the  concen t ra t ions  of both  copper  a nd  chlor ine  
are increased  to h igh values ,  the  pos i t ion  of the 
g reen  emiss ion b a n d  is no longer  cons tan t  bu t  shifts 
to longer  w a v e l e n g t h s  (samples  G to K in  Fig. 4).  

~ T h e  s e l f - c o a c t i v a t e d  e m i s s i o n  ( ye l l ow  in  Z n S : A g  a n d  o r a n g e  in  
Z n S : C u )  a r e  n o t  c o n s i d e r e d  h e r e .  
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Fig. 4. Emission spectra of ZnS:Cu,CI and ZnS:Cu,I excited by 
ultraviolet (365 m/~) at room temperature. (A) 0.5% Cu ~ 0.1% 
I, cubic; (B) 3% Cu -I- 0.03% CI, cubic; (C) 0.3% Cu -I- 0.01% 
CI, cubic; (D) 3% Cu -]- 0.1% CI, cubic; (E) 0.1% Cu -I- 0.1% 
CI, cubic; (F) 0.1% Cu --I- 1% CI, mixed; (G) 0.3% Cu + 1% 
CI, mixed; (H) 1% Cu -[- 1% CI, cubic; (I) 3% Cu -I- 3% CI, 
cubic; (J) I %  Cu -]- 10% CI, cubic; (K) 3% Cu -I- 10% CI, 
cubic. Concentrations given are those added before firing (950~ 
1 hr.) 
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Fig. 5. The spectra (A) and (G) to (K) of Fig. 4 redrawn. 
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Fig. 6. CIE color coordinates of the emission of ZnS:Cu phosphors. 
The dashed curve indicates the colors of single emission bands, of 
0.36 ev width, depending on their peak positions (in m/~). Possible 
emission colors of cubic ZnS:Cu, CI phosphors extend along the 
dotted line from (A) to approximately (G) and from these along 
the dashed curve toward (K). The points (A) to (K) correspond 
to the spectra (A) to (K) in Fig. 4. 

The emission spectra and colors of Fig. 4 to 6 
refer only to zinc sulfide. Gradual replacement of 
the ZnS by CdS causes a shift of both emission 
bands, blue and green, toward longer wavelengths. 
This is expressed by a shift of both end points of 
the straight dotted line in Fig. 6 along the dashed 
curve towards the red. An example is shown in Fig. 
7 for (Zn, Cd)S:Cu,  Br containing 10 mole % CdS. 
As far  as can be determined, the width of all these 
emission bands is 0.36 ev. Hence, since the shift of 
the peak positions of the emission bands with in- 
creasing CdS concentration is well known (ex- 
amples are Fig. 1 and 2), one is able to compute the 
area in the CIE color diagram which, in principle, 
can be reached by a combination of the two main 
emission bands of copper activated (Zn, Cd)S phos- 
phors, cubic or hexagonal, of any ZnS/CdS ratio, 
and with any intensity ratio of the two, 0.36 ev 
wide, emission bands. This area is shown in Fig. 8. 

Figure 5 shows these spectra redrawn to demon- 
strate that  they are still of Gaussian shape, if plot- 
ted as functions of 1/~, and that their widths remain 
constant (0.36 ev) over all this variation. The color 
locations of all spectra of Fig. 4 are given in Fig. 6. 

A behavior completely similar to ZnS: Cu, C1 has 
been observed with ZnS:Cu,  Br and with ZnS:Cu,  
A1 phosphors [the latter in agreement with Froelich 
(13)].  Iodine behaves somewhat differently inas- 
much as, possibly because of its larger ionic size, it 
apparently does not diffuse very  easily into the ZnS 
lattice under usual conditions. However, green emit-  
ting ZnS: Cu, I phosphors can be prepared by firing 
in concentrated iodine atmosphere at low tempera-  
ture, and the color shift of the green band toward 
yellow is qualitatively identical with that observed 
in ZnS:Cu,  C1. Gallium and indium coactivated 
ZnS:Cu phosphors again behave somewhat differ- 
ently as they, even at comparatively low concen- 
trations, tend to display an additional long-wave 
band (yellowish-green for Ga, orange for In) be- 
sides the regular copper emission (14-17). 
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Fig. 7. CIE color coordinates of the emission of (Zn,Cd)S:Cu 
phosphors containing 10 mole % CdS. Excitation by ultraviolet 
(365 m/~) at room temperature. (A) 1% Cu -}- 0.1% I, cubic; (B) 
1% Cu -f- 0.02% Br, cubic; (C) 1% Cu -I- 0.05% Br, cubic; (D) 
1% Cu ~ 0.1% Br, cubic; (E) 1% Cu -{- 0.2% Br, cubic; (F) 1% 
Cu -I- 0.35% Br, cubic; (G) 1% Cu -I- 0.6% Br, mainly cubic; 
(H) 1% Cu -}- 0.9% Br, hexagonal; (I} 1% Cu -}- 1.5% Br, hexa- 
gonal. Concentrations given are those added before firing (720~ 
4 hr). 
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Fig. 8. CIE color diagram indicating the range of emission colors 
(shaded area) obtainable with single, copper-actlvated ZnS or 
(Zn,Cd)S phosphors emitting in one or both of the two main emis- 
sion hands, each of 0.36 ev width. 

So far, only ve ry  few deviat ions f rom the 0.36 ev 
width  of Cu or Ag ac t iva ted  ZnS or (Zn, Cd)S  
phosphors  have been observed.  One such except ion 
Js shown in Fig. 9 for  a set of (Zn, Cd)S :Cu ,  Ga 
phosphors containing 15 mole % of CdS. 6 The phos-  
phors were  p repa red  at  600~ in iodine vapor  so 
that,  besides gal l ium, some iodine is also cer ta in  to 
be present  in al l  samples. The emission spec t rum is 
independent  of this presence of iodine in all  samples 
except  those of the ve ry  lowest  gal l ium concentra-  
tions. The samples are cubic in s t ruc ture  up to about  
0.1% gall ium. The wid th  of the emission bands, 
once again, is 0.36 ev wi th in  the range  of the cubic 
s t ructure,  but  only 0.32 ev for the p redominan t ly  
or complete ly  hexagonal  phosphors  (0.2% Ga and 
more) .  

Zinc selenide phosphors,  on the other  hand, emit  
in bands  apprec iab ly  na r rower  than  those observed 
in the sulfide phosphors.  Examples  of a ZnSe: Cu, C1 
and a Zn(S ,  Se ) :Cu ,  Br phosphor  containing 40 
mole % ZnSe are given in Fig. 10 (curves E and F)  
where  the  widths  are only 0.27 ev. A deta i led  in-  

e D u e  to  t h i s  CdS conce n t r a t i on ,  t h e  " l o w - e n e r g y "  e m i s s i o n  b a n d  
of g a l l i u m  [ y e l l o w - g r e e n  i n  Z n S : C u , G a  (16, 17) ] d id  no t  appea r .  
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Fig. 9. Emission spectra of (Zn,Cd)S:Cu, Ga phosphors containing 
15% CdS fired in iodine vapor at 600oC. (A) 1% Cu, no Ga, cubic, 
0.36 ev; (B) 1.1% Cu -It- 0.1% Go, cubic, 0.36 ev; (C) 1.2% Cu 
0.2% Ga, hexagonal, 0.32 ev; (D) 1.5 % Cu -{- 0.5% Ga, hexa- 
gonal, 0.32 ev; (E) 2.0% Cu -F- 1.0% Ga, hexagonal, 0.32 ev. 
Concentrations given are those added before firing. 
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Fig. 10. Emission spectra of various ZnS type phosphors. Excita- 
tion by ultraviolet (365 mF) at room temperature. (A) ZnS:CI 
(self-activated), hexagonal, 0.44 ev; (B) ZnS:Li, hexagonal, 0.50 
ev; (C) ZnS:Mn,Cu,CI, cubic, 0.22 ev; (D) ZnS:Cu (self-coactiv- 
ated), cubic, 0.60 ev; (E) ZnSe;Cu,CI, cubic, 0.27 or; (F) Zn(S,Se): 
Cu, Br (40% ZnSe), cubic, 0.27 ev. 

vest igat ion of the emission spect ra  of the complete 
ZnS-ZnSe  system, under  s imi lar  precaut ions  as de-  
scribed above for the ZnS-CdS  system, is st i l l  miss-  
ing, however.  Also, the band widths  of ZnS and 
(Zn, Cd)S  phosphors due to other  act ivators  than 
Cu or Ag are different. Some examples  are  also 
given in Fig. 10. 

Conclusions 

The fact  tha t  single emission bands  of ZnS type  
phosphors  can be closely descr ibed by  Gaussian 
curves if e is p lo t ted  as a funct ion of 1/X p robab ly  
is only  an empir ica l  approx imat ion  and has no ob- 
vious physical  meaning.  Hence, it  does not d i rec t ly  
contr ibute  to new knowledge  concerning the mech-  
anism of emission in the phosphors.  However ,  there  
are severa l  other  conclusions to be d rawn  f rom the 
results  of this work.  

1. The blue s i lver  band and the blue and green 
copper emission bands  of ZnS phosphors o rd inar i ly  
are  al l  0.36 ev wide (wid th  at  half  of peak  in ten-  
sityT). Replacement  of more  or less of the ZnS by 
CdS shifts the emission bands to longer wavelengths ,  
but  leaves the bandwid th  unchanged at  0.36 ev. In 
contrast ,  even a pa r t i a l  r ep lacement  of the  ZnS by 
ZnSe reduces the bandwid th  to 0.27 ev. A qua l i ta -  
t ive unders tand ing  m a y  be possible by  the fami l ia r  
model  of copper or s i lver  replac ing zinc or cadmium 
in the latt ice.  The wid th  of an emission band ap-  
pears  to be de te rmined  p r imar i l y  by  the ac t iva tor  
and its neares t  neighbors,  i.e., by sulfur  or selenium, 
but  l i t t le  or not at  al l  by  the more  dis tant  zinc and 
cadmium atoms in the lattice.  

2. At  low concentrat ions of ac t iva tor  and coac- 
t ivator ,  the  emission of (Zn, C d ) S : C u  phosphors 
consists ma in ly  of the  two w e l l - k n o w n  bands  cor-  
responding to the  blue and green bands  of ZnS:Cu,  
C1. Wi th in  this concentra t ion range,  the  emission 
bands have  fixed positions and the i r  in tens i ty  rat io  

7 The  f ac t  s h o u l d  b e  e m p h a s i z e d  t h a t  t h e  w i d t h  of  an  emi s s ion  
b a n d  d e p e n d s  l i t t l e  or  n o t  a t  a l l  on  t he  w a y  t he  b a n d  is p resen ted ,  
i ,e . ,  w h e t h e r  ene rg ie s  or  q u a n t a ,  w a v e l e n g t h s  or  w a v e  n u m b e r s  are 
t h e  u n i t s  of  c a l i b r a t i o n  in  t h e  d i a g r a m .  A n  e x a m p l e  m a y  be f o u n d  
by  c o m p a r i n g  c u r v e  D of  F ig .  10 w i t h  F ig .  4 of  ref .  (8).  B o t h  cu rves  
a re  p r e s e n t e d  i n  d i f f e r e n t  ways ,  b u t  a p p a r e n t l y  w e r e  o b t a i n e d  on 
p h o s p h o r s  d i s p l a y i n g  t he  s ame  e m i s s i o n  b a n d .  T h e  t w o  w i d t h s  are  
0.60 a n d  0.62 e v ,  r e s p e c t i v e l y .  
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depends  on the  p a r t i c u l a r  phosphor ,  the  t e m p e r a -  
ture ,  and  the w a v e l e n g t h  and  i n t e n s i t y  of the  ex-  
c i t ing u l t rav io le t .  A n  increase  of bo th  ac t iva tor  and  
coac t iva tor  up  to h igh  concen t ra t ions  first causes 
the s h o r t - w a v e  b a n d  to d i sappear  in  favor  of the 
l o n g - w a v e  band ,  and  then  the  l o n g - w a v e  b a n d  to 
shift, as a whole,  to st i l l  longer  wave leng ths .  This 
shift  was first descr ibed by  Froe l ich  for the  case of 
Z n S : C u ,  A1 (13),  b u t  is now observed  to occur also 
in  Z n S : C u ,  Cl, I Z n S : C u  , Br, I Z n S : C u  , I, and  in  cor-  
r e spond ing  (Zn,  C d ) S  phosphors .  The  l a t t e r  phos-  
phors  also d isp lay  a s imi la r  shift  of the l o n g - w a v e  
b a n d  (cor respond ing  to the  g reen  Cu  emiss ion b a n d  
in  ZnS)  w i t h  ga l l i um and  i n d i u m  as coact ivators .  I n  
all  cases, the  shape of the  emiss ion  bands  stays 
s t rong ly  Gauss i an  if e is p lo t ted  as a f u n c t i o n  of 1/~, 
and  the wid th  in  a lmost  all  cases, regard less  of the 
a m o u n t  of the  shift,  r ema ins  at  0.36 ev; on ly  in  a 
few ra re  cases so far  has it  b e e n  observed  to be on ly  
0.32 ev. Froel ich  t e n t a t i v e l y  a s sumed  the  shift  to be 
s imu la t ed  by  a close superpos i t ion  of a least  th ree  
s u b - b a n d s  of fixed posi t ions b u t  v a r y i n g  in tensi t ies .  
If this  were  the case, the  s u b - b a n d s  would  have  to be 
n a r r o w e r  t h a n  0.36 ev (or even  0.32 ev) ,  a n d  one 
would  expect  a dev ia t ion  f rom the Gauss i an  shape 
at least  in  some cases. The fo rmer  m a y  be possible  
a l though  it  is un l ike ly ,  since even  the emiss ion 
bands  at low ac t iva tor  concen t ra t ions  are 0.36 ev 
wide, and  the l a t t e r  could no t  be observed.  Hence,  
the shif t  p r o b a b l y  is not  s imula t ed  by  a superpos i -  
t ion  of n a r r o w  s u b - b a n d s ,  bu t  is a real  shift  of a 
s ingle  b a n d  as a whole.  

3. Care  has to be  t a k e n  in  the  d e t e r m i n a t i o n  of 
the peak  posi t ions of Cu-ac t i va t ed  ZnS  type  phos-  
phors. The b lue  emiss ion of Z n S : C u  m a y  con ta in  a 
weak  g reen  band ,  or vice versa, which  eas i ly  re -  
ma in s  unno t i c ed  bu t  has an  inf luence  on the  ap-  
p a r e n t  peak  posi t ion  of the  emission.  Addi t iona l ly ,  
the green  b a n d  m a y  shift  t oward  yel low, especia l ly  
if one a t t empts  to suppress  the  b lue  b a n d  com-  
pletely.  A sure  means  to d e t e r m i n e  the  peak  posi-  
t ions of the  two m a i n  emiss ion bands  in  the  r ange  
of low ac t iva tor  concen t ra t ions  appears  to be the 
CIE color d i a g r a m  w h e r e  the posi t ions  are r igo r -  

ously  d e t e r m i n e d  by  the end  poin ts  of a s t ra igh t  
l ine  t h r ough  the  color coordinates  of the  phosphors  
u n d e r  considera t ion.  
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ABSTRACT 

Prepa ra t ion  condit ions for o rd ina ry  e lec t ro luminescent  Z n S : C u  phosphors  
are  appl ied  to (Zn,Cd)S:  Cu. Modifications of the  condit ions pe rmi t  extension 
of the range  in which the la t t ice  remains  cubic in s t ruc tu re  up to 15 mole  % 
CdS, thus  ex tend ing  the  range  of obta inable  emission colors f rom the  b lue  and 
green  of the  ZnS:Cu  into the ye l low and orange.  The e lec t ro luminescence  of 
hexagonal  (Zn,Cd)S:  Cu phosphors,  at  h igher  CdS concentrat ions,  can be con- 
s ide rab ly  improved  by  a sul fur iz ing t r ea tmen t  a t  low tempera tures .  This ex -  
tends the  useful  range of emission colors into the  red  and nea r - in f ra red .  The 
observed  dependence  of the  in tens i ty  of e lec t ro luminescence  on the  CdS con-  
cent ra t ion  indicates  a s t rong influence of deep e lect ron traps,  l i t t le  or no in-  
fluence of the  depth  of sha l low elect ron traps,  and l i t t le  or  no influence of the  
separa t ion  in energy  of the  ac t iva tor  centers  f rom the conduct ion band.  

E l e c t r o l u m i n e s c e n t  zinc sulf ide and  se l en ide  p h o s -  
p h o r s  a c t i v a t e d  b y  coppe r  a r e  we l l  known .  In  s t r i k -  
ing con t ras t ,  z i n c - c a d m i u m  sulf ide p h o s p h o r s  con-  
t a i n ing  m o r e  t h a n  a f ew  p e r  cen t  of CdS h a v e  been  
found  to be o n l y  poor ly ,  if  a t  a l l ,  e l e c t r o l u m i n e s -  
cen t  (1 -4 )  desp i t e  t he  fac t  t h a t  t h e y  m a y  be  w e l l  
p h o t o -  and  ca thodo luminescen t .  Two  r easons  for  
th is  b e h a v i o r  w e r e  obse rved .  One is t h e  a p p e a r a n c e  
of a b l a c k  C d - C u  sulf ide of s o m e w h a t  unde f ined  
compos i t i on  w h i c h  p r e c i p i t a t e s  out  of ( Z n , C d ) S :  
Cu,C1 p h o s p h o r s  as a s e p a r a t e  p h a s e  and  so d i s t u r b s  
t he  compos i t i on  and  the  e l e c t r i c a l  p r o p e r t i e s  of t he  
r e m a i n i n g  p h o s p h o r  (2, 3) .  L a t e r  i t  was  o b s e r v e d  
t ha t  ( for  s t i l l  u n k n o w n  r e a s o n )  th is  p e c u l i a r  sulf ide 
does  no t  a p p e a r ,  or  does  so to a m u c h  l e sse r  degree ,  
if  ch lo r ine  is r e p l a c e d  b y  e i t h e r  b r o m i n e  or  iodine.  
Hence,  i t  can  r e l a t i v e l y  eas i ly  be  avo ided .  

The  o t h e r  r ea son  for  t he  poor  e l e c t r o l u m i n e s c e n c e  
of ( Z n , C d ) S : C u  p h o s p h o r s  con ta in ing  m o r e  t h a n  a 
few p e r  cen t  of CdS  w a s  e x p l a i n e d  b y  t h e i r  t e n d e n c y  
to c r y s t a l l i z e  on ly  in the  h e x a g o n a l  modi f i ca t ion  
( w u r t z i t e ) .  Microscop ic  o b s e r v a t i o n s  i n d i c a t e d  t h a t  
t h e  p a r t i c l e s  of such  h e x a g o n a l  p h o s p h o r s  w e r e  
m u c h  m o r e  pe r f ec t  in  s t r u c t u r e  t h a n  the  p a r t i c l e s  of 
cubic ,  and  w e l l  e l e c t r o l u m i n e s c e n t ,  z inc sulf ides and  
se len ides  (4) .  T h e y  o r d i n a r i l y  do not  s eem to con-  
t a i n  m a n y  s t r u c t u r a l  f au l t s  ( s t a c k i n g  d i so rde r s ,  
voids ,  Cu2S segrega t ions ,  e tc . )  w h i c h  a r e  b e l i e v e d  to 
be  a p r e r e q u i s i t e  for  good e l e c t r o l u m i n e s c e n c e  
(2, 4 -11) .  This  ind ica t e s  two  poss ib le  w a y s  to i m -  
p r o v e  the  e l~c t ro luminescence  of ( Z n , C d ) S : C u  
p h o s p h o r s  of h i g h e r  CdS concen t ra t ions .  F i r s t ,  t he  
p r e p a r a t i o n  cond i t ions  m a y  be  modi f i ed  to e x t e n d  
the  r a n g e  in  w h i c h  t h e  p h o s p h o r s  a r e  s t i l l  cubic  in  
s t r u c t u r e  to h i g h e r  t h a n  the  u s u a l  ( r o u g h l y  5 - 1 0 % )  
CdS concen t ra t ions .  Second ,  m e a n s  m a y  be  f o u n d  to 
enhance  the  poor  e l e c t r o l u m i n e s c e n c e  of h e x a g o n a l  
(Zn ,Cd)  S: Cu phosphor s ,  e.g., b y  a r t i f i c i a l ly  c r e a t i n g  
l a t t i ce  fau l t s .  Bo th  w a y s  w e r e  i nves t i ga t ed ,  h a v e  
y i e l d e d  the  e x p e c t e d  resu l t s ,  and  w i l l  be  r e p o r t e d  
s e p a r a t e l y  here .  

Present address: West inghouse  Research Laboratories, Pittsburgh, 
Pennsylvania. 

Methods of Preparation and Testing 
The  p h o s p h o r s  w e r e  p r e p a r e d  in e s s e n t i a l l y  t he  

s a m e  m a n n e r  as t h a t  d e s c r i b e d  b y  W a c h t e l  (2)  for  
the  case of ZnS  phosphors .  Unf i red  zinc and  c a d -  
m i u m  sulf ide ( l u m i n e s c e n t  g rade ,  low c h l o r i n e  con-  
t en t )  w e r e  d r y  ba l l  m i l l e d  in t he  d e s i r e d  ra t io .  The  
i m p u r i t i e s  Cu (as  t he  a c e t a t e ) ,  G a  (as  t h e  n i t r a t e ) ,  
In  (as t h e  n i t r a t e ) ,  and  the  ha logens  (as  t he  zinc 
ha l ides )  w e r e  a d d e d  in aqueous  solut ions ,  and  the  
r e s u l t i n g  s l u r r y  dr ied .  S u l f u r  and  iod ine  ( w h e r e v e r  
used)  w e r e  a d d e d  as t he  sol id  e l emen t s ;  t h e y  do 
not  r e q u i r e  spec ia l  ca re  r e g a r d i n g  u n i f o r m  d i s t r i -  
bu t i on  be c a use  of t h e i r  h igh  vo l a t i l i t i e s  a t  e l e v a t e d  
t e m p e r a t u r e s .  The  p h o s p h o r s  w e r e  f i red in  sma l l  
c a p p e d  s i l ica  tubes ,  u s u a l l y  s u r r o u n d e d  b y  n i t rogen .  
The  a m o u n t s  of p h o s p h o r  ( a b o u t  10g each)  w e r e  
m e a s u r e d  so t h a t  t h e y  h a d  some " h e a d r o o m "  in t he  
c a p p e d  tubes  d u r i n g  firing. A f t e r  c omp le t i on  of the  
f i r ing schedule ,  w h i c h  in  m a n y  cases  i n v o l v e d  sev -  
e r a l  s teps,  a l l  p h o s p h o r s  w e r e  w a s h e d  in a c y an ide  
so lu t ion  in  o r d e r  to r e m o v e  excess  copper  sulf ide 
f r o m  the  p a r t i c l e  sur faces ,  g e n t l y  m i l l e d  to b r e a k  
up a g g l o m e r a t e s ,  w a s h e d  in wa t e r ,  in a lcohol ,  and  
dr ied .  

The  t i m e - a v e r a g e  of t he  emiss ion  i n t e n s i t y  of 
e l e c t r o l u m i n e s c e n c e  was  t e s t ed  in an  oil  ce l l  de -  
sc r ibed  e l s e w h e r e  (12) .  The  e x c i t a t i o n  cond i t ions  
(e.g.,  ce l l  spac ing ,  a p p l i e d  v o l t a g e )  w e r e  k e p t  u n d e r  
close con t ro l  so t h a t  t he  emiss ion  in t ens i t i e s  f r o m  
s a m p l e  to s a m p l e  could  be  c o m p a r e d  w i t h  an  ac -  
c u r a c y  of a b o u t  •  D e s i g n a t i o n  of t he  emiss ion  
i n t e n s i t y  in  t e r m s  of v i s ib le  b r i g h t n e s s  has  l i t t l e  
p h y s i c a l  m e a n i n g  if, as is t h e  ease here ,  t he  emiss ion  
colors  m a y  v a r y  ove r  a w i d e  r a n g e  and,  in some 
cases, even  e x t e n d  in to  t he  i n f r a r ed .  Hence ,  the  
emiss ion  in t ens i t i e s  w e r e  m e a s u r e d  w i t h  a p h o t o c o n -  
duc t i ng  P b S  cel l  in close p r o x i m i t y  to t he  phosphor .  
P b S  is v e r y  a p p r o x i m a t e l y  a q u a n t u m  c oun t e r  (13) 
so t h a t  t he  r e su l t s  can be  c ons ide r e d  to be  f a i r  i n -  
d i ca t ions  of t h e  emiss ion  in t ens i t i e s  in t e r m s  of 
q u a n t a  p e r  unit cel l  a r e a  a n d  un i t  t ime.  A l l  m e a s -  
u r e m e n t s  w e r e  m a d e  at  r o o m  t e m p e r a t u r e .  
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The emission colors of electroluminescence were 
evaluated by comparison with the colors of photo- 
luminescence of a set of (Zn ,Cd)S:Ag phosphors 
whose single emission bands were separately deter-  
mined (14) and denoted by their peak positions. As 
an example, the emission color of electrolumines- 
cence of 570 m~ means a color which closely ap- 
proaches that of a single emission band of a 
(Zn ,Cd)S:Ag phosphor peaking at 570 m~. This 
method of color characterization is fairly accurate 
(except in the deep blue and the deep red) in all 
cases where the test sample emits only, or predom- 
inantly, in one band, but it is only an approximation 
if the test phosphor emits in two bands of com- 
parable intensities. Fortunately,  the latter was the 
exception rather than the rule in all phosphors 
tested in this work. 

The lattice structures of the phosphors were de- 
termined by x - r a y  analysis by comparing the in- 
tensities of the reflection lines [100] or [101], which 
appear only in the hexagonal modification, with that 
of the [200] line which appears only in the cubic 
structure. The limit of detectibility for a cubic por-  
tion in an otherwise hexagonal lattice, and vice 
versa, was about 1%. 

Cubic ( Zn,Cd ) S :Ca Phosphors 
The transition temperature  between the low-tem- 

perature  cubic and the h igh- temperature  hexagonal 
modification of pure ZnS has been reported to be 
about 1020~ (15), but  it may be changed con- 
siderably by the presence of impurities such as cop- 
per, chlorine, oxygen, etc. (18-18). Quantitative data 
for zinc-cadmium sulfides are apparently not avail- 
able in the literature, but  one may reasonably expect 
a decreasing transition temperature  with increasing 
cadmium concentration. This is confirmed by experi-  
mental  results shown at the top of Fig. 1. The curves 
denoted by solid lines in Fig. 1 refer to phosphors 
which, for reasons to be described later, were fired 
in a rather unusual atmosphere, namely  iodine. No 
other coactivator was added in these cases. The 
dashed curves refer to (Zn,Cd)S:Cu,Br  phosphors 

100 1 ~ ..o---~/x--x / 4 - - ~ - - +  

(] - - )  - - w ~  - - 4 - - ~  + - -  4- 

6'o0 ' 76o ' 8oo ' 9oo ' 1 ~ o  ' 11bo ' 

50- T e m p e r a t u r e  (~ 
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-~ 20- / x - - x  ~ x  NO CdS 
15fo CdS . . ~ - - - - - + - - - - 4 -  A" 

........ . 
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2: .~ '~ 

Temperature (~C) 

Fig. 1. Top, Estimated percentage of hexagonal crystal structure; 
bottom, mean particle sizes of (Zn,Cd)S:Cu (1%) .  Solid lines, fired 
1 hr in iodine vapor, no other coaetivator; dotted lines, 0.3% 
bromine odded, fired 1 hr in sulfur plus nitrogen. 
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containing 10% CdS, 1% Cu, and 0.3% Br 1 (added 
before firing) which were more conventionally fired, 
namely in sulfur vapor plus some nitrogen from the 
protecting atmosphere surrounding the capped silica 
tubes. 

Bromine and iodine (chlorine is excluded for rea-  
sons mentioned earlier) have two different effects 
on ZnS and (Zn, Cd)S phosphors. They provide the 
coactivator necessary to dissolve enough copper ac- 
t ivator in the lattice, and they serve as "flux" in the 
mechanism of the particle growth during firing, 
probably involving the reaction 

1 
(Zn,Cd)S -F X 2 ~  (Zn,Cd)X~ -k -:-$2 [1] 

Z 

where X stands for either Br or I. This defines a 
minimum firing temperature  required to obtain par-  
ticles of roughly 10p mean size which, by experience, 
are necessary for good electroluminescence. On the 
other hand, the firing temperature  should also be as 
low as possible in order to be able to use high CdS 
concentrations and yet to keep the lattice cubic. 
Figure 1 shows that iodine is superior to bromine in 
this respect, it permits firing temperatures as low as 
600~176 and, hence, incorporation of about 15% 
CdS while the bromine-coactivated phosphors fired 
in sulfur -k nitrogen require about 750~ to develop 
comparable particle sizes and, therefore, permit  only 
about 10% CdS. Unfortunately,  iodine tends to de- 
velop the shor t -wave emission band almost alone 
(16) which, even with 15% CdS, is only blue-green 
(comparable to the blue-green of ordinary ZnS: 
Cu,C1). Hence, bromine probably represents the best 
combination of coactivation and particle growth 
promotion in one substance. 

The electroluminescence emission intensity (time 
average) of a set of (Zn,Cd)S:Cu,  (1%),  Br (0.3%) 
as a function of the CdS concentration is shown in 
Fig. 2. These phosphors were fired 2 hr  at 720~ 
They were surrounded by sulfur vapor (due to the 
added free sulfur) at the beginning but more or less 

A l l  c o n c e n t r a t i o n s  i n  t h i s  r e p o r t  a r e  e x p r e s s e d  o n  a m o l a r  b a s i s .  

�9 % " i~ I~ 

"E 

Cubic Hexagonal 

I r ~ I< 

Mob % C d S  

Fig. 2. Emission intensities of electroluminescence of (Zn,Cd)S:Cu 
(1%), Br (0.3%) phosphors as a function of the CdS concentration. 
The phosphors were fired 2 hr at 720~ in sulfur -t- nitrogen 
atmosphere. 
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Fig. 3. Emission colors (in terms of apparent peak positions) of 
electroluminescence of the phosphors of Fig. 2 and 10. 

by nitrogen (diffused from the protecting atmos- 
phere into the tubes during firing) at the end of the 
firing time. The result is an almost constant emission 
intensity f rom zero to roughly 10% CdS and a sharp 
drop beyond, in qualitative agreement with pre-  
viously published results (2, 4). The emission spec- 
tra of all samples consist predominant ly  of the long- 
wave band (corresponding to the green band of 
ZnS: Cu,C1) so that  their emission colors can well be 
described by their apparent  peak positions. The re-  
sult is shown in Fig. 3. The emission shifts at a rate 
of about 3.6 m/z/% CdS toward red within the cubic 
and within the hexagonal structure ranges, with a 
transition range in between characterized by an in- 
verse color shift. 

A variation of the bromine concentration added 
to cubic (Zn,Cd)S: Cu,Br phosphors containing 10% 
CdS reveals qualitatively the same interactions be- 
tween the two emission bands as observed in case 
of cubic ZnS:Cu,C1 or ZnS:Cu,Br  phosphors. Low 
bromine concentration develops almost only the 
shor t -wave band (peak at 485 rr~). Increasing 
bromine concentration first causes the long-wave 
band (peak at 550 m~) to increase until  it domi- 
nates, and then a shift of it to still longer wave-  
lengths (14). In agreement with observations on 
ZnS:Cu,C1 and ZnS:Cu,Br  phosphors, the emission 
intensity stays roughly constant as long as both 
emission bands appear simultaneously, but drops 
sharply at higher concentrations of bromine where 
the long-wave emission band begins to shift toward 
the red end of the spectrum. From this, the upper 
permissible limit of the concentration of bromine 
(added before firing in sulfur q- nitrogen, as de- 

,< 

400 500 600 700 
Wavelength, ~ (rn~ 

Fig. 4. Normalized emission spectra of electroluminescence of 
cubic ZnS (90%), CdS (10%): Cu (1%), Br(0.3S%) at three 
different frequencies of excitation. The dashed resolutions into 
long-wave and short-wave bands are estimated. 

scribed above) of about 0.35% was derived. The 
corresponding phosphor emits almost entirely in the 
long-wave band depending somewhat on the fre-  
quency of excitation (Fig. 4). This is a greenish- 
yellow color corresponding closely to the maximum 
of the human eye sensitivity so that this phosphor 
appears to be about 20-30% brighter than a com- 
mon, bluish-green emitting, ZnS: Cu,C1 phosphor of 
the same quantum yield. 

A new way to prepare cubic (Zn ,Cd)S:Cu phos- 
phors of higher than 10% CdS concentrations and 
of yellow to orange emission colors opens up if the 
phosphors are fired in concentrated iodine vapor at 
the required low temperatures,  and if an additional 
coactivator, such as C1, Br, A1, Ga, or In, is used 
besides iodine. Various tests revealed the usefulness 
especially of gallium. In this combination, iodine acts 
mainly as particle growth promoter  at the required 
low firing temperature  but has little or no influence 
on the emission color, while gallium develops the 
desired long-wave emission band but has little or 
no influence on particle growth. The firing schedule 
to prepare such phosphor consists of several steps: 

(a) Preflring an intimate mixture of ZnS, CdS, 
Cu, and Ga (i.e., no iodine) in an inert or 
sulfurizing atmosphere (e.g., N2, H2S, or $2 
-b N2) at about 1000~ This prefiring has the 
purpose of introducing the Cu and the Ga 
into the (Zn,Cd)S lattice and thus to improve 
the reproducibili ty of the next step. The 
phosphor resulting from this first step has 
very  small and poorly developed particles, is 
completely hexagonal in structure, and may 
well be photoluminescent but is not electro- 
luminescent. 

(b) Firing the prefired material  in closed con- 
tainers in static iodine atmosphere for sev- 
eral hours at 600~ It is sufficient for this 
procedure to add a few iodine crystals to the 
phosphor in the capped silica tubes and to 
surround the latter by a static protecting 
atmosphere. The iodine crystals evaporate 
rapidly and this creates a static iodine atmos- 
phere surrounding the phosphor inside the 
silica tube during firing. This firing step de- 
velops the final phosphor particles. They 
grow completely cubic in structure even if 
the original material  was hexagonal. 

(c) Baking in a flow of an inert gas (e.g., N2), 
also at 600~ to remove excess of iodine 
[probably present as (Zn,Cd)Ie] which other-  
wise would cause an extremely poor main-  
tenance of electroluminescence of this phos- 
phor. 

Experimental  results on a phosphor series con- 
taining 1% Cu and 0.1% Ga, prepared in this way, 
are given in Fig. 5 and 6. Gallium creates relatively 
deep traps in ZnS phosphors which become shal- 
lower in (Zn,Cd)S phosphors with increasing CdS 
concentrations (19). This is probably the reason 
for the poor performance of the ZnS: Cu,Ga but also 
for the rapid improvement  if more and more of the 
ZnS is replaced by CdS. At low-f requency excita- 
tion (60 cps), the quantum yield of the sample con- 
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Fig. 5. Emission intensities of electroluminescence of (Zn,Cd)S:Cu 
( |%) ,  Go (0.|%) as a function of the Cd$ concentration. The phos- 
phors were first fired at 1000~ in sulfur, then at 600~ in iodine, 
and finally at 600~ in nitrogen. 
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Fig. 7. Emission intensities of electroluminescence of cubic ZnS 
(85%), CdS (15%): Cu, Go phosphors as a function of the added 
gallium concentration. The added concentration of copper was 1% 
in all samples. Firing procedure as in Fig. 5. 
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Fig. 6. Emission colors (in terms of apparent peak position) of 
electroluminescence of the phosphors of Fig. 5 and 11. 
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Fig. 8. Emission colors (in terms of apparent peak positions) of 
electroluminescence of the phosphors of Fig. 7. 

taining 14% CdS (Fig. 5) is equal to that of a good 
green emitting ZnS:Cu,C1 phosphor, but its emis- 
sion color is orange-yel low (resembling that of a 
cubic ZnS:Mn,Cu,C1 phosphor).  

The influence of variation of gallium concentra-  
tion on the electroluminescence of cubic 
(Zn,Cd)S:Cu,Ga containing 15% CdS and fired in 
iodine vapor at 600~ as described above, is shown 
in Fig. 7 and 8. The quantum yield o f  electrolumi- 
nescence is relatively little dependent on the gal- 
lium concentration from zero up to about 0.1% 
(Fig. 7). A study of the emission spectra (not 
shown here) reveals the same behavior of t he  two 
main emission bands as observed for chlorine and 
bromine coactivated ZnS:Cu and (Zn ,Cd)S:Cu 
phosphors. Little or no gallium causes almost only 
the shor t -wave emission band (peak at 500 m~) to 
develop. Increasing gallium concentration first 
causes the long-wave band (peak at 560 mtL) gradu-  
ally to increase until it dominates, and then a shift 
of it to still longer wavelengths. This corresponds 
to a change of the emission colors, shown in Fig. 8, 
from bluish-green (no Ga) over orange-yel low 
(0.1% Go) to orange-red (1% Ga).  

Hexagona l  ( Z n , C d )  S :Cu Phosphors 

Attempts were made to improve the ordinarily 
poor electroluminescence of hexagonal (Zn,Cd) S: Cu 
phosphors by gently ball milling, followed by an- 
nealing at various elevated temperatures.  The pro- 

cedure was based on the idea of creating more faults 
in the otherwise too perfect particles, and diffusing 
copper sulfide from the particle surfaces into the 
faults. All these experiments failed, however. The 
damage (DruckzerstSrung) to the luminescence 
abilities of the phosphor due to mechanical t reat-  
ment apparent ly dominates any improvement.  

Another  method became available with the 
discovery that  iodine-coactivated hexagonal 
(Zn ,Cd)S:Cu phosphors were much better electro- 
luminescent than similar phosphors coactivated 
with either chlorine or bromine, and that the elec- 
troluminescence of all hexagonal (Zn,Cd)S:Cu 
phosphors, regardless of the original coactivator, 
could be considerably improved by baking in pure 
iodine vapor. ~ The procedure is simple. The pre-  
fired phosphors, and a small amount  of elemental 
iodine, were placed in capped silica tubes which, in 
turn, were placed in a long silica firing tube which 
also contained some iodine crystals. The iodine, 
evaporating at elevated temperature,  drives all other 
gases out of the tubes so that the phosphors were 
surrounded by a static iodine atmosphere during the 
bake. After baking and rapid cooling, the phosphors 
were washed in a cold cyanide solution in order to 
remove all excess of copper sulfide. 

Iodine seems to have at least three different ef- 
fects on electroluminescent (Zn,Cd) S: Cu phosphors 

Thi s  p a r t  of  t he  w o r k  wa s  supported b y  t he  A e r o n a u t i c a l  S y t e m s  
Division, Air  Force Sys tems  C o m m a n d ,  U.S.  A i r  Force ,  W r i g h t - P a t -  
t e r s o n  Air Force Base ,  Ohio ,  u n d e r  c o n t r a c t  A F  33 (616)-7350. 
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Fig. 9. Emission intensity of e{ectroluminescence of hexagonal 
ZnS (70%) ,  CdS (30%): Cu (0.5%),  I (0.1%) as a function of 
iodine bake temperature. The phosphors were prefired in sulfur at 
650~ then baked in concentrated iodine vapor at the indicated 
temperatures. 

depending on the bake  tempera ture .  They are  dem-  
ons t ra ted  on Fig. 9. 

(A)  At  low t empera tu res  (i.e., f rom room tem-  
pe ra tu re  to about  200~ iodine reacts  wi th  the  
excess of b lack  copper sulfide present  in all  e lec t ro-  
luminescent  sulfide phosphors af ter  firing and con- 
ver ts  it to colorless copper iodide 

Cu2S q- I2--> 2CuI -b S [2] 

The photo-  and electroluminescence of these phos-  
phors (a f te r  the cyanide  wash)  are affected ve ry  
li t t le.  

(B) At  about  300~176 the copper iodide seems 
to diffuse into the phosphor  par t ic les  and so to en-  
hance considerably  the concentrat ion of ac t iva tor -  
coact ivator  pairs.  As a consequence, these phosphors  
are not e lect roluminescent  any more,  and thei r  
photoluminescence is s t rongly  shif ted toward  longer 
wavelengths  (e.g., from green to ye l low) ,  typica l  
of phosphors to which ve ry  high act ivator  and co- 
act ivator  concentrat ions are added in ten t iona l ly  
(14, 20). The existence of this ha rmfu l  t empera tu re  
range requires  tha t  all  phosphors baked  above this 
range be cooled very  quickly  in o rder  to be in the 
ha rmfu l  t empe ra tu r e  range  as short  a t ime as pos-  
sible. 

(C) At  about  500~ iodine begins to a t tack  the 
(Zn,Cd) S lat t ice 

1 
(Zn ,Cd)S  -F I2~--- (Zn,Cd)I2 Jr -~-$2 [3] 

Copper iodide, present  in the lat t ice as ac t iva tor -  
coact ivator  pairs,  diffuses out and reacts  again wi th  
the free sulfur  thus crea ted  to form black  copper 
sulfide 

1 
2CuI q- - ~  $2 --> Cu2S q- I2 [4] 

As a consequence, the  body color of the phosphor  
turns  dark,  the color of the  photoluminescence shifts 
back to where  it was or ig inal ly  (e.g., from yel low to 
green) ,  and the phosphor  again is e lec t ro lumines-  
cent and may  now be m a n y  t imes be t t e r  than  be-  
fore the iodine t rea tment .  A bake  t empe ra tu r e  of 
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Fig. 10. Emission intensities of electroluminescence of (Zn,Cd)S: 
Cu (1%),  Br (0.3%) as a function of the CdS concentration. The 
phosphors are identical to those of Fig. 2 except for an additional 
bake in iodine vapor at 550~ 

500~176 gives best  results.  This is also the  t em-  
pe ra tu re  where  the first indicat ions of par t ic le  
growth  can be observed. St i l l  h igher  t empera tu res  
cause too large  par t ic les  and, p robab ly  for this  r ea -  
son, again a decrease of electroluminescence.  

The in tens i ty  of e lectroluminescence of a series of 
(Zn,Cd) S: Cu,Br phosphors,  fired in sulfur  q- n i t ro-  
gen a tmosphere  at  720~ then baked in iodine 
vapor  at  550~ (30 min)  and, f inally cyanide  washed 
as usual,  is shown in Fig. 10 as a function of the 
CdS concentrat ion.  Comparison wi th  Fig. 2, which 
shows the same on a s imi lar  phosphor  wi thout  
iodine bake,  demonst ra tes  the  r e l a t ive ly  smal l  im-  
p rovement  in the cubic range  but  the t remendous  
enhancement  in the hexagonal  range  of s t ructure.  

F igure  11 shows the dependence of e lec t ro lumi-  
nescence on the CdS concentra t ion of (Zn,Cd)S: Cu,Ga 
phosphors  p repa red  ident ica l ly  to the series shown 
in Fig. 5 except  tha t  the bake  in an iner t  gas at 
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Fig. 11. Emission intensities of electroluminescence of (Zn,Cd)S: 
Cu (1%),  Ga (0.1%) as a function of the CdS concentration. The 
phosphors were first fired at 1000~ in sulfur, then at 600~ in 
iodine, and, finally, at 550~ in iodine (i.e., no firing in nitrogen, 
as in Fig. 5). 
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Fig. 12. Emission intensities of electroluminescence of (Zn,Cd)S: 
Cu (1%), In (0.1%) as a function of the CdS concentration. Firing 
procedure as in Fig. 11. 

600~ is replaced by a bake in iodine at 550~ 
Here again, there is little or no effect in the cubic 
range, but a considerable improvement  in the hexa-  
gonal range so that, besides the "cubic" peak at 
about 15% CdS, another, and even higher, "hexa-  
gonal" peak appears at about 30% CdS. The be-  
havior of a similar phosphor series where the gal- 
lium is replaced by indium is shown in Fig. 12. They 
are, in general, inferior to the corresponding gal- 
l ium-coactivated phosphors except at CdS concen- 
trations of about 50% and higher where even in- 
dium traps become sufficiently shallow. 

An iodine bake at 550~ has little or no effect on 
the emission color of electroluminescence. Thus, the 
dependence of the emission color on the CdS con- 
centration of the bromine-coactivated phosphors of 
Fig. 10 agrees closely with that of the nonbaked 
series of Fig. 3. Similarly, the colors of the iodine 
baked gall ium-coactivated phosphors of Fig. 11 are 
also described by Fig. 8. An interesting example of 
color variation is shown in Fig. 13 for the case of 
(Zn,Cd)S:Cu,In.  The samples containing little or 
no CdS emit strongly in the orange band character-  
istic of indium (21-23). This orange band pre-  
dominates more at low than at high frequency of 
excitation so that these phosphors have a color 
shift with frequency which is just the opposite of 
that  which occurs with ordinary phosphors, e.g., 
with ZnS:Cu,  Cu. The indium emission band dis- 
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Fig. 13. Emission colors (in terms of apparent peak positions) of 
electroluminescence of the phosphors of Fig. 12. 

appears at about 10% CdS so that  all samples from 
this toward higher CdS concentrations display an 
ordinary color shift. 

It should be mentioned here that the iodine bake 
procedure, which so much improves the intensity of 
electroluminescence of hexagonal (Zn ,Cd)S:Cu 
phosphors, also causes the phosphors to have a rela-  
t ively poor maintenance. The effect is assumed to 
be due to an excess of iodine [perhaps as (Zn,Cd)I2] 
remaining in the phosphor. It  can be driven out 
easily by gentle heating in an inert atmosphere. 
That is the reason for the bake in nitrogen used in 
the case of cubic phosphor where it has little or no 
effect on the intensity of electroluminescence but 
considerably improves its maintenance. In hexa- 
gonal phosphors, however, any bake in an inert 
atmosphere at elevated temperatures also reduces 
the intensity of electroluminescence and, finally, 
brings it back to that before the iodine bake. 

A way  out of this situation was found with the 
discovery that a bake in sulfur may also consider- 
ably improve the intensity of electroluminescence 
of hexagonal (Zn ,Cd)S:Cu phosphors, and that 
these phosphors (in contrast to corresponding 
iodine-baked samples) also show excellent main-  
tenance. Some instability at elevated temperature  
remains, however. The sulfur bake is effective only 
if the phosphor is in direct contact with sulfur dur-  
ing all the time it is hot. Subsequent heating of the 
phosphor in an inert atmosphere (e.g., in N2) to a 
temperature exceeding the boiling point of sulfur 
(445~ again reduces the intensity of electrolumi- 
nescence to that  before sulfur baking. 

The dependence of the intensity of electrolumi- 
nescence on the temperature  of the sulfur bake is 
shown in Fig. 14 for a series of orange-yel low emit- 
ting hexagonal (Zn,Cd)S:Cu,Br  phosphors con- 
taining 30% CdS. The phosphors were fired in sul- 
fur at 800~ (2 hr)  and then baked in sulfur (30 
min) at the indicated temperatures.  In the low- 
temperature range (up to 400~ the phosphors 
were mechanically admixed with about 10-20% (by 
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Fig. 14. Emission intensities of eIectroIuminescence of hexagonal 
ZnS (70%), CdS (30%): Cu 0%), Br (0.3%) as a function of 
sulfur bake temperature. The phosphors were fired in sulfur at 
800~ (2 hr) and then baked (30 min) in sulfur at the indicated 
temperatures. 
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weight)  of e lementa l  sulfur  and then baked  in open 
boats  in nitrogen.  Sulfur  is only a l iquid at  these 
low t empera tu res  and complete ly  "soaks" the  phos-  
phor  dur ing the bake.  In the h i g h - t e m p e r a t u r e  
range (450~ and h igher ) ,  the phosphors were  
baked  in capped silica tubes containing, and sur -  
rounded  by, an a tmosphere  of pure  sulfur  vapor  
(i.e., no N2). Af ter  the  bake,  as usual,  al l  samples 
were  washed  in an aqueous solution of NaCN + 
NaOH which quickly dissolves all  excess of Cu2S 
and all  remain ing  f ree  sulfur. The ve ry  pronounced 
min imum of e lectroluminescence at a bake  t em-  
pe ra tu re  of about  350~ (Fig. 14) corresponds to 
a "shift" of the  emission color toward  red  (s imi lar  
to the case of iodine bake  at the  same tempera tu re ,  
see Fig. 9). I ts na tu re  is not  complete ly  unders tood 
at present .  

Conclusions 
Good e lec t roluminescent  ( Z n , C d ) S : C u  phosphors  

of cubic s tructure,  containing up to 15 mole % CdS, 
can be p repa red  by  a sufficient reduct ion  of the fir-  
ing tempera ture .  The obta inable  emission colors 
ex tend into the orange-yel low.  Except  for the  di f -  
ferent  spectra l  emission d is t r ibut ion  these cubic 
phosphors  behave  ident ica l ly  in all  respects  to or -  
d ina ry  e lect roluminescent  ZnS: Cu phosphors.  

The electroluminescence of hexagonal  (Zn ,Cd)S:  
Cu phosphors  can be enhanced to the  level  of a 
corresponding cubic phosphor by  a bake  in a sul-  
furizing atmosphere.  This may  be provided  ei ther  
d i rec t ly  by  sulfur  or by  a concentra ted iodine a t -  
mosphere.  The roughly  ident ical  dependences of 
e lect roluminescent  in tens i ty  on the bake  t e m p e r a -  
ture  in sulfur  and in iodine indicate  s imi lar  actions 
of both. Probably ,  the  free sulfur is provided  by  the 
iodine bake  according to react ion [3].  The reason 
why sulfur izat ion enhances the e lectroluminescence 
of hexagonal ,  but  not or to a much lesser degree of 
cubic, phosphors is unknown.  Careful  x - r a y  analysis  
indicated no not iceable change whatsoever  of the 
lat t ice s t ruc ture  of hexagona l  phosphors  baked  in 
sulfur  at  low tempera tu re ,  nor would  one expect  a 
change at these low tempera tures .  Yet, the  bake  
considerably  enhanced the in tens i ty  of e lec t ro lumi-  
nescence. A microscopic examina t ion  revea led  the  
electroluminescence of hexagonal  (Zn,Cd) S: Cu 
phosphors to be concentra ted  in t iny  spots or l ines 
inside the  part icles,  jus t  the same as observed in 
cubic ZnS: Cu phosphors  (24, 25). The sizes and the 
intensi t ies  of these spots are the same for an un-  
baked  and a baked  hexagonal  phosphor;  the l a t t e r  
only contains many  more emit t ing spots than  the 
former.  Hence, if this  e lectroluminescence is due to 
some kind  of la t t ice faul ts  (which is l ike ly  because 
of the existence of emi t t ing  "spots") ,  the sul fur iz-  
ing bake  e i ther  creates new faul ts  or causes p rev i -  
ously inact ive faul ts  to become active. The complete  
lack of any  change in the  x - r a y  pa t t e rn  due to low-  
t empe ra tu r e  sulfur  bake  indicates the l a t t e r  pos-  
s ibi l i ty  to be the most probable ,  but  more conclu- 
sions can ha rd ly  be d rawn  at present .  

Since the enhancement  effect of a sulfur izing 
bake  on the electroluminescence of hexagonal  (Zn, 
Cd)S :  Cu phosphors  is not  understood,  and at  p res -  

ent  is s t i l l  r e l a t ive ly  l i t t le  invest igated,  no conclu- 
sions as to the mechanism of electroluminescence in 
these phosphors  can be d rawn  f rom the exper i -  
men ta l ly  observed dependences.  However ,  the phos-  
phors  of the cubic range  resemble  so much in al l  
points ordinary,  and well  invest igated,  cubic ZnS: Cu 
phosphors tha t  three  impor tan t  conclusions can 
fa i r ly  safely be drawn.  

(A) Deep elect ron t raps  c lear ly  reduce the in-  
tens i ty  of electrolurninescence. This has been pro-  
posed a l ready  in a number  of theories  (26-30),  and 
qua l i t a t ive ly  i t  is immedia te ly  vis ible  by  a com- 
par ison be tween  Fig. 10, 11, and 12 (corresponding 
to phosphors  containing Br, Ga, and  In, respec-  
t ive ly ) .  As long as the deep t raps  are  dominant  (i.e., 
as long as they  are not exhaus ted  dur ing one half  
of a cycle of the  appl ied  f requency of exci ta t ion) ,  
thei r  influence on the  in tens i ty  of e lec t ro lumines-  
cence, L, can reasonably  be expected to be descr ibed 
by  

L = A exp ( - -BE)  [5] 

where  A and B are  constants and E is the t rap  
depth. A f i r s t -order  approx imat ion  be tween  de-  
creasing t rap  depth  wi th  increasing CdS concen- 
t ra t ion,  [CdS] ,  is a l inear  one, i.e., 

E = Ezns - -  C[CdS]  [6] 

where  C is a constant  and where  Ezns is the t rap  
depth  in ZnS. This gives 

L = A exp(--BEzns)  exp (BC[CdS] )  [7] 

which is the  exponent ia l  increase of L wi th  CdS 
concentrat ion observed in the cubic range  of Fig. 5 
and 11. 

(B) The in tens i ty  of e lectroluminescence is in-  
dependent  of the  dep th  of shal low elect ron t raps  in 
the phosphor.  This is demons t ra ted  by  those par t s  
of the curves of Fig. 2 and 11 which correspond to 
the cubic range of s tructure.  Bromine ( in contrast  
to gal l ium and indium)  causes re la t ive ly  shallow 
t raps  in these phosphors.  A decrease of the  t rap  
depth  wi th  increasing CdS concentrat ion at a r a t e  
of 0.017 e v / %  CdS has been repor ted  (17). This 
corresponds to bromine  t raps  in the samples con- 
ta in ing 10% CdS which are  about  0.17 ev shal lower  
than  corresponding t raps  in the  samples  containing 
no CdS. Yet this  var ia t ion  of the  depth  of electron 
t raps  has l i t t le  or no effect on the in tens i ty  of elec-  
t roluminescence.  This absence of an effect can be 
unders tood fa i r ly  easily, a l though qual i ta t ively ,  by  
complete  exhaust ion  of the  shal low bromine  t raps  
wi th in  the t ime of a half  cycle of the appl ied  f re -  
quency. Once the  t raps  are  shal low enough tha t  
they  are  subs tan t ia l ly  al l  empt ied  dur ing a half  
cycle, then a fu r the r  reduct ion of the  t rap  depth  does 
not affect the  number  of electrons which become 
ava i lab le  for  recombinat ion.  

(C) The in tens i ty  of e lect roluminescence seems 
to be l i t t le  dependent  on the separa t ion  in energy 
of the  ac t iva tor  centers  f rom the conduction band.  
This is expressed by  those par t s  of the  curves of Fig. 
2 and 11 which correspond to the cubic range  of 
s tructure.  Unfor tunate ly ,  this  range  is r a the r  na r -  
row. A reasonable  es t imate  of what  could be ex-  
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pec t ed  in  case  of, e.g., col l i s ion  exc i t a t i on  f r o m  a 
r e d u c e d  exc i t a t i on  e n e r g y  due  to a r e p l a c e m e n t  of 
10% of ZnS  b y  CdS y i e ld s  an  i n c r e a s e  of t he  e m i s -  
s ion i n t e n s i t y  of r o u g h l y  25 % (h igh  a p p l i e d  v o l t a g e )  
to 100% ( low v o l t a g e )  u n d e r  o t h e r w i s e  u n c h a n g e d  
condi t ions .  Such  v a r i a t i o n  of t he  emiss ion  i n t e n s i t y  
w i t h  t h e  CdS  c o n c e n t r a t i o n  is no t  d i s c e r n i b l e  in  
Fig.  2 and  11, nor  does  i t  occur  w i t h  t he  s ame  p h o s -  
p h o r  ser ies  a t  l o w e r  e x c i t a t i o n  v o l t a g e s  (no t  s h o w n  
in Fig.  2 and  11).4 Neve r the l e s s ,  t he  w r i t e r  he s i t a t e s  
to d r a w  t h e  conclus ion  t h a t  the  e n e r g y  s e p a r a t i o n  
a c t i v a t o r - c o n d u c t i o n  b a n d  r e a l l y  is u n i m p o r t a n t  in 
t he  e x c i t a t i o n  m e c h a n i s m  of the  D e s t r i a u  effect. I f  
th is  w o u l d  b e  t he  case, a n y  m o d e l  in w h i c h  th i s  
e n e r g y  s e p a r a t i o n  is c r i t i c a l l y  i n v o l v e d  w o u l d  have  
to be  abandoned .  W h e t h e r  or not  t he  one or  t he  
o t h e r  k i n d  of t he  p r o p o s e d  i n j ec t i on  m e c h a n i s m s  
(25, 31) is in b e t t e r  a g r e e m e n t  w i t h  t he  e x p e r i -  
m e n t a l  b e h a v i o r  is s t i l l  open  to ques t ion .  F u r t h e r  
e x p e r i m e n t a l  w o r k  w i l l  h a v e  to decide .  
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New Ternary Semiconducting Compounds, Cd4(P,As).,(CI, Br, 
Lawrence Suchow and Norman R. Stemple 

International Business Machines Corporation, Thomas J. Watson Research Center, 
Yorktown Heights, New York 

ABSTRACT 

Five  new t e r n a r y  semiconduct ing compounds have been  synthesized:  
Cd4P2C13, Cd4P2Br3, Cd4P213, Cd4As2Br3, and Cd4As213. These compounds are 
al l  cubic (space group Pa3) and isomorphous wi th  each other. Their  la t t ice  
constants  va ry  wi th  sizes of the component  atoms. The  s t ruc ture  appears  to be 
based on a nea r ly  face-cen te red  cubic a r r angemen t  of cadmium atoms in a 
pseudocel l  having  half  the  edge of the  t rue  p r imi t ive  cell. Al l  the  new com- 
pounds are  deeply  colored. Est imates  of the i r  energy band  gaps have  been 
made  f rom optical  and electr ical  measurements .  

In  a f u r t h e r  effort  to syn thes i ze  s e m i c o n d u c t i n g  
c o m p o u n d s  w i t h  an  a n t i c h a l c o p y r i t e  s t ruc tu re ,  1 a t -  
t e m p t s  w e r e  m a d e  to p r e p a r e  Cd2YX, w h e r e  Y is P 
or  As,  and  X is C1, Br ,  or  I. Such  c o m p o u n d s  w e r e  
not  found,  no r  w e r e  c o m p o u n d s  w i t h  z incb l e nde  
s t r u c t u r e  c o r r e s p o n d i n g  to Zn3PI3 and  Zn3AsI3, 
w h i c h  w e r e  found  in r e l a t e d  w o r k  w i t h  zinc corn-  

1 F or  a f u l l e r  d i scuss ion ,  see ref .  ( I ) .  

p o u n d s  (1) .  H o w e v e r ,  f ive n e w  t e r n a r y  s e m i c o n -  
duc t i ng  compounds  w e r e  f o u n d  w h i c h  a r e  ou t s ide  
the  p s e u d o b i n a r y  Cd~Y2-CdX2 cut  t h r o u g h  the  t e r -  
n a r y  sys tem.  

Preparation and X-Ray Crystallography 
Be c a use  of t he  v i e w p o i n t  f r o m  w h i c h  th is  w o r k  

was  in i t i a t ed ,  p r e p a r a t i o n s  w e r e  first  m a d e  b y  r e -  



Vol. 110, No. 7 N E W  T E R N A R Y  S E M I C O N D U C T I N G  C O M P O U N D S  

Table I. Chemical analysis of Cd4P2Br3 crystals Table II. Lattice constants of the new compounds 

767 

% F o u n d  C a l c u l a t e d  fo r  Cd~P2Br8 

Cd 60.0 59.85 
P 8.24 8.25 
Br 31.8 31.91 

action of e i ther  Cd3P2 or Cd3As2 wi th  CdCI2, CdBr2, 
or CdI2. The Cd3P2 and Cd3As2 for use as s tar t ing 
mater ia l s  were  synthesized by  react ion of stoichio- 
metr ic  quant i t ies  of ex t r eme ly  pu re  powders  of the 
const i tuent  e lements  in evacuated  sealed quar tz  
tubes. The powder  mix tures  were  brought  up to 
t empera tu re  g radua l ly  and kept  at the m a x i m u m  for 
severa l  hours;  the m a x i m u m  for Cd~P2 was 750~ 
and for  C d ~ s 2  700~ These t empera tu res  were  de-  
t e rmined  empir ical ly ,  wi th  x - r a y  diffraction used 
to analyze the  products.  The cadmium halides used 
were  the best  l abora to ry  grades commercia l ly  ava i l -  
able. 

When equimolar  quant i t ies  of CdsAs2 or Cd3P2 and 
cadmium diha l ide  were  heated together  in evacuated  
sealed quar tz  tubes at  about  500~176 new com- 
pounds formed,  but,  as i t  wi l l  now be shown, they  
were  not pure  at this composition. Taking the Cd3P2- 
CdBr2 system as an example,  it was found tha t  single 
crystals  forming f rom the vapor  phase in cooler por -  
tions of the tube had an x - r a y  diffraction powder  
pa t t e rn  l ike tha t  of the bu lk  of the product  in pow-  
der  form, but  was free of several  addi t ional  l ines in 
the pa t t e rn  of the  powder.  These addi t ional  l ines 
proved to be due to cadmium, and changes in in-  
tens i ty  of some lines common to the new compound 
and Cd3P2 indica ted  tha t  there  was p robab ly  also 
excess Cd3P2 present  in the powder.  Chemical  ana l -  
ysis of the  single crystals  (see Table I) indicated 
that  the composit ion was not Cd2PBr, but  r a the r  
Cd4P2Br3. This compound is therefore  not along a 
pseudobinary  cut CdsP2-CdBr2 in the  t e rna ry  phase  
diagram. F igure  1 i l lus t ra tes  the positions in the 
t e rna ry  d iagram of the new compound and of hy -  
pothet ical  compounds along the pseudob inary  cut, 
including one wi th  a formula  corresponding to tha t  

Sr 

CdBr 2 

Cd 
CdsP2 

Fig. 1. Location of Cd4P2Br3 in the ternary system Cd-P-Br 

A l l  are  cubic ,  w i t h  space g r o u p  Pa3.  

C o m p o u n d  L a t t i c e  cons tan t ,  A. 

Cd4P2C13 12.156 
Cd4P2Br3 12.332 
Cd4P213 12.736 
Cd4As2Br3 12.640 
Cd4As213 13.020 

of an ant icha lcopyr i te  phase and one corresponding 
to the d isordered defect zincblende s t ruc ture  com- 
pounds Zn3PI3 and Zn3AsI3 (1).  None of these hy -  
pothet ica l  compounds was found to form. 

Fol lowing es tabl ishment  by  chemical  analysis  of 
the t rue  formula  of the compound, synthesis  was 
effected using stoichiometr ic  quanti t ies .  That  is, the 
react ion carr ied  out was 

5Cd~P2 -~- 9CdBr2 + 2P--> 6Cd4P2Br3 

With  single crysta ls  of this compound in a Weis-  
senberg x - r a y  diffraction camera  it was de te rmined  
that  the s t ruc ture  was cubic wi th  space group Pa3, 
and the lat t ice constant  was obtained.  

I t  was then found possible also to synthesize in 
s imi lar  fashion the corresponding compounds 
Cd4P2C18, Cd4P2Is, Cd~As2Brs, and Cd4As213. The 
formulae  of these compounds were  es tabl ished by  
the finding tha t  all were  isomorphous wi th  Cd4P2Br3. 
This was done by indexing the x - r a y  diffraction 
powder  pa t t e rn  of Cd4P2Br8 on the basis of infor-  
mat ion  obtained f rom the single c rys ta l  and then 
indexing the powder  pa t te rns  of the  four other  new 
compounds by comparison.  The lat t ice constants of 
the five new compounds are  given in Table II. The 
qual i ta t ive  re la t ionship be tween  anionic size and 
la t t ice  constant  is quite apparent .  A react ion in-  
tended to yie ld  Cd4As2CI~ appeared  to produce  a 
new compound, but  it  was not isomorphous wi th  the 
others in the group, and no effort has been made to 
es tabl ish its t rue  composition. Its physical  proper t ies  
are considerably  different  f rom those of the other 
compounds. The fa i lure  of this compound to form 
isos t ruc tura l ly  wi th  the others is p robab ly  due to 
the la rge  difference in ionic radi i  of C1- and As 3-. 
This difference is g rea te r  than  for any  other  pa i r  
in the group and is therefore  p robab ly  beyond the 
to lerance for this s t ructure  type.  Compounds along 
the pseudobinary  cuts Cd3Y2-CdX2 were  sought in 
all  the systems studied, but  as in the Cd3P2-CdBr2 
system, none was found to form. 

Inspect ion of the  x - r a y  diffraction powder  pa t -  
t e rn  of Cd4P2C13 revealed  a group of strong lines 
wi th in  the indexed pa t t e rn  which correspond to a 
face-cen te red  cubic cell wi th  a cell edge half  tha t  
of the la rger  p r imi t ive  cell. Since the s trongest  scat-  
terers  in this compound are the  cadmium atoms, it  
appears  l ike ly  that  the  large  p r imi t ive  cell is com- 
posed of eight pseudocells  wi th  cadmium atoms in 
or near  face-cen te red  cubic posit ions in the smal ler  
cells. When heavier  atoms are subs t i tu ted  for phos-  
phorus and chlorine, the s trong subpa t t e rn  due to 
the  pseudocel l  weakens  and finally does not s tand 
out at  all  f rom the total  pa t tern .  Thus, it  is weake r  
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b u t  p l a i n l y  v i s ib le  in  Cd4P2Br3 a n d  on ly  s l i g h t l y  
e v i d e n t  in  Cd4As2Br3. In  Cd4As213 i t  is n e a r l y  gone,  
a n d  in  Cd4P2I~ i t  is no t  a t  a l l  ev iden t .  H o w e v e r ,  
t he se  c o m p o u n d s  a r e  a l l  s t i l l  i somorphous .  T h e r e  
are ,  t he re fo re ,  32 c a d m i u m  a t o m s  in t he  t r u e  un i t  
cell .  I t  is l i k e l y  t h a t  t he  16 p h o s p h o r u s  a n d  24 
ch lo r ine  a t o m s  can  t h e n  be  p l a c e d  in  or  n e a r  a l l o w -  
ab le  pos i t ions  of t he  32 o c t a h e d r a l  holes  and  the  
64 t e t r a h e d r a l  holes  f o r m e d  b y  t h e  c a d m i u m  s u b -  
l a t t i c e  in  such  a w a y  t h a t  the  l a r g e r  cel l  w i l l  be  
p r i m i t i v e .  The  a v e r a g e  p h o s p h o r u s  va l ence  of --2.5,  
a v a l u e  no t  k n o w n  to h a v e  been  r e p o r t e d  h e r e t o -  
fore ,  i nd i ca t e s  t h a t  t h e r e  is m o r e  t h a n  one t y p e  of 
p h o s p h o r u s  p resen t .  A l l  of t he se  o b s e r v a t i o n s  a r e  
cons i s t en t  w i t h  t he  space  g roup ;  f u r t h e r  w o r k  is r e -  
q u i r e d  to d e t e r m i n e  t h e  c o m p l e t e  s t ruc tu re .  

The  d e n s i t y  of Cd4P2Br3 has  b e e n  m e a s u r e d  b y  
d i s p l a c e m e n t  of d i s t i l l ed  w a t e r  b y  a p o w d e r  s a m p l e  
in  a 2 - m l  specific g r a v i t y  bot t le .  The  d e t e r m i n e d  
v a l u e  of 5.29 g / m l  c o r r e s p o n d s  to 7.95 f o r m u l a  
w e i g h t s  of Cd4P2Br3 p e r  un i t  cell .  This  c o m p a r e s  
e x t r e m e l y  w e l l  w i t h  t h e  v a l u e  of 8 w h i c h  is i n d i -  
ca t ed  b y  t h e  x - r a y  e v i d e n c e  d e s c r i b e d  above .  ( A n -  
o t h e r  w a y  of s t a t i ng  th is  is t h a t  t he  m e a s u r e d  
d e n s i t y  is 5.29 and  the  x - r a y  d e n s i t y  is 5.32.) S u c h  
c lose  a g r e e m e n t  is good con f i rma t ion  of t he  u n u -  
sua l  c h e m i c a l  f o r m u l a e  of t he  n e w  compounds .  

S ing le  c r y s t a l s  of some of the  c o m p o u n d s  h a v e  
been  g r o w n  in e v a c u a t e d  s ea l ed  q u a r t z  t ubes  3 in. 
in  l eng th ;  t he se  w e r e  k e p t  in  t h e r m a l  g r a d i e n t s  in 
a t u b e  f u r n a c e  for  s e v e r a l  days  in  such  a w a y  t h a t  
t he  r e a c t a n t s  w e r e  conf ined to t he  ho t  end  a t  550~ 
w h i l e  the  e m p t y  cool  end  was  at  abou t  528~ 
C r y s t a l s  t hus  g r o w n  f r o m  the  v a p o r  phase  at  t he  
cool  end  h a v e  been  e i t he r  c h u n k y  ones up  to a b o u t  
2 m m  in size or  need les  up  to a b o u t  4-5 m m  long.  
Because  l a r g e r  c ry s t a l s  w e r e  no t  ob ta ined ,  m e a s -  
u r e m e n t s  r e p o r t e d  b e l o w  w e r e  m a d e  on p o w d e r s .  

The  n e w  c o m p o u n d s  a p p e a r  to m e l t  i n c o n g r u -  
e n t l y  b e l o w  600~ Cd4P2Br3 is no t  a t t a c k e d  b y  
e i t h e r  w a t e r  or  benzene  at  r o o m  t e m p e r a t u r e ,  and  
th is  is p r o b a b l y  t r ue  of a l l  t he  compounds .  

Electrical  and Opt ica l  Properties 

Elec t r i c a l  and  op t i ca l  m e a s u r e m e n t s  w e r e  m a d e  
on powder s .  As  shown  in T a b l e  III ,  a l l  t he  com-  
pounds  w e r e  d e e p l y  co lo red  because  t he  a b s o r p t i o n  
edges  f a l l  in  t he  v i s ib le  po r t i on  of t h e  s p e c t r u m .  I t  
was  n o t e d  q u a l i t a t i v e l y  t h a t  the  colors  sh i f t  to con-  
s i d e r a b l y  l onge r  w a v e l e n g t h s  on hea t ing .  The  a b -  
so rp t ion  edges  w e r e  d e t e r m i n e d  w i t h  a B e c k m a n  
DU S p e c t r o p h o t o m e t e r  w i t h  diffuse re f l ec tance  a t -  
t a c h m e n t .  Resu l t s  a r e  g iven  in Fig .  2. The  op t i ca l  
b a n d  gaps  w e r e  d e r i v e d  f r o m  these  cu rves  b y  choos-  
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Table III. Electrical and optical properties of the new compounds 

Optical 
A b s o r p t i o n  b a n d  E l e c t r i c a l  

Color  a t  edge,  A, gap ,  ev ,  b a n d  gap,  
C o m p o u n d  24~ a t  24~ at  24~ e v  

July 1963 
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Fig. 2. Diffuse reflectance spectre of the new compounds: curve 
I ,  Cd4P2CI3; 2, Cd4P2Br3; 3, Cd4P213; 4, Cd4As2Br3; 5, Cd4As213. 

ing  as t he  a b s o r p t i o n  edge  the  m i d - p o i n t  of t he  r e -  
g ion  in  w h i c h  re f l ec tance  is chang ing  mos t  r a p i d l y .  

E l e c t r i c a l  c o n d u c t i v i t y  w a s  m e a s u r e d  on Y4 in. 
d i a m e t e r  c y l i n d r i c a l  pe l l e t s  f o r m e d  b y  p re s s ing  
p o w d e r  at  40,000 l b / i n  2. S i l v e r  p a s t e  e l ec t rodes  
w e r e  a p p l i e d  to t he  two  flat  su r faces  of t he  pe l l e t  
w h i c h  was  t h e n  p l a c e d  b e t w e e n  $/2 in. d i a m e t e r  
d i sks  of p l a t i n u m  foil.  This  a s s e m b l y  was  n e x t  
p l a c e d  b e t w e e n  p l a t e s  in  a g o l d - p l a t e d  b r a s s  cell .  
P r e s s u r e  con tac t  was  m a i n t a i n e d  b y  m e a n s  of a 
m e t a l  sp r ing  and  a n  a d j u s t a b l e  sc rew fo rc ing  the  
p l a t e s  toge the r .  I n s u l a t i o n  b e t w e e n  e l ec t rodes  was  
ach i eved  w i t h  h igh  r e s i s t ance  c e r a mic  a n d  w i t h  
qua r t z .  The  cel l  was  f i t ted  so t h a t  d r y  n i t r o g e n  

Cd4P2C13 Orange 5725 2.17 2.24 
Cd4P2Br3 Orange 5650 2.19 1.80 
Cd4P213 Orange 5725 2.17 1.76 
Cd4As2Br~ Dark  red  6950 1.78 1.88 
Cd4As213 Red 6550 1.89 2.30 

1.45 1.75 ?-05 2,35 ;)65 2.95 3,25 :3.55 

I O 0 0 / T ( ~  

Fig. 3. Electrical conductivity of the new compounds: curve 1, 
Cd4PeCI3; 2, Cd4PeBrs; 3, Cd4Pel3; 4, Cd4AseBr3; 5, Cd4Asels. 
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could  be  l ed  t h r o u g h  i t  w h i l e  m e a s u r e m e n t s  w e r e  
be ing  made .  The  e n t i r e  ce l l  was  t h e n  p l a c e d  in  a 
t u b e  f u r n a c e  whose  t e m p e r a t u r e  cou ld  b e  v a r i e d  
as r e q u i r e d ,  a n d  d - c  c o n d u c t i v i t y  was  m e a s u r e d  
f r o m  a b o u t  24 ~ to 350~ a n d  t h e n  b a c k  d o w n  aga in ,  
us ing  a K e i t h l e y  E l e c t r o m e t e r ,  M o d e l  610A, as an  
o h m m e t e r .  In  no case  w a s  r e v e r s a l  of p o l a r i t y  f o u n d  
to cause  a n y  c h a n g e  in  conduc t i v i t y .  A p lo t  of log 
specific c o n d u c t i v i t y  vs. r e c i p r o c a l  t e m p e r a t u r e  for  
the  five n e w  c o m p o u n d s  is g i v e n  in  Fig .  3. S ince  
m e a s u r e m e n t s  a t  v e r y  low c o n d u c t i v i t y  l eve l s  a r e  
r e l a t i v e l y  i naccu ra t e ,  t h e  s lopes  (o r  t he  abse nc e  of 
change  of  s lope)  a t  l o w e r  t e m p e r a t u r e s  m a y  no t  be  
m e a n i n g f u l .  H o w e v e r ,  t h e  u p p e r  p a r t s  of t h e  p lo t s  
a r e  r e p r o d u c i b l e  on t e m p e r a t u r e  cyc l ing  and  w i t h  
d i f fe ren t  s a m p l e s  and  a r e  t h e r e f o r e  cons ide r ed  s ig -  
nif icant .  These  u p p e r  po r t i ons  a r e  t a k e n  to r e p r e s e n t  
i n t r in s i c  c o n d u c t i v i t y  so t h a t  t he  e n e r g y  b a n d  gaps  
a r e  d e r i v e d  b y  d o u b l i n g  the  a c t i v a t i o n  ene rg ie s  d e -  
t e r m i n e d  f r o m  the  slopes.  T h e  b a n d  gaps  f o u n d  in 
th is  w a y  a re  l i s t ed  in T a b l e  III .  I t  w i l l  be  seen  t h a t  
some  of t h e  d e t e r m i n e d  v a l u e s  a r e  v e r y  c lose  to t he  

op t i ca l  v a l u e s  w h i l e  o the r s  a r e  off b y  a b o u t  20%. 
D e m b e r  effect  m e a s u r e m e n t s  (2)  a t  r o o m  t e m p e r -  
a t u r e  h a v e  s h o w n  a l l  t he  n e w  c o m p o u n d s  to  b e  n -  
t y p e  conduc tors .  The  p o s s i b i l i t y  of some  ionic con-  
d u c t i v i t y  s u p e r i m p o s e d  u p o n  the  e l ec t ron ic  con-  
d u c t i v i t y  is no t  t hus  r u l e d  out,  b u t  th i s  has  no t  been  
s tud ied .  
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Conductivity and Thermoelectric Potential 
Measurements on Perylene:Metal Halide Complexes 

Martin S. Frant 1 and Roger Eiss 
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ABSTRACT 

The conduct ivi t ies  and Seebeck coefficients of a series of pe ry lene  com- 
plexes  wi th  meta l  hal ides  f rom groups IIB, I IIA,  IVA, VA, VB, VIB, VIIA,  an d  
VIII  of the  per iodic  tab le  have  been s tudied to de te rmine  possible dependence  
of these  proper t ies  on the na tu re  of the  hal ide.  No di rec t  cor re la t ion  was found 
be tween  conduct iv i ty  and posi t ion on the per iodic  table.  The complexes having  
a conduct iv i ty  of > 10 -5  m h o / c m  (InC13, PCls, FeC13, ICI, SbCIs, I9) were  b lack  
in color; none of the  others  were  black.  Act iva t ion  energies  were  measured  
for  ma te r i a l s  hav ing  a conduct iv i ty  > 10 -11 m h o / c m  and were  0.60 ev  or lower.  
There  was an approx ima te  s t ra igh t  l ine re la t ionship  be tween  the  log conduc~ 
t iv i ty  and the ac t iva t ion  energy,  indica t ing  tha t  conduct iv i ty  for  the  series is 
de te rmined  p r i m a r i l y  by  the n u m b e r  of t h e r m a l l y  ac t iva ted  Carriers r a the r  
than  by  the  reservoi r  of ava i lab le  car r ie rs  in  lower  energy  states.  As a ru le  
the  most  conduct ive mate r i a l s  had  the lowest  Seebeck coefficients. I t  was found 
tha t  perylene:FeC13 could be p repa red  as e i ther  p -  or  n - t y p e  depending  on 
the ini t ia l  r eac tan t  ratio,  w i th  the  p e r y l e n e - r i c h  ma te r i a l  showing p - t y p e  
proper t ies .  

The  u n e x p e c t e d l y  h igh  e l ec t r i c a l  c o n d u c t i v i t y  
s h o w n  b y  the  c o m p l e x e s  f o r m e d  b y  t h e  r e a c t i o n  of 
po lycyc l i c  h y d r o c a r b o n s  w i t h  h a l o g e n s  was  first  
r e p o r t e d  in  1956 b y  A k a m a t u  (1 ) .  The  p r o p e r t i e s  
of one of t he  mos t  i n t e r e s t i n g  m e m b e r s  of th i s  g roup ,  
p e r y l e n e : i o d i n e ,  w e r e  r e p o r t e d  b y  L a b e s  (2) ,  
K o m m a n d e u r  (3 ) ,  a n d  U c h i d a  and  A k a m a t u  (4)  
who  f o u n d  t h a t  t he  e l ec t r i ca l  c o n d u c t i v i t y  of  t he  
m o l e c u l a r  c o m p l e x  was  a t  l eas t  10-12 o r d e r s  of  
m a g n i t u d e  h i g h e r  t h a n  the  c o n s t i t u e n t  compounds .  
This  b e h a v i o r  has  also been  s h o w n  b y  t h e  c o m p l e x  
of p e r y l e n e  w i t h  a n t i m o n y  p e n t a c h l o r i d e  (5 ) .  

In  o r d e r  to ga in  some u n d e r s t a n d i n g  of t he  g e n -  

Present address: Prototech Incorporated, Cambridge,  Massachu-  
setts. 

e r a l i t y  of th is  behav io r ,  a n d  to d e t e r m i n e  w h e t h e r  
t h e r e  is an  obv ious  r e l a t i o n s h i p  b e t w e e n  t h e  s e m i -  
c o n d u c t i v e  b e h a v i o r  of t he  c o m p l e x  a n d  t h e  c h e m -  
ica l  or  p h y s i c a l  p r o p e r t i e s  of t he  cons t i tuen t s ,  w e  
h a v e  p r e p a r e d  a l a r g e  n u m b e r  of c o m p l e x e s  w i t h  
p e r y l e n e  as  t he  s t a n d a r d  donor .  The  accep to r s  a r e  
a l l  m e t a l l i c  ha l ides ,  a lmos t  a l l  a r e  ch lor ides ,  and  
e i g h t  d i f fe ren t  g roups  in  t h e  pe r iod i c  t a b l e  a r e  r e p -  
r e sen t ed .  Of those  r e p o r t e d  b e l o w  on ly  t h e  iodine ,  
f e r r i c  ch lor ide ,  s t ann ic  ch lor ide ,  and  a n t i m o n y  p e n -  
t a c h l o r i d e  c o m p l e x e s  h a v e  eve r  b e e n  i so l a t ed  f r o m  
t h e  solut ion,  a n d  mos t  h a v e  no t  b e e n  p r e v i o u s l y  r e -  
po r t e d .  The  c o m p l e x e s  p r e p a r e d  in  th i s  i n v e s t i g a -  
t ion  w e r e  i so l a t ed  as d ry ,  c r y s t a l l i n e  p r ec ip i t a t e s .  
I t  was  fe l t  t h a t  b y  w o r k i n g  w i t h  a f a m i l y  of c lose ly  
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Fig. I. Sample holder for electrical conductivity measurements. 
The assembly shown is placed in a heavy water-jacketed copper 
cannister equipped to maintain a positive dry argon pressure and 
with Teflon seals for the electrical leads. 
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Fig. 2. Sample holder for thermoelectric potential measurements. 
The assembly is placed in a similar copper jacket to that described 
in Fig. 1. 

r e l a t e d  complexes ,  a l l  p r e p a r e d  u n d e r  s i m i l a r  cond i -  
t ions  and  m e a s u r e d  u n d e r  i d e n t i c a l  c i r cums tances ,  
r e l a t i o n s h i p s  w o u l d  be  f o u n d  w h i c h  m i g h t  o t h e r w i s e  
r e m a i n  obscure .  

Exper imental  

A p p a r a t u s . - - A  s a m p l e  s u p p o r t  for  c o n d u c t i v i t y  
m e a s u r e m e n t s  was  c o n s t r u c t e d  as s h o w n  in Fig.  1 
and  e l e c t r i c a l l y  sh i e lded  b y  a h e a v y  coppe r  cy l inde r .  
The  sample ,  a p r e s s e d  pe l l e t ,  was  p l a c e d  b e t w e e n  
two  go ld  p l a t e d  coppe r  p robes .  A b o u t  500-700g con-  
t ac t  p r e s s u r e  was  m a i n t a i n e d  b y  a d j u s t a b l e  sp r i ngs  
e x e r t i n g  force  on each  p robe .  In  the  case  of  t h e r m o -  
e lec t r i c  p o t e n t i a l  m e a s u r e m e n t s  a modi f i ed  ho lde r ,  
shown  in Fig.  2, was  used.  The  l o w e r  p r o b e  was  
m u c h  l a rge r ,  and  w a t e r  was  p u m p e d  t h r o u g h  it  a t  
cons t an t  t e m p e r a t u r e  to  p r o v i d e  an  inf in i te  hea t  
s ink.  A coil  of r e s i s t ance  h e a t i n g  w i r e  was  w o u n d  
a r o u n d  t h e  u p p e r  p r o b e  (bu t  no t  in  con tac t  w i t h  
t he  p r o b e )  to hea t  t h e  u p p e r  p o r t i o n  of t he  s a m p l e  
p r e f e r e n t i a l l y .  

The  t e m p e r a t u r e  a t  t he  u p p e r  and  l o w e r  faces  
of t h e  s a m p l e  was  m e a s u r e d  b y  i r o n - c o n s t a n t a n  
t h e r m o c o u p l e s  to t he  probes .  The  t h e r m o c o u p l e  p o -  
t e n t i a l s  w e r e  m e a s u r e d  and  r e c o r d e d  us ing  a S a n -  
b o r n  Mode l  150 ampl i f i e r  a n d  Mode l  152 r eco rde r .  
In  o r d e r  to e v a l u a t e  t he  a c c u r a c y  of t he  t e m p e r a t u r e  
m e a s u r e m e n t s ,  a r u n  was  m a d e  a f t e r  a t t a c h i n g  an  
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a d d i t i o n a l  t h e r m o c o u p l e  d i r e c t l y  to each  of the  
e lec t rodes .  This  r u n  was  l i m i t e d  to a c o m p a r i s o n  
of t e m p e r a t u r e s  i n d i c a t e d  b y  the  e l e c t r i c a l l y  i n s u -  
l a t ed  t h e r m o c o u p l e s  w i t h  those  i n d i c a t e d  b y  the  
t h e r m o c o u p l e s  in  d i r ec t  t h e r m a l  con tac t  w i t h  t he  
probes ,  and  d e m o n s t r a t e d  t h a t  t h e r m a l  conduc t ion  
t h r o u g h  the  e l e c t r i c a l  i n s u l a t i o n  was  sufficient  to 
p e r m i t  t e m p e r a t u r e  r e a d i n g s  a c c u r a t e  w i t h i n  
•176  A K e i t h l e y  E l e c t r o m e t e r  Mode l  610A was  
used  to m e a s u r e  t he  s a m p l e  r e s i s t ance  or  t h e  p o t e n -  
t i a l  across  the  sample .  O v e r - a l l  t e m p e r a t u r e  of the  
s y s t e m  was  c on t ro l l e d  b y  a cons t an t  t e m p e r a t u r e  
w a t e r  b a t h ;  c o m p l e t e  e l ec t r i ca l  sh i e ld ing  of t he  sup -  
p o r t s  and  of a l l  l e ads  to t he  suppor t s  was  f o u n d  to 
be  essen t i a l  for  a c c e p t a b l e  resu l t s .  

M a t e r i a l s . - - P e r y l e n e  was  p r e p a r e d  in a n u m b e r  
of s m a l l  ba t ches  us ing  the  m e t h o d  of H a n s g i r g  and  
Z inke  (6) ,  w h i c h  uses  f l - n a p h t h o l  as the  s t a r t i n g  
m a t e r i a l .  This  r o u t e  was  se l ec t ed  in  o r d e r  to r e d u c e  
c o n t a m i n a t i o n  b y  h i g h e r  po lyc yc l i c  h y d r o c a r b o n s ,  
b u t  suf fered  f r o m  the  d r a w b a c k  t h a t  i t  cou ld  no t  be  
sca led  up  to g ive  y i e ld s  p e r  r u n  in  excess  of 5-10g. 
The  m e t a l  ha l ides ,  w h e r e  c o m m e r c i a l l y  ava i l ab l e ,  
w e r e  a n a l y t i c a l  r e a g e n t  g rade .  The  c o m p l e x e s  w e r e  
s y n t h e s i z e d  b y  a d d i n g  an  excess  of t h e  m e t a l  h a l i d e  
d i s so lved  in an  a p p r o p r i a t e  so lven t  ( such  as  b e n -  
zene,  a lcohol ,  or  e t h e r )  to a ho t  so lu t ion  of p e r y l e n e  
in  benzene .  T h e  on ly  e x c e p t i o n  was  in  the  p r e p a r a -  
t ion of p - t y p e  p e r y l e n e : f e r r i c  ch lor ide ,  w h e n  a 
1.3:1 excess  of p e r y l e n e  w a s  used.  D r i e d  so lven t s  
w e r e  e m p l o y e d  t h r o u g h o u t ,  a n d  in  some in s t ances  
t he  en t i r e  p r e p a r a t i o n  was  m a d e  u n d e r  spec i a l l y  
d r i e d  n i t rogen .  

The  p o w d e r e d  c o m p l e x e s  w e r e  p r e s se d  a t  2900 
k g / c m  2 into  c y l i n d r i c a l  pe l l e t s  h a v i n g  a b a s a l  d i a m -  
e t e r  of 0.635 cm. These  pe l l e t s  w e r e  p l a c e d  b e t w e e n  
the  p robes  of t he  s a m p l e  h o l d e r  and  a d r y  a rgon  
a t m o s p h e r e  i n t r o d u c e d  a b o u t  1 h r  be fo re  r e a d i n g s  
w e r e  t aken .  P r e h e a t i n g  was  f o u n d  e x p e r i m e n t a l l y  
not  to be  r e q u i r e d  i f  the  s a m p l e  h a d  been  p r e s sed  
f r o m  c a r e f u l l y  d r i e d  p o w d e r .  The  r e s i s t ance  runs  
r e p o r t e d  b e l o w  w e r e  m a d e  b y  cool ing to a b o u t  7~ 
and  r a i s i ng  t h e  t e m p e r a t u r e  to abou t  40~ ove r  
an  8 - h r  per iod .  No s igni f icant  d i f fe rence  b e t w e e n  
success ive  p r e p a r a t i o n s  of t he  s ame  c o m p l e x  was  
obse rved ,  p r o v i d e d  on ly  t h a t  p r e c a u t i o n s  to e x -  
c lude  m o i s t u r e  h a d  been  t a k e n  d u r i n g  the  p r e p a r a -  
t ion  of t he  c o m p l e x  and  i ts  s u b s e q u e n t  hand l ing .  
The  S e e b e c k  coefficient  m e a s u r e m e n t s  w e r e  m a d e  
us ing  a AT of a t  l eas t  8 ~ at  a p p r o x i m a t e l y  35~ 
S i m i l a r  m e a s u r e m e n t s  ove r  the  t e m p e r a t u r e  r a n g e  
7 ~ o showed  no s igni f icant  va r i a t i on .  

Results and Discussion 

C o n d u c t i v i t i e s . - - F i g u r e  3 shows  the  c o n d u c t i v i t y  
vs.  r e c i p r o c a l  t e m p e r a t u r e  r e l a t i o n s h i p  for  two  
t y p i c a l  p e r y l e n e  complexes ,  in o r d e r  to show the  
e x t e n t  to  w h i c h  the  d a t a  m a y  be  f i t ted  to a s t r a i g h t  
l ine.  A l l  t he  c o m p l e x e s  w h o s e  c o n d u c t i v i t y  as a 
func t ion  of t e m p e r a t u r e  cou ld  be  m e a s u r e d  b y  our  
e q u i p m e n t  (10 -11 m h o / c m )  showed  s i m i l a r  b e -  
hav io r .  The  a c t i v a t i o n  ene rg i e s  a r e  c a l c u l a t e d  b y  
m e a s u r i n g  the  s lope  of the  f i t ted l ine,  acco rd ing  to 
the  w e l l - k n o w n  r e l a t i o n s h i p :  

o- ~ O'o e -EIKT 
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Table 1. Room temperature conductivity of other perylene complexes 
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Fig. 3. Log electrical conductivity vs.  reciprocal temperature for 
2 perylene complexes. The fit of the data is typical of those ob- 
served for the complexes shown in Fig. 4. 
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Fig. 4. Semilog plot of the electrical resistivity vs. reciprocal tem- 
perature for all the perylene complexes whose conductivity was on 
the order of 10 -11 mhos or greater. 

The re su l t s  on the  complexes  w i t h  conduc t iv i t i e s  
g r e a t e r  t h a n  abou t  10 -11 m h o / c m  a re  s u m m a r i z e d  
in Fig.  4, and  the  r o o m  t e m p e r a t u r e  conduc t iv i t i e s  
for  t he  r e m a i n i n g  m a t e r i a l s  a r e  l i s t ed  in Tab le  I. 
In  each  g roup  t h e r e  was  a t e n d e n c y  for  h i g h e r  
a tomic  w e i g h t  m e t a l  ha l i de s  to show inc rea s ing  con-  
duc t iv i t y ,  w i t h  on ly  t h e  ser ies  F e  m, Ru  TM, a s  m 
r u n n i n g  coun t e r  to th is  t r end .  The  sequence  CdC]2, 
InCl , ,  SnC14, SbC15 d id  no t  g ive  conduc t iv i t i e s  in  
the  same  order .  

C o m p l e x  a 2 9 8 ~  r a h o / c m  

Pery lene :  IC1 10- 5 
Pery lene :  PtC14 10-7 
Pery lene :  NiCI2 ~ 10-1~ 
Pery lene :  AsCI~ 10 -12 
Pery lene :  CdI2 10-12 
Pery lene :  MoCI~ 10- ~ 
Pery lene :  CdC12 10-13 
Pery lene :  A1CI~ 10-1~ 
Pery lene :  PC13 10-18 
Pery lene :  t e t r acyanoe thy lene  10-14 
Pery lene  (uncomplexed)  10 -14 

The  changes  in  e l ec t ron ic  s t r u c t u r e  r e s u l t i n g  f rom 
c o m p l e x  f o r m a t i o n  a r e  k n o w n  to r e su l t  in  t he  fo r -  
m a t i o n  of a b s o r p t i o n  b a n d s  in the  v i s ib l e  spec t r a  
(7) .  In  the  p e r y l e n e : m e t a l  h a l i d e  ser ies ,  for  the  
m a t e r i a l s  w i t h  a c o n d u c t i v i t y  above  10 -5 m h o / c m ,  
the  a b s o r p t i o n  is so s t rong  t h a t  the  sol id  m a t e r i a l s  
a p p e a r  b l a c k  in  color.  

Activat ion energies . - - In  Fig.  4 i t  w i l l  be  o b s e r v e d  
t ha t  t h e r e  seems  to be a t e n d e n c y  for  t he  a c t i va t i on  
e n e r g y  to i nc rea se  w i t h  de c r e a s ing  c o n d u c t i v i t y  of 
t he  complexes .  In  o r d e r  to a s c e r t a i n  the  n a t u r e  of 
th is  r e l a t i o n s h i p  t he  d a t a  w e r e  p l o t t e d  as shown  in 
Fig.  5. A p lo t  of t h e  a c t i v a t i o n  e n e r g y  vs. t he  log 
of the  c o n d u c t i v i t y  at  r o o m  t e m p e r a t u r e  shows an  
e s s e n t i a l l y  s t r a i g h t  l ine  r e l a t i onsh ip ,  w i t h  t he  e x -  
cep t ion  of the  i n d i u m  ch lo r ide  c o m p l e x  and  the  
two  m a t e r i a l s  w h i c h  h a d  t h e  h ighes t  conduc t i v i t y .  
Th is  sugges t s  t h a t  t he  c o n d u c t i v i t y  for  t he  ser ies  
is d e t e r m i n e d  p r i m a r i l y  b y  the  n u m b e r  of t h e r m a l l y  
a c t i v a t e d  c a r r i e r s  r a t h e r  t h a n  b y  the  r e s e r v o i r  of 
a v a i l a b l e  c a r r i e r s  in l o w e r  e n e r g y  s ta tes .  S inge r  
and  K o m m a n d e u r  (8) h a v e  r e p o r t e d  t h a t  for  th is  
t y p e  of d o n o r - a c c e p t o r  c o m p l e x  e l ec t ron  sp in  r e s -  
onance  s tud ies  h a v e  shown  the  n u m b e r  of cha rge  
c a r r i e r s  to be  t he  on ly  t e m p e r a t u r e  d e p e n d e n t  fac -  
to r  a t  t e m p e r a t u r e s  a b o u t  200~ and  t h a t  t he  ina -  
b i l i t i e s  a r e  t e m p e r a t u r e - i n d e p e n d e n t .  This  conc lu -  
sion is f u r t h e r  s u b s t a n t i a t e d  b y  the  d a t a  in T a b l e  I I  
in w h i c h  the  ~o va lue s  h a v e  been  c a l c u l a t e d  for  the  
s ame  complexes .  A l t h o u g h  the  c o m p l e x e s  r e p r e s e n t  
a r a n g e  in c o n d u c t i v i t y  of s ix  o r d e r s  of m a g n i t u d e  
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Fig. S. Activation energy vs.  log conductivity for the complexes 
shown in Fig. 4. 
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Table I1. Room temperature conductivity, activation 
cro for the more conductive complexes 
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energy, and $2o - 
Z ~ 

k 

~o, w he r e  S is the  the rmoe lec t r i c  power  in  vol ts  per  
mho/cm 

degree,  ~ the  specific e lect r ical  conduc t iv i ty  in  m h o /  
0.32 cm, a n d  k the  t h e r m a l  conduc t iv i ty  i n  wa t t s  per  
1.2 degree  per  cm, it  wi l l  be seen t ha t  the  t r e n d  in  these  
4.1 ma te r i a l s  is no t  a des i rab le  one. 
0.0083 Second, the  u n u s u a l  behav io r  of p e r y l e n e : f e r r i c  
0.022 chlor ide is n o t  fu l ly  unde r s tood  a nd  is st i l l  u n d e r  
0.046 inves t iga t ion .  Thus  far, it  wou ld  appea r  tha t  if the  
0.013 
0.39 complex  is p r epa red  w i t h  an  excess of the  acceptor  
0.29 molecule ,  conduc t iv i ty  is p r e d o m i n a t e l y  by  a posi-  
0.21 t ive  carr ier .  We have  f ound  tha t  p - t y p e  pe ry l ene :  
0.26 ferr ic  chloride complex  could be conver t ed  to n - t y p e  
0.24 by  pro longed  hea t ing  u n d e r  vacuum.  I t  is be l i eved  

tha t  this  is due to r e m o v a l  of excess pery lene .  I t  is 
no t  c lear  w he t he r  two or more  d is t inc t  compounds  
are formed,  or w h e t h e r  one is dea l ing  w i t h  an  i m -  
p u r i t y  effect. 

Conclusions 

1. W i t h i n  the  l imi ts  of the  w o r k  done thus  far,  it  
is no t  possible  to cor re la te  the  conduc t iv i ty  of the  
complex  wi th  a n y  of the  obvious  proper t ies  of the  
me t a l  ha l ide  donor .  

2. Except  for the  most  h igh ly  conduc t ive  m e m -  
bers  of the series, the  p roduc t  of the  n u m b e r  of 
ava i l ab le  charge  car r ie rs  a nd  the i r  mobi l i t i es  ap -  
pears  to be cons tan t ;  the  conduc t iv i ty  is d e t e r m i n e d  
p r i m a r i l y  b y  the  ac t iva t ion  ene rgy  r equ i r ed  to free 
the  charge  carr iers .  

3. Seebeck coefficients are ge ne r a l l y  lower  for the  
more  conduc t ive  mater ia l s .  

4. I t  has been  found  possible  to p repa re  pe ry l ene :  
ferr ic  chlor ide w i t h i n  e i ther  p -  or n - t y p e  car r ie rs  
p r edomina t ing .  

I t  is be l ieved  tha t  the s tudy  of closely re la ted  f a m -  
ilies of complexes  is a usefu l  t e chn ique  in  a t t e m p t -  
ing to u n d e r s t a n d  the  r e l a t ionsh ip  b e t w e e n  chem-  
ical a nd  e lect r ical  proper t ies .  

A c k n o w l e d g m e n t  

The  assis tance of H. A. Fox, Jr. ,  in  the  synthes i s  
of the  p e r y l e n e  and  in  the  p r e p a r a t i o n  of the  com- 
plexes is g rea t ly  apprecia ted.  

Manuscript  received Nov. 19, 1962; revised m a n u -  
script received Feb. 8, 1963. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1964 
JOURNAL. 
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1. Perylene:I~ 8 • 10 -3 0.095 
2. Perylene:SbC15 1.6 X 10 -8 0.17 
3. Pery lene : InCls  5.1 • 10 -5 0.29 
4. Perylene:IC1 1.1 X 10 -5 0.17 
5. Perylene:FeC12 1.3 • 10 -6 0.25 
6. Perylene:FeCl8 1.2 • 10 -~ 0.33 
7. Perylene:RuC13 1.6 X 10 - s  0.35 
8. Perylene:SnC14 3.1 • 10 - s  0.42 
9. Perylene:PtC14 1.0 X 10 -9 0.50 

10. Perylene:PC15 2.3 X 10 -1~ 0.53 
11. Perylene:SbC13 2.8 X 10 -1~ 0.53 
12. Perylene:OsC13 1.7 • 10 - n  0.60 

S t a n d a r d  d e v i a t i o n  o f  ao = 0.14 for  i t e m s  4 - 1 2 .  

the  ~o'S are found  to have  an  ave rage  va lue  of 0.16 
m h o / c m  wi th  a s t a n d a r d  dev ia t ion  of on ly  0.14. I t  
should  be no ted  tha t  the  ma te r i a l s  which  do not  fal l  
on the l ine  in  the  ac t iva t ion  e n e r g y  vs. conduc t iv i ty  
p lo t  appea r  to have  l a rger  ~o va lues  t h a n  the  rest  of 
the  group.  In  the  case of these most  h igh ly  conduc-  
t ive  complexes  the re  seem to be add i t iona l  car r ie rs  
ava i l ab le  f rom some o ther  conduc t ion  mechan i sm,  
or f rom increased  mob i l i t y  of the  carr iers .  Other  
charge  t r a n s f e r  complexes  such as p h e n y l e n e d i a -  
m i n e : c h l o r a n i l  (2) ,  Na 3,4 b e n z o q u i n o l i n e  (2) ,  or 
h a e m a g l o b i n  (9) do not  lie on this  same l ine,  no r  
do the more  classic inorgan ic  semiconduc tors  such 
as iodine,  g e r m a n i u m ,  or silicon. I t  wou ld  appea r  
tha t  the  reservoi r  of ava i l ab le  car r ie rs  is fixed for 
the  series descr ibed in  this  paper ,  bu t  can v a r y  con-  
s ide rab ly  for o ther  mater ia l s .  I t  is also a p p a r e n t  
f u r t h e r  s tudy  is needed  to exp l a in  the  re la t ionsh ip  
b e t w e e n  the  n a t u r e  of the  me ta l  ha l ide  acceptor  a nd  
the  ac t iva t ion  ene rgy  of the  complex,  and  o ther  
factors,  such as the  dielectr ic  cons tan t  of the  m a t e -  
rial ,  ought  to be  considered.  

Thermovoltaic properties.--Additional usefu l  i n -  
fo rma t ion  on the n a t u r e  of the charge  car r ie rs  can  
be ob ta ined  f rom the  m e a s u r e m e n t  of the Seebeck 
coefficient and  its sign. Table  I I I  l ists the  Seebeck 
coefficients which  were  m e a s u r e d  and  indica tes  the  
p r e d o m i n a t e  type  of ca r r i e r  wh ich  was  observed.  
F i r s t  of all, those ma te r i a l s  h a v i n g  h ighe r  res i s t iv i ty  
gene ra l l y  showed h igher  Seebeck coefficients. Since 
the usefu lness  of the  m a t e r i a l  for t he rmovo l t a i c  
purposes  is defined b y  the  f igure of me r i t  wh ich  is 
u sua l l y  expressed as 

Table III. Seebeck coefficient of some perylene complexes 

C o m p l e x  S, m v / " C  Type 

Perylene:RuC13 (as prepared)  0.12 
Perylene:  RuC13* 0.06 
Perylene:  PtC14 0.04 
Perylene:FeC13 (excess acceptor) --0.46 
Perylene:FeCl~ (excess donor) 0.1 
Perylene:  I2 0.035 
Perylene:  IC1 0.015 

* A f t e r  p r o l o n g e d  h e a t i n g  i n  v a c u u m .  

Complex mho/cm e, ev 
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ABSTRACT 

The microhardness  of single crys ta ls  of BeO, ZnS, A1N, CdS, ZnO, and CdSe 
has been measured  as a funct ion of c rys ta l lograph ic  or ien ta t ion  and the resul t s  
cor re la ted  wi th  bond distance, mel t ing  point,  and band  gap. 

T h i r t y - s i x  b i n a r y  c o m p o u n d s  of t h e  e l e m e n t s  in  
G r o u p  IV, G r o u p s  I I I / V ,  G r o u p s  I I / V I ,  and  G r o u p s  
I / V I I  in  t he  p e r i o d i c  t a b l e  a r e  r e p o r t e d  to h a v e  
s t r u c t u r e s  of t he  w u r t z i t e  t y p e  or  z i ncb l ende  type .  
Of t h e s e  c o m p o u n d s  s ix  show on ly  the  w u r t z i t e  
s t r u c t u r e  and  five a r e  d i m o r p h o u s  w i t h  r e spe c t  to 
t he  z i n c b l e n d e  form.  The  11 c o m p o u n d s  a r e  l i s t ed  
in  T a b l e  I a long  w i t h  some p h y s i c a l  p r o p e r t i e s  of 
i n t e r e s t  in  th is  s t u d y ;  i n c l u d e d  also a r e  two  c o m -  
pounds ,  M n S  and  MnSe,  w h i c h  h a v e  a close r e l a -  
t i onsh ip  to t he  I I / V I  compounds .  

The  w u r t z i t e  s t r u c t u r e  is h e x a g o n a l  w i t h  t h e  
space  g r o u p  P6~mc. I t  is i l l u s t r a t e d  in  Fig.  1 a n d  
can  be  d e s c r i b e d  in  s e v e r a l  ways .  F o r  t h e  p u r p o s e s  
of th is  d i scuss ion  i t  is p r o b a b l y  c l ea re s t  to d e s c r i b e  
t he  s t r u c t u r e  as two  i d e n t i c a l  and  i n t e r p e n e t r a t i n g  
h e x a g o n a l  c l o s e - p a c k e d  la t t ices .  T h e  two  a r r a y s  a r e  
sh i f t ed  w i t h  r e spec t  to each  o t h e r  so t h a t  po in t s  of 
each  l a t t i ce  l ie  in t he  c e n t e r  of t h e  t e t r a h e d r a l  i n t e r -  
s t ices  of t he  o the r  la t t ice .  This  sh i f t  (z p a r a m e t e r )  
is e q u a l  to 0.375 t i m e s  t h e  c -ax i s .  T h e  ca t ions  oc-  
c u p y  the  po in t s  of one l a t t i c e  a n d  the  an ions  t he  
o t h e r  la t t ice .  A l l  t he  a t o m s  t h e n  h a v e  t e t r a h e d r a l  
coord ina t ion ,  w i t h  t he  t e t r a h e d r a  of one t y p e  a l l  
p o i n t i n g  in  t h e  s ame  d i r ec t ion  a long  the  c -ax i s .  
The  s p h a l e r i t e  s t r u c t u r e  can  be  d e s c r i b e d  in  a r e -  
l a t e d  m a n n e r ,  e x c e p t  t h a t  t h e  l a t t i ces  a r e  cubic  
c l o se -packed .  

The  idea l  c0/a0 r a t i o  (1, 2, 3) for  a h e x a g o n a l  

c l o s e - p a c k e d  l a t t i ce  is 1.633 (i.e., 2V/2 /~ /3) .  Most  

Table I. Properties of wurtzite structures 

Opt ica l  
O b s e r v e d  b o n d  b a n d  

C o m p o u n d  c / a  d i s t ance ,  As  gap,  ev  M e l t i n g  po in t ,  ~ 

of t he  w u r t z i t e  t y p e  c o m p o u n d s  show some  d e v i a -  
t ion  f r o m  th is  i d e a l  va lue .  Th is  d e v i a t i o n  r e q u i r e s  
a d i s t o r t i o n  of t he  " i de a l "  r e g u l a r  c o o r d i n a t i o n  t e t -  
r a h e d r a .  H o w e v e r ,  th i s  r a t i o  does  no t  g ive  a n y  
i n d i c a t i o n  of t he  m a g n i t u d e  of t he  sh i f t  of t h e  two  
c l o s e - p a c k e d  la t t i ces .  T h e  b o n d  d i s t ances  l i s t ed  in  
T a b l e  I h a v e  been  c a l c u l a t e d  a s s u m i n g  t h e  sh i f t  to 
be  0.375 fo r  a l l  compounds .  I t  has  been  s h o w n  (3, 
4) t h a t  for  BeO, w i t h  c0/a0 -~ 1.622, a n d  A1N, w i t h  
co/ao = 1.600, t he  sh i f t s  a r e  0.379 and  0.385, r e s p e c -  
t ive ly .  W h e t h e r  th i s  p a t t e r n  is t he  s a m e  in  o t h e r  
w u r t z i t e  c o m p o u n d s  r e m a i n s  to be  p rove d .  F o r  t he  
p u r p o s e s  of  th i s  p a p e r  t h e  b o n d  d i s t ances  in  T a b l e  I 
w i l l  b e  adequate. 

To u n d e r s t a n d  t h e  p rocesses  t a k i n g  p l ace  in  c r y s -  
t a l l i n e  c o m p o u n d s  i t  is n e c e s s a r y  to  cons ide r  v a r i o u s  
p r o p e r t i e s  of t he se  m a t e r i a l s  ( e l ec t r i ca l ,  p h y s i c o -  
chemica l ,  m e c h a n i c a l ,  e tc . ) .  K n o w l e d g e  of such  p r o p -  
e r t i e s  shou ld  g ive  t he  d i s t r i b u t i o n  of p a r t i c l e s  in  a 
subs tance ,  the  n a t u r e  of these  pa r t i c l e s ,  a n d  the  w a y  
t h e y  a r e  b o u n d  toge the r ,  i.e., t h e  e l e c t r o n  d e n s i t y  
d i s t r i b u t i o n  or  t he  t y p e  of  c h e m i c a l  bond.  

The  h a r d n e s s  of cova l en t  a n d  ionic  c r y s t a l s  is one 
of t h e  p r o p e r t i e s  r e l a t e d  in  a g e n e r a l  w a y  to t he  
t y p e  of c h e m i c a l  b o n d  (5, 6) .  G o l d s c h m i d t  (7)  
sugges t ed  t h a t  t he  h a r d n e s s  H of a g iven  s t r u c t u r e  
fo l lows  t h e  e q u a t i o n  H ---- cons t an t  • r - ' %  w h e r e  r 
is t h e  b o n d  d i s t a n c e  and  m is an  e m p i r i c a l  cons t an t  
r e l a t e d  to t he  t y p e  of bond ing .  Wolff  et  al. (8)  h a v e  
r e l a t e d  the  h a r d n e s s  of t he  e l e m e n t s  a n d  z inc b l ende  
I I I / V  c o m p o u n d s  to t he  b o n d  d i s t ance  us ing  t h e  
G o l d s c h m i d t  f o r m u l a .  T h e y  f o u n d  t h a t  t he  cons t an t  

A1N 1.600 1.86, 1.90 ~--5.6 2200 (2 a tm) 
GaN 1.625 1.94, 1.94 3.3 800 
InN 1.611 2.13, 2.16 2.4 
BeO 1.623 1.64, 1.65 ~15.0 2570 
ZnO 1.602 1.95, 1.98 3.14 1970 
MgTe 1.622 2.75, 2.76 
CdS b 1.622 2.51, 2.53 2.50 1750 (100 atm) 
ZnS b 1.635 2.33, 2.33 3.5 1850 
CdSe b 1.630 2.63, 2.64 1.74 - -  
AgI  b 1.635 2.81, 2.80 
SiC 1.641 1.89, 1.88 ~2.85 
MnS c 1.62 2.41, 2.44 
MnSe c 1.63 2.52, 2.52 

C a l c u l a t e d  f r o m  th e  un i t  ce l l  d i m e n s i o n s  a s s u m i n g  t he  d i f fe rence  
in  the  z - p a r a m e t e r  for  t h e  ca t ion  a n d  a n i o n  is 0.375. 

b n i m o r p h o u s  w i t h  z i n c b l e n d e  s t ruc tu re .  
c T r i m o r p h o u s  w i t h  m e t a s t a b l e  NaC1 s t ruc tu re .  

(oo.T) SURFACE 

(O0.I) SURFACE 

Fig. 1. Wurtzite structure 
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Table II. Knoop hardness a of wurtzite compounds 

C o m -  P l a n e  I n d e n t a t i o n  H a r d n e s s ,  
p o u n d  i n d e n t e d  d i r e c t i o n  k g / m m 2  R e m a r k s  

BeO (00.1) [10.0], [11.0] 1300 No orientat ion 
dependence 

(00.1) [10.0], [11.0] 1100 No orientat ion 
dependence 

(10.0) [00.1] 1175 
(10.0) [10.0] 917 

ZnO (00.1) [10.0], [11.0] 274 No orientat ion 
dependence 

(00.1) [10.0], [11.0] 238 No orientat ion 
dependence 

(10.0) [00.1] 241 
(10.0) [10.0] 170 

CdS (00.1) [10.0], [11.0] 118 No orientat ion 
dependence 

(10.0) [00.1] 91 No orientat ion 
dependence 

(10.0) [10.0] 53 
CdSe (00.1) [10.0], [11.0] 83 

(11.0) [11.0] 63 
(11.0) [00.1] 49 

ZnS (00.1) [10.0], [11.0] 246 No orientat ion 
dependence 

(11.0) [11.0] 158 
(11.0) [0O.1] 

AIN (00 .1 )  [i0.0], [ii.0] 1187 No orientation 
dependence 

[ 1 I [ ] [ ]  

, 1 0 0 g  l o a d .  

m assumes  the app rox ima te  va lue  5 and  9 for the 
e l ements  and  I I I / V  compounds ,  respect ively .  

Wolff has r ecen t ly  found  the  same re la t ionsh ip  
to hold for I I / V I  compounds  as wel l  (9) .  

E x p e r i m e n t a l  R e s u l t s  

The mic roha rdnes s  of the  s ingle  crys ta ls  of BeO, 
A1N, ZnO, CdS, and  CdSe was  d e t e r m i n e d  as a f unc -  
t ion of o r i en ta t ion  us ing  a Leitz D u r i m e t  ha rdness  
tes ter  wi th  a Knoop  d iamond.  The crysta ls  were  
e i ther  m o u n t e d  in  Bakel i te  m o u n d s  and  pol ished be -  
fore test ing,  or tes ted in  the  a s - g r o w n  state. I n d e n t a -  
t ions on each spec imen  were  made  i n d e p e n d e n t l y  by  
the au thors  and  the resul t s  compared  and  averaged.  
The la t te r  r ep re sen t  at least  25 m e a s u r e m e n t s .  Al l  
i n d e n t a t i o n s  were  e x a m i n e d  at 1600X magnif ica t ion.  
Those associated wi th  cracks of any  sort were  no t  
inc luded  in  the s tudy.  No evidence  of t w i n n i n g  was  
observed.  The i n d e n t a t i o n  load was  var ied  b e t w e e n  
15 and  200g; no load dependence  was found.  The 
ra te  of i n d e n t a t i o n  was  also var ied  b e t w e e n  1 sec 
and  10 m i n ;  no ra te  dependence  was apparen t .  H o w -  
ever,  the inc idence  of c rack ing  was re la ted  to the 
ra te  of loading.  The  fas ter  the  loading,  the  grea te r  
the  inc idence  of cracking.  Wi th  respect  to BeO, the 
c rack ing  inc idence  was  also associated wi th  the  su r -  
face e n v i r o n m e n t  of the  crystal .  Crack ing  was  es- 
sen t ia l ly  e l imina t ed  w h e n  an  organic  so lvent  such 
as ke rosene  was appl ied  to the  crys ta l  p r ior  to i n -  
den t i ng  it. The e x p e r i m e n t a l  da ta  are  t a b u l a t e d  in  
Table  II. I n  Fig. 2, 3, and  4, the  ha rdness  is g r a p h -  
ical ly re la ted  to bond  distance,  b a n d  gap, and  m e l t -  
ing po in t ;  it can be  seen that  a logar i thmic  re l a t ion  
exists. 

The b a n d  gaps for most  of the compounds  were  
ob ta ined  f rom Bube  and  others  (10-12) .  The gap 
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Fig. 2. Knoop hardness as a function of optical band gap. Basal 
plane (0001).  

, , , l l l l l l  , , , i , , ,  
i �9 

�9 BeO 
eAIN 

__--- - -  

- ZnOe 
eZnS 

eCdS 

-- eCdSe �9 
E 

I I I I I I I I ]  I i I I I l i t  
,.o 5.o ,o.o 50.0 ,oo.o 

Bond d i s t a n c e  (~) 

Fig. 3. Microhardness of wurtzite compounds on basal plane as a 
function of bond distance. (Knoop, lOOg load). 

E Iooc 
E 

50C 

IlJ 
c 

e- 

e~ 
0 
co IOC 

, , , i , , , ,  I , ~ L I ~ l l l t  
�9 BeO 

eAIN 

e Z n O  
e Z n S  

eCdS 

- �9 CdS �9 

5o ~ p , r l , l , I  , = i i , , , , l  
IOO 500 IO00 5000 IOOOO 

Melting point (~ 

Fig. 4. Relation between Knoop hardness and melting point 

for BeO was ob ta ined  in  our  labora tor ies  us ing  a 
v a c u u m  u l t r av io l e t  spec t rograph  w he r e  the  f u n d a -  
m e n t a l  absorp t ion  occurred  at  a p p r o x i m a t e l y  800A, 
ind ica t ing  a ve ry  large b a n d  gap. 

Discuss ion  o f  Resu l ts  

The ha rdness  m e a s u r e m e n t s  for CdS, CdSe, and  
ZnO agree w i th  da ta  by  Wolff (9) ,  whi le  the  h a r d -  
ness data  for BeO and  A1N disagree w i th  repor ted  
data.  The absence  of a ny  s tudies  on the  slip c rys-  
t a l l og raphy  of the wur t z i t e  compounds  prec ludes  
a ny  discussion of its r e l a t ionsh ip  to hardness .  H o w -  
ever, c u r r e n t  s tudies  at  this  l abo ra to ry  are a imed 
at e luc ida t ing  this re la t ionship .  
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BeO is r e p o r t e d  (13, 14) to have  a Mohs  h a r d n e s s  
of 9, w h i c h  w o u l d  c o r r e s p o n d  to a K n o o p  h a r d n e s s  
of a p p r o x i m a t e l y  2000 k g / m m  2. I t  can  be  seen f r o m  
o u r  d a t a  t h a t  i ts  t r u e  h a r d n e s s  is c loser  to 8 t h a n  9. 
In  v i ew  of the  co r r e l a t i ons  o b t a i n e d  w i t h  bond  d i s -  
tance ,  b a n d  gap,  etc., i t  is fe l t  t ha t  h a r d n e s s  ref lects  
a m e a s u r e  of the  b o n d i n g  e n e r g y  of t he  compounds .  

The  a n i s o t r o p y  of t he  h a r d n e s s  m e a s u r e m e n t s  for  
t he  w u r t z i t e  c o m p o u n d s  is fe l t  to be a t r u e  ref lec t ion  
of t he  d i f f e r en t i a l  bond ing .  H a r d n e s s  v a l u e s  a r e  

l o w e r  on the  (1010) t h a n  on the  b a s a l  p l a n e  w h e r e  

t he  h a r d n e s s  is i so t ropic .  On the  (1010) su r face  the  
h ighes t  h a r d n e s s  p a r a l l e l s  t he  (0001) face.  The  
l o w e r  h a r d n e s s  p a r a l l e l s  the  p r i s m a t i c  c l eavages  
(15-18) .  

The  e x p l a n a t i o n  p r e s u m a b l y  l ies  in  the  fac t  t ha t  
b a s a l  c leavage ,  w i t h  the  b r e a k i n g  of one b o n d  p e r  
un i t  cel l  a rea ,  l e aves  t he  two  h a l v e s  opp os i t e l y  
cha rged ,  w h i l e  b r e a k i n g  the  s ame  n u m b e r  of b o n d s  

a long  (10]-0) and  (1120) l eaves  bo th  ha lve s  n e u t r a l .  
In  o r d e r  to l e a v e  bo th  c l eaved  b a s a l  p l a n e s  n e u t r a l  
i t  w o u l d  be  n e c e s s a r y  to b r e a k  two  bonds  p e r  un i t  
cell.  

The  d i f f e r en t i a l  h a r d n e s s  on the  (0001) and  

(0001) as found  on BeO and  ZnO is a t  th is  t ime  d i f -  
f icult  to exp l a in ,  b u t  i t  is f e l t  t h a t  e i t he r  d i s loca t ion  
d e n s i t y  or  s t r a in  is r e s p o n s i b l e  for  the  di f ference.  

Summary 
The  m i c r o h a r d n e s s  of BeO, ZnO, AIN,  CdS,  ZnS,  

and  CdSe  h a v e  been  m e a s u r e d  as a func t ion  of o r i -  
e n t a t i o n  and  c o m p a r e d  w i t h  t he  l i t e r a t u r e .  The i r  
h a r d n e s s  can  be  c o r r e l a t e d  w i t h  b a n d  gaps,  b o n d  
d is tance ,  and  m e l t i n g  poin t .  

I t  is fe l t  t h a t  t he  o r i e n t a t i o n  d e p e n d e n c e  of the  
h a r d n e s s  can  be  e x p l a i n e d  b y  the  c r y s t a l  s t ruc tu re .  
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A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1963 
JOURNAL. 
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ABSTRACT 

Measurements  on the t he rma l  dissociat ion of gaseous GeI4 and the reac t ion  
of gaseous GeI~ wi th  excess ge rman ium have been made  by  observing the de-  
pendence of the to ta l  pressure  on t empe ra tu r e  for the corresponding closed 
systems at constant  volume.  The dependence  of equ i l ib r ium constant  on t em-  
pe ra tu re  is given for the  react ions 

Gecsj + GeI4~g) ~ 2GeIf(g) 
and 

GeI4(g) : Gelf(g) + I2(g) 
Average  heats  of react ion and en t ropy  changes are  deduced for  the tempera- 
ture  range  600~176 

The  e q u i l i b r i a  d e t e r m i n i n g  the  compos i t i on  of t he  
gas p h a s e  in  t he  g e r m a n i u m - i o d i n e  s y s t e m  a re  of 
i n t e r e s t  for  t h e i r  p r a c t i c a l  a p p l i c a t i o n  to  g e r m a n i u m  
c r y s t a l  g r o w t h  (1, 2) .  J o l l y  and  L a t i m e r  (3)  h a v e  
m e a s u r e d  the  d i s p r o p o r t i o n a t i o n  of sol id  GeIe in  

t he  r a n g e  540~176 In  t he  course  of t h e i r  m e a s -  
u r e m e n t s  t h e y  o b t a i n e d  r a t h e r  a p p r o x i m a t e  va lue s  
fo r  t h e  v a p o r  p r e s s u r e  of sol id  GeI2 so t h a t  some  
e s t i m a t e  of t he  e q u i l i b r i u m  

2GeIfcg) =~ Ge~s) + GeI4cg~ [1]  
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m a y  be  ob ta ined .  E s t i m a t e s  of t he  f r ee  e n e r g y  of 
f o r m a t i o n  of GeI4 m a y  be  o b t a i n e d  f r o m  the  h e a t  
of f o r m a t i o n  of sol id  GeI4 o b t a i n e d  b y  E v a n s  a n d  
R i c h a r d s  (4)  and  e n t r o p y  v a l u e s  g iven  b y  Ro l s t en  
(5) .  A l t h o u g h  the  i n f o r m a t i o n  t hus  a v a i l a b l e  is 
sufficient  to m a k e  t h e  g e n e r a l  b e h a v i o r  of t he  g e r -  
m a n i u m - i o d i n e  s y s t e m  r e a s o n a b l y  c lear ,  f u r t h e r  
o b s e r v a t i o n s  a r e  n e c e s s a r y  in  o r d e r  to o b t a i n  the  
compos i t i on  of t h e  gas  p h a s e  w i t h  r e a s o n a b l e  ac -  
curacy .  

In  th is  i n v e s t i g a t i o n  the  t o t a l  p r e s s u r e  at  cons t an t  
v o l u m e  has  been  m e a s u r e d  as a f u n c t i o n  of t e m -  
p e r a t u r e  for  two  sys t ems :  1, GeI4 w i t h  s l igh t  excess  
iodine ;  2, g e r m a n i u m  iod ides  in t he  p r e s e n c e  of e x -  
cess g e r m a n i u m .  In  s y s t e m  1 bo th  t he  g e r m a n i u m  
and  iod ine  con ten t s  of  t he  gas  p h a s e  a r e  f ixed,  a n d  
a p r e s s u r e  r i se  w i t h  i nc rea se  in  t e m p e r a t u r e  is o b -  
s e r v e d  due  to t he  d i s soc ia t ion  of GeI4 in to  GeI2 a n d  
e l e m e n t a l  iodine.  In  s y s t e m  2, t he  g e r m a n i u m  con-  
t en t  of  t he  gas  p h a s e  is v a r i a b l e ,  and  a p r e s s u r e  r i se  
w i t h  i n c r e a s e  in t e m p e r a t u r e  is o b s e r v e d  due  to t he  
o p e r a t i o n  of r e a c t i o n  1. The  p r e s s u r e s  o b s e r v e d  m a y  
be  i n t e r p r e t e d  u n a m b i g u o u s l y  b y  a s s u m i n g  t h a t  the  
on ly  spec ies  p r e s e n t  in  the  gas  p h a s e  in m e a s u r a b l e  
a m o u n t s  a r e  GeI4, GeI2, I2, and  I and  v a l u e s  of t h e  
hea t s  of f o r m a t i o n  and  e n t r o p i e s  of GeIa and  GeI2 
in t he  gaseous  s ta te  d e d u c e d  t h e r e f r o m .  

Experirnental 
The  to t a l  p r e s s u r e  in the  cons t an t  v o l u m e  s y s t e m  

was  m e a s u r e d  us ing  a q u a r t z  " spoon  g a u g e "  as a 
nu l l  i n d i c a t o r  in c o n j u n c t i o n  w i t h  a c o n v e n t i o n a l  
gas h a n d l i n g  s y s t e m  and  a W a l l a c e  and  T i e r n a n  
d ia l  g a u g e  as p r e s s u r e  m e a s u r i n g  i n s t r u m e n t .  The  
spoon was  sea l ed  to a c y l i n d r i c a l  q u a r t z  r e a c t i o n  
c h a m b e r  h a v i n g  a v o l u m e  of t he  o r d e r  of 30 cc and  
s u r r o u n d e d  b y  a n i c h r o m e  w o u n d  f u r n a c e  p o w e r e d  
b y  a cons t an t  v o l t a g e  t r a n s f o r m e r  and  a va r iac .  
The  t e m p e r a t u r e  was  m e a s u r e d  b y  m e a n s  of a P t -  
P t - 1 0 % R h  t h e r m o c o u p l e .  The  c h e m i c a l  c o m p o n e n t s  
w e r e  a d d e d  s e p a r a t e l y  as e l e m e n t a l  g e r m a n i u m  a n d  
iod ine  in  a l l  runs .  

The  p r o c e d u r e  for  l oad ing  the  r e a c t i o n  c h a m b e r  
was  i d e n t i c a l  to t ha t  d e s c r i b e d  b y  S i l v e s t r i  a n d  
L y o n s  (6 ) ,  excep t  t h a t  in t he  m e a s u r e m e n t s  on sys -  
t e m  2, t he  iod ine  was  no t  we ighed .  In  t h e  g e r m a -  
n i u m - i o d i n e  sys tem,  r e a c t i o n  does  no t  t a k e  p l a c e  
b e t w e e n  g e r m a n i u m  a n d  iod ine  a t  t e m p e r a t u r e s  b e -  
low 180~ so t h a t  i t  is also poss ib l e  to o b t a i n  t he  
iod ine  con ten t  f r o m  t h e  o b s e r v e d  p r e s s u r e  of u n r e -  
ac t ed  iodine.  The  nu l l  p o i n t  was  o b s e r v e d  on s y s t e m  
2 b y  v i e w i n g  the  pos i t i on  of t he  end  of a q u a r t z  
p o i n t e r  a t t a c h e d  to t he  spoon  r e l a t i v e  to t h e  pos i t i on  
of t he  end  w indow.  I t  was  f o u n d  pos s ib l e  in  m e a s u r e -  
m e n t s  on s y s t e m  1 to  use  a less  sens i t ive ,  a n d  h e n c e  
m o r e  robus t ,  spoon b y  us ing  a d i r ec t  op t i ca l  l e v e r  
t echn ique .  A n  o p t i c a l l y  po l i shed  q u a r t z  d isk ,  w i t h  t he  
b a c k  su r f ace  g r o u n d  to avo id  d o u b l e  ref lect ions ,  was  
a t t a c h e d  to t he  end  of t he  spoon  and  used  as  a m i r -  
ro r  to v i e w  a l igh t  source  b y  m e a n s  of a v i e w i n g  
te lescope .  A second  l igh t  source  was  v i e w e d  b y  r e -  
f lect ion f r o m  the  f ron t  q u a r t z  w indow.  This  p r o -  
v i d e d  a f lducia l  m a r k ,  a u t o m a t i c a l l y  a v o i d i n g  e r r o r  
due  to a n y  m o v e m e n t  of t he  sys tem.  In  b o t h  cases,  
r e a d i n g s  could  be  r e p r o d u c i b l y  m a d e  to •  ram.  

The  d ia l  g a u g e  was  c he c ke d  a ga in s t  a b a r o m e t e r  a t  
a t m o s p h e r i c  p r e s s u r e  a n d  f o u n d  correc t .  E r r o r s  due  
to r e a d i n g  the  p r e s s u r e  can  be  cons ide red  neg l ig ib l e  
c o m p a r e d  w i t h  e r ro r s  f r o m  o t h e r  sources .  

Theory 
In  i n t e r p r e t i n g  the  t o t a l  p r e s s u r e  obse rva t ions ,  

two  a s s u m p t i o n s  a r e  m a d e :  ( i )  The  spec ies  p r e s e n t  
in  t he  gas  p h a s e  a r e  l i m i t e d  GeI4, GeI2, I2, and  I. ( i i )  
A l l  gaseous  spec ies  m a y  be  t r e a t e d  as idea l .  

The  c onc e n t r a t i on  of a c o m p o n e n t  or  species  w i l l  
be  d e n o t e d  b y  n m o l e s / l i t e r  and  the  c o r r e s p o n d i n g  
p a r t i a l  p r e s s u r e  b y  p. The  a c t u a l  spec ies  or  c o m -  
p o n e n t  i n v o l v e d  w i l l  be  d e n o t e d  b y  a suffix as fo l -  
lows.  The  spec ies  GeI4, GeI2, I2, and  I w i l l  be  d e n o t e d  
b y  suffixes 4, 2, 1, and  0, r e spe c t i ve ly .  T h e  c o m p o -  
nen t s  iod ine  and  g e r m a n i u m  wi l l  be  d e n o t e d  b y  
suffixes I a n d  Ge, r e spe c t i ve ly .  N and  P w i t h o u t  
suffixes wi l l  deno t e  t h e  t o t a l  m o l a r  d e n s i t y  of a l l  
spec ies  and  the  t o t a l  p r e s su re ,  r e spe c t i ve ly .  

S y s t e m  1 . - - T h e r e  a re  no condensed  phases ,  hence  
t h e  t o t a l  dens i t i e s  of g e r m a n i u m  a n d  iod ine  in  t he  
gas  phase  a r e  f ixed  e x p e r i m e n t a l l y ,  b e i n g  g iven  b y  

nr = 4n4 + 2n2 + 2ni + no [2]  
and  

nGe ---~ n4 -t- n2 [3]  

In  add i t ion ,  t he  r e a c t i o n  (7)  
2I = Ie 

g ives  us the  r e l a t i o n  
n l  = K n o  ~ [4]  

w h e r e  K is k n o w n  f rom the  l i t e r a t u r e .  
The  m e a s u r e m e n t s  on s y s t e m  1 g ive  

P 
= N = n4 + n2 + nl  4- no [5]  

R T  

Hence,  f rom [3] ,  [4] ,  and  [5]  

N - -  n e e  : n l  + no = no + K n o  2 

w h i c h  m a y  be  so lved  to g ive  nl  and  no. E q u a t i o n s  [2]  
and  [5]  t h e n  y i e l d  t he  v a l u e s  of n~2 and  n4. Hence  the  
e q u i l i b r i u m  cons t an t  for  t he  r e a c t i o n  

GeI4 = GeI2 + I2 

is r e a d i l y  ca lcu la ted .  This  e q u i l i b r i u m ,  b e i n g  e n t i r e l y  
b e t w e e n  gas  p h a s e  species,  ho lds  in a l l  g e r m a n i u m -  
iod ine  sys tems ,  i r r e s p e c t i v e  of w h e t h e r  sol id  g e r -  
m a n i u m  is p r e s e n t  or  not .  

S y s t e m  2 . - - A g a i n ,  n~ is f ixed,  b u t  excess  g e r m a -  
n i u m  is p re sen t .  This,  of course ,  is a s y s t e m  of p r a c -  
t i ca l  i n t e r e s t  for  v a p o r  g rowth .  The  i n t e r p r e t a t i o n  of 
t he  m e a s u r e m e n t s  is g r e a t l y  s impl i f ied  b y  the  fac t  
tha t ,  u n d e r  t he  cond i t ions  of ou r  e x p e r i m e n t s ,  t h e  
va lue s  of n~ a n d  no a re  n e g l i g i b l y  s m a l l  g iv ing  us  
s i m p l y  

n1 = 2nr + 4n4 [6]  

N = ne + n4 [7]  
hence  

nr = 2 N -  � 8 9  

n 4 =  " / 2 n , - - N  

Hence ,  t he  e q u i l i b r i u m  cons t an t  for  r e a c t i o n  1 is 
o b t a i n e d  d i r ec t ly .  
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Fig. 1. P/T vs. temperature for system 1. Triangles and dots 
denote two runs at the same iodine content. Squares denote a run 
at lower iodine content. 

These  r eac t ions  t h e n  e n a b l e  us  to c o m p l e t e l y  c h a r -  
ac te r i ze  a g e r m a n i u m - i o d i n e  s y s t e m  g iven  t h e  t e m -  
p e r a t u r e  and  iod ine  con ten t .  

Resul ts  

S~stem / . - - T w o  runs  w e r e  made .  In  each  case, 
the  a m o u n t  of iod ine  used  was  s l i g h t l y  in excess  of 
s t o i ch iome t ry .  A m e a s u r e m e n t  of t he  t o t a l  p r e s s u r e  
of t he  s y s t e m  be fo re  a n d  a f t e r  r e a c t i o n  of t he  g e r -  
m a n i u m  a n d  iod ine  gave  va lue s  of rice and  ni in 
a g r e e m e n t  w i t h  t he  v a l u e s  o b t a i n e d  b y  w e i g h i n g  
b u t  h a v i n g  s o m e w h a t  g r e a t e r  p rec i s ion .  F i g u r e  1 
shows  the  r e su l t s  in  t he  f o r m  of a p lo t  of P/T a ga in s t  
T~  

Two runs  w e r e  m a d e  on a s y s t e m  con t a in ing  
iod ine  a t  a l eve l  of 0.534 m m / ~  be fo re  r e a c t i o n  and  
one r u n  on a s y s t e m  con ta in ing  0.090 m m / ~  be fo re  
reac t ion .  I t  is seen  t h a t  a f t e r  fo l l owing  i ts  v a p o r  
p r e s s u r e  curve ,  GeI4 e x p a n d s  s u b s t a n t i a l l y  as an 
idea l  gas  b e t w e e n  520 ~ a n d  650~ a f t e r  w h i c h  the  
v a l u e  of P/T r ises  due  to d issoc ia t ion .  The  e q u i l i b -  
r i u m  cons t an t  for  t he  r e a c t i o n  GeI4---- GeI2 + I2 has  

,o" 

3 e e t  t I0 

1.0 �9 �9 �9 �9 
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Fig. 2. Equilibrium constant vs. IO00/T for system 1 
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b e e n  d e d u c e d  f r o m  the  e x p e r i m e n t a l  d a t a  u s ing  
Eq. [ 2 ] - [ 5 ]  a n d  is p l o t t e d  in  F ig .  2. 

System 2 . - - T w o  runs  w e r e  m a d e  in  the  p r e s e n c e  
of excess  sol id  g e r m a n i u m .  In  th is  case, I2 and  I 
a r e  p r e s e n t  in ne g l i g ib l e  a m o u n t s  a t  t h e  t e m p e r a -  
t u r e s  and  p r e s s u r e s  tha t  w e r e  e m p l o y e d .  F i g u r e  3 
shows  a p lo t  of P/T  a ga in s t  T for  one run .  In  th is  
s y s t e m  the  b e h a v i o r  a t  low t e m p e r a t u r e s  is c o m -  
p l i c a t e d  b y  t h e  ex i s t ence  of condensed  iod ides  in  
i m p e r f e c t  e q u i l i b r i u m  w i t h  t h e  excess  g e r m a n i u m ,  
a n d  so on ly  t h a t  p o r t i o n  of t h e  c u r v e  c o r r e s p o n d i n g  
to a two  phase  s y s t e m  sol id g e r m a n i u m - g a s  is shown.  
I t  is seen  t h a t  as t h e  gas  compos i t i on  a p p r o a c h e s  
p u r e  GeI2, t he  P/T i nc rease  w i t h  t e m p e r a t u r e  leve ls  
off as P t e n d s  to  t he  v a l u e  ~/2nIRT c o r r e s p o n d i n g  to 
a P/T  v a l u e  of a p p r o x i m a t e l y  0.195. A t  low t e m -  
p e r a t u r e ,  P w o u l d  a p p r o a c h  the  v a l u e  �88 as t he  
gas  t e n d e d  to b e c o m e  p u r e  GeI4, e x c e p t  t h a t  GeI2 
condenses  out  g iv ing  us  a t h r e e  p h a s e  sys tem.  

In  these  runs  t h e  iod ine  was  no t  we ighed .  I n  bo th  
runs  of s y s t e m  2 i t  was  found,  a f t e r  r e a c t i o n  had  
t a k e n  place ,  t h a t  t he  n1 v a l u e s  o b t a i n e d  f r o m  the  
t o t a l  iod ine  p r e s s u r e  be fo re  r e a c t i o n  could  no t  be  
r e l i e d  on w i t h  h igh  a c c u r a c y  due  to m o v e m e n t  of 
t he  a p p a r a t u s  d u r i n g  the  w a r m  u p  ~ (as o b s e r v e d  b y  a 
s m a l l  sh i f t  in  t he  zero  p o r t i o n  a f t e r  c o m p l e t i o n  of t he  
r u n ) .  The  v a l u e  of n~ was ,  t he re fo re ,  o b t a i n e d  b y  as -  
s u m i n g  t h a t  a t  t he  m a x i m u m  t e m p e r a t u r e  obse rved ,  
t he  c o n c e n t r a t i o n s  of  GeI4, I2, and  I in t he  gas  phase  
w e r e  neg l ig ib l e  so t h a t  (P/T)  m a x  ---- ~/2nl/R, (po in t  
B in Fig .  3) .  T h e  p r o c e d u r e  and  a s s u m p t i o n s  w e r e  
c he c ke d  b y  t a k i n g  v a l u e s  of n~ c o r r e s p o n d i n g  to 
v a l u e s  2% h i g h e r  a n d  l o w e r  t h a n  the  e s t i m a t e d  
v a l u e  (po in t s  C and  A r e s p e c t i v e l y )  and  ca l cu l a t i ng  
the  e q u i l i b r i u m  cons t an t  fo r  a l l  t h r e e  cases.  

Using  Eq. [6]  and  [7] ,  i nc lud ing  the  e s t i m a t e d  
v a l u e s  of hi, v a l u e s  of t he  e q u i l i b r i u m  c o n s t a n t  for  
the  r e a c t i o n  u n d e r  c ons ide r a t i on  w e r e  deduced .  This  
r e s u l t e d  in t h r e e  p lo t s  of  log  K vs. 1/T (Fig .  4) .  
A b o v e  840~ t h e  p lo ts  c o r r e s p o n d i n g  to --+2% d e -  
v i a t i ons  of n~ g a v e  no t i c e a b l e  d e p a r t u r e s  f r o m  l i n -  
ea r i ty .  (The  po in t s  shown  a r e  t a k e n  at  20 ~ i n t e r v a l s  
f rom t h e  smoo th  cu rve  d r a w n  t h r o u g h  the  e x p e r i -  
m e n t a l  po in t s  in Fig.  3.) The  cu rves  A, B, and  C 
c o r r e s p o n d  to t h e  ana logous  leve ls  of %/2nr/R m a r k e d  
on Fig.  3. I t  is seen t ha t  p i c k i n g  l eve l  A i n s t e a d  of B 

z T h i s  diff iculty d i d  n o t  o c c u r  d u r i n g  t h e  m e a s u r e m e n t s  o n  s y s t e m  
1 w h i c h  w e r e  a c t u a l l y  p e r f o r m e d  a t  a l a t e r  d a t e  t h a n  t h e  m e a s u r e -  
m e n t s  o n  s y s t e m  2.  
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Fig. 3. P/T vs. temperature for system 2, low pressure run 



778 

i0 5 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

A �9 

C .  

I01 �9 i 

1.0 I 
�9 9 1.0 I.I 1.2 1.3 1.4 1.5 1.6 

I O 0 0 / T  

Fig. 4. Equilibrium constant vs.  IO00/T  for system 2. Low pres- 
sure run showing the e f f e c t  o f  varying the assumed iodine content. 

resul ts  in  a d i sp lacement  of the  log K vs. 1 / T  curve  
equ iva l en t  to a t e m p e r a t u r e  d i sp lacement  of about  
8~ or a d i sp lacement  on the log K d i rec t ion  corre-  
sponding  to a factor  of 1.3. This wou ld  lead to an 
er ror  in  the en t ropy  of reac t ion  of a p p r o x i m a t e l y  
0.5 cal mole -1 d e g - ' .  Hence  the choice of po in t  B 
leads to ve ry  r easonab le  resul ts .  If the  other  poin ts  
had been  chosen the errors  would  not  have  been  
great.  It  is felt  tha t  the p robab le  e r ror  due to this  
p rocedure  for eva lua t i ng  n1 is l ike ly  to be • cal 
mole -1 deg -1. A second r u n  which  employed  an 
iodine con ten t  a p p r o x i m a t e l y  th ree  t imes h igher  
gave resul t s  cons is tent  wi th  the p rev ious  run .  F igu re  
5 shows a composi te  curve  of the e q u i l i b r i u m  con-  
stant ,  der ived  f rom the two runs ,  in  which  the poin ts  
are ca lcula ted  f rom va lues  t aken  at 20 ~ in t e rva l s  
f rom the smoothed P / T  curves.  Data  f rom the meas -  
u r e m e n t s  of Jo l ly  and  L a t i m e r  are also included.  

Discussion 
It  is app ropr i a t e  at this  po in t  to consider  the p r o b -  

able  va l id i ty  of the a s sumpt ion  tha t  only  the species 
GeI2, GeI4, I2, and  I exist  in  the  systems. We m a y  
note  tha t  in  both  sys tems 1 and  2 good s t ra ight  l ine 
plots of log K vs. T ~ are obta ined.  In  sys tem 1, good 
ag reemen t  is ob ta ined  be tween  r u n s  opera ted  at 
iodine conten ts  g iv ing  va lues  of P / T  before  reac t ion  
of the iodine wi th  g e r m a n i u m  of 0.534 and  0.090 
m m / ~  respect ively .  In  sys tem 2, ag r eemen t  is ob-  
t a ined  b e t w e e n  two runs  opera ted  at iodine conten ts  
cor responding  to P / T  values  before  reac t ion  of 0.694 
and  0.196 m m / ~  respect ively .  These ag reemen t s  
s t rong ly  suggest  tha t  the model  used is appropr i a t e  
for the  pressures  and  t e m p e r a t u r e s  employed  in  the 
measu remen t s ,  i.e., tha t  o ther  species are most  u n -  
l ike ly  to be p resen t  as ma jo r  cons t i tuents .  In  con-  
s ider ing  the effect of errors  in ni  on the log K vs. 
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Fig. 5. Equilibrium constant vs. ]O00/T,  system 2: open dotted 
circle, first run; open dotted square, second run; open triangle, 
Jolly and Latimer (3). 

1 / T  plot  for sys tem 2, i t  was  d e m o n s t r a t e d  tha t  
er rors  in  n1 even  as high as 3% wou ld  no t  give 
grossly incorrec t  results .  It  would  seem to follow 
tha t  smal l  quan t i t i e s  of o ther  species, pe rhaps  as 
h igh as 5% mole fract ion,  could not  be detected by  
our  m e a s u r e m e n t s  as a no t iceable  incons i s t ency  in  
our  model.  

In  de r iv ing  the data, no a t t empt  has been  made  
to es t imate  specific heat  differences b e t w e e n  the 
var ious  r eac tan t s  and  products  involved.  The  t h e r -  
mochemica l  da ta  quoted  are der ived  by  d r a w i n g  
s t ra ight  l ines t h r ough  the e x p e r i m e n t a l  log10 K vs. 
1000/T plots and  f i t t ing to the equa t ion  4.574 
logl0K ~ A S - - A H / T .  For  the  purposes  of this  cal-  
cula t ion,  the K 's  are expressed re la t ive  to a s t a n d -  
ard  s tate  of 1 atm. The AH and  AS va lues  are average  
va lues  over the  r ange  600~176 not  the  va lues  at 
298~ 

Errors  in  the  quoted  va lues  wi l l  occur due  to i n -  
accuracies  in  (a) the  p ressure  me a su r e me n t s ,  (b)  
the t e m p e r a t u r e  m e a s u r e m e n t s ,  (c) the ideal  gas as-  
sumpt ion ,  (d) for sys tem 2, the  me thod  descr ibed 
for e s t ima t ion  ni. The t e m p e r a t u r e  accuracy  is es- 
t ima ted  at _+5~ and  this  is cons idered  to be the  
ma j o r  source of error.  A u n i f o r m  t e m p e r a t u r e  e r ror  
of 5~ would  give rise to an  e r ror  of a p p r o x i m a t e l y  
1 kcal  mole  -1 in  the  AH va lues  and  a p p r o x i m a t e l y  
0.5 cal mole  -1 deg -1 in  the  AS values.  We. therefore ,  
quote  the resul ts  as follows 

S y s t e m  1 . - -Reac t ion  GeI4(g) ~ GeI2(g) + I2(g) 

log10 (Plp2/P4) : 7.23 --  8370/T 

where  P~Pe/P4 is m e a s u r e d  in  a tm and  all  species 
are in  the gaseous state. This  gives us 

AH ~ 38.3 • 1.0 cal mole -1 

AS ---- 33.1 ----- 0.5 cal mole  -~ deg -~ 
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Sys t em 2 . - - R e a c t i o n  Ge(s) + GeI4(g) = 2GeIe(g) 

loglo(P22/p4) = 9 . 6 8 -  7936/T 

w h e r e  p22/p4 is m e a s u r e d  in arm, the  iodides  are  in 
the  gaseous  s ta te  and the  Ge is solid. This  g ives  us 

AH = 36.3 --+ 1.0 kcal  mo le  -1 

aS  = 44.3 __+ 0.5 cal mo le  -1 deg 1 

E x a m i n a t i o n  of Fig. 5 suggests  t h a t  these  va lues  
also descr ibe  the  sys tem r ea sonab ly  w e l l  in the  t e m -  
p e r a t u r e  r a n g e  i nves t i ga t ed  by J o l l y  and L a t i m e r  
(1).  Subs t i t u t i ng  into  the i r  f o r m u l a  at 600~ we  
obta in  for  the i r  r eac t ion  

2GeI2(s) = GeI4(g) + Ge(s) 

AH ---- 27.7 kca l  mo le  -1 aS  ~- 35.4 cal  mo le  -~ deg -1 

Hence  w e  obta in  for  the  hea t  and e n t r o p y  of sub -  
l ima t ion  of GeIe at 600~ the  va lues  

•  ---- 32.0 kca l  mole  -1 AS ~ 39.8 cal mo le  -1 deg -1 

These  resul t s  may,  of course,  be s ta ted  in the  f o r m  
of the  reac t ions  

Ge(s) + 212(g~ = GeI4(~ 

Ge(s) + I2(g) ~ GeI2(~) 

For  the first reac t ion ,  we  obta in  A H -  40.3 kca l  
mole  -1 and  AS = - - 2 1 . 9  cal mo le  -~ deg -1 as the  
a v e r a g e  e n t h a l p y  and e n t r o p y  of f o r m a t i o n  of gase-  
ous GeI4 f r o m  solid g e r m a n i u m  and gaseous iod ine  
ove r  the  t e m p e r a t u r e  r a n g e  600~176 If we  
take  the  pub l i shed  en t rop ies  and hea t  con ten t  da ta  
for  Ge, I2, and GeI4 (7, 8),  we  then  ob ta in  for  GeI~ 2 

AH29s ~ --41.1 kcaI  m o l e -  ~ 
$298 --~ 108.6 cal mole  -1 deg -1 

Whi le  the  f o r m e r  is in good a g r e e m e n t  w i t h  Evans  
and Richa rds  (4) the  en t ropy  v a l u e  seems some-  
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w h a t  h igh  c o m p a r e d  w i t h  pub l i shed  va lues  (3, 5). 
Fo r  the  second react ion ,  we  obta in  the  co r r e spond-  

ing quan t i t i e s :  

•  = 2.0 kcal  mo le  -1 

and 

AS ---- +11.2  cal  mo le  -1 deg -1 
If  specific hea t  d i f ferences  are  neglec ted ,  this g ives  
us for  GeI2 2 

aH29s = --2.0 kca l  mole  k l  
AS298 = 80.9 cal mo le  -1 deg -1 
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ABSTRACT 

Some exper imenta l  results on the photoconductivi t ies of a and ~ forms of 
me ta l - f r ee  phthalocyanine are presented and discussed. It is found that  the 
photocurrent  threshold energy is ]ower for the a sample than that  for the 
sample. The act ivat ion energies for dark conduction are about 1.9 ev for the 
sample and 1.4 ev for the a sample, while  the act ivat ion energies for photocon- 
duction are about 0.34 ev for the ~ and 0.42 ev for the ~. All  these differences 
are in terpre ted  as due to the disordered s tructure of the a sample. 

The  p h t h a l o c y a n i n e s  are  k n o w n  to exis t  in s ev -  
e ra l  p o l y m o r p h i c  c rys t a l l i ne  forms.  Sus ich  (1) r e -  
po r t ed  the  x - r a y  d i f f rac t ion  pa t t e rn s  of a, fi, and  7 
fo rms  of m e t a l - f r e e  ph tha locyan ine .  K a r a s e k  and 
Decius  (2) r e p o r t e d  the  x - r a y  s tudy  of m e t a l - f r e e  
p h t h a l o c y a n i n e  and discussed the  sub l ima t ion  p r e s -  

sures  for  ob ta in ing  the  a and  fl forms.  The  i n f r a r e d  
spec t ra  of the  a and fl fo rms  of m e t a l - f r e e  p h t h a l o -  
cyan ine  and a n u m b e r  of m e t a l  p h t h a l o c y a n i n e s  
w e r e  r e p o r t e d  by E b e r t  and Got t l i eb  (3) ,  S ido rov  
and K o t l y a r  (4) ,  and  K e n d a l l  (5) .  The  de ta i l ed  
c rys ta l  s t r u c t u r e  of t he  fl p h t h a l o c y a n i n e  was  d e t e r -  
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m i n e d  b y  R o b e r t s o n  (6 ) .  A poss ib le  c r y s t a l  s t r u c -  
t u r e  of the  a p h t h a l o c y a n i n e  was  p r o p o s e d  b y  T a -  
r a n t i n o  and  his  c o - w o r k e r s  (7 ) .  I t  m a y  be  n o t e d  t h a t  
T a r a n t i n o  and  K e n d a l l  used  a d i f fe ren t  n o m e n c l a -  
ture .  In  th is  r epo r t ,  Sus ich ' s  n o m e n c l a t u r e  is a d o p t e d  
and  the  s t ab l e  c r y s t a l l i n e  f o r m  s t u d i e d  b y  R o b e r t s o n  
is ca l l ed  the  fl fo rm.  

The  e l ec t r i ca l  conduc t i v i t i e s  of p h t h a l o c y a n i n e s  
and  r e l a t e d  c o m p o u n d s  w e r e  r e p o r t e d  b y  a n u m b e r  
of i n v e s t i g a t o r s  (8 -18 ) .  E l ey  and  Pa r f i t t  (9)  us ing  
an  a - c  m e t h o d  f o u n d  t h a t  a t  150~ the  r e s i s t ance  of 
the  fl f o r m  p h t h a l o c y a n i n e  is a b o u t  t en  t imes  h i g h e r  
t h a n  t h a t  of the  a fo rm.  W i h k s n e  and  N e w k i r k  (16) 
r e p o r t e d  the  c o n d u c t i v i t y  of t h e  a f o r m  p h t h a l o c y -  
a n i n e  to be  m o r e  n e a r l y  105 t imes  g r e a t e r  t h a n  t h a t  
of t he  fl f o rm  at  t e m p e r a t u r e s  n e a r  180~ T h e y  also 
found  t h a t  t he  a c t i v a t i o n  e n e r g y  was  0.5 ev  for  the  
a f o r m  and  1.8 ev for  t he  ~ form.  

In  t he  p r e s e n t  s t u d y  some r e su l t s  on the  p h o t o -  
conduc t iv i t i e s  of the  a and  /~ fo rms  of m e t a l - f r e e  
p h t h a l o c y a n i n e  a r e  r e p o r t e d .  I t  is h o p e d  t ha t  i n v e s t i -  
ga t ions  of th is  k i n d  w i l l  l e ad  to a b e t t e r  u n d e r s t a n d -  
ing  of the  r e l a t i o n  b e t w e e n  e l ec t r i ca l  p r o p e r t i e s  
and  c r y s t a l  s t r u c t u r e  of o rgan ic  semiconduc to r s .  

E x p e r i m e n t a l  

The  m e t a l - f r e e  p h t h a l o c y a n i n e  p r e p a r e d  in our  
l a b o r a t o r y  was  in the  B form.  The  m a t e r i a l  is c r y s -  
t a l l i ne  and  is b e l i e v e d  to have  a h igh  pu r i t y .  The  
f o r m  was  p r e p a r e d  as  fo l lows:  The  fl f o r m  p h t h a l o -  
c y a n i n e  was  d i s so lved  in c o n c e n t r a t e d  H2SO4, p r e -  
c i p i t a t e d  in l a rge  q u a n t i t y  of  wa t e r ,  w a s h e d  and  
d r i e d  at  120~ for  s e v e r a l  hours .  X - r a y  d i f f rac t ion  
p a t t e r n s  of the  a and  fl s amp le s  a r e  s h o w n  in Fig .  1. 
S a m p l e  pe l l e t s  of ha l f  inch  in d i a m e t e r  and  a few 
m i l l i m e t e r s  t h i ck  w e r e  p r e p a r e d  b y  s u b j e c t i n g  the  
p o w d e r e d  m a t e r i a l  to p r e s s u r e s  to abou t  4000 psi. 
Two A1 foi l  e l ec t rodes  w e r e  a t t a c h e d  to t he  s ame  
side of t he  pe l l e t  b y  s i lve r  pa in t .  The  s e p a r a t i o n  of 
e l ec t rodes  was  abou t  1 ram. Conduc t iv i t i e s  a t  v a r i -  
ous t e m p e r a t u r e s  w e r e  m e a s u r e d  b y  p l a c i n g  the  
s a m p l e  in a m e t a l  c o n t a i n e r  w h i c h  was  e v a c u a t e d  to 
abou t  10 -4 m m  Hg d u r i n g  m e a s u r e m e n t .  

The  m o n o c h r o m a t i c  l igh t  source  was  o b t a i n e d  
f rom a t u n g s t e n  l a m p  w i t h  a P e r k i n - E l m e r  Mode l  
12B i n f r a r e d  s p e c t r o m e t e r  e q u i p p e d  w i t h  a q u a r t z  
p r i sm.  The  p l a in  m i r r o r  b e h i n d  the  ex i t  s l i t  of t he  

' '  -" = l', 
/ \ ~ , , 
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Fig. 1. X-ray diffraction patterns of c~ and fl phthalocyanines: 
. . . .  , ~; - - ,  ~. 
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s p e c t r o m e t e r  was  r e p l a c e d  b y  a f lat  q u a r t z  p l a t e  
w h i c h  ref lects  a s m a l l  p e r c e n t a g e  of t he  l i gh t  to t he  
s p h e r i c a l  m i r r o r  w h i c h  in  t u r n  focuses  t he  l i gh t  on 
the  s p e c t r o m e t e r  t h e r m o c o u p l e  d e t e c t o r . T h e  t r a n s -  
m i t t e d  l igh t  f r o m  the  q u a r t z  p l a t e  was  t h e n  con-  
d e n s e d  b y  a q u a r t z  lens  onto  t he  sample .  The  r e l a -  
t i ve  i n t e n s i t y  of t he  t u n g s t e n  l igh t  source  was  con-  
t r o l l e d  b y  a v a r i a c  and  was  m e a s u r e d  f rom the  
s m a l l  r e f lec ted  p o r t i o n  b y  t h e  t h e r m o c o u p l e  de tec to r .  

The  conduc t iv i t i e s  of t he  s a m p l e s  w e r e  m e a s u r e d  
us ing  a G e n e r a l  Rad io  E l e c t r o m e t e r .  A b ias  p o t e n -  
t i a l  was  connec t ed  to t he  g r o u n d  t e r m i n a l  and  was  
used  to b a l a n c e  the  d a r k  c u r r e n t  in o r d e r  to m a k e  
the  p h o t o c u r r e n t  m e a s u r e m e n t  in a s ens i t i z e  scale  
( 1 8 ) .  

Resul ts  

The  t e m p e r a t u r e  d e p e n d e n c e s  of d a r k  c o n d u c -  
t iv i t i e s  of the  a and  fl s a m p l e s  a r e  s h o w n  in Fig.  2. 
T h e  r e su l t s  can  b e  f i t ted  in to  t he  w e l l - k n o w n  e q u a -  
t ion  

R ~ Ro exp  (AE/2kT) [1]  

w h e r e  Ro is a cons t an t  a n d  AE is the  a c t i v a t i o n  e n e r g y  
for  d a r k  conduc t ion .  The  a c t i v a t i o n  e n e r g y  for  t he  
a s a m p l e  is 1.4 ev  w h i l e  t h a t  for  t he  fl s a m p l e  is 1.9 
ev. These  v a l u e s  a r e  g e n e r a l l y  in a g r e e m e n t  w i t h  
those  r e p o r t e d  in  t he  l i t e r a t u r e .  H o w e v e r ,  d i f fe ren t  
i nve s t i ga to r s  d id  r e p o r t  d i f f e ren t  v a l u e s  for  t h e  ac -  
t i v a t i o n  e n e r g y  w i t h i n  t h e  r a n g e  of 0.5-2 ev.  The  
d i f fe rence  could  a r i se  f r o m  d i f fe ren t  m e t h o d s  for  
s a m p l e  and  cel l  p r e p a r a t i o n s .  

The  r e s i s t ance  at  r o o m  t e m p e r a t u r e  of t he  fl s a m -  
p le  is a b o u t  1000 t imes  h i g h e r  t h a n  t h a t  of  t h e  a 
sample .  The  s m a l l e r  r e s i s t ance  for  t h e  a s a m p l e  
imp l i e s  t ha t  t he  cha rge  c a r r i e r  c onc e n t r a t i on  in  th is  
s a m p l e  could  be  m u c h  h i g h e r  t h a n  t h a t  in  t h e  fl s a m -  
p le  a t  r o o m  t e m p e r a t u r e .  I t  was  f o u n d  t h a t  t h e  d e n -  
s i ty  of t h e  a s a m p l e  is 1.478 g /cc ,  w h i l e  t h a t  of t he  
fl s a m p l e  is 1.459 g /cc .  (The  d e n s i t y  of a n e e d l e -  
s h a p e d  s ingle  c r y s t a l  is 1.446 g / c c ) .  The  s l i gh t ly  
h i g h e r  d e n s i t y  of t h e  a s a m p l e  w o u l d  a lso  be  in  

IO 12 / 
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Fig. 2. Resistance of ~ and /~ phthalocyanines vs .  reciprocal of 
absolute temperature. 
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Fig. 3. Wavelength dependence of photocurrents and threshold 
energies of ~ and ~ phthalocynnines. 

l ine  w i t h  a l o w e r  r e s i s t ance  for  th is  s a m p l e  in  c o m -  
pa r i son  w i t h  t he  fi sample .  

The  p h o t o c o n d u c t i v i t i e s  for  the  ~ and  fl p h t h a l o -  
cyan ine  s amp le s  w e r e  m e a s u r e d  w i t h  m o n o c h r o -  
m a t i c  l ight .  I t  has  been  no ted  t h a t  t he  s p e c t r a l  r e -  
sponses  for  t he se  two  s a m p l e s  a r e  s o m e w h a t  d i f f e r -  
ent.  The  p h o t o c u r r e n t s  b e t w e e n  5000 and  10,000 
cm -1 c a l i b r a t e d  to cons t an t  i n t e n s i t y  of i l l u m i n a t i o n  
a r e  s h o w n  in Fig .  3. I t  is found  t ha t  t he  p h o t o c u r r e n t  
t h r e s h o l d  for  t he  a s a m p l e  is 0.68 ev w h i l e  t h a t  for  
the  fl s a m p l e  is 0.79 ev. 

The  i n t e n s i t y  d e p e n d e n c e  of p h o t o c o n d u c t i v i t i e s  
of a a n d  j~ p h t h a l o c y a n i n e  s a m p l e s  a r e  shown  in 
Fig.  4. A m o n o c h r o m a t i c  l igh t  source  was  set  a t  t h e  
w a v e l e n g t h  n e a r  t he  h i g h l y  p h o t o s e n s i t i v e  r eg ion  
for  each  s a m p l e  ( a b o u t  12,500 cm -~ for  t he  a and  
9,700 c m  -1 for  t he  f i) .  Each  p h o t o c u r r e n t  was  r e -  
co rded  fo r  5 sec of exposure ,  w h e n  the  c u r r e n t  was  
ove r  80% of t he  s t e a d y - s t a t e  p h o t o c u r r e n t  for  e x -  
t e n d e d  i l l umina t i on .  In  the  i n t e n s i t y  r eg ion  s tud ied ,  
the  p h o t o c u r r e n t  is p r o p o r t i o n a l  to t he  i n t e n s i t y  for  
t he  fl sample .  This  m a y  be  e x p l a i n e d  b y  a s imp le  
m o d e l  of two  p h o t o n  p rocess  ( e x c i t o n - e x c i t o n  in -  
t e r a c t i o n )  : d N / d t  = AN2ex--  B N  2 -  CNNtr, w h e r e  
N, Nex, and  Ntr are,  r e spec t i ve ly ,  t he  concen t r a t i ons  
of c h a r g e  ca r r i e r ,  exc i ton ,  and  t r a p p i n g  cen te r .  A is 
a cons t an t  and  B and  C are,  r e spec t i ve ly ,  t he  coeffi- 
c ients  of r e c o m b i n a t i o n  and  t r a p p i n g .  In  t he  s t e a d y  
s t a t e  w e  h a v e  d N / d t  = O. A s s u m i n g  B N  > >  C ] V t r  , 

t hen  N is p r o p o r t i o n a l  to N~x or  t he  s t e a d y  s ta te  
p h o t o c u r r e n t  is p r o p o r t i o n a l  to t he  l igh t  i n t ens i ty .  

1 / t  

f ~  a 

i i i i I i I I 

2 ~ 4 5 6 7 8 9 I0 
RELATIVE INTENSITY 

i 2.5 

2.0 

~ 1.5 

~ 1.0 

0 .5  

Fig. 4. Intensity dependence of photocurrent of ~ and /9 phthalo- 
cyanines. 
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In  the  case of t he  a sample ,  t he  p h o t o c u r r e n t  t ends  
to d e v i a t e  f r o m  the  l i n e a r  b e h a v i o r  a t  h i g h e r  i n -  
t e n s i t y  of i l l umina t i on .  This  m a y  b e  e x p l a i n e d  b y  
the  one p h o t o n  process :  d N / d t - - - A N e x - - B N  2 -  
CNNtr. A t  l o w e r  i n t ens i t y ,  w e  m a y  a s sume  
B N  < <  CNtr. Then,  in t h e  s t e a d y  s ta te ,  N is p r o p o r -  
t i ona l  to 1Vex or  t he  p h o t o c u r r e n t  is p r o p o r t i o n a l  to 
t he  l igh t  i n t ens i ty .  A t  h i g h e r  i n t ens i t y ,  w e  m a y  a s -  
s u m e  B N  > >  CNtr, the  s t e a d y - s t a t e  p h o t o c u r r e n t  is 
now p r o p o r t i o n a l  to t h e  s q u a r e  roo t  of  t he  l i gh t  
in t ens i ty .  

The  p h o t o c u r r e n t - v o l t a g e  p lo t s  a t  f ive d i f fe ren t  
t e m p e r a t u r e s  for  t he  a a n d  # p h t h a l o c y a n i n e  s a m p l e s  
a r e  shown  r e s p e c t i v e l y  in  F ig .  5 and  6. In  t he  t e m -  
p e r a t u r e  and  v o l t a g e  r eg ions  s tud ied ,  t he  # s a m p l e  
exh ib i t s  e s s e n t i a l l y  ohmic  behav io r ,  w h i l e  d e v i a t i o n  
for  t h e  ohmic  b e h a v i o r  m a y  be  n o t e d  for  the  ~ s a m -  
ple.  In  o r d e r  to d e d u c e  t h e  t e m p e r a t u r e  d e p e n d e n c e  
of p h o t o c o n d u c t i v i t y ,  t he  p h o t o c u r r e n t s  a t  90v for  
the  s a mp le s  at  v a r i o u s  t e m p e r a t u r e s  o b t a i n e d  f rom 
Fig.  5 and  6 w e r e  p l o t t e d  vs.  i n v e r s e  a b s o l u t e  t e rn -  
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Fig. 5. Photocurrent v s .  voltage for ~ phthalocyanine at various 
temperatures. 
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pera tu re  shown in Fig. 7. The five points  for each 
of the samples  lie app rox ima te ly  on a s t ra ight  line. 
One m a y  therefore  assume tha t  the p h o t o c u r r e n t  
follows the equa t ion  

i ~ io exp ( - - •  [2] 

where  io is a cons tan t  and  Ae is the ac t iva t ion  energy  
for photoconduct ion .  The ac t iva t ion  energies  were  
es t imated  to be about  0.42 ev for the q and  0.34 ev 
for the ft. 

Discussion 
Mechanisms  of e lect ronic  conduc t ion  for organic  

mate r ia l s  have  been  discussed by  a n u m b e r  of a u -  
thors  (19).  Because of the shor tage of knowledge  of 
the  i n t e rmo lecu l a r  i n t e rac t ion  in  organic  solids, the 
m e c h a n i s m s  proposed have  been  m a i n l y  qua l i t a t i ve  
and  speculat ive.  It  is pe rhaps  a t e n t a t i v e  conclus ion 
tha t  the semiconduc t ion  of p h t h a l o c y a n i n e  involves  
the exc i ta t ion  of ~r-electrons to the conduc t ion  state 
and  at the  same t ime the  fo rma t ion  of holes, and  the  
e lect rons  and  holes so fo rmed  can t r ans fe r  in  the  
organic  solids in  an appl ied  field. For  d a r k  conduc-  
t ion, mobi le  e lect rons  (or holes) are gene ra t ed  
t h e r m a l l y  and  then  move  f rom one pa r t  of a mole -  
cule to the  other  par t  of the same molecule,  f rom 
molecule  to molecule ,  f rom crys ta l  to crys ta l  (for 
po lyc rys ta l l ine  s amp le ) ,  and  f rom crys ta l  to elec-  
trode. For  a molecule  of con juga ted  chains  or r ing  
sys tems the ba r r i e r  h i n d e r i n g  the e lec t ron t r an spo r t  
w i t h i n  a molecule  would  be ve ry  small .  The b a r r i e r  
be tween  the b o u n d a r y  of an  organic  semiconduc tor  
and the a t tached  electrode wou ld  depend  on the 
charac te r  of the  organic  compound  and  the w o r k  
func t ion  of the  electrode mater ia l .  W h e n  ohmic con-  
tact  is made,  this b a r r i e r  would  be e l imina ted .  The 
ac t iva t ion  ene rgy  for da rk  conduc t ion  m a y  thus  be 
considered as due pa r t l y  to the ene rgy  EN r equ i r ed  
for charge ca r r i e r  gene ra t ion  and  p a r t l y  to the  e n e r g y  
E,  r equ i r ed  to overcome the  ba r r i e r s  for charge 
car r ie r  t r anspor t .  The t e m p e r a t u r e  dependence  of 
da rk  conduc t iv i ty  can be expressed as 

J u l y  1963 

: eNd, : eNo~o exp [ - - (EN ~- E , ) / 2 k T ]  [3] 

w he r e  ~ is the  ca r r i e r  mob i l i t y  a nd  No a nd  ~o are 
constants .  F rom Eq. [1] and  [3],  we have  

AE = EN -~- Eu [4] 

It  m a y  be  no ted  tha t  EN (not  AE) wou ld  be consid-  
ered as the " ba nd  gap" if such a concept  could be 
adopted to the case of ph tha locyan ine .  

The t e m p e r a t u r e  dependence  of pho toconduc t iv i ty  
for organic  solids have  been  discussed by  a n u m b e r  
of au thors  (17, 20, 21). The difference in  ac t iva t ion  
energies  for pho toconduc t ion  observed  for the a 
and  B p h t h a l o c y a n i n e  samples  wou ld  ru le  out  the 
appl ica t ion  of the t r ip le t  theory  (21).  Such a theory,  
which  was based on the molecu la r  e lect ronic  states, 
would  predic t  essent ia l ly  the same ac t iva t ion  ene rgy  
for pho toconduc t ion  for bo th  a and  fl samples,  since 
the  absorp t ion  spect ra  in  the  u l t r av io l e t  and  vis ib le  
region for the samples  w e r e  observed to be a lmost  
ident ical .  In  the p resen t  case the pos tu la te  proposed 
by K o m m a n d e u r  and  his co -worke r s  (20) is adopted.  
The t e m p e r a t u r e  dependence  of pho toconduc t iv i ty  
m a y  then  be w r i t t e n  as 

A~ = e~AN = e~oAN exp ( - - E J 2 k T )  [5] 

a s suming  the increase  in  charge car r ie r  concen t r a -  
t ion  by  l ight  exci ta t ion,  AN, to be i n d e p e n d e n t  of the  
t empera tu re .  C ompa r i ng  Eq. [2] a nd  [5] ,  we have  
E u : 2Ae. E ,  is ca lcu la ted  to be 0.68 ev for the fl and  
0.84 ev for the  a. The h igher  ba r r i e r  for the a sam-  
ple compared  to the • sample  impl ies  tha t  the a sam-  
ple is l ike ly  to be in  the d isordered  state since s t ruc -  
t u ra l  imper fec t ions  would  serve  as t raps  or addi -  
t ional  ba r r i e r s  h i n d e r i n g  charge car r ie r  t ranspor t .  

Equa t i on  [4] m a y  be w r i t t e n  as EN = •E--2Ae. 
F r o m  this equat ion ,  EN is ca lcu la ted  to be abou t  0.6 
ev for  the a and  1.2 ev for the  ft. The h igher  va lue  
of EN for the fl fo rm signifies tha t  there  exists  a 
wider  " b a n d  gap" for this  fo rm w h e n  compared  to 
the a form. This resu l t  is in l ine  wi th  the d isordered  
state of the a sample.  S t r u c t u r a l  imper fec t ions  
would  in t roduce  isolated ene rgy  levels  in  the  "band  
gap" and  hence the  p h o t o c u r r e n t  th reshold  is 
lowered.  
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Reactions Between Refractory Oxides and Graphite 
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New York University, New York, New York 

ABSTRACT 

Reactions between alumina,  magnesia, spinel, beryllia, and graphite have 
been studied in vacuum by measur ing the amount  of carbon monoxide 
formed. Two types of reactions were observed: a diffusion-controlled reac- 
tion with alumina,  beryllia, and thoria, and a phase boundary-contro l led  
reaction with magnesia, beryllia,  spinel, and titania. The following activation 
energies were obtained: 316 kcal for At20~, 40 kcal for BeO below 1700~ 
(parabolic rate law),  61.3 kcal for BeO above 1700~ ( l inear  rate law),  
59.8 kcal for MgO, 59.5 kcal for spinel, and 59 kcal for TiO2. The relat ive 
reactivities of these oxides with graphite increase in the following order: 
BeO, spinel, MgO, ThO2, A1~O3, TiO2. For the reactions following a l inear  
rate law a mechanism is proposed. It  was concluded that  the reaction proceeds 
over the gas phase by dissociation of the oxide into atomic oxygen and that 
the desorption of carbon monoxide from the graphite surface is the ra te-  
de termining step. 

In  spite of great  efforts our  knowledge  of the n a -  
tu re  and  the  m e c h a n i s m  of most  he te rogeneous  r e -  
act ions is l imited.  Specifically, our  u n d e r s t a n d i n g  of 
the reac t ion  be tween  oxides and  g raph i t e  is l a rge ly  
empi r ica l  and  qua l i t a t ive .  This  reac t ion  has been  
s tudied on a selected group of r e f r ac to ry  oxides to 
find by  compar i son  common  character is t ics .  A n  a t -  
t empt  has been  made  to exp la in  some of the  fea tures  
of the reac t ion  by  ana logy  wi th  o ther  be t t e r  k n o w n  
react ions.  

Kro l l  and  Schlechten  (1) have  conducted  a qua l i -  
t a t ive  i nves t i ga t i on  of the  reac t ion  of me ta l  oxides 
and  ca rbon  in  vacuum.  Johnson  (2) has d e t e r m i n e d  
t e m p e r a t u r e s  for the  b e g i n n i n g  of the  reac t ion  of r e -  
f rac tory  oxides and  g raph i te  in  vacuum.  Nadle r  and  
K e m p t e r  (3) have  found  tha t  y t t r ia ,  u ran ia ,  and  
thor ia  reac ted  wi th  ca rbon  at a tmospher ic  p ressure  
at 1540 ~ 1500 ~ and  1650~ respect ively .  P a v l o v  
(4) has s tudied  the b e g i n n i n g  of the  reac t ion  be -  
tween  var ious  oxides and  g raph i te  wi th  rad ioac t ive  
ca rbon  and  has suggested a l i nea r  r e la t ionsh ip  be -  
tween  the  me l t i ng  po in t  of the  oxides and  the  t e m -  
p e r a t u r e  of no t iceable  react ion.  

1 Present  address: Air  Reduct ion Co.,  M u r r a y  Hi l l ,  N e w  J e r s e y .  
~Present  address: Bett is  Plant, West inghouse Electric C o m p a n y ,  

Pittsburgh, Pennsylvania.  

Experimental 
The reac t ion  was s tud ied  in  a h igh  v a c u u m  f u r -  

nace  shown in  Fig. 1. The s ta inless  steel  shel l  (85/8 
in. OD, 11 in. high,  1/2 in. wa l l  th ickness )  and  the top 
and  bo t tom pla tes  (2 in. th ick)  are  wa te r -coo led  
and  e lect r ica l ly  in su la t ed  f rom each other.  The g ra -  
phi te  hea t ing  e l e me n t  (1 in. ID, 12 in. tong, 3/16 in. 
wal l )  is fitted in to  copper  contacts,  a nd  its outside 
d i ame te r  is r educed  by  1/8 in. over  a l eng th  of 51/2 
in. in  the  cen te r  to p rov ide  a u n i f o r m  hea t ing  zone. 
A t e m p e r a t u r e  of 2200~ can be a t t a ined  easi ly w i th  
1000 a mp  a nd  6v. On t h e r m a l  expans ion  the  e l emen t  
can slide a long the  contact  cone of the  uppe r  plate.  
The e l e me n t  has two slits n e a r  the  top so tha t  the  
gas evolved can qu ick ly  es tab l i sh  e q u i l i b r i u m  wi th  
the  rest  of the  system. The r ad ia t ion  shields consist  
of four  concent r ic  0.005 in. W and  Mo cyl inders .  
M o l y b d e n u m  shields also cover  the top a nd  bo t tom 
of the  cy l indr ica l  a r r a n g e m e n t .  A 1 in. Vycor  w i n -  
dow on top serves for v i sua l  obse rva t ion  and  t e m -  
p e r a t u r e  m e a s u r e m e n t .  I t  is pro tec ted  by  an i ron  
shu t t e r  which  can be shif ted magne t ica l ly .  The 
g raph i te  sample  con ta ine r  (% in. ID, 1 in. long)  is 
des igned to approach  b lack  body  condi t ions  and  can 
be magne t i ca l l y  l i f ted and  lowered.  The crucible  lid 
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Rkl~kl(i AND LOWERING MECHANISM 
VYCOR WINDOW 

TOP CONTACT 
~ ~ - s U P P E R  PLATE 

8, LOWER PLATE 

LOWER CONTACT-- ~ 
.[/~'~'/~, ~ )~FLOMtER PLATE 

Fig. 1. High temperature furnace for measuring reactions between 
refractory oxides and graphite. 

has  a ~/s in. ho le  at  t h e  top.  The  t e m p e r a t u r e  is k e p t  
cons t an t  b y  a P t / P t - 1 0 %  R h  t h e r m o c o u p l e  con-  
n e c t e d  to a C e l e c t r a y  t e m p e r a t u r e  con t ro l l e r  w h i c h  
can  d i v e r t  a f r ac t ion  of t he  c u r r e n t  to a r e s i s to r  if  
t h e  t e m p e r a t u r e  r i ses  a b o v e  a p r e s e t  va lue .  T e m -  
p e r a t u r e  f luc tua t ions  a r e  t hus  l i m i t e d  to 3 o_5 o C. The  
t e m p e r a t u r e  of the  s a m p l e  is m e a s u r e d  b y  an  op t i ca l  
p y r o m e t e r  (L&N, T y p e  8622-C)  c a l i b r a t e d  u n d e r  
e x p e r i m e n t a l  cond i t ions  aga in s t  a P t / P t - 1 0 %  Rh  
t h e r m o c o u p l e  w i t h  t he  j u n c t i o n  cove red  b y  g r aph i t e .  
The  l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  t e m p e r a t u r e  of 
t he  t h e r m o c o u p l e  and  t h a t  of the  p y r o m e t e r  in t he  
r a n g e  of  900~176 was  e x t e n d e d  b y  e x t r a p o l a -  
t ion.  The  s y s t e m  is e v a c u a t e d  b y  an  oil  d i f fus ion  
p u m p  and  a m e c h a n i c a l  v a c u u m  p u m p .  A w a t e r -  
cooled baffle and  a h igh  v a c u u m  v a l v e  a b o v e  the  
d i f fus ion  p u m p  p r e v e n t  oil  v a p o r s  f r o m  condens ing  
in  t he  fu rnace .  The  p r e s s u r e  is m e a s u r e d  b y  an  
a l p h a t r o n  g a u g e  ( N a t i o n a l  R e s e a r c h  C o r p o r a t i o n ,  
T y p e  520) and  an ion iza t ion  g a u g e  ( C o n s o l i d a t e d  
E l e c t r o d y n a m i c s  Corpo ra t i on ,  T y p e  V G - 1 A )  w h i c h  
a r e  d i r e c t l y  a t t a c h e d  to t he  u p p e r  p l a t e  of the  f u r -  
nace .  The  a l p h a t r o n  g a u g e  has  a r a n g e  f r o m  1 x 104 
to 1 x 10 -4  m m  Hg a n d  the  i on i za t i on  g a u g e  of 
1 x 10 -4  m m  and  be low.  A glass  s y s t e m  w i t h  a ca l i -  
b r a t e d  f lask and  a McLeod  g a u g e  w i t h  a r a n g e  b e -  
t w e e n  2 x 10 -1 and  5 x 10 -6 m m  Hg is connec t ed  to 
t he  u p p e r  p la te .  

Materials.--The g r a p h i t e  p o w d e r  (325 m e s h )  h a d  
an  a v e r a g e  t o t a l  a sh  con t en t  of less  t h a n  30 p p m  
( U n i t e d  C a r b o n  P r o d u c t s  C o m p a n y ,  B a y  City,  
M i c h i g a n ) .  B e r y l l i a  w a s  o b t a i n e d  in  t h e  f o r m  of h o t -  
p r e s s e d  compac t s  of 9 6 + %  t h e o r e t i c a l  d e n s i t y  
( c o u r t e s y  of t h e  B r u s h  B e r y l l i u m  C o m p a n y ,  C l e v e -  
land ,  Ohio)  w h i c h  w e r e  p r e p a r e d  f r o m  U O X  G r a d e  
p o w d e r .  A l u m i n a ,  p u r c h a s e d  as a s y n t h e t i c  s a p p h i r e  
s ingle  c r y s t a l  b o u l e  a n d  as  p o w d e r  of - -100 m e s h  
( L i n d e  C o m p a n y ,  Boston,  M a s s a c h u s e t t s ) ,  h a d  an  
i m p u r i t y  con ten t  of less  t h a n  10 ppm.  S p i n e l  in  t he  

f o r m  of a s ing le  c r y s t a l  b o u l e  ( L i n d e  C o m p a n y )  h a d  
t h e  c h e m i c a l  f o r m u l a  MgO.  3.3A1208 w i t h  t h e  fo l -  
l o w i n g  i m p u r i t i e s  ( in  w e i g h t  p e r  cent ,  w / o ) :  0.15 
NiO, 0.05 TiO2, 0.05 V20~. M a g n e s i a  ( c o u r t e s y  of 
G e n e r a l  E lec t r i c  C o m p a n y ,  P i t t s f ie ld ,  M a s s a c h u -  
se t t s )  was  in  t h e  f o r m  of l a r g e  fused  c r y s t a l s  w i t h  
an  i m p u r i t y  con ten t  of 100 ppm.  T i t a n i a  w a s  in  t he  
f o r m  of  99.9-t-% p o w d e r  ( B a k e r  A n a l y z e d  R e a g e n t  
G r a d e ) .  Tho r i a  p o w d e r  of 99.9% p u r i t y  ( H e a v y  
M i n e r a l s  C o m p a n y ,  C h a t t a n o o g a ,  T e nne s se e )  was  
cold  p r e s s e d  a t  a p r e s s u r e  of  54,000 psi  a n d  the  com-  
pac t s  s i n t e r e d  in o x y g e n  a t  1650~ for  2 hr .  

T h e  ox ides  w e r e  c o m m i n u t e d  to p o w d e r ,  and  the  
f r ac t i on  b e t w e e n  100 a n d  140 m e s h  was  col lec ted .  
Excess  g r a p h i t e  was  a d d e d  at  the  s a m e  ox ide  to 
g r a p h i t e  r a t io  for  each  m i x t u r e .  The  t o t a l  w e i g h t  
of t he  s a mp le s  v a r i e d  f r o m  0.1 to lg ,  b u t  v a r i a t i o n s  
w i t h i n  th is  r a n g e  h a d  no effect  on t h e  resu l t s .  W i t h  
a p p r o x i m a t e l y  50 g r a p h i t e  p a r t i c l e s  p e r  o x i d e  p a r -  
t ic le  t h e r e  was  in  t he  a v e r a g e  no con tac t  a n d  t h e r e -  
fo re  no  s i n t e r i n g  of ox ide  pa r t i c l e s .  

Procedure.--The p o w d e r s  w e r e  w e i g h e d  on a 
s e m i m i c r o b a l a n c e ,  t h o r o u g h l y  m i x e d  in  t he  g r a p h i t e  
c ruc ib le ,  cove red  w i t h  a l a y e r  of g r a p h i t e  p o w d e r ,  
a n d  p l a c e d  in t he  fu rnace .  The  f u r n a c e  was  e v a c u -  
a t ed  for  18 h r  a t  r o o m  t e m p e r a t u r e ,  t h e n  h e a t e d  and  
h e l d  fo r  5 h r  a b o u t  100~ a b o v e  the  r e a c t i o n  t e m -  
p e r a t u r e  to  degas  t h e  sys tem.  D u r i n g  th i s  p e r i o d  t h e  
s a m p l e  r e m a i n e d  in  t he  coole r  zone of t he  h e a t i n g  
e l e m e n t  (900~176  The  h igh  v a c u u m  v a l v e  was  
t hen  c losed  a n d  the  l e a k  r a t e  w a s  m e a s u r e d .  Va lues  
l o w e r  t h a n  0.1~ H g / 3 0  sec w e r e  accep tab l e .  If  t he  
l e a k  r a t e  was  too h igh ,  t h e  degass ing  w a s  r e p e a t e d .  
The  c ruc ib l e  was  t h e n  r a i s ed  to t h e  ho t  zone a n d  the  
p r e s s u r e  was  m e a s u r e d  as a func t ion  of t i m e  b y  the  
a l p h a t r o n  gauge.  T h e  t e m p e r a t u r e  of t h e  s a m p l e  was  
r e c o r d e d  at  r e g u l a r  i n t e r v a l s  w i t h  t h e  op t i ca l  p y -  
r o m e t e r .  The  runs  l a s t ed  for  15-60 m i n  d e p e n d i n g  
on t h e  r a t e  of r e a c t i o n  at  a g iven  t e m p e r a t u r e .  Ra tes  
w e r e  in  t he  r a n g e  of 0.5-5/ , /30 sec. A t  t h e  e n d  of t he  
r u n  the  s a m p l e  was  l o w e r e d  to t h e  cold  zone, and  
the  l e a k  r a t e  was  a g a i n  m e a s u r e d  w i t h  t he  gas  s t i l l  
in  t h e  sys tem.  

The  r eac t i ons  w e r e  fo l l owed  on ly  to  a f ew  p e r  
cent  r e d u c t i o n  to k e e p  the  t o t a l  p r e s s u r e  w i t h i n  o n e  

scale  of the  a l p h a t r o n  g a u g e  a n d  to l imi t  t he  t i m e  
of one  r u n  to 1 hr ,  s ince  t e m p e r a t u r e  c on t ro l  a t  h igh  
t e m p e r a t u r e s  was  difficult .  This  also m a d e  i t  u n -  
n e c e s s a r y  to co r rec t  for  changes  in  p a r t i c l e  size d u r -  
ing  t h e  reac t ion .  T h e  t o t a l  p r e s s u r e  w a s  u s u a l l y  k e p t  
b e l o w  100~ to e l i m i n a t e  p r o b l e m s  a r i s ing  f r o m  d i f -  
fus ion  in  t he  gas  p h a s e  a n d  to s t ay  w e l l  b e l o w  the  
e q u i l i b r i u m  p re s su re .  S ince  at  h igh  t e m p e r a t u r e s  
a n d  low p r e s s u r e s  t he  a m o u n t  of CO2 in t h e  gas  is 
neg l ig ib le ,  t he  p r e s s u r e  a f t e r  c a l i b r a t i o n  can  be  e x -  
p r e s s e d  in  moles  of CO. To c o n v e r t  t he  p r e s s u r e  
r e a d i n g s  in to  m m  Hg t h e  a l p h a t r o n  g a u g e  was  ca l i -  
b r a t e d  aga ins t  t he  McLeod  g a u g e  at  v a r i o u s  p r e s -  
su res  w i t h  the  f u r n a c e  a t  t e m p e r a t u r e .  F o r  f u r t h e r  
c onve r s ion  of p r e s s u r e s  in to  mo les  CO t h e  v o l u m e  
of t he  glass  s y s t e m  was  d e t e r m i n e d  w i t h  h e l i u m  a t  
r o o m  t e m p e r a t u r e  w i t h  a g lass  f lask of k n o w n  v o l -  
u m e  p r e v i o u s l y  c a l i b r a t e d  b y  t h e  N a t i o n a l  B u r e a u  of 
S t a n d a r d s .  B y  e x p a n d i n g  a k n o w n  q u a n t i t y  of CO 
in to  t h e  f u r n a c e  k e p t  a t  t he  r e a c t i o n  t e m p e r a t u r e  a 
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pressure  re la t ionsh ip  was  ob ta ined  which  a l lowed 
the e x p e r i m e n t a l  resul t s  to be  expressed  in  moles 
CO per  oxide par t i c le  or per  u n i t  area.  

Results 

In  p r e l i m i n a r y  e x p e r i m e n t s  the  r eac t ion  b e t w e e n  
CO and  m o l y b d e n u m  was checked. A m o l y b d e n u m  
sheet  was  hea ted  to the  reac t ion  t e m p e r a t u r e  in  p u r e  
CO of 50#. There  was  no no t iceab le  p ressure  change  
over  a 3 0 - m i n  period. Never theless ,  as a p r e c a u -  
t i ona ry  m e a s u r e  the  fu rnace  was  p recond i t ioned  by  
hea t ing  in  CO atmosphere .  To d e t e r m i n e  the  effect of 
degassing,  a g raph i t e  c ruc ib le  w i th  0.5g g raph i te  
powder  was  placed in  the  cold zone (at  abou t  800~ 
whi le  the  fu rnace  was  degassed at 1300~ for 5 hr. 
The h igh  p ressure  va lve  was  t h e n  closed and  the  
cruc ib le  was  ra ised to the  hot  zone. For  the  first 90 
sec there  was  an  increase  in  p ressure  to about  0.5~, 
b u t  a f ter  this  per iod  the  degass ing effect was smal le r  
t h a n  the  leak  rate .  The  p rocedure  was  r epea ted  
wi th  0.5g of each oxide in  a m o l y b d e n u m  crucible ,  
and  abou t  the  same in i t i a l  increase  in  p ressure  was  
found  for the  same l eng th  of t ime.  

Alumina.--Alumina f rom the  s ingle  crys ta l  boule  
was s tud ied  in  the  r ange  of 1307~176 w i t h  a 
we igh t  ra t io  of 0.944 a l u m i n a  to graphi te .  Two runs ,  
at  1439 ~ and  1450~ w e r e  car r ied  out  to 2% com-  
plet ion,  the  others  to 1% or less. Af t e r  the  reac t ion  
at 1401~ had  progressed  for a short  t ime,  a drop in  
t e m p e r a t u r e  was  recorded,  bu t  t he r e  were  enough  
da ta  for the  in i t i a l  s tage to be  inc luded  in  the  resul ts .  
The  reac t ion  seems to fol low a parabol ic  r a t e  law, 
as can be  seen f rom the  plot  of moles  CO x 10s/10,000 

par t ic les  vs ~ / t  (Fig. 2). The parabol ic  ra te  equa t ion  
has been  der ived  f rom dn<co~/dt ~ kp/nr which  
on i n t e g r a t i o n  gives n~co~ ---- 2k~t w h e r e  n~co~ is the  
moles of CO evolved,  t is t he  t ime  in  seconds, and  k,  

is the  parabol ic  ra te  constant .  The plot  of nr vs. ~/t 
gives s t ra igh t  l ines  and  f rom the  slope, ~/2k~, the  
parabol ic  r a t e  cons tan t  can  be obta ined .  F i g u r e  3 is 
a plot  of log k, vs. 1/T. The me thod  of least  squares  
gives a va lue  of 316 kcal  for the  ac t iva t ion  ene rgy  
(curve  I)  f rom the  r e l a t ion  E = 4.575 Mog k , /  
A ( 1 / T ) .  Less accura te  s h o r t - t i m e  e x p e r i m e n t s  w i t h  

R E A C T I O N S  B E T W E E N  O X I D E S  A N D  GRAPHITE 
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Fig. 2. Normalized concentration of liberated CO as o function of 
time at various temperatures for the reaction alumina-graphite. 
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Fig. 3. Parabolic rote constant as a function of reciprocal tem- 

perature for the reaction alumina-graphite. 

a l u m i n a  powder  and  g raph i t e  of mesh  size --100 
gave s imi la r  resul ts .  Log kp vs. 1/T is shown  as 
curve  II  in  Fig. 3. The two curves  are a lmos t  paral le l ,  
b u t  cu rve  II is shif ted to the  r igh t  i nd ica t ing  a h igher  
ra te  at  the  same t e m p e r a t u r e  for oxide of smal le r  
par t ic le  size. No deposits  we re  observed  on the  
colder pa r t s  of the  furnace .  

Magnesia.--Magnesia was s tud ied  in  the  r ange  of 
1352~176 A weigh t  ra t io  of 0.872 magnes i a  to 
g raph i te  was  used;  resul t s  are shown  in  Fig. 4. 
D u r i n g  the  reac t ion  at 1450~ the  t e m p e r a t u r e  
changed  a nd  a second curve  at 1462~ was  d r a w n  
for the  same run .  The  r u n  at 1388~ had  progressed 
for some t ime  before  the  t e m p e r a t u r e  became  con-  
stant .  A r u n  at  1352~ and  one at  1432~ are  no t  
shown  in  Fig. 4, b u t  are i nc luded  in  Fig. 5. For  all  
e x p e r i m e n t s  a l i nea r  t ime  law is e v e n t u a l l y  a t ta ined .  
The  l i nea r  ra te  r e l a t ion  is ob ta ined  by  i n t e g ra t i ng  
tin<co>/dr - -  k L  which  lead to n~co~ = kLt w he r e  kL is 
the  l i nea r  r a t e  cons tant .  A n  ac t iva t ion  ene rgy  of 
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Fig. 4. Normalized concentration of liberated CO as a function 
of time at various temperatures for the reaction magnesia-graphite. 
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Fig. 5. Linear rate constant as o function of reciprocal tempera- 
ture for the reaction magnesia-graphite, spinel-graphite, and 
beryilio-graphite. 

59.8 kcal  was  ca lcu la ted  f rom the  slope of the  plot  
log kL VS. 1 /T  (Fig. 5). Some m a g n e s i u m  condensed  
on the  colder par t s  of the furnace .  Since it could r e -  
act wi th  CO to form MgO and  C which  wou ld  reduce  
the CO pressure  in  the system, an  a t t emp t  was  made  
to d e t e r m i n e  the  ex t en t  of this  back  react ion.  A 
n icke l  con ta ine r  w i th  n ickel  filings was  placed above 
the  cruc ib le  to absorb  the  m a g n e s i u m  vapor  b y  al loy 
fo rma t ion  before  it had  a chance to condense  and  to 
react  wi th  CO. A l t h o u g h  the p ressure  read ings  were  
not  h igher  t h a n  those for the  o ther  magnes i a  runs ,  
a sl ight nega t ive  leak ra te  ( abou t  --0.1t,/30 sec) 
af ter  comple t ion  of all  the  runs  ind ica ted  some back  
react ion.  This  leak ra te  was  smal l  and  was  app rox i -  
ma te ly  the same for all  the expe r imen t s  so tha t  at 
h igher  reac t ion  ra tes  the  effect of the back  reac t ion  
on the  e x p e r i m e n t a l  resul t s  was  slight.  

i ; , m  
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Fig. 7. Normalized concentration of liberated CO as a function 
of time at various temperatures for the reaction beryllia-graphite in 
the parabolic range. 

S p i n e L - - S p i n e l  was selected as an  e xa mpl e  of the 
reac t iv i ty  of a b i n a r y  compound.  It  had  an  approx i -  
ma te  composi t ion of 23.2 mole  % MgO which  ac- 
cording to the  phase  d i a g r a m  (5) should be jus t  i n -  
side the t w o - p h a s e  reg ion  b e t w e e n  A1208 and  the 
solid solut ion of A1203 in  spinel .  Since the  sample  
was a s ingle  crys ta l  it was  p r o b a b l y  s u p e r s a t u r a t e d  
wi th  A1203. E x p e r i m e n t s  were  car r ied  out  f rom 
1615 ~ to 1715~ wi th  a we igh t  ra t io  of 0.880 sp ine l  
to graphi te .  The nr vs. t ime  plot (Fig. 6) is l inea r  
wi th  an  ac t iva t ion  ene rgy  of 59.5 kcal  (Fig. 5). Smal l  
deposi ts  s imi lar  to those in  the magnes i a  r u n s  were  
found.  Negat ive  leak ra tes  (about  --0.I ts/30 sec) 
af ter  the  comple t ion  of the reac t ion  ind ica ted  some 
back react ion.  

Bery l l ia . - -Bery l l ia  was s tudied  f rom 1515 ~ to 
1913~ wi th  a weight  rat io of 0.680 be ry l l i a  to 
graphi te .  Resul ts  are shown in  Fig. 7 and  8. At  lower  
t e m p e r a t u r e s  ( b e t w e e n  1515 ~ and  1765~ the  reac-  
t ion follows in i t i a l ly  an  a p p a r e n t l y  parabol ic  ra te  

law which can best  be seen in  a ~/ t  plot  wi th  an  
ac t iva t ion  ene rgy  of a p p r o x i m a t e l y  40 kcal.  This  
va lue  could no t  be d e t e r m i n e d  more  accura te ly  due 
to low reac t ion  rates  and  a la rge  p ressure  increase  at  
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Fig. 6. Normalized concentration of liberated CO as a function 
of time at various temperatures for the reaction spinel-graphite. 
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Fig. 8. Normalized concentration of liberated CO as o function 
of time at various temperatures for the reaction beryllia-graphite 
in the linear range. 



Vol. 110, No. 7 REACTIONS BETWEEN OXIDES AND GRAPHITE 

Table I. Standard free energies of oxide-graphite reactions 
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Reaction AG~ in ca l /g-mole  CO References 

2A12Os(s) + 9C(s) = A14Cs(s) + 6CO(g) 
MgO(s) -b C(s) = Mg(g) ~- CO(g) 
MgO'3.3A1203(s) + 15.85C(s) = Mg(g) + 1.65A14C3(s) + 10.9CO(g) 
2BeO(s) + 3C(s) = Be2C(s) -~- 2CO(g) 
BeO(~) -~- C(s) = Be(g) --t- CO(g) 
ThO2(s) -4- 4C(s) = ThC2(s) -~- 2CO(g) 

+ 98,400-44.9T (7), (8) 
~- 149,300-70.8T (7) 
+ 103,500-47.0T (9-12) 
-t- 100,900-40.7T (13), (14) 
+ 188,100-70.8T (7), (8) 
-t- 97,100-42.7T (7), (11) 

the  b e g i n n i n g  of each react ion.  The a p p a r e n t  p a r a -  
bolic stage is fol lowed by  an  increase  in  the  ra te  
of r educ t ion  which  e v e n t u a l l y  becomes constant ,  i.e., 
l inear .  Six successful  e x p e r i m e n t s  we re  car r ied  out  
in  the l i nea r  r ange  b e t w e e n  1745 ~ and  1913~ Al l  
samples  w i th  the  except ion  of tha t  at 1868~ had  
been  p rehea ted  and  kept  in  a dessicator  pr ior  to the 
runs .  The r u n  at  1868~ showed a s l ight ly  h igher  
in i t i a l  p re s su re  increase  t h a n  the others,  bu t  the  r a t e  
of reac t ion  was  not  affected. A plot  of log k L  V S .  1 / T  
(Fig. 5) gave an  ac t iva t ion  ene rgy  of 61.3 kcal  for 
the l i nea r  react ion.  In  all  e x p e r i m e n t s  above  1745~ 
a smal l  deposit  was found  on the colder regions  of" 
the  furnace .  

Ti tan ia  and t h o v i a . - - T w o  short  r u n s  at 929 ~ 
and  959~ were  m a d e  wi th  t i t an i a  w i th  a par t ic le  
size of --100 mesh.  The  weigh t  ra t io  of t i t an i a  to 
g raph i te  was 2.07. The  reac t ion  fol lowed a l i nea r  
ra te  law, and  f rom the  two points  an  ac t iva t ion  e n -  
ergy of 58.5 kcal  was obta ined.  Thor i a  reac ted  in  
the t e m p e r a t u r e  r ange  1430~176 A weigh t  ra t io  
of thor ia  to g raph i te  of 2.14 was  used. Plots  of n(co) 
vs. t ime  fol low a parabol ic  ra te  law, and  plots of 

n(co) vs.  ~ / t - a r e  s t ra igh t  l ines.  The  scat ter  in  the  
data,  however ,  was too grea t  to eva lua t e  an  ac t iva -  
t ion  energy.  

Discussion 

The size of the oxide particles in all experiments 
was the same. Their shape when viewed under the 
microscope was similar and roughly spherical. 
While the actual surface roughness and the surface 
and contact area of the reactants were not known, 
it could be assumed that these parameters were 
approximately the same for all experiments. The 
observed specific rates will differ from the absolute 
specific rates by an unknown but constant factor, 
but the activation energies will be the same as for 
samples with well-defined contact areas. Further- 
more, the ratio between experimental specific rates 
will be the same as between absolute specific rates. 
The oxide powders were made from single crystals 
or highly sintered compacts to obtain smooth sur- 
faces with a minimum of adsorbed gases. The pres- 
sure of CO during the experiments was always much 
lower than the equilibrium pressures as calculated 
from the standard free energy equations computed 

from published data (Table I). Any back reaction 
between the products can therefore be neglected, 
especially since it was observed that in similar 
systems (15) the rate of the back reaction is much 
slower than that of the forward reaction. The pri- 
mary gaseous product of the reaction is most prob- 

ably CO since Eyring and co-workers (16, 17) have 

found that in the oxidation of graphite CO and not 
CO2 is formed. Thermodynamic calculations show 
that CO will not undergo conversion to CO2 to any 
measurable extent under the conditions of our ex- 
periments. 

Alumina.--The reaction between alumina and 
graphite follows a parabolic rate law, with kp given 
in Table II. The rate-controlling step is probably 
the diffusion of one or more ion species through an 
intermediate layer of one or more carbide phases. 
Aluminum forms two stable oxycarbides, AI404C, 
and AI2OC, and the stable carbide AI4C3 (18). Pres- 
cott and Hincke (19) have measured the CO equi- 
librium pressure between 1700 ~ and 2020~ by as- 
suming the formation of AI4C3. Their results show 
excellent agreement at 1600~ with data calculated 
from heats of formation and entropies (13), but 
with increasing temperature the two values di- 
verged. At the lower temperatures apparently no 
substantial amounts of oxycarbides were formed, 
and the measured CO pressures were therefore con- 
sistent with the equation in Table I. At higher tem- 
peratures the deviation was caused by loss of alu- 
minum by vaporization as A1 or AI20, as shown by 
a cream-colored deposit, and the formation of oxy- 
carbides. Incidentally, at very high temperatures 
A14C3 decomposes into gaseous Al and solid C (20). 
Our experiments were carried out much below 
1700~ and no deposit was observed. It was there- 
fore concluded that the reaction proceeded ac- 
cording to the equation in Table I and that the in- 
termediary layer formed was A14Cs. A high activa- 
tion energy is not uncommon for diffusion-controlled 
processes in aluminum compounds. From sintering 
studies of A1203 in vacuum, Kuczynski (21) has 
obtained an activation energy for diffusion of oxy- 
gen of 230 kcal. It is therefore not impossible that 
the diffusion of ions through the intermediate car- 
bide layer may have the high activation energy 

Table II. Specific rates of reactions between oxides and graphite 

Oxide Te mpe ra tu r e  range,  ~ Exper imenta l  specific ra te  c o n s t a n t s  

MgO 1625-1831 
Spinel 1888-1988 
BeO 2018-2186 
A1203 1580-1723 
BeO 1788-2018 

kL ~ 6.34 • 10 -2 exp (--59,800/RT) 
kL = 1.82 • 10 -2 exp (--59,500/RT) 
kL ~ 7.64 • 10 -3 exp (--61,300/RT) 
kp ~ 2.42 • 102s exp (--316,000/RT) 
kp = 1.01 • 10 -1~ exp (--40,O00/RT) 
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calculated.  A f u r t h e r  clar if icat ion of the  m e c h a n i s m  
wi l l  have  to wa i t  for add i t iona l  expe r imen t s ,  es- 
pecia l ly  the  m e a s u r e m e n t  of the  m o v e m e n t  of i ne r t  
m a r k e r s  and  the  d e t e r m i n a t i o n  of the  chemical  con-  
s t i tu t ion  of the  i n t e r m e d i a t e  layer .  

Magnesia.--The reac t ion  b e t w e e n  magnes i a  a nd  
g raph i t e  is the  basis  of the Hansg i rg  process for 
the  ca rbo the rmic  p roduc t ion  of m a g n e s i u m  (22).  
Since the  two m a g n e s i u m  carbides,  MgC2 and  Mg2C3, 
are t h e r m o d y n a m i c a l l y  u n s t a b l e  over  the  whole  
t e m p e r a t u r e  r ange  (13),  the  reac t ion  wi l l  proceed 
according to the  equa t ion  in  Tab le  I. The reac t ion  
follows a l i nea r  ra te  law, and  f rom ana logy  wi th  
ox ida t ion  the  reac t ion  can be said to be phase 
b o u n d a r y  control led.  The  kL va lues  are g iven  in  
Tab le  II. The  reac t ion  was  s tudied  by  Russ ian  i n -  
ves t iga tors  (23) by  weigh t  loss measu remen t s .  At  
the  o p t i m u m  reac t ion  ra te  they  ob ta ined  an  ac t iva -  
t ion  ene rgy  of 53 kcal  which  agrees  r e a s o n a b l y  wel l  
wi th  ours. They  conc luded  tha t  the  r educ t ion  is p r i -  
m a r i l y  due to i n t e r m e d i a t e  react ions  in  the  gas phase 
i nvo lv ing  ca rbon  oxides and  not  due  to the  r educ -  
t ion of MgO vapors  or the  dissociat ion of MgO into  
Mg and  O and  s u b s e q u e n t  reac t ion  w i th  C. Our  r e -  
sul ts  ind ica te  tha t  the  r eac t ion  mos t  p r o b a b l y  p ro -  
ceeds by  dissociat ion of MgO. 

SpineL--The data  ind ica te  tha t  at least  the  in i t i a l  
reac t ion  is phase  b o u n d a r y  cont ro l led  wi th  the  same 
ac t iva t ion  ene rgy  as for MgO, n a m e l y  59.5 kcal.  The  
kL va lue  is g iven  in  Tab le  II. The  ra t io  of the  spe-  
cific ra tes  of MgO and  spinel  is kMgo/kspine!  ~ 3.48 
or  kspinel ~ 0.288 kMgo. Therefore  at  al l  t e m p e r a -  
tu res  magnes i a  is 3.5 t imes  as reac t ive  as spinel.  
As a p r o b a b l y  for tu i tous  coincidence kL of sp ine l  is 
a p p r o x i m a t e l y  equa l  to kL of MgO mul t i p l i ed  by  the  
mole  f rac t ion  of MgO in  sp ine l  ( n o m i n a l  composi -  
t ion  NMgO : 0.232). A l though  the  m e c h a n i s m  of the  
reac t ion  is obscure,  two possible exp l ana t i ons  are 
given.  Since the ac t iva t ion  ene rgy  is the same as 
for magnes i a  and  since a deposit  was fo rmed  on the 
walls,  the  reac t ion  proceeded according to the  
equa t ion  in  Tab le  I and  the r a t e - d e t e r m i n i n g  step 
was the  same as for magnes ia .  The lower  ra te  is 
t hen  s imply  a consequence  of the  lower  magnes i a  
content .  In  v iew of the  ra te  of the  a l u m i n a  reac t ion  
this  e x p l a n a t i o n  is no t  v e r y  sat isfactory.  As a more  
p laus ib le  e x p l a n a t i o n  one could assume tha t  at the 
h igher  t e m p e r a t u r e s  of the  spinel  reac t ion  a l u m i n a  
wi l l  react  w i th  g raph i t e  to fo rm CO and  gaseous 
a l u m i n u m  and  tha t  this  r eac t ion  wi l l  obey the  same 
genera l  l i nea r  ra te  l aw as exemplif ied by  the  m a g -  
nes ia  react ion.  The  sp ine l  r eac t ion  wou ld  t h e n  ob-  
v ious ly  fol low the same pa t t e rn .  U n f o r t u n a t e l y  the 
deposit  was  too smal l  to a l low for an  analys is  of the  
re la t ive  amoun t s  of m a g n e s i u m  and  a l u m i n u m .  

Beryllia.--Beryllium forms on ly  one s table  car -  
bide, Be2C, which  dissociates w i thou t  me l t i ng  above  
2150~ (24) and  vapor izes  p r e d o m i n a n t l y  to the  
e l ements  (20).  S ince  BeO reacts  w i th  g raph i te  and  
mel t s  at  abou t  2300~ to fo rm an  un iden t i f i ed  com-  
pound,  the  exis tence  of condensed  oxycarb ides  is 
not  excluded.  However ,  in  the  absence  of f u r t h e r  
i n f o r m a t i o n  the reac t ion  be low 1700~ is t r ea ted  
as l ead ing  to Be2C and  above 1700~ to gaseous 
b e r y l l i u m  (Tab le  I ) .  The reac t ion  is somewha t  corn- 

p lex  a nd  resembles  s t rong ly  the ox ida t ion  of a metal ,  
e.g., t a n t a l u m  (25),  where  an  in i t i a l  p ro tec t ive  stage 
obey ing  a parabo l ic  ra te  l aw is fol lowed by  an  i n -  
crease in  the  ox ida t ion  ra te  which  e v e n t u a l l y  be -  
comes cons tan t  ( l inea r  or b r e a k a w a y  ox ida t ion) .  
The curve  of nr vs. t ime  can be d iv ided  in to  
th ree  d is t inc t  sections. A t  the  b e g i n n i n g  there  is a 
sudden  r ise in  p ressure  wh ich  is on ly  m o d e r a t e l y  
wel l  reproducib le .  P a r t  of this  p ressure  r ise is due 
to degass ing a n d / o r  d e h y d r a t i n g  of the  oxide  b u t  
the effect could no t  be e l i m i n a t e d  by  p r e h e a t i n g  the  
oxide powder  for 30 ra in  at 1800~ in  va c uum.  It 
is qui te  possible tha t  the  BeO con ta ined  a smal l  
a m o u n t  of an  easi ly  r educ ib le  oxide, v is ib le  as g ray  
regions  in the  s in te red  compacts ,  which  was  picked 
up  du r ing  compac t ing  a nd  hot  press ing  and  which  
was reduced  in  the  first stage. A l t h o u g h  the  curves  
were  shif ted due  to this  react ion,  the  shapes of 
the subsequen t  parabo l ic  a n d / o r  l i nea r  sections 
were  no t  affected. 

The second parabol ic  s tage wi th  an  ac t iva t ion  en -  
�9 ergy of 40 kcal  is c lear ly  observed  only  at low or 
i n t e r m e d i a t e  t empera tu re s .  It  is a ssumed  tha t  an  
i n t e r m e d i a t e  l aye r  of BeeC is fo rmed  a nd  tha t  the  
ra te  is cont ro l led  b y  diffusion of one or more  species 
( ions)  t h r ough  the layer .  The  n a t u r e  of the  d i f -  
fus ing  ions was no t  establ ished.  The  parabol ic  r e -  
gion is fol lowed by  a t h i r d  l i nea r  stage in  which  
the  reac t ion  is phase  b o u n d a r y  cont ro l led  w i th  an 
ac t iva t ion  ene rgy  of 61.3 kcal.  The i n c u b a t i o n  per iod  
for the  onset  of the l i nea r  ra te  becomes shor ter  w i th  
increas ing  t empe ra tu r e .  A b o v e  1830~ the  i n c u b a -  
t ion  per iod becomes too shor t  to be observed  c lear ly  
wi th  the  e x p e r i m e n t a l  t e chn ique  employed.  The 
change  f rom the parabol ic  to the l i nea r  ra te  law 
can be exp la ined  by  a s suming  tha t  af ter  a ce r ta in  
th ickness  g rowth  stresses wi l l  i nduce  cracks and  
fissures in  the  Be2C layer .  The  b r e a k - u p  can also be 
caused by  the  dissociat ion of Be2C which  wi l l  i n -  
crease r ap id ly  in  this  t e m p e r a t u r e  range .  At  h igh  
enough  t e m p e r a t u r e s  the  s tab i l i ty  of Be2C wi l l  be  
so low tha t  the r eac t ion  wi l l  proceed wi thou t  the  
fo rma t ion  of an  i n t e r m e d i a t e  carb ide  l aye r  and  the  
p roduc t s  wi l l  be  gaseous b e r y l l i u m  and  CO. The 
expe r imen t s  at  the  highest  t e m p e r a t u r e s  cor robora te  
this e x p l a n a t i o n  since on ly  the  l i nea r  ra te  law is 
observed wi th  an  ac t iva t ion  ene rgy  close to tha t  
of the  magnes i a  reac t ion  and  a deposit  is fo rmed  
at the  colder par t s  of the  furnace .  Tab le  II  gives the  
kL and  kp values .  

Titania and thoria.--The in i t i a l  r eac t ion  w i th  
TiO2 follows a l i nea r  ra te  law wi th  an  a p p r o x i m a t e  
ac t iva t ion  ene rgy  of 59 kcal.  Due  to the  unspecif ied 
par t ic le  size kL could no t  be calculated.  TiO2 loses 
oxygen  on heat ing ,  and  recent  inves t iga t ions  of 
we igh t  changes  of TiO2 in . a  v a c u u m  of 10 -6 m m  Hg 
ind ica te  tha t  the  decomposi t ion  commences  above 
875~ (26).  Since in  our  e x p e r i m e n t s  the  t e m p e r a -  
t u r e  and  the p re s su re  were  of the same order,  the  
reac t ion  proceeded p r o b a b l y  over  the gas phase  by  
decomposi t ion  of TiO~ w i t hou t  the fo rma t ion  of 
TiC. The  oxygen  reac ted  wi th  g raph i te  to form CO. 
The r a t e - d e t e r m i n i n g  step was  p r o b a b l y  the  ra te  of 
ox ida t ion  of graphi te ,  s ince the  ra te  of decomposi -  
t ion  of TiO2 should  depend  on the  diffusion of ox-  
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y g e n  ions in  the  r u t i l e  l a t t i c e  and  the  r e a c t i o n  w o u l d  
t hen  fo l low a p a r a b o l i c  r a t e  law.  

T h o r i u m  fo rms  w i t h  c e r t a i n t y  t w o  ca rb ides ,  ThC 
and  ThC2, b u t  no o x y c a r b i d e s  h a v e  been  r e p o r t e d .  
A l t h o u g h  the  first  i n v e s t i g a t i o n  (15) of the  r e a c t i o n  
b e t w e e n  ThO2 and  c a r b o n  was  b a s e d  on the  e q u a -  
t ion  in Tab le  I, t h e  mos t  p r o b a b l e  p r o d u c t  is a m i x -  
t u r e  of ThCe and  ThC (27) .  Our  r e su l t s  show t h a t  
t h e  r e a c t i o n  fo l lows  a p a r a b o l i c  r a t e  law.  The  r a t e -  
d e t e r m i n i n g  s tep  is the  d i f fus ion  of un iden t i f i e d  
ions t h r o u g h  a t h o r i u m  c a r b i d e  l aye r .  

Reactivity 
The  r e l a t i v e  r eac t i v i t i e s  of ox ides  fo l l owing  the  

l i nea r  r a t e  l a w  can  be  s i m p l y  e x p r e s s e d  in  t e r m s  
of t he  a p p a r e n t  specific r a t e s  g i v e n  in  T a b l e  II .  
S ince  for  t he se  ox ides  t h e  e x p o n e n t i a l  t e r m  is the  
s ame  w i t h i n  t he  l imi t s  of e x p e r i m e n t a l  e r ro r ,  the  
r a t i o  of t h e  a p p a r e n t  r a t e s  wi l l  be  e q u a l  to t h a t  
of the  abso lu t e  r a t e s  and  wi l l  be i n d e p e n d e n t  of 
t e m p e r a t u r e .  R e l a t i n g  a l l  the  r a t e s  to t h a t  of BeO 
we  ob t a in  kMgO : kspinel : k B e O  z 8.28 : 2.38 : 1 w h i c h  
a r e  also t h e  r a t io s  of the  r e ac t i v i t i e s  of these  ox ides  
w i t h  g r aph i t e ,  the  r e a c t i v i t y  of BeO t a k e n  as un i ty .  
The  r eac t i v i t i e s  of a l l  ox ides  i n c r e a s e  in  t h e  fo l -  
l owing  o rde r :  BeO, spinel ,  MgO, ThOe, A1~O3, TiO 2. 

B e r y l l i a  is t he  mos t  s t ab le  ox ide  in  con tac t  w i t h  
g raph i t e .  H o w e v e r ,  as s h o w n  b y  spinel ,  i t  is q u i t e  
p o s s i b l e t h a t  a b i n a r y  c o m p o u n d  of b e r y l l i a  w i t h  
some o t h e r  ox ide  has  an  even  g r e a t e r  s t ab i l i t y .  A 
c loser  s c r u t i n y  r e v e a l s  no q u a n t i t a t i v e  r e l a t i o n s h i p  
b e t w e e n  the  r e a c t i o n  t e m p e r a t u r e  and  the  m e l t i n g  
po in t s  of the  ox ides  or  the  t h e r m o d y n a m i c  s t a b i l i t y  
as sugges t ed  b y  P a v l o v  (4) .  

The  r e su l t s  of p r e v i o u s  i n v e s t i g a t o r s  a re  g iven  in  
the  same  o r d e r  w i t h  the  lowes t  t e m p e r a t u r e  of r e -  
ac t ion  in  ~ in p a r e n t h e s i s :  

ThOe (1380~ A1208 (1350~ MgO (1350~ BeO 
(1315~  (1100 ~ (1 ) .  

BeO (2300~ ThO2 (2000~ MgO (1800 ~ ) (2 ) .  
ThO2 (1650~176  UO2 (1500~176  Y203 

(1540~ ~ ) (3) .  

W i t h  t he  e x c e p t i o n  of the  r e a c t i v i t y  of BeO o b s e r v e d  
b y  K r o l l  and  S c h l e c h t e n  (1) ,  t he  q u a l i t a t i v e  a g r e e -  
m e n t  is good.  The  r e a c t i o n  t e m p e r a t u r e s ,  h o w e v e r ,  
v a r y  w i d e l y  d e p e n d i n g  on the  e x p e r i m e n t a l  cond i -  
t ions.  

Kinetics and Mechanism 
The  oxides  i n v e s t i g a t e d  r eac t  w i t h  g r a p h i t e  e i t he r  

accord ing  to a l i nea r  r a t e  l aw  (MgO, spinel ,  BeO, 
TiO2) or  acco rd ing  to a p a r a b o l i c  r a t e  l a w  (A1203, 
BeO, ThO2).  The  c o m m o n  f e a t u r e  of t he  l a t t e r  r e -  
ac t ion  wi l l  be  t he  f o r m a t i o n  of a c a r b i d e  or  o x y -  
c a r b i d e  l aye r ,  and  the  r a t e  wi l l  b e  con t ro l l e d  b y  
di f fus ion of one or  m o r e  ion species  t h r o u g h  the  
l ayer .  S ince  the  n a t u r e  of t h e  ions  a n d  of t h e  l a y e r  
wi l l  be  d i f fe ren t  in each  i n d i v i d u a l  case, t he  a c t i v a -  
t ion  ene rg ie s  wi l l  no t  be  t he  same.  In  t he  r eac t i ons  
fo l lowing  a l i n e a r  r a t e  l a w  a c a r b i d e  l a y e r  is no t  
f o r m e d  at  a l l  or  t he  c a r b i d e  l a y e r  does  no t  d e t e r m i n e  
the  r a t e  of t he  reac t ion .  S ince  the  a c t i v a t i o n  e n e r g y  
for  a l l  ox ides  o b e y i n g  t h e  l i n e a r  r a t e  l a w  is t he  
s a m e  w i t h i n  t he  e x p e r i m e n t a l  e r ro r ,  i.e., abou t  60 
kcal ,  t h e  s ame  e l e m e n t a r y  p rocess  seems  to be  r a t e -  

O X I D E S  A N D  G R A P H I T E  789 

d e t e r m i n i n g ,  a n d  a g e n e r a l  c o m m o n  e x p l a n a t i o n  
can  be de r ived .  E x p e r i m e n t a l  a n d  t h e o r e t i c a l  e v i -  
dence  sugges t s  t h a t  t he  l i n e a r  r e a c t i o n  p roceeds  
b y  de c ompos i t i on  a n d / o r  e v a p o r a t i o n  of t he  ox ide  
and  s u b s e q u e n t  r e a c t i o n  of t h e  gas  w i t h  g raph i t e ,  
and  not  in t he  sol id  s ta te .  

The  d e c o m p o s i t i o n  p r e s s u r e s  (Po a n d  Po2) have  
been  c a l c u l a t e d  f r o m  t h e r m o d y n a m i c  d a t a  (7, 28) ,  
b a s e d  on the  equa t i ons  2MeO(s) ---- 2Me(g) -b Or 
2MeO(s) = 2Me(g) + 20(g), and  PMe z PO ~- 2po2. 
A l t h o u g h  v a p o r  p r e s s u r e s  of MgO and  BeO have  
been  m e a s u r e d  (29, 30) ,  on ly  t o t a l  v a p o r  p r e s s u r e s  
can be  o b t a i n e d  f r o m  these  da ta .  A c c o r d i n g  to 
B r e w e r  a n d  P o r t e r  (31) sol id  MgO vapo r i ze s  m a i n l y  
as MgO gas, a n d  t h e  p a r t i a l  p r e s s u r e s  of Mg, O, and  
O 2 c o n t r i b u t e  on ly  s l i gh t ly  to the  t o t a l  v a p o r  p r e s -  
sure.  This  r e su l t  is a t  v a r i a n c e  w i t h  d a t a  o b t a i n e d  
b y  P o r t e r  e t  al. (32) who  f o u n d  at  1950~ the  
fo l l owing  spec ies  in  d e c r e a s i n g  p r e s s u r e  o rde r :  Mg, 
O, MgO. The  r a t i o  M g / M g O  was  g r e a t e r  t h a n  1000. 
I t  was  o b s e r v e d  t h a t  t he  t o t a l  p r e s s u r e  ove r  MgO(s) 
m i g h t  b e  h igh  be c a use  of g e n e r a t i o n  of Mg gas  b y  
r e d u c t i o n  of MgOr as i n d i c a t e d  b y  the  fac t  t ha t  
Mg ~ 02 . The  compos i t i on  of the  v a p o r  a b o v e  
BeO(~) at  2242~ was  i n v e s t i g a t e d  b y  C h u p k a  et ah 
(33) .  The  spec ies  o b s e r v e d  in d e c r e a s i n g  p r e s s u r e  
o r d e r  w e r e  ( in  a t m )  : Be(5 .0  x 10-7) ,  0 ( 5 . 0  x 10-7) ,  
(BeO)3 (1.0 x 10 -7 ) ,  (BeO)4 (4.4 x 1 0 - s ) ,  02(2.0 x 
1 0 - s ) ,  a n d  s e v e r a l  o t h e r  B e O - p o l y m e r s .  

F o r  t he  w e i g h t  loss of t he  ox ide  one can  use  as a 
first  a p p r o x i m a t i o n  L a n g m u i r ' s  e q u a t i o n  w i t h  ac -  
c o m m o d a t i o n  coefficient  u n i t y  

p 

17.14 

w h e r e  W is t h e  r a t e  of e v a p o r a t i o n  in  g /cm2-sec ,  p 
t he  v a p o r  p r e s s u r e  of t he  m a t e r i a l  in  m m  Hg, M 
the m o l e c u l a r  w e i g h t  of t he  m a t e r i a l  in t h e  gas 
phase ,  and  T the  t e m p e r a t u r e  in ~ The  a p p l i e a -  
t ion  of L a n g m u i r ' s  e q u a t i o n  seems  to be  jus t i f ied  
s ince in our  e x p e r i m e n t s  t he  p r e s s u r e  was  at  the  
mos t  100~ and  t h e  d i s t ance  b e t w e e n  ox ide  and  
g r a p h i t e  pa r t i c l e s  was  m u c h  s m a l l e r  t h a n  the  m e a n  
f ree  pa th .  A n y  m o l e c u l e  l e a v i n g  the  su r f ace  of an  
ox ide  p a r t i c l e  w o u l d  t h e r e f o r e  s t r i k e  a g r a p h i t e  p a r -  
t i e le  be fo re  co l l id ing  w i t h  a n o t h e r  gas  molecu le .  
S ince  an  ox ide  p a r t i c l e  was  c o m p l e t e l y  s u r r o u n d e d  
b y  g r a p h i t e  pa r t i c l e s ,  t he  p r o b a b i l i t y  was  s m a l l  t h a t  
a molecu le ,  e v a p o r a t e d  f r o m  the  su r f ace  of an ox ide  
pa r t i c l e ,  w o u l d  s t r i ke  t h e  su r face  of a n o t h e r  ox ide  
pa r t i c l e .  

The  e x p e r i m e n t a l  r a t e s  of w e i g h t  loss, Wexp., w e r e  
c o m p a r e d  w i t h  c a l c u l a t e d  t h e o r e t i c a l  ra tes ,  Wtheor.- 
E x p e r i m e n t a l  w e i g h t  losses w e r e  c a l c u l a t e d  f r o m  
kL v a l u e s  (Tab l e  I I ) .  F o r  e x a m p l e ,  kL for  MgO at  
1625~ is 5.64 x 10 - I~  n(co)/lO,O00 p a r t i c l e s / s e c o n d  
(n(co) = n(o) = 2nr = n(MeO) = X•(MeO)x). The  
n u m b e r  of mo les  w e r e  c o n v e r t e d  in to  g r a m s  b y  
m u l t i p l y i n g  b y  t h e  m o l e c u l a r  w e i g h t :  g(co) = 
28n(co); g(o) = 16n(co); g(o2) = 32n(o2) = 16n(co); 
g(MeO) ~ 1V[eO-~(co); g(MeO)x ~ X'MeO'n(MeO)x 
MeO-n(co) .  A s s u m i n g  s p h e r i c a l  shape,  t he  su r face  
a r e a  of 10,000 p a r t i c l e s  is a b o u t  5.1 cm z. W e  o b t a i n  
Wexp./cm2/sec as 3.1 x 10 -9 g(co), 1.8 x 10 -9 g(o) 
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Table III. Rates of weight loss of MgO and BeO 

MgO 
Wexp. Wtheor. 

T, ~ g(o)/cm~.sec g(~IgO)/cm2-sec g (oJcm: . sec  g(%)/cmZ.sec g(Mgo)/cm2"sec 

1625 1.8 X 10 -9 4.5 X 10 -9 3.4 X 10 -9 1.0 X 10 - s  1.8 X 10 -7 
1793 9.8 X 10 -9 2.5 X 10 - s  1.0 X 10 -7 3.0 X 10 -7 6.3 X 10 -6 
1880 2.1 X 10 - s  5.4 X 10 - s  4.6 X 10 -7 1.3 X 10 -6 2.8 • 10 -2 

BeO 
Wexp. Wthcor. 

T, ~ g(o)/cme.sec gcBeo)/cme-sec g(o>/cm2.sec g(%)/cm2"sec g(BeO)x/crn2"sec 

1625 1.3 X 10 10 2.1 X 10 - l ~  1.9 X 10 -11 3.5 X 10 -13 1.1 X 10 -12 
1880 1.8 X 10 -9 2.8 X 10 9 5.8 X 10 -9 1.8 X 10 -1~ 9.9 X 10 -19 
2000 4.8 X 10 -9 7.5 X 10 -9 4.9 X 10 - s  1.6 X 10 -9 1.4 X 10 - s  

Ratio W:a~o/WBeo 

T, ~ Exp, (O) Exp. {MeO) Theor. (O) Theor.  (O2) Theor.  (MeO) 

1625 1.4 X 101 2.1 x 101 1.8 X 10 ~ 2.9 x 104 1.6 x 10 s 
1880 1.2 x 102 1.9 X 101 8 X 101 7.2 X 103 2.8 x 104 

(or gco2)), or 4:5 x 10 -9 g(MeO) (or g(MeO)x)- Since  
the  sur face  a rea  of t he  oxide  par t i c les  wi l l  be l a rge r  
t han  5.1 cm~/10,000 par t ic les ,  Wexp. as ca lcu la ted  
wi l l  be the  m a x i m u m  value .  In Tab le  I I I  e x p e r i -  
m e n t a l  and theo re t i ca l  r a tes  are  l i s ted for  s eve ra l  
t e m p e r a t u r e s .  Theo re t i c a l  ra tes  for  a tomic  o x y g e n  
( c o l u m n  4) and m o l e c u l a r  o x y g e n  ( c o l u m n  5) w e r e  
ca lcu la ted  f r o m  t h e r m o d y n a m i c  da ta  (7, 28).  Ra tes  
for  gaseous  MgO ( co lumn  6) w e r e  ob ta ined  f r o m  
the  da ta  by  B r e w e r  (31) .  Fo r  gaseous  BeO the  
combined  r a t e s  for  ( B e O ) s  and (BeO)4  are  g iven  
(33).  

The  t heo re t i c a l l y  ca lcu la ted  ra tes  for  MgO exceed  
in the  e x p e r i m e n t a l  t e m p e r a t u r e  r ange  the  obse rved  
ra tes  for  al l  e v a p o r a t i o n  processes.  Due  to the  d i f -  
f e rence  in the  t e m p e r a t u r e  coefficients, the  t h e o r e t i -  
cal  w e i g h t  losses dec rease  m u c h  fas te r  w i t h  dec reas -  
ing t e m p e r a t u r e  t h a n  Wexp. so tha t  Wexp. w i l l  
e v e n t u a l l y  exceed  Wtheo,-, T h e r e f o r e  at some l o w e r  
t e m p e r a t u r e  the  e v a p o r a t i o n  process  of the  ox ide  
m a y  b e c o m e  the  r a t e  d e t e r m i n i n g  step and the  r e -  
act ion r a t e  wi l l  become  negl ig ib le .  F o r  w e i g h t  losses 
based on a tomic  oxygen ,  W~xp. and Wth . . . .  wil l  be  
equa l  at 1575~ It  should  be no ted  tha t  at 1625~ 
the  CO pressures  w e r e  a l r e ady  so smal l  t ha t  t h e y  
could be m e a s u r e d  on ly  w i t h  difficulty. The  da ta  for  
BeO show tha t  the  e x t r a p o l a t e d  ra tes  for  a tomic  
o x y g e n  wi l l  be equa l  at 1780~ At  this  t e m p e r a t u r e  
W~xp. for  BeO wi l l  be t he  same as W~xp. for  MgO 
at 1575~ The  r e l a t i v e  r e a c t i v i t y  as expres sed  by  
the  ra t io  of t he  e x p e r i m e n t a l  w e i g h t  losses (Tab le  
I I I )  is of the  o rde r  of 10 and va r i e s  bu t  l i t t l e  w i t h  
t e m p e r a t u r e .  A l t h o u g h  the  ra t ios  of the  t heo re t i c a l  
va lues  for  each e v a p o r a t i o n  process  are  l a r g e r  and 
show a g r e a t e r  change  w i t h  t e m p e r a t u r e ,  the  da ta  
for  a tomic  o x y g e n  are  m u c h  closer  to the  e x p e r i -  
m e n t a l  va lues .  The  da ta  ind ica te  tha t  the  d e c o m p o -  
s i t ion p re s su res  of MgO and  BeO are  h igh  e n o u g h  
to account  for  a r eac t ion  ove r  t he  gas phase.  T h e r e  
is s t rong  ev idence  tha t  the  species en t e r i ng  the  
r eac t ion  is a tomic  o x y g e n  and not  gaseous  oxide.  
The  l inea r  r eac t i on  wi l l  s ta r t  w h e n  the  pa r t i a l  p r e s -  
sure  of a tomic  o x y g e n  exceeds  a ce r t a in  va lue ,  bu t  

the  ra te  of decompos i t ion  of the  ox ide  does not  seem 
to be  the  r a t e - c o n t r o l l i n g  s tep of the  l inea r  react ion .  

The  final step in the  r eac t ion  sequence  wi l l  be  
the  f o r m a t i o n  of an adsorbed  o x y g e n  a tom at the  
g r aph i t e  su r face  and the  desorp t ion  of CO. These  
steps should  bea r  a close r e l a t ion  to the  ox ida t ion  
of g r aph i t e  by  oxygen ,  w a t e r  vapor ,  or  ca rbon  d i -  
oxide.  Acco rd ing  to B in fo rd  and  E y r i n g  (16) the  
r eac t ion  b e t w e e n  w a t e r  v a p o r  and g r a p h i t e  is of 
z e r o - o r d e r  w i t h  an ac t i va t i on  e n e r g y  of 60.3 k c a l /  
mo le  in the  900~176 range.  In  the  1200~176 
r ange  it changed  to a first o rde r  process  w i t h  an ac-  
t i va t ion  e n e r g y  of 42.9 k c a l / m o l e .  T h e y  assumed  
tha t  t he r e  are  two  types  of ac t ive  sites on the  
g r a p h i t e  sur face  wh ich  a re  i m p o r t a n t  in ox ida t ion  
processes.  A t  l o w e r  t e m p e r a t u r e s  the  r a t e - d e t e r -  
m i n i n g  step is the  desorp t ion  of CO f r o m  the  first 
k ind  of ac t ive  sites, and at h ighe r  t e m p e r a t u r e s  it 
is the  adso rp t ion  of .H:O at  ac t ive  sites of the  second 
kind.  In  a m o r e  r e c e n t  i n v e s t i g a t i o n  the  same au -  
thors  (34) conc luded  tha t  the  r a t e - d e t e r m i n i n g  steps 
are  the  desorp t ion  of H20 w i t h  an ac t iva t ion  en -  
e r g y  of 35.6 kca l  and the  desorp t ion  of H2 w i t h  an 
ac t i va t i on  e n e r g y  of 75 kcal.  In  a s tudy  of the  
r eac t ion  b e t w e e n  o x y g e n  and graphi te ,  B l y h o l d e r  
and E y r i n g  (17) obse rved  tha t  w i t h  v e r y  th in  
samples  the  sur face  r eac t ion  is zero o rde r  w i t h  an 
ac t i va t i on  e n e r g y  of about  80 k c a l / m o l e .  On th i cke r  
samples ,  the  diffusion of o x y g e n  into the  pores  in 
the  g r aph i t e  r e su l t ed  in an obse rved  o n e - h a l f  o rder  
r eac t ion  wi th  an ac t i va t i on  e n e r g y  of 42 k c a l / m o l e .  
A gene ra l  k ine t i c  t h e o r y  of the  ox ida t ion  of ca r -  
bonized  f i laments  was  d e v e l o p e d  (6) ,  and for  v e r y  
h igh  t e m p e r a t u r e s  a z e r o - o r d e r  r eac t ion  w i t h  an 
ac t i va t i on  e n e r g y  of about  80 k c a l / m o l e  was  p r o -  
posed w i t h  desorp t ion  of CO as the  r a t e - d e t e r m i n -  
ing step. The  gasif icat ion of va r ious  g rades  of ca rbon  
and g raph i t e  by  CO2 in a f luidized bed was  s tud ied  
by E r g u n  (35).  The  a u t h o r  deduced  tha t  the  r a t e -  
d e t e r m i n i n g  step is the  deso rp t ion  of CO. F r o m  the  
p roduc t  of the  specific r a t e  of deso rp t ion  and the  
to ta l  n u m b e r  of ac t ive  sites the  same  ac t iva t ion  
energy ,  59 k c a l / m o l e ,  was  ob ta ined  for  all  g rades  
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of graphi te .  The  resul t s  suggested tha t  in  the 700 ~ 
1400~ r ange  the  n u m b e r  of reac t ion  sites is i n d e -  
p e n d e n t  of t empe ra tu r e .  

The perfect  a g r e e m e n t  b e t w e e n  the  ac t iva t ion  
energies  ob ta ined  in  this  i nves t iga t ion  and  tha t  for 
the  reac t ion  b e t w e e n  COe and  g raph i t e  (35) sug-  
gests tha t  for the  l i nea r  reac t ion  the  desorp t ion  of 
CO f rom the  g raph i te  surface  is the r a t e - d e t e r m i n -  
ing step. Since the  specific ra te  wi l l  be  the  same 
for all  react ions,  any  difference in  the  reac t ion  ra tes  
has to be exp la ined  by  a difference in  the  n u m b e r  
of act ive sites on the  g raph i te  surface.  Our  resul t s  
could be exp la ined  by  the  a s sumpt ion  tha t  me t a l  
a toms wi l l  also become adsorbed at the  g raph i te  
surface  and  wi l l  therefore  reduce  the  n u m b e r  of 
act ive sites ava i lab le  for oxygen  atoms. The  n u m b e r  
of g raph i te  a toms thus  de -ac t iva t ed  wi l l  be a f u n c -  
t ion  of the  bond  s t r eng th  b e t w e e n  a me ta l  and  a 
g raph i te  atom. A n  ind ica t ion  of the s t r eng th  of 
this  bond  is the  t h e r m o d y n a m i c  s tab i l i ty  of the 
me ta l  carbides.  Since m a g n e s i u m  carbides  are u n -  
s table  and  b e r y l l i u m  carb ide  is s tab le  up  to h igh  
t empera tu res ,  more  act ive sites on the  g raph i te  su r -  
face are covered by  b e r y l l i u m  atoms t h a n  by  m a g -  
n e s i u m  atoms. The ra te  of reac t ion  b e t w e e n  BeO 
and  graph i te  wil l  the re fore  be lower  t h a n  tha t  be -  
t w e e n  MgO and  graphi te .  A s imi la r  exp l ana t i on  can 
be proposed for spinel ,  since an  A1-C bond  is 
s t ronger  t h a n  an  Mg-C bond.  The desorp t ion  of CO 
as the  r a t e - d e t e r m i n i n g  step also exp la ins  the  ad-  
mi t t ed ly  ve ry  ske tchy resu l t s  for TiO 2 wi th  an  ac- 
t i va t ion  ene rgy  of 59 kcal.  Even  if a different  me c h -  
an i sm  is opera t ive  for MgO and  BeO, it is qu i te  
possible  tha t  at the  b e g i n n i n g  of the  reac t ion  be -  
tween  TiO2 and  graphi te ,  the desorp t ion  of CO is 
the r a t e - d e t e r m i n i n g  step. 

In  conclus ion we can say tha t  p resen t  ev idence  
suggests tha t  the  r a t e - d e t e r m i n i n g  step of the  r e -  
act ion b e t w e e n  oxides and  g raph i te  obey ing  a l i nea r  
r a t e  law is the  desorp t ion  of CO f rom the  g raph i te  
surface.  Since the decomposi t ion  pressures  of the  
oxides are h igh enough  and  the  theore t ica l  and  ex-  
p e r i m e n t a l  we igh t  losses are the  same at the b e g i n -  
n ing  of the  l i nea r  reac t ion  for MgO and  BeO, the  
reac t ion  proceeds p r o b a b l y  over  the  gas phase  by  
dissociat ion of the oxide into a tomic oxygen.  
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ABSTRACT 

The thermodynamic  properties in the liquid region of the Mn-Pb-Bi  
system from 700 ~ to 1000~ are reported. They were obtained from the 
reversible potentials of the cell: 

Mn+ + I Mn 
Mn(s) KCI, NaCl I (in Pb-Mn-Bi sol'n) 

The liquidus surface for the ternary system was also obtained for this tem- 
perature interval. 

To ga in  more  de ta i led  i n f o r m a t i o n  on the  t h e r m o -  
d y n a m i c  behav io r  of componen t s  at  d i lu te  concen-  
t r a t ions  in  l iquid  meta l l i c  solut ions,  severa l  s tudies  
have  been  u n d e r w a y  in  this  l abo ra to ry  for a n u m -  
ber  of years.  One of the  aims of the  work,  expe r i -  
men ta l l y ,  was  to improve  the  qua l i t y  of m e a s u r e -  
men t s  by  the  revers ib le  emf cell me thod  us ing  chlo-  
r ide  e lect rolytes  and  the  chemica l ly  more  act ive  
meta l s  for m e a s u r e m e n t s  above 950~ (1) .  A n o t h e r  
has been  to explore  the  behav io r  of a d i lu te  com-  
p o n e n t  as the  cha rac te r  of the  so lvent  is va r i ed  by  
subs t i t u t i ng  one e l emen t  for ano the r  in  a t e r n a r y  
system. A th i rd  purpose  was to va l ida t e  the ava i l ab le  
methods  for e s t ima t ing  the  ac t iv i ty  of a solute  com- 
ponen t  in  the d i lu te  region.  Accordingly ,  s tudy  of 
the M n - P b - B i  sys tem wi th  the  revers ib le  cell 

Mn + + ( in  mo l t en  KC1 Mn in  Pb  
M n ( s o l i d )  + NaC1) Mn in  Bi ( l iq)  

Mn in  P b - B i  

was u n d e r t a k e n .  The  v i r t u a l  cell r eac t ion  is 

Mn (Pu re  solid, a or fl) -~ Mn ( in  l iquid  a l loy(  [1] 

wi th  a t r ans f e r  of two F a r a d a y s  in  the  e x t e r n a l  
c i rcui t  per  g r a m  a tom of m a n g a n e s e  conver ted  f rom 
the pu re  s tate  to it dissolved in  the solut ion.  The  
so lubi l i ty  of solid m a n g a n e s e  in  B i - P b  solut ions  is 
r e l a t ive ly  low so tha t  re l iab le  po ten t i a l  r ead ings  
could be  made  at qui te  low m a n g a n e s e  c o n c e n t r a -  
t ions. This in  t u r n  provides  da ta  which  are  use fu l  
in  r evea l ing  the adherence  to, or dev ia t ion  from, 
H e n r y ' s  l aw by  m a n g a n e s e  at low concent ra t ions .  
Studies  on other  sys tems exh ib i t i ng  severa l  types  
of misc ib i l i ty  gaps wi l l  be r epor ted  in  the n e a r  
fu ture .  

The  re la t ionsh ips  b e t w e e n  the  po ten t i a l  of the 
cell and  the  proper t ies  of m a n g a n e s e  in  the so lu-  
t ion  are 

F M n -  F ~  ~ FMMn ~ - -  2FE [2] 

S~Mn- SOMn : SMA1 = 2F [ 0 E l  
0"'-~ XMn,P [3] 

and  
R T  In aMn : - - 2 F E  [4]  

1Present  address: Tyco Laboratories,  Inc. ,  W a l t h a m ,  Massachu -  
setts. 

The re la ted  excess proper t ies  are more  c o n v e n i e n t  
for use in  ca lcula t ions  

FEMn ~ FMMn- R T  In X M n  : - -  2 F E - -  R T  ]n X M n  [ l a ]  

SEMn ~ SMMn -~ R In XMn 
= d- 2F(OE/OT)XMn,t" + R i n  XMn [2a] 

Also 
R T  In "YMn = - -2FE  --  R T  In X M n  [3a]  

and  

H~Mn --~ HMn ~ 2F T - - E  [4] 
0 T  XMn,P 

The t e rms  are those cus tomar i l y  used in  t h e r m o -  
dynamics .  F is F a r a d a y ' s  constant ,  23,063 c a l / v  eq. 
The  re fe rence  s ta te  for each componen t  is the  pu re  
componen t  in  the state n o r m a l l y  s table  at the t e m -  
p e r a t u r e  of in teres t ,  i.e., a or f l -manganese ,  and  pu re  
l iqu id  lead a nd  b i smuth .  Accordingly ,  the s t anda rd  
s tate  in  each case is also the  n o r m a l l y  s table  state at 
1 arm pressure .  

Experimental Procedure 
The design of the cell is shown in  Fig. 1. Two 

re fe rence  electrodes of solid m a n g a n e s e  were  sus-  
pended  by the i r  t u n g s t e n  lead wires  (0.9 m m  d i am-  
e ter)  w i t h i n  the  electrolyte .  Fou r  l iqu id  al loy elec-  
t rodes were  con ta ined  w i t h i n  smal l  doub ly  r ec rys -  
ta l l ized a l u m i n a  crucibles  res t ing  w i t h i n  the  elec-  
t rolyte .  T u n g s t e n  lead wi res  were  i m m e r s e d  in  the  
al loy electrodes.  The  electrode crucibles  and  elec-  
t ro ly te  were  con ta ined  in  a h i g h - q u a l i t y  porce la in  
crucible.  The t u n g s t e n  leads were  encased in  close- 
f i t t ing a l u m i n a  t u b i n g  d o w n  to the  e lect rode surfaces.  
A Vycor - shea thed  c h r o m e l - a l u m e l  the rmocoup le  
was posi t ioned on the cen te r l ine  of the cell wi th  its 
t ip at the s a l t - m e t a l  l ine of the  cathode electrodes.  
A d u m m y  crucible  h a v i n g  p rope r ly  located holes for 
the leads and  the rmocoup le  shea th  was  fitted t igh t ly  
on top of the  cell crucible.  I t  served as a t h e r m a l  
shield, a r e t a i n e r  for the  leads, and  as a ref lux con-  
denser  to m i n i m i z e  the loss of the  e lec t ro ly te  by  
vola t i l i za t ion  at high t empera tu re s .  The whole  as-  
s embly  was  con ta ined  in  a c losed-end  Vycor  t ube  
tha t  was sealed w i th  a wa te r -coo led  brass  cap. A p -  
p ropr i a t e  seals in  the  cap pe r mi t t e d  e n t r y  of the  
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Fig. 1. Cell design: A, water-cooled brass furnace head; B, Vycor 
furnace tube; C, tungsten lead with alumina protection tube; D, por- 
celain positioning crucible; E, pure manganese buttons; F, alumina 
electrode crucibles (% in. ID x 1 in.); H, large alumina crucible 
(2 in. OD x 3 in.); I, Vycor thermocouple protection tube (7 mm); 
J, rubber tube seal with pinch clamp; K, alumina beads. Electro- 
lyte (KCI-NaCI-MnCI2). 

leads, t he rmocoup le  sheath,  and  gas tubes.  Af te r  as- 
sembly,  and  whi le  the  sys tem was cold, the  cell tube  
was sealed and  t h e n  evacua ted  by  a mechan i ca l  
pump.  It  was  t hen  filled wi th  pur i f ied a rgon  and  
m a i n t a i n e d  at a p ressure  s l ight ly  g rea te r  t h a n  
a tmospher ic  t h r o u g h o u t  the  opera t ion  of the  cell. 
The cell t u b e  was pos i t ioned  ve r t i ca l ly  in  a hot  r e -  
s i s t ance -hea ted  tube  fu rnace  for the  d u r a t i o n  of an  
exper imen t .  

The electrolyte.--The e lec t ro ly te  was  42% by  
weigh t  sod ium chlor ide and  53% po tass ium chlo-  
r ide w i th  5% m a n g a n e s e  chloride added thereto .  
Reagen t  g rade  ma te r i a l s  were  used in  the  charge for 
each cell. Two h u n d r e d  g rams  of the mixed  powders  
were  placed in  a sealed Vycor  tube.  The  t ube  was  
connec ted  to a mechan ica l  v a c u u m  p u m p  and  evacu -  
a ted for 24 hr. D u r i n g  this  t ime,  the  m i x t u r e  was  
b rough t  to 700~ and  fused. This t e chn ique  i n v a r i -  
ab ly  y ie lded  a clear a m b e r  solut ion tha t  gave sa t is -  
fac tory  resul t s  in  all  the cells. 

Electrodes.--Manganese bu t tons  for the  anodes  
were  fo rmed  by  fus ing  4g of e lect rolyt ic  m a n g a n e s e  
u n d e r  a rgon  in  a smal l  doub ly  recrys ta l l i zed  a l u m i n a  
crucible.  Hea t  to me l t  the  b u t t o n  was  ob ta ined  f rom 
an  induc t ion  hea ted  m o l y b d e n u m  susceptor.  The  t ip 
of the  t u n g s t e n  lead was  i m m e r s e d  in  the  l iqu id  m a n -  
ganese  and  the  meta l  was  kept  m o l t e n  for 10 ra in  to 
insure  good contact  b e t w e e n  the  lead and  the  m a n -  
ganese  electrode.  The  electrode was  cooled s lowly 
to p r e v e n t  cracking.  Af te r  use, severa l  e lectrodes 
were  b r o k e n  open, and  it was  found  tha t  the contact  
b e t w e e n  the  m a n g a n e s e  and  t u n g s t e n  was  sound and  
there  was  no evidence  of solut ion of the  lead. 

Table I. Analysis of metals (lot analyses) * 

I m p u r i t y  M n  (99.9 + %) P b  (99.99 + %) B i  (99.999 + %) 

Bi - -  0.0008 - -  
C 0.007 - -  
Cu - -  0.0003 0.0001 
Fe 0.01 or less 0.0002 0.0001 
Si 0.004 - -  - -  
Ag - -  - -  0.0004 

* A l l  v a l u e s  i n  w e i g h t  D e r  c e n t .  

The al loy electrodes which  weighed  approx i -  
ma te ly  10g each were  p r epa red  by  we igh ing  to 0.1 
mg the  r equ i r ed  a m o u n t s  of the  pu re  metals .  The 
pieces were  placed in  the  anode  crucibles  and  fus ion  
occur red  as the  cell was  b r o u g h t  to t empe ra tu r e .  
Ana lyses  of the  p u r e  meta l s  used are  shown in  Tab le  
I. A series of al loys for each of the fo l lowing b i n a r y  
and  p s e u d o b i n a r y  sys tems were  p repa red ;  Mn-Bi ,  
M n - P b / B i  ~ 0.504, M n - P b / B i  = 2.01 and  M n - P b .  

Cell assembty . - -Al l  componen t s  (except  e lec-  
t rodes)  of the  cell we re  c leaned  successively in  n i t r i c  
acid, d is t i l led  water ,  and  acetone. They  t h e n  were  
held  at  140~ ove rn igh t  in  a d r y i n g  oven.  The  com-  
ple te  cell was  assembled  outs ide  the Vycor  cell tube  
w i th  the leads and  electrodes p rope r ly  posi t ioned.  
The pur i f ied  e lec t ro ly te  was  t r a n s f e r r e d  b y  a p ipe t te  
f rom the  pur i f ica t ion  tube  to the  cell crucible.  I t  
solidified ve ry  r a p i d l y  on be ing  added to the  crucible  
and  held  the  par t s  of the  cell f i rmly in  posi t ion.  
W i t h i n  a minu te ,  the  cell a s sembly  was p laced  in  the  
cell tube.  The tube  was  t h e n  sealed, evacuated ,  and  
flooded wi th  argon.  The cell was  placed in  the  f u r -  
nace  which  was  at 700~ W h e n  the  e lec t ro ly te  and  
al loy electrodes were  mol ten ,  the  t u n g s t e n  leads 
were  lowered  to p lace  the i r  t ips 1/s in. f rom the  bo t -  
tom of the  crucibles.  The appropr i a t e  leads  were  
connec ted  to the  m e a s u r i n g  circuit ,  and  the  cell was  
held at  700~ ove r n i gh t  to equi l ibra te .  Measu re -  
me n t s  were  s ta r ted  the  n e x t  m o r n i n g  and  c on t i nued  
for two to th ree  days. 

Cell operation.--Potential r ead ings  were  ob ta ined  
b e t w e e n  700 ~ and  1000~ or b e t w e e n  the  l iqu idus  
t e m p e r a t u r e  a nd  1000~ w i t h  M n - P b  a nd  M n - P b - B i  
alloys. However ,  w i th  the  M n - P b  system, s l ight  
va r i a t ions  in  the po ten t ia l s  were  observed  above 
900~ Hence,  in  this  system, read ings  were  accepted 
b e t w e e n  680 ~ a nd  850~ or b e t w e e n  the  l iqu idus  
t e m p e r a t u r e  a nd  850~ The  t e m p e r a t u r e  sequence  
for a cell was  a r r a n g e d  so tha t  the ea r ly  read ings  
were  d i s t r ibu ted  a long the  range ,  and  a ny  dr i f t  of 
the  po ten t ia l s  f r o m  the  expected  l inea r  plot  of E vs. T 
could be detected.  Read ings  at 8 to 3 t e m p e r a t u r e s  
were  ob ta ined  wi th  the  fewer  n u m b e r  be ing  possible 
w i th  an  a l loy h a v i n g  its l iqu idus  t e m p e r a t u r e  close 
to the  m a x i m u m  e x p e r i m e n t a l  t e m p e r a t u r e  as i n -  
d icated above.  

Sources of Error 
Reversibi l i ty . - -The p r i m a r y  requis i tes  in  a s tudy  

us ing  e lect rode po t en t i a l  m e a s u r e m e n t s  for de te r -  
m i n i n g  t h e r m o d y n a m i c  proper t ies  of meta l l i c  solu-  
t ions  are  (i) the  cell operates  r eve r s ib ly  w i th  respect  
to the  reac t ion  be ing  s tudied,  and  (if) no side reac-  
t ions occur at an  apprec iab le  ra te  in  the  cell. In  this  
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Table II. Analysis of electrodes 

W t  % M n  Wt  % Pb  
A l l o y  

M n - P b - B i  C h a r g e d  A n a l y z e d  C h a r g e d  A n a l y z e d  

14 2.80 2.60 32.1 31.8 
15 6.16 6.07 31.2 31.1 
16 10.13 10.12 30.00 29.30 
17 14.70 15.35 28.20 27.80 

work,  the behav io r  of the e x p e r i m e n t a l  cells i nd i -  
cated tha t  these condi t ions  were  a t ta ined .  Repro -  
ducib le  po ten t ia l s  were  ob ta ined  regard less  of the  
d i rec t ion  of approach  to the e q u i l i b r i u m  t e m p e r a -  
tu re  and  also regardless  of the  d i rec t ion  of approach  
to the revers ib le  po ten t i a l  by  the  po ten t iomete r .  
There  was  no s ignif icant  exchange  of m a n g a n e s e  
f rom the  e lec t ro ly te  to the  alloys as it was  observed 
tha t  (a)  the  po ten t ia l s  were  ve ry  cons tan t  w i th  t ime,  
(b) a po ten t i a l  at a g iven t e m p e r a t u r e  could be re -  
p roduced  even  though  the  cell had  been  at  a differ-  
ent  t e m p e r a t u r e  for a n u m b e r  of hours,  and  (c) 
ana lyses  of the electrodes af ter  a r u n  ind ica ted  tha t  
no composi t iona l  changes  had occurred  (see Table  
I I ) .  The  absence  of lead or b i s m u t h  in  the e lec t ro-  
ly te  and  the absence  of any  chemical  a t tack  on the 
ref ractor ies  e l im ina t ed  f u r t h e r  the poss ib i l i ty  of 
side react ions.  

Wagne r ' s  me thod  (2) has been  used to es t imate  
the possible er ror  because  of the d i sp lacemen t  of 
m a n g a n e s e  in  the  e lec t ro ly te  by  lead, or b i smuth ,  
f rom the al loy electrodes 

- - ]  I -I ] I 
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Fig. 2. Typical emf vs .  temperature plots (raw experimental data). 

E n t h a l p y  va lues  are accura te  to two s ignif icant  fig- 
ures,  r ead ing  f rom the left. Where  fewer  digits  are 
given,  the accuracy  is l imi t ed  to the  n u m b e r  of 
figures reported.  In  a n u m b e r  of cases the va lues  are  
car r ied  out to one add i t iona l  figure b e y o n d  tha t  i n -  
dicated above.  This is necessa ry  to ob ta in  consis t -  
ency  wi th  all  p roper t ies  t abu la ted .  The accuracy  of 
the va lues  for ac t iv i ty  and  ac t iv i ty  coefficient should 
be judged  according to the  above s t a t e me n t  con-  
ce rn ing  the free ene rgy  values.  

Experimental Results and Discussion 
The poten t ia l s  of all  cells va r i ed  l i n e a r l y  wi th  

t e m p e r a t u r e  (see Fig. 2). Al l  e x p e r i m e n t a l  da ta  

Mn + + + P b = M n W P b  + + 

Wi th  the  M n - B i  or M n - P b  pairs,  the  difference 
in  the  s t a n d a r d  free energies  of f o rma t ion  of the  two 
chlorides mus t  be a p p r o x i m a t e l y  7 kcal  per  e q u i v a -  
lent ,  or greater ,  if the e r ro r  in  the  m e a s u r e d  ac t iv i ty  
of Mn is to be kept  u n d e r  1% w h e n  XMn ~ 0.01. The 
ac tua l  difference is a p p r o x i m a t e l y  27 kcal  per  
equ iva l en t  at 1000~ (3) .  Hence  it m a y  be assumed 
tha t  the exchange  reac t ion  is not  a s ignif icant  source 
of e r ror  in  the exper imen t .  

General.--The po ten t i a l  difference b e t w e e n  a pa i r  
of s t a n d a r d  electrodes (pure  solid f l -Mn)  in  a cell 
was less t h a n  0.15 m y  be low abou t  800~ and  0.05 
m v  n e a r  900~ The po ten t i a l  r ead ing  selected for 
an  a l loy was  for the re fe rence  electrode g iv ing  the  
highest  potent ia l .  It  is to be noted,  however ,  tha t  
this u n c e r t a i n t y  was  negl ig ib le  in  all  cases as it  is 
e q u i v a l e n t  to bu t  a few calories in  F M M n  . 

No t e m p e r a t u r e  g rad ien t  was observed  w h e n  the  
the rmocoup le  was moved  s lowly f rom the  bo t tom of 
the  cruc ib le  to the top of the  electrolyte.  T a k i n g  into 
cons ide ra t ion  the n o r m a l  unce r t a in t i e s  in  the  me a ns  
for ca l ib ra t ing  the the rmocouples  and  m e a s u r i n g  
the i r  po ten t ia l s  wi th  a good qua l i t y  po ten t iomete r ,  
the t e m p e r a t u r e  repor ted  is p r o b a b l y  w i t h i n  I ~  of 
the  t rue  t e m p e r a t u r e  of the cell. 

A specific s t a t e m e n t  of the  accuracy  of each of the 
f inal  resul t s  is difficult to make.  The fo l lowing s ta te -  
men t s  should be  used as guides in  the  use of Tab le  
IV and  Fig. 3 t h rough  12. Free  ene rgy  va lues  are 
accura te  to th ree  s ignif icant  f igures f rom the left. 

Table III. Potentials of experimental cells for liquid Mn-Pb, 
Mn-Bi and Mn-Pb-Bi systems 

E, v o l t s  

(OE/OT) XM, P, 
Elec t rode  

composit ion,  X ~ .  800~ 1000~ v o l t s / ~  • 106 

M n - P b  S y s t e m  

0.0141 0.05745 0.1266 348 
0.0199 0.04140 0.1062 336 
0.0402 0.01070 0.06770 285.3 
0.0601 sat.** 0.04540 257.5 
0.0801 sat. 0.03120 243.8 
0.0999 sat. 0.02070 232.6 
0.1198 sat. 0.01260 210.9 
0.1399 sat. 0.00635 200.9 

M n - B i  Sys t em *  

0.095 0.09415 0.1398 229.1 
0.2016 0.05920 0.09625 185.8 
0.3012 0.03640 0.06800 157.4 
0.4005 0.01725 0.04050 115.7 
0.500 sat. 0.00970 69.76 

M n - P b - B i  S y s t e m :  X p b / X B i  ~ 0.504/1 

0.0985 0.06020 0.1015 207.1 
0.2001 0.02600 0.05950 168.1 
0.3002 0.00375 0.03275 144.9 
0.4105 sat. 0.00840 120.0 

M n - P b - B i  S y ~ e m :  Xpb/XBi  = 2.01/1 

0.0461 0.05110 0.1017 252.5 
0.1199 0.0100 0.0510 204.8 
0.1602 sat. 0.0355 190.2 
0.2100 sat. 0.0215 168.6 

* Da ta  a t  1000~ o b t a i n e d  by  e x t r a p o l a t i o n  of l i ne s  of  E vs. T. 
** A l l o y  s a t u r a t e d  w i t h  M n  (sol id) .  



Vol. 110, No. 7 T H E R M O D Y N A M I C  P R O P E R T I E S  O F  M n - P b - B i  795 

were  p lo t ted  on 18 x 24 in. d iag rams  of this type,  
and  the  po ten t ia l s  and  va lues  of dE/dT  used in  cal-  
cu la t ing  the  t h e r m o d y n a m i c  proper t ies  were  t a k e n  
f rom these plots. Values  are  shown  in  Table  III.  
The data  were  t h e n  cor re la ted  by  m e a n s  of the a lpha  
and  be ta  func t ions  for 980~ in  Fig. 3 and  4. The 
func t ions  and  the  re la ted  e x p e r i m e n t a l l y  d e t e r m i n e d  
proper t ies  are 

in  "~Mn - -2FE/RT -- In X M n  
~M~ = - [5] 

(1 - -  X M n )  2 ( 1  - -  X M n )  2 

HMMn - - 2 F [ E  --  T(aE/aT)  ] 
flMn - -  - -  [6] 

(1 - -  X M n )  2 (1 - -  X M n )  2 

The va lues  of these two func t ions  at s a tu r a t i on  w i th  
m a n g a n e s e  in  the two b i n a r y  and  two p s e u d o b i n a r y  
sys tems were  fixed by  the  ac tua l  composi t ions  at 
s a tu ra t ion  ob ta ined  in  this  s tudy  and  which  wi l l  be 
discussed la te r  (see Fig. 13, 14, and  15.) At  s a t u r a -  
t ion  whe re  aMn = 1, the  l imi t ing  va lue  of ~ can be 
calculated.  The curves  in  Fig. 3 were  d r a w n  to 
t e r m i n a t e  at these points .  Each curve  of fl in  Fig. 4 
was s imply  ex tended  to the  s a t u r a t i o n  composit ion.  

Calculations.--The t h e r m o d y n a m i c  proper t i es  of 
lead and  b i s m u t h  in  the  t e r n a r y  sys tem were  ob-  
t a ined  f rom the  a and  ,8 func t ions  of m a n g a n e s e  by  

D a r k e n ' s  me thod  (5, 6) for the  D u h e m  in tegra t ion .  
The i n t e g r a t i on  cons tan ts  for the  d e t e r m i n a t i o n  of 
the  mola r  proper t ies  F E and  H M are  these proper t ies  
for the P b - B i  system. The cons tan ts  were  ob ta ined  
for the  appropr i a t e  ra t ios  of P b / B i  of the  pseudo-  
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b i n a r y  l ines  of th is  s t u d y  f rom El l io t t  a n d  C h i p m a n ' s  
(6)  r e su l t s  on the  P b - B i  sys tem.  The  re su l t s  of t he  

ca lcu la t ions  a r e  c o n t a i n e d  in Tab le  IV and  p e r t i n e n t  
cu rves  a r e  shown  in Fig.  5 t h r o u g h  12. 

If  i t  is d e s i r e d  to c o n v e r t  t he  v a l u e s  o b t a i n e d  f r o m  
the  d i a g r a m s  to t he  s t a n d a r d  s ta te  of p u r e  l i qu id  
m a n g a n e s e  at  1 a t m  p re s su re ,  t he  va lues  of AF~ 
( + 7 0 0  c a l / m o l e )  and  •176 (4280 c a l / g  a t o m )  for  t he  

m e l t i n g  of f l - m a n g a n e s e  (7)  a t  980~ shou ld  be  
s u b t r a c t e d  f r o m  the  c o r r e s p o n d i n g  p a r t i a l  m o l a r  
p r o p e r t i e s  

- -  Roo=lfs Law ~ 
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pO b 0.04 0 , 0 8  O J2 
XM. 

Fig. 9. Activity of Mn and Pb in the Mn-Pb system at 980~ 

F E M n  [Mn  (1) s.s. ] = F E M n  [Mn  (fl) s.s. ] --700 c a l / g  a t o m  

HMMn[Mn (I) s.s.] ---- HMMn[Mn (f l )  S.S.] 
--4280 c a l / g  a t o m  

The  t e r m s  in  b r a c k e t s  spec i fy  the  s t a n d a r d  s ta tes  
for  m a n g a n e s e .  The  m o l a r  p r o p e r t i e s  also m a y  be  
c o n v e r t e d  f r o m  the  s t a n d a r d  s ta tes  of p u r e  f l - m a n -  
ganese  and  l iqu id  l e ad  a n d  b i s m u t h  to t h a t  of p u r e  
l i qu id  Mn, Pb ,  and  Bi  acco rd ing  to the  fo l l owing  

F E [Mn(1)  s.s.] = F E [Mn( f l )  s.s.] 
+ AF~ X XMn, c a l / m o l e  

H M [Mn(1)  s.s.] = H M [Mn(1)  s.s.] 
+ AH~ X XM,, c a l / m o l e  

Table IV. Thermodynamic Properties of the Manganese-Lead-Bismuth System at 980~ 

A. Manganese-lead 
X M n  aMn a P b  ~ M n  ~ P b  F E M n  F E p b  F E HMMn H M P b  H M T S  E 

0.000 0.00 1.00 7.24 1.00 4,930 0.0 0 14,800 0.0 0 0 
0.0141 0.109 0.986 7.58 0.9987 5,043 --1.0 70 14,580 2.5 208 137 
0.0199 0.152 0.974 7.70 0.9994 5,083 --1.6 i00 14,430 5.3 292 193 
0.0402 0.317 0.958 7.89 0.9986 5,143 --3.6 203 13,910 31 579 376 
0.0601 0.474 0.939 7.87 0.9988 5,135 --2.9 305 13,410 47 849 544 
0.0801 0.613 0.920 7.66 1.001 5,057 1.7 408 12,920 98 1,120 717 
0.0999 0.742 0.904 7.43 1.004 4,992 10.0 507 12,430 134 1,360 854 
0.1198 0.856 0.888 7.14 1.009 4,894 22.4 606 11,950 194 1,600 995 
0.1399 0.957 0.897 6.84 1.021 4,787 52.7 714 11,470 265 1,830 1,120 

B. Manganese-bismuth 
XMn aMn aB i ~/Mn ~Pb FE}In FEB i F E I-IM M n HMB ! H ~I TS E 

0.00 0.00 1.000 0.824 1.000 --487 0.0 0 7,800 0 0 0 
0.095 0.082 0.903 0.859 0.998 --378 --5.3 --41 7,000 3.3 700 740 
0.2016 0.180 0.792 0.894 0.992 --279 --20 --72 6,470 104 1,400 1,460 
0.3012 0.304 0.617 0.01 0.953 --24 --120 --82 6,130 210 2,000 2,080 
0.4005 0.492 0.510 1.23 0.851 513 --400 --35 4,920 880 2,500 2,530 
0.500 0.858 0.322 1.71 0.644 1,340 --1,100 +123 3,650 1,920 2,790 2,660 
0.530 1.00 0.273 1.9 0.582 1,580 --1,350 +203 3,280 2,320 2,830 2,620 

C. Manganese-lead-bismuth 
1, X P b / X B I  = 0 . 5 0 4 / 1  

XMn aMn 'yMn FEMn F E HMMn H M T S  B 

0.000 0.00 1.61 1,190 --270 8,400 --270 0 
0.098 0.164 1.67 1,270 --124 7,470 +530 656 
0.200 0.353 1.76 1,410 +39 7,120 1,290 1,250 
0.300 0.576 1.92 1,620 +222 7,000 2,010 1,780 
0.411 0.894 2.18 1,940 +447 6,660 2,770 2,320 
0.442 (0.99) 2.23 2,000 +543 6,500 3,010 2,460 

2, Xpb/XBi = 2.01/1 
0.000 0.00 3.73 3,280 --265 10,520 --265 0 
0.046 0.168 3.64 3,220 --103 10,150 +224 326 
0.120 0.442 3.52 3,130 +152 9,690 +973 821 
0.160 0.563 3.51 3,130 +289 9,560 1,370 1,060 
0.210 0.716 3.41 3,050 +456 8,910 1,830 1,380 
0.328 (1.00) 3.05 2,780 +824 7,000 2,610 1,780 

* A l l  v a l u e s  o f  f r e e  e n e r g y ,  e n t h a l p y ,  a n d  T S  ~ a r e  i n  c a l / g  a t o m .  
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Fig. 10. Activity of Mn and Bi in the Mn-Bi system at 980~ 
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Fig. 12. Molar heat of solution (H M)  of the Mn-Pb-Bi system at 
9800C cal/g atom. 

The  ac t iv i ty  of m a n g a n e s e  re la t ive  to the  pure  l iq -  
u id  is 1.32 t imes  its ac t iv i ty  re la t ive  to f l - m a n g a n e s e  
at 980~ 

The interact ion  coefficient for the  so lute  compo-  
nents  at the  lead and b i s m u t h  corners of the  l iquid  
ternary  s y s t e m  are conta ined  in Table  V. 

P h a s e  d i a g r a m s . - - T h e  posi t ion of the  l iqu idus  l ine  
in the phase  d iagrams of the  Mn-Pb,  M n - B i  and for 
the  two  pseudob inary  l ines  in the  M n - P b - B i  sy s t ems  
were  obta ined from the  plots  of E vs .  T (Fig. 2) ,  and 

Table V. Interaction coefficients 

Eli ( 0  In ~ / a x ~  )x~ -~ o, x j  ~ 0 

Solvent  

C o e f f i c i e n t  P b  B i  

e m - - 2  - -  M~t 
B i  --2 - -  EMn 

E M n  _ _  -I- 8 
Pb 
Pb - -  + 5  

e M n  

f rom extrapola t ion  of  the  l ines  o f  aMn VS. compos i -  
tion. The  t emperature  of saturat ion  w i t h  m a n g a n e s e  
for each a l loy  compos i t ion  is the  intercept  where  
E = 0. This  assumes  that  the  s table  phase  of pure 
m a n g a n e s e  (~Mn = 1) at that  t emperature  is in  equ i -  
l ib r iu m w i t h  the  l iquid  al loy.  It appears that  there  
is e s sent ia l l y  no  so lub i l i ty  of lead or b i s m u t h  in sol id 
m a n g a n e s e  b e t w e e n  550 ~ and 1000~ c o n s e q u e n t l y  
it m a y  be a s su med  that  aMn : 1 in the  e q u i l i b r i u m  
sol id phase.  H o w e v e r ,  as the  ce l l  was  cooled b e l o w  
the  saturat ion temperature ,  a smal l  n e g a t i v e  poten-  
t ial  of a p p r o x i m a t e l y  1 m v  deve loped.  A separate  
study,  w h i c h  w i l l  be reported later, has indicated 
that  a metas tab le  phase  prec ipi tates  f rom the  l iquid  
w h i c h  probably  is 3 , -manganese.  

The  s lope of the  l ine  of E vs .  T should  change  be -  
low 727~ w h e r e  a - m a n g a n e s e  is the  s table  form. 
The  effect is smal l  and could not be detected exper i -  
m e n t a l l y  because  m e a s u r e m e n t s  could not be ob-  
ta ined  b e l o w  680~ A correct ion of th e  l iqu idus  
based on th ermal  data is not warranted  in v i e w  of 
the  prec is ion of the  e x p e r i m e n t a l  measurements .  
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Fig. 16. Comparison of experimental and calculated values of 
In "YMn in the two pseudobinaries studied: O, experimental; 
calculated, using Eq. [7] .  

For  example ,  the  l iqu idus  l ine 100~ be low the  e qu i -  
l i b r i u m  t r a n s f o r m a t i o n  t e m p e r a t u r e  should be cor-  
rected by  a p p r o x i m a t e l y  0.01 XMn as  a resu l t  of 
AF ~ ~ooo~ -~ ~ be ing  51 cal  (7) .  

The l iqu idus  l ines  for the  M n - P b  and  M n - B i  sys-  
tems are shown in  Fig. 13 and  14. The l iqu idus  s u r -  
face for the  M n - P b - B i  sys tem which  was i n t e r -  
pola ted  f rom the curves  for the b i n a r y  and  pseudo-  
b i n a r y  sys tems is shown  in  Fig.  15. The  only  p r e v i -  
ous resul t s  on the M n - P b  l ine  was  repor ted  by  Wi l -  
l iams (8) i n  1907 who es t ima ted  the  l iqu idus  to be 
a p p r o x i m a t e l y  4 a /o  Mn h igher  at 850 ~ t h a n  tha t  
shown here.  Seybol t  and  co -worker s '  da ta  (9) on 
the  M n - B i  sys tem are in  r easonab le  a g r e e m e n t  wi th  
the resul ts  r epor ted  here.  Siebe 's  (10) resul t s  on 
which  H a n s e n  (11) re l ied for the  l iqu idus  of the  
d i a g r a m  b e t w e e n  600 ~ and  1000~ is in  su rp r i s ing ly  
good a g r e e m e n t  w i th  the  p re sen t  resul t s  at 600 ~ b u t  
not  at 800 ~ and  1000~ It  is to be no ted  tha t  Siebe 
worked  wi th  r e l a t i ve ly  i m p u r e  manganese .  

Estimation o,f ternary propert ies . - -Alcock  and  
Richardson  (12) have  developed a s imple  model  for 
meta l l i c  solut ions  based on the quas ichemica l  ap-  
p rox imat ion .  The i r  equa t ion  is 

[ ln  "YMn]Pb/Bi : Xpb [ ln  TMn (Xpb = 1) ] 
Jr" Xm [lnTMn (XBi = 1)]  - -  [FE/RT]pb/Bi [7] 

The equa t i on  is appl icable  at  XMn < <  1. The ac t iv i ty  
coefficient on the  lef t  is tha t  of m a n g a n e s e  in  the  
t e r n a r y  solut ion,  and  those on the r igh t  are for the  
two appropr ia te  b i n a r y  solut ions  at inf ini te  d i lu t ion  
of manganese .  The  t e r m  F E is the  excess f ree ene rgy  
of mixing in the Pb-Bi binary at the ratio of Pb to Bi 
present in the ternary solution. Wagner (13) has 
noted that the Alcock-Richardson equation is ap- 
plicable only if the binary system (in this case 
Pb-Bi) is strictly regular in behavior. Essentially 
this  is so (6).  

F igure  16 shows tha t  the re  is fair  a g r e e m e n t  be -  
t w e e n  the m e a s u r e d  va lues  of In T ~  a nd  those cal-  
cu la ted  by  Eq. [7]. The a g r e e m e n t  is not  improved  
by  us ing the  va lues  for In ~Mn in  the  b i n a r y  sys tem 
at the  m a n g a n e s e  concen t r a t i on  of the t e r n a r y  
solut ion.  

S u m m a r y  

The ac t iv i ty  of m a n g a n e s e  in  the l iqu id  M n - P b ,  
Mn-Bi ,  and M n - P b - B i  sys tems has been  m e a s u r e d  
in the t e m p e r a t u r e  range  of 600 ~ to 1000~ wi th  a 
revers ib le  emf  cell  us ing  a fused chlor ide electrolyte.  
The t h e r m o d y n a m i c  proper t ies  of b i s m u t h  and  lead 
have  been  computed  f rom the  data.  

The resul ts  have  also been  used to es tabl ish  the 
l iqu idus  surface  in  the  t e r n a r y  sys tem b e t w e e n  700 ~ 
and  1000~ 

A c k n o w l e d g m e n t s  

The au thors  wish  to express  the i r  s incere  appre -  
c ia t ion to the Un i t ed  States  Atomic  E n e r g y  Com-  
miss ion  for the i r  f inancia l  suppor t  of this  s tudy  u n -  
der  Cont rac t  No. A T ( 3 0 - 1 ) - 1 8 8 8  and  to Dona ld  L. 
G u e r n s e y  and  W i l l i a m  T. Mar t in ,  Jr., for the i r  a n a l -  
yses of the  electrodes.  

Manuscript  received Dec. 12, 1962. This paper was 
delivered at the Boston Meeting, Sept. 15-19, 1962. 
This paper is based on a thesis submit ted by M. 
Weinstein in part ial  fulf i l lment for the requirements  
for the M.Sc. at MIT, 1959. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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ABSTRACT 

The diffusion coefficients of hydrogen in ~-zirconium were calculated from 
exper imental  hydrogen sorption curves. The results were D (cm2/sec) 
5.32 x 10 -3 exp (--8320/RT), (760~176 This relationship was inde-  
pendent  of hydrogen concentrat ions (to 41 a/o H) and oxygen concentrat ions 
(to 4.2 a/o O) in ~-zirconium. Oxygen in solid solution with zirconium and 
surface films on the zirconium reduced the rate of hydrogen sorption by 
zirconium. The effect of oxygen in solid solution with zirconium was observed 
to be related to the ~ to ~ transformation,  while the effect of surface films 
was related to the hydrogen concentrat ion at the f i lm-zirconium interface. 

Early efforts to measure the diffusion coefficients 
of hydrogen in the zirconium-hydrogen system were 
confined to a relatively low-temperature range (i), 
and the work was done on relatively impure zir- 
conium. 

In the more recent diffusion work, in which high- 
purity, relatively hafnium-free zirconium was used, 
the diffusion coefficients of hydrogen have been de- 
termined in ~- (2, 5), ~- (3), and fl-phases (4, 5) of 
the zirconium-hydrogen system. The results are in 
fair agreement for the a-phase, while a large dis- 
crepancy exists for the fi-phase. The activation en- 
ergy for diffusion of hydrogen in • has 
been reported as 45,900 cal/mole (4) and 8540 
ca l /mo le  (5) .  

P rev ious  work  (6, 7) has also shown tha t  oxygen  
w h e n  contac ted  wi th  z i r con ium pr ior  to h y d r o g e n  
sorpt ion can inf luence the  ra te  of h y d r o g e n  sorpt ion  
at a r e l a t ive ly  low t e m p e r a t u r e  (150~ bu t  tha t  
smal l  quan t i t i e s  of n i t r ogen  and  oxygen  in  solid 
solut ion have  only  a smal l  effect on the  ra te  of h y -  
d rogen  sorbed at 150~ However ,  the  i nves t iga t ion  
was l imi t ed  to low h y d r o g e n  concent ra t ions ,  and  the  
reac t ion  was  not  fol lowed to equ i l ib r ium.  

This inves t iga t ion  was confined to d e t e r m i n i n g  the  
diffusion coefficients of h y d r o g e n  in  f l - z i rcon ium as 
a func t ion  of t e m p e r a t u r e  by  m e a s u r i n g  the a m o u n t  
of hyd rogen  sorbed as a f unc t i on  of t ime. The  effect 
of h y d r o g e n  concen t r a t i on  on the  diffusion coefficient 
was eva lua t ed  over  a s ignif icant  r ange  of h y d r o g e n  
concen t ra t ions  in  the  fl-phase.  The diffusion coeffi- 
cients  were  m e a s u r e d  f rom nea r  the  low t e m p e r a t u r e  
l imi t  of the  exis tence  of the f l -phase  to the  ma te r i a l s  
t e m p e r a t u r e  l imi t  of the  e x p e r i m e n t a l  appara tus .  
The sorpt ion  ra te  of h y d r o g e n  by z i r con ium was 
s tudied  at t e m p e r a t u r e s  up  to 960~ us ing  z i r con ium 
samples  w i th  surface films. Also, the diffusion coeffi- 
c ient  of h y d r o g e n  was d e t e r m i n e d  in  the t e m p e r a -  
tu re  r ange  of 750~176 on z i r con ium samples  
which  con ta ined  var ious  quan t i t i e s  of oxygen  in  
solid solut ion.  

Experimental  
In  general ,  the  so lubi l i ty  of h y d r o g e n  in  meta l s  

which  are  classed as exo thermic  occluders  (8) is 
r e l a t i ve ly  large.  This  fact has resu l t ed  in  e i ther  
fa i lu re  to fol low the reac t ion  of h y d r o g e n  wi th  the  

me ta l  to e q u i l i b r i u m  (9) ,  or to the  e x p e r i m e n t a l  ex-  
ped iency  of us ing  ve ry  large  h y d r o g e n  reservoi rs  
which  unde rgo  a smal l  and  po ten t i a l ly  s ignif icant  
p ressure  drop as h y d r o g e n  is de l ivered  f rom the 
rese rvo i r  (10).  The  e x p e r i m e n t a l  t echn iques  used in  
this  i nves t iga t ion  were  capable  of fo l lowing  the  
sorpt ion  of h y d r o g e n  to e q u i l i b r i u m  at a cons tan t  
t e m p e r a t u r e  and  h y d r o g e n  pressure .  

Experimental apparatus.--The e x p e r i m e n t a l  ap-  
pa ra tus  used to m e a s u r e  the  sorp t ion  of hyd rogen  
by  z i r con ium as a func t i on  of t ime  at cons tan t  t e m -  
p e r a t u r e  and  h y d r o g e n  p ressure  is shown schemat -  
ical ly  in  Fig. 1. The  m a i n  fea tu res  of the  appa ra tu s  
were :  (i) the  hyd rogen  rese rvo i r  which  was  capable  
of de l ive r ing  a p p r o x i m a t e l y  4000 cm 3 of h y d r o g e n  
( S T P ) ,  (ii) the  sys t em used to me a su r e  the  q u a n t i t y  
of h y d r o g e n  de l ivered  f rom the rese rvo i r  which  was 
based on the res is tance  change  of a P t : P t - 1 0 %  Rh 
wire  loop suspended  in  the  m e r c u r y  used to displace 
the  hydrogen ,  a nd  (iii) the  sys tem used to control  
the  p ressure  of h y d r o g e n  over  the  z i r con ium to be t -  
ter  t h a n  ---+0.2 m m  Hg which  consisted of pu l sa t i ng  
solenoid va lves  (A)  and  (D) ac tua ted  by  a change  
in  hyd rogen  p ressure  over the z i rconium.  

Fig. 1. Schematic diagram of experimental apparatus. 1, Marshall 
furnace; 2, Pt-Pt-10% Rh thermocouple; 3, Mo-foil; 4, silica muffle; 
5, zirconium sample; 6, magnetic pusher; 7, 29/42 standard taper 
joint; 8, VGIA ionization gauge; 9, liquid nitrogen traps; 10, sys- 
tem manometer; 11, relays, pulse time, and lights; 12, reservoir 
manometer; 13, hydrogen reservoir; 14, reservoir pressure adjust- 
ment; 15, UH8 reservoir; 16, UH3 furnace; 17, emf measurement; 
18, vacuum pressure gauge; 19, 0.012 cm diameter Pt-Pt-10% Rh 
wire loop; ~, stopcock; x in a circle, bellows-type valves; e, 
solenoid valves; o, needle valves; e-, electrical connections; A, B, 
C, D, see text. 
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The weight  of h y d r o g e n  de l ivered  to the  zirco- 
n i u m  was k n o w n  to -----0.3%. A ma jo r  pa r t  of this 
u n c e r t a i n t y  r e su l t ed  f rom the  ----_0.5~ t e m p e r a t u r e  
f luc tuat ions  of the h y d r o g e n  reservoir .  The t e m p e r a -  
t u r e  of the  z i r con ium was k n o w n  to --+2~ w i t h i n  30 
sec af ter  the  s tar t  of an  expe r imen t .  

A h i g h - p u r i t y  m o l y b d e n u m  foil shaped in to  a 
spl i t  cy l inder  and  located in  the  quar tz  muffle was  
used as a sample  ho lder  to p r e v e n t  the  z i r con ium 
f rom di rec t ly  con tac t ing  the  hot  quar tz  muffle d u r i n g  
an  expe r imen t .  The re  was  no evidence  of a l loy ing  
b e t w e e n  the  Mo and  Zr  d u r i n g  the course of the 
exper iments .  The quar tz  muffle was dec l ined  abou t  
5 ~ f rom the  hor izon ta l  to provide  g rav i ty  contact  
b e t w e e n  the z i r con ium sample  and  the  ca l ib ra ted  
P t : P t - 1 0 %  Rh the rmocoup le ;  the  foil also acted as 
a sp r ing  to hold the  the rmocoup le  fixed in  pos i t ion  
(see Fig. 1). The quar tz  muffle was  connec ted  to the  
v a c u u m  sys tem wi th  an  a i r -cooled  Apiezon W w a x  
seal. 

In  order  to get a r ep roduc ib le  z i r con ium surface,  
the  fo l lowing p rocedure  was es tabl i shed:  the  z i r -  
con ium was c leaned by  degreas ing  in  boi l ing  t r i -  
ch lo roe thy lene  vapor ,  r i n sed  in  a hot  a lka l ine  c leaner  
and  chemica l ly  etched in  an  u l t r a son ica l ly  v ib ra ted ,  
1 w / o  (weigh t  per  cent )  so lu t ion  of HF. Af t e r  a 
r inse  in  deionized wa t e r  and  d r y i n g  in  flowing argon,  
a sample  was  weighed  and  t r a n s f e r r e d  in to  the 
muffle. The en t i re  p rocedure  exposed the  z i r con ium 
to air  for an  es t imated  30 sec. This  c l ean ing  process 
lef t  a chemical  film (see Resul ts  and  Discuss ion 
Sect ion)  on the  sample  surfaces;  the  film was solu-  
bi l ized by  a h i g h - t e m p e r a t u r e  t r e a t m e n t  in  the ap-  
pa ra tus  before  the  sorpt ion  s tudies  were  made  
which  led to the h y d r o g e n  diffusion coefficients. 

To min imize  c o n t a m i n a t i o n  of the z i r con ium f rom 
the outgass ing  of the appa ra tu s  the muffle was  
evacua ted  to a p ressure  of less t h a n  1 x 10 -6 m m  Hg 
at room t e m p e r a t u r e  for at least  24 hr, and  the  
pa r t  of the silica muffle to be  hea ted  d u r i n g  an  ex-  
p e r i m e n t  was  ou t -gassed  for at least  48 hr  at 960~ 
at a p ressure  of less t h a n  0.3 x 10 -6 m m  Hg wi th  the  
z i r con ium sample  located in  the  cold zone. B l a n k  
expe r imen t s  showed tha t  this  p rocedure  l imi ted  the  
p ressure  r ise in  the  muffle v o l u m e  to less t h a n  2 /~/hr  
at 960~ Af te r  outgassing,  the qua r t z  t ube  was  
cooled, and  the  z i r con ium was worked  f rom the  cold 
zone in to  the  Mo sample  holder  and  aga ins t  the 
the rmocoup le  by  means  of the magne t i c  pushe r  and  
an  e x t e r n a l  magne t .  The  fu rnace  was rep laced  over  
the muffle and  the sample  was hea ted  to 960~ in  a 
v a c u u m  for an  hour  to solubi l ize the surface film. 
The  t e m p e r a t u r e  was  set at  the  r u n  t empe ra tu r e ,  
o n e - h a l f  hou r  was  a l lowed for t h e r m a l  equ i l i b r ium,  
and  t h e n  the  va lve  to the v a c u u m  p u m p s  was closed 
and  h y d r o g e n  was  admi t t ed  to the  system. Sa t i s fac-  
to ry  t e m p e r a t u r e  and  h y d r o g e n  p ressure  control  was  
ob ta ined  in  a p p r o x i m a t e l y  30 sec. D u r i n g  this  t ime  
in te rva l ,  the  t e m p e r a t u r e  of the  sample  would  r ise 
a p p r o x i m a t e l y  30~ above  the or ig ina l  set t e m p e r a -  
t u r e  due  to the  increased  convect ion  and  the hea t  of 
so lu t ion  of hyd rogen  in  z i rconium.  A l t h o u g h  this  
p h e n o m e n o n  made  the  e x p e r i m e n t a l  t e chn ique  more  
difficult, i t  should no t  affect the  e x p e r i m e n t a l  resul ts  
since the t h e r m a l  d i f fus ivi ty  of z i r con ium is severa l  

orders  of m a g n i t u d e  g rea te r  t h a n  the  di f fus ivi ty  of 
h y d r o g e n  in  z i rconium.  The  t e m p e r a t u r e  r ise was  
compensa ted  by  m a n u a l l y  inc reas ing  the  power  to 
the f u r na c e  at  a t ime  which  had  been  e x p e r i m e n t a l l y  
p r ede t e rmined .  

The q u a n t i t y  of h y d r o g e n  de l ivered  to the  muffle 
was  d e t e r m i n e d  at  va r ious  in t e rva l s  of t ime,  and  
e q u i l i b r i u m  was  defined as occur r ing  20 m i n  af ter  no 
f u r t h e r  hyd rogen  t r ans fe r  to the muffle was detected.  
The q u a n t i t y  of h y d r o g e n  in  the muffle necessa ry  to 
es tabl ish  d y n a m i c  e q u i l i b r i u m  wi th  the  z i r con ium 
was d e t e r m i n e d  by  ca l ibra t ion .  

Oxygen  or n i t r o g e n  for f o r mi ng  surface  films or 
solid solut ions was  de l ivered  to the muffle f rom a 
second rese rvo i r  at a m b i e n t  t e m p e r a t u r e  and  of 
k n o w n  volume.  The p ressure  in  this  v o l u m e  was  
m e a s u r e d  by  a m e r c u r y  m a n o m e t e r  or a t h e r m o -  
couple type  v a c u u m  gauge.  The  Mo foil was  moved  
to the cold zone pr ior  to the a d m i t t a n c e  of oxygen  
or n i t rogen  to the  muffle. For  the  f o r ma t i on  of z i r -  
c o n i u m - o x y g e n  solid solutions,  oxygen  was  added 
in smal l  i n c r e m e n t s  f rom the reservoi r  of k n o w n  
v o l u m e  to the  z i r con ium sample  at 960~ Af te r  the  
desired a m o u n t  of oxygen  was  added and  the  p res -  
sure  had dropped  to less t h a n  0.005 m m  Hg, the 
p ressure  over the  sample  was  lowered  and  m a i n -  
ta ined  at less t h a n  0.5 x 10 -5 m m  Hg at 960~ pr ior  
to and  also b e t w e e n  h y d r o g e n  sorpt ion exper imen t s .  

Materials.--(a) Hydrogen: Commerc i a l  grade,  
cy l inde r  hyd rogen  was  first dr ied  and  then  reac ted  
wi th  u r a n i u m .  Pur i f ied  h y d r o g e n  was t h e n  ob ta ined  
as r equ i r ed  by  the t h e r m a l  decomposi t ion  of u r a -  
n i u m  hydr ide .  (b)  Oxygen:  U S P  grade  oxygen  was  
passed th rough  a l iqu id  n i t r o g e n  t r ap  to r emove  
condensab le  vapor  pr ior  to its use. (c) Ni t rogen:  
USP grade  n i t r o g e n  was  used af ter  pass ing  th rough  
a l iquid  n i t r ogen  trap.  (d)  Z i r con ium:  Arc -me l t ed ,  
iodide z i r con ium rods were  m a c h i n e d  in to  cy l inders  
(a = 0.624, L -~ 1.244 cm)  a nd  spheres  (a = 0.764 
and  1.029 cm) .  Resul ts  of the  spect rographic  and  
v a c u u m  fus ion  analys is  of the  spheres are  g iven  in 
Tab le  I. The d i ame te r  of the  z i r con ium rod, f rom 

Table I. Results of spectrographic and vacuum fusion analysis of 
iodide zirconium 

E l e m e n t  A n a l y s i s ,  p p m *  A n a l y s i s ,  p p m * *  

Fe 400 
Hf <100 
Cr 60 
Ni 50 
Ar 40 
Si 37 
Cu 32 
Mo <20 
Ca <20 
Pb <20 
Mn <20 
Mg <10 
B 0.9 
O# 1800 600 
Ht  33 
Nt  80 20 

t R e s u l t s  b y  v a c u u m  fu s ion .  
* R e s u l t s  f o r  s p h e r e  (a = 0.764 cm)  a n d  c y l i n d e r  (a = 0.624, 

L = 1.244 cm)  a f t e r  h o t  s w a g i n g  a n d  m a c h i n i n g .  A n a l y s e s  w e r e  no t  
o b t a i n e d  f o r  b a l a n c e  of  e l e m e n t s  i n  t ab l e .  

** R e s u l t s  f o r  a s p h e r e  (a  = 1.029 c m ) .  
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w h i c h  the  s m a l l e r  sphe re s  ( a  = 0.764 cm)  and  the  
c y l i n d e r s  w e r e  m a c h i n e d ,  was  r e d u c e d  b y  hot  s w a g -  
ing  p r i o r  to mach in ing .  This  ho t  w o r k i n g  r e s u l t e d  in  
an  i n c r e a s e d  n i t r o g e n  and  o x y g e n  con t en t  as  s h o w n  
in T a b l e  I. 

Theoretical hydrogen sorption equation and cal- 
culation of difYusion coefficient.--The use  of a ga s -  
sol id  s y s t e m  to m e a s u r e  t he  d i f fus ion coefficients of 
h y d r o g e n  in t he  z i r c o n i u m - h y d r o g e n  s y s t e m  r e -  
qu i r e s  t h a t  t he  t r a n s f e r  of h y d r o g e n  f r o m  the  gas  
p h a s e  to  t h e  b u l k  of t h e  z i r c o n i u m  be  c o n t r o l l e d  b y  
d i f fus ion  of h y d r o g e n  in to  z i r c o n i u m  a n d  no t  b y  a b -  
so rp t ion  and  s u b s e q u e n t  so lu t ion  of h y d r o g e n  in to  
t he  z i rcon ium.  

One  tes t  of w h e t h e r  t he  d i f fus ion of h y d r o g e n  in 
a m e t a l  is r a t e  con t ro l l i ng  is to c o m p a r e  the  e x p e r i -  
m e n t a l  s o r p t i o n  cu rves  to t he  t h e o r e t i c a l  cu rves  ob -  
t a i n e d  b y  a s s u m i n g  t h a t  d i f fus ion  of h y d r o g e n  in 
t he  m e t a l  is t h e  r a t e - c o n t r o l l i n g  s tep  (10) .  W i t h  t he  
a s s u m p t i o n  t h a t  t he  b u l k  d i f fus ion  of h y d r o g e n  is 
t h e  r a t e  l i m i t i n g  step,  t he  so rp t ion  of h y d r o g e n ,  e x -  
p r e s sed  as t h e  f r a c t i o n  of t h e  t o t a l  so rbed  at  e q u i -  
l i b r ium,  as a func t ion  of t i m e  is g iven  t h e o r e t i c a l l y  
for  a sphe re  b y  (11) 

wo = 1 - - - - 6  ~ 1 e-Xn t 
w . - -  wo v 2 n = l - - - ~  [1]  

w h e r e :  w is t he  w e i g h t  of h y d r o g e n  in t he  z i r c o n i u m  
at  t ime  t, g mole ;  wo the  i n i t i a l  w e i g h t  of h y d r o g e n  
in Zr,  g mole ;  we the  e q u i l i b r i u m  w e i g h t  of h y d r o g e n  
in Zr ,  g mole ;  X, t he  s e p a r a t i o n  cons tan t ,  n2~2D/a2, 
see -z ,  a t h e  r a d i u s  of sphere ,  cm;  D the  d i f fus ion  co-  
efficient, cm2/see;  a n d  t t ime ,  see. 

The  d i f fus ion coefficient  (D) was  c a l c u l a t e d  f r o m  
the  s lope  (1i) of the  l i n e a r  a s y m p t o t e  of the  so rp t ion  
cu rves  ( the  l o g a r i t h m  of  t h e  f r ac t i on  of h y d r o g e n  
r e m a i n i n g  to  be  so rbed  vs. t ime  c u r v e )  and  the  r a -  
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Fig. 2. Hydrogen sorption by a zirconium sphere (radius = 1.029 
cm) at 963"C. 

dius  of t he  sphe re  (a)  f r o m  the  fo l lowing  r e l a t i o n  
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A t y p i c a l  e x p e r i m e n t a l  h y d r o g e n  s o r p t i o n  curve ,  
e x p r e s s e d  as the  f r ac t i on  of t he  e q u i l i b r i u m  q u a n t i t y  
of h y d r o g e n  w h i c h  r e m a i n e d  to be so rbed  vs. t ime ,  
a t  a g iven  t e m p e r a t u r e  a n d  h y d r o g e n  p r e s s u r e  is 
p r e s e n t e d  g r a p h i c a l l y  in Fig .  2. The  p a r a m e t e r s  
w h i c h  w e r e  v a r i e d  w e r e  t e m p e r a t u r e ,  p r e s su re ,  and  
in i t i a l  h y d r o g e n  concen t r a t i on .  Good  a g r e e m e n t  was  
o b t a i n e d  for  s im i l a r  e x p e r i m e n t s  on the  s ame  s a m p l e  
and  b e t w e e n  d u p l i c a t e  samples .  Good  a g r e e m e n t  was  
also o b t a i n e d  b e t w e e n  the  e x p e r i m e n t a l  so rp t ion  
c u r v e  o b t a i n e d  f r o m  t h e  v a c u u m - h e a t - t r e a t e d  s a m -  
ples  and  the  t h e o r e t i c a l  curve ,  if a t i m e  lag  of the  
o r d e r  of 30 sec w e r e  a l lowed .  The  t ime  l ag  is c l e a r l y  
seen  in  r u n  4 of Fig .  4. This  t i m e  lag  was  the  r e su l t  
of t he  t e m p e r a t u r e  r i se  a s soc ia t ed  w i t h  t h e  h e a t  of 
so lu t ion  of h y d r o g e n  in z i rcon ium,  and  the  f ini te  t ime  
r e q u i r e d  to e s t ab l i sh  and  m a i n t a i n  a set  h y d r o g e n  
p r e s s u r e  ove r  the  z i rcon ium.  The  g r e a t e r  t he  s u r -  
face  to v o l u m e  r a t i o  of the  z i r con ium,  t he  l a r g e r  was  
t he  t e m p e r a t u r e  r i se  for  a g iven  g e o m e t r y .  This  also 
e x p l a i n e d  the  l a r g e r  s c a t t e r  of t he  so rp t ion  d a t a  
w h i c h  was  o b s e r v e d  for  c y l i n d e r s  and  the  smal l  
sphe res  of z i r c o n i u m  w h e n  c o m p a r e d  to t he  l a r g e r  
spheres ,  s ince  for  a l a r g e r  t e m p e r a t u r e  r ise,  t he  con-  
t ro l  of t he  s a m p l e  t e m p e r a t u r e  was  m o r e  difficult .  
A l l  of t h e  cycl ic  de v i a t i ons  w h i c h  o c c u r r e d  in  t he  
so rp t ion  cu rves  cou ld  be  c o r r e l a t e d  w i t h  de v i a t i ons  
in  the  s a m p l e  t e m p e r a t u r e s  f r o m  the  set  t e m p e r a -  
ture .  

No effect was  o b s e r v e d  on the  h y d r o g e n  di f fus ion 
r a t e s  in a l a r g e  z i r c o n i u m  s p h e r e  as a r e s u l t  of v a r y -  
ing  the  e q u i l i b r i u m  h y d r o g e n  p r e s s u r e  at  a g iven  
t e m p e r a t u r e  in  e x p e r i m e n t s  a t  t e m p e r a t u r e s  of 793 ~ , 
910 ~ and  960~ The  so rp t ion  cu rves  at  each  t e m -  
p e r a t u r e  w e r e  i d e n t i c a l  With in  e x p e r i m e n t a l  l imi ts ,  
and  t h e  o v e r - a l l  c o n c e n t r a t i o n  r a n g e  in  t he  e x p e r i -  
m e n t s  was  0-41 a / o  ( a tomic  p e r  cen t )  H. The re fo re ,  
i t  was  conc luded  t h a t  the  d i f fus ion  coefficient  was  i n -  
d e p e n d e n t  of h y d r o g e n  c o n c e n t r a t i o n  in th is  r ange .  
The  r e su l t s  a t  793~ also d e m o n s t r a t e d  t h a t  t he  a -  
to f l - t r a n s f o r m a t i o n  had  no m e a s u r a b l e  effect on the  
so rp t ion  curves ,  s ince  at  th is  t e m p e r a t u r e  t he  z i r -  
c o n i u m  e x i s t e d  i n i t i a l l y  in  t he  a phase .  I t  is i m -  
p o r t a n t  to  no t e  t h a t  th i s  conc lus ion  w a s  d r a w n  for  
z i r c o n i u m  w h i c h  c o n t a i n e d  0.3 a / o  oxygen .  

T h e  di f fus ion coefficients of h y d r o g e n  w h i c h  w e r e  
c a l c u l a t e d  f r o m  the  h y d r o g e n  so rp t ion  cu rves  a r e  
p r e s e n t e d  as a f u n c t i o n  of t e m p e r a t u r e  in  F ig .  3. The  
d i f fus ion  coefficients as d e t e r m i n e d  f r o m  t h e  so rp t ion  
cu rves  for  t he  c y l i n d r i c a l  samples ,  and  the  sma l l  
spheres ,  e x h i b i t e d  t h e  l a r g e s t  d e v i a t i o n s  f r o m  the  
l i ne  r e p r e s e n t i n g  the  l a rge  s p h e r e  da ta ,  as w o u l d  
be  expec ted .  The  r e su l t s  f r o m  two o t h e r  i n v e s t i -  
ga to r s  (4, 5) a r e  also i n c l u d e d  in  Fig .  3. 

The  d a t a  s h o w n  in Fig .  3 a r e  s u m m a r i z e d  in  T a b l e  
II  for  a l l  t h r e e  inves t iga t ions .  The  d i f fus ion coeffi- 
c ien ts  s h o w n  for  th is  w o r k  h a v e  been  c o r r e c t e d  to 
account  for  t h e  s m a l l  v o l u m e  c h a n g e  due  to t h e r m a l  
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Fig. 3. Diffusion coefficients for the beta phase of the zirconium- 
hydrogen system. A, =, sphere, a ~ 1.029 cm; e, sphere, a m  0.764 
cm; o, cylinder, a = 0.624, L = 1,244 cm. 

expans ion  and  h y d r o g e n  sorption.  This  correct ion 
factor  was 1.03. I nc luded  in  Tab le  II  are  the  s t a n d a r d  
devia t ions  of the diffusion equa t ion  pa ramete r s .  
Since Someno (5) did no t  repor t  the s t a n d a r d  de-  
v ia t ions ,  it  was necessa ry  to ca lcula te  the  va lues  r e -  
por ted  here.  

On the  basis  of the s ta t is t ical  analysis ,  the re  was  
no s ignif icant  difference b e t w e e n  the  resu l t s  of 
Someno and  the p resen t  inves t iga t ion ,  and  the differ-  
ence which  does exist  is p r o b a b l y  a resu l t  of the  
errors  in  the different  e x p e r i m e n t a l  t echn iques  used. 
Since the  precis ion of this work  appears  to be  
greater ,  the  resul t s  of the  p re sen t  i nves t iga t ion  seem 
to r ep resen t  more  n e a r l y  the t rue  diffusion coeffi- 
cient.  

The large  and  s ignif icant  dif ference b e t w e e n  the 
resul ts  of A lb rech t  and  Goode, who used the  p e r -  
mea t ion  technique ,  and  those of the  two other  i n -  
ves t iga t ions  could be the  resu l t  of surface  c o n t a m i -  
n a t i o n  b y  oxide or meta l l i c  films, as a resu l t  of the  
e x p e r i m e n t a l  t echn iques  used in  the  fo rmer  i n -  
ves t igat ion.  Sur face  con t amina t i ons  of this  type  on 

Table II. Summary of the reported diffusion coefficient data for 
hydrogen in fl-zirconium presented as the parameters in the 

equation D = Do e - Q / R T  

T e m p e r -  
a t u r e  

I n v e s t i g a t o r  Do, c m e / s e c  Q ,  c a l / m o l e  r a n g e ,  ~  

-p3.82 

--2.50 
• 10 -~ 8540___1050 870-1110 

6.14 • 104 43900 650-850 

-~0.41 
• 10 -8 8320 • 170 760-1010 

--O.37 

Someno (5) 7.37 

Albrecht  and 
Goode (4) 

This work 5.32 

July 1963 

z i r con ium were  found  in  the  ear ly  stages of the  
p resen t  inves t iga t ion .  

E~ect of Surface Barrier 
The effects of z i r c on i um surface  films on the  sorp-  

t ion  of h y d r o g e n  were  s tud ied  us ing  surface  films 
p roduced  in  th ree  different  ways:  (i) by  chemical  
e tching  of the  z i r c on i um in  an  u l t r a son ica l l y  v i -  
b ra t ed  1.0 w / o  H F  solut ion,  he rea f t e r  r e fe r red  to as 
the chemical  fi lm; (ii) by  exposing the z i r con ium to 
oxygen  in the  e x p e r i m e n t a l  sys tem at th ree  differ-  
ent  t e m p e r a t u r e s  for var ious  t imes  p roduc ing  an  
oxide film, a l though  at the  highest  t e m p e r a t u r e  an  
oxygen  solid so lu t ion  l ayer  migh t  be more  descr ip-  
t ive;  and  (ii i)  by  expos ing  the  z i r con ium to n i t rogen  
at  the  same t e m p e r a t u r e s  as used for oxygen.  The  
effects of n i t r ogen  and  oxygen  were  d e t e r m i n e d  wi th  
separa te  samples.  A t  room t e m p e r a t u r e  and  300~ 
the quan t i t i e s  of oxygen  and  n i t rogen  sorbed by  
the z i r con ium were  no t  measured ,  bu t  the  oxide 
films were  p roduced  by  expos ing  z i r con ium to oxy-  
gen at a p ressure  of 250 m m  Hg for 48 hr  at  23~ 
and  to oxygen  at  1 m m  Hg for 30 ra in  at 300~ 
The  chemical  film, in i t i a l ly  on the z i rconium,  was 
solubi l ized by  a 2 -h r  v a c u u m  t r e a t m e n t  at 960~ 
pr ior  to exposure  wi th  oxygen  or n i t rogen  gas. 

The effect on the sorp t ion  curves  of sequen t ia l  
r u n s  on the  same sample  w i th  an  in i t i a l  chemical  film 
is shown graph ica l ly  in  Fig.  4. T e m p e r a t u r e s  l is ted in  
Fig. 4 are the ac tua l  r u n  t empera tu res .  R u n  1 was 
ob ta ined  af ter  qu ick ly  b r i n g i n g  the a - z i r c o n i u m  to 
750~ bu t  wi th  the  admi t t ance  of h y d r o g e n  to the 
muffle and  the  s u b s e q u e n t  t e m p e r a t u r e  rise the ac-  
tua l  r u n  t e m p e r a t u r e  was  774~ R u n  2 (not  shown 
in  Fig. 4 for sake of c la r i ty )  was made  at  the  same 
t e m p e r a t u r e  bu t  at  a h igher  p ressure  and  was in 
a g r e e me n t  w i th  the theore t ica l  sorpt ion curve ;  the 
f l -z i rcon ium in i t i a l ly  con ta ined  the  e q u i l i b r i u m  h y -  
drogen  concen t r a t i on  f rom r u n  1. R u n  3 was  car r ied  
out u n d e r  condi t ions  s imi la r  to r u n  1 af ter  the z i r -  
con ium had been  v a c u u m  outgassed at 750~ suffi- 
c ien t ly  long to in su re  tha t  the z i r con ium again  
exis ted in  the  ~ phase  (12, 13). R u n  4, which  was  
made  af ter  the  z i r con ium had been  v a c u u m  ou t -  
gassed at 927~ for 90 min ,  and  cooled to the  r u n  
t empe ra tu r e ,  was also in  a g r e e me n t  wi th  the  theo-  
re t ica l  sorp t ion  curve.  

The s igmoid curve  shapes observed  for r u n s  1 and  
3 were  a t t r i bu t ed  to the  chemica l  film which  l imi ted  
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t he  h y d r o g e n  c o n c e n t r a t i o n  at  t he  su r f ace  of the  
z i rcon ium,  r a t h e r  t h a n  t h e  ~-  to f l - p h a s e  t r a n s f o r m a -  
t ion  per  se  w h i c h  o c c u r r e d  e a r l y  in  t h e  so rp t ion  e x -  
p e r i m e n t s  a t  t he se  t e m p e r a t u r e s .  The  e x p e r i m e n t a l  
s o r p t i o n  c u r v e  w h i c h  r e s u l t e d  f r o m  r u n  1 (Fig .  4) 
cou ld  be  f i t ted  for  up  to 60% h y d r o g e n  so rbed  to  a 
t h e o r e t i c a l  e q u a t i o n  b a s e d  on F i c k ' s  second  l a w  in  
w h i c h  the  su r f ace  h y d r o g e n  c o n c e n t r a t i o n  was  a s -  
s u m e d  to v a r y  l i n e a r l y  w i t h  r e spec t  to t ime .  This  
i n d i c a t e d  t h a t  t h e  c h a r a c t e r  of t h e  f i lm d id  no t  
c h a n g e  a b r u p t l y  due  to  t he  a -  to f l - t r a n s f o r m a t i o n  
a t  t he  f i l m - z i r c o n i u m  in te r face ,  as  w o u l d  be  e x -  
p e c t e d  if t he  change  was  p r i m a r i l y  a r e s u l t  of th is  
t r a n s f o r m a t i o n .  F u r t h e r ,  as a l r e a d y  noted ,  t h e r e  was  
no a p p a r e n t  effect  on the  so rp t ion  c u r v e  s h a p e  a t  
th is  t e m p e r a t u r e  due  to t he  b u l k  =-  to f l - p h a s e  t r a n s -  
f o r m a t i o n  in  z i r c o n i u m  w h i c h  d id  no t  h a v e  the  s u r -  
face  film. I t  can  be  s h o w n  t h a t  the  neg l i g ib l e  effect  
of t he  b u l k  p h a s e  t r a n s f o r m a t i o n  per  se  u n d e r  these  
e x p e r i m e n t a l  cond i t ions  has  a t h e o r e t i c a l  bas i s  (14) .  

The  e x p e r i m e n t s  on the  s ame  s a m p l e  w h i c h  fo l -  
l o w e d  r u n  1 y i e l d e d  an  in s igh t  in to  t h e  c h a r a c t e r  
of t he  c h e m i c a l  film. R u n  2 (no t  s h o w n  in Fig .  4) ,  
as i n d i c a t e d  b y  the  s o r p t i o n  curves ,  s h o w e d  no ev i -  
dence  of t he  film, w h i l e  r u n  3 did.  This  sugges t ed  
t h a t  t he  f i lm was  p r e s e n t  d u r i n g  r u n  2, b u t  was  d i s -  
con t inuous  a n d  d id  no t  s ign i f i can t ly  r e d u c e  the  r a t e  
of h y d r o g e n  sorp t ion .  The  d i s con t inuous  f i lm was  
p r o b a b l y  caused  b y  a c o m b i n a t i o n  of  t h e  fo l l owing :  
( i )  e x p a n s i o n  of t he  z i r c o n i u m  due  to h y d r o g e n  
so rp t ion  (15) ,  ( i i )  m i s m a t c h  b e t w e e n  t h e  c r y s t a l -  
l i tes  of t he  f i lm and  the  z i r c o n i u m  su r f ace  w h i c h  
was  b r o u g h t  a b o u t  b y  the  ~-  to f l - t r a n s f o r m a t i o n  in  
z i r c o n i u m  due  to s o r p t i o n  of h y d r o g e n ,  and  (ii i)  
m i s m a t c h  as  a r e s u l t  of  g r a i n  g r o w t h  of  t he  z i r co -  
n i u m  w h i c h  o c c u r r e d  f a i r l y  r a p i d l y  in  t he  ~ - p h a s e  
( i 6 ) .  

The  i n c r e a s e d  h y d r o g e n  so rp t ion  r a t e  d u r i n g  r u n  
3 ove r  t h a t  d u r i n g  r u n  1 i nd i ca t e s  t h a t  t h e  c h a r a c t e r  
of t he  f i lm ( th ickness ,  c r y s t a l l i t e  size, de fec t  con ten t ,  
a n d  p h a s e  t r a n s f o r m a t i o n s )  has  changed .  I t  was  o b -  
s e r v e d  in  o t h e r  e x p e r i m e n t s  t ha t  90 m i n  a t  927~ 
was  suff icient  to  r e m o v e  the  effects of a c h e m i c a l  
f i lm on t h e  so rp t ion  curve .  W e  sugges t  t h a t  some of 
the  r e d u c t i o n  in  t he  r e s i s t ance  of t h e  f i lm to h y d r o -  
gen  p e r m e a t i o n  in  r u n  3 was  due  to o x y g e n  di f fus ion 
f r o m  t h e  f i lm in to  t h e  s a m p l e  d u r i n g  the  t ime  i n t e r -  
v a l  (7 h r )  a t  780~ b e t w e e n  the  s t a r t  of r u n  1 a n d  
the  s t a r t  of r u n  3 l e a v i n g  e m p t y  i n t e r s t i t i a l  s i tes  in 
t he  z i r c o n i u m  l a t t i ce  for  h y d r o g e n  p e n e t r a t i o n .  

The  effect on the  so rp t ion  cu rves  of a f i lm p r o -  
d u c e d  b y  e x p o s i n g  z i r c o n i u m  to o x y g e n  a t  va r i ous  
t e m p e r a t u r e s  is shown  in Fig.  5. The  s o r p t i o n  cu rves  
s h o w n  w e r e  d e t e r m i n e d  a t  891~ h o w e v e r ,  e x p e r i -  
m e n t s  w e r e  m a d e  in t h e  r a n g e  of 760~176 The  
so rp t ion  c u r v e  for  the  s a m p l e  con ta in ing  the  r o o m  
t e m p e r a t u r e  ox ide  f i lm also e x h i b i t e d  a s igmoid  
cha rac t e r i s t i c .  The  f i lm f o r m e d  at  300~ offered on ly  
a s l igh t  r e s i s t ance ,  w h i l e  t he  f i lm f o r m e d  a t  880~ 
of fered  no d i s c e r n i b l e  r e s i s t ance  as i n f e r r e d  f r o m  the  
h y d r o g e n  s o r p t i o n  curves .  In  t he  l a t t e r  case, 7 x 
10-6g mo le  of 02 was  so rbed  b y  t h e  z i r c o n i u m  in 
a p p r o x i m a t e l y  5 rain.  S ince  o x y g e n  m o b i l i t y  i n -  
c reases  w i t h  t e m p e r a t u r e ,  t he  t e m p e r a t u r e  for  f o r -  
m a t i o n  of a su r f ace  f i lm and  the  a m o u n t  of o x y g e n  
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Fig. 5. Hydrogen sorption by a zirconium sphere (radius ~ 1.029 
cm) at 891~ preceded by oxygen contact at various temperatures: 
A, oxygen at room temperature; o, oxygen at 300~ e, oxygen at 
880~ ~ ,  theoretical curve, D = 1.40 x 10 - 4  cm2/sec. 

so rbed  a p p a r e n t l y  d e t e r m i n e s  t he  c h a r a c t e r  of the  
f i lm (i.e., n u m b e r  of v a c a n t  i n t e r s t i t i a l  s i tes)  a n d  i ts  
r e s i s t ance  to h y d r o g e n  p e r m e a t i o n .  

The  effect  of t h e  r o o m  t e m p e r a t u r e  ox ide  f i lm was  
r e p r o d u c i b l e  and  i n d e p e n d e n t  of t he  t i m e  d u r i n g  
w h i c h  t h e  z i r c o n i u m  was  in  con tac t  w i t h  o x y g e n  for  
t imes  of up  to 96 hr .  

D i f f e ren t  r e su l t s  w e r e  o b t a i n e d  f r o m  s i m i l a r  e x -  
p e r i m e n t s  a t  774~ on t h e  r o o m  t e m p e r a t u r e  ox ide  
and  c h e m i c a l  films. A f t e r  t he  i n i t i a l  so rp t i on  of  h y -  
d rogen ,  t h e  effect  of t he  ox ide  f i lm could  no l onge r  
be  d e t e c t e d  in  s u b s e q u e n t  r uns  at  774~ c o n t r a r y  to 
t he  r e su l t s  o b t a i n e d  w i t h  t he  c h e m i c a l  film. Also,  t h e  
f i lm f o r m e d  b y  c h e m i c a l  e t ch ing  offered a c o n s i d e r -  
a b l y  g r e a t e r  r e s i s t ance  to h y d r o g e n  p e r m e a t i o n  a t  
c o m p a r a b l e  t e m p e r a t u r e s .  W e  sugges t  t h a t  t he  d i f -  
f e r e n t  r e su l t s  a r e  due  p r i m a r i l y  to d i f f e ren t  effect ive  
f i l m  th icknesses .  W h e n  t h e  r e su l t s  cou ld  be  c o m -  
p a r e d ,  th i s  i n v e s t i g a t i o n  was  in  a g r e e m e n t  w i t h  t he  
so rp t ion  w o r k  b y  G u l b r a n s e n  a n d  A n d r e w  (6, 7) 
w h i c h  w a s  c a r r i e d  ou t  in t he  a -8  p h a s e  r eg ion  
(150~ 24 m m  Hg)  of t he  z i r c o n i u m - h y d r o g e n  sys -  
tem.  

S i m i l a r  e x p e r i m e n t s  w e r e  c a r r i e d  out  w i t h  n i t r o -  
gen. A t  t h e  h ighe s t  t e m p e r a t u r e  u sed  for  n i t r o g e n  
abso rp t ion ,  880~ 7 x 1O-6g moles  of n i t r o g e n  was  
r e a d i l y  so rbed  b y  t h e  z i r c o n i u m  in a p p r o x i m a t e l y  
1O min .  No effect on t h e  s o r p t i o n  cu rves  was  ob -  
s e r v e d  r e g a r d l e s s  of t he  t e m p e r a t u r e  of con tac t  of 
n i t r o g e n  w i t h  z i r con ium.  This  a p p e a r s  r ea sonab l e ,  
s ince  t he  r a t e  of a t t a c k  of  n i t r o g e n  w i t h  z i r c o n i u m  is 
less  t h a n  t h a t  of o x y g e n  (16) ,  and  a p p a r e n t l y  t he  
r a t e  of a t t a c k  at  r o o m  t e m p e r a t u r e  for  t h e  t imes  
i n v o l v e d  was  neg l ig ib le .  

B a s e d  on these  e x p e r i m e n t s ,  a su r f a c e  b a r r i e r  can  
s ign i f i can t ly  affect  t h e  so rp t ion  of h y d r o g e n  b y  z i r -  
con ium if  i t  is f o r m e d  b y  c h e m i c a l  e t ch ing  or  l ow  
t e m p e r a t u r e  ox ida t ion .  H o w e v e r ,  t he  effects of these  
f i lms can  be  r e m o v e d  b y  a p r o p e r  h i g h - t e m p e r a t u r e  
t r e a t m e n t .  

Effec t  oS O x y g e n  in  Sol id  So lu t ion  

The  effects on the  h y d r o g e n  so rp t ion  cu rves  of 
v a r i o u s  c o n c e n t r a t i o n s  of o x y g e n  in sol id  so lu t ion  
w i t h  z i r c o n i u m  w e r e  i n v e s t i g a t e d  and  t y p i c a l  d a t a  
a r e  shown  in Fig .  6. The  so rp t ion  cu rves  w e r e  m a d e  
a t  a h y d r o g e n  p r e s s u r e  of 39.5 m m  Hg a n d  in  t he  
t e m p e r a t u r e  r a n g e  of 871~176 on t h e  s a m e  s a m -  
ple.  Va lues  l i s t ed  for  o x y g e n  c o n c e n t r a t i o n s  w e r e  
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Fig. 6. Hydrogen sorption in the temperature range 871~ by 
a zirconium sphere (radius ~ 1.029 cm) containing oxygen in solid 
solution: �9 0.3 a/o oxygen; A, 1.0 a/o oxygen; o, 2.1 a/o oxygen; 
•, 4.2 a/o oxygen; - - . ,  theoretical curve, D ~ 1.50 x 10 -4  
cm2/sec. 

based  on va lue s  c a l c u l a t e d  f r o m  the  q u a n t i t y  of 
o x y g e n  a d d e d  to t he  z i rcon ium,  a s s u m i n g  the  o x y -  
gen was  u n i f o r m l y  d i s t r i b u t e d  t h r o u g h o u t  t he  z i r -  
conium.  

T h e  d i s p l a c e m e n t  seen  in  Fig .  6 for  t he  h y d r o g e n  
so rp t ion  c u r v e  a long  the  s q u a r e  roo t  of t i m e  axis  
for  z i r c o n i u m  c o n t a i n i n g  1.0 a / o  o x y g e n  a n d  g r e a t e r  
was  also o b s e r v e d  in t he  so rp t ion  cu rves  for  t he  z i rco-  
n i u m  c y l i n d e r s  and  s m a l l  spheres .  These  s a m p l e s  
con t a ined  an  in i t i a l  o x y g e n  c o n c e n t r a t i o n  of 1.0 a / o  
in t he  a s - m a c h i n e d  cond i t i on  as  a l r e a d y  no ted .  The  
d i s p l a c e m e n t  effect o b s e r v e d  in s amp le s  con ta in ing  
1.0 a / o  o x y g e n  and  g r e a t e r  was  a v e r y  sens i t ive  f u n c -  
t ion  of sma l l  changes  in t h e  i n i t i a l  h y d r o g e n  concen -  
t r a t i o n  in the  s a m p l e s  w h i c h  could  be  c o n t r o l l e d  b y  
v a r y i n g  the  h y d r o g e n  ou tgass ing  t i m e  and  t e m p e r a -  
ture .  The  s o r p t i o n  cu rves  w e r e  r e p r o d u c i b l e  a t  c o m -  
p a r a b l e  t e m p e r a t u r e s ,  and  the  d i s p l a c e m e n t  a long  
the  s q u a r e  roo t  of t i m e  axis  a p p e a r e d  to  b e  on ly  a 
func t ion  of t he  i n i t i a l  h y d r o g e n  concen t r a t ion .  A 
c o n s i d e r a b l y  h i g h e r  in i t i a l  h y d r o g e n  c o n c e n t r a t i o n  
was  r e q u i r e d  to e l i m i n a t e  t he  d i s p l a c e m e n t  on the  
squa re  roo t  of t i m e  axis  for  the  s a m p l e s  w i t h  o x y g e n  
l eve l s  of 2.1 and  4.2 a /o .  S o r p t i o n  e x p e r i m e n t s  w i t h  
z i r c o n i u m  con t a in ing  4.2 a / o  o x y g e n  and  a r e l a t i v e l y  
l a r g e  i n i t i a l  h y d r o g e n  c o n c e n t r a t i o n  r e s u l t e d  in  d a t a  
w h i c h  w e r e  iden t i ca l ,  w i t h i n  e x p e r i m e n t a l  l imi t s ,  to 
so rp t ion  d a t a  o b t a i n e d  for  z i r c o n i u m  con ta in ing  0.3 
a / o  o x y g e n  at  c o r r e s p o n d i n g  t e m p e r a t u r e s .  T h e r e -  
fore,  i t  a p p e a r s  t h a t  t he  d i f fus ion coefficient  of h y -  
d r o g e n  in f l - z i r c o n i u m  is i n d e p e n d e n t  of t he  o x y g e n  
con ten t  in  the  r a n g e  0.3-4.2 a / o  oxygen .  

S o r p t i o n  cu rves  w e r e  m e a s u r e d  24, 48, and  72 h r  
a f t e r  a g iven  o x y g e n  a d d i t i o n  and  the  r e su l t s  a g r e e d  
w i t h i n  e x p e r i m e n t a l  e r ro r .  

W h e n  the  so rp t ion  e x p e r i m e n t s  w e r e  comple t ed ,  
it  was  found  t h a t  the  o x y g e n  was  not  u n i f o r m l y  d i s -  
t r i b u t e d  even  a f t e r  a p p r o x i m a t e l y  90 h r  a t  960~ 
a f t e r  the  l as t  o x y g e n  a d d i t i o n  ( c a l c u l a t e d  4.2 a / o ) .  
The  o x y g e n  g r a d i e n t  w h i c h  ex i s t ed  was  d e t e r m i n e d  
b y  v a c u u m  fus ion  ana lys i s  and  is shown  in Fig .  7. 
The  fac t  t h a t  an  o x y g e n  c o n c e n t r a t i o n  g r a d i e n t  
e x i s t e d  in  t he  z i r c o n i u m  sugges t s  t h a t  t h e  d i f fus ion  
coefficient  w o u l d  no t  be  s ign i f i can t ly  a f fec ted  b y  an  
even  h i g h e r  o x y g e n  concen t r a t ion .  

W e  i n t e r p r e t  t he  p r e c e d i n g  e x p e r i m e n t a l  o b s e r v a -  
t ions  as fo l lows:  O x y g e n  is k n o w n  to h a v e  a p r o -  
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Fig. 7. Oxygen distribution in a zirconium sphere (radius = 1.029 
cm) held at 960~ 

f o u n d  inf luence  on the  6 -  to f l - t r a n s f o r m a t i o n  in 
z i rcon ium.  G e n e r a l l y  speak ing ,  the  p r i m a r y  effect is 
t h a t  the  a - p h a s e  is r e t a i n e d  to a h i g h e r  t e m p e r a t u r e  
as t h e  o x y g e n  l eve l  in  z i r c o n i u m  is inc reased .  H o w -  
ever ,  the  t e m p e r a t u r e  a t  w h i c h  the  t r a n s f o r m a t i o n  is 
i n i t i a t e d  is on ly  s l i gh t ly  r a i s ed  for  low o x y g e n  con-  
c e n t r a t i o n s  (17) .  These  fac ts  i n d i c a t e d  t h a t  t he  s o r p -  
t ion  cu rves  w e r e  d e t e r m i n e d  for  z i r c o n i u m  i n i t i a l l y  
in t he  t w o - p h a s e  a - f l  r eg ion  for  these  p a r t i c u l a r  e x -  
p e r i m e n t a l  cond i t ions  a n d  the  p e r c e n t a g e  of a - p h a s e  
p r e s e n t  i n c r e a s e d  w i t h  i n c r e a s e d  o x y g e n  content .  
I t  can  be  s h o w n  t h a t  u n d e r  these  condi t ions ,  the  e x -  
p e r i m e n t a l  s o r p t i o n  cu rves  a r e  in  q u a l i t a t i v e  a g r e e -  
m e n t  w i t h  w h a t  w o u l d  be  p r e d i c t e d  b a s e d  on the  
case  of a s ingle  phase  r eg ion  (~)  a d v a n c i n g  b y  d i f -  
fus ion  into  a t w o - p h a s e  r eg ion  (a  + fl) (14) .  

Effect oJ Repeated So~ptions and Desorptions 
of Hydrogen 

A to ta l  of t h i r t y  h y d r o g e n  s o r p t i o n  e x p e r i m e n t s  
to c o n c e n t r a t i o n s  of 20-35 a / o  H f o l l o w e d  b y  the  
s a m e  n u m b e r  of d e s o r p t i o n s  of h y d r o g e n  w e r e  m a d e  
on one z i r c o n i u m  sphe re  a t  v a r i o u s  t e m p e r a t u r e s .  No 
effects of t he  r e p e a t e d  so rp t ions  on the  h y d r o g e n  
so rp t ion  cu rves  w e r e  de tec t ed ,  w h i c h  was  in d i s -  
a g r e e m e n t  w i t h  t he  " r i f t "  t h e o r y  (8 ) .  

The  su r f ace  of t he  z i r c o n i u m  was  o b s e r v e d  to h a v e  
r o u g h e n e d  c ons ide r a b ly ,  a l t h o u g h  the  o v e r - a l l  d i a m -  
e t e r  m e a s u r e d  at  r o o m  t e m p e r a t u r e ,  r e m a i n e d  u n -  
c h a n g e d  to w i t h i n  __-0.003 cm. M e t a l l o g r a p h i c  e x a m -  
ina t ion  of th i s  s a m p l e  a f t e r  the  r e p e a t e d  runs  r e -  
v e a l e d  a v e r y  l a r g e  g r a i n  size, g r e a t e r  t h a n  A S T M - 1 .  
This  g r a i n  g r o w t h  occu r r ed  over  t he  course  of t he  
e x p e r i m e n t s .  S ince  t h e  so rp t ion  c u r v e s  at  c o m -  
p a r a b l e  t e m p e r a t u r e s  r e m a i n e d  u n c h a n g e d  ove r  t he  
course  of t he  e x p e r i m e n t s ,  i n t e r c r y s t a l l i n e  d i f fus ion 
of h y d r o g e n  in z i r c o n i u m  was  ne g l i g ib l e  as c o m p a r e d  
to i n t r a c r y s t a l l i n e  d i f fus ion  in t he  t e m p e r a t u r e  
r a n g e  of t he  e x p e r i m e n t s  as expec ted .  

Conclusions 

1. The  i s o t h e r m a l  s o r p t i o n  of p u r e  h y d r o g e n  as a 
func t ion  of t i m e  b y  h i g h - p u r i t y  z i r c o n i u m  a t  a con-  
s t an t  h y d r o g e n  p r e s s u r e  was  a d e q u a t e l y  d e s c r i b e d  
b y  an  e q u a t i o n  b a s e d  on F i c k ' s  second  l a w  and  d e -  
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r i v e d  on t h e  a s s u m p t i o n  t h a t  b u l k  d i f fus ion w a s  the  
r a t e - c o n t r o l l i n g  step.  

2. The  d i f fus ion coefficients of h y d r o g e n  in f l - z i r -  
conjure  w e r e  f o u n d  to be i n d e p e n d e n t  of t he  h y d r o -  
gen  and  o x y g e n  concen t r a t i ons  in f i - z i r c o n i u m  for  
h y d r o g e n  c o n c e n t r a t i o n s  of up  to 41 a / o  H, and  o x y -  
gen  concen t r a t i ons  of up  to 4.2 a / o  oxygen .  In  a d d i -  
t ion,  r e su l t s  showed  t h a t  i n t e r c r y s t a l l i n e  d i f fus ion  
was  neg l i g ib l e  as c o m p a r e d  to i n t r a c r y s t a l l i n e  d i f -  
fus ion  of h y d r o g e n  in f l - z i r con ium.  

3. D e p e n d i n g  on the  i n i t i a l  h y d r o g e n  c o n c e n t r a -  
t ion,  o x y g e n  in sol id  so lu t ion  w i t h  t he  z i r c o n i u m  was  
found  to r e d u c e  t h e  r a t e  of h y d r o g e n  so rp t ion  b y  
z i r c o n i u m  w h e n  c o m p a r e d  to t he  t h e o r e t i c a l  r a t e  for  
f i - z i r con ium.  This  p h e n o m e n a  could  be  r e l a t e d  to t he  
effect of o x y g e n  on the  ~-  to f l - t r a n s f o r m a t i o n  in z i r -  
conium.  

4. S u r f a c e  fi lms on z i r c o n i u m  w e r e  also effect ive  
in r e d u c i n g  the  r a t e  of h y d r o g e n  so rp t ion  b y  z i r -  
conium.  The  f i lm f o r m e d  d u r i n g  chemica l  e t ch ing  
was  the  mos t  r e s i s t a n t  to  h y d r o g e n  p e r m e a t i o n  of 
t he  f i lms s tud ied .  The  r e s i s t ance  of  ox ide  f i lms on the  
z i r c o n i u m  su r f ace  to h y d r o g e n  p e r m e a t i o n  w a s  a 
func t ion  of the  t e m p e r a t u r e  at  w h i c h  the  f i lms w e r e  
fo rmed .  The  effect  of t he  f i lms cou ld  b e  e l i m i n a t e d  
b y  a h i g h - t e m p e r a t u r e ,  v a c u u m  t r e a t m e n t .  No a p -  
p a r e n t  r e s i s t ance  to h y d r o g e n  p e r m e a t i o n  was  ex-  
h i b i t ed  b y  the  su r face  of z i r c o n i u m  con tac t ed  w i t h  
n i t r o g e n  p r i o r  to h y d r o g e n  p e r m e a t i o n .  
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based in par t  on a d isser ta t ion  submi t ted  (by  V. L. G.) 
to the  Gradua te  School of the  Univers i ty  of Cincinnat i  
in pa r t i a l  fulf i l lment  of the  Ph.D. degree.  

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in  the  June  1964 JOURNAL. 
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The Activated Sintering of Tungsten with Group VIII Elements 
H. W. Hayden and J. H. Brophy 

Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Small additions of Group VIII transition elements permit the densification 
of tungsten powder compacts at temperatures well below those employed 
for sintering commercial purity tungsten powder. The mechanism of this 
process has been examined using the model concepts of current general 
sintering theories. The added solid element accelerates mass transport along 
its interface with a tungsten particle. This process, together with sintering 
in the presence of a liquid phase or a volatile component, comprises the 
three types of carrier phase sintering in which one of several possible pure 
component  so l id-s ta te  s inter ing mechanisms is se lect ively  accelerated.  

A c o m p r e h e n s i v e  e x a m i n a t i o n  has  been  m a d e  in e l e m e n t s  a r e  p r e s e n t  a t  t e m p e r a t u r e s  f a r  b e l o w  the  
the  Meta l s  P roces s ing  L a b o r a t o r y  a t  M.I.T. (1 -5 )  e q u i l i b r i u m  m e l t i n g  p o i n t  of  t h e  r e s p e c t i v e  a l loy  
in to  t he  f u n d a m e n t a l  m e c h a n i s m  b e h i n d  the  s t r i k i n g  sys t ems  i n v o l v e d  (6, 7) .  This  i n v e s t i g a t i o n  has  l ed  
i nc rea se  in  t u n g s t e n  s i n t e r i n g  r a t e s  w h e n  G r o u p  V I I I  to t he  concep t  of a c a r r i e r  p h a s e  s i n t e r i n g  m e c h -  
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anism. At present this mechanism appears to in- 
clude liquid phase sintering and possibly the other 
types of empirically observed cases in which a 
modification of sintering mechanism is effected be- 
yond that  which would be expected for a pure solid 
component. 

On the basis of the time, nickel-concentration, and 
particle size dependencies of linear shrinkage it was 
concluded that  for the particular case of nickel- 
tungsten sintering the mechanism is a kinetic inter-  
mediate between solid and liquid phase sintering 
(1). Comparison of observed sintering kinetics with 
the predictions of simple models led to the conclu- 
sion that  sintering rate is controlled by the separa- 
tion of tungsten atoms f rom a particle into a nickel- 
rich layer at points of interparticle contact. It is 
perhaps coincidental that  the critical amount  of 
nickel for full "activation" of the sintering process 
would be just that  necessary to form a monolayer  
on tungsten of the particle size employed. 

The final stage of densification in nickel-tungsten 
compacts is accompanied by grain growth. In more 
recent work it was shown that the rate of densifica- 
tion is still indicative of control by "solution" of 
tungsten into a nickel-rich grain boundary  layer 
(3). The evidence for nickel remaining on the sur- 
face of tungsten particles during the early stage 
of sintering and at grain boundaries during the final 
stage is based on several observations: 

1. During the final stage, grain size after a given 
sintering t reatment  was inversely proportional to 
the square root of nickel content, indicating that 
diffusion of tungsten across a nickel layer is a bar-  
rier to grain growth (3). If  nickel was lost into the 
tungsten grain, the grain size should have been 
considerably larger than was found experimentally 
at lower nickel contents. Since nickel was located at 
the grain boundary  late in the process, it must  have 
been there from the start. In this way  nickel con- 
tinued to serve as an activating agent to promote 
tungsten densification after prolonged sintering 
times. 

2. Approximately  equivalent results have been 
obtained by aqueous deposition of nickel on tung-  
sten powder (1) and by co-reduction of nickel ni- 
trate and tungstic oxide (4, 7). 

3. It has been found (4) that  the mechanical 
strength of sintered nickel- tungsten varies in a 
manner  consistent with the proposed sintering 
model. 

4. An estimate of diffusion rates indicates that  the 
diffusion of nickel in tungsten is very  low at the 
temperatures involved. Although an experimental  
value for the diffusion coefficient for nickel volume 
diffusion into tungsten is not available, using a 
typical Do value ranging from 1.0 to 100.0 cm2/sec 
and a Q value of 135 kcal/mole,  the depth at which 
nickel content would be 0.001 of the surface nickel 
solubility has been calculated to lie between 4 and 
40A after sintering 100 hr  at l l00~ Since the 
tungsten grain size for compacts originally contain- 
ing 0.25 weight  per cent (w/o)  nickel after such a 
t reatment  would be 50~ and the nickel solubility in 
tungsten is at most 0.3 w/o,  it appears that nickel 

volume diffusion into tungsten is probably neglig- 
ible. 

5. Chemical analysis revealed no total nickel loss 
during the sintering treatment.  

At  this point a number  of issues remain un-  
settled in the analysis of carrier phase sintering. It 
was the purpose of the investigation described in 
the following sections to examine the kinetics of 
tungsten sintering in the presence of the chemical 
relatives of nickel in Group VIII  of the periodic 
table. The pr imary  objectives were a description of 
the over-all  mass transport  process beyond the so- 
lution step dominating the behavior of nickel- tung-  
sten and insight into the characteristics required of 
an element to serve as an "activator" for tungsten 
diffusion and sintering. 

Experimental Procedure 
The tungsten employed in this investigation was 

hydrogen-reduced powder of 0.56~ BET a v e r a g e  
particle diameter purchased from the Wah Chang 
Corporation. Nickel was obtained in the form of 
reagent grade nitrate. Palladium, rhodium, ru then-  
ium, and plat inum as chlorides were supplied ini- 
tially through the courtesy of the International  
Nickel Company and purchased subsequently from 
Engelhardt Industries. 

The activator compounds were weighed to yield 
the desired amount  of the element, dissolved in 
water, and mixed with the necessary amount  of 
tungsten powder. After  overnight evaporation in air 
at 150~ the resulting powder cake was broken 
manual ly  and pre-reduced in hydrogen at 800~ 
for I hr. Rectangular  specimens 2 in. by  Ys in. by  
I/s in. were pressed in an unlubricated steel die at 
26,000 psi. Each specimen was weighed and meas-  
ured in linear dimensions. 

Sintering was accomplished by rapidly inserting 
an a lundum boat containing the sample into a wire- 
wound Vycor tube furnace at the desired temper-  
ature. After  the required sintering time, the sample 
was similarly wi thdrawn from the furnace and 
cooled to room temperature.  At  all times the sample 
was under prepurified hydrogen when above room 
temperature.  It  was found that  about I rain was 
needed for each sample to reach furnace tempera-  
ture, and, after sintering, about 1 rain passed for 
the sample to cool to 600~ These intervals were 
recognized when reporting sintering times. 

After  sintering, linear dimensions were again 
recorded, and occasional density measurements were 
made. I t  was found that  completely reproducible 
results were obtained using either individual sam- 
ples for each sintering condition, or accumulated 
sintering times on a continuous sample. The latter 
technique was used in the bulk of the cases. 

Experimental Results and Discussion 
The previous analysis of nickel-tungsten sinter- 

ing employed linear shrinkage as a function of time 
and nickel content with particle size and tempera-  
ture  as parameters  (1). The postulate of solution or 
phase boundary  control was based on a time ex- 
ponent of ~/2 and independence of nickel content as 
would be indicated from the data shown in Table I. 
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]Process ~ q 8 

Tungsten solution in the carrier 
phase layer 0 --1 1/2 

Tungsten diffusion controlled: 
1. Radially at interparticle flats --1/2 --1 1/2 
2. Circumferentially in carrier 

layer 1/3 --4/3 1/3 
3. Circumferentially in interface 

between carrier layer and 
massive tungsten 0 --4/3 1/3 

4. Radially over entire particle 
surface --1/3 --1 1/3 

This general technique served as an analytical out-  
line for the data of this investigation. 

Pal ladium-tungsten compacts were sintered at 
temperatures ranging from 850 ~ to l l00~ The 
time dependence of linear shrinkage is shown in 
Fig. 1 and the composition dependence in Fig. 2. 
The density of samples sintered 30 min and 16 hr  
at l l00~ was 93.5 and 99.5%, respectively. A com- 
parison to the nickel- tungsten results of 92 and 98% 
shows that  palladium actually led to more rapid 
densification than did nickel with tungsten. From 
Fig. 1 and 2 it has been concluded that  palladium 
tungsten linear shrinkage depends on the cube root 
of time and is essentially independent of palladium 
content in the range from 0.25 to 4.0 w/o.  Reference 
to Table I suggests that  this is indicative of a 
transport  process controlled by tungsten diffusion 
circumferentially in the interface between the palla- 
dium-rich layer  and massive tungsten. The apparent  
activation energy computed from Fig. 1 was 86,000 
cal/mole. 

Ruthenium-tungsten compacts were sintered in 
the temperature  range 950 ~ to l l00~ Figure 3 
shows the time dependence and Fig. 4 shows the 
composition dependence of linear shrinkage. The 
slope of the curves in Fig. 3 is 0.39, indicating that  
linear shrinkage varies with time to a power slightly 
greater than 1/3. This experimental  t ime exponent is 
closer to that  predicted for the dependence of linear 
shrinkage when volume diffusion is rate controlling 
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Table I. Densiflcation relations in carrier phase sintering of  
tungsten (1) 
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Fig. 1. Time dependence of linear shrinkage in palladium- 
tungsten; tungsten ~-  2 w/o  palladium. 
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Fig. 2. Composition dependence of linear shrinkage in pal ladium- 
tungsten, temperature, 9 5 0 0 C .  
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Fig. 3. Time dependence of linear shrinkage in ruthenium-tung- 
sten; tungsten -/- w /o  ruthenium. 

(8), but  it seems that  ru thenium could hardly ac- 
celerate the volume diffusion of tungsten and 
that  the discrepancy of the experimental  time ex- 
ponent of 0.39 with the predicted value of 1/3 might 
be attr ibuted to the difficulty in measuring the low 
shrinkage values observed in the case of ru thenium- 
tungsten sintering. The view that  ru then ium- tung-  
sten shrinkage is controlled by the diffusion of tung-  
sten through the interface of a ru thenium-r ich  layer 
and massive tungsten is supported by the data in 
Fig. 4 which shows that  shrinkage is independent 
of ru thenium content beyond 0.5 w/o.  The activa- 
tion energy computed from Fig. 3 was 114,000 cal /  
mole. 

P la t inum-tungsten  compacts were sintered at 
temperatures  f rom 1000 ~ to 1150~ Figure 5 shows 
that  linear shrinkage varies with the cube root of 
time with an activation energy of 92,000 cal/mole. 
Figure 6 shows that  linear shrinkage is independent 
of plat inum content above 0.5 w/o.  These data in- 
dicate that  p la t inum-tungsten  sintering is also con- 
trolled by the interface diffusion process. 
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Fig. 4. Composition dependence of linear shrinkage in ruthenium- 
tungsten. 

The preceding  four cases were  appa ren t ly  con- 
t rol led ei ther  by  the solution step or in terface  dif-  
fusion step in the tungsten t r anspor t  process. With  
a single added element,  the ra te -con t ro l l ing  step was 
the same over the ent i re  range  of s inter ing condi-  
tions employed.  In the two al loy systems which fol-  
low, the ra te -con t ro l l ing  step appa ren t ly  changed 
with  s inter ing t empera tu re  in one case and wi th  the 
amount  of shr inkage  in the other. 

Recent resul ts  on the  l inear  shr inkage  of mo lyb -  
denum sintered wi th  nickel  indica ted  dependence 
on the square  root of t ime at 950~ and the cube 
root at 1000~176 (5).  These resul ts  were  inde-  
pendent  of n ickel  content  f rom 0.25 to 4.0 w / o  at 
l l00~ The act ivat ion energy be tween  1000 ~ and 
l l 00~  was 77,000 cal /mole .  For  this case it appears  
tha t  the solution step is ra te  control l ing at low t em-  
pera tures ,  while  in terface  diffusion prevai ls  at 
higher  tempera tures .  
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Fig. 5. Time dependence of linear shrinkage in platinum-tungsten; 
tungsten -~- 2 w/o platinum. 
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Fig. 7. Time dependence of linear shrinkage in rhodium-tungsten; 
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Fig. 8. Composition dependence of linear shrinkage in rhodium- 
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Rhodium- tungs ten  compacts were  s intered at t em-  
pera tures  from 950 ~ to l l00~ F igure  7 shows the 
t ime dependence of l inear  shrinkage,  and Fig. 8 the 
rhodium content dependence.  At  all  t empera tures ,  l i -  
near  shr inkage in i t ia l ly  increases wi th  the square 
root  of time, bu t  at  h igher  values  of l inear  shr inkage  
the curves shift  toward  a cube root of t ime depend-  
ence. F igure  8 shows tha t  shr inkage is independent  
of rhod ium content  above 0.25 w/o.  This behavior  
is consistent wi th  a process in which the solution 
step controls the ra te  when l inear  shr inkage  (and 
in te rpar t ic le  flat area)  is small, and in ter face  di f -  
fusion controls when shr inkage  (and in te rpar t ic le  
flat area)  is large.  

Table  II summarizes  the exper imenta l  resul ts  dis-  
cussed in the previous  paragraphs .  F igure  9 shows 
a compila t ion of Ar rhen ius '  plots for tungsten sin-  
ter ing with  small  amounts  of Group VIII  t rans i t ion  
elements.  These curves were  de te rmined  by  plot t ing 
the logar i thm of the t ime necessary for 5% l inear  
shr inkage  vs. the reciprocal  of the absolute  s in ter -  
ing tempera ture .  The change in slope of the n ickel -  
tungsten curve is due to the presence of an in te r -  
metal l ic  compound at t empera tu res  below approx -  
imate ly  950~ The apparen t  ac t ivat ion energies 
included in Table II  were  obtained f rom Fig. 9. The 
values for the in ter rac ia l  diffusion pa th  lie in the 
range  86,000 to 114,000 cal /mole .  These values 
s t raddle  the publ i shed  act ivat ion energy of 90,000 
ca l /mole  for gra in  bounda ry  diffusion of thor ium 
in tungsten (9),  which is be l ieved to be comparable  
to the act ivat ion energy for grain bounda ry  self-  
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Table II. Summary of carrier phase sintering results with 
tungsten and molybdenum 

Z,o 

A c t i v a t i o n  
e n e r g y ,  R e f e r -  

S y s t e m  !o s C o n t r o l  c a l / m o l e  e n e e  

W-Ni 0 1/2 Solution 68,000 (I) 
W-Pd 0 1/3 Diffusion 86,000 
W-Ru 0 1/3 Diffusion 114,000 
W-Pt 0 1/3 Diffusion 92,000 

Mo-Ni 
Low temperature 
High temperature 

W-Rh 
Low shrinkage 
High shrinkage 

- 1/2 Solution - -  (5) 
0 1/3 Diffusion 77,000 

0 1/2 Solution 85,000 
0 1/3 Diffusion 98,000 

diffusion in tungsten. Consequently the influence 
of the Group VIII  element is largely a modification 
of the interracial transport  of tungsten atoms. 

The activation energies for the solution-controlled 
processes with nickel and rhodium on tungsten are 
in general lower than those observed for diffusion 
control. 

Figure 9 also permits a comparison of the rela- 
tive effectiveness of each of the added elements in 
enhancing the densification of tungsten. At a given 
temperature,  palladium led to the most rapid densi- 
fication, followed in order by nickel, rhodium, plati- 
num, and ruthenium. 

The results of this investigation and of previously 
published work suggest a possible mechanism for 
what  has previously been called "activated sinter- 
ing" of tungsten. It appears that tungsten atoms 

T o c  
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Fig. 9. Summary of Arrhenius" plots of data from carrier phase 
sintering of tungsten. Added element and activation energy, 
r o, palladium, 86,000 diff.; e, nickel, 68,000 seln.; [ ] ,  
rhodium, 85,000 soln; A, rhodium, 98,000 diff.; A, platinum, 92,000 
diff.; V, ruthenium, 114,000 diff. 

move by a sequence of steps: first, separation from 
the tungsten particle by a "solution" process and, 
second, by diffusion in the interface between the 
"activating" element and the tungsten particle. Both 
of these steps occur in series, and under a given 
set of conditions the slower of the two determines 
the rate of sintering. Whether  the solution step or 
diffusion step controls the rate, depends on the 
identity of the activating element and, in some cases, 
is determined by increasing transport  path length 
through densification, or by the differing influence 
of temperature  on the rates os the two steps. In 
either step the over-al l  driving force is the reduction 
of surface free energy, which increases the tungsten 
activity in the carrier phase interface at the points 
of particle contact. 

The reason that  Group VIII  transition elements 
are part icularly effective as activators in tungsten 
sintering has not been established as yet. I t  may 
prove to be associated with the fact that  they all 
dissolve 10-20% tungsten, but  are soluble in tung-  
sten only to a very  limited extent at the temper-  
ature employed in sintering. The fuller implications 
of this factor remain to be studied. 

Conclusions 
The densification rate in sintering tungsten pow- 

der can be significantly increased by small addi- 
tions of Group VIII  transition elements. Of the 
added elements explored to date, palladium appears 
to have the greatest effect, followed in order by 
nickel, rhodium, platinum, and ruthenium. With 0.25 
w /o  palladium densities of 93.5 and 99.5% of the-  
oretical were obtained after sintering 30 min and 16 
hr, respectively, at l l00~ in hydrogen. In the ab- 
sence of such an added element, tungsten powder 
can only be presintered at l l00~ 

A mechanism for this increased densification rate 
has been proposed. The activating element appears 
on the tungsten particle surface forming a "carrier 
phase" layer. Tungsten dissolves preferential ly into 
the layer at points of particle contact and diffuses 
outward in the interface between the carrier phase 
layer and the particle itself. The result is a decrease 
in distance between adjacent particle centers and 
over-al l  shrinkage of the powder compact. The rate 
of the process is significant at temperatures well 
below the minimum melting points in the binary 
alloy systems between the added elements and 
tungsten, and below the temperatures ordinarily 
required to sinter tungsten powder of commercial 
'purity. 

The carrier phase sintering process is an example 
of the selective acceleration of one of the possible 
mass transport  mechanisms previously proposed for 
sintering pure solid components. This analysis sug- 
gests that  liquid phase sintering, formerly consid- 
ered to be distinct from sintering in the solid state, 
is one of the special cases of carrier phase sintering. 
Under a given set of experimental  conditions one of 
the mass transport  processes may be observed to 
control sintering rate of a pure component. The iden- 
tity of the rate-controll ing process may change with 
changing experimental conditions. This has been 
demonstrated with changing particle size and sin- 
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t e r i n g  t e m p e r a t u r e ,  a n d  w i t h  t he  p r e s e n c e  of f o r e ign  
phase s  w h i c h  a r e  gaseous ,  l iqu id ,  or  sol id.  
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Transference Numbers in Pure Molten Sodium Nitrate 
Roger J. Labrie and Vernon A. Lamb 

Metallurgy Division, National Bureau of Standards, Washington~ D. C. 

ABSTRACT 

Transference  numbers  of the  ions of pure  mol ten  sodium n i t r a t e  were  
measured  in cells equipped wi th  legs of sod ium- ion  conduct ive porce la in  in 
the  fo rm of cy l indr ica l  membranes .  The membranes  served as sodium "elec-  
t rodes"  for se lect ively  in t roducing  sodium ions into the  anode compar tmen t  
and removing  them from the cathode compar tmen t  of the cell  du r ing  passage 
of current .  Porous  d i aphragms  of Pyrex ,  porcelain,  and a lundum were  used 
to separa te  the  anode and cathode compar tments  of the  cell. 

T r a n s f e r e n c e  n u m b e r s  for about a dozen  p u r e  1 
m o l t e n  sa l t s  h a v e  b e e n  r e p o r t e d  in  t he  l a s t  seven  
years .  Cel l s  w i t h  a p o r o u s  d i a p h r a g m  to s e p a r a t e  
anode  and  ca thode  c o m p a r t m e n t s  h a v e  b e e n  used  for  
a l l  m e a s u r e m e n t s  fo r  p u r e  sal ts .  E i t h e r  t he  change  
in  v o l u m e  of t h e  l i q u i d  in  t h e  c o m p a r t m e n t s  or  t he  
change  in  c o n c e n t r a t i o n  of a r a d i o a c t i v e  i so tope  
m u s t  be  m e a s u r e d .  T h e  v o l u m e  c h a n g e  has  in  some 
cases  b e e n  d e t e r m i n e d  w i t h  t h e  b u b b l e  c r o s s - a r m  
i n t r o d u c e d  b y  D u k e  (1)  and  in  some  cases  b y  m e a s -  
u r i n g  t h e  r e l a t i v e  r i se  a n d  f a l l  of  m o l t e n  s a l t  in  
v e r t i c a l  c a p i l l a r y  t u b e s  c o n n e c t e d  to t h e  two  a r m s  
of t he  cel l  (2) .  Cel ls  of  bo th  t he  b u b b l e  c r o s s - a r m  
and  v e r t i c a l  c a p i l l a r y  t y p e s  w e r e  u sed  in  t he  p r e s e n t  
work .  

L a c k  of s u i t a b l e  e l e c t rodes  has  posed  a p r o b l e m  
on des ign  of cel ls  for  some  k i n d s  of sal ts .  Sa l t s  of 
m e t a l s  such  as s i lver ,  lead ,  or  c a d m i u m  h a v e  p r e -  
s en ted  no p r o b l e m  b e c a u s e  these  m e t a l s  c a n  b e  u s e d  
as e lec t rodes .  M e a s u r e m e n t s  of  t r a n s f e r e n c e  n u m -  
be r s  of  a l k a l i  h a l i d e s  a n d  n i t r a t e s  h a v e  also b e e n  
m a d e ,  even  t h o u g h  idea l  e l ec t rodes  w e r e  no t  a v a i l -  
able .  As  e x p e d i e n t s ,  l e a d  o r  s i l v e r  e l e c t rodes  w e r e  
used  for  a l k a l i  h a l i d e s  (3)  and  a l i qu id  j u n c t i o n  w i t h  
A g / A g N O 3  e l ec t rodes  fo r  a l k a l i  n i t r a t e s  (4 ) .  W h i l e  
i t  is p r o b a b l e  t h a t  t h e  r e su l t s  t h u s  o b t a i n e d  a r e  r e -  
l iab le ,  an  e l e c t r o d e  s y s t e m  t h a t  w o u l d  no t  i n t r o d u c e  
a n y  f o r e i g n  ion in to  t h e  ce l l  is  de s i r ab l e ,  s ince  t h e  
chance  of  e r r o r  due  to v o l u m e  or  c o n d u c t a n c e  effects 
of  t h e  f o r e i g n  ion  w o u l d  t h e n  b e  absen t .  

i T h e  w o r d  " p u r e "  i n  th is  con tex t  infers  a s i n g l e  salt instead of  a 
m i x t u r e .  

I n  t he  w o r k  d e s c r i b e d  he re ,  th i s  p r o b l e m  of p r o -  
v i d i n g  a s u i t a b l e  e l e c t r o d e  w a s  so lved  for  s o d i u m  
n i t r a t e  b y  t h e  use  of a s o d i u m - i o n - c o n d u c t i v e  p o r -  
ce la in  m e m b r a n e  (5) .  De ta i l s  of t he  p r e p a r a t i o n  of 
t he  p o r c e l a i n  wi l l  be  g i v e n  in a f u t u r e  pape r .  

Apparatus, Materials, and Procedure 
Cells  u sed  for  the  m e a s u r e m e n t s  w e r e  of two  

types .  E a r l i e r  w o r k  w a s  done  w i t h  cel ls  of  t h e  b u b -  
b l e  c r o s s - a r m  type .  In  th i s  t y p e  of cell ,  c h a n g e  of 
v o l u m e  in t he  two  c o m p a r t m e n t s  d u e  to t r a n s p o r t  
of sa l t  is d e t e r m i n e d  b y  m e a s u r i n g  t h e  t r a v e l  of 
a s m a l l  a i r  b u b b l e  t r a p p e d  in  t he  c r o s s - a r m .  L a t e r  
m e a s u r e m e n t s  w e r e  m a d e  w i t h  cel ls  l i ke  t h a t  shown  
in Fig .  1, in  w h i c h  the  c h a n g e  of v o l u m e  is d e t e r -  
m i n e d  f r o m  t h e  c h a n g e  in  l eve l s  of sa l t  i n  t h e  v e r -  
t i ca l  cap i l l a r i es .  

T h e  legs  of  bo th  t y p e s  of cel ls  w e r e  m a d e  of so -  
d i u m - i o n - c o n d u c t i v e  p o r c e l a i n  tubes ,  s ea l ed  to  t h e  
cel ls  as shown.  Each  t u b e  d i p p e d  in to  a cup  of  so-  
d i u m  n i t r a t e .  S i l v e r  e l ec t rodes  m a d e  con tac t  w i t h  
t h e  s o d i u m  n i t r a t e  in  t h e  e x t e r n a l  cups,  e x c e p t  fo r  
cel l  No. 17 fo r  w h i c h  go ld  or  p l a t i n u m  w a s  used.  
The  c h e m i c a l  compos i t i on  of  t he  p o r c e l a i n  is a p p r o x -  
i m a t e l y :  Na~O, 10%;  SiO~, 54%;  A1203, 36%.  D a t a  
p r e v i o u s l y  r e p o r t e d  show t h a t  th is  po rce l a in ,  w h e n  
in con tac t  w i t h  a m o l t e n  s o d i u m  sal t ,  conduc t s  so le ly  
b y  t r a n s f e r  of s o d i u m  ions,  a n d  no t  b y  t r a n s f e r  of 
e l ec t rons  o r  o t h e r  ions  (5 ) .  I t s  c o n d u c t i v i t y  is a p -  
p r o x i m a t e l y  100 t i m e s  t h a t  of glass .  

A f t e r  t he  t r a n s f e r e n c e  m e a s u r e m e n t s  w e r e  in  
p rogres s ,  w e  f o u n d  t h a t  s i l ve r  ions  w i l l  e x c h a n g e  
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Fig. 1. Vertical arm cell. A, Steel rule attached to capillary arm; 
B, diaphragm; C, graded seal between Pyrex and porcelain; D, 
porcelain leg; E, cup to contain NAN03. 

with  sodium ions in this  porcelain.  Such exchange 
could be a source of e r ror  since s i lver  ions are  p ro -  
duced in the anodic cup dur ing  a run.  However ,  it  
was  shown by  two exper iments  that ,  under  the  con- 
dit ions of the  t ransference  measurements ,  s i lver  did 
not  enter  the cell and thus in te r fe re  wi th  the  de-  
te rminat ion .  In  the  first exper iment ,  the  sal t  in the 
cell, a f te r  cooling fol lowing a run,  was dissolved 
in w a t e r  and tes ted for the  presence of s i lver  by  
adding chloride ion. Cloudiness of the  solution due 
to a prec ip i ta te  of s i lver  chloride was never  found. 
The other  exper imen t  consisted of per forming  an 
ex tended  d u m m y  run  wi th  an H - s h a p e d  cell  wi th  
porcela in  legs l ike  a t ransference  cell, and wi th  the  
same electrode ar rangements ,  but  minus  the  sep-  
a ra tor  d i aph ragm and bubble  cross-arm.  I t  was 
filled wi th  mol ten  sodium n i t ra te  and a current  of 
100 ma was passed in a l t e rna t ing  direct ions corres-  
ponding to 20 t ransference  measurements .  A t  the 
end of the  exper iment ,  no si lver  was  present  in the  

cell, and the weight  of the contents,  in i t ia l ly  7.3802g, 
was prac t ica l ly  unchanged,  7.3799g. The cell  i tself  
lost 1.1 mg due to sl ight  etching of one leg. 

The in te rna l  d iamete rs  of the  capi l lar ies  in  both 
types  of cell were  ca l ib ra ted  wi th  mercury .  For  
c ross -a rm cells, cap i l la ry  tubes wi th  an ID of 1.4- 
1.8 mm, selected for  uni formi ty ,  were  used. A capi l -  
l a ry  d i ame te r  of 1.0 mm was too small,  resu l t ing  in 
st icking of bubbles.  For  v e r t i c a l - a r m  cells, p r e -  
cision bore  cap i l l a ry  tubing, 1.75 mm d iame te r  (p ro-  
cured f rom F i s h - S c h u r m a n  Corporat ion)  was used. 
Observat ion  th rough  a c ross-ha i r  telescope of a 
we l l - l i gh ted  meniscus agains t  a piece of s teel  rule  
r ig id ly  wi red  to the  cap i l l a ry  a l lowed quick meas -  
u rements  of meniscus location accura te  to 0.01 cm. 
Dimensions of the  cap i l l a ry  and steel  ru le  were  cor-  
rec ted  for t empe ra tu r e  change. Both c ross -a rm and 
v e r t i c a l - a r m  cells were  constructed symmet r i ca l ly  
about  the  d i aph ragm to minimize the  effects of 
small  t empe ra tu r e  fluctuations and of resis tance 
hea t ing  wi th in  the  cell. 

Three  different  mate r ia l s  were  used for  the  porous 
d iaphragms  tha t  separa ted  the anode and cathode 
compar tments  of the  cells: f r i t t ed  P y r e x  (Coming  
Glass Works ) ,  porous porcelain,  a ma te r i a l  com- 
posed of a lumina,  silica, 1.7% by  weight  of potas-  
sium, and containing less than  0.1% of sodium 
(Selas Corporat ion of Amer i ca ) ,  and porous a lun-  
dum (Norton Company RA84).  Pore  dimensions 
are  given in Table  I. Each k ind  of d i a p h r a g m  was 
sealed into the  c ross -a rm wi th  a glass having an 
appropr ia te  coefficient of t he r m a l  expansion:  Corn-  
ing No. 3320 for the Selas porcelain,  and Corning 
No. 7052 for the  Norton a lundum. 

Reagent  grade  sodium n i t r a t e  was used for these 
measurements  wi thout  fu r the r  purification. Cells 
were  filled whi le  they  were  hot by  dropping  solid 
sodium n i t ra te  d i rec t ly  into them. 

B u b b l e - c r o s s - a r m  cells were  hea ted  in a ver t ica l  
tube  furnace,  16 in. long, in which the t empera tu re  
was un i form through  most  of its length.  The level  
of the  c ross -a rm was ad jus ted  so tha t  the  bubb le  
r emained  s ta t ionary  for at  leas t  20 rain. A meas -  
u remen t  in a c ross -a rm cell was car r ied  out by  de-  
te rmining  the number  of coulombs requ i red  to shift  
the  bubb le  a measured  dis tance of 0.5-1.0 cm in the  

Table I. Transference data for molten sodium nitrate 

B a c k - f l o w ,  T e m p .  of  S t a n d a r d  No.  of  
D i a p h r a g m  M a x .  p o r e  c m / m i n / c m  f u r n a c e ,  ~ /~o8-** deVia t ion  r u n s  

Cel l  No.  T y p e  of  cel l  m a t e r i a l  d i a m e t e r ,  ~ of  h e a d  

1 Bubble Pyrex  5.5 
7 Bubble Pyrex  1.4 

14 Vertical capillary Pyrex  1.4 0.006 
17 Vertical capil lary Pyrex  1.4 0.006 

3 Bubble Porcelain 2.8 - -  
4 Bubble Porcelain 2.8 

(same disk as No. 3) 
5 Bubble Porcelain 6.0 - -  347* 

15 Vertical capil lary Porcelain 1.2 0.030 339 
18 Vertical capil lary Porcelain 1.2 0.004 320-3 
16 Vertical capil lary Alundum 0.1 0.025 367 

352-423* 0.298 0.026 18 
397-414" 0.305 0.003 10 
372-401 0.302 0.001 8 
345-348 0.286 0.003 4 
338-342 0.261t 0.003 3 
334-364* 0.236 0.013 10 
354-379* 0.261 0.018 10 

0.263 0.005 10 
0.239 0.005 6 
0.278 0.001 4 
0.281 0.002 4 

* T e m p e r a t u r e  m e a s u r e d  n e a r  t h e  d i a p h r a g m .  R a n g e  i n d i c a t e s  d i f f e r i n g  t e m p e r a t u r e  i n  d i f f e r e n t  r u n s .  
*"  I n d i v i d u a l  v a l u e s  a r e  t h e  m e a n  of  t h e  n u m b e r  of  r u n s  s h o w n .  

t T h i s  v a l u e  w a s  o b t a i n e d  a f t e r  re f i l l ing  cel l  No.  17. 
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cross -a rm.  Coulombs  were  m e a s u r e d  w i th  a gas 
cou lomete r  s imi la r  to tha t  descr ibed by  L i n g a n e  (6) .  
For  all  r u n s  a cons tan t  c u r r e n t  of 100 m a  was 
passed t h rough  the  cell before  the  m e a s u r i n g  
per iod to es tabl ish  t h e r m a l  e q u i l i b r i u m  before  the  
b u b b l e  reached  the m e a s u r e d  in te rva l ,  and  con-  
t i n u e d  t h rough  the  run .  Runs  were  made  in  pairs ,  
one  in  each d i rec t ion  of b u b b l e  t ravel ,  to m i n i m i z e  
sys temat ic  errors .  F r o m  the  dens i ty  of the  sal t  at 
the  t e m p e r a t u r e  of the  cell, m e a s u r e d  at the  cross- 
a r m  (7) ,  and  the  v o l u m e  swept  out  by  the  bubb le ,  
the n u m b e r  of equ iva l en t s  of sod ium n i t r a t e  dis-  
p laced was calculated.  The t r ans f e r ence  n u m b e r  
of the  n i t r a t e  ion is equa l  to this  va lue  d iv ided  by  
the co r respond ing  n u m b e r  of fa radays .  

V e r t i c a l - a r m  cells were  hea ted  in  a la rge  muffle 
fu rnace  m a i n t a i n e d  cons tan t  in  t e m p e r a t u r e  to 
w i t h i n  • 1 7 6  wi th  a t i m e - p r o p o r t i o n i n g  cont ro l le r  
which  r egu la t ed  abou t  o n e - f o u r t h  of the  tota l  power  
used. The  cont ro l le r  p ropor t ioned  a 5-sec t ime  cycle 
into on and  off par t s  so tha t  t e m p e r a t u r e  f luc tua t ions  
were  of shor t  per iod compared  to the  d u r a t i o n  of a 
run .  The c u r r e n t  pass ing  t h rough  the  cell was  m a i n -  
t a ined  cons tan t  m a n u a l l y ,  at 100 ma,  w i t h i n  0.2% 
It  was m e a s u r e d  wi th  a ca l ib ra ted  m i l l i a m m e t e r .  
In  a typ ica l  run ,  c u r r e n t  was passed u n t i l  t h e r m a l  
e q u i l i b r i u m  was es tab l i shed  and  a difference of 
l eve l  b e t w e e n  the  me l t  in  the  a rms  of 1.5 to 2 cm 
was produced.  The c u r r e n t  was  t hen  reve r sed  and  
the  r u n  con t i nued  for a per iod  of abou t  60 min ,  
which  p roduced  an  opposite d i sp l acemen t  of 1.5- 
2 cm. The levels  of salt  in  the capi l lar ies  were  meas -  
u red  at 1 - m i n  in te rva ls .  

F r o m  these m e a s u r e m e n t s  the  head  b e t w e e n  the  
two a rms  was  calcula ted,  us ing  as a ze ro -po in t  the  
e q u i l i b r i u m  level  wi th  no cur ren t .  The va lues  of 
head,  p lo t ted  aga ins t  t ime  on 16 x 24 in. g raph  
paper ,  fo rmed  a smooth  s l ight ly  cu rved  l ine.  The 
d e p a r t u r e  of this  l ine  f rom l i n e a r i t y  r ep resen ted  
back- f low th rough  the  d i a p h r a g m  due to the  p res -  
sure  difference.  The  slope of the t a n g e n t  to the  
curve  at the  po in t  of zero head  is equa l  to twice the  
ra te  of t r an spo r t  of salt  t h rough  the  d i a p h r a g m  due 
to cur ren t ,  corrected for back-f low.  This t a n g e n t  
was ob ta ined  by  add ing  a correc t ion  factor  at sev-  
era l  poin ts  d i s t r ibu ted  over  the  curve  of head  vs. 

t ime,  and  d r a w i n g  a s t ra igh t  l ine  t h rough  the  cor-  
rected points .  The correct ion for a g iven  po in t  is 
equa l  to k A  where  k equals  the  sepa ra t e ly  me a s -  
u r ed  back- f low per  cm of head per  m inu t e ,  and  A 
is the area  u n d e r  the  t r ans f e r ence  curve  (head  vs. 

t i m e ) ,  b e t w e e n  the  l imi ts  of zero head  a nd  tha t  at  
which  the  correc t ion  is appl ied.  In  al l  cases, the r e -  
su l t ing  poin ts  fel l  on the  ze ro -po in t  t a n g e n t  to the 
curve,  w i t h i n  0.02-0.03 cm of head,  wh ich  shows 
tha t  the g raph ica l  c ompu t a t i on  adequa t e ly  cor-  
rects  for back-f low. Tota l  a m o u n t  of back- f low d u r -  
ing  a run ,  except  for cells 15 and  16, a m o u n t e d  to 
no more  t h a n  10% of the  salt  displaced.  T r a n s f e r -  
ence n u m b e r s  were  computed  w i th  the f o r m u l a  

S A  d F  

2 M I  

w he r e  I is the  cur ren t ,  S is the  slope of the  zero-  
po in t  t a n g e n t  i n  cm/sec ,  A is the  average  cross sec- 
t ion  of the a rms  in  cm 2, d is the  dens i ty  of the  salt, 
F is the  faraday,  and  M is the  f o r mu l a  weigh t  of 
the  sal t  in  grams.  Runs  were  made  in  pairs ,  w i th  
the  c u r r e n t  reversed  in  the  second r u n  of the  pair .  

E x p e r i m e n t s  were  car r ied  out  a imed at  de tec t ing  
the  s t r eaming  po ten t i a l  wh ich  m u s t  exist  as a neces-  
sa ry  consequence  of the  occur rence  of t r a n s p o r t  due 
to an  appl ied  voltage.  Cells s imi la r  in  fo rm to the  
t r ans fe rence  cells were  used. The  a rms  were  mod i -  
fied so t ha t  air  or oxygen  could be appl ied  to force 
a flow of m o l t e n  sod ium n i t r a t e  t h r ough  f r i t t ed  
P y r e x  ( m a x i m u m  pore d i ame te r  0.9-1.4t~) or Selas 
porous porce la in  ( m a x i m u m  pore  d i ame te r  0.60 and  
1.4t~), respect ively .  A sod ium n i t r a t e - s i l v e r  n i t r a t e  
me l t  (1:1 mole  ra t io)  was  used in  the  cups in to  
which  the porce la in  legs of the  cell dipped.  A si lver  
e lect rode in  each cup comple ted  a cell which  was  
in  essence the  same as those descr ibed  in  ref. (5) .  

A pressure  d i f ferent ia l  of abou t  20 psi was  ap -  
pl ied across the  d i a p h r a g m  of the  cell by  r educ ing  
the  p ressure  of one a r m  a nd  app ly ing  gas p ressure  
to the  other.  This  p ressure  r e su l t ed  in  a flow of 
1/2-1 m l / m i n .  The p ressure  and  v a c u u m  were  pe r i -  
odical ly  reversed  wi th  va lves  whi le  po t en t i a l  meas -  
u r e m e n t s  were  made  wi th  a po ten t iomete r .  

Results and Discussion 
Resul ts  of the  m e a s u r e m e n t s  are  g iven  in  Tables  

I and  II. Duke  and  Owens  (4) repor ted  a va lue  of 
0.29 • 0.01 for the  t r ans f e r ence  n u m b e r  of the  
n i t r a t e  ion, d e t e r m i n e d  in  cells con t a in ing  a P y r e x  
separator .  W i t h  the  except ion  of one va lue  (second 
d e t e r m i n a t i o n  in  cell No. 17), the  data  we ob ta ined  
in  cells wi th  a P y r e x  separa tor  agree closely wi th  
the i r  resul t .  

Values  for the  t r ans f e r ence  n u m b e r s  of most  of 
the salts r epor ted  in  the  l i t e r a tu re  were  ob ta ined  
f rom m e a s u r e m e n t s  made  wi th  cells tha t  con ta ined  

Table II. Effect of temperature on the transference numbers of molten sodium nitrate 

D i a p h r a g m  M a x .  p o r e  
Cel l  No T y p e  of  cel l  m a t e r i a l  d i a m e t e r ,  tt 

B a c k - f l o w ,  T e m p  of  S t a n d a r d  No.  of  
c m / m i n / c m  f u r n a c e ,  ~ tNO~- d e v i a t i o n  r u n s  

os h e a d  

18 Vertical capil lary Porcelain 1.2 0.004 320-3 0.278 0.001 4 
355 0.281 0.001 4 
320-3 0.277 0.003 2 
403-13 0.277 0.002 4 
324 0.276 0.003 2 

* T e m p e r a t u r e  w a s  c y c l e d  i n  t h e  o r d e r  s h o w n .  
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on ly  one  k i n d  of d i a p h r a g m .  H o w e v e r ,  D u k e  a n d  
L a i t y  s h o w e d  t h a t  t h e  t r a n s f e r e n c e  n u m b e r s  of the  
ions  of l e ad  ch lo r ide  a r e  i n d e p e n d e n t  of t he  d i a -  
p h r a g m  m a t e r i a l  for  P y r e x ,  po rce la in ,  and  asbes tos  
(8) .  T h e y  also s h o w e d  t h a t  a po rous  P y r e x  d i a -  
p h r a g m  d id  no t  affect  t he  a c t i va t i on  e n e r g y  of con-  
d u c t i v i t y  for  s e v e r a l  sal ts ,  and  t h e r e f o r e  shou ld  no t  
be  e x p e c t e d  to affect  the  m e a s u r e d  t r a n s f e r e n c e  
n u m b e r s  (9) .  

In  gene ra l ,  w e  o b t a i n e d  h i g h e r  va lue s  for  t h e  
t r a n s f e r e n c e  n u m b e r  of t he  n i t r a t e  ion  w i t h  P y r e x  
d i a p h r a g m s  t h a n  w i t h  p o r c e l a i n  d i a p h r a g m s .  Our  
v a l u e  w i t h  an  a l u n d u m  d i a p h r a g m  is i n t e r m e d i a t e .  
S ince  w e  k n o w  of no source  of a c c i d e n t a l  e r r o r  t h a t  
w o u l d  accoun t  for  t he  o b s e r v e d  d i f fe rences  and  
s ince t h e  d e v i a t i o n s  b e t w e e n  runs  for  a g iven  cel l  
a r e  smal l ,  i t  seems  l i k e l y  t h a t  the  d i f fe rences  ob -  
t a i n e d  a r e  rea l .  

Two specific d i a p h r a g m  effects a r e  cons ide r e d  as 
poss ib l e  causes  of t he  o b s e r v e d  di f ferences .  The  f irst  
is t h e  s o d i u m  ion c o n d u c t i v i t y  of t he  d i a p h r a g m  
ma te r i a l .  The  c o n d u c t i v i t y  of P y r e x  is too s m a l l  to  
be  s ignif icant .  The  s a m e  w o u l d  be  e x p e c t e d  to  be  
t r u e  for  a l u n d u m .  The  p o r c e l a i n  d i a p h r a g m  m a t e -  
r i a l  was  a n a l y z e d  a n d  f o u n d  to con ta in  1.7% b y  
w e i g h t  of po ta s s ium.  This  p o t a s s i u m  con ten t  m i g h t  
m a k e  i t  s l i gh t ly  conduc t i ve  to s o d i u m  ion, t he  effect 
of w h i c h  w o u l d  be  to d i m i n i s h  the  m e h s u r e d  t r a n s -  
f e r ence  n u m b e r  of t he  n i t r a t e  ion. 

The  a b o v e  f ac to r  canno t  e x p l a i n  t h e  r e su l t s  o b -  
t a i n e d  f r o m  cells  3 and  4 or  f r o m  cel l  17. The  s ame  
d i sk  was  used  as a d i a p h r a g m  in b o t h  cel ls  3 a n d  4. 
A f t e r  r uns  w e r e  c o m p l e t e d  in cel l  3, a l l  sa l t  was  
d i s so lved  ou t  of t he  d i a p h r a g m ,  i t  w a s  cut  ou t  f r o m  
cel l  3 a n d  sea led  in to  cel l  4. I n  t he  case  of cel l  17, 
a f t e r  t h e  first  g roup  of r u n s  was  comple t ed ,  i t  was  
cooled and  w a s h e d  clean,  a l l  sa l t  b e i n g  d i s so lved  out  
of the  d i a p h r a g m .  I t  was  t h e n  r e h e a t e d ,  ref i l led ,  a n d  
the  second  g r o u p  of r u n s  made .  W e  sugges t  t h a t  in  
t he  case of cel ls  3 and  4 r e - s e a l i n g  of t he  d i a p h r a g m  
m a y  h a v e  a l t e r e d  the  su r f ace  c h a r a c t e r i s t i c s  of t he  
po re s  of t h e  d i a p h r a g m  so as to in f luence  the  a p -  
p a r e n t  v a l u e  of t he  t r a n s f e r e n c e  n u m b e r .  Th is  e x -  
p l a n a t i o n  imp l i e s  t h a t  t he  d i a p h r a g m  i n t r o d u c e s  
an  e l ec t roosmot i c  effect.  O u r  e x p e r i m e n t  a i m e d  a t  
m e a s u r i n g  a s t r e a m i n g  p o t e n t i a l  y i e l d e d  i n c o n -  
c lus ive  resu l t s .  Due  to s l igh t  t e m p e r a t u r e  f luc tua -  
t ions,  t he  cel l  p o t e n t i a l  v a r i e d  w i t h i n  a r a n g e  of  
-----0.05 mv,  hence,  a n y  s t r e a m i n g  p o t e n t i a l  less  t h a n  
0.05 m v  w a s  u n d e t e c t e d .  T h e  r e l a t i o n s h i p  ( E / P ) I = 0  
= (V/ I )p=o,  discussed  b y  M a z u r  and  O v e r b e e k  (10) 
app l i e s  here .  E is t h e  e l ec t r i ca l  s t r e a m i n g  p o t e n t i a l  
c o r r e s p o n d i n g  to a p r e s s u r e  d i f fe rence  P w h e r e  no 
c u r r e n t  flows, and  V is t he  f low c o r r e s p o n d i n g  to 
t he  c u r r e n t  I in  a c o r r e s p o n d i n g  e l ec t roosmot i c  e x -  
p e r i m e n t ,  w h e n  no p r e s s u r e  d i f fe rence  exis ts .  This  
e q u a t i o n  a lso  app l i e s  to a t r a n s f e r e n c e  e x p e r i m e n t  
as we l l  as an  e l ec t roosmot i c  e x p e r i m e n t ,  as w a s  
s h o w n  b y  the  g e n e r a l  de r iva t i on ,  m a k i n g  use  of 
g e n e r a l  t h e r m o d y n a m i c  r e l a t i o n s h i p s  and  i r r e v e r s -  
ib le  t h e r m o d y n a m i c s ,  c a r r i e d  out  b y  M a z u r  and  
Ove rbeek .  F o r  a flow c o r r e s p o n d i n g  to a t r a n s f e r -  
ence n u m b e r ,  tNo3- = 0.28, and  a p r e s s u r e  d i f fe rence  
of 20 psi  in  t he  s t r e a m i n g  p o t e n t i a l  e x p e r i m e n t ,  one 

ob ta in s  f r o m  the  a b o v e  r e l a t i o n  a v a l u e  of E of 0.018 
m v  r e s u l t i n g  f r o m  to t a l  t r a n s p o r t .  2 S ince  t h e  e l ec -  
t r oosmot i c  p o r t i o n  of t he  t r a n s p o r t ,  if  an  e l e c t r o -  
osmot ic  effect w e r e  p re sen t ,  w o u l d  c o r r e s p o n d  to 
on ly  a f r a c t i o n  of 0.018 mv,  i t  is a p p a r e n t  t h a t  our  
e x p e r i m e n t  was  no t  suff ic ient ly  sens i t i ve  to  de t ec t  
an  e l ec t roosmot i c  effect. 

S m a l l  d i f fe rences  in  t h e  c o n c e n t r a t i o n  of w a t e r  
in t h e  m o l t e n  s o d i u m  n i t r a t e  m a y  h a v e  o c c u r r e d  
and  m i g h t  accoun t  for  some of  t he  v a r i a b i l i t y  in  t he  
resu l t s .  F r a m e  a n d  c o - w o r k e r s  (11) h a v e  shown  
t h a t  w a t e r  has  a s l igh t  b u t  r e v e r s i b l e  s o l u b i l i t y  in  
m o l t e n  s o d i u m  n i t r a t e .  

C o n s i d e r a b l e  u n c e r t a i n t y  ex i s t s  in  t he  t r u e  t e m -  
p e r a t u r e  a t  w h i c h  m e a s u r e m e n t s  w e r e  m a d e  b e c a u s e  
of r e s i s t a nc e  h e a t i n g  of t he  d i a p h r a g m ,  a n d  no a t -  
t e m p t  w a s  m a d e  to m a k e  loca l  t e m p e r a t u r e  m e a s -  
u r e m e n t s  w i t h i n  it. The  a v e r a g e  t e m p e r a t u r e  of  t he  
sa l t  in t h e  ce l l  u s u a l l y  rose  a b o u t  4~ in  some 
cases  a m a x i m u m  of 12~ due  to ohmic  h e a t i n g  of 
t he  e n t i r e  cel l  and  mel t .  I t  is l i k e l y  t h a t  t e m p e r -  
a t u r e s  in  t he  d i a p h r a g m s  rose  s o m e w h a t  m o r e  t h a n  
this ,  b u t  not  s u b s t a n t i a l l y  m o r e  in  v i e w  of t h e  s m a l l  
w a t t a g e s  d i s s i p a t e d  w i t h i n  them.  In  no case  was  
v o l t a g e  across  t he  cel l  g r e a t e r  t h a n  50v for  a c u r -  
r e n t  of 0.1 a m p  a n d  ge ne ra l l y ,  i t  was  20-30v.  A l l o w -  
ing  for  a b o u t  l w  d i s s i p a t e d  in  t h e  p o r c e l a i n  legs  
and  mel t ,  a m a x i m u m  of 4w w a s  d i s s i pa t e d  w i t h i n  
t h e  d i a p h r a g m .  F u r t h e r  i n d i c a t i o n  t h a t  ohmic  h e a t -  
ing  was  no t  l a r g e  is t he  l a ck  of d e c o m p o s i t i o n  of t he  
m e l t  as e v i d e n c e d  b y  the  c o m p l e t e  a b se nc e  of gas  
f o rma t ion ,  even  at  t he  h ighe s t  o p e r a t i n g  t e m p e r a -  
tures .  

The  effect of  t e m p e r a t u r e  on the  t r a n s f e r e n c e  
n u m b e r s  was  d e t e r m i n e d  w i t h  m e a s u r e m e n t s  w i t h  
cel l  18 ove r  a r a n g e  of 90~ Resu l t s  a r e  g iven  in  
T a b l e  II .  I t  is seen  t h a t  w i t h i n  th is  r a n g e  of t e m -  
p e r a t u r e ,  t he  t r a n s f e r e n c e  n u m b e r  is e s s e n t i a l l y  
cons tan t .  The  o t h e r  cells,  shown  in T a b l e  I, a lso 
showed  no s ign i f ican t  t e m p e r a t u r e  effect  ove r  
s m a l l e r  r a n g e s  of t e m p e r a t u r e .  S i m i l a r  n e g l i g i b l e  
effect of t e m p e r a t u r e  has  been  r e p o r t e d  p r e v i o u s l y  
(8, 9) .  S ince  a c h a n g e  in  a m b i e n t  t e m p e r a t u r e  of 
90~ d id  not  s ign i f i can t ly  effect  t h e  t r a n s f e r e n c e  
n u m b e r s ,  t he  u n c e r t a i n t y  in  d i a p h r a g m  t e m p e r a t u r e  
r e f e r r e d  to is no t  i m p o r t a n t .  V o l u m e  changes  caused  
b y  ohmic  h e a t i n g  d id  no t  cause  e r r o r  in  m e a s u r e d  
v a l u e s  of t h e  t r a n s f e r e n c e  n u m b e r s ,  b e c a u s e  t h e  
cel l  was  p r e - e l e c t r o l y z e d  to  o b t a i n  t e m p e r a t u r e  
e q u i l i b r i u m  be fo re  a r u n  w a s  s t a r t ed .  

The  s o d i u m - i o n - c o n d u c t i v e  p o r c e l a i n  m e m b r a n e s ,  
u sed  as s o d i u m  " e l e c t r o d e s "  to pass  s o d i u m  ions in to  
and  ou t  of t he  t r a n s f e r e n c e  cell ,  p e r f o r m e d  th i s  
func t ion  sa t i s f ac to r i l y .  
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An Electrochemical Investigation of the Reduction 
of Nitrate in NaNO -KNO  Eutectic at 250~ 

H. S. Swofford, Jr., 1 and H. A. Laitinen 
Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 

ABSTRACT 

Molten NaNO3-KNO3 eutectic is well suited for use as a high-temperature 
solvent having a 2.5v range of potentials [-p 1.2 to --1.3v vs. Ag/Ag (I) (0.07M)] 
available for observation of oxidation-reduction reactions involving solutes 
of fundamental electrochemical interest. 

Studies carried out at 250~ demonstrate that the peak phenomenon 
observed at approximately --1.65v in cathodic polarization curves using vari- 
ous solid microelectrodes and dropping mercury may be identified with the 
beginning of the irreversible reduction of NO3-, limited by the precipitation 
of Na20 at the electrode surfaces. It appears that the after-peak current limit- 
ing process is the rate of dissolution of the Na20 film, which determines 
the rate of reduction necessary to sustain a steady state. The anodic and 
cathodic limits of potential are observed to represent the evolution of NO2 
gas (~-1.2v) and reduction of alkali metal (--2.8v); subsequent reaction of 
deposited alkali metal with NO3- produces a colorless, odorless gas, and 
oxide ion in amounts indicating N2 as the reduction product. 

The a lka l i  n i t ra tes  represent  a class of nonaque-  
ous solvent  systems having the des i rable  charac te r -  
istics of low vapor  pressure ,  low viscosity, and high 
electr ical  conduct ivi ty;  fu r thermore ,  a low mel t ing  
point  faci l i ta tes  appl icat ion of convent ional  aqueous 
e lect rochemical  techniques. 

Among the first work  car r ied  out in fused n i t ra te  
media  was tha t  of S te inberg  and Nacht r ieb  (1, 2) 
who obta ined wel l -def ined and reproduc ib le  r educ-  
t ion waves  for N i ( I I ) ,  P b ( I I ) ,  C d ( I I ) ,  and Z n ( I I )  
in the mol ten  t e r n a r y  eutectic LiNO3-NaNO3-KNO3 
at 160~ using a dropping  mercu ry  electrode.  Lya l i -  
kov et al. (3, 4) and Flengas  (5) have employed  a 
solid, gas-flushed, p l a t inum needle  e lectrode in cur-  
r en t -vo l t age  invest igat ions  and solubi l i ty  studies,  
respect ively ,  in fused a lkal i  n i t r a te  media,  while  
Del imarski i  and co-workers  (6, 7) have used a s ta -  
t ionary  p l a t inum microelect rode to inves t iga te  the 
cu r ren t -vo l t age  behavior  of a large  number  of 
meta l  ions dissolved in both KNO~ and NaNO~. 

The first comprehensive  e lectrochemical  inves t i -  
gations car r ied  out on the  base e lec t ro ly te  NaNOs- 
KNO3 eutectic void of any  dissolved ions was tha t  
of Hills and Johnson (8).  Cur ren t -vo l t age  curves 

1 Present  address:  D e p a r t m e n t  of  Chemis t ry ,  Un ive r s i ty  of Minne-  
sota, Minneapolis ,  Minnesota .  

for this mix tu re  recorded by  these authors  using 
s ta t ionary  p l a t inum microelectrodes  d isp layed a 
low l inear  res idual  cur rent  in the range  0.0 to 
--1.5v vs. a massive p l a t i num anode reference.  
However,  the authors  repor ted  tha t  the s teeply  r is -  
ing current  observed at app rox ima te ly  --1.5v (de-  
pending somewhat  on solvent  and t e m p e r a t u r e ) ,  
recorded by previous  workers  (1-7) as being due to 
the reduct ion of a lkal i  me ta l  cation, was ac tua l ly  
the beginning of a process which produced a max i -  
mum in the cur ren t  (i.e., peak) .  Hills  and Johnson 
observed tha t  the peak  and smal l  a f t e r - pe a k  s teady-  
state cur rent  (3 m a / c m  2) were  m a r k e d l y  t e m p e r a -  
ture  dependent ,  the la t te r  having an act ivat ion en-  
e rgy  of 11 kca l .mole  -1. F ina l  reduct ion  of the sol- 
vent  occurred at --2.9v. It was proposed tha t  the 
process observed at --1.5v was in fact  the begin-  
ning of the i r revers ib le  reduct ion  of NOz-  and not  
reduct ion of an a lkal i  meta l  as or ig ina l ly  supposed. 

The iden t i ty  of the  reduct ion  products  and the 
na ture  of the origin of the peak  and a f t e r -peak  
currents  are the subjects  of this paper .  

Experimental 
Equipment  and mater iaL- -The  electrolyt ic  cell 

used in these studies consisted of a 200 ml, th ree -  
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necked, round bot tom flask. Because of the danger  
involved in using o rd ina ry  rubbe r  in conjunct ion 
with  a h ighly  oxidizing medium, silicone rubbe r  
s toppers (No. 5) were  used to provide  p ressure -  
t ight  seals for the mel t  container.  The stoppers were  
bored wi th  a va r i e ty  of holes to admi t  necessary 
appara tus  (electrodes,  compar tments ,  etc.) .  Me-  
d ium-poros i ty  s in te red-g lass  sealing tubes (12 mm 
OD) were  used to separa te  the  mel t  into compar t -  
ments. Al l  meta l  or glass par t s  which came into 
contact  wi th  the mel t  were  cleaned in boil ing HNOs, 
washed wi th  deminera l ized  water ,  and oven dr ied  
at  130~ 

A movable  piece of glass tub ing  made i t  possible 
to bubble  dr ied and oxygen- f r ee  n i t rogen gas 
through the mel t  for  purposes of s t i rr ing,  purg ing  
the mel t  of other  gases or to main ta in  a modera te  
posit ive pressure  of the gas above the mel t  dur ing  
the course of the e lectrochemical  invest igat ions.  
The gas was purif ied of oxygen and mois ture  by  
passage th rough  an ac t iva ted  copper column heated  
to 300~ fol lowed by a Mg(C10~)2 dry ing  tube. 

A s tandard  200 ml  Glas-Col  heat ing mant le  
(Gins-Col  Appa ra tus  Company,  Terre  Haute,  Ind i -  
ana)  in series wi th  a Variac t r ans fo rmer  (S t anda rd  
Electr ic  Produc t  Company,  Dayton,  Ohio) and 
Wheelco Capacitrol ,  Model 241P (Wheelco Ins t ru -  
ment  Company,  Chicago, I l l inois)  t empera tu re  
regula tor ,  p rovided  a means  of fusing and control-  
l ing the t empe ra tu r e  of the mel t  (-----3~ Connected 
to the t empe ra tu r e  regula tor  was an i ron-cons tan-  
tan thermocouple  enclosed in a glass sheath im-  
mersed  in the fused eutectic. 

Ins t ruments  sensit ive to l ine vol tage fluctuations 
were  connected through a Genera l  Radio, Type  No. 
1570AL (Genera l  Radio Company,  Cambridge,  Mas-  
sachuset ts)  automat ic  vol tage  regula tor .  

Potent ia l  measurements  were  made  wi th  e i ther  a 
L&N student  po ten t iometer  when high sensi t iv i ty  
was requ i red  or a high inpu t - impedance  vacuum-  
tube vo l tmete r  when rap id  measuremen t  was de-  
sired. Constant  cur ren t  was obta ined f rom ei ther  a 
Sargent  coulometr ic  cur ren t  source, Model IV (E. H. 
Sargen t  and Company,  Chicago),  or f rom a constant  
vol tage source th rough  a large  resis tor  in the usual  
manner .  

Cur ren t -vo l t age  curves were  recorded wi th  a 
L&N Electrochemograph,  Type E. Al te rna t ive ly ,  
a Sargent ,  Model XV, Po la rograph  was used. 
Chronopotent iograms were  obta ined using a Sa r -  
gent M.R. recorder ;  the equipment  used to sup-  
p ly  the smal l  constant  cur ren t  necessary along wi th  
its construct ion is descr ibed e lsewhere  (9).  

Al l  g lassware  which  came into contact  wi th  the 
mel t  was P y r e x  or Vycor unless o therwise  specified. 

Electrodes.--The solid microelectrodes  (areas  
10 -8 cm 2) used in this work  were  p repa red  by  seal -  
ing the appropr ia te  meta l  wires  in glass where  pos-  
sible. A l t e rna t ive ly  they  were  p repa red  by  p la t ing  
the desired meta l  on a base p l a t inum microelec-  
trode. Fol lowing  the i r  p repa ra t ion  the electrodes 
were  pol ished and examined  under  a h igh -powered  
optical  microscope before  use. For  fur ther  detai ls  
the  r eade r  is re fe r red  to the or iginal  thesis (10). 

R E D U C T I O N  O F  N I T R A T E  IN NaNO~-KNO8 815 

Massive work ing  electrodes (areas  N 1.5 cm 2) 
were  p repa red  in the  usual  manner  by  spo t -we ld -  
ing a piece of p l a t inum foil to p l a t i num wire  sealed 
in soft glass. The dropping  mercu ry  electrode used 
for cu r ren t -vo l t age  invest igat ions  was of the con- 
vent ional  type.  

Ear l ie r  workers  (11, 12) es tabl ished by  concen- 
t ra t ion cell measurements  tha t  an A g / A g ( I )  couple 
follows the p red ic ted  Nernst  behavior  in fused n i -  
t r a t e  media.  This e lectrode was used by  la te r  in -  
vest igators  (13-15) as a point  of reference  in elec-  
t rochemical  studies;  hence, its use in  the  present  
work  seemed appropr ia te .  The reference  electrode 
was p repa red  by  placing a piece of s i lver  wire  (20 
gauge, B.&S.) in a s in te red-g lass  seal ing tube,  p r e -  
viously filled by  immers ion  in the  NaNO~-KNOa 
eutectic melt ,  and passing anodic cur ren t  20 ma, 
600 sec) ;  a mass ive  p l a t inum electrode in a second 
compar tment  served  as the  counter  cathode. F rom 
the prev ious ly  de te rmined  dens i ty  of the mel t  at  
250~ (1.96 -- 0.04 g m1-1) (10), and the weight  of 
the reference compar tment ,  the concentrat ion of 
s i lver  ion (usua l ly  app rox ima te ly  0.07M) could be 
calculated.  

Reagents.--Reagent grade  chemicals,  oven dr ied  
and s tored in a desiccator unt i l  needed, were  used 
in all  cases. 

Preparation and purification of eutectic.--Reagent 
grade  KNOz and NaNO8 (J. T. Baker  Chemical  
Company)  were  taken  d i rec t ly  f rom the reagent  
bot t les  and mixed  in the correct  eutectic propor t ions  
(45 mole % NaNO3 and 55 mole % KNOs).  The 
mix tu re  (270g) was pulver ized  wi th  the aid of a 
mor t a r  and pes t le  and p laced  in a d ry ing  oven for 
24 hr  and then in t roduced into a special ly  p r epa red  
fusion and f i l t rat ion column [for detai ls  of column 
construct ion and operat ion see or iginal  work  (10)] .  
Fusion of the solid mix tu re  in the column was ac-  
complished by  adjus t ing  the Variac control led  input  
to the column hea te r  windings  to such a va lue  tha t  
the  final t e m p e r a t u r e  obtained would be approx i -  
ma te ly  250~ Af te r  a l lowing the fused eutectic to 
s tand in the column for 45 min ( t ime a l lowed for 
oxida t ion  of organic impur i t i e s ) ,  the  mel t  was 
f i l tered into the e lectrolyt ic  cell  p rev ious ly  hea ted  
to 250~ Fol lowing f i l t rat ion the  mel t  was  purged  
wi th  purif ied ni t rogen gas for 3 hr, which was kep t  
above the mel t  as an a tmosphere  at  al l  t imes dur ing  
the course of the invest igat ions.  Each me l t  was p r e -  
pa red  immedia t e ly  p r io r  to its use and fi l tered 
d i rec t ly  into the  cell  used in the exper iment .  This 
t r ea tmen t  in p repa ra t ion  usua l ly  gave  a pu re  melt ;  
the cr i ter ion for  pu r i t y  was a res idua l  cur ren t  of 
less than  0.5 ~a at  an appl ied  poten t ia l  of --0.8v vs. 
A g / A g  (I)  (0.07M) using a p l a t inum microelect rode 
(a rea  = 10 -8 cm~). 

Techniques.--The procedures  necessary for c a r ry -  
ing out potent ia l  measurements  and cur ren t  vol tage 
studies were  of a convent ional  na tu re  and need no 
explanat ion.  In cu r ren t -vo l t age  measurements  using 
a dropping  m e r c u r y  electrode, a cold t rap  (acetone 
d ry  ice) was a t tached to the gas exi t  of the  e lect ro-  
lyt ic  cell to t r ap  any  m e r c u r y  vapor.  

The chronopotent iometr ic  technique was conven-  
ien t ly  appl ied  using the usual  three  e lect rode sys-  



816 

t e m  (a l l  e l ec t rodes  in  s e p a r a t e  c o m p a r t m e n t s ) .  The  
i n d i c a t i n g  e l e c t r o d e  was  a p l a t i n u m  m i c r o e l e c t r o d e  
( a r e a  ---- 8 x 10 -~ cm 2) used  in  c o n j u n c t i o n  w i t h  a 
l a r g e  p l a t i n u m  w o r k i n g  e l e c t r o d e  a n d  t h e  u s u a l  
A g / A g  ( I )  (0.07M) r e fe rence .  S ince  t h e  e l ec t ro lys i s  
r e s i s t ance  b e t w e e n  t h e  i n d i c a t o r  e l e c t r o d e  and  
coun t e r  e l e c t r o d e  was  o n l y  of t he  o r d e r  of 30 ohms,  
no compl i ca t i ons  due  to iR d rop  arose.  

E l ec t ro ly se s  of t he  NaNOs-KNO~ eu tec t i c  m e l t  
w e r e  c a r r i e d  out  us ing  a s imp le  p o t e n t i a l  d i v i d e r  to 
impose  a v o l t a g e  across  t he  w o r k i n g  ca thode  a n d  
anode  ( a r e a s  : 1.5 c m  ~) w h i c h  w e r e  i so l a t ed  f r o m  
each o t h e r  in  t he  mel t .  B y  a d j u s t i n g  t h e  v o l t a g e  
across  t he  cell ,  i t  was  poss ib l e  to con t ro l  the  p o t e n -  
t i a l  of e i t he r  e l e c t r o d e  vs. t he  s i lve r  r e f e r e n c e  e l ec -  
t r o d e  in  a t h i r d  c o m p a r t m e n t .  A s i l ve r  c o u l o m e t e r  
p r o v i d e d  a v a l u e  for  t h e  t o t a l  cou lombs  pas sed  d u r -  
ing t h e  course  of a con t ro l l ed  p o t e n t i a l  e l ec t ro ly s i s  
e x p e r i m e n t .  C h e m i c a l  ana lys i s  of t he  ca thode  c o m -  
p a r t m e n t s  fo l lowing  e l ec t ro ly s i s  e x p e r i m e n t s  en -  
a b l e d  iden t i f i ca t ion  of t he  r e d u c t i o n  p r o d u c t s  of 
n i t r a t e .  

Results and Discussion 

The  p r e s e n t  w o r k  was  the  f i rs t  r e p o r t e d  i n s t a n c e  
in  w h i c h  a A g / A g ( I )  r e f e r e n c e  e l e c t r o d e  was  s u b -  
j e c t e d  to  p o l a r i z a t i o n  s tud ies  in  th is  so lven t ;  hence ,  
a m o r e  c r i t i ca l  e v a l u a t i o n  of i ts  r e v e r s i b i l i t y  was  
necessa ry .  S i l v e r ( I )  was  g e n e r a t e d  in  si tu r a t h e r  
t h a n  b y  the  u s u a l  a d d i t i o n  as s i lve r  n i t r a t e .  The  
A g ( I )  c o n c e n t r a t i o n  cell ,  w i t h  l i qu id  junc t ion ,  u sed  
in  t hese  i n v e s t i g a t i o n s  was  p r e p a r e d  b y  anod iz ing  
s i lve r  in  s e p a r a t e  c o m p a r t m e n t s .  A f t e r  an  e q u i l i b -  
r i u m  p o t e n t i a l  was  r eached ,  f o l l owing  the  g e n e r a -  
t ion  of a p a r t i c u l a r  i n c r e m e n t  of A g ( I ) ,  c u r r e n t  
pu l ses  of v a r y i n g  i n t e n s i t y  and  d u r a t i o n  w e r e  a p -  
p l i ed  to one of t he  s i lve r  e l ec t rodes  a n d  i ts  r a t e  of 
r e a t t a i n m e n t  of e q u i l i b r i u m  was  f o l l o w e d  as a f u n c -  
t ion  of t i m e  w i t h  r e s p e c t  to t he  second  (see  T a b l e  I ) .  
F o l l o w i n g  the  c o m p l e t i o n  of the  e l e c t r o c h e m i c a l  
s tudies ,  t he  A g ( I )  in  each  c o m p a r t m e n t  was  d e t e r -  
m i n e d  g r a v i m e t r i c a l l y  as s i lve r  c h l o r i d e  in o r d e r  to 
v e r i f y  t h a t  A g ( I )  was  g e n e r a t e d  at  100% c u r r e n t  
efficiency. 

I t  is e v i d e n t  f r o m  Fig.  1 t h a t  a p lo t  of E vs. log  
t(sec) ( the  t i m e  of g e n e r a t i o n  is a l i n e a r  func t ion  of 
c o n c e n t r a t i o n )  is a s t r a i g h t  l ine  w i t h  s lope  0.104v, 
as c o m p a r e d  to t he  t h e o r e t i c a l  v a l u e  2.3 R T / F  of 
0.103% w h i c h  is cons i s t en t  w i t h  p r e v i o u s l y  p u b -  
l i shed  work .  F r o m  T a b l e  I i t  is c l ea r  t ha t  e q u i l i b -  
r i u m  is r e a c h e d  and  m a i n t a i n e d  even  w h e n  the  
A g / A g ( I )  r e f e r e n c e  e l ec t rode  is s u b j e c t e d  to e x -  
t r e m e  cond i t ions  of pa s sage  of cu r ren t .  

The  shape  of a t y p i c a l  c u r r e n t  vo l t age  prof i le  ob -  
t a i n e d  in  t he  p r e s e n t  w o r k  (see  Fig .  2) us ing  a sol id  
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Fig. 1. Potential of silver concentration cell vs.  log t(sec) 

Table I. Equilibrium potential-current pulse studies 

% T o t a l  I n i t i a l  T i m e  f o r  F i n a l  
C u r r e n t  i n t e n s i t y  c o u l  p o t e n t i a l  v s .  e q u i l i b -  p o t e n t i a l  v s .  

a n d  d u r a t i o n  present  reference,  v r i u m ,  sec reference,  v 

50 ~a for  10 sec 0.0043 0.0590 0 0.0590 
50 ~a for  100 sec 0.043 0.0589 0 0.0589 

400 ~a for  20 sec 0.069 0.0590 0 0.0585 
15 0.0587 
30 0.0589 
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Fig. 2. Residual current-voltage curves of KNO3-NaN08 eutec- 
tic at 250~ using a platinum microelectrode (A~'~'I X 10 -8  
cm2); - - ,  not degassed; - - -  N2 (dried) passed for 2 hr. 

p l a t i n u m  m i c r o e l e c t r o d e  is in c o m p l e t e  a g r e e m e n t  
w i t h  t h a t  r e p o r t e d  b y  Hi l l s  a n d  J o h n s o n  (8) ,  a 
s l igh t  sh i f t  in  p o t e n t i a l  due  to  a d i f fe ren t  choice of 
r e f e r e n c e  be ing  the  on ly  d i f ference .  The  anod ic  d ip  
( - -1 .30v)  o b s e r v e d  on a n o d i c a l l y  po l a r i z i ng  a c a t h -  
od ized  p l a t i n u m  m i c r o e l e c t r o d e  m a y  be  a t t r i b u t e d  
to the  i r r e v e r s i b l e  o x i d a t i o n  of  p r o d u c t s  f o r m e d  
d u r i n g  the  p r i o r  ca thod ic  cycle.  I t  a p p e a r s  in  the  
first  i n s t ance  t h a t  t he  p e a k  ( p e a k  m a x i m u m  at  
- -1 .65v)  is p a r t  of a p rocess  w h i c h  beg ins  a t  - -0 .9v;  
h o w e v e r ,  c loser  e x a m i n a t i o n  of a c u r r e n t - v o l t a g e  
c u r v e  shows  an  i n e q u a l i t y  in  the  c u r r e n t  f lowing 
be fo re  a n d  a f t e r  t he  peak ,  sugge s t i ng  t h a t  t h e y  a r i se  
f r o m  two s e p a r a t e  r e d u c t i o n  processes .  I t  was  found  
t h a t  t he  p r e p e a k  w a v e  can  be  r e m o v e d  b y  p u r g i n g  
the  m e l t  w i t h  pur i f i ed  n i t r o g e n  gas;  f u r t h e r  i n v e s t i -  
ga t i on  i n d i c a t e d  t h a t  th is  r e d u c t i o n  process  m a y  be  
af fec ted  d i r e c t l y  or  i n d i r e c t l y  b y  w a t e r  p r e s e n t  as a 
c o n t a m i n a n t  in the  mel t .  A n  a p p r e c i a b l e  so lub i l i t y  
of w a t e r  in n i t r a t e  m e l t s  has  p r e v i o u s l y  been  r e -  
p o r t e d  (16, 17).  S ince  the  p e a k  and  a f t e r - p e a k  c u r -  
r en t s  a r e  no t  l o w e r e d  b y  an  a m o u n t  c o r r e s p o n d i n g  
to the  p r e p e a k  cu r r en t ,  i t  is p r o b a b l e  t ha t  t he  first  
r e d u c t i o n  p rocess  is b loc ke d  b y  the  onse t  of the  
second.  
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Table II. Summary of residual current-voltage curves for various 
solid metal microelectrodes in KNO3-NaNO~ eutectlc at 250~ 

( C a t h o d i c  p o l a r i z a t i o n  0.0 -> --3.Ov;  a n o d i c  p o l a r i z a t i o n  - -3 .0  -> O.Ov) 

R E D U C T I O N  O F  N I T R A T E  I N  NaNO3-KNO~ 817 

E ( c a t h o d i c  E ( a n o d i c  
T y p e  p e a k ) ,  v p e a k  o r  d i p ) ,  v C o m m e n t s  

Pt  --1.65 --1.30 Small  anodic dip 

P t -P t  --1.56 --1.28 Sharp anodic peak 

Au --1.56 --1.33 Rough plate; sharp an-  
odic peak 

Au --1.62 --1.32 Smooth plate; small  an-  
odic dip 

Ag --1.62 --1.30 Very small  anodic dip, 
did not  cross zero cur-  
ren t  axis 

Ni --1.65 None Chemical attack; erratic 
trace on anodic polar-  
ization 

Cu --1.66 --1.25 Chemical attack; erratic 
trace on anodic polar-  
ization 

Hg* --1.66 None Limit  of cathodic polar-  
i za t ion- -2 .4v ;  second 
cathodic peak seen 
on anodic polarization 
(--1.65v) 

W --1.61 �9 None Second cathodic peak 
seen on anodic polar-  
ization (--1.33v) 

* M e r c u r y  p l a t e d  on go ld .  

The resu l t s  p re sen ted  in  Tab le  II  ind ica te  tha t  the  
peak  and  a f t e r - p e a k  p h e n o m e n a  are charac ter i s t ic  
of a b u l k  p r o p e r t y  of the  melt ,  the  peak  m a x i m u m  
occur r ing  a t  n e a r l y  the  same po ten t i a l  on all  me t a l  
surfaces  (see co lumn  2).  However ,  w i th  a n y  g iven  
me ta l  the po ten t i a l  of the peak  is d ic ta ted  to a cer-  
t a in  e x t e n t  b y  the  roughness  of the  me t a l  surface.  

M a n u a l  c u r r e n t - v o l t a g e  profiles ob ta ined  wi th  a 
Sargent ,  Model  III,  Po l a rog raph  es tab l i shed  tha t  the  
peak  was  no t  an  a r t i fac t  of the  au tomat i c  record ing  
of the  c u r r e n t - v o l t a g e  curves.  

The ac t iva t ion  e n e r g y  11 k c a l . m o l e  -1 r epor t ed  
by  p rev ious  worke r s  (8) and  conf i rmed in  this  w o r k  
is a p p r o x i m a t e l y  th ree  t imes  tha t  expected  for a ny  
process ascr ibed  to diffusion. S ince  s t i r r i ng  of the  
me l t  also has l i t t le  effect, a k ine t i c  or surface  con-  
t ro l led  r educ t ion  of n i t r a t e  is suggested.  

The r educ t ion  products  of NOB-, r e su l t i ng  f rom 
con t ro l l ed -po t en t i a l  exper imen t s ,  were  q u a n t i t a -  
t ive ly  ident i f ied as NO~- and  O = (Tab le  I I I ) .  I t  is 
not iced  i m m e d i a t e l y  in  the  e lectrolysis  of a n i t r a t e  
eutect ic  me l t  tha t  a p rec ip i ta te  forms on the  surface  
of the p l a t i n u m  foil cathode. If  its po ten t i a l  is con-  
t ro l led  a t  a po in t  a p p r o x i m a t e l y  one th i rd  of the  

Table III. Results of analysis of the cathode compartments 
in the controlled potential electrolysis of KNO3-NaNO3 eutectic 

E q u i v .  T h e o r .  m o l e s  T h e o r .  
of  e lec t ,  of n i t r o g e n  m o l e s  M o l e s  NO~- M o l e s  O = 
passed as NOn- of 0 = found found 

1.20 • 10 -~ 6.00 x 10 -5 5.70 • 10 -5 
1.17 x 10 4 5.85 x l 0  ~ 5.50 x 10 -5 

w a y  up the  peak  ( - -1 .50v) ,  no gas is observed.  The  
precipi ta te ,  fo l lowing  its fo rmat ion ,  is observed  to 
dissolve in  the  me l t  at open circuit .  A n y  r educ t ion  
reac t ion  w r i t t e n  for n i t r a t e  in  this  m e d i u m  involves  
the  e l i m i n a t i o n  of oxide and  produces  a lower  oxi -  
da t ion  state  of n i t rogen ;  n i t r i t e  was  a s sumed  a 
priori to be the  mos t  r ea sonab le  r e duc t i on  p roduc t  
of n i t rogen .  The  c o m p a r t m e n t  ana lyzed  for  oxide 
was dissolved in  aqueous  so lu t ion  and  t i t r a t ed  w i th  
s t a n d a r d  0.01M HNO~, whi le  tha t  to be  ana lyzed  for 
n i t r i t e  was  dissolved in  a s t a n d a r d  so lu t ion  of 0.01N 
KMnO4 and  b a c k - t i t r a t e d  w i th  a so lu t ion  of 0.01N 
F e ( I I ) .  The resu l t s  shown  in  Tab le  I I I  i ndeed  cor-  
r espond  to a r e duc t i on  h a v i n g  the  s to ich iomet ry  

NO~- q- 2e-~ NO2- + O = [1] 

F u r t h e r  i nves t iga t ion  es tab l i shed  tha t  NaNO2 was 
soluble  in  all  p ropor t ions  in  the  eutect ic  m e l t  and  
r u l e d  it  out  as t a k i n g  pa r t  i n  the  p rec ip i ta te  f o r m a -  
t ion;  hence  oxide  ion mus t  be involved .  A c u r r e n t -  
vol tage  curve  of p u r e  KNO3 at  350~ us ing  a p l a t i -  
n u m  microe lec t rode  (area,  1 x 10 -8 cm 2) and  the  
usua l  r e fe rence  p r epa red  in  the  eutect ic  m i x t u r e  
d i sp layed  a low l inea r  r e s idua l  c u r r e n t  b e t w e e n  
0.0 and  --1.35v; the  c u r r e n t  is observed  to increase  
w i t h o u t  b o u n d  at  po ten t ia l s  more  nega t i ve  t h a n  
--1.35v. A d d i t i o n  of 10% NaNOa by  we igh t  p roduced  
the same  r e s idua l  behav io r ;  however ,  a peak  was  
observed  wi th  m a x i m u m  a t - - 1 . 4 0 v .  I t  was  found  
tha t  it  is possible  to p rec ip i ta te  Na20 f r o m  p u r e  
KNOa sa tu ra t ed  w i th  ca lc ium oxide by  add ing  
NaNOs. S imi la r  resul t s  were  ob ta ined  us ing  decom-  
posed Na202 as a source of oxide and  sod ium ion. I t  
is r ea sonab le  to conclude  tha t  the  peak  observed  in  
c u r r e n t - v o l t a g e  curves  us ing  solid microelec t rodes  
or ig ina tes  as a r e su l t  of the  gross i n h i b i t i o n  of the  
r educ t ion  of NO3-  by  the  p rec ip i t a t ion  of Na20 on 
the  surface  of the  cathode. 

C u r r e n t - v o l t a g e  curves  ob ta ined  u s i n g  a d rop-  
p ing  m e r c u r y  electrode and  recorded  as a f unc t i on  
of the  he ight  of the  m e r c u r y  c o l u m n  (Fig.  3) are 
cons is ten t  w i th  p rec ip i t a ted  Na20 as an  inh ib i to r  in  
the  r educ t ion  of NO8-.  The  peak  ( m a x i m u m  at 
--1.75 on d ropp ing  m e r c u r y )  is observed  to appear  
a nd  d i sappear  as the  m e r c u r y  c o l u m n  height  is 
ra ised  a nd  lowered.  The  f inal  r educ t ion  of the  sup -  
po r t i ng  e lec t ro ly te  (deposi t ion  of a lka l i  me ta l )  is 
observed  a t - - 2 . 1 v  which  is expected  s ince the  r e -  
duc t ion  p roduc t  is so luble  in  mercu ry .  A slope of 
0.81 for a plot  of the  log of the  heights  of m e r c u r y  

- 1 . 7 5  V .  

5C 
I 

200 a 39 

tOO ! 

: 

C~O -08 -I.6 -2.4 
E (VOLTS) VS, Acj/A 9 (I) 

Fig. 3. Residual current-voltage curves using a D.M.E. in 
KNO3-NaNO3 eutectic at 250~ as a function of height of 
mercury. - - - ,  76 cm, 68 cm, 61 cm, 52 cm. 
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/ jO m:  o.Bi 
2200 

1,200 1.500 ~ i ~  
LOG h 

Fig. 4. Log i vs. log h for average after peak currents observed 
at D.M.E. 

column (corrected for back pressure) vs .  the log of 
the corresponding af ter-peak steady-state currents 
is expected for a surface-controlled process with a 
convective or mass t ransport  component (see Fig. 
4). A plot of the log of the current  on the rising 
portion of the curve before the peak vs .  potential 
produces a straight line with a slope of 0.100v, cor- 
responding to an activation-controlled cathodic pro-  
cess without  concentration polarization with na = 
0.97. The linear dependence of log current  on poten- 
tial, for the reduction of NOB- in the eutectic mix-  
ture, will be obeyed until  a potential is reached such 
that  the cathode surface becomes inhibited with 
Na20. Comparing the potential at which this devia- 
tion takes place (Fig. 5) with a current-vol tage 
curve (Fig. 3) it is observed to correspond to a point 
approximately one-third of the way  up the rising 
portion of the curve. Instantaneous current- t ime 
curves as a function of applied potential, shown in 
Fig. 6, indicate a shift in the reduction process f rom 
diffusion (normal current- t ime behavior)  to surface 
control (maximum in current during single drop 
life). This shift in the reduction-controll ing process 
explains the appearance and disappearance of the 
peak as a function of the height of the mercury  col- 
umn (Fig. 5). Al though the onset of the change in 
the rate-controll ing process is noted in Fig. 5 at ap- 
p rox imate ly - -1 .5% the process remains primari ly 
diffusion controlled as long as the rate of drop 
growth is fast enough to prevent  serious inhibition 
by Na20 (h > 52 cm) ; however, when drop growth 

/ ~ 0  
..El" t 

LOOC 

o 

.50( 

i 
o IOO v 

0.000 

1.500 i 6100 
- E (VOLTS) VS. Ag/A 9 (~) 

Fig. 5. Log /corr. vs. E (v) for rising part of peak using data from 
residual current-voltage curves token with a D.M.E. in KNO3- 
NaNO~ eutectic at 250~ o, h = 69 cm; e, h = 62 cm; I-}, 
h = 52 cm. 
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Fig. 6. Variation of mercury drop profiles with constant applied 
potential in KNO3-NaN03 eutectic at 250~ ( h = 2 8  cm). 

becomes sufficiently slow (h < 45 cm), Na20 can 
collect in quantities large enough to inhibit the re-  
duction process and surface control takes over. 
From the magnitude of the currents observed it is 
obvious that monolayer  amounts are not involved. 

A value of --1.10v for the e.c.m, determined in 
this work is in good agreement with that of Randles 
and White (--1.12v vs .  Hg/HgSO4) (18). Because 
mercury  is oxidized near 0v vs.  Ag/Ag  (I) ,  the points 
of reference are very  close. 

Chronopotentiometric investigations carried out in 
connection with this work complemented the cur-  
rent-vol tage investigation. A typical chronopoten- 
tiogram, shown in Fig. 7, has E1/4's of - -1 .68v  (~c) 
a n d - - 1 . 3 0 v  (~a) corresponding to cathodic and 
anodic processes which are in excellent agreement 

-30 

-20 

-I.C 

OC 

+ I.C 

CURRENT REVERSAL 

CATHODIC CYCLE ANODIC CYCLE 

~=-, ~ , ,  
El/=-1.30 V 

i 

TIME (SEC.) l 

Fig. 7. Typical chronopotentiogram using a platinum m:cro- 
electrode ( i / A  = 19 ma cm -2 )  in KNO3-NaNOs eutectic at 
250~ 
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wi th  the  po ten t ia l s  of the  cathodic peak  (--1.65v) 
and  anodic  dip (--1.30v)  observed  in  the  c u r r e n t -  
vol tage  work.  

The data  p resen ted  in  Tab le  IV r ep re sen t  the  re -  
sults  of two separa te  series of expe r imen t s  i nvo lv ing  
cathodic and  anodic  t r a n s i t i o n  t imes  observed  as a 
f unc t i on  of the  t ime  a cathodized p l a t i n u m  mic ro -  
e lect rode (i .e. ,  on ly  cathodic ch ronopo ten t iome t r i c  
cycles r u n  at  a cons tan t  c u r r e n t  dens i ty  of 12.3 m a /  
cm 2) stood in  the me l t  at open circuit .  The r e a p -  
p e a r a n c e  of re and  d i sappea rance  of ~a indica tes  tha t  
one of the  r educ t ion  products  (Na20)  m u s t  be  a 
solid mate r ia l ,  phys ica l ly  a t tached  to the  electrode 
surface,  and  d issolv ing w i th  t ime. Since p rec ip i t a ted  
Na20 controls  the  ava i l ab i l i t y  of bo th  of the r educ -  
t ion  products  at the  e lect rode surface  (NO2-  t r a p -  
ped in  i t ) ,  the  products  wi l l  be  p re sen t  to unde rgo  
reoxida t ion .  S t i r r i ng  the  me l t  (Tab le  V) tends  to 
increase  ~c and  to decrease ~-a of the  prec ip i ta te ,  as 
expected.  

Obse rva t ions  of cathodic and  anodic  t r ans i t i on  
t imes  as a f unc t i on  of appl ied  c u r r e n t  dens i ty  (Tab le  
VI)  and  as a f u n c t i o n  of the  t ime  of c u r r e n t  i n t e r -  
r u p t i o n  d u r i n g  a cathodic cycle at a cons tan t  c u r r e n t  
dens i ty  (Tab le  VII)  were  also cons is tent  w i th  
these  conclusions.  For  o x i d a t i o n - r e d u c t i o n  reac -  
t ions  i n v o l v i n g  an ox idan t  and  r e d u c t a n t  bo th  
soluble  and  free to diffuse in  solut ion,  the  ra t io  of 
rc/za should  be 3, whi le  it  should  be u n i t y  for a 
to ta l ly  inso lub le  r e d u c t a n t  (19).  F r o m  Tab le  VI, it 

Table IV. Tc and Ta At constant current density (12.3 ma/cm 2) 
as a function of the time a cathodized platinum microelectrode 

stands in the eutectic mixture at open circuit 

T i m e ,  s e c  •r s e c  Ta, s e c  

0 0 15.3" 
100 0.1 13.2 
200 0.4 12.4 
225 5.5 9.5 
250 11.3 8.1 
300 12.0 5.0 
400 17.0 3.2 
750 19.4 1.5 
800 20.0 0.5 
- -  22.4* - -  

* ~'e a n d  v a i n  n o r m a l  c a t h o d i c  a n d  a n o d i c  c y c l e s .  

Table V. Transition times as a function of stirring the melt 

I ,  m a / c m  2 M e l t  r c ,  s e c  To, s e c  

12.3 Unst i r red 25.0 15.1 
12.3 Stirred 32.7 13.2 

Table VI. Transition times as a function of current density 
in molten nitrate eutectic, 250~ 

I ,  m a . c m  z r c, s e c  va,  s e c  Tc /T  a I.re, 10 e ITa  , 10z 

18.8 16.5 6.7 2.46 3.10 1.26 
25.0 10.0 4.4 2.27 2.50 1.10 
31.3 6.5 3.3 1.96 2.04 1.04 
37.5 4.0 2.8 1.60 1.50 1.05 
43.8 2.6 2.3 1.13 1.14 1.01 
50.0 2.2 2.1 1.05 1.10 1.05 

REDUCTION OF NITRATE IN NaNO3-KNO~ 819 

Table VII. tc/~a At constant current density (12.3 ma �9 cm - 2 )  
as a function of current reversal at different times during 

cathodic cycle 

t c, s e c  To, s e c  te/~- a 

22.7 15.0 1.51 
24.0 12.0 2.00 
25.2 12.6 2.00 
25.4 10.0 2.54 
19.6 7.5 2.61 
16.1 6.1 2.63 
9.5 3.0 2.70 

is a p p a r e n t  the  ~ ' c / ~ ' a  var ies  f rom a va lue  of 2.46 at 
low c u r r e n t  dens i ty  to 1.05 at  h igh c u r r e n t  dens i ty  
w h e n  the  c u r r e n t  r eve r sa l  took place at the  i n s t an t  
of r each ing  the  end  of the  cathodic t r ans i t i on  t ime.  
Likewise ,  at  a cons t an t  appl ied  c u r r e n t  densi ty ,  the 
rat io of tc/Ta va r i ed  f rom 2.70 for r eve r sa l  ea r ly  in  
the  cathodic cycle to 1.51 for r eve r sa l  la te  in  the  
cathodic cycle, w h e n  a p rec ip i t a te  was present .  

The  va r i a b i l i t y  of anodic  dips (i .e. ,  peaks)  wi th  
surface roughness  indica tes  tha t  a r o u g h e n e d  su r -  
face favors  r e t e n t i o n  of inso lub le  r e duc t i on  p roduc t s  
fo rmed  d u r i n g  the  cathodic po la r i za t ion  cycle. P r o -  
longed  use of a p l a t i n u m  microe lec t rode  in  chrono-  
po ten t iome t r i c  s tudies  caused a g r a dua l  increase  of 
surface area  a nd  of t r ans i t i on  t imes.  Repol i sh ing  of 
the e lect rode sur face  res tored  its o r ig ina l  condi t ion.  

To d e t e r m i n e  w h e t h e r  a k ine t i ca l l y  cont ro l led  r e -  
duc t ion  of NO2 + p r e se n t  at  a smal l  e q u i l i b r i u m  
concen t r a t i on  in  the  me l t  occur red  (20),  a t t empt s  
were  made  to shif t  the  e q u i l i b r i u m  

NOB- ,~ NO2 + + O = [2] 

Ne i the r  the  add i t ion  of K2S207 as an  acid no r  K2CO3 
or NaeCOz as a base affected the  c u r r e n t - v o l t a g e  
curves.  I t  appears  tha t  the c u r r e n t - l i m i t i n g  process 
is the  ra te  of d i sso lu t ion  of the  Na20 film, wh ich  de-  
t e rmines  the  r a t e  of r educ t ion  necessa ry  to sus ta in  
a s teady  state  a nd  tha t  the e q u i l i b r i u m  in  Eq. [2] is 
not  involved .  

P r e p a r a t i v e  e lectrolyses  were  car r ied  out  to es- 
t ab l i sh  the  reac t ions  t ak ing  place at the  ex t r eme  
anodic  and  cathodic ends of the  po ten t i a l  r ange  
avai lable .  The anode is depolar ized  at  a po t en t i a l  of 
+ l . 2 v  vs .  A g / A g ( I )  w i th  the  evo lu t ion  of NO2 gas. 
This obse rva t ion  is in  a g r e e m e n t  w i th  anodic  de-  
po la r iza t ion  of microelec t rodes  bo th  in  the  c u r r e n t -  
vol tage  a nd  ch ronopo ten t iome t r i c  s tudies  (see Fig. 
2 and  7). The cathode is depolar ized  a t - - 2 . 8 v  vs .  
A g / A g ( I ) ;  this  r eac t ion  appears  to be  a v e r y  com- 
pl ica ted  process. A b lue  l iquid,  r epor ted  in  p rev ious  
work  by  Hi t to r f  (21),  is first seen to fo rm on the 
electrode surface;  a p p r o x i m a t e l y  45 sec la ter ,  a sub -  
sequen t  reac t ion  of this  l i qu id  wi th  n i t r a t e  produces  
a colorless, odorless gas. The  most  p robab le  ex-  
p l a n a t i o n  for this  p h e n o m e n o n  is a f o r ma t i on  of a 
me ta s t ab l e  solut ion of a lka l i  me t a l  which  t h e n  re -  
acts w i th  NO3-,  r educ ing  it  to N2. Ana lys i s  of ca th-  
ode c o m p a r t m e n t s  for con t ro l l ed -po t en t i a l  e lec t ro l -  
yses car r ied  out  by  ho ld ing  the  po ten t i a l  of the  
cathode a t - - 3 . 5 v  vs .  A g / A g ( I )  ind ica ted  oxide 
p resen t  in  an  a m o u n t  r ough l y  e q u i v a l e n t  to t ha t  ex-  
pected if NO8-  were  r educed  to Ne gas. 
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A final  c o m m e n t  2 of a p r a c t i c a l  n a t u r e  m a y  be  of 
in te res t .  M o l t e n  n i t r a t e  b a t h s  used  for  t he  hea t  
t r e a t m e n t  of a l u m i n u m  shee t s  d e t e r i o r a t e  over  a 
p e r i o d  of t i m e  a n d  f o r m  " s t a ins"  of s o d i u m  a l u m i -  
n a t e  on t h e  sheets .  The  b a t h s  m a y  be  r e j u v e n a t e d  
w i t h  s o d i u m  d i c h r o m a t e ,  w h i c h  p r e s u m a b l y  r eac t s  
w i t h  o x i d e  to f o r m  s o d i u m  ch roma te .  These  o b s e r -  
va t i ons  a r e  cons i s t en t  w i t h  t he  f ind ings  of t he  p r e s -  
en t  work .  
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Interferometric Study of Zn/ZnSOJZn System 
I. Relative Position of Electrodes and Convective Effects 

R. N. O'Brien, W. F. Yakymyshyn, and J. Leja 
Depart~nent 05 Chemistry, University of A~berta, Edmonton, Alberta, Canada 

ABSTRACT 

Concentra t ion  gradients  a t  the Zn/ZnSO4 electrodes,  s tudied by  Fizeau 
fringes,  were  found to depend m a r k e d l y  on the r e l a t ive  posit ions of the n a r -  
row- faced  electrodes.  Posi t ions inves t iga ted  were:  shal low vert ical ,  deep 
ver t ical ,  hor izonta l  cathode above anode, and hor izonta l  anode above cathode. 
Grav i ta t ion  effects, pa ra l l e l  or ver t ica l  to the e lect rode face, cause different  
convection flows which affect the  f r inge  pat terns .  Onset  of convection was 
s tudied in re la t ion  to e lect rode positions, cur ren t  density,  and e lect rode con- 
centrat ion.  

The  i n t e r f e r o m e t r i c  i n v e s t i g a t i o n  of t h e  s y s t e m  
Z n / Z n S O 4 / Z n  was  c a r r i e d  out  in  a spec i a l l y  con-  
s t r u c t e d  mic roce l l  ( c o n t a i n i n g  less t h a n  1 m l  of 
e l e c t r o l y t e  b e t w e e n  the  e l ec t rodes )  w i t h  t he  o b j e c -  
t ive  of o b t a i n i n g  the  con tou r  of c o n c e n t r a t i o n  
changes  b e t w e e n  the  e lec t rodes .  The  w o r k  of Ib l  
(1, 2) has  shown  t h a t  c e r t a i n  p e r t u r b a t i o n s  of t he  
f r i n g e  p a t t e r n  can be  c o r e l a t e d  w i t h  f ree  convec t ive  
flow. E i s e n b e r g  (3)  and  c o - w o r k e r s  also s h o w e d  t h a t  
t he  o r i e n t a t i o n  of t he  cel l  in  t h e  e a r t h ' s  g r a v i t a t i o n a l  
f ield p r o f o u n d l y  affects  t he  t r a n s p o r t  p h e n o m e n a  in 
t he  cell .  Such  convec t ion  a n d  o r i e n t a t i o n  effects 
across  t he  w h o l e  l a y e r  of e l e c t r o l y t e  b e t w e e n  the  
e l ec t rodes  in  the  cel l  a r e  q u a l i t a t i v e l y  d e m o n s t r a t e d  

in th is  p a p e r ;  q u a n t i t a t i v e  t r e a t m e n t  is r e s e r v e d  for  
l a t e r  p a p e r s  in t he  ser ies .  

The  c o n c e n t r a t i o n  changes  in  t he  e l e c t r o l y t e  con-  
t a i n e d  b e t w e e n  two  w o r k i n g  e l ec t rodes  h a v e  b e e n  
sough t  s ince  t he  b e g i n n i n g  of s y s t e m a t i c  i n v e s t i g a -  
t ion  in  e l e c t r o c h e m i c a l  sys tems .  The  t echn iques  used  
w e r e  based  e i t h e r  on e x t e r n a l  m e a s u r e m e n t s  ( such  
as c u r r e n t  d e n s i t y  a n d  v o l t a g e  m e a s u r e m e n t s )  or  i n -  
t e r n a l  m e a s u r e m e n t s  on the  e l e c t r o l y t e  i tself .  D i rec t  
s a m p l i n g  t echn iques  of c o n s i d e r a b l e  v a l u e  and  in -  
g e n u i t y  h a v e  been  deve loped ,  e.g., qu ick  f r eez ing  a 
l a y e r  of e l e c t r o l y t e  (4)  onto  a c y l i n d r i c a l  e l ec t rode  
a n d  t h e n  m a c h i n i n g  off success ive  l a y e r s  for  ana lys i s  
s a m p l i n g  b y  s y r i n g e  (5)  t h r o u g h  a p inho l e  in  a p l a n e  
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electrode through which a sample  could be w i th -  
drawn,  etc. In addit ion,  optical  methods using 
colored electrolytes,  pH indicators,  or schl ieren tech-  
niques were  t r ied  out to give concentrat ion changes. 
However,  it  appears  tha t  i n t e r f e romet ry  holds the 
most promise of all the optical  techniques.  

I t  was ear ly  predic ted  by  many  workers  [and 
given a good theore t ica l  t r ea tmen t  by  Levich (6 ) ]  
tha t  three  types  of t r anspor t  phenomena  (mass 
t ransfer )  should exist  in any electrodeposi t ion cell: 
diffusion, e lec t romigra t ion  and convection. Tobias 
and co-workers  (7) discussed fur ther  the effects of 
ac t iv i ty  coefficients and the var ia t ion  of diffusion 
coefficient wi th  concentrat ion of electrolyte ,  on the 
over -a l l  mass t ransfe r  phenomena.  The theory  of 
mass t ransfer  in electrolysis  was tes ted by Ibl  (1) in 
a classic series of exper iments ,  using a J amin  type  of 
in te r fe rometer  (which is of a sp l i t -beam type  and 
therefore  cannot convenient ly  give a complete  con- 
centra t ion contour be tween  the two electrodes) .  Ibl  
(2) showed the role p layed  by  convection and co- 
re la ted  his in te r fe romet r ic  resul ts  wi th  long ex-  
posure photographs  showing movement  of suspended 
col lophonium in copper sulphate.  The work  of Ibl  
is he reby  extended to show the in te r ferometr ic  pa t -  
terns  across the whole distance f rom anode to ca th-  
ode in our cell, and for var ious  posit ions of electrodes 
with respect  to ear th ' s  g rav i ta t iona l  field. 

Apparatus 
The electrodeposi t ion cell, which is also an in te r -  

ferometer ,  is shown in a c u t - a w a y  drawing  (Fig. 1). 
A schematic drawing  of the optical  t ra in  (Fig. 2) 

S FLATS 

/ f  ~ - ' ~ , ~ T O P  GLASS 
~ ~ ~ FLAT HOLDER 

I~--------------~ /E~"~S~--<:3--SVR'NGE 
I ~ / ~ r I ~  I , NEEDLE 'IO 

i 

i N F  . . . . . . .  BOTTOM GLASS 

Fig. 1. Details of the electrodeposition cell assembly used for 
studying interferometric patterns drawn to scale. 

I i I 

\ 
Fig. 2. Schematic diagram of the light path for the shallow 

vertical position showing the division of amplitude of the light 
beam. For the other positions suitable reorientation of components 
is easily visualized. 

shows the l ight  path.  Col l imated monochromat ic  
sodium vapor  l ight  is reflected up into the cell by a 
f i rs t -surface  mirror .  I t  first encounters  a glass flat 
wi th  a 90% reflecting coating at  the g lass-e lec t ro ly te  
interface.  The t r ansmi t t ed  10% of the l ight  t raverses  
the thickness of the cell through the e lect rolyte  en- 
counter ing a 70% reflecting coating at the e lect ro-  
ly te -g lass  interface of the top flat. Thus, approx i -  
ma te ly  7% of the  or iginal  l ight  beam is reflected 
back through the e lect rolyte  to the bot tom flat and 
90% of this  is again reflected back to the top flat, 
etc. The t r ansmi t t ed  and reflected par t s  of the  l ight 
(and of course the  contr ibut ion of fur ther  reflections 
and t ransmiss ions)  const i tute super imposed co- 
herent  beams wi th  different  optical  paths  and hence 
in ter fere  to produce a f r inge  pat tern .  Because the 
re la t ive  widths  of the  l ight  and dark  fr inges are 
about  2:1, the effective average number  of reflec- 
tions appears  to be about  two (this can also be cal-  
culated roughly  f rom the known ref lect ivi ty of the 
glass flat coat ings) .  The spacing be tween successive 
l ight  (or  da rk )  fr inges is governed by  the wedge 
angle be tween the flats. A camera  is focused on the 
fr inge pa t t e rn  (which appears  localized in the cell) 
in such a way  as to keep the electrode edges in sharp 
focus. 

Four  sets of Zn electrodes were  p repa red  f rom 
99.999 % Zn (obta ined f rom Consolidated Mining and 
Smel t ing  Company Limited,  Trail,  Bri t ish Colum- 
b ia) .  Sets No. 2 and 3 were  machined f rom castings 
remel ted  under  argon in copper molds coated with  
carbon black. Set No. 3 was, in addit ion,  l ight ly  
co ld -worked  and annealed.  The as-cast  electrodes 
had columnar  gra in  s t ructure  of about  40 g r a in s / cm ~, 
and No. 3 set had an equiaxed gra in  s t ruc ture  of 
about 70 g ra ins / cm 2. 

The electrodes were  held in a hea t - cu red  epoxy 
resin holder  which posi t ioned the electrodes and 
accommodated the hypodermic  needle for in t roduc-  
ing and wi thd rawing  solution. 

The e lec t ro ly te  be tween  the work ing  faces of each 
electrode was normal ly  l imi ted  to a volume of 
dimensions 0.2 x 3 x 0.3 crn, or about 0.18 cmK The 
working  face of each electrode was approx ima te ly  
0.2 x 3 cm, the usual  separa t ion  of electrodes was 
approx ima te ly  0.3 cm. 

The electr ical  circuit  (Fig. 3) consisted of an or-  
d ina ry  6 v l ead-ac id  s torage cell kept  jus t  above 
1/2 charge for s tabi l i ty,  a 10,000 ohm decade res is t -  
ance box ca l ibra ted  against  a s t andard  resistance 
suppl ied by  the Nat ional  Research Council, Ottawa,  
Ontario,  a va r iab le  resistance,  and the cell itself. The 
potent ia l  across the cell was measured  using a Tins-  

6v _L. 
LEAD.=. 
-ACID '-" 
CELL T 

#2 TERMINALS 
OF POTENTIOMETER 

~I TERMINALS 
OF POTENTIOMETER 

Fig. 3. Electrical circuit 
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Fig. 4. Dependence of refractive index on concentration for 
ZnS04 at 20", 30 =, and 40~ (compared with values from Lan- 
bolt-Bornstein Tables for 17.5~ open dotted square). 

ley P o r t a b l e  P o t e n t i o m e t e r  ( ca l ib ra ted  aga ins t  a 
Na t iona l  Research  Counci l  po t en t iome te r ) .  The cu r -  
r en t  pass ing  t h rough  the  cell was ca lcula ted  f rom the  
po ten t i a l  across the  h igh s t a n d a r d  resis tance.  

E x p e r i m e n t a l  Procedures  

I n t e r f e rome t r i c  i n f o r m a t i o n  can be re la ted  to 
concen t r a t i on  only  w h e n  the  dependence  of r e f rac t ive  
index  on concen t r a t i on  is accura te ly  known .  A P u l -  
fr ich Ref rac tomete r  was  used to es tabl ish  the r e -  
f rac t ive  indices  for ZnSO4 solutions.  As can be seen 
in  Fig. 4, the dependence  of r e f rac t ive  indices  u p o n  
mola r  concen t r a t i on  is a lmost  l inear .  The ZnSO4 
solut ions  were  made  up f rom doub ly  dis t i l led  and  
f reshly  boi led wa t e r  (pH 6.8 and  1.5 x 10 -6 mhos  
conduc t iv i ty )  an A n a l a r  grade  ZnSO4.7H20.  A stock 
solut ion a p p r o x i m a t e l y  1M was made  up  and  t i t r a t ed  
wi th  E.D.T.A. 

The electrodes were  p r epa red  for an  electrolysis  
r u n  by  pol i sh ing  the work ing  faces on 600 gr i t  e me r y  
paper ,  and  e tching  in  d i lu te  H2SO4 solu t ion  u n t i l  the 
g ra in  s t ruc tu re  was  jus t  visible.  D u r i n g  electrolysis  
the e lec t ro ly te  s lowly advanced  in to  the ve ry  t h in  gap 
b e t w e e n  the electrode and  glass. A whi te  deposit ,  sol- 
ub le  in  acid solut ion [ p r e s u m a b l y  Z n ( O H ) 2 ]  was 
fo rmed  in  the  e lec t ro ly te  w i t h i n  this  gap and,  wi th  
con t inued  electrolysis,  somewha t  obscured  the  edges 
of the  electrode.  To avoid this, the  n o n w o r k i n g  su r -  
faces of electrodes were  coated w i th  a ca ta lyzed two-  
componen t  p o l y u r e t h a n e  (ob ta ined  f rom Plas t ig lo  I n -  
dus t r ies  Ltd., Edmonton ,  A l b e r t a ) ,  which  could be 
pu t  on t h i n l y  enough  to n e a r l y  fill the  space and  
yet  resist  any  chemica l  or e lec t rochemical  action.  

On in jec t ion  of the e lec t ro ly te  into the  assembled  
cell, a po ten t i a l  difference of 1-15 m v  was u sua l l y  
found  to exist  b e t w e e n  the two electrodes.  This  po-  
t en t i a l  was found  to d i sappear  if a low c u r r e n t  was  
passed in  one d i rec t ion  for a few minu tes ,  t h e n  re -  
versed  for 1/2 this t ime,  each successive reve r sa l  
(u sua l ly  on ly  one was  necessa ry)  be ing  for 1/2 the  
t ime  of the  previous .  A n  app l ica t ion  of an  a-c  cu r -  
r en t  at l v  and  60 cycles for 5 m i n  was  found  to be 
equa l ly  effective. The e lec t ro ly te  used in  this process 
was t hen  w i t h d r a w n  by  syr inge  and  fresh e lec t ro-  
lyte  in jected.  

The t ime necessary  for a s table  f r inge  p a t t e r n  to 
be es tabl i shed va r i ed  cons ide rab ly  de pe nd i ng  on the  
o r i en ta t ion  of the  electrodes w i th  respect  to the  
g rav i t a t i ona l  field. W h e n  the  f r inge  p a t t e r n  was  
stabil ized,  the  vol tage  a nd  c u r r e n t  dens i ty  m e a s u r e -  
men t s  were  made  as qu ick ly  as possible  and  a photo-  
g raph  ( i n t e r f e r og r a m)  of the  p a t t e r n  taken .  

Po la r i za t ion  curves  were  found  to be v e r y  com-  
p l ica ted  and  wi l l  be  p r e se n t e d  la te r  i n  the  series 
f rom data  ob ta ined  by  a n  oscilloscope synchron ized  
w i th  a c ine -camera .  The conduc t iv i ty  of the cell goes 
t h rough  a m i n i m u m  and  a m a x i m u m  then  decreases 
ve ry  s lowly wi th  t ime. The c u r r e n t  dens i ty  and  vo l t -  
ages for the  i n t e r f e rog rams  rep roduced  here  were  
t a ke n  as soon as the po t e n t i ome t e r  could be b a l -  
anced, i.e. w i t h i n  5-10 sec of the  photograph .  

The in t e r f e rence  f r inges  fo rmed  in  the  cell are  of 
the F izeau  type  of m u l t i p l e  b e a m  f r inges  (8) .  Each 
f r inge  cons t i tu tes  a r e f rac t ive  index  con tour  since 
a long the tota l  l eng th  of a n y  f r inge  the difference 
in  pa th  l eng th  is constant .  The  optical  pa th  is the 
phys ica l  d is tance  t r a ve r s e d  mu l t i p l i ed  b y  the  r e f r ac -  
t ive index  of the  med ium.  There fore  the  exact  loca-  
t ion  of a ny  f r inge  m a y  be es tab l i shed  f rom the  for-  
m u l a  nX ~ 2~t cos r where  X is the  w a v e l e n g t h  of the  
monochroma t i c  l ight,  ~ is the  re f rac t ive  index,  t is 
the th ickness  of the  cell, and  r is the  ang le  of inc i -  
dence, m e a s u r e d  f rom the  pe rpend icu la r .  In  all  ex -  
pe r i me n t s  r was  kept  as close to zero as possible. 
hence  cos ~ = 1. In  order  to get a f r inge  spacing con-  
v e n i e n t  for pho tograph ing ,  i.e., abou t  3 f r i n g e s / m m ,  
a wedge angle  of about  1 m i n  of arc was  used. 

The o r ien ta t ions  s tudied  have  been  des igna ted  as 
follows, (Fig. 5) :  sha l low vert ical ,  deep ver t ical ,  
hor izon ta l  cathode above  anode,  and  hor izon ta l  
anode above cathode. One electrode was  dr i l led  to 
a l low c i rcu la t ion  of r e f r ige ra t ed  alcohol t h r ough  it;  
a t e m p e r a t u r e  g rad ien t  thus  es tabl i shed a l lowed the  
d i rec t ion  of f r inge  b e n d i n g  d u r i n g  s u b s e q u e n t  elec- 
t rolysis  to be i n t e r p r e t e d  as a nega t ive  or a posi t ive 
re f rac t ive  index  change.  F igu re  6 shows the  resul t s  
of this  exper imen t .  Since on cooling, the  re f rac t ive  
index  is increased  and  the f r inges  have  b e n t  t oward  
the  top of the  page, the apex of the wedge  of elec-  
t ro ly te  mus t  be toward  the  top of the  page;  and  a 
s imi l a r ly  o r ien ted  bend  at the  anode  m u s t  m e a n  
increased  concen t ra t ion .  The  two in t e r f e rog rams  
also show the  v e r y  d i ss imi la r  charac ter is t ics  of te rn-  
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Fig. 5. Nomenclature given to the four orientations showing 
the direction of the passage of light. 
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Fig. 6. Interferometric patterns showing the effect of cooling 
one electrode compared with electrolysis (to obtain the direction 
of the wedge angle). 

p e r a t u r e  and  concen t r a t i on  d i f fe rences  and  cons t i -  
t u t e  an ef fec t ive  a r g u m e n t  t h a t  t h e  effects o b s e r v e d  
on e l ec t ro lys i s  a r e  no t  t h e r m a l  in  na tu r e .  

F i g u r e  7 is a s chema t i c  d i a g r a m  of a t y p i c a l  f r i nge  
p a t t e r n  e n c o u n t e r e d  w i t h  e l ec t rodes  in  t he  s ha l l ow  
v e r t i c a l  pos i t i on  i n d i c a t i n g  the  n o m e n c l a t u r e  t e n t a -  
t i v e l y  a d o p t e d  to de sc r ibe  t he  p e r t u r b a t i o n s .  The  
f irst  r eg ion  of c o n c e n t r a t i o n  change ,  w h i c h  c o r r e -  
sponds  to t he  d i f fus ion l ayer ,  is ca l l ed  t h e  "f i rs t  
w a v e , "  t he  second  ( w h i c h  Ib l  ca l l ed  the  " a n o m a l o u s  
m a x i m u m  at  t he  c a t h o d e " )  is h e r e  ca l l ed  the  second  
w a v e  s ince  i t  a p p e a r s  bo th  at  t he  a n o d e  and  the  
ca thode .  The  t h i r d  w a v e  w h i c h  is t he  n e x t  r e v e r s a l  
does not  occur  excep t  a t  v e r y  h igh  c u r r e n t  d e n -  
s i t ies  ( a p p a r e n t l y  on ly  in t he  sha l l ow  v e r t i c a l  pos i -  
t ion)  and  is p r e s u m e d  to be  also t he  consequence  of 
convect ion .  In  a l l  i n t e r f e r o g r a m s  w h i c h  fol low,  the  
apex  of t he  w e d g e  ang le  is u p w a r d  in  v e r t i c a l  pos i -  
t ions  and  to t he  r i g h t  in h o r i z o n t a l  pos i t ion .  

The  r a t e s  and  m o d e s  of b u i l d - u p  of the  t y p i c a l  
f r i n g e  p a t t e r n s  for  t he  fou r  pos i t ions  a r e  v e r y  d i f f e r -  
en t  and  w i l l  be  d i scussed  la te r .  

Results 

The  effect of i n c r e a s i n g  c u r r e n t  d e n s i t y  on the  
f r i n g e  s y s t e m  of 0.1M ZnSO4 so lu t ion  for  the  sha l l ow  
v e r t i c a l  pos i t i on  is s h o w n  in Fig .  8 ( a l l  i n t e r f e r o -  
g r a m s  w e r e  t a k e n  a f t e r  3 ra in  of e l ec t ro lys i s  a t  25~ 
i.e., w h e n  the  f r inges  b e c o m e  s t a b l e ) .  A c u r r e n t  d e n -  
s i ty  of a b o u t  2.5 m a / c m  2 is n e c e s s a r y  to p r o d u c e  a 
d i s t inc t  second  w a v e ;  a t  9 m a / c m  2, the  f r inges  in  the  
d i f fus ion l a y e r  become  u n r e s o l v a b l e  b y  the  i n s t r u -  
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Fig. 7. Schematic representation of a fully developed, typical 
fringe pattern found in the shallow vertical position at high 
current densities. 

Fig. 8. Effect of current density on the fringe pattern in the 
shallow vertical position, for 0.1M ZnS04 at 25~ after 3 min 
of electrolysis. A concentration scale has been inserted which 
is the same for all interferograms except those in Fig. 13. 

Fig. 9. Effect of current density on the fringe pattern in the 
shallow vertical position for 0.1M ZnS04 at 25~ after 5 rain 
of electrolysis. 

ment .  The  t h i r d  w a v e  can  be  f a i n t l y  d e t e c t e d  at  
22.56 m a / c m  2. 

F i g u r e  9 is a ser ies  of i n t e r f e r o g r a m s  at  i nc r ea s ing  
c u r r e n t  dens i t i e s  w i t h  t he  e l ec t rodes  in t he  deep  
v e r t i c a l  pos i t ion ,  t a k e n  a f t e r  5 ra in  of e l ec t ro lys i s  
a t  a p r e s e t  po t en t i a l .  The  mos t  no t i c eab l e  d i f fe rence  
b e t w e e n  sha l l ow  v e r t i c a l  and  deep  v e r t i c a l  pos i t ions  
is t h a t  the  first  w a v e  or  "d i f fus ion  l a y e r "  has  i n -  
c r ea sed  in  t h i cknes s  f r o m  abou t  0.15 m m  to abou t  
0.33 m m  or  r o u g h l y  b y  a f ac to r  of two  for  a n  i n -  
c rease  in the  h e i g h t  b y  a f ac to r  of 15. O b v i o u s l y  
if d i f fus ion w e r e  t he  on ly  f ac to r  r e s p o n s i b l e  for  t he  
change  of e l e c t r o l y t e  c o n c e n t r a t i o n  in th is  l aye r ,  i t  
shou ld  r e t a i n  i ts  t h i ckness  r e g a r d l e s s  of t he  h e i g h t  
of e lec t rodes .  These  d i f fe rences  in t he  "d i f fus ion  
l a y e r "  t h i cknes s  h a v e  b e e n  p r e d i c t e d  b y  Levich ,  
Tobias ,  K e u l e g a n  and  t h e i r  c o - w o r k e r s ,  and  e x -  
p e r i m e n t a l l y  f o u n d  b y  Ib l  for  t he  ca thode  and  a n o d e  
r eg ion  in cel ls  of m u c h  l a r g e r  c a p a c i t y  t h a n  ours .  
The  s p r e a d i n g  out  of t he  first  w a v e  a w a y  f r o m  the  
e l ec t rode  face  a l l o w e d  r e so lu t i on  of t he  f r i nges  a t  a 
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Fig. 10. Effect of current density on the fringe pattern in the 
horizontal anode over cathode position for 0.1M ZnS04 at 25~ 
after 3 min of electrolysis. 

h i g h e r  c u r r e n t  dens i ty ,  i.e. ove r  12 m a / c m  2, c o m -  
p a r e d  to a b o u t  9 m a / c m  2 for  sha l l ow  v e r t i c a l  pos i -  
t i ~ .  I t  is  a lso a p p a r e n t  t h a t  t he  second  w a v e  has  
s p r e a d  o u t w a r d  and  b e c o m e  m u c h  less  sharp .  In  t he  
l as t  i n t e r f e r o g r a m ,  a t  16.84 m a / c m  2, a s t ab le  p a t t e r n  
ove r  t he  w h o l e  cel l  has  no t  y e t  b e e n  e s t ab l i shed ;  t h e  
two  f r i n g e  p a t t e r n s  o r i g i n a t i n g  at  t he  two  e l ec t rodes  
a r e  s t i l l  in m o t i o n  r e l a t i v e  to each  other .  No t h i r d  
w a v e  w a s  o b t a i n e d  in  t he  deep  v e r t i c a l  pos i t ion .  

A s  can  be  seen f r o m  the  vo l t ages  i m p r e s s e d  across  
the  cell ,  t he  deep  v e r t i c a l  pos i t ion  has  a m u c h  g r e a t e r  
c o n d u c t i v i t y  at  t he  h i g h e r  c u r r e n t  dens i t ies .  

The  h o r i z o n t a l  pos i t ions  shou ld  and  do p r o d u c e  
v e r y  d i f fe ren t  p a t t e r n s  to those  o b t a i n e d  in  t he  v e r -  
t i ca l  pos i t ions  because  in  the  a n o d e  ove r  ca thode  
pos i t i on  n e a r l y  a l l  ionic  t r a n s p o r t  shou ld  occur  b y  
convec t ion ,  and  in the  ca thode  ove r  anode  pos i t ion ,  i t  
shou ld  a l l  be  due  to d i f fus ion and  ion m i g r a t i o n .  
F i g u r e  10 t a k e n  a f t e r  3 ra in  of e l ec t ro lys i s  shows  the  
c o n c e n t r a t i o n  con tou r  in  the  h o r i z o n t a l  anode  ove r  
ca thode  posi t ion.  A t  v e r y  low c u r r e n t  dens i t ies ,  t he  
d e n s i t y  changes  at  t h e  e l ec t rodes  a r e  s m a l l  and  t h e  
convec t ive  p rocesses  h a v e  l a m i n a r  flow p a t t e r n s ,  a l -  
t h o u g h  the  so lu t ion  m o v i n g  d o w n w a r d  f r o m  the  
anode  m u s t  be m e e t i n g  and  pas s ing  ( w i t h  some 
m i x i n g )  l i g h t e r  so lu t ion  r i s ing  f r o m  the  ca thode .  
T h e  m o r e  ac t ive  a r eas  on the  e l e c t r o d e  show some 
t u r b u l e n c e ,  w h i c h  a p p e a r s  a t  t h e  anode  n e a r  t he  
m i d d l e  of t he  i n t e r f e r o g r a m  ( s h o w n  as a b r o a d e n e d  
f r i nge )  a t  1.5 m a / c m  2. A t  th is  l ow  c u r r e n t  dens i ty ,  
the  ex i s t ence  of a first  w a v e  ind i ca t e s  t h a t  d i f fus ion  
is s t i l l  an  i m p o r t a n t  m o d e  of m a s s  t r a n s f e r  a t  l e a s t  
ove r  a p o r t i o n  of e l e c t r o l y t e  n e a r  t he  solid.  The  first  
w a v e  is of abou t  t he  s ame  th i cknes s  as  t ha t  in t he  
deep  v e r t i c a l  pos i t ion  a t  l ow  c u r r e n t  dens i ty .  A t  
abou t  4 m a / c m  2, g e n e r a l  t u r b u l e n t  convec t ion  has  
begun .  The  first  w a v e  becomes  p r o g r e s s i v e l y  less  
e v i d e n t  b u t  i t  is s t i l l  r e cogn i zab l e  even  at  n e a r l y  

Fig. 11. Effect of current density on the fringe pattern in the 
horizontal cathode over anode position for 0.1M ZnS04 at 2S~ 
after 3 min of electrolysis. 

17 m a / c m  2. The  c o n d u c t i v i t y  is g e n e r a l l y  l o w e r  t h a n  
tha t  in  t he  deep  v e r t i c a l  conf igura t ion  b u t  h i g h e r  
t h a n  in the  sha l l ow  v e r t i c a l  o r i en ta t ion .  

F i g u r e  11 shows  the  f r i nges  in  the  h o r i z o n t a l  c a t h -  
ode ove r  a n o d e  o r i en ta t ion .  In  th is  conf igura t ion ,  
t h e r e  shou ld  be  no convec t ion  s ince  a d e n s e r  so lu t ion  
ex i s t s  a t  t he  anode ,  a t  t he  b o t t o m  of t he  cell ,  and  a 
less  dense  at  t he  top  n e a r  t he  ca thode .  The  smoo th  
f r i n g e  p a t t e r n  conf i rms th is  deduc t ion .  The  first  
w a v e  is now s p r e a d  ove r  0.85 m m  d i s t ance  f r o m  the  
e l ec t rode  (or  s ix  t imes  t h a t  in t he  sha l l ow  v e r t i c a l  
and  t h r e e  t imes  g r e a t e r  t h a n  in t he  o t h e r  pos i t i ons ) .  
In  th is  pos i t ion ,  the  c o n d u c t i v i t y  m e a s u r e m e n t s  a r e  
of d o u b t f u l  s igni f icance  because  of t he  depos i t i on  of  
a loose ly  held ,  n e e d l e l i k e  zinc depos i t  on the  ca thode  
w h i c h  g r o w s  r a p i d l y  out  in to  t he  so lu t ion  and  effec-  
t i v e l y  changes  the  d i s t ance  b e t w e e n  the  e lec t rodes .  
In  a l l  o the r  pos i t ions ,  t he  m e t a l  is depos i t ed  as a 
f a i r l y  smooth  and  a d h e r e n t  coa t ing  on the  ca thode .  

To s t u d y  the  mo t ion  of e l e c t r o l y t e  b e t w e e n  the  
e lec t rodes ,  t i n y  p a r t i c l e s  of i n so lub le  sol ids  w e r e  
i n t r o d u c e d  in to  the  cel l  and  v i e w e d  t h r o u g h  the  
lens  of the  c a m e r a  d u r i n g  t h e  e l ec t ro lys i s  a t  v a r i -  
ous pos i t ions  of t he  cell .  The  p a t t e r n s  of t h e i r  mo t ion  
a re  d r a w n  in Fig.  12. The  two  v e r t i c a l  pos i t i ons  e x -  

T U R B U ~ N T  ~ 
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Fig. 12. Convective flow patterns observed for small suspended 
particles. The f~e(d of view of the camera has been drown in, 
but not all of the field is reproduced in the interferogroms. 
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Fig. 13. Fringe patterns obtained with thin (0.19 ram) electrodes 
in the four orientations and the effect of a stronger electrolyte 
used in the shallow vertical position (last two interferograms). 
All interferograms were taken after 3 min of electrolysis at 
25~ in 0.1M ZnSO4 except the lost two which were 0.1M 
Zn(CIO4)2. 

h ib i t  s i m i l a r  p a t t e r n s ,  bu t  t h e r e  a p p e a r s  to be  a 
d e p t h - w i d t h  r a t i o  at  w h i c h  two  s e p a r a t e  c losed p a t -  
t e rns  of c i r cu l a t i on  can  form.  In  t he  sha l l ow  v e r t i c a l  
pos i t ion ,  two  loops occur  w i t h  some c a r r y - o v e r  b e -  
t w e e n  them.  The  deep  v e r t i c a l  pos i t i on  e x h i b i t e d  
one c losed loop of c i rcu la t ion ,  a l t h o u g h  loca l ly  t u r -  
b u l e n t  r eg ions  ( m a r k e d  " t u r b u l e n t " )  e x i s t e d  and  
f r inges  b e c a m e  d i s t o r t e d  l ike  those  in  t h e  h o r i z o n t a l  
anode  ove r  ca thode  pos i t ion .  F o r  th is  r e a s o n  al l  
i n t e r f e r o g r a m s  w e r e  t a k e n  in  t he  m i d d l e  r eg ions  of 
e l ec t rode  l e n g t h  and  a re  t y p i c a l  of t h e  m a i n  b u l k  of 
the  e l ec t ro ly t e .  

To t e s t  w h e t h e r  t h e r e  is a l i m i t  to a v i s ib le  con-  
vec t ion  effect  a v e r y  t h in  cel l  was  c o n s t r u c t e d  us ing  
Zn foi l  of 0.19 m m  th ickness .  The  r e su l t s  a r e  s h o w n  
in Fig .  13. The  u s u a l  b u t  a t t e n u a t e d  p a t t e r n s  d e -  
v e l o p e d  in  a l l  cases  w i t h  t he  e x c e p t i o n  of t he  s h a l l o w  
v e r t i c a l  pos i t i on  w h e r e  t he  second  w a v e  d id  no t  
fo rm.  This  sugges t s  t h a t  w i t h  v e r y  t h in  cel ls  in  th i s  
pos i t i on  the  n o r m a l  convec t ion  p a t t e r n  m u s t  be  a b -  
sent.  The  p a t t e r n  o b t a i n e d  a t  0.74v w i t h  0.19 m m  
t h i c k  e l ec t rodes  in sha l l ow  v e r t i c a l  pos i t i on  shows  
the  Zn depos i t  n e a r l y  h a l f - w a y  across  t h e  cell.  The  
p o r o s i t y  of the  s t r u c t u r e  is shown  b y  the  i n t e r -  

f e r ence  f r inges  b e t w e e n  the  need le s  of zinc. The  
b l a c k  pa t ches  at  t h e  e l ec t rodes  in  t he  v e r t i c a l  pos i -  
t ions  a r e  due  to  gas  bubb le s .  

The  f r i n g e  p a t t e r n  o b t a i n e d  w i t h  Zn(C104)2,  an  
e l e c t r o l y t e  s t r o n g e r  t h a n  the  m o d e r a t e l y  a s soc ia t ed  
ZnSO4, shows  tha t ,  c o n t r a r y  to  p r e v i o u s  be l i e f  (9 ) ,  
ion  pa i r s  have  l i t t l e  or  no effect on the  d e v e l o p m e n t  
of second  w a v e  in t he  sys tem.  

The re fo re ,  w e  fee l  t ha t  n a t u r a l  or  f r ee  convec t ion  
can  be  d e t e c t e d  b y  i n t e r f e r o m e t r i c  p a t t e r n s  w h i c h  
show the  effect of convec t ion  on the  c o n c e n t r a t i o n  
b o u n d a r y  l aye r .  In  so lu t ions  of e l ec t ro ly t e s ,  t he  so-  
lu t e  u s u a l l y  has  a d e n s i t y  f a r  g r e a t e r  t h a n  t h e  sol-  
v e n t  ( a b o u t  2.5 or  m o r e )  a n d  hence  a c o n c e n t r a t i o n  
change  wi l l  affect  bo th  t he  d e n s i t y  and  t h e  r e f r a c t i v e  
i n d e x  of a so lu t ion  at  t he  s ame  t ime .  F o r  these  r e a -  
sons,  w e  be l i eve  t h a t  t he  second  w a v e  is an  ev idence  
of a smoo th  l a m i n a r  convec t ive  f low in t he  v e r t i c a l  
pos i t ions ,  and  t h a t  the  n o n u n i f o r m  f r i n g e  s y s t e m  in 
t he  h o r i z o n t a l  a n o d e  ove r  c a thode  pos i t i on  ind ica t e s  
a t u r b u l e n t ,  f r ee  convec t ion .  

A c k n o w l e d g m e n t  

The  a u t h o r s  w i sh  to t h a n k  t h e  N a t i o n a l  R e s e a r c h  
Counc i l  of C a n a d a  for  p a r t i a l  s u p p o r t  of th is  work .  

Manuscr ip t  rece ived  Sept.  4, 1962; rev ised  manu-  
scr ipt  rece ived  Feb.  16, 1963. The pape r  was de l ivered  
before  the Los Angeles  Meeting,  May 6-10, 1962. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the June  1964 JOURNAL. 

REFERENCES 
1. N. Ibl  and R. Muller ,  Z. Elektrochem., 59, 671 (1955). 
2. N. Ibl  and R. Muller ,  This Journal, 105, 346 (1958). 
3. M. Eisenberg,  H. F. Bauman,  and D. M. Bre t tner ,  

ibid., 1{}8, 909 (1961). 
4. A. Brenner ,  Proceedings  of the  29th Convent ion of 

the  Amer ican  Elec t rop la te rs '  Society,  p. 28 (1941). 
5. A. K. Graham,  S. Heiman,  and H. J. Read, Proc. Am. 

~lectroplaters' Soc., p. 95, ( June  1939). 
6. B. Levich, Acta Physicochim. U.R.S.S., 17, 257 

(1942). 
7. C. W. Tobias, M. Eisenberg,  and C. R. Wilke,  This 

Journal, 99, 359C (1952). 
8. S. Tolansky,  "Mul t ip le  Beam In te r fe romet ry , "  p. 1, 

Oxford  Univers i ty  Press  (1948). 
9. R. N. O'Brien and C. Rosenfield, Nature, 187, 935 

(1960). 



Formation and Dissolution of Platinum Oxide 
Film: Mechanism and Kinetics 

S. W. Feldberg, 1 C. G. Enke, and C. E. Bricker 2 

Frick Chemical Laboratory, Princeton, New  Jersey 

ABSTRACT 

Oxide  film format ion  on a smooth p la t inum electrode in perchlor ic  acid 
solut ion has been s tudied as a funct ion of potential ,  current ,  t ime, and elec-  
t rode history,  using constant  cur ren t  and contro l led  potent ia l  techniques.  
Anodic  film format ion  proceeds through two, single e lect ron steps: a slow 
step fol lowed by  a fast  ( revers ib le)  one. Dur ing  film reduct ion  the fast  step 
occurs first, fo l lowed by  the slow step. In  the case of constant  cur ren t  r educ-  
t ion the  slow s tep does not occur, and the film is exac t ly  ha l f - reduced .  Com- 
ple te  reduct ion  requi res  severa l  hours  at a control led potent ial .  Three  elec-  
t rode  states  a re  thus c lear ly  defined: oxidized,  ha l f - r educed  (ac t ive) ,  and 
comple te ly  reduced  or clean. A single kinet ic  equat ion quan t i t a t ive ly  re la tes  
the current ,  potent ial ,  and t ime parameters ,  predic ts  the  ini t ia l  r a te  of open-  
circuit  potent ia l  decay  fol lowing film formation,  and s t rongly  suggests that  
the  oxide  is a chemisorbed film. 

The  f o r m a t i o n  and  d i s so lu t ion  of an  ox ide  f i lm on 
p l a t i n u m  a re  p h e n o m e n a  we l l  k n o w n  to e l e c t r o -  
chemis t s  (1 -13) .  The  ox ide  fi lm m a y  be  f o r m e d  
c h e m i c a l l y  (1 -5 )  or  e l e c t r o c h e m i c a l l y  ( 1 , 4 , 6 - 1 2 )  
and  m a y  be  f o r m e d  or  r e m o v e d  e i t h e r  c h e m i c a l l y  
(1-3,  13) or  e l e c t r o c h e m i c a l l y  (1, 3, 6-8, 10, 11, 13).  
Young  (14) has  t h o r o u g h l y  r e v i e w e d  the  l i t e r a t u r e  
on th is  subjec t .  In  t he  p r e s e n t  l i t e r a t u r e  t h e r e  is 
c o n s i d e r a b l e  d i s a g r e e m e n t  r e g a r d i n g  the  n a t u r e  of 
the  ox id i zed  s t a t e  and  the  f o r m a t i o n  and  d i s so lu t ion  
reac t ions .  The  c h r o n o p o t e n t i o g r a m s  ( c o n s t a n t  c u r -  
r e n t  c h a r g i n g  cu rves )  for  the  ox ide  f o r m a t i o n  and  
d i s so lu t ion  r eac t i ons  a r e  qu i t e  d i f f e ren t  in shape  i m -  
p l y i n g  a h igh  d e g r e e  of i r r e v e r s i b i l i t y  (10, 15-17) .  
The  ca thod ic  cu rve  is a s h o r t e r  (10) and  m o r e  t y p i -  
ca l ly  s h a p e d  c h r o n o p o t e n t i o m e t r i c  curve .  The  i r r e -  
v e r s i b i l i t y  is f u r t h e r  d e m o n s t r a t e d  b y  a l a r g e  h y s -  
t e res i s  o b s e r v e d  in the  c u r v e  r e l a t i n g  the  q u a n t i t y  
of ox ide  to t he  e l ec t rode  p o t e n t i a l  (9, 11).  T h e  s u r -  
face  s t a t e  of a p l a t i n u m  e l ec t rode  has  a m a r k e d  
effect on t h e  r e v e r s i b i l i t y  of  o x i d a t i o n - r e d u c t i o n  
processes  occu r r i ng  a t  the  e l ec t rode  (18-23) .  E x p e r i -  
m e n t e r s  o f ten  p r o d u c e  an  " a c t i v e "  e l ec t rode  su r f ace  
b y  o x i d a t i o n  and  s u b s e q u e n t  r e d u c t i o n  of t he  e l ec -  
t rode .  This  ac t ive  s t a t e  is d i f fe ren t  in c h a r a c t e r  f r o m  
e i t h e r  t he  r e d u c e d  or  ox id i zed  s ta te .  A n s o n  (24) a t -  
t r i b u t e s  i ts  p r o p e r t i e s  to a l igh t  p l a t i n i z a t i o n  of t he  
e l ec t rode  sur face .  

The  r e su l t s  of th is  i n v e s t i g a t i o n  i nd i ca t e  t h a t  t he  
anodic  f i lm f o r m a t i o n  r e a c t i o n  p roceeds  t h r o u g h  
two,  s ing le  e l ec t ron  s teps :  a v e r y  s low s tep  fo l l owed  
b y  a m u c h  f a s t e r  one. The  fi lm r e d u c t i o n  r e a c t i o n  is 
s i m p l y  the  r e v e r s e  of t he  f o r m a t i o n  reac t ion ,  t he  
r a p i d  s tep  be ing  fo l l owed  b y  the  s low one. The  i r r e -  
v e r s i b i l i t y  of the  o v e r - a l l  r e a c t i o n  is due  to t he  s low 
step.  The  a p p a r e n t  d i f fe rence  in  t he  anodic  and  
ca thod ic  r eac t i ons  a r i ses  because  t he  s low s tep  con-  

1 P r e s e n t  a d d r e s s :  t 3 r o o k h a v e n  N a t i o n a l  L a b o r a t o r y ,  U p t o n ,  N e w  
Y o r k .  

P r e s e n t  a d d r e s s :  U n i v e r s i t y  of  K a n s a s ,  L a w r e n c e ,  K a n s a s .  

t ro l s  the  r a t e  of the  anod ic  r e a c t i o n  w h i l e  t he  r e -  
duc t ion  r e a c t i o n  p roceeds  q u i c k l y  t h r o u g h  the  first  
s tep,  the  second  s tep  be ing  so s low i t  is no t  n o r m a l l y  
obse rved .  Thus,  t he  anodic  film, a f t e r  ca thod ic  s t r i p -  
p ing,  is on ly  ha l f  r educed .  The  p a r t i a l l y  r e d u c e d  
su r face  is " ac t ive , "  i.e., t he  r e v e r s i b i l i t y  of c e r t a i n  
r e d o x  p rocesses  is enhanced .  This  p r o p o s e d  m e c h -  
a n i s m  p e r m i t s  an  e x a c t  d e s c r i p t i o n  of the  t h r e e  
s ta tes  of the  p l a t i n u m  e l e c t r o d e  o b s e r v e d  b y  A n -  
son (24) .  

A k ine t i c  e q u a t i o n  is p r e s e n t e d  w h i c h  q u a n t i t a -  
t i v e l y  c o r r e l a t e s  cu r ren t ,  po ten t i a l ,  and  t i m e  p a r a m -  
e te rs  for  t he  ox ide  f o r m a t i o n  a n d  d i s so lu t ion  p r o c -  
esses. The  e q u a t i o n  c l e a r l y  d i s t i ngu i shes  b e t w e e n  
the  ox ide  f o r m a t i o n  and  o x y g e n  evo lu t i on  processes .  
A n  e q u a t i o n  b a s e d  on the  t h e o r y  of d o u b l e  l a y e r  d i s -  
cha rge  t h r o u g h  the  f a r a d a i c  p rocess  (ox ide  d e p o s i -  
t ion  in th is  case)  q u a n t i t a t i v e l y  e x p l a i n s  o p e n - c i r -  
cui t  p o t e n t i a l  decay .  

Apparatus 
Elec trodes . - -Elec t rochemical  m e a s u r e m e n t s  w e r e  

m a d e  w i t h  a t h r e e  e l e c t r o d e  s y s t e m  composed  of a 
p l a t i n u m  tes t  e lec t rode ,  a h y d r o g e n  r e f e r e n c e  e lec -  
t r o d e  ( w i t h  L u g g i n  c a p i l l a r y  con tac t i ng  the  w o r k i n g  
e l e c t r o d e ) ,  and  a p l a t i n u m  c oun t e r  e lec t rode .  These  
e l ec t rodes  w e r e  used  in  t h e  cel l  shown  in Fig .  1. 

The  h y d r o g e n  r e f e r e n c e  e l ec t rode  was  i n s e r t e d  in 
an  u n f u s e d  Vycor  3 t es t  t u b e  w h i c h  h a d  been  p r e -  
soaked  s e v e r a l  days  in 0.80M p e r c h l o r i c  acid.  N i t r o -  
gen  gas  pas s ing  t h r o u g h  the  s c r u b b e r  cel ls  r e m o v e d  
h y d r o g e n  gas  f r o m  the  so lu t ion  t h e r e b y  p r e v e n t i n g  
h y d r o g e n  f r o m  di f fus ing  in to  t he  cell .  C a r b o n  d iox ide  
was  used  to d e a e r a t e  t he  cel l  and  b l a n k e t  t he  so lu-  
t ion.  

T h e  c oun t e r  e l ec t rode  was  c o n s t r u c t e d  f rom an  
11 x 2.5 cm p iece  of 1 ra i l  smoo th  p l a t i n u m  foi l  spo t  
w e l d e d  into  a c y l i n d e r  3.3 cm in d i a m e t e r  a n d  spot  
w e l d e d  to a 6 in. l e n g t h  of 0.0125 in. d i a m e t e r  p l a t i -  
n u m  wire .  The  c y l i n d e r  fit s n u g l y  in  t h e  cell .  

C o r n i n g  Glass ,  C o r n i n g ,  N.  Y.  
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Fig. 2. Measurement apparatus 

IM 

Fig. 1. Cell construction 

A p p r o x i m a t e l y  square ,  foil e lectrodes r a n g i n g  
f rom 0.5 cm 2 to 3.3 cm 2 geometr ic  area  were  con-  
s t ruc ted  f r o m  10 rail  p l a t i n u m  foil. 

Solutions and p~'eparation.--The elec t ro ly te  used 
was 0.8M perchlor ic  acid. Baker  and  A d a m s o n  70% 
concen t ra t ed  perchlor ic  acid was  pur i f ied by  com-  
b i n i n g  150 ml  of concen t r a t ed  HC104 wi th  50 ml  of 
concen t ra t ed  HNOa and  boi l ing  the  m i x t u r e  down  to 
a v o l u m e  of 100 ml.  I m p u r i t i e s  such as hal ides  and  
organics  were  oxidized by  the  bo i l ing  n i t r ic  acid. At  
the comple t ion  of the  p rocedure  the  n i t r i c  acid had  
been  comple te ly  boi led away.  

L a b o r a t o r y  dis t i l led  wa t e r  was  pur i f ied by  re -  
d is t i l l ing  f rom a basic p e r m a n g a n a t e  so lu t ion  in  an 
a l l -g lass  d is t i l l ing  appara tus .  

The same e lec t ro ly te  was  used in  the  r e fe rence  
electrode,  s c rubbe r  cells, and  in  the  cell con t a in ing  
the w o r k i n g  and  coun te r  electrodes.  L iqu id  j u n c t i o n  
poten t ia l s  were  thus  e l imina ted .  Since the  pH de-  
pendence  of the  r eve r s ib l e  h y d r o g e n  electrode is the  
same as the  pH dependence  of the  p h e n o m e n a  oc- 
cu r r i ng  at the p l a t i n u m  electrode (10),  the  p o t e n -  
t ials  observed  are thus  i n d e p e n d e n t  of the  acid con-  
cen t r a t i on  c o m m o n  to both  the  p l a t i n u m  and  the  
revers ib le  h y d r o g e n  electrode.  

The n i t r o g e n  gas and  ca rbon  dioxide  gas were  
washed  wi th  0.80M perchlor ic  acid. The cell was  
c leaned  by  wash ing  wi th  hot perchlor ic  acid, and  the 
electrodes were  c leaned  by  d ipp ing  t h e m  into bo i l ing  
concen t ra t ed  perchlor ic  acid for 15-30 sec. The L u g -  
g in  cap i l l a ry  sect ion was filled wi th  deaera ted  elec-  
t ro ly te  f rom the cell compar tmen t .  

Electronic apparatus . - -The elect ronic  app a r a t u s  
was des igned to p rov ide  cons tan t  cathodic or anodic  
cur ren t ,  control  the  po ten t i a l  of the  test  e lect rode at 
a cons t an t  va lue  or v a r y  the  po ten t i a l  in  a p r e -  
scr ibed m a n n e r ,  and  p e r m i t  obse rva t ion  and  record -  
ing of the  voltage,  cur ren t ,  and  t ime pa ramete r s .  The  
comple te  e lec t ronic  m e a s u r e m e n t  and  cont ro l  sys tem 
is shown in  Fig. 2. 

The cons tan t  c u r r e n t  was  ob ta ined  by  p lac ing  a 
high res i s tance  R~ in  series w i th  the  h igh ly  r egu la t ed  
plus  or m i n u s  300v ou tpu t  of a Ph i l b r i ck  R100B 

Power  Supply .  Swi tch  S2 directs  the  c u r r e n t  t h rough  
the  cell or t h r ough  a d u m m y  load. The  po ten t i a l  of 
the  test  e lectrode was  m e a s u r e d  w i th  a vol tage  fol-  
lower  ampl i f ier  connec ted  to a T e k t r o n i x  502 Dua l  
Beam Oscilloscope. The vol tage  fo l lower  ampli f ier  
has u n i t y  gain,  bu t  has an  i n p u t  i mpe da nc e  in  ex-  
cess of 100 megohms.  The  fol lower  was cons t ruc ted  
f rom a P h i l b r i c k  U S A - 4  opera t iona l  amplif ier .  

The test  e lect rode po ten t i a l  was  e lec t ron ica l ly  
cont ro l led  w i th  a s tabi l ized opera t iona l  amplif ier .  
The ampli f ier  consis ted of a P h i l b r i c k  K 2 - X  opera-  
t iona l  ampl i f ier  and  a K 2 - P  s tabi l iz ing  amplif ier .  The 
opera t iona l  ampl i f ier  acts t h r ough  the  coun te r  elec- 
t rode  to keep the  cell po ten t i a l  equa l  to the  a lgebra ic  
sum of the  control  po ten t ia l s  (25).  In  add i t ion  to 
con t ro l l ing  at  a cons tan t  potent ia l ,  va r ious  po ten t i a l  
wave  forms could be imposed on the  w o r k i n g  elec-  
trode,  e.g., s inuso ida l  or t r i angu la r .  A H e w l e t t  Pack -  
ard  Model  200CD osci l lator  or a H e a t h k i t  Model  
AG-10  gene ra to r  were  used for the s ine w a v e  source. 
The t r i a n g u l a r  wave  gene ra to r  was  cons t ruc ted  in  
this l abo ra to ry  (26).  Swi tch  $6 pu t  the  po ten t ios ta t  
in  and  out  of the  cell circuit .  For  ce r ta in  expe r i -  
me n t s  r e q u i r i n g  fast  swi tch ing  f rom cont ro l led  po-  
t en t i a l  to cons tan t  c u r r e n t  or open circuit ,  the  s ta-  
bi l ized amplif ier  could no t  be  used. A n  uns tab i l i zed  
poten t ios ta t  us ing  on ly  the  K 2 - X  a nd  a simplif ied 
ci rcui t  was  used in  such cases. To increase  the c u r -  
r en t  ou tpu t  capab i l i ty  of the  s tabi l ized po ten t ios ta t  
to abou t  200 ma, a t r ans i s to r  power  ampli f ier  was  
used. 

A s i l ve r - s i l ve r  chlor ide cou lomete r  (27) in  series 
wi th  the  coun te r  e lectrode was  used in  severa l  ex -  
pe r i me n t s  as a c u r r e n t  in tegra tor .  The e lec t ro ly te  in  
this coulometer  was  0.1M KC1 wi th  a few drops of 
acetic acid. The electrodes were  bo th  s i lver :  a 1 cm 2, 
s i lver  foil coated wi th  AgC1, and  a small ,  uncoa ted  
s i lver  wire.  For  i n t e g r a t i on  of anodic  cur ren ts ,  the  
s i lver  wi re  side of the eou lomete r  was  connec ted  d i -  
rec t ly  to the  coun te r  electrode.  D u r i n g  the  i n t e g r a -  
t ion AgC1 fo rmed  on the Ag wire.  The  cou lomete r  
was  t hen  r e move d  f rom the  circuit ,  a nd  s t r ipped 
wi th  a c u r r e n t  equa l  to tha t  used to s t r ip  the  test  
electrode.  The t ime  r equ i r ed  to reach the  po ten t i a l  
b reak  which occurs w h e n  the s i lver  chlor ide  is corn- 
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ple te ly  r emoved  f rom the s i lver  wi re  is a d i rect  
measu re  of the  anodic  coulombs.  

Exper imenta l  

Anodic to cathodic charge ratio.--Vetter a nd  
B e r n d t  (10) us ing  cons tan t  c u r r e n t  t echn iques  ob-  
se rved  tha t  the  ra t io  of anodic  coulombs  Qa to ca-  
thodic  coulombs Qc (for  the  oxide fo rma t ion  and  dis-  
so lu t ion  processes)  was  a p p r o x i m a t e l y  2: 1. Wi l l  a nd  
K n o r r  (11) and  Bold and  Bre i t e r  (12) r ap id ly  oxi -  
dized and  reduced  the  surface  fi lm by  cont ro l led  po-  
t en t i a l  t e chn iques  and  no ted  a ra t io  of 1:1. I n  this  
s tudy  of the  ratio,  bo th  cons tan t  c u r r e n t  and  con-  
t ro l led  po ten t i a l  t echn iques  of anod iza t ion  were  used  
to eva lua t e  the  r e l a t ionsh ip  b e t w e e n  ra t io  and  elec-  
t rode his tory.  

Controlled potential anodization.--A 3.30 cm 2 
p l a t i n u m  test  e lectrode was  anodized at  a cont ro l led  
po ten t i a l  of 1.40v for 2 min.  The e lect rode and  cou-  
l ome te r  were  each s t r ipped  at a c u r r e n t  of 122 #a 
and  the  ra t io  of anodic  coulombs to cathodic cou-  
lombs (QJQc) was noted.  The ra t io  in  severa l  r u n s  
var ied  f rom abou t  1.9:1 to 1.4: 1, the  h ighes t  va lue  
be ing  ob ta ined  on the  first m e a s u r e m e n t ,  w i th  sub -  
sequen t  m e a s u r e m e n t s  y ie ld ing  decreas ing  ratios.  

A n  elect rode was  anodized  at  1.40v (E~) for 2 
min ,  s t r ipped  at  cons t an t  c u r r e n t  to 0.50v, and  t h e n  
held  at  0.70v (Ew) for a g iven  t ime  (tw). Af t e r  t ime  
tw, the  electrode was  aga in  anodized  at  Ea for 2 m i n  
and  t h e n  reduced  at cons tan t  cur ren t .  The electrode 
was  t h e n  held  at 0.70v for a longer  tw. A g raph  of 
the  ra t io  Qa/Qc vs tw (Fig. 3) shows the  g r adua l  ap -  
proach  to a m a x i m u m  ra t io  of v e r y  close to 2.0:1 at 
long tw. A s imi la r  curve  was  ob ta ined  w h e n  Ew was 
0.60v. Leav ing  the  e lect rode at open  circui t  a f ter  
s t r ipp ing  effected on ly  a s l ight  ra t io  change  af ter  
10 hr. The  ra te  of ra t io  change  is v e r y  sens i t ive  to 
so lu t ion  impur i t i e s  which  migh t  reduce  the oxide 
film. None  of these curves  was  exac t ly  r ep roduc ib le  
except  for  the  m a x i m u m  rat io  va lue  of 2.0:1 wh ich  
occurs w h e n  Ew = 0.60v or 0.70v. 

W h e n  E~ was 0.50v the ra t io  increased  to as h igh 
as 3:1 af ter  per iods of an  hour.  A series of anodic  
ch ronopo ten t iog rams  (Fig. 4) c lear ly  shows the  de-  
v e l o p m e n t  of a po ten t i a l  ho ldup  w h e n  the  e lect rode 
was  held  at Ew----0.50v for i nc reas ing ly  longer  tw. 
This  po ten t i a l  ho ldup  was  no t  observed  w h e n  Ew = 
0.60v, 0.70v, or at open circuit .  The ho ldup  indica tes  
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Fig. 3. Anodic to cathodic charge ratio as a function of pre- 
treatment time, tw, at several potentials, Ew. Curve a, Ew, 0.6v; 
curve b, Ew, 0.7v; curve c, Ew, open circuit. 
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Fig. 4. Anodic charging curves for pretreatment at Ew ~ 0.50v, 
after various lengths of pretreatment time, tw: a, tw ~ 0 min; 
b, 1/3 min; c, 2 min; d, 4 min; e, 10 min; f, 20 min; anodizing 
current ~ 68 ~a/cm 2. 

t ha t  the rat ios g rea te r  t h a n  2:1 are due to the  oxi-  
da t ion  of some species fo rmed  at 0.50v. 

For  anodiza t ion  at  a g iven  Ea, Qc is essen t ia l ly  
constant ,  i n d e p e n d e n t  of tw. Thus  Qa is app rox i -  
m a t e l y  p ropor t iona l  to the  ratio.  

F u r t h e r  ra t io  m e a s u r e m e n t s  were  made  in  which  
the  electrode was  anodized at  1.10, 1.20, and  1.30v 
and  which  also show m a x i m u m  rat ios  of n e a r l y  
2.0: 1. As in  the case of anod iza t ion  at  1.40v the  rat io 
Qa/Qc r e m a i n e d  cons t an t  at  abou t  2.0 a f te r  tw of 3 
hr  at Ew = 0.6v or 10 hr  at  0.Tv. 

Constant current anodization.--The elect rode was 
held  at 0.60v for 3 hr  w i th  the uns tab i l i zed  p o t e n -  
t iostat .  A 2.0:1 ra t io  of Qa/Qc could be ob ta ined  by  
anodiz ing  at a cons tan t  c u r r e n t  of 68 # a / c m  2 to 1.40v, 
r eve r s ing  the  c u r r e n t  and  ca thodiz ing at  the  same 
cons tan t  c u r r e n t  (Fig. 5a) .  C o n t i n u a l  m a n u a l  re -  
ve r s ing  of the c u r r e n t  so tha t  the  po ten t i a l  va r i ed  
f rom 0.50 to 1.40 to 0.50v, etc., caused the  ra t io  to 
shift  g r a d u a l l y  ( d u r i n g  10 or 20 cycles) f rom the  
2.0:1 ra t io  (Fig. 5a) to a va l ue  approach ing  1:1 
(Fig. 5b) .  Equa l l y  i n t e r e s t i ng  is the  fact  t ha t  oxi -  
da t ion  w h e n  Qa/Qc ~ 1 beg ins  at a lower  po ten t i a l  
t h a n  w h e n  QJQc- -2 .  On anod iza t ion  to a g iven  
po ten t i a l  E~, a decrease  in  c u r r e n t  dens i ty  causes an  
increase  in  Qa, Qc, or both. W h e n  a h igher  c u r r e n t  
dens i ty  was  used, f ewer  anodic -ca thod ic  cycles were  
r equ i r ed  to achieve the  m i n i m u m  rat io  of 1: 1, and  
the  f inal  ra t io  va l ue  was  closer to 1.0: 1. As the  cu r -  
r en t  dens i ty  was  increased  and  the  t ime  for the 
anodic -ca thod ic  cycle became  less t h a n  abou t  1 sec, 
the  e x p e r i m e n t  became  imposs ib le  to pe r f o r m  m a n u -  
ally. 

A m i n i m u m  rat io  of a p p r o x i m a t e l y  1:1 occurred  
at E,  b e t w e e n  1.00 and  1.40v of anod iza t ion  (Tab le  
I ) .  Ratios were  m e a s u r e d  us ing  a synchron ized  clock 
and  a s topwatch  to me a su r e  the  cathodic and  anodic  
t imes.  

M a n y  m e c h a n i s m s  for the  ox ida t ion  a nd  r e duc t i on  
reac t ions  were  tes ted for compa tab i l i t y  w i th  the  
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Fig. 5. Alternating anodic-cathodic charging curves at i 
68 ~a/cm s. a, After pretreatment at 0.60v for 3 hr; b, after 
10-20 coasecutive anodic-cathodic cycles. 



Vol .  110, No .  7 

Table I. Minimum ratio, Qa/Qc at various potentials 
i ~- 34 ~a/cm '~ alternately anodic and cathodic 

A n o d i z a t i o n  p o t e n t i a l ,  v M i n i m u m  r a t i o  

1.00 1.05 
1.10 1.07 
1.20 1.11 
1.30 1.17 
1.40 1.17 
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fo l lowing  o b s e r v e d  p h e n o m e n a :  (a )  t he  m a x i m u m  
r a t i o  Q J Q c  was  2.0:1 a t  a l l  a n o d i z a t i o n  p o t e n t i a l s  
and  t h e r e f o r e  2.0:1 for  v a r y i n g  q u a n t i t i e s  of ox ide ;  
(b )  p r e t r e a t m e n t  for  a long p e r i o d  of t i m e  w a s  
n e c e s s a r y  for  a t t a i n m e n t  of the  2.0:1 r a t i o  a n d  e l i m -  
ina t ion  of p r e t r e a t m e n t  gave  r a t io s  b e t w e e n  1.0:1 
and  2.0:1;  (c)  r e p e a t e d  a n o d i c - c a t h o d i c  cyc l ing  r e -  
su l t ed  in  Qa/Qc r a t io  o~ 1.0 and  l o w e r e d  the  p o t e n -  
t i a l  a t  w h i c h  o x i d a t i o n  began ;  (d )  ca thod ic  cou lombs  
w e r e  n e a r l y  cons t an t  for  a n o d i z a t i o n  a t  a g iven  p o -  
t en t ia l ,  d e sp i t e  v a r i a t i o n s  in  tw a n d  r a t io ;  (e)  ca -  
thod ic  cou lombs  w e r e  i n d e p e n d e n t  of the  s t r i p p i n g  
c u r r e n t  d e n s i t y  (9) .  

The  s i m p l e s t  m e c h a n i s m  sa t i s fy ing  these  c r i t e r i a  
is 

O1) P t  -F xH20  ~ P t  (OH)x  + x H+ -t- x e -  s low 
02) P t ( O H ) ~  P t ( O ) x  q- x H  + q- x e -  fas t  
R1) P t ( O ) x  q- x H  + + x e -  -~ P t ( O H ) =  fas t  
R2) P t ( O H ) x  q- x H  + q- x e - - ~  P t  q- xHeO s low 

The  s y m b o l s  P t ( O ) =  and  P t ( O H ) ~  r e p r e s e n t  t he  
subs t ances  O and  OH c h e m i s o r b e d  on t h e  p l a t i n u m  
surface.  The  subsc r ip t  x is no t  n e c e s s a r i l y  an  in -  
t eger ,  bu t  r a t h e r  r e p r e s e n t s  the  r a t i o  of c h e m i s o r b e d  
O or  OH to su r face  p l a t i n u m  a toms.  E r s h l e r  (29) 
also n o t e d  t h a t  r e p e a t e d  a n o d i c - c a t h o d i c  cyc l ing  
caused  the  ox ide  f o r m a t i o n  to occur  a t  l o w e r  p o t e n -  
t ials .  H e  a t t r i b u t e d  this  to s t r o n g e r  a d s o r p t i o n  of 
a tomic  o x y g e n  caused  b y  a change  in  t he  su r f ace  
s ta te .  The  a b o v e  m e c h a n i s m  e x p l a i n s  th i s  p h e n o m e -  
non and  r e q u i r e s  no such  change  in  t he  su r face  s ta te .  

A c c o r d i n g  to th is  m e c h a n i s m ,  cons t an t  c u r r e n t  
s t r i p p i n g  ( the  m e a s u r e m e n t  of Qc) is t he  bes t  w a y  
to e v a l u a t e  t he  q u a n t i t y  of ox ide  on t h e  e l ec t rode  
su r f ace  Qs. The  q u a n t i t y  Qs = 2Qc a f t e r  a n y  a n o -  
d iza t ion ,  b u t  Qs = Q~ on ly  w h e n  the  anod ized  s u r -  
face  h a d  a l l  f o rms  of the  ox ide  p r e v i o u s l y  r e m o v e d .  

Sinusoidal  contro l led  po ten t ia l  o sc i l l a t i on . - -The  
s t ab i l i zed  p o t e n t i o s t a t  w i t h  p o w e r  ampl i f i e r  w a s  
used  to con t ro l  t he  p o t e n t i a l  of t h e  t e s t  e l ec t rode  in  
a s inuso ida l  wave .  

The  a r e a  of each  s m a l l  P t  foi l  t e s t  e l ec t rode  was  
d e t e r m i n e d  b y  c o m p a r i n g  i ts  d o u b l e  l a y e r  c a p a c i -  
t ance  w i t h  t ha t  of a l a r g e r  foi l  e l ec t rode  w h i c h  was  
i d e n t i c a l l y  p r e t r e a t e d .  The  t r ue  a r e a  of t he  l a r g e  
e l ec t rode  was  a s s u m e d  to be  1.12 t imes  the  g e o m e t r i c  
a r e a  (9) .  

A s inuso ida l  p o t e n t i a l  v a r i a t i o n  was  a p p l i e d  to 
t he  t e s t  e l ec t rode  so t h a t  t he  m a x i m u m  v a l u e  of t he  
p o t e n t i a l  was  t he  d e s i r e d  a n o d i z a t i o n  p o t e n t i a l  (Ea) 
and  t h e  l o w e s t  p o t e n t i a l  was  0.5Ov. The  e l ec t rode  
p o t e n t i a l  and  c u r r e n t  w e r e  each  o b s e r v e d  on s ep -  
a r a t e  t r aces  of t he  d u a l  b e a m  osci l loscope (Fig .  6) .  

The  v a r i a b l e  e x p e r i m e n t a l  p a r a m e t e r s  w e r e  m a x -  
i m u m  anod iza t i on  p o t e n t i a l  (Ea) a n d  f r e q u e n c y  of 
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Fig. 6. Example of current-tlme curve for sinusoidally varying 
potential; frequency is 5 cps. 

osci l la t ion .  The  m i n i m u m  p o t e n t i a l  was  a l w a y s  
0.5Ov. The  r e su l t s  a r e  t a b u l a t e d  in  T a b l e  II .  

The  r a t i o  Q J Q c  was  v e r y  close to 1.0:1. This  could  
be  e x p e c t e d  f r o m  the  d i scuss ion  of p r e v i o u s  d a t a  
( T a b l e  I)  w h e n  success ive  a n o d i c - c a t h o d i c  cycles  
w e r e  r u n  m a n u a l l y  at  cons t an t  cu r r en t .  A p lo t  of 
Qa as a func t ion  of 1/3f (Fig .  7) shows  t h a t  t h e  q u a n -  
t i t y  of ox ide  f o r m e d  at  a g iven  a n o d i z a t i o n  p o t e n t i a l  
i nc reases  w i t h  i n c r e a s i n g  t i m e  of anod iza t ion .  The  
a c t u a l  t ime  of a n o d i z a t i o n  t~, is a t  mos t  1/2  t he  
t o t a l  t i m e  of one cycle,  1/f .  

Qa d id  no.t dec rea se  m a r k e d l y  un t i l  t h e  f r e q u e n c y  
was  g r e a t e r  t h a n  20 cps ( t ,  ~ 25 m s ) .  L a i t i n e n  and  
E n k e  (9)  p e r f o r m e d  an  ana logous  e x p e r i m e n t  b y  
anod iz ing  the  e l e c t r o d e  a t  a g iven  p o t e n t i a l  for  
v a r i o u s  t imes .  The  q u a n t i t y  of ox ide  d e p o s i t e d  was  

Table II. Relationship of potential, coulombs, ratio Qa/Qc, and 
frequency of potential oscillation 

E l e c t r o d e  a r e a  = 0 . 6 5  c m  ~ 

Ea, v ~ ( c p s )  Qa/Qe Q a  ( m c / c m ~ )  

1.20 5.0 0.92 0.33 
10.0 0.91 0.33 
20.0 1.03 0.35 
50.0 0.93 0.29 

100.0 0.99 0.26 
200.0 0.96 0.19 
400.0 0.98 0.13 
800.0 0.95 0.08 

1.30 5.0 0.99 0.47 
10.0 0.99 0.47 
20.0 0.93 0.43 
50.0 0.98 0.39 

100.0 0.97 0.35 
200.0 0.88 0.26 

1.40 5.0 0.94 0.59 
10.0 0.97 0.59 
20.0 0.95 0.51 
50.0 0.93 0.48 

1O0.0 0.97 0.41 
150.0 0.93 0.34 
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Fig. 7. Anodic coulombs, Qa, for sinusoidally varying potential 
as a function of frequency. Peak potentials are 1.20, 1.30, 
and 1.40v. 
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Fig. 8. Cathodic coulombs, Qc, as a function of the time of 
anodization at several controlled potentials. Qc was determined 
by constant current reduction [from Laitinen and Enke (9)].  

d e t e r m i n e d  by  cons tan t  cu r r en t  s t r ipp ing  (Fig. 8). 
The q u a n t i t y  of oxide m e a s u r e d  (Qc) decreases at  
anodiza t ion  t imes  less t h a n  10 sec. The  ra te  of the  
anodic  reac t ion  observed by  L a i t i n e n  and  E n k e  is 
thus  abou t  10/0.025, or 400 t imes  s lower  t h a n  the  
reac t ion  ra te  observed in  these exper iments .  The  
q u a n t i t y  of oxide deposi ted by  the  osci l la t ing po-  
t en t i a l  t e chn ique  (see mechan i sm,  step 02) is the  
same as the  q u a n t i t y  of oxide s t r ipped  by  L a i t i n e n  
and  E n k e  (see mechan i sm,  step R1) for a g iven  
Ea (Table  I I I ) .  

The a g r e e m e n t  b e t w e e n  the  two techn iques  is to 
be expected  since they  both  r ep re sen t  quan t i t i e s  
which  are equa l  to hal f  the  tota l  surface  oxide, Qs. 

Three surface states defined.--Three dis t inc t  su r -  
face states of the  p l a t i n u m  anode  can  be defined 
f rom the proposed mechan i sm.  They  are  the  r educed  
or "c lean"  s tate  ( P t ) ,  the  oxidized state  ( P t ( O ) x ) ,  
and  the  h a l f - r e d u c e d  state  ( P t ( O H ) x ) .  A c lean  
electrode is ob ta ined  by  hold ing  the  electrode po-  
t en t i a l  at 0.7v for 10 hr  or 0.6v for 3 hr. A clean 
electrode exhib i t s  a ra t io  Qa/Qc of 2: 1. A n  electrode 
is oxidized at po ten t ia l s  over  1.0v. The h a l f - r e d u c e d  
state is fo rmed  by  s t r ipp ing  an  oxidized e lect rode 
wi th  a cons tan t  c u r r e n t  to 0.5v, or w i th  a cons tan t  

Table Ill. Comparison of coulombs of oxide deposited by 
potentiostatic and oscillating potential techniques 

E a  = 1 . 2 0 v  1 . 3 0 v  1 . 4 0 v  

Qa (From Fig. 7 at 
ta = 0.05 sec) 0.33 mc 0.47 mc 0.59 mc 

Qa (From Fig. 8 at 
ta ---- 120 sec) 0.32 mc 0.44 mc 0.56 mc 

July  1963 

po ten t i a l  of 0.6-0.7v for 1 sec or less. A h a l f - r e d u c e d  
e lec t rode  exhib i t s  a ra t io  of Qa/Qc of 1: 1. These 
th ree  states m a y  also be ob ta ined  by  use of chemica l  
ox idants  and  reduc tan t s .  

Measurement of electrode impedance as a :func- 
tion of potential.--A t r i a n g u l a r  wave  was appl ied  
to the  electrode w i th  the potent ios ta t ,  power  a m p l i -  
fier, a nd  t r i a n g u l a r  wave  gene ra to r  so tha t  the  elec-  
t rode  po ten t i a l  va r i ed  l i n e a r l y  w i th  t ime  b e t w e e n  
0.50 and  1.30v at  a cons t an t  f r e que nc y  of 1.15 cps. 
Supe r imposed  on this  w a v e  was  a 20 m v  sign wave  
whose f r e que nc y  was  va r i ed  f r o m  50 to 2000 cps. 
The  a-c  c u r r e n t  was  m e a s u r e d  as the  ve r t i ca l  t h i ck -  
ness of the  c u r r e n t  t ime  curve.  The impedance ,  Z, 
at a ny  po ten t i a l  could be ca lcula ted  f rom the  a-c  
v o l t a g e - c u r r e n t  ratio.  

The  electr ical  mode l  of the  e l ec t rode-so lu t ion  i n -  
ter face  is u sua l l y  cons idered  to be the  double  layer  
capaci tance,  Cd] in  pa ra l l e l  w i th  the reac t ion  or f a r a -  
daic impedance .  The reac t ion  impedance  can be 
r ep resen ted  by  a series c o m b i n a t i o n  of the  reac t ion  
res is tance  and  the  reac t ion  capaci tance  (30,31). The 
impedance  Z of this  n e t w o r k  is the  to ta l  e lectrode 
impedance .  At  po ten t ia l s  w he r e  an e lect rode reac-  
t ion  occurs, the electrode impedance  wi l l  be  low-  
ered by  conduc t ion  t h r ough  the  reac t ion  path .  Be-  
cause of the  reac t ion  res is tance ,  the  doub le  l ayer  
capac i tance  p resen t s  the  least  impedance  at  h igh 
f requenc ies  so the  electrode i mpe da nc e  is s imply  
z = I/(2 ~ICd,). 

The term I / (2  ~rfZ) was plotted vs. electrode po- 
tential as though the total impedance were simple 
capacitance. The result is a series of six curves for 
the six different frequencies used (Fig. 9). The 
data obtained indicate that at 2000 cps the impedance 
is due only to the double layer capacitance of the 
electrode. The electrode double-layer capacitance is 
50 /~f/cm 2, the same value found by Laitinen and 
Enke for an oxidized surface. During these experi- 
ments, the electrode is never in the clean state. 
M i n u t e  quan t i t i e s  of P t ( O H ) x  lost d u r i n g  the  
cathodic hal f  cycle are  r e g e n e r a t e d  on the  subse-  
q u e n t  cycle. Thus  P t ( O H ) x  as wel l  as P t ( O ) x  
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Fig. 9. The term 1 / (2  ~fZ) as a function of potential during 
linear anodic-cathodic potential sweeps from 0.50 to 1.30v. V'[, 
2000 cps; A ,  1000 cps; - - - ,  500 cps; o, 250 cps; x, 100 cps; 
e, 50 cps. 



Vol. 110, No. 7 F O R M A T I O N  & D I S S O L U T I O N  O F  P t O x  F I L M  831 

change  the  doub le  l a y e r  c a p a c i t a n c e  f r o m  t h a t  of 
a c l ean  e l e c t r o d e  (20 / d / c m 2 ) .  

The  m a x i m a  o b s e r v e d  at  l o w e r  f r e q u e n c i e s  i n d i -  
ca te  a d e c r e a s e  in  t he  e l ec t rode  i m p e d a n c e  w h i c h  
m a y  be  a t t r i b u t e d  to a f a r a d a i e  p rocess  occu r r ing  at  
t he  e l ec t rode  sur face .  The  m a x i m u m  on the  anod ic  
cycle  occurs  at  a p o t e n t i a l  of 0.70v w h i l e  t h e  m a x i -  
m u m  on the  ca thod ic  cyc le  occurs  a t  a p o t e n t i a l  of 
0.60v. The  p o t e n t i a l  d i f fe rence  of on ly  0.10v is i n -  
d i ca t i ve  of a p rocess  f a r  m o r e  r e v e r s i b l e  t h a n  t h a t  
i n d i c a t e d  b y  the  h y s t e r e s i s  n o t e d  b y  L a i t i n e n  and  
E n k e  (Fig .  11). A c e r t a i n  s i m i l a r i t y  b e t w e e n  the  
anodic  and  ca thod ic  p o r t i o n s  of t he  cu rves  in  Fig.  
9 ind ica t e s  t ha t  anod ic  and  ca thod ic  m e c h a n i s m s  
a re  t he  same.  

The  e x p e r i m e n t a l  ev idence  o b t a i n e d  b y  the  i m -  
p e d a n c e  t e c h n i q u e  s u b s t a n t i a t e s  t he  p r o p o s e d  m e c h -  
anism.  

EfIect oS surface on oxygen p otential.--A s imp le  
e x p e r i m e n t  was  p e r f o r m e d  to d e m o n s t r a t e  t h a t  a 
c lean  e l ec t rode  su r f ace  is d i f fe ren t  f r o m  a h a l f - r e -  
d u c e d  e l ec t rode  su r f ace  in  i ts  r e sponse  to  an  e l ec -  
t r o a c t i v e  species.  O x y g e n  gas  was  used  because  of 
the  ease  of a d d i t i o n  and  r e m o v a l  f r o m  the  e l e c t r o -  
ly te .  

Two e lec t rodes ,  A and  B, each  3.30 cm u ( g e o -  
m e t r i c  a r e a )  w e r e  p r e t r e a t e d  b y  con t ro l l i ng  the  
p o t e n t i a l  a t  0.70v for  10 hr.  A L&N e l e c t r o m e t e r  
(pH m e t e r )  was  connec t ed  to t he  e l ec t rodes  so t h a t  
the  o p e n - c i r c u i t  p o t e n t i a l  of e i t h e r  one could  be  
obse rved .  E l e c t r o d e  A was  k e p t  in  t h e  c l ean  s ta te .  
E l ec t rode  B was  a n o d i z e d  at  1.40v for  1 ra in  and  
t hen  s t r i p p e d  to 0.50v w i t h  c o n s t a n t  cu r r en t ,  t hus  
creatir~g the  h a l f - r e d u c e d  s ta te .  The  o p e n - c i r c u i t  
p o t e n t i a l  of t h e  two  e l ec t rodes  w a s  a l t e r n a t e l y  ob -  
s e r v e d  w i t h  t he  e l e c t r o m e t e r .  C a r b o n  d iox ide  was  
c o n t i n u o u s l y  pa s sed  t h r o u g h  the  cell .  W h e n  the  
e l e c t r o d e  po t en t i a l s  h a d  s t opped  d r i f t i n g  t h e  o p e n -  
c i rcu i t  p o t e n t i a l  of ( A )  was  0.79v and  the  o p e n -  
c i rcu i t  p o t e n t i a l  of (B)  was  0.81v. The  b u b b l i n g  of 
CO2 w a s  s t opped  a n d  the  so lu t ion  s a t u r a t e d  w i t h  
02 b y  b u b b l i n g .  The  e l e c t r o d e  p o t e n t i a l  was  n o t e d  
at  1 ra in  i n t e r v a l s  a f t e r  o x y g e n a t i o n  h a d  s t a r t ed .  
W h e n  t h e  o p e n - c i r c u i t  p o t e n t i a l s  r e a c h e d  a s t e a d y  
va lue ,  t h e  so lu t ion  was  d e o x y g e n a t e d  w i t h  c a r b o n  
d iox ide .  The  o p e n - c i r c u i t  p o t e n t i a l s  w e r e  o b s e r v e d  
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Fig. 10. Potential responses of clean and half reduced platinum 
electrodes to dissolved oxygen. 

at  I m i n  i n t e r v a l s  a f t e r  d e o x y g e n a t i o n  h a d  s t a r t ed .  
Resu l t s  a r e  s h o w n  in Fig .  10. 

C lea r ly ,  t h e r e  is a d i f fe rence  b e t w e e n  a p r e -  
t r e a t e d  e l e c t r o d e  and  a s t r i p p e d  e l ec t rode ,  w h i c h  
d i f f e rence  can  m a n i f e s t  i t se l f  b y  af fec t ing  the  e lec -  
t r o d e  r e sponse  to an  e l e c t r o a c t i v e  couple .  Two  e lec-  
t rodes ,  one "c lean , "  t he  o t h e r  h a l f - r e d u c e d ,  s i m u l -  
t a n e o u s l y  e x h i b i t e d  d i f fe ren t  o p e n - c i r c u i t  po t en t i a l s  
in  o x y g e n - s t i r r e d  so lu t ion  even  a f t e r  long  pe r i ods  
of t ime .  Thus,  t he  compos i t i on  of t he  e l ec t rode  s u r -  
face  m u s t  be  af fec t ing  i ts  r e sponse  to an  e l e c t r o a c -  
rive species.  

Kinetics 
The  i n e x a c t  k n o w l e d g e  of t he  s t r u c t u r e  of t he  

ox ide  f i lm p r e c l u d e s  a r i go rous  d e r i v a t i o n  of a 
k ine t i c  expres s ion .  The  r e l a t i o n s h i p s  a m o n g  anod ic  
cu r ren t ,  cou lombs  of ox ide  depos i t ed ,  a n d  t ime ,  have  
b e e n  c a r e f u l l y  n o t e d  (9, 11),  a n d  a s i m p l e  mod i f i ca -  
t ion  of t h e  c o n v e n t i o n a l  e l e c t r o c h e m i c a l  r a t e  e q u a -  
t ion  can  r e l a t e  these  p a r a m e t e r s  m a t h e m a t i c a l l y .  

The rate equation.--The m e c h a n i s m  for  t he  ox ide  
f o r m a t i o n  and  r e d u c t i o n  has  b e e n  es t ab l i shed .  The  
c o n v e n t i o n a l  e l e c t r o c h e m i c a l  r a t e  e q u a t i o n  (30) 
m a y  be  w r i t t e n  

i = n'FACRk%h exp  ( l - - a )  ~-~-- E ) [1]  

w h e r e  F ,  A,  CR, a, F,  R, a n d  T, h a v e  t h e i r  u s u a l  s ig -  
nif icance;  i is t he  anod ic  cu r r en t ,  n' t he  n u m b e r  of 
e l ec t rons  in  t he  o v e r - a l l  process ,  n t he  n u m b e r  of 
e l ec t rons  in t h e  r a t e - c o n t r o l l i n g  s tep,  E the  e lec -  
t r o d e  p o t e n t i a l  vs. t he  r e v e r s i b l e  h y d r o g e n  e lec t rode ,  
and  k~ t he  r a t e  cons t an t  for  t he  anod ic  reac t ion .  

A t  p o t e n t i a l s  w h e r e  m e a s u r a b l e  qua n t i t i e s  of o x -  
ide  a r e  d e p o s i t e d  the  r a t e s  of t he  anod ic  r eac t i ons  
O1 a n d  02 a re  m u c h  g r e a t e r  t h a n  the  r a t e  of the  
ca thod ic  r e a c t i o n  R1. Thus  ianodlc ~ /cathodic, and  
i = ianodic. The  ca thod ic  t e r m  has  been  o m i t t e d  f r o m  
Eq. [1] ,  and  the  s ign  of t he  anod ic  c u r r e n t  w i l l  be  
cons ide red  pos i t i ve  for  conven ience .  

T h e  l i n e a r i t y  of the  Q vs. E c u r v e  m a y  be  e x -  
p r e s s e d  b y  a s s u m i n g  t h a t  t h e  r a t e  c o n s t a n t  k~ 
d imin i shes  w i t h  an  inc rease  in t he  q u a n t i t y  os s u r -  
face  oxide ,  Qs, in  t he  fo l lowing  w a y  ( r e c a l l i ng  t h a t  
Qs = Qa/n') 

( 2zQ~)  
k%h = kbu e x p - -  ~ ( 1 - - a )  n'---A [2]  

Thus  
2ZQa ] 

[31 

w h e r e  4~ equa l s  nF/RT,  z, a" p r o p o r t i o n a l i t y  cons tan t ,  
and  Q~ anod ic  cou lombs  for  depos i t i on  of t he  oxide .  
Note  t h a t  t he  t e r m  (E--2zQa/n'A) in  t he  e x p o n e n t  
exp re s se s  t he  l i n e a r  r e l a t i o n s h i p  b e t w e e n  Qa and  E 
o b s e r v e d  in  Fig .  8 a n d  11. I m p l i c i t  in th is  e q u a t i o n  is 
the  a s s u m p t i o n  t h a t  t he  p r o p e r t i e s  of the  su r f ace  
o x i d e  hre  no t  d e p e n d e n t  on h o w  t h a t  ox ide  was  d e -  
pos i ted ,  i.e., b y  anod iza t i on  at  t he  c l ean  p l a t i n u m  
su r f ace  or  b y  anod iza t i on  of t h e  ha l f  r e d u c e d  s u r -  
face,  b u t  d e p e n d  on ly  on the  q u a n t i t y  of ox ide  on 
the  sur face ,  Qs. The  t e r m  2Qa/n' is e q u a l  to Q~ 
w h e t h e r  n '  is 1 or  2. 
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Fig. 11. Cathodic coulombs, Oo, as a function of anadization 
potential [from Laitinen and Enke (9)]. 
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Fig. 12. Coulombs of surface oxide, Os, vs .  log t, the anodization 
time, at a given potential (data from Fig. 8). 

This  e m p i r i c a l  e q u a t i o n  m a y  be  s h o w n  to q u a n t i -  
t a t i v e l y  c o r r e l a t e  m u c h  of the  e x p e r i m e n t a l  da ta .  

Evaluation of equation parameters . - -Rearranging 
and  i n t e g r a t i n g  bo th  s ides  of Eq. [3]  g ives  

n 'A  
exp  [2zQa(1--a)r = n'FACRb;b~t 

2(1-~)~z 

exp  [ ( 1 - - a ) r  + U [4]  

The  i n t e g r a t i o n  cons tan t ,  U, m a y  be  e v a l u a t e d  b y  
a s s u m i n g  the  b o u n d a r y  cond i t ion  t h a t  a t  t = 0, 
Qa ~ 0: 

n'A 
u = [5]  

2 ( l - - a )  ~bZ 

S u b s t i t u t i n g  in Eq. [4]  and  t a k i n g  the  l o g a r i t h m  

n'A 2 (1 -a ) r  
ln- - +  = 

2 ( l - -a)  r n 'A 

[ in n'FACRkb~texp[(1--,~)r + 2(1--,~)r [6] 

To e v a l u a t e  t he  cons t an t  z, d i f f e r en t i a t e  Eq. [6]  w i t h  
r e s p e c t  to E 

2 (1-,~)(bz dQ. 

n'A dE 

n'FACRkbht ( 1 - - a ) r  exp  [ (1--a)~bE] 
[7]  

n'A 
n'FACRkbut exp  [ ( 1 - - a ) r  + 

2 ( 1 - - a ) r  
n'A 

If  the  a s s u m p t i o n  is m a d e  t ha t  is m u c h  
2 ( l - - a )  Cz 

s m a l l e r  t h a n  n'FACRkbht exp  [ ( 1 - - a ) r  t hen  Eq. 
[7]  r educes  to 

n'A 
z = [8]  

dQa "~ 
2 (_d_if_,, 

T h e  cond i t ions  u n d e r  w h i c h  th is  a s s u m p t i o n  is v a l i d  
w i l l  be  c la r i f ied  a f t e r  t he  p a r a m e t e r s  a r e  e v a l u a t e d .  
The  v a l u e  dQa/dE m a y  be  c a l c u l a t e d  f r o m  the  Q 
vs. E c u r v e  of L a i t i n e n  and  E n k e  (Fig .  11) 

z = 1 / (2 .05  x 10 - a )  = 4.9 x 102 (vo l t  c m 2 ) / c o u l o m b  

Evaluation of a . - - T o  e v a l u a t e  t he  t r a n s f e r  coeffi- 
cient ,  a, Eq.  [6]  is s impl i f ied  b y  a s s u m i n g  aga in  
t h a t  the  i n t e g r a t i o n  cons t an t  is neg l i g ib l e  

n'A 2 (1 - -  ~)r 
in  + 

2(1 - a ) r  n ' A  

= in  n'FACRkb~t + [ (1 - -  a ) r  [9]  

In spec t ion  of th is  e q u a t i o n  shows  t ha t  a p lo t  of Q 
vs. In t a t  cons t an t  E, g ives  a s t r a i g h t  l ine  w i t h  a 
s lope  

2.303 n'A 
dQa/d log t = [10] 

2(1 - -  ~) ~bz 

A g r a p h  (Fig .  12) of Qa vs. log t was  p l o t t e d  f r o m  
t h e  d a t a  of L a i t i n e n  and  E n k e  in  Fig .  8. The  e x p e c t e d  
l i n e a r  p lo ts  h a d  n e a r l y  i d e n t i c a l  and  c o n s t a n t  s lopes,  
i m p l y i n g  t ha t  t he  a s s u m p t i o n  m a d e  in  n e g l e c t i n g  the  
i n t e g r a t i o n  cons t an t  was  va l id .  The  a v e r a g e  v a l u e  
for  the  s lopes  is 0.196 x 10 -3 c o u l / l o g  t. S u b s t i t u t i n g  
this  v a l u e  in Eq. [10] one can  e v a l u a t e :  (1 - - a ) n  = 
0.62. F r o m  the  p r o p o s e d  m e c h a n i s m ,  n = 1. Thus ,  

= 0.38. 
Evalution of rate t erm CRkbh.--The cons t an t  t e r m  
kbhCR m a y  be  e v a l u a t e d  f r o m  Eq. [9] .  T w e n t y  
po in t s  f rom the  g r a p h  of Qc vs. t (Fig .  8) for  p o t e n -  
t i a l s  f r o m  1.35 to 1.65, a n d  t imes  f r o m  6 to 120 sec 
gave  t w e n t y  v a l u e s  of kbhCR a v e r a g i n g  5 • 1 x 10 -21 
sec -1 c m  -2. Thus,  t he  e q u a t i o n  a p p e a r s  to be  of t he  
p r o p e r  fo rm  to d e s c r i b e  t he  o b s e r v e d  p h e n o m e n a .  
The  v a l u e s  d e t e r m i n e d  fo r  t he  p a r a m e t e r s  z, a, and  
kbh m a y  be  used  to check  the  a s s u m p t i o n  t h a t  

n'A 
n'FACRkbht e x p [  (1 - -  ~ ) r  > >  

2(1 - - a ) r  

The  a s s u m p t i o n  is va l id  to 1% at  E > 1.25v w h e n  t 
is g r e a t e r  t h a n  10 -1 sec. A l l  t he  d a t a  of L a i t i n e n  and  
E n k e  w e r e  m e a s u r e d  at  t i m e s  c o n s i d e r a b l y  l onge r  
t h a n  this  l o w e r  l imi t .  

Derivation of the current : t ime  relationship for 
anodization at constant po ten t ia l . - -A  c u r r e n t  t i m e  
r e l a t i o n s h i p  is e a s i l y  d e r i v e d  b y  d i f f e r e n t i a t i ng  Eq. 
[6]  w i t h  r e spe c t  to t i m e  and  aga in  ne g l e c t i ng  the  
i n t e g r a t i o n  cons tan t .  S i m p l i f y i n g  the  r e s u l t i n g  e q u a -  
t ion  g ives  

n 'A  
i = [11 ]  

2 (1 --  a )6z t  

The final  e xp re s s ion  for  t he  c u r r e n t  as a func t ion  of 
t ime  is p o t e n t i a l  i n d e p e n d e n t  a n d  i n d e p e n d e n t  of t he  
r a t e  t e r m  kbhCR. L a i t i n e n  and  E n k e  o b s e r v e d  e x p e r i -  
m e n t a l l y  t ha t  t he  anod iz ing  c u r r e n t  a t  c on t ro l l ed  
p o t e n t i a l  was  e s s e n t i a l l y  p o t e n t i a l  i n d e p e n d e n t .  

Derivation o] the current - t ime relationship ]or 
continuously varying poten t iaL--The  p o i n t  has  b e e n  
e m p h a s i z e d  t h a t  t he  e x p r e s s i o n  for  c u r r e n t  d e p e n d -  
ence on t ime  is i n d e p e n d e n t  of t he  cons t an t  t e r m  
kbhCm This  sugges t s  t h a t  t he  o x i d a t i o n  of t h e  h a l f -  
r e d u c e d  ox ide  to the  ox ide  could  be  d e s c r i b e d  b y  an  
e q u a t i o n  of t h e  s a m e  form.  N e g l e c t i ng  the  i n t e g r a -  
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t ion  c o n s t a n t  is even  m o r e  v a l i d  in  th i s  case  s ince  t he  
h e t e r o g e n e o u s  r a t e  c o n s t a n t  fo r  th i s  r e a c t i o n  is 
l a r g e r  b y  a f ac to r  of m o r e  t h a n  400. W h e n  a s i n u -  
s o i d a l l y  v a r y i n g  p o t e n t i a l  was  a p p l i e d  to t h e  e l ec -  
t rode ,  a su r f ace  cove red  w i t h  h a l f - o x i d e  w a s  d e -  
ve loped ,  and  t h e  r a t i o  of anod ic  cou lombs  to ca thod ic  
cou lombs  b e c a m e  1.0: 1. A n  e q u a t i o n  p r e d i c t i n g  the  
p e a k  he igh t s  is eas i ly  de r ived .  E q u a t i o n  [3]  is m o d i -  
fied for  t h e  o x i d a t i o n  of t he  h a l f - r e d u c e d  oxide .  

i=n'FACR'kbu'exp [ ( 1 - - a ' ) r  ( E  2zQa ) ]  [12]  
~'A 

w h e r e  kbu' is t he  r a t e  cons t an t  for  o x i d a t i o n  of t he  
h a l f - r e d u c e d  oxide ;  CR', t he  r e a c t a n t ,  h a l f - r e d u c e d  
o x i d e ) ;  a ' ,  t he  t r a n s f e r  coefficient  for  t he  h a l f - r e -  
d u c e d  ox ide ;  and  n' equa l s  1, s ince  t h e  h a l f - r e d u c e d  
ox ide  is be ing  r eox id i zed .  D i f f e r en t i a t i ng  i in  Eq. 
[12]  w i t h  r e spec t  to t and  se t t i ng  e q u a l  to ze ro  g ives  
the  r e l a t i o n s h i p  b e t w e e n  Qa and  E a t  imax. 

di 
0 : - - :  n'FACR'kbu' 

dt 

exp  [ ( l - - d ) ~  (E  2zqa >][ dE 2z d. qa 1 [13]  
n'A' dt An' dt J 

dE 2z dQa 
[14] 

dt An' dt 
and  s ince  

t hen  

dQa 

dt  
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- - : / m a x  [15] 

dE An' 
/max ---- - -  [16] 

dt 2z 

E q u a t i o n  [16] can  p r e d i c t  c u r r e n t  p e a k  he igh t s  a t  
f r equenc i e s  of 5 and  10 cps w h e n  the  m a x i m u m  p o -  
t e n t i a l  of t h e  s inuso ida l  v a r i a t i o n  w a s  1.30 a n d  1.40v 
( the  m i n i m u m  p o t e n t i a l  was  a l w a y s  O.50v). The  
t e r m  dE~dr m a y  be  e v a l u a t e d  f r o m  the  e q u a t i o n  

dE/dt  : 2~ fB cos ~ [17] 

w h e r e  B is t he  a m p l i t u d e  of t he  s ine  wave ,  in  vo l t s  
and  8 is t he  p h a s e  ang le  of t he  p o t e n t i a l  s ine  w a v e  
at  imax ( T a b l e  IV) .  

Derivation of an equation describing the rate o] 
open circuit overpotential decay ]or the oxide forma- 
tion process.--When a c l ean  p l a t i n u m  e l e c t r o d e  was  
anod ized  at  a g iven  po ten t i a l ,  and  the  e l e c t r o d e  
t hen  d i s connec t ed  f rom the  po t en t i o s t a t ,  t he  e l ec -  
t r o d e  p o t e n t i a l  i m m e d i a t e l y  decayed .  The  i n i t i a l  r a t e  
of p o t e n t i a l  d e c a y  was  o b s e r v e d  to  d e p e n d  on t h e  

t i m e  of p r e v i o u s  anod iza t ion .  The  l onge r  t he  t ime  of 
a n o d i z a t i o n  the  s lower  t he  r a t e  of p o t e n t i a l  decay .  

A r m s t r o n g  a n d  B u t l e r  (32i  h a v e  e x p l a i n e d  o v e r -  
p o t e n t i a l  d e c a y  as t h e  d i s c h a r g e  of t he  doub le  l a y e r  
c a p a c i t a n c e  t h r o u g h  a f a r a d a i c  process .  In  the  case  
of t he  f o r m a t i o n  of t he  p l a t i n u m  ox ide  film, t he  
d o u b l e  l a y e r  c a p a c i t a n c e  decays  t h r o u g h  t h e  ox ide  
f o r m a t i o n  process .  The  r a t e  of c a pa c i t i ve  p o t e n t i a l  
d e c a y  m a y  be  e x p r e s s e d  as 

dE~dr : i/Cdl [ 1 8 ]  

w h e r e  i is t he  c u r r e n t  and  Cdl is t he  d o u b l e  l a y e r  
c a p a c i t a n c e  (50 ~ f / c m  2 for  an  ox id i zed  p l a t i n u m  
e l e c t r o d e ) .  

A t  the  b e g i n n i n g  of t he  p o t e n t i a l  decay ,  t he  d i s -  
c h a r g e  c u r r e n t  of the  doub le  l a y e r  c a p a c i t o r  is e x -  
ac t ly  equa l  to t he  anodic  c u r r e n t  i m m e d i a t e l y  p r i o r  
to cessa t ion  of anod iza t ion .  This  c u r r e n t  m a y  be  
e v a l u a t e d  f r o m  the  e q u a t i o n  

A n '  
i : [11]  

2(1 --a)r 

w h e r e  ta  is the  t ime  of anod i za t i on  at  cons t an t  p o -  
t e n t i a l  and  n' equa l s  2. S u b s t i t u t i n g  th is  e xp re s s ion  
for  i in to  Eq. [18] one ob ta in s  an  e x p r e s s i o n  for  the  
i n i t i a l  r a t e  of open  c i r cu i t  p o t e n t i a l  d e c a y  as  a f u n c -  
t ion  of p r i o r  a n o d i z a t i o n  t i m e  ( t a )  at  cons t an t  p o t e n -  
t i a l  on a c l ean  p l a t i n u m  e lec t rode .  

dE n' A 
- -  - -  [ 1 9 ]  

dt 2Cd1(1 - -  a)~Zta 

I n i t i a l  r a t e s  of p o t e n t i a l  d e c a y  a t  d i f fe ren t  p o t e n t i a l s  
of a n o d i z a t i o n  w e r e  n o t e d  and  m a y  be  c o m p a r e d  to 
some c a l c u l a t e d  v a l u e s  ( T a b l e  V ) .  The  in i t i a l  p o -  
t e n t i a l  d e c a y  r a t e s  w e r e  e s s e n t i a l l y  i n d e p e n d e n t  of 
anod i za t i on  p o t e n t i a l  if t he  p o t e n t i a l  was  in  t he  
l i n e a r  p o r t i o n  of L a i t i n e n  a n d  E n k e ' s  Qc vs. E curve ,  
i.e., Ea g r e a t e r  t h a n  1.30v. The  p o t e n t i a l s  u sed  to 
o b t a i n  t he  e x p e r i m e n t a l  va lue s  w e r e  a l l  b e l o w  t h a t  
p o t e n t i a l  (1.45v) w h e r e  o x y g e n  evo lu t i on  becomes  
s ignif icant .  

Discussion and Conclusions 

Nature of the Oxide Film 

The  e l e c t r o k i n e t i c  e q u a t i o n  q u a n t i t a t i v e l y  r e l a t e s  
a w i d e  r a n g e  of e x p e r i m e n t a l  d a t a  w i t h o u t  p o s t u l a t -  
ing  d i sc re t e  p l a t i n u m  ox ides  of t h e  t y p e s  P t ( O ) n ,  
n = 1,2 . . . ,  etc. I t  is h i g h l y  u n l i k e l y  t h a t  t he  
ox ide  f i lm invo lves  d i s c r e t e  p l a t i n u m  oxides .  
This  is s u b s t a n t i a t e d  b y  no t i ng  t h a t  m a n y  of 

Table IV. Comparison of the theoretical and experimental current 
peaks when a continuously varying potential is applied to the 

electrode 
E l e c t r o d e  a r e a  = 0 . 6 5  cm~ ( e x c e p t  w h e r e  n o t e d )  

M a x i m u m  
F r e q u e n c y ,  a n o d i z a t i o n  C a l c u l a t e d ,  E x p e r i m e n t a l ,  

] ,  c p s  p o t e n t i a l ,  E ,  v 9 ip,  m a  tp, m a  

5 1.30 40 ~ 6.4 6.6 

10 1.30 24 ~ 15.3 13.0 
5 1.40 31 ~ 8.1 8.4 

10 1.40 14 ~ 18.2 16.5 

F r o m  t r i a n g u l a r  w a v e  A = 0 .73  c m  2 

1.15 1.30 0.93 1.0 

Table V. Comparison of calculated initial rates of potential 
decay with observed rates 

(dE/dr), v/s, 
Experimental Calculated 

ta, sec Ea, v (dE/dr), v/s from Eq. [19] 

20 1.30 80 • 10 -3 
1.35 88 • 10 -3 84 X 10 -3 
1.40 88 • 10 -8  

30 1.30 43 • 10 -3 
1.35 47 • 10 -3 56 X 10 -3 
1.40 50 • 10 -3 

120 1.30 10 • 10 -3 14 • 10 - a  
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the  p h e n o m e n a  d e s c r i b e d  b y  the  equa t ion  a r e  
not  p e c u l i a r  to t he  p l a t i n u m  e lec t rode .  R e m a r k -  
a b l y  s i m i l i a r  b e h a v i o r  has  been  n o t e d  for  i r i d ium,  
r h o d i u m ,  p a l l a d i u m ,  and  gold.  Wi l l  a n d  K n o r r  (11) 
o b t a i n e d  n e a r l y  i d e n t i c a l  dQ/dE v a l u e s  for  p l a t i -  
num,  i r i d ium,  and  r h o d i u m ,  w h i l e  L a i t i n e n  and  E n k e  
(9)  and  L a i t i n e n  and  Chao  (33) us ing  i d e n t i c a l  
t e chn iques  o b t a i n e d  n e a r l y  i d e n t i c a l  dQ/d~E v a l u e s  
for  p l a t i n u m  and  gold,  r e spec t i ve ly .  T h e  s i m i l a r i t y  
of the  anodic  b e h a v i o r  of d i f fe ren t  m e t a l s  is m o r e  
eas i ly  u n d e r s t o o d  if  t he  anodic  p rocess  is cons ide r e d  
to be  the  o x i d a t i o n  of w a t e r  r a t h e r  t h a n  the  ox i -  
d a t i o n  of t he  su r f ace  m e t a l  a toms.  In  o t h e r  words ,  a 
w a t e r  molecu le ,  on g iv ing  u p  an  e lec t ron ,  is ox id ized ,  
and  at  th is  po in t  the  (OH)  m a y  become  c h e m i s o r b e d  
to the  p l a t i n u m  surface .  F u r t h e r  o x i d a t i o n  occurs  
w h e n  a n o t h e r  e l ec t ron  is t r a n s f e r r e d  f r o m  the  o x y -  
gen  a t o m  to t he  b u l k  p l a t i n u m  me ta l .  The  su r f ace  
ox ide  is t hen  b e t t e r  t h o u g h t  of as d i sc re t e  o x i d a t i o n  
s ta tes  of w a t e r  b o n d e d  to t he  p l a t i n u m  su r f ace  t h a n  
as d i sc re t e  ox ides  of s u r f a c e  p l a t i n u m  atoms.  I n -  
spec t ion  of a n o d i c - c a t h o d i c  c h a r g i n g  cu rves  on gold  
ind ica t e s  t h a t  the  ox ide  is c o m p l e t e l y  r e m o v e d  b y  
ca thod ic  s t r i p p i n g  r a t h e r  t h a n  h a l f - r e d u c e d .  

Activation of the Plat inum Electrode 

The  m e c h a n i s m  d i scussed  in  t h e  e x p e r i m e n t a l  sec-  
t ion  c l e a r l y  e s t ab l i shes  t he  n a t u r e  of t h r e e  e l e c t r o d e  
s ta tes :  ( i )  t he  ox id i zed  s ta te ,  P t ( O ) x ;  ( i i )  t he  h a l f -  
r e d u c e d  ox ide  s ta te ,  P t ( O H ) x ;  and  ( i i i )  t he  r e d u c e d  
s ta te ,  Pt .  A p l a t i n u m  e l ec t rode  is " a c t i v a t e d "  by  
s t rong  o x i d a t i o n  and  s u b s e q u e n t  r e d u c t i o n  p r o d u c -  
ing  the  h a l f - r e d u c e d  oxide .  This  f i lm can  e n h a n c e  
e l ec t ron  t r a n s f e r  in o x i d a t i o n - r e d u c t i o n  reac t ions .  
R e d u c t i o n  of IO3-  (21) ,  O2 and  V a n a d i u m  V (34) 
on p l a t i n u m  is e n h a n c e d  b y  s i m u l t a n e o u s  r e d u c t i o n  
of t he  ox ide  film. The  d a t a  of L a i t i n e n  and  Chao  i n -  
d ica te  t h a t  t he  gold  ox ide  f i lm is c o m p l e t e l y  r e m o v e d  
b y  ca thod ic  s t r ipp ing ,  and  no h a l f - r e d u c e d  ox ide  is 
fo rmed .  No e n h a n c e m e n t  of t he  IO3- ,  02, or  V (V)  
r e d u c t i o n  w o u l d  be  e x p e c t e d  on gold.  This  conc lus ion  
has  been  ver i f i ed  for  t he  IO3-  and  O2 (23) .  
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Electrostatic Interaction in the Double Layer 
Paul  RLietschi 

Carl F. Norberg Research Center, The Electric Storage Battery Co~npany, Yardley, Pennsylvania 

ABSTRACT 

The fundamenta l  difference be tween the electrostatic potential  of a un i t  
charge and its average electrostatic energy content, in  a medium containing 
a number  of similar, statistically equivalent ,  charges, is clarified. The ex- 
pression Zieo ~i, where Zi is the valence, e0 the electronic charge, and ~i the 
electrostatic potential  at its location, does not  represent  the average elec- 
trostatic energy content  of a charged particle i; proper considerat ion of the 
mutua l  electrostatic interact ion terms leads to the in t roduct ion of a factor 
of Y2 into this expression. The summat ion  over all the energy terms involved 
when the particles are t ransferred individual ly  from infinity into the con- 
sidered system is shown to be equivalent  to the charging procedure used by 
Debye or Guntelberg,  leading to the factor of �89 The factor of Y2 enters 
the expression for the activation energy of electrochemical reactions and is 
identified as the dominant  par t  of the "transfer  coefficient a." The dependence 
of the s tructure of the double layer  on potential  is shown to be related to the 
deviations of ~ from the constant  value of z/~. As examples, the hydrogen and 
oxygen evolution reactions are discussed in  the light of this t reatment .  

A n y  a t t e m p t  to ca lcula te  the  ra tes  of e lectrode re -  
act ions on the  basis  of theore t ica l  models  invo lves  
the ques t ion:  W h a t  is the  ene rgy  content ,  in  p a r -  
t i cu la r  the  free ene rgy  (or its logar i thm,  the  ac t iv -  
i t y ) ,  of a reac t ing  par t ic le  at  an  e lect rode surface?  
Because of the  h igh electr ic  fields in  the  in te r face  
the par t ic les  are sub jec t  to s t rong e lect ros ta t ic  
forces. The  task  to ca lcula te  accura t e ly  the  i n t e r -  
ac t ion ene rgy  wi th  the  o ther  ions in  the  double  
layer,  and  wi th  the  charged  par t ic les  of the  solid 
surface,  is a ve ry  difficult one. We shal l  resor t  to 
the  gene ra l  i n t e r ac t i on  theory  of p o i n t - c h a r g e  sys-  
tems,  and  discuss its r e l a t ion  to the  t r e a t m e n t  of 
Debye  and  Hucke l  for ca lcu la t ing  the  e lectrosta t ic  
i n t e r ac t i on  ene rgy  and  the  act ivi ty .  

Elec t ros ta t ica l ly ,  we can  t r ea t  bo th  the  ions on 
the so lu t ion  side of the  in te r face  of the double  l ayer  
and  the  charges  on the  me ta l  sur face  as po in t -  
charges ei z Zieo, or e q u i v a l e n t  smoothed charges  
pidvi where  pl is the charge dens i ty  in  the  chosen 
vo lume  e l e m e n t  of d~. F igu re  1 shows a mode l  of 
the  double  l ayer  b e t w e e n  electrode and  electrolyte.  
There  is a d is tance  of closest approach  for u n d i s -  
charged  h y d r a t e d  ions. ( In  order  to s impl i fy  the  
pic ture ,  o r i en ted  adsorbed  wa t e r  dipoles and  speci-  
fically adsorbed  o ther  charged species, such as su r -  
f ace -ac t ive  an ions  and  cations,  are  no t  shown.)  A n  
ion in  the  in te r face  is s u r r o u n d e d  by  a r e l a t i ve ly  
compact  l ayer  of cha rge  on the  electrode and  by  a 
more  diffuse charge l aye r  in  the  e lectrolyte .  The 

�9 " DIFFUSE LAYER 
�9 �9 �9 
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Fig. 1. Schematic diagram of an electrochemical double layer 

dif fus ivi ty  is due  to t h e r m a l  mot ion.  For  most  elec- 
t ro ly tes  of p rac t ica l  impor tance ,  concen t ra t ions  are 
above 0.1 m / l ,  and  the  charge  l ayer  on the  solut ion 
side is on ly  a few angs t roms  thick.  

The po ten t i a l  ene rgy  of the  charged par t ic les  in  
the  doub le  l ayer  ( ions in  so lu t ion  and  charged  atoms 
on the  e lect rode)  is composed of coulombic  long-  
r a nge  e lect ros ta t ic  in te rac t ion ,  opera t ive  over  dis-  
tances  cons ide rab ly  g rea te r  t h a n  the  mo lecu l a r  
d i ame te r  of the  ions, and  s h o r t - r a n g e  chemica l  
i n t e r ac t i on  of the  homeopo la r  type  w i th  n e x t  
ne ighbors ,  e.g., so lvent  molecules  in  the  e lec t ro ly te  
a nd  atoms of the  electrode mater ia l s .  This  chemical  
i n t e r a c t i on  wou ld  st i l l  be  p re sen t  if the  charges  of 
all  ions were  m i r a c u l o u s l y  r e move d  and  did no t  
p roduce  electr ical  dipoles of a n y  kind.  

As in  the theory  of Debye  a nd  Hucke l  (1) we  
shal l  first separa te ly  consider  the  e lect ros ta t ic  i n t e r -  
action,  which,  as wi l l  be shown,  is r e l a t ed  to the  
macroscopic  m e a s u r a b l e  e lect rode potent ia l .  Debye  
and  Hucke l  used the  model  of a cen t ra l  fixed ion a 
or charged v o l u m e  e l e me n t  d~ ,  s u r r o u n d e d  by  a 
spher ica l  space-charge  cloud of opposi te  s ign (Fig. 
2). The  charge of the  ionic a tmosphe re  is t hough t  to 
be  smea red  out  u n i f o r m l y  a r o u n d  the cen t ra l  ion. 

led~ = Z . e o  
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DEBYE-HUCKEL ATMOSPHERE 

Fig. 2. Debye-Hucke[ ionic atmosphere spherically surrounding 
the central ion with charge Za eo ~ f pd~. 
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F o r  an  ion, or  c h a r g e d  v o l u m e  e l emen t ,  l oca t ed  
in an  e l e c t r o c h e m i c a l  i n t e r f a c e  t he  space  cha rge  
s u r r o u n d i n g  i t  is no l onge r  s p h e r i c a l l y  s y m m e t r i c a l .  
I t  consis ts  of t w o - d i m e n s i o n a l  c h a r g e  shee t s  p a r a l l e l  
to the  e l e c t r o d e  sur face .  F o r  e i t h e r  s p h e r i c a l  or  n o n -  
s p h e r i c a l  space  cha rges  a r o u n d  an  a r b i t r a r i l y  
chosen  c e n t r a l  ion or  e l e m e n t  of charge ,  t h e  t o t a l  
space  c h a r g e  s u r r o u n d i n g  i t  m u s t  be  e q u a l  in  m a g -  
n i t u d e  a n d  oppos i t e  in  sign, s ince  t he  t o t a l  s y s t e m  
m u s t  be  e l e c t r i c a l l y  n e u t r a l .  The  e l ec t ro s t a t i c  e n e r g y  
con ten t  of a n y  a r b i t r a r i l y  se lec ted  e l e m e n t  is d e t e r -  
m i n e d  b y  ( i )  the  g e o m e t r y  of i ts  space  charge ,  and  
( i i )  t h e  a b s o l u t e  v a l u e  of i ts  charge .  As  in a n y  con-  
denser ,  t he  g e o m e t r y  is a m e a s u r e  for  the  capac i ty .  
To e v a l u a t e  t he  e l ec t ro s t a t i c  e n e r g y  con ten t  one 
m u s t  t h e r e f o r e  c h a r g e  a c o n d e n s e r  h a v i n g  t h e  g e o m -  
e t r y  of t he  space  charge .  I n  t he  t h e o r y  of  D e b y e  and  
H u c k e l  t he  space  c h a r g e  is a s p h e r e  a n d  the  e l e c t r o -  
s t a t i c  e n e r g y  t hus  e q u a l  to t he  e n e r g y  r e q u i r e d  to 
cha rge  th is  sphere .  

Principles o] the Debye  and Hucke l  Theory  

F o r  a c l ea r  p r e s e n t a t i o n  of t h e  t h e o r y  of i n t e r a c -  
t ion  to be  p r e s e n t e d  be low,  i t  a p p e a r s  n e c e s s a r y  to  
c o n t r a s t  i t  w i t h  t h e  t h e o r y  of D e b y e  and  Hucke l .  
The  f irst  s t ep  in  e v a l u a t i n g  the  e l e c t ro s t a t i c  i n t e r -  
ac t ion  e n e r g y  is, a cco rd ing  to D e b y e  a n d  Hucke l ,  to 
d e t e r m i n e  the  " e l e c t r o s t a t i c  p o t e n t i a l "  r a t  t he  lo -  
ca t ion  of t he  ion u n d e r  cons ide ra t ion .  The  " e l e c t r o -  
s ta t ic  p o t e n t i a l "  ~ of D e b y e  and  H u c k e l  is c o m p o s e d  
of (a )  t he  s e l f - p o t e n t i a l  of  t h e  ion  Ca and  (b )  t he  
p o t e n t i a l  due  to t h e  a t m o s p h e r e  ( t h a t  is t he  s u r -  
r o u n d i n g s )  r of t he  ion;  th is  l a t t e r  p a r t  a lone  is of 
r e v e l a n c e  to the  e l ec t ro s t a t i c  i n t e r a c t i o n  ene rgy ,  
and  is t hus  d e t e r m i n i n g  the  a c t i v i t y  of t he  ion, or  
t h e  e n e r g y  d i f fe rence  b e t w e e n  a s t a t e  of inf in i te  
s e p a r a t i o n  a n d  the  a c t u a l  conf igura t ion .  Each  ion 
w i t h  c h a r g e  Zieo p r o d u c e s  a t  t h e  d i s t ance  r t he  p o -  
t e n t i a l  Zieo/Dr, w h e r e  D is t he  d i e l ec t r i c  cons tan t .  
Thus  

= r + ~ 
i # a  

: Z~eo/Dr -4- ~ Zieo/Dr [ 1 ] 

: Zaeo/Dr A- f p d ~/Dr 

The  r e p l a c e m e n t  of t he  s u m  b y  t h e  i n t e g r a l  ove r  the  
space  c h a r g e  d e n s i t y  p c o r r e s p o n d s  to  t h e  s m o o t h e d  
c h a r g e  m o d e l  and  t h e  l a w  of l i n e a r  supe rpos i t i on ,  
w h i c h  can  be  d e r i v e d  f r o m  G r e e n ' s  t h e o r e m  (2) .  
W i t h  t he  he lp  of  t he  l a t t e r  i t  can  also be  shown  t h a t  
t he  d i s c r e t enes s  of c h a r g e  can  h a v e  no effect on the  
e n e r g y  of an  a c t u a l  ionic  p o i n t  cha rge  if t he  po in t  
cha rges  f o r m i n g  i ts  a t m o s p h e r e  or  s u r r o u n d i n g s  
have  cha rges  s t a t i s t i c a l l y  e q u i v a l e n t  to t h e  one of 
t he  ion u n d e r  cons ide ra t ion .  The  s m o o t h e d  cha rge  
d e n s i t y  m o d e l  fo l lows  n a t u r a l l y  f r o m  the  p r o b a b i l -  
i t y  of f ind ing  an  ion  in  a g iven  v o l u m e  e l e m e n t  dr 
s o m e w h a t  ana logous  to t he  concep t ion  of an  e l ec -  
t ron ic  o r b i t a l  a r o u n d  a nuc leus .  

Spherical  space charge . - -The  d e r i v a t i o n  of t he  
D e b y e - H u c k e l  t heo ry ,  f a m i l i a r  to  eve ryone ,  is b a s e d  
on the  use  of  t he  B o l t z m a n n  f o r m u l a  for  t h e  p r o b -  
a b i l i t y  of o c c u r r e n c e  of an  ion  fl in  a v o l u m e  e l e -  
m e n t  d~- in  t h e  v i c i n i t y  of  t h e  c e n t r a l  ion a 
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N ~  = exp  [ - -  W ~ J k T ]  dT/V [2]  

w h e r e  V is t he  t o t a l  v o l u m e  of t he  sys tem.  The  e x -  
act  m e a n i n g  of Wa~ has  b e e n  d i scussed  b y  F o w l e r  
and  G u g g e n h e i m  (3 ) ;  i t  is t he  p o t e n t i a l  e n e r g y  
whose  g r a d i e n t  g ives  t he  a v e r a g e  force  b e t w e e n  a 
and  fl pa r t i c l e s .  This  e q u a t i o n  is coup led  w i t h  t he  
f u n d a m e n t a l  e q u a t i o n  b e t w e e n  cha rge  d e n s i t y  p and  
e l ec t ro s t a t i c  p o t e n t i a l  ~b 

~72 ~ ~= 4~p/D ~ - 4~r ~ N ~  Z~ eo/D [3]  

w h e r e  D is t he  d i e l ec t r i c  cons t an t  and  Z~eo t he  
cha rge  on the  fl pa r t i c l e s .  

The  u n - o b v i o u s  a s s u m p t i o n  i n t r o d u c e d  b y  D e b y e  
and  H u c k e l  is 

Wa~ = Z~eo ~ [4]  

The  v a l i d i t y  and  l i m i t a t i o n  of th is  a p p r o x i m a t i o n  
have  b e e n  d i scussed  b y  O n s a g e r  (4)  a n d  K i r k w o o d  
(5) .  W i t h o u t  e n t e r i n g  h e r e  in to  a d i scuss ion  of 
D e bye ' s  a p p r o x i m a t i o n  1 i t  w i l l  s i m p l y  be  p o i n t e d  
out  t ha t  th is  a p p r o a c h  l eads  to t he  g e n e r a l  d i f f e r en -  
t i a l  equa t ion  

v2~ =: K2~ [5] 

and  the  f o l l o w i n g  so lu t ion  

= ~ -b Cs = ( A / r )  exp  ( - -  K r)  [6]  
w i t h  

: 47r~ Ni Zi 2 eo2/VD k T  [7]  
i 

The  final  r e s u l t  for  ~s be c ome s  

qJs = -- (Z~ eo/D) K = -- (Z~ eo/D) 1 / r  [8]  

The  q u a n t i t y  1/K = r h a s  t he  m e a n i n g  of t he  c a p a c -  
i t y  of a c h a r g e d  s p h e r e  vs. an  in f in i t e ly  d i l u t ed  
c oun t e r  charge ,  w h i c h  m e a n s  t h a t  t he  c o u n t e r  cha rge  

is in effect a t  inf ini ty ,  o r  zero  po ten t i a l .  Thus  r is 
the  effect ive  r a d i u s  of t h e  ionic  a t m o s p h e r e .  

General izat ion to nonspherical  ionic atmospheres .  
- - T h e  above  so lu t i on  a pp l i e s  if  no g e o m e t r i c  r e -  
s t r i c t ions  a r e  i m p o s e d  b y  s h o r t - r a n g e  c h e m i c a l  i n -  
t e r a c t i o n  to t he  c h a r g e  d i s t r i b u t i o n  a r o u n d  the  cen -  
t r a l  ion. I f  access  to c e r t a i n  p a r t s  of t h e  t o t a l  v o l u m e  
is r e s t r i c t e d  for  some,  or  al l ,  ions  of t h e  a t m o s p h e r e ,  
e.g., b y  cond i t ions  of c loses t  a p p r o a c h  b e t w e e n  ions 
or  b y  o r i e n t a t i o n  of cha rge  l a y e r s  a long  mac roscop ic  
phase  b o u n d a r i e s ,  K is no l onge r  g iven  b y  Eq. [7] ,  
b u t  is r e p l a c e d  b y  a t e r m  d e p e n d e n t  on t h e  g e o m -  
e t r y  of t he  a t m o s p h e r e .  The  so lu t ion  for  Cs wi l l  t hen  
h a v e  the  g e n e r a l  f o r m  

~s----~ (Z~ eo/D) K [9]  

w h e r e  K is a q u a n t i t y  d e s c r i b i n g  the  g e o m e t r y  of 
the  space  cha rge ;  1 / K  is t h e  c a p a c i t y  of t he  ionic  
a t m o s p h e r e  w i t h  r e g a r d  to an  in f in i t e ly  d i l u t ed  
c oun t e r  charge .  I n t r o d u c i n g  for  i n s t ance  a d i s t ance  
of c loses t  a p p r o a c h  "a"  b e t w e e n  ions one ob ta ins  

K = K/(1 A- v a)  [10]  

1 T h e  p h y s i c a l  m e a n i n g  of @ r e m a i n s  u n c l e a r  s ince  one  is con-  
ce rned  a l w a y s  w i t h  t he  e n e r g y  of  p a r t i c l e s  of  f in i t e  c h a r g e  Z~eo, 
a n d  no t  of i n f i n i t e s i m a l l y  s m a l l  charge .  T h e  c h a r g e  of  an  ion  c a n n o t  
act  on i t se l f  a n d  t h e  i n t r o d u c t i o n  of  @a t h e r e f o r e  p h y s i c a l l y  is  no t  
m e a n i n g f u l  i n  d e t e r m i n i n g  t he  e n e r g y  of t h e  c e n t r a l  i on  a .  H o w -  
ever ,  n e b y e  and  H u c k e l  make ,  i n  t h e i r  f ina l  resu l t ,  on ly  use  of  t~s, 
a q u a n t i t y  w h i c h  is p h y s i c a l l y  u n a m b i g u o u s .  
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In  gene ra l  K = f (T ,  V, Ni, G) is a f unc t i on  of t e m -  
p e r a t u r e  T, vo lume  V, n u m b e r  of par t ic les  N~, and  
geome t ry  G of the  space charge.  The  po ten t i a l  4s 
exer ted  by  the  s u r r o u n d i n g s  on the  cen t ra l  ion  ~ is 
p ropor t iona l  to the  charge  of the  cen t ra l  ion (which  
is equa l  to the nega t ive  charge of the a tmosphe re )  
and  inve r se ly  p ropor t iona l  to the  capaci ty  of the 
a tmosphere .  

E l e c t r o s t a t i c  e n e r g y  c o n t e n t  o f  a p a r t i c l e . - - I n  
order  to ob ta in  the  e lectrosta t ic  ene rgy  per  par t ic le  
(us ing  now the  subscr ip t  i ins tead  of ~ for an  a r b i -  
t r a r y  pa r t i c l e ) ,  defined by  

ixi el = OFel/ONi [ 11 ] 

where  F eL is the to ta l  e lectrosta t ic  e n e r g y  con ten t  
of the system,  and  Ni the  n u m b e r  of par t ic les  of 
type  i, a cha rg ing  process is employed.  Debye  and  
Hucke l  proceed to i n t eg ra t e  over  the  charge  of all  
ions of the  sys tem s i m u l t a n e o u s l y  to ob ta in  

F e' = f Ei 4s eo dZi  = flo~ i" 4s (X) eo Zi  d~. 

= - -  ~ Ni Zi 2 e0 ~ ~ / 3 D  
i 

F r o m  this, the  e n e r g y  per  par t ic le  is d e t e r m i n e d  by  
d i f fe ren t ia t ion  wi th  respect  to N~, w h e r e b y  one 
mus t  consider  tha t  x depends  on N~ according to 
[7]. 

]-ti e l  = OFel/ONi = (Zi 2 eo2/2D) K 

= - -  4s Zi e0/2 [12] 

G u n t e l b e r g  (6) uses the  s imple r  p rocedure  to i n -  
t egra te  over  the  cha rg ing  of one i n d i v i d u a l  ion on ly  

gi el = flo4S ()t) eo Zi dX = (Zl 2 eo2/2D) K [13] 
= - -  4s Zi e0/2 

Both processes lead to the  same solu t ion  for ]~i el if 
Zi e0 is p ropor t iona l  to 4i, and  K or K cons tan t  d u r -  
ing the  charg ing  process;  this  is r equ i r ed  for self-  
consis tency.  

The  electrosta t ic  e n e r g y  of a par t ic le  is thus  no t  
equa l  to the  p roduc t  of its charge  and  the e lec t ro-  
s tat ic  po ten t i a l  at  its location.  Rather ,  the e lec t ro-  
static pa r t  of the free ene rgy  #i e~ is the  p roduc t  of 
the charge of the  par t ic le  and  the  po ten t i a l  4s p ro -  
duced at its locat ion by  the  combined  act ion of all  
o ther  charges  of the  systems,  d iv ided  by  two. 

General Theory of Electrostatic Interaction of 
Charged Elements 

We shal l  n o w  con t ras t  the  foregoing t r e a t m e n t  
w i th  some gene ra l  cons idera t ions  on p o i n t - c h a r g e  
sys tems (2) .  

In  a sys tem wi th  on ly  two po in t  charges,  or two 
charged v o l u m e  e lements ,  the  e lect ros ta t ic  ene rgy  
r e su l t ing  f rom the  coulomb force is 

- -  F12 ~l = el e2/Drl2 [14] 

where  e, and  e2 are the  two charges  in  e lect ros ta t ic  
un i t s  ( e q u i v a l e n t  to pl dr a n d  p2 dr D the  effec- 
t ive  dielectr ic  cons t an t  re la t ive  to vacuum,  and  r12 
the  effective d is tance  b e t w e e n  the  two charged ele-  
men t s  in  cent imeters .  Wi th  more  t h a n  two charged  
e lements  present ,  one can  s ta r t  aga in  w i th  charge  1 
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and  t h e n  t r ans f e r  charge 2 f rom inf in i ty  to the  dis-  
t ance  r12; f u r t h e r  charge  3 f rom inf in i ty  in to  the  
v ic in i ty  of charge  1 and  2, n a m e l y  to dis tances  r13 
and  tea, and  so on. The to ta l  ene rgy  r equ i r ed  to 
in t roduce  all  the  charged e lements  becomes 

- -  F el = ele2/Dr12 + ele3/Drl~ + ele4/Dr14.  . . 
+ e 2 e j D r 2 3  + e2e4 /D24 . . .  

+ e s e 4 / D 3 4 . . .  
o r  

- -  F eL == (1 /2)  YJ ~'  e i e k / D r i k  [ 1 5 ]  

i k 

The factor  1/2 appears  because  in  the  double  s u m -  
m a t i o n  each c ombi na t i on  of i a nd  k appears  twice. 
The p r i me  at  the  s u m  signs indicates  tha t  all  com- 
b ina t ions  of i = k are  to be exc luded  f rom the  s u m -  
mat ion ,  since a charge  canno t  act on itself.  The  re -  
sul t  of [15] can be r e w r i t t e n  in  a s imple r  fo rm if 
one considers  t ha t  the  sum 

~' e i /Drik  
i 

has j u s t  the m e a n i n g  of the  e lectrosta t ic  po ten t i a l  
~k due  to the  combined  ac t ion  of all  the  charges  ex-  
cept k, at the  loca t ion  of the  charge k. Therefore ,  
[15] becomes 

k=N 
E el = -  (1 /2 )  ~ 4kek [16] 

k = l  

This resu l t  can r ead i ly  be adap ted  to sys tems wi th  
con t inuous  charge  d i s t r ibu t ions .  Each charge  ek can 
t hen  be t r ea ted  as a v o l u m e  e l e m e n t  dvk ca r ry ing  
the  charge dens i ty  Pk thus  ek = P k  d v k .  This  can be 
also w r i t t e n  in  the  fo rm 

ek  --~ Pk Vk d k  

where  Tk is the  v o l u m e  e l e m e n t  associated w i th  the  
charge  ek and  k is a coun t ing  pa rame te r .  The  ex-  
press ion  for the  to ta l  e lectrosta t ic  i n t e r ac t i on  ene rgy  
of a sys tem t h e n  becomes 

F el = - -  (1 /2 )  _~.k=lv qJk Pk ~ d k  [17] 
v k =  0 

I t  is of grea t  impor t ance  to consider  tha t  al l  charges  
of a g iven  type  k which  are  e lec t ros ta t ica l ly  equ i -  
v a l e n t  m u s t  be sub jec t  to the  same po ten t i a l  ~k. For  
ins tance ,  all  pos i t ive  ions in  a 1:1 e lec t ro ly te  or a 
1:1 ionic la t t ice  are  a t  the  same  po ten t i a l  4k -= ~+ 
and  al l  nega t ive  ions a t  the  same po ten t i a l  4k -= 4 - .  
S y m m e t r y  requ i res :  Z+eo = - -  Z - e o  and  4+ ---- - -  4 -  
because  of the  opposite s ign of the  space charge.  
Thus,  all  the N t e rms  in  [16] are  of the  same m a g -  
n i t u d e  and  one obta ins  for F e~ 

N 
F el = - -  (1 /2)  $ 4 + e +  = --  (1 /2 )  N 4 + e +  

1 

= - -  (1 /2)  N 4 + Z + e o  

The to ta l  e lectrosta t ic  ene rgy  can t hen  be  d iv ided  
equa l ly  among  all  charged  e lements  N, and  the  en -  
e rgy  pe r  e l e me n t  becomes 

OF~,/ON =/~el = __ 4 + Z + e0/2 [ 18 ] 

More genera l ly ,  one can  ob t a in  the  ene rgy  for an  
i n d i v i d u a l  charge  k by  d i f fe ren t ia t ing  [17] w i th  re -  
spect  to- the  uppe r  l imi t  of the  in tegra l ,  which  yie lds  

].tk el ~ -  OF~I/ON = - -  ( 1/2),~Ok~-k 
- ~ -  (1 /2 )  ~bkek = - - 4 k Z k e o / 2  [19] 
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AX AX X 

Fig. 3. Illustration of an ideal double layer. 

w h e r e  @k a n d  ek a r e  p o t e n t i a l  a n d  c h a r g e  of t he  
c h a r g e d  e l e m e n t  k. 

E q u a t i o n s  [18] a n d  [19] can  be  c o m p a r e d  i m -  
m e d i a t e l y  w i t h  t h e  D e b y e - H u c k e l  e q u a t i o n  [12].  
The  e x p r e s s i o n s  a r e  i den t i ca l ,  w i t h  @+ or  ~ e q u a l  
@s. T h e  s u m m a t i o n  ove r  a l l  i n t e r a c t i o n  t e r m s  as 
p e r f o r m e d  a b o v e  is t h e r e f o r e  e q u i v a l e n t  to t he  
D e b y e  c h a r g i n g  process .  

This  g e n e r a l  t r e a t m e n t  of e l e c t ro s t a t i c  i n t e r a c t i o n  
conf i rms the  r e su l t  t h a t  t he  e l e c t ro s t a t i c  e n e r g y  of 
a c h a r g e d  e l emen t ,  in a m e d i u m  con t a in ing  o t h e r  
s i m i l a r  c h a r g e d  e l emen t s ,  is equa l  to  one  ha l f  of t he  
p r o d u c t  of i ts  cha rge  and  the  e l ec t r i c  p o t e n t i a l  a t  i ts  
loca t ion  p r o d u c e d  b y  a l l  t h e  o the r  c h a r g e d  e lements .  

Particles in Double Layers 

A v e r y  s imp le  s y s t e m  i n v o l v i n g  oppos i t e  l a y e r s  of 
cha rge  is i l l u s t r a t e d  in  Fig.  3. The  two  l a y e r s  of 
charge ,  each  of i n f in i t e s ima l  t h i cknes s  Ax a re  s e p a -  
r a t e d  b y  the  ef fec t ive  d i s t ance  d, w h e r e b y  d > >  Ax. 
Each  c h a r g e d  shee t  can  be  cons ide red  as p l a n a r  a r -  
r a y  of N r e c t a n g u l a r  v o l u m e  e l e m e n t s  w i t h  t h i c k -  
ness  Ax a n d  bas i s  cross  sec t iona l  a r e a  a 2. Each  vo l -  
u m e  e l e m e n t  is u n i f o r m l y  f i l led w i t h  the  c h a r g e  
d e n s i t y  _+ p and  ca r r i e s  t hus  a c h a r g e  e•  = --  Pk AX 
a 2. A l l  pos i t i ve  cha rges  e + a re  at  t he  s ame  p o t e n t i a l  
@+ and  the  n e g a t i v e  cha rges  at  t h e  p o t e n t i a l  @-. 
W i t h  Eq. [17] t he  t o t a l  e n e r g y  of t he  s y s t e m  b e -  
comes  

F e l =  - -  ( 1 / 2 )  f0N+ @+p+Ax a z d k  

- -  ( 1 / 2 )  f~- V-P- A x  a 2 d k  

Since  p+ = - -  p_ = cons t an t  ove r  t he  t o t a l  sur face ,  
and  N+ = N _  

F el = - -  ( 1 / 2 )  ( ~ +  - -  @_)  p+ A x  a 2 foN+ d k  

I t  is conven i en t  to w r i t e  

( ~ + - - ~ - )  = ~ d  

s i n c e  @d w o u l d  be t he  e x p e r i m e n t a l l y  m e a s u r a b l e  
t o t a l  p o t e n t i a l  d i f fe rence  across  t he  doub le  l aye r .  
This  is e q u i v a l e n t  of se t t ing  t h e  p o t e n t i a l  in t he  
n e g a t i v e  c h a r g e  shee t  a t  zero and  cons ide r ing  o n l y  
t he  pos i t i ve  charges .  A f t e r  s u m m a t i o n  ove r  the  t o t a l  
su r f ace  one  ob ta in s  

F e~ : - -  ( 1 / 2 )  ~d.O+ ~ { ~ 2 N +  = ~ ( 1 / 2 )  @d Q+ [20] 

w h e r e  Q+ is t he  s u m  of a l l  t he  cha rge s  e+ in t he  
pos i t ive  cha rge  sheet ,  a n d  N+ t h e i r  t o t a l  n u m b e r .  
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This  r e su l t  is e q u a l  to t he  n e g a t i v e  e l ec t ro s t a t i c  
c h a r g i n g  e n e r g y  of a c o n d e n s e r  w i t h  c a p a c i t y  C, a 
r e s u l t  r e a d i l y  o b t a i n e d  b y  t h e  p r o c e d u r e :  

U el = - -  E el = f*o a ~d d q  + -= fo~d ~d C d ~1 d 

----- C ~d2/2 ---= Q + 2 / 2 C - - - -  ( 1 / 2 )  @d Q+ 

This  a g a i n  d e m o n s t r a t e s  t h e  e q u i v a l e n c e  of t he  
s u m m a t i o n  p rocess  a n d  the  c h a r g i n g  process .  

W h a t  is n o w  the  e n e r g y  of a s m a l l  f r a c t i o n  of  t h e  
c ons ide r e d  sys tem,  cons i s t ing  j u s t  of one p a i r  of 
cha rges  e+ = p+ A x a  2 a n d  e -  = p - A x a 2 ?  I t  is 
qu i t e  obvious  t h a t  t he  t o t a l  e l e c t ro s t a t i c  e n e r g y  m u s t  
be  d i s t r i b u t e d  u n i f o r m l y  a m o n g  a l l  t he  e q u i v a l e n t  
cha rge  pa i r s  e+ a n d  e - ,  a n d  s ince  Q+ = N+ e+ one 
e b t a i n s  f r o m  [20] 

t~ el = ( O F e l / O N + ) ~ d  = - -  ~bd e + / 2  [21] 

The  d i f f e r en t i a t i on  w i t h  r e s p e c t  to N+ m u s t  be  p e r -  
f o r m e d  at  cons t an t  @d in o r d e r  to o b t a i n  t he  a v e r a g e  
e n e r g y  p e r  c h a r g e d  d ipo le  pa i r .  

I f  i n s t e a d  the  e n e r g y  of the  c o n d e n s e r  is d i f f e r -  
e n t i a t e d  w i t h  r e spe c t  to N+ or  Q+ at  cons t an t  C, 
t h e n  one w o u l d  o b t a i n  

( O F e l / O N  + )c  = - -  ~ l d  e+ 

H o w e v e r ,  th is  e x p r e s s i o n  is no t  equa l  to t he  a v e r a g e  
e l ec t ro s t a t i c  e n e r g y  p e r  cha rge  pa i r ;  r a t h e r  i t  r e p -  
r e s e n t s  the  e n e r g y  a s soc ia t ed  w i t h  t he  a d d i t i o n  of 
t h e  l as t  cha rge  p a i r  e+ a n d  e -  to t he  c o n d e n s e r  if  
t he  c h a r g i n g  p rocess  is done  a t  cons t an t  C; t h e n  d i f -  
f e r e n t  a d d i t i o n s  of t he  s a m e  cha rge  i nvo lve  d i f fe ren t  
energ ies ,  d e p e n d i n g  on the  p a r t i c u l a r  v o l t a g e  at  t he  
t ime.  The  e x p r e s s i o n  @d e+ is t hus  no t  e q u a l  to the  
m e a n  e n e r g y  of i n t e r a c t i o n  p e r  cha rge  pa i r .  I t  h a p -  
pens  to be  t he  p a r t i c u l a r  e n e r g y  r e q u i r e d  to a d d  the  
N th  cha rge  pa i r ,  w h e r e b y  the  e n e r g y  r e q u i r e d  to 
add  the  i d e n t i c a l  (N - -  1 ) t h  cha rge  p a i r  w o u l d  h a v e  
been  di f ferent .  A t  cons t an t  C, t he  e n e r g y  i n v o l v e d  in 
a d d i n g  one cha rge  p a i r  of a g iven  k ind ,  w i t h  f ixed 
cha rge  e+ and  e_ ,  keeps  c h a n g i n g  w i t h  i nc r ea s ing  
t o t a l  n u m b e r  of cha rges  a l r e a d y  p r e s e n t  a t  t he  t i m e  
of t he  add i t ion .  

This  sho r t  d i scuss ion  shows  the  i m p o r t a n c e  of t he  
" c o n s t a n t  e n e r g y  s tep  p r o c e d u r e "  for  b u i l d i n g  up  a 
po in t  cha rge  s y s t e m  f rom c h a r g e d  e l e m e n t s  i n i t i a l l y  
at  inf ini ty .  Each  h y p o t h e t i c a l  s t ep  m u s t  i nvo lv e  the  
s a m e  cons t an t  e n e r g y  in o r d e r  t ha t  t h e  e n e r g y  of 
a n y  s tep  becomes  equa l  to  t he  a v e r a g e  i n t e r a c t i o n  
e n e r g y  p e r  e l emen t .  

The  doub le  l a y e r  of a c t u a l  e l e c t r o c h e m i c a l  i n t e r -  
faces  is m o r e  c o m p l i c a t e d  t h a n  the  a r r a n g e m e n t  
shown  in Fig.  3. Cha rge s  on t h e  m e t a l  e l e c t r o d e  s u r -  
faces  in g e n e r a l  f o r m  a f a i r l y  c ompa c t  l a y e r  of 
cha rge  w h i c h  can,  in  m a n y  cases,  be  t r e a t e d  as i n -  
f in i te ly  thin.  ( In  con t ras t ,  for  c e r t a i n  s e m i c o n d u c -  
tors  space  cha rges  m i g h t  be  qu i t e  diffuse.)  The  
c h a r g e  l a y e r  on the  so lu t ion  s ide  is c o m p o s e d  of a 
c o m p l i c a t e d  a r r a n g e m e n t  of a d s o r b e d  c h a r g e d  
species,  w a t e r  d ipoles ,  m o r e  or  less d e h y d r a t e d  
an ions  a n d  cat ions ,  and  a dif fuse  l a y e r  of h y d r a t e d  
ions t o w a r d s  t he  e l ec t ro ly t e .  

In  ca l cu l a t i ng  the  e n e r g y  of such  a s y s t e m  p e r  
u n i t  charge ,  i t  is i m p o r t a n t  to  cons ide r  t h a t  t he se  
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various charges will have different average dis- 
tances from the hypothetical  surface, e.g., adsorbed 
dehydrated anions will be closer to the surface than 
hydrated anions or hydrated  cations. The relative 
average positions of the various species are deter-  
mined by the equilibrium between short-range 
chemical forces and coulombic long-range attrac- 
tion or repulsion. In this manner,  the different 
chemical species are "graded" by the various forces 
with respect to the distance from the surface. 

For treating such an interface, one preferably ap- 
plies the smoothed-out  charge model, with all 
charges smeared out uniformly in sheets parallel to 
the electrode surface; the equipotential surfaces are 
parallel to the hypothetical phase boundary. Charge 
densities of positive and negative charge are super- 
imposed and subtracted from each other when oc- 
curring at the same location. 

It is of course understood that, electrostatically, 
no difference must be made between the various 
kinds of charges, e.g., charges on ions in solutions 
or charges on atoms of the solid surface. Coulomb's 
law is the sole basis of the interaction and it applies 
equally to any kind of electrical charges. Moreover, 
since we are only concerned with the experimen- 
tally measurable potential differences across the 
total double layer, we can again set the potential on 
one side, e.g., in the metal phase, equal to zero. 

The total electrostatic energy content o2 such a 
system is again given by [16] or [17]. The question 
remains how to evaluate the energy of an individual 
charge pair. Apparently,  we again must  t ry  to build 
up the system in steps of equal energy. The difficulty 
is that  a quanti ty of charge added to, e.g., the outer 
region of the diffuse double layer, will cause a dif- 
ferent differential voltage increase than the same 
quanti ty of charge added at a position very  close to 
the hypothetical interface, and accordingly, differ- 
ent electrostatic energies will be involved in these 
steps. 

Let us consider thin layers of space of thickness 
dx,  oriented parallel to the surface (Fig. 4) All the 
points in a thin layer at distance x are then effec- 
t ively at the same potential ~x and can thus be 
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Fig. 4. Voltage and charge distribution in a hypothetical 
electrochemical interface. The integrals over the charge density 
fpdx for positive and negative charge are equal and opposite 
in sign. The potential ~ ~ f Edx is determined from the field 
through ~" pdx -----  E/4~. 

treated as equivalent species. Each layer will con- 
tain substantially the part icular  type of charged 
species for which, at this location, the long-range 
electrostatic forces are exactly balanced by the 
short - range chemical forces. The whole interface 
can then be considered as a superposition of a series 
of flat-plate condensers of the type shown in Fig. 3, 
each with a different distance between the charge 
layers. The linear superposition of electric fields 
is a principle always assumed valid in electrostatic 
calculations of this type. Any one of these conden- 
sers consists of two charged sheets containing equal 
amounts of positive or negative charge. The various 
condensers have different effective distances from 
each other and contain different charges. Each con- 
denser contributes an amount of electrostatic energy 
according to Eq. [20]. The superposition of the con- 
densers results in the over-all  charge and voltage 
distribution illustrated in Fig. 4. The total electro- 
static energy of the interface thus becomes, accord- 
ing to [16] 

F el = - - ( 1 / 2 )  ~ Nkek~bk [22] 

where ~,~ and Nk are the potential and number  of 
charges in the k t h  layer. In order to obtain the elec- 
trostatic energy content due to a charge ei in the ith 
layer we write 

F el ~ - -  ( i / 2 ) N i e ~ h i  - -  ~ '  1/2 N k e k ~ k  

whereby the prime at the sum sign means that in the 
summation the term k = i is to be excluded. 

The energy for one species i with the charge ei 
then becomes 

] / . i  e l  = OFel/ONi ~ --~biei/2 

or, with ei = Zi e0 where Zi is the valence and e0 the 
electronic charge 

/14 e l  : - -  ~bi Z i  e 0 / 2  [23] 

This equation is again identical to the expression 
[12] of the Debye-Huckel  theory and to Eq. [18] 
and [19]. 

Application to the Treatment  of Electrochemical 
Reaction Rates 

In order to obtain the energy of the reacting spe- 
cies in the double layer we consider once more thin 
layers, parallel to the surface, as in Fig. 4. One such 
layer is placed corresponding to the average location 
of the reacting ions on the solution side, e.g., protons 
for the hydrogen evolution reaction; the potential at 
this location shall be ~r+. Another such layer may be 
placed at the effective location of the opposite re-  
actants, e.g., the negative charge layer in the elec- 
trode surface at a potential ~r_. Since in the charge 
transfer reaction the same amount  of electricity 
Zreo is removed from the negative charge sheet and 
added to the positive charge sheet, we obtain for 
the average electrostatic energy of one pair of the 
reactantsr~n the interface according to [23] 

F~ ~I = --Z~ e0 ( ~ +  -- ~r_) /2  [24] 

The "effective" positions of the two charge sheets 
and thus of ~r+ and ~r- must be chosen such that 
expression [24] gives the average electrostatic en- 
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e r g y  c h a r a c t e r i s t i c  for  t he  s t a t e  p r i o r  to the  e l e c t r o n  c h a r g e  l a y e r s  v e r t i c a l l y  as  s h o w n  in Fig .  5. The  e lec -  
t r a n s f e r  s tep.  I t  is c o n v e n i e n t  to  w r i t e  t r o s t a t i c  e n e r g y  s t o r e d  in  th i s  co lumn  of space  is 

a ( ~ +  - -  CT_) = (1  - ~ )  a~,d 

w h e r e  A s t ands  for  a v a r i a t i o n  a n d  ~, is o f t en  f o u n d  to 
be  a s m a l l  f rac t ion .  On ly  a c h a n g e  in t h e  t o t a l  
v o l t a g e  A~d across  t he  in t e r f ace ,  no t  the  a b s o l u t e  
va lue ,  is e x p e r i m e n t a l l y  m e a s u r a b l e .  I f  a v o l t a g e  
c h a n g e  is b r o u g h t  a b o u t  so le ly  b y  a c c u m u l a t i o n  of 
r e a c t i n g  spec ies  in t he  two  c o r r e s p o n d i n g  cha rge  
l a y e r s  of Fig .  4, a n d  i f  t h e  c h a r g e  d i s t r i b u t i o n  of  a l l  
fo re ign  spec ies  ou t s ide  of  these  l a y e r s  r e m a i n s  con-  
s tan t ,  t hen  t h e  e l ec t r i c  f ield a n d  the  e l ec t ro s t a t i c  
e n e r g y  c o n t r i b u t i o n  due  to t hese  fo re ign  spec ies  is 
also cons t an t ;  t h e r e f o r e  

and  
A ~  ~I = - -  Z~ eo a~,d/2 

This  case  is a l w a y s  r e a l i z e d  w i t h  t h e  i dea l  d o u b l e  
l a y e r  of Fig.  3. If, h o w e v e r ,  u p o n  a change  of t he  
o v e r - a l l  v o l t a g e  ~d across  t he  d o u b l e  l aye r ,  also t h e  
cha rge  d i s t r i b u t i o n  of t he  fo re ign  ions u n d e r g o e s  a 
change,  t hen  

A~.l  = _ Z~eo,~d (1 - -  ~,)/2 [25]  

This  shows  t h a t  ( 1 -  T) can  be  cons ide r ed  as t h a t  
f r ac t ion  of t he  o v e r - a l l  vo l t age  c h a n g e  w h i c h  affects  
the  e n e r g y  of t he  r e a c t i n g  ions. The  v o l t a g e  c h a n g e  
due  to f o r e ign  ions  w h i c h  do no t  inf luence  the  e l ec -  
t r i c  f ield a r o u n d  the  r e a c t i n g  cha rges  is g iven  b y  the  
e x p r e s s i o n  :~.A~d. Thus  ~'A~d has  a s o m e w h a t  
b r o a d e r  m e a n i n g  t h a n  t h e  ~b~ p o t e n t i a l  of F r u m k i n  
(8) .  I t  does no t  r e f e r  spec i f ica l ly  to t he  abso lu t e  
vo l t age  d rop  in  t he  diffuse d o u b l e  l aye r ,  or  a n y  one 
p a r t i c u l a r  o t h e r  g e o m e t r i c  po r t i on  of t he  p o t e n t i a l -  
d i s t ance  d i a g r a m .  I t  r e f e r s  to t h a t  f r a c t i o n  of  a v o l t -  
age change  r e s u l t i n g  f r o m  the  c h a n g e  in  t he  c h a r g e  
d i s t r i b u t i o n  a t  t hose  loca t ions  in  t he  i n t e r f a c e  w h i c h  
do no t  have  a d i r ec t  inf luence  on the  field a r o u n d  
the  r e a c t i n g  species.  

The  m a n n e r  in w h i c h  the  fac to r  ( 1 - - ~ , )  d e t e r -  
mines  t he  ene rge t i c  s t a t e  of the  r e a c t i n g  spec ies  in  
an e l e c t r o c h e m i c a l  i n t e r f a c e  becomes  also t r a n s -  
p a r e n t  b y  c o n s i d e r i n g  t h e  e l ec t r i c  f ield in  t he  d o u b l e  
l ayer .  The  e l ec t ro s t a t i c  e n e r g y  d e n s i t y  ( e n e r g y / c m  ~) 
s to red  in  an  e lec t r i c  f ield is g iven  b y  

u --~ DE2/8~r [26]  

L e t  us  def ine a co lumn  of space  of cross  sec t iona l  
a r e a  a 2 ( c o r r e s p o n d i n g  r o u g h l y  to the  a r e a  occup ied  
b y  one p a i r  of r e a c t i n g  spec ie s ) ,  i n t e r s e c t i n g  the  

~ l  _. _ ~ (1 /8  ~) DE2a2dx [27] 

This  exp re s s ion  is e q u i v a l e n t  to 

~ 1 ~ _  ~ ( 1 / 2 )  ,p~xa2dx [28] 

d e r i v e d  b y  a p p l i c a t i o n  of  [17] .  
The  field E and  the  p o t e n t i a l  ~bx are ,  in  gene ra l ,  

c o m p l i c a t e d  func t ions  of t h e  d i s t ance  x. I f  t he  d i s -  
t ance  and  v o l t a g e  b e t w e e n  the  two  b o u n d a r y  l a y e r s  
i n d i c a t e d  in Fig.  5 a r e  d, and  ( ~ + - - ~ _ ) ,  r e s p e c -  
t ive ly ,  a n d  if  t he  a v e r a g e  ef fec t ive  f ield b e t w e e n  

t h e m  is E, t he  e n e r g y  s t o r e d  in  the  s h a d e d  a r ea  of 
Fig .  5, w h i c h  w e  can  cons ide r  as  t he  r e a c t i n g  com-  
p l e x  w i t h  r e g a r d  to t he  e l e c t r o s t a t i c  i n t e r ac t i on ,  b e -  
comes  

~,.eJ ._ _ (1 /8  ~r) DE2a2d 

Cons ide r ing  t h a t  the  field is r e l a t e d  to the  cha rge  
d e n s i t y  p b y  

y x 

pdx -~ er/a 2 = DE/4~r [29] 

and  the  field is d e t e r m i n e d  b y  the  v o l t a g e  a c c o r d -  
ing  to 

E (6r+ - - 6 r _ ) / d  

One ob ta ins  i m m e d i a t e l y  for  t he  e l ec t ro s t a t i c  e n e r g y  
of the  r e a c t i n g  c o m p l e x  

and  
~tr el = - -  er (~lr+ -- ~Jr_)/2 

~#r el = - -  ~ [ e r  (~bT+ - -  ~T_) ] / 2  

[30] 

w h e r e  er is t he  c h a r g e  w h i c h  c rea te s  t he  f ield b e -  
t w e e n  t h e  two  l a y e r s  i n d i c a t e d  in  Fig .  5. If  t he  
c r o s s - s e c t i o n a l  a r e a  of t h e  c o l u m n  of  space  is s e -  
l ec ted  such t h a t  e~ becomes  e q u a l  to t he  cha rge  of 
the  t r a n f e r  r e a c t i o n  Zr e0 one  r ecove r s  i m m e d i a t e l y  
[25].  H o w e v e r ,  one could  h a v e  se lec ted  i n s t ead  a 
c o l u m n  of  space  of l a r g e r  cross  sec t ion  a s w i t h  c h a r g e  
e~ ~ Zr e0, ( for  e x a m p l e  er ---- Zr e0 § X el, w h e r e  el 
a r e  cha rges  due  to f o r e ign  spec ies )  b u t  chosen  in  
t u r n  a s m a l l e r  v a l u e  of d or  ( ~ + -  ~ _ )  to a r r i v e  
a t  t he  s a m e  v a l u e  for  ~r el. This  shows  t h a t  t he  f ac to r  
( l - - T )  in [25]  r e l a t e s  in  fac t  to t he  p r o d u c t  of 
effect ive  vo l t age  and  ef fec t ive  c h a r g e  of t he  r e a c t i n g  
c o m p l e x  r e p r e s e n t e d  b y  the  s h a d e d  a r e a  of Fig.  5. 
The  e x a c t  def in i t ion  of ( 1 -  ~,) t hus  is  g i v e n  b y  the  
e q u a t i o n  

Fig. 5. The "electrostatic reacting complex" for an electrode 
reaction. 

A [ e r ( ~ r + - - ~ r _ ) ] / 2 - ~  ( 1 - - ~ , )  g r e o •  [31] 

If  a change  in  o v e r - a l l  v o l t a g e  /'~d is b r o u g h t  abou t  
b y  a c c u m u l a t i o n  of r e a c t i n g  species  a t  t he  s ame  
pos i t ions  f r o m  the  sur face ,  t he  b o u n d a r y  l a y e r s  of 
the  r e a c t i n g  c o m p l e x  can be  set  a t  t he se  pos i t ions  
and  i t  is obv ious  f r o m  Fig.  5 t h a t  in  th is  case  
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This condition always holds for the ideal double 
layer of Fig. 3; the factor (1 -- 3,) becomes equal to 
one. 

If, on the other hand, the voltage change is pro- 
duced by incorporation of foreign ions into the 
double layer in such a manner  that  they do not in- 
fluence the field between the reacting ions, then this 
voltage change would have no influence on the rate 
of the reaction and (1 -- 3,) would be equal to zero. 
Theoretically, 3, could assume values between - - ~  
and § ~,  but in general will be small fraction close 
to zero; it is an electrostatic screening constant de- 
scribing the influence of the foreign ions (10). The 
factor (1 --  3,) is related to the structure of the 
double layer; changes in double layer capacity, e.g., 
caused by incorporation of new foreign species, will 
change the factor (1 --  ~). 

In order to obtain the total energy content of one 
reacting charge pair in the interface, the coulombic 
interaction energy given by [25] must  be added to 
the short range chemical interaction energy. A 
change in the total average potential energy of one 
reacting charge pair thus can be expressed as: 

~ r  ~-AJ~rel -~ A~rchem 

The particles in the interface are subject to thermal 
motion. For certain relatively improbable configura- 
tions requiring high local energy, electron transfer 
to the reacting ions becomes possible and reaction 
takes place. The immediate long-range electrostatic 
interaction and the short - range chemical homeo- 
polar electronic interaction can be separated entirely 
from the relatively slow thermal motion in accord- 
ance with the principle of Born and Oppenheimer. 
For the configuration corresponding to the state of 
the reacting particles prior to the electron transfer 
step, the electrostatic potential energy depends on 
the electrode potential according to ~ Z~eoACa 
(1 --  3,)/2. This energy change correspondingly in- 
fluences the probabili ty for a pair of reactants to 
acquire the critical energy for reaction. 

Using the picture of an energy barrier  (Fig. 6) 
the energetic state of the reacting species in the 
interface is shifted towards lower levels by the 
presence of the electrostatic field, which leads to a 
decrease in the over-all  activation energy. 

Introducing a chemical short - range activation 
energy ~ h ~ m *  and applying the statistical t reat -  
ment for reaction rates to the reacting particles in 
the double layer one obtains with [25] readily the 
probabili ty of a reacting particle to acquire the 
critical energy for reaction. Multiplying this proba-  
bility with a frequency factor A one recovers im- 
mediately the Volmer equation [7] for electrode 
reactions 

Fig. 6. Schematic diagram of the potential energy diagram of 
an electrochemical reaction. 
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{ ---- A exp {__[~hem* __ Z~ eo A~d (1 --  3,) /2]/kT} 
[32] 

between current  i and electrode potential variations 
• The factor 

( i - 3 , ) / 2  = ~  [33] 

is equivalent to the "transfer coefficient ~." The 
present derivation of the transfer  coefficient is 
physically more meaningful  and realistic than the 
old derivation based on hypothetical  symmetrical  
activation energy barriers. The present theory de- 
rives the factor I/2, found so f requent ly  for many 
electrode reactions, without  any speculative as- 
sumptions on the distance between the activated 
complex and the surface. In addition, it properly 
accounts for electrostatic interaction between 
charged species in the interface (9, 10) which was 
not considered previously. 

Predictions Concerning Electrochemical Reaction Rates 
What are the implications of this t reatment  to the 

interpretat ion of electrochemical reaction rates? On 
the basis of the derivations given above a number  
of predictions can be advanced, which, substanti-  
ated, in turn prove the effectiveness of this t reat-  
ment. The predictions are: 

1. Changes in double layer capacity are related 
to the slope of the Tafel plot; a change in double 
layer  capacity should be reflected by a change in 
Tafel slope (3, changes its value).  

2. In voltage regions where the Tafel plots are 
straight, the double layer capacity can be expected 
to be constant. (3, is constant.) 

3. The value of ~ = ( 1 - - ~ ) / 2 - ~  1/2 can be ex- 
pected when a variation in voltage is due only to 
accumulation of reacting species in the same ad- 
sorption state in the double layer (3' is equal to 
zero). 

4. Adsorption of foreign inert  ions of opposite 
charge to the reacting ions can decrease the over-  
voltage for evolution of hydrogen or oxygen by 
electrostatic screening. (3, is negative),  however 
chemical short - range interaction can obscure this 
effect. 

5. Hydrogen or oxygen overvoltage are increased 
in the presence of adsorbed foreign ions of the same 
sign, cations or anions respectively, in the absence 
of opposite short - range chemical effects (3, is posi- 
tive). 

Experimental veril~cation.--Experimental verifi- 
cation of these predictions for the hydrogen and 
oxygen evolution can be found as follows: 

Direct measurements of the double layer  capacity 
in the region of hydrogen and oxygen overvoltage 
is possible with pulse techniques. The a-c  techniques 
are not well suited because of the superimposed 
large Faradaic d-c currents. 

In Fig. 7 the double layer  capacity of various hy-  
drogen evolving electrodes is plotted against over-  
voltage for regions where the Tafel plots are 
straight. I t  is clearly seen that  in every instance 
the double layer capacity is practically constant 
over the potential region where straight Tafel lines 
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Fig. 7. Double layer capacity in the region of hydrogen evolution. 
Data from the following references: H2 evolution on Hg in 1N 
H2SO4 (11); H2 evolution on Pb in 10N H2SO4 (12); H2 evolu- 
tion on Ag 7N KOH (13); H2 evolution on Cd in 7N KOH (13); 
H2 evolution on Zn in 7N KOH (13). 

a re  obse rved .  I t  is also of i n t e r e s t  to no te  t h a t  h igh  
o v e r v o l t a g e  m a t e r i a l s  h a v e  in  g e n e r a l  low doub le  
l a y e r  capac i t i es ,  a n d  v ice  versa .  The  abso lu t e  v a l u e s  
of the  capac i t i e s  a r e  s o m e w h a t  in  d o u b t  because  of 
t he  u n c e r t a i n t y  r e l a t i n g  to the  t r u e  su r f ace  a r eas  of 
sol id  e lec t rodes .  A l l  t he  d a t a  s h o w n  in Fig.  6 r e l a t e  
to m e a s u r e m e n t s  w h e r e  t he  su r f ace  a r e a  was  k n o w n  
to a r e a s o n a b l e  degree ,  e.g., b y  BET a r e a  m e a s u r e -  
ments ,  or  w h e r e  the  e l ec t rode  su r f aces  w e r e  a b s o -  
l u t e l y  smooth .  

S i m i l a r  d a t a  a r e  s h o w n  in Fig.  7 for  o x y g e n  o v e r -  
vo l tage .  Also  he re ,  t he  doub le  l a y e r  capac i t i e s  a r e  
cons t an t  w i t h i n  t he  p o t e n t i a l  r eg ions  w h e r e  the  
Tafe l  l ines  a r e  s t r a igh t .  These  d a t a  cons t i t u t e  d i r e c t  
con f i rma t ion  of t h e  t h e o r y  o u t l i n e d  in th is  p a p e r .  
Moreover ,  t h e r e  is c o n s i d e r a b l e  e x p e r i m e n t a l  ev i -  
dence  w h i c h  p roves  t h a t  t he  doub le  l a y e r  c a p a c i t y  
s t a r t s  to change  a t  t he  s ame  p o t e n t i a l  w h e r e  t he  
Ta fe l  p lo t  d e v i a t e s  f r o m  l i nea r i t y .  

F i g u r e  8 shows  an  e x a m p l e  r e l a t i n g  to h y d r o g e n  
o v e r v o l t a g e  on l e a d  in  H2SO~ f r o m  t h e  w o r k  of 
K o l o t y r k i n  and  Bune.  The  doub le  l a y e r  c a p a c i t y  is 
cons t an t  in  t he  Ta fe l  reg ion .  A t  t he  po in t  w h e r e  
su l f a t e  ion a d s o r p t i o n  sets  in, the  doub le  l a y e r  ca -  
p a c i t y  i nc reases  a n d  the  h y d r o g e n  o v e r v o l t a g e  d e -  
c reases  a b r u p t l y  (Fig .  9) .  This  is a p a r t i c u l a r l y  good 
e x a m p l e  for  the  inf luence  of t he  f ac to r  ( 1 - - ~ , ) ,  
d e s c r i b i n g  the  ac t ion  of f o r e ign  ions  in  t he  doub le  
l aye r .  The  su l f a t e  ions dec rea se  t he  effects of t he  
a c c u m u l a t i o n  of t h e  h y d r o g e n  ions  and  oppose  both ,  
cha rge  and  v o l t a g e  due  to  l a t t e r ,  w h i c h  c l e a r l y  d e -  
p ic ts  ( 1 - - ~ , )  as an e l ec t ro s t a t i c  s c r een ing  cons tan t .  

The  mos t  s igni f icant  r e s u l t  of t he  p r e s e n t  ana lys i s  
is t h a t  t h e  v a l u e  of 1/2 for  t he  " t r a n s f e r  coeff icient"  
a p p e a r s  n a t u r a l l y ,  w i t h o u t  i n t r o d u c t i o n  of a n y  h y -  
po thes i s  on the  s y m m e t r y  of t he  ac t i va t i on  e n e r g y  
b a r r i e r ,  as a r e s u l t  of e l ec t ro s t a t i c  i n t e r a c t i o n  (9, 
10).  D e v i a t i o n s  f rom the  v a l u e  of 1/2  a re  due  to 
t he  v a r i a t i o n  in the  a m o u n t  of f o r e ign  ions p r e s e n t  
in  t he  d o u b l e  l a y e r  (18, 19).  

In  1943 F r u m k i n  p o i n t e d  out  (8)  t h a t  for  h y d r o -  
gen  evo lu t i on  on m e r c u r y  " n o n e  of the  theo r i e s  p r o -  
posed  can  e x p l a i n  the  a s ton i sh ing  fac t  t h a t  a r e t a i n s  
a cons t an t  v a l u e  v e r y  close to 0.5 w i t h i n  t he  r e -  
m a r k a b l e  r a n g e  of c u r r e n t  dens i t i e s  f r o m  10 - s  to 
10 +1 amp/cm2 .  ' '  As  s h o w n  in t he  p r e s e n t  pape r ,  th i s  
p h e n o m e n o n  is e x p l a i n e d  as  a consequence  of e l ec -  
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Fig. 9. Double layer capacity and log of current density as 
function of electrode potential for hydrogen evolution on lead 
in 1N H2S04 (17). 

t r o s t a t i c  i n t e r a c t i o n  in t he  in t e r face ,  w h i c h  changes  
the  ene rge t i c  s t a t e  of a l l  c h a r g e d  p a r t i c l e s  ( i n c l u d -  
ing  the  cha rges  on the  sol id  su r f ace )  s u b j e c t  to the  
f ield of the  doub le  l aye r .  

Manuscr ip t  rece ived  May 31, 1962. This paper  was 
de l ivered  before  the Los Angeles  Meeting, May  6-10, 
1962. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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Technica  Notes 

Electrophoretic Deposition of Metals 
F. Pearlstein, R. Wick, and A. Gallaccio 

Research and Development Group, Pitman-Dunn Laboratories, Frank~ord Arsenal, Philadelphia, Pennsylvania 

Electroplat ing,  which is usua l ly  the s implest  and 
most economical  method for producing h igh -qua l i t y  
meta l  coatings, cannot  be read i ly  used to deposit  
many  meta ls  including a luminum,  t i tanium,  z i r -  
conium, and tungsten.  

The present  invest igat ion was unde r t aken  to de-  
t e rmine  whe ther  electrophoresis  could be used to 
produce deposits of meta l  powders  which might  
subsequent ly  be fused or a l loyed wi th  the subs t ra te  
metal .  A luminum was selected for the p r e l im ina ry  
invest igat ion because of its ava i l ab i l i ty  in various 
powder  forms, its low density,  and its low fusion 
tempera ture .  This repor t  covers the work  accom- 
pl ished to de te rmine  sui table  suspending media  and 
some of the more impor t an t  pa ramete r s  affecting 
electrophoret ic  deposi t ion of a luminum. Also de-  
scribed is e lect rophoret ic  deposi t ion of t i t an ium and 
tungsten as well  as some p re l im ina ry  work  on fu-  
sion of e lectrophoret ic  deposits. 

Procedure 
A l u m i n u m  flake of less than  44~ was used. The 

stearic acid normal ly  on the flake was removed  by  
separa te  washings wi th  pure  acetone. Removal  of 
s teara te  was not complete ly  accomplished by  this 
technique.  The various organic l iquids used as sus- 
pending  media  were  dis t i l led af ter  d ry ing  for one 
week over  anhydrous  sodium sulfate.  

Test suspensions of a luminum flake were  p r e -  
pa red  by  shaking lg  of the  flake wi th  50 ml of the 
organic l iquid in glass s toppered graduates .  

Elect rophoret ic  deposit ion was carr ied  out wi th in  
the graduates ,  af ter  thoroughly  mixing  the con- 
tents.  The electrodes were  made of % in. d iamete r  
Monel me ta l  rods p la ted  wi th  2 mils of gold. The 
rods were  spaced 0.175 in. apa r t  by  means  of a 
Plexiglas  holder.  A Teflon sheet was used to p r e -  
vent  contact  of the organic l iquids wi th  the  P l ex i -  

glas. The electrodes extended to about  one inch of 
the bot tom of the graduates .  

Results and Discussion 
Elect rophoret ic  deposits were  made at  appl ied 

potent ia ls  of 20, 40 80, 160 and 320v. Deposits could 
be produced f rom suspensions of a l iphat ic  alcohols 
of chain length grea te r  than  three  carbon atoms 
from most hydrocarbons  but  not f rom ketones,  es-  
ters or ethers. Deposits were  produced with  as l i t t le  
as 20v appl ied  f rom suspension of a luminum flake 
in chloroform, sec -bu ty l  alcohol, bu ty ra ldehyde ,  
t e r t - a m y l  alcohol, n -hexane ,  n -hep tane ,  cyclohex-  
ane, e thylbenzene,  toluene, xylene,  monochloroben-  
zene, n -bu ty lamine ,  or e thylene  dichloride.  The 
deposi t ion ra te  increases, and there  is g rea te r  l ike-  
l ihood of deposi t ion when the appl ied  vol tage is in-  
creased. 

Deposits of a luminum flake f rom suspension in 
pure  l iquids were  obta ined at  the  cathode with  the 
except ion of the bu ty lamine  suspension f rom which 
anodic deposits were  produced.  In  al l  cases, the  
deposits were  very  viscous slurries,  and in many  
instances sagging or run-off  occurred on remova l  
of the electrodes f rom the suspensions. Deposits 
which were  a l lowed to d ry  had ve ry  l i t t le  physical  
s t rength  as de te rmined  by ve ry  l ight  pressure  caus-  
ing the deposit  to powder  and fal l  away.  The de-  
posits f rom the bu ty l amine  suspension had  some- 
what  be t te r  physical  s t rength  than  the others. 

The suspending media  wi th  the highest  dielectr ic  
constants  (acetone, ni t robenzene,  methanol ,  e tha-  
nol) produced flocculating suspensions incapable  of 
e lectrophoret ic  deposi t ion under  the test  conditions. 
This is unfor tuna te  since m a x i m u m  deposi t ion ra tes  
are theore t ica l ly  possible when l iquids of greates t  
dielectr ic  constant  are used as the suspending media  
(1).  
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Table I. Effect of butylamine addition on sediment volumes 
and deposits of aluminum flake 

S e d i m e n t  D e p o s i t  
v o l u m e ,  ml ,  t h i ckness ,  m i l s  E l e c t r o d e  

S u s p e n d i n g  m e d i u m  a f t e r  24 h r  F r o n t  B a c k  d e p o s i t e d  o n  

Methyl  acetate  5.0 0 0 - -  
3.5* 18 12 Anode 

Acetone 5.1 0 0 - -  
2.3* 39 17 Anode 

sec-Buty l  alcohol 3.2 13 2 Cathode  
4.8* 7 1 Anode  

Ni t romethane  10.0 0 0 - -  
11.0" 0 0 - -  

Ethylene dichlor ide  - -  9 2 Cathode 
3.6* 10 2 Cathode 

Chloroform 2.8 4 1 Cathode 
2.3* 14 1 Cathode 

I sopropyl  e ther  3.3 0 0 - -  
3.8* 4 1 Anode 

Toluene 3.6 2.5 2.5 Cathode 
3.4* 0 0 

Heptane  3.5 1 1 Anode  and 
cathode 

3.5* 0 0 - -  

Nitrobenzene 7.0 0 0 - -  
8.0* 0 0 - -  

* 0.5 ml Butylamine added to  50 ml of suspension. 

The  g r e a t e s t  depos i t i on  r a t e  and  mos t  c o h e r e n t  
depos i t s  w e r e  p r o d u c e d  w h e n  b u t y l a m i n e  was  used  
as the  s u s p e n d i n g  m e d i u m  for  a l u m i n u m  flake. Be -  
cause  of this ,  i t  was  dec ided  to i n v e s t i g a t e  t he  effect  
of a d d i t i o n  of th is  m a t e r i a l  to a l u m i n u m  flake sus -  
pens ions  in va r i ous  o t h e r  s e l ec t ed  solvents .  A ha l f  
m i l l i l i t e r  of  b u t y l a m i n e  w a s  a d d e d  to a suspens ion  
of l g  of a l u m i n u m  flake in  50 m l  of solvent .  A se t -  
t l i ng  t i m e  of 24 h r  was  f o u n d  suff icient  to show up 
d i f fe rences  in  s e d i m e n t  v o l u m e s  o w i n g  to t he  p r e s -  
ence  of b u t y l a m i n e .  Depos i t s  w e r e  p r o d u c e d  b y  a p -  
p l y i n g  80v across  the  e l ec t rodes  for  3 min .  The  d e -  
pos i t  t h i cknes s  was  d e t e r m i n e d  a t  po in t s  n e a r e s t  to 
and  f a r t h e s t  f r o m  the  oppos i t e  e l ec t rode .  Such  d a t a  
g ive  i n f o r m a t i o n  as to  the  t h r o w i n g  p o w e r  of t he  
suspens ion  (see  T a b l e  I ) .  I t  was  f o u n d  t h a t  w h e n  
b u t y l a m i n e  was  a d d e d  to t he  suspens ion  in ace tone ,  
s t a b i l i t y  of the  suspens ion  was  m a r k e d l y  i m p r o v e d  
[as  s h o w n  b y  the  d e c r e a s e d  s e d i m e n t  v o l u m e  ( 2 ) ]  
a n d  v e r y  r a p i d  anod ic  depos i t i on  was  ach ieved .  
W i t h o u t  b u t y l a m i n e ,  depos i t s  w e r e  not  p roduced .  A d -  
d i t ion  of b u t y l a m i n e  to suspens ions  w i t h  c h o l o r f o r m  
r e s u l t e d  in a h e a v i e r  depos i t  a t  the  c a t h o d e  t h a n  is 
n o r m a l l y  t h e  case. The  depos i t s  also w e r e  m o r e  co-  
he ren t .  The  a d d i t i o n  of b u t y l a m i n e  to m e t h y l  a ce -  
t a t e  gave  r a t h e r  r a p i d  depos i t i on  in c o m b i n a t i o n  
w i t h  good t h r o w i n g  power .  

These  t h r e e  suspens ions  w e r e  se l ec t ed  f rom the  
g r o u p  s h o w n  in T a b l e  I for  f u r t h e r  s tudy .  The  effect 
of a p p l i e d  v o l t a g e  and  a l u m i n u m  f lake c o n c e n t r a -  
t ion  on depos i t i on  r a t e  was  d e t e r m i n e d  us ing  250 
ml  of suspens ion .  Depos i t  t h i cknes se s  w e r e  m e a s -  
u r e d  a t  l oca t ions  a long  the  e l e c t r o d e  n e a r e s t  t he  
fac ing  e lec t rode .  He re  t h e  f ield s t r e n g t h  and  de pos i t  
t h i cknes s  a r e  at  a m a x i m u m .  

A s t r a i g h t  l ine  r e l a t i o n s h i p  was  o b t a i n e d  b e -  
t w e e n  f lake c o n c e n t r a t i o n  and  depos i t  t h i cknes s  at  
a g iven  v o l t a g e  for  t he  suspens ion  in  c h l o r o f o r m -  

50 f ACETONE CHLOROFORM METHYL ACETATE 
+ Ot%~UTYLAMINE + 0.4% BUTYLAM~E + 0.4% BUTYLAMINE 
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Fig. 1. Effect of aluminum flake concentration on electrophoretic 
deposit thickness. 
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Fig. 2. Effect of deposition time (deposit build-up) on current 
flow; 40 g/I aluminum flake, 45v applied. 

b u t y l a m i n e  (Fig .  1) as cons i s t en t  w i t h  e l e c t r o p h o r e -  
sis t he o ry .  The  d e v i a t i o n  f r o m  l i n e a r i t y  fo r  the  
o t h e r  suspens ions  is a s s u m e d  to r e s u l t  be c a use  t he  
depos i t s  in  these  sy s t e ms  offer  g r e a t e r  e l ec t r i ca l  r e -  
s i s tance  t h a n  t h e  suspens ion .  This  is s u b s t a n t i a t e d  
b y  the  dec rease  in  c u r r e n t  o b s e r v e d  w i t h  depos i t  
b u i l d - u p  for  suspens ions  w i t h  ace tone  or  m e t h y l  
ace t a t e  (F ig .  2) .  Thus ,  a l t h o u g h  the  a p p l i e d  p o t e n -  
t i a l  is m a i n t a i n e d  c o n s t a n t  d u r i n g  depos i t ion ,  the  
v o l t a g e  d r o p  t h r o u g h  the  d e p o s i t  s t e a d i l y  increases ,  
t h e r e b y  d e c r e a s i n g  t h e  f ie ld s t r e n g t h  t h r o u g h  the  
su spe ns ion  w h i c h  is t he  d r i v i n g  force  for  e l e c t r o -  
phores i s  (1) .  The  depos i t s  f o r m e d  f rom suspens ion  
in c h l o r o f o r m  a p p a r e n t l y  offer no a d d e d  r e s i s t ance  
to t he  sy s t em and  de pos i t i on  con t inues  a t  a cons t an t  
ra te .  

The  effect  of  depos i t  t h i cknes s  on t h r o w i n g  p o w e r  
is s h o w n  in  Fig.  3. The  t h r o w i n g  p o w e r  is e x p r e s s e d  
as t he  r a t i o  of depos i t  t h i c k n e s s  on t h e  b a c k  of  t he  
e l e c t r o d e  to t h a t  on the  f ron t ,  t h e  f ron t  b e i n g  t h a t  
p o r t i o n  c losest  to  t he  oppos i t e  e lec t rode .  The  t h r o w -  
ing  p o w e r  of t he  suspens ion  w i t h  m e t h y l  a ce t a t e  
i nc reases  r a p i d l y  w i t h  depos i t  t h i cknes s  w h i l e  the  
suspens ion  w i t h  c h l o r o f o r m  ach ieves  l i t t l e  i nc rea se  
in  t h r o w i n g  p o w e r  w i t h  depos i t  b u i l d - u p .  

Depos i t s  f r o m  a l l  t h r e e  suspens ions  w e r e  eas i ly  
d a m a g e d  b y  h a n d l i n g ,  a l t h o u g h  the  depos i t s  f r om 
c h l o r o f o r m  w e r e  n o t i c e a b l y  s u p e r i o r  in p a r t i c l e  co-  
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Fig. 4. Protective effect of diffused aluminum film on steel 
wire to high-temperature air oxidation. 

Fig. 3. Effect of electrophoretic deposit thickness of aluminum 
flake on throwing power. 

hesion.  C e r t a i n  b i n d e r  m a t e r i a l s  can  be  a d d e d  to 
suspens ions  to i m p r o v e  cohes ion  of the  depos i t s ,  
e.g., e t h y l  ce l lu lose  (3)  or  rosin.  

A t t e m p t s  to depos i t  e l e c t r o p h o r e t i c a l l y  a l u m i n u m  
s p h e r i c a l  p o w d e r  of less  t h a n  44~ p a r t i c l e  d i a m e t e r  
f r o m  suspens ion  in  a c e t o n e - b u t y l a m i n e  w e r e  u n -  
successful .  The  m e t h o d  of p r o d u c t i o n  of a l u m i n u m  
s p h e r i c a l  p o w d e r ,  u n l i k e  t h e  f lake,  does no t  i nvo lve  
the  use  of s t ea ra t e s .  S ince  the  r e s i d u a l  s t e a r a t e  f i lm 
on the  f lake m a y  p l a y  an  i m p o r t a n t  ro le  in t he  
p r o p e r t i e s  of suspens ions ,  a s t e a r a t e  f i lm was  a p -  
p l i ed  to t he  a l u m i n u m  s p h e r i c a l  p o w d e r  b y  e x p o s -  
ing  for  24 h r  to a so lu t ion  of ace tone  s a t u r a t e d  w i t h  
s t ea r i c  acid.  The  l i qu id  was  decan ted .  The  r e s i d u e  
was  w a s h e d  w i t h  f r e s h  ace tone  a n d  d e c a n t e d  to r e -  
move  mos t  of t h e  s t ea r i c  acid.  A d d i t i o n  of  b u t y l -  
a m i n e  to  suspens ion  of t h e  t r e a t e d  s p h e r i c a l  p o w -  
d e r  w i t h  ace tone  n o w  r e s u l t e d  in anod ic  depos i t s  
be ing  p r o d u c e d  w i t h  200v a p p l i e d  b e t w e e n  the  
e lec t rodes .  The  s t e a r a t e  t r e a t m e n t  d e s c r i b e d  a b o v e  
m a y  also be  a p p l i c a b l e  to o t h e r  p o w d e r s  n o r m a l l y  
diff icult  to depos i t  e l e c t r o p h o r e t i c a l l y .  

I t  was  f o u n d  t h a t  t u n g s t e n  p o w d e r  was  c a p a b l e  
of anod ic  e l e c t r o p h o r e t i c  depos i t i on  w i t h  a b o u t  400v 
a p p l i e d  w h e n  s u s p e n d e d  in p u r e  ace tone .  T i t a n i u m  
p o w d e r  depos i t s  cou ld  be  o b t a i n e d  f r o m  suspens ion  
in ace tone  w h e n  b u t y l a m i n e  was  added .  

Fusion and  Di f fus ion of E lectrophoret ic  Deposits 

Some  p r e l i m i n a r y  tes t s  w e r e  c o n d u c t e d  on the  
fus ion  and  d i f fus ion  of e l e c t r o p h o r e t i c  depos i t s  on 
steel .  

A n  8 - ra i l  e l e c t r o p h o r e t i c  depos i t  of a l u m i n u m  
flake on a s tee l  w i r e  was  h e a t e d  u n d e r  a r g o n  to 
790~ for  2 �89  hr .  T h e r e  was  no ev idence  of fus ion  
of t he  depos i t ,  b u t  w h e n  the  s p e c i m e n  was  b r u s h e d  
w i t h  a w i r e  w h e e l  to r e m o v e  loose ly  a d h e r i n g  p a r -  
t icles,  t h e  su r f ace  w a s  f o u n d  to be  q u i t e  h a r d ,  i n d i -  
c a t i ng  a d i f fus ion  l a y e r  cons i s t ing  of i n t e r m e t a l l i c  
compounds .  Such  spec imens  w e r e  f o u n d  to be  r e s i s t -  
a n t  to a t t a c k  b y  50% n i t r i c  ac id  and  h i g h - t e m p e r a -  
t u r e  a i r  ox ida t ion .  F i g u r e  4 shows  a l o n g i t u d i n a l  
cross  sec t ion  of t he  s tee l  w i r e  of w h i c h  p a r t  h a d  
been  coa ted  w i t h  t he  a l u m i n u m  f lake and  g iven  t h e  
d i f fus ion t r e a t m e n t  d e s c r i b e d  above .  The  s p e c i m e n  
was  t h e n  h e a t e d  to du l l  r e d  h e a t  o v e r  a gas  b u r n e r  

Fig. 5. Protective effect of hot pressed deposits on steel to 
high-temperature air oxidation: a, aluminum flake deposit; b, 
spherical aluminum powder deposit. 

for  21/2 hr.  The  o x i d a t i o n  p r o d u c e d  on the  l e f t  side,  
w h i c h  h a d  no t  been  coa ted  w i t h  a l u m i n u m  flake,  is 
ev iden t .  

F u s i o n  of t he  depos i t  and  di f fus ion in to  t he  bas is  
m e t a l  shou ld  be e n h a n c e d  b y  the  i n t i m a t e  con tac t  
p r o v i d e d  b y  p l ac ing  the  depos i t  u n d e r  p re s su re .  
S tee l  pane l s ,  e l e c t r o p h o r e t i c a l l y  coa ted  w i t h  a l u -  
m i n u m  flake or  a l u m i n u m  s p h e r i c a l  p o w d e r ,  w e r e  
c o m p a c t e d  w i t h  1 t o n / i n .  2 p r e s s u r e  w h i l e  h e a t e d  to 
650~ u n d e r  i n e r t  a t m o s p h e r e  (4) .  The  s p h e r i c a l  
p o w d e r  depos i t  was  m o r e  n e a r l y  fu sed  t h a n  the  
flake. The  p r e s s e d  depos i t s  w e r e  a p p r o x i m a t e l y  3 
mi l s  th ick .  In  o r d e r  to t es t  t he  o x i d a t i o n  r e s i s t ance  
of t he  deposi ts ,  t he  spec imens  w e r e  h e a t e d  in a i r  to 
r ed  h e a t  ove r  a gas  f lame 8 h r  each  d a y  for  a t o t a l  
of 4 days .  T h e  f lame was  d i r e c t e d  at  t h e  b o t t o m  of 
the  spec imens .  P h o t o g r a p h s  of spec imens  t h a t  w e r e  
c ro s s - s ec t i oned  a n d  m o u n t e d  a r e  s h o w n  in Fig .  5. 
The  p o w d e r  depos i t  o f fe red  m u c h  m o r e  c o m p l e t e  
r e s i s t ance  to o x i d a t i o n  t h a n  d id  the  flake. 

S t ee l  p a n e l s  w e r e  coa ted  w i t h  t i t a n i u m  a n d  t u n g -  
s t en  p o w d e r  and  h e a t e d  in i n e r t  a t m o s p h e r e  to 
1090~ w h i l e  u n d e r  1 t o n / i n .  2 p re s su re .  S o m e  fus ion  
of the  t i t a n i u m  was  o b s e r v e d  b u t  none  w i t h  t u n g s t e n  
powde r .  S l igh t  d i f fus ion  of bo th  m e t a l s  in to  t he  
s tee l  was  obse rved .  
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P-N Junction Photovoltaic Effect 
in Anodically Formed Oxide Films of Titanium 

Franz Huber 

Paul Moore Research & Deve lopment  Center,  Republic Avia t ion  Corporation, Farmingdale,  N e w  Y o r k  

I t  ha s  b e e n  ove r  100 y e a r s  s ince  B e c q u e r e l  (1)  in  
1839 f irst  d i s c o v e r e d  t h a t  a p h o t o v o l t a g e  w a s  d e -  
v e l o p e d  b e t w e e n  two  e l ec t rodes  i m m e r s e d  into  an  
e l e c t r o l y t e  w h e n  one of these  e l e c t rodes  w a s  i l l u -  
m i n a t e d  w i t h  l ight .  L a t e r  L i f sch i t z  and  R e g g i a n i  (2 ) ,  
R o s e n t h a l  (3 ) ,  Bae r  (4 ) ,  W a l k e n h o r s t  (5) ,  Y o u n g  
(6 ) ,  S c h m i d t  et al. (7 ) ,  S a s a k y  (8 ) ,  and  R u p p r e c h t  
(9)  i n v e s t i g a t e d  photoef fec t  and  p h o t o c o n d u c t i o n  
on a n o d i c a l l y  f o r m e d  ox ide  fi lms of A1, Ta, Nb,  and  
Ti  in  t h e  s y s t e m  m e t a l - m e t a l  o x i d e - e l e c t r o l y t e .  In  
some of his  i nves t i ga t i ons  V a n  Gee l  et  al. (10) r e -  
p l a c e d  the  e l e c t r o l y t e  w i t h  a p a r t i a l l y  t r a n s p a r e n t  
l a y e r  of Cu or  CuI,  d e p o s i t e d  d i r e c t l y  onto the  m e t a l  
ox ide  film. 

V a n  Gee l  (10) a t t r i b u t e s  t h e  a p p e a r a n c e  of t he  
pho to  emf  g e n e r a t e d  across  the  ox ide  f i lm to t he  d i f -  
f e r ence  of the  w o r k  func t ions  b e t w e e n  Ta-Ta205  a n d  
Ta~O~-e lec t ro ly te  or  to t he  d i f fe rence  of t he  w o r k  
func t ions  b e t w e e n  Ta-Ta205  a n d  Ta2Os-Cu. I t  is 
c l a imed ,  e.g., t h a t  the  w o r k  func t ion  Ta-Ta205  is less 
t h a n  the  w o r k  func t ion  TazO~-e lec t ro ly te .  S a s a k i  (8)  
e x p l a i n s  t he  photoef fec t  in t he  s y s t e m  T a - T a 2 0 ~ - e l e c -  
t r o l y t e  in  t e r m s  of a p - i - n  j u n c t i o n  model .  S c h m i d t  
et al. (7)  f o u n d  t h a t  t he  o p e n - c i r c u i t  photoef fec t  in  
t he  s y s t e m  m e t a l - m e t a l  o x i d e - e l e c t r o l y t e  d i s a p p e a r s  
a f t e r  s l igh t  e t ch ing  of the  ox ide  film, i.e., a f t e r  r e -  
m o v a l  of a su r face  b a r r i e r .  In  a m o r e  r e c e n t  p a p e r  
L u c o v s k y  et  al. (11) d i scussed  p h o t o e l e c t r i c  effects 
in  t h in  f i lms of a n o d i c a l l y  f o r m e d  A1203 and  Ta2Os, 
s a n d w i c h e d  b e t w e e n  two  m e t a l  films. These  a u -  
t ho r s  f o u n d  good a g r e e m e n t  of t h e i r  e x p e r i m e n t a l  
r e su l t s  w i t h  t he  h y p o t h e s i s  of i n t e r n a l  p h o t o e l e c t r i c  
emiss ion  ove r  the  p o t e n t i a l  b a r r i e r  a t  a m e t a l - i n -  
su l a to r  in t e r face .  

A c c o r d i n g  to our  resu l t s ,  as r e p o r t e d  here ,  t h e  
photo  emf  in  a n o d i c a l l y  f o r m e d  ox ide  f i lms of t i -  
t a n i u m  seems  r a t h e r  to a r i se  f r o m  t h e  ex i s t ence  of  
a p - n  j u n c t i o n  w i t h i n  t he  ox ide  f i lm t h a n  f r o m  the  
d i f fe rence  in w o r k  func t ions  a t  t h e  in te r faces .  E x -  
cess of m e t a l  a toms  a t  t he  i n t e r f a c e  m e t a l - m e t a l  
ox ide  and  def ic iency  of m e t a l  a t o m s  or  excess  of 
o x y g e n  in t he  su r f ace  l a y e r  of t he  ox ide  f i lm m i g h t  
be  r e s p o n s i b l e  for  t h e  f o r m a t i o n  of t he  n -  and  p -  
l aye r s ,  r e spec t i ve ly .  W e  h a d  been  ab l e  to show t h a t  
t h in  f i lms of a n o d i c a l l y  f o r m e d  t i t a n i u m  oxide ,  
s a n d w i c h e d  b e t w e e n  two  m e t a l s  ( T i - t i t a n i u m  o x -  

ide  P d ) ,  e x h i b i t  r ec t i f i ca t ion  p r o p e r t i e s  (12)  s i m i l a r  
to g e r m a n i u m  p - n  j u n c t i o n  d iodes  and  show a v o l t -  
age  d e p e n d e n c e  of the  c a p a c i t a n c e  l ike  t h a t  of a 
g r a d e d  p - n  j u n c t i o n  (13) .  T h e  p h o t o v o l t a i c  effect  of 
t i t a n i u m  ox ide  films, as r e p o r t e d  here ,  is cons ide red  
as f u r t h e r  s u p p o r t  for  the  a s s u m p t i o n  of a p - n  j u n c -  
t ion w i t h i n  a n o d i c a l l y  f o r m e d  ox ide  f i lms of t i t a -  
n ium.  

The  e x p e r i m e n t s  on t h e  p h o t o v o l t a i c  effect  w e r e  
p e r f o r m e d  on e v a p o r a t e d  t i t a n i u m  films. T i t a n i u m  
was  e v a p o r a t e d  in  a v a c u u m  s y s t e m  a t  a p r e s s u r e  
of a b o u t  10 -5 T o r r  b y  r e s i s t i ve  h e a t i n g  a n d  d e -  
pos i t ed  as a m e t a l  film, a b o u t  3000A th ick .  Glass  
s l ides  w e r e  used  as subs t r a t e s .  The  su r f a c e  of t h e  
t i t a n i u m  fi lm was  t h e n  c o n v e r t e d  in to  t i t a n i u m  o x -  
ide  b y  anodic  ox ida t ion .  T h e  e l e c t r o l y t e  cons i s ted  of 
a m i x t u r e  of e q u a l  p a r t s  of e t h y l e n e  g lyco l  and  
aqueous  so lu t ion  of oxa l i c  acid.  A c c o r d i n g  to our  
m e a s u r e m e n t s  t he  ox ide  f i lm is a b o u t  300A t h i c k  
and  in good a g r e e m e n t  w i t h  a r a t e  of g r o w t h  of 
22 A / v  as  r e p o r t e d  b y  Hass  (14) .  Con tac t  e l ec t rodes  
of p a l l a d i u m  w e r e  d e p o s i t e d  onto  t he  ox ide  f i lm as 
shown  in t he  s chema t i c  Fig .  1. The  con tac t  to t he  
ox ide  l a y e r  shou ld  cover  as l i t t l e  as pos s ib l e  of t he  
p h o t o s e n s i t i v e  sur face .  I n  o r d e r  to a c h i e ve  th is  r e -  
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Fig. 1. Schematic drawing of titanium oxide cell 
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Fig. 2. Current-voltage characteristic for titanium oxide films 
obtained by illumination with mercury lamp. 

sult ,  n a r r o w  l ines  of p a l l a d i u m ,  5-10 mi l s  wide ,  w e r e  
depos i t ed .  P a l l a d i u m  fi lms w e r e  used  to o b t a i n  
ohmic  con tac t  to t he  t i t a n i u m  ox ide  fi lm as in  t he  
case  of  t h e  t h i n - f i l m  t i t a n i u m  ox ide  d iodes  (12) .  

W h e n  the  t i t a n i u m  ox ide  f i lm is i r r a d i a t e d  w i t h  
u l t r a v i o l e t  l igh t  f r o m  a ~Ig l a m p  a pho to  emf  is 
b u i l t  up  w i t h  the  Ti e l e c t r o d e  as t he  n e g a t i v e  pole .  
The  m e a s u r e m e n t s  of t he  p h o t o v o l t a g e  b e t w e e n  the  
Ti  and  P d  e l ec t rodes  w e r e  m a d e  w i t h  a v a c u u m  
t u b e  vo l t  me te r ,  whose  i n p u t  i m p e d a n c e  is g r e a t e r  
t h a n  1012 ohms.  P h o t o c u r r e n t s  p r o d u c e d  w i t h o u t  
t he  a p p l i c a t i o n  of an  a u x i l i a r y  v o l t a g e  w e r e  m e a s -  
u r e d  w i t h  a l o w - r e s i s t a n c e  a m p e r e  me te r .  F i g u r e  2 
shows  the  c u r r e n t - v o l t a g e  cha rac te r i s t i c .  The  fac t  
t h a t  t he  c u r v e  is n e a r l y  l i n e a r  imp l i e s  t he  ex i s t ence  
of a l a r g e  i n t e r n a l  r es i s t ance .  
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S i m i l a r  I - V  c h a r a c t e r i s t i c s  w e r e  o b t a i n e d  w i t h  
s a m p l e s  in w h i c h  the  P d  con tac t  a r e a s  w e r e  sh i e lded  
a ga in s t  i l l umina t i on .  This  r e s u l t  r u l e s  ou t  a pho to  
emf  o b t a i n e d  p o s s i b l y  b y  t h e  d i f f e rence  of w o r k  
func t ions  a t  t he  in te r faces ,  as c l a imed ,  e.g., b y  v a n  
Gee l  (10) .  I l l u m i n a t i o n  of t he  t i t a n i u m  ox ide  f i lm 
w i t h  g r e e n  l i gh t  ( m e r c u r y  l a m p  and  5460A f i l ter )  
does  no t  affect  t h e  m a x i m u m  p h o t o v o l t a g e  of 0.53v. 
This  v a l u e  ag ree s  w e l l  w i t h  t h e  m e a s u r e m e n t s  on 
T i - T i O 2 - e l e c t r o l y t e ,  as r e p o r t e d  b y  R u p p r e c h t  (9) .  
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Tungsten, Titanium, and Tantalum Carbides 
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in Redox Systems 
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Boron  c a r b i d e  (B4C) has  been  p r o p o s e d  as a so l id  
e lec t rode ,  p a r t i c u l a r l y  as an  anode ,  for  p o l a r -  
og raph ic  d e t e r m i n a t i o n s  (1) .  The  a d v a n t a g e  of such  
an  e lec t rode ,  c o m p a r e d  w i t h  t h e  u s u a l  p l a t i n u m  or  
gold  e lec t rodes ,  is t h a t  i ts  su r f ace  r e m a i n s  u n o x -  
id ized  and  the  e l e c t r o d e  may ,  t he re fo re ,  be  used  in  
s tud ies  of e l e c t r o d e  processes  w i t h o u t  the  h i n d r a n c e  
of o x i d e  films. T h e  b o r o n  c a r b i d e  e l ec t rode  can  be  
used  as an  anode  for  p o t e n t i a l s  a p p r o a c h i n g  t h a t  
r e q u i r e d  for  o x y g e n  d i scha rge .  I t  m a y  also be  used  
as a ca thode  for  p o t e n t i a l s  e q u a l  to or e x c e e d i n g  
t ha t  r e q u i r e d  for  h y d r o g e n  d i scha rge .  Recen t  i n f o r -  
m a t i o n  on the  a p p l i c a t i o n  of such  an  e l e c t r o d e  fo r  
o x y g e n  r e d u c t i o n  ind i ca t e s  t h a t  t he  e l e c t r o d e  is 
e n t i r e l y  i n e r t  a n d  se rves  m e r e l y  as  an  e l ec t ron ic  
conduc to r  (2) .  I t  c an  be  o b t a i n e d  in  r o d - l i k e  fo rm,  
b u t  t h e  w o r k i n g  a n d  t h e  a s s e m b l y  of t he  e l ec t rode  

p r e s e n t  some  diff icul ty.  TiB2, ZrB2, and  MoSi2 h a v e  
also been  s tud ied ;  t h e i r  b e h a v i o r  as  e l ec t rodes  has  
been  f o u n d  to be  i n f e r i o r  to B4C, h o w e v e r .  

The  s t u d y  of t he  e l e c t r o c h e m i c a l  b e h a v i o r  of c o m -  
pounds ,  such as  ca rb ides ,  bor ides ,  s i l ic ides ,  n i t r ides ,  
etc., is a lso of i n t e re s t ,  s ince,  owing  to t h e i r  good  
e l e c t r i c a l  conduc t i v i t y ,  co r ros ion  res i s t ance ,  and  
e v e n t u a l  c a t a l y t i c  ac t iv i ty ,  t he se  c o m p o u n d s  a r e  
a p p l i c a b l e  as e l ec t rodes  in  e l e c t ro ly t i c  cells.  F o r  
e x a m p l e ,  i t  has  b e e n  r e p o r t e d  (3)  t h a t  t i t a n i u m  c a r -  
b ide  has  b e e n  app l i ed ,  w i t h o u t  a d v e r s e  effects f r o m  
the  su l fu r i c  ac id  or  t he  su l fa te ,  in t he  e l e c t ro ly t i c  
o x i d a t i o n  of m a n g a n e s e  su l f a t e  to MnO2 a t  c u r r e n t  
dens i t i e s  e x c e e d i n g  100 a m p / f t  2. In  a d d i t i o n  to fo r -  
m a t i o n  b y  s in te r ing ,  t he se  e l ec t rodes  m a y  be  p r e -  
p a r e d  in some  cases  b y  h i g h - t e m p e r a t u r e  d i f fus ion  
( c a rbu r i z ing ,  n i t r i d ing ,  e tc . )  and  c e m e n t a t i o n  in  
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var ious  shapes or in th in  sections not  possible by  
a s inter ing process on a l abo ra to ry  scale. 

This note deals wi th  an e lectrochemical  s tudy of 
the behavior  of tungsten,  t an ta lum,  and t i t an ium 
carbides and of t i t an ium ni t r ide  obta ined by h igh-  
t empera tu re  cementat ion.  The electrodes were  p r e -  
pa red  in disk form 25 m m  in d iamete r  and 5-12p in 
thickness. The methods chosen were  found to y ie ld  
surfaces which were  free of contaminat ion of foreign 
substances. 

Tungsten and t an ta lum carbides were  p repa red  
by direct  ca rbur iza t ien  by  pu t t ing  carbon b lack  on 
the surface of tungsten or t an t a lum and heat ing in 
a furnace at 1200~ for 2 hr  under  a s t ream of 
spectroscopical ly  pure  argon. For  each electrode 
two successive carbur iza t ions  were  made;  this was 
necessary since x - r a y  s t ruc tura l  analysis  showed 
incomplete  carbur iza t ion  and the presence of the  
lower  carbides  (W2C and TalC) in the  surface af ter  
only one carburizat ion.  Af te r  two successive ca r -  
bur izat ions  x - r a y  s t ruc tu ra l  analysis  showed tha t  
the respect ive surfaces consisted of nea r ly  pure  
tungsten or t an t a lum carbide  (WC or TaC).  

Ti tan ium carbide electrodes were  p r e p a r e d  by  
passing carbon monoxide  gas over t i t an ium meta l  
for 5 rain at 900~ Before and af ter  this t r ea tmen t  
the electrode was wa rmed  and cooled in a s t ream of 
spectroscopical ly  pure  argon. X - r a y  s t ruc tura l  
analysis  revea led  the presence of t i t an ium and t races  
of the  lower carbide  in the bu lk  carbide,  TiC, p ro -  
duced on the t i t an ium surface. 

T i tan ium ni t r ide  electrodes were  p repa red  by  
d i rec t ly  n i t r id ing  the surface of t i t an ium wi th  
99.999% ni t rogen at  1200~ for 5 hr. X - r a y  s t ruc-  
tu ra l  analysis  showed tha t  the surface consisted of 
compact  layers  of pure  t i t an ium n i t r ide  (TIN).  
X - r a y  analysis  also showed tha t  the n i t r id ing  was 
incomplete  if the process was a t t empted  in a shor ter  
period of t ime (less than  5 h r ) .  

The above methods were  found to yie ld  not only 
uni form and compact  layers  of carbides  or n i t r ides  
on metal l ic  bases but  ones which adhered  well. Coat-  
ings wi th  the fol lowing thicknesses were  obtained:  
WC, 9/~; TaC, 5/~; TiC, 5~; TiN, 12/~. 

The electrochemical  behaviors  of these electrodes 
were  de te rmined  by polar iza t ion  curves in different  
solutions and under  prolonged hydrogen  or oxygen 
discharge on the i r  surfaces in acid solutions. 

Using a potent iosta t ic  method anodic and cathodic 
polar izat ions were  s tudied in acid (0.5M H2SO~), 
neu t ra l  (0.5M Na2SO4 + 0.5M HaBOs), and a lka l ine  
(0.1M NaOH + 0.5M Na2SO4) solutions containing 
one of the fol lowing 

Oe (Poe = 1 a tm) 

10-2M H20~ 

10-IM K~Fe (CN) 6 

10-1M K4Fe (CN) 6. 

Al l  exper iments  were  conducted at  25~ in a glass 
cell previous ly  descr ibed (4).  Al l  potent ia ls  repor ted  
here are wi th  reference  to the normal  hydrogen  
electrode. 

The da ta  presented  in Fig. 1 show tha t  tungsten 
carbide,  t i t an ium carbide,  and t i t an ium ni t r ide  be -  
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Fig. 1. Anodic polarization curves for IQFe(CN)o oxidation on 
TaC, TiC, WC, and TiN electrodes; acid solution. 

have  s imi lar ly  for the oxidat ion of K4Fe(CN)6 in 
acid solutions whereas  t an t a lum carbide  requires  
higher  potentials .  S imi lar  resul ts  were  obta ined  in 
neu t ra l  or a lka l ine  solutions except  for WC which 
corrodes in a lka l ine  solutions. The dot ted  l ine in 
this figure indicates  the  potent ia l  for the  revers ib le  
discharge of O H -  ions. 

In Fig. 2 the behaviors  of the  var ious  electrodes in 
acid solutions containing hydrogen  perox ide  are 
shown. Only WC represents  an efficient anode and 
then only if the discharge potent ia l  for  oxygen is 
not exceeded, in which case the  WC surface is r ap id ly  
corroded. On the other  hand,  the  other  electrodes 
(TIN, TaC, and TiC) are  al l  corroded even at  po-  
tent ia ls  below tha t  requi red  for  the d ischarge  of 
oxygen. The dot ted  l ine in this figure indicates  the 
potent ia l  for the  revers ib le  d ischarge  of O H - .  

The da ta  of Fig. 3 shows tha t  WC and TiN elec-  
trodes behave s imi la r ly  in the cathodic reduct ion 
of K3Fe(CN)6 in acid solutions whereas  TiC and 
TaC electrodes requi re  more cathodic potent ials .  The 
dot ted l ine in this figure indicates  the  poten t ia l  for 
the revers ib le  discharge of H + ions. Analogous  re -  
sults were  obtained in neu t ra l  and a lka l ine  solu-  
tions except  for WC which, as s ta ted above, cor-  
rodes in a lkal ine  solutions. 

In the case of the cathodic reduct ion  of oxygen, 
WC electrodes are  super ior  to the  others  as is 
evident  f rom the da ta  presented  in Fig. 4. These 
electrodes sustain hydrogen discharge f rom acid so- 
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Fig. 2. Anodic polorization curves for H202 oxidation on ToC, 
TiC, WC and TiN electrodes; acid solution. 
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Fig. 3. Cathodic polarization curves for K3Fe(CN)6 reduction 
on TaC, TiC, WC, and TiN electrodes; acid solution. 
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Fig. 4. Cathodic polarization curves for 02 reduction on TaC, 
TiC, WC and TiN electrodes; acid solution. 

lutions for more than  100 hr  at  a cur ren t  densi ty  of 
4 m a / c m  2 and at  a s teady poten t ia l  of --0.25v. The 
dotted l ine in this figure indicates  the  potent ia l  for  
the revers ib le  discharge of H + ions. 

In summary  then  WC electrodes are  super ior  e lec-  
t rodes for s tudies in acid solutions at  potent ia ls  be -  
low tha t  r equ i red  for oxygen evolution.  They can-  
not  be used in a lka l ine  solutions, however ,  since 
they  then corrode rapid ly .  TiN electrodes behave  
s imi la r ly  to WC electrodes for in te rmedia te  po ten-  
tials. 

This note has shown tha t  WC and TiN electrodes 
may  be used successfully in s tudying  redox  systems 
as wel l  as B4C electrodes which have been previous ly  
recommended  for such purposes.  WC and TiN elec-  
trodes,  even on a l abora to ry  scale, may  be read i ly  
p repa red  in desired shapes by  h i g h - t e m p e r a t u r e  
cementa t ion  a l though such small  pieces are not  
r ead i ly  p r epa red  by  machining of s in tered blanks.  
Of the  electrodes s tudied WC is the  best  for acid 
solutions, TiN for a lka l ine  solutions. WC electrodes 
may  be used in acid solutions below the  potent ia ls  
requ i red  for oxygen discharge but  erode in a lka -  
l ine medium. TiN electrodes may  be used at  po ten-  
t ials in te rmedia te  to hydrogen  and oxygen discharge 
and in a lka l ine  solutions. TiC and TaC electrodes 
give less sa t is factory  results.  

Manuscript received Jan. 29, 1963; revised manu- 
script received March 9, 1963. This research was 
sponsored by Consiglio Nazionale delle Ricerche, 
Roma. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the June 1964 JOURNAL. 
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The Use of a-Spectroscopy for Studying Anodic Oxidation 
J. A.  Davies z and B. Domeij 

Nobel Institute of Physics and Royal Institute o2f Technology, Stockholm, Sweden 

The techniques of nuclear  spectroscopy now ava i l -  
able make  it possible to measure  the  depth  of a 
rad ioac t ive  t racer  benea th  the surface of a solid. 
In the  most  favorable  cases, a precision of +_-5 a tom 
layers  can be at ta ined.  Such techniques provide  a 
sensitive, nondes t ruc t ive  method for  observing the 
location of a sui table  t racer  a tom wi th in  an oxide 
layer  at  var ious  stages dur ing  anodic oxidation.  In  
this way,  useful  informat ion  about  the  mechanism 
of oxide film growth,  and pa r t i cu l a r ly  about  the 
re la t ive  mobil i t ies  of the oxygen and meta l  ions 
wi thin  the growing oxide, can be obtained.  If  ox-  
idat ion takes  place by  meta l  ion migrat ion,  then  the 
fresh oxide would  be la id  down outside the  p re -  
viously tagged layer ,  provided,  of course, tha t  the 
injected m a r k e r  a tom itself  does not move app re -  
c iably under  the  high potent ia l  g rad ien t  of the  

i On  l e a v e  of  absence  1 tom A t o m i c  E n e r g y  o f  C a n a d a  L i m i t e d ,  
C h a l k  R i v e r ,  On ta r io .  

anodizing field. If, on the  other  hand,  the  oxygen 
ion moves dur ing  oxidation,  then the  fresh oxide 
would be formed beneath  the exis t ing tagged layer .  

The use of a high precis ion f l - spec t rometer  for  
fol lowing the  locat ion of an iner t  gas isotope (Xe 125) 
dur ing  the anodic oxidat ion of / t l  and Ta has a l -  
r e a d y  been descr ibed (1).  The resul ts  were  some-  
wha t  unexpected.  Wi th  Ta, the Xe 125 atoms af ter  
oxidat ion were  located somewhere  near  the  middle  
of the  oxide layer ,  t he reby  indicat ing tha t  in this 
case both me ta l  and oxygen migra t ion  are con- 
t r ibu t ing  to film growth.  Wi th  A1, on the other  hand,  
a f te r  anodizing at  0.1 m a / c m  ~, i t  was found that  
the  Xe 12s atoms remained  in the outermost  l ayers  
of oxide. This was in t e rp re t ed  as evidence tha t  the  
oxide film on A1 grows by  oxygen migra t ion  alone, a 
conclusion tha t  is val id  only if the  oxide forms a 
homogeneous layer .  There is some evidence (2) to 
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Table I. Burying of inert gas atoms during anodic oxidation 

M e a n  d e p t h  of t r a c e r  
C u r r e n t  dens i ty ,  Ox ide  th i ckness ,  b e n e a t h  sur face ,  ~ g / c m  ~ HaLf-wid th  

T a r g e t  m a / c m  ~ ~g/cm~ Xe  ~ a R n  ~ of a - p e a k ,  key  

A1 unanodized - -  1.0 3.2 2.0 22.2 -+- 1.0 
AI anodized to 200v 20.0 95 35 • 5 27 ___ 2 24.6 _ 1.0 
Ta unanodized - -  - -  7 6.1 23.5 _ 1.0 
Ta anodized to 200v 2.0 280 90 ~ 25 74 • 6 25.6 • 1.0 

Data  o b t a i n e d  a t  C h a l k  R i v e r  (1, 3) .  

suggest  tha t  at low c u r r e n t  dens i ty  the  ou te rmos t  
l ayer  of a l u m i n u m  oxide develops  pores,  even  in  a 
buffered e lec t ro ly te  such as dibasic  a m m o n i u m  
ci trate ,  and  tha t  s u b s e q u e n t  film g rowth  occurs 
u n d e r n e a t h  this  porous  region.  If this  is the  case, 
t h e n  the  Xe 125 atoms located jus t  b e n e a t h  the  t a rge t  
surface  wou ld  soon become t r apped  in  "dead"  ox-  
ide, and  wou ld  no t  p rov ide  i n f o r m a t i o n  abou t  the  
m e c h a n i s m  of oxide g rowth  in  the  u n d e r l y i n g  b a r -  
r ie r  layer .  Some suppor t  for this  e x p l a n a t i o n  is 
f ound  in  recen t  work  at Cha lk  River  (3) us ing  Xe  125, 
in  which  the  behav io r  in  A1 was  f o u n d  to v a r y  
m a r k e d l y  w i th  the c u r r e n t  densi ty .  A t  h igher  cu r -  
r e n t  densi t ies  (1-20 m a / c m 2 ) ,  where  pore  fo rma t i on  
is supposedly  negl ig ible ,  the  behav io r  of A1 is s im-  
i lar  to Ta in  tha t  the  Xe  atoms become deeply  
b u r i e d  w i t h i n  the  oxide. 

There  is one i m p o r t a n t  ques t ion  tha t  the  f l -spec-  
t r o m e t e r  me thod  fails to answer .  Due to the  w i de -  
ang le  sca t te r ing  of electrons,  the  ene rgy  a t t e n u a t i o n  
of an  i n d i v i d u a l  e lec t ron  l eav ing  the  t a rge t  at n o r -  
ma l  inc idence  is not  a s imple  func t i on  of the depth  
of the  Xe 125 a tom b e n e a t h  the t a rge t  surface.  Con-  
sequent ly ,  a l though  the  me thod  gives the  m e a n  
dep th  of the  Xe  le5 a toms benea th  the  oxide surface,  
it does no t  p rov ide  i n f o r m a t i o n  on the  dep th  dis-  
t r i b u t i o n  of the  i n d i v i d u a l  a toms about  the  m e a n  
value .  W h e n  the  Xe 125 a toms r e m a i n  close to the  
oxide surface,  as for A1 anodized at low c u r r e n t  
densi ty ,  this  l im i t a t i on  is not  serious. Bu t  w h e n  the  
Xe 125 a toms become deeply  b u r i e d  in  the g rowing  
oxide, as in  the  case of Ta or of A1 at  h igh  c u r r e n t  
densi ty ,  it  is necessa ry  to es tabl ish  tha t  the  Xe 125 
a toms h a v e  r e t a ined  the i r  o r ig ina l  sharp  d i s t r i b u -  
t ion  and  have  no t  become dispersed t h r o u g h o u t  the  
oxide layer .  

In  order  to overcome this  pa r t i cu l a r  l im i t a t i on  
of f l -spectroscopy,  we have  developed an  a l t e r n a t i v e  
technique ,  us ing  an  a - e m i t t i n g  isotope such as Rn  222 
ins tead  of Xe 125. Since  s -pa r t i c l e s  lose the i r  ene rgy  
a lmos t  con t inuous ly  and  w i t h o u t  u n d e r g o i n g  sig-  
n i f icant  w i d e - a n g l e  scat ter ing,  the ene rgy  loss su f -  
f e r red  by  each par t ic le  is d e t e r m i n e d  on ly  by  the  
d is tance  b e t w e e n  the  sur face  and  the  p a r e n t  R n  ~22 
atom. Consequen t ly ,  b y  m e a s u r i n g  accura te ly  the  
posi t ion and  shape of the  ene rgy  spec t rum of the  
emi t t ed  ~-par t ic les ,  it is possible  to deduce  both  
the  m e a n  dep th  of the  e m b e d d e d  Rn  222 a toms a nd  
the  d i s t r i bu t i on  of i n d i v i d u a l  a toms abou t  the  mean .  
The posi t ion  of the  peak  in  the  ene rgy  spec t rum p ro -  
vides d i rec t ly  the m e a n  absorbe r  th ickness ;  the  
shape of the  peak  gives i n f o r m a t i o n  abou t  the  dis-  
t r ibu t ion .  

Exper imenta l  
This paper  repor t s  some p r e l i m i n a r y  e xpe r i men t s  

in  which  ,~-spectroscopy has been  used to s tudy  the  
anodic  ox ida t ion  of A1 and  Ta  u n d e r  those condi -  
t ions in  which,  f rom prev ious  Xe  125 work,  a s ig-  
ni f icant  b u r y i n g  is k n o w n  to occur. The  deve lop-  
m e n t  of a sufficiently precise a - s p e c t r o m e t e r  has 
a l r e a dy  been  descr ibed  (4) in  c o n j u n c t i o n  w i th  a 
separa te  inves t iga t ion  of the  r a nge  of accelera ted 
a tomic par t ic les  in  metals .  I t  consists of a sol id-  
s tate  detector  of the  s u r f a c e - b a r r i e r  type  and  a 
m u l t i c h a n n e l  p u l s e - h e i g h t  ana lyzer .  The  t echn ique  
is somewhat  less sens i t ive  t h a n  f i -spectroscopy:  
viz., -----8 a tom layers  of Ta a nd  ___25 a tom layers  of 
A1. A s imi lar  me thod  was deve loped  i n d e p e n d e n t l y  
by  A n d e r s o n  (5) for m e a s u r i n g  the  th ickness  of t h in  
plast ic  films. 

In  the  p re sen t  exper imen t s ,  a b e a m  of R n  222 ions 
accelera ted  to 2-6 kev  ene rgy  was  in jec ted  into the 
flat face of an  A1 or Ta ta rge t  (2.0 x 1.0 x 0.1 cm) 
by  m e a n s  of an  e lec t romagne t i c  isotope separator .  
The  tota l  i n t eg ra t ed  b e a m  c u r r e n t  s t r ik ing  each t a r -  
get was  less t h a n  1012 a t o m s / c m  2, and  so in t roduces  
a neg l ig ib le  concen t r a t i on  of Rn  in to  the  surface  
l aye r  of the  metal .  F r o m  other  w o r k  in  this  l a b o r a -  
to ry  (6) ,  it  is k n o w n  tha t  the  m e a n  p e n e t r a t i o n  
depth  of a 6 kev  Rn  2~2 b e a m  is qui te  smal l :  2.0~g 
cm -2 in  A1, and  6.1 ~g cm -2 in  W. The va lue  in  
Ta is a ssumed  s imi la r  to tha t  in  W. 

Af t e r  m e a s u r i n g  the  e n e r g y  spec t rum of the  
5.486 Mev a-par t ic les ,  the  ta rge ts  were  anodized  at 
cons tan t  c u r r e n t  (see Table  I)  to 200v, u s ing  a 3% 
solu t ion  of dibasic  a m m o n i u m  ci t ra te  in  w a t e r  as 
electrolyte ,  and  the  e n e r g y  spec t rum of the  par t ic les  
r emeasured .  Wi th  A1, the c u r r e n t  dens i ty  was  suffi- 
c ien t ly  h igh tha t  the  electrolysis  was comple ted  in  
less t h a n  30 sec; u n d e r  such condi t ions,  pore f o r m a -  
t ion  in  the  oxide should  not  occur  (2) .  

Un l ike  electrons,  the  a t t e n u a t i o n  (dE/dx) of ~- 
par t ic les  is sufficiently wel l  unde r s tood  as a f unc -  
t ion  of ene rgy  and  of the  a tomic  n u m b e r  of the 
absorbe r  tha t  no ca l ib ra t ion  is requi red .  Values  of 
(dE/dx) for 5.486 Mev a -pa r t i c l e s  in  a ny  abso rb ing  
m a t e r i a l  can  be ca lcula ted  f rom W~a l ing ' s  t a b u l a -  
t ion  of s topping powers  (7) ,  w i th  an  es t ima ted  
e r ror  of about  8%. Values  of 0.59 k e v / ~ g  cm -2 for 
AI20~ a nd  0.31 k e v / # g  cm -e  for  TarO5 w e r e  ob ta ined  
in  this  way.  

The  resul t s  of the  anodic  ox ida t ion  are i l l u s t r a t ed  
in  Fig. 1 and  2. I t  is ev iden t  that ,  a l t hough  the 
shape of the  .~-spectrum r e m a i n s  v i r t u a l l y  u n -  
changed,  the  posi t ion of the  peak  in  each case is 
shif ted to a cons ide rab ly  lower  energy,  i nd ica t ing  
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Fig. 1. The c~-spectrum of Rn 222 in aluminum before and after 
formation of a 200v oxide layer by anodic oxidation at high 
current density (20 ma/cm2). The dotted line is the spectrum that 
would have resulted if the Rn 222 atoms were located at the 
metal-oxide interface. One channel is equivalent to 1.74 key. 
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Fig. 2. The ~-spectrum of Rn 222 in tantalum before and after 
the formation of a 200v oxide layer by anodic oxidation at 2.0 
ma/cm 2. The dotted line is the spectrum that would have re- 
sulted if the Rn 222 atoms were located at the metal-oxide inter- 
face. One channel is equivalent to 1.74 key. 

t h a t  the  Rn 2ee a t o m s  h a v e  b e c o m e  d e e p l y  b u r i e d  
w i t h i n  the  ox ide  l aye r .  F r o m  the  o b s e r v e d  d e c r e a s e  
in ene rgy ,  and  t h e  k n o w n  s topp ing  p o w e r  of A120~ 
and  Ta205, t h e  m e a n  d e p t h  of t h e  e m b e d d e d  t r a c e r  
a toms  can  be  r e a d i l y  ca lcu la ted .  In  T a b l e  I, t h e  
va lue s  thus  o b t a i n e d  for  the  b u r y i n g  of R n  222 d u r -  
ing  anod ic  o x i d a t i o n  a r e  c o m p a r e d  w i t h  those  ob -  
s e r v e d  p r e v i o u s l y  (1, 3) for  X e  125, us ing  B - spe c -  
t roscopy .  The  a g r e e m e n t  b e t w e e n  the  two  m e t h o d s  
is we l l  w i t h i n  t he  e s t i m a t e d  e r ro r s  of the  r e s p e c t i v e  
ca l ib ra t ions .  E v i d e n t l y  bo th  an ion  and  ca t ion  m i g r a -  
t ion c o n t r i b u t e  to f i lm g r o w t h  in  t he  anodic  o x i d a -  
t ion of Ta and  also in the  o x i d a t i o n  of A1 at  h i g h e r  
c u r r e n t  dens i t ies .  

The  o b s e r v a t i o n  t h a t  t he  a - s p e c t r u m  does  no t  
b r o a d e n  a p p r e c i a b l y  d u r i n g  anodic  o x i d a t i o n  con-  
f i rms the  v a l i d i t y  of our  e a r l i e r  a s s u m p t i o n  (1)  t h a t  
t he  i n e r t  gas  a toms  a re  no t  d i s p e r s e d  t h r o u g h o u t  
t he  ox ide  l aye r ,  b u t  r e t a i n  a f a i r l y  s h a r p  d i s t r i b u -  
t ion.  I t  can  also b e  seen  f r o m  Fig .  1 and  2 t h a t  a 
neg l i g ib l e  a m o u n t  ( <  1 % )  of t he  Rn  is t r a p p e d  at  
the  m e t a l - o x i d e  in t e r face .  

The  las t  c o l u m n  of T a b l e  I i nd i ca t e s  t ha t  in  each  
case, a s l igh t  i nc rea se  ( a b o u t  10%)  in peal< w i d t h  
does occur  as a r e s u l t  of t he  ox ida t ion .  T h e r e  a r e  

two  m a i n  f ac to r s  i n v o l v e d  w h i c h  m i g h t  p r o d u c e  
such  an  effect:  ( a )  a s m a l l  s t r a g g l i n g  in  t he  e n e r g y -  
loss p rocess  i t se l f ;  and  (b)  a b r o a d e n i n g  of t he  Rn  222 
d i s t r i b u t i o n  d u r i n g  t h e  ox ida t ion .  

The  first  f a c t o r  is not  n e g l i g i b l e  a n d  could  pos -  
s ib ly  accoun t  for  a l l  of t h e  o b s e r v e d  increase .  E x -  
p e r i m e n t a l  d a t a  on the  e n e r g y  s t r a g g l i n g  of a - p a r t i -  
cles t r a v e r s i n g  such  th in  l a y e r s  of a b s o r b e r  a r e  u n -  
f o r t u n a t e l y  no t  a v a i l a b l e ;  h o w e v e r ,  a f a i r l y  r e l i a b l e  
e s t i m a t e  of t he  s t r a g g l i n g  m a y  be  o b t a i n e d  f r o m  
the  p r o t o n  s t r a g g l i n g  m e a s u r e m e n t s  of M a d s e n  (8)  
w i t h  a p p r o p r i a t e  cor rec t ions .  F r o m  th is  ana lys i s ,  t h e  
e s t i m a t e d  h a l f - w i d t h s  due  to e n e r g y  s t r agg l ing ,  for  
a - p a r t i c l e s  t r a v e r s i n g  27 /~g c m  -2  of A1203 and  74 
/~g cm -2  of Ta20~, a r e  6.5 and  8 kev ,  r e spe c t i ve ly .  
A d d i n g  these  w i d t h s  q u a d r a t i c a l l y  to t he  e x p e r i -  
m e n t a l  w i d t h s  of t h e  u n a n o d i z e d  t a rge t s ,  w e  o b -  
t a i n  a c o m b i n e d  w i d t h  of 23.2 k e v  for  t he  A120~ 
and  24.8 k e y  for  t he  Ta205 t a rge t s .  These  v a l u e s  a r e  
s t i l l  s o m e w h a t  less t h a n  the  o b s e r v e d  p e a k  w i d t h s  
of t h e  anod ized  t a r g e t s  in  T a b l e  I, b u t  t he  d i s -  
c r e p a n c y  is w i t h i n  t he  e s t i m a t e d  e x p e r i m e n t a l  e r ro r .  
Consequen t ly ,  t h e r e  is no ev idence  to sugges t  t h a t  
a n y  a p p r e c i a b l e  b r o a d e n i n g  of t he  Rn  ~22 d i s t r i b u t i o n  
has  occur red .  

A s m a l l  b r o a d e n i n g  of t he  Rn  222 d i s t r i b u t i o n  is in  
fac t  i n e v i t a b l e  d u r i n g  the  e a r l y  s tages  of ox ida t ion ,  
due  to t he  conve r s ion  to ox ide  ( w i t h  a consequen t  
i n c r e a s e  in  t o t a l  mass )  of t h e  s u r f a c e  r eg ion  in to  
w h i c h  the  Rn  a t o m s  w e r e  o r i g i n a l l y  in j ec t ed .  But  
th is  effect i n t roduc e s  a h a l f - w i d t h  t e r m  of on ly  
1-2 kev ,  and  so has  a ne g l i g ib l e  inf luence  w h e n  com-  
b i n e d  w i t h  t h e  o b s e r v e d  w i d t h s  of t h e  u n a n o d i z e d  
t a rge t s .  

Conclusions 

The  p r e s e n t  w o r k  shows  t h a t  e m b e d d e d  ine r t  gas  
a toms  such as Rn  e22 r e t a i n  a s h a r p  d i s t r i b u t i o n  
w i t h i n  the  g r o w i n g  ox ide  film, as w o u l d  be  e x p e c t e d  
if t h e y  a r e  t r u l y  i n e r t  t r ace r s .  

The  o b s e r v e d  " b u r y i n g "  of Rn  222 a t o m s  d u r i n g  
the  anod ic  o x i d a t i o n  of Ta  ag rees  w i t h i n  e x p e r i -  
m e n t a l  e r r o r  w i t h  an  e a r l i e r  r e su l t  us ing  Xe  125 (1) ,  
and  s u p p o r t s  t he  p r e v i o u s  conc lus ion  t h a t  bo th  o x y -  
gen  and  m e t a l  ion m i g r a t i o n  c o n t r i b u t e  to ox ide  
f i lm g rowth .  

In  A1, anod ized  at  h igh  c u r r e n t  d e n s i t y  (20 m a /  
cm2), t he  Rn  222 a t o m s  u n d e r g o  a c o m p a r a b l e  d e g r e e  
of b u r y i n g  to t h a t  o b s e r v e d  in Ta, t h e r e b y  sugges t ing  
t h a t  the  m e c h a n i s m  of o x i d a t i o n  in the  two  m e t a l s  
is q u i t e  s imi la r .  A t  low c u r r e n t  d e n s i t y  (0.1 m a /  
cm2),  t he  l a ck  of b u r y i n g ,  o b s e r v e d  p r e v i o u s l y  (1)  
for  X e  125 in AI,  imp l i e s  e i t he r  a change  of m e c h -  
a n i s m  w i t h  c u r r e n t  dens i ty ,  or  m o r e  p r o b a b l y  a 
s igni f icant  a m o u n t  of po re  f o r m a t i o n  in  t he  e a r l i e r  
s tudy .  
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Anodic Film Growth by Anion Deposition in Aluminate, 
Tungstate, and Phosphate Solutions 

William McNeill and leonard I.. Gruss 
Pitman-Dunn Laboratories, Frankford Arsenal, Philadelphia, Pennsylvania 

ABSTRACT 

Films were obtained by anodic t rea tment  of A1, Mg, Ni, Fe, Zn, Bi, Cd, Co, 
and Cu in  0.1N NaA102 and A1, Bi, Cd, Cu, and Zn in  0.1N Na~WO4. A forma-  
tion voltage of 30v was applied for 10 rain in  all cases except A1 in  NaA102 
where the max imum format ion voltage was 100v. The anodic films were 
studied by electron diffraction and chemical analyses. Films obtained in  NaA102 
solution appeared to be ~-A120~. 3H20, and those obtained in Na2WO4 solution 
were oxides of the anode metal,  or mixtures  of the anode metal  oxide with 
WO3. The incorporat ion of phosphorus compounds in anodic films formed on 
A1 in  0.1N Na2HPO4 solutions was also observed. The mechanism of anion dep- 
osition and film growth in these solutions is discussed. 

In  a p rev ious  pape r  (1) the re  were  descr ibed  a 
n u m b e r  of anodic  spa rk  react ions  and  products  in  
solut ions  of NaA10~, Na2WO4, and  Na2SiO3. The  oc- 
cu r r ence  of these reac t ions  showed tha t  a h igh-  
vol tage  b a r r i e r  film is p resen t  on the  anode,  b u t  the  
composi t ion and  proper t ies  of the  b a r r i e r  be low the  
spa rk  po ten t i a l  were  not  inves t iga ted .  This  pape r  is 
concerned  w i t h  the  composi t ion,  th ickness ,  a nd  
s t ruc tu re  of the anodic  films which  fo rm be low the  
spark  po ten t i a l  on a va r i e t y  of meta l s  in  solut ions  of 
NaA102 and  Na2WO4. F o r m a t i o n  of anodic  films on 
A1 in  Na2HPO4 solu t ion  was also inves t iga ted .  

Experimental 
The ma te r i a l s  and  appa ra tu s  employed  in  this  i n -  

ves t iga t ion  were  the  same as those in  the p rev ious  
paper  (1) ,  w i t h  the  add i t ion  of r eagen t  grade  
Na2HPO4 and  99% p u r e  H~PO~ which  had  been  p re -  
pa red  at  the  Oak Ridge Na t iona l  L a b o r a t o r y  and  
con ta ined  a h igh  level  of rad ioac t ive  phosphorus-32 .  

Anode  geomet ry  for the s tudy  of anodic  film 
g rowth  on Ni in  NaA102 solut ion and  for the  s t udy  of 
HPO4 = incorpora t ion  in  anodic  films on A1 was  also 
the same as in  the  prev ious  paper .  Anodes  on which  
films were  g rown  for e lec t ron  dif f ract ion s tudy  were  
made  wi th  the  end  to be anodized m a c h i n e d  to fo rm 
a flat p la te  wh ich  could be de tached  and  m o u n t e d  in  
the e lec t ron  diffract ion sample  holder.  Anode  c l ean -  
ing procedures  we re  in  all  cases as descr ibed p r e -  
viously.  

E lec t ron  diffract ion pa t t e rn s  were  ob ta ined  for 
films g rown  on var ious  anodes  in  0.1N NaA102 and  
0.1N Na2WO4. The anodic  coat ings were  fo rmed  at  a 
m a x i m u m  c u r r e n t  dens i ty  of 0.016 a m p / c m  2 up  to a 
fo rma t ion  vol tage  of 30v, w i th  the  except ion  of the  
coat ing on the  a l u m i n u m  anode  which  was fo rmed  at  
100v. The  coated anodes  were  washed  in  d is t i l led  
water ,  dried,  and  then  inse r ted  in  the  e lec t ron  di f -  
f rac t ion  sample  holder .  A n  RCA 100 kv  Model  EMU 
3D e lec t ron  diffract ion un i t  was  employed  for these  
exposures.  1 The  diffract ion pa t t e rn s  were  m e a s u r e d  

1 The  e l e c t r o n  d i f fract ion  pa t t erns  w e r e  p r e p a r e d  at  t he  A e r o n a u t i -  
cal  M a t e r i a l s  L a b o r a t o r y ,  N a v a l  A i r  M a t e r i a l s  Center ,  P h i l a d e l p h i a ,  
P e n n s y l v a n i a .  
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on a Mode l - A  c i rcu la r  fi lm m e a s u r i n g  i n s t r u m e n t  
made  b y  the Chas. Supper  Company .  

I n f o r m a t i o n  as to the film th ickness  a nd  q u a n t i t y  
of the  an ion  cons t i t uen t  deposi ted in  the  w a t e r  i n -  
so luble  anodic  films was ob ta ined  by  two methods  
employ ing  (a)  n icke l  anodes  in  NaA1Oe solut ion,  
and  (b)  a l u m i n u m  al loy  anodes in  rad ioac t ive  
Na2HPO4 solution.  

Nickel  anodes  hav ing  a p p a r e n t  surface  areas of 
e i ther  7.9 or 2.85 cm e were  anodized in  0.1N NaA102 
for per iods of 10 m i n  w i th  final f o r ma t i on  vol tages  
of 10, 30, a n d l 0 0 v .  Wi th  each anode the  vol tage  was  
ra ised f rom zero to the final va l ue  by  m a n u a l  ad ju s t -  
m e n t  of the  power  supp ly  at a ra te  sufficiently slow 
to m a i n t a i n  the  c u r r e n t  dens i ty  b e l o w  0.04 a m p / c m  2. 
Af te r  anodizing,  the  anodes  were  washed  in  dis-  
t i l led  w a t e r  and  t h e n  soaked in  1-1 HC1 to dissolve 
the  anodic  coating.  Resu l t ing  solut ions  con ta ined  
a l u m i n u m  chlor ide  toge ther  wi th  smal l  a m o u n t s  of 
n ickel  chloride.  The a l u m i n u m  con ten t  was de te r -  
m i n e d  g r a v i me t r i c a l l y  fo l lowing prec ip i t a t ion  wi th  
8 - h y d r o x y - q u i n o l i n e .  The  n ickel  in  the  sample  was  
complexed  wi th  t a r t a r i c  acid to p r e v e n t  its p rec ip i -  
ta t ion.  S imi l a r  ana lyses  were  conduc ted  wi th  b l a n k s  
p r epa red  f rom n icke l  rods wh ich  were  no t  anodized 
bu t  which  w e r e  soaked in  dis t i l led  water ,  1-1 HC1, or 
0.1N NaA102. In  order  to ca lcula te  the  th ickness  of 
the  a l u m i n u m  con ta in ing  por t ion  of the  anodic  film, 
it  was  assumed  tha t  the  a l u m i n u m  compounds  had  a 
dens i ty  of 2.5 g / c m  3 which  is the  va lue  for 
fl-A1203- 3H20. 

The a m o u n t  of phospha te  incorpora ted  in  anodic  
films on 7075 al loy a l u m i n u m  anodes  was  m e a s u r e d  
us ing  an  0.1N NaH2PO4 solu t ion  which  con ta ined  
rad ioac t ive  P-32.  This  e x p e r i m e n t  was s imi la r  to one 
repor ted  by  P l u m b  (2) .  

The  anodes for m e a s u r e m e n t  of phospha te  in -  
corpora t ion  in  anodic  films consis ted of r o u n d  11 m m  
7075 al loy a l u m i n u m  rods. Disks, h a v i n g  one ano -  
dized flat surface,  were  cut  f rom these  rods, and  
counts  were  made  on the disks w i th  a Trace r l ab  
Model  SC-18A scaler  coun te r  which  mon i to red  the 
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ou tpu t  of a 2.5 m g / c m  ~ end  w i n d o w  G e i g e r - M u e l l e r  
tube  to a precis ion of 1.5 % p robab le  error .  

The ac t iv i ty  of the  e lec t ro ly te  was  d e t e r m i n e d  
f rom al iquots  and  was also d e t e r m i n e d  for speci-  
mens  anodized  10 m i n  at  a m a x i m u m  c u r r e n t  dens i ty  
of 0.016 a m p / c m  2 to f inal  vol tages  of 5, 15, 30, and  
108v. In  each case the  vol tage  was  increased  to the 
des i red va lue  and  t h e n  m a i n t a i n e d  cons tant ,  w i th  
ct~rrent dens i ty  be ing  a l lowed to decrease.  In  order  
to correct  the a m o u n t  of the ac t iv i ty  p icked up  by  
the  anodes  due to  adsorpt ion,  counts  were  also made  
on a sample  which  was  anodized at 30v in  a n o n -  
rad ioac t ive  Na2HPO4 solu t ion  and  t h e n  soaked in  the  
rad ioac t ive  so lu t ion  for 10 rain.  The n u m b e r  of 
counts  for this  sample  was  t a k e n  as the  meas u r e  of 
r ad ioac t iv i ty  increase  due  to absorp t ion  or exchange  
of phosphate .  I t  a m o u n t e d  to 6.7% of the tota l  counts  
for samples  anodized  at 30v in  the  rad ioac t ive  elec-  
tro]yte.  

Results and Discussion 

Coating Structure and Composition 
The da ta  in  Table  I are  for the  most  pa r t  the r e -  

sults  of e lec t ron  diffract ion m e a s u r e m e n t s  of coated 
anode surfaces,  and  there fore  it should  be no ted  tha t  
the  compounds  l is ted are those found  in  the  outer  
por t ion  of the anode coating.  No a t t emp t  was  made  
to ob ta in  comple te  i n f o r m a t i o n  on the  i n n e r  por t ion  
of the anode  coating,  which  p r o b a b l y  con ta ined  com-  
pounds  p roduced  by  ox ida t ion  of the  anode.  X - r a y  
diffract ion and  chemica l  ana lyses  were  also e m-  
p loyed in  the  s tudy  of the films on Ni, Co, a nd  A1 
anodes.  I t  is t r ue  t ha t  a n y  e lec t ron  di f f ract ion me a s -  
u r e m e n t  r ep resen t s  on ly  a ve ry  smal l  por t ion  of the  
sample  surface  and  m a y  be difficult to in te rp re t .  
Never theless ,  the  ev idence  appears  conclus ive  t ha t  
coat ings of e i ther  h y d r a t e d  or a n h y d r o u s  A1203 are 
fo rmed  on anode surfaces  in  NaA10~ solut ion.  The 
resu l t s  of x - r a y  diffract ion and  chemical  ana lyses  
which  showed the p resence  of subs t an t i a l  q u a n -  
t i t ies of a l u m i n u m  in  the  coat ings  on Ni anodes p ro -  
v ide  s t rong  suppor t  of this conclusion.  There  is some 
confus ion  as to the  pa r t i cu l a r  A1203 phases  which  
are formed.  This is no t  su rp r i s ing  in  v i e w  of the  

Table I. Electron and x-ray diffraction analyses of unsparked 
anodic coatings formed in sodium a[uminate and sodium 

tungstate solutions 

A n o d e  E l ec t ro ly t e  

0.1N NaA102 
Cd Amorphous 
Mg ~-A1203 �9 3H20 ~ MgO 
Bi ~-A1203 �9 3H20 ~ 7Bi203 

Cu fi-A1203 �9 3H20 ~ CuO 
Zn fi-A12Oa �9 3H20 -t- ZnO 
Fe 8-A1203 
A1 fl-A1203 �9 3H20 appears after 

formng 24 hr  at 100v. 
Ni l Amorphous, hydrated A1~O3 
Co J Crystallizes at 600~ to ~, e, 

or 8 A1203 
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0.1N Na2WO4 
WO3 

Crystall ine,  not 
identified 

Cu20* 
H2WO4 

or 8 A1203 

* Inner coating layer. 

complex i ty  of the  A1203 a nd  A1203-H20 sys tems and  
the  s imi l a r i ty  of severa l  of the  a n h y d r o u s  A1203 
phases  (3) .  

The appea rance  of H2WO4 or its d e h y d r a t i o n  p rod-  
uct,  WO3, on anodes  coated in  Na2WO4 solu t ion  is 
analogous  to the  appea rance  of h y d r a t e d  and  a n -  
hydrous  A1203 phases  on anodes  coated in  NaA102 
solut ion.  In  bo th  cases the  an ion  cons t i t uen t  of the  
e lec t ro ly te  is deposi ted on the  anode.  

The Fe, Ni, Co, and  Cu anodes  coated in  NaA102 
solut ion were  covered w i th  th ick  whi te  ou te r  coat-  
ings of a l u m i n u m  compounds  which  were  deposi ted 
over  t h i n n e r  coat ing layers  which  w e r e  i n  di rect  
contact  wi th  the  anode  meta l .  Wi th  these  anodes  
the  t r ans i t i on  f rom the ou te r  to the  i n n e r  l ayer  of 
anodic  coat ing was  sharp,  and  the  bond i ng  b e t w e e n  
the two layers  was  so w e a k  tha t  large flakes of the  
outer  coat ing could be de tached  readi ly .  

The Bi, A1, a nd  Mg anodes  coated at  30v in  NaA102 
solu t ion  were  covered w i th  t r a n s p a r e n t  or s l ight ly  
c loudy films in  which  no s h a r p  d ivis ion b e t w e e n  
i n n e r  and  outer  l ayers  could be observed.  The film 
on the A1 anode coated at  30v y ie lded  no e lec t ron  
diffract ion pa t t e rn .  Anod iza t ion  for 24 hr  at 100v 
produced  an  a d h e r e n t  opaque  wh i t e  l ayer  of 
B-A1203" 3H20 on the  A1 anode.  

The Cd and  Zn  anodes coated in  NaA1Oe solu t ion  
were  covered wi th  opaque,  whi te ,  pow de r y  m a t e r i a l  
in  which  no sharp  d iv is ion  b e t w e e n  i n n e r  and  ou te r  
layers  could be observed.  Thus,  in  those cases where  
it  was possible to d i s t ingu i sh  more  t h a n  one l aye r  in  
the coating,  the  cons t i tuen t s  de r ived  f rom the  elec- 
t ro ly te  fo rmed  the  ou te r  coat ing  l ayer  as m i gh t  be  
expected.  

The th ickness  of the  an ion  deposi t ion l aye r  ob-  
t a ined  on Ni anodized  in  0.1N NaA102 solu t ion  was  
inves t iga ted ,  and  resul t s  are shown in  Tab le  II. The  
th i ckness -vo l t age  ra t io  decreases f rom 2.0 x 102 A / v  
at 10v to 1.4 x 102 A/v  at  100v. These va lues  are 
based on the a s sumpt ion  of a nonporous  coat ing h a v -  
ing a dens i ty  of 2.5 g / c m  3 which  is the  dens i ty  of 
B-A1203.3H20. I t  is possible  tha t  the fl-A1203.3H20 
layer  con ta ined  some porosi ty,  and  if t h a t  we re  the  
case, the  ac tua l  th ickness  va lues  wou ld  be la rger  
t h a n  those show n  in  Tab le  II. 

Ev idence  was  ob ta ined  ind ica t ing  t ha t  phase 
t r a n s f o r m a t i o n s  m a y  occur  in  the  deposi t  on Ni 
anodes  in  NaA102 solut ion.  In  Table  I, the  coat ing 
fo rmed  for 10 m i n  at 30v on Ni anodes  is l is ted as 
amorphous ;  c rys ta l l i z ing  to ~ or 0A12Os on hea t ing  at  
600~ for 2 hr. This  resu l t  showed tha t  the  in i t i a l  
an ion  deposi t ion  l aye r  was some fo rm of h y d r a t e d  or 
a n h y d r o u s  A1203. The  moi s tu re  loss of the  amorphous  
m a t e r i a l  was d e t e r m i n e d  g r a v i m e t r i c a l l y  as 40.5% 
which  is s l ight ly  more  t h a n  tha t  ca lcu la ted  for 

Table II. Thickness of anodic coatings formed on nickel 
in 0.1N NaAl02 

A n o d e  f o r m a t i o n  C o a t i n g  
voI tage ,  v t h i c k n e s s ,  cm 

0 Negligible 
10 2.9 • 10 -4 
30 6.4 X 10 -4 

100 1.4 • 10 -8 
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f l-A120~.3H20 ( 3 4 . 6 % ) .  W h e n  a Ni  anode  was  a l -  
l o w e d  to f o r m  at  30v for  17 h r  in  0.1N NaA102, t he  
an ion  depos i t i on  l a y e r  was  shown,  b y  p o w d e r  x - r a y  
d i f f rac t ion ,  to con ta in  c r y s t a l l i n e  f l-AI20~.3H~O. 
Thus  i t  was  a p p a r e n t  t h a t  e i t he r  a p h a s e  t r a n s f o r m a -  
t ion  occu r r ed  in  the  anodic  f i lm or  t he  c h a r a c t e r  of 
t he  an ion  depos i t i on  p rocess  changed .  E i t h e r  of t he se  
two  effects m i g h t  have  occur red ,  a l t h o u g h  t h e r e  is 
some  p r e c e d e n c e  for  the  fo rmer ,  in t he  e l ec t r i c  f ield 
i n d u c e d  n u c l e a t i o n  of c r y s t a l  g r o w t h  in  anodic  films, 
as o b s e r v e d  b y  V e r m i l y e a  (4, 5) .  

The  e x p e r i m e n t s  d e s c r i b e d  above  and  in  p r e v i o u s  
w o r k  (1)  show t h a t  an ions  such  as A102- ,  WO4 =, 
and  SiO~ = (o r  t he i r  decompos i t i on  p r o d u c t s )  a r e  i n -  
c o r p o r a t e d  in anod ic  f i lms g r o w n  in so lu t ions  con-  
t a i n ing  them.  In  fact ,  w i t h  these  e l ec t ro ly t e s ,  anodic  
b a r r i e r  f i lms con ta in ing  on ly  m a t e r i a l  d e r i v e d  f r o m  
the  e l e c t r o l y t e  can  be  f o r m e d  on anodes  such  as A u  
and  Pt.  

F o r  c o m p a r i s o n  purposes ,  w e  conduc t ed  one  f u r -  
t he r  ser ies  of m e a s u r e m e n t s  to d e t e r m i n e  the  e x t e n t  
of an ion  i n c o r p o r a t i o n  in anodic  f i lms g r o w n  on A1 
in 0.1N Na2HPO4 solut ion.  This  s y s t e m  was  se l ec t ed  
be cause  i t  had  been  s h o w n  (6) t h a t  t he  anodic  f i lms 
o b t a i n e d  w i t h  i t  w e r e  nonporous ,  and  b e c a u s e  of t he  
p o s s i b i l i t y  of e m p l o y i n g  r a d i o t r a c e r  t e chn iques  for  
t he  d e t e r m i n a t i o n  of p h o s p h a t e  in  t he  anodic  coa t -  
ings. The  r e su l t s  a r e  in a p p r o x i m a t e  a g r e e m e n t  w i t h  
those  of P l u m b  (2) for  t he  f i lms f o r m e d  at  108v, b u t  
f i lms f o r m e d  at  l o w e r  vo l t ages  con t a ined  a m u c h  
l a r g e r  p e r c e n t a g e  of  p h o s p h a t e  t h a n  those  p r e p a r e d  
b y  P l u m b ,  and  at  5v the  w e i g h t  p e r  cen t  of p h o s -  
p h a t e  in  the  coa t ing  was  d e t e r m i n e d  as 46%. The  
r ea son  for  th is  d i s c r e p a n c y  was  no t  obvious ,  and  
f u r t h e r  e x p e r i m e n t s  of th i s  t y p e  a r e  be ing  conduc ted .  
H o w e v e r ,  our  r e su l t s  and  those  of P l u m b  bo th  show 
t h a t  anod ic  f i lms g r o w n  on A1 in n e u t r a l  or  a l k a l i n e  
p h o s p h a t e  so lu t ion  con ta in  s u b s t a n t i a l  quan t i t i e s  of 
phospho rus .  

Film Growth  Mechanism 
The compos i t ions  of t he  anod ic  f i lms f o r m e d  in 

NaA102 a n d  Na2WO4 so lu t ions  can be  a c c o u n t e d  for  
b y  a f i lm g r o w t h  m e c h a n i s m  w h i c h  inc ludes  t he  
fo l lowing  s teps :  (a )  a c c u m u l a t i o n  and  p r e c i p i t a t i o n  
of the  an ion  c o n s t i t u e n t  on the  anode  su r face ;  (b )  
d e h y d r a t i o n  or  c r y s t a l l i z a t i o n  or  bo th  occu r r i ng  in  
t he  an ion  depos i t i on  l aye r .  This  is not ,  of course ,  t he  
on ly  p rocess  going  on a t  t he  anode.  T h e r e  m a y  be  
s i m u l t a n e o u s  f o r m a t i o n  of a f i lm of ox ide  of t h e  
anode  m e t a l s  as in t he  case of A1 a n d  Ta  anodes ,  or  
d i s so lu t ion  of t he  a n o d e  as in t h e  case  of Mn in 
NaA102 so lu t ion  (1 ) .  W h e n  a h i g h l y  i n s u l a t i n g  
b a r r i e r  fo rms  due  to o x i d a t i o n  of t he  anode ,  e.g., on 
A1 anodes ,  t he  an ion  depos i t i on  l a y e r  s t i l l  fo rms ,  b u t  
m o r e  s lowly .  Conve r se ly ,  t he  f o r m a t i o n  of t he  an ion  
depos i t i on  l a y e r  m a y  b e  e n t i r e l y  p r e v e n t e d  i f  t he  
anode  is r e a d i l y  so lub le  in  t he  e l ec t ro ly t e .  

I t  is p r o b a b l y  s ign i f ican t  t h a t  t he  so lu t ions  in  
w h i c h  t h e r e  is o b s e r v e d  a s t r ong  t e n d e n c y  to f o r m  
anodic  f i lms b y  depos i t i on  of t he  an ion  c o n s t i t u e n t  
a r e  also so lu t ions  in w h i c h  the  an ions  t e n d  to fo rm 
p o l y m e r i c  species.  

Anion Deposition 
The  f o r m a t i o n  of anod ic  b a r r i e r  f i lms con t a in ing  

bo th  anode  o x i d a t i o n  p r o d u c t s  and  m a t e r i a l  d e -  

pos i t e d  f r o m  the  e l e c t r o l y t e  has  b e e n  d i scussed  b y  
s e v e r a l  au thors .  F o r  e x a m p l e ,  G o d s e y  (7 ) ,  in  an  
e a r l y  p a p e r ,  p r o p o s e d  t h a t  anod ic  b a r r i e r  f i lms a r e  
d o u b l e  l a y e r s  f o r m e d  in p a r t  b y  depos i t i on  of a d -  
so rbed  l i qu id  f r o m  the  e l ec t ro ly t e .  Mason  (8)  
s h o w e d  t h a t  anod ic  ox ide  coa t ings  f o r m e d  on A1 in 
H2SO4 so lu t ion  con t a ined  su l fa te ,  and  P l u m b  (2) 
s h o w e d  tha t  p h o s p h a t e  is s i m i l a r l y  d e p o s i t e d  f rom 
p h o s p h a t e  solut ion.  V e r m i l y e a  (9)  d e s c r i b e d  d u p l e x  
anod ic  f i lms on Ta  f o r m e d  in H20-H2SO4 e l e c t r o l y t e s  
and  s h o w e d  t h a t  t he  o u t e r  p o r t i o n s  of t he se  f i lms h a d  
op t i ca l  a n d  s o l u b i l i t y  p r o p e r t i e s  w h i c h  w e r e  d e p e n d -  
ent  on the  e l e c t r o l y t e  compos i t ion .  

In  gene ra l ,  i n v e s t i g a t i o n  of t he  effect of t he  e lec -  
t r o l y t e  on the  n a t u r e  of anodic  b a r r i e r  f i lms has  been  
l i m i t e d  to anodes  such  as A1 and  Ta  w h i c h  e x h i b i t  
s t rong  t endenc i e s  to fo rm anodic  b a r r i e r  f i lms in  
mos t  e l ec t ro ly t e s .  In  con t ras t ,  i t  is a p p a r e n t  t h a t  
w i th  e l e c t r o l y t e s  such  as NaA10~ and  Na2WO4 the  
an ion  c o n s t i t u e n t  can  be  d e p o s i t e d  to f o r m  a f i lm 
w h i c h  acts  as a b a r r i e r  to t he  pas sage  of e l ec t r i c  c u r -  
ren t .  W h e t h e r  t he  b a r r i e r  effect a r i ses  so le ly  f r o m  the  
an ion  depos i t i on  f i lm or  f r o m  i n t e r a c t i o n  of th is  f i lm 
w i t h  t he  p r o d u c t s  of anode  o x i d a t i o n  is a ques t ion  
w h i c h  needs  f u r t h e r  inves t iga t ion .  H o w e v e r ,  i t  has  
been  o b s e r v e d  t ha t  A u  and  P t  anodes ,  w h i c h  have  
v i r t u a l l y  no  t e n d e n c y  to f o r m  anod ic  b a r r i e r  f i lms in  
o t h e r  e l ec t ro ly t e s ,  b e c o m e  c ove re d  w i t h  f i lms w h i c h  
can  su s t a in  vo l t ages  in excess  of 150v w i t h o u t  s p a r k  
b r e a k d o w n ,  w h e n  anod ized  in NaA102 solut ion .  

I t  is a p p r o p r i a t e  t h e r e f o r e  to d i s t i n g u i s h  an ion  
depos i t i on  f rom o the r  anodic  p h e n o m e n a  such as 
p o l a r i z a t i o n  or  g r o w t h  of a f i lm of a n o d e  m e t a l  oxide;  
in o r d e r  to focus a t t e n t i o n  on th is  p rocess  as an  
aspec t  to be  c ons ide r e d  in t he  s t u d y  of anod ic  f i lm 
g r o w t h  and  as an  e l e c t r o c h e m i c a l  p rocess  of poss ib le  
p r a c t i c a l  va lue .  A t  t he  p r e s e n t  t ime ,  t h e r e  is not  
sufficient  u n d e r s t a n d i n g  of an ion  depos i t i on  to enab l e  
us to  s p e c u l a t e  on the  t y p e s  of an ions  t h a t  can  be  
depos i t ed ,  or  on the  p a r a m e t e r s  w h i c h  con t ro l  the  
p h y s i c a l  p r o p e r t i e s  and  a d h e s i o n  of t h e  depos i t s .  
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Influence of Environment on the Corrosion of Zirconium and 
Its Alloys in High-Temperature Steam 
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ABSTRACT 

Measurements  of weight gains and film capacities of zirconium and zir- 
conium alloys in steam and oxygen at atmospheric and high pressures are re-  
ported. At best, the behavior  of resistant  alloys and of Van Arkel  zirconium 
in steam inhibi ted with boric acid is comparable to that of Van Arkel  zirconium 
in oxygen. It is concluded that in steam, but  not in oxygen, the pressure drop 
due to the flow of gas through porous oxide is a significant factor in the effects 
observed. Alloying elements, and also boric acid inhibit ion,  decrease the film 
cracking or porosity which, with unal loyed zirconium, leads to very  rapid cor- 
rosion in high-pressure steam. With some more resistant  materials  there ap- 
pears to be a compensation effect whereby films formed in  high-pressure  steam 
are less porous than those formed at atmospheric pressure. 

Detailed topographical studies of the early stages of film growth and 
breakdown on Van Arkel  zirconium in steam and in oxygen are described. In  
addit ion to uniform film growth, at rates varying  with grain  orientation, rapid 
localized attack is found in  steam. Such attack is accelerated by an increase of 
pressure and appears to be diminished by additions of copper and by  boric acid 
inhibition. This localized corrosion is considered to be due to the same type of 
film fai lure as is responsible for cracking or porosity in thicker, more uniform, 
films at a later stage of corrosion. The implications of the findings for the de- 
velopment  of s team-res is tant  alloys are considered. 

Ear l i e r  pub l i ca t ions  have  cons idered  the inf luence  
of a l loy ing  e lements  on the corrosion of z i r con ium 
alloys (1) and  the  u p t a k e  of co r ros ion -p roduced  h y -  
d rogen  by  alloys and  b y  u n a l l o y e d  z i r con ium (2).  
This pape r  descr ibes  a t t empt s  to e lucidate  the m e c h -  
an i sms  of oxide film growth  and  b r e a k d o w n  by  
v a r y i n g  the  corrosive e n v i r o n m e n t .  Most of the  ex -  
pe r imen t s  were  conduc ted  at the  same t empera tu r e ,  
500~ and  compar i sons  were  m a d e  of behav io r  in  
s team and  in  dry  oxygen,  and  of the  inf luence  of 
p ressure  in  these two media.  For  some purposes  ex-  
pe r imen t s  s ta r ted  in one condi t ion  and  t h e n  t r a n s -  
fe r red  to ano the r  were  found  in fo rmat ive .  Deta i led  
topographica l  s tudies  of the  ea r ly  stages of ox ida t ion  
of una l l oyed  z i r con ium u n d e r  va r ious  condi t ions  
were  m a d e  to iden t i fy  modes of film b r e a k d o w n  in  
the var ious  media.  

Materials 

The ana lyses  and  methods  of p r e p a r a t i o n  of the  
alloys and  Van  Arke l  z i r con ium have  b e e n  repor ted  
p rev ious ly  (1-3) .  Some of the  ear l ie r  Van  A r ke l  
z i r con ium specimens,  tes ted as rolled,  con ta ined  de-  
fects fo rmed  d u r i n g  the  ro l l ing  which  caused e n -  
hanced  local corrosion,  and  la te r  m a t e r i a l  was  a n -  
nea led  for 30 m i n  at 750~ a t r e a t m e n t  which,  com-  
b ined  wi th  m u l t i p l e  a n n e a l i n g  b e t w e e n  successive 
rol l ings,  no t  on ly  r educed  the t e n d e n c y  for the  for -  
m a t i o n  of surface  defects, bu t  also r educed  the  over -  
all  we igh t  gains  in  some tests (3) .  For  the topo-  
graphica l  s tudies  Van  Arke l  m a t e r i a l  of la rge  g ra in  
size was  prepared ,  e i ther  by  f u r t h e r  ~ - a n n e a l i n g  or 
b y  the  me thod  of L a n g e r o n  and  Leh r  (5).  Us ing  the  
l a t t e r  it  was  found  possible,  wi th  four  or five 1 -week  

cycles, to grow crysta ls  up  to 3-4 cm 2 in  size in  m a -  
te r ia l  1 m m  thick.  

Apparatus  and Procedures 

Ear l i e r  pub l i ca t ions  have  descr ibed the  au toc laves  
and  other  appa ra tu s  used for tests  in  s t eam at  a tmos-  
pher ic  p ressure  a nd  at h igh  p ressure  (1, 2) and  also 
the  s ta inless  steel  tubes  used to a t t a in  condi t ions  of 
high t e m p e r a t u r e  and  p ressure  in  shor t  ( < 7  m i n )  
t imes  (3) .  A p p a r a t u s  s imi la r  to tha t  used for a tmos -  
pher ic  pressure  s team was used for oxygen  at 1 a tm  
pressure .  Tests in  h i g h - p r e s s u r e  oxygen  were  con-  
duc ted  in  s ta t ic  gas us ing  the  same autoc laves  as 
used for s team, or in  f lowing gas in  a modified 
autoclave.  The l a t t e r  was  connec ted  to an  oxygen  
cy l inder  (Br i t i sh  Oxygen  C o m p a n y  b r e a t h i n g  q u a l -  
i ty  con ta in ing  ~ 20  v p m  w a t e r  vapor )  a nd  to a 
"Grove"  b a c k - p r e s s u r e  r egu la to r  which  m a i n t a i n e d  
the des i red p ressure  whi le  a l lowing  a flow of abou t  
50 m l / m i n  (at  1000 psi, 500~ of oxygen.  A f u r t he r  
modif icat ion of this  appara tus ,  in  which  a second au -  
toclave con t a in ing  w a t e r  was connec ted  to the pipe 
supp ly ing  the  h i g h - p r e s s u r e  gas, p e r m i t t e d  expe r i -  
men t s  in  l o w - p r e s s u r e  s t eam ~ h i g h - p r e s s u r e  gas. 
In  these  e xpe r i me n t s  the  gas was  e i ther  a rgon  or 
oxygen,  and  the  composi t ion  of the  corrosion m e -  
d i u m  was d e t e r m i n e d  by  condens ing  a nd  f reez ing  the  
water ,  d o w n s t r e a m  f rom the  r egu la to r  valve ,  and  
d e t e r m i n i n g  the  gas flow at  a tmospher ic  pressure ,  
w i th  a Ro tame te r  (Fig. 1). In  e xpe r i me n t s  w i th  oxy-  
g e n / s t e a m  m i x t u r e s  the  appa ra tu s  was  flushed and  
pressur ized  wi th  a rgon  d u r i n g  h e a t i n g  a nd  cooling 
periods.  

856 
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Fig. 1. Pressure apparatus for argon/steam or oxygen/steam: 
A, high-pressure regulator; B, water reservoir (~100~ C, 
autoclave containing specimens; D, back pressure regulator; E, 
U-tube for estimation of water carry-over ( ~  - -40~ F, burst- 
ing disks; G, pressure gauges; H, rotameter; _--_" _-connections 
with trace heating. 

Fig. 2. Apparatus for exposure of zirconium to purified oxygen 
at atmospheric pressure; A, liquid N2 trap; B, 1 in. metal valve; 
C, "getter" furnace (~550~ D, Zr alloy "getter"; E, lifting 
solenoid; F, fine Pt wire; G, specimen; H, thermocouple pocket; 
I, furnace (500~ J, ion gauge; K, solid CO2/CHCI3 trap 
( ~  - -40~ L, mercury manometer; M, greaseless top (P.T.F.E. 
seat); N, mercury filled vent; O, drying train; P, needle valve. 

A n o t h e r  a p p a r a t u s  used  for  o x y g e n  at  a t m o s p h e r i c  
p r e s s u r e  is s h o w n  in Fig .  2. The  spec imens  w e r e  
l o w e r e d  in to  t h e  f u r n a c e  a f t e r  t he  gas  h a d  been  d r i e d  
b y  p h o s p h o r u s  p e n t o x i d e  and  f r eez ing  and  h a d  b e e n  
e x p o s e d  to a f r e sh  Z r - l %  Ni or  Z r - l %  Cu a l loy,  
o v e r n i g h t  a t  550~ This  e x p o s u r e  to a l loys  of h igh  
h y d r o g e n  u p t a k e  was  i n t e n d e d  to " g e t t e r "  r e a c t i v e  
i m p u r i t i e s  in t he  gas  (12) .  No r u b b e r  seals  or  
g r ea sed  t aps  w e r e  used  in t he  a p p a r a t u s .  C o n t a m i n a -  
t ion  f rom the  air ,  w h i c h  m i g h t  affect  t he  resu l t s ,  was  
e l i m i n a t e d  b y  the  use  of a f u l l y  s ea l ed  sys tem.  

F i l m  c a p a c i t y  m e a s u r e m e n t s  to d e t e r m i n e  t h e  d e -  
g ree  of c r a c k i n g  or  p o r o s i t y  w e r e  p e r f o r m e d  as d e -  

I i 

/ / / / / 

/ / " / I  

,~,/// 

/ j ///~" 

/ 

Fig. 3. Weight gain vs .  time for Zircaloy 2 (ZI05 as rolled) in 
steam at 1 atm, 1250 and 1500 psi, 500~ ~ ,  1 arm, flowing; 
[~, 1250 psi, flowing; I ,  1500 psi, static. 

sc r ibed  e l s e w h e r e  (1, 6) .  A n o d i c  f i lms w e r e  p r e p a r e d  
on V a n  A r k e l  z i r con ium,  a n d  the  r e l a t i o n  b e t w e e n  
w e i g h t  ga in  and  color  (or  i n t e r f e r e n c e  m i n i m a ,  
m e a s u r e d  on a s p e c t r o p h o t o m e t e r )  w e r e  d e t e r m i n e d  
(4 ) .  Cor ros ion  f i lms w e r e  e s t i m a t e d  b y  c o m p a r i s o n  
of colors  ( f r o m  p h o t o g r a p h i c  t r a n s p a r e n c i e s  t a k e n  
at  50-100X magn i f i ca t i on )  or, on l a rge  c rys ta l s ,  b y  
s p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s ,  a s s u m i n g  the  
p r o p e r t i e s  of t he  anod ic  and  t h e r m a l  f i lms to  be  s i m i -  
lar .  

Results 

Inl~uenceof pressure.--There was  a g e n e r a l  t e n d -  
ency  for  co r ros ion  in  s t e a m  at  h igh  a n d  low p r e s -  
su res  to b e c o m e  m o r e  s i m i l a r  as t he  r e s i s t a nc e  of  t h e  
a l l o y  i m p r o v e d .  This  is i l l u s t r a t e d  b y  T a b l e  I. F o r  
one of t he  two  ba t c he s  of Z i r c a l o y  2, w e i g h t  ga in  r e -  
su l t s  a t  1 a t m  and  1250 psi  w e r e  s i m i l a r  (F ig .  3 and  
4 ) ;  but ,  in  sp i te  of this ,  f i lm poros i t i e s  a t  t he  h i g h e r  

Table I. Effect of steam pressure on corrosion of alloys at 500~ 

Alloy, w t  % 

1 A t m  

Wt gain,  n e a t  
Hea t  t r e a t m e n t  mg/dm~ Time,  days  t r e a t m e n t  

1500 psi  

Wt gain,  mg /dm2  Time,  days  

Van Arke l  Zr  ( l l B )  a 37 1 
Kro l l  stock (ZL 9015) ~ 326 28 
0.1 Cu ( ,  ~- ~) 417 49 (~ W ~) 
0.3 Cu ~ (Ful l  quench)  98 10 (~ ~- ~) 
0.3 Cu (~ ~- ~) 133 20 (~ -I- ~) 
1.0 Cu (~ ~-/~) 306 68 (~ ~ ~) 
0.3 Fe  ~ (Ful l  quench)  720-908 75 (~ + ~) 
0.3 W ~ 305 48 
0.5 Cu 0.5 W ~ 122 34 
0.5 Cu 0.5 W ~ 151 54 

3,000-5,000 
F lak ing  
4,000 

180" 
200* 
440 ( In te rpo la ted)  
600 ( In te rpo la ted)  

Comple te ly  oxidized 
120 ( In te rpo la ted)  
145 ( In te rpo la ted)  

1 
3 
7 

10 
20 
68 
75 

3 
34 
54 

* N o n u n i f o r m  corrosion. 
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Fig. 4. Weight gain vs. time of Zircaloy 2 (Z8006) in steam at 
I atm and 1500 psi, 500~ V ,  1 atm, flowing (specimens 
quenched from 1000~ A ,  1 arm, flowing (specimens as rolled); 
A ,  1500 psi, static (specimens as rolled). 

p r e s s u r e  w e r e  s ign i f i can t ly  lower ,  as shown  b y  the  
c a p a c i t y  va lue s  of Fig.  5. The  l a t t e r  shows  the  r e -  
c ip roca l  capac i ty ,  because  th is  q u a n t i t y  is p r o p o r -  
t i ona l  to t he  " c a p a c i t y  t h i cknes s "  of u n c r a c k e d  ox ide  
(1, 6) .  I t  was  f u r t h e r  f o u n d  tha t ,  w h e n  spec imens  of 
Z i r c a l o y  2 w e r e  c o r r o d e d  i n i t i a l l y  in  h i g h - p r e s s u r e  
s t e a m  a n d  t h e n  t r a n s f e r r e d  to low p re s su re ,  t h e i r  ca -  
p a c i t y  v a l u e s  c h a n g e d  t o w a r d  va lue s  c h a r a c t e r i s t i c  
of  the  n e w  condi t ions ,  and  a r e v e r s e  effect  was  f o u n d  

,,~/"/'" 

Fig. 6. 1/C vs. weight gain for Zircaloy 2 (Z105 as rolled), 
transferred high ~ low pressure steam at 500~ curve 1, be- 
havior at high pressure; curve 2, behavior at low pressure; [~, trans- 
ferred from 1 arm to 1250 psi steam; ~1, transferred from 1250 
psi to 1 atm steam; dotted lines drawn from estimated 1/C at 
observed weight gain at time of transfer. 

on transferring from low to high pressure. Since the 
c a p a c i t y  m e a s u r e m e n t  is d e s t r u c t i v e ,  i t  w a s  neces -  
s a r y  to  e s t i m a t e  t he  v a l u e s  be fo re  t r ans f e r ,  us ing  t h e  
o b s e r v e d  w e i g h t  ga in  and  the  a l r e a d y  e s t a b l i s h e d  r e -  
l a t ions  b e t w e e n  r e c i p r o c a l  c a p a c i t y  a n d  w e i g h t  gain.  
H o w e v e r ,  as Fig.  6 shows,  the  p r e s s u r e - t r a n s f e r s  
p r o d u c e d  changes  l a r g e  c o m p a r e d  w i t h  t he  u n c e r -  
t a in t i e s  of th is  e s t ima te .  In  a g r e e m e n t  w i t h  t he  s u g -  
ges t ion  t h a t  less  porous  f i lms fo rm in h i g h - p r e s s u r e  
s t eam,  t he  w e i g h t - g a i n  r a t e s  also c h a n g e d  on m a k -  
ing  a t r ans f e r ,  u p w a r d  w i t h  an  i nc rea se  of p r e s s u r e  
and  d o w n w a r d  for  a d o w n w a r d  p r e s s u r e  change ,  as 
shown  in Fig.  7. 

Van  A r k e l  z i r con ium,  w h i c h  is m u c h  less r e s i s t a n t  
to s team,  s h o w e d  a g r e a t e r  e n h a n c e m e n t  of c o r r o -  
s ion w i t h  i nc rea se  of p r e s s u r e ,  Fig .  8, and  w i t h  th i s  
m a t e r i a l  c a p a c i t y  m e a s u r e m e n t s  i n d i c a t e d  t h a t  h i g h -  
p r e s s u r e  f i lms w e r e  m o r e  po rous  t h a n  those  f o r m e d  
in l o w - p r e s s u r e  s t e a m  (Fig .  9) .  

F o r  c o m p a r i s o n  w i t h  t h e  l a r g e  effect of s t e a m  
p r e s s u r e  on  the  co r ros ion  of  V a n  A r k e l  z i r con ium,  

Fig. 5. 1/C vs. weight gain for Zir- 
caloy 2 (as rolled) and Zr/1% Cu in 1 
atm and high-pressure steam at 
500~ [~, Z105 1 atm, flowing; ~ ,  
Z105, 1250 psi, flowing; I I ,  Z105, 
1500 psi, static; A ,  Z8006 1 arm, 
flowing; Jk, Z8006, 1500 psi, static; 
O, Zr /1% Cu ! atm, flowing; e, 
Zr/1% Cu, 1500 psi, static. 

/ w 

�9 o 
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. . . . . . .  4 -  - ~  . . . . . . . . .  4 - -  --  _ -- - -  ~ 

�9 ,~ ~ ~o ~ ~o 
~ ~ N  a ~ $ 1 ~  ~)  



Vol. 110, No. 8 INFLUENCE OF ENVIRONMENT ON CORROSION 859 

t / 

11/ 

/~I . ,~-'~ ./_~'/ ~ . "  

[ / 

Fig. 7. Weight gain vs. time for Zircaloy 2 (Z105 as rolled) 
"cross-over" experiment, (transferred between 1250 psi and 1 atm 
steam at 500~ ~ ,  1250 psi; ~ ,  1 atm; 1' 17-X, transferred from 
1 arm to 1250 psi; ~, []-I~l, transferred from 1250 psi to 1 arm. 

tes t s  in o x y g e n  w e r e  p e r f o r m e d  and  s h o w e d  v e r y  
l i t t l e  d i f fe rence  b e t w e e n  o x i d a t i o n  r a t e s  in  1 a t m  a n d  
1000 psi  o x y g e n  (Fig .  8, 10).  The  v a r i a t i o n s  of  m o i s -  
t u r e  con ten t  in  t he  d i f fe ren t  e x p e r i m e n t s  h a d  on ly  
s m a l l  effects.  In  a g r e e m e n t ,  the  1 /C v a l u e s  for  t he se  
e x p e r i m e n t s  w e r e  close to t he  v a l u e s  for  u n c r a c k e d  
films, Fig .  9. F u r t h e r m o r e ,  as m i g h t  be  a n t i c i p a t e d  
f r o m  the  c a p a c i t y  da ta ,  t r a n s f e r  f r o m  l o w -  to h i g h -  
p r e s s u r e  o x y g e n  and  v i c e - v e r s a  h a d  l i t t l e  effect  on 
k ine t i c s  or  c a p a c i t y  v a l u e s  (Fig .  9, 11).  

Exper iments  in gas mix tures . - - In  an a t t e m p t  to 
e l u c i d a t e  t h e  " c o m p e n s a t i o n "  effect of s t e a m  p r e s s u r e  
on the  p o r o s i t y  of f i lms on Z i r c a l o y  2, e x p e r i m e n t s  

/ 

! 
/ 

,; . f  
) dr" ~ 

. . f  

o ~  

Fig. 8. Weight gain vs. time (log/log plot) for annealed Van Arkel 
zirconium in oxygen and steam at 1 arm and 1000 psi for as-rolled 
Van Arkel zirconium in steam at 1 atm, and for 0.5% Cu, 0.5% 
W alloy in steam at 1500 psi, 500~ I I ,  steam 1000 psi, static; 
I-i, steam 1 atm, flowing; �9 O2 1 atm, dried, flowing; X, 02 1 
arm, dried, static; e, 02 1000 psi direct from cylinder; [~, steam 
1000 psi ~ H3BO3 (static); ~ ,  steam 1 arm, flowing, (as-rolled 
zirconium); A ,  steam 1500 psi static (annealed Zr, 0.5% Cu; 
0.5% W).  

w e r e  p e r f o r m e d  in w h i c h  s t e a m  a t  l ow  p r e s s u r e  was  
m i x e d  w i t h  a r g o n  or  o x y g e n  a t  a h igh  p r e s su re .  
W e i g h t  ga in  r e su l t s  for  these  e x p e r i m e n t s  a r e  g iven  
in Fig .  12. As s h o w n  in Fig .  13, t he  f o r m e r  m i x t u r e  
gave  f i lms w i t h  r e c ip roc a l  capac i t i e s  t y p i c a l  of l o w -  
p r e s s u r e  s team.  T r a n s f e r  e x p e r i m e n t s ,  f r o m  the  gas  
m i x t u r e  to h i g h - p r e s s u r e  s t e a m  gave  c o n c o r d a n t  r e -  
su l t s  for  bo th  c a p a c i t y  (F ig .  13) a n d  w e i g h t  ga in  
b e h a v i o r  (Fig .  14).  In  b o t h  r e s p e c t s  t he  a r g o n - s t e a m  
fi lms b e h a v e d  as l o w - p r e s s u r e  films. A r a t h e r  s i m i l a r  
r e su l t  was  o b t a i n e d  in  an  o x y g e n / s t e a m  m i x t u r e  
(Fig .  13),  a l t h o u g h  one  poin t ,  a t  143 m g / d m  2, sug -  
ges t ed  a poss ib le  a p p r o a c h  to " h i g h - p r e s s u r e  s t e a m "  
behav io r .  

Topographical s tudies . - -To i d e n t i f y  t h e  modes  of 
f i lm b r e a k d o w n  in d i f fe ren t  med ia ,  a n d  in  p a r t i c u l a r  
to c o m p a r e  b e h a v i o r  in  s t e a m  and  in oxygen ,  t o p o -  
g r a p h i c a l  s tud ies  of the  e a r l y  s tages  of t he  c o r r o -  
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Fig. 9. 1/C vs. weight gain for an- 
nealed Van Arkel zirconium in steam 
and oxygen at 500~ �9 1 atm 02 
(dried P205), flowing; e, 1000 psi 
02, flowing; O, 1 atm 02 transferred 
to 1000 psi 02; O, 1000 psi 02 trans- 
ferred to 1 atm 02; I-1, 1 atm steam, 
flowing; El, 1000 psi steam, static; 
[ ] ,  1000 psi steam + HsBO3, static. 
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Fig. 10. Weight gain vs. time for annealed Van Arkel zirconium 
in oxygen at 1 atm and 1000 psi 500~ �9 1 atm (dried P205), 
flowing; e, 1000 psi, static or flawing direct from cylinder. 
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Fig. 11. Weight gain vs. time for annealed Van Arkel zirconium 
transferred between 1 atm and 1000 psi oxygen at 500~ �9 1 
atm 02 (dried P205), flowing; e, 1000 psi O2, flowing; '~ trans- 
ferred to high pressure; $ transferred to low pressure. 
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Fig. 12. Weight gain vs. time for as rolled Zircaloy 2 (Z105) 
in argon~steam and oxygen/steam at 500~ �9 6 atm steam 
-I- 1000 psi oxygen; ~], 6 atm steam ~ 1000 psi argon; [7, 1 atm 
steam; El, 1500 psi steam, static. 
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Fig. 13. 1/C vs. weight gain for as-rolled Zircaloy (Z105) in 
argon/steam and oxygen steam, and after transfer from argon/ 
steam to 1000 psi steam at 500~ curve 1, behavior in high- 
pressure steam; curve 2, behavior in low-pressure steam; O, 6 atm 
steam ~ 1000 psi 02; [~, 6 atm steam -4- 1000 psi argon; I I ,  
transferred from 6 atm steam ~ 1000 psi argon to 1000 psi steam; 
dotted line drawn from estimated 1/C at observed weight gain at 
time of transfer. 
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Fig. 14. Weight gain vs. time for as-rolled Zircaloy 2 (Z105) in 
argon/steam transferred to 1000 psi steam at 500~ [ ] ,  6 atm 
steam @ 1000 psi argon; I I ,  1000 psi steam; t transferred from 
argon/steam to 1000 psi steam. 

s ion of Van  A r k e l  z i r c o n i u m  were  made.  Succes -  
s ive  e x a m i n a t i o n s  after exposure  to s t eam at a tmos-  
pher ic  pressure  s h o w e d  three  dis t inct  p h e n o m e n a ,  
i l lustrated in Fig. 15 and 16: 

1. U n i f o r m  f i lm growth,  at different  rates on 
different  grains,  as a lready  reported by  Pems ler  
( t 0 ) .  The  d e p e n d e n c e  of rate on or ientat ion  was  not  
de termined  in the  present  work ,  but two  groups of 
t w e l v e  r a n d o m l y  se lec ted  grains  were  each found to 
contain  two types ,  "fast" and "slow." The  former 
showed  at t h i c k n e s s / t i m e  re la t ion  b e t w e e n  cubic  and 
parabolic ,  the  latter a re la t ion  h a v i n g  a r a t e - l a w  
i n d e x  of about  3. V a l u e s  for a group of n i n e  grains  
are plot ted in  Fig.  17. 

2. A u n i f o r m  gray  colorat ion succeeded  the  se -  
quence  of in ter ference  colors, at an e s t imated  w e i g h t  
ga in  of b e t w e e n  5 and 8 m g / d m  2. This  state was  
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Fig. 17. Weight gain vs. time (log/log plot) for individual grains 
of Van Arkel zirconium in steam at | arm 500~ ~ . ,  esti- 
mated from interference colars; . . . . . .  , aver-all weight gain, 
by weighing. 

Fig. 15. Annealed Van Arkel zirconium in 1 atm steam at 500~ 
500 min. Magnification 80X. 

Fig. 18. Enlarged view of part of area shown in Fig. 15, 16 
after 500 min in steam at 1 atm 500~ Magnification approxi- 
mately 680X. 

Fig. 16. Annealed Van Arkel zirconium in 1 atm steam at 500~ 
42 hr. Magnification approximately 80X. 

reached by "fast" films in 1-4 hr, whereas "slow" 
films retained their colors to at least 60 hr, when 
they were entirely covered by "pustules" (3 below). 

3. Local formation of thick mounds or pustules of 
oxide, visible in Fig. 16 and shown at successive 
stages in Fig. 18, 19, and 20. These appeared white 
under polarized light and were, accordingly, con- 
sidered to contain numerous microcracks. 

No simple rate law described the growth of colored 
films, and a comparison with the oxide-dissolution 
data of Pemsler (10) suggested that, at least with the 
slow films significant amounts of oxygen (~10% of 
the weight gain) could be dissolved in the metal 
during corrosion. 

Fig. 19. Same area as Fig. 18 after 800 min in steam at 1 atm, 
500~ Magnification approximately 680X. 

It was noteworthy that pustules hardly ever began 
on grains carrying fast growing films, even though 
these contained suitable nuclei (see Fig. 16). 
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Fig. 20. Same area as Fig. 18 after 24 hr in steam at 1 atm, 
500~ Magnification approximately 680X. 

In specimens which contained a significant amount  
of hydr ide  and had been ra the r  heav i ly  etched be-  
fore corrosion, pustules  began p redominan t ly  along 
the grooves formed by  e tch ing-out  hydr ide  platelets ,  
but, when these fea tures  were  less numerous,  pus-  
tules occurred at gra in  boundaries .  Pustules  also 
s ta r ted  f rom other features,  such as twins and sl ip 
lines, and from unidentif ied inclusions in the meta l  
surface. These observat ions gave the genera l  im-  
pression that  the conditions for the i r  product ion were  
p r imar i l y  geometrical ,  i.e., that  surface fea tures  
provid ing  sharp curva tures  provoked  film cracking 
and breakdown.  

Fig. 22. Surface of Van Arkel zirconium after 14 hr at 1 atm 
and 4 hr at 500 psi in steam at 500~ Magnification approxi- 
mately S00X. 

Exper iments  at  high pressure  were  also conducted 
in a rec i rcula t ing  s team appara tus  (2) in which 
specimens were  exposed in i t ia l ly  at 1 atm, the pres -  
sure being ra ised to a high value  for appropr ia t e  
periods. This procedure  was adopted because the ap-  
para tus  could change the pressure  quickly,  but  could 
only make slow changes of t empera tu re .  The resul ts  
indicated no significant effect on the growth  of color 
films, but  showed a considerable  enhancement  of 
pustule  growth  at high pressures,  as i l lus t ra ted  in 
Fig. 21 and 22. 

A few observat ions of a 1% Cu al loy in a tmos-  
pheric  pressure  s team suggested tha t  pus tule  growth  
was much less serious than  on una l loyed  zirconium. 

Topographical  studies were  also made  of Van 
Arke l  zirconium exposed to d ry  oxygen. F i lm  growth  

Fig. 21. Surface of Van Arkel zirconium after 17 hr at 1 atm 
and 1 hr at 500 psi in steam at 500~ Magnification approxi- 
mately 500X. 

Fig. 23. Surface of Van Arkel zirconium after 24 hr in oxygen 
at I atm, 500~ showing general cracking (Formvar/carbon replica, 
shadowed Pd/Au). Magnification approximately 4000X. 
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Fig. 24. Surface of Van Arkel zirconium, after 10 rain in dry 
oxygen at 1 atm, 500~ showing "fronts" of thicker oxide. Magni- 
fication approximately IOOX. 

was  d i f f e ren t  f r o m  t h a t  in  a t m o s p h e r i c  p r e s s u r e  
s t e a m  in two  s igni f icant  r e spec t s :  

1. R a p i d  loca l ized  b r e a k d o w n  d id  no t  occur,  a l -  
t h o u g h  the  longe r  e x p o s u r e s  d id  p r o d u c e  f i lm c r a c k -  
ing  of a m o r e  g e n e r a l  type ,  Fig.  23. 

2. I n s t e a d  of the  u n i f o r m  colors  on each  gra in ,  as 
in 1 a r m  s team,  v a r i a t i o n s  w i t h i n  t he  g r a in s  w e r e  
found.  In  sho r t  e x p o s u r e s  these  took  the  f o r m  of an  
e n h a n c e d  r a t e  of co lor  g r o w t h  w h i c h  s t a r t e d  a t  
po in t s  w i t h i n  g r a in s  or  a t  t h e i r  b o u n d a r i e s  a n d  s w e p t  
across  t he  gra in ,  so t h a t  the  t h i cknes s  c h a n g e d  
s t e ep ly  at  a " f r o n t "  of c lose ly  spaced  colors  (Fig .  24) .  
These  f ron t s  also c rossed  b o u n d a r i e s  and  a f fec ted  
n e i g h b o r i n g  gra ins .  A l t h o u g h  such g r o w t h  e n h a n c e -  
m e n t  s o m e t i m e s  h a d  an  obv ious  s t a r t i n g  poin t ,  such  
as h y d r i d e  or  o the r  p r e c i p i t a t e ,  or  a g r a i n  b o u n d a r y ,  
t h e r e  was  n o t h i n g  to show how the  inf luence  s p r e a d  
to a d j o i n i n g  oxide .  

A f u r t h e r  obse rva t ion ,  whose  i m p l i c a t i o n s  canno t  
y e t  be  assessed,  was  t h a t  t he  colors  f o r m e d  in o x y g e n  
w e r e  m u c h  less b r i g h t  t h a n  those  f o r m e d  in 1 a t m  
s team,  and  h a d  a pas ty ,  s u b d u e d  t int .  I t  s eems  poss i -  
b le  t ha t  d i f fe rence  of l i gh t  a b s o r p t i o n  could  be  r e -  
spons ib le .  

Discussion 

In]~uence of Pressure: ZircaIoy 2 

Tab le  I i nd ica t e s  a g e n e r a l  t e n d e n c y  for  t he  sens i -  
t i v i t y  of co r ros ion  to s t e a m  p r e s s u r e  to  i nc rea se  as 
r e s i s t a n t  c h a r a c t e r  of t he  a l l oy  d imin i shes .  As  d i s -  
cussed  e a r l i e r  (1) ,  a t  t he  w e i g h t  ga ins  i n v o l v e d  here ,  
cor ros ion  is p r o b a b l y  con t ro l l ed  b y  the  e x t e n t  to 
w h i c h  the  ox ide  f i lms c rack ,  r a t h e r  t h a n  b y  p rocesses  
w i t h i n  t he  ox ide  la t t i ce .  I n  a g r e e m e n t  w i t h  th i s  t h e  
effect of p r e s su re ,  a l t h o u g h  on ly  a p p r o x i m a t e l y  i n -  
d i c a t e d  b y  T a b l e  I, is c l e a r l y  m o r e  c o n s i d e r a b l e  t h a n  
the  f r a c t i o n a l - p o w e r  r e l a t i o n s h i p  a p p r o p r i a t e  to 
ionic processes .  

U n d e r  t hese  c i r c u m s t a n c e s  i t  s eems  r e a s o n a b l e  to 
a t t r i b u t e  e n h a n c e d  cor ros ion  a t  h i g h e r  p r e s s u r e s  to 
an  i n c r e a s e d  flow of s t e a m  t h r o u g h  fine c racks  in 
t he  oxide .  A p p r o x i m a t e  ca lcu la t ions ,  b a s e d  on 
Po i seu i l l e  flow, i n d i c a t e  t h a t  a t  a r a t e  c o r r e s p o n d -  
ing  to cor ros ion  a t  5000 mdd ,  a p r e s s u r e  d r o p  of 
s e v e r a l  h u n d r e d  psi  w o u l d  be  s u p p o r t e d  b y  c racks  

Fig. 25. Surface of Van Arkel zirconium after 10 hr in steam 
at 1 atm, 500~ showing pustule (Formvar/carbon replica, shad- 
owed Pd/Au). Magnification approximately 4000X. 

10~_ wide  and  spaced  0.2t~ a p a r t  in  a f i lm 10t~ th ick .  
E v i d e n t l y ,  a s t r e a m l i n e  flow e q u a t i o n  canno t  be  
a p p l i e d  to such  fine pores ,  w h i c h  a r e  of a size a p -  
p r o p r i a t e  to a c t i v a t e d  d i f fus ion  (7 ) ,  and ,  q u a l i t a -  
t ive ly ,  t he  l a t t e r  i nvo lves  a h i g h e r  p r e s s u r e  d rop  a t  
a g iven  co r ros ion  ra te ,  i.e., t he  r a t e  is even  m o r e  
l i k e l y  to be p r e s s u r e - s e n s i t i v e .  

In  th is  connec t ion  the  c a p a c i t y  va lue s  for  Z i r -  
c a l o y  2 (F ig .  5) w e r e  p a r t i c u l a r l y  i n t e r e s t i n g  b e -  
cause  t h e y  s u g g e s t e d  tha t ,  in  h i g h e r  p r e s s u r e  s team,  
less po rous  f i lms w e r e  fo rmed .  T h e  h i g h e r  va lue s  of 
1 /C ind i ca t e  a g r e a t e r  " m e a n  p r o t e c t i v e  t h i cknes s "  
of f i lm (6) .  M o r e o v e r  the  k i n e t i c  d a t a  of Fig .  3 show 
tha t ,  e i t he r  f o r t u i t o u s l y  or  for  m o r e  f u n d a m e n t a l ,  
u n e x p l a i n e d  reasons ,  t he  v a r i a t i o n  of p o r o s i t y  was  
ju s t  sufficient  in one case  (Z105)  to offset t he  inf lu-  
ence of p re s su re ,  and  so to p r o d u c e  v e r y  s i m i l a r  co r -  
ros ion  r a t e s  in  t he  two  med ia .  The  r e a l i t y  of the  e f -  
fec t  is conf i rmed  b y  Fig.  6 and  7. W h e n  spec imens  
w e r e  t r a n s f e r r e d  f rom one p r e s s u r e  to t he  o ther ,  
t h e i r  capac i t i e s  c h a n g e d  t o w a r d  va lue s  a p p r o p r i a t e  
to t he  n e w  condi t ions ,  and  t h e i r  w e i g h t  ga in  b e -  
h a v i o r  i m m e d i a t e l y  a f t e r  t r a n s f e r  was  cons i s t en t  
w i t h  the  f i lms f o r m e d  i n i t i a l l y  in  l o w - p r e s s u r e  s t e a m  
be ing  m o r e  po rous  t h a n  those  s t a r t e d  a t  h igh  p r e s -  
sure.  A s ing le  p a i r  of c a p a c i t y  va lue s  for  a 1% Cu 
a l loy  (Fig .  5) sugges t ed  t h a t  t he  s a m e  m i g h t  be  t r u e  
for  th i s  m o r e  r e s i s t a n t  m a t e r i a l .  

InSluence of Pressure: Van Arke l  Zirconium 

The  r e sponse  of V a n  A r k e l  z i r con ium,  a m a t e r i a l  
of low r e s i s t ance  to s team,  to  an  i nc rea se  of p r e s s u r e  
was  qu i t e  d i f f e ren t  f r o m  t h a t  of m o r e  r e s i s t a n t  
a l loys .  As  Fig .  8 shows,  co r ros ion  at  h igh  p r e s s u r e  
was  m u c h  m o r e  s eve re  t h a n  a t  1 a tm,  a n d  the  ca -  
p a c i t y  d a t a  of  Fig.  9 show the  h i g h - p r e s s u r e  f i lms to 
be  m o r e  c r a c k e d  t h a n  those  f o r m e d  at  low p re s su re .  
T h e r e  is, in fact ,  no s ign  of t he  " c o m p e n s a t i o n "  effect 
f o u n d  w i t h  m o r e  r e s i s t a n t  a l loys  and  due  p r e s u m -  
a b l y  to an  effect of t he  benef ic ia l  e l e m e n t s  w h i c h  
the  l a t t e r  conta ins .  The  h i g h e r  r a t e  of s t e a m  flow 
w h i c h  is poss ib l e  a t  h igh  p r e s s u r e  r e su l t s  in  a g r e a t e r  
r a t e  of cor ros ion ,  w h i c h  in  t u r n  a p p a r e n t l y  f u r t h e r  
enhances  f i lm d e g r a d a t i o n .  
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In  con t ras t ,  the  r e a c t i o n  of V a n  A r k e l  z i r c o n i u m  
w i t h  o x y g e n  was  s i m i l a r  a t  h igh  and  low p r e s s u r e s  
(Fig .  10),  a n d  in bo th  m e d i a  r e c i p r o c a l  capac i t i e s  
w e r e  h igh  (Fig .  9) ,  i n d i c a t i n g  low poros i ty .  M o r e -  
over ,  t r a n s f e r  f r o m  low to h igh  p r e s s u r e  gave  no 
s h a r p  changes  of o x i d a t i o n  k ine t i c s  (Fig .  11),  and  
the  r e c i p r o c a l  capac i t i e s  of spec imens  w h i c h  h a d  
u n d e r g o n e  such  t r a n s f e r s  w e r e  s i m i l a r  to (or  pos -  
s ib ly  even  s l i g h t l y  h i g h e r  t h a n )  those  of the  o the r  
o x y g e n  e x p o s e d  spec imens .  

These  facts  a l l  i nd i ca t e  t h a t  t he  f o r m a t i o n  of  
pores  and  the  flow of gas  t h r o u g h  t h e m  p l a y s  a 
neg l ig ib l e  p a r t  in  the  r e a c t i o n  of u n a l l o y e d  z i r -  
con ium w i t h  oxygen ,  a t  l eas t  a t  t he  w e i g h t  ga ins  
e x a m i n e d  here .  This  is a sha rp  c o n t r a s t  w i t h  b e -  
h a v i o r  in s t e a m  and  sugges t s  t h a t  some  f e a t u r e  of 
t he  l a t t e r ,  p r o b a b l y  r e l a t e d  to t he  p re sence  of h y d r o -  
gen, p l a y s  an  i m p o r t a n t  p a r t  in f i lm d e g r a d a t i o n .  

Corrosion o~ Zircaloy 2 in Gas~Steam Mixtures 

The  o b s e r v a t i o n s  d i scussed  a b o v e  m a y  be  r a t i o n -  
a l ized  in the  sugges t ion  t h a t  co r ros ion  in s t e a m  is 
con t ro l l ed  b y  a t h in  " p r o t e c t i v e  l a y e r "  of ox ide  at  
t he  base  of the  film, a d j a c e n t  to the  meta l .  H o w e v e r ,  
th is  l aye r ,  in  w h i c h  m a t e r i a l  t r a n s p o r t  is ionic  in 
cha rac t e r ,  is no t  i t se l f  r a t e - d e t e r m i n i n g  be c a use  
c r a c k i n g  or  some  o t h e r  f o rm  of d e g r a d a t i o n  is 
s t e a d i l y  a d v a n c i n g  in to  it. The  cor ros ion  ra te ,  and  
the  ( c o n s t a n t )  t h i cknes s  of the  p r o t e c t i v e  l aye r ,  
thus  d e p e n d  on a b a l a n c e  b e t w e e n  f i lm g r o w t h  ( r e p -  
r e s e n t e d  b y  conve r s ion  of m e t a l  to ox ide )  a n d  fi lm 
d e g r a d a t i o n  ( c r ack ing ,  p r o b a b l y  r e l a t e d  to s t resses  
a c c u m u l a t i n g  in t he  ox ide  f i lm) .  

E x p e r i m e n t s  w i t h  Z i r c a l o y  2 sugges t ed  tha t ,  in 
h i g h - p r e s s u r e  s t eam,  th is  b a l a n c e  was  d i sp l aced  in 
such a w a y  as  to c o m p e n s a t e  the  inf luence  of p r e s -  
su re  on s t e a m  flow t h r o u g h  the  po rous  p a r t  of t h e  
film, a n d  a t t e m p t s  w e r e  m a d e  to inf luence  the  b a l -  
ance  b y  o the r  means ,  w i t h  a v i e w  to e s t ab l i sh ing  i ts  
m e c h a n i s m .  The  first  a t t e m p t  was  b a s e d  on the  con-  
s i d e r a t i o n  t h a t  a h igh  p r e s s u r e  may ,  p u r e l y  m e c h a n -  
ica l ly ,  a id  the  e l i m i n a t i o n  of c losed p o r o s i t y  f r o m  a 
sol id  (8) .  I f  such p o r o s i t y  w e r e  a p r e c u r s o r  to t he  
open c r a c k i n g  p o s t u l a t e d  in t he  cor ros ion  m e c h a n i s m  
(open  p o r o s i t y  w o u l d  of  course  be  una f fec t ed  b y  
e x t e r n a l  p r e s s u r e ) ,  a h igh  p r e s s u r e  of i n e r t  gas, 
a d d e d  to s t e a m  at  low p re s su re ,  shou ld  r e p r o d u c e  
the  f i lm p o r o s i t y  c h a r a c t e r i s t i c  of h i g h - p r e s s u r e  
s team.  F i g u r e  13 shows  t h a t  such  a r e su l t  was  no t  
o b t a i n e d  in  1O00 ps i  a r g o n  + 6 a t m  s team,  t he  f i lm 
capac i t i e s  be ing  t y p i c a l  of l o w - p r e s s u r e  s team.  F u r -  
t he r  con f i rma t ion  of  the  f i lms '  " low p r e s s u r e "  c h a r -  
ac t e r  was  p r o v i d e d  b y  t r a n s f e r  to h i g h - p r e s s u r e  
s team,  w h i c h  p r o d u c e d  a s h a r p  i nc rea se  in the  r a t e  
of w e i g h t  ga in  and  an  i nc rea se  in 1 /C (Fig .  13, 14).  

I t  s e e m e d  poss ib le  t h a t  the  g r o w t h / d e g r a d a t i o n  
b a l a n c e  m i g h t  r e s p o n d  to a m o r e  c h e m i c a l  inf luence,  
a poss ib le  e x a m p l e  of w h i c h  was  the  ox id iz ing  c h a r -  
a c t e r  of t h e  m e d i u m .  This  could  p l a y  a p a r t  if  t he  
change  f r o m  s u b s t o i c h i o m e t r i c  to s t o i ch iome t r i c  
ZrO2 w e r e  i n v o l v e d  in  t he  b e h a v i o r  of t he  p r o t e c -  
t ive  p a r t  of t he  film. A n  a t t e m p t  was  m a d e  to s i m u -  
l a t e  such an  inf luence  b y  e x p o s i n g  spec imens  in 1000 
psi  o x y g e n  and  6 a t m  s team.  Aga in ,  the  c a p a c i t y  
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va lues  w e r e  n e a r  to those  a p p r o p r i a t e  to l o w - p r e s -  
su re  films, b u t  t he  r a t h e r  h igh  1 /C v a l u e  a t  143 
m g / d m  2 (Fig .  13) s u g g e s t e d  t h a t  t h e r e  m i g h t  be  
some a p p r o a c h  to h i g h - p r e s s u r e  b e h a v i o r  and  m o r e  
w o r k  a long  these  l ines  seems  w o r t h w h i l e .  

Inhibition oy Corrosion by Boric Acid 

As a f u r t h e r  e x a m p l e  of the  inf luence  of e n v i r o n -  
men t ,  b r i e f  m e n t i o n  m a y  be  m a d e  of t he  v e r y  con-  
s i d e r a b l e  i nh ib i t i on  of  t he  cor ros ion  of V a n  A r k e l  
z i r c o n i u m  in h i g h - t e m p e r a t u r e  s t e a m  w h e n  a b o u t  
3 w t  % of bo r i c  ac id  is d i s so lved  in t he  l a t t e r  (3) .  
The  w e i g h t  ga in  va lue s  of V a n  A r k e l  z i r c o n i u m  in 
i n h i b i t e d  s team,  r e p r o d u c e d  in  Fig .  8, a r e  l o w e r  t h a n  
a lmos t  a l l  those  o b t a i n e d  w i t h  even  the  bes t  a l loys .  
The  ef fec t iveness  of the  i nh ib i t i on  m a y  be  due  to 
the  p r o t e c t i v e  e l ement ,  be ing  in  so lu t ion  in the  
s team,  be ing  r e a d i l y  s u p p l i e d  to a l l  p a r t s  of t he  
ox ide  fi lm w h i c h  r e q u i r e  it. 

Practical Implications 

F r o m  the  p r a c t i c a l  v i e w p o i n t  i t  is w o r t h  no t ing  
tha t  t he  bes t  va lue s  for  r e s i s t a n t  a l loys  ( and  also for  
b o r o n - i n h i b i t e d  z i r c o n i u m )  app roach ,  b u t  do no t  
su rpass ,  those  for  V a n  A r k e l  m a t e r i a l  in d r y  oxygen ,  
Fig.  8. This  sugges t s  t h a t  a t  bes t  a l l o y i n g  m e r e l y  
offsets t he  f i lm d e g r a d a t i o n  p e c u l i a r  to s team,  and  
t ha t  if  such p r o t e c t i o n  w o u l d  be  c onso l i da t ed  b y  
f u r t h e r  w o r k  one m i g h t  hope  to obta in ,  in  s team,  
b e h a v i o r  s im i l a r  to t ha t  in  oxygen ,  viz., Fig.  8, 10. 
The  l a t t e r  shows  a w e i g h t  ga in  r a t e  of a b o u t  1 m d d  
at  20 days ,  so t h a t  to ach ieve  the  0.25-0.5 todd  or  
less a t  500~ w h i c h  is d e s i r a b l e  in  a h i g h - t e m p e r -  
a t u r e  a l loy,  i t  w i l l  be  n e c e s s a r y  to de fe r  f i lm d e -  
g r a d a t i o n  and  the  c onse que n t  t r a n s i t i o n  to m u c h  
l o n g e r  t imes .  So f a r  on ly  t h e  bo r i c  a c i d / V a n  A r k e l  
r e su l t s  and  a f ew  va lues  f r o m  one b a t c h  of the  0.5 
Cu 0.5 W a l loy  (1)  show a n y  s ign  of p o s s i b l y  a c h i e v -  
ing this .  The  on ly  f u r t h e r  m e t h o d  of i m p r o v e m e n t  
w o u l d  be  a modi f i ca t ion  of t he  l a t t i ce  d i f fus ion 
process  i tself ,  so t h a t  o x i d a t i o n  r a t e s  in o x y g e n  w e r e  
also r educed .  E x i s t i n g  d a t a  (9)  on b i n a r y  z i r c o n i u m  
a l loys  in o x y g e n  is not  p a r t i c u l a r l y  hope fu l  in  th is  
respect .  A m o r e  sub t l e  use  of t e r n a r y  add i t ions ,  c o m -  
b ined  w i t h  a p r e v e n t i o n  of  f i lm d e g r a d a t i o n ,  m i g h t  
be  benef ic ia l .  

Topographic Studies of Van Arke l  Zirconium: Steam 

The  ba lance ,  w h i c h  has  been  d e s c r i b e d  above ,  
b e t w e e n  fi lm g r o w t h  and  d e g r a d a t i o n  is e s s e n t i a l l y  
a p r o p e r t y  of f a i r l y  t h i c k  films. In  s t e a m  the  w e i g h t  
ga ins  h a v e  to a t t a i n  a b o u t  50 m g / d m  2 be fo re  the  
cor ros ion  of mos t  a l loys  becomes  m o r e  or  less  l i nea r  
(1) .  One m a y  i m a g i n e  t h a t  a t  th is  w e i g h t  ga in  a f i lm 
of r e a s o n a b l y  u n i f o r m  th i cknes s  is set  up  in a 
" s t e a d y  s t a te"  in  which ,  if cond i t ions  a r e  no t  a l t e r ed ,  
f i lm g r o w t h  a n d  d e g r a d a t i o n  r a t e s  a r e  e q u a l  and  d e -  
t e r m i n e  the  cor ros ion  ra te .  ( A t  th is  s tage ,  i t  shou ld  
be noted ,  the  t h i ckness  of  t he  p r o t e c t i v e  l a y e r  does  
not  control ,  b u t  is e s t a b l i s h e d  by,  these  o the r  p r o c -  
esses.)  A l t h o u g h  these  p h e n o m e n a  r e l a t e  e s sen -  
t i a l l y  to t h i ck  films, i t  was  t h o u g h t  t h a t  e x a m i n a t i o n  
of t he  in i t i a l  s tages  of f i lm g r o w t h  m i g h t  t h r o w  
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l igh t  on the  b r e a k d o w n  processes  which ,  s ince  t h e y  
p r oceed  deep  w i t h i n  t he  t h i c k  fi lms, canno t  be  o b -  
s e r v e d  d i r ec t ly .  I t  was  for  th is  r eason  t h a t  t he  t o p o -  
g r a p h i c a l  s tud ies  d e s c r i b e d  above  w e r e  c a r r i e d  out.  

F r o m  the  v i e w p o i n t  of long t e r m  corros ion ,  
t h e  ox ide  p u s t u l e s  w e r e  t h e  mos t  i n t e r e s t i n g  f ind-  
ing. V i sua l  e x a m i n a t i o n  sugges t ed  t h a t  t h e y  
w o u l d  r a p i d l y  become  the  m a j o r  p a r t  of t he  
w e i g h t  ga in  of t he  w h o l e  spec imen ,  and  th is  is 
conf i rmed  b y  Fig.  17 w h i c h  shows  t h a t  sho r t l y  a f t e r  
t h e i r  a p p e a r a n c e  the  o v e r - a l l  r a t e  of w e i g h t  ga in  
inc reased ,  b e c a m e  l inear ,  a n d  d i v e r g e d  f r o m  the  p lo t  
c o r r e s p o n d i n g  to co lo red  films. These  o b s e r v a t i o n s  
show,  i n c i d e n t a l l y ,  h o w  i n a p p r o p r i a t e  i t  m a y  be  to 
a p p l y  r a t e  l a w  cons ide ra t ions ,  w h i c h  r e f e r  i m -  
p l i c i t l y  to u n i f o r m  fi lm g rowth ,  to su r faces  on 
w h i c h  s e v e r a l  p rocesses  a r e  o c c u r r i n g  s i m u l t a n e -  
ously .  

I t  s eems  l i k e l y  t h a t  the  r a p i d  g r o w t h  of t he  p u s -  
tu le s  is due  to f i lm b r e a k d o w n  or  d e g r a d a t i o n  of t he  
t y p e  cons ide r ed  e a r l i e r  in  connec t ion  w i t h  f i lm ca -  
p a c i t y  m e a s u r e m e n t s .  In  a g r e e m e n t  w i t h  this ,  an  
inc rease  of p re s su re ,  a p p l i e d  a f t e r  p u s t u l e s  h a d  d e -  
ve loped  in  a t m o s p h e r i c  p r e s s u r e  s team,  g r e a t l y  ac -  
c e l e r a t e d  t h e i r  g rowth ,  Fig.  21 a n d  22, w i t h o u t  a p -  
p a r e n t l y  g r e a t l y  c h a n g i n g  the  g r o w t h  of  co lo red  
films. 

In  a g r e e m e n t  w i th  the  i m p o r t a n t  ro le  a s s igned  to 
t he  b r e a k d o w n  w h i c h  leads  to pus tu les ,  i t  is th is  
f o rm  of f a i l u r e  w h i c h  is e l i m i n a t e d  w h e n  s t e a m  cor -  
ros ion  is i n h i b i t e d  w i t h  bor ic  ac id  (3 ) .  Moreove r ,  
e x a m i n a t i o n  of a 1% Cu a l loy  a f t e r  e x p o s u r e  to 
1 a rm s t e a m  for  100 h r  sugges t ed  t h a t  s i m i l a r  r e d u c -  
t ion  of p u s t u l e  b r e a k d o w n  was  the  m a j o r  effect of 
the  copper  add i t ion .  

The  m a r k e d  absence  of p u s t u l e s  on fas t  g r o w i n g  
g ra in s  m a y  be  due  to t he  fac t  t h a t  f i lms on such  
g r a in s  q u i c k l y  a t t a i n  l a r g e  th icknesses ,  and  so 
smoo th  out  g e o m e t r i c a l  i r r e g u l a r i t i e s .  As  an  e x -  
a m p l e  of this ,  a s ing le  c rys ta l ,  a f t e r  f o r m a t i o n  of  a 
f a s t - g r o w i n g  ox ide  in 1 a t m  s team,  s u r v i v e d  24 h r  
in  s t e a m  at  1000 psi  500~ a l t h o u g h  h e a v i l y  a t -  
t a c k e d  at  the  edges.  The  f i lm th ickness ,  e s t i m a t e d  
op t i ca l ly ,  was  e q u i v a l e n t  to 15 m g / d m  2 w e i g h t  gain.  
P o l y c r y s t a l l i n e  m a t e r i a l  shows  3000-5000 m g / d m  2 
in s im i l a r  h i g h - p r e s s u r e  exposure .  

I t  is no t  y e t  c l ea r  h o w  fa r  in to  the  " g r a y "  r eg ion  
f a s t - g r o w i n g  f i lms can  be  m e a s u r e d .  I t  is, h o w e v e r ,  
poss ib le  to use  op t ica l  m e t h o d s  b e y o n d  the  po in t  a t  
w h i c h  v i s ib le  colors  d i s appea r .  The  s ingle  c ry s t a l  
r e f e r r e d  to above ,  c a r r y i n g  a g r a y  film, was  e x -  
a m i n e d  on the  s p e c t r o p h o t o m e t e r  and  f o u n d  s t i l l  
to show i n t e r f e r e n c e  m i n i m a .  These  f i t ted  a long 
e x t r a p o l a t i o n  of t he  c o l o r / w e i g h t  ga in  re la t ions ,  and  
i n d i c a t e d  a w e i g h t  ga in  of a b o u t  15 m g / d m  2. This  
o b s e r v a t i o n  sugges t s  t ha t  t he  g r a y  color  m a y  no t  be  
due,  as was  first  t hough t ,  to excess ive  l igh t  a b s o r p -  
t ion,  b u t  to t he  fact  tha t ,  a t  l a rge  th icknesses ,  i n -  
t e r f e r e n c e  p r o d u c e s  m a n y  m i n i m a .  A c c o r d i n g l y  t he  
l i gh t  r e t u r n i n g  f rom the  su r f ace  consis ts  of a n u m b e r  
of colors,  f a i r l y  e v e n l y  s p r e a d  across  t he  s p e c t r u m :  
this  the  eye  sees as g ray .  The  g r o w t h - r a t e  of these  
g r a y  f i lms r e q u i r e s  f u r t h e r  s tudy ,  because  a f ew  
th i ckness  m e a s u r e m e n t s ,  m a d e  on microsec t ions ,  

sugges t ed  t h a t  some of  t h e m  m a y  g r o w  m o r e  r a p i d l y  
t h a n  the  co lo red  f i lms w h i c h  p r e c e d e  them.  

Such  e n h a n c e d  g r o w t h  could  be  due  to a t y p e  of 
b r e a k d o w n ,  m o r e  u n i f o r m  a n d  on a s m a l l e r  scale  
t h a n  t h a t  r e s p o n s i b l e  for  pus tu les .  E l e c t r o n  m i c r o -  
scope rep l icas ,  Fig.  25, s h o w e d  no ev idence  of b r e a k -  
down  s m a l l e r  t h a n  the  obv ious  c racks  a r o u n d  p u s -  
tu les  and  e l sewhere ,  d o w n  to t he  l i m i t  of r eso lu t ion .  
H o w e v e r ,  the  u n i f o r m i t y  of  a t t a c k  on a l loys ,  on 
w h i c h  p u s t u l e s  p r o b a b l y  do no t  occur,  b u t  w h i c h  do 
e v e n t u a l l y  show m o r e  or  less  l i n e a r  r a t e s  of w e i g h t  
gain,  sugges t s  t h a t  m o r e  s u b t l e  fo rms  of d e g r a d a -  
t ion  m a y  exis t .  Such  d e g r a d a t i o n  m i g h t  also be  r e -  
spons ib le  for  t he  r e p o r t e d  i nc rea se  b y  i r r a d i a t i o n  of 
p o s t - t r a n s i t i o n  co r ros ion  (11) .  

Topographical Studies of Van Arkel Zirconium: 
Oxygen 

In  oxygen ,  t he  a bse nc e  of p u s t u l e  f o r m a t i o n  r e -  
su l t ed  in  l o n g - t i m e  w e i g h t  ga ins  be ing  l o w e r  t h a n  
in s team,  b u t  the  g r o w t h  of co lo red  films, a p p a r e n t l y  
as a r e su l t  of the  s p r e a d i n g  p h e n o m e n o n  d e s c r i b e d  
above,  was  r a t h e r  f a s t e r  t h a n  in s team.  Up to abou t  
6 h r  t he  o v e r - a l l  w e i g h t  ga in  in o x y g e n  was  g r e a t e r  
t h a n  in  s team,  u n t i l  p u s t u l e  g r o w t h  in  t he  l a t t e r  
b e c a m e  a pp re c i a b l e .  This  s u p p o r t s  t he  v i e w  t h a t  i t  
is t h e  occu r r ence  or  n o n o c c u r r e n c e  of r a p i d  f i lm d e -  
g r a d a t i o n  r a t h e r  t h a n  r a t e s  of t r a n s p o r t  w i t h i n  the  
ox ide  l a t t i ce  w h i c h  is i m p o r t a n t  for  co r ros ion  r e s i s t -  
ance.  

H o w e v e r ,  c r a c k i n g  of a m o r e  g e n e r a l  t y p e  was  
seen a f t e r  long e x p o s u r e  to oxygen ,  Fig.  23 [ such  
c r a c k i n g  was  also seen  on spec imens  whose  s t e a m  
cor ros ion  was  i n h i b i t e d  b y  bor ic  ac id  ( 3 ) ] ,  and  the  
low corrosion r a t e s  of such spec imens  sugges t  t ha t  
c r a c k i n g  of th is  t y p e  is of  a s e c o n d a r y  n a t u r e  and  
t h e r e f o r e  to be  d i s t i n g u i s h e d  f r o m  the  m o r e  d a m a g -  
ing d e g r a d a t i o n  w h i c h  occurs  at  s i tes  of pus tu les .  
Thus  t h e  v i sua l  o b s e r v a t i o n  of c racks  in t he  ou te r  
su r f ace  of fi lms does  no t  n e c e s s a r i l y  g ive  i n f o r m a -  
t ion  abou t  t h e i r  p r o t e c t i v e  cha rac t e r .  

I t  is i n t e r e s t i n g  to no te  t h a t  t he  r e a c t i o n  w i t h  o x -  
ygen,  acco rd ing  to the  l o g / l o g  p lo t  of Fig .  8, r e t a i n s  
a r a t e  l a w  of cons t an t  i ndex ,  b e t w e e n  cubic  and  
pa rabo l i c ,  ove r  n e a r l y  4 o rde r s  of m a g n i t u d e  in t ime ,  
in sp i te  of t he  v a r i a t i o n  of f i lm th i cknes s  f r o m  po in t  
to po in t  on  the  surface .  This  f u r t h e r  i l l u s t r a t e s  the  
d a n g e r  of m a k i n g  deduc t ions  f r o m  the  l i n e a r i t y  of 
such  p lo ts  w i t h o u t  r e g a r d  to t o p o g r a p h i c a l  aspects .  

Influence of Mode of Application of 
Steam Pressure 

As d e s c r i b e d  Above, t he  spec imens  in t he  h i g h -  
p r e s s u r e  t o p o g r a p h i c a l  e x p e r i m e n t s  (e.g., Fig.  22) 
w e r e  first  e xpose d  at  1 a tm,  the  p r e s s u r e  be ing  r a i sed  
to a h igh  v a l u e  for  a p p r o p r i a t e  per iods .  More  r ecen t  
e x p e r i m e n t s  w i t h  spec imens  b r o u g h t  q u i c k l y  [ <  7 
min ,  us ing  s m a l l  s t a in less  s tee l  capsu les  ( 3 ) ]  to a 
h igh  t e m p e r a t u r e  and  p r e s s u r e  h a v e  p r o v i d e d  an  in -  
t e r e s t i ng  con t ras t .  T h e i r  f i lms s h o w e d  the  v a r i a t i o n s  
w i t h i n  g r a in s  p r e v i o u s l y  on ly  seen  in  o x y g e n ;  m o r e -  
over ,  t h e i r  colors  w e r e  m o r e  a d v a n c e d  at  a g iven  
t ime  t h a n  f i lms f o r m e d  in 1 a t m  s t e a m  or  those  
s t a r t e d  in  1 a t m  s t e a m  and  s u b s e q u e n t l y  e x p o s e d  at  
h igh p re s su re .  W i t h  these  spec imens ,  of course ,  in -  
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i t ia l  film g rowth  occur red  w i th  bo th  t e m p e r a t u r e  
and  p ressure  v a r y i n g ,  and  i t  is no t  clear  to w h a t  
ex t en t  this  was  respons ib le  for the  observat ions .  
These suggest,  however ,  tha t  it  m a y  in  f u t u r e  be 
necessa ry  to pay  a t t en t i on  to the  mode of s t a r t i ng  
a h i g h - p r e s s u r e  test, a factor  to which  z i r con ium has 
h i ther to  been  though t  insens i t ive .  Effects of this  k i n d  
have  been  repor ted  w i th  a l u m i n u m  (13) and  mi ld  
steel (14).  

Conclusions 
i. The corrosion of zirconium alloys in steam at 

500~ shows a dependence on pressure, between 1 
atm at 1500 psi, which decreases as the resistance 
of the alloy increases. 

2. The pressure dependence is probably related 
to the pressure drop accompanying the flow of steam 
through cracks or pores in the oxide film, rather than 
to ionic processes within the latter. These pores are 
likely to be extremely small, of the order of a few 
tens of angstroms in width. 
3. The corrosion of alloys is interpreted in terms 

of a balance between film thickening by ionic proc- 
esses within the oxide lattice and film "degradation," 
which produces cracking or porosity and in which 
stress and the presence of hydrogen play a part. The 
ultimate controlling process is film degradation, the 
corrosion rate and the thickness of the inner pro- 
tective layer of oxide being determined by the film 
growth/degradation balance. 

4. With Zircaloy 2, capacity measurements indi- 
cate that, above weight gains of about 50 mg/dm 2, 
films formed in high-pressure steam are less porous 
than those formed at 1 atm pressure. The behavior 
of weight gains and capacities of specimens trans- 
ferred during corrosion from one pressure to the 
other supports this view. As a result of this com- 
pensating effect, corrosion rates at high and low 
pressures are not greatly different. 

5. A few values for the more resistant I% Cu 
alloy show a similar tendency. 

6. Zircaloy 2 films formed in low-pressure steam 
1000 psi  a rgon  have  the charac ter is t ics  of " low 

pressure"  films, as do films fo rmed  in  l o w - p r e s s u r e  
s team § 1000 psi  oxygen.  The  la t ter ,  however ,  show 
ind ica t ions  of approach ing  high p ressure  behav io r  
in  some cases. 

7. No such effects are  found  wi th  Van  A r k e l  z i r -  
con ium in  steam, corrosion at h igh p ressure  be ing  
ve ry  m u c h  more  rap id  t h a n  tha t  at  a tmospheriG 
pressure .  Capac i ty  va lues  ind ica te  h i g h - p r e s s u r e  
films to be m u c h  less pro tec t ive  t h a n  those formed 
at low pressure .  

8. In  oxygen,  however ,  the ox ida t ion  of Van  A r ke l  
z i r con ium shows no p ressure  dependence ,  nor  is the 
effect of t r a n s f e r r i n g  f rom one p ressure  to ano the r  
significant.  Up to abou t  100 m g / d m  e, capaci ty  va lues  
app rox ima te  to those of unc racked  films. I t  is con-  
c luded that ,  u n d e r  the  condi t ions  s tudied,  p ressure  
drops due  to gas flow in  pores are not  i nvo lved  in 
the  reac t ion  of Van  Arke l  z i r con ium wi th  oxygen.  

9. The best  resul t s  wi th  good alloys ( and  those 
ob ta ined  wi th  V a n  Arke l  z i r con ium in  i nh ib i t ed  
s team)  are comparab le  to the behav io r  of Van  Arke l  

z i r con ium in  oxygen.  I t  is conc luded  tha t  a l loying  
a nd  i nh ib i t i on  are  p r i m a r i l y  effective aga ins t  the  
film degrada t ion  which  is pecu l ia r  to steam, and  
tha t  if f u r t h e r  i m p r o v e m e n t s  are to be made  it  wi l l  
be necessary,  in  addi t ion,  to find a l loy ing  e lements  
which  inf luence ionic t r a n spo r t  w i t h i n  the  oxide 
latt ice.  

10. Microscopical  s tudies  of the in i t i a l  behav io r  of 
Van  Arke l  z i r con ium in  s t eam show that ,  in  add i -  
t ion  to the  g rowth  of u n i f o r m  films which  pass 
t h r ough  a sequence  of colors and  e v e n t u a l l y  become 
gray,  local film b r e a k d o w n  leads to he a vy  pus tu les  
of oxide, b e n e a t h  which  p e n e t r a t i o n  is ve ry  rapid.  
G r o w t h  of the  pus tules ,  bu t  no t  of color films, ap -  
pears  to be acce lera ted  by  an  increase  of pressure .  

11. A l t h o u g h  local b r e a k d o w n  can be seen on Van  
A r ke l  z i r c on i um exposed to oxygen,  it  is no t  n e a r l y  
so rap id  as in  steam. 

12. It  is suggested tha t  the  fi lm degrada t ion  which  
occurs d u r i n g  the l i nea r  corrosion of an  alloy, at 
a ra te  depend ing  on the  l a t t e r ' s  r e s i s t an t  character ,  
is of the  same type  as tha t  respons ib le  for pus tu le  
growth.  

13. There  are ind ica t ions  tha t  some u n i f o r m  (i.e., 
w i t hou t  pus tu les )  films on Van  A r ke l  z i r con ium in  
s team may,  w h e n  they  reach the  g ray  stage, also 
unde rgo  a fo rm of b r e a k d o w n  l ead ing  to increased  
g rowth  rates.  The behav io r  of such films m a y  also 
depend  on s t a r t ing  condi t ions  of the test. 
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ABSTRACT 

Embr i t t l emen t  of steel  produced f rom elec t ro ly t ic  charging in H~O- and 
D20-solut ions is discussed. A comparison of the  re ten t ion  of embr i t t l emen t  
wi th  re ta ined  gas content  in uncoated  steel  is given. The separa t ion  factor  for  
the  e lect rodeposi t ion of hydrogen  and deu te r ium on SAE 4130 steel  was found 
to be 5.9. Pe rmea t ion  of the  mix tu re  of these isotopes th rough  steel  resul ts  in 
fu r the r  enr ichment  wi th  respect  to hydrogen.  The diffusion coefficients and 
pe rmea t ion  ra tes  for hydrogen  and deu te r ium in steel  are  compared.  

S tud ie s  of  h y d r o g e n  e m b r i t t l e m e n t  a r e  of p r a c -  
t i ca l  as w e l l  as t h e o r e t i c a l  in te res t .  The  p r a c t i c a l  i n -  
t e r e s t  has  a r i s e n  in  a t t e m p t i n g  to  p r e v e n t  t h e  e m -  
b r i t t l e m e n t  of s tee l  t h a t  r e su l t s  f r o m  t h e  v a r i o u s  
m e t h o d s  of f in ishing and  f a b r i c a t i n g  s tee l  p a r t s  and  
f rom the  use  of s tee l  in  co r ros ive  e n v i r o n m e n t s ,  in  
w e l d e d  s t r uc tu r e ,  etc. F o r  e x a m p l e ,  e m b r i t t l e m e n t  
r e su l t s  f r o m  p i c k l i n g  of and  the  e l e c t r o p l a t i n g  on 
n e w  h igh  s t r e n g t h  s teels .  I t  m a y  also r e s u l t  f r o m  
the  use  of  s tee ls  in co r ros ive  e n v i r o n m e n t s  or  f r o m  
the  r e t e n t i o n  of  h y d r o g e n  b y  mass ive  p a r t s  f o l l o w -  
ing  m e l t i n g  of s tee l  o r  f r o m  the  w e l d i n g  of s tee l  
s t ruc tu re s .  On t h e  a c a d e m i c  side,  a t h o r o u g h  u n d e r -  
s t a n d i n g  of t he  m e c h a n i s m  of h y d r o g e n  e m b r i t t l e -  
mer i t  is needed .  The  ro le  of gases  in m e t a l s  is no t  
w e l l  unde r s tood ,  and  s tud ies  of h y d r o g e n  e m b r i t t l e -  
m e n t  a d d  to t he  k n o w l e d g e  of gases  in me ta l .  

The  l i t e r a t u r e  d e a l i n g  w i th  h y d r o g e n  e m b r i t t l e -  
m e n t  of s tee ls  is ex t ens ive .  S u m m a r i e s  of th is  l i t e r a -  
t u r e  h a v e  been  w r i t t e n  b y  o the r  a u t h o r s  (1 -3 ) .  H y -  
d r o g e n  e m b r i t t l e m e n t  is b e l i e v e d  to i nvo lve  t h e  r e -  
d i s t r i b u t i o n  of h y d r o g e n  b y  d i f fus ion  f r o m  a u n i -  
f o r m  to n o n u n i f o r m  s ta t e  ( 4 - 7 ) .  As  f a r  as  is k n o w n ,  
no e x p e r i m e n t  has  b e e n  dev i sed  to  d e m o n s t r a t e  t h a t  
a d r i v i n g  f o r c e  ex is t s  w h i c h  wi l l  cause  t he  h y d r o g e n  
to r e d i s t r i b u t e  i t se l f  t h r o u g h o u t  t he  s tee l  in such a 
f a sh ion  as to inf luence  t h e  f r a c t u r e  process .  T h e y  
(4 -7 )  p o s t u l a t e  t h a t  h y d r o g e n  c o n t r i b u t e s  to  t he  
e n e r g y  i n v o l v e d  in t he  g r o w t h  of c r acks  d u r i n g  the  
t i m e  the  s tee l  is be ing  s t ressed .  W e  m u s t  conc lude  
t h a t  t he  m e c h a n i s m  is no t  de f in i t e ly  k n o w n .  To add  
to the  u n c e r t a i n t y ,  t h e  m e c h a n i s m  b y  w h i c h  h y d r o -  
gen  en t e r s  t h e  s tee l  or  t he  s t a t e  of h y d r o g e n  in  s t ee l  
a t  t e m p e r a t u r e s  a t  w h i c h  h y d r o g e n  e m b r i t t l e m e n t  
occurs  have  no t  been  f i rmly  e s t ab l i shed .  

K n o w l e d g e  conce rn ing  the  effect of gas  con ten t  on 
the  d u c t i l i t y  a n d  s t r e n g t h  of s tee l  m a y  be  h e l p f u l  
in t he  u n d e r s t a n d i n g  of t he  a c t u a l  m e c h a n i s m  of 

the  e m b r i t t l e m e n t  process .  S tud i e s  w e r e  u n d e r t a k e n  
to d e t e r m i n e  w h e t h e r  a c o r r e l a t i o n  ex is t s  b e t w e e n  
the  c h a r g i n g  v a r i a b l e s ,  gas  con ten t ,  and  t h e  r e s u l t -  
ing  e m b r i t t l e m e n t .  

The  h y d r o g e n ,  e l e c t r o l y t i c a l l y  i n t r o d u c e d  into  
s teel ,  can  be  d e t e r m i n e d ,  if  t he  h y d r o g e n  con ten t  
of an u n c h a r g e d  s a m p l e  is not  s igni f icant  or  is con-  
s t an t  enough  to be  s u b t r a c t e d  for  cor rec t ion .  The  
a m o u n t  of h y d r o g e n  u s u a l l y  f o u n d  in b l a n k  spec i -  
mens  is v a r i a b l e  a n d  m a y  be  c o n s i d e r a b l y  m o r e  t h a n  
the  a m o u n t  of e l e c t r o l y t i c  gas  f o u n d  in some  spec i -  
mens  of steel .  Thus,  t he  d e t e r m i n a t i o n  of t he  e lec -  
t r o l y t i c  h y d r o g e n  c on t e n t  of t h e  s tee l  in  m a n y  in -  
s tances  m a y  no t  be  accura t e .  The  use of d e u t e r i u m  
as t h e  c h a r g i n g  gas p e r m i t s  a m o r e  a c c u r a t e  d e t e r -  
m i n a t i o n  of t he  e l e c t r o l y t i c a l l y  i n t r o d u c e d  gas, b e -  
cause  i t  can  be  d i f f e r e n t i a t e d  f r o m  the  h y d r o g e n  i n -  
i t i a l l y  p r e s e n t  in  t he  s tee l  or  p r e s e n t  as su r f ace  
mo i s tu re .  The  h y d r o g e n  f r o m  sources  o t h e r  t h a n  
e l e c t ro ly t i c  c h a r g i n g  w i l l  be  r e f e r r e d  to as " e x -  
t r a n e o u s  h y d r o g e n . "  

Equipment 
Choice of stee~ and specimen.- -The d e t r i m e n t a l  

effect of  h y d r o g e n  e m b r i t t l e m e n t  is p a r t i c u l a r l y  
s eve re  w i t h  h igh  s t r e n g t h  steels .  SAE 4130 s t ee l  was  
chosen  as r e p r e s e n t a t i v e  of th i s  g r o u p  of s tee ls  for  
these  s tudies .  

S ince  the  m a i n  ob j ec t i ve  o f  t h e  p r e s e n t  i n v e s t i g a -  
t ion  was  to d e t e r m i n e  the  gas  con ten t  of s t ee l  i n -  
s t ead  of p r i m a r i l y  d e t e c t i n g  h y d r o g e n  e m b r i t t l e m e n t  
or  s t u d y i n g  i ts  effects on the  m e c h a n i c a l  p r o p e r t i e s  
of s teel ,  a s i m p l e  t y p e  of t es t  s p e c i m e n  was  used.  
M a n y  t y p e s  of  s p e c i m e n  h a v e  b e e n  e m p l o y e d  b y  
those  i n v e s t i g a t i n g  h y d r o g e n  e m b r i t t l e m e n t .  The  
m a i n  r e q u i r e m e n t s  in  choos ing  the  tes t  s p e c i m e n  
w e r e  t h a t  i t  be  (a )  i n e x p e n s i v e  and  ea sy  to p r e p a r e ,  
and  (b)  of a s m a l l  size so t h a t  i t  could  be  c h a r g e d  
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in a smal l  vo lume  of so lu t ion  and  easi ly  i n t roduced  
in to  the  v a c u u m - f u s i o n  appara tus .  The r ing  type  
of specimen,  which  was first used by  Noble  (8) ,  me t  
these r e q u i r e m e n t s  and  was  used. 

The des ign  and  select ion of the  test  spec imen  was  
based on exp lo ra to ry  tests  w i th  r ings,  0.9 cm long, 
tha t  were  cut  f rom SAE 4130 seamless  t u b i n g  of 
var ious  d iameters ,  1.25, 1.88, and  2.5 cm, and  wa l l  
th ickness ,  0.08, 0.16, and  0.24 cm. In  these exp lo r -  
a tory  tests the spec imens  were  e m b r i t t l e d  by  cad-  
m i u m  p la t ing  a n d  eva lua t ed  by  c rush ing  tests.  The  
spec imen selected for most  of the  e x p e r i m e n t s  con-  
sisted of a r ing  wi th  2.5 cm (1 in.)  OD, 0.78 m m  
(1/32 in.)  wall ,  and  0.9 cm (0.35 in.)  length .  D u r -  
ing these ea r ly  expe r imen t s  the e m b r i t t l e d  r ings,  
w h e n  crushed,  b roke  in  d i f ferent  m a n n e r s ;  s l ight ly  
e m b r i t t l e d  spec imens  b roke  at 90 ~ f rom the  p l a t ens  
of the press, and  severe ly  embr i t t l ed  spec imens  
broke  at  the  po in t  of contact  of the  p la tens .  To i n -  
crease the  r ep roduc ib i l i t y  of the place of fa i lu re  of 
the r ings  and  thus  improve  the  r ep roduc ib i l i t y  of 
the c rush ing  test, the r ings  were  p rov ided  wi th  two 
axia l  60 ~ notches,  5 mi ls  deep, and  180 ~ apar t ,  cut 
wi th  a sharp  tool. These grooved spec imens  were  
used for most  of the studies.  T o w a r d  the end  of the 
inves t iga t ion  it was found  tha t  somewha t  be t t e r  
r ep roduc ib i l i t y  was ob ta ined  if the  grooves were  
made  by  g r i n d i n g  (9) .  

Crushing Equipment.--The e q u i p m e n t  used for 
d e t e r m i n i n g  e m b r i t t l e m e n t  b y  d y n a m i c  c rush ing  to 
fa i lu re  incorpora ted  a l a u n d r y  scale as the  load 
ind ica t ing  device, a screw press  for c rush ing  a r i ng  
aga ins t  the  p l a t f o r m  of the  scale, and  a dial  m i -  
c romete r  to p e r m i t  the  col lect ion of deflection data.  
The load scale reads  f rom zero to 300 lb, is equ ipped  
wi th  a m a x i m u m  load indicator ,  and  can be read  
wi th  an  accuracy  of 1/4 lb. E m b r i t t l e m e n t  was de t e r -  
m ined  by  s t ress ing the  r ings  at  a cons tan t  ra te  to 
fa i lu re  and  d e t e r m i n i n g  the differences b e t w e e n  
b r e a k i n g  loads and  a m o u n t s  of de fo rma t ion  at 
b r e a k i n g  for charged and  u n c h a r g e d  specimens.  The  
load to fa i lu re  was  found  to be m u c h  more  r ep ro -  
duc ib le  t h a n  the deformat ion ,  bu t  the  changes  in 
de fo rma t ion  were  h igh ly  sens i t ive  to the a m o u n t  of 
e lec t ro ly t ica l ly  charged  gas in  the  steel. The  r e -  
p roduc ib i l i t y  of these two types  of m e a s u r e m e n t s  
differed by  abou t  the  same rat io  for bo th  u n e m b r i t -  
t led and  e m b r i t t l e d  r ings :  10-15% for de fo rma t ion  
at f a i lu re  and  2-7% for the  r educ t ion  in  load to 
fai lure.  The size spec imen  chosen gave the o p t i m u m  
combina t i on  of sens i t iv i ty  to e m b r i t t l e m e n t .  

In  an  effort to find a more  sens i t ive  test  me thod  
for de tec t ing  e m b r i t t l e m e n t ,  a de layed  fa i lu re  test  
was  t r ied  in  which  the  t ime  to fa i lu re  at 90 pe rcen t  
of the  b r e a k i n g  load was measured .  For  these tests  
a l eve r -dev ice  was  used. The r ep roduc ib i l i t y  of the  
sus ta ined  load tes t  was  found  to be  too e r ra t ic  to 
be used ex tens ive ly  in  these s tudies  and  a d y n a m i c  
test  method,  which  p roved  to be a more  sens i t ive  
test  method ,  was  deve loped  b y  s lowing d o w n  the  
ra te  of c rush ing  of specimens.  In  most  of the  inves t i -  
gat ions  repor ted  he re in  a ra te  of c rush ing  spec imens  
of 0.1 i n . / m i n  was  employed.  For  a more  sens i t ive  
test, speeds of 0.05, 0.02, 0.01 and  0.005 i n . / m i n  were  

used. E x p e r i m e n t s  employ ing  these s lower  speeds 
are discussed in  P a r t  II  of this  paper  (9) .  

Electrolytic ceIls.--Three different  types  of elec-  
t ro ly t ic  cells were  des igned for these s tudies  and  are 
shown  in  Fig. 6 a nd  7 in  the  Append ix .  They  all  
con ta in  concen t r ic  outs ide  anodes  a nd  a cen t r a l  
anode.  Soluble  anodes were  used in  the  cadmium,  
copper, and  n icke l  p l a t i ng  solut ions;  lead anodes 
in the c h r o m i u m  p la t ing  solut ions;  and  p l a t i n u m  
anodes  in  the  e lect rolyt ic  cha rg ing  solut ions  con-  
t a in ing  su l fur ic  acid or sod ium hydrox ide .  The  cells 
differ m a i n l y  in  the  me thod  of m o u n t i n g  the  cathode 
and  in  provis ions  for hea t ing  or cooling the  solut ion.  

Method of analyzing steel for gas content.--The 
gas con ten t  of the  steel spec imens  was  d e t e r m i n e d  by  
first ex t r ac t ing  the  gas by  me a ns  of the  t i n - f u s i o n  
me thod  (10) in  a v a c u u m  fusion e q u i p m e n t  dis-  
cussed in  the appendix .  The gas was t hen  sub jec ted  
to ana lys i s  by  a mass  spect rograph.  The  mass  spec-  
t rograph  was used since it would  d i f ferent ia te  be -  
t w e e n  h y d r o g e n  and  d e u t e r i u m  and,  if desired,  p e r -  
mi t  d e t e r m i n a t i o n  of o ther  gases, such as ca rbon  
monoxide ,  n i t rogen ,  oxygen,  and  hydrocarbons .  
Since this i n s t r u m e n t  gives on ly  the  r e l a t ive  p ro -  
por t ions  of the  cons t i tuen t s  of a gaseous mix tu re ,  a 
ca l ib ra t ion  was r equ i r ed  to conver t  the  rat ios  to 
ac tua l  quan t i t i e s  of gas. This was done by  i n t r o d u c -  
ing a k n o w n  a m o u n t  of a rgon  in to  the  gas collected 
f rom the  steel before  it was  r e move d  f rom the  vac -  
u u m  sys tem for analysis .  The a rgon  was  in t roduced  
into the  v a c u u m - f u s i o n  appa ra tu s  by  me a ns  of the  
m i c r o b u r e t  shown in  Fig. 10 in  the Append ix .  
This  method  of ana lys i s  is u n i q u e  for d e t e r m i n i n g  
the  gas con ten t  of metals ,  because  it  r equ i res  the  
m e a s u r e m e n t  of on ly  one pressure ,  tha t  of the a rgon  
in t roduced  in to  the  system. 

Experimental Procedure 
Preparation of steel rings.--To obta in  r ep roduc ib le  

resul ts ,  each step in  the  p r e p a r a t i o n  of the  steel  
r ings  f rom the  first po l i sh ing  procedures  to the ana l -  
ysis had  to be t rea ted  as a cr i t ical  step. The  ins ide  
and  outside surfaces of the  as - rece ived  steel  t u b i n g  
were  mechan i ca l l y  pol ished to r emove  oxida t ion  
products ,  ca rbur iza t ion ,  or de c a r bu r i z a t i on  and  to 
min imize  a ny  surface  scratches or pits. To p r e v e n t  
a ny  oxida t ion  or deca rbu r i za t i on  of the  sur face  d u r -  
ing hea t  t r e a t m e n t ,  the steel was hea t  t r ea ted  and  
t empe red  in  fused salt  baths .  To assure  more  r e -  
p roduc ib le  resu l t s  f resh ly  opened  C.P. chemicals  
were  used ins tead  of p r o p r i e t a r y  m i x t u r e s  for m a k -  
ing these baths .  For  heat  t rea t ing ,  a 20/25/55 m i x -  
t u r e  by  weight  of NaC1, KC1, and  BaCle was  used;  
for t emper ing ,  a 45/55 m i x t u r e  by  we igh t  of NaNO2 
and  KNO3 was used. These  ba ths  were  kep t  n e u t r a l  
by  the  add i t ion  of TiO2. The  steel tub ing ,  cut  in  
abou t  10 cm lengths ,  was hea t  t r ea ted  at 846 ~ • 35~ 
for 2 to 8 min ,  r a p i d l y  q u e n c h i n g  in  oil, and  t e m p e r e d  
at 270 ~ -+ 15~ for 8 to 12 rain.  

To check the  u n i f o r m i t y  of lots which  were  hea t  
t r ea ted  at d i f ferent  t imes,  samples  f rom ten  di f ferent  
heat  t r e a t m e n t s  were  chosen for ha rdness  meas -  
u remen t s .  The ha rdness  of all  of the spec imens  was  
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b e t w e e n  47 and  48 R o c k w e l l  "C,"  i n d i c a t i n g  s a t i s -  
f a c t o r y  u n i f o r m i t y  of t he  h e a t - t r e a t e d  s teel .  These  
h a r d n e s s  v a l u e s  c o r r e s p o n d  to a s t r e n g t h  of 16,100 
to 16,450 k g / c m  2 (229,000 to 234,000 lb / in .2 ) .  

A f t e r  h e a t  t r e a t m e n t ,  t h e  s tee l  was  aga in  po l i shed  
to a b r i g h t  finish, o i led  to p r e v e n t  su r face  o x i d a -  
t ion,  and  s to red  in a des icca tor .  To p r e p a r e  the  t es t  
spec imens ,  two  grooves  w e r e  cut  in  t he  tube .  T h e y  
w e r e  p a r a l l e l  to the  l o n g i t u d i n a l  ax i s  of t h e  t u b e  
and  were  d i a m e t r i c a l l y  oppos i te .  The  grooves  w e r e  
a 60 ~ notch ,  0.13 m m  (5 mi l s )  deep.  The  10 cm 
(4 in.)  l e n g t h  of t u b i n g  was  t h e n  cut  in to  s m a l l  
b a n d s  or  r ings ,  0.9 cm (0.35 in.)  long.  

U n c h a r g e d  spec imens  w i t h  g rooves  w e r e  t e s t ed  
for  r e p r o d u c i b i l i t y  of b r e a k i n g  l oad  and  d e f o r m a -  
t ion  to f a i lu re .  Resu l t s  of bo th  of these  t y p e s  of 
m e a s u r e m e n t s  d e v i a t e d  f r o m  the  a v e r a g e  as m u c h  
as --+7%. The  r e p r o d u c i b i l i t y  for  e m b r i t t l e d  s tee l  
r ings  c h a r g e d  for  1 h r  a t  3 a m p / d m  2 in  10% N a O H  
in H20 was  a b o u t  • 2% for  b r e a k i n g  load  and  
-+9% for  d e f o r m a t i o n .  

These  d a t a  show the  d i f f icul ty  in  o b t a i n i n g  c lose ly  
r e p r o d u c i b l e  r e su l t s  in  e m b r i t t l e m e n t  s tudies ,  even  
when  a l l  of t he  spec imens  come  f r o m  the  s a m e  
pieces  of tub ing .  S i m i l a r  e m b r i t t l e m e n t  s tud ies  m a d e  
a f t e r  s e v e r a l  y e a r s  h a v e  e l apsed  do not  d u p l i c a t e  
r e su l t s  c lose ly  e i ther .  These  v a r i a t i o n s  in m e a s u r e -  
m e n t s  a r e  a p p a r e n t l y  due  to u n c o n t r o l l a b l e  v a r i a b l e s  
h a v i n g  to do w i th  the  s tee l  or  the  e m b r i t t l i n g  proc- 
ess. E v e n  t h o u g h  the  o v e r - a l l  r e p r o d u c i b i l i t y  was  
not  h igh,  t he  r e l a t i v e  m a g n i t u d e s  of e m b r i t t l e m e n t  
p r o d u c e d  b y  va r i ous  e m b r i t t l i n g  p r o c e d u r e s  w e r e  
r e p r o d u c i b l e .  

Use of inert atmosphere chamber.--In some of t he  
in i t i a l  e x p e r i m e n t s  w i t h  h e a v y  w a t e r ,  the  e l e c t r o l -  
yses  w e r e  p e r f o r m e d  in cove red  cells.  The  so lu t ion ,  
anodes,  and  the  s tee l  r i ngs  to be  c h a r g e d  w e r e  e x -  
posed  o f t en  to the  m o i s t u r e  of t he  air .  Some  of t he se  
so lu t ions  w e r e  a n a l y z e d  b y  a spec t roscopic  m e t h o d  
(11) to d e t e r m i n e  w h e t h e r  H20 had  been  p i c k e d  
up  b y  the  D20 solut ions .  Resu l t s  i n d i c a t e d  t h a t  s ev -  
e ra l  p e r  cen t  H20 h a d  b e e n  a b s o r b e d  b y  these  so lu -  
t ions  u sed  in  t h e  a t m o s p h e r e .  I t  was  n e c e s s a r y  to  
confine t he  h a n d l i n g ,  pou r ing ,  a n d  e l ec t ro ly s i s  of 
a l l  DeO so lu t ions  to  an  i n e r t  a t m o s p h e r e  c h a m b e r  
c on t a in ing  a d r y  a t m o s p h e r e  of he l ium.  This  i n -  
c r ea sed  the  t ime  r e q u i r e d  to p e r f o r m  e x p e r i m e n t s ,  
bu t  i n s u r e d  the  co l lec t ion  of m o r e  a c c u r a t e  da ta .  

E l e c t r o l y t i c  so lu t ions  w e r e  also m a d e  in th is  
c h a m b e r .  The  NaOD was  m a d e  b y  r e a c t i n g  N a  and  
DeO. D2SO4 was  m a d e  f r o m  SO3 and  D20. P l a t i n g  
b a t h s  w e r e  m a d e  f r o m  a n h y d r o u s  sa l t s  and  D20. 

Analysis of D20-Plating Solutions for H~O Con- 
tent.--Small a m o u n t s  of H20 p i c k e d  up  b y  the  D20 
so lu t ions  w o u l d  l e ad  to a m i x t u r e  of t h e  h y d r o g e n  
i so topes  as the  e l e c t r o l y t i c  gas. The  e m b r i t t l e m e n t  
caused  b y  each  could  no t  be  s e p a r a t e d .  Because  of 
t he  v a r i a t i o n s  in the  e x t r a n e o u s  h y d r o g e n  conten t ,  
ana lys i s  of t he  c h a r g e d  s tee l  b y  the  t i n - f u s i o n  
m e t h o d  w o u l d  not  i n d i c a t e  w h e t h e r  the  s tee l  was  
f ree  f rom e l ec t ro ly t i c  h y d r o g e n .  I t  was  t h e r e f o r e  
dec ided  to d e t e r m i n e  h o w  m u c h  HeO is p i c k e d  up  
b y  the  D20 c h a r g i n g  so lu t ions  h a n d l e d  on ly  in t he  
i ne r t  a t m o s p h e r e  c h a m b e r .  Essen t i a l ly ,  no p i c k - u p  

of H20 b y  these  so lu t ions  w o u l d  p r o v i d e  d e u t e r i u m  
e m b r i t t l e m e n t  s tud ies  f ree  f r o m  s u p e r i m p o s e d  h y -  
d r o g e n  e m b r i t t l e m e n t .  S m a l l  a m o u n t s  of t he  p l a t i n g  
b a t h s  to be  a n a l y z e d  w e r e  d i s t i l l ed  in an  H 2 0 - f r e e  
a t m o s p h e r e .  I n f r a r e d  ana lys i s  (12) s h o w e d  t h a t  t he  
p i c k - u p  of H20 b y  the  D20 b a t h s  h a n d l e d  on ly  in 
the  i ne r t  a t m o s p h e r e  c h a m b e r  h a d  been  smal l ,  r a n g -  
ing  f r o m  0.18 to 0.27%. 

Cleaning procedure for steel specimen.--Poor a d -  
hes ion  of  electrodeposits to s tee l  was  o b t a i n e d  i f  t he  
su r f ace  of the  s tee l  was  c l e a ne d  and  d r i e d  b e f o r e  
i n t r o d u c t i o n  in to  the  i n e r t  a t m o s p h e r e  c h a m b e r  for  
p l a t ing .  Hence ,  a p r o c e d u r e  of c l ean ing  s tee l  was  
sough t  w h i c h  cou ld  be  p e r f o r m e d  in t he  c h a m b e r  
j u s t  p r i o r  to p l a t ing .  The  fo l l owing  anod ic  c l e a n i n g  
so lu t ions  w e r e  i n v e s t i g a t e d  a t  c u r r e n t  dens i t i e s  
r a n g i n g  f rom 0.5 to 20 a m p / d m 2 :  70% H2SO4; 4M 
NaCN;  1.5M K4P20~ at  70~ w i t h  t he  p H  a d j u s t e d  
to 7 or  10 w i t h  H4P2OT; 6.7M N a O H  w i t h  ve r sene ;  
9.6M N a O H  f r o m  r o o m  t e m p e r a t u r e  to 100~ and  
1.6M (NH4)2HC6H507 ( a m m o n i u m  c i t r a t e )  a t  p H  5. 

The  bes t  a d h e s i o n  of c a d m i u m  to s tee l  was  ob -  
t a i n e d  a f t e r  anod ic  t r e a t m e n t  of s tee l  in  e i t he r  
s o d i u m  h y d r o x i d e  or  su l fu r i c  acid.  To avo id  c h e m -  
ical  a t t a c k  of t he  s tee l  b y  acid,  t h e  a l k a l i n e  solu t ion ,  
9 6 M  NaOD in D20 was  p r e f e r r e d .  C l e a n i n g  was  con-  
d u c t e d  at  15 to 20 a m p / d m  e for  6 to 15 min .  

S tee l  to be  p l a t e d  in  a l k a l i n e  b a t h s  (Cd,  Cu, e tc . )  
was  t r a n s f e r r e d  d i r e c t l y  f r o m  the  a l k a l i n e  c l ean ing  
so lu t ion  to t he  p l a t i n g  so lu t ion  w i t h o u t  a r inse .  S tee l  
fo be  p l a t e d  in ac id  b a t h s  (Cr,  Ni,  e tc . )  w a s  r i n s e d  
be fo re  be ing  i n t r o d u c e d  in to  ac id  solu t ions .  F o r  
s tud ies  i n v o l v i n g  d e u t e r i u m  e m b r i t t l e m e n t ,  D20 was  
used  as t he  so lven t  fo r  t he  anod ic  c l ean ing  so lu t ion ,  
the  p re r in se ,  and  the  c h a r g i n g  or  p l a t i n g  solut ion.  

Charging and storing steel rings.--The spec imens ,  
a f t e r  anodic  c lean ing ,  w e r e  i m m e r s e d  in t he  c h a r g -  
ing  or  p l a t i n g  b a t h s  w i t h  t he  c i rcu i t  closed,  c h a r g e d  
or  p l a t e d  for  some p r e d e t e r m i n e d  p e r i o d  of  t ime ,  
and  p l a c e d  for  pe r i ods  up  to 2 h r  in l i qu id  n i t r o g e n  
un t i l  u sed  for  t he  c rush ing  tes t ,  w h i c h  was  m a d e  
j u s t  p r i o r  to ana lys i s  b y  the  t i n - f u s i o n  me thod .  

To i m p r o v e  t h e  r e p r o d u c i b i l i t y  of t he  e x p e r i m e n t s  
w i t h o u t  g r e a t l y  i nc r e a s ing  the  n u m b e r  of gas  a n a l -  
yses,  t he  fo l lowing  p r o c e d u r e  w a s  adop ted .  T r i p l i c a t e  
r ings  w e r e  c r u s h e d  to  m e a s u r e  e m b r i t t l e m e n t .  F o r  
the  gas  ana lys i s ,  o n e - h a l f  of  each  of t h e  t h r e e  r i ngs  
w e r e  s i m u l t a n e o u s l y  me l t ed .  In  th is  m a n n e r  t he  
v a r i a t i o n s  in t he  e x p e r i m e n t s  w e r e  a v e r a g e d  to some 
ex ten t .  

Operation of the vacuum Susion apparatus.--Im- 
m e d i a t e l y  a f t e r  t h e  e m b r i t t l e m e n t  was  m e a s u r e d ,  
t he  p l a t e d - r i n g  (o r  o n e - h a l f  of  each  of  t h r e e  r i ngs )  
was  p l a c e d  in  t he  a n t e c h a m b e r ,  w h i c h  was  t h e n  
e v a c u a t e d  to p e r m i t  t he  pa s sa ge  of t h e  s p e c i m e n  
t h r o u g h  the  ga t e  v a l v e  in to  t h e  e v a c u a t e d  f u r n a c e  
a s sembly .  W h e n  des i red ,  u n p l a t e d  s p e c i m e n  can  be  
pa s sed  m o r e  q u i c k l y  t h r o u g h  the  m e r c u r y  float v a l v e  
in to  a p r e e v a c u a t e d  a n t e c h a m b e r .  

The  p r e s s u r e  in  t he  s y s t e m  was  r e d u c e d  to 10 -4  
ram,  and  the  f u r n a c e  a r ea  and  gas co l lec t ion  a r eas  
w e r e  i so l a t ed  f r o m  the  p u m p i n g  a r e a  of t he  sys tem.  
The  s p e c i m e n  was  d r o p p e d  into  t he  m o l t e n  t in  at  
1060~ The  gases  l i b e r a t e d  f r o m  the  m e l t e d  s tee l  
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were  p u m p e d  into the  col lect ion a rea  by  m e a n s  of 
a m e r c u r y  diffusion pump.  This r e q u i r e d  abou t  20 .42o 
rain. The collect ion a rea  was t h e n  isolated f rom the  
fu rnace  assembly  and  the  m e r c u r y  diffusion p u m p  ~.345 

I 

al lowed to cool for  15 min .  A k n o w n  a m o u n t  of o Z 

argon  was  t h e n  added  to the  gases f r o m  the  speei-  ~ .zTo 
m e n  and  this  gas m i x t u r e  r e m o v e d  to a sample  o 
bot t le  by  means  of a Toepler  pump.  The ra t io  of ~ .,95 
hyd rogen  and  d e u t e r i u m  to a rgon  was  d e t e r m i n e d  o 
wi th  a mass spect rograph.  

.120 

Experimental Results 
Compariso~ o5 embrittling e~ect of deuterium and .o45 

hydrogen on ungrooved rings.--Because of the  s im-  
i l a r i ty  of the  m a n y  proper ies  of h y d r o g e n  and  deu -  
t e r ium,  it seemed reasonab le  to pred ic t  t ha t  deu -  
t e r i u m  wou ld  embr i t t l e  steel. A few of the  in i t i a l  
compar i sons  of h y d r o g e n  and  d e u t e r i u m  e m b r i t t l e -  
m e n t  are r epor ted  here in .  A c a d m i u m  p la t ing  b a t h  
was  made  f rom H - f r e e  compounds  and  D20 as sol-  
vent .  S tee l  r ings,  which  were  no t  grooved,  we re  
p la ted  wi th  c a d m i u m  f rom this h e a v y  wa t e r  ba th  and  
f rom o r d i n a r y  wa te r  baths .  The m a g n i t u d e  of the  
e m b r i t t l e m e n t  p roduced  is shown in  Fig. 1 and  2. 
The e m b r i t t l e m e n t  r e su l t ing  to steel was  less for 
charg ing  in  the  D20 solu t ion  t h a n  in  the  H20 solu-  
t ion. Hence,  it  m a y  be conc luded  tha t  d e u t e r i u m  
embr i t t l e s  steel  less t h a n  hydrogen .  Because  the 
D20 solut ions  con ta ined  moi s tu re  (H20)  p icked up  
f rom the  a tmosphere ,  some of the  e m b r i t t l e m e n t  
r e su l t ing  f rom electrolysis  in  this  so lu t ion  m a y  be 
a t t r i b u t e d  p a r t l y  to hydrogen .  Expe r imen t s ,  dis-  
cussed in  P a r t  II  (9) of these  inves t iga t ions ,  emp loy  
carefu l  controls  aga ins t  mo i s tu re  p i c k - u p  b y  the 
D20 solut ions  and  demons t r a t e  more  c lear ly  t ha t  
d e u t e r i u m  embr i t t l e s  steel. 

Determination o:f e~traneous hy~rogen.--Before 
ex tens ive  ana lyses  were  m a d e  for the a m o u n t  of elec-  
t ro ly t ic  h y d r o g e n  in  embr i t t l ed  steel, the  a m o u n t  of 
" ex t r aneous"  h y d r o g e n  was  de te rmined .  This  hy -  
drogen  m a y  have  o r ig ina ted  in  the  course of the  
m a n u f a c t u r e  of the  steel  or as mo i s tu re  adsorbed  
on the surface  of the  test  specimen.  To d e t e r m i n e  the  1 
ex t r aneous  h y d r o g e n  f rom the  l a t t e r  source, steel 2 

3 
control  spec imens  were  i m m e r s e d  in  DeO, t h e n  dr ied  4 
or wiped  by  di f ferent  techniques ,  and  in t roduced  in to  
the  v a c u u m  fus ion  appara tus .  Some da t a  are g iven  
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Fig. 1. Effect of plating time on crushing load to failure of 
cadmium-plated SAE 4130 steel rings. Curve I solvent, D20; curve 
I1 solvent, H20. 
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Fig. 2. Effect of plating time on deformation to failure of cad- 
mium-plated SAE 4130 steel rings. Curve I solvent, D20; curve II 
solvent, H20. 

in Tab le  I. The  a m o u n t  of adsorbed  moi s tu re  is i n -  
dicated b y  the  a m o u n t  of d e u t e r i u m  r e m a i n i n g  on 
the steel. The a m o u n t  of d e u t e r i u m  found  was  not  
s ignif icant  compared  to the  ex t r aneous  h y d r o g e n  
f rom other  sources. The l a t t e r  shows a la rge  v a r i a -  
t ion  a m o n g  the steel  b l anks  ana lyzed  and  indica tes  
tha t  a correct ion for ex t r aneous  hyd rogen  m a y  be 
ve ry  inaccura te .  In  the  p re sen t  work  ana lyses  of 
b l anks  or the as - rece ived  steel  gave an average  of 17 
m m  3 h y d r o g e n / g  of steel for ex t r aneous  h y d r o g e n  
wi th  a va r i a t i on  of --+14 m m  8 h y d r o g e n / g  of steel. 
The  va r i a t i on  in  ex t r aneous  hyd rogen  exp la ins  the 
difficulty in  d e t e r m i n i n g  accura te ly  the q u a n t i t y  of 
e lect rolyt ic  h y d r o g e n  i n t roduced  in to  steel. The  p re -  

Table I. Contribution of moisture adsorbed on the surface 
of steel to extraneous hydrogen 

G a s  a n a l y s i s  

D u r a t i o n  De, H2, 
S t e e l  L a s t  of  d ip ,  R u b b e d  mm~/1  g ram3/1  

b l a n k  No.  l i q u i d  r i n s e  r a i n  to d r y  s t e e l  s t e e l  

D20 20 Yes x 0.52 12.4 
D20 1 NoY 0.29 7.9 
D20 1 Yes z 0.11 9.04 
Acetone 1 Yes z None 17.03 

= R u b b e d  w i t h  p a p e r  t h a t  h a d  b e e n  s t o r e d  in  d r y - b o x  f o r  5 d a y s  
to r e m o v e  a d s o r b e d  H 2 0 .  

S t e e l  r i n g  u n d e r  v a c u u m  in  a n t e c h a m b e r  f o r  22 h r  b e f o r e  
a n a l y s i s .  

z R u b b e d  w i t h  g a u z e  in  t h e  a i r  a f t e r  r e m o v a l  f r o m  a c e t o n e .  

Table II. Hydrogen isotopes extracted from 
steel rings embrittled in heavy water 

P e r i o d  of e x t r a c t i o n ,  m i n  

S p e c i m e n  1 S p e c i m e n  2 

D H D H 
m m ~ / g  of  s teel~ m m S / g  of  s t ee lz  

1 0 "  - -  - -  0 . 2  0 . 0 5  
10-1000" 5.4 0.8 9.5 1.5 
15 (melted steel) ** 0.1 15.0 0.01 3.0 

z C o r r e c t e d  to  i n c l u d e  H o r  D in  H D .  
* A t  r o o m  t e m p e r a t u r e .  

~* A t  l l 0 0 ~  
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cision, based  on p ressure  r ead ings  of the  McLeod 
gauge,  was  be t t e r  t h a n  +--0.5 m m  ~ h y d r o g e n / g  of 
steel. 

Differences in behavior of electrolytic deuter ium 
and extraneous hydrogen in s teeL--Spec imens  of 
steel were  charged wi th  d e u t e r i u m  in  a 10% solut ion 
of NaOD in D20. Each specimen,  i m m e d i a t e l y  af ter  
charging,  was placed in  a h igh v a c u u m  sys tem and  
the  ra te  of escape of d e u t e r i u m  m e a s u r e d  over  sev-  
eral  i n t e rva l s  of t ime.  Ana lys i s  of the  gas showed 
tha t  it was m a i n l y  the isotope d e u t e r i u m  wi thou t  
any  apprec iab le  p ropor t ion  of ex t r aneous  hydrogen .  
The gas conten ts  of the  aged steel  spec imens  were  
t hen  d e t e r m i n e d  by  v a c u u m  fus ion  and  found  to 
consist  m a i n l y  of ex t r aneous  h y d r o g e n  and  v i r t u a l l y  
no d e u t e r i u m  (see Tab le  I I ) .  These expe r i me n t s  
show (a)  v e r y  l i t t le  of the  e x t r a n e o u s  h y d r o g e n  
undergoes  isotopic exchange  wi th  e lec t ro ly t ica l ly  i n -  
t roduced  d e u t e r i u m ;  (b)  the ex t r aneous  h y d r o g e n  
mus t  be e i ther  t r apped  as mo lecu l a r  h y d r o g e n  or 
more  t igh t ly  b o u n d  in  the  steel (pe rhaps  as a com-  
p o u n d )  t h a n  the  e lec t ro ly t ica l ly  i n t roduced  deu -  
te r ium.  

Retent ion of electrolytic deuter ium or hydrogen by 
steel at liquid nitrogen tempera ture . - - In  some of the  
in i t i a l  exper imen t s ,  e m b r i t t l e d  bu t  uncoa ted  steel 
specimens  were  aged in  l iqu id  n i t rogen .  The i r  e m-  
b r i t t l e m e n t s  were  m e a s u r e d  by  c rush ing  i m m e d i -  
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Fig. 3. Quantity of electrolytic hydrogen escaping from un- 
coated steel after cathodic charging in basic medium compared 
with the retention of embrittlement by steel after stripping of 
cadmium coating. 

Time steel 
stored at 

Time steel - -196~ 
Electrolytically at R.T. from after 

charged charging being 
Time, CD, to H.V.S., charged, 
hr amp/dm 2 min hr 

Curve Method, 
In H20 soln. 

2.5 3.3 4.25 None 
2.5 3.3 6.50 2 
2.5 3.3 4.25 40 

0.5 3.5 - -  

A 10% NaOH 
B 10% NaOH 
C 10% NaOH 
D Uncharged 

specimen 
E Cd-CN 

ate ly  af ter  they  were  w a r m e d  to room t e m p e r a t u r e .  
E x p e r i m e n t s  were  des igned  to d e t e r m i n e  w h e t h e r  
h y d r o g e n  diffused f rom these uncoa ted  steel r ings  
d u r i n g  s torage at  l iqu id  n i t r o g e n  t empe ra tu r e .  The  
n e w  procedure  p rov ided  tha t  all  steps r e q u i r i n g  the  
steel  to be held  at room t e m p e r a t u r e  for  severa l  
m i n u t e s  be e l im ina t ed  or the  t ime  be  r educed  to a 
m i n i m u m .  

The  m e r c u r y  float va lve  show n  in  Fig. 10 was  de-  
vised for qu ick ly  i n t r oduc i ng  1-in.  OD r ings  in to  the  
h igh v a c u u m  system. The  c rush ing  test  was e l imi -  
nated.  The spec imens  were  charged,  s tored (if de-  
s i red)  at  l iqu id  n i t r ogen  t e m p e r a t u r e ,  and  analyzed.  
Wi th  these changes,  the  steel was  at room t e m p e r a -  
tu re  for on ly  4 to 7 m i n  f rom the  t ime  the  charg ing  
was  comple ted  u n t i l  col lect ion of gas f rom the  speci-  
m e n  was  s tar ted.  

Two dif ferent  types  of solut ions were  used for 
these studies.  The  first was  a s t rong ly  basic and  the  
second a s t rong ly  acidic me d i um.  Resul ts  of the ex-  
pe r i me n t s  are g iven  in  Fig. 3 and  4. For  the  steel  
charged  in  the basic  solut ion,  all  of the  gas appeared  
to be l i be ra t ed  f rom the  steel  in  3 h r  at  r oom t em-  
pera tu re .  A m a x i m u m  of 28.5 ram 3 h y d r o g e n / g  of 
steel  was collected w h e n  the steel was  no t  aged 
( cu rve  A, Fig. 3). Two other  spec imens  aged at l iq -  
u id  n i t r o g e n  t e m p e r a t u r e  for 2 h r  ( cu rve  B) and  40 
hr  (curve  C) showed reduc t ions  of the  a m o u n t  of 
h y d r o g e n  g iven  off of 4 and  2 mmZ/g  of steel, r e -  
spect ively.  The steel charged in  the acidic m e d i u m  
was hea ted  in  the  h igh  v a c u u m  sys tem to 310~ to 
accelerate  the  l i be ra t ion  of the  e lect rolyt ic  gas. 
A to ta l  of 107 m m  ~ h y d r o g e n / g  of steel was  collected 
f rom steel  which  was  no t  aged at l iqu id  n i t r ogen  
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Fig. 4. Quantity of gas which diffused from uncoated steel held 
at 310~ after cathodic charging in acid medium. Gas collected 
was mainly hydrogen; SAE 4130 steel ring (5g); Electrolytically 
charged for 10 min at 3.3 amp/dm 2 in 4% H2SO4; Poison was P 
in CS2(4 g/20 ml) added as 4 drops/50 ml of acid. 

Time steel at R.T. Time steel stored 
from charging to at - -196~ after 

Curve H.V.S., rain being charged Poison 

A 5 None None 
B 7-1/3 None Yes 
C 6 16 hr Yes 
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Table III. Study of effect of changes of H/D ratio in liquid on 
H/D ratio in gases liberated at steel cathode and gases 

permeating steel tube as a result of electrolytic charging in 
alkaline solution* 

(H/D) Liq (H/D)  GF, 1 (H/D)  ap 

P e r m e a t i o n  
rate** 

(H/D) e e l  (H/D)  ap P, X 107, 

(H/T)) Liq - -  cc/sec/cmS/ 
(H/D) Liq 0.78 mint 

0.005 0.030 0.036 6.0 7.2 4.1 x 
0.022 0.132 0.19 6.0 8.6 4.1 x 
0.050 0.3 0.46 6.0 9.2 2.5 
0.115 0.67 - -  5.9 - -  - -  
0.148 0.87 1.2 5.9 8.1 2.8 
0.173 1.0 1.3 5.8 7.5 4.2 
1.0 5.9 7.3 5.9 7.3 - -  

Average  5.9 8.0 

GEl, ca thod ic  gas;  Gp,  gas  w h i c h  p e r m e a t e d  s tee l :  L iq ,  s o l u t i o n  
e lec t ro lyzed .  

* Ou t s ide  su r face  of S A E  4130 s tee l  c y l i n d e r  c h a r g e d  in  10% 
N a O X i n  XsO (where  X is H or  D) a t  10 a m p / d i n  2. 

** P, d e t e r m i n e d  b e t w e e n  4 a n d  5 h r  of  e l ec t ro ly t i c  cha rg ing .  
? 0.78 m m  is t he  t h i c k n e s s  of  t he  s teel  r ings .  
x Po i son  i n  s o l u t i o n  ( s od ium a r s e n i t e ) .  

Table IV. Effect of previous electrolytic charging on the 
permeation of a mixture of deuterium and hydrogen through 

a steel tube* 

P e r m e a t i o n  
r a t e  

P, X i07, 
Time required at end 

for gasesf of charging, 
Order** of  to  p e r m e a t e  To ta l  t i m e  of c c / s ec / cm2 /  

c h a r g i n g  steel ,  r a in  e lec t ro lys i s ,  ra in  Temp ,  ~ 0.78 m m  

1 40 172 35 - -  
2 34 319 35 2.7 
3 32 310 35 3.6 
4 20 284 55 6.8 
5 3O 3O0 35 3.1 

* Ca thod ic  c h a r g i n g  a t  10 a m p / d m 2  in  20% N a O X  in  X20,  w h e r e  
XisHorD and the (H/D) Liq = 0.010. 

** T i m e  b e t w e e n  success ive  e x p e r i m e n t s  a t  l eas t  16 hr .  
? T i m e  fo r  gas  to  a p p e a r  on in s ide  of cy l inde r .  

t e m p e r a t u r e  ( c u r v e  B, Fig.  4) ,  w h i l e  a to ta l  of 115 
m m  3 h y d r o g e n / g  of s tee l  was  col lec ted  f r o m  a speci -  
m e n  aged at l iqu id  n i t r o g e n  t e m p e r a t u r e  for  16 hr.  

These  e x p e r i m e n t s  ind ica te  t ha t  v e r y  l i t t l e  e l ec t ro -  
ly t ic  gas diffused f r o m  the  s tee l  at l i qu id  n i t r o g e n  
t e m p e r a t u r e .  

Rate of escape 05 electrolytic hydrogen Srom un-  
plated steel vs. the retention of embr i t t l emen t . - -  
Stee l  specimens,  w h i c h  w e r e  c a d m i u m  p l a t e d  for  30 
m i n  at  3.5 a m p / d i n  2, w e r e  s t r ipped  of the  c a d m i u m  
coat ing,  a l lowed  to s tand  at  r o o m  t e m p e r a t u r e  for  
d i f fe ren t  l eng ths  of t ime,  and t h e n  the  e m b r i t t l e m e n t  
d e t e r m i n e d  by  crushing.  E m b r i t t l e m e n t  was  r e t a i n e d  
by the  s t r ipped  s teel  for  ove r  76 min.  Ana lyse s  w e r e  
not  p e r f o r m e d  on these  specimens.  The  loss of e m -  
b r i t t l e m e n t  ( c u r v e  E, Fig. 3) was  c o m p a r e d  w i t h  the  
loss of gas f r o m  uncoa ted  s tee l  cha rged  in an a lka -  
l ine  m e d i u m  ( cu rves  A, B, and  C, Fig.  3).  E v e n  
t h o u g h  the  cha rg ing  p r o c e d u r e s  w e r e  d i f fe ren t  and 
m a y  not  be d i r ec t ly  comparab le ,  these  e x p e r i m e n t s  
ind ica te  tha t  the  loss of  e m b r i t t l e m e n t  and loss of gas 
are  r o u g h l y  para l le l .  

Comparison of the permeation of hydrogen and 
deuter ium through SAE 4130 s tee l . - -A  compar i son  
of the  am oun t s  of h y d r o g e n  and d e u t e r i u m  wh ich  
are  e l ec t ro ly t i ca l l y  d i s cha rged  on t h e  sur faces  of 
s teel  f r o m  h e a v y  w a t e r  so lu t ions  c o n t a m i n a t e d  w i t h  
o r d i n a r y  w a t e r  and a compar i son  of t h e  p e r m e a t i o n  
of h y d r o g e n  and d e u t e r i u m  t h r o u g h  S A E  4130 steel  
w e r e  made .  These  s tudies  w e r e  fe l t  to be necessa ry  
s ince  both  d e u t e r i u m  and h y d r o g e n  e m b r i t t l e m e n t  
w e r e  to be s tudied,  and such i n f o r m a t i o n  w o u l d  he lp  
in the  i n t e r p r e t a t i o n  of data.  S tee l  cy l inders  w e r e  
used for  the  s tudy  of the r e l a t i v e  ra tes  of p e r m e -  
a t ion of h y d r o g e n  and deu t e r i um .  Each  cy l i nde r  was  
2.5 cm (1 in.) in d i ame te r ,  10 cm (4 in.) long, and 
had a w a l l  th ickness  of 0.08 cm (1/32 in ) .  One end 
was  closed w i t h  a so ldered  s tee l  cap. T h e  open end of 
the  cy l i nde r  was  sea led  to a p iece  of glass tub ing  
w i t h  wax .  This  a s sembly  was  a t t ached  to a v a c u u m  
sys tem w h i c h  inc luded  a McLeod  gauge,  to p e r m i t  
m e a s u r e m e n t  of  the  p re s su re  r ise  in the  in t e r io r  of 
the  cy l inder .  

The  cha rg ing  so lu t ion  inc luded  va r ious  m i x t u r e s  
of a 10% solu t ion  of NaOD in D20 w i t h  a 10% solu-  
t ion of N a O H  in HeO. The da ta  col lec ted  f r o m  these  
e x p e r i m e n t s  are  g iven  in Tables  III,  IV, and V, and 
obse rva t ions  d r a w n  f r o m  t h e m  are  i n fo rm a t ive .  The  
conclus ions  are:  

Table V. Permeation rates and diffusion constants for hydrogen and deuterium in SAE 4130 Steel 

PH, x 107 PD, x 107 
Tamp ,  ~ C.D., a m p / d i n 2  cc /sec /cm~/0.78 m m  PH/P1) 

DH, X 107 , D]), X I0 v, 
cm2/sec L, m i n  cm~/sec L, r a in  DH/DD 

35 6.8 4.8* - -  - -  1.20 146 - -  - -  - -  
35 10 7.2" 3.1"* 2.3 1.25 140 1.1 151 1.14 
35 x 10 - -  4.1"* - -  - -  - -  1.34 130 - -  
55 10 10.6" 5.4* * 2.0 3.8 46 3.0 58 1.27 

PH and  Pn  = p e r m e a t i o n  ra tes  fo r  h y d r o g e n  a nd  d e u t e r i u m  d e t e r m i n e d  a f t e r  4 h r  of  e l ec t ro ly t i c  cha rg ing .  
DH a n d  DD = d i f fus ion  cons t an t s  fo r  h y d r o g e n  and  d e u t e r i u m  ca l cu l a t ed  by  t he  t i m e - l a g  m e t h o d  (13, 14), w h e r e  D = 0.0062 cme/6L (sac).  
L is t he  p o i n t  w h e r e  t he  t a n g e n t  to  c u r v e  for  s t eady  s ta te  of flow crosses t i m e  ax i s  of p r e s su re  v s .  t i m e  p lo t  (p ressure  on o u t g o i n g  s ide 

of  s t ee l ) .  

Po i son  in  so lu t i on  ( s od ium a r s e n i t e ) .  
* S t e a d y  s ta te  of f low fo r  1 hr .  

** S t e a d y  s ta te  of f low fo r  2 hr .  
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(A)  A d d i t i o n  of a poison,  s o d i u m  a rsen i t e ,  to t he  
cha rg ing  so lu t ion  caused  an  i nc rea se  in  t he  r a t e  of 
p e r m e a t i o n  of t he  h y d r o g e n  i so topes  t h r o u g h  s tee l  
(see  T a b l e  I I I ) .  

(B)  S l igh t  i nc reases  in  t e m p e r a t u r e  of t he  
so lu t ion  i n c r e a s e d  the  r a t e  of p e r m e a t i o n  and  r e -  
d u c e d  the  t i m e  r e q u i r e d  for  h y d r o g e n  and  d e u t e r i u m  
to a p p e a r  ins ide  t he  t ube  (see  Tab les  IV and  V ) .  

(C)  The  l i m i t e d  d a t a  dea l i ng  w i t h  v a r i a t i o n s  in 
c u r r e n t  d e n s i t y  i n d i c a t e d  t h a t  i nc r ea s ing  the  c u r -  
ren t  d e n s i t y  i n c r e a s e d  the  r a t e  of p e r m e a t i o n  of t he  
h y d r o g e n  i so topes  (see  Tab le  V ) .  

(D)  The  r a t i o  of h y d r o g e n  to d e u t e r i u m  in t he  
e l e c t ro ly t i c  gas  p r o d u c e d  at  t he  su r f ace  of SAE 4130 
s tee l  was  5.9 t imes  l a r g e r  t h a n  the  c o r r e s p o n d i n g  
ra t io  in the  e l e c t r o l y t e  ( see  T a b l e  I I I ) .  

(E)  The  ra t io  of h y d r o g e n  to d e u t e r i u m  in t h e  
gases  w h i c h  p e r m e a t e d  the  c y l i n d e r  was  a b o u t  8 
t imes  l a r g e r  t h a n  t h a t  for  the  e l e c t r o l y t e  ( see  T a b l e  
I I I ) .  

( F )  The  di f fus ion cons t an t  c a l c u l a t e d  for  a g iven  
set of cond i t ions  was  l a r g e r  for  h y d r o g e n  t h a n  
d e u t e r i u m .  The  DH/DD ra t io  was  1.14 and  1.27 (see  
Tab le  V) .  The  d i f fus ion  cons tan t s  w e r e  d e t e r m i n e d  
b y  the  t i m e - l a g  m e t h o d  d i scussed  b y  B a r r e r  (13) 
and  b y  Jos t  (14) .  

(G)  A s l i g h t l y  s h o r t e r  t i m e  was  r e q u i r e d  for  t he  
gases  to p e r m e a t e  a s tee l  t u b e  on each  success ive  
p e r m e a t i o n .  Sufficient  t ime  (as m u c h  as 16 h r  to 4 
d a y s )  was  a l l o w e d  b e t w e e n  p e r m e a t i o n s  to p e r m i t  
the  p e n e t r a t i n g  gases  to diffuse out  a t  r o o m  t e m p e r a -  
ture .  Success ive  p e r m e a t i o n s  of t he  s ame  p iece  of 
s tee l  y i e l d e d  n e a r l y  t he  s a m e  p e r m e a t i o n  ra te .  The  
r a t e  was  af fec ted  mos t  b y  changes  in t e m p e r a t u r e  
(see  T a b l e  IV) .  

(H)  The  p e r m e a t i o n  r a t e s  for  h y d r o g e n  and  d e u -  
t e r i u m  d e t e r m i n e d  a f t e r  4 h r  of e l e c t ro ly t i c  c h a r g i n g  
a re  g iven  in Tab le  V. The  a v e r a g e  PH/PD r a t i o  was  
abou t  2.1. 

Comparison of electrolytic hydrogen contents in 
steel charged by di~erent procedures.--These e lec -  
t r o l y t i c  s tud ies  w i t h  h y d r o g e n  h a v e  i n d i c a t e d  on 
ana lys i s  a r a n g e  of t o t a l  h y d r o g e n  con ten t  p r e s e n t  
in t h e  s tee l  f r om 20 to 167 m m  3 h y d r o g e n / g  of s teel .  
W h e n  e l e c t r o l y t i c  condi t ions  w e r e  used  t h a t  i n t r o -  
d u c e d  a s m a l l  q u a n t i t y  of h y d r o g e n ,  the  gas con-  
t en t s  due  to e l ec t ro lys i s  cou ld  no t  be  d e t e r m i n e d  
w i t h  a h igh  d e g r e e  of accuracy .  As the  to ta l  q u a n t i t y  
of h y d r o g e n  b e c a m e  l a rge r ,  t he  ana lys i s  b e c a m e  
eas ie r  and  m o r e  accura te .  Tab le  VI  s u m m a r i z e s  some  
e l ec t ro ly t i c  h y d r o g e n  con ten t s  f o u n d  in s tee l  as a 
r e su l t  of the  l i s t ed  c h a r g i n g  processes .  These  gas  
con ten t s  w e r e  the  r e s u l t  of one  a n a l y s i s  p e r  c h a r g e d  
s tee l  spec imen ,  and  t h e y  show the  s m a l l  e l e c t r o l y t i c  
h y d r o g e n  con ten t  i n t r o d u c e d  into  s tee l  b y  v a r i o u s  
e l e c t ro ly t i c  processes .  S u l f u r i c  ac id  con ta in ing  a 
poison  (P  in  CS2) a p p e a r s  to be  t he  on ly  p rocess  
l is ted,  w h i c h  i n t r o d u c e s  h y d r o g e n  r a p i d l y  in to  s tee l  
d u r i n g  a 10 -min  c h a r g i n g  per iod .  

Effect of solvent on hydrogen embrittlement ol 
steel.--A f ew  s tud ies  w e r e  m a d e  to d e t e r m i n e  if 
w a t e r  was  n e c e s s a r y  to t he  e n t r y  m e c h a n i s m  for  
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Table Yl. Electrolytic hydrogen content of SAE 4130 steel rings 
charged by different processes 

Elec t ro ly t i c  
h y d r o g e n *  

E l e c t r o l y t i c  C u r r e n t ,  
E x p e -  c h a r g i n g  process  T ime ,  a m p /  mmZ/  m m a / g  
r i m e n t  S o l v e n t  = H20 m i n  s p e c i m e n  s p e c i m e n  s t e e l  

A C N - - C d  P la t ing  15 0.5 100 20 
B C N - - C u  P la t ing  15 0.28 225 45 
C SO4=-Cr P la t ing  15 2.5 65 15 
D NaOH (10%) 10 0.5 60 12 
E NaOH (10%) 15 0.5 70 14 
F NaOH (10%) 150 0.5 140 28 
G H2SO4 (4%) 10 0.5 70 14 
H H2SO4 (4% ~- poi-  10 0.5 750 150 

son) 
I Steel  b lank  (avg)  - -  - -  85 17 

(var ia t ion)  - -  - -  15-155 3-31 

* Cor r ec t ed  fo r  a v e r a g e  h y d r o g e n  con t en t  of b l a n k  I. 

t he  i n t r o d u c t i o n  of  h y d r o g e n  in to  s tee l  and,  hence,  
inf luence  the  h y d r o g e n  e m b r i t t l e m e n t  of s teel .  The  
e t h e r e a l  h y d r i d e - a l u m i n u m  b a t h  (15) was  t he  f irst  
n o n a q u e o u s  p l a t i n g  b a t h  i nves t i ga t ed .  The  q u a n t i t y  
of h y d r o g e n  d i s c h a r g e d  d u r i n g  the  depos i t i on  was  
smal l .  The  c a thode  c u r r e n t  eff iciency of depos i t i on  
of a l u m i n u m  f r o m  th is  b a t h  is abou t  95 %, w i t h  t he  
r e m a i n d e r  of  t he  c u r r e n t  p r o d u c i n g  h y d r o g e n .  The  
s tee l  r ings  d id  no t  become  e m b r i t t l e d  w h e n  p l a t e d  
w i t h  a l u m i n u m  for  30 ra in  a t  a c u r r e n t  d e n s i t y  of 
2 a m p / d m  ~. 

A n a l y s i s  of t he  gas p r o d u c e d  in t he  anode  c o m -  
p a r t m e n t  d u r i n g  e l ec t ro lys i s  of t he  h y d r i d e - a l u m i -  
n u m  b a t h  i n d i c a t e d  on ly  h y d r o g e n  was  l i be r a t ed .  
W h e t h e r  the  h y d r o g e n  is a p r i m a r y  p r o d u c t  of e l ec -  
t r o ly s i s  or  a s e c o n d a r y  decompos i t i on  of h y d r i d e s  
was  no t  e s tab l i shed .  The  s eve re  e m b r i t t l e m e n t  of 
the  s tee l  r i ngs  w h i c h  r e s u l t e d  w h e n  t h e y  w e r e  m a d e  
anod ic  in  th is  e t h e r e a l  so lu t ion  is s h o w n  in Fig.  5. 
The  e x p e r i m e n t s  i nd i ca t e  t h a t  t he  p r e s e n c e  of w a t e r  
as a so lve n t  is no t  n e c e s s a r y  to t he  e n t r y  m e c h a n i s m ,  
for  the  m a x i m u m  e m b r i t t l e m e n t  o b t a i n e d  was  
g r e a t e r  f r o m  e t h e r e a l  t h a n  f r o m  a que ous  solut ion .  
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Fig. 5. Anodic charging of SAE 4130 steel in an ethereal hy- 
dride aluminum bath. 
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To e x a m i n e  f u r t h e r  t he  e m b r i t t l i n g  effect of h y -  
d r o g e n  d i s c h a r g e d  f r o m  a n o n a q u e o u s  m e d i u m ,  
spec imens  w e r e  m a d e  ca thod ic  in  so lu t ions  of a l co -  
hol,  p r o p y l e n e  glycol ,  e t h y l e n e  d i amine ,  and  d i -  
m e t h y l  f o r m a m i d e  w h i c h  w e r e  m a d e  conduc t ing  b y  
the  a d d i t i o n  of l i t h i u m  chlor ide .  A l t h o u g h  the  i n -  
ve s t i ga t i ons  of these  so lu t ions  a r e  no t  comple te ,  t he  
ev idence  ind i ca t e s  t h a t  no e m b r i t t l e m e n t  o c c u r r e d  on 
ca thod ic  t r e a t m e n t  of  s teel .  

Discussion 

Johnson ,  Mor le t ,  and  T ro i ano  (16) h a v e  s t a t ed  
t h a t  t h e y  w e r e  u n a b l e  to de tec t  the  p r e s e n c e  of e l ec -  
t r o l y t i c a l l y  i n t r o d u c e d  h y d r o g e n  in s tee l  b y  c o n v e n -  
t i ona l  v a c u u m - f u s i o n  t echn iques ,  w i t h  a p rec i s ion  of 
----_2 m m  3 h y d r o g e n / g  of s teel .  The i r  e m b r i t t l i n g  p r o -  
c edu re  i n c l u d e d  a 5 - m i n  cha rge  in  a 4% H2SO4 so lu -  
t ion  at  0.31 a m p / d m  2, f o l l o w e d  b y  c a d m i u m  p l a t i n g  
f r o m  a c y a n i d e  b a t h  for  25 min  a t  2.2 a m p / d i n  2. 

A t  t h e  h i g h e r  c u r r e n t  dens i t i e s  u sed  in  t h e  p r e s e n t  
s tud ies  h y d r o g e n  could  be  d e t e c t e d  e i t h e r  b y  p e r m i t -  
t ing  i t  to diffuse f r o m  u n c o a t e d  s tee l  in a h igh  v a c -  
u u m  s y s t e m  or  b y  m e l t i n g  the  steel .  The  p rec i s ion  
of the  w h o l e  a n a l y t i c a l  m e t h o d  w a s  ___0.5 m m  3 h y -  
d r o g e n / g  of s teel .  E n o u g h  e l ec t ro ly t i c  h y d r o g e n  was  
i n t r o d u c e d  in to  the  s tee l  so h y d r o g e n  ove r  and  a b o v e  
the  e x t r a n e o u s  h y d r o g e n  could  be  de tec t ed .  E v e n  so, 
t he  con ten t  of e x t r a n e o u s  h y d r o g e n  in  s tee l  is too 
v a r i a b l e  to p e r m i t  an  a c c u r a t e  d e t e r m i n a t i o n  b y  the  
t in  fus ion  m e t h o d  of t he  e l e c t ro ly t i c  h y d r o g e n  i n -  
t r o d u c e d  in to  s teel  b y  mos t  of t he  e m b r i t t l i n g  p r o -  
cedures .  The  use of e l e c t ro ly t i c  d e u t e r i u m  p e r m i t t e d  
the  d i s t i n g u i s h i n g  of e x t r a n e o u s  and  e l ec t ro ly t i c  gas. 
A n a l y s e s  of t he  h e a v y  w a t e r  p l a t i n g  so lu t ions  for  
o r d i n a r y  w a t e r  p i c k e d  up  f rom the  a t m o s p h e r e  and  
t h e  p e r m e a t i o n  s tud ies  i nd i ca t e  t h a t  t he  h e a v y  w a t e r  
so lu t ions  used  for  t h e  s t u d y  of d e u t e r i u m  e m b r i t t l e -  
m e n t  m u s t  be  h a n d l e d  in  an  a t m o s p h e r e  f r ee  f r o m  
o r d i n a r y  w a t e r  to g ive  good a s su rance  t h a t  d e u -  
t e r i u m  e m b r i t t l e m e n t  is s t ud i ed  f ree  f r o m  h y d r o g e n  
e m b r i t t l e m e n t .  

D u r i n g  the  course  of these  e x p e r i m e n t s  t h e r e  was  
some d o u b t  as to t h e  r e t e n t i o n  of t he  h y d r o g e n  
i so topes  in  s tee l  a t  l i qu id  n i t r o g e n  t e m p e r a t u r e .  E m -  
b r i t t l e m e n t  was  r e t a i n e d  a f t e r  s e v e r a l  days '  s t o r a ge  
a t  th is  t e m p e r a t u r e .  Ye t  in  some ana lyses ,  e l e c t r o -  
l y t i c  h y d r o g e n  or  d e u t e r i u m  was  no t  f o u n d  in t he  
s tee l  some 40 min  a f t e r  t he  c rush ing  tes t  was  p e r -  
fo rmed .  Var ious  e x p e r i m e n t s  r e p o r t e d  h e r e i n  have  
shown  tha t  t h e  a n a l y s e s  of u n c o a t e d  s tee l  m u s t  be  
m a d e  w i t h i n  m i n u t e s  a f t e r  t he  s tee l  has  been  
w a r m e d  to r o o m  t e m p e r a t u r e  or  a l a r g e  po r t i on  of 
t h e  e l e c t ro ly t i c  gas  i n t r o d u c e d  b y  a l k a l i n e  c h a r g i n g  
is lost .  Thus,  t he  age of  the  spec imen  a f t e r  c h a r g i n g  
is v e r y  c r i t i ca l  in  the  d e t e r m i n a t i o n  of t he  m a g n i t u d e  
of e m b r i t t l e m e n t  and  gas  con ten t  of u n c o a t e d  steel .  
This  one  f ac to r  m a y  be  the  m a i n  r ea son  for  t he  
s ca t t e r  of d a t a  r e p o r t e d  b y  the  m a n y  i n v e s t i g a t o r s  
of the  p h e n o m e n o n  of h y d r o g e n  e m b r i t t l e m e n t .  E x -  
p e r i m e n t s  h a v e  i n d i c a t e d  t ha t  t he  e m b r i t t l e m e n t  
d i s a p p e a r s  as t he  h y d r o g e n  diffuses f r o m  the  s teel .  
Also,  t h e  use  of  long p e r i o d  s u s t a i n e d  l oad in g  tes t  
on u n c o a t e d  s tee l  as a m e a s u r e  of e m b r i t t l e m e n t  
a p p e a r s  to be  v e r y  i m p r a c t i c a l .  

The  va r i ous  t y p e s  of c h a r g i n g  p r o c e d u r e s  a p p e a r  
to i n t r o d u c e  d i f fe ren t  m a x i m u m  qua n t i t i e s  of gas  
in to  t he  s tee l  ( see  T a b l e  V I ) .  The  m a x i m u m  a m o u n t  
of gas  i n t r o d u c e d  in to  a g i v e n  s p e c i m e n  of s tee l  is 
p r o b a b l y  d e p e n d e n t  on t h e  d r i v i n g  force  of t he  
c h a r g i n g  p roc e du re .  S tee l  r i ngs  c h a r g e d  at  3.6 
a m p / d m  2 for  4 h r  in  10% N a O I I  in  H~O con ta ined  
144 m m  ~ of e l e c t ro ly t i c  h y d r o g e n  (29 m m 3 / g  of 
s t e e l ) .  S e v e r a l  e x p e r i m e n t s  i n d i c a t e d  t ha t  th is  is 
n e a r l y  t he  m a x i m u m  q u a n t i t y  of e l e c t r o l y t i c  h y d r o -  
gen  t h a t  can be  i n t r o d u c e d  into  t he  s tee l  spec imens  
b y  th is  c h a r g i n g  p r o c e d u r e .  This  v a l u e  was  d e t e r -  
m i n e d  b y  a n a l y s e s  of c h a r g e d  s tee l  r ings .  I t  was  con-  
f i rmed  b y  the  p e r m e a t i o n  s tud ies  l i s t ed  in  T a b l e  V, 
in w h i c h  the  t i m e  to e s t ab l i sh  a s t e a d y  s t a t e  of flow 
was  a b o u t  4 h r  a n d  the  r a t e  of p e r m e a t i o n  for  h y d r o -  
gen  t h r o u g h  s tee l  a t  a s t e a d y  s t a t e  of flow was  7.2 
cc / sec / cm2/0 .78  cm. This  r a t e  w o u l d  be  0.6 m m 3 /  
m i n / 1 4  cm2/0.78 c m  for  c h a r g i n g  a s tee l  r i ng  spec i -  
m e n  for  1 rain.  I f  mos t  of t he  gas w h i c h  en t e r s  t he  
s tee l  r i ng  d u r i n g  th i s  f irst  240 ra in  of c h a r g i n g  is 
r e t a i n e d  b y  the  s tee l  un t i l  i t  becomes  s a t u r a t e d  w i t h  
h y d r o g e n ,  the  s a t u r a t i o n  v a l u e  w o u l d  be  abou t  144 
mm 3 of electrolytic hydrogen. For steel charged in a 
solution containing sulfuric acid and poison, the 
equilibrium quantity of gas introduced into the steel 
was much larger, for 750 mm 3 of hydrogen (150 
mm3/g of steel) were introduced into the steel rings 
during only i0 rain of charging. 

The permeation studies showed that the rate of 
permeation increased with an increase in the rate 
of discharge of the gas, for example, with elevation 
of the current density or with lowering of the cath- 
ode current efficiency. The rate of permeation also 
increased with elevation of temperature and with the 
introduction of the poison, sodium arsenite, into the 
electrolyte. These latter two factors may operate 
through retarding the combination of hydrogen 
atoms to form molecules at the surface of the steel. 
The factors which affect these permeation experi- 
ments in steels and are discussed in Part II of these 
studies (9). 

Frank, Lee, and Williams (I 7) have reported rela- 
tive permeation rates and diffusion coefficients for 
hydrogen and deuterium in SAE i010 steel. Instead 
of electrolytic charging they introduced the gases 
into the steel by abrasion in a mixture of normal and 
heavy water. The ratio of diffusion coefficients, 
DH/DD, determined by them was not too different 
from that reported here. Their value for SAE I010 
steel was 1.37 ----- 0.02, and the value reported here 
for SAE 4130 steel was about 1.2. Thus, the rate of 
diffusion of these isotopes within the two steels ap- 
pears to be of the same order of magnitude. The 
ratio of permeation rates, PH/PD, for the two steels 
was quite different. The values for SAE i010 steel 
ranged from 4.4 to 10.7 for temperatures ranging 
from 26 ~ to 86~ The limited data shown in Table V 
indicate that this value for SAE 4130 steel for tem- 
peratures ranging from 35 ~ to 55~ and determined 
for gases liberated in a vacuum is only about 2.1. 
This difference may be due to the differences in the 
nature of the steels, in the surface of the steels, in the 
environment on the exit side of steel, in the driving 
forces of the two experiments, etc. 
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Conclusions 

1. The e m b r i t t l e m e n t  p roduced  by  h y d r o g e n  is 
l a rger  t h a n  tha t  p roduced  by  d e u t e r i u m  for a g iven  
condi t ion  of electrolysis .  

2. E lec t ro ly t i ca l ly  i n t roduced  d e u t e r i u m  diffuses 
out  of uncoa ted  steel  in  a few hours  at room t e m -  
pera tu re ,  bu t  more  s lowly t h a n  e lec t ro ly t ica l ly  i n -  
t roduced  hydrogen .  In  contrast ,  m e t a l l u r g i c a l l y  i n -  
t roduced  h y d r o g e n  r e m a i n s  in  steel  for years  or i n -  
def ini te ly  at room t empera tu re .  

3. Isotopic exchange  b e t w e e n  me ta l l u rg i ca l l y  i n -  
t roduced  h y d r o g e n  and  e lec t ro ly t ica l ly  i n t roduced  
d e u t e r i u m  was no t  ind ica ted  at  room t empera tu r e .  
The h y d r o g e n  in t roduced  d u r i n g  the  m a k i n g  of the  
steel is more  t igh t ly  b o u n d  t h a n  tha t  i n t roduced  

e lect rolyt ical ly .  

4. The ra te  of escape of e lec t rolyt ic  gas r ough l y  
para l l e led  the  d i sappea rance  of e m b r i t t l e m e n t  in  the  
steel. 

5. The separa t ion  factor  for h y d r o g e n  and  deu -  
t e r i u m  e lec t ro ly t ica l ly  evolved f rom a lka l ine  so lu-  
t ion  on SAE 4130 steel was  5.9. 

6. The  ra t io  of h y d r o g e n  to d e u t e r i u m  which  pe r -  
mea t ed  a steel  cy l inder  was  abou t  e ight  t imes  la rger  
t h a n  the i r  ra t io  in  the a lka l ine  electrolyte .  

7. The ra t io  of diffusion coefficients (DH/DD) was 
about  1.2. 

8. The ra t io  of p e r m e a t i o n  rates  (PH/PD) de te r -  
m i n e d  af ter  4 hr  of e lect rolyt ic  cha rg ing  in  a lka l ine  
solut ion was  about  2.1. 

9. The  ra te  of p e r m e a t i o n  of h y d r o g e n  and  d e u -  
t e r i u m  increased  wi th  the  c u r r e n t  densi ty ,  w i t h  ele-  
va t ion  of the  t e m p e r a t u r e  of e lect rolyt ic  solut ion,  
and  wi th  the  presence  of a poison, sod ium arseni te ,  
in  the a lka l ine  electrolyte .  

10. The  e n t r y  of h y d r o g e n  into steel takes  place in  
the p resence  of d ie thy l  e ther  as wel l  as in  the  p re s -  
ence of wa t e r  as so lvent  for the charg ing  med i um.  
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APPENDIX 

Electrolytic Cells 

The main  feature of Cell I (Fig. 6) is a hollow, 
water-cooled anode which served to keep the tem- 
pera ture  of the plat ing bath from rising dur ing  opera- 
tion. Cell II (Fig. 7) has a hollow glass tube connected 
to the bottom of the glass vessel at the center to pro- 
vide for a thermocouple and anode connections in  the 
tube without  d is turbing the bath or the electrodes. A 
heater  jacket  fits around the vessel and acts as a stand 
for Cell II. 

Components oS the High Vacuum System 
A high vacuum system was buil t  to permit  the t in  

fusion of steel. In  several features, the equipment  was 
improved in comparison with similar apparatus de- 
scribed previously in the l i terature  (10). For example, 
it provided a higher pumping  rate, provided greater 
ease of recharging the furnace with tin, permit ted the 
introduct ion of 1-in. diameter  steel specimen, and pro-  
vided for the collection of the extracted gas for ana ly-  
sis. Several innovat ions  are described below. 

A schematic drawing of the furnace assembly is 
shown in  Fig. 8. The major  points of interest  are as 
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script received March 29, 1963. This paper was de- 
l ivered before the Columbus Meeting, Oct. 18-22, 1959. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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Fig. 6. Water-cooled electrolytic cell. Parts of the electrolytic 
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outside anode; D, steel ring cathode, contact made by clip, which 
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Fig. 7. Electrolytic cell equipped with heater: A, cathode lead; 
B, removable top; C, phosphorus bronze contacts to control anode; 
D, epoxy resin; E, anode lead; F, central cylindrical anode; G, Pyrex 
tube sealed to bottom of vessel; H, electrolyte; I, thermocouple or 
thermistor; J, steel specimen; K, heater (110v); L, outside cylin- 
drical anode. 

fo l lows:  (A)  Vyco r  ins tead  of P y r e x  was  used  fo r  
the  ou ts ide  con ta ine r  to e l i m i n a t e  b l o w - i n s  in t he  
hea t ed  area.  (B)  The  s t a n d a r d  t ape r  j o in t  is sea led  by  
an "0" r ing  ins tead  of w a x  and is above  r a t h e r  t h a n  
b e l o w  the  hea t ed  zone. This  seal  is t i gh t  e n o u g h  and 
e l imina t e s  t he  c o n t a m i n a t i o n  of the  f u r n a c e  a rea  w i t h  
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Fig. 8. Furnace assembly of high vacuum system for tin fusion 
method of gas analysis: A, to high vacuum system; B, wax seal 
(optional); C, O-ring standard taper joint; D, thermocouple wire 
soldered to brass plug which is soldered to Kovar; E, Kovar to 
Pyrex seal; F, Pyrex to Vycor seal; G, to antechamber; H, Kovar 
to Pyrex seal; I, induction furnace coils; J, screws; K, rubber 
O-ring; /., metal flange; M, optical glass; N, prism (90~ O, 
Apiezon wax; P, Pyrex; Q, fused silica; R, Pyrex shield; S, tin. 
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Fig. 9. Antechamber and mercury air lock for introducing steel 
specimen into high vacuum system: A, to furnace and tin bath; 
B, gate valve; C, thermocouple gauge; D, to vacuum pump; E, to 
atmosphere; F, to oil diffusion pump; G, standard taper joint; 
H, copper to Pyrex seal; I, ball joint; J, ground flange (coated with 
graphite); K, glass float (coated with graphite); L, mercury 
level when valve is open; M, mercury level when valve is closed; 
N, ball joint; O, magnet; P, Pyrex; S, steel specimen in transit 
through open mercury lift; T, stopcock; U, stopcock. 

wax .  (C) A m e t a l  flange, L, sea led  by  an  "O"  r ing  was  
ins ta l l ed  to inc rease  t he  ease  of d i s m a n t l i n g  the  f u r -  
nace  a rea  for  r e c h a r g i n g  w i t h  f r e sh  tin. T h e  top  of 
this  f lange was  m o u n t e d  p e r m a n e n t l y ,  and the  res t  of 
the  f u r n a c e  h u n g  f r o m  it. (D) T h e  si l ica tube,  w h i c h  
holds  t he  t in  ins ide  t he  fu rnace ,  was  m a d e  long  e n o u g h  
to r each  the  l o w e r  p a r t  of t he  flange. This  p e r m i t t e d  
easy r e m o v a l  of t he  t i n - c o n t a i n i n g  tube,  p r o v i d e d  a 
cold su r face  on w h i c h  mos t  of  the  t in  and  c a d m i u m  
vapor s  could  condense,  and gu ided  the  s tee l  spec imen ' s  
fa l l  in to  the  mel t .  (E)  Bo th  "O"  r ing  seals  w e r e  kep t  
cool  by  an air  b lower .  (F)  A t h e r m o c o u p l e  w a s  in -  
s ta l led  to m a k e  the  hea t  con t ro l  of the  f u r n a c e  au to -  
mat ic .  

A n  a n t e c h a m b e r  p r o v i d e d  w i t h  a ga te  v a l v e  to close 
it  f r o m  the  sys tem was  ins ta l l ed  in  t he  v a c u u m - f u s i o n  
sys tem.  A schemat i c  d r a w i n g  m a y  be seen  in Fig.  9. 
The  ga te  v a l v e  p e r m i t t e d  the  s tee l  spec imen  to be  i n -  
t r oduced  into t he  a n t e c h a m b e r  at  a tmosphe r i c  p r e s su re  
w h i l e  t he  res t  of  the  sys tem was  u n d e r  v a c u u m .  A b o u t  
10 m i n  e lapsed  f r o m  the  t i m e  the  s p e c i m e n  was  p laced  
in the  a n t e c h a m b e r  to the  t i m e  i t  was  d r o p p e d  into  
the  m o l t e n  tin. This  lapse  of t i m e  was  no t  ser ious  for  
e l e c t rop l a t ed  s tee l  because  t h e  coa t ing  keeps  t he  h y -  
d r o g e n  f r o m  escaping.  F o r  a cha rged ,  u n p l a t e d  spec i -  
m e n  this  de lay  p lus  t h e  t i m e  f r o m  the  comple t i on  of  
ca thod ic  cha rg ing  un t i l  i n t r oduc t i on  in to  t he  an t e -  
c h a m b e r  m a y  be  v e r y  cr i t ical .  The  u n p l a t e d  spec i -  
m e n  can be  i n t r o d u c e d  into t he  v a c u u m  sys tem m o r e  
e x p e d i t i o u s l y  t h r o u g h  a m e r c u r y  float v a l v e  as shown  
in Fig.  9. The  t i m e  e lapse  f r o m  cha rg ing  ba th  to m o l t e n  
t in  was  2 min.  

A t t a c h e d  to t h e  gas co l lec t ion  a rea  was  the  gas 
mic robure t ,  a l r e a d y  r e f e r r e d  to, for  add ing  k n o w n  
quan t i t i e s  of  a r g o n  to t h e  gases co l lec ted  f r o m  t h e  steel.  
A schemat ic  d r a w i n g  m a y  be  seen  in Fig.  10. The  a rgon  
is added  a f t e r  the  gases f r o m  the  s teel  h a v e  b e e n  iso-  
l a t ed  in the  gas co l lec t ion  a r e a  and t h e  m e r c u r y  d i f -  
fus ion  p u m p  has b e e n  cooled. The  ope ra t i on  of the  
m i c r o b u r e t  is d iscussed below.  

Procedure Sor Using Gas Microburet 
The  m i c r o b u r e t  s h o w n  in Fig.  10 is o p e r a t e d  as fo l -  

lows:  The  copper  t u b i n g  to t he  a rgon  tank,  w h i c h  is 
t i gh t ly  closed, is e v a c u a t e d  by  m e a n s  of  mechan ica ]  
p u m p  (D) and the  v a c u u m  r e l i e v e d  w i t h  argon.  This  
is r e p e a t e d  seve ra l  t imes.  T h e  m e r c u r y  in bu lb  (G) 
is l o w e r e d  to po in t  (P)  by  a d j u s t i n g  the  h e i g h t  of  
bu lb  ( K ) .  The  m e r c u r y  in  cap i l l a ry  t u b i n g  (I)  is 
l o w e r e d  by  76 cm. C l a m p  (N)  is c losed b e f o r e  ra i s ing  
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Fig. 10. Gas microburet for metering known quantities of argon 
into the high vacuum system. The gas microburet consists of a 
mercury valve (E) connected to the vacuum system (A); a three- 
way stopcock (F) which opens to the atmosphere at (B); a gas 
trapping bulb (G); a calibrated capillary ( I);  leveling bulb (L) 
which is connected to (I) through Tygon tubing; leveling bulb (K) 
which is connected to (G) through Tygon tubing and a 76-cm 
length of 5 mm capillary tubing with a glass spiral at the upper 
end for flexibility; a two-way stopcock (H); a manometer (J); 
a stopcock with copper tubing connected to an argon tank (C); and 
a stopcock with rubber vacuum tubing to a mechanical vacuum 
pump (D). 

bulb (K) to the level  of point (P) .  Stopcock (H) is 
opened to bring bulb (G) to atmospheric  pressure and 
to fill it wi th  argon. The mercury  m capi l lary (I) is 
lowered or raised so that  the quant i ty  of argon to be 
added to the unknown  gas in the vacuum system re -  
mains above the mercury  in the capi l lary tubing. The 
diameter  of the capi l lary was 0.502 m m  and a 1-cm 
length would contain 0.002 cc of gas at atmospheric 
pressure.  The  vo lume of the gas collection area of the 
vacuum-fus ion  equipment  was 2.141. If a 50-cm length 
of the capi l lary was filled wi th  argon, this quant i ty  of 
gas when  expanded into the gas collection area would  
produce a pressure of 0.035 ram. During all  of the above 
operation, argon was flowing f rom the argon tank  
through (J) and out at (O).  The argon flow is now 
stopped. Bulb (K) was then raised so that  the mercury  
rises in (G) f rom point (P) to 1 cm above the top 
of (I) .  This is accomplished by adjust ing clamp (N).  
Clamp (N) should now be closed. By sl ightly lower-  
ing bulb (L) the t rapped gas in capi l lary (I) moved to 
the bot tom of the capi l lary where  the d iameter  of the 
tubing is larger.  Bulb (L) is raised unti l  the  down-  
ward  flow of mercury  near ly  stops. This can be judged 
by watching the format ion  of mercury  drops at the 
gas pocket  at the bot tom of (I).  A small  length  of the 
mercury  column in the capi l lary (I) then is frozen. 
Bulb (G) is evacuated through (D) and then stop- 
cock (H) closed. Bulb (K) is raised above stopcock 
(F) .  Clamp (N) is opened to permit  the mercu ry  to 
fill bulb (G).  Any  t rapped gas and some mercury  is 
flushed to the atmosphere at (B).  Bulb (K) is lowered 
so as to permi t  about one-hal f  of the mercury  to flow 
from bulb (G).  The mercury  in the small  capil lary 
is al lowed to warm. The gas t rapped at the bot tom of 
the capi l lary now rises into bulb (G).  Bulb (K) is 
raised above stopcock (F) ready to force this gas into 
the high vacuum system. Stopcock (F) is careful ly  
opened to permi t  the gas to expand through (A).  Stop-  
cock (F) is then closed. The pressure in the gas col- 
lection area is de te rmined  before  and af ter  the argon 
is added so that  the exact quant i ty  of argon added is 
known. 

A Study of Embrittlement of High Strength Steels 
by Hydrogen Isotopes 

II. A Comparison of Gas Contents and Hydrogen or Deuterium 
Embrittlement Resulting from Electroplating Processes 

Gwendolyn  B. W o o d  

Metallurgy Division, National Bureau of Standards, Washington, D. C. 

ABSTRACT 

Plat ing processes introduce more deu te r ium into steel f rom heavy  water  
solutions than hydrogen f rom ordinary water  solutions, yet  hydrogen embri t t les  
steel more than deuterium. No simple relat ion betWeen the total  gas content  
and embr i t t l ement  was found. Embr i t t l ement  appears to be dependent  on 
factors other  than the total  gas content. The present  work  does not p re fe ren-  
t ial ly support  any one of the mechanisms which have been proposed for 
hydrogen embri t t lement .  The difference in the chemical  affinity of steel for 
hydrogen and deute r ium is discussed. 

T h e r e  are  only  l im i t ed  pub l i shed  da ta  (1-4)  d e a l -  
ing w i t h  the  h y d r o g e n  con ten t  of e m b r i t t l e d  steels.  
T h e r e  are  no pub l i shed  cor re la t ions  b e t w e e n  gas con-  
ten t  and the  e m b r i t t l e m e n t  r e s u l t i n g  f r o m  p la t ing  
processes  and the i r  r e l a t ed  var iab les .  K n o w l e d g e  

of the  gas con ten t  of e m b r i t t l e d  s teels  w o u l d  p e r m i t  
such cor re la t ions  to be made ,  if t h e y  exist .  

In h y d r o g e n  e m b r i t t l e m e n t  s tudies  the  loss of the  
e l ec t ro ly t i ca l l y  i n t roduced  h y d r o g e n  m u s t  be  p r e -  
v e n t e d  un t i l  the  s teel  is r e a d y  for  analysis .  S ince  
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Table I. Electroplating conditions 

Augus t  1963 

Cadmium cyanide bath Copper cyanide bath Chromic bath Alkali  b a t h  

CdO 44.4 CuCN 22.5 CrO3 250 Na 57.6 
NaCN 122.0 NaCN 34.0 Na2SO4 3.7 
NiSO4 0.5 Na2CO3 15.0 

D20 or H~O D20 or H20 D20 or H20 D20 or H20 

R.T.* 40 ~ -- 2.5~ 50 ~ _+ 2.5~ R.T.* 

Bath composition, 
g/1 

Solvent  

Tempera ture  

Curren t  density, 
a m p / d m  2 
amp/spec imen 

3.5 1.9or3.8 16.6 3.5 
0.5 0.28or0.56 2.5 0.5 

* Room temperature. 

meta l  coat ings deposi ted on the surface  of the  steel 
act as a ba r r i e r  to the  diffusion of gases f rom the  
steel  at room t e m p e r a t u r e ,  p l a t i ng  processes were  
s tud ied  because  they  l end  themse lves  be t t e r  to a 
s tudy  of the  gas con ten t  of steel  t h a n  e lect rolyt ic  
cha rg ing  procedures  in  a lka l ine  and  acid solutions.  

In  an ear l ie r  c o m m u n i c a t i o n  (1) on h y d r o g e n  e m -  
b r i t t l e m e n t  s tudies  of h igh  s t r eng th  steels, the e m-  
b r i t t l e m e n t  of steel  by  d e u t e r i u m  and  by  h y d r o g e n  
was  d e m o n s t r a t e d  to be different.  The des i rab i l i ty  of 
us ing  d e u t e r i u m  as the charg ing  or e m b r i t t l i n g  gas 
was i l lus t ra ted ,  for it p e rmi t t ed  d i f fe ren t ia t ion  f rom 
the "ex t r aneous  h y d r o g e n "  p re sen t  in  the steel. I 
P e r m e a t i o n  s tudies  es tab l i shed  the  differences in  
diffusion and  p e r m e a t i o n  rates  for hyd rogen  and  
d e u t e r i u m  in  uns t ressed  SAE 4130 steel. 

The  same e q u i p m e n t  and  genera l  e x p e r i m e n t a l  
p rocedures  used in  this  ear l ie r  c o m m u n i c a t i o n  (1) 
also app ly  in  the s tudies  repor ted  here.  Rings were  
aga in  used as steel specimens.  2 Al l  expe r imen t s  i n -  
vo lv ing  p l a t i ng  f rom ba ths  wi th  D20 as so lvent  we re  
pe r fo rmed  in  the  i n e r t - d r y  a tmosphere  chamber .  

Exper imental  Results 

Gas Contents and Embrittlement Resulting from 
Electrodeposition of Cd, Cu, and Cr 

In  these e x p e r i m e n t s  the  steel was e lec t ropla ted  
wi th  c a d m i u m  or copper f rom a cyan ide  ba th  or w i th  
c h r o m i u m  f rom a conven t iona l  type  of chromic  acid 
p la t ing  bath .  The  composi t ions  of the  ba ths  and  the  
p la t ing  condi t ions  are  g iven  in  Tab le  I. The  graphs  
in  Fig. 1 ind ica te  the e m b r i t t l e m e n t  ob ta ined  as de-  
t e r m i n e d  by  the  decreases in  c rush ing  load or by  the  
decrease  in  the  de fo rma t ion  of c rushed  specimen.  
The graphs  show tha t  for the  same per iod of elec-  
t rop la t ing ,  or i nd i r ec t l y  for the  same th ickness  of 
deposit ,  the  e m b r i t t l e m e n t  caused by  d e u t e r i u m  was 
less t h a n  tha t  caused by  hydrogen .  Most of the  
s tudies  inc luded  p la t ing  periods f rom 1 to 15 rain.  
D u r i n g  this  p l a t i ng  per iod  the  e m b r i t t l e m e n t  caused 
by  deu t e r i um,  as ind ica ted  by  the  c rush ing  load, was 
in  most  cases no more  t h a n  6%, wh ich  va lue  is close 
to the 3% rep roduc ib i l i t y  of the  c rush ing  load of 
control  specimens.  However ,  the decrease in defor -  
m a t i o n  was f rom 15 to 20%, which  was  above the  
r ange  of f luc tua t ion  of the  controls.  

1 Hydrogen from sources other than electrolytic charging. 

The rings had 2.5 cm (1 in.) OD, 0.08 cm (1/32 in.) wall, and 0.9 
em (0.35 in.) length and were made from SAE 4130 steel heat 
t r e a t e d  t o  47 or 48 l~oekwell "C" hardness. 

The m a g n i t u d e s  of both  h y d r o g e n  and  d e u t e r i u m  
e m b r i t t l e m e n t s  a c c o m p a n y i n g  c a d m i u m  p la t ing  were  
found  to be m u c h  la rger  for the  ung r oove d  r ings  
discussed in  P a r t  I (1) of these  researches  t h a n  for 
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Fig. 1. Effect of plating time on load or deformation at failure 
for rings plated with copper or cadmium in a cyanide bath or 
with chromium in a conventional chromic acid bath. Copper, curves 
I, IV, 3.8 amp/dm 2, II, III, V, VI, 1.9 amp/dm2; cadmuim, curves 
VII, VIII, IX, X, 3.5 amp/dm2; chromium, curves XI, XII, XIII, 
XIV, 16.6 amp/dm2; % D20 solvent; % v,  H20 solvent. 
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Fig. 2. Effect of plating time on the electrolytic gas content of 
the steel. Gas: H2, �9 plated with Cd, �9 plated with Cu; D2, 
o plated with Cd, A plated with Cu. 
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Fig.  3 .  R e l a t i o n  b e t w e e n  the  e l e c t r o l y t i c  d e u t e r i u m  or  h y d r o g e n  
content of plated-steel and the per cent embrittlement determined 
by decrease in load at failure. Arabic numerals on graph represent 
plating time in minutes. Specimens were plated with cadmium or 
copper from a cyanide bath, or with chromium from a chromic 
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I Table II. Effect of current density on the hydrogen embrittlement 
of steel caused by cadmium plating 

acid bath. 
Gas Plated Current, 

H2, D2 with amp/specimen 

�9 , o Cd 0.5 
A, A Cu 0.28 
I I ,  [ ]  Cr 2.5 
�9 Cu 0.56 

the  g r o o v e d  r i n g s  d i scussed  he re in .  The  h y d r o g e n  
e m b r i t t l e m e n t  p r o d u c e d  d u r i n g  15 ra in  of p l a t i n g  
was  32% ( b y  load)  or  72% ( b y  d e f o r m a t i o n )  for  
r ings  no t  g r o o v e d  c o m p a r e d  w i t h  7% ( b y  load )  or  
28% ( b y  d e f o r m a t i o n )  for  g rooved  r ings .  This  d i f f e r -  
ence  is a t t r i b u t e d  m a i n l y  to t he  m e t h o d  of f a i l u r e  of 
the  r ings  due  to t he  p r e s e n c e  of t he  groove.  

A c o m p a r i s o n  has  b e e n  m a d e  b e t w e e n  the  q u a n t i t y  
of e l e c t r o l y t i c  d e u t e r i u m  a n d / o r  h y d r o g e n  f o u n d  in 
the  s tee l  a f t e r  e l e c t r o p l a t i n g  and  t h e  r e s u l t i n g  e m -  
b r i t t l e m e n t .  The  gas con ten t s  of spec imens  e m -  
b r i t t l e d  b y  c a d m i u m  and  b y  coppe r  p l a t i n g  and  
c r u shed  be fo re  ana lys i s  a r e  s h o w n  in Fig .  2 for  
pe r i ods  of p l a t i n g  t i m e  up  to 15 min .  The  r e su l t s  a r e  
su rp r i s ing ,  s ince for  a g iven  p e r i o d  of p l a t i n g  the  
spec imens  took  up  a l a r g e r  a m o u n t  of d e u t e r i u m  
t h a n  of h y d r o g e n .  This  r e su l t  seems  incons i s t en t  
s ince  the  l a r g e r  e m b r i t t l e m e n t  was  s u s t a i n e d  b y  the  
h y d r o g e n - c o n t a i n i n g  spec imens .  The  r e l a t i o n s h i p  
b e t w e e n  e m b r i t t l e m e n t  and  gas  con ten t  is d i f fe ren t  
for  d e u t e r i u m  and  h y d r o g e n  (see  Fig.  3).  The  po in t s  
on the  g r a p h  in  Fig .  3 w e r e  not  a l w a y s  r e p r o d u c e d  
s ince some s c a t t e r  is f o u n d  in th is  t y p e  of da ta .  The  
d i a g o n a l  l ine  d r a w n  on the  g r a p h  sugges t s  t he  a r e a  
to w h i c h  mos t  of the  d a t a  o b t a i n e d  in these  s tud ies  
fall .  

E v e n  m o r e  u n e x p e c t e d  r e su l t s  w e r e  o b t a i n e d  as a 
r e su l t  of c h r o m i u m  or  n i c k e l  p l a t ing .  C h r o m i u m  
p l a t i n g  f rom H20 b a t h s  p r o d u c e d  f r o m  2 to 18% 
e m b r i t t l e m e n t  in  r i n g s  w h i c h  c o n t a i n e d  on ly  1-12 
m m  ~ of e l e c t r o l y t i c  h y d r o g e n / g  of s teel ,  b u t  p l a t i n g  
f rom D20 b a t h s  p r o d u c e d  on ly  f r o m  1 to 3% e m -  
b r i t t l e m e n t  in r ings  w h i c h  c o n t a i n e d  as m u c h  as 
100 m m  ~ of e l ec t ro ly t i c  d e u t e r i u m / g  of s teel .  No e m -  
b r i t t l e m e n t  was  d e t e c t e d  in  r ings  n i cke l  p l a t e d  f r o m  
DeO b a t h s  even  t h o u g h  the  r i ngs  con t a ined  as m u c h  
as 70 m m  ~ of e l e c t r o l y t i c  d e u t e r i u m / g  of s teel .  

Ef]ect of Plating Variables on 
Hydrogen Embr i t t l ement  

The  v a r i a t i o n s  in e l e c t ro ly t i c  gas  con ten t  in  s tee l  
a c c o m p a n y i n g  inc reases  in c u r r e n t  d e n s i t y  f r o m  3.8 

P l a t i n g  H y d r o g e n  e m b r i t t l e m e n t  E l e c t r o l y t i c  
t i m e  C . D . ,  L o a d  D e f o r m a t i o n  h y d r o g e n ,  
m i n  a m p / d m ~  r e d u c t i o n ,  % reduction, % m m ~ / g  steel 

1 3.8 3.0 8.7 3.7 
3 3.8 6.2 22.3 5.6 

15 3.8 6.7 27.9 20.6 
6 10.7 2.8 14.1 3.6 

15 10.7 3.2 17.2 58.4 
6 21.4 7.4 20 - -  

to 21.4 a m p / d m  2 d u r i n g  c a d m i u m  p l a t i n g  f rom a 
c y a n i d e  b a t h  a r e  g iven  in  T a b l e  II .  A s t a t i s t i ca l  
s t u d y  w o u l d  be  n e c e s s a r y  to d e t e r m i n e  a c c u r a t e l y  
the  effect  of c u r r e n t  d e n s i t y  of p l a t i n g  on gas  con-  
tent .  I t  w o u l d  a p p e a r  f r o m  these  l i m i t e d  d a t a  t h a t  
l a r g e  changes  in  gas  con ten t  r e su l t i ng  f r o m  c a d m i u m  
p l a t i n g  cause  on ly  s m a l l  changes  in  e m b r i t t l e m e n t  a t  
t he  c u r r e n t  dens i t i e s  t ha t  w e r e  used.  

The  m a g n i t u d e  of e m b r i t t l e m e n t  inc reases  m u c h  
m o r e  r a p i d l y  w i t h  i nc rea se  in c u r r e n t  d e n s i t y  for  
copper  p l a t i n g  t h a n  for  c a d m i u m  p l a t i n g  due  to t he  
l o w e r  c u r r e n t  eff iciency a n d  g r e a t e r  a v a i l a b i l i t y  of  
e l e c t r o l y t i c  gas  d u r i n g  the  i n i t i a l  p l a t i n g  per iod .  
F i g u r e  1, cu rves  I t h r o u g h  VI, i l l u s t r a t e s  t he  effect 
of c u r r e n t  d e n s i t y  on e m b r i t t l e m e n t  d u r i n g  copper  
p la t ing .  

Because  of the  s m a l l  v o l u m e s  of t he  coppe r  and  
c a d m i u m  p l a t i n g  ba ths ,  c ons ide r a t i on  was  g i v e n  to 
changes  in  " f r ee  c y a n i d e "  con ten t  of t he  ba ths .  A n a l -  
yses  s h o w e d  t h a t  f ree  c y a n i d e  c o n c e n t r a t i o n  in t he  
copper  p l a t i n g  b a t h s  changes  r a p i d l y  and  t h a t  i t  i n -  
f luences the  m a g n i t u d e  of  t he  e m b r i t t l e m e n t .  The  
e m b r i t t l e m e n t  of s tee l  p r o d u c e d  b y  coppe r  p l a t i n g  
d e c r e a s e d  as the  f r ee  c y a n i d e  con ten t  of t he  b a t h  
d e c r e a s e d  and  the  depos i t s  b e c a m e  i n f e r i o r  in q u a l i t y  
( see  Fig .  4) .  Con t ro l  of the  f ree  c y a n i d e  concen -  
t r a t i o n  was  n e c e s s a r y  to ob t a in  r e p r o d u c i b l e  e m -  
b r i t t l e m e n t ,  and  i ts  c onc e n t r a t i on  was  d e t e r m i n e d  
p r i o r  to each  e x p e r i m e n t .  

The  f ree  c y a n i d e  c o n c e n t r a t i o n  in  t he  c a d m i u m  
c y a n i d e  b a t h  was  e s s e n t i a l l y  cons t an t  w i t h  use  and  
v a r i e d  on ly  f r o m  2.3 to 2.1N. Spec i a l  p r o c e d u r e s  to 
con t ro l  the  c y a n i d e  c o n c e n t r a t i o n  in t he  c a d m i u m  
p l a t i n g  b a t h s  w e r e  t h e r e f o r e  u n n e c e s s a r y .  
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Fig. 4. Effect of plating time at different cyanide concentrations 
on load at failure for copper plated rings. Free [ C N - ]  in H20 
baths, �9 7-10 g/I; �9 3.4 g/I. 
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Comparison of Loss of Gas from Rupture Surface 
and External Surface 05 SCeel 

Determination o] gas loss through rupture sur- 
faces.--Most of the  theor ies  (5-8)  tha t  a t t emp t  to 
descr ibe the m e c h a n i s m  of h y d r o g e n  e m b r i t t l e m e n t  
imp ly  tha t  h y d r o g e n  migra tes  whi le  the  steel  is be -  
ing stressed to voids, dislocations,  or poin ts  of t r i -  
ax ia l  s tress and  causes lowered  s t r e n g t h  levels.  The  
difference in  the  m a g n i t u d e  of h y d r o g e n  and  deu -  
t e r i u m  e m b r i t t l e m e n t  and  the  q u a n t i t y  of h y d r o -  
gen  and  d e u t e r i u m  found  in  steel  on ana lys i s  of 
p la ted  r ings  could be exp la ined  if h y d r o g e n  was 
found  in  the  gases g iven  off d u r i n g  f r ac tu re  of the  
specimen.  Some p r e l i m i n a r y  expe r imen t s  t a b u l a t e d  
in  Tab le  I I I  ind ica ted  tha t  e i ther  a la rge  a m o u n t  
of e lect rolyt ic  h y d r o g e n  was lost  as the  resu l t  of 
the  c rush ing  of c a d m i u m - c o a t e d  steel  r ings  (speci -  
m e n  a, h, b, and  g) or the hyd rogen  con ten t  va r i ed  
g rea t ly  f rom spec imen  to specimen.  No loss of elec-  
t ro ly t ic  d e u t e r i u m  was ind ica ted  d u r i n g  the c rush -  
ing test  ( spec imen  c, d, and  j ) .  

The p robab i l i t y  tha t  a la rge  a m o u n t  of gas w ou l d  
be lost t h rough  the r u p t u r e  surface  seemed small .  
However ,  s ince m a n y  of the  ana lyses  in  this  p r og r a m 
had  been  r u n  on c rushed  specimen,  i t  was  des i rab le  
to k n o w  w h e t h e r  enough  gas could have  been  lost 
d u r i n g  the  c rush ing  process to account  for the  ob-  
served va r i a t ions  in  h y d r o g e n  content .  To p e r m i t  
the  c rush ing  of r ings  in  the  h igh v a c u u m  sys tem 
the c rush ing  device shown  in  Fig. 5 was bu i l t  a nd  
ins ta l led  in  the  an t echamber ,  so tha t  m e a s u r e m e n t  of 
the  gas l ibe ra ted  f rom the steel d u r i n g  c rush ing  
could be made.  

C a d m i u m  pla ted  r ings  p la ted  for 15 m i n  a t  3.8 
a m p / d m  2 in  an  H20 ba th  were  c rushed  in  this  equ ip -  
ment .  E m b r i t t l e m e n t  in  the r ange  of 20% was i n -  
d icated by  the a m o u n t  of de fo rma t ion  of the r ings.  
There  was no m e a s u r a b l e  sudden  r ise in  pressure .  
This e x p e r i m e n t  ind ica ted  tha t  no more  t h a n  0.18 
m m  3 h y d r o g e n / g  of steel was lost t h rough  the  r u p -  
tu re  surface  du r ing  the c rush ing  process, which  re -  
qu i r ed  about  4 rain. A high v a c u u m  sys tem which  
m a i n t a i n s  a m u c h  lower  b a c k g r o u n d  r ise wou ld  be 
necessa ry  to confirm or d isprove the idea tha t  gas is 
lost spon taneous ly  d u r i n g  the c rush ing  opera t ion .  
Never theless ,  the a m o u n t  of gas lost t h r o u g h  the  
r u p t u r e  surface even  in  1 hr  did no t  account  for the  
n o r m a l  va r i a t i on  in  h y d r o g e n  con ten t  of steel found  
in  Tab le  III,  expe r imen t s  a, h, b, and  g. The resu l t  

August  1963 

Fig. 5. Top view of cross section of crushing equipment installed 
in high vacuum system. A, "O" ring; B, bellows, stainless steel; 
C, micrometer; D, ram; E, Pyrex window; F, Pyrex to copper seal; 
G, to high vacuum system; H, steel specimen. 

also shows tha t  the loss in  gas f rom u n p l a t e d  steel, 
discussed in  a p rev ious  c o m m u n i c a t i o n  (1) ,  does no t  
occur due to the  c rush ing  process, b u t  m u s t  occur 
t h r ough  the surface  of the  r ing  d u r i n g  the  t ime  of 
h a n d l i n g  the r ing  at  room t e m p e r a t u r e  before  a n a l -  
ysis. 

Escape of electrolytic gas from steel after stripping 
of cadmium plate.--Different th icknesses  of cad-  
m i u m  were  deposi ted f rom a D20 ba th  on four  steel  
r ings,  a nd  the  re su l t ing  d e u t e r i u m  e m b r i t t l e m e n t  
was measured .  Three  of the  spec imens  were  ana lyzed  
wi th  the coat ing intact .  Hal f  of the  fou r th  specimen,  
af ter  c rushing ,  was  s t r ipped  of its c a d m i u m  coat ing  
in  aqueous  a m m o n i u m  n i t r a t e  solut ion and  then  
analyzed.  Resul ts  are g iven  in  Table  IV. The  em-  
b r i t t l e m e n t  by  d e u t e r i u m  a nd  the d e u t e r i u m  con ten t  
of specimens  1, 2, and  3 did no t  increase  g rea t ly  wi th  
the  th ickness  of deposits  g rea t e r  t h a n  8~. Spec imen  
4, which  had  been  s t r ipped  25 m i n  pr ior  to analysis ,  
had  a low con ten t  of on ly  1.8 m m  3 of d e u t e r i u m / g  of 
steel. The d e u t e r i u m  could have  been  lost because  
it was con ta ined  in  the  c a d m i u m  deposit  or because  
it diffused f rom the steel  d u r i n g  s t r ipp ing  or before  
analysis .  

Table III. Effect of crushing on the hydrogen or deuterium content of cadmium-coated steel rings 

Gas  co l lec ted  E l ec t ro ly t i c  E m b r i t t l e m e n t  
R i n g  H D H* D Load  D e f o r m a t i o n  

S p e c i m e n  B a t h  s o l v e n t  c ru s hed  m m ~ / g  s teel  m m a / g  s tee l  r educ t ion ,  % reduc t ion ,  % 

e Steel b lank  yes 25.8 . . . . .  
c D20 no 34.3 19.2 1.8 19.2 - -  - -  
d D20 no 31.6 21.5 0 21.5 - -  - -  
j D20 yest  31.7 20.4 0 20.4 5.6 10.6 
a H20 no 86.2 - -  53.7 - -  - -  - -  
h H20 no 75.8 - -  43.3 - -  - -  - -  
b H20 yes** 58.9 - -  26.4 - -  1.0 6.3 
g t t20 yest  22.3 - -  - -  - -  4.4 19.6 

* E l e c t r o l y t i c  H : To ta l  H c o l l e c t e d - - H  b l a n k  (32.5 m m ~ / g  s tee l  d e t e r m i n e d  f r o m  s p e c i m e n s  c, d, and  j ) .  
** R i n g  b r o k e  d u r i n g  c r u s h i n g  a t  on ly  one  no tch ,  ( ~ ,  and  t h e n  ana lyzed .  

t R i n g  d e l i b e r a t e l y  b r o k e n  a t  b o t h  no tches  be fo re  ana lys i s ,  -O--  
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Table IV. Effect of stripping of cadmium plate on deuterium content of steel 

Tota l  h y d r o g e n  i so topes  
C a d m i u m  de pos i t  E m b r i t t l e m e n t *  e x t r a c t e d  f r o m  s tee l  

S tee l  E s t i m a t e d  E s t i m a t e d  Load  D e f o r m a t i o n  D, H, 
s p e c i m e n  No. th i ckness , /~  w e i g h t ,  g r educ t ion ,  % reduc t ion ,  % m m S / g  s teel  m m 3 / g  s tee ls  

1 7.6 0.055 None None 17.8"* 21.6 
2 15.2 0.11 6.6 31.5 18.5"* 34.1 
3 22.8 0.165 9.6 40.2 12.5"* 15.6 
4 15.2 0.11 8.0 30.7 1.8t 22.0 

* C a d m i u m  c o a t i n g s  i n t a c t  d u r i n g  a l l  c r u s h i n g  tests .  
** A n a l y s i s  of c a d m i u m  coa ted  steel.  

t S p e c i m e n  c ru she d  to  f a i l u r e  a nd  b r o k e n  in to  two  ha lve s ;  c a d m i u m  p l a t e  f r o m  one h a l f  was  s t r i p p e d  in  c o n c e n t r a t e d  so lu t i on  of 
NH4NO3, t he  s tee l  d r ied ,  a n d  ana lyzed  25 ra in  a f t e r  s t r i p p i n g .  

S T h i s  is m e t a l l u r g i c a l  h y d r o g e n  a n d  i s  of  no s ign i f icance  to  t he  e m b r i t t l e m e n t  s tudy .  

The poss ibi l i ty  of the  loss of d e u t e r i u m  due. to 
so lub i l i ty  in  the  c a d m i u m  coat ing was e x a m i n e d  
first. The  d e u t e r i u m  con ten t  of c a d m i u m  coatings,  
which  had  been  mechan i ca l l y  peeled f rom dif ferent  
basis  metals ,  was  d e t e r m i n e d  by  the  t in  fus ion  
method.  The da ta  in  Tab le  V show tha t  the  d e u -  
t e r i u m  con ten t  of the c a d m i u m  coat ings was  smal l  
enough  to be ignored  in  the d e t e r m i n a t i o n  of the  
gas con ten t  of the steel. 

The loss of d e u t e r i u m  d u r i n g  the  t ime  r equ i r ed  
to in t roduce  the spec imen  in to  the  fu rnace  area  of 
the h igh v a c u u m  sys tem was n e x t  considered.  For  
compar i son  the  re lease  of h y d r o g e n  f rom steel  in  a 
v a c u u m  at room t e m p e r a t u r e  af ter  e lec t rolyt ic  
charg ing  in  an  a lka l ine  so lu t ion  is i l l u s t r a t ed  in  
curve  A, Fig. 5 of P a r t  I (1) of these  inves t iga t ions .  
This e x p e r i m e n t  showed tha t  abou t  20 m i n  is r e -  
qu i red  for the  re lease  of 50% of the  e lect rolyt ic  h y -  
d rogen  f rom this  steel, and  the  ra te  of re lease of h y -  
d rogen  f rom steel  in  a v a c u u m  obeys a first o rder  
ra te  m e c h a n i s m  which  is no t  fast  enough  to account  
for the n e a r l y  90% loss of gas f rom spec imen  4, 
Tab le  IV, in  25 min.  

D u r i n g  the  s t r ipp ing  process some or all  of the  
sur face  of the  steel  was  exposed for a t ime  to the  

Table V. Deuterium content of cadmium electroplated 
from D20 bath 

D e u t e r i u m  in  
W e i g h t  of  c a d m i u m  p la te ,  

No. Bas i s  m e t a l  c a d m i u m ,  g m m 3 / 0 . 1 I g  Cd* 

1 Brass 0.20 - -  
2 Shim steel 1.02 0.053 
3 SAE 4130 0.70 0.383 

* 0.11g is  the  w e i g h t  of  a 20~ c a d m i u m  p l a t e  d e p o s i t e d  a t  3.5 
a m p / d i n  2 f r o m  a c o n v e n t i o n a l  c a d m i u m  c ya n ide  p l a t i n g  b a t h  w i t h  
DfO as so lven t .  T h e  c u r r e n t  de ns i t y  was  u n i f o r m  ove r  a l l  of t h e  su r -  
face  of t h e  spec imen .  

aqueous  s t r ipp ing  solut ion.  Hudson ,  Norris ,  and  
S t r a g a n d  (9) have  shown  tha t  mo i s tu r e  on the  s u r -  
face of steel speeds up the  ra t e  of r e mova l  of h y -  
d rogen  f rom steel  in  compar i son  to tha t  for a d ry  
surface in  a vacuum.  In  the i r  exper imen t s ,  the  first 
50% of the e lect rolyt ic  h y d r o g e n  con ta ined  in  a 
steel spec imen  was  lost six t imes  fas ter  w h e n  the  
steel  was  i m m e r s e d  in  w a t e r  t h a n  w h e n  it  had  a d ry  
surface.  They  showed tha t  the  re lease m e c h a n i s m  for 
h y d r o g e n  on a wet  surface  obeyed a second order  
ra te  law and  tha t  the co r respond ing  surface  reac-  
t ion  m a r k e d l y  accelera ted  the  re lease of h y d r o g e n  
(see Tab le  VI ) .  In  v iew of the  poss ib i l i ty  tha t  r e -  
mova l  of h y d r o g e n  f rom steel is accelera ted  by  
water ,  the accelera ted  re lease  of e lec t rolyt ic  gas 
f rom spec imen  4, Tab le  IV, is expla ined .  The  s t r ip -  
p ing  of coat ings f rom steel  before  gas ana lys i s  was  
avoided in  f u r t h e r  exper imen t s .  

A n  A t t e m p t  to Obtain Higher Precision in Testing 
for Embr i t t l ement  of Plated Rings 

Use o~ more accurately made r ings . - -A  discus-  
sion conce rn ing  the  p roduc t ion  of r ing  spec imens  
m a y  be found  in  Pa r t  I (1) of this  paper .  I r r e g u -  
lar i t ies  in  the  spec imens  had  b e e n  no ted  tha t  we re  
be l i eved  to be u n d e s i r a b l e  f rom the  s t andpo in t  of 
r ep roduc ib i l i t y  of test  resul ts .  For  example ,  the  
rad ius  of c u r v a t u r e  of the notch,  a ma j o r  factor  in  
the  sens i t iv i ty  of the c rush ing  test, va r i ed  f rom 
0.005 to 0.015 in.;  wal l  th ickness  va r ied  b y  as much  
as 1.5 rail. Therefore ,  spec imens  w i th  more  closely 
cont ro l led  d imens ions  were  deemed  desirable .  The 
fo l lowing to lerances  were  achieved by  m a c h i n i n g  the 
r ings  f rom t u b i n g  stock and  by  g r i n d i n g  the  groove 
wi th  a ceramic  wheel :  th ickness  of r ing  below 
groove, 0.0253 ---- 0.003 in.;  rad ius  of c u r v a t u r e  of 
groove, 0.005 ---- 0.005 in. Roundness  and  wa l l  t h i ck -  
ness were  also closely control led.  

Table VI. Rate constants for removal of hydrogen from steel 

C h a r g i n g  E n v i r o n m e n t  To ta l  h y d r o g e n  k1,* kf,** 
m e d i u m  d u r i n g  re lease  in  steel ,  m m a / g  T e m p ,  ~ t 1/2, h r  sec -1 • 10 ~ g / e c / s e c  • 105 Re fe rence  

2N H2SO4 Vacuum, 3 mm Hg 127 (est) 38 6 3.4 - -  (5) 
2N H2SO4 In H20 127 (est) 38 1 - -  205 (5) 
10 % NaOH Vacuum 28 20 1/3 0.41 - -  Fig. 4 (1) 
Cu plated Vacuum 49 310 1/10 140.0 - -  Fig. 8 
Cd stripped In H20 16.3 20 1/20t - -  - -  Table IV 

* F i r s t - o r d e r  r a t e  c o n s t a n t  f r o m  s e m i l o g  p l o t  of  1 /c  v s .  t .  
** S e c o n d - o r d e r  r a t e  c o n s t a n t  f r o m  p l o t  of  1/c v s .  t ,  w h e r e  c is  t he  c o n c e n t r a t i o n  of e l e c t ro ly t i c  h y d r o g e n  i n  s teel  a t  t i m e  t. 

t Es t ima ted .  
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Table VII. Average deuterium contents of steel accompanying the electrodeposition of cadmium, copper chromium, and nickel 
during 15 rain of plating and embrittlement measured at different crushing speeds 

T y p e  
d ep os i t  a m p - h r f  C.E., % 

Es t i -  
m a t e d  

D f o u n d  in  coa t i ng  q u a n t i t y  
D in  and steel  spec imen  of  D 

Depos i t  depos i t ,  by  v a c u u m  fus ion ,  i n  steel ,  
we igh t ,  t h i ckness ,  g / p l a t e  g / spec ,  g / spec .  

g rail x 105 mmZ/spec. * x I0 ~ x 105 

E m b r i t t l e m e n t  
C r u s h i n g  r a t e  C r u s h i n g  rate 
0.05-0.1 i n . / m i n  ~ 0.005-0.02 i n . / m i n  

De  for -  Defor -  
L o a d  m a t i o n  L o a d  m a r i o n  

r educ t ion ,  r e d u c t i o n ,  r educ t ion ,  r educ t ion ,  
%* %* %* %* 

Cd 0.125 92 0.241 0.8 0 2150 2.7 
Cu 0.07 60 0.100 0.3 0$ 5180 3.2 
Cr 0.625 18 0.036 0.14 3.4* * 5500 8.5 
Ni 0.125 99 0.137 0.44 2.0* * 3350 6.3 

t P l a t i n g  t i m e  was  15 rain.  
�9 S u p e r s c r i p t s  are t he  n u m b e r  of s p e c i m e n  averaged.  

�9 * Q u a n t i t y  of d e u t e r i u m  e s t i m a t e d  [on bas is  of  a n a l y s i s  fo r  h y d r o g e n  
$ A s s u m p t i o n .  

2.7 1~ 1~ 25.5 220.4 
3.2 166.5 1617.2 19.8 133.2 
5.1 53.7 525 515 544 
4.3 --61.95 22.4 - -  - -  

i n  Cr  and  Ni  p l a t e  g i v e n  b y  B r e n n e r ,  B u r k h e a d ,  and  J e n n i n g s  (19) ]. 

A h i g h e r  p rec i s ion  of t e s t i ng  was  o b t a i n e d  w i t h  
t he  n e w  spec imens .  E m b r i t t l i n g  t e s t s  b y  p l a t i n g  
could  be  r e p r o d u c e d  w i t h i n  2 or  3 % w h i l e  p r e v i o u s l y  
t he  v a r i a t i o n  was  f r o m  2 to 7%. Hence ,  a n y  r a d i c a l  
s ca t t e r  in r e su l t s  w i t h  t he  n e w  spec imens  m u s t  be  
a t t r i b u t e d  to such  t h ings  as  the  n a t u r e  of t he  s tee l ,  
n a t u r e  of t he  e m b r i t t l i n g  process ,  v a r i a t i o n s  in t h e  
p l a t i n g  p rocedu re s ,  speed  of t es t ing ,  etc. These  n e w  
spec imens  w e r e  used  for  t he  s t u d y  of t he  effect  of 
c ru sh ing  speed,  d i scussed  be low.  

Use of s lower crushing speeds . - -Some r e su l t s  o b -  
t a i n e d  w i t h  c h r o m i u m - p l a t e d  spec imens  i n d i c a t e d  
t h a t  low p rec i s ion  m i g h t  r e su l t  f r o m  the  use  of a 
t o o - r a p i d  c rush ing  speed.  T h a t  is, the  d e u t e r i u m  e m -  
b r i t t l e m e n t  a c c o m p a n y i n g  c h r o m i u m  p l a t i n g  was  
u n e x p e c t e d l y  low, on ly  3.7% ( d e t e r m i n e d  b y  l o a d )  
w h i l e  t h e  d e u t e r i u m  con ten t  of the  s p e c i m e n  was  no t  
low,  b u t  100 m m 3 / g  of s tee l  (see T a b l e  V I I ) .  This  
low e m b r i t t l e m e n t  cou ld  c o n c e i v a b l y  r e su l t  f r o m  too 
f a s t  a t e s t  r a t e ,  if  t he  r a t e - c o n t r o l l i n g  s tep  l e a d i n g  to  
e m b r i t t l e m e n t  is d e p e n d e n t  on the  r a t e  of d i f fus ion  
of gas w i t h i n  t he  s teel .  

In  o r d e r  to def ine c rush ing  cond i t ions  w h i c h  es-  
t a b l i sh  the  bes t  r e p r o d u c i b i l i t y  for  e m b r i t t l e m e n t  
tes t s  s e v e r a l  c ru sh ing  speeds  w e r e  i nves t i ga t ed .  The  
r a t e  of c ru sh ing  spec imens  in mos t  of t he  s tud ies  r e -  
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Fig. 6. Effect of different dynamic crushing speeds on the 
measured embrittlement. Plating conditions given in Table VII. 

Type of Embrittlement measured by 
Plate Load Deformation 

Cd % �9 r  
Cu ~, �9 ~, ,a, 
Cr (7, �9 In, [ ]  

p o r t e d  h e r e i n  was  0.1 i n . / m i n .  S l o w e r  speeds ,  d e t e r -  
m i n e d  at  the  t i m e  the  spec imens  b roke ,  w e r e  i n v e s t i -  
g a t e d  and  i n c l u d e d  the  fo l lowing  r a t e s :  0.05, 0.02, 
0.01, and  0.005 i n . / m i n .  The  e m b r i t t l i n g  t echn iques  
i n c l u d e d  c h r o m i u m ,  copper ,  and  c a d m i u m  p l a t i n g  
f r o m  D20 ba ths .  The  a v e r a g e  va lues  of s e v e r a l  e x -  
p e r i m e n t s  a re  s h o w n  in T a b l e  VII ,  and  a g r a p h  of 
some of the  r e su l t s  a r e  shown  in Fig.  6. 

C h r o m i u m  showed  the  l a rge s t  v a r i a t i o n  in m a g n i -  
t ude  of e m b r i t t l e m e n t  w i t h  c rush ing  speed.  The  d e u -  
t e r i u m  e m b r i t t l e m e n t  was  3.7% ( b y  l o a d )  a n d  25% 
( b y  d e f o r m a t i o n )  for  bo th  c rush ing  speeds  of 0.1 and  
0.05 i n . / m i n ;  h o w e v e r ,  w h e n  t h e  c rush ing  speeds  
w e r e  s lowed  to 0.02 or  0.01 i n . / m i n ,  t he  e m b r i t t l e -  
m e n t  was  15% ( b y  load )  and  44% ( b y  d e f o r m a t i o n ) .  
S i m i l a r l y ,  the  h y d r o g e n  e m b r i t t l e m e n t  was  c h a n g e d  
f r o m  27% ( b y  load )  and  57.3% ( b y  d e f o r m a t i o n )  
for  a c ru sh ing  speed  of  0.07 i n . / m i n  to 35% ( b y  
l o a d )  and  63.8% (by  d e f o r m a t i o n )  for  a speed  of 
0.01 i n . / m i n .  

The  d a t a  i nd i ca t e  t ha t  t he  change  in the  m a g n i -  
t ude  of t he  m e a s u r e d  e m b r i t t l e m e n t  w i t h  the  speed  
of c ru sh ing  m a y  be  a func t ion  of t he  q u a n t i t y  of gas  
p r e s e n t  in t he  s teel .  The  r a t e  of c ru sh ing  changes  t he  
m e a s u r e d  e m b r i t t l e m e n t  m o r e  d r a s t i c a l l y  in t he  case 
of c h r o m i u m  p l a t i n g  t h a n  i t  does in the  cases  of c a d -  
m i u m  and  copper  p l a t i n g  (Fig .  6 ) .The  s igni f icance  
of the  a b r u p t  change  in m e a s u r e d  d e u t e r i u m  e m -  
b r i t t l e m e n t  a t  a c h a n g e  in  c r u s h i n g  r a t e  f r o m  0.02 
to 0.05 i n . / m i n  is no t  unde r s tood .  

Effect of Aging or Heat Treatment  o~ Retent ion 
of Embr i t t l ement  and of Gas in Steel 

The  c u r r e n t  t heo r i e s  of h y d r o g e n  e m b r i t t l e m e n t  
a s s u m e  t h a t  the  r e c o v e r y  of an  e m b r i t t l e d  spec imen  
w i t h  ag ing  or  h e a t  t r e a t m e n t  is a r e su l t  of t he  escape  
of the  h y d r o g e n .  S i m i l a r l y ,  t he  p r e s e r v a t i o n  of the  
e m b r i t t l e m e n t  of  a c a t h o d i c a l l y  c h a r g e d  s p e c i m e n  
of s tee l  b y  s t o r a ge  at  - -196~ is a t t r i b u t e d  to the  
neg l ig ib l e  escape  of gas at  l ow  t e m p e r a t u r e ,  w h i c h  
is i l l u s t r a t e d  in Fig.  7. 

E x p e r i m e n t s  b y  P r o b e r t  and  Rot l inson  (10) have  
shown  t h a t  h y d r o g e n  e m b r i t t l e m e n t  of s tee l  p l a t e d  
w i t h  0.45 mi l  of c a d m i u m  can be  r e d u c e d  and  poss i -  
b l y  e l i m i n a t e d  b y  h e a t  t r e a t m e n t  a t  190~ for  5 or  6 
hr .  F e d e r a l  speci f ica t ions  (11) r e c o m m e n d  no t  less 
t h a n  3 h r  of h e a t  t r e a t m e n t  a t  190 ~ ----- 14~ fo r  s tee l  
p l a t e d  w i t h  0.5 mi I  of c a d m i u m .  

E x p e r i m e n t s  w e r e  s t a r t e d  to a s c e r t a i n  w h e t h e r  
the  e l e c t ro ly t i c  gas a c t u a l l y  diffuses t h r o u g h  the  
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Fig. 7. Deuterium evolved from ring in high vacuum system. Ring 
was: (a) cothodically charged in 10% NaOD in D20 at 3.5 
amp/dm ~ for 150 min; (b) held at room temperature for 39 min 
while being transferred into high vacuum system; (r stored in 
H.V.S. at - - 1 % ~  for 22.5 hr; (d) coolant removed and steel 
gradually warmed to room temperature; in 3.5 hr, 1.8 mm 3 
deuterium/g of steel was liberated, after which no more gas w a s  

evolved. 

coa t ing  and  escapes  or  w h e t h e r  i t  diffuses  t h r o u g h -  
out  t he  s tee l  and  r e m a i n s  in  t he  f o r m  of a d i l u t e  
so lu t ion  w i t h  no c o n c e n t r a t i o n  g r ad i en t .  K n o w l e d g e  
of t he  gas  con ten t  of t h e  h e a t - t r e a t e d  s tee l  w o u l d  
he lp  a n s w e r  th is  ques t ion .  

C a d m i u m - p l a t e d  s tee l  r ings,  coa ted  to a t h i ckness  
of 3.8 mi l s  in a D20 ba th ,  w e r e  h e a t  t r e a t e d  at  190~ 
in an  oil  ba th ,  c rushed ,  and  a n a l y z e d  for  t he  r e t e n -  
t ion  of d e u t e r i u m .  The  s tee l  r e t a i n e d  b o t h  e m b r i t t l e -  
m e n t  and  d e u t e r i u m  a f t e r  6 h r  a t  190~ E x p e r i -  
m e n t s  a r e  be ing  c o n t i n u e d  to d e t e r m i n e  w h e t h e r  
d e u t e r i u m  can  be  e l i m i n a t e d  c o m p l e t e l y  f r o m  the  
s tee l  t h r o u g h  f a i r l y  t h i c k  as we l l  as th in  c a d m i u m  
coat ings .  D a t a  o b t a i n e d  to da t e  i nd i ca t e  t h a t  a l onge r  
p e r i o d  of h e a t  t r e a t m e n t  ( in  an  oil  e n v i r o n m e n t )  is 
r e q u i r e d  to r e l i eve  c a d m i u m - c o a t e d  s tee l  of d e u -  
t e r i u m  e m b r i t t l e m e n t  t h a n  of h y d r o g e n  e m b r i t t l e -  
ment .  

Heat Treating at 350~176 in High Vacuum as a 
Method of Analysis for Electrolytic Deuterium 

Content of Steel  without  Melting the Steel 

A l l  of t he  a n a l y s e s  in th is  p r e s e n t  p a p e r  w e r e  p e r -  
f o r m e d  b y  the  t in  fus ion  me thod .  This  r e q u i r e s  t h a t  
each  s p e c i m e n  of s tee l  be  m e l t e d  b y  a l l o y i n g  w i t h  
t in  at  l l 0 0 ~  This  m e t h o d  has  a def in i te  a d v a n t a g e  
in t ha t  a l l  of t he  gases  in t he  s tee l  a r e  l i b e r a t e d  
r a p i d l y  for  ana lys i s .  The  m a i n  d i s a d v a n t a g e  in -  
vo lves  the  f r e q u e n t  r e c h a r g i n g  of the  f u r n a c e  w i t h  
t in.  

U n c o a t e d  s tee l  w h e n  h e a t e d  to 310 ~ for  10 min  
r e l eases  a l l  of the  e l e c t r o l y t i c  gas  [ see  Fig.  6 of P a r t  
I ( 1 ) ] .  A t  th is  or  h i g h e r  t e m p e r a t u r e s  some of t he  
m e t a l l u r g i c a l  h y d r o g e n  (12) is l i b e r a t e d  a long  w i t h  
the  e l e c t r o l y t i c  h y d r o g e n ,  and,  as in t he  t in  fus ion  
me thod ,  a d i f f e r en t i a t i on  b e t w e e n  the  source  of h y -  
d r o g e n  canno t  be  m a d e .  In  t he  p r e s e n t  work ,  t he  
l i b e r a t i o n  of a l l  of t he  e l e c t r o l y t i c a l l y  c h a r g e d  d e u -  
t e r i u m  is a l l  t h a t  is r e q u i r e d .  I f  t he  m e t h o d  l i b e r a t e s  
m e t a l l u r g i c a l  h y d r o g e n ,  t he  mass  s p e c t r o g r a p h  can 
be  used  to d e t e r m i n e  the  q u a n t i t y  of each  i so tope  
p re sen t .  
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Fig. 8. Quantity of gases which diffused from copper-coated' 
steel held at 500~ SAE 4130 steel ring (Sg), Cu-coated in 
cyanide bath for 15 min at 1.85 amp/dm ~. Curve A, not covered 
with Cu evenly under contact clip. Curve B, even coating of Cu; 
total gas collected, analyzed, and found to contain 64.3% of 
deuterium (equivalent to 25.6 mm ~ of deuterium/g of steel at 
room temperature). 

A s imple  m e t h o d  of r e l e a s i n g  the  gas  for  ana lys i s  
w o u l d  be  qu i t e  de s i r ab l e ;  t he re fo re ,  t he  f inding  of 
cond i t ions  for  h e a t i n g  coa ted  s tee l  e a s i l y  in a Py re : (  
vesse l  was  u n d e r t a k e n .  As  an  in i t i a l  e x p e r i m e n t ,  
c o p p e r - p l a t e d  s tee l  was  h e a t e d  to 500~ in a P y r e x  
t u b e  connec t ed  to t he  h igh  v a c u u m  sys tem,  and  the  
gases  w e r e  co l lec ted  and  ana lyzed .  The  r a t e  of 
l i b e r a t i o n  of e l e c t r o l y t i c  d e u t e r i u m  is s h o w n  in Fig .  
8. The  gas  l i b e r a t e d  d u r i n g  a 65 -min  h e a t i n g  pe r iod  
con t a ined  25.6 m m  3 of d e u t e r i u m / g  of s teel .  The  
c o p p e r - p l a t e d  s tee l  was  t h e n  me l t e d ,  a n d  a n y  gases  
r e m a i n i n g  in t he  s tee l  w e r e  co l lec ted  and  ana lyzed .  
N e a r l y  a l l  of the  d e u t e r i u m  h a d  d i f fused  t h r o u g h  
the  coppe r  in 1 h r  a t  500 ~ , b e c a use  on ly  1 m m  3 of 
d e u t e r i u m / g  of s tee l  was  f o u n d  in the  m e l t e d  steel .  
A s l i g h t l y  l o n g e r  p e r i o d  of h e a t i n g  mos t  p r o b a b l y  
w o u l d  h a v e  l i b e r a t e d  the  r e m a i n d e r .  Thus ,  t he  h e a t -  
ing  of p l a t e d  s tee l  in  a v a c u u m  a t  500~ a p p e a r s  to  
be  an  a d e q u a t e  m e t h o d  of e x t r a c t i n g  e l e c t ro ly t i c  
d e u t e r i u m  for  ana lys i s .  The  p e r i o d  of h e a t i n g  w o u l d  
v a r y  w i t h  the  p a r t i c u l a r  coat ing.  A l o w e r  e x t r a c t i o n  
t e m p e r a t u r e  w o u l d  be  a d e q u a t e  for  some coat ings ,  
for  e x a m p l e ,  c a d m i u m  ( m p  320.9~ 

Determination of Depth of Penetration of Deuterium 
in Steel  wi th  Time 

One e x p e r i m e n t  was  p e r f o r m e d  to d e t e r m i n e  the  
d e p t h  of p e n e t r a t i o n  in to  s tee l  of e l e c t r o l y t i c  d e u -  
t e r i u m  i n t r o d u c e d  b y  c a d m i u m  p la t ing .  O t h e r  a u -  
thor s  (10, 13) h a v e  i n d i c a t e d  t h a t  h y d r o g e n  r e m a i n s  
close to t he  sur face .  A s tee l  r i ng  was  p l a t e d  w i th  
c a d m i u m  on i ts  edges  and  ins ide  su r f ace  in  a b a t h  
m a d e  w i t h  H20. A f t e r  h e a t  t r e a t m e n t  to e l i m i n a t e  
a n y  e l e c t ro ly t i c  h y d r o g e n ,  t he  r i ng  was  p l a t e d  on its 
ou t s ide  su r f ace  w i t h  c a d m i u m  in a b a t h  m a d e  w i t h  
D20. E l e c t r o l y t i c  d e u t e r i u m  e n t e r e d  the  s tee l  f r o m  
on ly  one sur face ,  and  c a d m i u m  coa t ings  ac t ed  as a 
b a r r i e r  to i ts  ex i t  f r o m  the  o t h e r  sur faces .  The  r i ng  
was  i m m e d i a t e l y  cooled to l i qu id  n i t r o g e n  t e m p e r a -  
tu re .  The  c a d m i u m  coa t ing  on the  ou t s ide  su r f ace  
and  s tee l  to t he  d e p t h  of 0.005 in. w e r e  m a c h i n e d  
f r o m  the  r i n g  w h i l e  i t  was  he ld  a t  l i qu id  n i t r o g e n  
t e m p e r a t u r e .  O n l y  10.0 m m  8 d e u t e r i u m / s p e c i m e n  
was  f o u n d  in the  p o r t i o n  of t he  r i ng  a n d  c a d m i u m  
lef t  a f t e r  the  o u t e r  su r f a c e  h a d  been  m a c h i n e d  off. 
U n m a c h i n e d  r ings ,  w h i c h  h a d  been  c a d m i u m  coa ted  
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in the  s ame  fashion ,  con t a ined  75 m m  ~ d e u t e r i u m /  
spec imen .  This  p r e l i m i n a r y  e x p e r i m e n t  i nd i ca t e s  
t h a t  mos t  of the  e l e c t r o l y t i c  d e u t e r i u m  i n t r o d u c e d  
d u r i n g  p l a t i n g  is s t i l l  n e a r  the  su r f ace  of t he  s tee l  
i m m e d i a t e l y  fo l l owing  the  p l a t i n g  ope ra t ion .  

Discussion and Results 
The  p l a t i n g  processes  d i scussed  h e r e i n  i nvo lve  the  

codepos i t ion  of a m e t a l  and  h y d r o g e n  or  d e u t e r i u m  
atoms.  The  su r f ace  r e a c t i o n  i n v o l v i n g  h y d r o g e n  m a y  
or  m a y  no t  be  c o m p l i c a t e d  b y  the  change  of t he  c o m -  
pos i t ion  of t he  m e t a l l i c  su r f ace  f r o m  s tee l  to t h a t  of 
t he  codepos i t ed  me ta l .  The  so lub i l i t y  of h y d r o g e n  
and  d e u t e r i u m  in c a d m i u m  a n d  coppe r  coa t ings  is 
p r a c t i c a l l y  nil .  Yet ,  d u r i n g  the  first  15 min  of p l a t -  
ing  the  e l e c t ro ly t i c  gas  con ten t  of t he  p l a t e d  spec i -  
mens  inc reases  acco rd ing  to t he  fo l lowing  r e l a t i o n -  

sh ip  as s h o w n  in Fig.  2: C = kk/ t ,  w h e r e  C is t he  a b -  
so rbed  vo lume ,  k is a cons tan t ,  a n d  t is the  t i m e  of 
p l a t ing .  This  w o u l d  sugges t  t h a t  t he  c h a r g i n g  p r o c -  
ess on the  p l a t e d  su r f ace  is d i f fus ive  in  cha rac t e r .  
In  t he  case  of c h r o m i u m  and  n i c k e l  p l a t i n g  the  
c h a r g i n g  p rocess  a p p e a r s  to  be  m o r e  compl i ca t ed ,  
p r o b a b l y  due  to the  s o l u b i l i t y  of t he  e l e c t ro ly t i c  gas  
in the  p l a t e d  coa t ing  on the  steel .  

These  s tud ies  have  shown  t h a t  the  p r e s e n c e  of 
coa t ings  of c a d m i u m ,  copper ,  or  c h r o m i u m  on s tee l  
does no t  p r e v e n t  t he  e n t r a n c e  of a tomic  h y d r o g e n  or  
d e u t e r i u m  d u r i n g  the  first  30 m i n  of p l a t ing .  N e v e r -  
theless ,  t he  deg ree  of h y d r o g e n  e m b r i t t l e m e n t  does  
not  i nc rea se  l i n e a r l y  w i t h  th is  cons t an t  i nc rea se  in 
h y d r o g e n  conten t .  Ins tead ,  a m a x i m u m  e m b r i t t l e -  
m e n t  is a p p r o a c h e d .  Resu l t s  of p l a t i n g  c h r o m i u m ,  
copper ,  and  c a d m i u m  to t h i cknesses  of 0.14, 0.3, and  
0.8 mils ,  r e spec t i ve ly ,  (depos i t s  p r o d u c e d  in  15 m i n  
of p l a t i n g )  i n d i c a t e d  t h a t  no m a x i m u m  e m b r i t t l e -  
m e n t  was  a t t a i n e d  w i t h  i nc r ea s ing  quan t i t i e s  of d e u -  
t e r i um.  More  d e u t e r i u m  t h a n  h y d r o g e n  is r e q u i r e d  
to a t t a i n  c o m p a r a b l e  e m b r i t t l e m e n t s .  

W i t h  the  l i m i t e d  e x p e r i m e n t s  in th is  s tudy ,  a g e n -  
e r a l  c o r r e l a t i o n  b e t w e e n  t h e  d e g r e e  of e m b r i t t l e m e n t  
and  the  e l e c t ro ly t i c  gas con ten t  of p l a t e d  s tee l  spec i -  
mens  was  not  found.  Yet ,  a s t rong  c o r r e l a t i o n  was  
f o u n d  w h e n  the  gas  con ten t s  w e r e  c o r r e c t e d  for  t he  
s o lub i l i t y  of gas  in  t he  c h r o m i u m  coa t ings  as i n d i -  
ca ted  in T a b l e  VII .  A p lo t  of pe r  cen t  d e u t e r i u m  e m -  
b r i t t l e m e n t  vs. t he  a v e r a g e  d e u t e r i u m  con ten t  i n -  
t r o d u c e d  into  s tee l  b y  d i f fe ren t  p l a t i n g  processes  
d u r i n g  a 15 m i n  p l a t i n g  pe r iod  was  m a d e  in Fig .  6. I t  
showed  t h a t  the  e m b r i t t l e m e n t  i n c r e a s e d  as t he  e l ec -  
t r o l y t i c  d e u t e r i u m  con ten t  in the  s tee l  i nc reased .  
A p p a r e n t l y ,  d i f fe ren t  quan t i t i e s  of a tomic  d e u t e r i u m  
e n t e r e d  the  s tee l  due  to t he  d i f fe rences  in the  a m o u n t  
of gas evo lved  d u r i n g  the  d i f fe ren t  p l a t i n g  processes .  
These  e x p e r i m e n t s  i nd i ca t e  t ha t  the  e m b r i t t l e m e n t  
is d e p e n d e n t  m o r e  on the  a m o u n t  of d e u t e r i u m  
w h i c h  a c t u a l l y  e n t e r e d  the  s tee l  t h a n  on the  t y p e  of 
p l a t i n g  process .  

The  p e r  cen t  e m b r i t t l e m e n t  m e a s u r e d  w a s  f o u n d  
to be d e p e n d e n t  no t  o n l y  on the  a m o u n t  of gas  p r e s -  
e n t  in  t he  s tee l  b u t  on  the  speed  w i t h  w h i c h  the  
r ings  w e r e  c rushed  as shown  in Fig.  6. U n c h a r g e d  
r ings  f r o m  s i m i l a r l y  h e a t - t r e a t e d  s tee l  s tock  f a i l ed  
at  s im i l a r  b r e a k i n g  loads  for  t he  c rush ing  speeds  
i nves t iga t ed .  Thus,  the  m e c h a n i s m  of e m b r i t t l e m e n t  

a p p e a r s  to be d e p e n d e n t  on the  t ime  p e r m i t t e d  for  
t he  gas  to diffuse w i t h i n  the  s tee l  to t he  po in t  of 
fa i lu re .  

D u r i n g  the  course  of t he se  s tud ies  m a n y  cases  of 
l a ck  of p a r a l l e l i s m  b e t w e e n  e m b r i t t l e m e n t  a n d  to t a l  
gas  c on t e n t  w e r e  e nc oun t e r e d .  F o r  e x a m p l e ,  a l -  
t h o u g h  the  cu rves  in Fig.  3 r e p r e s e n t i n g  d e u t e r i u m  
e m b r i t t l e m e n t  p r o d u c e d  b y  d i f fe ren t  p l a t i n g  p r o c -  
esses d id  no t  fa l l  on top  of each  other ,  a l l  of these  
cu rves  could  be  a v e r a g e d  w i t h  a v a r i a t i o n  of no m o r e  
t h a n  + 2 %  a f t e r  co r r ec t i on  is m a d e  for  t he  gas  con-  
t en t  of the  c h r o m i u m  coat ings .  This  m a y  be  the  
l imi t  of a c c u r a c y  of th is  t y p e  of e m b r i t t l e m e n t  tes t ,  
or  the  e m b r i t t l e m e n t  m e a s u r e d  in t he  s tee l  m a y  no t  
be so le ly  d e p e n d e n t  on the  e l e c t ro ly t i c  gas  con ten t  
and  the  speed  of c ru sh ing  test .  O the r  e x p l a n a t i o n s  
a r e  not  r e a d i l y  ava i l ab le .  

F r o m  the  d a t a  p r e s e n t e d  in  P a r t s  I (1)  and  I I  of 
th is  s t u d y  i t  a p p e a r s  r e a s o n a b l e  to conc lude  t h a t  
d e u t e r i u m  e m b r i t t l e s  s teel .  The  a n a l y s e s  (1)  of p l a t -  
ing  so lu t ions  d i scussed  in P a r t  I I  gave  a r a n g e  for  
(H/D)lict  f r om 0.005 to 0.007. I f  i t  is a s s u m e d  t h a t  
t he  gases  w h i c h  e n t e r  t he  s tee l  d u r i n g  p l a t i n g  a r e  
e q u i v a l e n t  to t he  gases  w h i c h  p e r m e a t e d  s tee l  in 
e l e c t ro ly t i c  c h a r g i n g  u n a c c o m p a n i e d  b y  m e t a l  d e p -  
osi t ion,  t hen  the  e n r i c h m e n t  w i t h  r e spe c t  to h y d r o -  
gen  w o u l d  be  e igh t fo ld  (1) .  The  (H/D)Gp r a t i o  p e r -  
t a i n ing  to t he  gases  w h i c h  e n t e r e d  the  s tee l  w o u l d  
t hen  r a n g e  f rom 0.041 to 0.056. The  m a x i m u m  q u a n -  
t i t y  of h y d r o g e n  e n t e r i n g  the  s tee l  d u r i n g  p l a t i n g  
w o u l d  have  been  2.5 m m  3 h y d r o g e n / g  of s tee l  ac -  
c o m p a n y i n g  45 m m  3 d e u t e r i u m / g  of s teel .  This  
a m o u n t  of h y d r o g e n  w o u l d  p r o d u c e  no  m o r e  t h a n  
1.5% e m b r i t t l e m e n t  ( b y  l o a d )  as seen  in F ig .  3. This  
w o u l d  no t  account  for  t he  6% or  l a r g e r  e m b r i t t l e -  
m e n t  f o u n d  in s tee l  r e s u l t i n g  f rom p l a t i n g  in D20 
solut ions .  

H y d r o g e n  and  d e u t e r i u m  bo th  affect  t he  p la s t i c  
p r o p e r t i e s  of s teel ,  b u t  to d i f fe ren t  degrees .  F i g u r e  3 
shows  t ha t  s m a l l e r  a m o u n t s  of h y d r o g e n  t h a n  d e u -  
t e r i u m  cause  l a r g e r  e m b r i t t l e m e n t s .  This  conc lus ion  
is r e l i a b l e  be c a use  some of t he  d a t a  a r e  t he  a v e r a g e s  
of a l a rge  n u m b e r  of f a i r l y  c lose ly  r e p r o d u c e d  r e p -  
l ica tes .  A n  e x a m p l e  of th is  a v e r a g e  d a t a  is g iven  in 
T a b l e  VII .  

S tee l ,  e l e c t r o p l a t e d  w i t h  a m e t a l  f r o m  a g iven  
t y p e  of  ba th ,  a b so rbs  l a r g e r  q u a n t i t i e s  of e l e c t r o -  
l y t i c  gas  w h e n  the  b a t h  is o p e r a t e d  u n d e r  cond i t ions  
t h a t  dec rea se  i ts  ca thode  efficiency. F o r  e x a m p l e ,  
i nc rea se  in t he  c o n c e n t r a t i o n  of t he  f ree  c y a n i d e  in  a 
copper  b a t h  i nc reases  t h e  a m o u n t  of a b s o r p t i o n  of 
h y d r o g e n  b y  a s tee l  ca thode .  

In  c o m p a r i n g  the  c y a n i d e - t y p e  ba ths ,  t he  d a t a  i n -  
d ica te  t ha t  coppe r  p l a t i n g  causes  m o r e  s eve re  e m -  
b r i t t l e m e n t  of s tee l  t h a n  does  c a d m i u m  p l a t i n g  
u n d e r  the  cond i t ions  s tud ied .  These  b a t h s  a r e  a l i ke  
in c h a r a c t e r  and  can  be  f u r t h e r  compared .  D u r i n g  a 
g iven  p e r i o d  of p la t ing ,  e.g., 15 min,  a t h i c k e r  d e -  
pos i t  of  c a d m i u m  is p r o d u c e d  (~0 .8  mi l s  a t  0.5 
a m p / s p e c . )  t h a n  of coppe r  ( ~ 0 . 3  mi l s  a t  0.28 a m p /  
spec.)  ( see T a b l e  V I I I ) .  C a d m i u m  p l a t i n g  p r o d u c e s  
less h y d r o g e n  e m b r i t t l e m e n t  of s tee l  t h a n  does  cop-  
p e r  p la t ing .  This  m a y  be  due  to e i t he r  t he  f a s t e r  
b u i l d  up  of c a d m i u m  depos i t  or  to t he  lesser  p e r m e -  
a b i l i t y  of c a d m i u m  to h y d r o g e n .  O t h e r  a u t h o r s  (14) 
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have  i n d i c a t e d  t ha t  t he  c y a n i d e  ion  ca t a lyzes  h y d r o -  
gen e m b r i t t l e m e n t  of s tee l  c h a r g e d  in a l k a l i n e  so lu -  
t ion.  I f  th is  w e r e  t h e  sole f ac to r  con t ro l l i ng  e m -  
b r i t t l e m e n t  d u r i n g  p l a t i n g  f r o m  c y a n i d e - t y p e  ba ths ,  
c a d m i u m  w o u l d  be  e x p e c t e d  to e m b r i t t l e  s tee l  m o r e  
t h a n  copper ,  s ince t he  f ree  c y a n i d e  c o n c e n t r a t i o n  is 
m u c h  h i g h e r  in  the  c a d m i u m  p l a t i n g  ba th .  Thus,  i t  
can be  conc luded  t h a t  t he  q u a n t i t y  of gas  w h i c h  e n -  
t e r s  s tee l  d u r i n g  p l a t i n g  m u s t  be  d e p e n d e n t  on f ac -  
tors  in a d d i t i o n  to c y a n i d e  ion concen t r a t ion .  

P e r m e a t i o n  s tud ies  (1)  h a v e  s h o w n  the  d i f fus ion 
coefficients for  h y d r o g e n  and  d e u t e r i u m  in s tee l  to be  
DH = 1.25 x 10 -7  cm2/sec  and  DD -~ 1.1 x 10 -~ cm2/  
sec. The  m a g n i t u d e s  of e m b r i t t l e m e n t  p r o d u c e d  b y  
h y d r o g e n  a n d  d e u t e r i u m  a re  qu i t e  d i f fe ren t  even  
t h o u g h  t h e y  diffuse w i t h i n  t he  s tee l  a t  a b o u t  t he  
same  ra te .  E l e c t r o p l a t i n g  processes  h a v e  been  shown  
to i n t r o d u c e  m o r e  d e u t e r i u m  t h a n  h y d r o g e n  in to  
s teel ,  y e t  h y d r o g e n  e m b r i t t l e s  s tee l  m o r e  t h a n  d e u -  
t e r i um.  Diffusion s tud ies  in u n s t r a i n e d  s tee l  p r e s e n t  
no a p p a r e n t  e x p l a n a t i o n  for  t he  d i f fe rences  in  t h e  
m a g n i t u d e  of h y d r o g e n  and  d e u t e r i u m  e m b r i t t l e -  
ment .  

The  d i f fe rences  b e t w e e n  the  ac t ion  of h y d r o g e n  
and  d e u t e r i u m  d u r i n g  the  b r i t t l e  f r a c t u r e  of s tee l  
mos t  p r o b a b l y  a r e  due  to t he  d i f fe rences  in t he  
p h y s i c a l  and  c h e m i c a l  p r o p e r t i e s  of t he  isotopes.  
P e r t i n e n t  to the  p r e s e n t  d i scuss ion  is the  w o r k  of 
S i d h u  (15) .  This  a u t h o r  has  shown  t h a t  m e t a l s  
w h i c h  r e a d i l y  fo rm h y d r i d e s  h a v e  d i f fe ren t  c h e m i c a l  
affinit ies for  h y d r o g e n  and  for  d e u t e r i u m  and  t h a t  
d e u t e r i u m  causes  m o r e  s h r i n k a g e  of t he  m e t a l  l a t -  
t ice  t h a n  does h y d r o g e n .  S i m i l a r  d i f fe rences  can  be  
e x p e c t e d  for  h y d r o g e n  and  d e u t e r i u m  in s tee l  even  
t h o u g h  the  so lub i l i t y  of  e i the r  gas is sma l l  in t he  
b o d y - c e n t e r e d  cubic  l a t t i c e  of i ron  p r o b a b l y  d u e  to  
the  size of t he  spac ings  w i t h i n  the  l a t t i ce  s t r u c t u r e  
(16) .  Such  d i f fe rences  w o u l d  he lp  to e x p l a i n  t he  
v a r i a t i o n  in  e m b r i t t l e m e n t  caused  b y  the  two  i so-  
topes.  The  p rec i se  w a y  in w h i c h  h y d r o g e n  is d i s -  
t r i b u t e d  w i t h i n  the  l a t t i ce  and  vo ids  d u r i n g  the  
s t r a i n i n g  of s tee l  has  no t  been  exp l a ined .  N e v e r t h e -  
less,  t he  p r e s e n t  d a t a  i n d i c a t e  t h a t  d e u t e r i u m  
changes  t he  p la s t i c  p r o p e r t i e s  of s tee l  less  t h a n  
h y d r o g e n .  

Conclusions 
1. E l e c t r o l y t i c a l l y  i n t r o d u c e d  h y d r o g e n  or  d e u -  

t e r i u m  does  not  a p p e a r  to be  t r a p p e d  in  i n t e r n a l  
c racks  as m o l e c u l a r  gas, w h i c h  canno t  r e a d i l y  diffuse 
at  r oom t e m p e r a t u r e  f rom the  s teel .  

2. D e u t e r i u m  a p p e a r s  to cause  e m b r i t t l e m e n t  of 
SAE 4130 s tee l  b u t  to a s m a l l e r  d e g r e e  t h a n  does  
h y d r o g e n .  On the  o t h e r  hand ,  p l a t i n g  p rocesses  i n -  
t r oduce  m o r e  d e u t e r i u m  into  s tee l  f r om h e a v y  w a t e r  
so lu t ions  t h a n  h y d r o g e n  f r o m  o r d i n a r y  w a t e r  so lu -  
t ions.  

3. The  q u a n t i t y  of e l e c t ro ly t i c  gas  i n t r o d u c e d  in to  
s tee l  g ives  some c o r r e l a t i o n  w i t h  t he  d e g r e e  of e m -  
b r i t t l e m e n t  of  t he  s teel ,  b u t  i t  is no t  t he  sole f ac to r  
d e t e r m i n i n g  the  m a g n i t u d e  of e m b r i t t l e m e n t  m e a s -  
u red .  

4. The  p r e s e n t  w o r k  does no t  p r e f e r e n t i a l l y  s u p -  
po r t  a n y  one of t he  m e c h a n i s m s  (5-8,  17, 18) w h i c h  
have  b e e n  p r o p o s e d  for  h y d r o g e n  e m b r i t t l e m e n t .  

D e u t e r i u m  w o u l d  be  e x p e c t e d  to diffuse m o r e  s l owly  
t h a n  h y d r o g e n  in to  vo ids  o r  w i t h i n  t he  l a t t i ce  due  
to t he  g r e a t e r  e x p e c t e d  c h e m i c a l  aff ini ty  of s tee l  for  
d e u t e r i u m  t h a n  h y d r o g e n .  The  d i f fe rence  in  t he  b e -  
h a v i o r  of t he  h y d r o g e n  i so topes  has  no t  e x p l a i n e d  
the  w a y  h y d r o g e n  is d i s t r i b u t e d  b e t w e e n  the  so -  
ca l l ed  voids ,  d i s loca t ions ,  or  i n t e r s t i t i a l  s i tes  d u r i n g  
the  s t r a i n i n g  of s teel .  

5. T h e  p l a t i n g  p rocesses  s t u d i e d  i n t r o d u c e  l a r g e r  
qua n t i t i e s  of e l e c t ro ly t i c  gas in to  s tee l  t h a n  does  
e l e c t ro ly t i c  charg ing ,  in  e i t he r  a 10% so lu t ion  of 
s o d i u m  h y d r o x i d e  or  a 4% so lu t ion  of su l fu r i c  acid.  
If  a po ison  such  as ca rbon  d isu l f ide  is p r e s e n t  in t he  
su l fu r i c  acid,  c o m p a r a b l e  or  l a r g e r  q u a n t i t i e s  of h y -  
d r o g e n  a re  i n t r o d u c e d  in to  s tee l  ( even  d u r i n g  sho r t  
c h a r g i n g  t i m e s )  t h a n  b y  the  p l a t i n g  processes  
s tud ied .  
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ABSTRACT 

A simple electrochemical technique is described for measur ing the quant i ty  
of hydrogen permeat ing a th in  membrane  of i ron or steel during cathodic 
charging or electroplating. For cadmium electroplating, the quant i ty  is small  
when  this metal  is deposited from a fluoborate or a D L - a - a m i n o - n - b u t y r a t e  
bath, but  comparat ively high when a cyanide bath is used. The mechanism 
which governs hydrogen permeat ion in alkal ine solutions containing capil lary 
active anionic species is discussed, and the remarkable  s imilari ty between hy-  
drogen permeat ion and hydrogen induced bri t t le  fracture of h i g h  strength 
steel is demonstrated.  

As an u n a v o i d a b l e  electrode reac t ion  proceeding  
s i m u l t a n e o u s l y  wi th  e lec t ropla t ing ,  hyd rogen  ions or 
wa te r  molecules  are discharged.  The  p roduc t  of this  
d ischarge is a tomic h y d r o g e n  which  can e i ther  r e -  
combine  and  evolve as molecu la r  h y d r o g e n  or diffuse 
in to  the  in te r io r  of the  metal .  Atomic  hydrogen ,  
w h e n  in t roduced  into and  s u b s e q u e n t l y  absorbed  in  
h igh s t r eng th  steel p a r t s ,  m a y  cause r educ t ion  in  
duc t i l i ty  or de layed  b r i t t l e  c rack ing  of no tched  t e n -  
sile spec imens  sub jec ted  to sus ta ined  stat ic loading.  

A s imple  and  precise e lec t rochemica l  p rocedure  is 
described,  su i tab le  for the  d e t e r m i n a t i o n  of the 
q u a n t i t y  of hyd rogen  p e n e t r a t i n g  t h rough  th in  m e m -  
b ranes  of i ron or steel d u r i n g  a n y  type  of cathodic 
t r e a tmen t .  Because of the resul ts  of this s tudy,  it  is 
be l ieved  tha t  this me thod  wi l l  appropr i a t e ly  serve as 
a basis  for a s t anda rd  test  f rom which  usefu l  i n fo r -  
m a t i o n  can be ob ta ined  abou t  the  h y d r o g e n  e m -  
b r i t t l e m e n t  character is t ics  of a p l a t ing  bath .  

Principle of the Procedure 

T h i n  i ron  or steel m e m b r a n e s  are used for the 
measu remen t s .  One side of the m e m b r a n e ,  the  ca th-  
ode side, is sub jec ted  to the  cathodic t r e a tmen t ,  a nd  
a smal l  f rac t ion  of the  s i m u l t a n e o u s l y  fo rmed  h y d r o -  
gen a toms in t roduced  in to  the m e m b r a n e  reaches  
the  opposite side, in  contact  wi th  a 0.2N NaOH solu-  
t ion. 

This side is cal led the  anode side because  the  h y -  
drogen  a toms a r r i v i n g  at the me ta l  so lu t ion  in te r face  
are a lmost  q u a n t i t a t i v e l y  ionized by  an appl ied  
anodic  potent ia l .  Thus,  diffusion of hyd rogen  takes  
place u n d e r  condi t ions  r e sembl ing  those of po la ro -  
graphic  m e a s u r e m e n t s  w i th  the m e m b r a n e  as the  
diffusion l ayer  and  wi th  a concen t r a t i on  g rad ien t  of 
the h y d r o g e n  th rough  the  m e m b r a n e .  

Electrolytic Cell and Electrical Circuit 

Two care fu l ly  pol ished glass t ube  flanges (Fig. 1), 
coupled w i th  the  m e m b r a n e ,  are bol ted  toge ther  and  
a wa t e r  t ight  seal p roduced  by  us ing  Teflon washers .  

The polar iz ing  electrodes consist  of p l a t i n u m  covered 
wi th  p l a t i n u m  black,  and  the  surface of the  m e m -  
b r a n e  facing the  anode c o m p a r t m e n t  is in  contact  
wi th  a Lugg in  capi l lary ,  coupled to a sa tu ra t ed  
calomel  electrode (1) .  D u r i n g  the  me a su r e men t s ,  
h i g h - p u r i t y  n i t r ogen  was c on t i nua l l y  b u b b l e d  

N 2 

i t 

c 

N2 

Fig. 1. Electrolytic cell: E, iron or steel membrane; C, cathodic- 
ally treated side of membrane; A, anodically polarized side of 
membrane; Pc, PA, polarizing electrodes; r, saturated calomel 
reference electrode; s, container with experimental solution. 

c tA 

PPLY I 

Fig. 2. Galvanostatic circuit: R, power decade resistor; other 
symbols as in Fig. 1. 
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t h r o u g h  a l l  solut ions .  The  t e m p e r a t u r e  was  k e p t  
cons t an t  a t  25 ~ --  1~ 

F o r  bo th  ca thod ic  c h a r g i n g  and  p la t ing ,  a s imp le  
g a l v a n o s t a t i c  dev ice  was  used  as shown  in  Fig.  2. 
The  anodic  p o l a r i z a t i o n  c i rcu i t  cons i s ted  of a W e n k -  
ing  p o t e n t i o s t a t  w i t h  a sens i t i ve  c u r r e n t  r e c o r d e r  in  
series.  A S a r g e n t  p o l a r o g r a p h ,  w i t h  the  b r i d g e  set  
a t  zero,  h a v i n g  the  r e q u i r e d  s e n s i t i v i t y  a n d  a suffi-  
c i en t ly  w ide  m e a s u r i n g  range ,  was  used  as the  
r eco rde r .  

Operatio~ o~ the Electrolytic Cetl 
The  cel l  was  o p e r a t e d  as fol lows.  The  anode  com-  

p a r t m e n t  was  f i l led w i t h  a 0.2N N a O H  solut ion ,  
con t a in ing  10 -5 m o l e / l i t e r  p a l l a d i u m  n i t r i t e  c o m p l e x  
and  a v e r y  th in  l a y e r  of p a l l a d i u m  e l ec t rodepos i t ed ,  
w h i c h  p r e v e n t s  anod ic  d i s so lu t ion  or p a s s i v a t i o n  of 
i ron  w i t h o u t  m a t e r i a l l y  dec r ea s ing  the  p e r m e a t i o n  
r a t e  of t he  h y d r o g e n  a toms.  A f t e r  c o m p l e t i o n  of 
p la t ing ,  a p o t e n t i a l  m a i n t a i n e d  a t - - 0 . 6 0 0 v  ( S C S )  is 
app l i ed ,  and  the  h y d r o g e n  l e a v i n g  the  p r e s a t u r a t e d  
m e m b r a n e  is r e m o v e d  b y  o x i d a t i o n  un t i l  the  c u r r e n t  
in th is  anode  c i rcu i t  becomes  v e r y  sma l l  and  con-  
s tant .  F i n a l l y ,  t he  c a thode  c o m p a r t m e n t  is f i l led w i t h  
the  e x p e r i m e n t a l  so lu t ion  and  ca thod ic  p o l a r i z a t i o n  
begun ,  u s ing  a g a l v a n o s t a t i c a l l y  con t ro l l ed  c u r r e n t  
d e n s i t y  of 8.1 m a / c m  e. The  h y d r o g e n ,  p e r m e a t i n g  the  
m e m b r a n e  and  the  p a l l a d i u m  film, is ion ized  b y  an  
a p p l i e d  anodic  po ten t i a l .  The  h y d r o g e n  p e r m e a t i o n  
c u r r e n t  p r o d u c e d  in th is  m a n n e r  is m o n i t o r e d  b y  the  
r eco rde r ,  and  f rom the  r e c o r d e d  cha r t s  the  q u a n t i t y  
of h y d r o g e n  w h i c h  p e r m e a t e s  t he  m e m b r a n e  can  
be  ca lcu la ted .  

Pretreatment oy Membranes 
M e m b r a n e s  of A r m c o  iron,  t e m p e r e d  as ro l l ed ,  0.77 

m m  th ick ,  a f t e r  h e a t i n g  for  2 h r  a t  600~ a n d  cool -  
ing  to room t e m p e r a t u r e  in a s t r e a m i n g  h y d r o g e n  a t -  
mosphe re ,  w e r e  used  (2 ) .  

This  p r e t r e a t m e n t ,  no t  a p p l i c a b l e  to t he  h igh  
s t r e n g t h  s tee l  w i t h  a t e m p e r i n g  t e m p e r a t u r e  of a b o u t  
400~ was,  t he re fo re ,  r e p l a c e d  b y  a ca thod ic  t r e a t -  
m e n t  in  0.1N H2SO4, us ing  a c u r r e n t  d e n s i t y  of 10 
m a / c m  2 w h i c h  w a s  m a i n t a i n e d  for  a p e r i o d  of 6 hr .  
The  h igh  s t r e n g t h  s tee l  spec imens  w e r e  p o l i s h e d  
a f t e r  th is  t r e a t m e n t  w i t h  fine e m e r y  p a p e r  to a 
smoo th  finish. P r e s a t u r a t i o n  w i t h  h y d r o g e n  is i n -  
d i s p e n s a b l e  for  t he  a t t a i n m e n t  of u n i f o r m  p e r m e -  
a t ion  d u r i n g  a n y  t y p e  of ca thod ic  t r e a t m e n t .  

A f t e r  comp le t i on  of t h e  above  d e s c r i b e d  p r o -  
cedures ,  a l l  m e m b r a n e s  w e r e  e t ched  for  20 sec in a 
so lu t ion  cons i s t ing  of a m i l l i l i t e r  of  conc. H2SO4 in 
100 cc o f  m e t h y l  a lcoho l  and,  p r i o r  to d r y i n g ,  c a r e -  
fu l ly  r i n s e d  w i t h  d i s t i l l ed  wa te r .  B y  this  t r e a t m e n t ,  
not  on ly  t he  a d h e r e n c e  of t he  e l ec t rodepos i t s  is i m -  
p roved ,  b u t  also the  r e p r o d u c i b i l i t y  of t he  p e r m e -  
a t ion  m e a s u r e m e n t s  w h i c h  w e r e  s t a r t e d  s h o r t l y  a f t e r  
r ins ing .  

Results 
T y p i c a l  p e r m e a t i o n  cu rves  a r e  p l o t t e d  in Fig .  3 to 

6. As  can  be  seen  f rom c u r v e  2 in Fig.  3, a d d i t i o n  
of NaCN to the  N a O H  so lu t ion  b r i n g s  a b o u t  a t r e -  
m e n d o u s  inc rease  in t he  h y d r o g e n  p e r m e a t i o n .  The  
t r e n d  of cu rve  3, o b t a i n e d  for  t he  a m i n o  b u t y r a t e  
so lu t ion  is m o r e  c o m p l e x  t h a n  t h a t  for  t he  C N - -  
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Fig. 3. Dependency of permeation on time of cathodic charging. 
Armco iron membrane, 0.77 mm thick; cathodic current density 
8.1 ma/cm 2. Curve 1, NaOH solution; 2, NaOH -I- NaCN solu- 
tion; 3, amino butyrate solution. 
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Fig. 4. Dependency of permeation on cadmium plating time. 
Armco iron membrane, 0.77 mm thick; plating current density 
8.1 ma/cm 2. Curve 2a, standard cyanide bath; 3a, amino butyrate 
bath; 4a, fluoborate bath. 
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Fig. 5. Dependency of permeation on time without and with iron 
plating. Armco iron membrane, 1.04 mm thick; cathodic current 
density 8.1 ma/cm 2. Curve 5, acetate buffer; 6, ferrous sulfate- 
sodium sulfate iron plating bath. 

con ta in ing  so lu t ion  b e c a u s e  the  s teep  in i t i a l  r i se  is 
f o l l owed  b y  a r a t h e r  r a p i d  fa l l  and,  on account  of 
tha t ,  the  s t e a d y - s t a t e  p e r m e a t i o n  is c o n s i d e r a b l y  
b e l o w  tha t  r e s u l t i n g  in the  C N - c o n t a i n i n g  solut ion.  
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St i l l  m o r e  c o m p l e x  is the  t r e n d  of the  c u r v e  o b -  
t a i n e d  f r o m  t h e  s a t u r a t e d  a m m o n i u m  f luobora t e  so lu -  
t ion  which ,  t he re fo re ,  is no t  p lo t t ed .  The  s t e a d y -  
s t a t e  p e r m e a t i o n  in th is  so lu t ion  is aga in  r a t h e r  low 
and  on ly  a b o u t  4 .0 /~a/cm 2. 

As  d e m o n s t r a t e d  in Fig .  4, the  t r e n d s  of t he  cu rves  
a r e  m a r k e d l y  c h a n g e d  w h e n  the  p e r m e a t i o n  m e a s -  
u r e m e n t s  a r e  m a d e  in  c o n j u n c t i o n  w i t h  e l e c t r o d e -  
pos i t ion .  D u r i n g  p l a t i n g  f r o m  the  c y a n i d e  b a t h  
( c u r v e  2a) ,  i n i t i a l l y ,  the  p e r m e a t i o n  c u r r e n t  r e -  
co rded  in t he  a n o d e  c i r cu i t  r i ses  r a p i d l y ,  w h e r e a s  
the  p e r m e a t i o n  t h r o u g h o u t  a fo l lowing  p e r i o d  d rops  
g r a d u a l l y  un t i l  i t  becomes  ins igni f icant .  

S i m i l a r  f ea tu res ,  a l t h o u g h  m u c h  less m a r k e d ,  can 
be  d i s t i n g u i s h e d  on the  curves  b a s e d  on m e a s u r e -  
m e n t s  on  spec imens  p l a t e d  f rom the  o the r  two  c a d -  
m i u m  b a t h s  ( cu rve s  3a and  4a) .  

The  t r e n d  of cu rve  6 in  Fig.  5, w h i c h  dep ic t s  r e -  
sul ts  o b t a i n e d  w i t h  p l a t i n g  i ron  on i ron,  d e v i a t e s  
f rom the  o t h e r  p l a t i n g  cu rves  inso fa r  as the  in i t i a l  
s teep  r i se  is a b r u p t l y  fo l l owed  b y  a fa l l  w h i c h  is 
j u s t  as r a p i d  and  f ina l ly  r e su l t s  in a p e r m e a t i o n  of a 
neg l i g ib l e  order .  In  con t ras t ,  on c u r v e  5 o b t a i n e d  
f rom m e a s u r e m e n t s  in the  ace t a t e  buffer ,  a r a t h e r  
h igh  s t e a d y - s t a t e  p e r m e a t i o n  can b e  d i s t i ngu i shed .  

In  Fig.  6, m e a s u r e m e n t s  a r e  p lo t t ed ,  w h i c h  w e r e  
o b t a i n e d  f r o m  h igh  s t r e n g t h  4340 steel .  The  p e r m e -  
a t ion  t h r o u g h  bo th  p l a t e d  and  u n p l a t e d  s tee l  is m u c h  
s lower  t h a n  t h r o u g h  A r m c o  iron.  Aga in ,  in the  p r e s -  
ence  of a c a d m i u m  laye r ,  the  p e r m e a t i o n  is d e p r e s s e d  
to va lue s  a lmos t  as low as those  o b t a i n e d  f r o m  a 
p u r e  N a O H  solut ion.  

The  to t a l  q u a n t i t y  of h y d r o g e n  p e r m e a t i n g  the  
m e m b r a n e  d u r i n g  c a d m i u m  p l a t i n g  is o b t a i n e d  b y  
i n t e g r a t i o n  of the  i - t  curves ,  p r e s e n t e d  in Fig.  4, 
and  r e su l t s  a r e  c o m p i l e d  in Tab le  I. 

These  v a l u e s  aga in  d e m o n s t r a t e  i m p r e s s i v e l y  t ha t  
the  q u a n t i t y  of h y d r o g e n  p e r m e a t i n g  the  m e m b r a n e  
d u r i n g  c y a n i d e  c a d m i u m  p l a t i ng  exceeds  b y  f a r  t h a t  
p r o d u c e d  d u r i n g  e l e c t r o p l a t i n g  f r o m  the  o the r  two  
ba ths .  

Discussion 
In  th is  sect ion,  s e v e r a l  v a r i a b l e s  a r e  cons ide r e d  

w h i c h  a r e  i n v o l v e d  in t he  m e c h a n i s m  t h a t  con t ro l s  
h y d r o g e n  p e r m e a t i o n  t h r o u g h  th in  m e m b r a n e s  of 
i ron  or  s t ee l  d u r i n g  e l ec t rop l a t i ng .  The  d i scuss ion  is 
p a r t i a l l y  based  on the  r e su l t s  o b t a i n e d  f r o m  c h a r g i n g  
e x p e r i m e n t s  in so lu t ions  w i t h  a compos i t ion  s im i l a r  
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Fig. 6. Dependency of permeation on time without and with 
cadmium plating. High strength 4340 steel membrane, 1 mm thick; 
cathodic current density 8.1 ma/cm 2. Curve 1, NaOH solution; 
2a, standard cyanide plating bath; 2, NaOH ~- NaCN solution. 

Table 1. Quantity of hydrogen in moles 10 -9  per 1 cm ~ permeating 
Armco iron membranes during e[ectredeposition of cadmium 

from different baths 

T e m p e r a t u r e  25 ~ • I ~  
H - p e r m e a t i o n  a f t e r :  

No .  o f  c u r v e  400 sec ,  f o l l o w i n g  t o t a l  
i n  F i g .  4 D e s i g n a t i o n  of  b a t h  a 400 sec,  b a + b 

2a Cyanide  21.46 5.92 27.38 
4a F luobora te  2.66 1.77 4.43 
3a Amino b u t y r a t e  1.29 0.71 2.00 

to t he  p l a t i ng  b a t h s  b u t  w i t h o u t  the  p re sence  of the  
m e t a l l i c  complex .  In  add i t ion ,  a c o m p a r i s o n  is m a d e  
b e t w e e n  h y d r o g e n  i n d u c e d  b r i t t l e  f r a c t u r e  of c a d -  
m i u m  p l a t e d  h igh  s t r e n g t h  s tee l  and  h y d r o g e n  p e r -  
m e a t i o n  t h r o u g h  A r m c o  i ron  m e m b r a n e s  d u r i n g  
p l a t i n g  f r o m  i d e n t i c a l  ba ths .  

As  d i scussed  e l sewhere ,  t he  r a t e  of h y d r o g e n  
p e r m e a t i o n  t h r o u g h  a th in  i ron  m e m b r a n e  is p r o -  
p o r t i o n a l  to t h e  c o n c e n t r a t i o n  of h y d r o g e n  a toms  
cove r ing  the  m e t a l  su r f ace  w h e n  s u b j e c t e d  to 
ca thodic  p o l a r i z a t i o n  (2) .  The  s t e a d y  s t a t e  p e r m e -  
a t ion  in c u r v e  1 in  Fig.  3 r e a c h e d  a f t e r  an  in i t i a l  
s i gmoid  s h a p e d  r ise ,  is c ons ide r e d  an  i n d i c a t i o n  of 
t he  a t t a i n m e n t  of a cons t an t  h y d r o g e n  coverage .  
The  s ame  is t r u e  for  ca thod ic  p o l a r i z a t i o n  in the  
o t h e r  a l k a l i n e  and  acidic  so lu t ions ,  as shown  b y  
cu rves  2, 3, in Fig.  3 and  c u r v e  5 in  Fig .  5. A com-  
p r e h e n s i v e  t h e o r e t i c a l  ana lys i s  of cu rves  of t y p e  1 
in Fig.  3 has  r e c e n t l y  been  p r e s e n t e d  e l s e w h e r e  (1) .  

A n  e x p e r i m e n t a l  s t u d y  a n d  t h e o r e t i c a l  ana lys i s  
(3)  has  d i sc losed  t h a t  C N - ,  w h i c h  is s t r o n g l y  c h e m i -  
so rbed  d u r i n g  ca thod ic  p o l a r i z a t i o n  of a s tee l  sur face ,  
e f fec t ive ly  r e t a r d s  t he  r e c o m b i n a t i o n  r a t e  of s i m u l -  
t a n e o u s l y  a d s o r b e d  h y d r o g e n  a toms.  The  c h e m i s o r p -  
t ion  inc reases  r a p i d l y  w i t h  p o l a r i z a t i o n  t ime ,  and  
th is  r e su l t s  in a r i se  in the  h y d r o g e n  c o v e r a g e  and  
c r ea t i on  of a s t eep  h y d r o g e n  c o n c e n t r a t i o n  g r a d i e n t  
a t  t he  s tee l  sur face .  

This  m e c h a n i s m  e x p l a i n s  t he  r a p i d  i n i t i a l  r i se  of 
p e r m e a t i o n  in the  C N - - c o n t a i n i n g  c h a r g i n g  so lu t ion  
and  the  r e l a t i v e l y  h igh  s t e a d y - s t a t e  h y d r o g e n  cov-  
e rage .  I f  in the  s t r o n g l y  a l k a l i n e  solut ion,  the  a m i n o  
b u t y r a t e  an ion  is also chemiso rbed ,  e s s e n t i a l l y  the  
same  m e c h a n i s m  app l i e s  as found  a p p r o p r i a t e  for  
cyan ide .  H o w e v e r ,  in  t he  a m i n o  b u t y r a t e  so lu t ion  
( c u r v e  3, Fig.  3) ,  t he  g e n e r a l l y  c o n s i d e r a b l y  l o w e r  
p e r m e a t i o n  c u r r e n t  a p p a r e n t l y  ind ica t e s  a h i g h e r  
h y d r o g e n  r e c o m b i n a t i o n  r a t e  t h a n  in  so lu t ions  con-  
t a i n ing  CN anions.  

H y d r o g e n  c o v e r a g e  in ac idic  so lu t ions  a p p r e c i a b l y  
exceeds  t ha t  in a l k a l i n e  so lu t ions  (3)  w h i c h  is r e -  
f lected in  the  m u c h  h i g h e r  s t e a d y - s t a t e  p e r m e a t i o n  
in the  ace t a t e  buf fe r  t h a n  in t he  p u r e  N a O H  so lu -  
t ion  (Fig .  5 and  3).  

R e g a r d i n g  the  p e r m e a t i o n  in con junc t i on  w i t h  
e l ec t rodepos i t ion ,  i t  is sugges t ed  t ha t  the  fo l lowing  
facts  be t a k e n  in to  cons ide ra t ion .  I f  t he  e l e c t r o d e -  
pos i t ed  m e t a l  has  a l o w e r  p e r m e a b i l i t y  t h a n  the  bas is  
me ta l ,  i t  w o u l d  be  e x p e c t e d  t h a t  w i t h i n  a r a t h e r  
sho r t  i n i t i a l  p e r i o d  of e l ec t rodepos i t i on ,  r e s u l t i n g  in  
an  e x t r e m e l y  t h in  p l a t e d  l aye r ,  the  r a t e  of h y d r o g e n  
p e r m e a t i o n  w o u l d  be  d e t e r m i n e d  p r i m a r i l y  b y  the  
p e r m e a b i l i t y  of t he  i ron  i tself .  H o w e v e r ,  t h r o u g h o u t  
a second  phase  of t he  p rocess  of e l ec t rodepos i t ion ,  
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the p e r m e a t i o n  p r e d o m i n a n t l y  wou ld  be  cont ro l led  by  
va r i ab les  such as h y d r o g e n  coverage,  pe rmeab i l i t y ,  
and  b a r r i e r  effectiveness of the e lect rodeposi ted  
coating. C a d m i u m  has a lower  p e r m e a b i l i t y  t han  
iron,  and  the  curves  p resen ted  in  Fig. 4 and  6 wi l l  
n o w  be discussed in  the  l ight  of the  jus t  m e n t i o n e d  
var iables .  

The l imi ted  ba r r i e r  effectiveness of the ve ry  t h in  
c a d m i u m  film and  the  r e l a t i ve ly  low h y d r o g e n  cov-  
erage are cons idered  the  reasons  for the  fact t ha t  the  
ascending  b r a n c h  of curve  2a in  Fig. 4 is someth ing  
be low tha t  of cu rve  2 in  Fig. 3. The descend ing  
b r a n c h  of curve  2a reflects p r i m a r i l y  the  b a r r i e r  
effectiveness of the p la ted  layer  which  is e n h a n c e d  
wi th  r i s ing  thickness .  

As compared  w i th  the  p e r m e a t i o n  d u r i n g  cyan ide  
c a d m i u m  pla t ing,  t ha t  d u r i n g  e lec t rodeposi t ion  f rom 
the amino  b u t y r a t e  bath ,  p a r t i c u l a r l y  t h r o u g h o u t  
the in i t i a l  period,  is m u c h  lower.  This  is p r o b a b l y  
the resu l t  of the act ion of the c a d m i u m  b a r r i e r  as 
wel l  as the  h igher  r e c o m b i n a t i o n  ra te  of the h y d r o -  
gen a toms ( compare  curves  2 and  3 in  Fig. 3).  L i ke -  
wise, an  e x p l a n a t i o n  of the  low p e r m e a t i o n  d u r -  
ing p la t ing  f rom the  f luoborate  ba th  would  consider,  
besides the  ba r r i e r  act ion of the  electrodeposi t ,  the  
low s t eady- s t a t e  h y d r o g e n  coverage. 

The r e m a r k a b l e  effectiveness of the  i ron  l aye r  
(curve 5, Fig. 6) in rapidly inhibiting hydrogen per- 
meation, might be on account of an immobilization of 
hydrogen atoms by the formation of iron-hydrogen 
compounds. 

The results obtained on high strength 4340 steel 
are plotted in Fig. 6. The permeability of this steel 
is similar to that of Armco iron and, therefore, it is 
concluded that on both materials, unplated and cad- 
mium plated, the hydrogen permeation is controlled 
by the same variables. However, there are great 
differences between the hydrogen diffusion constants 
for Armco iron and the hardened steel alloy. The 
following values were calculated: 

D'25o_+1oc ~ 8.3 • 10 -5 cm 2 sec -1 
D"25o_+1oc ~ 2.0 )~ 10 -7 cm 2 sec -1 

D' signifies Armco  i ron  and  D" AISI  4340 Steel  
( U T S  ~ 260-280 ks i ) .  

The differences in  the  diffusion coefficients could 
be caused by  differences in  the h y d r o g e n  solubi l i ty .  
If s imi la r  coverage is ant ic ipa ted ,  the  h y d r o g e n  
so lub i l i ty  in the h igh s t r eng th  steel wou ld  t hen  be 
abou t  400 t imes  g rea te r  t h a n  in  Armco  iron.  Differ-  
ences in  h y d r o g e n  so lub i l i ty  in  p u r e  i ron and  steel  
alloys, respect ively ,  have  been  a t t r i b u t e d  to va r ious  
causes (4) .  

I t  is of in te res t  to compare  the  diffusion cons tan t s  
de r ived  f rom the e lec t rochemica l  m e a s u r e m e n t s  w i th  
those f rom more  or thodox methods.  The diffusion 
cons tan t  for SAE 4130 steel, heat  t r ea ted  to a 
s t r eng th  level  s imi la r  to tha t  of the  steel  used  in  this  
s tudy,  was  d e t e r m i n e d  to be 1.25 x 10 -~ cm u sec -1 
at 25~ (5) ,  which  compares  f avo rab ly  w i th  tha t  
g iven  above for 4340 steel. Ca lcu la t ion  of the  diffu-  
s ion cons t an t  f rom the  m e a s u r e m e n t s  on p u r e  a i ron  
by  Gel ler  and  Sun  (4) yields  2 x 10 -~ cm 2 sec -1, 
which  is in  fair  a g r e e m e n t  w i th  the  va lue  for Armco  
i ron ob ta ined  in  this  s tudy.  
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F ina l ly ,  the  ques t ion  arises of w h e t h e r  cor re la -  
t ion  exists  b e t w e e n  e m b r i t t l e m e n t  induced  by  h y d r o -  
gen  d u r i n g  p la t ing  of steel wi th  the tota l  q u a n t i t y  
of h y d r o g e n  p e r m e a t i n g  the  A r mc o  i ron  m e m b r a n e  
d u r i n g  p l a t i ng  u n d e r  comparab le  condi t ions .  

The ava i l ab le  n u m b e r  of appropr i a t e  e m b r i t t l e -  
m e n t  m e a s u r e m e n t s  on high s t r eng th  4340 steel cad-  
m i u m  pla ted  f rom the  th ree  ba ths  used in  this  s tudy  
is too l imi ted  to p e r m i t  a s ta t is t ical  cor re la t ion  wi th  
the p e r m e a t i o n  data.  So far, it appears  possible on ly  
to m a k e  a compar i son  b e t w e e n  these me a su r e men t s .  
In  the  l i t e r a tu r e  (6, 7) are repor ted  r educ t ion  in  
area m e a s u r e m e n t s  and  f r ac tu re  va lues  on bend  
test  specimens,  deflected in  compression.  Also ava i l -  
able  are m e a s u r e m e n t s  of t imes  to fa i lu re  at  va r i -  
ous appl ied  stresses on notched  tens i le  spec imens  
sub jec ted  to sus ta ined  load ing  a nd  ave rage  su rv iva l  
t imes  (8) of the  same type  of spec imens  s tressed to 
75 % of t h e  u n p l a t e d  no tched  tens i le  s t rength ,  which  
broke  in  less t h a n  100 hr  of sus ta ined  loading.  

Bend  f rac tures ,  r educ t ions  in  area, and  s t reng ths  
of spec imens  u n d e r  sus ta ined  loading,  employed  for 
the eva lua t ions  to be descr ibed below, are the ave r -  
ages of 3 de te rmina t ions .  Ca lcu la t ion  of the  average  
s u r v i v a l  t ime  for specimens  p la ted  wi th  cyan ide  cad-  
m i u m  are  based on m e a s u r e m e n t s  on  9 tens i le  bars  
and,  for  those p la ted  wi th  amino  b u t y r a t e  cadmium,  
on  m e a s u r e m e n t s  on 18 bars.  Th ickness  of the  cad-  
m i u m  layer  e lec t rodeposi ted  f rom the amino  b u t y r -  
ate bath,  m e a s u r e d  on the  u n n o t c h e d  sections, was  
a p p r o x i m a t e l y  0.0007 and  f rom the o ther  baths ,  ap-  
p r o x i m a t e l y  0.0005 in. 

The  va lues  p lo t ted  in  the  h is togram,  Fig. 7, were  
ob ta ined  as follows. In  Sect ion I, the tota l  q u a n t i t y  
of h y d r o g e n  p e r m e a t i n g  the  Armco i ron  m e m b r a n e  
d u r i n g  cyan ide  c a d m i u m  p la t ing  was set equa l  to 
100, a nd  the  ca lcu la t ion  of the  p lo t ted  pe rcen t  pe r -  
me a t i on  d u r i n g  p la t ing  f rom the o ther  two ba ths  was  
based on this  value.  In  Sect ion II, the di f ference be-  
t w e e n  deflection at f r ac tu re  of the u n p l a t e d  speci-  
mens  and  tha t  of the cyan ide  c a d m i u m  p la ted  bend  
spec imens  is aga in  set equa l  to 100 and  the ca lcu la -  
t ion  of the p lo t ted  per  cent  r educ t ion  in  f r ac tu re  de-  
flection of the f luoborate  p la ted  spec imens  is based 
on this  re la t ionship .  S imi la r  ca lcu la t ions  were  made  
wi th  r educ t ion  in  area  me a su r e me n t s .  

Fig. 7. Histogram: Letters without index designate Armco Iron 
Membranes; those with index, specimens of AISI 4340 Steel, 
260-280 ksi: A, A1, cyanide cadmium plated specimens; B, B1, B2, 
B3, ammonium fluoborate cadmium plated specimens; C, C1, amino- 
butyrate cadmium plated specimens; A1, all mechanical tests; 
B1, deflection at fracture; B2, reduction in area; B3, notched tensile 
strength after 1000 hr of sustained loading; C~, deflection at 
fracture. 
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Likewi se ,  the  p e r  cen t  r e d u c t i o n  in  s t r e n g t h  due  to 
f luobora t e  p l a t i n g  is b a s e d  on the  n o t c h e d  t ens i l e  
s t r eng ths  of t he  u n p l a t e d  spec imens  and  the  
s t r e n g t h s  of t he  f luobora t e  c a d m i u m  p l a t e d  spec i -  
mens  a f t e r  1000 h r  of su s t a ined  load ing .  

The  h i s tog ram,  Fig .  7, i nd i ca t e s  c l e a r l y  t he  close 
r e l a t i o n s h i p  b e t w e e n  the  t o t a l  q u a n t i t y  of h y d r o g e n  
p e r m e a t i n g  the  A r m c o  i ron  m e m b r a n e  d u r i n g  p l a t -  
ing  w i t h  c a d m i u m  f r o m  the  3 d i f fe ren t  ba ths  w i t h  
t he  h y d r o g e n  i n d u c e d  b r i t t l e  f r a c t u r e  of the  h igh  
s t r e n g t h  s teel .  The  s ame  is t r u e  for  t he  a v e r a g e  s u r -  
v i v a l  t i m e  w h i c h  is i n c r e a s e d  200 t i m e s  w h e n  spec i -  
mens  a r e  p l a t e d  f r o m  the  b u t y r a t e  i n s t ead  of f rom 
the  c y a n i d e  ba th .  
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A P P E N D I X  
Charging and Plating Solutions 

I. Charging solutions.--1, 0.1N NaOH solution; 2, 
0.1N NaOH ~ 0.1N NaCN solution; 3, sa tu ra ted  (200 
g / l )  ammonium fluoborate solution, pH ---- 3.1; 4, D L - a -  
a m i n o - n - b u t y r i c  acid solution; amino acid 2M -~ 350 
ml/1 conc. NH4OH solution, pH ~ 9.50; 5, acetate  buffer 
pH z 3.6. 

II. Cadmium plating baths.-- 1, S t anda rd  cyanide  
ba th  pH ~ 12.5 wi th  Udy l i t e  b r igh tener ;  2, f luoborate 
bath:  cadmium fluoborate [Cd(BF4)2],  240 g / l ;  Cd 94 
g/ l ;  ammonium fluoborate, 60 g / l ;  wi th  l icorice add i -  
tion, pH ~ 3-3.4(7);  3, D L - ~ - a m i n o - n - b u t y r a t e  ba th  
(8);  amino acid 2M, Cd 1M, ~- 350 ml/1 conc. NH4OH 
solution, pH ~ 9.50. 

III. I ron  p la t ing  ba th . - -1N FeSO4 ~- 1N Na~SO4 with  
H2SO4 to pH = 3.50. Al l  solutions used at  25 ~ _ I~ 

Radiochemical Studies of Thiourea in the Electroless 
Deposition Process 

J. S. Sallo, J. Kivel, and F. C. Albers 
Honeywell Research Center, Hopkins, Minnesota 

ABSTRACT 

The effect of thiourea on the electroless nickel deposition reaction has 
been studied by the use of sulfur-35 and carbon-14 labeled thiourea. The 
amount of sulfur in the deposit was found to be much greater than the amount 
of carbon, thereby indicating cleavage. The effect of thiourea on the rate of 
nickel deposition has been shown to be due to two different mechanisms de- 
pending on the thiourea concentration. It is proposed that the catalytic sub- 
strate acts as a Raney nickel-type surface. Kinetics studies have been carried 
out correlating the rate of sulfur inclusion in the deposit with rate of nickel 
deposition. Mechanisms have been postulated to explain the observed results. 

The effect of certain addition agents on the nickel 
electroless deposition process has been reported by 

Talmey and Gutzeit (I) and by deMinjer and Bren- 

ner (2). It was observed that thiourea, and to a 
lesser extent, thiocyanate, increased the rate of 
nickel deposition when present in very small con- 
centration. An increase in bath stability was noted 
when thiourea was present. Larger concentrations 

inhibited the reaction. Evidence for depletion of 
thiourea during the course of the reaction was 
presented (2). 

R a d i o t r a c e r  t e chn iques  h a v e  been  u sed  p r e v i o u s l y  
to s t u d y  a d d i t i o n  agen t  effects in  e l e c t r o d e p o s i t i o n  
sys tems .  Beacom and  R i l e y  (3, 4) ,  in s tud ies  of the  
effect of sod ium a l l y l  su l fona t e  on e l e c t r o d e p o s i t e d  
n ickel ,  h a v e  shown  se l ec t ive  a d s o r p t i o n  of t h e  a d d i -  
t ion  a g e n t  a t  t he  h igh  po in t s  of t he  deposi t .  T h e y  also 
r e p o r t e d  c l eavage  of the  a d d i t i o n  a g e n t  a n d  sug -  
ges ted  t ha t  the  depos i t  c o n t a i n e d  n i c k e l  sulfide.  
Roger s  et aI. (5)  s t ud i e d  SSS-thiourea as an  a d d i t i o n  
agent ,  r e p o r t i n g  m o r e  su l fu r  a t  t he  h igh  po in t s  of 
t he  depos i t  and  m o r e  su l fu r  b u i l d - u p  at  l o w e r  c u r -  
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r en t  dens i ty .  H o w e v e r ,  s ince  on ly  S35- th iourea  was  
used ,  conc lus ions  cou ld  no t  be  d r a w n  conc e rn ing  
c l eavage  of t he  a d d i t i o n  agent .  

In  t he  p r e s e n t  w o r k  S~5-thiourea  and  C14-thiourea  
have  been  used  to s t u d y  the  e l ec t ro less  depos i t i on  
process .  The  l abe l ing  of d i f fe ren t  p a r t s  of t he  m o l e -  
cule  enab le s  d e t e r m i n a t i o n  of t he  a m o u n t  of c l e a v -  
age. S i n c e  t h i o u r e a  c o n c e n t r a t i o n  con t ro l s  t he  r a t e  of 
t he  reac t ion ,  t h e r e  m a y  be  a c o r r e l a t i o n  b e t w e e n  the  
C 14 or  S ~5 con t en t  of t h e  depos i t  and  the  p l a t i n g  ra t e .  
A c o m p a r i s o n  of a d d i t i o n  agen t  effects in e l e c t r o -  
depos i t i on  a n d  e lec t ro less  depos i t i on  is also of 
in te res t .  

Exper imental  

The  fo l l owing  s y s t e m  was  s tud ied :  NiC12.6It20,  30 
g / l ;  NaHePO2.H~O, 10 g / l ;  NaC2H302.H20,  3 g / l ;  
t h iou rea ,  0.15-1.5 m g / l ;  HeO to 500 m l  t o t a l  v o lume .  
The  in i t i a l  p H  of th i s  s y s t e m  was  6.0. 

The  t e m p e r a t u r e  was  m a i n t a i n e d  at  85 ~ --+ I ~  b y  
m e a n s  of an  e l ec t r i c  h e a t i n g  man t l e .  The  s u b s t r a t e s  
used  in  th is  i n v e s t i g a t i o n  w e r e  1 x 1/2 in. n i cke l  m e t a l  
s t r ips .  The  s u b s t r a t e s  w e r e  sens i t i zed  b y  p r e v i o u s l y  
d e s c r i b e d  t echn iques  (6 ) .  

In  each  e x p e r i m e n t ,  a 1 - h r  depos i t  and  a se r ies  of 
success ive  10 -min  depos i t s  w e r e  p r e p a r e d .  In  a d d i -  
t ion,  depos i t s  w e r e  p r e p a r e d  for  1, 2, and  5 ra in  i n -  
t e r v a l s  t h r o u g h o u t  the  reac t ion .  

A g i t a t i o n  of the  s y s t e m  was  accompl i shed  b y  m e -  
chan ica l  s t i r r i n g  or  b y  b u b b l i n g  n i t r o g e n  t h r o u g h  a 
s i n t e r e d  glass  sea l ing  tube .  M e a s u r e m e n t s  of p H  
w e r e  c a r r i e d  ou t  for  a l l  e x p e r i m e n t s  u s i n g  h i g h -  
t e m p e r a t u r e  ca lome l  and  glass  e lec t rodes .  

In  each  e x p e r i m e n t  t h e  de s i r ed  a m o u n t  of t h i o u -  
r e a - S  35 ( i n i t i a l  specific ac t iv i ty ,  2.0 m c / m m )  w a s  
a d d e d  to t he  sys tem.  The  a m o u n t  of a c t i v i t y  r e m a i n -  
ing in  so lu t ion  was  d e t e r m i n e d  b y  r e m o v i n g  a l iquo t s  
of so lu t ion  at  def in i te  t ime  i n t e r v a l s  t h r o u g h o u t  each  
e x p e r i m e n t ,  e v a p o r a t i n g  the  s a m p l e s  to  d r y n e s s  in  
a s m a l l  oven  m a i n t a i n e d  at  102~ and  count ing .  A l l  
s amp le s  w e r e  coun t ed  in  a gas  f low c o u n t e r  h a v i n g  a 
th in  a l u m i n i z e d  m y l a r  w i n d o w  of 0.9 m g / c m  2. The  
s amp le s  w e r e  c o m p a r e d  to s t a n d a r d s  p r e p a r e d  f r o m  
the  o r i g i n a l  t h i o u r e a  so lu t ions  w h i c h  were ,  in tu rn ,  
c a l i b r a t e d  aga ins t  abso lu t e  su l fu r  and  ca rbon  s t a n d -  
ards .  

A l l  s a m p l e s  w e r e  co r r ec t ed  for  s e l f - a b s o r p t i o n  of 
r ad i a t i on .  In  t he  e x p e r i m e n t s  i n c o r p o r a t i n g  su l fu r -35  
l a b e l e d  th iou rea ,  co r r ec t ions  w e r e  m a d e  for  
r a d i o a c t i v e  decay .  A l l  s amp le s  w e r e  coun t ed  to a 
m i n i m u m  of 10,000 counts .  Mos t  s a m p l e s  con t a in ing  
S 35 w e r e  coun t ed  for  ove r  100,000 to t a l  counts .  

E x p e r i m e n t s  to d e t e r m i n e  if r e a c t i o n  o c c u r r e d  b e -  
t w e e n  h y p o p h o s p h i t e  ion  a n d  t h i o u r e a  w e r e  c a r r i e d  
out  in  the  fo l lowing  c o n c e n t r a t e d  sys t em:  NiC12. 
6H20, 10 g / l ;  NaH2PO2.H~O , 100 g / l ;  t h iou rea ,  20 
g/1. A l l  r e su l t s  a r e  r e p o r t e d  as the  a v e r a g e  of s e v e r a l  
e x p e r i m e n t a l  runs .  

Results 

The  r e su l t s  o b t a i n e d  w h e n  a ser ies  of 1 0 - m i n  d e -  
pos i t s  w e r e  p r e p a r e d  f r o m  a f r e s h  b a t h  con t a in ing  
su l fu r -35  l a b e l e d  t h i o u r e a  a r e  shown  in Fig .  1 for  
fou r  d i f fe ren t  t h i o u r e a  concen t ra t ions .  The  a m o u n t  
of su l fu r  in t he  depos i t  is p l o t t e d  aga ins t  depos i t i on  
t ime.  The  n i t r o g e n  flow r a t e  in  th is  s y s t e m  was  m a i n -  
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centrations. 

t a i n e d  at  200 m l / m i n .  The  d a t a  w e r e  c o n v e r t e d  f r o m  
a c t i v i t y  ( c t s / m i n )  to m i c r o m o l e s  of su l fu r  in  t he  
depos i t  b y  a s s u m i n g  u n i f o r m  d i s t r i b u t i o n  w i t h i n  
each  10 -min  depos i t .  A s im i l a r  ser ies  of 1 0 - m i n  d e -  
pos i t s  us ing  c a r b o n - 1 4  l a b e l e d  t h i o u r e a  was  p r e p a r e d ;  
the  r e su l t s  o b t a i n e d  for  th is  sy s t em a re  p r e s e n t e d  in 
Fig.  2. U n i f o r m  d i s t r i b u t i o n  w i t h i n  each  10-ra in  d e -  
pos i t  was  also a s s u m e d  for  t he  c a r b o n - 1 4  e x p e r i -  
ment .  

Cor rec t ions  for  u n i f o r m  d i s t r i b u t i o n  w e r e  m a d e  
b y  a s s u m i n g  the  v a l i d i t y  of the  exp re s s ion :  I=Ioe - ~ ,  
w h e r e  ~ is the  a b s o r p t i o n  coefficient  in  cm2/mg,  and  
I a n d  Io a re  t he  o b s e r v e d  and  c o r r e c t e d  coun t ing  
r a t e s  a t  a po in t  x m g / c m  2 d i s t a n t  f rom t h e  sur face .  
Upon  i n t e g r a t i o n  over  t he  en t i r e  t h i cknes s  of t he  
depos i t ,  the  e x p r e s s i o n  I/Io = 1/t~t ( 1 -  e -~t)  was  
o b t a i n e d  for  a depos i t  of t m g / c m  2 th ickness .  This  
e x p r e s s i o n  was  used  to ca l cu l a t e  t he  s e l f - a b s o r p t i o n .  
A b s o r p t i o n  s tud ies  of su l fu r  and  ca rbon  in c h e m i -  
ca l ly  depos i t ed  n i cke l  w e r e  m a d e  b y  depos i t i ng  
v a r y i n g  th i cknesses  of e lec t ro less  n i c k e l  ove r  su l -  
f u r -35  and  c a r b o n - 1 4  sources .  Us ing  a d e n s i t y  of 
7.85 g / c m  ~ (7 ) ,  t he  va lue s  o b t a i n e d  for  the  a b s o r p -  
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t ion coefficients were  0.25 and  0.27 cme /mg  for S 35 
and  C 14, respect ively .  

A l though  correct ions  for se l f - abso rp t ion  were  
made  a s suming  u n i f o r m  d is t r ibu t ion ,  evidence,  based 
on compar i son  of the deposits  p la ted  for d i f ferent  
l eng ths  of t ime,  ind ica ted  tha t  the  su l fu r  is d is -  
t r i b u t e d  n o n u n i f o r m l y  in  the deposit .  F r o m  the 
series of 1, 2, and  5 m i n  deposi ts  it  was  found  t h a t  
the  ra te  of su l fu r  i nco rpo ra t ion  in to  the  deposi t  i n -  
creased rapid ly ,  r each ing  a m a x i m u m  and  t h e n  d rop-  
p ing  r ap id ly  and  l eve l ing  off, all  w i t h i n  the  first 
10 m i n  of the  deposi t ion react ion.  The m a x i m u m  in 
the  su l fu r  inc lus ion  ra te  was, to some extent ,  de-  
p e n d e n t  on the  in i t i a l  th iourea  concen t ra t ion .  Be-  
yond  the first severa l  m i n u t e s  of the  deposi t ion r e -  
act ion the  decrease in  su l fu r  inc lus ion  became  more  
gradual .  Resul ts  of this  i nves t iga t ion  are  st i l l  in  an  
ear ly  e x p e r i m e n t a l  stage and  are inc luded  only  since 
they  p e r t a i n  to the  p re sen t  data.  

The deposits  s tud ied  in  this i nves t iga t ion  were  
qui te  th in .  The tota l  a m o u n t  of n icke l  deposi ted in  
10 m i n  on each subs t r a t e  was 5-10 mg depend i ng  on 
the  p la t ing  rate.  The difference b e t w e e n  the ac tua l  
d i s t r i bu t ion  and  the  a s sumed  u n i f o r m  d i s t r i bu t ion  
was smal l  and  could be neglected,  especia l ly  for de-  
posits p r epa red  af ter  the first 10 min.  

It  has p rev ious ly  been  shown (6, 8), t ha t  the ra te  
of n icke l  depos i t ion  is affected by  agi ta t ion.  The  
effect of ag i ta t ion  by  n i t r ogen  b u b b l i n g  on the  i n -  
corpora t ion  of su l fu r  in to  the  deposi t  has been  
s tud ied  and  is shown in  Table  I for a so lu t ion  con-  
t a i n ing  0.49 mg/1 th iourea .  

In  all  the expe r imen t s  us ing  th iou rea  -C 14 as the 
t racer ,  the  sum of the ac t iv i ty  in  the deposits and  the 
solut ion was equa l  to the  in i t i a l  ac t iv i ty  w i t h i n  ex-  
p e r i m e n t a l  error.  The su l fu r -35  expe r imen t s  in  the 
nonag i t a t ed  sys tem yie lded  the  same results .  H o w -  
ever,  on ag i ta t ion  by  n i t r ogen  bubb l i ng ,  a por t ion  
of the  S ~5 was  lost. These resul ts  ind ica te  tha t  a 
s u l f u r - c o n t a i n i n g  f r a g m e n t  is produced,  which  is 
soluble  bu t  vola t i le  and  is swept  out by  n i t r o g e n  
bubb l ing .  The  ca rbon  f r a g m e n t  is nonvola t i l e .  The  re -  
sul ts  of an  e x p e r i m e n t  in  which  hydroch lor ic  acid 
was  added  to a solut ion con ta in ing  t h i o u r e a - S  8~ tha t  
had  been  agi ta ted  by  n i t r o g e n  b u b b l i n g  d u r i n g  de-  
posi t ion showed tha t  f u r t he r  loss of S 35 did not  occur,  
i nd ica t ing  tha t  on ly  nonvo la t i l e  sul fur ,  p r e s u m a b l y  
as th iourea ,  r e m a i n e d  in  solut ion.  Hence,  on ly  in  the  

Table I. Sulfur incorporation in agitated (a) and nonagitated 
systems at 0.49 mg/I thiourea 

I n i t i a l  t h i o u r e a  a c t i v i t y  = 2.0 m i l l i c u r i e s / m i l l i m o l e  

A g i t a t e d  N o n a g i t a t e d  

D e p o s i t i o n  C o r r e c t e d  M i c r o m o l e s  C o r r e c t e d  M i c r o m o l e s  
t i m e ,  r a i n  C P M  (b) S p e r  depos i t  C P M  (b) S p e r  d e p o s i t  

0-10 77.6 X 103 0.228 76.5 • 103 0.224 
10-20 32.0 0.094 31.7 0.092 
20-30 28.6 0.084 25.8 0.076 
30-40 17.4 0.051 14.7 0.043 
40-50 13.5 0.040 10.6 0.031 
50-60 10.9 0.032 7.2 0.021 

(a) A g i t a t i o n  s u p p l i e d  b y  n i t r o g e n  b u b b l i n g  a t  200 m l / h r .  
(b~ C o u n t s  c o r r e c t e d  f o r  s e l f - a b s o r p t i o n  a n d  r e s o l u t i o n  losses  

A u g u s t  1963 
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Fig. 3. Rate of depletion of thiourea from solution 

agi ta ted  sys tem could the  ac t iv i ty  in  so lu t ion  be cor-  
r e l a t ab le  wi th  th iou rea  concen t ra t ion .  

Deple t ion  of S 85 labe led  th iourea  f rom this  agi-  
t a ted  sys tem has been  s tudied.  The  resul t s  ob ta ined  
for 0.49 and  1.26 mg/1 th iou rea  concen t ra t ions  are  
p lot ted  in  Fig. 3 as a func t ion  of in i t i a l  and  r e m a i n -  
ing th iourea  vs. t ime.  

Discussion 

The p resen t  s tudies  were  u n d e r t a k e n  in  a n o n -  
buffered or B r e n n e r - t y p e  system.  Other  w o r k  (2) on 
the  effect of the  th iou rea  add i t ion  agen t  on ra te  was  
car r ied  out  in  a s imi la r  system,  and  direct  compar i -  
son of resul ts  is possible. B r e n n e r  (2) has repor ted  
an  increased  p l a t i ng  ra te  at  low th iou rea  c o n c e n t r a -  
t ion, b u t  a decreased p la t ing  ra te  above 0.5 mg/1  of 
th iourea .  This impl ies  a change  in  m e c h a n i s m  for 
the effect of t h iou rea  on the  ra te  of n icke l  deposi -  
t ion. 

The data  ob ta ined  for su l fu r  and  ca rbon  inc lus ion  
in  the  deposi t  (Fig. 1 and  2) ind ica te  tha t  c leavage of 
the  th iourea  molecule  is the  p r e d o m i n a n t  source of 
su l fu r  in  the deposit.  The su l fu r  to ca rbon  rat ios  in  
the deposits are typ ica l ly  100 to 1. D u r i n g  a typ ica l  
1 -h r  reac t ion  about  35% of the  in i t i a l  t h iou rea  is 
consumed.  In  order  for the  th iou rea  to p roduce  the  
la rge  effect observed on the  ra te  and  be consumed,  it 
mus t  be se lect ively  adsorbed  at the reac t ing  su r -  
face. Adsorp t ion  of t h iou rea  at  the  electrode has 
been  proposed as a m e c h a n i s m  for th iourea  act ion in  
e lec t rodepos i t ion  ( 5, 9-11 ). 

The  ca rbon  found  in  the  deposi t  is p r o b a b l y  due  to 
adsorp t ion  and  occlusion of en t i r e  t h iou rea  mo le -  
cules. However ,  the a m o u n t  of su l fu r  deposi ted by  
occlusion is smal l  compared  to the  tota l  a m o u n t  of 
su l fu r  i n  the deposit .  The m a j o r i t y  of the  su l fu r  is 
en t e r i ng  the deposi t  by  me a ns  of a separa te  mech -  
a n i sm  invo lv ing  c leavage a nd  r educ t ion  of th iourea .  

The electrode is an  act ive n icke l  surface  covered 
wi th  h y d r o g e n  gas, and  an  ana logy  m a y  exist  be -  
t w e e n  this  surface  and  a R a n e y  n icke l  surface.  R a n e y  
n icke l  is c o m m o n l y  used for the  r e mova l  of su l fu r  
f rom organic  molecules  (12).  React ion  of th iourea  
wi th  Ra ne y  n icke l  u n d e r  mi ld  condi t ions  has been  
shown  to yie ld  f o r m a m i d i n e  (13).  The su l fu r  is i n -  
corpora ted  into the  ca ta lys t  as n icke l  sulfide. In  
addi t ion,  R a n e y  n icke l  reacts  w i th  sod ium hypo-  
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p h o s p h i t e  to p r o d u c e  h y d r o g e n  a n d  p h o s p h i t e  (14) .  
This  R a n e y  n i c k e l - t y p e  su r face  m a y  be  r e s p o n s i b l e  
for  t he  c l e a v a g e  r e a c t i o n  w h i c h  l eads  to t he  b u l k  of 
the  su l fu r  i n c o r p o r a t i o n  in to  the  deposi t .  

The  r a t e  of n i c k e l  depos i t i on  in  th is  s y s t e m  is 
d i f fus ion con t ro l l ed  and  can  be in f luenced  b y  a g i t a -  
t ion.  A n  inc rea se  in  r a t e  of a g i t a t i o n  y i e lds  a n  in -  
c rease  in  n i c k e l  depos i t i on  ra te .  The  effect of a g i t a -  
t ion  ( T a b l e  I)  ref lects  the  d e p e n d e n c e  of S inc lus ion  
on the  r a t e  of n i cke l  depos i t ion .  The  r e su l t s  show 
tha t  in  the  e a r l y  s tages  of the  depos i t i on  the  a m o u n t  
of su l fu r  in  t he  depos i t  is the  s ame  in e i t h e r  s t i l l  o r  
a g i t a t e d  sys tems .  B e y o n d  20 m i n  the  a m o u n t  of su l -  
fu r  in  t he  depos i t  is g r e a t e r  in  the  a g i t a t e d  sys tem.  
This  i nd i ca t e s  t ha t  su l fu r  inc lus ion  in  t he  depos i t  is 
i n d e p e n d e n t  of t he  r a t e  of n i cke l  depos i t i on  d u r i n g  
the  in i t i a l  s tages  of depos i t i on  f r o m  a s y s t e m  con-  
t a i n ing  0.49 mg/1  t h iou rea ,  b u t  becomes  d e p e n d e n t  
upon  the  r a t e  of n i c k e l  depos i t i on  a f t e r  a b o u t  20 
min .  This  change  in t he  m e c h a n i s m  of S inc lus ion  
m a y  be  due  to e i t h e r  the  p H  c h a n g e  or  to t h e  d e p l e -  
t ion  of t he  t h i o u r e a  or  to bo th  of these  fac tors .  

Resu l t s  c o m p a r i n g  the  a g i t a t e d  a n d  s t i l l  s y s t e ms  
ind ica t e  the  f o r m a t i o n  of sulf ide ion in solut ion.  As  
d i scussed  p r e v i o u s l y ,  t h e  sulf ide ion is r e m o v e d  f r o m  
so lu t ion  in t he  a g i t a t e d  sys tem.  S ince  in t he  non -  
a g i t a t e d  s y s t e m  sulf ide  ion w i l l  c o n t r i b u t e  to the  
t o t a l  of t he  counts  in  solu t ion ,  k ine t i c  s tud ies  on the  
r a t e  of d i s a p p e a r a n c e  of t h i o u r e a  can  be  c a r r i e d  out  
on ly  in  an  a g i t a t e d  sys tem.  K i n e t i c  s tud ies  w e r e  
c a r r i e d  out  in  a s y s t e m  w h e r e  a l l  o the r  r a t e - c o n -  
t r o l l i ng  p a r a m e t e r s  such  as p H  and  h y p o p h o s p h i t e  
ion  c o n c e n t r a t i o n  h a d  cons t an t  i n i t i a l  va lues .  The  
r e su l t s  of  th is  k ine t i c  s t u d y  (Fig .  3) show the  r a t e  
of t h i o u r e a  1 d i s a p p e a r a n c e  f r o m  so lu t ion  to be  first  
o r d e r  in  t h i o u r e a  concen t r a t i on  in t he  l o w  t h i o u r e a  
c o n c e n t r a t i o n  region .  Due  to t he  cons t ancy  of t h e  
o t h e r  r a t e - c o n t r o l l i n g  va r i ab l e s ,  the  d a t a  r e a l l y  show 
pseudo - f i r s t  o r d e r  dependence .  F i r s t  o r d e r  k ine t i c s  
a r e  o b t a i n e d  b e y o n d  15 ra in  for  t he  0.49 mg/1  in i t i a l  
t h i o u r e a  concen t r a t ion .  This  is in  a g r e e m e n t  w i t h  the  
t ime  a t  w h i c h  the  r a t e  of su l fu r  i n c o r p o r a t i o n  into  
t he  depos i t  becomes  d e p e n d e n t  on the  r a t e  of  n i cke l  
depos i t ion .  F o r  an  in i t i a l  t h i o u r e a  c o n c e n t r a t i o n  of 
1.26 mg/1,  f irst  o r d e r  k ine t i c s  a r e  no t  r e a c h e d  u n t i l  
40 m i n  h a v e  e lapsed .  In  bo th  sys tems ,  t he  i n i t i a l  p H  
was  6.0 a n d  d e c r e a s e d  to a b o u t  4.0 a f t e r  60 ra in  of 
depos i t ion .  S ince  the  p H  change  is s im i l a r  for  t he  
two  t h i o u r e a  concen t r a t i ons  th is  r e s u l t  shows  t h a t  
t he  change  in  m e c h a n i s m  is d e p e n d e n t  on t h i o u r e a  
c o n c e n t r a t i o n  and  no t  on pH.  

F i g u r e  4 shows  B r e n n e r ' s  d a t a  (2)  for  r a t e  of 
n i c k e l  depos i t i on  in  m i c r o n s / h o u r  vs. t h i o u r e a  con-  
c e n t r a t i o n  a n d  shows  a p lo t  of m i c r o m o l e s  of su l fu r  
in  the  depos i t  vs. t h i o u r e a  concen t ra t ion .  This  cu rve  
is a r e p l o t  of t he  d a t a  in  Fig.  1 for  1 -h r  deposi ts .  
F i g u r e  4 has  been  d i v i d e d  into  r eg ions  A, B, and  C. 

In  r eg ion  A the  r a t e  of n i c k e l  depos i t i on  has  been  
s h o w n  to i nc rea se  w i t h  i nc r ea s ing  t h i o u r e a  c onc e n -  
t r a t ion .  I n  th is  r eg ion  the  r a t e  of su l fu r  i n c o r p o r a -  
t ion  in t he  depos i t  is d e p e n d e n t  on t h e  r a t e  of n i c k e l  
depos i t ion ,  and  the  r a t e  of t h i o u r e a  d i s a p p e a r a n c e  
f rom so lu t ion  is f irst  o r d e r  in  t h i o u r e a  c o n c e n t r a -  

1 T h e  d a t a  r e a l l y  s h o w  t h e  r a t e  of' S ez d i s a p p e a r a n c e  f r o m  s o l u t i o n  
to  be  f i r s t  o r d e r  i n  S ~ r e m a i n i n g  i n  so lu t i on .  I t  is  a s s u m e d  t h r o u g h -  
ou t  t h a t  a l l  s o lub l e ,  n o n v o l a t i l e  S ~  is  t h i o u r e a .  
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Fig. 4. Comparison of rate of nickel deposition and rate of 
sulfur buildup in the deposit. 

t ion.  In  r eg ion  C the  r a t e  of n i cke l  depos i t i on  d e -  
c reases  w i t h  i nc r e a s ing  t h i o u r e a  concen t r a t i on ,  and  
e v e n t u a l l y  n i c k e l  depos i t i on  ceases.  In  th is  r eg ion  
the  r a t e  of su l fu r  depos i t i on  inc reases  r a p i d l y  w i t h  
i n c r e a s i n g  t h i o u r e a  c o n c e n t r a t i o n  and  is no t  d e p e n d -  
en t  on the  r a t e  of n i cke l  depos i t ion .  The  r a t e  of d i s -  
a p p e a r a n c e  of t h i o u r e a  f r o m  so lu t ion  is no longe r  
first  o r d e r  in t h iou rea ,  b u t  is m o r e  complex .  Reg ion  
B r e p r e s e n t s  a t r a n s i t i o n  b e t w e e n  the  two  m e c h a n -  
i sms of t h i o u r e a  act ion.  The  inf lect ion po in t s  of bo th  
cu rves  occur  in  r eg ion  B a t  a b o u t  0.5 mg/1  of t h i o u -  
rea .  C l e a r l y  two  m e c h a n i s m s  a re  i nvo lved ,  and  the  
d a t a  found  for  su l fu r  inc lus ion  co r r e l a t e  w i t h  B r e n -  
n e r ' s  d a t a  on r a t e  of depos i t ion .  

I t  is a s s u m e d  t h a t  in r e g i o n  A, t h iou rea ,  or  m o r e  
l i k e l y  a n i c k e l  ion  t h i o u r e a  complex ,  is a d s o r b e d  a t  
t he  ac t ive  surface .  This  c o m p l e x  is m o r e  eas i ly  r e -  
d u c e d  t h a n  is the  h y d r a t e d  n i cke l  ion (9, 10).  The  
c o m p l e x  is r e d u c e d  b y  h y p o p h o s p h i t e  or  b y  some 
r e a c t i v e  species  d e r i v e d  f rom the  de c ompos i t i on  of 
h y p o p h o s p h i t e  a t  the  ac t ive  surface .  If  t he  r e d u c t i o n  
of t he  n i cke l  ion is the  r a t e - c o n t r o l l i n g  s tep  for  
n i cke l  depos i t ion ,  t he  r a t e  wi l l  be  i n c r e a s e d  b y  the  
l o w e r i n g  of  t he  r e d u c t i o n  ( r e d o x )  p o t e n t i a l  due  to 
c omp le xa t i on .  The  t h i o u r e a  m o l e c u l e  can  act  as a 
b r i d g e  for  the  reac t ion ;  a f t e r  the  n i c k e l  ion in  t he  
c o m p l e x  is r educed ,  a n e w  n i c k e l  ion is c o m p l e x e d  
b y  the  t h i o u r e a  molecule .  The  t h i o u r e a  c o m p l e x  is in  
d y n a m i c  e q u i l i b r i u m  on the  ac t ive  sur face ,  a l t h o u g h  
on occas ion  a t h i o u r e a  m o l e c u l e  fa i l s  to act  as a 
b r i d g i n g  c o m p l e x  and  u n d e r g o e s  i ts  n o r m a l  t r a n s -  
f o r m a t i o n  on the  R a n e y  n i c k e l  surface .  This  l eads  to 
a m o l e c u l e  of n i cke l  sulf ide in t he  depos i t  and  to an  
o rgan ic  f r a g m e n t .  This  c l e a v a g e  of a t h i o u r e a  m o l e -  
cu le  p r o b a b l y  occurs  on a s t a t i s t i ca l  bas is  r e l a t i v e  to 
t he  n u m b e r  of n i cke l  ions t r a n s f e r r e d  to t he  surface .  
F o r  th is  r e a s o n  t h e  su l fu r  b u i l d u p  in  t he  depos i t  is 
d e p e n d e n t  on the  r a t e  of n i c k e l  depos i t ion .  The  e n -  
t i r e  p rocess  is p r o b a b l y  c on t ro l l e d  b y  the  d i f fus ion of 
t h i o u r e a  in to  t he  ac t ive  sur face .  This  is a n e c e s s a r y  
a s s u m p t i o n  to e x p l a i n  t he  first  o r d e r  k ine t ics .  On 
r a r e r  occasions  a t h i o u r e a  mo lecu l e  is p l a t e d  into  t he  
surface ,  r e s u l t i n g  in ca rbon  and  su l fu r  a p p e a r i n g  in 
t he  depos i t  b y  an  inc lus ion  m e c h a n i s m .  

The  R a n e y  n i c k e l  a n a l o g y  fa i ls  to account  for  
the  oc c u r r e nc e  of sulf ide ion in  solut ion.  The  p i t  a t  
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the  in te r face  is p r o b a b l y  v e r y  low, due to the  f o r m a -  
t ion  of hyd rogen  ion as a reac t ion  product .  I t  is 
possible tha t  in  reg ion  A sulfide is fo rmed  by  h y -  
drolysis  of n icke l  sulfide a l r eady  fo rmed  at the de-  
posit  surface.  In  f u r t h e r  suppor t  of the  hydro lys i s  
m e c h a n i s m  the  k ine t ic  data  ind ica te  tha t  in  reg ion  
A su l fu r  in  the  deposi t  and  sulfide ion in  so lu t ion  
arise f rom the  same mechan i sm.  

In  reg ion  C the m e c h a n i s m  m u s t  be en t i r e ly  d i f -  
ferent .  In  this reg ion  a m u c h  h igher  t h iou rea  con-  
cen t r a t i on  exists  at the  act ive surface.  It  is sug-  
gested tha t  in  this reg ion  a direct  a t tack  by  hypo -  
phosphi te  takes  place on the  adsorbed  th iourea  to 
y ie ld  sulfide. This compet i t ion  for the r e d u c i n g  agent  
b e t w e e n  th iourea  and  n icke l  ion leads to a decreased 
p la t ing  ra te  and, u l t ima te ly ,  to a po isoning  of the 
surface.  As the  reac t ion  proceeds the  th iou rea  is 
dep le ted  r ap id ly  and  the  en t i re  process moves  in to  
reg ion  A. This  is shown  c lear ly  in  the  k ine t ic  da ta  
for 1.26 mg/1 of th iourea  (Fig. 3).  

In  concen t ra t ed  sys tems such as are descr ibed in  
the  e x p e r i m e n t a l  section, n icke l  ion is r educed  spon-  
t aneous ly  b y  hypophosph i t e  ion to produce  n icke l  
metal .  S u b s e q u e n t l y  hypophosphi te  reacts  at the  
n icke l  surface  to produce  hyd rogen  gas and  phos-  
phi te  ion. W h e n  th iou rea  is p resen t  in  such a sys-  
tem, the p rec ip i t a t ion  of n icke l  occurs m u c h  more  
slowly, the r e su l t ing  par t ic les  are more  n u m e r o u s  
and  m u c h  smal ler ,  and  h y d r o g e n  gas is not  evolved.  
D u r i n g  the course of the  react ion,  h y d r o g e n  sulfide 
is p roduced  along wi th  ammonia .  Even  if the  th i -  
ourea  is added af ter  all  of the n icke l  ion has been  
reduced  by  hypophosphi te ,  the th iou rea  is r educed  
to hyd rogen  sulfide and  a m m o n i a  at the n ickel  su r -  
face. These resul ts  f u r t he r  suppor t  d i rect  a t tack  of 
hypophosphi te  ion on th iourea  at a n icke l  surface.  

These expe r imen t s  show tha t  at  h igh th iou rea  
concen t ra t ion ,  hypophosphi te  wi l l  reduce  th iou rea  
d i rec t ly  at an  act ive surface.  The fa i lu re  of h y d r o -  
gen gas to evolve  and  the  fa i lu re  of n icke l  par t ic les  
to grow f u r t h e r  impl ies  tha t  a compet i t ion  b e t w e e n  
th iou rea  and  n icke l  ion does occur at the act ive 
interface.  

S tab i l i za t ion  of electroless n icke l  sys tems by  
th iourea  was observed by  Gutze i t  (1) and  by  B r e n -  
ne r  (2) and  has also been  noted  in  this  work.  The 
expe r imen t s  in  concen t ra t ed  sys tems also show s ta-  
bi l izat ion.  The ques t ion  of whe the r  this s tab i l iza t ion  
is due  to th iourea  or to sulfide ion was  ra ised by  
B r e n n e r  (2) .  The t racer  e x p e r i m e n t s  show tha t  in  
an  agi ta ted  sys tem only  t race  amounts ,  if any,  of 
sulfide remain .  Since s tab i l iza t ion  occurs in  such a 
system, it is suggested tha t  th iourea  m a y  be the 
s tabi l izer  in  this  case r a t h e r  t h a n  sulfide ion. The 
m e c h a n i s m  of s tabi l iza t ion  is p r o b a b l y  the same as 
t ha t  a l r eady  g iven  for reg ion  C. 

Rad ioau tographs  of the deposits  con t a in ing  act ive 
S were  made.  In  the  case of scra tched subs t ra tes  
the  greates t  b u i l d u p  of ac t iv i ty  was  no ted  on the  
peaks  of the deposit.  This  f inding is in  a g r e e m e n t  
w i th  resul t s  ob ta ined  by  Beacom and  Ri ley  for e lec-  
t rodeposi ts  (4) .  F u r t h e r  ana logy  wi th  e lec t rodepo-  
si t ion m a y  exist.  A R a n e y  n ickel  m e c h a n i s m  has  
been  proposed for n icke l  e lec t rodeposi t ion  by  Ed-  

wards  (11). S imi la r  mechan i sms  m a y  app ly  to i ron  
(15),  cobalt  (16),  and  even  copper (17).  Raney  
n icke l  is k n o w n  to r emove  su l fu r  f rom sulfonic  
acids (18) wi th  r e s u l t a n t  p roduc t s  in  gene ra l  agree -  
m e n t  wi th  the  f indings and  theory  of Beacom and  
Ri ley for a l ly lsu l fonic  acid (3) .  

The Ra ne y  n icke l  ana logy  predicts  tha t  the  or-  
ganic f r a g m e n t  r e su l t ing  f rom th iou rea  should  be 
f o r m a m i d i n e  or r e su l t ing  b r e a k d o w n  products  such 
as fo rmamide  or formic  acid. Radiochemica l  s tudies  
d i rec ted  toward  the  ident i f ica t ion of this  f r a g m e n t  
are c u r r e n t l y  in progress.  

Conclusions 
It  has been  conc luded  tha t  the  p r i m a r y  source of 

t h iou rea  dep le t ion  in  this sys tem is a c leavage re -  
action. Two mechan i sms  for  the th iou rea  act ion have  
been  found  de pe nd i ng  on the  th iou rea  concen t ra t ion .  
It  is suggested t ha t  at  low th iourea  concen t ra t ions  
th iourea  lowers  the  redox  po ten t i a l  a nd  faci l i ta tes  
chemical  r educ t ion  of nickel .  Cleavage of t h iou rea  
occurs t h r ough  a R a n e y  n i c k e l - t y p e  mechan i sm,  and  
sulfide ion is fo rmed  t h r ough  hydro lys i s  of n icke l  
sulfide at the  interface.  In  the  h igher  t h iou rea  con-  
cen t r a t i on  sys tem an  a t tack  of hypophosphi te  on 
th iourea  adsorbed  at the  R a n e y  n icke l  l ike surface 
is proposed. Thus  th iourea  competes  for the  r educ -  
ing agent  and  slows the  ra te  of n icke l  deposit ion.  
Th iourea  itself, r a t h e r  t h a n  b y - p r o d u c t  sulfide ion, 
is be l ieved  to act as a sys tem stabil izer .  
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ABSTRACT 

A galvanostatic method for measur ing the overpotentials and obtaining 
the charging curves for the deposition of copper was developed. The copper 
was plated from an acid copper sulfate bath, on flat plate copper cathodes. 
Rigorous standards of solution and electrode pur i ty  were maintained,  and the 
results of runs  using clean electrodes are in  excellent agreement  with those re-  
ported by other investigators for spherical electrodes of pure copper. Values of 
~c and ia for the clean cathodes were 0.57 and 11.0 m a / c m  2, respectively. The 
techniques developed are easily applied to study the effects of surface t rea t -  
ments  on deposition kinetics. Hence some cleaned cathodes were  soiled wi th  
stearic acid and with minera l  oil by means of the evaporat ion technique, and 
charging curves were obtained for these cathodes. In  addition, sequences of 
charging curves were obtained for the soiled electrodes as deposition pro-  
ceeded. The soils when  present  in quanti t ies equivalent  to a monolayer  greatly 
increase activation overpotent ial  and decrease the value of ac, as determined 
from the slope of the Tafel  line, to about 0.3. The exchange currents  for the 
cathodes on which the equivalent  of a monolayer  of stearic acid is freshly de- 
posited are higher than  those for similar  clean electrodes. An  explanat ion is 
suggested for this observation based on the assumption that  the freshly applied 
stearic acid is preferent ia l ly  deposited at sites other than those active for elec- 
trodeposition. Cathodes soiled with paraffin oil and oriented stearic acid in 
quant i t ies  equal in thickness to a monolayer  of stearic acid have exchange cur-  
rents  which are close to those for clean electrodes. 

The presence of these trace contaminants  causes a reduct ion in  the double 
layer  capacity, and consequently the charging curves for the soiled electrodes 
are much steeper than  those for cleaned ones. Sequential  charging curves 
reveal  that  as plat ing proceeds the electrode contaminants  are eventual ly  
covered by the freshly deposited copper, and, therefore, the charging curves 
tend to approach in  shape and magni tude  those of clean electrodes. Cathodes 
soiled with the equivalent  of 0.5 monolayer  of freshly applied stearic acid have 
charging curves which are similar to those of cleaned electrodes, and the 
values of ~r and io as determined from the Tafel l ine are not appreciably differ- 
ent. The implicat ion is made that  organic contaminants  similar to stearic acid 
present  in quanti t ies less than about 0.5 monolayer  will not have an appreciable 
effect on the mechanism and hence the kinetic parameters  of the electrodeposi- 
tion. 

A l t h o u g h  the  p resence  of some adsorbed  o rgan ic  
films on electrodes was  gene ra l ly  k n o w n  to affect 
the overpotential and  the  k ine t ics  of e lec t rodepos i -  
t ion,  the  ques t ion  of how c lean the  me ta l  surface  
needed  to be for k ine t i c  m e a s u r e m e n t s  was  u n -  
answered .  M a n y  of the  " s t a n d a r d "  procedures  for 
c lean ing  electrodes pr ior  to p la t ing  or before  ob-  
t a i n ing  k ine t i c  data,  as repor ted  in  the  l i t e ra tu re ,  
can r emove  la rge  quan t i t i e s  of organic  con taminan t s ,  
bu t  they  are  ineffect ive in  r e m o v i n g  the last  t races  
of these soils, i.e., in  the  m o n o l a y e r  or f rac t ion  of 
a mono laye r  range .  The  ques t ions  of how c lean  the  
electrode m u s t  be  for k ine t ic  m e a s u r e m e n t s  and  of 
how these  c o n t a m i n a n t s  affect the  m e c h a n i s m  of 
the  e lec t rodeposi t ion  on these  electrodes are t h e r e -  
fore qu i te  impor t an t .  

1 Present  address:  A l l i e d  C h e m i c a l  C o r p o r a t i o n ,  M o r r i s t o w n ,  N e w  
Jersey .  

A n  inves t iga t ion  of the  effects of m i n u t e  quan t i t i e s  
of organic  c on t a mi na n t s ,  s tear ic  acid and  paraff in 
oils, was  the re fo re  u n d e r t a k e n .  The  p l a t i n g  of cop- 
per  on copper  cathodes f rom an  acid copper  su l fa te  
b a t h  was the  reac t ion  chosen for s tudy.  I n  add i t ion  
to h a v i n g  ex tens ive  commerc ia l  appl ica t ion,  this  sys-  
t em was a good one for ana lys i s  because  the re  was  
negl ig ib le  complex ing  of the  copper  ions, a nd  the  
po ten t i a l  of the  deposi t ion  process was  such tha t  the  
s imu l t aneous  l i be ra t ion  of h y d r o g e n  was  ins igni f i -  
cant.  A l though  p u r e  s tearic  acid and  p u r e  paraff in 
oil h a r d l y  ever  appear  as c o n t a m i n a n t s  on c o m m e r -  
cial electrodes,  t hey  are  typ ica l  of the classes of or-  
ganic  soils which  m a y  be found  on electrodes.  The 
stearic  acid is a hydrophob ic  ma te r i a l  which,  w h e n  
a l lowed to r e m a i n  on  a me t a l  surface,  fo rms  an  or i -  
en ted  and  s t rong ly  chemisorbed  film; s teara tes  and  
re la ted  compounds  are found  in  m a n y  indus t r i a l  
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OSCILLOSCOPE 

T E S T  CELL 

Fig. 1. Schematic diagram of the circuit for measuring over- 
potential: A, anode of test cell; C, cathode of test cell; M, am- 
meter; P, reference probe of test cell; R, variable resistance box; 
S, high speed switch, Western Electric Mercury Contact Relay D 
171 584. 

l ub r i can t s  and  are  p icked up  by  par ts  to be  p la ted  
d u r i n g  the  buff ing  and  m a c h i n i n g  operat ions.  Paraff in  
oil is a hydrophob ic  c o n t a m i n a n t  which  eas i ly  
spreads  over  the  sur face  and  exists  as an  uno r i e n t e d ,  
w e a k l y  held  film. 

Experimental 
The appa ra tu s  for these expe r imen t s  consisted of 

a m e a s u r i n g  circui t  for ob t a in ing  the  cha rg ing  
curves,  devices for the  pur i f ica t ion  and  c lean ing  of 
the  electrodes and  the  solut ions,  and  a d ry  box con-  
t a i n ing  a purif ied h e l i u m  a tmosphere  in  which  
c leaned  electrodes could be s tored and  soiled and  
where  the test  cell could be assembled  and  sealed 
before be ing  r e m o v e d  a n d  connec ted  in to  the  m e a s -  
u r i n g  circuit .  

Measuring circui t . - -The m e a s u r i n g  c i rcui t  is 
shown  in  Fig. 1. It  consis ted of two 12.5v, 200 a m p - h r  
ba t te r ies  connec ted  in  series wi th  a va r i ab l e  r e -  
sistance,  b y  means  of which  the  c u r r e n t  f lowing 
t h rough  the  test  cell could be var ied.  The swi tch  S 
was  a m e r c u r y  re lay  e which  was tes ted and  found,  
w h e n  used w i t h  one pole free, to es tab l i sh  fu l l  e lec-  
t r ica l  contact  in  less t h a n  10 -6 sec. A n  oscilloscope s 
was  used  in  con junc t i on  wi th  a p reampl i f i e r  4 which  
a l lowed for  a wide  r ange  of sens i t iv i ty  and  h igh -  
f r e q u e n c y  responses  (D.C. to 350 kc a t  1 m v / c m  
sens i t iv i ty  inc reas ing  to 2 mc at 50 v / c m ) .  The  os- 
cilloscope was  equ ipped  wi th  a s ing le - sweep  f ea tu re  
so tha t  on ly  one t race  ( the  charg ing  curve)  wou ld  
appear  on the  screen whe re  it could be i m m e d i a t e l y  
pho tographed  wi th  a Po la ro id  camera .  The  oscil lo- 
scope was  so connec ted  tha t  it  was t r iggered  w h e n  
the  swi tch  was  t h r o w n  and  c u r r e n t  flowed t h r ough  
the  test  cell. The controls  could be ad jus t ed  so tha t  
the  oscilloscope t r iggered  w h e n  the  po ten t i a l  be -  
t w e e n  the probe  and  the cathode changed  v e r y  
s l ight ly.  A d i rec t  r e ad ing  of the  ac t iva t ion  ove r -  
po ten t i a l  vs. t ime  was  ob ta ined  and  photographed .  
Al l  of the  componen t s  of the  m e a s u r i n g  circui t  we re  
e lec t ros ta t ica l ly  shielded,  and  the  sh ie ld ing  was  

Weste rn  Electr ic  type  275B Mercury  Relay,  No. n171584. 
a Tek t ron ix  type  532-$7 oscilloscope. 
4 Tek t ron ix  type- I )  p lug- in  preampli f ier .  
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connec ted  to a common  ground.  The test  cell was  
i m m e r s e d  in  a cons tan t  t e m p e r a t u r e  ba th  at 25~ 
whose  t e m p e r a t u r e  was  easi ly  m a i n t a i n e d  cons tan t  
w i t h i n  +--0.5~ 

Test  cel l . - -The test  cell was  cons t ruc ted  en t i r e ly  
of P y r e x  glass and  could be sealed gas t ight.  F ive  
copper  p la ted  leads were  sealed into the  glass and  
suspended  f rom the  uppe r  ha l f  of the  cell. Two elec-  
t rode  holders  d i rec t ly  facing one ano the r  were  sus-  
pended  f rom the  top, each d i rec t ly  u n d e r  a lead, 
and  a glass t u b e  w i th  a cap i l l a ry  t ip des igned to 
hold the  copper re fe rence  e lect rode was  a t t ached  to 
one of the  holders  w i th  the  t ip  of the t ube  spaced 
abou t  0.5 cm f rom the  glass electrode holder .  The 
copper  electrodes were  placed in  the  glass holders  
and  a glass block was inse r t ed  b e h i n d  the  copper,  
p ress ing  the e lect rode aga ins t  the  wal l  of the  holder  
con ta in ing  a c i rcular  window.  T h r o u g h  this open ing  
the  electrode a nd  so lu t ion  m a d e  contact .  The  cell 
was  des igned so tha t  electrodes,  glass blocks,  and  
clips connec t ing  the  leads to the electrodes could be 
ha nd l e d  and  pu t  into place by  me a ns  of forceps, the  
t ips of which  were  p rev ious ly  made  a tomizer  clean. 
The  copper connec t ing  clips were  p la ted  w i th  copper  
to coat the phosphor  b ronze  springs.  

Reference e lectrode.- -The re fe rence  e lect rode 
consis ted of a smal l  piece of the  same purified,  
c leaned  copper which  was  used for the  o ther  elec- 
trodes. This s tr ip of copper was  inse r ted  in  a smal l  
b e n t  t ube  wi th  a cap i l l a ry  t ip  which,  as a p e r m a n e n t  
f ix ture  in  the test  cell, faced the  cathode. The use 
of a copper re fe rence  electrode was des i rab le  since 
it could not  c o n t a m i n a t e  the  sys tem as o ther  re f -  
e rence  electrodes would .  W h e n  the  test  cell was 
filled, the re fe rence  electrode tube  was  also filled 
w i th  solut ion of the same composit ion.  

Because of the  h igh  i n p u t  impedence  of the  os- 
cilloscope, the  cu r r en t s  f lowing t h r ough  the  re f -  
e rence  electrode were  qu i te  smal l  and  apprec i ab ly  
be low the exchange  c u r r e n t  for c lean copper. 

Dry box and gas purification sy s t em . - -The  tes t  
cell was  assembled  w i t h i n  a dry  box  equ ipped  wi th  
a v a c u u m  e n t r y  port.  The gas pur i f ica t ion  sys tem 
was the same one used by  L in fo rd  and  Fede r  (1) .  
H e l i u m  leav ing  the  d ry  box was  first m i xe d  wi th  a 
s low s teady s t r eam of m a k e u p  h e l i u m  (to c o m p e n -  
sate for l eakage  out  of the  pur i f ica t ion  sys tem)  and  
passed th rough  a bed of hot  copper  t u r n i n g s  m a i n -  
t a ined  at  500~176 to r e m o v e  al l  b u t  t races  of 
oxygen.  The gas s t r eam was f u r t h e r  pur i f ied by  
pass ing  th rough  an  a l u m i n a  dr ier ,  a t a n k  of mo lecu -  
lar  sieve, and  a cloth filter to r emove  suspended  
part icles .  The  en t i re  dry  box  and  gas pur i f ica t ion  
sys tem was opera ted  at a s l ight  posi t ive  p re s su re  of 
about  0.2 cm of oil. The gas r ec i rcu la t ion  ra te  was  
abou t  10 f t3 /min .  

Vacuum s y s t e m . - - A  v a c u u m  sys tem was r e q u i r e d  
for the p r e p a r a t i o n  of the  electrodes and  the  ou t -  
gass ing  of the  p l a t i ng  solutions.  I t  con ta ined  a me -  
chanica l  p u m p  in  series w i th  an  oil diffusion p u m p  
and  could produce  v a c u u m s  of the  order  of 3 x I0 -~ 
m m  Hg. 

Procedure 

Electrode preparat io~.- -The electrodes were  p re -  
pa red  f rom u l t r a p u r e  copper,  99.999 +% pure ,  
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which  was co ld- ro l led  in to  str ips 0.030 in. th ick  a nd  
was v i r t u a l l y  oxygen  free. 5 These  str ips were  n e x t  
anod ica l ly  etched in  5% H2SO4 un t i l  the  average  
th ickness  was  decreased to 0.025 in. The  copper  was  
t h e n  e lect ropol ished in  an  or thophosphor ic  acid 
ba th  (sp gr = 1.35) for 1 m i n  and  f rom these  
pol ished copper str ips the  electrodes were  cut  us ing  
a Diacro cu t te r  to m i n i m i z e  bu r r s  a long the  cut  
edges. On the cathodes a c i rcu la r  area  w i th  a d i a m -  
eter  of 20 m m  was ou t l ined  by  a scratch and  was  so 
placed tha t  the  cen te r  of the 12.5 m m  d i ame te r  c i r-  
cular  w i n d o w  of the  e lect rode holder  coincided wi th  
the cen te r  of the scr ibed area. This la rger  scr ibed 
area was  the por t ion  of the  cathode tha t  was  soiled 
in the s tearic  acid runs .  

The electrodes were  t h e n  m o u n t e d  on a f r ame  
of copper wi re  and  separa ted  f rom one ano the r  by  
copper  beads. On this  f r ame  the  electrodes were  
c leaned by  m e a n s  of the  fo l lowing  steps in  the  o rde r  
listed. 

1. Ca rbon  te t rachlor ide ,  soak and  dip. 

2. A l k a l i n e  c leaning,  3 0 - m i n  boi l  in  solut ion con-  
t a i n i n g  6.5 g/1 sod ium ca rbona te  and  40 g/1 sod ium 
silicate. 

3. Overf low of the  a lka l ine  c l ean ing  so lu t ion  to 
r emove  uppe r  layers  of the  solut ion which  con ta ined  
the organics  p r ev ious ly  r emoved  f rom the copper.  

4. A 3 0 - m i n  boil  in  a solut ion con t a in ing  3% by  
v o l u m e  of 30% H202 in  d is t i l led  water .  

5. Overflow of the  H202 solu t ion  by  add i t ion  of 
dis t i l led water .  

6. Tap wa t e r  r inse.  
7. Three  r inses  w i th  about  200 ml  deionized w a t e r  

(R = 4 meg o h m - c m ) .  
8. Two 5 - m i n  soaks in  deionized water .  
This  t r e a t m e n t  i n v a r i a b l y  p roduced  a tomizer  

c lean  electrodes.  6 W i t h  the  aid of c lean  forceps, the  
electrodes were  t h e n  placed in  a hea t i ng  t u b e  wh ich  
was p rev ious ly  cleaned.  Care was  t a k e n  d u r i n g  the  
h a n d l i n g  to avoid contact  of the  electrodes wi th  a n y  
n o n c l e a n  surfaces.  The hea t ing  t ube  was connec ted  
to the  v a c u u m  sys tem and  evacua ted  to abou t  50#. 
P repur i f i ed  h y d r o g e n  was  t hen  passed into the  t u b e  
to b r i n g  its p ressure  up  to 1 atm,  and  it  was  hea ted  
up to 500~ Seve ra l  t r e a t m e n t s  of this  sort  r e m o v e d  
oxides f rom the  e lect rode surface.  Fo l lowing  this  
step, the  p u m p s  were  t u r n e d  on aga in  and  the  elec-  
t rodes were  outgassed at 500~ t i l l  the ion iza t ion  
gauge read  a p ressure  of abou t  3 x 10 -~ m m  Hg. 
The hea t ing  t ube  was  t h e n  closed off, d i sconnec ted  
f rom the  system,  and  a l lowed to cool down  r ap id ly  
to room t empera tu r e .  W h e n  the  hea t i ng  tube  had  
cooled down,  i t  was  placed in  the  v a c u u m  e n t r y  
por t  which  was  t hen  evacua ted  to 50#. H e l i u m  f rom 
the  cy l inde r  was  t h e n  passed into the  por t  to raise 
its p ressure  to s l ight ly  above a tmospher ic  pressure .  
Af te r  c i rcu la t ing  the  t a n k  h e l i u m  t h r o u g h  the  pur i f i -  
ca t ion sys tem and  e n t r y  por t  for 5 min ,  the  sealed 

S p e c t r o s c o p i c  gra~de c o p p e r  p r e p a r e d  b y  A m e r i c a n  S m e l t i n g  a n d  
R e f i n i n g  C o m p a n y .  

6 T h e  a t o m i z e r  t e s t  d e v e l o p e d  b y  L i n f o r d  a n d  S a u b e s t r e  (2, 3) i s  
o n e  of t h e  m o s t  sens i t i ve  t e s t s  f o r  d e t e r m i n i n g  t h e  c l e a n l i n e s s  ( a b -  
s e n c e  of h y d r o p h o h i e  c o n t a m i n a n t s )  of  a m e t a l  s u r f a c e .  T h e  t e s t  
cons i s t s  of  s p r a y i n g  a f ine  m i s t  of  w a t e r  on  t h e  s u r f a c e .  I f  a u n i f o r m  
f i lm is  f o r m e d  w i t h  v e r y  l i t t l e  w a t e r  a f t e r  s e v e r a l  s e c o n d s  of  s p r a y -  
ing ,  t h e  s u r f a c e  i s  a t o m i z e r  c l e a n .  I f  i t  is  d i r t y ,  s p r a y  f o r m s  m a n y  
d r o p l e t s  on  t h e  m e t a l .  T h e  t e s t  c a n  d e t e c t  a s  l i t t l e  as  0.2 m o n o l a y e r  
of  s t e a r i c  a c i d  on  s tee l .  
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tube  was  admi t t ed  to the d ry  box. Here  the  hea t ing  
t ube  was  d i sassembled  and  the electrodes ca re fu l ly  
r e move d  f rom the  tube  and  the  suppor t ing  f r a me  by  
me a ns  of c leaned forceps and  c leaned  wi re  cut ters .  
The electrodes were  s tored in  c leaned glass j a r s  
covered wi th  ung r e a se d  g round  glass s topper- tops .  
U n d e r  these condit ions,  the electrodes wou ld  r e m a i n  
a tomizer  c lean  for per iods longer  t h a n  2 weeks.  The  
a tomizer  c lean  cathodes could t hen  be  placed in  the 
cell, as they  were  for "c lean"  r u n s  or they  could be 
soiled by  the  evapora t ion  technique .  In  the  l a t t e r  
case, the  la rge  scr ibed area  was  covered wi th  a 
so lu t ion  of k n o w n  concen t r a t i on  of s tear ic  acid 7 or 
paraffin oil s and  the  so lvent  was  a l lowed to evap-  
orate.  A n a l y t i c a l  grade ca rbon  te t rach lor ide  was  a 
sa t i s fac tory  so lven t  for the  soi l ing so lu t ion  since it  
did no t  l eave  a n  organic  res idue  on evapora t ion  as 
m a n y  other  so lvents  do a nd  it  had  no  apprec iab le  
effect on the  cha rg ing  cu rve  for  the  electrode.  

Both the  f ron t  a nd  back  of the  " t ongue"  of the  
electrode were  soiled for the paraff in oil runs .  This  
drast ic  step was  necessa ry  since the cha rg ing  curves  
for electrodes where  on ly  the  scr ibed areas were  
soiled wi th  paraff in oil were  qui te  errat ic .  This  effect 
was be l ieved  to be due to the  rap id  r a n d o m  spread-  
ing of the  oil, a nd  indeed,  the  resul t s  we re  more  con-  
s is tent  w h e n  both  sides of the  electrode were  soiled 
w i th  the  oil. 

Elect rodes  con ta in ing  the  e q u i v a l e n t  of 0.5 and  1.0 
m o n o l a y e r  of s tearic  acid 9 a nd  a f i lm of paraff in oil 
as th ick  as 1.0 m o n o l a y e r  of s tearic  acid l~ were  the  
soiled cathodes examined .  

The  soiled cathode was  t h e n  ca re fu l ly  placed in  
the electrode holder  of the test  cell a long wi th  the  
re fe rence  electrode and  the  anode,  a nd  connect ions  
were  m a d e  to the  p roper  leads. The cell  was  sealed 
a nd  was  r e a dy  for the  i n t roduc t i on  of the  pur i f ied 
so lu t ion  by  me a ns  of a specia l ly  des igned fil l ing 
bott le .  So lu t ion  was p u m p e d  in to  the  cell up  to a 
level  s l ight ly  h igher  t h a n  the  top of the  w i ndows  in  
the  test  cell. Sufficient so lu t ion  was  p re sen t ed  to 
cover k n o w n  areas of exposed cathode a nd  anode,  
and  to contact  the  pu re  copper  of the  r e fe rence  e lec-  
t rode  w i th  the  solut ion.  Fo l lowing  this  step, the  
sealed tes t  cell was  w i t h d r a w n  f rom the  d r y  box 
and  connec ted  in to  the  circuit .  The  t ime  b e t w e e n  the  
soi l ing of the  cathode and  the  ob t a in ing  of the  ex-  
p e r i m e n t a l  da ta  va r ied  b e t w e e n  17 a nd  28 m i n  for 
the  case of the  " f resh ly  appl ied"  s tearic  acid r u n s  
and  the paraff in oil runs .  Some add i t iona l  exper i -  
me n t s  were  made  wi th  cathodes in  which  the  t ime  
be t w e e n  soi l ing wi th  s tear ic  acid and  the  m e a s u r e -  
me n t s  was 24 hr. The  so lu t ion  was in  contac t  w i th  
the  electrodes in  all  cases for t imes  of the  order  of 
7 m i n  pr ior  to the  me a su r e me n t s .  

Solution preparation.--Analytical grade  copper 
su l fa te  was recrys ta l l i zed  th ree  t imes,  once f rom 
dis t i l led  w a t e r  a nd  twice  f rom deionized wa t e r  
(R --~ 4 m e g o h m - c m ) .  The  pur i f ied copper  su l fa te  

7 U S P  s t e a r i e  ac id .  

s F i s h e r  US1  ~ p a r a f f i n  oi l ,  sp  g r  0.876, v i s c o s i t y  335/350. 

9 1.1 • 10 -~ g / c m 2  a n d  2.2 • 10 -~ g / e r a  2 s t e a r i c  a c i d  a r e  e q u i v a l e n t  
to  0.5 a n d  1.0 m o n o l a y e r s ,  r e s p e c t i v e l y .  

lo 2.3 • 10-~ g / c m  2 p a r a f f i n  o i l  is  e q u a l  in  t h i c k n e s s  to  1.0 m o n o -  
l a y e r  of  s t e a r i c  ac id .  
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a n d  r e a g e n t  g r a d e  su l fu r i c  ac id  w e r e  d i s so lved  in 
the  de ion ized  w a t e r  to p r e p a r e  a p l a t i n g  b a t h  w h o s e  
compos i t i on  was  1.5N CuSO4 a n d  0.45N H2SO4. This  
so lu t ion  was  t hen  p l a c e d  in  a c l eaned  Teflon b e a k e r  
a n d  cove red  first  w i t h  a w a t c h  glass  and  t hen  a 
be l l  j a r .  In  t he  Teflon b e a k e r ,  t he  p l a t i n g  so lu t ion  
was  p r e - e l e c t r o l y z e d  for  63-65 h r  a t  a c u r r e n t  d e n s i t y  
of a b o u t  1 m a / c m  2. A t o m i z e r  c lean,  pu r i f i ed  coppe r  
p r e - e l e c t r o l y s i s  e l ec t rodes  w e r e  used.  A p p r o x -  
i m a t e l y  25 cm 2 of a r e a  of each  e l e c t r o d e  was  e x p o s e d  
to solu t ion .  A g i t a t i o n  was  p r o v i d e d  b y  m e a n s  of  a 
Teflon cove red  m a g n e t i c  s t i r r i n g  bar .  

F o l l o w i n g  p r e - e l e c t r o l y s i s ,  t he  so lu t ion  was  
p o u r e d  in to  t he  f i l l ing b o t t l e  and  f rozen  in a d r y -  
ice ace tone  ba th .  The  f i l l ing j a r  was  connec t ed  to 
t he  v a c u u m  s y s t e m  w h e r e  i t  was  ou tgas sed  to 200~. 
The  so lu t i on  w a s  t hen  t h a w e d  out,  a l l o w i n g  d i s -  
so lved  gases  to b u b b l e  ou t  of t h e  l i qu id  phase .  Two  
m o r e  p u r g e s  d o w n  to 200~ w e r e  p e r f o r m e d  to  o u t -  
gas  t he  so lu t ion  suff icient ly.  The  f i l l ing b o t t l e  was  
sea l ed  off and  r e m o v e d  f r o m  the  v a c u u m  sys tem.  
A f t e r  this ,  i t  was  r e a d y  for  i n t r o d u c t i o n  in to  t h e  d r y  
box  to fill  t he  t es t  cell .  A t a p e r e d  glass  jo in t  on the  
f i l l ing bo t t l e  m a t e d  w i t h  t he  so lu t ion  e n t r y  p o r t  a n d  
m a d e  poss ib l e  t he  l i qu id  t r a n s f e r  to t he  cel l  w i t h o u t  
c o n t a m i n a t i n g  the  d r y  box  a t m o s p h e r e .  In  a l l  t he  
e x p e r i m e n t s  p e r f o r m e d  the  so lu t ion  was  n e v e r  a l -  
l o w e d  to come in con tac t  w i t h  g r ea sed  jo in t s  or  o r -  
ganic  m a t e r i a l s  o t h e r  t h a n  the  Teflon b e a k e r  or  t h e  
Teflon s topcock  in t he  f i l l ing bo t t le .  A t o m i z e r  c l ean  
coppe r  e l ec t rodes  in con tac t  w i t h  the  so lu t ion  w e r e  
f o u n d  to r e m a i n  a t o m i z e r  c l ean  be fo re  and  a f t e r  
p l a t i n g  f r o m  the  so lu t ion .  

A l l  t he  g l a s swea r ,  t he  t es t  cell ,  the  f i l l ing j a r ,  t he  
e l ec t rode  h e a t i n g  tube ,  w e r e  r i g o r o u s l y  c l eane d  b e -  
fo re  be ing  used.  The  p r o c e d u r e  i n c l u d e d  soak ing  in  
ho t  ch romic  ac id  so lu t ion ,  r i n s ing  w i t h  t ap  w a t e r ,  
de ion ized  w a t e r ,  ace tone ,  and  a n a l y t i c a l  g r a d e  CC14. 
B e t w e e n  e x p e r i m e n t s  these  glass  vesse l s  w e r e  f i l led 
w i t h  de ion ized  w a t e r  a n d  covered .  

Results 

The  t y p e s  of c h a r g i n g  cu rves  o b t a i n e d  in  t hese  
i nves t i ga t i ons  a r e  i l l u s t r a t e d  b y  the  t y p i c a l  e x a m p l e s  
s h o w n  in  Fig .  2. The  ohmic  ove rpo t en t i a l s ,  as B o c k -  
r is  and  M a t t s s o n  (4)  h a v e  d e m o n s t r a t e d ,  a r e  s h o w n  
as v e r t i c a l  gaps  in  t h e  c h a r g i n g  curves ,  a n d  the  
a c t i va t i on  o v e r p o t e n t i a l  as a func t ion  of t i m e  is 
s h o w n  as  the  con t inuous  curve .  S ince  the  conc e n -  
t r a t i o n  of coppe r  ions  in  t he  so lu t ion  was  h igh  a n d  
the  t i m e  s w e e p  was  r ap id ,  t h e  " s t e a d y - s t a t e "  a c t i -  
v a t i o n  o v e r p o t e n t i a l  a p p e a r e d  as a w e l l - d e f i n e d  
p l a t e a u  in  t he  c h a r g i n g  c u r v e  w i t h o u t  t he  a d d e d  
i n t e r f e r e n c e  of c o n c e n t r a t i o n  po l a r i za t i on .  V e r y  o b -  
v ious  d i f fe rences  a p p e a r  in the  c h a r g i n g  cu rves  for  
a t o m i z e r  c l ean  ca thodes  a n d  so i led  ones.  In  a l l  cases,  
the  o v e r p o t e n t i a l s  for  t h e  soi led  su r f aces  a r e  con-  
s i d e r a b l y  h i g h e r  t h a n  those  for  c l e a n e d  ones,  a n d  
the  s lope of t he  c u r v e  for  so i led  su r f aces  is v e r y  
m u c h  s t eeper ,  i.e., t he  r i se  t ime  fo r  so i led  ca thodes  
is m u c h  less  t h a n  t h a t  fo r  c l ean  ca thodes .  

A p lo t  of ohmic  o v e r p o t e n t i a l  shows  t h e  e x -  
pec t ed  l i n e a r  r e l a t i o n  w i t h  t o t a l  c u r r e n t  s t r eng th .  
The  l ine  passes  t h r o u g h  the  or ig in ,  a n d  i ts  s lope  is 
e q u a l  to t he  e l ec t r i ca l  r e s i s t ance  of t he  e x p e r i m e n t a l  

s y s t e m  b e t w e e n  the  t e r m i n a l s  of t he  osci l loscope,  i n -  
c lud ing  the  r e s i s t ance  of the  so lu t ion  b e t w e e n  the  
p r o b e  t ip  and  the  ca thode .  S l i g h t l y  d i f fe ren t  va lue s  
of  th is  s lope  a r e  s h o w n  w i t h  d i f fe ren t  e l ec t rodes  b e -  
cause  of t he  n a t u r e  of t h e  cel l  c ons t ruc t i on  a n d  the  
c l i p - t y p e  contacts .  V a r i a t i o n s  in  d i s t ance  b e t w e e n  
the  e l ec t rode  su r f a c e  and  p r o b e  t ip  and  d i f fe rences  in  
t he  con tac t  a r e a  and  con tac t  p r e s s u r e  of t he  cl ips  
caused  d i f fe rences  in res i s t ance .  

Us ing  the  d a t a  f r o m  the  c h a r g i n g  curves ,  p lo t s  of 
ac t i va t i on  o v e r p o t e n t i a l  a g a i n s t  log  i can  be  d r a w n ,  
a n d  v e r y  n o t i c e a b l e  d i f fe rences  can  be seen  in t he  
Ta fe l  l ines  fo r  c l eaned  and  so i led  ca thodes .  F i g u r e  
3 is a compos i t e  p lo t  of t he  Ta fe l  l ines  for  t he  c a t h -  
odes  s t ud i e d  in  th is  i nves t iga t ion .  

The  p re sence  of s t ea r i c  ac id  and  m i n e r a l  oil  on 
c o p p e r  ca thodes  has  a v e r y  no t i c e a b l e  effect  on the  
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Fig. 2. Typical charging curves i ~ 89 ma/cm 2. Curve, 1, atom- 
izer clean cathode; 2, cathode covered with 2.2 x 10 - ~  g/cm 2 
stearic acid, freshly applied. 
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Fig. 3. Tafel lines for various cathode treatments. Curve 1, 
atomizer clean cathode; 2, cathodes with 2.2 x 10 - 7  g/cm 2 
stearic acid, freshly applied; 3, cathodes with 2.2 x 10 - 7  g/cm 2 
stearic acid, applied 24 hr before plating; 4, cathodes freshly 
soiled with 2.3 x 10 - 7  g/cm 2 paraffin oil. 
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Table I. Parameters for deposition of copper from an acid copper 
sulfate plating bath on copper electrodes as determined from 

Tafel lines 

B a t h  compos i t i on ,  1.5N CuSO4, 0.45N 
H2SOa; e lec t rodes ,  spec t ra  g r a d e  c o p p e r  

A. A t o m i z e r  c l ean  c a t h o d e s  
Rtul ~o, m a / c m  2 o~e 
1 11.5 0.57 
4 15.8  0 .54  
5 10.3 0.59 
6 8.1 0.58 
Mean 11.4 0.57 
Standard deviation • • 

B. Ca thodes  s o i l e d  w i t h  t h e  e q u i v a l e n t  o f  1 m o n o l a y e r  s t e a r i c  a c i d  
(2.2 • 10-7 g / c m  ~ f r e s h l y  app l i ed ,  20 rain)  

Run io, ma/cm 2 av 

2, 7, 8, 9 20.5 0.23 
18, 19 15.0 0.29 
Mean 18.7 0.25 
Standard deviation • ___0.04 
composite of 2, 7, 8, 

9, 18, 19 19.0 0.23 

C. Ca thodes  so i led  w i t h  t h e  e q u i v a l e n t  of 1 m o n o l a y e r  s t ea r ic  a c i d  
w h i c h  ha s  b e e n  a l l o w e d  to  r e m a i n  on  t he  e lec t rode  fo r  24 h r  

R u n  to, m a / c m  ~ a o  

14, 15 11.0 0.31 

D. Ca thodes  se i l ed  w i t h  a f i lm of  paraf f in  o i l  e q u i v a l e n t  i n  t h i c k -  
ness  to t h a t  of  1 m o n o l a y e r  of s tear ic  ac id  (2.6 • 10 -7 cm) 

RUn io ac  

16, 17 9.8 0.335 

p a r a m e t e r s  for copper deposit ion.  The  p a r a m e t e r  ac 
of the t r ans f e r  coefficient is s igni f icant ly  reduced  for 
the c o n t a m i n a t e d  surfaces.  The va lues  of ac for ca th-  
odes soiled wi th  the  e q u i v a l e n t  of 1 m o n o l a y e r  of 
s tearic  acid or wi th  a film of m i n e r a l  oil e q u i v a l e n t  
in  th ickness  to tha t  of one m o n o l a y e r  of stearic acid 
are of the order  of 0.3 whereas  a tomizer  c lean ca th-  
odes have  va lues  of ac in  the  v i c in i ty  of 0.57. ll The  
exchange  cu r r en t  io is no t  app rec i ab ly  di f ferent  for  
cathodes  which  are  a tomizer  c lean  or soiled w i t h  
m i n e r a l  oil or s tearic  acid which  has been  on the  
electrode for 24 hr. Values  of io for these condi t ions  
are of the  order  of 11 m a / c m  ~. F r e sh ly  appl ied  
s tearic  acid, however ,  has the u n e x p e c t e d  effect of 
s l igh t ly  i nc reas ing  to. 12 These resul t s  are t a b u l a t e d  in  
Tab le  I. I t  is i n t e r e s t i ng  to no te  tha t  the  va lues  l i s ted 
for c lean  cathodes are in  exce l len t  a g r e e m e n t  w i th  
those repor ted  by  other  inves t iga tors  (4, 5). 

The p a r a m e t e r s  l is ted in  Table  II were  computed  
f rom the Tafe l  l ines d r a w n  f rom the  data.  The pa -  
r ame te r s  for the soiled electrodes were  d e t e r m i n e d  
f rom at least  two separa te  m e a s u r e m e n t s  each on a 
di f ferent  electrode,  since d u r i n g  each m e a s u r e m e n t ,  
the soiled surface becomes pa r t i a l l y  coated w i th  a 
deposit  of copper  t h e r e b y  m a s k i n g  some of the  con-  
t a m i n a n t .  Successive m e a s u r e m e n t s  on the  same 
soiled electrode the re fo re  could not  be used for 
d e t e r m i n i n g  ae and  to. As a resul t ,  the  p a r a m e t e r  for 
the soiled electrodes as d e t e r m i n e d  by  the  TafeI  l ines 

11 The  h y p o t h e s i s  t h a t  ~c(clean electrode) ~ O~c(electrode f r e s h l y  s o i l e d  
with s t ear l c  acid) i s  accep ted  a t  t h e  5% s ign i f i cance  l e v e l  b y  a m e a n s  
of a " t "  test .  Th i s  s t a t e m e n t  m e a n s  i f  t he  t r a n s f e r  coeff icients  w e r e  
r ea l ly  e q u a l  b u t  d i f fe red  i n  t h i s  ease on ly  because  of r a n d o m  er ror ,  
t h e  p r o b a b i l i t y  t h a t  such  a l a r g e  r a n d o m  d i f fe rence  cou ld  ex i s t  i s  
less  t h a n  5%. 

A " t "  t e s t  o f  t h e  h y p o t h e s i s  

~o e lec trode  f r e s h l y  s o i l e d  w i t h  s t e a r l c  acid ~ io c lean 
i s  accep ted  as t h e  10% s ign i f i cance  leve l .  
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were  sub jec ted  to an  add i t iona l  source  of var ia t ion ,  
na me l y ,  a d i f ferent  e lect rode w i th  the  s ame  a p p a r e n t  
aggrega te  soil dens i ty  on the  surface.  Equa t ions  de-  
ve loped by  the au thors  (6) m a y  be used to ob ta in  
es t imates  of the p a r a m e t e r s  f rom one charg ing  curve,  
bu t  the  t r ia l  and  e r ror  ca lcu la t ions  i nvo lved  are ex-  
t r e m e l y  tedious for h a n d  computa t ion .  

Despi te  the va r ia t ions  i n t roduced  by  different  
electrodes,  the  ac t iva t ion  ove rpo ten t i a l  of all  the  
electrodes which  were  f resh ly  soiled w i th  2.2 x 10 -7 
g / c m  2 stearic  acid fal l  v e r y  n ice ly  on a s t ra igh t  l ine  
w h e n  p la ted  aga ins t  the l oga r i t hm of the  c u r r e n t  
densi ty ,  as shown  in  Fig. 2. 

The differences in  slope of the charg ing  curves  
for  the soiled electrodes a nd  those which  are 
a tomizer  c lean are p r i nc i pa l l y  due to a r educ t ion  in  
the double  l aye r  capacity.  The  basic d i f ferent ia l  
equa t ion  descr ib ing  the g rowth  of ac t iva t ion  over -  
po ten t i a l  for the  model  of the r a t e - d e t e r m i n i n g  
step charac ter ized  as a res i s tance  and  capac i tance  in  
pa ra l l e l  is 

d,/A 1 
- -  [ i  - -  i F ]  [ 1 ]  

dt CA 

where  i is the  Fa rada ic  cur ren t .  
F 

At low overpotent ia l s ,  d u r i n g  the in i t i a l  por t ions  
of the  charging,  the  slope of the  cha rg ing  curve  is 
a p p r o x i m a t e d  by  

dnA i 
. . . .  [2] 

dt  CA 

Obvious ly  as CA is decreased,  d~A/d t  is increased.  
Tha t  the  presence  of some organic  c o n t a m i n a n t s  r e -  
duces the  double  l ayer  capaci ty  has been  shown ex-  
p e r i m e n t a l l y  in  the  past  (7) .  This  p h e n o m e n o n  
occurs because  the  adsorbed  organic  film of lower  
dielectr ic  cons tan t  replaces  the aqueous  adsorbed  
film of h igher  dielectr ic  constant .  Typica l  va lues  of 
the doub le  layer  capac i tance  as d e t e r m i n e d  by  means  
of Eq. [2] are abou t  50-60 # f / c m  ~ for c lean  elec- 
t rodes compared  wi th  abou t  7-26 ~ f / c m  2 for soiled 
electrodes.  

As e lec t rodeposi t ion  proceeds,  the  soiled cathode 
becomes coated w i th  copper  and  the  electrode su r -  
face changes.  A sequence  of charg ing  curves  for a 
soiled e lect rode reveals  tha t  as p l a t i ng  proceeds the  
charg ing  curves  become lower  and  less steep, ap -  
p roach ing  the  shape of a curve  for a s imi la r  c leaned 
electrode at the  same c u r r e n t  densi ty .  No such v a r i a -  
t ion  is howeve r  observed  for electrodes which  are 
~nit ial ly a tomizer  clean. F i g u r e  4 shows a sequence  
of charg ing  curves  for a ca thode  which  was in i t i a l ly  
soiled. This type  of behav io r  was  observed wi th  all  
of the electrodes soiled w i th  2.2 x 10 -7 g / c m  2 stearic  
acid and  wi th  2.3 x 10 -7 g / c m  e paraff in oil. 

F r o m  the sequences  of charg ing  curves,  plots of 
the s t eady- s t a t e  ove rpo ten t i a l  vs. the  c o u l o m b s / c m  2 
deposi ted  can  be cons t ructed .  F igu re  5 i l lus t ra tes  
this decl ine  in  ac t iva t ion  overpo ten t i a l  as p l a t ing  
proceeds on soiled cathodes.  

F r o m  the curves  of VA VS. c o u l o m b s / c m  2 prev ious  
deposi t ion,  Tafe l  l ines  can be cons t ruc ted  as f unc -  
t ion  of the  a m o u n t  of p rev ious  p la t ing ,  and  the  
k ine t i c  p a r a m e t e r s  ac and  io can  be de te rmined .  
Resul t s  are show n  g raph ica l ly  in  Fig. 6, 7, and  8. 
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Fig. 4. Charging curves for cathodes soiled with 2.2 x 10 - 7  
g/cm 2 steorie acid 24 hr before plating: 1, 0 r 2, 
0.178 coulombs/cm2; 3, 1.96 coulombs/cm 2. 
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Fig. S. Overpotential as a function of prior plating on a cathode 
freshly soiled with 2.2 x 10 - 7  g/cm 2 stearic acid. Curve 1, i 
89 mo/crn2; 2, i = 73 rna/cm2; 3, i : 61 ma/cm2;  4, i 
37.7 ma/cm 2. 
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Fig. 6. Sequence of Tafel lines for cathodes freshly soiled with 
2.2 x 10 - 7  g/cm 2 stearic acid. Curve 1, 0 coulombs/cm2; 2, 03  
coulombs/cm2; 3, 1.5 coulombs/cm2; 4, 3.5 ceulombs/cm 2. 
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Some r u n s  were  m a d e  wi th  0.5 m o n o l a y e r  of 
f resh ly  appl ied  s tearic  acid, and  the  va lues  of ao a nd  
io found  f rom the  Tafe l  l ine  are 0.54 and  10 m a / c m  2. 
These are essen t ia l ly  the  same as those for a surface 
which  is a tomizer  clean.  

A series of expe r imen t s  to test  the  c leanl iness  of 
soiled and  c leaned  electrodes af ter  p l a t ing  a nd  to 
de t e rmine  the degree  of c leanl iness  of the expe r i -  
m e n t a l  methods  was  u n d e r t a k e n ,  and  the resul t s  are 
s u m m a r i z e d  in  Table  II. The las t  e n t r y  in  Tab le  II 
was e x t r e m e l y  i n t e r e s t i ng  in  tha t  the  cathode 
showed two zones w i th  different  degrees  of c lean l i -  
ness. The area  of the  cathode exposed to the so lu t ion  
was a lmost  a tomizer  clean,  tha t  is, the  film of w a t e r  
sp rayed  in  this  area  was  a lmos t  cont inuous ,  whereas  
the  a rea  a r o u n d  the  exposed zone wh ich  had  b e e n  
soiled bu t  no t  e lec t ropla ted  was  spot ted wi th  m a n y  
droplets  of water .  Thus  cons iderab le  c l ean ing  of the 
surface  had  occurred  d u r i n g  the  deposit ion.  Also, 
the  va lues  of ar and  io for this  e lect rode had  become 

~. m o .  

Fig. 7. Sequence of Tofel lines for cathodes soiled with 2.2 x 10 - 7  
g/cm 2 stearic acid applied 24 hr before plating. Curve 1, 0 
coulornbs/cm2; 2, 0.25 coulombs/cm2; 3, 0.5 coulombs/cm~; 4, 
0.75 coulombs/cm2; 5, 1.0 ceulembs/cm 2. 

t ha t  of c leaned electrodes a t  the  t ime  the  a tomizer  
test  was per formed,  i.e., 0.56 and  9.8 m a / c m  2. F r o m  
this  evidence,  it  appears  that ,  if less t h a n  1.1 x 10 -7 
g / c m  2 stearic acid ( e q u i v a l e n t  in  we igh t  to 0.5 m o n -  
o layer)  is p resen t  on the cathode,  the p a r a m e t e r s  
d e t e r m i n e d  f rom the  Tafe l  l ine  wi l l  be, w i t h i n  the  
l imi ts  of e x p e r i m e n t a l  error ,  iden t ica l  to those for 
a tomizer  c lean  electrodes.  

Discussion 

The va lues  of the  k ine t i c  pa r ame te r s  for c leaned  
electrodes d e t e r m i n e d  by  the  e xpe r i me n t s  descr ibed 
above are in  exce l len t  a g r e e m e n t  wi th  those repor ted  
by  Mat t sson  a nd  Bockris  (4) for the  same acid cop- 
per  su l fa te  system. The t echn iques  used in  these  ex-  
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Fig. 8. Sequence of Tafel lines for cathodes soiled with 2.3 x 
10 -7  g/cm 2 paraffin oil. Curve 1, 0 coulombs/cm2; 2, 0.2 cou- 
Iombs/cm2; 3, 0.4 coulambs/cm2; 4, 0.8 coulombs/cm2; 5, 2.0 
caulombs/cm 2. 

per iments ,  however ,  are  more  a m e n a b l e  to prac t ica l  
s i tua t ions  since flat p la te  electrodes were  employed  
m a k i n g  the s tudy  of the effects of deposi ted sur face  
c o n t a m i n a n t s  on the  va lues  of ac and  io possible. 

A fact which  is a p p a r e n t  f rom the  resu l t s  of these  
inves t iga t ions  is tha t  r a the r  smal l  quan t i t i e s  of or-  
ganic  ma te r i a l s  l ike s tearic  acid can  affect the  m e c h -  
an i sm  and  hence  the  k ine t ic  p a r a m e t e r s  for the  
deposi t ion of copper. The cr i t ical  a m o u n t  of' s tearic  
acid beyond  which  the  va lues  of the  p a r a m e t e r s  
change  lies somewhere  b e t w e e n  quan t i t i e s  e q u i v -  
a len t  in  weight  to 0.5 and  1.0 monolayer .  Recent ly ,  
L in fo rd  and  G r u n w a l d  (8) ,  in  s tudies  of me t a l  
p l a t ing  adhes ion  as a func t ion  of cathode c leanl iness  
have  found  tha t  adhes ion  of the  deposi t  is no t  af -  
fected apprec iab ly  u n t i l  the  surface dens i ty  of s tearic  
acid soil exceeds a va lue  e q u i v a l e n t  to abou t  0.8 
monolayer .  This  w o r k  suggests tha t  the  m e c h a n i s m  
of the deposi t ion  m a y  have  a re la t ionsh ip  to the  ad -  
hes ion  of the  deposit.  F u r t h e r m o r e ,  the fact  t ha t  
soil quan t i t i e s  e q u i v a l e n t  to a la rge  f rac t ion  of a 
mono laye r  are needed  for a no t iceab le  change  in  
k ine t ic  p a r a m e t e r s  confirms the  idea tha t  the  f inal  
step occurs p r i nc ipa l l y  at ce r ta in  act ive  sites wh ich  
are d i s t r ibu ted  over  the  surface.  A h igh  degree  of 
surface coverage  is r e q u i r e d  before  a la rge  enough  
f rac t ion  of these act ive  zones are  covered  up  or a f -  
fected by  the  soil. This  fact ind ica tes  tha t  the  soil 
( f resh ly  appl ied  s tearic  acid) w h e n  placed on the  

Table II. Summary of results 

I n i t i a l  c o n d i t i o n  E x t e n t  o f  
of  c a t h o d e  d e p o s i t i o n ,  

c o u l o m b s  
a m  2 

C a t h o d e  c l e a n l i n e s s  af ter  
r e m o v a l  f r o m  ce l l  

Atomizer clean 0 

Atomizer clean 1.57 

2.2 X 10-~g/cm 2 
Freshly applied 

stearic acid 
3.03 

Atomizer  clean 

Atomizer clean 

Soil concentrat ion near  
the l imit  of detecta- 
bi l i ty of the atomizer 
test 
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electrode surface  m a y  be  p r e f e r e n t i a l l y  deposi ted 
at  places  other  t h a n  these special  sites. 

D u r i n g  the e lectrodeposi t ion,  the soiled cathode 
behaves  as if i t  were  be ing  cleaned,  t ha t  is, the 
k ine t ic  p a r a m e t e r s  approach  those of c lean surfaces  
as e lec t rodeposi t ion  proceeds.  Therefore ,  cons ider -  
able  deposi t ion  e v e n t u a l l y  occurs over  the  soil. 
Or i en t ed  s tear ic  acid and  paraff in oil behave  in  a 
s imi la r  fashion  a l though  the  effect of the  o r ien ted  
s tearic  acid is masked  more  rapid ly .  This  is p rob -  
ab ly  due to the  sp read ing  of the  paraff in oil f rom 
the  area  of the  cathode which  was soiled bu t  was  
not  exposed to the  solut ion.  Abou t  1 c o u l o m b / c m  2 
of coverage is needed  before  the  va lues  of ~e and  io 
l eve l  off for the  surface  in  contact  wi th  2.2 x 10 -~ 
g / c m  2 stearic acid for 24 hr. Thus  a deposit  of about  
3710/k ave rage  th ickness  comple te ly  masks  the  
effect of the organic  c o n t a m i n a n t .  A deposi t  of about  
900A average  th ickness  ( ~  300 Cu a toms th ick  if 
the  deposi t  we re  u n i f o r m )  causes a s ignif icant  i n -  
crease in  ac, f rom 0.31 to 0.42. The th ickness  of the 
o r ien ted  m o n o l a y e r  of s tearic  acid is abou t  30A, 
ano the r  ind ica t ion  tha t  deposi t ion  m a y  occur p re fe r -  
en t i a l l y  at the act ive spots l eav ing  the  o ther  areas 
r e l a t ive ly  ba re  of f resh copper  for a longer  t ime. 

Mat t sson  a nd  Bockris  have  shown  that ,  for c lean 
copper  electrodes in  the  p la t ing  so]ut ion s tudied,  
ion t r ans f e r  was the  r a t e - d e t e r m i n i n g  step at the 
c u r r e n t  densi t ies  s tudied  here  and  pos tu la ted  the 
fo l lowing t r ans f e r  react ions  

slow 
e -  + Cu + + > Cu + (I)  

fas t  
Cu + -t- e -  > Cu (II)  

For  soiled electrodes,  the  pos tu la t ion  of a r a t e -  
d e t e r m i n i n g  m e c h a n i s m  is somewha t  more  difficult. 
I t  is possible  tha t  t r ans fe r  is no t  r a t e  de t e rmin ing ,  
a l though  the  charg ing  curves  for these  electrodes 
are cons is ten t  w i th  the  model  of a res i s tance  and  
capaci tance  in  paral le l .  A theore t ica l  discussion 
s t a r t i ng  w i th  the a s sumpt ion  tha t  a s ingle  r a t e -  
d e t e r m i n i n g  process o ther  t h a n  t r ans f e r  exists  is 
p re sen ted  be low to show tha t  the va l ue  of ~c as 
d e t e r m i n e d  f rom the  Tafe l  slope u n d e r  this  s t i pu la -  
t ion  should be less t han  0.5. Consequen t ly ,  the  con-  
verse,  name ly ,  tha t  if ae --~ 0.5, the r a t e - d e t e r m i n i n g  
step is no t  a t r ans fe r  process, is p lausible .  One of 
the  processes fo l lowing t r a n s f e r  m a y  therefore  be 
the  r a t e - d e t e r m i n i n g  step, e.g., surface  diffusion of 
adions  or inco rpora t ion  into the latt ice.  

Consider  a cupr ic  ion in  the  process of deposit ion.  
I t  is i n i t i a l ly  in  the region  ad jacen t  to the  cathode 
or moves  the re  by  me a ns  of diffusion a nd  migra t ion .  
F r o m  this  reg ion  it  crosses the  double  layer ;  it is 
t r ans fe r red .  Bockris  and  C o n w a y  (9) have  p resen ted  
theore t ica l  a r g u m e n t s  tha t  t r ans f e r  should  invo lve  
the n e u t r a l i z a t i o n  of on ly  one posi t ive  charge since 
the  ca lcula ted  va lues  of the  ene rgy  b a r r i e r  for 
n e u t r a l i z a t i o n  of two posi t ive  charges  is m u c h  
higher .  The  f rac t ion  of depos i t ing  ions possessing 
sufficient ene rgy  for this  d i rect  t r a n s f o r m a t i o n  is 
v e r y  low. 

The t r a n s f e r r e d  cuprous  ion is t hen  at  the  cathode 
surface  or is adsorbed  on it, i.e., it  is an  adion. The 
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depos i t i on  p rocess  con t inues  w i t h  a g r a d u a l  n e u -  
t r a l i z a t i o n  of  the  s ingle  pos i t i ve  c h a r g e  a n d  a loss 
of t he  r e m n a n t s  of i ts  h y d r a t i o n  s h e a t h  u n t i l  def in i te  
a n d  f inal  i n c o r p o r a t i o n  of the  n e u t r a l  coppe r  a t o m  
in to  the  l a t t i ce  occurs .  

The  sequence  of s teps  in t he  depos i t i on  p rocess  
can be  r e p r e s e n t e d  b y  the  g e n e r a l  equa t i ons  s h o w n  
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below.  [ 

Cu + + + e -  ~ Cu + ( I I I )  t r a n s f e r  to e l e c t r o d e  IrA[ = 
su r f ace  or  

(~v) 

(V)  r a t e - d e t e r m i n i n g  
s tep  

pCu + + e- ~pCu "+ 

mCu s+ + e - ~  mCu u+ 

Cu~++ ( 1 ) e - - * C u  "+ (Va) 

A l l  of the  s teps  fo l lowing  t r a n s f e r  occur  on the  
e l ec t rode  sur face .  The  coefficients p, . . . . .  m m u s t  
be  ~ 1 s ince  at  mos t  on ly  one pos i t i ve  cha rge  r e -  
m a i n s  to be  neu t r a l i z ed .  The  c h a r g e  coefficients 
q , . . . . ,  s,u m u s t  of course  l ie  b e t w e e n  zero and  one 
for  the  s ame  reason .  

The  process  can  be  c h a r a c t e r i z e d  b y  cons ide r ing  
on ly  t he  e n e r g y  b a r r i e r  of t he  r a t e - d e t e r m i n i n g  s tep  
a n d  the  changes  in  p o t e n t i a l  r e l a t i v e  to the  ac t ive  
s t a t e  in  t he  r a t e - d e t e r m i n i n g  s tep.  

A t  e q u i l i b r i u m ,  t he  ene rg ie s  of a c t i va t i on  for  the  
depos i t i on  and  d i s so lu t ion  r~ac t ions  a r e  AG1 r e v  and  
AG2 rev, r e spec t i ve ly .  The  o v e r p o t e n t i a l  w h i c h  bu i l d s  
up  w h e n  the  depos i t i on  occurs  at  a f ini te  r a t e  is 
used  to dec rea se  t he  e n e r g y  b a r r i e r  for  depos i t i on  
w h i l e  i nc rea s ing  i t  for  d i sso lu t ion .  A f r ac t i on  of 
th is  o v e r p o t e n t i a l ,  8, dec reases  the  a c t i v a t i o n  e n e r g y  
for  depos i t ion ,  and  the  r e m a i n i n g  f r ac t i on  (1--f l )  
ra i ses  t he  e n e r g y  b a r r i e r  for  d i sso lu t ion .  

The  ac t i va t i on  e n e r g y  for  t he  r a t e - d e t e r m i n i n g  
depos i t i on  s tep  at  an  o v e r p o t e n t i a l  VA is 

A G I  r e v  - -  8[*/AIF ( l / m )  [3]  

w h i l e  t h a t  for  t he  d i s so lu t ion  is 

AG2rev + (1--8)]~AIF(1/m) [4]  

The  depos i t i on  and  d i s so lu t ion  c u r r e n t s  can t h e n  be  
w r i t t e n  as 

i = ( c o n s t a n t ) l  e x p  --AGlrev -]- 8[wA[F(1/m) 
RT [5 ]  

a n d  

i = ( cons t an t )2  exp  - -AG2r~v- - (1- -8)  I~AIF(1 /m)  
RT 

[ 6 ]  

r e spec t i ve ly .  A t  h igh  ca thod ic  o v e r p o t e n t i a l s  w h e r e  
t he  Tafe l  e q u a t i o n  is va l id ,  t he  d i s so lu t ion  c u r r e n t  
is neg l i g ib l e  c o m p a r e d  to t he  depos i t i on  cu r r en t ,  
and  the  ne t  c u r r e n t  m a y  be  r e a s o n a b l y  a p p r o x i m a t e d  
b y  the  depos i t i on  cu r r en t .  H e n c e  

i = i = ( e o n s t a n t ) l e x p  - - A G l r ~  + 81,7.1F ( l / m )  
RT 

[71 

T a k i n g  the  l o g a r i t h m  of Eq.  [7]  a n d  d i f f e r e n t i a t i n g  
I~AI w i t h  r e spe c t  to In i y i e ld s  

O]~/A] RT 
- .  [ 8 ]  

Olni  flF(i/m) 

Equation [8] also represents the slope of the Tafel 
equation which is 

RT l n i o - - - - R T  I n i  I [9]  
acF acF [ 

01~At RT 
- -  - - -  [ l o ]  

3 In i aeF 

C o m p a r i n g  Eq. [8]  and  [9]  shows  t h a t  

ar = f l ( 1 / m )  [11] 

w h i c h  is i d e n t i c a l  w i t h  t h e  e q u a t i o n  d e v e l o p e d  b y  
Boekr i s  and  P o t t e r  (10) in w h i c h  t h e y  use  X in p lace  
of 1 /m.  

C o n s i d e r a b l e  ev idence  ex i s t s  for  suppos ing  t h a t  
the  e n e r g y  b a r r i e r  is a t  l eas t  n e a r l y  s y m m e t r i c a l  and  
t ha t  8 = 0.5 (4, 9, 11-14) .  H o w e v e r ,  s ince  m - -  1, 
( l / m )  m u s t  be  --~ I or  ar can  be  l im i t e d  b y  

ac --~ 0.5 [12] 

Hence ,  if  ar ~ 0.5, the  conc lus ion  t h a t  t r a n s f e r  is 
not  the  r a t e - c o n t r o l l i n g  s tep  is p l aus ib le .  

F o r  a r a t e - c o n t r o l l i n g  m e c h a n i s m  d i f f e ren t  f rom 
t h a t  of c l eaned  e lec t rodes ,  t h e r e  m u s t  be  a r e l a t i v e l y  
h i g h e r  e n e r g y  b a r r i e r  for  t he  r a t e - c o n t r o l l i n g  s tep  
of t he  soi led  e l ec t rodes  t h a n  the  e n e r g y  r e q u i r e d  for  
an  ion t r a n s f e r  s t ep  for  th is  sys tem.  A n  e x a m i n a t i o n  
of the  e x c h a n g e  c u r r e n t s  for  so i led  e l e c t rodes  i n -  
d ica tes  t ha t  t he se  a r e  of t he  s ame  o r d e r  of m a g n i t u d e  
as those  for  c l ean  e lec t rodes ,  and  t h a t  in the  ease of 
f r e s h l y  a p p l i e d  s t ea r i e  acid,  the  e x c h a n g e  c u r r e n t  
is even  h igher .  These  s e e m i n g l y  a n o m a l o u s  o b s e r v a -  
t ions  can be e x p l a i n e d  b y  the  fac t  t h a t  o rgan ic  m a -  
t e r i a l  a t  the  e l e c t r o d e  so lu t ion  i n t e r f ace  l o w e r s  t he  
c a p a c i t y  of t he  doub le  l a y e r  as was  o b s e r v e d  e x p e r i -  
m e n t a l l y .  This  l o w e r i n g  of t he  c a p a c i t y  p r o b a b l y  
f ac i l i t a t e s  t r a n s f e r  b y  m a k i n g  " l e a k a g e "  of c h a r g e d  
ions t h r o u g h  the  c a p a c i t a n c e  eas ier .  The  r a t e - d e -  
t e r m i n i n g  s tep  for  t he  so i led  e l e c t r o d e  is t h e n  a n -  
o t h e r  p rocess  w h i c h  has  a h i g h e r  e n e r g y  b a r r i e r  t h a n  
t ha t  r e q u i r e d  for  t r a n s f e r  across  the  doub le  l a y e r  of 
r e d u c e d  capac i ty .  The  fac t  t h a t  f r e s h l y  a p p l i e d  
s t ea r i e  ac id  (2.2 x 10 -z  g / c m  2) in an  u n e v e n  d e -  
pos i t  13 ra i ses  the  e x c h a n g e  c u r r e n t  is p e r h a p s  a n -  
o t h e r  i nd i c a t i on  t h a t  p r e f e r e n t i a l  a d s o r p t i o n  of 
s t ea r i c  ac id  occurs  at  s i tes  w h i c h  a re  no t  i d e n t i c a l  
to those  r e q u i r e d  for  depos i t ion .  Consequen t ly ,  the  
coppe r  ad ions  a r e  less l i k e l y  to be  " s i d e - t r a c k e d "  
on the  sur face ,  b u t  a r e  e f fec t ive ly  fo rced  to t he  a c -  
t ive  s i tes  for  depos i t i on  s ince  t he  o t h e r  zones a r e  
occup ied  w i t h  s t ea r i c  acid. 

Hi l l son  (15) in i n v e s t i g a t i n g  the  m e c h a n i s m  of 
t he  r e a c t i o n  at  a C u - C u  + + e l ec t rode  f o u n d  t h a t  t he  
r e a c t i o n  i n i t i a l l y  o c c u r r e d  on on ly  a s m a l l  f r ac t i on  
of the  e l e c t r o d e  sur face .  H e  a lso  o b s e r v e d  t h a t  s u r -  
face  ac t ive  m a t e r i a l s  t h a t  w e r e  p r e s e n t  on t h e  e l ec -  
t r o d e  w e r e  first  a d s o r b e d  on t h e  qu ie scen t  p a r t s  of 

13 T h e  w o r k  o f  L i n f o r d  a n d  G r u n w a l d  (8) has  s h o w n  tha t  t h e  
m e t h o d  of  so i l ing  e m p l o y e d  h e r e  l e f t  s u r f a c e s  w i t h  u n e v e n  d e p o s i t s  
o f  s tear ic  acid.  
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the  m e t a l  and  m e r e l y  s e r v e d  to b l o c k  the  m o b i l i t y  
of the  f r e s h l y  d e p o s i t e d  ada toms .  O n l y  w h e n  s u r -  
face  c o v e r a g e  w i t h  the  c o n t a m i n a n t  was  n e a r l y  c o m -  
ple te ,  w e r e  ac t ive  s i tes  covered .  

S i m i l a r l y ,  S a m a r t s e v  (16) m a d e  a mic roscop ic  
s t u d y  of s i lve r  depos i t i on  at  low c u r r e n t  dens i t ies .  
F r o m  e s p e c i a l l y  p u r e  solu t ions ,  c r y s t a l  g r o w t h  oc-  
c u r r e d  on ly  a t  c e r t a i n  ac t ive  nuc le i  and  c o n t i n u e d  
to g r o w  u n t i l  t h e  so lu t ion  a d j a c e n t  to t hese  nuc le i  
b e c a m e  so d e p l e t e d  of s i lve r  ions  t h a t  the  conc e n -  
t r a t i o n  p o l a r i z a t i o n  r e q u i r e d  for  c o n t i n u e d  c r y s t a l  
g r o w t h  e x c e e d e d  the  o v e r p o t e n t i a l  n e e d e d  to f o r m  
a f r e sh  nuc leus .  In  t he  p r e s e n c e  of t r aces  of i m -  
pu r i t i e s ,  c e r t a i n  faces  of the  c r y s t a l  s u d d e n l y  w e n t  
pas s ive  and  g r o w t h  p r o c e e d e d  f r o m  the  ac t ive  n u -  
c leus  in a t h r e a d l i k e  way .  

These  e a r l i e r  s tud ies  s u p p o r t  t he  v i ew  t h a t  con-  
t a m i n a n t s  such  as s t ea r i c  ac id  w h i c h  a r e  d e p o s i t e d  
on the  e l ec t rode  a r e  first  a d s o r b e d  p r e f e r e n t i a l l y  on 
s i tes  w h i c h  a r e  not  n e c e s s a r i l y  t he  ones a t  w h i c h  
f inal  m e t a l  depos i t i on  occurs .  

As the  s t ea r i c  ac id  becomes  o r i e n t e d  and  is su f -  
f ic ient  to  cover  m u c h  of t he  sur face ,  t h e  o ther ,  less  
p r e f e r r e d  s i tes  ( such  as those  n e e d e d  for  depos i t i on )  
become  covered ,  a n d  the  e x c h a n g e  c u r r e n t  for  the  
depos i t i on  does not  dec rea se  as c o v e r a g e  w i t h  f r e sh  
coppe r  increases .  The  d i f fe rence  in a c t i v a t i o n  e n -  
e rg ies  b e t w e e n  r a t e - c o n t r o l l i n g  s t eps  for  depos i t i on  
on a c a thode  f r e s h l y  so i led  w i t h  2.2 x 10 -v  g / c m  2 
s t ea r i c  ac id  and  a c l ean  one  can be  c o m p u t e d  d i r e c t l y  
f rom the  r a t i o  of the  e x c h a n g e  cu r ren t s ,  if t he  as -  
s u m p t i o n  t h a t  the  cons tan t s  and  the  ac t iv i t i e s  in  t he  
r a t e  equa t ions  s h o w n  b e l o w  a re  iden t i ca l .  Thus  

[--AG .... ] [13] 
ioc : (cons t )  acu+ + exp  R T  

[ - - A G  . . . .  ] [14]  io s : (cons t )  acu++ exp  �9 R T  

w h e r e  the  subsc r i p t s  c and  s r e f e r  to c l e an e d  and  
so i led  sur faces ,  r e spec t i ve ly .  

Us ing  the  va lue s  of 20.5 m a / c m  2 and  11.0 m a / c m  e 
for  soi led  and  c l eaned  sur faces ,  r e spec t i ve ly ,  and  
d i v i d i n g  Eq. [14]  b y  Eq. [13] g ives  

AG .... --AGsrev : 0.365 k c a l / g  mo le  

This  d i f fe rence  in a c t i v a t i o n  e n e r g y  is qu i t e  s m a l l  
and  ind i ca t e s  t h a t  t he  c o n t r i b u t i o n  w h i c h  the  
f r e s h l y  a p p l i e d  s t ea r i c  ac id  m a k e s  to i nc r ea s i ng  the  
r e a c t i o n  r a t e  is also smal l .  This  fac t  is in a g r e e m e n t  
w i t h  the  p i c t u r e  of t he  f r e s h l y  d e p o s i t e d  s t ea r i c  ac id  
a id ing  the  depos i t i on  b y  p r e f e r e n t i a l l y  cove r ing  up 
those  s i tes  w h i c h  a r e  not  ac t ive  for  depos i t ion .  

Recen t ly ,  T u r n e r  a n d  Johnson  (5)  s t ud i e d  the  
effect of c e r t a i n  a d d i t i o n  agen t s  on the  k i n e t i c s  of 
copper  e l e c t r o d e p o s i t i o n  f r o m  a su l f a t e  so lu t ion  and 
f o u n d  t h a t  t he  Ta fe l  e x c h a n g e  c u r r e n t  i n c r e a s e d  
w i t h  t he  a d d i t i o n  of s m a l l  a m o u n t s  of t h i o u r e a  or  
1 ( - - )  cys t ine .  F o r  ins tance ,  w i t h  t h iou rea ,  t he  e x -  
change  c u r r e n t  w i t h  4 x 10 -6 a n d  4 x 10 -~ mole /1  
of a d d i t i o n  a g e n t  was  of t he  o r d e r  of  10 m a / c m  2 
w h e r e a s ,  in t he  absence  of th is  a d d i t i o n  agent ,  t he  
e x p e r i m e n t a l  e x c h a n g e  c u r r e n t  was  abou t  3 m a / c m  2. 
T u r n e r  a n d  Johnson  conc luded  t h a t  t he  p r e s e n c e  of 
sma l l  quan t i t i e s  of t h i o u r e a  or  1 ( - - )  cys t ine ,  bo th  
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su l fu r  compounds ,  r e s u l t e d  in  the  f o r m a t i o n  of cop-  
p e r  sulf ide  in  t he  deposi t .  This  su r f ace  i m p u r i t y ,  
t h e y  a rgue ,  caused  the  m e c h a n i s m  of coppe r  e lec -  
t r o d e p o s i t i o n  to be  l i m i t e d  b y  su r face  di f fus ion of 
a d a t o m s  even  a t  h igh  c u r r e n t  dens i t i e s  w h e r e  n o r -  
m a l l y ,  for  c l ean  e lec t rodes ,  ion t r a n s f e r  w o u l d  be  
l imi t ing .  T u r n e r  a n d  J o h n s o n  also o b s e r v e d  a d e -  
c rease  in  ~c s i m i l a r  to t ha t  o b s e r v e d  in  th i s  r e s e a r c h  
w h e n  low c o n c e n t r a t i o n s  of the  o rgan ic  a d d i t i o n  
agen t s  w e r e  p resen t .  The  r e d u c t i o n  in  ac for  copper  
depos i t i on  a p p e a r s  to be  c h a r a c t e r i s t i c  of su r f ace  
d i f fus ion  as a l i m i t i n g  s tep  a n d  is in a g r e e m e n t  w i t h  
a r g u m e n t s  p r e s e n t e d  p r e v i o u s l y .  

Conclusions 
1. F l a t  p l a t e  e l ec t rodes  can  be  u t i l i zed  to y i e l d  

good, r e p r o d u c i b l e  k ine t i c  d a t a  w h e n  r i go rous  
s t a n d a r d s  of so lu t ion  and  e l ec t rode  p u r i t y  a r e  m a i n -  
t a ined .  The  v a l u e s  of the  k ine t i c  p a r a m e t e r s  d e -  
t e r m i n e d  for  c l ean  e l ec t rodes  a re  in e x c e l l e n t  a g r e e -  
m e n t  w i th  those  v a l u e s  o b t a i n e d  b y  o t h e r  i n v e s t i -  
ga to r s  us ing  s p h e r i c a l  e lec t rodes .  The  use  of f lat  
p l a t e  e l ec t rodes  has ,  h o w e v e r ,  t he  a d d e d  a d v a n t a g e  
of be ing  m o r e  a m e n a b l e  to s tud ies  of su r f ace  t r e a t -  
ments .  
2. O rga n i c  soils such as s t ea r i c  ac id  and  paraff in  oi l  
w h e n  p r e s e n t  in qua n t i t i e s  e q u i v a l e n t  to abou t  1 
m o n o l a y e r  affect  o v e r p o t e n t i a l  m e a s u r e m e n t s  and  
va lue s  of  t h e  k ine t i c  p a r a m e t e r s .  

3. F o r  coppe r  p l a t i n g  on c o p p e r  e lec t rodes ,  if  t h e  
q u a n t i t y  of o rgan ic  soil  is p r e s e n t  in  less t h a n  an  
a m o u n t  e q u i v a l e n t  to a b o u t  0.5 m o n o l a y e r ,  i ts  e f -  
fec t  on t h e  o v e r p o t e n t i a l  and  k ine t i c  p a r a m e t e r s  is 
neg l ig ib le .  

4. Ion  t r a n s f e r  is p r o b a b l y  not  t he  r a t e - c o n t r o l -  
l ing  s tep  for  e l ec t rodes  so i led  w i t h  the  e q u i v a l e n t  of  
abou t  1 m o n o l a y e r  of s t ea r i c  ac id  or  paraff in  oil. 
I n s t e a d  the  r a t e - d e t e r m i n i n g  s tep  occurs  on the  s u r -  
face  of the  e l ec t rode  and  is p o s s i b l y  su r f ace  diffusion.  
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The Uniformity of the Wetting and Dissolution 
of Germanium by Molten Indium 

A. A. Bergh and L. H. Holschwandner 

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 

ABSTRACT 

The two methods general ly applied to evaluate wett ing have been used to 
examine the wett ing of germanium by indium, and it is shown that in  order 
to get rel iable informat ion they both have to be used simultaneously.  A process 
yielding uni form wett ing is achieved by subjecting the ind ium and germanium 
separately to a h igh- tempera ture  (600~ hydrogen t rea tment  prior to al loy- 
ing and br inging them into contact in the same reducing atmosphere at ele- 
vated temperatures  (300~176 The effect of the different factors influencing 
wett ing is evaluated by int roducing them one by one into this process. Wett ing 
can be inhibi ted by trapped gas bubbles on the ge rman ium- ind ium interface 
and by the presence of germanium and ind ium oxides at the interface. The 
effects of the oxides are found to be most pronounced. It  is shown finally that  
the reproducibi l i ty  of the reverse junct ion  characteristics is greatly influenced 
by the uni formi ty  of wetting. 

In  the p r epa ra t i on  of p n p  al loy t rans is tors ,  spheres  
or disks of i n d i u m  are placed on  the opposite sides 
of a < 1 1 1 >  or ien ted  n - t y p e  g e r m a n i u m  wafe r  and  
hea ted  to a l low the  i n d i u m  to melt .  The  m o l t e n  i n -  
d i u m  wets  the  g e r m a n i u m  surface  and  dissolves pa r t  
w a y  in to  the  wafer .  As the m o l t e n  a l loy is cooled 
the  dissolved g e r m a n i u m  recrys ta l l izes  at the  l i qu i d -  
solid in te r face  of the  wafe r  which  acts as a s ing le -  
c rys ta l  seed. Since the  recrys ta l l i zed  g e r m a n i u m  
conta ins  i n d i u m  in  solid solut ion,  a p - n  j u n c t i o n  
forms b e t w e e n  the o r ig ina l  and  recrys ta l l i zed  m a t e -  
rials.  M a n y  difficulties in  this  process have  been  a t -  
t r i b u t e d  to n o n u n i f o r m  we t t i ng  and  d issolu t ion  of 
g e r m a n i u m  by  the  m o l t e n  ind ium,  r e su l t i ng  in  i r -  
r egu l a r  junc t ions .  The  purpose  of this  i nves t iga t ion  
was  to de t e rmine  the  effect of d i f ferent  factors  on  
we t t i ng  and  to collect i n f o r m a t i o n  abou t  the r e l a -  
t ionship  b e t w e e n  electr ical  character is t ics  and  the  
u n i f o r m i t y  of wet t ing .  To accomplish  this  first a 
re l iab le  eva lua t i on  me thod  was needed,  i.e., the  
l imi t a t ions  of methods  used at p resen t  had  to be 
eva lua ted .  

Evaluation of Wet t ing  
Two wide ly  accepted t echn iques  (1, 2) to eva lua t e  

the u n i f o r m i t y  of w e t t i n g  and  d isso lu t ion  are (i)  the  
r emova l  of i n d i u m  by  chemical  e tching  ( concen-  
t r a t ed  HC1) af ter  a l loy ing  fol lowed by  a mic ro -  
scopic e x a m i n a t i o n  of the  r e g r o w n  g e r m a n i u m  s u r -  
face, and  (ii) the p r e p a r a t i o n  of l i nea r  cross sec- 

t ions o r thogona l  to the a l loyed  area. Whi le  the  i n -  
f o r ma t i on  about  we t t i ng  by  the first me thod  is ob-  
t a ined  indi rec t ly ,  i.e., by  a s suming  tha t  the r e g r o w n  
g e r m a n i u m  surface  closely resembles  the  shape of 
the junc t ion ,  the  second me thod  is l imi ted  to an  a r -  
b i t r a r y  cross section. Since the  above a s sumpt ion  
is no t  a lways  va l id  as shown  be}ow in  detail ,  it 
p roved  to be necessary  to use bo th  methods  s i m u l -  
t a ne ous l y  to a r r i ve  at r e l i ab le  conclusions.  

E x a m i n a t i o n  of m a n y  samples  r evea led  th ree  
types  of i r regu la r i t i e s  based on the k ine t ics  of the i r  
fo rmat ions :  ( i)  No w e t t i ng  or d issolu t ion  and  no 
r eg rowth  at ce r ta in  spots (Fig. 1). A " ba r r i e r "  has 

Fig. 1. No wetting or dissolution and no regrowth. A, regrown 
germanium surface; B, vertical cross section of the unwetted area. 
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Fig. 4. Schematic cross section of the alloying apparatus 

Fig. 2. No wetting or dissolution but the unwetted area par- 
tially hidden by the regrowth. A, regrown germanium surface; B, 
vertical cross section of the unwetted spot. 
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germanium. 
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Fig. 3. Limited dissolution but uniform wetting and regrowth, 
revealed by the elevated junction on the vertical cross section 
(B) : A, regrown germanium surface. 

s e p a r a t e d  the  g e r m a n i u m  f rom the  i n d i u m  d u r i n g  
the  en t i r e  a l l o y i n g  process .  The  o r ig ina l  g e r m a n i u m  
su r f ace  is r e v e a l e d  u n c h a n g e d  and  p r o b e  tes t  shows  
i t  s t i l l  to be  n - t y p e .  ( i i )  No w e t t i n g  or  d i sso lu t ion ,  
b u t  t he  u n w e t t e d  spo t  p a r t i a l l y  or f u l l y  h i d d e n  b y  
the  r e g r o w t h  (Fig .  2) .  H e r e  t he  shape  of  t he  r e -  
c r y s t a l l i z e d  g e r m a n i u m  su r f ace  y i e lds  m i s l e a d i n g  
i n f o r m a t i o n  abou t  t he  pos i t ion  of t he  junc t ion .  ( i i i )  
U n i f o r m  we t t i ng ,  l i m i t e d  d i s so lu t ion  and  r e g u l a r  
r e g r o w t h  (Fig .  3) .  The  " b a r r i e r "  s e p a r a t i n g  the  
g e r m a n i u m  f r o m  the  m o l t e n  a l l oy  has  b e e n  r e -  
m o v e d  on ly  d u r i n g  the  d i s so lu t ion  p rocess  r e d u c i n g  
the  t i m e  for  d i sso lu t ion .  In  a l l  t h r e e  cases  a b a r -  
r i e r  of some k i n d  has  s e p a r a t e d  the  g e r m a n i u m  s u r -  
face  f r o m  the  m e l t  d u r i n g  a l l  or  a p a r t  of t he  d i s -  

so lu t ion  process .  S ince  t h e r e  a r e  s e v e r a l  f ac to rs  
w h i c h  m i g h t  act  as b a r r i e r s  a l l  of w h i c h  m a y  be  
p r e s e n t  in a m a n u f a c t u r i n g  process ,  t h e i r  i n d i v i d u a l  
effects could  be  s t ud i ed  o n l y  b y  i n t r o d u c i n g  t h e m  one 
b y  one into  an  a l l o y i n g  p rocess  y i e l d i n g  u n i f o r m  
w e t t i n g  and  d isso lu t ion .  

Exper imenta l  T e c h n i q u e s  
A schema t i c  cross  sec t ion  of t he  a l l oy ing  a p p a r a t u s  

is s h o w n  in Fig.  4. The  s q u a r e  s h a p e d  g e r m a n i u m  
w a f e r  6.25 m m  on one side,  0.125 m m  th ick ,  and  cut  
p a r a l l e l  to the  (111) p l a n e  was  p l aced  in  a g r a p h i t e  
boa t  and  p a r t i a l l y  cove red  b y  a g r a p h i t e  cy l inde r .  A 
g r a p h i t e  s l ide  con t a ined  the  i n d i u m  sphere ,  1.52 m m  
in d i a m e t e r ,  and  a g r a p h i t e  p i s ton  w h i c h  could  be  
success ive ly  d r o p p e d  ove r  the  g e r m a n i u m  w a f e r  b y  
m o v i n g  the  s l ide  w i t h  the  he lp  of a m a g n e t  f rom the  
outs ide .  A f t e r  c los ing  t h e  fu rnace ,  d r y  a n d  o x y g e n  
f ree  h y d r o g e n  was  i n t r o d u c e d  and  the  gas f lushing 
(3.5 1 /min)  c o n t i n u e d  ove r  t he  en t i r e  process .  The  
t e m p e r a t u r e  was  r a i s ed  to 600~ and  k e p t  t h e r e  for  
30 ra in  to r e m o v e  the  su r face  ox ides  f r o m  the  a l l o y -  
ing componen t s .  A f t e r  r e d u c t i o n  the  t e m p e r a t u r e  
was  l o w e r e d  to 300~ and  the  i n d i u m  and  g r a p h i t e  
p i s ton  w e r e  d r o p p e d  ove r  t he  g e r m a n i u m .  A l l o y i n g  
was  c a r r i e d  out  a t  550~ d u r i n g  a t e m p e r a t u r e  cyc le  
r e p r e s e n t e d  in Fig .  5. A f t e r  cool ing the  fu rnace  b e -  
low 50~ the  h y d r o g e n  f lush was  r e p l a c e d  b y  a n i t r o -  
gen f lush for  a b o u t  5 min ,  t he  f u r n a c e  opened,  and  
the  a l l o y e d  un i t s  r e m o v e d .  

Ef fect  of  the  D i f f e r e n t  Factors I n f l u e n c i n g  W e t t i n g  

As a r e su l t  of t he  above  process ,  u n i f o r m  w e t t i n g  
could  be  a c h i e v e d  r e p r o d u c i b l y  on g e r m a n i u m  w a -  
fers  w i t h  d i s loca t ion  dens i t i e s  r a n g i n g  f r o m  zero to 
10,000/cm 2. The  effect of t he  d i f f e ren t  fac tors  on  
w e t t i n g  could  be e v a l u a t e d  now b y  i n t r o d u c i n g  t h e m  
one b y  one in to  th i s  process .  
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The  fac to rs  r ece iv ing  mos t  cons ide r a t i on  as poss i -  
b le  b a r r i e r s  s e p a r a t i n g  the  g e r m a n i u m  su r f ace  f rom 
the  m o l t e n  i n d i u m  are :  ( i )  gas b u b b l e s  t r a p p e d  on 
the  g e r m a n i u m - i n d i u m  in t e r f ace ;  ( i i )  i n d i u m  o x i d e  
h a v i n g  a h i g h e r  m e l t i n g  po in t  t h a n  t h a t  of i n d i u m ;  
( i i i )  ox ide  f i lm on the  g e r m a n i u m  surface .  T h e i r  
effect on the  u n i f o r m i t y  of w e t t i n g  w i l l  be  e x a m i n e d  
in tu rn .  

Gas bubbles.--An i nd i ca t i on  t ha t  gas b u b b l e s  
m i g h t  p r e v e n t  w e t t i n g  is found  in t he  c i r c u l a r  a p -  
p e a r a n c e  of m a n y  u n w e t t e d  a r eas  (3 ) .  Conce rn ing  
the  poss ib le  sources  for  b u b b l e  f o r m a t i o n  the  f o l l o w -  
ing  f ac to r s  w e r e  e v a l u a t e d :  ( i )  m e c h a n i c a l l y  
t r a p p e d  gas  f r o m  the  f u r n a c e  a t m o s p h e r e ,  ( i i )  gas  
p r o d u c t s  of t he  r e d u c t i o n  of g e r m a n i u m  a n d / o r  i n -  
d i u m  ox ides  i f  a l l oy ing  in a r e d u c i n g  a t m o s p h e r e .  

In  t he  p r e v i o u s l y  d e s c r i b e d  a l l o y i n g  process  ( r e -  
f e r r e d  to h e r e i n  as t he  " s t a n d a r d "  p rocess )  t he  
s p h e r i c a l  m o l t e n  i n d i u m  is d r o p p e d  ove r  the  g e r m a -  
n i u m  su r face  and  is fo rced  to s p r e a d  out  s y m m e t r i -  
ca l ly  to a c i r c u l a r  d i sk  shape.  In  t he  course  of 
s p r e a d i n g  the  gas  is fo rced  f rom the  pi ts  on the  
g e r m a n i u m  su r face  thus  p r e v e n t i n g  the  t r a p p i n g  of 
gas f rom the  f u r n a c e  a t m o s p h e r e  as i n d i c a t e d  b y  the  
l a ck  of a n y  u n w e t t e d  spots.  On the  o the r  h a n d  if  
a p r e v i o u s l y  d e f o r m e d  c i r cu l a r  i n d i u m  d i sk  is p l a c e d  
over  t he  g e r m a n i u m  su r f ace  as s h o w n  in Fig .  6 i t  
w i l l  first  m e l t  a t  the  ou t s ide  p e r i p h e r y  t r a p p i n g  the  
gas  b e t w e e n  t h e  i n t e r f aces  and  e n a b l i n g  i t  to e scape  
on ly  t h r o u g h  the  b u l k  of the  ind ium.  F i g u r e  7 shows  
the  r e c r y s t a l l i z e d  g e r m a n i u m  sur faces  of two  such 
al loys .  The  e l e m e n t  on p i c tu r e  A was  a l l o y e d  a t  
450~ and  the  l a r g e  c i r c u l a r  u n w e t t e d  a r ea  in the  

GAS TO BE TRAPPED ON THE 
~ INTERFACE 

~ INDIUM DISC 

V / / / / ~ / / / / J  
~ , \  \ \ \  \ \ \  \ \  \ \  \ \  \ \ \ \  \ \ 1  

~ G e  WAFER 

Fig. 6. Schematic cross section of the indium disk deformed in 
order to trap a gas bubble on the indium-germanium interface. 
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cen te r  of the  r e g r o w t h  ind ica t e s  a c o m p l e t e  s e p a r a -  
t ion  of  the  i n d i u m  and  g e r m a n i u m  d u r i n g  the  w h o l e  
process .  The  flat, bu t  e l e v a t e d  cen t e r  p o r t i o n  on p ic -  
t u r e  B ind ica t e s  t h a t  t he  gas  b u b b l e  e s caped  d u r i n g  
the  d i s so lu t ion  p rocess  l e a v i n g  t ime  on ly  for  a l i m -  
i t ed  a m o u n t  of d i sso lu t ion .  This  in t u r n  r e s u l t e d  in  
an e l e v a t e d  base  and  thus  an  e l e v a t e d  reg ion .  The  
m a g n i t u d e  of  th is  e l e v a t i o n  can  be  used  to d e t e r m i n e  
the  a p p r o x i m a t e  t e m p e r a t u r e  at  w h i c h  the  gas  b u b -  
b le  escapes.  No c o r r e l a t i o n  could  be  e s t a b l i s h e d  b e -  
t w e e n  the  p a r a m e t e r s  of t he  g e r m a n i u m  (e.g., d i s lo -  
ca t ion  d e n s i t y  f r o m  0 to 10,000/cm 2) and  the  t e m -  
p e r a t u r e  at  w h i c h  the  b u b b l e s  escape.  The  g e n e r a l -  
i za t ion  can be  made ,  h o w e v e r ,  t ha t  t h e y  a re  l a r g e l y  
e l i m i n a t e d  b e t w e e n  450 ~ and  500~ S i m i l a r  to the  
p u r p o s e l y  i n t r o d u c e d  cav i t i es  t h e r e  a re  a g r e a t  n u m -  
b e r  of sma l l  cav i t i e s  due  to su r f ace  roughnes se s  on 
bo th  the  i n d i u m  and  g e r m a n i u m  sur faces  w h e n e v e r  
an  i n d i u m  d i sk  is app l ied .  The  r e s u l t i n g  e l eva t i ons  in 
the  j u n c t i o n  a r e  g e n e r a l l y  s m a l l  in size, a re  cove red  
b y  the  r e g r o w t h ,  and  have  no a p p r e c i a b l e  effect on 
the  r e v e r s e  j u n c t i o n  cha rac te r i s t i c s .  

A n o t h e r  poss ib le  source  of b u b b l e  f o r m a t i o n  is 
t he  gaseous  p r o d u c t s  of t he  r e d u c t i o n  of t he  g e r m a -  
n i u m  and  i n d i u m  oxides .  E x a m i n i n g  h o w e v e r  t he  
m e c h a n i s m  of t he  w e t t i n g  in connec t ion  w i t h  the  
r e d u c t i o n  of t he  ox ide  fi lms, i t  becomes  a p p a r e n t  t h a t  
the  p r o b a b i l i t y  of a n y  gas  t r a p p i n g  is e x t r e m e l y  
s l igh t  d u r i n g  th is  process .  W h e n  an  i n d i u m  disk,  
p r e v i o u s l y  e x p o s e d  to a i r  a t  100~ for  1 h r  is p l a c e d  
on a g e r m a n i u m  su r face  p r e v i o u s l y  r i n s e d  in d i l u t e  
HC1, i t  r e t a i n s  i ts  shape  even  above  t h e  m e l t i n g  
po in t  (156~ and  is r e s t r a i n e d  f rom w e t t i n g  b y  the  
con t inuous  ox ide  film. A t  h i g h e r  t e m p e r a t u r e s  w h e n  
the  h y d r o g e n  becomes  effect ive  in r e d u c i n g  the  ox ide  
film, the  t h i ckness  and  m e c h a n i c a l  s t r e n g t h  of t he  
f i lm is r educed ,  t hus  y i e l d i n g  to t he  forces  e x t e n d e d  
b y  the  r e s t r a i n e d  mel t .  Once  the  o x i d e  she l l  is 
b r o k e n  the  m o l t e n  and  ox ide  f r ee  i n d i u m  flows ou t  
of i ts enc losure  and  we t s  t he  g e r m a n i u m  surface .  
The  a b o v e  m e c h a n i s m  is c l e a r l y  i l l u s t r a t e d  in  Fig.  8. 
In  p i c t u r e  A the  o x i d e  she l l  was  b r o k e n  a t  200~ b y  
a p p l y i n g  p r e s s u r e  on the  i n d i u m  disk.  The  l i gh t  
c i rc le  shows  the  a r e a  w h e r e  the  i n d i u m  w e t t e d  the  
g e r m a n i u m  su r f ace  and  the  d a r k  c e n t r a l  po r t i on  is 
s t i l l  c o m p l e t e l y  p r o t e c t e d  b y  the  r e m a i n i n g  ox ide  
film. P i c t u r e  B shows  the  r e g r o w t h  f rom w h i c h  the  

Fig. 7. Effect of gas bubbles trapped on the indium-germanium 
interfaces. Regrown germanium surfaces after alloying at 450~ (A) 
and 550~ (B). 

Fig. 8. Effect of indium oxides on wetting. Regrown germanium 
surfaces after alloying at 200~ (A) and 550~ (B). 



Vol. 110, No. 8 U N I F O R M I T Y  O F  W E T T I N G  O F  G e  b y  I n  907 

i n d i u m  has  been  r e m o v e d  a f t e r  a l l oy ing  at  550~ 
The n e a r l y  c i r c u l a r  a r e a  cove red  w i t h  u n w e t t e d  
spots  is s u r r o u n d e d  b y  two  c i r cu l a r  po r t i ons  bo th  
h a v i n g  v e r y  smooth ,  r e g u l a r  a p p e a r a n c e s .  I t  is in -  
t e r e s t i n g  to no te  also t h a t  the  u n w e t t e d  spots  a r e  i r -  
r e g u l a r  in  shape  in  c o n t r a s t  to t he  c i r c u l a r  shape  of 
those  due  to gas bubb les .  Once the  ox ide  f i lm is s u r -  
r o u n d e d  b y  the  me l t ,  f u r t h e r  r e d u c t i o n  can  occur  
on ly  if t he  h y d r o g e n  can p e n e t r a t e  to t he  g e r m a -  
n i u m - i n d i u m  in te r faces .  The  pos s ib i l i t y  of such a 
p e n e t r a t i o n  is shown  to be  v e r y  u n l i k e l y  b y  the  r e -  
sul ts  of t he  fo l lowing  e x p e r i m e n t .  

A f t e r  r e d u c i n g  bo th  t he  i n d i u m  and  g e r m a n i u m  
surfaces ,  the  i n d i u m  sphe re  was  d r o p p e d  ove r  t he  
g e r m a n i u m  at  300~ cooled to r o o m  t e m p e r a t u r e ,  
and  r e m o v e d  f r o m  the  fu rnace .  F o l l o w i n g  th is  o p e r a -  
t ion,  t he  e l e m e n t  w a s  e x p o s e d  to a i r  a t  10O~ for 2 h r  
and  a l l o y e d  in  a s l i g h t l y  ox id i z ing  a t m o s p h e r e  at  
550~ After removing the indium, no unwetted 
spots were revealed on the regrown germanium in- 
dicating that once the indium is tacked to the germa- 
nium surface the interfaces are completely protected 
from oxidation and, most probably, from any gas 
penetration, thus ruling out any reduction by hydro- 
gen at the interfaces. The conclusion can be drawn 
therefore that the only important source for bubble 
formation is mechanically trapped gases from the 
furnace atmosphere, the amount of which is greatly 
affected by the geometry of the alloying components. 

Indiu~n and germanium oxides . - -The  i n h i b i t i n g  
affect  of bo th  i n d i u m  and  g e r m a n i u m  ox ides  on 
w e t t i n g  has  been  p r e v i o u s l y  a c k n o w l e d g e d  (3, 4) 
and  the  neces s i t y  of r e d u c i n g  bo th  componen t s  p r i o r  
to a l l o y i n g  in  o r d e r  to ach ieve  u n i f o r m  w e t t i n g  es-  
t ab l i shed .  No a t t e m p t  was  m a d e  h o w e v e r  to s t u d y  
t h e i r  in f luence  s e p a r a t e l y  b y  k e e p i n g  the  ox ide  
th i ckness  cons t an t  on one c o m p o n e n t  w h i l e  v a r y i n g  
i t  on the  o ther .  This  i n f o r m a t i o n  is n e c e s s a r y  h o w -  
eve r  to e s t ab l i sh  i dea l  a l l o y i n g  cond i t ion  in  case  t he  
i n d i u m  and  g e r m a n i u m  canno t  be  p re f i r ed  in h y d r o -  
gen  in  t he  a l l o y i n g  fu rnace .  

F la t ,  c i r c u l a r  i n d i u m  disks ,  4.32 m m  in d i a m e t e r  
and  0.26 m m  th ick ,  w e r e  a l l oyed  on g e r m a n i u m  w a -  
fers  s im i l a r  to those  r e p o r t e d  in  t he  p r e v i o u s  e x p e r i -  
ments .  Bo th  c o m p o n e n t s  w e r e  used  w i t h  t h r e e  d i f f e r -  
en t  ox ide  f i lms p r e p a r e d  by :  ( i )  r e d u c t i o n  in  h y d r o -  
gen  at  600~ for  30 m i n  w i t h  t he  a l l o y i n g  f u r n a c e  
(ox ide  f r e e ) ,  ( i t )  r i n s ing  the  i n d i u m  p e l l e t  and  the  
g e r m a n i u m  w a f e r  in  d i l u t e  h y d r o c h l o r i c  ac id  p r i o r  
to a l l o y i n g  ( e t c h e d ) ,  ( i i i )  k e e p i n g  the  i n d i u m  at  
100~ and  the  g e r m a n i u m  at  200~ for  1 h r  in  a i r  
h a v i n g  a r e l a t i v e  h u m i d i t y  of 35% at  25~ ( o x i -  
d i zed ) .  A l l  e x p e r i m e n t s  w e r e  r e p e a t e d  s e v e r a l  t i m e s  
us ing  the  a l l o y i n g  cond i t ions  d e s c r i b e d  u n d e r  " E x -  
p e r i m e n t a l  Techn iques . "  T h e i r  s equence  w i t h  the  
c o r r e s p o n d i n g  r e p r e s e n t a t i v e  p i c t u r e  is s u m m a r i z e d  
be low.  

P r e p a r a t i o n  P r e p a r a t i o n  C o r r e s p o n d i n g  
N o ,  o f  g e r m a n i u m  o f  i n d i u m  f i g u r e  

1 Oxidized Etched 9A 
2 Etched Etched 9B 
3 Oxide free Etched 9C 
4 Etched Oxidized 8B center  
5 Etched Oxide f ree  8B pe r iphe ry  % 

Fig. 9. Effect of germanium oxides on wetting. Indium rinsed in 
dil. HCI was alloyed on oxidized (A), etched (B) and oxide free 
(C) germanium. 

The  ox ide  th i ckness  was  k e p t  cons t an t  on the  i n -  
d i u m  pe l l e t  w h i l e  t h a t  of the  g e r m a n i u m  was  v a r i e d  
on the  a l l o y e d  un i t s  s h o w n  in Fig .  9. In  p i c t u r e  A a 
l a r g e  u n w e t t e d  a r e a  is s u r r o u n d e d  b y  a u n i f o r m  
r e g r o w t h .  The  size of t he  u n w e t t e d  a r e a  is r e d u c e d  
in p i c t u r e  B w h i l e  the  a r e a  of u n i f o r m  w e t t i n g  in -  
creases .  In  p i c t u r e  C f ina l ly  on ly  a f ew  s m a l l  u n -  
w e t t e d  spots,  some of t h e m  p r o b a b l y  due  to t r a p p e d  
gases,  i nd ica t e  t he  effect of the  i n d i u m  oxide .  S ince  
the  r e su l t s  of e x p e r i m e n t s  4 and  5 a r e  v e r y  s i m i l a r  
to those  of 1 and  3, r e spec t i ve ly ,  no p i c t u r e s  of these  
e x p e r i m e n t s  a r e  shown.  The  r e a d e r  is r e f e r r e d  in -  
s t ead  to Fig .  8B w h e r e  the  cond i t ions  of  these  e x -  
p e r i m e n t s  a r e  e s s e n t i a l l y  dup l i ca t ed .  T h e  u n i f o r m  
u n w e t t e d  a r e a  in t he  cen t e r  is due  to t h e  i n d i u m  
ox ide  and  the  p e r i p h e r y  shows  the  u n i f o r m  r e g r o w t h  
a f t e r  a l l oy ing  ox ide  f ree  i n d i u m  over  e t ched  g e r -  
m a n i u m .  C o m p a r i n g  the  r e su l t s  of e x p e r i m e n t  2 
(bo th  c o m p o n e n t s  e t ched )  w i t h  those  of 3 and  5 (one  
c o m p o n e n t  e tched,  t h e  o the r  ox ide  f r e e ) ,  a m u c h  
g r e a t e r  r e d u c t i o n  in  the  size of t he  u n w e t t e d  a r eas  
can  be  d e t e c t e d  t h a n  t h a t  e x p e c t e d  f r o m  the  e x p e r i -  
m e n t a l  condi t ions .  In  e x p e r i m e n t  2 bo th  c o m p o n e n t s  
a r e  cove red  b y  a l igh t  o x i d e  l a y e r  w h i c h  is r e m o v e d  
f rom one  of t he  c o m p o n e n t s  in  the  fo l lowing  two  
cases. I f  t he  u n w e t t e d  a r e a  w e r e  p r o p o r t i o n a l  to the  
t o t a l  a m o u n t  of ox ides  p resen t ,  the  s u m  of t he  u n -  
w e t t e d  a r eas  in  e x p e r i m e n t s  3 and  5 shou ld  be a p -  
p r o x i m a t e l y  equa l  to t h a t  f o u n d  in e x p e r i m e n t  2. 
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Fig. 10. Effect of wetting on the reverse junction characteristics 
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Ins tead,  t en  repea ted  e x p e r i m e n t s  showed tha t  the  
sum of the u n w e t t e d  areas  f rom e x p e r i m e n t s  3 a nd  5 
was  m u c h  less t h a n  the  u n w e t t e d  a rea  for expe r i -  
m e n t  2. In  severa l  cases the re  was  no  u n w e t t e d  a rea  
in  e x p e r i m e n t  5. This indica tes  tha t  ( i)  the  u n w e t t e d  
area  is not  l i n e a r l y  p ropor t iona l  to the sum of the  
oxides and  tha t  a ce r t a in  a m o u n t  of g e r m a n i u m  
oxide migh t  be r emoved  by  oxide free ind ium,  (it) 
a ce r ta in  m i n i m u m  a m o u n t  of oxide is necessa ry  to 
resu l t  in  u n w e t t e d  spots. The resul t s  of e x p e r i m e n t s  
1 t h rough  5 ind ica te  tha t  n o n w e t t i n g  can be caused 
by  oxides on the  i nd ium,  the  g e r m a n i u m ,  or both. 

Effect of Wetting on the 
Reverse Current Characteristics 

The u n i f o r m i t y  of we t t i ng  has a lways  been  con-  
s idered one  of the  most  i m p o r t a n t  factors  c o n t r i b u t -  
ing to h igh reverse  cu r r en t s  in  t r ans i s to r  m a n u f a c -  
tu r ing .  A n  a t t e m p t  was  made  there fore  to es tabl ish  
cor re la t ions  b e t w e e n  reverse  character is t ics  a nd  
wet t ing .  Diodes f rom the  p rev ious ly  discussed m a -  
ter ia ls  were  p r epa red  u n d e r  di f ferent  condi t ions,  t en  
to t w e n t y  of each, and  the reverse  charac ter is t ics  
measured .  Wi th  the except ion  of our  s t a n d a r d  proc-  
ess the resul t s  were  found  to be er ra t ic  and  showed 
grea t  va r i a t ions  b e t w e e n  the two l im i t i ng  va lues  
r ep resen ted  in  Fig. 10. 
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A s u m m a r y  of the e x p e r i m e n t a l  condi t ions  is g iven  
be low:  
No. of P repa ra t ion  P repa ra t ion  In t roduced  

test  of g e r m a n i u m  of i nd ium gas  bubbles  

1, 2 Oxide free Oxide free None 
3, 4 Oxide free Oxide free Some 
7, 8 Oxide free Oxidized None 
9, 10 Oxidized Oxide free None 
5, 6 Etched Etched None 

On e x a m i n i n g  the  r e g r o w n  g e r m a n i u m  surfaces no 
direct  cor re la t ion  could be es tabl i shed b e t w e e n  the 
reverse  character is t ics  and  the  n u m b e r  and  shape of 
the  u n w e t t e d  areas.  Al l  factors  r e su l t ing  in  n o n u n i -  
fo rm w e t t i ng  decrease the  r ep roduc ib i l i t y  of the  r e -  
verse  j u n c t i o n  character is t ics  w i t h  the  grea tes t  effect 
be ing  p robab ly  f rom the g e r m a n i u m  oxides. 

Manuscript  received Aug. 8, 1962; revised m a n u -  
script received Nov. 29, 1962. This paper was presented 
at the Houston Meeting, Oct. 9-13, 1960. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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The Spreading of Molten Indium Over Germanium 
A. A. Bergh 

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 

ABSTRACT 

The control over the spreading of molten metals over semiconductor sur-  
faces presents many  difficulties in  the manufac ture  of alloy junct ion  transistors.  
The spreading of molten ind ium over germanium surfaces has been investigated 
to gain better  unders tand ing  about the effect of different factors influencing 
spreading. The effect of various imperfections in  the germanium crystal, rate of 
tempera ture  rise, size of the ind ium sphere, preparat ion of the germanium 
surface, gaseous ambient,  and oxides of the alloying components were evaluated 
vs. an arbi t rar i ly  chosen s tandard procedure. The most favorable conditions 
for spreading were obtained by using germanium crystals free of imperfections, 
slow tempera ture  rise, iner t  atmosphere, a small amount  of germanium oxide, 
and oxide free indium. 

Curren t  theories are inadequate  to explain our exper imental  results; their  
deficiencies are shown in detail. Comparing the results with those of spreading 
liquid metals over solid metals it is concluded that the anisotropy of the single 
crystal ge rmanium toward the dissolution in mol ten ind ium and the surface 
roughness influence pr imar i ly  the geometry of the wetted area, and the most 
impor tant  single factor contr ibut ing to spreading is the reduction of germa-  
n ium oxides by ind ium probably enhanced by surface migration.  

The  control  over  the sp read ing  of l iqu id  meta l s  
over  semiconduc to r  surfaces  p resen t s  m a n y  difficul- 
ties in  the  p r e p a r a t i o n  of semiconduc to r  devices and  
especia l ly  in  the  m a n u f a c t u r e  of al loy j u n c t i o n  t r a n -  
sistors. Whi le  the  sp read ing  of l iqu id  meta l s  over  
solid meta l s  has been  the  subjec t  of m a n y  prev ious  
inves t iga t ions  (1) v e r y  l i t t le  i n f o r m a t i o n  is ava i l -  
able  conce rn ing  the sp read ing  of l iqu id  meta l s  over  

semiconduc tor  surfaces.  L iqu id  i n d i u m - g e r m a n i u m  
is one of the most  f r e q u e n t l y  inves t iga ted  sys tems 
(2-6) ,  however ,  the conclus ions  reached  are pa r t l y  
con t rad ic to ry  and  p a r t l y  res t r i c ted  to a few special  
e x p e r i m e n t a l  condit ions.  A n  a t t empt  was made  
therefore  to d e t e r m i n e  the  effect of m a n y  differ-  
en t  factors in f luenc ing  the  sp read ing  of l i qu id  i n -  
d i u m  over  g e r m a n i u m  surfaces  and  to e x a m i n e  
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Fig. 1. Schematic diagram of the alloying apparatus 

the  c u r r e n t  theor ies  exp l a in ing  this  process in  the  
l ight  of our  e x p e r i m e n t a l  resul ts .  

Experimental  

Our  e x p e r i m e n t a l  t e chn ique  was  bas ica l ly  the  
same as tha t  used for  the p r e p a r a t i o n  of al loy j u n c -  
t ion t rans i s to rs  (7) .  A schemat ic  d i a g r a m  of the  a l -  
loying  appa ra tu s  is shown  in  Fig. 1 ; i t  consists of two 
40 m m  ID P y r e x  tubes  connec ted  by  an  O - r i n g  joint .  
The first t ube  t e r m i n a t e s  in  a 6 m m  ID in le t  t ube  for 
gas f lushing,  and  it is s u r r o u n d e d  by  a wa t e r - c oo l i ng  
jacke t  except  for a shor t  tube,  16 m m  OD, which  is 
covered by  an  optical  flat. This  w i n d o w  served to ob-  
serve the behav io r  of the i n d i u m  d u r i n g  a l loy ing  
t h rough  a 40 power  stereo microscope. The second 
tube  has ex tens ions  for the  gas out le t  and  for the  
e lectr ical  w i r i n g  connec ted  to the  hea t ing  e l e me n t  
and  the the rmocoup le  probe.  Al l  gases were  dr ied  in  
a Bake r  Deoxo P u r i d r y e r  (moi s tu re  con ten t  < 4  
p p m )  and  flow ra te  of 2.5 1 /min  was m a i n t a i n e d  
d u r i n g  all  exper imen t s .  The a l loy ing  cycle was  p ro -  

g r a m m e d  to m a i n t a i n  a l i nea r  t e m p e r a t u r e  rise be -  
t w e e n  100 ~ a nd  600~ The t e m p e r a t u r e  was  au to -  
ma t i ca l l y  recorded  by  a B r o w n  Str ip  Char t  I n s t r u -  
ment .  

Materials.---The different  size i n d i u m  spheres  were  
supp l ied  by  A l pha  Metals  Inc.  f rom 99.999% p u r i t y  
mater ia l .  Al l  g e r m a n i u m  wafers  were  cut  f rom 2-5 
o h m - c m  n - t y p e  m a t e r i a l  pa ra l l e l  to the  (111) plane.  
The shape of the  wafers  was  square  or c i rcu la r  h a v -  
ing a side or d i ame te r  of 6.35 mm,  respect ive ly ,  and  
a th ickness  of 0.15-0.25 mm.  

Before cu t t ing  the  wafers  all  the g e r m a n i u m  slices 
were  ca re fu l ly  e x a m i n e d  for both  the  n u m b e r  and  
shape of etch pits by  expos ing  t h e m  to CP-4.  Severa l  
inves t iga tors  have  repor ted  the  occur rence  of th ree  
d i f ferent  types  of etch pi ts  ( u sua l l y  des igna ted  as A, 
B, a nd  C pi ts)  on CP-4  e tched g e r m a n i u m  surfaces  
(9-14) .  The A pits  have  a t e r raced  conical  shape  
and  cor respond to dis locat ions as shown  by  Vogel 
et al. (8) .  The  t r i a n g u l a r  B a nd  the  round ,  smooth,  
sha l low C pits are  p r o b a b l y  due  to some c o n t a m i n a -  
t ion, such as SiO2 prec ip i ta te  (12, 14) in  the  g e r m a -  
n i u m  crys ta l  latt ice.  Al l  e xpe r i me n t s  repor ted  in  this  
paper  we re  car r ied  out on ma te r i a l s  exh ib i t i ng  o n l y  
A type  pits. The  behav io r  of the  g e r m a n i u m  showing  
B and  C type  pi ts  wi l l  be the  subjec t  of a fo r thcoming  
publ ica t ion .  I t  can be s ta ted  in  general ,  however ,  tha t  
smal le r  we t t ed  areas were  observed  on ma te r i a l s  
showing  B-  and  C - t y p e  pi ts  t h a n  on those repor ted  
here.  

Resu l t s . - -A  set of condi t ions  have  b e e n  selected as 
our  s t a n d a r d  p rocedure  as follows: Lapped  g e r m a -  
n i u m  wafers  we re  etched in  "superoxol ,  ''1 r insed  in  

1 1:1:3 by v o l u m e  of  H20~ (30%), HF  (48%), and water .  

Table I. Summary of the effect of the different factors on spreading 

Shape  of  Spreading  
Variable Conditions wet ted  area  ratio 

125~ C 1.6 
Rate of temp rise 33~ C-H 2.0 

8.3 ~ H 3.0 SP 

0.175 m m  T 2.9 
Diameter  of In  sphere 0.450 mm T 3.2 

0.600 m m  H 3.0 SP 

"Superoxol" etch H 2.9 SP 
Prepara t ion  of the ger-  Sand blasted C 3.0 
man ium surface CP-4 A etch C-H 3.2 

Electropolished C-H 3.3 

50-100 sand blasted C 3.8 
Etch pit count /cm 2 5-8 X 103 sand blasted C 3.1 

50-100 etched H 3.6 
5-8 X 10 ~ etched H 3.0 SP 

Hydrogen C 2.4 
Gaseous ambient  Nitrogen H 3.0 SP 

Nitrogen -~ 1% oxygen C 0.8 

German ium reduced in Hydrogen at 600~ H 2.4 
r225 :C for 5 min  H 3.2 

Oxidized in room air 4400 C for 5 min  C-I t  1.7 
L600~ for 120 min C 0.9 

Ind ium exposed to 25~ for 5 rain H 2.9 SP 
room air at 225~ for 5 min  H 2.5 

350~ for 5 min  C 1.4 

C, circular;  H, hexagonal ;  T, t r iangular ;  SP, s tandard  procedure .  
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Fig. 2. Effect of the rate of temperature rise (~ on 
spreading. 

Fig. 3. Effect of the size of the indium sphere (mm) on 
spreading. 

de ion ized  wa te r ,  and  d r i e d  at  r oom t e m p e r a t u r e  in a 
fo rced  a i r  cu r r en t .  I n d i u m  spheres  of 0.6 m m  in 
d i a m e t e r  w e r e  d e g r e a s e d  in t r i c h l o r o e t h y l e n e  and  
ace tone ,  r i n s e d  in  d i l u t e  h y d r o c h l o r i c  acid,  and  
dr ied .  The  t e m p e r a t u r e  cyc le  cons i s ted  of an  8 .3~  
min  t e m p e r a t u r e  r ise  f rom 100 ~ to 600~ a 5 - m i n  
p l a t e a u  at  600~ and  an  8 . 3 ~  t e m p e r a t u r e  
d rop  f rom 600 ~ to 100~ The  s y s t e m  was  f lushed b y  
d r y  n i t r o g e n  con ta in ing  a few t e n t h  of a p e r  cent  
h y d r o g e n  at  a flow r a t e  of 2.5 1 /min  d u r i n g  a l loy ing .  
The  above  cond i t ions  w e r e  v a r i e d  one  b y  one  a n d  
the  changes  e v a l u a t e d  w i t h  r e spec t  to t he  s t a n d a r d  
p rocedu re .  The  e x t e n t  of s p r e a d i n g  is d e s c r i b e d  b y  
the  s p r e a d i n g  ra t io ,  a t e r m  i n t r o d u c e d  b y  P e n s a k  
(2) .  I t  is def ined  as t he  d i a m e t e r  of t he  w e t t e d  a r e a  
( i f  not  c i r c u l a r  t hen  the  d i a m e t e r  of a c i rc le  of e q u a l  
a r e a ) ,  d i v i d e d  b y  the  d i a m e t e r  of  t he  i n d i u m  sphere .  
A n  accoun t  of ou r  e x p e r i m e n t s  is g iven  be low,  T a b l e  
I s u m m a r i z i n g  al l  t he  resu l t s .  

E~ect  of Rate of Temperature  Rise on Spreading 
The  effect of the  r a t e  of the  t e m p e r a t u r e  r i se  is 

shown  in Fig .  2. A l l  t h r e e  e x p e r i m e n t s  w e r e  p e r -  
f o r m e d  on the  s ame  wafe r ,  the  first  two  ( 1 2 5 ~  
a n d  3 3 ~  t e m p e r a t u r e  r i se )  r e p r e s e n t i n g  the  
c h a n g e  in  t he  size of t he  w e t t e d  a r e a  due  to a f a s t e r  
t e m p e r a t u r e  r i se  t h a n  t ha t  app l i ed  in t he  s t a n d a r d  
p r o c e d u r e  ( 8 . 3 ~  The  re su l t s  ag ree  w i t h  
M u e l l e r ' s  d a t a  (3)  and  conf i rm t h a t  s p r e a d i n g  is a 
s low, t i m e - c o n s u m i n g  process .  The  r a t e  of  the  t e m -  
p e r a t u r e  r i se  also affects  t he  g e o m e t r y  of the  w e t t e d  
area .  The  second e x p e r i m e n t  r e p r e s e n t s  a t r a n s i t i o n  
b e t w e e n  t h e  c i r c u l a r  s h a p e  of t h e  f a s t e r  a n d  t h e  
h e x a g o n a l  shape  of t he  s l ower  r ise.  

Effect of ind ium size on spreading.--Since t he  con-  
t r o l  ove r  s p r e a d i n g  is mos t  diff icult  in t he  p r e p a r a -  
t ion  of s m a l l  a r e a  a l loy  j u n c t i o n  devices ,  w e t t e d  
a r e a s  w e r e  p r o d u c e d  w i t h  i n d i u m  sphe re s  of d i f f e r -  

en t  d i a m e t e r s .  Resu l t s  a r e  s h o w n  in Fig.  3. I n d i u m  
sphe re s  of 0.175-0.600 m m  in d i a m e t e r  w e r e  p l a c e d  
on the  s ame  g e r m a n i u m  w a f e r  a n d  a l l oyed  w i t h  our  
s t a n d a r d  p rocedure .  The  s p r e a d i n g  r a t io s  w e r e  found  
to be  a l l  w i t h i n  our  e x p e r i m e n t a l  e r r o r  i n d i c a t i n g  no 
inf luence  on the  p a r t  of the  size of t he  i n d i u m  on 
s p r e a d i n g  in t he  t e s t ed  r a n g e  of d i ame te r s .  

Effect of Preparation of Germanium SurSaces and 
Etch Pit Count on Spreading 

L a p p e d  g e r m a n i u m  sur faces  in the  p r e v i o u s l y  d e -  
s c r ibed  e x p e r i m e n t s  w e r e  e t ched  in  " s u p e r o x o l "  to 
r e m o v e  abou t  0.05 m m  of m a t e r i a l  f r o m  bo th  s ides  
of the  wafe r .  This  e t ch ing  r e su l t s  in a p i t t ed ,  r o u g h  
sur face ,  t he  p i t s  b e i n g  t r i a n g u l a r  in shape ,  l ined  up  
t o w a r d  ce r t a i n  c r y s t a l  o r i e n t a t i o n s  and  b e a r i n g  no  
r e l a t i o n s h i p  to the  c r y s t a l  i m p e r f e c t i o n s  (15) .  In  
o r d e r  to e x a m i n e  the  effect of t he  p r e p a r a t i o n  of the  
g e r m a n i u m  sur faces  on s p r e a d i n g  two  changes  w e r e  
m a d e  in the  a b o v e  p rocedu re .  F i r s t ,  s ince  su r f ace  
roughnes s  is b e l i e v e d  to inf luence  con tac t  ang les  and  
thus  s p r e a d i n g  (16, 17),  smoo th  su r faces  w e r e  p r o -  
d u c e d  on s e v e r a l  w a f e r s  b y  a p p l y i n g  C P - 4 A  2 e t ch  a n d  
e lec t ropo l i sh ing ,  r e spec t i ve ly .  To m a i n t a i n  the  c h e m i -  
cal  i d e n t i t y  of t he  sur faces ,  a l l o y i n g  was  p r e c e d e d  b y  
a shor t  (30 sec)  s u p e r o x o l  etch.  The  o b t a i n e d  
s p r e a d i n g  r a t io s  and  the  g e o m e t r y  of t he  w e t t e d  
a r e a s  a r e  l i s t ed  in  T a b l e  I. S p r e a d i n g  was  s l i g h t l y  
e n h a n c e d  in bo th  cases,  a n d  the  a n i s o t r o p y  of t he  
g e r m a n i u m ,  i.e., t he  t e n d e n c y  to fo rm a t r i a n g u l a r  
w e t t e d  a rea ,  was  s u b s t a n t i a l l y  r educed .  T h e  second  
c h a n g e  in  the  su r f ace  p r e p a r a t i o n  of g e r m a n i u m  
was  i n t r o d u c e d  to e x a m i n e  t h e  effect  of t h e  an i so t -  
r o p y  of the  g e r m a n i u m  c r y s t a l  on sp r ead ing .  The  
r a t e  of the  d i s so lu t ion  of g e r m a n i u m  in m o l t e n  in -  
d i u m  was  s h o w n  to be  a func t ion  of t he  c r y s t a l  
o r i e n t a t i o n  (4)  e x p l a i n i n g  the  t r i a n g u l a r  or  h e x a g -  
ona l  shape  of t h e  w e t t e d  a rea .  S u r f a c e  t r e a t m e n t s  
d i s t u r b i n g  the  c r y s t a l  s t r u c t u r e  can be  e x p e c t e d  
t h e r e f o r e  to d i m i n i s h  this  effect.  In  o r d e r  to a c c o m -  
p l i sh  this ,  one ha l f  of  s e v e r a l  w a f e r s  p r e v i o u s l y  
e t ched  in s u p e r o x o l  w e r e  s a n d - b l a s t e d  a n d  i n d i u m  
spheres  a l l o y e d  on bo th  p a r t s  s i m u l t a n e o u s l y .  No 
c h a n g e  in the  s p r e a d i n g  r a t io s  cou ld  be obse rved ,  b u t  
the  w e t t e d  a r eas  on the  d a m a g e d  su r faces  become  
c i r c u l a r  in  shape  as l i s t ed  in  T a b l e  I a n d  s h o w n  in 
Fig.  4. 

Dis loca t ions  h a v e  been  r e p o r t e d  to i nh ib i t  s p r e a d -  
ing  (3 -5 ) .  O u r  e x p e r i m e n t s  conf i rmed  th is  s t a t e m e n t  
as s h o w n  in T a b l e  I, p r o v i d e d  t h a t  on ly  A - t y p e  p i t s  
w e r e  p r e s e n t  on the  g e r m a n i u m .  

Effect of Gaseous Amb ien t  on Spreading 

The  effect  of  t he  gaseous  a m b i e n t  on s p r e a d i n g  is 
shown  in Fig.  5. The  i n e r t  a t m o s p h e r e  (n i t rogen ,  2nd 
p i c t u r e )  u sed  in t h e  s t a n d a r d  p r o c e d u r e  was  c h a n g e d  
to a r e d u c i n g  ( h y d r o g e n ,  1st p i c t u r e )  and  to an  
ox id iz ing  a t m o s p h e r e  ( n i t r o g e n  ~-1% oxygen ,  3rd 
p i c t u r e ) ,  r e spec t i ve ly .  Bo th  a l l o y i n g  c o m p o n e n t s  
w e r e  e x p o s e d  to a i r  p r i o r  to  a l l o y i n g  a n d  t hus  cov-  
e r ed  b y  th in  f i lms of oxides .  W h i l e  t hese  f i lms w e r e  
not  a f fec ted  b y  the  i n e r t  a t m o s p h e r e  of t he  s t a n d a r d  
p r o c e d u r e  t h e y  w e r e  bo th  r e d u c e d  in the  d r y  h y d r o -  
gen  a m b i e n t  a t  a b o u t  420~176 (18, 19),  and  the  

CP-4  w i t h o u t  b r o m i n e .  
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Fig. 6. Spreading and contraction of indium on germanium dur- 
ing a 1-hr alloying cycle (side view). 

Fig. 4. Effect of the preparation of the germanium surface on 
spreading. Top, sand-blasted, 50-100 etch pit count (cm2); bottom, 
etched in superoxol, 50-100 etch pit count (cm2). 

Fig. 5. Effect of the gaseous ambient on spreading 

t h i ckness  of bo th  ox ides  w e r e  i nc r ea sed  in t he  n i t r o -  
gen  a m b i e n t  con t a in ing  1% oxygen .  Bo th  the  r e -  
m o v a l  of t he  ox ides  and  the  i nc rea se  of t he  ox ide  
th i cknesses  r e s t r i c t e d  s p r e a d i n g  i nd i ca t i ng  t h a t  a 
t h in  f i lm of g e r m a n i u m  a n d / o r  i n d i u m  ox ide  p r o -  
mo tes  sp read ing .  The  r e l a t i v e  i m p o r t a n c e  of t he  two  
ox ides  is r e v e a l e d  in  t he  fo l lowing  two  e x p e r i m e n t s .  

Ef]ect o~ Germanium and Ind ium Oxides 
on Spreading 

Fi r s t ,  i n d i u m  sphe re s  c l e aned  in d i l u t e  h y d r o -  
ch lor ic  ac id  w e r e  p l a c e d  on g e r m a n i u m  w a f e r s  con-  
t a i n i n g  d i f fe ren t  a m o u n t s  of oxides .  Some  w a f e r s  
w e r e  r e d u c e d  in h y d r o g e n  at  600~ o the r s  w e r e  
o x i d i z e d  in  r o o m  a i r  (34% r e l a t i v e  h u m i d i t y  a t  25~ 
a t  d i f fe ren t  t e m p e r a t u r e s .  Some  of t he  r e su l t s  a r e  
co l lec ted  in T a b l e  I. T h e  size of the  w e t t e d  a r e a  
first increases with increasing germanium oxide 
thicknesses up to a certain point beyond which fur- 
ther oxidation of the germanium has the opposite 
effect. Oxidation at 650~ for 2 hr restricted spread- 
ing to an area smaller in diameter than that of the 
indium sphere. 

In the second series of experiments indium spheres 
covered with different oxide thicknesses were placed 
on a germanium wafer prepared according to the 
standard procedure. After alloying the largest 
wetted areas resulted invariably from indium 
spheres containing the least amount of oxide, the 
areas gradually decreasing with increasing oxide 
thicknesses. 

As a conclusion of all the above experiments, the 
most favorable conditions for spreading can be sum- 
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Fig. 7. Increase of the wetted area as a function of temperature 
during alloying (8.3~ temperature rise, ().6 mm diameter 
indium sphere). 

m a r i z e d  as fo l lows :  (a )  s low t e m p e r a t u r e  r i se  d u r -  
ing  a l loy ing ;  (b )  h i g h l y  po l i shed  g e r m a n i u m  s u r -  
faces;  (c)  d i s loca t ion  f ree  g e r m a n i u m  (e spec i a l l y  
f ree  of C - t y p e  p i t s ) ;  (d )  i ne r t  a t m o s p h e r e  d u r i n g  
a l l oy ing ;  (e )  ox ide  f ree  i n d i u m ;  and  ( f )  a th in  f i lm 
of g e r m a n i u m  oxide .  I t  can  b e  conc luded  f u r t h e r -  
m o r e  t h a t  t he  su r f ace  r o u g h n e s s  of t he  g e r m a n i u m  
has  a m o r e  p r o n o u n c e d  effect  on the  g e o m e t r y  t h a n  
on the  size of t he  w e t t e d  a rea ,  a d a m a g e d  su r f ace  
y i e l d i n g  c i r cu l a r  sp read ing .  F i n a l l y ,  cross  sect ions  
perpendicular to t he  w e t t e d  a r eas  r e v e a l e d  t ha t  t he  
p e n e t r a t i o n  of i n d i u m  p a r a l l e l  to the  (111) c r y s t a l  
p l a n e  is l a r g e r  b y  a f ac to r  of 100 to 150 t h a n  t ha t  
t o w a r d  the  b u l k  for  s p r e a d i n g  r a t io s  of a b o u t  3. 

Kinetics oY Wet t ing  Germanium by Mo~ten Indium 

T h e  des ign  of  t he  a l l oy ing  a p p a r a t u s  m a d e  i t  pos -  
s ib le  to obse rve  the  change  in  the  s h a p e  of t he  i n -  
d i u m  d u r i n g  a l l o y i n g  and  to m e a s u r e  t he  d i a m e t e r  
of t he  w e t t e d  a r e a  w i t h  t he  e y e p i e c e - m i c r o m e t e r  of 
a s t e reo  mic roscope .  F i g u r e  6 shows  a s equence  of 
p i c t u r e s  t a k e n  d u r i n g  a l l o y i n g  w h i l e  Fig .  7 r e p r e -  
sen ts  t he  i nc rea se  of t he  w e t t e d  a r e a  as a f u n c -  
t ion  of t e m p e r a t u r e  d u r i n g  a l i n e a r  t e m p e r a t u r e  r i se  
of 8 .3~  T h e  p i c t u r e s  in Fig.  6 a r e  s ide  v i ews  
of t h e  i n d i u m  and  show i ts  c h a n g i n g  s h a p e  d u r i n g  
the  a l l o y i n g  cycle.  A t  200~ the  i n d i u m  a l r e a d y  we t s  
the  g e r m a n i u m  over  a sma l l  a rea ,  n e a r l y  r e t a i n i n g  
its s p h e r i c a l  shape .  The  d i a m e t e r  of t he  w e t t e d  a r e a  
becomes  abou t  equa l  to t he  d i a m e t e r  of t he  s p h e r e  
( s p r e a d i n g  r a t i o  = 1) b e t w e e n  310 ~ and  350~ w h i l e  
t he  i n d i u m  a s sumes  a h e m i s p h e r e - l i k e  shape .  Up  to 
th is  po in t  t he  i nc rea se  in t he  w e t t e d  a r e a  is r e l a -  
t i v e l y  s low,  a n d  n e a r l y  e q u i l i b r i u m  cond i t ion  is 
m a i n t a i n e d  as i n d i c a t e d  b y  the  convex  prof i le  of t he  
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i nd ium.  F u r t h e r  i nc rea se  in  t e m p e r a t u r e  r e su l t s  in  
f a s t e r  s p r e a d i n g  and  e q u i l i b r i u m  is no l o n g e r  m a i n -  
t a i n e d  u n t i l  a b o u t  560~176 The  prof i le  d u r i n g  
th is  p e r i o d  d i s t i n c t i v e l y  shows  the  effect of t he  two  
oppos i t e  forces  ac t ing  on the  i nd ium,  i.e., t h e  su r f a c e  
t ens ion  of t he  i n d i u m  t e n d s  to r e t a i n  t he  s m a l l e s t  
poss ib le  su r f ace  a r e a  as i n d i c a t e d  b y  the  convex  con-  
t ou r  of t he  top  sect ion,  w h i l e  an  oppos i t e  fo rce  c a u s -  
ing  s p r e a d i n g  pu l l s  i t  a long  the  g e r m a n i u m  s u r f a c e  
r e s u l t i n g  in  a concave  ou t l ine  n e a r  t he  p e r i p h e r y .  

C o n t r a c t i o n  u s u a l l y  occurs  at  the  p l a t e a u  or  d u r -  
ing  the  cool ing  p a r t  of t he  t e m p e r a t u r e  cycle,  a l -  
t h o u g h  i t  has  been  o b s e r v e d  occas iona l ly  to a l t e r n a t e  
w i t h  s p r e a d i n g  d u r i n g  the  t e m p e r a t u r e  r ise.  This  
p h e n o m e n a  is g r e a t l y  i ncons i s t en t  f r o m  w a f e r  to 
wa fe r ,  t h e  two  e x t r e m e s  be ing  no c o n t r a c t i o n  a t  a l l  
or  a pu l l  b a c k  of t he  i n d i u m  to i ts  o r i g i n a l  shape .  A l -  
t h o u g h  the  f o r m e r  case is m o r e  f r e q u e n t  a t  s m a l l e r  
w e t t e d  a r e a s  ( s p r e a d i n g  r a t i o  < 2 )  t h e r e  is no s h a r p  
d i v i d i n g  l ine  b e t w e e n  the  two  cases.  Desp i t e  th i s  
i ncons i s t ency  a l l  o b s e r v e d  con t r ac t i ons  h a v e  t w o  
f e a t u r e s  in  common :  ( i )  con t r ac t i ons  occur  in s u d -  
den  s teps  a t  u n p r e d i c t a b l e  t ime  in t e rva l s ,  and  ( i i )  
t h e y  n e v e r  s t a r t  ove r  t he  w h o l e  c i r c u m f e r e n c e  of  t h e  
w e t t e d  area ,  b u t  on ly  at  a s m a l l  p o r t i o n  of i t  ( in  the  
case  of t r i a n g u l a r  shape  at  a c o r n e r )  and  p r o g r e s s  
s tep  b y  s tep  t o w a r d  the  oppos i t e  s ide  of the  w e t t e d  
area .  The  i nc rea se  of the  w e t t e d  a r e a  d u r i n g  a 1 - h r  
l i nea r  t e m p e r a t u r e  r i se  f r o m  100 ~ to 600 ~ is s h o w n  
in Fig.  7. S ince  the  t e m p e r a t u r e  was  c o n t i n u o u s l y  
c h a n g e d  and  e q u i l i b r i u m  has  n e v e r  been  e s t a b l i s h e d  
the  d a t a  co l l ec ted  he re  canno t  be  used  for  t h e r m o -  
d y n a m i c  ca lcu la t ions .  

About the Current Theories Explaining the Spreading 
of Molten Indium over Germanium 

T h e r e  a r e  b a s i c a l l y  two  a p p r o a c h e s  in t he  c u r r e n t  
l i t e r a t u r e  to e x p l a i n  t he  m e c h a n i s m  of s p r e a d i n g  
m o l t e n  i n d i u m  over  g e r m a n i u m  surfaces .  One n e g -  
lec ts  c h e m i c a l  i n t e r a c t i o n s  b e t w e e n  t h e  a l l o y i n g  
c o m p o n e n t s  w h i l e  t h e  o t h e r  t a k e s  on ly  b u l k  p r o p -  
e r t i e s  in to  cons ide ra t ion .  Le t  us  e x a m i n e  t h e m  in 
tu rn .  

S p r e a d i n g  u n d e r  e q u i l i b r i u m  condi t ions  can be  
d e s c r i b e d  as t h e  r e su l t  of s e v e r a l  i n t e r a c t i n g  forces  
as e x p r e s s e d  b y  the  G ibbs  e q u a t i o n  (20) 

T G S  ~ '~LS  ~ "~GL COS 

w h e r e  ~ is t h e  con tac t  angle ,  TGs is t he  specific f r ee  
e n e r g y  of the  so l i d -gas  in t e r face ,  and  TLS and  ~'GL a re  
t he  specific f r ee  ene rg ie s  of the  l i q u i d - s o l i d  and  the  
g a s - l i q u i d  in te r faces ,  r e spec t i ve ly .  The  con tac t  ang le  
(8) can  be  used  to desc r ibe  t h e  size of  the  w e t t e d  
a rea ,  180 ~ c o r r e s p o n d i n g  to a s p h e r i c a l  shape  of t h e  
l i qu id  a n d  thus  no we t t i ng .  As  the  v a l u e  of ~ d e -  
c reases  t he  w e t t e d  a r e a  inc reases  and  the  en t i r e  
so l id  su r f ace  becomes  cove red  b y  the  l iqu id  a t  
~_--0 ~ 

I t  has  been  sugges t ed  (5)  t h a t  s p r e a d i n g  can  be  
e x p l a i n e d  b y  the  dec rease  in  t he  v a l u e  of  ~/GL d u e  to  
t he  i nc rea se  in  t e m p e r a t u r e ,  and  t h a t  c o n t r a c t i o n  is 
c aused  b y  t h e  oppos i t e  effect  of t h e  d i s so lved  g e r m a -  
n i u m  on the  su r face  t ens ion  of t h e  m e l t  ( a s s u m i n g  
the  v a l u e  of TGs - -  TLS to be  cons t an t  ove r  t he  w h o l e  
a l l oy ing  p r o c e s s ) .  Bes ides  t he  fac t  t h a t  p r e s e n t  e x -  
p e r i m e n t a l  cond i t ions  a r e  no t  a p p l i c a b l e  for  a b o v e  
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F i g .  8 .  Spreoding rat io vs. the  sur face  tension of  mol ten  indium,  

3"sg - -  "(sT ~--- constant .  

e q u a t i o n  (20) as  i t  was  p r o v e n  use less  in  m a n y  in-  
vestigations for  s y s t e m s  e x h i b i t i n g  c h e m i c a l  i n t e r -  
ac t ions  (1 ) ,  t h r e e  a d d i t i o n a l  a r g u m e n t s  can  be  r a i s ed  
a ga in s t  th i s  e x p l a n a t i o n .  ( A )  The  prof i le  of t h e  i n -  
d i u m  ind ica te s  t h a t  no e q u i l i b r i u m  is e s t a b l i s h e d  
d u r i n g  s p r e a d i n g  d u r i n g  an  8 . 3 ~  or  f a s t e r  
t e m p e r a t u r e  r ise .  (B)  A s s u m i n g  t h a t  (TGS--~LS) is 
cons t an t  and  t h a t  t he  shape  of t he  i n d i u m  is t h a t  of 
a sec t ion  of a s p h e r e  t h e  s p r e a d i n g  r a t i o  can  be  
p lo t t e d  as a f u n c t i o n  of Tea (Fig .  8) .  The  mos t  c o m -  
m o n l y  o b s e r v e d  s p r e a d i n g  r a t i o  of 3 c o r r e s p o n d s  
he re  to a d rop  in  the  v a l u e  of "YLG of a b o u t  400 d y n e s /  
cm, w h i c h  is f a r  g r e a t e r  t h a n  the  m e a s u r e d  d e c r e a s e  
of 25 d y n e s / c m  (21) .  (C)  As  for  t he  effect of t he  d i s -  
so lved  g e r m a n i u m  on the  su r f ace  t ens ion  of m o l t e n  
"indium, our  m e a s u r e m e n t s  (22) showed  no change  in  
the  v a l u e  of TLC up  to 16.98 at. % d i s so lved  g e r m a -  
n i u m  a t  6O0~ w i t h i n  a m e a s u r i n g  e r r o r  of ___5 
d y n e s / c m .  I t  can  be  conc luded  t h e r e f o r e  t h a t  t he  
a b o v e  t h e o r y  can  b y  no m e a n s  b e  a p p l i e d  to th is  
sys tem.  

The  second  e x p l a n a t i o n  is b a s e d  on the  an i so t rop i c  
b e h a v i o r  of g e r m a n i u m  t o w a r d  the  d i s so lu t ion  in  
m o l t e n  i n d i u m  (23) .  G o l d s t e i n  (4)  has  m e a s u r e d  
the  r e l a t i v e  d i s so lu t ion  r a t e s  of t he  p r i n c i p a l  c r y s t a l  
p l anes  of g e r m a n i u m  as a func t ion  of t e m p e r a t u r e  
and  the  g e r m a n i u m  con ten t  of ind ium.  The  d i f f e r -  
ences  a m o n g  the  r e l a t i v e  r a t e s  w e r e  f o u n d  to i n -  
c rease  at  the  l o w e r  t e m p e r a t u r e s  and  w i t h  t he  i n -  
c r eas ing  g e r m a n i u m  con ten t  of  t he  mel t .  T h e  g r e a t -  
est  r e l a t i v e  d i s so lu t ion  r a t e s  o b s e r v e d  for  t he  f a s t e s t  
(110) a n d  s lowes t  (111) c r y s t a l  o r i e n t a t i ons  ( in  
m o l t e n  i n d i u m  75% s a t u r a t e d  w i t h  g e r m a n i u m  a t  
347~ was  5 to 1 c o r r e s p o n d i n g  to a t en  t imes  l a r g e r  
d i a m e t e r  of t he  w e t t e d  a r e a  t h a n  the  p e n e t r a t i o n  
t o w a r d  the  (111) p lane .  This  is m u c h  s m a l l e r  t h a n  
the  o b s e r v e d  r a t io s  of 100 to 150 in our  e x p e r i m e n t s .  
The  def ic iency  of th is  t h e o r y  also becomes  a p p a r e n t  
w h e n  the  s p r e a d i n g  on a d a m a g e d  and  t hus  i so t rop ic  
su r f a c e  is cons ide red .  O u r  e x p e r i m e n t s  s h o w e d  t h a t  
t he  a n i s o t r o p y  of  t he  c r y s t a l  affects  o n l y  t h e  shape  
of  t he  w e t t e d  a r e a  (Fig .  4 ) .  I t  can  be  c o n c l u d e d  
t h e r e f o r e  tha t ,  a l t h o u g h  t h e  a n i s o t r o p y  of  t h e  s ing le  
c r y s t a l  g e r m a n i u m  has  p r o b a b l y  an  i m p o r t a n t  ro le  
in  t he  f o r m a t i o n  of t h e  t r i a n g u l a r  w e t t e d  areas ,  b u l k  
d i s so lu t ion  r a t e s  a r e  i n a d e q u a t e  to e x p l a i n  t he  m e c h -  
a n i s m  of sp read ing .  
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Evaluation of Results 
The  a b o v e  d i scuss ion  a b o u t  c u r r e n t  t heo r i e s  po in t s  

s t r o n g l y  to su r f ace  effects as t he  mos t  dec i s ive  con -  
t r i b u t i o n  to sp read ing .  The  l a c k  of q u a n t i t a t i v e  d a t a  
on the  m i g r a t i o n  of i n d i u m  o v e r  g e r m a n i u m  s u r -  
faces,  on  the  r e a c t i o n  b e t w e e n  p u r e  i n d i u m  and  g e r -  
m a n i u m  oxides ,  and  on t h e  su r f ace  ene rg ie s  of t h e  
d i f f e ren t  ox ides  p r e v e n t s ,  h o w e v e r ,  t he  d e v e l o p m e n t  
of a q u a n t i t a t i v e  t heo ry .  On the  o t h e r  h a n d  c o m -  
p a r i s o n  w i t h  o t h e r  sy s t ems  can  he lp  to p e r f o r m  r e a -  
sonab le  e s t i m a t e s  a n d  to e s t ab l i sh  an  o v e r - a l l  q u a n -  
t i t a t i v e  p i c tu re .  

Our  mos t  i m p o r t a n t  o b s e r v a t i o n s  (see  conclus ions  
a - I  in Effect  of G e r m a n i u m  and  I n d i u m  Ox ides  on 
S p r e a d i n g )  p o i n t  t o w a r d  su r f ace  effects.  In  v i e w  of 
the  theo r i e s  e x p l a i n i n g  the  s p r e a d i n g  of l i qu id  m e t -  
als  ove r  so l id  m e t a l s  th i s  can  m e a n :  ( i )  the  d e p o s i -  
t ion  of i n d i u m  or  i ts  ox ides  on the  g e r m a n i u m  s u r -  
face  d u r i n g  a l l o y i n g  (1 ) ,  ( i i )  t h e  su r f ace  m i g r a t i o n  
of t he  i n d i u m  over  t he  g e r m a n i u m  p r o b a b l y  e n -  
h a n c e d  b y  a t h in  f i lm of ox ide  (24) ,  and  f ina l ly  ( i i i )  
a su r f ace  r eac t i on  b e t w e e n  the  c l ean  i n d i u m  and  the  
g e r m a n i u m  oxides .  W h i l e  t h e r m o d y n a m i c  c o n s i d e r a -  
t ions  ru l e  out  t he  first  p o s s i b i l i t y  ( e q u i l i b r i u m  v a p o r  
p r e s s u r e s  of i n d i u m  and  a l l  of  i ts  ox ides  a r e  v e r y  
low a t  t he  a l l o y i n g  t e m p e r a t u r e s )  t h e y  s u b s t a n t i a t e  
t he  t h i r d  one. I n d i u m  oxide ,  In203, has  a l o w e r  
s t a n d a r d  f r ee  e n e r g y  of f o r m a t i o n  t h a n  t h a t  of t h e  
g e r m a n i u m  oxide ,  GeO2 (25) ,  and  a l t h o u g h  a c t u a l  
r a t e s  a r e  no t  a v a i l a b l e  i t  is r e a s o n a b l e  to a s sume  t h a t  
a r e a c t i o n  t a k e s  p l a c e  acco rd ing  to the  g e n e r a l  
f o r m u l a  

3GEO2 + 4In ~ 3Ge -b 2In203 

If  GeO2 a n d  p u r e  i n d i u m  a r e  h e a t e d  at  600~ in a 
c losed  a n d  e v a c u a t e d  q u a r t z  tube ,  t he  f o r m a t i o n  of 
s m a l l  g e r m a n i u m  c rys t a l s  can  i n d e e d  b e  de tec t ed .  
The  effect of th is  r e a c t i o n  on t h e  g e r m a n i u m  su r f a c e  
w o u l d  be  t h r ee fo ld .  I t  i nvo lves  hea t ,  i t  r e m o v e s  
ox ides  f r o m  the  g e r m a n i u m  surface ,  and  f ina l ly  i t  
fo rms  ox ides  ove r  t he  su r f ace  of t he  m o l t e n  ind ium.  
Le t  us e x a m i n e  th is  effect in  tu rn .  

S ince  the  h e a t  of r e a c t i o n  ( ~ 6 4  k c a l / m o l e )  
evo lves  a t  t he  f ron t  of  sp read ing ,  i t  can  be e x p e c t e d  
to  i n c r e a s e  t he  r a t e  of r e d u c t i o n  a n d  to  e n h a n c e  the  
su r face  m i g r a t i o n  of the  ind ium.  In  o r d e r  to e x -  
a m i n e  the  effect  of t he  su r f ace  ox ides  on s p r e a d i n g  
le t  us  r e f e r  a g a i n  to G i b b ' s  e q u a t i o n  ( w h i c h  a l -  
t h o u g h  no t  s t r i c t l y  a p p l i c a b l e  to t he  p r e s e n t  s y s t e m  
is p r o b a b l y  a c o n t r i b u t i n g  f a c t o r )  

TGS - -  ~LS 
COS 8 -~ 

TGL 

w h e r e  TGS, TLS, and  TeL a re  i n t e r f a c i a l  f ree  ene rg i e s  
b e t w e e n  t h e  gas - so l id ,  l i qu id - so l i d ,  and  g a s - l i q u i d  
in te r faces ,  r e spec t i ve ly ,  and  a dec rea se  in t he  con-  
t ac t  angle ,  8, c o r r e s p o n d s  to a g r e a t e r  w e t t e d  a rea ,  
i.e., to e n h a n c e d  sp read ing .  TLS is no t  a f fec ted  b y  the  
su r f ace  p r o p e r t i e s  of t he  a l l o y i n g  c o m p o n e n t s  and  
can  be  a s s u m e d  cons t an t  a t  a g iven  t e m p e r a t u r e .  
A n y  inc rea se  in  t he  v a l u e  of TGs or  a n y  d e c r e a s e  in  
t h a t  of  9]GL re su l t s  in a l o w e r  con tac t  ang le  and  
thus  sp read ing .  L i n e y  and  M u r r a y ' s  r e v i e w  a r t i c l e  
(26) desc r ibes  t he  inf luence  of ox ides  on the  su r f ace  
ene rg ie s  of sol id  and  l iqu id  m e t a l s  in de ta i l .  In  o x -  

913 

Table II. Values for high valence cations 

Temp, ~yGL, Temp, ~GL, 
Metal  ~ d y n e s / c m  Ref.  Oxide  ~ d y n e s / e m  Ref.  

A1 700 840 (27) A1203 2050 580 (29) 
Si  1420 720 (28) SiO2 1400 200-260 (30) 

ides  con ta in ing  ca t ions  of h igh  p o l a r i z i n g  p o w e r  
such  as In  3+ a n d  Ge 4+, p o l a r i z a t i o n  of the  o x y g e n  
an ions  and  su r f a c e  s c r e e n i n g  of the  ca t ions  i n v a r i -  
a b l y  p r o d u c e  l o w - e n e r g y  sur faces .  A l t h o u g h  no e x -  
p e r i m e n t a l  d a t a  a r e  a v a i l a b l e  for  i n d i u m  a n d  g e r -  
m a n i u m  the  va lue s  for  s i m i l a r  h igh  va l e nc e  ca t ions  
a r e  s h o w n  in T a b l e  II .  

S i m i l a r  d e c r e a s e  in the  su r f ace  f ree  ene rg i e s  can  
be  e x p e c t e d  on bo th  g e r m a n i u m  and  i n d i u m  as a 
r e s u l t  of o x i d e - f o r m a t i o n .  In  o the r  w o r d s  b o t h  the  
r e m o v a l  of t h e  g e r m a n i u m  ox ides  ( i n c r e a s e d  TGS) 
and  the  f o r m a t i o n  of i n d i u m  ox ides  ( d e c r e a s e d  TGL) 
shou ld  c o n t r i b u t e  to l a r g e r  w e t t e d  a r e a s  and  thus  
sp read ing .  

The  e x p e r i m e n t s  have  d e m o n s t r a t e d  the  inf luence  
of t h e  d i f fe ren t  b u l k  d i s so lu t ion  r a t e s  and  su r f ace  
roughnes s  on the  g e o m e t r y  of the  w e t t e d  area .  The  
c i r c u l a r  s p r e a d i n g  on d a m a g e d  ( s a n d - b l a s t e d )  su r -  
faces  c l e a r l y  i nd i ca t e s  t he  i m p o r t a n c e  of the  a n -  
i so t rop ic  p r o p e r t i e s  of t he  s ingle  c r y s t a l  on the  
g e o m e t r y  of t h e  w e t t e d  a rea .  No c lea r  cu t  e x p l a n a -  
t ion  can  be  of fered  for  the  effect of the  d i s loca t ion  
d e n s i t y  ( e t ch  p i t  coun t )  ; i t  is conce ivab le ,  h o w e v e r ,  
t ha t  i t  has  an  inf luence  on the  f o r m a t i o n  of su r face  
ox ides  w h i l e  also r e d u c i n g  the  a n i s o t r o p y  of the  
c rys ta l .  

A m o r e  q u a n t i t a t i v e  t h e o r y  r e q u i r e s  f u r t h e r  i n -  
v e s t i g a t i o n  a n d  a t h o r o u g h  e v a l u a t i o n  of severa l ,  
p r e s e n t l y  u n k n o w n  k ine t i c  and  t h e r m o d y n a m i c  
da ta .  
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The Anodic Formation of Germanium Oxidic Films 

Robert D. Wales 
Materials Sciences Laboratory, Research & Engineering, 

Lockheed Missiles & Space Company, Sunnyvale, California 

ABSTRACT 

Good results were obtained for the anodic oxidation of germanium in  acetic 
anhydr ide  containing 0.6 mM LiNO3, 0.105M HAc, 0.278M H20, and 0.011 mM 
GeO~. Fi lms can be formed in this solution to about 7000• thickness with a 
differential field s trength of 2.1 ~ 0.3 • 106 v / cm and a cur ren t  efficiency of 
78 • 7%. The normalized slope of the vol tage- t ime relationship is 118 _ i0 
v/amp-sec .  The breakdown voltage at 250 #a/era2 is about 150v and about  180v 
at  100 ~a/cm 2. 

The presence  of oxidic films on semiconduc tors  
is usefu l  (a) in  the s tudy  and  u n d e r s t a n d i n g  of the  
surface proper t ies  of these semiconductors ,  (b)  in  
the s tudy  and  u n d e r s t a n d i n g  of n e w  devices, and  
(c) for p rov id ing  insu la t ion .  Use of e lec t rochemica l  
t echn iques  pe rmi t s  the  fo rma t ion  of oxidic films at 
room t e m p e r a t u r e  so tha t  the  charac ter is t ics  of the  
subs t ra te  are una l t e red .  F u r t h e r m o r e ,  this  t e chn ique  
read i ly  gives p e r t i n e n t  i n f o r m a t i o n  conce rn ing  the  
film, such as d i f ferent ia l  field s t rength ,  th ickness ,  
and  res is t iv i ty .  F ina l ly ,  the  ra te  of film g rowth  m a y  
be r ead i ly  control led;  thus  thick,  amorphous  films 
are easi ly obta ined.  

The anodic  ox ida t ion  of g e r m a n i u m  has b e e n  
s tudied  in  bo th  acid and  a lka l ine  aqueous  solut ions  
(1).  In  a lka l ine  solutions,  GeO2 m a y  be deposi ted 
w h e n  the  so lu t ion  becomes s u p e r s a t u r a t e d  (2) .  At  
h igh c u r r e n t  densi t ies  in  0.1N H2SO4 or at not  too 
high an  O H -  concen t ra t ion ,  an  orange  deposit  is 
fo rmed  which  is t hough t  to be GeO (2, 3). 

The so lub i l i ty  of the g e r m a n i u m  oxide p roduced  
by  anod iza t ion  a p p a r e n t l y  makes  i t  imposs ib le  to 
produce  such films in  aqueous  solut ions  except  u n d e r  
ex t r eme  condi t ions.  Thus,  it seems more  l ike ly  tha t  
g e r m a n i u m  oxidic films can be fo rmed  in  n o n a q u e -  
ous systems. Genera l ly ,  al l  of these  n o n a q u e o u s  
sys tems con ta in  a smal l  a m o u n t  of wa t e r  or some 
other  o x y g e n - c o n t a i n i n g  m a t e r i a l  in  which  the  ox-  
ygen  is easi ly  avai lable .  This  is p r o b a b l y  a po in t  
of ten over looked  by  workers  in  this  field. 

Zw e r d l i ng  a n d  Sheff (4) have  s tud ied  the  anodic  
fo rma t ion  of g e r m a n i u m  oxidic films in  an  e lec t ro-  
ly te  of a n h y d r o u s  sod ium acetate  in  glacial  acetic 
acid. Us ing  cu r r en t s  b e t w e e n  66 and  240 # a / c m  2, 
they  ob ta ined  films wi th  th icknesses  r a n g i n g  f rom 
220 to 1240A. A compar i son  of resul t s  on the  {111}, 
{110}, and  {100} faces showed no va r i a t ions  for n -  
and  p - t y p e  m a t e r i a l  g rea te r  t h a n  the e x p e r i m e n t a l  
u n c e r t a i n t y .  C u r r e n t  efficiencies of 10-20% a nd  field 
s t reng ths  in  the  r ange  of 0.7 to 3.5 x 106 v / c m  were  
obta ined.  

Experimental 
Apparatus . - -The e xpe r i me n t s  were  pe r fo rmed  at 
room t e m p e r a t u r e  in  a cell s imi la r  to tha t  des igned  
by  Sheff, Gatos, and  Z w e r d l i n g  (5).  The electrode 
was suppor ted  aga ins t  a hole in  the side of the  cell 
of such a size t ha t  the  e lect rode area was  0.600 cm 2. 
The cathode was  a large sheet  of t a n t a l u m .  The  cu r -  
r e n t  was  m e a s u r e d  w i th  a Gre ibach  I n s t r u m e n t s  
Corporat ion,  DC mi c r oa mme t e r ,  Model 500. The data  
are for cons tan t  c u r r e n t  operat ion,  a nd  the  cell 
vol tage,  m e a s u r e d  w i th  a Model  610 K e i t h l e y  Elec-  
t rometer ,  was used for the  v o l t a g e - t i m e  r e l a t i on -  
ships. 
Germanium.--Pieces of in t r ins ic  po lyc rys t a l l i ne  
g e r m a n i u m  m e a s u r i n g  1/4 x 1/16 x 2 in. were  ob-  
t a ined  f rom E a g l e - P i c h e r  a nd  were  used w i thou t  
f u r t h e r  mach in ing .  The pieces used for the  s tudy  
of the  effects of water ,  acetic acid, a nd  combina t ions  
of these  were  chemica l ly  pol ished in  CP-4  e t chan t  
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(6 ) ,  ~ r i n s e d  w i t h  d i s t i l l ed  wa te r ,  t h e n  w i t h  ace tone ,  
a i r  d r i ed ,  and  u sed  i m m e d i a t e l y .  A n  o r a n g e - p e e l  
su r face  was  o b t a i n e d  on a l l  samples .  A l l  o the r  p ieces  
w e r e  p o l i s h e d  to a m i r r o r  finish, f irst  on a " L a p -  
M a s t e r "  u s ing  10/~ gr i t ;  t h e n  on a s i lk  c lo th  us ing  
d i s t i l l ed  w a t e r  and  L i n d e  A, 0.3#, h i g h - p u r i t y  a l u -  
m i n a  ab ra s ive .  
L i t h i u m  n i t ra t e . - -Mal l inckrod t  A n a l y t i c a l  R e a g e n t  
v a c u u m  d r i e d  15 h r  a t  82~ was  used.  
A c e t i c a n h y d r i d e . - - " B a k e r - A n a l y z e d "  R e a g e n t, 
99.9%, was  used  as r e c e i v e d  and  d i s t i l l ed .  The  cen -  
t e r  cut  was  r e t a ined .  
Acet ic  ac id . - -DuPon t  R e a g e n t  was  used  a f t e r  i t  h a d  
been  r e f luxed  w i t h  10% acet ic  a n h y d r i d e  for  s e v e r a l  
hou r s  and  t h e n  d is t i l l ed .  The  cen t e r  cut  was  r e t a ined .  
G e r m a n i u m  dioxide.---Eagle-Picher g e r m a n i u m  d i -  
oxide ,  99.999%, was  v a c u u m  d r i e d  a b o u t  15 h r  a t  
82~ be fo re  use.  

Results and  Discussion 

Effect  of electrolyte  c o m p o s i t i o n . - - W a t e r . - - S o l u -  
t ions  of w a t e r  and  l i t h i u m  n i t r a t e  in ace t ic  a n h y -  
d r i d e  w e r e  p r e p a r e d  b y  d i s so lv ing  the  l i t h i u m  n i -  
t r a t e  in  w a t e r  in  c o n c e n t r a t i o n s  such t ha t  t he  acet ic  
a n h y d r i d e  so lu t ion  con t a ined  0.4 m M  l i t h i u m  n i -  
t r a t e /  The  r e su l t s  a r e  i n d i c a t e d  in Fig.  1. Too l i t t l e  
w a t e r  r e s u l t e d  in  poor  v o l t a g e - t i m e  r e l a t i o n s h i p s  
a n d  a low b r e a k d o w n  vo l t age .  Too m u c h  w a t e r  gave  
poor  v o l t a g e - t i m e  r e l a t i onsh ips ,  p r o b a b l y  be c a use  
of the  s o l u b i l i t y  of the  film. A t  a b o u t  0.233M w a t e r ,  
a good v o l t a g e - t i m e  r e l a t i o n s h i p  was  o b t a i n e d  a t  
100 # a / c m  2, wh i l e  b r e a k d o w n  occu r r ed  a t  a b o u t  
85v at  500 # a / c m  2. A t  0.461M and  0.694M w a t e r ,  a 
sma l l  " s t ep"  w a s  o b t a i n e d  in  the  v o l t a g e - t i m e  r e l a -  
t i onsh ip  a t  500 ~ a / c m  2. 

Acet ic  ac id . - -So lu t ions  of ace t ic  ac id  and  l i t h i u m  
n i t r a t e  in  ace t ic  a n h y d r i d e  p r e p a r e d  as a b o v e  gave  
v o l t a g e - t i m e  cu rves  as i n d i c a t e d  in Fig .  2. These  
cu rves  a r e  n o n l i n e a r  a t  bo th  100 and  250 # a / c m L  
Acet ic  acid and w a t e r . - - T h e  v o l t a g e - t i m e  r e l a t i o n -  
sh ips  for  va r i ous  c o n c e n t r a t i o n s  of  acet ic  ac id  and  
w a t e r  in ace t ic  a n h y d r i d e  w i t h  0.6 m M  l i t h i u m  n i -  
t r a t e  a r e  i n d i c a t e d  in  Fig.  3. W i t h  0.58M acet ic  acid,  

~ a / c m  e, w h i l e  b r e a k d o w n  is i n d i c a t e d  a t  a b o u t  60v 
a t  250 /~a / cm 2. A l t h o u g h  the  r e l a t i o n s h i p  for  0.366M 
w a t e r  does  no t  i n d i c a t e  b r e a k d o w n  at  t he  s a m e  v o l t -  
age at  250 /~a/cm 2, i t  does ind ica t e  an  a n o m a l y  in 
t he  # a / c m  2 r e l a t i onsh ip .  W i t h  0.145 ace t ic  acid,  t he  
d a t a  i n d i c a t e  a fa l loff  of the  v o l t a g e - t i m e  r e l a t i o n -  
sh ip  for  0.183M w a t e r  a t  bo th  100 and  250 ~ a / c m  2. 

W i t h  0.273M w a t e r  a n d  b e t w e e n  0.017 and  0.190M 
acet ic  acid,  t he  d a t a  i n d i c a t e d  l i t t l e  c h a n g e  in  t he  
v o l t a g e - t i m e  r e l a t i o n s h i p  a t  250 ~ a / c m  2, w h i l e  a t  
100 # a / e m  2, t he  v o l t a g e - t i m e  r e l a t i o n s h i p  fa l l s  off 
a t  0.190M acet ic  ac id  and  is g r e a t e r  for  0.105M acet ic  
ac id  t h a n  for  0.017M acet ic  acid.  
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Fig. 2. Anodic oxidation of polycrystalline germanium in acetic 
anhydride containing 0.7 mM LiNO3. Effect of acetic acid. Anode 
area, 0.600 cm2; temperature, 26~ 

0.183M w a t e r  g ives  a l i n e a r  r e l a t i o n s h i p  at  100 

I I 1 15 cc acet ic  ac id,  25 cc c e n c e n t r a t e d  HNOa,  15 cc 48% H F ,  a n d  0.3 OO58M HAc 0.145 M HAc OOl7M HAc 

ec bromine. ZO/L MO H20183 I ; /  
c r e a s i n g  a s  t h e  w a t e r  c o n c e n t r a t i o n  i s  d e c r e a s e d  o r  a s  t h e  a c e t i c  a c i d  a) 60 0.190M HAC 
c o n c e n t r a t i o n  i s  i n c r e a s e d  ( 7 ) .  
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Fig. 1. Anodic oxidation of polycrystalline germanium in acetic 
anhydride containing 0.4 mM LiNO3. Effect of water at current 
densities of 100 /~a/cm 2 ( + )  and 500 ga/cm 2 (o) (curves offset 
an time scale for clarity). Anode area, 0.600 cm2; temperature, 
260C. 

Fig. 3. Anodic oxidation of polycrystalline germanium in acetic 
anhydride containing 0.6 mM LiNO~, acetic acid and water at 
current densities of 100/~a/cm 2 (-[-) and 250 ~a/cm 2 (o) (curves 
offset on time scale for clarity). Anode area, 0.600 cm2; tempera- 
ture, 26~ a. (left) Effect of water in solutions containing 0.058M 
and 0.145M acetic acid; b. (right) effect of acetic acid in solutions 
containing 0.278M H20. 
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Fig. 4. Anodic oxidation of polycrystalline germanium in acetic 
anhydride containing 0.6 mM LiNO3, 0.105M acetic acid, 0.278M 
water and GeO2. Effect of GeO2 in the electrolyte solution at 
current densities of 100 /~a/cm 2 ( + )  and 250/~a/cm 2 (o). Anode 
area 0.600 cm 2, temperature 26~ Runs made consecutively in 
each solution as numbered. 

G e r m a n i u m  d i o x i d e . - - T h e  v o l t a g e - t i m e  re la t ionsh ip  
for consecut ive  r u n s  on acetic a n h y d r i d e  solut ions  
con ta in ing  0.6 mM l i t h i u m  n i t ra te ,  0.105M acetic 
acid, and  0.278M wa te r  w i t h  0.011 mM GeO2 and  
w h e n  sa tu ra t ed  w i th  GeO2 are ind ica ted  in  Fig.  4. 
Whi le  the v o l t a g e - t i m e  re la t ionsh ips  for the  first 
two or th ree  r u n s  are s imilar ,  the  s a tu ra t ed  GeO2 
solu t ion  gave poor resul ts .  The s a tu ra t ed  so lu t ion  
t u r n e d  mi lky ,  and  a soft, n o n a d h e r e n t  film was 
obta ined.  

Anod i za t i on  p a r a m e t e r s . - - E ~ c i e n c y ,  t h i ckness ,  
and d i f feren t ia l  f ield s t r e n g t h . - - T h e  a m o u n t  of ge r -  
m a n i u m  in  the  film was d e t e r m i n e d  us ing  a m o d -  
ification (4) of the  me thod  of Newcombe  et al. (8) .  
The  back  and  edges of the  electrodes were  pa i n t e d  
wi th  GC Elect ronics  P o l y s t y r e n e  Q-Dope  No. 37-2 
and  air  dried.  The film was dissolved in  5 ml  of 0.01N 
NaOH by  i m m e r s i o n  for 15 sec; the  so lu t ion  was  
t hen  made  acid by  add i t ion  of 2 ml  of 0.05N H2SO4 
and  d i lu ted  up  to abou t  10 ml. The  other  r eagen t s  
were  t h e n  added as ind ica ted  by  Newcombe  et al. 
and  a l lowed to s t and  1 hr  before d i lu t ing  to 25 ml  
and  r u n n i n g  in  the  B e c k m a n  Model  B spect ro-  
pho tome te r  at  540 m~. 3 

The  c u r r e n t  in  al l  r u n s  was  cont ro l led  to abou t  
1% and  the  vol tage  was  w i t h i n  abou t  2%. 

a C o n t r a r y  to  t h e  r e s u l t s  of  N e w c o m b e  et  al., t h e  ox id i zed  h e m a -  
t o x y l i n  p r e p a r e d  in  t he  L o c k h e e d  Ma te r i a l s  Sc iences  l a b o r a t o r y  was  
laot s t ab le  w i t h  t i m e ,  and  t h e  s o l u t i o n  c o u l d  no t  be  u sed  af ter  s t a n d -  
ing  one week .  Thus ,  i t  was  necessa ry  to  p r e p a r e  s t a n d a r d  GeO2 so-  
lu t ions  f o r  each  ser ies  of  d e t e r m i n a t i o n s .  

The di f ferent ia l  field s t r eng th  Ea at a n y  th ickness  
is defined as 

dV d V  
Ed . . . .  

ds fie Idt  

w he r e  s = So + fl~ It; so is th ickness  pr ior  to e lec t ro l -  
ysis ( t a k e n  as zero in  this  w o r k ) ,  e the  efficiency, 
I the c u r r e n t  dens i ty  ( a m p / c m 2 ) ,  t anod iz ing  t ime 
(sec) ,  fl th ickness  of film (cm)  fo rmed  per  a m p -  
s ec / cm 2 of the  charge passed l ead ing  to film f o r m a -  
t ion. A s s u m i n g  the  dens i ty  of amorphous  g e r m a n i u m  
dioxide to be  3.637 g / c m  3 (9) ,  the  v a l u e  of fl is 
7.426 x 10 -5 cm ~ ( a m p - s e c ) - 1 .  The no rma l i zed  slope 
of the  v o l t a g e - t i m e  re la t ionsh ip  is d V / I d t .  

The efficiency, no rma l i zed  slope, th ickness ,  and  
d i f ferent ia l  field s t reng ths  are g iven  for 12 runs  in  
Table  I. The data  are for c u r r e n t  densi t ies  of 25, 
100, and  250 ~ a / c m  2. The  da ta  ind ica te  an  average  
efficiency of 78 • 7% and  an  average  d i f ferent ia l  
field s t r eng th  of 2.1 • 0.3 x 106 v / c m .  The average  
no rma l i zed  slope of the v o l t a g e - t i m e  re la t ionship ,  
d V / I d t ,  is 118 • 10v ( a m p - s e c ) - l .  

Z w e r d l i n g  a nd  Sheff (7) used  the  dens i ty  of b u l k  
hexagon ia l  GeO2 as the  dens i ty  of amorphous  GeO2. 
The i r  va lue  of fl was  thus  6.35 x 10 -5 cm3/amp-sec .  
The i r  r epor ted  va lues  of Ed covered the  r a nge  f rom 
0.7 to 3.5 x 106 v / c m.  W h e n  the  dens i ty  repor ted  for 
amorphous  GeO2 was used (9) ,  the i r  va lues  r anged  
f rom 0.6 to 3.0 x 106 v / c m ,  whi le  the resu l t s  r epor ted  
in  this work  r a n g e d  f rom 1.4 to 3.0 x 106 v / c m .  
Effec t  of  anodizat ion  t i m e  and age of  s o l u t i o n . - - N o  
more  t h a n  one or two sa t is factory  r u n s  could be 
m a d e  in  the  same solu t ion  unless  GeO2 was p resen t  
in  the  solut ion,  in  which  case, severa l  sa t i s fac tory  
r u n s  could be made  in  the  same solut ion.  No sat is -  
fac tory  r u n  could be made  on a so lu t ion  kept  over -  
n igh t  unless  w a t e r  was  added. F igu re  5 indica tes  the  
effect of anod iza t ion  t ime  and  age of the so lu t ion  on 
the vo l t age - t ime  re la t ionsh ips  w h e n  solut ions  of 
acetic a n h y d r i d e  con ta in ing  0.6 mM LiNO~, 0.105M 
acetic acid, 0.278M water ,  and  0.011 mM GeO2 were  
used. A la te r  series of r u n s  gave no rma l i zed  slopes 

Table I. Anodic oxidation of polycrystalline germanium in acetic 
anhydride containing 0.6 mM LiNO3, 0.10SM acetic acid, 

0.278M water, and 0.011 mM GeO2 (anode area 0.600 cm 2, 
temperature 26"C) 

R u n  
No.  

E l e c t r o c h e m i c a l  p a r a m e t e r s  

A n o d -  N o r m a l i z e d  D i f f e r e n t i a l  
i zaUon  C u r r e n t  Effi- s lope,  f ie ld  T h i c k -  
t ime ,  dens i ty ,  I ,  c iency ,  dV/Idt, s t rength ,  E~, ness ,  
t, m i n  /za/cm ~ e, % v / a m p - s e c  v / c m  x 10 -e s, A 

144 
149 
142 

141 
148 
143 

152 
147 
139 

145 
138 
137 

20 100 78 121 2.1 700 
20 100 79 124 2.1 710 
30 100 59 131 3.0 790 

30 10O 74 121 2.2 990 
30 100 77 108 1.9 1040 
30 100 80 139 2.3 1070 

132 25 82 114 1.9 1200 
40 100 90 93 1.4 1600 
30 250 61 114 2.5 2030 

50 100 94 131 1.9 2080 
30 250 77 112 2.0 2580 
30 250 87 108 1.7 2890 

Average: 78___7 1 1 8 •  2.1___0.3 
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Fig. 5. Anodic oxidation of polycrystalline germanium in acetic 
anhydride containing 0.6 mM LiNOa, 0.105M acetic acid, 0.278M 
water, and 0.011 mM GeO2. Effect of anodization time and age 
of solution. Anode area, 0.600 cm2; current density, 100 ~a/cm2; 
temperature, 26~ 

of  119, 131, a n d  132 v / a m p - s e c ,  r e s p e c t i v e l y ,  a n d  

as  i n d i c a t e d  b y  t h e  n o r m a l i z e d  s l o p e s  i n  T a b l e  I, t h e  
v a l u e s  o b t a i n e d  a t  2 5 0 / ~ a / c m  2 w e r e  s o m e w h a t  l o w e r  
a n d  n o t  m u c h  d i f f e r e n t .  T h e  r e s u l t s  i n d i c a t e  t h a t  o n e  
s o l u t i o n  c a n  be  u s e d  a t  l e a s t  f o u r  t i m e s  in  o n e  d a y  

a n d  c a n n o t  b e  k e p t  m o r e  t h a n  o n e  d a y .  

Breakdown voltage.--At c u r r e n t  d e n s i t i e s  o f  250 # a /  
c m  2, b r e a k d o w n  o c c u r s  a t  a b o u t  150v in  t h e  " n o r -  
m a l "  m a n n e r ,  w i t h  a 10 -20v  f l u c t u a t i o n  b u t  n o  c o n -  
t i n u a l  r i s e  of  v o l t a g e .  A t  1 0 0 / m / c m  2 b r e a k d o w n  o c -  

c u r s  a t  a b o u t  180v, b u t  t h e  v o l t a g e  b e g i n s  to  r i s e  

l i n e a r l y  w i t h  t i m e  a t  a m u c h  f a s t e r  r a t e .  I t  is p o s t u -  

l a t e d  t h a t  a t  t h e  l o w e r  c u r r e n t  d e n s i t i e s ,  t h e  c u r -  
r e n t  is l o w  e n o u g h  w i t h  r e s p e c t  to  t h e  v a r i o u s  r a t e s  

to  a l l o w  t h e  c o n t i n u e d  f o r m a t i o n  of  c r y s t a l l i n e  GeO2 
on  t h e  s u r f a c e ,  w h e r e a s  a t  t h e  h i g h e r  c u r r e n t  d e n -  
s i t i es ,  t h e  c u r r e n t  is g r e a t  e n o u g h  w i t h  r e s p e c t  to  
t h e  v a r i o u s  r a t e s  so t h a t  t h e  c r y s t a l l i n e  GeO2 f i lm 
b r e a k s  d o w n .  F o r  e x a m p l e ,  t h e  f i lm  c o u l d  b r e a k  

d o w n  b e c a u s e  of  l oca l  h e a t i n g .  
Anomalies.--The v o l t a g e - t i m e  r e l a t i o n s h i p  is n o t  

l i n e a r  d o w n  to  z e r o  t i m e .  A s  i n d i c a t e d  in  al l  t h e  
f igures ,  t h e r e  is  a n  i n i t i a l  r a p i d  r i s e  of  v o l t a g e  w i t h  

t i m e .  I n  F ig .  6, t h i s  is s t r i k i n g l y  e v i d e n t  f o r  a r u n  
a t  a c u r r e n t  d e n s i t y  of  25 # a / c m  2, w h i c h ,  a s s u m i n g  
t h e  s a m e  e f f i c i ency ,  is e q u i v a l e n t  to  a f i lm t h i c k n e s s  
of  a b o u t  90A b e f o r e  t h e  v o l t a g e - t i m e  r e l a t i o n s h i p  
is l i n e a r .  A l t h o u g h  Z w e r d l i n g  a n d  S h e f f  (4 )  p r e s e n t  

s e v e r a l  p o s s i b i l i t i e s ,  t h e  s i g n i f i c a n c e  o f  t h i s  i n i t i a l  
a n o m a l y  is n o t  u n d e r s t o o d  a t  p r e s e n t .  

The film.--The c r y s t a l l i n e  m a t e r i a l  f o r m e d  w h e n  
t h e  g e r m a n i u m  is a n o d i z e d  to  t h e  b r e a k d o w n  v o l t -  
a g e  w a s  f o u n d  b y  x - r a y  a n a l y s i s  to  b e  GeO2. I n -  
f r a r e d  t r a n s m i s s i o n  d a t a  h a v e  i n d i c a t e d  s t r o n g l y  

b o u n d  w a t e r  a n d  no  a c e t a t e  i on  in  t h e  a m o r p h o u s  
f i lm.  T h e r e  is  a m o d e r a t e l y  s h a r p  GeO2 (4)  t r a n s -  
m i t t a n c e  m i n i m u m  a t  869 c m  -1 w h i c h  m a y  b e  u s a b l e  

f o r  d e t e r m i n a t i o n  of  f i lm t h i c k n e s s .  

F i l m s  r a n g i n g  in  t h i c k n e s s  f r o m  a p p r o x i m a t e l y  
90 to  7000A h a v e  b e e n  f o r m e d  w i t h  t h e  e x p e c t e d  i n -  

t e r f e r e n c e  c o l o r  c h a n g e s .  A s  i n d i c a t e d  b y  V a s l c e k  
( 1 0 ) ,  t h e  e x t r e m e l y  t h i n  f i lms  a r e  c l ea r ,  t u r n i n g  a 

Table II. Interference colors obtained on polycrystalline 
germanium anodized in acetic anhydride containing 0.6 mM 

LiN03, 0.105M acetic acid, 0.278M water, and 0.011 mM GeO2 

t2 

t0 
g) 

o > 
=- 
~o 

o > 

6 

2 ~  
O tO 20 30 

ANODIZATION TIME, MINUTES 

Fig. 6. Anodic oxidation of polycrystalline germanium in acetic 
anhydride containing 0.6 mM LiNOs, 0.105M acetic acid, 0.278M 
water, and 0.011 mM GeO2. Anomaly at beginning of anodization. 
Anode area, 0.600 cm2; temperature, 25"C;  current density 25 
/~a/cm 2. 

F i l m s  p r o d u c e d  i n  t h i s  w o r k  

F i l m  co lors  as  c a l c u l a t e d  
f r o m  d a t a  of  V a s i c e k  (10) 

u s i n g  a r e f r a c t i v e  i n d e x  
of  1.607 (11) 

T h i c k -  T h i c k -  
ness ,  A C o l o r  ness ,  A C o l o r  

87 • 8 C lea r  ( w h i t e )  - -  - -  
174 • 15 F a i n t  b r o w n -  

y e l l o w  - -  - -  
261 • 23 D a r k e r  b r o w n -  

y e l l o w  - -  - -  
348 • 31 B r o w n - y e l l o w  - -  - -  
522 • 47 Vio le t  - -  - -  

- -  - -  653 B r o w n - y e l l o w  
696 • 62 D a r k  b lue  - -  - -  

- -  - -  784 P u r p l e  
- -  - -  871 Vio le t  

872 • 78 L i g h t  b l u e  - -  
1043 • 93 B lue  w h i t e  - -  - -  

- -  - -  1108 B lue  
1221 • 109 Blue  g r e e n  - -  - -  

- -  - -  1282 B l u i s h  w h i t e  
- -  - -  1431 G r e e n i s h  b lue  

1461 • 131 Y e l l o w  - -  - -  
1566 • 140 O r a n g e  ( b r o w n -  

y e l l o w )  - -  - -  
- -  - -  1593 Y e l l o w i s h  w h i t e  

1739___ 156 R e d  - -  - -  
- -  - -  1756 Y e l l o w  
- -  - -  2048 B r o w n i s h  y e l l o w  

2088 • 187 B l u e  - -  - -  
- -  - -  2400 P u r p l i s h  r e d  

2540 • 228 D a r k  b l u e  - -  - -  
- -  - -  2700 B lue  

4385 • 383 R e d  w h i t e  ~ - -  
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b r o w n - y e l l o w  as the th ickness  is increased,  t h e n  
t r a v e r s i n g  the r egu la r  order  of i n t e r f e r ence  colors. 
In  Table  II  the colors of some of the anodic  films 
p roduced  on g e r m a n i u m  are p re sen t ed  a long wi th  
the colors g iven  by  Vasicek (10) for th ickness  
d e t e r m i n e d  us ing  a re f rac t ive  i ndex  of 1.607 (11) 
for amorphous  GeO2. A perfect  compar i son  canno t  
be expected  since Vasicek did his w o r k  w i th  films 
on glass in  p e r p e n d i c u l a r  whi te  dayl ight .  The films 
ob t a ined  in  this  w o r k  were  on g e r m a n i u m ,  and  the i r  
colors were  d e t e r m i n e d  in  f luorescent  l ight  at  an  
angle  s l ight ly  off the  pe rpend icu la r .  Also, the t rue  
area  was assumed to be equa l  to the  a p p a r e n t  area.  

Conclusions 
A good solu t ion  for the  anodic  ox ida t ion  of ge r -  

m a n i u m  consists of acetic a n h y d r i d e  con t a in ing  0.6 
m M  LiNO3, 0.105M acetic acid, 0.278M water ,  and  
0.011 mM GeO2. F i lms  can be fo rmed  in  this  so lu-  
t ion  to abou t  7000A th ickness  w i th  a c u r r e n t  effi- 
c iency of about  78% at c u r r e n t  densi t ies  r a n g i n g  
f rom 25 to 250 ~ a / c m  2. The d i f ferent ia l  field s t r eng th  
of these films is abou t  2.1 x 106 v / c m ,  w i th  a b r e a k -  
down  vol tage  of about  150v at 250 # a / c m  2 and  abou t  
18Ov at 10O ~ a / c m  2. 

I t  is suggested tha t  the  con t inued  fo rma t io n  of a 
c rys ta l l ine  fi lm af ter  r each ing  the  b r e a k d o w n  vo l t -  
age of the  amorphous  film at  low c u r r e n t  densi t ies  

occurs because  the c u r r e n t  is low enough  wi th  r e -  
spect to the var ious  ra tes  to a l low the  con t inued  
fo rma t ion  of c rys ta l l ine  GeO2 on the surface.  

Manuscript  received Jan. 21, 1963; revised m a n u -  
script received March 18, 1963. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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The Electrolytic Reduction of Dicyandiamide 
An Experimental Approach to the Difference inTwo Courses of Electrolytic Reduction 

Kiichiro Sugino, Keijiro Odo, and Eiichi Ichikawa 
Department of Applied Electrochemistry, Tokyo Institute of Technology, Tokyo, Japan 

ABSTRACT 

Dicyandiamide was found to undergo a four electron reduct ion at  a mer -  
cury cathode at --1.05v (S.C.E.) al though no distinct polarographic wave w a s  

obtained. At a pal ladium black cathode, dicyandiamide was reduced at --0.10v 
(S.C.E.) with 100% current  efficiency to give the dihydro compound. This 
difference in products is believed to be caused by direct electron t ransfer  in the 
former case and reduct ion by ehemisorbed hydrogen in the latter. 

The  e lect rolyt ic  r educ t ion  of d i c y a n d i a m i d e  in  
aqueous  acid at  m e r c u r y  and  lead cathodes has been  
shown  to p roduce  a m i n o m e t h y l e n e g u a n i d i n e  (1) 
which  is s tab le  on ly  in  cold acidic solut ion.  W h e n  
electrolysis  was  con t inued  u n t i l  the  ca tholy te  was  
basic, the  compound  hydro lyzed  to give guan id ine ,  
a m m o n i a  and  fo rmaldehyde .  1 

D i c y a n d i a m i d e  does no t  give a cathodic wave  at  
the  d ropp ing  m e r c u r y  electrode u n d e r  these condi -  
t ions  and  is s imi la r  to c y a n a m i d e  in  this  behavior .  

In  the  p resen t  s tudy,  the  r educ t ion  of d i c y a n d i a -  
mide  has been  r e inves t i ga t ed  to d e t e r m i n e  w h e t h e r  
a slow ra te  of r educ t i on  is respons ib le  for this  d is -  
c r epancy  as is observed  wi th  c y a n a m i d e  (2).  

1 A p a r t  of  t h e  c o m p o u n d  was  f u r t h e r  r e d u c e d  to g u a n i d i n e  a n d  
m e t h y l a m i n e .  

Experimental 
The appa ra tu s  has been  p rev ious ly  descr ibed  (3) .  

A 150 ml  beake r  served as the  cell and  a magne t i c  
s t i r re r  was  used to stir  the  catholyte .  The solid 
cathode area  was 68 cme; the  Hg cathode area  was  
34 cm2; the  anode  was  p l a t i num.  The p u r i t y  of the 
lead, cadmium,  t in,  zinc, and  copper  electrodes was 
be t t e r  t h a n  99.9% whi le  tha t  of the  n icke l  cathode 
was above 99.8%. The m e r c u r y  was  pur i f ied by  dis-  
t i l la t ion.  The electrodes were  p r epa red  by  pol ishing 
the  surface  w i th  sandpaper ,  i m m e r s i n g  in  10% HC1 
or HNO3 (for  l e ad ) ,  and  w a s h i n g  wi th  water .  B l a n k  
electrolyses  were  car r ied  out  in  5% H2SO4 us ing  the  
e lect rode as the  cathode. 

The p a l l a d i u m  b lack  e lect rode was  p r e p a r e d  by  
e lect rolyt ic  deposi t ion of p a l l a d i u m  on p a l l a d i u m  or 
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p l a t i n u m  f r o m  a so lu t ion  c o m p o s e d  of 20 m l  of 1% 
p a l l a d i u m  ch lo r ide  a n d  100 ml  of 1N HC1. The  e lec -  
t r o ly s i s  was  c o n t i n u e d  1 h r  a t  3 a m p / d m  ~ u s i n g  a 
p a l l a d i u m  anode  w i t h  a p u r i t y  of 98.5%. F o l l o w i n g  
e l ec t ro ly s i s  t h e  e l ec t rode  was  w a s h e d  w i t h  w a t e r  
and  s to red  u n d e r  w a t e r .  B l a n k  e l ec t ro ly s i s  was  
c a r r i e d  out  in  5% H2SO4 us ing  the  p a l l a d i u m  b l a c k  
e l e c t r o d e  as c a thode  u n t i l  100% h y d r o g e n  e v o l u -  
t ion  w a s  ob ta ined .  

The  c a t h o l y t e  cons i s t ed  of 100 m l  of 5% H2SO4, 
KC1, a n d  HC1 (pH less  t han  2) ,  ace t ic  ac id  and  
s o d i u m  ace t a t e  (pH 3 -5 ) ,  or  KH2PO4 a n d  N a O H  
(pH 6 -7 ) .  T h e  so lu t ions  excep t  5% H2SO4 con ta ined ,  
in add i t ion ,  3g of a m m o n i u m  sul fa te .  The  a n o l y t e  
cons i s ted  of  40 m l  of 5% H2SO4 

Electro.lysis.--After 100 % h y d r o g e n  evo lu t i on  was  
conf i rmed  at  t he  ca thode ,  4.2g of d i c y a n d i a m i d e  was  
a d d e d  to t h e  ca tho ly te .  The  d i c y a n d i a m i d e  d i s so lved  
s l o w l y  as  t he  e l ec t ro ly s i s  p roceeded .  The  e l ec t ro ly s i s  
was  c o n d u c t e d  so as to p e r m i t  t he  c a t h o l y t e  to r e -  
m a i n  acidic .  The  t e m p e r a t u r e  of t he  e l ec t ro lys i s  was  
10 ~ 15~ M e a s u r e m e n t  of h y d r o g e n  evo lu t i on  was  
c a r r i e d  out  a t  def in i te  i n t e r v a l s  to d e t e r m i n e  c u r r e n t  
efficiency. 

F o l l o w i n g  the  e l ec t ro lys i s  a s a t u r a t e d  so lu t ion  of 
s o d i u m  p i c r a t e  was  a d d e d  to t he  ca tho ly te .  In  e l ec -  
t r o ly se s  us ing  l e a d  or  m e r c u r y  ca thodes ,  a m i n o -  
m e t h y l e n e g u a n i d i n e  d i p i c r a t e  p r e c i p i t a t e d  first  and  
was  f o l l o w e d  b y  g u a n i d i n e  p i c ra t e .  The  n e t  r e s u l t  
was  p a r t i a l  s e p a r a t i o n  of t he  p i c ra t e s .  T h e  c a t h o l y t e  
o b t a i n e d  us ing  a p a l l a d i u m  b l a c k  ca thode  gave  a 
m i x t u r e  of f o r m y l g u a n i d i n e  p i c r a t e  and  g u a n i d i n e  
p ic ra te .  

The  c r u d e  s amp le s  of  a m i n o m e t h y l e n e g u a n i d i n e  
d i p i c r a t e  (pu r i f i ca t ion  is v e r y  diff icul t )  o b t a i n e d  
f rom the  m e r c u r y  and  l e a d  ca thode  e lec t ro lyses ,  d e -  
composed  in  the  r a n g e  200~176 [ the  m e l t i n g  
po in t s  a r e  ind is t inc t ,  see  ref .  ( 1 ) ]  and  w e r e  88% 
and  96% pure ,  r e spec t i ve ly ,  as d e t e r m i n e d  b y  the  
a m o u n t  of  f o r m a l d e h y d e  o b t a i n e d  u p o n  h y d r o l y s i s .  

The  c r u d e  m i x e d  p i c r a t e  o b t a i n e d  f r o m  the  p a l l a -  
d i u m  b l a c k  e l ec t ro lys i s  was  a l i gh t  y e l l o w  p o w d e r  
( r ap  180~176 w h i c h  t u r n e d  b r o w n  on con tac t  
w i t h  air .  This  m i x e d  p i c ra t e ,  f r o m  the  a m o u n t  of 
fo rmic  ac id  f o r m e d  on  hyd ro ly s i s ,  c o n t a i n e d  a b o u t  
60% f o r m y l g u a n i d i n e  p ic ra te .  The  m i x e d  p i c r a t e s  
w e r e  t r e a t e d  w i t h  l a r g e  a m o u n t s  of w a t e r  to r e m o v e  
the  g u a n i d i n e  p ic ra te .  The  r e m a i n i n g  f o r m y l g u a n i -  
d ine  p i c r a t e  m e l t e d  a t  216~ and  a m i x t u r e  w i t h  an  
a u t h e n t i c  s a m p l e  (5)  s h o w e d  no dep re s s ion  of t h e  
m e l t i n g  point .  

Table I. Yields of products from the reduction of dicyandiamlde 
at various cathodes 

Cathode 

Amino- 
nicyan- Formyl- methylene 
diamide  guanidine guanidine Guanidine 

Faradays/ converted, picrate, picrate, picrate, 
mole % %* %* %* 

Hg 4.04 62 0 47 45 
Pb 8.08 42 0 43 63 
P d - b l a c k  2.02 85 56 0 36"* 
Cd, Zn, Sn, 

Ni, and Cu 2.02 Curren t  efficiency less than 3% 

* Based on converted dicyanidiamide. 
** Calculated from amount of formylguanidine picrate formed. 
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Fig. 1. Current efficiency at various cathodes: 1, Pd-black; 
2, Hg; 3, Pb; 4, Cd; 5, Sn; 6, Cu; 7, Ni. 

The  f i l t r a t e  f r o m  the  p i c r a t e  p r e c i p i t a t i o n  was  
ac id i f ied  w i t h  d i l u t e  HNO3, and  the  u n c o n v e r t e d  
d i c y a n d i a m i d e  was  p r e c i p i t a t e d  as t he  d i c y a n d i a -  
m i d e - s i l v e r  p i c r a t e  on a d d i t i o n  of 5% s i l ve r  n i t r a t e  
so lu t ion .  T h e  c o m p l e x  was  f i l te red ,  d r i e d  a t  l l 0 ~  
and  we ighed .  T h e  f i l t ra te  was  m a d e  basic ,  and  the  
gases  f o r m e d  w e r e  d i r e c t e d  t h r o u g h  a n  aqueous  h y -  
d roch lo r i c  ac id  t r ap .  The  so lu t ion  in t h e  t r a p  was  
e v a p o r a t e d  and  t h e  r e s i d u e  e x t r a c t e d  w i t h  b u t a n o l  
in o r d e r  to s e p a r a t e  the  a m m o n i u m  c h l o r i d e  f r o m  
the  m e t h y l a m m o n i u m  chlor ide .  No m e t h y l a m m o -  
n i u m  ch lo r ide  was  found.  

A t  po t e n t i a l s  g r e a t e r  t h a n  - -0 .4v  a m i n o m e t h y l e n e -  
g u a n i d i n e  was  also f o r m e d  at  t he  p a l l a d i u m  b l a c k  
ca thode .  

W h e n  the  e l ec t ro lys i s  a t  m e r c u r y  a n d  l ead  was  c a r -  
r i ed  ou t  w i t h  on ly  2 F a r a d a y s  p e r  mole ,  no f o r m y l -  
g u a n i d i n e  was  found.  S i m i l a r l y  e l ec t ro lys i s  a t  t he  
p a l l a d i u m  b l a c k  ca thode  w i t h  4 F a r a d a y s  p e r  mo le  
p r o d u c e d  no a m i n o m e t h y l e n e g u a n i d i n e .  

Results 
The  re su l t s  2 o b t a i n e d  a t  a c u r r e n t  d e n s i t y  of 5 

a m p / d m  2 a re  s h o w n  in T a b l e  I. 

The  c u r r e n t  eff iciency a t  va r i ous  ca thodes  was  
d e t e r m i n e d  b y  m e a s u r i n g  the  h y d r o g e n  evo lu t ion  
us ing  a c u r r e n t  d e n s i t y  of 5 a m p / d m  ~ and  is g iven  
in Fig .  1. 

The  inf luence  of p H  on c u r r e n t  eff iciency w a s  
s t u d i e d  at  t he  m e r c u r y  ca thode .  A t  a c u r r e n t  d e n s i t y  
of 1 a m p / d m  e, low enough  so as not  to affect  the  p H  
g rea t l y ,  the  efficiency was  f o u n d  to d rop  a lmos t  
l i n e a r l y  f r o m  60% at  p H  0 to zero a t  pI-I 4. A l l  r e -  
duc t ions  w e r e  run ,  t he re fo re ,  in 5% H2SO4. 

P o l a r o g r a m s  of d i c y a n d i a m i d e  in a KC1-HC1 buf fe r  
(pH 2.0) w i t h  c o n c e n t r a t i o n s  v a r y i n g  f r o m  4 x 
10-4M to 5 x 10-2M showed  no r e d u c t i o n  wave .  The  
h y d r o g e n  d i s c h a r g e  w a v e  sh i f t ed  to m o r e  pos i t ive  
po t e n t i a l s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  f r o m  p H  2 
to 6. This  sh i f t  i n c r e a s e d  w i t h  de c r e a s ing  pH. 

C o n t r o l l e d  p o t e n t i a l  r e d u c t i o n s  w e r e  c a r r i e d  ou t  
a t  m e r c u r y ,  lead ,  and  p a l l a d i u m  b l a c k  ca thodes  in 

The detailed descriptions of organic parts of this study appeared 
in a separate paper (6). 
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Fig. 2. Polarograms of dicyandiamide. Concentration of di- 
cyandiamide: 1, O (supporting electrolyte); 2, 4 x 10 -4  mole/l; 3, 
2 x 10 -8  mole/l; 4, I x 10 -2  mole/l; 5, 5 x 10 - 2  mole/1. Sup- 
porting electrolyte: KCI-HCI buffer sotution (pH 2.0); sensitivity 
of galvanometer: 0.1 /~a/mm; dropping mercury electrode; m ~ / 3  

t 1 /8  = 1 .36 .  h ~ 45 cm. 

order  to de te rmine  the reduct ion potent ia l  of d icy-  
andiamide.  Current  vs. potent ia l  plots are shown in 
Fig. 3. 

Constant  potent ia l  reduct ions were  carr ied  out at 
pa l l ad ium black and mercu ry  cathodes at --0.30 and 
--1.175% respect ively.  The current  vs. t ime plots are 
shown in Fig. 4 and 5. 

The area  under  the cu r r en t - t ime  curve for the 
mercury  cathode af ter  subtract ion of the current  
due to hydrogen  discharge (shaded area)  was 2.63 
a m p - h r  which corresponds to 4 F a r a d a y s  per  mole. 

The area  under  the cu r r en t - t ime  curve for the 
pa l l ad ium black cathode was 1.27 a m p - h r  which 
corresponds to 2 Fa radays  per mole. 

Discussion 

The fact  tha t  the reduct ion of d icyandiamide  at 
mercu ry  occurs at --1.05v to produce aminometh -  
y leneguanidine ,  and tha t  the reduct ion at 

NH2--C=NH NH2- -C=NH 
1 4e I 

HNCN 4H + NHCH2NH2 
Hg 

1.5  

1.0 

8 
0.5 

(3')~ 
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I 
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- 0 , 5  

J 

( / /(2) 
1(2') 'l 

I 
I 
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/ /  

= -'~" a 
- I . 0  

C a t h o d e  p a f e n t i a ]  (u {vs. S-C.E,) 
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- I .5 

Fig. 3. Current vs. potential curves for the reduction of di- 
cyandiamide. 1 and 1', Hg cathode; 2 and 2', Pb cathode; 3, 
3', and 3% Pd-black cathode, e, 2.1g dicyandiamide in 100 cc 
5% H2SO4; % 0.21g dicyandiamide in 100 cc 5% H2SO4; x, 100 
cc 5% H2SO4. 
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Fig. 4. Constant potential reduction of dicyandiamide at a 
Hg cathode (--1.175v) in 5% H2SO4. Catholyte: 2.1g of dicy- 
andiamide in 100 ml 5% H2SO4; anolyte: 40 ml of 5% H2SO~. 

pa l l ad ium black  at  --0.10v produces fo rmylguan i -  
dine, indicates  tha t  the mechanism of the reduct ions  
are comple te ly  different. The proposed in te rmedia te  
guany l fo rmamid ine  has been p repa red  as the hydro -  
chloride (mp 126~176 by  cata lyt ic  reduct ion of 
d icyandiamide  in methanol ic  HC1 with  a pa l l ad ium 
on carbon cata lys t  (4).  Since the reduct ion at pa l l a -  
d ium black is considered to be reduct ion by  chemi-  
sorbed hydrogen,  the reduct ion at mercu ry  should 
be reduct ion by  direct  electron t ransfer ,  

NH2--C--~NH NH2- -C=NH 
) 

HN--CN Pd H N - - C H = N H  

NH2--C=NH 
H20> l ~ + N H a  

NH--CH 

al though there  is some uncer t a in ty  as to the reduc-  
t ion potent ia l  in the case of the d icyandiamide  re -  
duction. 

Since aminomethy leneguan id ine  is formed at  the 
pa l l ad ium black  cathode at voltages g rea te r  than  
--0.40% the second step reduct ion of d icyandiamide  
may  be vol tage control led and affected by  the type  
of cathode used. Metals wi th  a high hydrogen  over-  
vol tage would cause this  reduct ion as has been ob- 
served in the  reduct ion of cyanamide  to fo rmami -  

2 . O  

1 . 5  

E 
1.0 

0 . !5  

Time (hrs.) 

Fig. 5. Constant potential reduction of dicyandiamide at a 
palladium black cathode (--0.30v) in 5% H2SO4; same con- 
centrations as in Fig. 4. 
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dine. In  this  work  the fo rma t ion  of g u a n y l f o r m a m i -  
d ine  could no t  be verif ied because  of its i n s t ab i l i t y  
in  aqueous  solut ion.  

The  d i sc repancy  in  the behav io r  of d i cyand i a mi de  
at the  d ropp ing  m e r c u r y  e lect rode and  on a macro  
scale at  a m e r c u r y  cathode m a y  be caused by  a slow 
ra te  of r educ t ion  of the  d icyand iamide .  
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Oxidation of Boron Carbide by Air, Water, and 
Air-Water Mixtures at Elevated Temperatures 

Lawrence M. Litz and R. A. Mercuri 
Research Laboratory, National Carbon Company, Division of Unian Carbide Corporation, Parma, Ohio 

ABSTRACT 

A study of the oxidation of boron carbide powder has shown measurable  
reaction at temperatures  as low as 250~ with water  vapor and 450~ in  dry 
air. Removal of the B203 oxidation product  by water  vapor occurs at a rate in 
excess of the oxidation rate below 550~176 The presence of B203 on the B4C 
surface was found to inhibi t  the oxidation by H20 but  not by air. Linear  de- 
pendence of rate on the part ial  pressure of water  was observed. The activation 
energy for the water-B4C react ion was 11 kcal /mole-~ while that  for the air-  
B4C reaction was 45 kcal/mole.  Oxidation by dry air occurs at a lower rate 
than  wi th  water  vapor unt i l  approximately 700~ (for 235 mm water  part ial  
pressure) .  

Boron  carb ide  has found  cons iderab le  usage  as a 
stable,  h i g h - t e m p e r a t u r e  source of bo ron  in  var ious  
nuc l ea r  appl icat ions .  In  some of these, the  reac t ion  
of the  boron  carb ide  w i th  air  or wi th  wa t e r  vapor  
at  e leva ted  t e m p e r a t u r e s  becomes an  i m p o r t a n t  con-  
s idera t ion.  The m e a g e r  i n f o r m a t i o n  on the  corrosion 
behav io r  of boron  carb ide  in  such e n v i r o n m e n t s  is 
s u m m a r i z e d  by  Hoyt  (1) .  No sys temat ic  s t udy  of 
the  m e c h a n i s m  or k inet ics  appears  to have  been  
car r ied  out  to date. 

Of p a r t i c u l a r  c u r r e n t  in te res t  is the sys tem i n -  
vo lv ing  boron  carb ide  incorpora ted  i n  g raph i te  (2) .  
In  order  to es tab l i sh  a f o u n d a t i o n  for the  u n d e r -  
s t and ing  of the reac t ions  which  bo ron  carb ide  in  
such ma te r i a l s  m igh t  undergo ,  s tudies  of the  reac -  
t ion  of bo ron  carb ide  powder  w i th  wa t e r  vapor  
a n d / o r  a i r  were  in i t ia ted .  

Experimental 
The reac t ions  were  fol lowed b y  au toma t i ca l l y  r e -  

cording  the  weigh t  changes  u t i l i z ing  a. Maue r  t h e r -  
mograv ime t r i c  ba l ance  (3) .  A sketch of the  sys tem 
is shown in  Fig. 1, and  it  is pho tog raphed  in  Fig.  2. 
A s t a n d a r d  ana ly t i ca l  ba l ance  is employed  wi th  the 
spec imen  suspended  f rom the  bo t tom of one of the 
pans.  E n v i r o n m e n t a l  cont ro l  was  m a i n t a i n e d  w i t h i n  

a 50 m m  d i ame te r  quar tz  f u r na c e  t ube  t h rough  
which  dr ied  a rgon  or air  or e i ther  of these gases 
s a tu ra t ed  w i th  w a t e r  at var ious  dew points  could 
be passed. The spec imen  h u n g  in  a fixed posi t ion  
a p p r o x i m a t e l y  $/4 in. above a the rmocoup le  which  
p rov ided  a con t inuous  record  of its t empe ra tu r e .  
The f u r n a c e  invo lved  had  a flat t e m p e r a t u r e  g rad i -  
ent,  u n i f o r m  w i t h i n  2~ for a d i s tance  of approx i -  
m a t e l y  2 in. above and  be low the  sample  proper .  
The t e m p e r a t u r e  control  on the f u r na c e  m a i n t a i n e d  
the  des i red t e m p e r a t u r e  w i t h i n  --+5~ 

Weigh t  changes  in  the  sample  were  sensed by  the  
mot ion  of a l ight  b e a m  reflected f r o m  a m i r r o r  
fas tened  to the  cen te r  of the  ba l ance  a r m  of the  
ana ly t i ca l  ba lance  by  a type  920 spl i t  photo tube .  
This mot ion  was t r a n s l a t e d  e lec t ron ica l ly  in to  a 
res to r ing  force in  the p roper  d i rec t ion  appl ied  by  a 
solenoid to the  opposite side of the  balance .  The  
response  was  so rap id  tha t  no mo t ion  of the  ba l ance  
po in t e r  was  a p p a r e n t  even  on d ropp ing  a 500 mg 
weigh t  on e i ther  ba lance  pan.  The c u r r e n t  in  th is  
solenoid was  l i n e a r l y  r e l a t ed  to the  force exer ted  
on the  ba lance  a nd  was  d i rec t ly  r ead  in  mi l l i g r ams  
on a recorder .  The sens i t iv i ty  of the  sys tem was 
such as to easi ly  p e r m i t  the  r ead ing  of a change  of 
_+1 mg. 
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Fig. 1. Thermogravimetric apparatus: 1, guide rails and rollers; 
2, globar furnace; 3, water-cooled heat shield; 4, weight drop 
device; 5, analytical balance; 6, mirror; 7, photo tube, type 920; 
8, light source; 9, electromagnet and core; 10, sample holder; 11, 
quartz envelope; 12, thermocouple well; 13, insulation; 14, gas 
inlet to boiler; 15, water flask and heating jacket. 

Gas flow rates  were  me te r ed  w i th  an  i n t e g r a t i n g  
A m e r i c a n  Meter  C o m p a n y  d ry  gas me t e r  for the  
d ry  s t reams and  wi th  a Prec is ion  w e t - t e s t  me te r  
for those gas s t reams con ta in ing  mois ture .  The i n -  
s t an t aneous  flows were  also mon i to r ed  us ing  con-  
v e n t i o n a l  flow meters .  S a t u r a t i o n  of the  gases w i th  
wa t e r  was  accomplished af ter  m e t e r i n g  by  pass ing  
t h e m  th rough  a f r i t t ed  disk i m m e r s e d  in  a cons tan t  
t e m p e r a t u r e ,  cons tan t  level  wa t e r  bath .  W a t e r  
p ickup  by  the gas s t r eam was checked by  m e a s u r e -  
m e n t  of the  consumpt ion  of wa te r  over per iods of 
f rom 8 to 24 hr. 

The  bo ron  carb ide  used in  these s tudies  was a 
g r a n u l a r  m a t e r i a l  ob ta ined  f rom the C a r b o r u n d u m  

Company .  The --150, +200  mesh  screen f rac t ion  was 
u t i l ized for most  of the  w o r k  repor ted  below. The 
BET surface  area  of this f rac t ion  was  0.44 m2/g. 
Its chemical  analys is  was  81.08% boron,  18.08% 
carbon,  a nd  0.20 w / o  oxygen.  Spectroscopic ana lys i s  
showed a p p r o x i m a t e l y  0.3% Fe, 0.2% Si, 0.1% A], 
and  0.04% Ca. 

Each r u n  was made  wi th  a f resh charge of the 
B4C powder .  To min imize  effects of v a r y i n g  depth  
and  area  of powdered  sample,  0.500g was used  for 
most  of the  runs .  I t  was  u n i f o r m l y  d i s t r ibu ted  over  
the bo t tom of a flat p l a t i n u m  dish 2.5 cm in  d i a m -  
eter  and  0.5 em high. The powder  depth  was  ap-  
p r o x i m a t e l y  1 mm." This  dish was  suspended  f rom 
the ba lance  w i t h  a p l a t i n u m  and  qua r t z  suspension.  
The gases were  fed in to  the bo t tom of the  fu rnace  
t ube  th rough  a hea ted  l ine  to p r e v e n t  mo i s tu re  con-  
densat ion .  

The  p rocedure  for each r u n  invo lved  p r e w e igh ing  
the bo ron  carb ide  sample  and  d i s t r i bu t i ng  i t  on the  
p l a t i n u m  dish in  its holder .  Wi th  the  f u r nace  at 
t e m p e r a t u r e  and  the  f u r na c e  t ube  flushed wi th  
argon,  the sys tem was assembled,  and  the  necessa ry  
ba l a nc i ng  and  zero a d j u s t m e n t s  were  made.  The 
desired gas was t h e n  fed in to  this  sys tem at a fixed 
flow rate.  Au toma t i c  recorders  p rov ided  the  i n fo r -  
m a t i o n  re la t ive  to the  weigh t  change  vs. t ime  and  
the t e m p e r a t u r e  of bo th  the sample  and  the  fu rnace  
control  point .  The l a t t e r  was  outs ide the  quar tz  
fu rnace  tube.  T r a nsc r i be d  plots of the records  of a 
n u m b e r  of typica l  r u n s  are shown  in  Fig. 3, 4, and  5. 

Results 
As m a y  be seen f rom Fig. 3 and  4, ox ida t ion  of 

the B4C powder  proceeds in  a s imi la r  fashion  in  
both  the  a r g o n - w a t e r  and  a i r - w a t e r  a tmospheres  
over  the t e m p e r a t u r e  r a nge  s tud ied  (200~176  
In  both  systems,  at t e m p e r a t u r e s  up  to a pp rox -  
i ma t e l y  600~ a l i n e a r  we igh t  loss is ob ta ined  as 
a f unc t i on  of t ime. At  h igher  t empera tu re s ,  the re  is 
an  in i t i a l  we igh t  increase  fo l lowed by  a we igh t  de-  
crease. As the  reac t ion  proceeds u n d e r  these  la t te r  
condit ions,  the  ra te  of weight  change  becomes con-  
s tant ,  and  a s t ra igh t  l ine  we igh t  loss curve  is ob-  
ta ined.  I n  a n u m b e r  of e x p e r i m e n t s  at these h igher  

Fig. 2. Thermogravimetric apparatus 
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Fig. 3. Thermogravimetric curves of B4C oxidation in argon- 
water vapor. B4C powder: weight, 0.500 g; mesh size, 150, -I- 200; 
surface area, 0.44 M2/g. Argon: flow rate, 4 CFH; dew point, 
70~ PH~O, 235 mm. 



Vol. 110, No. 8 O X I D A T I O N  O F  B O R O N  C A R B I D E  923 

75 / \ 

 :o:oO 
o 400oc--~ 

o . ~ . . . _  _ _  ~__~ \ \ \ 

- 2 5  

r , i '\,o 
TIME, HOURS 

Fig. 4. Thermogravimetric curves of B4C oxidation in air- 
water vapor. B4C powder: weight, 0.500g; mesh size, --150, 
+200; surface area, 0.44 M2/g. Air: flow rate, 5 CFH; dew 
point, 70~ P~2o, 235 mm. 
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Fig. 5. Thermogravimetric curves of B4C oxidation in dry air. 
B4C powder: weight, 0.501~; mesh size, --]50,  +200; surface 
area, 0.44 M2/g. Air (dried): flow rate, 5 CFH. 

t e m p e r a t u r e s ,  t h e  w e i g h t  loss was  m e a s u r e d  to a 
po in t  w h e r e  t he  w e i g h t  of t he  m a t e r i a l  h a d  d r o p p e d  
to o n e - h a l f  t he  o r i g i n a l  we igh t ,  and  the  r a t e  of 
change  was  s t i l l  cons tan t .  In  the  a i r - w a t e r  o x i d a -  
t ion  s tudies ,  a t  200 ~ and  70~ d e w  poin t ,  t he  w e i g h t  
change  was  less t h a n  t h e  1 m g  d e t e c t a b l e  l eve l  in  a 
p e r i o d  of 70 hr .  

The  t h e r m o g r a v i m e t r i c  cu rves  of  t he  o x i d a t i o n  
of the  --150, + 200 m e s h  bo ron  c a r b i d e  p o w d e r  in  
d r y  air ,  d e p i c t e d  in  Fig .  5, s h o w e d  a l i n e a r  i n c r e a s e  
in w e i g h t  a t  a l l  t e m p e r a t u r e s  s t u d i e d  t h r o u g h  a 
w e i g h t  c h a n g e  c o r r e s p o n d i n g  to r e a c t i o n  of a t  l eas t  
10% of t he  B4C. A t  f a i r l y  h igh  p e r  cent  r eac t ion ,  
t he  d e v i a t i o n  f r o m  l i n e a r i t y  due  to c h a n g i n g  s u r -  
face  a r e a  was  obse rved .  A t  450~ the  0.500g s a m p l e  
c h a n g e d  less  t h a n  1 m g  in w e i g h t  in 100 hr.  

E x a m i n a t i o n  o f  the  c a r b i d e  r e m a i n i n g  a f t e r  t he  
va r i ous  e x p e r i m e n t s  s h o w e d  t h a t  those  w h i c h  h a d  
e x h i b i t e d  a w e i g h t  gain,  w h e t h e r  ox id i zed  in  d r y  
a i r  or  in t h e  w a t e r - c o n t a i n i n g  gases,  w e r e  c ove re d  
w i t h  a c l ea r  g l a s sy  m a t e r i a l  w h i c h  was  s u b s e q u e n t l y  
d e t e r m i n e d  to be  BeO3. On the  o t h e r  hand ,  in those  
cases  w h e r e  on ly  a con t i nu ing  w e i g h t  loss w a s  o b -  
se rved ,  as in  t he  l o w e r  t e m p e r a t u r e  runs  in  t h e  
w a t e r - c o n t a i n i n g  sys tems ,  no B203 cove r ing  was  
seen,  and  the  p a r t i c l e s  w e r e  loose in  the  dish.  D e -  
t e r m i n a t i o n  of t he  bo ron  con ten t  of t he  p r o d u c t s '  
w a t e r  so lub le  p h a s e  conf i rmed  these  obse rva t ions .  

C h e m i c a l  ana lys i s  of a n u m b e r  of t he  res idues ,  i n -  
v o l v i n g  the  d e t e r m i n a t i o n  of t he  w a t e r  so lub le  
b o r o n  and  the  b o r o n  and  c a r b o n  con ten t  of t he  i n -  
so lub le  phase ,  l ed  to t he  f o l l o w i n g  conc lus ions :  

1. O x i d a t i o n  of b o r o n  c a r b i d e  in d r y  a i r ,  in  the  
t e m p e r a t u r e  r a n g e  s tud ied ,  r e su l t s  in  c o m p l e t e  loss 
of  t he  c a r b o n  w i t h  t he  b o r o n  r e m a i n i n g  on the  u n -  
r e a c t e d  B4C as B203. 

2. O x i d a t i o n  in  a i r - w a t e r  sys t ems  u n d e r  cond i -  
t ions  w h e r e  no in i t i a l  w e i g h t  ga in  is o b t a i n e d  r e su l t s  
in c o m p l e t e  loss to t he  gas  p h a s e  of bo th  t he  b o r o n  
and  c a r b o n  of t he  ox id i zed  B4C. 

3. O x i d a t i o n  in the  a i r - w a t e r  sys t ems  u n d e r  con-  
d i t ions  w h e r e  an  in i t i a l  w e i g h t  ga in  is o b s e r v e d  r e -  
su l t s  in  a f r a c t i o n  of t he  8203 r e m a i n i n g  w i t h  t h e  
u n r e a c t e d  B4C a n d  in some  of  t he  c a r b o n  r e m a i n i n g  
beh ind ,  p r o b a b l y  as f ree  carbon .  The  ana lys i s  of 
t he  gaseous  r e a c t i o n  p r o d u c t s  f r o m  the  w a t e r  sys -  
t ems  s h o w e d  h y d r o g e n  and  CO2 to be  fo rmed .  

4. In  t he  a r g o n - w a t e r  sys tems ,  a v a r y i n g  f r ac t i on  
of t h e  c a r b o n  r e m a i n s  w i t h  t he  sol id  p h a s e  at  a l l  
t e m p e r a t u r e s .  

Reaction Mechanism 

The  w e i g h t  changes  and  the  p r o d u c t  a n a l y s e s  a r e  
cons i s t en t  w i t h  t he  fo l lowing  r eac t ions :  

A i r  o x i d a t i o n  

B4C + 4 02 ..> 2B203(1) + CO2 [1]  

W a t e r  o x i d a t i o n  

B4C + 8H20--> 2B20~(1) + CO2 + 8H2 a n d / o r  [2a ]  

B4C + 6H20-> 2B20~(1) + C + 6H2 [2b]  

B2Oz t r a n s p o r t  

B2Oz + H20 -~ 2HBOe (g)  [or  pos s ib ly  HsBOs (g)  ] 
[3] 

As long as the  e q u i v a l e n t  r a t e  of t r a n s p o r t  of 
H B O 2 ( g a s ) ,  b y  Eq. [3]  exceeds  t he  r a t e  of f o r m a -  
t ion  of B~O~ b y  e i the r  r eac t i ons  [1]  o r  [2a] ,  t h e  
w e i g h t  loss cu rves  d i r e c t l y  dep i c t  t he  o x i d a t i o n  ra te .  
H o w e v e r ,  w h e n  the  o x i d a t i o n  r a t e  exceeds  t he  r a t e  
of r e m o v a l  of B203, a f i lm of t he  ox ide  w i l l  b u i l d  up  
on the  sur face ,  and  a ne t  w e i g h t  ga in  m a y  resu l t .  
As  the  t h i cknes s  of the  ox ide  f i lm increases ,  t he  
o x i d a t i o n  b y  H20 is i nh ib i t ed ,  and  t h e  r a t e  of  ox i -  
da t i on  wi l l  d e c r e a s e  u n t i l  a po in t  is r e a c h e d  w h e r e  
t h e  f i lm th i cknes s  is cons t an t  due  to  e q u i v a l e n t  
r a t e s  of f o r m a t i o n  and  t r a n s p o r t  of B203. 

Once  the  o x i d a t i o n  r a t e  becomes  f ixed  b y  t h e  con-  
s t a n t  t h i ckness  of  t he  B203 film, t h e  s y s t e m  wi l l  
a g a i n  lose w e i g h t  in  a l i n e a r  fashion .  A p p a r e n t l y  
because  of t he  p a r t i c l e  shape  and  su r f a c e  r o u g h -  
ness,  t he  e x p e c t e d  de v i a t i ons  f rom l i n e a r i t y  r e -  
su l t ing  f r o m  r e d u c t i o n  in  su r f ace  a r e a  as t he  B4C 
is c o n s u m e d  does no t  b e c o m e  e v i d e n t  u n t i l  a s u b -  
s t a n t i a l  f r ac t i on  of the  cha rge  is consumed .  

The  i n f e r ence  d r a w n  f r o m  th is  s t e a d y - s t a t e  con-  
d i t i on  is t h a t  t he  t r a n s p o r t  of w a t e r  t h r o u g h  the  
ox ide  f i lm is e q u a l  to  t he  r a t e  of o x i d a t i o n  of t h e  
bo ron  c a r b i d e  b y  the  wa te r .  The re fo re ,  g iven  an  
a d e q u a t e  m e a s u r e  of t he  ox ide  f i lm th i cknes s  and  
t h e  r a t e  i n fo rma t ion ,  one shou ld  be  ab l e  to d e -  
t e r m i n e  the  d i f fus ion  coefficient  for  w a t e r  t h r o u g h  
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t he  B20~ a t  these  t e m p e r a t u r e s .  The  l i n e a r  r a t e  
o b s e r v e d  in  t he  d r y  a i r  o x i d a t i o n  runs  i nd i ca t e s  t h a t  
t he  r a t e  of t r a n s p o r t  os o x y g e n  t h r o u g h  the  B203 is 
g r e a t e r  t h a n  the  o x i d a t i o n  ra te .  

React ion  Kinet ics  

The  o x i d a t i o n  r a t e  d a t a  o b t a i n e d  in  t hese  s tud ies  
p r o v i d e  a good fit to t y p i c a l  A r r h e n i u s  r a t e  e q u a -  
t ions.  F i g u r e  6 is such a p lo t  of the  d a t a  o b t a i n e d  
f rom the  o x i d a t i o n  of t he  --150,  +200  B4C p o w d e r  
w i t h  a r g o n - w a t e r  and  a i r - w a t e r  m i x t u r e s  h a v i n g  
a d e w  p o i n t  of ?0~ These  po in t s  w e r e  o b t a i n e d  
f r o m  those  e x p e r i m e n t s  in w h i c h  the  B2Oa o x i d a -  
t ion  p r o d u c t  was  c o m p l e t e l y  r e m o v e d  f r o m  the  B4C 
b y  the  wa te r .  Thus,  the  o x i d a t i o n  r a t e  cou ld  be  d i -  
r e c t l y  c a l c u l a t e d  f r o m  t h e  w e i g h t  loss l ine,  a s s u m -  
ing  t h a t  a l l  of  t h e  c a r b o n  was  r e m o v e d  as CO2 in 
accord  w i t h  r e a c t i o n  [2a] .  I t  is qu i t e  a p p a r e n t  tha t ,  
in the  t e m p e r a t u r e  r a n g e  dep ic t ed ,  f r o m  a p p r o x -  
i m a t e l y  200 ~ to a p p r o x i m a t e l y  600~ the  p r e s -  
ence  of a i r  is no t  a s igni f icant  f ac to r  in t he  r a t e  of 
o x i d a t i o n  of  t he  B4C. 

The  s m a l l  d i f fe rence  in  o x i d a t i o n  r a t e  b e t w e e n  
the  a i r  a n d  the  a r g o n  sys t ems  is no t  r e l a t e d  to  t he  
d i f fe rence  in  flow r a t e  u sed  for  t h e  two  sets  of 
ser ies  of e x p e r i m e n t s .  S ince  some  of t h e  c a r b o n  of 
t he  B4C is l e f t  b e h i n d  in  t he  sol id  p r o d u c t  and  is 
no t  los t  w i t h  CO2, t he  a p p a r e n t  o x i d a t i o n  r a t e  w i t h  
a r g o n  as c a l c u l a t e d  he re ,  is l o w e r  t h a n  if  the  a rgon  
r a t e  n u m b e r s  a r e  c o r r e c t e d  for  the  p e r  cen t  of c a r -  
bon  r e m a i n i n g  b e h i n d  in  t h e  sample .  I f  th is  c o r r e c -  
t ion  is m a d e ,  t he  a r g o n - w a t e r  po in t s  l ie  r a t h e r  w e l l  
a long  the  l ine  o b t a i n e d  in  t he  a i r - w a t e r  sys tem.  

A n u m b e r  of e x p e r i m e n t s  w e r e  r u n  in  w h i c h  the  
a i r  flows w e r e  as m u c h  as d o u b l e d  for  a g iven  d e w  
p o i n t  and  t h e  o b s e r v e d  r a t e s  l ay  w i t h i n  t he  n o r m a l  
sca t t e r ,  i n d i c a t i n g  the  i n d e p e n d e n c e  on a i r  flow in 
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weight, 0.500 g; mesh size, - - ] 5 0 ,  - I-200; surface area, 0.44 
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t h e  r a t e  r a n g e  u t i l i z e d  here .  In  a l l  of t h e s e  e x p e r i -  
m e n t s  t he  a m o u n t  of w a t e r  c o n s u m e d  in t he  r e a c t i o n  
p r o p e r  was  on ly  a f ew  p e r  cen t  of t h a t  a c t u a l l y  in  
t he  gas  phase .  

F i g u r e  ? is t he  A r r h e n i u s  p lo t  o b t a i n e d  f r o m  the  
ser ies  of e x p e r i m e n t s  in w h i c h  the  o x i d a t i o n  of t he  
B4C p o w d e r  was  c a r r i e d  out  in  d r y  air .  He re  again ,  
a good fit was  o b t a i n e d  ove r  a p p r o x i m a t e l y  t h r e e  
o r d e r s  of m a g n i t u d e  in t he  o x i d a t i o n  ra te .  The  
r a t e s  p lo t t e d  in  Fig.  7 w e r e  o b t a i n e d  f r o m  the  
s lopes  of the  l ines  of Fig.  5 m u l t i p l i e d  b y  the  a p -  
p r o p r i a t e  f ac to r  to c onve r t  t he  o b s e r v e d  w e i g h t  ga in  
in to  p e r  cent  o x i d a t i o n  of t h e  B4C p o w d e r .  

The  d o t t e d  l ine  of Fig .  7 is t h a t  o b t a i n e d  f r o m  the  
70~ d e w  p o i n t  a i r - w a t e r  e x p e r i m e n t s .  T h e  l a r g e  
c o n t r a s t  in t he  r e l a t i v e  r a t e s  of o x i d a t i o n  in  t hese  two  
sy s t e ms  is qu i t e  a p p a r e n t .  The  a i r - w a t e r  s y s t e m  a t  
th is  v a p o r  p r e s s u r e  of w a t e r ,  a p p r o x i m a t e l y  235 mm,  
r eac t s  w i t h  B4C a t  a g r e a t e r  r a t e  t h a n  t h a t  o b t a i n e d  
w i t h  d r y  a i r  a t  t e m p e r a t u r e s  b e l o w  700~ T h e  ac -  
t i v a t i o n  e n e r g y  for  t he  a i r - w a t e r  r e a c t i o n  is a p p r o x -  
i m a t e l y  11 k c a l / m o l e  as c o n t r a s t e d  to a p p r o x i m a t e l y  
45 k c a l / m o l e  for  the  d r y  a i r  sys tem.  

The  v a r i a t i o n  of o x i d a t i o n  r a t e  w i t h  t h e  p a r t i a l  
p r e s s u r e  of w a t e r  is a p p a r e n t  f r o m  the  d a t a  p l o t t e d  
in Fig .  8. The  po in t s  g ive  t he  m e a s u r e d  o x i d a t i o n  
r a t e  a t  w a t e r  p a r t i a l  p r e s s u r e s  of 25, 90, 235 and  
525 mm,  r e spec t i ve ly .  The  l ines  d r a w n  in th is  g r a p h  
a r e  those  w h i c h  c o r r e s p o n d  to the  e q u a t i o n  

O x i d a t i o n  r a t e  = 6.17 x 10 -2  P~2o e-l~176 
g / g - m m  H 2 0 - h r  

A l i n e a r  r e l a t i o n  was  f o u n d  b e t w e e n  the  o b s e r v e d  
w e i g h t  change  p e r  un i t  t i m e  and  t h e  a m o u n t  of 
s a m p l e  used  in t he  e x p e r i m e n t ,  i n d i c a t i n g  a l i n e a r  
d e p e n d e n c e  of r a t e  on the  a v a i l a b l e  su r f ace  area .  
I f  i t  is a s s u m e d  t h a t  t he  a r e a  a v a i l a b l e  for  r e a c t i o n  
in these  sy s t e ms  is t ha t  m e a s u r e d  for  th is  p o w d e r  b y  
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Fig. 8. Dependence  of  B4C ox idat ion ra te  on wa te r  vapor  pressure 

the  BET n i t r o g e n  absorp t ion  method ,  0.44 meter2 /g ,  
t hen  the fo l lowing ra te  equa t ions  express  the  ox ida -  
t ion  ra te  of the  boron  carb ide  powder  u n d e r  the  con-  
d i t ions  descr ibed  in  this  s tudy:  

Dry  air  
Rate  z 1.36 x 109 Ae  -45/RT g / m L h r  

Wet  air  
Rate  ---- 0.14 PH2O Ae- l l /RT  g / m 2 - h r - m m  H20 

whe re  the  ac t iva t ion  energies  are expressed in  k c a l /  
mole. 

A l t h o u g h  the  above equa t ions  descr ibe fa i r ly  ac-  
cu ra t e ly  the  reac t ion  k ine t ics  of the  p a r t i c u l a r  bo r on  
carb ide  m a t e r i a l  used for these  studies,  iden t i ca l  
equa t ions  m a y  not  app ly  to o ther  specimens.  For  
one, it  is gene ra l l y  recognized that ,  in  he te rogeneous  
react ions,  the  cha rac te r  of the  surface  m a y  p lay  
a s ignif icant  pa r t  in  d e t e r m i n i n g  the  reac t ion  k i -  
netics.  Fu r the r ,  w i th  a m a t e r i a l  such as boron  car -  
bide, it  wou ld  be an t i c ipa ted  tha t  va r ious  impur i t i e s  
m a y  e i ther  r e t a rd  or accelera te  its oxidat ion.  

The a s sumpt ion  tha t  the  BET surface  a rea  r e p r e -  
sents  the  t rue  reac t ion  area  m a y  also be open  to 
quest ion.  The m e a s u r e d  area  is r ough ly  a factor  of 
30 g rea te r  t h a n  the area  ca lcula ted  for small ,  t he -  
ore t ica l ly  dense  spheres  of the d i a m e t e r  d e t e r m i n e d  
by  the  mesh  size of the  screens used. The  par t ic les  
ac tua l ly  used in  the  expe r imen t ,  as v i ewed  u n d e r  a 
microscope,  are ac tua l ly  qui te  a n g u l a r  w i th  fa i r ly  
fiat c leavage surfaces.  These surfaces are no t  smooth,  
bu t  are qu i te  g r a i n y  in  charac te r  at a s u b m i c r o n  
level  and  possibly  ind ica te  the presence  of submi c r on  

pores. I t  is expected  tha t  the  long l i nea r  por t ion  of 
the ox ida t ion  curves  occur because  the  sur face  area  
changes  ve ry  s lowly  w i th  per  cent  ox ida t ion  due to 
these  geometr ic  charac ter is t ics  of these  part icles .  

C o n c l u s i o n s  

The  s ignif icant  f indings  of this s tudy  m a y  be 
s u m m a r i z e d  as follows: 

1. Wate r  vapor  can reac t  w i th  bo ron  carb ide  at 
t e m p e r a t u r e s  as low as 250~ The  reac t ion  wi th  
d ry  air  is de tec tab le  at t e m p e r a t u r e s  of the  order  
of 450~ 

2. Wate r  vapor  oxidizes boron  carb ide  at a fas ter  
ra te  t han  a i r  in  the lower  t e m p e r a t u r e  ranges.  
Ut i l iz ing the  above ra te  equat ions ,  the  t e m p e r a t u r e s  
at wh ich  e q u i v a l e n t  ra tes  of ox ida t ion  for air  and  
wa te r  wou ld  occur would  be at  a p p r o x i m a t e l y  550 ~ 
650 ~ 700 ~ a nd  750~ for w a t e r  vapor  pressures  of 
10, 100, 235, a nd  500 ram, respect ively .  

3. W a t e r  vapor  wi l l  reac t  w i th  the  B20 3 reac t ion  
p roduc t  to fo rm a gaseous bor ic  acid molecule  and  
t h e r e b y  r emove  the  B203 as it  is be ing  formed.  
D e pe nd i ng  somewha t  on the  w a t e r  vapor  pressure ,  
the wa te r  m a y  r emove  the  oxide as fast  as it  is 
fo rmed  and  t h e r e b y  m a i n t a i n  a c lean bo ron  carb ide  
surface.  This was  found  to occur at t e m p e r a t u r e s  up 
to the  order  of 550~176 at  dew poin ts  r a n g i n g  
f rom 25 ~ to 70~ a nd  as h igh  as 650 ~ at a dew poin t  
of 88~ At  t e m p e r a t u r e s  above these, the  B203 
forms fas ter  t h a n  it is be ing  r e move d  and  a c c u m u -  
lates on the surface  of the  oxidiz ing carbide.  

4. W h e n  a l ayer  of B203 exists  over  the  B4C, i n -  
h ib i t ion  of the  w a t e r  reac t ion  ra te  occurs. The  p res -  
ence of B20~ does no t  i nh ib i t  the  ox ida t ion  ra te  by  
oxygen.  

5. The  ox ida t ion  ra te  is l i nea r ly  d e p e n d e n t  on the  
w a t e r  p ressure  as wel l  as the  area  of the  carbide.  

Manuscript  received Dec. 26, 1962. This paper was 
presented at the Boston Meeting, Sept. 16-20, 1962. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1964 JOURNAL. 

REFERENCES 
1. E. W. Hoyt, GEAP-3680, "Information on the Use of 

Boron Carbide as a Nuclear Control and Poison 
Material," Vallecitos Atomic Lab., General  Elec- 
tric Co., Pleasanton,  Calif., Mar. 15, 1961. 

2. W. P. Eatherly and J. T. Meers, "Some Recent Ad-  
vances in Graphite  Technology," Paper  presented 
at the ANS Topical Meeting on High Tempera ture  
Materials for Nuclear Applications at San Diego, 
Apri l  11-13, 1962. 

3. F. A. Mauer, Rev. Sci. Instr., 25, 598 (1954). 



Integration of Single-Sweep Oscillopolarograms 
I. Determination of Reactant Adsorption and Oxide Film Reduction at Platinum Electrodes 

R. A. Osteryoung, G. Lauer, and F. C. Anson l 
N o r t h  A m e r i c a n  A v i a t i o n  Science Center ,  Canoga Park ,  Cal i fornia  

ABSTRACT 

Integrat ion of the equation for the cur ren t - t ime  relationship when a l inear  
potential  sweep is applied to an electrode has led to an equat ion for the n u m b e r  
of coulombs passed, Q ~ k C A / ~  1/2, where k is a constant  dependent  on the po- 
tent ial  in terval  over which the in tegrat ion is carried out, bu t  independent  
of sweep rate, C the concentrat ion of the species undergoing reaction, A the 
electrode area, and ~ the t ime rate of change of the l inear  potential  sweep. A 
procedure to dist inguish between coulombs due to diffusing and nondiffusing 
reactants  is given. The derived relationships are verified experimental ly.  Sepa- 
rat ion of the coulombs due to the reduct ion of ferric iron and p la t inum oxide 
under  conditions where both reactions take place concomitantly is described. 
In  the iodide-iodine-tr i iodide system, it is concluded that  iodine, ra ther  than 
triiodide, is the adsorbed species. 

In  a recen t  p r e l i m i n a r y  communica t i on ,  we ou t -  
l ined  a n e w  m e t h o d  for the  s tudy  of r eac t an t  ad -  
sorpt ion  on electrode surfaces  (1) .  E x p e r i m e n t a l  
ver i f icat ion of the  p rev ious ly  der ived  re la t ionsh ips  
and  app l ica t ion  of the me thod  to the  s tudy  of ad-  
sorpt ion  f rom t r i iodide  solut ions  are the  subjects  of 
this  paper .  The e x p e r i m e n t a l  t e chn ique  involves  the  
d e t e r m i n a t i o n  of the coulombs passed d u r i n g  a po-  
t en t ios ta t i ca l ly  appl ied  l inea r  po ten t i a l  sweep over  a 
chosen po ten t i a l  range .  

For  a r evers ib le  e lect rode react ion,  where  re -  
ac tan t  and  p roduc t  are bo th  soluble  species, wi th  
mass  t r ans f e r  cont ro l led  b y  semi - in f in i t e  l i nea r  diffu-  
sion, the c u r r e n t - p o t e n t i a l  r e la t ionsh ip  observed  
d u r i n g  a po ten t i a l  sweep e x p e r i m e n t  m a y  be w r i t t e n  
a s  

i ~ n 3 / f F a / f A D I / f c ~ I / 2 ( R T )  - l / 2p (v t )  [1] 

where  n, F, R, T, A, D, have  the i r  u sua l  significance, 
is the t ime  ra te  of change  of po ten t i a l  of the elec-  

trode,  which  is cons tan t  d u r i n g  any  s ingle  exper i -  
ment ,  and  P is a func t ion  of vt (2).  

D u r i n g  any  s ingle  sweep, the coulombs,  Q, con-  
sumed  wi l l  be g iven  by  

Q : f t  i d t  -~ nS/eFa/fAD1/~cTP/2 ( R T )  - l i e  f t  p ( v t ) d t  
0 0 

[2] 

The  po t en t i a l  of the  electrode at t ime  t wi l l  be g iven  
by  

E : Ei q- ~t [3] 

where  E~ is the  in i t i a l  po ten t i a l  of the  electrode,  and  
since ~ is cons tan t  

dE  : vdt  [4] 
and  

P ( , t )  : P ( E  --  E~) [5] 

Equa t i on  [2] m a y  thus  be r e w r i t t e n  in  t e rms  of E 

Q = k C / v  1/2 [6] 

I Permanent  address: Division of Chemis try  and Chemical Engi- 
neering, California Inst i tute of Technology, Pasadena, California.  

where  
k ~ n~ / fF~ / fAD1/~ (RT)  -1/2 f E p ( E  _ E i ) d E  [7] 

The va lue  of k wi l l  depend  on the po ten t i a l  i n t e r v a l  
E i - - E  th rough  which  the i n t e g r a t i o n  is per formed.  
However ,  s ince k is no t  d e p e n d e n t  on v, the p roduc t  
of the n u m b e r  of coulombs passed in  a g iven  p o t e n -  
t ia l  i n t e r v a l  and  the  square  root of the sweep ra te  
wi l l  be a cons tan t  for a g iven  concen t r a t i on  of re -  
ac tant .  

The equa t ions  g iven  above are w r i t t e n  for the  case 
where  the  on ly  species reac t ing  at the electrode are 
suppl ied  by  l i nea r  diffusion and,  it should aga in  be 
noted,  are s t r ic t ly  va l id  on ly  for a r evers ib le  reac-  
tion. Add i t i ona l  coulombs due to double  l ayer  charg-  
ing, oxide film f o r ma t i on  or removal ,  or reac t ion  of 
adsorbed  m a t e r i a l  m a y  also con t r i bu t e  to the cou-  
lombs measu red ;  these add i t iona l  coulombs in  the 
s imples t  cases wi l l  be i n d e p e n d e n t  of the coulombs 
r e su l t ing  f rom diffusing reac tan t .  Thus,  

Qtotal : kC/~ 1/2 q- (Qadsorbed -}- Qdouble layer -~ Qfi lm) [ 8 ]  

Since coulombs due  to a n y  of the  quan t i t i e s  inside 
the b racke t s  should  no t  depend  on sweep ra te  (wi th  
cer ta in  l imi ta t ions  which  wi l l  be discussed) ,  plots of 
Q vs.  v -1/2 should  be l i nea r  w i th  a slope d e p e n d e n t  
on the  concen t r a t i on  of the  diffusing species, bu t  
w i th  a posi t ive in te rcep t  wh ich  corresponds  to cou-  
lombs due  to processes ind ica ted  ins ide  the brackets .  
J u s t  such behav io r  is observed  in  the  e x p e r i m e n t s  to 
be described.  

Experimental 
A block d i a g r a m  of the e lectronic  appa ra tu s  is 

g iven  in  Fig. 1. Whi le  discuss ing the  a ppa r a t u s  it  m a y  
be in s t ruc t ive  at the  same t ime  to descr ibe how it is 
used in  the ac tua l  expe r imen t .  

A l inea r  vol tage  sweep is appl ied  t h r ough  a po-  
t en t ios ta t  to an  ind ica tor  electrode.  The  sweep gen -  
erator ,  consis t ing of a P h i l b r i c k  U P A - 2  opera t iona l  
ampl i f ier  connec ted  as an  i n t e g r a t o r  wi th  a va r i ab l e  
i n p u t  voltage,  is connec ted  so its ou tpu t  is fed in to  
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Fig. I. Schematic diagram of electronic apparatus 

ano the r  U P A - 2  opera t iona l  amplif ier  connec ted  as a 
po ten t ios ta t  w i th  a c u r r e n t  booster  ampl i f ier  in  the  
ou tpu t  (3-5) .  The po ten t ios ta t  suppl ies  the  c u r r e n t  
tha t  is passed b e t w e e n  the a u x i l i a r y  e lect rode and  the  
ind ica tor  electrode,  which  is g rounded .  The po ten t i a l  
of the  ind ica tor  e lectrode was  m e a s u r e d  w i th  respect  
to a re fe rence  electrode th rough  a high impedance  
fo l lower  amplifier .  (A Ph i lb r i ck  P -2  solid state a m -  
plifier was used as the fol lower  amplif ier . )  The  out -  
pu t  of this  amplif ier  was appl ied  to a recorder  or 
oscilloscope. The in i t i a l  bias po ten t iomete r s  pe r -  
mi t t ed  the  ind ica tor  electrode to be held  at a n y  de-  
s ired po ten t i a l  pr ior  to the  in i t i a t ion  of the  po ten t i a l  
sweep. The electronics  causes the ind ica tor  e lectrode 
to fol low the l i nea r ly  inc reas ing  i npu t  vol tage  so the 
process is des igna ted  as a potent ios ta t ic  po ten t i a l  
sweep in  spite of the  obvious cont radic t ion .  

Sweep ra tes  f rom ca. 0.5 to 200v/sec were  e m -  
ployed. I n t e g r a t i o n  of the c u r r e n t - p o t e n t i a l  curves  
to give coulombs was  car r ied  ou t  e lec t ronica l ly .  The  
c u r r e n t  was  m e a s u r e d  by  means  of a d i f ferent ia l  
ampl i f ier  across a s t a n d a r d  resis tor  in  series w i th  the 
cell. The di f ferent ia l  amplifier ,  consis t ing of two 
Ph i l b r i ck  P-65  amplif iers  and  a P h i l b r i c k  P - 2  a m -  
plifier connec ted  as an  e lec t rometer ,  had its ou tpu t  
fed in to  a Ph i lb r i ck  U P A - 2  ampli f ier  connected  to 
operate  as an  in tegra tor .  The ou tpu t  of the i n t eg ra to r  
was observed on a T e k t r o n i x  561 oscilloscope or 
other  vol tage  m e a s u r i n g  equ ipmen t .  

A l t e r n a t i v e l y  the  ou tpu t  of the  d i f ferent ia l  a m p l i -  
fier was  fed in to  a Vidar  Vol tage to F r e q u e n c y  con-  
ve r t e r  and  the o u t p u t  of the conver te r  fed in to  a 
C o m p u t e r  M e a s u r e m e n t  Corpora t ion  Scalar.  A u x i l -  
i a ry  e lect ronic  e q u i p m e n t  served to opera te  two elec-  
t ronic  gates, v ia  a Schmi t t  t r igger ,  which  could be set 
to ac t iva te  and  deac t iva te  the  scalar  at p r e d e t e r -  
m i n e d  potent ia ls .  Thus,  an  in tegra l  could be ob ta ined  
across any  desired po ten t i a l  reg ion  d u r i n g  the  po-  
t e n t i a l  sweep. If the  ou tpu t  of the  po ten t i a l  m e a s u r -  
ing fo l lower  ampli f ier  was  appl ied  to the X - a x i s  and  
the i n t eg ra to r  o u t p u t  appl ied  to the  Y-ax i s  of the 
CRO, a p o t e n t i a l - c o u l o m b  plot  resul ted.  The  i n t e -  
g ra to r  ou tpu t  was  somet imes  read  wi thou t  the  aid 
of the cut-off  gates by  ad jus t i ng  the  oscilloscope so 
tha t  the  cen te r  g ra t icu le  cor responded  to the  p o t e n -  
t ial  at  which  it was desired to t e r m i n a t e  the  in tegra l .  
The poin t  at  which  the  t race  crossed the  cen te r  l ine  
was  observed  v i sua l ly  and  recorded.  

W h e n  a so lu t ion  in i t i a l ly  con ta ined  bo th  m e m b e r s  
of a revers ib le  redox  couple, such as the  t r i iod ide-  
iodide, the sweep was in i t i a t ed  f rom the  e q u i l i b r i u m  
po ten t i a l  of the  ind ica tor  electrode.  The  re fe rence  
electrode in  this  case u sua l l y  consisted of a separa te  
nonpo la r i zed  p l a t i n u m  electrode,  and  the equ i l ib -  
r i u m  po ten t i a l  was zero volts. Resul ts  us ing  such a 
re fe rence  were  iden t ica l  to those u s i ng  a ca lomel  r e f -  
erence electrode in  which  cases the in i t i a l  bias po-  
t en t i a l  appl ied  to the po ten t ios ta t  was ad jus ted  to the  
e q u i l i b r i u m  po ten t i a l  of the  ind ica tor  and  calomel 
e lect rode pair .  A d j u s t m e n t  to the e q u i l i b r i u m  po ten -  
t ial  was car r ied  out  whi le  the solut ion was  st i rred,  
by  ad jus t ing  the bias  po ten t iomete r s  so tha t  the i n t e -  
g ra tor  ou tpu t  became  s ta t ionary ,  except  for r a n d o m  
noise. As va lues  of the in t eg ra l  in  the mic rocou lomb 
range  could r ead i ly  be detected it is es t imated  tha t  
less t h a n  0.5 /~a could have  flowed unde tec ted .  W h e n  
on ly  one ha l f  of the  redox  couple  was  in i t i a l ly  p re s -  
ent,  the sweep was  in i t i a ted  f rom a selected in i t i a l  
potent ia l .  I n  this  case, p a r t i c u l a r l y  w h e n  the in i t i a l  
po ten t i a l  was more  posi t ive  t h a n  l v  vs. S.C.E. the  
i n t eg ra to r  dr i f t  was not  zero due, at least  in  part ,  to 
the  g radua l  fo rma t ion  of an  oxide film on the  elec-  
trode. The e r ror  i nvo lved  in  such cases was  neg l i -  
gible  except  at  e x t r e m e l y  slow sweep rates.  

Var ious  types  of cells were  used d u r i n g  the  course 
of the  exper imen t s .  Best resul t s  were  ob ta ined  wi th  
the  ind ica tor  a nd  re fe rence  electrodes pos i t ioned as 
close together  as possible to m i n i m i z e  ohmic po t en -  
t ia l  drops. The a u x i l i a r y  electrode consis ted of a 
p l a t i n u m  foil or wi re  whi le  the  re fe rence  was  e i ther  
a B e c k m a n  sa tu ra t ed  ca lomel  e lect rode or, in  the  
case of a we l l -po i sed  system, a p l a t i n u m  flag. I n d i -  
cator electrodes were  e i ther  B e c k m a n  p l a t i n u m  b u t -  
ton electrodes,  of a p p r o x i m a t e l y  0.2 cm 2 area, or 
p l a t i n u m  flag electrodes,  which  were  spot we lded  to 
p l a t i n u m  wires.  The flag electrodes were  no t  sealed 
into glass. Solu t ions  were  degassed wi th  prepur i f ied  
argon.  

In  d e t e r m i n i n g  the  a m o u n t  of oxide on the elec- 
t rode surface,  the  n u m b e r  of coulombs of oxide 
found  was  i n d e p e n d e n t  of w he t he r  or not  gas was  
passed th rough  the  so lu t ion  d u r i n g  a sweep e xpe r i -  
ment ,  so long as the  electrode was not  po ten t ios ta ted  
above + l . 4 v  vs. S.C.E. where  s ignif icant  a m o u n t s  of 
oxygen  were  evolved.  Af t e r  po ten t ios t a t ing  at po -  
t en t i a l s  above  + 1.4v vs. S.C.E. the electrode was po-  
t en t ios ta ted  brief ly at + l . 2 v  wi th  b u b b l i n g  before  
the sweep was in i t ia ted .  Al l  chemicals  were  of re -  
agen t  grade  and  were  used  w i t hou t  f u r t h e r  pur i f ica-  
tion. 

Results and Discussion 
Ferric i r o n - p l a t i n u m  oxide s y s t e m . - - I n  order  to 

ve r i fy  the  theory,  p a r t i c u l a r l y  wi th  r ega rd  to the be -  
hav ior  of adsorbed  species, it was  fel t  t ha t  a 
" k n o w n "  sys tem wou ld  be desirable .  Since Eq. [8] 
ind ica ted  t ha t  coulombs  a r i s ing  f rom p l a t i n u m  oxide  
reduct ion ,  for example ,  wou ld  d i sp lay  the  same 
sweep ra te  i n d e p e n d e n c e  as those a r i s ing  f rom ad-  
sorbed reac tan t ,  it was decided to inves t iga te  the 
behav io r  of a diffusing species wh ich  was  reduced  at 
the  same po ten t i a l  as the p l a t i n u m  oxide l ayer  on the  
surface  of the  electrode.  Such a sys tem could be ex -  
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pected to mimic  the behav io r  of a sys tem in  which  
t rue  r eac t an t  adsorp t ion  occurred,  bu t  wi th  the  ad -  
van t age  tha t  the  a m o u n t  of oxide fi lm on the  elec-  
t rode  could be m e a s u r e d  i n d e p e n d e n t l y .  The r educ -  
t ion  of ferr ic  i ron  in  su l fur ic  acid has been  shown to 
take  place at essent ia l ly  the same  po ten t i a l  as p l a t i -  
n u m  oxide r educ t ion  in  ch ronopo ten t iomet r i c  ex -  
pe r imen t s  (6) .  Therefore ,  po t en t i a l - sweep  expe r i -  
men t s  were  pe r fo rmed  in  which  the coulombs due  to 
the  r educ t ion  of both  ferr ic  i ron  and  p l a t i n u m  oxide 
were  m e a s u r e d  as a f unc t i on  of sweep ra te  wi th  
oxidized p l a t i n u m  electrodes.  A s s u m i n g  coulombs 
due  to double  l aye r  cha rg ing  and  adsorbed  m a t e r i a l  
to be negl ig ible ,  Eq. [8] becomes:  

Q t o t a l  ~-~ Q d i f f u s i n g  -f- Q o x i d e  : k C / v  1/2 -~- Q o x i d e  [ 8 ' ]  

Reproduc ib le  a m o u n t s  of p l a t i n u m  oxide were  
fo rmed  on a p l a t i n u m  b u t t o n  electrode in  i r on - f r e e  
su l fur ic  acid by  po ten t io s t a t i ng  at +0.6 ,  1.2, a n d  1.4v 
agains t  the S.C.E. The a m o u n t  of oxide fo rmed  at 
each po ten t i a l  was d e t e r m i n e d  b y  i n t eg ra t i on  of a 
subsequen t  cathodic po ten t i a l  sweep. The i n t eg r a t i on  
was ha l ted  at +0.15v,  bu t  the  sweep con t inued  out  to 
--0.2v vs .  S.C.E. In  ca r ry ing  out  the  e x p e r i m e n t s  at  
1.2 and  0.6v, the  electrode was po ten t ios ta ted  for 30 
sec pr ior  to the  in i t i a t ion  of the cathodic sweep. For  
expe r imen t s  at 1.4v, the  electrode was  po ten t ios ta t ed  
at 1.4v for 15 sec w i th  a rgon  bubb l i ng ,  t h e n  at 1.2v 
for 15 sec w i thou t  a rgon  b u b b l i n g  to e l im ina t e  a ny  
possible i n t e r f e r ence  f rom the oxygen  which  m a y  
have  been  evolved at 1.4v. The cathodic sweep was  
t h e n  in i t ia ted.  Wi th  a sweep ra te  va r i a t i on  of 0.6-12 
v /sec ,  cathodic coulombs,  in  the  absence  of i ron,  
va r ied  on ly  s l ight ly  wi th  sweep ra te  ( ~ 1 0 % ) ;  the  
va r i a t i on  appears  due to the  fact tha t  there  is a 
smal l  shift  of the  p l a t i n u m  oxide r educ t ion  peak  to 
more  cathodic po ten t ia l s  as the sweep ra te  increases.  
Af te r  po ten t ios t a t ing  at  1.4, 1.2, and  0.6v the  mic ro -  
coulombs a r i s ing  f rom oxide r educ t ion  were  330, 
280, and  25, respect ively .  

The e x p e r i m e n t  was  t h e n  repea ted  in  a 1F H2SO4 
solu t ion  con t a in ing  4 m M  F e ( I I I ) ,  and  the  resul t s  
are shown in  Fig. 2 and  Table  I. The un i t s  on the  
abscissa in  the  figures are  a r b i t r a r y ;  sweep ra tes  in  
vol ts  per  second are  ind ica ted  at the  top of all  fig- 
ures.  The in te rcep ts  of the  plots of Q vs .  v -~/2 in  
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Fig. 2. Coulomb-sweep rate plots for Fe(lll) reduction at oxi- 
dized platinum electrodes. 
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Table I. Reduction of ferric iron in the presence of platinum oxide 

Slope r  

1TI1 Ein i t ia l~  qoxide** I n t e r c e p t  " C  
F e  ( I I I )  * v v~. S.C.E.  ]~coulombs 

1 +0.6 25 24 112 
1.2 280 260 121 
1.4 330 310 123 

119 avg. 119 

2 ~-0.6 25 24 242 
1.2 280 260 234 
1.4 330 300 255 

243 avg. 121 

4 ~-0.6 25 12 480 
1.2 280 220 460 
1.4 330 260 472 

471 avg. 119 

* F e  ( I I I )  s t o c k  s o l u t i o n  ca. 0.3F. 
** P t  b u t t o n  m i e r o e l e c t r o d e ,  a r e a  0.2 cm~. 

t C o r r e c t e d  fo r  d i lu t ion .  

Fig. 2 are 310, 260, and  24 microcou lombs  for 1.4, 1.2, 
and  0.6v, respect ively .  These va lues  are seen to agree 
qu i te  wel l  wi th  the coulombs of oxide found  in  the  
absence of the ferr ic  iron. Note tha t  if the smal l  
n u m b e r  of coulombs ar is ing f rom the  k n o w n  a m o u n t  
of oxide p roduced  at 0.6v vs .  S.C.E. were  sub t r ac t ed  
f rom the total  coulombs observed  at each sweep 
rate,  a s t ra igh t  l ine  t h rough  the  or ig in  wou ld  resul t .  
This  confirms the  a s sumpt ion  tha t  no apprec iab le  
con t r ibu t ions  f rom adsorbed F e ( I I I )  or double  l ayer  
charg ing  are involved.  (If  the double  l aye r  capaci ty  
were  t a k e n  as 20 # f / c m  2, t h e n  the  con t r i bu t i on  ex-  
pected due  to double  layer  charg ing  at the  b u t t o n  
electrode wou ld  be about  4 #coulombs for a l v  
change  in  po ten t ia l . )  Table  I gives data  for th ree  
d i f ferent  concen t ra t ions  of iron.  At  the  h ighe r  con-  
cen t r a t i on  the va lue  of the  in t e rcep t  is seen to de-  
crease somewhat ,  bu t  this is v e r y  l ike ly  the  resu l t  of 
the chemical  r educ t ion  of some of the  p l a t i n u m  
oxide by  the fer rous  i ron  fo rmed  at the  e lect rode 
surface.  The rea l i ty  of such a reac t ion  has been  es- 
t ab l i shed  by  reve r se  c u r r e n t  ch ronopo ten t iome t r i c  
e xpe r i me n t s  (7) .  C o l u m n  5 in  Table  I gives the  
slopes of the  Q-v -1/2 plots f rom Fig. 2 and  f rom 
s imi la r  f igures for the  o ther  concen t ra t ions  of iron. 
Note tha t  the  e x p e r i m e n t a l  slopes for each concen-  
t r a t i on  of i ron  appear  to be r e a s o n a b l y  i n d e p e n d e n t  
of the  in i t i a l  po tent ia l .  C o l u m n  6 indica tes  the  con-  
s t ancy  of the  slope d iv ided  by  the  concen t ra t ion ,  a 
f u r t he r  ver i f icat ion of Eq. [7].  The r a t h e r  good 
a g r e e m e n t  b e t w e e n  the  theory  a nd  the  e x p e r i m e n t a l  
sys tem indica tes  tha t  the me thod  is capable  in  p r i n -  
ciple of d i f fe ren t ia t ing  b e t w e e n  coulombs ar i s ing  
f rom diffusing r eac tan t s  and  f rom reac tan t s  in i t i a l ly  
p resen t  on the  electrode surface.  The data  in  Tab le  I 
show tha t  a l i nea r  r e l a t ion  is ob ta ined  b e t w e e n  cou-  
lombs  and  concen t r a t i on  which  suggests  possible 
ana ly t i ca l  u t i l i ty .  

I o d i d e - i o d i n e - t r i i o d i d e  s y s t e m . - - T h e  resul t s  wi th  
F e ( I I I )  i nd ica ted  tha t  the  p resence  of adsorbed  re -  
ac tan t  should be detec ted  b y  this  t e chn ique  w i th  
our  appara tus .  I t  was  there fore  decided to app ly  the  
t echn ique  to a sys tem w he r e  r eac t an t  adsorp t ion  
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Fig, 3. Coulomb-sweep rate plots for oxidation of S mM iodide 
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INTEGRATION OF OSCILLOPOLAROGRAMS 

Table II. Slope and intercept of 13- reduction: effect of 
concentration of 13- 

m i g h t  occur.  L o r e n z  (8)  has  p r e s e n t e d  c h r o n o p o t e n -  
t i o m e t r i c  d a t a  for  t he  r e d u c t i o n  of iod ine  a t  h e a v i l y  
p l a t i n i z e d  e l ec t rodes  w h i c h  he  i n t e r p r e t e d  in  t e r m s  
of e x t e n s i v e  iod ine  adso rp t ion .  F u r t h e r ,  his  w o r k  in -  
d i ca t ed  t h a t  the  doub le  l a y e r  c a p a c i t y  was  qu i t e  
s m a l l  in  iod ide  solut ions ,  as d id  our  o w n  r o u g h  
c h a r g i n g  c u r v e  e x p e r i m e n t s .  Thus ,  t r i i o d i d e  so lu t ions  
a p p e a r e d  a t t r a c t i v e  for  a p p l i c a t i o n  of the  i n t e g r a t i o n  
t e c h n i q u e  to the  de t ec t i on  a n d  s t u d y  of adso rp t ion .  
So lu t ions  i n v e s t i g a t e d  i n c l u d e d  d i l u t e  (0.2-5 r aM)  
iod ine  in  0.1M iodide ,  in w h i c h  case t he  iod ine  e x -  
i s ted  m a i n l y  as t r i i od ide ;  so lu t ions  d i lu t e  in iodide ,  
and  f r ee  of iodine ;  a n d  so lu t ions  d i lu t e  in bo th  iod ide  
and  iodine ,  in  w h i c h  bo th  i od ide  o x i d a t i o n  and  iod ine  
+ t r i i o d i d e  r e d u c t i o n  could  be  i n v e s t i g a t e d  in t he  
s ame  solu t ion .  

F i g u r e  3 shows  a p lo t  of Q vs. ~-~/2 for  i od ide  o x i -  
d a t i o n  at  a p l a t i n u m  b u t t o n  e l e c t r o d e  in 1M su l fu r i c  
acid;  i n t e g r a t i o n  was  f r o m  W0.3 to 0.8v vs. S.C.E. 
L i n e a r i t y  is obse rved ,  and  the  l ine,  w i t h i n  t h e  e x -  
p e r i m e n t a l  e r ro r ,  a p p e a r s  to pass  t h r o u g h  the  or ig in .  
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Fig. 4. Coulomb-sweep rate plots for reduction of iodine in 1F 
H2S04 containing 1F KI. The numbers on the curves multiplied by 
8 x 10 - 4  give the molarity of iodine. 
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S l o p e  (0o)o 10o  C o n c e n t r a t i o n .  - -  - - -  Q o ,  intercept, 
m l  I O 8 - *  ~ \OP-lle / e  C / z c o u l o m b s  

0.3 23 77 39 
0.6 38 63 42 
0.9 52 59 46 
1.2 77 65 47 
1.5 92 62 50 
2.5 152 63 51 
3.5 205 62 57 
5 294 63 58 
8 409 57 58 

* M u l t i p l y  b y  8 • 10-~ f o r  f o r m a l  concentration of i o d i n e .  

This  aga in  se rves  to i nd i ca t e  t he  v a l i d i t y  of  t he  p r e -  
v i o u s l y  d e v e l o p e d  equa t ions ,  a n d  also i nd i ca t e s  t h a t  
if a n y  i o d i d e  is ad so rbed ,  i t  g ives  r i se  to  less  t h a n  ca. 
6 ~cou lombs  on t h e  0.2 cm 2 e lec t rode .  No te  t h a t  p o -  
t e n t i a l  sweeps  of u p  to 200 v / s e c  w e r e  used ,  i n d i -  
c a t i n g  the  v a l i d i t y  of t h e  p r o c e d u r e  to r a t h e r  h igh  
s w e e p  ra tes .  

Va lues  of Q vs. ~1/2  for  ca thod ic  p o t e n t i a l  sweeps  
in  a ser ies  of t r i i o d i d e  so lu t ions  in  1F H2SO4 a re  
s h o w n  in Fig.  4. The  so lu t ion  was  0.1F in iodide ,  
and  iod ine  was  p r o d u c e d  b y  a d d i n g  m e a s u r e d  a l i -  
quots  of a 0.02F KIO~ solu t ion .  The  l i n e a r i t y  of t h e  
p lo t s  i nd i ca t e s  t ha t  Eq. [7]  is obeyed ,  a n d  the  con-  
c e n t r a t i o n  d e p e n d e n t  i n t e r c e p t s  a p p a r e n t l y  c o r r e -  
s p o n d  to a d s o r b e d  iod ine  w h i c h  is r e d u c e d  in  t he  
150 m v  i n t e r v a l  ove r  w h i c h  the  i n t e g r a t i o n  was  c a r -  
r i ed  out. The  second  c o l u m n  in Tab le  I I  con ta ins  t he  
s lopes  of t he  p lo t s  in  Fig .  4 at  t he  v a r i o u s  t r i i o d i d e  
concen t r a t i ons  w h i l e  t h e  t h i r d  co lumn  ind ica t e s  t he  
c o n s t a n c y  of t he  s lopes  d i v i d e d  b y  the  concen t r a t i on ,  
i.e., s i n c e Q  : kC/~  1/2, (~Q/av-1/2)cC-1 : k. C o l u m n  
4 con ta ins  t he  i n t e r c e p t  on the  Q axis .  A n  a p p a r e n t  
i s o t h e r m  m a y  be  o b t a i n e d  b y  a p lo t  of t he  i n t e r cep t ,  
c o r r e s p o n d i n g  to cou lombs  due  to a d s o r b e d  iodine ,  
a ga in s t  concen t r a t ion .  ( H o w e v e r ,  see b e l o w  for  a 
c o m p l i c a t i o n  i nvo lv ing  the  d e p e n d e n c e  of  t he  i n t e r -  
cepts  on the  m a g n i t u d e  of t he  p o t e n t i a l  r a n g e  ove r  
w h i c h  the  i n t e g r a t i o n  is p e r f o r m e d . )  

Effect  of e lectrode area. - - -Exper iments  w e r e  p e r -  
f o r m e d  w i t h  a s ing le  t r i i o d i d e  so lu t ion  in  w h i c h  t h e  
l i g h t l y  p l a t i n i z e d  p l a t i n u m  flag e l ec t rode  was  suc -  
ces s ive ly  d i m i n i s h e d  in  a r e a  b y  c u t t i ng  sec t ions  f r o m  
the  flag. Q vs. v -1/2 plo t s  for  th is  e l ec t rode  gave  
s lopes  and  i n t e r c e p t s  w h i c h  w e r e  d i r e c t l y  r e l a t e d  to 
t he  a rea ,  as s h o w n  b y  the  d a t a  in T a b l e  III .  

Effect  of p la t in i za t ion . - -The  abso lu t e  v a l u e s  of t he  
i n t e r c e p t s  of p lo ts  s im i l a r  to Fig .  4 a r e  h i g h l y  d e -  

Table Ill. Slope and intercept of 13-- reduction: effect of 
electrode area 

R e l a t i v e  a r e a  R e l a t i v e  s l o p e  R e l a t i v e  intercept 

1" 1 1 
0.77 0.74 0.80 
0.37 0.38 0.29 

* A r e a  3 .7  c m  ~. 
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Fig. 5. Coulomb-sweep rote plots for reduction of 1.6 m M  iodine 
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for the plots in ascending order were O, 5, 12.5, and 24.5 min. 

p e n d e n t  on electrode surface  p r e t r e a t m e n t .  The elec- 
t rode  used to ob ta in  the  da ta  in  Fig. 4 had  been  ve ry  
l igh t ly  p la t in ized  by  be ing  cycled b e t w e e n  + 1.6 and  
--0.2v vs. S.C.E. for 5 m i n  at 30 cps (9 ) ;  the  e lec-  
t rode  appea red  to the  eye as a b r igh t  p l a t i n u m  
surface.  If the  surface were  more  heav i ly  p la t in ized,  
one wou ld  expect  the  a m o u n t  of adsorp t ion  to i n -  
crease wi th  the ex ten t  of p la t in iza t ion .  However ,  one 
would  no t  necessa r i ly  expect  the  effective "diffu-  
s ional"  area to increase  p rov ided  tha t  the  surface  
roughness  r e m a i n e d  smal l  compared  to the diffu-  
sion l ayer  thickness.  The resul t s  of a series of ex -  
pe r imen t s  des igned to test  these expecta t ions  are  
ind ica ted  in  Fig. 5 and  Table  IV. The plots of Q vs. 
~-I/2 in Fig. 5 were all obtained in the same triiodide 
solution, but with increasing periods of electrode 
platinization preceding each experiment. Platiniza- 
tion was carried out by removing the electrode from 
the iodide solution and immersing it in a IF H2SO4 
solution where it was potentiostatically cycled be- 
tween--0.2 and +l.6v vs. S.C.E. at 30 eps for in- 
creasing periods of time. Figure 5 and Table IV show 
that there is a pronounced increase in the inter- 
cepts of the Q vs. v -~/2 plots as the electrode plati- 
nization increases. The slopes also increase, but to a 
much smaller extent than the intercept. The in- 
crease in the intercept is interpreted as reflecting 
the greater quantity of iodine adsorbed at the more 
platinized electrode. The increase in slope presum- 
ably stems from the increase in effective diffusional 
area of the electrode from the platinization. (After 
25 rain of platinization, the electrode surface ap- 

Table IV. Slope and intercept of 13- reduction: effect of 
electrode platinization 

Slope 

Platinization In tercept ,  
t ime,  rain /Lcoulombs 

0 173 47 
5 181 71 

12.5 189 94 
24.5 203 118 

A u g u s t  1963 

peared  qui te  black.)  The fact  tha t  the in te rcep t s  i n -  
crease more  r ap id ly  t h a n  the slopes me a ns  tha t  
on ly  a por t ion  of the a rea  c o n t r i b u t i n g  to the  i n -  
creased adsorp t ion  con t r ibu tes  to the  effective d i f -  
fus iona l  area. 

S imi l a r  e x p e r i m e n t s  pe r f o r me d  wi th  d i lu te  solu-  
t ions of iodide did no t  give r ise to the  m a r k e d  i n -  
creases in  in te rcep ts  no ted  w i th  the t r i iodide.  The 
iodide in te rcep t  at  both  l igh t ly  and  mode ra t e ly  
p la t in ized  electrodes r e m a i n e d  v e r y  nea r  the  origin.  

To de t e r mi ne  if iodine or t r i iod ide  was  the  ad-  
sorbed species, e x p e r i m e n t s  were  car r ied  out  in  
which  separa te  anodic  and  cathodic po ten t i a l  sweeps 
were  appl ied  to an  electrode in  a so lu t ion  con ta in ing  
iodide, t r i iodide,  and  iodine.  The  r e su l t i ng  Q vs. ~-z/2 
plots give posi t ive  in te rcep ts  for the  cathodic sweeps 
in  which  iodine and  t r i iodide  are  reduced,  bu t  no t  for 
the anodic  sweeps in  which  iodide and  t r i iodide  are 
oxidized to iodine.  This wou ld  appear  to suppor t  the  
con ten t ion  tha t  I2 (or I a toms)  b u t  no t  I8-  is ad-  
sorbed. F u r t h e r  evidence  for this  con ten t ion  was ob-  
t a ined  by  observ ing  the  effect on the  slope a nd  i n t e r -  
cept ob ta ined  for cathodic Q vs. v -~/2 plots in  iod ine -  
t r i iodide  solut ions  to which  inc reas ing  quan t i t i e s  of 
iodide were  added. As shown  in  Fig. 6, the slope was  
no t  affected, bu t  the  in t e rcep t  decreased,  as wou ld  
be expected if I2 were  the  adso rb ing  en t i t y  s ince the 
concen t r a t i on  of I2 is decreased by  the  add i t ion  of I - .  

I n  an  effort to d e t e r m i n e  the  po ten t i a l  reg ion  in  
which  the  adsorbed iodine was  r educed  in t eg ra t ions  
of cathodic and  anodic  sweeps were  car r ied  out  over  
po ten t i a l  in t e rva l s  of 50-500 m v  f rom the  equ i l i b -  
r i u m  po ten t i a l  of a so lu t ion  4 x 10-3F in  KI  and  
2.4 x 10-3F in  I2. Resul ts  are  shown  in  Fig. 7, where  
the uppe r  plots are for i n t e g r a t i on  of cathodic sweeps 
and  the  lower  plots for i n t e g r a t i on  of anodic  sweeps.  
The anodic  plots  are  observed  to pass t h r o u g h  the 
or ig in  for all  i n t eg ra t i on  ranges  in  a g r e e m e n t  wi th  
the  previous  conclus ion  tha t  I -  a nd  I3-  are no t  ad -  
sorbed. A s imi la r  set of e x p e r i m e n t s  was  pe r fo rmed  
in  a so lu t ion  6 x 10-3F in  KI  a nd  3.6 x 10-3F in  I2. 
Tab le  V indicates  tha t  for co r respond ing  po ten t i a l  
i n t e rva l s  the ra t ios  of the  slopes of the  Q vs. ~-1/2 
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Fig. 6. Coulomb-sweep rate plots for iodine reduction at  various 
iodide concentrations in ] F  H2504 .  Numbers on the curves give 
the concentration of iodide in millimoles per liter. Concentration 
of iodine is 1.6 raM. 
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plots  for  bo th  so lu t ions  a r e  cons tan t ,  as r e q u i r e d  b y  
Eq. [6] .  

The  i o d i n e - t r i i o d i d e  r e d u c t i o n  a p p e a r s  m o r e  c o m -  
p l e x  t h a n  iod ide  ox ida t ion .  F i g u r e  8 shows  a p lo t  of 
the  in t e rcep t s ,  Qo, of t he  l o w e r  p lo t s  in  Fig .  7 vs .  
the  i n t e r v a l  of i n t e g r a t i o n  aE.  E v e n  at  p o t e n t i a l s  
200 m v  m o r e  n e g a t i v e  t h a n  the  e q u i l i b r i u m  p o t e n t i a l  
some a d s o r b e d  I2 a p p e a r s  to r e m a i n  u n r e d u c e d .  This  
b e h a v i o r  is not  cons i s t en t  w i t h  e x p e c t a t i o n s  b a s e d  
on the  N e r n s t  equa t ion .  On the  o t h e r  hand ,  t he  fac t  
t h a t  t he  Q vs .  v -1/2 plots  for  anod ic  iod ide  o x i d a t i o n  
b e h a v e  qu i t e  r e a s o n a b l y  and  d i s p l a y  no d e p e n d e n c e  
of t he  i n t e r c e p t  on the  p o t e n t i a l  i n t e r v a l  of t he  i n t e -  
g r a t i o n  a rgues  aga ins t  an e x p e r i m e n t a l  a r t i f a c t  
be ing  r e spons ib l e  for  t he  a n o m a l o u s  b e h a v i o r  of the  
ca thod ic  Q vs .  v -1/2 plots .  Th is  b e h a v i o r  is u n d e r  
s t u d y  and  wi l l  be  d i scussed  in a s u b s e q u e n t  c o m -  
mun ica t i on .  I t  m u s t  be  p o i n t e d  out,  h o w e v e r ,  t h a t  t he  
i s o t h e r m s  c a l c u l a t e d  f r o m  the  i n t e r cep t s  of Q vs.  
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Table V. Effect of integration interval on iodide oxidation 

Fig. 8. Dependence of the intercepts of the Q-v -1 /2  plots for 
iodine reduction on the potential interval over which the integra- 
tion was carried out. 

Integration ( 0 ~ )  c ( 0 ~ )  
interval, mv ( O0~_Q )o ~ 

1 c2: I,sGI 

50 20 30 1.50 
100 49 64 1.31 
150 68 104 1.53 
200 83 114 1.38 
300 109 157 1.44 
400 129 181 1.41 
500 149 210 1.41 

1.41 avg. 

v -1/2 p lo ts  a t  va r i ous  t r i i o d i d e  concen t r a t i ons  w i l l  
not  be  i n d e p e n d e n t  of the  i n t e g r a t i o n  i n t e rva l ,  u n -  
less t he  i n t e r v a l  is suff ic ient ly  g r e a t  to c o r r e s p o n d  to 
t he  p l a t e a u  i n d i c a t e d  in Fig .  8. 

Conclusion 

E x t r a p o l a t i o n  of p lo t s  of t he  i n t e g r a l  of c u r r e n t -  
p o t e n t i a l  cu rves  aga ins t  the  r e c i p r o c a l  of t he  s q u a r e  
roo t  of t h e  p o t e n t i a l  sweep  r a t e  a p p e a r s  to h a v e  
s igni f icant  a d v a n t a g e s  ove r  mos t  p r e v i o u s l y  used  or  
a d v o c a t e d  t e c hn ique s  for  t he  s t u d y  of a d s o r p t i o n  at  
e lec t rodes .  B r e i t e r  and  G i h n a n  h a v e  c a r r i e d  out  i n -  
t e g r a t i o n  of  c u r r e n t - p o t e n t i a l  cu rves  a t  v a r i o u s  
s w e e p  ra tes ,  in  a s t u d y  of t h e  a d s o r p t i o n  of m e t h a n o l  
a t  p l a t i n u m  e l ec t rodes  (10) .  H o w e v e r ,  t h e y  p l o t t e d  
cou lombs  a ga in s t  the  l o g a r i t h m  of the  s w e e p  r a t e  
and  f o u n d  an  a p p a r e n t  i n d e p e n d e n c e  of Q on v at  h igh  
sweep  ra tes .  Such  b e h a v i o r  is no t  to be  e x p e c t e d  
for  a r e v e r s i b l e  s y s t e m  (Eq. [6]  and  [ 7 ] ) .  

C o n s i d e r a b l e  a t t e n t i o n  has  been  g iven  to c h rono -  
p o t e n t i o m e t r y  as a m e t h o d  fo r  the  d e t e r m i n a t i o n  of 
r e a c t a n t  a d s o r p t i o n  (8, 10, 11).  H o w e v e r ,  a m a j o r  
d r a w b a c k  is i n h e r e n t  in t he  c h r o n o p o t e n t i o m e t r i c  
t e c h n i q u e  be c a use  i t  is r a r e l y  k n o w n  w i t h  a n y  ce r -  
t a i n t y  how the  cons t an t  c u r r e n t  t h a t  is pa s sed  
t h r o u g h  the  e l e c t r o d e  d iv ide s  b e t w e e n  a d s o r b e d  and  
d i f fus ing  r eac t an t s .  I t  is n e c e s s a r y  to a s s u m e  m o d e l s  
for  t he  c u r r e n t  d i s t r i b u t i o n  in o r d e r  to i n t e r p r e t  t he  
da ta ,  a n d  the  mode l s  t h a t  l e ad  to t r a c t a b l e  m a t h e -  
m a t i c s  a r e  no t  those  w h i c h  a r e  mos t  i n t u i t i v e l y  a p -  
pea l ing .  

I n t e r p r e t a t i o n  of d a t a  r e s u l t i n g  f r o m  the  i n t e -  
g r a t i o n  of c u r r e n t - p o t e n t i a l  cu rves  does no t  r e q u i r e  
a n y  a r t i f i c ia l  mode l s  in o r d e r  to be  i n t e r p r e t e d .  B e -  
cause  the  po t en t i a l ,  r a t h e r  t h a n  the  cu r ren t ,  is con-  
t ro l l ed ,  as l i t t l e  or  as m u c h  c u r r e n t  is s u p p l i e d  as is 
n e c e s s a r y  for  t h e  r e a c t i o n  of bo th  a d s o r b e d  a n d  d i f -  
fus ing  r e a c t a n t s  a t  a l l  po t en t i a l s ,  a n d  th i s  shou ld  
be  t r u e  w h e t h e r  t he  d i f fus ing  a n d  a d s o r b e d  r e a c t a n t s  
r e a c t  c o n c o m i t a n t l y  or  s e r i a t im .  This  m i g h t  no t  be  
t r u e  if  a d s o r b e d  r e a c t a n t  i n t e r f e r e d  w i t h  t h e  r e a c -  
t ion  of some  di f fus ing  r e a c t a n t ,  b u t  t he  p r e s e n c e  of 
th i s  so r t  of c o m p l i c a t i o n  p r o b a b l y  cou ld  be  d i s c e r n e d  
f r o m  the  shape  of t he  c u r r e n t - p o t e n t i a l  cu rves  (13) .  

M e a s u r e m e n t  of d o u b l e  l a y e r  c a p a c i t y  b y  a - c  
b r i d g e  t e c h n i q u e  has  b e e n  w i d e l y  u sed  to s t u d y  ad- 
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so rp t ion  at  m e r c u r y  e l ec t rodes  (14) .  This  t e c h -  
n ique  is m u c h  less u se fu l  w i t h  p l a t i n u m  e l ec t rodes  
because  of the  u n e x p l a i n e d  f r e q u e n c y  d e p e n d e n c e  
of the  m e a s u r e d  capac i t ance .  F u r t h e r m o r e  i t  is n e c -  
e s s a r y  to m a k e  an  a s s u m p t i o n  r e g a r d i n g  the  r e l a -  
t i onsh ip  b e t w e e n  doub le  l a y e r  c a p a c i t a n c e  and  the  
su r f ace  excess  on the  e l ec t rode  in  o r d e r  to i n t e r p r e t  
the  da ta .  Because  the  c u r r e n t - p o t e n t i a l  c u r v e  i n t e -  
g r a t i o n  t e c h n i q u e  m e a s u r e s  a d s o r b e d  r e a c t a n t  d i -  
r ec t ly ,  no such  a s s u m p t i o n  is r e q u i r e d .  

F u r t h e r  i nves t i ga t i ons  of th is  t e c h n i q u e  and  i ts  
a p p l i c a t i o n  to t h e  s t u d y  of  r e a c t a n t  a d s o r p t i o n  a r e  
in p rogres s .  
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ABSTRACT 

Porous  carbon mate r i a l s  of wide ly  differing proper t ies  were  eva lua ted  as 
gas diffusion fuel  electrodes.  The fuel  gases were  hydrogen,  ethane,  propane,  
and isobutane.  Graph i t i zed  e lec t rodes  pe r fo rmed  as wel l  as nongraphi t ized  
electrodes.  Pe r fo rmance  of carbons wi th  la rger  pore  d iameters  could be im-  
proved as much as tenfold  by  wetproofing or by  opera t ing  at  h igh enough 
gas pressure  to cause bubbl ing;  however ,  the  u l t ima te  concentra t ion po la r i za -  
t ion l imita t ions  appea red  re la ted  only  to the  micropore  s tructure.  A s imple 
method of measur ing  the micropore  volume was developed.  L imi t ing  cur ren t  
densit ies wi th  hydrocarbons  were  subs tan t ia l ly  less than  wi th  hydrogen  under  
ident ica l  cell  conditions. Chemical  at tack,  inc luding e lect rochemical  oxidat ion  
of some of the  carbons was observed.  

In  m u c h  of t he  w o r k  on l o w - t e m p e r a t u r e  fue l  
cells,  gas d i f fus ion  e l ec t rodes  f a b r i c a t e d  f r o m  porous  
c a rbons  h a v e  been  e m p l o y e d .  The  bas ic  p e r f o r m a n c e  
c h a r a c t e r i s t i c s  sough t  in  such e l e c t r o d e  s t r u c t u r e s  
a re :  ( i )  r a p i d  d i f fus ion of  r e a c t a n t s  to t he  e l e c t r o d e -  
e l e c t r o l y t e  i n t e r f ace ;  ( i i )  m a x i m u m  effec t ive  c a t a -  
l y t i c  su r face ;  ( i i i )  a s t ab le  e l e c t r o d e / e l e c t r o l y t e / g a s  
i n t e r f ace ;  ( iv )  r e a d y  di f fus ion of p r o d u c t s  and  n o n -  
r e a c t i v e  d i l uen t s  f rom t h e  i n t e r f ace  w i t h o u t  l i m i t i n g  
t r a n s p o r t  of r e a c t a n t s ;  (v)  conduc t ion  of e l e c t r i c a l  
c u r r e n t  w i t h  a m i n i m u m  of ohmic  po la r i za t ion .  

O p t i m i z a t i o n  of  an  e l e c t r o d e  s y s t e m  r e q u i r e s  d e -  
t a i l e d  i n f o r m a t i o n  on the  r e l a t i o n s h i p  b e t w e e n  the  

r e q u i r e m e n t s  l i s t ed  above  and  c e r t a i n  p h y s i c a l  c h a r -  
ac te r i s t i c s  of t h e  e lec t rode .  

E x p e r i m e n t a l  a n d  t h e o r e t i c a l  s tud ies  on the  r e l a -  
t ion  b e t w e e n  e l e c t r o c h e m i c a l  p e r f o r m a n c e  a n d  p h y s -  
ica l  p r o p e r t i e s  of e l ec t rode  m a t e r i a l s  h a v e  been  r e -  
p o r t e d  b y  Y e a g e r  ( 1 - 3 ) ,  Rus inko  (4 ) ,  A u s t i n  (5, 6) ,  
U r b a c h  (7 ) ,  and  others .  H o w e v e r ,  t h e r e  s t i l l  ex i s t s  
an  u r g e n t  need  for  a c o n s i d e r a b l e  e x t e n s i o n  of 
k n o w l e d g e  in th is  a rea .  

The  p r e s e n t  p a p e r  seeks  to f u r n i s h  a d d i t i o n a l  i n -  
s igh t  in to  the  p r o b l e m  t h r o u g h  c o r r e l a t i n g  a n u m b e r  
of i m p o r t a n t  p h y s i c a l  p a r a m e t e r s  of c a rbon  e l ec t rode  
m a t e r i a l s  w i t h  t h e i r  p o l a r i z a t i o n  b e h a v i o r  as  gas  
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diffusion electrodes.  No ac t iva t ion  of the  ca rbon  elec-  
t rode s t ruc tu res  was a t t emp ted  since our  purpose  
was no t  to seek the  m a x i m u m  c u r r e n t  densi t ies  pos-  
sible bu t  r a t h e r  to compare  var ious  s t r u c t u r a l  p r op -  
erties. 

Porous Carbons 

Porous  carbons  used in  this i nves t iga t ion  were  
especial ly  p repa red  to cover a wide  r ange  of porosi -  
ties and  surface areas.  Calc ined  p e t r o l e u m  coke, 
syn the t ic  (Acheson)  graphi te ,  n a t u r a l  flake graphi te ,  
p i t c h - t r e a t e d  l ampblack ,  and  ac t iva ted  coconut  char -  
coal in  v a r y i n g  propor t ions  were  used as filler m a t e -  
rials. Coal t a r  p i tch  and  phenol ic  res in  were  used 
as b inders .  The mixes  were  molded  into pla tes  at 
pressures  r a n g i n g  f rom 1000 to 30,000 l b / i n  2. The 
resu l t ing  plates  were  baked  to carbonize  the b inder ,  
and  a n e u t r a l  or r educ ing  a tmosphere  was  m a i n -  
t a ined  a r o u n d  the  ca rbon  t h roughou t  the  b a k i n g  
cycle. Weigh t  losses d u r i n g  b a k i n g  r a n g e d  f rom 3 to 
12 %, and  l inear  shr inkages  up to 8 % were  observed.  

Fou r  of the carbons  were  t hen  "graphi t i zed"  at 
2700~176 A fu r t he r  we igh t  loss due to vo la t i l i -  
zat ion of the ash occurred d u r i n g  g raph i t i za t ion ;  also 
some fu r t he r  sh r i nkage  was  measured .  

Table  I lists phys ica l  proper t ies  of the t en  ca rbons  
inves t iga ted .  The carbons  are a r r a n g e d  in  order  of 
i nc reas ing  m e d i a n  pore d iamete r s  of the  macropores .  

Pore s i z e s . - - P o r e  vo lume  m e a s u r e m e n t s  were  
made  wi th  an  A m i n c o - W i n s l o w  Poros ime te r  (8) .  A 
cr i t ical  discussion of this me thod  of m e a s u r i n g  pore 
d iamete rs  can be found  in  E m m e t t  (9) .  

The data  ob ta ined  wi th  the  poros imete r  are 
p lot ted  in  Fig. 1 as c u m u l a t i v e  macropore  v o l u m e  vs.  
pore d iameter .  The pore d i ame te r  cor responding  to 
the mid  poin t  of the  void v o l u m e  is called the  
"Median  Pore  Diamete r . "  Graph i t i zed  grades are 
shown as b r o k e n  l ines.  

Al l  of the grades used in  this  s tudy  have  a steep 
r ise b e g i n n i n g  the  v o l u m e  vs.  d iame te r  curve.  This  
homogeneous  macropore  s t ruc tu re  was  de l ibe ra t e ly  
sought  to aid gas d i s t r ibu t ion  and  min imize  flooding 
and  we t t i ng  problems.  
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Fig. 1. Cumulative void volume in pores above 0.035/~ in diameter, 
electrodes A through J. 

The larges t  pore size ind ica ted  in  a n y  of the t en  
grades was 40#. However ,  v i sua l  inspec t ion  of elec- 
t rodes in  severa l  of the grades  seemed to indica te  
m a n y  pores in  the  100-1000~ range .  To d e t e r m i n e  
w he t he r  this  was ac tua l  porosi ty,  a modified po-  
ros imete r  was bu i l t  to me a su r e  void vo lumes  in  this  
pore size range .  In  eve ry  ca rbon  tested,  this  special  
poros imete r  showed a neg l ig ib le  pe rcen tage  of vo l -  
ume  in  "pores"  over  100~. Thus,  it was  conc luded  
tha t  wha t  appeared  to be la rge  pores in  these elec-  
t rodes were  in  r ea l i ty  sha l low surface cavities.  These 
cavit ies  m a y  have  been  caused by  mach in ing ,  or m a y  
have  come f rom cu t t ing  an  hour -g l a s s  shaped pore 
at its wide  d imens ion .  In  this  connec t ion  it  should be 
no ted  tha t  the poros imete r  d iamete r s  are m i n i m u m  
d iamete r s  since the m e r c u r y  is s topped at the first 
res t r ic t ion  in  the pore. 

The s t a n d a r d  5000 psi A m i n c o - W i n s l o w  Po-  
ros imete r  is su i t ab le  for ob t a in ing  the  void vo lume  
in  pores h a v i n g  d iamete r s  down  to 0.035# (350/k). 
These are of ten  r e fe r r ed  to as macropores .  

Micropore  v o l u m e . - - I n  addi t ion  to the  void vo l -  
u m e  in  macropores ,  the re  is of ten cons iderab le  void 
v o l u m e  in  sma l l e r  micropores .  This was  m e a s u r e d  by  

Table 1. Physical properties of carbons 

E l e c t r o d e  c a r b o n  A B C D E F G H I J 

M e d i a n  p o r e  d i a m e t e r , / L  0.8 1.7 2.0 2.9 3.0 4.1 4.5 5.4 6.9 11 
( M a c r o p o r e s )  

M a c r o p o r e  v o l u m e ,  cm3/g  0.05 0.29 0.43 0.26 0.49 0.20 0.11 0.13 0.20 0.61 
M i c r o p o r c  v o l u m e ,  e m 3 / g  0.01 0.33 0.14 0.01 0.07 O.01 0.00 0.01 6.03 0.31 

T o t a l  p o r e  v o l u m e ,  c m 3 / g  0.06 0.62 0.57 0.27 0.56 0.21 0.11 0.14 0.23 0.92 
P o r o s i t y ,  v o l  % 20 56 51 36 50 30 18 21 31 64 

F l o w  r e s i s t a n c e ,  m m  H g / c m  370 14 6 6 - -  4 20 7 0.5 0.1 
S u r f a c e  a r e a ,  M2/g  0.3 200 9 3 7 0.5 0.2 0.4 2 560 
A v e r a g e  d e n s i t y ,  g / c m  3 1.70 0.90 0.90 1.32 0.90 1.45 1.62 1.49 1.35 0.70 

S c l e r o s c o p e  h a r d n e s s  90 50 15 40 25 35 65 90 60 20 
T r a n s v e r s e  s t r e n g t h ,  p s i  1O,OO0 l,OO0 500 2,000 l,OOO 3,500 6,500 8,000 4,000 300 
V o l u m e t r i c  r e s i s t a n c e ,  o h m  cm 0.005 0.03 0.005 0.006 0.004 0.003 0.003 0.005 0.003 0.1O 
S u l f u r ,  % 1.8 0.001 0.05 - -  0.01 0.21 0.01 0.21 0.12 0.24 

Ash ,  % 4.7 l 0  0.1 0.2 0.1 0.5 O.1 0.2 0.2 6 

S p e c t r o g r a p h i c  a n a l y s i s  on  ash ,  
s e l e c t e d  e l e m e n t s ,  % 

Si02  50 + 50 + 2 3.0 2 5.0 50 + 50 + 7.0 50 + 
A1203 30 10 0.5 5.0 0.5 0.5 10 1 3.0 2 
Fe20~ 3 l 0  5 50 + 5 50 + 20 1O 50 + 10 
CaO 3 1 1 20 1 0.5 1 0.05 0.1 1 
M g O  2 0.8 0.1 0.25 0.1 0.25 1 0.3 2.0 0.5 
TiO2 1 0.2 56 + 0.5 50 + 0.15 0.5 0.2 0.05 0.8 
N a 2 0  0.2 8 0.1 - -  0.1 O.1 3 1 0.5 2 
K 2 0  - -  - -  0 . I  - -  0.1 O.1 - -  0,3 - -  5 
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Fig. 2. Surface area and micropore volume, electrodes A through 
J. Solid lines represent the expected surface for those micropore 
diameters indicated. 

evacua t ing  the  ca rbon  and  t h e n  flooding it  w i th  dis-  
t i l led  water .  The carbon,  sti l l  covered w i th  water ,  
was  t h e n  sub jec ted  to a m i n i m u m  of 100 psi. (P re s -  
sure  was used to decrease the  a m o u n t  of t ime  re -  
qu i r ed  for fi l l ing the  pores.)  I t  was t hen  superf i -  
c ia l ly  dr ied  and  qu ick ly  weighed  to de t e rmi ne  the 
a m o u n t  of wa te r  in  the  pores. 

I m p r e g n a t i o n  pressures  f rom 100 to 5000 psi, and  
spec imen  th icknesses  f rom 1/s to 1 in. were  explored.  
In  no case was  add i t iona l  wa te r  forced into the  car -  
bon  by  pressures  above  100 psi; also the wa te r  con-  
t en t  of the i m p r e g n a t e d  ca rbon  was  i n d e p e n d e n t  
of sample  th ickness  in  this  range.  

"Micropore  void v o l u m e "  (Tab le  I) is t aken  as the  
inc rease  in  void vo lume  ob ta ined  wi th  wa te r  at  100 
psi over  tha t  ob ta ined  wi th  m e r c u r y  at 5000 psi. I t  
is the  void v o l u m e  in  open pores smal le r  t h a n  350A 
diameter .  

Surface areas.--Surface areas were  d e t e r m i n e d  
by  c o n v e n t i o n a l  BET methods  (10) us ing  N2. S a m -  
ples  were  outgassed ove rn igh t  at  10 -6 m m  Hg and  
250~ before  m e a s u r e m e n t .  Nea r ly  all  of the s u r -  
face area of porous  carbons  is associated wi th  the 
fine micropore  s t ruc ture .  The  re la t ion  b e t w e e n  su r -  
face area and  pore v o l u m e  for the  carbons  i nves t i -  
gated is i l lus t ra ted  in  Fig. 2. Also shown  in  Fig. 2, 
by  the  b r o k e n  lines,  are  cor re la t ions  b e t w e e n  void 
v o l u m e  and  surface a rea  ca lcula ted  by  a s suming  all  
pores are smooth  w a l l e d  cy l inders  h a v i n g  the  di -  
ame te r  specified. I t  is seen tha t  for h igh surface  area  
samples,  the  m a j o r i t y  of the  surface  a rea  is con-  
t r i b u t e d  b y  the  micropore  s t ruc ture .  

Total porosity.--Total poros i ty  is t aken  as the  
sum of macropore  and  micropore  void volume.  Tab le  
I shows to ta l  poros i ty  bo th  as cm~/g ca rbon  and  as 
v o l u m e  per  cent. The skele ton  dens i ty  of the  ca r -  
bon  electrode m a y  be ca lcula ted  b y  d iv id ing  the  
average  dens i ty  b y  (100 vol  % poros i ty )1 /100 .  I t  is 
i n t e r e s t i ng  to no te  tha t  in  eve ry  case the  ske le ton  
dens i ty  was  wel l  be low 2.26 g/cc,  the  theore t ica l  
dens i ty  for c a r b o n ( g r a p h i t e ) .  This  impl ies  tha t  
these s t ruc tu res  con ta ined  5-15% of closed pores 
and  pores inaccess ib le  by  the  t echn iques  employed.  

Flow resistance.--This was m e a s u r e d  by  forc ing  
N2 at room t e m p e r a t u r e  t h rough  the  ca rbon  at a 
m e a s u r e d  ra te  of 1 cm3/cm 2 m i n  and  no t ing  the  
p ressure  g r a d i e n t  requ i red .  (This  v a l u e  for gas 
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Fig. 3. Cell electrode assembly 

flow approx imates  H2 flow rates  needed  to produce  
a c u r r e n t  dens i ty  of 140 ma/cm2. )  The  p ressure  
gradient ,  m m  H g / c m  ca rbon  th ickness  was  i nde -  
p e n d e n t  of ca rbon  th ickness  b e t w e e n  0.02 cm and  
1.0 cm. Compara t i ve  m e a s u r e m e n t s  wi th  h y d r o g e n  
and  n i t r ogen  showed the  g rad ien t  r e q u i r e d  was  pro-  
por t iona l  to gas viscosity.  

F low res is tance  va lues  m a y  be conver t ed  into 
Darcies by  d iv id ing  into 0.22. Thus  

Pe rmeab i l i t y ,  Darcies  = 0 .22 /F low Resistance,  
m m  H g / c m  

Average density, transverse strength, sclerescope 
hardness, volumetric resistance.--These are phys -  
ical proper t ies  c o n v e n t i o n a l l y  used to charac ter ize  
carbons.  Ave rage  dens i ty  is ca lcu la ted  f rom the  
d imens ion  of the  ca rbon  and  its weight .  T ransve r se  
(or f lexura l )  s t r eng th  is an  ind ica tor  of the l eng th  
to th ickness  ra t io  tha t  can  be used in  electrode 
s t ruc tu res  w i t hou t  excessive breakage.  Hardness  is 
an ind ica t ion  of mach inab i l i t y ,  w i th  carb ide  tools 
gene ra l ly  r equ i r ed  to h a n d l e  m a t e r i a l  in  the 70-90 
range,  me t a l  w o r k i n g  tools for the  30-70 range,  and  
wood w or k i ng  tools u sua l ly  su i t ab le  be low 30. Vol-  
ume t r i c  e lectr ical  res is tance,  l ike the  o ther  th ree  
proper t ies ,  was m e a s u r e d  us ing  the  s t a n d a r d  N E M A /  
AIEE (11) method.  

Electrode Preparation and Evaluation 

The electrodes were  m a c h i n e d  f rom the  molded  
porous  ca rbon  plates  descr ibed previous ly .  D i m e n -  
sions of these electrode caps are g iven  in  Fig. 3. In  
use, m u c h  of the  electrode was  coated wi th  Silast ic 
RTV 502, a si l icone resin,  so tha t  on ly  1 cm 2 of the 
bo t tom of the  cap was  exposed to the e lectrolyte .  

Catalyst deposition.--After the  electrodes were  
machined ,  they  were  washed  t ho rough ly  w i t h  de ion-  
ized w a t e r  by  v a c u u m  i m p r e g n a t i o n  a nd  dried.  Care  
was t a k e n  to keep the  e lect rode free f rom c o n t a m -  
i nan t s  which  mi gh t  a l te r  the  w e t t i ng  character is t ics .  
Subsequen t ly ,  t he  electrodes were  i m p r e g n a t e d  w i th  
a 10% solu t ion  of p l a t i n u m  te t rach lor ide  and  aga in  
dried. The  p l a t i n u m  te t rach lo r ide  i m p r e g n a t e d  elec- 
t rodes were  t hen  reduced  in  h y d r o g e n  at  450~ for 
4 hr. The  a m o u n t  of p l a t i n u m  in  each e lect rode was  
d e t e r m i n e d  by  weigh ings  before  and  af ter  i m p r e g -  
n a t i o n  a nd  reduc t ion .  The  ca ta lys t  surface  a rea  was  
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determined by hydrogen chemisorption using known 
techniques (12, 13). 

Measurements.--The electrode assembly used in 
the electrochemical evaluations is illustrated in Fig. 
3. After the catalyst was deposited in the electrode 
and silicone resin coated on the exterior to define the 
active electrode area, the caps were threaded onto 
the nonporous graphite support rods. The fuel gas 
was admitted to the electrode via the internal in- 
let tube. The pressure differential across the active 
area of the electrode was maintained at approx- 
imately 18 mm Hg. The electrolyte employed was 
generally 12M KOH except for those experiments 
involving hydrocarbon fuel gases where it was 6M 

H 2 S 0 4 .  

Elect rolyt ic  h y d r o g e n  was pur i f ied before  e n t e r -  
ing the electrode by  a deoxo uni t .  Other  gases were  
research  grades and  used d i rec t ly  w i thou t  f u r t he r  
purif icat ion.  

S a t u r a t e d  calomel  re fe rence  electrodes at  the  t e m -  
pe ra tu res  of the r u n s  were  employed  in  ob t a in ing  
the po la r iza t ion  data.  A p l a t i n u m  cata lyzed c a r bon -  
oxygen  electrode was used as a w o r k i n g  cathode.  
Po ten t i a l s  and  cu r r en t s  were  measu red  w i th  p rop -  
er ly  adap ted  high impedance  v a c u u m  tube  vo l t -  
meters .  P a r t i c u l a r  care was exercised to ensu re  tha t  
all  m e a s u r e m e n t s  r ep re sen t ed  s t eady-s t age  condi -  
tions. The ohmic po la r iza t ion  was r emoved  f rom 
the po la r iza t ion  curves  by  a c u r r e n t  i n t e r r u p t i n g  
t echn ique  us ing  a modified K o r d e s c h - M a r k o  br idge  
circuit .  

Results and Discussion 
Pola r iza t ion  curves  for h y d r o g e n  electrodes,  p r e -  

pa red  f rom each of the  t en  carbons  inves t iga ted ,  are 
g iven  in  Fig. 4. A n u m b e r  of de te rmina t ions ,  r a n g -  
ing f rom three  to t en  or more,  were  made  on dif-  
f e ren t  e lectrodes f rom the  same  mater ia l .  The  ohmic 
po la r iza t ion  has been  sub t rac t ed  f rom these curves.  
In  no case was  the i n t e r n a l  res i s tance  of the  exper i -  
m e n t a l  cells in  excess of 0.5 ohm. 

E~ect or catalyst co ntent.--In order  to assess 
c lear ly  the  inf luence  of ca rbon  s t ruc tu re  on electrode 
polar izat ion,  it  was necessary  to es tabl ish  an  a m o u n t  
of ca ta lys t  r equ i r ed  in  the e lect rode to r educe  ac-  

Table II. Variation of catalyst content with impregnation method 

W t  % ca ta lys t  W t  % ca t a ly s t  
by  v a c u u m  by  h i g h - p r e s s u r e  

Elec t rode  No. i m p r e g n a t i o n  i m p r e g n a t i o n  

J 3 10.4 
E 0.5 5 
F 0.3 1 
A 0.1 0.4 

t i va t ion  po la r iza t ion  to a m i n i m u m .  Thus,  po la r iza -  
t ion  curves  for each electrode were  d e t e r m i n e d  wi th  
v a r y i n g  a m o u n t s  of p l a t i n u m  i m p r e g n a t e d  into the  
carbons.  For  most  of the  e xpe r i me n t s  a v a c u u m  
i m p r e g n a t i o n  t e c hn i que  was  used. On ce r ta in  e lec-  
trodes,  however ,  a h i g h - p r e s s u r e  i m p r e g n a t i o n  tech-  
n i que  also was  employed  to deposit  the  catalyst .  
Typica l  da ta  are g iven  in  Tab le  II for the  weight  
per  cent  ca ta lys t  deposi ted by  the  di f ferent  methods.  
A p p r o x i m a t e l y  four  t imes  as m u c h  p l a t i n u m  was 
in t roduced  in to  the  electrode u n d e r  h igh pressure .  

On ly  one e lect rode showed an  increase  in  p e r -  
fo rmance  wi th  increased  a m o u n t  of catalyst .  This  
was  electrode A, a m a t e r i a l  w i th  a ve ry  smal l  ave r -  
age macropore  d iameter .  The po la r i za t ion  behav io r  
re la t ive  to the  open -c i r cu i t  po ten t i a l  of e lectrode A, 
as i l l u s t r a t ed  in  Fig. 5, improved  at  the  lower  cu r -  
r en t  densi t ies  w he r e  p r inc ipa l l y  ac t iva t ion  pola r iza-  
t ion  was  present .  As migh t  be expected,  the  l imi t ing  
c u r r e n t  dens i ty  of abou t  11 m a / c m  e was  no t  a l tered.  

Data  on the  p l a t i n u m  catalyst ,  deposi ted in  elec-  
t rodes  used in  ob t a i n i ng  the  po la r iza t ion  curves  in  
Fig. 4, are  g iven  in  Tab le  III.  The sur face  area  of 
the  p l a t i n u m  is r epor ted  as square  me te r s  per  g r a m  
of deposi ted p l a t i n u m  and  also on the  basis  of square  
mete r s  of ca ta lys t  per  square  cen t ime te r  of geo- 
met r i c  e lectrode area  (0.125 in. t h i ck ) .  The weigh t  
of ca ta lys t  is based on the weigh t  deposi ted in  a 
square  cen t ime te r  of geometr ic  e lectrode a rea  
(0.125 in. t h i ck ) .  It  is no ted  f rom Tab le  I I I  tha t  the re  

is no cor re la t ion  be t w e e n  p l a t i n u m  con ten t  and  p la t i -  
n u m  surface  area. Also, a carefu l  check was  made  
(by  i m p r e g n a t i n g  var ious  a moun t s  of ca ta lys t  in  
the  ca rbons)  to in su re  tha t  e lec t rochemical  p e r -  
fo rmance  was no t  a func t ion  on ly  of ca ta lys t  content .  
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Table III. Electrode catalyst data 

C a t a l y s t  su r f ace  a rea  Weight  of catalyst  

Elec t rode  1V[2/g P t  M2/cm 2 e lec t rode  W t  % m g / c m :  

A 170 0.07 0.1 0.41 
B 470 0.60 1.3 1.27 
C 75 0.23 2.4 3.06 
D - -  - -  0 . 6  - -  

E 68 0.08 0.5 1.17 
F 15 0.02 0.3 1.17 
G 58 0.02 1.0 0.41 
H 185 0.11 1.3 0.59 
I - -  - -  0 . 9  - -  

J 765 1.02 3 1.33 

Graphi tes  vs.  c a r b o n s . - - T h e  fac t  t h a t  a n  e l ec t rode  
m a t e r i a l  was  a c a r b o n  or  a g r a p h i t e  per  se, a p -  
p e a r e d  to h a v e  no d i r ec t  b e a r i n g  on the  po la r i za t ion .  
In  Fig.  4, i t  is seen  t h a t  bo th  g r a p h i t i z e d  ( b r o k e n  
l ines )  and  n o n g r a p h i t i z e d  e l ec t rodes  fa l l  in a l l  
r a n g e s  of p e r f o r m a n c e .  These  r e su l t s  a r e  in  d i r ec t  
c o n t r a d i c t i o n  to those  of o t h e r  i n v e s t i g a t o r s  (4)  
who  conc luded  t h a t  g r a p h i t e s  w e r e  poor  e lec t rodes .  
G r a p h i t i z a t i o n  s h a r p l y  r educes  m i c r o p o r e  vo id  and  
su r face  a rea ,  and  this ,  of course ,  affects p e r f o r m -  
ance.  H o w e v e r ,  for  m a t e r i a l s  w i t h  s i m i l a r  s t r u c t u r a l  
cha rac te r i s t i c s ,  the  r e su l t s  of th is  s t u d y  l ends  no 
s u p p o r t  to con ten t ions  t h a t  g r a p h i t e  e l ec t rodes  a r e  
unsa t i s f ac to ry .  

Gas p e r m e a b i l i t y . - - C a l c u l a t i o n s  f rom gas p e r -  
m e a b i l i t y  m e a s u r e m e n t s  i n d i c a t e d  t h a t  c a rbon  A 
was  the  on ly  e l ec t rode  in w h i c h  the  c u r r e n t  d e n s i t y  
w o u l d  be  l i m i t e d  to low va lues  b y  gas  t r a n s p o r t  
t h r o u g h  the  m a c r o p o r e  s t r u c t u r e  of t he  carbon .  A 
l i m i t i n g  c u r r e n t  d e n s i t y  of 20 m a / c m  2 is c a l c u l a t e d  
for  c a rbon  A a s s u m i n g  t h a t  a l l  of the  po re  v o l u m e  
is a v a i l a b l e  for  t r a n s p o r t  of h y d r o g e n  to t he  s i tes  
e l e c t r o c h e m i c a l  reac t ion .  This  v a l u e  m a y  be  c o m -  
p a r e d  to t he  e x p e r i m e n t a l  l i m i t i n g  c u r r e n t  d e n s i t y  
of abou t  11 m a / c m  2. C a r b o n  G has  t he  n e x t  h ighe s t  
flow res i s t ance ;  h o w e v e r ,  the  c a l c u l a t e d  l i m i t e d  
c u r r e n t  d e n s i t y  due  to th is  cause  is ove r  500 m a / c m  ~. 
I f  a l l  of the  m a c r o p o r e  s t r u c t u r e  w e r e  a v a i l a b l e  for  
gas  t r a n s p o r t  in t he  o t h e r  e lec t rodes ,  gas d i f fus ion 
could  o n l y  l i m i t  the  e l e c t r o c h e m i c a l  r e a c t i o n  a t  v e r y  
h igh  c u r r e n t  dens i t ies .  H o w e v e r ,  t he  d a t a  in Fig .  4 
i nd i ca t e  t h a t  t h r e e  e lec t rodes ,  (F,  G, and  H ) ,  bes ides  
A, a r e  d i f fus ion  p o l a r i z e d  a t  c u r r e n t  dens i t i e s  w h i c h  
a r e  less  t h a n  15 m a / c m  2. W i t h  these  t h r e e  e lec t rodes ,  
f looding of  t he  po re  s t r u c t u r e  b y  the  e l e c t r o l y t e  a p -  
p e a r s  r e s p o n s i b l e  for  t he  poor  p e r f o r m a n c e .  E lec -  
t rodes  F, G, and  H g a v e  e x c e l l e n t  p e r f o r m a n c e  w h e n  
w e t p r o o f e d  or  w h e n  t h e  fue l  gas was  b u b b l e d  
t h r o u g h  the  pores .  

Pore  sizes,  po~'e v o l u m e ,  and sur face  a r e a . - - T h e  
m a j o r  p a r a m e t e r  c o r r e l a t i n g  w i t h  p o l a r i z a t i o n  b e -  
h a v i o r  of the  e l ec t rodes  was  the  t o t a l  m i c r o p o r e  vo id  
vo lume .  The  o r d e r  of dec r ea s ing  m i c r o p o r e  v o l u m e  
in the  ca rbons  is B ~ J > C ~ E > I ~ D ~ F , H , A ~ G .  The  
e l e c t r o c h e m i c a l  p e r f o r m a n c e  of  t h e  e l ec t rodes  is 
r o u g h l y  in t h e  s ame  order .  The  e l ec t rodes  m a y  be  
p l aced  in t h r e e  ca tegor ies ,  ( i )  ca rbons  w i t h  a m i c r o -  
po re  v o l u m e  g r e a t e r  t h a n  0.10 c c / g  and  l i m i t i n g  
c u r r e n t  dens i t i es  g r e a t e r  t h a n  100 m a / c m  2 (B, J,  C) ; 
( i i )  ca rbons  w i t h  a m i c r o p o r e  v o l u m e  b e t w e e n  0.01 
and  0.10 c c / g  and  l i m i t i n g  c u r r e n t  dens i t i e s  b e t w e e n  

15 m a / c m  2 a n d  100 m a / c m  (I,  D, E ) ;  and  ( i i i )  c a r -  
bons  w i t h  a v e r y  s m a l l  m i c r o p o r e  v o l u m e  and  l i m i t -  
ing  c u r r e n t  dens i t i e s  less t h a n  15 m a / c m  2 (F,  G, 
H, A ) .  In  th is  ca tegor iz ing ,  i t  is r ecogn ized  t h a t  t he  
s m a l l e r  m a c r o p o r e s  also m a y  c o n t r i b u t e  to t he  e l ec -  
t r o c h e m i c a l  p e r f o r m a n c e .  

S ince  the  p e r f o r m a n c e  of a l l  e l ec t rodes  m a y  be  
i m p r o v e d  b y  w e t p r o o f i n g  or  bubb l ing ,  the  c o r r e l a -  
t ion  w i t h  m i c r o p o r e  v o l u m e  ref lects  a t  l eas t  p a r t i a l  
o p e r a t i o n  u n d e r  d i f fus ion l i m i t a t i o n s  a r i s ing  f rom 
e l e c t r o l y t e  p e n e t r a t i o n  in to  t h e  po re  s t ruc tu re .  A p -  
p a r e n t l y ,  the  p r e s e n c e  of an  e x t e n s i v e  m i c r o p o r e  
s t r u c t u r e  enhances  o p e r a t i o n  u n d e r  these  condi t ions ,  
p r e s u m a b l y  b y  p r o v i d i n g  m o r e  p a t h s  for  d i f fus ion 
of e l e c t r o l y t e  species.  

F i g u r e  2 i l l u s t r a t e d  tha t  a r o u g h  e m p i r i c a l  cor -  
r e l a t i o n  exis t s  b e t w e e n  the  su r f ace  a r ea  of a c a rbon  
and  its m i c r o p o r e  vo lume .  Hence ,  su r face  a r e a  also 
r o u g h l y  c o r r e l a t e d  w i t h  t he  o b s e r v e d  e l e c t r o c h e m i -  
cal  b e h a v i o r  of t he  ca rbons  as e lec t rodes ,  a l t h o u g h  
some d i s c r epanc i e s  a r e  found.  

M a c r o p o r e  v o l u m e  in the  ca rbons  d id  no t  a p p e a r  
to be  a s igni f icant  v a r i a b l e  in d e t e r m i n i n g  the  p o l a r i -  
za t ion  b e h a v i o r  of the  h y d r o g e n  fue l ed  e lec t rode .  
To ta l  po re  v o l u m e  was  of i n t e r e s t  on ly  to t he  e x t e n t  
t ha t  i t  re f lec ted  the  a m o u n t  of  m i c r o p o r e  vo lume .  

R e su l t s  on w e t p r o o f e d  e l e c t r o d e s . - - T h e  e l e c t r o -  
c h e m i c a l  b e h a v i o r  of a c a t a l y z e d  ca rbon  e l ec t rode  
m a y  be  v a r i e d  c o n s i d e r a b l y  w h e n  the  c a r b o n  is 
t r e a t e d  w i t h  a h y d r o p h o b i c  agent .  F i g u r e  6 i l l u s -  
t r a t e s  p o l a r i z a t i o n  curves  r e l a t i v e  to the  o p e n - c i r c u i t  
p o t e n t i a l  for  e l e c t r o d e  G in an  ac id  e l ec t ro ly t e .  The  
u p p e r  cu rve  r e p r e s e n t s  the  p o l a r i z a t i o n  for  an  u n -  
t r e a t e d  carbon .  A l i m i t i n g  c u r r e n t  d e n s i t y  of 10-12 
m a / c m  2 was  o b s e r v e d  w i t h  t he  g e n e r a l  s h a p e  of the  
c u r v e  be ing  s i m i l a r  to t ha t  o b t a i n e d  in  t he  12M K O H  
e l e c t r o l y t e  (Fig .  4) .  No g r e a t e r  d i f fe rence  in  t h e  
p o l a r i z a t i o n  was  o b s e r v e d  on d i f fe ren t  e l ec t rodes  
in the  s ame  e lec t ro ly te .  W h e n  t h e  e l ec t rode  w a s  s u b -  
j e c t e d  to a h y d r o c a r b o n  p r e t r e a t m e n t ,  h o w e v e r ,  t he  
d i s cha rge  cu rve  showed  l i t t l e  p o l a r i z a t i o n  ( l o w e r  
l ine )  to a c u r r e n t  d e n s i t y  of 100 m a / c m  2 and  on ly  50 
m v  at  a c u r r e n t  d e n s i t y  of 300 m a / c m  ~ (no t  i n c l u d -  
ing ohmic  p o l a r i z a t i o n ) .  S ince  i t  was  de s i r e d  to d e m -  
o n s t r a t e  t he  effect of va r i ous  p h y s i c a l  p a r a m e t e r s  of 
po rous  ca rbon  e lec t rodes ,  no a t t e m p t  was  m a d e  to 
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perature, 70~ catalyst, Pt; fuel gas, hydrogen. 
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c o m p a r e  a l l  e l e c t rode  p e r f o r m a n c e s  u n d e r  o p t i m u m  
i n d i v i d u a l  o p e r a t i n g  condi t ions .  

Results on bubbling electrodes.--Figure 7 d e m o n -  
s t r a t e s  t he  d i f fe rence  in p o l a r i z a t i o n  cu rves  ( r e l a t i v e  
to the  o p e n - c i r c u i t  p o t e n t i a l s )  of e l ec t rodes  w h e n  the  
gas was  b u b b l e d  or  fo rced  t h r o u g h  the  ca rbon  pores  
in  t he  e l e c t r o c h e m i c a l l y  ac t ive  area ,  c o m p a r e d  to t he  
n o n b u b b l i n g  e lec t rodes .  

A p p a r e n t l y ,  i n d i v i d u a l  r e a c t i o n  s i tes  a re  c a p a b l e  
of su s t a in ing  a p p r e c i a b l e  c u r r e n t  dens i t i es  w i t h  h y -  
d r o g e n  in  t he  absence  of c o n c e n t r a t i o n  p o l a r i z a t i o n  
(e.g., c a r b o n  G, Fig .  6, and  ca rbon  F, Fig .  7).  In  a 
s imp le  case  w h e r e  t he  p r o d u c t  en t e r s  t he  e l ec t ro ly t e ,  
i t  w o u l d  s eem t h a t  e l e c t r o l y t e  d i f fus ion p r o b l e m s  
could  be  o v e r c o m e  b y  w e t p r o o f i n g ,  bubb l ing ,  or  b y  
p r o v i d i n g  a sufficient  n u m b e r  of d i f fus ion p a t h s  (i.e., 
m i c r o p o r e  s t r u c t u r e ) .  H o w e v e r ,  w i t h  o the r  fue l  gases  
w h e r e  ac t i va t i on  p o l a r i z a t i o n  is m o r e  p ronounced ,  a 
l a r g e  n u m b e r  of r e a c t i o n  s i tes  a r e  also r e q u i r e d  for  
good p e r f o r m a n c e .  

Results on other fuel  gases.--Polarization curves  
for  t he  e l e c t r o c h e m i c a l  o x i d a t i o n  of e thane ,  p r o p a n e ,  
and  i s o b u t a n e  a r e  g iven  in  Fig.  8 for  a 6M H2SO4 
e l e c t r o l y t e  at  90~ B u b b l i n g  g r a p h i t e  e l ec t rodes  
(C)  w e r e  e m p l o y e d  w i t h  a l l  t he  fuels .  L i t t l e  p o l a r i -  
za t ion  of t he  h y d r o g e n  e l ec t rode  is o b s e r v e d  in t he  
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Fig. 8. Comparison of anodic polarization curves for hydrogen, 
ethane, propane, and isobutone fuels at 90~ v s .  calomel reference. 
Electrolyte, 6M H2S04; temperature 90~ catalyst, Pt; carbon, 
No. C. 

c u r r e n t  d e n s i t y  r a n g e  shown.  H o w e v e r ,  t he  h y d r o -  
ca rbon  e l ec t rodes  a r e  p o l a r i z e d  e x t e n s i v e l y .  A f t e r  a 
h igh  in i t i a l  a c t i v a t i o n  po l a r i za t i on ,  the  p e r f o r m a n c e  
of t h e  e l e c t rode s  a p p e a r s  to be  l i m i t e d  b y  c o ncen -  
t r a t i o n  po la r i za t ion .  P r e s u m a b l y ,  th is  a r i ses  due  to 
r e s t r i c t i ons  on  gas  diffusion.  The  l i m i t i n g  c u r r e n t  
d e n s i t y  w i t h  e t h a n e  on th is  e l ec t rode  was  22 m a / c m  2, 
w h e r e a s  t ha t  for  p r o p a n e  and  i s o b u t a n e  was  12 
m a / c m  2. I t  is i n t e r e s t i n g  t h a t  t he  e l e c t r o d e  p o l a r i z a -  
t ion  i n c r e a s e d  w i t h  t he  size of  t he  r e a c t i n g  molecu le .  

React iv i ty  of carbon electrodes.--Al l  of t he  c a r b o n  
e l ec t rodes  e m p l o y e d  in th is  s t u d y  a re  suscep t ib l e  to 
e l e c t r o c h e m i c a l  o x i d a t i o n  in  bo th  ac id  and  a l k a l i n e  
e l ec t ro ly t e s ,  some m o r e  t h a n  others .  Also,  c e r t a i n  of 
t he  e l ec t rodes  w e r e  s u b j e c t  to p h y s i c a l  d e t e r i o r a t i o n  
and  swe l l i ng  as a r e s u l t  of cons t an t  con tac t  w i t h  the  
ac id  a n d  a l k a l i n e  e l ec t ro ly t e s .  X - r a y  d i f f r ac t ion  p a t -  
t e rns  r u n  on these  e lec t rodes ,  h o w e v e r ,  f a i l ed  to 
show a n y  change  in t he  La,  Lc or  d spac ing ,  i n d i c a t -  
ing  t h a t  the  bas ic  c r y s t a l l i t e s  w e r e  no t  a t t a c k e d  in 
the  t i m e  of e x p o s u r e  and  i m p l y i n g  t h a t  t he  b i n d e r  
was  invo lved .  

Summary and Conclusion 

A ser ies  of po rous  ca rbons  w e r e  e v a l u a t e d  as d i f -  
fus ion  anodes  in  a H2/O2 fue l  cell .  P e r f o r m a n c e  w i t h  
p a r t i a l  e l e c t r o l y t e  p e n e t r a t i o n  in to  t he  po re  s t r u c -  
t u r e  r a n g e d  f r o m  3 to 200 m a / c m  2 at  0.2v p o l a r i z a -  
t ion.  U n d e r  t hese  o p e r a t i n g  condi t ions ,  t he  m i c r o -  
po re  vo id  v o l u m e  a p p e a r e d  to  b e  an  i n d e x  of the  l i m -  
i t ing  c u r r e n t  dens i ty .  G r a p h i t i z a t i o n  per  se, m a c r o -  
po re  vo lume ,  m a c r o p o r e  d i a m e t e r ,  and  p l a t i n u m  
con ten t  ( above  a m i n i m u m  a m o u n t )  a l l  h a d  l i t t l e  
a p p a r e n t  effect on p e r f o r m a n c e .  

W i t h  p a r t i a l  e l e c t r o l y t e  p e n e t r a t i o n  in to  t he  po re  
s t r u c t u r e  of t h e  e lec t rode ,  a l l  anodes  e x h i b i t e d  d i f fu-  
s ion p o l a r i z e d  at  m o d e s t  c u r r e n t  dens i t ies .  H o w e v e r ,  
w h e n  w e t p r o o f e d  or  o p e r a t e d  as b u b b l i n g  e lec t rodes ,  
p e r f o r m a n c e  was  g r e a t l y  e n h a n c e d  and  l i m i t i n g  c u r -  
r en t  dens i t i e s  ex t ended .  A p p a r e n t l y  t he  m i c r o p o r e s  
can p l a y  a s igni f icant  ro le  in t he  t r a n s p o r t  of e l e c t r o -  
l y t e  species.  

E l e c t r o c h e m i c a l  o x i d a t i o n  and,  in  some cases,  
s eve re  c h e m i c a l  a t t a c k  of  t h e  c a r b o n  b y  the  e l e c t r o -  
l y t e  was  obse rved .  X - r a y  d i f f rac t ion  s tud ies  i n d i -  
ca ted  t h a t  no changes  in c r y s t a l l i t e  d ime ns ions  h a d  
occu r r ed ;  hence ,  i t  is a s s u m e d  tha t  on ly  the  b i n d e r  
was  invo lved .  

D i r ec t  e l e c t r o c h e m i c a l  o x i d a t i o n  of l ow  m o l e c u l a r  
w e i g h t  h y d r o c a r b o n s  a p p e a r e d  to p a r a l l e l  t he  p e r -  
f o r m a n c e  w i t h  h y d r o g e n .  H o w e v e r ,  in  t h e  f o r m e r  
case  t h e r e  is i nd i c a t i on  t h a t  c o n c e n t r a t i o n  p o l a r i z a -  
t ion  m a y  r e su l t  f r o m  l i m i t a t i o n s  on d i f fus ion  of t he  
fue l  gas. 

Po rous  ca rbons ,  because  of t h e i r  i n h e r e n t  p r o p -  
e r t i e s  as r e l a t i v e l y  iner t ,  l ow  cost, e l e c t r i c a l l y  con-  
duc t i ng  c a t a l y s t  suppor t s ,  a r e  a t t r a c t i v e  as fue l  ce l l  
e lec t rodes .  F u r t h e r  d e v e l o p m e n t  is r e q u i r e d ,  h o w -  
ever ,  to ob t a in  a c a r b o n  t h a t  is p e r m a n e n t l y  h y d r o -  
phob ic  and  is c o m p l e t e l y  i n e r t  to c h e m i c a l  a n d  e lec -  
t r o c h e m i c a l  a t t a c k  u n d e r  a l l  ce l l  condi t ions .  This  
s t u d y  ind ica t e s  t he  c a r b o n  shou ld  also h a v e  a u n i -  
f o r m l y  fine p o r e  s t r u c t u r e  w i t h  a l a r g e  vo id  v o l u m e  
in po re s  s m a l l e r  t h a n  0.3#. 
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Techn ca]l Notes @ 
Residual Tritiated Water in Anodized Tantalum Films 

G. M. Krembs 
Phitco Scientific Laboratory, Blue Bell, Pennsylvania 

In  anodized films it  has been  specula ted  t ha t  the 
space charge due to excess t a n t a l u m  cat ions and  ex -  
cess oxygen  an ions  in  the oxide la t t ice  can cause a-c  
rectification. In  add i t ion  to this  i n h e r e n t  space 
charge,  o ther  lat t ice defects in  the  i n su l a t i ng  l aye r  
m a y  cont ro l  e lectr ical  character is t ics .  A lkahor i  (1) 
showed tha t  anodized a l u m i n u m  films p r epa red  in  
oxalic acid are microporous  in  s t ruc ture ,  h a v i n g  a 
ba r r i e r  l ayer  as t h in  as 50A, and  he pos tu la ted  tha t  
the pores were  filled wi th  res idua l  e lectrolyte .  Su l fa te  
ions f rom the  anodiz ing  b a t h  have  been  m e a s u r e d  in  
anodized films (2) ,  bu t  no data  have  b e e n  pub l i shed  
on the concen t r a t i on  of r e s idua l  wa t e r  occluded in  or 
adsorbed on  anodized films p r epa red  in  aqueous  elec-  
t rolytes.  In  this s tudy,  the  concen t ra t ion  of the rad io -  
isotope t r i t i u m  was m e a s u r e d  in  anodized  Ta films 
and  mon i to red  d u r i n g  subsequen t  room air  exposure  
and  t h e r m a l  b a k e - o u t  cycles. 

Experimental 
To detect  t race  quan t i t i e s  of water ,  the  r ad io t race r  

me thod  was selected ins tead  of absorp t ion  spect ros-  
copy, the  K a r l  F isher  r eagen t  or other  ana ly t i ca l  
methods,  because  it is a v e r y  sens i t ive  and  n o n d e -  
s t ruc t ive  technique .  F r a n k l i n  (3) has used this  ap -  
proach  in  a s tudy  of anodized a l u m i n u m ,  bu t  no de-  
tai ls  were  repor ted  about  his e x p e r i m e n t a l  resul ts .  

T a n t a l u m  anodes  were  p r epa red  by  cathodic spu t -  
t e r ing  onto glass subs t ra tes  and  had  a surface  area  
of 1.5 cm e. The  surfaces were  c leaned in  a d ichro-  

ma te  bath,  r insed  in  deionized water ,  and  b l o w n  dry  
in  a n i t r ogen  gas s t r eam jus t  p r ior  to anodizat ion.  
The anodiz ing  so lu t ion  con ta ined  0.5g oxalic acid 
d ihydra te ,  1.35 ml  e thy lene  glycol, and  1.00 m l  t r i t -  
ia ted water .  Ba th  t e m p e r a t u r e  was he ld  at  25~ 
and  P t  wi re  served as the cathode. T r i t i a t ed  wa te r  
hav ing  a specific ac t iv i ty  of 1 cur ie  per  ml  was  ob-  
t a ined  f rom Tracer lab ,  Inc. in  a sealed vial.  A l -  
t hough  h igher  specific ac t iv i ty  w a t e r  could have  been  
ut i l ized,  this h y d r o g e n - t r i t i u m  rat io p roved  to be 
adequa te  for the coun t ing  me thod  f inal ly  employed.  

Samples  were  inse r t ed  in to  the  anodiz ing  ba th  
w i t h i n  the glove box, and  the  vol tage  across the  cell 
s lowly  increased  wi thou t  exceeding  100 t~a/cm 2 u n t i l  
a f o r mi ng  vol tage  of 90v. C u r r e n t  was  a l lowed to 
decay back  to 2 # a / c m  ~, a f ter  which  the  vol tage  was 
cut off and  the sample  r e move d  immedia t e ly .  The 
sample  was d ipped in  a non rad ioac t i ve  w a t e r  ba th  
to r emove  droplets  and  o ther  w e a k l y  sorbed water ,  
t hen  dr ied  in  d r y  n i t r o g e n  gas. The  anode  contact  
was  r emoved  before  coun t ing  by  scr ib ing  and  b r e a k -  
ing the  glass subs t ra te .  The  final  surface  a rea  was 
0.8 cm 2. 

Severa l  e x p e r i m e n t a l  methods  were  compared  in  
the i r  r e la t ive  coun t ing  efficiency for adsorbed  t r i t -  
ium. A v i b r a t i n g  reed e lec t romete r  could no t  detect  
a ny  ac t iv i ty  above b a c k g r o u n d  unless  the  t r i t i u m  
compound  was t h e r m a l l y  desorbed  f rom the  solid 
surface  into the  gas phase  w i t h i n  the  ion c h a m -  
bers. L iqu id  sc in t i l l a t ion  also p roved  inefficient  be -  
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cause, even  w h e n  the  ac t iv i ty  was  chemica l ly  r e -  
moved  f rom the solid surface,  the  e t chan t  used for 
the  r e m o v a l  quenched  the  phosphor ,  as no ted  in  the  
change  of b a c k g r o u n d  spec t rum.  W i t h  severa l  types  
of e tchants ,  no i m p r o v e m e n t  was  observed  in  the  
coun t ing  efficiency of l iqu id  sc in t i l l a t ion  as appl ied  
to this pa r t i cu l a r  expe r imen t .  

The most  efficient and  conven i en t  coun t ing  me thod  
was windowless  gas flow, w i th  the  t ube  vol tage  
es tab l i shed  in  the Geiger  reg ion  of the  gas m i x t u r e  
of 98.7% he l ium,  1.3% bu tane .  Opera t ion  in  the p ro -  
por t iona l  region  w i th  a p ropor t iona l  gas of 90% 
argon,  10% methane ,  gave a lower  count  rate ,  as 
expected,  s ince the  dead t ime of the coun t ing  t ube  
was m u c h  less t han  the  m e a n - t i m e - t o - d e c a y  of the  
tested sample.  Since the  samples  were  placed on a 
p lanchet ,  ac t iv i ty  due to t r i t i u m  adsorbed on the  
glass back surface  did no t  con t r ibu t e  to the  coun t ing  
rate.  

Results 
Two expe r imen t s  have  been  per formed ,  and  the  

data  are  p r e sen t ed  in  Fig. 1. Sample  No. 1 was ano -  
dized in  the  t r i t i a ted  solut ion,  and  the  ac t iv i ty  was  
counted  at successive t ime  in te rva l s  af ter  emergence  
f rom the solut ion,  whi le  be ing  s tored at room t e m -  
p e r a t u r e  in  room ambien t .  Sample  No. 2 was  ano -  
dized in  the  same m a n n e r ,  bu t  in  a n o n t r i t i a t e d  
solut ion.  It  was t hen  i m m e r s e d  in  the same t r i t i a t ed  
anod iz ing  ba th  of the same ac t iv i ty  for the  same 
a m o u n t  of t ime  r e q u i r e d  to anodize the  other  sample,  
r insed  in  deionized water ,  and  b l o w n  d ry  in  a n i t r o -  
gen gas s t ream.  The count  ra te  was observed to de-  
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crease r ap id ly  d u r i n g  the  first day on bo th  samples  
a nd  t h e n  reach  a cons tan t  value .  The resul t s  show 
tha t  t r i t i u m  occluded in  the fi lm d u r i n g  g rowth  
e i the r  exis ted  in  h igher  concen t r a t i on  w i t h i n  the  
film, or was  more  t igh t ly  b o u n d  w i t h i n  the  fi lm t h a n  
the  t r i t i u m  which  was adsorbed  in  the  d ipp ing  ex -  
p e r i m e n t  af ter  anodizat ion.  More accura te  and  re -  
p roduc ib le  da ta  are r equ i r ed  of the  rap id  decrease 
d u r i n g  the first day  before  this  ques t ion  can be re -  
solved. 

Samples  1 and  2, af ter  r each ing  a cons t an t  coun t ing  
rate,  were  placed in to  an  oven  at 170~ wi th  a c i r -  
cu la ted  r o o m - a i r  a tmosphere  (50% re la t ive  h u m i d -  
i ty )  for 1 hr. Af te r  the anodized films cooled to room 
t e m p e r a t u r e ,  the  ac t iv i ty  was  coun ted  a nd  the  b a k e -  
out  cycle repeated .  S a m p l e  No. 2 showed a drop in  
coun t ing  ra te  f rom 178 to 56 cpm af ter  correc t ion  for 
b a c k g r o u n d  (~20  cpm) .  The t a n t a l u m  film which  
was anodized  in  the t r i t i a t ed  ba th  lost about  the  
same abso lu te  n u m b e r  of counts  per  minu te ,  bu t  a 
m u c h  smal le r  pe rcen tage  of the  tota l  act ivi ty .  This  
resu l t  i l lus t ra tes  the difficulty of cor re la t ing  changes  
in  capaci tor  e lect r ical  data,  such as w o r k i n g  vol tage  
or d iss ipa t ion  factor,  wi th  the  chemica l  changes  
p roduced  w i t h i n  the anodized film by  t h e r m a l  hea t -  
ing. 

Discussion 
Since  these  e xpe r i me n t s  are  p r e l i m i n a r y ,  the i r  
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dN 1 0.693N 
[Rc] = - -  [1] 

dt ~ T 1/2 

where  d N / d t  is the  d i s in t eg ra t ion  rate,  e is the  
coun t ing  efficiency inc lud ing  backsca t t e r ing  and  ab -  
sorpt ion  factors, Rc is the  m e a s u r e d  coun t  rate,  and  
N is the  to ta l  n u m b e r  of t r i t i u m  atoms. Because the  
coun t ing  efficiency E for the  weak  be ta  emi t t ed  by  
t r i t i u m  was abou t  5%, a coun t  r a t e  of 1000 cpm is 
e q u i v a l e n t  to 18.6 x 10 l~ t r i t i u m  a toms or 6 x 1014 
h y d r o g e n  atoms. If al l  t r i t i u m  exis ted  in  the  molecu-  
lar  fo rm of chemisorbed  water ,  our  resu l t s  could be 
i n t e r p r e t e d  as one m o n o l a y e r  of sur face  coverage.  
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la t t ice d u r i n g  t h e r m a l  bake -ou t ,  the  h y d r o g e n  or 
p ro ton  concen t r a t i on  in  the  la t t ice  wou ld  be 4.15 x 
10 TM a t . / c m  3 for a f o rming  vol tage  of 90v ( 2 0 A / v ) .  
Of course, bo th  cases are ex t remes ,  and  the ac tua l  
chemica l  n a t u r e  of the  sorbed t r i t i u m  is p r o b a b l y  
due  to both  types.  

A deta i led  i n t e r p r e t a t i o n  of these  resul t s  r equ i res  
a s tudy  of the  isotope effect and  so lu t ion  exchange .  
Isotope effect is the change  in  r eac t ion  ra tes  due to 
the  increased  atomic mass  of the  heav ie r  isotope. In  
this  pa r t i cu l a r  expe r imen t ,  all  m e a s u r e d  da ta  con-  
ve r t ed  to t r i t i u m  concen t r a t i on  in  the  anodized  t h i n  
film are less t h a n  the  va lue  tha t  wou ld  be found  
if the h y d r o g e n  concen t r a t i on  had  been  m e a s u r e d  
direct ly.  For  gu idance  on the  m a g n i t u d e  of error ,  
r eac t ion  rat ios  for m a n y  t r i t i u m / h y d r o g e n  isotope 
effects have  been  m e a s u r e d  in  o ther  scientific fields 
such as b iochemis t ry  (4) .  Typica l ly ,  t r i t i u m  con-  
cen t ra t ions  have  been  found  to be one to two orders  
of m a g n i t u d e  less t h a n  the  t rue  h y d r o g e n  concen-  
t ra t ion .  

Solu t ion  exchange  ra tes  are a m e a s u r e  of the  r e -  
p l acemen t  of a h y d r o g e n  a tom in  the  o ther  molecules  
or in  the  e lec t ro ly te  ions wi th  the  t r i t i u m  tha t  was  
added in  the fo rm of t r i t i a t ed  water .  In  the expe r i -  
men t s  descr ibed  prev ious ly ,  some of the t r i t i u m  
could have  rep laced  the h y d r o g e n  on the  oxalic acid 
or e thy lene  glycol  molecules .  In  ana lyz ing  the above  
resul ts ,  some of the t r i t i u m  ac t iv i ty  m e a s u r e d  in  the 
fi lm m a y  be in  a chemica l  fo rm other  t h a n  water .  

Data  on solut ion exchange  ra tes  are necessa ry  to 
comple te ly  iden t i fy  the  chemical  species. 

Conclusion 
Tr i t i a t ed  w a t e r  was used to detect  the  h y d r o g e n  

concen t r a t i on  on or in  anodized  t a n t a l u m  films. 
Res idua l  hyd rogen  m a y  be p re sen t  in  more  t h a n  one 
form, as ev idenced  by  the d i f ferent  t h e r m a l  behav io r  
of ac t iv i ty  sorbed d u r i n g  and  af ter  growth,  a l though  
the exact  n a t u r e  of the  chemical  species is u n k n o w n .  
The ca lcula ted  concen t r a t i on  of h y d r o g e n  was  found  
to be in  the r a nge  to inf luence  the e lectr ical  p rop -  
ert ies of dielectr ic  t h in  films; f u r t h e r  s tudies  are 
needed  to iden t i fy  its r e la t ive  impor t ance  a long wi th  
other  impur i t i e s  a nd  defects in  anodized  films. 

Acknowledgment 
The au thor  is i ndeb t ed  to F. M. A c a m p o r a  for a 

la rge  pa r t  of the e x p e r i m e n t a l  work .  

Manuscript  received Feb. 28, 1963; revised m a n u -  
script received May 6, 1963. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 

REFERENCES 
1. H. Alkahori, J. Electronmicroscopy, 10, 175 (1961). 
2. J. E. Lewis and R. C. Plumb,  This Journal, 105, 496 

(1958). 
3. L. Young, "Anodic Oxide Films," p. 214, Academic 

Press, New York (1961). 
4. L. Melander, "Isotope Effects on Reaction Rates," 

Ronald Press, New York (1960). 

Dendritic Growth of InSb 

H. Nicholson and J. W. Faust, Jr. 
Metallurgy Department, Westinghouse Electric 'Corporation, Pittsburgh, Pennsylvania 

Long r ibbons  of g e r m a n i u m  can be pu l led  u n d e r  
cont ro l led  condi t ions  f rom supercooled mel ts  (1 -3) .  
The  r ibbons  are qui te  u n i f o r m  and  have  flat faces 
t ha t  app rox ima te  {111} p lanes  (4) .  I t  has been  
shown  tha t  a t  least  two t w i n  p lanes  pa ra l l e l  to and  
m i d w a y  b e t w e e n  the flat faces are necessary  for con-  
t i nuous  r i b b o n  g rowth  (2, 5). F u r t h e r m o r e ,  it  has 
been  shown  tha t  r i bbons  grow in  th ree  m a i n  stages:  
(a)  a r ap id  l eng thwise  extens ion,  cal led the  core, 
which  proceeds b y  means  of r e - e n t r a n t  edges fo rmed  
at  the  t w i n  p lanes ;  (b)  a somewha t  less r ap id  l a te ra l  
ex tens ion  wh ich  proceeds i n d e p e n d e n t l y  of the  t w i n  
s t ruc tu re  by  means  of r e - e n t r a n t  edges fo rmed  at the  
in te r sec t ion  of the  side facets g iv ing  the  I - b e a m  
s t ruc ture ,  and  (c) the  m a t e r i a l  b e t w e e n  the  a rms  of 
the I - b e a m  sol id i fy ing to form the complete  cross 
sect ion (3) .  A four th  step may,  u n d e r  ce r ta in  con-  
dit ions,  t ake  place;  this  step invo lves  a l aye red  
ove rg rowth  on the  two m a i n  flat faces (4) .  The  
crys ta l  per fec t ion  of these r ibbons  has been  r epor t ed  
(6, 7). W h e n  dis locat ions were  present ,  t hey  were  
shown  to be in  one or all  of 3 m a i n  areas  whi le  a 
mic rosegrega t ion  of impur i t i es ,  and  u n d e r  adverse  

condi t ions  a macrosegrega t ion  of impur i t i es ,  was  
p resen t  in  a charac ter i s t ic  pa t t e rn .  

I t  has been  repor ted  tha t  the  g rowth  a nd  per fec-  
t ion  of I n S b  (8) a nd  GaAs (9) ingots  g r o w n  by  the  
Czochralski  t e c hn i que  are s t rong ly  affected b y  the  
po la r i ty  of the  seed crystal .  The  group V face is r e -  
por ted  to y ie ld  good s ingle  crysta ls  whi le  the  group 
I I I  face yields  po lyc rys t a l l i ne  ingots.  If such is the  
case, cons iderab le  doub t  w ou l d  be  p laced  on the  
poss ib i l i ty  of g rowing  r ibbons  of the  I I I - V  i n t e r -  
meta l l i c  compounds  or at  least  on the  qua l i t y  of 
the i r  m a i n  faces. 

I t  is the  purpose  of this no te  to repor t  on dendr i t e s  
of I n S b  a nd  to p re sen t  ev idence  tha t  gives ins igh t  
in to  the  g rowth  mechan i sm.  

Experimental Procedures 
P r i m i t i v e  I n S b  dendr i t e s  were  ob ta ined  by  d ip-  

p ing  a s ingle  c rys ta l  seed in to  a supercooled stoi-  
ch iometr ic  me l t  a nd  pu l l i ng  i t  r ap id ly  f rom the  mel t .  
Most of the p r i m i t i v e  dendr i t e s  were  f ound  to con-  
t a in  an  even  n u m b e r  of t w i n  p lanes ;  the  e x p l a n a t i o n  
of this  has been  g iven  e l sewhere  (2) .  Seeds  were  
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Fig. 1. Fractured cross section of InSb showing 5 twin planes. 
Magnification approximately 200)(. 

chosen  f r o m  these  p r i m i t i v e  d e n d r i t e s  and  used  to 
g row m o r e  d e n d r i t i c  m a t e r i a l  u n d e r  con t ro l l ed  con-  
di t ions .  The  d e n d r i t e s  w e r e  e x a m i n e d  u n e t c h e d  to 
s t u d y  t h e i r  m o r p h o l o g y  and  a n y  s l ip  pa t t e rn s .  The  
t w i n  s t r u c t u r e s  w e r e  e x a m i n e d  by :  
(A)  F r a c t u r i n g  (10) .  A l t h o u g h  the  p r i m a r y  c l e a v -  
age  p l a n e  of t he  I I I - V  i n t e r m e t a l l i c  c o m p o u n d s  is 
the  {110) p lane ,  c l eavage  can  be  " fo rced"  a long  the  
s e c o n d a r y  {111} c l e a v a g e  p lane .  W h e n  th i s  is done,  
one o f t en  ge ts  c l e a v a g e  s teps  m a r r i n g  the  su r f ace ;  
h o w e v e r ,  t he  t w i n  p l anes  a re  s t i l l  c l e a r l y  d i s t i n -  
gu i shab l e  as can be  seen  in  Fig .  1. 
(B)  E tch ing  p o l i s h e d  c ros s - sec t i ons  for  10 see w i t h  
H N O s : H C I : H 2 0  (1: 1: 2) .  The  e t c h i n g  a n o m a l y  r e -  
p o r t e d  on oppos i t e  {211} faces  of g e r m a n i u m  was  no t  
found  on InSb .  
(C)  S t a i n i n g  po l i shed  cross  sec t ions  w i t h  concen -  

t r a t e d  HNO3. I t  was  f o u n d  t h a t  {211} and  the  {211} 
p l a n e s  r eac t  d i f f e r en t l y  to the  c o n c e n t r a t e d  HNO3. 
F o r  d e n d r i t e s  w i t h  an  even  n u m b e r  of t w i n  p lanes ,  
the  m a t e r i a l  on e i t he r  s ide  of the  t w i n  l a m e l l a e  w i l l  
have  the  s ame  a p p e a r a n c e ;  for  d e n d r i t e s  w i t h  an  odd  
n u m b e r  of t w i n  p lanes ,  t he  m a t e r i a l  on one s ide  of 
the  t w i n  l a m e l l a e  wi l l  be  s t a i ned  w h i l e  t h a t  on the  
o t h e r  s ide  w i l l  not .  

The  c r y s t a l  p e r f e c t i o n  of t he  d e n d r i t e s  on the  
g roup  I I I  f ace  and  on  the  cross  sec t ions  was  s t u d i e d  
b y  e t ch ing  w i t h  e i t h e r  t he  H N O a : H C I : H 2 0  e tch  or  
w i t h  t he  CP4 and  on the  g roup  V face  b y  e t ch ing  
w i t h  FeCla:  HC1. 

Exper imental  Results 

General appearance.--Examination of d e n d r i t e s  
s h o w e d  t h e m  to be  i d e n t i c a l  in  a p p e a r a n c e  to  those  
of g e r m a n i u m .  The  m a i n  faces  w e r e  {111} p lanes ,  
t he  edges  w e r e  s e r r a t e d ,  and  the  g r o w t h  d i r ec t i on  
was  ~ 2 1 1 ~ .  The  d e n d r i t e s  con t a ined  at  l e a s t  two  
t w i n  p lanes .  F o r  g e r m a n i u m  w h o s e  {111} p l a n e s  
a r e  a l l  e q u i v a l e n t ,  t he  t w i n n i n g  o p e r a t i o n  m a y  be  
cons ide red  e i t he r  as a m i r r o r  i m a g e  across  t he  t w i n  
compos i t i on  p lane ,  t he  {111} p lanes ,  or  as  a 180 ~ 
r o t a t i o n  abou t  the  t w i n n i n g  axis ,  t he  ~ 1 1 1 ~  d i r e c -  
t ions.  T h e  {111} p l a n e s  of InSb ,  h o w e v e r ,  a r e  no t  

Fig. 2. InSb dendrite showing In and Sb facets on the serrated 
edges. The two drawings represent the equilibrium forms for (a) 
both In and Sb facets and (b) only Sb facets. 

Fig. 3. Growth steps and slip patterns on natural faces of InSb. 
Magnification approximately 100X. 

al l  equ iva l en t ,  a n d  the  t w i n n i n g  o p e r a t i o n  m u s t  be  
cons ide r ed  as a 180 ~ r o t a t i o n  a b o u t  t he  t w i n n i n g  
axis .  Such  an  o p e r a t i o n  m e a n s  t h a t  one  face  a l w a y s  
con ta ins  In  a t o m s  w h i l e  t he  oppos i t e  face  con ta ins  
Sb a t o m s  r e g a r d l e s s  of the  n u m b e r  of t w i n  p lanes .  
This  was  i n d e e d  bo rn  out  e x p e r i m e n t a l l y .  

S tud i e s  of t h e  s e r r a t e d  edges  of  t he  d e n d r i t e s  
s h o w e d  t h e m  to be  f ace t ed  b y  (111} p lanes .  Bo th  
m a i n  faces  a n d  the  face ts  on t h e  s e r r a t e d  edges  w e r e  
u n u s u a l l y  flat.  If,  fo r  e x a m p l e ,  t he  In  face t s  y i e l d e d  
p o l y c r y s t a l l i n e  g r o w t h  as r e p o r t e d  for  Czoch ra l sk i  
c rys ta l s ,  th is  face  w o u l d  be  in  t he  bes t  case  r o u g h  
and  on ly  Sb face ts  w o u l d  show up on the  s e r r a t e d  
edges.  T h a t  bo th  In  and  Sb face ts  a r e  p r e s e n t  is 
e v i d e n t  f r o m  Fig.  2. In  th is  f igure  one d r a w i n g  shows  
t h e  e q u i l i b r i u m  f o r m  c o n t a i n i n g  bo th  In  a n d  Sb 
face ts  w h i l e  t he  o the r  d r a w i n g  con ta ins  on ly  Sb 
facets .  C o m p a r i s o n  w i t h  the  f ace t ed  edge  of  t h e  I n S b  
d e n d r i t e  shows  t h a t  bo th  t y p e s  of face ts  a r e  p resen t .  
S ince  bo th  In  a n d  Sb face ts  g r e w  a p p a r e n t l y ,  w i t h  
equa l  ease,  i t  s eems  t h a t  t h e  p o l a r  ax i s  does  no t  
affect  t he  g r o w t h  of the  d i f fe ren t  {111} p l anes  for  
d e n d r i t i c  g rowth .  

Microscop ic  e x a m i n a t i o n  of t he  m a i n  faces  showed  
t h e m  to con ta in  sha l low g r o w t h  steps.  1 S l ip  p a t t e r n s  
r u n n i n g  d o w n  the  c e n t e r  of bo th  m a i n  faces  w e r e  
f o u n d  on m a n y  of t he  dendr i t e s .  These  s l ip  p a t t e r n s  

1 These  w i l l  be reported i n  d e t a i l  e l s e w h e r e  (13). 
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Fig. 4. Cross section of InSb dendrite showing macrosegregation 
and faint mlcrosegregation. Magnification approximately 100X. 

Fig. 5. Polished and stained cross section of an InSb dendrite 
showing a degenerate two twin plane lamella. Magnification ap- 
proximately 50X. 

have the familiar triangular pattern found in ger- 
manium dendrites (6); this can be seen in Fig. 3 
along with growth steps. 
Studies 05 cross sections.--Numerous dendrites were 
cross-sectioned and studied for their twin structure. 
With the exception of the twin spacing, the results 
were not too far different for those of germanium. 
No dopants were added purposely, thus no micro- 
resistivity striations could be revealed to show the 
growth stages either on the cross sections or on the 
main faces; however, two dendrites had enough mi- 
crosegregation of residual impurities to faintly out- 
line the main I-beam structure although not enough 
to show the core. This can be seen in Fig. 4 along 
with some macrosegregation. The regions in which 
the macrosegregation are found give further evi- 
dence for the I-beam growth mechanism. 

In some cases the twin planes were continuous 
across the entire cross section while, in other cases, 
pairs of twin planes were degenerate as shown by 
the stained cross section on Fig. 5. When there was 
a pronounced difference in the width of the main 
faces on dendrites with an odd number of twin 
planes, it was found that the single twin plane that 
was not degenerate jogged toward the narrow face; 
this has been explained in the case of germanium 
dendrites (3). 

The range of twin spacings was not too different 
from that found in germanium although it was ob- 
served that InSb dendrites could grow with a much 
larger twin spacing than in germanium; however, 
not enough dendrites were examined to determine 
the preferred twin spacing. 2 Often it was difficult 
to determine the exact number of twin planes be- 
cause two or more were too close together to be 
resolved. When such was the case, the staining tech- 
nique proved invaluable in determining whether an 
odd or even number of twin planes was present. 
Crystal perfection.--The crystal perfection of the 
dendrites varied greatly, from essentially dislocation 
free to very highly dislocated. The dislocations were 
limited to the three general areas given for ger- 
manium dendrites (6). The central stripe of slip 
patterns were shown to be highly dislocated patches 

2 F u r t h e r  o b s e r v a t i o n s  on  t h e  t w i n  s p a c i n g  a n d  i t s  e f fec t  on  t h e  
g r o w t h  of  I n S b  d e n d r i t e s  has  b e e n  r e c e n t l y  r e p o r t e d  (14) .  

Fig. 6. The three areas of dislocations in dendrites illustrated by 
InSb. Area I, central stripe; area II, edges of main faces; area III, 
internal. Magnification approximately 70X. 

Fig. 7. Dislocations in area I on the Sb face. Magnification ap- 
proximately 200X. 

wi th  the  typica l  s tar  p a t t e r n  (a rea  I in  Fig. 6). R a n -  
dom dislocat ions were  found  a long one or bo th  edges 
of the  m a i n  faces (a rea  II  i n  Fig. 6). Pockets  of d is -  
locat ions  were  f ound  on the  cross sections r u n n i n g  
pa ra l l e l  to the  t w i n  l amel lae  n e a r  one or bo th  edges 
(a rea  III  in  Fig. 6). 

Pho tomic rographs  of these areas  on an  I n S b  d e n -  
dr i te  are also show n  in  Fig. 6. On  the  p a t t e r n s  in  
area  I, the  a rms  of the s tars  can be seen to consist  
of bo th  s ingle  l ines  of dis locat ions and  double  l ines  
as found  in  g e r m a n i u m  (6).  I t  has no t  been  de t e r -  
m i n e d  w h e t h e r  the  s ingle  l ines  r ep resen t  on ly  one 
side of the dis locat ions hal f  loops or are dis loca-  
t ions a long a conven t iona l  slip l ine.  Thus  there  is 
confl ict ing ev idence  on the ab i l i ty  of the  etch to r e -  
veal  bo th  ~ and  fl dislocations.  F igure  7 shows the  
dis locat ion in  area I on the  Sb. On cross sect ions no 
dis locat ions were  found  w i t h i n  the  t w i n  lamel lae ,  see 
Fig. 6, no t  even  w i t h i n  the  th ick  lamel lae .  

Discussion 

The presence  of bo th  In  a nd  Sb m a i n  faces of 
equa l  excel lence and  the  p resence  of the  {111) side 
facets of both  In  a nd  Sb s t rong ly  suggest  t ha t  the  
effect of the  polar  axis on the  g rowth  of (111) p lanes  
is no t  as drast ic  as has been  repor ted  (8, 9). 

A l though  we have  no di rect  ev idence  of the  
g rowth  sequence,  the  fo l lowing  f indings  could on ly  
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be produced by  a growth sequence s imilar  to that  
given for ge rmanium (2, 3, 11). 

1. The s t r ik ing s imi la r i ty  be tween  the InSb and 
ge rman ium dendr i tes  (i.e., growth  direction,  main  
faces, se r ra ted  edges, etc.).  

2. Isola ted slip pa t te rns  runn ing  down the center  
of the main  faces of the  dendr i tes  and the genera l  
dislocation pat tern .  

3. The continued growth of InSb dendr i tes  wi th  
two twin  planes  when the twin lamel lae  is degenera te  
and only covers a small  pa r t  of the cross section. 

4. The pa t te rns  of macrosegregat ion  and the main  
traces of the microsegregat ion pa t t e rn  outl ining an 
I - b e a m  structure.  

Al though the polar  axis does not dras t ica l ly  effect 
the growth  of InSb dendri tes ,  i t  does p re sumab ly  
p lay  a role in the growth  mechanism. Bolling and 
Til ler  (11 ) have proposed the format ion  of t e t r ahed ra  
at  {100} poles near  the t ip of the dendr i te  core and 
thei r  subsequent  growth  to produce the I - b e a m  
structure.  P re sumab ly  the t e t r ahed ra  would form 
at {110} poles according to the nucleat ion and growth  
sequence proposed by  Faus t  and John  (12) for I I I - V  
in te rmeta l l ic  compounds. This, however ,  should 
make  no difference in the  over -a l l  growth  mechan-  
ism. 
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The Diffusion of Oxygen in Hafnium 
G. R. Wallwork I 

School of Metallurgy, University of New South Wales, Kensington, AustraLia 

and W. W. Smeltzer 
Department of Metallurgy and Metallurgical Engineering, McMaster University, Hamilton, Ontario, Canada 

In an ear l ie r  paper  (1) Wal lwork  and Jenkins  re -  
por ted  tha t  the oxygen gradients  in t i tanium, z i r -  
conium, and hafn ium a t ta in  s t eady- s t a t e  profiles 
wi th  respect  to the o x i d e / m e t a l  in ter face  upon onset 
of l inear  oxidat ion kinetics.  More recent ly ,  A k r a m  
and Smel tzer  (2) have  shown tha t  an analysis  car -  
r ied out by Til ler  et al. (3) and Wagner  (4) for  
diffusion in a phase where  the bounda ry  migrates  at  
a constant  ra te  may  be appl ied  to the da ta  for  this 
stage of the oxidat ion react ion to eva lua te  oxygen 
diffusion constants. Values of these constants  for 
t i t an ium and zi rconium calcula ted f rom oxidat ion  
da ta  were  found to agree wi th  those values de te r -  
mined from diffusion anneal  exper iments .  This paper  
repor ts  de te rmina t ions  of the oxygen diffusion con- 
stants in hafn ium at 800 ~ and 950~ f rom measu re -  
ments  of the s t eady-s t a t e  oxygen profile in the meta l  
and repor ted  l inear  oxidat ion da ta  (5).  

1 Visiting Research Professor, McMaster Univers i ty ,  Hamil ton,  On- 
tario, Canada. 

The appropr ia te  s t eady- s t a t e  solution for the oxy-  
gen grad ien t  in the  meta l  phase measured  f rom the 
o x i d e / m e t a l  in ter face  dur ing l inear  oxidat ion  is (2) 

K L  
C(x)  : (Co I -  Co') exp - - - D - - x  + co' [1] 

Here, C(x)  and C J  are the oxygen concentrat ions 
in the meta l  at  dis tance x and at  the meta l  interface,  
KL is the l inear  ra te  constant, and D is the diffusion 
constant  of oxygen.  This exponent ia l  equat ion is 
the unique solution of Fick 's  diffusion equations for 
a s t eady-s t a t e  concentrat ion profile at  a boundary  
moving at  constant  ra te  (3, 4). In the case of l inear  
oxidat ion  kinetics,  the  ra te  of migra t ion  of the  me ta l  
in terface  is given by  the l inear  ra te  constant.  Also, 
the  in i t ia l  oxygen  concentrat ion in the me ta l  Co', 
must  equal  the a tmospher ic  oxygen concentra t ion 
for  this  s teady s tate  to exist.  F o r t u n a t e l y  these quan-  
t i t ies are  sufficiently smal l  to be set equal  to zero, 
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Fig. 1. Microhardness determinations plotted according to Eq. 
[1] of hafnium specimens oxidized for 96 and 24 hr in oxygen at 
760 mm. Hg pressure at 800 ~ and 950~ In this figure, the micro- 
hardness number is Hz-Ho, where Ha ~ 50 for the annealed as- 
received metal. 

thus  ob ta in ing  effective equal i ty .  For  example ,  the  
a tmospher ic  oxygen  concen t r a t i on  at 1 a tm  pres -  
sure  and  800~ of 3.6 x 10 -4 g /cc  corresponds  to an  
oxygen  con ten t  in  the  me t a l  of on ly  0.004 wt  %. 

The h a f n i u m  me ta l  used in  the  ox ida t ion  exper i -  
ments ,  the  ana lys i s  of which  has been  repor ted  (5) ,  
con ta ined  a ma jo r  i m p u r i t y  of 5.0% z i rconium.  
Spec imens  0.025 in. th ick  were  exposed in  oxygen  at  
1 a tm pressure  at 800 ~ and  950~ for 96 and  24 hr,  
respect ively .  Hardness  m e a s u r e m e n t s  were  e m-  
p loyed as a measu re  of the oxygen  concen t r a t i on  in  
the  me t a l  subs t r a t e  (1) .  Ut i l i z ing  a Lei tz  m i c r o h a r d -  
ness  i n s t r u m e n t  wi th  a 50g load, i n d e n t a t i o n  me a s -  
u r e m e n t s  were  made  at k n o w n  dis tances  ad jacen t  to 
the o x i d e / m e t a l  interface.  F ive  ha rdness  scans, r e -  
p roduc ib le  w i t h i n  _+ 10%, were  d e t e r m i n e d  and  the  
a r i t hme t i ca l  averages  t aken  for the  de t e rmina t ions .  

The ha rdness  d e t e r m i n a t i o n s  are p lot ted  accord-  
ing to Eq. [1] in Fig. 1 u n d e r  the a s sumpt ion  tha t  
the  ha rdness  of the  me t a l  is d i rec t ly  p ropor t iona l  to 
its oxygen  concen t r a t i on  as has been  repor ted  for t i -  
t a n i u m  (6) and  z i r con ium (7).  This  a s sumpt ion  m a y  
be ques t ioned  by the  ha rdness  m e a s u r e m e n t s  m a d e  
on h a f n i u m - o x y g e n  al loys con ta in ing  2.2% z i r -  
con ium by  R u d y  and  Stecker  (8) who repor t  a n o n -  
l inear  r e la t ionsh ip  over  the  r ange  of oxygen  solid 
so lub i l i ty  bu t  w i th  ha rdness  n u m b e r s  f rom only  
270-650 DPN. However ,  our  resu]ts  show this r a n g e  
to be 50-1220 DPN. U n d e r  these c i rcumstances ,  a 
cons tan t  p ropor t iona l i t y  b e t w e e n  ha rdness  and  con-  
cen t r a t i on  is assumed,  and  the curves  in  Fig. 1 t h e n  

Table I. Diffusion constants of oxygen in hafnium 

n D (diffusion 
Temp, K~/D, KL, (oxidation), anneal) (9), 

~ 1/cm cm/sec cm~-/sec cme/sec 

800 222 3.2 X 10 -9 1.4 X 10 -11 3.8 • 10 -11 
950 141 1.4 X 10 - s  1.0 • 10 -10 7.6 X 10 -1~ 

A u g u s t  1963 

de mons t r a t e  tha t  the e xpone n t i a l  r e la t ionsh ip  r ep re -  
sents  the  oxygen  p e n e t r a t i o n  da ta  to a first a pp rox -  
imat ion.  Consequen t ly ,  the slopes of these curves  
give va lues  of the  ra t io  KL/D. 

One m a y  therefore  eva lua te  the  o x y g e n  d i f fus ion  
cons tants  f rom the p rev ious ly  repor ted  w e i g h t - g a i n  
k inet ics  of h a f n i u m  (5).  To conver t  the  ox ida t ion  
cons tan ts  f rom g /cm 2 sec to cm/sec ,  the  va lue  of 
10.22 g / c m  3 was employed  for the dens i ty  of ha fn i a  
(9) .  Values  of the  diffusion cons tan t s  at 800 ~ and  
950~ are recorded in  Table  I. 

These d e t e r m i n a t i o n s  of the  diffusion cons tan t s  
m a y  be compared  to es t imates  ca lcula ted  f rom the  
resul ts  r epor ted  by  Pems le r  (9) f rom diffusion a n -  
nea l  e xpe r i me n t s  in  the t e m p e r a t u r e  r a nge  500 ~  
620~ by  e x t r a p o l a t i n g  the A r r h e n i u s  equa t i on  of 
the resu l t s  repor ted  u n d e r  the  a s sumpt ion  tha t  the  
oxygen  s a tu r a t i on  concen t r a t i on  in  h a f n i u m  was 20 
at. %. This va lue  has been  r ecen t ly  repor ted  as the 
s a tu ra t ion  cencen t r a t i on  over  the t e m p e r a t u r e  
r ange  of in te res t  (8) .  These va lues  are also recorded 
in  Table  I. 

It  is to be no ted  tha t  the  recorded va lues  of the  
diffusion cons tan ts  at  800 ~ and  950~ are of the 
same order  of magn i tude ,  bu t  those f rom this  i n -  
ves t iga t ion  are smal le r  t h a n  the es t imates  f rom the 
lower  t e m p e r a t u r e  results .  Because  this  difference 
wou ld  be la rger  if t he  re la t ionsh ip  b e t w e e n  ha rdness  
and  concen t ra t ion  decreased wi th  inc reas ing  oxygen  
concen t ra t ion  (8) ,  the  p re sen t  f indings  suggest  tha t  
the d i sc repancy  b e t w e e n  the  d e t e r m i n a t i o n s  f rom 
oxida t ion  and  diffusion a n n e a l  e xpe r i me n t s  at lower  
t e m p e r a t u r e s  is associated w i th  the  A r r h e n i u s  type  
ex t r apo la t ion  over  a broad  t e m p e r a t u r e  r a nge  or the 
i m p u r e  po lyc rys t a l l i ne  h a f n i u m  specimens.  
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The Recovery from Polarization of a- and 

 -PbO  in H S04 Electrolyte 

Harry  B. M a r k ,  Jr. 

Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 

The p o t e n t i a l - t i m e  cu rves  o b t a i n e d  w h e n  the  two  
c r y s t a l l o g r a p h i c  modi f ica t ions  of PbOe"  (1, 2) ,  
~ - P b O 2 ( r h o m b i c )  a n d  t h e  m o r e  c o m m o n  f l -PbO2 
( t e t r a g o n a l ) ,  r e cove r  f r o m  p o l a r i z a t i o n  in ac id  e l ec -  
t r o l y t e  h a v e  been  r e - e x a m i n e d  us ing  m o r e  sens i t ive  
r e c o r d i n g  cond i t ions  (3)  t h a n  e m p l o y e d  in p r e -  
v i ous ly  r e p o r t e d  w o r k  (4, 5).  C y l i n d r i c a l  p l a t i n u m  
e l ec t rodes  ( su r f ace  a r e a  e q u a l  a p p r o x i m a t e l y  
5 cm2),  p l a t e d  w i t h  e i t he r  a -  or  f l-PbO2, w e r e  d i s -  
c h a r g e d  b y  pas s ing  a cons t an t  ca thod ic  c u r r e n t  un t i l  
a s t e a d y - s t a t e  or  s l o w l y  c h a n g i n g  c losed c i r cu i t  
p o t e n t i a l  was  ob ta ined .  A t  th is  poin t ,  t he  c u r r e n t  
was  i n t e r r u p t e d  and  the  e l e c t r o d e  a l l o w e d  to r e -  
cover  to a s t e a d y - s t a t e  open  c i r cu i t  po ten t i a l .  The  
r e c o v e r y  was  r eco rded .  The  e l ec t rodes  w e r e  in con-  
t ac t  w i t h  a s t i r r e d  0.1M HeSO4 e l e c t r o l y t e  s a t u r a t e d  
w i t h  PbSO4. De ta i l s  of t he  e x p e r i m e n t a l  condi t ions ,  
a p p a r a t u s ,  and  p r o c e d u r e  w e r e  i den t i ca l  to those  
d e s c r i b e d  p r e v i o u s l y  ( 3 - 5 ) .  

T y p i c a l  e x p e r i m e n t a l  r e c o v e r y  cu rves  a r e  shown  
in Fig.  1. The  p o t e n t i a l - t i m e  cu rve  for  ~ -PbO2 was  
found  to pass  t h r o u g h  a d i s t i nc t  p o t e n t i a l  m a x i m u m  
be fo re  a s t e a d y - s t a t e  open  c i rcu i t  p o t e n t i a l  was  
ob ta ined ,  as shown  b y  c u r v e  1. This  p o t e n t i a l  m a x -  
i m u m  was  also o b s e r v e d  in  each  r e c o v e r y  of an  
e l ec t rode  f r o m  a ser ies  of success ive  po la r i za t ions .  

J I I 

�9 4 -  

F- 
z 
LU (2) 
I . -  

0 I 1 I 
0 8 i6 24 52 

TIME,sec. 

Fig. 1. Potential-time curves observed for Pb02 electrodes on 
recovery from polarization in 0.1M H2S04 (sat. PbS04) electrolyte: 
difference between open-circuit and steady-state closed-circuit 
potentials v s .  time after opening the circuit. Curve 1, ~-Pb02 
electrode (polarization current was 0.013 ma/cm2); curve 2, ~- 
Pb02 electrode (polarization current was 0.04 ma/cme). 

This  m a x i m u m  was  no t  o b s e r v e d  p r e v i o u s l y  (4, 5) .  
The  p o t e n t i a l - t i m e  cu rve  for  the  r e c o v e r y  of a -PbO2 
f r o m  p o l a r i z a t i o n  d id  not,  h o w e v e r ,  e x h i b i t  a p o t e n -  
t i a l  m a x i m u m  u n d e r  a n y  condi t ion .  See  c u r v e  2 of 
Fig.  I for  a t y p i c a l  a -PbO2 r e c o v e r y  curve .  

These  e x p e r i m e n t a l  o b s e r v a t i o n s  a r e  cons i s t en t  
w i t h  the  p r e v i o u s l y  p r o p o s e d  t h e o r y  t h a t  t he  c r y s t a l  
l a t t i c e  of f l -PbO2 u n d e r g o e s  a c o n s i d e r a b l e  e x p a n s i o n  
as the  l o w e r  o x i d e  r e d u c t i o n  p r o d u c t  is f o r m e d  on 
a n d  w i t h i n  t he  e l ec t rode  sur face ,  b u t  t he  a -PbO2 
l a t t i ce  does not  u n d e r g o  a p p r e c i a b l e  e x p a n s i o n  
(4, 5) .  As  the  f l -PbO2 e l ec t rode  r ecove r s  f rom p o -  
l a r i za t ion ,  t he  l o w e r  ox ide  is r e m o v e d  f rom the  
su r f ace  and  f r o m  w i t h i n  t he  e l e c t r o d e  la t t i ce ,  w h i c h  
ra i ses  t he  p o t e n t i a l  of t he  sys tem.  H o w e v e r ,  as  t he  
l o w e r  ox ide  p r o d u c t  is r e m o v e d ,  t he  c r y s t a l  l a t t i c e  
r ecove r s  to a p p r o x i m a t e l y  i ts  i n i t i a l  d imens ions .  
This  p rocess  r e su l t s  in a dec rea se  in t he  e n e r g y  of 
the  sys tem.  Thus,  the  p o t e n t i a l  s u m m a t i o n  of t he se  
two  processes ,  one  an  i n c r e a s e  and  the  o t h e r  a d e -  
c rease  in po t en t i a l ,  r e su l t s  in a p o t e n t i a l  m a x i m u m .  
A s i m i l a r  c o m b i n a t i o n  of t he  r e v e r s e  of t he  a b o v e  
two  processes  h a v i n g  oppos i te  p o t e n t i a l  changes  has  
been  p r o p o s e d  as the  e x p l a n a t i o n  of t he  p o t e n t i a l  
m i n i m u m  o b s e r v e d  in t he  g r o w t h  of p o l a r i z a t i o n  
d u r i n g  d i s c h a r g e  of ~-MnO2 (6) ,  T1203, a n d  f i -PbO2 
(4, 5) .  

T h e  fac t  t h a t  ~-PbO2 does  no t  e x h i b i t  a p o t e n t i a l  
m i n i m u m  on d i s cha rge  (4, 5) l eads  to t he  p o s t u l a -  
t ion  t h a t  a - P b O e  does  not  u n d e r g o  a s i m i l a r  l a t t i c e  
expans ion .  

These  e x p e r i m e n t s  also e x p l a i n  w h y  the  r e su l t s  
of p r e v i o u s  x - r a y  e x p e r i m e n t s  f a i l ed  to show the  
l a t t i c e  e x p a n s i o n  for  a p a r t i a l l y  d i s c h a r g e d  f l -PbO2 
e l e c t r o d e  (5) .  In  t he  p r e v i o u s  work ,  x - r a y  p o w d e r  
d i f f rac t ion  p a t t e r n s  w e r e  m a d e  of the  e l ec t rode  m a -  
t e r i a l  bo th  p r i o r  to t he  e l e c t r o r e d u c t i o n  and  a f t e r  
t he  e l ec t rode  h a d  r e c o v e r e d  to an  open  c i rcu i t  
s t e a d y - s t a t e  p o t e n t i a l  a f t e r  the  d i scha rge .  If  t he  
e x p l a n a t i o n  of the  p o t e n t i a l  m a x i m u m  o b s e r v e d  on 
r e c o v e r y  is cor rec t ,  t hen  the  c r y s t a l  l a t t i c e  of t h e  
e l ec t rode  m a t e r i a l  h a d  r e t u r n e d  to a p p r o x i m a t e l y  
i ts  i n i t i a l  d ime ns ions  be fo re  t he  x - r a y  p a t t e r n s  w e r e  
made .  

A d e t a i l e d  s t u d y  of t he  d e p o l a r i z a t i o n  p o t e n t i a l -  
t i m e  cu rves  of ~- and  f l -PbO2 u n d e r  v a r y i n g  con-  
d i t ions  of a p p l i e d  d i s cha rge  c u r r e n t  dens i ty ,  n a t u r e  
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of the  suppo r t i ng  electrolyte ,  and  condi t ions  of e lec-  
t rodepos i t ion  of the  oxide film is in  progress.  As 
T12Os and  ~-MnO2 electrodes exh ib i t  po ten t i a l  m i n -  
ima  d u r i n g  the  g rowth  of po la r iza t ion  s imi la r  to 
fl-PbO2 (4),  the i r  r ecovery  p o t e n t i a l - t i m e  curves  
are  be ing  s tud ied  to see if a s imi la r  po ten t i a l  m a x -  
i m u m  can  be  observed  on the i r  recovery.  X - r a y  a nd  
e lec t ron  diffract ion s tudies  of a -  and  fl-PbO2 films 
d u r i n g  the  course of e lec t ro reduc t ion  are p l a n n e d  
for the  immed ia t e  fu ture .  The  e lec t ro ly te  wi l l  be 
chosen such tha t  the lower  oxide r educ t ion  products  
are no t  r e m o v e d  (or dissolved)  f rom the  e lect rode 
by  the electrolyte.  Thus,  the  expanded  la t t ice  should  
be s table  enough  to p e r m i t  its s tudy,  as was  the case 
of 7-MnO2 in  basic  e lec t ro ly te  (7 -9) .  

Manuscript  received Mar. 27, 1963. Contr ibut ion No. 
2960 of the Gates and Crell in Laboratories of Chem- 
istry. 

Any  discussion of this paper wil l  appear in  a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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Power Supply for Currents of 200 Microamperes or Less 

Robert D. Wales 

Materials Sciences Laboratory, Lockheed Missiles and Space Company, Palo A~to, California 

A cons tan t  c u r r e n t  power  supp ly  for use in  anodic  
ox ida t ion  or o ther  appl ica t ions  in  which  the  load 
var ies  f rom zero to severa l  megohms  is d i ag r a me d  

PHOTOMULTIPLIER TUBE 931A 

I II I 2 3 4, 5 6 7' 8 9 IO J LOAD 

4 7 0 K ~  

HELIPOT ~ 

PHOTOTUBE ACTIVATOR 
AND CURRENT CONTROL 

Fig. 1. Phototube constant current power supply 

in Fig. I. This power supply consists of a 931A pho- 
tomultiplier tube with 15 Eveready No. 49() 90V 
batteries, one between each dynode, one between 
the anode and the first dynode, and 6 between the 
last dynode and the plate. A 470 k ohm resistor was 
connected across the 6 batteries to the plate to help 
stabilize the voltage on these batteries. The photo- 
multiplier tube was activated with two GE No. 51 
lamps and the current in the load controlled by the 
intensity of the No. 51 lamps. 

The stability and operating characteristics for this 
power supply were very good. The current drift, 
after about a l-hr warm-up period, was about 3#a/ 
hr at 60 #a. The current change was less than 5% 
at 100 #a for a load change  f rom zero to abou t  2 
megohms.  
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Any  discussion of this paper wil l  appear in  a Discus- 
sion Section to be published in the June  1964 JOURNAL. 



Electrochemical Corrosion of Iridium in Hydrochloric 
Acid Solutions 
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ABSTRACT 

I r id ium is anodica l ly  dissolved by  electrolysis  in HC1 solutions as IrCl~--- 
and IrC16 =. The a t tack  is enhanced by  increas ing the HC1 concentra t ion  and 
the tempera ture .  Super imposi t ion  of an a l t e rna t ing  cur ren t  increases  the  cor-  
rosion rate,  the  effect being most  pronounced at  low frequencies.  As in  the  case 
of Pt, at  any  di rec t  cur ren t  there  is no corrosion up  to a va lue  of iac ~ idc- F o r  
any set of exper imen ta l  condit ions I r  is more  res is tan t  to corrosion than  Pt.  
F inal ly ,  the mechanisms of dissolution and pass ivat ion  of I r  e lectrodes in 
solutions containing C I -  ions are  discussed. 

In  aqueous  so lu t ions  IrCl6 a n d  IrCl6 e s t a b -  
l i shed  a r e d o x  p o t e n t i a l  ( i ,  2) c o r r e s p o n d i n g  to 
t he  e q u i l i b r i u m  

IrC16 ~- e ~- IrC16 [ 1 ] 

The  s t a n d a r d  p o t e n t i a l  a t  25~ is Eo ~- 0.97v a c c o r d -  
ing  to T e r r e y  and  B a k e r  (3 ) ,  a n d  Eo = 1.0264v ac -  
co rd ing  to Woo (4) ,  vs. t he  s t a n d a r d  h y d r o g e n  e lec -  
t rode .  S ince  th is  p o t e n t i a l  is less  pos i t i ve  t h a n  t h a t  

of t he  s y s t e m  C12/C1-" (Eo = 1.369v),  IrC16 o x -  

id izes  c o m p l e t e l y  to IrC16 in aqueous  so lu t ions  
con ta in ing  C12 at  a p r e s s u r e  of 1 a tm.  

A m o n g  the  m e t a l s  of t he  p l a t i n u m  group ,  I r  is 
c losest  in i ts  b e h a v i o r  to Rh  and  Pt .  The  anodic  b e -  
h a v i o r  of I r  has  been  s t u d i e d  l i t t l e  as c o m p a r e d  
w i t h  t he  g r e a t  n u m b e r  of p u b l i c a t i o n s  on Pt .  H o w -  
ever ,  g e n e r a l l y  speak ing ,  i t  can  be  sa id  t h a t  I r  is 
c h a r a c t e r i z e d  b y  a g r e a t  r e s i s t ance  to cor ros ion  
w h e n  used  as  anode.  A l t h o u g h  t h e  m e t a l  shows  a 
g r e a t  r e s i s t ance  to corros ion ,  even  in so lu t ions  w i t h  
h igh  concen t r a t i ons  of C1-  ions, i t  can  be  d i s so lved  

at  t he  a n o d e  as I rC16  and  I r C l ~  d u r i n g  e l e c t r o l -  
ysis  in  such  so lu t ions  (5, 6) .  Of t h e  t h r e e  m e t a l s  
I r ,  Rh, and  Pt ,  P t  co r rodes  mos t  r a p i d l y ,  a n d  i ts  
co r ros ion  r a t e  i nc reases  w i t h  t h e  c o n c e n t r a t i o n  of 
HC1, t he  t e m p e r a t u r e ,  and  the  p a r t i a l  p r e s s u r e  of 
a i r  (7) .  The  cor ros ion  of t h e s e  m e t a l s  is i n c r e a s e d  
also b y  the  s u p e r p o s i t i o n  of an  a - c  c u r r e n t  (8 ) .  
The  effect of  an  a l t e r n a t i n g  c u r r e n t  is s m a l l e r  w i t h  
I r  t h a n  w i t h  P t  in  a l l  t he  e l e c t ro ly t e s  s t ud i e d  (9 ) .  

The  l a c k  of d a t a  about ,  the  anod ic  b e h a v i o r  of I r  
in  gene ra l ,  and  m a i n l y  a b o u t  i t s  co r ros ion  w h e n  
used  as anode,  a re  t he  r easons  w h i c h  h a v e  conv inced  
us  to s t u d y  the  anod ic  b e h a v i o r  of  th is  m e t a l  in  t he  
e l ec t ro lys i s  of c o n c e n t r a t e d  so lu t ions  of ItC1. In  
th is  w a y  i t  has  been  pos s ib l e  to e s t ab l i sh  t h a t  I r  
is m o r e  r e s i s t a n t  to co r ros ion  t h a n  Pt ,  in t he  case  
of e l ec t ro lys i s  w i t h  e i t h e r  d i r e c t  o r  a l t e r n a t i n g  
cu r ren t s .  

Study of the Polarization Curves 

The  p o l a r i z a t i o n  cu rves  o b t a i n e d  b y  L u t h e r  a n d  
Br i s l ee  (10)  and  Chang  and  W i c k  (11) a c t u a l l y  co r -  

r e s p o n d  to t he  f o r m a t i o n  of C12 on pa s s ive  anodes  
of Ir .  To ob t a in  i n f o r m a t i o n  a b o u t  t h e  anod ic  co r -  
ros ion  of th is  me ta l ,  t he  p o l a r i z a t i o n  cu rves  h a v e  
to be  o b t a i n e d  a t  l o w e r  c u r r e n t  dens i t ies .  As  in  t he  
case of P t  (12) ,  t h e  p a s s i v a t i o n  of I r  in  HC1 so lu -  
t ions  is s h o w n  b y  a sh i f t  of p o t e n t i a l  in  t he  ga l -  
v a n o s t a t i c  curves .  The  first  p a r t  of these  cu rves  co r -  
r e s p o n d s  to  t he  anod ic  cor ros ion  of t he  m e t a l  and  
the  second  to evo lu t i on  of C]2 o n  the  p a s s i v a t e d  
anode.  F o r  l ow c o n c e n t r a t i o n s  t he  e l ec t rode  b e -  
comes  pas s ive  even  for  v e r y  low c u r r e n t  dens i t ies .  
Cor ros ion  s t a r t s  a t  a c e r t a i n  v a l u e  of t he  h a l i d e  
concen t r a t ion ,  w h i c h  d e p e n d s  on the  n a t u r e  of bo th  
the  m e t a l  and  t h e  h a l i d e  ions  (13) .  A n  inc rea se  in  
t he  c o n c e n t r a t i o n  of  the  h a l i d e  ion sh i f t s  t he  p a s s i -  
v a t i o n  k n e e  t o w a r d  h i g h e r  c u r r e n t  dens i t ies .  

T h e  p o l a r i z a t i o n  cu rves  g ive  i n f o r m a t i o n  abou t  
the  be s t  cond i t ions  u n d e r  w h i c h  cor ros ion  can be  
s tud ied .  In  t he  p r e s e n t  p a p e r  the  cor ros ion  r a t e  was  
m e a s u r e d  b y  the  loss of  w e i g h t  of t he  I r  e l e c t r o d e  
d u r i n g  each  e x p e r i m e n t  and  is e x p r e s s e d  as m g  
cm -2  h - I  ( g e o m e t r i c  a r e a ) .  In  t h e  d i scuss ion  of 
t he  r e su l t s  i t  is a s s u m e d  t h a t  I r  can  be  d i s so lved  a t  
the  a n o d e  as I r  nl  a n d  I r  w. 

The  e x p e r i m e n t a l  t e c h n i q u e  u sed  in  th i s  w o r k  
was  s im i l a r  to t h a t  d e s c r i b e d  p r e v i o u s l y  w h e n  d e a l -  
ing  w i t h  P t  (8, 12).  In  t h e  cel l  shown  in Fig .  1 t he  

Fig. 1. Electrolytic cell 
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b, . ~ "~ I 

[ r  

Fig. 2. Setting up of the electrodes 

anodic  and  cathodic c o m p a r t m e n t s  are  separa ted  
by  a s in te red  glass disk. The e lec t ro ly te  is t h e r m o -  
s ta ted b y  c i rcu la t ing  wa t e r  f rom a t h e r m o s t a t  
t h rough  the double  wa l l  of the  cell. N2 could be 
b u b b l e d  t h rough  the  electrolyte .  Graph i t e  rods w e r e  
used as a u x i l i a r y  electrodes.  The  electrode used in  
these e x p e r i m e n t s  (deno ted  by  "A")  is a p la te  of 
p u r e  Ir, 3.2 x 1.5 cm, f rom "Semp"  (Madr id ) ,  m e -  
chan ica l ly  a t t ached  to a Pt  wire.  The  l a t t e r  is 
we lded  wi th  s i lver  to a copper wi re  which  acts as 
conductor .  The set up of these electrodes can be 
seen in  Fig. 2. The I r  e lectrode made  in  this  w a y  
can be weighed  eas i ly  w i th  a precis ion of 0.2 mg. 
E x p e r i m e n t s  were  car r ied  out  in  all  cases w i th  the  
e lect rode surfaces  s t rong ly  corroded. The r o u g h -  
ness factor  was  about  20, as deduced f rom the  s tudy  
of the  cha rg ing  curves  in  2N HC104 and  2N HC1. 
This  s tudy  of the  anodic  and  cathodic cha rg ing  
curves  wi l l  5e pub l i shed  elsewhere.  The electrode 
poten t ia l s  are r e fe r red  in  all  cases to the S.C.E., 
and  the  repor ted  c u r r e n t  densi t ies  are based on 
geometr ic  area  ( a p p a r e n t  c u r r e n t  dens i t i es ) .  

The d-c  and  a-c  circui ts  were  descr ibed in  a 
p rev ious  paper  (8).  The a-c  c u r r e n t  sources were  
sine waves  (50-400 cps) and  square  waves  (10 cps) 
f rom elect ronic  oscillators,  and  the  c u r r e n t  was  i n -  
t roduced  to the  electrolysis  c i rcui t  t h rough  a Rosel -  
son (ULT 34) t r ans fo rmer .  

The  po la r i za t ion  curves  ob ta ined  wi th  on ly  d i -  
rect  cu r ren t ,  us ing  HC1 solut ions  of inc reas ing  con-  
cen t ra t ions  and  keep ing  the t e m p e r a t u r e  cons t an t  
(20~ show tha t  for 3N HCI the  I r  e lectrode is 
passive even  for the  lower  c u r r e n t  densi t ies  and  the 
po ten t ia l s  cor respond to anodic  evo lu t ion  of CI~. 
For  concen t ra t ions  of HC1 h igher  t h a n  4N the  po-  
la r iza t ion  curves  show a knee  of pass ivat ion.  The  
c u r r e n t  densi t ies  at which  the  po ten t i a l  shift  ap -  
pears  are h igher  as the  HC1 concen t r a t i on  and  t e m -  
p e r a t u r e  increase,  bu t  in  a n y  case they  are lower  
t h a n  those observed  wi th  P t  e lectrodes  in  s imi la r  
condit ions.  The poor r ep roduc ib i l i t y  observed  in  
these curves  is p r o b a b l y  due to a more  or less act ive  
in i t i a l  s tate  of the  electrode surface.  

W h e n  an  a l t e r n a t i n g  c u r r e n t  is supe r imposed  a 
depolar iz ing  effect appears ,  which  is more  i m p o r t a n t  
as the f r e q u e n c y  decreases and  the  a l t e r n a t i n g  
c u r r e n t  dens i ty  iac increases  (14).  Both  in  the  case 
of P t  and  Ir  the pass iva t ion  k n e e  appears  for a d i rect  
c u r r e n t  dens i ty  ida wh ich  is h ighe r  as the  amp l i t ude  
of the  supe r imposed  a.c. increases  a n d / o r  its f r e -  
q u e n c y  decreases.  This  can  be seen  in  Fig. 3, w h e r e  
the  po la r iza t ion  curves  ob ta ined  us ing  6N HC1 as 
e lectrolyte ,  at 19~ and  di f ferent  va lues  of a l t e r n a t -  
ing  cur ren t ,  iac, (t~ ---- 50 cps),  are  shown.  If  the  

�9 -2 Ir m 

2OO 

100 

500 1000 

Fig. 3. Effect of the a.c. on the polarization curves: open circle, 
iae ~ 5 ma cm-2 ;  half opened circle, iac ~ 10 ma cm-2;  
dotted circle, iac ~ 15 ma cm-~;  solid circle, iac ~ 20 ma cm -2 .  
HCI 6N, temperature 19~ ~ ~ 50 cps. 

super imposed  va lue  of iac is h igher  t h a n  15 m a / c m  -2, 
the  electrode behaves  as act ive  even  for h igh  va lues  
of the  direct  cur ren t ,  ido. S imi la r ly ,  an  increase  of 
t e m p e r a t u r e  or h igher  concen t r a t i on  of HC1 favor  
the act ive pa r t  of the  po la r i za t ion  curves  w h e n  an  
a l t e r n a t i n g  c u r r e n t  is super imposed .  

Quantitative S tudy  of Anodic Corrosion 

Exper iments  carried out w i th  direc~ c u r r e n t . -  
Table  I summar i zes  the anodic  corrosion ra tes  ob-  
se rved  at  va r ious  d.c. cu r r en t s  in  12N HC1 solut ion,  
at 50~ The electrode was  p rev ious ly  ac t iva ted  by  
cathodic p repo la r i za t ion  (1 m a / c m  2 for 1 h r )  whi le  
b u b b l i n g  pure  N2. D u r i n g  these e xpe r i me n t s  it  was  
observed  tha t  the  po ten t i a l  dr i f ted  t oward  more  
posi t ive values,  ind ica t ing  a t e n d e n c y  to pass iva t ion .  

S ince  it  is necessa ry  to w o r k  at v e r y  low cu r -  
r en t  densi t ies  and  du r ing  long t imes ( in  the  order  
of 3-4 days)  to ob ta in  m e a s u r a b l e  corrosions,  the  
scat ter  of the  resu l t s  is considerable .  This  makes  i t  
difficult to d e t e r m i n e  the  va lence  s tate  of I r  dis-  
solved u n d e r  these  condi t ions.  However ,  f rom the  
resul t s  ob ta ined  wi th  super imposed  cur ren t s ,  shown  
below,  it  seems tha t  in  the  e x p e r i m e n t s  car r ied  out  
wi th  on ly  di rect  c u r r e n t  I r  III, I r  Iv, and  C12 are 
fo rmed  at  the  anode.  The fo rma t ion  of I r  m tends  to 
be more  i m p o r t a n t  at less posi t ive  po ten t ia l s  
(g rea te r  ac t iv i ty  of the e lect rode or lower  c u r r e n t  
dens i t i es ) ,  b u t  in  all  of the  e x p e r i m e n t s  here  de-  
scr ibed the  f o r ma t i on  of I r  TM is more  impor t an t .  
As the  c u r r e n t  dens i ty  increases  I r  Iv t ends  to be 
formed,  wi th  an  inc reas ing  p ropor t ion  of C12. 

Exper iments  carried out  w i t h  super~mpo.sed cuv- 
ren ts . - - In  all  these e xpe r i me n t s  a 6N HC1 solu-  
t ion  was  used as e lec t ro ly te  a nd  the  t e m p e r a t u r e  
was 19 ~ and  50~ F i g u r e  4 shows the  corrosion 
ra tes  ~ (mg cm -2 h - l ) ,  as a f unc t i on  of the  a l t e r n a t -  

Table I. Anodic corrosion of iridium by direct current. 
Electrode "A ' ;  electrolyte 12N HCI solution; temperature 50~ 

idc, /~a ClTl-~ e,  m Y  ~, / zg  er/~-2 h -1 

7 590 6.0 
10 560 23.4 
10 560 13.2 
20 600 30.0 
30 650 36.6 
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Fig. 4. Effect on corrosion of square wave a.c., 10 cps, superim- 
posed to given values of idc. HCI 6N, temperature 19~ ~ 
10 cps. 
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Fig. 5. Effect on corrosion of a sine wave 50 cps a.c. HCl 6N, 
temperature 19"C, Y ~- 50 cps. 
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Fig. 6. Effect on corrosion of a sine wave 50 cps a.c., HCI 6N, 
temperature 50~ 
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Fig. 7. Influence of frequency on corrosion by superimposed 
alternating currents. HCI 6N, temperature 19~ ic ~ 20 ~a/cm 2. 

ing c u r r e n t  dens i t ies ,  i a r  for  each  v a l u e  
of t he  d i r e c t  c u r r e n t  d e n s i t y  idc(~a /cm2) .  The  su -  
p e r i m p o s e d  a - c  s igna l  was  a s q u a r e  w a v e  of 10 
cps f r equency .  I t  shou ld  be  p o i n t e d  ou t  t h a t  th i s  
ser ies  of e x p e r i m e n t s  w a s  c a r r i e d  out  w i t h  a p l a t e  
of p u r e  I r  f r o m  a d i f fe ren t  supp l i e r ,  " D e g u s a "  
( F r a n c f u r t ) ,  w h i c h  shows  a h i g h e r  r e s i s t a n c e  to  
cor ros ion  t h a t  could  no t  be  e x p l a i n e d  b y  a s m a l l e r  
r o u g h n e s s  fac to r  (_~ 11).  This  e l ec t rode  was  d e -  
n o t e d  "B."  

As  in  t he  case of Pt ,  Fig .  4 shows  t h a t  for  a n y  
v a l u e  of ida t h e r e  is no e v i d e n t  cor ros ion ,  t h a t  is, 
the  e l ec t rode  r e m a i n s  pass ive ,  up  to a c e r t a i n  v a l u e  
of iac > >  ida. This  " t h r e s h o l d "  v a l u e  of iac, b e l o w  
w h i c h  t h e r e  is no corros ion ,  d e p e n d s  on t h e  /de 
va lue .  A b o v e  the  " t h r e s h o l d "  v a l u e  of  iar t he  co r -  
ros ion  passes  f r o m  n i l  to a c e r t a i n  va lue ,  n e a r l y  i n -  
d e p e n d e n t  of i~r in a c e r t a i n  r a n g e  of a l t e r n a t i n g  
c u r r e n t  dens i ty .  The  co r ros ion  r a t e  in  th is  r a n g e  
of i~o c o r r e s p o n d s  to a d i s so lu t ion  p rocess  c o n t r o l l e d  
m a i n l y  b y  the  /de v a l u e  imposed .  

The  s a m e  b e h a v i o r  is o b s e r v e d  in  t he  r e su l t s  
shown  in Fig .  5 o b t a i n e d  w i t h  a f r e q u e n c y  of 50 
cps and  a t e m p e r a t u r e  of  19~ Resu l t s  s h o w n  in 
Fig.  6 c o r r e s p o n d  to a ser ies  of  e x p e r i m e n t s  c a r r i e d  
out  u n d e r  t he  s ame  cond i t ions  ( e l e c t r o d e  " A " )  b u t  
a t  50~ I t  a p p e a r s  t h a t  ~he cor ros ion  r a t e  i nc r ea se s  

w i t h  t e m p e r a t u r e ,  t he  o the r  cond i t ions  be ing  con-  
s tant .  

The  inf luence  of f r e q u e n c y  is s h o w n  in t he  curves  
p l o t t e d  in  Fig .  7. As  expec ted ,  if t he  f r e q u e n c y  is 
inc reased ,  a h i g h e r  v a l u e  of iac has  to b e  s u p e r i m -  
posed  to d e p a s s i v a t e  t he  e l ec t rode  and  to m a k e  i ts  
anod ic  d i s so lu t ion  poss ib le .  

T a b l e  I I  s u m m a r i z e s  t he  " t h r e s h o l d "  va lue s  of 
iac for  t h e  s ame  cond i t ions  of e l e c t r o l y t e  and  t e m -  
p e r a t u r e ,  b u t  a t  d i f fe ren t  v a l u e s  of idc and  of  t h e  

Table II. Anodic corrosion of iridium by superimposed currents. 
"Threshold" values of alternating current density iac TM for 
different values of idc and frequency ~. Electrolyte 6N HCI 

and temperature 19~ 

R a t i o  
E l e c t r o d e  u, c p s  iac m , / z a  e m  -~ i d c , / z a  c m  -2 i a cm/~ t c  

B I0 5 X 103 10 500 
B 10 6 • 103 20 300 
B I0 8 • 108 30 266 
B I0 I0 • 103 50 200 
A 50 5 • I0 a 10 500 
A 50 5 • 10 ~ 20 250 
A 50 10 • 103 40 250 
A 50 14 • 103 80 175 
A 100 14 X 103 20 700 
A 200 20 • 10 a 20 1000 
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Table III. Study of the state of valence of the dissolved iridium. 
Electrolyte 6N HCI; temperature 20~ frequency of the 
superimposed alternating current 50 cps; electrode "A" 

idc, /la iae, m a  e, m v  IrlV. % I rXlI  % 

200 200 400 97 3 
200 50 380 I00 0 
200 I0 760 - -  - -  

100 50 320 63 37 
50 50 270 44 56 
10 50 280 50 50 

f r equency  of the  supe r imposed  a.c. Two electrodes  
("A"  and  "B")  of d i f ferent  behav io r  have  been  
used, as ind ica ted  in  Tab le  II. 

State of Valence of Dissolved Iridium 

The anodic  so lu t ion  of Ir  proceeds wi th  fo r ma t i on  
of Ir  m and  Ir  ~v and  in  some cases w i th  s i m u l t a n e o u s  
evo lu t ion  of C12. To confirm this  po in t  a series of 
expe r imen t s  was  car r ied  out  wi th  d i f ferent  va lues  
of the direct  and  a l t e r n a t i n g  c u r r e n t  densi t ies .  The 
a m o u n t  of I r  ~V in  the  so lu t ion  was  d e t e r m i n e d  by  
analysis .  

The ana ly t i ca l  method,  due to Woo and  Yost (15) ,  
consists of an  iodometr ic  d e t e r m i n a t i o n  of I r  Iv. I t  
r equ i res  a p rev ious  e l im ina t i on  of the  C12 and  a 
complete  absence in  the  so lu t ion  of o ther  ions of 
the p l a t i n u m  group.  The tota l  a m o u n t  of dissolved 
Ir  was m e a s u r e d  as before  by  the  loss of we igh t  of 
the electrode. The a m o u n t  of I r  m is d e t e r m i n e d  by  
sub t r ac t i ng  f rom this  to ta l  the  a m o u n t  of I r  TV ob-  
t a ined  by  t i t ra t ion .  

Table  I I I  summar i ze s  the resul ts  of a series of ex-  
pe r imen t s  tha t  confirm the a s sumpt ion  made  before.  
A 6N HC1 solu t ion  was  used as e lectrolyte ,  the t e m -  
p e r a t u r e  was 20~ and  a 50 cps a.c. was s u p e r i m -  
posed. The p ropor t ion  of I r  m d imin ishes  as the po-  
t en t i a l  becomes more  posit ive,  and  it  is enhanced  as 
idc decreases a n d / o r  as the ra t io  iac/idc increases.  

Discussion 

Mechanism of the Anodic Sotution Process 

The inf luence  of the  adsorp t ion  of e lec t rolytes  on 
the  anodic  d isso lu t ion  k ine t ics  of me ta l s  and  a m a l -  
gams has been  shown  in  the last  few years.  In  a 
recent  paper  by  K o l o t y r k i n  (13) a gene ra l  t heo ry  on 
these effects is described.  

Accord ing  to these ideas, in  the  presence  of ha l ide  
ions X - ,  and  for a g iven  va lue  of pH, the anodic  
d issolut ion of a me ta l  can be expressed  as 

i = k [ X - ] ~ e x p  ( ~ T ~ )  [2] 

where  [ X - ]  is the concen t r a t i on  of the  ha l ide  ions, 
E is the electrode poten t ia l ,  and  ~ /and  fl are p a r a m -  
eters whose phys ica l  m e a n i n g  it is no t  necessa ry  
to discuss here.  

The ac t iva t ing  effect of X -  ions on the  anodic  
corrosion of some meta l s  can be exp la ined  as a se-  
quence  of successive react ions.  The  ha l ide  ions are  
specifically adsorbed at  the  me ta l  surface,  f r e -  
q u e n t l y  even  at r a t h e r  nega t ive  potent ia ls .  

Me -~ ~X-  --> (Me . . . .  X~) -~ [3] 

There  is a cor re la t ion  b e t w e e n  the  ab i l i ty  of the  
an ions  to be adsorbed on a me ta l  and  the i r  ca-  
pac i ty  to form complexes  wi th  its cations. The for-  
m a t i o n  of these complexes  at the me ta l  surface  
leads to a w e a k e n i n g  of the bonds  b e t w e e n  the  
surface  a toms and  the la t t ice  of the metal .  On the  
other  hand ,  the fo rma t ion  of complexes  impl ies  also 
a va r i a t i on  in  the  energe t ic  s tate  of the  reac t ing  
par t ic les  at the side of the  so lu t ion  (16).  

Consequen t ly ,  on a basis  of e l e me n t a l  cons idera -  
tions, it  can be expected tha t  a specific adsorp t ion  
of this n a t u r e  leads to a d i m i n u t i o n  of the  free e n -  
ergy ba r r i e r  which  controls  the  r a t e  of the  anodic  
d issolut ion process of the metal .  W h e n  the  po ten t i a l  
becomes more  posit ive,  the  meta l l i c  ions wi l l  pass 
to the solut ion fo rming  complexes  wi th  the  ha l ide  
ions. This second step is r ep re sen t ed  by  the reac t ion  

(Me . . . X~) -~ -~ [Me X~] n-~ + ne [4] 

In  the  case of Ir, its anodic  corrosion in  HC1 solu-  
t ions is due to the  poss ibi l i ty  of fo rming  the  com- 

plex  ions IrC16 and  IrC16 The fo rma t ion  of 
I r  Iv gene ra l l y  prevai ls ,  bu t  the  p ropor t ion  of I r  n~ 
increases  at lower  potent ia ls .  This  process of anodic  
corrosion is more  i r r eve r s ib le  in  the case of I r  
t h a n  wi th  Pt, and  this i r r eve r s ib i l i t y  leads  to a 
pass iva t ion  of the  fo rmer  meta l ,  even  at v e r y  low 
c u r r e n t  densit ies.  

The adequacy  of an  express ion  l ike [2] for the 
first par t  of the  po la r iza t ion  curves,  which  corres-  
ponds  to the  anodic  corrosion of the meta l ,  impl ies  
a l i nea r  re la t ionsh ip  b e t w e e n  log i and  the  po ten t i a l  
E, for a g iven  concen t r a t i on  of HC1. However ,  the  
fact tha t  Ir  pass iva tes  at such low c u r r e n t  densi t ies ,  
even  for high HC1 concen t ra t ions  and  t empera tu re s ,  
makes  it  difficult to confirm this  logar i thmic  re la -  
t ionship.  In  the  case of P t  an  express ion  of this  type  
was found  (17).  

Mechanism of the Passivatio~ Process 

In  the s imples t  case, i.e., if on ly  the in t e rac t ion  of 
wa te r  molecules  w i th  the  surface  a toms of the  m e t a l  
were  considered,  the  anodic  d issolu t ion  of the  me ta l  
could be r ep resen ted  as follows. 

Me + m H20 -~ 
l ~ Me(HeO)m + ze [5]  

M e . . .  (H20) m 

II  
"* ( M e . . .  Or) + 2~,H + + 2~,e [6] 

If process I r equ i res  a h igh  overpo ten t ia l ,  as is 
the  case wi th  Ir, process II  takes  place and  the  me ta l  
becomes passive.  

In  acid solut ions  c o n t a i n i n g  C1- ions, the  anodic  
corrosion of I r  proceeds according  to reac t ions  [3] 
a nd  [4] t h r o u g h  the  f o r ma t i on  of the complexes  of 
Ir  m and  I r  Iv. However ,  process [4] r equ i res  a h igh 
overpo ten t i a l  and  the  e lect rode pass ivates  easily,  
wi th  evo lu t ion  of 02 a nd  C12. 

In  a genera l  way,  adsorbed  an ions  pa r t i c ipa te  in  
the process of anodic  corrosion of a me ta l  (18) ;  for 
example ,  in  the  case of P t  the  adsorp t ion  of an ions  
and  oxygen  h i n d e r  each o ther  (19, 20). If the  po-  
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t e n t i a l  is no t  v e r y  pos i t ive ,  the  h a l i d e  ions can  r e -  
move  the  c h e m i s o r b e d  o x y g e n  (21, 22) ,  th is  b e i n g  an  
i m p o r t a n t  f ac to r  in  accoun t ing  for  t he  d e p a s s i v a t -  
ing effect of the  h a l i d e  ions (13) .  This  c o m p e t i t i o n  
depends ,  a m o n g  o t h e r  fac tors ,  on t h e  c o n c e n t r a t i o n  
of h a l i d e  ions  and  the  a c i d i t y  of  t h e  e l e c t ro ly t e ,  a l -  
t h o u g h  w i t h  P t  i t  has  no t  y e t  been  e s t a b l i s h e d  i f  
a t  r a t h e r  pos i t i ve  po t en t i a l s  c h e m i s o r b e d  o x y g e n  
d i sp laces  the  h a l i d e  ions  f r o m  the  e l ec t rode  sur face .  

I t  has  been  f o u n d  t h a t  p a s s i v i t y  se ts  in  on p l a t -  
i n u m  m e t a l s  a t  a p o t e n t i a l  w h e r e  t he  anodic  f o r m a -  
t ion  of a c h e m i s o r b e d  l a y e r  of o x y g e n  occurs  (22) .  
This  p h e n o m e n o n  of su r f ace  o x i d a t i o n  has  b e e n  
s t ud i ed  r e c e n t l y  on I r  e l ec t rodes  b y  K n o r r ,  B r e i t e r  
et al., (23-27) .  On  the  o the r  hand ,  i t  was  f o u n d  
b y  E r s h l e r  (28, 29) t h a t  a s m a l l  su r f ace  c o v e r a g e  
b y  c h e m i s o r b e d  o x y g e n  r educes  c o n s i d e r a b l y  t he  
r a t e  of anodic  d i s so lu t ion  of P t  in  HC1 solut ions .  
The  s t u d y  of the  c h a r g i n g  a n d  d i s c h a r g i n g  cu rves  
w i th  I r  e lec t rodes ,  u s ing  HC1 so lu t ions  as e l e c t r o -  
ly te ,  shows  t h a t  t h e  effect  of  t he  su r f ace  ox ida t ion ,  
l e ad ing  to t he  p a s s i v a t i o n  of t he  e lec t rode ,  is a p -  
p a r e n t  a t  low HC1 concen t ra t ions .  As  th i s  c o n c e n t r a -  
t ion  inc reases  the  ox id i zed  su r f ace  f r a c t i o n  for  a 
g iven  v a l u e  of p o t e n t i a l  dec reases ,  t e n d i n g  to be  
m i n i m u m  w h e n  c o n c e n t r a t e d  so lu t ions  of HC1 a re  
used  as e l e c t r o l y t e s  (30) .  

On th i s  l ine  of ideas ,  conce rn ing  the  p a s s i v a t i o n  
of t he  p l a t i n u m  m e t a l s  b y  c h e m i s o r b e d  oxygen ,  
a r i ses  t h e  ques t ion  of h o w  t h e  d i s so lu t ion  p rocess  of 
the  m e t a l  is a c t u a l l y  h inde red .  On th is  p o i n t  K r a -  
s i l l sh ikov  (31) has  p r o p o s e d  the  i dea  t h a t  such  a 
c h e m i s o r p t i o n  d imin i she s  t he  n u m b e r  of e l ec t rons  
a t  m e t a l  su r f ace  ( T a m  q u a n t u m  s ta tes  of the  s u r -  
f ace ) .  T h e  ac t i va t i on  e n e r g y  of t he  d i s so lu t ion  p r o c -  
ess i nc reases  l i n e a r l y  w i t h  th is  d i m i n u t i o n  of e l ec -  
t rons  in t h e  su r f ace  s ta tes ,  and  c o n s e q u e n t l y  t he  
d i s so lu t ion  r a t e  d imin i she s  e x p o n e n t i a l l y  w i t h  t he  
c h e m i s o r p t i o n  of oxygen .  

Effect  o f  A l t e rna t ing  Currents  

I t  fo l lows  f rom the  above  t h a t  w i t h  I r  e l ec t rodes  
t h e  anod ic  co r ros ion  p rocess  is h i n d e r e d  b y  t h e  
c h e m i s o r p t i o n  of o x y g e n  at  t h e i r  sur faces .  I n  th is  
case t he  effects of t he  a l t e r n a t i n g  c u r r e n t s  a r e  
due  m a i n l y  to the  success ive  p a s s i v a t i n g  and  d e -  
p a s s i v a t i n g  processes  t a k i n g  p l a c e  d u r i n g  each  cyc le  
of the  a.c. I n  th is  sense,  for  cases  w h e r e  t he  e l e c t r o -  
c h e m i c a l  b e h a v i o r  is d e t e r m i n e d  b y  the  o x i d a t i o n  
s t a t e  o f  t h e  e l e c t r o d e  sur face ,  i t  has  been  e s t a b l i s h e d  
t ha t  th is  o x i d a t i o n  inc reases  as t he  p o l a r i z i n g  idc 
inc reases  a n d  dec reases  w h e n  an  a l t e r n a t i n g  c u r -  
r en t  iac is s u p e r i m p o s e d .  

D u r i n g  a cycIe  of a.c. the  p o t e n t i a l  change s  f r o m  
tha t  c o r r e s p o n d i n g  to t he  f o r m a t i o n  of C12 on a 
pas s ive  e l ec t rode  to t h a t  of evo lu t i on  of He. The  
cor ros ion  of I r  can  occur  b e t w e e n  those  e x t r e m e  
processes ,  m a i n l y  in the  p re sence  of C1-  ions. H o w -  

ever ,  t he  fac t  t h a t  in  th i s  case  t he  d i s so lu t ion  of 
t he  m e t a l  r e q u i r e s  a h i g h e r  o v e r p o t e n t i a l  t h a n  in 
t he  case  of P t  d e t e r m i n e s  a h i g h e r  r e s i s t a n c e  of I r  
to cor ros ion ,  even  w h e n  th is  is due  to s u p e r i m p o s i -  
t ion  of an  a.c. 

Manuscr ip t  rece ived  Jan.  8, 1963; rev ised  manuscr ip t  
received Apr i l  25, 1963. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June  1964 JOURNAL. 
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Oxidation of Molybdenum 550 ~ to 1700~ 

E. A. Gulbransen, K. F. Andrew, and F. A. Brassart 
Physical Chemistry Department, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Weight  change and oxygen consumption measurements  were used to study 
the oxidation of molybdenum from 550 ~ to 1704~ for pressures of 5 to 76 Torr. 
For  temperatures  of 550~176 two processes occurred simultaneously,  oxide 
scale formation and molybdenum trioxide volatili ty.  Above 800~ at pressures 
up to 76 Tor t  molybdenum trioxide volatilized as fast as it  formed. At  900~ and 
76 Torr  using 1.2 cm 2 samples the pr imary  chemical reaction gave a rate  of about 
10 is at. molybdenum/cm2/sec.  Above this temperature  for 1.2 cm 2 specimens 
the reaction was l imited by gaseous diffusion of oxygen. Little change was 
found in  the rate of oxidation to 1615~ Pressure had only a small  effect on the 
rate of reaction for these react ion conditions. However, in  the chemically con- 
trolled region pressure had an impor tant  effect on the rate of oxidation. To 
extend the tempera ture  region where  the p r imary  chemical reaction was rate 
controlling, samples of small  area were used. A sample having a total area of 
0.12 cm 2 gave a react ion rate of 8 x 10 is at./cm2/sec at 1410~ For these very 
fast reactions, appreciable tempera ture  rises occurred, and the actual sample 
tempera ture  had to be estimated. A log K vs. 1/T plot of the p r imary  chemical 
react ion data gave an  energy of act ivation of 19.7 kcal /mole.  Reaction condi-  
tions where gaseous diffusion processes are rate controll ing were determined.  
All  of the earlier studies were made for these reaction conditions. The activated 
state theory of surface reactions was applied to the p r imary  chemical reac-  
t ion in  the oxidation of molybdenum.  A mechanism of mobile adsorption was 
found to be the pr imary  chemical reaction. This adsorption process probably  
occurred on a surface already covered with a layer  of adsorbed oxygen atoms 
since MoO3 was volatilized. 

M o l y b d e n u m  and  its al loys have  m a n y  use fu l  
h i g h - t e m p e r a t u r e  mechan i ca l  proper t ies .  However ,  
its res i s tance  to ox ida t ion  is poor. A l though  m a n y  
s tudies  have  been  made,  the  m e c h a n i s m s  of ox ida-  
t ion  have  not  b e e n  establ ished.  

The  reac t ion  of m o l y b d e n u m  w i t h  oxygen  is com-  
plex  and  involves  severa l  types  of ox ida t ion  proc-  
esses. The  oxide volat i l izes  p a r t i a l l y  at  600 ~ and  
76 Torr  oxygen  pressure  and  mel t s  at  795~ Except  
for ox ida t ion  be low 450~ e x p e r i m e n t a l  resul t s  are 
somewha t  conflicting. Resul ts  appear  to depend  on 
the i n d i v i d u a l  r eac t ion  system, spec imen  size, and  gas 
flow. In  most  studies,  the  p r i m a r y  chemica l  r eac t ion  
has been  masked  b y  t r an spo r t  processes of o x y g e n  
t h rough  vola t i l ized m o l y b d e n u m  t r iox ide  to the  
me ta l  surface.  

The p re sen t  work  has severa l  object ives:  (a)  to 
d e t e r m i n e  the n a t u r e  of the  ox ida t ion  m e c h a n i s m  
b e t w e e n  550 ~ and  800~ where  bo th  oxide films 
are fo rmed  and  w h e r e  oxide vo la t i l i ty  occurs; (b)  
to separa te  e x p e r i m e n t a l l y  the  p r i m a r y  chemical  r e -  
act ion f rom the  diffusion reg ion  of reac t ion ;  (c) to 
d e t e r m i n e  the  n a t u r e  of the  p r i m a r y  chemica l  r e -  
act ion;  (d)  to define the  t r ans i t i on  b e t w e e n  c he m-  
ical control  and  diffusion cont ro l  of oxida t ion;  and  
(e) to d e t e r m i n e  the  factors  affecting ox ida t ion  in  
the diffusion cont ro l led  reg ion  of the  react ion.  

Severa l  r ev iews  of ear l ie r  w o r k  have  been  m a d e  
(1-3) .  G u l b r a n s e n  and  Wysong  (1) and  Gor -  
b o u n o v a  and  A r s l a m b 6 k o v  (4) f ound  a d h e r e n t  ox-  
ide films fo rmed  w h e n  the  me ta l  was  oxidized be -  
low 400~ The da ta  were  fitted to the  pa rabo l i c  
r a t e  law, and  an  e n e r g y  of ac t iva t ion  of about  36.0 

k c a l / m o l e  was  calculated.  Above  400~ devia t ions  
f rom the  parabol ic  r a t e  l aw occurred.  Vola t i l i za t ion  
of m o l y b d e n u m  t r iox ide  occurred  at 475~ u n d e r  
v a c u u m  condi t ions  (1) .  

Be t w e e n  500 ~ a nd  1000~ several  s tudies  have  
b e e n  made  (5 -7) .  S i m n a d  and  Sp i lne r s  (5) f ound  
the  da ta  could be fitted by  the parabol ic  ra te  l aw at  
500~ and  by  the  l i n e a r  ra te  l aw above 500~ 
Vapor iza t ion  of MoO3 occurred  at 650~ in  1 a rm 
of oxygen.  Catas t rophic  ox ida t ion  took place at  
725~ 

Jones,  Mosher,  Speiser,  and  S p r e t n a k  (2) oxidized 
m o l y b d e n u m  in  sti l l  a ir  b e t w e e n  701 ~ a nd  983~ 
At  938~ (MOO3)3 vola t i l ized  as fast  as it was  
formed.  The  ac tua l  r a t e  was  less t h a n  t ha t  f ound  
at 816~ L u s t m a n  (6) also found  a n e a r l y  cons tan t  
ra te  of ox ida t ion  above 795~ Pe te r son  and  Fassel  
(7) s tudied  the  ox ida t ion  reac t ion  as a func t ion  of 
pressure .  The ra te  of ox ida t ion  fol lowed a n e a r l y  
l i nea r  ra te  law at all  t e m p e r a t u r e s  and  pressures  
ind ica t ing  a nonpro t ec t i ve  oxide was formed.  MoO3 
was the on ly  oxide observed  in  the scale. 

Three  s tudies  have  b e e n  made  for condi t ions  
above 1000~ S e m m e l  (8) s tud ied  the  reac t ion  in  
free flowing air  b e t w e e n  982 ~ and  1371~ A l i nea r  
ra te  l aw was found.  The  reac t ion  was  insens i t ive  
to the  flow ra te  and  to the  reac t ion  t e m p e r a t u r e .  
Bar t l e t t  and  Wi l l i ams  (9) s tud ied  the  reac t ion  in  
air  b e t w e e n  760 ~ and  1204~ us ing  a flow system. 
The ra te  of ox ida t ion  increased  s lowly  w i th  t e m -  
p e r a t u r e  and  flow rate.  

Modiset te  and  Sch rye r  (10) inves t iga ted  the  role 
of gaseous diffusion in  the  ox ida t ion  of m o l y b d e n u m  
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for the t e m p e r a t u r e  r ange  of 1063~176 and  for 
flow velocit ies of 36-195 cm/sec .  The  ox ida t ion  ra te  
inc reased  s lowly  w i th  t empe ra tu r e ,  flow veloci ty,  
and  diffusivi ty.  

Since the  vo la t i l i ty  of solid and  l iqu id  MoO3 is 
d i rec t ly  invo lved  in  'the ox ida t ion  of m o l y b d e n u m ,  
we  have  r ev i ewed  the  l i t e r a tu re  and  p resen ted  a 
s tudy  of the  vapor  p ressure  of solid MoO3 (11) in  
a separa te  paper .  

Experimental 
Since oxygen  reacts  w i th  m o l y b d e n u m  u n d e r  

ce r t a in  condi t ions  to fo rm both  oxide scale a nd  a 
vola t i le  m o l y b d e n u m  tr ioxide,  it  is essent ia l  to 
fol low the  reac t ion  by  both  oxygen  consumpt i on  
and  weigh t  change  me thods  (12, 13). A gold p l a t ed  
I n v a r  b e a m  ba l ance  enclosed in  the  reac t ion  sys tem 
was used (14) .  The ba lance  had  a per iod  of less 
t h a n  2 sec and  a sens i t iv i ty  of 66 t~g/0.001 cm deflec- 
t ion  at  7.25 cm us ing  a sample  weigh t  of 0.872g. 
The  oxygen  pressure  was  cont ro l led  by  l eak ing  in  
oxygen  f rom a ca l ib ra ted  v o l u m e  to m a i n t a i n  con-  
s t an t  p ressure  in  the  reac t ion  system. The p ressure  
in  the aux i l i a ry  v o l u m e  was accura te ly  r ead  and  
the  oxygen  used was  calculated.  A n  8-rai l  p l a t i n u m  
wi re  was used  to suppor t  the  spec imen  in  the  hot  
zone of the  furnace .  

The fu rnace  tubes  were  h i g h - p u r i t y  v a c u u m - t i g h t  
a lumina .  T e m p e r a t u r e s  up  to 1600~ were  ob ta ined  
by  use of a special  K a n t h a l - S u p e r  f u rnace  (12, 15). 
Ca l ib ra t ed  P t - - P t . 5 1 0 %  Rh the rmocoup les  were  
used to m e a s u r e  the  t e m p e r a t u r e  ins ide  the  f u r -  
nace  t ube  and  ad jacen t  to the  samples.  

Spec imens  were  m a c h i n e d  f rom p u r e  m o l y b d e -  
n u m  rod and  pol ished t h r o u g h  4 /0  po l i sh ing  paper .  
Samples  were  t h e n  c leaned  in  p e t r o l e u m  e ther  a nd  
alcohol. 

The s t a n d a r d  spec imen  was a cy l inder  w i th  h e m -  
i spher ica l  ends, 0.316 cm in  d iameter ,  1.5 cm long, 
we igh ing  about  0.872g and  h a v i n g  a sur face  a rea  
of about  1.220 cm 2. Sma l l e r  spec imens  h a v i n g  s u r -  
face areas of abou t  0.610, 0.304, and  0.12 cm 2 were  
used to d e t e r m i n e  the  effect of surface  area  on the  
reac t ion  rate.  A spectroscopic ana lys i s  showed the  
fo l lowing  impur i t i e s  in  pa r t s  per  mi l l i on :  Cu 10, 
Cr 45, Mn  5, A1 40, Fe  200, Ca 10, Ni 70, Sn  10, Mg 5, 
Si 50, and  B 1. The e lements  Ba, Sr,  Pb, Co, Ag, Cd, 
V, Nb, and  Ti were  no t  detected.  

Thermochemicai Calculations 

Thermochemica l  da ta  have  been  d e t e r m i n e d  for 
the two oxides MoO2 and  MoOs (16).  A r ecen t  r e -  
v iew of the  vapor  p re s su re  da ta  has been  made  (11).  
Table  I shows five reac t ions  of i n t e re s t  i n  this  work.  
Values  of the  s t a n d a r d  free energies  of reac t ion  and  
e q u i l i b r i u m  pressures  are listed. 

The e q u i l i b r i u m  da ta  show tha t  bo th  MoO3 a nd  
MoO2 are s table  to direct  decomposi t ion.  MoO3 can 
dissociate to MoO2 in  h igh v a c u u m  above  its m e l t i n g  
point ,  795~ (11).  MoOs is r educed  at  al l  t e m p e r -  
a tures  by  Mo to form MoOe. MoO3 has an  apprec i -  
able  vapor  p ressure  above 500~ (1, 11). At  600~ 
the  vapor  pressure  of (MoO3) ,  is 6.08 x 10 -6 atm,  
whi le  at  700~ the  vapor  p ressure  is 4.69 x 10 -4 
(11).  At  the  mp  of 795~ the  vapor  p ressure  is 
0.1 a tm (11) ;  t he  bp  is 1155~ 

Table I. Thermochemical data; oxides of molybdenum 

1. M o ( s )  + O 2 ( g )  ~-~ M o O ~ ( s )  AF ~ k c a l / m o l e  
2. M o  (s) + 3 / 2 0 ~  (g)  ,~- 2MoOa (s,1) AF ~ k c a l / r n o l e  
3. 2MoO3(s ,1 )  ~-- 2MoO~(s ,1 )  + O ~ ( g )  P o  2 a r m  
4. 3 M o O z ( s )  ~- 2MoOs(s ,1 )  + M o  (s) AF ~ k c a l  
5. n M o O a ( s )  ~ -  ( M o O a ) n ( g )  a t  6 0 0 ~  n = 3 .24  

9 5 3  

Temp, ~  

1 2 3 4 
AF ~ AF ~ Pos, AF~ 

kcal/mole kcal/mole arm kcal 

298 --t27.45 --159.7 5.38 X 10 -4s -5563.0 
400 --122.9 --153.45 4.44 X 10 -24 .5561.85 
600 --114.1 --141.35 1.42 X 10 -2o -559.6 
800 --105.55 --129.6 7.23 X 10 -14 -557.45 

1000 --97.15 --118.1 7.10 X 10 -1~ -555.3 
1200  --88.95 --112.7 9.51 X 10 -2 -550.4 
1400 --80.95 --108.25 1.56 X 10 -6 -5543.7 
1 6 0 0  - - 7 3 . 0 5  - - 9 9 . 5 5  - -  - -  

1 8 0 0  - - 6 5 . 3 5  - -  - -  - -  

2000 --58.0 - -  - -  - -  

Results 
The e x p e r i m e n t a l  work  was p l a n n e d  a r o u n d  

three  object ives.  Firs t ,  i t  was  essent ia l  to d e t e r m i n e  
the  n a t u r e  of the  reac t ion  b e t w e e n  550 ~ and  
1500~ Second,  the  k ine t ics  of ox ida t ion  was  
s tud ied  over  a wide  p ressure  a nd  t e m p e r a t u r e  r ange  
to d e t e r m i n e  the  p r i m a r y  chemica l  react ion.  Third ,  
it was  essent ia l  to d e t e r m i n e  the  t r a n s i t i o n  zone 
b e t w e e n  chemical  a nd  t r a n s p o r t  cont ro l led  ox ida -  
t ion. Here  it  was necessa ry  to in t roduce  the  sur face  
area  as a n e w  var iab le .  

Oxidation p~ocesses at 600~ and 76 Tovr p~es- 
sure.--Curves A a nd  B of Fig. 1 show oxygen  con-  
s u m p t i o n  a nd  we igh t  change  m e a s u r e m e n t s .  Both  
m e a s u r e m e n t s  a re  i n  un i t s  of m i l l i g r a m s  per  squa re  
cen t imeter .  The  oxygen  c onsumpt i on  da ta  show a 
n e a r l y  l i nea r  ra te  l a w  af ter  an  in i t i a l  per iod  of fast  
react ion.  The we igh t  change  da ta  show a slow in i -  
t ia l  r eac t ion  fo l lowed b y  a per iod  of inc reas ing  ra te  
of react ion.  

Equa t i on  [1] re la tes  the  oxygen  used to the  for-  
m a t i o n  of solid, l iquid,  or gaseous m o l y b d e n u m  t r i -  
oxide. 

Mo(s )  -k 3/2 02 ~ MoO3(s,l,g) [1] 

The  we igh t  change  g iven  b y  the  ba lance  read ings  
indicates  the  difference b e t w e e n  the  oxide fo rmed  
and  m o l y b d e n u m  lost  as vola t i l ized  oxide according 
to the  equa t ion  

16 ~ A  

~ ~.o~ ~o ~ ~ ' ~ ' ~  

~ 0  

~: E ~ -~o--=~ C 

80 40 80 120 160 200 2a) ~0 ~20 360 ~00 ~ 0  

Time (min.) 

Fig. 1. Oxidation of molybdenum, 600~ 76 Torr: curve A, 02 
co.sumed; B, weight change; C, molybdenum lost; D, 02 in oxide 
scale; E, volatility of MoO3 in vacuum. 
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3MoO~(s,1) ~ (MoOs)s(g)  [2] 

F rom Eq. [1] and [2] and the laws  of s to ichiometry  
we set down the fol lowing equations:  

Wo = x W o  + (1 - -x )Wo [3] 

W B  = x W o -  W M o  [ 4 ]  

Here Wo is the weight  of oxygen consumed, WB the 
weight  change of the balance,  WMo the weight  of 
mo lybdenum volati l ized,  and x and 1--x the f rac -  
t ion of oxygen used to form oxide scale and volat i le  
oxide fol lowing Eq. [1] and [2]. F rom the atom 
weights of Mo and O in MoO3 we have 

VV'Mo = 2 ( l - - x )  Wo [5] 

Subt rac t ing  [4] and [3] and subst i tu t ing  [5] we 
have 

Wo - -  WB = 3 ( l - - x )  [6] 

WMo = 2/3 ( W o - -  WB) [7]  

Using Eq. [7] we calculate  the weight  of mo lyb -  
denum lost. This is shown as curve C of Fig. 1. Using 
Eq. [4] and [7] we calculate  the weight  of oxygen 
forming oxide scale. This is shown in Curve D of 
Fig. 1. Curve E is the vo la t i l i ty  curve for molyb-  
denum t r ioxide  in vacuum (11). 

To re la te  curve D to oxide thickness in angstroms 
a factor  of 66,500 is used (1).  Thickness ma rke r s  are  
placed on Fig. 1. This evaluat ion  assumes MoO3 as 
the oxide, a surface roughness rat io  of un i ty  and 
the oxide is not  porous or  full  of cracks. 

The to ta l  weight  of mo lybdenum reac t ing  can be 
calcula ted f rom curve A using the s toichiometr ic  

3 
rat io  of M o / - ~  02 of 2.00 while  the surface recession 

in angstroms can be calculated f rom curve A using 
the stoichiometric  ra t io  of 2.00 and the dens i ty  of 
10.2. A factor  of 19,600 is evaluated.  

F igure  1 shows severa l  in teres t ing facts for the 
600~ 76 Torr  react ion conditions. Both oxide scale 
format ion  and oxide vola t i l i ty  occur. Eighty  per  cent 
of the oxygen used goes to oxide scale formation.  A 
near ly  l inear  ra te  of oxidat ion is observed.  Loss of 
mo lybdenum occurs ve ry  r ap id ly  dur ing  the ini t ia l  
per iod of reaction. This ra te  decreases as oxidat ion 
proceeds. A s tudy of Fig. 1 shows the inadequacy  
of using weight  change methods alone to descr ibe 
the react ion in this t empera tu re  range.  

F igure  2A and B shows photographs  of the  u n r e -  
acted and oxidized specimens. The oxidized speci-  
men shows a poor qua l i ty  oxide scale was formed.  

Oxidat ion studies at 650 ~ and 700~ at 76 Torr  
oxygen  pressure  show similar  phenomena to tha t  
observed at 600~ The percentage  of oxygen form-  
ing oxide decreases as the t empera tu re  is raised.  At  
700~ only 30% of the oxygen used forms oxide 
scale. At  800~ all  of the oxygen used forms vola-  
t i le molybdenum tr ioxide.  At  795~ the vapor  p res -  
sure of mo lybdenum t r iox ide  is 11.7 Torr.  

Oxidat ion  processes at 1000~ and 76 Tor t  pres-  
s u r e . - - A t  1000~ al l  of the oxygen used forms vo la -  
t i le  mo lybdenum tr ioxide.  Curves A and B of Fig. 3 
show the oxygen consumption and weight  change 

S e p t e m b e r  1963 

Fig. 2. Photographs of molybdenum specimens: A, unreacted; 
B, 600~ 76 Torr, 420 min; C, 1200~ 76 Tort, 8�89 min; D, 
1600~ 76 Torr, 7 min. Magnification, approximately 5X. 

,,,T 
E 

j 
j 

20 v d ~  

B 

~80 " ~ ,  

100 

120 
0 2 4 

P 
f 

-. C "%. 

5 $ 10 12 14 
Time (min. } 

c 

1P 

Fig. 3. Oxidation of molybdenum, 1000~ (I047), 76 Torr: 
A, oxygen consumption; B, weight loss A - - A ;  C, calculated from 
A , O - - O .  

measurements .  Near ly  l inear  rates  of react ion are 
found. The smal l  decrease in slopes can be re la ted  to 
the decrease in specimen area  dur ing  reaction.  

3 
Using the s toichiometr ic  ra t io  of Mo/-~- Oe, curve 

A can be used to calculate  the expected weight  loss 
of molydenum assuming all  oxygen forms volat i le  
molybdenum tr ioxide.  Good agreement  is found 
which confirms the na ture  of the reaction. The reces-  
sion of mo lybdenum can be calcula ted using the 
re la t ion 1 m g / c m  2 ~ 19,600A. 

Many units  are used in present ing react ion rates.  
We prefe r  the unit  of atoms of Mo per  cm 2 per  sec. 
The ini t ia l  ra te  of react ion of the 1000~ oxidat ion 
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at  76 Torr  is 1.08 x 10 TM at . /cm2/sec.  This  is a ve ry  
rap id  react ion.  

For  these h igh  ra tes  of reac t ion  it  is essent ia l  to 
have  a more  real is t ic  va lue  for the  surface  t e m p e r a -  
ture.  The surface t e m p e r a t u r e  d u r i n g  reac t ion  can 
be es t imated .  We assume (a) tha t  r ad ia t ion  is the  
ma jo r  source of loss of heat ,  (b)  the emiss iv i ty  of 
the sur face  and  wal ls  is 0.5 and  the hea t  source is the  
sum of the hea t  of fo rma t ion  of MoO3(s,1) (16) and  
the hea t  of vapor i za t ion  of the oxide (11).  For  the  
condi t ions  of the  p resen t  e x p e r i m e n t  at 1000~ we 
es t imate  a sample  sur face  t e m p e r a t u r e  of 1047~ 
In  all  of our  tables  and  figures we list  bo th  the  f u r -  
nace  t e m p e r a t u r e  and  the  ca lcula ted  t e m p e r a t u r e .  

We conclude  tha t  b e t w e e n  600 ~ and  800~ both  
oxide sca]e f o rma t ion  and  oxide vo la t i l i ty  occur. 
Above  800~ on ly  vola t i le  m o l y b d e n u m  t r iox ide  is 
formed.  We wi l l  n e x t  p resen t  the  effect of t e m p e r a -  
t u r e  on the  ox ida t ion  react ion.  

Effect o] temperature.iFigures 4 and  5 and  Tab le  
I I  show the  effect of t e m p e r a t u r e  on the ox ida t ion  
of m o l y b d e n u m  at  76 Torr  oxygen  pressure .  The 
weigh t  change  in  m g / c m  2 is p lo t ted  aga ins t  t ime  in  
minu tes .  F igu re  4 shows e x p e r i m e n t s  for the  t e m -  
p e r a t u r e  r ange  550~176 Oxide  scale fo rma t ion  

-20 " - ' - - " - -  - -  % 

- -  8.17~ Reacted 
-so I 

0 l{] 20 30 40 50 60 
Time (rain.) 
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?0 ~ 96 

Fig. 4. Effect of temperature on oxidation of molybdenum 550 ~ 
1000~ 76 Torr 02: A, 550~ B, 600~ C, 650~ D, 700~ 
E, 800~ (829); F, 900~ (957); G, 1000~ (1047). 
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Fig. 5: Effect of temperature on oxidation of molybdenum, 
1000~176 76 Torr 02: A, 1000~ (1047); B, 1100~ (1135); 
C, 1200~ (1227); D, 1400~ (1418); E, 1600~ (1614). 

Table II. Effect of temperature on initial rates of oxidation 
P = 76 Torr; surface area = 1.215 cm 2 

F u r n a c e  C a l c u l a t e d  dn/dt, l og  
t e m p ,  ~ t e m p ,  ~ a t o m s / c m 2 / s e c  dn/dt 

700 - -  1.493 X 1017 17.17 
800 829 4.30X 1017 17.63 
900 957 1.124 X 10 TM 18.05 

1000 1047 1.080 X 10 TM 18.03 
1100 1135 1.099 • 10 TM 18.04 
1200 1227 1.049 X 10 TM 18.02 
1400 1418 1.280 X 10 TM 18.11 
1600 1614 1.112 X 10 TM 18.05 

and  oxide evapora t ion  occur d u r i n g  ox ida t ion  at  
t e m p e r a t u r e s  be t w e e n  550 ~ and  700~ Tab le  II  
shows the in i t i a l  ra tes  of to ta l  r eac t ion  ca lcula ted  
on the  basis of o x y g e n  used in  the  reac t ion  a nd  the 
ca lcula ted  reac t ion  t empera tu res .  The  ra tes  of r e -  
act ion are g iven  in  un i t s  of a toms of m o l y b d e n u m  
reac t ing  per  cm 2 per  sec. F igu re  4 i l lus t ra tes  the  
t r ans i t i on  in  ox ida t ion  p h e n o m e n a  b e t w e e n  oxide 
scale fo rma t ion  and  oxide evapora t ion .  

F i g u r e  5 shows the resUlts for the  t e m p e r a t u r e  
r ange  of 1000 ~ to 1600~ The  ca lcu la ted  t e m p e r a -  
tures  are  g iven  in  brackets .  The  curves  show a smal l  
decrease in  ra te  of reac t ion  due to the  change  in  
surface  area. On the  basis  of these resul t s  a lone we 
wou ld  conclude  tha t  t e m p e r a t u r e  has l i t t le  effect 
on the  ra t e  of oxidat ion.  This  wou ld  be p red ic ted  
for ox ida t ion  react ions  w he r e  the ra te  of reac t ion  is 
l imi ted  by  gaseous diffusion of oxygen  (10).  We 
wi l l  show la te r  tha t  these  conclus ions  are i ncom-  
plete.  

F igu re  2C and  D show pho tographs  of  the  oxidized 
spec imens  af ter  r eac t ion  at  1200 ~ and  1600~ 

Effect of pressure.--Table I I I  shows a s u m m a r y  of 
the  da ta  us ing  the  1.215 cm 2 area  samples.  The effect 
of p re s su re  at th ree  t e m p e r a t u r e s  was  studied.  The  
in i t i a l  ra tes  of reac t ion  are t a b u l a t e d  in  mg /cm2/ sec  
and  in  a toms of m o l y b d e n u m  reac t ing /cm2/sec .  At  
800~ the  effect of p ressure  on the  ra te  of reac t ion  
is la rge  and  the  ra t e  fol lows the  1.5 pow e r  of the  
pressure .  Whi le  at 1600~ the  effect of p ressure  is 
smal l  a nd  follows the  0.14 power  of the  pressure .  

Classification of oxidation phenomena.--A classi-  
f ication scheme of the p h e n o m e n a  f ound  d u r i n g  the  
ox ida t ion  of m o l y b d e n u m  is shown  in  Tab le  IV. 

Table III. Effect of pressure on initial rates of oxidation 
surface area = 1.215 cm 2 

P r e s -  
F u r n a c e  C a l c u l a t e d  sure ,  dw/d~t, dn/dt, l o g  
t e m p ,  ~ t e m p ,  ~ T o r t  m g / c m ~ / s e c  a t . / c m J Z s e c  dn/dt 

800 829 76 0.0684 4.30 X 1017 17.63 
800 808 38 0.0180 1.13 X 1017 17.05 
800 803 19 0.00733 4.60 X 10 TM 16.66 
800 801 5 0.00327 2.05 X 10 TM 16.31 

1200 1227 76 0.167 1.049 X 10 TM 18.02 
1200 I224 38 0.150 9.42 • 1017 17.97 
1200 1219 19 0.116 7.28 • 1017 17.86 
1200 1207 5 0.044 2.76 • 1017 17.44 

1600 1614 76 0.177 1.112 X 10 TM 18.05 
1600 1612 38 0.156 9.80 X 1017 17.99 
1600 1611 19 0.141 8.85 X 1017 17.95 
1600 1610 5 0.127 7.98 X 1017 17.90 
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Table IV. Classification scheme; oxidation of molybdenum 

Class R e a c t i o n  c o n d i t i o n s  O x i d a t i o n  p h e n o m e n a  R a t e - c o n t r o l l i n g  p r o c e s s  

1 Below 450~ 

2 500~176 

801~ to t ransi t ion t empera tu re  

Above  transi t ion tempera ture  

Adheren t  oxide films or scales 
form. 

Oxide scales form also oxide 
volatilizes, low pressure fa-  
vors volat i l i ty  of oxide. 

Liquid oxide can form, vola t i l -  
izes as soon as oxide forms. 

Oxide volati l izes as fast as it  
forms. 

Wagner  type diffusion of meta l  
or oxygen through oxide. 

Oxide scales not  protect ive.  
Probably  chemical - type  proc- 

esses on meta l  interface. 

Chemical  processes on meta l  
in terface  

Transpor t  of oxygen to meta l  
interface.  Turbulence in gas 
phase important .  

F o u r  t e m p e r a t u r e  reg ions  are  proposed.  P r e s s u r e  
can  change  the  t e m p e r a t u r e  l imi t s  of the  s e v e r a l  
reg ions  w i t h  low pressures  f a v o r i n g  vo l a t i l i t y  of 
the  oxide.  T h r e e  types  of r a t e - c o n t r o l l i n g  processes  
a re  g i v e n  in Tab l e  IV: (a)  A W a g n e r  t y p e  of d i f fu-  
sion of m e t a l  or o x y g e n  t h r o u g h  the  ox ide ;  he re  an 
e n e r g y  of ac t i va t i on  of 36 kca l  has been  found  (1, 4) .  
(b)  In  the  i n t e r m e d i a t e  t e m p e r a t u r e  r ange  w h e r e  
oxides  are  not  p re sen t  a su r face  t y p e  of chemica l  r e -  
ac t ion  is r a t e  cont ro l l ing .  These  processes  are  ad -  
sorpt ion,  chemica l  react ion ,  and desorpt ion.  (c) 
A b o v e  a c e r t a i n  t r ans i t ion  t e m p e r a t u r e  a c o m p l e x  
t y p e  of t r a n s p o r t  process  is found.  S i m p l e  diffusion 
of o x y g e n  t h r o u g h  a s t agnan t  l aye r  as p roposed  by  
Modise t t e  and S c h r y e r  (10) is no t  adequa te .  This  
t ype  of r eac t ion  wi l l  be discussed f u r t h e r  in a l a t e r  
section.  

Study of the transition between chemical con- 
trol and transport control of oxidation o{ molybde-  
num.--Gas f low me thods  h a v e  been  used  to s tudy  
the  m e c h a n i s m  of ox ida t ion  (8 -10) .  U n f o r t u n a t e l y ,  
the  gas flow was  not  v a r i e d  ove r  a sufficient r ange  
to change  the  m e c h a n i s m  of react ion.  If  t r a n s p o r t  of 
o x y g e n  to the  sur face  and reac t ion  p roduc t s  a w a y  
f r o m  the  sur face  to a cold zone is con t ro l l ing  the  r a t e  
of oxida t ion ,  the  i m p o r t a n t  fac to r  is the  to ta l  a m o u n t  
of r eac t ion  occur r ing  pe r  second. The  r a t e  of o x i d a -  
t ion  per  un i t  area,  dn/dt ,  can be  v a r i e d  by  chang ing  
the  sur face  a rea  ove r  a w i d e  range.  

Table V. Effect of sample area on initial rates of oxidation 
P = 7G Torr 

F u r n a c e  C a l c u l a t e d  S a m p l e  dn/dt, log 
t e m p ,  ~  t e m p ,  ~  a r e a ,  e r o s  at,/cmS/sec dn/dt 

1000 1047 1.215 1.08 X 10 is 18.03 
1000 1124 0.604 2.22 X 10 is 18.35 
1000 1159 0.304 3.49 • 10 is 18.54 

1200 1227 1.213 1.05 • 10 is 18.02 
1200 1262 0.605 2.46 • 10 is 18.39 
1200 1296 0.301 3.90 • 1018 18.59 
1200 1410 0.121 7.92 X 10 is 18.90 

1400 1418 1.216 1.28 • 10 is 18.11 
1400 1451 0.605 2.95 • 10 is 18.47 
1400 1509 0.304 6.59 • 1018 18.82 

1600 1614 1.218 1.11 • 10 is 18.05 
1600 1634 0.608 2.73 • 1018 18.44 
1600 1660 0.303 4.94 X 1018 18.69 

1650 1704 0.302 4.84 • 10 is 18.68 

F i g u r e  5 and Tab le  II  show the  r a t e  of ox ida t ion  to 
be  n e a r l y  i n d e p e n d e n t  of t e m p e r a t u r e  above  800~ 
us ing  a s ample  a rea  of 1.2 cm 2. S a m p l e s  w e r e  n e x t  
p r e p a r e d  h a v i n g  areas  of abou t  0.605, 0.304, and  0.12 
cm 2. Tab le  V shows a s u m m a r y  of the  data .  T h e  r a t e  
of  ox ida t ion  is n e a r l y  i n v e r s e l y  p ropo r t i ona l  to the  
area,  i.e., 

dn /d t  �9 A -~ K (p,T) [8] 

H e r e  dn/d t  is the  ra te  of oxida t ion ,  A is the  s ample  
area,  and K(p ,T )  is a cons tan t  d e p e n d i n g  on the  
p re s su re  and t e m p e r a t u r e  of oxygen .  

F i g u r e  6 shows a log dn/d t  vs. 1/T plot  of the  
da ta  at 76 Tor r  pressure .  The  ca lcu la t ed  su r face  
t e m p e r a t u r e s  a r e  used. P a r t  of  the  da ta  fa l l  a long  
a s t r a igh t  l ine  AB. We  i n t e r p r e t  ox ida t ions  a long 
AB as be ing  u n d e r  chemica l  con t ro l  w i t h  an  a c t i v a -  
t ion  e n e r g y  of 19.7 k c a l / m o l e .  Ra te  cons tants  fa l l ing  
to the  r i gh t  of t he  l ine  AB we  i n t e r p r e t  as be ing  in 
the  r eg ion  of t r a n s p o r t  process  control .  S m a l l e r  
va lues  for  dn/d t  at a g iven  t e m p e r a t u r e  are  found.  

The  r a t e  da ta  for  the  s eve ra l  s ample  a reas  l ie  on 
cu rves  C, D, and E. Po in t  F is tha t  for  a 0.1 cm 2 
sample  area.  A r eac t i on  r a t e  of n e a r l y  1019 a t . / c m 2 /  
sec was  found.  S ince  this po in t  lies on the  l ine  AB 
w e  s ta te  t ha t  t he  r eac t ion  is l im i t ed  by  chemica l  
control .  

T h e  reac t ion  r a t e  of 1019 a t . / c m 2 / s e c  is t h e  h ighes t  
r eac t ion  we  h a v e  seen r eco rded  for  an  ox ida t ion  r e -  
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Fig. 6. Log dn/dt vs. 1/T, oxidation of molybdenum, 600% 
1704~ 76 Torr 02" line F-B, chemical control (AHAB ~ 19.7 
kcal/mole); area to right of A-B, diffusion control; areas of 
samples: C, 0.304 cm2; D, 0.604 cm~; E, 1.215 cm~; F, 0.12 cm 2. 
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act ion.  Us ing  a flow s y s t e m  w i t h  a i r  a t  1371~ S e m -  
m e l  (8)  f o u n d  a r e a c t i o n  r a t e  of 1.98 x 10 is a t . / c m 2 /  
sec. M o d i s e t t e  and  S c h r y e r  (10) u s i n g  a flow s y s t e m  
a n d  a 21.5% o x y g e n - h e l i u m  m i x t u r e  f o u n d  a v a l u e  
of 1.09 x 10 TM a t . / cm2/sec .  Bo th  v a l u e s  l ie  c lose to  
l ine  E of Fig .  6. 

F i g u r e  6 also shows  ev idence  t h a t  a m a x i m u m  is 
r e a c h e d  in  t he  o x i d a t i o n  r e a c t i o n  a t  a t e m p e r a t u r e  
of 1400~176 A b o v e  th is  t e m p e r a t u r e  t h e  r a t e  
decreases .  This  effect  m a y  be  r e l a t e d  to t he  d i s -  
soc ia t ion  of t he  ( M o O s ) ,  complex .  

We conc lude  t h a t  v a r i a t i o n  of s a m p l e  a r e a  m a k e s  
poss ib le  a s t u d y  of t h e  t r a n s i t i o n  in  m e c h a n i s m s  of 
o x i d a t i o n  of m o l y b d e n u m .  Also  v e r y  h igh  r e a c t i o n  
r a t e s  can  be  m e a s u r e d  us ing  s m a l l  spec imens .  

Capabi l i ty  of  a reac t ion  s y s t e m  for  m e a s u r e m e n t  
of f a s t  r e a c t i o n s . - - T h e  r e su l t s  of t he  p r e v i o u s  sec-  
t ion  h a v e  s h o w n  t h a t  t r a n s p o r t  p rocesses  l i m i t  t he  
m e a s u r e m e n t  of fas t  r eac t ions  in a r e a c t i o n  sys tem,  
w h e r e  v o l a t i l e  r e a c t i o n  p r o d u c t s  a r e  fo rmed .  W e  d e -  
fine t he  c a p a b i l i t y  as t he  m a x i m u m  o b s e r v e d  to t a l  
r e a c t i o n  r a t e  in  un i t s  of a toms  p e r  second.  E q u a -  
t ion  [8]  g ives  t he  r e l a t i o n s h i p  b e t w e e n  c a p a b i l i t y  
K ( p , T ) ,  d n / d t  and  su r f ace  area .  F o r  m o l y b d e n u m  
ox iu ized  at  76 T o r r  p r e s s u r e  and  1400~ ou r  s y s t e m  
h a d  a v a l u e  of K ( p , T )  of 1.55 to 2.0 x 10 is at.  of 
m o l y b d e n u m  r e a c t i n g  p e r  second.  L a r g e r  v a l u e s  
w o u l d  be  f o u n d  at  h i g h e r  p re s su res .  T e m p e r a t u r e  
also has  an  effect as can  be  d e t e r m i n e d  f r o m  the  
d a t a  in T a b l e  V. I f  a s a m p l e  a r e a  of 0.1 cm 2 is used,  a 
r eac t i on  r a t e  of a b o u t  2 x 1019 a t . / c m 2 / s e c  could  be  
m e a s u r e d .  A c a p a b i l i t y  of 2 x 1018 a t . / s ec  a l lows  one 
to m e a s u r e  t he  p r i m a r y  c h e m i c a l  r e a c t i o n  ove r  a 
t e m p e r a t u r e  r a n g e  of 600~176 

Ca lcu l a t i ons  on S e m m e l ' s  (8)  and  Mod i se t t e ' s  and  
S c h r y e r ' s  (10)  s y s t e m  us ing  a flow s y s t e m  and  o x y -  
gen  at  a b o u t  150 T o r r  a n d  1371~ showed  c a p a b i l i t y  
cons tan ts ,  K ( p , T ) ,  of 7.2 x 1018 a n d  6.2 x 1018, r e -  
spec t ive ly .  M o d i s e t t e  and  S c h r y e r  used  s a m p l e s  of 
a b o u t  6.3 cm 2. I t  was  no t  pos s ib l e  to e s t i m a t e  t he  
va lue s  for  S e m m e l ' s  sys tem.  

C o n s i d e r i n g  the  p r e s s u r e  f ac to r  in  the  c a p a b i l i t y  
n u m b e r  w e  conc lude  t h a t  t he  use  of gas flow b y  
M o d i s e t t e  and  S c h r y e r  (10) i n c r e a s e d  the  s y s t e m  
c a p a b i l i t y  b y  a f ac to r  of 2 to 3. 

Discussion 
S u m m a r y  of  k ine t i c  w o r k . - - I n  t he  p r e v i o u s  sec-  

t ions  t he  p r i m a r y  c h e m i c a l  r e a c t i o n  of p u r e  m o l y b -  
d e n u m  was  s t ud i ed  us ing  c y l i n d r i c a l  spec imens  of 
s e v e r a l  sizes. A b o v e  800~ and  a t  p r e s s u r e s  up  to 76 
T o r r  t he  o x y g e n  c o n s u m p t i o n  and  w e i g h t  c h a n g e  
curves  s h o w e d  no ev idence  of an  in i t i a l  p i c k u p  of 
o x y g e n  to fo rm an  o x i d e  film. A l l  of  t he  o x y g e n  r e -  
ac t ed  to f o r m  vo la t i l e  m o l y b d e n u m  t r iox ide .  The  o b -  
s e r v e d  w e i g h t  loss and  o x y g e n  c o n s u m p t i o n  cu rves  
w e r e  n e a r l y  l i n e a r  w i t h  t ime.  F o r  a shor t  p e r i o d  of 
r e a c t i o n  the  d a t a  cou ld  be  f i t t ed  to t he  e q u a t i o n  
W = A t ,  w h e r e  W is t he  w e i g h t  loss in m g / c m  2, A 
is a cons tan t ,  a n d  t is t he  t ime.  F o r  l onge r  p e r i o d s  of 
t ime ,  su r f ace  a r e a  changes  o c c u r r e d  w h i c h  d e c r e a s e d  
the  r a t e  of w e i g h t  loss. 

The  in i t i a l  r a t e  cons t an t  d n / d t  could  be  fit~ed to 
an  e x p o n e n t i a l  e q u a t i o n  d n / d t  = Ze  -z~I/RT. A h e a t  
of a c t i va t i on  of 19.7 k c a l / m o l e  was  found,  w h i l e  t h e  

O X I D A T I O N  O F  M O L Y B D E N U M  55~176  957 

f r e q u e n c y  fac to r  has  t he  un i t s  of a t o m s  of m o l y b -  
d e n u m  r e a c t i n g  p e r  c m  2 p e r  sec. 

The  effect of p r e s s u r e  on the  o x i d a t i o n  of m o l y b -  
d e n u m  was  s t u d i e d  a t  800 ~ 1200 ~ a n d  1600~ A t  
800~ t h e  r e su l t s  f o l l o w e d  t h e  1.5 p o w e r  of  t h e  
p r e s s u r e  w h i l e  a t  1600~ the  r e su l t s  f o l l o w e d  t h e  
0.14 p o w e r  of t he  p r e s su re .  

P r o v i d i n g  s m a l l  s a m p l e s  w e r e  used ,  t h e  r e a c t i o n  
of m o l y b d e n u m  w i t h  o x y g e n  cou ld  be  s t u d i e d  in  t he  
c h e m i c a l  c o n t r o l l e d  r eg ion  to 1400~ 

M e c h a n i s m  o~ r e a c t i o n . - - A  su r face  r e a c t i o n  m a y  
be  s e p a r a t e d  into  a t  l e a s t  five d i s t i nc t  processes ,  t h e  
s lowes t  of w h i c h  d e t e r m i n e s  t he  r a t e  of  r eac t i on :  
(a )  t r a n s p o r t  of o x y g e n  gas  to  t h e  su r f ace ;  (b )  
c h e m i s o r p t i o n  of t he  oxyge n ;  (c)  c h e m i c a l  r e a c t i o n  
a t  t he  su r face ;  (d )  de so rp t i on ;  (e )  t r a n s p o r t  of r e -  
ac t ion  p r o d u c t s  away .  P rocess  ( a )  a n d  (e)  a r e  
t r a n s p o r t  p rocesses  and,  if  r a t e  con t ro l l ing ,  t h e  t e m -  
p e r a t u r e  d e p e n d e n c e  of  t h e  r e a c t i o n  r a t e  m a y  v a r y  
as T 1/2 w h e r e  T is t he  abso lu t e  t e m p e r a t u r e .  C h e m -  
ical  r e ac t i ons  ( b ) ,  ( c ) ,  a n d  (d )  u s u a l l y  h a v e  h igh  
a c t i v a t i o n  ene rg i e s  a n d  a r e  u s u a l l y  d i s t i n g u i s h e d  b y  
th is  f ac to r  f r o m  di f fus ion processes .  

Predic t ions  o f  absolute  reac t ion  ra te  t h e o r y . - - T h i s  
t h e o r y  a s sumes  t h e  f o r m a t i o n  of a c o m p l e x  b e t w e e n  
the  r e a c t i n g  gas  and  the  sur face ,  t he  c h e m i s o r b e d  
gas  and  the  sur face ,  and  t h e  c h e m i s o r b e d  r e a c t i o n  
p r o d u c t  a n d  the  sur face .  The  r a t e  of a n y  one of 
these  su r f ace  r eac t i ons  m a y  be  c ons ide r e d  in  t e r m s  
of  r e a c t i o n  c o m p l e x e s  p a s s i n g  f r o m  one r e g i o n  of 
conf igu ra t ion  space  to  ano the r .  A c c o r d i n g  to E y r i n g  
and  c o - w o r k e r s  (17 ,18 ) ,  t he  n u m b e r  of r e a c t i o n  
c o m p l e x e s  c ross ing  the  e n e r g y  b a r r i e r  is g iven  b y  
the  p r o d u c t  of t he  n u m b e r  of  c o m p l e x e s  in  t he  i n i -  
t i a l  s t a t e  a t  t i m e  t,  t h e  p r o b a b i l i t y  t h a t  t he  r e a c t i o n  
c o m p l e x  crosses  the  b a r r i e r  in  a n y  one a t t e m p t ,  a n d  
the  f r e q u e n c y  w i t h  w h i c h  the  c o m p l e x e s  cross  the  
e n e r g y  b a r r i e r .  

A d s o r p t i o n . - - E y r i n g  a n d  c o - w o r k e r s  (17, 18) 
have  g iven  the  f o l l o w i n g  exp re s s ions  fo r  t h e  s e v e r a l  
t y p e s  of a d s o r p t i o n  processes .  

1. I m m o b i l e  adso rp t ion ,  a d s o r p t i o n  of molecu le ,  
r a t e - d e t e r m i n i n g  

~r h 4 
Vl = C g C s -  e -el/kT [9]  

~$ 8~r2I ( 2~rmkT ) 3/2 

2. I m m o b i l e  adso rp t ion ,  d i s soc ia t ion  is r a t e - c o n -  
t r o l l i n g  p rocess  

h8/2 
Vl = Cgl/2CskT e-el /kT [10]  

(2~rmkT) 3/4 ( 8~r2ikT) 1/2 

3. Mob i l e  a d s o r p t i o n  

k T  h 
vl  = Cg - -  e-el/~T [11]  

h (2~rmkT) 1/2 

4. Mobi l e  adso rp t ion ,  no a c t i va t i on  e n e r g y  

P 
Vl = [12] 

( 2~rmkT) 1/2 

He re  t he  symbo l s  h a v e  the  fo l lowing  def in i t ions :  
C~, c o n c e n t r a t i o n  of mo lecu le s  p e r  cubic  c e n t i m e t e r  
in  t h e  gas phase ;  Cs, c o n c e n t r a t i o n  of a d s o r p t i o n  
si tes p e r  squa re  c e n t i m e t e r ;  ~, s y m m e t r y  n u m b e r  of 
t he  gas  mo lecu le ;  0-$, s y m m e t r y  n u m b e r  of t h e  a c t i -  
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va ted  complex;  h, P l a n c k ' s  cons tan t ;  I, m o m e n t  of i n -  
er t ia ;  k, Bo l t zmann ' s  cons tan t ;  m,  mass of molecule ;  
T, absolu te  t e m p e r a t u r e ;  and  e, ene rgy  of ac t iva t ion .  
R a t e  o f  d e s o r p t i o n . - - D e s o r p t i o n  f rom an  immobi l e  
l ayer  m a y  be r ega rded  as i nvo lv ing  an  ac t iva ted  
s tate  in  which  a molecule  a t tached  to an  adsorb ing  
cen te r  acquires  the necessa ry  conf igura t ion  and  ac- 
t i va t ion  ene rgy  to p e r m i t  it  to escape f rom the  s u r -  
face. In  the fo l lowing ra te  express ions  g iven  by  
Eyr ing  and  co -worke r s  (17, 18) both  ac t iva ted  com-  
plexes  and  adsorbed  molecules  are cons idered  i m -  
mobile .  

k T  
V2 = C a  - -  e - e 2 / k T  [13] 

h 

Here  ve represen t s  the ra te  of desorp t ion  in  mole -  
cules per  square  cen t ime te r  per  second, C,  r e p r e -  
sents  the  concen t ra t ion  of adsorbed  molecules  per  
square  cen t imete r ,  and  ee is the  ene rgy  of ac t iva t ion .  
C h e m i c a l  r e a c t i o n . - - L e t  us a s sume  the  reac t ion  i n -  
volves one molecule  of oxygen  and  the act ive su r -  
face site, S. This ac t ive  site is a s sumed  to consist  of 
a si te on which  oxygen  has b e e n  p rev ious ly  ad -  
sorbed. The ac t iva ted  complex  consists of an  ad-  
sorbed molecule  which  has acqu i red  the  appropr i a t e  
a m o u n t  of ene rgy  and  the p roper  configurat ion.  

F i r s t - O r d e r  K i n e t i c s . - - C o n s i d e r  the case w h e n  
the  ac t ive  sites a l r eady  have  an  oxygen  a tom a t -  
tached to the  m o l y b d e n u m  atoms. If the  sur face  is 
covered w i th  Mo a toms hav ing  one oxygen  a tom 
adsorbed per  m o l y b d e n u m  atom, the  concen t r a t i on  
of sites Cs is n e a r l y  cons tan t  and  iden t ica l  w i th  the  
n u m b e r  of sites for a ba re  surface.  U n d e r  these  con-  
d i t ions  the r a t e  of the  reac t ion  is p ropor t iona l  to the  
concen t r a t i on  of the molecules  in  the  gas phase  Cg 
and  the  reac t ion  is of first order.  

The ra te  express ion  is 

Yzsh 4 
V = C g C s - - - - s  X e - e 3 / k T  [14] 

8~r2I ( 2~rmkT)  3/2 ~4 

where  s is the tota l  n u m b e r  of possible  sites ad jacen t  
to a n y  reac t ion  center ,  (r a nd  ~$ are  the  s y m m e t r y  
n u m b e r s  of the  molecules  of r eac t an t  a nd  ac t iva ted  
complex,  respect ively ,  a nd  e8 is the ene rgy  of act i -  
va t i on  for this  type  of react ion.  

Z e r o - O r d e r  K i n e t i c s . - - L e t  us assume the  act ive 
site a l r eady  has an  oxygen  a tom a t t ached  a nd  tha t  
these  sites are  covered by  adsorbed  molecules  to an 
apprec iab le  extent .  The  va l ue  of Cs var ies  w i th  the 
p ressure  of the  gas. If the  surface  is n e a r l y  covered 
by  adsorbed  molecules ,  Cs is n e a r l y  cons tant ,  and  
the ra te  of reac t ion  is n e a r l y  i n d e p e n d e n t  of the  
pressure.  The fo l lowing equa t i on  t rea t s  the  reac t ion  
f rom the  v i e w po i n t  of the  adsorbed molecules ,  w i th  
the surface  ac t iva t ion  ene rgy  be ing  the difference 
in  ene rgy  b e t w e e n  the  ac t iva ted  s tate  and  the  ad -  
sorbed reac tants ,  or Eo + E 

k T  
V2 = C a  ~ e - E / R T  [15] 

h 

where  E is the  observed ac t iva t ion  energy,  e is the  
heat  of adsorpt ion,  and  so is the  difference in  ene rgy  
b e t w e e n  the  ac t iva ted  s ta te  and  the  in i t i a l  gaseous 
reac tan t .  

C o m p a r i s o n  of  t h e o r y  w i t h  e x p e r i m e n t . - - T a b l e  
VI shows a compar i son  of the  ra tes  of the  va r ious  
processes at 900~ and  76 Tor r  oxygen  p res su re  as 
pred ic ted  f rom the  abso lu te  reac t ion  ra te  theory  
wi th  the  e x p e r i m e n t a l l y  d e t e r m i n e d  ra te  of r eac -  
t ion. The ca lcula t ions  were  based on an  exper i -  
m e n t a l  heat  of ac t iva t ion  of 19.7 kca l /mo le .  The 
fact t ha t  several  processes occur w i th  a theore t ica l  
ra te  s lower  t h a n  the  e x p e r i m e n t a l  va lue  m e a n s  the  
hea t  of ac t iva t ion  was  too h igh  for this  pa r t i cu l a r  
process. The  compar i son  was  s ignif icant  on ly  for 
those processes which  give  r easonab le  ag reemen t .  

The only  feasible  m e c h a n i s m  according to Tab le  
VI is mobi le  adsorp t ion  of  oxygen  molecules  on a 
m o l y b d e n u m  surface  a l r eady  covered w i th  a surface  
l ayer  of oxygen.  

Table VI. Correlation of predictions of absolute reaction rate theory with experimental 
rate of oxidation of molybdenum at 900~ 76 Torr pressure of oxygen 

M e c h a n i s m  

R a t e  dn/dt A t o m s  of  Mo ,  
t = 0 ~ s e e  

Equation Theory Experiment 

Immobile  adsorption, adsorption 
of molecule, rate controll ing 

h 4 

v = CgCs o'$ 8n2I (2~mkT)  s/2 

Immobile  adsorption, dissocia- k T  
tion, rate control l ing v ~ CgI/2Cs 

e--e/kT 1.054 • 10 TM 1.08 X 10 TM 

hS/S 

(2~zmkT) 3/4 (1.5) 1/2 (8~2ikT) 1/2 

Mobile adsorption k T  h 
V ~ Cg e - e / k T  

h ( 2 ~ m k T )  l/2 

Mobile adsorption, no activation p 
energy v --~ ( 2 n m k T )  1/2 

Desorption k T  
V ~ Ca e - e l / k T  

h 

Chemical reaction, first order r � 8 9  4 
kinetics v ----- CgCs aS 8 ~ I  ( 2 ~ m k T )  3/2 

Chemical reaction, zero order 
kinetics 

e - -e / kT  

k T  
V : C a - - e  - e / k T  

h 

e--e/kT 9.54 X 1015 1.08 X 10 ls 

3.6 X 1017 1.08 X l0 TM 

1.38 • 1022 1.08 • 10 TM 

1.29 X 1024 1.08 X 10 TM 

4.216 X 10 TM 1.08 X 1018 

1.29 X 1024 1.08 X 10 TM 



Vol. 110, No. 9 O X I D A T I O N  O F  M O L Y B D E N U M  55~176  

Condensation i O~ 'ii = - Condensed (MOO]) s 
Zone- = ii ~ii't 

�9 . " .  �9 

Hot Zone 

Fig. 7. Schematic picture of reaction system 

Furnace Tube,Diam., ( D ) 

Cloud (MOO3) n 
Mo Sample, Diam., (d) 

In  Tab le  VI  we  a s s u m e d  t h a t  a l l  of t he  gas  was  
i n v o l v e d  in  mob i l e  a d s o r p t i o n  w i t h  an  a c t i v a t i o n  e n -  
e r g y  of 19.7 k c a l / m o l e .  A c t u a l l y  w e  p o s t u l a t e  a 
m o n o l a y e r  of o x y g e n  is p r e l i m i n a r i l y  a d s o r b e d  w i t h  
a m u c h  l o w e r  a c t i v a t i o n  ene rgy .  The  r e a c t i o n  
m e c h a n i s m  is 

O 
/ 

Mo �9 Mo--O + 02-> Mo �9 Mo/~O 
\ 

O 

mobile adsorption of 02 on 
Mo--O monolayer 

This complex undergoes chemical reaction 

O 
/ 

Mo �9 Mo/~O -~ Mo--MoO3 
\ 

O 

and desorption to form gaseous molybdenum tri- 
oxide 

n M o - - M o O 8  ~ n Mo + (MoO3)n 

The  e x p e r i m e n t a l  v a l u e  in  T a b l e  VI  of 1.08 x 10 TM 
at. M o / c m 2 / s e c  shou ld  be  r e d u c e d  b y  1/3 to 7.2 x 
1017 to accoun t  for  o x y g e n  p r e l i m i n a r i l y  a d s o r b e d  in  
the  m o n o l a y e r .  The  a g r e e m e n t  of t h e o r y  and  e x -  
p e r i m e n t  is w i t h i n  a f ac to r  of 2. 

Interpretation of transport phenomena.--Equa- 
t ion  [8]  r e l a t e s  t he  o b s e r v e d  r a t e  o2 o x i d a t i o n  to  
s p e c i m e n  area .  Va lues  of dn/dt  a re  a l w a y s  less t h a n  
the  v a l u e s  for  c h e m i c a l  con t ro l  (dn/dt)c.  A s c h e -  
ma t i c  d r a w i n g  of t he  r e a c t i o n  s y s t e m  is shown  in 
Fig.  7. D u r i n g  r e a c t i o n  the  s p e c i m e n  is s u r r o u n d e d  
b y  a zone of (MoO~)8 vapor .  F r o m  the  e q u a t i o n  

3Mo + 9 /2  02"-> (MoO3)3(g)  

a c h a n g e  in  v o l u m e  of 3I/2 is obse rved .  O x y g e n  gas  
is a c c e l e r a t e d  t o w a r d  the  s a m p l e  due  to t he  v o l u m e  
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c h a n g e  a n d  to t he  r eac t ion .  L o c a l i z e d  h e a t i n g  occurs  
and  l a r g e  a m o u n t s  of MoO3 a r e  fo rmed .  W e  v i sua l i ze  
t he  r e a c t i o n  zone as v e r y  t u r b u l e n t .  As  long  as  t he  
ra t ios  of L / 1  and  D/d (see  Fig .  7) a r e  l a rge ,  o x y g e n  
diffuses to t he  i n n e r  t u r b u l e n t  r e a c t i o n  zone. U n d e r  
r e a c t i o n  cond i t ions  t he  t r a n s p o r t  of o x y g e n  to t he  
r e a c t i o n  zone equa l s  t h e  t o t a l  r a t e  of r eac t ion .  The  
r e l a t i o n  of a r e a  A a n d  dn/dt  b r e a k s  d o w n  as  dn/dt  
a p p r o a c h e s  (dn/dt)c.  I n  t he  t u r b u l e n t  r e g i o n  a n d  
for  l a r g e  va lue s  of L / 1  a n d  D/d, t h e  s p e c i m e n  r e -  
acts w i t h  a l l  o x y g e n  in t h e  r e a c t i o n  zone. 

Manuscr ip t  rece ived  Jan:  28, 1963; rev ised  m a n u -  
script  received Apr i l  1, 1963. This paper  has been 
scheduled for  presenta t ion  at  the  New York  Meeting,  
Sept. 29-Oct. 3, 1963. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1964 JOURNAL. 
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Oxidation of Zirconium 
and Zirconium Alloys in Liquid Sodium 

T. L. Mackay  
Atomics International, A Division o~ North American Aviation, Inc., Canoga Park, California 

ABSTRACT 

The oxida t ion  of z i rconium and severa l  z i rconium alloys was inves t iga ted  
in the  t empe ra tu r e  range  400~176 in a stat ic l iquid sodium sys tem wi th  
oxygen  concentra t ion app rox ima te ly  10 ppm. A t rans i t ion  f rom a parabo l ic  to a 
l inear  ra te  of oxida t ion  was observed in the  t empe ra tu r e  region 400~176 for  
al l  of the z i rconium alloys except  Zircaloy-2.  Above 500~ the t rans i t ion  was 
not  observed,  and a pro tec t ive  film cont inued to form. Using the parabo l ic  ra te  
equat ion to descr ibe  the  kinet ics  of oxidat ion,  act ivat ion energies  of 52.9 • 0.5 
kca l /mo le  for  una l loyed  Zr  and 45.3 _+ 1.5 kca l /mo le  for  z i rconium al loys were  
found. 

The  use  of z i r c o n i u m  and  i ts  a l loys  for  n u c l e a r  
a p p l i c a t i o n s  w o u l d  be  benef i t ed  b y  a b e t t e r  u n d e r -  
s t a n d i n g  of co r ros ion  behav io r .  F r o m  a k ine t i c  
s t a n d p o i n t ,  the  i m p o r t a n t  p rocess  in  co r ros ion  is the  
t r a n s f e r  of o x y g e n  t h r o u g h  the  z i r c o n i u m  d i o x i d e  
l a y e r  a n d  into  t he  me ta l .  The  b r o a d  o b j e c t i v e  of th is  
i n v e s t i g a t i o n  was  to s t u d y  the  t r a n s f e r  p rocesses  i n -  
v o l v e d  in  t he  o x i d a t i o n  of z i r c o n i u m  and  z i r c o n i u m  
a l loys  in con tac t  w i t h  l i qu id  sodium.  

The  r e a c t i o n  of z i r c o n i u m  w i t h  o x y g e n  has  been  
s t u d i e d  b y  s e v e r a l  i n v e s t i g a t o r s  ( 1 -7 ) .  T h e r e  has  
been  d i s a g r e e m e n t  as to w h e t h e r  t he  cubic  or  p a r a -  
bol ic  r a t e  l a w  bes t  de sc r ibe s  t he  r e a c t i o n  k ine t ics .  
I t  has  been  shown  t h a t  p r e s s u r e  has  l i t t l e  or  no effect  
on the  r e a c t i o n  of z i r c o n i u m  w i t h  o x y g e n  (1, 4, 5, 
10).  A d d i t i v e s  to t he  z i r c o n i u m  a l loys  h a v e  u s u a l l y  
been  f o u n d  to i n c r e a s e  o x i d a t i o n  r a t e s  (8 -10 ) .  

The  o x i d a t i o n  of z i r c o n i u m  in l i qu id  s o d i u m  has  
been  s t u d i e d  b y  E i c h e l b e r g e r  (11) ,  who  f o u n d  p a r a -  
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Fig. 1. Static sodium corrosion apparatus: 1, sodium pot; 2, 
cold trap; 3. specimen rack; 4, thermocouple wells; 5, heaters; 
6, gate valve; 7, gas inlet; 8, "0" ring flange. 

bol ic  r a t e s  w h i c h  w e r e  i n d e p e n d e n t  of the  o x y g e n  
c o n c e n t r a t i o n  in  t he  sod ium,  a b o v e  20 ppm.  

A d i s a d v a n t a g e  of z i r c o n i u m  and  i ts  a l loys  is t h e i r  
low s t r e n g t h s  a t  t e m p e r a t u r e s  a b o v e  900~ S e v e r a l  
z i r c o n i u m  a l loys  d e v e l o p e d  a t  A t o m i c s  I n t e r n a t i o n a l  
con t a in ing  a l u m i n u m ,  t in,  a n d  m o l y b d e n u m  showed  
s ign i f i can t ly  h i g h e r  s t r e n g t h s  at  e l e v a t e d  t e m p e r a -  
tures ,  and  a p r e l i m i n a r y  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  
t he i r  co r ros ion  r e s i s t a nc e  in  s o d i u m  a t  1000~ com-  
p a r e d  f a v o r a b l y  w i t h  t h a t  of u n a l l o y e d  z i rcon ium.  A 
m o r e  d e t a i l e d  s t u d y  of t he  o x i d a t i o n  b e h a v i o r  of 
t he se  a l loys  in  s o d i u m  has  been  the  s u b j e c t  of th i s  
i nves t iga t ion .  

Experimental Procedure 
Apparatus . - -Liquid  s o d i u m  e x p o s u r e  tes t s  of z i r -  

c o n i u m  a l loys  w e r e  c o n d u c t e d  in  a s ta t ic ,  n a t u r a l  
convec t ion  sys tem.  A s c h e m a t i c  r e p r e s e n t a t i o n  is 
shown  in Fig.  1. The  s o d i u m  po t  cons i s ted  of a 5- in .  
s t a in less  s tee l  t u b e  2 f t  long  w i t h  w e l d e d  e n d - p l a t e s .  
The  s o d i u m  was  h e a t e d  b y  s e v e r a l  H e v i - d u t y  N i -  
c h r o m e  r e s i s t ance  h e a t i n g  un i t s ;  t he  t e m p e r a t u r e  
was  c on t ro l l e d  to • 1 7 6  b y  a Whee lco  con t ro l l e r .  
T a n k  a rgon  was  used  as t he  cover  gas. 

T h e  n o m i n a l  o x y g e n  c o n c e n t r a t i o n  was  m a i n -  
t a i n e d  at  10 p p m  b y  a cold  t r a p  o p e r a t e d  at  150~ 
or  a t  t he  se lec ted  t e m p e r a t u r e s  at  t he  b o t t o m  of t he  
s o d i u m  pot.  To e n s u r e  t h a t  t he  o x y g e n  in t he  so-  
d i u m  w o u l d  no t  be  dep l e t ed ,  5g of s o d i u m  p e r o x i d e  
was  a d d e d  to t he  sod ium,  a n d  the  s y s t e m  was  he ld  
at  500~ for  one w e e k  so t h a t  e q u i l i b r i u m  cond i -  
t ions  m i g h t  be  e s t ab l i shed .  

The  s p e c i m e n  r a c k  was  m o u n t e d  so t h a t  i t  cou ld  
be  r o t a t e d  and  s e v e r a l  s p e c i m e n  h o l d e r s  cou ld  be  
l o a d e d  into  the  a p p a r a t u s  a t  t h e  s a m e  t ime .  The  
spec imen  r a c k  could  also be  a d j u s t e d  up  or  down  so 
t ha t  a l l  of t h e  spec imens  w o u l d  be  in a cons t an t  
t e m p e r a t u r e  zone. 

Mater~als.--Zirconium and  z i r c o n i u m  a l loy  tes t  
spec imens  w e r e  m a d e  f r o m  s t r ips  of m e t a l  1/8 in. 
th ick .  These  a l loys  h a d  been  p r e p a r e d  b y  doub le  
a r c - m e l t i n g ,  h o t - r o l l i n g ,  and  v a c u u m  annea l ing .  
T a b l e  I shows  n o m i n a l  compos i t i on  of a l loys  used  in 
th is  s tudy .  A m o r e  c o m p l e t e  d e s c r i p t i o n  of a l l oy  
p r e p a r a t i o n  a n d  c h e m i c a l  compos i t i on  has  been  r e -  
p o r t e d  e l s e w h e r e  (12) .  
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Table I. Zirconium base alloys, nominal composition 

O X I D A T I O N  O F  Z I R C O N I U M  I N  S O D I U M  

(wt %) 
Alloy A l u m i n u m  Tin Molybdenum Zirconium 

1 - -  - -  - -  100 
2 1.5 - -  - -  98.5 
3 1.5 1.5 - -  97.0 
4 1.5 3.0 - -  95.5 
5 1.5 - -  1.5 97.0 
6 1.5 1.0 1.0 96.5 
7 3.0 - -  - -  97.0 
8 3.0 1.5 - -  95.5 
9 - -  1.5 (0.12 Fe, 0.1 Zircaloy-2 

Cr, 0.05 Ni) 

Sample  preparation.---Parallelepiped spec imens  
a p p r o x i m a t e l y  1 by  1/2 by  1/s in. were  used in  this  
s tudy.  The surfaces were  mechan i ca l l y  pol ished by  
mach ine  sand ing  and  we t  pol ishing,  s t a r t ing  w i th  
180-gri t  and  f in ishing w i th  600-gr i t  si l icon carb ide  
paper.  The  spec imens  were  t h e n  chemica l ly  pol ished 
for 2 ra in  in  an  e tching  so lu t ion  cons is t ing  of 15 
pa r t s  hydrof luor ic  acid ( 4 8 % ) ,  80 pa r t s  n i t r i c  acid 
(conc.) ,  and  80 par t s  water .  The chemical  polish 
r emoved  1-2 mils  f rom each surface.  

P r io r  to exposure,  each spec imen was ca re fu l ly  
weighed  to -----0.03 mg. Dimens ions  were  m e a s u r e d  
to the  nea res t  0.001 in. i n  order  to ca lcula te  surface  
areas. The spec imens  were  degreased  in  n - h e p t a n e  
and  r insed  in  m e t h y l  alcohol and  acetone.  T h e n  these  
spec imens  were  suspended  in  l iqu id  sod ium for p r e -  
d e t e r m i n e d  per iods of t ime, a f ter  wh ich  they  were  
washed  in  b u t y l  alcohol, r insed  in  m e t h y l  alcohol 
and  acetone,  dried, and  reweighed.  

Results and Discussion 

Severa l  expe r imen t s  us ing  dupl ica te  samples  were  
conduc ted  to d e t e r m i n e  the  effect of oxygen  con-  
cen t r a t i on  on the ra t e  of ox ida t ion  of Z i rca loy-2  in  
l iqu id  sodium. Oxygen  concen t ra t ions  were  ob ta ined  
f rom l i t e r a tu r e  va lues  (13) of the  oxygen  so lub i l i ty  
in  l iquid  sod ium at the  cold t rap  t empera tu re s .  S ince  
no ana ly t i ca l  d e t e r m i n a t i o n s  were  made  to de te r -  
m i n e  ac tua l  oxygen  de te rmina t ions ,  these  l i t e r a t u r e  
va lues  are r e fe r red  to as n o m i n a l  concent ra t ions .  
The exposure  t ime  was  145 hr  at 595~ for all  of 
these  exper imen t s .  Weigh t  gains  are  shown in  
Table  II. 

It  would  appear  f rom these resu l t s  tha t  the  ra te  
of ox ida t ion  of Z i rca loy-2  in  l iqu id  sod ium is i n d e -  
p e n d e n t  of the  n o m i n a l  oxygen  concen t r a t i on  above 

Table II. Effect of oxygen concentration on oxidation of 
Zircaloy-2 in liquid sodium at 595~ (145 hr exposure) 

Cold t rap  Calculated oxygen  AW, weight  gain, 
temp,  *C concentrat ions,  ppm mg/cm~ 

160 I0 0.45 
160 I0 0.45 
340 200 0.45 
340 200 0.50 
418 500 0.46 
418 500 0.45 
340 200 0.52* 
340 200 0.46* 

* 5g of Nae02 w e r e  added to the  system. 
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10 ppm,  which  is in  a g r e e m e n t  w i t h  E iche lbe rge r ' s  
f inding for  p u r e  z i r c on i um (a l t hough  see be low the  
compar i son  w i t h  ra tes  in  gaseous o x y g e n ) .  

The weigh t  gain  can be expresed  b y  the  genera l  
ra te  equa t ion  

AW n = k t  [ 1] 

where  W is the  weigh t  gain,  m g / c m  2, k is the  ra te  
constant ,  ( m g / c m 2 ) n h r  -1, n is a constant ,  and  t is 
the  t ime  in  hr. 

A log- log plot  of AW agains t  t should  give a 
s t ra igh t  l ine  whose  slope is 1/n.  

Samples  of pu re  z i r con ium and  var ious  al loys 
were  exposed in  the  sod ium pot w i th  a cold t r ap  
t e m p e r a t u r e  of 150~ for a series of t ime  in terva ls .  

Typica l  plots are  shown  in  Fig. 2, each po in t  r e p -  
r e sen t ing  a d i f ferent  sample.  Tab le  I I I  shows va lues  
of the  slopes for all  t he  al loys at  635 ~ , 595 ~ , and  
555 ~ In  this  t e m p e r a t u r e  r a nge  the  slope va r i ed  be -  
t w e e n  0.4 a nd  0.5, and  in  'the m a j o r i t y  of cases the  
slope was  close to 0.5, i nd ica t ing  a g r e e m e n t  wi th  the 
parabol ic  equat ion .  Tab le  IV shows the  parabol ic  
ra te  constants ,  and  it  m a y  be seen tha t  except  for 
Zi rca loy-2 ,  the  al loys oxidize at s u b s t a n t i a l l y  h igher  
ra tes  t h a n  does p u r e  z i rconium.  The  parabol ic  ra te  
cons tan ts  for p u r e  z i r c on i um are  about  o n e - t e n t h  as 
la rge  as those repor ted  in  the  l i t e r a tu r e  (1-10)  for 
the  ox ida t ion  of z i r con ium in  oxygen,  air, s team or 
ca rbon  dioxide, a resu l t  which  is an  ind ica t ion  of 
e i ther  a d i f ferent  m e c h a n i s m  or of a m u c h  lower  
oxygen  ac t iv i ty  in  l iqu id  sod ium compared  w i th  
these gases. I t  m a y  be tha t  the  f inding  of no de-  
pendence  on oxygen  concen t r a t i on  in  sodium,  m e n -  

Table III. Slopes of log (weight gain) vs .  log (time) 

Alloy 

1 Unal loyed Zr 0.45 0.45 0.46 
2 1.5 A1 0.41 0.46 0.52 
3 1.5 A1, 1.5 Sn 0.50 0.50 0.50 
4 1.5 A1, 3.0 Sn 0.42 0.46 0.50 
5 1.5 A1, 1.5 Mo 0.41 0.45 0.49 
6 1.5 A1, 1.0 Sn, 1.0 Mo 0.45 0.45 0.48 
7 3.0 A1 0.41 0.48 0.46 
8 3.0 A1, 1.5 Sn 0.40 0.45 0.50 
9 Zircaloy-2 0.41 0.46 0.50 

Composition o f  Tempera tu re s  

zirconium base alloys 555"C 595"C 635"C 

Fig. 2. Isothermal weight gain of zirconium and zirconium alloys 
exposed to liquid sodium. Sample temperature 635~ cold trap 
temperature 15~ 
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Table IV. Parabolic rate constants for the reaction of zirconium with oxygen in liquid sodium 

Rate  cons tan t ,  k, x 10 ~ i n  
(mg cm-2) 2 hr-~ a t :  

C o m p o s i t i o n  of 
A l l o y  Z r -ba s e  a l loys  635~ 595"C 555~  502~ 457~ 408~ 

1 Unal loyed Zr 8.45 1.65 0.40 0.0505 0.00566 0.00050 
2 1.5 A1 29 7.1 1.77 - -  - -  - -  
3 1.5 A1, 1.5 Sn 57.5 14.4 4.9 - -  - -  - -  
4 1.5 A1, 3.0 Sn 78.5 24.3 6.18 - -  - -  - -  
5 1.5 A1, 1.5 Mo 73.0 25.6 6.4 - -  - -  - -  
6 1.5 A1, 1.0 Sn, 1.0 Mo 168 44 13.4 - -  - -  - -  
7 3.0 A1 16.9 4.5 1.04 - -  - -  - -  
8 3.0 A1, 1.5 Sn 57.5 17.1 4.9 - -  - -  - -  
9 Zircaloy-2 8.1 2.0 0.42 0.0593 0.0183 0.0040 

t ioned  above,  is because  the  sens i t iv i ty  of m e a s u r e -  
m e n t  was  �9 to de tec t  t he  smal l  d i f ferences  
tha t  m a y  h a v e  ac tua l ly  occu r r ed  o v e r  the  r e l a t i v e l y  
n a r r o w  r ange  of o x y g e n  ac t iv i ty  of t he  expe r imen t s .  

The  ra te  constants  for  z i r c o n i u m  and Z i r ca loy -2  
w e r e  d e t e r m i n e d  o v e r  t he  t e m p e r a t u r e  r a n g e  408 ~  
635~ and  plots  of t he  l o g a r i t h m  of the  pa rabo l i c  
ra te  constants  vs. 1 / T ~  for  z i r c o n i u m  and  Z i r ca -  
l ay-2  are  shown in Fig. 3 and 4, r e spec t ive ly .  The  
ac t iva t ion  ene rg ies  as d e t e r m i n e d  f r o m  the  s lope of 
the  leas t  squares  s t r a igh t  l ine are  52.9 -- 0.5 k c a l /  
mole  for  z i r c o n i u m  and 45.3 _+ 1.5 k c a l / m o l e  for  
Z i rca loy-2 .  T h e  ac t iva t ion  ene rg ie s  fo r  the  o the r  
al loys as d e t e r m i n e d  f r o m  the  r a t e  cons tants  l i s ted  
in Tab le  IV w e r e  a p p r o x i m a t e l y  the  same as for  
Z i r ca loy -2  (see Fig. 4) .  The  ac t iva t ion  e n e r g y  ob-  
t a ined  by  E i c h e l b e r g e r  (11) for  the  ox ida t ion  of 
c hemica l l y  po l i shed  spec imens  of z i r c o n i u m  in l i q -  
uid sod ium con ta in ing  10 p p m  of o x y g e n  was  37.4 
_+ 9.5 k c a l / m o l e ,  w h i c h  was  ob ta ined  by  the  leas t  
squa re  m e t h o d  app l ied  to his  da ta  (see Fig.  3).  

W h e n  the  exponen t ,  n, of Eq. [1] is less t h a n  
uni ty ,  the  ox ida t ion  r a t e  decreases  w i t h  t i m e  and is 
desc r ibed  as p ro tec t ive .  Tables  I I I  and IV show tha t  
this  was  the  case d u r i n g  the  in i t i a l  pe r iod  for  al l  
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Fig. 3. Variation of reaction rate constant of zirconium in 
liquid sodium with temperature. I~, Data of Eichelberger (11); o, 
data of present work. Note: the solid line is drawn on the basis 
of the data of the present work. 
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Fig. 4. Variation of reaction rate constant of zirconium alloys 
in liquid sodium with temperature. 

the  al loys and t e m p e r a t u r e s  inves t iga ted .  H o w e v e r ,  
at t e m p e r a t u r e s  of 500~ and be low,  t r ans i t ions  
f r o m  p r o t e c t i v e  ra tes  to l inea r  ra tes  occu r red  for  
s eve ra l  a l loys  a f t e r  ox ida t ion  per iods  of 25-200 hr ,  
depend ing  on t e m p e r a t u r e  and  a l loy composi t ion .  
The  per iod  of e x p o s u r e  at  w h i c h  r a t e  t r ans i t ions  oc-  
cu r r ed  inc reased  for  a l l  the  a l loys  as the  t e m p e r a -  
t u r e  was  lowered .  The  l i nea r  ra tes  found  a re  shown 
in Tab le  V. 

This  t ype  of ra te  t r ans i t ion  is not  n e w  to the  i n -  
ves t iga to r s  of m e t a l  ox ida t ion ,  w h o  o b s e r v e d  such 
t r ans i t ions  in the  ox ida t ion  of z i r c o n i u m  al loys  e x -  
posed to h i g h - t e m p e r a t u r e  s t e a m  (14) and  to a i r  

Table V. Linear rate constants of zirconium alloys after 
rate transition 

R a t e  cons tan t ,  k', X 10 2 i n  
(rag cm-2) hr-X a t :  

C o m p o s i t i o n  of 
A l l o y  z i r c o n i u m  base  a l loys  502~ 457~ 446~ 417~ 

2 1.5 A1 2.24 - -  1.33 - -  
3 1.5 A1, 1.5 Sn 9.0 6.2 3.83 1.86 
4 1.5 A1, 3.0 Sn 5.6 - -  3.93 2.17 
5 1.5 A1, 1.5 Mo 5.6 - -  3.93 1.12 
6 1.5 A1, 1.0 Mo, 1.0 Sn 8.6 5.1 2.4 1.86 
7 3 A1 - -  0 . 4 5 3  - -  - -  

8 3 A I ,  1.5 S n  - -  0 . 9 1 5  - -  - -  
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(6, 15) as we l l  as o x y g e n  (6, 8 -10) .  H o w e v e r ,  a 
u n i q u e  a spec t  of t h e  p r e s e n t  w o r k  is t h a t  t h e  
r a t e  t r a n s i t i o n s  w e r e  no t  o b s e r v e d  fo r  t e m p e r a -  
t u r e s  a b o v e  500~ 

S e v e r a l  m e c h a n i s m s  h a v e  been  p r o p o s e d  to  ac -  
count  for  t he  r a t e  t r a n s i t i o n  f r o m  p a r a b o l i c  (or  
cubic )  to l i nea r  ra te .  The  v o l u m e  r a t i o  of z i r c o n i u m  
d i ox ide  to z i r c o n i u m  is a p p r o x i m a t e l y  1.5; t h e r e -  
fore ,  t he  ox ide  g rows  u n d e r  c o m p r e s s i v e  s t ra in .  
E l e c t r o n  d i f f rac t ion  s tud ies  (10, 16-18) on th in  f i lms 
h a v e  s h o w n  ev idences  t h a t  t h e  z i r c o n i u m  ox ide  f i lm 
is cubic  or  t e t r agona l .  On th is  bas is  i t  has  been  p r o -  
posed  t h a t  t he  k ine t i c  d e v i a t i o n  is due  to a p h a s e  
t r a n s f o r m a t i o n  (16, 18) f r o m  the  cubic  or t e t r a -  
gona l  to the  monoc l in i c  s t r u c t u r e  of o x i d e  a n d  t h a t  
t he  phase  t r a n s f o r m a t i o n  is caused  b y  c o m p r e s s i v e  
s t r a in s  in  t he  o x i d e  film. H o w e v e r ,  x - r a y  s tud ies  
of t h i c k e r  f i lms f o r m e d  on z i r con ium a l loys  a b o v e  
555~ in th is  w o r k  h a v e  conf i rmed  t h e  p r e s e n c e  of  
o r i e n t e d  monoc l in i c  ZrO2. N o t w i t h s t a n d i n g  the  
ex i s t ence  of the  monoc l in ic  phase ,  t he  r a t e  t r a n s i t i o n  
d id  no t  occur  in  these  t h i c k  films. Thus  this  p h a s e  
t r a n s f o r m a t i o n  does no t  a p p e a r  to be  an  i m p o r t a n t  
cause  for  t he  r a t e  t r ans i t i on .  

Cox  (19) o b s e r v e d  t ha t  in 300~ s t e a m  the  o x i d a -  
t ion  m e c h a n i s m  of z i r c o n i u m  m e t a l  was  no t  t he  
s ame  as t ha t  of Z i r c a l o y - 2 .  F o r  z i r c o n i u m  me ta l ,  
he  f o u n d  t h a t  a t h in  ox ide  f i lm was  f o r m e d  in i t i a l ly .  
T h e  f i lm e x h i b i t e d  i n t e r f e r e n c e  colors  t h a t  b e c a m e  
d a r k ,  f irst  a long  the  g r a i n  b o u n d a r i e s ,  and  t h e n  ove r  
the  w h o l e  ox ide  fi lm in an  i n h o m o g e n e o u s  m a n n e r  
as the  f i lm th i ckened .  He  also o b s e r v e d  t ha t  t h e  r a t e  
t r a n s i t i o n  o c c u r r e d  w h e n  the  f i lm s t a r t e d  to become  
d a r k  a long  the  g r a i n  bounda r i e s .  In  t he  case  of Z i r -  
ca loy-2 ,  h o w e v e r ,  Cox o b s e r v e d  a d i f fe ren t  p h e -  
nomenon .  The  i n i t i a l l y  f o r m e d  th in  ox ide  f i lm b e -  
c a m e  u n i f o r m l y  d a r k  t h r o u g h o u t  the  ox ide  f i lm 
r a t h e r  t h a n  a long  t h e  g r a i n  b o u n d a r i e s ,  and  no  r a t e  
t r a n s i t i o n  occu r r ed  w h e n  the  f i lm s t a r t e d  to b e c o m e  
da rk .  H o w e v e r ,  w h e n  the  f i lm b e c a m e  f a i r l y  t h i c k  
(and ,  of course ,  c o m p l e t e l y  d a r k ) ,  t he  r a t e  t r a n s i -  
t ion  occur red .  

Cox p r o p o s e d  the  fo l lowing  m e c h a n i s m s  to e x -  
p l a in  t h e  d i f fe ren t  o x i d a t i o n  b e h a v i o r  of t he  a b o v e  
two  ma te r i a l s .  In  t h e  case  of z i r c o n i u m  m e t a l  o x i d a -  
t ion,  o x y g e n  d i f fused  a long  p r e f e r r e d  p a t h s  c r e a t e d  
b y  g r a i n  b o u n d a r i e s  and  f o r m e d  a m u c h  t h i c k e r  f i lm 
a t  or  n e a r  t he  g r a i n  b o u n d a r y  t h a n  t h a t  on the  cen -  
t r a l  zone of  t h e  gra in .  Because  the  f i lm was  t h i c k  
n e a r  t he  g r a i n  b o u n d a r y ,  i t  c r acked ,  t h e r e b y  d e -  
s t r o y i n g  the  p r o t e c t i v e  v a l u e  of t he  ox ide  film, a n d  
the  r e l a t i o n  b e t w e e n  w e i g h t  ga in  and  o x i d a t i o n  t i m e  
b e c a m e  l inear .  In  t he  case of Z i r c a l o y - 2 ,  Cox a s -  
s u m e d  tha t ,  in a d d i t i o n  to g r a i n  b o u n d a r y  pa ths ,  t he  
ex i s t i ng  i n t e r m e t a l l i c  c o m p o u n d s  t h r o u g h o u t  a 
g r a i n  also p r o v i d e d  p r e f e r r e d  p a t h s  to oxygen ,  and  
t h a t  t he se  p a t h s  a l l o w e d  the  ox ide  f i lm to g r o w  
f a i r l y  u n i f o r m l y  ove r  t he  Z i r c a l o y - 2  sur face .  As  the  
f i lm g r e w  t h i c k e r  t he  r a t e  t r ans i t i on ,  acco rd ing  to 
Cox, was  i n i t i a t e d  b y  a p r o g r e s s i v e  i nc rea se  of t h e  
n u m b e r  of f r e s h  c r y s t a l  nuclei .  

None  of t he  a b o v e  m e c h a n i s m s  w o u l d  p r e d i c t  t h a t  
t he  r a t e  t r a n s i t i o n  could  be  s u p p r e s s e d  b y  r a i s i ng  
the  t e m p e r a t u r e .  

In  t he  p r e s e n t  work ,  t he  r a t e  t r a n s i t i o n  d id  no t  
occur  at  a n y  p a r t i c u l a r  t h i cknes s  of the  ox ide  l ayer .  
The  f i lm th i cknes s  at  t he  r a t e  t r a n s i t i o n  w a s  f o u n d  
to b e  in  t he  r a n g e  of a p p r o x i m a t e l y  1-5#. The  t h i c k -  
ness  of t he  ox ide  f i lm at  t he  r a t e  t r a n s i t i o n  i n c r e a s e d  
as the  t e m p e r a t u r e  was  ra ised .  Th is  l eads  us  to the  
conclus ion  tha t ,  in  a d d i t i o n  to t he  m e c h a n i s m s  p r o -  
posed  b y  v a r i o u s  w o r k e r s ,  t h e  r a t e  t r a n s i t i o n  is con-  
t r o l l e d  b y  a t e m p e r a t u r e - d e p e n d e n t  p a r a m e t e r  
which relieves the compressive strain in the oxide 
film as the temperature is raised. It has been men- 
tioned previously that the rate transition did not oc- 
cur when the temperature was raised above 500~ 
It is postulated that at high temperatures the com- 
pressive strain of the film due to large volume ratio 
of ZrO2 to Zr is relieved by plastic flow while the 
film is growing. Thus, above 500~ the oxide film 
formed is sufficiently free from strain and no rate 
t r a n s i t i o n  is obse rved .  This  m a y  be  the  mos t  i m p o r -  
t a n t  f ac to r  r e s p o n s i b l e  for  supp re s s ing  such  r a t e  
t r ans i t i on .  

A n o t h e r  poss ib le  c o n t r i b u t i n g  f ac to r  is t h a t  t he  
o x y g e n  def ic iency  in t he  ox ide  l a y e r  inc reases  w i t h  
i nc rea se  in  t e m p e r a t u r e .  F r o m  the  phase  d i a g r a m  
for the  z i r c o n i u m - o x y g e n  s y s t e m  b y  D o m a g a l a  and  
M c P h e r s o n  (20) ,  t h e  O / Z r  r a t i o  v a r i e d  f r o m  1.95 to 
1.93 in the  t e m p e r a t u r e  r a n g e  400~176 This  
shou ld  cause  a con t r ac t i on  of t he  l a t t i ce  p a r a m e t e r  
in t he  ox ide  phase ,  r e l i e v i n g  some of t he  c o m p r e s -  
s ive s t ra ins .  

The  c o m p r e s s i v e  s t r a i n  in ox ide  fi lms a b o v e  500~ 
for  z i r con ium a l loys  is p r o b a b l y  r e l i e v e d  b y  a c o m -  
b i n a t i o n  of these  two  processes :  (a )  i nc rea se  in  the  
p l a s t i c i t y  of t he  m e t a l  as t he  t e m p e r a t u r e  is ra i sed ,  
and  (b)  a c o n t r a c t i o n  of t he  l a t t i c e  p a r a m e t e r  due  to 
a d e c r e a s e  in  o x y g e n  in t he  ox ide  w i t h  i nc rea s ing  
t e m p e r a t u r e .  

Z i r c o n i u m  and  Z i r c a l o y - 2  d id  no t  show a n y  r a t e  
t r a n s i t i o n  in th is  s tudy .  This  m i g h t  be  a t t r i b u t e d  to 
t he  fac t  t ha t  c o n s i d e r a b l y  t h i n n e r  f i lms w e r e  f o r m e d  
on these  ma te r i a l s .  The  th i cknesses  of ox ide  f i lms on 
z i r c o n i u m  w h i c h  h a d  been  ox id i zed  in l i qu id  s o d i u m  
w e r e  e s t i m a t e d  in  t he  fo l lowing  m a n n e r .  

(Wtotal-- WD)Mzro2 X l 0  s 
Th ickness  in  A = [3]  

PZrO2 Mo2 

where  Wtotal is t h e  t o t a l  o x y g e n  w e i g h t  ga in  in 
m g / c m  2, WD is t h e  o x y g e n  d i f fused  f r o m  the  ox ide  
l a y e r  to t he  b a s e  m e t a l  in  m g / c m  2 [ c a l c u l a t e d  f r o m  
P e m s l e r ' s  d i f fus ion d a t a  ( 2 1 ) ] ,  pzro~ is t h e  d e n s i t y  of 
z i r c o n i u m  d i o x i d e  in  g / c m  ~, Mzro2 is t he  m o l e c u l a r  
w e i g h t  of z i r c o n i u m  d iox ide ,  and  Mo2 is t h e  m o l e c u -  
l a r  w e i g h t  oxygen .  The  th i cknesses  c a l c u l a t e d  b y  
Eq. [3]  w e r e  c o m p a r e d  w i t h  those  d e t e r m i n e d  b y  an  
i n t e r f e r e n c e  color  m e t h o d  (22 ,23 )  s t a n d a r d i z e d  
d u r i n g  the  p r e s e n t  work .  A t  408~ and  a n  e x p o s u r e  
t i m e  of 500 h r  t h e  t h i ckness  for  z i r c o n i u m  w a s  540A 
c a l c u l a t e d  b y  Eq. [3]  c o m p a r e d  w i t h  a r a n g e  of 630- 
450A b y  the  i n t e r f e r e n c e  color  me thod .  T h e  t h i c k -  
nesses  of  ox ide  f i lms c a l c u l a t e d  b y  Eq. [3 ]  t hus  a p -  
p e a r e d  to be  a p p r o x i m a t e l y  correc t .  

F o r  z i r c o n i u m  a n d  Z i r c a l o y - 2  the  a m o u n t  of  o x y -  
gen  d i f fus ing  in to  t he  m e t a l  (WD in Eq. [ 3 ] )  was  
a p p r o x i m a t e l y  o n e - h a l f  of t h e  t o t a l  w e i g h t  gain.  
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F o r  t h e s e  t h i n n e r  fi lms the  c o m p r e s s i v e  s t r a i n  was  
r e l i e v e d  suff ic ient ly  to  p r e v e n t  o x i d e  c r ack ing ,  a n d  
hence,  a r a t e  t r a n s i t i o n  was  no t  o b s e r v e d  for  z i r -  
c o n i u m  a n d  Z i r c a l o y - 2  in  t h e  t e m p e r a t u r e  r a n g e  of 
th is  s tudy .  

Conclusion 
The  k ine t i c s  of o x i d a t i o n  in  s t a t i c  ( n a t u r a l  con-  

vec t i on )  l i qu id  s o d i u m  for  z i r c o n i u m  and  z i r c o n i u m  
al loys ,  was  d e t e r m i n e d  in  the  t e m p e r a t u r e  r eg ion  
400~176 

The rate of oxidation for Zircaloy-2 was found to 
be independent of the nominal oxygen concentration 
above 10 ppm. In this investigation the rate of oxi- 
dation is best described by a parabolic rate law. A 
plot of the parabolic rate constants vs. 1/T~ gave 
activation energies of 52.9 -- 0.5 kcal/mole for zir- 
conium and 45.3 _--_ 1.5 kcal/mole for Zircaloy-2. The 
activation energies of the other alloys studied in the 
temperature region 635~176 were approximately 
the same as for Zircaloy-2. 

In the temperature region 400~176 most of the 
zirconium alloys exhibited rate transitions (from 
parabolic to linear); however, this transition was 
not observed for unalloyed zirconium or Zircaloy-2. 
The film thickness at which the transition occurred 
varied from I to 5;~, and the thickness of the oxide 
film at the rate transition increased as the tempera- 
ture was raised for all of the alloys exhibiting a 
t r ans i t i on .  U p  to 500~ the  r a t e  t r a n s i t i o n  for  z i r -  
con ium a l loys  was  con t ro l l ed  b y  a t e m p e r a t u r e - d e -  
p e n d e n t  p a r a m e t e r  w h i c h  r e l i e v e d  t h e  c o m p r e s s i v e  
s t r a i n  in  the  ox ide  fi lm as t he  t e m p e r a t u r e  was  
ra i sed .  A b o v e  500~ t h e  r a t e  t r a n s i t i o n  was  s u p -  
p r e s sed  and  a p r o t e c t i v e  f i lm c o n t i n u e d  to form.  F o r  
z i r c o n i u m  and  Z i r c a l o y - 2  the  ox ide  f i lms w e r e  con-  
s i d e r a b l y  th inne r ,  and  the  c o m p r e s s i v e  s t ress  was  
r e l i e v e d  suff ic ient ly  to p r e v e n t  o x i d e  c r a c k i n g  ove r  
the  en t i r e  t e m p e r a t u r e  r a n g e  of th is  s tudy .  
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Corrosion of Carbon Steel by High-Temperature Liquid Mercury 
A. H. Fleitman, A. J. Romano, and C. J. Klamut 

Brookhaven National Laboratory, Upton, New York 

ABSTRACT 

Al l  l iquid Hg the rmal  convect ion loop exper iments  have  been car r ied  out  at  
a t empera tu re  different ia l  of 400~ (1000~176 for  8000 h r  in carbon steel  
systems. The effect of Ti and Zr  addi t ions  in inhibi t ing  corrosion was evaluated .  
Results  of these exper imen t s  show tha t  no adheren t  deposi ts  were  fo rmed  on 
the loop walls,  and the presence of Zr  and Ti resul ted  in less ove r -a l l  corrosion.  
A compar ison of the  amount  of i ron res idue fi l tered f rom the loops indicates  
Zr  is a more  effective inhib i tor  t han  Ti. 

A s t u d y  of co r ros ion  in  l i qu id  m e t a l s  i n t e n d e d  fo r  
use  as hea t  t r a n s f e r  a n d  w o r k i n g  f luids in compa c t  
r e a c t o r  t u r b o g e n e r a t o r  sy s t ems  is in  p rog res s .  One  
phase  i nvo lves  the  s t u d y  of t he  co r ros ive  b e h a v i o r  of 
l iqu id  Hg  f r o m  600~176 This  s t u d y  is con-  
ce rned  p r i m a r i l y  w i t h  the  long t e r m  cor ros ion  r e -  

s i s t ance  of l o w - c a r b o n  s tee ls  to m e r c u r y  a t  h i g h -  
t e m p e r a t u r e  d i f f e ren t i a l s  and  the  r e l a t i v e  m e r i t s  
of v e r y  s m a l l  t i t a n i u m  or  z i r c o n i u m  add i t i ons  to 
m e r c u r y  in  r e t a r d i n g  co r ros ive  a t t ack .  

Background.--Data on the  so lub i l i t y  in H g  of t he  
e l e m e n t s  in e n g i n e e r i n g  a l loys  a r e  incomple te .  I n -  
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CORROSION OF CARBON STEEL BY LIQUID Hg 

, , , Table I. Composition of carbon steel 
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1o 

4. 

x 

6 

| Fe.  

.o l  
IO00/~ .1 ~ 1 . 2 o  1.3 1.4 1,6 ~ 1.6 1.7 

Fig. 1. Concentration of Co, Cr, and Ni in Hg after contact- 
ing with Haynes 25 alloy for 16 hr. The Hg-Fe liquidus after 
Norton, Epstein, and Marshall is shown for comparison. Figures 
refer to run numbers. Dotted circle, Co; dotted square, Ni; dotted 
triangle, Cr; two lines with an arrow facing down, detected 
but less than quantitative limit, plus sign, data on Fe in Hg 
(Marshall and Epstein); broken lines, curve derived from this 
data. 

vestigation of the Hg-Fe  liquidus by Marshall, Ep-  
stein, and Norton (1) showed that at 1000~ the 
iron solubility in Hg was 0.30 ppm. An experiment 
performed by Parkman  (2) consisted of contacting 
Haynes 25 alloy (52% Co, 20% Cr, 15% W, 10% 
Ni, 3% Fe) with Hg at 1000 ~ 1100 ~ and l180~ for 
16 hr. Analysis of unfiltered samples showed that  the 
Ni concentration was the greatest followed by Cr 
and Co with Fe and W undetectable. Figure 1 illus- 
trates the results of this experiment and the Fe-Hg 
liquidus as determined by Marshall, Epstein, and 
Norton (1). Since the solubility of Fe is lower than 
that of the elements shown, a greater corrosion re-  
sistance might be anticipated in low-carbon or 
low-alloy steels than in other common engineering 
alloys. 

Steels, especially low-alloy, or plain carbon steels, 
have been shown to have improved resistance to Hg 
attack when small quantities of certain metal addi- 
tives are present in the Hg. Previous work on mer-  
cury systems by Nerad and his associates (3) at the 
General Electric Company had indicated that Zr, 
Cr, Ni, AI, and especially Ti were effective inhibitors 
of Hg attack on ferrous alloys. They also found that 
the addition of Mg or Na was beneficial. These latter 
two additives act as wett ing agents by reducing 
oxides on steel surfaces and reacting with free oxy-  
gen, nitrogen, and water  vapor in the Hg, thereby 
preventing the inhibitor f rom reaction with these 
elements. 

C 0.25 
Mn 0.57 
Si 0.18 
S 0.035 
P 0.10 

Experiments at Brookhaven National Laboratory 
(4) in studying bismuth corrosion of steels indicated 
that low-alloy and plain carbon steels were more 
resistant to liquid bismuth corrosion with the addi- 
tion of 100-250 ppm of Zr to the bismuth. ZrN and 
ZrC films formed on the steel surface were the prin-  
cipal mechanism of protection against liquid Bi at-  
tack. 

An experiment performed by Miller (5) at Brook- 
haven showed that a microscopically visible film 
could be formed on an AISI  1020 steel after 120 hr 
contact with Hg containing Ti at 1365~ X - r a y  
diffraction of the steel surface indicated the presence 
of both TiC and TiN compounds. 

Exper imenta l  Procedure 

Three all-liquid Hg thermal  convection loops 
were fabricated from coextruded %. in. schedule 40 
pipe having 11/4 % Cr- ~/2 % Mo steel on the outside, 
and ASTM A106 silicon-killed, carbon steel on the 
inside. Each steel comprised half the wall thickness. 
The composition of the carbon steel and a diagram 
of a loop are shown in Table I and Fig. 2, respec- 
tively. The inside surface of each loop was sand- 
blasted and degreased to remove all foreign material  
prior to welding. After welding the entire loop was 
stress relieved at 1292~ in a He atmosphere. The 
inhibited loops had inserts of Ti a n d  Zr tubing 
wedged in the loop cold point. Placing "excess" 
inhibitor at  the loop cold point limits the concentra- 
tion of Ti or Zr dissolved to the solubility at the cold 
point temperature and insures a continuous supply 
of inhibitor. The loops then were filled with triple 
distilled Hg and pressurized with tank helium to 

PRESSURE I~EA0 
WITH 

--. %, ] WIRE H)MAET E R LD 

MATERIA' '  1 /2"  SCH 40  PiPE ( O . 6 2 " T . D . )  
s,.,co. K'L'EO 0.2S'r. cAnSON STEEL 

Fig. 2. Schematic of all-liquid Hg thermal convection loops 
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Table II. Operating characteristics of loop experiments 

September 1963 

Hours  of Avg.  Temp,  ~ 
Loop No. operat ion Hot  point  Cold point  

124 8401 9 6 7 o •  ~ 6 0 5 ~ 1 7 7  ~ 
125 8663 960~ ~ 536~ ~ 
131 7946 1019~177  ~ 5 9 7 ~ 1 7 7  ~ 

Table III. Chemical analysis of loop experiments 

Loop Hg, g Mg, g Fe  Ti  Zr  

125--Added 2700 0.0675 - -  - -  
F i l t ra te  2673 0.013 7 ppm - -  - -  
Residue 26.9 0.007 2.39g Trace 

124---Added 2850 0.142 - -  2.24 - -  
F i l t ra te  2~43 0.134 1.21 ppm - -  
Residue 7.3 0.008 0.80g 0.034g - -  

131--Added 2800 0.140 - -  - -  ~2g  
Fi l t ra te  0.076 1.6 ppm - -  
Residue N.D.* 0.022 (0.3081"* - -  N.D.* 

* N o t  d e t e r m i n e d .  
** D r y  res idue  Hg  free.  

p r e v e n t  boil ing.  The  Hg con ta ined  less t h a n  0.1 p p m  
Ag  and 0.1 p p m  Cu w i t h  no o the r  me ta l s  de tec ted .  
F i f t y  p p m  of Mg m e t a l  w e r e  added  to t he  Hg of t he  
inh ib i t ed  loops and  25 p p m  to the  u n i n h i b i t e d  loop 
to p r o m o t e  w e t t i n g  and act  as a deoxid izer .  

The  loops w e r e  ope ra t ed  w i t h  a n o m i n a l  m a x i -  
m u m  t e m p e r a t u r e  of 1000~ in the  hot  leg and 
600~ in the  cold leg for  about  8000 hr.  S m a l l  v a r i -  
a t ions in the  l ine  vo l t age  caused f luc tuat ions  in the  
day to day  t e m p e r a t u r e s  on each  loop. O p e r a t i n g  
charac te r i s t i c s  for  each  loop a re  shown  in Tab le  II. 
The  ac tua l  f low ve loc i ty  in t h e r m a l  convec t ion  loops 
cannot  be ca lcu la ted ,  bu t  m e a s u r e m e n t s  on Bi  loops 
of s imi la r  des ign and g e o m e t r y  ind ica ted  tha t  f low 
ra tes  in these  e x p e r i m e n t s  w e r e  of t he  o rder  of 0.05 
f t / sec .  

Fig. 4. Intergranular hot leg corrosion of Ti inhibited loop. 
Magnification 170X. 

Fig. 3. Intergranular hot leg corrosion of uninhibited loop. 
Magnification 170X. 

Fig. 5. Transgranular attack in Zr inhibited loop. Magnification 
250X. 

A f t e r  comple t ion  of each  run,  the  Hg in each  loop 
was  d ra ined  and f i l tered u n d e r  ine r t  a t m o s p h e r e  at 
r o o m  t e m p e r a t u r e .  The  en t i r e  loop t h e n  was  cut  
t r a n s v e r s e l y  in to  smal l  pieces,  sec t ioned  l ong i t ud i -  
na l ly ,  and p r e p a r e d  for  m e t a l l o g r a p h i c  examina t ion .  

Experimental  Results 
No a d h e r e n t  deposi ts  w e r e  found  in  any  of t he  

loops. F i l t e r e d  res idues  w e i g h i n g  2.4, 0.8, and 0.3g 
(a f t e r  v a c u u m  dis t i l l a t ion  of a d h e r e n t  H g )  w e r e  
found  in the  un inh ib i t ed ,  Ti i nh ib i t ed  and  Zr  in -  
h ib i t ed  loops, r e spec t ive ly .  X - r a y  d i f f rac t ion  ind i -  
ca ted  tha t  these  res idues  w e r e  essen t i a l ly  Fe,  and  
subsequen t  chemica l  ana lys is  showed  i ron  w i t h  
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traces  of Mg and the inhibitors ,  w h e n  present .  R e -  
sults  of c h e m i c a l  analys i s  of the  res idue  and fi ltrate 
of each loop are s h o w n  in Table  III. 

S h a l l o w  corrosion p r i m a r i l y  intergranular ,  w a s  
found in the  hot  areas of the  un inh ib i ted  and T i - i n -  
h ibi ted loops ( see  Fig.  3 and 4) ,  and s l ight  pre -  
d o m i n a n t l y  transgranular  pit t ing corros ion w a s  
found over  the  ent ire  Zr - inh ib i t ed  loop ( see  Fig.  5) .  
C o r r o s i o n - t e m p e r a t u r e  "profiles" of each loop are 
s h o w n  in detai l  in Fig.  6, 7, and 8. M a x i m u m  p e n e -  
trat ion in the  Z r - inh ib i t ed  and the  uninhib i ted  loop 
w a s  less  than one rail. The  T i - inh ib i t ed  loop s h o w e d  
one pit  of  about  three  mi l s  ( see  Fig.  9 ) ,  but  o t h e r -  
w i s e  s h o w e d  less  than 1 rail attack.  

E x a m i n a t i o n  of the  Ti and Zr inserts  in the  in-  
h ibi ted loops s h o w e d  that  there  w a s  subs tant ia l ly  
greater  d isso lut ion  of the  Zr insert  than of the  Ti 
insert.  

TO 
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15" 
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644 "F 

Fig. 6. Corrosion-temperature profile-uninhibited loop. Loop 
No. 125, carbon steel all liquid, uninhibited Hg loop; operating 
time 8663 hr; liquid velocity 0.05 ft/sec; additives, 25 ppm Mg; no 
inhibitor. 
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Fig. 8. Corrosion-temperature profile-Zr inhibited loop. Loop 
No. 131, carbon steel all liquid, Zr inhibited Hg loop; operating 
time 7946 hr; liquid velocity 0.05 ft/sec; additives, 50 ppm Mg; Zr 
inhibitor; residue 0.308g. 
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Fig. 7. Corrosion-temperature profile-Ti inhibited loop. Loop No. 
124, carbon steel all liquid, Ti inhibited Hg loop; operating time 
8401 hr; liquid velocity 0.05 ft/sec; additives, 50 ppm Mg; Ti in- 
hibitor. 

Fig. 9. Corrosion pit in Ti inhibited loop. Magnification 170X 

Discussion of Results 
E x a m i n a t i o n  of the  resul ts  of these  e x p e r i m e n t s  

indicate  that  under  the  e x p e r i m e n t a l  condit ions ,  
1000~ m a x i m u m  and 600~ m i n i m u m  Hg t e m p e r a -  
ture  and a f low rate  of the  order of 0.05 f t / s e c ,  on ly  
s l ight  corros ion w a s  noted  in a per iod of a lmos t  
one  year .  The addit ion of e i ther  a Ti or Zr m e t a l  
insert  at the  loop cold point  reduced  the  a m o u n t  
of mater ia l  corroded f r o m  the  pipe  wal l s .  On this  
basis  the  Zr addit ion w a s  a m o r e  e f fect ive  inhibi tor  
than the  t i t a n i u m  addition.  

S t u d y  of Hg corros ion of m i l d  s tee l  b y  Nerad  and 
c o - w o r k e r s  (3)  indicated that in an un inh ib i t ed  s y s -  
t e m  at a m a x i m u m  loop t e m p e r a t u r e  of 1000~ a 
corrosion rate  of 0.18 g / c m 2 / y r  could be  expec ted ,  
corresponding  to an average  penetra t ion  of 9 m i l s /  
yr.  In the  presence  of 10 p p m  Ti d i s so lved  in the  Hg 
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the  r a t e  of a t tack  on fer rous  me ta l s  at  650~ 
(1200~ was  repor ted  to be negl ig ible .  Most of 
Nerad ' s  tests were  car r ied  out  at  a 10~ (18~  
t e m p e r a t u r e  difference b e t w e e n  the  hot and  cold 
zone and  a m e r c u r y  flow ra te  r epor t ed  to be 0.1 f t /  
sec. Resul t s  at  B r o o k h a v e n  Na t iona l  L a b o r a t o r y  on 
l iqu id  Bi in  ca rbon  steel  show tha t  the  corrosion ra te  
increases  w h e n  the cold zone t e m p e r a t u r e  is r educed  
at cons tan t  ho t  zone t e m p e r a t u r e  (4) .  Thus ,  one 
migh t  expect  less a t tack  in  Nerad ' s  expe r imen t s ,  
s ince his condi t ions  w e r e  less severe  t h a n  the  con-  
d i t ion  of the  p resen t  expe r imen t s  i n  which  the  t e m -  
p e r a t u r e  d i f ferent ia l  was  abou t  400~ 

A rev iew of the  theory  and  de r iva t ion  of mass  
t r ans fe r  equa t ions  was  pe r fo rmed  by  B i r c u m s h a w  
and  Riddi ford  (6) in  1952. Eps te in  (7) in  1957 ap-  
pl ied the e x p e r i m e n t a l  resu l t s  of Nerad  on t tg  cor-  
rosion of steel  i n  u n i n h i b i t e d  sys tems us ing  the  
heat  t r an spo r t  re la t ionship .  He found  tha t  the  ex-  
p e r i m e n t a l  corrosion ra tes  were  s igni f icant ly  h igher  
t h a n  those p red ic ted  b y  th is  theory .  App l i ca t ion  of 
this  r e l a t ionsh ip  to the p resen t  work  (see appe nd i x )  
predicts  a corrosion ra te  of 0.15 g / cm2/y r ,  cor re -  
sponding  to average  p e n e t r a t i o n  of 8 m i l s / y e a r .  

Corros ion mass  t r ans f e r  in  the  u n i n h i b i t e d  loop 
m a y  have  been  reduced  by  the lack of a d h e r e n t  de-  
posi t ion of p rec ip i t a t i ng  crys ta l l i tes  of Fe in  the  cold 
region  of the  loop. Ra the r  t h a n  s t ick ing  secure ly  to 
the  wa l l  these Fe  par t ic les  are  car r ied  in to  the  hot  
zone. Because  of the i r  smal l  size and  high specific 
area  these par t ic les  dissolve at  a ra te  fas ter  t h a n  
t ha t  of the  p ipe  surface.  If complete  d issolu t ion  of 
the  p rec ip i t a ted  par t ic les  occurred,  the  hot  leg wa l l  
of the loop wou ld  be pro tec ted  w h e n  s teady  state  
hot  leg s a tu r a t i on  of the  Hg is achieved,  and  no f u r -  
the r  corrosion would  occur d u r i n g  opera t ion  of the  
expe r imen t .  S ince  at  a hot leg t e m p e r a t u r e  of 
1000~ on ly  0.75 mg of Fe  wou ld  sa tu ra t e  the  en t i r e  
v o l u m e  of Hg, and  the  Fe res idue  weigh t  va r ied  f rom 
0.3 to 2.4g, it mus t  be  su rmised  t ha t  on ly  pa r t i a l  
d i sso lu t ion  occurs, a s suming  tha t  the  solids are  c i r -  
cu la ted  in  suspension.  I t  is not  ce r t a in  w h e t h e r  the  
pa r t i cu l a t e  i ron  in  the  Hg s t r e a m  was c o n t i n u a l l y  
r ec i r cu l a t i ng  or f loating to the free l iqu id  sur face  in  
the  "T" of the  loop. S t e a d y - s t a t e  opera t ion  m a y  have  
consis ted of p rec ip i t a t ion  of n o n a d h e r e n t  Fe  c rys t a l -  
l i tes in  the  cold leg, pa r t i a l  d issolu t ion  in  the  hot  leg, 
and  floating of the  und i sso lved  pa r t i cu l a t e  Fe to the  
free l iqu id  surface.  

The presence  of excess Ti and  Zr  at the  loop cold 
po in t  p rov ided  a con t inuous  source of these  e l ements  
for film format ion .  The  g rea te r  a t tack  on the  Zr  i n -  
sert  is b o r n e  out  bY the so lub i l i ty  s tudies  of Zr  (8, 9) 
and  Ti (10, 11) in  Hg. These s tudies  show tha t  at 
350~ (662~  Ti  has less t h a n  0.6 p p m  so lub i l i ty  
whi le  the  Zr  so lubi l i ty  is r epor ted  to be 5 ppm. F i l m  
fo rma t ion  p r o b a b l y  occurred  in  the  Zr  i nh ib i t ed  loop 
as this  loop showed the  p r e d o m i n a n t l y  t r a n s g r a n u -  
lar  corrosion associated w i th  i n h i b i t i o n  in  Bi sys-  
tems. A l t h o u g h  i n t e r g r a n u l a r  corrosion was  found  in  
the  T i - i n h i b i t e d  loop, some film pro tec t ion  m u s t  
have  resu l t ed  because  on ly  0.Sg of Fe  was  corroded 
f rom the  loop whi le  2.4g of Fe were  corroded f rom 
the  u n i n h i b i t e d  loop. Corros ion in  the  cold leg of the  

Zr  i nh ib i t ed  loop is puzz l ing  and  canno t  be ac-  
coun ted  for adequate ly .  The  a t tack  appears  to be i n -  
d e p e n d e n t  of pos i t ion  and  hence  t e m p e r a t u r e ,  in  the  
loop. 

Conclusions 
1. Corrosion in  the  u n i n h i b i t e d  loop in  one yea r  

was about  1 rail  m a x i m u m  at a 1000~ hot  leg, 
600~ cold leg Hg t e m p e r a t u r e .  The  observed  cor-  
ros ion was m u c h  less t h a n  t ha t  ca lcula ted  b y  diffu-  
s ion-con t ro l l ed  d isso lu t ion  theory.  It  appears  tha t  
the  lack of a d h e r e n t  deposi t ion  of Fe crys ta ls  to the  
pipe wal l  in  the  cold zone of the loop m a y  have  re -  
su l ted  in  pa r t i a l  " s e l f - i n h i b i t i o n "  and  thus  r educed  
corrosion.  

2. The  presence  of e i ther  Ti or Zr  me t a l  at  the 
loop cold po in t  r educed  the  weigh t  of Fe corroded, 
b u t  Zr  was m o r e  effective t h a n  Ti. 

3. Add i t ion  of Zr  to Hg resu l t ed  in  a change  of 
corrosion f rom the  p r e d o m i n a n t l y  i n t e r g r a n u l a r  a t -  
t ack  f ound  in  the  Ti  and  u n i n h i b i t e d  loop to a 
t r a n s g r a n u l a r  at tack.  
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APPENDIX 
A. Mass transfer  equation for  dif]usion-limited cor- 

rosion in  nonisothermal dynamic liquid sy s t ems . - -The  
empirical heat flow equation (6) is given by 

Nu ---- 0.023 (Re) 0.s (Pr) 0.4 

where Nu is Nusselt modulus, Re, Reynolds number ,  
and Pr, Prandt l  number .  

The mass t ransfer  analogue is given by the equa-  
t ion 

( rd /D•  : 0.023 (Vd/~)~ (w/D) O.4 
o r  

r ~ 0.023 d -0.2 V 0.s D 0.6 v -0.4 AS 

where r is the corrosion r a t e / un i t  area/sec ~ g/cm~/ 
s ec, d the diameter  of pipe in  cm, D the diffusion co- 
efficient of solute in liquid, AS the equi l ibr ium solu- 
bi l i ty difference at max imum and m i n i m u m  tempera-  
tures in  g/cm 3, V the velocity in  cm/sec, and ~ the 
kinemat ic  viscosity of l iquid in  cm2/sec, and all values 
are calculated at the ma x i mum tempera ture  in the 
system. 

B. Applicat ion of mass transfer  equatian to case of  
low-carbon steel, Loop No. 125 in  mercury . - -Cond i -  
tions corresponding approximately to those found in 
Loop No. 125 are: d ---- 1.58 cm, V ---- 1.52 cm/sec, v 
6.83 x 10 -4 cm2/sec, Tmax ~ 1000~ Train ~ 600~ 
AS ---- 0.28 ppm or 3.5 x 10 -6 g /cm 3, D ---- 5 x 10 -5 cm2/ 
sec for Fe atom diffusion in Hg at 1000~ where D is 
estimated using the Stokes-Einstein relationship.  

Subst i tut ing these values in  the mass t ransfer  equa-  
t ion yields 

r = 4.75 x 10 -9 g/cm2/sec 

or a corrosion rate of 0.15 g/cm2/yr,  which is equiva-  
lent  to an  average penet ra t ion  of 8 mils /yr .  
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ABSTRACT 

A number  of mate r ia l s  w i th  a pe rovsk i t e - l ike  s t ruc ture  such as t i tanates ,  
s tannates,  niobates,  and cerates  have  been vapor  deposi ted by  a g r a i n - b y -  
gra in  evapora t ion  technique.  Also tungs ten  t r iox ide  has been  evapora ted ,  being 
d i rec t ly  sub l imed f rom a hot source. Analys is  by  e lect ron diffract ion showed 
tha t  deposi t ion onto hea ted  L iF  (100) or Au  (100) surfaces can y ie ld  single 
crys ta l  films of these mater ia ls .  Corresponding planes  and az imutha l  direct ions 
of the  cubic subs t ra te  and vapor  deposi ted substance were  found to be  equal  
except  for CaTiO3 where  a (110) p lane  was pa ra l l e l  to the  L iF  (100). The 
(100) p lanes  of N a F  y ie lded  films wi th  two az imutha l  or ientat ions.  Other  s ingle 
c rys ta l  subs t ra tes  such as Ge, Si, NaC1, CaF2, PbS, MgO, and mica r ende red  
the films polycrys ta l l ine ,  pa r t l y  wi th  p r e f e r r ed  orientat ions.  Wi th  the  except ion 
of WO~ the s t ruc ture  of the ep i taxed  films was ident ica l  wi th  tha t  of the  bu lk  
mater ia l .  

E x t e n s i v e  s tud ies  of e p i t a x y  h a v e  been  u n d e r -  
t a k e n  in  r e c e n t  yea r s .  E p i t a x i a l  v a p o r  depos i t ion ,  
h o w e v e r ,  has  u n t i l  n o w  been  c o n c e r n e d  on ly  w i t h  
c o n g r u e n t l y  e v a p o r a t i n g  m a t e r i a l s  such  as e l emen t s ,  
ha l ides ,  sulfides,  a n d  o t h e r  s imp le  c o m p o u n d s  t h a t  
f o r m  u n d i s s o c i a t e d  v a p o r  mo lecu le s  of t h e  s ame  
compos i t i on  as t he  sol id  or  l i qu id  e v a p o r a n t  (1 ) .  

T h e r e  is  c o n s i d e r a b l e  i n t e r e s t  in  t he  f e a s i b i l i t y  of 
p r e p a r i n g  s ing le  c r y s t a l  f i lms of t h e  doub le  ox ides  of 
t he  p e r o v s k i t e  s t r u c t u r e  w h i c h  c o m p r i s e  m a t e r i a l s  
of f e r roe lec t r i c ,  an t i f e r roe l ec t r i c ,  f e r r o m a g n e t i c ,  
and  a n t i f e r r o m a g n e t i c  p rope r t i e s .  T h e i r  r e f r a c t o r i -  
ness  and  t h e  f o r m a t i o n  of d i s soc i a t ed  v a p o r  spec ies  
w i t h  d i f fe r ing  vo l a t i l i t i e s  on h e a t i n g  m a k e  e v a p o r a -  
t ion  and  v a p o r  depos i t i on  of these  subs t ances  diffi- 
cult .  P r e v i o u s  efforts  w e r e  e x c l u s i v e l y  d i r e c t e d  t o -  
w a r d  t h e  p r e p a r a t i o n  of b a r i u m  t i t a n a t e  films. P o l y -  
c r y s t a l l i n e  f i lms w e r e  a c h i e v e d  b y  F e l d m a n  (2)  b y  
a c o m b i n a t i o n  of d i r ec t  e v a p o r a t i o n  a n d  s u b s e q u e n t  
h e a t  t r e a t m e n t  a t  a b o u t  1200~ in air ,  w h i c h  w a s  
n e c e s s a r y  to  r e a c t  t h e  d i s soc ia t ed  c o m p o n e n t s  BaO 
and  TiO2 t h a t  h a d  b e e n  depos i t ed  in  s equence  ac -  
co rd ing  to t h e i r  vo l a t i l i t y .  A g r a i n - b y - g r a i n  e v a p o -  
r a t i on  t e c h n i q u e  in  w h i c h  a s t r e a m  of  g r a i n s  of  t he  
e v a p o r a n t  is c o n t i n u o u s l y  v a p o r i z e d  f r o m  a ho t  b o a t  
was  u sed  b y  Mii l le r ,  Nicholson ,  and  F r a n c o m b e  (3)  
to depos i t  c r y s t a l l i n e  BaTiO~ f i lms in situ on s u b -  
s t r a t e s  he ld  at  a t e m p e r a t u r e  of a b o u t  500~ In  a 

sho r t  n o t e  (4 ) ,  i t  has  been  r e p o r t e d  t h a t  th i s  m e t h o d  
was  success fu l ly  a p p l i e d  to t he  e p i t a x i n g  of BaTiO8 
on LiF .  

Mol l  (5) ,  who  first  u sed  the  g r a i n - b y - g r a i n  e v a p -  
o r a t i on  t e c h n i q u e  for  b a r i u m - s t r o n t i u m  t i t ana t e ,  
c l a i m e d  to h a v e  v a p o r - d e p o s i t e d  s ing le  c r y s t a l  f i lms 
onto Pt ,  mica ,  and  N a F  at  a t e m p e r a t u r e  of 200 ~ 
u n d e r  t he  inf luence  of an  e l ec t r i c  field. These  c la ims  
w e r e  r e f u t e d  b y  R o d e r  (6) .  W e  f o u n d  i t  imposs ib l e  
to v e r i f y  Mol l ' s  r e su l t s  u n d e r  t he  g i v e n  e x p e r i -  
m e n t a l  condi t ions .  S ing le  c r y s t a l  f i lms h a v e  i ndeed  
been  p r e p a r e d  b y  d i f fe ren t  m e t h o d s  such as g r o w t h  
f r o m  so lu t ion  (7 ) ,  c h e m i c a l  e t ch ing  (6 ) ,  a n d  a w e t -  
t ing  t e c h n i q u e  (9) .  The  m i n i m u m  a c h i e v a b l e  t h i c k -  
ness  a n d  the  u s a b l e  a reas ,  h o w e v e r ,  a r e  v e r y  r e -  
s t r ic ted .  The  e p i t a x i a l  v a p o r  de pos i t i on  of b a r i u m  
t i t a n a t e  and  s i m i l a r  c o m p o u n d s  can  close th i s  gap.  

Experimental 
Sample preparation.--BaTi03,  SrTiO~, CaTiO3, 

NaNbOa,  and  BaSnO3 of c o m m e r c i a l  p u r i t y  w e r e  
used.  The  p o w d e r s  w e r e  d r y  p r e s s e d  to  a pe l l e t  in 
a d ie  w i t h  a p r e s s u r e  of 8 t o n s / c m  ~ a n d  h e a t  t r e a t e d  
a t  1300~ in a i r  b e t w e e n  1 a n d  10 h r  in  a P t  c ruc ib le .  
I t  was  conf i rmed  tha t  t h e  w e i g h t  loss was  less t h a n  
1%. The  s i n t e r e d  m a t e r i a l  was  c ru she d  in to  g r a in s  
w h i c h  w e r e  s i eved  to t he  r e q u i r e d  g r a i n  size, u s u a l l y  
100/200 mesh.  The  c o m p o u n d s  BaCeO3 a n d  SrSnO3 
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Fig. 1. Schematic view of the evaporation system 

were  first p r e p a r e d  f rom BaCO3, SrCO~, and  the  r e -  
spect ive  oxides by  m i x i n g  the  powders  in  the  de-  
sired propor t ion ,  p ress ing  to pel le ts  and  reac t ing  at 
1000~ then  repressed,  s in te red  and  s ieved as de-  
scr ibed above.  WO3 was used as commerc ia l  powder .  

The evaporation method.--The g r a i n - b y - g r a i n  
evapora t i on  me thod  has been  descr ibed in  de ta i l  
ear l ie r  (3) .  I t  has been  po in ted  out  tha t  two p ro -  
cedures  are possible, "flash evapora t ion"  and  " l iq -  
u i d - p o o l - e v a p o r a t i o n . "  The  l a t t e r  p rocedure  is no t  
easi ly pe r fo rmab le  for ma te r i a l s  w i th  componen t s  of 
ve ry  di f ferent  vapor  pressures .  Therefore ,  the first 
approach  was used in  the  p resen t  work.  The p r i n -  
cipal  opera t ion  can be seen in  Fig. 1. 

By the  ac t ion  of a v i b r a t o r  the  e v a p o r a n t  g ra ins  
t r ave led  s ing ly  down  a V- shaped  t rough,  the i r  
speed be ing  ad jus tab le .  F r o m  the  t rough  each g ra in  
falls s epa ra t e ly  on to a res i s t ive ly  hea ted  i r i d i u m  
boat  (a t  a r o u n d  2200~ evapora t i ng  successively 
("flash e v a p o r a t i o n " ) ,  and  fo rming  a fi lm on the  
hea ted  subs t ra te .  In  direct  ove r -a l l  evapo ra t i on  the  
more  vo la t i l e  oxide cons t i tuen t  or o ther  d issocia t ing 
vapor  is d r i v e n  off first, and  the  more  r e f r ac to ry  
par ts  la ter ,  t hus  m a k i n g  the deposi ted film l aye red  
in  composit ion.  In  g r a i n - b y - g r a i n  evapora t ion  each 
g ra in  con t r ibu tes  an  average  i n c r e m e n t  of fi lm 
th ickness  of less t h a n  a la t t ice  constant .  Thus  no  
macroscopic  layers  of d i f ferent  composi t ion  can  
arise, the  films as deposi ted are homogeneous .  In  our  
expe r imen t s  we gene ra l l y  used a d is tance  b e t w e e n  
boa t  and  subs t r a t e  of 8 cm and  a g ra in  size of 100/200 
mesh;  however ,  the  use of a mesh  size up to 40/60 
did not  change  the  resul ts .  

Some of the ma te r i a l s  used,  such as the a lka l i  
n ioba tes  and  the  s tanna tes ,  develop a cons iderab le  
vapor  p ressure  be low the  me l t i ng  point .  In  this  case 
the  g ra ins  fa l l ing  on to the  hot boat  r e b o u n c e  v io-  
l en t ly  on in i t i a l  contac t  before  they  can  l iquefy  a nd  
we t  the  boat.  This  sp i t t ing  effect is r educed  by  us ing  
a l a rger  g ra in  size or by  enclos ing the  space be -  
tween  boa t  and  subs t r a t e  by  a t ube  (e.g., of Ta ) .  
Poss ib le  compos i t iona l  a l t e r a t i on  of the  film deposi t  
is thus  avoided.  The  boa t  t e m p e r a t u r e  also is ad -  
ju s t ed  as low as possible  to give complete  e v a p o r a -  

t ion  of the gra ins  in  a r ea sonab le  t ime. F i l m  growth  
ra tes  of 1-3 A/ sec  were  normal .  

The boat  consisted of a res i s t ive ly  hea ted  i r i d i u m  
str ip 5 mils  th ick  wi th  a free surface  of abou t  20 
m m  2. I t  was held  by  Ta c lamps  wh ich  were  screened 
f rom the  subs t r a t e  because  of possible reac t ions  of 
Ta w i th  sca t tered  evaporan t .  The evapora t ion  proc-  
ess and  boat  t e m p e r a t u r e  were  observed t h r ough  an  
optical  pyromete r .  The t e m p e r a t u r e s  used,  corrected 
for an  emiss iv i ty  of 0.3 of Ir, va r ied  f rom 2050 ~ to 
2300~ for d i f ferent  subs tances  (see Table  I ) .  I r i d -  
i u m  impur i t i e s  f rom 0.1 to 5% due to its vapor  p res -  
sure  can be co r r e spond ing ly  expected;  this  was  con-  
f i rmed by  spectroscopical  analysis .  The vapor  pres -  
sure  w i th in  the bel l  j a r  of the  v a c u u m  sys tem could 
be kept  at 2 x 10 -5 Torr  by  me a ns  of a l iquid  n i t r o -  
gen  trap.  

The use of an  I r  boat  does no t  a l low the evapo ra -  
t ion  of some ve ry  r e f r ac to ry  perovsk i te  oxides such 
as zirconates,  thorates ,  t an ta la tes ,  a lumina tes .  Other  
boat  ma te r i a l s  such as W and  Ta incorpora te  large 
impur i t i e s  and  a high oxygen  deficiency in  the  
films (3) .  

T u n g s t e n  t r iox ide  is the  on ly  pe rovsk i t e - l i ke  
ma te r i a l  tha t  evapora tes  p rac t ica l ly  c o n g r u e n t l y  
(10, 15). A direct  s u b l i m a t i o n  of the  powder  f rom a 
P t  wi re  basket ,  onto which  it  was  appl ied  as a wa te r  
paste,  was  there fore  sufficient. 

Film depo~ition.--To fo rm subs t ra tes  c leaved 
crys ta l  plates of LiF,  NaC1, NaF, CaF2, MgO, PbS,  
abou t  10 x 5 x 1 m m  in size, or c leaved mica  sheets 
we re  used. Also t r ied  were  s ingle  crys ta ls  of Ge, and  
St, which  were  etched and  checked for surface  p e r -  
fect ion by  e lec t ron  diffract ion before  use. In  a few 
e xpe r i me n t s  s ingle  crys ta l  Au  films g r ow n  on NaC1, 
LiF,  and  mica  were  used. These  films, however ,  t end  
to peel  off af ter  deposi t ion of a second oxide film, 
especial ly  a long the c leavage steps. 

The subs t ra tes  were  r ig id ly  fas tened  to a copper  
block hea tab le  up  to 700~ (Fig.  1). I ts  t e m p e r a -  
t u r e  was  m e a s u r e d  by  a thermocouple .  Al l  subs t ra te  
t e m p e r a t u r e  va lues  in  this  paper  refer  to this  copper 
heater .  The  t r u e  t e m p e r a t u r e  of the  subs t r a t e  s u r -  
face migh t  be  lower  by  as m u c h  as 50 ~ . At  the  t e m -  
pe ra tu re s  of 500~176 found  for ep i tax ing ,  the  
t h e r m a l  e tch ing  effect u p o n  LiF,  NaF, or NaC1 by  
vapor iza t ion  is a l r eady  s t rong enough  to m a k e  
c leaving  jus t  before  use unnecessa ry .  

The th ickness  of the  deposi ted films was  ca lcu-  
la ted  f rom the weigh t  increase  per  u n i t  a rea  of a 

Table L Evaporation temperature and lattice constants of 
epitaxed materials 

E v a p o -  E v a p o -  L a t t i c e  cons tan t ,  A 
r a t ed  r a t i o n  E p i t a x e d  

s u b s t a n c e  t e m p ,  ~ L i t e r a t u r e  (11, 12) on L i F  

BaTiO3 2200 (3.992, 4.035) * 4.00 
SrTiO3 2250 3.905 3.90 
CaTiO8 2270 (3.819, 3.815, 3.819, 90o40 ')* 3.85 
BaSnO3 2060 4.116 4.13 
SrSnO3 2130 4.033 4.02 
BaCeO3 2130 4.377 4.38 
NaNbO3 2150 (3.916, 3.880, 3.916, 90~ * 3.90 
WO~ (1400) (3.637, 3.756, 3.824, 89~ ') * 4.10 

* R e f e r r i n g  to  t h e  p s e u d o  p e r o v s k i t e  u n i t  cel l  ( room t e m p e r a t u r e ) .  
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thin metal foil placed beside the substrate using 
density values obtained from the crystallographic 
data (11). 

Film analysis.--The deposited films were exam- 
ined in a Siemens Elmiscope I by reflection electron 
diffraction, employing the Siemens manipulator  in 
place of the projector lens. Single crystal films re-  
sulted in a streak or spot pattern. The path of the 
electron beam scanning the film surface was visible 
in the case of LiF by fluorescence. Diffraction pat-  
terns arise from areas with a length of substrate 
dimension up to 0.5 cm and the width of the electron 
beam. By scanning along the surface, the whole 
film could be investigated. Sometimes the single 
crystal pat tern was accompanied by a weak ring pat -  
tern, independently of film thickness. These rings 
are probably due to imperfections at the crystal 
edges and cleavage steps. Electrical charging of the 
highly insulating films made it difficult in some 
cases to obtain sharp patterns even when a decharg-  

Fig. 5. Electron diffraction pattern of BaCe03 film, 1080A 
thick, deposited at 600oC on LiF; azimuth [100]. 

Fig. 6. Electron diffraction pattern of SrTi03 film, 650A- thick, 
deposited at 600~ on LiF; azimuth [110]. 

Fig. 2. Electron diffraction patterns of BaTi03 films; a (left) 
920A thick, deposited on LiF at 600~ azimuth [100]; b 
(right) 850A thick, deposited on NaF at 600~ azimuth [100]. 

Fig. 7. Electron diffraction pattern of CaTiO3 film, 570A. thick, 
deposited at 550~ on LiF; azimuth [100]. (LiF spots visible). 

Fig. 3. Electron diffraction patterns of NaNbO3 films: a (left) 
380A. thick, deposited on LiF at 600~ azimuth [100]; b (left) 
370A thick, deposited on LiF at 500~ azimuth [100]. 

Fig. 4. Electron diffraction pattern of EaSn03 film, 1840A. 
thick, deposited at 550~ an LiF; azimuth [110]. 

ing gun was used. The LiF pat tern was used for 
calibration. 

Results 
Table I presents the substances investigated to- 

gether with the necessary evaporation temperatures.  
Other materials such as LaCrO~, LaA1Os, and 
NaTaO3 proved to be too refractory for evaporation 
from an Ir source (melting point 2454~ Apart  
f rom CaTiO3 the substances all epitaxed on LiF in 
cube parallel orientation, viz., (100) / / (100)  LiF, 
[001] / / [001]  LiF (Fig. 2-6). CaTiO~ (Fig. 7) was 
found to epitax (110) / / (100)  LiF, [001] / / [001]  
LiF. The diffraction pat tern of WO3 (Fig. 8a) indi- 
cates that the unit cell in the deposited film has 
double the dimensions of the pseudocubic cell, in 
agreement with the l i terature (12). However,  the 
lattice constant appeared about 10% larger (see 
Table I) .  Start ing the deposition process with black, 
oxygen deficient WO3 (as obtained by heating in 
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Fig. 8. Electron diffraction pattern of WO3 films: a (left) 
1850A thick, deposited at 500~ on LiF, azimuth 110; b (right) 
1850A thick, (with oxygen deficiency), deposited at 450~ on 
LiF, azimuth [110]. 

vacuum)  one obtains in teres t ing  var ia t ions  of the 
diffraction pa t t e rn  (Fig. 8b).  

BaTiO3, CaTiO3, NaNbOs, and WO~ can have a 
pseudocubic s t ruc ture  (12). The differences f rom 
cubici ty  are so sl ight  tha t  our examinat ion  would 
not  revea l  them. F r o m  the pa t t e rn  of NaNbO3 (Fig. 
3a) however,  there  is evidence for a l a rger  pseudo-  
te t ragonal  u n i t  cell in accordance with  Vousden 
(13) wi th  pa rame te r s  a = 5.5A and c - - 3 . 9 A .  

The spot intensi t ies  to be expected for  BaTiO3 are  
such tha t  there  are  no absences. In the case of atoms 
close in atomic number  as in BaSnOs, BaCeO~, and 
CaTiO3, however ,  spots wi th  mixed indices of odd 
sum are so weak  as to be unobservable  or ve ry  faint  
and may  not  reproduce  in the  figures. This gives for 
the [001 ] az imutha l  d i rect ion a pa t t e rn  tha t  appears  
to have or iginated f rom a body-cen te red  cubic 
s tructure.  

I t  is in teres t ing to note tha t  SrTiO~ epi taxes  on 
L iF  wi th  a la t t ice constant  of 4.1 ( instead of 3.9) 
when  evapora ted  f rom a tungsten boat. The tungs ten  
is oxidized on contact  and the oxide evapora tes  in-  
t roducing a la rge  amount  of impur i t ies  ( ~ 2 0 % )  and 
render ing  the film oxygen deficient. This explains  
the lat t ice distortion.  

Besides LiF,  sodium fluoride proved to be a sub-  
s trafe a l lowing ep i t axy  as shown for BaTiO3 (Fig. 
2b).  The az imuthal  orientat ion,  however,  is twofold 

(a) BaTiO~ [ 1 0 0 ] / / N a F  [100] 

(b)  BaTiO~ [ l l 0 ] / / N a F  [100] 

The misfit in the  first case is --13%, in the second 
one ~-23%. 

No ep i t axy  of these mater ia l s  on NaC1 (100), mica 
(00.1), or MgO (100) has been found at  subs t ra te  
t empera tu res  of 500 ~ and 600~ Bar ium t i t ana te  
r endered  p a r t l y  or iented films on Ge (100), Ge 
(110), Ge (111), Si (111), and on Au (111) films, 
p repa red  on a mica surface. However,  complete  
ep i t axy  was found on A u  (100) films p repa red  on a 
LiF  surface, using 630~ subst ra te  t empera ture .  
Both films had to be kept  thin enough to prevent  
peel ing (each about  200.&). 

The lower  l imit  of the t empera tu re  to yie ld  crys-  
ta l l ine  BaTiO~ films instead of amorphous  ones is 
about 500 ~ for the  substances used. Of the subst ra tes  
tr ied,  L iF  was the only one to have a lower  t e m p e r a -  
ture  l imit  for ep i taxy  of BaTiOs as low as 400~ 
giving a perfect  s t reak  pa t t e rn  even at  that  t em-  
pera ture .  No upper  l imit  has been found. A pract ica l  

l imi t  of 700~ is given by  the vola t i l i ty  of LiF.  For  
the other  mater ia l s  the lower  t empera tu re  l imit  of 
ep i t axy  was not inves t iga ted  extensively.  It seems 
tha t  evaporan t  mater ia l s  tha t  give off much vapor  
before reaching boat  t empera tu re ,  such as stannates,  
require  higher  ep i t axy  tempera tures .  F igure  3b 
shows the diffraction pa t t e rn  of a NaNbO~ film de-  
posi ted at  500~ the spots are  ex tended  as arcs, 
different  from the s t reak  pa t t e rn  of the  film depos-  
i ted at  600~ 

No thickness l imi t  in the  ep i t axy  of these pe rov-  
skite  mater ia l s  on LiF  has been found. Most films 
were  p repa red  with  a thickness of about  1000A. In 
the case of BaTiO3 the thickness of ep i taxed  films 
var ied  f rom 200 to l l ,000A.  It  is l ike ly  tha t  the  ve ry  
thin  films are not continuous, but  consist of islands 
of equal  orientat ion,  grown around  the nuclei.  

As indicated above, deposi t ion onto an unheated  
L iF  crys ta l  gives an amorphous film. Such an amor -  
phous film of ba r ium t i t ana te  was heat  t r ea ted  in air  
at  500~ for 20 hr. By the influence of the subs t ra te  
the film crysta l l ized in a s l ight ly  or iented way, 
showing an arched ring pa t te rn .  Ep i taxy  was, how-  
ever, not achieved. 

Discussion 

Of the inves t iga ted  mater ia ls ,  all  of those which 
have  the ideal  cubic perovsk i te  s t ruc ture  (a ~ 90 ~ 
at  the  deposit ion t e m p e r a t u r e  ep i taxed  on L iF  wi th  
complete ly  para l l e l  or ien ta t ion  and with  a la t t ice 
constant  fu l ly  agreeing wi th  tha t  of the bulk.  Of the 
mater ia l s  wi th  a d is tor ted  cubic unit  cell even at 
high tempera ture ,  CaTiO3 ep i taxed  in a different 
orientat ion,  whi le  WO~ prese rved  para l l e l  o r ien ta -  
tion, but  assumed a la t t ice  constant  about  10% 
larger.  

The fact tha t  L iF  has super ior  qual i t ies  to other  
s ing le -c rys ta l  substrates  in the  ep i t axy  of mater ia l s  
wi th  the perovski te  s t ruc ture  might  p a r t l y  be based 
on the good match  of the  lat t ice constants  (L iF  
4.01A). This is, however ,  not  a p r i m a r y  factor.  
BaCeO3 for instance, one of the  perovski te  mater ia l s  
wi th  a very  large  lat t ice constant  (4.36A), would 
match the la t t ice  of MgO (a = 4.21) be t t e r  than  tha t  
of L iF  (a  = 4.01), but  ep i t axy  occurs only on the 
la t ter .  The re la t ive ly  low ep i tax ia l  t e m p e r a t u r e  for 
these re f rac to ry  mater ia l s  suggests tha t  pa r t  of the 
kinet ic  energy of the  oncoming vapor  molecules is 
effective for overcoming the necessary potent ia l  
wal ls  for epi taxy.  

The possibi l i ty  of ep i tax iaI  vapor  deposi t ion of 
single crys ta l  films in situ suggests the fol lowing 
qua l i ta t ive  analysis  of the g r a i n - b y - g r a i n  and de-  
posit ion process. In the case of BaTiO3 the grains 
heated up in vacuum by the boat  s tar t  to lose oxygen 
at  760~ according to Chebkasov (14), which 
renders  the ma te r i a l  b lack and semiconducting.  The 
oxygen reaching the subs t ra te  recompensates  any 
oxygen deficiency left  on the prev ious ly  formed l ay -  
ers of the film. At  about  2100~ the oxygen deficient 
l iquefied gra in  s tar ts  to evapora te  f rom the boat, 
forming at first ma in ly  BaO and then TiO2 molecules 
together  wi th  the corresponding suboxides and dis-  
sociated metals  and oxygen. This can be infer red  
f rom the evapora t ion  character is t ics  of the BaO and 
TiO2 phases (15). The vapor  species, which impinge 
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t h e  su r f ace  w i t h  d i f f e ren t  t e m p e r a t u r e s ,  a r e  a d -  
so rbed  in less  t h a n  a m o n o l a y e r  t h i cknes s  a n d  p u t  
in to  t h e  r i g h t  s t r u c t u r a l  pos i t ions .  Bo th  k ine t i c  e n -  
e r g y  of t he  i n c o m i n g  mo lecu l e s  and  the  h e a t  of t he  
s u b s t r a t e  s eem to be  effect ive.  F r o m  t h e  h igh  r e -  
s i s t i v i t y  of t he  f i lms (3)  and  the  t r a n s p a r e n c y  w e  
can  c o n c l u d e  t h a t  i n d e e d  p r a c t i c a l l y  a l l  d i s soc i a t ed  
o x y g e n  has  been  r e a b s o r b e d  b y  t h e  la t t ice .  S t o i -  
c h i o m e t r y  of t he  f i lm is t hus  p r e s e r v e d  in t h e  f in-  
i shed  film. F o r  t he  o t h e r  c o m p o u n d  ox ides  a s i m i l a r  
e v a p o r a t i o n  m e c h a n i s m  can  be  expec t ed .  

Depos i t i on  on conduc t i ve  sur faces ,  such  as a A u  
(100) ,  w o u l d  p r o v i d e  a c o n v e n i e n t  m e a n s  to d e t e r -  
m i n e  t h e  e l e c t r i c a l  p r o p e r t i e s  of such compounds ,  
m a n y  of w h i c h  h a v e  on ly  been  i n v e s t i g a t e d  as p o l y -  
c r y s t a l l i n e  ma t e r i a l s .  Con t inuous  t h in  s ing le  c r y s t a l  
A u  films, h o w e v e r ,  cou ld  no t  b e  used  for  th i s  
p u r p o s e  b e c a u s e  of t h e  d i s r u p t i v e  and  pee l ing  effects 
d u r i n g  depos i t ion .  B u l k  m e t a l  s ingle  c rys t a l s  shou ld  
b e  m o r e  a p p r o p r i a t e .  

The  success fu l  e p i t a x y  of  a v a r i e t y  of m a t e r i a l s  
w i t h  a p e r o v s k i t e  s t r u c t u r e  b y  t h e  m e t h o d  of g r a i n -  
b y - g r a i n  e v a p o r a t i o n  m a k e s  i t  l i k e l y  t h a t  th i s  t e c h -  
n i q u e  is f ea s ib l e  for  t he  p r e p a r a t i o n  of s ing le  c r y s t a l  
f i lms of a l loys ,  d i s soc ia t ing  oxides ,  c o m p l e x  c o m -  
pounds ,  or  m i x t u r e s  b e t w e e n  them.  
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Trace Impurity Effects on Growth Hillocks 
during Epitaxial Electrodeposition from 

Copper Perchlorate Solutions 
D. Shanefield and P. E. Lighty 

ITT Federal Laboratories, Nutley, New Jersey 

ABSTRACT 

Growth  hi l locks ord inar i ly  cover the surface of copper  e lectrodeposi ts  f rom 
reagent  grade solutions. A 75% decrease in the  number  of hi l locks was observed  
when  the p la t ing  baths  were  purif ied by  p re -e lec t ro lys i s  and oxidation.  When  
gelat in  or Pb  + + were  added  in par t s  p e r  mi l l ion  or par t s  pe r  bi l l ion concen- 
t ra t ion  to the  purif ied solutions, the surfaces of new electrodeposi ts  were  then 
comple te ly  covered wi th  growth  hillocks. I t  is concluded tha t  the  fo rmat ion  of 
surface fea tures  dur ing  e lect rodeposi t ion f rom reagent  grade  solutions is a f -  
fected by  the presence of t race  impuri t ies .  

The  g r o w t h  b y  e l e c t r o d e p o s i t i o n  of coppe r  s ing le  
c rys t a l s  w i t h  r e g u l a r  f lat  face ts  w a s  first  r e p o r t e d  
b y  von S c h w a r z  (1)  in  1915. Much  of t h e  r ecen t  
w o r k  on t h e  e l e c t r o l y t i c  g r o w t h  of coppe r  s ing le  
c rys t a l s  has  been  c o n c e n t r a t e d  on the  g r o w t h  h a b i t s  
of copper  as depos i t ed  in  t h in  l a y e r s  onto e l e c t r o -  
po l i shed  coppe r  subs t r a t e s .  Spec i a l  a t t e n t i o n  has  
been  g i v e n  to e l e c t r o d e p o s i t i o n  g r o w t h  sp i r a l s  in  
connec t ion  w i t h  d i s loca t ion  t heo r i e s  of c r y s t a l  
g r o w t h  (2)  and  to t he  o t h e r  shapes  of g r o w t h  

h i l locks  f o r m e d  u n d e r  v a r i o u s  e l e c t r o d e p o s i t i o n  con-  
d i t ions  (3 ) .  H o w e v e r ,  t he  mic roscop ic  a p p e a r a n c e  
of t he  f ace t  su r f aces  on t h e  e l e c t r o d e p o s i t e d  c rys t a l s  
is s o m e w h a t  unusua l ,  and  t h e  su r f a c e  f e a t u r e s  con-  
sist  of rows  of r e g u l a r  g e o m e t r i c a l l y  s h a p e d  g r o w t h  
h i l locks  and  s teps  (3) .  The  u s u a l  l e s s - g e o m e t r i c  
s teps  or  g r o w t h  l a y e r s  w h i c h  a r e  a p p a r e n t  on m a n y  
o t h e r  t y p e s  of c r y s t a l s  can  also be  seen,  and  i t  has  
been  s u g g e s t e d  t h a t  t he se  s m a l l  s t eps  coalesce  b y  
the  s o - c a l l e d  b u n c h i n g  (4)  m e c h a n i s m  to f o r m  t h e  
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geometr ic  growth hil locks on electrodeposi ts  (5).  
The bunching mechanism was used prev ious ly  to 

expla in  cer ta in  detai ls  of crysta l  growth by  non-  
e lectrolyt ic  means. In  accordance wi th  the theory  
that  adatoms are most l ike ly  to set t le  in the kinks  
on monomolecular  surface steps, thus promot ing  
growth  by  l a te ra l  en la rgement  of the steps, these 
steps have  been observed to sweep across the g row-  
ing crystal .  The bunching theory  deals wi th  the 
coalescing of steps to form larger  surface features.  

Very  low steps, one or a few molecules high, have 
been observed occasionally wi th  the  e lect ron mic ro-  
scope, both wi th  (6) and wi thout  (7) a spi ra l  con- 
figuration. Many examples  have also been noted in 
vis ible  l ight  studies where  the growth  steps were  
high enough to be seen wi th  an o rd ina ry  or a phase 
microscope. These steps could be observed to grow 
la tera l ly ,  and thei r  velocit ies were  measured.  It was 
noted most often tha t  the steps of lowest  height  
moved fastest  ( 8 ,9 ) ,  a l though exceptions were  
noted also (10). A theoret ica l  explana t ion  for this 
difference in l a te ra l  velocities was suggested by  
Cabrera  and Vermi lyea  ( l l a ) .  

In the ma jo r i ty  of observable  cases, the moving 
steps are  thousands of molecules high (12). If an 
imperfect ion in the  subs t ra te  or a loosely adsorbed 
impur i ty  should slow the motion of a low step 
enough for another  step to catch up and thus form a 
new step of double height,  then the new one, since 
it moves more slowly, wi l l  au tomat ica l ly  absorb the 
succeeding low steps, and a large,  slow moving wal l  
wi l l  be formed ( l l a ) .  This process has also been 
t r ea ted  by  a s ta t is t ical  approach (13) in the same 
manner  as the waves of automobiles  on crowded 
h ighways  have been ma themat i ca l ly  descr ibed (14). 
For  both electrolyt ic  (5) and other types  (9) of 
crys ta l  growth,  the  v is ib ly  large  steps have indeed 
been observed to grow higher  as they  progress  along 
the surface, p r e sumab ly  because they  were  absorb-  
ing invis ib ly  small  steps. The steps also have been 
observed to appear  as regu la r  geometr ic  figures as 
the la te ra l  motion progresses both in e lectrolyt ic  
(5) and in other types (9) of growth.  The r isers  of 
the steps genera l ly  become low index faces. 

Imperfect ions  or impur i t ies  might  be expected to 
impede  the small  steps mechanical ly ,  in i t ia t ing the 
bunching action (11), or a high concentrat ion of im-  
pur i t ies  might,  by p re fe ren t ia l  adsorption,  s tabil ize 
the facets which comprise the r iser  or the t read  of 
the  step (13). The impur i t ies  have been observed to 
increase the s tep height  (2, 15), and, in another  case, 
to decrease i t  (9).  The edges or r isers  of the growth  
steps sometimes are a r ranged  in geometr ic  shapes 
dur ing nonelect rolyt ic  crysta l  formation,  giving an 
appearance  s imi lar  to that  of the  growth  hil locks on 
electrodeposi ted copper. In  one repor ted  example  
of nonelect rolyt ic  growth,  the regu la r  geometric  a r -  
rangement  of step edges was no rma l ly  absent,  but  
could be brought  about by  the addi t ion of a cer ta in  
impur i ty  to the solution (9).  In another  case, im-  
perfect ions in the subs t ra te  were  shown to be un -  
corre la ted  wi th  growth  py ramids  on a v a p o r - g r o w n  
Ge deposit  (16). 

The growth  of meta l  crysta ls  by  electrodeposi t ion 
is ex t r eme ly  sensi t ive to contaminat ion effects. The 

impur i t ies  present  in reagent  grade  chemicals  are 
too concentrated for reproducib le  single crys ta l  
growth  by this method (17) and must  be removed  
by special  t rea tment .  An extensive catalog of growth  
hil lock shapes is now avai lab le  f rom the l i t e ra tu re  
on electrodeposi t ion f rom special ly  purif ied solutions 
under  various condit ions of cur rent  density,  etc. 
However,  it  is possible tha t  those growth  hil lock 
shapes are not specific to the repor ted  conditions, 
but  are specific to the combinat ion of repor ted  con- 
ditions and the unknown impuri t ies .  In order  to in-  
vest igate  this point,  a t t empts  at  fu r ther  purif icat ions 
were  made dur ing the present  study. 

Since the anion in a p la t ing  bath  is wel l  known to 
affect the electrodeposi t  and to in terac t  wi th  im-  
puri t ies,  it was desired tha t  the  anion in the present  
s tudy be as nea r ly  iner t  as possible wi th  respect  to 
adsorpt ion on the crys ta l  surface. Perch lora te  ion, 
being s t rongly ionic, could be expected to be weak  
in its covalent  and adsorpt ion propert ies .  Whi le  
there  have been cases of covalent  proper t ies  (18a) 
and e lec t ropla t ing  occlusion (18b) repor ted  with  
perchlora te  ion, the  ion and its components  gen-  
e ra l ly  are not found to be occluded into e lect roplates  
as much as a re  other anions in commercia l  p la t ing 
baths. In addition, adsorpt ion onto steel  electrodes 
has been shown to be less wi th  C104- than  wi th  
other common anions (19). The copper was the re -  
fore e lectrodeposi ted f rom Cu(C104)e solutions in 
the  present  study.  

In several  previous  electrodeposi t ion studies (2, 
5, 20), removal  of sur face-ac t ive  impuri t ies ,  espe-  
cial ly organics, has been effected by  the use of ac-  
t iva ted  charcoal. However,  in the  present  s tudy i t  
was found tha t  t races of ac id-soluble  mater ia l s  
which absorb vis ible  and u.v. l ight  could cont inu-  
ously be leached out of var ious  types  of charcoal,  
even af ter  long extract ion.  

Since oxidat ion has been shown to remove con- 
t aminan ts  f rom electrodeposi t ion baths  where  char-  
coal had fai led (2, 21, 22), it  was decided tha t  the  
perchlora te  ion i tself  should be used as an oxida t ive  
purif ier  to replace  the commonly repor ted  charcoal  
t rea tment .  

Cationic impur i t ies  were  removed by  p r e - e l ec -  
t rolysis  in a long column (23), whereby  the solution 
would come in contact  wi th  a fresh electrode surface 
as it  moved along the column. Heavy  deposits of 
fine copper powder  in the  pre -e lec t ro lys i s  column 
will  p resumably  act to adsorb and occlude im-  
puri t ies .  

Experimental 
Electrodeposi t ions were  car r ied  out on subst ra tes  

cut f rom zone refined copper single crysta ls  grown 
by the Br idgman method:  Pu r i t y  was repor ted  by  
the suppl ier  1 to be 99.999+%. Spectrochemical  
analysis  revealed  less than 10 ppm of ident if iable  im-  
puri t ies,  chiefly lead and tin. 

Af te r  cutt ing with  a d i amond-g r i t  wheel  to ex-  
pose a (100) face and then degreasing,  the  subs t ra te  
c rys ta l  was e lectropol ished in a ro ta t ing  cathode ap -  
para tus  (23). Al l  electrodeposi t ions were  on faces 
cut to wi th in  3 ~ of the  (10O) plane. Af te r  e lect ro-  

1 O b t a i n e d  f r o m  t h e  V i r g i n i a  I n s t i t u t e  f o r  Sc ien t i f i c  Research, 
R i c h m o n d ,  Va .  
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po l i sh ing  in  50% v / v  o r t h o p h o s p h o r i c  acid,  t he  s u b -  
s t r a t e s  w e r e  r i n sed  in 10% o r t h o p h o s p h o r i c  acid,  
t hen  in p e r c h l o r i c  acid,  a n d  t hen  t w i c e  in p o r t i o n s  
of the  pur i f i ed  e l e c t r o d e p o s i t i o n  ba th ,  w h i c h  p o r -  
t ions  w e r e  t hen  d i s ca rded .  No p l a s t i c  m a s k i n g  was  
used  on t h e  subs t ra t e s .  I m m e r s e d  a r e a s  i n c l u d e d  the  
h a l f - i n c h  d i a m e t e r  face  and  a s m a l l  p a r t  of t he  s ides  
of the  c y l i n d r i c a l  c rys ta l s .  

A n o d e s  d u r i n g  e l e c t r o d e p o s i t i o n  w e r e  g r a p h i t e  
rods  o r d i n a r i l y  used  as s p e c t r o g r a p h i c  e lec t rodes .  
These  w e r e  u sed  i n s t e a d  of so lub le  coppe r  anodes  in  
o r d e r  to avo id  t h e  i n t r o d u c t i o n  of c o n t a m i n a n t s ,  
s ince t he  copper  anodes  could  no t  be  pur i f i ed  as 
t h o r o u g h l y  as cou ld  the  p l a t i n g  solut ions .  

The  Cu (C104)2 so lu t ions  w e r e  m a d e  f r o m  s p e c t r o -  
g r a p h i c a l l y  p u r e  coppe r  ox ide  2 d i s so lved  in  t r i p l e  
d i s t i l l ed  w a t e r  and  doub le  v a c u u m  d i s t i l l ed  p e r -  
ch lor ic  acid.  ~ The  so lu t ion  was  a p p r o x i m a t e l y  ha l f  
m o l a r  in  Cu(C104)2 a n d  one m o l a r  in  HC104 a f t e r  
p r e - e l e c t r o l y s i s .  

T h e  con ta in ing  vesse l s  for  re f lux ing ,  p r e - e l e c t r o l -  
ysis ,  and  e l e c t r o d e p o s i t i o n  w e r e  a l l  c o n s t r u c t e d  of 
fused  si l ica.  Be fo re  use,  each  vesse l  a n d  g r a p h i t e  
e l ec t rode  was  r i n sed  in ho t  or  bo i l ing  72% HC104. 

Befo re  use,  t he  e l e c t r o d e p o s i t i o n  so lu t ion  was  r e -  
f luxed  for  1 h r  so t h a t  t h e  excess  p e r c h l o r i c  ac id  
w o u l d  ox id ize  o rgan ic  impur i t i e s .  T h e r e  w a s  some 
d a n g e r  t h a t  t he  Cu(C10~)2 m i g h t  c r y s t a l l i z e  on t h e  
w a l l s  of t h e  a p p a r a t u s .  D r y  coppe r  p e r c h l o r a t e  can  be  
d a n g e r o u s  w h e n  h e a t e d  (24) .  T h e r e f o r e  t he  r e f l ux -  
ing a p p a r a t u s  was  of one  piece,  w i t h  no jo in t s  w h e r e  
sol ids  m i g h t  col lect .  I t  cons i s ted  of a v e r t i c a l  q u a r t z  
t ube  w i t h  a b u l b  b l o w n  on the  l o w e r  end  a n d  a 
w a t e r  j a c k e t  a r o u n d  the  u p p e r  end.  H e a t i n g  of 30 cc 
ba t ches  was  done  on a sand  ba th ,  b e h i n d  a h e a v y  
m e t a l  shie ld .  

R e m o v a l  of ca t ion ic  i m p u r i t i e s  was  t h e n  done  
b y  p r e - e l e c t r o l y s i s  in  an  18 in. long co lumn.  Each  
e l e c t r o d e  cons i s ted  of s e v e r a l  g r a p h i t e  rods ,  n o r -  
m a l l y  used  as s p e c t r o g r a p h i c  a rc  e lec t rodes ,  l a id  end  
to end  in  a ho r i zon t a l  q u a r t z  tube .  T h e  so lu t ion  was  
passed  s l o w l y  t h r o u g h  the  a p p a r a t u s  and  a b o u t  ha l f  
of i ts  copper  con ten t  was  r e m o v e d  e l e c t r o l y t i c a l l y  
a t  a c u r r e n t  of s e v e r a l  ampere s .  A b o u t  500 cou lombs  
w e r e  p a s s e d  t h r o u g h  each  90 cc of so lu t ion .  T h e  f i rs t  
and  las t  p o r t i o n s  of t he  so lu t ion  w e r e  d i sca rded .  

The  e l e c t r o d e p o s i t i o n  of s ingle  c r y s t a l s  took  p l ace  
in a 100 cc q u a r t z  b e a k e r  con t a in ing  30 cc of so lu -  
t ion.  The  B r i d g m a n - g r o w n  copper  s u b s t r a t e  w a s  
s u s p e n d e d  w i t h  i ts  e l e c t r o p o l i s h e d  face  i m m e r s e d ,  
a n d  the  g r a p h i t e  anode  was  i m m e r s e d  n e a r b y .  The  
e l e c t r o d e p o s i t i o n  a n d  also the  p r e v i o u s  e l ec t ro ly t i c  
pu r i f i ca t ion  and  s u b s t r a t e  w a s h i n g s  w e r e  p e r f o r m e d  
in a g love  box  be ing  c o n t i n u o u s l y  s w e p t  w i t h  f i l t e red  
n i t rogen .  This  was  to p ro t ec t  aga in s t  dus t  or  o the r  
a i r b o r n e  c o n t a m i n a n t s  t h a t  h a v e  b e e n  n o t e d  to  
affect  t he  sens i t ive  e l e c t r o d e p o s i t i o n  p rocess  (21, 
25).  A l l  e l ec t rodepos i t i ons  w e r e  a t  r o o m  t e m p e r a -  
t u r e  and  10 m a / c m  2. 

I m p u r i t i e s  to be  a d d e d  w e r e  w e i g h e d  a n d  t h e n  
d i s so lved  in  w a t e r  in  v o l u m e t r i c  flasks.  F u r t h e r  d i -  
l u t ion  was  done  b y  p i p e t t i n g  s amp le s  in to  success ive  

2 Obtained from Jarrel l -Ash Company,  N e w t o n v i l l e ,  Mass.  

D i s t i l l e d  a n d  s h i p p e d  i n  Vycor ,  u n d e r  v a c u u m .  P r e p a r e d  and  d is -  
t i l l e d  by  G.  F.  S m i t h  C h e m i c a l  Co., C o l u m b u s ,  Ohio.  
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f lasks  of w a t e r ,  and  0.1 cc of t h e  d i l u t e d  so lu t ion  was  
t h e n  p i p e t t e d  into  t he  e l e c t r o d e p o s i t i o n  ba th .  

Results 

Unpur i f i ed  Cu(C104)2 so lu t ions  gave  e l e c t r o -  
depos i t s  w h i c h  v a r i e d  s o m e w h a t  b u t  g e n e r a l l y  a p -  
p e a r e d  u n d e r  the  mic roscope  to  b e  s i m i l a r  to those  
r e p o r t e d  p r e v i o u s l y  for  Cu (C104) 2 so lu t ions  (3)  a n d  
CuSO4 so lu t ions  (5 ) .  

E l ec t rodepos i t i ons  f rom so lu t ions  w h i c h  h a d  b e e n  
pur i f i ed  b y  bo i l ing  a n d  p r e - e l e c t r o l y s i s  h a d  some 
a r e a s  in  w h i c h  mic roscop ic  a p p e a r a n c e  w a s  t h e  s a m e  
as t h a t  of depos i t s  f r o m  unpu r i f i ed  solut ions .  Th is  is 
shown  in Fig.  1. The  g e o m e t r i c  g r o w t h  h i l locks  a r e  
p y r a m i d s ,  some of w h i c h  h a v e  t r u n c a t e d  s q u a r e  
tops.  

In  five runs  w i t h  pur i f ica t ion ,  an  a v e r a g e  75% 
of t he  depos i t  su r f ace  was  smooth ,  w i t h  f ew  geo-  
m e t r i c  su r f ace  f e a t u r e s  a t  460 d i a m e t e r s  magn i f i c a -  
t ion.  A n  e x a m p l e  of th is  a p p e a r a n c e  is i l l u s t r a t e d  
in Fig .  2. Some  po r t i ons  of  t he  s m o o t h e r  75% of  t h e  
su r f ace  h a d  an  i r r e g u l a r  r i d g e  s t ruc tu re ,  as  i l l u s -  

Fig. 1. Photomicrograph of part of the surface of a single 
crystal copper electrodeposit from a purified solution. It can be 
seen that this small part of the surface is completely covered by 
growth hillocks. Deposit is about 6~ thick. Magnification approxi- 
mately 360X. 

Fig. 2. A different part of the same surface that is shown in 
Fig. 1. Surface is not quite as smooth as that of the original elec- 
tropolished substrate. Magnification approximately 360)(. 
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trated in Fig. 3. At  higher magnification, finer sur- 
face markings are visible, as in Fig. 4, while the 
original electropolished surfaces had appeared per-  
fectly smooth at the highest magnification with 
visible light. Deposit thicknesses were approxi-  
mately 6t~. Laue back-reflection photographs showed 
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Fig. 3. A different part of the same surface that is shown in 
Fig. 1 and 2. Magnification approximately 360X. 

Fig. 4. The same view as shown in Fig. 2 but at higher magni- 
fication (approximately 1040X). The appearance of the area in 
Fig. 3 at the higher magnification is similar. 

Fig. 6. Electron micrograph of a small portion of the area 
near the center of Fig. 2. Magnification approximately 12,500X. 

that  the deposits were single crystals and epitaxial 
with the substrate. 

Deposits which were about 50# thick had a similar 
appearance, but with deeper ridges, as shown in Fig. 
5. This structure is closely similar to the results re-  
ported by the group at the University of Birming- 
ham for lower current density deposits from char-  
coal-purified CuSO4 baths (26). Laue back-reflec- 
tion photographs showed that  the 50t~ deposits were 
also single crystals. At this thickness, the deposit is 
responsible for essentially all of the reflected 
x- rays  (27). 

Substrates weighed before and after deposition 
showed cathode efficiencies of approximately 100%, 
in agreement with previous work with epitaxial cop- 
per deposition at low current  densities (3b). 

With the purified solutions, electron micrographs 4 
of the smooth area of the deposit surfaces showed no 
discrete steps and no discernible geometric shapes. 
Expectations that  very  low steps might be visible 

4 E l e c t r o n  m i c r o g r a p h s  w e r e  t a k e n  b y  E r n e s t  F.  F u l l a m ,  Inc . ,  
S c h e n e c t a d y ,  N.  Y. 

Fig. 5. Photomicrograph of a smooth part of a 50~ thick electro- 
deposit. Magnification approximately 360X. 

Fig. 7. Micrograph of electrodeposit from a purified bath to 
which 1 ppm of gelatin had been added. Magnification approxi- 
mately 360X. 
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were  not  fulfilled. A typ ica l  e lectron micrograph,  
as shown in Fig. 6, is s imi lar  to publ i shed  photo-  
graphs of e lec t ropla ted  po lycrys ta l l ine  nickel  (28). 

USP gelat in  ( f rom Eli L i l ly  pharmaceut ica l  cap-  
sules) was added to the  purif ied Cu (C104)2 solutions 
in decades of concentrat ion,  and electrodeposi ts  were  
then made. F resh ly  electropol ished subst ra tes  were  
used for each deposition, since microscopic exami -  
nat ion was found to al low contaminat ion of the 
surface (a second pla t ing was often po lycrys ta l l ine ) .  
When the ba th  contained 1 ppm of gelatin,  the sur -  
face appearance  of a 6t~ electrodeposi t  was as shown 
in Fig. 7. A Laue photograph,  Fig. 8, indicates po ly -  
crys ta l l in i ty .  The solution was boiled for 1 hr, and 
the act ive components  of the gelat in  were  thus  de -  
stroyed. Subsequent  e lectrodeposi t ion on a f reshly  
electropol ished surface gave a deposit  which was 
about 75% free of growth  pyramids ,  as shown in 
Fig. 9. The Laue  pa t t e rn  indicates a single crystal ,  
as in Fig. 10. 

Gelat in  at  0.1 p p m  produced p y r a m i d - c o v e r e d  
deposits, s imilar  to the resul ts  wi th  unpurif ied 
Cu(C104)2 solutions (Fig. 1). A t  0.01 ppm gelat in  
concentrat ion,  about 40% of the e lectrodeposi t  was 
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Fig. 10. Laue back-reflection x-ray photo of deposit shown in 
Fig. 9. 

Fig. 8. Laue back-reflection x-ray photo of deposit shown in 
Fig. 7. 

Fig. 9. Micrograph of electrodeposit from bath which had been 
boiled after the addition of the gelatin, Magnification approxi- 
mately 360X. 

Fig. 11. Micrograph of electrodeposit from a purified bath to 
which 0.01 ppm of gelatin had been added. Magnification approxi- 
mately 360X. 

f ree  of g rowth  pyramids ,  as in Fig. 11. A t  0.001 
ppm, the  deposi t  appeared  the same as wi th  no gela-  
t in added (Fig. 1, 2). 

The above concentrat ions are  calculated f rom the 
di lut ions of the gelat in  solutions added. However,  
the ac tual  concentrat ions in the baths  might  be 
different  f rom the calculated values  due to such 
factors as gelat in  adsorpt ion onto the vessel  walls. 

Pb(C104)2 was added (as PbCO~) to give a con- 
centra t ion of 4 ppm in a boi led and p re -e lec t ro lyzed  
Cu(C104)2 solution. The subsequent  e lectrodeposi t  
h a d  the appearance  of deposits f rom purif ied solu- 
tions , except  that  small  growth  hil locks were  also 
visible,  as in Fig. 12. The electrodeposi t ion solution 
was then p re -e lec t ro lyzed  again,  removing approx i -  
mate ly  half  of the remain ing  copper, but  subse-  
quent  electrodeposi ts  were  not as free of growth 
hil locks as were  the deposits shown in Fig. 2 and 3. 
They were,  however ,  smoother  than  the deposits 
made before the  second pre-e lec t rolys is .  

A boiled and p re -e lec t ro lyzed  Cu(CIO4)2 solution 
f rom which flat surfaces had been electrodeposi ted 
was s tored in a covered P y r e x  beaker  in the glove 
box overnight .  An electrodeposi t  f rom this solu- 
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Fig. 12. Electrodeposit from a purified bath to which 4 ppm of 
Pb ++  had been added. Magnification approximately 360X. 

t ion showed a large  degree of coverage wi th  growth  
hillocks. This solution was fu r the r  boi led and p re -  
electrolyzed,  and flat e lectrodeposi ts  s imilar  to those 
shown in Fig. 2 and 3 were  electrodeposi ted f rom the 
solution. 

Discussion 
Pre-e lec t ro lys i s  and perch lora te  oxidat ion t r e a t -  

ments change the solution so as to decrease the sur -  
face densi ty  of g rowth  hillocks. The opposite effect 
occurs when impur i t ies  are added. Therefore,  it is 
p robable  that  p re -e lec t ro lys i s  and oxidat ion are 
pur i fy ing  the solution. 

However,  it  is also possible that  an impur i ty  is 
i nadver t en t ly  added dur ing  the a t t empts  at  puri f ica-  
tion, and tha t  this impur i ty  is one whose effect is 
to inhibi t  bunching. The spect rographic  grade  
graphi te  anodes are  un l ike ly  to introduce significant 
inorganic impuri t ies ,  but  a res idue of ungraphi t ized  
t a r  b inder  could possibly contaminate  the solution 
in the par t s  per  bi l l ion range  of organic impuri t ies .  
Mere contact  of a solution with  a piece of plast ic  has 
been shown to affect the kinetics of subsequent  elec-  
t rodeposi t ion (29). Al though the same type  of 
anodes are used in both the  pre -e lec t ro lys i s  and the 
deposi t ion cells, there  is more total  bubbl ing  dur ing  
the pre -e lec t ro lys i s  than  dur ing the plat ing,  and 
more impur i t ies  might  be dislodged. 

Evidence in favor  of the purif icat ion hypothesis  is 
tha t  contaminat ion wi th  gelat in  has the same effect 
as a l lowing the solution to stand overnight .  I t  seems 
more l ike ly  tha t  s tanding would int roduce impur i -  
ties than  tha t  it  would al low impur i t ies  f rom puri f i -  
cation a t tempts  to dis integrate .  

There wi l l  be some uncer ta in ty  on these points 
unt i l  the  agents which are removed  (or added)  by  
the purif icat ion a t tempts  can be analyzed  at  these 
low levels of concentrat ion.  The electron micro-  
graphs  show tha t  there  a re  other  types  of surface 
features  present ,  and possibly there  are different  
growth mechanisms and impur i t ies  involved,  in 
different  orders  of magni tude.  These appearances  
can be mis leading:  sput te red  micropolycrys ta l l ine  
copper sometimes forms f la t - topped hil locks and 
steps (32) which appea r  ve ry  s imi lar  to the  e lec t ro-  
deposi ted single c rys ta l  copper h i l locks  in Fig. 4 of 

Barnes '  paper  (3a) ( f rom perch lora te  solut ions) .  I t  
must  be noted, in perspect ive,  tha t  h i l lock- f ree  
single crystals  of nickel  have  been e lect rodeposi ted  
f rom ord inary  reagent  grade  solutions (30), a l -  
though the same workers  produced only hi l lock-  
covered crystals  under  s imi lar  conditions (31). 

Conclusions 
Under  the conditions repor ted  here, e lec t rode-  

posits f rom Cu-(C104)e solutions of o rd ina ry  reagent  
pu r i ty  normal ly  are  covered with  growth  hil locks 
which p re sumab ly  nucleate,  take  shape, and merge  
cont inuously dur ing the growth  of the e lec t rode-  
posit. 

The surface concentra t ion of g rowth  hil locks is 
significantly decreased when the solution is t r ea ted  
by  oxidat ion and pre-e lec t ro lys is .  

Since this effect is the  opposite of the  effects of 
impur i ty  addi t ion and of overnight  storage, i t  is 
p robab le  tha t  the hi l lock decrease is due to the re -  
moval  of unidentif ied impuri t ies .  

The h i l lock-f ree  surfaces are  not smooth on the 
scale of electron microscope observations.  

Acknowledgment  
The authors  wish to t hank  Mr. E. J. Gelb for  his 

pa ins tak ing  assistance in the l abora to ry  and Mr. 
E. W. Curr ie r  for the spect rographic  analyses.  This 
work  was pa r t i a l ly  suppor ted  by  the A i r  Force 
Office of Aerospace Research. 

Manuscript received Nov. 28, 1963; revised manu- 
script received March 14, 1963. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1964 JOURNAL. 

REFERENCES 
1. M. von Schwarz, Intern. Z. Metallog., 7, 125 

(1915). 
2. H. Seiter, H. Fischer, and L. Albert,  Electrochim. 

Acta, 2, 97 (1960). 
3a. S. C. Barnes, ibid., 5, 79 (1961); R. Piontelli, G. 

Poli, and G. Serravalle, "Transactions of the 
Symposium of Electrode Processes," E. Yeager, 
Editor, p. 67, John Wiley & Sons, Inc., New York 
(1961). 

3b. T. B. Vaughan and H. J. Pick, Electrochim. Acta, 
2, 179 (1960); I. Giron and F, Ogburn, This 
JournaL, 108, 842 (1961). 

4. F. C. Frank, Disc. Faraday Soc., 5, 53 (1949). 
5. H. J. Pick, G. G. Storey, and T. B. Vaughan, 

Electrochim. Acta, 2, 165 (1960). 
6. A. R. Verma, "Crystal Growth and Dislocations," 

p. 54, Butterworth 's  Scientific Publications, 
London (1953). 

7. R. Marcelin, Ann. phys., 10, 185 (1918) ; L. Kowar-  
ski, J. chim. phys., 32, 303, 395, 469 (1935); 
R. W. G. Wykoff, Acta Crist., 1, 277 (1948); 
C. W. Bunn, "Chemical Crystallography," 2rid 
Ed., Plate II (opposite p. 19), Oxford University 
Press, Oxford (1961). 

8. M. Volmer, Z. physik. Chem., A102, 269 (1922); 
L. Kowarski, op. c/t. 

9. C. W. Bunn and H. Emmett, Disc. Faraday Soc., 
5, 119 (1949). 

10. W. J. Dunning and N. Albon, "Growth and Per-  
fection of Crystals," R. H. Doremus et al., Edi- 
tors, pp. 439, 446, John Wiley & Sons, Inc., New 
York (1958). 

l la .  N. Cabrera and D. A. Vermilyea, ibid., p. 393. 
l lb .  J. V. Laukonis and R. V. Coleman, J. Appl. Phys., 

32, 242, Fig. 6 (1961). 



Vol. 110, No. 9 I M P U R I T Y  E F F E C T S  O N  G R O W T H  H I L L O C K S  979 

12. H. E. Buckley,  "Crysta l  Growth,"  p. 206, John  
Wi ley  & Sons, Inc., New York  (1951). 

13. F. C. F rank ,  "Growth  and Perfec t ion  of Crystals ,"  
op. cir., pp. 411, 418. 

14. M. J. Lighth i l l  and G. B. Whi tman,  Proc. Roy. Soc., 
London, A229, 281, 317 (1955). 

15. W. J.  Dunning  and N. Albon, "Growth  and P e r -  
fect ion of Crystals ,"  op. cit., p. 439; G. Wranglen ,  
Electrochim. Acta, 2, 130 (1960). 

16. H. S. Ingham e~ al., "Meta l lu rgy  of E lementa l  and 
Compound Semiconductors ,"  R. O. Grubel ,  Ed i -  
tor, p. 395, In tersc ience Publ ishers ,  New York  
(1961). 

17. J. M. Keen  and J. P. G. Far r ,  This Journal, 109, 
668 (1962). 

18a. N. T. Barker ,  C. M. Harr is ,  and E. D. McKenzie, 
Proc. Chem. Soc., 335 (Sept.  1961). 

18b. F. C. Mathers,  Pape r  p resen ted  at  The Elec t ro-  
chemical  Society  Det ro i t  Meet ing 1961; see Ex-  
tended Abs t rac ts  of the Elect rodeposi t ion Div i -  
sion, p. 38. 

19. F. A. Posey  and R. F. Sympson,  This Journal, 109, 
718 (1962). 

20. B. Ke et al., ibid., 106, 382 (1959). 
21. D. A. Vermi lyea ,  ibid., 105, 286 (1958). 
22. Af ten  neglected in  discussions of p la t ing  b r igh t -  

eners  and e lect rode poisons is the e lect ron pa i r  
theory  as developed by  Hacke rman  and M a k -  

r ides  in connect ion wi th  ca ta lys t  poisons and 
corrosion inhibi tors .  This work  points  out  tha t  
m a n y  inhib i tors  become inact ive  when  mi ld ly  
oxidized. See N. Hacke rman  and A. C. Makr ides ,  
Indust. Eng. Chem., 46, 523 (1954); p. 85 of 
F ina l  Report ,  Contract  DA-30-069-ORD-1680 
(ASTIA TAB 6141 p. 102). 

23. P. E. Lighty,  D. Shanefield,  S. Weissmann,  and A. 
Shrier ,  To be  publ ished.  

24. J. C. Schumacher ,  "Perchlora tes ,"  p. 215, Reinhold  
Publ i sh ing  Co., New York  (1960). 

25. P. A. van  der  Meulen and H. V. Lindst ron,  This 
Journal, 1{}3, 390 (1956). 

26. S. C. Barnes,  G. G. Storey,  and H. J. Pick,  Elec- 
trochim. Acta, 2, 195, Fig. 3a (1960). 

27. C. S. Barre t t ,  "S t ruc ture  of Metals ,"  p. 56, Mc-  
G r a w - H i l l  Book Co., Inc., New York  (1952). 

28. R. Wel l  and H. C. Cook, This Journal, 1@9, 295 
(1962); B. C. Banner jee  and P. L. Walker ,  ibid., 
109, 436 (1962). 

29. J. O. Bockris,  "Annua l  Reviews of Phys ica l  Chem- 
is t ry,"  G. K. Rollefson, Editor,  p. 495, Annua l  
Reviews,  Inc., Stanford,  Calif. (1954). 

30. H. Le idhe iser  and A. T. Gwathmey,  This Journal, 
98, 225 (1951). 

31. H. Leidheiser  and  A. T. Gwathmey,  Trans. Elec- 
trochem. Soc., 91, 95 (1947). 

32. G. D. Magnusun,  B. B. Meckel,  and P. A. Harkins ,  
J. Appl. Phys., 32, 371, Fig. 4 (1961). 

Electrolurninescent (Zn,Mg)S:Cu, Halide Phosphors 
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ABSTRACT 

Elec t ro luminescent  ZnS:Cu,  ha l ide  phosphors  can be p repa red  with  up to 
20 mole  % MgS subs t i tu t ing  for  ZnS. MgS subst i tut ions above 5% in the  cubic 
C1 or  Br coact ivated ZnS phosphor  resul t  in a shift  of the emission to shor te r  
wavelengths ,  a change to the hexagonal  modification, a decrease in br ightness  
and an expans ion  of the  unit  cell. The iodine coact ivated phosphors  show s imi-  
la r  bu t  more  complex  changes. A n  unexpec ted  effect of specific s t ruc tura l  v a r i -  
ations, i.e., var ia t ions  of the  unit  cell  dimensions,  on the  EL character is t ics  
of the  (Zn,Mg)S:  Cu phosphors  was found in the  iodine coact ivated samples.  

A l t e r n a t i n g  c u r r e n t  e l e c t r o l u m i n e s c e n t  (EL)  ZnS  
p h o s p h o r s  a c t i v a t e d  b y  Cu h a v e  been  e x t e n s i v e l y  
s t u d i e d  d u r i n g  the  l a s t  f ew yea r s .  P a r t i a l  r e p l a c e -  
m e n t  of Zn b y  Cd a n d / o r  Hg  also r e su l t s  in  E L  
p h o s p h o r s  ( 1 - 3 ) .  The  p r e s e n t  i n v e s t i g a t i o n  is p r i -  
m a r i l y  conce rned  w i t h  E L  Z n S : C u  p h o s p h o r s  p r o -  
d u c e d  b y  p a r t i a l  r e p l a c e m e n t  of Zn  b y  Mg. 

S m i t h  has  i n v e s t i g a t e d  the  c a t h o d o l u m i n e s c e n c e  
of ( Z n , M g ) S  p h o s p h o r s  a c t i v a t e d  b y  Cu, Mn or  A g  
(4) .  H e  f o u n d  t h a t  MgS  is so lub le  in  Z n S  to a b o u t  20 
to 25%, 1 w i t h  an a s soc ia t ed  l a t t i c e  con t rac t ion .  The  
emiss ion  of t he  A g  or  Cu a c t i v a t e d  p h o s p h o r s  sh i f t ed  
to s h o r t e r  w a v e l e n g t h s  w i t h  i nc r ea s ing  Mg a d d i -  
t ions.  He  also f o u n d  t h a t  sol id  so lu t ions  of ( Z n , M g ) S  
can  b e  h a n d l e d  in  a m a n n e r  s i m i l a r  to t h a t  of p u r e  
ZnS,  i.e., no  decomposition is o b s e r v e d  on e x p o s u r e  
to w a t e r .  

Preparation of Materials and Experimental Techniques 
Because  MgS  is v e r y  r e a d i l y  h y d r o l y z e d ,  spec ia l  

m e t h o d s  for  i ts  p r e p a r a t i o n  a r e  nece s sa ry .  The  

1 A l l  c o n c e n t r a t i o n s  a r e  i n  m o l e  o r  a t o m  p e r  cent  unless  specif ied 
o t h e r w i s e .  

m e t h o d  t h a t  t he  w r i t e r  f o u n d  to be  v e r y  s a t i s f ac to ry  
is one f irst  d i s c ove re d  b y  S a r g e  (5)  a n d  f u r t h e r  
d e v e l o p e d  b y  Russo  (6) .  Th is  m e t h o d  invo lves  t he  
p r e p a r a t i o n  of h y d r a t e d  Mg(NH4)C13 a n d  i ts  s u b -  
s e que n t  conve r s ion  to t he  sulf ide.  

The  h y d r a t e d  Mg(NH4)CI~  was  p r e p a r e d  as fo l -  
lows:  M a l l i n c k r o d t ' s  S L  g r a d e  MgO (or  MgCOs)  
was  a d d e d  to c o n c e n t r a t e d  r e a g e n t  g r a d e  HC1; t h e  
c o n c e n t r a t i o n s  w e r e  so a d j u s t e d  t ha t  t h e r e  was  a 
s l igh t  excess  of HC1. A s a t u r a t e d  so lu t ion  of M a l l i n -  
c k r o d t ' s  SL  NH4CI was  a d d e d  to t h e  MgC12 so lu t ion  
a n d  t h e  m i x e d  so lu t ion  e v a p o r a t e d  j u s t  to c r y s t a l -  
l iza t ion .  The  so lu t ion  was  a l l o w e d  to cool  o v e r n i g h t  
a n d  the  r e s u l t a n t  c r y s t a l s  w e r e  f i l t e red  off a n d  r e -  
j ec ted .  T h e  f i l t r a t e  was  bo i l ed  d o w n  u n t i l  c r y s t a l -  
l i za t ion  c o m m e n c e d  and  a l l o w e d  to cool  ove rn igh t .  
The  c rys t a l s  w e r e  f i l t e red  off and  w a s h e d  s e v e r a l  
t i m e s  w i t h  s m a l l  a d d i t i o n s  of d i s t i l l ed  a lcoho l  a n d  
t hen  d r i e d  a t  120~ 

The  d o u b l e  sal t ,  Mg(NH4)C18-XH20,  was  con-  
v e r t e d  to MgS  b y  f i rs t  c o n v e r t i n g  i t  to a n h y d r o u s  
MgC12 b y  f i r ing in  d r y  I-IC1, a n d  t h e n  f i r ing  i t  in  p u r l -  



980 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

Table I. Firing schedule for conversion of 
Mg(NH4)CI3 �9 xH~O to MoS 

Tota l  e l apsed  
T e m p e r a t u r e ,  ~ f i r i ng  t ime ,  h r  A t m o s p h e r e  

25-600 0-1.5 HCI 
600 1.5-3 HCI 
600 3-4.5 H2S* 

600-700 4.5-5.25 H2S 
700-1050 5.25-6.75 H2S 

1050 6.75-8.25 H2S 
1050-25 8.25-9.25 H2S 

* B e f o r e  s w i t c h i n g  to  H~S at  t h i s  po in t ,  t h e  w e i g h t  of MgC12 is de-  
t e r m i n e d  in  o rde r  to ca l cu l a t e  the  expec t ed  t heo re t i c a l  w e i g h t  of 
M g S  as e x p l a i n e d  in  t he  t ex t ,  

t ied H2S acco rd ing  to t he  schedu le  shown  in T a b l e  I. 
The  f i r ing was  done  in  s i l ica  t u b e s  w h i c h  w e r e  c losed  
a t  one end  and  h a d  gas  in le t  and  ou t l e t  t u b e s  a t  t he  
o the r  end.  The  doub le  sa l t  was  con t a ined  in a s i l ica  
boat .  The  conve r s ion  shou ld  be  s topped  a f t e r  t he  
f o r m a t i o n  of a n h y d r o u s  MgCI~ in o r d e r  to d e t e r m i n e  
the  compos i t ion  of t h e  doub le  sa l t  so t h a t  t he  e x -  
p e c t e d  t h e o r e t i c a l  w e i g h t  of the  M g S  can  be  c a l c u ,  
l a ted .  2 This  need  be  done  on ly  once for  a g i v e n  b a t c h  
of h y d r a t e d  Mg (NH4)C13 if  the  u n u s e d  po r t i on  of the  
doub le  sa l t  is k e p t  in t i g h t l y  c losed  con ta ine r s .  S u c -  
ceed ing  conver s ions  can be  s w i t c h e d  ove r  d i r e c t l y  
f r o m  HC1 to H2S w h i l e  t he  MgC12 is s t i l l  in  t he  f u r -  
nace.  T h e  f in ished  MgS  shou ld  be  s t o r e d  in  a des i c -  
ca to r  ove r  a good des iccant .  

P h o s p h o r s  w e r e  p r e p a r e d  f r o m  R C A  ZnS  
( 3 3 - Z - 1 9 ) .  The  a p p r o p r i a t e  a m o u n t s  of C1, Br ,  or  I 
(as  the  a m m o n i u m  sa l t s )  and  Cu (as  t he  a c e t a t e )  
w e r e  a d d e d  f rom s tock  so lu t ions  a n d  m i x e d  as a 
s lu r ry .  A f t e r  d r y i n g  at  120~ 5 w t  % S (7, 8) a n d  
the  n e c e s s a r y  a m o u n t  of MgS w e r e  a d d e d  and  the  
e n t i r e  r a w  m i x  t h o r o u g h l y  m i x e d ;  ~ these  l a t t e r  o p -  
e r a t i ons  w e r e  c a r r i e d  out  in a d r y  box.  The  s a m p l e s  
w e r e  f ired in loose ly  c a p p e d  s i l ica  t ubes  w h i c h  w e r e  
c o n t a i n e d  in  a l a r g e r  s i l ica  t u b e  c losed  at  one end  
and  h a v i n g  gas  in le t  and  ou t l e t  t ubes  at  t he  o t h e r  
end.  C r y s t a l l i z a t i o n  w a s  c a r r i e d  out  b y  f i r ing at  
950~ in a f lowing N2 a t m o s p h e r e .  The  cooled  s a m -  
ples  w e r e  c rushed ,  m i x e d  w i t h  5 w t  % S and  re t i red .  
T h e  r e t i r ed  s a m p l e s  w e r e  w a s h e d  in  an  N a C N - N a O H  
so lu t ion  f o l l o w e d  b y  s e v e r a l  w a s h i n g s  in  H20 a n d  in  
d i s t i l l ed  a lcohol  and  t h e n  d r i e d  a t  120~ in a v a c -  
u u m  oven.  S a m p l e s  w e r e  p r e p a r e d  w i t h  t he  c o m -  
pos i t ion  (100-x )  Z n S - x M g S :  0.6Cu,0.3 h a l i d e  (C1, Br  
or I )  and  x ~ 0,2,5,8,10,15, and  20. 

The  E L  was  m e a s u r e d  in  an  E L  cel l  w i t h  ca s to r  
oil  as the  d ie lec t r i c ;  s inuso ida l  e x c i t a t i o n  was  u sed  
in a l l  t he  m e a s u r e m e n t s .  B r igh tnes s  m e a s u r e m e n t s  
w e r e  m a d e  w i t h  a " S p e c t r a "  B r i g h t n e s s  Spo t  Mete r .  4 
B r i g h t n e s s  w a v e f o r m s  w e r e  o b s e r v e d  on a dua l  
b e a m  osci l loscope.  

The  t h e o r e t i c a l  w e i g h t  of MgS o b t a i n e d  f r o m  each  h a t c h  of  
M g  (NHD CI3-XHeO m u s t  h e  ca lcu la t ed .  I f  t h e  a c t u a l  w e i g h t  d i f fe red  
b y  more  t h a n  a p p r o x i m a t e l y  1% f r o m  t h e  t h e o r e t i c a l  v a I u e  t h e  
b a t c h  was  r e j ec ted .  G e n e r a l l y .  i f  t h e  b a t c h  was  off, i t  was  b e i o w  t h e  
t h e o r e t i c a l  w e i g h t  due  to  t he  p re sence  of  ox ide ,  W i t h  t he  f i r ing  
s chedu le  used  he re  t h i s  r a r e l y  h a p p e n e d .  

a The s u l f u r  a ids  in  r e m o v i n g  vacanc i e s  w h i c h  are  d e t r i m e n t a l  to 
p h o s p h o r  m a i n t e n a n c e  (9).  

M a n u f a c t u r e d  b y  P h o t o  R e s e a r c h  Corpora t ion ,  H o l l y w o o d ,  Cal i -  
forn ia .  
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Fig. 1. Effect of increasing Mg content on the EL brightness 
of (Zn,Mg)S:Cu, halide phosphors. (100 - -  x)ZnS �9 xMg$:  0.6 Cu, 
0.3 halide. 

Exper imental  Results 

E~ect  of MgS on Brightness . - -Figure 1 shows  t h e  
effect  of i n c r e a s i n g  subs t i t u t i ons  of M g S  for  Z n S  on 
t h e  E L  b r igh tnes s .  F o r  M g S  add i t i ons  up  to 5% 
t h e r e  is a l i t t l e  b r i g h t n e s s  va r i a t i on .  A b o v e  5 % MgS, 
t h e r e  is a r a p i d  d e c r e a s e  in  b r i gh tnes s .  The  i od ine  
c o a c t i v a t e d  phosphor s ,  h o w e v e r ,  show a b r i g h t n e s s  
m i n i m u m  at  15% MgS;  t he  b r i g h t n e s s  of t h e  20% 
MgS s a m p l e  is s i m i l a r  to  t h a t  of t h e  10% sample .  

The  dec rease  in  b r i g h t n e s s  w i t h  i n c r e a s i n g  MgS  
a b o v e  5 % is p a r t l y  due  to a c h a n g e  in  emiss ion  color  
a n d  p a r t l y  due  to a c h a n g e  in c r y s t a l  s t r u c t u r e  (see  
b e l o w ) .  

Influence of MgS on the emission co~or . - -The  e f -  
fec t  of i nc r e a s ing  a d d i t i o n s  of MgS on the  E L  e m i s -  
s ion color  was  d e t e r m i n e d  b y  the  r a t i o  of  t he  e m i s -  
s ion  in t ens i t i e s  m e a s u r e d  t h r o u g h  t h e  b lue  a n d  g r e e n  
f i l ters  of the  S p e c t r a  Meter .  T h e  d a t a  a r e  shown  in 
Fig.  2; also shown  a re  t he  c o r r e s p o n d i n g  d a t a  for  
3650A exc i t a t ion .  5 The  b e h a v i o r  of t h e  C1 a n d  Br  
c o a c t i v a t e d  s a m p l e s  is s i m i l a r  fo r  bo th  m o d e s  of 
exc i t a t i on :  F o r  M g S  a d d i t i o n s  up  to 5% t h e r e  is 
l i t t l e  v a r i a t i o n  of t he  emiss ion  co lor  (EL  o r  u - v  e x -  
c i t a t i on ) .  W i t h  f u r t h e r  a d d i t i o n s  of MgS,  t h e  b e -  
h a v i o r  u n d e r  u - v  and  E L  e x c i t a t i o n  differs.  F i e l d  
e xc i t a t i on  of t he  8 to 10% MgS s a m p l e s  r e su l t s  in  a 
sh i f t  t o w a r d  the  b lue ;  t h e  emiss ion  of t h e  15 and  

s 1O0 w a t t  h i g h  p r e s s u r e  I~Ig ] a m p  w i t h  a C o r n i n g  No. 9863 f i l ter.  
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Table II. Vo values of (100-x) ZnS �9 xMgS:0.6Cu,0.3 halide 
(CI, Br, or I) from the equation B = A exp [ --(Vo/V) z12] 

f " - -  - +  " Vo ( x 10 i) , vo l t  

I \ % Mg CI B r  I 
§  N 

I x / \ 0 4.2 3.2 1.2 

~4o~ I I \ \  

I'~ / + + "~T 

I +, , ' /  "=' / % - + - ' /  
150 l- K + /  Ct 
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Fig. 2. Effect of increasing Mg content on the blue/green ra- 
tio of the luminescence of (Zn,Mg)S:Cu, halide phosphors. - - - - ,  
Electroluminescence; - - . ,  photoluminescence. 

20% MgS s a m p l e s  is e s s e n t i a l l y  t he  s ame  and  
s l i gh t ly  b l u e r  t h a n  t h a t  of t h e  10% MgS sample .  F o r  
e x c i t a t i o n  b y  3650A, i nc r ea s ing  a d d i t i o n s  of, MgS 
over  t h e  r a n g e  of 8 to 20% MgS r e s u l t  in the  p h o s -  
pho r s  b e c o m i n g  p r o g r e s s i v e l y  b lue r .  The  a d d i t i o n  of 
up  to 5% MgS to t h e  I c o a c t i v a t e d  p h o s p h o r s  p r o -  
duces  a p r o g r e s s i v e  sh i f t  of t he  emiss ion  ( p h o t o -  
l u m i n e s c e n c e  or  E L )  t o w a r d  t h e  g r e e n  r eg ion  of t h e  
spec t rum.  A f u r t h e r  i nc rea se  of MgS up  to 10% r e -  
su l t s  in a sh i f t  b a c k  t o w a r d  t h e  blue .  A b o v e  10% 
MgS the  effect of f u r t h e r  MgS a d d i t i o n s  v a r i e s  w i t h  
t he  m o d e  of exc i t a t ion .  W i t h  3650-& exc i t a t i on  t h e  
emiss ion  r e m a i n s  e s s e n t i a l l y  u n c h a n g e d .  H o w e v e r ,  
t he  E L  is sh i f t ed  f u r t h e r  t o w a r d  the  b lue  for  t he  
15% sample ,  b u t  shi f ts  b a c k  t o w a r d  t h e  g r e e n  on 
a d d i t i o n  of 20% MgS.  This  b e h a v i o r  of t he  I co-  
a c t i v a t e d  ( Z n , M g ) S  p h o s p h o r s  was  v e r y  u n e x -  
pec ted .  R e p e a t  p r e p a r a t i o n s  s h o w e d  it  to be  q u a l i -  
t a t i v e l y  r e p r o d u c i b l e .  

The  I c o a c t i v a t e d  90ZnS-10MgS,  85ZnS .15MgS ,  
and  80ZnS .  20MgS s a m p l e s  w e r e  a n a l y z e d  for  t h e i r  
r e s i d u a l  Mg con ten t  us ing  an  E D T A  t i t r a t i o n  a f t e r  
so lu t ion  of t he  s a m p l e s  in  an  HNOs-HC1 m i x t u r e  and  
s e p a r a t i o n  of t h e  Zn (10) .  No loss of Mg was  f o u n d  
so t h a t  t he  change  in  t he  E L  emiss ion  color  as a 
func t ion  of t he  MgS con ten t  ove r  th i s  c o n c e n t r a t i o n  
r a n g e  is r e a l  and  no t  due  to loss of MgS.  

Voltage dependence of brightness.--The v o l t a g e  
d e p e n d e n c e  of t he  b r i g h t n e s s  of a l l  ( Z n , M g ) S  
p h o s p h o r s  fo l l owed  t h e  r e l a t i o n s h i p  B = A exp  
[--(Vo/V)~/2]. The  inf luence  of i nc r ea s ing  MgS  on 
the  s lope of t h e  B-V cu rves  va r i ed ,  d e p e n d i n g  on t h e  

2 4.3 3.1 1.2 
5 4.4 3.2 1.1 
8 2.8 2.7 1.0 

10 3.3 3.4 1.4 
15 3.2 3.6 1.6 
20 3.2 3.8 1.5 

p a r t i c u l a r  h a l o g e n  coac t iva to r ,  as s h o w n  in Tab le  
II .  6 W i t h  C1 coac t i va t i on  t h e  s lopes  of t h e  B-V 
curves  w e r e  s im i l a r  for  s a m p l e s  con ta in ing  up  to 5% 
MgS.  The  s lopes  of t h e  cu rves  for  s amp le s  c o n t a i n -  
ing 10 to 20% MgS w e r e  also s im i l a r  b u t  less  s teep.  
The  s lope  of t he  8% MgS sample ,  h o w e v e r ,  was  t he  
lowest .  T h e  s i t ua t ion  is s i m i l a r  for  t h e  B r  coac t i -  
v a t e d  p h o s p h o r s  e x c e p t  t ha t  t he  s lopes  of t he  10 to 
20% MgS p h o s p h o r s  a r e  g r e a t e r  t h a n  t h a t  of t he  
0 -5% MgS samples .  T h e  B-V s lopes  of t he  I co-  
a c t i v a t e d  0 to 5% MgS s a m p l e s  w e r e  s imi la r ,  as 
w e r e  those  f r o m  t h e  10 to 20% MgS sample s ;  t he  
s lopes  of the  l a t t e r  s amp le s  w~" . . . . .  a ter .  The  s lope  
of t h e  8% MgS s a m p l e  was  ' to  t h a t  of t he  
0 -5% MgS samples .  Howeve r ,  ~ MgS  s a m p l e  
h a d  a g r e a t e r  p e r c e n t a g e  of  cu Lcture t h a n  the  
c o r r e s p o n d i n g  C1 or  Br  c o a c t i v a t o r  p h o s p h o r s  (see  
b e l o w ) .  

Frequency dependence of brightness.--The f r e -  
q u e n c y  d e p e n d e n c e  of t h e  b r i g h t n e s s  of t he  
( Z n , M g ) S  p h o s p h o r s  was  e x a m i n e d  ove r  t he  f r e -  
q u e n c y  r a n g e  of 60-104 cps. The  b r igh tnes s ,  B, i n -  
c r ea sed  w i t h  f r equency ,  f, acco rd ing  to t he  s ame  
p o w e r  l a w  (B --, ]") t o  a p p r o x i m a t e l y  4000 cps and  
t hen  s t a r t e d  to a p p r o a c h  sa tu ra t ion .  T h e  v a l u e s  of 
n w e r e  e s s e n t i a l l y  cons t an t  ( ,~0.6-0.8)  a n d  i n d e -  
p e n d e n t  of t h e  coac t iva to r .  

Brightness waveforms.--The b r i g h t n e s s  w a v e -  
f o r m s  a r e  e s s e n t i a l l y  t he  s ame  for  C1, Br ,  or  I co-  
ac t iva t ion .  The  w a v e f o r m s  do v a r y  as a func t ion  
of t h e  MgS conten t ,  as s h o w n  in Fig.  3. W i t h  MgS  
c o n c e n t r a t i o n s  up  to 8%,  t he  w a v e f o r m s  consis t  of 

T h e  v a l u e s  of  Vo a r e  g i v e n  in  T a b l e  I s i n c e  t h e  s lope  is p r o p o r -  
t iona l  to  0.435 Vo 1/~. 

Fig. 3. Brightness waveforms from (100-x)ZnS'xMgS:Cu,I 
phosphors. Data taken at 400 cps. 
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a p r o n o u n c e d  p r i m a r y  p e a k  and  a w e a k e r  s e c o n d a r y  
p e a k  ( s h o u l d e r )  on the  de scend ing  s ide  of t he  p r i -  
m a r y  wave .  A l l  t he  s a m p l e s  h a v e  a d - c  c o m p o n e n t ;  
t he  inf luence  of MgS on this  c o m p o n e n t  was  no t  i n -  
ves t i ga t ed .  The  s e c o n d a r y  b r i g h t n e s s  w a v e s  of t h e  
10, 15, and  20% MgS samp le s  b e c o m e  r e s o l v e d  into  
s h a r p  p e a k s  l oca t ed  b e t w e e n  the  p r i m a r i e s ;  t he  a m -  
p l i t u d e  of the  s e c o n d a r y  p e a k s  r e l a t i v e  to the  p r i -  
m a r y  ones  va r i e s  s l igh t ly ,  i nc r ea s ing  w i t h  i n c r e a s i n g  
MgS. 

Struc ture  s t u d i e s . - - Z n S  exis t s  in  two  s t r u c t u r a l  
modi f ica t ions ,  t h e  cub ic  or  low t e m p e r a t u r e  f o r m  
and  the  h e x a g o n a l  or  h igh  t e m p e r a t u r e  fo rm.  The  
t r a n s i t i o n  t e m p e r a t u r e  is a r o u n d  1020~ b u t  i t  is 
s t r o n g l y  af fec ted  b y  t h e  p r e p a r a t i v e  condi t ions .  Z n S  
p h o s p h o r s  can  be  m a d e  h a v i n g  e i t he r  s t ruc tu re .  The  
" p u r e "  ZnS  p h o s p h o r s  p r e p a r e d  h e r e  w e r e  cubic .  
A d d i t i o n  of up  to 5% MgS h a d  no effect  on the  
s t r u c t u r e  b u t  caused  a s l igh t  l a t t i c e  expans ion ,  Fig .  
4. F o r  MgS c o n c e n t r a t i o n s  of 10% a n d  a b o v e  t h e  
s t r u c t u r e  was  p u r e  h e x a g o n a l .  S a m p l e s  con t a in ing  
8% MgS h a d  a m i x e d  c u b i c - h e x a g o n a l  s t ruc tu re .  7 
S a m p l e s  w i t h  h e x a g o n a l  s t r u c t u r e  and  coac t iva t i on  
b y  C1, Br ,  or  I s h o w e d  an  a p p r o x i m a t e l y  u n i f o r m  
e x p a n s i o n  of t he  un i t  cel l  a long  the  ah ax i s  w i t h  i n -  
c r ea s ing  MgS;  C1 a n d  B r  c o a c t i v a t e d  s a m p l e s  also 
s h o w e d  an  e x p a n s i o n  a long  the  Ch ax i s  b u t  t h e r e  was  
a s l igh t  n e g a t i v e  d e v i a t i o n  f r o m  l i n e a r i t y .  T h e  I 
c o a c t i v a t e d  p h o s p h o r s  s h o w e d  u n e x p e c t e d  b e h a v i o r :  
wh i l e  t h e r e  is also an  e x p a n s i o n  a long  ca, i t  has  a 
m a x i m u m  at  15% MgS (F ig .  4) .  

The  fac t  tha t ,  for  MgS  c o n c e n t r a t i o n s  of 10% and  
above ,  the  s t r u c t u r e  is h e x a g o n a l ,  m e a n s  t h a t  e i t h e r  

The  h e x a g o n a l  c o n t e n t  of  t h e  8% M g S  p h o s p h o r s  wa s  too l o w  to  
d e t e r m i n e  t h e  h e x a g o n a l  l a t t i c e  cons t an t s  a c c u ra t e ly ;  hence  t h e  
l a t t e r  are  n o t  s h o w n  i n  F ig .  4. 
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Fig. 4. Unit cell dimensions (in Angstroms) of cubic and hex- 
agonal (Zn,Mg)S:Cu, halide phosphors as a function of increasing 
Mg content, e, CI or Br; x, I. 

t he  p r e s e n c e  of MgS in  th is  c o n c e n t r a t i o n  r a n g e  
causes  a l o w e r i n g  of t h e  t r a n s i t i o n  t e m p e r a t u r e  of 
t he  cub ic  to  t h e  h e x a g o n a l  modi f i ca t ions  or  t h a t  in 
th is  c onc e n t r a t i on  r a n g e  on ly  h e x a g o n a l  ( Z n , M g ) S  
can  exis t .  The  pos s ib l e  l o w e r i n g  of t he  t r a n s i t i o n  
t e m p e r a t u r e  w a s  i n v e s t i g a t e d  b y  p r e p a r i n g  s a m p l e s  
a t  800 ~ 850 ~ and  900~ The  lowes t  t e m p e r a t u r e  
used  was  800~ s ince  t h e r e  w e r e  i nd i ca t ions  of i n -  
c o m p l e t e  sol id  so lub i l i ty ,  i.e., evo lu t i on  of H2S on 
w a s h i n g  in w a t e r .  A l l  t he  s a m p l e s  p r e p a r e d  a t  these  
l o w e r  t e m p e r a t u r e s  w e r e  h e x a g o n a l .  The re fo re ,  i t  
w o u l d  a p p e a r  t h a t  ove r  t he  c o n c e n t r a t i o n  r a n g e  of 
10 to 20% MgS on ly  t h e  h e x a g o n a l  modi f i ca t ion  is 
s tab le .  

E x p a n s i o n  of t he  ZnS  l a t t i ce  d u e  to t he  i n c o r p o r a -  
t ion  of MgS was  r a t h e r  u n e x p e c t e d  in  t he  l igh t  of 
S m i t h ' s  w o r k  on  the  ( Z n , M g ) S  s y s t e m  (4) .  He  
f o u n d  t ha t  i nc r e a s ing  MgS s u b s t i t u t i o n  r e su l t s  in 
a l a t t i c e  con t rac t ion .  The  r e a s o n  for  t h e  d i f fe rence  
b e t w e e n  S m i t h ' s  and  t h e  p r e s e n t  w o r k  is no t  k n o w n  
unless  i t  is t h a t  h e r e  w e  a c t u a l l y  h a v e  a t h r e e  c o m -  
p o n e n t  m a t r i x  w h i l e  S m i t h ' s  was  two  componen t ,  
viz., Z n S - M g S - C u 2 S  and  Z n S - M g S ,  r e spe c t i ve ly .  

Conclusions and  Discussion 

The  most  s igni f icant  r e s u l t  of th is  s t u d y  is t he  
specific effect of s t r u c t u r a l  v a r i a t i o n s  on the  E L  
c h a r a c t e r i s t i c s  of t h e  phospho r s .  P r e v i o u s  s tud ies  
h a d  shown  t h a t  t h e  conve r s ion  of cub ic  to h e x -  
agona l  ZnS  (12) or  ( Z n , C d ) S  (1-3,  11) was  d e t r i -  
m e n t a l  to  t h e  EL. The  p r e s e n t  s t u d y  shows  t h a t  i t  
m a y  not  be the  h e x a g o n a l  s t r u c t u r e  per  se w h i c h  is 
d e t r i m e n t a l  b u t  r a t h e r  changes  a long  specific c r y s -  
t a l l o g r a p h i c  d i rec t ions .  Th is  is i n d i c a t e d  b y  e x a m i n a -  
t ion  of t he  d a t a  in Fig .  1, 2, and  4 for  t h e  I coac -  
t i v a t e d  phosphors .  Both  t h e  b l u e / g r e e n  r a t i o  a n d  
the  b r i g h t n e s s  fo l low v a r i a t i o n s  of t he  un i t  cel l  
a long  the  [001] d i rec t ion ,  i.e., t he  ch axis .  T h e r e  is 
an  i nd i c a t i on  t h a t  t he  C1 c o a c t i v a t e d  p h o s p h o r s  also 
show th is  effect b u t  i t  is no t  v e r y  p ronounced .  W h y  
the  p h o t o l u m i n e s c e n c e  of t he  I c o a c t i v a t e d  p h o s -  
p h o r s  is not  af fec ted  b y  t h e  v a r i a t i o n s  a long  Ca is no t  
k n o w n  no r  a r e  the  r easons  for  t he se  v a r i a t i o n s  of Ch. 
T h e r e  m i g h t  be  a c o r r e l a t i o n  w i t h  t he  o b s e r v a t i o n  
t ha t  in  s ingle  c r y s t a l s  of h e x a g o n a l  Z n S : C u  the  EL 
a p p e a r s  as  s t r e a k s  p e r p e n d i c u l a r  to  the  Ch ax i s  (13) .  
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Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the  June  1964 JOURNAL. 
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An Investigation of the Optical Properties 
and the Growth of Oxide Films on Silicon 

B. H. Claussen and M. Flower 1 

Standard Telecommunication Laboratories Limited, Harlow, Essex, England 

ABSTRACT 

A polarization spectrometer has been used to investigate the optical prop-  
erties of oxide films on silicon. Good agreement  has been obtained between the 
exper imental  results and data calculated from the exact theory of reflection. 
This has enabled accurate measurements  to be made of the refractive indices 
and thicknesses of films prepared in  various ways. In  addition, oxidation rates 
have been determined for films grown thermal ly  at 1200~ 

The use of po la r iza t ion  spec t romet ry  or e l l ip -  
some t ry  in  the  s tudy  of isotropic films on abso rb ing  
subs t ra tes  has been  l imi ted  in  the  pas t  by  the  d i f -  
f iculty of ob t a in ing  n u m e r i c a l  da ta  f rom the  exact  
theory  of reflection. Never theless ,  the me thod  has 
found  some appl ica t ion  in  the  s tudy  of oxide film 
growth.  Thus  W i n t e r b o t t o m  (1, 2) has ob ta ined  
graph ica l  so lut ions  of the  exact  equa t ions  a nd  a t -  
t emp ted  to i n t e r p r e t  the  e x p e r i m e n t a l  da ta  of T r o n -  
sted and  Hovers tad  (3) for a l u m i n u m  oxide. Arche r  
(4) ,  on the  o ther  hand ,  has inves t iga ted  the  ox ida-  
t ion  of si l icon a n d  g e r m a n i u m  u n d e r  n o r m a l  l a bo r a -  
to ry  condi t ions,  us ing  app rox ima t ions  o r ig ina l ly  de-  
r ived  by  Drude  (5) to eva lua te  the  resul ts .  These 
app rox ima t ions  are on ly  va l id  w h e n  the film th i ck -  
ness is m u c h  less t h a n  the  w a v e l e n g t h  of l ight.  

The a d v e n t  of m o d e r n  compu t ing  t echn iques  has, 
however ,  r emoved  the  l imi t a t ions  i n h e r e n t  in  these  
procedures  so tha t  solut ions  of the exact  equa t ions  
can  be ob ta ined  in  a fo rm su i tab le  for the accura te  
d e t e r m i n a t i o n  of bo th  the  opt ical  cons tan ts  and  
th ickness  of the  film. Us ing  da ta  computed  in  this 
m a n n e r ,  Arche r  (6) r ecen t l y  car r ied  out  a de ta i led  
inves t iga t ion  of film growth  on si l icon while M e n a r d  
(7) used a similar approach in a study of the oxida- 
tion of titanium. 

This paper describes an investigation of the opti. 
cal properties of silica films on silicon. The films 
were prepared both by sputtering and by the ther- 
mal and anodic oxidation of silicon itself. [The 
conditions of preparation are somewhat different 
from those reported by Archer (6)]. In addition 
oxidation rates have been determined for the ther- 
mally grown oxide films. 

Theory 
In  cons ider ing  reflect ion f rom a fi lm covered su r -  

face, it  is most  c o n v e n i e n t  to express  the resul t s  in  
t e rms  of the  complex  F re sne l  coefficients for the  two 
p lane  wave  componen t s  h a v i n g  the i r  electric field 

1Presen t  address: Depa r tmen t  of Electronic Computing,  L e e d s  
Universi ty .  

A 
vectors  v i b r a t i n g  pa ra l l e l  (rp) a nd  pe r pe nd i cu l a r  

A 
(rs) to the  p l ane  of incidence.  If  the  fi lm is isotropic,  
it  m a y  be shown  tha t  the ra t io  of the  ref lectances 
for the  two componen t s  is g iven  by  the  equa t ion  (8) 

A A A A A A A 
R p  r l2p  ~- r23p e -2 i8  1 -~- r I2s  r23s e -2i~ 

A A A A A A A 
Rs 1 -~ r l2p  r23p e -2 i6  r m s  -~- r23s e -2 i6  

w he r e  the  subscr ip ts  1, 2, and  3 refer  to the  su r -  
r o u n d i n g  me d i um,  film, and  subs t ra te ,  respect ively .  

The  F r e sne l  coefficients are defined as fol lows 

A A A A 
A n~ cos Ca - -  n~ cos ~b~ 
r a ~ p  

A A A A 
n~ cos CB + n~ cos ~b~ 

A h A A 
A ~ cos ~ - -  n~ cos r 
ra~s ---- 

A A A A 
n~ cos r + n~ cos r 

a = l o r 2  f l =  2 o r 3  

A 
The  re f rac t ive  indices,  n,  are  in  genera l  complex  

and  m a y  be expressed  in  the  fo rm 

A 
n = n - - i k  

k is r e l a t ed  to the  abso rp t ion  coefficient, a in  cm -1, 
A 

by  the  equa t i on  a ---- 4~k/k. The ~s, wh ich  are also 
complex,  are the  angles  of p ropaga t ion  in  the  r e -  

A 
spect ive  media.  3 is a func t ion  of the  film th ickness  
and  is g iven  by  the  equa t ion  

A A A 
8 = 2~rd/x  �9 n,2 COS r  

d is the  film th ickness  m e a s u r e d  in  the  same un i t s  as 
the  w a v e l e n g t h  of the  light.  

A A 
The ra t io  Rp/Rs is also a complex  n u m b e r  and  m a y  

be w r i t t e n  in  the  fo rm t a n  Oeta w he r e  t a n  ~ r e p r e -  
sents  the  change  in  the  a m p l i t u d e  ra t io  of the  two 
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p lane  w a v e  componen t s  on reflect ion and  z~ is the  
phase shift  b e t w e e n  them.  The  quan t i t i e s  ~ and  A 
are those n o r m a l l y  m e a s u r e d  in  an  e l l ipsometer  ex -  
pe r imen t .  

In  s t udy ing  fi lm g rowth  it is necessa ry  to k n o w  
the  opt ical  cons tan ts  of the  subs t ra te .  These m a y  be 
d e t e r m i n e d  f rom m e a s u r e m e n t s  of ~ and  4 for a 
f i lm-f ree  surface.  In  accordance w i th  Arche r  (9) ,  n 
and  k are t h e n  ca lcu la ted  f rom the  re la t ions  

(cos224--sin224sin2~) 
n2 --  k2 : tan~ ~ sin2 r ( 1 + s in 24 cos A) 2 + sin~ ~b 

sin 44 sin • 
2nk t a n  2 s i n  2 

1 + sin 24 cos 4) 2 

where  ~ is the ang le  of inc idence  w i th  a i r  as the  
a m b i e n t  med ium.  M e a s u r e m e n t s  of A and  4 are  t h e n  
made  on surfaces covered w i th  films of v a r y i n g  
thickness,  and  the  va lues  of t an  4e i~ are p lo t ted  in  the  
complex  plane.  The  curve  so ob ta ined  is compared  
wi th  a series of theore t ica l  curves,  computed  us ing  
the appropr i a t e  va lues  for the opt ical  cons tan ts  of 
the  subs t r a t e  and  a s suming  var ious  va lues  for the 
re f rac t ive  index  and  absorp t ion  coefficient of the 
film. For  the  case of an  absorb ing  film on an  abso rb -  
ing subs t ra te ,  the  curves  spira l  i n w a r d s  end ing  at 
the po in t  co r respond ing  to reflect ion f rom a film i n -  
finite th ickness .  If the  fi lm is nonabso rb in g ,  the  
curves  are closed figures which  repea t  per iod ica l ly  
and  do not, in  most  p rac t ica l  cases, over lap  or i n t e r -  
sect each other.  A good fit b e t w e e n  the  e x p e r i m e n t a l  
curve  and  one of the  theore t ica l  curves  indica tes  
t ha t  the  opt ical  cons tan t s  of the film are  those of the  
theore t ica l  curve,  For  a n o n a b s o r b i n g  film, it should  
of course, be  possible to d e t e r m i n e  the  r e f r ac t ive  
index  and  the  th ickness  of the  film f rom a s ingle  
m e a s u r e m e n t .  However ,  cons iderab le  inaccurac ies  
wil l  r esu l t  f rom such a d e t e r m i n a t i o n  w h e n  the  ex-  
p e r i m e n t a l  po in t  lies n e a r  the  or ig in  of the th ickness  
scale, s ince in  this  reg ion  the  curves  for d i f ferent  r e -  
f rac t ive  indices  are  a lmost  coincident .  

Experimental Technique 
The optical  m e a s u r e m e n t s  were  car r ied  out  on an  

e l l ipsometer  cons t ruc ted  in  these ,  laborator ies .  A 
d i ag ram of the appa ra tu s  is shown in  Fig. 1. Mono-  
chromat ic  l ight  f rom a low pressure  m e r c u r y  vapor  
l amp  in  series w i th  a m e r c u r y  g reen  filter ()~ 
5461A) is co l l imated  and  passed success ively  
t h rough  a polarizer ,  F a r a d a y  cell h a v i n g  a s t r a i n -  
f ree glass core, and  q u a r t e r  wave  plate.  The  l a t t e r  
is fixed in  a ro ta tab le  circle so tha t  its fast  axis  can 
be set at a g iven  angle  to the p l ane  of incidence.  The  
l ight  t hen  s t r ikes  the  spec imen which  is m o u n t e d  

Far=aoy ce l l .  

Q u a r t e r  w a v e  
~(ter p l a t e  

Polarlser Ana[yser 

Mercury v a p o u P  
lamp 

Fig. 1. Schematic diagram of ellipsometer 
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on a spec t romete r  table.  I r is  d i aph ragms  accura te ly  
a l igned  along the  axis of the  i n s t r u m e n t  e n s u r e  tha t  
the  inc iden t  b e a m  is para l le l .  The spec imen  holder  
is cons t ruc ted  so t ha t  the  spec imen  can  be moved  
in  the  hor izonta l  a nd  ver t i ca l  planes.  On reflection, 
the  l ight  passes t h r ough  f u r t h e r  ir is  d i aph ragms  
a nd  thence  to the  ana lyze r  w h i c h  forms  p a r t  of the  
m o v a b l e  a r m  of the i n s t r u m e n t .  Both  the  polar izer  
and  ana lyze r  consist  of Nicol p r i sms  m o u n t e d  in  
g r adua t ed  ro t a t ab le  circles. The  r ad i a t i on  t r a n s -  
mi t t ed  by  the ana lyze r  is de tec ted  by  a photo-  
mu l t i p l i e r  h a v i n g  an  o v e r - a l l  ga in  of 200 a m p /  
l umen .  

W i t h  this  i n s t r u m e n t  the  i nc iden t  b e a m  wil l ,  in  
genera l ,  be e l l ip t ica l ly  polar ized,  the  e l l ip t ic i ty  de-  
p e n d i n g  on the  re la t ive  o r i en ta t ions  of the  polar izer  
a nd  q u a r t e r - w a v e  plate.  These  m a y  be a l t e red  so 
tha t  the phase  change  on reflection, A, is j u s t  com-  
pensa ted  by  the  i nc iden t  el l ipt ici ty.  The reflected 
l ight  wi l l  t h e n  be p l a n e  polarized,  the  ana lyze r  
r ead ing  at ex t inc t ion  be ing  a me a su r e  of the  a m p l i -  
tude  rat io t a n  4- 

The p rocedure  used to d e t e r m i n e  a and  x is s imi -  
lar  to tha t  descr ibed  by  M e n a r d  (7) .  The q u a r t e r -  
wave  p la te  is set wi th  its fast  axis  at 45 ~ to the  p l ane  
of inc idence  and,  wi th  a su i t ab le  angle  of incidence,  
the  spec imen holder  is ad jus t ed  un t i l  t he  b e a m  as 
v i ewed  t h r o u g h  the  ana lyzer ,  is cen te red  on the  
specimen.  M e a s u r e m e n t s  are t h e n  made  of the  o r i en -  
ta t ions  P and  A of t h e  po la r izer  and  ana lyze r  at ex-  
t inct ion.  F i n a l l y  the  po la r izer  is ro ta ted  t h r ough  90 ~ 
and  a second ex t inc t ion  posi t ion  de te rmined ,  cor re -  
spond ing  to an  ana lyze r  r ead ing  A'. The angles  P, A, 
and  A' are m e a s u r e d  w i th  respect  to the  p l a n e  of i n -  
c idence as zero axis and  are cons idered  to be posi-  
t ive  if, on looking along the  d i rec t ion  of p ropaga -  
t ion, a clockwise ro t a t ion  has occurred.  I t  m a y  then  
be shown tha t  if ~ is the  ac tua l  r e t a r d a t i o n  of the  
q u a r t e r - w a v e  p la te  

t an  A ---- sin 8 cot 2P 
cos 2L ~ - -  cos $ cos 2P 

t a n 4  : - -  cot L t a n  A = t a n L  t a n A '  
t an26  ~ - - t a n  A t a n  A' 

where  t a n  L is the ra t io  of the pa ra l l e l  a nd  p e r p e n -  
d icu la r  ampl i tudes  in  the  inc iden t  b e a m  at  the  first 
ex t inc t ion  posit ion.  Values  of ~ and  x d e t e r m i n e d  
in  this  m a n n e r  can  be checked by  se t t ing  the  slow 
axis  of the q u a r t e r - w a v e  p la te  at  + 4 5  ~ to the  p l ane  
of inc idence  w h e n  a s imi la r  set of equa t ions  can be 
shown to apply.  

Using a m i c r o a m m e t e r  to record the  p h o t o m u l t i -  
p l ie r  cur ren t ,  po lar izer  and  ana lyze r  se t t ings  at ex -  
t i nc t ion  can  be read  to w i t h i n  --+0.05 ~ If the  e l l ip-  
t ic i ty  of the i nc iden t  b e a m  is m a d e  to osci l late by  
app ly ing  an  a -c  field to the  F a r a d a y  celt, the  pho to -  
m u l t i p l i e r  s igna l  can be observed  on an  oscilloscope. 
This  enables  polar izer  se t t ings  to be  made  w i t h  an  
accuracy  of +--0.01 ~ . 

The  e xpe r i me n t s  were  car r ied  out  on (111) slices 
of c r u c i b l e - g r o w n  p - t y p e  sil icon in  the  res i s t iv i ty  
r ange  1-20 ohm-cm.  For  the  t h e r m a l  oxidat ions ,  the  
slices were  m e c h a n i c a l l y  pol ished us ing  0.25~ a lu -  
m i n a  as the final ab ras ive  and  then  degreased in  hot  
redis t i l led  acetone.  P r io r  to in se r t ion  in  the  furnace ,  
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the  spec imens  were  boi led briefly in  concen t ra t ed  
su lphur ic  acid to des t roy  organic  m a t t e r  and  then  
r insed  in  deionized water .  The oxida t ions  were  car -  
r ied out  at 1200~ in  a 3 cm d i ame te r  open ended  
quar tz  tube.  The  a tmospheres  used were :  (i) oxy-  
gen con t a in ing  less t h a n  10 p p m  of water ,  ( i i)  oxy-  
gen s a tu ra t ed  w i th  wa t e r  at 28 ~ and  85~ (ii i)  
a rgon  sa tu ra t ed  wi th  wa t e r  at  28 ~ and  85~ a nd  
( iv)  steam. Except  in  the  case of s team, a gas flow 
ra te  of 1 l i t e r / m i n  was  m a i n t a i n e d  d u r i n g  the  ox ida-  
t ion. T h e r m a l l y  g rown  layers  were  also p r e p a r e d  
on slices which  had  been  chemica l ly  pol ished in  a 
so lu t ion  consis t ing of 10 par t s  of concen t ra t ed  n i t r ic  
acid to 1 pa r t  of 40% hydrof luor ic  acid to 6 pa r t s  
of glacial  acetic acid, and  on p rev ious ly  used slices 
f rom which  the  oxide l aye r  had  been  r emoved  by  
r ins ing  in  40% hydrof luor ic  acid. 

The anodic  films 2 were  fo rmed  on mechan ica l ly  
pol ished slices tha t  had  been  etched for 3 m i n  in  a 
solut ion con t a in ing  5 par t s  of concen t ra t ed  n i t r i c  
acid to 3 par t s  of 40% hydrof luor ic  acid and  3 par t s  
of glacial  acetic acid, and  t h e n  r insed  in  deionized 
water .  The  e lec t ro ly te  was a d i lu te  so lu t ion  of po-  
t a s s ium n i t r a t e  in  N - m e t h y l  acetamide,  bo th  a n -  
hydrous  and  con ta in ing  some 6-8% of water .  Con-  
tact  to the spec imen  was  made  e i ther  by  a l loying  an  
a l u m i n u m  wire  to the  back  face or v ia  a pool of 
m e r c u r y  in  a special ly  des igned jig. Wi th  a p l a t -  
i n u m  wi re  cathode, a cons tan t  c u r r e n t  dens i ty  of 
10 ma  cm -2 was  m a i n t a i n e d  d u r i n g  the  anodizat ion.  

The spu t t e red  silica films 3 were  also deposi ted on 
sil icon slices tha t  had  been  pol ished to a m i r r o r  
finish. The spu t t e r ing  i tself  was  car r ied  out  in  an  
a tmosphere  of d ry  oxygen  at a p ressure  of 5 x 10 -2 
Tor r  us ing  a wa te r -coo led  cathode of po lyc rys t a l l i ne  
p - t y p e  silicon. 

Results 

As s ta ted above,  a p re requ i s i t e  for a s tudy  of film 
g rowth  is tha t  opt ical  cons tan ts  of the  subs t ra te  be 
known.  E l l ipsometer  expe r imen t s  suggest  tha t  it  is 
possible to ob ta in  a v i r t u a l l y  ox ide- f ree  surface on 
etched sil icon by  a n n e a l i n g  for ha l f  an  hou r  at  
1200~ in  an  a tmosphere  of h y d r o g e n  purif ied by  
passage t h rough  a p a l l a d i u m  tube.  This  has been  
conf i rmed by  reflect ion e lec t ron  diffract ion me a s -  
u r e m e n t s  at  g lanc ing  angle  inc idence  (8 --~ 0.2 ~ 
(10).  The  diffract ion p a t t e r n s  ob ta ined  consist  of 
s t rong K ikuch i  l ines  and  spots f rom the  s ingle  c rys-  
t a l  silicon, toge ther  w i th  a few diffuse halos cor-  
r e spond ing  to amorphous  silica. The  i n t ens i t y  of the 
spot p a t t e r n  indica tes  tha t  the  th ickness  of the  r e -  
s idual  oxide layer ,  if it a s sumed  to be con t inuous  and  
u n i f o r m  is not  more  t h a n  3A. 

M e a s u r e m e n t s  of A and  ~ were  there fore  made  on 
such a surface  and  the  va lues  ob ta ined  were  cor-  
rected for the  presence  of the  r e s idua l  (3A) oxide 
l ayer  (A is m u c h  more  sens i t ive ly  d e p e n d e n t  on film 
th ickness  t h a n  @). The  correct ions  were  ca lcula ted  
f rom equa t ions  der ived  by  Arche r  (4) a s suming  
tha t  the  re f rac t ive  index  of the  oxide is s imi la r  to 
tha t  of b u l k  silica. On in se r t i ng  the  va lues  of a and  

so d e t e r m i n e d  in  the  appropr i a t e  equa t ions  for 
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n and  k, the complex  re f rac t ive  index  of si l icon was  
found  to be 4.05 - -  0.03i at  5461A. This  is in  good 
a g r e e m e n t  wi th  the  figure ob ta ined  by  A r c h e r  (6) ,  
where  the  i m a g i n a r y  pa r t  was  ca lcula ted  f rom the 
absorp t ion  da ta  of Dash and  N e w m a n  (10).  

A A 
Using  this figure, va lues  of the  ra t io  Rp/Rs for a 

pa r t i cu l a r  angle  of inc idence  4, were  ca lcula ted  as a 
f unc t i on  of the  thickness ,  d, and  re f rac t ive  i ndex  of 
the oxide film, n2. There  calcula t ions ,  which  are 
n o r m a l l y  e x t r e m e l y  laborious,  were  car r ied  out 
wi th  the aid of a S tan tec  Zebra  computer .  For  a 
n o n a b s o r b i n g  silica film, periodic  curves  are ob-  
t a ined  on p lo t t ing  the  da ta  i n  the  complex  plane.  
F igu re  2 shows a typ ica l  set of curves  w i th  4, = 
61.26 ~ and  n2 v a r y i n g  b e t w e e n  1.2 and  2. The shape 
and  pos i t ion  of the  curves,  at least  w i t h i n  the l imi ts  
of e x p e r i m e n t a l  error ,  are  no t  affected by  the  pos-  
sible inaccurac ies  in  the  optical  cons tan ts  of si l icon 
(_+0.01 for bo th  n and  k) .  

The re f rac t ive  indices of the  oxide films are de-  
t e r m i n e d  b y  f i t t ing e x p e r i m e n t a l  va lues  of t a n  ~ei~ 
to a p a r t i c u l a r  theore t ica l  curve.  This  is i l l u s t r a t ed  
in  Fig. 3 in  which  e l l ipsometer  data  are  p lo t ted  for 
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Fig. 2. Theoretical curves of Rp/Rs for transparent films on 

silicon with ~ = 61.26 ~ and ~. = 5461A. The refractive index 
of the film is marked on each curve, the arrow showing the di- 
rection of increasing thickness. 
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Fig. 3. Experimental results for silica films prepared by (e) 
anodization in a 0.0025N solution of KNO8 in anhydrous N-methyl 
acetamide, (X) thermal oxidation at 1200~ in oxygen saturated 
with water at 28~ Film thicknesses in angstroms (1st cycle only) 
are marked on each curve. 
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Table I. Data for various silica films Table II. Rate constants for oxidizing atmospheres 

Method of preparation 

Dissolut ion 
rate ,  A/see  

Refractive (NH~F/HF 
index  m i x t u r e  

of fi lm at  18~ 

1. Thermal  oxidation at 1200~ in 
(i) Dry oxygen 1.458 6.8 

(ii) Oxygen saturated with 
water  at (a) 28~ 1,458 6.7 

' (b) 85~ 1.455 7.1 
(iii) Steam 1.452 7.3 
(iv) Argon saturated with 

water  at (a) 28~ 1.458 6.8 
(b) 85~ 1.455 7.1 

2. Anodie oxidation in  
(i) 0.0025N solution of KNO3 

in  anhydrous N-methy l  
acetamide 1.468 49 

(ii) 0.04N solution of KNO3 in 
N-methy l  acetamide con- 
ta in ing 6-8% of water  1.417 >55 

3. Sput ter ing 1.458 8.1 

films p r epa red  by  two dif ferent  methods  (i) anodic  
ox ida t ion  in  a 0.0025N solu t ion  of KNOa in  a n h y -  
drous  N - m e t h y l  acetamide,  and  (i i)  t h e r m a l  ox ida -  
t ion  in  an  a tmosphe re  of oxygen  sa tu ra t ed  wi th  
wa te r  at 28~ The  resul t s  cover a th ickness  r ange  
of abou t  2000A for the  anodic  oxida t ions  and  5500A 
or jus t  over  two cycles for the  t h e r m a l  oxidat ions.  
S imi l a r  plots are  also ob ta ined  for the  o ther  oxide 
films. The good a g r e e m e n t  b e t w e e n  e x p e r i m e n t  and  
theory  pe rmi t s  accura te  m e a s u r e m e n t s  to be  made  
of the  re f rac t ive  indices and  i nc iden t a l l y  confirms 
tha t  the correct  va lues  were  used  for the  opt ical  
cons tan ts  of silicon. However ,  the scat ter  of the  ex-  
p e r i m e n t a l  poin ts  is such as to m a k e  it imposs ib le  
to resolve differences in  the  r e f r ac t ive  indices  of 
less t h a n  0.003. In  Tab le  I, da ta  ob ta ined  in  this  
m a n n e r  for the  va r ious  silica films are given,  to-  
ge ther  w i th  the  co r respond ing  d issolu t ion  ra tes  in  
a 12:1 m i x t u r e  of a 12N solut ion of a m m o n i u m  
fluoride and  40% hydrof luor ic  acid. 

To check the  figures in  Table  I some m e a s u r e -  
men t s  have  also been  car r ied  out  at  o ther  angles  of 
inc idence  and  wi th  the  fast  axis of the  q u a r t e r - w a v e  
p la te  set at --45 ~ to the  p l ane  of incidence.  

The th icknesses  of i n d i v i d u a l  films are d e t e r m i n e d  
d i rec t ly  f rom the appropr i a t e  r e f r ac t ive  index  curve,  
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Fig. 4. Rate curves for silicon oxidations at 1200~ in (a) 
atmospheres having a high oxygen content, and (b) atmospheres 
having a low oxygen content. 

Rate  constant ,  
A tmosphe re  A2/min 

Dry oxygen 7.6 X 104 
Oxygen saturated with water  at 

(a) 28~ 12.2 • 104 
(b) 85~ 87.0 X 104 

Steam 130.0 X 104 
Argon saturated with water  at 

(a) 28~ 5.8 X 104 
(b) 85~ 121.0 X 104 

(i) 
(ii) 

(iii) 
(iv) 

the va r i a t i on  in  the th ickness  scale due  to u n c e r -  
t a in t ies  in  the  optical  cons tan ts  of si l icon be ing  m u c h  
less t h a n  the e x p e r i m e n t a l  error .  P rov ided  the  order  
of the  film is k n o w n ,  it is possible to me a su re  its 
th ickness  wi th  an  accuracy  of •  Using data  ob-  
t a ined  in  this  m a n n e r ,  ra te  curves  are  p lo t ted  in  
Fig. 4 for the  va r ious  methods  of t h e r m a l  oxidat ion.  
In  every  case a parabol ic  ra te  law of the  form 
d = k t  lz2 is obeyed  over most  of the th ickness  r ange  
studied.  However  in  a tmospheres  con t a in ing  l i t t le  
or no oxygen  a nd  a h igh concen t r a t i on  of wa te r  
vapor  (Fig. 4b) the  films in i t i a l ly  grow at  a m u c h  
s lower  rate.  This  behav io r  is no t  observed  w h e n  the  
pa r t i a l  p ressure  of w a t e r  vapor  is suff icient ly low. In  
Table  II  the r a t e  cons tan ts  at 1200~ are  g iven  for 
the va r ious  oxidiz ing a tmospheres .  Whe r e  m e a s u r e -  
me n t s  have  been  made  u n d e r  comparab le  condi t ions ,  
the  resul ts  are in  r e a s o n a b l y  good a g r e e m e n t  w i th  
those of Deal  (11) .  

Some inves t iga t ions  h a v e  also been  m a d e  of the  
effect of sur face  p r e p a r a t i o n  on the  ox ida t ion  rate.  
In  genera l  the re  is l i t t le  difference b e t w e e n  the  be -  
hav ior  of the  surfaces  inves t iga ted .  However ,  i t  ap -  
pears  tha t  in  d r y  oxygen  e tched surfaces  t e n d  to 
oxidize fas ter  t h a n  mechan i ca l l y  pol ished surfaces.  
F u r t h e r  e xpe r i me n t s  are be ing  u n d e r t a k e n  to c lar i fy  
this  s i tuat ion.  

Discussion 

For  each me thod  of oxidat ion ,  the  e l l ipsometer  
A A 

data  can be fitted to a s ingle  R p / R s  curve  computed  
wi th  a pa r t i cu l a r  va l ue  for the  re f rac t ive  i ndex  of 
the film. Over  the  th ickness  r a nge  s tud ied  (100- 
10,000A) there  is no ind ica t ion  tha t  the  re f rac t ive  
index  changes w i th  inc reas ing  film thickness .  The  
scat ter  of the e x p e r i m e n t a l  points  abou t  a g iven  
curve  is less t h a n  t ha t  r epor t ed  by  Arche r  (6) ,  i n  
spite of the g rea te r  u n c e r t a i n t y  in  d e t e r m i n i n g  the  
ana lyze r  r ead ing  at ext inc t ion .  This suggests  tha t  
the films are more  u n i f o r m  t h a n  Arche r ' s  and  tha t  
the re  is less va r i a t i on  in  the  re f rac t ive  i nde x  f rom 
film to film. 

The re f rac t ive  indices of the  t h e r m a l l y  g rown  
oxides are ve ry  s imilar ,  t hough  s o m e w h a t  lower  
va lues  are ob ta ined  w h e n  the  w a t e r  concen t r a t i on  in  
the oxidiz ing a tmosphere  is high. This  m a y  be cor-  
r e la ted  wi th  an  increase  in  the w a t e r  con ten t  of 
the fi lm c.f. opal ine  sil ica (S iO2.XH20)  which  has 
a r e f rac t ive  i nde x  l y i ng  b e t w e e n  1.40 and  1.46 tha t  
increases  wi th  decreas ing  hydra t ion .  It  w o u l d  t he re -  
fore seem u n l i k e l y  tha t  the  f igure of 1.475 ob ta ined  
by  Arche r  (6) for films g r ow n  in  h igh p ressure  
s team are due  s imply  to the  presence  of dissolved 
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water .  In  addi t ion the va lue  repor ted  here  for films 
grown in d ry  oxygen (1.458) is close to tha t  of bu lk  
vi t reous silica (1.460) and dis t inct ly  higher  than  
Archer ' s  va lue  (1.450). No explana t ion  can be  of-  
fered for this discrepancy,  a l though the oxidat ion 
was car r ied  out a t  s l ight ly  different  t empera tures .  

With  the  e lec t ro ly t ica l ly  p repa red  oxides, the  r e -  
f rac t ive  index appa ren t ly  decreases as the wa te r  
content  of the anodizing solution increases. The de-  
crease is accompanied by  an increase in the th ick-  
ness at a given voltage.  These findings are  not  in 
agreement  wi th  the resul ts  of Schmidt  and Michel 
(13) who did not observe any effect on the thickness 
vol tage  re la t ionship  on dehydra t ing  the solvent.  
There is some evidence to suggest, however,  tha t  the 
high va lue  of re f rac t ive  index obtained wi th  the  
anhydrous  solution is in pa r t  due to the low solute 
concentration.  

The dissolution ra tes  of the anodic oxides are  con- 
s iderab ly  grea te r  than  those of the t he rma l ly  grown 
oxides. Arche r  (6) explains  s imi lar  resul ts  obta ined 
on films p repa red  by  anodizat ion in aqueous bora te  
solution by  suggest ing tha t  the oxide is porous. 
Transmission electron micrographs  obtained in this  
l abora to ry  indicate  tha t  the films grown in anhy-  
drous N - m e t h y l  ace tamide  are  re la t ive ly  porous in 
d i sagreement  wi th  the observat ions  of Pol i tycki  and 
Fuchs (14). However  the pore  d is t r ibut ion  is such 
as to suggest tha t  the  imperfect ions in the  oxide are  
p robab ly  caused by  d i r t  par t ic les  on the subs t ra te  
surface. The presence of pores would  be expected  
to lower the ref rac t ive  index as wel l  as increasing 
the etching rate,  so tha t  to account for the high va lue  
of re f rac t ive  index obtained wi th  the  anhydrous  
solvent  e i ther  the  s t ruc ture  or the composit ion of the  
oxide must  be different  f rom tha t  of the  t he rma l ly  
grown oxide. 

The sput te red  films appear  to be ve ry  s imi lar  to 
those p repa red  by  the rmal  oxidation,  though t h e y  
have a s l ight ly  h igher  dissolution rate.  Al l  th ree  
oxides give electron diffraction pa t te rns  in which 
no t race  of c rys ta l l ine  s t ruc ture  can be d is t in-  
guished. This suggests tha t  the  anomalous behavior  
of the anodic films is more l ike ly  to resul t  f rom a 
difference in composition. 

As discussed by  F l in t  (15), the  t he rma l  oxidat ion 
process can be thought  of as occurr ing in th ree  
stages: (i)  adsorpt ion of the oxidizing gas at  the  
oxide surface, (i i)  diffusion of the  oxidizing species 
through the oxide layer ,  and ( i i i )  react ion of the 
oxidizing species at  the Si-SiO2 interface.  Since a 
parabol ic  ra te  l aw appl ies  over most  of the  th ick-  
ness range  studied, diffusion is p r e sumab ly  the r a t e -  
l imi t ing step. The ini t ia l  per iod of slow oxide g rowth  
in a tmospheres  la rge ly  f ree  f rom oxygen m a y  be 
expla ined  by  assuming tha t  the  oxide reacts  wi th  
s team to form a vola t i le  component,  the  react ion 
ra te  being dependent  on the concentra t ion of wa te r  
vapor.  The removal  of the  oxide, which would  be 
inhibi ted by  the presence of oxygen, ceases once a 
cer ta in  thickness is reached.  Since silica i tself  r e -  
acts only s l ight ly  wi th  steam, even at  h igh pres -  
sures and t empera tu res  (16), the  cessation m a y  be 
due to a change in composit ion of the oxide f rom 
SiOx to SiO2. ( In  a tmospheres  free f rom oxygen, 

silicon and silica react  together  a t  1200~ to form 
silicon monoxide.)  

Conclusions 
The optical  p roper t ies  of var ious  silica films on 

silicon have been  s tudied by  means  of an e l l ipsom- 
eter. Good agreement  has been obta ined be tween  

A A 
the exper imen ta l  da ta  and curves of Rp/Rs computed 
f rom the exact  theory  of reflection. 

The re f rac t ive  indices of the t he rma l ly  grown 
oxides, l ike  that  of the  sput te red  films, a re  s imi lar  
to tha t  of bulk  silica (1.460) though somewhat  lower  
values are  obta ined when the concentra t ion of wa te r  
vapor  in the oxidizing a tmosphere  is high. Wi th  the  
anodical ly  formed oxides, the re f rac t ive  indices 
differ quite m a r k e d l y  f rom tha t  of bu lk  silica. Here 
again,  an  increase in the wa te r  content  of the ano- 
dizing solution can be cor re la ted  wi th  a reduct ion 
in the re f rac t ive  index of the film. 

The oxidat ion process has been found to follow 
a parabol ic  ra te  law over most of the  thickness range  
studied. However ,  in a tmospheres  v i r t ua l ly  free 
f rom oxygen and containing a high concentrat ion of 
wa te r  vapor,  the oxide in i t ia l ly  grows at  a much 
slower rate.  This is t en ta t ive ly  expla ined  on the 
basis of a react ion be tween  the s team and the oxide 
to form a volat i le  component.  Where  the parabol ic  
law is obeyed, the oxidat ion ra tes  at  1200~ are 
s imi lar  to those found by  other  workers .  
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Crystallographic and Electrical Properties 
of Epitaxial Germanium 
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ABSTRACT 

Germanium [111] epitaxial films deposited in an undoped flow system from 
H2-GeC14 at about 850~ are known  to be high resistivity p- type suitable for 
device manufacture .  This paper describes fur ther  invest igat ion of the qual i ty  
of such films. Electron transmission micrographs showed no difference in  gen- 
eral between these films and th in  sections of germanium grown from the melt. 
A decrease in room tempera ture  film conductivi ty as a funct ion of anneal ing  
t ime at 550~ suggested that the principal  impur i ty  was copper which was 
precipi tat ing at a slow rate characteristic of germanium with less than  103 
dislocations/cm 2. The tempera ture  dependence of carrier concentrat ion at  low 
tempera ture  was characteristic of compensat ion by about 1013 cm -3 donors. 
The most  sensit ive test of the qual i ty of these films was provided by the low-  
tempera ture  Hall  mobil i ty  which was 5.6 x 104 cm2/v-sec at 33~ and agreed 
wi th in  approximately 10% with  mobil i ty  in conventional  p - type  ge rmanium 
with 10 TM impur i t ies /cm 8. 

G e r m a n i u m  [111] ep i tax ia l  films deposi ted in  an  
undoped  flow sys tem (1) f rom H2-GeC14 at  abou t  
850~ can be h igh res i s t iv i ty  p - t y p e  su i t ab le  for 
device  m a n u f a c t u r e  (2) .  In  this  work,  c rys ta l lo -  
graphic  s tudies  by  e lec t ron  t r ansmis s ion  and  Ha l l  
mob i l i t y  m e a s u r e m e n t s  on ep i t ax ia l ly  g rown  ge r -  
m a n i u m  films give f u r t h e r  ev idence  of c rys ta l  q u a l -  
i ty  comparab l e  to t ha t  of m e l t - g r o w n  crystals .  
M e a s u r e m e n t s  of r o o m - t e m p e r a t u r e  conduc t iv i ty  of 
the  films as a f u n c t i o n  of a n n e a l i n g  hea t  t r e a t m e n t  
suggest  t ha t  copper is the  p r inc ipa l  i m p u r i t y  in  our  
films. The  slow prec ip i t a t ion  of copper  impl ies  a 
low dis locat ion densi ty .  

Fig. I. Electron transmission micrographs of thin germanium sec- 
tions. Left, conventional germanium; center, epitaxial film; right, 
evaporated film. Magnification is the same for each film. 

The films were  deposi ted a t  a ra te  of about  0.1 
~ / m i n  on  [111] faces of g e r m a n i u m  seeds b y  the  
hyd rogen  r educ t ion  of GeC14 at  850~ Deposi t ion  
was  done  us ing  a flow sys tem a nd  a hor izon ta l  t u b e  
furnace .  Oxygen  and  w a t e r  vapor  we re  r e m o v e d  b y  
pa l l ad in ized  a l u n d u m  a n d  a l iqu id  n i t r o g e n  t r ap  
con t a in ing  L i nde  molecu la r  sieve. 

Crystallographic Properties 

To e x a m i n e  c rys ta l  per fec t ion ,  e lec t ron  t r a n s m i s -  
sion was done us ing  the t echn ique  of Riesz and  
Bjor l ing  (3) .  Je t  e tch ing  of the  subs t r a t e  was  used 
to ob ta in  a sect ion of the film of abou t  40 ~2 area  
a nd  abou t  500A th ick  m e a s u r e d  f rom the  fi lm su r -  
face t h r ough  to the  e tched dimple.  E x a m i n a t i o n  
over  the  bo t tom of two d imples  showed no apprec i -  
ab le  difference b e t w e e n  the  ep i tax ia l  and  the  m e l t -  
g r ow n  g e r m a n i u m .  F igu re  1 shows e lec t ron  t r a n s -  
miss ion  mic rographs  of ep i tax ia l  and  m e l t - g r o w n  
g e r m a n i u m  m e a s u r e d  the  same way.  Also shown 
for compar i son  is a s imi la r  m ic rog raph  of a s ingle  
c rys ta l  g e r m a n i u m  film evapora ted  1 on a hot  ger-  
m a n i u m  subs t r a t e  (4) .  This  l a t t e r  film shows con-  
s iderab le  s t ruc tu re  and  e lec t r ica l ly  is no t  of device 
qual i ty .  

Us ing  the same samples,  e lec t ron t r ansmis s ion  
dif f ract ion photographs  were  made.  F igure  2 shows 
such a resu l t  on an  ep i tax ia l  film. The diffract ion 
spots and  Kikuch i  l ines  a re  the  same on these films 
as on b u l k  samples.  

Electrical Measurements  

.To me a su r e  ne t  acceptor  concen t ra t ions  r ou t i ne ly  
in  films deposi ted on p+ seeds, j u n c t i o n  capaci ty  
of n + p p  + junc t ions  (made  by  diffusing Sb in to  the 
films for 16 hr  a t  600~ was  measured .  A cons tan t  
slope of log capaci ty  vs. log j u n c t i o n  reverse  po t en -  
t ia l  was  found  (Fig. 3) i nd i ca t ing  a u n i f o r m  dis-  
t r i b u t i o n  of acceptors except  n e a r  the  seed. The ne t  

1 W e  a r e  i n d e b t e d  to R. P .  R iesz  f o r  t h i s  m i c r o g r a p h .  
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Fig. 2. Electron transmission diffraction photograph of thin 
section of an epitaxial germanium film. 

8 
. ~  IO 4 

I 

i- 

u 

IO 3 I I I I I I I ( I I 
I I 0  IOO 

ELECTROSTATIC P O T E N T I A L - V O L T S  

Fig. 3. Junction capacitance vs. total potential of an n + pp+ 
diode formed by diffusion into a thin p-type epitaxial germanium 
film on a p+ seed. The barrier layer reaches the heavily doped 
region at about 8v. Epitaxial layer thickness, 9.3~; breakdown 
voltage, 6Or. 

acceptor  concen t r a t i on  ob ta ined  was  2-6 1014/cm a 
af ter  600~ wi th  heav i ly  or l i gh t ly  doped p - t y p e  
seeds. I t  was reasoned  tha t  the  i m p u r i t y  was  copper,  
c o m m o n l y  p resen t  in  h e a t - t r e a t e d  g e r m a n i u m ,  
which  has a m a x i m u m  solid so lub i l i ty  (5) of 3 x 
1014/cm a at  600~ and  has th ree  acceptor  levels  
which  wou ld  be ionized w i t h i n  the  space charge.  
Copper  m a y  come into the  sys tem in  the  gas flow, 
f rom the vessel  walls ,  or on the  samples.  Care fu l  
c l ean ing  of the  seeds in  a 10% aqueous  KCN solu-  
t ion  before  deposi t ion did no t  reduce  the  doping.  

To check on the  presence  of copper  an  a n n e a l i n g  
e x p e r i m e n t  was pe r fo rmed  to see if the acceptor  
wou ld  prec ip i ta te  at a t e m p e r a t u r e  less t h a n  600~ 
where  the  g e r m a n i u m  wou ld  be s u p e r s a t u r a t e d  
wi th  Cu. A th ick  film was deposi ted on an  in t r ins ic  
seed of [111] o r i en t a t i on  2.44 mi ls  thick.  Ana lys i s  2 
of the crys ta l  f rom which  the  seed slice was cut  
gave a m a x i m u m  concen t r a t i on  of a n y  one i m p u r i t y  
to be 2 x 1012/cma; the  impur i t i e s  l ike ly  to be  p res -  
en t  be ing  Cu, Sb, and  As. In  6 h r  at 850~ app rox i -  
m a t e l y  4 mi ls  of film was grown.  This  added th i ck -  
ness as d e t e r m i n e d  by  weight  ga in  was checked b y  
a m i c r o m e t e r  dial  gauge  m e a s u r e m e n t .  

s W e  are  i n d e b t e d  t o  L .  P .  A d d a  for  this  i n f o r m a t i o n .  

Fig. 4. Preparation of thick film for conductivity and Hall 
measurements. 

The surface  of the  fi lm was smooth  except  for a 
few isolated g rowth  flaws (e .g . ,  t i l ted  p la t e l e t s ) ,  
and  p robed  p - type .  The back  of the  sample  was  
e tched (Fig. 4) u n t i l  a p p r o x i m a t e l y  0.8 mi l  of seed 
r e m a i n e d  as m e a s u r e d  by  a Lei tz  l ight  sect ion m i -  
croscope compar i son  wi th  masked  port ions.  A l though  
this  was  not  i n t ended ,  it  can be shown  tha t  the  
presence  of this in t r ins ic  sheet  does no t  s u b s t a n -  
t i a l ly  change  our  conclusions.  Sheet  res i s tance  gave 
a res i s t iv i ty  of abou t  10 o h m - c m  which  is typ ica l  
of g e r m a n i u m  films g r ow n  at  low deposi t ion  ra tes  
in  an  u n c o n t a m i n a t e d  sys tem of this type.  

The sample  was  t h e n  a n n e a l e d  in  h y d r o g e n  250 
hr  at  550~ Probe  res i s t iv i ty  was  m e a s u r e d  at i n -  
t e rva l s  of t ime. In  Fig. 5 are shown the resul t s  of 
room t e m p e r a t u r e  conduc t iv i ty  vs .  t ime  at 550~ 
The  ver t i ca l  l ines  ind ica te  the  spread  of da ta  over  
the  sample.  I t  is seen tha t  the  acceptor  concen t r a -  
t ion  decreases  wi th  t ime  and  the  res i s t iv i ty  ap-  
proaches  40 ohm-cm.  

The  p rec ip i t a t ion  ra te  of copper  f rom a supe r -  
s a tu ra t ed  solid so lu t ion  in  g e r m a n i u m  has been  
show n  by  Tweet  (6) to be  a func t i on  of dis locat ion 
densi ty .  F r o m  the  data  in  Fig. 5 we find a decay 
t ime  of 60 hr  which  impl ies  a dens i ty  of the  dis-  
locat ions  invo lved  in  p rec ip i t a t ion  of less t h a n  
103/cm 2. The  seed c rys ta l  had  a dis locat ion dens i ty  
of 103/cm 2 d e t e r m i n e d  by  etch pi t  count .  I t  has  been  
our  expe r i ence  tha t  the  etch pi t  counts  in  these films 
are of the  order  of, or less than ,  those in  the  seed. 
Large  a m o u n t s  of oxygen  have  also been  shown  (7) 
to accelerate  the  p rec ip i t a t ion  of copper  in  Go. If  
oxygen  were  p resen t  at a concen t r a t i on  of the  order  
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Fig. 5. Room temperature conductivity of thick film vs. time at 
550~ 
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Fig. 6. Conductivity of annealed film vs. reciprocal absolute 
temperature. Solid line is data from melt-grown Ge (8). 

of 1014 cm -3, those expe r imen t s  suggest  it  w ou l d  
have  a smal l  effect on copper p rec ip i t a t ion  at 550~ 

Conduc t iv i t y  and  Hal l  mob i l i t y  vs.  t e m p e r a t u r e  
were  n e x t  m e a s u r e d  on this  a n n e a l e d  film. A c lover -  
leaf  b r idge  was cut  f rom the sample  for res i s t iv i ty  
and  Ha l l  m e a s u r e m e n t s  (Fig.  4) .  Contacts  we re  
electroless n icke l  p la ted  and  t i n - l e a d  soldered.  The  
center  of the br idge  was  4.7 mi ls  thick.  Measu re -  
men t s  were  made  f rom 30 ~ to 400~ 

Results and Discussion 
Conduc t iv i ty  vs.  reciprocal  t e m p e r a t u r e  is shown  

in  Fig. 6. The sample  is seen to go in t r ins ic  at  abou t  
room t empera tu r e .  For  compar ison ,  da ta  (8) on 
b u l k  in t r in s i c  g e r m a n i u m  are also shown.  I t  can be 
seen tha t  our  da ta  above room t e m p e r a t u r e  agree 
ve ry  closely wi th  the resu l t  for m e l t - g r o w n  ger -  
m a n i u m .  

Hole concen t r a t i on  (p)  ob ta ined  f rom Hal l  and  
conduc t iv i ty  da ta  is shown  p lo t ted  vs .  rec iprocal  
t e m p e r a t u r e  in  Fig. 7 for t e m p e r a t u r e s  be low 200~ 
whe re  the  sample  is extr ins ic .  Dr i f t  mob i l i t y  (9) 
and  ~H/#D ~ 1.2 were  used  in  the  ca lcu la t ion  of p. 
A l though  the  low t e m p e r a t u r e  da ta  are no t  suffi- 
c ient  to d e t e r m i n e  the  acceptor,  we  assume i t  is 
copper  because  of the  a n n e a l i n g  resul ts .  As a r e su l t  
of the  long a n n e a l  at  550~ the  copper  concen t r a -  
t ion  (5) is expected  to be  NA = 5.6 x 101~ cm -~, 
and  w h e n  the  0.04 ev level  of copper  is exhaus ted  
we expect  to see p = NA. This  is shown  by  the solid 
l ine  in  Fig. 7. S ince  the  exhaus t i on  which  we ob-  
serve occurs at 1.3 x 10 TM cm -3, it is t e n t a t i v e l y  
suggested t ha t  the  fi lm conta ins  about  4 x 1018 cm -~ 
compensa t ing  donors.  

The  plot  of Ha l l  m o b i l i t y  vs.  t e m p e r a t u r e  in  the 
ex t r ins ic  r ange  shown in  Fig. 8 suppor ts  this  model .  
The  solid l ines  are data  on ga l l i um doped g e r m a -  
n i u m  f rom W o o d b u r y  and  Ty le r  (5) .  The mob i l i t y  
is cons is ten t  w i th  sca t te r ing  b y  abou t  1014 ionized 
impur i t i e s  (ND + and  NA- are a s sumed  to scat ter  
the same)  (10) f rom 80 ~ to 125~ a l though  the 
n u m b e r  of holes is 1.2-1.5 x 10 TM i n  this  t e m p e r a t u r e  
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Fig. 7. Hale concentration in annealed film vs. reciprocal abso- 
lute temperature. The solid line denotes the expected copper ac- 
ceptor exhaustion in the absence of compensation. 
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Fig. 8. Hole mobility in annealed film vs. temperature. SoJld 
lines are published data for conventional doped germanium (5). 

range.  If compensa t ing  donors  were  p re sen t  there  
would  be 5.6 -t- ~ 4 ~ 10 ionized  impur i t i e s  for 1.3 
holes. Mobi l i ty  is seen to drop f u r t h e r  at the h igher  
t e m p e r a t u r e s  p r e s u m a b l y  due to copper  becoming  
doub ly  ionized. 

The  poss ibi l i ty  of donors  is p a r t i c u l a r l y  i n t e r e s t -  
ing since N - t y p e  films r e su l t  at  high deposi t ion  ra tes  
wi th  the p re sen t  method.  Donors  were  found  by  
R u t h  et al. (11) in  g e r m a n i u m  single  c rys ta l  films 
ob ta ined  at 400~ by  decomposi t ion  of g e r m a n i u m  
iodide. The  donor  level  was  0.2 ev be low the  con-  
duc t ion  b a n d  and  was a t t r i b u t e d  to in ters t i t ia ls .  
F u l l e r  a nd  Dole iden  suggested  the  level  was  due  to 
oxygen  (12).  
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The  h igh  va lue s  of m o b i l i t y  (F ig .  8) e spec ia l Iy  a t  
low t e m p e r a t u r e  a r e  cons ide r ed  to  be  our  mos t  
s ens i t i ve  t e s t  of the  h igh  q u a l i t y  of t he  p r e s e n t  films. 
In  c o n t r a s t  a r e  t h e  low mob i l i t i e s  w h i c h  h a v e  b e e n  
r e p o r t e d  in e v a p o r a t e d  (4, 13) a n d  s p u t t e r e d  (14) 
g e r m a n i u m  s ingle  c r y s t a l  films. T h e  a n n e a l e d  f i lms 
of R u t h  et al. also do no t  show i d e a l  l a t t i c e  s c a t t e r e d  
mob i l i t y .  

Conclusion 
A g e r m a n i u m  fi lm g r o w n  f r o m  the  v a p o r  b y  the  

h y d r o g e n  r e d u c t i o n  of GeC14 has  been  s h o w n  b y  
e l ec t ron  t r a n s m i s s i o n  m i c r o s c o p y  to be  of c r y s t a l  
q u a l i t y  c o m p a r a b l e  to m e l t - g r o w n  g e r m a n i u m  a n d  
to be  n e a r  i n t r i n s i c  a t  r o o m  t e m p e r a t u r e  a f t e r  a n -  
n e a l i n g  at  550~ fo r  250 hr .  

C o n d u c t i v i t y  and  H a l l  m e a s u r e m e n t s  a r e  i n t e r -  
p r e t e d  as showing  c o n v e n t i o n a l  l a t t i c e  s c a t t e r e d  
m o b i l i t y  a n d  the  p r e s e n c e  n e a r  r o o m  t e m p e r a t u r e  of 
abou t  1014 c m  -~ to t a l  ion ized  impur i t i e s .  The  r e su l t s  
a r e  cons i s t en t  w i t h  t he  p r e s e n c e  of  5.6 x 10 TM cm -3  
copper  as e x p e c t e d  f r o m  the  a n n e a l i n g  and  ~ 4  x 10 TM 

cm -3 donors .  
The  e x p e r i m e n t  i nd i ca t e s  t h a t  t r a n s p o r t  in  g e r -  

m a n i u m  dev ices  m a d e  f r o m  such  a n n e a l e d  f i lms 
d o p e d  1015 cm -~ or  m o r e  wi l l  b e  s u b s t a n t i a l l y  t h e  
same  as in  c o n v e n t i o n a l  g e r m a n i u m .  
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The Preparation and Properties of Vapor-Grown 
GaAs-GaP Alloys 

San-Mei Ku 
General Telephone & Electronics Laboratories Inc., Bayside, New York  

ABSTRACT 

A method for the  p repa ra t ion  and doping of var ious  composi t ion of s ingle-  
c rys ta l  G a A s - G a P  is described.  By measur ing  the  opt ical  energy  gap and the 
la t t ice  p a r a m e t e r  of the  synthesized mixed  c rys ta l  the  iodine vapor  ep i tax ia l  
g rowth  technique is found to give a one- to -one  ra t io  of t r anspor t  of GaAs and 
GaP  f rom source to substrate .  The var ia t ion  of Hal t  mobi l i ty  wi th  composit ion 
f rom 5 to 50% of GaP mix tu re  has been  invest igated.  The edge emission peak  
of diodes made  wi th  al loys or  less than  50% GaP var ies  l inea r ly  be tween  the 
d i rec t  energy gap of GaAs and GaP.  

The  o r i g i n a l  r e p o r t  on the  m i x i n g  of two  s e m i -  
conduc to r s  is t h a t  of S t 5 h r  a n d  K l e r n m  (1) ,  w h o  
i n v e s t i g a t e d  the  p h a s e  d i a g r a m  of G e - S i  b y  a p o w -  
d e r  a n n e a l i n g  t echn ique .  F o l l o w i n g  th i s  i n i t i a l  w o r k ,  
f u r t h e r  i n v e s t i g a t i o n s  w e r e  m a d e  b y  m a n y  a u t h o r s  
(2 -4 )  on th i s  t y p e  of a l loy.  I t  w a s  s h o w n  t h a t  con-  
t inuous  sol id  s o l u b i l i t y  a n d  v a r i a t i o n  of e n e r g y  gap  
ex is t s  ove r  t he  en t i r e  r a n g e  of compos i t i on  f r o m  
p u r e  Ge  to p u r e  Si. W o r k  on s e m i c o n d u c t o r  a l loys  
has  b e e n  e x p a n d e d  to m i x t u r e s  of t h e  I I I - V  c o m -  
pounds  for  f u r t h e r  e x t e n s i o n  of t he  r a n g e  of a v a i l -  
ab l e  e n e r g y  gap  ( 5 - 9 ) .  Recen t  p r o g r e s s  in  d e v e l o p -  

ing  h igh-e f f i c i ency  i n f r a r e d - e m i t t i n g  G a A s  d iodes  
has  s t i m u l a t e d  f u r t h e r  i n t e r e s t  in  o b t a i n i n g  a h i g h -  
eff iciency l igh t  source  in  t he  v i s ib l e  r e g i o n  a n d  t hus  
p r o m p t e d  a d d i t i o n a l  s tud ies  on m i x i n g  a h i g h e r -  
b a n d - g a p  m a t e r i a l  such  as G a P  (Eg = 2.2 ev)  w i t h  
GaAs .  The  i n i t i a l  r e su l t s  on t h e  G a A s - G a P  s y s t e m  
h a v e  a l r e a d y  b e e n  p u b l i s h e d  (5, 10, 18).  I t  was  
f o u n d  t h a t  con t inuous  so lu t ion  was  o b t a i n e d  
t h r o u g h o u t  t he  en t i r e  a l l oy  range .  F o l b e r t h  (5)  
m e a s u r e d  the  v a r i a t i o n  of e n e r g y  gap  w i t h  compos i -  
t ion  b e t w e e n  50 a n d  100% of G a P  fo r  th i s  sys tem,  
a n d  m o r e  r e c e n t l y  P i zza re l l o  (11)  m e a s u r e d  t h e  l a t -  
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tice p a r a m e t e r  and energy gap for var ious  composi-  
tions. 

This paper  describes the p repa ra t ion  of uni form 
s ing le -c rys ta l  G a A s - G a P  1 by  the ep i tax ia l  growth  
technique at a r e la t ive ly  low tempera tu re .  The in-  
fluence of var ious  types  of dopants  in the  mixed  
alloys are discussed. Some electr ical  and optical  
proper t ies  of var ious  composit ions of G a A s - G a P  are 
also repor ted.  

Preparation 
Previous  works  have proven the feas ibi l i ty  of both  

the closed and the open systems of growing indi-  
v idual  GaAs or GaP by chemical  react ion of the  
hal ides of the  const i tuents  or by  other  v a p o r - d e p o -  
sition techniques.  The closed sys tem used in this  
invest igat ion to synthesize mixed  b ina ry  crysta ls  is 
s imi lar  to the one descr ibed by  Hagenloeher  (12) for 
the ep i tax ia l  growth  of GaAs. This method was 
chosen because it al lows uni form epi tax ia l  growth 
of a mixed  single c rys ta l  at r e l a t ive ly  low t e m p e r a -  
ture  (as low as 650~ and s imul taneous ly  permi t s  
doping dur ing growth.  

Transpor t  and crys ta l  growth of G a A s - G a P  alloys 
of var ious  composit ion was car r ied  out via a vapo r -  
phase react ion f rom a h i g h - t e m p e r a t u r e  source zone 
to a lower  t empera tu re  subs t ra te  zone using iodine 
as the t ranspor t  agent.  The proposed chemical  r e -  
actions at the  source end of the tube are:  

2 x G a A s ( s )  -t- 2 ( 1 - - x )  G a P ( s )  + I2(g) 
kl  1 1 

> - - x A s 4 ( g )  + (l--x) P4(g) + 2GaI (g )  

and the competing react ion 

1 1 
3GaI (g )  + - - x A s 4 ( g )  + ( l - - x )  P4(g) 

2 
ks 

----> GaI3 + 2x GaAs( s )  + 2 ( 1 - -  x) G a P ( s )  

and at the  subs t ra te  end 

x As4(g) + ( l - - x ) P 4 ( g )  + 4GaI (g )  
ks 

> 4GaAsxP(1-x)(S) + 212(g) 

Exper imenta l ly ,  the  react ions are  carr ied  out in a 
sealed, evacuated  quartz  tube of 2 in. in d iamete r  
and 8 in. in length,  p laced in a two-zone  furnace.  A 
typical  the rmal  d is t r ibut ion  profile and sample  tube 
p lacement  for the furnace  are shown schemat ica l ly  
in Fig. 1. 

The source ma te r i a l  consists of the  calcula ted 
mole per  cent of GaAs and GaP 2 (of same par t ic le  
size) and measured  amount  of dopant  (such as Te, 
Se, and Sn) .  The source mater ia l s  are  cleaned by  
etehants  pr ior  to being placed in the  react ion tube. 
A small  vacuum-sea led  ampoule  containing a meas -  
ured amount  of iodine is also inser ted  into the r e -  
action tube  at  the  source end. 

x T h e  e p i t a x i a l l y  g r o w n  G a  (AsxPl-x) l a y e r  ha s  l e ss  t h a n  0.002 in.  
v a r i a t i o n  i n  t h i c k n e s s  o v e r  80% of  t h e  to ta l  s u r f a c e  area.  U n i f o r m i t y  
of  c o m p o s i t i o n  was  conf i rmed  b y  e lec t r i ca l  a n d  op t i ca l  m e a s u r e -  
ments .  Less  t h a n  8% l a t e r a l  v a r i a t i o n  o f  f ree  carr ier  c o n c e n t r a t i o n  
w as  f o u n d  o n  t h e  e p i t a x i a l  l a y e r  o f  0.010 in.  t h i c k  and  0.750 in.  i n  
d i ame te r .  Edge  e m i s s i o n  p e a k  o n  d i o d e s  o f  0,003 i n . - d i f f u s i o n  f r o m  
e i t h e r  su r f ace s  of  t h e  s a m e  e p i t a x i a l l y  g r o w n  l a y e r  of  t he se  m i x e d  
c rys t a l s  h a v e  i d e n t i c a l  va lue s .  There fo re ,  t h e  g r o w n  l aye r  is  n o t  o n l y  
u n i f o r m  i n  c o m p o s i t i o n  across  t h e  w a f e r  s u r f a c e  h u t  a lso u n i f o r m  
t h r o u g h o u t  the  th i ckness .  

C o m m e r c i a l l y  a v a i l a b l e  h i g h e s t  p u r i t y  G a A s  a n d  GaP .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  September  1963 
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Fig. 1. Furnace temperature profile for epitaxiol growth and 
relative position of the reaction tube in the furnace. 

The subs t ra te  mate r ia l  used in this exper imen t  is 
e i ther  GaAs or GaP, depending upon the percentage  
of the al loy composition; for al loys wi th  0.5 or  l a rger  
mole fract ion of GaP, pure  GaP is used as substrate ,  
otherwise,  GaAs  is used as substrate.  The subs t ra te  
wafers  are  pol ished to 1/4~ finish and chemical ly  
etched in a mix tu re  of H2SO4 and H202 solution, and 
r insed in deionized w a t e r  and then in methanol .  
These wafers  are suspended in the  center  of the  
quartz  capsule by quartz  hooks. The ent i re  capsule 
is baked  at 150~ for 12 hr  under  vacuum (10 -5 
Tor r ) .  The iodine i s  then re leased f rom the ampoule  
by  a magnet ic  hammer  and the ent i re  capsule is 
backfi l led wi th  a few tenths  of an a tmosphere  of hy -  
drogen and sealed off. Jus t  p r io r  to growth  the sub-  
s t ra te  is fu r the r  cleaned by  reverse  deposi t ion for  
a few minutes,  i.e., by  t ranspor t ing  the  subs t ra te  to 
the source region. Af ter  growth  for a per iod of t ime, 
the capsule is pushed out of the furnace and al lowed 
to cool to room tempera ture .  General ly ,  the  source 
t empera tu re  is about  50~176 above the subs t ra te  
t empera tu re .  In addit ion,  i t  was found tha t  un i form 
crys ta l l ine  ep i tax ia l  g rowth  is influenced not  only 
by the subs t ra te  surface prepara t ion ,  but  also by  the 
or ientat ion of the subs t ra te  and the growth  rate.  

Results and Discussion 
As one would have  expected,  the  growth  ra te  was 

found to be influenced by the or ienta t ion  of the  sub-  
s t ra te  surface. Epi tax ia l  G a A s - G a P  layers  of 250~ 
to 630# have been obtained on subst ra tes  of several  
low index or ientat ions (100), (110), (111), and 
(112). In  contrast  to the hydrogen  chlor ide  t r ans -  
por t ing sys tem repor ted  by  Moest and Shupp (13) 
for GaAs or GaP, no growth  was observed on the As 

or P face of the (111) direction. However,  our re -  
sults are in agreement  wi th  the ep i tax ia l  growth  
of GaAs repor ted  by Pizzarel lo  (14) using iodine as 
the t ranspor t ing  agent. Growth  on the (111) planes 
was inva r i ab ly  found to contain t r i angu la r  p y r a -  
mids. The (110) direct ion was found to be the  fas t -  
est growing or ienta t ion  among the four pr inc ipa l  
c rys ta l lographic  direct ions examined.  The (100) 
plane was found to be the slowest, and the (112) 
p lane  gave the most uni form surface and growth  
pat tern ,  as shown in Table  I. 

Except  for an in i t ia l  per iod of 15-20 min requ i red  
to establ ish the s t eady-s t a t e  condit ion of the  reac-  
tion, the  growth  ra te  was found to be independent  
of t ime for a fixed set of var iab les  (source t e m p e r a -  
ture, pressure,  orientat ion,  geomet ry  of the react ion 
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Table I. EpJtaxial growth rate of GaAs-GaP crystals at 742~ 
source temperature and 680~ substrate temperature 

O r i e n t a t i o n  of 
g r o w t h  d i r e c t i o n  G r o w t h  r a t e  (]~/hr) 

100 1.8-2.4 
110 7.2-8.5 
111 5.1-6.0 
111 zero 
112 5.4-5.9 

tube ,  etc.)  u n t i l  t he  source  m a t e r i a l  is e x h a u s t e d .  
No d e t e c t a b l e  a m o u n t  bf iod ine  was  f o u n d  to be  i n -  
c o r p o r a t e d  w i t h i n  t he  e p i t a x i a l  l a y e r ;  t h e r e f o r e  i t  
is r e a s o n a b l e  to a s sume  t h a t  on ly  a s m a l l  a m o u n t  
of iod ine  is n e e d e d  to t r a n s p o r t  a c o m p a r a t i v e l y  
l a rge  a m o u n t  of r eac t an t s .  This  m a y  also e x p l a i n  t he  
i n d e p e n d e n c e  of g r o w t h  r a t e  w i t h  r e s p e c t  to  t ime .  

A ser ies  of e x p e r i m e n t s  w e r e  m a d e  to  d e t e r m i n e  
t h e  g r o w t h  r a t e  vs.  i n i t i a l  p r e s s u r e ,  source  t e m p e r a -  
ture ,  and  s u b s t r a t e  t e m p e r a t u r e s  w i t h  a f ixed s u b -  
s t r a t e  o r i e n t a t i o n  (100) .  As  expec t ed ,  w e  h a v e  
f o u n d  t h a t  t h e  g e o m e t r y  of t h e  t u b e  and  the  pos i t i on  
of t he  s u b s t r a t e  in  t he  t u b e  h a v e  a l a r g e  effect on 
the  u n i f o r m i t y  of t h e  depos i t  l aye r ,  s ince  t he  t r a n s -  
p o r t  of G a A s - G a P  f r o m  the  source  to t he  s u b s t r a t e  
is con t ro l l ed  b y  convec t ion  as  w e l l  as b y  diffusion.  
I t  was  also no ted  t h a t  t he  g r o w t h  r a t e  was  r e l a -  
t i v e l y  i n sens i t i ve  to t h e  s u b s t r a t e  t e m p e r a t u r e .  
H o w e v e r ,  for  s i m p l e  G a A s - G a P  t r a n s p o r t ,  t h e  s u b -  
s t r a t e  t e m p e r a t u r e s  can  be  as  low as  550~ b u t  to  
ach ieve  u n i f o r m  c r y s t a l l i n e  g r o w t h  a n d  p r e s e r v e  
the  d e s i r e d  compos i t ion ,  t he  s u b s t r a t e  t e m p e r a t u r e  
shou ld  be  s l i g h t l y  b e l o w  the  ef fec t ive  d i s p r o p o r -  
t i o n a t i o n - t e m p e r a t u r e .  F o r  a f ixed source  t e m p e r a -  
t u r e  of 742~ and  an  in i t i a l  i od ine  p r e s s u r e  of 210 
T o r t ,  a v a r i a t i o n  of s u b s t r a t e  t e m p e r a t u r e  f r o m  
600 ~ to 700~ caused  the  g r o w t h  r a t e  to v a r y  b y  less  
t h a n  0.1%. F i g u r e  2 shows  tha t ,  a t  a f ixed source  
t e m p e r a t u r e  of 742~ a n d  an  iod ine  p r e s s u r e  in t he  
r a n g e  of 80 to 250 Tor r ,  t h e  r a t e  of g r o w t h  inc reases  
w i t h  d e c r e a s i n g  in i t i a l  iod ine  p r e s s u r e  w h e r e  t he  
t o t a l  p r e s s u r e  of t he  s y s t e m  r e m a i n e d  cons tan t .  This  
r e su l t  a g a i n  s u b s t a n t i a t e s  t h e  f inding  t h a t  i od ine  
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Fig. 3. Rate of growth vs. source temperature at initial 12 pressure 
of 210 mm Hg for (100) substrates. 

acts  on ly  as a t r a n s p o r t  a g e n t  in  th is  process ,  and  
t h a t  i t  does  no t  e n t e r  t he  e p i t a x i a l  l aye r .  F i g u r e  3 
shows  t h a t  t he  g r o w t h  r a t e  i nc r ea se s  w i t h  i n c r e a s i n g  
source  t e m p e r a t u r e  at  a cons t an t  i n i t i a l  i od ine  p r e s -  
su re  of 210 Torr .  E v i d e n t l y  s e v e r a l  r e ac t i ons  a r e  
c o m p e t i n g  at  t he  source,  w h e r e  h igh  source  t e m -  
p e r a t u r e  and  low iod ine  p r e s s u r e  w i l l  f a v o r  k l  
ove r  k2. 

The  compos i t i on  of t he  m i x e d  a l loys  was  d e t e r -  
m i n e d  b y  two  m e t h o d s :  ( i )  A s s u m i n g  t h a t  V e g a r d ' s  
l a w  of sol id  so lu t ions  ho lds  fo r  th is  G a A s - G a P  sys -  
tem,  t h e r e b y  m e a s u r i n g  the  l a t t i c e  cons t an t  of these  
a l loys ,  i t  w i l l  in  t u r n  d e t e r m i n e  t h e  compos i t ion .  ( i t )  
F r o m  the  e n e r g y  gap  vs.  compos i t ion  d a t a  of t he  
m i x e d  a l loys  o b t a i n e d  b y  p r e v i o u s  a u t h o r s  (Fig .  4) ,  
compos i t i on  can  be  d e t e r m i n e d  b y  m e a s u r i n g  the  
op t i ca l  e n e r g y  gap,  Eg, va lues .  The  l a t t i c e  cons tan t s  
of G a A s - G a P  a l loys  m a d e  b y  the  m e t h o d  m e n t i o n e d  
a b o v e  w e r e  m e a s u r e d  a t  r o o m  t e m p e r a t u r e  b y  t h e  
Lau~ b a c k - r e f l e c t i o n  t echn ique .  T h e  r e su l t s  a r e  
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Fig. 2. Rate of growth vs. initial 12 pressure at source temperature 
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Fig. 5. Lattice constant vs. various composition range in the 
GaP-GaAs. 

shown in Fig. 5. The decrease in lattice constant with 
increase of mole fraction of GaP is found to be in 
good agreement with Vegard's law of solid solu- 
tions; also the sharpness of the Lau~ back-reflection 
peak fur ther  indicates a high degree of perfection 
for these alloys. The energy gap values were deter-  
mined by the linear extrapolation of the absorption 
edge in the transmittance vs.  wavelength measure-  
ment. The compositions of these alloys determined 
from the Eg value vs .  composition curve (Fig. 4) 
varied less than 2% with the predetermined source 
composition for the epitaxial growth. From the re-  
sults of composition determination, by the above two 
methods, it seems that  there is a one- to-one ratio of 
transport  of GaAs and GaP from source to substrate. 

All the synthesized alloys were doped with either 
selenium, tellurium, or tin. Each of these elements 
is an n - type  dopant for the mixed crystals. Using 
the data from Hall-effect measurements,  it was 
found that the highest f ree-carr ier  concentration 
produced for these alloys was obtained by doping 
with selenium (3 x 10 TM carr iers/cc) .  With tel lurium 
as a dopant, the highest carrier concentration ob- 
tainable was about 7.8 x 101S/cc, and 5 x 1018/cc was 
the highest impuri ty concentration achieved with tin 
doping. The lower free-carr ier  concentration in 
t in-doped alloys may  be attr ibuted to the relatively 
large size of the interatomic radii of tin (1.40A) in 
comparison to the other two types of dopants men-  
tioned (selenium--l .14A; te l lur ium-- l .32A) (15). 
Another  plausible explanation for this result is that  
the tin atoms can be introduced into the GaAs-GaP 
alloys both as p-  and n- type  impurities. 

From the room-tempera ture  Hall effect and re-  
sistivity measurements,  the simple Hall mobility 
calculated from the ~H = ~rRit relation, is plotted 
against the mole fraction of GaP in Fig. 6. In con- 
trast to other quasi-binary alloys such as InSb-GaSb 
(8) system, the mobility in GaAs-GaP alloy does not 
fall off rapidly f rom the value of pure GaAs of 
equivalent carrier concentration; instead, it remains 
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Fig. 7 Variations of edge emission peak of GaAs-GaP diodes with 
composition at 31111 ~ and 77~ o, 3 ~ ~  transmittance data; A ,  
300~ edge emission data; e, 77~ edge emission data. 

fairly constant up to 15% of GaP, and then de- 
creases steeply between 25-50% GaP. 

It has been shown from the published absorption 
data (5, 11) and the transmittance vs.  wavelength 
measurement of this experiment (Fig. 4) that  the 
energy gap of Ga(AsxPl-x)  does not vary  linearly 
over the entire composition range. This was fur ther  
confirmed by the edge emission vs.  wavelength meas- 
urement  obtained on the forward-biased,  zinc-dif-  
fused diodes made from t in-doped alloys of 10, 15, 
29, 25, and 50% GaP compositions (17, 19). At  room 
tempera ture ,  the edge emission peak of diodes made 
with alloys of less than 50% GaP follows the linear 
variation between the direct energy gap of GaAs 
(1.37 ev) and GaP (2.6 ev} (Fig. 7). As expected, at 
liquid nitrogen temperature  the edge emission peak 
shifts to a shorter wavelength, but the increase in 
energy gap is found to be in good agreement with 
the estimated 0E~0T values for these alloys (assume 
that the 0E/0T for the alloys is somewhere between 
--5.4 x 10 -4 e v / ~  for GaP and --4.9 x 10 -4 e v / ~  
for GaAs) (16). 
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Effect of Electrolyte and Solvent on Polarographic 
Reductions of Nitrobenzene Derivatives 

Donald J. Pietrzyk, z R. F. Breese, 2 and L. B. Rogers 8 

Department of Chemistry and Laboratory for Nuclear Science, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Anodic  shifts of h a l f - w a v e  potent ia ls  for n i t robenzene  der iva t ives  on add i -  
t ion of calcium ion are  usua l ly  grea tes t  for substances having  the most  nega-  
t ive reduct ions  on the negat ive  side of the  e lec t rocapi l la ry  max imum.  How-  
ever, a smal l  anodic shift  has also been detected for  reduct ions  on the posi t ive  
side of the  e lec t rocapi l la ry  max imum.  An increase  in pH or in percentage  of 
methanol  leads to a grea ter  shift  in al l  cases, p robab ly  as the  resul t  of g rea te r  
in terac t ion  be tween  calcium ion and the carbanion  in te rmedia te .  

I r r e v e r s i b l e  p o l a r o g r a p h i c  r eac t i ons  a r e  f r e q u e n t l y  
sens i t ive  to t he  p r e s e n c e  of s u r f a c e - a c t i v e  agen t s  
a n d  t h e  ca t ion  of the  " i n e r t "  b a c k g r o u n d  e l e c t r o l y t e  
(1 -6 ) .  C a l c i u m  ion has  been  r e p o r t e d  to sh i f t  a n o d i -  
ca l l y  t h e  a l k a l i n e  r e d u c t i o n  of p - d i n i t r o b e n z e n e  
wh ich  fa l l s  on the  n e g a t i v e  s ide  of t he  e l e c t r o c a p i l -  
l a r y  m a x i m u m  (2) .  A s im i l a r  sh i f t  for  t h e  first  
wave ,  w h i c h  fa l l s  on the  pos i t i ve  s ide  of t he  m a x i -  
m u m ,  has  n o w  b e e n  s t u d i e d  as a func t ion  of p H  a n d  
concen t r a t i ons  of m e t h a n o l ,  and  the  s u r v e y  has  
been  e x t e n d e d  to o t h e r  n i t ro  a roma t i c s .  

Experimental 
E x c e p t  for  p - n i t r o t r i m e t h y l a n i l i n i u m  ch lo r ide  

w h i c h  w e  p r e p a r e d  (7 ) ,  t h e  n i t ro  c o m p o u n d s  w e r e  
E a s t m a n  K o d a k  C o m p a n y  p r o d u c t s  t h a t  h a d  been  

Z Presen t  address :  Chemis t ry  Depa r tmen t ,  S ta te  Unive r s i ty  of  
Iowa,  I o w a  City, Iowa.  

P resen t  address :  Chicago, Rock Is land and  Pacific Railroad,  Re-  
search  and  Deve lopmen t  Laboratory, Chicago g, Illinois.  

s P re sen t  address :  Chemis t ry  Depa r tmen t ,  P u r d u e  Univers i ty ,  La- 
fayette, Ind iana .  

f u r t h e r  pur i f i ed  b y  d i s t i l l a t i o n  or  c rys t a l l i za t ion .  
L i t h i u m  ch lo r ide  was  p r e p a r e d  f r o m  l i t h i u m  c a r -  
b o n a t e  a n d  h y d r o c h l o r i c  ac id ;  a l l  o t h e r  i n o r g a n i c  
c o m p o u n d s  w e r e  c o m m e r c i a l l y  a v a i l a b l e  a n a l y t i c a l  
r eagen t s .  

M o d e r a t e  c o n c e n t r a t i o n s  of  h y d r o c h l o r i c  ac id  a n d  
s o d i u m  h y d r o x i d e  w e r e  used  for  s m a l l  a n d  l a r g e  p H  
va lues ,  r e spe c t i ve ly .  I n t e r m e d i a t e  v a l u e s  w e r e  
m a i n t a i n e d  us ing  buffers ,  0.01M in ion ized  form,  
w h i c h  w e r e  p r e p a r e d  f r o m  a m m o n i a  o r  p y r i d i n e  
m i x e d  w i t h  h y d r o c h l o r i c  acid.  

P o l a r o g r a p h i c  so lu t ions  u s u a l l y  c o n t a i n e d  1 . 0 0 x  
10-4M n i t r o b o d y  and  0.005% f r e s h l y  p r e p a r e d  g e l a -  
t in.  

The  a p p a r a t u s  a n d  p r o c e d u r e  has  been  d e s c r i b e d  
(2, 3) .  M e a s u r e m e n t s  w e r e  m a d e  a t  25~ us ing  a 
c a p i l l a r y  w i t h  a 0.03 r am bore ,  w h i c h  h a d  a d rop  
t i m e  of 5 sec a n d  a v a l u e  of m218t II6 at  - -  0.5 v (vs. 
S.C.E) of 1.477 m g  ~/8 sec - l /~.  D a t a  for  h a l f - w a v e  
p o t e n t i a l s  u s u a l l y  h a d  a s p r e a d  of  less t h a n  _--+- 3 m v  
w h e n  r u n  in t r i p l i c a t e  r u n s  on each  of two  solut ions .  
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Table I. Effect of the presence of 0.2M calcium chloride on the 
half-wave potential for the first reduction of p-dinitrobenzene in 

varying percentages of methyl alcohol. Background: O.01M sodium 
hydroxide, 1.0M lithium chloride, 0.005% gelatin 

P e r  c e n t  
methyl 
a l c o h o l  - - E ~ . c . ~ .  - -  E V2 * A E  V2 

20 0.46 0.331 16 mv 
40 0.44 0.345 18 m v  
60 0.40 0.372 21 m y  
80 0.38 0.395 36 mv 

* I n  the  a b s e n c e  of  c a l c i u m .  

Results 

Dinitrobenzenes.--p-Dinitrobenzene in  a l k a l i n e  
so lu t ion  g ives  two  waves .  The  f i rs t  c o r r e s p o n d s  to  a 
t w o - e l e c t r o n  change  w i t h  f o r m a t i o n  of a r e l a t i v e l y  
s t ab l e  d i v a l e n t  ion;  t he  second,  to t h e  f o r m a t i o n  of 
p - h y d r o x y l a m i n o a n i l i n e  (8 ) .  A 56 m y  sh i f t  of t h e  
second  w a v e  on a d d i t i o n  of c a l c ium ion has  been  
r e p o r t e d  (2)  for  a so lu t ion  con t a in ing  40% m e t h -  
anol.  T a b l e  I shows  t h a t  a s i m i l a r  b u t  s m a l l e r  sh i f t  
a lso occurs  in  the  first  wave ,  and  t h a t  a l a r g e r  p e r  
cen t  of m e t h a n o l  i nc reases  t he  shif t .  The  u n u s u a l  
f e a t u r e  a b o u t  th is  s i t u a t i o n  is t h a t  t he  sh i f t  is b e i n g  
i n d u c e d  b y  a c a p i l l a r y - i n a c t i v e  pos i t i ve  ion on ~he 
pos i t i ve  s ide  of t he  e l e c t r o c a p i l l a r y  m a x i m u m .  

Changes  in t he  c o n c e n t r a t i o n  of l i t h i u m  ch lo r ide  
h a d  l i t t l e  effect on t h e  h a l f - w a v e  po ten t i a l .  F u r t h e r -  
more ,  changes  in  j u n c t i o n  p o t e n t i a l  w e r e  r u l e d  out  
b y  o b s e r v i n g  t h a t  t he  h a l f - w a v e  p o t e n t i a l  of t h a l -  
l i u m  ( I )  r e m a i n e d  c o n s t a n t  w h e n  ca l c ium ion  was  
a d d e d  to t he  s ame  b a c k g r o u n d  e l ec t ro ly t e .  

o - D i n i t r o b e n z e n e ,  w h i c h  has  h a l f - w a v e  p o t e n -  
t i a l s  a t  - -  0.39 and  - -  0.79v in  20% m e t h a n o l ,  and  
- -  0.47 a n d  - -  0.88v in  80% m e t h a n o l  e x h i b i t s  
s i m i l a r  b u t  s m a l l e r  sh i f t s  for  bo th  waves .  This  sug -  
ges ts  t h a t  t he  sh i f t s  for  b o t h  t he  o r t h o  a n d  p a r a  
c o m p o u n d s  a r e  rea l .  

Mononitro aromatics.--Unfortunately, m o n o n i t r o  
a r o m a t i c s  do no t  r e d u c e  on t h e  pos i t i ve  s ide  of t he  
e l e c t r o c a p i l l a r y  m a x i m u m  so t h e y  canno t  be  used  
to s t u d y  t h a t  f e a t u r e  of  t h e  ca l c ium i n d u c e d  shif t .  
H o w e v e r ,  i t  was  of i n t e r e s t  to e x a m i n e  the  effects 
of cha rge  a n d  s t r u c t u r e  of t he  a r o m a t i c  spec ies  on 
t h e  c a l c i u m - i n d u c e d  sh i f t  for  t h e  r e a c t i o n  on the  
n e g a t i v e  s ide  of t he  E.C.M. 

W h e n  n i t r o b e n z e n e  in  80% m e t h a n o l  w a s  used  
to e x a m i n e  the  effect of  a p p a r e n t  p H  on the  sh i f t  
a t  p H  va lues  of 11.2, 9.2 4.2, and  2.0, anod ic  sh i f t s  
of  75, 48, 8, a n d  0 my ,  r e s p e c t i v e l y ,  w e r e  observed .  
(The  s m a l l e r  c a l c ium shi f t  a t  l o w e r  v a l u e s  of p H  
was  also conf i rmed  for  t he  d i n i t r o  c o m p o u n d s . )  
Such  a r e s u l t  is r e a s o n a b l e  because  h i g h e r  c onc e n -  
t r a t i o n s  of p r o t o n s  w o u l d  compe t e  m o r e  success -  
f u l l y  w i t h  t he  ca l c ium ions  for  t he  c a r b a n i o n  p r o -  
d u c e d  b y  e l ec t ron  t r ans f e r .  

The  anod ic  sh i f t  caused  b y  0.02M ca l c ium ch lo -  
r ide  w a s  o b s e r v e d  for  s e v e r a l  o t h e r  s u b s t i t u t e d  
n i t ro  a r o m a t i c  c o m p o u n d s  in 80% m e t h a n o l - l . 0 M  
l i t h i u m  ch lo r ide -0 .01M s o d i u m  h y d r o x i d e - 0 . 0 0 5 %  
ge la t in .  E x a m i n i n g  f i rs t  t he  h a l f - w a v e  po ten t i a l s ,  
one  can  see in  T a b l e  I I  t h a t  t h e  v a l u e s  ref lec t  t he  

Table II. Anodic changes in half-wave potentials for 1.0 x 10-4M 
solutions of nitrocompounds due to the presence of 0.2M calcium 

chloride. Background: 1M lithium chloride, 0.01M ~ sodium hydroxide, 
0.005% gelatin, 80% methyl alcohol 

C o m p o u n d  - - E z ~ ,  ** V 

p - N i t r o p h e n y l t r i m e t h y l a m m o n i u m  
chlor ide  0.634 42 

Ni t robenzene 0.776 75 
o-Ni t ro to luene  0.852 77 
p-Ni t roaniso le  0.861 77 
p -Ni t roan i l ine  0.918 79 
1 ,3-Dimethyl-2-ni t robenzene* 0.95, 1.05 60, 190 
p-Ni t rophenol*  1.06, 1.26 90, 180 

* T w o  w a v e s ;  v a l u e s  r o u n d e d  to  c l o s e s t  0 , 0 1 v  d u e  t o  p o o r  s e p a r a -  
t ion  o f  w a v e s .  

** I n  t h e  a b s e n c e  o f  c a l c i u m .  

t y p e  of s u b s t i t u e n t  on the  a r o m a t i c  r ing.  Us ing  
n i t r o b e n z e n e  as a r e f e rence ,  t he  i n d u c t i v e  effect of 
t h e  s u b s t i t u t e d  a m m o n i u m  ion r e su l t s  in  a less  c a t h '  
odic  v a l u e  w h e r e a s  t h e  r e s o n a n c e  s t a b i l i z a t i on  of 
the  - -OCHs,  --NH2, a n d - - O H  d e r i v a t i v e s  r e s u l t  in  
m o r e  ca thod ic  va lues .  A s te r i c  effect  is i l l u s t r a t e d  
in  t he  case of t he  1 , 3 - d i m e t h y l  compound .  

E x a m i n a t i o n  of t he  effect  of c a l c ium shows  tha t ,  
on going  f r o m  the  p o s i t i v e l y  c h a r g e d  t e t r a a l k y l a m -  
m o n i u m  ion  to the  n e g a t i v e l y  c h a r g e d  p h e n o l a t e  
ion, the  sh i f t  becomes  l a rge r .  Q u a l i t a t i v e l y ,  th is  is 
w h a t  one w o u l d  e x p e c t  i f  t he  sh i f t  w e r e  d u e  to 
s t a b i l i z a t i on  of a c a r b a n i o n  i n t e r m e d i a t e  b y  ca l c ium 
ion. 

p - N i t r o p h e n o l  (9, 10) a n d  c o m p o u n d s  s im i l a r  to 
1 , 3 - d i m e t h y l - 2 - n i t r o b e n z e n e  (11) g ive  t w o  w a v e s  
in bas ic  solut ion.  As  the  p H  inc reases  a b o v e  9, t he  
second  becomes  l a r g e r  a n d  t h e  f i rs t  w a v e  sma l l e r .  
In  t h e  p r e s e n c e  of c a l c i u m  ion, t h e  anod ic  sh i f t s  of 
the  second  w a v e  a re  so g r e a t  t h a t  t he  two  w a v e s  
fuse  in to  one. Thus ,  t he  t r a n s f e r  of one or  m o r e  a d -  
d i t i ona l  e l ec t rons  is g r e a t l y  a ided .  F i g u r e  1 i l l u s -  

T 

I 

A E ~ ,  m v  

I I I I I 
-0.9 -I.0 - I . [  -I.2 -I.3 -I.4 -I,5 

Volts vs S,C.E. 

Fig. 1. Effect of 0.2M calcium chloride on the polarogram for 
p-nitrophenolate: A, 1M lithium chloride, 0.01M sodium hydroxide, 
0.005% gelatin, and 80% methyl alcohol; B, 0.02M calcium chlo- 
ride also present. 
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t ra tes  the shif t  for  p -n i t ropheno l  and  the nea r ly  
symmet r ica l  wave  tha t  resu l ted  in the  presence of 
calcium ion. S y m m e t r y  would undoubted ly  have 
improved  if more calc ium had been added. 

I t  is in teres t ing  to note  tha t  o -n i t ro to luene  (and 
p -n i t ro to luene)  shows no significant effect of h in-  
drance  (or induct ion) .  The repor ted  ha l f -wave  
potent ia ls  for both  toluene der iva t ives  are usual ly  
wi th in  40 mv of n i t robenzene (12). Hence, one 
would expect  the effect of calcium to be the  same 
as for ni t robenzene,  and this was found to be the 
case. 

Discussion 
Recent work  by Pie t te  et al. (13) indicates  tha t  a 

number  of n i t roaromat ic  compounds give detec table  
amounts  of anion in te rmedia tes  in aqueous media.  
Hence, format ion  of an ion-pa i r  at  the e lectrode 
surface should be possible, and it should be more 
extens ive  in lower  dielectr ic  media,  as found in the 
present  study. 

An a l te rna t ive  explana t ion  might  be based on 
ion-dipole  interact ions  pr io r  to reduction.  However ,  
an extension of an ear l ie r  a t t empt  to detect  such an 
in terac t ion  on addi t ion of calcium ion by differen-  
t ia l  spec t rophotomet ry  using ni t robenzene and p-  
ni t roani l ine,  by  solubi l i ty  (of n i t robenzene) ,  by  
potent iometr ic  t i t ra t ion  (of calcium with  e thy lene -  
d in i t r i lo te t raace t ic  acid in the presence of p - n i t r o -  
ani l ine) ,  and by  conduct ivi ty  measurements  of cal-  
cium ion (upon addi t ion of n i t robenzene)  all  fai led 
to indicate  any interact ion.  Hence, the calcium ef-  

fect  does not  appear  to be the  resul t  of a pr ior  
interact ion.  
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The Evaporation of Iron-Chromium Alloys Containing 5 and 25 
Per Cent Chromium in the Temperature Range 900~176 

L. A. Morris and W. W. Smeltzer 
Department of Metallurgy and Metallurgical Engineering, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

An investigation is reported on the evaporation and thermal etching of 
iron alloys containing 5 and 25% chromium in the temperature range 900 ~ 
I080~ under a vacuum of 10 -6 mm Hg. Evaporation proceeded by constant 
rates for exposures extending several hours; the activation energies were 94.3 
and 93.7 kcal/g f w for the austenitic 5% and ferritic 25% alloy, respectively. 
Thermal etching gave rise to both faceted and specular surfaces. 

The evapora t ion  and the rma l  etching of i ron-  
chromium alloys have not been ex tens ive ly  inves t i -  
gated. Vapor  pressure  measurements  of the solid 
al loys at  t empera tu res  h igher  than  1200~ have 
been employed by  McCabe et al. (1) and Kubas -  
chewski  and Heymer  (2) for ac t iv i ty  de t e rmina -  
tions. More recently,  Gulbransen  and Andrew (3) 
s tudied the influence of meta l  vo la t i l i ty  on the 
oxidat ion behavior  of heat  res i s tan t  al loys conta in-  
ing iron, chromium, and a luminum by  measur ing  
vapor  pressures  of b ina ry  and t e r n a r y  alloys in the 
lower  t empe ra tu r e  range  900~176 Because 
such evapora t ion  plays  an essential  role in h igh-  

t empe ra tu r e  surface reactions,  an invest igat ion is 
repor ted  on evapora t ion  of al loys containing 5 and 
25% chromium for r e la t ive ly  long exposures  in the 
t empera tu re  range  900~176 To augment  the  
resul ts  of this kinetics study,  the surface morpholo-  
gies developed dur ing  evapora t ion  have  been ex-  
amined microscopically.  

Experimental 
The exper iments  car r ied  out in the t empe ra tu r e  

range 900~176 i l lus t ra te  evapora t ion  charac-  
ter is t ics  of austeni t ic  and ferr i t ic  al loys containing 
5 and 25% chromium, respect ively.  Al loy  analyses  
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Table I. Analyses (weight per cent) of iron-chromium alloys 

Element  Fe-5% Cr alloy, % Fe-25% Cr alloy, % 

Cr 5.0 25.0 
C 0.00 0.00 
Mn 0.04 0.20 
P 0.005 0.017 
Si 0.019 0.053 
S 0.007 0.015 
Fe  balance  balance 

a r e  p r e s e n t e d  in T a b l e  I. S q u a r e  p l a t e  spec imens ,  
0.1 cm t h i c k  w i t h  su r f ace  a r e a s  of a p p r o x i m a t e l y  
3.5 c m  2, w e r e  e m p l o y e d  for  t he  e v a p o r a t i o n  tes ts .  
S u r f a c e  p r e p a r a t i o n  i n v o l v e d  a b r a s i o n  to 4 /0  g r a d e  
s i l icon c a r b i d e  p a p e r  and  w a s h i n g  in ace tone .  

The  h i g h - v a c u u m  glass  s y s t e m  con ta in ing  the  
e v a p o r a t i o n  t u b e  cons i s t ed  of a m e c h a n i c a l  p u m p ,  a 
t w o - s t a g e  oi l  d i f fus ion  p u m p ,  and  a McLeod  gauge .  
This  g a u g e  was  i so l a t ed  f rom the  s y s t e m  d u r i n g  
e v a p o r a t i o n  runs .  The  f u r n a c e  s u r r o u n d i n g  the  
e v a p o r a t i o n  t u b e  was  con t ro l l ed  to • 2~ 

The  a s s e m b l y  e m p l o y e d  for  t he  e v a p o r a t i o n  
m e a s u r e m e n t s ,  w i t h  t he  e x c e p t i o n  of those  on the  
F e - 5 %  Cr  a l l oy  at  1000~ is i l l u s t r a t e d  in  Fig.  1. 
The  3 cm d i a m e t e r  q u a r t z  e v a p o r a t i o n  t u b e  was  
p r o t e c t e d  f r o m  t h e  a t m o s p h e r e  b y  the  ou te r  m u l l i t e  
f u r n a c e  t u b e  w h i c h  was  m a i n t a i n e d  at  a v a c u u m  of 
10 -2 m m  Hg. S p e c i m e n s  w e r e  l o w e r e d  into  t he  
e v a p o r a t i o n  t u b e  b y  the  wind lass .  F o r  pos i t i on ing  
of  spec imens  in  t he  e v a p o r a t i o n  zone,  a 1 in. t r i -  
a n g u l a r  s u p p o r t  of 1 m m  q u a r t z  rod  was  a t t a c h e d  
to the  p l a t i n u m  suspens ion  wi re .  Two  spec imens  
w e r e  h u n g  v e r t i c a l l y  f r o m  this  suppor t .  The  d i s t a n c e  
s e p a r a t i n g  the  faces  of  t he  p l a t e s  w a s  1 cm. 

F o r  t he  e v a p o r a t i o n  tes t s  on t h e  F e - 5 %  Cr  a l loy  
a t  1000~ t h e  e v a p o r a t i o n  a s s e m b l y  cons i s ted  of a 
5 c m  d i a m e t e r  u n p r o t e c t e d  m u l l i t e  t u b e  e q u i p p e d  
w i t h  a wind las s .  Two or  t h r e e  spec imens  w e r e  h u n g  
v e r t i c a l l y  f r o m  the  q u a r t z  s u p p o r t  w i t h  the  faces  of 
t h e  p l a t e s  s e p a r a t e d  2 or  1 cm, r e s p e c t i v e l y .  Th is  

T; 
VACUUM 

DLASS 

/ 

tl" 
Fig. 1. Free evaporation cell 

- -  TO VACUUM 

MULLITE FURNACE 
TUBE 

QUARTZ 
EVAPORATION TUBE 

s i m p l e  a s s e m b l y  was  a b a n d o n e d  a f t e r  t he  e x p e r i -  
m e n t s  a t  1000~ as two  tubes  d e v e l o p e d  l e a k s  d u r -  
ing  the  p e r i o d  of e x p e r i m e n t a t i o n .  

E v a p o r a t i o n  k ine t i c s  w e r e  d e t e r m i n e d  f r o m  
w e i g h t  losses of t he  spec imens ;  n e w l y  p r e p a r e d  
a b r a d e d  s p e c i m e n s  w e r e  used  for  each  e x p o s u r e  
tes t .  Upon  suspens ion  of e i t h e r  two  or  t h r e e  of 
t he se  spec imens  on the  q u a r t z  suppor t ,  t he  s y s t e m  
was  e v a c u a t e d  to 10 -6  m m  Hg. A f t e r  t he  t e m p e r a -  
t u r e  of t he  f u r n a c e  h a d  been  e s t a b l i s h e d  a t  800~ 
the  spec imens  w e r e  l o w e r e d  b y  the  w i n d l a s s  in to  
t he  e v a p o r a t i o n  t u b e  a n d  a n n e a l e d  for  2 hr .  The  
f u r n a c e  was  t h e n  a d j u s t e d  to t he  e v a p o r a t i o n  tes t  
t e m p e r a t u r e .  A f t e r  e x p o s u r e  for  a specif ied t ime ,  
t he  spec imens  w e r e  r a i s e d  f r o m  t h e  e v a p o r a t i o n  
zone and  r e m o v e d  f r o m  the  s u p p o r t  w i t h  forceps .  
The  w e i g h t  losses w e r e  d e t e r m i n e d  w i t h  a M e t t l e r  
Mic ro  G r a m - a t i c  b a l a n c e  to  an  a c c u r a c y  of • 2/~g. 
A w e i g h t  loss of 1 m g / c m  2 was  e q u i v a l e n t  to an 
e v a p o r a t e d  l a y e r  1.3 /L th ick .  

Results 

T h e  r e su l t s  fo r  t he  e v a p o r a t i o n  k ine t i c s  a r e  p r e -  
s en t ed  in c o n j u n c t i o n  w i t h  p h o t o m i c r o g r a p h s  of t he  
surfaces .  T h e r e  was  depos i t i on  of a sol id  e x h i b i t i n g  
the  g r e e n  co lo ra t ion  of c h r o m i u m  ox ide  on t h e  w a l l  
of t h e  e v a p o r a t i o n  t u b e  i n d i c a t i n g  t h a t  e v a p o r a t e d  
m e t a l  g e t t e r e d  r e s i d u a l  o x y g e n .  E v a p o r a t i o n  f r o m  
the  a l loys  was  not  d e t e c t e d  a t  800~ 

T h e  e v a p o r a t i o n  d e t e r m i n a t i o n s  for  t h e  F e - 5 %  
Cr a l l oy  a r e  p r e s e n t e d  b y  the  plots ,  w e i g h t  loss of 
me ta l ,  m g / c m  2, vs. t i m e  in  h o u r s  in  Fig.  2. E v a p o r a -  
t ion p r o c e e d e d  at  c o n s t a n t  r a t e s  u n d e r  i s o t h e r m a l  
condi t ions .  In  the  e x p e r i m e n t s  a t  1000~ s ix  of t he  
e igh t  e x p o s u r e s  w e r e  c o m p l e t e d  w i t h  t h r e e  spec i -  
m e n s  s u s p e n d e d  1 cm a p a r t  in  t h e  ho t  zone  of  t h e  
m u l l i t e  e v a p o r a t i n g  tube .  Two spec imens  s u s p e n d e d  
2 cm a p a r t  w e r e  e xpose d  in each  of t he  o t h e r  two  
e x p o s u r e s  of 2 a n d  33 hr.  Thus,  22 a b r a d e d  spec i -  
mens  w e r e  e x p o s e d  in  th is  e x p e r i m e n t a l  ser ies .  The  
d a t a  r e p r e s e n t e d  in  t he  p lo t  of Fig .  2 d e m o n s t r a t e d  
t h a t  t he  m a g n i t u d e  of th is  e v a p o r a t i o n  r a t e  was  
i n d e p e n d e n t  of t he  e x p e r i m e n t a l  spac ings  b e t w e e n  
the  p l a t e s  and  t u b e  w a l l  w i t h i n  t he  r e p r o d u c i b i l i t y  
of t he  m e a s u r e m e n t s .  
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Fig. 2. Evaporation kinetics of an Fe-5% Cr alloy in the 
temperature range 900~176 
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The evapora t ion  de te rmina t ions  for the Fe-25% 
Cr al loy are presented  in Fig. 4. As before,  evapora -  
t ion proceeded at  constant  ra tes  under  i so thermal  
conditions. These rates  are app rox ima te ly  twice as 
la rge  as those for the  5 % Cr alloy. 

As shown by the photomicrographs  in Fig. 5, the 
surfaces on this a l loy were  main ly  specular  at  al l  
t empera tures .  Al though there  was a small  degree  of 
pi t t ing,  the  surfaces did not  exhibi t  facets wi th  
or ienta t ion dependent  on gra in  orientat ion.  An in-  
t e r f e rogram of a specimen exposed at 1080~ Fig. 
6, i l lus t ra ted  tha t  gra in  boundar ies  were  grooved to 
a depth  of 2# and tha t  its surface was smooth to 
dimensions not exceeding 500A. 

Discussion 

In this section, the evapora t ion  kinetics are  cor-  
re la ted  with de te rmina t ions  of vapor  pressures  and 

Fig. 3. Photomicrographs of surfaces on Fe-5% Cr alloy: top, 
exposure of 68 hr at 900~ bottom, exposure of 10 hr at 1080~ 
Magnification aproximately 865X. 

Surface morphologies  developed dur ing  evapora -  
tion of this a l loy are shown in the  photomicrographs  
of Fig. 3. The surfaces exhib i ted  facets wi th  or ien-  
tat ions dependent  on gra in  orientat ions,  the degree  
of which was dependent  on gra in  or ienta t ion  and 
tempera ture .  The twinned  surface area  of a speci-  
men exposed at 900~ (top photomicrograph)  i l -  
lus t ra tes  tha t  the degree of facet ing was  dependent  
on grain orientat ion.  As i l lus t ra ted  by  the surface 
of a specimen exposed at 1080~ (bot tom photo-  
micrograph)  the  degree of facet ing decreased with  
increasing tempera ture .  The large  degree  of gra in  
boundary  grooving found at all  t empera tu res  is also 
shown in these photomicrographs .  

e 

ioeo=c ,=j/~ 
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"~ IOOO C 

- - - - - - ' - " 4  9 5 0  ~ C 
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0 I0 20 30 40  50 
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Fig. 4. Evaporation kinetics of an Fe-25% Cr alloy in the 
temperature range 900~176 

Fig. 5. Photomicrographs of surfaces on Fe-25% Cr alloy: top, 
exposure of 40 hr at 900~ bottom, exposure of 10 hr at 1080~ 
Magnification approximately 865X. 

Fig. 6. Interference micrograph of surface on iron-25% chromium 
alloy after evaporation at 1080~ for 10 hr. Magnification approx- 
imately 450X. 
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Fig. 7. Arrhenius plots of evaporation rates for the Fe-5% 
Cr and Fe-25% Cr alloy. 

t h e r m a l  e t ch ing  p r o p e r t i e s  of  i r o n - c h r o m i u m  al loys .  
I n  o r d e r  to  e v a l u a t e  a c t i v a t i o n  energ ies ,  t he  r a t e s  

of e v a p o r a t i o n  m a y  b e  e x p r e s s e d  acco rd ing  to t he  
A r r h e n i u s  r e l a t ion .  S u c h  p lo ts  d e t e r m i n e d  b y  the  
m e t h o d  of l eas t  squa re s  f r o m  the  v a l u e s  for  t he  u p -  
pe r  fou r  i n v e s t i g a t e d  t e m p e r a t u r e s  a r e  p r e s e n t e d  
in  Fig .  7. The  r e su l t s  a t  900~ w e r e  not  t a k e n  into  
account  for  these  ca lcu la t ions  s ince  t he  s m a l l  
w e i g h t  losses w e r e  e q u i v a l e n t  to  e v a p o r a t e d  l a y e r s  
less  t h a n  0.1~ t h i c k  f r o m  a b r a d e d  surfaces .  The  
ene rg ie s  of a c t i v a t i o n  a r e  94.3 a n d  93.7 k c a l / g  f w 
to an  a c c u r a c y  of  • 5.0 kca l  for  t he  5 a n d  25% Cr 
a l loy ,  r e spec t i ve ly .  In  th is  t e m p e r a t u r e  r ange ,  t h e  
h e a t s  of e v a p o r a t i o n  for  i r on  a n d  c h r o m i u m  a r e  96.2 
a n d  94.2 k c a l / g  f w to an  a c c u r a c y  of • 1.0 kcal ,  
r e s p e c t i v e l y  (4) .  Hence ,  t he  t e m p e r a t u r e  coefficients 
of a l l oy  e v a p o r a t i o n  r a t e s  a p p r o x i m a t e d  c lose ly  to 
those  of t h e  p u r e  me ta l s .  

R e s i d u a l  gas  in t h e  v a c u u m  of 10 -8 m m  Hg in -  
f luenced su r f ace  m o r p h o l o g i c a l  d e v e l o p m e n t :  e v a p -  
o r a t i o n  of t he  a l l oy  con ta in ing  25% Cr  was  inf lu-  
enced  to a s m a l l e r  d e g r e e  b y  gas  a d s o r p t i o n  s ince  
face ts  o n l y  d e v e l o p e d  on the  5% Cr  a l l oy  (Fig .  3 
and  5).  Moreove r ,  e v a p o r a t i o n  was  d e t e r m i n e d  b y  
su r f ace  p rocesses  for  escape  of m e t a l  because  a c t i -  
v a t i o n  e n e r g i e s  w e r e  of  t he  s a m e  m a g n i t u d e  as  t h e  
hea t s  of e v a p o r a t i o n  for  t he  a l loy  componen t s .  S ince  
e v a p o r a t i n g  m e t a l  suff ic ient ly  g e t t e r e d  r e s i d u a l  
o x y g e n  and  ox id iz ing  gases  p r e v e n t i n g  the  f o r m a -  
t ion  of a s u r f a c e  ox ide ,  t he  su r f ace  f e a t u r e s  w e r e  
cons i s t en t  w i t h  f indings  of  B e n a r d  et al. (5, 6) for  
F e - C r  a l loys  exposed  in h y d r o g e n - w a t e r  a t m o s -  
pheres .  T h e y  h a v e  s h o w n  t h a t  a c r i t i ca l  o x y g e n  
p r e s s u r e  d e p e n d e n t  on  t e m p e r a t u r e  a n d  a l l oy  c o m -  
pos i t i on  m u s t  be  e x c e e d e d  to t r a n s f o r m  a s p e c u l a r  
to a f a c e t e d  su r f ace  a t  p r e s s u r e s  less  t h a n  the  d i s -  
soc ia t ion  p r e s s u r e  of  c h r o m i u m  oxide .  This  effect  
w a s  a t t r i b u t e d  to s t a b i l i z a t i o n  of p r e f e r r e d  c r y s t a l -  
l o g r a p h i c  faces  b y  m i n i m i z a t i o n  of t he  t o t a l  su r f a c e  
e n e r g y  a t  a c r i t i ca l  d e g r e e  of o x y g e n  adso rp t i on .  In  
t he  case  of  t he  e v a p o r a t i o n  of t h e  25% Cr  a l loy ,  
t h e  p r e s s u r e  of ox id i z ing  gases  w a s  r e d u c e d  to  t h e  

s t a b i l i t y  r a n g e  of a s p e c u l a r  su r f a c e  b y  t h e  m o r e  
r a p i d  r a t e  of c h r o m i u m  e v a p o r a t i o n .  The  a m o u n t  
of a d s o r b e d  o x y g e n  w o u l d  also be  d e c r e a s e d  b y  
its h i g h e r  d i s so lu t ion  r a t e  in to  t he  m e t a l  s u b s t r a t a  
d u e  to  i ts  t e n f o l d  l a r g e r  d i f fus ion  c o n s t a n t  fo r  a 
f e r r i t i c  s t r u c t u r e d  a l loy  (7 ) .  This  e x p l a n a t i o n ,  h o w -  
ever ,  m u s t  be  t e n t a t i v e l y  a c c e p t e d  b e c a u s e  a d s o r p -  
t ion  of bo th  ox id iz ing  a n d  h y d r o c a r b o n  gases  could  
p o s s i b l y  inf luence  t h e  m i g r a t i o n  of m o n a t o m i c  s u r -  
face  l edges  a n d  t h e i r  p i l e - u p  to fo rm face ts  d u r i n g  
e va po ra t i on .  

A l t h o u g h  the  t e m p e r a t u r e  coefficients of e v a p o r a -  
t ion  a p p r o x i m a t e  to those  of t h e  a l loy  componen t s ,  
one m a y  show t h a t  the  e v a p o r a t i o n  r a t e s  a r e  s m a l -  
l e r  t h a n  va lue s  for  f ree  e v a p o r a t i o n .  The  good 
a g r e e m e n t  of v a p o r  p r e s s u r e  d e t e r m i n a t i o n s  for  
i r on  a n d  c h r o m i u m  at  t e m p e r a t u r e s  g r e a t e r  t h a n  
1200~ b y  e i t h e r  t he  L a n g m u i r  f ree  e v a p o r a t i o n  or  
K n u d s e n  effusion m e t h o d s  (1, 2) has  s h o w n  t h a t  the  
c onde nsa t i on  coefficients a r e  un i ty .  A c c o r d i n g l y ,  
v a p o r  p r e s s u r e s  w e r e  d e t e r m i n e d  f r o m  t h e  r e su l t s  
of th is  i n v e s t i g a t i o n  b y  e m p l o y i n g  the  L a n g m u i r  
e q u a t i o n  in  t h e  f o r m  

l dw ( M ~ -1/2 
P -  ~ dt ~2--J-~J  [1] 

w i t h  the  a s s u m p t i o n s  t h a t  a = 1 and  M : (Mcr  + 
MFe)/2. I ron  and  c h r o m i u m  h a v e  s i m i l a r  a tomic  
w e igh t s  so th is  l a t t e r  a s s u m p t i o n  does  no t  i n t r o -  
duce  a s igni f icant  e r ror .  As  s h o w n  in T a b l e  II ,  the  
r a t io s  of t he se  p r e s s u r e s  to t h e  i dea l  p r e s s u r e s  a r e  
less t h a n  u n i t y  be ing  0.4 and  0.5 for  t he  5 and  25% 
Cr  a l loys .  The  idea l  p r e s s u r e s  c a l c u l a t e d  f r o m  t h e r -  
m o c h e m i c a l  d a t a  for  i r on  a n d  c h r o m i u m  (4) a r e  
good a p p r o x i m a t i o n s  to e q u i l i b r i u m  v a p o r  p r e s s u r e s  
b e c a u s e  t hese  a l loys  e x h i b i t  n e a r l y  i d e a l  b e h a v i o r  
a t  h igh  t e m p e r a t u r e s  (1 ) .  

The  ques t ion  t h e r e f o r e  a r i ses  as to w h e t h e r  s u r -  
face  d e p l e t i o n  of c h r o m i u m  d u r i n g  e v a p o r a t i o n  gave  
r i se  to low v a p o r  p r e s s u r e  d e t e r m i n a t i o n s .  To tes t  
th is  poss ib i l i ty ,  t h e  su r f a c e  c o n c e n t r a t i o n s  of c h r o -  
m i u m  w e r e  c a l c u l a t e d  f r o m  equa t i ons  for  e v a p o r a -  
t ion  of  a c o m p o n e n t  f r o m  a p l a t e  (8)  for  t he  e x -  
t r e m e  e x p o s u r e  of 10 h r  a t  1080~ The  v a l u e s  for  
t h e  c h r o m i u m  di f fus ion  cons t an t s  g i v e n  b y  H e u -  
m a n n  a n d  B S h m e r  (9)  w e r e  e m p l o y e d  in these  ca l -  
cu la t ions ,  a n d  i t  was  a s s u m e d  t h a t  t he  f r ac t ions  of 
c h r o m i u m  in t h e  e v a p o r a t i n g  m e t a l  w e r e  those  to 
be  e x p e c t e d  for  an  i d e a l  i r o n - c h r o m i u m  sol id  s o l u -  
t ion.  The  d e p l e t i o n  of c h r o m i u m  f r o m  25 to 24 % for  
th is  h y p o t h e t i c a l  cond i t i on  was  no t  of suff icient  
m a g n i t u d e  to i n t r o d u c e  a se r ious  e r r o r  in  t h e  e v a l u -  
a t i on  of the  p r e s s u r e s  for  t h e  h igh  c h r o m i u m  a l loy .  
On the  o the r  hand ,  th is  c a l cu l a t i on  s h o w e d  t h a t  
c h r o m i u m  m a y  be  su r f a c e  d e p l e t e d  f r o m  5 to  3% 

Table IS. Ratios of vapor pressures calculated by the Langmuir 
equation to ideal vapor pressures 

TareD,  ~  F e - 5 %  C r  a l l o y  F e - 2 5 %  C r  a l l o y  

950 0.42 0.43 
1000 0.31 0.58 
1035 0.45 0.49 
1080 0.31 0.45 

Average  va lue  0 .37•  0.49___0.09 
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Fig. 8. Plots of the ideal and experimentally determined vapor 
pressures for iron alloys containing 21.9 and 25% chromium. 

for  th i s  e x t r e m e  exposu re .  A l t h o u g h  th is  a p p r o x i -  
m a t e  ca l cu l a t i on  does  no t  account fo r  i ron  e v a p o r a -  
t ion,  i t  i nd ica t e s  t h a t  t he  l o w e r  e v a l u a t i o n s  for  t he  
p r e s s u r e  r a t i o  of t he  F e - 5 %  Cr  a l l oy  ( T a b l e  I I )  
m a y  be  p a r t i a l l y  caused  b y  c h r o m i u m  d e p l e t i o n  
f r o m  the  e v a p o r a t i n g  sur face .  

A p p a r e n t l y  t he  m a g n i t u d e s  of t he  e v a p o r a t i o n  
ra t e s  a r e  d e p e n d e n t  on the  e x p o s u r e  condi t ions .  As  
s u b s t a n t i a t i n g  ev idence  for  th i s  v i ewpo in t ,  t he  e s t i -  
m a t e d  v a p o r  p r e s s u r e s  for  t he  25% Cr  a l l oy  a r e  
c o m p a r e d  to d e t e r m i n a t i o n s  f r o m  an  a l loy  c o n t a i n -  
ing  21.9% Cr  in  Fig .  8. These  p r e s s u r e s  for  t he  l a t -  
t e r  a l l o y  w e r e  d e t e r m i n e d  b y  G u l b r a n s e n  a n d  
A n d r e w  (3)  u t i l i z ing  the  e v a p o r a t i o n  k ine t i c  
m e t h o d  for  a b r a d e d  spec imens  e x p o s e d  in  an  e x -  
t e r n a l l y  h e a t e d  e v a p o r a t i o n  t u b e  u n d e r  a v a c u u m  
of 10 - s  m m  Hg. A l t h o u g h  these  p r e s s u r e s  a r e  l a r g e r  
t h a n  those  for  t he  25% Cr  a l loy ,  t he  v a l u e s  a r e  
on ly  0.6-0.7 of  the  i dea l  v a p o r  p re s su res .  

One  m a y  no t  d i r e c t l y  a t t r i b u t e ,  h o w e v e r ,  t h e  
low e v a l u a t i o n s  of v a p o r  p r e s s u r e s  in  t hese  t w o  
ser ies  of e x p e r i m e n t s  to the  d i f f e ren t  v a c u u m  con-  
d i t ions .  The  d a t a  n o w  a v a i l a b l e  fo r  e v a p o r a t i o n  in 
t he  t e m p e r a t u r e  r a n g e  900~176 have  b e e n  ob -  
t a i n e d  f r o m  w e i g h t  losses of spec imens  s u s p e n d e d  in 
a ho t  zone of an  e x t e r n a l l y  h e a t e d  tube .  A n y  b a c k  
f lux of m e t a l  to a s p e c i m e n  w o u l d  t h e n  l e a d  to low 
e v a l u a t i o n s  of t he  p r e s s u r e s  w h e n  c a l c u l a t e d  b y  t h e  
L a n g m u i r  equa t ion .  A d i s t i nc t ion  could  no t  be  m a d e  
in  th is  i n v e s t i g a t i o n  b e t w e e n  t h e  f lux of m e t a l  
b o m b a r d i n g  the  s p e c i m e n  f r o m  one a n o t h e r  or  t he  
t u b e  wal l .  As  t h e  d e g r e e  of m e t a l  r e m o v a l  b y  r e a c -  
t ion  w i t h  r e s i d u a l  gas  and  t h e  t u b e  w a l l  is u n -  
k n o w n ,  an  a t t e m p t  is no t  m a d e  to e v a l u a t e  a co r -  
r ec t ion  to t he  e v a p o r a t i n g  flux. The  f indings  in  th i s  
i n v e s t i g a t i o n  also do no t  n e c e s s a r i l y  s u p p o r t  t h e  
conc lus ion  t h a t  p r e s s u r e s  d e t e r m i n e d  f r o m  e v a p o -  
r a t i o n  k ine t i c s  b y  a s s u m i n g  t h a t  t he  c o n d e n s a t i o n  

coefficient  is u n i t y  w o u l d  be  e q u a l  to  v a p o r  p r e s -  
sures  if  e x p o s u r e  cond i t ions  m e t  r e q u i r e m e n t s  of 
f ree  e v a p o r a t i o n :  H i r t h  and  P o u n d  (10) h a v e  d e m o n -  
s t r a t e d  t h a t  t h e  c o n d e n s a t i o n  coefficient  for  a p o l y -  
c r y s t a l l i n e  m e t a l  m a y  v a r y  f r o m  o n e - t h i r d  to u n i t y  
d e p e n d i n g  on the  sources  a n d  m i g r a t i o n  of su r f ace  
ledges .  

Conc lus ions  

In  t he  t e m p e r a t u r e  r a n g e  900~176 i ron  a l -  
loys  c o n t a i n i n g  5 and  25% Cr  e v a p o r a t e d  b y  con-  
s t an t  r a t e s  for  e x p o s u r e s  of s e v e r a l  h o u r s  in  a v a c -  
u u m  of 10 -6 m m  Hg. S u r f a c e s  of  t he  5% Cr  a l loy  
e x h i b i t e d  face t ing ,  t he  d e g r e e  of w h i c h  was  d e p e n d -  
e n t  on g r a i n  o r i e n t a t i o n  and  t e m p e r a t u r e .  The  s u r -  
faces  of t he  25% Cr  a l loy  r e m a i n e d  specu la r .  Bo th  
a l loys  e x h i b i t e d  g r a i n  b o u n d a r y  grooving .  The  f o r -  
m a t i o n  of  f ace t s  was  cons i s t en t  w i t h  t he  v i e w  t h a t  
a d s o r p t i o n  of o x y g e n  f r o m  r e s i d u a l  ox id i z ing  gases  
s t ab i l i z ed  su r f aces  cons i s t ing  of p r e f e r r e d  c r y s t a l -  
l o g r a p h i c  faces.  A c t i v a t i o n  ene rg i e s  for  e v a p o r a t i o n  
of 94.3 and  93.7 k c a l / g  f w w e r e  of t he  s a m e  o r d e r  
of m a g n i t u d e  as t h e  hea t s  of e v a p o r a t i o n  for  t h e  
a l l o y  componen t s .  A n  a n a l y s i s  d e m o n s t r a t e d  t h a t  
r e su l t s  of e v a p o r a t i o n  k ine t i c s  in  th i s  i n v e s t i g a t i o n  
l e ad  to l ow e v a l u a t i o n s  of v a p o r  p re s su res .  
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Application of Cyclic Voltammetry to the Kinetic Study of 
Electro-Oxidation of Organic Compounds 
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ABSTRACT 

Informat ion  concerning the kinet ics  of e lec t ro -ox ida t ion  of methanol  and 
formic acid in acid solut ion at  a s ta t ionary  p l a t inum elec t rode  can be obtained 
f rom the s tudy of cyclic vol tamgrams.  The vo l t amgrams  are  obta ined by  r e -  
cording the cur ren t  dens i ty  of the  work ing  electrode whi le  its potent ia l  is 
scanned back and for th  at  constant  ra te  be tween  adequate  potent ials .  The ana l -  
ysis of the  shape of cyclic vo l t amgrams  and of the  effect of the ra te  of scanning 
on this shape sustains the  hypothesis  tha t  the  e lec t ro-ox ida t ion  of organic  com- 
pounds to carbon dioxide  and wa te r  is l imi ted  by  the ra te  of fo rmat ion  of some 
in te rmedia te  p l a t i n u m - c a r b o x o  surface compound.  The the rmodynamic  yie ld  
of the e lect rode reac t ion  seems to be l imi ted  by  the s tab i l i ty  of this in te r -  
media te  compound.  

T h e  u n d e r s t a n d i n g  of  t he  m e c h a n i s m  of  e l e c t r o -  
o x i d a t i o n  of o rgan ic  c o m p o u n d s  at  a s t a t i o n a r y  sol id  
e l ec t rode  has  been  r e t a r d e d  b y  the  fact  t h a t  t he  
n a t u r e  of t h e  e l e c t r o d e  su r f ace  changes  p r o g r e s -  
s ive ly  as t h e  r e a c t i o n  p roceeds  f r o m  one s t e a d y  
s t a t e  to ano the r .  F o r  ins tance ,  as  a r e s u l t  of th i s  
change,  t h e  c h r o n o p o t e n t i o m e t r i c  t r a n s i t i o n  t imes  
of a s low r e a c t i o n  a t  a sol id  e l e c t r o d e  d e p e n d  no t  
on ly  on the  c u r r e n t  d e n s i t y  and  the  p r e p o l a r i z a t i o n  
po ten t i a l ,  b u t  also on  the  d u r a t i o n  of t he  p r e p o l a r i -  
za t ion  and,  f u r t h e r m o r e ,  on the  w h o l e  h i s t o r y  of t he  
e l ec t rode  s ince  the  t i m e  of i ts  l a s t  " c l ean ing . "  

This  d r a w b a c k  is e l i m i n a t e d  in  cycl ic  v o l t a m -  
m e t r y .  Indeed ,  b y  s c a n n i n g  the  p o l a r i z a t i o n  p o t e n -  
t i a l  of a w o r k i n g  e l ec t rode  b a c k  and  fo r th  at  con-  
s t an t  r a t e  b e t w e e n  a d e q u a t e  p o t e n t i a l s  t he  s a m e  
s t a t e  of t he  su r f ace  can  be  r e - e s t a b l i s h e d  at  t he  
d i f f e ren t  po in t s  of t h e  cycle.  The re fo re ,  p e r f e c t l y  
r e p e a t a b l e  c o m p l i c a t e d  v o l t a m g r a m s  can be  ob-  
t a i n e d  w i t h  sol id  e l e c t rodes  b y  cycl ic  v o l t a m m e t r y  
(1) ,  f r o m  w h i c h  m e a n i n g f u l  c h r o n o p o t e n t i o m e t r i c  
m e a s u r e m e n t s  can  be  d e r i v e d  (2) .  

On t h e  o t h e r  hand ,  a cycl ic  v o l t a m g r a m  can  be 
c ons ide r ed  as a p l a n e  p r o j e c t i o n  of a p e c u l i a r  t h r e e  
d i m e n s i o n a l  su r f ace  in  a c u r r e n t - v o l t a g e - t i m e  
space.  T h e r e f o r e  an  a n a l y s i s  of t he  shape  of a cycl ic  
v o l t a m g r a m  a n d  of t h e  effect  of t he  r a t e  of s c a n -  
n ing  on this  shape  g ives  i n f o r m a t i o n  conce rn i ng  the  
k ine t i c s  of  an  e l e c t r o c h e m i c a l  p rocess  and  sugge s -  
t ions a b o u t  t he  p h e n o m e n a  w h i c h  p e r t u r b  th is  
process .  

Cycl ic  v o l t a m m e t r y  has  been  a p p l i e d  r e c e n t l y  b y  
B r e i t e r  (3)  for  t he  s t u d y  of t he  o x i d a t i o n  of a m y l  
a lcohol  in p e r c h l o r i c  ac id  so lu t ion  a t  a p l a t i n i z e d  
e l ec t rode  b e t w e e n  0 and  + 1 . 6 v  vs .  H. The  a u t h o r  
conc ludes  f r o m  his  m e a s u r e m e n t s  t h a t  a m y l  a l co -  
hol  u n d e r g o e s  an  anod ic  o x i d a t i o n  in  t h e  p o t e n t i a l  
r eg ion  a b o v e  + 0 . 8 v  w h e r e  an  o x y g e n  l a y e r  is 
f o r m e d  s i m u l t a n e o u s l y  at  t he  su r f ace  of t he  e l ec -  
t rode ,  b u t  t h a t  t he  o x i d a t i o n  occurs  on t h e  o x y g e n -  
f r ee  su r f ace  exc lus ive ly .  B r e i t e r  conc ludes  also t ha t  
t he  a lcoho l  mo lecu l e s  a r e  a d s o r b e d  be fo re  ~heir  o x i -  

d a t i o n  and  t h a t  t he  o x i d a t i o n  c u r r e n t  p e a k  o b s e r v e d  
a r o u n d  + 0 . 6 v  d u r i n g  the  ca thod ic  sweep ,  w h i c h  is 
the  sweep  d i r e c t e d  t o w a r d  m o r e  n e g a t i v e  po ten t i a l ,  
is due  to t he  o x i d a t i o n  of  an  i n t e r m e d i a t e  p r o d u c t  
f o r m e d  d u r i n g  the  p r e c e d i n g  anodic  sweep.  V o l t -  
a m g r a m s  s i m i l a r  to t h a t  of B r e i t e r  w e r e  o b t a i n e d  
in the  cycl ic  v o l t a m m e t r y  s t u d y  of o x i d a t i o n  of 
me thano l ,  f o r m a l d e h y d e ,  and  fo rmic  ac id  b y  Buck ,  
Griff i th,  MacDona ld ,  and  S c h l a t t e r  (4 ) .  These  a u -  
thor s  show t h a t  t he  p l a t i n u m  ox ide  f o r m a t i o n  has  
a d e t r i m e n t a l  effect  on the  o x i d a t i o n  of t he se  com-  
pounds .  Bes ides ,  a r e t a r d a t i o n  effect due  to t h e  ac -  
c u m u l a t i o n  of i n t e r m e d i a t e  p r o d u c t s  has  been  sug -  
ges t ed  b y  B o g d a n o v s k i i  and  S h l y g i n  (5)  to e x p l a i n  
t h e  shape  of s imp le  v o l t a m m e t r i c  cu rves  o b s e r v e d  
d u r i n g  the  o x i d a t i o n  of  e t h y l  a lcohol .  No s y s t e m a t i c  
s t u d y  of the  shape  of cyc l ic  v o l t a m g r a m s  has  been  
done  at  p o l a r i z a t i o n  p o t e n t i a l s  b e l o w  +0.80v ,  w h e r e  
a p l a t i n u m  ox ide  l a y e r  w o u l d  a p p a r e n t l y  no t  be  
f o r m e d  a t  t he  s u r f a c e  of t h e  e lec t rode .  

This  w o r k  is p a r t  of a r e s e a r c h  d i r e c t e d  to p i n -  
po in t  the  fac to rs  w h i c h  l i m i t  t he  y i e l d  of e l e c t r o -  
o x i d a t i o n  of c a rbona c e ous  compounds .  I t  dea l s  m o r e  
spec i f ica l ly  w i t h  the  s t u d y  of t he  o x i d a t i o n  of 
fo rmic  ac id  and  m e t h a n o l  a t  p l a t i n i z e d  e lec t rodes .  

Experimental Technique 
A schema t i c  d r a w i n g  of t h e  e l e c t r i c a l  c i rcu i t  

is g iven  in Fig.  1. This  c i r cu i t  is c h a r a c t e r i z e d  b y  
the  l ow re s i s t ance  va lue s  of i ts  componen t s .  The  
vo l t a ge  is s c a n n e d  a t  d i f f e ren t  r a t e s  b y  m e a n s  of a 
con t inuous  r o t a t e d  c e n t e r e d - t a p  p o t e n t i o m e t e r ,  a c -  

Fig. 1. Electrical circuit 
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Fig. 2, Electrolytic cell 

t iva ted  by  a synchronous motor.  The c u r r e n t - p o -  
lar izat ion curves were  recorded by  an X-Y recorder  
wi th  a 400 k i lo -ohm input  resis tance on the vol tage 
measur ing  scale. The cell, shown in Fig. 2, is of the 
H type  with  greaseless Teflon p lugged stopcocks. I t  
has an e lectrolyt ic  br idge  of 6 cm in length  and 2 
cm in d iameter ,  segmented in two compar tments  by  
three  coarse f r i t ted  glass d iaphragms.  The br idge 
was filled wi th  fresh e lec t ro ly te  at  the beginning 
of a series of exper iments  and rep laced  af ter  2 hr  
of exper iments  to avoid the contaminat ion of the  
fuel  and the comparison electrode f rom cross di f -  
fusion of the  electrolytes.  The comparison e lect rode 
was a 30 cm 2 mercu ry  pool in contact  wi th  a paste  
of mercurous  sulfate. Most exper iments  were  con- 
ducted in 3.7M sulfuric acid solution at 25~ Under  
these conditions the  potent ia l  of the  comparison 
electrode was +0.61v vs.  the equ i l ib r ium hydrogen  
electrode placed in the working  compar tmen t  con- 
ta ining 4.0M sulfuric  acid solution. The potent ia ls  
repor ted  in this  paper  are  expressed vs.  the po ten-  
t ia l  of this hydrogen  electrode.  The resis tance of the 
cell was 9.0 ohms when measured  wi th  an a-c  
br idge be tween the comparison electrode and an 
hydrogen  electrode having  the same apparen t  su r -  
faces as the  work ing  electrode and placed in the 
work ing  compar tment .  The work ing  electrode was 
a p la t inum wire  2.5 m m  in length  and 0.5 m m  in 
d iamete r  p ro t rud ing  at  the  end of a glass tube,  cov- 
ered by  a deposit  of p l a t inum app rox ima te ly  2 m g /  
cm 2 obta ined  by  the electrolysis  of a chloroplat inic  
acid solution. 

The sulfuric  acid used in our exper iments  was 
duPont  A.C.S. Reagent  Grade  containing less than 
7 x 10 -11 mole of arsenic and 4 x 10 -9 mole of i ron 
per liter.  Methanol  was a Baker  and Adamson 
A.C.S. Reagent  Grade,  ace tone- f ree  product .  

The usual  precaut ions  taken  in convent ional  po-  
l a rog raphy  were  appl ied  in the measurements .  
Traces of impur i t ies  do not affect m a r k e d l y  the cy-  
clic vo l t ammet r ic  resul ts  since p r e l im ina ry  expe r i -  
ments  have  shown tha t  p rac t ica l ly  ident ical  vol t -  
amgrams were  obta ined by  using s imply dis t i l led 
wa te r  ins tead of dis t i l led and deminera l ized  or con- 
duc t iv i ty  wa te r  as solvent;  or by  p re -e lec t ro lyz ing  
the sulfur ic  acid solution with a black p la t inum 
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POLARIZATION POTENTIAL, VOLT Vs.H 

Fig. 3. Platinized platinum in 2.5M methanol-3.0M sulfuric 
acid s o l u t i o n .  ~ Cyclic polarogram with scanning rate of 
0.8 v/rain; - - - stepwise scanned polarogram with increment of 
0.1 v/rain. 

electrode;  or by using the ace tone-f ree  reagent  
grade methanol  as received or the hear t  cut of a 
careful  dis t i l la t ion f rac t ion of this sample. Oxygen 
was s t r ipped out of the sulfuric  acid solution by 
bubbl ing  oxygen- f ree  n i t rogen through it for 15 
min  before each series of exper iments .  The bubbl ing 
was cont inued for a few minutes  a f te r  addi t ion of 
the organic compound. Exper iments  wi th  pure  acid 
solut ion were  per formed  whi le  n i t rogen was bub-  
bl ing through the solution. No measurab le  shift in 
the shape of the vo l t amgram was observed when 
the exper iment  was repea ted  wi thout  bubbl ing  and 
under  a n i t rogen blanket .  

Results and  Discussion 

A typical  cyclic vo l t amgram obtained with  a 
p la t in ized electrode dipped in a concentra ted meth -  
anol -su l fur ic  acid solution is shown in Fig. 3. The 
cur ren t -po la r i za t ion  curve shows a double  loop with  
an invers ion of the  di rect ion of the cur ren t  in the 
v ic in i ty  of +0.40v, while  the  normal  redox  poten-  
t ial  ca lcula ted f rom the free energy of oxidat ion of 
methanol  to carbon dioxide is equal  to +0.05v. The 
dashed curve represents  the va lue  obta ined  by s tep-  
wise polar iza t ion  at 0.1v increments  per  minute.  
The same curve is obta ined app rox ima te ly  whether  
the di rect ion of scanning is anodic or cathodic. 

The mean ing  of the loop be tween  0 and -~0.35v is 
more easi ly unders tood af ter  an analysis  of the 
vo l t amgram obta ined  under  the  same conditions 
wi thout  methanol  in the solution, as shown by the 
full  curve of Fig. 4. This vo l tamgram,  wi th  its two 
pairs  of symmet r ica l  peaks,  coincides prac t ica l ly  
wi th  the vo l t amgram obta ined in the  same condi-  
t ion with  a b r igh t  p l a t inum electrode ins tead of the 
p la t in ized one, as shown by the dot ted  curve of Fig. 
4, p rovided  tha t  the ra te  of scanning of the two 
electrodes is ad jus ted  to a ra t io  inverse ly  p ropor -  
t ional  to the ac t ive  surface of the two electrodes.  

I t  was p roved  by  Wil l  and Knor r  (6) tha t  the 
scanned current  observed wi th  a b r igh t  p la t inum 
electrode in acid solution be tween  0 and +0.40v is 
genera ted  by  the bui ld ing and the subsequent  oxi-  
dat ion of a p l a t i n u m - h y d r o g e n  surface complex. 
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Fig. 4. Platinum in 3.0M sulfuric acid solution. ~ Platinized 
electrode with scanning rate of 0.8 v / m i n ; - - -  smooth platinum 
wire with scanning rate of 60 v/min. 

F u r t h e r m o r e ,  t he  q u a n t i t y  of e l ec t r i c i ty ,  ] i d t ,  co r -  
r e s p o n d i n g  to t h e  anod ic  sweep  of t he  c u r r e n t - p o -  
l a r i z a t i o n  c u r v e  in  th i s  b r a c k e t  of p o t e n t i a l  w a s  
used  b y  these  a u t h o r s  to m e a s u r e  t he  effect ive  s u r -  
face  of t he  b r i g h t  p l a t i n u m  e lec t rode .  The  s i m i l a r -  
i t y  of t he  two  v o l t a m g r a m s  of Fig .  4 sugges t s  t ha t  
t h e  s a m e  m e t h o d  can  be  u sed  to m e a s u r e  t he  ac t ive  
su r f ace  of a p l a t i n i z e d  e lec t rode .  As  expec t ed ,  th is  
su r f ace  va r i e s  l a r g e l y  w i t h  the  p l a t i n g  p roce du re .  
The  ac t ive  a r e a  of the  p l a t i n i z e d  e l e c t r o d e  s h o w n  in 
Fig .  4 c o r r e s p o n d s  to 49.5 m c o u l o m b s / c m  2 of a p -  
p a r e n t  sur face ,  a v a l u e  w h i c h  ag rees  qu i t e  we l l  
w i t h  t he  45.0 m c o u l o m b s / c m  e m e a s u r e d  b y  c h r o n o -  
p o t e n t i o m e t r y .  This  q u a n t i t y  of e l ec t r i c i t y  w o u l d  
c o r r e s p o n d  to a n  ef fec t ive  su r f ace  of 200 c m 2 / c m  2, 
if  one accep t s  t ha t  0.215 m c o u l o m b s  a re  r e q u i r e d  to 
cover  1 c m  2 of p e r f e c t l y  f lat  p l a t i n u m  sur face ,  a s -  
s u m i n g  t h a t  one a t o m  of h y d r o g e n  is a n c h o r e d  b y  
each  a t o m  of p l a t i n u m  (2, 6) .  

I t  is w o r t h w h i l e  to no t i ce  t ha t  the  s canned  c u r -  
r e n t  g e n e r a t e d  b y  the  f o r m a t i o n  or  the  d e s t r u c t i o n  
of the  p l a t i n u m - h y d r o g e n  su r face  c o m p o u n d  d rops  
r a p i d l y  to ze ro  w h e n  t h e  s cann ing  is s topped .  The  
s c a n n e d  c u r r e n t  is also r e v e r s e d  i n s t a n t a n e o u s l y  
w h e n  the  d i r ec t ion  of t he  vo l t age  scan  is r e v e r s e d .  
These  fac ts  m e a n  t ha t  t he  c o v e r a g e  of  t he  e l ec t rode  
b y  h y d r o g e n  is d e t e r m i n e d  b y  the  p o t e n t i a l  of t he  
e l ec t rode  and  v i c e - v e r s a  in  a r e c i p r o c a l  r e l a t i o n -  
sh ip  and  t h a t  t he  change  in the  c o v e r a g e  w i t h  the  
p o l a r i z a t i o n  p o t e n t i a l  p roceeds  a t  a r e l a t i v e l y  h igh  
ra t e ,  e.g. w i t h  a specific r a t e  h i g h e r  t h a n  45.0/30 
1.5 sec -1. 

The  p r o g r e s s i v e  a d d i t i o n  of m e t h a n o l  to t he  su l -  
fu r i c  ac id  so lu t ion  modif ies  p r o f o u n d l y  the  shape  of 
t he  v o l t a m g r a m  b e t w e e n  0.0 and  0.8v, as  s h o w n  b y  
Fig.  5 a n d  6. The  a m o u n t  of h y d r o g e n  a n c h o r e d  on 
the  e lec t rode ,  m e a s u r e d  b y  f i d t  of t he  o x i d a t i o n  
c u r r e n t  b e t w e e n  0.0 and  0.4v, dec reases  a lmos t  
l i n e a r l y  w i t h  the  c o n c e n t r a t i o n  of m e t h a n o l  up  to 
a b o u t  1 mo le  p e r  l i te r ,  t h e n  r e m a i n s  a p p r o x i m a t e l y  
cons t an t  up  to 3 moles  p e r  l i te r .  

The  a m o u n t  of h y d r o g e n  a t t a c h e d  to t he  p l a t i n u m  
su r f ace  in c o n c e n t r a t e d  m e t h a n o l  so lu t ion  a t  0.05v 
va r i e s  l a r g e l y  w i t h  t he  p r o c e d u r e  of  p r e p a r a t i o n  of 
t h e  e lec t rode .  The  a c t i v i t y  of the  e l ec t rode  b e a r s  a 
cur ious  r e l a t i o n  w i t h  th is  a m o u n t  of h y d r o g e n  a t -  
t a c h e d  to t he  e l ec t rode  in  the  absence  and  in  the  
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Fig. 5. Effect of concentration of methanol in I.SM sulfuric acid 
solution. Piatinized electrode polarized with scanning rate of 
0.8 v/min. - . . . .  No methanol; 0.05 vol. % 
(0.015M); ~ 0.40 vol. % (0.12M). 
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Fig. 6. Effect of concentration of methanol in 1.5M sulfuric acid 
solution. Platinized electrode polarized with scanning rate of 
0.8 v/min. - -  1.60 vol. % (O.OSM); . . . .  10.0 vol. % (3.0M). 

p r e s e n c e  of m e t h a n o l .  More  speci f ica l ly ,  as shown  
in T a b l e  I, t h e  a c t i v i t y  of  t he  e lec t rode ,  A, m e a s u r e d  
b y  the  s t e a d y  s t a t e  c u r r e n t  of  o x i d a t i o n  at  0.70v, is 
r e l a t e d  to th is  v a l u e  b y  the  fo l l owing  e q u a t i o n  

( T -  R) 2 
A = k [1]  

R 

w h e r e  T is a m o u n t  of h y d r o g e n  a t t a c h e d  to the  
e l e c t r o d e  in  t he  su l fu r i c  ac id  so lu t ion  a t  0.0v in  
m c o u l o m b  c m - e ;  R, a m o u n t  of h y d r o g e n  a t t a c h e d  

Table I. Relation between the activity of platinized electrodes 
and their hydrogen active surface 

H y d r o g e n  a c t i v e  sur face ,  
m c o u l o m b / c m  ~ R a t e  c o n s t a n t  

A c t i v i t y  k,  i n  sec-~ 
in  m a / c m ~  4,0M H2SO4 A R  

Elec t rode  @ 0.70v 4.0M I-I~SO~ + 3M CI-I3OH 
No. A T R (T-R} 

I 41 35 2.9 0.11 
II  35 54 5.8 0.09 
I I I  45 85 14 0.13 

Average  0.11 
• 
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to the electrode in the methano l - su l fu r i c  acid solu-  
t ion at  0.0v in mcoulomb c m - 2 ;  k, ra te  constant  in 
see -1. 

It  appears  f rom Table  I tha t  the  ra te  constant,  k, 
calculated f rom Eq. [1] fluctuates a round 10% of its 
average  va lue  even when  T and R va ry  at r andom 
between 35 and 85, and 3 and 14 mcou lomb/cm 2, 
respect ively.  The va l id i ty  of the  re la t ion  expressed  
by  Eq. [1 ] suggests tha t  methanol  is oxidized only  
at  sites where  two methanol  absorbing p la t inum 
sites are adjacent ,  the p robab i l i ty  of finding two 
adjacent  p la t inum atoms at  which a methanol  
molecule could be adsorbed being then inverse ly  
propor t iona l  to the concentra t ion of p la t inum atoms 
at  which methanol  is not adsorbed below +0.40v. 
This hypothesis  is consistent wi th  the hypothesis  of 
Mul ler  and Takegami  (7) and of Tanaka  (8) who 
postula te  a two-po in t  hydrogen  adsorpt ion in the 
case of e lec t ro-ox ida t ion  of e thanol  to expla in  the 
product  d is t r ibut ion  at  modera t e ly  active electrodes.  

The loop above 0.40v shown in Fig. 3 is due to 
the  oxidat ion of methanol .  However ,  the  shape of 
this loop suggests tha t  a product  which depresses 
the ac t iv i ty  of the e lectrode is fo rmed and accumu-  
la ted  at low overvol tage  and is progress ive ly  e l imi-  
nated,  p robab ly  by  fu r the r  oxidat ion,  at h igher  
overvoltage.  The "poisoning" product  can be an 
in te rmedia te  product  of oxidat ion of methanol .  In 
this case, the current  of oxidat ion wi l l  r emain  below 
the s teady state cur ren t  dur ing  the last  por t ion of 
the anodic sweep if the ra te  of scanning is g rea te r  
than  the ra te  of cleaning of the  electrode.  On the 
other  hand, the  cur ren t  wi l l  be g rea te r  than  the 
s teady state cur ren t  in the  last  por t ion of the ca th-  
odic sweep i f  the ra te  of scanning is g rea te r  than  
the  ra te  of obst ruct ion of the e lect rode wi th  the  
"poisoning" product .  

These hypotheses  are  in line wi th  the complicated 
effect of the ra te  of scanning on the shape of the 
vol tamgram,  as shown in Fig. 7. These vo l t amgrams  
were  obtained by  scanning the polar iza t ion  wi th  in-  
creasing ra te  in the ra t io  of 1:4:16. In these ex-  
per iments  the anodic polar izat ion scan was ex-  
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Fig. 7.  Effect of rate of scanning with methanol.  Plotinized 
electrode in 3 . 0 M  m e t h a n o l - 3 . 7 M  sulfuric acid solution. - - - - 
0.31 v /min;  - -  - - -  1.25 v /min;  - -  5 .00 v/min.  
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tended above +0.8v  to assure a more  thorough 
cleaning of the electrode,  since previous  exper i -  
ments  had shown tha t  the active surface of a b r igh t  
p l a t inum electrode can be res tored  to its or iginal  
value  af te r  being polar ized be tween  + 1.2 and + 1.4v 
in the  methano l - su l fu r i c  acid solution for a few 
seconds. 

The shape of the loop be tween  +0.35 and +0.80v 
of the s lowest  scanned vo l t amgram of Fig. 7 is s imi-  
lar  to tha t  of Fig. 3 obta ined wi th  a scanning ra te  
two t imes grea te r  but  wi th in  a polar iza t ion  span 
which prevents  the format ion of p l a t inum oxide. 
The ra te  of poisoning of the  e lectrode at  different  
potent ia ls  is r e l a t ive ly  slow and can be computed 
from the shift  of the descending branch  of the 
cathodic sweep toward  negat ive  potent ia l  wi th  the 
increase in the ra te  of scanning. The progress ive  
poisoning at a cer ta in  potent ia l  can also be com- 
pu ted  by  the change in the shape of the cu r ren t -  
polar iza t ion  curve dur ing  the anodic sweep be tween 
+0.35 and § Indeed,  the cur ren t  of oxidat ion 
at  low overvol tage  increases wi th  the r a t e  of scan-  
ning because the t ime of sojourn of the e lectrode at 
the low potent ia ls  becomes then  too short  to al low 
the poisoning product  to reach its equi l ib r ium cover-  
age dur ing  the cathodic sweep. 

The t r ip le  loop observed wi th  medium concen- 
t r a ted  methanol  solution when the anodic polar iza-  
t ion reaches only 0.Sv, as shown by Fig. 6, can be 
expla ined  in the same way  when one assumes tha t  
the desorpt ion of methanol  accompanying the for -  
mat ion  of the  surface p l a t inum oxide s tar ts  at  0.Tv 
when the surface is not beforehand sa tu ra ted  with  
methanol .  

S imi la r  phenomena  are observed dur ing  the oxi-  
dat ion of formic acid, as shown by Fig. 8. The com- 
par ison of this  vo l t amgram wi th  tha t  obta ined  with  
methanol  shows: (a)  tha t  the  format ion of the 
poisoning product  occurs at  a s lower ra te  wi th  
formic acid than  wi th  methanol ,  as t r ans la ted  by 
the h igher  cur ren t  of oxidat ion and by  the smal ler  
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Fig. 8. Effect of rate of scanning with formic acid. Platinized 
formic acid-3.TM sulfuric acid solution. 

1.40 v/min; - -  5.60 v/rain. 
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effect of t h e  r a t e  of s c a n n i n g  on  th i s  c u r r e n t  d u r i n g  
the  ca thod ic  sweep,  and  (b )  t h a t  t h e  r a t e  of o x i d a -  
t ion  of f o rmic  ac id  is s m a l l e r  t h a n  t h a t  of m e t h a n o l  
w h e n  t h e  e l ec t rode  is o b s t r u c t e d  b y  the  po i son ing  
p roduc t ,  as s h o w n  b y  the  s m a l l e r  c u r r e n t  o b s e r v e d  
d u r i n g  the  anod ic  s w e e p  b e t w e e n  0.3 a n d  0.8v a t  
low scann ing  ra te .  

F r o m  these  cons ide ra t ions ,  one  can  conc lude  t h a t  
t he  r a t e  of o x i d a t i o n  of fo rmic  ac id  a n d  of m e t h a n o l  
to ca rbon  d iox ide  and  w a t e r  b e l o w  + 0 . 8 v  is d e t e r -  
m i n e d  by  the  r a t e  of o x i d a t i o n  of a n  i n t e r m e d i a t e  
p r o d u c t  whose  r a t e  of f o r m a t i o n  a n d  r a t e  of o x i d a -  
t ion  inc reases  w i t h  t he  anodic  po ten t i a l .  The  p o t e n -  
t i a l  d e p e n d e n c e  of  these  two  r a t e s  is d i f fe ren t ,  such  
t h a t  a t  low p o t e n t i a l  t h e  r a t e  of a c c u m u l a t i o n  is 
g r e a t e r  t h a n  the  r a t e  of o x i d a t i o n  w h i l e  a t  h igh  
p o t e n t i a l  t he  r e v e r s e  is t rue .  

X 

X X 

I t  is ea s i e r  to s p e c u l a t e  a b o u t  t he  n a t u r e  of th i s  
t r o u b l e s o m e  r e a c t i o n  in the  case  of f o rmic  ac id  t h a n  
t h a t  of m e t h a n o l ,  s ince  t he  e l e c t r o - o x i d a t i o n  of a 
m o l e c u l e  of f o rmic  ac id  p roceeds  in  two  s teps  a t  t he  
m a x i m u m ,  w h i l e  t h a t  of m e t h a n o l  m a y  occu r  in  
s ix  s teps  a n d  r equ i re s ,  f u r t h e r m o r e ,  t he  i n t e r a c t i o n  
of a m o l e c u l e  of  w a t e r .  

The  first  s tep  of o x i d a t i o n  of f o rmic  ac id  at  a 
b a r e  p l a t i n u m  si te  cou ld  be  

P t  ~ q- HCO2H--> PtCO2H q- H + -l- e (A)  

w h e r e  P t  ~ r e p r e s e n t s  an  ac t ive  p l a t i n u m  a tom.  
The  second  s tep  w o u l d  t hen  be  

PtCO2H ~ P t  ~ q- CO2 q- H + + e (B)  

w h i c h  r e g e n e r a t e s  the  ac t ive  p l a t i n u m  P t  ~ 

If  th is  is t he  m e c h a n i s m  of t h e  reac t ion ,  t he  s u r -  
face  c o m p o u n d  PtCO2H wi l l  be  s t ab i l i z ed  b y  an  
a m o u n t  of e n e r g y  e q u a l  to t he  d i f fe rence  b e t w e e n  
the  f r ee  e n e r g y  of  f o r m a t i o n  of t he  i n t e r m e d i a t e  
su r f ace  c o m p o u n d  a n d  o n e - h a l f  of t he  f ree  e n e r g y  
for  d i r ec t  o x i d a t i o n  of f o rmic  ac id  

H2CO2 -~ 1/2 02 -> CO2 q- H20  (C)  

The  f u r t h e r  o x i d a t i o n  of t he  i n t e r m e d i a t e  c o m -  
p o u n d  PtCO2H to c a r b o n  d iox ide  wi l l  t h e n  l i b e r a t e  
a q u a n t i t y  of  f ree  e n e r g y  less t h a n  o n e - h a l f  of t he  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  SepteTnber  1963 

f ree  e n e r g y  a s soc ia t ed  w i t h  r e a c t i o n  (C) .  The re fo re ,  
t he  n o r m a l  p o t e n t i a l  of o x i d a t i o n  of f o r m i c  ac id  vs. 
the  n o r m a l  p o t e n t i a l  of h y d r o g e n ,  mE, wi l l  b e  s m a l -  
l e r  t h a n  the  t h e o r e t i c a l  v a l u e  

AF ~ 
AET = 

2F 

c a l c u l a t e d  f r o m  the  f ree  e n e r g y  of r e a c t i o n  (C) .  
This  seems  to be  t h e  case, for  ins tance ,  w h e n  p l a t i -  
n u m  is used  as a c a t a l y s t  in  t he  e l e c t r o - o x i d a t i o n  of  
f o rmic  acid,  f o r m a l d e h y d e ,  a n d  m e t h a n o l  in ac id  
so lu t ion  at  r o o m  t e m p e r a t u r e .  

The  sugges t ed  m e c h a n i s m ,  a s suming  t h e  f o r m a t i o n  
of a r e l a t i v e l y  s t ab le  m e t a l - c a r b o x o  i n t e r m e d i a t e  
Compound,  has  f u r t h e r m o r e  t h e  a d v a n t a g e  of focus -  
ing  a t t e n t i o n  on the  i m p o r t a n c e  of t he  n a t u r e  of 
t he  c o m p o u n d  f o r m e d  at  t h e  su r f ace  of t he  e l ec t rode  
on the  r a t e  of the  e l e c t r o d e  process .  
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The Electrochemistry of Nickel 
II. Anodic Polarization of Nickel 

M.  L. Kronenberg, 1 J. C. Banter, 2 E. Yeager,  and F. Hovorka 

Department of Chemistry, Western Reserve University, Cleveland, Ohio 

ABSTRACT 

The anodic dissolut ion of n ickel  has been s tudied in acidified chloride,  sul -  
fate,  and perch lora te  solutions under  a va r i e ty  of nonpass iva t ing  conditions.  
The Tafel  slopes at  45~ are  app rox ima te ly  0.085, 0.115, and 0.12, respect ively .  
The lower  va lue  of the  Tafel  slope in chlor ide  solutions is a t t r ibu ted  to specific 
adsorpt ion.  The potent ia l  of the n ickel  anode is independen t  of Ni +2 concen-  
t ra t ion  under  condit ions for  which the back react ion is negligible,  and  no pH 
dependence  has been found for  pH of 1-2.5. The t empe ra tu r e  dependence  of 
the  polar iza t ion  yie lds  an approx ima te  va lue  of 15 kca l /mo le  for  the  hea t  of 
act ivat ion in the chlor ide  solution. 

The  e l e c t r o d e p o s i t i o n  of n i cke l  has  been  the  s u b -  
j ec t  of m a n y  e x p e r i m e n t a l  i nves t iga t ions .  W i t h  t he  
excep t ion  of  s tud ies  of anod ic  pas s iva t ion ,  h o w e v e r ,  
r e l a t i v e l y  l i t t l e  f u n d a m e n t a l  r e s e a r c h  effort  has  
been  d i r e c t e d  t o w a r d  an  u n d e r s t a n d i n g  of t h e  anod ic  
d i s so lu t ion  reac t ion .  W h e r e  d a t a  a r e  ava i l ab l e ,  m u c h  
of i t  is no t  conduc ive  to f u n d a m e n t a l  ana lys i s  a n d  
i n t e r p r e t a t i o n .  Of  p a r t i c u l a r  i n t e r e s t  is  t h e  w o r k  
c i ted  in  ref .  ( 1 - 9 ) .  

The  p u r p o s e  of t he  p r e s e n t  w o r k  has  b e e n  to ob -  
t a in  i n f o r m a t i o n  conce rn ing  the  m e c h a n i s m  of t he  
anodic  d i s so lu t ion  of n ickel .  The  anod ic  p o l a r i z a t i o n  
has  been  m e a s u r e d  as  a func t ion  of  c u r r e n t  dens i ty ,  
t e m p e r a t u r e ,  pH,  c o n c e n t r a t i o n  of n i cke l  ion, n a t u r e  
and  c o n c e n t r a t i o n  of s u p p o r t i n g  e l ec t ro ly t e ,  a n d  
the  source  and  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of t he  
n i c k e l  anode .  

Apparatus  
The  i n d i r e c t  m e t h o d  has  been  used  for  the  p o l a r -  

i za t ion  m e a s u r e m e n t s .  This  m e t h o d  was  f a v o r e d  b e -  
cause  i t  avo ids  some  of t he  diff icul t ies  a s soc ia t ed  
w i t h  t he  use  of a L u g g i n  c a p i l l a r y  and  because  of 
t he  a v a i l a b i l i t y  of e q u i p m e n t  a t  W e s t e r n  R e s e r v e  
U n i v e r s i t y .  

A b lock  d i a g r a m  of t he  e lec t ron ic  i n t e r r u p t e r  and  
i ts  a s soc ia t ed  e q u i p m e n t  is s h o w n  in Fig.  1. The  
c u r r e n t  f r o m  the  p o l a r i z i n g  source  is i n t e r r u p t e d  
w h e n  r e p e t i t i v e  r e c t a n g u l a r  n e g a t i v e  pu l s e s  f r o m  

z Present address:  Research  Laboratory, Union Carbide Corpora- 
tion, Parma, Ohio. 

~ P r e s e n t  address:  Oak Ridge National Laboratory, Oak Ridge, 
Tennessee .  
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GENERATOR 

~ DIFFERENTIAL 
AMPLIFIER 

Fig. 1. Black diagram of electronic interrupter and associated 
equipment. 

t he  pu l se  g e n e r a t o r  a r e  a p p l i e d  to t he  gr ids  of 
p a r a l l e l - c o n n e c t e d  t r i odes  (6SN7)  or  b e a m  p o w e r  
p e n t o d e s  (6L6) ,  d r i v i n g  t h e m  to cut  off (10) .  F o r  
mos t  of t he  r e su l t s  r e p o r t e d  h e r e  t he  c u r r e n t  was  off 
for  50 ~sec and  on for  1300/~sec. These  t imes ,  w h i c h  
r e p r e s e n t  a 96 % d u t y  cycle,  w e r e  sufficient  to p e r m i t  
b u i l d u p  of t he  p o t e n t i a l  to a s t e a d y - s t a t e  v a l u e  
p r i o r  to i n t e r r u p t i o n .  

By  m e a n s  of t he  d i f f e r en t i a l  ampl i f ie r ,  t h e  a n o d e -  
r e fe rence ,  c a t h o d e - a n o d e ,  a n d  c a t h o d e - r e f e r e n c e  p o -  
t e n t i a l  cou ld  b e  v i e w e d  on t h e  osc i l loscope  ( T e k -  
t ron ic  t y p e  512).  The  p o t e n t i a l  d i f fe rence  a s soc ia t ed  
w i t h  a n y  p o r t i o n  of t he  b u i l d u p  or  d e c a y  cu rve  could  
be  m e a s u r e d  to  --+ 1 m v  or  ---+ 0.1% ( w h i c h e v e r  is 
l a r g e r )  b y  a d j u s t i n g  p o t e n t i o m e t e r s  A a n d  B (Fig .  
1) so as to b r i n g  t h a t  p o r t i o n  of t he  t r a c e  on the  
osc i l loscope  s c r een  to t he  ze ro  def lec t ion  pos i t ion .  
S w i t c h i n g  t r a n s i e n t s  w e r e  such  t h a t  t he  p o t e n t i a l  
cou ld  be  m e a s u r e d  w i t h i n  1-3 ~sec fo l lowing  i n t e r -  
r u p t i o n  of t h e  cu r ren t .  A c o m p l e t e  c i rcu i t  d i a g r a m  is 
g iven  e l s e w h e r e  (10) .  A L&N K - 2  p o t e n t i o m e t e r  
was  used  to m e a s u r e  t h e  p o t e n t i a l s  b e t w e e n  the  
r e f e r e n c e  e l e c t rode s  i n v o l v e d  in  th is  work .  

The  glass  p o l a r i z a t i o n  cel l  is s i m i l a r  to  t h a t  d e -  
s c r ibed  in  t he  first  p a p e r  (11) in th is  ser ies .  P r o -  
v i s ions  a r e  m a d e  fo r  v a r i o u s  r e f e r e n c e  a n d  p r e -  
e l ec t ro ly s i s  e l ec t rodes  in a d d i t i o n  to t he  anode  and  
c a thode  i n v o l v e d  in t he  p o l a r i z a t i o n  m e a s u r e m e n t s .  
The  cel l  p r o v i d e s  fo r  a c o n t r o l l e d  r e l a t i v e l y  h igh  
speed  flow of t he  so lu t ion  pa s t  t he  anode  at  r a t e s  up  
to  60 e r a / s ee  in  t h e  b u l k  of t he  so lu t ion  a d j a c e n t  to 
t he  anode .  The  v o l t a g e  f r o m  an  e lec t r i c  t a c h o m e t e r  
was  used  as a r e l a t i v e  m e a s u r e  of the  so lu t ion  ve loc -  
i ty .  The  t a c h o m e t e r  was  c a l i b r a t e d  in  t e r m s  of f low 
ra t e s  u n d e r  e x p e r i m e n t a l  cond i t ions  b y  m e a n s  of a 
p i t o t  t u b e  as d e s c r i b e d  e a r l i e r  (11) .  The  cel l  was  
m o u n t e d  in  a t h e r m o s t a t i c  b a t h  w h i c h  con t ro l l ed  
the  t e m p e r a t u r e  to --+ 0.05~ in t he  r a n g e  25~176 

The  h y d r o g e n  gas  used  for  s a t u r a t i n g  the  so lu t ion  
was  p a s s e d  t h r o u g h  a pu r i f i ca t ion  t r a i n  cons i s t ing  
of  t h e  fo l l owing  c o m p o n e n t s :  ( a )  D e - O x o  un i t  fo r  
c a t a l y t i c  o x y g e n  r e m o v a l  ( B a k e r  C o m p a n y  Inc.,  
N e w a r k ,  N. J . ) ;  (b )  m a g n e s i u m  p e r c h l o r a t e  for  
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d r y i n g ;  (c)  Hopca l i t e  for  o x i d a t i o n  of t r a c e  CO 
(Mine  S a f e t y  A p p l i a n c e  C o m p a n y ,  P i t t s b u r g h ,  P a . ) ;  
(d)  soda  l ime  for  r e m o v a l  of CO2 and  H20;  and  (e)  
t h r e e  l i qu id  n i t r o g e n  cooled t r a p s  fo r  t he  a d s o r p t i o n  
of i m p u r i t i e s  w i t h  the  first  f i l led w i t h  s i l ica  gel,  t he  
second  w i t h  ac t ive  carbon ,  and  the  t h i r d  w i t h  glass  
wool.  

Experimental  Procedure 

S e v e r a l  anode  des igns  and  sources  of n i c k e l  w e r e  
c o m p a r e d  in  p r e l i m i n a r y  e x p e r i m e n t s .  The  anodes  
w e r e  des igned  to p r o v i d e  a r e a s o n a b l y  u n i f o r m  c u r -  
r en t  d e n s i t y  ove r  t he  su r face  of the  e lec t rode .  The  
first  e l ec t rodes  used  w e r e  1 4 - g a u g e  (B. a n d  S.)  
n i cke l  w i r e  of 99% p u r i t y  and  J o h n s o n - M a t t h e y  
n i cke l  rod  w h i c h  was  m a c h i n e d  d o w n  to 3 m m  in 
d i a m e t e r .  Bo th  t y p e s  w e r e  s ea l ed  in  8 - r a m  OD soft  
glass  a n d  w e r e  r o u n d e d  a t  the  end  to e s s e n t i a l l y  the  
s a m e  r a d i u s  of c u r v a t u r e  as t he  c y l i n d r i c a l  por t ion .  

Efficiency m e a s u r e m e n t s  w e r e  o b t a i n e d  us ing  an  
anode  cons i s t ing  of J o h n s o n - M a t t h e y  n i c k e l  rod  
cut  d o w n  to 3 m m  in d i a m e t e r .  One end  of t h e  r o d  
was  d r i l l e d  and  t a p p e d  to fit the  t h r e a d e d  end  of 
the  14 -gauge  n i c k e l  w i r e  w h i c h  was  s ea l ed  in  soft  
glass.  This  p e r m i t t e d  the  d i r ec t  w e i g h i n g  of t he  
a n o d e  used  in  eff iciency m e a s u r e m e n t s .  The  de s ign  
is shown  in Fig.  2a. F o r  c u r r e n t  dens i t i e s  a b o v e  0.3 
m a / c m  2 efficiencies cou ld  be  m e a s u r e d  w i t h  a p r e -  
c is ion of --- 2%.  

The  e l e c t r o d e  de s ign  a d o p t e d  fo r  s ing le  c r y s t a l  
e l ec t rodes  is shown  in Fig .  2b. This  des ign  p e r -  
m i t t e d  p o l a r i z a t i o n  m e a s u r e m e n t s  a t  a p a r t i c u l a r  
face  of a s ing le  c r y s t a l  w i t h o u t  i n t r o d u c i n g  a n y  
p las t i c s  or  o rgan ic  sea le r s  in to  t he  e l ec t ro ly t e .  One  
face  of t he  c y l i n d r i c a l  n i c k e l  e l e c t r o d e  w a s  d r i l l e d  
and  t a p p e d  a n d  a t h r e a d e d  con tac t  was  m a d e  w i t h  
n i cke l  wi re .  The  o t h e r  f ace  was  k e p t  even  w i t h  t he  
glass  t u b i n g  so t h a t  on ly  the  de s i r ed  face  was  e x -  
posed  to t he  e l ec t ro ly t e .  H y d r o g e n  gas  f r o m  the  
pu r i f i ca t ion  t r a i n  f lowed b e t w e e n  t h e  m e t a l  and  
glass  to p r e v e n t  t he  so lu t ion  f r o m  f lowing up  the  
tube .  The  hole  in  the  top  of t he  g lass  t h r o u g h  w h i c h  
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t h e  n i cke l  w i r e  passes  was  sea l ed  w i t h  m e l t e d  p o l y -  
e thy lene .  The  g r o u n d  glass  j o i n t  f a c i l i t a t e d  r e m o v a l  
and  p r e p a r a t i o n  of t h e  anode .  

The  v a r i o u s  n i c k e l  a n o d e s  a l l  gave  s u b s t a n t i a l l y  
the  s ame  r e su l t s  for  t he  p o l a r i z a t i o n  w h e n  d i f f e r -  
ences  in  t h e  r a t i o  of t r u e  to a p p a r e n t  a r e a  a r e  t a k e n  
in to  account .  In  t he  p r e s e n t  work ,  t h e  d i f fe rences  in  
t h e  d i f f e r en t i a l  c a p a c i t y  b e t w e e n  v a r i o u s  e l ec t rodes  
a t  a g iven  p o t e n t i a l  h a v e  been  u sed  as  a c r i t e r i o n  of 
r e l a t i v e  changes  in  e l e c t r o d e  a rea .  The  d i f f e r en t i a l  
c a p a c i t y  c has  been  c a l c u l a t e d  f r o m  the  i n i t i a l  r a t e  
of d e c a y  of t he  p o l a r i z a t i o n  fo l l owing  i n t e r r u p t i o n  
of t he  po l a r i z i ng  c u r r e n t  b y  m e a n s  of t he  e q u a t i o n  

c : i / ( d E / d t ) o  [1]  

w h e r e  i is t he  c u r r e n t  a n d  (dE/dt )o  is t he  i n i t i a l  
r a t e  of d e c a y  of t h e  po t en t i a l .  

I n d i v i d u a l  m e a s u r e m e n t s  of d i f f e r e n t i a l  c a p a c i t y  
w e r e  l i m i t e d  to an  a c c u r a c y  of __-10% be c a use  of 
diff icul t ies  a s soc ia t ed  w i t h  t he  d e t e r m i n a t i o n  of t he  
s lope f r o m  the  osc i l loscope  t race .  A s m a l l  a m o u n t  
of 60-cyc le  p i c k - u p ,  a m o u n t i n g  to 0.7 my,  also was  
e v i d e n t  on t h e  osc i l loscope  a n d  l i m i t e d  t h e  a c c u r a c y  
of t he  c a p a c i t a n c e  m e a s u r e m e n t s .  

The  source  of t he  n i c k e l  m a d e  a d i f fe rence  in t he  
ease  of o b t a i n i n g  r e p r o d u c i b l e  p o l a r i z a t i o n  da ta .  
N icke l  e l e c t r o d e p o s i t e d  f r o m  a b a t h  c on t a in ing  c a r e -  
f u l l y  pur i f i ed  n i cke l  c h l o r i d e  and  n i cke l  su l f a t e  e x -  
h ib i t e d  the  mos t  r a p i d  a r e a  changes  on  d i sso lu t ion .  
This  m a d e  i t  diff icult  to o b t a i n  r e p r o d u c i b l e  p o -  
l a r i z a t i o n  da ta .  The  m e a s u r e m e n t s  w i t h  such  e lec -  
t r o d e s  h a d  to be  m a d e  q u i c k l y  and  even  t h e n  w e r e  
r e s t r i c t e d  to low c u r r e n t  dens i t ies .  The  14 -gauge  
n i cke l  w i r e  a n d  J o h n s o n  M a t t h e y  n i c k e l  d i s so lved  
a n o d i c a l l y  w i t h  r e l a t i v e l y  m i n o r  a r e a  c ha nge s  d u r i n g  
sho r t  p o l a r i z a t i o n  runs .  T h e  J o h n s o n - M a t t h e y  e lec -  
t r odes  gave  the  mos t  r e p r o d u c i b l e  resu l t s .  Unless  
o t h e r w i s e  ind ica ted .  J o h n s o n - M a t t h e y  n i c k e l  e l ec -  
t r odes  w e r e  used  for  a l l  t he  d a t a  p r e s e n t e d  in th is  
p a p e r .  

The  ca thode  u sed  for  t h e  p r e - e l e c t r o l y s i s  and  
p o l a r i z a t i o n  m e a s u r e m e n t s  cons i s ted  of a squa re  
p iece  of p l a t i n u m  foi l  2.5 cm on an  edge  and  0.01 
c m  th ick ,  a t t a c h e d  to  a p l a t i n u m  w i r e  s ea l ed  in  soft  
g lass  tub ing .  T h e  p r e - e l e c t r o l y s i s  a n o d e  also was  
p l a t i n u m  and  of s im i l a r  cons t ruc t ion .  P l a t i n u m  was  
used  for  the  p r e - e l e c t r o l y s i s  anode  to e l i m i n a t e  t he  
poss ib l e  i n t r o d u c t i o n  of i m p u r i t i e s  t h a t  m i g h t  h a v e  
r e s u l t e d  f r o m  a d i s so lv ing  n i c k e l  p r e - e l e c t r o l y s i s  
anode.  

Two t y p e s  of r e f e r e n c e  e l ec t rodes  w e r e  used  for  
t he  p o l a r i z a t i o n  runs .  A p l a t i n i z e d  P t  e l e c t r o d e  was  
used  as a w o r k i n g  r e f e r e n c e  e l ec t rode  w i t h i n  t h e  
cell .  I t  was  p r e p a r e d  b y  sea l ing  p l a t i n u m  w i r e  in  
soft  g lass  and  p l a t i n i z i n g  i t  in  a 1% so lu t ion  of 
p l a t i n i c  ch lo r ide  ( w i t h o u t  a n y  a d d i t i v e s )  a t  100 
m a / c m  2 for  a p p r o x i m a t e l y  2 h r  w i t h  pe r iod i c  r e -  
v e r s a l  of t h e  c u r r e n t  e v e r y  5 min  (12) .  A f t e r  p l a t i -  
n iz ing,  the  e l ec t rodes  w e r e  s t o r ed  in  s l i g h t l y  ac id i -  
fied c o n d u c t i v i t y  w a t e r  w h i c h  w a s  s a t u r a t e d  w i t h  
h y d r o g e n .  

A s a t u r a t e d  ca lome l  r e f e r e n c e  was  used  w i t h  
ch lo r ide  and  p e r c h l o r a t e  solu t ions ,  and  a m e r c u r y -  
m e r c u r o u s  su l fa te ,  s a t u r a t e d  p o t a s s i u m  su l f a t e  r e f -  
e rence  was  used  w i t h  t he  su l f a t e  so lu t ions  to check  
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t h e  w o r k i n g  r e f e r e n c e  e l ec t rode  b e f o r e  and  a f t e r  
each  p o l a r i z a t i o n  run .  To avo id  the  i n t r o d u c t i o n  of 
a n y  c o n t a m i n a n t s  in to  t he  e l e c t r o l y t e  f rom the  e x -  
t e r n a l  r e f e r e n c e  e lec t rode ,  a so lu t ion  b r i d g e  f i l led 
w i t h  t he  s a m e  so lu t ion  as in t he  cel l  was  u sed  b e -  
t w e e n  the  cel l  and  an  i n t e r m e d i a t e  vesse l  ( t e s t  t u b e )  
con t a in ing  the  s ame  so lu t ion  as in  t he  cell .  The  e x -  
t e r n a l  r e f e r e n c e  e l e c t r o d e  was  connec t ed  to th i s  
i n t e r m e d i a t e  vesse l  b y  a second  so lu t ion  b r idge .  The  
r e f e r e n c e  e l ec t rode  and  i n t e r m e d i a t e  vesse l  w e r e  
i m m e r s e d  in  t he  s ame  w a t e r  b a t h  as t he  cell .  

P o l a r i z a t i o n  m e a s u r e m e n t s ,  w i t h  t he  e x c e p t i o n  of 
those  in  the  sod ium p e r c h l o r a t e  solu t ions ,  w e r e  o b -  
t a i n e d  in  so lu t ions  p r e p a r e d  f r o m  F i s h e r  cer t i f ied  
r e a g e n t - g r a d e  sa l ts  w h i c h  w e r e  f u r t h e r  pur i f i ed  b y  
d o u b l e  r e c r y s t a l l i z a t i o n  f r o m  c o n d u c t i v i t y  w a t e r .  
S o d i u m  p e r c h l o r a t e  so lu t ions  w e r e  p r e p a r e d  f r o m  
r e a g e n t  g r a d e  chemica l s  and  c o n d u c t i v i t y  w a t e r .  

The  a n o d e  was  p r e p a r e d  fo r  p o l a r i z a t i o n  m e a s u r e -  
m e n t s  b y  po l i sh ing  w i t h  p r o g r e s s i v e l y  f iner  g r a d e s  
of e m e r y  p a p e r  d o w n  to 000 g rade .  I t  w a s  t h e n  i m -  
m e r s e d  in e t h y l  a lcohol  and  r i n s e d  in d i s t i l l ed  w a t e r .  
In  mos t  i n s t ances  t he  anode  was  t h e n  e l e c t r o p o l i s h e d  
for  20 ra in  at  150 m a / c m  ~ in an  e l e c t r o p o l i s h i n g  
so lu t ion  con t a in ing  15% H2SO4, 63% H3PO4, a n d  
22% H20 (13) .  The  n i c k e l  a n o d e  was  r i n s e d  
cop ious ly  in  d i s t i l l ed  and  c o n d u c t i v i t y  w a t e r  be fo re  
be ing  p l a c e d  in t he  p o l a r i z a t i o n  cell .  Unless  o t h e r -  
wise  ind ica t ed ,  a l l  p o l a r i z a t i o n  cu rves  p r e s e n t e d  in  
th is  p a p e r  w e r e  o b t a i n e d  w i t h  e t e c t ropo l i shed  e l e c -  
t rodes .  

The  p l a t i n u m  p r e - e l e c t r o l y s i s  a n o d e  was  p l a c e d  
in  the  a n o d e  c o m p a r t m e n t  d u r i n g  p r e - e l e c t r o l y s i s  
and  r e m o v e d  e n t i r e l y  f rom the  e l e c t r o l y t e  w h e n  
p r e - e l e c t r o l y s i s  was  comple t ed .  D u r i n g  p r e - e l e c t r o l -  
ys is  t he  p l a t i n u m  anode  was  in  t he  m a i n  flow 
s t r eam,  a n d  s t i r r i n g  was  m a i n t a i n e d  t h r o u g h o u t  t he  
p r e - e l e c t r o l y s i s  per iod .  P r e - e l e c t r o l y s i s  was  c a r r i e d  
ou t  a t  20 ~ a / c m  ~. This  low c u r r e n t  d e n s i t y  d id  no t  
p r o d u c e  a p p r e c i a b l e  ]aH changes  d u r i n g  t h e  p r e -  
e l ec t ro ly s i s  p e r i o d  and  was  b e l o w  the  l i m i t i n g  c u r -  
r en t  d e n s i t y  for  t he  o x i d a t i o n  of m o l e c u l a r  h y d r o -  
gen. D u r i n g  the  p r e - e l e c t r o l y s i s  t h e  p l a t i n u m  a n o d e  
was  u s u a l l y  at  a p o t e n t i a l  of W0.1 __- 0.03v r e l a t i v e  
to t he  s t a n d a r d  h y d r o g e n  e lec t rode .  The  p o t e n t i a l  of 
the  p r e - e l e c t r o t y s i s  a n o d e  n e v e r  a p p r o a c h e d  t h a t  
for  t he  o x y g e n  evo lu t i on  reac t ion .  The  e f fec t iveness  
of p r e - e l e c t r o l y s i s  u n d e r  these  cond i t ions  is f a r  f r o m  
cer ta in .  This  p rocedu re ,  h o w e v e r ,  d id  l e ad  to r e -  
p r o d u c i b l e  resu l t s .  

In  p r e p a r a t i o n  for  p o l a r i z a t i o n  m e a s u r e m e n t s  t h e  
cel l  was  r i n s e d  s e v e r a l  t imes ,  f irst  w i t h  d i s t i l l ed  
and  c o n d u c t i v i t y  w a t e r  and  f ina l ly  w i t h  t he  so lu t ion  
to be  i nves t i ga t ed .  The  cel l  was  f i l led w i t h  so lu t ion ,  
and  t h e  e l ec t rodes  w e r e  i n t r o d u c e d  into  the  so lu t ion  
a f t e r  a p p r o p r i a t e  r ins ings .  H y d r o g e n  gas  was  t h e n  
b u b b l e d  in to  the  solu t ion ,  t he  s t i r r e r  was  t u r n e d  on, 
and  the  s y s t e m  was  a l l o w e d  to come to e q u i l i b r i u m .  
The  p H  was  a d j u s t e d  b y  a d d i t i o n  of t he  a p p r o p r i a t e  
ac id  a n d  was  d e t e r m i n e d  b y  m e a s u r i n g  t h e  p o t e n t i a l  
b e t w e e n  the  p l a t i n i zed  P t  r e f e r e n c e  e l e c t r o d e  w i t h i n  
t he  cel l  a n d  the  e x t e r n a l  r e f e r e n c e  e lec t rodes .  The  
a c c u r a c y  of t he  p H  m e a s u r e m e n t s  is open  to ques t ion  
b e c a u s e  of t he  u n k n o w n  l i q u i d - j u n c t i o n  po t en t i a l .  
P r e - e l e c t r o l y s i s  was  t h e n  begun .  The  so lu t ions  w e r e  
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p r e - e l e c t r o l y z e d  in  t he  cel l  for  40 h r  to r e m o v e  t r a c e  
i m p u r i t i e s  or  a t  l eas t  to  r e d u c e  t h e i r  c o n c e n t r a t i o n  
to a r e p r o d u c i b l e  m i n i m u m .  A p o l a r i z a t i o n  r u n  was  
t h e n  m a d e  and  the  p r e - e l e c t r o l y s i s  was  r e s u m e d  for  
6 to 8 hr .  A p o l a r i z a t i o n  r u n  was  m a d e  a g a i n  a f t e r  
th is  second  p r e - e l e c t r o l y s i s  p e r i o d  and,  if  b o t h  runs  
a g r e e d  w i t h i n  s e v e r a l  mi l l i vo l t s ,  p r e - e l e c t r o l y s i s  
was  r e g a r d e d  as  comple te .  

A f t e r  p r e - e l e c t r o l y s i s  t h e  w o r k i n g  n i c k e l  e l ec -  
t r o d e  was  a n o d i c a l l y  d i s so lved  a t  0.5 m a / c m  2 for  5 
m i n  p r i o r  to t he  b e g i n n i n g  of p o l a r i z a t i o n  m e a s u r e -  
ments .  P o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  t a k e n  b y  
a d j u s t i n g  the  c u r r e n t  a n d  q u i c k l y  m e a s u r i n g  the  
a n o d e  p o t e n t i a l  r e l a t i v e  to t h e  i n t e r n a l  w o r k i n g  r e f -  
e rence  e l e c t r o d e  a f t e r  t h e  p o t e n t i a l  h a d  r e a c h e d  a 
r e a s o n a b l y  cons t an t  va lue .  This  u s u a l l y  r e q u i r e d  
less t h a n  30 sec. B e t w e e n  p o l a r i z a t i o n  m e a s u r e m e n t s  
w h i l e  t he  c u r r e n t  t h r o u g h  the  e l ec t ron ic  e q u i p m e n t  
was  b e i n g  a d j u s t e d  to  a n e w  va lue ,  t he  e l e c t rodes  
w e r e  d i s c onne c t e d  f r o m  the  c i r cu i t  to m i n i m i z e  
a n o d e  a r e a  changes .  

Eff ic iency m e a s u r e m e n t s  w e r e  m a d e  b y  d i r ec t  
w e i g h i n g  of t he  a n o d e  us ing  the  d e t a c h a b l e  anode  
a s s e m b l y  d e s c r i b e d  ea r l i e r .  The  cou lombs  p a s s e d  
w e r e  d e t e r m i n e d  w i t h  a c o u l o m e t e r  or  f r o m  the  t ime  
and  IR d rop  across  a p rec i s ion  r e s i s to r  w h i c h  was  
connec t ed  in ser ies  w i t h  t he  c o m m u t a t o r  c i rcui t .  
Eff iciency m e a s u r e m e n t s  w e r e  m a d e  a t  cons t an t  p o -  
t e n t i a l  u n d e r  cond i t ions  ana logous  to  a p o l a r i z a -  
t ion  run .  T h e  t i m e  for  e ach  eff iciency r u n  w a s  a t  
l eas t  1 hr .  

Experimental Results 
A n o d e  efficiencies for  n i c k e l  d i s so lu t ion  in  ch lo r ide  

so lu t ions  of p H  2.0-3.0 w e r e  w i t h i n  a f ew  p e r  cent  
of 100% in t he  p o t e n t i a l  r a n g e  w h i c h  c o r r e s p o n d e d  
to c u r r e n t  dens i t i e s  of 0.3 to 15 m a / c m  ~. Efficiencies 
in  p e r c h l o r a t e  a n d  su l f a t e  so lu t ions  of pH 2.0-3.0 
w e r e  diff icult  to d e t e r m i n e  b e c a u s e  of a t e n d e n c y  
t o w a r d  p a s s i v a t i o n  u p o n  p r o l o n g e d  anod ic  d i s so lu -  
t ion  even  at  m o d e r a t e  c u r r e n t  dens i t ies .  In  s e v e r a l  
i n s t ances  w h e r e  the  a n o d e  d id  not  pass iva te ,  t h e  effi- 
c ienc ies  w e r e  less  t h a n  50% a t  p o t e n t i a l s  c o r r e -  
spond ing  to c u r r e n t  dens i t i e s  less t h a n  a p p r o x i -  
m a t e l y  0.6 m a / c m  2. This  i nd i ca t e s  t h a t  h y d r o g e n  
d i s so lu t ion  p r e d o m i n a t e s  u n d e r  t hese  condi t ions .  F o r  
p H  of 0:9-1.0, n i c k e l  d i s so lu t ion  efficiencies in  p e r -  
c h l o r a t e  and  su l f a t e  so lu t ions  w e r e  v i r t u a l l y  100% 
ove r  t he  r a n g e  0.3 to 5 m a / c m  2 in i n s t ances  w h e r e  
t he  a n o d e  d id  no t  pas s iva t e .  

The  d i f f e ren t i a l  c a p a c i t a n c e  has  been  f o u n d  to be  
s t r o n g l y  d e p e n d e n t  on t h e  m e t h o d  of p r e p a r a t i o n  
of t h e  n i cke l  anode .  N icke l  anodes  p r e p a r e d  b y  e lec -  
t r o p o l i s h i n g  n o r m a l l y  h a d  a d i f f e ren t i a l  c a p a c i t a n c e  
of 20 ~ ,F/cm ~ of  a p p a r e n t  a r e a  in t h e  0.5M NiCI~ 
solut ion .  This  v a l u e  was  s u b s t a n t i a l l y  i n d e p e n d e n t  
of p o t e n t i a l  ove r  t he  r a n g e  0 to + 0 . 1 5 v  r e l a t i v e  to  
t he  s t a n d a r d  h y d r o g e n  e lec t rode .  N icke l  e l ec t rodes  
on ly  f in ished b y  h a n d  po l i sh ing  w i t h  success ive ly  
f iner  g r ades  of e m e r y  p a p e r  d o w n  to 000 g r a d e  h a d  
d i f f e r en t i a l  c apac i t ances  of a p p r o x i m a t e l y  35 ~ F / c m  2 
of a p p a r e n t  a r e a  ove r  t h e  s a m e  r a n g e  of po ten t i a l s .  
The  d i f f e r e n t i a l  c a p a c i t a n c e  d e p e n d e d  also  on the  
source  of t he  n ickel .  F o r  e x a m p l e ,  e l e c t r o p o l i s h e d  
n i c k e l  w i r e  and  also e l e c t r o d e p o s i t e d  n i c k e l  w i t h  no  
s u r f a c e  t r e a t m e n t  a f t e r  depos i t i on  h a d  h i g h e r  v a l -  
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ues t h a n  e l e c t r o p o l i s h e d  p u r e  J o h n s o n - M a t t h e y  
n ickel .  

The  d i f f e ren t i a l  c a p a c i t a n c e  u s u a l l y  i n c r e a s e d  
s l o w l y  d u r i n g  t h e  anod ic  d i sso lu t ion .  This  a r e a  
change  n o r m a l l y  was  less  t h a n  10% d u r i n g  the  
course  of a s ingle  p o l a r i z a t i o n  r u n  because  t h e  e l ec -  
t r odes  w e r e  d i s connec t ed  b e t w e e n  m e a s u r e m e n t s  to 
l i m i t  p r o g r e s s i v e  a r e a  changes  d u r i n g  d i sso lu t ion .  

The  a n o d e  p o t e n t i a l - c u r r e n t  d e n s i t y  cu rves  for  
s e v e r a l  e l e c t ro ly t e s  a r e  c o m p a r e d  in Fig .  3. The  p o -  
t e n t i a l s  a r e  g i v e n  r e l a t i v e  to t he  s t a n d a r d  h y d r o g e n  
e lec t rode ,  and  the  c u r r e n t  dens i t i e s  a r e  b a s e d  on 
a p p a r e n t  a reas .  These  cu rves  show t h a t  a Ta fe l  r e -  
l a t i onsh ip  ex is t s  for  n i cke l  in the  v a r i o u s  e l e c t r o -  
ly te s  a n d  t h a t  t he  a n o d e  p o t e n t i a l  a t  a g iven  c u r r e n t  
d e n s i t y  is d e p e n d e n t  on  the  t y p e  of e l ec t ro ly t e .  The  
p o l a r i z a t i o n  in  t h e  c h l o r i d e  so lu t ion  is s u b s t a n t i a l l y  
l o w e r  t h a n  in t he  p e r c h l o r a t e  or  su l f a t e  so lu t ions .  
The  c u r r e n t  eff iciency for  t he  m e t a l  d i s so lu t ion  was  
close to 100% for  a l l  t h r e e  cu rves  in  Fig .  3. I t  w a s  
n e c e s s a r y  to r e d u c e  the  p H  to 1.0 for  t he  p e r c h l o r a t e  
and  su l f a t e  solut ions ,  h o w e v e r ,  to  a ccompl i s h  th is .  

In  t h e  l i n e a r  Ta fe l  reg ion ,  the  b a c k  r e a c t i o n  
shou ld  be  n e g l i g i b l e  a n d  the  p o l a r i z a t i o n  shou ld  no t  
d e p e n d  on Ni  +2 c o n c e n t r a t i o n  p r o v i d e d  d o u b l e  l a y e r  
p r o p e r t i e s  r e m a i n  cons tan t .  This  a p p e a r s  to be  t r u e  
f r o m  t h e  d a t a  in  Fig .  4. I d e n t i c a l  p o l a r i z a t i o n  d a t a  
h a v e  been  o b t a i n e d  w i t h  and  w i t h o u t  Ni +2 p r e s e n t  
up  to 0.1M Ni +2 p r o v i d e d  an  excess  of a s u p p o r t i n g  
e l e c t r o l y t e  was  p resen t .  Most  of t he  s u b s e q u e n t  
m e a s u r e m e n t s  h a v e  been  m a d e  w i t h o u t  Ni  +2 p r e s -  
ent.  This  avo ids  t h e  neces s i t y  of p u r i f y i n g  n i c k e l  
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sal ts ,  w h i c h  a r e  o r d i n a r i l y  diff icult  to p u r i f y  because  
of p r o b l e m s  a s soc ia t ed  w i t h  c rys t a l l i z a t i on .  

The  d i f fe rences  in  t h e  anod ic  p o t e n t i a l s  a t  a g iven  
c u r r e n t  d e n s i t y  in  Fig.  3 a r e  no t  due  p r i n c i p a l l y  to 
t he  p r e s e n c e  or  absence  of Ni  +2. Di f fe rences  in  t h e  
doub le  l a y e r  and  in  p a r t i c u l a r  an ion  a d s o r p t i o n  a r e  
p r o b a b l y  t h e  m a i n  f ac to r s  r e s p o n s i b l e  for  t h e  d i f f e r -  
ences  e v i d e n t  in  th is  f igure.  V a r i a t i o n s  in  l i q u i d -  
j u n c t i o n  p o t e n t i a l  a lso a r e  invo lved ,  b u t  p r o b a b l y  
a r e  a m i n o r  fac tor .  

The  absence  of Ni  +2 in  t he  so lu t ion  does  cause  
some  a w k w a r d n e s s  r e g a r d i n g  a b s o l u t e  p o l a r i z a t i o n  
va lue s  and  t h e  ca l cu l a t i on  of e x c h a n g e  c u r r e n t  d e n -  
s i t ies  be c a use  of unde f ined  r e v e r s i b l e  condi t ions .  The  
a p p a r e n t  e x c h a n g e  c u r r e n t  d e n s i t y  d e p e n d s  on the  
Ni  +2 concen t r a t ion ,  w h i c h  inf luences  t he  r e v e r s i b l e  
po ten t i a l .  In  t h e  p r e s e n t  w o r k  the  e q u i v a l e n t  of an  
e x c h a n g e  c u r r e n t  d e n s i t y  has  been  o b t a i n e d  even  in  
t he  a bse nc e  of Ni  +2 b y  e x t r a p o l a t i n g  the  l i n e a r  Ta fe l  
cu rves  to a p o t e n t i a l  c o r r e s p o n d i n g  to t he  s t a n d a r d  
e l e c t r o d e  po t en t i a l .  This  v a l u e  o b t a i n e d  b y  e x t r a p o -  
l a t ion  wi l l  be  r e f e r r e d  to  as t he  s t a n d a r d  e x c h a n g e  
c u r r e n t  d e n s i t y  in  th is  p a p e r .  I t  r e p r e s e n t s  t he  e x -  
change  c u r r e n t  d e n s i t y  w h i c h  w o u l d  be  f o u n d  e x -  
p e r i m e n t a l l y  for  a so lu t ion  con ta in ing  Ni  +2 a t  un i t  
a c t i v i t y  if t he  %ransfer coefficients a n d  d o u b l e  l a y e r  
p r o p e r t i e s  r e m a i n e d  u n c h a n g e d  ove r  a r a n g e  of  p o -  
t e n t i a l s  e x t e n d i n g  f r o m  t h e  l i n e a r  Tafe l  r eg ion  to 
the  r e v e r s i b l e  va lue .  

The  d e p e n d e n c e  of t he  p o t e n t i a l  on c o n c e n t r a t i o n  
at  a g iven  c u r r e n t  d e n s i t y  is v e r y  s l igh t  in  s o d i u m  
p e r c h l o r a t e  so lu t ions  in t he  absence  of Ni  +2 ove r  the  
c o n c e n t r a t i o n  r a n g e  0.25-1.0M on the  bas i s  of t h e  
d a t a  in  Fig.  5. T h e  l i n e a r  r a n g e  for  n i cke l  d i s so lu t ion  
a t  pI-I 2.5 in  t h e  p e r c h l o r a t e  so lu t ions  is qu i t e  l i m i t e d  
b e c a u s e  of t h e  c o m p e t i n g  h y d r o g e n  o x i d a t i o n  r e a c -  
t ion  a t  l ow  c u r r e n t  dens i t i e s  and  p a s s i v a t i o n  a t  
h i g h e r  c u r r e n t  dens i t ies .  U n f o r t u n a t e l y  efficiency 
d a t a  w e r e  no t  a v a i l a b l e  for  t he  p e r c h l o r a t e  sys tem.  
The  sec t ion  of t h e  c u r v e  b e l o w  the  inf lec t ion  poin t ,  
h o w e v e r ,  is a s soc ia t ed  p r i m a r i l y  w i t h  H2 anod ic  
d isso lu t ion .  A n  a t t e m p t  has  been  m a d e  to cons t ruc t  
t he  i n d i v i d u a l  p o l a r i z a t i o n  cu rves  for  n i c k e l  a n d  
h y d r o g e n  d i s so lu t ion  in Fig .  5. The  a s s u m p t i o n  has  
been  m a d e  t h a t  t h e  Ta fe l  s lope  for  t h e  n i c k e l  d i s -  
so lu t ion  cu rve  does  no t  c h a n g e  over  t h e  e n t i r e  r a n g e  
of t he  plot .  The  p r o c e d u r e  used  in o b t a i n i n g  the  
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component  polar izat ion curves in Fig. 5 involved 
first making  an es t imate  of the  l imit ing cur ren t  
densi ty  for H2 oxidat ion.  This value  was then sub-  
t rac ted  f rom the total  cur ren t  densi ty  for the upper  
port ion of the over -a l l  polar izat ion curve and the 
component  polar iza t ion  curve for nickel  dissolution 
constructed.  The extension of this curve for nickel  to 
cur ren t  densi t ies  below the inflection point  in the  
over -a l l  polar izat ion curve pe rmi t t ed  the eva lua-  
t ion of the curve for H2 oxidation.  If the  l imi t ing 
cur ren t  densi ty  indicated by  this curve differed sig- 
nif icantly f rom the or iginal  est imate,  the complete  
process was repea ted  wi th  a new es t imate  for the 
l imit ing current  dens i ty  for He oxidation.  

The procedure  jus t  descr ibed is not a ve ry  sat is-  
fac tory  subst i tu te  for cur rent  efficiency da ta  in 
evalua t ing  the  H2 oxidat ion curve, and the authors  
hope to unde r t ake  a s tudy in which such da ta  are 
obtained in the  future.  To the best  knowledge  of 
the authors,  the polar iza t ion  curve for  H~ oxidat ion 
represents  the first t ime tha t  such da ta  have  been 
avai lab le  in acid media  even on a provis ional  basis. 
The slope is 0.13 over the  l imi ted  l inear  range r ep -  
resented in Fig. 5. This slope should not be in t e r -  
p re ted  as the o rd ina ry  Tafel  slope because of the 
p rox imi ty  of the  l imit ing current  densi ty  to the 
short  range  over  which the apparen t  slope of 0.13 
v / d e c a d e  is exhibi ted.  

A polar izat ion curve s imilar  to tha t  in Fig. 5 has 
been obtained for a 0.5M NiSO4 at  pH 2.5 and 45~ 
The apparen t  Tafel  slope for He oxidat ion in the  
NiSO4 e lec t ro ly te  is 0.11 v /decade .  

The polar izat ion curves in Fig. 6 indicate  the effect 
of a 10 and 100 fold change in KC1 concentra t ion in 
the absence of Ni +e. The efficiency for nickel  dis-  
solution has been found to be subs tant ia l ly  100% 
for all  points in this figure. The decrease  in po la r iza -  
t ion wi th  increasing KC1 concentrat ion appears  r ea -  
sonable in te rms of the concentra t ion dependence  
which var ious  workers  (14-16) have es t imated for 
the poten t ia l  drop across the diffuse ionic layer .  A 
quan t i t a t ive  comparison,  however ,  is ser iously com- 
pl icated by specific adsorption,  close p rox imi ty  to 
the zero point  of charge, and the l iqu id- junc t ion  po-  
tent ia ls  involved in the  comparison of the in te rna l  
hydrogen  reference electrode wi th  the  ex te rna l  
sa tura ted  calomel re ference  e lect rode (necessary  for 
the calculat ion of the  potent ia ls  of the polar ized 
anode re la t ive  to the s tandard  hydrogen  e lec t rode) .  
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Fig. 6. Potential dependence on concentration of KCI: 0, 1M 
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The increase in Tafel  slope in 0.01M KC1 at cur -  
rent  densit ies g rea te r  than  2 m a / c m  2 was observed 
each of several  t imes the  exper iment  was repeated.  
The explana t ion  is open to speculation.  One possi-  
b i l i ty  is that  the  nickel  concentrat ion in the solution 
in the immedia te  v ic in i ty  of the electrode surface 
became apprec iable  compared to the  concentrat ion 
of KC1 in the d i lu te  KC1 solution, and a change in 
double  l ayer  proper t ies  occurred. A significant por -  
t ion of the nickel  would p robab ly  be involved in a 
chloride complex. 

The dependence  of anode potent ia l  on t empera -  
ture  in KC1, NaC104, and NiCl2 solutions is shown in 
Fig. 7-9. In  all  cases, the  anode poten t ia l  decreases 
2.7 __ 0.3 m v / ~  increase in t empe ra tu r e  for a given 
apparen t  cur rent  density,  re la t ive  to the  S.H.E. at  
the same tempera ture .  

The resul ts  shown in Fig. 10 indicate  tha t  no ap-  
prec iab le  change occurs in the anodic polar izat ion 
over  the pH range  2-3 in 1.0M KC1 at 45~ under  
condit ions where  the efficiency for nickel  dissolution 

.3 
~ u J  

v ~  
_1 
' ~ 0  

Z u./c~ 
I-- td 
O r r  
a. nr- 

W 
LUI~ 
0 n- 
z 

. 2 -  

.I 

0 

L , ,  , , , , , I  I , I , , , , , I  
.2 .4 .6 ,8 1.0 2 4.0 6 8 I0 1'5 

CURRENT DENSITY ( m a / c r n  ~) 

Fig. 7. Potential dependence on temperature in 1.0M KCI, pH 
2.6: o, 25~ I-i, 35~ A ,  45~ 

.4 

0 ' I "  
> ~  .~ 

. j  0 

F- 
z o  .2 

o~ 
(i. IzJ 
m ~ . l  . I  

"~ 0 I , i , I , J  I i I , I , I . I  
.4 ,6 .8 I,O 2 4 6 8 iO 

CURRENT DENSITY (ma/or#) 

Fig. 8. Potential dependence on temperature in 1.0M NaCIO4, 
pH 0.9: o, 27~ I-1, 44~ 

J l~J  

~ .2 

Z 
Ld,~ .I 
I--Ld 
o n .  . 
O.n~ 

Ld ~ o  
0 ~" 
Z 

_ i , l , I  I , i , i , l , I  i , I , I , l , I  
" .06.08.  .2 .4 .6 .8 1.0 2 4 6 810 

CURRENT DENSITY (me /c rn  2) 

Fig. 9. Potential dependence on temperature in 0.5M NiCI2, pH 
2.5: o, 25~ I-i, 35~ A ,  45~ 



1012 

b- 

o .~ .2 
~ v J  
_t 
'< o .I 

z 
bJ ,,',, 
I-- b.I 
O m  0 a. r,~ 

IJJ 

0 ~ -.I 
Z 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

J 
, 1 , 1 , 1  I , I , I ~ 1 , 1  I , I , I ,  
.06.08.1 .2 .4 .6 .8 1.0 2 4 6 8 

CURRENT DENSITY (mo/cm a) 

Fig. 10. P o t e n t i a l  d e p e n d e n c e  o f  p H  in 1.OM KCI, 450C: o ,  p H  

2.0; /% pH 2.5; 17, pH 3.0. 

o .~ .5 

_i 
_< o .2 
P- i -  

i , J , l , I  i i , I . I . I  ~ I 
A .6 .8 LO 2 4 6 810 1520 

CURRENT DENSITY (molcm z) 

~ ~ i  .I 

O O" 
z 
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is subs t an t i a l l y  100%. The  anodic  po la r iza t ion  also 
has been  found  to be i n d e p e n d e n t  of pH in  the  r a nge  
1-2.5 in  0.5M NiSO4 over  the  c u r r e n t  dens i ty  r a nge  
0.8-4.0 m a / c m  2 w h e r e  the  efficiency for the  n i cke l  
d issolu t ion  process is v i r t u a l l y  100%. 

Hol lnage l  and  L a n d s b e r g  (8) repor t  f inding a pH 
dependence  for the  anodic  d isso lu t ion  of n icke l  in  
both  chlor ide and  su l fa te  solut ions  in  m e a s u r e m e n t s  
of n o n s t e a d y - s t a t e  po la r iza t ion  w i th  a ga lvanos ta t i c  
me thod  invo lv ing  r e c t a n g u l a r  c u r r e n t  pulses.  The i r  
f indings,  however ,  m a y  be somewha t  mi s l ead ing  
since the  concen t r a t i on  of the  suppor t ing  e lec t ro ly te  
was not  l a rge  compared  to the concen t r a t i on  of the  
acid added in  ad jus t i ng  the  h y d r o g e n  ion c o n c e n t r a -  
t ion. 

Po la r i za t ion  m e a s u r e m e n t s  have  also been  m a d e  
wi th  e lect ropol ished s ingle  crys ta l  n icke l  anodes.  
The resul t s  are essen t i a l ly  the  same as ob ta ined  
wi th  po lyc rys ta t l ine  nickel .  F i g u r e  11 compares  the  
po la r iza t ion  ob ta ined  on a surface  pa ra l l e l  to the  110 
p lane  w i th  tha t  for a po lyc rys ta l l ine  anode  of J o h n -  
s o n - M a t t h e y  nickel .  The  o r i en ta t ion  of a p a r t i c u l a r  
c rys ta l lographic  p l ane  para l l e l  to the  e lect rode su r -  
face does no t  ensu re  tha t  o ther  c rys ta l lograph ic  
p lanes  a re  no t  exposed to the electrolyte ,  i.e., the  
m i c r o - o r i e n t a t i o n  of the  surface  need  no t  a nd  in  
most  cases p r o b a b l y  does no t  cor respond to the  
macro  or ien ta t ion .  

The  Tafel  slopes and  s t anda rd  exchange  c u r r e n t  
densi t ies  based on a p p a r e n t  areas  are l is ted in  Tab le  
I. Al l  of the  data  in  this  t ab le  we re  ob ta ined  u n d e r  
condi t ions  for which  the  efficiency of the  n icke l  dis-  
so lu t ion  process was  s u b s t a n t i a l l y  100%. In  most  
ins tances  the  Tafe l  l i n e a r i t y  has  b e e n  observed  over  

September 1963 

Table I. Tafel slopes and standard exchange current densities 
for anodic oxidation of nickel 

C u r r e n t  S t a n d a r d *  
density e x c h a n g e  

r a n g e  fo r  c u r r e n t  
Temp ,  Tafe l  Ta fe l  slope,  dens i ty ,  

E l e c t r o l y t e  p H  ~ s lope  ma/ern2 m a / c m  2 

1.0MKC1 2.6 25 0.084 0.25-13.0 1.4 X 10 -7 
1.0M KC1 2.6 35 0.082 0.25-11.0 1.8 X 10 -7 
1.0MKC1 2.6 45 0.080 0.22-12.0 2.8 X 10 -~ 
0.1MKC1 2.5 45 0.084 0.05-4.0 1.8 X 10 -7 
0.01M KC1 2.5 45 0.084 0.05-1.2 1.0 X 10 -7 

1.0M NaC104 0.9 27 0.125 0.5-9.0 2.3 X 10 -7 
1.0M NaC104 0.9 44 0.13 0.6-9.0 5.0 X 10 -7  
0.25MNaC104 2.5 45 0.11 0.55-3.0 3.0 X 10 -7 
1.0M NaC104 2.5 45 0.11 0.55-3.0 3.0 X 10 -7 

0.5MNiC12 2.5 25 0.090 0.08-7.0 1.35 X 10 -7 
0.5MNiC12 2.5 35 0.085 0.07-7.0 1.27 X 10 -7 
0.5MNiC12 2.5 45 0.090 0.08-9.0 3.1 X 10 -7 
0.5MNiSO4 1.0 45 0.115 0.07-4.0 3.6 X 10 -7 

* See  t e x t  fo r  de f in i t i on ;  b a s e d  on  a p p a r e n t  area .  

a c u r r e n t  dens i ty  r ange  of at least  1 Y2 decades and  
in  m a n y  ins tances  2 decades. The s t a n d a r d  exchange  
c u r r e n t  densi t ies  have  been  d e t e r m i n e d  by  ex t r apo -  
l a t ing  the l i nea r  Tafe l  plots to the s t a n d a r d  electrode 
po ten t i a l  of nickel .  The l a t t e r  have  been  eva lua t ed  
at  the  va r ious  t e m p e r a t u r e s  by  the  same p rocedure  
used in  the first pape r  in  this  series (11).  The  va lues  
ca lcula ted  by  this  me a ns  are p r o b a b l y  accura te  to 
•  my.  The accuracy  of the  va lues  for the  s t a n d a r d  
exchange  c u r r e n t  densi t ies ,  however ,  is l imi ted  more  
by  the  accuracy  of the Tafe l  slope and  the  surface  
roughness  t h a n  the accuracy  of the va lues  for the  
s t a n d a r d  e lect rode potent ia l .  

Discussion of  Exper imental  Results 

F r o m  Table  I it  is ev iden t  tha t  the Tafe l  slope at 
45~ is 0.11-0.12 in  bo th  su l fa te  and  pe rch lo ra te  
solutions.  The Tafe l  l i ne a r i t y  and  the  va lue  of the  
Tafe l  slope p rov ide  ev idence  f avor ing  a charge 
t r ans f e r  step as ra te  d e t e r m i n i n g .  For  a Tafe l  slope 
of 0.12, the  co r respond ing  va l ue  of az is 0.52, where  

is the  t r ans f e r  coefficient a nd  z the charge  of the  
species t r a n s f e r r e d  over  the  po ten t i a l  ene rgy  ba r r i e r  
associated w i t h  the  r a t e - d e t e r m i n i n g  step. The  lower  
Tafel  slope of 0.08-0.09 found  for the  chlor ide solu-  
t ions p r o b a b l y  reflects the  specific adsorp t ion  of 
chlor ide  ions on the electrode surface and  the  as-  
sociated changes  in  the  o v e r - a l l  double  l aye r  s t ruc -  
t u r e  [see, for example ,  ref. (16) ] .  The adsorp t ion  
of C1- on the anode  surface  is an t i c ipa ted  to favor  
the  t r ans f e r  of n icke l  f rom the meta l l i c  s ta te  to a 
posi t ion in  the  Helmhol tz  p l ane  as a n  adsorbed  ionic 
species. 

In  the  ear l ie r  s tudy  of n icke l  e lec t rodeposi t ion  the  
Tafe l  slope in  a 0.5M n icke l  su l fa te  so lu t ion  was  
found  to be 0.091 at  45~ A compar i son  of the  
Tafe l  slopes for the  anodic  and  cathodic processes 
would  prove  in t e re s t ing  if it  were  no t  tha t  the  po in t  
of zero charge  (pzc) is v e r y  l ike ly  in te rposed  be -  
t w e e n  the two sets of po la r i za t ion  me a su r e men t s .  
For  the su l fa te  a nd  pe rch lo ra te  solut ions  the  pzc is 
es t imated  to be --0.1 to - -0.2v r e l a t ive  to the  s t and -  
ard  h y d r o g e n  electrode on the  basis  t ha t  the  differ-  
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ence  in t h e  pzc for  n i cke l  and  m e r c u r y  in  a g iven  
e l e c t r o l y t e  is t he  s a m e  as t h e  d i f fe rence  in t he  w o r k  
func t ion  (17, 18).  Thus  i t  is no t  s u r p r i s i n g  t h a t  t h e  
anod ic  and  ca thod ic  Ta fe l  s lopes  a r e  not  c o m p l e -  
m e n t a r y  (19) for  a n y  r e a s o n a b l e  ( i n t e g e r )  v a l u e  of 
the  s to i ch iome t r i c  n u m b e r .  

The  h e a t  of a c t i v a t i o n  AH$ at  t he  r e v e r s i b l e  p o -  
t e n t i a l  m a y  be  c a l c u l a t e d  b y  the  e q u a t i o n  

d in  io/d ( 1 / T )  = AH$/R  [ 2 ] 

w h e r e  T is t he  a b s o l u t e  t e m p e r a t u r e ,  i0 t he  e x -  
c h a n g e  c u r r e n t  dens i ty ,  a n d  R the  gas  cons tan t .  A n  
a t t e m p t  has  been  m a d e  to use  th is  e q u a t i o n  w i t h  
the  d a t a  for  t h e  NiC12 so lu t ion  in  Fig .  9. To d e t e r -  
m i n e  the  t e m p e r a t u r e  d e p e n d e n c e  of  In i0, i t  is 
n e c e s s a r y  to e x t r a p o l a t e  t he  l i n e a r  Ta fe l  p lo t s  ove r  
five decades  to t h e  r e v e r s i b l e  po ten t i a l s .  E v e n  a 
s l igh t  e r r o r  in  t h e  r e l a t i v e  va lue s  fo r  t h e  Tafe l  
s lopes  p r o d u c e s  a l a r g e  e r r o r  in  t he  d e r i v a t i v e .  I f  
t he  Ta fe l  p lo t s  for  25 ~ and  45~ in Fig .  9 a r e  e x -  
t r a p o l a t e d  i n d e p e n d e n t l y  to t he  r e v e r s i b l e  po t en t i a l ,  
t he  r e s u l t i n g  v a l u e  for  AH$ is 8 k c a l / m o l e .  The  r e -  
v e r s i b l e  p o t e n t i a l s  a t  25 ~ and  45~ h a v e  b e e n  ca l -  
cu l a t ed  b y  the  s ame  p r o c e d u r e  as used  in  t he  
e a r l i e r  p a p e r  (11) w i t h  t h e  t e m p e r a t u r e  d e p e n d e n c e  
of t he  ionic  a c t i v i t y  coefficient for  n i cke l  a s s u m e d  
to be  neg l ig ib le .  

A n  a l t e r n a t e  p r o c e d u r e  is to a s sume  t h a t  t h e  
t r a n s f e r  coefficient  does no t  v a r y  s ign i f i can t ly  w i t h  
t e m p e r a t u r e .  The  Ta fe l  s lopes  for  25 ~ and  45~ t h e n  
shou ld  be  in  t he  s a m e  r a t i o  as t he  abso lu t e  t e m p e r a -  
tures .  I f  t he  e x t r a p o l a t i o n  of  t he  cu rves  for  25 ~ and  
45~ in Fig .  9 is done  w i t h  the  Tafe l  s lope  at  45~ 
t a k e n  as (20 /298)  x 100% or  6.7% g r e a t e r  t h a n  t h a t  
a t  25~ the  r e s u l t i n g  v a l u e  for  ~H$ is 15 k c a l / m o l e .  
This  h i g h e r  v a l u e  for  AH$ is b e l i e v e d  to be  m o r e  r e -  
l i ab le  t h a n  t h e  l o w e r  v a l u e  d e s p i t e  t h e  a s s u m p t i o n  
conce rn ing  the  cons t ancy  of the  t r a n s f e r  coefficient.  
A n  a d d i t i o n a l  a s s u m p t i o n  is t h a t  t he  r a t i o  of t r u e  to 
a p p a r e n t  su r f ace  a r e a  is i n d e p e n d e n t  of t e m p e r a -  
ture .  The  v a l u e  f o u n d  for  the  h e a t  of a c t i v a t i o n  for  
the  r e v e r s e  n i cke l  e l e c t r o d e p o s i t i o n  p rocess  in  t he  
e a r l i e r  p a p e r  (11) w a s  21 k c a l / m o l e .  

The  l i m i t i n g  c u r r e n t  d e n s i t y  for  t he  h y d r o g e n  
o x i d a t i o n  in Fig .  5 a p p e a r s  low for  d i f fus ion  con t ro l  
and  m a y  r e p r e s e n t  k ine t i c  control .  A n y  a t t e m p t  a t  
e x p l a i n i n g  the  H2 o x i d a t i o n  c u r v e  in Fig .  5, h o w e v e r ,  
is p r e m a t u r e  at  th is  t i m e  in v i ew  of t he  v e r y  r e -  
s t r i c t ed  c u r r e n t  d e n s i t y  r a n g e  of t he  c u r v e  a n d  the  
a s s u m p t i o n s  i n v o l v e d  in t he  cons t ruc t i on  of t he  
c u r v e  f r o m  the  o v e r - a l l  anodic  p o l a r i z a t i o n  curve .  

Summary 
In  s u m m a r y ,  the  fo l lowing  has  b e e n  d e m o n s t r a t e d  

in the  p r e s e n t  w o r k :  
1. The  p o l a r i z a t i o n  cu rves  for  n i c k e l  d i s so lu t ion  

h a v e  b e e n  shown  to fo l low Ta fe l  l i n e a r i t y  ove r  a t  
l eas t  1.5 decades  and  in some ins t ances  2 decades  in  
ac id i f ied  chlor ide ,  su l fa te ,  a n d  p e r c h l o r a t e  so lu t ions  
w i t h  t h e  a p p a r e n t  Ta fe l  s lopes  in su l f a t e  and  p e r -  
c h l o r a t e  so lu t ions  e q u a l  to 0.12 ----- 0.01 and  in  ch lo -  
r ide  so lu t ions  equaI  to 0.085 _+ 0.005 at  45~ 

2. W i t h  p r o p e r  bu f fe r ing  of t h e  ionic  d o u b l e  l a y e r  
w i t h  a s u p p o r t i n g  e l ec t ro ly t e ,  t he  p o l a r i z a t i o n  has  
been  shown  to be  i n d e p e n d e n t  of  p H  ove r  a l i m i t e d  
range .  

3. The  p o t e n t i a l  is i n d e p e n d e n t  of Ni  +2 concen -  
t r a t i o n  ove r  t he  r a n g e  of po t e n t i a l s  w h e r e  t he  b a c k  
r e a c t i o n  is neg l ig ib l e .  

4. The  e n e r g y  of  a c t i va t i on  fo r  the  anod ic  d i s so lu -  
t ion  process  is a p p r o x i m a t e l y  15 k c a l / m o l e  if t he  
t r a n s f e r  coefficient a n d  t h e  s u r f a c e  r o u g h n e s s  a r e  
a s s u m e d  to be  i n d e p e n d e n t  of t e m p e r a t u r e  for  a d i s -  
so lv ing  n i c k e l  anode .  

5. A n o d i c  p o l a r i z a t i o n  m e a s u r e m e n t s  on s ing le  
c r y s t a l  (110 o r i e n t a t i o n )  and  p o l y c r y s t a l l i n e  n i cke l  
h a v e  no t  been  f o u n d  to d i f fer  s ign i f ican t ly .  

6. H y d r o g e n  d i s so lu t ion  can  occur  s i m u l t a n e o u s l y  
w i t h  n i c k e l  d i s so lu t ion  w i t h  t he  a p p a r e n t  Ta fe l  s lope  
of t h e  p o l a r i z a t i o n  c u r v e  for  t he  H2 o x i d a t i o n  equa l  
to 0.13. 
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Technical Notes ,@ 
Oxidation Rates of Pure and Less Pure Nickel 
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N i c k e l  o x i d i z e s  a c c o r d i n g  to  t h e  p a r a b o l i c  s c a l i n g  
r a t e  l a w  in  t h e  t e m p e r a t u r e  r a n g e  5 0 0 ~ 1 7 6  
S c a l i n g  c o n s t a n t s  r e p o r t e d  b y  n u m e r o u s  i n v e s t i g a -  
t o r s  ( 1 - 1 8 )  h a v e  b e e n  p l o t t e d  o n  l o g  K ( p a r a b o l i c  
s c a l i n g  c o n s t a n t )  vs. 1 / T  ( a b s o l u t e  t e m p e r a t u r e )  
c o o r d i n a t e s  in  F ig .  1. A l l  o f  t h e  d a t a  e x c e p t  t h o s e  of  
t h e  f o u r  l a t e s t  s t u d i e s  ( 16 -19 )  c l u s t e r  w i t h i n  t h e  
d a s h e d  l i ne s  s h o w n  in  F ig .  1. K u b a s c h e w s k i  a n d  
H o p k i n s  (20)  h a v e  a t t r i b u t e d  t h e  v a r i a t i o n  w i t h i n  
t h e  d a s h e d  l i ne s  to  p u r i t y .  H o r n  (21)  has  s h o w n  
t h a t  m o s t  o f  t h e  c o m m o n  a l l o y i n g  e l e m e n t s  i n c r e a s e  
t h e  o x i d a t i o n  r a t e  of  r e l a t i v e l y  i m p u r e  n i cke l .  O n e  
c o u l d  r a t i o n a l i z e  t h e  o b s e r v e d  d i f f e r e n c e  b e t w e e n  
(17, 18, 19) a n d  ( 1 - 1 5 )  as d u e  to  e x p e r i m e n t a l  p r o -  
c e d u r e .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  p u r e  a n d  less  
p u r e  n i c k e l  w a s  t e s t e d  in  t h e  s a m e  a p p a r a t u s  a f t e r  
t h e  s a m e  p r e t r e a t m e n t .  
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Fig. 1. Relationshlp between the parabolic scaling constant and 
reciprocal temperature for nickel. Data for (1-1.5) falls with the 
dashed lines (arrow). Circled X, Gulbransen and Andrew ( 1 6 ) ;  
open circle, Frederick and Cornet (17); open triangle, Moore and 
Lee (18): divided square, Sorrel] and Li (19). Present investigation: 
X, carbonyl nickel; solid square, wrought nickel; solid circle, 
electrolytic nickel. 

T h e  v e n d o r ' s  a n a l y s e s  of  t h e  n i c k e l  u s e d  in  t h e  
p r e s e n t  i n v e s t i g a t i o n  a n d  t h e  a n a l y s e s  r e p o r t e d  b y  
p r e v i o u s  (4, 16-19)  i n v e s t i g a t o r s  a r e  g i v e n  in  T a b l e  
I. T h e  e l e c t r o l y t i c  a n d  c a r b o n y l  p o w d e r s  u s e d  i n  t h e  
p r e s e n t  i n v e s t i g a t i o n  w e r e  c o m p a c t e d  a t  120 t o n / c m  2 
i n t o  b i l l e t s  2.5 c m  in  d i a m e t e r  a n d  2.5 c m  long .  T h e  
b i l l e t s  w e r e  v a c u u m  e n c a s e d  i n  n i c k e l  cans  a n d  e x -  
t r u d e d  in to  0.6 c m  d i a m e t e r  r o d s  a t  880~ O x i d a -  
t i o n  s a m p l e s  a p p r o x i m a t e l y  1.5 c m  l o n g  x 0.5 c m  
d i a m e t e r  w e r e  m a c h i n e d  f r o m  t h e  e x t r u d e d  r o d s  
a n d  t h e  w r o u g h t  n i c k e l  rod .  T h e  m a c h i n e  s p e c i m e n s  
w e r e  a n n e a l e d  fo r  5 h r  a t  9 0 0 ~  in  H2. T h e  i n i t i a l  
g r a i n  s ize  in  a l l  s a m p l e s  w a s  a p p r o x i m a t e l y  0.05 
m m .  A p e r i o d i c  A i n s w o r t h  m i l l i g r a m  a n a l y t i c a l  
b a l a n c e  w a s  m o d i f i e d  to a c c o m m o d a t e  a 12 in.  l o n g  
s a p p h i r e  r o d  s u p p o r t i n g  a z i r c o n  c r u c i b l e  i n  a m u l -  

Table I. Spectrographic ana(ysis of nickel in per cent, 

P i l l i n g  & 
G u l b r a n s e n  & F r e d e r i c k  & B e d w o r t h  (3) Moore  & 
Andrews (16) Cornet ( 1 7 )  (electro- Lee (18) 

(electrolytic Ni) (earbonyl Ni) lyric Ni) (carbonyl Ni) 

Cu 0.001 0.0005 - -  0.008 
Ag  <0.0002 - -  - -  - -  
Mg  0.0002 0.0001 - -  0.0025 
Si 0.005 0.0001 0.04 - -  
Fe  0.0002 0.0003 0.25 0.015 
Mn  - -  <0.002 t r ace  none  
C o  n o n e  -- -- -- 

C a  . . . .  

A1 none  - -  - -  - -  
Cr  -- <0.001 -- -- 

P b  -- -- -- 0.001 

P r e s e n t  P r e s e n t  P r e s e n t  
i n v e s t i g a t i o n  i n v e s t i g a t i o n  i n v e s t i g a t i o n  Sa r t e l l  & 
(e lec t ro ly t ic )  * (carbonyl )  * ( w r o u g h t )  * L i  (19) 

Cu <0.0001 0.0010 - -  0.0001 
A g  none  - -  - -  0.0001 
Mg 0.00005 0.0001 - -  0.0001 
Si 0.0001 0.0001 0.14 0.0007 
Fe  <0.0005 0.0005 0.48 0.0005 
Mn none  <0.002 0.15 - -  
Co none  - -  - -  - -  
Ca <0.0001 - -  - -  0.0001 
A1 0.001 - -  - -  0.0002 
Cr  none  0.001 - -  - -  

* Elec t ro ly t i c ,  p u r c h a s e d  f r o m  J o h n s o n ,  M a t t h e y  & Co., L td . ;  car-  
bony l ,  p u r c h a s e d  f r o m  I n t e r n a t i o n a l  N i c k e l  Co.; w r o u g h t ,  (Nickel  A) 
p u r c h a s e d  f r o m  I n t e r n a t i o n a l  N i c k e l  Co. 
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l i t e  c o m b u s t i o n  tube .  T e m p e r a t u r e  was  m a i n t a i n e d  
w i t h  ___ 5~ W e i g h t  changes  w e r e  t r a n s m i t t e d  to a 
t r a n s d u c e r  a n d  re f lec ted  in  m i l l i vo l t s  on a r eco rde r .  
The  ba l ance  h a d  a s e n s i t i v i t y  of 0.1 rng; a r a n g e  of 
5g, and  a c a p a c i t y  of 20g. Tes t s  w e r e  r u n  in m o v i n g  
a i r  for  pe r i ods  of 100 hr.  

The  p a r a b o l i c  sca l ing  r a t e  l a w  was  o b e y e d  for  a l l  
n i c k e l  m a t e r i a l s  a t  a l l  t e m p e r a t u r e s  used  in  t he  
p r e s e n t  i nves t i ga t i on .  A t  low t e m p e r a t u r e s ,  b e l o w  
10O0~ two  consecu t ive  p a r a b o l i c  r e l a t i o n s h i p s  
w e r e  obse rved ;  a b o v e  1000~ on ly  one r e l a t i o n s h i p  
was  obse rved .  This  has  been  o b s e r v e d  p r e v i o u s l y  
(16-19) .  A n  A r r h e n i u s  plot ,  Fig.  1, shows  t h a t  t he  
d a t a  for  t he  p r e s e n t  m a t e r i a l s  g ive  s t r a i g h t  l ines .  

The  p r e s e n t  r e su l t s  l e a d  to fou r  conclus ions .  F i r s t ,  
the  d i f fe rence  o b s e r v e d  in  t h e  sca l ing  r a t e  of v e r y  
p u r e  n i c k e l  of the  s ame  compos i t i on  as a func t ion  of 
o x y g e n  p r e s s u r e  is no t  as g r e a t  as t he  d i f fe rence  
w h i c h  can  b e  a t t r i b u t e d  to  compos i t ion .  This  is 
d e m o n s t r a t e d  b y  the  s m a l l  d i f fe rence  b e t w e e n  the  
p r e s e n t  r e su l t s  in  a i r  (PO2 = 152 m m  Hg)  a n d  those  
of  G u l b r a n s e n  and  A n d r e w s  (16) in  02 at  0.1 a t m  
( P  ---- 76 m m  H g ) .  B y  W a g n e r ' s  t h e o r y  (22) ,  t he  
sca l ing  r a t e  w o u l d  be  e x p e c t e d  to i nc rea se  w i t h  
on ly  t he  one - f i f th  p o w e r  of t he  p a r t i a l  p r e s s u r e  of 
oxygen .  Second,  t he  p r e s e n t  r e su l t s  conf i rm p r e v i -  
ous r e su l t s  (16-17)  t h a t  t h e  o x i d a t i o n  r a t e  of e i t h e r  
v e r y  p u r e  e l e c t r o l y t i c  o r  c a r b o n y l  n i c k e l  a t  low 
t e m p e r a t u r e s  ( 7 0 0 ~ 1 7 6  l o w e r  t h a n  t h a t  of 
less  p u r e  n i c k e l  ( 1 -15 ) .  Th i rd ,  t he  p r e s e n t  r e su l t s  
conf i rm t h e  r e su l t s  of F r e d e r i c k  a n d  C o r n e t t  (17) 
and  S a r t e l l  and  L i  (19) ove r  t he  t e m p e r a t u r e  r a n g e  
950~176 and  e x t e n d  t h e  d a t a  on p u r e  n i c k e l  
f r o m  700~176 F o u r t h ,  t he  p r e s e n t  r e su l t s  
d e m o n s t r a t e  t h a t  v e r y  p u r e  n i c k e l  (99 .9%)  at  e l e -  
v a t e d  t e m p e r a t u r e s  (700~176  has  t en  t imes  
the  sca l ing  r e s i s t ance  of n i c k e l  of 99.7% p u r i t y .  
E v a n s  et  at. (23) h a d  p o s t u l a t e d  t h a t  th is  effect  of 
p u r i t y  w o u l d  no t  be  v a l i d  at  h igh  t e m p e r a t u r e s .  This  
was  b a s e d  on the  o b s e r v a t i o n  b y  G u l b r a n s e n  and  
A n d r e w s  (16) t ha t  t he  o x i d a t i o n  r e s i s t ance  of v e r y  
p u r e  n i cke l  a t  750~ was  a p p r o x i m a t e l y  t he  s a m e  
as less  p u r e  n ickel .  The  p r e s e n t  r e su l t s  do no t  con-  
f i rm the  d a t a  a t  750~ of G u l b r a n s e n  and  A n d r e w s  
(16) .  The  r e su l t s  v e r i f y  H o r n ' s  (21) o b s e r v a t i o n s  
t ha t  s m a l l  a m o u n t s  of  i m p u r i t i e s  i n c r e a s e  t he  ox i -  

d a t i o n  r a t e  s ign i f ican t ly .  T h e  a c t i v a t i o n  e n e r g y  for  
p u r e  and  less  p u r e  s a m p l e s  is t he  s ame  w i t h i n  e x -  
p e r i m e n t a l  e r ro r ,  a p p r o x i m a t e l y  38,000 c a l / m o l e .  
Moore  a n d  Lee  (18) used  less p u r e  b u t  p r e o x i d i z e d  
samples .  The  p r e o x i d a t i o n  t r e a t m e n t  of t h e i r  spec i -  
m e n s  m a y  h a v e  a f fec ted  t h e i r  resu l t s .  

Manuscr ip t  rece ived  March 25, 1963; rev ised  m a n u -  
script  received June  6, 1963. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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A Graphical Method for Determining the 
Broad-Band Dielectric Behavior of Materials 

James J. Whalen 
Carlyle Barton Laboratory, The Johns Hopkins University, Baltimore, Maryland 

A m e t h o d  of g r a p h i c a l  ana lys i s  is d e v e l o p e d  b y  
w h i c h  the  r e a l  p a r t  of t he  c o m p l e x  d i e l ec t r i c  con-  
s t an t  of a m a t e r i a l  m a y  be  d e t e r m i n e d  in  t he  m i c r o -  
w a v e  region .  Th is  m e t h o d  of ana lys i s  is e spec i a l l y  
u se fu l  if an  a p p r o x i m a t e  v a l u e  of t he  d i e l ec t r i c  con-  
s t an t  is no t  k n o w n ;  t h e n  i t  is n e i t h e r  poss ib le  to 
cu t  a s a m p l e  of m a t e r i a l  to a l e n g t h  t h a t  is a p p r o x i -  
m a t e l y  a q u a r t e r - w a v e l e n g t h  ( w h i c h  is u s u a l l y  t he  

o p t i m u m  l e n g t h )  no r  pos s ib l e  to so lve  the  t r a n -  
s c e n d e n t a l  e q u a t i o n  w h i c h  o f t e n  occurs  in  m i c r o -  
w a v e  d i e l ec t r i c  cons t an t  m e a s u r e m e n t s  for  a u n i q u e  
root .  A l t h o u g h  t h e r e  a r e  m e t h o d s  (1, 2) b y  w h i c h  
t h e  v a l u e  of t h e  d i e l ec t r i c  cons t an t  m a y  be  d e t e r -  
m i n e d  u n i q u e l y ,  i t  is diff icult  to o b t a i n  a c c u r a t e  r e -  
su l t s  b y  these  m e t h o d s  if  t h e  v a l u e  of d i e l ec t r i c  
cons t an t  is g r e a t e r  t h a n  ten.  These  diff icul t ies  m a y  
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be  a v o i d e d  a n d  the  d i e l ec t r i c  b e h a v i o r  of t he  m a t e -  
r i a l  ove r  a w i d e  b a n d  of f r equenc i e s  m a y  be  d e t e r -  
m i n e d  b y  c o m p a r i n g  e x p e r i m e n t a l  d a t a  ( m i c r o -  
w a v e  s lo t t ed  l i ne  d a t a )  to  a set  of t h e o r e t i c a l  curves .  
This  m e t h o d  of a n a l y s i s  is u sed  in  t he  i n v e s t i g a t i o n  
of r e s o n a n t  a b s o r p t i o n  of e l e c t r o m a g n e t i c  e n e r g y  in  
t he  f r e q u e n c y  b a n d  26.5-38.0 k M c  in  c rys t a l s  of 
l e ad  n i t r a t e ,  Pb(NO3)2 ,  and  t h a l l i u m  n i t r a t e  T1NO3. 
In  o r d e r  to o b t a i n  c rys t a l s  of t he se  n i t r a t e s  l a r g e  
e n o u g h  for  t he  m i c r o w a v e  s lo t t ed  l ine  e x p e r i m e n t ,  
i t  was  n e c e s s a r y  to g r o w  t h e m  f r o m  an  aqueous  
so lu t ion  in  t he  p r e s e n c e  of m e t h y l e n e  b l u e  (3 ) .  A l -  
t h o u g h  th i s  a l t e r s  t he  h a b i t  of t he  c rys ta l ,  i t  is 
t h o u g h t  t h a t  i t  does  no t  in f luence  s ign i f i can t ly  t he  
d i e l ec t r i c  d a t a  o b t a i n e d  for  these  c rys ta l s .  

These  c r y s t a l s  h a v e  been  i n v e s t i g a t e d  in  t he  f r e -  
q u e n c y  b a n d  26.5-38.0 kMc  as  p a r t  of a p r o g r a m  t h e  
p u r p o s e  of w h i c h  is to  d e t e r m i n e  the  n o n m a g n e t i c  
a b s o r p t i o n  s p e c t r a  of  s e v e r a l  sa l t s  h a v i n g  u n r e -  
so lved  fine s t r u c t u r e  in  the  i n f r a r e d  (4) .  The  a b -  
so rp t ion  s p e c t r a  a r e  be ing  i n v e s t i g a t e d  f r o m  the  
m i c r o w a v e  f r e q u e n c y  r eg ion  to  t h e  v e r y  f a r  i n f r a -  
r ed  f r e q u e n c y  reg ion .  

I f  t he  d i e l ec t r i c  loss of a m a t e r i a l  in  a s ta t ic  e l ec -  
t r i c  f ield is neg l ig ib l e ,  t he  a b s o r p t i o n  of  e n e r g y  b y  
t h e  m a t e r i a l  in a t i m e  v a r y i n g  field m a y  be  a n a l y z e d  
c o n v e n i e n t l y  b y  a s s u m i n g  the  m e d i u m  has  a c o m -  
p l e x  d i e l ec t r i c  c o n s t a n t  ( e *  = c' - -  i~"). The  i m a g i -  
n a r y  p a r t  of t h e  d i e l ec t r i c  cons t an t  is p r o p o r t i o n a l  
to the  e n e r g y  loss ( a b s o r p t i o n ) .  I f  t he  d e p e n d e n c e  
of ~'/~o on  t h e  f r e q u e n c y  is k n o w n  ove r  t he  en t i r e  
f r e q u e n c y  s p e c t r u m ,  the  d e p e n d e n c e  of  e"/eo on t h e  
f r e q u e n c y  can  be  d e t e r m i n e d  f r o m  i n t e g r a l  t r a n s -  
fo rms  (5) .  A l t h o u g h  the  r e s o n a n t  f r e q u e n c i e s  of an  
ionic  c r y s t a l  and  the  e x a c t  fo rms  of t h e  cu rves  , '  ( f )  
vs. f a n d  , " ( f )  vs. f ( w h e r e  f is t h e  f r e q u e n c y )  a r e  
no t  k n o w n ,  t h e  g e n e r a l  fo rms  of  these  cu rves  a r e  
known .  In  p a r t i c u l a r ,  i t  is k n o w n  t h a t  , ' ( f )  va r i e s  
c o n s i d e r a b l y  in a f r e q u e n c y  b a n d  w h i c h  is n e a r  a 
f r e q u e n c y  at  w h i c h  r e s o n a n t  a b s o r p t i o n  occurs .  
The re fo re ,  i n s t e ad  of m e a s u r i n g  r e s o n a n t  a b s o r p t i o n  
d i r ec t ly ,  the  d i spe r s i on  of t he  r ea l  p a r t  of t h e  d i -  
e l ec t r i c  cons t an t  is i nves t i ga t ed .  

Graphical Method of Data Analysis 
The  c o m p l e x  d i e l ec t r i c  cons t an t  of a m e d i u m  m a y  

be d e t e r m i n e d  if  t he  i n t r i n s i c  i m p e d a n c e  a n d  the  
p r o p a g a t i o n  cons t an t  of the  m e d i u m  a re  k n o w n .  
The  p r o p a g a t i o n  c o n s t a n t  in a r e c t a n g u l a r  w a v e -  
gu ide  c o m p l e t e l y  f i l led w i t h  a h o m o g e n e o u s  m a t e -  
r i a l  m a y  be  d e t e r m i n e d  f rom two  i n p u t  i m p e d a n c e  
m e a s u r e m e n t s .  One  i n p u t  i m p e d a n c e  m e a s u r e m e n t  
is m a d e  w i t h  a sho r t  p l a c e d  a t  t he  r e a r  i n t e r f a c e  of 
t h e  s a m p l e  (6 ) ,  and  t h e  o the r  is m a d e  w i t h  t he  
s h o r t  p l a c e d  a q u a r t e r - w a v e l e n g t h  f r o m  the  r e a r  
i n t e r f ace  of t he  s a m p l e  (1, 2) .  In  each  case  the  
vo l t age  s t a n d i n g  w a v e  ra t io ,  ( r ) ,  and  the  pos i t i on  
of v o l t a g e  m i n i m u m  a re  m e a s u r e d .  The  pos i t i on  of 
the  v o l t a g e  m i n i m u m  w i t h  the  s a m p l e  in t he  w a v e -  
g u i d e  is d e s i g n a t e d  b y  t h e  l e t t e r  D;  t h e  p o s i t i o n  of  
t he  v o l t a g e  m i n i m u m  w i t h o u t  t he  s a m p l e  in  t he  
w a v e g u i d e  is d e s i g n a t e d  b y  the  l e t t e r  Dr; t h e  l e n g t h  
of the  s a m p l e  is d ( see  Fig .  1). 

F o r  a r e c t a n g u l a r  w a v e g u i d e  c o m p l e t e l y  f i l led 
w i t h  a homogeneous ,  n o n m a g n e t i c  m a t e r i a l  of  corn-  
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Fig. 1. Short circuit method of measuring dielectric constant 

p]ex  p e r m i t t i v i t y  E*, the  p r o p a g a t i o n  cons t an t  T, a n d  
t h e  w a v e  i m p e d a n c e  ZH a r e  (7)  

~, ---- j2~/Xo [~*1~o-- (Xo/Xc)2] 1/2 

w h e r e  Xo is t h e  f r e e - s p a c e  w a v e l e n g t h ,  ~o is t he  p e r -  
m i t t i v i t y  of f r ee  space,/*o is t h e  p e r m e a b i l i t y  of f r ee  
space,  and  ~c is t he  cu t -o f f  w a v e l e n g t h .  

I t  is we l l  k n o w n  t h a t  t he  field equa t i ons  for  t he  
TE01 m o d e  m a y  be  e x p r e s s e d  in  a f o r m  t h a t  c o r r e -  
sponds  to t h a t  of the  t r a n s m i s s i o n  l ine  e q u a t i o n s  (8 ) .  
The  p r o p a g a t i o n  cons tan t ,  T, of t he  t r a n s m i s s i o n  l ine  
has  t he  s ame  v a l u e  as t h a t  of t he  w a v e g u i d e ,  a n d  
the  c h a r a c t e r i s t i c  i m p e d a n c e  of  t he  t r a n s m i s s i o n  
l ine,  Z,  is  e q u a l  to the  w a v e  i m p e d a n c e  ZH. 

The  i m p e d a n c e  a t  a n y  p l a n e  in  t h e  w a v e g u i d e  
can be  w r i t t e n  as  (9)  

Z/Zo ~ (ZL "t- Zo tanhTz)  / (Zo+ ZL t anhTz)  

w h e r e  z is m e a s u r e d  f r o m  t h e  load  i m p e d a n c e ,  ZL, 
t o w a r d  the  g e n e r a t o r .  I f  ZL is l oc a t e d  a t  a vo l t age  
m i n i m u m ,  then ,  s ince  1 ~ = Zo/ZL 

Z/Zo  = (1 + r t a n h T z ) / ( r  + tanhTz)  

The  b o u n d a r y  cond i t ions  a t  t he  f r o n t  i n t e r f a c e  of 
t he  s a m p l e  r e q u i r e  t h a t  t h e  t a n g e n t i a l  c o m p o n e n t  of 
t he  e lec t r i c  i n t e n s i t y  and  the  t a n g e n t i a l  c o m p o n e n t  
of t h e  m a g n e t i c  i n t e n s i t y  be  cont inuous .  The re fo re ,  
the  i m p e d a n c e  w h i c h  is p r o p o r t i o n a l  to t he  r a t i o  of 
t he se  t a n g e n t i a l  c o m p o n e n t s  also is con t inuous  a t  
t he  in te r face .  A p p l i c a t i o n  of t he  b o u n d a r y  cond i -  
t ion  to  the  w a v e g u i d e  c i r cu i t  in  Fig .  1 g ives  

Zlo(1 - -  r t a n h T l z ) / ( r - -  tanhTlz  ) = Z2o tanhT2d [1]  

Z10 and  Z20 a re  t he  c h a r a c t e r i s t i c  w a v e  i m p e d a n c e s  
in  a i r  and  in t he  d ie lec t r ic ,  r e s p e c t i v e l y ;  T is t he  
v o l t a g e  s t a n d i n g  w a v e  r a t i o  in  Eq. [1] ;  a n d  ~'1 and  
T2 a r e  t he  c o m p l e x  p r o p a g a t i o n  cons tan t s  in  a i r  and  
in the  d ie lec t r ic ,  r e spe c t i ve ly .  I f  the  d i e l ec t r i c  is 
lossless  and  if  losses in t he  w a l l s  of t he  w a v e g u i d e  
a r e  neg lec ted ,  t hen  ~, equa l s  j2~r/Xg w h e r e  Xg equa l s  
~ t o / ( ~ ' / ~  o - -  ( ~ t o / , k c ) 2 )  I I2 .  If  t h e  p e r m e a b i l i t y  of  t he  
s a m p l e  does  no t  d i f fer  f r o m  t h e  p e r m e a b i l i t y  of f ree  
space ,  t h e n  T~Z~0 equa l s  T2Z20, and  Eq. [1]  m a y  be  
r e a r r a n g e d  

kgl t a n  (2~rz/Xgl) = - -  kg2 t a n  (2~rd/Xg2) [2]  

A p a r a m e t e r ,  4, is def ined  as b e i n g  e q u a l  to Dr - -  
D ~- d w h e r e  Dr - -  D is t h e  n o d a l  sh i f t  caused  b y  the  
i n se r t i on  of t he  s a m p l e  in to  t he  w a v e g u i d e .  F r o m  
Fig.  1 i t  is a p p a r e n t  t h a t  A -t- z equa l s  mXg/2. 

X~l t a n  (BlZ~) = Xg2 t a n  (B2d) [3]  
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If v equals  )~o/~r and  �9 equals  �9149 (�9 is the r e l a t ive  
dielectr ic  cons tan t  of the  m a t e r i a l ) ,  Eq. [3] m a y  be 
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solved for A/X~ 

[( 
- -  --  - -  arc t an  

t an  (�9 - -  V 2 )  1/2 [4] 
V �9 

Values  of A / ~ I  are ca lcu la ted  f rom Eq. [4] f o r  a 
fixed va lue  of d/k~ and  successive va lues  of E f rom 
1-20; these  va lues  of A/)~gl are p lo t ted  vs.  Xgl/k~ 
(Fig. 2 and  3). By  m e a s u r i n g  the  noda l  shif t  as a 
func t ion  of f requency ,  e x p e r i m e n t a l  va lues  of A/Xg~ 
and  Xgl/X~ m a y  be obta ined .  The  e x p e r i m e n t a l  cu rve  
of A/xg~ vs .  ~9~/~ m a y  be compared  to the  theore t i -  
cal curves,  and  if �9 is a cons tan t  i n d e p e n d e n t  of 
f r equency ,  the  va lue  of �9 m a y  be de t e rmined .  If the  
dielectr ic  cons tan t  var ies  w i th  f requency ,  the  ex -  
p e r i m e n t a l  cu rve  of ~/x~l vs.  )t~/x~ wi l l  i n t e r sec t  
severa l  of the  theore t ica l  curves  of A/k~ vs.  X~/Xc. 
If the  de r iva t i ve  d � 9  is small ,  i t  is possible  to de-  
t e r m i n e  the  curve  of �9 vs.  X~I/X~ f rom these  i n t e r -  
sections. If  d � 9  is no t  small ,  i t  is no t  possible to 
d e t e r m i n e  e; however ,  the  i n f o r m a t i o n  tha t  �9 is 
v a r y i n g  r ap id ly  indicates  tha t  absorp t ion  occurs at 
a f r e q u e n c y  v e r y  n e a r  the  f r e q u e n c y  b a n d  in  which  
the  m e a s u r e m e n t s  are made.  

,< 
o 

<3 

(),6 0.7 0,8 0.9 1.0 I,I 1.2 1.3 1.4 1.5 
Xgl/kC 

Fig. 2. Theoretical values of Asc/~gt vs. ~.gl/~c for several values 
of e for d/~.c = 0,195. % experimental values for 0.278 cm sample 
of lead nitrate. 

5 

),gl/X�9 

Fig. 3. Theoretical values of Asc/Xgl vs. ~.gl/~.c for values of 
dielectric constant 1-20, for d/~.c = 0.150. | experimental values 
for 0.213 cm sample of thallium nitrate. 

Experimental  Results 
The short  c i rcui t  da ta  for lead n i t r a t e  and  for 

t h a l l i u m  n i t r a t e  are  p lo t ted  in  Fig. 2 a n d  3. A n  a rb i -  
t r a r y  va lue  of n / 2  ( w h e r e  n is a posi t ive  in tege r )  
m a y  be added to all  e x p e r i m e n t a l  va lues  of Asc/~gl 
because  the  n u m b e r  of h a l f - w a v e l e n g t h s  in  the  
sample  is u n k n o w n .  However ,  if the  e x p e r i m e n t a l  
va lues  of Asc/Xgl vs.  kal/Xc are  p lo t ted  on Fig. 2 or 3 
on which  curves  of theore t ica l  va lues  of Asc/~gl vs .  
Xgl/Xc are  plot ted,  it  is a p p a r e n t  tha t  n should  be 
two. Wi th  this  me thod  of ana lyz ing  the  da ta  one 
m a y  qu ick ly  d e t e r m i n e  the  va lue  of the  dielectr ic  
cons tan t  of a m a t e r i a l  over  a wide  f r e q u e n c y  b a n d  
for the  case in  which  an  a pp r ox i ma t e  v a l u e  of d i -  
electr ic  cons tan t  is no t  known .  I t  is i m p o r t a n t  to r e -  
m e m b e r  tha t  this  me thod  is va l id  on ly  for  low-loss  
mater ia l s .  

A me thod  of m e a s u r e m e n t  s imi la r  to the  one jus t  
discussed is the  open c i rcui t  me thod  in  wh ich  the  
short  is p laced a q u a r t e r - w a v e l e n g t h  f rom the  rea r  
in te r face  of the  sample.  F r o m  the  b o u n d a r y  condi -  
t ion  tha t  the  impedance  across the  f ron t  in te r face  
is con t inuous  and  by  a s suming  tha t  the  sample  is 
lossless i t  fol lows tha t  

cot (B2d)/B2d = - -  (Xgl/2~rd) t a n  (2~rAoJ~gl) [5] 

E q u a t i o n  [5] m a y  be solved for • w he re  Ao~ 
equa ls  Dr - -  D ~- d. The va lues  of /~or n o w  m a y  
be ca lcula ted  for a fixed va l ue  of d/X~ a nd  succes-  
s ive  va lues  of �9 a nd  p lo t ted  vs.  Xgl/X~. T h e n  the  ex-  
p e r i m e n t a l  cu rve  of Ao~/~,gl VS. X~l/~ could be com-  
pa red  to the  theore t ica l  curves  of hor vs.  hgl/X~; 
thus,  the  open  c i rcui t  da ta  could be t r ea ted  in  the 
same m a n n e r  as the  shor t  c i rcui t  data .  However ,  
this  p rocedure  was  no t  ac tua l ly  car r ied  out, b u t  i n -  
s tead va lues  of die lectr ic  cons tan t  were  ca lcu la ted  
f rom the  open c i rcui t  da ta  for lead n i t r a t e  in  the  
f r e q u e n c y  b a n d  27-33 kMc by  a w e l l - k n o w n  p ro -  
cedure  (1, 2). These  va lues  of die lectr ic  cons t an t  
( ne a r  14.4) are s l ight ly  lower  t h a n  the  va lues  (nea r  
14.8) d e t e r m i n e d  by  the  g raph ica l  me thod  f rom the 
shor t  c i rcui t  da ta  i n  the  f r e q u e n c y  b a n d  33-38 kMc. 

Discussion 
A graphica l  me thod  has been  descr ibed  for de-  

t e r m i n i n g  the  dielectr ic  cons tan t  of a low-loss  
m a t e r i a l  over  a wide  f r e q u e n c y  b a n d  for the  case 
in  which  a n  a p p r o x i m a t e  va lue  of die lectr ic  con-  
s t an t  is not  known .  The  me thod  has b e e n  appl ied  to 
d e t e r m i n e  the  die lect r ic  cons t an t  of lead n i t r a t e  and  
t h a l l i u m  n i t ra te .  The  dielectr ic  cons tan t s  of th ree  
crys ta ls  of lead n i t r a t e  ( l eng ths  --1.91, 2.78, and  
3.66 m m )  have  been  measured .  The dielectr ic  con-  
s t an t  in  the  f r e q u e n c y  b a n d  29-35 kMc of the  1.91 
m m  crys ta l  is 14.3 ----- 0.1; the  dielectr ic  cons tan t  in  
the  f r e que nc y  b a n d  33-38 kMc of the  2.78 m m  crys-  
ta l  is 14.8 ---- 0.1, a nd  the  dielectr ic  cons t an t  in  the  
f r e q u e n c y  b a n d  36-38 kiVic of the  3.66 m m  crys ta l  
is 14.1 • 0.1. This va r i a t i on  of d ie lect r ic  cons tan t  
indica tes  the  lack of u n i f o r m i t y  of these  crystals.  
The  die lect r ic  cons t an t  of t h a l l i u m  n i t r a t e  in  the  
f r e q u e n c y  b a n d  27-37 kMc d e t e r m i n e d  for  one c rys-  
ta l  of l eng th  2.13 m m  is 13.5 • 0.1. These va lues  
for die lectr ic  cons tan t  m a y  be compared  to the  v a l -  
ues 16.8 a nd  16.5 for lead n i t r a t e  and  t h a l l i u m  



1018 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1963 

n i t r a t e ,  r e spec t i ve ly ,  d e t e r m i n e d  b y  E u c k e n  a n d  
B u c h n e r  (10)  at  3.0 Mc w i t h  p u l v e r i z e d  c rys ta l s .  

D ie lec t r i c  d a t a  at  o t h e r  f r equenc ie s  a r e  r e q u i r e d  
in o r d e r  to i n t e r p r e t  c o m p l e t e l y  t he  ex i s t i ng  d i -  
e lec t r i c  da ta .  H o w e v e r ,  s ince  t h e  d i e l ec t r i c  cons t an t  
of  a n y  one c r y s t a l  of l e ad  n i t r a t e  or  t h a l l i u m  n i t r a t e  
does no t  v a r y  s ign i f i can t ly  in  t he  f r e q u e n c y  b a n d  
28-36 kMc,  i t  is c o n c l u d e d  t h a t  n e i t h e r  l e a d  n i t r a t e  
n o r  t h a l l i u m  n i t r a t e  e x h i b i t  r e s o n a n t  a b s o r p t i o n  in  
th is  f r e q u e n c y  band .  

Manuscr ip t  received Nov. 13, 1962; rev ised  m a n u -  
scr ipt  rece ived  May 1, 1963. This research  was sup-  
por ted  by  the Ai r  Force  Systems Command,  Uni ted  
States  A i r  Force.  

Any  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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Junction Delineation in Gallium Arsenide 

T. H. Yeh and A. E. Blakeslee 

Components Division, International Business Machines Corporation, Poughkeepsie, New York  

The p u r p o s e  of th i s  no te  is to  d e s c r i b e  a c h e m i c a l  
s t a in ing  m e t h o d  w h i c h  can eas i ly  be  used  to 
d e l i n e a t e  p - n  d i f fused  j u n c t i o n s  or  e p i t a x i a l l y  
g r o w n  j u n c t i o n s  in  GaAs .  M a n y  o t h e r  c h e m i c a l  
so lu t ions  w h i c h  can  also be  used  for  j u n c t i o n  d e -  
l i n e a t i o n  in  G a A s  h a v e  b e e n  r e p o r t e d  b y  v a r i o u s  
a u t h o r s  ( 1 - 4 ) ,  b u t  w i t h  a l l  of t h e m  the  r e su l t s  a r e  
q u i t e  t e c h n i q u e  d e p e n d e n t .  S t a i n i n g  t i m e  a n d  
a m o u n t  and  c o n c e n t r a t i o n  of n i t r i c  ac id  used ,  for  
ins tance ,  a r e  c r i t i ca l  for  t he  H F / H N O ~  so lu t ion  (1, 
2) .  L i g h t  i n t e n s i t y  is c r i t i c a l  for  go ld  (3)  or  s i l ve r  
(4)  c h e m i p l a t i n g .  The  H F / H N O 3  s t a i n i n g  m e t h o d  is 
f u r t h e r  c o m p l i c a t e d  on occas ion  b y  an  i n v e r s i o n  
effect, w h e r e b y  the  n - t y p e  s ide  of t h e  j u n c t i o n  is 
s t a i n e d  i n s t e a d  of t h e  p - t y p e .  The  c h e m i c a l  so lu t ion  
r e p o r t e d  h e r e  consis ts  of on ly  a d i l u t e  so lu t ion  of 

Fig. 1. Junctions delineated by diluted nitric acid and superim- 
posed interference fringes. Magnification 150X (reduced to ap- 
proximately 75X). 

n i t r i c  ac id  in  w a t e r ,  a n d  i ts  a p p l i c a t i o n  to s t a in  t he  
p - l a y e r  is s imp le  and  s t r a i g h t f o r w a r d .  

S a m p l e s  a r e  b e v e l e d  at  a s m a l l  angle ,  us ing  an  
a p p r o p r i a t e  j ig.  B e v e l e d  su r f aces  p o l i s h e d  w i t h  
L i n d e  B a b r a s i v e  ove r  a f lat  g lass  p l a t e  h a v e  been  
f o u n d  qu i t e  sa t i s f ac to ry .  The  s a m p l e  is t h e n  i m -  
m e r s e d  in the  d i l u t e d  n i t r i c  ac id  (10% b y  v o l u m e ) ,  
and  t h e  d e v e l o p m e n t  of t he  s t a in  ove r  t h e  p - r e g i o n  
can  be  o b s e r v e d  w i t h  t he  u n a i d e d  eye.  Th is  s t a in ing  
r e a c t i o n  is f a i r l y  s low;  10-15 m i n u t e s  is t he  t y p i c a l  
s t a i n i n g  t ime .  F u r t h e r m o r e ,  if  th is  s ta in  does  no t  
g ive  s a t i s f a c t o r y  c o n t r a s t  b e t w e e n  t h e  d a r k  and  
l i g h t  r eg ions  a d j a c e n t  to t he  junc t ions ,  one can  i m -  
m e r s e  t he  s a m p l e  a g a i n  in to  t he  ac id  so lu t ion  for  
2 to  5 min  to s h a r p e n  the  con t ras t .  This  s t a i n i n g  r e -  
ac t ion  is s im i l a r  to t h a t  of t he  ac id  s t a in  for  s i l icon 
p - n  junc t ions ,  w h i c h  is b e l i e v e d  to be  a se l ec t ive  
o x i d a t i o n  of t he  p - s i d e  to f o r m  a v i s ib le  i n so lub l e  
film. 

Resu l t s  for  d e l i n e a t e d  j u n c t i o n s  a r e  bes t  s h o w n  
in Fig .  1. F i g u r e  l a  shows  a p - n  j u n c t i o n  p r o d u c e d  
b y  zinc diffusion.  F i g u r e s  l b  and  l c  show n - p  j u n c -  
t ions  p r o d u c e d  b y  the  d i f fus ion of su l fu r  a n d  se le -  
n ium,  r e spec t i ve ly ,  acco rd ing  to  a spec ia l  p rocess  
to be  d e t a i l e d  e l s e w h e r e  (5 ) .  F i g u r e  l d  is a p - n - p  
doub le  d i f fused  s t r u c t u r e  cons i s t ing  of  t w o  j u n c -  
t ions  p r o d u c e d  b y  su l fu r  and  zinc diffusion.  

In  a d d i t i o n  to d e l i n e a t i o n  of  p - n  junc t ions ,  th is  
m e t h o d  has  also been  success fu l ly  a p p l i e d  in  l oca t -  
ing  the  s u b s t r a t e - f i l m  i n t e r f a c e  in t he  e p i t a x i a l  
g r o w t h  of n - o n - n  GaAs ,  as s h o w n  in Fig .  2a. The  
i n t e r f a c e  is r e v e a l e d  as a l ine  of e tch  f igures  w h e n  
a v e r y  s m a l l  d r o p  of t he  so lu t ion  is p l a c e d  a s t r i d e  
i t  and  le f t  qu ie scen t  for  a m i n u t e  o r  so. The  g e o m -  
e t r y  of these  e tch  f igures  is v e r y  i n t r i g u i n g  a n d  d e -  
se rves  some c o m m e n t .  T h e y  occur  as r a i s e d  p y r a -  
mids  s u r r o u n d e d  b y  t roughs ,  b u t  t h e y  di f fer  f r o m  
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Fig. 2. Etch figures on GaAs: a (left}, at substrate-film interface; 
b (right), cluster of pyramids after prolonged etching. 

t he  a r r a y s  of e tch  p i t s  or  p y r a m i d s  u s u a l l y  o b s e r v e d  
in s emiconduc to r s  in  t h a t  i n d i v i d u a l  a d j a c e n t  m e m -  
be r s  b e a r  l i t t l e  o r i e n t a t i o n a l  r e s e m b l a n c e  to each  
other .  M a n y  d i f fe ren t  p o l y g o n a l  shapes  can  be  f o u n d  
a m o n g  the  f igures,  the  mos t  p r e v a l e n t  be ing  t h a t  of 
a d i a m o n d .  Even  t h o u g h  the  m a t r i x  G a A s  is d e -  
f in i t e ly  m o n o c r y s t a l l i n e ,  t h e  o r i e n t a t i o n  of  promi- 
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n e n t  l ines  or  face t s  on t h e s e  p y r a m i d s  a p p e a r s  to  
be  c o m p l e t e l y  r a n d o m .  A t y p i c a l  c lu s t e r  of t h e m  is 
s h o w n  in Fig.  2b. T h e y  can  b e  g e n e r a t e d  no t  on ly  
a t  e p i t a x i a l  i n t e r f ace s  b u t  a p p a r e n t l y  on a n y  po l -  
i shed  su r f ace  of  GaAs ,  the  s ame  r a n d o m l y  o r i e n t e d  
c lus te r s  h a v i n g  b e e n  p r o d u c e d  on at  l eas t  ha l f  a 
dozen  d i f fe ren t  c rys ta l s ,  w i t h  t he  effect be ing  i n d e -  
p e n d e n t  of o r i en t a t i on ,  doping ,  or  c o n d u c t i v i t y  type .  

Manuscr ip t  rece ived  Apr i l  19, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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The Normal Oxygen Potential on Bright Platinum 
James P. Hoare  

Research Laboratories, General Motors Corporation, Warren, Michigan 

I t  is g e n e r a l l y  a g r e e d  t h a t  the  o x i d a t i o n  and  r e -  
duc t i on  of m o l e c u l a r  o x y g e n  in ac id  so lu t ion  at  i n e r t  
n o b l e - m e t a l  e l ec t rodes  is qu i t e  i r r eve r s i b l e .  In  t he  
r ecen t  l i t e r a t u r e  (1)  i t  has  been  shown  t h a t  u n d e r  
c e r t a i n  cond i t ions  of e l ec t rode  p r e p a r a t i o n  a r e p r o -  
duc ib l e  r e s t  p o t e n t i a l  m a y  be  o b t a i n e d  a t  a c lean,  
b r i g h t  p l a t i n u m  e l e c t r o d e  in o x y g e n - s a t u r a t e d  su l -  
fur ic  ac id  solut ions .  I t  was  s u g g e s t e d  t h a t  th is  p o -  
t e n t i a l  is a m i x e d  p o t e n t i a l  (2)  composed  of t he  
O2/H20 r e a c t i o n  

02 -b 4H + q- 4e ~ 2H20 [1]  

and  the  P t / P t - O  r e a c t i o n  

P~-O q- 2H + q- 2e ~ P t  q- H20  [2]  

I t  was  f u r t h e r  s u g g e s t e d  t ha t  t he  r e v e r s i b l e  o x y g e n  
p o t e n t i a l  of 1.23v canno t  be  o b s e r v e d  in  th i s  s y s t e m  
b e c a u s e  t h e  p l a t i n u m  is no t  t r u l y  i n e r t  to oxygen .  
Unless  one can  o b t a i n  an  e l e c t r o n i c a l l y  c o n d u c t i n g  
su r f ace  t h a t  is i n e r t  to oxygen ,  one shou ld  not  e x -  
pec t  to obse rve  the  1.23-v po ten t i a l .  

V e t t e r  (3)  desc r ibes  t he  v a r i o u s  successes  o t h e r  
r e s e a r c h e r s  have  h a d  in  obse rv ing  th is  res t  p o t e n t i a l  
on i n e r t  e l ec t rodes  in  o x y g e n - s a t u r a t e d  solut ions .  
The  bes t  obse rva t i ons  w e r e  m a d e  b y  Bockr i s  and  
H u q  (4) ,  b u t  t h e y  could  m a i n t a i n  t h e i r  p o t e n t i a l  of 
1.24 -- 0.03v for  no l onge r  t h a n  1 hr .  

In  th is  r epo r t ,  i t  w i l l  be  s h o w n  tha t ,  w h e n  t h e  
p l a t i n u m  su r f ace  is cove red  b y  a c o m p l e t e  f i lm of 
c h e m i s o r b e d  o x y g e n  at  l eas t  a m o n o l a y e r  th ick ,  a 
p o t e n t i a l  of 1225 • 10 m y  m a y  be  o b s e r v e d  for  e x -  
t e n d e d  pe r i ods  of t ime ,  up  to 24 h r  or  longer .  S ince  
these  c h e m i s o r b e d  l a y e r s  a r e  good  e l ec t ron ic  con-  
duc to r s  (1, 5) ,  and  s ince  t h e y  do no t  t h i c k e n  w i t h  
c o n t i n u e d  anod iza t i on  (1, 6, 7) ,  one  m a y  say  t h a t  
the  su r f ace  has  been  p a s s i v a t e d  w i t h  r e spec t  to i ts  

r e a c t i o n  w i t h  oxygen .  This  c o m p l e t e  o x y g e n  l a y e r  
is o b t a i n e d  b y  p a s s i v a t i n g  s m a l l  p l a t i n u m  beads  in 
c o n c e n t r a t e d  n i t r i c  acid.  

Experimental  
S m a l l  p l a t i n u m  b e a d s  (0.1-0.15 cm in d i a m e t e r )  

w e r e  m e l t e d  on the  end  of p l a t i n u m  (99.99% p u r e )  
wires .  These  beads  w e r e  t h e n  c l eaned  b y  f laming to 
w h i t e  h e a t  in a h y d r o g e n  f lame f o l l o w e d  b y  q u e n c h -  
ing  in c o n c e n t r a t e d  n i t r i c  acid.  This  p rocess  was  
r e p e a t e d  a b o u t  15 t imes .  Teflon s p a g h e t t i  was  s l i pped  
ove r  t he  p l a t i n u m  wires .  Then,  t h r e e  b e a d s  as checks  
w e r e  m o u n t e d  in  a Teflon cel l  f i l led w i t h  concen -  
t r a t e d  n i t r i c  ac id  and  a l l owed  to soak  for  75 to  100 
h r  in t he  acid.  A t  t he  end  of th is  t ime  t h e  ac id  was  
r e m o v e d  f rom the  cell ,  a n d  the  p l a t i n u m  b e a d s  w e r e  
w a s h e d  s e v e r a l  t i m e s  in w a t e r  t r i p l y  d i s t i l l ed  f rom 
an  a l l - q u a r t z  st i l l .  

In  a second  Teflon cell ,  s i m i l a r  to t he  one  d e -  
s c r i bed  be fo re  (1 ) ,  w h i c h  h a d  been  soak ing  in  t r i p l y  
d i s t i l l ed  w a t e r  for  a t  l eas t  48 h r  w i t h  f r e q u e n t  
changes  of w a t e r ,  a p a l l a d i u m  b e a d  was  m o u n t e d  in 
t he  l e f t - s i d e  c o m p a r t m e n t  to be  used  as an  a l p h a -  
p a l l a d i u m - h y d r o g e n  r e f e r e n c e  e l e c t r o d e  (8, 9) .  This  
cel l  was  f i l led w i t h  2N H2SO~ so lu t ion  a n d  p r e - e l e c -  
t r o l y z e d  for  a t  l eas t  24 h r  aga in s t  an  a u x i l i a r y  p l a t i -  
n u m - w i r e  e l e c t r o d e  t h a t  could  be  r e m o v e d  at  t he  
e n d  of t he  p r e - e l e c t r o l y s i s  p rocedu re .  

A f t e r  p r e - e l e c t r o l y s i s ,  h y d r o g e n  gas, w h i c h  h a d  
been  pur i f i ed  in  a m u l t i s t a g e  pur i f i ca t ion  t r a in ,  was  
b u b b l e d  in to  t he  l e f t  s ide  of t he  cel l  u n t i l  t he  p a l l a -  
d i u m  b e a d  h a d  r e g i s t e r e d  50 m v  aga in s t  a P t /H~  
e l e c t r o d e  in t he  s ame  so lu t ion  for  a t  l eas t  2 hr .  Then,  
He was  b u b b l e d  in to  the  r i g h t  s ide  of t he  cel l  for  20 
m i n  to  d e s t r o y  a n y  p e r o x i d e s  p r o d u c e d  b y  the  p r e -  
e l ec t ro lys i s  p r o c e d u r e ,  s ince  i t  was  s h o w n  t h a t  t he  
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presence of peroxides lowers the rest potential in 
the Pt/O2 system (I). Stirring with H2 was re- 
placed by stirring with purified oxygen for at least 
20 min to saturate the acid solution with oxygen. 

Finally, the platinum bead test-electrodes were 
removed from the first Teflon cell and placed in the 
right side of the second cell in the O2-saturated 
2N H~SO4 solution. The cell was sealed up with 
molten polyethylene, and measurements were taken 
immediately with a General Radio electrometer, 
type 1230-A, with oxygen bubbling through the 
right side of the cell. 

The partial pressure of oxygen was varied by 
diluting the oxygen with nitrogen, and its value 
was estimated from the two readings on the ro- 
tameters as described before (I). The pH was varied 
by diluting the 2N H2SO4 solution with 2N Na2SO4 
solution to keep the ionic strength constant. At the 
end of a run, H2 was bubbled through the cell, and 
the potential of a saturated calomel electrode (SCE) 
against a Pt/H2 electrode was determined. The po- 
tential difference was 245 my. If one takes a value 
of 242 my as the potential of SCE against the normal 
hydrogen electrode (NHE), and since the a-Pd-H 
is 50 mv more noble than Pt/H2 in the same solu- 
tion, the experimentally observed potentials may be 
converted to the NHE scale by adding 47 my. All 
potentials are recorded on the NHE scale unless 
otherwise stated. Also, at the end of a run while the 
hydrogen was bubbling through the right side of 
the cell and before the SCE was inserted, the purity 
of the system was checked by observing the large 
pseudocapacitance (I) at the platinum beads when 
cathodized by an electronic current interrupter. The 
temperature at which these experiments were car- 
ried out was 24 ~ _ 1 ~ All solutions were prepared 
with triply distilled water. The potential could be 
determined with a precision of one part in a thou- 
sand. 

Results 
In Tab l e  I a re  p r e s e n t e d  the  da ta  of a typ ica l  run.  

Such  da ta  h a v e  been  r e p e a t e d  m a n y  t imes  in this  
l abora to ry .  The  t i m e  in hours  and  m i n u t e s  is r e -  
corded  in the  first co lumn;  the  po t en t i a l  vs. a - P d - H ,  
in the  second;  the  v a l u e  of the  no t a t ed  i n d e p e n d e n t  
va r iab le ,  in the  th i rd ;  and  app l i cab le  r emarks ,  in 
the  four th .  W h e n  the  pa r t i a l  p r e s su re  was  var ied ,  
the  po ten t i a l  came  to the  n e w  s t eady  v a l u e  w i t h i n  
45 sec. The  bead  was  ca thod ized  by  v a r y i n g  the  in -  
pu t  i m p e d a n c e  of the  e l ec t rome te r .  The  a p p a r e n t  
c u r r e n t  dens i ty  was  e s t ima ted  f r o m  the  m e a s u r e d  
potent ia l ,  the  exposed  g e o m e t r i c  a r ea  of the  t e s t -  
e lec t rode ,  and  the  a p p r o x i m a t e  v a l u e  of the  inpu t  
impedance .  It  is a s sumed  as be fo re  (1) tha t  the  ob-  
s e rved  po la r i za t ion  occurs  only  at t he  t e s t - e l e c t r o d e  
at these  m i n u t e  c u r r e n t  densi t ies .  The  po ten t i a l  
came  to a s t eady  v a l u e  w i t h i n  about  100 sec a f t e r  
the  c u r r e n t  dens i ty  had  been  changed.  

A n  a t t e m p t  was  m a d e  to pas s iva t e  Au,  Pd,  Rh, 
and I r  beads  in n i t r i c  acid. O n l y  l imi t ed  success was  
ob ta ined  w i t h  one, Rh, wh i l e  t he  o thers  did not  e x -  
h ib i t  the  n o r m a l  o x y g e n  potent ia l .  A po t en t i a l  of 
1225 __+ 3 m v  was  o b s e r v e d  on a Rh  bead  for  about  
2 h r  a f t e r  w h i c h  the  po t en t i a l  s lowly  decayed.  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Sep tember  1963 

Table I. Rest potential of Pt in 02-saturated 2N H2S04 solution 

Potent i~  
Time, v s .  a-Pd-H, 

hr: rain mv Remarks 

0:00 1190 02 flow = 290 co/rain 
0:02 1180 
1:30 1180 
2:30 1180 
3:30 1170 

Rotameter 
readings P%, V a r y  Po2 by dilut ing 
O~ N~ atm 0 2  w i t h  N2 

3:35 1170 6.2 0 1 
3:36 - -  6.4 4.1 0.61 Changed N2flow 
3:37 1168 6.4 4.1 0.61 
3:39 1168 6.4 4.1 0.61 
3:40 - -  6.4 8.3 0.43 Changed N2f low 
3:41 1165 6.4 8.3 0.43 
3:43 1165 6.4 8.3 0.43 
3:44 - -  3.7 8.4 0.31 Changed O2 flow 
3:45 1162 3.7 8.4 0.31 
3:47 1162 3.7 8.4 0.31 
3:48 - -  6.0 8.3 0.42 Changed O2 flow 
3:49 1165 6.0 8.3 0.42 
3:51 1165 6.0 8.3 0.42 
3:52 - -  6.0 4.0 0.60 Changed N2 flow 
3:53 1168 6.0 4.0 0.60 
3:55 1168 6.0 4.0 0.60 
3:56 - -  6.0 0 1 Changed N2 flow 
4:00 1170 6.0 0 1 
5:00 1170 6.0 0 1 

Sealed up cell and 
lef t  on open circuit  
overnight .  No O2 flow. 

21:00 1170 Star ted 02 flow at 22 
22:45 1170 hr, 45 min. 
24:00 1170 O2 flow ---- 340 cc /min  

24:10 

24:45 

26:30 
28:30 

52:00 
72:00 

P t  bead is cathodized 
by vary ing  input  ira- 

Apparent pedance of e lec t rom-  
current density, 

~a/cm ~ eter. 

1170 
1170 
1170 
1165 
1170 
1165 
1162 
1150 
1160 
1163 
1170 
1165 
1161 
1150 
1160 
1170 

Open circuit  
0.00073 
0.0073 
0.073 
Open circuit  
0.073 
0.73 
7.2 
0.73 
0.073 
Open circuit  
0.073 
0.73 
7.2 
0.73 
Open circuit  

02 flow ~ 340 cc/min 

1170 
1170 

Lef t  on open circuit  
wi th  02 flowing 

1010 
1020 

02 flow ~ 50 cc /min 
C o n c l u d e d  e x p e r i -  
ment  
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A pH effect on the rest  po ten t i a l  w i th  respect  to 
a - P d - H  was no t  obse rved  which  ind ica ted  tha t  the  
Pt /O2 elect rode depends  on h y d r o g e n  ion concen t r a -  
t ion  in  the  same w a y  as does the  a - P d - H  elect rode 
(11).  

Af te r  a per iod  of about  40 hr, the  po ten t i a l  of 
1225 • 10 m v  falls s lowly  to a s teady  va lue  of 1060 
----- 10 m v  which  m a y  be m a i n t a i n e d  indef in i te ly .  

Discussion 

I t  is suggested tha t  p ro longed  contact  of p l a t i n u m  
wi th  concen t ra t ed  n i t r ic  acid produced,  on the  P t  
surface,  a fi lm of e lec t ron ica l ly  conduc t ing  chemi -  
sorbed oxygen  which  is comple te  and  is at  least  a 
m o n o l a y e r  thick.  Such a surface  is i ne r t  to oxygen  
and  the O2/H20 react ion,  Eq. [1],  is es tab l i shed  on 
this  surface.  S u p p o r t i n g  ev idence  for this  are the  
facts tha t  a s teady  po ten t i a l  of 1225 -- 10 m v  is 
m a i n t a i n e d  over  e x t e n d e d  per iods of t ime,  tha t  the  
po ten t i a l  is d e p e n d e n t  on the pa r t i a l  p ressure  of 
oxygen,  tha t  the po ten t i a l  has the same pH d e p e n d -  
ence as a h y d r o g e n  e lect rode in  the  same solut ion,  
tha t  an  es t ima te  of the  n u m b e r  of e lect rons  t r a n s -  
fe r red  in  the  ove r - a l l  p o t e n t i a l - d e t e r m i n i n g  reac -  
t ion  f rom the  Nerns t  r e la t ionsh ip  and  the  Po2 da ta  
is close to 4 as shown  in  Fig. 1, and  that ,  if the  Pt /O2 
electrode is cathodized at low c u r r e n t  densi t ies ,  the 
po ten t i a l  r e t u r n s  to the  va lue  of 1225 -- 10 m v  on 
open circuit .  

However ,  it  appears  f rom Table  I tha t  in  su l -  
fur ic  acid so lu t ion  a comple te  fi lm is u n s t a b l e  and  
begins  to dissolve chemical ly .  This  exposes p l a t i -  
n u m  sites, and  a m ixed  po ten t i a l  r e su l t ing  f rom 
Eq. [1] and  [2] is set up. The  s teady state  is 
reached,  as suggested  before  (1) ,  w h e n  the  p o t e n -  
t ia l  reaches a va lue  of 1060 • 10 my.  

W h e n  h y d r o g e n  was  b u b b l e d  at a ra te  of abou t  
300 c c / m i n  over  a Pt /O2 electrode tha t  exh ib i t ed  a 
po ten t i a l  of 1225 ----- 10 mv,  it  r equ i r ed  b e t w e e n  2000 
and  3000 sec to b r i ng  the po ten t i a l  to the  h y d r o g e n  
po ten t i a l  (--50 m v  vs. a - P d - H ) .  This  t ime  for  the  
r educ t ion  of the  oxygen  l aye r  on p l a t i n u m  is m u c h  
longer  t h a n  tha t  observed  before  (1) .  This  indica tes  
tha t  the  oxygen  layers  f o r m e d  on P t  in  contact  w i th  

I I I 
1170q ) ~ .  

0 

. J  
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Fig. 1. A plot of the potential as a function of the logarithm 
of the portial pressure of oxygen. The points ore experimentally 
determined. A line with a slope of 15 my was drown in to show 
that the data favor a 4-electron process. 
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HNO3 are m u c h  dif ferent  f rom those fo rmed  by  ex-  
posure  of P t  to o x y g e n - s a t u r a t e d  acid solut ion,  to 
d ry  oxygen  in  the  gas phase,  or to anod iza t ion  in  
acid solut ion.  The  observed  long r educ t ion  t imes  
m a y  be a resu l t  of one or more  of the  fo l lowing 
s i tuat ions .  A l t h o u g h  the  beads  r e m a i n  b r igh t  and  
smooth,  the  oxygen  layers  m a y  be g rea te r  t h a n  a 
m o n o l a y e r ;  or, i n s t ead  of an  adsorbed  l aye r  of o x y -  
gen atoms, a l aye r  of defini te  oxide, such as PtO2 is 
p roduced;  or such a pass iva ted  surface  is m u c h  less 
reac t ive  w i th  hydrogen .  The  da ta  p r e sen t ed  here  
canno t  answer  these quest ions ,  bu t  t hey  do show 
tha t  the  film p roduced  on  p l a t i n u m  by  t r e a t m e n t  in  
n i t r i c  acid (a)  is e lec t ron ica l ly  conduct ing ,  (b)  is 
i ne r t  to oxygen,  and  (c) gives suppor t  to the  con-  
t e n t i on  expressed  ear l ie r  (1) tha t  the  revers ib le  
oxygen  po ten t i a l  could be observed  on an  e lec t ron-  
ica l ly  conduc t ing  surface  tha t  is i ne r t  to oxygen .  

I t  is i n t e r e s t i ng  to no te  t ha t  Ve t te r  (12) observed 
a po ten t i a l  of abou t  1.28v w h e n  oxygen  was  b u b b l e d  
over  a p l a t i n u m  elect rode in  a so lu t ion  composed 
of HNO8 and  HNO2. However ,  these  solut ions  were  
ve ry  s t rong  (7 to 14.5N in  HNO3),  and  since, in  the  
p resen t  work,  t h e  P t  electrodes were  t ho rough ly  
washed  in  t r i p ly  dis t i l led  water ,  the  effect of the  
NO2/NO couple is negl ig ible .  Besides, a f ter  a P t  
e lect rode which  exh ib i t ed  a po ten t i a l  of 1225 -- 10 
m v  was t rea ted  w i t h  H2 s t i r r ing ,  the  po ten t i a l  rose 
f r o m - -  50 m v  to a s teady  va lue  of 1060 • 10 m v  
w h e n  H2 St irr ing was  replaced  wi th  02 s t i r r ing .  If 
the  NO2/NO couple was impor t an t ,  one w ou l d  have  
expected  the po ten t i a l  to r e t u r n  to 1225 -- 10 m v  
wi th  O2 s t i r r ing  which  did no t  h a p p e n  in  a n y  case. 
The  mi xe d  po ten t i a l  r epor ted  before  (1) is a lways  
observed.  

Also i n t e r e s t i ng  is the fact  that ,  if the  p l a t i n u m  
is soaked in  HNO3 for per iods of t ime  less t h a n  
abou t  48 hr, e r ra t ic  resul t s  are obta ined.  This  is an  
ind ica t ion  tha t  the  fo rma t ion  of this  film is v e r y  
slow a nd  most  l ike ly  involves  slow a tomic  and  
mo lecu l a r  r e a r r a n g e m e n t s .  

Manuscript  received Jan. 25, 1963; revised m a n u -  
script received May 2, 1963. This paper was presented 
at the Pi t t sburgh Meeting, Apri l  15-18, 1963. 

Any discussion of this paper wil l  appear in  a Discus- 
sion Section to be published in  the June  1964 JOURNAL. 
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Current Efficiencies for the Anodic Oxidation of Ammonia 
in Potassium Hydroxide Solution 
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M u l l e r  and Sp i t ze r  (1) h a v e  e l ec t ro lyzed  aqueous  
a m m o n i a  solu t ions  w h i c h  con ta ined  d i sso lved  so- 
d i u m  hydrox ide ,  and the  anode  p roduc t s  w e r e  found  
to be m i x t u r e s  of n i t rogen ,  sod ium ni t ra te ,  and  so- 
d i u m  n i t r i t e  in v a r y i n g  amounts .  

2NH3 ~- 6 O H -  = Ne + 6H20 ~- 6 e -  [1] 

NH3 + 7 O H -  = NO2-  + 5H20 -t- 6 e -  [2] 

NH3 + 9 O H -  = N O z -  + 6H20 -t- 8 e -  [3] 

Anodes  of smoo th  p l a t i n u m  and  o the r  me ta l s  w e r e  
t r i ed  ( 1 , 2 ) ,  bu t  n i t r o g e n  was  n e v e r  p r o d u c e d  in 
quan t i t i e s  w h i c h  co r r e sponded  to comple t e  s to i -  
ch iomet r i c  consumpt ion  of a m m o n i a  w i t h  r e spec t  to 
Eq. [1] ;  subs tan t i a l  quan t i t i e s  of n i t r a t e  and lesser  
quan t i t i e s  of n i t r i t e  ions w e r e  a l w a y s  fo rmed .  

As p a r t  of a s t udy  on an  aqueous  fue l  cel l  sy s t em 
using a m m o n i a  as an anodic  reac tan t ,  an effor t  was  
m a d e  to syn thes ize  n i t r o g e n  f r o m  aqueous  a m m o n i a  
solut ions  w i t h  n e a r  100% yields.  This  s tudy  was  
u n d e r t a k e n  to find the  effect of the  h igh ly  ac t ive  
e l ec t rode  cata lys t ,  p l a t i n u m  black,  on the  course  
of  the  o v e r - a l l  anode  r eac t ion  in po t a s s ium h y -  
d r o x i d e  e l e c t r o l y t e  of " m a x i m u m  c o n d u c t i v i t y "  con-  
cen t ra t ion ,  6.9M at  18~ (3) .  

Exper imenta l  

Elec t ro lys i s  was  ca r r i ed  out  at  23~ in  the  cel l  

P t  (b l ack ) ,  NH~ (3M) ,  

K O H  ( 6 . 9 M ) / C e l l o p h a n e / K O H  (6.9M),  Ni 

The  anode  consis ted of 0.2g of p r ec ip i t a t ed  b lack  
p l a t i n u m  (4) e v e n l y  d i s t r i bu t ed  and  c l a m p e d  be -  
t w e e n  two  1 x 1 in. s in t e red  n icke l  C lev i t e  plates ,  
0.032 in. th ick ,  w h i c h  w e r e  connec ted  to an  e l ec -  
t r ica l  contac t  tab. A 1/32 in. d i a m e t e r  cap i l l a ry  

l ead ing  to the  anode  face  was  connec ted  to an  
H g - H g O ,  6.9M K O H  r e f e r e n c e  cell. E l e c t r o l y t e  was  
p u m p e d  f r o m  a 2 - l i t e r  r e s e r v o i r  t h r o u g h  the  anode  
at 6.8 c m / m i n  and t h e n  recycled .  A g a s - l i q u i d  
s epa ra to r  p e r m i t t e d  the  comple t e  sepa ra t ion  of the  
anode  gas f r o m  the  f lowing e lec t ro ly te ,  and  the  gas 
v o l u m e  was  m e a s u r e d  by  s t anda rd  ga som e t r i c  t e ch -  
n iques  a f te r  sc rubb ing  in 10% HC1 solu t ion  to r e -  
m o v e  the  ammonia .  

The  ca thode  c h a m b e r  was  s tat ic  and connec ted  to 
a e u d i o m e t e r  for  the  co l lec t ion  and m e a s u r e m e n t  of 
t he  h y d r o g e n  vo lume .  D u r i n g  a run,  t he  c u r r e n t  was  
kep t  constant ,  the  t i m e  of the  r u n  was  recorded ,  and 
the  gases f r o m  the  anode  and  ca thode  w e r e  col lec ted  
s i m u l t a n e o u s l y  and measu red .  A typ ica l  r u n  las ted  
3 hr, and  about  30 ml  of anode  gas w e r e  col lected.  

Idea l  gas b e h a v i o r  was  a s sumed  t h r o u g h o u t  the  
calculat ions.  Cor rec t ions  w e r e  m a d e  for  the  v a p o r  
p re s su re  of w a t e r  o v e r  6.9M K O H  and 10% HC1. 

The  anode  gas was  ana lyzed  wi th  a gas c h r o m a t o -  
g r aph  and found  to be 100 • 2% n i t rogen .  No h y -  
d rogen  was  present .  

Results  and Discussion 

Resul t s  a re  s u m m a r i z e d  in Tab le  I. The  ca thode  
gas col lect ion p rov ides  an  i n t e r n a l  gas c o u l o m e t e r  
to check  the  t i m e - a t - c o n s t a n t - c u r r e n t  cou lombic  
m e a s u r e m e n t  and also es tabl i shes  the  accu racy  of 
t he  e x p e r i m e n t .  The  a v e r a g e  c u r r e n t  eff iciency w i t h  
respec t  to h y d r o g e n  p roduc t i on  is found  to be 
100.5% w i t h  an a v e r a g e  dev i a t i on  of -----1.7%. 

Also f r o m  Table  I, i t  is seen tha t  the  a v e r a g e  
c u r r e n t  efficiency of n i t r o g e n  p roduc t i on  w i t h  r e -  
spect  to r eac t ion  [1] is 99.7%, w i t h  an  a v e r a g e  de-  
v i a t i on  of +__1.8%. A c u r r e n t  efficiency o the r  t h a n  
100 % wou ld  ind ica te  t ha t  one or  m o r e  add i t iona l  r e -  
act ions occur  c o n c u r r e n t l y  w i t h  n i t r o g e n  evolu t ion .  

Table I. Current efficiencies in the electrolysis of an aqueous 6.9M KOH - -  3M NH3 solution at 23~ 

C u r r e n t  C a l c u l a t e d  Observed Current C a l c u l a t e d  Observed Current Polarized 
density, H~ volume, H~ volume,  efficiency, Ns volume, N2 volume, efficiency, anode potential, 
ma cm -2 STP, ml STP, ml H2, % STP, ml STP, ml Ne, ~/~ v vs. SHE* 

10 86.7 85.2 98.3 . . . .  0.31- --0.28 
10 58.1 57.6 99.2 19.4 20.0 103 --0.28- --0.27 
10 74.7 75.9 102 24.9 25.3 102 --0.26- --0.25 
24 - -  N __ 47.2 48.0 102 --0.31- --0.30 
24 84.8 83.9 9 8 . 1  . . . .  0.07-0.16 
24 86.0 85.2 98.9 - -  - -  - -  0.03-0.13 
24 84.6 84.3 99.7 28.2 27.8 98.6 --0.02-0.06 
24 - -  - -  - -  34.8 34.1 98.1 --0.11- --0.01 
48 86.7 88.5 102 28.9 28.6 99.2 --0.04- --0.03 
48 68.0 70.5 104 22.7 22.6 99.7 0.00-0.03 

100 84.0 84.7 101 27.9 26.6 95.2 --0.13-0.05 
100 82.3 84.0 102 27.4 27.2 99.2 --0.11-0.15 

* Typical open circuit potential values were close to --0.6v vs. 3 SHE. 
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React ion [1] is thus  es tab l i shed  as the  on ly  reac -  
t ion  occur r ing  to w i t h i n  the  e x p e r i m e n t a l  accuracy.  
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In  a r ecen t  ar t ic le  J anz  and  M c l n t y r e  discussed 
the f u n d a m e n t a l  v i b r a t i o n  f requenc ies  of the  m e r -  
cury  hal ides  (1) .  The i r  a s s ignmen t  of f r equenc ies  
differ cons ide rab ly  f r o m  a body  of ear l ie r  w o r k  
(2-6) .  It  is the  purpose  of this no te  to r ev iew the  
p r o b l e m  and  show that ,  at least  in  this au thor ' s  
opinion,  a grea t  body  of ev idence  favors  the  ear l ie r  
v i b r a t i o n a l  ass ignment .  

The  d iscuss ion is concerned  wi th  the  v i b r a t i o n a l  
f requenc ies  of the gaseous molecules .  S ince  a lmos t  
all  of the  a r g u m e n t s  of Janz  and  McIn ty re  depend  
on spect ra l  observa t ions  in  condensed  phases  we  wi l l  
f r e q u e n t l y  have  recourse  to obse rva t ions  no t  made  
on gaseous systems.  I t  is emphas ized  tha t  our  po in t  
of d i s ag reemen t  w i th  Janz  and  M c l n t y r e  is con-  
cerned  wi th  the  f u n d a m e n t a l  v ib r a t i on  f requenc ies  
of the  isolated molecu la r  species. 

There  is no con t rove r sy  conce rn ing  the e q u i l i b -  
r i u m  nuc l ea r  conf igura t ion  of the  m e r c u r y  dihal ides.  
The accepted s t ruc tu re  is l inear ,  cer~trosymmetric,  
name ly ,  po in t  group D~h. This s t r u c t u r e  has th ree  
n o r m a l  modes of v ib ra t ion :  name ly ,  two n o n d e -  
genera te  pa ra l l e l  ( to the  i n t e r n u c l e a r  axis)  v i b r a -  
t ions, and  one doub ly  degene ra t e  p e r p e n d i c u l a r  v i -  
b ra t ion .  

The re  is no d i s ag reemen t  as to the  f r eque nc y  of 
the  a n t i s y m m e t r i c  bond  s t re tch ing  v ib ra t ion ,  vs. 
This  v i b r a t i o n  is i n f r a r e d  act ive and  has been  ob-  
se rved  (6) in  the  vapor  at  413 cm -1 for HgC12, 293 
cm - I  for HgBr2, and  237 cm -1 for HgI2. 

The second para l l e l  v i b r a t i o n  of this  sys tem is 
the symmet r i c  bond  s t re tch ing  v i b r a t i o n  v, which  is 
act ive in  the R a m a n  spec t rum.  Since there  is some 
d i sag reemen t  as to the  p roper  va lue  of this  f r e -  
q u e n c y  we shal l  discuss the  observa t ions  and  i n t e r -  
p re ta t ions  in  some detail .  

B r a u n e  and  Enge lb rech t  in  1932 (2) observed the  
R a m a n  spec t rum of the m e r c u r y  ha l ides  in  the  vapor  
(PHgc12 = 1160 mm,  PHgBr2 ~ 1140 mm,  and  PHgI2 
910 r am) ,  in  the  melt ,  and  in  solut ions  of e i ther  
e thy l  aceta te  or e thy l  alcohol. B r a u n e  and  Enge l -  
b rech t  found  the  va lues  of , i  in  the  vapor  to be 
HgC12 ~ 355 cm -1, HgBr2 = 220 cm -1, and  HgI2 = 
155 cm -1. For  the  me l t  they  found  HgC12 = 314 
cm -1 and  HgBr2 = 195 cm -1 in  good a g r e e m e n t  w i th  
other  work  done subsequen t ly .  

In  1941 Rao observed  the  v i b r a t i o n  ~1 in  gaseous 
HgC12 to be at 310 cm -~, bu t  was  in  perfect  agree-  

m e n t  w i th  B r a u n e  and  Enge l b r e c h t  on the  va lue  of 
,~ in  m o l t e n  HgC12. This d i sc repancy  in  gas phase 
m e a s u r e m e n t s  toge ther  w i th  the  size of the  shift  in  
going f rom gas to l iqu id  lead Janz  and  McIn ty re  to 
r e m a r k  tha t  " there  is need  for add i t iona l  w o r k  to 
resolve  this."  We be l ieve  tha t  this  work  is a l ready  
in  exis tence.  In  1938 Wher l i  (4) pho tographed  the  
v a c u u m  u l t r av io l e t  b a n d  sys tem of the  mercu r i c  
halides.  Both he and  Sponer  a nd  Tel le r  (5) dis-  
cussed the ana lys i s  of these molecules .  In  fact the  
l a t t e r  au thors  r e m a r k  in  the i r  r ev iew "The  m e r c u r y  
hal ides  offer the  on ly  examples  for comple te ly  a n a -  
lyzed spect ra  of l i nea r  molecules ."  The i r  analys is  
gives for ,1 HgC12 = 365 cm -1, HgBr2 = 229 cm -1, 
and  HgI2 = 156 cm -1. This  ce r t a in ly  is in  exce l len t  
a g r e e m e n t  w i th  the  work  of B r a u n e  and  Enge lb rech t  
(2) .  Sponer  and  Tel le r  m a k e  no m e n t i o n  in  the i r  
a r t ic le  of the  work  of B r a u n e  a nd  Enge lb rech t .  Thus  
we do not  agree w i th  Janz  and  M c I n t y r e  tha t  there  
is a n y  room for doub t  as to the  va lue  of -1 of the 
gaseous m e r c u r y  halides.  

The last  v i b r a t i o n  to be discussed, the  p e r p e n -  
d icu la r  osci l la t ion ~2, is changed  dras t i ca l ly  in  the  
n e w  a s s ignmen t  of Janz  and  McIntyre .  These au -  
thors  assign the  f r e q u e n t l y  observed w e a k  R a m a n  
l ine  of 377-381 cm -1 of the  HgC12 to 2v2. This  l ine,  
whi le  not  observed  in  the  vapor ,  is observed  in  bo th  
crys ta l  and  melt .  I t  should  be no ted  however ,  tha t  
P l y l e r  (8) observed  this  l ine  (377 cm -1)  as the  one 
b a n d  in  the i n f r a r ed  spec t rum of solid HgC12 not  in  
the  R a m a n  as l is ted by  Janz  and  McIn tyre .  A second 
a r g u m e n t  of Janz  and  M c I n t y r e  for the  a s s ignmen t  
of ve = 179 in  HgCI2 and  136 cm -1 in  HgBre is the  
obse rva t ion  of De lwau l l e  (9) in  1938 tha t  the  so lu-  
t ion  R a m a n  spectra  of equ imo la r  m i x t u r e s  of HgC12 
and  HgBr2 show th ree  l ines not  found  in  the spectra  
e i ther  of the  i n d i v i d u a l  components .  These l ines  at  
232 cm -1, 347 cm -1, and  139 cm -~ a re  ass igned to 
the  species C1 Hg Br. Janz  and  McIn ty re  assign the  
weak  l ine  at t39 cm -1 to ~2 of C1 Hg Br. In  a l a t e r  
paper  by  Franco is  a nd  De lwau l l e  (10) in  discussing 
the  R a m a n  spectra  of the same species on ly  the  l ines  
at 232 and  345 cm -1 are  listed. We  feel t ha t  the  ev i -  
dence  tha t  2~2 as observed  in  the  R a m a n  spectra  of 
mel t s  and  crysta ls  of HgC12 is v e r y  weak  i n  v iew of 
P ly l e r ' s  obse rva t ion  of a b a n d  at the  iden t ica l  f r e -  
q u e n c y  in  the  i n f r a r ed  spec t rum of c rys ta l l ine  
HgC12, ind ica t ing  tha t  v3 of HgC12 in  the  me l t  and  
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Table I. Vibrational frequencies of the gaseous mercuric halides 

p l  a p 2  b p 3  ~ 

HgCI2 360 70 413 

HgBr2 225 41 293 

HgI2 156 33 237 

a A v e r a g e  v a l u e  of t h e  f r e q u e n c i e s  R a m a n  a n d  e l e c t r o n i c  s p e c t r a .  
b V a l u e  of  f r e q u e n c y  f r o m  e l e c t r o n i c  s p e c t r a .  
e V a l u e  of f r e q u e n c y  f r o m  i n f r a r e d  s p e c t r a .  

crysta l  is shi f ted  apprec iab ly  f rom the  gas phase  
f r equency  of 413 cm - I  

The ea r ly  evidence  of De lwau l l e  is less easi ly  dis-  
missed except  to no te  tha t  p rev ious  to the  i n v e n t i o n  
of the  l o w - p r e s s u r e  Toron to  arc w e a k  R a m a n  l ines  
were  f r e q u e n t l y  unre l i ab le .  

Ev idence  for the ear l ie r  a s s ignmen t  of ~2 as 70 
cm -1 in  HgC12, 41 cm -1 in  HgBr2, and  33 cm -1 in  
HgI2 is ve ry  strong.  In  a series of papers  Braune ,  
Knoke,  and  Enge lb rech t  r epor ted  the  fo l lowing:  

1. The R a m a n  spect ra  of the  gaseous mercu r i c  
halides,  d e t e r m i n i n g  vl. ~3 was  ca lcu la ted  us ing  a 
s imple  va lence  force field (2) .  

2. The e q u i l i b r i u m  cons tan t  of the  gas reac t ion  
HgX2 = Hg -p X2 over  a r ange  of t e m p e r a t u r e  (11) .  

3. A d e t e r m i n a t i o n  of the  s t ruc tu re  and  m o m e n t  
of ine r t i a  of HgX2 by  e lec t ron  dif f ract ion (3) .  

These  au thors  fitted the  en t ropy  factors  of the  r e -  
act ion HgX2 ~ Hg ~ X2 by  a d j u s t m e n t  of the  f re -  
quency  of vs. ( I t  should  be no ted  tha t  the c o n t r i b u -  
t ion  to the  en t ropy  of v2 is l a rge) .  They  l is ted the  
va lues  HgCI2 = 70 cm -1, HgBr~ ~ 64 cm -1, a nd  
HgI2 ~ 50 cm -1. 

In  the  analys is  of the  v a c u u m  u l t r av io l e t  bands  
of the  mercu r i c  hal ides,  Sponer  and  Tel le r  showed 
tha t  progress ions  in  2V2 were  expected  and  fitted the  
spectra,  which  were  wel l  resolved v ib ra t iona l ly ,  
wi th  v2 va lues  of H g C 1 2 : 7 0  cm -1, HgBr2 : 41 
cm -1, and  HgI2 ~ 33 cm -1. These va lues  are in  ex -  
ce l len t  a g r e e m e n t  w i th  the  va lues  deduced  p re -  
v ious ly  by  s ta t is t ical  t he rmodynamics .  As no ted  
ear l ier ,  Sponer  and  Tel le r  we re  a p p a r e n t l y  u n a w a r e  
of the ear l ie r  work  by  Braune ,  Knoke ,  and  Enge l -  
brecht .  

We feel tha t  the  ev idence  is o v e r w h e l m i n g l y  in  
favor  of the  v i b r a t i o n a l  a s s i g n m e n t  l is ted in  Tab le  I. 
The work  of Braune ,  Enge lb rech t ,  and  K n o k e  in  the  
ear ly  th i r t ies  and  tha t  of W h e r l i  and  Sponer  and  
Tel le r  in  1938-1940 rep resen t s  a classic e xa mp le  of 
a de ta i led  s tudy  of molecu la r  s t ruc ture .  Al l  the  
m e a s u r e m e n t s  were  on gaseous molecules ,  a n d  the  
theory  necessa ry  to reduce  the  observa t ions  is cer-  
t a i n l y  adequate .  The la te r  work  discussed by  J anz  
and  McIn ty re  is de r ived  en t i r e ly  f rom condensed  
phase  me a su r e me n t s .  The  theory  necessa ry  to go 
w i th  ce r t a in ty  f rom condensed  phase m e a s u r e m e n t s  
to isolated molecule  cons tan t s  is by  no m e a n s  q u a n -  
t i t a t ive  at present .  We feel tha t  the  condensed  phase  
spectra  show large  "so lven t"  shifts  and  a r e l axa t i on  
of isolated molecule  select ion ru les  in  condensed  
phases. 

It  should be no ted  tha t  since this  ar t ic le  was  sub -  
mi t ted ,  Janz  and  James  (12) have  pub l i shed  a dis-  
cussion of the v i b r a t i ona l  spect ra  of the  mercu r i c  
hal ides  in  a g r e e m e n t  wi th  the  p resen t  ass ignment .  

Manuscript  received Nov. 8, 1962; revised m a n u -  
script received Apri l  10, 1963. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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ABSTRACT 

Recently, there has been a great  increase in  activity in the field of hydro-  
carbon fuel cells. A rather  neglected area has been that of the thermody-  
namics of the reactions in the anode compartment.  The conditions under  which 
a fuel cell must  be operated in order to prevent  carbon deposition have been 
calculated for the CHO system at 500~ under  two impor tant  sets of condi- 
tions. Two l i terature  methods for the calculation of the complex gas phase 
equil ibria  were evaluated, and an improved method extending one of these 
methods is presented. The calculations show that  unexpectedly high and con- 
stant emf values are possible. Appreciable amounts  (ca. 1%) of hydrogen were 
found to be present  at equi l ibr ium over a wide range of fuel compositions at 
500~ The levels of CO part ial  pressures at equi l ibr ium were found to be 
about 10 -5 atm. 

In  recen t  years ,  there  has been  a grea t  upsu r ge  of 
in te res t  and  ac t iv i ty  in  the  field of h y d r o c a r b o n  fuel  
cells. A grea t  deal  of effort has been  expended  in  the  
search for o p t i m u m  combina t ions  of anode e lec t ro-  
catalysts ,  fuels, and  electrolytes .  A r a the r  neglec ted  
area  has been  tha t  of the t h e r m o d y n a m i c s  of the  
react ions  which  take  place or m a y  take  place in  the  
anode c o m p a r t m e n t  of a fuel  cell us ing  a h y d r o c a r -  
bon  or a modified h y d r o c a r b o n  (e.g., CH~OH) as the 
fuel. It  is in  this  i m p o r t a n t  area  tha t  the  p resen t  
work  has been  concent ra ted .  

There  are  severa l  areas  r e l a t ing  to the theory  a nd  
opera t ion  of h y d r o c a r b o n  fuel  cells where  t h e r m o -  
dynamics  can m a k e  a con t r ibu t ion .  The theore t ica l  
open-circuit voltage of a fuel cell at thermodynamic 
equilibrium may be calculated only if the composi- 
tion of the anode gas is known. Usually, the as- 
sumption is made that the open-circuit voltage 
should correspond to that calculated by applying the 
Nernst equation to the inlet fuel composition. Hardly 
ever can this method be expected to yield an ac- 
curate result since the inlet fuel composition can be 
significantly different from the gas phase composi- 
tion which would exist at chemical equilibrium. The 
maximum voltage attainable in a fuel cell during 
the process of oxidation, or during the procession of 
the fuel gas through a series of fuel cells (during 
which it is being oxidized) may be calculated, pro- 
viding the composition of the gas is known as a 
function of the degree of oxidation. An important 
consideration, especially for fuel cells which are 
required to operate for extended periods of time, 
is whether or not it is thermodynamically possible 
for carbon to deposit from the fuel gas in the anode 
compartment during any stage of its oxidation. The 
deposition of carbon has been found to be a particu- 
larly troublesome problem to some fuel cell in- 
vestigators (1-6). All of these problems and some 
others have been considered and are reported on 
here. 

Making use of our recent results on the carbon dep- 
osition boundaries in the CHO system (7), it is now 
possible to calculate precisely the conditions under 
which carbon deposition at equilibrium can be 

avoided  for a ny  CH or CHO fuel  system. These com-  
pu ta t ions  provide  a s t a r t ing  po in t  for the d e t e r m i n a -  
t ion of the gas phase composi t ions  and  the m a x i m u m  
theore t ica l  emf va lues  for fuel  cell opera t ion  outside 
the  ca rbon  deposi t ion  region.  The two pract ica l  
methods  for avoid ing  ca rbon  deposi t ion are m i x i n g  
wa te r  wi th  the fuel  and  recycl ing  the combus t ion  
p roduc t s  (CO~ and  H20) w i th  the  fuel.  These gen-  
eral  methods  wi l l  be discussed for the case where  
m e t h a n e  is used as the  fuel. 

The  ca lcu la t ion  of the equ i l ib r i a  among  the  sev-  
era l  i m p o r t a n t  species in  the  anode c o m p a r t m e n t  of 
a hyd r oc a r bon  fuel  cell is no t  a s imple  task  even  
us ing  the so-cal led simplif ied methods.  Because of 
the complexity of these calculations, it is desirable 
to discuss methods by which they may be carried out 
and the disadvantages of some procedures. 

Thermodynamic Methods 
T h e r m o d y n a m i c  cons idera t ions  m a y  be used to 

d e t e r m i n e  the i m p o r t a n t  chemical  species which  
mus t  be cons idered  in  ca lcu la t ing  the equ i l ib r i a  of 
in te res t  to fuel  cell operat ion.  The species most  
l ike ly  to be  p resen t  in  the greates t  a m o u n t s  are 
d e t e r m i n e d  by  the i r  e q u i l i b r i u m  cons tan ts  of for-  
mat ion  and  the equ i l ib r i a  a mong  these species u n d e r  
the  condi t ions  of in teres t .  I n  the sys tem c o n t a i n i n g  
the  e l ements  carbon,  hydrogen ,  and  oxygen  at a 
p ressure  of 1 arm, the  most  i m p o r t a n t  species are  
carbon,  hydrogen ,  water ,  ca rbon  dioxide, ca rbon  
monoxide ,  and  me thane ,  wi th  other  species such as 
e thane,  me thano l ,  and  some of the other  h y d r o -  
carbons  be ing  p resen t  in  v e r y  m u c h  smal le r  a m o u n t s  
in  the t e m p e r a t u r e  r ange  of 298~176 Detai ls  
of the  method  es tab l i sh ing  the  above m e n t i o n e d  
species as the  on ly  i m p o r t a n t  ones have  been  g iven  
in an  ear l ie r  paper  (8).  

Var ious  simplif ied compu ta t i ona l  methods  which  
have  been  appl ied  to the  CHO sys tem con ta in ing  
only  those species m e n t i o n e d  above are ava i lab le  in  
the l i t e r a tu r e  (9-14) .  Some of these methods  are 
l a rge ly  graphica l  (9, 11, 12), whi le  others are a lge-  
bra ic  (10, 13, 14). These s imple  me thods  can be 
just i f ied on ly  w h e n  a l imi ted  n u m b e r  of resul t s  are 
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necessa ry ,  or  w h e n  l i m i t e d  a c c u r a c y  is des i red ,  More  
s oph i s t i c a t ed  m a t h e m a t i c a l  app roaches ,  us ing  c o m -  
p u t e r  m e t h o d s  (15, 16),  a r e  h i g h l y  r e c o m m e n d e d  
w h e r e  a l a r g e  v o l u m e  of h igh  p rec i s ion  r e su l t s  is 
r equ i r ed .  

M a y l a n d  a n d  H a y s  (9)  h a v e  p r e s e n t e d  a g r a p h i c a l  
m e t h o d  for  d e t e r m i n i n g  the  e q u i l i b r i u m  gas  phase  
compos i t ion  for  the  CHO s y s t e m  in t he  absence  of 
sol id  ca rbon .  The  p r e p a r a t i o n  of a p lo t  of log 
(CH~/CO)  vs. log ( C O s / C O )  for  v a r i o u s  v a l u e s  of 
( H e / C O )  was  d e s c r i b e d  in de ta i l .  The  p r o c e d u r e  for  
t he  ca l cu l a t i on  of the  a m o u n t s  of HeO and  the  
v a r i o u s  p a r t i a l  p r e s s u r e s  was  also desc r ibed .  G i v e n  
th is  plot ,  i t  is n e c e s s a r y  to p e r f o r m  s u b s e q u e n t  ca l -  
cu la t ions  in o r d e r  to o b t a i n  r e su l t s  a p p l i c a b l e  to a 
specific fue l  cel l  sys tem.  These  ca l cu la t ions  w i l l  be  
d e s c r i b e d  be low.  
Case / . - - P r e v e n t i o n  of c a rbon  depos i t i on  b y  r e -  
cyc l ing  o x i d a t i o n  p r o d u c t s  w i t h  m e t h a n e  as t he  
fuel .  The  gas  p h a s e  compos i t i on  and  the  t h e o r e t i c a l  
m a x i m u m  emf  a re  to be  c a l c u l a t e d  for  o p e r a t i o n  of 
a m e t h a n e  fue l  cel l  a t  500~ and  1 a t m  abso lu t e  
p res su re .  

F i r s t ,  i t  is n e c e s s a r y  to e s t ab l i sh  those  cond i t ions  
u n d e r  w h i c h  c a r b o n  canno t  be  p r e s e n t  a t  e q u i l i b -  
r ium.  F i g u r e  1 shows  some  d a t a  s e l ec t ed  f r o m  our  
r ecen t  w o r k  (8)  w h i c h  a r e  p e r t i n e n t  to th i s  e x a m p l e .  
A b o v e  t h e  c a r b o n  depos i t i on  b o u n d a r y ,  c a rbon  wi l l  
be  p r e s e n t ;  b e l o w  this  b o u n d a r y ,  a l l  of the  c a r b o n  
is c o m b i n e d  and  is in t he  gas  phase .  The  po in t  r e p -  
r e s e n t i n g  CH~ is shown  on t h e  H - C  ax is  of Fig.  1. A 
s t r a i g h t  l ine  j o in ing  the  CH4 po in t  to the  0 v e r t e x  
shows  the  p a t h  of t h e  o v e r - a l l  compos i t ion  of t he  
s y s t e m  d u r i n g  the  o x i d a t i o n  process .  The  e q u i l i b -  
r i u m  gas  p h a s e  compos i t i on  d u r i n g  o x i d a t i o n  fo l lows  
a p a t h  a long  the  c a r b o n  depos i t i on  b o u n d a r y  u n t i l  
po in t  a is r eached .  On f u r t h e r  o x i d a t i o n  f rom po in t  
a, a long  t h e  p a t h  aO to po in t  b, c a r b o n  is no l onge r  
p r e s e n t  a t  e q u i l i b r i u m .  P o i n t  b (on  the  l ine  j o i n i n g  
COe and  HeO) r e p r e s e n t s  c o m p l e t e  o x i d a t i o n  of t he  
fue l  m i x t u r e .  I t  is a long  the  p a t h  ab  t ha t  t he  fue l  cel l  
w i l l  o p e r a t e  f ree  of c a rbon  at  e q u i l i b r i u m  (500~ 1 
a t m  to t a l  p r e s s u r e ) .  
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Fig. 1. Graphical determination of CH4 fuel mixture composi- 
tions which will not deposit carbon at equilibrium (500~ | arm). 
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Fig. 2. Carbon deposition boundaries for the CHO system at 
] arm. 

P o i n t  a in Fig.  1 d e t e r m i n e s  t he  n u m b e r  of moles  
of o x i d a t i o n  p r o d u c t s  (1 CO2 + 2HeO) to be r e c y c l e d  
w i t h  1 mole  of t he  m e t h a n e  fuel.  This  a m o u n t  was  
c a l c u l a t e d  f rom Eq. [1]  a n d  the  C : H : O  ra t i o  at  
po in t  a. 

P o i n t  a = 1 (CH4) + x (CO2 § 2H20)  
4 - -  5 fCH)  4 - - 5 ( 0 . 5 )  

x --  = 3 [1]  
9f(H) - -  4 9(0 .5)  - -  4 

w h e r e  f(n) = t h e  h y d r o g e n  a t o m  f r ac t ion  at  po in t  a, 
Fig.  1. Thus,  r e c y c l i n g  t h r e e  mo les  of t he  o x i d a t i o n  
p r o d u c t  m i x t u r e  (1CO~ -i- 2H20)  w i t h  each  mo le  of 
m e t h a n e  e n t e r i n g  a fue l  cel l  w i l l  ( a t  e q u i l i b r i u m ,  
500~ and  1 a t m  p r e s s u r e )  p e r m i t  c o m p l e t e  ox i -  
d a t i o n  of the  m e t h a n e  w i t h o u t  t he  depos i t i on  of sol id  
carbon .  

The  ca rbon  depos i t i on  b o u n d a r i e s  o v e r  t he  t e m -  
p e r a t u r e  r a n g e  298~176  for  1 a t m  p r e s s u r e  a r e  
shown  in Fig.  2 (7) .  The  cond i t ions  u n d e r  w h i c h  a 
fue l  cel l  m a y  be  o p e r a t e d  o u t s i d e  t he  c a r b o n  d e p -  
os i t ion  r eg ion  a t  a n y  t e m p e r a t u r e  m a y  be ca l cu -  
l a t e d  b y  the  use  of th is  f igure.  

The  ca l cu l a t i on  of t h e  gas phase  compos i t ions  
a long  the  fue l  cel l  o p e r a t i n g  l ine  ab  (Fig .  1) was  
p e r f o r m e d  b y  an  e x t e n s i o n  of t h e  g r a p h i c a l  m e t h o d  
of Mayland and Hays (9). By comparison of the 
range of the C: H: O gas phase ratios for line ab with 
Fig. 1 of Mayland and Hays (9), it was found that 
the range of interest was not covered. Following 
their methods, the solid lines of Fig. 3 were then 
prepared to cover the desired range. Since the 
H2/CO ratio is an important parameter in the use of 
Fig. 3, it was necessary to devise a method for de- 
termining H2/CO along the line ab of Fig. i. 

Since all points along the line joining CH4 to the 0 
vertex in Fig. 1 have a constant H/C ratio equal to 
4.60, this value of H/C is an important parameter in 
these calculations and was used to determine the 
path of the operating line ab when transferred to 
Fig. 3. Since the locus of all points of H/C = 4.00 in 
Fig. 3 corresponds to line ab of Fig. 1 it was neces- 
sary to locate the line on Fig. 3 corresponding to 
H/C = 4.00. In order to accomplish this, a cross- 
plot of H/C vs. CH4/CO from Fig. 3 was prepared 
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Fig. 3. Equilibrium gas compositions at 500~ and I atm for the 
CHO system. 

for  v a r i o u s  cons t an t  v a l u e s  of CO2/CO. The  i n t e r -  
sec t ions  of these  l ines  w i t h  the  l ine  H / C  = 4.00 t hen  
a l l o w e d  the  l ine  a 'b '  to be  p l o t t e d  on  Fig.  3. In  o r d e r  
to d e t e r m i n e  the  gas  p h a s e  compos i t ions  f r o m  l ine  
a'b' ,  i t  was  n e c e s s a r y  to k n o w  h o w  He /CO v a r i e d  
a long  th is  l ine.  This  was  a c c o m p l i s h e d  b y  us ing  a 
c rossp lo t  of H e / C O  vs. CH4/CO for  cons t an t  COe/CO 
va lues  f r o m  the  sol id  l ines  of Fig .  3. The  CH4/CO 
va lues  f r o m  l ine  a'b" w e r e  t hen  used  w i t h  th is  c ross -  
p lo t  to d e t e r m i n e  He /CO at  t he  v a r i o u s  COe/CO 
va lues  a long  l ine  a'b'. A l o n g  the  l ine  a 'b ' ,  He /CO was  
f o u n d  to v a r y  f r o m  263 at  a '  to 261 at  b'. 

Us ing  l ine  a 'b '  and  the  v a l u e s  of He/CO,  the  
r e l a t i v e  p a r t i a l  p r e s s u r e s  of He, CH4, CO2, a n d  CO 
w e r e  k n o w n ,  a n d  f r o m  Eq. [2]  

[He] [COe] 
K 1  --~ 

[CO] [H20] 

[He] [COe] 
[HeO] ---- [2]  

KI[CO] 

the relative HaO partial pressure could be calcu- 
lated. The true partial pressure of each species 
could then be calculated knowing that the total 
pressure was 1 arm. 

Consistent with the previous discussion, point 
a of Fig. i was defined as the composition repre- 
senting 0% combustion in the fuel cell, and cor- 
responds to point a' of Fig. 3. The composition of 
the fuel mixture in the anode compartment dur- 
ing oxidation proceeds from a to b in Fig. I and 
from a' toward b' in Fig. 3. Various points along 
a'b' in Fig. 3 were chosen, and the gas phase 
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compos i t ions ,  cel l  p o t e n t i a l s  ( f r o m  the  N e r n s t  e q u a -  
t i o n ) ,  and  p e r  cents  o x i d a t i o n  w e r e  ca lcu la ted .  The  
r e su l t s  wi l l  be  d i scussed  in de t a i l  in t he  n e x t  sect ion.  

A l t h o u g h  th is  g r a p h i c a l  m e t h o d  is s t r a i g h t f o r -  
w a r d ,  i t  was  f o u n d  n e c e s s a r y  to p r e p a r e  v e r y  l a r g e -  
scale  p lo ts  and  crossplots .  In  add i t ion ,  i t  was  r e -  
q u i r e d  t h a t  t he  va lue s  o b t a i n e d  f rom the  g r a p h s  be  
re f ined  b y  t r i a l  and  e r r o r  c a l cu l a t i on  in o r d e r  to 
m a i n t a i n  an  e r r o r  of less  t h a n  1%. These  d i s a d -  
v a n t a g e s  cause  t he  m e t h o d  to be  v e r y  c u m b e r s o m e  
and  t ime  consuming .  

Case / / . - - P r e v e n t i o n  of c a r b o n  de pos i t i on  b y  m i x -  
ing  w a t e r  w i t h  the  m e t h a n e  fuel .  The  gas  phase  
compos i t i on  and  the  t h e o r e t i c a l  m a x i m u m  emf  a re  to 
be  c a l c u l a t e d  for  the  o p e r a t i o n  of a m e t h a n e  fue l  
cel l  a t  500~ and  1 a t m  a b s o l u t e  p re s su re .  

The  cond i t ions  u n d e r  w h i c h  ca rbon  canno t  be  
p r e s e n t  a t  e q u i l i b r i u m  w e r e  d e t e r m i n e d  in a m a n n e r  
s i m i l a r  to t h a t  for  case  I. A l l  m i x t u r e s  of CH4 and  
HeO l ie  a long  the  l ine  j o in ing  the  po in t s  CH4 and  
HeO in Fig.  1. In  o r d e r  to d e t e r m i n e  the  fue l  com-  
pos i t ion  w h i c h  is r i ches t  in CH4, y e t  avo ids  c a r b o n  
depos i t i on  d u r i n g  ox ida t ion ,  a l ine  is c o n s t r u c t e d  
f rom the  O v e r t e x  such  t h a t  i t  i n t e r sec t s  t h e  
CH4-HeO l ine  and  is t a n g e n t  to the  500~ ca rbon  
depos i t i on  b o u n d a r y .  The  l ine  cdeO was  l o c a t e d  in 
th is  m a n n e r .  P o i n t  c r e p r e s e n t s  a m e t h a n e - w a t e r  
m i x t u r e ,  w h i c h  can  be  ox id i zed  c o m p l e t e l y  ( to  po in t  
e) w i t h o u t  c a r b o n  depos i t i on  at  e q u i l i b r i u m .  The  
w a t e r - m e t h a n e  mo le  r a t io  c o r r e s p o n d i n g  to po in t  c, 
Fig.  1 was  c a l c u l a t e d  (see  case  I)  to be  1.039. 

Due  to t he  d i s a d v a n t a g e s  e n c o u n t e r e d  in the  
m e t h o d  of M a y l a n d  and  H a y s  (c i t ed  in  case  I ) ,  t he  
a l g e b r a i c  m e t h o d  of M o n t g o m e r y  et aL (10)  a p -  
p e a r e d  a t t r ac t i ve .  I t  was  f o u n d  t h a t  t h e i r  equa t ion  
10b w o u l d  no t  y i e ld  a co r rec t  so lu t ion  for  th is  case, 
a l t h o u g h  it  was  s t a t ed  t h e i r  equa t ions  a p p l i e d  to 
" . . .  t h e  g e n e r a l  case w i t h  c o m p l e t e l y  a r b i t r a r y  feed  
ra t ios  . . .". I t  was  found,  h o w e v e r ,  t h a t  e q u a t i o n  
10b of M o n t g o m e r y  et al. (10) d id  y i e l d  co r r ec t  r e -  
sul ts  for  H / C  = 4.0, and  t h a t  t h e i r  m a t e r i a l  b a l a n c e  
equa t ions  [13b]  a n d  [14b]  w e r e  also correc t .  I t  w a s  
t h e r e f o r e  dec ided  to c ombine  the  e q u a t i o n  

(s ) 
CHs -5 nOe--> xCH4 -5 a H 2 0  -5 - ~ - -  a - -  2x H2 

4- ( b - -  x ) C O  -5 (1 - -  b )CO2 [3]  

and  t h e i r  m a t e r i a l  b a l a n c e  equa t ions  

s ) ] 
~ - - -  2x -5 rx --I (I0) [13b] 

T 
a : ( 1 -  b ) -  (10) [14b] 

KI 
w h e r e  

and  

[He] 
r - -  a t  e q u i l i b r i u m  

[CO] 

[COe] [He] 
Kz = 

[CO]  [HeO] 

Ks=[ [CO2] [H2] 1 ]-1 
[co] [HeO] 
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I10 

I0,0 

- 0  

,.o/ 
7,0 
0.99220 0 99221 

/ 
/ 

AT 500  ~ 

0 99222 0.99223 0.99224 

= (MOLES OF CH 4 ) 

Fig. 4. Graphical solution for the equilibrium partial pressure 
of methane. 

,^0 

. J  

i 101 

100 

10-1 

w i t h  a g r a p h i c a l  m e t h o d ,  p l o t t i n g  x vs.  t h e  d e v i a t i o n  
of  t h e  c a l c u l a t e d  e q u i l i b r i u m  c o n s t a n t s  f r o m  t h e  t r u e  
v a l u e s  ( s e e  F ig .  4 ) .  A s  a g u i d e  in  t h e s e  c a l c u l a t i o n s ,  
t h e  v a l u e s  of  [ H 2 ] / [ C O ]  a t  0 a n d  1 0 0 %  o x i d a t i o n  
w e r e  d e s i r e d .  T h e s e  v a l u e s  f o r  [ H 2 ] / [ C O ]  w e r e  
r e a d i l y  c a l c u l a t e d .  A t  1 0 0 %  o x i d a t i o n ,  t h e  g a s  p h a s e  
is p r i m a r i l y  CO2 + HeO,  a n d  f r o m  m a t e r i a l  b a l a n c e  
c o n s t r a i n t s  a n d  t h e  e q u i l i b r i u m  

CO + H20.~CO2 + H2 K1 [4] 

t h e  [ H 2 ] / [ C O ]  r a t i o  c a n  b e  c a l c u l a t e d  as  f o l l o w s :  

m o l e s  of  HeO a t  1 0 0 %  o x i d a t i o n  

m o l e s  of  COe a t  1 0 0 %  o x i d a t i o n  

1.039 + 2.000 
= - -  3 .039 

1.000 

[co2] 
K1 ~ 131.73 -- - -  

[H20] 
from which 

[H2]  
--  400.3  

[CO] 

[H2] 
X - -  

[co] 

T h e  c a l c u l a t i o n  of  [ H e ] / [ C O ]  a t  0 %  o x i d a t i o n  is 
s o m e w h a t  m o r e  i n v o l v e d  t h a n  i n  t h e  e x a m p l e  a b o v e .  
A s  a f i r s t  a p p r o x i m a t i o n ,  t h e  p r o b l e m  c a n  b e  a p -  
p r o a c h e d  i n  a m a n n e r  s i m i l a r  to  t h a t  a b o v e  i f  o n e  
a s s u m e s  t h a t  t h e  m e t h a n e  a n d  w a t e r  do  n o t  r e a c t  
w i t h  e a c h  o t h e r ;  t h i s  y i e l d s  a [ H 2 ] / [ C O ]  r a t i o  of  

u iv  cv  ~v -~v dv w i v  uv  ~ idO 

% OXIDATION 

Fig. 5. Equilibrium gas compositions and cell potential as a 
function of per cent oxidation for a (1CH4 ~ 2H20 -~ 1C02) 
fuel, 500~ 1 otto. 

1,547 w h i c h  c a n  b e  u s e d  as  a r o u g h  g u i d e  i n  t h e  
c a l c u l a t i o n s  f r o m  1 0 0 %  o x i d a t i o n  to  a b o u t  5 %  o x i -  
d a t i o n .  W h e n  g a s  p h a s e  c o m p o s i t i o n  d a t a  h a v e  b e e n  
c a l c u l a t e d  f o r  a p p r o x i m a t e l y  5 %  o x i d a t i o n ,  a m o r e  
r e l i a b l e  b o u n d a r y  v a l u e  f o r  [ H 2 ] / [ C O ]  a t  0 %  o x i -  
d a t i o n  c a n  t h e n  b e  c a l c u l a t e d .  F o r  e x a m p l e ,  u s i n g  
o u r  r e s u l t s  f o r  5 . 7 2 %  o x i d a t i o n ,  m a t e r i a l  b a l a n c e  
c o n s t r a i n t s ,  a n d  t h e  e q u i l i b r i u m  c o n s t a n t  e q u a t i o n  
K1, t h e  r a t i o  of  [ H 2 ] / [ C O ] ,  as  a n  u p p e r  l i m i t ,  w a s  
c a l c u l a t e d  to  b e  17,030 f o r  0 %  o x i d a t i o n  of  t h e  fue l .  
T h e  v a l u e  17,000 w a s  u s e d  i n  t h e  c a l c u l a t i o n s  a n d  i t  
w a s  f o u n d  t h a t  t h i s  v a l u e  w o u l d  c o r r e s p o n d  to  a 
n e g a t i v e  0 . 4 7 %  o x i d a t i o n ;  h e n c e  t h e  t r u e  v a l u e  of  
[ H 2 ] / [ C O ]  f o r  0 %  o x i d a t i o n  is  l e s s  t h a n  17,000.  

T h e  c o m b i n e d  a l g e b r a i c  a n d  g r a p h i c a l  m e t h o d  d e -  
s c r i b e d  a b o v e  w a s  f o u n d  to  b e  m o r e  r a p i d  a n d  
s i m p l e r  t h a n  t h e  s o l u t i o n  of  t h e  f o u r t h  o r d e r  e q u a -  
t i o n  10b  of  M o n t g o m e r y  et  al., a n d  w a s  v e r y  m u c h  
f a s t e r  t h a n  t h e  a l l  g r a p h i c a l  m e t h o d  d e s c r i b e d  f o r  
c a s e  I. A c o m p l e t e  s o l u t i o n  of  t h e  c o m b i n e d  g r a p h -  
i c a l  a n d  a l g e b r a i c  m e t h o d  f o r  o n e  s e t  of  c o n d i t i o n s  
c o u l d  b e  o b t a i n e d  o n  a d e s k  c a l c u l a t o r  i n  3 to  4 h r ,  

Table I. Case h 1 CH4 -t- 2H20 -~- 1C02, 500~ 1 atm 

% Oxi- 

dation 

P a r t i a l  p r e s s u r e s ,  a t m  

C I - h  H: C O  H ~ O  C O s  E m f ,  v 

0.069 
24.6 
42.5 
60.2 
80.6 
90.4 
90.8 
94.0 
95.8 
97.9 
99.0 

9.01 X 10 -2  
7.03 X 10 - 2  
5.17 X 10 -2  
3.45 X 10 -2  
1.60 X 10 -2  
7.86 X 10 -3  
7.19 X 10 -3  
4.58 X 10 -~  
3.18 X 10 - s  
1.46 X 10 - s  
5.29 X 10 -4  

5.92 X 10 - s  2.27 • 10 -5  6.01 X 
5.60 X 10 - a  2.14 X 10 -5  6.14 X 
5.21 X 10 - a  1.99 X 10 -5  6.27 X 
4.74 X 10 - s  1.81 X 10 -5  6.39 X 
3.93 X 10 - s  1.50 • 10 -5  6.52 X 
3.30 X 10 - s  1.26 X 10 -5 6.58 X 
3.23 X 10 -3  1.23 X 10 -5  6.59 X 
2.88 X 10 - s  1.10 X 10 -5  6.61 X 
2.63 X 10 - s  1.00 X 10 -5  6.62 X 
2.17 X 10 - s  8.26 X 10 -6  6.64 X 
1.68 X 10 - s  6.40 X 10 -8  6.65 X 

I 0 - I  
10-1 
10-1 
10-1 
10-1  
10-1  
10-1  
10-1  
10-1  
10-1 
10-1  

3.03 X 10 -1 
3.10 X 10 -1 
3.16 X 10 -1 
3.21 X 10 -1 
3.27 X 10 -1 
3.30 X 10 -1 
3.31 X 10 -1 
3.31 X 10 -1 
3.32 X 10 -1 
3.32 X 10 -1 
3.33 X 10 -1 

1.0355 
1.0338 
1.0319 
1.0294 
1.0252 
1.0210 
1.0204 
1.0180 
1.0160 
1.0118 
1.0063 
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Table II. Case I1: I CH4 -[- 1.039 H20, 5000K, 1 arm 

% Oxi -  P a r t i a l  p ressures ,  a t m  

d a t i o n  CI-I~ He CO I-IeO COe Emf ,  v 

--0.47 4.83 • 10 -1  2.43 • 10 -2  1.43 X 10 -6  4.89 
5.72 4.31 • 10 -1  1.46 • 10 -2  6.34 x 10 -6  5.24 

10.0 3.96 • 10 -1 1.29 X 10 -2  8.63 • 10 -6  5.43 
13.5 3.69 • 10 -1  1.21 )< 10 -2  1.09 • 10 -5  5.57 
21.3 3.15 • 10 -1 1.09 • 10 -2  1.25 • 10 -5  5.86 
39.0 2.13 • 10 -1  9.18 X 10 - 3  1.53 • 10 -5  6.38 
55.8 1.38 • l0  -~ 8.00 • 10 -3  1.60 • 10 -5  6.76 
71.1 8.16 x 10 -2  6.89 • 10 -3  1.53 • 10 -5  7.05 
91.2 2.15 • 10 -2  4.87 • 10 -3  1.19 • 10 -5  7.37 
94.7 1.24 • 10 -2  4.24 • 10 -3  1.05 • 10-~  7.42 
97.9 4.42 X 10 -3  3.28 • 10-~ 8.17 • 10 -6  7.47 
99.8 1.45 • 10 -4  1.40 )< 10 -3  3.49 • 10 -6  7.51 

• 10 -1  3.79 • 10 -3  1.0708 
• 10 -1 3.00 X 10 - 2  1.0579 
• 10 -1  4.77 x 10 -2  1.0545 
• 10 -1  6.12 • 10 -2  1.0525 
x 10 -1  8.87 x 10 - 2  1.0492 
• 10 - I  1.40 • 10 -1  1.0437 
• 10 -1  1.78 • 10 -1  1.0398 
• 10 -1  2.06 • 10 -1  1.0353 
• 10 -1  2.37 • 10 -1  1.0269 
• 10 -1  2.41 • 10 -1  1.0238 
• 10 -1  2.45 • 10 -1 1.0181 
• 10 -1  2.48 • 10 -1  0.9999 

w i t h  a n  a c c u r a c y  of  3 o r  m o r e  s i g n i f i c a n t  f i g u r e s  i n  
t h e  c a l c u l a t e d  e q u i l i b r i u m  c o n s t a n t s .  

Results and  Discussion 

Case / . - - T h e  r e s u l t s  of  t h e  a l l - g r a p h i c a l  m e t h o d  
d i s c u s s e d  a b o v e  as  a p p l i e d  to  t h e  c a s e  w h e r e  c a r b o n  
d e p o s i t i o n  w a s  p r e v e n t e d  b y  r e c y c l i n g  t h e  o x i d a t i o n  
p r o d u c t s  w i t h  m e t h a n e  as  t h e  f u e l  ( a t  5 0 0 ~  a r e  
p r e s e n t e d  i n  T a b l e  I a n d  a r e  p l o t t e d  i n  F ig .  5. O n e  of  
t h e  m o s t  i n t e r e s t i n g  a s p e c t s  of  F ig .  5 is  t h a t  t h e  e m f  
r e m a i n s  s u r p r i s i n g l y  c o n s t a n t  t h r o u g h o u t  n e a r l y  t h e  
f u l l  o x i d a t i o n  r a n g e ,  v a r y i n g  f r o m  1 .036v a t  0 . 0 %  
o x i d a t i o n  to  1 .006v  a t  9 9 . 0 %  o x i d a t i o n .  O f  c o u r s e ,  
t h e  v o l t a g e  m u s t  d e c r e a s e  v e r y  r a p i d l y  as  1 0 0 %  
o x i d a t i o n  is v e r y  c l o s e l y  a p p r o a c h e d .  T h e  p a r t i a l  
p r e s s u r e  of  H2 a t  e q u i l i b r i u m  is s u f f i c i e n t l y  h i g h  i n  
t h e  a b o v e  m e t h a n e  f u e l  m i x t u r e  t h a t  t h e  f u e l  c e l l  
p e r f o r m a n c e  o n  t h i s  f u e l  s h o u l d  b e  n e a r l y  e q u i v a l e n t  
to  t h e  p e r f o r m a n c e  o n  h y d r o g e n  a l o n e  i f  c h e m i c a l  
e q u i l i b r i u m  c a n  b e  m a i n t a i n e d ,  a n d  i f  t h e r e  a r e  n o  
ga s  p h a s e  m a s s  t r a n s p o r t  l i m i t a t i o n s .  F i g u r e  5 a l so  
s h o w s  t h a t  t h e  C O  p a r t i a l  p r e s s u r e  is l o w  e n o u g h  
a t  e q u i l i b r i u m  t h a t  e l e c t r o d e s  s e n s i t i v e  to  i t s  p r e s -  
e n c e  (e.g., P t )  s h o u l d  n o t  b e  " p o i s o n e d . "  

,^0 

== 

== 
== 
.J 

i 

== 

== 
o. 

I01 

I0 o 
rn 

i0-1 

Case / / . - - T h e  r e s u l t s  of  t h e  c o m b i n e d  a l g e b r a i c  a n d  
g r a p h i c a l  m e t h o d  d i s c u s s e d  e a r l i e r  as  a p p l i e d  to  t h e  
c a s e  w h e r e  c a r b o n  d e p o s i t i o n  w a s  p r e v e n t e d  b y  
m i x i n g  w a t e r  w i t h  t h e  m e t h a n e  f u e l  ( a t  5 0 0 ~  a r e  
p r e s e n t e d  i n  T a b l e  I I  a n d  F ig .  6. 

A s  i n  c a s e  I, i t  w a s  f o u n d  t h a t  t h e  e m f  r e m a i n e d  
q u i t e  c o n s t a n t  o v e r  n e a r l y  t h e  f u l l  c o m b u s t i o n  r a n g e ,  
v a r y i n g  f r o m  1 .0697v  a t  0 . 0 %  to  1 .0135v  a t  9 9 . 0 %  
o x i d a t i o n .  A g a i n ,  t h e  p a r t i a l  p r e s s u r e  of  h y d r o g e n  is 
s u f f i c i e n t l y  h i g h  t h a t  t h e  f u e l  c e l l  p e r f o r m a n c e  m i g h t  
b e  e x p e c t e d  to  b e  c o n s i d e r a b l y  e n h a n c e d  b y  i t s  
p r e s e n c e .  O n  t h e  a v e r a g e ,  t h e  H2 p a r t i a l  p r e s s u r e  
f o r  c a s e  I I  is  a b o u t  1.7 t i m e s  h i g h e r  t h a n  f o r  c a s e  I. 
A n  u n e x p e c t e d  r e s u l t  w a s  t h a t  t h e  C O  p a r t i a l  p r e s -  
s u r e  s h o w e d  a m a x i m u m ,  a b o u t  a n  o r d e r  of  m a g -  
n i t u d e  h i g h e r  t h a n  i t s  v a l u e  a t  0 %  o x i d a t i o n .  T h e  
g e n e r a l  l e v e l  of  C O  p a r t i a l  p r e s s u r e  is h o w e v e r  v e r y  
l o w  f r o m  t h e  s t a n d p o i n t  of  p o s s i b l e  e l e c t r o d e  " p o i -  
s o n i n g . "  I n  c o n t r a s t  to  c a s e  I, CO2 i n c r e a s e s  i n  p a r -  
t i a l  p r e s s u r e  b y  a b o u t  t w o  o r d e r s  of  m a g n i t u d e  as  
t h e  o x i d a t i o n  p r o c e e d s .  T h i s  l a r g e  c h a n g e  i n  CO2 
p a r t i a l  p r e s s u r e  is  d u e  to  t h e  f a c t  t h a t  t h e  f u e l  m i x -  
t u r e  of  c a s e  I i n i t i a l l y  c o n t a i n e d  m u c h  m o r e  ( c o m -  
b i n e d )  o x y g e n  t h a n  w a s  p r e s e n t  i n  c a s e  II .  

Theoretical Fuel Cell Potentials 

T h e  c o m p a r i s o n  of  t h e  e m f  v a l u e s  c a l c u l a t e d  f o r  
c a s e s  I a n d  I I  as  a f u n c t i o n  o f  p e r  c e n t  o x i d a t i o n  is 
s h o w n  i n  F ig .  7. T h e s e  t h e o r e t i c a l  c e l l  p o t e n t i a l s  
w e r e  c a l c u l a t e d  f r o m  t h e  e q u i l i b r i u m  g a s  p h a s e  

F i i L i i F r 

1 0 6 ~  ~ ~ C A S E  1T- FUEL : (I CH 4 Jr 1039 H201 

t T = 500 ~ 
105 

E ~ FOR CH4+202 ~ C 0 2 + 2 H 2 0  

] 04 . . . .  

EMF 

103 

L02 

1.01 

% OXIDATION 

Fig. 6. Equilibrium gas compositions and cell potential as a 
function of per cent oxidation for a ( |CH4 + 1.039 H20) fuel, 
500~ ] atm. 

100 
t I I I t I ) I I 

0 fO 20 30 40 5o 60 70 eo 90 ~00 
%OXIDATION 

Fig. 7. Theoretical cell potentiais for two fuel mixtures as a 
function of per cent oxidation (carbon free at equilibrium) at 
500 ~ K. 
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composi t ion and  the Nerns t  equa t ion  for a cell op-  
e ra t ing  wi th  1 a tm of oxygen  at the cathode. As a 
reference,  the  dot ted l ine in  Fig. 7 shows the  E ~ 
va lue  at 500~ for the  reac t ion  

CH4 + 2 O2--) CO2 + 2H20 [4] 

For  case II, w h e r e  wa t e r  a lone  was  added to the  
m e t h a n e  fuel,  the  theore t ica l  cell po ten t i a l  lies above 
the  E ~ va lue  for reac t ion  [4] up to 64.5% oxidat ion.  

Summary and Conclusions 
The condi t ions  u n d e r  which  a fue l  cell m u s t  be  

opera ted  in  order  to p r e v e n t  ca rbon  deposi t ion were  
ca lcula ted  f rom our recen t  ca rbon  deposi t ion da ta  
for the CHO system. Two l i t e r a t u r e  methods  for ca l -  
cu la t ions  of CHO gas phase  composi t ions  in  the  a b -  
sence of ca rbon  were  eva lua ted .  A n  improved  
me thod  based pa r t i a l l y  on one of the  above methods  
was  deve loped  and  i l lus t ra ted .  Example s  of the  two 
i m p o r t a n t  methods  for avoid ing  ca rbon  deposi t ion 
in  a m e t h a n e  fuel  cell at 500~ were  ca lcu la ted  and  
compared  in  detail .  

The conclus ions  d r a w n  f rom the  ca lcu la t ion  are 
1. U n e x p e c t e d l y  h igh and  cons tan t  emf va lues  

(over  a wide  per  cent  ox ida t ion  r ange )  were  f ound  
for both  of the methods  of avoid ing  ca rbon  deposi -  
t ion. 

2. Apprec iab le  (ca. 1%)  amoun t s  of h y d r o g e n  
were  p resen t  at e q u i l i b r i u m  over essen t ia l ly  the fu l l  
ox ida t ion  range.  This  could g rea t ly  enhance  fuel  cell 
pe r fo rmance  on methane .  

3. The levels  of CO pa r t i a l  p ressures  at equ i l i b -  
r i u m  were  found  to be v e r y  low ( ~ 1 0  -5 a tm)  for 
all  condi t ions  considered,  hence  CO "poisoning"  of 
fuel  cell e lectrodes should  not  be a m a t t e r  of con-  
cern  so long  as e q u i l i b r i u m  is ma in t a ined .  
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On the Theory of Simultaneous Discharge of Metal Ions 
in Real Conjugated Systems 

A. T. Vagramyan and T. A. Fatueva 
Institute of Physical Chemistry, Academy of Sciences of the U.S.S.R., Moscow, U.S.S.R. 

ABSTRACT 

A differentiation is made in the theory of codischarge of ions in unconjugated  
and conjugated electrochemical reactions. It  is shown that  dur ing simultaneous 
discharge of metal  ions mutua l  effect takes place due to change in the state 
of ions in solution, change in concentrat ion of discharged ions in the double 
layer, change in the substrate na tu re  and the state of the electrode surface. As 
a result  of these changes the reduction rates during simultaneous discharge 
of metal  ions are different from those of separate discharge. A n  example of the 
electrodeposition of nickel and cobalt, nickel and iron showed that  the reac- 
tions of coreduction of these ions are conjugated, and the usual  theory of u n -  
conjugated systems is not applicable to them. 

Simultaneous Discharge of Ions in 
Unconjugated Systems 

Accord ing  to the exis t ing  laws of e lectrode proc-  
esses (1) ,  the necessary  condi t ion  for the s i m u l -  

t aneous  d ischarge  of severa l  types  of ions is the 
equa l i t y  of the i r  po ten t ia l s  of r educ t ion  1 

RT RT 
~1 ~  l n a 1 - - ~ 1 = 4 2  ~ i n a 2 - - ~ 2  [1] 

n F  n F  



Vol. 110, No. 10 

where  41 ~ 42 ~ al, a2, ~1, ~72 are, respect ive ly ,  n o r m a l  
potent ia ls ,  activit ies,  and  overvol tage  for the first 
and  second types  of me t a l  ions., ~ If it  is a s sumed  tha t  
the  speed of the  e lec t rochemica l  reac t ion  i 3 changes  

RT 
due to electrode po ten t i a l  (4) as fol lows i = k c e  
t hen  w i th  a g iven  e lect rode potent ia l ,  i t  is possible 
to find the  ra t e  ra t io  of d ischarge of me t a l  ions (2) .  

~ F  

RT 
i~ klcle 

- -  : [2] 
~e~F 

ET 

i2 k2c2e 
Here  it  is a ssumed  tha t  the  charac te r  of ra te  d e p e n d -  
ence of i n d i v i d u a l  e lect rode reac t ions  on the  elec- 
t rode po ten t i a l  r ema ins  the  same, w h e t h e r  the  ions 
are reduced  separa te ly  or s imul t aneous ly .  

Simultaneous Discharge of Ions in Conjugated Systems 
As e x p e r i m e n t a l  resul t s  (3-5)  indicate ,  d u r i n g  

s imu l t aneous  d ischarge  of me ta l  ions u n d e r  rea l  
condi t ions  of e lectrolysis  the i r  m u t u a l  inf luence  
should  be t aken  in to  cons idera t ion ,  s ince d u r i n g  co- 
deposi t ion  changes  t ake  place in  the  subs t r a t e  n a -  
ture ,  the  concen t r a t i on  of each ion in  the  double  
layer ,  and  the s tate  of ions in  the  solut ion.  

Effect of Substrate Nature and the State of Electrode 

Surface on Speed of Ion Reduction 

The effect of the  n a t u r e  of the subs t r a t e  of the  
electrode on the r educ t ion  of me t a l  ions m a y  be of 
two k inds :  (a) decrease in  the  po ten t i a l  of the  elec-  
t rode d u r i n g  s imu l t aneous  d ischarge  in  compar i son  
wi th  the  e q u i l i b r i u m  potent ia l ,  owing  to the  al loy 
fo rma t ion  (depo la r iza t ion)  (6) ;4 (b)  increase  in  the  
electrode po ten t i a l  in  compar i son  wi th  the  equ i l i b -  
r i u m  po ten t i a l  due to the  r e t a r d a t i o n  of the e lec t ro-  
chemical  reac t ion  (po la r iza t ion) .  

In  the  case of the  best  k n o w n  process of r educ t ion  
of h y d r o g e n  ions, the  ra te  of the  e lec t rochemica l  r e -  
action, which  depends  on the e lect rode potent ia l ,  

RT 
changes  in  accordance  wi th  equa t ion  i = ke 
if we replace  k = e -a/6 and  t r a n s f o r m  the equat ion ,  
we get the  w e l l - k n o w n  Tafe l  equa t ion  (8) 

4 - - 4 ~  b l n  i 

whe re  a shows the  degree  of r e t a r d a t i o n  of the  elec-  
t rochemica l  r eac t ion  and  depends  on  the  subs t r a t e  
n a t u r e  and  the  s tate  of the me ta l  surface;  for i n -  
stance,  at 1 m a / c m  2 a var ies  f rom 1.56v for lead to 
9.1 - -  0.03v for the  p l a t i n u m  group  (9) .  Hence,  it 
follows tha t  a changes  d ras t i ca l ly  depend ing  on the  
n a t u r e  of the metal .  

I t  is obvious  tha t  cons tan t  a depends  also on the  
state of the electrode surface.  In  some cases the  r e -  

1 I t  is  o b v i o u s  t h a t  t h i s  c o n d i t i o n  is no t  a p p l i c a b l e  w h e n  i n t e r -  
ac t ion  of  t he  r e d u c e d  ions  i n  t he  s o l u t i o n  or of m e t a l  a t o m s  i n  t he  
d ep o s i t  t a k e s  place.  

H e r e a f t e r  ion  c o n c e n t r a t i o n  is g i v e n  i n s t e a d  of ion  a c t i v i t y .  

8 R e a c t i o n  speed  i n  t he  k i n e t i c s  o~ t he  e lec t rode  processes  is  cha r -  
ac te r i zed  by  c u r r e n t  dens i ty ,  i. 

A r eco rd  of t he  d e p o l a r i z a t i o n  ac t ion  of  t he  s u b s t r a t e  d u r i n g  
s i m u l t a n e o u s  d i s c h a r g e  was  p roposed  by  K r a s o v s k y  (7). 
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duc t ion  of the  me t a l  ions on the  electrode surface  
adsorbed  by  fore ign  par t ic les  or on an  oxidized su r -  
face is so difficult tha t  m e t a l  p rac t i ca l ly  does no t  de-  
posit  (10).  For  ins tance ,  the  r educ t ion  of ch romate  
ions on an  oxidized surface  in  a so lu t ion  of chromic  
acid is ve ry  difficult, and  there fore  it is the  dis-  
charge  of h y d r o g e n  ions tha t  essen t ia l ly  takes  place, 
in  spite of the  fact  tha t  the  r educ t ion  po ten t i a l  is 
more  negat ive .  W h e n  the  electrode surface  is effec- 
t ive ly  scraped d u r i n g  the electrolysis  cathode po la r -  
iza t ion decreases d ras t i ca l ly  and  ins tead  of the  r e -  
duc t ion  of h y d r o g e n  ions a reac t ion  Cr ~ + ~ Cr 3 + oc- 
curs. If the e lec t rode  t ha t  had  been  scraped off is 
left  for some t ime  in  the e lec t ro ly te  w i t hou t  cu r ren t ,  
it  becomes pass iva ted  again,  and  the  r educ t ion  of the  
ch romate  ion is r e t a rded  even  w h e n  the  electrode is 
polar ized cons ide rab ly  higher .  The effect of the  elec-  
t rode surface  s ta te  on the  electrode process d u r i n g  
codeposi t ion of n icke l  a nd  m o l y b d e n u m  has been  
s tudied  by  K r a s o v s k y  (7) .  The i m p o r t a n t  inf luence  
of the e lect rode surface  s ta te  on the  r educ t ion  ra te  of 
me ta l  ions is also ev iden t  w h e n  s tudy ing  e lec t ro-  
deposi t ion  of s i lver  (10),  n icke l  (11),  m a n g a n e s e  
(12),  alloys, etc. 

Since, d u r i n g  codischarge of metals ,  the  n a t u r e  
and  surface  s tate  of the  electrode differ f rom those 
which  take  place d u r i n g  deposi t ion of separa te  com- 
ponents ,  it is necessa ry  to subs t i t u t e  va lues  (vl) and  
(72) in  Eq. [1] by  the  cor responding  va lues  of over -  
vol tage  on the a l loy  (71 a l loy)  and  (~?e a l loy) .  

Change is Concentration of Ions 
Discharged in Double Layer  

The ra te  of r educ t ion  of ions depends  on the i r  con-  
cen t r a t i on  in  the  double  layer ,  bu t  no t  on the  con-  
cen t r a t i on  in  the  solut ion.  As is wel l  k n o w n ,  the  ion 
concen t r a t i on  in  the  double  l aye r  (Cs) r e l a t ed  to the  
concen t r a t i on  in  the  solut ion (Cv) for the  s imples t  
case by  the fo l lowing equa t ion  (8) 

F~ 
RT 

Cs = Cve 

W h e n  the  e lect rode po la r iza t ion  is cons tant ,  the  
concen t r a t i on  of each ion type  in  the  double  l aye r  
d u r i n g  codischarge of ions is less t h a n  d u r i n g  sepa-  
ra te  reduct ions ,  due to pa r t i a l  r e p l a c e m e n t  of some 
ions by  others.  The degree  of r e p l a c e m e n t  of one  
type  of ions in  the  double  l ayer  by  ions of ano the r  
type  depends  on the  ion n a t u r e  ( radius ,  va l e ncy  of 
ions, degree  of ion h y d r a t i o n - f a c t o r  a) .  I t  is ev iden t  
t ha t  eal = 1. As a resu l t  of this  r e p l a c e m e n t  the  con-  
cen t r a t i on  of each type  of d i scharg ing  ion in  the  
double  l aye r  decreases at  a g iven  overvol tage.  This  
resul t s  in  l ower ing  the r educ t ion  ra te  of each type  
of me ta l  ion d u r i n g  s imu l t aneous  d ischarge  in  com- 
par i son  wi th  separa te  reduct ion .  

F igu re  1 shows the  dependence  of n icke l  ion r e -  
duc t ion  ra te  on concen t r a t i on  of cobal t  su l fa te  add i -  
tions. The  curves  were  ob ta ined  po ten t ios ta t i ca l ly  at 
650 m v  (vs. NHE)  in  1N solu t ion  of n icke l  sul fa te  
wi th  pH 1.9 and  wi th  a di f ferent  concen t ra t ion  of 
cobal t  sulfate.  

Curve  1 shows the  change  in  the  c u r r e n t  used to 
d ischarge  the ions w i th  the add i t ion  of cobal t  sulfate.  
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Fig. 1. Change of current for discharging Ni 2+, Co 2+ and H + 
ions, depending on concentration of COSO4 added to solution of 
NiSO4 during electrolytic codeposition. ~const 650 my (NHE), 
pH 1.9, temperature 25~ curve 1, over-all curve; 2, discharge of 
Co 2+ ions; 3, discharge of Ni 2+ ions; 4, discharge of H + ions; 
dotted curve, calculated values. 

Curves  2, 3, and  4 show the  c u r r e n t  used to dis-  
charge cobalt ,  nickel ,  and  hydrogen ,  respect ively .  
The ra te  of h y d r o g e n  reduc t ion  prac t ica l ly  does 
no t  depend  on the concen t r a t i on  of the  salt  add i t ions  
(curve  4).  W h e n  cobal t  sal ts  are added to the  elec-  
t ro ly te  in  the  a m o u n t  of, say, 0.5N, the total  c u r r e n t  
dens i ty  increases  f rom 12.2 to 17.5 m a / c m  e. H o w -  
ever, the cu r r en t  used to reduce  n icke l  decreases 
f rom 8.3 to 2.5 m a / c m  2 which  is 3.3 t imes  lower.  

A s imi la r  r e t a r d a t i o n  is observed  in  the course 
of a potent ios ta t ic  s tudy  of the r educ t ion  rate  of the  
cobalt  ions caused by  the addi t ion  of n icke l  sul fa te  
(Fig. 2). As can be seen f rom these curves,  the add i -  
t ion  of n icke l  salts sha rp ly  decreases the tota l  cu r -  
r en t  ( curve  1) as wel l  as tha t  pa r t  of the c u r r e n t  
which  is used to d ischarge  the cobal t  ions ( cu rve  2),  
a l though  the  tota l  concen t ra t ion  of ions in  the  elec-  
t rolysis  no t  on ly  does no t  decrease,  bu t  even  i n -  
creases. The lower ing  in  ra te  of cobalt  ions r educ t ion  
in  this case can be accounted  for on ly  by  the fact tha t  
pa r t  of the  cobalt  ions in  the double  l ayer  are r e -  
placed by  n icke l  ions, the  r educ t ion  of which  re -  
quires  h igher  ac t iva t ion  ene rgy  t h a n  the  r educ t ion  
of cobal t  ions. 

If we assume tha t  wi th  the  concen t r a t i on  be ing  
equa l  the  p robab i l i t y  of n icke l  and  cobalt  ions get -  
t ing  into the  doub le  e lectr ical  l aye r  is the same, it 

mA Y~-~ 

qo- 

3 0  �84 

2 0  

40 

- - ~ y  

o o.e5 o.s 475 ; ~.~s r.'5 ~.'Ts ~ c , z , ~ o ,  

Fig. 2. Change of current for discharging Co 2+,  Ni ~+, and H + 
ions, depending on concentration of NiSO4 added to 1N solution 
COSO4 during electrolytic codeposition. ~eonst 606 mY (NHE), 
pH 1.9, temperature, 25~ curve 1,over-all curve; 2, discharge of 
Co 2+ ions; 3, discharge of H + ions; 4, discharge of Ni 2+ ions. 

is possible to ca lcula te  the pa r t i a l  po la r iza t ion  of 
each ion type  d u r i n g  codeposit ion.  It  is ev iden t  tha t  
it wi l l  be  p ropor t iona l  to the i r  concen t r a t i on  ra t io  in  
the electrolyte ,  if the r a t e  of the e lec t rochemical  
process is no t  l im i t ed  by  diffusion of the  ions. The  
decrease  in  po la r iza t ion  of one ion type  w i th  the 
e n t r y  of ano the r  ion type  into the double  electr ic  
layer ,  t ak ing  in to  cons idera t ion  p e n e t r a t i o n  factor  ~, 
wi l l  a m o u n t  to 

RT R T  e~iCi R T  ~1C1 
- -  In C1 - -  - -  I n  - -  - -  - -  I n  C 1  

n F  n F  ~1C1 n F  e~iCi 

It  is ev iden t  tha t  in  accordance  wi th  the  decrease in  
this  pa r t i a l  po ten t i a l  the r e duc t i on  ra te  of a g iven  
ion type  wil l  decrease,  if the  tota l  po ten t i a l  is m a i n -  
t a ined  s t r ic t ly  constant .  

If we assume tha t  ~Ni = ~Co a nd  tha t  the  subs t ra te  
n a t u r e  does no t  s u b s t a n t i a l l y  effect the deposi t ion 
ra te  of cobalt  and  n icke l  ions, i.e., tha t  no depo la r i -  
za t ion takes  place, it  is possible  to ca lcula te  the  de-  
crease of reduction rate of one ion type when co- 
discharged with other ions. The dotted line on Fig. 1 
corresponds to this calculated value. It can be seen 
from Fig. 1 that the calculated value (dotted line), 
although considerably different from the experi- 
mental data, yields the same general character of re- 
lationship. 5 In view of the fact that the reduction 
rates of metal ions when codischarged differ from 
those that are discharged separately, due to the 
changes of ion concentration in the double layer, it is 
necessary to substitute RT/nF In C in Eq. [i] by 

R T  ~1C1 
- -  I n  C 1 .  

nF e aiCi 

Galvanos ta t i c  s tudies  of the  speed of s i m u l t a n e o u s  
and  separa te  discharge of cobal t  and  n icke l  ions 
(Fig. 3) have  shown  tha t  no t  on ly  is the  ra te  of 
n ickel  r educ t ion  decreased,  bu t  the  charac te r  of de-  
pendence  of the  discharge speed on the  po ten t i a l  also 
changes  in  compar i son  wi th  the separa te  r educ t ion  
of nickel. For instance, when @ = --650 mv (Fig. 3), 
the rate of nickel discharge is reduced 10.5 times 
when codeposited with cobalt; at a potential of 550 
mv the discharge speed of cobalt is decreased 16 
times; at higher potentials the speed of cobalt dis- 
charge from a 2N solution is considerably higher 
and is incommensurable with the conjugated curve, 
as can be seen on Fig. 3. The change in rate corre- 
lation of the reduction of nickel and cobalt ions and 
the electrode potential shows that the delay in the 
process depends not only on the change in the ion 
concentration near the electrode layer, but on the 
change of the substrate nature as well. The discrep- 
ancy between experimental and calculated data 
(Fig. I) also indicates that the change in the sub- 
strafe nature affects the reduction rate of the metal 
ions. 

In  v iew of the above  it wou ld  be correct,  ins tead  
of us ing  Eq. [1],  to use the fo l lowing express ion  
which  character izes  the  condi t ion  for codischarge of 
ions in  rea l  con juga ted  sys tems (5) : 

T h i s  d i s c r e p a n c y  m a y  b e  p a r t i a l l y  d u e  to t h e  f a c t  t h a t  t h e  c a l -  
c u l a t i o n  d i d  no t  t a k e  in to  a c c o u n t  the  c o n c e n t r a t i o n  o f  h y d r o g e n  
ions.  
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Fig. 3. Variation in current with electrode potential used to 
discharge Co 2+, Ni 2+, and H + ions in their simultaneous and 
separate deposition: curve 1, curve for the discharge of Co 2+ 
from 2N COSO4; 2, over-all curve for the discharge of Ni 2+ and 
H + from 1N NiSO4; 3, over-all curve for the discharge of Ni 2+,  
Co 2+, and H + from 1N NiSO4 -}- 1N COS04, 4, partial curve for 
the discharge of Ni 2+ from 1N NiSO4; 5, partial curve for the dis- 
charge of H + from 1N NiSO4, 6, partial curve for the discharge of 
Ni 2+ from 1N NiSO4 and 2N COSO4; 7, partial curve of the dis- 
charge of Co 2+ from I N  NiSO4 and 2N CoSO4; 8, partial curve 
for the discharge of H + from 1N NiSO4 and 2N COSO4 
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R T  alC~ 
~1 ~ ~- in  - -  �9 C1 --  nt a l loy 

n F  ea~C~ 

R T  a2C2 
= ~ e ~  n F  ln 'ea iC~ �9 C2 --  me al loy [3] 

Since, d u r i n g  s imu l t aneous  discharge,  overvo l tage  
m a y  e i ther  increase  or decrease,  depend ing  on the  
changes  in  the subs t r a t e  na tu re ,  the  fo l lowing cases 
are possible  in  rea l  condi t ions  of codeposi t ion of 
meta l s :  

1. W h e n  
R T  alC1 

~1 alloy + ~72 al loy < <  tp~ ~ + - -  In 
n F  e~iCi 

RT ~eC~ 
�9 C1 + r ~ + l n - -  �9 Ca 

nF eotiC i 

the  ra te  of d ischarge  of more  e lect roposi t ive  me t a l  
ions is h igher  t h a n  the  speed of d ischarge of more  
e lec t ronega t ive  ions. 

2. W h e n  
R T  otlC 1 

~1 al loy + ~2 al loy > > ~1 ~ + In - - - -  
nF eaiCi 

R T  a2C2 
�9 CI d- if2 ~ q- - - ~  In eotiei C 2  and  Vl al loy  > me al loy 

the ra te  of d ischarge  of more  e lec t ronega t ive  me t a l  
ions is h igher  t h a n  the  ra t e  of m o r e  e lec t roposi t ive  
ions. 

Thus,  in  rea l  con juga ted  systems,  as a resu l t  of 
the inf luence of the subs t ra te  n a t u r e  on the  ove r -  

voltage,  a change  in  the r educ t ion  speed of both  
more  posi t ive and  more  e lec t ronega t ive  me t a l  ions 
over  a wide  r ange  is possible. 

Indeed,  as has been  observed  by  Glasstone,  Symes,  
and  others  (13, 14), w h e n  n icke l  and  i ron  are co- 
deposi ted,  the  i ron  c onc e n t r a t i on  in  the  a l loy is much  
h igher  t h a n  tha t  of nickel ,  a l though  the  r educ t ion  
po ten t i a l  of the  n icke l  ion, w h e n  deposi ted  sepa-  
ra te ly ,  is more  posi t ive  t h a n  w h e n  i ron  ions are r e -  
duced. 

In  order  to compare  the  r educ t ion  ra te  of n icke l  
and  i ron  d u r i n g  s imu l t aneous  and  separa te  r educ -  
t ion, we have  s tud ied  the dependence  of the  speed 
of these  reac t ions  on the electrode potent ia l .  Re-  
sul ts  of separa te  deposi t ion  of n icke l  ( cu rve  1) and  
i ron  (curve  3) as wel l  as of the i r  codischarge (curve  
2) are shown in  Fig. 4. 

F i g u r e  4 shows tha t  the  d ischarge  ra t e  of i ron 
ions w h e n  codeposi ted w i th  n icke l  ( cu rve  6) is con-  
s i de rab ly  h igher  t h a n  tha t  of n icke l  ( cu rve  7). Ac-  
cording  to Eq. [1] there  should  be an  inve r se  r e -  
l a t ionsh ip  b e t w e e n  the deposi t ion ra tes  of n icke l  
a nd  iron.  

F r o m  the data  g iven  in  Tab le  I it can be seen tha t  
at  a cathode po ten t i a l  of ~ = --730 m v  (wi th  r e fe r -  
ence to the  h y d r o g e n  e lect rode)  the  ra te  of d ischarge 
of i ron  ions d e t e r m i n e d  by  the  c u r r e n t  dens i ty  cor-  
responds  to 4.5 m a / c m  2 d u r i n g  separa te  r educ t ion  
and  to 13.6 d u r i n g  coreduct ion.  Thus,  w h e n  i ron  is 

r 

/ 

25- 15 

, , .  ] 
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Fig. 4. Dependence of speed of reduction of ions of iron and 
nickel on electrode potential, oH 1.9, temperature, 25*:  curve 1, 
over-all curve for discharge of Ni + + and H + ions from I N  NiSO4; 
curve 2, over-all curve for discharge of Fe + + ,  Ni + + ,  and H + 
ions from solution 1N in FeSO4 and 1N in NiSO4; 3, over-all 
curve for discharge of Fe + +  and H + ions from 1N FeSO4; 4, 
partial curve of discharge of N i + + :  ions from 1N NiSO4; 5, 
partial curve for discharge of H + +  ions from 1N NiSO4; 6, 
partial curve for discharge of Fe + § ions from 1N FeSO4 and 1N 
NiSO4; 7, partial curve for discharge of Ni §  ions from 1N 
NiSO4 and 1N FeS04; 8, partial curve for discharge of H + ions 
from 1N NiSO4 -I- 1N FeSO4; 9, partial curve for discharge of 
Fe + + §  ions from 1N FeSO4; 10, partial curve for discharge 
of H + ions from 1N FeSO4. 
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Table I. Distribution of current between separate reactions when 
electrodeposition of iron and nickel is carried out both separately 

and together 

(cathode potential, --730mv) 

Total  speed 
Speed of ion of electro- 

Type  of reduct ion,  ma/cm~ deposit ion, 
electrodeposi t ion Fe~+ H* Nie+ ma/cm~ 

Iron without  nickel 4.5 4.4 - -  8.9 
Nickel without  i ron - -  7.9 20.8 28.7 
Iron with nickel  13.6 4.5 2.6 20.7 

reduced  toge ther  wi th  nickel ,  the  r a t e  of r educ t ion  
of i ron  ions becomes th ree  t imes  as high and  the 
ra te  of d ischarge  of n icke l  ions decreases at this  
po ten t i a l  f rom 20.8 to 2.6 m a / c m  2 which  is ap-  
p r o x i m a t e l y  eight  t imes  as low. The ra te  of dis-  
charge of hyd rogen  ions w i th  s imu l t aneous  r educ t ion  
of n icke l  is 7.9 m a / c m  2, and  tha t  of r educ t ion  of 
hyd rogen  wi th  i ron 4.4 ma/cm2;  in the  case of co- 
d ischarge  of the ions of n icke l  and  i ron  it  is 4.5 
m a / c m  2. F r o m  these da ta  it  is ev iden t  tha t  h y d r o g e n  
wi th  n icke l  is r educed  at a m u c h  h igher  ra te  t h a n  
wi th  iron. D u r i n g  the  s imu l t aneous  r educ t ion  of i ron  
and  n icke l  ions, the  r educ t ion  ra te  of the h y d r o g e n  
ions is far  less t h a n  in  the case of n icke l  and  some-  
wha t  h igher  t h a n  in  the  case of iron.  

The resu l t s  of codeposi t ion of n icke l  and  i ron show 
the " anoma lous"  r e t a r d a t i o n  of the d ischarge  speed 
of n icke l  ions and  the  " fac i l i ta t ion"  of the d ischarge  
of i ron  ions. This a n o m a l y  depends  on the var ious  
degrees  of r e t a r d a t i o n  of the d ischarge  of me t a l  
ions d u r i n g  codeposit ion.  Therefore ,  w h e n  condi t ions  
al low the decrease of overvol tage  d u r i n g  reduc t ion ,  
it m a y  be expected  tha t  this  a n o m a l y  wi l l  be e l imi -  
na ted .  

High overvol tage  d u r i n g  the  r educ t ion  of me ta l  
of the i ron  group,  as was shown in  a n u m b e r  of 
papers  (10, 15), depends  on the i n h i b i t i n g  ac t ion  of 
fore ign  subs tances  (hydroxide ,  hyd rogen )  adsorbed  
on the electrode surface,  which  inf luence  the r e -  
duc t ion  ra te  of the  me t a l  ions. Wi th  an  increase  in  
t e m p e r a t u r e ,  the  i r r eve r s ib le  adsorp t ion  of h y d r o g e n  
(16) and  hydrox ides  is d ras t i ca l ly  decreased;  hence  
the  i n h i b i t i n g  act ion of fore ign  par t ic les  and  over -  
vol tage  (17) is also decreased.  Therefore ,  w h e n  co- 

~l 4~~ 

Fig. 5. Dependence of speed of reduction of lqi ~+ ions (curve 1) 
and Fe 2+ {curve 2) during codischerge upon temperature and 
change of electrode potential ~ (curve 4) in solution 1N NiSO4, 
1N FeSO4. 30 g/I  H3BOs, pH 1.9. 

deposi t ing  n icke l  w i th  i ron  at a low voltage,  the 
a n o m a l y  re fe r red  to m a y  be e l imina ted ,  i.e., the  al loy 
wi l l  con ta in  more  n ickel  t h a n  i ron  (5) .  

As can be seen f rom Fig. 5, w i th  the  t e m p e r a t u r e  
increase  the  po ten t i a l  of a l loy deposi t ion  decreases 
and  the  d ischarge  of the  n icke l  ions is faci l i ta ted.  
Therefore ,  w h e n  the  e lec t ro ly te  t e m p e r a t u r e  is 
abou t  100 ~ a t  a c u r r e n t  de ns i t y  of 20 m a / c m  2, the  
a l loy  conta ins  more  n icke l  t h a n  iron.  

Thus  the " anoma lous"  r e duc t i on  ra tes  of i ron  and  
n icke l  ions in  accordance  w i th  Eq. [3] depend  on the  
change  of the  overvo l tage  d u r i n g  codischarge.  The 
overvol tage  in  this  case depends  on the  s ta te  of the  
electrode surface  d u r i n g  electrolysis ,  b u t  no t  on the  
r e t a r d i n g  effect on the  change  of me ta s t ab l e  to s table  
n icke l  wi th  the r e su l t  tha t  the  f u r t h e r  depos i t ion  of 
this me t a l  is i nh ib i t ed  (13).  Therefore ,  a ny  addi -  
t ion  agent  which  is no t  r educed  on the  electrode,  bu t  
affects the s tate  of the  electrode surface a nd  the 
overvol tage,  m a y  change  the  me ta l  r e l a t ionsh ip  in  
the alloy. 

The above e x p e r i m e n t a l  resul t s  show tha t  the  
theory  of real  con juga ted  sys tems makes  a be t t e r  a l -  
lowance  for the r e g u l a r i t y  of codischarge of me ta l  
ions. 

S u m m a r y  

1. I t  has been  shown  tha t  w h e n  n icke l  and  cobal t  
are  codeposi ted the ra te  of each e lec t rochemical  r e -  
act ion is r e t a rded  compared  w i th  the  separa te  r e -  
duc t ion  of each ion. 

2. I t  has been  es tab l i shed  that ,  for a g i ve n  over -  
all  e lectrode po la r i za t ion  d u r i n g  codischarge,  r e -  
t a r da t i on  of the separa te  reac t ions  depends  on the  
decrease of the  ion concen t r a t i on  in  the double  layer .  

3. I t  has been  shown  tha t  the  anomalous  cor re la -  
t ion of ra tes  d u r i n g  codeposi t ion of n i cke l  a n d  
i ron  depends  on  causes wh ich  produce  h igh  over -  
vol tage  of the  d ischarge  of ions. D u r i n g  electrolysis ,  
w h e n  the  overvo l tage  is sha rp ly  reduced,  this 
a n o m a l y  is e l imina ted .  

4. A n  equa t i on  has b e e n  proposed which  makes  
a be t t e r  a l lowance  for the  condi t ions  of me t a l  de-  
posits in  rea l  con juga ted  systems. 

Manuscript  received June  29, 1962; revised m a n u -  
script received Apri l  30, 1963. This paper was pre-  
sented before the Boston Meeting, Sept. 16-20, 1962. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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The Kinetics of the Electrodeposition and Dissolution 
of Metal Monolayers as a Function of Dislocation Density 

A. Damjanovic and J. O'M. Bockris 
The Electrochemistry Laboratory, The University o~ Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The mechanism and the kinet ics  of the  shor t  t ime me ta l  deposi t ion and 
dissolut ion has  been  ana lyzed  on the basis of a model  which  includes t r ans fe r  
of ions across the  double  layer ,  diffusion of adions over  the  meta l  surface,  
and incorpora t ion  of ions into the  la t t ice  at  steps one a tom high. I t  is shown 
tha t  i t  is poss ible  to obta in  da ta  on the exchange  cur ren t  dens i ty  of the  r eac -  
t ion and on the  equi l ib r ium adion concentra t ion f rom the in i t i a l  por t ion  of the  
potent ios ta t ic  t ransients .  S t e a d y - s t a t e  cu r ren t  dens i ty  is analyzed.  Condit ions 
necessary  for  the sur face  diffusion of adions  or for  the  t ransfe r  of ions across 
the double  l aye r  to be the  r a t e -con t ro l l ing  s tep in the  ove r -a l l  reac t ion  are  
fo rmula ted  and discussed. Cur ren t  dens i ty  at  each potent ia l  depends  on dis-  
tances be tween  the steps sui table  for  the  incorpora t ion  of adions into the  l a t -  
tice, which  distances a re  re la ted  in tu rn  to the  dis locat ion density.  On an ideal  
surface, wi thout  nucleat ion,  the  s t eady-s t a t e  cu r ren t  dens i ty  should be zero. 
Condit ions for  two-d imens iona l  nuclea t ion  a re  analyzed  and discussed. 

Some  a t t e n t i o n  has  been  g i v e n  r e c e n t l y  to  t he  
p r o b l e m  of d e t e r m i n i n g  t h e  p a t h  a n d  r a t e - c o n t r o l -  
l ing  s tep  in  m e c h a n i s m s  of e l e c t r o c h e m i c a l  m e t a l  
d i s so lu t i on  a n d  depos i t i on  f r o m  solut ions .  

Concepts ,  e.g., su r f ace  diffusion,  g r o w t h  s t eps  
( 1 - 4 ) ,  a n d  d i s loca t ion  dens i t i e s  (5)  p r e v i o u s l y  used  
in  t h e  t h e o r y  of  t h e  g r o w t h  of m e t a l s  f r o m  t h e  
v a p o r  ( 6 - 8 ) ,  h a v e  been  i n t r o d u c e d  in to  t he  e l ec -  
t r o d e  k ine t i c s  a s soc i a t ed  w i t h  m e t a l  depos i t i on  a n d  
d isso lu t ion .  L o r e n z  (2)  o b t a i n e d  a r e l a t i o n  b e t w e e n  
c u r r e n t  d e n s i t y  a n d  d i s t a n c e  b e t w e e n  g r o w t h  s t eps  
for  s t e a d y - s t a t e  depos i t ion ,  u n d e r  su r f ace  d i f fus ion  
control .  Meh l  and  Bockr i s  (1)  a n a l y z e d  dep os i t i on  
m e c h a n i s m s  u n d e r  g a l v a n o s t a t i c  t r a n s i e n t  a n d  
s t e a d y - s t a t e  cond i t ions ,  n e a r  t h e  r e v e r s i b l e  p o t e n -  
t ia l ,  a n d  s h o w e d  t h a t  ( fo r  A g  in AgC104 ~-HC104 
so lu t ions )  r i s e  t imes  of t h e  p o t e n t i a l  m u c h  g r e a t e r  
t h a n  those  to  be  e x p e c t e d  for  r a t e - d e t e r m i n i n g  
cha rge  t r a n s f e r  a r e  cons i s t en t  w i t h  r a t e - d e t e r m i n -  
ing  su r f ace  diffusion.  T h e y  d e d u c e d  for  t h e  first  t i m e  
the  c o n c e n t r a t i o n  of  ad ions  on t h e  e l ec t rode  sur face .  
A t  h igh  c u r r e n t  dens i t ies ,  c h a r g e  t r a n s f e r  was  f o u n d  
to become  r a t e - c o n t r o l l i n g .  I n d e p e n d e n t l y ,  a n d  w i t h  

a d i f f e ren t  m a t h e m a t i c a l  t r e a t m e n t ,  G e r i s c h e r  (4)  
also sugges t ed  the  s a m e  r a t e - c o n t r o l l i n g  s t ep  for  
low c u r r e n t  dens i t i es .  Despic  a n d  Bockr i s  (3)  
s h o w e d  tha t ,  w i t h  a c o n s t a n t  p o t e n t i a l  on  the  e l ec -  
t r o d e  sur face ,  t h e  loca l  c u r r e n t  d e n s i t y  a t  s t e a d y  
s t a t e  changes  w i t h  pos i t i on  in  r e s p e c t  to a s tep  and  
can  b e  m u c h  h i g h e r  n e a r  g r o w t h  s teps  t h a n  e l se -  
where .  Ki t a ,  Enyo ,  a n d  Bockr i s  (5)  r e l a t e d  t h e  n u m -  
b e r  of g r o w t h  s t eps  to  t h e  d i s loca t ion  d e n s i t y  and  
s h o w e d  tha t  d e p e n d i n g  on the  o v e r p o t e n t i a l  no t  a l l  
t he  s teps  m a y  b e  ac t ive  [cf. C a b r e r a  a n d  B u r t o n  
(7)]. 

Fleischmann and Thirsk (9) considered transient 
and steady-state kinetics with rate-controlling sur- 
face diffusion and developed an expression for the 
steady-state deposition velocity as a function of 
the distance between spiral arms. Mott and Watts- 
Tobin (I0) deduced conditions under which sur- 
face diffusion will occur [cf. Mehl and Bockris ( i )] ;  
they confirmed the conclusion of Despic and Bockris 
(3) concerning the concentration of current close 
to growth steps under surface diffusion control, but 
considered that deposition could occur directly from 
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the Helmholtz layer onto a kink site [cf. Conway 
and Bockris (11)] .  Vermilyea (12) showed that  on 
a dislocation free surface no deposition should occur 
below a critical overvoltage, and established this 
point experimentally using copper whiskers (13). 
Many examinations have been made of electrochem- 
ical crystal growth (the steps following those con- 
sidered in this paper) ,  but little progress has been 
made in the determination of molecular mechanisms 
of this process [cf. Seiter, Fischer, and Albert (14) 
and Pick, Storey, and Vaughan (18)] .  

A number  of problems remain unsolved from 
these recent investigations of the kinetics of the 
formation of "monolayers." The effect of dislocation 
density on the kinetics is unexplored (5). Condi- 
tions for the onset of nucleation have not been 
worked out. The current- t ime transient as a func-  
tion of dislocation density has not been developed. 
The transition f rom surface diffusion control to 
transfer  control remains unexplained. Utilizing the 
model of Despic and Bockris these problems are here 
analyzed. 

Trans ien t  Potent iostat ic  Polar izat ion 
Basic equation Sor the rate oi charge transfer as 

a function of time and position.--Initially, after  the 
commencement of polarization, the surface adion 
concentration is near to equilibrium. If, however,  
the rate constant for surface diffusion is much less 
than io, a change of adion concentration between 
growth steps with time will occur. In this section, 
the variations of the adion concentration with time 
and distance from the growth steps are analyzed. 
The cathodic partial current  density (between 
growth steps) is considered independent of the 
distance from a growth step for low coverages with 
adions; the anodic partial  current  density is, how-  
ever, proportional to the adion concentration, and 
thus is a function of time and the position between 
growth steps [cf. Despic and Bockris (3)] .  Hence, 
the net, Faradaic current  density also changes with 
time and the distance from a growth step. The vari-  
ation of adion concentration with time t and at po- 
sition x (see Fig. 1) is equal to the sum of the net 

/ 

/ 

. ' f /  / 
e"  / } ."  / / - 

t 
I 

i 

Fig. I .  Illustration of the model for electrodeposition. At the 
element of the electrode surface dxdy, number of arriving ions, 
represented as ic, is greater than the number of ions escaping 
back to the solution, represented as ia. The net charge transfer 
across the double layer at the point x on the surface is given by 
the difference ic  - -  ia .  Adions (a), diffuse to the step (a to b} 
formed between two screw dislocations of opposite sign, and along 
the step to the kink site (b to c) where they become incorporated 
into the lattice. 

charge transfer rate and of the divergence of the 
adion flux at the same position (2, 3, 9) 

Oc(x,t) i(x,t) aSc(x,t) 
- -  - -  -k D [ 1 ]  

Ot zF Ox 2 

The diffusion coefficient, D, is taken independent of 
adion concentration, c(x,t). The net current  den- 
sity of charge transfer, i(x,t) is, for the conditions 
stated above, given by (3, 9) 

{ ( ~ T  v ) - -  c(x't) ex p i(x,t) = ~o exp co 

( 1 - - f l )  - - ~  [ 2 ]  

where fl, z, F, R, and T have their usual meaning, 
is the constant overpotential, and Co is the equi- 

l ibrium adion concentration. 
I t  is assumed that the adion concentration at steps 

does not change with time and is always at the 
equilibrium concentration, which is tantamount  to 
the assumption that the incorporation of adions into 
the lattice at steps is very  fast. I f  the origin of the 
coordinate system is chosen at the mid-point  be- 
tween two growth steps, at distance 2xo apart  
(Fig. 1), then the initial and boundary  conditions 
for the differential Eq. [1] are 

c (x,o) ---- Co, 

c ( •  xo,t) = co, and 

[ Oc(x,t) ] = 0  [2a] 
Ox x=0 

The third boundary  condition states that  at x = 0 
the adion concentration reaches a max imum (in the 
cathodic area) or a minimum value (in the anodic 
case). With these, the solution of Eq. [1] is (see 
Appendix) 

2B'm2xo 2 
c(x,t)  = A + B cosh (rex) -~ 

~ t  

co 

~-~ (--1)nc~ (n+ l/2)~x/x~ �9 exp 
( n +  1/2) [ ( n +  1/2) 2~2-~-m2Xo2 ] 

[ ( _ _  (n+l/2)S~D 
xJ p ) t ]  [3] 

where 

A = Co exp ( zF~ 

( q 
co [1 - -  exp k-- ~ / . l  

B =  
cosh(mxo) 

[ ( B' : Co 1 -- exp \ ~ ' R ' T - / . I  

io exp [ ( 1 - - ~ ) z F ~  ] 
P = zFco - - ~  

and 

[3a] 

Equation [3] gives the change of adion concentra-  
tion with time at any point between growth steps. 
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Since short time polarization only is considered, 
the surface structure will not be altered appreciably 
(see section on Rise time under potentiostatic con- 
ditions, below). The distance between growth steps, 
2Xo, can then be simply related to the density of 
dislocations. A surface is intersected by a number  
of dislocations with screw component perpendicular 
to it, and steps are produced between two emerging 
screw dislocations of opposite sign. In order to 
minimize the surface energy, the steps should tend 
to become straight when an electrode surface re-  
mains in contact with a solution, in the absence of 
net current. Straightening of a step in solution 
should be fast [ ~  order of minutes (12)]  par t icu-  
larly if the exchange current,  io, is high. Assuming 
a random distribution of dislocations the average 
distance between straight steps may  then be related 
to the number  of dislocations per square centimeter, 
N, terminat ing on the surface and producing growth 
steps. 1 Thus, to a first approximation 

1 

Xo __ [4] 
2k/N 

1 
By replacing Xo with __ and rearranging, 

2~/N 
Eq. [3] transforms to 

2B'p 
c(x,t) = A + B  cosh(mx)  + - -  

7r 

(--1)"c~ (2n+ l )~xk/N] 

~=0 ( n + l / 2 )  [ (2n+l)%r2ND+p] 
exp {--[ (2n+l)e=2NDWp]t} [5] 

The net current  density as a function of time and 
position, i (x , t ) ,  is obtained from [2] and [5] as 

i(x,t) = zF ~ --Bp cosh(mx)  2B'p2 
L qr 

(__l)ncos [ ( 2n + l )~xN/N ] 

n=o ( n + l / 2 ) [  (2n+l)%2NDWp] 

exp {--[(2nW1)2=2ND+p]t} t [6] 

At a sufficiently early t ime after application of a 
constant potential, [6] reduces in the limit t ~0,  to 2 

i(x,o+ ) =,i,o{exp( ~SzF~? )--exp[(1--18)zF~7 ] \  
R T --R-T _I J 

[7] 

where o + represents the time just after the cessation 
of double layer charging. (The time necessary to 

1 N w i l l  b e  less  t h a n  t h e  dens i ty  of  d i s loca t i on ,  p r o b a b l y  b y  a n  
o r d e r  of  m a g n i t u d e ,  s i nce  o n l y  a f r a c t i o n  o f  d i s l o c a t i o n s  e m e r g i n g  
o n  t h e  s u r f a c e  produce  steps s u i t a b l e  f o r  g r o w t h .  T h e  o b j e c t i v e  
h e r e  i s  to  c a l c u l a t e  t h e  c h a n g e  o f  a d i o n  c o n c e n t r a t i o n  w i t h  d i s lo -  
c a t i o n  d e n s i t y  u n d e r  t h e  n o n e q u i l i b r i u m  c o n d i t i o n s .  A t  e q u i l i b r i u m ,  
t h e  a d i o n  c o n c e n t r a t i o n  i s  t a k e n  a s  i n d e p e n d e n t  o f  t h e  d i s l o c a t i o n  
d e n s i t y .  I n  t h i s  t r e a t m e n t ,  a l l  t h e  s t e p s  a r e  c o n s i d e r e d  a v a i l a b l e  f o r  
g r o w t h  a n d  h e n c e  a r e  " a c t i v e , "  o r  i n  o t h e r  w o r d s ,  no  p o t e n t i a l  de-  
p e n d e n c e  of t h e  " a c t i v i t y "  of  g r o w t h  s t eps  is  c o n s i d e r e d  [e.g., K i t a ,  
E n y o ,  a n d  B o c k r t s  (5) ]. T h e  e f f e c t  o f  t h e  p o t e n t i a l  on  t h e  " a c t i v i t y "  
of  g r o w t h  s t e p s  i s  i m p o r t a n t  o n l y  i n  t h e  d e t a i l e d  i n t e r p r e t a t i o n  of  
p h e n o m e n a  a t  l o w  o v e r p o t e n t i a l s  a n d  f o r  h i g h  d i s l o c a t i o n  d e n s i t i e s ,  
a n d  n e e d  not ,  t h e r e f o r e ,  b e  t a k e n  in to  a c c o u n t  h e r e .  

I t  c a n  b e  s h o w n  tha t "  

c o s h ( m x )  2p ~ ( - - 1 ) ~ c o s [ ( 2 n  + l)Irx%/N] 
1 ~ 

c o s h ( m z o )  7r (n + l / S ) [  (2n + 1)~Tr2ND + p] 
n=o 
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charge the double layer can be made less than 
1 Fsec.) Thus, at this time, transfer  across the 
double layer is the rate-controll ing step, and the 
local charge transfer rate is independent of the dis- 
tance from the growth step. With increasing time, 
the local current  density at steps (in the sense of 
rate of charge transfer) ,  as obtained by replacing 
x with xo in Eq. [6], remains constant and is given 
by the right hand side of Eq. [7]. At the midpoints 
between growth steps, the current  density changes 
with time and is given by 

2B'p ~ 
i(o,t) = zF --Bp 

"IT n=O 

(.--1)'*exp{--[ (2n+ l )%r2ND+p]t} } 
( n +  1/2) [ (2n+l)2~2ND+p] [8] 

This equation shows that  the net rate of charge 
transfer at midpoints between steps decreases with 
time toward the steady-state value both during 
deposition and dissolution. The ratio of the cur-  
rent densities at x = 0 and x = Xo 

/(o,t) _ s e c h V  4_~_D + ? ~  0 
i ( Xo,* ) = 

(--1)nexp{--[  (2n+ l )%r2ND+p]t} 
[9] 

( n +  1/2) [ (2nW1)2~r2ND+p] 

is less than unity and similarly decreases with time. 
The current  density at the midpoint between two 
growth steps depends on the values of N, D, and of 
overpotential, and can reach very  low values. 

In Fig. 2, c(x,t) and i(x,t) are plotted vs. x for 
two values of ND and for ~? values + 30 my  and 
- -  30 mv. These results are discussed later. 

Average rate of charge transfer as a function of 
time.--The average rate of charge transfer  over 
the whole surface (per square centimeter) as a 
function of time, i ( t ) ,  can be obtained by integrat-  
ing [6] from 0 to Xo and dividing by Xo 

i 

.9 

.7 

.5- 
C(x,t] 

.5 

~ / /  t:co 

/ ~ -5o mV 
[ / 

// 
/ -4 / ~ . . . .  t=lO 

\ \ \ \  ~ ~*30mV 

t - ~ . . . . . . . . . .  t= lO 4 

.s- '~ ? =-3omv 

\ \  
.4- \-, 

.2- ~ ~ 
t=(o 

o / . _ . . , : : .  

.6 - / i  

i(x,t) 

Fig. 2. Illustration of the change of adion concentration and 
current density with time (in seconds) and with the distance from 
the growth steps for two values of ND and overpotential of ~ 30 
my. The current density close to steps is controlled by transfer re- 
action. Full lines are for N D  = 1 sec -1,  dashed lines for N D  = 
103 sec -1.  io is taken as 100 ma/cm - 2  and Co as 10 - l ~  mole/ 
cm 2. 
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/ 2zFB'p 2 P 
i ( t)  = - - 2 z F B ' k / N D  p tanh ~ /  

4 N D ~r 2 

~ e x p { ~ [ ( 2 n + l ) 2 ~ N D + p ] t }  a [10] 
n=0 ( n + 1 / 2 ) 2 [  (2n+l)2~r2ND+p] 

During potentiostatic transients two processes 
may be distinguished: (a) the adion concentration 
will change; and (b) the adions will diffuse to steps 
a n d  will become incorporated into the lattice, if 
deposition is considered; or, atoms in the steps will 
leave the lattice to form adions, if dissolution is 
considered. The average rate  at which the adion 
concentration builds up or decreases is expressed in 
terms of current  density as 

�9 2zFB'p 
tad,t = 

~r 2 t~----0 

exp{-- [ (2n-l- 1 ) 2~eND+p]t} 
[11] 

(n + 1/2) 3 

Correspondingly, the rate at which adions diffuse to, 
or away from, steps is given by 

i]at,t = 2LzFD [ Oc(x,t) ] [12] 
OX x= -xo 

Here, L is the total length of steps per cm 2, and to 
a first approximation can be related to the distance 
between steps, 2Xo, by the equation 

L .  2 x o = l  [13] 

Differentiating [5] with respect to x, and using 
[13], Eq. [12] becomes 

i l a t , t  = - -  2zFB'N/NDp tanh ~ /  
P 

4N-----D -t- 8zFB'NDp 

~ exp { ' - - [ (2n+l )~r2ND+p]t}  [12a] 
n=o (2n+ l )2~2ND+p 

For the first instant (t ---- 0 +) after application of 
a constant overpotential, the right hand side of Eq. 
[12a] reduces to zero, 4 and Eq. [10] and [11] re-  
duce to Eq. [7], meaning that, at this time, t rans-  
fer across the double layer is rate controlling (see 
above),  and all the current  is used to change the 
adion concentration. With increasing time, iaa,t 
(Eq. [11]) ,  and the second term in Eq. [12a] dimin- 

ish, attaining zero value at steady-state.  Thus, no 
fur ther  build up of adions occurs, and the rate of 
the process is controlled by the rate of adion dif- 
fusion to, or away from, the steps. 

Therefore, it may  be concluded that  whenever  
surface diffusion of adions is a slow process in com- 
parison with the transfer of ions across the double 
layer, the rate of deposition or dissolution process 
during the potentiostatic transients will be con- 
trolled at the beginning by the transfer  of ions 
across the double layer, and later on by surface 
diffusion of adions. Conditions under  which sur-  
face diffusion will be the fast process are discussed 
in the section on Anodic polarization, below. 

s F l e i s c h m a n n  a n d  T h i r s k  (9) a r r i v e d  a t  a n  e x p r e s s i o n  supe r f i c i a l ly  
s i m i l a r  to  [10], b u t  t h e  m o d e l  c o n s i d e r e d  i n v o l v e d  t he  a s s u m p t i o n  
of t he  p re sence  of  s teps  d u e  to  spirals �9 

~ R e l e v a n t  relationships for transformation can be  f o u n d  i n  
ref .  (15). 

. . . . . .  ~=:___ - . . . .  
. . . . . . . . . . .  ~'o) (b) 

\ \ \  ~ , .  150 

\ \ \ \ ~  I00 

\ 50 

I i ~ , I , , , , I  , ~ ~ I ~ r , I  , , , " ~ ' v . ~  

-30 

-2O 

10"5 5~10"5 10"4 5,10"4 iO-~s 5.10-~ I0"~ 
t (sec) 

Fig. 3. Potentiostatic transient representing the calculated de- 
pendence of the overage current density on time. Full lines, ~1 
- -  10 my, current plotted on the left -hand scale; dashed lines, 
~1 = - -  50 my, current plotted on the right-hand scale. Curves 
a, b, c, and d are for N D  = 104, 103, 103, and 10 sec - ; ,  respec- 
tively, io is taken as 100 ma cm - 2 ,  and Co as 10 - 1 ~  mole/cm 2. 

In Fig. 3, the average current  densities for two 
overpotentials and various ND values are plotted 
against time. With decreasing density of dislocations, 
i ( t )  decreases considerably; this is discussed fur-  
ther below. 

Exchange current density and equilibrium adio~ 
concentration.--The usual method of determining 
the exchange current  density, 4o, f rom the s teady-  
state data by extrapolation of the linear part  of 
log i--n curve to n=0,  although sufficiently accurate 
for most purposes, may  be subject to certain inac- 
curacy when surface diffusion of adions and the 
structure of the electrode surface are expected to 
be still important  factors in determining the rate 
of the reaction even at higher (~50 mv)  overpo- 
tentials (see Eq. [20]) .  This possible inaccuracy 
may be avoided if the nonsteady-state  data of po- 
tentiostatic transients are considered. The current  
density at the first instant after application of a 
constant potential, (it=o+), since independent of the 
structure of the electrode surface, and on the sur-  
face-diffusion of adions, and determined only by the 
transfer rate in the over-all  reaction (Eq. [7]) ,  
may  be more suitable for obtaining the exchange 
current density than is the steady-state current  
density. 

Also, the equilibrium value of the adion concen- 
tration, Co, can be obtained from the potentiostatic 
transient�9 At a sufficiently early time after applica- 
tion of a constant potential, the slope on the it--t 
curve is given from [10] by 

dt _ 2zFco sinh ~ / 

from which Co can be evaluated. 

( zF~? 
exp 2---~/  

[14] 

Rise time under potentio~tatic cond{tions.--The 
time necessary to reach the steady state when con- 
stant overpotential is applied across the electrode 
can be obtained from the second, nonsteady state 
part  of Eq. [10]. Terms under  the summation sign 
rapidly decrease when the t ime is near to, or larger 
than 
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2 
= [15] 

~r2ND + P 

When t = T, the second term (n = 1) in Eq. [10] 
can be neglected, since it is at least 10 times smaller 
than the first (n = 0), which itself is already at 
small (less than 10%) compared with the steady- 
state current  density. Thus, ~ represents the rise 
time. When, in the steady state, surface diffusion of 
adions is rate controlling, and ~r2ND is less than p 
(see section on Average current density for cathodic 
polarization, below), the rise time depends on p, 
and therefore on the exchange current  density, io. 
The reverse also holds, i.e., when transfer is rate 
controlling in the steady state, r depends on the rate 
of surface diffusion. Thus, in potentiostatic t ran-  
sients the rise time depends on the rate of the faster 
reaction. 

In order to compare the rise time of the poten-  
tiostatic transients with that of galvanostatic t ran-  
sients, the nonlinear distribution of adions should 
be considered in both cases. However  the expres- 
sion for the galvanostatic rise time with the non-  
linear distribution of adions has not yet  been ob- 
tained. With the linear distribution of adions (Mehl 
and Bockris' model),  the galvanostatic rise time, 
when surface diffusion is rate controlling, is given 
by (1) 

Co 
r = - -  [16] 

2Vo 

where Vo, the surface diffusion flux, is equal to 

1 
Dco/Xo 2 and, with Xo __, to 4NDco. Thus, con- 

2~/N 

t ra ry  to the potentiostatic case, the rise time for 
the galvanostatic transient, when surface diffusion 
is rate controlling, depends on the rate of surface 
diffusion. Hence one can compare the galvanostatic 
rise time with that for the corresponding potentio- 
static case, i.e., that  obtained f rom a linear distribu- 
tion of adions with distance between the growth 
steps. It can easily be shown to be 

2 2Co 
[17a] 

~P 8ND + p 2Vo + PCo 

or, for low overpotentials 

2Co g "l [17b] 
~TP~->o ----- 2vo + io/zF 

It  is interesting to notice that  there is no significant 
difference between the expressions for the poten-  
tiostatic rise time obtained with the linear and non-  
linear adion distributions. The ratio between rise 
times for galvanostatic and potentiostatic transients 
for linear distribution of adions is therefore 

~7-~ o 2z Fv o 

and is expected not to differ significantly from the 
ratio which would be obtained with nonlinear dis- 
tribution of adions. Here, 90% rise time (r = Co/Vo) 
is considered. Thus, it offers a possibility for es- 
tablishing the rate-determining step in a given sys- 
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tern by measuring the rise time under galvanostatic 
and potentiostatic conditions. When surface diffusion 
is the rate-determining step, io/2zFvo is greater 
than 1, and Tg/vp should be reasonably greater than 
2. Also, the value of io/Vo may be obtained directly 
f rom the above ratio. 

The total number  of atoms which diffuse to the 
steps and become incorporated into the lattice dur-  
ing the cathodic rise time, for instance, can be ob- 
tained by integration of the Eq. [12a] f rom t = 0 
to t = ~. The analysis shows that  during the rise 
time the number  of atoms incorporated into the 
lattice is only a fraction of the total number  of 
atoms which have crossed the double layer. It can 
be shown that the number  of adions which diffuse to 
steps and become incorporated into the lattice dur-  
ing the rise time is greater for galvanostatic than 
for potentiostatic case, and, therefore, to reach the 
same steady-state conditions, more ions have to 
cross the double layer in galvanostatic than in po- 
tentiostatic case. Even during the galvanostatic 
transient, the total number  of ions crossing the 
double layer is equivalent to only a fraction of a 
monolayer  (1,3), and only a part  of these will dif- 
fuse to steps to be incorporated there into the lattice. 
During the potentiostatic transient the advance of 
steps therefore will not be significant, i.e., the pres- 
ent approach allows a s tudy of the kinetics of the 
build up and decay of monolayers to be made under 
conditions in which a difficult experimental  feature 
of metal deposition kinetics, the change of electrode 
surface with time, is avoided. 

Steady State 
Steady-state distribution of current densi ty . - - In  

the steady state, the distribution of the net charge 
transfer rate between growth steps can be obtained 
by suitable t ransformation from the first, s teady- 
state par t  of Eq. [6] 

i ( x )  ---- --  zFBp cosh(mx) = io 

RT exp B" zFn { e x p (  flzF~ ) _  [ (1 - - _ ) - - ~ -  ] } 

cosh(mx)  
[19] 

The dependence of this net  charge transfer  rate on 
the distance between growth steps, 2Xo, in the steady 
state, has already been treated by Despic and 
Bockris (3), who derived an essentially similar 
equation. In Fig. 4, the current  density distribution 
between two steps is given for various overpoten- 
tials and ND values. When surface diffusion is the 
rate-controll ing step, that  is, at all anodic current 
densities and at sufficiently low cathodic current 
densities, the rate of charge transfer  at midpoints 
between growth steps is small compared to that  
at the growth steps themselves, i.e., a large par t  
of the current is confined to the near vicinity of 
growth steps. This does not, however, imply that 
deposition, for instance, occurs predominant ly  di- 
rectly f rom solution to kink sites at the steps, not 
only because the collisional probabil i ty is small, but  
because the required activation energy for t rans-  
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Fig. 4. Variation of the current density with the distance from 
the growth step: a, for various values of ND and 11 = _ 10my; 
b, for ND - -  104 sec - 1  and various values of overpotentials, both 
cathodic and anodic. 

fe r  d i r e c t l y  to a k i n k  s i te  is p r o h i b i t i v e l y  l a r g e  
(11, 16).  The  loca l  r a t e  of  c h a r g e  t r a n s f e r  can  n e v e r  
be  g r e a t e r  t h a n  t h a t  g i v e n  b y  t r a n s f e r  as a r a t e -  
con t ro l l i ng  s tep  for  t he  g iven  o v e r p o t e n t i a l .  W e r e  
depos i t i on  to occur  d i r e c t l y  onto  k i n k  s i tes  (10) ,  
t he  loca l  r a t e  of c h a r g e  t r a n s f e r  w o u l d  be  b y  some 
o r d e r s  of  m a g n i t u d e  g r e a t e r  t h a n  t h a t  a l l o w e d  for  
cha rge  t r a n s f e r  [cf. also the  i d e n t i t y  of t he  c u r -  
r e n t  dens i t i e s  for  l i qu id  a n d  sol id  e l ec t rodes  in t he  
r a t e - c o n t r o l l i n g  cha rge  t r a n s f e r  r e g i o n  (17) .  

Average current density for cathodic polarization. 
- - T h e  a v e r a g e  c u r r e n t  dens i ty ,  i, bo th  for  d e p o s i -  
t ion  and  d i sso lu t ion ,  can  be  o b t a i n e d  b y  i n t e g r a t -  
ing  [19] f r o m  0 to Xo a n d  d i v i d i n g  b y  Xo. I t  is 

i = ~ ) { e x p <  flzF~? > - - e x p [  (1-f l)  - - ~ - ] }  

t a n h  [20]  
p 4ND 

t a n h  ~ /  P _ 1, and  
Y 4ND 

4ND 
F o r  ND --~ p , ~ /  

P 

Eq. [20] r educes  to  

i = io exp  RT -- 
zF~? exp [ (1--~) -E~ ] ~L 

[20a]  

This  accoun t s  for  t h e  g r a d u a l  t r a n s i t i o n  f r o m  r a t e -  
con t ro l l i ng  su r face  d i f fus ion  a t  l ow  ca thod ic  o v e r -  
po t en t i a l s  (p  l a r g e )  to r a t e - c o n t r o l l i n g  t r a n s f e r  
s t ep  a t  m o r e  ca thod ic  oVerpo ten t i a l s  ( p  s m a l l ) ,  o b -  
s e r v e d  b y  Meh l  a n d  Bock r i s  (1) .  As  t h e  o v e r p o t e n -  

t i a l  becomes  i n c r e a s i n g l y  nega t i ve ,  t he  ad ion  con-  

r dc i nc r ea se s  c e n t r a t i o n  increases ,  so t h a t  -~-  x=+-xo 

and,  hence,  t he  su r f ace  d i f fus ion  r a t e  i nc r ea se s  to a 
n o n r a t e - c o n t r o l l i n g  va lue .  The  o v e r p o t e n t i a l  a t  
w h i c h  t r a n s i t i o n  f r o m  r a t e - c o n t r o l l i n g  su r f a c e  d i f -  
fus ion  to r a t e - c o n t r o l l i n g  t r a n s f e r  d u r i n g  depos i -  
t ion  occurs ,  d e p e n d s  on N a n d  D. A t  m o r e  p e r f e c t  
c r y s t a l  su r f aces  (N  is s m a l l )  t he  t r a n s i t i o n  w i l l  
occur  a t  m o r e  n e g a t i v e  ove rpo t e n t i a l s .  F o r  su r f ace  
d i f fus ion  to be  the  r a t e - c o n t r o l l i n g  s tep,  i t  is neces -  
s a r y  t h a t  (cf. Eq. [20 ] )  

io [ zF~ ] 
ND < p = zFc---~exp (1--f l )  ~ [21]  

or, a t  l ow  o v e r p o t e n t i a l s  
io 

ND < 
zFco 

Thus,  for  s i l v e r  e l ec t rodes  in  a so lu t i on  of 0.2N 
AgC104, for  ins tance ,  w i t h  io = 0.1 a m p / c m  2, a n d  
Co = 10 - l ~  m o l e / c m  2, su r f ace  d i f fus ion  w i l l  be  r a t e  
con t ro l l i ng  i f  ND is less t h a n  104 sec -1. In  fact ,  
f r o m  Fig.  5 i t  can  be  seen  tha t ,  for  ND = 104 sec -1 
and  ~? = - -  10 mv,  t h e  s t e a d y - s t a t e  c u r r e n t s  a r e  
o n l y  a f ew  p e r  cen t  s m a l l e r  t h a n  t h e y  w o u l d  be  if 
t r a n s f e r  w e r e  t he  r a t e - c o n t r o l l i n g  step.  I t  is pos -  
s ib le  to e s t i m a t e  t he  v a l u e  of the  d i f fus ion  coefficient  
of s i l ve r  adions ,  for  ins tance ,  in  t h e  s y s t e m  used  b y  
Meh l  a n d  Bockr i s  (1) .  T h e  bes t  fit w i t h  t h e i r  e x -  
p e r i m e n t a l  d a t a  ( see  Fig.  6) can  be  o b t a i n e d  if  in 
Eq. [20] ND is 3.4.103 sec -1. A r e a s o n a b l e  v a l u e  of  
N fo r  t h e i r  e l ec t rodes  can  be  t a k e n  as 10 ~ cm -2,  
and  t h e n  D is a p p r o x i m a t e l y  equa l  to 5 .10  -6 cm 2 
sec -1. The  a c c u r a c y  w i t h  w h i c h  t h e  v a l u e  of D can  
be  o b t a i n e d  d e p e n d s  also on the  a c c u r a c y  w i t h  w h i c h  
co is d e t e r m i n e d .  Here ,  Co is t a k e n  as 10 -1~ m o l e / c m  2. 
W i t h  d e c r e a s i n g  N va lues ,  su r f a c e  d i f fus ion  w i l l  t e n d  
i n c r e a s i n g l y  to become  r a t e  con t ro l l ing .  I n  Fig.  5, 
as an  i l l u s t r a t i on ,  a f a m i l y  of i - - 7  cu rves  is g iven  
for  v a r i o u s  ND va lues ,  io = 100 m a / c m  2, a n d  Co = 
10 -10 m o l e / c m  ~. In  Fig.  6 the  e x p e r i m e n t a l  r e su l t s  
of Meh l  and  Bockr i s  (1)  on s i l v e r  a r e  p l o t t e d  to -  
g e t h e r  w i t h  t he  t h e o r e t i c a l  c u r v e  o b t a i n e d  w i t h  
Eq. [20] .  

Anodic polarization.--When su r f ace  d i f fus ion  is 
r a t e  con t ro l l ing ,  Eq. [20]  i nd i ca t e s  t h a t  t he  d i s so -  

50G 

40C 

2 0  40 6 0  8 0  (my) 
Fig. 5. Calculated average current density at the steady-state 

deposition as function of overpotential. Curves a, b, and c corre- 
spond to ND = 104, 10 ~, and 10 sec -1 ,  respectively; io = 100 ma 
cm - 2  and co = 10 - l ~  mole/cm 2. 
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Fig. 6. Log i - -  ~1 plot of experimental results of Mehl and 
Bockris full line. Dashed llne, surface diffusion-controlled current 
according to the present analysis with io - ~  120 ma/cm 2, co ~ -  
10 - l ~  mole/cm 2, and ND = 3.4 x 103 sec-lv. Dashed and dotted 
line is the closest fit for transfer control. 

lut ion cur ren t  densi ty  is not symmet r i ca l  wi th  tha t  
of deposition, and icath is g rea te r  than  ian. It  should 
be pointed out tha t  Despic and Bockris  (3) observed 
a d i s symmet ry  in the i - -  ,7 curves at  low overpo-  
tent ia ls  (]~?1 < 20 mv)  in the sense tha t  the currents  
on the anodic side, for a nonac t iva ted  electrode be-  
came less than  those on the cathodic side. F u r t h e r -  
more, the condit ion for  surface diffusion ND < p 
implies tha t  surface diffusion wil l  s tay ra te  control -  
l ing for h igher  anodic overpotent ia ls  if it  is r a te  
control l ing at low overpotent ia ls .  Moreover,  Eq. [20] 
shows that ,  con t ra ry  to the  deposi t ion case, r a t e -  
control l ing t rans fe r  at  low overpotent ia ls  even tua l ly  
should be replaced  by  surface diffusion ra te  control -  
l ing at h igher  overpotent ials .  There is, however ,  
evidence (3) that ,  at  h igher  anodic overpotent ia ls ,  
the log i - -  ~? re la t ion on the anodic side has a g ra -  
dient  equal  to tha t  on the  cathodic. This incon-  
s is tency m a y  perhaps  be in te rp re ted  by  reference  
to the  fact  tha t  at  h igher  anodic overpotent ia l s  
wi th  surface diffusion control  the  adion concent ra -  
t ion be tween  the growth  steps wi l l  decrease con- 
s ide rab ly  (cf. Eq. [22]) .  The pa th  of the react ion 
may  then  change so tha t  the  or igin of the  adions 
is no longer  the growth  steps only bu t  the  planes  
themselves.  New growth  steps wi l l  be thus crea ted  
at  numerous  points, and this would  effectively in-  
crease N in Eq. [20] and t rans fe r  wi l l  become ra te  
controlling. 

I t  m a y  be pointed out tha t  the  process of f o rma-  
t ion of new steps b y  dissolving atoms in the  sur -  
face can occur at  r e l a t ive ly  low overpotent ia ls .  
Vermi lyea  (13) observed p i t t ing  in the  ex t reme  
case of copper whiskers  (N ve ry  low) and sudden 
rise in the  dissolution current  a l r eady  at  20 my. 
This would  agree wi th  a model  in which the in i t ia l  
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difficulty in dissolut ion f rom plane  surface is r e -  
l ieved by  the in t roduct ion of new growth  steps. For  
ac t iva ted  electrodes,  s y m m e t r y  of ,the cathodic and 
anodic lines is observed  (3),  and this is consistent 
wi th  t rans fe r  control  on these electrodes,  for anodic 
as wel l  as cathodic currents ,  as wi l l  occur f rom [20] 
if N is large.  Despic and Bockris '  e lectrodes were  
ac t iva ted  by  anodic dissolution which m a y  have  
caused the creat ion of steps also at  the  edges of the  
crystals .  

Adion concentratio~ in the steady s tate . - -The 
concentrat ion of adions at  the  midpoints  be tween  
two growth  steps is given by  (see Eq. [3] )  

) Cx=o = co{ exp + 

( zF+]] 1 } [22] 
1 -  exp k - -  - - ~ / j  cosh(mxo) 

For  the same overpotent ia l ,  the concentra t ion of 
adions var ies  wi th  N. Thus, for the cathodic ease, 
wi th  ~ = - -  50 mv, and D = 5.10 .6  cm2/see, ra t io  
Cx=o/Co changes f rom approx ima te ly  1 to 7 when  N 
changes f rom 10 TM to 106 cm -2. On surfaces wi th  
high dislocation densities,  when growth  steps are  
close to each other, no apprec iab le  change of adion 
concentration occurs dur ing deposi t ion or dissolu-  
t ion above or below tha t  of the equi l ib r ium concen- 
t ra t ion  even at  the midpoints  be tween two growth  
steps. On more  perfect  e rys ta l  faces, however ,  the 
increase of adion concentra t ion dur ing deposi t ion 
may  be so large tha t  a new process, two-d imens iona l  
nucleat ion,  may  be expected at  h igher  overpo ten-  
tials. The var ia t ion  of adion concentrat ion wi th  the 
distance be tween  growth  steps for var ious  values 
of ND and overpotent ia ls  is i l lus t ra ted  in Fig. 7. 

10 

1.0 

a 

ND = IO I sec -I . ~ ~ _ .  ND= 102sec "1 

ND 103sec i 

t i 
.5 0 

o= ; ~ =:50 mV 

- ND =103sec -I 

N D  = IO2sec -I 
ND =lOlsec - I  

b 

-C== f ( x ] ;  ND = IO3sec "~ 

~ - 7 0 r n V  

- 50mV 
- 50mV 
- IOmV 

.5 0 5 m  V 

IOmV 

"•o-- f ( x); ND= 103sec -I  

I I 

Fig. 7. Variation of adion concentration with the distance from 
the growth step; a, for various values of ND and ~1 ~ - -  10 my; 
b, for various overpotentials, both cathodic and anodic, and ND 
103 sec-Z. 
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Two-Dimensional Nucleation During Deposition 
Free energy change ~n the ] o r m a t i o n  o~ a two- 

dimensional nucleus and its critical radius.--Dur- 
ing  depos i t ion ,  t he  ad ion  concen t r a t i on ,  p a r t i c u l a r l y  
at  the  m i d p o i n t s  b e t w e e n  s teps ,  and  if t he  d e n s i t y  
of g r o w t h  s teps  is b e l o w  a c e r t a i n  l eve l ,  m a y  r e a c h  
a v a l u e  at  w h i c h  n u c l e a t i o n  w i l l  commence .  The  
effect of  t h e  n u c l e a t i o n  w i l l  b e  to f o r m  n e w  g r o w t h  
s teps ,  and  th is  in  t u r n  w i l l  r e d u c e  Xo, a n d  h e n c e  d e -  
c rease  t he  ad ion  c o n c e n t r a t i o n  a n d  inc rea se  t he  
r a t e  of su r f ace  d i f fus ion  ( see  Eq. [12a]  a n d  [ 1 3 ] ) .  

A d i o n  c lus te rs ,  or  e m b r y o s ,  a r e  in e q u i l i b r i u m  
w i t h  adions .  A n  e m b r y o  m a y  e i t h e r  d i s a p p e a r  or  
grow.  W h e n  i t  r e a c h e s  a c r i t i ca l  size, i t  b e c o m e s  a 
nuc leus .  The  f r ee  e n e r g y  change  for  t he  f o r m a t i o n  
of  an  e m b r y o  f r o m  ad ions  is m a d e  up  of t w o  t e r m s ,  
one due  to " c o n d e n s a t i o n "  of ad ions  in to  t he  i n n e r  
p a r t  of  t he  e m b r y o  ( e d g e  ions a r e  e x c e p t e d ) ,  a n d  
the  o t h e r  d u e  to  t he  f o r m a t i o n  of  t h e  edge  of  t h e  
embryo .  The  f irst  t e r m  dec reases  t he  f r ee  e n e r g y  
w i t h  r e s p e c t  to t h a t  of  t he  n u m b e r  of ad ions  con-  
c e r n e d  a n d  is p r o p o r t i o n a l  to  t h e  n u m b e r  of ions  
in the  e m b r y o  ( e x c e p t  for  those  in  t he  edge )  a n d  
hence  to t h e  a r e a  of t he  e m b r y o  d i m i n i s h e d  b y  the  
edge  c o n t r i b u t i o n ;  t h e  second  i nc r ea se s  t h e  f r ee  
e n e r g y  c h a n g e  a n d  is p r o p o r t i o n a l  to  t he  n u m b e r  of 
ions in  t he  p e r i p h e r y  of t h e  e m b r y o  

2~rr ~ 2r - -  d = AF1 + ~r~F2 [23] 
A F  = ~/~-d2 d d 

Here ,  AFt,  ( <  0) ,  is t h e  f r ee  e n e r g y  of t h e  ion  in  
t he  e m b r y o  d i m i n i s h e d  b y  t h a t  of an  ad ion;  a n d  AF2, 
( >  0) ,  is t he  f r ee  e n e r g y  of t he  ion  in  t he  edge  
d i m i n i s h e d  b y  t h a t  of a n  adion ,  d is  t h e  i n t e r a t o m i c  
d i s t ance  in  t h e  e m b r y o ,  and  r is t h e  r a d i u s  of t h e  

e m b r y o .  The  f ac to r  2 /~ /3  in t he  f irst  t e r m  accoun t s  
for  t he  close p a c k i n g  of a t o m s  in t h e  e m b r y o  on  t h e  
(111) p l a n e  of fcc me ta l s .  A s t ab l e  nuc l eus  w i l l  be  
f o r m e d  if  t he  r a d i u s  of an  e m b r y o  exceeds  a c r i t i ca l  

d ~ F  
size. F r o m  the  cond i t i on  - -  - -  0, t h e  c r i t i ca l  r a -  

dr 
dius  of the  nuc l eus  is o b t a i n e d  

rc = . . . . .  [24] 
2AF, 2 ~ 1  

w h e r e  aFa  is f r ee  e n e r g y  of an  ion  in  t he  edge  
d i m i n i s h e d  b y  t h a t  in  t he  nuc leus .  

To a f irst  a p p r o x i m a t i o n ,  a s s u m i n g  in  t he  c a l c u -  
l a t i o n  of  t h e  h e a t  c o n t e n t  p a r t  t h a t  t h e  b i n d i n g  e n -  
e rg ies  (of  f irst  n e a r e s t  n e i g h b o r s  o n l y )  a r e  a d d i t i v e  
and  cons ide r ing  the  e n t r o p y  of m i x i n g  only ,  e x p r e s -  
s ions  fo r  t h e  f r ee  e n e r g y  changes  p e r  a t o m  m a y  b e  
w r i t t e n  in t he  f o r m  

L n 
~FI . . . .  kT In ~ + ~F4 [25a] 

2 N - - n  
and  

2.5 
AFa = L + AF5 [25b] 

12 

w h e r e  L is t he  h e a t  of  s u b l i m a t i o n  of t h e  m e t a l ,  n 
t h e  n u m b e r  of a d i o n s / c m  u, N t h e  n u m b e r  of a v a i l -  
ab le  s i t e s / c m  2 (N1.5 x 1015), AF4 is t he  f r e e  e n e r g y  
of h y d r a t i o n  of  an  ion  in  t h e  nuc l eus  d i m i n i s h e d  b y  

t h a t  of an  adion ,  and  AF5 is the  f r ee  e n e r g y  of 
h y d r a t i o n  of an  ion in  t he  edge  d i m i n i s h e d  b y  
t h a t  in  the  nuc leus .  On the  (111) p l ane ,  t h e  n u m b e r  
of n e i g h b o r s  of an  ion  in  the  edge  of t he  nuc leus  is 
e i t he r  s ix  or  seven,  and  of an  ion  in t he  nuc l eus  i t -  
se l f  9. In  AF3, the  f ac to r  2.5 is t he  d i f fe rence  9 - -  6.5, 
as ave rage .  

Poss ib l e  m o d e s  o f  h y d r a t i o n  at  v a r i o u s  s i tes  on 
the  su r f ace  h a v e  b e e n  cons ide red  b y  C o n w a y  and  
Bockr i s  (16) ,  a n d  t h e i r  e s t i m a t e s  for  h y d r a t i o n  of 
ad ions  as w e l l  as of ions  in  t he  edge  of t h e  nuc l eus  
and  in t h e  p l a n e  i t se l f  can  be  used  for  n u m e r i c a l  
e v a l u a t i o n s  of t h e  f r ee  e n e r g y  changes .  

A t  e q u i l i b r i u m  ( n  = no),  t he  f ree  e n e r g y  change  
AF1 is equa l  to zero,  a n d  w i t h  th is  cond i t ion  Eq. 
[25a]  r e duc e s  to  

n(N-- no) 
AF1 ---- -- kT In  [26] 

no (N - -  n)  

w h e r e  no is t he  n u m b e r  of a d i o n s / c m  2 a t  e q u i l i b r i u m .  
A s s u m i n g  N > >  n > no, a n d  w i t h  n/no = C/Co, 
w h e r e  c a n d  Co a r e  a d i o n  concen t r a t i ons  a t  a g i v e n  
o v e r p o t e n t i a l  a n d  a t  t he  zero  o v e r p o t e n t i a l ,  r e -  
spec t ive ly ,  t he  r a d i u s  of t he  c r i t i ca l  nuc l eus  becomes  

x/3 
rc [27]  

2 kT In C/Co 

w h e r e  7, t h e  edge  e n e r g y  in  e rgs  p e r  c e n t i m e t e r  of 
t he  c i r c u m f e r e n c e  of t he  nuc leus ,  is def ined  as 

~ 8  
7 = ~ [ 2 8 ]  

d 

and  can  be  o b t a i n e d  n u m e r i c a l l y ,  p r o v i d i n g  the  
h y d r a t i o n  e n e r g y  t e r m ,  AFt, in  Eq. [25b]  can  b e  
e s t ima ted .  

Frequency of nucleation.--An e m b r y o  h a v i n g  the  
c r i t i ca l  r ad ius ,  re, m a y  b e c o m e  a s t a b l e  n u c l e u s  
a f t e r  t he  e lapse  of t ime  n e c e s s a r y  for  a f u r t h e r  ad ion  
to jo in  it. This  is 

1 
[29]  

2~rrcv n 

w h e r e  v is t he  a v e r a g e  v e l o c i t y  of ad ions  i n  a g iven  
d i rec t ion .  I f  1 c m  ~ of t h e  s u r f a c e  con ta ins  Nc e m -  
b r y o s  of c r i t i ca l  r a d i u s  in  e q u i l i b r i u m  w i t h  n adions ,  
a l l  of t h e m  wi l l  become  nuc le i  in  (2~rcv n ) - i  sec. 
Hence ,  in  1 sec, the  n u m b e r  of  e m b r y o s  p e r  cm 2 
w h i c h  become  nuc l e i  is 

( 1 ) -1  2 ~ r c N c n . , /  kT  [30] 
R = Nc 2~rrcV n = v 2~m 

w h i c h  is the  r a t e  of n u c l e a t i o n  in  nuc l e i  p e r  c m  2 

~ k T .  Thus,  as  sec -1. Here ,  v is t a k e n  e q u a l  to  2~rm 

Nc = n �9 e x p  kT  

w h e r e  aFt is t he  f r ee  e n e r g y  change  for  t h e  f o r m a -  
t ion  of a c r i t i ca l  nuc leus ,  t h e  r a t e  of n u c l e a t i o n  
be c ome s  

R=2~rrcn2. ~ / k T - .  e x p [  ~ c  ] [32]  
2~nn kT  



Vol. 110, No. 10 E L E C T R O D E P O S I T I O N  OF 

The term AFc, obtained from Eq. [23] when r is 
replaced by rr is equal to 

[33] 

the en- 
so that, 

In addition, allowance has to be made for 
ergy of activation for surface migrat ion E, 
just after nucleation begins, 

~ /  kT [ AFc + E ] [34] 
R ~ 2~rrcn 2 ~ �9 exp kT 

where both rc and AFc are dependent on the adion 
concentration which is a potential dependent quan-  
t i ty (cf. Eq. [22]) .  The rate of nucleation is thus 
strongly dependent on overpotential and, for a 
given overpotential, on the dislocation density. 

Deposition on a step-free surface after the nu- 
cleation has commenced.---After application of a 
constant overpotential across a crystallographically 
flat surface (N : 0 ) ,  net ion flow across the double 
layer will take place, but only until  the adion con- 
centration has reached the value (cf. Eq. [22])  

e : c o e x p  - - ~ /  [35] 

At this point, unless the conditions for nucleation 
are created, no fur ther  net flow will occur. Analysis 
of the equation for the rate of the nucleation (Eq. 
[34] ) shows that significant nucleation may be ex- 
pected in the case of silver, for instance, if the over-  
potential is of the order of 80-100 mv (cf. Fig. 8). 
Experimentally,  it is found that with copper whisk-  
ers there is no deposition current  unless overpo- 
tentials of the order of 100 mv are reached [cf. 
Vermilyea (13)] .  The current  density which would 
be observed just after the commencement  of nu-  
cleation is not, however, that  obtainable from R (Eq. 
[34]).  It is governed by surface diffusion-control 
and can now reach significant values as the nuclea- 
tion has provided the steps to which ions can dif- 
fuse. The problem of calculating the current density 
after nucleation has commenced, however,  is com- 
plex, not only because the nuclei grow, coalesce, 
and spread across the surface and thus change the 
distance between "steps," but also because, once 
nucleation has started, the adion concentration will 
change and moreover, due to small diameters of 
nuclei (N20A), the adion concentration at "steps" 
of the nuclei cannot be taken as the equilibrium 
adion concentration, Co. Further,  the rate of nuclea- 
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Fig. 8. Current density expected at the first instant after nuclea- 
tion has commenced as function of overpotential. Curves a, b, c, 
and d correspond to ideally flat surface, N D  = 10 sec - 1 ,  N D  = 

10 2 sec -1.  and ND = 10 3 sec -1 ,  respectively. 
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tion itself decreases after commencement  because 
adion concentration decreases. I t  is therefore pos- 
sible to obtain only an approximate upper limit for 
the rate of deposition just after the first nuclei are 
formed. This is 

zF~ ] 

m 

2k/hrc tanh ( 2 - - ~ c  ) 

[36] 

and is obtained f rom Eq. [20] when N is replaced 
by No, where N~ is the number  of critical nuclei 
p e r  c m  2. 

Deposition on stepped surface after nucleation has 
commenced.--The possibility of nucleation on 
stepped surfaces is much less than on the crystal-  
lographically flat surface, as adion concentration 
even at the midpoint be tween  steps is less than 
that  at a step-free surface, under the same condi- 
tions (cf. Eq. [22]) .  Analysis of the rate of nuclea- 
tion (Eq. [34]) shows that  on a surface with high 
density of dislocation (N-~ 10 I~ cm-2) ,  no nuclea-  
tion is possible unless the overpotentials are over 
150 my. In Fig. 8 the rates of nucleation are plotted 
for various ND values. Due to nucleation, the net 
rate of charge transfer  across the double layer  will 
increase over that  given by the s teady-state  equa- 
tion (Eq. [20]) ,  because of the effective decrease of 
adion concentration following nucleation. However,  
it is difficult to calculate this change, as the appear-  
ance of the first nuclei will make the kinetics of 
deposition complex for the reasons stated in the last 
section above. Nevertheless, a very  rough estimate 
of the change of charge transfer  rate across the 
double layer after nucleation has started can be 
made by assuming that the distances between the 
growth steps are effectively halved, as the nuclei 
will preferential ly be formed at midpoints between 
steps. 

S u m m a r y  

The kinetics of the formation and decay of metal 
monolayers by electrochemical processes is con- 
sidered for metal  surfaces with steps due to emerg-  
ing screw dislocations. The rate of ion transfer  at 
low overpotentials across the double layer, inte- 
grated over the whole surface, varies considerably 
with the density of dislocations for the same over- 
potential, as does the rise time. Just  after applica- 
tion of constant overpotentiaI, the current density is 
independent of the fine structure of the substrate 
and the transfer  reaction is always rate controlling. 
This enables a direct determination of the exchange 
current  density to be made from measurements of 
the current- t ime transient immediately after double 
layer charging. The equilibrium adion concentra- 
tion can be obtained f rom (d i /d t ) t~o , .  

Contrary to the galvanostatic case, when transfer  
is rate controlling in the steady state, the rise time 
for potentiostatic charging is governed by the rate 
of diffusion of adions to growth sites and vice versa. 
A comparison of the rise times obtained in the po-  
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t en t ios ta t ic  and  ga lvanos ta t i c  t r ans i en t s  al lows dis-  
t inc t ion  b e t w e e n  the  r a t e - c o n t r o l l i n g  t r a n s f e r  a nd  
surface  diffusion and  the  eva lua t i on  of the  r e l a t ive  
ra te  cons tan t s  for t r a n s f e r  and  surface  diffusion. At  
low overpotent ia ls ,  the  s t eady - s t a t e  cathodic c u r r e n t  
dens i ty  u n d e r  sur face  diffusion cont ro l  is g rea te r  
t h a n  the  cor responding  anodic  value .  

The  s t eady - s t a t e  c u r r e n t  densi ty ,  expressed  in  
t e rms  of a mode l  wh ich  al lows for the  n o n l i n e a r  
d i s t r i bu t ion  of adions  w i th  d is tance  b e t w e e n  the  
g rowth  sites, gives rise to an  i n t e r p r e t a t i o n  of the  
observed  g r adua l  t r a n s i t i o n  f rom sur face  di f fus ion 
cont ro l  at  low overpotent ia l s ,  to t r a n s f e r  cont ro l  at 
h igh overpo ten t ia l s  in  deposi t ion,  and  predic ts  d i f -  
fus ion  to be ra te  con t ro l l ing  a t  a l l  po ten t ia l s  in  
d isso lu t ion  if it  is con t ro l l i ng  at low overpotent ia l s ,  
p rov id ing  no d isso lu t ion  f rom c rys t a l log raph ica l ly  
flat surfaces  or f rom edges of c rys ta ls  occurs. 

On surfaces wi th  a h igh dens i ty  of dislocations,  
diffusion of adions  is r e l a t i ve ly  u n i m p o r t a n t  to ra te  
control ,  s ince ions r each ing  the sur face  wi l l  diffuse 
qu ick ly  to the  steps. The  ne t  ra te  of charge t r ans f e r  
is t h e n  the  same all  over  the  surface.  At  more  p e r -  
fect surfaces,  w h e n  surface  diffusion is ra te  con t ro l -  
l ing,  the ne t  c u r r e n t  is confined to the  n e a r  v i c in i t y  
of g rowth  steps, p a r t i c u l a r l y  at  low c u r r e n t  d e n -  
sities. Cor responding ly ,  it  is u n l i k e l y  t ha t  depos i t ion  
occurs d i rec t ly  f rom so lu t ion  to k i n k  sites. 

Express ions  are deduced  for  the  ra te  of nuc l ea t i on  
as a func t ion  of dis locat ion dens i ty  and  o v e r p o t e n -  
tial. On surface w i th  a h igh  dis locat ion dens i ty  (say  
10 TM c m - 2 ) ,  nuc l ea t i on  is i m p r o b a b l e  u n t i l  an  ove r -  
po ten t i a l  of the  order  of 100 m v  is reached.  
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APPENDIX 
After in t roducing i (x t )  from Eq. [2] into [1], and 

setting 
u ( x t )  = [c| c (x t ) ]  �9 ept [A- l ]  

Eq. [1] reduces to 
bu ~2u 

---- D ~ [A-2] 
~t ~x ~ 

c| is the steady-state dis t r ibut ion of adion concen- 
t rat ion and is easily and directly obtainable from [1] 
and [2] when Dc/~t is placed equal to zero, and second 
and third condition of [2a] are used. Solution for c~ is 
then 

c~ ---- A z~ B cosh (rex) [A-3] 

where A, B and m, and also p in  [A- l ]  are given by 
[3a]. 

For  the solution of [A-2], the ini t ial  and boundary  
conditions [2a] t ransform to 

u(x,o) : c| Co [A-4] 

u(•  = 0 [A-5] 
and 

~u (o,t) 
0 [A-6] 

~x 

By separation of variables and expanding in Four ier  
series, the general  solution of [A-2] is 

[ V ] u ( x t ) =  e -a t  acos  x + b sin --~-x [A-7] 

Condition [A-6] requires  tha t  

b = 0  
and [A-5] that  

Xo 
Hence, at t = 0 

u(x,o) = ~  a ~ c o s [ ( n ~ - l / 2 ) ~  x ] [A-8] 
~ t : 0  Xo 

where an is given by 

an = u(x,o)  cos dx 
Xo o Xo 

2 (-- 1) nB'm2xo 2 
- -  [ A - 9 ]  

~ ( n  -~ 1/2) [ ( n  Jr 1/2)2~ 2 ~- m~xo 2] 

Combining [A-l ,  3, 7, and 9], solution [3] is obtained. 
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ABSTRACT 

The effect of CdS on the electroluminescence of ZnS :Cu  phosphors co- 
activated wi th  C1, Br, or I has been  determined.  In  each case, brightness is 
sensitive to the presence of CdS, and there is an apparent  relat ionship be-  
tween intensi ty  and crystal structure.  Maximum brightness is associated with 
the cubic modification. In  iodide coactivated phosphors prepared at 700~ the 
cubic phase persists up to 10 mole % CdS, and a decrease in  power dissipa- 
t ion leads to improved efficiency. CdS also causes a var iat ion in the amount  
of re ta ined copper which is explained by postulat ing the formation of a new 
phase involving (Cu,Cd) (S,Halide).  

Z inc  c a d m i u m  sulfide solid solut ions,  ac t iva ted  
wi th  copper,  are  w e l l - k n o w n  and  use fu l  pho to-  
and  ca thodo luminescen t  phosphors .  I t  was  felt,  
therefore ,  tha t  t hey  should  also be e x a m i n e d  more  
comple te ly  for  e l ec t ro luminescence  (he rea f t e r  r e -  
fe r red  to as EL) .  A n  ea r l i e r  f inding in  this  l a bo r a -  
to ry  (1) ind ica ted  tha t  the  add i t ion  of smal l  a m o u n t s  
of c a d m i u m  sulfide to EL zinc sulfide phosphors  
s igni f icant ly  d imin i shed  the i r  b r igh tness .  Other  
work  descr ib ing  a s imi la r  effect is l imi ted  to phos-  
phors  coact ivated e i ther  w i th  chlor ide (2) or w i t h  
Group  I I I  e l ements  (3) .  The  p re sen t  s tudy,  com-  
pa r ing  iodide wi th  chlor ide and  b romide  in  E L ( Z n ,  
C d ) S : C u ,  has shown tha t  the  effect of c a d m i u m  
sulfide var ies  wi th  the  p a r t i c u l a r  ha l ide  coact iva tor  
used. 

U n i q u e  character is t ics  of the solid solut ions  co- 
ac t iva ted  w i th  iodide and  con t a in ing  up to 10 mole  
% c a d m i u m  sulfide inc lude  (a) the s tab i l iza t ion  of 
a s ingle  cubic ,phase ,  whereas  the  hexagona l  modif i -  
ca t ion is u sua l  w i t h  as l i t t le  as 2 or 3 mole  % cad-  
m i u m  sulfide in  chlor ide coact iva ted  phosphors  fired 
at  850~176 (4, 5) ;  and  (b)  a r e m a r k a b l e  de-  
crease in  power  d iss ipa t ion  w i th  on ly  a s l ight  de-  
crease in  br ightness .  

Experimental 
The phosphors  were  p r e p a r e d  by  i n t i m a t e l y  m i x -  

ing dr ied  s lur r ies  of the  componen t  sulfides (RCA 
L u m i n e s c e n t  Grades )  c o n t a i n i n g  the  ac t iva tor  (as 
the  aceta te)  and  the  a m m o n i u m  sal t  of the  des i red  
coact ivator .  In  the  f ir ing process, use  was made  of 
the  su l fu r  effect (2, 6, 7) by  m i x i n g  10 weigh t  pe r  
cen t  ( w / o )  of pur i f ied su l fu r  w i th  the  unf i red  mi x  
to faci l i ta te  d e v e l o p m e n t  of EL at  a lower  f ir ing 
t empe ra tu r e .  For  iodide coact ivat ion,  some resul t s  
u s ing  this  p rocedure  a re  con t ras ted  w i t h  a h ighe r  
f ir ing t e m p e r a t u r e  in  the  absence  of sul fur .  

F i r i n g  tubes  con t a in ing  the  mixes  in  covered  
qua r t z  v ia ls  were  pref iushed wi th  purified,  d r y  n i -  
t rogen,  bu t  a s tat ic  a tmosphe re  was  m a i n t a i n e d  d u r -  
ing  a 1 -h r  f i r ing t ime. The  gas exi t  t u b e  was  con-  
nec ted  t h rough  a s i l icone-oi l  seal to p r e v e n t  back  
diffusion of air. P roduc t s  were  cooled in  a s t r eam 
of the n i t rogen .  

Af te r  cooling, the  products  were  d iges ted  in  an  
a lka l ine  so lu t ion  of sodium cyan ide  to r e m o v e  ex -  
cess, u n i n c o r p o r a t e d  copper.  In  all  cases, this  t r e a t -  
m e n t  l i gh tened  the  d a r k  body  color of the  fired 
products .  F ina l ly ,  samples  were  washed  free of 
cyan ide  w i th  water .  Br igh tness  of the  cells was  
d e t e r m i n e d  w i t h  a McBeth  I l l u m i n o m e t e r ,  and  
power  d iss ipa t ion  was m e a s u r e d  wi th  a V A W  elec-  
t ronic  wa t tme te r .  

Results 
Analyses  conf i rmed tha t  no copper  was  lost d u r -  

ing  synthesis ,  bu t  tha t  some was  dissolved b y  the  
cyan ide  wash.  The  a m o u n t  of copper  r e t a i n e d  in  
iodide coact iva ted  samples  depended  on the  fir ing 
t e m p e r a t u r e ,  bu t  no t  on the  p ropor t ion  of CdS. For  
example ,  in  phosphors  c o n t a i n i n g  up  to 20 mole  % 
CdS, and  p r epa red  wi th  0.15 mole  % Cu a nd  10 w / o  
of a m m o n i u m  iodide, 39% of the  copper  was  f inal ly  
r e t a ined  in  samples  a dmi xe d  w i t h  su l fu r  a nd  fired 
at  700~ and  28% was r e t a i n e d  w h e n  the  f ir ing was  
accompl ished at  1075~ in  the  absence  of su l fu r3  

In  b r omi de  a nd  chlor ide coact iva ted  samples,  the  
p ropor t ion  of CdS inf luenced  the  a m o u n t  of r e t a i n e d  
copper  wh ich  first inc reased  and  t h e n  decreased 
wi th  g rea te r  p ropor t ions  of CdS as shown  in  Tab le  I. 
A p rogress ive ly  d a r k e r  body  color (a f te r  the  cy-  
an ide  wash)  accompan ied  this  inc rease  in  r e t a i n e d  

1 The amount of Ntt~I was chosen to compensate for losses through 
volatilization on firing (9). 

Table I. Retention of copper in CI and Br coactivated (Zn,Cd)S 
phosphors 

% Cu retained 
Mole % CdS Ct coaetivated Br coactivated 

0 16 47 
3 16 49 
5 17 - -  

6 - -  56  

7 4 4  - -  

8 ~ 61 
I0 30 67 
15 22 64 

Mole % Cu originally added: C1 eoactivated,  0.62; Br coactivated,  
0.51. Both series fired at 950~ 

1045 
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Table II. Crystal structure of (Zn,Cd)S:Cu, halide phosphors 

% Cubic phase  
Mole % CdS C1 Br 1-700~ I-I075~ 

0 100 50 100 50 
1 100 - -  100 - -  
2 - -  - -  - -  35 
3 90 40 100 - -  
5 70 - -  100 - -  
6 - -  20 - -  25 
7 25 - -  100 - -  

10 10 0-5 100 5-10 
15 0-5 0-5 5 5 
20 0-5 - -  - -  - -  

* 1Rote: I n  a p r ed o minan t l y  cubic phase,  less t h a n  1% hexagona l  
i s  d e t e c t a b l e ,  but  in  a p redominan t ly  hexagona l  p h a s e ,  l e s s  t han  5% 
c u b i c  c a n n o t  b e  resolved.  

copper  p a r t i c u l a r l y  w i t h  chlor ide  coact ivat ion.  
There  was  also an  increase  in  the  phosphorescence  
observed af ter  i r r ad i a t i on  w i th  3650A u v  c o n t r a r y  
to the typica l  effect of bo th  inc reas ing  Cu a nd  i n -  
creas ing CdS (5) .  These  f indings  suggested the  
fo rma t ion  of a n e w  cyan ide  inso lub le  phase  i n v o l v -  
ing (Cu, Cd) (S, ha l ide ) .  Af te r  s imi la r  observat ions ,  
Wachte l  (2) p r epa red  a black,  hexagona l  m a t e r i a l  
t hough t  to be a ( C d , C u ) S  compound .  Bar te l s  and  
W a s s e r m a n  (8) suggested  the  f o r m a t i o n  of a cop- 
p e r - r i c h  phase  in  pho toconduc t ing  CdS: Cu,C1 p o w -  
ders to account  for va r i a t i ons  in  da rk  conduc t iv i ty .  
The p re sen t  obse rva t ion  tha t  the  fo rma t ion  of such 
a phase is sens i t ive  to the  pa r t i cu l a r  ha l ide  used 
in  the phosphor  suggests  tha t  the  ha l ide  i tself  is 
a pa r t  of the  complex  affect ing its s t ab i l i ty  a nd  
e q u i l i b r i u m  in  the  system. 

X - r a y  di f f ract ion e x a m i n a t i o n  of r e p r e s e n t a t i v e  
samples  f rom each of the  series showed the  p re s -  
ence in  some samples  of a s ingle  phase  of e i ther  
cubic or hexagona l  s t ruc ture ,  or coexis tence of bo th  
phases  in  o ther  phosphors .  The  p ropor t ion  of cubic  
phase  is g iven  in  Tab le  II. The  u n i t  cell of the  
cubic phase expands  l i n e a r l y  w i th  increase  in  CdS, 
bu t  the  expans ion  of the  hexagona l  phase  depar t s  
f rom l inear i ty .  This  is a t t r i b u t e d  to i n t e r f e r ence  
f rom the  cyan ide  inso lub le  complex  phase  descr ibed  
above and  is cons is ten t  w i th  the  obse rva t ion  tha t  
the  onset  of the  increase  in  r e t a ined  copper,  i nd ica -  
t ive of the  fo rma t ion  of the  complex  phase,  coincides 
a p p r o x i m a t e l y  wi th  the  appea rance  of the  hex a gona l  
phase in  chlor ide and  b romide  coac t iva ted  phos -  
phors. Other  effects re la ted  to crys ta l  s t r uc tu r e  wi l l  
be descr ibed later .  

Spectral distribution of emission.--Spectral dis-  
t r i bu t i ons  of EL emiss ion  for samples  w i th  no CdS 
are  shown in  Fig. 1. Qua l i t a t i ve  f ea tu res  of spec t ra l  
pos i t ion  and  dependence  on  exc i t a t ion  f r e q u e n c y  
for the  chloride,  b romide ,  and  h i g h - t e m p e r a t u r e  
iodide coac t iva ted  phosphors  are  i n  gene ra l  ag ree -  
m e n t  w i t h  s imi la r  da ta  r epor ted  b y  Hegyi  et aL 
(9) .  The  l o w - t e m p e r a t u r e  iodide coact iva ted  m a t e -  
r ial ,  however ,  has a b roade r  emiss ion  b a n d  w i t h  an  
a p p a r e n t  p e a k  in  the  b lue  at a somewha t  longer  
w a v e l e n g t h  t h a n  the  h i g h - t e m p e r a t u r e  sample.  

Rep re sen t a t i ve  curves  for one ( Z n , C d ) S  compo-  
s i t ion f rom each series are  shown  i n  Fig.  2. Samples  

I (700~)~ ! 
I i---Br I 

I~176 i ' ~  / 2 ~  

II / 't, \ 
ill/ /",, \ UI/ / ",..' 

04000  4 5 0 0  5000 55100 a 
WAVELENGTH - A 

1 
6 0 0 0  

Fig. 1. Spectral distribution of El. emission ef ZnS:Cu, halide 
phosphors, 200v, 200 cps (peaks normalized). 
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Fig. 2. Spectral distribution of EL emission of (Zn,Cd)S:Cu, halide 
phosphors; chloride and iodide--7 mole % CdS; bromides8 mole 
% CdS; 20Or, 200 cps (peaks normalized). 

w i t h i n  each series w i th  a g iven  coac t iva tor  showed 
the  expected shif t  to longer  w a v e l e n g t h s  w i t h  i n -  
c reas ing  p ropor t ion  of CdS and  a shif t  to shor te r  
w a ve l e ng t h s  w i th  inc reas ing  exc i ta t ion  f requency .  
The m a g n i t u d e  of these  shifts  was  s o m e w h a t  de-  
p e n d e n t  on the  pa r t i cu l a r  coact ivator .  

Brightness, power, and efficiency.--The r e l a t ive  
br ightness ,  power  d iss ipa t ion  per  cell u n i t  area,  
and  efficiency for b romide  a nd  chlor ide  coac t iva-  
t ion  are shown as a f unc t i on  of CdS concen t r a t i on  
in  Fig.  3a, b, and  c respect ively .  2 These va lues  al l  
d imin i sh  r ap id ly  w h e n  CdS is in  excess of severa l  
mole  per  cent.  Cor r e spond ing  da ta  for the  h igh -  
t e m p e r a t u r e  iodide coac t iva ted  phosphor  are  shown  
in  Fig. 4a, b, a nd  c. Here ,  b r i gh tnes s  exh ib i t s  an  i m -  
med ia t e  s ens i t i v i ty  to  the  p resence  of CdS a n d  b e -  
gins  to decrease  a t  once, b u t  the  power  d i ss ipa t ion  
decl ines a t  an  even  fas ter  ra te .  As a resul t ,  m a x i -  
m u m  efficiency occurs a t  6 mole  % CdS, b u t  at  th is  
po in t  the  b r igh tnes s  has suffered a severe  loss f rom 
its in i t i a l  value .  

2 Changes  in EL emiss ion color for  the  composi t ions of i n t e r e s t  
here  w e r e  slight. Therefore ,  by  cons ider ing  luminance  r a the r  t h a n  
total quanta ,  only a smal l  er ror  i s  i n t r o d u c e d  withou t  a f fec t ing  the  
t r e n d s .  
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for (Zn,Cd)S:Cu, Br, or CI as a function of CdS concentration, 
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Fig. 5. Crystal structure, relative brightness, power, and efficiency 
as a function of CdS concentration for (Zn,Cd)S:Cu,I fired at 
700~ with sulfur, 200v, 200 cps. 
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Fig. 4. Crystal structure, relative brightness, power, and efficiency 
as a function of CdS concentration for (Zn,Cd)S:Cu,! fired at 
1075~ 200v, 200 cps. 

The most interesting behavior occurred in the 
iodide coactivated samples fired at 700~ with sul- 
fur. In this series the phosphor with no CdS was 
considerably brighter  than the corresponding high- 
temperature  preparation, and the brightness of the 
former, shown in Fig. 5a, was diminished only 
slightly by the addition of as much as 7 mole % 
CdS, and even 10 mole % effected only a relatively 
moderate reduction. The power dissipation (Fig. 
5b) was initially the highest in any of the series, 
but with increasing amount  of CdS, a remarkable  

decrease occurred so that with 3 mole % CdS, the 
power is only 10% of its initial value. Efficiency, 
shown in Fig. 5c, reaches a max imum with 7 mole % 
CdS, but in this instance the improvement  is not 
accompanied by the appreciable brightness loss 
noted with the h igh- tempera ture  material. 

Discussion 

In the present study, phosphors with the highest 
brightness in a given series are associated with 
cubic or faulted structures. In the low-tempera ture  
iodide coactivated samples, the single cubic phase 
persists with a higher proportion of CdS (10 mole 
% ) than in any of the other series (Fig. 5a). How- 
ever, a slight decrease in brightness noticeable for 
the cubic compositions with 7 and 10 mole % CdS 
may be an indication of the incipient formation of 
the hexagonal structure. The different firing tem- 
peratures for the two iodide coactivated series ac- 
count for s tructural  differences in samples with 
equivalent ZnS-CdS ratios (compare Fig. 4a and 
5a). The chloride and bromide coactivated samples, 
however, were fired at the same temperature  
(950~ and it is probable that  in their case struc- 
tural differences (Fig. 3a) for equivalent compo- 
sitions reflect a different influence of the respective 
coactivators. Similar effects on structure have been 
described by Shrader  and Larach (11). 

Conclusions 

The data presented support the conclusion of an 
increasing number  of investigators, (2, 3, 11-13) 
that cubic or complex faulted structures of ZnS 
are the most suitable for attaining maximum EL. 
This has been attr ibuted to the absence in the cubic 
structure of deep traps found in the hexagonal 
modification (3, 11). The EL properties are simul- 
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t a n e o u s l y  in f luenced  b y  i n t e r r e l a t e d  effects f r o m  
p h a s e  r e l a t i o n s h i p s  i n v o l v i n g  the  s e g r e g a t i o n  of 
copper ,  c r y s t a l  s t r uc tu r e ,  and  t r a p p i n g  s ta tes .  The  
r e l a t i v e  i m p o r t a n c e  of each  of t he se  s e p a r a t e l y  c a n -  
no t  be  d e c i d e d  a t  p r e sen t .  
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An X-Ray Study of Pyrochlore Fluoantimonates 
of Calcium, Cadmium, and Manganese 

M. A. Aia, 1 R. W. Mooney, and C. W. W. Hoffman 
Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, Pennsylvania 

ABSTRACT 
Pyroch lo re  f luoant imonates  of d iva len t  meta ls  have the genera l  fo rmula  

MIIl+a+b/2Sb206 (O'a -~ Fb) and can demons t ra te  both cat ion and anion defects.  
F luoan t imona tes  of Ca, Cd, and Mn having the pyrochlore  s t ruc ture  were  p re -  
pa red  and indexed  as f ace -cen te red  cubic f rom x - r a y  powder  pat terns .  The 
cell  edge of al l  b ina ry  combinat ions  decreased l inear ly  f rom Ca (10.30A) to 
Cd (10.27A) to Mn (10.14A) f luoantimonate.  Calcium f luoant imonate  c rys t a l -  
l ized as a defect  pyrochlore ,  wi th  both  Ca and F deficiencies. The s t ruc ture  of 
Cal.56Sb206.37F0.44 was de te rmined  by  the method  of least  squares  f rom powder  
pat terns .  The va lue  of the  var iab le  oxygen  pa rame te r  x was 0.287. F luo r ide  is 
much less s table in the  ant imonates  of Cd and Mn, but  as l i t t le  as 0.2% fluoride 
can be sufficient to cause these ant imonates  to crys ta l l ize  in the  pyrochlore  
s t ructure .  

Cub ic  c o m p o u n d s  of t he  p y r o c h l o r e  s t r u c t u r e  c lass  
h a v e  b e e n  s t u d i e d  w i t h  r e n e w e d  i n t e r e s t  s ince  t h e  
d i s c o v e r y  of f e r r o - e l e c t r i c i t y  in  c a d m i u m  n ioba t e ,  
Cd2Nb2OT, b y  Cook a n d  Ja f fe  (1 ) .  P y r o c h l o r e s  h a v e  
the  i d e a l i z e d  f o r m u l a  A2B206X, w h e r e  A I,II,m a n d  
B Iv,v,vI a r e  s u i t a b l e  ca t ions  of t he  p r o p e r  va lences ,  
a n d  X is O, OH, and  F. Jona ,  Sh i r ane ,  and  P e p i n s k y  
(2)  g ive  a n  e x c e l l e n t  d e s c r i p t i o n  of t he  p y r o c h l o r e  
s t r u c t u r e  in  t h e i r  p a p e r  on  Cd2Nb20~ a n d  r e l a t e d  
compounds .  A n o t h e r  s y n t h e t i c  c o m p o u n d  w i t h  t he  
p y r o c h l o r e  s t r uc tu r e ,  ca l c ium f l u o a n t i m o n a t e  or  
f luoromei te ,  has  r e c e n t l y  been  f o u n d  to e x h i b i t  b o t h  
f luorescence  (3)  a n d  p h o s p h o r e s c e n c e  (4 ) ,  t h u s  
i n t r o d u c i n g  th is  s t r u c t u r e  class to t he  f a m i l y  of s e l f -  
a c t i v a t e d  phosphor s .  

The  f irst  c o m p l e t e  s t r u c t u r a l  a n a l y s i s  fo r  a n -  
t i m o n a t e  c o m p o u n d s  of t he  t y p e  s t u d i e d  h e r e i n  
was  g i v e n  in  1932 b y  Zed l i t z  (5) .  In  his  s t u d y  of 

1Present  address: General  Telephone and Electronics Labora- 
tories. Inc. ,  Bayside,  N e w  York.  

t he  m i n e r a l  r o m e i t e ,  w i t h  g e n e r a l i z e d  f o r m u l a  
(Ca ,Mn,Na)2Sb206 ( O , O H , F ) ,  Zed l i t z  f o u n d  t h a t  
f luor ide  was  e s sen t i a l  to  t h e  f o r m a t i o n  of  t he  p y -  
roch lo re  s t r uc tu r e ,  a n d  t h a t  a con t inuous ,  t h r e e -  
d i m e n s i o n a l  a r r a y  of SbO6 o c t a h e d r a  he ld  t h e  s t r u c -  
t u r e  t o g e t h e r  in  a f r a m e w o r k  of compos i t i on  
(Sb206)~. The  Ca, F,  a n d  excess  O ions  occup ied  
holes  in  the  f r a m e w o r k  a t  spec ia l  f ixed  pos i t ions .  In  
1944, B y s t r S m  (6) r e p o r t e d  a c o m p l e t e  s t r u c t u r a l  
ana lys i s  of Ca2Sb2OT, Cd2Sb20~, a n d  Sr2Sb20~ and  
found  t h a t  t h e y  h a d  a s t r u c t u r e  no t  l i k e  p y r o c h l o r e ,  
b u t  i n s t e a d  l i ke  w e b e r i t e ,  in  w h i c h  a l l  s even  o x y g e n  
a toms  a re  c o - o r d i n a t e d  to  a n t i m o n y  a t o m s  r e s u l t -  
ing  in  o r t h o r h o m b i c  i n s t e a d  of cubic  s y m m e t r y .  

In  1950, B u t l e r  and  c o - w o r k e r s  (7)  r e p o r t e d  on 
s tud ies  of c a l c ium a n t i m o n a t e s  as r e l a t e d  to  t h e  
f o r m a t i o n  of  c a l c i u m  h a l o p h o s p h a t e  phosphor s .  
Some  of  t he  x - r a y  w o r k  of  B y s t r S m  (6)  a n d  M a g -  
n~li  (8)  was  conf i rmed,  as  w a s  t he  con ten t ion  of 
Zed l i t z  t h a t  f luor ide  ion  was  e s sen t i a l  to  t he  f o r m a -  
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t ion of calcium romeite ,  i.e., calcium ant imonate  
wi th  the pyrochlore  s t ructure.  However ,  in  an a t -  
t empt  to expla in  the  s to ichiometry  of calcium fluo- 
ant imonate,  But le r  and co-workers  concluded tha t  
both t r iva l en t  and pen tava len t  an t imony  were  
present .  They proposed the formula,  Ca4Sb2mSb2 V 
OllF2, which would inval ida te  the s t ruc ture  ob-  
ta ined b y  Zedli tz.  

The presen t  work  was unde r t aken  to resolve the  
differences in the l i t e ra tu re  by means  of a s t ruc tu ra l  
analysis  of cubic calc ium fluoantimonate,  and to ex-  
tend the resul ts  to cover analogous compounds of 
manganese  and cadmium. Since most calcium halo-  
phosphate  phosphors now manufac tu red  contain 
smal l  amounts  of cadmium (9) ,  as wel l  as 
manganese  and ant imony,  the resul ts  could also be 
useful  in a s tudy of in te rmedia tes  formed dur ing  
the synthesis  of such phosphors.  

Experimental 
Preparation o~ samples.--The cubic calcium fluo- 

an t imonate  whose s t ruc ture  was analyzed  was p r e -  
pa red  by  the  method of But ler  and co-workers  (7) 
f rom CaCOs, CaF2, and (Sb204)0.75" (Sb~O8)0.25, of 
luminescent  grade  pur i ty .  The (Sb204)0.vs" (Sb~O~)0.25 
was p repa red  whi le  a t t empt ing  to p repa re  Sb204 
by  hea t ing  a 1-in. l ayer  of cubic Sb208 for 10 hr  
at  400~176 in air;  about  25% SbeOs was de-  
tected by  x - r a y  diffraction af ter  this t rea tment .  One 
mole of each ingredien t  was pebble  mi l led  together ,  
fired 1 hr  a t  980~ in a quar tz  crucible,  ground, r e -  
fired 1 hr  at  1175~ and reground.  The b lue -wh i t e  
calcium ant imonate  was suspended 3 t imes in 10% 
HNO3 to leach out the excess CaF2. Analys is  of the 
dr ied produc t  gave 15.0% Ca, 58.5% Sb, and 2.3% F, 
which corresponds to the formula  Cal.56Sb206.~F0.44. 
The exper imen ta l  densi ty  was 5.02 g -cm -8. If other  
compounds were  present ,  they  could not be found 
by  x - r a y  diffraction, con t ra ry  to the  resul ts  of 
Cheval ier  and  co-workers  (4) who found CaSb~O6 
and Ca2SbeOz in a s imi lar  prepara t ion .  

Cadmium f luoant imonate  was best  p r e p a r e d  by  
mixing one mole each of CdO2 (10), CdF2, and  
(Sb204) 0.~ (Sb208) 0.25. A soft, un i fo rmly  reac ted  
ma te r i a l  was obta ined by  firing 1 hr  at  845~ in a 
covered crucible.  When CdO or CdCO~ was used in 
place of CdO2, the firing produc t  was much less 
homogeneous. The o l ive-green  cadmium ant imonate  
was leached wi th  10% HNO3 to remove  the excess 
cadmium, which was present  most ly  as CdO af ter  
firing. Typica l  analyses  were  38.8% Cd, 42.0%Sb, 
and 0.2% F, which corresponds to the formula  
Cd2.0Sb~Os.gF0.~. The expe r imen ta l  dens i ty  var ied  
f rom 6.76 to 6.86 g -cm -a. No other  compounds were  
found by  x - r a y  diffraction. 

A series was made  in which a var iab le  amount  of 
CdF2 was mixed  wi th  CdO and Sb203, keeping  a 
constant  atomic rat io  of 2.05 Cd per  2 Sb. Stat ic  
firing of the  mix tures  showed that,  in the absence 
of fluoride, the or thorhombic  Cd2Sb20~ formed at  
430~ af ter  18 hr, and much fas ter  at  h igher  t em-  
peratures .  The cubic cadmium f luoant imonate  was 
formed by  firing be tween  480 ~ and 540~ for 75 
rain, when at  least  0.4 a tom F per  mole Sb2Os was 
present ;  samples fired at  720~ showed e i ther  the  

or thorhombic  ant imonate ,  or a mix tu re  of this  wi th  
the cubic f luoantimonate.  Presumably ,  the compo- 
sition moves across a phase bounda ry  upon the 
loss of the smal l  quan t i ty  of fluoride requ i red  to 
stabil ize the pyrochlore  s t ructure.  

Manganese fluoantimonates,  and al l  the  b ina ry  
mixed  ant imonates  were  p repa red  by  combining 
2.0 moles of MO (MO was CaCO~, CdO~, MnCO3, 
or any b i n a r y  m i x t u r e ) ,  1.0 mole of Sb208, and 
1.2 moles of NH4F. HF. The mix tures  were  b lended 
by pebble  mil l ing overnight  in acetone. Af te r  d r y -  
ing, the powders  were  hea ted  in covered porcela in  
crucibles at  550~ mor tared ,  rehea ted  f rom 800 ~ to 
1150~ and reground.  The final firing schedule was 
varied,  depending on the composition, to minimize  
s inter ing and inhomogenei ty;  the h igher  the Mn 
content,  the da rke r  the color, and the lower  the  
firing tempera ture .  Analyses  on a manganese  fluo- 
an t imona te  rehea ted  2 hr  at  850~ were  26.8% Mn, 
49.7% Sb, and 0.35% F. Impur i t ies  (Mn208 and 
MnSb206) were  found by  x - r a y  diffraction, and 
it was not meaningfu l  to es t imate  the s to ichiometry  
of the manganese  f luoant imonate  prepared .  In all  
samples, meta l l ic  impur i t ies  de tec table  by  spec- 
t rographic  analysis  were  less than  0.1%. 

X-ray di~raction methods.--X-ray diffraction 
pa t te rns  were  t aken  on a Phi l ips -Nore lco  unit,  
using n icke l - f i l te red  CuKa rad ia t ion  (1.5418A). Long 
exposures  were  made  on 114.6 mm Debye -Sche r r e r  
cameras  to de te rmine  impuri t ies .  In tens i ty  and 28 
values  were  t aken  f rom diff ractometer  t racings  
made at  a scanning speed of ~/4~ The d i f f rac-  
tometer  was ca l ibra ted  wi th  Si and checked wi th  
W, assuming values  given by  the Nat ional  Bureau  
of Standards .  The observed intensi t ies  were  meas -  
ured  on the dif f ractometer  t rac ing by  graphica l  
integrat ion.  The resul t ing  values  were  corrected for 
changes in sli t  width,  giving the Io values,  scaled to 
a m a x i m u m  value  of 1000, shown in Tables I and 
III. The reflections used to calculate  the cubic-cel l  
p a r a m e t e r  were  662, 666 (1022), 840, 844, 1062, and 
884 (1200). These reflections at  high values  of 26 
were  selected because they  were  fa i r ly  intense and 
showed less in ter ference  f rom other  reflections. 
V i r tua l ly  no correct ion was indicated b y  ca l ib ra -  
tion. 

Chemical analyses.--Antimony: The sample  was 
digested overnight  wi th  H2SO4 and KeSO4. F i l t e r  
paper  and more H2SO4 were  added and the solu-  
t ion hea ted  unt i l  clear. An t imony  was then de-  
t e rmined  by  t i t ra t ion  with  KMnO4 (11). Fluorine: 
The sample  was fused with  Na202 and NaeCO3 then 
dissolved. F luor ine  was dis t i l led  off as hydrof luo-  
silicic acid and t i t r a t ed  wi th  thor ium n i t r a t e  solu-  
t ion (11). Calcium: Ant imony  was fumed off wi th  
HBr, then  calc ium was prec ip i ta ted  and weighed 
as the oxalate.  Cadmium: An t imony  was fumed off 
wi th  HBr, then cadmium was prec ip i ta ted  f rom 
s t rongly  acid solution and weighed as CdS. Manga-  
nese: An t imony  was fumed off wi th  HBr, then m a n -  
ganese was de te rmined  by  flame photometry .  The 
presence of calcium or cadmium did not interfere.  
Oxygen:  A t t empt s  to de te rmine  oxygen as t t20 by  
hea t ing  samples in a s t ream of hydrogen  were  un-  
successful, so oxygen was ca lcula ted  b y  difference. 
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Table h Indexed powder patterns and cell sizes of cubic fluoantimenates of calcium, cadmium, and manganese 

Mn fluoantimonate 
Cal.~Sb~O6.~Fo.~ Cd2.oSb~:)~.gFo.1 (0.35% F) 

hkl d (A) Io d (A) Io d (A) Io 

111 5.94 549 5.92 16 5.85 210 
311 3.104 381 3.093 10 3.058 210 
222 2.973 1000 2.965 1000 2.927 1000 
400 2.573 226 2.567 363 2.536 225 
331 2.363 30 2.366 14 - -  

511,333 1.9819 122 1.9762 20 1.9516 75 
440 1.8204 503 1.8149 472 1.7928 385 
531 1.7409 98 - -  - -  1.7142 75 
533 1.5706 67 - -  - -  1.5457 60 
622 1.5529 402 1.5478 440 1.5283 375 
444 1.4866 95 1.4816 109 1.4636 115 

711, 551 1.4422 73 - -  - -  1.4205 60 
731,553 1.3410 88 - -  - -  1.3201 100 

800 1.2875 55 1.2834 56 1.2680 85 
751,555 1.1895 38 . . . .  

662 1.1816 140 1.1779 145 1.1633 150 
840 1.1517 119 1.1480 129 1.1335 125 

911, 753 1.1307 36 - -  - -  1.1134 30 
931 1.0797 24 - -  - -  1.0626 35 
844 1.0513 108 1.0483 113 1.0348 125 

933,771,755 1.0352 24 - -  - -  1.0193 30 
951,773 0.9958 38 - -  - -  0.9796 35 

1022, 666 0.9910 109 0.9883 131 0.9760 145 
953 0.9606 20 - -  - -  0.9459 35 

1111,775 0.9289 23 - -  - -  0.9140 10 
880 0.9105 41 0.9077 48 0.8961 70 

1131,971,955 0.9000 50 - -  - -  0.8863 45 
1133,973 0.8737 49 - -  - -  0.8603 45 

1062 0.8706 187 0.8680 200 0.8571 205 
1200,884 0.8585 137 0.8559 146 0.8451 145 
1151, 777 0.8496 26 - -  - -  0.8367 40 
1153,975 0.8274 49 - -  - -  0.8148 80 
1240 0.8144 135 0.8120 145 0.8019 95 

1311,1171,1155,993 0.7878 113 - -  - -  
1066 0.7855 195 0.7831 215 
1244 0.7766 213 

Cell size, ao(A.) 10.300• 10.269• 10.141___0.003 

X-ray Powder Patterns 
X - r a y  powder  pa t t e rns ,  i ndexed  as f ace -cen t e r ed  

cubic, are  g iven  in  Tab le  I for the  f luoan t imona tes  of 
calc ium,  cadmium,  a n d  m a n g a n e s e  descr ibed  above.  
F o u r  l ines  due to Mn203 and  MnSb2Oe impur i t i e s  
were  d i scoun ted  in  the  i n d e x i n g  of the  m a n g a n e s e  
f luoant imonate .  The  cell sizes fo l lowed the  e x -  
pected progress ion  and  decreased f rom ca lc ium to 
c a d m i u m  to m a n g a n e s e  f luoant imonate .  Al l  th ree  
compounds  w e r e  deficient i n  fluoride, and  on ly  the  
c a d m i u m  f luoan t imona te  con ta ined  the  expected  2 
a toms of d i v a l e n t  m e t a l  per  two a toms of a n t i m o n y .  
The  a p p a r e n t  s to ich iomet ry  of cubic  c a d m i u m  fluo- 
a n t i m o n a t e  was  conf i rmed by  chemica l  ana lys i s  of 
severa l  o ther  p r e p a r a t i o n s  and  wi l l  be  discussed 
later .  However ,  no  special  s ignif icance need  be as -  
c r ibed  to the  specific ra t ios  of a toms since t h e y  r e -  
flect, in  par t ,  the  p a r t i c u l a r  me thods  of p repa ra t ion ,  
the resul t s  of chemica l  ana ly t i ca l  procedures ,  a nd  
the  pecul ia r i t ies  of the  pyroch lo re  s t ruc ture .  

Structure Determination 

The dif f ract ion p a t t e r n  of Cal.56SbeOe.3~Fo.44, ca l -  
c ium f luoan t imona te  w i th  the  rome i t e  or py r o -  
chlore  s t ruc ture ,  con t a ined  36 l ines,  al l  of which  
were  r ead i ly  i ndexed  as cubic (Tab le  I ) .  The  sys te -  
ma t ic  .absence of al l  hk l  ref lect ions for  which  h -l- 
k, k § 1, and  1 + h ~ 2n, a n d  a l l  Okl  type  reflect ions 

for wh ich  k + 1 ~ 4n  was  cons is ten t  w i th  the  space 
group of pyrochlore ,  Fd3m-OTh. The  dens i ty  ca lcu-  
la ted  for 8 molecules  of Cal.soSb206.3vF0.~4 per  u n i t  
cell is 5.06, wh ich  agrees w i t h i n  0.8% of the  expe r i -  
m e n t a l  dens i ty  of 5.02 g - c m  -3. The  dens i ty  ca lcu-  
la ted  for Ca2Sb2OsF is 5.33. In  1932, Zedl i tz  (5) 
p laced the  a toms of the  m i n e r a l  romei t e  in  the  fol-  
l owing  special  posi t ions of space group Fd3m-OTh, 
w i th  or ig in  at  43m, and  8 molecules  of Ca2Sb206(O', 
F ) ,  w he r e  O' is the  o x y g e n  in  excess of 6 a toms per  
2 Sb: 

1 6 S b i n l 6 d :  %, %, %; %, 7/s, 7/s; 7/8,%,7/s; 
%, %, %. 

1 6 C a i n l 6 c :  % , % , % ;  ~/s, %, %;  %, %, %; 
%, % , % .  

8 (O '  + F )  i n 8 a :  0 , 0 , 0 ;  �88  1/4, 1A. 

4 8 O i n 4 8 f :  x, 0, 0; x, 0, 0; 1/4 + x ,  1/4, 1/4; I /4--x ,  
1/4, 1/4; O, X, O; O, X, O; 1/4, ~/4 ~- X, 1/4; 

1/4, V 4 -  X, ]/4; O, O, X; O, O, X; 1/4, V4, 
1//4 ~- X; 1/4, V4, V 4 - - X .  

F u r t h e r  i n f o r m a t i o n  is g iven  in  the  I n t e r n a t i o n a l  
Tables  (12).  The  on ly  u n d e t e r m i n e d  a tomic  p a r a m -  
e ter  in  the  s t r u c t u r e  was  x. As a first app rox ima t ion ,  
a va lue  of 0.25 was  chosen and  re la t ive  in tens i t i e s  
we re  calculated,  w i th  F a n d  O' a toms in  the  8a 
special  posit ions,  f rom the  w e l l - k n o w n  re la t ion  
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Table II. Final values of oxygen parameter x for Cal.56Sb206.37Fo.44 
(x and ~r ore expressed as fractions of the unit-cell parameter) 

F a n d  O' 
pos i t i ons  x Std.  dev . ,  ~ R = Yr 
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Table III. Values of Io and Ic for the final value 
x ~ 0.287 for the compound Cal.56Sb206.37Fo.44 

h k l  d Io Ie h k l  d Io Ie 

8a 0.287 0.0022 0.101 
8b 0.263 0.0051 0.234 

Ir ---- k p I Fhkl] 2 
( i+cos229)  

(sin28cosS) 

111 5.94 
220 
311 3.104 
222 2.973 
400 2.573 
331 2.363 
422 

where  p is the  mu l t i p l i c i t y ;  Fhkl is the  s t ruc tu re  511\  
ampl i tude ;  f (~0) is the  u s u a l  Loren tz  po la r i za t ion  333J 1.9819 
t e rm;  and  k is a factor  for sca l ing  Ic to Io by  se t t ing  440 1.8204 

531 1.7409 
~Ic = ~Io. Values  of a tomic  sca t te r ing  factors we re  

620 
t a k e n  f rom James  and  B r i n d l e y  (13) .  For  the  for-  533 1.5706 
m u l a  Cal.56Sb206.37Fo.44, the  sca t te r ing  factor,  f, for 622 1.5529 
the ( F + O ' )  sites was  t a k e n  as the  m e a n  b e t w e e n  444 1.4866 
]o and  :iF because  of the i r  n e a r l y  equa l  occupancy  711~ 1.4422 
of these sites (0.44 F -[- 0.37 O') ,  and  because  of 551J 
the i r  n e a r l y  e q u i v a l e n t  a tomic  n u m b e r s .  Comple te ly  642 - -  
r andomized  locat ion of F and  O' ions in  the  special  731\  
posi t ions was  thus  assumed.  The va r i ab l e  p a r a m e t e r  553J 1.3410 
x was  ref ined b y  the  m e t h o d  of least  squares  (14) t o  800 1.2875 
min imize  ~W(Io-Ic) 2 a n d  d e t e r m i n e  the  p robab l e  733 - -  
e r ror  in  x. The  we igh t i ng  factor,  w, was  ass igned a 822~ - -  
va lue  of u n i t y  th roughout .  A smal l  t e m p e r a t u r e  660f 
correct ion factor,  B = 0.5A -2, was  appl ied  to the  751\  
to ta l  s t r uc tu r e  d u r i n g  the  i te ra t ion .  This  t r e a t m e n t  555f 1.1895 
ref ined the  v a l u e  of x to 0.287 and  decreased R 662 1.1816 
(~IIo-Ir to 0.10. Calcu la t ions  were  t h e n  car r ied  840 1.1517 
out  for the  F and  O' a toms in  special  posi t ions 8b, 911\  
which  a re  also spa t ia l ly  possible. Resul t s  are s u m -  753f 1.1307 
mar i zed  in  Tab le  II. 664 - -  

931 1.0797 
It  is obvious  tha t  the  bes t  fit of ca lcu la ted  to ob-  844 1.0513 

served in tens i t i es  is g iven  wi th  the  F and  excess O 
atoms in  the 8a posit ions.  The 8b posi t ions of F 933~ 
and  O' a toms yie ld  a s ign i f ican t ly  l a rge r  R factor.  771~ 1.0352 
The large  effect of the  seeming ly  smal l  c o n t r i b u t i o n  755J 
of these  a toms to the  s t r u c t u r e  factor,  F 2 = ~A 2 + 
~B 2, occurs  because  the  c o n t r i b u t i o n  of these  a toms 
to A and  B, the  rea l  and  i m a g i n a r y  componen t s  of 
the  s t ruc tu re  factor,  unde rgoes  a phase change  
which  reverses  s ign for all  reflections wi th  odd i n -  
dices. This  r eve r sa l  in  s ign effects the  s u m m e d  
va lues  of A and  B, as reflected in  Tab l e  II. The  cal-  
cu la t ions  were  no t  repea ted  for  the  f o r m u l a  
Ca2Sb206(F,O')  because  the  c o m p o u n d  wi th  2Ca 
per  2Sb a toms wou ld  on ly  be a special  case of the  
genera l  f ami ly  of compounds ,  Cal +a+b/2Sb206 (O'a-~- 

549 552 I020~ 
- -  6 862f - -  - -  2 

381 398 951\  
1000 1018 773f 0.9958 38 30 

226 205 1022~ 
30 41 666S 0.9910 109 122 

8 953 0.9606 20 21 

122 110 1042 - -  - -  1 
I i i i \  

503 551 775J 0.9289 23 23 
98 101 880 0.9105 41 50 
- -  1 I131~ 
67 48 971} 0.9000 50 40 

402 376 955J 

95 66 1060\ 
73 61 866S - -  - -  2 

1133\ 
- -  O 973f 0.8737 49 41 

88 87 1062 0.8706 187 190 
1200\ 

55 48 884f 0.8585 137 112 

- -  3 1151\ 
777j 0.8496 26 21 

- -  3 1222~ 
i064J - -  - -  5 

1153\ 
38 30 975J 0.8274 49 46 

140 136 
119 91 1240 0.8144 135 149 

991 - -  - -  19 
36 28 1082 - -  - -  O 

- -  0 1311~ 
24 20 1155~ 

108 122 1171| 0.7878 113 104 

993J 

24 20 1066 0.7855 195 215 
1244 0.7766 213 290 

Fb),  which  is suggested b y  the s t ruc ture .  F u r t h e r -  
more,  a f o r mu l a  such as Ca2Sb206F is u n l i k e l y  since 
it  is u n b a l a n c e d  by  one electr ical  uni t ,  a nd  Ca2Sb20~ 
is no t  a pyrochlore .  Tab le  I I I  gives va lues  of ob-  
served i n t e n s i t y  a nd  ca lcu la ted  i n t e n s i t y  for x ---- 
0.287 (8a pos i t ions) .  The  observed  in tens i t i es  were  
scaled so tha t  the  s t ronges t  ref lect ion (222) had  a 
va lue  of 1000. 

The  bond  dis tances  ca lcu la ted  f rom the  s t r uc tu r e  
are l is ted in  Tab le  IV. The  bond  dis tances  found  

Table IV. Bond distances for compounds related to calcium fluoromeite, and of the general formula AxB2OyFz 

(all values in Angstroms) 

B y s t r ~ m  Bys t r / Jm 
P r e s e n t  w o r k ,  Zed l i t z  Cd2Ta~O7 Ca~Sb~O~ Magn~ l i  P a u l i n g  

B o n d  CaL~GSb206.aTFo.~4 (Ca,Mn,Na)  ~Sb~ (O,OH,F) ~ (pyroch lo re )  (weber i t e )  PbSb~O~ (ca lcula ted)  

A - -  O 2.47 
A - -  F 2.23 
B - -  O 2.04 
F - -  O 2.95 
O - -  O 2.63-3.11 
O - - O  
(c axis) 4.39 
Error: ___0.02 

2.55 2.50 and 2.25 2.32-2.62 2.52 2.39 
2.23 - -  - -  - -  2.35 
1.97 2.04 1.95-2.00 2.00 2.02 
3.08 __ - -  - -  2.76 

2.67-2.90 2.66-? 2.60-? 2.60-? 2.80 

m 

m 
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(00111 �9 Co 
r �9 Sb 

(l~o) 0 0 

Fig. 1. Configuration of Sb06 octahedra in calcium fluoanti- 
monate, with pyrochlore structure, projected on (110). Not shown 
are the Ca ions which overlap the Sb ions at (Vs, Vs), etc., and 
the excess oxygens and fluorines, located above and below the Ca 
ions. Adapted from Jona and co-workers (2). 
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Fig. 2. Cell size vs .  composition of pyrochlore fluoantimonates 
of Ca, Cd, and Mn. Weight per cent fluoride found by analysis 
is given in parentheses. Brackets indicate where cell size varied 
with fluoride content of antimonates containing only Cd or only Mn. 

in Cal.56Sb206.3?F0.44 are in  good a g r e e m e n t  wi th  
those found  in  s imi la r  compounds ,  and  wi th  va lues  
p red ic ted  f rom P a u l i n g ' s  ionic radii .  The a g r e e m e n t  
is especial ly  good for the  B-O,  i.e., Sb-O,  bond  dis-  
tance.  This  is expected  since the  s t ruc tu re s  of al l  
of the  compounds  are d e p e n d e n t  on a con t inuous  
n e t w o r k  of BO6 oc tahedra  for the i r  r ig idi ty .  

F igu re  1 shows the  conf igura t ion  of SbO6 octa-  
hedra  in  ca lc ium f luoant imonate ,  or for tha t  ma t t e r ,  
any  pyroch lore  an t imona te .  It  is easi ly  seen tha t  
ca lc ium deficiencies can occur w i thou t  d a m a g i n g  
the  i n t eg r i t y  of the  s t ruc ture ,  which  is held toge ther  
by  the  octahedra,  since the  ca lc ium ions ac tua l ly  
occupy large  holes in  the  ne twork .  The same is t r ue  

of the f luor ine and  excess oxygen  ions, which  are 
located above a nd  be low the  ca lc ium ions, bu t  are  
not  shown on Fig. 1. 

Solid So lu t ion  S tud ies  

B i n a r y  m i x t u r e s  of f luoan t imona tes  of Ca, Cd, 
and  Mn were  p r e p a r e d  and  s tudied  by  x - r a y  diffrac-  
t ion. The  compounds  showed a l i nea r  decrease in  
cell size as the  ca t ion  was  va r i ed  f rom Ca to Cd to 
Mn, ind ica t ing  con t inuous  solid solut ions  were  
formed.  Var ia t ions  in  cell  p a r a m e t e r  and  fluoride 
con ten t  wi th  composi t ion  are shown on Fig. 2. I t  
is ev iden t  tha t  f luoride con ten t  also va r i ed  w i th  
composi t ion,  a nd  tha t  the  cell  p a r a m e t e r  va r i ed  
w i th  f luoride con ten t  ( shown  as we igh t  pe r  cen t ) .  
Much  less f luoride t h a n  one F per  two Sb a toms 
needs  to be incorpora ted  to ob ta in  pyroch lo re  a n -  
t imona tes  of Ca, Cd, or Mn. The f luoride con ten t  of 
five samples  of cubic c a d m i u m  f luoan t imona te  
r anged  f rom <0.03 to a h igh of on ly  0.23 a tom F 
per  2 atoms Sb. The i n s t ab i l i t y  of f luoride in  cad-  
m i u m  f luoan t imona te  is discussed f u r t h e r  below. 

Discussion 

S t o i c h i o m e t r y . - - T h e  cubic f luoan t imona te  of cad-  
m i u m  was not  ca t ion  deficient  l ike tha t  of calcium. 
This can be exp la ined  by  the  fact tha t  f luoride is 
no t  t h e r m a l l y  s table  in  c a d m i u m  f luoan t imona te ,  
hence  c a d m i u m  atoms do not  have  to be r emoved  to 
compensa te  for the  charge  difference b e t w e e n  i n -  
corpora ted  F and  O atoms. The lower  t h e r m a l  s ta -  
b i l i ty  of fluoride in  c a d m i u m  f luoan t imona te  vs. the 
h igh s tab i l i ty  in  ca lc ium f luoan t imona te  is a n a -  
logous to the  re la t ive  s tabi l i t ies  of CaF2 and  CdF~ 
and  can be a t t r i b u t e d  to the m u c h  lower  e lec t roposi -  
t ive  n a t u r e  of Cd, which  resul t s  in  lower  b i n d i n g  
s t r eng th  w i th  fluorine.  A compar i son  of the  es t i -  
ma t e d  pa r t i a l  charges  on the  atoms in  the  f luoant i -  
mona tes  and  fluorides of ca lc ium and  of c a d m i u m  is 
g iven  in  Table  V. The me thod  of calcula t ion,  deve l -  
oped by  S a nde r son  (15) ,  is based on the  e lec t ro-  
nega t iv i t i es  of the  e lements .  The  resul t s  ind ica te  tha t  
the  e lectrosta t ic  a t t r ac t ion  b e t w e e n  Ca or Cd a toms 
and  F a toms in  the f luoride is v e r y  s imi la r  to the  
a t t r ac t ion  in  the f luoant imonates .  

As repor ted  above (p. 1050), the ca lcula ted  and  
observed  densi t ies  of Ca~.56Sb206.37FoA4 agree w i t h i n  
0.8%. For  Cd2 0Sb206.gF0.1, the  fo rmula  suggested by  
chemical  analyses ,  the dens i ty  ca lcula ted  for the 
same s t ruc tu re  is 7.11, which  is 3.6% h igher  t h a n  
the observed  dens i ty  of 6.86 g - c m  -3. The presence  
of a smal l  a m o u n t  of i m p u r i t y  such as Cd2Sb207 
canno t  be ru l ed  out  and  m a y  be respons ib le  for 
the  dens i ty  d i sc repancy  w i t h  c a d m i u m  f luoan-  
t imonate .  If a l l  the a n t i m o n y  is a s sumed  to be 
p e n t a v a l e n t ,  a nd  the  o ther  a toms are  ass igned the i r  

Table V. Comparison of partial charges on atoms in fluorides 
and fluoantimanates of calcium or cadmium 

P a r t i a l  C h a r g e  
C o m p o u n d  C a  o r  C d  F 

CaF2 -t-0.94 --0.47 
Cal.56SbTO6.37F0.44 -~ 1.11 --0.38 
CdF2 -t- 0.54 --0.27 
Cd2.0Sb206.9F0.1 -~ 0.49 --0.30 
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usual  charges, the charges balance to wi th in  --0.06 
unit  in Cal.56Sb206.37F0.44, and to wi th in  q-0.1 uni t  
in Cd2.0Sb206.9F0.1. Thus, i t  appears  tha t  an ear l ie r  
formula t ion  showing both t r iva len t  and pen tava len t  
an t imony in calc ium fluoromeite (7) is unneces-  
sar i ly  complicated and does not al low for cation 
and anion defects. The present  s t ruc ture  de te r -  
minat ion  shows tha t  the cation and anion defects 
in the s to ichiometry  ar ise  na tu ra l ly  f rom the pecu-  
l iar i t ies  of the pyrochlore  s t ruc ture  and the loca-  
t ion of Ca and F ions therein.  The genera l  fo rmula  
for the f luoantimonates s tudied in this work  may  
be wr i t t en  as MrIl+a+b12Sb206(O'~q-Fb). 

Struc ture . - -The  s t ruc ture  found for calcium 
f luoant imonate agrees wel l  wi th  tha t  found by  
Zedli tz (5) for the mine ra l  romeite,  and may  be 
placed in the genera l  class wi th  pyrochlore .  The 
Ca and F ions occupy holes in an infinite ne twork  
of SbO6 octahedra  in face-cen te red  cubic symmet ry .  
Cadmium and manganese  appear  to form analogous 
fluoantirnonates, as would  be p red ic ted  by the geo- 
metr ic  c r i te r ia  es tabl ished by  Isupov (16) and 
Aleshin and Roy (17). These cr i ter ia  and our ex-  
pe r imenta l  resul ts  indicate  tha t  Mn 2+ is just  ba re ly  
a la rge  enough cation to form a pyrochlore  an t i -  
monate,  and hence it is more difficult to p repa re  
cubic manganese  f luoant imonate free of o ther  an t i -  
monates,  especial ly MnSb206. While  it  is wel l  known 
tha t  fluorine can replace oxygen  up to whole a tom 
amounts  in pyrochlores  (5, 17, 18), it has not been 
previous ly  repor ted  tha t  quant i t ies  of fluoride as 
low as 0.2% F can be sufficient to stabil ize the py ro -  
chlore s t ruc ture  for calcium and cadmium an t i -  
monates,  which otherwise would have the weber i te  
s t ruc ture  (6).  Among the best  discussions of the 
effect of va r iab le  oxygen content in pyrochlores  is 
the one by  Pya tenko  (19). 

Importance in calcium halophosphate phosphors. 
- - I t  was repor ted  in 1950 (7) tha t  at 875~ dur ing 
the synthesis  of an t imony-ac t i va t ed  calcium halo-  
phosphate  phosphors  f rom the usual  r aw mater ia ls ,  
p rac t ica l ly  all  of the or iginal  an t imony is conver ted 
into the cubic calcium f luoant imonate  ( romei te)  
before diffusing into the halophosphate  lattice.  
La te r  work  (20) showed tha t  f rom 875 ~ to 1140~ 
near ly  al l  the insoluble (pen tava len t )  an t imony was 
present  as the metaant imonate ,  CaSb206, and not 
as fluoromeite, but  no resul ts  at t empera tu res  be-  
low 875~ were  given. I t  has recen t ly  been found 
that  a small  amount  of Cd, in pa r t i a l  subst i tut ion 
for Ca, produces br igh te r  ha lophosphate  phosphors 
under  u l t rav io le t  exci ta t ion (9).  Absorpt ion  of 
2537A is increased wi th  about  6 at. % Cd subst i tu ted  
for Ca. Because there  is an op t imum amount  of cad-  
mium subst i tut ion in halophosphates ,  there  must  
be an impor tan t  in teract ion wi th  the host lattice,  
or the ac t iva tor  ions. The na ture  of the in terac t ion  
is stil l  unresolved.  A la rge  effect on the lat t ice 
pa ramete r s  would not be expected with  incorpora-  
t ion of 6 at. % Cd because of the s imi la r i ty  of the 
ionic radi i  of Cd e + and Ca 2 +. The improvement  m a y  
be due to the format ion of Cd + --  Mn e+ pairs,  and 
the resu l tan t  resonance exchange,  as pos tu la ted  by  
Ropp (21) in his s tudy of Mn-ac t iva ted  cadmium 
pyrophospha te  and cadmium chlorophosphate  (22) 
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phosphors.  In qua l i ta t ive  agreement ,  we have  found 
that  calcium or s t ron t ium halophosphates  wi thout  
Mn presen t  are not improved  by cadmium. Apple  
(23) recent ly  repor ted  tha t  Cd subst i tut ion in Ca 
ha lophosphate  reduces color -center  format ion  due 
to sho r t -wave  u l t rav io le t  radiat ion,  and leads to 
improved  main tenance  of br ightness  in S b - a n d  Mn- 
ac t iva ted  phosphors exposed to 1850A radiat ion.  
However ,  Apple ' s  observat ions  do not expla in  why  
Mn is also requi red  to obtain improved  lamp pe r -  
formance at 0 or 100 hr. Another  possibi l i ty  lies in 
the phosphor  synthesis  since the f luoant imonate  of 
cadmium forms at  lower t empera tu res  (a round  
480~ than  tha t  of calcium (around 800~ 
During halophosphate  synthesis,  the pen tava len t  
an t imony  may  be combined with  cadmium in p re f -  
erence to calcium. This could reduce the  amount  of 
CaSb206 formed and a l ter  the mechanism by which 
an t imony  diffuses into the ha lophosphate  lattice.  
Ant imonates  of cadmium should be more  easi ly 
incorpora ted  than  ant imonates  of calcium because 
of h igher  vapor  pressures  and grea te r  possibi l i ty  of 
vapor -phase  react ion with  the ma t r i x  at ha lo-  
phosphate  firing tempera tures .  For  example,  in a 
furnace used to p repa re  cadmium-modi f ied  cal-  
cium halophosphate  phosphors,  we have found 
large  quant i t ies  of cubic cadmium fluoant imonate 
deposi ted on the walls  of the furnace.  A s tudy  of 
the phosphor  synthesis  indica ted  tha t  cadmium and 
an t imony were  volat i l ized dur ing  phosphor  fo rma-  
tion, at  least  in part ,  as the insoluble pyrochlore  
f luoantimonate,  Cd2Sb207 (F) .  
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Behavior of Germanium Electrodes in a Ziegler Electrolyte 
R. J. Flannery, 1 J. E. Thomas, Jr., 2 and Dan Trivich 

Department of Chemistry, Wayne State University, Detroit, Michigan 

ABSTRACT 

The behavior of n -  and p- type  germanium electrodes, par t icular ly  under  
anodic condition, was studied in  a Ziegler electrolyte composed of t r ie thyl  
a luminum and sodium fluoride in a 2 to 1 mole ratio. German ium did not dis- 
solve anodically bu t  ra ther  the anode products consisted of pr incipal ly  ethane 
and ethylene together with some butane  and an immiscible liquid. Limit ing 
currents  were observed for n - type  ge rman ium and silicon but  not for the 
p- type  materials.  This result, together with the observation that  the anodic 
saturat ion current  increased directly with increase in l ight  intensi ty  on n - type  
electrodes, indicates that  the anode reaction consumes holes. The cathode pro- 
duct, metall ic a luminum,  formed a rect ifying junct ion on n - G e  or p-Si. 

In  recen t  years,  s tudies  have  b e e n  made  of the  
e lec t rochemica l  behav io r  of g e r m a n i u m  electrodes  
in  r e l a t ion  to the i r  s emiconduc t ing  proper t ies .  Sev-  
eral  r ev iews  of this  w o r k  have  appeared  (1 -3) .  It  
has b e e n  es tabl i shed for semiconduc tor  electrodes 
that ,  in  add i t ion  to the  var ious  c u r r e n t  l i m i t i n g  
processes which  can occur in  the e lec t ro ly te  phase,  
c u r r e n t - l i m i t i n g  processes can  also occur w i t h i n  
the  electrode and  tha t  these can be s tud ied  u n d e r  
su i tab le  e x p e r i m e n t a l  condi t ions.  

B r a t t a i n  and  G a r r e t t  (4) and  T u r n e r  (5) s tud ied  
the anodic  d isso lu t ion  of g e r m a n i u m  electrodes in  
aqueous  po tass ium hydrox ide  solut ions.  They  found  
tha t  c u r r e n t  l im i t a t i on  f rom w i t h i n  the electrode 
occurs for n - t y p e  g e r m a n i u m  bu t  no t  for p - t y p e  
g e r m a n i u m .  They  conc luded  tha t  holes are con-  
sumed  in  the r a t e - d e t e r m i n i n g  step of the e lec t ro-  
chemical  process and  tha t  the  c u r r e n t  is cont ro l led  
by  the  ra te  of gene ra t i on  of car r ie rs  in  the ger -  
m a n i u m  w h e n  the  supp ly  of holes at the  surface  
becomes deple ted  by  the  e lec t rochemica l  react ion.  
They  d e m o n s t r a t e d  t ha i  w h e n  the ra te  of gene ra t i on  
of carr iers  was  increased  by  i l l u m i n a t i n g  the elec-  
trode, the l i m i t i n g  c u r r e n t  increased  in  a p red ic t ab le  
m a n n e r .  

Thus  in  an  anodic  process which  shows such a 
p re fe rence  for reac t ion  w i th  holes, the  chemica l  
ox ida t ion  occur r ing  on  the surface  of the  elec-  
t rode invo lves  a t r ans f e r  of e lect rons  to the  va lence  
b a n d  of the  semiconductor .  In  an  n - t y p e  semicon-  
ductor ,  in  which  holes are the m i n o r i t y  carr ier ,  this  
resul ts  i n  deple t ion  of holes f rom the  surface  reg ion  
of the  semiconductor .  App l i ca t ion  of l a rger  anodic  
bias does not  resu l t  in  an  increase  in  the  concen-  

1 P r e s e n t  add re s s :  R e s e a r c h  a nd  D e v e l o p m e n t  D e p a r t m e n t ,  A m e r i -  
can  Oi l  C o m p a n y ,  P.  O. Box  431, W h i t i n g ,  I n d i a n a .  

~ P r e s e n t  addres s :  I B M  C o m p o n e n t s  D i v i s i o n ,  P. O. B o x  110, 
P o u g h k e e p s i e ,  N e w  York.  

t r a t i on  of holes at the sur face  bu t  r a t h e r  widens  
the  space charge  reg ion  e x t e n d i n g  i n w a r d  f rom 
the  surface.  The anodic  process then  becomes l imi t ed  
by  the  ra te  at which  holes are gene ra t ed  by  t h e r m a l  
means ,  l ight,  etc., in  the  space charge  reg ion  and  
in  the b u l k  of the semiconduc to r  w i t h i n  a diffusion 
l eng th  of the  edge of the  space charge region.  Thus  
all  of the  holes t h a t  diffuse in to  the  space charge  
reg ion  are caught  by  the  field and  are d r i v e n  to 
the surface.  

Ger ischer  a nd  Beck (6) showed, for m a n y  redox 
couples in  aqueous  so lu t ion  at g e r m a n i u m  elec-  
trodes,  tha t  ox ida t ion  p r e f e r e n t i a l l y  occurs by  
t r ans f e r  of e lec t rons  to the  va lence  b a n d  and  u s u -  
a l ly  r educ t ion  p r e f e r e n t i a l l y  consumes  e lec t rons  
f rom the  conduc t ion  band .  C u r r e n t  l i m i t a t i o n  f rom 
w i t h i n  the electrodes occurs for ox ida t ion  on n - t y p e  
g e r m a n i u m  or for r educ t ion  on p - t y p e  g e r m a n i u m .  

In  the e xpe r i me n t s  r epor ted  in  this  ar t ic le  it was 
i n t e n d e d  to d iscern  w h e t h e r  the  anodic  e lec t rochem-  
ical process in  the  chosen n o n a q u e o u s  e lec t ro ly te  
wou ld  be cont ro l led  by  t r ans f e r  of e lec t rons  to the 
conduc t ion  b a n d  or to the  va lence  b a n d  as in  the  
aqueous  systems.  The e lec t ro ly te  used for these  
s tudies  is free of oxygen  and  water ,  and  it  is pos-  
sible tha t  surface  oxide films n o r m a l l y  p re sen t  on 
g e r m a n i u m  are  r e move d  by  e lect rolyt ic  t r e a t m e n t  
in this  electrolyte.  If the  p re fe rences  for t r ans f e r  
of e lec t rons  to the  va lence  or conduc t ion  b a n d  ex-  
h ib i ted  by  g e r m a n i u m  electrodes  in  aqueous  solu-  
t ions are in f luenced  by  the  exis tence  of a surface  
oxide film, the  behav io r  of the  electrodes in  this  
m e d i u m  mi gh t  be  no t i ceab ly  di f ferent  f rom the  
aqueous  case. 

The e lec t ro ly te  used was  first r epor ted  b y  Ziegler  
and  L e h m k u h l  (7) .  These worke r s  discovered tha t  
two moles of t r i e t hy l  a l u m i n u m  react  w i th  one 
mole  of sod ium fluoride to fo rm a complex,  
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Na(A1Ets )2F ,  h a v i n g  a h igh  e l ec t ro ly t i c  c o n d u c -  
t iv i ty .  The  c o m p l e x  is l i qu id  a t  r o o m  t e m p e r a t u r e  
because  i t  supercoo l s  r e a d i l y .  I t s  m e l t i n g  p o i n t  is 
35~ I t  is a c l ea r  l iqu id ,  s l i g h t l y  m o r e  v i scous  t h a n  
wa te r .  The  specific c o n d u c t i v i t y  (8, cf. 7) is 2 x 10 -2  
( o h m - c m )  - I ,  w h i c h  is a b o u t  t he  s a m e  as t h a t  of 
a 5 % aqueous  so lu t ion  of s o d i u m  su l fa te .  The  e l ec -  
t r o l y t e  c o m p l e x  has  a h igh  aff in i ty  for  o x y g e n .  
E t h e r s  a r e  s t a b l e  in  i ts  p r e s e n c e  b u t  a lcohols ,  w a t e r ,  
and  o x y g e n  gas  r e a c t  v i o l e n t l y  w i t h  it. F o r  th is  r e a -  
son e x p e r i m e n t s  m u s t  be  c o n d u c t e d  in  an  e n v i r o n -  
m e n t  f ree  of ac t ive  oxygen .  

E l e c t r o l y t i c  decompos i t i on  of t h e  e l e c t r o l y t e  p r o -  
duces  v e r y  p u r e  a l u m i n u m  a t  t he  ca thode  and  p r o d -  
ucts  c h a r a c t e r i s t i c  of e t h y l  r a d i c a l s  as i n t e r m e d i a t e  
p r o d u c t s  a t  t he  anode .  This  is i l l u s t r a t e d  b y  t h e  fac t  
t h a t  l e ad  anodes  d i s so lve  to p r o d u c e  t e t r a e t h y l  l e a d  
(9) .  A c c o r d i n g  to Z i e g l e r  (9)  g e r m a n i u m  a l k y l s  
can  be  p r e p a r e d  b y  anod ic  d i s so lu t ion  of g e r m a n i u m  
in th is  e l ec t ro ly t e .  Our  r e su l t s  s h o w e d  tha t ,  in con-  
t r a s t  to t he  b e h a v i o r  of lead ,  and  c o n t r a r y  to  t he  
r e p o r t e d  w o r k  of Z ieg le r ,  g e r m a n i u m  does  no t  
d i s so lve  a n o d i c a l l y  to p r o d u c e  t e t r a e t h y l  g e r m a n e ,  
bu t  is iner t .  The  g e r m a n i u m  used  b y  Z i e g l e r  was  
p r o b a b l y  no t  s ing le  c r y s t a l  m a t e r i a l .  Based  on t h e  
w o r k  of Z i eg l e r  i t  was  e x p e c t e d  t h a t  t he  g e r m a n i u m  
w o u l d  e tch  to p r o d u c e  a t r u l y  o x i d e - f r e e  sur face .  
I t  was  f o u n d  in th i s  s t u d y  t h a t  t he  g e r m a n i u m  
e l ec t rodes  h a d  to be  cond i t i oned  b y  a l t e r n a t e  
h e a v y  anod ic  and  ca thod ic  p o l a r i z a t i o n  b e f o r e  r e -  
p r o d u c i b l e  r e su l t s  cou ld  be  ob ta ined .  Th is  r e s u l t  
sugges t s  t h a t  r e d u c t i o n  of t he  su r f ace  ox ide  oc-  
c u r r e d  a t  l e a s t  in p a r t  a n d  w a s  p e r h a p s  n e c e s s a r y  
for  p r o p e r  r e sponse  of  t h e  e lec t rodes .  

Experimental Details 

Electro lyte.--The e l e c t r o l y t e  was  p r e p a r e d  in  an  
a l l - g l a s s  a p p a r a t u s  u n d e r  an  i n e r t  a t m o s p h e r e  of  
pur i f i ed  n i t rogen .  The  i n e r t  a t m o s p h e r e  w a s  r e -  
q u i r e d  because  of t he  spon t aneous  f l a m m a b i l i t y  in  
a i r  of bo th  t r i e t h y l  a l u m i n u m  and  t h e  e l e c t r o l y t e  
complex .  The  t r i e t h y l  a l u m i n u m  was  f r e e d  of 
h y d r i d e s  b y  o v e r n i g h t  t r e a t m e n t  w i t h  m e t a l l i c  
sod ium.  The  e l e c t r o l y t e  was  p r e p a r e d  b y  r e a c t i n g  
a n h y d r o u s  s o d i u m  f luor ide  w i t h  an  excess  of t he  
pur i f i ed  t r i e t h y l  a l u m i n u m  at  a b o u t  80~ M i n o r  
i m p u r i t i e s  o t h e r  t h a n  h y d r i d e  in t he  t r i e t h y l  a l u -  
m i n u m  r e m a i n  in  t he  u n u s e d  por t ion .  The  e l e c t r o -  
l y t e  c o m p l e x  is i m m i s c i b l e  w i t h  t r i e t h y l  a l u m i n u m  
and  m o r e  dense .  I t  s e p a r a t e s  r e a d i l y  to f o r m  a l a y e r  
b e n e a t h  t he  u n u s e d  t r i e t h y l  a l u m i n u m .  The  s p o n -  
t a n e o u s l y  f l a m m a b l e  l iqu ids  w e r e  m o v e d  a b o u t  
t h r o u g h  the  pur i f i ca t ion ,  p r e p a r a t i o n ,  s to rage ,  and  
e l ec t ro lys i s  s y s t e m  b y  m e a n s  of s iphons  o p e r a t e d  
b y  a pos i t i ve  p r e s s u r e  of n i t rogen .  

Electrodes.--The g e r m a n i u m  a n d  s i l icon e l ec -  
t rodes  w e r e  of s ingle  c r y s t a l  m a t e r i a l .  T h e y  w e r e  
cut  r o u g h l y  to shape  w i t h  a d i a m o n d  saw, po l i shed  
to size w i t h  a l u n d u m  powder s ,  and  e t ched  smoo th  
w i t h  CP4 e tchan t .  T h e y  w e r e  aga in  b r i e f ly  e t ched  
in CP4 ju s t  be fo re  use.  The  e l ec t rodes  w e r e  1 cm 
w i d e  b y  1.5-2.5 cm l o n g  w i t h  t h i cknes se s  up  to 
2 ram. A co l lec t ion  of o t h e r  m e t a l  e l ec t rodes  was  
m a d e  for  a s u r v e y  of t h e i r  p r o p e r t i e s  in th is  e l ec -  

G e  E L E C T R O D E S  I N  Z I E G L E R  E L E C T R O L Y T E  

ELECTROLYTE SUPPLY 

Hg B U B B L E R ~  

DRY N z 

t ,  
H(J BUBBLER 

~ DRY N z 
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Fig. 1. Electrolysis cell. Flow of N2 prevents ignition of the 
electrolyte when the electrodes are removed. 

t r o l y t e .  These  m e t a l  e l e c t rode s  w e r e  cu t  o r  cas t  
f r o m  the  p u r e s t  m a t e r i a l s  a t  hand .  
Electrolysis Ceff.--A d i a g r a m  of t he  cel l  u sed  for  
the  e l ec t ro ly s i s  s tud ies  is s h o w n  in Fig .  1. The  cell ,  
m a d e  of P y r e x  glass,  cons i s t ed  of two  pa r t s ,  an  
e l ec t ro ly s i s  ves se l  c on t a in ing  the  e l e c t r o l y t e  and  
an  i n s e r t  c a r r y i n g  the  e lec t rodes .  The  e l e c t r o l y t e  
was  i n t r o d u c e d  t h r o u g h  a t u b e  a t  t he  b o t t o m  of 
t he  vessel .  

A N2 g a s - l o c k  was  u sed  to  p r e v e n t  access  of a i r  
to the  e l e c t r o l y t e  w h e n  a d j u s t m e n t s  or  e x c h a n g e s  
of e l ec t rodes  w e r e  made .  The  g a s - l o c k  w a s  o p e r a t e d  
b y  a l l o w i n g  the  n i t r o g e n  to f low in to  t he  vesse l  and  
into  t he  in se r t  s i m u l t a n e o u s l y .  W h e n  the  cel l  w a s  
opened ,  n i t r o g e n  f lowed out  of t he  top  of  t h e  vessel ,  
p r o t e c t i n g  the  e l e c t r o l y t e  f r o m  the  a i r  whi le ,  a t  
the  s ame  t ime ,  n i t r o g e n  f lowed out  of t he  i n se r t  t ip ,  
k e e p i n g  a i r  a w a y  f r o m  the  w e t  e lec t rodes .  

T w o  d i f fe ren t  e l e c t r o d e - b e a r i n g  i n se r t s  w e r e  
used.  One  i n s e r t  was  used  for  e l e c t r i c a l  m e a s u r e -  
ments .  The  t ip  of th is  i n se r t  is shown  in Fig .  2. The  
g e r m a n i u m  e l ec t rodes  w e r e  s h a p e d  to fit e x a c t l y  a t  
the  b a c k  w a l l  of a r e c t a n g u l a r  g lass  box,  w h i c h  
thus  s e r v e d  as  an  anode  shie ld .  The  b o x  cons i s ted  
of a B e c k m a n  DU s p e c t r o p h o t o m e t e r  cel l  ( P y r e x ) ,  
w i t h  one w i n d o w  cut  off a n d  the  f ro s t e d  s ides  

GLASS PROBE INSULATION ~ 

Pt  P R O B E  t 
CATHODE(REE) 

Ni CATHODE 
(WORKJNG) r 

BRASS 

Fig. 2. Details of electrode assembly for germanium anode studies 
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pol ished clear. A n  a l u m i n u m - p l a t e d  n icke l  c o u n t e r -  
e lectrode was  pos i t ioned  so as to cover  the  open  
wal l  of the  cell. A p l a t i n u m  probe  electrode,  glass 
coated except  at the  t ip for i n s u l a t i o n  f rom the  
electrolyte ,  and  beve l  t ipped  for cons tan t  spacing 
f rom the w o r k i n g  electrode,  was  used  as a r e f -  
e rence  electrode for the  g e r m a n i u m  anode  studies.  
The exp lo ra to ry  s tudies  of other  me t a l  e lectrodes  
were  made  wi thou t  re fe rence  electrode or anode  
shielding.  

The o ther  in se r t  was  used  for col lect ion of p r od -  
ucts. I t  con ta ined  the g e r m a n i u m  electrode u n d e r  
the flared end  of a n a r r o w  tube .  The  coun te r  e lec-  
t rode was pos i t ioned along the i n n e r  surface  of the  
vessel,  wel l  away  f rom the  flared tube.  The open ing  
of the  flared t ube  ex t ended  b e n e a t h  the  sur face  of 
the  e lec t ro ly te  so tha t  it confined gaseous a nd  
f loa t ing- l iqu id  products .  These were  pu l led  up  in to  
the  n a r r o w  tube  and  w i t h d r a w n  f rom the  cell for 
sampl ing .  
Electrical measuremen t s . - -The  c u r r e n t  for the  d-c  
m e a s u r e m e n t s  was  supp l ied  f rom a 22V~v d ry  cell 
or f rom a smal l  rectif ier  in  series w i th  a S impson  
Model  260 VOM as a m m e t e r  and  severa l  smal l  po-  
ten t iometers .  Vol tage  m e a s u r e m e n t s  we re  made  
wi th  a H e a t h k i t  Model  V6 v a c u u m  t u b e  vo l tmete r .  

The a-c  c u r r e n t - v o l t a g e  curves  were  t raced  on 
a DuMont  Type  250 osci l lograph.  The  c u r r e n t  was  
suppl ied  b y  a H e w l e t t - P a c k a r d  Model  202A low-  
f r e q u e n c y  func t i on  gene ra to r  in  series w i th  a 30 
ohm resis tance.  The c u r r e n t  s ignal  was  t a k e n  as a 
vol tage  drop across the  30 ohm res is tance  and  was 
appl ied  to the  ver t ica l  d -c  amplif ier .  The vol tage  of 
the electrode wi th  respect  to the  p l a t i n u m  re fe rence  
electrode was  appl ied  to the hor izon ta l  a-c  amplif ier .  
The d-c  bias was suppl ied  by  a 671/~v d ry  cell in  
series wi th  0.3 megohms  across the  cell. 
I l lumination of germanium e~ectrodes.--Known 
mul t ip l e s  of an  a r b i t r a r y  va lue  of l ight  i n t e n s i t y  
were  ob t a ined  by  means  of a smal l  microscope i l -  
l u m i n a t o r  l amp  m o u n t e d  on a m e t e r - s t i c k  t r ack  in  
a hor izon ta l  l ine  45~ f rom the n o r m a l  to the  cen te r  
of the g e r m a n i u m  electrodes.  The l ight  thus  passed 
th rough  the wal ls  of the  cell and  the anode shie ld  
and  t h rough  the e lec t ro ly te  onto the  f ron t  face of 
the  electrode.  F ixed  stops were  used to p rov ide  2, 
3, 4, and  8 t imes  an  a r b i t r a r y  va lue  of l ight  in tens i ty .  
A large  i n f r a r ed  h e a t - l a m p  was used  for i n t ense  
i l l umina t ion .  

Results and Discussion 

Resul ts  we re  ob t a ined  for:  ( I )  exp lo ra to ry  s tudies  
of var ious  metals ,  ( I I )  de ta i led  s tudies  of g e r m a -  
n i u m  and  sil icon electrodes,  and  ( I I I )  chemica l  
s tudies  of products .  

Exploratory studies of metal  e lectrodes . - -The 
c u r r e n t - v o l t a g e  curves  for electrolysis  of the  Ziegler  
e lec t ro ly te  on var ious  me ta l  electrodes are  shown in  
Fig. 3. The  d-c  anodic  behav io r  of these  electrodes 
was found  to be of four  charac ter i s t ic  types.  Anodic  
d issolu t ion  as the  on ly  process was  found  for  Pb,  
Cd, Bi, Sn, and  Sb over  the  r ange  of c u r r e n t  densi t ies  
s tudied.  Pt,  Ni, p -Ge,  and  p - S i  were  no t  e tched 
and  the  0n ly  process observed  to occur was  the  
decompos i t ion  of the  electrolyte .  Zn,  A1, Ag, a nd  
Cu were  etched at low c u r r e n t  densi t ies  bu t  reached  
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Fig. 3. Current voltage curves showing the anodic behavior of 
metals in the Na(AIEt3)~F electrolyte. Lower block, metal elec- 
trode dissolves; middle block, electrolyte decomposes; upper block, 
metal dissolves at low current density, electrolyte also decomposes 
at higher current density. 

in i t i a l  l i m i t i n g  c u r r e n t  densi t ies  at var ious  va lues  
less t h a n  2 m a / c m  2. At  the  l im i t i ng  C.D. the re  was  
in  each case a r ap id  shif t  in  po ten t i a l  to va lues  
n e a r  1.2-1.5v a nd  the gene ra t i on  of gaseous and  
l iqu id  products  commenced .  These in i t i a l  l imi t ing  
cu r r en t s  a p p a r e n t l y  cor respond to ra te  con t ro l l ing  
processes in  the  e lec t ro ly te  or at  the e lect rode su r -  
face. The  n - G e  and  n - S i  electrodes also showed 
l im i t i ng  c u r r e n t  effects. The l imi t ing  c u r r e n t  oc- 
cur red  at po ten t ia l s  at and  above those at which  
the  e lec t ro ly te  decompos i t ion  was  k n o w n  to occur 
f rom the  other  resul ts ,  i n c l ud i ng  those for p - t y p e  
Ge and  Si. In  this case the  c u r r e n t - l i m i t i n g  proc-  
ess occurred not  in  the so lu t ion  b u t  w i t h i n  the  
electrodes as discussed below.  

Detailed studies of germanium and silicon elec- 
t rodes . - -The  p r e l i m i n a r y  s tudies  of g e r m a n i u m  a n -  
odes showed a c u r r e n t - l i m i t i n g  process at  smal l  
c u r r e n t  densi t ies  for n - t y p e  b u t  not  for p - t y p e  
mate r ia l .  F u r t h e r  d-c  s tudies  were  m a d e  wi th  five 
different  g e r m a n i u m  electrodes  us ing  the  anode  
shield and  the  i n su l a t ed  p l a t i n u m  probe  electrode 
(cf. Fig. 2). The  fo l lowing g e r m a n i u m  electrodes 
were  s tudied:  0.1, 1, and  10 o h m - c m  n - t y p e  and  
2.5 and  10 o h m - c m  p- type .  Resul ts  are shown  in  
Fig. 4. C u r r e n t  s a tu r a t i on  occurs for n -  bu t  not  for 
p - t y p e  electrodes.  The  s a t u r a t i o n  c u r r e n t  is sma l l e r  
for 1 o h m - c m  n - t y p e  t h a n  for 10 o h m - c m  n - type .  
These  resul t s  ind ica te  t ha t  holes are i nvo lved  in  the  
electrode process and  tha t  the  l imi t ing  c u r r e n t  ef-  
fect exh ib i t ed  by  the  n - t y p e  electrodes corresponds  
to diffusion control  of the  electrode process de-  
p e n d e n t  on the  supp ly  of holes w i t h i n  the  n - G e  
r a t h e r  t h a n  on ions w i t h i n  the  solut ion.  
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Fig. 4. Current-voltage curves for five different germanium 
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p-type. The current saturates for the n-type electrodes. 

The 0.1 o h m - c m  n - t y p e  g e r m a n i u m  elect rode 
migh t  have  been  expected  to give lower  anodic  cu r -  
r en t s  t h a n  the  1.0 and  10 o h m - c m  electrodes,  and  
at low vol tage  there  appeared  to be a t e n d e n c y  in  
tha t  direct ion,  as Fig. 4 shows. However ,  over  most  
of the  vol tage  range,  the  cu r ren t s  were  highest  for 
the 0.1 o h m - c m  sample.  This  p r e s u m a b l y  impl ies  
tha t  the  electr ic  field jus t  ins ide  the  semiconduc to r  
surface was h igh  enough,  in  tha t  case, to cause an  
increase  in  the  supp ly  of holes t h rough  some process 
of impac t  ionizat ion.  

The r e l a t ive ly  smal l  shifts  in  po ten t i a l  w i th  cu r -  
r en t  on the  p - t y p e  electrodes a p p a r e n t l y  are due  to 
ac t iva t ion  po la r iza t ion  ar i s ing  f rom some slow steps 
in  the chemical  and  e lec t rochemica l  processes on  the  
surface of the  electrode.  

The effect of l ight  was  inves t iga ted  to f u r t he r  test  
w h e t h e r  the  c u r r e n t - l i m i t i n g  process on the  ger -  
m a n i u m  anodes  invo lved  the ra te  of supp ly  of holes 
to the  electrode surface.  F igu re  5 shows typ ica l  
resul ts  for the  effect of l ight  of va r ious  in tens i t i e s  
on the d-c  anodic  behav io r  of 10 o h m - c m  n - t y p e  
g e r m a n i u m .  S imi l a r  resu l t s  we re  ob ta ined  for  the  
1 and  0.1 o h m - c m  electrodes.  L igh t  was  appl ied  as 
mu l t i p l e s  of an  a r b i t r a r y  a m o u n t  b y  m o v i n g  the  
l ight  source closer to the  e lect rode t h r o u g h  a series 
of fixed dis tances  f rom the  e lect rode surface.  The  
s a tu r a t i on  c u r r e n t  dens i ty  increased  d i rec t ly  w i th  
the l ight  in tens i ty .  The  c u r r e n t  dens i ty  is l imi t ed  to 
about  1 m a / c m  2 in  the  da rk  bu t  reaches 50 m a / c m  2 
in  in t ense  light.  This  k i n d  of behav io r  is cha rac t e r -  
istic of the  gene ra t i on  of holes by  l igh t  for a ho le -  
l imi ted  process. Typica l  resul t s  at 5v and  1v for 
10, 1, and  0.1 o h m - c m  n - t y p e  electrodes  for the  
var ious  l ight  in tens i t i es  are g iven  in  Tab le  I. A dd i -  
t iona l  ev idence  of the  dependence  of the  anodic  
r a t e  on the  supp ly  of holes to the  g e r m a n i u m  s u r -  
face was  ob ta ined  by  means  of a-c  m e a s u r e m e n t s .  
C u r r e n t - v o l t a g e  osci l lograms r e su l t i ng  f rom app l i -  
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Fig. 5. Current-voltage curves showing the effect of light on the 
behavior of a 10 ohm-cm n-type germanium anode in the 
Na(AIEt3)2F electrolyte. Curve 1 is the dark curve; curves 2, 3, 4, 
5, and 6 result from illumination of the electrode with 1, 2, 3, 
4, and 8 times, respectively, an arbitrary value of light intensity; 
curve 7 results from intense illumination with a heat lamp. 

cat ion  of 1000 cps a -c  s q u a r e - w a v e  voltages,  wi th  
a nd  w i t hou t  d -c  bias  showed l i g h t - d e p e n d e n t  cu r -  
r e n t  s a tu r a t i on  effects w i th  g e r m a n i u m  a nd  si l icon 
electrodes.  W i t hou t  d -c  bias and  wi th  smal l  anodic  
bias the  resul t s  were  qua l i t a t i ve l y  s imi la r  to the  d-c  
resul ts .  

A cathodic bias puts  an  a l u m i n u m  fi lm of va r i ab l e  
th ickness  on the electrodes.  The  effectiveness of 
l igh t  in  inc reas ing  the  s a tu r a t i on  c u r r e n t  in  n - t y p e  
g e r m a n i u m  electrodes was found  to decrease  as the  
a l u m i n u m  film th ickness  increased.  Ve ry  th ick  a lu -  
m i n u m  films e l im ina t ed  the  l ight  effect as expected.  
A p p a r e n t l y  the  a l u m i n u m  coat ing fo rmed  the  fa -  
mi l i a r  m e t a l - t o - n - t y p e - g e r m a n i u m  rectifier,  w i th  
the  c u r r e n t  l i m i t i n g  m e c h a n i s m  stil l  be ing  the  sup-  
p l y  of holes f rom the b u l k  of the  semiconductor .  

A n  in t e r e s t i ng  difference in  the  behav io r  of s i l i -  
con was  found.  U n d e r  anodic  bias or no bias, the  
behav io r  of si l icon in  the  a-c  e x p e r i m e n t s  was  
s imi la r  to g e r m a n i u m .  However ,  w h e n  a t h i n  film 
of a l u m i n u m  was p resen t  on silicon, s a tu r a t i on  oc- 
cu r red  for p - t y p e  bu t  not  for n - t y p e  mate r ia l .  This  
is the  opposite of the  behav io r  of the  g e r m a n i u m  
electrodes wi th  a l u m i n u m  coatings.  This ind ica tes  
tha t  a l u m i n u m  p la ted  onto p - t y p e  s i l icon in  this  

Table I. Saturation current density at lv and 5v for various 
values of light intensity at 10, 1, and 0.1 ohm-cm n-type 

germanium anodes 

L i g h t  i n t e n s i t y ,  m u l t i p l e s  
o f  a n  a r b i t r a r y  v a l u e ,  L 

C.D., m a / c m ~  a t  1v vs. t ~  Drobe 

10 oh rn -cm 1 o h m - c m  0.1 o h m - c m  

Dark 1.70 1.50 4.05 
1 L 3.60 3.40 5.85 
2 L 5.30 5.25 7.20 
3 L 6.80 7.10 8.40 
4 L 8.75 8.80 10.2 
8 L 20.5 16.5 21.0 

Dark 1.10 0.90 1.20 
1 L 2.85 2.45 2.85 
2 L 4.20 3.90 4.05 
3 L 5.55 5.50 5.25 
4 L 7.05 6.80 6.15 
8 L 16.5 12.0 12.6 

C.D., m a / c m  ~ a t  5v  v s .  I=*t p r o b e  
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electrolyte  forms a rect i fy ing bar r ie r .  Rectification 
by  a luminum broad a rea  contacts on p - t y p e  silicon 
has also been repor ted  by  Wurs t  and Borneman (10). 

Chemical products . - -The products  of the e lec t ro-  
chemical  decomposi t ion of the e lec t ro ly te  at  non-  
etching electrodes were  s tudied qual i ta t ively .  Ca th-  
odic t r ea tmen t  produced a coating of meta l l ic  a lu-  
minum. Anodic t r ea tmen t  at  iner t  ge rman ium 
electrodes produced gaseous and l iquid  products .  
The gaseous anode produc t  was a mix tu re  consist ing 
of ethane,  e thylene,  and n -bu tane ,  as de te rmined  
by  a gas chromatographic  method. A 5-ft  s i l ica-gel  
column was used for the separa t ion  of e thane and 
ethylene.  A 30-ft t r ic resy l  phosphate  on f i rebr ick 
column was used for butane  analyses.  Less e thylene  
than ethane was found. Simple  d ispropor t ionat ion  
of e thyl  radicals  should produce equal  amounts  of 
e thane and ethylene.  The smal ler  than  expected 
yield of e thylene may  have occurred because of 
react ion of some of the  produc t  e thylene  wi th  t r i -  
e thyl  a luminum in the e lec t ro ly te  to form bu ty l  
or longer subst i tuents  by  Z ieg le r - type  e thylene  
polymer iza t ion  catalysis.  The l iquid product  which 
separa ted  as an immiscible  floating layer ,  consisted 
ma in ly  of a lky l  a luminum compounds. The l iquid 
is bel ieved to be l a rge ly  t r i e thy l  a luminum since 
the e lec t ro ly te  was made up to be sa tu ra ted  with  
A1Et3. The A1Et2F p resumed  to be  formed m a y  be 
soluble in the  electrolyte .  The hydro lys i s  gas f rom 
the l iquid product  contained ethane,  ethylene,  and 
n-butane ,  bu t  no longer -cha ined  consti tuents.  Di-  
e thyl  a luminum fluoride was appa ren t l y  not  a 
p rominen t  const i tuent  of the l iquid  product  since 
only a small  amount  of fluoride re la t ive  to the a lu-  
minum content  was found. 

Summary and Conclusions 
The resul ts  show that ,  for ge rman ium anodes in 

the Na(A1Et3)2F electrolyte ,  n - t y p e  ge rman ium 
anodes exhibi t  cu r r en t - l imi t ing  processes which are 
not  obta ined for the p - t y p e  electrodes.  The mag-  
n i tude of the  l imit ing cur ren t  is increased b y  light.  
This indicates  tha t  the mechanism of the  anodic 
electrode process involves a react ion of the e lec t ro-  
ly te  species wi th  holes f rom the semiconductor ,  tha t  
is, that  the process involves t ransfe r  of electrons 
from some en t i ty  in the e lect rolyte  to the valence 
band of the semiconductor.  In the case of the n - t y p e  
ge rman ium anodes, the ra te  of supply  of holes f rom 
the bulk  of the semiconductor  to the surface of the 
electrode becomes the r a t e -con t ro l l ing  step. P roduc t  
analyses suggest  tha t  e thyl  radicals  are  formed as 
in te rmedia tes  in the anodic process. The cathodic 
process involves a reduct ion of some en t i ty  in the 
e lec t ro ly te  to form metal l ic  a luminum.  

The fol lowing proposed mechanism is in con- 
fo rmi ty  wi th  the resul ts  obtained:  

Anodic react ion:  
(A1Ets)2F- -P e + -~ Et �9 § a luminum a lky l  

fluoride compounds (I)  

CH3CH3 -t- CH~ = CH2 
2 Et  �9 

-~ CH3CH2CH2CH8 

Cathodic react ion:  
(A1Et~)2F- + 3e -  -~ A1 + a l u m i n u m  a lky l  

fluoride compounds ( I I )  

For  ( I ) ,  one could pos tu la te  the react ion products  
to be A1Et3 + A1Et2F. For  ( I I ) ,  one could pos tu la te  
tha t  the react ion products  are combined wi th  3ALE% 
to form A1Et3F- + 3A1Et4-. Al l  of these pos tu la ted  
products  are  known and could exist  in this system. 
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ABSTRACT 

A study of the na ture  of growth of gal l ium arsenide on substrates of various 
crystallographic orientations was conducted in a closed tube system. It is con- 
cluded that  the dominant  growth direction is in  the ( i l l )  direction. Growth 
rate studies were conducted at various temperatures  and pressures. It was 
found that  the t ransport  of mat ter  is not dependent  on a single mechanism, 
bu t  ra ther  on a combinat ion of diffusion, convective and laminar  flow, each 
contr ibut ing to greater  or lesser extent  depending on the conditions of growth. 

The me thod  of chemical  mass t r an spo r t  has been  
used for m a n y  years  as a me thod  of p r e p a r i n g  m a n y  
mate r i a l s  in  a p u r e  s ta te  (1) .  Usua l ly ,  the ma te r i a l s  
t r a n s p o r t e d  were  po lyc rys t a l l i ne  masses  deposi ted 
on subs t ra tes  of no pa r t i cu l a r  r e la t ionsh ip  to the 
t r an spo r t ed  solid. Recen t ly  (2, 3) the  me thod  of 
chemical  mass  t r a n s p o r t  was  combined  w i t h  the  
t echn ique  of ep i t axy  to devise the  process gene ra l l y  
re fe r red  to as ep i tax ia l  growth .  In  this  method,  
m a t e r i a l  difficult to evapora te  is t r an spo r t e d  by  
means  of a chemical  e q u i l i b r i u m  reac t ion  to a s in-  
g l e -c rys ta l  subs t ra te  of the  p rope r  charac ter is t ics  
a l lowing  the  deposi t ion of a s ing le -c rys t a l  layer .  
Wi th  the  a d v e n t  of this  method,  a twofold  p r ob l e m 
arose. One, by  w h a t  mechan i sms  is the reac t ion  mass  
t r an spo r t ed  to the  subs t r a t e?  Two, w h a t  are  the  
re la t ionsh ips  of the  g rowth  on the  subs t r a t e  to the 
t r an spo r t  m e c h a n i s m  of m a t e r i a l  and  to the  n a t u r e  
of the subs t ra te?  In  this  paper ,  these  ques t ions  are 
s tud ied  and  some answers  are submi t t ed  for ex -  
amina t ion .  

Experimental 
A schemat ic  v iew of the  appa ra tu s  used in  these  

e x p e r i m e n t s  is shown  in  Fig. 1. The fu rnace  used  
was cons t ruc ted  wi th  th ree  separa te  hea t ing  ele-  
ments ,  each i n d i v i d u a l l y  control led.  I t  was found  
tha t  hea t ing  e lements  a r r a n g e d  in  this fashion  y ie ld  
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Fig. 1. View of the thermal gradient and the position of the 
reaction tube during growth. 

the  desired l i nea r  t h e r m a l  gradients .  A typ ica l  t he r -  
ma l  d i s t r i bu t i on  ob ta ined  and  used for these exper i -  
m e n t s  is shown in  Fig. 1. This  figure also shows a 
v iew of the  reac t ion  vessel  used in  these expe r i -  
ments .  The reac t ion  vessel  was  cons t ruc ted  of quar tz  
tub ing ,  1.60 cm ID and  15 cm long.  Since, as it 
wi l l  be shown  later ,  the  geomet ry  of the  reac t ion  
t u b e  is cri t ical ,  al l  d imens ions  d u r i n g  cons t ruc t ion  
were  m a i n t a i n e d  to a precis ion of 10%. Also, since 
t e m p e r a t u r e  f luc tua t ion  m a y  cause spur ious  resul t s  
d u r i n g  ep i tax ia l  growth,  t e m p e r a t u r e  control  was  
m a i n t a i n e d  to 2%. 

To m a i n t a i n  o p t i m u m  e x p e r i m e n t a l  cont ro l  and  
ob ta in  r ep roduc ib le  resul ts ,  samples  were  p repa red  
in  the  fo l lowing  m a n n e r :  A wafe r  of GaAs (usua l ly  
N - t y p e  1017/cc) was  e lec t ropol ished (4) ,  we ighed  
and  placed in  the subs t r a t e  reg ion  of the  reac t ion  
tube.  Af te r  e tch ing  in  1-3-2 so lu t ion  (1 pa r t  HF,  
3 par ts  HNO3, and  2 par t s  H20) a we ighed  q u a n -  
t i ty  of po lyc rys ta l l ine  GaAs is placed in  the  source 
posi t ion  of the  reac t ion  tube.  T w e n t y - f i v e  g rams  of 
h i g h - p u r i t y  iod ine  is p laced  in  the  r eac t ion  tube.  
This  a s sembly  is sealed on a v a c u u m  sys tem and  
p u m p e d  to 10 -4 m m  Hg. D u r i n g  evacua t ion  the  s am-  
ple  region  of the  reac t ion  t ube  is kep t  at l iqu id  N2 
t e m p e r a t u r e  to avoid loss of iodine. Af t e r  30 m i n  
u n d e r  va c uum,  20 cm of Hg of pu re  h y d r o g e n  is i n -  
t roduced  to the  system.  The  reac t ion  t u b e  is t h e n  
sealed c o n t a i n i n g  the hydrogen .  The  t ube  is placed 
in  the  fu rnace  so as to locate the  source a nd  the s u b -  
s t ra te  on opposite sides of the  t e m p e r a t u r e  dip. In  
this  posi t ion,  e tch ing  of the  subs t r a t e  surface  oc- 
curs. This  step is used  to c lean  the  subs t r a t e  fu r the r ,  
and  proceed for  10 mins .  At  the end  of this t ime,  
the  t ube  is ad jus t ed  by  m e a n s  of the  a t t ached  rod to 
a pos i t ion  in  the  t h e r m a l  g rad ien t  w he r e  the  sub -  
s t rafe  is located at  the  l o w - t e m p e r a t u r e  reg ion  of 
the furnace .  In  this  pos i t ion  g rowth  occurs. The 
t ube  is m a i n t a i n e d  in  this  pos i t ion  for 24 hr. Us ing  
the  p rocedure  ou t l ined  above,  an  in te r face  is ob-  
t a ined  which  has  a m i n i m u m  of s t r u c t u r a l  defects. 
I t  was  found  d u r i n g  the  course of e x p e r i m e n t a t i o n  
tha t  chemical  e tching  or a n y  mechan ica l  t r e a t m e n t  
of the  surface,  such as pol ishing,  leaves sufficient 
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damage on the surface to yield poor quality interface 
upon growth of an epitaxial layer. 

Growth Hab i t  of Epitaxial  Layers 

The substrates used in this study were oriented 
by the Lau6 back reflection method. Using this 
method, the orientation of the substrate and its 
angular relationship with other crystallographic di- 
rection was determined. Any growth structure oc- 
curring on these oriented surfaces could then be 
easily transposed to a standard stereographic projec- 
tion where Miller indices could be assigned. The 
crystallographic orientation was determined with a 
precision of one degree. 

The growth planes developed were measured by 
the use of a light figure apparatus with a precision 
of 1%. Epitaxial growth on substrates oriented in 
the (100), (110), ( l l l ) A ,  ( l l l ) B ,  (112), and (113) 
planes were studied. The epitaxiaI layers studied 
were grown in a 24-hr period and ranged in thick- 

Fig. 4. Stereographic projection of growth occurring on the 
(111)A plane. Vicina[ plane development with maximum angular 
deviation from the basal plane is 3 ~ . 

ness from 0.020 to 0.030 in. Figures 2, 3, and 4, show 
the planes developed on the (100), (110), and 
(111) A planes, respectively. Note that the angular 
displacement of the growth figures f rom the basal 
plane is greatest for growth on the (100) plane, less 
for growth on the (110) plane, and least for the / / ~ o l  

itereog'aphic I ro ~cti~ of 12 I 
developed during growth is the ( 

Fig. 2. Stereographic projection of growth occurring on the 
(001) plane. Series of planes developed during growth lie within 
region defined by heavy line. 

Fig. 5. Stereogrophic projection of (112) p[ane. Principal plane 

I01 / 

Fig. 3. Stereographlc projection of growth occurring on the 
(011) plane. Series of planes developed during growth lie within 
region defined by heavy line. 

Fig. 6. Stereographic projection of the (113) plane. Principal 
plane developed during growth is the (111)A plane. 

(111) plane. Figures 5 and 6 are stereographic pro- 
jections of growth on the (112) and (113) planes, 
respectively. As is shown, only (111) planes are 
developed. 

From the data presented it is seen that the crys- 
tallographic planes most readily developed are the 
(110) and (111) planes. These are planes of high 
reticular density [where the reticular density of 
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(100) < (110) < (111) planes] .  I t  is fu r the r  noted 
that  the range  of angular  d isplacement  of planes 
developed decreases wi th  increasing re t icu la r  den-  
si ty unt i l  only vicinal  planes are  developed,  as on 
the (111) plane. In the case of the (112) and (113) 
planes,  these are planes  of such low re t icu la r  den-  
si ty tha t  un inhabi ted  growth  can read i ly  occur in 
the [ 111 ] direct ion forming (111 ) A faces. 

In the case of growth  on the (111)A plane a m a x -  
imum angular  d isp lacement  of the growth planes 
is 3 ~ The vicinal  p lane  developed noted on the 
( l l l ) A  plane is an unexpec ted  resul t  if g rowth  on 
this p lane is conceived to proceed as a sequence of 
layers  forming one on another.  I t  is t empt ing  in view 
of this da ta  to hypothesize  tha t  the vic inal  planes 
developed dur ing growth  give rise to a surface con- 
ta ining many  corners and edges such as is expounded 
in the theories  of Kossel  and S t r ansk i  (5) to lower  
the free energy of a par t ic le  on the surface and thus 
increase the ra te  of growth.  Expanding  on this v iew 
fur ther ,  an atomist ic  model  of growth can be de-  
veloped. Consider a ( l l l ) A  plane at the beginning 
of growth;  the surface consists p redomina te ly  of 
ga l l ium atoms; to this surface an arsenic molecule  
can r ead i ly  be absorbed from the gas phase. The 
arsenic molecule absorbed on this surface provides  
edges to which addi t ional  arsenic molecules may  
attach, thus forming on the Ga atom surface a small  
is land of arsenic a tom which expands  in size. S imul -  
taneously  wi th  this expansion,  molecules of GaI  are 
absorbed on the arsenic is land forming a bond wi th  
arsenic atoms and l ibera t ing  GaI~ to the gas phase. 
The Ga thus adsorbed expands  across the  arsenic 
surface, s imul taneous ly  new arsenic molecules ab-  
sorb on the new Ga surface, and the process repeats  
itself. With  this k ind  of process occurring, it  can 
r ead i ly  be seen tha t  in a short  t ime a h ighly  s tepped 
surface wi l l  occur if many  islands form on the same 
atomic p lane  s imul taneous ly  and proceed to add 
layers  as described.  This theory  is verified to some 
extent  by  the fact that ,  when growth  proceeds on 
crys ta l lographic  planes  not or iented in the  (111) 
direction,  a wide angular  d isplacement  occurs wi th  
a tendency to grow to the (111) plane. An addi -  
t ional  fact tha t  also supports  these ideas of 
growth mechanism is that  l i t t le  or no difference in 
the ra te  of growth over a 24-hr per iod seems to exist  
regardless  of the crys ta l lographic  or ienta t ion used, 
indicat ing tha t  growth  proceeds in a [111] direction. 
However ,  this  does not exclude the possibi l i ty  tha t  
the growth  ra te  in i t ia l ly  may  be dras t ica l ly  di f -  
ferent  for different  c rys ta l lographic  orientat ions.  
F igure  7 shows typica l  ep i tax ia l  growth  on the 
(100), (111), and (113) or iented substrates .  

At t empts  to grow ep i tax ia l ly  on the ( l l l ) B  p lane  
resul ted  in every  case in polycrys ta l l ine  layers  when 
iodine was used as the carr ier .  On the other  hand, 
when chlorine was used the resu l tan t  l ayer  was a 
single crys ta l l ine  l ayer  of high quali ty.  An exp lana -  
t ion for this effect is possible by  noting tha t  the 

( l l l ) B  plane is h ighly  an e lec t ronegat ive  (6) sur -  
face. Thus the gal l ium iodide molecule which has 
a large  negat ive  charge d is t r ibut ion  on the iodine 

atom is r ead i ly  repe l led  from the ( l l l ) B  surface. 
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Fig. 7. Photographic views of epitaxial growth on a (top), (100); 
b (center), (111); and c (bottom), (113) planes. Magnification 
45x. 

On the other  hand, a gal l ium chloride molecule has 
smal ler  negat ive  charge d is t r ibut ion  resul t ing in 
no significant repuls ion f rom the surface. 

Rate of Growth Experiments 

To approach the problem of chemical  mass t r ans -  
por t  even on a crude quant i t a t ive  level  the  equi-  
l i b r ium react ion tak ing  place and the associated 
values of free energy  must  be known. Work by  
Lyons and Si lves t r i  (7) shows tha t  the  p redomina te  
equi l ib r ium react ion occurring is 

2GaIs(g)  + 4GaAs(s )  = 6GaI (g)  4- As4(g) [1] 

As the react ion is wr i t t en  the concentra t ion in the 
gas phase of the products  increases wi th  increasing 
t empera tu re .  Consequently,  under  condit ions of a 
t he rma l  gradient  the react ion products  t r anspor ted  
to the cooler region of the the rmal  g rad ien t  offset 
the equi l ib r ium par t i a l  pressures  sufficiently to sup-  
por t  the deposi t ion of GaAs. One can visualize this 
t r anspor t  as a s t eady-s t a t e  process where  the GaAs 
is dissolved by  GaI3 at the h igher  t empera tu res  to 
form a gas phase of a specific concentra t ion of the 
reactants  and products.  The GaI  and As4 formed are 
t r anspor ted  through a concentrat ion grad ien t  es- 
tabl ished in the t he rma l  gradient  to the  cooler 
t empera tu re  region. At  the cooler t empe ra tu r e  the 
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equi l ib r ium concentrat ions are ma in ta ined  by  the 
deposi t ion of GaAs and the l ibera t ion  of GaI3. The 
GaI~ l ibera ted  flows back to the h igher  t empera tu re  
region through the es tabl ished concentra t ion g rad i -  
ent and reacts  wi th  more GaAs to repea t  the cycle. 
To re la te  this mechanism into mathemat i ca l  t e rms  
the equi l ib r ium constant  

P 6 G a l P A s 4  
K =  

P2GaI3  

where  PGaI, PAs4, and PGaI3 are the pa r t i a l  pressures  
of the gaseous const i tuent  of the react ion as noted 
by  the subscripts,  must  be known. Defining a as the 
f ract ion of the products  formed (fract ion of reac-  
t ion) the fol lowing re la t ions  can be der ived  

R T  
P G a I  = 3 ~ n G a I 3 ~  [ 2 ]  

V 

a R T  
PA~4 = -~- na,i3 ~ [3] 

R T  
PGaI3 = ( l - - a )  neat3 - -  [4] 

V 

where  V is the volume of the system, nGaI3 the num-  
ber  of moles of GaI3 in i t ia l ly  introduced,  and T is 
the  absolute t empera ture .  Using these expressions 
K can be expressed as 

36 [ R T  ]5 a7 
g - - - - - ~ - L n G a , 3 - - ~ J  (I_~)2 [5] 

1180 

1140 / 
/ 

/ 
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= (Fract ion of Reaction) 

Fig. 8. Temperature of reaction mixture vs. a, the fraction of 
products Gal and As4 formed. 

concentrat ion gradient .  Using the expression for the 
concentrat ion of GaI  at T~ and T2 as 

~1 nGaI3  ~2  n G a I 3  

V1 ' V2 

respect ively,  and not ing tha t  V1 ---- V2 ---- V~.e the 
equat ion 

Dat 
r iGa I - -  - -  ~bGaI 3 ( ~ 1 - - a 2 )  [10] 

LVLe 

is obtained.  Assuming all  the GaI  t r anspor ted  re-  
acts to deposit  GaAs the equat ion for the weight  of 
deposi t ion of GaAs in mi l l ig rams is given by  

Trea t ing  the react ion tube ly ing  in the t he rma l  
gradient  as consisting of three  chambers  V1, V2, and 
V3, where  V1 is the volume in the h i g h - t e m p e r a t u r e  
region T~, V2 is the volume in the low t empera tu r e  
region T2, and V3 the region in the t he rma l  gradient ,  
the fol lowing expressions for ma te r i a l  t r anspor t  
can be used 

dCGai 
nGai = D a t - -  -t- aCG~I v t [6] 

dx 

dCcaIs 
nG~i3 = D a t -}- aCG~T3 V t [ 7 ] 

dx  

Dat 
W = 96.42 nG~i3 (al--a2) x 103 [11] 

V1.2L 

Using the free energy da ta  of Si lves t r i  and Lyons 
(7),  values of a were  calcula ted at  various t e mpe r -  
atures.  A plot  of this data  is given in Fig. 8. Since 
is seen to increase wi th  t empe ra tu r e  it is p red ic t -  
able from Eq. [11] tha t  the weight  t r anspor ted  is 
t empe ra tu r e  dependent  and should increase wi th  
increasing t empera tu re  differences. To ver i fy  the 
degree of appl icabi l i ty  of this expression and to ob- 
tain an es t imate  of the diffusion coefficient D, a 

The terms in expressions [2] and [3] are defined 
as: D, diffusion coefficient for the gas, cm2/sec 
mix ture ;  a, cross-sect ional  area  of the cm 2 react ion 
tube;  t, t ime process is continued, sec; dCGaiJdx, 
concentra t ion gradient  of GaI3; dCa~i/dx, concent ra-  
t ion g rad ien t  of GaI;  v, mass flow velocity,  cm/sec.  
Assuming v = 0  in [2] and [3] not ing tha t  3dCa~i/dx 
-~ dCGa]3/dx and 3ncai ~--~ ncaI3, the expression 

n = Dat dCaai/dx [8] 

is derived.  Assuming a l inear  concentrat ion grad ien t  
(C1--C2)/L exists  be tween  the volumes "v'l and V2 
expression [8] is reduced to 

Dat 
riga1 = " - - ' : - "  (C1--C2) [9] 

where  C~ is the concentrat ion of GaI  at T1, C2 is the  
concentrat ion of GaI  at T2, and L is the  length  of the  

320 

280  

~- 240  - -  
c~ 

~' 2 0 0  

1 6 0 -  
o 
cL 
== 1 2 o -  P 

8 0 - -  

4 0  

0 
550 7 2 5  

\ 

575  6 0 0  6 2 5  6 5 0  675  7'00 
Substrate Temperature t 2 (=C.) 

Fig. 9. Weight of GaAs transported in a 24-hr period vs.  the 
temperature of the substrate chamber. The temperature of the 
source chamber is held fixed at 700~ The substrate curve is 
weight gain of the substrate wafer in a 24-hr period. The source 
curve is the weight lost in a 24-hr period. 



Vol. 110, No. 10 C H E M I C A L  T R A N S P O R T  O F  G A L L I U M  A R S E N I D E  1063 

2 "E 
o 

I- 

,g 

800 

700 

600 

500 

400 

300 

200 

I00 

0 
65O 

\ \  
\ 

\ 

t \  
Etching Reaction ~ \ 

S u b s t r ~  ~ ~  

675 7 0 0  725 750 775 800 825 
Substrote Temperature t 2 (~ 
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weight gain of the substrate wafer in a 24-hr period, The source 
is the weight lost in a 24-hr period. 
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Fig. 11. Weight of GaAs transported in a 24-hr period when 
the substrate chamber temperature is held fixed at 650~ vs. 
source chamber temperature. 
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Fig. 12. Gaseous diffusion coefficient vs. the temperature dif- 
ference between the source and substrate. -C)-, source 1073~ 
substrate varied; -A - ,  source g73aC, substrate varied; --I-1--,  
substrate 923~ source varied; curve a, - - - -  ; curve b, 
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Fig. 13. Rate of growth with source temperature held at 700~ 
and substrate temperature held at 650~ while the weight of 12 
used as a transporting media is varied. Curve a is the actual 
weight loss of the source in a 24-hr period; curve b is the sub- 
strate weight gain in a 24-hr period; curve c is the equivalent 
weight of GaAs in the gas phase. 

series of experiments were performed in which in 
case i, the source temperature was held fixed at 
800~ and the substrate temperature was varied; 
in case 2, the source temperature was held fixed 
at 650~ and the source temperature was varied; 
and in case 3, the substrate temperature was held 
fixed at 650~ and the source temperature was 

varied. 
The results of these experiments are given in 

Fig. 9, i0, and Ii. Using Eq. [ii], D is calculated 
for a number of points along each curve. In the cal- 
culation of D the numerical values nGaI3 = 1.30 x 
10 -5 moles, a = 2.01 cm 2, t ---- 8.65 x 104 sec, VI,2 ---- 

10.05 cc, and L ---- 5 cm were used. The results of 
these calculations are given in Fig. 12 where AT, 
the difference in temperature between the source 
and the substrate, is plotted against the diffusion 
coefficient. It is seen in curves a and b that the 
diffusion coefficient quickly rises to a steady value. 

Since in these experiments the source is held fixed 
at 973 ~ and I073~ respectively, and the substrate 
is varied downward to lower temperatures, the av- 
erage temperature (TI + T2/2) is decreasing, where- 
as the diffusion coefficient is increasing. This is 
an anomalous behavior and cannot be explained on 

the  bas is  of s imp le  gaseous  diffusion.  A n  i m p o r t a n t  
fac t  d e m o n s t r a t e d  b y  these  curves ,  h o w e v e r ,  is t ha t  
the  source  t e m p e r a t u r e  has  a p r e d o m i n a t e  effect on 
the  d i f fus ion coefficient,  a n d  the  effect ive  t e m p e r -  
a t u r e  in  the  s y s t e m  is not  s i m p l y  the  a v e r a g e  t e m -  
p e r a t u r e .  C u r v e  c shows  w h e r e  t he  s u b s t r a t e  t e m -  
p e r a t u r e  is f ixed  at  923~ and  the  source  t e m -  
p e r a t u r e  is v a r i e d  u p w a r d .  The  r e su l t  in  th is  case  
is cons i s t en t  q u a l i t a t i v e l y  w i t h  t he  k ine t i c s  t h e o r y  
of gaseous diffusion (8). This theory predicts D cc 
Tn/P where n lies in the range of 1 to 2. A value of 
n ~ 20 was computed from the data of curve c 
Fig. 12. This value of n precludes the mechanism 
based on simple gaseous diffusion and indicates the 
transport process to have perhaps a strong convec- 
tive flow component (9). 

Since the diffusion coefficient is not only tem- 
perature dependent, but also pressure dependent, 
experiments were performed where the total re- 
actant pressure was changed by varying the amount 
of iodine used initially at a fixed source, substrate 
temperature difference. Results of these experiments 
are given in Fig. 13. Curve a of Fig. 13 is the total 
mass loss of the source material. Curve b is the 
actual weight gain of GaAs on substrate. Curve c 
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Fig. 14. Gaseous diffusion coefficient vs. the average total 
pressure of the system. 

is the  q u a n t i t y  of GaAs dissolved in  the  gas phase  
d e t e r m i n e d  by  a s suming  the chemical  reac t ion  

4GaAs (s) : 612(g) = 4GaI3(g)  -}- As4(g)  

is complete  and  the chemica l  r eac t ion  

2GaI3(g)  -t- 4 G a A s ( s )  = 6GaI (g )  + As4(g) 

is 0.04% complete.  The c i rcular  da ta  poin ts  shown  
are ob ta ined  by  sub t r ac t i ng  the weigh t  loss of the  
source f rom the  weight  ga in  of the subs t ra te .  S ince  
these poin ts  lie ve ry  close to the theore t ica l  cu rve  
c, an  i n d e p e n d e n t  check of the  accuracy  of ~ is 
obta ined.  These da ta  also show tha t  ve ry  smal l  
losses of I2 are encoun t e r ed  by  the load ing  p rocedure  
used. At  h igher  iodine weigh t s  it  was observed  tha t  
al l  m a t e r i a l  t r a n s p o r t e d  deposi ted on the  subs t ra te .  
At  low iodine  weights ,  deposi t ion also occur red  on 
the  wal ls  ad j acen t  to the  subs t ra te .  Us ing  Eq. [11],  
D was ca lcu la ted  at va r ious  va lues  of iodine weigh t  
used. A plot  of D vs. to ta l  gas p ressure  is g iven  in  
Fig. 14. The  to ta l  gas p ressure  was  ca lcu la ted  b y  

Wtis RTav 
us ing  the  equa t ion  P = 2/3 (1 + a , )  - -  

253.8 V 

u n t i l  a m a x i m u m  is obta ined.  The g rowth  ra te  on 
this  pa r t  of the curve  is l imi t ed  by  the  compet i t ion  
of the  e tching  reac t ion  ra te  a nd  mass  t r a n s p o r t  rate.  
The decreas ing  ra te  of deposi t ion  at ve ry  large  
t e m p e r a t u r e  differences is a t t r i b u t e d  to the  change  
in  the  ra te  of chemical  deposi t ion  wi th  t e m p e r a t u r e .  
Thus,  this par t  of the  g rowth  ra te  curve  is chemical  
deposi t ion  rate  l imited.  To suppor t  this  v iew the  
subs t ra te  curve  of Fig. 12 is given.  U n d e r  condi t ions  
of g rowth  case III, the subs t r a t e  t e m p e r a t u r e  is 
he ld  fixed; consequent ly ,  no change  in  the chemical  
deposi t ion  ra te  is expected.  I t  is seen u n d e r  these 
condi t ions  of g rowth  tha t  the  curve  moves  r ap id ly  
f rom the t r anspo r t  l imi t ed  process to a s a tu r a t i on  
va lue  l imi ted  by  the  chemical  deposi t ion rate.  Al l  
the ra te  s tudies  were  pe r f o r me d  wi th  wafers  of 
cons tan t  area  (0.5 cm2). However ,  in  v iew of the 
q u a n t i t y  of GaAs depos i t ing  on  the  wal ls  ad j acen t  
to the wafer, it is believed that the wafer area would 

have little or no effect on the quantity of mass 

transported. 

Conclusion 

Thr ough  the b u l k  of this  pape r  an  ideal ized mode l  
was  appl ied  to the  p r ob l e m of mass  t r a n s p o r t  in  a 
closed t ube  system. The dependence  of the  diffusion 
coefficient on t e m p e r a t u r e  a nd  p ressure  was  given.  
It  was  found  in  bo th  cases tha t  no s ingle  m e c h a n i s m  
of t r a n spo r t  is a t t r i b u t a b l e  to resul ts  obta ined.  H o w -  
ever,  of in te res t  is the m a r k e d  effect h igh t e m p e r -  
a tu re  and  an  o p t i m u m  average  p ressure  has on the  
t r a n spo r t  process. 

Up to this  po in t  v e r y  l i t t le  has been  said about  
the effects of geome t ry  and  t h e r m a l  g rad ien t s  on 
the  mass t r a n spo r t  rate.  P r e l i m i n a r y  e xpe r imen t s  
have  shown tha t  tubes  of l a rge r  c ross-sec t ional  area 
and  shor ter  l eng th  y ie ld  a g rea te r  mass t r a n s p o r t  
rate,  a resu l t  which  is at least  in  qua l i t a t ive  agree -  
m e n t  w i t h  theory.  D u r i n g  the  course of e xpe r i -  
men ta t i on ,  t h e r m a l  g rad ien t s  wi th  a s ignif icant  
rad ia l  n o n u n i f o r m i t y  were  formed.  As expected,  the  
g rowth  ra te  was a l te red  dras t ica l ly ,  and  in  some 
cases GaAs was r e move d  f rom the  subs t r a t e  and  
deposi ted on the cooler walls .  Thus  i t  was  found  
to assure  u n i f o r m a l l y  r ep roduc ib le  resu l t s  in  g rowth  
rate,  grea t  care mus t  be exercised in  con t ro l l ing  the 
u n i f o r m i t y  of the  t h e r m a l  g rad ien t  used. 

In  compar ing  the  slope of the  curve  1.9 of Fig. 
14 wi th  the  express ion  D cc p - 1  a difference is ob -  
served which  indica tes  a depa r tu r e  of the  t r a n s p o r t  
process f rom a pu re  diffusion mechan i sm.  

Substrate Growth 
R e t u r n i n g  to Fig. 10 and  11, the  subs t r a t e  we igh t  

ga in  is g iven  u n d e r  the e x p e r i m e n t a l  condi t ions  of 
case I and  case II. At  smal l  t e m p e r a t u r e  differences 
an  ac tua l  we igh t  loss of the subs t ra te  occurs ( reg ion  
des igna ted  as e tch ing  r eac t ion ) .  The e tch ing  reac -  
t ion  ope ra t ing  u n d e r  these  c i r cums tances  is tha t  
g iven  by  Eq. [1].  The  p r inc ipa l  cause for this  ef -  
fect is a c o m b i n a t i o n  of s low diffusion of reac tan t ,  
gases, and  smal l  local t e m p e r a t u r e  g rad ien t s  wh ich  
act as sites of deposi t ion of GaAs. At  la rger  t e m -  
p e r a t u r e  differences b e t w e e n  source and  subs t ra te  
an  increase  in  the q u a n t i t y  deposi t ing  takes  place 
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A Kinetic Theory for Autodoping for Vapor Phase 
Epitaxial Growth of Germanium 

J. J. Grossman ~ 

Hughes Research Laboratories, Malibu, California 

ABSTRACT 

A kinet ic  theory  has been der ived  for the origin of autodoping in ep i tax ia l  
vapor  g rown films based on the t rans ient  behavior  of a genera l  react ion mech-  
anism. This mechanism is the  series  combinat ion  of an etching and growth  
reaction.  A pa r t i cu l a r  case is solved expl ic i t ly  in closed form, and the  behavior  
of more  genera l  cases is indicated.  

A u t o d o p i n g  in e p i t a x i a l  v a p o r  g r o w n  g e r m a n i u m  
(1) a n d  s i l icon (2)  f i lms was  first  r e p o r t e d  a t  t h e  
Oc tobe r  1961 m e e t i n g  of the  E l e c t r o c h e m i c a l  So -  
c i e ty  b y  M a t o v i c h  and  A n d r e s  (1)  and  b y  K a h n g ,  
Manz,  A t a l l a ,  and  T h o m a s  (2) .  The  s ign i f ican t  e x -  
p e r i m e n t a l  o b s e r v a t i o n  is t h a t  i m p u r i t i e s  i n i t i a l l y  
p r e s e n t  in  the  s u b s t r a t e  r e d i s t r i b u t e  in  t he  g r o w i n g  
l a y e r  as g r o w t h  p roceeds ,  T h e y  r e d i s t r i b u t e  a t  an  e v e r  
de c r ea s ing  concen t r a t i on ,  w h i l e  t h e  e x t e r n a l l y  a d d e d  
i m p u r i t y  bu i l d s  up  and  f ina l ly  t a k e s  con t ro l  of t h e  
g r o w n  f i lm doping .  Two t h e o r e t i c a l  a p p r o a c h e s  a r e  
poss ib le  for  e x a m i n i n g  a u t o d o p i n g  (1, 2) .  

F i r s t ,  one can  be  p u r e l y  p h e n o m e n o l o g i c a l  as 
w e r e  K a h n g  et al. (2, 3) and  p o s t u l a t e  a c o u n t e r -  
c u r r e n t  or  d i s t i l l a t i on  t y p e  e n r i c h m e n t  w i t h o u t  r e -  
g a r d  for  t he  d e t a i l e d  mic roscop ic  m e c h a n i s m .  In  th i s  
t h e o r y  one p o s t u l a t e s  t h r e e  processes ,  e tch ing ,  m i x -  
ing, and  g rowth ,  w h i c h  occur  r e p e t i t i o u s l y  in  t h a t  
o rder .  

On the  o the r  hand ,  one m a y  d e r i v e  k i n e t i c a l l y  an  
exp l i c i t  t i m e  d e p e n d e n c e  for  t he  r e a c t i o n  r a t e  a n d  
t h e r e b y  show de ta i l s  of t he  o r ig in  of t h e  r e d i s -  
t r i b u t e d  s u b s t r a t e  i m p u r i t y .  2 The  o b s e r v e d  l o g a r i t h -  
mic  r e d i s t r i b u t i o n  in t he  r e g r o w t h  is t h e n  eas i ly  
f o u n d  in d i f f e r en t i a l  f o r m  s ince  t h e  adso rbed ,  l i b -  
e r a t e d  su r f ace  i m p u r i t y  C r e i n c o r p o r a t e s  in to  t he  
s u b s t r a t e  f i lm in p r o p o r t i o n  to t h e  g r o w t h  r a t e  R, 
the  d i s t r i b u t i o n  coefficient  b e t w e e n  the  sol id  and  
a d s o r b e d  phase  k, a n d  a loss f ac to r  due  to i m p u r i t y  
d i f fus ion a w a y  f r o m  the  su r f ace  A. The  n e t  c h a n g e  
in a d s o r b e d  su r f ace  i m p u r i t y  p e r  un i t  t ime  d C / d t  
is g iven  b y  

dC 
-- - -  dt = A k C R  dt = a k C  dz [1]  

dt 

w h e r e  a is a f ac to r  w h i c h  d e p e n d s  on g r o w t h  r a t e  R 
and  loss b y  diffusion.  I n t e g r a t i o n  d u r i n g  s t e a d y -  
s t a t e  g r o w t h  g ives  t he  i m p u r i t y  prof i le  in  t h e  

1 P r e s e n t  addres s :  D o u g l a s  A i r c r a f t  C o m p a n y ,  AlYIT U n i t  lS, S a n t a  
Monica ,  Ca l i fo rn ia .  

2 Here  w e  cons ide r  as t r i v i a l  i m p u r i t y  l i b e r a t i o n  due  to  p rep rocess -  
i n g  t h e  subs t ra te .  The  c o m b i n a t i o n  of d i f fus ion  a t  a r a t e  f a s t e r  t h a n  
g r o w t h  is also r u l e d  out  s ince t h e  t w o  processes ,  a u t o d o p i n g  a n d  d i f -  
fus ion ,  are  d i f f e r en t i a t e d  by  t he  e x c e l l e n t  c a p a c i t i v e  i m p u r i t y  d i s t r i -  
b u t i o n  m e a s u r e m e n t s  r e p o r t e d  b y  T h o m a s  et  aL (3).  

g r o w n  f i lm w i t h  d i s t a n c e  z, w h i c h  is p r o p o r t i o n a l  
to the  a d s o r b e d  su r f ace  i m p u r i t y  C ( z )  

N ---- N ~ exp  ( - -akz )  [2]  

w h e r e  N ~ is t he  i n i t i a l  r e g r o w t h  c o n c e n t r a t i o n  of 
i m p u r i t y  w h i c h  d e p e n d s  on t h e  d i s t r i b u t i o n  co-  
efficient  and  the  t o t a l  a m o u n t  of i m p u r i t y  i n i t i a l l y  
l i b e r a t e d  f r o m  the  subs t r a t e .  

A c o m p a r i s o n  of the  two  m e t h o d s  shows  t h a t  if  
t he  r e p e t i t i v e  e t c h i n g - m i x i n g - g r o w t h  s tep  a p -  
p r o a c h e s  zero  in t he  K a h n g  ( 2 ) - T h o m a s  (3)  t r e a t -  
men t ,  the  e x p r e s s i o n  becomes  e q u i v a l e n t  to Eq. [2] .  
H o w e v e r ,  s t r ic t  a d h e r e n c e  to a p h y s i c a l  i n t e r p r e t a -  
t ion  is no l o n g e r  feas ib le .  This  can  be  s h o w n  in t he  
fo l lowing  way .  

I n  a t y p i c a l  case t he  s u b s t r a t e  c o n c e n t r a t i o n  is 
10 TM a n d  r e g r o w t h  s t a r t s  a t  10 TM, d e c r e a s i n g  to 1014 
in 5~. I f  the  so l i d -gas  p h a s e  d i s t r i b u t i o n  coefficient  

is a s s u m e d  to be  10 -2  , t h e n  a su r f ace  l a y e r  kAz 

(1# ~ ~z ~ the  a v e r a g e  p r o b a b l e  t h i cknes s  of t he  
a u t o d o p e d  r e g r o w t h  l a y e r )  10 -2 x 1~ ---- 100A 
t h i c k  of  t he  o r ig ina l  sol id  s u b s t r a t e  r ep re sen t s ,  a p -  
p r o x i m a t e l y ,  t he  ac t ive  su r f ace  v o l u m e  f r o m  w h i c h  
t h e  i m p u r i t i e s  a r e  l i b e r a t e d  and  s u b s e q u e n t l y  r e -  
d i s t r i b u t e d .  S ince  i t  s eems  u n l i k e l y  t h a t  a t  a n y  
g iven  t i m e  an  ac t ive  su r f a c e  v o l u m e  20 a t o m s  deep  
is e n g a g e d  in reac t ion ,  i t  is r e a s o n a b l e  to suppose  
t h a t  i m p u r i t i e s  a r e  f irst  l i b e r a t e d  f r o m  th is  v o l u m e  
b y  e t ch ing  once,  and  t h e n  r e i n c o r p o r a t e  l o g a r i t h -  
m i c a l l y  as s u g g e s t e d  above .  

On the  o t h e r  hand ,  t he  m a t h e m a t i c a l  dev ice  of 
r e p e t i t i v e  e tch ing ,  mix ing ,  and  g r o w t h  (3)  w i t h  
a cyc le  s tep  less t h a n  20 a t o m s  deep  is mean ing l e s s ,  
s ince  suff icient  d o p a n t  cou ld  no t  be  l i b e r a t e d  f r o m  
the  surface .  Neve r the l e s s ,  i f  t a k e n  in pe r spec t i ve ,  
t he  m a t h e m a t i c a l  f o r m  p r e s e n t e d  b y  T h o m a s  et al. 
(3)  is s t i l l  v e r y  useful .  

The  p u r p o s e  of th is  p a p e r  is to d e m o n s t r a t e  t h a t  
t he  s ingle  e t c h - b a c k  m e c h a n i s m  is a n a t u r a l  conse -  
quence  of t he  t r a n s i e n t  b e h a v i o r  i n v o l v e d  in  i n i t i a t -  
i ng  a s t e a d y - s t a t e  g r o w t h  r e a c t i o n /  

8 Th i s  m e c h a n i s m  was  f irs t  r e p o r t e d  a t  The  E l e c t r o c h e m i c a l  Soc ie ty  
m e e t i n g  by  M a t o v i c h  a n d  A n d r e s  (1) w i t h  th i s  a u t h o r ' s  pe rmi s s ion .  
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Prototype Reaction Mechanism 
The main assumption made about hydrogen 

reduction of GeC14 in an open tube epitaxial growth 
reactor is that  GeC14 is reduced step-wise to GeCI~ 
and then by H2 to Ge. Furthermore,  it can be as- 
sumed that GeC14 etches the substrate by means of 
the well known disproportionation reaction 

with 

k l  
GeCI4 + Ge ~ 2GeCl2 

kl a 
[3] 

k 2  

GeCla + H2 ~ Ge + 2HCI [4] 

acting as the hydrogen reduction step. 
These two simplified equations provide a proto-  

type reaction mechanism which contains the two 
main elements of the reaction, etching and growth, 
and which is a simplified, representative, mathe-  
matically tractable model of the real reaction. After 
the transient behavior of this simplified reaction 
mechanism is studied, the modified behavior of more 
complex mechanisms (more closely approximating 
the real system) will be examined. 

The reaction system is imagined to comprise three 
phases (Fig. 1) : the bulk gas phase, a boundary gas 
film through which reactants and products diffuse, 
and the gas-solid interface. The bulk gas phase is 
composed of hydrogen and germanium tetrachloride 
with concentrations [H2 ~ and C4 ~ respectively. At  
the gas-solid interface the gas phase concentrations 
of these two components are [He] and C4 respec- 
tively. If the boundary  film is idealized to have an 
effective thickness z ~ the reactants will diffuse to 
the surface with a ra te  given by 

Di ~)i 
(Diffusion Rate)i = C = (Ci ~ -- Ci) 

Z o Z o 

= Di(C, ~  Ci) [5] 

where  ~)~ is the diffusion constant of the i th compo- 
nent and Di = ( � 9  Similarly, the reaction prod- 
ucts GeCla and HC1 have gas-solid interface concen- 
trations Ca and [HC1], respectively, and diffuse out 
across the boundary  film into the bulk gas phase, 
where their concentrations are assumed to remain 
zero since the products are carried away by the 
steady reactant  gas stream. 

The following simplifying assumptions are made: 
I, the reaction mechanism is represented by one 
etching reaction and one growth reaction, Eq. [3] 
and [4]; II, the reverse reaction of Eq. [4] is con- 
sidered negligible; III, the concentration of GeCI4 

GAS PHASE 
c~ [H~] 

I' 1' t' STAT,ONARY 
[ [ FILM THICKNESS DIFFUSION 
/ / Z~ LAYER 

C4 !2 [H2] [H!~] 1 
�9 GAS SOLID INTERFACE ~////~z. Y// / / / / / / / / / /~/~ 

~ SUBSTRATE ~ 

Fig. 1. Schematic representation of epitaxial growth in vapor 
phase deposition by hydrogen reduction of a gaseous halide. 

at the interface instantaneously becomes C4, its 
s teady-state value; IV, the concentration of H2 at 
the interface is equal to its gas phase value H2~ V, 
the component adsorption isotherms are linear and 
rapid. 

With these assumptions and the mechanism pro- 
posed in Eq. [3] and [4], the time rate of change in 
concentration of these components C2 and C4 is 
given by the mass action relations at the gas-solid 
interface 

dC4 
- -  - -  = 0 = k l C 4 -  k1*C22 - -  D4 (C4 ~ - -  C4)  [6] 

d t  

dC2 
- -  -- 2kl*Ca a -  2klC4 -{- k2 [H2 ~ C2 + D2C2 [7] 

dt 

and the germanium growth rate is 

d[Ge]  
- -  - -  k l * C 2  2 -~- k 2  [ H 2  ~  C a  - -  klC4 [8] 

dt 

Since dC4/dt = 0 in Eq. [6] by assumption III  

D4C4 ~ + kl*Ce 2 
C4 = [9] 

D4 + kl 

Substitution of C4 from Eq. [9] converts Eq. [7] 
into a first order differential equation in the single 
variable C2 = Ca(t) 

dC2 ( 2kl*D4 ) 
dt D4 + kl  C~2 + (k2[H2~ + D2) 

2klD4C4 ~ 
C2 [10] 

kl + D4 

This equation has as its s tandard solution the form 

-o,--,n[ 1 
2~/C2+ fl + q ~ . l  

where 

When t = ~ ,  

qa = #2 + 40o, 
2klD4C4 ~ 

kl  + D4 
fl ---- k2[H2 ~ + De 

2k1" D4 
T--  

D4 + kl 
[12] 

q - #  
C2 ~176 [13] 

23, 

and Eq. [11] can be rearranged to the form 

C2 ~ (1 --  e -qt) 
C2 = [14] 

q - -  fl )e-q~ ) 
( 1  + ( q W f l  

Only two cases of Eq. [14] need be considered. 
These are the extremes when the ( q - - f l )  term in 
the denominator is zero or one. 

Case I. C2 ---- C~ ~ ( I -  e -q t )  [15] 

C2 ~ ( i  - -  e - q t )  
Case II. C2 = [16] 

1 + e -qt 

Normalized plots of these two functions in Fig. 2 
show that they do not differ appreciably over the 
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Fig. 2. Normalized plots of the two extremes of the dichloride 
concentration function variation with time. 
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Fig. 3. Normalized growth rate as a function of time showing 
transient substrate etching during the initiation of the steady- 
state growth reaction. 

entire range of the time parameter  x. Therefore we 
need examine only the simpler case, Case I, to un-  
derstand the general case as well. The germanium 
growth rate (Eq. [10]) becomes 

d[Ge]  kz* D4 
= C2o~2(1--e-qt) 2 

dt (kl + D4) 
kl D4 

4- k2[Hi] C2 ~ (1--e -at) C4 ~ [17] 
kl + D4 

A particular case of this function at low C4 ~ concen- 
trations, where the assumptions made are most 
valid, has the form 

d[Ge]  
- -  = R [i-- 2(l--e -qt)] [18] 

dt 

and is shown in Fig. 3. The initial etching period 
followed by growth is in all cases easily understood 
by referring to Eq. [8] modified by substituting 
Eq. [9] for C4 

d[Ge]  kl*D4C22 kl D4 
_ _ -  ~- k2[H2~ C4 ~ 

dt (kl + D4) (kl + D4) 
[19] 

Since the last term in C4 ~ has a fixed negative value 
and C2 builds up from zero to its s teady-state value 
C2 ~, the growth rate is negative until C2 becomes 
sufficiently large. The initial time interval, during 
which the growth rate is negative until it becomes 
zero, is defined as the induction period. Setting the 
growth rate d[Ge]/dt = 0, the dichloride concen- 
tration C2(v) at a time equal to the induction period 
r is given by 

k2(D4 + kl) 
C2(~) = 

2k~*/:)4 

1.8 

1.4 

z LO 

0 .6  

~ 0 2  

I-  

~ - C 2  

o 
~ - 0 . 6  

~ - I .O 

z 

~ -1 .4  

- I . 8  

T IME P A R A M E T E R ,  X = q t  

Fig. 4. Substrate growth as a function of time showing the etch- 
back and subsequent steady-state growth. 

[--1 + ~ / 1 +  [ ' k l  + D4 k2~[H2~ 2 

By substituting this value for Ci(v) into Eq. [14] 
one can in principle solve explicitly for the induc- 
tion period t. 

The growth rate can be integrated to give the 
height of the surface z from its initial position Zo 

(MW) f t (  d;[Ge] ) 
z -  Zo = ~ . o  x ~  st  [21] 

This function is exemplified by the integral of Eq. 
[18] shown in Fig. 4. 

Discussion 

In a real system the tetrachloride concentration 
C4 does not start at its equilibrium value but by dif- 
fusion builds up to i ts  equilibrium value from zero. 
Therefore, instead of starting with a finite maximum 
negative value, the growth rate starts at zero, in- 
creases to a max imum negative value, decreases to 
zero, and then becomes positive. As a result, the 
etchback distance is not as great as would be ex- 
pected by the equations derived herein. The dif- 
ferential equation for this case is a second order 
nonlinear differential equation in the form 

d2C2 des _ ~ / de22 
+ (/~ + Y) -~ -  + ~ c 2 + ~ + ~ k - - ~  + ~c~2 ) = 0 

dt--- ~- 
[22] 

which can be solved numerically. One can show that 
the growth rate at t = 0 is zero and that the slope of 
d[Ge]/dt vs. C4 ~ first becomes negative. Qualita- 
tively, C2 builds up almost as rapidly as C4, whereas 
the induction period is comparable. Therefore the 
difference between the etching and growth rate is 
always less than in the first case, and the integrated 
etchback distance is less. 

The e tching-growth behavior is easily under-  
stood in terms of the reaction mechanism proposed. 
The reduction of the tetrahalide to subhalide C2 
etches the surface until Ce builds up to a sufficiently 
high concentration to cause growth. In this reac- 
tion, diffusion of Ce away from the surface limits 
the growth rate. 

When the reverse of the growth reaction Eq. [4], 
or HC1 etching is included, it also inhibits the 
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g r o w t h  ra te .  In  fact ,  i t  l e ads  to  s u b s t r a t e  e t c h ing  C 
as  t h e  C4 ~ c o n c e n t r a t i o n  is i n c r e a s e d  b e y o n d  a c r i t i -  
cal  va lue .  4 C4 
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adsorbed  impur i t y  as measu red  by  its gas 
phase  concentra t ion  nex t  to the  sol id-gas  
interface.  
concentra t ion of GeC14 a t  sol id-gas  interface.  
concentra t ion of GeCI2 at  sol id-gas  interface.  
concentra t ion of H2 at  sol id-gas  interface.  
concentra t ion of HC1 at  sol id-gas  interface.  
concentra t ion of GeC14 in the  bu lk  gas phase.  
concentra t ion of H2 in the  bu lk  gas phase.  
see Eq. [13]. 
diffusion coefficient of i th species. 
~#Zo. 
impur i ty  d i s t r ibu t ion  coefficient be tween  the 
solid and gas phases dur ing  growth.  
fo rward  ra te  constant  for  reac t ion  i. 
reverse  ra te  constant  for  react ion i. 
impur i ty  concentra t ion  in the  solid phase.  
t~ 2 ~- 4a7. 
subs t ra te  g rowth  rate .  
d is tance measu red  norma l  to the  surface 
f rom t ime  zero. 
effective thickness  of s ta t ionary  gas diffusion 
layer .  
average  probable  thickness  of au todoped r e -  
g rowth  l aye r  ~- f ~ z N (z) dz/  f ~ N (z) dz 

o o 
see Eq. [12]. 
constants  in Eq. [22]. 
induct ion per iod  - -  to ta l  t ime for t rans ien t  
subs t ra te  etching. 

Vapor Growth of Germanium-Silicon Alloy Films 
on Germanium Substrates 

R. C. Newman ~ and J. Wakefield 
Research Laboratory, Associated Electrical Industries, Aldermaston Court, Aldermaston, Berkshire, England 

ABSTRACT 

Silicon has been t r anspor ted  f rom a source at  l l00~  onto ge rman ium single 
c rys ta l  subs t ra tes  a t  700~176 in a sealed sys tem by the  d ispropor t iona t ion  
of the  iodide. Deposits  thus fo rmed  are  found to be ge rman ium sil icon al loys 
of va r i ab le  composit ion.  These s t ruc tures  have  been examined  by  e tching tech-  
niques, e lect ron mic robeam x - r a y  analysis,  and by  e lec t ron diffraction. Dur ing  
deposit ion,  plast ic  deformat ion  of the  ge rman ium occurs resu l t ing  in dis lo-  
cation densi t ies  of up  to 5 x 10~/cm 2, and apprec iab le  cav i ty  fo rmat ion  is found 
in monocrys ta l l ine  deposi ts  fo rmed  at  h igh subs t ra te  tempera tures .  

E p i t a x i a l  f i lms of s i l icon a re  a lmos t  i n v a r i a b l y  
p r e p a r e d  b y  the  decompos i t i on  of t r i c h l o r o s i l a n e  
(1)  or  t he  h y d r o g e n  r e d u c t i o n  of s i l icon  t e t r a c h l o -  
r ide  (2)  ; bo th  these  p rocesses  r e q u i r e  a s i l icon s u b -  
s t r a t e  t e m p e r a t u r e  of a b o u t  1200~ A process  less  
e x t e n s i v e l y  s t u d i e d  is t h a t  d e s c r i b e d  b y  W a j d a  e t  al. 
(3) ,  w h o  p r e p a r e d  m o n o c r y s t a l l i n e  f i lms on s i l icon 
s u b s t r a t e s  b y  the  d i s p r o p o r t i o n a t i o n  of s i l icon  d i -  
iodide .  S i l i con  is t r a n s p o r t e d  f r o m  a source  a t  a 
h igh  t e m p e r a t u r e  to  t he  s u b s t r a t e  a t  a l o w e r  t e m -  
p e r a t u r e  in  a sea l ed  t u b e  b y  the  r e v e r s i b l e  r e a c t i o n  

cold 

2SiI2(g)  ~ S i ( S )  + S i I4 (g )  [1]  
]lot 

W a j d a  et al. gave  source  a n d  s u b s t r a t e  t e m p e r a -  
t u r e s  as 1100 ~ a n d  9O0~ r e s p e c t i v e l y ,  b u t  d id  no t  
s ta te  t h e  p r e s s u r e s  used ,  w h i c h  a r e  c o n t r o l l e d  b y  
t h e  q u a n t i t y  of i od ine  i n t roduced .  The  t r a n s p o r t  
of s i l icon r e s u l t i n g  f r o m  r eac t i ons  w i t h  iod ine  has  

I P r e s e n t  add re s s :  A.E.I .  R e s e a r c h  L a b o r a t o r y ,  R u g b y ,  W a r w i c k -  
shi re ,  E n g l a n d .  

also been  s t ud i e d  b y  Sch~fe r  and  M o r c h e r  (4 ) ,  w h o  
f o u n d  t ha t  t he  d i r ec t i on  of t r a n s p o r t  a l o n g  a t e m -  
p e r a t u r e  g r a d i e n t  d e p e n d e d  on  the  p r e s su re .  A t  
low p r e s s u r e s  t he  r e a c t i o n  is 

S i ( S )  ~- 4 I ( g )  ~ S i I4 (g)  [2]  

and  s i l icon is t r a n s p o r t e d  f r o m  a l o w - t e m p e r a t u r e  
r eg ion  to a h i g h e r  t e m p e r a t u r e - r e g i o n .  A t  p r e s s u r e s  
g r e a t e r  t h a n  some  v a l u e  b e t w e e n  62-96 m m  Hg 
of s i l icon t e t r a - i o d i d e ,  h o w e v e r ,  r e a c t i o n  [1]  was  
f o u n d  to p r e d o m i n a t e  w i t h  source  and  depos i t i on  
zones at  1150 ~ a n d  950~ r e spe c t i ve ly .  

In  th is  p a p e r  t he  a b o v e  iod ide  p rocess  for  s i l icon 
depos i t i on  is i n v e s t i g a t e d  f u r t h e r ,  and  in  p a r t i c u l a r  
t he  depos i t ion  on g e r m a n i u m  s u b s t r a t e s  has  been  
e x a m i n e d ,  s ince  i t  has  b e e n  shown  p r e v i o u s l y  t h a t  
g e r m a n i u m  m a y  be  g r o w n  e p i t a x i a l l y  on s i l icon 
us ing  an  iod ide  p rocess  (5 ) .  

Experimental Technique 
The  e x p e r i m e n t a l  s y s t e m  cons i s ted  of  a c losed  

q u a r t z  t u b e  a b o u t  30 cm long  and  2.2 cm bore ,  
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s i m i l a r  to  t h a t  u sed  b y  W a j a  et  al .  (3) .  S l ices  of 
s i l icon or  g e r m a n i u m  a b o u t  1.5 c m  d i a m e t e r  a n d  1 
m m  t h i c k  w e r e  h u n g  f r o m  hooks  on t h e  end  of a 
q u a r t z  r o d  w h i c h  is s ea l ed  in to  one end  of t h e  tube .  
The  s i l icon  source  m a t e r i a l  t o g e t h e r  w i t h  t he  iod ine  
was  also p l a c e d  in  t he  t u b e  w h i c h  was  t h e n  d r a w n  
ou t  a t  t h e  open  end  a n d  e v a c u a t e d  to a p r e s s u r e  of 
a b o u t  10 -4  m m  Hg. S u b l i m e d  iod ine  w a s  i n t r o d u c e d  
in  a n  e v a c u a t e d  q u a r t z  c apsu l e  w i t h  b r e a k - t i p  seal ,  
e n a b l i n g  the  t u b e  to be  t h o r o u g h l y  o u t g a s s e d  b e f o r e  
i t  was  sea led .  The  v a p o r  p h a s e  r e a c t i o n  was  c a r r i e d  
ou t  in  a v e r t i c a l  f u r n a c e  w i t h  t w o  t e m p e r a t u r e  
zones.  The  source  s i l icon was  h e l d  in  t he  l o w e r  
r eg ion  a t  a t e m p e r a t u r e  of  a p p r o x i m a t e l y  l l 0 0 ~  
w h i l e  t he  t e m p e r a t u r e  in  t h e  s u b s t r a t e  zone  w a s  
a b o u t  900~ l o w e r  t e m p e r a t u r e s  w e r e  h o w e v e r  
i n v e s t i g a t e d  w i t h  g e r m a n i u m  subs t r a t e s .  I m m e -  
d i a t e l y  b e f o r e  inse r t ion ,  t h e  s u b s t r a t e s  w e r e  c h e m -  
i ca l ly  po l i shed ;  s i l icon  was  e t ched  in  a 50/50  m i x -  
t u r e  of hyd ro f luo r i c  a n d  n i t r i c  acids ,  a n d  g e r m a n i u m  
was  e t ched  in  CP4. 

Deposits on Silicon Substrates 

The  s u b s t r a t e  was  h e l d  a t  900~ a n d  t h e  effect  
of gas  p r e s s u r e  on  the  t r a n s p o r t  of s i l i con  w a s  i n -  
v e s t i g a t e d  b y  v a r y i n g  t h e  a m o u n t  of i od ine  in  
t he  tube .  W h e n  t h e  c a l c u l a t e d  p r e s s u r e  of s i l icon  
t e t r a - i o d i d e  was  less  t h a n  a b o u t  100 m m  Hg,  e t c h -  
i ng  of t he  s u b s t r a t e s  o c c u r r e d  i n d i c a t i n g  t h e  t r a n s -  
fe r  of s i l i con  to t h e  h i g h e r  t e m p e r a t u r e  e n d  of  t he  
tube .  A t  h i g h e r  p r e s s u r e s ,  t he  d i r e c t i o n  of t r a n s -  
p o r t  of t he  s i l icon  w a s  r e v e r s e d ,  in  q u a l i t a t i v e  
a g r e e m e n t  w i t h  t he  f ind ings  of Sch~fe r  a n d  M o r c h e r  
(4 ) .  The  depos i t s  d e s c r i b e d  in  m o r e  d e t a i l  b e l o w  
w e r e  o b t a i n e d  w i t h  a p r e s s u r e  of a b o u t  5 a tm,  a n d  
t h e  g r o w t h  ra t e ,  d e t e r m i n e d  b y  sec t ion ing ,  w a s  
a b o u t  15 ~ / h r .  

G r o w t h s  on [111] s u b s t r a t e s  a t  900~ w e r e  e x -  
a m i n e d  b y  re f lec t ion  e l e c t r o n  d i f f r ac t ion  a n d  f o u n d  
to be  m o n o c r y s t a l l i n e .  The  su r f aces  of such  f i lms 
w e r e  s u b s e q u e n t l y  g round ,  e t ched  in  a m i x t u r e  of 
50% H F  a n d  50% n i t r i c  ac id  a n d  t h e n  Dash  e t c h e d  2 
to r e v e a l  t he  c r y s t a l  s t r uc tu r e .  The  f e a t u r e s  o b -  
s e r v e d  w e r e :  ( i )  a h i g h  d i s loca t ion  d e n s i t y  of a p -  
p r o x i m a t e l y  2.10 ~ cm -e ,  ( i f)  a h igh  d e n s i t y  of s t a c k -  
ing  f au l t s  l y i n g  on < 1 1 1 >  p l a n e s  a n d  up  to 100~ 
in l eng th ,  in  some cases  f o r m i n g  c losed  t r i ang l e s ,  
and  ( i i i )  p o l y c r y s t a l l i n e  inc lus ions  a b o u t  100-200~ 
across .  To e x a m i n e  t h e  g r o w t h  in  d e p t h  a n d  also 
t he  i n t e r f a c e  b e t w e e n  t h e  s u b s t r a t e  a n d  t h e  film, a 
v e r t i c a l  sec t ion  t h r o u g h  t h e  f i lm w a s  g r o u n d  a n d  
e t ched  as  above .  I t  was  f o u n d  t h a t  t he  i n t e r f a c e  
b e t w e e n  t h e  s u b s t r a t e  a n d  f i lm e t ched  v e r y  r a p i d l y ,  
sugges t ing  t h a t  th i s  w a s  a h i g h l y  s t r a i n e d  or  d i s -  
l oca t ed  reg ion .  The  s t a c k i n g  f au l t s  cou ld  be  t r a c e d  
b a c k  to  t he  in t e r f ace ,  a n d  the  r eg ions  of p o l y c r y s -  
t a l l i n e  g r o w t h  also a p p e a r e d  to n u c l e a t e  h e r e  b u t  
w e r e  e v e n t u a l l y  cove red  b y  the  s u r r o u n d i n g  m o n o -  
c r y s t a l l i n e  g rowth .  In  add i t i on ,  t he  d i s loca t ion  d e n -  
s i ty  d e c r e a s e d  w i t h  i n c r e a s i n g  d i s t a n c e  f r o m  t h e  
in t e r face .  

A l t h o u g h  l a r g e  a r e a  s ing le  c r y s t a l  g r o w t h  w a s  
o b t a i n e d  on some  [100] sur faces ,  i t  w a s  f o u n d  t h a t  
r a n d o m l y  o r i e n t e d  pa r t i c l e s ,  a g a i n  n u c l e a t e d  a t  t he  

I IF -H1~Os-ace t i c  a c i d  i n  r a t i o  1: 3: 8. 
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i n t e r face ,  t e n d e d  to g r o w  p r e f e r e n t i a l l y  a n d  e v e n -  
t u a l l y  p r e d o m i n a t e d  w i t h  i nc r ea s ing  f i lm  th ickness .  
The  d i s loca t ion  d e n s i t y  in  s ing le  c r y s t a l  a r e a s  w a s  
a p p r o x i m a t e l y  2 x 105 cm -2  a n d  w a s  t hus  l o w e r  
t h a n  t h a t  o b t a i n e d  fo r  f i lms g r o w n  on a [111] s u b -  
s t r a t e ;  in  add i t ion ,  no e t ch ing  f ea tu re s ,  c h a r a c t e r -  
is t ic  of s t a c k i n g  fau l t s ,  w e r e  o b s e r v e d  on the  [100] 
sur faces .  

T h e  poo r  c r y s t a l  s t r u c t u r e  was  a l m o s t  c e r t a i n l y  
a consequence  of an  ox ide  or  c a r b i d e  l a y e r  (6)  
be ing  f o r m e d  on t h e  su r f ace  of t he  s u b s t r a t e  p r i o r  
to t he  onse t  of  depos i t ion .  A t t e m p t s  to c l ean  the  
s u b s t r a t e  su r f ace  in  s i tu  b y  r e v e r s i n g  t h e  d i r ec t i on  
of r e a c t i o n  [1]  w e r e  no t  s a t i s f a c t o r y  due  to u n e v e n  
a t t a c k  of t h e  s u b s t r a t e  b y  t h e  iod ine  a n d  t h e  f o r -  
m a t i o n  of l a r g e  e tch  pi ts .  Thus  i t  a p p e a r s  to be  m o r e  
diff icult  to a ch i eve  good c r y s t a l  p e r f e c t i o n  in  t he  
depos i t s  p r e p a r e d  b y  th i s  i od ide  p rocess  c o m p a r e d  
w i t h  t h a t  o b t a i n a b l e  f r o m  the  ch lo r ide  p rocesses  
(1, 2) .  

Deposits on Germanium Substrates 

A n  o r i e n t e d  o v e r g r o w t h  o c c u r r e d  r e a d i l y  on b o t h  
[111] and  [100]  s u b s t r a t e s  a t  900~ (see  Fig .  1 and  
2) w i t h o u t  a n y  spec ia l  p r e c a u t i o n s  b e i n g  t a k e n  to 
r e m o v e  spu r ious  c o n t a m i n a t i o n  f r o m  t h e  r e a c t i o n  
tube .  The  su r f ace  l a y e r  h a d  t h e  v i s u a l  a p p e a r a n c e  
of s i l icon and  re f lec t ion  e l e c t r o n  d i f f r ac t ion  s h o w e d  
t h a t  t he  l a t t i ce  spac ing  of th i s  l a y e r  w a s  t h a t  of 
s i l icon w i t h i n  t h e  e x p e r i m e n t a l  e r r o r  of  0.5%. 

Fig. 1. Oriented growth on a (111) germanium surface after 
16 hr at 885~ Magnification approximately 40x. 

Fig. 2. Oriented growth on a (100) germanium surface after 
16 hr at 885~ Magnification approximately 40x. 
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Fig. 3. Etched (111) growth showing a high density of stacking 
faults and dislocations. Magnification approximately 400x. 

Fig. 4. Etched (100) growth showing only dislocations with a 
density of 107 lines/cm 2. Magnification approximately 1100x. 

Chemical  etching of these surfaces revea led  s imi lar  
features  to those descr ibed for deposits  on silicon 
substrates,  i.e., stacking faults  and slip t races were  
evident  on (111) surfaces but  not on (100) surfaces, 
as shown in Fig. 3 and 4. The samples  were  then 
sectioned and polished. The thickness  of the sur -  
face layer  was found to be about  15-30~, benea th  
which there  was a second l aye r  containing la rge  
cavities as shown in Fig. 5. The thickness of this 
cavi ta ted  l aye r  increased wi th  increasing t ime of 
reaction,  unt i l  af ter  64 hr  a ge rman ium subs t ra te  
or ig ina l ly  1 mm in thickness was no longer iden t i -  
fiable. 

To de te rmine  the re la t ive  concentrat ions of ger -  
man ium and silicon in these layers,  such sections 
were  scanned in a microbeam x - r a y  analyzer  (7).  
The ge rman ium content  at the surface was about  
2-5 a/o,  which is consistent  wi th  the  de te rmina t ion  
of the lat t ice p a r a m e t e r  of this  layer .  The ger -  
man ium concentra t ion increased only s lowly wi th  
increas ing pene t ra t ion  unt i l  the  in ter face  be tween  
the cavi ta ted  l aye r  and the ge rmanium was ap-  
proached;  no discont inui ty  was found be tween the 
surface l aye r  and the cavi ta ted  layer .  The d i s t r ibu-  
t ion of ge rman ium about  the second interface  is 
shown in Fig. 6 for var ious  subs t ra te  t empera tures .  
I t  m a y  be noted that ,  a l though this in terface  ap-  
pears  quite sharp on micrographs  o f  samples re -  
acted at  all  t empera tures ,  the concentrat ion g ra -  

Fig. 5. Sectioned (111) sample showing cavitated layer below 
the thin coherent surface skin. Treatment 3Vz hr at 870~ 
Magnification approximately 70x. 
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Fig. 6. Concentration of germanium in atomic per cent as a 
function of distance. The interface between the germanium sub- 
strate and the cavitated layer (see Fig. 5) is used as a reference 
line. Curve A, T = 885~ d = 410~; curve B, T = 800~ d 
" -  130/~; curve C, T "-- 660~ d = 20~. The time of heating in 
each case was 17 hr and d is the distance from the reference 
line to the external surface. 

dient  of the ge rmanium increases wi th  decreasing 
tempera ture .  The d is t r ibut ion  of silicon was l ike-  
wise determined,  but  the resul ts  could not  be in-  
t e rp r e t ed  accura te ly  because the absorpt ion  coeffi- 
cient for the character is t ic  x - r a y s  f rom the silicon 
in the germanium-s i l i con  al loy was not known. 
Qual i ta t ively ,  however ,  the resul ts  indica ted  tha t  
the sum of the ge rman ium and silicon concentra-  
tions was close to unity.  Back-ref lect ion Laue  photo-  
graphs  showed tha t  the cavi ta ted  layers  were  mono-  
crys ta l l ine  throughout ,  and la t t ice  pa rame te r s  
in te rmedia te  be tween  ge rman ium and silicon were  
measured  in agreement  wi th  the microanalysis .  

The weight  of the sample  af ter  the react ion was 
less than the weight  of the or iginal  ge rman ium sub-  
strate,  but  the thickness was cons iderably  increased.  
Thus, as silicon is deposited,  ge rman ium must  be 
t r ans fe r red  to the gas phase, and  in fact, ye l low 
germanous iodide was observed in the  react ion tube 
on removal  f rom the furnace.  

This is consistent wi th  the calcula ted values of 
the free energy AG of --20 kca l /mo le  and --27 
kca l /mole ,  respec t ive ly  for the  react ions 

G e ( S )  + S i I f (g)  + A G ~ G e I f ( g )  + S t (S )  
and 

2Ge(S)  + SiI4(g) + AG r 2GeIf(g)  + S t (S)  
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at  a t e m p e r a t u r e  of 1200~ v a l u e s  of t he  f r ee  
e n e r g y  for  s i l icon d i - i o d i d e  a n d  g e r m a n i u m  d i -  
i od ide  w e r e  o b t a i n e d  f r o m  p r e v i o u s l y  p u b l i s h e d  
d a t a  (4, 8) .  

To e l u c i d a t e  t he  m e c h a n i s m  of t h e  g e r m a n i u m  
t r a n s p o r t  t h r o u g h  the  s i l icon some f u r t h e r  e x p e r i -  
m e n t s  w e r e  c a r r i e d  out.  A s a m p l e  was  r e a c t e d  in  
t he  u s u a l  w a y  for  a suff icient  t i m e  to f o r m  a s i l icon  
coa t ing  on  i ts  sur face ,  and  t h e n  t h e  iod ine  was  
condensed  b y  the  a p p l i c a t i o n  of l i qu id  a i r  to a co ld  
f inger  (a t  h igh  t e m p e r a t u r e  d u r i n g  t h e  f irst  p a r t  
of the  h e a t i n g )  a f t e r  w h i c h  h e a t i n g  of t he  s a m p l e  
was  c o n t i n u e d  for  s e v e r a l  hours .  Sec t i ons  of t he  
s a m p l e s  showed  a s t r u c t u r e  a p p r o p r i a t e  to t h e  sho r t  
t i m e  of depos i t ion ,  i n d i c a t i n g  t h a t  no a p p r e c i a b l e  
d i f fus ion occu r r ed  d u r i n g  t h e  s u b s e q u e n t  annea l .  In  
fact ,  no change  in  t he  g e r m a n i u m  c o n c e n t r a t i o n  p r o -  
file cou ld  be  d e t e c t e d  in  a s i m i l a r  s a m p l e  h e a t e d  
in  an  e v a c u a t e d  s i l ica  t u b e  for  600 h r  a t  918~ I t  
t h e r e f o r e  a p p e a r s  t h a t  t h e  g e r m a n i u m  is t r a n s p o r t e d  
t h r o u g h  the  po re s  i n  t he  c a v i t a t e d  r eg ion  (see  Fig .  
5) b y  a gas  p h a s e  r e a c t i o n  i n v o l v i n g  iodine ,  a l t h o u g h  
th is  was  not  d e t e c t e d  b y  the  mic roana ly s i s .  This  is 
no t  u n e x p e c t e d ,  s ince  a n y  condensed  g e r m a n i u m  or  
s i l icon iod ides  w o u l d  b e  h y d r o l i z e d  in t he  a t m o s -  
phere ,  t hus  a l l o w i n g  the  i od ine  to escape;  t he  con-  
c e n t r a t i o n  of iod ine  in  so l id  so lu t ion  is e x p e c t e d  to 
be  s m a l l  in v i e w  of t he  r e su l t s  of  B a k e r  and  C o m p -  
ton  (9) .  

A poss ib le  m e c h a n i s m  for  t he  f o r m a t i o n  of t he  
cav i t i es  is n o w  discussed .  T h e r e  is a con t inuous  
cha rge  in  l a t t i c e  p a r a m e t e r  f r o m  the  su r f ace  of 
the  depos i t s  to t he  g e r m a n i u m  s u b s t r a t e  a n d  d i s -  
loca t ions  m u s t  be  g e n e r a t e d  to a c c o m m o d a t e  th is  
change .  In  fact ,  e t ch ing  r e v e a l e d  t h a t  t he  d i s loca t ion  
d e n s i t y  in  t h e  g e r m a n i u m  s u b s t r a t e  i n c r e a s e d  d u r -  
ing  the  r e a c t i o n  f r o m  a b o u t  104 c m  -2  up  to 5 x 107 
cm -2, t hus  g iv ing  pos i t i ve  ev idence  for  the  occu r -  
r ence  of p l a s t i c  d e f o r m a t i o n .  Vacanc i e s  g e n e r a t e d  
b y  the  n o n c o n s e r v a t i v e  m o t i o n  of  jogs  on such m o v -  
ing  d i s loca t ions  (10) m a y  s u b s e q u e n t l y  a g g r e g a t e  
to f o r m  cav i t i es  w h i c h  a r e  l i k e l y  to be  s t ab i l i z ed  
b y  the  p r e s e n c e  of g e r m a n i u m  d i - i o d i d e  gas. The  
p o s s i b i l i t y  t h a t  t he  po re s  a r i se  f r o m  a K i r k e n d a l l  
effect (11) is t h o u g h t  to be  u n l i k e l y ,  due  to  t he  
o b s e r v e d  neg l ig ib l e  i n t e rd i f fus ion  in  t he  abse nc e  of 
iodine.  

O r i e n t e d  g r o w t h s  w e r e  o b t a i n e d  on [111] s u b -  
s t r a t e s  a t  t e m p e r a t u r e s  d o w n  to 650~ A t  t he  
l o w e r  t e m p e r a t u r e s ,  the  r a t e  of  s i l icon  depos i t i on  
on the  s p e c i m e n  was  m u c h  r e d u c e d  (see  Fig.  6) 
and  a f i lm of s i l icon was  d e p o s i t e d  on  the  w a l l  of 
t he  r e a c t i o n  t u b e  in  a zone at  a b o u t  800~ O r i e n t e d  
g r o w t h s  could  no t  be  o b t a i n e d  on [100] s u b s t r a t e s  

a t  t e m p e r a t u r e s  b e l o w  800~ T w i n n i n g  o c c u r r e d  
on a l l  { l l l ~  p l a n e s  as d e t e r m i n e d  b y  e l e c t r o n  d i f -  
f r a c t i o n  and  these  t w i n n e d  c r y s t a l l i t e s  w e r e  f o u n d  
to h a v e  l a r g e  p l a n a r  { i i I ~  face ts  s i m i l a r  to t he  
s t r u c t u r e  o b s e r v e d  on g e r m a n i u m  depos i t s  p r e p a r e d  
b y  a s i m i l a r  i od ide  p rocess  (12) .  

Conclusions 
I t  ha s  been  s h o w n  t h a t  s i l icon can  be  d e p o s i t e d  

onto g e r m a n i u m  s ingle  c r y s t a l  s u b s t r a t e s  to g ive  
e p i t a x i a l  l a y e r s  cons i s t ing  of  a g e r m a n i u m  si l icon 
a l loy.  The  mos t  i n t e r e s t i n g  f e a t u r e  is t h a t  a s ingle  
c r y s t a l  s t r u c t u r e  can  be  m a i n t a i n e d  t h r o u g h o u t  t he  
w h o l e  r a n g e  of compos i t i on  of g e r m a n i u m - s i l i c o n  
a l loys  in c o n t r a s t  to a l loys  p r e p a r e d  b y  the  p u l l i n g  
t e c h n i q u e  (13) .  These  r e su l t s  a r e  t hus  c o m p l e -  
m e n t a r y  to those  of M i l l a r  a n d  Gr ieco  (14) who  
o b t a i n e d  s ingle  c r y s t a l  g e r m a n i u m - s i l i c o n  a l loy  
fi lms b y  m e a n s  of  t he  c h l o r i d e  process .  
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ABSTRACT 

The reac t ion  of t an ta lum wi th  the  gases, 02, N2, CO2, CO, and H2 at  low 
pressures  (0-200#) was s tudied in the range  200~176 Measurable  reac t ion  
ra tes  which were  independen t  of pressure  were  observed for  02 at 350~176 
N2 at  780~176 CO2 at  500~176 and CO at 950~176 H2 was r eve r s i -  
b ly  absorbed  at  200~176 and was the only gas re leased af ter  sorpt ion be low 
1600~ 

As p a r t  of a g e n e r a l  i n v e s t i g a t i o n  of ge t t e r s ,  a 
s t u d y  has  been  m a d e  of the  k ine t i c s  of  r e a c t i o n s  
b e t w e e n  t a n t a l u m  a n d  v a r i o u s  gases .  T a n t a l u m  
and  o t h e r  b u l k  ge t t e r s  h a v e  been  used  in  l a m p s  a n d  
e l e c t r o n  dev ices  to  r e m o v e  d e t r i m e n t a l  gaseous  i m -  
p u r i t i e s  such  as H2, 02, CO2, CO, H20, and  h y d r o -  
carbons .  In  o r d e r  to use  these  ge t t e r s  e f fec t ive ly ,  
a k n o w l e d g e  of s o r p t i o n  a n d  d e s o r p t i o n  p rocesses  
as  a func t ion  of t e m p e r a t u r e  a n d - p r e s s u r e  is n e c -  
essary .  

W h i l e  a c o m p r e h e n s i v e  s u r v e y  of gas so rp t ion  b y  
m e t a l s  (1)  and  r e c e n t  b i b l i o g r a p h i e s  (2, 3) on 
ge t t e r s  a r e  ava i l ab l e ,  s tud ies  of t he  r e a c t i o n s  b e -  
t w e e n  t a n t a l u m  and  the  gases  of i n t e r e s t  (4-13,  
17, 18) do no t  cover  the  low gas  p r e s s u r e  ( m i c r o n )  
r eg ion  a d e q u a t e l y .  Consequen t l y ,  th is  i n v e s t i g a t i o n  
of the  g e t t e r i n g  p r o p e r t i e s  of t a n t a l u m  as a func t ion  
of t e m p e r a t u r e  (200~176  and  p r e s s u r e  (0-  
200~) was  in i t i a t ed .  

Experimental 
The  t a n t a l u m  was  o b t a i n e d  f r o m  F a n s t e e l  M e t a l -  

l u r g i c a l  C o r p o r a t i o n  in 0.003 x 5/16 in. s t r ips  and  
was  specif ied as 99 .9+% p u r i t y  w i t h  C and  F e  each  
at  a m a x i m u m  l eve l  of 0.03%. The  t a n t a l u m  was  
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Fig. 1. Getter chamber 

f o r m e d  into  a 1.0 in. d i a m e t e r  r i n g  w i t h  an  a p p r o x -  
i m a t e  w e i g h t  of 0.80g. The  su r f ace  of  t h e  t a n t a l u m  
was  smooth ,  a n d  the  su r f a c e  a r e a  w a s  c a l c u l a t e d  
f r o m  the  g e o m e t r i c  d imens ions .  

The  gases  w i t h  99.5-99.99% p u r i t y  w e r e  o b t a i n e d  
in s m a l l  c y l i n d e r s  or  g lass  f lasks,  and  f u r t h e r  pu r i f i -  
ca t ion  was  no t  a t t e m p t e d  e x c e p t  w h e n  poss ib le  t h e  
gas  w a s  pa s sed  s l o w l y  t h r o u g h  a l i q u i d  n i t r o g e n  
t r a p  p a c k e d  w i t h  glass  b e a d s  to r e m o v e  a n y  pos -  
s ib le  w a t e r  vapor .  

A glass,  h igh  v a c u u m  s y s t e m  us ing  a m e r c u r y  
d i f fus ion p u m p  was  cons t ruc t ed .  The  gas  p r e s s u r e  
for  t he  g e t t e r i n g  e x p e r i m e n t s  w a s  m e a s u r e d  b y  a 
C o n s o l i d a t e d  E l e c t r o d y n a m i c s  Co rpo ra t i on ,  M o d e l  
23-105, m i c r o m a n o m e t e r .  A n  ion r e s o n a n c e  mass  
s p e c t r o m e t e r  was  used  to  a n a l y z e  the  gas  in t h e  
g e t t e r  c h a m b e r .  

A d i a g r a m  of t he  g e t t e r  c h a m b e r  w h i c h  is s i m i l a r  
to one used  b y  o t h e r  i n v e s t i g a t o r s  (14) is shown  
in Fig.  1. The  t a n t a l u m  r i n g  was  h e a t e d  b y  a r a d i o -  
f r e q u e n c y  i nduc t i on  un i t  w h i l e  t h e  t e m p e r a t u r e  was  
m e a s u r e d  b y  the  r h e n i u m - t u n g s t e n  t h e r m o c o u p l e  
for  w h i c h  a c a l i b r a t i o n  c u r v e  to 2100~ was  a v a i l -  
a b l e  (15) .  T u n g s t e n  e l ec t rodes  w e r e  u sed  for  a l l  
spo t  w e l d i n g  ope ra t ions .  A n i c k e l  h e a t  sh i e ld  was  
loca t ed  b e t w e e n  the  ho t  a n d  cold  j u n c t i o n s  of t he  
t h e r m o c o u p l e .  The  b o t t o m  sec t ion  of  t he  g e t t e r  
c h a m b e r  was  i m m e r s e d  in  a w a t e r  b a t h  a t  r o o m  
t e m p e r a t u r e  w h i c h  was  t a k e n  as t he  cold  j u n c t i o n  
t e m p e r a t u r e .  

A f t e r  t he  g e t t e r  c h a m b e r  was  s ea l ed  to  t he  glass  
v a c u u m  s y s t e m  a n d  p u m p e d  down,  t h e  v o l u m e  of 
t he  c h a m b e r  w a s  d e t e r m i n e d  b y  a c a l i b r a t e d  v o l u m e  
and  gas  e x p a n s i o n  t echn ique .  The  g e t t e r  c h a m b e r  
was  t h e n  b a k e d  out  a t  350~ for  2 h r  u s i n g  h e a t i n g  
tape .  A f t e r  b a k e  out,  t h e  t a n t a l u m  r i n g  w a s  s l o w l y  
h e a t e d  to 1800~176 a n d  h e l d  t h e r e  u n t i l  t he  
p r e s s u r e  was  less t h a n  10 -5  mm.  E x c e p t  for  t he  evo -  
l u t i on  of a d s o r b e d  gas  a n d  s o r b e d  h y d r o g e n  a t  r e l -  
a t i v e l y  l ow t e m p e r a t u r e s ,  o t h e r  gases  w e r e  e v o l v e d  
o n l y  a t  t e m p e r a t u r e s  g r e a t e r  t h a n  1600~ 

A f t e r  degass ing ,  t h e  t a n t a l u m  w a s  a l l o w e d  to 
r e t u r n  to r o o m  t e m p e r a t u r e ,  a n d  the  gas  u n d e r  con-  
s i d e r a t i o n  was  a d m i t t e d  a t  a p r e s s u r e  m e a s u r e d  b y  
the  m i c r o m a n o m e t e r .  The  t a n t a l u m  r i n g  w a s  t h e n  
h e a t e d  to t he  d e s i r e d  t e m p e r a t u r e  w h i c h  w a s  a t -  
t a i n e d  in  20-30 sec, and  the  p r e s s u r e  w a s  t hen  
m e a s u r e d  at  30 or  60 sec i n t e rva l s .  

As  the  gas p r e s s u r e  in  t h e  s y s t e m  dec reased ,  t h e r e  
was  a s l igh t  i n c r e a s e  in  t h e  t e m p e r a t u r e  of t h e  t a n -  
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Table I. Summary of data for the reaction of tantalum with 
oxygen, nitrogen, and carbon monoxide 

Rate  c o n s t a n t  
Init ial  

Time ,  p r e s su re ,  P a r a b o l i c  
G a s  Temp,  "C  m t n  /~ /~-l/cm~.seca/2 

L i n e a r  
~-~cm=-sec  

O2 360 10 62 
390 8 48 
410 14 169 
430 12 86 
460 15 153 
460 13 132 
485 15 174 
500 15 196 0.76 
515 10 186 0.90 
535 16 190 0.83 
550 12 118 0.85 
555 8 88 0.95 
590 6 105 1.65 
635 5 95 2.87 

N2 780 15 119 
810 15 108 
860 10 95 
940 10 178 

CO 1200 20 142 
1215 10 195 
1265 10 170 
1315 8 145 
1350 10 180 
1430 10 130 
1535 I0 75 0.49 
1600 8 38 0.52 

1.06 X 10 -8 
1.69 X 10 -8 
2.14 X 10 -8 
2.98 • 10 -8 
5.26 • 10 -8 
5.14 X 10 -3 
9.08 • 10 -8 

7.6 X 10 -4 
1.65 X 10 -3 
3.5 X 10 -3 

1.63 X 10 -2 

7.9 • 10 -3 
7.4 • 10 -3 

1.05 • 10 -2 
1.27 • 10 -2 
1.70 • 10 -2 
1.95 • 10 -2 

t a l u m  r ing  wh ich  was  corrected m a n u a l l y  d u r i n g  
the  r u n  by  us ing  a fine a d j u s t m e n t  on the  pow e r  
control  of the  i n d u c t i o n  heater .  W i t h  this  t echn ique ,  
the  t e m p e r a t u r e  could be he ld  cons t an t  to w i t h i n  
5~176  d u r i n g  a typ ica l  run .  

Af te r  the  run ,  the  ge t te r  c h a m b e r  was  p u m p e d  
down  to 10 -6 mm,  and  the  t a n t a l u m  r ing  was  de -  
gassed a t  1600~176 A n e w  t a n t a l u m  r i n g  was  
used for each gas, and  the  a m o u n t  o f  gas sorbed 
d u r i n g  a series of r u n s  was  cons ide rab ly  less t h a n  
t ha t  r e q u i r e d  for sa tu ra t ion .  

Results 

The resu l t s  of the  reac t ions  b e t w e e n  a degassed 
t a n t a l u m  r ing  and  oxygen,  n i t rogen ,  and  ca rbon  
m o n o x i d e  are  s u m m a r i z e d  in  Tab le  I. Below a cer -  
t a in  t e m p e r a t u r e  wh ich  depended  on the  gas, the  
gas p ressure  above  the  t a n t a l u m  decreased l i n e a r l y  
w i th  t i m e  whi le  above  this  t e m p e r a t u r e  the  p re s -  
sure  decreased l i n e a r l y  w i t h  the  square  root  of t ime.  
The  l i n e a r  and  parabol ic  r e l a t ions  for these  t e m -  
p e r a t u r e  regions  pers i s ted  even  w h e n  la rge  q u a n -  
t i t ies  of gas had  been  sorbed. 

For  oxygen,  a l i nea r  p r e s s u r e - t i m e  r e l a t ion  was  
observed  at  350~176 whi le  a parabo l ic  re la t ion  
was  observed  at  520~176 as shown  in  Fig. 2 
and  3, respect ive ly .  I n  the  l i n e a r  region,  the  r a t e  
cons t an t  for  a degassed t a n t a l u m  sample  at  con-  
s t an t  t e m p e r a t u r e  was  i n d e p e n d e n t  of in i t i a l  p re s -  
sure.  Iden t i ca l  slopes were  o b t a i n e d  for 3 p r e s s u r e -  
t ime  plots  w i t h  in i t i a l  p ressures  in  the  r ang e  82- 
169~. I n  the  t r a n s i t i o n  region,  490~176 a l i n e a r  
r a t e  l aw  was obeyed for  a degassed sample,  a n d  a 
parabol ic  ra te  l aw was obeyed if some sorp t ion  

18( 

IS( ~ CO -1350~ 
02 - 460o C ~ . . . ~ 1 . - -  2,70 Liters 

12( 

ioo 

NZ- 860~ 
" e - - - ~ L . . "  VoI.- 2.19 Liters 

80 

s~ , , , , , , , , , ,'o ' ,'~ 
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Fig. 2. Linear variation of pressure with time for oxygen, nitro- 
gen, and carbon monoxide. 
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Fig. 3. Parabolic variation of pressure with time for oxygen and 
carbon monoxide. 

had  occur red  previous ly .  The  r u n  at  500~ in  Fig. 3 
shows a l i nea r  behav io r  fol lowed i n i t i a l l y  by  a 
t r a n s i t i o n  to parabo l ic  behavior .  

Genera l ly ,  the re  was  no vis ib le  change  in  the  
t a n t a l u m  d u r i n g  a run .  However ,  in  one expe r imen t ,  
the  t a n t a l u m  sorbed sufficient oxygen  at  600~ to 
resu l t  in  a v is ib le  d a r k e n i n g  of the  surface.  A cross 
sect ion of the  t a n t a l u m  showed tha t  the  p roduc t  
l aye r  was  a p p r o x i m a t e l y  0.0005 in. thick,  a nd  x - r a y  
dif f ract ion ana lys i s  ident i f ied the  l aye r  as B-Ta2Os. 

For  ca rbon  monoxide ,  a l i n e a r  r a t e  l aw was 
obeyed  at  950~176 a nd  a parabo l ic  r a t e  l aw at  
1500~176 for a degassed t a n t a l u m  sample.  H o w -  
ever,  a r u n  a t  1010~ which  obeyed  a l i nea r  ra te  
l aw for severa l  m i n u t e s  became  parabol ic  w h e n  
the  t e m p e r a t u r e  was  increased  to 1180~ W h e n  the  
t a n t a l u m  was  degassed a nd  the  reac t ion  aga in  ob-  
se rved  at  1180~ a l i n e a r  r a t e  l a w  was  obeyed  for  
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14 min .  In  g e n e r a l  for  1000~176 i t  w a s  f o u n d  
tha t ,  if  t he  t e m p e r a t u r e  d u r i n g  a r u n  was  i n c r e a s e d  
m o r e  t h a n  70~176 the  p r e s s u r e - t i m e  r e l a t i o n  
c hanged  f r o m  l i n e a r  to  pa rabo l i c .  I f  t h e  t e m p e r a t u r e  
change  w e r e  less,  t he  r e a c t i o n  c o n t i n u e d  to fo l low 
a l i n e a r  r a t e  law.  

A t  these  l ow gas  p r e s s u r e s  a n d  t e m p e r a t u r e s  
a b o v e  1500~ t h e r e  was  a t e n d e n c y  for  the  R F  field 
to  p r o d u c e  a d i s c h a r g e  in  t h e  g e t t e r  c h a m b e r ,  a n d  
th is  l i m i t e d  the  d a t a  in th is  reg ion .  

F o r  n i t rogen ,  t he  p r e s s u r e - t i m e  r e l a t i o n  was  
l i n e a r  a t  780~176 A t  940~ t h e r e  was  a t e n d -  
ency  for  t he  p r e s s u r e - t i m e  p lo t  to b e c o m e  p a r a -  
bolic.  A t  h i g h e r  t e m p e r a t u r e s  t h e  r e a c t i o n  r a t e  was  
too fas t  for  t he  t e chn iques  e m p l o y e d  so t h a t  a c t u a l  
p a r a b o l i c  p lo t s  w e r e  no t  ob t a ined .  

F o r  oxygen ,  n i t rogen ,  and  c a r b o n  m o n o x i d e ,  p lo t s  
of the  l o g a r i t h m s  of t he  l i n e a r  r e a c t i o n  r a t e s  vs .  

r e c i p r o c a l  t e m p e r a t u r e  and  the  a c t i v a t i o n  ene rg i e s  
c a l c u l a t e d  f r o m  t h e  A r r h e n i u s  e q u a t i o n  a r e  s h o w n  
in Fig.  4. A s im i l a r  p lo t  for  o x y g e n  a t  530~176 
w h e r e  t he  r e a c t i o n  fo l lows  a p a r a b o l i c  r a t e  l a w  
gives E a - ~  22 k c a l / m o l e .  Insuff ic ient  d a t a  w e r e  
a v a i l a b l e  for  t he  p a r a b o l i c  r eg ion  of c a rbon  m o n o x -  
ide  to p e r m i t  a c a l c u l a t i o n  of  E~. 

F o r  c a r b o n  d iox ide ,  t he  d e c r e a s e  in  p r e s s u r e  w i t h  
t i m e  was  l i n e a r  a t  950~176 a n d  p a r a b o l i c  a t  
1230~176 A mass  s p e c t r o m e t r i c  ana lys i s  of 
t he  gas  in  t he  g e t t e r  c h a m b e r  d u r i n g  a r u n  i n d i -  
c a t e d  t h a t  a r e a c t i o n  p r o d u c i n g  c a r b o n  m o n o x i d e  oc-  
cu red  a t  500~ ~ . The  dec rease  of c a r b o n  d i o x i d e  
as i n d i c a t e d  b y  the  mass  44 p e a k  was  l i n e a r  w i t h  
t i m e  in th is  t e m p e r a t u r e  reg ion .  A t  h i g h e r  t e m p e r -  
a tu res ,  c a r b o n  m o n o x i d e  was  also so rbed ,  a n d  t h e  
s y s t e m  b e h a v e d  s i m i l a r  to t ha t  of p u r e  c a r b o n  m o n -  
ox ide  e x c e p t  t ha t  t h e  t r a n s i t i o n  f r o m  l i n e a r  to  p a r a -  
bol ic  b e h a v i o r  o c c u r r e d  a t  a l o w e r  t e m p e r a t u r e .  

H y d r o g e n  was  s o r b e d  r e v e r s i b l y  at  200~176 
A t  200~176 the  r e a c t i o n  o b e y e d  a p a r a b o l i c  r a t e  
l a w  w h i l e  a t  h i g h e r  t e m p e r a t u r e s  the  r e a c t i o n  was  
too  r a p i d  to  m e a s u r e .  F o r  a d e g a s s e d  t a n t a l u m  r ing ,  
t h e  m i n i m u m  t e m p e r a t u r e  at  w h i c h  so rp t ion  was  

1 
Kcot/mole 

= 4 6  K col/mole 

:?_ 

o2 o,  
i i , , , ,t,~Vj i * i i , J , , ~ , , , i i i f 

0 . 6 0  0 . 6 4  0 . 6 8  0 . 9  1.0 I,I 1.2 f,3 L 4  1.5 1.6 

1 0 0 0 /  T(~ 

Fig. 4. Temperature dependence of linear sorption rates for 
oxygen, nitrogen, and carbon monoxide. 

o b s e r v e d  was  370~ H o w e v e r ,  if  t he  r i n g  h a d  so rbed  
some h y d r o g e n  a t  a h i g h e r  t e m p e r a t u r e ,  e.g.,  500 ~ 
600~ so rp t ion  w a s  o b s e r v e d  a t  200~ A t  a n y  t e m -  
p e r a t u r e ,  a p lo t  of t h e  s o l u b i l i t y  in  cubic  c e n t i m e t e r s  
a t  S T P  p e r  g r a m  of t a n t a l u m  vs .  t he  s q u a r e  roo t  of  
p r e s s u r e  was  a s t r a i g h t  l ine ,  i n d i c a t i n g  t h a t  a t omic  
h y d r o g e n  was  i n v o l v e d  in  t he  s o r p t i o n  process .  The  
e q u i l i b r i u m  p r e s s u r e  a t  a g iven  t e m p e r a t u r e  and  
c o n c e n t r a t i o n  of  so rbed  gas  w a s  the  s a m e  w h e t h e r  
i t  was  o b t a i n e d  b y  so rp t ion  or  evo lu t i on  i n d i c a t i n g  
t h a t  the  so rp t ion  p rocess  i n v o l v e d  so lu t ion  r a t h e r  
t h a n  c o m p o u n d  fo rma t ion .  The  t e m p e r a t u r e  d e -  
p e n d e n c y  of t h e  s o l u b i l i t y  a n d  the  c a l c u l a t e d  h e a t  
of  so lu t ion  p e r  m o l e  of H2 a r e  g iven  in Fig .  5. 

Discussion 

The  l i n e a r  and  p a r a b o l i c  p r e s s u r e - t i m e  r e l a t i o n s  
o b s e r v e d  in d i f fe ren t  t e m p e r a t u r e  r e g ions  for  o x -  
ygen ,  c a rbon  m o n o x i d e ,  and  i n d i c a t e d  for  n i t r o g e n  
sugges t  d i f f e r en t  r a t e - c o n t r o l l i n g  processes .  A t  t h e  
l o w e r  t e m p e r a t u r e s  w h e r e  a l i n e a r  r a t e  l a w  was  
obeyed ,  s t r ong  a d s o r p t i o n  of t h e  gas  r e s u l t i n g  in  
n e a r l y  c o m p l e t e  su r f ace  c o v e r a g e  of t he  t a n t a l u m  
is pos tu l a t ed .  Since,  for  n e a r l y  c o m p l e t e  su r f ace  
coverage ,  t he  c o n c e n t r a t i o n  of a d s o r b e d  molecu le s  
is n e a r l y  i n d e p e n d e n t  of gas  p r e s s u r e ,  t he  r e a c t i o n  
r a t e  is p r e s s u r e  i n d e p e n d e n t ,  and  a l i n e a r  r a t e  l a w  
w o u l d  be  obse rved .  A t  h i g h e r  t e m p e r a t u r e s  w h e r e  
a p a r a b o l i c  r a t e  l a w  was  obse rved ,  a r a t e - c o n t r o l -  
l ing  d i f fus ion  p rocess  is i nd ica ted .  A t  these  t e m p e r a -  
tu res ,  a fas t  r e a c t i o n  r e su l t s  in  t h e  r a p i d  f o r m a t i o n  
of a p r o d u c t  l aye r ,  and  f u r t h e r  r e a c t i o n  invo lves  
d i f fus ion  t h r o u g h  th is  su r f a c e  l aye r ,  r e s u l t i n g  in  a 
p a r a b o l i c  r a t e  l aw.  A p r o d u c t  l a y e r  has  b e e n  i d e n t i -  
fied he re  for  o x y g e n  at  600~ The  r e l a t i o n  b e t w e e n  
d i f fus ion  cons t an t s  and  p a r a b o l i c  r a t e  cons t an t s  for  
s i m i l a r  g a s - m e t a l  s y s t e m  has  b e e n  c ons ide r ed  
( 7 , 8 , 1 0 , 1 6 ) .  

F o r  t he  gas  p r e s s u r e  r a n g e  c ons ide r e d  here ,  t he  
i n i t i a l  r e a c t i o n  m i g h t  be  e x p e c t e d  to fo l low a l i n e a r  
r a t e  l a w  for  d e g a s s e d  t a n t a l u m  at  a n y  t e m p e r a t u r e .  
A t  h igh  t e m p e r a t u r e s ,  t h e  p r o d u c t  l a y e r  is f o r m e d  
r a p i d l y ,  a n d  the  l i n e a r  r e g i o n  is no t  obse rved .  A t  
low t e m p e r a t u r e s ,  t he  p r o d u c t  l a y e r  does  no t  d e -  
ve lop  suff ic ient ly  in t h e  t i m e  a l l o w e d  to become  
r a t e  con t ro l l ing .  A t  i n t e r m e d i a t e  t e m p e r a t u r e s ,  t he  
l i n e a r  r a t e  l a w  m a y  be  o b e y e d  i n i t i a l l y  f o l l o w e d  b y  
a t r a n s i t i o n  to p a r a b o l i c  b e h a v i o r .  This  t y p e  of b e -  

i O  -B 

1 0 " 2  I I I I I 
1 . 0  I , I  ~ . 2  I , ~  1 .4  

I O 3 / T  ( ~  

Fig. 5. Temperature dependence of solubility of hydrogen in 
cubic centimeters at STP per gram of tantalum. 
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h a v i o r  was  o b s e r v e d  for  o x y g e n  a t  500~ as s h o w n  
in Fig.  3. 

In  p r e v i o u s  s tudies ,  t he  o x i d a t i o n  r e a c t i o n  has  
been  r e p o r t e d  as l i n e a r  (10, 13),  p a r a b o l i c  (7 ) ,  
cubic  (17) ,  and  l o g a r i t h m i c  (9, 11, 12) for  c o m -  
p a r a b l e  t e m p e r a t u r e s  b u t  g e n e r a l l y  h i g h e r  p r e s s u r e s  
and  l o n g e r  t imes  t h a n  cons ide r ed  here .  The  h i g h e r  
p r e s s u r e s  a n d  l o n g e r  r e a c t i o n  t imes  w o u l d  t e n d  to 
m a s k  the  l i n e a r  b e h a v i o r  o b s e r v e d  in th is  s tudy .  
A t  s l i g h t l y  h i g h e r  p r e s s u r e s  (1.5-16 m m )  a n d  l o n g e r  
r e a c t i o n  t i m e s  (0-120 m i n ) ,  G u l b r a n s e n  a n d  A n -  
d r e w s  r e p o r t e d  p a r a b o l i c  b e h a v i o r  for  o x y g e n  a t  
250~176 and  for  n i t r o g e n  a t  500~176 T h e y  
c a l c u l a t e d  Ea = 27.4 k c a l / m o l e  for  the  o x i d a t i o n  
r e a c t i o n  c o m p a r e d  to t he  22 k c a l / m o l e  c a l c u l a t e d  
in th is  s t u d y  for  the  p a r a b o l i c  r eg ion  (520~176  
F o r  t h e  d i f fus ion  of o x y g e n  t h r o u g h  t a n t a l u m  A n g  
(19) r e p o r t e d  Ea ~ 27.3 kca l  w h i l e  A l b r e c h t  et  al. 
r e p o r t e d  22.9 k c a l / m o l e .  A t  m u c h  h i g h e r  p r e s s u r e s  
(0.2-1.0 a t m ) ,  A l b r e c h t  e t  al. o b s e r v e d  l i n e a r  b e -  
h a v i o r  for  o x y g e n  at  400~176 w i t h  E a = 60 k c a l /  
mo le  c o m p a r e d  to t he  15 k c a l / m o l e  f o u n d  in th i s  
s tudy .  T h e y  also o b s e r v e d  t h a t  n i t r o g e n  o b e y e d  a 
cubic  r a t e  l a w  at  400~176 and  a p a r a b o l i c  r a t e  
l a w  a t  800~176 
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at the Gold Electrolyte Interface 

Harald Dahms 1 and Mino Green 2 

The Electrochemistry Laboratory, The University oS Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The poten t ia l  and concentra t ion dependent  adsorpt ion  of benzene, naph tha -  
lene, and phenan th rene  at the  go ld /e lec t ro ly te  in ter face  has been inves t iga ted  
using a 14C-radio t racer  technique.  For  a fixed concentra t ion  of organic ma te -  
r ia l  the  adsorpt ion  peak  was found at  about  ~-500 m y  (NHE) and the po ten t i a l -  
adsorpt ion  curve was bel l  shaped, adsorpt ion  decreas ing wi th  poten t ia l  on 
e i ther  side of the  peak.  An analysis  of the adsorpt ion  i so therms for  naph tha lene  
leads to the conclusion tha t  naph tha lene  lies fiat on the  e lec t rode  surface. Com- 
par ison  of the  ex ten t  of adsorpt ion  of the aromat ic  hydrocarbons  wi th  cyclo-  
hexane,  n-octanoic  acid, and n-decanoic  acid (no de tec tab le  adsorpt ion)  in-  
dicates tha t  a romat ic  compounds have a h igher  b inding  energy  wi th  meta l s  
than  the  corresponding a l iphat ic  compounds.  The added  b inding  energy  for  
a romat ic  molecules  is a t t r ibu ted  to thei r  x -e lec t ron  systems.  F ina l ly  a com-  
par i son  of mercu ry  wi th  gold points  to the  s t ronger  b ind ing  energy  of wa te r  
to gold than  to mercury .  

S tud i e s  of  t he  a d s o r p t i o n  of  o rgan ic  mo lecu l e s  
at  t he  m e t a l / e l e c t r o l y t e  i n t e r f a c e  h a v e  been  m a i n l y  
conf ined to m e r c u r y .  K n o w l e d g e  of t he  a d s o r p t i o n  
a t  so l id  me ta l s ,  h o w e v e r ,  is i m p o r t a n t  to a n u m b e r  

1 P r e s e n t  a d d r e s s :  T h o m a s  J .  Watson  R e s e a r c h  C e n t e r ,  In t e r -  
nat ional  Business  Machine  Corporat ion,  York town  Heights ,  N e w  
York. 

~Presen t  a d d r e s s :  45 Radley House, Glouces ter  Place,  London,  
England.  

of e l e c t r o c h e m i c a l  p r o b l e m s ,  e.g., s t r u c t u r e  of t he  
doub le  l aye r ,  co r ros ion  inh ib i t ion ,  a n d  e l e c t r o c h e m -  
ica l  o x i d a t i o n  of  fuels .  S i m p l e  a r o m a t i c  c o m p o u n d s  
w e r e  chosen  for  th i s  i n v e s t i g a t i o n  b e c a u s e  t hese  s u b -  
s t ances  w e r e  e x p e c t e d  to g ive  r i se  to r e l a t i v e l y  
s imp le  sys tems .  

S tud ie s  of t he  a d s o r p t i o n  of o rgan ic  mo lecu l e s  a t  
sol id  e l ec t rodes  h a v e  been  m a i n l y  c a r r i e d  out  us ing  
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capaci ty  measurements  (1),  the direct  de te rmina t ion  
of concentra t ion changes in the solution (2),  or 
radioact ive  t racer  techniques.  The de te rmina t ion  
of adsorpt ion f rom capaci ty  da ta  is, however ,  not 
unambiguous  because of the impl ied  non the rmody-  
namic assumptions and the complicat ion of the  f re -  
quency dependence  of the capacity.  The direct  s tudy 
of adsorpt ion by  de te rmina t ion  of the  concentra t ion 
change in the solution is l imi ted  to ex t r eme ly  di-  
lute  solutions and large  area  electrodes.  

Radio t racer  methods have been used by  numer -  
ous workers .  Most of these techniques requi re  a 
separa t ion  of the labe l led  solution phase f rom the 
adsorbed species the reby  causing possible sources 
of error.  Various methods  have, however ,  been de-  
veloped to de te rmine  the extent  of adsorpt ion wi th -  
out d is turbing the equi l ib r ium at the  interface.  The 
precursor  to the present  method was developed by  
Jol iot  (3).  This technique was modified by  severa l  
workers :  Power  and Heyd  (4) adopted it for a -  
emi t t ing  species. Kafalos  and Gatos (5) presented  
a technique using ha rd  fl- and ~/-emitters. Weiss-  
mante l  (6) de te rmined  the adsorpt ion of f l - label led  
species by  measur ing  the i r  rad ia t ion  passing th rough  
thin  films of var ious  metals.  Likewise  Cook (7) and 
Blomgren and Bockris (8) measured  the f l - r ad ia -  
t ion through thin  meta l  films. The l a t t e r  workers  
used a mechanical  method to separa te  the solution 
background  from the to ta l  radiat ion.  The mechan-  
ical separa t ion  in no way  in te r fe red  wi th  adsorp-  
t ion equi l ibr ium.  This last  ment ioned technique was 
used by  Wroblowa and Green  (9) to s tudy the po-  
tent ia l  dependent  adsorpt ion  of th iourea  on gold. 

The work  descr ibed here  was car r ied  out using 
a s imilar  technique,  but  wi th  a different  method to 
separa te  the rad ia t ion  of the adsorbed species f rom 
tha t  of the solution background.  

Experimental 

A r r a n g e m e n t  a n d  p r o c e d u r e . - - A  schematic  d ia -  
g ram of the cell and counting a r r angemen t  is shown 
in Fig. 1. The cell is essent ia l ly  the  same as tha t  
descr ibed by  Wrob lowa  and Green (9) modified only 
to pe rmi t  continuous e lec t romagnet ica l  s t i rr ing.  

The gold electrode,  a foil of 2.104A thickness,  was 
fixed on the window of a gas-flow propor t iona l  
counter.  The electrode potent ia l  of the gold electrode 
was control led by  means  of a potent iostat .  The com- 
pa r tments  for the reference electrode ( sa tura ted  cal -  
omel e lectrode)  and the work ing  electrode were  sep-  

TO ~:ALER ~ PRINTER 

SOLUTION WATER SEAL GAG FLOW COUNTER 

ELECTROD GOLD FOIL l o o: , w oow 
~ VERTICAL ,O,,ON ~ 

Fig. 1. Diagram of the experimental arrangement 

ara ted  by  stopcocks. Purif ied hydrogen  or n i t rogen 
(cleaned by  passing the gas over  hea ted  p l a t i num-  
asbestos, charcoal,  and th rough  l iquid n i t rogen 
cooled t raps)  was passed th rough  the cell. The cell  
was isolated f rom the a tmosphere  by means  of a 
water -sea l .  The label led  organic solution was added 
f rom a ca l ibra ted  buret te .  The cell was placed on a 
microscopic dr ive  to adjus t  i t  ve r t i ca l ly  in its posi-  
t ion to the counter.  The whole  a r r angemen t  was 
opera ted  in an a i r - the rmos ta t .  

The gold foil (pu r i ty  99.99% as given by  the man-  
u fac ture r )  was first c leaned by  ex t rac t ion  in ethanol  
and acetone. The foil holder  was then covered wi th  
a th in  l ayer  of a high vacuum grease, and one side 
of the foil was fixed onto it. The gold electrode 
covered the foil holder  and the lower  pa r t  of the 
counter  so tha t  any  contact  of the grease wi th  the 
outer  side of the gold foil or wi th  the solution was 
s t r ic t ly  avoided. F ina l ly  the  gold electrode was 
cleaned by  a l t e rna te  anodic-cathodic  puls ing in 
1N H~SO4 (going f rom oxygen evolut ion to hyd ro -  
gen evolut ion) ,  t e rmina t ing  on cathodic po lar iza-  
t ion (hydrogen  evolut ion for 1 min) .  The evolved 
hydrogen  and oxygen  were  removed  f rom solution 
by  sweeping wi th  ni trogen.  Af te r  this  t r e a tmen t  
the e lectrode was per fec t ly  we t ted  by  water .  Dif-  
ferent  cleaning procedures  of the gold electrode 
(heat ing to about  3O0~ did not influence the  ad-  
sorpt ion behavior .  

The e lec t ro ly te  in the cell was 1N H2SO4 p repa red  
f rom pure  concentra ted sulfuric  acid and conduc-  
t ivi ty  water .  Af te r  the dissolved gases had  been 
swept  out, the labe l led  organic solution was added.  
Then only a min imum amount  of purif ied ni t rogen 
was passed through the adsorpt ion compar tmen t  
to main ta in  a control led a tmosphere  and ye t  min -  
imize evaporat ion.  The electrolysis  cur ren t  never  
exceeded 10 -5 a m p / c m  -2 over  the ent i re  range  of 
potent ia l  inves t iga ted  and dropped  dur ing  the ex-  
pe r imen t  to values  of 10 -~ a m p / c m  -2. Var ia t ion  in 
current  be tween had no appa ren t  influence on the 
extent  of adsorption.  The count ra te  of the r ad i a -  
t ion counter  was recorded au tomat ica l ly  as a func-  
t ion of t ime and electr ical  potential .  

D e t e r m i n a t i o n  o f  t h e  a m o u n t  a d s o r b e d . - - W i t h o u t  
any adsorpt ion a cer ta in  amount  of the rad ia t ion  
f rom the label led  solution wil l  reach the counter,  
the resul t ing count ra te  wi l l  be given by  

cpssol = k 3.7 10 l~ A c  ~ e -~x  d x  = k 3.7 10 l~ A c  ~ 1 

[1] 
where  cpssoi is the count ra te  f rom solution (sec -1) ; 
k is the counting efficiency; A, the area  of the  elec-  
t rode exposed to the counter  (cm2); c, the  concen- 
t ra t ion  of the organic ma te r i a l  in solution (mole 
c m - 3 ) ;  ~, the specific ac t iv i ty  of the organic m a t e -  
r ia l  (curie  m o l e - l ) ;  /~, absorpt ion coefficient of 14C 
rad ia t ion  in wa te r  [314 cm -1 (11)] .  

If adsorpt ion occurs, the  addi t ional  count ra te  
is given by  

cpsads = k 3.7 1O~0r A s  [2] 

where  CpSads is counts f rom the adsorbed ma te r i a l  
( sec-1) ;  and r is the amount  of adsorbed mate r i a l  
(mole cm-2) .  
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The  t o t a l  r e c o r d e d  count  r a t e  f r o m  [1]  a n d  [2]  
above  is 

(-)) cps~ol + cpSads = k 3.7 10 ~~ A a  + r [3] 

In  o r d e r  'to d e t e r m i n e  r f r o m  Eq. [3]  w e  h a v e  to  
coun t  u n d e r  i d e n t i c a l  e x p e r i m e n t a l  cond i t ions  a 
so lu t ion  of k n o w n  specific a c t i v i t y  in  w h i c h  a d -  
s o r p t i o n  is neg l ig ib l e  (F < <  c / p ) .  A 10-2M Na2*~COs 
so lu t ion  was  used  for  th i s  c a l i b r a t i o n  a f t e r  e v e r y  
e x p e r i m e n t .  A d s o r p t i o n  of  COa" does  no t  inf luence  
th i s  c a l i b r a t i o n  t echn ique ,  s ince  'the cond i t i on  F < <  
c/l~ w o u l d  s t i l l  be  fu l f i l led  in  a 10-2M solu t ion .  

The  specific ac t iv i t i e s  of  t he  Na2*~COa so lu t ion  a n d  
t h e  so lu t ions  of t h e  o rgan ic  c o m p o u n d s  w e r e  d e -  
t e r m i n e d  in  a l i q u i d - s c i n t i l l a t i o n  c o u n t e r  w i t h  a 
s t a n d a r d  d e v i a t i o n  of s e v e r a l  r uns  less  t h a n  +__2%. 
The  l a b e l l e d  o rgan ic  m a t e r i a l  was  s u p p l i e d  b y  
C h e m t r a c  Corpo ra t i on ,  Boston.  I t  was  pur i f i ed  and  
a n a l y z e d  b y  gas  c h r o m a t o g r a p h y  d i r e c t l y  be fo re  d e -  
l i ve ry .  The  c a r b o n a t e  so lu t ion  ( N u c l e a r  Ch icago)  
was  checked  aga in s t  a N B S  s t a n d a r d  solut ion .  

T h e  r e p r o d u c i b i l i t y  of d e t e r m i n a t i o n s  of t he  a d -  
so rbed  a m o u n t  was  f o u n d  ~o be  f r o m  5 to  10% in 
t he  c o n c e n t r a t i o n  r a n g e  2.10 -~  to 10-~M. T h e  r e -  
p r o d u c i b i l i t y  was  c h e c k e d  fo r  e v e r y  c o m p o u n d  a t  
a l l  c o n c e n t r a t i o n s  a n d  po ten t i a l s .  

Results 
Aromatic compounds.-- 
( A )  T h e  s u r f a c e  c o v e r a g e  as  a f u n c t i o n  of  p o t e n -  

t i a l  a t  cons t an t  so lu t ion  c o n c e n t r a t i o n  is g iven  in 
Fig .  2 to 4. The  s u r f a c e  c o v e r a g e  ~ is g iven  b y  

r 
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Fig. 2. Adsorption of benzene on gold from aqueous solution as 
a function of potential. CH2SO~ = 0.5M. - - X - - ,  2 .10-~M ben- 
zene; ~ 0 - - ,  5 .10-4M benzene; - -+ - - - ,  10 -~M benzene. 
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Fig. 3. Agsorption of naphthalene on gold from aqueous solution 
as n function of potential. Cn2so4 = 0.5M, temperature, 25~ 
- - e ~ ,  1 .10-7M naphthalene; - - + - - ,  2 .10-7M naphthalene; 

-A , 5 .10-~M naphthalene; e e e X e e e ,  10 -eM naph- 
thalene; - - - - - O - - - - ,  5 .10-5M naphthalene; . . . . .  WI. , 
10 -4M naphthalene. 
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Fig. 4. Adsorption of phenanthrene on gold from aqueous solution 
as a function of potential. CH2so4 = 0.SM; Cphen. - -  10-6M.  
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Fig. 5. Time dependence of naphthalene adsorption at + 5 0 0  my 
(HHE) for various concentrations of naphthalene (solution stirred 
at 60 rp). 

w h e r e  F is t he  a m o u n t  a d s o r b e d  p e r  a p p a r e n t  un i t  
a r e a ;  rmax is t h e  m a x i m a l  a d s o r b e d  a m o u n t  in  1 
m o n o l a y e r  ( c a l c u l a t i o n  as  s h o w n  b e l o w ) ;  a n d  R is 
t he  r o u g h n e s s  f ac to r  of t he  e lec t rode ,  d e t e r m i n e d  
b y  t h e  BET m e t h o d  to be  2.2 • 0.2. 

(B)  T i m e  effects.  The  a d s o r p t i o n  in  m o r e  d i l u t e  
so lu t ions  s h o w e d  a c o n s i d e r a b l e  t i m e - d e p e n d e n c e  
(Fig .  5) .  The  so lu t ion  was  s t i r r e d  a t  60 rpm.  The  
e q u i l i b r i u m  v a l u e  a t  each  p o t e n t i a l  w a s  cons t an t  
for  h o u r s  a f t e r  e q u i l i b r i u m  h a d  been  es%ablished. 

(C)  T e m p e r a t u r e  effects.  The  t e m p e r a t u r e - d e -  
p e n d e n c e  of a d s o r p t i o n  w a s  c he c ke d  for  t he  a d -  
s o r p t i o n  of n a p h t h a l e n e  a t  25 ~ a n d  5~ The  change  
of t h e  m a x i m a l  a d s o r p t i o n  at  E = + 5 0 0  m v  was  less  
t h a n  5 %. 

(D)  T h e  su r f a c e  c o v e r a g e  for  n a p h t h a l e n e  as a 
f u n c t i o n  of t he  so lu t ion  c o n c e n t r a t i o n  is p l o t t e d  
in  Fig .  6 ove r  t he  c o n c e n t r a t i o n  r a n g e  10 -7  to 
10-6M. F o r  t he  o t h e r  a r o m a t i c  c o m p o u n d s  ( b e n z e n e  

a~ 
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0.6- 

04-  

0.2- 

I I 
510-7 CNAPHTHALENE (mole/0 IO'S 

Fig. 6. Adsorption isotherm for naphthalene at -t-500 my (NHE) 
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Table I. Limit of detectible adsorption of cyclohexane 
n-octanoic acid and n-decanoic acid 

Solution concen- Sensit ivity (adsorption 
trat ion,  mole/1 mus t  be lower  than)  

Compound 

Cyclohexane 5.10 -5 O* <0.02 
10 -5 <0.01 
10 -6 <0.01 

n-octanoic acid 10 -s  <0.005 
n-decanoic  acid 2.10 - 5 < 0.03 

10-4 <0.06 

* 0 calculated using F-,r [4] [Pmax = 2.10 -1~ mo le / c m s for cyclo- 
hexane;  rmaz = 6.10-10 mole/cmS for the al iphatic chains as exper i -  
menta l ly  observed by Blomgren,  Bockris. and 3esch  (10) and  Hansen  
ct aL (1) ]. 

and  p h e n a n t h r e n e )  t he  c o n c e n t r a t i o n  d e p e n d e n c e  
could  no t  be  s t u d i e d  ove r  a suff icient  c o n c e n t r a t i o n  
r a n g e  b e c a u s e  t h e  specif ic  a c t i v i t y  a v a i l a b l e  for  
b e n z e n e  was  too s m a l l  a n d  the  s o l u b i l i t y  of  t h e  
p h e n a n t h r e n e  is too low.  

Aliphatic compounds.--There was  no m e a s u r a b l e  
a d s o r p t i o n  of the  a l i p h a t i c  compounds ,  c y c l o h e x -  
ane,  n - o c t a n o i c  acid,  a n d  n - d e c a n o i c  acid.  T a b l e  I 
g ives  t he  s e n s i t i v i t y  of t h e  e x p e r i m e n t a l  a r r a n g e -  
ment .  The  s e n s i t i v i t y  d e p e n d s  on t h e  b a c k g r o u n d  of 
t h e  so lu t i on  a n d  t h e  a v a i l a b l e  specif ic  a c t i v i t y  of  t h e  
l a b e l l e d  compound .  

Discussion 

Adsorption Isotherm 

The  c o m p e t i t i v e  a d s o r p t i o n  of two  species  f r o m  a 
l i qu id  p h a s e  has  b e e n  t r e a t e d  b y  n u m e r o u s  au tho r s ,  
e.g., (12-15) ,  b y  m e a n s  of t he  L a n g m u i r  i so the rm.  
Recen t ly ,  a T e m k i n  i s o t h e r m  was  a p p l i e d  to t he  a d -  
s o r p t i o n  of n e u t r a l  m o l e c u l e s  on e l ec t rodes  (16) .  

The  i so the rms ,  h o w e v e r ,  h a v e  to  be  modi f ied  if  
t h e  two  spec ies  in c o m p e t i t i o n  do no t  cover  an  e q u a l  
m o l e c u l a r  a r e a  at  t h e  sur face .  F o r  t he  g e n e r a l  case  
of  d i f f e ren t  size of  t h e  spec ies  a r e l a t i o n  b a s e d  on  
t h e  L a n g m u i r  i s o t h e r m  wi l l  be  g i v e n  here .  T h e  c o m -  
p e t i t i v e  a d s o r p t i o n  of  species  w i t h  d i f f e ren t  size has  
been  t r e a t e d  r e c e n t l y  for  a d s o r p t i o n  f r o m  the  gas  
phase  (17) and  f rom n o n e l e c t r o l y t e  so lu t ions  (18) .  
T h e  a d s o r p t i o n  on e l ec t rodes  w i l l  b e  d e r i v e d  h e r e  
in t e r m s  of su r f ace  coverage .  

The  r e a c t i o n  l e a d i n g  to a d s o r p t i o n  can  be  f o r m u -  
l a t e d  as  

n [Wate rads ]  + [Organsol]  : n [Wate rso l ]  + [Organad]  
[5] 

n is t he  n u m b e r  of mo lecu l e s  of w a t e r  w h i c h  occupy  
the  s ame  su r f ace  a r e a  as  one m o l e c u l e  of t he  o r -  
gan ic  compound ,  n is g i v e n  b y  

w h e r e  ~org.ad is t he  e l e c t r o c h e m i c a l  p o t e n t i a l  of t he  
_o 

a d s o r b e d  o rgan ic  species ,  [torg,a d is t he  s t a n d a r d  e lec -  
t r o c h e m i c a l  p o t e n t i a l  r e f e r r e d  to t he  s t a n d a r d  s t a t e  
of c o m p l e t e  c o v e r a g e  w i t h  t h e  o rgan ic  compound .  
0 is t he  su r f ace  f r ac t i on  c ove re d  b y  the  o rgan ic  
species  as def ined  b y  

rorg 
0 = [83 

rmax ,org  

F o r  t he  a d s o r b e d  w a t e r  t he  e l e c t r o c h e m i c a l  p o t e n -  
t i a l  is g iven  b y  

~D 

/~w,ad = /~w,ad ~- RT in  (1 - - 0 )  [9]  

The  e l e c t r o c h e m i c a l  p o t e n t i a l s  of t he  spec ies  in 
so lu t ion  a r e  w r i t t e n  in the  u s u a l  way ,  viz. 

/Zorg,s ~-  ~org,s ~-  R T  I n  Xorg, s [10]  
and  

._o 

/~w,s = #w,s + RT In Xw,s [ 11 ] 

w h e r e  Xorg ,s  and  Xw,s a re  t he  mo le  f r ac t ions  of o r -  
gan ic  a n d  wa te r ,  r e spec t i ve ly .  

F o r  e q u i l i b r i u m  acco rd ing  to Eq. [5]  

~org,s "~- n~-~w,ad = P-org,ad ~- n~w,s  [12]  

T a k i n g  Eq. [7]  a n d  [ 9 ] - [ 1 1 ]  for  t he  e l e c t r o c h e m -  
ical  p o t e n t i a l s  and  e x p r e s s i n g  the  d i f fe rence  in  
s t a n d a r d  f ree  e n e r g y  as 

AG = /~org,ads - - /~org ,s  - -  n (Pw,ads - - / ~ v , s )  [13] 

t he  i s o t h e r m  is g iven  by ,  

._o 

= e •r [14]  
(1 - -  O) n �9 Xorg,s 

In  d i l u t e  so lu t ions  of 'the o rgan ic  spec ies  in  w a t e r  
Xw,s becomes  c o n s t a n t  = 1 a n d  [14] is  t h e n  

- -  e n'r . Xorg,s = Ka'Xorg, s [15]  
( 1 - 8 ) -  

E q u a t i o n  [15] d i f fers  f r o m  t h e  L a n g m u i r  equa t ion  
b y  t h e  p o w e r  f ac to r  n. 

The  change  of t h e  i dea l  i s o t h e r m s  w i t h  n is p l o t t e d  
in  Fig.  7 a ga in s t  an  a r b i t r a r y  c o n c e n t r a t i o n  scale.  
F o r  b e t t e r  c o m p a r i s o n  the  c o n c e n t r a t i o n  scale  is 
chosen  so t ha t  0 v a l u e s  of 0.25 coincide.  I t  is e v i d e n t  
t h a t  t he  v a l u e  of n has  a s t r ong  inf luence  on the  
i so the rm.  F o r  h i g h e r  n - v a l u e s  t he  g r a d i e n t  of the  
c u r v e  dec reases  s ign i f i can t ly  even  at  low coverages .  

r m a x ,  ~ater 
n = [6]  

]'max, o r g a n i c  

w h e r e  rm~x ( m o l e / c m  2) is the  a m o u n t  f o r m i n g  a 
m o n o l a y e r  of w a t e r  a n d  o rgan ic  species,  r e spec t i ve ly .  

U n d e r  idea l  cond i t ions  ( n e g l i g i b l e  i n t e r a c t i o n  b e -  
t w e e n  the  a d s o r b e d  pa r t i c l es ,  a c t i v i t y  coefficients = 
1) the  e l e c t r o c h e m i c a l  p o t e n t i a l  of ' the a d s o r b e d  o r -  
ganic  e n t i t y  in Eq. [5]  m a y  be  w r i t t e n  

P~org,ad = ~org,ad "~ R T  I n  8 [7]  

O~ = 

04 

03 

02 

QI 

6 

j n = l  ~ n=3 

n=5 
n=7 

I I i I I ] ] ] I I 
01 02 0.5 0.4 0.5 0.6 0.7 08 0.9 0.1 CONCENTRATION 

Fig. 7. Theoretical adsorption isotherms for competitive adsorp- 
tion for molecules of various size ratios (n). 
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n=l 
e / J  

0.15 //~I,1 n=2 
/ ~ /  n=5 

,4 . / /  

0.1 ~ /  ~ 

0.05 Y~'Y~'~ 

510-7 CorGi (mole/I) 10-6 

Fig. 8. Experimental values (o) of naphthalene adsorption at 
4-500 mv (NHE) and calculated isotherms (Eq. 115] )  for  a 
planar position of naphthalene on the electrode (n : 5), a per- 
pendicular position (n ~ 2),  and equal size of the adsorbing 
species (n : 1). 

This  behav io r  is in  good a g r e e m e n t  w i th  our  ex-  
p e r i m e n t a l  da ta  for n a p h t h a l e n e  (Fig. 8) for which  
n = 5 in  p l a n a r  conf igura t ion  (Tab le  I I I ) .  

Free Energy of Adsorption o~ Aromatic 
and Aliphatic Compounds 

The fact  tha t  on ly  the  a romat ic  compounds  are 
adsorbed  whi le  the  a l iphat ic  compounds  showed no 
de tec table  adsorp t ion  indica tes  the  i n t e r ac t i on  of 
the  a romat ic  ~r-electrons wi th  the  metal .  

The solubi l i t ies  of the  inves t iga ted  a l iphat ic  com-  
pounds  in  aqueous  solut ions  are  s imi la r  to those of 
the a romat ic  ent i t ies  (Tab le  I I ) .  

For  q u a n t i t a t i v e  cons idera t ions  the  free ene rgy  
of adsorp t ion  can be ca lcu la ted  f rom Eq. [15] for 
~he more  i n t e n s i v e l y  s tud ied  sys tems (Tab le  I I ) .  
The  adsorp t ion  va lues  are t a k e n  at  a po ten t i a l  n e a r  
the  m a x i m u m  of adsorpt ion,  i.e., EH = 4-500 mv.  

Table II. Adsorption and solubility of various organic compounds 
at the gold electrolyte interface 

A d s o r p t i o n  a t  s o l u t i o n  
1 

S o l u b i l i t y ,  c o n c e n t r a t i o n  - -  s a t u r a t e d  
C o m p o u n d  m o l e / l  I0  

Benzene I . I  10 -2 0 ---- 0.2 
Naphthalene 2 10 -4 0 ---- 0.12 
Phenan th rene  N4 10 -6 O ---- 0.1 
Cyclohexane 2. 10 -4 Not detectable (0 < 0.01) 
n-Octanoic acid 5. 10 -8 Not detectable (O < 0.005) 
n-Decanoic acid 1.7 10 -4 Not detectable (0 < 0.003) 

Table III. Geometrical areas of various molecules adsorbed on gold 

The free ene rgy  of adsorp t ion  as ca lcu la ted  f rom 
Eq. [15] a nd  defined by  Eq. [13] sti l l  con ta ins  con-  
t r i b u t i o n s  f rom organic  c o m p o u n d - s o l v e n t  i n t e r a c -  
t ions a nd  the organic  c o m p o u n d  in  its p u r e  form. 
In  order  to compare  the  adsorp t ion  ene rgy  of the  
d i f ferent  compounds  these  con t r ibu t ions  have  to be 
excluded.  This  is done b y  rep lac ing  the  mole  f rac -  
t ion  of the organic  c o m p o u n d  in  the  so lu t ion  X o r g , s o l  

in  Eq. [15] by  the  ac t iv i ty  a nd  r e f e r r i ng  the  ac-  
t iv i t ies  of the organic  c o m p o u n d  in  so lu t ion  to a 
s t a n d a r d  s tate  in  the  gas phase.  

In  a s a tu ra t ed  so lu t ion  the  vapor  p ressure  of the  
organic  is the  same over  the  s a t u r a t e d  so lu t ion  and  
over  the  p u r e  organic  compound .  So we can wr i t e  

Xorg 
aorg,sol = P -  [16] 

Zorg sat 

where p is the vapor pressure of the organic com- 
pound at 25~ Xorg the mole fraction of the organic 
in solution, and Xorg sat is the mole fraction of the 
organic compound in the saturated solution. 

In order to compare different compounds expres- 
sion [16] has to be employed for both, so that the 
difference in their energy of interaction with the 
solution is then given by 

~t~in terac t io  n ~--- RT In  
a l , o r g  sol 

a 2 , o r g  sol 

P l  " X 1  org  " X 2 , o r g  sa t  
RT In [17] 

P~ �9 X2 org �9 Xl,org sat 

A d d i n g  this  A~ t e r m  to the  free e n e r g y  of adsorp-  
_.o 

t ion  AG (Eq. [14] )  we ob ta in  free energies  which  
are comparab le  (Tab le  IV) .  

I t  can be seen f rom the  last  c o l u m n  in  Tab le  IV 
tha t  the re  is a cons iderab le  difference in  the  free 
e n e r g y  (more  t h a n  3 kca l  mole  -1)  b e t w e e n  com-  
pa r a b l e  a l iphat ic  compounds  and  a romat i c  com- 
pounds .  This  difference is a t t r i b u t e d  to ~ - b o n d /  
me t a l  in te rac t ion .  This  compar i son  is possible  be -  
cause cyc lohexane  has abou t  equa l  size a n d  vapor  
p ressure  as be nz e ne  a nd  has a so lub i l i ty  s imi la r  to 
t ha t  of n a p h t h a l e n e .  The  same compar i son  holds 
qua l i t a t i ve l y  for the  o ther  a l iphat ic  compounds ,  
n -oc t ano ic  acid a nd  n - d e c a n o i c  acid. 

On  the  m e r c u r y - e l e c t r o l y t e  in te r face  a romat ic  
and  a l iphat ic  compounds  are  adsorbed  (10) ,  whi le  
on the  go ld -e lec t ro ly te  in te r face  no de tec tab le  ad -  
sorp t ion  of a l iphat ics  was  found  f rom solut ions  of 
e q u i v a l e n t  concen t ra t ion .  This resu l t  can  be i n t e r -  
p re t ed  tha t  the  b o n d i n g  b e t w e e n  gold a nd  w a t e r  is 
s t ronger  t h a n  b e t w e e n  m e r c u r y  and  water .  Hence  
only  the  b o n d i n g  a romat ic  c o m p o u n d - g o l d  can ove r -  
come the increased  b o n d i n g  g o l d - w a t e r  whi le  the  

C o m p o u n d  

E x p e r i m e n t a l  
o b s e r v e d  

M o l e c u l a r  a r e a  M o n o l a y e r  m a x i m u m  
c a l c u l a t e d  f r o m  c a l c u l a t e d  a d s o r p t i o n  
F i s h e r - T a y l o r -  x 10 lo x l0  TM 

Hirshfe lder  m o d e l s  m o l e  cm-2 m o l e  c m  -s  

P e r p e n -  
Planar d i c u l a r  P l a n a r  

Benzene 34A 2 18A 2 5.0 
Naphthalene 49A 2 22A 2 3.5 
Phenan th rene  65A 2 30A 2 2.6 
Cyclohexane 36A 2 20A 2 4.6 
(Water) 10A 2 N17 

P erpen-  
dicular 

9.5 2.3 
7.7 1.0 
5.7 0.8 
8.3 <0.05 

Table IV. Comparison of free energies of adsorption of organic 
compounds at the gold electrolyte interface 

_D 
AG (Eq. 

[14]), 
kcal 

mole-~  

--D 
Ps~~ So lub i l i t y ,  A G - -  A / ~ i n t  e r a e t  i o n  , 
a r m  Xorg sat k c a l  m o l e  -1 

Benzene --6.1 0.125 4.1 10 -4 --6.1 
Naphthalene --0.7 0.40.10 -4 4.8.10 -6 --8.0 
Cyclohexane <--5.8 0.130 3.6.10 -6 <--2.8 

V a p o r  p r e s s u r e s  a n d  so lub i l i t i e s  w e r e  t a k e n  f r o m  re f .  (19-21) .  
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al iphat ic  compounds do not  have the necessary en-  
ergies. Unfor tunate ly ,  no re l iab le  da ta  on the ad-  
sorpt ion energy  of wa te r  on gold are  avai lable .  

Orientatio~ of the Adsorbed Species 

The expe r imen ta l l y  observed m a x i m u m  adsorp-  
t ion is considerably  smal ler  than  the calcula ted 
m a x i m u m  values  for a monolayer  e i ther  in p l ana r  
or in pe rpend icu la r  or ienta t ion to the surface (Ta-  
ble I I I ) .  Therefore  no conclusion on the quest ion of 
or ienta t ion can be d rawn  from the observed upper  
l imi t  of coverage. 

Evidence for the p lanar  posit ion (which would  
seem to favor  ~r-bond in terac t ion)  is p rovided  by  
the shape of the adsorpt ion  isotherm (Fig. 8). 

I t  can be seen f rom Fig. 8 tha t  the  expe r imen ta l  
values are  fi t ted best  by  an isotherm calcula ted  wi th  
Eq. [15] assuming a p lanar  posit ion of naph tha lene  
on the electrode (n = 5). The isotherms calcula ted 
under  the  assumption of a pe rpend icu la r  posi t ion 
(n---- 2) or of equal  size (n  ---- 1) do not  fit the r e -  
sults. 

Inf luence of ELectrical Field on A dsorptio~ 

The poten t ia l  dependence of the adsorpt ion of 
neu t r a l  molecules on electrodes can be due to one 
or more of the fol lowing factors:  

1. The coverage of the  e lectrode wi th  hydrogen  
or oxide layers  at  cathodic or anodic potent ials ,  
respect ively.  

2. The specific adsorpt ion of ions of the e lec t ro-  
ly te  solution and the adsorpt ion  of counter  ions at  
the  charged electrode.  

3. The change of the free energy of adsorpt ion  of 
the wa te r  and the organic compound wi th  the  elec-  
t r ica l  potent ial .  

In  the  case of gold in 1N H2SO4 the coverage wi th  
hydrogen  or oxygen is negl igible  in the inves t iga ted  
potent ia l  region [hydrogen  coverage less than  4% 
at  EH ---- 0 mv (22); oxygen coverage less than  10% 
at  EH ----- -F l l00  mv (23)] .  

The specific adsorpt ion  of ions seems not to p l ay  
an impor t an t  role in this  sys tem since the effects 
of the poten t ia l  in the Gouy l aye r  could be in-  
t e rp re t ed  only under  the assumption of no specific 
adsorpt ion (28). The change in the  free energy  of 
adsorpt ion  of wa te r  and an organic  species wi th  the 
appl ied  electr ical  field was t rea ted  by  F r u m k i n  (24), 
But le r  (25), and Bockris,  Devanathan,  and Mii l ler  
(26). These electr ical  contr ibut ions to the f ree  en-  
e rgy  of adsorpt ion are different for wa te r  and the 
organic species. If  the dipole moment  of the  o r -  
ganic species in the double  l ayer  (in our case ----- 0) 
is negl igible  compared  wi th  the  effective dipole 
moment  of water ,  the wa te r  p lays  the dominant  
role. [Differences in the  polar izabi l i t ies  be tween  
the organic and the wa te r  have  no significant in-  
fluence (26).]  The theory  (24-26) predicts ,  in this  
case, a m a x i m u m  of adsorpt ion near  the point  of 
zero charge of the meta l  wi th  monotonica l ly  de-  
creasing adsorpt ion to negat ive  and posi t ive po ten-  
tials. 

This genera l  p ic ture  is in agreement  wi th  our 
observat ions on gold. The point  of zero charge of 
gold was de te rmined  by  Pfue tzenreu the r  and Masing 
(27) to be at  EH ---- -~ 300 to + 400 mv. Our  recent  

de te rmina t ion  of the  zero charge point  (28) is in 
agreement  wi th  these da ta  (EH ~ -t- 300 • 50 mY). 
The m a x i m u m  of adsorpt ion (Fig. 2-4) was observed 
to be at  potent ia ls  of EH ~ -~ 500 to + 600 mv. This 
fact  has to be considered as a pa r t i a l  confirmation 
of the p redominan t  role of wa te r  in de te rmining  the 
shape of the adsorpt ion  vs. potent ia l  curves on gold. 

Acknowledgments 
The authors  are gra te fu l  to Professor  J. O'M Bock- 

ris for the encouragement  of this work.  They wish 
to thank  Mr. D. A. Swinkels  of this l abora to ry  
~or car ry ing  out BET measurements  on our  gold 
electrodes and also for numerous  s t imula t ing  dis-  
cussions of this work.  It is also a p leasure  to thank  
the Uni ted  States  Steel  Corporat ion for generous 
suppor t  of this  research.  

Manuscript received Nov. 27, 1962; revised manu- 
script received Apri l  22, 1963. This paper was pre-  
sented at the Pit tsburgh Meeting, Apri l  15-18, 1963. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1964 JOURNAL. 

REFERENCES 
1. E.g., R. Hansen and B. Clampitt, J. Phys. Chem., 

58, 908 (1954); R. Hansen, R. Minturn, and D. 
Hickson, ibid., 60, 1185 (1956). 

2. B. E. Conway and R. G. Barradas, Transact. Phila. 
Symp. Electrode Proc., Philadelphia 1959, p. 299, 
John Wiley & Son, Inc., New York (1961) ; B. E. 
Conway, R. G. Barradas, and T. Zawidski, J. 
Phys. Chem., 62, 676 (1958). 

3. F. Joliot, J. Chem. Phys., 27, 119 (1930). 
4. W. H. Power and J. W. Heyd, Anal. Chem., 28, 523 

(1956). 
5. I. A. Kafalas and H. C. Gatos, Rev. Sci. Instr., 29, 

47 (1958). 
6. Ch. Weissmantel, Thesis, Dresden, Germany (1958). 
7. H. D. Cook, Rev. Sci. Instr., 27, 1081 (1956). 
8. E. Blomgren and J. O'M. Bockris, Nature, 186, 305 

(1960). 
9. H. Wroblowa and M. Green, To be published. 

10. E. Blomgren, J. O'M. Bockris, and C. Jesch, J. Phys. 
Chem., 65, 2000 (1961). 

11. W. F. Libby, Phys. Rev., 103, 1900 (1956). 
12. A. Frumkin, Z. physik. Chem., 116, 466 (1925). 
13. For comprehensive bibliography see J. J. Kipling, 

Quart. Rev., 5, 60 (1951). 
14. E. Blomgren and J. O'M. Bockris, J. Phys. Chem., 

63, 1425 (1959). 
15. R. G. Barradas and B. E. Conway, Electrochim. 

Acta, 5, 349 (1961). 
16. P. Delahay and D. M. Mohilner, J. Am. Chem. Soc., 

84, 4247 (1962). 
17. S. Yu. Elovich and O. G. Larionow, Izvest. Akad. 

Nauk USSR, Otdel. khim. Nauk, 1962, 531. 
18. S. Yu. Elovich and O. G. Larionow, ibid., 1962, 209. 
19. R. L. Bohen and W. F. Claussen~ J. Am. Chem. Soc., 

73, 1572 (1951). 
20. "Handbook of Chemistry and Physics" The Chemi- 

cal Rubber Publishing Co., Cleveland, Ohio, 1960. 
21. A. Timmermanns, " Physico Chemical Constants," 

Elsevier Publishing Co., New York (1950). 
22. M. Breiter, C. A. Knorr, and W. VSlkl, Z. Elektro- 

chem., 59, 681 (1955). 
23. H. Dahms, J. O'M. Bockris, To be published. 
24. A. Frumkin, Z. Physik, 35, 792 (1926). 
25. J. Butler, Proc. Roy. Soc. (London), A122, 399 

(1929). 
26. J. O'M. Bockris, M. Devanathan, and K. Miiller, 

Paper presented at CITCE Meeting Rome, 1962. 
27. A. Pfuetzenreuther and G. Masing, Z. Metallk., 42, 

361 (1951). 
28. M. Green and H. Dahms, This Journal, 110, 466 

(1963). 



Techn ca]l Notes @ 
The Semiconducting Nature of Stannic Oxide 

L. D. Loch 
Research Branch, Research and Development Division, The Carborundum Company, Niagara FaLls, New York 

The  r e s e a r c h  r e p o r t e d  he re  is p a r t  of a b r o a d  
s t u d y  of  SnO2-based  compos i t ions  as s e m i c o n d u c -  
tors .  The  e l ec t ron ic  conf igura t ions  of t h e  o u t e r  
she l l s  of t he  Sn a n d  O a t o m s  a r e  5s25p 2 a n d  2s22p 4, 
r e spec t i ve ly .  The re fo re ,  in  f o r m i n g  sol id  SnO2 t h e  
5s and  5p e l ec t rons  of  t he  Sn  a t o m  a r e  t r a n s f e r r e d  
to O a toms.  Each  O a t o m  can  accep t  two  e l ec t rons  
in  i ts  2p o r b i t a l  to f o r m  a s t ab l e  octet .  On  th i s  bas i s  
a s i m p l e  p i c t u r e  of t he  b a n d  s t r u c t u r e  of SnO2 con-  
sists of a 5s conduc t ion  b a n d  a n d  a 2p v a l e n c e  b a n d ,  
s e p a r a t e d  b y  a f o r b i d d e n  gap.  As  the  5s b a n d  is a 
b r o a d  band ,  w e  e x p e c t  b r o a d - b a n d  s e m i c o n d u c -  
t ion.  

The  p u r p o s e  of  th is  p a r t i c u l a r  p h a s e  of r e s e a r c h  
was  to  d e t e r m i n e  w h e t h e r  SnO2 a c t u a l l y  does  show 
b r o a d - b a n d  b e h a v i o r .  

The  l i t e r a t u r e  con ta ins  m a n y  r e f e r e n c e s  to  t h e  
p r o p e r t i e s  of SnO2 f i lms and  coa t ings  as these  h a v e  
b e e n  c o m m e r c i a l  p r o d u c t s  for  m a n y  yea r s .  V e r y  
f ew  d e t a i l e d  s tud ies  can  be  found ,  h o w e v e r ,  on p o l y -  
c r y s t a l l i n e  bod ies  or  s ing le  c rys ta l s .  M a r l e y  (1)  
and  R e e d  (2)  bo th  h a v e  g r o w n  s ing le  c rys t a l s ,  b u t  
h a v e  no t  r e p o r t e d  on t h e i r  p r o p e r t i e s  as  ye t .  

A r e c e n t  p a p e r  b y  K o h n k e  (3)  on  the  e l e c t r i c a l  
a n d  op t i ca l  p r o p e r t i e s  of  n a t u r a l  SnO2 c r y s t a l s  is 
of in te res t .  K o h n k e  f o u n d  a v a l u e  of 0.72 ev  for  t h e  
c o n d u c t i v i t y  a c t i v a t i o n  ene rgy ,  c o m p a r e d  to  0.77 ev  
c a l c u l a t e d  f r o m  the  d a t a  of F o e x  (4)  on p o l y c r y s -  
t a l l i n e  spec imens .  Two of K o h n k e ' s  c r y s t a l s  w e r e  
f a i r l y  pu re ,  w i t h  i n d i c a t e d  c a r r i e r  dens i t i e s  of on ly  
4 x 1014 a n d  8 x 1014 c m  -3, r e s p e c t i v e l y .  These  c r y s -  
t a l s  h a d  Ha l l  mob i l i t i e s  of a p p r o x i m a t e l y  50 cm 2- 
v - l - s e c  -1 a t  200~ A b o v e  150~ the  v a r i a t i o n  of 
H a l l  m o b i l i t y  w i t h  t e m p e r a t u r e  was  no t  f a r  d i f -  
f e r e n t  f r o m  the  T -1,5 d e p e n d e n c e  for  s i m p l e  l a t t i c e  
sca t t e r ing .  On  the  bas i s  of his  o b s e r v e d  mob i l i t i e s  
and  a c t i v a t i o n  e n e r g y  a n d  of  an  ef fec t ive  mass  less  
t h a n  one, K o h n k e  conc ludes  t h a t  SnO2 b e h a v e s  as  a 
n o r m a l  b r o a d - b a n d  s e m i c o n d u c t o r  in  t he  e x t r i n s i c  
c o n d u c t i v i t y  r eg ion  a b o v e  r o o m  t e m p e r a t u r e .  

I n  our  e x p e r i m e n t s  ~r a n d  S w e r e  m e a s u r e d  fo r  
f ou r  d i f f e ren t  v a l u e s  of  t he  e l e c t r o n  c o n c e n t r a t i o n  
w h i c h  s p a n n e d  n e a r l y  t h r e e  decades  of  c o n c e n t r a -  
t ion.  The  e l e c t r o n  c o n c e n t r a t i o n  was  con t ro l l e d  b y  
a d d i n g  Sb to  t he  la t t ice .  The  o u t e r  e l ec t ron  con-  
f igu ra t ion  of Sb is 5s25p 3 so t h a t  each  a t o m  of Sb  
adds  one e l ec t ron  to t h e  conduc t i on  b a n d  of SnO2. 

Experimental 
The  m e a s u r e m e n t s  of ~ a n d  S w e r e  m a d e  s i m u l -  

t a n e o u s l y  a t  t e m p e r a t u r e s  b e t w e e n  100 ~ a n d  900~ 

in v a c u u m  a n d  in air .  S p e c i m e n s  w e r e  p o l y c r y s -  
t a l l i ne  b a r s  0.5 x 0.5 x 5 cm. T h e y  w e r e  h e l d  in  a 
l a v a  j ig  p l a c e d  ins ide  a V y c o r  tube ,  w h i c h  cou ld  be  
e v a c u a t e d  to 10 -6 m m  Hg. A l l  con tac t s  w e r e  s p r i n g  
l o a d e d  p r e s s u r e  contacts .  T h e y  cons i s t ed  of  P t  shee t  
fo r  t he  c u r r e n t  l e a d s  a t  e i t h e r  end  and  of two  P t - P t  
100 Rh  t h e r m o c o u p l e s  m o u n t e d  on one s ide  a n d  
spaced  a p p r o x i m a t e l y  2 c m  apa r t .  The  t h e r m o -  
coup les  s e r v e d  as p o t e n t i a l  p r o b e s  fo r  a f o u r - t e r -  
m i n a l  m e a s u r e m e n t  of o- a n d  to  m e a s u r e  t h e  ~em- 
p e r a t u r e  d rop  AT. 

A l l  of  t h e  c o n d u c t i v i t y  m e a s u r e m e n t s  were ,  in  
effect,  m a d e  w i t h  d.c. H o w e v e r ,  t he  d i r ec t i on  of 
c u r r e n t  f low was  r e v e r s e d  a t  a f r e q u e n c y  of 12 cpm,  
p r o d u c i n g  s q u a r e  w a v e  p a t t e r n s  for  t h e  v o l t a g e  
d rops  across  t he  s p e c i m e n  and  across  a s t a n d a r d  r e -  
s is tor .  The  f u r n a c e  was  m o v e d  b y  s m a l l  i n c r e m e n t s  
a long  t h e  ax i s  of t h e  s p e c i m e n  to v a r y  AT b e t w e e n  
5 ~ a n d  20~ The  r e s i s t i ve  v o l t a g e  d r o p  Vm across  
t he  s p e c i m e n  w a s  o b t a i n e d  f r o m  t h e  a m p l i t u d e  of  
t h e  s q u a r e  wave ,  w h i l e  t h e  t h e r m o e l e c t r i c  v o l t a g e  
VT w a s  o b t a i n e d  f r o m  t h e  pos i t i on  of t h e  s q u a r e  
w a v e  w i t h  r e s p e c t  to  zero.  The  c u r r e n t  was  c a l c u -  
l a t ed ,  of  course ,  f r o m  t h e  v o l t a g e  d r o p  t h r o u g h  t h e  
s t a n d a r d  res i s tor .  

S p e c i m e n s  w e r e  p r e p a r e d  f r o m  "Cer t i f i ed"  r e -  
a g e n t  g r a d e  SnO2 a n d  Sb2Os o b t a i n e d  f r o m  F i s h e r  
Sc ient i f ic  C o m p a n y .  The  chief  i m p u r i t i e s  in  t h e  
SnO2, as d e t e r m i n e d  b y  s p e c t r o g r a p h i c  a n d  w e t  
ana lys i s ,  w e r e  0.10% Cu a n d  0.07% Pb.  N e i t h e r  of 
t he se  i m p u r i t i e s  s e e m e d  to b e  e l e c t r o n i c a l l y  ac t ive .  
The  i n g r e d i e n t s  w e r e  m i x e d  in  an  ace tone  s l u r r y  
and  m i x i n g  was  c o n t i n u e d  w h i l e  t he  ace tone  e v a p -  
o ra ted .  The  e s s e n t i a l l y  d r y  p o w d e r  t h e n  was  cold  
p r e s s e d  a t  8000 psi  a n d  s i n t e r e d  a t  1400~ in air .  

Results and Discussion 
A t  t h e  ou t s e t  of  th is  r e s e a r c h  t h e  e l ec t ron ic  

m e a s u r e m e n t s  w e r e  m a d e  in  a i r  and  in  vacuum.  I t  
was  f o u n d  t h a t  t he  m e a s u r e m e n t s  in  a i r  w e r e  n o t  
v e r y  r e p r o d u c i b l e ,  w h i l e  those  in  v a c u u m  were .  
Also,  t he  s p e c i m e n s  b e h a v e d  in a i r  as  t h o u g h  t h e  
Sb w e r e  coming  ou t  of so lu t i on  at  t he  l o w e r  ~em- 
p e r a t u r e s .  This  is s h o w n  in Fig .  1, w h e r e  t he  con -  
duc t i v i t i e s  of h i g h l y  d o p e d  (0.1 m o l e  % Sb208) 
spec imens  in  a i r  a n d  in  v a c u u m  a r e  compared .  I t  
was  no t  pos s ib l e  to p r o v e  c onc lu s ive ly  ou r  susp ic ion  
t h a t  t he  Sb w a s  coming  ou t  of so lu t ion  b y  m e a n s  of 
x - r a y  d i f f rac t ion .  The  sh i f t  in  t h e  x - r a y  l ines  as  a 
r e s u l t  of so lu t ion  of Sb  in  t h e  SnO~ l a t t i c e  is too  
s m a l l  to de t ec t  w i t h  a s su rance .  H o w e v e r ,  in  o r d e r  to 
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ob ta in  r e p r o d u c i b l e  r e su l t s  and  to i n s u r e  t h a t  t h e  
Sb r e m a i n e d  in  solu t ion ,  mos t  of t he  e x p e r i m e n t s  
w e r e  c o n d u c t e d  in  v a c u u m .  

Va lues  of ~r vs. t e m p e r a t u r e  for  fou r  dop ing  l eve l s  
a r e  s h o w n  in  Fig .  2. These  cu rves  a r e  t y p i c a l  of 
s a t u r a t e d  e x t r i n s i c  conduc t ion  as t h e y  show v e r y  
l i t t l e  d e p e n d e n c e  on t e m p e r a t u r e ;  t h a t  is, t he  donors  
a r e  c o m p l e t e l y  ion ized  at  a n d  a b o v e  r o o m  t e m p e r -  
a tu re .  Th is  ag rees  w i t h  the  o b s e r v a t i o n  b y  I m a i  
(5)  t h a t  t he  donor  l eve l s  in S b - d o p e d  SnO2 a re  a l -  
r e a d y  f u l l y  ion ized  at  l i qu id  n i t r o g e n  t e m p e r a t u r e .  

To be  ce r t a i n  t h a t  t he  m a j o r i t y  of t he  conduc t ion  
e l ec t rons  w e r e  s u p p l i e d  b y  t h e  S b  d o p a n t  and  no t  b y  

defects ,  ~r of  t he  u n d o p e d  F i s h e r  SnO2 was  m e a s u r e d  
in v a c u u m  at  t e m p e r a t u r e s  up  to 800~ C o m p a r i s o n  
of t he  r e s u l t i n g  da ta ,  s h o w n  in  Fig .  3, w i t h  those  
in Fig .  2 sugges t s  t h a t  the  n u m b e r  of f r ee  e l ec t rons  
a r i s ing  f r o m  de fec t s  is ne g l i g ib l e  c o m p a r e d  to  those  
s u p p l i e d  b y  the  Sb donor  levels ,  excep t  a t  t he  v e r y  
h ighes t  t e m p e r a t u r e s  and  the  lowes t  Sb  c o n c e n t r a -  
t ions.  The  s t e e p l y  r i s i n g  c o n d u c t i v i t y  of t he  0.00036 
mole  % Sb s p e c i m e n  a b o v e  500~ in Fig .  2 is ev i -  
dence  t h a t  de fec t  c a r r i e r s  a r e  b e c o m i n g  i m p o r t a n t  
in th is  ins tance .  

P lo t s  of ~ vs. Nd a t  cons t an t  t e m p e r a t u r e ,  w h e r e  
Nd is the  c o n c e n t r a t i o n  of Sb  donor  a toms,  a r e  qu i t e  
l i nea r .  B y  m e a n s  of t he  u s u a l  equa t ion :  ~ = ~/ne ,  
a n d  our  o b s e r v a t i o n  t h a t  i on i za t i on  of donors  is 
comple te ,  so t h a t  n = Nd, v a l u e s  for  t he  e l e c t r o n  
m o b i l i t y  /~ of 10.9 to 12.0 c m E - v - l - s e c  -1 w e r e  ca l -  
c u l a t e d  for  the  t e m p e r a t u r e  r a n g e  100~176 A l -  
t h o u g h  a t  a n y  one t e m p e r a t u r e  t he  m a x i m u m  d e v i a -  
t i on  of p f r o m  the  a v e r a g e  is 10% or  less,  t h e r e  is 
no p e r c e p t i b l e  d e p e n d e n c e  of  m o b i l i t y  on t e m p e r -  
a tu re .  

One  w o u l d  e x p e c t  to  h a v e  c o n t r i b u t i o n s  to  e l ec -  
t r o n  s c a t t e r i n g  f r o m  b o t h  l a t t i c e  v i b r a t i o n s  and  
ion ized  impur i t i e s .  As  l a t t i ce  s c a t t e r i ng  w o u l d  cause  
a dec rea se  in /~ w i t h  i nc r e a s ing  t e m p e r a t u r e  w h i l e  
i m p u r i t y  s c a t t e r i ng  w o u l d  h a v e  the  oppos i t e  effect,  
the  two  t y p e s  of s c a t t e r i n g  m i g h t  t e n d  to  c o m p e n -  
sa te  each  o t h e r  ove r  t he  t e m p e r a t u r e  r a n g e  of  i n -  
t e res t ,  t hus  a c c oun t i ng  for  t he  s m a l l  c h a n g e  w i t h  
t e m p e r a t u r e .  H o w e v e r ,  f inal  conc lus ions  a b o u t  t he  
v a r i a t i o n  of /~ w i t h  t e m p e r a t u r e  shou ld  no t  be  a t -  
t e m p t e d  on t h e  bas i s  of d a t a  o b t a i n e d  on p o l y c r y s -  
t a l l i ne  s e m i c o n d u c t o r s  w h e r e  t he  inf luence  of p a r -  
t i c le  size and  c h e m i c a l  c ha nge s  can  be  a p p r e c i a b l e .  
The  good a g r e e m e n t  o b t a i n e d  h e r e  a m o n g  the  m o -  
b i l i t i e s  c a l c u l a t e d  for  f ou r  d i f f e ren t  dop ing  leve ls  
is a b o u t  t he  mos t  one can  e x p e c t  w h e n  w o r k i n g  
w i t h  p o l y c r y s t a U i n e  m a t e r i a l s .  

The  a b o v e  r a n g e  for  ~ c o m p a r e s  f a v o r a b l y  w i t h  
t he  H a l l  mob i l i t i e s  of 17-32 c m 2 - v - 1 - s e c  -1 m e a s -  
u r e d  on  SnO2 f i lms b y  I s h i g u r o  et al. (6 ) .  F i n a l l y ,  
K o h n k e ' s  v a l u e  of 50 c m 2 - v - l - s e c  -1 is in  r e a s o n a b l e  
a g r e e m e n t  w i t h  our  da ta ,  as one e xpe c t s  h i g h e r  
va lue s  of/~ in s ing le  c rys t a l s  t h a n  in  p o l y c r y s t a l l i n e  
compac t s .  

C o m p a r i s o n  of t he  a b o v e  v a l u e s  for  ~ w i t h  those  
for  o t h e r  oxides ,  b o t h  b r o a d - b a n d  and  n a r r o w - b a n d ,  
shows  r a t h e r  c onc lu s ive ly  t h a t  SnO2 is a b r o a d -  
b a n d  semiconduc to r .  F o r  e x a m p l e ,  r o o m  t e m p e r -  
a t u r e  Ha l l  mob i l i t i e s  for  t he  k n o w n  b r o a d - b a n d  
ox ide  ZnO h a v e  been  r e p o r t e d  to be  60 cmE-v -~-  
sec -1 for  s i n t e r e d  m a t e r i a l  (7)  and  200 cm2-v  - z -  
sec -1 for  s ingle  c r y s t a l s  (8 ) .  On the  o t h e r  hand ,  t w o  
ox ides  of Ti, w h i c h  a lmos t  c e r t a i n l y  e x h i b i t  3d 
n a r r o w - b a n d  conduc t ion  h a v e  shown  mob i l i t i e s  of 
0.1-1.0 c m E - v - l - s e c  - z  for  TiO2 s ingle  c r y s t a l s  (9)  
and  0.36 c m E - v - l - s e c  -1 for  p o l y c r y s t a l l i n e  TiO 
(10, 11).  These  va lue s  for  ~ a r e  one to two  o rde r s  
of m a g n i t u d e  l o w e r  t h a n  those  for  SnOE. 

O u r  va lue s  of S up  to a b o u t  900~ for  the  four  
dop ing  l eve l s  a r e  shown  in Fig .  4. A l l  of t he  va lue s  
a r e  nega t ive ,  and  t h e y  become  n u m e r i c a l l y  s m a l l e r  
as n increases .  A t  t he  l o w e r  t e m p e r a t u r e s ,  t h e r e  
is a r a p i d  i nc rea se  in  S w i t h  i n c r e a s i n g  t e m p e r a t u r e .  
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The  d a t a  of Fig .  4 w e r e  a n a l y z e d  us ing  t h e  cus -  
t o m a r y  equa t ions  f r o m  c lass ica l  s ta t i s t i cs  for  n o n -  
d e g e n e r a t e  b r o a d - b a n d  s e m i c o n d u c t o r s :  n = Nc exp  
(EF/kT)  and  eST = EF-2kT, w h e r e  Nc is t h e  ef fec-  
t ive  d e n s i t y  of s t a t es  in the  conduc t ion  b a n d  and  
EF is t he  F e r m i  e n e r g y  l eve l  w i t h  r e spec t  to t he  
c onduc t i on  b a n d  edge ,  i.e., EF = EF - -  Ec- On  c o m -  
b in ing  these  equa t ions  one ob ta ins  e S / k  = 2.303 log  
(n /Nc)-2 .  As Nc is cons t an t  a t  a g iven  t e m p e r a t u r e ,  
the  q u a n t i t y  e S / k  shou ld  be  a l i n e a r  func t ion  of 
log  n. Tha t  th is  is t he  case is s h o w n  in Fig.  5, in 
wh ich  eS'/k is p l o t t e d  aga ins t  log n at  four  d i f f e ren t  
t e m p e r a t u r e s .  This  a g r e e m e n t  is f u r t h e r  ev idence  
t ha t  SnO2 is a b r o a d - b a n d  semiconduc to r .  

Summary 
On the  bas is  of e l ec t ron  mob i l i t i e s  c a l c u l a t e d  

f rom the  conduc t iv i t i e s  of S b - d o p e d  p o l y c r y s t a l l i n e  
spec imens  and  the  b e h a v i o r  of t he  S e e b e c k  co-  
efficient of such spec imens ,  i t  is conc luded  t h a t  SnO2 
is a b r o a d - b a n d  semiconductor. This  ag ree s  w i t h  
K o h n k e ' s  conclus ion,  w h i c h  was  b a s e d  on the  Ha l l  

0 , ' I / I .... ' . . . . . . . . .  

_ o , t -  

n,cm -3 

Fig. S. eS/K vs. n for four temperatures 

m o b i l i t y  and  donor  a c t i va t i on  e n e r g y  in n a t u r a l  
s ing le  c rys ta l s .  SnO2 s h o w e d  n - t y p e  b e h a v i o r  
t h r o u g h o u t .  
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A n  x - r a y  d i f f r ac t ion  s t u d y  w a s  m a d e  of t he  
s t r u c t u r e  of  CdS fi lms depos i t ed  on a m o r p h o u s  
s u b s t r a t e s  as  a func t ion  of s u b s t r a t e  t e m p e r a t u r e .  
A m a r k e d  dec rease  in  condensa t e  was  o b s e r v e d  w i t h  
i nc rea se  in s u b s t r a t e  t e m p e r a t u r e .  Modi f ica t ions  of 
the  f i lms '  c r y s t a l l i n i t y  and  p r e f e r r e d  o r i e n t a t i o n  
w i th  c h a n g i n g  depos i t i on  t e m p e r a t u r e  w e r e  ob -  

se rved .  P y r o l y t i c  t r e a t m e n t  of f i lms in  con tac t  w i t h  
CdC12 con ta in ing  CdS  p o w d e r  r e s u l t e d  in  m o d i f y -  
ing the  o r i e n t a t i o n  f r o m  p r e f e r r e d  to r a n d o m .  

O p t i c a l  and  e l ec t r i ca l  m e a s u r e m e n t s  on e v a p -  
o r a t e d  c a d m i u m  sulf ide f i lms have  been  r e p o r t e d  
e x t e n s i v e l y  in  t he  l i t e r a t u r e  ( 1 - 9 ) .  H o w e v e r ,  on ly  a 
f ew  p u b l i c a t i o n s  desc r ibe  the  s t r u c t u r e  of such  
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Fig. 4. S vs. temperature for four doping levels 

The  d a t a  of Fig .  4 w e r e  a n a l y z e d  us ing  t h e  cus -  
t o m a r y  equa t ions  f r o m  c lass ica l  s ta t i s t i cs  for  n o n -  
d e g e n e r a t e  b r o a d - b a n d  s e m i c o n d u c t o r s :  n = Nc exp  
(EF/kT)  and  eST = EF-2kT, w h e r e  Nc is t h e  ef fec-  
t ive  d e n s i t y  of s t a t es  in the  conduc t ion  b a n d  and  
EF is t he  F e r m i  e n e r g y  l eve l  w i t h  r e spec t  to t he  
c onduc t i on  b a n d  edge ,  i.e., EF = EF - -  Ec- On  c o m -  
b in ing  these  equa t ions  one ob ta ins  e S / k  = 2.303 log  
(n /Nc)-2 .  As Nc is cons t an t  a t  a g iven  t e m p e r a t u r e ,  
the  q u a n t i t y  e S / k  shou ld  be  a l i n e a r  func t ion  of 
log  n. Tha t  th is  is t he  case is s h o w n  in Fig.  5, in 
wh ich  eS'/k is p l o t t e d  aga ins t  log n at  four  d i f f e ren t  
t e m p e r a t u r e s .  This  a g r e e m e n t  is f u r t h e r  ev idence  
t ha t  SnO2 is a b r o a d - b a n d  semiconduc to r .  

Summary 
On the  bas is  of e l ec t ron  mob i l i t i e s  c a l c u l a t e d  

f rom the  conduc t iv i t i e s  of S b - d o p e d  p o l y c r y s t a l l i n e  
spec imens  and  the  b e h a v i o r  of t he  S e e b e c k  co-  
efficient of such spec imens ,  i t  is conc luded  t h a t  SnO2 
is a b r o a d - b a n d  semiconductor. This  ag ree s  w i t h  
K o h n k e ' s  conclus ion,  w h i c h  was  b a s e d  on the  Ha l l  

0 , ' I / I .... ' . . . . . . . . .  

_ o , t -  

n,cm -3 

Fig. S. eS/K vs. n for four temperatures 

m o b i l i t y  and  donor  a c t i va t i on  e n e r g y  in n a t u r a l  
s ing le  c rys ta l s .  SnO2 s h o w e d  n - t y p e  b e h a v i o r  
t h r o u g h o u t .  
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s u b s t r a t e s  as  a func t ion  of s u b s t r a t e  t e m p e r a t u r e .  
A m a r k e d  dec rease  in  condensa t e  was  o b s e r v e d  w i t h  
i nc rea se  in s u b s t r a t e  t e m p e r a t u r e .  Modi f ica t ions  of 
the  f i lms '  c r y s t a l l i n i t y  and  p r e f e r r e d  o r i e n t a t i o n  
w i th  c h a n g i n g  depos i t i on  t e m p e r a t u r e  w e r e  ob -  

se rved .  P y r o l y t i c  t r e a t m e n t  of f i lms in  con tac t  w i t h  
CdC12 con ta in ing  CdS  p o w d e r  r e s u l t e d  in  m o d i f y -  
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O p t i c a l  and  e l ec t r i ca l  m e a s u r e m e n t s  on e v a p -  
o r a t e d  c a d m i u m  sulf ide f i lms have  been  r e p o r t e d  
e x t e n s i v e l y  in  t he  l i t e r a t u r e  ( 1 - 9 ) .  H o w e v e r ,  on ly  a 
f ew  p u b l i c a t i o n s  desc r ibe  the  s t r u c t u r e  of such  
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fi lms (10, 11).  In  one of these,  Gi l les  and  V a n  
C a k e n b e r g h e  (11) ,  us ing  x - r a y  d i f f rac t ion  s tud ies ,  
conc lude  t h a t  c a d m i u m  sulf ide e v a p o r a t e d  on h e a t e d  
a m o r p h o u s  glass  s u b s t r a t e s  fo rms  p r i n c i p a l l y  h e x -  
agona l  c ry s t a l l i t e s  w i t h  t he  C - a x i s  n o r m a l  to the  
s u b s t r a t e  sur face .  

Film Preparation 

G e n e r a l  E lec t r i c  EL g r a d e  CdS pe l l e t s  w e r e  
e v a p o r a t e d  f r o m  m o l y b d e n u m  source ,  800 ~ • 10~ 
on p r e h e a t e d  t in  ox ide  coa ted  bo ros i l i c a t e  g lass  s u b -  
s t r a t e s  a t  a p r e s s u r e  of  a b o u t  4 x 10 -5 Tor r .  The  
depos i t i on  t e m p e r a t u r e s  r a n g e d  b e t w e e n  70 ~ and  
445~ F o r  t he  same  q u a n t i t y  of s t a r t i n g  m a t e r i a l ,  
t h e  f i lm th icknesses ,  m e a s u r e d  w i t h  a p ro f i l ome te r ,  
v a r i e d  m a r k e d l y  acco rd ing  to depos i t i on  t e m p e r a -  
tu re .  Th icknesses  r a n g e d  f r o m  less t h a n  1/~ to 15t~ 
a t  depos i t i on  t e m p e r a t u r e s  of 445 ~ a n d  250~ r e -  
spec t ive ly ;  t h i cknes se s  r e c o r d e d  for  f i lms d e p o s i t e d  
at  350 ~ and  400~ w e r e  abou t  3t~. 

Analysis  o~ Films 

F i l m  c r y s t a l l i n i t y  was  e x a m i n e d  w i t h  n i c k e l -  
f i l t e red  copper  r ad i a t i on ,  us ing  a G e n e r a l  E lec t r i c  
X R D - 5  D i f f r a c t o m e t e r  Uni t .  In  a g r e e m e n t  w i t h  t he  
f indings  of Gi l les  and  V a n  C a k e n b e r g h e ,  the  OOOL 
ser ies  of re f lec t ions  a p p e a r e d  in  a l l  t he  d i f f r ac -  
t o m e t e r  pa t t e rn s ,  i n d i c a t i n g  p r e f e r r e d  o r i e n t a t i o n  
w i t h  t he  C - a x i s  n o r m a l  to the  subs t r a t e .  In  a d d i -  
t ion,  t he  c ry s t a l l i t e s  in  t he  f i lms w e r e  f r e q u e n t l y  

f o u n d  to be  o r i e n t e d  w i t h  e i t he r  or  bo th  t he  10]-3 

and  1015 l a t t i ce  p l a n e s  pos i t i oned  p a r a l l e l  to t he  
subs t r a t e .  C o n s i d e r a b l e  b r o a d n e s s  in these  l a t e r  
re f lec t ions  was  o b s e r v e d  in  p a t t e r n s  for  f i lms d e -  
pos i t ed  at  s u b s t r a t e  t e m p e r a t u r e s  b e t w e e n  70 ~ a n d  
250~ th is  is p r e s u m a b l y  due  'to s t a c k i n g  fau l t s ,  
a cond i t ion  d e s c r i b e d  in  some d e t a i l  for  coba l t  b y  
E d w a r d s  a n d  L ipson  (12) .  In  t h e  d i f f r a c t o m e t e r  
p a t t e r n s  of t he  f i lms depos i t ed  at  t he  h i g h e r  s u b -  
s t r a t e  t e m p e r a t u r e s ,  t he  ref lec t ions  a p p e a r e d  sha rp ,  
i n d i c a t i n g  an  e n h a n c e m e n t  of c r y s t a l l i n e  p e r f e c -  
t ion  a t t r i b u t a b l e  to t he  h i g h e r  depos i t i on  t e m p e r -  
a tu res .  The  p r e s e n c e  of w e l l - f o r m e d  h e x a g o n a l  
c rys ta l l i~es  in  these  f i lms was  conf i rmed  on i n s p e c -  
t ion  of x - r a y  p h o t o g r a m s  of e v a p o r a t e d  f i lms 
s t r i p p e d  f r o m  t h e i r  s u b s t r a t e s  a n d  r e d u c e d  to a 
fine p o w d e r .  

Two m e t h o d s  used  to enhance  the  p h o t o c o n d u c -  
t i v i t y  in e v a p o r a t e d  CdS fi lms w e r e  s t ud i ed  to d e -  
t e r m i n e  t h e i r  effects on the  c r y s t a l l i n i t y  of f i lms 
depos i t ed  on a s u b s t r a t e  p r e h e a t e d  to 350~ One 
m e thod ,  d i r ec t  a i r - b a k i n g  of f i lm at  480~ for  1 hr ,  
was  f o u n d  to h a v e  v i r t u a l l y  no effect in a l t e r i n g  the  
p r e f e r r e d  o r i e n t a t i o n  (Fig .  l a ) .  This  r e su l t  is in  
a g r e e m e n t  w i t h  t he  f indings  of Gi l l e s  and  V a n  
C a k e n b e r g h e  (11) .  In  t he  Other m e t h o d  a s i m i l a r  
f i lm was  h e a t - t r e a t e d  for  the  s a m e  d u r a t i o n  at  
480~ in con tac t  w i t h  a c o p p e r - c h l o r i n e - d o p e d  
c a d m i u m  sulf ide p o w d e r  con ta in ing  an  e s t i m a t e d  
0.5% CdC12; the  o r i e n t a t i o n  of the  c r y s t a l l i t e s  was  
a l t e r e d  f rom p r e f e r r e d  to r a n d o m  (Fig .  l b ) .  The  
p o w d e r  used  in  th is  h e a t  t r e a t m e n t  is h e x a g o n a l ,  as 
i n d i c a t e d  in  Fig .  lc .  A r a n d o m  o r i e n t a t i o n  also r e -  
sui ts  if  t he  f i lm is s i m i l a r l y  h e a t - t r e a t e d  in con tac t  
w i t h  a c h l o r i n e - d o p e d  CdS p o w d e r  con t a in ing  a p -  
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Fig. 1. X-ray diffractometer patterns, demonstrating the effect 

of heating evaporated CdS films previously deposited at 350~ 
(a) at a temperature of 480~ for 1 hr in air; (b) in contact with 
Cu-CI doped hexagonal CdS powder containing 0.5% CdCI2; (c) 
pattern for the cadmium sulfide powder referred to in (b). The 
ordinate scale in each pattern is logarithmic. 

p r o x i m a t e l y  0.5% CdC12 a n d  e s s e n t i a l l y  f ree  of 
copper ;  h o w e v e r ,  u n a c t i v a t e d ,  CdC12-free CdS p o w -  
de r  has  v i r t u a l l y  no effect on a l t e r i n g  the  o r i e n t a -  
t ion.  These  r e su l t s  i n d i c a t e  t h a t  the  t r a c e  a m o u n t  
of CdCle in t he  CdS  p o w d e r  is t he  in f luen t i a l  f ac -  
tor .  The  p r e s e n c e  of the  c h l o r i d e  a t  the  f i lm su r face  
p r o b a b l y  in i t i a t e s  r e c r y s t a l l i z a t i o n  at  the  su r f ace  
b y  chemica l  exchange ,  r e s u l t i n g  in c r y s t a l  g r o w t h  
w i t h  the  c r y s t a l l i t e s  r a n d o m l y  o r ien ted .  

Remarks  

The  de ta i l s  of t he  o b s e r v e d  r e l a t i o n s h i p  b e t w e e n  
the  q u a n t i t y  of  c onde nsa t e  and  the  depos i t i on  t e m -  
p e r a t u r e  a re  not  u n d e r s t o o d  at  th is  t ime ;  p r e s u m -  
a b l y  a t h o r o u g h  i n v e s t i g a t i o n  of t he  v a p o r  phase  
compos i t i on  wi l l  so lve  th is  p r o b l e m .  The  a f o r e -  
m e n t i o n e d  t e c h n i q u e  to o b t a i n  r a n d o m  o r i e n t a t i o n  
in  e v a p o r a t e d  CdS fi lms m a y  w e l l  be  e x t e n d e d  ~o 
e v a p o r a t e d  f i lms of o the r  ma t e r i a l s .  
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Polarography of N-Complexes of Cobalt, Chromium, and Titanium 
in Formamide and Dimethylformamide 

Hsiao-shu Hsiung 1 and Glenn H. Brown 2 
Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 

Few polarographic  measurements  appear  to have 
been made  on v-complexes .  The work  of Page and 
Wilkinson (1) showed the polarographic  behavior  
of ferr ic inium,  cobalt icinium, and ru thenic in ium 
ions in water .  Pauson and Wilkinson (2) de te rmined  
the ha l f -wave  potent ia l  for the solution of b i s - in -  
denylcobal t  ( I I I )  ion whi le  Wilk inson and Bi rming-  
ham (3) repor ted  polarographic  da ta  for the b i s -cy -  
c lopentad ienyl  complexes of t i t an ium (IV) ,  vana -  
d ium ( IV) ,  and n iobium (V) ions. Wi th  the excep-  
tion of the n iobium (V) complex al l  of these ions 
were  found to give wel l -def ined  and revers ib le  waves.  
The rhodic in ium ion (4) shows a cathodic wave  
corresponding to the format ion  of neu t ra l  Rh (C5H5) 2. 
K u w a n a  et at. (5) s tudied the chronopotent iometr ic  
oxidat ion of a number  of meta l  cyclopentadienyls  
and thei r  der iva t ives  in acetonitr i le .  They found f e r -  
rocene and its der iva t ives  undergo a one-e lec t ron  
change, ru thenocene and its der iva t ives  a two-e lec -  
t ron change, while  osmocene and its der iva t ives  
show a two-s tage  oxidat ion,  involving one electron 
each in each stage. 

Polarographic  measurements  have been made on 
a few ~-complexes  formed wi th  compounds conta in-  
ing s i x -membered  rings. Fu r l an i  and Fisher  (6) 
were  the first to invest igate  the Cr(C6H6)2-Cr 
(C6H6)2 + transi t ion.  Fur l an i  and Sar tor i  (7) made  
polarographic  measurements  on compounds of the 
type  Ar2Cr+I - ,  where  Ar  is benzene, toluene, mes i t -  
ylene, or pseudocumene;  also, b i s - cyc lohexy lpheny l -  
chromium iodide has been s tudied po la rographica l ly  
(8).  

This paper  reports  the polarographic  behavior  of 
some aromat ic  complexes of cobalt,  chromium, and 
t i t an ium in two nonaqueous solvents, fo rmamide  and 
d imethyl formamide .  

Experimental 
Formamide  was purif ied as descr ibed prev ious ly  

(9) and N,N ' -d ime thy l fo rmamide  obtained f rom the 
Matheson Company was purif ied by a method s im-  
i lar  to tha t  used by  Wawzonek  et al. (10). Al l  po-  
la rographic  measurements  were  made at a t e m pe r -  
a ture  of 25.0 ~ _+ 0.5~ and were  taken  in the same 
manner  as repor ted  in previous  papers  (9, 11). 

1 Present  address:  D e p a r t m e n t  of  C h e m i s t r y ,  A l t o n  Cen te r ,  S o u t h -  
e r n  Ill inois Univers i ty ,  Alton,  Il l inois.  

2 Present  address:  D e p a r t m e n t  of  Chemistry ,  K e n t  S t a t e  U n i v e r -  
s i ty ,  Kent ,  Ohio.  

Cobal t ic inium tr i iodide,  (C5H~)2C018, b i s - indeny l -  
cobalt  ( I I I )  perchlorate ,  (C9H7)2COC104, and bis-  
cyc lopen tad ieny l t i t an ium (IV) bromide,  (C5H5)2 
TiBr2 were  p repa red  according to Wilk inson (12), 
Pauson and Wilkinson (2),  and Wilkinson and Bir -  
mingham (3),  respect ively.  B i s -d ipheny lchromium 
(I)  iodide, (C6H5" C6Hs)2CrI and b i s -benzene-  
chromium (I) iodide, (C6H6)2CrI, were  contr ibuted  
by  H. H. Zeiss of the Monsanto Chemical  Company.  

Anhydrous  sodium perchlora te  was used as the  
suppor t ing  e lec t ro ly te  for the s tudy of the ~r-com- 
plexes  of cobalt  and chromium in both solvents. It 
was of " reagent  grade"  qua l i ty  and was purchased  
f rom the G. F rede r i ck  Smith  Chemical  Company;  
i t  was used wi thout  fu r the r  purification. Te t r ae thy l -  
ammonium perchlorate ,  p r epa red  according to the 
direct ions of Kolthoff and Coetzee (13), was used 
as the suppor t ing  e lec t ro ly te  in fo rmamide  for the 
~-complex sal t  of t i tanium.  

Results and Discussion 
Of the ~-complexes  s tudied only the b is -cyc lo-  

pen tad ieny l t i t an ium (IV) bromide  did not give a 
wel l -def ined  reduct ion wave.  The polarographic  
character is t ics  of five different  ~r-complexes are re -  
corded in Table I. Our value  of --0.81v vs. S.C.E. 
for  the b i s -benzenechromium cation in d ime thy l -  
formamide  compares  favorab ly  wi th  the value  ob- 
ta ined by  Fur l an i  and Fischer  (6) who invest igated 
its behavior  in the mixture ,  80% methano l -20% 

Table I. Polarographic characteristics of some x-complexes of 
cobalt, chromium, and titanium 

( s u p p o r t i n g  e l ec t ro ly t e  0.2M NaC1OD 

D 
Conc. - - ( E 1 / 2 ) ,  cm 2 x 10 ~, 

C o m p o u n d  mlY[/l v v s .  S.C.E. I~ sec 0.059/n 

F o r m a m i d e  as t he  so lvent  

(C6H6) 2CrI 2.0 1.04 0.85 0.194 0.062 
(C6Hs'C6Hs) 2CrI 2.0 0.89 0.85 0 . 1 9 4  0.057 
(C5H5) 2Coi3 4.0 1.11 0.30 0.025 0.059 
(CgHv) eCoC104 2.0 0.71 0.81 0 . 1 7 7  0.072 
(C5H5) 2TiBr2* 2.0 0.62 0.57 0.088 - -  

N , N ' - d i m e t h y l f o r m a r a i d e  as the  s o l v e n t  

(C6H8) 2CrI 2.0 0.81 0.88 0 . 2 0 0  0.063 
(C6Hs-C6H5) CrI 2.0 0.75 0.57 0 . 0 8 8  0.063 
(C9tI7) 2COC104 0.74 0.53 1.18 0 . 3 7 5  0.071 

* S u p p o r t i n g  e lectro lyte  is Et4NC10~. 
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benzene  (by  v o l u m e ) .  F r o m  the da ta  p r e sen t ed  it 
can be seen tha t  b i s - d i p h e n y l c h r o m i u m  (I)  iodide 
reduces  more  r ead i ly  t h a n  b i s - b e n z e n e c h r o m i u m  
(I)  iodide in  bo th  solvents .  

The  va lue  of n es tab l i shed  f rom diffusion c u r r e n t  
da ta  and  resul t s  of others  (6-8)  show tha t  the  r e -  
duc t ion  of the  ~r-complexes of c h r o m i u m  is a one-  
e lec t ron  step and  tha~ the  complexes  have  a r a t h e r  
h igh s tab i l i ty  to reduct ion .  E v e n  though  b i s - i n d e n y l -  
cobal t  ( I I I )  pe rch lo ra te  gives we l l -de f ined  r e d u c -  
t ion  waves  in  f o r m a m i d e  and  d i m e t h y l f o r m a m i d e ,  
the  r educ t i on  is no t  r evers ib le  if one e lec t ron  is 
i nvo lved  in  the  process. As expected  the  diffusion 
c u r r e n t  cons tants  for the  ~r-complexes r epor ted  here  
are sma l l e r  t h a n  those of the  s imple  me t a l  ions in  
the  same so lvent  (9) and  in  wa t e r  (14).  

The composi t ion  of the  l igand  has an  inf luence  on 
the  h a l f - w a v e  po t en t i a l  of ~-complexes .  Cons ide r -  
ing  po la rograph ic  da ta  on  v -complexes  pub l i she d  by  
others  (1-3, 6-9) a long wi th  those ob ta ined  in  this  
s tudy,  one finds tha t  the  b o n d i n g  of a r i n g - t y p e  
compound  to a me ta l  ion gene ra l l y  causes a m a r k e d  
decrease in  the  r educ t ion  po ten t i a l  of the  ion w h e n  
compared  to the s imple  me ta l  ion in  the same sol- 
vent .  Increased  a romat i c i ty  a r o u n d  the  me ta l  ion 
increases  the  ease of r educ t ion  [e.g., compare  
(C6H6)2CrI and  (C6Hs �9 C6Hs)2CrI in  the  two sol- 
ven t s  used] .  A t r e n d  is no ted  in  tha t  subs t i t u t i on  of 
a group on the  p a r e n t  compound  (e.g., cyc lopen ta -  
d iene)  compared  to i ndene  causes the  h a l f - w a v e  
po ten t i a l  to shift,  the  d i rec t ion  of the  shif t  d e p e n d -  
ing  on w h e t h e r  the  s u b s t i t u e n t  is an  e lec t ron  d o n a t -  
ing group  or an  e lec t ron  w i t h d r a w i n g  group. I t  is 
observed f rom this s tudy  and  others  (5, 7, 8) tha t  
the e lec t ron  dona t i ng  group  causes the  po ten t i a l  to 
shift  to a more  nega t ive  va lue  t h a n  tha t  of the  
p a r e n t  compound ,  and  an  e lec t ron  w i t h d r a w i n g  

group causes the po ten t i a l  to shift  in  a more  posi-  
t ive  direct ion.  
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A High Performance Saturated Hydrocarbon Fuel Cell 
W. T. Grubb and L. W.  Niedrach 

Research Laboratory, General Electric Company,  Schenectady, New  York  

A key  technica l  p r o b l e m  in  fue l  cells is the 
a ch i evemen t  of h igh  e lec t rochemica l  ox ida t ion  ra tes  
us ing  cheap fuels. A m o n g  such fuels  the  sa tu ra t ed  
hyd roca rbons  r ep re sen t  a class of m a j o r  impor tance .  
Here tofore  the s a tu ra t ed  hyd roca rbons  have  not  dis-  
p layed  s igni f icant ly  h igh  ra tes  of e lec t rochemica l  
ox ida t ion  d i rec t ly  a t  fue l  cell anodes  be low the  
fused sal t  t e m p e r a t u r e  reg ion  or abou t  500~ 

It has n o w  been  found  tha t  p r o p a n e  can be ox-  
idized r ap id ly  at  a p l a t i n u m  ca ta lyzed  fuel  cell 
anode at  150~ A po la r i za t ion  curve  (vo l tage  vs. 
c u r r e n t  dens i ty  curve)  ob t a ined  f rom a p r o p a n e -  
oxygen  fuel  cell con t a in ing  p l a t i n u m  cata lyzed elec-  
t rodes and  14.6M phosphor ic  acid e lec t ro ly te  is 
shown  in  Fig. 1. A cross-sect ion d i ag ram of the  cell 

L0 

GEOMETRIC CURRENT DENSITY (m6/cm 2) 

Fig. 1. Polarization curve for propane-oxygen fuel cell at 150~ 
electrodes-platinum; electrolyte 14.6M phosphoric acid. 
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FUEL IN- 

GAS CHAMBER: 

FUEL + CO,~ OUT 

ELECTROLYTE OUT 

~176 
ELECTRODES 

" OXYGEN + H2G OUT 

ELECTROLYTE tN 

Fig. 2. Test cell cross section 

used  in t he  e x p e r i m e n t a l  w o r k  a p p e a r s  in Fig.  2. 
Two k e y  f e a t u r e s  of th is  cel l  a r e  ( i )  t he  e m p l o y m e n t  
of  a n e w  porous ,  gas  e l e c t r o d e  s t r u c t u r e  due  to  
N i e d r a c h  and  A l f o r d  (1)  w h i c h  p r e s e r v e s  t he  c a t a -  
ly t i c  ( e l e c t r o c a t a l y t i c )  p r o p e r t i e s  of p l a t i n u m ,  and  
( i i )  t he  e m p l o y m e n t  of phospho r i c  ac id  e l e c t r o l y t e  
at  a s u i t a b l e  t e m p e r a t u r e  and  concen t r a t ion .  

P r a c t i c a l  i m p l i c a t i o n s  of the  r e su l t s  d e p e n d  no t  
on ly  on o b t a i n i n g  h igh  p e r f o r m a n c e ,  b u t  also on 
ach i ev ing  c o m p l e t e  o x i d a t i o n  of t h e  fuel .  The  y i e l d  
of CO2 f r o m  the  cel l  o p e r a t i n g  a t  p o i n t  A of Fig .  1 
was  m e a s u r e d  b y  a gas  c h r o m a t o g r a p h i c  m e t h o d  
and  found  to be  98% _ 4% of tha~ r e q u i r e d  b y  the  

r e a c t i o n  for  c o m p l e t e  anod ic  o x i d a t i o n  of p r o p a n e  

C3H8 + 6 H 2 0 ~  3CO2 -t- 20H + + 2 0 e -  

The  absence  of a l i m i t i n g  c u r r e n t  in t he  p o l a r i z a -  
t ion  c u r v e  is also of i m p o r t a n c e .  This  r e su l t s  f r om 
t h e  t h in  s t r u c t u r e  of the  n e w  e lec t rodes .  E i g h t  to 
t en  mi l s  th ick ,  t h e y  a r e  f r ee  f r o m  the  long  po re s  
w h i c h  t e n d  to  l imi t  mass  t r a n s p o r t  a t  r e l a t i v e l y  low 
c u r r e n t  dens i t i e s  w h e n  t h e  t h i c k e r  "gas  d i f fus ion"  
e l e c t rode s  o f  the  l i t e r a t u r e  a r e  o p e r a t e d  in  t h e  p r e s -  
ence of i n e r t  gases  ( the  CO2 p r o d u c t  in  t he  p r e s e n t  
case ) .  S i m i l a r  f r e e d o m  f r o m  l i m i t i n g  c u r r e n t s  is 
seen w h e n  the  n e w  e l ec t rodes  a r e  o p e r a t e d  on a i r  
to c u r r e n t  dens i t i e s  of s e v e r a l  h u n d r e d  m i l l i a m p e r e s  
p e r  s q u a r e  c e n t i m e t e r .  

De ta i l s  of th is  w o r k  and  f u r t h e r  e x p e r i m e n t s  up  
to 200~ wi l l  be  r e p o r t e d  l a t e r .  
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Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1964 JOURNAL. 
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The Relative Corrosion Rates of Nickel Electrodeposits 
Having Different Textures 

A. K. N. Reddy 
The Electrochemistry Laboratory, University o~ Pennsylvania, Philadelphia, Pennsylvania 

The  a u t h o r  r e c e n t l y  p r o p o s e d  (1, 2) a m e c h a n i s m  
for the  d e v e l o p m e n t  of  p r e f e r r e d  o r i en ta t ions ,  w i t h  
spec ia l  r e f e r e n c e  to n i c k e l  e l ec t rodepos i t s .  I t  w a s  
a r g u e d  t h a t  t e x t u r e s  r e su l t  f r o m  t w o  g r o w t h  p r o c -  
esses:  ( i )  t he  p r e f e r e n t i a l  f o r m a t i o n  of face ts  of a 
p a r t i c u l a r  c r y s t a l l o g r a p h i c  type ,  and  ( i i )  the  a l i g n -  
m e n t  of  these  face ts  n o r m a l  to t he  s u b s t r a t e  surface .  
The  z o n e - a x i s  of these  " W i l m a n "  facets  becomes  
the  t e x t u r e  axis .  

The  t h e o r y  is app l i ed ,  in th is  sho r t  c o m m u n i c a -  
t ion,  to some r e c e n t  w o r k  (3)  w h e r e i n  i t  was  ob -  
s e r v e d  t h a t  n i cke l  e l ec t rodepos i t s  h a v i n g  d i f fe ren t  
p r e f e r r e d  o r i e n t a t i o n s  confer  d i f fe ren t  e x t e n t s  of 
p r o t e c t i o n  aga in s t  co r ros ion  in  d i l u t e  h y d r o c h l o r i c  
acid.  Depos i t s  w i t h  < 2 1 0 >  o r i e n t a t i o n  p r o v i d e  the  
bes t  co r ros ion  p ro tec t ion ,  and  those  w i th  < 1 1 0 >  
o r i e n t a t i o n  g ive  less  p ro tec t ion .  

F r o m  the  s t a n d p o i n t  of  t he  t h e o r y ,  depos i t s  ac -  
qu i r e  a < 2 1 0 >  t e x t u r e  b y  the  f o r m a t i o n  of {211} 
face ts  on  the  f ree  sur face ,  and  depos i t s  w i t h  a < 1 1 0 >  

t e x t u r e  h a v e  o c t a h e d r a l  facets .  W h e n  {211} face ts  
( in  c o n t r a s t  to { 111 } face t s )  a r e  e x p o s e d  to the  so lu -  
t ion,  no t  on ly  can w e  cons ide r  t he  h e a t  of h y d r o g e n  
a d s o r p t i o n  to  be  h i g h e r  (4 ) ,  a n d  h e n c e  also t h e  h y -  
d r o g e n  o v e r p o t e n t i a l  (4, 5) ,  b u t  the  d i s so lu t ion  of 
{211} face ts  can  also be cons ide red  to be  s m a l l e r  
[ d u e  to t h e  r e c i p r o c i t y  of g r o w t h  and  d i s so lu t ion  
( 6 ) ] .  

The  anod ic  d i s so lu t ion  r e a c t i o n  and  the  ca thod ic  
h y d r o g e n  evo lu t i on  r e a c t i o n  a r e  bo th  h i n d e r e d  m o r e  
on {211} face ts  t h a n  on {111} facets .  Hence ,  t he  cor -  
ros ion  of depos i t s  w i t h  {211} face ts  (i.e., < 2 1 0 >  t e x -  
t u r e )  shou ld  be  less  t h a n  those  w i t h  {111} face ts  (i.e., 
< 1 1 0 >  t e x t u r e ) .  This  conc lus ion  is in a g r e e m e n t  
w i t h  e x p e r i m e n t .  

M a n u s c r i p t  rece ived  Jan.  28, 1963; revised m a n u -  
scr ipt  received J u n e  24, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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The Adsorption of Iron during 
Etching of Lithium Fluoride Crystals 

G. Rosenblatt and M. B. Ires 
Department oS Metallurgy and Metallurgical Engineering, McMaster University, Hamilton, Ontario, Canada 

The  ac t ion  of ca t ion  i nh ib i t o r s  in  aqueous  so lu -  
t ions  on the  e tch  m o r p h o l o g y  of c l e a v a g e  su r f aces  
of l i t h i u m  f luor ide  has  been  e x h a u s t i v e l y  s t u d i e d  
b y  G i lman ,  Johns ton ,  and  Sea r s  (1) .  Of some t h i r t y  
ca t ions  i n v e s t i g a t e d  on ly  two,  i r on  and  a l u m i n u m ,  
p r o d u c e d  e t chan t s  t h a t  w o u l d  f o r m  r e g u l a r  s q u a r e  
d i s loca t ion  e tch  pi ts .  G i l m a n  et al. conc luded  t h a t  
t he  i n h i b i t o r  ions, w h i c h  need  on ly  be  p r e s e n t  in  
c o n c e n t r a t i o n s  of t h e  o r d e r  of one  p a r t  in 106 , m u s t  
be  (a)  w i t h i n  25% of t h e  size of t he  Li  + ion, (b )  
h a v e  a s t ab le  f luor ide  sa l t  w i t h  l ow so lub i l i ty ,  a n d  
(c)  f o r m  a s t ab l e  f luor ide  complex .  These  c r i t e r i a  
sugges t  t h a t  such  ions w i l l  a d s o r b  r e a d i l y  at  ca t ion  
s i tes  on the  c r y s t a l  su r f aces  a n d  t h e r e b y  m o d i f y  
t h e  d i s so lu t ion  condi t ions .  T h a t  so few ions  a r e  n e c -  
e s s a r y  in  so lu t ion  to m o d i f y  t he  e tch  m o r p h o l o g i e s  
p r o f o u n d l y  sugges t s  t ha t  t h e y  adso rb  p r e f e r e n t i a l l y  
at  t h e  p r i m a r y  d i s so lu t ion  sources ,  viz., k i n k s  in  
c r y s t a l  l edges  (1, 2) .  

The  p r e s e n t  e x p e r i m e n t s  w e r e  u n d e r t a k e n  to i n -  
v e s t i g a t e  th is  p o s s i b i l i t y  b y  r e l a t i n g  t h e  spa t i a l  d i s -  
t r i b u t i o n  of a d s o r b e d  f e r r i c  ions  to t he  e tch  m o r -  
phologies .  E t ch ing  of f r e s h l y  c l e a v e d  {100} su r faces  
of l i t h i u m  f luor ide  was  c a r r i e d  out  in  d i l u t e  aqueous  
so lu t ions  of f e r r i c  ch lo r ide  con ta in ing  r a d i o i s o t o p e  
F e  59 of k n o w n  ac t iv i ty .  A f t e r  wash ing ,  t he  e t ched  
su r faces  w e r e  p l a c e d  on n u c l e a r  p h o t o g r a p h i c  e m u l -  
s ions and  the  d i s t r i b u t i o n  of r a d i o a c t i v i t y  d e d u c e d  
b y  t r a c k - a u t o r a d i o g r a p h y .  P r e l i m i n a r y  e x p e r i m e n t s  
e s t a b l i s h e d  t h a t  t he  w a s h i n g  p r o c e d u r e s  a f t e r  e t c h -  
ing  p r o d u c e d  a r e p r o d u c i b l e  a c t i v i t y  i n d e p e n d e n t  of 
w a s h i n g  t ime.  

A n  e a r l y  o b s e r v a t i o n  d e m o n s t r a t e d  t h a t  t h e r e  is 
no ( d e t e c t a b l e )  d e p e n d e n c e  of f e r r i c  ion a d s o r p t i o n  
on d i s loca t ion  e tch  p i t  dens i ty ,  m a n i f e s t  as  a con -  
s t an t  t r a c k  d e n s i t y  ove r  t he  w h o l e  of a g iven  c r y s t a l  
sur face .  ( E x c e p t i o n s  i nc lude  l a r g e  a d s o r p t i o n  at  
gross  defec ts ,  such  as  h igh  c l e a v a g e  s teps ,  e tc . )  
A n y  v a r i a t i o n s  in t r a c k  d e n s i t y  w i t h  loca t ion  of s u r -  
face  a r e a  m e a s u r e d  a r e  i n c l u d e d  in t h e  s t a t i s t i c a l  
d e v i a t i o n s  of t he  m e a n  r e su l t s  of t r a c k - c o u n t i n g  
f i f teen a r eas  p e r  sur face .  

Us ing  a f e r r i c  c h l o r i d e  s tock  so lu t ion  of k n o w n  
specific a c t i v i t y  of i ron,  a ser ies  of e t c h a n t s  was  p r e -  
p a r e d  of v a r y i n g  i ron  con ten t  and  two  l i t h i u m  f luo-  
r ide  s a m p l e s  e t ched  for  2 min  in each.  T h e r e  is 
no o b s e r v a b l e  change  in a d s o r p t i o n  for  e t ch ing  t i m e  
g r e a t e r  t h a n  3 sec. The  f e r r i c  ion adso rp t ion ,  m e a s -  

u red  as t r a c k  dens i t i es  ( c o r r e c t e d  for  b a c k g r o u n d )  
and  c o n v e r t e d  to ions p e r  s q u a r e  c e n t i m e t e r ,  is r e p -  
r e s e n t e d  b y  the  a d s o r p t i o n  i s o t h e r m  of  F ig .  1. The  
i s o t h e r m  is seen  to e x h i b i t  a def in i te  inf lec t ion  cor -  
r e s p o n d i n g  to a m e a n  i ron  c o v e r a g e  of a b o u t  3.5 x 
10 is i o n s / c m  2, a n d  o c c u r r i n g  in  the  r a n g e  of i r on  
concen t r a t i on  in the  b u l k  so lu t ion  of f r o m  0.2 to 
2.0 x 10 -6 p a r t s  b y  we igh t .  

J I i i T (f) T 

~ / 

( b ) "OPTIMUM" 

(ol I ~ 
. . . . . .  O5 OIJ 0!5 I.O 5 I . . . . . .  

Fd~t~ concentrQlion ( mg,~ilre ) 

Fig. 1. Adsorption isotherm for ferric ions on a {100} cleavage 
surface of lithium fluoride at 22~ (a), (b), (c), etc., refer to 
the bulk iron concentrations to which the micrographs of Fig. 2 
correspond. 

Fig. 2. Interference micrographs of dislocation etch pits on 
lithium fluoride surfaces etched in aqueous solutions of ferric 
chloride containing (a) 0.017; (h) 0.42; (c) 1.7; (d) 2.5; (e) 4.6; 
(f) 8.4 mg Fe + + +/liter. 
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O b s e r v a t i o n  of d i s loca t ion  e tch  p i t  m o r p h o l o g y  as 
a func t ion  of i r on  c o n c e n t r a t i o n  fo l l owed  the  f o r m  
first  p o i n t e d  out  b y  G i l m a n  et al.  (1)  and  is d e m o n -  
s t ra ' ted  b y  t h e  i n t e r f e r e n c e  m i c r o g r a p h s  of  F ig .  2. 
C o r r e l a t i o n  w i t h  t he  i s o t h e r m  shows  t h a t  t h e  o p -  
t i m u m  e t c h a n t  c o n c e n t r a t i o n  ( to p r o d u c e  s q u a r e -  
b a s e d  d i s loca t ion  e tch  p i t s )  c o r r e s p o n d s  c lose ly  to  
t he  p o i n t  of  inf lec t ion  of  t he  i so the rm.  A t  l a r g e r  
f e r r i c  ion  concen t ra t ions ,  w h e n  a d s o r p t i o n  increases ,  
r o u n d e d  p i t s  a r e  obse rved .  A t  l o w e r  concen t r a t i ons ,  
t e r r a c e d  sha l l ow  p i t s  c o r r e s p o n d  to less  i ron  a d -  
sorp t ion .  These  r e su l t s  a r e  cons i s t en t  w i t h  r e c e n t  
t h e o r e t i c a l  ideas  on the  effect  of i n h i b i t o r  on k i n k  
m o t i o n  (2) .  

I t  shou ld  be  r e a l i z e d  t h a t  t he  w h o l e  su r face  of an  
ionic c r y s t a l  is no t  a v a i l a b l e  to an a d s o r b i n g  ca t ion  
(3) .  A s s u m i n g  such an  a d s o r b a t e  to fo rm a m o n a -  
l a y e r  w h e n  al l  ca t ion  su r face  s i tes  a r e  fi l led, i t  is 
f o u n d  t h a t  for  t he  {100} su r faces  of l i t h i u m  f luor ide ,  
m o n o l a y e r  a d s o r p t i o n  ex is t s  a t  1.23 x 1026 i o n s / c m  2. 
On th is  scale,  t h e  a d s o r p t i o n  inf lec t ion  of Fig .  1 
occurs  at  1/35 of a m o n o l a y e r  of f e r r i c  ions. 

E m p l o y i n g  the  e s t a b l i s h e d  concep ts  of a d s o r p t i o n  
t heo ry ,  th is  inf lec t ion  m a y  c o r r e s p o n d  to t h e  c o m -  
p l e t e  f i l l ing of a p a r t i c u l a r l y  f a v o r a b l e  t y p e  of a d -  
so rp t ion  s i te  on  a h e t e r o g e n e o u s  sur face .  I t  is a t t r a c -  
t i ve  to suppose  t h a t  t he se  m o r e  f a v o r a b l e  s i tes  for  
the  f e r r i c  ions  a r e  t h e  k i n k - s i t e s  p r o p o s e d  b y  G i l -  
m a n  et  al .  (1) .  The  inf lec t ion  t h e n  c o r r e s p o n d s  to  
" m o n o k i n k "  adso rp t ion .  This  sugges t s  t h a t  in  t h e  
r a n g e s  of o p t i m u m  e t chan t  c o n c e n t r a t i o n  of i ron,  
t h e r e  wi l l  be,  on the  ave rage ,  on ly  t h r e e  k i n k s  in  
e v e r y  h u n d r e d  poss ib le  su r f ace  si tes,  t he  r e m a i n d e r  
c o m p r i s i n g  c l o s e - p a c k e d  su r face  a n d  s t r a i g h t  ledges .  
This  l ow  d e n s i t y  of k i n k s  w i l l  cause  t he  c r y s t a l  s u r -  
face  to a p p e a r  m a c r o s c o p i c a l l y  composed  of  on ly  
l e d g e - s u r f a c e  {Okl} (2 ) .  This  is o b s e r v e d  in  t he  
fo rm of  f l a t - f aced  {Okl} p y r a m i d a l  e tch  p i t s  a t  p o i n t s  
of d i s loca t ion  emergence .  F u r t h e r m o r e ,  for  a u n i -  
f o rm  c o v e r a g e  of 1/35 of a m o n o l a y e r ,  t he  a b s o r b e d  
ions wi l l  be  abou t  s ix  s i tes  a p a r t  in  a s q u a r e  a r r a y ,  
and  th is  is a p p r o x i m a t e l y  t he  spac ing  b e t w e e n  
m o n o m o l e c u l a r  l edges  on e tch  p i t  sides.  This  co r -  
r e l a t i o n  sugges t s  t h a t  d i s so lu t ion  m o r p h o l o g i e s  a r e  
sub j ec t  to p a r t - p o i s o n ,  p a r t - d i f f u s i o n  con t ro l  (4)  
w h e r e i n  t he  l a t t e r  ex is t s  b y  the  i n t e r a c t i o n  of h e m i -  
sphe r i ca l  d i f fus ion fields c e n t e r e d  on the  d i s so lv ing  
k i n k - s i t e s .  The  h e m i s p h e r e s  can  t h e n  i n t e r a c t  b o t h  
b e t w e e n  k i n k s  in  t he  s ame  l edge  and  b e t w e e n  k i n k s  
in a d j a c e n t  ledges .  Also,  s ince  u n i f o r m  i ron  c o v e r a g e  
is obse rved ,  i t  is p r o p o s e d  t ha t  t he  w h o l e  c r y s t a l  s u r -  
face  is composed ,  d u r i n g  d i sso lu t ion ,  of  {Okl} face ts  
i nc l i ned  to t he  close p a c k e d  {100} p l a n e  at  t h e  s a m e  
a n g l e  as t he  faces  of e tch  pi ts .  These  o t h e r  " s u r f a c e "  
face ts  a r e  no t  r e so lvab l e ,  h o w e v e r ,  s ince  t h e y  a r e  
n e v e r  ab le  to  a t t a i n  sufficient  size, due  to t he  l a c k  
of a cons t an t  d i s so lu t ion  source.  In  m a n y  in s t ances  
t h e r e  is a sugges t ion  of a su r f ace  m o t t l e  w h i c h  cou ld  
r e p r e s e n t  such  facets .  

A p p l i c a t i o n  of t h e  G ibbs  a d s o r p t i o n  i s o t h e r m  
e q u a t i o n  (5)  to t h e  r e su l t s  of th i s  i n v e s t i g a t i o n  a l -  
lows  for  an  e s t i m a t e  of t he  m e a n  k i n k  f r ee  ene rgy ,  
as  fo l lows.  One  f o r m  of t h e  G ibbs  e q u a t i o n  m a y  be  
w r i t t e n  as 
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Fig. 3. Surface free energy of lithium fluoride surface as a 
function of the natural logarithm of the bulk solution concentra- 
tion of ferric ions. Constructed geometrically. 
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r e l a t i n g  the  r a t e  of change  of su r face  f r ee  e n e r g y  
w i t h  t h e  n a t u r a l  l o g a r i t h m  of t h e  b u l k  c o n c e n t r a t i o n  
of a d so rba t e ,  c, to the  su r f a c e  excess ,  F. Thus  a 
c u r v e  of  su r f a c e  e n e r g y  p l o t t e d  a g a i n s t  ( ln  c) w i l l  
h a v e  i n s t a n t a n e o u s  s lope - - s  Since  w e  k n o w  F as 
a func t ion  of c, f r o m  the  i so the rm,  w e  can  t h e r e f o r e  
cons t ruc t  such  a curve .  This  was  done  g e o m e t r i c a l l y ,  
and  the  r e s u l t  is r e p r o d u c e d  in  Fig .  3. A r b i t r a r i l y  
t a k i n g  a b u l k  c o n c e n t r a t i o n  of 2 x 10 -6  for  m o n a -  
k i n k  adso rp t ion ,  w e  o b t a i n  a m e a s u r e  of A~,, t he  
change  in  su r f a c e  f r ee  e n e r g y  due  to t h e  adso rp t ion ,  
as 6.1 e r g / c m  ~. A l t h o u g h  the  su r f ace  e n e r g y  of  a 
k i n k  is no t  r e d u c e d  c o m p l e t e l y  to zero  w h e n  i t  is 
f i l led w i t h  a dso rba t e ,  i t  can  be  a s s u m e d  t h a t  a l a r g e  
f r a c t i o n  of i ts  e n e r g y  is r e d u c e d  in th i s  process ,  and  
the  v a l u e  o b t a i n e d  can  be  t a k e n  as a l o w e r  l imi t  to 
the  e n e r g y  of k i n k - s i t e  in  a l i t h i u m  f luor ide  sur face .  
These  r e su l t s  g ive  such  a k i n k  e n e r g y  as 1.56 x 10 - ~  
e r g / k i n k ,  w h i c h  a p p e a r s  to b e  of t h e  co r r ec t  o r d e r  of 
m a g n i t u d e ,  s ince  i t  p r e d i c t s  a su r f ace  e n e r g y  of a 
h igh  i n d e x  s u r f a c e  ( m a x i m u m  k i n k  d e n s i t y )  of a p -  
p r o x i m a t e l y  200 e r g s / c m  9'. This  c o m p a r e s  f a v o r a b l y  
w i t h  t he  v a l u e  of i n t e r r a c i a l  f r ee  e n e r g y  of  a {100} 
l i t h i u m  f luor ide  su r f ace  in  w a t e r  of ~/LiF-H20 ~ 177 
e r g / c m  ~, u sed  in a p r e v i o u s  s t u d y  (4 ) .  

In  o r d e r  to d e l i n e a t e  f u r t h e r  t he  k ine t i c s  of i n -  
h i b i t o r  a d s o r p t i o n  in  th i s  sys tem,  i t  is n e c e s s a r y  to 
d e d u c e  i s o t h e r m s  at  o t h e r  t e m p e r a t u r e s  a n d  u n d e r -  
s a tu ra t i ons ,  a n d  th is  w o r k  is in p r e p a r a t i o n .  A c o m -  
p l i c a t i on  f e a t u r e  of  the  s y s t e m  is i ts  d y n a m i c  n a t u r e ,  
in  t h a t  t he  su r f ace  is c o n t i n u o u s l y  d i s so lv ing  a t  a 
r a t e  which ,  on the  a tomic  scale,  is cons ide rab le .  
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Impedance of I.eclanche Cells and Batteries 
Ralph J. Brodd 1 and Harold J. DeWane 
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ABSTRACT 

The impedance, open-circuit voltage, short-circuit current, performance 
on standard tests, and the pulse resistance were determined for a number of 
different size Leelanch~ cells produced by various manufacturers. The inter- 
pretation of the impedance in the light of modern relaxation theory indicated 
the existence of one process at the negative zinc electrode and two processes 
at the positive manganese dioxide electrode for all Leclanch~ cells assuming 
ideal behavior for each electrode process. The magnitude of the contributions 
to the total impedance and the relaxation time for each of the electrode proc- 
esses in the cell were determined. The effect of varying manganese dioxide 
to carbon b lack  weight  ra t ios  on the impedance  of l a b o r a t o r y - p r e p a r e d  cells 
was de te rmined .  Also, the  impedance  of f resh  cells and ba t te r ies  was de te rmined  
at severa l  stages dur ing  discharges  on var ious  s tandard  tests, and, in some eases, 
a f te r  shelf  s tands  of up to two years .  The ex t rapo la t ed  va lue  of the  impedance  
at  infinite f requency,  R| was used to es t imate  the res idual  capac i ty  of cells 
af ter  shelf  s tands of one and two years .  R~ was found to be ident ical  wi th  the  
in te rna l  res is tance of the  cell  de te rmined  by  pulse techniques.  

The  i n c r e a s i n g  d e m a n d s  of t e c h n o l o g y  on the  p e r -  
f o r m a n c e  of d r y  cel ls  and  b a t t e r i e s  h a v e  l ed  to  d e -  
v e l o p m e n t s  w h i c h  h a v e  i n c r e a s e d  t h e  c a p a c i t y  of  t he  
old  p r i m a r y  cel l  sys tems ,  as w e l l  as to t h e  d e v e l o p -  
m e n t  of n e w  e l e c t r o c h e m i c a l  sy s t ems  for  p r o d u c i n g  
e l ec t r i ca l  power .  I t  is of g r e a t  i m p o r t a n c e  b o t h  in 
i m p r o v i n g  the  p e r f o r m a n c e  of  t he  o l d - t y p e  cel ls  a n d  
in  des ign ing  n e w - t y p e  cel ls  to  h a v e  a v a i l a b l e  a 
k n o w l e d g e  of a l l  t he  p r o p e r t i e s  of t he  m a n y  p r i m a r y  
cel l  sys tems .  S ince  the  f u n c t i o n  of p r i m a r y  cel l  sys -  
t ems  is to f u r n i s h  e l ec t r i c a l  ene rgy ,  i t  is e spec i a l l y  
i m p o r t a n t  to h a v e  a d e t a i l e d  k n o w l e d g e  of t he  e l ec -  
t r i c a l  p r o p e r t i e s  of t he  v a r i o u s  cel l  sys tems .  I t  is 
we l l  k n o w n  t h a t  a l t e r n a t i n g  c u r r e n t  t e chn ique s  m a y  
be  e m p l o y e d  to  i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  of  r e -  
ac t ions  in e l e c t r o c h e m i c a l  sy s t ems  (1) .  Recen t ly ,  a 
n e w  i n t e r p r e t a t i o n  has  b e e n  g i v e n  to t he  e l e c t r i c a l  
p r o p e r t i e s  of e l e c t r o d e  sy s t ems  (2) .  

Theoret ical  Represen ta t ion  

A b r i e f  s u m m a r y  w i l l  be  g iven  of the  p r o p e r t i e s  
of e l e c t r o d e  sy s t ems  d e d u c e d  f r o m  the  a p p l i c a t i o n  
of r e l a x a t i o n  t h e o r y  to e l e c t r o d e  sy s t ems  (2) .  The  
i mpedance ,  z, is g iven  b y  

Z ---- R -- jXc [1]  

w h e r e  R is t he  r e a l  c o m p o n e n t  of t he  i m p e d a n c e  or  

t h e  r e s i s t ance ,  j - - - -~ / - -1 ,  and  Xc is t he  i m a g i n a r y  
c o m p o n e n t  of t he  i m p e d a n c e  or  t he  c a p a c i t a t i v e  r e -  
ac tance ,  1/~C, w i t h  ~ t h e  a n g u l a r  f r e q u e n c y  a n d  C 
t h e  capac i t ance .  I t  can  be  s h o w n  t h a t  t he  i m p e d a n c e  
of an  e l e c t r o d e  s y s t e m  is g iven  b y  

Z=R.+ ~ Ra [2] 

w h e r e  R .  is t h e  i m p e d a n c e  a t  inf in i te  f r equenc ies ,  
R~ is t he  r e s i s t ance  a s soc ia t ed  w i t h  t he  e l e c t r o d e  

x P r e s e n t  a d d r e s s :  R e s e a r c h  L a b o r a t o r y ,  U n i o n  C a r b i d e  C o n s u m e r  
Produc t s  Company ,  Div i s ion  of U n i o n  C a r b i d e  Corporation,  P a r m a ,  
Ohio. 

reac t ion ,  ~-~ is a c o n s t a n t  with d i m e n s i o n s  of  t ime ,  
a n d  h is a cons tan t .  The  r e l a x a t i o n  t i m e  of the  e l ec -  
t r o d e  process ,  Ta, is r e l a t e d  d i r e c t l y  to t h e  r a t e  con-  
s t an t s  of t he  e l ec t rode  p rocess  b y  the  k i n e t i c  e q u a -  
t ions  de sc r i b ing  the  process .  The  cons t an t  h is a s -  
soc i a t ed  w i t h  t h e  d i s t r i b u t i o n  of r e l a x a t i o n  t ime  
v a l u e s  a b o u t  a m e a n  va lue .  I t  w i l l  be  a s s u m e d  a r -  
b i t r a r i l y  t h a t  h = 0 for  t h e  e l e c t r o d e  p rocesses  con-  
s i d e r e d  in th i s  pape r .  T h a t  is, i t  w i l l  be  a s s u m e d  t h a t  
r~ is s ing le  va lue d .  This  a s s u m p t i o n  w i l l  g r e a t l y  
s i m p l i f y  Eq. [2] ,  and,  as a resu l t ,  t he  i n t e r p r e t a t i o n  
of t he  o b s e r v e d  b e h a v i o r  of t he  i m p e d a n c e  w i l l  be  
f ac i l i t a t ed .  

I t  can  be  s h o w n  f r o m  Eq. [1]  and  [2]  w i t h  h = 0 
t h a t  

R = R| + ~ ~ Ra [3]  
a 1 + (O, Ta) 2 

a n d  
Ra (.T.) 

X~ = ~ [ 4 ]  
a 1 + (~.)~ 

Two m e t h o d s  of r e p r e s e n t i n g  t h e  e x p e r i m e n t a l  d a t a  
a r e  used  be low.  One  r e p r e s e n t a t i o n  is a p lo t  of  Xc vs. 
log o,. This  r e p r e s e n t a t i o n  is of p a r t i c u l a r  v a l u e  in  
t h e  d e t e r m i n a t i o n  of t h e  m a g n i t u d e  a n d  f r e q u e n c y  
of t he  m a x i m u m  v a l u e  of  Xc. F r o m  Eq. [4]  t h e  
m a x i m u m  v a l u e  of Xc is Ra/2, w h i l e  t he  r e l a x a t i o n  
t ime  is f o u n d  f r o m  the  f r e q u e n c y  of t h e  m a x i m u m ,  

~)max 
�9 . = I/-~ax [5] 

If more than one process is occurring simultane- 
ously, the relaxation time and resistance associated 
with each process may be found using Eq. [2], [3], 
and [4]. The other form of data representation to be 
used is the Argand diagram. This method of data 
representation has the advantage of revealing both 
R and Xc simultaneously (2, 3). Each point on the 
Argand diagram describes R and Xe at a given fre- 
quency. The vector drawn from the origin to the 

I091 
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po in t  on the  curve  descr ibes  the i m p e d a n c e  at  tha t  
f r equency .  The  l eng th  of the  vector  is the n u m e r i c a l  
va lue  of the  impedance ,  and  the  angle  the vec tor  
makes  w i th  the  rea l  axis is the phase  angle  for t ha t  
f r equency .  

The  res i s tance  associated w i th  the  electrode proc-  
ess, Ra, is r e l a t ed  d i rec t ly  to the ra te  of the  electrode 
reac t ion  at  e q u i l i b r i u m  b y  

RT 
Io - [ 6 ]  

FA Ra 

where  k is the  n u m b e r  of charges  t r a n s f e r r e d  in  the  
process, Io is the  exchange  c u r r e n t  dens i ty  for the  
process, A is the  a rea  of the  e lec t rochemica l ly  ac-  
t ive  surface,  R is the  gas cons tant ,  T is the abso lu te  
t empe ra tu r e ,  and  F is F a r a d a y ' s  cons tan t  (1, 2). 

Experimental 
Impedance measurements.--The res i s tance  a nd  

capaci tance  of Leclanch~ cells were  d e t e r m i n e d  by  a 
subs t i t u t i on  me thod  us ing  a series r e s i s t ance -capac i -  
t ance  br idge  (4) .  The  ra t io  a rms  were  1000 ohm 
s t a n d a r d  a-c  resis tors;  the  fixed a r m  of the  b r idge  
was  composed of a series comb ina t i on  of a 100 ohm 
s t a n d a r d  a-c  resistor,  and  a 1.0 /~F s t a n d a r d  capaci-  
tor. The va r i ab le  a r m  of the br idge  was a ca l ib ra ted  
res is tor  v a r i a b l e  in  steps of 0.01 ohm in  series w i th  
two para l l e l  ca l ib ra ted  capacitors,  con t inuous ly  
va r i ab l e  f rom 50 pF  to 1.1 /~F. The detec tor  was  a 
t u n a b l e  ampli f ier  wi th  a m a x i m u m  sens i t iv i ty  of 
5 ~v for a 10% deflection of fu l l  scale. The  osci l lator  
was  coupled to the b r idge  b y  means  of an  isolat ion 
t r ans fo rmer .  

In  opera t ion ,  the b r idge  was ba l anced  in i t i a l ly  
wi th  a shor t  copper bar ;  t hen  the cell u n d e r  i nves t i -  
ga t ion  was  subs t i t u t ed  for the  copper  bar ,  and  the  
br idge  was  reba lanced .  This  p rocedure  was repea ted  
at each of t en  f requenc ies  b e t w e e n  50 cps and  50 
kps. The va lues  of the  res i s tance  and  reac tance  for 
each f r e q u e n c y  were  ca lcula ted  us ing  the  e qua -  
t ions  

R = R ~ -  Rc [7] 
and  

x c  = - -  [ 8 ]  
Ci C~ 

where  the  subscr ip ts  i and  c denote  the  dial  r ead ings  
of the  va r i ab l e  res is tor  and  capaci tor  for the  in i t i a l  
and  final  ba lances ,  respect ively .  The i n t e r n a l  r e -  
s is tance of the  cells was  also d e t e r m i n e d  us ing  the  
pulse  me thod  (5) .  

Leclanchd cell composition.--Commercially ava i l -  
able  Leclanch~ cells and  ba t te r ies  f rom severa l  
m a n u f a c t u r e r s  as wel l  as Leclanch~ cells specia l ly  
cons t ruc ted  in  the l a b o r a t o r y  were  inc luded  in  this  
inves t iga t ion .  The  l a b o r a t o r y  cells w e r e  cons t ruc ted  
w i th  va r i a t ions  p r i m a r i l y  in  the m a n g a n e s e  dioxide  
to ca rbon  b lack  weigh t  rat io.  

The  b lack  mix  for all  l abo ra to ry  cells was p re -  
pa red  as descr ibed  below. Af r i can  m a n g a n e s e  d i -  
oxide ore, S h a w i n i g a n  ace ty lene  black,  and  a m -  
m o n i u m  chlor ide were  weighed  out  in  the  des i red 
p ropor t ion  and  d r y  mixed  for 2 rain in  a P o n y  mixer .  
The  app rox ima te  a m o u n t  of e lec t ro ly te  (24 par t s  
zinc chloride,  40 par t s  a m m o n i u m  chloride,  a nd  100 

par ts  w a t e r  by  weigh t )  was added  to the  mix.  The 
m i x i n g  was  c on t i nue d  for 10 min.  The wetness  of 
the b lack m i x  was  t h e n  tes ted by  compression.  The  
des i red wetness  was  ob ta ined  w h e n  400 psi  j u s t  
forced e lec t ro ly te  f rom the  mix.  

If the  wetness  tes t  did no t  ind ica te  sufficient  elec-  
t ro ly te  in  the  mix,  more  e lec t ro ly te  was  added  and  
m i x i n g  was  c on t i nue d  for  1 rain.  The  mi x  was  tes ted 
for p rope r  we tness  again.  If more  t h a n  5 m i n  m i x i n g  
t ime  was  r equ i r ed  to ad jus t  the  wetness ,  the  mix  
was discarded.  If the  in i t i a l  we tness  test  ind ica ted  
too m u c h  electrolyte ,  the  m i x  was  discarded.  This 
p rocedure  was used in  p r e p a r a t i o n  of the  we t  mix  
for all  desired m a n g a n e s e  dioxide to ca rbon  b lack  
weight  ratios. The  same per  cent  by  we igh t  of a m -  
m o n i u m  chlor ide was  used in  all  mixes.  In  a typical  
m i x  wi th  an  8:1 ra t io  of A f r i c a n  ore to ca rbon  black,  
1400g of ore, 175g of ace ty lene  black,  and  217g of 
a m m o n i u m  chlor ide were  combined  wi th  570 ml  of 
electrolyte .  This  ba tch  f u r n i she d  mi x  for app rox i -  
m a t e l y  35 D-size  Leclanch~ cells. 

A paste  composed of 7.15g of w he a t  flour, 14.30g 
of corns tarch,  22.7g of a m m o n i u m  chloride,  10 m l  of 
45 ~ Baum~ zinc chlor ide solut ion,  and  41 m l  of 
w a t e r  was used as the  separa to r  wa l l  in  all  the  l a b -  
o ra to ry  cells. Al l  of the  l a b o r a t o r y  cells were  as-  
sembled  in  iden t ica l  fashion.  The  we t  m i x  was  
molded  at  400 psi  in to  bobb ins  w i th  a brass  capped 
ca rbon  rod. A w a x - i m p r e g n a t e d  ca rdboard  s tar  
washe r  and  sufficient paste  j u s t  to fill the  space be -  
t w e e n  the b o b b i n  a nd  the  zinc can  were  placed in  a 
D-s ize  zinc can. The  b o b b i n  was  ca re fu l ly  inse r t ed  so 
tha t  the paste  was  forced up even ly  a r o u n d  the 
bobb in  to form a con t inuous  l ayer  b e t w e e n  the  zinc 
can and  the  bobbin .  The  cell was  t hen  placed in  a 
72~ w a t e r  ba th  for 2 m i n  to ge la t in ize  the flour and  
starch.  A w a x - i m p r e g n a t e d  ca rdboard  spacing 
washe r  was  placed 1/4 in. f rom the  top of the  zinc 
can. The  cell was  sealed w i th  m o l t e n  b i t u m i n o u s  
pitch. Af te r  the  cell was  cooled to room t e m p e r a t u r e ,  
the  uppe r  edge of the  can was  hea ted  w i th  a torch  to 
in su re  a good seal. 

Test procedure.--The Leclanch~ cells we re  d is -  
charged on the  h e a v y  i n d u s t r i a l  f lashl ight  cell test  
( H I F ) ,  the  l ight  i n d u s t r i a l  f lashl ight  cell test  ( L I F ) ,  
the  genera l  purpose  4 - o h m  i n t e r m i t t e n t  tes t  
( 4 - o h m ) ,  and  the  genera l  purpose  2 .25-ohm i n t e r -  
m i t t e n t  test  (2 .25-ohm) .  These tests were  conducted  
according to the  s t a n d a r d  test  p rocedure  (6) .  The 
open -c i r cu i t  vol tage  (OCV) of the  cells was  de t e r -  
mined.  A cr i t ica l ly  damped  a m m e t e r  w i th  a res is t -  
ance i nc l ud i ng  the  leads of 0.01 ohm was used  to 
me a su r e  the  shor t - c i r cu i t  c u r r e n t  (SCC) of the  cell. 
Some of the cells were  r e move d  per iod ica l ly  f rom 
the  test  racks d u r i n g  the  open -c i r cu i t  s tand,  a nd  the  
impedance  of the  cells was  d e t e r m i n e d  as r a p id ly  as 
possible. The  cells we re  r e t u r n e d  to the  tes t  racks  
and  the  d ischarge  con t inued  u n t i l  the  comple t ion  of 
the test. Cells we re  s tored as p resc r ibed  for the  
s t a n d a r d  tests (6) .  

Results and Discussion 
Impedance or LecZanch~ ce~/s . - -The i m p e d a n c e  of 

a typ ica l  l a b o r a t o r y  cell cons t ruc ted  w i t h  an  8:1 
Af r i can  ore to ca rbon  b lack  weigh t  ra t io  is shown  
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Fig. la .  Argand diagram of the impedance of a Leclanch~ cell 
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Fig. lb.  Dependence of Xc on frequency for a Leclanch6 cell 
in Fig. la. 

these processes are associated wi th  the e lect rode r e -  
actions in the cells, as the solutions used in the p r e p -  
ara t ion of the cells do not have  processes which lead  
to absorp t ion-d ispers ion  regions in the  f requency  
range of this invest igat ion.  

The value  of R| for  each cell was de te rmined  by  
ex t rapola t ion  of the  Argand  d iag ram to ve ry  high 
frequencies  using Eq. [2] a f te r  the  f requency  and 
magni tude  of each absorp t ion-d ispers ion  region had  
been established.  The va lue  of R~ de te rmined  in this 
fashion was a lways  in excel lent  ag reement  (• 
ohm or be t t e r )  w i th  the  in te rna l  res is tance of the  
cell de te rmined  by  the  pulse  method.  

Commercia l  Leclanch~ cells had  the same genera l  
impedance  character is t ics  as the l abo ra to ry  cells. 
Since each manufac tu re r  uses different  techniques 
in the  construct ion of cells, the re  was a var ia t ion  
of the  cell pa rame te r s  ( R| Ra, and 7a in Eq. [2] ) for  
the cells of var ious  manufacturers .  The most notable  
difference among commerc ia l ly  avai lab le  cells was 
the resis tance of the process occurr ing at  low f re -  
quency, t en ta t ive ly  identif ied as the  react ion at  the 
zinc electrode.  Apparen t ly ,  there  is a not iceable  va r i -  
at ion in the e lec t ro ly te  at  the zinc e lec t rode  in cell 
construct ion (7).  The average  impedance  of D-size, 
C-size, and AA-s ize  cells is shown in Fig. 2, 3, and 4, 
respect ively.  In format ion  concerning the specific 
var ia t ion  be tween  manufac tu re r s  is given else-  
where  (8).  

in Fig. la .  The impedance  vector  d rawn  f rom the 
origin to a point  on the curve m a y  be considered 
to be composed of two par ts :  a vector  d r a w n  f rom 
the origin to R| and a vector  d rawn  f rom R| to the 
point  on the  curve. The vector  f rom the  or igin to R| 
represents  the por t ion  of the impedance  tha t  has the  
character is t ics  of a res is t ive  element.  I t  is composed 
of the res is tance of the zinc can, the carbon rod, the  
ca rbon-manganese  oxide mat r ix ,  and the electrolyte .  
The pulse  method of de te rmin ing  the in te rna l  r e -  
sistance of d ry  cells measures  this por t ion of the  cell  
impedance.  

The vector  d rawn from R~ to the point  on the  
curve represents  the  contr ibut ion of the e lect rode 
processes to the cell impedance  for the f requency at 
tha t  point.  The effects of electrode polar izat ion are  
found in this  por t ion of the  cell impedance.  The f re -  
quency dependence  of the contr ibut ion of the  elec-  
t rode processes to the ceil impedance  is given by  
Eq. [2]. The th ree  semicircles l igh t ly  d r a w n  in Fig. 
l a  represent  the contr ibut ion  of the  cell  impedance  
of th ree  electrode processes occurr ing  in the  cell. 
The f requency  and magni tude  of the  m a x i m u m  of 
each of these three  processes were  located using Eq. 
[4] and the reac tance- log  ~ plot  shown in Fig. lb .  

For  al l  Leclanch~ cells, both l abo ra to ry  and com- 
mercial ,  graphic  t r i a l - a n d - e r r o r  plots  showed tha t  
it  was necessary  to assume the  presence of three  
processes wi th  thei r  corresponding absorp t ion-d i s -  
pers ion regions in o rder  to fit the  expe r imen ta l  
curve. Each of the three  absorp t ion-d ispers ion  r e -  
gions correspond to the existence of an e lec t ro-  
chemical  process in the cell. I t  wi l l  be assumed tha t  
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Fig. 2. Argand diagram of the average impedance of general 
purpose D-size Leclanch~ cells from 8 manufacturers. Nine cells 
from each manufacturer were used to construct the diagram. 
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Fig. 3. Argand diagram of the average impedance of general 
purpose C-size Leclanch~ cells from 4 manufacturers. Three cells 
from each manufacturer were used to construct the diagram. 
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Fig. 4. Argand diagram of the average impedance of general 
purpose AA-size Leclanch6 cells from 5 manufacturers. Three cells 
from each manufacturer were used to construct the diagram. 

I t  is possible to i den t i fy  t e n t a t i v e l y  the  reac t ions  
which  cor respond to the  th ree  abso rp t i on -d i spe r s ion  
regions  of the  cell impedance  repor ted  p rev ious ly  
(2) .  The impedance  of the  zinc electrode in  dry  cell 
e lec t ro ly te  repor ted  by  Eu le r  and  T v a r u s k o  and  con-  
f i rmed by  the au thors  corresponds  to the  process 
w i th  ~max = 400 cps (3, 7). The impedance  of the  
zinc e lect rode did not  show any  other  abso rp t ion -  
d ispers ion  regions.  Therefore ,  the  processes w i th  
C O m a  x : 3300 cps and  Omax ~ 150 kps are a s sumed  to 
be associated wi th  reac t ions  at the  posi t ive  electrode.  

U n f o r t u n a t e l y ,  there  is no a g r e e m e n t  in  the  l i t e r a -  
t u r e  conce rn ing  the reac t ions  at the  posi t ive  e lect rode 
(9, 10). The  reac t ion  scheme proposed by  Vosburgh  
wi l l  be used for the purpose  of i l l u s t r a t ion  (10).  

kl  
Mn02 + H + + e ~ M n 0 O H  

k2 

k3 
MnOOH + H + + e ~ M n ( O H ) 2  

k4 

[9] 

[10] 

If  the ra te  constants ,  k3 and  k4 for reac t ion  [10] are 
a s sumed  to be m u c h  la rger  t h a n  the  ra te  cons tan t s  
kl and  kf, for reac t ion  [9],  the  process w i th  ~max = 
3300 cps corresponds  to reac t ion  [9] and  the  process 
wi th  ~max = 150 kps corresponds  to reac t ion  [10]. 
Before  a pos i t ive  ident i f ica t ion of the  processes r e -  
sponsible  for the  observed  abso rp t i on -d i spe r s ion  re -  
gions is possible, more  de ta i led  s tudy  of the reac-  
t ions and  i m p e d a n c e  of the  pos i t ive  electrode sys-  
t em  is needed.  I t  is v e r y  possible  tha t  reac t ions  o ther  
t h a n  [9] and  [10], such as a t w o - e l e c t r o n  t r ans f e r  
reac t ion  or a m m o n i u m  ion reduct ion ,  m a y  be r e -  
sponsible  for  the  observed  behav io r  (9) .  Also, the  
a s sumpt ion  tha t  h = 0 in  Eq. [2] m a y  not  be va l id  
(11).  

Variation of positive electrode coznpositio~ in lab- 
oratory ceIls.--Since it has been  d e m o n s t r a t e d  t ha t  
the  charac ter i s t ic  p a r a m e t e r s  of e lect rode reac t ions  
in  the Lec lanch6  cell can be separa ted  and  e v a l u -  
a ted by  the  use of the  t echn iques  deve loped  above,  
it is n o w  possible to use the  cell as a whole  to s tudy  

Table I. Impedance parameters for Leclanch~ cells 
of various mix compositions 

Ore: black, R1, 1/rz, Rf, 1/r~, Rs, 1/~'8, R| 
weight ohms sec -x ohms sec -1 ohms sec -1 ohms 

4:1 0.510 390 0.050 3300 0.006 220K 0.111 
5:1 0.410 470 0.050 3300 0.012 94K 0.121 
8:1 0.476 604 0.054 6900 0.017 210E: 0.159 

11:1 0.476 490 0.074 4300 0.032 200K 0.200 
14:1 0.480 500 0.084 3900 0.048 160K 0.321 

the  effect of composi t ion  a nd  cons t ruc t ion  on the  
i n d i v i d u a l  e lect rode reac t ion  pa ramete r s .  

The  effect of v a r y i n g  the composi t ion  of the  bob -  
b i n  on the  i mpe da nc e  of the  l abo ra to ry  cells is 
g iven  in  Table  I. As the a m o u n t  of m a n g a n e s e  d i -  
oxide in  the  b o b b i n  is increased,  the  m a n g a n e s e  di -  
oxide par t ic les  of h igher  r es i s t iv i ty  and  lower  su r -  
face a rea  are  subs t i t u t ed  for the  ca rbon  b lack  p a r -  
ticles. As a resul t ,  the res i s tance  of the  b o b b i n  should  
increase,  and  the  to ta l  posi t ive  e lect rode surface  
area  ( ca rbon  b lack  plus  m a n g a n e s e  d ioxide)  should  
decrease.  E q u a t i o n  [6] shows tha t  as the  a rea  of an  
e lect rode decreases the  res i s tance  associated w i th  
the  electrode is increased.  Thus,  the  increase  in  
m a n g a n e s e  dioxide con ten t  should  reflect d i rec t ly  on 
the  impedance  as an  increase  in  R=, a nd  Re and  R3 
the res is tances  associated w i th  the  processes at the 
posi t ive  electrode. This  is conf i rmed b y  the  resul t s  in  
Table  I. Both the  decrease in  e lectrode capaci tance  
and  the  increase  in  reac t ion  resis tances,  as the  ore 
con ten t  was increased,  ind ica te  tha t  the  e lec t ro-  
chemica l ly  act ive  surface area  has decreased.  I t  
m u s t  be no ted  tha t  these facts do not  ru le  out  the 
poss ibi l i ty  tha t  one of the reac t ions  identif ied m a y  i n -  
volve  a surface  reac t ion  on the  ca rbon  b lack  in  
which  m a n g a n e s e  oxides are no t  involved.  

It  should be emphas ized  tha t  changes  in  the  ex-  
change  c u r r e n t  and  in  the  res i s tance  of the  elec-  
t rode process (Eq. [6] )  do no t  necessa r i ly  reflect a 
change  in  cell pe r f o r ma nc e  on a g iven  test. The  k i -  
ne t ic  pa r ame te r s  of the  e lect rode processes are  d i -  
rec t ly  re la ted  to the  i n s t a n t a n e o u s  ab i l i ty  of a cell 
to fu rn i sh  electric cur ren t .  K ine t i c  p a r a m e t e r s  do 
not  revea l  the to ta l  a m o u n t  of r eac t an t s  ava i l ab le  
for react ion.  A low reac t ion  res i s tance  wi th  a cor-  
r e spond ing  high exchange  c u r r e n t  for the  b a t t e r y  
electrode reac t ion  does no t  g u a r a n t e e  sa t is factory  
pe r f o r ma nc e  on all  the  s t a n d a r d  tests. For  ins tance ,  
a hypo the t i ca l  cell cons t ruc ted  wi th  an  e x t r e m e l y  
smal l  ra t io  of Af r i can  ore to ca rbon  b lack  weigh t  
(see Tab le  I) wi l l  have  low va lues  associated w i th  
Re and  R3. These low reac t ion  res is tances  a nd  cor-  
r e spond ing  large  exchange  cu r r en t s  ind ica te  a smal l  
po la r iza t ion  d u r i n g  c u r r e n t  flow and  a la rge  SCC. 
The  low res is tances  do not  h a v e  a n y  re l a t ionsh ip  to 
the to ta l  ava i l ab le  m a n g a n e s e  dioxide  or to ta l  cu r -  
r e n t - p r o d u c i n g  ab i l i ty  of the  cell. The hypo the t i ca l  
cell does no t  con ta in  as m u c h  act ive  ore as a n o r m a l  
cell w i th  a l a rger  o r e - t o - b l a c k  rat~o of abou t  8: 1, 
and,  as a resul t ,  the  hypo the t i ca l  cell wi l l  no t  pe r -  
fo rm as sa t i s fac tor i ly  as a n o r m a l  cell on the  g e n -  
era l  purpose  tests. However ,  the  hypo the t i ca l  cell 
should p rove  v e r y  sa t i s fac tory  as a photoflash cell 
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w h e r e  l a r g e  c u r r e n t s  of m o m e n t a r y  d u r a t i o n  a r e  r e -  
q u i r e d  and  long s u s t a i n e d  c u r r e n t  d r a i n s  a r e  no t  
n o r m a l l y  e n c o u n t e r e d  in  service .  

Changes  in  e x c h a n g e  c u r r e n t  a n d  r e a c t i o n  r e -  
s i s tances  of a cel l  do affect  t h e  i n s t a n t a n e o u s  p o l a r -  
i za t ion  c h a r a c t e r i s t i c s  of a cell .  W h e n  f u r n i s h i n g  
cu r ren t ,  a cel l  w h i c h  has  s m a l l  r e a c t i o n  r e s i s t ances  
for  t h e  e l e c t r o d e  p rocesses  w i l l  h a v e  a s m a l l e r  p o -  
l a r i z a t i o n  t h a n  a cel l  w h i c h  has  l a r g e  r e a c t i o n  r e -  
s is tances .  I t  was  poss ib le  to p r e d i c t  t he  s h o r t - t e r m  
cha rac t e r i s t i c s  of t he  cel ls  u sed  in  th i s  i n v e s t i g a t i o n  
f rom the  i m p e d a n c e  m e a s u r e m e n t s .  

Sho~t circuit current calculations.--In t h e  d e r i v a -  
t ion  of  Eq. [2]  i t  was  a s s u m e d  t h a t  t h e  t o t a l  p o l a r -  
i za t ion  was  a l i n e a r  c o m b i n a t i o n  of  t he  v a r i o u s  
po la r i za t ions .  I f  th i s  a s s u m p t i o n  is va l id ,  t he  SCC of 
a Lec l anch~  cel l  can  be  c a l c u l a t e d  f rom a k n o w l e d g e  
of t he  i m p e d a n c e  of t h e  cel l  and  Eq. [6] .  W h e n  a cel l  
is connec t ed  t h r o u g h  an  a m m e t e r ,  t he  sum of a l l  t he  
emfs  in the  c i rcu i t  is e q u a l  to t he  o p e n - c i r c u i t  v o l t -  
age  (OCV)  of t he  cell .  T h a t  is 

O C V  = Eexternal -~- Einternal "-]- Ep [ 11 ] 

The  p o l a r i z a t i o n  vo l tage ,  E, ,  is a s s u m e d  to fo l low the  
Ta fe l  e q u a t i o n  w i t h  b = 0.12 

Ep = 0.12 log (SCC/io) [12] 

w h e r e  io = IoA is t h e  e x c h a n g e  c u r r e n t  c a l c u l a t e d  
us ing  Eq. [6]  and  the  r e s i s t ance  of t he  e l e c t r o d e  
process  d e d u c e d  f r o m  the  ana lys i s  of t he  i m p e d a n c e .  

N o w  Eq. [ 11 ] can  be  w r i t t e n  as 

OCV = 0.01 (SCC)  q- R= (SCC)  

3 
-t- ~ 0.12 log  (SCC/io~) [13]  

a=l  

In  t h e  f irst  t e r m  on the  r i g h t  0.01 is the  r e s i s t ance  
of the  c r i t i c a l l y  d a m p e d  a m m e t e r  used  to m e a s u r e  
SCC. The  v a l u e  of SCC w h i c h  sat isf ies Eq. [13]  is 
eas i ly  found.  A s u m m a r y  of t he  r e su l t s  of t he  ca l cu -  
l a t ions  for  D- s i ze  cel ls  g iven  in  T a b l e  I I  i nc ludes  
t h r e e  l a b o r a t o r y ,  two  c o m m e r c i a l  cells,  and  a d i s -  
c h a r g e d  c o m m e r c i a l  cel l .  I t  s h o u l d  be  n o t e d  t h a t  
t h e  t ime  of m e a s u r e m e n t  of t he  SCC is m u c h  l o n g e r  
t h a n  the  r e l a x a t i o n  t i m e  of a l l  e l e c t rode  p rocesses  in 
t he  Lec lanch~  cell .  The  a g r e e m e n t  b e t w e e n  the  ca l -  
c u l a t e d  and  t h e  e x p e r i m e n t a l  SCC was  v e r y  s a t i s -  
f a c t o r y  for  a l l  cel ls  in  th i s  s tudy .  

Discharge of Leclanchd ce l l s . - -At  v a r i o u s  i n t e r -  
va ls  d u r i n g  the  s t a n d a r d  tes ts ,  cel ls  w e r e  r e m o v e d  
f rom the  t es t  r a c k s  a n d  the  i m p e d a n c e s  of t he  cel ls  
w e r e  d e t e r m i n e d .  The  i m p e d a n c e  o f  a c o m m e r c i a l  
cel l  d i s c h a r g e d  a t  v a r i o u s  s tages  on the  H I F  tes t  
shown  in Fig.  5 is t y p i c a l  of a l l  ce l ls  d i s c h a r g e d  on 
a n y  of t he  s t a n d a r d  tes ts .  A f t e r  t he  first  4 - r a i n  d i s -  
cha rge  d a t a  ana lys i s  r e v e a l e d  t h a t  R~ and  t h e  r e -  

Table II. Comparison of short circuit current derived 
from impedance analysis for D-size cells with direct measurement 

Laboratory Commercial Discharged 
c e l l s  c e l l s  cell 

Calc 'd SCC, amp 7.5 6.6 7.9 7.6 5.6 0.76 
Direct  SCC, amp 7.2 6.5 8.2 7.5 5.5 0.79 

0.5 
i J 

0.2 -- " ~ 0  
NE D!SCHARGE 

o 
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Fig. 5. Impedance of a D-size Leclanch~ cell after discharge 
on the HIF test for 1 discharge, 30 discharges, and at the end 
of the test. a, 50K; b, 20K; c, 10K; d, 5K; e, 2K; f, 1K; g, 500; 
h, 200; i, 100; j, 50. 

s i s tances  of  t he  pos i t i ve  e l ec t rode  p rocesses  h a d  no t  
changed .  The  r e s i s t ance  of  t he  zinc e l e c t r o d e  process ,  
h o w e v e r ,  h a d  dec reased ,  p r e s u m a b l y  as  a r e s u l t  of 
t h e  i n c r e a s e  in  z inc  ion  c o n c e n t r a t i o n  p r o d u c e d  b y  
the  e l e c t r o d e  r e a c t i o n  a n d / o r  a change  in  t h e  s u r f a c e  
condi t ion ,  i n c l u d i n g  i n c r e a s e d  r o u g h n e s s  of t he  zinc. 
As  the  d i s c h a r g e  con t inued ,  b o t h  t he  r e s i s t ances  of 
t h e  p o s i t i v e  e l e c t r o d e  p rocesses  a n d  R= i n c r e a s e d  
s t e a d i l y  w h i l e  t he  r e s i s t a nc e  of t he  z inc  e l e c t r o d e  
p rocess  d e c r e a s e d  to  a v e r y  s m a l l  va lue .  The  r e s i s t -  
ance  of t h e  zinc e l e c t r o d e  p rocess  r e m a i n e d  a t  a v e r y  
s m a l l  v a l u e  u n t i l  t he  end  of t he  tes t .  

The  o b s e r v e d  i n c r e a s e  in  R~ a n d  the  r e s i s t ances  of 
the  pos i t i ve  e l ec t rode  processes  m a y  be  a r e su l t  of  
t h e  a c c u m u l a t i o n  of r e a c t i o n  deb r i s  f r o m  the  d i s -  
c h a r g e  reac t ion .  T h e  su r f a c e  of  t he  m a n g a n e s e  d i -  
ox ide  p a r t i c l e  be c ome s  coa t ed  w i t h  l o w e r  va l ence  
h i g h - r e s i s t a n c e  ox ide  d u r i n g  d i scha rge ,  t hus  effec-  
t i v e l y  r e m o v i n g  a p a r t  of t h e  su r f a c e  f r o m  p a r t i c i -  
p a t i n g  in  t he  e l ec t rode  reac t ion .  T h e  d e c r e a s e  in  t he  
ef fec t ive  su r f ace  a r e a  of t he  p o s i t i v e  e l e c t r o d e  w i l l  
cause  t he  r e s i s t a n c e  a s soc ia t ed  w i t h  t he  e l ec t rode  
p rocess  to  i nc rea se  (see  Eq. [ 6 ] ) .  The  p r e s e n c e  of 
t he  h i g h - r e s i s t a n c e  m a t e r i a l  in t he  b o b b i n  w i l l  i n -  
c r ea se  t h e  r e s i s t ance  of t h e  b o b b i n  m a t r i x  and,  thus ,  
R| 

The  i m p e d a n c e  of the  v a r i o u s  cel ls  d i s c h a r g e d  on 
the  s t a n d a r d  tes t s  f o l l o w e d  the  s ame  p a t t e r n  as was  
found  for  t he  H I F  test .  R= and  the  r e s i s t ances  of  t he  
pos i t i ve  e l e c t r o d e  processes  a l w a y s  i nc r ea sed  
s t e a d i l y  as t he  t es t  p rog re s sed .  The  r e s i s t a nc e  of t he  
zinc e l ec t rode  process  d e c r e a s e d  to a v e r y  s m a l l  
v a l u e  d u r i n g  the  i n i t i a l  p a r t s  of t he  t es t  and  r e -  
m a i n e d  at  a v e r y  s m a l l  v a l u e  as  t he  t es t  con t inued .  
In  a f ew  cases,  t o w a r d  the  end  of t h e  l o n g e r  g e n e r a l  
p u r p o s e  tes t s  t he  r e s i s t ance  of t he  z inc  e l ec t rode  
p rocess  b e g a n  to i nc rea se  f r o m  i ts  v e r y  low va lue .  
E x a m i n a t i o n  of t he  cel l  s h o w e d  t h a t  t h e  zinc con-  
t a i n e r  had  p e r f o r a t e d .  I t  was  f o u n d  t h a t  R| i n c r e a s e d  
m o r e  d u r i n g  the  l o n g e r  g e n e r a l  p u r p o s e  tes t s  t h a n  
d u r i n g  the  s h o r t e r  i n d u s t r i a l  tests .  

E x a m i n a t i o n  of Fig.  5 i l l u s t r a t e s  the  d a n g e r  of 
d r a w i n g  conc lus ions  us ing  i m p e d a n c e  m e a s u r e m e n t s  
a t  on ly  one f r e que nc y .  I f  a l ow  f r e q u e n c y ,  say  50 
cps, is s e l ec t ed  as t he  e x p e r i m e n t a l  s t a n d a r d ,  t he  
i m p e d a n c e  first  d e c r e a s e d  t h e n  i n c r e a s e d  s l o w l y  as 
t he  t es t  con t inued .  H o w e v e r ,  i f  a h igh  f r e que ncy ,  s ay  
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Fig. 6. Impedance of a Leeloneh6 cell as received end after 
]-yr storage. 
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Fig. 7. Argand diagram of the impedance of o 1.5v A-battery 
(F4d). 

5 kps ,  was  se l ec t ed  as t he  e x p e r i m e n t a l  s t a n d a r d ,  
t he  i m p e d a n c e  i n c r e a s e d  d u r i n g  t h e  en t i r e  d i scha rge .  
I t  shou ld  be  n o t e d  t h a t  Eq. [2]  r e q u i r e s  t ha t  t h e  
f r e q u e n c y  be  v a r i e d  ove r  a t  l e a s t  two  decades  of f r e -  
q u e n c y  in  o r d e r  to e s t ab l i sh  t he  p a r a m e t e r s  of  an  
e l e c t r o d e  process .  

Aging of Leclanchd cells.--The effects of ag ing  
on the  i m p e d a n c e  of a D- s i ze  cel l  a r e  s h o w n  in  Fig .  
6. A n a l y s i s  of  t he  i m p e d a n c e  d a t a  r e v e a l e d  t h a t  
a f t e r  t he  o n e - y e a r  d e l a y  R| inc reased ,  t he  r e s i s t -  
ances  of t he  pos i t i ve  e l e c t r o d e  p rocesses  i n c r e a s e d  
s l igh t ly ,  and  t h e  r e s i s t ance  of t he  z inc  e l e c t r o d e  r e -  
ac t ion  d e c r e a s e d  s l igh t ly .  A f t e r  t he  t w o - y e a r  de lay ,  
R~ h a d  i n c r e a s e d  m u c h  m o r e  t h a n  d u r i n g  the  f irst  
yea r ,  the  r e s i s t ances  of t he  pos i t i ve  e l e c t r o d e  p r o c -  
esses h a d  c o n t i n u e d  to increase ,  and  the  r e s i s t a nc e  
of the  zinc e l e c t r o d e  p rocess  h a d  inc reased .  A n  e x -  
a m i n a t i o n  of the  cel ls  a f t e r  t he  first  y e a r  s h o w e d  
t h a t  t he  cel ls  w e r e  a p p a r e n t l y  una f fec t ed  b y  the  
s torage .  A f t e r  t h e  second  y e a r  s t o r age  the  cel ls  h a d  
los t  a p p r e c i a b l e  a m o u n t s  of w a t e r ,  t he  zinc cans  h a d  
p e r f o r a t e d ,  a n d  the  OCV h a d  d e c r e a s e d  s l igh t ly .  The  
ag ing  effects in  Lec l anch~  cells  a r e  v e r y  c o m p l e x  
a n d  h a v e  b e e n  d i scussed  e l s e w h e r e  (12, 13).  

A n  a t t e m p t  was  m a d e  to  use  t he  change  in R| on 
s t o r a g e  to e s t i m a t e  t he  r e s i d u a l  c a p a c i t y  of t he  cells.  
A g r a p h  of R| vs. d i s c h a r g e  t ime  p r e p a r e d  f r o m  t h e  
r e su l t s  of t he  d i s c h a r g e  of t he  f r e sh  cel ls  was  used  
to e s t i m a t e  ce l l  p e r f o r m a n c e  at  l a t e r  da t e s  (5 ) .  A t  
the  end  of  t h e  first  y e a r  t h e  e s t i m a t e d  a n d  a c t u a l  
tes t  p e r f o r m a n c e s  on the  L I F  tes t  w e r e  505 m i n  and  
620 min ,  r e spec t i ve ly .  A t  t he  end  of t he  second  y e a r  
t he  e s t i m a t e d  a n d  ac tua l  t e s t  p e r f o r m a n c e  w e r e  ze ro  
for  each.  S ince  th is  m e t h o d  of e s t i m a t i n g  cel l  p e r -  
f o r m a n c e  re l i e s  so le ly  on R=, fac to rs  such  as t h e  
loss of w a t e r  w i l l  affect  R~, b u t  m a y  no t  a l t e r  a p -  
p r e c i a b l y  the  a c t u a l  p e r f o r m a n c e  of the  cell.  The  
tes t  p e r f o r m a n c e  of A A - s i z e  cel ls  was  e s t i m a t e d  
m o r e  success fu l ly  for  t h e  o n e - y e a r  d e l a y  tests .  T h e i r  
a v e r a g e  p e r f o r m a n c e  was  e s t i m a t e d  to b e  65 min ,  
w h i l e  ac tua l  r e s u l t  was  61 min  showing  a r e l a t i o n -  
sh ip  b e t w e e n  R| and  p e r f o r m a n c e  no ted  p r e v i o u s l y  
(5) .  

Leclanch6 batteries.--The affect  of  c o m b i n i n g  L e -  
c lanch~ cel ls  in to  p a r a l l e l  ( F 4 d )  and  ser ies  ( 4 F d )  
c o m b i n a t i o n  on the  m e a s u r e d  i m p e d a n c e  is s h o w n  in 
Fig.  7 and  8. One of  each t y p e  of t he  b a t t e r i e s  w a s  
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Fig. 8. Argand diagram of the impedance of a 6.0v (4Fd) lantern 
battery. 
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Fig. 9. Argand diagram of the impedance of a 45v B-battery 
(30F] 00). 

d i sa s sembled ,  a n d  the  i m p e d a n c e  of each  cel l  of t he  
b a t t e r y  was  d e t e r m i n e d .  The  b a t t e r y  i m p e d a n c e  was  
f o u n d  to be  t he  co r r ec t  c o m b i n a t i o n  of  t he  i m p e d -  
ances  of the  i n d i v i d u a l  cel ls  compos ing  the  b a t t e r y  
w i t h i n  t he  e x p e r i m e n t a l  l i m i t a t i o n s  of m e a s u r e -  
ment .  The  c h a r a c t e r i s t i c s  of t he  i m p e d a n c e  d u r i n g  
d i s c h a r g e  of  t he  b a t t e r i e s  w e r e  v e r y  s i m i l a r  to t h a t  
r e p o r t e d  fo r  t he  d i s c h a r g e  of t h e  s ing le  cells.  R| 
a l w a y s  i nc r ea sed  d u r i n g  d i scha rge ,  and  the  r e a c t i o n  
p a r a m e t e r s  of t h e  o t h e r  e l ec t rode  r eac t i ons  v a r i e d  
as p r e v i o u s l y  n o t e d  for  t he  s ing le  cells.  

T h e  i m p e d a n c e  of a 45v B b a t t e r y  (30F100)  is 
s h o w n  in Fig.  9. The  i m p e d a n c e  of t he  o t h e r  size 45v 
flat  cel l  B b a t t e r i e s  f r o m  a n y  one  m a n u f a c t u r e r  was  
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r o u g h l y  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  p h y s i c a l  s ize 
of t he  b a t t e r y .  T h e  i m p e d a n c e  of t he  B b a t t e r i e s  
d u r i n g  d i s cha rge  a n d  ag ing  h a d  the  s ame  c h a r a c t e r -  
is t ics  as was  f o u n d  for  s ing le  cells.  T h e r e  was  con-  
s i d e r a b l e  v a r i a t i o n  ( a b o u t  200%)  in t he  i m p e d a n c e  
of t he  s ame  size b a t t e r y  f r o m  va r ious  m a n u f a c -  
tu re r s .  

Acknowledgment 
The  a u t h o r s  wi sh  to  a c k n o w l e d g e  the  d i scuss ions  

w i t h  m a n y  m e m b e r s  of t he  staff  of t he  N a t i o n a l  
B u r e a u  of S t a n d a r d s  d u r i n g  the  course  of th is  i n -  
ves t iga t ion ,  e spec i a l l y  Drs.  R a l p h  K o t t e r ,  J o h n  
L a u r i t z e n ,  J. D. Hoffman,  a n d  W. J.  H a m e r .  The  
au tho r s  also t h a n k  W i l l i a m  V a d n a i s  for  his  he lp  in 
cons t ruc t i ng  the  l a b o r a t o r y  cel ls  and  in  cond uc t i ng  
the  s t a n d a r d  tests .  

Manuscr ip t  rece ived  March  1I 1963; rev ised  m a n u -  
scr ipt  received June  27, 1963. This paper  was de l ivered  
at the Columbus Meeting,  Oct. 18-22, 1959. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1964 JOURNAL. 

REFERENCES 
i. B. V. Ershler, Zhur. Fiz. Khim., 22, 683 (1940); H. 

Gerischer ,  Z. Physik. Chem., 198, 286 (1951); 
D. C. Grahame,  This Journal, 99, 370C (1952); 
J. E. B. Randles,  Discussion Faraday Soc., 1, 11 
(1947). 

2. R. J. Brodd,  J. Research Nat. Bur. Standards, 65A, 
275 (1961). 

3. J. Eu le r  and K. Dahmelt ,  Z. Elektrochem., 61, 1200 
(1957). 

4. G. W. Vinal ,  "S torage  Bat ter ies ,"  4th ed., p. 328, 
John  Wi ley  & Sons, New York  (1955). 

5. R. J. Brodd, This Journal, 106, 471 (1959). 
6. Nat ional  Bureau  of Standards ,  "Specificat ion for  

Dry  Cells  and Bat ter ies ,"  Handbook  71 (1959). 
7. A. Tvarusko,  This Journal, 1t}9, 881 (1962). 
8. R. J. Brodd  and H. J. DeWane,  Technical  Note, 

Nat ional  Bureau  of S tanda rds  (1963). 
9. N. C. Cahoon, R. S. Johnson,  and M. P. Korver ,  This 

Journal, 105, 296 (1958). 
10. W. C. Vosburgh,  ibid., 106, 839 (1959). 
11. J. Euler ,  Electrochim. Acta., 3, 134 (1960). 
12. G. Vinal,  " P r i m a r y  Bat ter ies ,"  Ch. 4, John  Wi ley  & 

Sons, New York  (1950). 
13. M. P. Korver ,  R. S. Johnson,  and N. C. Cahoon, 

This Journal, 1{}7, 587 (1960). 

The Thermally Regenerative Liquid-Metal Cell 
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ABSTRACT 

The theory  of a new, t he rma l ly  regenera t ive ,  d i rec t -convers ion  device is 
described.  The device depends  on the reac t ion  of two l iquid meta ls  to furn ish  
energy,  w i th  subsequent  the rmal  decomposi t ion of the  produc t  into the  or iginal  
reactants .  As an example ,  the  emf of cells  composed of Na /g lass /Na(x)Sn  
var ied  f rom 0.45-0.38v at t empera tu res  be tween  500 ~ and 702~ and at  mole  
fract ions of Na in the  al loy be tween  0.136 and 0.40. Exper iments  confirmed 
theore t ica l  predic t ions  tha t  Na can be dis t i l led f rom NaSn alloys at  t e m p e r a -  
tures  of 1000~176 y ie ld ing  a r e l a t ive ly  pure  Na vapor  and an approx i -  
ma te ly  3% (wt)  a l loy residue. 

In  fue l  cel l  l i t e r a t u r e ,  t h e r e  is v e r y  l i t t l e  w o r k  on 
r e g e n e r a t i v e  sys tems .  Y e a g e r  (1)  s u g g e s t e d  t h a t  
t h e r m a l  a n d  e l e c t r o c h e m i c a l  r e g e n e r a t i v e  sys t ems  
shou ld  be  s tud ied .  A s u r v e y  of t he  l i t e r a t u r e  (2)  
r e v e a l e d  on ly  abou t  20 i no rgan i c  c o m p o u n d s  s u i t -  
ab le  for  a t h e r m a l l y  r e g e n e r a t i v e  sys t em,  b a s e d  on 
m o r e  or  less p r a c t i c a l  c r i t e r ia .  A n o t h e r  e v a l u a t i o n  
(3) ,  b a s e d  on  t h e r m o d y n a m i c  and  r e a c t i o n  k ine t i c  
da ta ,  p r o d u c e d  on ly  t h r e e  su i t ab l e  r eac t i ons  a m o n g  
the  i no rgan i c  compounds ,  one of which ,  LiH,  was  
a l r e a d y  b e i n g  s t u d i e d  (4) .  The  o the r  two  r eac t i ons  
w e r e  no t  cons ide r ed  f u r t h e r  because  of  the  com-  
p l i c a t e d  e q u i l i b r i a  invo lved .  Also,  l i qu id  m e t a l  sys -  
t ems  s e e m e d  to offer s i m p l e r  e q u i l i b r i a  a n d  i m -  
p r o v e d  efficiency. 

G e n e r a l  t h e r m o d y n a m i c  de sc r i p t i ons  of t h e r m a l l y  
r e g e n e r a t i v e  e l e c t r o c h e m i c a l  sy s t ems  h a v e  b e e n  
p r e s e n t e d  (5 -7 )  and  these  sy s t ems  h a v e  been  s h o w n  
to be  C a r n o t  l imi t ed .  Thus ,  t he  o v e r - a l l  t h e r m a l  
efficiency d e p e n d s  on the  t e m p e r a t u r e  l imi t s  i m -  
posed  on the  sys tem.  

H o w e v e r ,  a g e n e r a l  sys t ems  ana lys i s  (8)  s h o w e d  
tha t  t he  g r e a t e s t  i m p r o v e m e n t  in  t he  efficiency of 

r e g e n e r a t i v e  sy s t e ms  could  be  a c c o m p l i s h e d  b y  r e -  
duc t ions  in  p o l a r i z a t i o n  a n d  e l e c t r o l y t e  r e s i s t ance  
losses at  a n y  f ixed t e m p e r a t u r e  l imi ts .  I t  is k n o w n  
tha t  t he  e l e c t r o d e  r e a c t i o n  r a t e s  a t  l i qu id  m e t a l  e l ec -  
t rodes  in con tac t  w i t h  fused  sa l t s  a r e  e x t r e m e l y  
r a p i d  (9 ) ,  as  exempl i f i ed  b y  v e r y  l a r g e  e x c h a n g e  
cu r ren t s .  Also,  t he  c o n d u c t i v i t y  of fu sed  sa l t s  is 
p o s s i b l y  2-5 t imes  g r e a t e r  t h a n  the  c o n d u c t i v i t y  of  
t he  bes t  aqueous  e l ec t ro ly t e s .  This  p a p e r  p r e s e n t s  
t h e  t h e o r e t i c a l  f o u n d a t i o n s  for  l i q u i d - m e t a l  sys t ems  
a m e n a b l e  to bo th  t h e r m a l  a n d  e l e c t r o c h e m i c a l  r e -  
g e n e r a t i o n  a n d  some  of t he  p r e l i m i n a r y  e x p e r i -  
m e n t a l  w o r k  done  to  conf i rm t h e o r e t i c a l  p red ic t ions .  

ElectrochermicaL Theory 

W h e n  m e t a l s  r e a c t  to f o r m  al loys ,  so lu t ions ,  a n d  
compounds ,  an  e x c h a n g e  of e n e r g y  t a k e s  p l a c e  
w h i c h  m a y  m a n i f e s t  i t se l f  in t he  f o r m  of  h e a t  or  
u se fu l  work .  These  r eac t i ons  can  be  a n a l y z e d  b y  
s t a n d a r d  t h e r m o d y n a m i c  p r i nc ip l e s  (10) .  

The  f ree  ene rg i e s  i n v o l v e d  can  be  m e a s u r e d  in 
g a l v a n i c  cel ls  in  w h i c h  the  a n o d e  is f o r m e d  of t he  
m o r e  e l e c t r o c h e m i c a l l y  ac t ive  me ta l ,  a n d  the  c a t h -  
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ode  is f o r m e d  of t he  a l loy .  The  ca t ion  of t he  e l ec -  
t r o l y t e  is t he  ion ized  f o r m  of t he  a n o d e  me ta l .  The  
cel l  is r e p r e s e n t e d  s c h e m a t i c a l l y  as 

Aao]A + IAae (B)  (S )  

The  a b o v e  g a l v a n i c  cel l  (S )  is a spec ia l  case  of a 
c o n c e n t r a t i o n  cell ,  w h i c h  is r e p r e s e n t e d  b y  

Aal ( B ) ] A  + ]Aae (B)  (G)  

in  w h i c h  A and  B m a y  b e  a w ide  v a r i e t y  of m e t a l s  
and  al  a n d  a2 a r e  t he  ac t iv i t i e s  of m e t a l  A in each  
e lec t rode .  The  f r ee  e n e r g y  change  as soc ia t ed  w i t h  
scheme  (G)  can  be  e x p r e s s e d  as 

as 
--AG = riFE ---- --RT in -- [I] 

al 

where AG is the change in partial molar free energy 
of species A. In all the following discussion the 
standard state corresponds to actual pure component 
A. The free energy change for cell (S) is expressed 
by Eq. [I] also, but, in this case, the activity, al by 
definition is unity; therefore, the cell potential is 

RT 
E ---- -- ~In a2 [2] 

nF 

The activity is defined by 

a = 9"NA [3]  

w h e r e  t he  ac t iv i ty ,  a, can  n e v e r  be  g r e a t e r  t h a n  
un i ty ,  9' is t he  a c t i v i t y  coefficient,  a n d  NA is t he  mo le  
f r ac t i on  of spec ies  A. 

W h e n  c o m p o u n d s  a r e  fo rmed ,  h o w e v e r ,  t he  ac -  
t i v i t y  of A in t he  a l loy  is in f luenced  also b y  the  f r ee  
e n e r g y  of f o r m a t i o n  of t h e  compound .  F o r  ins tance ,  
for  the  r e a c t i o n  

xA + yB ---- AxBy [4] 

the equilibrium constant is expressed by 

K -- aAxBy [5]  
aA x �9 aBY 

and  
AG ~ ( f o r m a t i o n )  ---- - -RT  In K [6]  

S ince  i t  is d e s i r e d  t ha t  t he  a c t i v i t y  of  t he  f ree  A 
m e t a l  in  t he  a l l oy  be  l ow to m a i n t a i n  a h igh  p o t e n -  
t ia l ,  t he  f r ee  e n e r g y  of f o r m a t i o n  shou ld  b e  l a rge .  

In  add i t ion ,  t h e r e  w i l l  be  a compos i t i on  r a n g e  
w h e r e i n  t he  change  in a c t i v i t y  of A wi l l  b e  s m a l l  
ove r  a r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n  change ,  r e -  
su l t ing  in a h igh ,  r e l a t i v e l y  s t e a d y  vo l tage .  

In  a p r a c t i c a l  cell ,  h o w e v e r ,  c o n s t r u c t e d  as in (S )  
c o m p r i s i n g  two  l iqu id  m e t a l  e l ec t rodes  and  a m o l t e n  
sa l t  e l ec t ro ly t e ,  the  o p e r a t i n g  v o l t a g e  w i l l  be  g o v -  
e r n e d  b y  

V ----- Eo - -  E p - -  IR 

W h e r e  Eo is t he  o p e n - c i r c u i t  v o l t a g e  g iven  b y  Eq. 
[2] ,  R is the  cel l  r e s i s t ance ,  I t h e  cu r r en t ,  and  E ,  
compr i se s  bo th  a c t i v a t i o n  and  concen t r a t i on  p o l a r i -  
za t ion  fac tors .  

A c t i v a t i o n  p o l a r i z a t i o n  has  been  shown  to be  
neg l ig ib l e  (9) .  Also,  s ince  a s i n g l e - c a t i o n  fu sed  sa l t  
is u sed  and  not  a so lu t ion  of a sa l t  in  a so lvent ,  i t  is 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1963 

h a r d  to v i sua l i ze  a n y  c o n c e n t r a t i o n  p o l a r i z a t i o n  in  
t he  e l ec t ro ly t e .  T h e r e  can  be  some  c o n c e n t r a t i o n  
p o l a r i z a t i o n  at  t he  a l loy  e l e c t r o d e - e l e c t r o l y t e  i n t e r -  
face  a t  h igh  c u r r e n t  dens i t i e s  w h e r e  m e t a l  A can  be  
d i s c h a r g e d  f a s t e r  t h a n  d i f fus ion  can  r e m o v e  it, r e -  
su l t i ng  in  a th in ,  h igh  a l l oy  c o n c e n t r a t i o n  l aye r .  
Because  of t he  u s u a l l y  r a p i d  d i f fus ion r a t e s  a t  h igh  
t e m p e r a t u r e s  in  l i qu id  m e t a l s  th is  p o l a r i z a t i o n  
shou ld  occur  on ly  a t  h igh  c u r r e n t  dens i t ies ,  b u t  he r e  
t he  IR drop  w o u l d  g r e a t l y  o v e r s h a d o w  the  s m a l l  
p o l a r i z a t i o n  effect. Hence ,  t h e  on ly  s igni f icant  v o l t -  
age  loss in  a l i q u i d - m e t a l  cel l  of th is  t y p e  shou ld  be  
IR loss in t he  e l ec t ro ly t e .  

These  IR losses,  also, a re  m i n i m a l  a n d  m u c h  l o w e r  
t h a n  those  e n c o u n t e r e d  in aqueous  sys tems ,  because  
m o l t e n  sa l ts  have  conduc t i v i t i e s  of t he  o r d e r  of 2-5 
m h o s / c m  w h i l e  t he  bes t  aqueous  e l e c t r o l y t e  con-  
d u c t i v i t i e s  a r e  in t he  r a n g e  of  0.5-0.9 m h o s / c m .  

Thus,  t he  d i s t inc t  a d v a n t a g e s  sough t  for  r e g e n -  
e r a t i v e  sys tems ,  viz., n e g l i g i b l e  p o l a r i z a t i o n  and  low 
e l e c t r o l y t e  res i s tance ,  have  b e e n  d e d u c e d  f r o m  the  
a b o v e  for  t h e  l i q u i d - m e t a l  cel l  (11) and  in some 
cases  found.  

Regeneration Theory 

E l e c t r o c h e m i c a l  r e g e n e r a t i o n  r e q u i r e s  no th ing  
m o r e  t h a n  r e v e r s i n g  the  c u r r e n t  t h r o u g h  the  cel l  
d e p i c t e d  in e i t h e r  (S)  or  (G)  (12) .  M a n y  l i qu id  
m e t a l  e l ec t rodes  in  m o l t e n  sa l t s  a r e  s t r i c t l y  r e v e r -  
s ib le  and  the  n e g l i g i b l e  p o l a r i z a t i o n  l imi t s  t h e  e n -  
e r g y  losses of t he  c h a r g e - d i s c h a r g e  cyc le  to t h e  r e -  
s i s t ive  losses of t h e  e l ec t ro ly t e .  I n c i d e n t a l l y ,  b e -  
cause  of th is  cha rac t e r i s t i c ,  t h e s e  cel ls  can  be  f a i r l y  
good s to rage  b a t t e r i e s  or  e n e r g y  s to rage  dev ices  for  
m a n y  app l i ca t ions .  The  s o l u b i l i t y  of t h e  m e t a l  in  i ts 
fused  sa l t  may ,  h o w e v e r ,  r e s t r i c t  the  p r a c t i c a l  a p -  
p l i ca t ion  be c a use  of r e d u c e d  cou lombic  efficiency. 

F o r  t h e r m a l  r e g e n e r a t i o n ,  t he  m e t a l s  A a n d  B 
m u s t  be chosen  so t h a t  t h e y  h a v e  an  a p p r e c i a b l e  d i f -  
f e r e nc e  in  t h e i r  bo i l ing  po in t s  or  v a p o r  p re s su res .  In  
add i t ion ,  one  m e t a l  m u s t  e x h i b i t  an  a p p r e c i a b l e  
v a p o r  p r e s s u r e  at  t he  m a x i m u m  t e m p e r a t u r e  of the  
hea t  source.  I f  these  cond i t ions  a r e  met ,  t hen  t h e r -  
m a l  r e g e n e r a t i o n  invo lves  h e a t i n g  t h e  a l loy ,  A ( B ) ,  
or  the  c o m p o u n d  AxBy, w h i c h  has  been  d i s c h a r g e d  
f r o m  the  e l e c t r o c h e m i c a l  cell ,  to a suf f ic ient ly  h igh  
t e m p e r a t u r e ,  a t  w h i c h  A e x h i b i t s  a s u b s t a n t i a l  v a p o r  
p re s su re .  I t  is a d v a n t a g e o u s  t h a t  B h a v e  on ly  a 
m i n u t e  v a p o r  p r e s s u r e  a t  th i s  bo i l ing  t e m p e r a t u r e  of 
t he  a l l oy  to avo id  t r a n f e r  of B in to  t he  anode  m e t a l  
A. Con t inu ing ,  gaseous  A is condensed ,  co l lec ted ,  
and  r e t u r n e d  to t he  cel l  a long  w i t h  t he  s t r i p p e d  
a l loy  v i a  t h e i r  s e p a r a t e  channe ls .  

The  v a p o r  p r e s s u r e  of A also d e p e n d s  on the  con-  
c e n t r a t i o n  of A in t he  a l l oy  and,  in  t he  i d e a l  case, 
fo l lows  R a o u l t ' s  l aw.  F o r  t hese  i d e a l  or  c lose  to  i dea l  
solut ions ,  t he  v a p o r  w i l l  a l w a y s  con ta in  some f r a c -  
t ion  of B, ne c e s s i t a t i ng  t h e  use  of  a f r a c t i o n a t i n g  
co lumn  to effect s a t i s f a c t o r y  sepa ra t ion .  

F o r  t he  e l e c t r o c h e m i c a l  r ea sons  m e n t i o n e d ,  i t  is 
bes t  to e m p l o y  m e t a l  c o m b i n a t i o n s  w h i c h  f o r m  
m a r k e d  i n t e r m e t a l l i c  compounds ,  and  in  t hese  cases  
t he  so lu t ions  d e p a r t  s u b s t a n t i a l l y  f r o m  idea l i ty .  N o w  
i t  m a y  be  poss ib le  to s e p a r a t e  t he  t w o  c o m p o n e n t s  in 
a s imp le  boi le r ,  b e c a u s e  at  c e r t a i n  t e m p e r a t u r e  and  
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c o n c e n t r a t i o n  r a n g e s  t he  a c t i v i t y  or  v a p o r  p r e s s u r e  
of one c o m p o n e n t  w i l l  be  low, as c o m p a r e d  to t h e  
o the r ;  hence  p r a c t i c a l l y  one c o m p o n e n t  is bo i l ed  
ove r  a n d  condensed .  

In  a so lu t ion ,  t he  p r a c t i c a l  de f in i t ion  of a is p/Po 
w h e r e  p is t h e  p a r t i a l  p r e s s u r e  of A ove r  t h e  so lu -  
t ion  and  Po t h e  v a p o r  p r e s s u r e  of p u r e  A a t  t e m -  
p e r a t u r e  T. F o r  mos t  p u r e  me ta l s ,  Po is g iven  in  t he  
l i t e r a t u r e  (13) ,  hence ,  t h e  p a r t i a l  p r e s s u r e  of A can  

be  d e t e r m i n e d  f r o m  Eq. [2]  if  E or  •  is k n o w n  or  
m e a s u r e d ,  viz. 

RT  p •G 
E --  - - - - l n  . . . .  [7]  

nF Po nF 

Thus,  Eq. [7]  m a y  be  used  to p r e d i c t  t h e  ease  of 
s e p a r a t i n g  t h e  two  me ta l s .  

The  d r i v i n g  force  of t h e  bo i l ing  or  r e g e n e r a t i o n  
s tep  is t h e  d i f fe rence  in  p a r t i a l  p r e s s u r e s  of  A ove r  
the  a l loys  a t  t h e  r e g e n e r a t i o n  a n d  e l e c t r o c h e m i c a l  
cel l  t e m p e r a t u r e s ,  r e spec t i ve ly .  

The  compos i t i on  of t h e  s t r i p p e d  a l l oy  i s su ing  f r o m  
the  bo i l e r  is f ixed b y  the  d i f f e rence  in t he  two  o p -  
e r a t i n g  t e m p e r a t u r e s .  This  s t r i p p e d  a l loy  wi l l  h a v e  a 
compos i t i on  w h e r e i n  t h e  p a r t i a l  p r e s s u r e  of A at  
t he  r e g e n e r a t i o n  t e m p e r a t u r e  equa l s  t he  p a r t i a l  
p r e s s u r e  of A at  t h e  e l e c t r o c h e m i c a l  cel l  o p e r a t i n g  
t e m p e r a t u r e .  F o r  a p a r t i c u l a r  a l l oy  compos i t i on  the  
lowes t  r e g e n e r a t o r  t e m p e r a t u r e  is s i m i l a r l y  fixed. 

The  r a t e  a t  w h i c h  m e t a l  A is v a p o r i z e d  d e p e n d s  on 
the  e q u i l i b r i u m  b e t w e e n  the  r a t e  a t  w h i c h  h e a t  can  
be  s u p p l i e d  a t  t he  r e g e n e r a t i o n  t e m p e r a t u r e ,  t h e  
p a r t i a l  p r e s s u r e  of m e t a l  A in the  a l loy  at  th i s  
t e m p e r a t u r e ,  the  n a t u r e  of m e t a l s  A and  B, t he  
f r i c t i ona l  p r e s s u r e  d rop  of t he  v a p o r s  in  f lowing 
f r o m  t h e  ho t  zone to t h e  cold  zone, t he  v a p o r  p r e s -  
su r e  of m e t a l  A a t  t h e  cold  zone,  a n d  t h e  r a t e  a t  
w h i c h  hea t  can  be  r e j e c t e d  at  t h e  cold  zone t e m p e r a -  
ture .  These  cond i t ions  a r e  b e y o n d  the  scope of th is  
pape r ,  b u t  can  b e  e v a l u a t e d  b y  the  u s u a l  h e a t  t r a n s -  
fe r  m e a s u r e m e n t s .  

Experimental Results 
N a / S n  sys t em-emf  vs. composition and tempera- 

ture . - -EMF vs. compos i t i on  d a t a  w e r e  f o u n d  on ly  
for  500~ (14) .  In  o r d e r  to p r e d i c t  v a p o r  c o m p o s i -  
t ions,  emf  d a t a  w e r e  r e q u i r e d  for  h i g h e r  t e m p e r a -  
t u r e s  (as close as poss ib le  to r e g e n e r a t i o n  t e m p e r a -  
t u r e s )  so t h a t  some  conf idence  could  be  e x p e c t e d  
f r o m  d a t a  e x t r a p o l a t e d  to  those  t e m p e r a t u r e s  w h e r e  
emf  m e a s u r e m e n t s  a r e  too difficult  to m a k e .  Also  the  
d a t a  w o u l d  show the  o p e r a t i n g  c h a r a c t e r i s t i c s  of a 
cell.  These  c h a r a c t e r i s t i c s  a r e  n e c e s s a r y  for  sys t ems  
and  e n g i n e e r i n g  ana lys i s .  

F o u r  s e p a r a t e  cei ls  w e r e  used  for  t he  emf  m e a s -  
u r e m e n t s .  Each  cel l  c o n t a i n e d  a d i f f e ren t  a l l oy  c o m -  
pos i t i on  and  t h e  fou r  compos i t i ons  w e r e  suff icient  
to cover  t he  o p e r a t i n g  r a n g e  of t he  p r o j e c t e d  e lec -  
t r o c h e m i c a l  cell .  E a c h  ce l l  cons i s t ed  of two  concen -  
t r i c  P y r e x  t u b e s  as  s h o w n  in Fig .  1 h e l d  a p a r t  b y  a 
n e o p r e n e  r u b b e r  s topper .  A b o u t  a 5 cm d e p t h  of Na  
was  p l a c e d  in  t h e  i n n e r  t u b e  and  6 cm of  a l l oy  in 
t h e  ou te r  tube .  Hence ,  t h e  i n n e r  g lass  t u b e  c o n t a i n e r  
w a l l  ac t ed  as  t he  cel l  e l ec t ro ly t e .  This  t e c h n i q u e  
has  been  t h o r o u g h l y  t e s t e d  b y  D e l a m a r s k i  and  
o the r s  (15) .  A s ta in less  s tee l  c y l i n d e r  2.5 cm ID x 6 

Fig. 1. Na/Sn emf cell 

cm long was  p l a c e d  a r o u n d  the  b o t t o m  of t he  cel l  
in  o r d e r  to m i n i m i z e  d e f o r m a t i o n  a t  t e m p e r a t u r e s  
a p p r o a c h i n g  700~ The  i n n e r  t u b e  was  c losed  also 
w i t h  a n e o p r e n e  r u b b e r  s t o p p e r  t h r o u g h  w h i c h  p r o -  
t r u d e d  the  t h e r m o c o u p l e  s h e a t h  and  the  glass  t u b e  
connec t ed  b y  r u b b e r  t u b i n g  to a N2 m a n i f o l d  w h i c h  
f u r n i s h e d  an  i n e r t  a t m o s p h e r e  for  bo th  h a l v e s  of t he  
cell .  A l l  f ou r  cel ls  w e r e  i m m e r s e d  t o g e t h e r  a b o u t  
6 cm ins ide  a Cenco -Coo ley ,  e l ec t r i c  fu rnace ,  ~ whose  
ins ide  t e m p e r a t u r e  was  t h e r m o s t a t i c a l l y  con t ro l l ed  
to - - I ~  

The  t e m p e r a t u r e  of each  cel l  was  m e a s u r e d  b y  
m e a n s  of a s t a in less  s tee l  s h e a t h e d  t h e r m o c o u p l e  
i m m e r s e d  in  t h e  N a  a n d  w h i c h  s e r v e d  a lso  as t he  
e x t e r n a l  l e a d  f r o m  the  Na. T h e  cel l  t e m p e r a t u r e  
v a r i e d  no m o r e  t h a n  - -0 .5~ w i t h  t i m e  a t  a n y  set 
point .  The  l e a d  to  the  a l l oy  pool  was  a t u n g s t e n  
wi re .  

T h e  cel l  t e m p e r a t u r e  was  c h a n g e d  in  20 ~ ~ s t eps  
and  a t  each  t e m p e r a t u r e  t he  v o l t a g e  w a s  a l l o w e d  
to s t ab i l i ze  i n d i c a t i n g  t e m p e r a t u r e  e q u i l i b r i u m  b e -  
fo re  r e a d i n g s  w e r e  t aken .  A t  th i s  t ime ,  t he  v o l t a g e  
r e m a i n e d  cons t an t  w i t h i n  __+1.0 m v  for  p e r i o d s  of 45 
ra in  to  1 hr .  R e c o r d i n g s  w e r e  m a d e  b o t h  on  a s c e n d -  
ing  and  de scend ing  t e m p e r a t u r e s  b e t w e e n  475 ~ and  
600~ The  p o t e n t i a l s  a t  a s cend ing  t e m p e r a t u r e s ,  
only ,  w e r e  u sed  b e t w e e n  600 ~ and  700~ b e c a u s e  
t h e r e  a p p e a r e d  to  b e  a s l igh t  a t t a c k  of N a  on t h e  
glass  b e t w e e n  650 ~ a n d  700~ D e l a m a r s k i  (15) 
s h o w e d  t h a t  a P y r e x - t y p e  glass  is u n a t t a c k e d  up  to 
500~ and  th i s  w o r k  has  f o u n d  th is  to b e  t r u e  up  
to 600~ O t h e r  m a t e r i a l s  in  con tac t  w i t h  e i t he r  l i q -  
u id  m e t a l  w e r e  no t  a t t a cked .  

A l l  vo l t ages  w e r e  r e a d  on a m o d e l  803 F l u k e  
me te r .  2 This  is a p rec i s ion  A C / D C  d i f f e r en t i a l  v o l t -  
m e t e r  e l e c t r o n i c a l l y  b a l a n c e d ,  a n d  is c a p a b l e  of 
be ing  u s e d  on  e x t e r n a l  i m p e d a n c e s  of 1-10 m e g o h m s .  

T h e  a r i t h m e t i c  a v e r a g e  p o t e n t i a l s  a t  each  com-  
pos i t i on  and  t e m p e r a t u r e  a r e  shown  in T a b l e  I and  
the  a c t i v i t y  as c a l c u l a t e d  b y  Eq. [2] .  

B e l o w  500~ t h e  F l u k e  m e t e r  a p p e a r e d  to o p e r -  
a te  s l u g g i s h l y  and  t h e  s p r e a d  b e t w e e n  r e a d i n g s  w a s  
wide .  A p p a r e n t l y ,  t h e  i m p e d a n c e  b e c a m e  too high.  

1 Cenco  ca ta log  No.  13627, 700 w a t t .  

2 J o h n  F l u k e  M a n u f a c t u r i n g  C o m p a n y ,  Sea t t l e ,  W a s h i n g t o n .  
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Table I. EMF and activity vs. temperature and composition 

N o v e m b e r  1963 

Temp, ~ 

C o m p o s i t i o n  ( m o l e  f r a c t i o n )  

0 . 1 3 6  0 . 2 2 5  0 . 2 6 3  

A c t i v i t y  A c t i v i t y  A c t i v i t y  
emf ( x i0 a) emf ( x lOa) emf ( x I0 a) e m f  

0 . 4 0  

A c t i v i t y  
( x 102) 

470 0.443 - -  0.411 - -  0.375 - -  0.322 
472 0.438 - -  0.408 - -  0.373 - -  0.318 
478 0.427 - -  0.391 - -  0.360 - -  0.310 - -  
505 0.427 1.72 0.387 3.12 0.358 4.82 0.295 1.23 
524 0.427 2.00 0.385 3.69 0.356 5.59 0.286 1.55 
542 0.431 2.15 0.383 4.27 0.357 6.24 0.285 1.73 
550 0.428 2.40 0.382 4.58 0.354 6.77 0.275 2.06 
571 0.431 2.68 0.380 5.35 0.354 7.69 0.280 2.13 
575 0.430 2.78 0.379 5.00 0.353 7.96 0.280 2.16 
608 0.431 3.41 0.378 6.91 0.351 9.81 0.274 2.73 
607 0.437 3.16 0.381 6.01 0.355 9.34 0.277 2.59 
625 0.435 3.62 0.378 7.57 0.353 10.52 0.280 2.70 
653 0.437 4.18 0.376 8.94 0.351 12.30 0.278 3.07 
675 0.439 4.61 0.377 9.94 0.351 13.61 0.278 3.33 
702 0.443 5.10 0.378 11.10 0.353 15.01 0.278 3.62 

AE/AT +0.22 X 10 -4 --1.04 • 10 -4 --0.76 • 10 -4 
ASNa -}-0.53 --2.40 --1.75 
ASNa (Lit) --1.56 --1.59 --1.57 

Since on ly  da ta  at h igher  t e m p e r a t u r e s  we re  of i n -  
te res t  here,  on ly  the  resul t s  above 500~ were  used. 
Except  for the 0.40 mole  f rac t ion  curve,  all  t he  o ther  
cons tan t  composi t ion  po in t s  could poss ib ly  be con-  
nec ted  l i n e a r l y  in  an  emf  vs. t e m p e r a t u r e  plot  no t  
shown  he re  for sake  of b rev i ty .  In  al l  cases, above  
575~ the  curves  appeared  to be  l inear .  

The slope of the  s t ra igh t  l ine  por t ion  for each 
composi t ion  is g iven  at the  bo t tom of Table  I as 
AE/AT. In  the  case of 0.40 mole  f rac t ion,  the  slope 
of t a n g e n t s  at  t h ree  t e m p e r a t u r e s  was  taken .  F r o m  

the  ca lcula ted  slopes for these  composit ions,  the  ASNa 
was  ca lcu la ted  and  compared  w i th  the  l i t e r a t u r e  
va lue  (14) at  500~ A g r e e m e n t  was  w i t h i n  50% at  
0.225 mole  f rac t ion  Na and  10% at  0.263, bu t  a la rge  
d ive rgence  appeared  a t  the  lowest  concen t ra t ion .  
The  reason  for this  is no t  known ,  b u t  it appears  
ce r t a in  the  d i sc repancy  is no t  e x p e r i m e n t a l  error .  
A posi t ive  AE/AT has b e e n  ob ta ined  at  a p p r o x i -  
m a t e l y  this  composi t ion  in  four  separa te  m e a s u r e -  
m e n t s  u s ing  o ther  cell designs.  

The  d i sc repancy  at  0.40 mole  f rac t ion  Na m a y  be 
due to a phase  change.  The  so l id - l iqu id  phase d ia -  
g r a m  (14) shows a h igh  me l t i ng  i n t e rme ta l l i c  com-  
p o u n d  at  abou t  this  composi t ion  wh ich  s ta r t s  to 
separa te  out  a t  abou t  500~ Thus,  the  e n t r o p y  
should  show an  u n c e r t a i n t y  at  this  composi t ion.  The 
m a r k e d  d e p a r t u r e  f rom l i n e a r i t y  of the  e m f - t e m -  
p e r a t u r e  curve  at  this  composi t ion  in  cont ras t  to  the  
others  indica tes  this. Also Fig. 6 shows a change  in  
m e c h a n i s m  at  abou t  540~ the  in t e r sec t ion  of the  
two s t ra igh t  l ine  por t ions  of the  log a vs. 1/T plot  
for 0.40 mole  f rac t ion  Na. The  o ther  composi t ions  
y ie ld  l i nea r  plots  over  the  whole  t e m p e r a t u r e  r a n g e  
used. 

In  Fig. 2, the  e x p e r i m e n t a l l y  d e t e r m i n e d  p o t e n -  
t ia ls  are compared  w i t h  the  bes t  l i t e r a t u r e  da ta  (14) 
at  500~ which  is the  on ly  t e m p e r a t u r e  r epor ted  
for the N a S n  sys t em in  the  l i t e ra tu re .  Because  the  

550 ~ 565 ~ 600 ~ 
--1.46 --1.16 --0.18 X 10 -4  

--3.36 --2.67 --0.41 

--2.68 (500 ~ ) 

a g r e e m e n t  appears  good he re  it  is fe l t  t ha t  the  n e w  
emf  da ta  up  to 700~ should  be re l i ab le  (also see 
Fig. 6). 

These da ta  show tha t  an  e lec t rochemica l  cell con-  
t a i n i ng  a Na anode  and  a N a - S n  al loy cathode can be 
opera ted  b e t w e e n  the  cathode al loy composi t ion  
l imi ts  of 15-30 mole  % Na at  an  open c i rcui t  vol tage  
of 0.42-0.36v at  500~ and  0.43-0.33v at  700~ 

Cell s tudies  us ing  a fused sal t  e lec t ro ly te  r epor ted  
in  a separa te  paper  (16) have  conf i rmed the  above  
emfs,  theore t ica l  p red ic t ions  of neg l ig ib le  po la r i -  
za t ion  losses, a nd  showed tha t  al l  losses w e r e  r e -  
sistive. 

Regeneration 

Dis t i l l a t ion  of Na f rom Sn  was  accompl ished  in  
the  a ppa r a t u s  shown in  Fig. 3. A p p r o x i m a t e l y  150g 
of mo l t en  a l loy was  forced, u n d e r  argon,  in to  the  
bo i le r  sect ion t h r o u g h  the  in le t  tube,  a f ter  wh ich  it  
was welded  shut.  The  whole  sys tem was placed in  a 
f u r na c e  a nd  comple te ly  evacuated .  The  r e ge ne ra to r  
was  shu t  off f rom the  v a c u u m  sys tem a nd  tes ted  for  

0.4  

0.3 

, 
EXPERIMENTAL POINTS 

0.2 

0. 

0 0 . I  0.2 0.3 0,4 0.5 0.6 0.7 0.8 0.9 1.0 

CONCENTRATION-XNa 

Fig. 2. Emf vs. concentration at 500*C. Literature data from 
ref. (14). 
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Fig. 3. Experimental still 

leaks.  I f  no leaks  w e r e  p resen t  t he  f u r n a c e  was  
t u r n e d  on. The  t w o  ha lves  o f  the  fu rnace  w e r e  con-  
t r o l l e d  s e p a r a t e l y  so t h a t  t h e  b o i l e r  t e m p e r a t u r e  was  
m a i n t a i n e d  at  t h e  d e s i r e d  p o i n t  a n d  the  c o n d e n s e r  
t u b e  a t  t h e  c o n t e m p l a t e d  cel l  o p e r a t i n g  t e m p e r a t u r e  
of  650~ 

W h e n  the  o p e r a t i n g  t e m p e r a t u r e s  w e r e  r eached ,  
x - r a y  p h o t o g r a p h s  w e r e  m a d e  of t h e  c o n d e n s e r  t u b e  
t h r o u g h  a s l i t  p r o v i d e d  in  t h e  fu rnace ,  f irst  a t  5 ra in  
i n t e r v a l s  a n d  t h e n  10 r a i n  as t h e  r a t e  s l owed  d o w n  
t o w a r d  the  end  of t h e  d i s t i l l a t ion .  The  h e i g h t  of t h e  
s o d i u m  in t he  c o n d e n s e r  t u b e  was  m e a s u r e d  in  t he  
x - r a y  p h o t o g r a p h  and  f r o m  the  d imens ions  of t he  
tube ,  t h e  v o l u m e  a n d  w e i g h t  of t h e  co l l ec ted  s o d i u m  
w e r e  ca l cu la t ed .  

The  r e su l t s  of these  d i s t i l l a t i ons  a r e  s h o w n  in Fig.  
4 a n d  T a b l e  II .  F o r  a l l  p r a c t i c a l  p u r p o s e s  t h e  d i s -  
t i l l a t i on  was  s t opped  a f t e r  90 m i n  s ince  t h e  d i s t i l l a -  
t ion  r a t e  w a s  so s low as to  cause  b u t  v e r y  l i t t l e  
change  in  t he  compos i t i on  of t h e  r e m a i n i n g  a l loy.  
The  1038~ r u n  was  t e r m i n a t e d  a t  75 m i n  b y  a 
p u n c t u r e  of t h e  bo i le r .  T h e  N a  co l l ec ted  ( c o l u m n  2) 

1 1 0 1  
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Fig. 4. Na distilled from 8% (wt) or 31% (mole) alloy; 150g 
alloy in still at start. 

Table II. Na distillation results 

A n a l y s i s  of  p r o d u c t s  a f t e r  90 m i n  d i s t i l l a t i o n ;  o r i g i n a l  a l loy ,  a n a l y -  
sis,  8% b y  w e i g h t ;  0.31 m o l e  f r a c t i o n ;  c o n d e n s e r  t e m p e r a t u r e ,  6 5 0 ~  

C a l c u l a t e d  
c o m p  

: f r o m  N a  
S t i l l  F i n a l  c o m p  loss  to  c o n -  

t e m p ,  W t  N a  A n a l y s i s ,  i n  s t i l l ,  % N a  d e n s e r ,  % N a  
~ c o l l e c t e d ,  g w t  % W t  M o l e  W t  M o l e  

955 1.6 7.16 28.4 7.0 28.0 
982 4.5 0.13% Sn 5.64 23.5 5.20 22.1 

1038" 6.1 0.20% Sn 3.30 15.0 4.0 17.8 

N o t e :  No N a  c o l l e c t e d  i n  Y2 h r  a t  900~ 
* 75 r a i n  r u n .  

was  s u b t r a c t e d  f r o m  t h e  150g s a m p l e  a n d  also f r o m  
the  o r ig ina l  12g (150 x 0.08) Na  c o n t a i n e d  in  t h e  
a l loy .  On the  bas i s  of t he  r e m a i n i n g  N a  con t en t  a n d  
s a m p l e  we igh t ,  t he  compos i t i ons  in  t h e  l a s t  c o l u m n  
of T a b l e  I I  w e r e  ca lcu la ted .  These  d a t a  show t h a t  
N a  can  be  e f fec t ive ly  s e p a r a t e d  f r o m  Sn  in  an  8% 
( w t )  31% ( m o l e )  N a / S n  a l l oy  a t  t e m p e r a t u r e s  
a b o v e  955~ A t  a p p r o x i m a t e l y  1000~ a n  a l l oy  of 
a p p r o x i m a t e l y  3.3% ( w t )  15% ( m o l e )  r e m a i n e d  in  
the  boi le r .  This  m e a n s  t h a t  t h e  o p e r a t i n g  r a n g e  of 
the  e l e c t r o c h e m i c a l  cel l  is l i m i t e d  to  some  ex ten t ,  
s ince  th is  w o u l d  be  t h e  ca thode  a l l oy  r e t u r n e d  to  t h e  
cel l  d u r i n g  r e g e n e r a t i v e  ope ra t ion .  H o w e v e r ,  a t  
d i s t i l l a t i on  t e m p e r a t u r e s  of a p p r o x i m a t e l y  1100~ 
or  above ,  a l loys  b e l o w  3% ( w t )  N a  w i l l  be  o b t a i n e d  
f r o m  the  s t i l l ,  g r e a t l y  e n h a n c i n g  t h e  cel l  o p e r a t i n g  
r ange .  This  p l aces  t he  N a / S n  s y s t e m  in a h igh  t e m -  
p e r a t u r e  o p e r a t i n g  r ange .  

Experimental Regenerative Cell 
F i g u r e  5 shows  a d r a w i n g  f r o m  an  x - r a y  n e g a t i v e  

of a r e g e n e r a t i v e  N a / S n  cel l  w h i c h  r a n  r e g e n e r a -  
t i v e l y  for  a s h o r t  w h i l e  b e f o r e  t he  m e t a l  to  c e r amic  
seals  w e r e  c o r r o d e d  a w a y  b y  the  ho t  N a  vapor .  This  
d r a w i n g  shows  the  l eve l  of t h e  8% ( w t )  N a / S n  
a l l o y  r i g h t  b e f o r e  t h e  run .  A t  th is  s t age  no N a  w a s  
in  t he  i n n e r  cup.  The  i n n e r  cup  a lso  ac t ed  as e l e c t r o -  
l y t e  a n d  was  m a d e  of po rous  a l u m i n a  i m p r e g n a t e d  
w i t h  a NaC1-NaI  eu tec t i c  m e l t i n g  a t  575~ The  cel l  
to t h e  r i g h t  was  m a i n t a i n e d  at  625~176 in a f u r -  
nace  and  the  r e g e n e r a t o r  to  t h e  l e f t  a t  1000~ 

D u r i n g  t h e  first  5-10 m i n  no  p o w e r  was  o b t a i n e d  
u n t i l  enough  N a  bo i l ed  ove r  a n d  c o n d e n s e d  in to  t h e  

Fig. 5. Thermally regenerative cell system 
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cup to contac t  the e lect rode lead. Power  was  d r a w n  
for about  15 ra in  at 0.3v and  0.1 amp u n t i l  the  seals 
failed. The cell was  sect ioned and  e x a m i n e d  af ter  
the  r u n  and  abou t  a 0.5 cm depth  of Na was  found  in  
the  cup ind ica t ing  t ha t  Na dis t i l led  over  in to  the  cup 
a l lowing  the cell to opera te  r egene ra t ive ly .  

Discussion of Results 

In  Fig. 6, the  da ta  of Tab le  I are p lo t ted  as log 
ac t iv i ty  of Na vs. the rec iprocal  of absolu te  t e m p e r a -  
ture .  Ac t iv i t y  va lues  were  ca lcula ted  f r o m  Eq. [2].  

The obvious  l i nea r i t y  of the poin ts  at  cons tan t  
composi t ion  l en t  c redence  to the  r e l i ab i l i ty  of the  
da ta  and  appea r  to ind ica te  a c o n t i n u a n c e  of the  
same reac t ion  m e c h a n i s m  at  inc reas ing  t e m p e r a -  
tures.  Thus,  the  ex t r apo la t ion  to h igher  t e m p e r a -  
tu res  in  order  to ob ta in  pa r t i a l  p ressure  da ta  appears  
safe and  reasonable .  As po in ted  out  p rev ious ly ,  a 
change  in  reac t ion  m e c h a n i s m  occurred at 540~ 
for the  0.40 composi t ion.  In  this  case, on ly  the  l i nea r  
por t ion  above  540~ was  used for ex t rapo la t ion .  

The  pa r t i a l  p ressure  of Na above the  va r ious  a l -  
loys was ca lcula ted  us ing  the data  of Fig. 6 and  the  
def ini t ion of ac t iv i ty  (a = p / P o ) .  At a n y  composi -  
t ion  and  t e m p e r a t u r e  the  ac t iv i ty  was  read  f rom 
Fig. 6. The  vapor  p ressure  of p u r e  Na at tha t  t e m -  
p e r a t u r e  was ob ta ined  f rom ref. (13).  The  p roduc t  
of ac t iv i ty  and  pu re  Na vapor  p ressure  gives the  
vapor  pressures  of Na above the  al loy l is ted in  
Table  III. I n  spite of the  ex t rapo la t ion ,  it was  su r -  
p r i s ing  how closely the  r e g e n e r a t i o n  da ta  could be 
predicted.  The vapor  p ressure  of Na had  to exceed 
53 m m  Hg (vapor  p ressure  of pure  Na in  the  con-  
denser )  (13) in  order  for any  d i s t i l l a t ion  to occur. 
Tab le  I I I  shows tha t  a t e r n p e r a t u r e  of abou t  1000~ 
was  necessa ry  as was shown in  the  e x p e r i m e n t a l  
d i s t i l l a t ion  data.  

F u r t h e r  conf i rmat ion  was  ob ta ined  by  us ing  the  
composi t ions  of the  al loys which  r e m a i n e d  in  the  
st i l l  (Tab le  II  co lumn  4). These alloys ( repea ted  in  
co lumn  2 Tab le  IV) should  exhib i t  a Na pa r t i a l  
p ressure  equa l  to tha t  of pu re  Na at the  condense r  
t empe ra tu r e .  I n  c o l u m n  3 of Tab le  IV the  ca lcu-  
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Fig. 6. Activity of Na vs.  temperature at indicated mole fraction 
Na in alloy. 

Table III. Calculated vapor pressure of Na 

V a p o r  p r e s s u r e  (ram Hg)  a t  c o m p o s i t i o n  (mole  f r ac t ion )  

Temp,  ~ 0.136 0.225 0.263 0.40 

700 0.54 1.197 1.65 3.73 
800 2.58 6.37 8.34 16.68 
900 9.50 25.08 31.68 57.2 

1000 28.12 79.20 97.02 160.38 
1100 70.2 214.5 249.6 382.2 

Vapor  p r e s su re  p u r e  Na  at  650~ ( ave rage  condense r  t e m p e r -  
a ture)  is  53 m m .  

Table IV. Distillation data 

Comparison of calculated with experimental; 150g-0.31 mole 
fraction Na; condenser temperature 650~ 

Na con ten t ,  C a l c u l a t e d  Na  con ten t ,  
r e s i d u e  i n  s t i l l ,  c o n d e n s e r  c a l c u l a t e d  

T e m p  s t i l l ,  ~ m o l e  f r a c t i o n  t e m p e r a t u r e  f r o m  emf  da t a  

955 0.284 668 0.244 
982 0.235 670 0.20 

1038 0.150 650 0.15 

la ted  condense r  t e m p e r a t u r e s  a re  g iven  co r re spond-  
ing to the  Na pa r t i a l  p ressures  of these alloys. These  
t e m p e r a t u r e s  w e r e  ca lcula ted  as follows: (i) the  
ac t iv i ty  of Na at the  st i l l  t e m p e r a t u r e  was  read  f rom 
Fig. 6 by  i n t e r po l a t i ng  b e t w e e n  the  composi t ion  
curves;  ( i i)  the  pa r t i a l  p ressure  of Na was  ob ta ined  
as the  p roduc t  of ac t iv i ty  and  vapor  p ressure  of pure  
Na at  the  st i l l  t e m p e r a t u r e ;  ( i i i )  the  condense r  t e m -  
pe ra tu r e  was ob ta ined  f rom ref. 13 a nd  cor responded  
to the  t e m p e r a t u r e  at which  the  vapor  p ressure  of 
pure  Na equa l led  the  ca lcula ted  pa r t i a l  p re s su re  of 
step ( i i ) .  

These t e m p e r a t u r e s  compare  f a vo r a b l y  w i th  the  
ac tua l  650~ t e m p e r a t u r e  used. Converse ly ,  in  the  
last  c o l u m n  the  ca lcula ted  composi t ions  of the  st i l l  
res idues  are g iven  cor respond ing  to a pu re  Na  vapor  
p ressure  of 53 m m  Hg at  650~ The  st i l l  res idue  
composi t ion was ca lcu la ted  as follows: (i) t he  ac-  
t iv i ty  was  ca lcula ted  as the  ra t io  of 53 to the  vapor  
pressure  of pu re  Na at  the  st i l l  t e m p e r a t u r e  (13) ;  
( i i)  the  composi t ion was  read  f rom Fig. 6 at  the  
in te r sec t ion  of this  ac t iv i ty  w i t h  the  st i l l  t e m p e r a -  
t u r e  by  i n t e rpo l a t i ng  b e t w e e n  the  composi t ion  
curves.  The  a g r e e m e n t  w i th  e x p e r i m e n t  ( co lumns  2 
and  4) is qu i t e  good cons ider ing  the  ex t r apo la t i on  
errors  and  the  fact  tha t  e q u i l i b r i u m  most  ce r t a in ly  
was no t  comple te ly  es tab l i shed  as shown  b y  the  
smal l  r e m a i n i n g  c u r v a t u r e  of the  curves  in  Fig. 4 at 
the comple t ion  of the  expe r imen t .  

These resul t s  ind ica te  tha t  for N a / S n  at  least  the  
data  fol low pred ic t ions  and  tha t  emf  da ta  can  be 
used to pro jec t  d i s t i l l a t ion  data.  By  these  means  
opera t ing  da ta  for o ther  l iqu id  m e t a l  sys tems should  
be predic table .  

It  is beyond  the  scope of this  pape r  to p re sen t  a 
deta i led  e lec t rochemical  e n g i n e e r i n g  sys tems a n a l -  
ysis. Such  an  ana lys i s  (17) has been  made,  however ,  
based on the  cell descr ibed  in  ref. 16. C o n d u c t i v i t y  
and  t h e r m o d y n a m i c  da ta  in  the  l i t e r a tu r e  a nd  the  
cell da ta  descr ibed he re in  and  in  ref. 16 were  used. 
It  was  found  tha t  the  o v e r - a l l  efficiency ( t h e r m a l  
to e lect r ical  e ne r gy )  was  abou t  16% compared  to a 



Vol.  110, No. 11 T H E R M A L L Y  R E G E N E R A T I V E  C E L L  1103 

C a r n o t  eff iciency of 32%.  T h e  cel l  o p e r a t e d  a t  0.32 
w / c m  ~, a t  w h i c h  p o i n t  i t  h a d  a specific p o w e r  r a t i n g  
of a b o u t  140 w / k g .  

Cc,nclusions 
I t  ha s  b e e n  shown,  b o t h  t h e o r e t i c a l l y  a n d  e x p e r i -  

m e n t a l l y ,  us ing  a N a / S n  a l loy  as an  e x a m p l e ,  t h a t  
t he  o p e r a t i o n  of a t h e r m a l l y  r e g e n e r a t i v e  l i q u i d -  
m e t a l  p o w e r  s y s t e m  i,; feas ib le .  

F o r  N a / S n  a l loys ,  a t  leas t ,  t h e o r e t i c a l  p r e d i c t i o n s  
w e r e  conf i rmed  b y  e x p e r i m e n t .  

E m f  d a t a  for  t he  N a / S n  s y s t e m  was  e x t e n d e d  
f r o m  500 ~ to  700~ F .x t r apo l a t i on  to h i g h e r  t e m -  
p e r a t u r e s  s e e m e d  r e a s o n a b l e  s ince  t h e  e x t r a p o l a t i o n  
c h e c k e d  w i t h  d i s t i l l a t i o n  da ta .  H o w e v e r ,  t he  e x -  
t r a p o l a t e d  emf ' s  shou ld  b e  conf i rmed  b y  a c t u a l  
m e a s u r e m e n t  if  e x p e r i m e n t a l  diff icul t ies  can  be  
ove rcome .  

No d o u b t  o the r  p r a c t i c a l  or  f ea s ib l e  a l l oy  sy s t e ms  
a re  poss ib le .  H o w e v e r ,  t he  s c a r c i t y  of a p p l i c a b l e  
emf  and  v a p o r  liquid! d a t a  s e r ious ly  h a m p e r  the  
search .  F u r t h e r  r e s e a r c h  is n e e d e d  in  these  areas .  
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Oxidation Kinetics of ZrBe13 and NbBe12 
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ABSTRACT 

Oxida t ion  ra tes  of the in te rmeta l l i c  compounds ZrBeza and NbBe12 be tween  
700" and 1500~ have  been measured  in oxygen  by  a vo lumet r ic  method,  using 
granu]a r  meta l  samples  of known  surface areas  de t e rmined  b y  a gas adsorpt ion  
method.  Oxidat ion  of ZrBeza be tween  900 ~ and 1500~ produced  a BeO layer ;  
the  th ickening  of the  oxide l aye r  wi th  t ime fol lowed a parabol ic  l aw and 
showe~:l ac t iva t ion  energies  s imi lar  to those for  b e r y l l i u m  me ta l  oxidat ion.  A t  
600~176 ZrBe13 oxidized at an acce le ra t ing  ra te  accompanied  by  d is in te-  
gra t ion  of the  me ta l  phase,  and this behav ior  was s imi lar  to be ry l l i um meta l  
oxida t ion  at  700~176 NbBe12 did not  show dis in tegra t ive  oxidat ion,  but  
showed o ther  complexit ies .  The re la t ion  of the  parabol ic  oxida t ion  constants  
to self-diffusion and to the  defect  s t ruc ture  of BeO is discussed. A ten ta t ive  
conclusion is tha t  t r anspor t  th rough  the BeO laye r  depends  chiefly on diffusion 
of Be +2 vacancies fo rmed  at  the  ox ide -oxygen  interface.  

R e f r a c t o r y  m e t a l  b e r y l l i d e s  h a v e  b e e n  u n d e r  
s t u d y  (1, 2) in  r e c e n t  y e a r s  as  p o t e n t i a l  l i g h t w e i g h t  
s t r u c t u r a l  m a t e r i a l s  w i t h  good o x i d a t i o n  r e s i s t ance  
a t  t e m p e r a t u r e s  f r o m  1000 ~ to  1500~ H o w e v e r ,  i t  
is n o w  k n o w n  t h a t  b e r y l l i d e s  s o m e t i m e s  show w h a t  
is ca l l ed  "pes t "  o x i d a t i o n  (3) ,  a f o r m  of c a t a s t r o p h i c  
o x i d a t i o n  occu r r i ng  a t  i n t e r m e d i a t e  t e m p e r a t u r e ,  

b e l o w  1000~ a n d  s h o w n  b y  o t h e r  i n t e r m e t a l l i c  
c o m p o u n d s  such  as  s i l ic ides  a n d  a lumin ides .  

The  p r e s e n t  r e p o r t  covers  an  e x p e r i m e n t a l  s t u d y  
of t h e  o x i d a t i o n  b e h a v i o r  of two b e r y l l i d e s ,  ZrBel~ 
and  NbBel2,  p r i n c i p a l l y  a t  t e m p e r a t u r e s  a b o v e  
1000~ w h e r e  m o r e  n o r m a l  p r o t e c t i v e  o x i d a t i o n  is 
found.  O x i d a t i o n  of b e r y l l i d e s  ho lds  a d d e d  i n t e r e s t  
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by v i r tue  of the fact  tha t  the oxide film which grows 
on the be ry l l ide  surface is p r inc ipa l ly  BeO, and for  
this  reason, oxidat ion of bery l l ides  has s imilar i t ies  
to the oxidat ion  of be ry l l i um metal .  Comparison of 
in te rmeta l l ic  oxidat ion behavior  wi th  tha t  of the  
pure  meta l  yields  new informat ion  about  the funda -  
menta ls  of the oxidat ion process. Fur the rmore ,  since 
oxidat ion involves t r anspor t  of defect  species 
th rough  the oxide layer ,  bery l l ides  pe rmi t  s tudying  
t r anspor t  processes th rough  BeO at t empera tu re s  
h igher  than  the mel t ing point  of be ry l l i um metal .  

Kinet ic  da ta  on be ry l l ium meta l  oxidat ion (4-6) 
have  been  fitted to the parabol ic  law. However ,  sev-  
e ra l  repor ts  of recent  work  (7-10) have shown tha t  
this  pro tec t ive  behavior  occurs only dur ing  an in i t ia l  
per iod  of va ry ing  length,  af ter  which accelerat ion 
and catas t rophic  fa i lure  occur, s imi lar  to the  be -  
havior  of the  beryl l ides .  

Experimental Information 

Apparatus.--Oxygen absorpt ion by  the bery l l ide  
samples was measured  by  a vo lumet r ic  method  
which incorpora ted  some novel  fea tures  necessi ta ted 
by  the r equ i rement  of operat ion at  a t empe ra tu r e  
of 15OO~ or higher.  To reach these tempera tures ,  
the furnace  had to be located inside a gast ight  cham-  
ber. Because the volume change dur ing  a run  had 
to be only tha t  due to oxygen absorpt ion by  the 
sample, the heat ing e lement  had to be iner t  to oxy-  
gen, and the average t empe ra tu r e  of the ent i re  
chamber  had  to be constant  dur ing  a run. 

These requ i rements  were  met  by  the appara tus  
shown in Fig. 1, consisting of a tube furnace  wound 
wi th  Pt-2O% Rh wire,  the ent i re  furnace  being 
mounted  inside an enclosure consisting of a silica 
tube  which was connected to a mercury- f i l l ed  
buret te .  To keep the greased joint  cool and to ma in -  
ta in  volume constancy, the silica tube,  including the 
joint ,  was immersed  in a cons t an t - t empera tu re  
wa te r  ba th  kept  at about 20~ by wa te r  cooling. The 
sample  was contained in an a lumina  crucible 1 Y4 in. 

I -b  

Fig. 1. Volumetric apparatus for studying oxidation kinetics to 
1600~ 

long and 1/4 in. OD, fas tened to the end of a P t -20% 
Rh vs. P t -40% Rh thermocouple. The furnace  was 
insula ted with  mul l i te  fiber (F ibe r f r ax )  and by  an 
evacuated  silica jacket .  Furnace  and sample  together  
were  suspended f rom the removable  cap, through 
which the furnace  winding leads and thermocouple  
passed to the outside, using g l a s s - to -me ta l  seals. The 
shape of the silica tube was designed to give a con- 
vect ional  c i rculat ion of gas past  the  sample. 

For  gas volume measurement  a bure t t e  U- tube  
was at tached,  the  ca l ibra ted  a rm leading to the fu r -  
nace and the opposite a rm to a ba l las t  bulb  filled 
wi th  gas at  the opera t ing  pressure.  The furnace  
space was kept  at  constant  p ressure  dur ing a run  by  
balancing the mercu ry  columns in the  bure t t e  wi th  
the level ing bulb and at the same t ime measur ing  the 
height  of the mercury  columns (using a ca the tom-  
eter  not shown in the f igure) .  The change in height  
corresponded to a volume of oxygen absorbed by  the 
sample, a volume measured  at  the t empe ra tu r e  of 
the  buret te .  Actua l  readings  dur ing  a run  were  
made most convenient ly  by  set t ing the level ing 
bulb at  a point  such tha t  the  r ight  column of mer -  
cury  was s l ight ly  higher,  then noting the t ime at 
which the upward  moving left  column reached the 
same level.  

I t  was possible to make one or two runs  a day, 
wi th  oxidat ion per iods  per  run  of 2-4 hr. Precision 
in the measurement  of the vo lume of oxygen ab-  
sorbed was --+0.05 mg oxygen at  0.1 atm, which was 
of the order  of ___1 ~g/cm ~ of sample  surface. How-  
ever,  a much l a rge r  e r ror  was in t roduced by  fluctu- 
ations in specific surface area  due to sampling,  and 
this was the probable  cause of most of the over -a l l  
deviat ion of -----10% (see Fig. 4). 

The Pt-2O% Rh vs. Pt -40% Rh thermocouple  was 
ca l ibra ted  pr ior  to its use and again near  the end of 
the oxidat ion runs. Dur ing operat ion,  the  t he rmo-  
couple and sample were  symmet r i ca l ly  p laced with  
respect  to the midpoin t  of the  furnace;  hence both 
were  expected to be at  nea r ly  the same tempera tu re .  
By actual  measurement ,  the sample posit ion was 
found to be 8~ hot te r  than  the thermocouple  at 
1300~ On this basis, an 8~ posi t ive correct ion was 
appl ied to all t empera tu res  repor ted.  

The question of possible react ion of oxygen with  
p la t inum and rhod ium deserves  ment ion a l though 
this caused no difficulty. Actua l ly ,  oxygen does react  
wi th  p l a t inum above 1OOO~ to give a volat i le  oxide, 
but  this decomposes on a cooler surface and re -  
forms Pt  and O2 wi th  no net  oxygen absorption.  The 
absence of this or any  other  absorpt ion effect was 
shown by several  b lank  runs  in which the volume 
change was fol lowed while  heat ing an empty  cru-  
cible. The total  change corresponded to about  0.2 mg 
of oxygen. 

Each run  was ended by  shut t ing off the power  to 
the furnace,  which then cooled quickly,  and at  the 
same time, the remain ing  oxygen was pumped  out. 
The weight  of sample  af ter  complet ion of the run  
provided  an independent  measure  of oxygen ab-  
sorbed. The weight  figure was a lways  h igher  than  
the vo lume figure by  1-3 rag, depending on the t em-  
pera ture ,  and it was shown tha t  this weight  gain 
occurred in the  first minute.  The discrepancies  may  
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Table I. Spectrographic analysis of ZrBel3 and NbBel2 

OXIDATION KINETICS OF ZrBe13 & NbBel~ 1105 

C o n s t i t u e n t  ZrBe13, p p m  N b B e ~ ,  p p m  

A1 225 2100 
Ca 125 75 
Fe  300 450 
Si  300 675 
C* 650 460 

* D e t e r m i n e d  b y  c h e m i c a l  a n a l y s i s .  

h a v e  been  due  to b r i e f  t e m p e r a t u r e  excu r s ions  l a s t -  
ing  on ly  a f ew  seconds  d u r i n g  the  f irst  m inu t e ,  a n d  
caused  b y  h e a t  of reac t ion .  This  w o u l d  h a v e  r e s u l t e d  
in  h igh  o x y g e n  a b s o r p t i o n  a n d  w e i g h t  ga in  p r i o r  to 
the  first  v o l u m e  m e a s u r e m e n t  of  t he  run .  

O the r  v o l u m e t r i c  and  m a n o m e t r i c  p r o c e d u r e s  fo r  
s t u d y i n g  m e t a l  o x i d a t i o n  h a v e  b e e n  s u m m a r i z e d  b y  
E v a n s  (10) ,  and  a r e c e n t  e l e g a n t  a p p a r a t u s  is d e -  
s c r i bed  b y  P o r t e  et  aL (11) ,  b u t  n o n e  of t he se  is 
su i t ab l e  for  t e m p e r a t u r e s  a b o v e  1000~ 

Mater ia l s . - -Bo th  ZrB,-h3 a n d  NbBel2 a r e  def in i te  
i n t e r m e t a l l i c  c o m p o u n d s  of k n o w n  c r y s t a l  s t r u c -  

0 .30  

} 
_~! 020 

~ ~ 
g 
g 

l eO 200  500  

T IME  ( r a i n )  

Fig. 2. Parabolic plot of ZrBel~ oxidation in 0.1 atm oxygen; 
W2 ----_ Kp t. 
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t u r e  and  a re  m a d e  c o m m e r c i a l l y  b y  h e a t i n g  m i x -  
t u r e s  of t he  e l e m e n t s  in  v a c u u m .  G r a n u l a r  ZrBe18 
a n d  NbBel2 w e r e  p u r c h a s e d  f r o m  B r u s h  B e r y l l i u m  
C o m p a n y ,  d e s i g n a t e d  20 to 100 mesh .  O x y g e n  con -  
t en t  was  s t a t e d  to be  in  t he  n e i g h b o r h o o d  of 1.5% 
e x p r e s s e d  as  BeO. P r i n c i p a l  i m p u r i t i e s  f o u n d  spec -  
t r o g r a p h i c a l l y  a r e  shown  in  T a b l e  I. 

In  o r d e r  to use  a m a t e r i a l  w i t h  m o r e  r e p r o d u c i b l e  
size a n d  s u r f a c e  a r e a  for  t he  ser ies  of runs ,  each  
m a t e r i a l  was  s c r eened  f u r t h e r ,  and  the  30-60 m e s h  
p o r t i o n  was  used.  The  su r f ace  a r e a s  of  t he se  s a m -  
p les  w e r e  m e a s u r e d  b y  k r y p t o n  a d s o r p t i o n  [ an  
a d a p t a t i o n  b y  S m i t h  (12) of t he  c o n v e n t i o n a l  BET 
gas  a d s o r p t i o n  m e t h o d ] ,  f inding  200 • 20 cm2/g fo r  
ZrBe13 and  450 --  50 cm2/g for  NbBe12. 

Use  of g r a n u l a r  s a m p l e s  i n s t e a d  of so l id  b a r s  has  
s e v e r a l  a d v a n t a g e s :  a m u c h  h i g h e r  s e n s i t i v i t y  is 
a c h i e v e d  b e c a u s e  of t he  r e l a t i v e l y  l a r g e  specific s u r -  
face  a rea ,  a t r u e  su r f ace  a r e a  is m e a s u r e d ,  a n d  no 
su r f ace  p r e p a r a t i o n  is r e q u i r e d .  

Results 
Oxida t io~  ra t e s . - -For  t he  mos t  p a r t  t he  d a t a  f i t ted  

a p a r a b o l i c  l a w  for  ZrBe18 b e t w e e n  900 ~ a n d  1500~ 
and  fo r  NbBe~2 b e t w e e n  900 ~ a n d  1300~ b u t  t h e r e  
w e r e  d e v i a t i o n s  d u r i n g  the  f irst  f ew m i n u t e s  a n d  
b r e a k s  in  t he  N b B e ~  o x i d a t i o n  cu rves  a f t e r  a b o u t  
100 rain.  T h e  a g r e e m e n t  of t he  p r e s e n t  d a t a  w i t h  a 
p a r a b o l i c  l a w  m a y  be  j u d g e d  f r o m  t h e  s t r a i g h t  
l ines  s h o w n  in Fig.  2 and  3 w h e r e  t he  s q u a r e  of t he  
w e i g h t  ga in  is p l o t t e d  a g a i n s t  t ime .  A t  1400 ~ a n d  
1500~ NbBe12 gave  S - s h a p e d  cu rves  i n s t e a d  of 
s t r a i g h t  l ines  on th is  t y p e  of plot .  The  r a t e  cons tan t s  
t a k e n  f r o m  the  cu rves  of Fig .  2 a n d  3 a r e  g iven  in  
T a b l e  II. 

D a t a  for  a ser ies  of r u n s  on  ZrBe~3 a t  1300~ a r e  
s h o w n  in Fig .  4 as  an  i n d i c a t i o n  of r e p r o d u c i b i l i t y .  
T h e  s p r e a d  is p r o b a b l y  due  m o s t l y  to  s a m p l i n g  
e r ro r ,  as  m e n t i o n e d  p r e v i o u s l y .  

C u r v e s  show ing  the  t e m p e r a t u r e  d e p e n d e n c e  of 
t he se  p a r a b o l i c  r a t e  cons t an t s  (i.e., t h e  d a t a  of  
T a b l e  I I )  a r e  g i v e n  in  Fig .  5 for  ZrBe13 a n d  in  Fig .  6 
for  NbBe12. These  a r e  A r r h e n i u s - t y p e  plots ,  i.e, log 

Table II. Parabolic oxidation rate constants for ZrBel8 and NbBe12 
in 0.1 atm of dry oxygen 

R a t e  c o n s t a n t  
M a t e r i a l *  T e m p ,  ~ (g~ c m  - t  m i n - D  x 101~ 

ZrBela 908 0.41 
ZrBe13 1008 0.65 
ZrBel3 1108 0.93 
ZrBela 1208 2.0 
ZrBet3 1258 3.15 
ZrBe13 1308 5.7 
ZrBels 1308 7.4 
ZrBe13 1308 6.6 
ZrBe18 1308 6.25 
ZrBe18 1350 8.7 
ZrBela 1400 18.8 
ZrBe13 1500 40.0 
NbBe12 908 0.13 
NbBez2 1108 0.45 
NbBel2 1208 1.3 
NbBem 1308 2.0 

Fig. 3. Parabolic plot of NbBel2 oxidation in 0.1 atm oxygen * Granular samples, screened through 30 mesh on 60 mesh. 
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Fig. 4. Reproducibility of oxidation of ZrBe18 at 1300~ in 0.1 
arm oxygen. 
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Fig. 5. Arrhenius plot of ZrBe13 oxidation in 0.1 arm oxygen; 
Kp = Ae -Q/RT. 
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Fig. 6. Arrhenius plot of NbBe12 oxidation in 0.1 arm oxygen; 
Kp " - -  Ae -Q/RT. 

k vs. 1 /T ,  and from the slopes a value for Q is ob- 
tained, according to the equation 

k = A e -a/RT [1] 

The value of Q is considered to be an activation en- 
ergy for the rate-controll ing process. For NbBe~2, 
protective oxidation prevailed over a temperature  
range extending as low as 700~ 
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Fig. 7. Low-temperature accelerating oxidation of ZrBel3 in 
0.I atm oxygen. 

At 600~176 the oxidation rate of ZrBe18 ac- 
celerated as shown in Fig. 7. The direct cause of the 
acceleration in rate was fracture and disintegration 
of the metal phase causing a continual increase in 
the exposed metal  surface area. In other experi-  
ments, even massive chunks of ZrBe18 heated in 
oxygen at 700~ were completely oxidized in 2 or 
3 days and reduced to a powder. In the early stages 
of oxidation, the powder consisted of metal particles 
surrounded by oxide. The completely oxidized pow- 
der was an intimate intergrowth of BoO and cubic 
ZrO~. 

For ZrBel~ at 800~ the oxidation rate was para-  
bolic but much faster than at 900 ~ and about equal 
to that at 1200~ Perhaps fracture of the surface 
occurred at first, and the subsequent parabolic rate 
was thus higher than normal because of the higher 
surface generated in the early stages. 

Subsequent to the completion of this work, low- 
temperature disintegration of ZrBel~ has been re-  
ported by Paine e t a l .  (13) and by Perkins (14), 
and similar behavior of a number  of intermetallic 
compounds has been reported by others (3). The 
phenomenon is similar to "MoSi2 pest," which has 
been known for several years. 

Data on beryllide oxidation have been reported by 
Chubb and Dickerson (15) who give only percent-  
age weight gain after an hours '  heating at succes- 
sively higher temperatures using solid chunks of 
NbBe12 and ZrBe18. These data cannot be translated 
quanti tat ively into rates per unit  surface area but 
are not far  f rom the present results, al though on the 
high side. For ZrBe~3 at 700~ these authors found 
the same disintegration as reported here for ZrBe~8 
although they concluded erroneously that this would 
also take place at any higher temperature.  

More extensive data on many  beryllides have been 
reported by Paine, Stonehouse, and Beaver (1). 
While their data are in all cases higher, most of the 
differences can be attr ibuted to the actual surface 
areas of their samples being appreciably higher than 
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Table Ill. Comparison of the oxidation rate constants for solid 
bars with those for granular samples 

P a r a b o l i c  r a t e  c o n s t a n t s ,  g~ cm-~ r a i n  -1 • 10 lo 
T e m p ,  ~ S o l i d  b a r s  G r a n u l a r  ( f r o m  F ig .  4) 

1350 43 9.0 
1490 60 35 
1540 190 53 

1107 

Table IV. Variation of oxidation rate with pressure 

P a r a b o l i c  r a t e  c o n s t a n t  
02  p r e s s u r e ,  a t m  (g~ c m 4  m i n - D  x 101o 

0.00013 1.2 
0.014 3.6 
0.05 6.8 
0'.10 6.8, 7.3, 8.0 
0.50 8.5, 9.7 

Fig. 8. Photomicrograph of polished cross section of surface 
layers on oxidized ZrBe13. Crossed Nicols. Three layers are dis- 
tinguishable above the original ZrBe13 metal phase, which have 
been identified as Zr2Be17, cubic Zr02, and BeO. The BeO layer, 
the thick white one on top, is about 20~ thick. Magnification 500X. 

t he  g e o m e t r i c a l  a r e a s  t h e y  assumed .  More  r e c e n t  
w o r k  b y  these  a u t h o r s  on ZrBel~ o x i d a t i o n  a t  1260 ~ 
and  at  1372~ for  100-hr  pe r i ods  gave  s lopes  of 1/3 
and  less  on a l o g - l o g  p lo t  (13) ,  i n d i c a t i n g  t h a t  o x i -  
da t i on  a p p r o x i m a t e d  a cubic  l a w  r a t h e r  t h a n  p a r a -  
bolic.  One  p o s s i b i l i t y  is t h a t  t h e  su r f ace  r o u g h n e s s  
is g r a d u a l l y  s m o o t h e d  out  d u r i n g  t h e  long  o x i d a t i o n  
per iod ,  w h i c h  w o u l d  be  an  a d d i t i o n a l  f a c t o r  c a u s -  
ing  t h e  r a t e  to s low down.  

Oxidation of solid bars.--Some e x p e r i m e n t s  on 
o x i d a t i o n  of p o l i s h e d  b a r s  of ZrBe~3 p r o v i d e  f u r t h e r  
i n f o r m a t i o n  on the  n a t u r e  of t he  process .  M e a s u r e -  
m e n t  of o x i d a t i o n  r a t e  us ing  a t h e r m o g r a v i m e t r i c  
b a l a n c e  conf i rmed  the  p a r a b o l i c  b e h a v i o r  and  
showed  r a t e  cons tan t s  2-5 t imes  as h igh  as those  
found  on  g r a n u l a r  m a t e r i a l s  ( T a b l e  I I I ) .  

T h e  d i f fe rences  m i g h t  b e  a c c o u n t e d  fo r  b y  su r f ace  
r o u g h n e s s  of  t he  p o l i s h e d  samples .  The  d a t a  on 
g r a n u l a r  s a m p l e s  t a k e  in to  account  su r f ace  i m p e r -  
fec t ions  b y  us ing  the  BET su r f ace  areas .  

The  o x i d a t i o n  r u n s  on sol id  b a r s  a b o v e  1500~ 
showed  a t y p e  of b r e a k a w a y  b e h a v i o r  w h i c h  was  
p r o b a b l y  caused  b y  b r e a k d o w n  of t he  o x i d e  coa t ing ,  
b u t  t he  n e w  r a t e  w a s  a g a i n  p a r a b o l i c  w i t h  a h i g h e r  
cons tan t .  Not  e n o u g h  r u n s  w e r e  m a d e  to i nd i ca t e  
r e p r o d u c i b i l i t y  of th i s  b e h a v i o r ,  b u t  in  one  case  i t  
o c c u r r e d  at  a b o u t  1 m g / c m  2 w e i g h t  ga in  or  an  ox ide  
t h i cknes s  of a b o u t  5~. 

One  p o s s i b i l i t y  is t h a t  s t r a in s  caused  b y  the  h igh  
o x i d e - m e t a l  v o l u m e  r a t i o  ( a b o u t  1.5) was  r e s p o n -  
s ib le  for  t he  b r e a k a w a y .  A f u r t h e r  i n d i c a t i o n  of 
s t r a i n  was  the  spa l l i ng  of t he  ox ide  coat  on cool ing.  
This  w a s  m o r e  p r o n o u n c e d  for  r o u g h - s u r f a c e d  spec i -  
mens  t h a n  for  h i g h l y  po l i shed  ones,  p r e s u m a b l y  b e -  
cause  a r o u g h  su r f ace  p r o d u c e s  m o r e  ox ide  p e r  un i t  
g e o m e t r i c  su r f ace  a rea .  H o w e v e r ,  o t h e r  e x p l a n a t i o n s  
for  spa l l i ng  shou ld  be  cons ide red ,  such  as t he  f o r m a -  
t ion  of s u b l a y e r s  of a n e w  i n t e r m e t a l l i c  p h a s e  b e -  
n e a t h  t h e  oxide .  

A p o l i s h e d  sec t ion  across  t he  o x i d e  l a y e r  on a 
ZrBel~ b a r  ox id i zed  for  5 h r  a t  1320~ is s h o w n  in 
Fig.  8, a n d  t h e  p h o t o m i c r o g r a p h  r e v e a l s  t h a t  bes ides  
the  m a i n  ox ide  l a y e r  t h e r e  a r e  two  th in  s u b l a y e r s ,  
one  m e t a l l i c  a n d  one  oxidic .  B y  e x a m i n a t i o n  of  
spa l l ed -o f f  oxide ,  t he  o u t e r  l aye r ,  a b o u t  20~ th ick ,  
was  iden t i f i ed  b y  x - r a y  as BeO, w i t h  no o t h e r  phase s  
showing  up.  The  p h o t o m i c r o g r a p h  shows  a n o t h e r  
ox ide  l a y e r  of a b o u t  5~ t h i c k n e s s  u n d e r  t he  top  BeO 

l aye r ,  a n d  u n d e r  th i s  5~ t h i c k  l aye r ,  an  an i so t rop i c  
m e t a l l i c  l a y e r  of a b o u t  t he  s a m e  th ickness .  S ince  
x - r a y  of t he  coa ted  su r f ace  s h o w e d  cubic  ZrO2 a n d  
Zr2Bel~ in  a d d i t i o n  to BeO a n d  ZrBe13, i t  is i n d i c a t e d  
t h a t  t he se  l a y e r s  a r e  cubic  ZrO2 a n d  Zr2Bel~, r e -  
spec t ive ly .  

Effect of water vapor.--Because BeO is k n o w n  t o  
r e a c t  w i t h  H20 a t  h igh  t e m p e r a t u r e s  to  f o r m  g a s e -  
ous b e r y l l i u m  h y d r o x i d e ,  i t  s eems  p r o b a b l e  t h a t  in  
mois t  o x y g e n  t h e  r a t e  of o x i d a t i o n  w o u l d  be  i n -  
c r ea sed  because  of  a t e n d e n c y  to r e m o v e  t h e  p r o -  
t e c t i v e  BeO film. O x i d a t i o n  of ZrBe13 a t  1400 ~ and  
1500~ w i t h  o x y g e n  a t  0.1 a t m  s a t u r a t e d  w i t h  w a t e r  
a t  r o o m  t e m p e r a t u r e  gave  p a r a b o l i c  r a t e s  showing  
t h a t  a p r o t e c t i v e  o x i d e  f i lm was  f o r m e d  in sp i te  of 
t he  w a t e r  vapor .  The  r a t e  w a s  40% h i g h e r  a t  1400~ 
a n d  20% h i g h e r  a t  1500~ t h a n  the  c o r r e s p o n d i n g  
r a t e s  in  d r y  oxygen .  F u r t h e r m o r e ,  t h e  w e i g h t  ga in  of  
the  1400~ s a m p l e  was  s l i g h t l y  less  t h a n  t h e  w e i g h t  
of o x y g e n  abso rbed ,  and  the  w e i g h t  ga in  of t h e  
1500 ~ s a m p l e  was  on ly  60% of t h e  w e i g h t  of o x y g e n  
abso rbed ,  t hus  cons i s t en t  w i t h  loss of BeO as h y -  
d rox ide .  These  e x p e r i m e n t s  w e r e  u n d e r  s ta t ic  c o n d i -  
t ions  a n d  i t  is p r o b a b l e  t h a t  in  f lowing gas  t he  BeO 
loss w o u l d  b e  m u c h  g rea t e r .  A n o t h e r  l i m i t a t i o n  of 
t h e  s t a t i c  s y s t e m  for  th i s  e x p e r i m e n t  is t h a t  i f  H20 is 
a c t u a l l y  c o n s u m e d  b y  t h e  r eac t ion ,  i t  w o u l d  b e  
g e t t e r e d  to  a l o w  v a l u e  e a r l y  in  t he  run ,  due  to  t he  
l a r g e  su r f ace  a r e a  of t he  g r a n u l a r  b e r y l l i d e  r e l a t i v e  
to t he  v o l u m e  of  gas  in  t he  sys tem.  

Effect of oxygen pressure.--Rate cons t an t s  for  
ZeBe13 o x i d a t i o n  a t  v a r i o u s  o x y g e n  p r e s s u r e s  a t  
1300~ a r e  shown  in Tab le  IV. 

A log-10g p lo t  of t h e s e  d a t a  is shown  in Fig .  9, 
w h i c h  i nd i ca t e s  a s lope  of o n e - f o u r t h ,  m e a n i n g  t h a t  
t he  o x i d a t i o n  r a t e  d e p e n d s  on t h e  o n e - f o u r t h  p o w e r  
of t h e  p r e s su re .  A l so  shown  on th is  g r a p h  is t he  
c u r v e  for  t h e  o x i d a t i o n  r a t e  p r o p o r t i o n a l  to t h e  one -  
s i x t h  p o w e r  of t he  o x y g e n  p re s su re .  I t  w i l l  b e  shown  
t h a t  t h e  l a t t e r  is cons i s t en t  w i t h  an  o x i d a t i o n  m e c h -  
a n i s m  i n v o l v i n g  f o r m a t i o n  of ca t ion  vacanc i e s  a t  t he  
o x i d e - o x y g e n  in t e r f ace .  In  o t h e r  w o r k ,  a s i m i l a r  
p r e s s u r e  d e p e n d e n c e  was  f o u n d  for  b e r y l l i u m  ox i -  
da t ion .  

Discussion 

Oxidation Mechanism 

In  d e r i v i n g  a t h e o r e t i c a l  e x p r e s s i o n  for  t h e  p a r a -  
bol ic  r a t e  cons tan t ,  W a g n e r  (16) ,  Mot t ,  and  o the r s  
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Fig. 9. Effect of oxygen pressure on oxidation rote constant; 
pressure dependence of oxidation of ZrBe13 in oxygen at ]300eC. 

(17) cons ide r ed  m e t a l  o x i d a t i o n  to d e p e n d  on the  
f low of some  t y p e  of so l id  s t a t e  de f ec t  (i.e., a n  i n t e r -  
s t i t i a l  or  a v a c a n c y )  t h r o u g h  the  ox ide  film. Defec t s  
a r e  g e n e r a t e d  a t  one of t he  ox ide  i n t e r f ace s  a n d  a n -  
n i h i l a t e d  a t  t h e  o ther ,  t he  c o n c e n t r a t i o n  of de fec t s  
a t  t he  p o i n t  of g e n e r a t i o n  be ing  r e l a t e d  to t h e  f ree  
e n e r g y  change  in t h e  o x i d a t i o n  reac t ion .  The  c onc e n -  
t r a t i o n  g r a d i e n t  of de fec t s  across  t he  f i lm is s i m p l y  
the  c o n c e n t r a t i o n  at  t h e  i n t e r f a c e  ( w h e r e  t h e y  a r e  
g e n e r a t e d )  d i v i d e d  b y  the  f i lm th ickness ,  a s s u m i n g  
t h a t  t he  g r a d i e n t  is l i n e a r  and  t h a t  t he  c o n c e n t r a t i o n  
a t  the  oppos i t e  face  is v e r y  smal l .  

I n  BeO i t  is to  be  e x p e c t e d  t h a t  ca t ion  m o b i l i t y  
w i l l  be  m u c h  g r e a t e r  t h a n  an ion  mob i l i t y ,  b e c a use  
Be +2 ion is m u c h  s m a l l e r  t h a n  O -2 ion, and  th i s  
e x p e c t a t i o n  has  been  conf i rmed  b y  A u s t e r m a n ' s  
m e a s u r e m e n t s  (18) of s e l f -d i f fus ion  of b e r y l l i u m  
a n d  of  o x y g e n  in  BeO, w h i c h  show b e r y l l i u m  d i f -  
fus ion  to  be  o r d e r s  of m a g n i t u d e  g r e a t e r  t h a n  o x y -  
gen  diffusion.  The re fo re ,  w e  sha l l  a s s u m e  t h a t  d u r -  
ing  b e r y l l i d e  o x i d a t i o n  b e r y l l i u m  ions  m o v e  o u t w a r d  
t h r o u g h  a f ixed  o x y g e n  l a t t i ce  a n d  t h a t  t he  de fec t s  
w h o s e  flow con t ro l s  t he  o x i d a t i o n  r a t e  a r e  ca t ion  
defects .  H o w e v e r ,  t h e s e  m a y  be  e i t h e r  i n t e r s t i t i a l  
Be  +2 ions  or  ca t ion  vacanc ies .  I n t e r s t i t i a l  Be +2 ions, 
t o g e t h e r  w i t h  e lec t rons ,  w o u l d  b e  g e n e r a t e d  a t  t h e  
B e / B e O  i n t e r f a c e  and  m o v e  o u t w a r d ,  w h i l e  ca t ion  
vacanc ie s  w o u l d  be  g e n e r a t e d  a t  t he  BeO/O2 i n t e r -  
face,  p lus  two  e l e c t r o n  ho les  for  each  v a c a n c y ,  and  
these  de fec t s  w o u l d  m o v e  i n w a r d ,  s t i l l  w i t h  t he  s a m e  
r e s u l t  of a n e t  flow of b e r y l l i u m  o u t w a r d .  A n  i n d i -  
ca t ion  of w h i c h  of t he se  m e c h a n i s m s  is t h e  i m -  
p o r t a n t  one in  b e r y l l i d e  o x i d a t i o n  m a y  be  h a d  f r o m  
t h e  d e p e n d e n c e  of o x i d a t i o n  r a t e  on o x y g e n  p r e s -  
sure,  as  s h o w n  b y  t h e  equa t i ons  d e r i v e d  be low.  

A r e c e n t  d e r i v a t i o n  g i v e n  b y  J e p s o n  (19) ,  w h e n  
a p p l i e d  to o x i d a t i o n  c o n t r o l l e d  b y  d i f fus ion  t h r o u g h  
a BeO film, l eads  to  t h e  f o l l o w i n g  equa t i ons  showing  
t h e  r e l a t i o n  of  r a t e  c o n s t a n t  to d i f fus ion  coeffi- 
c ient ,  de fec t  concen t r a t i on ,  f r ee  e n e r g y  of r eac t ion ,  
and  o x y g e n  p r e s s u r e :  

a s s u m i n g  in t e r s t i t i a l s ,  

k'p : 6Di [----~-- ] [1--e'~'F~ p-1/6] [2]  

a s s u m i n g  vacanc ies ,  

k'p = 6Dr I n~ 1 pl/6 [1 - -  e AFO/6RT pl/6]  [3]  
L N J 

w h e r e  k'p is t he  p a r a b o l i c  r a t e  cons t an t  in cm2/sec,  
Di t he  d i f fus ion coefficient  for  i n t e r s t i t i a l s ,  Dv the  
d i f fus ion  coefficient  for  vacanc ies ,  [ni/N] f r ac t i on  of 
i n t e r s t i t i a l  Be +2 ions  p re sen t ,  [n~ f r a c t i o n  of 
Be +2 vacanc ie s  p r e s e n t  a t  1 a t m  oxygen ,  z~F ~ the  
s t a n d a r d  f ree  e n e r g y  change  for  the  o x i d a t i o n  r e a c -  
t ion,  a n d  p o x y g e n  p r e s s u r e  in a t m o s p h e r e s .  

E x a m i n i n g  these  equa t ions ,  i t  shou ld  be  n o t e d  t h a t  
t h e  e x p o n e n t i a l  p a r t  of t he  e x p r e s s i o n  in  b r a c k e t s  is 
v e r y  s m a l l  b e c a u s e  of t he  l a r g e  n e g a t i v e  v a l u e  of 
AF ~ ( e s s e n t i a l l y  t he  f r ee  e n e r g y  of f o r m a t i o n  of 
BeO)  so t h a t  p r e s s u r e  has  no s igni f icant  effect  on 
th is  t e rm.  Hence ,  t h e  e q u a t i o n  for  i n t e r s t i t i a l s  is i n -  
d e p e n d e n t  of p r e s s u r e ,  a n d  t h e  e q u a t i o n  for  v a -  
cancies  has  a 1 / 6 t h  p o w e r  d e p e n d e n c e  on p r e s su re .  
Q u a l i t a t i v e l y ,  t h e  r ea son  for  th is  is t h a t  vacanc ie s  
a r e  g e n e r a t e d  at  the  o x y g e n  su r f a c e  and  t h e i r  con-  
c e n t r a t i o n  d e p e n d s  on o x y g e n  p re s su re ,  w h i l e  i n t e r -  
s t i t i a l s  a r e  g e n e r a t e d  at  t he  B e / B e O  in t e r f ace ,  u n -  
a f fec ted  b y  o x y g e n  p re s su re .  The  r ea son  for  t h e  e x -  
p o n e n t  of  1/6  is t h a t  each  O2 m o l e c u l e  a d s o r b e d  on 
t h e  BeO su r face  g e n e r a t e s  two  ca t ion  vacanc ie s  and  
fou r  e l ec t ron  holes.  The  d a t a  of T a b l e  IV a n d  F i g u r e  
9 show t h a t  t he  r a t e  v a r i e s  w i t h  the  1/4th p o w e r  of  
t h e  o x y g e n  p r e s s u r e ,  a n d  th i s  m a y  b e  i n t e r p r e t e d  as  
a g r e e m e n t  w i t h i n  e x p e r i m e n t a l  e r ror ,  or  t he  d e v i -  
a t i on  m a y  i n d i c a t e  p a r t i a l  d i s soc ia t ion  of ca t ion  
vacanc ie s  and  e l e c t r o n  holes.  In  e i t he r  case, t he  p r e s -  
su r e  d e p e n d e n c e  s u p p o r t s  t h e  ca t ion  v a c a n c y  m e c h -  
an ism,  and  our  w o r k  on b e r y l l i u m  o x i d a t i o n  now 
shows  a s im i l a r  p r e s s u r e  d e p e n d e n c e  w h i c h  conf i rms  
th is  m e c h a n i s m  for  t r a n s p o r t  t h r o u g h  BeO. I t  w i l l  
n o w  b e  shown  t h a t  t he  l o w e r  a c t i v a t i o n  e n e r g y  
found  for  ZrBe13 o x i d a t i o n  in  t he  l o w - t e m p e r a t u r e  
r eg ion  is also cons i s t en t  w i t h  t he  ca t ion  v a c a n c y  
m e c h a n i s m .  

Table V. Comparison of oxidation rate data for ZrBe13 with two sets of data for beryllium oxidation 

B e  o x i d a t i o n  
ZrBels  o x i d a t i o n  ( E r v i n  & M a c k a y )  

T e m p e r a t u r e  A c t i v a t i o n  A c t i v a t i o n  
r a n g e ,  ~ e n e r g y ,  k c a l  *Ra te  c o n s t a n t ,  kp e n e r g y ,  k c a l  *Ra te  c o n s t a n t ,  kp 

B e  o x i d a t i o n  
( G u l b r a n s e n )  

A c t i v a t i o n  
e n e r g y ,  k c a l  *Ra te  c o n s t a n t ,  kp 

1170-1550 51.3 10-1~ 10 -8 
900-1170 13.4 10 -1~ 
700-950 28.7 
500-700 28.7 

900 $(51.3) $(10 -12 ) 

10 -13 to 10 -12 
10 -14 to 10 -18 

10-12 

50.3 10 -13 to 10 -11 
8.5 10 -za 

10-11 

* U n i t s  o f  kp a r e  ( g / c m = ) S / m i n .  
E x t r a p o l a t e d  f r o m  t h e  h i g h - t e m p e r a t u r e  b r a n c h  of  F i g .  6. 
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The b reak  at  1200~ in the  Ar rhen ius  plot  of 
ZrBe13 oxidat ion (Fig. 5) is the same k ind  of b r e a k  
tha t  has often been repor ted  for self-diffusion and 
for e lectr ical  conduct iv i ty  in oxides and a lkal i  ha -  
l ides and has been a t t r ibu ted  to impur i t ies  or to 
short  c ircui t ing diffusion paths such as gra in  bound-  
aries. The occurrence of such a b reak  for  ZrBe13 
oxidat ion fits wel l  wi th  the impur i t y  hypothesis,  the 
impur i ty  in this case being Zr  +4 ion subst i tu t ing  for 
Be +2 ion in the BeO lattice, causing an increase in 
cation vacancy concentrat ion.  

Covnpavison wi th  beryt t ium oxidation.--Because 
the oxide film on the surface of oxidiz ing ZrBe13 is 
essent ia l ly  BeO jus t  as it is on the surface of oxidiz-  
ing Be metal ,  it  is per t inent  to compare  the  ra tes  
wi th  those for Be metal .  An ex t rapo la t ion  of the  h igh-  
t empera tu re  branch of the ZrBela curve down to 
the t empera tu res  of Be oxidat ion shows good agree-  
ment  wi th  the da ta  of Ervin  and Mackay  (20) at 
about 900~ the upper  l imit  of the Be data. Table  V 
shows this comparison,  and in addit ion,  shows data  
by Gulbransen  and Andrew (4) on Be oxidat ion 
which agree wi th  those of Erv in  and Mackay  at 
about 700~ but  show higher  ra te  constants at both 
higher  and  lower t empera tures .  

No in te rpre ta t ion  is offered for the var ious  act i -  
vat ion energies shown in Table  V, other  than  the 
comment tha t  the explana t ion  p robab ly  lies in the 
wide ly  va ry ing  impur i ty  content among the var ious  
samples. 

Comparison wi th  Sel f-Dif fusion in BeO 

A simple re la t ion be tween oxidat ion ra te  constant  
for bery l l ides  (or be ry l l i um)  and the self-diffusion 
coefficients in BeO is to be expected if the processes 
are control led by  s imi lar  mechanisms;  for example ,  
the act ivat ion energies should be similar .  A u s t e r m a n  
(18) has made measurements  of self-diffusion of both 
be ry l l i um and oxygen in BeO, which indicate  tha t  
the behavior  is quite complex, such tha t  no va l id  
comparisons can be made.  Aus te rman ' s  da t a  were  
obta ined at  1550~ and above, while  the da ta  on 
bery l l ide  oxidat ion  were  measured  at  1550~ and 
below. The most tha t  can be said at  present  is t ha t  
at  1550~ the  self-diffusion coefficients for be ry l l i um 
are about  the  same order  of magni tude  as the oxi-  
dat ion ra te  constants. 

occurs because of its br i t t leness  and because of 
stresses bui l t  up by  the increase  in vo lume in con- 
ver t ing  meta l  to oxide. These effects m a y  be en-  
hanced by  p re fe ren t i a l  g rowth  of oxide in meta l  
gra in  boundaries .  

Work  in this  l abora to ry  on be ry l l i um oxidat ion 
(20) has shown tha t  dur ing  the pro tec t ive  stage, 
pits  are formed in the  meta l  under  the oxide film 
and tha t  these pits  la te r  cause f rac tu re  of the meta l  
phase.  S imi la r  pits  have been found in ZrBem af ter  
700~ oxidation,  but  the  many  inclusions in the 
or iginal  ma te r i a l  obscure the  surface features,  and 
it is not  ye t  clear  whe ther  the  observed p i t t ing  leads 
to f racture .  

No dis in tegra t ion  was shown by  NbBe12 in our 
exper iments .  However ,  Perk ins  (14) has  r epor ted  
d is in tegra t ion  of NbBe12 and Nb2Bel~ dur ing  ox ida-  
t ion at  about  1000~ and repor ted  a va r i e ty  of ob- 
servat ions which indicate  tha t  oxidat ion of these 
bery l l ides  is qui te  complex be tween  700 ~ and 
1000~ and to the ex ten t  tha t  t hey  can be  com- 
pared,  our resul ts  on ZrBe13 are in agreement .  

Conclusions 
A volumet r ic  method,  using a furnace  wi th  an 

in te rna l  P t - R h  heat ing element,  has proved  to be 
ve ry  convenient  for measur ing  oxidat ion ra tes  of 
g ranu la r  meta l  samples at  t empera tu res  up to 
1500~ 

At  900~ and above, ZrBem and NbBe12 oxidized 
at diffusion-control led rates,  and the oxide film 
was essent ia l ly  BeO, a fea ture  which makes  b e r y l -  
l ide oxidat ion  s imi lar  to be ry l l ium meta l  oxidation.  
Analys is  of the t empe ra tu r e  and pressure  depend-  
ence of the  ra tes  led to the pos tu la te  tha t  t r anspor t  
th rough  the BeO layer  is due to diffusion of Be +2 
vacancies formed at  the ox ide -oxygen  interface.  
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Low-Temper a t u r e  Catastrophic Oxidation 

The occurrence of accelera t ing ra tes  for ZrBe18 
has been descr ibed and is i l lus t ra ted  in Fig. 7. Since 
this behav ior  is an example  of "pest"  oxidat ion  of 
in te rmeta l l i c  compounds which is now being wide ly  
invest igated,  some comments  on possible mechan-  
isms are appropr ia te .  

Accelera t ion  was due to f rac tu re  of the meta l  
phase,  exposing increased surface to the react ion,  
and the oxidat ion produc t  was an in te rg rowth  of 
BeO and ZrO2. The occurrence of this  in te rg rowth  
at  low t empera tu re  in contrast  wi th  a pure  BeO film 
at h igher  t empera tu res  suggests tha t  diffusion in the  
meta l  phase  is so l imi ted  at 700~ tha t  Zr  and Be 
oxidize together  in situ. Frac tu re  of the  meta l  phase  
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The Effect of Dissolved Oxygen on the Oxidation of 
Zircaloy-2 by Steam 

B. Cox and B. R. Harder 

Chemistry D~vision, United Kingdom Atomic Energy Authority, 

Atomic ~nergy Research Establishment, Harwell, Berkshire, England 

ABSTRACT 

Prede t e rmined  amounts  of oxygen  were  added  to Zirca loy-2  by  th ree  
methods  which  were  expected to give wide ly  different  d is t r ibut ions  of the  
oxygen  in the  metal .  Subsequent  oxida t ion  of these specimens in s team showed 
tha t  increases  in the  oxidat ion  ra te  could be ascr ibed l a rge ly  to the inhomo-  
geneous d is t r ibut ion  of the  oxygen.  The closer a homogeneous  oxygen d is t r i -  
but ion was approached,  the  closer the  oxida t ion  ra te  approached  tha t  of l ow-  
oxygen mater ia l .  If  the  oxygen  d is t r ibu t ion  in the  surface was uniform,  the  
presence of an oxygen  grad ien t  th rough  the specimens did not  resu l t  in an 
increase in the  oxidat ion rate.  

D u r i n g  the  o x i d a t i o n  of m a n y  z i r c o n i u m  a l loys  in 
oxygen ,  s t eam,  or  c a rbon  d iox ide ,  a t r a n s i t i o n  occurs  
f r o m  an  a p p r o x i m a t e l y  cubic  r a t e  l a w  to a m o r e  
r a p i d  l i nea r  r e l a t i onsh ip .  This  t r a n s i t i o n  is a p p a r -  
e n t l y  due  to t h e  b r e a k d o w n  of t he  p r o t e c t i v e  ox ide  
f i lm f o r m e d  d u r i n g  the  p r e t r a n s i t i o n  per iod ,  b u t  t he  
causes  of th is  b r e a k d o w n  r e m a i n  obscure .  

I t  has  been  s u g g e s t e d  tha t ,  in c a r b o n  d iox ide ,  t h e  
t r a n s i t i o n  occurs  at  the  t i m e  w h e n  the  d i s so lved  
o x y g e n  d i f fus ing  f r o m  each  face  of t he  s p e c i m e n  
r eaches  t he  c e n t e r  (or  some c r i t i ca l  g r a d i e n t )  and  
t h a t  t he  p r e s e n c e  of o x y g e n  u n i f o r m l y  d i s t r i b u t e d  in  
the  m e t a l  r educes  t he  t i m e  to t r a n s i t i o n  (1) .  A s i m i -  
l a r  a s soc ia t ion  of t he  t r a n s i t i o n  p o i n t  in  s t e a m  w i t h  
some  f e a t u r e  of o x y g e n  d i f fus ing  into  t he  m e t a l  has  
been  sugges ted .  

C o n s i d e r a t i o n  of t he  s i t ua t i on  w h i c h  p r e v a i l s  d u r -  
ing  the  o x i d a t i o n  of z i r c o n i u m  a l loys  shows  t h a t  t he  
t i m e  t a k e n  for  t he  d i f fus ion  g r a d i e n t s  to m e e t  d u r i n g  
o x i d a t i o n  in s t e a m  is v e r y  m u c h  l o n g e r  t han  the  o b -  
s e r v e d  t i m e s  to t r ans i t i on .  S ince  the  m e t a l  i m m e d i -  
a t e l y  u n d e r  the  ox ide  f i lm m u s t  be s a t u r a t e d  in o x y -  
gen  at  a l l  t imes ,  no o t h e r  p o i n t  occurs  d u r i n g  the  d i f -  
fus ion  of o x y g e n  into  the  m e t a l  a t  w h i c h  a d i scon -  
t i nuous  change  in  the  o x i d a t i o n  r a t e  m i g h t  be  e x -  
pec ted .  The  e x p e r i m e n t a l  r e su l t s  (1 ) ,  w h i c h  w e r e  
used  as ev idence  for  t he  d e p e n d e n c e  of t he  t i m e  to 
t r a n s i t i o n  on o x y g e n  conten t ,  m u s t  be  e x p l a i n e d  d i f -  
f e r en t l y ,  t he re fo re .  

A poss ib l e  e x p l a n a t i o n  of t he se  o b s e r v a t i o n s  is 
t h a t  t he  m e t h o d  used  for  p r e p a r i n g  the  o x y g e n -  
con ta in ing  a l loys  gave  an  i n h o m o g e n e o u s  d i s t r i b u -  

t ion  of t he  o x y g e n  in the  me ta l .  In  e a r l i e r  r e p o r t s  
(2 -4 )  w e  have  shown  t h a t  b o t h  i n h o m o g e n e o u s  r e -  
g ions  in t he  m e t a l  and  p r e c i p i t a t e d  p a r t i c l e s  can 
p r o v i d e  s i tes  fo r  loca l i zed  d i f fus ion t h r o u g h  the  
o v e r l y i n g  oxide .  I f  t he se  r eg ions  a r e  r e l a t i v e l y  l a r g e  
and  w i d e l y  spaced,  t h e y  m a y  g ive  r i se  to n o n u n i f o r m  
ox ide  g r o w t h  and  thus  l e a d  to f a i l u r e  of t he  f i lm due  
to t he  s t resses  p roduced .  

P r e v i o u s  s tud ies  of o x y g e n  con ta in ing  Z i r c a l o y - 2  
(5, 6) h a v e  on ly  e x a m i n e d  a l loys  w i t h  o x y g e n  con-  
t en t s  up  to 0.6% b y  w e i g h t  [ a l t h o u g h  an  u n r e f e r -  
enced  c o m m e n t  on the  effect  of 1 w / o  ( w e i g h t  p e r  
cen t )  o x y g e n  a d d i t i o n s  in z i r c o n i u m  is i n c l u d e d  b y  
L u s t m a n  and  K e r z e  ( 7 ) ] .  In  bo th  these  s tud ies  h e a t  
t r e a t m e n t  was  f o u n d  to p l a y  a m a j o r  p a r t  in  d e t e r -  
m i n i n g  the  size of t he  effect obse rved ,  t hus  l e n d i n g  
f u r t h e r  s u p p o r t  to t he  sugges t ion  t h a t  t h e  d i s t r i b u -  
t ion  of t he  o x y g e n  in the  m e t a l  is c r i t i ca l  in  d e t e r -  
m i n i n g  i ts  behav io r .  

A c c o r d i n g l y  w e  p r e p a r e d  s p e c i m e n s  of Z i r c a l o y - 2 ,  
con t a in ing  v a r i o u s  c o n c e n t r a t i o n s  of oxygen ,  b y  
t h r e e  d i f fe ren t  me thods .  These  m e t h o d s  w e r e  e x -  
pec t ed  to g ive  w i d e l y  d i f fe ren t  d i s t r i b u t i o n s  of t he  
o x y g e n  in the  spec imens .  B y  c o m p a r i n g  the  o x i d a -  
t ion  of these  spec imens  w e  h a v e  been  ab le  to s ep -  
a r a t e  effects due  m e r e l y  to t h e  p r e s e n c e  of d i s so lved  
o x y g e n  f r o m  effects due  to i ts  d i s t r i bu t i on .  

S ince  the  c o m p l e t i o n  of th i s  w o r k ,  a s t u d y  of t he  
effect of o x y g e n  add i t i ons  on the  o x i d a t i o n  b e h a v i o r  
of u n a l l o y e d  z i r c o n i u m  has  b e e n  r e p o r t e d  (8 ) .  This  
s t u d y  showed  a g e n e r a l l y  s i m i l a r  effect of o x y g e n  
con ten t  on o x i d a t i o n  to t h a t  r e p o r t e d  here ,  b u t  d id  
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Table I. Analysis of Zircaloy-2 billets 

1111 

S n  F e  Cr  N i  O H N H f  A1 T i  P b  
% p p m  

Billet Z8006 1.55 0.172 0.138 0.057 1050 30 120 700 175 75 20 
Billet ZL9012 1.70 0.100 0.082 0.0385 1150 11 100 410 74 110 - -  

Table II. Analysis of oxygen containing alloys 

~ c t u a l  0 , 0 3 0  i n .  0 . 1 0 0  i n .  
S h e e t  S h e e t  B i l l e t  S h e e t  

N o m i n a l / \ w o ~  h o m o g e n i z e d  h o m o g e n i z e d  Z L 9 0 1 2  a n n e a l e d  
a t  1 0 0 0 ~  a t  lOOOOe r e m e l t e d  a t  8 0 0 ~  

0.5 0.7 0.3 0.4 
1.0 1.1 0.6 1.0 m 
1.5 - -  1.45 - -  
2.0 1.5 2.2 1.8 - -  
2.15 - -  - -  - -  1.3 
3.0 1.2 2.0 2.3 

no t  e x a m i n e  the  r e l a t ion  b e t w e e n  the  m i c r o d i s t r i b u -  
t ion  of the  oxygen  in  the  me t a l  and  the  ox ida t ion  
behavior .  

Exper imenta l  
The methods  employed  for the  p r e p a r a t i o n  of the  

o x y g e n - c o n t a i n i n g  al loys were :  (i) a n n e a l i n g  of 
Zi rca loy-2  spec imens  (sealed in  silica ampoules  con-  
t a in ing  a m e a s u r e d  q u a n t i t y  of oxygen)  at 1000~ 
for t imes r a n g i n g  f rom 1-8 days;  (if) a s imi la r  t r e a t -  
m e n t  of spec imens  at 800~ for the  t ime  ca lcu la ted  
to give oxygen  diffusion g rad ien t s  mee t i ng  in  the 
cen te r  (7 days for 0.030 in. th ick  spec imens ) ,  and  
Yz, 2, and  4 t imes  this  figure; and  (i i i)  r e - ca s t i ng  of 
Z i rca loy-2  ( in  a t u n g s t e n  a r c - m e l t i n g  fu rnace )  w i th  
the ca lcu la ted  q u a n t i t y  of oxygen  added as powdered  
Zr02. 

In specimens prepared by methods (i) and (iii) 
the oxygen levels chosen were I/2, I, 2, and 3% 
by weight. In specimens prepared by method (ii) 
the calculated oxygen content (at the point of meet- 
ing of the diffusion gradients) of 2.15% by weight 
was added. 

Specimens were ground on emery paper to 3/0 
grade  and  pol ished b y  an  a t t a ck -po l i sh ing  t e chn i que  
af ter  the  oxygen  p r e t r e a t m e n t .  Spec imens  p r epa red  
by  methods  (i) and  (if) were  f rom bi l le t  Z8006 and  
were  1.5 x 1 cm and  0.030 in. thick.  A dupl ica te  set 
of spec imens  was p r e p a r e d  b y  me thod  (i) f rom 
0.100 in. th ick  sheet. Spec imens  p r e p a r e d  by  me thod  
(ii i)  we re  cast as ~ in. d i ame te r  cy l indr i ca l  b u t t o n s  
(us ing  b i l l e t  ZL9012 as a base)  and  were  m a c h i n e d  
or cut  w i th  an  abras ive  whee l  to give disks 1/2 in. 
d i ame te r  x 0.040 in. thick.  Ana lyses  of b i l le ts  Z8006 
and  ZL9012 are g iven  in  Tab le  I;  the  final oxygen  
conten ts  we re  d e t e r m i n e d  by  v a c u u m  fus ion  ana lys i s  
and  are g iven  in  Tab le  II. Ana lyses  were  car r ied  out  
on dupl ica te  spec imens  p r e p a r e d  in  the  same m a n -  
ne r  as the  oxidized samples.  Thus  the  low oxygen  
conten ts  of the  spec imens  w i th  oxygen  g rad ien t s  
p r o b a b l y  resu l t  f rom the  r e m o v a l  of some of the  
outer  l ayers  of h igh  oxygen  con ten t  d u r i n g  abras ion.  

Al l  spec imens  were  oxidized in  f lowing s t eam at  
450~ and  1 a rm p res su re  and  were  we ighed  pe r i -  
odically.  Spec imens  which  showed ev idence  of spa l l -  
ing of the  oxide were  t r a n s f e r r e d  to silica pots (wi th  
p l a t i n u m  lids)  and  the  ox ida t ion  was  con t inued .  

Each curve  on Fig. 1-4 was ob ta ined  as the  m e a n  of 
resul t s  on dupl ica te  specimens.  

Results 
S p e c i m e n s  p repared  by  anneal ing  at 1000~ - 

Fo l lowing  a n n e a l i n g  at 1000~ it  was  expected  tha t  
the  oxygen  wou ld  have  achieved its e q u i l i b r i u m  dis-  
t r i b u t i o n  in  the  meta l .  In  this  s tate  it  was  expected 
to show cons iderab le  segrega t ion  at  g ra in  b o u n d -  
aries, and  to be far  f rom homogeneous ly  d i s t r ibu ted .  
This  s i tua t ion  was  conf i rmed me ta l l og raph ica l l y  on 
the  0.030 in. th ick  specimens.  The spec imens  con-  
t a i n i n g  more  t h a n  1/2 % oxygen  showed large  a - Z r  
g ra ins  w i th  ba nds  of ve ry  ha rd  m a t e r i a l  ( p r e s u m a -  
b ly  con t a in ing  a h igh pe rcen tage  of oxygen)  a long 
the  g ra in  boundar ies .  They  also showed m a n y  m i -  
crocracks in  the  ha rd  regions,  the  dens i ty  of these 
inc reas ing  cons ide rab ly  wi th  inc reas ing  oxygen  con-  
tent .  

D u r i n g  ox ida t ion  these  regions  of h igh oxygen  
con ten t  oxidized p r e f e r en t i a l l y  and  soon gave bands  
of whi te  oxide on the  surface.  The spec imens  con-  
t a i n i n g  1/2 w / o  oxygen  (which  did no t  show bands  
of i nhomogeneous  ma te r i a l  or con ta in  microcracks)  
had  p r e t r a n s i t i o n  weigh t  ga ins  s imi la r  to l o w - o x y -  
gen Zi rca loy-2 ,  bu t  showed s l ight ly  shor ter  t imes to 
t r a n s i t i o n  (Fig. 1). The effect of the i n h o m o g e n e i -  
ties, r e su l t ing  f rom h igher  oxygen  contents ,  was  to 

Oo~ ~~ 

Io' I k I l r l l q F  [ I [ I r l l l L  I t I r l l l l [  i [ i i [111 
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Fig. 1. Oxidation of 0.030 in. thick Zircaloy-2 containing oxygen 
added by annealing for 24 hr at 1000~ 
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Fig. 2. Oxidation of 0.100 in. thick Zircaloy-2 containing oxygen 
added by annealing for 8 days at 1000~ 
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Fig. 3. Oxidation of Zircaloy-2 containing 2.15 w/o oxygen 
added by annealing at 800~ for various times. 

increase the pre t rans i t ion  weight  gain, but  not to 
decrease m a r k e d l y  the  t ime to t ransi t ion.  At  the  
highest  oxygen  levels  no t rans i t ion  was detected.  

Since much of the  increased oxide format ion  was 
thought  to be associated wi th  the presence of micro-  
cracks in the  high oxygen regions, fu r the r  specimens 
were  p repa red  f rom 0.100 in. thick sheet. I t  was 
hoped tha t  the  depth  of the microcracks  would not 
be more than a few thousandths  of an inch and that  
by  abrad ing  away  about  0.025 in. f rom all  faces (i.e., 
about  z/2 the th ickness  of the  specimen)  they  would  
be el iminated.  Pol ishing of these specimens af ter  
abrad ing  showed tha t  the  densi ty  of microcracks  had  
been  much reduced,  but  not  complete ly  e l iminated.  

Oxidat ion of this  second set of specimens showed 
tha t  e l iminat ion  of the severe ly  cracked surfaces r e -  
duced the ra te  of corrosion considerably  (Fig. 2). An 
obvious t rans i t ion  point  was now observed in the 
oxidat ion curve at  al l  oxygen  levels and the t ime at  
which this occurred showed l i t t le  dependence  on the 
oxygen content.  In genera l  the t ime to t rans i t ion  of 
the  oxygen-con ta in ing  specimens was s l ight ly  
shor ter  than  for l ow-oxygen  Zircaloy-2,  and the 
p re t rans i t ion  weight  gain increased wi th  increasing 
oxygen content,  a l though not as s teeply as for the 
previous  group of specimens. This increase in p r e -  
t rans i t ion  oxidat ion ra te  wi th  increasing oxygen 
content  is ascr ibed to the  effect of segregat ion of 
oxygen at  gra in  boundaries .  Whi te  oxide was usual ly  
observed first a t  these  positions. 

Specimens containing an oxygen gradient . - -By 
prepa r ing  specimens wi th  an oxygen concentra t ion 
grad ien t  in them it was expected tha t  the oxygen 
would be d is t r ibu ted  homogeneously  across the sur -  
face, up to the point  at which the diffusion gradients  
met  in the center  of the specimen. At  longer  t imes 
than this i t  was expected tha t  some migra t ion  of 
oxygen to gra in  boundar ies  would  occur. Oxidat ion  
of these specimens showed tha t  the ones homogen-  
ized for the t ime calcula ted to give gradients  mee t -  
ing in the  middle  showed l i t t le  difference in ox ida -  
t ion ra te  f rom low-oxygen  Zirca loy-2  (Fig. 3).  Al l  
the  others  r ap id ly  formed loose whi te  oxide along 
the edges of the specimen and gave high weight  
gains. This effect is thought  to have resul ted  f rom 

some react ion wi th  the  silica ampoule,  since these 
specimens were  i nadve r t en t ly  t r ea ted  wi thout  w r a p -  
ping in p la t inum foil, and it was not thought  to be 
re la ted  to the in t roduct ion of the oxygen gradient  
a s  s u c h .  

Specimens remelted wi th  ZrO2 cLdditions.--This 
method of p repar ing  specimens was expected to give 
a fine dispersion of ZrO2 par t ic les  in the metal .  Since 
the  but tons  were  only mel ted  once it was hoped tha t  
the oxide par t ic les  would not  have had t ime to dis-  
solve. Meta l lographic  studies confirmed this. 

In  accordance wi th  previous  work  (2-4) it  was 
expected tha t  the presence of prec ip i ta te  par t ic les  
in the meta l  would leave the  p re t rans i t ion  oxidat ion 
ra te  unaffected, but  (by prov id ing  nuclei  for  oxide 
film fa i lure)  tha t  the t ime to t rans i t ion  would be 
reduced.  Resul ts  obta ined  wi th  these specimens 
(Fig. 4) showed this effect wi th  the ]/2 and 1% 
oxygen alloys. The alloys wi th  h igher  oxygen con- 
tents  showed very  much shor ter  t imes to t rans i t ion  
but, as far  as could be determined,  the i r  p re t r ans i -  
t ion oxidat ion rates  were  also increased.  

Discussion 
I t  has been shown in ear l ie r  repor ts  tha t  the 

presence of inhomogeneous regions in the meta l  may  
give rise to ea r ly  b reakdown of the oxide film if 
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Fig. 4. Oxidation of Zircaloy-2 containing oxygen added by 
remelting with Zr02 additions. 



Vol.  110, No. 11 O X I D A T I O N  O F  Z I R C A L O Y - 2  BY S T E A M  1113 

the d is t r ibut ion  of these regions is unsa t i s fac tory  
(2-4) .  F rom the present  work  the specimens 
which the oxygen was most inhomogeneously  dis-  
t r ibu ted  were  those containing a fine d is t r ibu t ion  of 
ZrOe par t ic les  and these showed s imilar  p re t r ans i -  
tion ra tes  to those of low-oxygen  mate r i a l  (up to 
1 w / o  oxygen)  but  wi th  the t ime to t rans i t ion  de-  
creasing as expected,  wi th  increasing oxygen con- 
tent.  

The high weight  gains of some of the  specimens 
annealed at  1000~ (in both the p re t rans i t ion  and 
pos t t rans i t ion  per iods)  were  due to the segregat ion 
of some of the  oxygen at the gra in  boundaries ,  as a 
resul t  of the method of prepara t ion .  With  improv-  
ing surface finish (by  e l iminat ion  of microcracks)  
the oxidat ion ra tes  approached  those of l ow-oxygen  
mater ia l .  However ,  it was only in specimens in 
which the oxygen at the surface was un i formly  dis-  
t r ibu ted  (p repa red  by  anneal ing at  800~ tha t  the 
oxidat ion ra te  was indis t inguishable  f rom tha t  of 
l ow-oxygen  Zircaloy-2.  

Thus the b r eakdown  of the oxide film on Zi r -  
caloy-2 is not  affected by  the presence of oxygen 
un i fo rmly  d is t r ibu ted  in the metal ,  or present  as a 
concentra t ion gradient  through the metal.  I t  is a f -  
fected by  the inhomogeneous d is t r ibut ion  of oxygen 
in the  surface, and pa r t i cu l a r ly  by  the l imit ing case 
of this where  the oxygen is present  as par t ic les  of 
ZrOe in the  metal .  

No examina t ion  of the microdis t r ibu t ion  of the 
oxygen was made by  Osthagen and Kofs tad  in thei r  
s tudy of the effect of dissolved oxygen on oxidat ion 
of una l loyed  zirconium (8).  I t  appears  f rom the 

work  repor ted  here  tha t  the d is t r ibut ion  of the ox-  
ygen, on a microscale,  is the most cr i t ical  factor  in 
de te rmin ing  the behavior  of the resul t ing  alloy. 
Thus, in the absence of in format ion  about  the  dis-  
t r ibu t ion  of the oxygen in Osthagen and Kofs tad ' s  
specimens, the i r  conclusion about  the effect of d is-  
solved oxygen on oxidat ion and the mechanist ic  sig- 
nificance of this  must  be t r ea ted  wi th  reserve.  
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Magnesium as a Passive Metal 
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The Dow Metal Products Company, Division oS the Dow Chemical Company, 

Metallurgical Laboratory, Midland, Michigan 

ABSTRACT 

Magnesium is normally in either the passive or transpassive state in aque- 
ous environments. If in the transpassive state, its corrosion rate can be de- 
creased by lowering its potential into the passive region. When high-puri ty  
magnesium is polarized in the negative direction to the region of its reversible 
potential, a considerable weight loss is observed which might be due to the 
incipient breakdown of passivity. 

According to one of the accep t ed  definitions of 
passivi ty,  "a meta l  act ive in the  emf series, or an 
a l loy composed of such metals ,  is considered to be 
passive when its e lect rochemical  behavior  becomes 
tha t  of an apprec iab ly  less act ive or more  noble 
meta l"  (1).  By this definition it can be argued tha t  
magnes ium is charac ter i s t ica l ly  passive or t r ans -  
passive in aqueous environments ,  even when it cor-  
rodes at  a ve ry  high rate.  Thus the corrosion po ten-  
t ia l  is usua l ly  a volt  or more  passive to the  s tandard  
potential .  Fur the rmore ,  since it has about  the  same 
s tandard  potent ia l  as sodium, the  violent  react ion of 
the  la t te r  wi th  wa te r  might  be expected to be the 
corrosion behavior  of magnes ium in its active state. 

When compared  to these the rmodynamic  expec ta -  
tions, magnes ium usua l ly  behaves  as if it is "an ap-  
p rec iab ly  more  noble meta l "  a lbei t  r a r e l y  as a 
"noble  meta l ."  

However ,  even if magnes ium is considered passive 
according to the  above definition, it  does show 
wide ly  va r i ab le  behavior .  Thus, in dis t i l led wa te r  
and its solutions wi th  a lkal i  and a lka l ine  ea r th  h y -  
droxides,  silicates,  fluorides, borates,  sulfites, and 
carbonates  (2),  for example ,  the corrosion ra te  is 
ex t r eme ly  small  near  room t e m p e r a t u r e  and, where  
tested,  the  potent ia l  is subject  to fu r the r  subs tant ia l  
ennoblement  on the imposi t ion of r a the r  smal l  
anodic current  densities. Let  us res t r ic t  the word  
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" p a s s i v i t y "  in th is  p a p e r  to th is  cond i t ion  to d i f f e r -  
e n t i a t e  i t  f r o m  the  s i t ua t i on  w h e r e  t he  e n v i r o n m e n t  
con ta ins  a p p r e c i a b l e  q u a n t i t i e s  of an ions  such  as 
C I - ,  B r - ,  SO4 =, o r  CIO4-  w h e r e  t he  cor ros ion  r a t e  
m a y  be  s u b s t a n t i a l  w h i l e  t he  p o t e n t i a l  is sub j e c t  to 
l i t t l e  f u r t h e r  e n n o b l e m e n t  un t i l  t he  anodic  c u r r e n t  
d e n s i t y  becomes  v e r y  high.  This  l a t t e r  condi t ion ,  
w h i c h  is t he  bas is  for  t h e  c o n s i d e r a b l e  u t i l i t y  of 
m a g n e s i u m  a l l o y  anodes  for  ca thod ic  p r o t e c t i o n  and  
in p o w e r  sources ,  w i l l  h e r e i n a f t e r  be  ca l l ed  " p s e u d o -  
a c t i v i t y . "  

This  p a p e r  desc r ibes  a b r i e f  e x p l o r a t i o n  of t he  
p h e n o m e n o l o g y  of these  s ta tes  a n d  t h e  t r a n s i t i o n s  
b e t w e e n  them.  Of p a r t i c u l a r  i n t e r e s t  to t he  i n v e s t i -  
ga t i on  was  the  r e l a t i o n s h i p  of t he  pa s s ive  p h e n o m -  
eno logy  to t h a t  of  o t h e r  m e t a l s  s ince  th i s  cou ld  i n -  
d i ca t e  r o u t e s  to  i m p r o v e d  co r ros ion  res i s t ance .  

Procedure 

E x p e r i m e n t s  w e r e  c a r r i e d  out  w i t h  s u b l i m e d  and  
r eca s t  m a g n e s i u m  of t he  fo l lowing  s p e c t r o s c o p i c a l l y  
d e t e r m i n e d  compos i t ions :  

Parts p e r  m i l l i o n  

L o t  A1  C a  C u  F e  M n  N i  P b  S i  S n  Z n  

- A -  13  < 1 0 0  <~10 < 1 0  , < 1 0  < 5  < 1 0  < 3 0  < 1 0  60  
B < 1 0  < 1 0 0  < 1 0  < 1 0  < 5  < 1 0  < 1 0  60  < 1 0  < 1 0  
C < : 1 0  < 1 0 0  < 1 0  < 5  < 1 0  < 5  < 2 0  < 1 0  < 1 0 0  2 4 0  
D <~10 < 1 0 0  <~10 6 <C10 < 5  < 2 0  < 1 0 0  < 1 0 0  < 3 0  

Lot  B was  e x t r u d e d  in to  3/8 in. r od  a f t e r  cas t ing ,  
w h i l e  t he  o t h e r  lots  w e r e  used  in  t he  a s - c a s t  con-  
d i t ion.  E l ec t rodes  w e r e  cut  in  t he  f o r m  of c y l i n d e r s  
2.5 cm long  x 0.75 cm in d i a m e t e r ,  f r om w h i c h  
[ a f t e r  a s s e m b l y  w i t h  glass  tube ,  w e l d  rod  lead ,  a n d  
Teflon ga ske t s  as  d e s c r i b e d  in  S t e r n  ( 3 ) ]  0.003 cm 
p e r  s ide  w e r e  r e m o v e d  b y  p i c k l i n g  in  " a c e t i c -  
n i t r a t e "  p i c k l e  (188 cc g lac ia l  ace t ic  acid,  94.5g 
NaNO3 and  950 cc w a t e r ) .  F o r  co r ros ion  r a t e  d e t e r -  
m i n a t i o n  r e c t a n g u l a r  s a m p l e s  2.5 x 5 x 1 cm w e r e  
u s u a l l y  used.  E x p o s u r e  was  b y  the  " a l t e r n a t e  i m -  
m e r s i o n "  t e s t  (4 ) ,  (30 sec out  of e v e r y  21/2 m i n  in 
solut ion,  a t  35~ 

R e a g e n t  g r a d e  chemica l s  and  l a b o r a t o r y  d i s t i l l ed  
w a t e r  w e r e  used  t h roughou t .  

G a l v a n o s t a t i c  p o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  
m a d e  us ing  the  s y s t e m  d e s c r i b e d  p r e v i o u s l y  (5) .  
P o t e n t i o s t a t i c  w o r k  was  c a r r i e d  out  in a 4 - n e c k  
r o u n d  b o t t o m  f lask e q u i p p e d  w i t h  a p l a t i n u m  e lec -  
t rode ,  a L u g g i n  c a p i l l a r y  p r o b e  w i t h  a s soc ia t ed  
c o m m e r c i a l  s a t u r a t e d  ca lome l  e lec t rode ,  a t h e r -  
m o m e t e r ,  a n d  the  m a g n e s i u m  e lec t rode .  C o n s t a n t  
p o t e n t i a l s  w e r e  a p p l i e d  us ing  a 25-ohm,  25w p o -  
t e n t i o m e t e r  w i t h  4 � 8 9  across  it, and  b y  a d j u s t i n g  the  
p o t e n t i o m e t e r  to k e e p  t h e  m a g n e s i u m - c a l o m e l  p o -  
t e n t i a l  a t  t he  chosen  v a l u e  m a n u a l l y .  A n  e l ec t ron ic  
p H  m e t e r  was  used  to d e t e r m i n e  the  po ten t i a l .  

A h igh  speed  r e c o r d i n g  o sc i l l og raph  was  used  to 
r e c o r d  t r a n s i e n t  po t en t i a l s  a t  cons t an t  cu r ren t s .  

The  p o t e n t i a l s  a r e  r e p o r t e d  acco rd ing  to the  
I U P A C  conven t ion ,  e.g. ,  p o t e n t i a l s  m o r e  nob le  t h a n  
the  s t a n d a r d  h y d r o g e n  e l e c t r o d e  a r e  pos i t i ve  and  
those  m o r e  a c t i v e  a r e  nega t ive .  

Experimental Results 
Upon  t h e  p o t e n t i o s t a t i c  p o l a r i z a t i o n  of h i g h - p u r -  

i t y  m a g n e s i u m  in 1N N a O H  at  25~ a r e l a t i v e l y  

s y m m e t r i c a l  s t e a d y - s t a t e  c u r r e n t - p o t e n t i a l  cu rve  
is o b t a i n e d  as  s h o w n  in Fig .  1, i f  one w a i t s  long  
enough  for  t he  s t e a d y  s t a t e  to e s t ab l i sh  i tself .  I t  
s eems  to t a k e  s e v e r a l  h u n d r e d  m i n u t e s  for  t he  f i lm 
to a d j u s t  i t se l f  to t he  n e w  e n v i r o n m e n t  on i m m e r -  
s ion in  caus t ic  w i t h  an  a p p l i e d  cu r ren t .  The  a r r o w s  
on Fig.  1 a n d  Fig.  3 and  7 r e p r e s e n t  w e i g h t  losses 
or  c u r r e n t s  w h i c h  a r e  too s m a l l  to be  r e s o l v e d  b y  
our  m e a s u r e m e n t s .  

A l t h o u g h  the  a n o d e  eff iciency (def ined  as t he  a p -  
p l i e d  c u r r e n t  t i m e s  one h u n d r e d  d i v i d e d  b y  the  
anod ic  c u r r e n t  c a l c u l a t e d  f r o m  t h e  o b s e r v e d  w e i g h t  
loss b y  F a r a d a y ' s  l a w )  inc reases  w i t h  i nc r ea s ing  
po t en t i a l ,  so does  t he  cor ros ion  c u r r e n t  (F ig .  2) .  In  
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Fig. 1. Potentiostatic polarization curve for high purity mag- 
nesium (Lot C) in | N NoOH at 25~ Arrows represent currents 
smaller than the resolution of our measurements. 
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Fig. 2. Corrosion rate as a function of potential, anodically 
polarized high purity magnesium (Lot D) in ] N NoOH, 25C. 
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Fig. 3. Weight loss as a function of current for high purity mag- 
nesium (Lot C) in 1 N NaOH, 25~ Arrows represent weight 
losses smaller than the resolution of our measurements. 
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this case a l imi t ing efficiency of 400% appears  to 
have been reached.  

A complete  polar iza t ion  curve for h i g h - p u r i t y  
magnes ium (Fig. 3) at  room t empera tu r e  (showing 
the ra te  of magnes ium dissolution as a funct ion of 
potent ia l )  shows a r a the r  long passive region. The 
open-c i rcu i t  potent ia l  l ies near  the  middle  of this 
region, e.g., i t  centers  at about  ~ l . l v ,  but  dr i f ts  
widely.  There  is increasing a t t ack  at  both h ighly  
posi t ive  and h ighly  negat ive  potent ials .  

The t rans i t ion  f rom the passive to the t r anspas -  
sive s ta te  for magnes ium in 1N NaOH resembles  the 
convent ional  ac t ive-pass ive  t ransi t ions  in tha t  a 
cr i t ical  cur ren t  for the  t rans i t ion  can be deduced 
f rom the re la t ion 

1 
= k ( l - -  Ic) 

t~ 

Here tp is the time to reach the arbitrary trans- 
passive potential, I is the applied current, and Ic the 
critical current below which the transition is not 
complete. The critical current at 25 ~ is 3 ~a/cm 2, as 
shown in the determination shown in Fig. 4. 

If a current greater than the above critical cur- 
rent is chosen and NaC1 is added to the NaOH solu- 
tion, several observations can be made: 

1. Low chloride levels have no gross effect on the 
ennoblement of potential. 
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Fig. 4. Determination of critical current for passivity of high 
purity magnesium in 1N NaOH. 
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Fig. 5. Domains of passive and pseudoactlve behavior of high 
purity magnesium (Lot B) in NaOH-NaCI mixtures, 25~ O Poten- 
tial recovered. �9 Potential did not recover. 
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Fig. 6. Corrosion rate of high purity magnesium (Lot A) in 
NaOH-NaCI mixtures at 35~ alternate immersion test, one week. 

2. At  h igher  chlor ide levels,  the ennoblement  is 
stil l  observed,  but  it  is fol lowed by  an i r r egu la r  re -  
ac t ivat ion of potent ia l  wi th  the  resul t  tha t  i t  re turns  
even tua l ly  to a va lue  in the neighborhood of tha t  
observed on open circuit.  The concentrat ions at 
which this reac t iva t ion  occurs a re  r e l a t ive ly  r ep ro -  
ducible  and can be used to define the domains of 
passive and pseudoact ive  behavior  shown in Fig. 5. 
The s t ra ight  l ine can be expressed by:  

log NNaCl - -  1.45 log N N a O H  ~ 0 

3. These concentra t ion fields reflect themselves  in 
the corrosion behavior  of h i g h - p u r i t y  magnes ium in 
NaOH-NaC1 mix tu re s  as i l lus t ra ted  by  Fig. 6, in 
which the resul ts  of a l t e rna te  immers ion  corrosion 
tests in mix tu res  of va ry ing  NaOH to NaC1 rat ios 
are  repor ted.  A m a r k e d  increase in corrosion ra te  
can be observed wi th  increasing O H -  added  to NaC1. 
This ra te  reaches a m a x i m u m  at the concentrat ions 
where  log NNaCl = 1.45 log NNaOH. 

The a t tack  in these tests, and also on cathodic 
polar izat ion below --2.25v vs.  NHE, is by  the mech-  
anism of " l ayered"  at tack.  In this  a t tack  the meta l  
is corroded p re fe ren t i a l ly  along the basa l  p lane  to 
leave una t t acked  layers  spaced at about  100~ in te r -  
vals. This a t tack  has been descr ibed prev ious ly  (6).  
This is in contras t  to the  i n t e rg ranu la r  a t tack  p r e -  
viously observed by  Hoey and Cohen (7) on the 
cathodic polar iza t ion  of magnes ium in basic di lute  
NaC1 solution. 

In the  case of h i g h - p u r i t y  magnes ium in 1N 
NaOH, the open-c i rcu i t  corrosion ra te  is too low to 
pe rmi t  the de te rmina t ion  in a test  of reasonable  
dura t ion  whe the r  or not  cathodic protect ion is 
achieved at  potent ia ls  more noble than  those at  
which cathodic a t tack  is observed.  When  a less cor-  
rosion res i s tan t  Mg-0.03% Fe a l loy is exposed to the 
more  agressive,  1N NaC1 solution, i t  is observed 
tha t  cathodic protect ion can be achieved over a 
range  of currents  as shown in Fig. 7. Again,  at  the 
h igher  cathodic currents  the above discussed l ayered  
a t tack  sets in. 

Discussion 
The work  here in  p resen ted  suggests t ha t  magne-  

s ium is na tu r a l l y  a passive meta l  whose F lade  po-  
ten t ia l  must  l ie ve ry  close to its ve ry  negat ive  re -  
vers ible  potent ia l  (--2.4v vs.  normal  hydrogen  elec-  
t rode) .  At  potent ia ls  more noble than  about  + l . 2 v  
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Fig. 7. Corrosion rate of Mg-.03% Fe binary in 1 N NaCI at 
21~ as a function of applied cathodic current density. Arrows 
represent weight losses smaller than the resolution of our measure- 
ments. 
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Fig. 8. Generalized anodic polarization curve for magnesium, 
deduced from our results. 

vs. NHE (in 1N NaOH),  the t ranspass ive  region has 
appa ren t ly  been entered  with  h i g h - p u r i t y  magne-  
sium because the  weight  loss begins increasing wi th  
increasing potential .  If the potent ia l  of the specimen 
is forced in the negat ive  direction,  hydrogen  is 
na tu ra l ly  evolved, but  in addit ion,  below about  
--2.25v there  is evidence tha t  the  magnes ium begins 
to act ivate  in tha t  weight  losses are observed at  the 
magnes ium cathode. 

Thus, tak ing  a general ized anodic polar iza t ion  
curve s imi lar  to tha t  given by Stern  (8) (Fig. 8), 
we have  inves t iga ted  the solid port ions.  We specu-  
late  tha t  the dot ted port ions represen t ing  the act ive 
por t ion of the curve are forced far  to the active side, 
in keeping  wi th  the  h ighly  negat ive  revers ib le  pc -  

ten t ia l  of magnesium,  so tha t  the cathodic curves of 
most ava i lab le  cathodic react ions cut the anodic 
curve of h i g h - p u r i t y  magnes ium in 1N NaOH in 
the passive region. In addit ion,  this leaves the F lade  
potent ia l  for magnes ium so negat ive  that ,  as it  is 
approached,  the  decomposi t ion of wa te r  on the mag-  
nes ium cathode becomes so fast  tha t  potent ia l  meas-  
u rements  become quest ionable.  

If this  reasoning is fol lowed in the case of the 
Mg-0.03%Fe al loy in 1N NaC1, the al loy must  a l -  
r eady  be in the t ranspass ive  region even though its 
potent ia l  is about  --1.4v. The cathodic protect ion 
tha t  was observed on cathodic polar iza t ion  would 
then stem from the movement  of the poten t ia l  back 
toward  the passive region. 

In both cases, the cathodic a t tack  observed on 
overprotect ion could be ra t ional ized  as movement  
out of the  passive region in the  negat ive  direction.  

While  the behavior  of magnes ium as descr ibed 
here  does appear  to conform to the  ac t ive -pass ive -  
t ranspass ive  phenomenology of other metals,  it  
should be borne in mind tha t  the apparen t  b r e a k -  
down in passivi ty,  if we judge  f rom the d is t r ibut ion  
of a t tack  in most instances, is a h ighly  localized 
r a the r  than a genera l  process. Thus, it  cannot be 
s ta ted with  complete  ce r t a in ty  tha t  the  observed 
cathodic a t tack is not due mere ly  to condit ions v a r y -  
ing local ly f rom the mean behavior  of the cathode 
as deduced f rom measured  potent ia l  and weight  
loss. 

Manuscript received Jan. 24, 1963; revised manu- 
script received June 21, 1963. This paper was pre-  
sented at the New York Meeting, Sept. 29-Oct. 3, 
1963. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1964 JOUm~AL. 
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The Difference Effect on Magnesium Dissolving in Acids 
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ABSTRACT 

The difference (A) effect on Mg meta l  was  measured  in HC1, HC104, and 
tteSO~ of concentra t ions  be tween  0.05 and 0.50N a t  25~ Genera l ly  the  effect 
was posit ive,  but  the  usual  l inear  re la t ionship  be tween  A and I exis ted  only 
at  low cur ren t  densi t ies  and high acid concentrat ions.  In  YI2SO4 and HC1, the  
posi t ive effect changed to nega t ive  at  increased  cu r ren t  densi t ies  and low 
acid concentrat ion.  At t empts  to a t t r ibu te  the  A effect to the  anodic expuls ion 
of uncommon va lency  Mg ions resu l t  in unrea l i s t ic  values  of cat ionic charges  
for  posi t ive values  of A. The difference effect is exp la ined  on the basis of 
anodic polar izat ion,  film disrupt ion,  and d is in tegra t ion  of the magnes ium 
anode, i.e. "chunk effect." 

In  t he  p a s t  s i x t y  y e a r s  c o n s i d e r a b l e  w o r k  has  
been  done  to a r r i v e  a t  a m e c h a n i s m  for  t he  anod ic  
d i s so lu t ion  of m a g n e s i u m  m e t a l  in  aqueous  so lu -  
t ions.  I t  has  been  f o u n d  t h a t  m a g n e s i u m  a n o d e  con-  
s u m p t i o n  m e a s u r e d  in t e r m s  of  h y d r o g e n  evo lu t i on  
is v e r y  m u c h  g r e a t e r  t h a n  p r e d i c t e d  b y  F a r a d a y ' s  
l a w  for  d i v a l e n t  m a g n e s i u m  ion fo rma t ion .  To ac -  
count  for  this ,  K l e i n b e r g  and  c o - w o r k e r s  (1 -3 )  
h a v e  p r o p o s e d  t ha t  t he  m e t a l  e n t e r s  so lu t ion  as  a 
u n i v a l e n t  ion  s u b s e q u e n t l y  r e a c t i n g  w i t h  w a t e r  to 
p r o d u c e  h y d r o g e n .  O the r s  (4 -7 )  p r o p o s e  t h a t  t he  
anod ic  d i s so lu t ion  is f i lm con t ro l l ed ,  and  as such  
the  b e h a v i o r  of m a g n e s i u m  can  be  e x p l a i n e d  w i t h o u t  
the  need  of u n c o m m o n  v a l e n c y  ions. More  r e c e n t l y  
t he  " c h u n k  effect"  (8)  has  been  a d v a n c e d  as  a t h i r d  
poss ib i l i ty .  

A c c o r d i n g l y  a s t u d y  of the  d i f fe rence  effect  e x -  
h i b i t e d  b y  m a g n e s i u m  w h i l e  d i s so lv ing  in  v a r i o u s  
ac ids  was  u n d e r t a k e n  in  o r d e r  to a r r i v e  a t  a m e c h -  
a n i s m  w h i c h  bes t  e x p l a i n s  t he  e x p e r i m e n t a l  resu l t s .  

Experimental 

The  d i f f e rence  effect  on m a g n e s i u m  m e t a l  of 
99.995% p u r i t y  (as  g iven  b y  Dr.  R. G a d e a u  of 
L ' A l u m i n i u m  F r a n c a i s )  was  m e a s u r e d  in h y d r o -  
chlor ic ,  pe rch lo r i c ,  and  su l fu r i c  ac ids  a t  25 ~ • 0.10~ 
The  c o n c e n t r a t i o n  of  t he  ac ids  e m p l o y e d  v a r i e d  
f r o m  0.05 to 0.50N. 

The  a p p a r a t u s  and  p r o c e d u r e  u sed  have  been  
t h o r o u g h l y  d e s c r i b e d  p r e v i o u s l y  (9 ) .  

T h r e e  h u n d r e d  m i l l i l i t e r s  of ac id  of  k n o w n  con-  
c e n t r a t i o n  w e r e  p o u r e d  in to  t he  r e a c t i o n  f lask and  
the  s y s t e m  a l l o w e d  to come to t he  d e s i r e d  t e m p e r -  
a tu re .  The  e l ec t rodes  w e r e  t h e n  i m m e r s e d  ( w i t h  
e x t e r n a l  c i rcu i t  swi t ch  open)  in  t he  acid,  t he  s t i r -  
r i ng  m e c h a n i s m  t u r n e d  on, and  the  v o l u m e  of gas  
r e c o r d e d  for  def in i te  t i m e  i n t e r v a l s  u n t i l  t he  r a t e  
b e c a m e  cons tan t .  A t  th i s  t ime ,  t he  e x t e r n a l  c i r cu i t  
was  c losed  and  t w o  consecu t ive  v o l u m e  r e a d i n g s  
w e r e  t a k e n  a t  e q u a l  t i m e  i n t e r v a l s  t o g e t h e r  w i t h  
t h e  a v e r a g e  m i l l i a m m e t e r  r ead ing .  Then ,  t w o  con-  
s ecu t ive  v o l u m e  r e a d i n g s  w e r e  m a d e  w i t h  t h e  c i r -  

I Present address: Monsanto Chemical Company, St. Louis, Mis- 
souri. 

s Present address: Chemistry Department, University of Pennsyl- 
Vania, Philadelphia, Pennsylvania. 

cul t  open.  The  a b o v e  p r o c e d u r e  of t a k i n g  two  v o l -  
u m e  r e a d i n g s  w i t h o u t  an  e x t e r n a l  c u r r e n t  a n d  two  
w i t h  an  e x t e r n a l  c u r r e n t  f lowing was  r e p e a t e d  a t  
s e v e r a l  c u r r e n t  dens i t ies .  

Results 
The  d i f fe rence  effect  is def ined  as t he  d i f fe rence  

b e t w e e n  h y d r o g e n  e v o l u t i o n  r a t e  V1, f r o m  an  e lec -  
t r o d e  w i t h o u t  c u r r e n t  f lowing a n d  h y d r o g e n  e v o l u -  
t ion  r a t e  V2 f r o m  the  s ame  e l ec t rode  w i t h  c u r r e n t  
f lowing,  i.e. 

.~= v~-- v~ 

U s u a l l y  t he  two  r a t e s  a r e  no t  equal ,  a n d  a pos -  
i t ive  or  n e g a t i v e  effect  ar ises .  The  d i f fe rence  effect  
A e x p r e s s e d  in  m m S c m - 2 m i n  -1 is o b t a i n e d  f r o m  the  
e x p e r i m e n t a l l y  a v a i l a b l e  v a l u e s  of V1 and  Vt ( the  
t o t a l  h y d r o g e n  r a t e  f r o m  bo th  anode  and  ca thode )  
t h r o u g h  the  fo l l owing  e q u a t i o n  

A = V1 - -  (Vt - -  6.97 I )  

w h e r e  t h e  f ac to r  6.97 conve r t s  m i l l i a m p e r e s  of c u r -  
r e n t  f lowing t h r o u g h  the  e l ec t rodes  fo r  1 m i n  in to  
cub ic  m i l l i m e t e r s  of  h y d r o g e n  at  s t a n d a r d  cond i -  
t ions.  

V a l u e s  of Vi and  Vt w e r e  p l o t t e d  a ga in s t  t he  co r -  
r e s p o n d i n g  anod ic  c u r r e n t  dens i t ies ,  1 ( m a / c m  e) and  
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Fig. 1. Plot of Vt, V1, and A vs. I for anodic dissolution of 
magnesium in 0.05N perchloric acid at 25~ 
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curves were drawn through these points to obtain 
average values of Vl and Vt. In general the open 
circuit rate VI was nearly constant over the time 
periods involved and the effects of acid depletion 
were so small as to be neglected in most instances. 
A plot of VI and Vt vs. current density, representa- 
tive of the several plots made, is shown in Fig. I. 

From these smoothed-out data, A values were ob- 
tained using the above equation. The results are 
presented graphically in Fig. 2-4. 

As can be seen from the figures a linear relation- 
ship between A and I exists only at low current 
densities. The deviation from linearity becomes 
more pronounced with increasing current density 
and decreasing acid concentration. In major part, 
the effect is positive over a considerable range of 
current densities, i.e., the hydrogen evolution rate 
on the anode is decreased during passage of current. 

In 0.10N sulfuric acid, Fig. 2, the relation between 
A and I is nonlinear over the entire range. Above 
84 ma/cm -2 a negative A is observed, i.e., the anodic 
hydrogen evolution increases upon passage of cur- 
rent. At an even lower concentration (0.05N) the 
negative effect occurs at a lower current density 
(22.5 ma/cm-U). Thus, there is a change from the 
positive to the negative effect with increasing cur- 

I000 

800 

600 

400 

T E 
NIE 
iE 200 
~E 

E 

~" o 

-200 

/ 
6 , 9 7 1 / /  

/ 
/ 

j, 
/ 

/ /  
/ j 

/ / / / /  / 

/ /  

~ o J  

I 30 oo ~Xego ,20 
~_ - -  i -2 

cunRENT DENSlTY~ lna.cm 

Fig. 2. Effect of current density on A for anodic dissolution of 
magnesium in hydrochloric acid at 25~ 

I000, 

r e n t  de ns i t y  a n d  d e c r e a s i n g  su l fu r i c  a c id  c o ncen -  
t r a t ion .  S i m i l a r  r e su l t s  a r e  o b t a i n e d  in  h y d r o c h l o r i c  
ac id  (Fig .  1).  H o w e v e r ,  in  p e r c h l o r i c  ac id  on ly  a 
pos i t i ve  effect is o b s e r v e d  w i t h i n  t h e  r a n g e  of ac id  
c o n c e n t r a t i o n  a n d  c u r r e n t  d e n s i t y  covered .  As  the  
h y d r o g e n  ion ac t iv i t i e s  of t he se  two  l a t t e r  ac ids  a r e  
a b o u t  equal ,  an  inf luence  of t he  an ions  is sugges ted .  

Discussion 

I f  t he  d i f fe rence  effects o b s e r v e d  a r i se  as  a con-  
sequence  of t he  e x p u l s i o n  of u n u s u a l  v a l e n c y  ions  
f r o m  the  m a g n e s i u m  anode ,  c a l cu l a t i ons  of these  
va l enc i e s  on the  bas i s  of F a r a d a y ' s  l a w  can  be  m a d e  
as folIows.  Us ing  the  v a l u e s  of A a n d  I o b t a i n e d  
f r o m  Fig.  2-4,  t he  a p p a r e n t  ca t ion ic  c h a r g e  c + on 
m a g n e s i u m  d u r i n g  anod ic  d i s so lu t ion  is c a l c u l a t e d  
f rom the  e q u a t i o n  (9)  

11,207 I 
c+ ~--- nTa 

1,608 ( V t - -  V1) 

w h e r e  n m =  n o r m a l  ca t ion ic  cha rge  of + 2  for  m a g -  
nes ium.  I t  is a s s u m e d  in th is  e q u a t i o n  t h a t  t he  se l f -  
d i s so lu t ion  r a t e  V1 does  no t  change  d u r i n g  anodic  
d isso lu t ion ,  i.e., t h e  A effect  is a consequence  on ly  of 
u n c o m m o n  v a l e n c y  ions  e n t e r i n g  so lu t ion  at  t he  
anode.  In  gene ra l ,  u n d e r  such  condi t ions ,  t he  ca t ion ic  
c h a r g e  va r i e s  f r o m  inf in i ty  to  a p p r o x i m a t e l y  t h e  
n o r m a l  ca t ion ic  c h a r g e  of + 2  in  t he  r e g i o n  of the  
pos i t i ve  d i f fe rence  effect,  Fig.  4-6.  

In  the  r eg ion  w h e r e  t h e  n e g a t i v e  d i f fe rence  effect  
is o b s e r v e d  v a l u e s  less  t h a n  + 2 a r e  o b t a i n e d .  

W h e n  a m e t a l  d i s so lves  a n o d i c a l l y  in  an  aqueous  
so lu t ion  at  a p p l i e d  anod ic  c u r r e n t s  or  even  at  zero  
a p p l i e d  c u r r e n t  ( c u r r e n t  a r i s ing  as r e su l t  of loca l  
a c t i on ) ,  the  s e l f - d i s s o l u t i o n  or  f r e e l y  c o r r o d i n g  r a t e  
m a y  be  i n c r e a s e d  o r  d e c r e a s e d  d e p e n d i n g  on t h e  
co r ros ive  m e d i u m .  In  mos t  aqueous  sa l t  so lu t ions  t h e  
s e l f - d i s s o l u t i o n  r a t e  is f o u n d  to i nc rea se  w i t h  c u r -  
r en t  d e n s i t y  g iv ing  r i se  to t he  e x p e r i m e n t a l l y  ob -  
s e r v a b l e  n e g a t i v e  d i f fe rence  effect. Th is  effect  has  
been  a s c r i b e d  to t h e  d i s r u p t i o n  of a p r o t e c t i v e  s u r -  
face  f i lm d u r i n g  a p p l i c a t i o n  of an  anod ic  cu r ren t ,  
thus  l e a d i n g  to i n c r e a s e d  loca l  cel l  ac t ion  (11, 12).  

In  mos t  ac id  so lu t ions  t h e  s e l f - d i s s o l u t i o n  r a t e  
is o b s e r v e d  to dec rea se  t h e r e b y  r e s u l t i n g  in  a pos i -  
t ive  d i f fe rence  effect.  This  dec rea se  in s e l f - d i s s o l u -  
t ion r a t e  has  been  a t t r i b u t e d  to anod ic  p o l a r i z a t i o n  
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Fig. 6. Cationic charge as a function of current density for the 
anodic dissolution of magnesium in sulfuric acid at 25~ assum- 
ing no A effect exists. 

(12). This arises if there  is in ter ference  wi th  (i)  
de l ivery  of electrons to the local cathodes, or (it) 
ejection of ions into the corrosive medium. Thus 
wi th  increas ing anodic current ,  appl ied  or o r ig ina t -  
ing in local cells, the  increased polar iza t ion  reduces  
local cell action and gives r ise to wha t  is t e rmed  
the posi t ive difference effect. For  both effects it has 
been found, tha t  in general ,  A is l inear  over the 
smal ler  ranges  of I (A--= KI). This suggests tha t  K 
may  be of fundamen ta l  significance as regards  the 
mechanism of the  anodic dissolution (11). 

The resul ts  of present  studies on magnes ium in 
acids confirm tha t  the posi t ive effect is observed in 
genera l  but  tha t  at  lower  acid concentra t ion and 
high cur ren t  density,  negat ive  values  of A can result .  
If the difference effect is due solely to the  expuls ion 
by the anode of uncommon valency ions, one can-  
not jus t i fy  the ex t r eme ly  high values  of cationic 
charges in the posi t ive region. Fur the rmore ,  there  is 
no reason to expect  tha t  the cationic charge should 
va ry  as the current  density.  Al though charges of 
less than + 2  in the negat ive  region are in accord 
with  the findings of other  inves t igators  (1-3) it  
would appear  more  reasonable  to search for an ex-  
p lanat ion  covering the ent i re  region of the observed 
effect and to assume tha t  the sel f -dissolut ion ra te  
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Fig. 7. Cationic charge as a function of current density for 
anodic dissolution of magnesium in perchloric acid at 25~ 
assuming no A effect exists. 

due to local cell  action does change under  condit ions 
of anodic polarizat ion.  I t  is necessary,  however ,  to 
keep in mind tha t  the above a rgument  is based on 
the assumption tha t  the A effect is caused only by  the 
expuls ion of uncommon valency ions at  the anode. 
I t  is, of course, possible that  uncommon valency ions 
could be present  and tha t  the change in the se l f -d is -  
solution r a t e  would  be a t t r ibu tab le  only in pa r t  to 
this effect. However ,  as a resul t  of these and other  
studies (13), it  is more l ike ly  tha t  these apparen t  
valencies  arise, in the  ease of magnesium,  as a conse- 
quence of the d is in tegra t ion  of the anode to be dis-  
cussed later .  

Difference effect studies on other  meta ls  l ike t i -  
t an ium and a luminum (9, 12) have shown tha t  A is 
d i rec t ly  p ropor t iona l  to I and nea r ly  independent  of 
acid concentrat ion.  I t  was fu r the r  shown tha t  the 
posi t ive difference effect was caused by  the polar iza-  
t ion of local anodes, the extent  of which is given by 
K and by  I. As such the extent  of polar iza t ion  of the 
me ta l  is constant  in the  absence of complications.  As 
regards  magnesium,  if one considers the extent  of 
polar izat ion to remain  constant,  the deviat ion f rom 
l inear i ty  be tween  A and I must  be caused by  some 
other mechanism. A reasonable  and l ike ly  exp lana -  
t ion is the format ion  or the  presence of a surface 
film, doubtless  an oxide. The posi t ive effect can then 
be a t t r ibu ted  to the  presence of a film which at 
lower  appl ied  cur ren t  densit ies inhibi ts  the expu l -  
sion of magnes ium ions into solution but  wi th  in-  
creasing cur ren t  densi ty  is d isrupted,  accelerat ing 
corrosion due to local action and thus lower ing the 
posi t ive effect. 

Another  factor  of possibly even grea te r  influence 
is the dispersion of the  magnes ium anode in the  form 
of microscopic chunks. Electrolysis  exper iments  on 
magnes ium dissolving in di lute  hydrochlor ic  acid 
(0.05N) revea led  tha t  dur ing  anodic dissolution 
magnes ium developed a da rk  coating which broke  
off f rom the anode at  high current  densi t ies  (about  
200 m a / c m  -2) and  quickly  tu rned  white.  

The da rk  flakes were  made up in the most pa r t  
of small  aggregates  of magnes ium meta l  embedded 
in the oxide or hydrox ide  l aye r  (14). When  the ex -  
t e rna l  cur rent  was cut off, the flakes dissolved 
rap id ly  wi th  hydrogen  evolution. Hoey and Cohen 
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(15) and  Higg ins  (5)  f o u n d  m a g n e s i u m  m e t a l  p a r -  
t ic les  w h i l e  a n o d i c a l l y  d i s so lv ing  t h e  m e t a l  in  NaC1 
and  s e v e r a l  i n v e s t i g a t o r s  have  r e p o r t e d  anod ic  d i s -  
i n t e g r a t i o n  for  o t h e r  m e t a l s  (16, 17).  F r o m  the  o b -  
s e rva t i ons  of Mg e l e c t r o l y z e d  in  HC1, i t  a p p e a r s  t h a t  
a t  h i g h e r  c u r r e n t  dens i t ies ,  d a r k  f lakes  con t a in ing  
m e t a l l i c  m a g n e s i u m  a r e  f o r m e d  on the  anode ,  s e p a -  
r a t e  f r o m  i t  and  q u i c k l y  d i s so lve  in  t h e  a d j a c e n t  
ano ly te .  The  d i s l o d g e m e n t  of m e t a l l i c  p a r t i c l e s  is 
p r o b a b l y  caused  b y  bo th  t he  h igh  c u r r e n t  d e n s i t y  
a n d  i n c r e a s e d  d i s so lu t ion  r a t e  a t  t he  g r a i n  b o u n d -  
a r ies  w h e r e  i m p u r i t i e s  u s u a l l y  agg rega t e .  Thus  in  
the  pos i t i ve  r e g i o n  as long as A is l i n e a r  w i t h  I ,  the  
e x t e n t  of p o l a r i z a t i o n  of loca l  anodes  ( caused  b y  a 
p a s s i v a t i n g  f i lm) r e m a i n s  cons tan t .  I t  is s u g g e s t e d  
t h a t  w h e n  th is  p a s s i v a t i n g  f i lm is d i s r u p t e d ,  t he  s e l f -  
d i s so lu t ion  r a t e  V2 inc reases  s l igh t ly ,  b u t  n o t  in  
p r o p o r t i o n  to  I. A t  h i g h e r  c u r r e n t  dens i t i e s  w h e r e  K 
beg ins  to a p p r o a c h  zero,  t h e  d i s so lu t ion  of t h e  a n o d e  
t h r o u g h  d i s i n t e g r a t i o n  becomes  effect ive,  t h e r e b y  
r a p i d l y  i n c r e a s i n g  V2 which ,  h o w e v e r ,  is s t i l l  less 
t h a n  V1, r e s u l t i n g  in  a pos i t i ve  effect.  As  the  c u r -  
r en t  d e n s i t y  i nc reases  to s t i l l  h i g h e r  va lues ,  m o r e  
a n d  m o r e  p a r t i c l e s  l e a v e  the  a n o d e  a n d  d i s so lve  o u t -  
s ide t h e  c i r cu i t  u n t i l  V2 becomes  e q u a l  to V1 as o b -  
s e r v e d  a t  t he  lowes t  ac id  c o n c e n t r a t i o n s  (Fig .  1 a n d  
2) w h e r e  A = 0. A b o v e  th is  c u r r e n t  d e n s i t y  t he  d i s -  
so lu t ion  b y  d i s i n t e g r a t i o n  is so p r o n o u n c e d  as to 
g ive  va lue s  of V2 g r e a t e r  t h a n  V1 and  acco rd ing ly ,  
a n e g a t i v e  d i f fe rence  effect. 

This  m e c h a n i s m  is b a s i c a l l y  in accord  w i t h  t h a t  
g iven  for  anod ic  d i s so lu t ion  of s tee l  in aqueous  so lu -  
t ions  b y  M a r s h  and  Schasch l  (8) .  T h e y  conc lude  t h a t  
t h e  " c h u n k  effect"  a n d  anod ic  p o l a r i z a t i o n  occur  on 
t h e  s a m e  p iece  of  c o r r o d i n g  m e t a l  a n d  e i t h e r  t h e  
pos i t i ve  or  n e g a t i v e  d i f fe rence  effect  is o b s e r v e d  d e -  
p e n d i n g  on the  co r ros ive  agent .  H o w e v e r ,  in  t h e i r  
s t u d y  on s tee l  t h e  concep t  of f i lm d i s r u p t i o n  was  
not  p o s t u l a t e d  to e x p l a i n  t h e i r  resu l t s .  

This  " c h u n k  effect"  or  d i s i n t e g r a t i o n  of t h e  a n o d e  
also e x p l a i n s  in  p a r t  or  in w h o l e  t he  a p p a r e n t  
va l enc i e s  of less  t h a n  ~ 2  o b s e r v e d  for  Mg in t he  r e -  
g ion of t he  n e g a t i v e  effect as w e l l  as  t he  low effi- 
c iency  of Mg anodes  used  in ca thod ic  p ro tec t ion .  In  
the  s tud ies  of K l e i n b e r g  and  c o - w o r k e r s  t he  v a l e n c y  
of the  anod ic  ion is o b t a i n e d  f r o m  a s i m u l t a n e o u s  
m e a s u r e  of t he  w e i g h t  loss of t he  anode  a n d  the  
a m o u n t  of F a r a d a i c  c u r r e n t  de l i ve red .  I f  p a r t i c l e s  

of m e t a l  a r e  e jec ted ,  as has  been  s t r i k i n g l y  s h o w n  
for  b e r y l l i u m  (13) ,  the  d i s so lu t ion  of t he se  m e t a l  
p a r t i c l e s  t a k e s  p l a c e  ou t s ide  t h e  c i r cu i t  a n d  a c c o r d -  
i n g l y  va l enc i e s  less t h a n  n o r m a l  a r e  ca lcu la ted .  I t  
shou ld  be  n o t e d  t ha t  in  t hese  m e a s u r e m e n t s  the  t o t a l  
a m o u n t  of h y d r o g e n  d e l i v e r e d  is s t o i c h i o m e t r i c a l l y  
in accord  w i t h  t he  n o r m a l  or  s t ab le  s t a t e  of  the  ion. 

In  s u m m a r y  i t  is p r o p o s e d  t ha t  for  m a g n e s i u m  
d i s so lv ing  in  acids ,  t he  d i f f e rence  effects r e s u l t  f r o m  
( i )  t he  c h a n g e  in  e l e c t r o c h e m i c a l  cond i t ions  at  t he  
i n t e r f ace  ( p o l a r i z a t i o n  of loca l  e l e m e n t s )  w h i l e  an  
anod ic  c u r r e n t  is f lowing,  ( i i )  t he  ease  w i t h  w h i c h  
a p r o t e c t i v e  su r f ace  f i lm is f o r m e d  or  d i s r u p t e d ,  
and  ( i i i )  t he  r a t e  a t  w h i c h  m e t a l l i c  p a r t i c l e s  s e p a -  
r a t e  f rom the  a n o d e  sur face .  
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ABSTRACT 

I ron  carb ide  (eement i te)  was isolated f rom specia l ly  p r e p a r e d  ca rbon- i ron  
al loys by  a select ive (chemical)  dissolut ion of fe r r i t e  in alcoholic HC1. 
Cathodic polar iza t ion  studies on cement i te  e lectrodes have  shown tha t  this 
compound is an act ive cathodic site in corrosion of s teel  in tha t  i t  does not  
polar ize  at  low cur ren t  densities.  A t  high cu r ren t  densit ies,  however ,  cement i te  
r ap id ly  polarizes to the  potent ia l  which  is character is t ic  of i ron under  s imi lar  
cu r ren t  densi ty  conditions.  This is considered the resu l t  of the  chemical  de -  
composi t ion of cement i te  to i ron and a va r i e ty  of hydrocarbons  under  the  in -  
fluence of the  ca thodical ly  evolved  hydrogen.  A number  of hydrocarbons  
(p redominan t ly  methane)  and carbon monoxide  mixed  wi th  the  evolved h y -  
drogen have  been identif ied by  mass spec t romet ry .  

The  co r ros ion  of a m e t a l  in con tac t  w i t h  an  e lec -  
t r o l y t e  is a p rocess  i n v o l v i n g  a t  l eas t  one e l e c t r o -  
c h e m i c a l  s t ep  and  one  or  m o r e  p u r e l y  chemica l  s teps.  
A c t i v e  m e t a l s  w i l l  r e a c t  c o n t i n u o u s l y  w i t h  t he  e l ec -  
t r o l y t e  if  th is  s p o n t a n e o u s  p rocess  is not  b l o c k e d  
e i t he r  b y  dense  p r o d u c t  f o rma t ion ,  b y  c o n c e n t r a t i o n  
po l a r i za t i on ,  o r  b y  e l ec t r i c a l  po l a r i za t ion .  F o r  a 
s p o n t a n e o u s  r e a c t i o n  of an  e l e c t r o c h e m i c a l  n a t u r e  to 
p roceed ,  i t  is n e c e s s a r y  to p r o v i d e  s i tes  on the  s u r -  
face  of t he  m e t a l  w h e r e  a ca thod ic  r e a c t i o n  w i l l  t a k e  
p l ace  c o n c u r r e n t l y  w i t h  an  e l e c t r o c h e m i c a l l y  
e q u i v a l e n t  anodic  r e a c t i o n  w h i c h  b r i n g s  a b o u t  t he  
cor ros ion  of the  m e t a l .  

In  t he  case  of a p u r e  i ron  spec imen ,  the  co r ros ion  
r a t e  is s low,  s ince  b o t h  anodic  and  ca thod ic  s i tes  
consis t  of i ron.  In  s teel ,  h o w e v e r ,  t he  p r e s e n c e  of two  
phases ,  i.e., c e m e n t i t e  (FesC)  a n d  f e r r i t e  ( ~ - F e ) ,  
can a c c e l e r a t e  the  cor ros ion  r a t e  s ince i t  is poss ib l e  
for  c e m e n t i t e  to a s s u m e  the  ro l e  of a ca thod ic  s i te  
wh i l e  f e r r i t e  cor rodes .  

The  o v e r - a l l  co r ros ion  of l ow  c a r b o n  s tee l s  a n d  
cast  i rons  has  been  the  sub j ec t  of n u m e r o u s  i n -  
ve s t i ga t i ons  (1) ,  none  of which ,  h o w e v e r ,  h a v e  d e a l t  
spec i f ica l ly  w i t h  t he  ro l e  of Fe~C in t he  o v e r - a l l  
process .  

The  o x i d a t i o n  of i r on  u n d e r  anod ic  cond i t ions  has  
b e e n  s t ud i ed  (2) ,  a n d  i n f o r m a t i o n  on the  s t a b i l i t y  
and  c o m p l e x i n g  c h a r a c t e r i s t i c s  of the  v a r i o u s  p r o d -  
uc t s  of o x i d a t i o n  can  be  e x t r a c t e d  f r o m  the  s t u d y  of 
p o t e n t i a l - p H  d i a g r a m s  c o n t r i b u t e d  b y  D e l t o m b e  a n d  
R o u b a i x  (3) .  

The  b e h a v i o r  of c e m e n t i t e  u n d e r  ca thod ic  p o l a r -  
izat ion,  h o w e v e r ,  has  no t  been  disc losed,  p r e s u m a b l y  
because  of t he  diff icul t ies  e n c o u n t e r e d  in  t he  i so l a -  
t ion  of th is  m e t a s t a b l e  compound .  I t  was  t h e r e f o r e  
t he  p u r p o s e  of th is  s t u d y  to p r e p a r e  Fe3C and  to 
s t u d y  i ts  b e h a v i o r  u n d e r  ca thod ic  p o l a r i z a t i o n  con-  
d i t ions  in n e u t r a l  a n d  in ac idic  solu t ions .  

Experimental 
Preparation of cement i t e . - -Cement i t e  was  e x -  

t r a c t e d  f r o m  spec i a l l y  p r e p a r e d  c a r b o n / i r o n  a l loys .  
The  l a t t e r  w e r e  p r e p a r e d  at  h igh  t e m p e r a t u r e  in  an  
a l u m i n a  c r u c i b l e  s u s p e n d e d  in a ve r t i ca l ,  2- in .  d i -  

a m e t e r  V y c o r  p ipe  in  an  a r g o n  a t m o s p h e r e .  P u r e  
i ron  (250 p p m  i m p u r i t y )  a n d  spec t roscop ic  g r a d e  
g r a p h i t e  w e r e  i n t r o d u c e d  in to  t he  c ruc ib l e  a n d  
g r a d u a l l y  m e l t e d  b y  induc t ion .  T h e  m e l t  was  m a i n -  
t a i n e d  in  th is  cond i t i on  for  30 min ,  t h e n  t h e  c ruc ib l e  
was  r e l e a s e d  and  a l l o w e d  to d rop  into  a c o n t a i n e r  of 
ch i l l ed  br ine .  A l l o y s  c on t a in ing  a p p r o x i m a t e l y  1.8 
a n d  6.7 % c a r b o n  w e r e  p r e p a r e d  b y  th i s  m e t h o d  and  
were  used  as sources  for  cemen t i t e .  

The  i so la t ion  of c e m e n t i t e  was  a c c o m p l i s h e d  b y  
se lec t ive  d i s so lu t ion  of t he  f e r r i t e  phase  in  a lcohol ic  
HC1 (1 p a r t  conc HC1, 1 p a r t  w a t e r ,  1 p a r t  e t h y l  
a l coho l ) .  The  s p e c i m e n  w a s  m a g n e t i c a l l y  s u s p e n d e d  
n e a r  t he  su r f ace  of t he  solu t ion .  P l a t e l e t s  of c e m e n -  
t i te ,  w h e n  r e l eased ,  w e r e  a t t r a c t e d  b y  the  m a g n e t  
and  r e m a i n e d  in  t he  u p p e r  l a y e r s  o i  t he  solu t ion .  
The  cemen t i t e ,  s t i l l  a t t a c h e d  to t he  s p e c i m e n  in t he  
fo rm of a loose n e t w o r k ,  was  c a r e f u l l y  r e m o v e d  b y  
s c r a p i n g  a n d  a l l  t he  p r o d u c t  was  s u b s e q u e n t l y  
c ru she d  to a fine p o w d e r .  This  p r o d u c t  showed ,  
u n d e r  x - r a y  e x a m i n a t i o n ,  n e i t h e r  t he  p r e s e n c e  of 
f ree  i ron  no r  of g raph i t e .  1 C e m e n t i t e  e l ec t rodes  su i t -  
ab le  for  e l e c t r o c h e m i c a l  i n v e s t i g a t i o n  w e r e  f o r m e d  
b y  c o m p r e s s i n g  t h e  p o w d e r  h y d r o s t a t i c a l l y  a t  r o o m  
t e m p e r a t u r e  to f o r m  a c o m p a c t  cy l inde r .  E l ec t r i c a l  
con tac t  was  m a d e  v i a  a s m a l l  p l a t i n u m  w i r e  s u r -  
r o u n d i n g  the  c o m p a c t  or  e m b e d d e d  in it. The  e lec -  
t r o d e  was  t hen  m o l d e d  in  " K o l d w e l d "  cement .  

The  k n o w n ,  a p p a r e n t  a r e a  of t he  c o m p a c t  w a s  e x -  
posed  to t he  so lu t ion  b y  g r i n d i n g  t h e  p la s t i c  
m o u n t i n g .  A f t e r  each  run ,  a n e w  a r e a  of c e m e n t i t e  
was  e x p o s e d  b y  f u r t h e r  g r i nd ing .  

Electrochemical characteris t ics . --Current-poten-  
t i a l  r e l a t i o n s h i p s  w e r e  o b t a i n e d  u n d e r  c o n s t a n t - p o -  
t e n t i a l  as w e l l  as  u n d e r  c o n s t a n t - c u r r e n t  t echn iques .  
A spec i a l l y  a r r a n g e d  L u g g i n  c a p i l l a r y  was  used.  I t  
was  f o r m e d  b y  h e a t - d r a w i n g  the  end  of a P y r e x  
t ube  to a size t h a t  was  smal l ,  c o m p a r e d  to t h e  size of 
t he  t e s t  e l ec t rode  ( a b o u t  0.3 m m  OD) .  The  P y r e x  
t u b e  was  t h e n  f i l led w i t h  t h e  tes t  so lu t ion ,  and  a 
s t a n d a r d  ca lome l  e l ec t rode  ( B e c k m a n  t y p e )  was  

1 The  e l e c t r o c h e m i c a l  (anodic)  s e l ec t i ve  d i s s o l u t i o n  of  f e r r i t e  and,  
thus ,  t he  i so l a t i on  of  t he  ca rb ide  as d e s c r i b e d  b y  G u r r y  e t  aL (4) 
was  not  at tempted since t h e  c h e m i c a l  s e p a r a t i o n  he re  described 
was  f o u n d  e f fec t ive  a~d  less t i m e - c o n s u m i n g .  
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Fig. 1. Electrolytic cell for cathodic polarization studies 

immersed  in its upper  section. This s imple a r r ange -  
ment  (L in Fig.  1) pe rmi t s  easy re forming  of the  t ip  
and prevents  contaminat ion  of the test  solution (at  
the  vic ini ty  of the cathode)  wi th  chlorides or n i -  
t rates ,  an unavoidab le  c i rcumstance wi th  "conven-  
t ional"  a g a r - a g a r  bridges.  

For  the  amperos ta t ic  measurements ,  both the di-  
rect  and the  i n t e r rup te r  methods were  employed 
and gave s imi lar  data.  For  the i n t e r rup t e r  method,  
an electronic uni t  s imi lar  to the one descr ibed in 
an ear l ier  publ icat ion (6) was used. With  this 
method,  no Luggin  capi l la ry  was necessary,  the re f -  
erence electrode being in a side compar tmen t  (R) as 
shown in Fig. 1. The cell was designed so as to pe r -  
mit  both  methods of measurement .  Each of two 
cathode compar tments  (C) was separa ted  f rom a 
common anode compar tmen t  (A) by  s in tered glass 
plugs (P) .  Purif ied ni t rogen was sa tu ra ted  wi th  
wate r  vapor  by  bubbl ing  through a bubble r  con- 
ta ining a large  quant i ty  of the test  solution before  
it was in t roduced through the f r i t ted  glass disks (D) 
into the main  compar tments ,  (A)  and (C).  Runs 
made by  the i n t e r rup te r  method (cur ren t  "off," 100 
~sec; cur ren t  "on," 1900 t, sec) showed the po la r iza -  
t ion on cement i te  electrodes did not  apprec iab ly  de -  
cay dur ing the "off" period.  

S o l u t i o n s . - - A  3% aqueous sodium chloride solu-  
t ion was the p r inc ipa l  e lectrolyte .  To this  were  
added inorganic  salts and some organic compounds,  
all  being in one way  or another  classified as cor-  
rosion " inhibi tors ."  A solution of 1N FeSO4 acidified 
with  H2SO4 to a pH of 0.7 and another  solution of 
H2SO4 (pH 0.7) were  also used in these cathodic 
polar iza t ion  studies. 

Discussion of Results 

Shown in the accompanying figures are  r ep resen -  
ta t ive  potent ia l  v s .  logar i thmic  current  densi ty  
curves obta ined on cementite.  F igure  2 represents  
such da ta  in acid (H2SO4 at pH 0.7, curve I) and in 
1N FeSO4 acidified wi th  H2SO4 to pH 0.7 (curve  I I ) .  
The cathodic polar izat ion on iron in the FeSO4/  
H2SO4 solution is also shown (curve IV) .  

I t  is observed tha t  at  low current  densi t ies  the 
polar izat ion on cementi te  is low (Tafel  slope 0.028), 
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Fig. 2. Cathodic polarization vs. current density, iron and iron 
carbide in FeSO4/H2S04, pH 0.7. �9 Iron carbide in H2S04, 
pH 0.7; [ ]  iron carbide in 1N FeS04 -t- H2S04, pH 0.7 (ascend- 
ing current density); V iron carbide in 1N FeS04 -~ H2S04, pH 
0.7 (descending current density); A iron in IN  FeSO4 -I- H2SO4, 
pH 0.7. 

indicat ing tha t  an atomic recombinat ion  process is 
the ra te -con t ro l l ing  step in the electrodeposi t ion of 
hydrogen.  In this  respect,  cement i te  resembles  p la t i -  
num, provid ing  an effective cathodic si te for the  
deposit ion of hydrogen.  This resemblance  would 
be more complete  if cement i te  were  shown to possess 
high energy of adsorpt ion  for hydrogen,  also, as 
does p la t inum.  As a ma t t e r  of fact, some evidence 
wil l  be presented  in the l a t t e r  pa r t  of this discussion 
suggesting tha t  this  is p robab ly  true.  

At  h igher  cur ren t  densi t ies  ( c a .  10 -8 a m p / c m  2) 
rapid  polar izat ion of cement i te  begins but,  beyond 
10 -2 a m p / c m  2, the  slope diminishes  and becomes 
approx ima te ly  equal  to tha t  of iron in the same solu- 
t ion (Tafel  slope ca .  0.15) (7).  

I t  is of in teres t  to note tha t  a p repola r ized  elec-  
t rode of cementi te  wil l  show a cer ta in  degree  of 
hysteresis  in the E v s .  log i plot  if such is obta ined 
with descending values of ~ (current density). 

Hysteresis may be very short as in acid media, as 
shown by curve III, Fig. 2, or very persistent as in 
neutral solutions, as shown in Fig. 3, curve II, and in 
Fig. 4, curves II and IV. 

-0. 2 

o o0. 6 

-Lo 

Y. 
-1.4 

10-5 

- IV 

I J 

iO-t I0 -I 

Current Density, amp.lsq.cm. 

10 -2 

Fig. 3. Cathodic polarization vs. current density, iron and iron 
carbide in 3% NaCi ~- 0.1M Na2Cr207. 
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Fig. 4. Cathodic polarization vs .  current density, iron carbide in 
3% NaCI (neutral) and in 3% NaCI (neutral) -I- 0.1N NaNO2. 
Fe3CI in 3% NaCI (neutral): A ascending current density; [ ]  de- 
scending current density. Fe3CI in 3% NaCI (neutral) ~- 0.1N 
NaNO2: o ascending current density; V descending current 
density. 

Informat ion  thus far  obta ined indicates  tha t  
cementi te  possesses the fol lowing proper t ies :  (i)  
p l a t i n u m - t y p e  cathodic behavior  at  low current  
densit ies;  (it) high affinity for hydrogen  (as is r e -  
quired for a p l a t i n u m - t y p e  behav io r ) ;  (ii i)  r ap id  
polar izat ion in a na r row cur ren t -dens i ty  region;  
( iv) change in Tafel  slope at cur ren t  densi t ies  
grea ter  than  10 -2 a m p / c m  2 to tha t  of i ron in the same 
solution; (v)  hysteresis  in overpoten t ia l  vs. log i 
which is dependent  on the  pH (neu t ra l  or acidic) of 
the solution used. These facts pe rmi t  the consider-  
ation of the fol lowing mechanism concerning the 
behavior  of cementi te  in the corrosion of steels. A t  
low current  densities,  cement i te  acts as an effective 
cathodic site offering least  res is tance to the  elec-  
t rochemical  dissolution of ferri te .  At  higher  cur ren t  
densities,  adsorbed hydrogen  on cement i te  becomes 
chemisorbed and, eventual ly ,  the fol lowing reac -  
t ion can occur 

Fe3C -t- He ) 3Fe ~- ( - - C H f - - )  
cathode 

The consequences of such a react ion are  as fol -  
lows: (i) i ron carbide  is reduced to iron (in the cur-  
ren t  densi ty  region of 10-3-10 -2 amp/cmf ;  (it) ca-  
thodic polar izat ion character is t ics  are now those of 
an iron surface; ( i i i)  i ron surface character is t ics  are  
re ta ined  when the cur ren t  densi ty  is reduced,  if 
the e lect rolyte  is neu t ra l ;  but  ( iv) iron carbide  
character is t ics  are resumed in acid media,  p robab ly  
because of chemical  dissolution of the surface ( i ron)  
in the e lectrolyte;  (v)  hydrocarbons  are produced 
at the cathode ei ther  dur ing cathodic polar izat ion of 
cementi te  or dur ing the chemical  action of an acid 
on steels, since the evolut ion of hydrogen  in the 
la t te r  case, also, takes  place on cement i te  (cathode 
si tes) .  

Produc t ion  of hydrocarbons  on c e m e n t i t e . - - I t  is 
known tha t  a va r i e ty  of hydrocarbons  are  produced 
dur ing the  dissolution of steels and cast i rons in 
strong acids, but  a deta i led  analysis  of these p r o d -  
ucts has not  been disclosed. An a t t empt  was the re -  
fore made  to collect and analyze these products  by  
mass spect rometr ic  techniques.  
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Fig. 5. Cathodic polarization vs. current density, iron and iron 
carbide in 3% NaCI containing 0.3 mole fraction glycerine. 

Iron carbide Iron Current density 
| III Ascending 
II IV Descending 

The fol lowing substances were  identified: Hf, 
87.8% ; CH4, 4.5% ; CO, 3.2% ; CsHs and C4Hs (each) ,  
less than  1.0%; C2H2, C2H6, C4H10, and HfO (each) 
less than  0.5%; and CO2, trace.  I t  is ve ry  surpr is ing  
tha t  an apprec iab le  percen tage  (3.2%) of CO was de-  
tected. This is not fu l ly  understood,  but  is t en ta -  
t ive ly  a t t r ibu ted  to the high affinity of cement i te  
(or possibly an in te rmedia te  hydrocarbon  res idue)  
for hydrogen  which is abs t rac ted  f rom a wa te r  
molecule as indica ted  by  the fol lowing equations 

2Fe3C ~- HfO ~ 6Fe ~- (--CH2-) -~- CO 
o r  

Fe3C + ( - - C H f - )  -~ H~O-~ 3Fe + CH4 -~- CO 

Corrosion i n h i b i t o r s . - - T h e  mechanism of action of 
a corrosion inhib i tor  cannot be general ized.  Most 
probably ,  however ,  the inhibi tor  or a b y - p r o d u c t  can 
block ei ther  the anodic or the cathodic react ion by  
in terference in the e lect rochemical  step or in the 
chemical  step. Addi t ions  of d ichromate  ions and 
n i t r i te  ions in the NaC1 solution used for the  ca-  
thodic polar izat ion studies on cement i te  (Fig. 3 and 
4) show ve ry  l i t t le  effect, if any. This is to be ex-  
pected if these inhibi tors  act on the anodic sites 
( f e r r i t e ) ,  as it is genera l ly  accepted, and not on the 
cathodic sites (cement i te ) .  

I t  was also of in teres t  to s tudy the effect of add i -  
t ions of glycer ine  and e thyl  alcohol to the NaC1 
solution on the cathodic behavior  of cementi te,  since 
it has been observed (8) tha t  the ra te  of corrosion 
of steels in NaC1 solutions containing these com- 
pounds is reduced.  Jenkins  has in t e rp re t ed  the  da ta  
by  assuming tha t  in the presence of glycer ine  the  
ac t iv i ty  of wa te r  at  the surface of the specimen is 
d ras t ica l ly  reduced.  He has concluded that,  since 
wa te r  is a pa r t i c ipan t  in the  ove r - a l l  corrosion proc-  
ess, a reduct ion of its ac t iv i ty  would reduce the cor-  
rosion rate.  

F igure  5 of this  s tudy shows hydrogen  overpo-  
ten t ia l  vs. logar i thmic  current  densi ty  plots obta ined 
in 3% NaC1 solution containing glycerine,  e I t  is ob- 
served tha t  a rap id  polar iza t ion  of cement i te  is 
b rought  about  at  low current  densit ies (curve  I) and 

2 S i m i l a r  b e h a v i o r  h a s  b e e n  o b s e r v e d  i n  s o l u t i o n s  c o n t a i n i n g  e thy l  
a l c o h o l  i n s t e a d  of  g l y c e r i n e .  
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tha t  the  ove r - a l l  po la r i za t ion  charac ter is t ics  (a f te r  
the  in i t i a l  po la r iza t ion)  r e semble  those of i ron  
(curve  II resembles  curves  III  and  IV) .  The role of 
g lycer ine  or of e thyl  alcohol is no t  ye t  fu l ly  u n d e r -  
stood, bu t  f rom the  e lec t rochemica l  data,  however ,  
(Fig. 5) one migh t  conclude tha t  a r educ t ion  in  the  
corrosion ra te  in  g lycer ine /NaC1 (aq.)  so lu t ion  is 
p r o b a b l y  due  to the  rap id  i r r eve r s ib l e  convers ion  of 
cement i t e  to fe r r i t e  ( i ron ) ,  t he r eby  r educ ing  the  
po ten t ia l  difference b e t w e e n  local anodes  and  ca th -  
odes. 

Manuscript  received Sept. 1, 1961; revised m a n u -  
script received May 16, 1963. This paper was pre-  
sented at the Los Angeles Meeting, May 6-10, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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Antireflection Films on GaAs Electroluminescent Diodes 

O. A. Weinreich 
General Telephone & Electronic Laboratories~ Inc., Bayside, N e w  York  

ABSTRACT 

The change of electroluminescent  radiat ion of GaAs diodes dur ing  SiO 
evaporat ion was investigated. It is shown that  a GaAs diode, when  a.c. operated 
dur ing  evaporation, can be used to monitor  its film thickness. At room tempera-  
ture, the light output  increases about 35% for quar ter  wavelength  films of 
SiO. Monitoring GaAs diodes are also used to improve the t ransmi t tance  o f  

GaAs filters from 44% to 85% at wavelengths of about 0.9~ near  the band gap. 

Cons iderab le  t r ansmis s ion  losses of r ad i a t i on  gen -  
e ra ted  in  dielectr ics  such as GaAs are due to the i r  
high re f rac t ive  indices.  For  GaAs  wi th  n = 3.55 (1) ,  
to ta l  reflect ion at the  G a A s - a i r  d i s con t i nu i t y  occurs 
at an angle  of inc idence  of abou t  16 ~ The  ref lect iv i ty  
for this in te r face  at p e r p e n d i c u l a r  inc idence  is 
R = (n~- -  n l /n8  4 -  n l )  2 = 0.314 w i t h  n l  = 1 for air  
and  n3 = 3.55 for GaAs.  By us ing  the  same va lue  of 
R for all  rays  inc iden t  w i t h i n  the  cr i t ical  angle,  the  
e r ror  is less t h a n  10%. The theore t ica l  increase  in  
r ad i a t i on  by  r educ ing  the  ref lec t iv i ty  to zero b y  
means  of an  o p t i m u m  s i n g l e - l a y e r  ant i ref lec t ion 
coat ing a m o u n t s  t h e n  to a p p r o x i m a t e l y  46 %. 

I n t e r n a l  ref lect ion losses can be reduced  by  m a k -  
ing use of the  proper t ies  of a homogeneous  dielectr ic  
film b e t w e e n  the  two media.  The  o p t i m u m  condi -  
t ions for r educ ing  the  i n t e r n a l  ref lect iv i ty  r e qu i r e  
tha t  (i) the  r e f r ac t ive  index  of the fi lm be 

n2 = ~/nln3; (it) the  fi lm th ickness  be  t ---- X/4n2 or 
an  odd m u l t i p l e  of this  value ,  whe re  X is the  w a v e -  
l eng th  in  air  at which  reflect ion r educ t ion  is to be 
obta ined.  

The ref lect iv i ty  due  to a homogeneous  t r a n s p a r e n t  
dielectr ic  fi lm wi th  index  of r e f rac t ion  n2 and  
th ickness  t is (2) 

r322 4- r212 4- 2r82 r21 cos 2fl 
R -- [1] 

1 4 -  r~2 ~ r212 4 -  2r~2 r21 cos 2f~ 

whe re  rij is the  ref lect ion coefficient for in te r face  ij 
as shown  in  Fig. 1, and  fl = (1A)2~rnet cos 62. For  the  
work  descr ibed  here,  cos 8t = cos .02 = cos 03 = 1. 

F igu re  2 shows a plot  of R vs.  k ,  where  k is n2t/X, 

for var ious  va lues  of n~ wi th  n3 = 3.55 (GaAs)  and  
n l =  1 (a i r ) .  F o r  k = 0 . 2 5  or t = X / 4 n 2 = > , o / 4 ,  R 
goes t h r ough  a m i n i m u m ,  a nd  for ne ---- 1.9 it  is essen-  
t i a l ly  zero. 

I n, (AIR) = I 

I 

I t n z ( F I L M )  
I / r 2 1  

/ ,  
r32 / / ~ l  i n 3 (GoAs): 3.55 

Fig. 1. Nomenclature for reflectivlty formula 
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Fig. 2. Reflectivity of GaAs as function of film thickness for 
di f ferent  d i e l e c t r i c s . . - - . - - . ,  n2 = 1.5,  ?~o/4 = 1500.~;  ~ 
n2 == 1.9; ;~o/4 = 1185A; n2 = 2.5, ~o/4 = 900AI 
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Fig. 4. Evaporation arrangement (schematic) 

T h e  absc i ssa  of Fig .  2 also shows  c, t he  t r a c t i o n a l  
m u l t i p l i e r  of Xo/4, w i t h  a r a n g e  f r o m  0 to 2.0 co r -  
r e s p o n d i n g  to  t he  r a n g e  in  k f r o m  0 to  0.5. F o r  a 
g iven  r e f l ec t iv i ty  on one of  the  curves ,  t he  r e q u i r e d  
th i ckness  of t he  f i lm is j u s t  t = C(Xo/4). Note  t h a t  
w h e n  f i lms of  r e f r a c t i v e  i n d e x  d i f f e ren t  f r o m  t h e  o p -  
t i m u m  v a l u e  of 1.9/, a r e  app l i ed ,  t he  r e d u c t i o n  in 
r e f l ec t iv i ty  is s t i l l  r e l a t i v e l y  la rge .  F i g u r e  3 shows  
how the  r e f l ec t iv i ty  is a f fec ted  b y  the  i n d e x  of r e -  
f r ac t i on  of t he  q u a r t e r  w a v e l e n g t h  film. The  r e -  
f r a c t i v e  i n d e x  of SiO (1.9) a p p r o a c h e s  t he  t h e o -  
r e t i c a l  o p t i m u m  v a l u e  for  e l i m i n a t i o n  of the  G a A s -  
a i r  i n t e r n a l  re f lec t ion  w i t h i n  t he  c r i t i ca l  angle .  

Exper imenta l  

F i l m s  of SiO w e r e  e v a p o r a t e d  onto p o l i s h e d  G a A s  
in j ec t ion  l u m i n e s c e n c e  diodes .  The  e v a p o r a t i o n  was  
c a r r i e d  ou t  in  a be l l  j a r  a t  a v a c u u m  of 10 -5 to 10 -6  
m m  Hg. R e p r o d u c i b l e  r a t e s  of e v a p o r a t i o n  w e r e  o b -  
t a i n e d  b y  us ing  an  o v e n  as d e s c r i b e d  b y  D r u m h e l l e r  
(3) .  The  p h y s i c a l  p r o p e r t i e s  of v a c u u m - e v a p o r a t e d  
SiO fi lms d e p e n d  s t r o n g l y  on source  t e m p e r a t u r e  and  
p a r t i a l  v a p o r  p r e s s u r e  of o x y g e n  in t h e  e v a p o r a t i o n  
c h a m b e r .  F o r  ins tance ,  t he  r e f r a c t i v e  i n d e x  v a r i e s  
f r o m  2 to 1.75 w i t h  a p a r t i a l  o x y g e n  p r e s s u r e  change  
f r o m  10 -~ to 10 -4 m m  Hg (4) .  The  co lor  of a 2700A 
fi lm u n d e r  t hese  cond i t ions  changes  f r o m  b r o w n  to 
g r e e n  to t r a n s p a r e n t .  T h e  f i lms r e p o r t e d  h e r e  w e r e  
y e l l o w - b r o w n  and  the  r e f r a c t i v e  i n d e x  w a s  es t i -  
m a t e d  to  be  1.9. 

I n  G a A s  r o o m  t e m p e r a t u r e  i n j ec t i on  l uminescence ,  
l igh t  w i t h  a m a x i m u m  i n t e n s i t y  a t  a p p r o x i m a t e l y  
0.9/~ is g e n e r a t e d  ins ide  a d ie lec t r ic .  This  a l lows  one 
to use  a u n i q u e  m o n i t o r i n g  s y s t e m  for  f i lm t h i c k n e s s  
control .  D u r i n g  the  SiO e v a p o r a t i o n  t h e  G a A s  d iode  
is o p e r a t e d  and  the  change  in  l i gh t  o u t p u t  due  to 
t h e  d i e l ec t r i c  f i lm is m e a s u r e d  w i t h  an  Si  so la r  cell .  
D u r i n g  the  e v a p o r a t i o n ,  l i gh t  f r o m  the  e v a p o r a t i o n  
source  also r eaches  t h e  d e t e c t o r  e i t h e r  b y  re f lec-  
t i on  f r o m  the  e v a p o r a t i o n  c h a m b e r  or  b y  re f lec t ion  
f rom the  G a A s  diode.  This  u n d e s i r e d  c o n t r i b u t i o n  to 
t he  m e a s u r e d  p h o t o v o l t a g e  of t he  S i  so la r  cel l  is 
a v o i d e d  b y  d r i v i n g  t h e  G a A s  d iode  w i t h  an  a - c  
(400 cyc le )  vo l tage .  The  m o d u l a t e d  l i g h t  o u t p u t  g e n -  

e r a t e s  a m o d u l a t e d  p h o t o v o l t a g e  w h i c h  is m e a s -  
u r e d  b y  an  a - c  v o l t m e t e r  or  osci l loscope.  The  a r -  
r a n g e m e n t  is s h o w n  s c h e m a t i c a l l y  in Fig .  4. 

Results 
To i n v e s t i g a t e  r e f l ec t iv i ty  changes  d u r i n g  SiO 

e v a p o r a t i o n ,  G a A s  d iodes  w e r e  m a d e  w i t h  e m i t t i n g  
su r faces  0.125 x 0.125 in. The  p - n  j u n c t i o n s  w e r e  
m a d e  b y  Zn d i f fus ion  into  0.012 o h m - c m  S n - d o p e d  
base  m a t e r i a l ,  and  the  l igh t  emiss ion  was  m e a s u r e d  
f r o m  the  n - t y p e  side.  

W h e n  the  SiO e v a p o r a t i o n  was  i n t e r r u p t e d  a t  t he  
first  m a x i m u m  of  l i gh t  ou tpu t ,  t he  i n c r e a s e  
a m o u n t e d  to a b o u t  35%. N e g l e c t i ng  m u l t i p l e  i n -  
t e r n a l  re f lec t ions  w i t h i n  t he  GaAs ,  t h e  c a l c u l a t e d  
i nc rea se  is 46%.  A s m a l l e r  i n c r e a s e  is e x p e c t e d  if 
one a s sumes  m u l t i p l e  ref lec t ions .  F i g u r e  5 shows  a 
t y p i c a l  c u r v e  of t he  p e r  cen t  i nc rea se  in  l i g h t  o u t p u t  
vs. t i m e  of e v a p o r a t i o n .  F i l m s  of SiO w h o s e  t h i c k -  
nesses  w e r e  m o n i t o r e d  b y  a G a A s  d i o d e  w e r e  also 
d e p o s i t e d  on G a A s  f i l ters  in  o r d e r  to  i m p r o v e  t h e i r  
t r a n s m i s s i o n  cha rac t e r i s t i c s .  F o r  th i s  p u r p o s e  t h e  
G a A s  f i l ters  w e r e  he ld  in  t he  e v a p o r a t i o n  c h a m -  
b e r  a d j a c e n t  to t he  G a A s  diode.  The  f i l te rs  w e r e  
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Fig. 5. Fractional increase of light output vs. time of evapora- 
tion. 
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Fig. 6. Transmission curves for 0.010 in. thick GaAs filter: (a) 
uncoated; (b) SiO film ~.o/4 thick for ~. = 0.9~. 
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Fig. 7. Transmission curve of 20 mils thick GaAs filter: (a) un- 
coated; (b) SiO film ~.o/2 thick for ~. = 0.9~. 

p r e p a r e d  f r o m  l i g h t l y  d o p e d  n - t y p e  m a t e r i a l  
( ~ 2  x 1015/cc). I f  a b s o r p t i o n  is neg l ig ib l e ,  the  t r a n s -  
miss ion  shou ld  be  a b o u t  52%. F i g u r e  6a is a t r a n s -  
miss ion  c u r v e  of a 0.010 in. t h i c k  fi l ter ,  bo th  s ides  
of w h i c h  w e r e  o p t i c a l l y  po l i shed .  A t  w a v e l e n g t h s  
b e y o n d  the  a b s o r p t i o n  edge  the  t r a n s m i s s i o n  is 55%. 
A t  ~ = 0.9~ the  t r a n s m i s s i o n  is f o u n d  to be  44%. The  
a b s o r p t i o n  coefficient  c a l c u l a t e d  for  th i s  t r a n s m i s -  
s ion is a b o u t  5 cm -1. This  is in r e a s o n a b l e  a g r e e -  
m e n t  w i t h  t he  p u b l i s h e d  v a l u e s  of a b s o r p t i o n  coeffi- 
c ients  for  G a A s  (5) .  

A f t e r  coa t ing  bo th  s ides  of th is  s a m p l e  w i t h  an  SiO 
f i lm of q u a r t e r  w a v e l e n g t h  t h i cknes s  for  >, = 0.9~ the  
t r a n s m i s s i o n  c u r v e  Fig .  6b is o b t a i n e d  w h e r e  t h e  
t r a n s m i s s i o n  at  0.9~ is i n c r e a s e d  to 85%. F r o m  Fig.  
2 w e  see t h a t  t he  r e f l ec t i v i t y  a r o u n d  its m i n i m u m  
v a l u e  changes  on ly  s l o w l y  w i t h  f i lm th ickness .  This  

e x p l a i n s  the  a p p e a r a n c e  of a m a x i m u m  at  X ---- 1.0# 
in the  t r a n s m i s s i o n  c u r v e  of Fig .  6b. W h e n  t h e  e v a p -  
o r a t i on  onto an  u n c o a t e d  s a m p l e  is c o n t i n u e d  un t i l  
t he  l i g h t  o u t p u t  f r o m  t h e  con t ro l l i ng  G a A s  d iode  has  
pa s sed  i ts  f irst  m a x i m u m  and  dec reases  to i ts  i n i t i a l  
va lue ,  the  t h i cknes s  t h e n  is Xo/2 for  0.9~. This  c o r r e -  
sponds  to a q u a r t e r  w a v e l e n g t h  f i lm a t  1.8~. The  
effect of th is  f i lm t h i c k n e s s  on the  t r a n s m i s s i o n  of a 
0.020 in. t h i c k  s a m p l e  is s h o w n  in Fig.  7. A t  1.8# the  
t r a n s m i s s i o n  i n c r e a s e d  f r o m  55% for  t he  u n c o a t e d  
s a m p l e  to  96% a f t e r  coa t ing .  

The  f i lm th i cknes s  fo r  q u a r t e r  w a v e l e n g t h  was  
c he c ke d  b y  p l a c i n g  a g lass  p l a t e  n e x t  to t h e  G a A s  
d iode  and  m e a s u r i n g  t h e  f i lm th i ckness  w i t h  an  in -  
t e r f e r o m e t e r .  The  q u a r t e r  w a v e l e n g t h  t h i c k n e s s  ca l -  
c u l a t e d  w i t h  },----0.9~ a n d  n2 = 1.9 was  t y p i c a l l y  
w i t h i n  m i n u s  10% of  t h e  i n t e r f e r o m e t e r  m e a s u r e -  
ment .  This  d i f fe rence  is p a r t l y  due  to t he  fac t  t h a t  
t he  RI  2 losses of t he  G a A s  d iode  i n c r e a s e  t he  j u n c -  
t ion  t e m p e r a t u r e  caus ing  w a v e l e n g t h  sh i f t s  to abou t  
0.93#. Also  the  a s s u m e d  r e f r a c t i v e  i n d e x  of 1.9 m a y  
be  too high.  

I t  shou ld  be  m e n t i o n e d  t h a t  a s y m m e t r i c a l  s p r e a d  
of the  emiss ion  b a n d  a r o u n d  0.9~ wi l l  no t  inf luence  
the  o p t i m u m  th ickness .  H o w e v e r ,  the  t r a n s m i s s i o n  
w i l l  be  af fec ted  b y  the  b a n d w i d t h .  The  r o o m  t e m -  
p e r a t u r e  b a n d w i d t h  of  G a A s  is a b o u t  300A or  3%.  
As  one can see  f r o m  Fig.  2 th i s  s p r e a d  dec reases  t he  
t r a n s m i t t e d  i n t e n s i t y  b y  an  ins ign i f ican t  amoun t .  

C o n c l u s i o n  
U n d e r  the  e x p e r i m e n t a l  cond i t ions  desc r ibed ,  t he  

l i gh t  emiss ion  of G a A s  d iodes  a t  r o o m  t e m p e r a t u r e  
can  be i n c r e a s e d  a b o u t  35% b y  an t i r e f l ec t ion  SiO 
films. Because  of  t he  r e l a t i v e l y  l a r g e  p e r c e n t a g e  
dec rease  in r e f l ec t iv i ty  of G a A s  for  q u a r t e r - w a v e -  
l e n g t h  fi lms of v a r y i n g  r e f r a c t i v e  indices ,  the  d e -  
s c r i be d  m o n i t o r i n g  s y s t e m  m a y  be  also u sed  to con-  
t ro l  t he  f i lm th i cknes s  of o t h e r  d ie l ec t r i c s  on d i f fe r -  
en t  subs t r a t e s .  

A c k n o w l e d g m e n t  

The  a u t h o r  wi shes  to a c k n o w l e d g e  m a n y  h e l p f u l  
sugges t ions  in  n u m e r o u s  d iscuss ions  w i t h  H. F. 
L o c k w o o d  of t h e  l a b o r a t o r y .  T h a n k s  a r e  d u e  to S, 
B a r t o n  for  p r o g r a m m i n g  the  m a c h i n e  ca l cu la t ions  
and  to J. Alonzo  for  a s s i s t ance  in m a k i n g  t h e  m e a s -  
u r e m e n t s .  

Manuscr ip t  rece ived  June  20, 1963. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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ABSTRACT 

The phase diagram for the binary system CdTe-In2Te~ has been obtained 
by correlating information from differential thermal analysis measurements, 
microscopic studies, and x - ray  powder patterns. In establishing the terminal 
points for this diagram, the melting point for In2Te3 was found to be 667 ~ 
+_I~ For  CdTe, a melting point of 1092 ~ ___ 2~ was indicated. In going across 
the diagram, four peritectic transformations are apparent. The first (~, 
CdIn2Te4) is at 785~ and 50% In2Te3 in CdTe; the second (% CdInsTe13) is at 
about 702~ and 80% In2Te3 in CdTe; the third (8, CdIn30Te~6) is at 695~ 
and about 94% In2Te3 in CdTe; and the fourth (e, In2Te3) occurs at 678~ 
and about 98% In2Tea in CdTe. There is a large retrograde solubility of 
CdIn2Te4 in CdTe. The e-phase transforms to an e'-phase at 550~ in an ap- 
parent order-disorder  transition. Electrical measurements on some peritectic 
compositions from this diagram are reported elsewhere. 

This work  was unde r t aken  to ascer ta in  the phase 
d iagram of the p seudo -b ina ry  sys tem CdTe-In2Te3 
which produced a typica l  cha lcopyr i t e - l ike  t e r na r y  
compound, CdIn2Te4. I t  was obtained by  corre la t ing  
informat ion f rom different ial  t he rma l  analysis  meas-  
urements ,  microscopic studies, and x - r a y  powder  
pat terns .  This system is of in teres t  since all  com- 
pounds formed by  mixing  CdTe and In2Te3 are  semi-  
conductors (1).  

The compounds formed in this manner  ac tua l ly  
would lie on a p lane in the t e rna ry  C d - I n - T e  sys-  
tem. Since the In -Te  and Cd-Te systems both con- 
ta in  compounds which have congruent  mel t ing  
points, the complex t e rna ry  sys tem of the e lements  
can be simplified by  finding the existence of pseudo-  
b ina ry  planes which should extend be tween  the con- 
g ruen t ly  mel t ing elements  and compounds. Not all  
planes ex tending  be tween  any two congruent ly  
mel t ing const i tuents  are p seudo -b ina ry  planes (2),  
but  the p lane  descr ibed in this work  is such a plane. 

In checking the t e rmina l  points  for this d iagram,  
the mel t ing  point  for CdTe was found to be 1098 ~ 
•  ~ (1, 3), which represents  a considerable  dev ia -  
tion f rom the wide ly  repor ted  value  of 1045~ (4).  
More recent  measurements  indicate  tha t  a be t te r  
value is 1092 ~ • 2~ The var ia t ion  can be a t t r ib -  
uted to the differences in pu r i ty  of the t e l lu r ium 
which was avai lab le  to Kobayashi  in 1910 (mp 
437~ and tha t  which is ava i lab le  today  (mp 
450~ as wel l  as to differences in exper imen ta l  
techniques.  Lawson,  Nielsen, Put ley,  and Young (5) 
have recent ly  repor ted  the mel t ing point  of CdTe as 
1106~ and deNobel  has repor ted  a mel t ing point  
of 1090~ (6, 7). 

The mel t ing  point  of In2Te3 has been  measured  by  
Klemm and Vogel (8) and repor ted  to be 667~ 
Hahn (9),  Inuzuke and Sugaike  (10), Woolley,  
Pampl in ,  and Holmes (11), and Zas lavski i  and 
Sergeyeva  (12) have character ized a s t ruc ture  of 

1 Presen t  address :  Wes t inghouse  Research  Center ,  P i t t sburgh ,  
Pennsy lvan ia .  

2 P resen t  address :  BelI Telephone  Labora tor ies ,  Inc.,  M u r r a y  Hill, 
N e w  Je r sey .  

In2Te3 which forms f rom the zinc b lende  s t ructure  
af ter  long annealing,  which would indicate  the pres -  
ence of a t rans i t ion  somewhere  below the mel t ing  
point.  Gasson, Holmes, Jennings,  Par ro t t ,  and Penn  
(13) have repor ted  a t rans i t ion  at  617 ~ • 5~ 
Zhuze, Sergeyeva,  and She lykh  (14) have  repor ted  
an o rde r -d i so rde r  t rans i t ion  in In2Te3 at 600~ 
Grochowski  and Mason (15) have found a new 
phase in the i n d i u m - t e l l u r i u m  system of composi-  
t ion In4Te7 (which on fu r the r  examina t ion  may  
prove to be In~Tes) which has most of the a t t r ibu tes  
of "ordered  In2Te3," and decomposes per i tec t ica l ly  
to l iquid and d isordered  In2Te3 at  625~ Another  
new compound was found at composition In~Te4, 
which decomposes per i tec t ica l ly  at 650~ The pres -  
ence of these two compounds ve ry  close to the In2Te3 
composit ion can help to expla in  many  of the anom- 
alies which have been repor ted  in the proper t ies  and 
s t ructures  of In2Te8 (15). 

Hahn et al. (16) have made  lat t ice p a r a m e t e r  
measurements  on this system and inves t iga ted  the  
crys ta l  s t ruc tures  of the CdIn2Te4 phase. Wool ley  
and Ray (17) have also made lat t ice pa rame te r  
measurements  in this system. 

Experimental 
The expe r imen ta l  work  repor ted  in the  paper  can 

be convenient ly  classified into three  categories:  the 
p repa ra t ion  of the  compounds,  the de terminat ions  of 
the  sol id- l iquid  equil ibr ia ,  and the de te rmina t ion  of 
the sol id-sol id  equil ibr ia .  Electr ical  measurements  
of some of the per i tec t ic  composit ions in this system 
are repor ted  in another  paper  (22). 

Sample preparation.--All compounds used in the 
s tudy were  made by  direct  fusion f rom commerc ia l ly  
avai lab le  h i g h - p u r i t y  elements.  Ind ium of 99.999 + % 
pu r i t y  was obta ined f rom the Ind ium Corporat ion of 
America .  Cadmium of 99.99+% pu r i t y  and t e l lu -  
r ium of 99.999+% pur i ty  were  obta ined f rom the 
Amer ican  Smel t ing and Refining Company.  Stoi-  
chiornetric amounts  of the e lements  were  weighed 
into clear  fused silica ampoules,  evacua ted  to a 
p ressure  below 104- mm Hg, and sealed. The fusions 
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were  car r ied  out using a p rog rammed  nonl inear  
heat ing cycle (18) over  a per iod of severa l  hours  
in such a way  that  the heat  of react ion was evolved 
g radua l ly  so as not to b reak  the ampoules  by  any 
sudden increases in the vapor  pressures.  The content  
of each ampoule  was homogenized by  main ta in ing  
it above its l iquidus t empera tu re  in a rotat ing,  agi-  
ta t ing furnace.  The samples used in the x - r a y  
studies were  quenched in water .  Af te r  fusion each 
DTA sample was removed  from its or ig ina l  con- 
tainer,  crushed, and t r ans fe r red  to a new fused 
silica tube containing a deep thermocouple  wel l  con- 
centric wi th  the tube axis. Each sample  was an-  
nealed for at  least  24 hr  below the lowest  t rans i t ion  
t empera tu re  to equi l ibra te  and homogenize the sam-  
ples before  the different ial  t he rma l  analysis  meas-  
urements .  

Solid-liquid equilibria by dif]erential thermal 
anaLysis.--The sol id- l iquid  equi l ib r ium t e m p e r a -  
tures  have been de te rmined  p r i m a r i l y  from DTA 
measurements .  The appara tus  used in this work  has 
been descr ibed by  Barnes and Mason (19). 

The samples were  heated and cooled inside a 
nickel  block using a l iquid ind ium standard,  at  a 
ra te  of 2.5~ f rom room t empera tu r e  to a m a x i -  
mum t empera tu re  wel l  above that  of the highest  
t ransi t ion,  and back to room tempera ture .  The sam-  
ple and thermocouple  a r r angemen t  is shown in 
Fig. 1. The furnace  is purged  wi th  d ry  ni t rogen in 
order  to p reven t  corrosion of the nickel  sample  
holder.  Al though the DTA sample tubes sometimes 
cracked at low t empera tu re  as the sample  contracted 
around the thermocouple  well,  they  were  not wet  
significantly by  the sample and no apparen t  ox ida-  
t ion occurred. In the absence of any obvious chem- 
ical reactions,  all  the emf differentials  are a t t r ibu ted  
to la tent  heat  t ransformat ions .  

Over 50 samples covering the composit ion range  
from pure  CdTe to pure  In2Te3 were  p repa red  in this 
sys tem and represen ta t ive  resul ts  from different ial  
t he rmal  analysis  measurements  are  shown in Fig. 2. 
Differential  emf is p lo t ted  against  sample t e m p e r a -  
ture  for severa l  different compositions. 

In analyzing the resul ts  from the DTA exper i -  
ments, the heat ing and cooling curves must  be in t e r -  
pre ted  differently,  depending on the type  of t r ans i -  
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Fig. 1. Arrangement of differential thermal analysis sample and 
reference. 
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Fig. 2. Differential thermal analysis curves in the CdTe-ln2Te~ 
pseudo-binary system, showing ~ emf as function of sample tem- 
perature for several representative compositions. The 15g samples 
were sealed in fused silica tubes under vacuum, measured inside 
a nickel block at heating and cooling rates of 2.5~ samples 
were measured inside a nicker block, liquid indium being used as 
standard. Solid lines are heating curves and dashed lines are 
cooling curves. 

t ion which is being observed.  The per i tec t ic  and 
congruent  mel t ing  t ransi t ions  are  re la t ive ly  easy to 
recognize, since the point  of m a x i m u m  devia t ion  on 
the heat ing cycle usual ly  corresponds closely to the 
onset of a devia t ion  dur ing  the cooling cycle. In  di-  
lute  solutions, t ime lags m a y  occur because of super -  
cooling or because the exponent ia l  decay of the  
different ial  emf fol lowing la rge  t ransi t ions  may  
mask the smal ler  t ransi t ions.  Liquidus  and solidus 
t empera tu res  which va ry  with  both t empera tu re  and 
composition are the most difficult to de te rmine  ac-  
curately.  

Dur ing  the hea t ing  por t ions  of the cycle, the soli-  
dus lines were  obta ined by  choosing the point  where  
the first deviat ion in the different ia l  emf occurred. 
The ]iquidus point  is genera l ly  chosen as the  point  
where  the  different ial  emf re tu rns  to the base line. 
The presence of chunks and large  crystals  in many  
samples can give rise to e r ra t ic  deviat ions in the  re -  
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gion of the  l iquidus  so tha t  it  m a y  be re la t ive ly  
difficult to establish wi th  cer ta inty.  

During the cooling port ion of the cycle, an ini t ia l  
different ial  deviat ion indicates the  ini t ia l  nuclea t ion  
of the  solid. If this  in i t ia l  devia t ion  is modera te  (p ro -  
ducing less than  0.1 mv of differential  emf) ,  it usu-  
a l ly  presents  a good indicat ion of the  posit ion of the  
l iquidus line. On the  other  hand, considerable  super-  
cooling has been observed on some samples,  so tha t  
the re leased la tent  heat  has been absorbed as sensi-  
ble hea t  in the sample  wi th  an accompanying large  
increase in the sample tempera ture .  This effect is 
pa r t i cu l a r ly  not iceable in the h igh -cadmium region 
in Fig. 2. In  these instances, considerable  j udgmen t  
enters  into the selection of the points which will  
ac tual ly  be chosen to represen t  the da ta  points,  and 
it is h ighly  des i rable  to have the different ial  curves 
for both the  heat ing and cooling cycles. The am-  
bigui ty  in in te rpre t ing  the l iquidus l ine f rom DTA 
results  was pa r t i cu la r ly  large over the range from 
0 to 63 mole % IneTe~ in CdTe. The per i tect ic  t r ans -  
format ion  at  785~ agreed wel l  o~ both heat ing and 
cooling. F rom Fig. 2 other impor tan t  t rans i t ion  
points are apparen t  at 702 ~ -and 695~ Note also 
the t rans i t ion  in the pure  indium te l lur ide  (In2Te~) 
ex tend ing  f rom 600 ~ to 625~ Work by  Grochowski  
et al. (15) showed tha t  the compound commonly 
identified as In2Tes ac tua l ly  exists at 59.7 atomic per  
cent ( a /o )  Te (In2vTe~0) and the In2T% o rde r -d i s -  
order  t e m p e r a t u r e  is be tween 550 ~ and 600~ The 
t rans format ion  shown for In2Te~ in Fig. 2 ac tua l ly  is 
a combinat ion of the IneTe~ t rans format ion  and the 
In~Tev (or  In~Te~) peri tect ic .  

Solid-solid equilibria f rom x - ray  powder  pattern 
s tudies . - -The  DTA runs  gave erra t ic  resul ts  below 
about 600~ and could not be re l ied  on to c lar i fy  the 
exact  location of phase  boundar ies  at  the high in-  
d ium end of the phase diagram.  Therefore,  it  was 
necessary to use x - r a y  powder  pa t t e rn  studies and 
microscopic examinat ions.  The powder  pa t t e rn  ana l -  
yses were  made  in 114.6 mm d iamete r  cameras  using 
Cu-K~ rad ia t ion  th rough  a nickel  filter to e l iminate  
the Cu-K~ radiat ion.  The x - r a y  film was covered wi th  
an a luminum foil to reduce spurious rad ia t ion  effects 
which arise f rom scattering.  

The s tudy of this  sys tem using x - r a y  powder  pa t -  
terns  presents  many  problems,  and the current  l i t e r -  
a ture  is confusing. The var ia t ion  in the  la t t ice  p a -  
r ame te r  over half  of the composit ion range  is con- 
fined to the  th i rd  significant figure, increasing f rom 
6.171A for d i sordered  In~Te~ to 6.24A for the 
CdIn~Te~ phase. Fur the rmore ,  the works  of Hahn  
et al. (16) and Wool ley  and Ray (17) both fai l  to 
ident i fy  the existence of our ~,-phase, CdlnsTe~,  
and our S-phase, CdIn~0Te~6. Therefore,  the  x - r a y  
techniques were  refined, and a ve ry  careful  s tudy 
was made on samples ranging  in composit ion f rom 
45 mole % In2Te~ in CdTe to 100% In2Te~. The sam-  
ples were  annealed for more than  three  months at 
600~ Just  before  the x - r a y  measurements  were  
made a smal l  amount  of Si or Ge was  added to each 
powder  sample to provide  in te rna l  ca l ibra t ion  s t and-  
ards in the  x - r a y  films. The powder  pa t te rns  were  
then t aken  in a back  reflection camera  wi th  a 120.0 
m m  diameter .  
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Results  of these la t t ice  pa r ame te r  de te rmina t ions  
are  p lot ted  in Fig. 3, along wi th  the resul ts  of meas-  
u rements  that  have  been made by  Hahn et al. (16) 
and Woolley and Ray (17). Woolley 's  technique of 
considering the Te la t t ice  as the fixed ent i ty ,  wi th  
va ry ing  amounts  of Cd and In in the t e t rahedra ]  in-  
terstices, is used here, so tha t  the two components  
then become Cd3Te3 and In2Te3. The lat t ice p a r a m -  
eters  then va ry  in a l inear  manner  according to 
Vegard ' s  law. An aux i l i a ry  nonl inear  scale indicates 
the re la t ionship  be tween this v iewpoint  and molar  
mix tures  of CdTe and In2Te3. 

The da ta  points  c lear ly  indicate  tha t  the lat t ice 
p a r a m e t e r  becomes constant  and equal  to 6.195A be -  
tween 88.5 tool % In2Te~ in CdsTes (72% In,Tea in 
CdTe) and 92.5% (80%).  At  92.5% In2Te3 in Cd~Te3 
(80%) there  is an abrup t  d iscont inui ty  in the  lat t ice 
pa r ame te r  indicat ing a na r row solubi l i ty  region for 
the CdInsTe~ compound. The lower la t t ice p a r a m -  
eter  remains  constant  at 6.180A unt i l  the composi-  
t ion exceeds 98 tool % In2Te~ in Cd3Te3 (94%) .  At  this 
composition, there  is another  abrup t  decrease in the 
lat t ice pa r ame te r  to 6.172A, whereupon it remains  
independent  of composition over  to the 100% In2Te3 
point  which is character is t ic  of the d isordered 
e-phase. 
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The phase d iagram.--With  t he se  da ta ,  i t  is poss ib l e  
to d e t e r m i n e  the  t r a n s i t i o n  t e m p e r a t u r e s  and  c o m -  
pos i t i on  r a n g e s  in the  p h a s e  d i a g r a m .  The  r e su l t s  a r e  
p l o t t e d  in  Fig .  4. Bo th  the  h e a t i n g  a n d  cool ing  l i q -  
u idus  po in t s  a r e  p l o t t e d  as d i scussed  above .  Th is  
d i a g r a m  shows  t h a t  c a d m i u m  t e l l u r i d e  (CdTe  ---- a )  
and  i n d i u m  t e l l u r i d e  (In2Te~ = 4) m e l t  c o n g r u e n t l y .  
A l t h o u g h  t h e  a c t u a l  In2Te3 compos i t i on  d e v i a t e s  
s l i g h t l y  f r o m  th is  compos i t i on  the  w i d t h  of t he  
p s e u d o - b i n a r y  p l a n e  is a p p a r e n t l y  g r e a t  e n o u g h  to 
a c c o m m o d a t e  th is  s l igh t  d i f fe rence  in  t he  c e n t r a l  
r eg ion  of the  p h a s e  d i a g r a m .  D T A  m e a s u r e m e n t s  on 
s amp le s  w i t h  compos i t i ons  v a r y i n g  a f ew  p e r  cen t  on 
e i t he r  s ide  of th is  p l a n e  showed  r e sponse  cu rves  con-  
s i d e r a b l y  d i f fe ren t  f r o m  those  s h o w n  in Fig .  2, i n -  
d i ca t i ng  t e r n a r y  b e h a v i o r .  In  a d d i t i o n  t h e r e  a r e  fou r  
p e r i t e c t i c  po in t s  and  a t r a n s f o r m a t i o n  in  t h e  In2Te3 
s t r u c t u r e  f r o m  E to d. The  pe r i t e c t i c  c o m p o u n d s  oc-  
cur  a t  abou t  50% In2Te3 (CdIn2Te4 = fl) and  785~ 
at  abou t  80% In2Te3 (CdInsTel~ ~ 7) a n d  702~ a n d  
at  abou t  933/4% In2Te3 (CdIn30Te46 = 3) and  695~ 
As  CdTe  is a d d e d  to In2Tes, a pe r i t e c t i c  is f o r m e d  
at  a b o u t  678~ a n d  98-}-% In2Tes. No c o n g r u e n t l y  
m e l t i n g  c o m p o u n d s  f o r m  a long  th i s  p a r t i c u l a r  p l a n e  
in the  t e r n a r y  s y s t e m  c a d m i u m - i n d i u m - t e l l u r i u m .  

The  r e t r o g r a d e  so lub i l i t y  of CdIn2Te4 in CdTe  was  
e s t a b l i s h e d  b y  a n n e a l i n g  s a m p l e s  in  t he  a and  
(~ q - ~ )  r a n g e  at  600~ and  o b s e r v i n g  a W i d m a n -  
s t~ t t en  s t r u c t u r e  in  mic roscop ic  e x a m i n a t i o n s .  The  
p u r e  f l - c r y s t a l l i t e s  show up  as  s ing le  p h a s e  m a t e -  
r ia l ,  w h e r e a s  t he  a - c r y s t a l l i t e s  con ta in  s m a l l  p l a t e -  
le t s  of p r e c i p i t a t e d  f l -phase .  The  r e l a t i v e  a m o u n t  of 
t he  a - p h a s e  o b s e r v e d  in  the  p h o t o m i c r o g r a p h s  d e -  
c r eased  as t h e  p e r c e n t a g e  of In2Te3 in the  c o m p o s i -  
t ion  of  t he  s a m p l e  was  i n c r e a s e d  t o w a r d s  t he  50 
mole  % point .  The  so lub i l i t y  of In2Te3 in CdTe  a t  t he  
785~ pe r i t e c t i c  is ove r  25 mo l  %. 

Crystal Structure Results 
A l l  t he  phases  in  t he  s y s t e m  w e r e  c a r e f u l l y  a n a -  

l yzed  b y  x - r a y  p o w d e r  t echn iques .  The  d i f f r ac t ion  
p a t t e r n s  of the  fi, ~,, and  8 c o m p o u n d s  a l l  con ta in  t he  
zinc b l e n d e  l ines  c h a r a c t e r i s t i c  of t he  a a n d  e phases .  
H o w e v e r ,  t h e  d i s t r i b u t i o n  a n d  i n t e n s i t y  of t h e  a d d i -  
t iona l  w e a k e r  l ines  a r e  d i s t inc t ive ,  a n d  i t  r e q u i r e s  
v e r y  ca r e fu l  m e a s u r e m e n t s  to s e p a r a t e  them.  

The  s t r u c t u r e  s tud ies  in th is  s y s t e m  h a v e  been  
based  so le ly  on x - r a y  p o w d e r  p a t t e r n s .  I t  is a lmos t  
i mposs ib l e  to d i s t i n g u i s h  the  a t o m  pos i t ions  f r o m  
x - r a y  i n t e n s i t y  m e a s u r e m e n t s  a lone,  s ince  Cd, In,  
a n d  Te h a v e  a tomic  n u m b e r s  48, 49, a n d  52, r e s p e c -  
t ive ly ,  and  t h e r e f o r e  h a v e  a lmos t  i d e n t i c a l  x - r a y  
s ca t t e r i ng  fac tors .  H o w e v e r ,  s ince  a l l  t hese  s t r u c -  
t u r e s  s eem to be  d e r i v e d  f r o m  the  bas ic  zinc b l e n d e  
s t ruc tu re ,  we  h a v e  a d o p t e d  the  a s s u m p t i o n  of H a h n  
et al. (16) t ha t  t he  t e l l u r i u m  a t o m s  a lone  f o r m  a 
f a c e - c e n t e r e d  cubic  la t t i ce ,  w i t h  t he  m e t a l l i c  a t o m s  
d i sposed  in t h e  t e t r a h e d r a l  in te r s t i ces .  Resu l t s  of t h e  
m e a s u r e m e n t s  on each  p h a s e  a r e  d i scussed  be low.  

The CdTe  (~) phase . - -The a - p h a s e ,  c a d m i u m  t e l -  
lu r ide ,  has  a zinc b l e n d e  s t r u c t u r e  w i t h  l a t t i ce  con-  
s t an t  a ---- 6.488 _ 0.002A. Z a c h a r i a s e n  (20) r e p o r t e d  
t ha t  a ~ 6.477 K X  w h i c h  is in good a g r e e m e n t  w i t h  
our  work .  As  In2Te3 is a d d e d  in sol id  so lu t ion  to t h e  
CdTe,  t he  l a t t i c e  p a r a m e t e r  is decreased . '  

The CdIn2Te4 (fl) phase . - -The  first  pe r i t e c t i c  
c o m p o u n d  (Cdln2Te4) has  been  c h a r a c t e r i z e d  b y  
H a h n  et  al. (16) as a t e t r a g o n a l ,  c h a l c o p y r i t e - l i k e  

s t r u c t u r e  w i t h  space  g r o u p  $42 or  I 4 - a n d  c / a  ~ 2.00. 
O u r  x - r a y  r e su l t s  a g r e e  w i t h  t hose  r e p o r t e d  b y  
Hahn ,  and  w e  h a v e  accep t ed  his  s t r u c t u r e  d e s i g n a -  
t ion  w i t h o u t  r e p e a t i n g  the  i n t e n s i t y  ca lcu la t ions .  
Our  r e su l t s  shown  in Fig .  3 i nd i ca t e  t h a t  t h e  l a t t i ce  
p a r a m e t e r  a c t u a l l y  v a r i e s  w i t h  t he  compos i t i on  of 
the  f l - p h a s e  f r o m  6.24 to 6.197A ove r  t he  compos i t i on  
r a n g e  f r o m  45% In2Te3 in CdTe  to 72% In2Te~ in 
CdTe.  This  c u r v e  is suff ic ient ly  a c c u r a t e  so t h a t  i t  
can  be  used  as an  a n a l y t i c a l  t e c h n i q u e  for  d e t e r m i n -  
ing  the  compos i t i on  of  a m a t e r i a l  qu i t e  p rec i se ly .  

The CdInsTe13 (~,) phase . - -The  second  pe r i t e c t i c  
(CdInsTe18) or  v - p h a s e  ex i s t s  a t  80% In2Te~ in CdTe  
and  seems  to be  a cubic  c h a l c o p y r i t e - l i k e  s t ruc tu re .  
The  l a t t i ce  p a r a m e t e r  v a r i e s  s h a r p l y  f r o m  6.197 to 
6.180A, and  t h e  ex i s t ence  of th is  phase  w a s  e s t a b -  
l i shed  on ly  a f t e r  ca re fu l  l a t t i c e  p a r a m e t e r  m e a s -  
u r e m e n t s  w e r e  m a d e  at  a ser ies  of  c lose ly  spaced  
composi t ions .  Hence  i t  is no t  s u r p r i s i n g  t h a t  H a h n  
et al. (16) and  W o o l l e y  a n d  R a y  (17) h a v e  no t  d e -  
f ined the  ex i s t ence  of t he  v - p h a s e ,  s ince  t h e i r  s u r v e y  
r e l i e d  on ly  on a r e l a t i v e l y  s m a l l  n u m b e r  of  x - r a y  
ana lyses ,  and  o t h e r  m e a n s  of p h a s e  d i a g r a m  ana lys i s  
such as D T A  w e r e  not  used.  

The CdIn30Te46 (3) phase . - -The  t h i r d  pe r i t e c t i c  
(CdInz0Te46) o r  3-phase ex i s t s  a t  a b o u t  94% In2Te~ 
in CdTe  and  also seems  to  h a v e  a cubic  c h a l c o p y r i t e -  
l ike  s t ruc tu re .  The  l a t t i ce  p a r a m e t e r  va r i e s  s h a r p l y  
f r o m  6.180 to 6.172A, and  i ts  ex i s t ence  could  no t  be  
e s t a b l i s h e d  b y  the  d a t a  of W o o l l e y  and  R a y  (17) .  

The In2Tez (~) p h a s e . - - T h e  k -phase  has  a p e r i -  
t ec t ic  t r a n s f o r m a t i o n  a t  a b o u t  678~ a n d  e x t e n d s  
f rom 98% In2Te3 to p u r e  In2Te3. I t  shows  a g a i n  the  
z inc  b l e n d e  s t r uc tu r e ,  w i t h  some m e t a l  pos i t ions  
r a n d o m l y  vacan t .  A t  t he  p u r e  In2Te3 s ide  of t he  
p h a s e  f ield w e  h a v e  found  t h a t  a = 6.171A, w h e r e a s  
H a h n  and  K l i n g e r  (21) r e p o r t e d  a =  6.146A, a n d  
W o o l l e y  and  P a m p l i n  a n d  H o l m e s  ( l l )  r e p o r t  
a = 6.158A. Since  ou r  v a l u e  is h igh ,  i t  ha s  been  
c a r e f u l l y  r e c h e c k e d  and  is r e p r o d u c i b l e  if  q u e n c h i n g  
is c a r r i e d  out  r a p i d l y  in to  ice w a t e r .  

The  e -phase  a p p a r e n t l y  t r a n s f o r m s  to an  o r d e r e d  
e' s t r u c t u r e  b e t w e e n  550 ~ and  600~ I n u z u k e  a n d  

S u g a i k e  ( I 0 )  r e p o r t  t h e  o r d e r e d  s t r u c t u r e  to be  F43 m 
w i t h  a ---- 18.40 _ 0.04A, w h i c h  c o r r e s p o n d s  to a 
bas ic  cel l  d i m e n s i o n  of 6.133A. Wool l ey ,  P a m p l i n ,  
and  Holmes  ( l l )  h a v e  also c ons ide r e d  the  s t r u c t u r e  
of l o w - t e m p e r a t u r e  modi f i ca t ion  of In2Tez. H o l m e s  
sugges t s  a t e t r a g o n a l  s t r u c t u r e  of P 42 m C m or  
P 42 n m, c o m p r i s i n g  b a s i c a l l y  n ine  cubic  un i t  cel ls  of 
a f luor i te  l a t t i c e  w i t h  a b o u t  t w o - t h i r d s  of t he  f luor i te  
s i tes  vacan t .  W o o l l e y  and  P a m p l i n  on the  o t h e r  h a n d  
sugges t  an  o r t h o r h o m b i c  s t r uc tu r e ,  Imm2,  d e r i v e d  
f r o m  the  zinc b l e n d e  conf igura t ion  w i t h  se l ec t ed  
vacanc ies .  The  bas ic  cel l  d i m e n s i o n  m e a s u r e d  b y  
these  w o r k e r s  is a = 6.165A, w h i c h  ag rees  e x a c t l y  
w i t h  ou r  m e a s u r e m e n t s .  

Discussion 
A l t h o u g h  t h e  p re sence  of b o t h  t he  v - p h a s e  and  

the  8 -phase  is i n d i c a t e d  in o u r  D T A  da ta ,  t he  x - r a y  
r e su l t s  of H a h n  et  al. (16) and  b y  W o o l l e y  a n d  R a y  
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(17) f a i l ed  to show the  ex i s t ence  of th is  phase .  
The re fo re ,  t h e  d e t a i l e d  a n d  e x h a u s t i v e  x - r a y  m e a s -  
u r e m e n t s  p r e s e n t e d  in  F ig .  3 w e r e  m a d e ,  w h e r e  t h e  
d a t a  of t h e  o t h e r  w o r k e r s  a r e  also p r e s e n t e d .  

The  c o n s t a n c y  of t he  l a t t i ce  p a r a m e t e r  in t he  t w o -  
p h a s e  r eg ion  also w a r r a n t s  d iscuss ion.  B e t w e e n  the  
a and  fl phases ,  l a t t i c e  p a r a m e t e r s  c h a r a c t e r i s t i c  of 
bo th  phase s  w e r e  o b t a i n e d  in  x - r a y  s tudies .  W h e n  
the  fl a n d  ~, phases  a r e  in  e q u i l i b r i u m  w i t h  one a n -  
o t h e r  i t  is p r e s u m e d  t h a t  each  c o m p o u n d  is c r e a t e d  
f rom a c lose  p a c k e d  Te l a t t i c e  w i t h  i d e n t i c a l  l a t t i c e  
p a r a m e t e r s ,  b u t  t h e  s a t u r a t i o n  ca t ion  r a t i o  of  I n  to  
Cd is d i f f e ren t  fo r  t h e  two  phases .  As  th i s  ca t ion  
ra t io  i nc reases  in t h e  ~ - p h a s e  t he  l a t t i c e  p a r a m e t e r  
dec reases  r a p i d l y  u n t i l  a n e w  p h a s e  (~) f o r m s  f r o m  
the  s a m e  t y p e  of c lose p a c k e d  Te la t t i ce ,  a n d  a con-  
s t an t  l a t t i c e  p a r a m e t e r  is o b t a i n e d  in t he  t w o  p h a s e  
region .  

A f t e r  a l l o w i n g  for  t h e  conve r s ion  f r o m  K X  v a l u e s  
to a n g s t r o m  un i t s  in  H a h n ' s  work ,  a l l  h is  r e su l t s  a r e  
s t i l l  low. O u r  a g r e e m e n t  w i t h  W o o l l e y  a n d  R a y  is 
s u r p r i s i n g l y  good,  a n d  h a d  t h e y  t a k e n  suff icient  d a t a  
t h e y  also shou ld  h a v e  f o u n d  the  ~ - p h a s e  and  the  
~-phase .  The  zone re f in ing  e x p e r i m e n t  d e s c r i b e d  b y  
W o o l l e y  a n d  R a y  s e p a r a t e s  t he  a - p h a s e  f r o m  some 
B-phase  m a t e r i a l ,  b u t  our  D T A  w o r k  c l e a r l y  shows  
the  p e r i t e c t i c  b e h a v i o r  of t he  sys tem,  and  c l e a r l y  
ind ica t e s  t h a t  no eu tec t ic  is p r e s e n t  in  t he  sys tem.  
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ABSTRACT 

Single phase polycrystall ine samples of three peritectic compounds from 
the pseudo-binary system of CdTe and In2Te8 were prepared by zone refining 
and zone leveling techniques. The compounds are 45 mole % CdTe-55 mole % 
In2Te3 (CdInaTe4, ~-phase), 20 mole % CdTe-80 mole % In2Te8 (CdInsTe13, 
-y-phase), and 6 mole % CdTe-94 mole % In2Te3 (CdInsoTe46, ~-phase). The 
energy gap values obtained from electrical conductivity and Hall effect measure- 
ments show that Eg : 1.38 ev for the/~-phase; Eg ~ 1.02 ev for the 7-phase; and 
Eg ~ 1.17 ev for the ~-phase. The addition of CdTe to In2Te3 or of In2Te3 to 
CdTe lowers the energy gaps of the resulting compounds. 

The phase d iag ram for the CdTe-IneTe3 pseudo-  
b ina ry  sys tem has been worked  out by Mason and 
co-workers  (1) using different ial  t he rma l  analysis,  
x - r a y  measurements ,  and microscopic examinat ions ,  
and is r epor ted  in the  preceding paper .  The semi-  
conduct ing proper t ies  of three  per i tec t ic  composi-  
t ions in the  p seudo -b ina ry  CdTe-In2Te3 sys tem are 
repor ted  in this work.  

The p seudo -b ina ry  sys tem of CdTe and In2Te3 was 
first inves t iga ted  by  Hahn et al. (2),  who es tab-  
l ished the crys ta l  s t ruc ture  for selected composit ions 
in the system. Woolley and Ray (3) have repor ted  
x - r a y  analysis  results,  and Thomassen and Mason 
(4, 5) have given incomplete  p r e l im ina ry  resul ts  of 
the i r  work  which is somewhat  different  f rom the 
final phase d iag ram repor ted  in the preceding paper .  
The semiconduct ing proper t ies  of CdIn2Te4 have 
been inves t iga ted  by  Busch et. al. (6),  who repor t  
an energy gap of 0.9 ev based on conduct ivi ty  meas-  
u rements  over a t empe ra tu r e  range. Optical  meas-  
u rements  by  Edwards  and O'Kane  (7) indica ted  
an energy gap of 1.08 ev at room tempera ture ,  for 
hzdirect t ransit ions.  The energy gap for direct  t r a n -  
sitions is s l ight ly  greater .  

In this work  electr ical  conduct ivi ty  and the rmal  
conduct iv i ty  measurements  were  made on the fi- 
phase CdIn2Te4 mater ia l .  Elect r ica l  conduct ivi ty,  
Hal l  effect, and Seebeck coefficient measurements  
were  made on the T-phase, CdInsTe13, and the 8- 
phase, CdIn30Te46, mater ia ls .  Zone refining and zone 
level ing techniques were  used to obta in  po lyc rys ta l -  
l ine samples of the three  per i tec t ic  compositions. 
The compositions of the single phase mate r ia l s  were  
es tabl ished by  x - r a y  analysis  and comparison of 
the la t t ice  pa r ame te r  measurements  throughout  the 
phase d iag ram with  the cal ibra t ion repor ted  in the 
previous  paper  (1).  

Experimental Procedures 
The samples for zone refining were  p repa red  by 

fusing the s toichiometr ic  quant i t ies  of the  e lements  
(99.999% p u r i t y  t e l lu r ium and indium, and 99.99% 
pu r i t y  cadmium)  in sealed, evacuated  fused silica 
tubes (8).  Zone level ing techniques descr ibed by  

Mason and Cook (9) were  used to separa te  two of 
the compounds, and zone refining was used to p re -  
pare  the th i rd  compound. Hal l  effect and electr ical  
conduct ivi ty  measurements  were  made with  direct  
cur ren t  and a magnet ic  field of 2100 gauss in a hy -  
drogen atmosphere.  A dynamic  ca lor imeter  designed 
by  La  Botz (10) was used for the t he rma l  conduc-  
t iv i ty  measurements .  

Results 

The f l-phase ma te r i a l  was separa ted  by zone 
level ing an ingot wi th  an in i t ia l  composit ion of 47 
mole % CdTe and 53 mole % In2Te3. The resul t ing  
single phase, po lycrys ta l l ine  f l -phase ma te r i a l  in 
sections A and B of ingot number  137 wi th  lat t ice 
pa r ame te r  of 6.218A, was identif ied as approx i -  
ma te ly  45 mole % CdTe and 55 mole % In2Te~ from 
the x - r a y  ca l ibra t ion  curve de te rmined  in the p re -  
ceding paper  (1).  Electr ical  conduct iv i ty  measure -  
ments  are shown in Fig. 1 for the two sections. Be- 
low 100~ measurements  of the Seebeck coefficient 
indica ted  tha t  the samples are p- type .  Electr ical  
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Fig. 1. Logarithm of electrical conductivity vs.  reciprocal absolute 
temperature for/~-phase material, sample No. 137, from the CdTe- 
In2Te3 system: X, section A; O, section B. 
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c o n d u c t i v i t y  m e a s u r e m e n t s  in  t he  e x t r i n s i c  r eg ion  
i n d i c a t e d  t h a t  t h e r e  was  an  i m p u r i t y  g r a d i e n t  in  
t he  ingot ,  a n d  the  l o w - t e m p e r a t u r e  H a l l  m e a s u r e -  
m e n t s  w e r e  n o t  r e l i ab le .  A b o v e  440~ the  H a l l  co-  
efficient  was  too s m a l l  to  be  m e a s u r e d .  

A b o v e  474~ the  e l ec t r i c a l  c o n d u c t i v i t y  d a t a  in  
t he  i n t r i n s i c  c o n d u c t i v i t y  r eg ion  i n d i c a t e d  an  e n e r g y  
gap  of 1.37 ev  for  sec t ion  A a n d  1.38 ev  for  sec t ion  
B. W h e n  cons ide r ed  in  c o n j u n c t i o n  w i t h  t he  op t i ca l  
m e a s u r e m e n t s  of E d w a r d s  a n d  O ' K a n e  (7 ) ,  t he se  
r e su l t s  i n d i c a t e  the  v a r i a t i o n  of  e n e r g y  gap  w i t h  
t e m p e r a t u r e .  The  r e s u l t  is ( d E g / d T )  = - - 0 . 0 0 1  
e v / ~  

T h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t s  on a sec t ion  
of s a m p l e  No. 137 r e s u l t e d  in  va lue s  of a b o u t  11 
m w / c m ~  b e t w e e n  60 ~ a n d  300~ The  t h e r m a l  
c o n d u c t i v i t y  s a m p l e  c o n t a i n e d  some  second  p h a s e  
m a t e r i a l ,  b u t  i t  shou ld  g ive  a r e a s o n a b l e  i n d i c a t i o n  
of t he  a c t u a l  t h e r m a l  c o n d u c t i v i t y  of t he  f l - p h a s e  
m a t e r i a l .  

The  T -phase  m a t e r i a l  is a p p r o x i m a t e l y  20 mo le  
% CdTe-80  m o l e  % InETe~, CdInsTe13. This  c o m p o -  
s i t ion  was  o b t a i n e d  f r o m  reg ions  of  two  zone 
l e v e l e d  ingo t s  w h i c h  h a d  an  in i t i a l  compos i t i on  of 
10 m o l e  % CdTe-90  m o l e  % InETe3. X - r a y  r e su l t s  
on these  reg ions ,  sec t ion  4 of  s a m p l e  No. 150 and  
sec t ion  4 of No. 151, s h o w e d  a z inc  b l e n d e - t y p e  
s t r u c t u r e  w i t h  a l a t t i c e  p a r a m e t e r ,  ao, e q u a l  to 
6.185A for  b o t h  samples .  N o r m a l  zone ref in ing  of 
i ngo t  No. 169, w h i c h  h a d  an  in i t i a l  compos i t i on  of 
17 mo le  % CdTe-83  mo le  % InETeE, also p r o d u c e d  
some T -phase  m a t e r i a l  ( sec t ion  2) w i t h  a l a t t i ce  
p a r a m e t e r ,  ao, of 6.194A and  some  w e a k  d i f f r ac t ion  
l ines  w h i c h  w e r e  no t  c h a r a c t e r i s t i c  of a cubic  s t r u c -  
tu re .  The  d i f fe rence  in  l a t t i ce  p a r a m e t e r  v a l u e s  b e -  
t w e e n  169 {2} and  the  two  e x a c t l y  i d e n t i c a l  samples ,  
n u m b e r s  150 {4} a n d  151 {4}, m a y  be  accoun ted  for  
b y  a s l igh t  d i f fe rence  in  compos i t i on  of less  t h a n  1% 
and  b y  o r d e r i n g .  

The  e l ec t r i c a l  conduc t i v i t y ,  r is p l o t t e d  a ga in s t  
t he  r e c i p r o c a l  of t h e  abso lu t e  t e m p e r a t u r e ,  1 /T ,  in 
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Fig. 2. Logarithm of electrical conductivity vs. reciprocal absolute 
temperature for the ~,-phase material, sample No. 150 {4}, 151 {4}, 
and 169 {2}, from the CdTe-ln2Te8 system. Circle, first heating 
cycle 150 {4}; Circle with four extensions, second heating cycle 
150 {4}; X, heating cycle 151 {4}; square, cooling cycle 151 {4}; 
triangle, heating cycle 169 {2}. 
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Fig. 3. Logarithm of J RnT3/2J vs. reciprocal absolute tempera- 
ture for the 7-phase material, sample No. 150 {4}, and 151 {4}, 
from the CdTe-ln2Te3 system: �9 No. 150 {4}; X, No. 151 {4}. 

Fig.  2 for  the  T -phase  samples ,  150 {4}, 151 {4}, and  
169 {2}. The  e n e r g y  gaps  o b t a i n e d  f r o m  the  s lope of 
log  r vs.  1 / T  are :  0.98 ev  for  150 {4}; 1.02 ev  for  
151 {4}; and  1.09 ev for  169 {2}. Bo th  150 {4} and  
151 {4} a re  i n t r i n s i c  be fo re  280~ w h e r e a s  169 {2} 
has  a h igh  i m p u r i t y  l eve l  as e v i d e n c e d  b y  the  c h a r -  
ac te r i s t i c s  of t he  c o n d u c t i v i t y  da ta .  A t  l ow t e m p e r a -  
tu res ,  169 {2} is p - t y p e ,  and ,  in  t he  r eg ion  of 250~ 
i t  is n - t y p e .  I n t r i n s i c  conduc t ion  does  no t  a p p e a r  
b e l o w  a b o u t  440~ for  th is  sample .  A p lo t  of t he  
l o g a r i t h m  of t he  Ha l l  coefficient  t imes  a b s o l u t e  t e m -  
p e r a t u r e  to t he  3 /2  power ,  RHT 3/2, vs .  t h e  r e c i p r o c a l  
of t he  a b s o l u t e  t e m p e r a t u r e ,  l / T ,  is g i v e n  in  Fig.  3 
for  s a m p l e s  150 {4} and  151 {4}. The  e n e r g y  gaps  
c a l c u l a t e d  f r o m  the  s lope  of RHT 312 vs.  1 / T  a re  0.98 
ev  fo r  150 {4} a n d  1.10 ev  for  151 {4}. 

F r o m  t h e  r e l a t i o n s h i p  for  an  in t r i n s i c  s e m i c o n -  
d u c t o r  

RH,i o-i = fi(/~n - -  #p) 

w h e r e  fl is t he  r a t i o  of t he  Ha l l  m o b i l i t y  to  t h e  d r i f t  
mob i l i t y ,  i t  can  be  seen t h a t  a p lo t  of  RHCr in t h e  
i n t r i n s i c  r a n g e  can  g ive  a m i n i m u m  v a l u e  for  t he  
e l e c t r o n  m o b i l i t y  and  a s c a t t e r i n g  exponen t .  A p lo t  
of th is  H a l l  m o b i l i t y  as a func t ion  of log  T is g iven  
in  Fig .  4 for  t he  T -pha se  s a m p l e s  150 {4} a n d  151 {4}. 
The  t e m p e r a t u r e  d e p e n d e n c e  of RHO~ is T -1.7 for  
s a m p l e  150 {4} a n d  T -2.1 for  s a m p l e  151 {4}. I f  t he  
H a l l  m o b i l i t y  d a t a  can  be  e x t r a p o l a t e d  to 300~ 
t h e n  the  m o b i l i t y  of t he  T -pha se  is 140 cmE/vol t  - 
sec for  150 {4} a n d  240 c m 2 / v o l t - s e c  for  151 {4}. 
The  S e e b e c k  coefficient,  a, fo r  t h e  T -pha se  m a t e r i a l  
is s h o w n  as  a f u n c t i o n  of a b s o l u t e  t e m p e r a t u r e  in  
Fig.  5. Bo th  s a m p l e s  a r e  i n t r i n s i c  a b o v e  250~ The  
S e e b e c k  d a t a  w e r e  p l o t t e d  vs.  r e c i p r o c a l  abso lu t e  
t e m p e r a t u r e  in  an  effor t  to a s c e r t a i n  t h e  m o b i l i t y  
ra t io ,  b u t  n e g a t i v e  va lue s  w e r e  ob ta ined .  A p p a r e n t l y  
t he  m e a s u r e m e n t s  a r e  too  i m p r e c i s e  or  else th is  
m a t e r i a l  does  no t  c o n f o r m  to t he  t h e o r y  for  a s i m -  
p l e  two  b a n d  semiconduc to r .  
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Fig. 4. Logarithm of Hall mobility vs. logarithm of absolute 
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151 {4}, from the CdTe-ln2Te3 system: 0 ,  No. 150 {4}; X, No. 
151 {4}. 
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Fig. 5. Seebeck coefficient vs. absolute temperature for the 
7-phase material, sample No. 150 {4} and 151 {4}, from the 
CdTe-ln2Te3 system: �9 No. 150 {4}; X, No. 151 {4}. 

The S-phase m a t e r i a l  was  ob ta ined  f rom sect ion 
3 of the  zone ref ined ingot ,  n u m b e r  169, which  had  
a lat t ice pa rame te r ,  ao, of 6.177A, wh ich  is b e t w e e n  
the  va lues  of 6.172 and  6.180A def ining the  l imi t s  of 
exis tence  of this  phase.  This  phase  has a zinc b l e n d e -  
type  cubic s t ruc ture .  Elec t r ica l  conduc t iv i ty  resul t s  
on this  sample  are shown  in  Fig. 6. The ene rgy  gap 
ob ta ined  f rom the log ~ vs .  1 / T  data  in  the  in t r in s i c  
reg ion  above  330~ is 1.18 ev. F igu re  7 conta ins  the  
Ha l l  coefficient da ta  on the  8-phase sample.  The  e n -  
e rgy  gap ca lcu la ted  f rom the  slope of log R ~ T  ~/2 v s .  

1 / T  is 1.15 ev. RE* as a func t ion  of log T is g iven  
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Fig. 6. Logarithm of electrical conductivity vs.  reciprocal ab- 
solute temperature for the g-phase material, sample No. 169 {3}, 
from the CdTe-ln2Te3 system: circle, first heating cycle No. 169 
{3}; circle with four extensions, second heating cycle No. 169 {3}. 
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Fig. 7. Logarithm of [RHT3/2[ VS. reciprocal absolute tempera- 
ture for the g-phase material, sample No. 169 (3},  from the 
CdTe-ln2Te3 system. 

in  Fig. 8. The Hal l  mob i l i t y  is p ropor t iona l  to the 
t e m p e r a t u r e  ra i sed  to the --1.1 power .  By  ex t r apo -  
lat ion,  the Hal l  m o b i l i t y  at  300~ is 80 cm2/vol t  - 
sec. Seebeck coefficient da ta  for  this  sample  are con-  
t a ined  in  Fig. 9. Again ,  ana lyses  of these  da ta  i nd i -  
cate a nega t ive  va lue  for the  m o b i l i t y  ratio,  which  
canno t  be i n t e r p r e t e d  in te l l ig ib ly .  

The electr ical  p roper t i es  of the  th ree  per i tect ic  
ma te r i a l s  f rom the  CdTe-In~Te8 sys tem are s u m -  
mar ized  in  Tab le  I. 

Table I. Electrical properties of peritectic materials from the CdTe-ln2Te3 system 

E n e r g y  E n e r g y  
g a p ,  gap ,  

S a m p l e  L a t t i c e  log  cr v s .  10a /T  log  R H T a / 2  v s .  103/T 
No.  C o m p o s i t i o n  p a r a m e t e r ,  T e m p  r a n g e  T e m p  r a n g e  

ao, A ~ E%,  ev  of  d a t a ,  ~ Ego, ev  of d a t a ,  ~ 

/1,3oo 

T e m p e r a t u r e  d e p e n d e n c e  
of H a l l  m o b i l i t y  

/*n, n = /~oo ( T / S O B ) 3 '  
T e m p  r a n g e  

~/ of  d a t a ,  ~ 

137A E-phase, CdIn2Te4 6.218 1.37 474 to 567 
137B /3-phase, CdIn2Te4 6.218 1.38 475 to 568 
169{2} 7-phase, CdInsTel3 6.194 1.09 437 to 581 
150{4} 7-phase, CdInsTel3 6.185 0.98 234 to 565 0.98 196 to 491 
151{4} 7-phase, CdInsTe13 6.185 1.02 276 to 567 1.10 335 to 529 
169{3} g-phase, CdIn~0Te46 6.177 1.18 331 to 641 1.15 331 to 479 

140 
240 

80 

--1.7 177 to 491 
--2.1 335 to 529 
--1.1 250 to 479 
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Fig. 8. Logarithm of Hall mobility vs. logarithm of absolute 
temperature for the S-phase material, sample No. 169 {3}, from 
the CdTe-ln2Te3 System. 
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Fig. 9. Seebeck coefficient vs. absolute temperature for the 
8-phase materiol, sample No. 169 { 3 } ,  from the CdTe- ln2Te3 
system. 

Discussion 

The  e n e r g y  gap  of CdTe  has  b e e n  e s t a b l i s h e d  as 
be ing  e q u a l  to a b o u t  1.50 ev  on  t h e  bas is  of e l e c t r i -  
cal  c o n d u c t i v i t y  m e a s u r e m e n t s  (11) ,  a n d  1.56 ev  on 
the  bas is  of  op t i ca l  m e a s u r e m e n t s  (11, 12).  H o w -  
e v e r  t h e r e  is c o n s i d e r a b l e  d i s c r e p a n c y  in t he  r e -  
p o r t e d  v a l u e s  for  t he  e n e r g y  gap  of d i s o r d e r e d  
In2Te3. A l t h o u g h  Z h u z e  et  al. (13) r e p o r t  an  e n e r g y  
gap  of 1.12 ev for  d i s o r d e r e d  In2Te3, and  Gasson  
et al. (14)  r e p o r t  t h a t  Eg = 1.02 ev, W o o l l e y  and  
P a m p l i n  (15) r e p o r t  t h a t  Eg ---- 1.55 ----- 0.05 ev, and  
A p p e l  (16) r e p o r t s  t h a t  Eg for  d i s o r d e r e d  In2Te3 is 
equa l  to 2.4 • 0.1 ev. These  l a t t e r  r e su l t s  a long  w i t h  
p r e l i m i n a r y  u n p u b l i s h e d  w o r k  in  ou r  l a b o r a t o r y  
sugges t  t ha t  Zhuze  et  al. (13) ,  Gasson  et al. (14) ,  
a n d  p e r h a p s  even  W o o l l e y  a n d  P a m p l i n  (15) w e r e  
no t  o b s e r v i n g  an  e n e r g y  gap  c h a r a c t e r i s t i c  of  pu re ,  
u n c o n t a m i n a t e d  d i s o r d e r e d  In2Te3. 

In  th is  case,  i t  t h e n  a p p e a r s  as t h o u g h  the  a d d i -  
t ion  of In2Te3 to CdTe,  or  t he  a d d i t i o n  of CdTe  to 
In2Te3 r educes  t he  e n e r g y  gap  of t h e  r e s u l t i n g  m a t e -  
r ia ls .  The  m i n i m u m  v a l u e  for  t h e  e n e r g y  gap  in th is  
s y s t e m  occurs  in t h e  T - p h a s e  c o m p o u n d  a n d  is in 
t h e  n e i g h b o r h o o d  of 1.0 ev. 

As  t h e  In2Tes f r a c t i o n  inc reases  t h e  c o n c e n t r a t i o n  
of m e t a l  vacanc ie s  also inc reases  s ince  3Cd a toms  in 
Cd3Te3 a re  r e p l a c e d  b y  2In a toms  and  a v a c a n c y  in 
In2Tes. I t  m i g h t  s eem t h a t  t he  o b s e r v e d  d e c r e a s e  in  

t he  e n e r g y  gap  is a s soc ia t ed  w i t h  i n c r e a s i n g  v a c a n c y  
concen t r a t ion .  H o w e v e r  t he  e v a l u a t i o n  of t he  e n -  
e r g y  gap  d a t a  on In2Te3 g iven  a b o v e  w o u l d  no t  s u p -  
p o r t  th is  conc lus ion  s ince  the  v a c a n c y  c o n c e n t r a t i o n  
a n d  e n e r g y  gap  v a r i a t i o n  d i v e r g e  as t h e  p u r e  In2Te3 
is a p p r o a c h e d .  

Z h u z e  et al. r e p o r t  t he  Ha l l  m o b i l i t y  fo r  d i s o r -  
d e r e d  In2Te~ to b e  b e t w e e n  5 a n d  70 c m 2 / v o l t - s e c  
w h i c h  is l o w e r  t h a n  the  v a l u e s  o b s e r v e d  in  t h e  T- 
and  S-phases  in  th is  work .  

The  r o o m  t e m p e r a t u r e  t h e r m a l  c onduc t i v i t y ,  11 
m w / c m ~  of o r d e r e d  In2Te8 (17) is i d e n t i c a l  to 
t h a t  f o u n d  for  t he  f l - p h a s e  in  th is  w o r k .  On the  
o the r  hand ,  Gasson  et al. (14) r e p o r t  t he  t h e r m a l  
c o n d u c t i v i t y  of In2Te8 as 0.008 w / c m ~  w h i l e  W o o l -  
l ey  and  P a m p l i n  (15) r e p o r t  a v a l u e  of  0.014 w / c m  
~ I t  is a p p a r e n t  t h a t  de f in i t ive  w o r k  r e m a i n s  to 
be  done  on In2Te~. By  w a y  of f u r t h e r  c o m p a r i s o n  
CdTe,  w h i c h  has  a zinc b l e n d e  s t r uc tu r e ,  has  a t h e r -  
m a l  c o n d u c t i v i t y  of 63 m w / c m ~  (17) a t  r o o m  t e m -  
p e r a t u r e .  These  m a t e r i a l s  do no t  a p p e a r  to be  p a r -  
t i c u l a r l y  p r o m i s i n g  as t h e r m o e l e c t r i c  m a t e r i a l s  b e -  
cause  of t h e i r  l ow  mob i l i t i e s  a n d  p e r i t e c t i c  na tu r e .  
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Galvanostalametry: A New Technique, Based on the Negative 
Pressure of Liquids, for Investigating Electrochemical Phenomena 

at an Electrode 
John L. Sligh and Abner Brenner 

ElectroLysis and Metal Deposition Section, Metallurgy Division, 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

A procedure based on the negative pressure of water  has been used as a 
sensitive indicator for the s tudy of electrochemical phenomena.  The apparatus 
consisted of a vert ical  glass tube, .closed at the upper  end, which was evacuated 
and filled with an electrolyte. The lat ter  remained suspended in  the column 
in a metastable state of tension. The column of electrolyte was dropped by pro-  
ducing a minute  amount  of electrolysis between an indicator electrode sealed 
in the top of the column and a companion electrode which could also be at 
the top or in  the reservoir  at the bottom of the column. The time or cur ren t  re-  
quired to drop the column was used for making  the following exper iments  
and /o r  observations: (A) The decomposition potential  of water  was deter-  
mined by observing the lowest applied voltage required to drop the column. 
(B) The time required to drop the column (on passage of a constant  current )  
was proport ional  to the concentrat ion of iodide ion in the electrolyte. (C) The 
cur ren t  required to drop the column was proport ional  to the area of the in -  
dicator electrode, regardless of the i r regular i ty  of its shape. (D) The forma-  
t ion of the gas required to drop the column occurred in less than 15 #sec after 
closing the circuit. 

Tha t  a c o l u m n  of l iqu id  can sus t a in  a cons ide rab le  
nega t ive  p ressure  before  r u p t u r i n g  is a scientific 
fact  which  is no t  c o m m o n l y  k n o w n ,  a l though  the  
p h e n o m e n o n  was obse rved  m a n y  years  ago. A col- 
u m n  of water ,  for example ,  can sus t a in  a nega t i ve  
p ressure  of more  t h a n  200 a tm (1).  Briggs (2) was  
the first to ut i l ize  the  nega t ive  p ressure  of w a t e r  in  
an  e lec t rochemica l  expe r imen t .  He showed tha t  a 
c o l u m n  of water ,  suspended  u n d e r  n e g a t i v e  p res -  
sure,  d ropped  on passage of a n  electr ical  d ischarge  
b e t w e e n  two electrodes which  had  been  placed in  
the  l iqu id  at  the  top of the  co lumn.  He was  chiefly 
in t e re s t ed  in  m e a s u r i n g  the  nega t ive  p ressure  of 
l iquids  and  did not  p u r s u e  fu r t he r  the  e l ec t rochemi-  
cal aspects of the  p h e n o m e n o n .  

The e lect r ical  d ischarge  causes the  c o l u m n  of 
wa te r  u n d e r  nega t i ve  p ressure  to drop because  a 
smal l  a m o u n t  of gas is gene ra t ed  at t he  electrodes;  
this acts as a nuc leus  for d i s rup t i ng  the  co lumn.  
Briggs showed tha t  the  m i n i m u m  a m o u n t  of gas 
tha t  caused r u p t u r e  was  of the  order  of a m o n o -  
molecu la r  l ayer  on e i ther  anode  or cathode.  

Since d ropp ing  of the  me ta s t ab l e  co lumn  of sus-  
pended  w a t e r  is e x t r e m e l y  sens i t ive  to m i n u t e  
t races  of gas, the  p h e n o m e n o n  can be used as an  
ind ica to r  of the  first d ischarge  of gas in  an  e lec t ro-  
chemica l  react ion.  We have  g iven  the  n a m e  G a l v a n -  
o s t a l ame t ry  to this  t echn ique ;  the  t e r m  is de r ived  

f rom "ga lvano ,"  m e a n i n g  cur ren t ,  a nd  "s ta lao"  a 
Greek  word  m e a n i n g  to drop. 

The  object ive  of this  in i t i a l  expos i t ion  is to de-  
scribe the  t e c hn i que  and  to discuss some of its p rac -  
t ical  appl icat ions .  At  this s tage of the  i nves t i ga t i on  
no a t t empt  was made  to a c c u m u l a t e  a la rge  mass of 
da ta  or to develop a h igh  precis ion in  the  m e a s u r e -  
ments .  The  e x p e r i m e n t s  descr ibed  in  this  paper  
show tha t  the  t echn ique  can be used for such va r i ed  
appl ica t ions  as m e a s u r i n g  h y d r o g e n  and  oxygen  
overvol tage ,  d e t e r m i n i n g  the  concen t r a t i on  of a sal t  
in  a solut ion,  d e t e r m i n i n g  the  area  of an  electrode,  
a nd  ob t a in ing  i n f o r m a t i o n  on the  reac t ion  t ime  of 
the  deposi t ion  or d ischarge  of ions at an  electrode.  

Apparatus  

A typica l  cell is shown  in  Fig. 1. I t  consists  of a 
glass t ube  abou t  100 cm long  a nd  1.3 cm in  d i ame te r  
t e r m i n a t i n g  at  its lower  end  in  a rese rvo i r  of about  
1 l i te r  capacity.  The  orifice at the bo t tom of the 
ver t i ca l  tube,  shown  in  Fig. 1 and  2, p e r m i t t e d  the 
i n t roduc t i on  of electrodes or a sal t  br idge.  I n  Fig. 3 
are shown  severa l  types  of closures and  electrodes 
used at the top of the  column.  The spher ica l  bu lbs  
at the  top of two of the  co lumns  were  adopted  be -  
cause they  improved  the  adhes ion  of the  l i qu id  to 
the  top of the  vessels. The  d e m o u n t a b l e  u p p e r  elec- 
t rode  a s sembly  shown in  Fig. 1 p e r m i t t e d  rapid 
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Fig. 1. Typical experimental cell, details of a similar one are 
shown in Fig. 2. 
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Fig. 2. Detailed view of the experimental cell: A, indicator 
electrode; B, O-ring; C, upper connector; D, lower connector; E, 
salt bridge or electrode probe; F, reservoir; G, rubber stopper; H, 
adjustable clamp; I, bottom of column. 

Fig. 3. Typical designs of the tops of the columns used for 
obtaining various galvanostalametric quantities. 

r emova l  and  r e p l a c e m e n t  of electrodes.  Detai ls  of 
the des ign  of the  connectors  are  shown in  Fig. 2. 
The connec t ing  faces of the  flanges con ta ined  O - r i n g  
grooves. Suff icient  p ressure  could be  appl ied  to the 
jo in t  w i th  the  ad jus t ab l e  c lamp to p rov ide  a vac -  
u u m - t i g h t  seal. 
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The  ind ica tor  or w o r k i n g  electrodes at  the top 
os the  co lumns  were  smooth  or p ta t in ized  p l a t i n u m  
(except  as o therwise  no ted)  r a n g i n g  in  geomet r ica l  
a rea  f rom 5 x 10 -4 m m  2 to 300 m m  2. Elect rodes  
h a v i n g  an  a rea  less t h a n  0.01 m m  2 were  made  by  
sea l ing  smal l  p l a t i n u m  wires  in  glass tub ing .  The 
ends of the tubes  were  t h e n  cut  at r i gh t  angles  to 
the i r  axis  and  g r o u n d  flat to expose on ly  the  cross 
sect ion of the  wire.  The opposing p l a t i n u m  electrode 
is r e fe r red  to in  this  paper  as the  countere lec t rode .  
The coun te re lec t rode  m a y  be located n e a r  the  ind ica -  
tor  e lect rode a t  the  top of the  co lumn,  b u t  in  most  
ins tances ,  i t  was  p laced  in  the  reservoi r ,  t hus  p r e -  
v e n t i n g  it  f rom inf luenc ing  the  d ropp ing  of the  col- 
u m n .  A po t e n t i ome t e r  and  su i t ab le  a m m e t e r  were  
used  for m e a s u r i n g  vol tage  a nd  cu r ren t ,  respect ively .  

A sa tu ra t ed  calomel  re fe rence  e lect rode was  used 
for m e a s u r e m e n t s  of e lectrode potent ia ls .  A sal t  
b r idge  ex t ended  f rom the  re fe rence  hal f  cell to a 
L u g g i n  capi l lary ,  which  was  inse r t ed  t h r o u g h  the  
orifice at  the  bo t tom of the  co lumn  a nd  t e r m i n a t e d  
in  the  i m m e d i a t e  v i c in i ty  of the  e lect rode u n d e r  
s tudy.  The  gel used in  the  sal t  b r idge  was  made  by  
add ing  to a 1N KC1 solu t ion  a p p r o x i m a t e l y  140 g/1 
of a c ry l amide  a n d  abou t  8 g/1 of N, N 1 Me t hy l ene  
b i sacry lamide .  The congea l ing  of this  so lu t ion  was  
ca ta lyzed  by  the add i t ion  of 10 ml /1  each of 1% 
(we igh t )  a m m o n i u m  pe r su l f a t e  a n d  1% (we igh t )  
fe r rous  sulfate.  This  gel p roved  super io r  to agar,  
wh ich  a l lowed  air  to en te r  the  cell, t hus  caus ing  
the  co lumn  to fal l  p r e m a t u r e l y .  

The  source of e lec t r ic i ty  was  va r i ed  in  accordance  
w i th  the  type  of m e a s u r e m e n t .  For  example ,  a 6v 
b a t t e r y  was adequa t e  if the  process i nvo lved  a 
s t eady  cur ren t ,  as in  the  overvo l tage  s tudy.  On the 
other  hand ,  w h e n  us ing  condense r  discharges,  a 
l l 0 v  d-c  l ine  or a 3000v d-c  source was  used in  
c on j unc t i on  w i th  a vol tage  divider .  The  choice of 
vol tage  supp ly  was  d ic ta ted  by  the  a rea  of the  ind i -  
cator  e lectrode and  the capaci ty  of the  condenser .  
A la rger  po ten t i a l  was  appl ied  to the  condenser  in 
each successive expe r imen t ,  un t i l  the m i n i m u m  vol -  
tage which  wou ld  drop the co lumn  was found.  

For  all  expe r imen t s ,  an  aux i l i a ry  a -c  supply,  in  
add i t ion  to the  p r i m a r y  power  supply ,  was  r equ i r ed  
for i m m e d i a t e  r e s to ra t ion  of the  electrode to a re -  
p roduc ib le  condi t ion  b e t w e e n  successive m e a s u r e -  
ments .  The need  for this  p rocedure  is c lar i f ied  la ter  
in  this  paper .  

Experimental Method 

The solut ions  s tud ied  were  hea ted  to boi l ing,  
u n d e r  reflux. This p rocedure  r e m o v e d  most  of the  
dissolved gases and  thus  p rov ided  a more  s table  
suspended  column.  The  hot so lu t ion  was  i m m e -  
d ia te ly  t r a n s f e r r e d  to the  cell t h r ough  the  m o u t h  
of the  reservoi r ,  which  was  t h e n  a t tached  to a vac-  
u u m  p u m p  b y  m e a n s  of a r u b b e r  s topper  a nd  r u b -  
ber  v a c u u m  t u b i n g  fitted w i th  a s c r e w - t y p e  p inch  
clamp. The screw c lamp was c o n t i n u o u s l y  ad jus ted  
upon  evacua t ing  so tha t  a s teady bu t  no t  v io len t  
ebu l l i t i on  was  m a i n t a i n e d  u n t i l  the  solut ion was  
abou t  room t e m p e r a t u r e .  The  c lamp was  t h e n  closed 
and  the cell r emoved  f rom the  v a c u u m  system. 
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To s u s p e n d  the  co lumn,  the  cel l  was  i n v e r t e d  
s l o w l y  so t h a t  t he  so lu t i on  d id  no t  s l ap  aga in s t  the  
top  of t he  cell .  This  p r e c a u t i o n  was  essen t i a l ;  o t h e r -  
w i se  mic roscop i c  b u b b l e s  f o r m e d  a n d  p r e v e n t e d  sus -  
pens ion  of t he  co lumn.  W i t h  t he  ce l l  i n v e r t e d ,  a n y  
t r a p p e d  gas  b u b b l e s  w e r e  a l l o w e d  to r i de  up  t h e  
c o l u m n  a n d  escape  in to  t he  r e s e r v o i r ;  t he  c o l u m n  
w a s  r e t u r n e d  to  t he  u p r i g h t  pos i t ion .  The  l i qu id  
w a s  t h e n  u n d e r  n e g a t i v e  p r e s s u r e  and  w h e n  a 
c h a r g e  suff icient  to c r e a t e  a b o u t  a m o n o l a y e r  of gas  
on the  i n d i c a t o r  e l e c t r o d e  w a s  p a s s e d  t h r o u g h  the  
cell ,  the  c o l u m n  of e l e c t r o l y t e  d r o p p e d  a b r u p t l y .  

In  t he  fo l lowing  discuss ion,  t he  t e r m  g a l v a n o -  
s t a l a m e t r y  wi l l  be  used  to  r e f e r  to a l l  e x p e r i m e n t s  
or  m e a s u r e m e n t s  m a d e  b y  th i s  t echn ique .  I n  g a l -  
v a n o s t a l a m e t r y ,  t he  q u a n t i t i e s  of i n t e r e s t  a r e  t he  
cu r r en t ,  vo l t age ,  cha rge ,  or  t i m e  w h i c h  p r e v a i l s  a t  
t he  i n s t a n t  t h e  c o l u m n  drops .  S ince  these  a r e  o b -  
t a i n e d  b y  g r a d u a l l y  i n c r e a s i n g  the  v a l u e  of t he  
c u r r e n t  o r  vo l tage ,  s o m e t i m e s  in  success ive  t r ia l s ,  
i t  is obv ious  t h a t  t he  g a l v a n o s t a l a m e t r i c  q u a n t i t i e s  
a r e  t he  s m a l l e s t  va lue s  t h a t  w i l l  cause  t he  c o l u m n  
to d rop .  

In  c o n t r a s t  to an  a d s o r b e d  film, t he  g a l v a n o s t a l a -  
m e t r i c  gas  f i lm is a t r a n s i e n t  one. O u r  s tud ies  con-  
f i rmed  Br iggs '  o b s e r v a t i o n  (2)  t h a t  t he  e l e c t r o l -  
y z e d  gas  f i lm e x i s t e d  for  a s h o r t  p e r i o d  b e f o r e  
d i s so lv ing  in  t h e  e l ec t ro ly t e .  This  effect  was  no t  
w h o l l y  c u m u l a t i v e  s ince  two  d i scharges ,  each  of 
w h i c h  w a s  a b o u t  62% of  t h e  c r i t i ca l  va lue ,  f a i l ed  
to d rop  the  c o l u m n  w h e n  a p p l i e d  in  r a p i d  succession.  
This  i n d i c a t e d  t h a t  m u c h  of t h e  gas f i lm d i s a p p e a r e d  
r a p i d l y .  H o w e v e r ,  w h e n  a q u a n t i t y  of cha rge  
s l i g h t l y  less  t h a n  t h e  g a l v a n o s t a l a m e t r i c  cha rge  was  
f o l l o w e d  b y  a s i m i l a r  one,  t he  c o l u m n  d r o p p e d ,  
s h o w i n g  t h a t  a r e s i d u u m  of  gas  r e m a i n e d .  I f  t he  
c o l u m n  was  a l l o w e d  to r e m a i n  s u s p e n d e d  for  s ev -  
e r a l  h o u r s  b e t w e e n  m e a s u r e m e n t s ,  t he  r e s i d u u m  
of gas on the  e l e c t r o d e  d i s a p p e a r e d ,  a n d  r e p r o d u c -  
ib i l i t i e s  of  t h e  o r i g i n a l  g a l v a n o s t a l a m e t r i c  c h a r g e  
a p p r o a c h i n g  1% w e r e  obse rved .  One  m e t h o d  of  
q u i c k l y  r e s t o r i n g  the  e l ec t rode  su r f ace  to a r e p r o -  
duc ib l e  cond i t i on  a f t e r  each  e x p e r i m e n t  was  to a p -  
p l y  an  a l t e r n a t i n g  c u r r e n t  for  a f e w  seconds  b e -  
t w e e n  success ive  m e a s u r e m e n t s .  A c u r r e n t  d e n s i t y  
of a p p r o x i m a t e l y  7 m a  ( r m s ) / c m  ~ a t  a f r e q u e n c y  
o f  1000 cps  r e s u l t e d  in  r e p r o d u c t i o n  of t he  i n i t i a l  
f i lm to w i t h i n  a b o u t  6 .5%, w h i c h  was  cons ide red  
a d e q u a t e  for  a p r e l i m i n a r y  s tudy .  

I t  is c o n v e n i e n t  to  m e n t i o n  h e r e  o t h e r  f ac to r s  
w h i c h  h a v e  an  i n f l u e n c e  on t h e  s t a b i l i t y  of t he  col -  
u m n  or  on t h e  g a l v a n o s t a l a m e t r i c  c h a r g e  r e q u i r e d  
to d rop  it.  A c c o r d i n g  to  Br iggs  (2, 3) t h e  t h i c k n e s s  
of  t he  gas  film, a n d  h e n c e  t h e  c h a r g e  r e q u i r e d  to 
d r o p  a c o l u m n  of so lu t ion  s u s p e n d e d  u n d e r  n e g a -  
t i ve  p r e s su re ,  dec reases  as  t h e  h e i g h t  of t he  co lumn  
increases .  H e  s h o w e d  t h a t  a d e c r e a s e  in  the  l e n g t h  
of t h e  c o l u m n  of w a t e r  of  10 c m  i n c r e a s e d  the  c r i -  
t i c a l  f i lm th i ckness  b y  a p p r o x i m a t e l y  4%.  W e  f o u n d  
t h a t  t he  v a r i a t i o n  in  t he  f i lm th i cknes s  or  g a l v a n o s -  
t a l a m e t r i c  c h a r g e  is m i n o r  fo r  a 1 or  2 cm c h a n g e  
in  c o l u m n  h e i g h t  a n d  posed  no  p r o b l e m  in a q u a -  
l i t a t i v e  s tudy .  In  m a k i n g  p r ec i s e  m e a s u r e m e n t s ,  ca re  
m u s t  b e  e x e r c i s e d  to p r e v e n t  l e a k a g e  of a i r  in to  t h e  

Table I. Relationship between the electrode area and the 
galvanostalametric film thickness of hydrogen 

N u m b e r  of  
m o n o l a y e r s ,  

Area ,*  m m  ~ Q m  Qd Q d / Q m  

285 1.2 X 10 -8 7.2 X 10 -4  0.6 
140 5.3 X 10 - 4  4 X 10 -5 0.75 

5 X 10 -2  1.82 • 10 -7  1.65 X 10 -7 0.91 
5 X 10 -4  1.82 X 10 -9 9 X 10 -9 4.95 

1.3 • 10 -4 5 X 10 -1o 2.8 X 10 -9 5.6 

Qm, cou lombs  t h e o r e t i c a l l y  r e q u i r e d  to y i e l d  a m o n o l a y e r ;  Qd, 
c o u l o m b s  r e q u i r e d  to  d rop  the  c o l u m n ;  a r ea  of H~ m o l e c u l e  (Van 
t ier  W a a l s ' ) ,  7.62 X 10 -14 mm2; a l l  e l ec t rodes  cons i s t ed  of  p l a t i n u m  
e x c e p t  fo r  a t u n g s t e n  e l ec t rode  u s e d  i n  t h e  l a s t  e x p e r i m e n t .  

* A r o u g h n e s s  f a c t o r  of  1 is  a s sumed .  

r e s e rvo i r ,  s ince  th is  has  t h e  ef fec t  of  c h a n g i n g  the  
h e a d  (o r  n e g a t i v e  p r e s s u r e )  of  t h e  co lumn.  

The  u s u a l  s m a l l  changes  in  a m b i e n t  t e m p e r a t u r e  
p r o d u c e d  no n o t i c e a b l e  effect  on  g a l v a n o s t a l a m e t r i c  
va lue s  a n d  w e r e  i g n o r e d  in  n o r m a l  m e a s u r e m e n t s ,  
s ince  t he  co lumn  r e m a i n e d  s u s p e n d e d  inde f in i t e ly  
at  r o o m  t e m p e r a t u r e .  The  effect  of i n c r e a s i n g  the  
t e m p e r a t u r e  w a s  i l l u s t r a t e d  b y  r a i s i ng  t h e  t e m -  
p e r a t u r e  of t he  c o l u m n  to a b o u t  55~ w i t h  a h e a t -  
ing  tape ,  w h i c h  caused  the  c o l u m n  to  fa l l  in  s e v e r a l  
minu te s .  

Experimental Results and Discussion 

Relationship be tween  critical ]ilm thickness and 
electrode area.- - In  h a r m o n y  w i t h  Br iggs '  (2)  r e -  
sul ts ,  ou r  e x p e r i m e n t s  s h o w e d  t h a t  t he  q u a n t i t y  of 
cha rge  r e q u i r e d  to d rop  a c o l u m n  of  0.2M H2SO4 
c o r r e s p o n d e d  to less t h a n  a m o n o l a y e r  of gas. A n  
e x c e p t i o n  to  th is  o c c u r r e d  i f  t he  a r e a  was  less  t h a n  
10 -2 mm2; in th is  case, a p o l y m o l e c u l a r  gas  f i lm was  
r e q u i r e d  to d r o p  t h e  co lumn.  S o m e  d a t a  on c r i t i -  
cal  f i lm th i ckness  a r e  g iven  in  T a b l e  1. 

I f  one se lec ts  a p l a t i n u m  i n d i c a t o r  e l ec t rode  
whose  a r e a  is g r e a t e r  t h a n  t h e  m i n i m u m  ci ted  
above ,  i t  is c l ea r  t ha t  t he  size of the  e l e c t r o d e  a r e a  
can  be  a p p r o x i m a t e l y  m e a s u r e d  w i t h i n  t he  l imi t s  
of t he  r e p r o d u c i b i l i t y  of  t he  c r i t i ca l  t h i c k n e s s  of t h e  
e l e c t ro ly t i c  gas  film. The  fo l l owing  e x p e r i m e n t  f u r -  
t h e r  shows  t h a t  t h e  t e c h n i q u e  is a p p l i c a b l e  to t he  
m e a s u r e m e n t  of t he  a r e a  of i r r e g u l a r  sur faces .  A 
p l a n a r  p l a t i n u m  e l e c t r o d e  h a v i n g  an  a r e a  of 140 
mm~ was  m a d e  the  t e s t  e l e c t r o d e  in  an  e x p e r i m e n t a l  
ce l l  w h i c h  c o n t a i n e d  0.2M H2SO4, a n d  th_e c r i t i ca l  
cha rge  was  d e t e r m i n e d .  The  e x p e r i m e n t a l  e l ec t rode  
was  r e m o v e d ,  r o l l e d  in to  a coil  of t h r e e  loose tu rns ,  
a n d  the  c r i t i ca l  c h a r g e  w a s  a g a i n  a sce r t a ined .  The  
f o l l o w i n g  d a t a  w e r e  o b t a i n e d :  p l a n a r  e lec t rode ,  
4.32 x 10 -4  cou lombs ;  co i led  e lec t rode ,  4.08 x 10 -~ 
cou lombs .  The  6% d i f fe rence  in  t h e  g a l v a n o s t a l a -  
m e t r i c  cha rges  a r e  w i t h i n  t he  r e p r o d u c i b i l i t y  of the  
m e a s u r e m e n t s .  The  e x p l a n a t i o n  of t he se  d a t a  is s i -  
m i l a r  to t h a t  g iven  for  t he  good  cove r ing  p o w e r  of 
anodiz ing .  The  depos i t i on  of a m o l e c u l e  of gas  at  a 
g iven  si te  on t h e  su r f a c e  i nc reases  t he  e n e r g y  r e -  
q u i r e d  for  a n o t h e r  m o l e c u l e  to se t t l e  a t  t h a t  poin t .  
Consequen t ly ,  a s u b s e q u e n t  m o l e c u l e  loca tes  on a 
b a r e  si te,  w h i c h  has  a l o w e r  e n e r g y  t h r e s h h o l d .  This  
m e c h a n i s m  r e su l t s  in  c o v e r a g e  of a s u r f a c e  w i t h  a 
m o n o l a y e r  b e f o r e  d i s c h a r g e  occur s  oppos i t e  an  a l -  
r e a d y  c ove re d  si te .  
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M in imum bubble-volume required to initiate 
column rup ture . - -The  e x p e r i m e n t s  w i th  electrodes 
fo rmed  by  exposing the  cross sect ion of smal l  wi res  
p rov ided  two in t e re s t ing  m e a s u r e m e n t s .  Fi rs t ,  (as 
m e n t i o n e d  above)  t hey  showed tha t  microe lec t rodes  
r equ i r e  a fi lm th ickness  of severa l  mono laye r s  to 
drop the  column.  Second,  they  p rov ided  an  ind i ca -  
t ion  of the  size of the  smal les t  gas b u b b l e  t ha t  can  
cause r u p t u r e  of the  column.  As recorded in  Tab le  I, 
a charge of the  o rder  of 3 x 10 -9 coulombs t r iggered  
the drop of the  column.  This q u a n t i t y  of e lec t r ic i ty  
compares  w i th  tha t  de tec tab le  by  a suspended  coil 
ga lvanomete r .  The h y d r o g e n  l i be ra t ed  b y  the  above 
charge wou ld  have  a v o l u m e  of r ough ly  6 x 10 - ' ~  
cm 3 at S.T.P. This  a m o u n t  is e q u i v a l e n t  to a spher i -  
cal b u b b l e  h a v i n g  a d i ame te r  of abou t  8~, b u t  we 
do not  wish  to imp ly  tha t  a s ingle  b u b b l e  was  
formed.  This ca lcu la t ion  demons t r a t e s  tha t  a dis-  
t u r b a n c e  of microscopic m a g n i t u d e  is sufficient to 
upset  a me ta s t ab l e  sys tem caus ing  it to go to a more  
s table  e q u i l i b r i u m  state. 

Effect o~ electrode material on the galvanostala- 
metric charge.- -Al l  of the  p rev ious ly  descr ibed ex-  
p e r i m e n t s  we re  p e r f o r m e d  w i t h  p l a t i n u m  electrodes.  
The inves t iga t ion  was  ex t ended  to d e t e r m i n e  
w h e t h e r  the  electrode m a t e r i a l  affected the  g a l v a n -  
os ta lamet r ic  film thickness .  E x p l o r a t o r y  expe r i me n t s  
were  pe r fo rmed  wi th  electrodes of copper,  si lver,  
gold, and  lead in  0.2M H~SO4 solut ion.  The  elec-  
t rodes were  pol ished wi th  a fine abras ive  cloth, 
s c rubbed  wi th  pumice,  and  sealed into the  top of 
the cell by  use of the  O - r i n g  method.  The geome t r i -  
cal e lectrode area, abou t  300 m m  2, was gove rned  
by  the d i ame te r  of the  O- r ing .  In  these  exper imen t s ,  
capaci tor  discharges  w e r e  chosen to  drop the  c o l u m n  
since the i r  use made  it u n n e c e s s a r y  to measu re  t imes  
of the  order  of a f rac t ion  of a second. However ,  as 
descr ibed in  the  fo l lowing  section, w h e n  an  a lka l ine  
e lec t ro ly te  buffered  at pH 9 was  used in  place of the  
0.2M H2SO4 solut ion,  a s teady  c u r r e n t  was  c o n v e n i -  
en t l y  employed.  Resul t s  of the  e x p e r i m e n t s  in acid 
solut ion,  shown  in  Tab le  II, i nd ica te  tha t  the  cr i t ical  
f i lm th ickness  is r e a s o n a b l y  i n d e p e n d e n t  of the  e lec-  
t rode  mate r ia l .  

Measurement  of the thickness of an oxide l a y e r . -  
A n o t h e r  i n t e r e s t i ng  app l ica t ion  of g a l v a n o s t a l a m e -  
t r y  was  the  m e a s u r e m e n t  of the  th ickness  of an  ox-  
ide layer .  Our  observa t ions  showed tha t  a c o l u m n  
of l iqu id  u n d e r  nega t i ve  p re s su re  r equ i r ed  a l a rger  
cathodic charge  t h a n  usua l  if the  ind ica tor  e lectrode 
was  anod ica l ly  polar ized  i m m e d i a t e l y  p reced ing  its 

Table II. Thickness of galvanostalametric gas films on various 
metals in 0.2M H2S04 solution 

F r a c t i o n  
E l e c t r o d e  V o l t s  m o n o l a y e r  

Pt  30 0.6 
Cu 25 0.48 
Ag 20 0.40 
Au 25 0.48 
Pb Reacts 

I n  a l l  t h e  e x p e r i m e n t s ,  t h e  c u r r e n t  s o u r c e  c o n s i s t e d  of  a 2 4 - m f d  
c o n d e n s e r  c h a r g e d  to  t h e  v o l t a g e  s h o w n  i n  t h e  t ab l e .  A l l  e l e c t r o d e s  
h a d  an  a r e a  of  a b o u t  3 c m  2. 

Table III. Effect of anodic oxidation of copper in increasing 
the time required to drop the column 

O x i d a t i o n  T i m e  to d r o p  
t i m e ,  sec  t h e  c o l u m n ,  sec At, see  

0 12 12 
30 42.2 12.2 
30 42 12 

180 194 14 
180 190 I0 

T h e  a n o d i c  a n d  c a t h o d i c  c u r r e n t s  w e r e  1 m a ;  t h e  a r e a  o f  t h e  
e l e c t r o d e  w a s  3 cm~; At = c o l u m n  2 -- c o l u m n  1. 

de te rmina t ion .  The add i t iona l  cathodic charge  was  
about  e q u i v a l e n t  to the  anodic  charge tha t  had  been  
used. 

For  this  expe r imen t ,  a copper  e lectrode was sealed 
in  the  top of the  cell by  the  O - r i n g  method ,  a nd  the  
charge r equ i r ed  to drop the  c o l u m n  was ascer ta ined.  
The average  t ime  for a cathodic c u r r e n t  of 1 m a  to 
drop the co lumn  was about  12 sec at  an  unox id ized  
copper  electrode.  The co lumn  was r e suspended  and  
p e r m i t t e d  to s t and  for a sufficient per iod  to a l low 
the  electrode to r e t u r n  to its o r ig ina l  condi t ion.  The  
copper e lectrode was  t h e n  e lec t ro ly t ica l ly  oxidized 
wi th  a k n o w n  n u m b e r  of coulombs.  The  anodic  
t r e a t m e n t  was i m m e d i a t e l y  fo l lowed by  a r ede t e r -  
m i n a t i o n  of the  cr i t ical  cathodic charge.  The  cu r -  
r e n t  used throughout these measurements was i ma 
and the electrolyte was IN sodium sulfate buffered 
at pH 9 to prevent the dissolution of copper oxide 
which occurred in acidic solution. The results of 
these experiments are given in Table III. These data 
showed, within the limits of experimental precision, 
that the column dropped only after passage of a 
quantity of current sufficient to reduce the oxide 
film and form a galvanostalametric film on the elec- 
trode. The approximate constancy of the third col- 
umn in the table emphasizes the reversibility of the 
anode and cathode reactions since 12 sec is the time 
required for 1 ma to drop the column when the in- 
dicator electrode is made the cathode in the absence 
of prior anodic treatment. 

The application of the new technique as a means 
for measuring the thickness of an oxide film was 
extended to include the film formed on copper by 
heating in air. The procedure for this experiment 
involved weighing the indicator electrode on a mi- 
crogram balance before and after heating to deter- 
mine the weight of oxygen. The oxidized copper 
electrode was then made the cathode in the galvan- 
ostalametric experiment. The quantity of charge re- 
quired to deposit a monolayer of hydrogen was 
small with respect to that required to reduce the 
copper oxide present. Thus, the charge required to 
drop the column was taken as a measure of the 
amount of copper oxide. The following shows the 
results of the experiments: coulombs required to 
drop column, 1.13; weight of oxygen on surface (g), 
9.7 x 10-5; coulombs required by calculation to re- 
duce 9.7 x 10-Sg oxygen,  1.16. The  close a g r e e m e n t  
b e t w e e n  the  e x p e r i m e n t a l  a n d  ca lcu la ted  charges  
shows tha t  the  me thod  could be used  to measu re  
th ickness  of an  oxide film. 
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M a n y  e lec t rochemica l  t echn iques  have  been  e m-  
p loyed for m e a s u r i n g  the  th ickness  of films on m e t -  
als; some of these have  been  r ev i ewed  and  e v a l u -  
a ted in  a paper  by  L a m b e r t  and  Trevoy  (4) .  They  
proposed an  i m p r o v e m e n t  for d e t e r m i n i n g  coulo-  
me t r i c a l l y  the th ickness  of an oxide l ayer  and  other  
films on copper.  The i r  p rocedure  i nvo lved  the  r e -  
mova l  of dissolved oxygen  a n d  ions f r o m  the  tes t  
so lu t ion  by  p re -e lec t ro lys i s  in  a cyclic process r e -  
qu i r i ng  a complex  e x p e r i m e n t a l  cell. The pur i f ica-  
t ion  t echn ique  suggested  by  these  au thors  is wel l  
founded  since any  precise coulometr ic  p rocedure  
for m e a s u r i n g  the  th ickness  of an  oxide l ayer  r e -  
quires  the e l im ina t i on  of i n t e r f e r i ng  ions or r educ i -  
ble  species. The ga lvanos t a l ame t r i c  m e t h o d  has the  
advan t age  over  other  t echn iques  in  tha t  it p rovides  
a sharper  e n d - p o i n t  t h a n  the  inf lect ion in  a po t en t i a l -  
t ime  plot  c o m m o n l y  used in  the  cou lomet r ic  oxide 
th ickness  m e a s u r e m e n t s  to ind ica te  complete  re -  
duc t ion  of the oxide layer .  

Discharge o] iodide ion at the anode; relation be- 
tween  current and t ime in dropping oS the column. 
- - I n  e lectrolysis  of a so lu t ion  con ta in ing  an  e lec t ro-  
chemica l ly  oxidizable  or reduc ib le  ion (at  c u r r e n t  
densi t ies  be low the l im i t i ng  c u r r e n t  dens i t y ) ,  the  
sys tem reaches a s teady state  w i th  respect  to cu r -  
r e n t  and  vol tage  in  abou t  a m i n u t e  or two. If cu r -  
r e n t  densi t ies  l a rge r  t h a n  the l i m i t i n g  va lue  are 
used, the  concen t r a t i on  of the  reac t ive  ion a t  the  
ca thode - so lu t ion  in t e r f ace  is r educed  to zero in  
m u c h  less t ime  t h a n  this, and  h y d r o g e n  or oxygen  
t h e n  begins  to discharge,  depend ing  on w h e t h e r  the  
reac t ion  occurs at the  cathode or anode.  The m o -  
m e n t  at which  the  concen t r a t i on  at  the  ca thode-  
so lu t ion  in te r face  reaches  zero is u s u a l l y  ascer -  
t a ined  b y  p lo t t ing  the  curve  of c u r r e n t  dens i ty  or 
po ten t i a l  as a func t ion  of t ime. The  curve  shows a 
bend  or knee  at the  po in t  where  the  gas evo lu t ion  
begins.  Direct  obse rva t ion  of the evo lu t ion  of gas is 
se ldom used because  it is too inexact .  However ,  the  
po in t  of gas evo lu t ion  can be d e t e r m i n e d  sha rp ly  by  
ga lvanos t a l ame t ry ,  because  the  c o l u m n  of l iqu id  
drops as soon as an  in f in i t es imal  gas discharge oc- 
curs. 

Sand  (5) was  the first to demons t r a t e  the s imple  
r e l a t ion  b e t w e e n  the  c u r r e n t  densi ty ,  i, a nd  the  
t ime, t, r equ i r ed  to reduce  the concen t r a t i on  of the 

reac t ive  ion to zero at the cathode, i~/t = a con-  
s t an t  for a g iven  electrolyte .  Fo r  this  re la t ion ,  the 
va lues  of i should be at least  twice the l i m i t i n g  
c u r r e n t  densi ty .  S a n d  used  a copper sul fa te  so lu t ion  
and  d e t e r m i n e d  t by  the  decrease in  cur ren t .  B u r t -  
Ge r r ans  (6) m a d e  s imi la r  m e a s u r e m e n t s  wi th  a 
ro t a t ing  cathode and  d e t e r m i n e d  t f rom the  vo l t -  
age - t ime  curve  ob ta ined  wi th  an  oscil lograph.  

Our  m e a s u r e m e n t s  were  made  wi th  solut ions  of 
po ta s s ium iodide wh ich  were  a p p r o x i m a t e l y  0.2M 
in su l fur ic  acid. A p l a t i n u m  ind ica tor  anode was  
placed at the  top of the  co lumn  and  the  c o u n t e r -  
e lectrode in  the  reservoir .  A cons tan t  cu r r en t  was  
passed, and  the t ime  r e q u i r e d  for the  co lumn  to 
drop  was  no ted  wi th  a stop watch.  The  a m o u n t  of 
charge  r equ i r ed  ac tua l ly  to gene ra t e  oxygen  for 
d ropp ing  the  column,  af ter  the  concen t r a t i on  of 

Table IV. Relation between the galvanostalametric time and 
current in the electrolysis of O.01M and O.05M KI in 

0.2M H2S04 solution 

Time, sec Current, ma ix/t- 
O.O1M O.05M O.O1M O.05M O.O1M O.05M 

0.70 4.2 88 84 74 172 
0.15 5.3 73 74 78 170 
1.3 7.4 63 62 72 168 
1.8 11 52 50 70 165 
3.5 18 37 40 69 170 
7 31 22 30 58.5 166 

16 14 56.5 

iodide ion at  the a n o d e - s o l u t i o n  in te r face  was r e -  
duced to zero, a m o u n t e d  to 1% or less of the n u m -  
ber  of coulombs r equ i r ed  to d ischarge  the  iodide 
ion. Since the charge  r e q u i r e d  for gas discharge was 
less t h a n  our  precis ion of m e a s u r e m e n t ,  it was dis-  
regarded.  

F igu re  4 shows curves  A and  B which  were  ob-  
t a ined  w i th  0.01N and  0.05N solut ions  of po ta s s ium 
iodide, respect ively .  Tab le  IV shows tha t  each curve  

a p p r o x i m a t e l y  fits the  equa t i on  i~ / t - - - - -K,  a con-  
stant .  

For  a g iven  cur ren t ,  the t ime  r equ i r ed  to drop the 
c o l u m n  was a p p r o x i m a t e l y  p ropor t iona l  to the  con-  
cen t r a t i on  of iodide ion. This r e l a t ion  is de r ived  
f rom the ord ina tes  to curves  A a nd  B of Fig. 4. The 
ra t io  of the iodide concen t ra t ions  r e p r e se n t ed  by  
curves  B and  A was 5. At  cu r ren t s  of 40, 60, and  
80 ma, the  rat ios  of the  ord ina tes  of curves  B to A 
were  6.0, 5.3, and  5.3, respect ively .  This p ropo r t i on -  
a l i ty  b e t w e e n  t ime and  concen t r a t i on  does not  fol-  
low s imple  diffusion t heo ry  which  predic ts  tha t  a 
d i rect  p ropo r t i ona l i t y  should  exist  be t w e en  the 
c u r r e n t  and  the concen t ra t ion ,  whereas  the  t ime  
should  v a r y  w i th  the  square  of the concen t ra t ion .  

The direct  va r i a t i on  of the  concen t r a t i on  of iodide 
ion w i th  the t ime  r equ i r ed  to drop the c o l u m n  ind i -  
cates that ,  w i th  f u r t h e r  deve lopmen t ,  ga lvanos t a l -  
a m e t r y  migh t  be used for ana ly t i ca l  purposes.  

2 0  I I I I I I I 1 

A B 

15 

o 
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Fig. 4. Relation between time and current for anodic oxidation 
of KI in a supporting electrolyte of 0.2M H~S04: A, O.01M KI; 
B, O.05M KI. 
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Minimum hydrogen and oxygen bubble overvolt- 
age.--The m e a s u r e m e n t s  of t he  m i n i m u m  o v e r v o l t -  
age  for  d i s cha rge  of gases  at  e l e c t rodes  d e p e n d  on 
b u b b l e  f o r m a t i o n  as  an  i n d i c a t i o n  of gas  evo lu t ion .  
The  v a l u e s  o b t a i n e d  a re  u s u a l l y  ca l l ed  b u b b l e  o v e r -  
vo l tages .  These  have  no t  been  c o m m o n l y  m e a s u r e d  
because  of t he  d i f f icul ty  in d e t e c t i n g  t h e  i n i t i a l  a p -  
p e a r a n c e  of gas. The  s e n s i t i v i t y  of g a l v a n o s t a l a m e -  
t r y  to mic roscop ic  quan t i t i e s  of gas  i d e a l l y  sui ts  i t  
for  such a d e t e r m i n a t i o n .  

The  m e t h o d  for  m a k i n g  b u b b l e  o v e r v o l t a g e  m e a s -  
u r e m e n t s  was  b y  c o n v e n t i o n a l  m e a n s  w i t h  t he  a id  
of the  n e w  t e c h n i q u e  as  an  i n d i c a t o r  of gas  d i s -  
charge .  T h e  g a l v a n o s t a l a m e t r i c  e l ec t rode  p o t e n t i a l s  
at  w h i c h  h y d r o g e n  or  o x y g e n  was  l i b e r a t e d  a t  a 
p l a t i n i z e d  p l a t i n u m  i n d i c a t o r  e l ec t rode  was  m e a s -  
u r e d  w i t h  a p o t e n t i o m e t e r  w i t h  r e spec t  to a s a t u -  
r a t e d  ca lome l  e lec t rode .  The  b u b b l e  o v e r v o l t a g e  
was  o b t a i n e d  b y  s u b t r a c t i n g  the  t h e o r e t i c a l  r e -  
v e r s i b l e  p o t e n t i a l  f r o m  t h e  o b s e r v e d  e l ec t rode  p o -  
ten t ia l .  The  t h e o r e t i c a l  r e v e r s i b l e  p o t e n t i a l  was  ca l -  
c u l a t e d  b y  i n s e r t i n g  the  p H  in t he  N e r n s t  equa t ion .  
The  o v e r v o l t a g e  m e a s u r e m e n t s  w e r e  m a d e  at  r o o m  
t e m p e r a t u r e  in a n e u t r a l  e l e c t r o l y t e  of 1N Na2SO4, 
whose  p H  was  a d j u s t e d  w i t h  N a O H  or  H2SO4 a n d  
bu f fe red  b y  s t a n d a r d  buf fe r  sy s t ems  r e c o m m e n d e d  
b y  L i n g a n e  (7) .  In  t h e  case  of t he  o v e r v o l t a g e  s t u d y  
in  u n b u f f e r e d  so lu t ions  t he  p H  of t he  1N Na2SO4 
was  a d j u s t e d  b y  a d d i t i o n  of  su i t ab l e  a m o u n t s  of 
H2SO4 and  N a O H  to ach ieve  t h e  d e s i r e d  pH.  

The  s t u d y  of h y d r o g e n  b u b b l e  o v e r v o l t a g e  b y  
g a l v a n o s t a l a m e t r y  i l l u s t r a t e d  t h a t  t h e  o v e r v o l t a g e  
a t t e n d i n g  h y d r o g e n  evo lu t i on  was  p r a c t i c a l l y  i n d e -  
p e n d e n t  of pH. As  s h o w n  in Fig.  5 and  6, r e s p e c -  
t i ve ly ,  t he  h y d r o g e n  b u b b l e  o v e r v o l t a g e  was  a p -  
p r o x i m a t e l y  50 m v  t h r o u g h o u t  t he  e x p e r i m e n t a l  p H  
r a n g e  and  e s s e n t i a l l y  , pa ra l l e l ed  the  t h e o r e t i c a l  r e -  
v e r s i b l e  po ten t i a l ,  

The  h y d r o g e n  b u b b l e  o v e r v o l t a g e  c o r r e s p o n d i n g  
to t he  p H  of an  u n b u f f e r e d  so lu t ion  canno t  be  m e a s -  
u r e d  because  t he  pas sage  of c u r r e n t  causes  t he  p H  
at  the  e l e c t r o d e - s o l u t i o n  i n t e r f a c e  to change .  Thus ,  
the  r e s u l t  of t he  g a l v a n o s t a l a m e t r i c  m e a s u r e m e n t  
is no t  an  o v e r v o l t a g e  b u t  m o s t l y  a sh i f t  of p o t e n t i a l  
o w i n g  to an  i n c r e a s e  in  t h e  p i t .  The  a p p a r e n t  o v e r -  
v o l t a g e  s h o w n  in Fig .  5 for  t he  u n b u f f e r e d  so lu -  
t ion  shows  t h a t  t he  effect  is l a r g e  in  so lu t ions  h a v -  
ing  a p H  b e t w e e n  3 and  10. A n  e x p l a n a t i o n  for  t he  
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Fig. 5. Variation of hydrogen and oxygen overvoltages on a 
platinized platinum electrode in a supporting electrolyte of 1N 
Na2S04 adjusted to the desired pH values with NaOH or H2S04. 
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Fig. 6. Potential required to drop the column as a function of 
pH for the discharge of hydrogen and oxygen at a platinized 
platinum electrode in a supporting electrolyte of 1N Na2SO4. The 
"A" curves show the change of the theoretical reversible potential 
with pH and the "B" curves show the change of the experimentally 
observed potential with pH. 

l a r g e  sh i f t s  of p o t e n t i a l  is t h a t  c u r r e n t  pas s ing  
across  the  c a t h o d e - s o l u t i o n  i n t e r f a c e  r e duc es  d i s -  
so lved  o x y g e n  to h y d r o x y l  ions, w h i c h  c o n s i d e r -  
a b l y  i nc reases  t he  p H  of t he  u n b u f f e r e d  solut ion.  

The  i n v e s t i g a t i o n  of o x y g e n  b u b b l e  o v e r v o l t a g e  
was  conf ined to bu f f e r ed  so lu t ions  in  v i e w  of the  
r e su l t s  w i t h  i ts  h y d r o g e n  c o u n t e r p a r t .  The  same  
p r o c e d u r e  as t ha t  for  h y d r o g e n  b u b b l e  o v e r v o l t a g e  
was  e m p l o y e d  e x c e p t  t h a t  a 1000 cps c u r r e n t  was  
used  for  a f ew  seconds  b e t w e e n  success ive  r e a d i n g s  
to o b t a i n  a r e p r o d u c i b l e  e l e c t r o d e  surface .  The  need  
for  th is  t r e a t m e n t  is e x p l a i n e d  e a r l i e r  in  th is  p a p e r  
and  w a s  used  in  t he  anod ic  o v e r v o l t a g e  e x p e r i m e n t  
be c a use  the  o x y g e n  gas  f i lm m a i n t a i n e d  i ts  inf luence  
on the  s u b s e q u e n t  g a l v a n o s t a l a m e t r i c  p o t e n t i a l  for  
a l onge r  t i m e  t h a n  the  h y d r o g e n  gas  film. 

O x y g e n  o v e r v o l t a g e s  r e s u l t i n g  f r o m  these  m e a s -  
u r e m e n t s  w e r e  m u c h  less r e p r o d u c i b l e  t h a n  those  
o b t a i n e d  for  h y d r o g e n  as can  b e  seen  f r o m  the  u p -  
w a r d  t r e n d  of t he  c u r v e  in  Fig .  5. In  gene ra l ,  d e v i a -  
t ions  of  0.04v w e r e  o b s e r v e d  a b o u t  a m e a n  of 0.46v 
in  t he  p H  r a n g e  of 5-11. I n  add i t ion ,  t he  s t u d y  
s h o w e d  t h a t  t he  a n o d e  p o t e n t i a l  was  inf luenced  
m o r e  b y  the  p r e v i o u s  h i s t o r y  of t he  e l e c t r o d e  t h a n  
was  the  p o t e n t i a l  of t he  ca thode .  F i g u r e  6 shows  the  
r e l a t i o n  b e t w e e n  t h e  e x p e r i m e n t a l  and  t h e o r e t i c a l  
r e v e r s i b l e  p o t e n t i a l s  for  t h e  f o r m a t i o n  of o x y g e n  
as a func t ion  of pH. F r o m  th i s  p lo t  one  can  see 
t h a t  t he  d i f f e rence  a long  the  o rd ina t e ,  b e t w e e n  
e i t h e r  set  of curves ,  is a m e a s u r e  of  t he  o v e r v o l t a g e  
at  t he  p H  w h i c h  c o r r e s p o n d s  to  t he  m e a s u r e m e n t .  

Elementary reaction time ~or formation o~ hydro- 
gen and oxygen.--Galvanostalametry p r o v i d e s  a 
m e a n s  for  e s t a b l i s h i n g  a n  u p p e r  t i m e  l i m i t  for  t he  
i n i t i a l  f o r m a t i o n  of h y d r o g e n  or  o x y g e n  a t  an  e l ec -  
t rode .  F o r  e x a m p l e ,  w e  s h o w e d  t h a t  a c o l u m n  of 1% 
H2SO4 could  b e  d r o p p e d  b y  an  a l t e r n a t i n g  c u r r e n t  
if one  a l t e r n a t i o n  c o n t a i n e d  a suff icient  n u m b e r  of 
cou lombs  to  p r o d u c e  a m o n o l a y e r  of gas  on  the  t es t  
e l ec t rode .  F u r t h e r ,  i t  w a s  o b s e r v e d  t h a t  if  t he  f r e -  
q u e n c y  of t h e  c u r r e n t  was  inc reased ,  t he  co lumn  no 
l o n g e r  d r o p p e d  un less  t h e  a m p l i t u d e  was  i n c r e a s e d  
to c o m p e n s a t e  for  t he  d e c r e a s e  in h a l f  cyc le  d u r a -  
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tion. These observa t ions  suggested  t ha t  the  drop 
was t r iggered  by  a s ingle  a l t e r n a t i o n  and,  hence,  
the electrode reac t ion  occurred  in  the  per iod  of one -  
hal f  cycle. Since the  a l t e r n a t i n g  c u r r e n t  was con-  
t inuous ,  one migh t  su rmise  t ha t  the  d ropp ing  of 
the c o l u m n  was the resu l t  of an  a c c u m u l a t i o n  of gas 
over  severa l  cycles and  therefore  no t  an  i n s t a n t a n e -  
ous response.  

In  order  to es tab l i sh  w h e t h e r  or no t  the f o r m a -  
t ion  of h y d r o g e n  and  oxygen  w e r e  immedia te ,  some 
e x p e r i m e n t s  wi th  s ingle  pulses  were  per formed.  
Conduc t ing  such e x p e r i m e n t s  r e q u i r e d  pulses  of 
microsecond d u r a t i o n  possessing adequa te  charge  
to produce  a cr i t ical  film of gas on an  electrode.  
These d e m a n d s  necess i ta ted  a compromise  in  elec-  
t rode size in  o rder  to ob ta in  compa t ib i l i t y  w i th  the 
capaci ty  of the  ava i lab le  pulse  genera tor .  A n  elec-  
t rode of su i t ab le  size was  p r epa red  by  sea l ing  a 
p l a t i n u m  wire,  0.25 m m  in  d iameter ,  in  a long glass 
tube,  as descr ibed u n d e r  appara tus ,  g iv ing  a cross-  
sec t ional  a rea  of abou t  5 x 10 -2 m m  ~. This  mic ro -  
e lectrode was  inse r t ed  t h rough  the  t u b u l u r e  at the 
bo t tom of the  vessel  and  t e r m i n a t e d  at  the top of 
the  tube.  The  p l a t i n u m  coun te re lec t rode  was  p laced  
in  the  reservoir .  The shor tes t  cathodic pulse  which  
dropped  a co lumn  of 0.2M H2SO4 so lu t ion  u n d e r  
these  condi t ions  was 10 ~sec. The fal l  of the  co lumn  
induced  by  a 10 ~sec pu lse  is no t  conclus ive  evi -  
dence tha t  the  electrode reac t ion  is comple ted  w i t h -  
in  tha t  in te rva l ,  s ince it is conce ivable  tha t  the 
chemical  r eac t ion  is s lower  t h a n  the  charg ing  proc-  
ess. 

To ob ta in  ev idence  on  this  quest ion,  a more  so- 
phis t ica ted  e x p e r i m e n t  was devised in  which  an  i n i -  
t ia l  cr i t ical  pulse  was  fo l lowed i n s t a n t l y  by  a sec- 
ond cr i t ical  pulse  of opposite polar i ty .  The  appl ica-  
t ion  of such a composi te  w a v e f o r m  was effective in  

d ropp ing  the co lumn.  The d u r a t i o n  of the  posi t ive 
a nd  nega t ive  pulses  were  10 and  5 #sec, respec-  
t ively,  i nd ica t ing  tha t  the  en t i r e  reac t ion  was com-  
p le ted  w i t h i n  a m a x i m u m  of 15 ~sec. 

In  this e x p e r i m e n t  the  electrodes were  abou t  a 
cen t ime te r  apar t  which  g rea t ly  decreased the  r e -  
sistance,  thus  inc reas ing  the  c u r r e n t  per  pulse.  The 
cur ren t ,  m e a s u r e d  f rom an  oscilloscope trace,  r ep -  
r e sen ted  a q u a n t i t y  of coulombs cor respond ing  
rough ly  to a m o n o l a y e r  of gas. A l t h o u g h  we have  
not  es tab l i shed  a t r ans i t i on  t ime  for h y d r o g e n  and  
h y d r o x y l  ions to fo rm molecu la r  h y d r o g e n  a n d  oxy-  
gen, the  above resu l t  ind ica tes  the poss ib i l i ty  tha t  
the re  is no t ime  lag b e t w e e n  the  passage of c u r r e n t  
a nd  the  comple t ion  of the  react ion.  
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The Pt/02 Electrode in Sulfuric Acid Solution 
Sigmund Schuldiner and Robert M. Roe 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Exper imenta l  results indicate that  on a p la t inum electrode in  sulfuric acid 
solutions of pH 0-0.75 the po ten t ia l -de te rmin ing  equi l ibr ium is 02 -~ H + -~ 
e - :  HO2. As the pH of the solution is increased a second potent ia l -de ter -  
min ing  equi l ibr ium O~ ~ 2 H + ~  2 e - =  H20~ becomes of increasing impor-  
tance. Rest potentials on p la t inum electrodes in he l ium-sa tura ted  solutions 
which are v i r tua l ly  free of oxygen indicate that  these same reactions could 
also play an impor tant  role. 

The purpose  of this  work  was  to d e t e r m i n e  the  
open -c i r cu i t  po ten t i a l  behav io r  of p l a t i n u m  in  he -  
l i u m - s t i r r e d  su l fur ic  acid solut ions  which  were  v i r -  
t u a l l y  free of oxygen  and  then  to observe  the  effects 
of addi t ions  of smal l  a m o u n t s  of oxygen  to the  he -  
l i u m  s t ream.  E v e n  though  cons iderab le  work  has 
been  done conce rn ing  the  rest  po ten t ia l s  of p l a t i n u m ,  
e.g., I toare  (1) ,  we fel t  t ha t  smal l  t races  of oxygen  
could have  ove r r id ing  effects on the  m e a s u r e d  p o t e n -  
t ials  of this  metal .  

Experimental 
The cell (Fig. 1), gas pur i f ica t ion  sys tem (wi th  an  

added p a l l a d i u m  d i s p e r s e d - o n - a l u m i n a  c o l u m n ) ,  and  
genera l  me thod  were  essen t ia l ly  the  same as p r e -  
v ious ly  descr ibed (2) .  The  test  e lectrodes were  
o r ig ina l ly  a P t  (99.99%) bead  electrode of 0.177 cm 2 
t rue  area  (2) ,  a 90% P t - 1 0 %  Rh gauze (80 mesh)  
e lect rode in  the  f o r m  of a cy l i nde r  about  5.7 cm high 
and  4.7 cm in  d iameter ,  the  top and  bo t tom of the  
cy l inde r  be ing  suppor ted  by  r ings  m a d e  of 0.0127 
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Fig. 1. Electrolytic cell 

cm th ick  pe r fo ra ted  P t  (99.99%) sheet, a P d  
(99.97%) bead  e lect rode of abou t  0.1 cm 2 area,  a nd  a 
L&N m i n i a t u r e  glass e lectrode which  was m o u n t e d  
in  a side a r m  a t tached to the m a i n  c o m p a r t m e n t  of 
the  cell. I n  l a t e r  e x p e r i m e n t s  a P t  (99.99%) wi r e  
spira l  e lectrode in  which  the wi re  was  0.0254 cm in  
d i ame te r  and  40 cm long was  subs t i tu t ed  for the  P t  
bead electrode and  a Pd  (99.97%) wi re  e lect rode 
0.0127 cm in  d i ame te r  and  2 cm long was  added  to 
the cell. I n  some expe r imen t s  both  p a l l a d i u m  elec-  
t rodes were  r emoved  f rom the  cell. This  es tab l i shed  
tha t  the presence  of p a l l a d i u m  electrodes in  the  cell 
did not  affect the  behav io r  of the  p l a t i n u m  elec-  
trodes. 

The solut ions  used were  2.45, 1.08, 0.38, 0.17, 0.06, 
and  0.03hr su l fur ic  acid. The pH va lues  of these so lu-  
t ions were  d e t e r m i n e d  wi th  a pH me te r  at the  close 
of each series of runs .  The  t e m p e r a t u r e  was  25 ~ 
_I~ 

A typica l  r u n  was  conducted  in  the  fo l lowing way.  
The so lu t ion  was  p re -e l ec t ro lyzed  b y  m a k i n g  the  
test p l a t i n u m  electrodes anodic  r e l a t ive  to a p l a t i -  
n u m  cathode,  which  was  t h e n  r e m o v e d  f rom the  cell. 
Pur i f ied  h y d r o g e n  gas was  b u b b l e d  into the  cell at  
a ra te  of abou t  250 m l / m i n  un t i l  the  po t en t i a l  be -  
tween  the Pt/.H2 electrodes was  zero and  the  p o t e n -  
t ials  b e t w e e n  P t /H2  and  the  Pd  electrodes were  50 
m y  or less. The  po ten t i a l  b e t w e e n  the  glass e lect rode 
and  the  e q u i l i b r i u m  P t / H e  electrode was  t h e n  de te r -  
m i n e d  (--0.665 • 0.002v). Since the  glass e lect rode 
was the  re fe rence  electrode,  the  po ten t i a l  b e t w e e n  
this  e lectrode and  the  P t /H2  elect rode in  the  same 
solu t ion  (1 a tm  H~) was  used to conver t  al l  p o t e n -  
t ials  m e a s u r e d  w i th  the  glass e lect rode to the scale 
of the h y d r o g e n  electrode in  the  same solut ion.  A 
pH correc t ion  was  t h e n  m a d e  to conver t  al l  m e a s -  
u r e m e n t s  to the n o r m a l  h y d r o g e n  scale (N.H.E.) .  
The glass re fe rence  electrode on recheck ing  wi th  
P t /He  at the  end  of a r u n  i n v a r i a b l y  gave the  same 
va lue  as was  in i t i a l ly  found.  

The  h y d r o g e n  flow was t hen  rep laced  wi th  a flow 
of pur i f ied h e l i u m  flowing at  a ra te  of 180 m l / m i n .  I t  
was  i m p o r t a n t  to comple te ly  d isconnect  the  h y d r o -  
gen l ine  f rom the  gas d i s t r i bu t ion  system. Mere ly  
closing severa l  va lves  did not  suffice because  ve ry  
smal l  bu t  s ignif icant  a moun t s  of h y d r o g e n  did leak  
t h r o u g h  the  need le  va lves  used in  the system. Open -  
c i rcui t  po ten t i a l  changes  w i th  t ime  on the  p l a t i n u m  
electrodes were  d e t e r m i n e d  aga ins t  the  glass r e fe r -  
ence electrode wi th  a Ke i th l ey  610A Elec t rometer .  
E lec t romete r  connec t ions  to d e t e r m i n e  po ten t ia l s  
were  made  only  for the  per iod  tha t  po ten t i a l s  we re  
m e a s u r e d  (a few m i n u t e s ) .  Con t inuous  records  of 
p o t e n t i a l - t i m e  re la t ions  were  no t  t a k e n  w h e n  long-  
t ime  r u n s  w i th  p u r e  h e l i u m  flow were  made.  

W h e n  oxygen  was  added  to the  h e l i u m  s t r e a m  it 
was done b y  electrolysis  of a su l fur ic  acid solut ion in  
a pa r t i t i oned  electrolysis  cell in  the h e l i u m  gas p u r i -  
f ication t r a i n  (2) .  Po t en t i a l  m e a s u r e m e n t s  of the 
effects of the  pa r t i a l  p ressures  of oxygen  were  r e -  
corded c o n t i n u o u s l y  u n t i l  s t e ady - s t a t e  po ten t ia l s  
were  achieved.  The pa r t i a l  p r e s s u r e  of oxygen  i n -  
t roduced  in to  the  h e l i u m  gas s t r eam was cont ro l led  
by  the  c u r r e n t  flow in  the  electrolysis  cell. Checks of 
h igher  oxygen  pa r t i a l  p ressures  were  occas ional ly  
m a d e  wi th  a B e c k m a n  magne t i c  suscep t ib i l i ty  oxy -  
gen  ana lyzer .  

P l a t i n u m  Rest  P o t e n t i a l s  in H e l i u m  S a t u r a t e d  So lu t ions  

The course of a typ ica l  r u n  in  p t I  zero solut ion is 
d e m o n s t r a t e d  in  Fig. 2. At  zero hour  the flow of h y -  
d rogen  was rep laced  wi th  he l ium.  The change  in  po-  
t en t i a l  wi th  t ime  in  the h y d r o g e n - f r e e  and  v i r t u a l l y  
o x y g e n - f r e e  so lu t ion  up  to 260 hr  is shown  on bo th  
the  P t  bead  a nd  P t - R h  electrodes.  Rough ly  th ree  
p la teaus  can be seen. These ar res ts  cor respond to 
the regions  for the  r e mova l  of h y d r o g e n  which  is 
bo th  chemisorbed  on the  me ta l  surface  a nd  dissolved 
in  the  sk in  of the  me ta l  (2, 3).  

The fact tha t  the  rest  po ten t i a l  at the  end  of 260 
hr  was be low 0.3v demons t r a t e s  severa l  th ings :  (a) 
the oxygen  concen t r a t i on  in  so lu t ion  m u s t  be  at  an  
exceed ing ly  low level ;  (b)  p l a t i n u m  does no t  reac t  
spon taneous ly  w i t h  su l fur ic  acid or w a t e r  to fo rm 
p l a t i n u m  ions, adsorbed  oxygen,  or an  oxide because  
the  ca lcula ted  act ivi t ies  of these species are too 
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Fig. 2. Potential vs. time behavior of platinum and Pt/Rh in 
2.45N H2S04. Open circle with dot, Pt bead; open square with 
dot, 90% Pt-lO% Rh gauze. 
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smal l ;  (c) a v e r y  smal l  res idue  of h y d r o g e n  m a y  sti l l  
be associated w i th  the  p l a t i num.  I t  also seems r ea -  
sonable  tha t  the  b u l k  of the h y d r o g e n  is r e move d  
f rom the  electrodes by  reac t ion  wi th  the  m i n u t e  
a m o u n t  of oxygen  which  u n d o u b t e d l y  leaks  in to  the  
system.  

On the 260th hour  0.019% oxygen  was  added to 
the  s t r e a m  of h e l i u m  flowing into the  cell. This  
caused a sharp  rise in  potent ia l .  The rest  po ten t i a l  
was a func t ion  of the oxygen  pa r t i a l  pressure .  This  
po in t  is discussed in  more  deta i l  later .  

W h e n  the oxygen  flow was stopped, the  rest  po-  
t en t i a l  on the  p l a t i n u m  electrodes s lowly decayed to 
the v ic in i ty  of 0.3-0.4v. This  decay in  po ten t i a l  d e m -  
ons t ra tes  tha t  (a) the  so lu t ion  is v i r t u a l l y  free of 
oxygen,  and  (b)  adsorbed  oxygen  or o ther  oxygen  
bea r i ng  species reac t  or are  spon taneous ly  desorbed  
f rom the p l a t i n u m  surface.  

On the  456th hour  the  p l a t i n u m  electrodes were  
coupled toge ther  and  anodized at  130 ma  for 30 
rain. The c i rcui t  was  t h e n  opened and  the  po ten t i a l  
a l lowed to decay. F igu re  2 shows this  decay and  
demons t r a t e s  an  ar res t  in  the v i c in i ty  of 0.8-0.9v 
fo l lowed by  a decay to 0.2 or 0.4v depend ing  on the  
electrode.  These resu l t s  aga in  show tha t  the  so lu t ion  
is a lmost  f ree of oxygen  and  f u r t h e r  d e m o n s t r a t e  
tha t  p l a t i n u m  oxide and  adsorbed oxygen  a toms 
fo rmed  d u r i n g  anodic  po la r iza t ion  are no t  s table  and  
are spon taneous ly  r emoved  f rom the p l a t i n u m  su r -  
faces. I t  is be l ieved  tha t  this  oxygen  m a y  be r emoved  
by  reac t ion  of oxide wi th  sul fur ic  acid and  by  ad-  
sorbed oxygen  dissolving in  the b u l k  of the  p l a t i n u m  
meta l  r a t h e r  t h a n  by  e v e n t u a l  comb ina t i on  of oxy-  
gen  a toms to molecules.  This  course is p r e f e r r ed  be -  
cause the h igh heat  of adsorp t ion  of oxygen  a toms on 
p l a t i n u m  makes  the i r  easy r emova l  by  d i sp lacemen t  
or comb ina t i on  improbab le .  

A s imi la r  t i m e - p o t e n t i a l  r e la t ionsh ip  for a P t  
spiral  and  P t - R h  gauze e lect rode in  0.38N su l fur ic  
acid solut ion is shown  in  Fig. 3. A l t h o u g h  the  ra tes  
of po ten t i a l  change  m a y  be di f ferent  and  a l though  
the final res t  po ten t ia l s  do v a r y  somewha t  they  are 
ana logous  to those found  in  Fig. 2 for 2.45N su l fu r ic  
acid. Other  r u n s  gave s imi la r  resul ts .  

In  Fig. 2 and  3, the sharp  rise in  po ten t i a l  w i t h i n  
the  first few hours  af ter  the  h e l i u m  flow s ta r ted  i n -  

I I / I I I F I I  

~;os 
Z 

>~ 06 

0 
> 

z 0.4 

~mO.2 

I I 1 
3.8% % / / f ~ "  
1.9% 02 / / I " ' {  

O.l  9 %  0 7 

ADD 
0,19% Oz~_ 

I I I I 
0 40 80 120 160 

HOURS 

RE HELIUM _ _  

200 240 280 320 

Fig. 3. Potential vs .  time behavior of platinum and Pt/Rh in 
0.38N H2SO4. Open circle with dot, Pt spiral; open square with 
dot, 90% Pt-10% Rh gauze. 

dicated tha t  adsorbed  h y d r o g e n  a toms tha t  are in  
rap id  e q u i l i b r i u m  wi th  h y d r o g e n  ions as wel l  as h y -  
drogen  gas are  r e move d  r e l a t i ve ly  r ap id ly  as the  
pa r t i a l  p ressure  of h y d r o g e n  gas is decreased due to 
m i x i n g  wi th  he l ium.  At  a po ten t i a l  of abou t  0.1v 
posi t ive  to the revers ib le  h y d r o g e n  po t en t i a l  at 1 
a tm H2 pressure  in  the same solut ion,  the re  is an  a r -  
rest  in  the  t i m e - p o t e n t i a l  curves.  A t  such a po ten t i a l  
(2) on ly  about  30% of the to ta l  n u m b e r  of h y d r o g e n  
a toms associated wi th  the p l a t i n u m  at zero t ime  are 
removed.  This indica tes  tha t  on ly  a f rac t ion  of the 
to ta l  a m o u n t  of h y d r o g e n  associated wi th  the  su r -  
face at zero t ime  is in  rap id  e q u i l i b r i u m  wi th  h y d r o -  
gen gas. Tests ind ica te  tha t  even  if oxygen  is added 
to the solut ion (0 .019-1.9%) i m m e d i a t e l y  af ter  the 
h y d r o g e n  flow is replaced  wi th  h e l i u m  there  is a 
ve ry  slow r e mova l  of h y d r o g e n  f rom the  P t  wi re  and  
P t - R h  gauze electrodes which  takes  24 h r  or longer .  
Thus  an  apprec iab le  a m o u n t  of h y d r o g e n  also m u s t  
be dissolved in  the p l a t i n u m  which  can only  be r e -  
moved  by  its m i g r a t i o n  to the surface  and  reac t ion  
wi th  oxygen.  

Effects of Oxygen on Plat inum 

For  the  r u n  shown in  Fig.  2 oxygen  was  added  to 
the  h e l i u m  s t r e a m  in  the i n t e r v a l  b e t w e e n  the  260th 
and  316th hour.  The  re la t ionsh ip  b e t w e e n  the  par t i a l  
p ressure  of oxygen  and  the  r e su l t ing  rest  po ten t i a l s  
on the  P t - R h  gauze electrode are  shown in  Fig. 4, 
zero pH curve.  As can be seen the re  is a r easonab le  
semilog re la t ion  w i th  a slope of 0.06v per  decade of 
oxygen  pa r t i a l  pressure .  The points  shown in  Fig. 4 
inc lude  values  for bo th  inc reas ing  and  decreas ing  
oxygen  par t i a l  pressures .  No s ignif icant  hys teres is  
was found.  Inc luded  are the  resu l t s  of Hoare  (1) for 
a P t  bead  electrode in  2N su l fur ic  acid so lu t ion  wi th  
a pa r t i a l  p ressure  of 1 a t m  of oxygen.  (The  resul t s  
g iven  by  Hoare  were  the rest  po ten t ia l s  a f ter  an  ex-  
posure  of 20 hr  or more . )  The  poten t ia l s  m e a s u r e d  
on our P t  bead electrode responded  v e r y  s lowly  to a 
change  in  oxygen  pa r t i a l  pressure .  However ,  if the 
electrode r e m a i n e d  exposed to the same pa r t i a l  p res -  
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sure  of o x y g e n  for  a b o u t  24 h r  i t  d id  g ive  e s sen -  
t i a l l y  t he  s ame  p o t e n t i a l  as d id  t he  l a rge  P t - R h  
gauze  e lec t rode .  Because  of  th is  s low re sponse  on ly  
a f e w  po in t s  w e r e  checked  w i t h  t he  P t  bead .  The  
P t - R h  gauze  e l ec t rode  gave  the  r e su l t s  shown  in the  
zero p H  c u r v e  in Fig .  4. This  e l ec t rode  u s u a l l y  gave  
s t e a d y - s t a t e  r e a d i n g s  in  f r o m  30 to  60 min.  

S a m p l e s  of so lu t ion  w e r e  r e m o v e d  f r o m  the  cel l  
d u r i n g  o x y g e n  add i t i ons  and  t e s t ed  for  h y d r o g e n  
p e r o x i d e  or  o the r  ox id iz ing  agen t s  b y  bo th  t he  t i -  
t a n i u m  su l fa t e  and  i o d i d e - s t a r c h  tes ts .  N e g a t i v e  r e -  
sul ts  w e r e  a l w a y s  o b t a i n e d  for  so lu t ions  of a l l  p H  
va lues .  

The  l i n e a r i t y  of the  top  cu rve  in  Fig.  4 and  the  
s lope of 0.06 i nd i ca t e  t h a t  the  p l a t i n u m  was  b e h a v i n g  
as an e q u i l i b r i u m  o x y g e n  e l ec t rode  in w h i c h  t h e r e  
was  a o n e - e l e c t r o n  t r ans fe r .  L a t i m e r  (4)  l is ts  a pos -  
s ib le  r e a c t i o n  

O2 3- H + q- e -  = HOe [1]  
w h e r e  at  25~ 

E = --0.13 --  0.059 p H  3- 0.059 log [Po2/anoe]  [2]  

I f  such an  e q u i l i b r i u m  exis ts ,  t hen  the  c a l c u l a t e d  ac -  
t i v i t y  of p e r h y d r o x y l  f ree  r ad ica l ,  HOe, is abou t  
10 -e~ m o l e s / l i t e r .  Because  of the  i n s t a b i l i t y  of HO.~ 
(5)  one w o u l d  not  e x p e c t  it  to ex i s t  in any  s ign i f ican t  
q u a n t i t y  in solut ion.  The  v e r y  low c a l c u l a t e d  con-  
c e n t r a t i o n  of th is  f ree  r a d i c a l  shows  t ha t  t h e r e  is, in 
fact ,  v i r t u a l l y  none  of i t  in solut ion.  H o w e v e r ,  i t  is 
poss ib le  t ha t  p e r h y d r o x y l  r a d i c a l  does  ex i s t  in  s ig-  
n i f i can t  n u m b e r s  e h e m i s o r b e d  on the  p l a t i n u m  e lec -  
t rode  su r face  and  t h a t  these  r a d i c a l s  could  be  in 
e q u i l i b r i u m  w i t h  a few such pa r t i c l e s  in solu t ion .  

If  th is  a s s u m p t i o n  is co r rec t  t hen  a p H  d e p e n d e n c e  
acco rd ing  to Eq. [2]  shou ld  be  found.  This  t es t  was  
m a d e  w i t h  s i m i l a r l y  p r e t r e a t e d  e l ec t rodes  in  su l -  
fur ic  ac id  so lu t ions  of h i g h e r  p H  and  the  r e su l t s  a r e  
s h o w n  in Fig .  4. These  cu rves  show p o t e n t i a l  vs .  log 
o x y g e n  p a r t i a l  p r e s s u r e  r e l a t i ons  for  p H  va lues  of 
0, 0.35, 0.75, 1.1, 1.5, and  1.75 (a l l  p u r e  su l fu r ic  ac id  
so lu t ions ) .  The  p H  0.35 to 1.75 cu rves  in Fig.  4 a r e  
the  d a t a  for  the  P t  sp i ra l ,  w h i c h  was  s u b s t i t u t e d  for  
the  P t  bead ,  as we l l  as t he  P t - R h  gauze  e lec t rodes .  
The  P t  sp i r a l  e l ec t rode  gave  po t en t i a l s  w h i c h  were ,  
w i t h i n  t he  r anges  i n d i c a t e d  in Fig .  4, t he  s ame  as t he  
P t - R h  e lec t rode .  Hence  as long  as t he  a r e a  of t he  
e l ec t rode  is l a rge  t h e r e  is e s s e n t i a l l y  the  s ame  r e -  
sponse  t i m e  and  p o t e n t i a l  for  bo th  t he  P t  sp i r a l  and  
P t - R h  gauze  e lec t rodes .  

In  t he  r a n g e  f r o m  p H  0 to 0.75 the  p H  vs .  p o t e n -  
t i a l  r e l a t i o n  (Fig .  5) does e s s e n t i a l l y  g ive  t he  r e -  
q u i r e d  0.059 slope. Thus  the  d a t a  shown  in Fig .  4 
and  5 in a p H  r a n g e  of zero to 0.75 i nd i ca t e  t h a t  t he  
e q u i l i b r i u m  r e a c t i o n  s h o w n  in Eq. [1]  is p o t e n t i a l -  
d e t e r m i n i n g .  The  fac t  t ha t  for  p H  v a l u e s  g r e a t e r  
t h a n  1.1, the  s lope of t he  p o t e n t i a l  vs .  log o x y g e n  
p r e s s u r e  curves  (Fig .  4) dec reases  ind ica t e s  t h a t  a 
n e w  p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n  is coming  in to  
p lay .  S ince  the  s lope  dec rea se s  to abou t  O.03v p e r  
decade  of o x y g e n  p a r t i a l  p r e s su re ,  i t  also ind ica t e s  
t h a t  the  p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n  in  th is  p H  
r a n g e  is in f luenced  b y  a t w o - e l e c t r o n  process .  F i g u r e  
5 conf i rms this  t r a n s i t i o n  f rom the  one -  to t w o -  
e l e c t r o n  p rocess  as t he  p H  increases .  Because  of b o t h  
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Fig. 5. pH effect. Open circle with dot, 0.0184; open square 
with dot, 0.0092; open triangle with dot, 0.00374; inverted triangle 
with dot, 0.00187; open diamond with dot, 0.00094; X ,  0.000374; 
3-, 0.000187; atmos. 02. 

the  t w o - e l e c t r o n  change  and  the  p o t e n t i a l  vs .  p H  
s lope  of 0.059 b e t w e e n  p H  va lues  of 1.5 a n d  1.75 i t  is 
i n d i c a t e d  t h a t  the  p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n  in 
th is  r a n g e  is mos t  l i k e l y  t he  o x y g e n / h y d r o g e n  p e r -  
ox ide  e q u i l i b r i u m ,  t h a t  is, 

02 q- 2H + 3- 2 e -  = H202 [3]  

E ~ 0.68 - -  0.059 p H  3- 0.03 log [Po2/aHeoe] [4]  

The  d a t a  in  Fig .  4 and  5 t h e r e f o r e  i n d i c a t e  t h a t  in  
the  p H  r a n g e  0-0.75 the  p o t e n t i a l  is d e t e r m i n e d  b y  
the  Oe/HOe e q u i l i b r i u m .  A t  p H  v a l u e s  a b o v e  0.75 
the  Oe/HeO2 e q u i l i b r i u m  causes  the  p o t e n t i a l s  to b e -  
come m o r e  pos i t ive ,  and  in the  p H  r a n g e  a b o v e  0.75- 
1.5 the  p o t e n t i a l  is d e t e r m i n e d  b y  bo th  t h e  O2/HO2 
and Oe/H2Oe reac t ions .  A t  p H  v a l u e s  of 1.5 and  
a b o v e  t h e  O2/H~O2 e q u i l i b r i u m  p r e d o m i n a t e s ,  and  
the  co r r ec t  p o t e n t i a l  vs .  p H  d e p e n d e n c e  of  0.059 is 
found.  The  fac t  t h a t  the  p o t e n t i a l  vs .  o x y g e n  p a r t i a l  
p r e s s u r e  s lopes  a r e  s o m e w h a t  above  0.03 ind ica t e s  
t ha t  the  O2/HO2 r e a c t i o n  is p l a y i n g  a m i n o r  ro le  in 
this  range .  

The  c a l c u l a t e d  aHeo2 in t he  1.5-1.75 p H  r a n g e  is 
a b o u t  10 -13 m o l e s / l i t e r .  Thus  n e g a t i v e  c h e m i c a l  
tes t s  for  HeO2 w i t h  TiSO4 and  K I  a r e  expec t ed .  

E q u a t i o n s  [2]  and  [4]  and  Fig.  4 and  5 show t h a t  
anoe and  a Heo2 m u s t  r e m a i n  i n d e p e n d e n t  of P02 and  
pH. This  cou ld  be  poss ib le  if  a l l  t he  ac t ive  cen te r s  
on the  e l e c t r o d e  a r e  s a t u r a t e d  w i t h  t hese  species  in 
t h e i r  r e s p e c t i v e  p H  ranges .  

The  d a t a  f u r t h e r  i nd ica t e  t h a t  t he  p o t e n t i a l - d e t e r -  
m i n i n g  r eac t ions  for  t he  s t e a d y - s t a t e  r e s t  p o t e n t i a l s  
in the  m o r e  ac id  so lu t ions  t h a t  a r e  v i r t u a l l y  f r ee  of 
o x y g e n  as shown  in Fig .  2 and  3 m a y  also be  l a r g e l y  
due  to the  o x y g e n - p e r h y d r o x y l  exchange .  S ince  the  
HOe a c t i v i t y  is in the  o r d e r  of 10 -e~ m o l e s / l i t e r ,  t he  
c a l c u l a t e d  p a r t i a l  p r e s s u r e  of o x y g e n  at  0.4v r e s t  p o -  
t e n t i a l  w o u l d  be  in  t he  o r d e r  of 10 -11 a tm.  W h e t h e r  
or  no t  such a ca l cu l a t i on  is va l id  u n d e r  t h e s e  c o n d i -  
t ions is, of course ,  ques t ionab le .  H o w e v e r ,  i t  does  
i nd i ca t e  t ha t  t he  r e s t  p o t e n t i a l  in  t he  " o x y g e n - f r e e "  
so lu t ions  m a y  be  in f luenced  bo th  b y  the  v e r y  low 
o x y g e n  p a r t i a l  p r e s s u r e  and  the  ex i s t ence  of  some 
p e r h y d r o x y l  r a d i c a l  on the  p l a t i n u m  sur faces .  In  t h e  
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less  ac id  so lu t ions  t he  o x y g e n - h y d r o g e n  p e r o x i d e  
e x c h a n g e  w o u l d  s i m i l a r l y  inf luence  r e s t  po ten t i a l s .  

The  p o t e n t i a l - d e t e r m i n i n g  e q u i l i b r i u m  i n d i c a t e d  
in Eq. [1]  can  be  d e p i c t e d  as fo l lows  on a p l a t i n u m  
su r f ace  

P t  § 02 ---- P t  - -  02 [5]  

P t - - O ~ + e - = P t - - O 2 -  [6]  

P t - - O 2 -  + H  + - - P t - H O 2  [7]  

P t  - -  HO2 = P t  + HO2 [8]  

w h e r e  P t - -  i nd i ca t e s  a c h e m i s o r b e d  spec ies  on t h e  
p l a t i n u m  sur face .  

I f  t he  p o t e n t i a l - d e t e r m i n i n g  e q u i l i b r i u m  i n d i c a t e d  
in Eq.  [3]  w e r e  cons ide red  as a second  e l e c t r o n  
t r a n s f e r  s t ep  fo l lowing  Eq. [7] ,  a s h a r p  t r a n s i t i o n  
f r o m  a 0.059 to 0.03 s lope  in  t he  c u r v e s  of F ig .  4 
shou ld  be  found.  This  is because  t he  e l ec t ron  t r a n s -  
fe r  s teps  w o u l d  be  in  ser ies ,  a n d  the  o v e r - a l l  e q u i l i b -  
r i u m  w o u l d  d e p e n d  on ly  on the  ac t iv i t i e s  of o x y g e n  
and  h y d r o g e n  p e r o x i d e .  The  fac t  t h a t  t he  e x p e r i -  
m e n t a l  r e su l t s  show a g r a d u a l  t r a n s i t i o n  f r o m  the  
0.059 to 0.03 s lopes  a n d  t h a t  t he  p o t e n t i a l  vs. pH r e -  
l a t ion  shown  in Fig.  5 does  show a r a n g e  of i n d e t e r -  
m i n a t e  s lope  ind i ca t e s  t h a t  t he  02 /H202 r e a c t i o n  
invo lves  a t w o - e l e c t r o n  s tep  r a t h e r  t h a n  two  s e p a -  
r a t e  o n e - e l e c t r o n  steps.  Hence ,  t he  O2/H202 e x -  
change  on p l a t i n u m  

P t  - -  02 + 2 e -  = P t  - -  0 2 - -  [9]  

P t - -  0 2 - -  + 2H + = P t  - -  H202 [10] 

P t -  H202 ---- P t  + H202 [11]  

m a y  l i k e l y  occur  in p a r a l l e l  w i t h  t he  O2/HO2 r e a c -  
t ion.  

The  ques t ion  as to w h y  t h e  t w o - e l e c t r o n  s tep  does  
no t  occur  in so lu t ions  w i t h  a p H  of 0-0.75 is i n -  
t r i g u i n g  and  u n a n s w e r e d .  B e r l  (6)  and  o the r s  h a v e  
shown  tha t  t he  o x y g e n / p e r o x i d e  e q u i l i b r i u m  also 
occurs  in  a l k a l i n e  so lu t ions .  O u r  f ee l ing  is t h a t  in  
the  s t r o n g  ac id  so lu t ion  the  conf igu ra t ion  of t h e  
d o u b l e  l a y e r  m a y  s o m e h o w  r e t a r d  t he  t w o - e l e c t r o n  
s tep.  O u r  r e su l t s  i n d i c a t e  t h a t  t h e  c h e m i s o r b e d  o x -  
y g e n  w h i c h  e x c h a n g e s  w i t h  p e r o x i d e  is s o m e h o w  
d i f f e r en t l y  a s soc ia t ed  w i t h  t he  e l e c t r o d e  su r f ace  
t h a n  is t he  c h e m i s o r b e d  o x y g e n  w h i c h  e x c h a n g e s  
w i t h  p e r h y d r o x y l  r ad ica l .  Effects  of o t h e r  a d s o r b e d  
spec ies  shou ld  be  of i n t e re s t .  
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Techn ca]l Notes 

Mechanism of the Oxidation of a 
Uranium-One Weight Per Cent Copper Alloy 

J. E. Antill and K. A. Peakall 
Metallurgy Division, Atomic Energy Research Establishment, Harwell, Didcot, Berkshire, England 

P r e v i o u s  k ine t i c  d a t a  (1)  h a v e  s h o w n  t h a t  t he  
a d d i t i o n  of coppe r  to u r a n i u m  inc rea se s  t he  o x i d a -  
t ion  r e s i s t ance  of t he  m e t a l  in  c a r b o n  d iox ide  at  
680~176 b u t  has  no  effect  a t  500~ Some  i m -  
p r o v e m e n t  has  also b e e n  r e p o r t e d  in  o x y g e n  at  
625~  In  ca rbon  d iox ide  a b o v e  500~ u r a n i u m  
n o r m a l l y  ox id izes  b y  a l i n e a r  r a t e  l a w  to p r o d u c e  
u r a n i u m  d i o x i d e  in t he  f o r m  of a n o n a d h e r e n t  p o w -  
der ,  a l t h o u g h  a t  1000~ an  a d h e r e n t  scale  m a y  be  
f o r m e d  and  the  r e a c t i o n  r a t e  s l owly  d e c r e a s e  w i th  
t ime .  A t h o r o u g h  s t u d y  of t he  m e c h a n i s m  l e a d i n g  
to t h e  bene f i c i a l  ef fec t  of coppe r  was  no t  u n d e r t a k e n  

in  t he  p r e v i o u s  w o r k  w i t h  c a r b o n  d iox ide ,  b u t  i t  
was  i n f e r r e d  f r o m  p a r t i c l e  size a n a l y s e s  of t h e  p r o -  
duc t  t h a t  coppe r  i m p r o v e d  the  p l a s t i c i t y  a n d  s in -  
t e r i n g  p r o p e r t i e s  of t h e  oxide ,  t h e r e b y  l e a d i n g  to a 
m o r e  a d h e r e n t  p r o t e c t i v e  ox ide  l aye r .  As  i t  was  
t h o u g h t  poss ib l e  t h a t  t h e  m e c h a n i s m  m i g h t  a lso  be  
a p p l i c a b l e  to c o m p o u n d s  of u r a n i u m ,  e.g., u r a n i u m  
ca rb ide ,  a m o r e  d e t a i l e d  s t u d y  w a s  u n d e r t a k e n ,  and  
th is  is r e p o r t e d  in  t h e  p r e s e n t  note .  The  w o r k  con-  
s i s ted  e s s e n t i a l l y  of mic roscop ic  e x a m i n a t i o n  of sec-  
t ions  of the  ox id i zed  s a m p l e s  and  s in t e r i ng  e x p e r i -  
ments .  
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Table I. Summary of oxidation data for uranium and a U-I w/o 
Cu alloy in carbon dioxide 

OXIDATION OF A URANIUM-COPPER ALLOY 

Part ic le  size of 
product ,  percentage  

Reaction in var ious  size ranges  
rate,  mg  w t  

Mater ia l  Temp,  ~ ga in /cm2/hr  >211/~ 211-44/~ <44/~ 

U 500 0.i-0.3 - -  - -  - -  
U-I% Cu 500 0.16 ~ ~ - -  
U 680 3-i0 90 8 1.5 
U-1% Cu 680 1.2 96 3.3 0.5 
U 800 250-330 80 19 1.4 
U-I% Cu 800 5.9 100 0.01 Nil 
U i000 ~i00 98 1.7 0.3 
U-1% Cu 1000 12.2 100 Nil Nil 

The previous  kinet ic  da ta  and par t ic le  size ana ly -  
ses for al loys containing 1 weight  per  cent ( w / o )  
copper a re  summar ized  and compared  wi th  those 
for u r an ium in Table  1. The specimens were  oxi-  
dized in a t he rma l  ba lance  in gas f lowing at  1 a tm 
and 500 cc/min.  The gas was obta ined by vola t i l iz -  
ing solid carbon dioxide and was dr ied  by  magne-  
s ium perchlora te  to < 20 ppm (by volume)  H20. 
The res idual  impur i t ies  were  main ly  oxygen and 
nitrogen,  the  approx ima te  concentrat ions being 100 
and 300 ppm, respect ively .  

The microscopic s tudy revea led  tha t  at the high 
t empera tu res  at  which  the benefic ia l  effect of 
copper was apparen t  a l ayer  of the in te rmeta l l ic  
compound UCus, or of copper containing u r a n i um  
oxide formed at  the  m e t a l / o x i d e  interface.  Unfor tu-  
na te ly  it was not  possible to obtain good photomi-  
crographs revea l ing  al l  the points  of in teres t  in 
both the oxide and meta l  because of the different  
polishing character is t ics  of the  var ious  phases, but  
d iagrammat ic  representa t ions  of the samples oxi-  
dized at 500 ~ 680 ~ and 800~ are  shown in Fig. 1, 
2, and 3. In the unoxidized meta l  the copper was 
d i s t r ibu ted  as small  cuboids of UCus, there  being 
some evidence for the  par t ic les  being a r ranged  in 
a gra in  bounda ry  type  network.  At  500~ the in-  
te rmeta l l ic  par t ic les  were  incorpora ted  in i t ia l ly  in-  
to the u ran ium dioxide film wi thout  change, but  
were  la te r  oxidized in the  outer  par t s  of the film. 
The par t ic les  act as marke r s  and demons t ra te  tha t  
the  format ion  of the nonf laking  layer  of oxide p ro-  
ceeds e i ther  by  diffusion of oxygen ions through the 
u ran ium dioxide la t t ice  or by the diffusion of carbon 
dioxide molecules down fine pores in the oxide fol-  
lowed by  react ion near  the  o x i d e / m e t a l  interface.  

The 680 ~ and 800~ specimens had  a br ight  cop- 
pe r -co lo red  l aye r  a t  the  o x i d e / m e t a l  in terface  and 

" i " : ' " ' "  :",-:", ,' , , : " ; "  ':'"."MET'AL ..: .,....:., �9 ,, , . . .  ,,, .. " : ' - . , -  �9 : , . . .<,  '. 
..~ tr ",'2s~ " , .. ," , ~Cus, ' -"  

Fig. 1. Section of a U-1% Cu alloy oxidized in C02 at 5OO~ for 
100 hr. 

1147 

k4OUNT / O F  UO 2 FREE 
~,7.~OF DARK OXIDE 

CRACKS ~ ~ DARK 

" - ~ ' - ~  - -~L'~-  : ; ,  ' .~ UCus,Cu+Uo2 / 

" ' "  ' "z'" " (  ~" : "'~" " " ' " ~  ' , ' M E T A L  

_ ' - : " ,  . - '  -,- ' , ~ s ~ _ _  .'" 

Fig. 3. Section of a U-1% Cu alloy oxidized in C02 at 80O~ for 
25 hr. 

a second da rk  oxide phase  embedded  in the l ight  
g ray  u ran ium dioxide.  The metal l ic  l aye r  resembled  
in some places the  UCu5 par t ic les  and in others 
copper-conta in ing  UO2. Electron probe  analysis  
gave the u r a n i um  content  of the l ayer  as ~50 w / o  
which is consistent wi th  UCus, or the  in termeta l l ic  
compound oxidized wi th  the  u ran ium dispersed as 
UO~ in copper. The s l ight ly  h igher  figure than  the 
theoret ica l  va lue  of 43% for UCu5 is p robab ly  due 
to spreading of the electron beam. The layer  was 
not  continuous, and the oxide pene t ra t ed  into the 
meta l  compara t ive ly  quickly  at  points  where  it was 
absent,  demons t ra t ing  tha t  the  l ayer  p rov ided  con- 
s iderable  protection.  Al though the area  of the in te r -  
face covered by  a thick l aye r  was small ,  electron 
probe analysis  showed tha t  the  concentrat ion of 
copper was high, and tha t  a th in  l ayer  of UCu5 prob-  
ab ly  provided  some protec t ion  in the  remaining  
areas. The areas  of da rk  oxide were  thought  to be 
par t s  of the in te rmeta l l ic  l aye r  which had become 
incorpora ted  into the product  and subsequent ly  ox-  
idized. It was not possible to obtain a s imi lar  me ta l -  
lographic  section for the  specimen oxidized at 
1000~ but  examinat ion  of the  dense scale also 
showed the presence of the da rk  oxide phase. The 
concentra t ion of this phase at  both 800 ~ and 1000~ 
was app rox ima te ly  30-40 vol %, indicat ing tha t  it 
was a mixed  oxide of copper and u ran ium consisting 
p r imar i l y  of u ran ium oxide. 

In order  to confirm the protec t ive  role of the cop- 
pe r -co lo red  layer ,  specimens of the in termeta l l ic  
compound were  p repa red  by  arc mel t ing  and ox-  

Fig. 2. Section of a U-1% Cu alloy oxidized in C02 at 680~ 
for SO hr. 
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id ized  in  t he  t h e r m a l  b a l a n c e  r e a c t i o n  c h a m b e r .  The  
w e i g h t  g a i n - t i m e  cu rves  a r e  g iven  in Fig .  4 and  
show t h a t  t he  a t t a c k  of t he  c o m p o u n d  was  a p p r o x i -  
m a t e l y  one  t e n t h  of t h a t  of t h e  a l loy .  Microscop ic  
e x a m i n a t i o n  of sec t ions  r e v e a l e d  t h a t  the  a t t a c k  
p r o c e e d e d  b y  i n t e r n a l  ox ida t ion ,  r e s u l t i n g  m a i n l y  
in a fine d i s t r i b u t i o n  of ox ide  and  coppe r  a l t h o u g h  
a l a y e r  (4/~ t h i c k  at  680~ of a p p a r e n t l y  p u r e  
b r i g h t  coppe r  was  f o r m e d  on the  su r f ace  of t he  
spec imens .  

To d e t e r m i n e  w h e t h e r  the  coppe r  a c h i e v e d  any  
inc rea se  in  o x i d a t i o n  r e s i s t ance  b y  i n c r e a s i n g  the  
p l a s t i c i t y  of t he  ox ide ,  s i n t e r ing  e x p e r i m e n t s  w e r e  
done  on cold  p r e s s e d  compac t s  of  u r a n i u m  d i o x i d e  
p o w d e r  ( < 3 0 0  m e s h )  m i x e d  w i t h  1 w / o  cup rous  ox ide  
p o w d e r .  U r a n i u m  d iox ide  m a y  t a k e  in to  sol id  so lu -  
t ion  a p p r e c i a b l e  a m o u n t s  of excess  oxygen ,  and  
e x p e r i m e n t s  w e r e  done  on two  compos i t ions ,  UOe.12 
and  UOe.17. The  compac t s ,  t o g e t h e r  w i t h  r e f e r e n c e  
s a m p l e s  no t  con t a in ing  c u p r o u s  ox ide ,  w e r e  s i n t e r e d  
in f lowing ca rbon  d i o x i d e  for  24 h r  a t  750 ~ 850 ~ 
and  1000~ T h e  c o p p e r - c o n t a i n i n g  compac t s  s in -  
t e r e d  to  a h i g h e r  dens i ty ,  b u t  t h e  cup rous  ox ide  was  
r e d u c e d  to g ive  a d i s p e r s i o n  of m e t a l l i c  coppe r  p a r -  
t icles.  The  r e su l t s  w e r e  t h e r e f o r e  inconc lus ive  as 
the  e x p e r i m e n t s  d id  no t  r e p r o d u c e  t h e  s t r u c t u r e  

of the  scales.  The  a v a i l a b l e  t h e r m o d y n a m i c  da t a  
for  the  ox ides  of coppe r  (3)  and  u r a n i u m  (4)  show 
tha t  p u r e  cup rous  ox ide  has  a s i m i l a r  o x y g e n  ac t i v i -  
ty  to  t he  U409 phase  at  680 ~ and  800~ and  UO2.1s 
at  1000~ Cuprous  ox ide  can,  t he re fo re ,  on ly  avo id  
r e d u c t i o n  to the  m e t a l  b y  h a v i n g  its a c t i v i t y  l o w e r e d  
b y  the  f o r m a t i o n  of a m i x e d  oxide .  The  compos i t ion  
of t he  ox ide  scale  f o r m e d  at  800~ was  a n a l y z e d  as 
UO2.00-UO2.03 by  d e t e r m i n i n g  the  w e i g h t  ga in  on 
h e a t i n g  in a i r  a t  600~ the  f inal  p r o d u c t s  w e r e  as -  
s u m e d  to be U3Os a n d  CuO. The  a c t i v i t y  of c up rous  
o x i d e  has  to be  r e d u c e d  f r o m  1 to <10  -2  to  be  in 
e q u i l i b r i u m  w i t h  th is  oxide ,  a n d  i t  is n o t e w o r t h y  
t h a t  t he  l a rge  r e d u c t i o n  is cons i s t en t  w i t h  t he  l a rge  
u r a n i u m  con ten t  of t he  m i x e d  ox ide  d e d u c e d  f r o m  
the  m e t a l l o g r a p h i c  ev idence .  The  r ea son  w h y  the  
m i x e d  ox ide  f o r m e d  m o r e  r e a d i l y  in t he  o x i d a t i o n  
t h a n  in  the  s i n t e r i ng  e x p e r i m e n t s  is not  c lear .  

The  w o r k  has  t h e r e f o r e  s h o w n  t h a t  a t  l eas t  p a r t  
or  a l l  of t h e  p r o t e c t i o n  is due  to  t he  f o r m a t i o n  of a 
l a y e r  of UCu5 or  copper  c on t a in ing  u r a n i u m  ox ide  
at  t he  m e t a l / o x i d e  in te r face .  The  l a y e r  a p p e a r s  to 
be  f o r m e d  b y  the  d i f fus ion of copper  a toms  in to  t h e  
m e t a l  a w a y  f r o m  t h e  ox ide  r e s u l t i n g  in a s w e e p i n g  
up  of t he  i n t e r m e t a l l i c  UCu5 p a r t i c l e s  in  t he  a l loy.  
The  l o w e r  o x i d a t i o n  r a t e  r e s u l t i n g  f r o m  th is  u n u s u a l  
m e c h a n i s m  w o u l d  a l l ow m o r e  t ime  for  s t resses  in  
t he  o x i d e  to b e  r e l i e v e d  b y  d e f o r m a t i o n  r a t h e r  t h a n  
c r a c k i n g  and  w o u l d  t h e r e f o r e  e x p l a i n  t he  i n c r e a s e  
in p a r t i c l e  size of the  p roduc t .  No conc lus ion  can  
be  d r a w n  r e g a r d i n g  a poss ib l e  change  in  t h e  p l a s -  
t i c i ty  of t he  oxide .  

Manuscr ip t  received June  5, 1963. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June  1964 JOURNAL. 
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Relation of Partial (110) Pole Figures to Thickness 
and Microstructure of Electrodeposited Copper 

Fielding Ogburn and Clarence Newton 
National Bureau of Standards, Washington, D. C. 

In  the  course  of a g e n e r a l  i n v e s t i g a t i o n  of c r y s -  
t a l  g r o w t h  b y  e l ec t rodepos i t i on ,  t he  au th o r s  o b -  
s e r v e d  the  o c c u r r e n c e  of p r e f e r r e d  o r i e n t a t i o n  or  
f i be r  t e x t u r e  in  e l ec t rodepos i t s .  Some  s i x t y  l i t e r a -  
l u r e  r e fe rences ,  mos t  of w h i c h  a r e  d a t e d  be fo re  1950, 
w e r e  consu l t ed  on the  subjec t .  These  r e f e r e n c e s  de f -  
i n i t e l y  e s t a b l i s h e d  the  ex i s t ence  of such f ibe r  t e x -  
t u r e  a n d  the  fac t  t h a t  i t  is to be  o b s e r v e d  in mos t  or 
in a l l  of  t h e  c o m m o n l y  e l e c t r o d e p o s i t e d  me ta l s .  

V e r y  l i t t l e  of th is  e a r l i e r  work ,  h o w e v e r ,  was  
q u a n t i t a t i v e ,  a n d  no t  one of t h e  r e f e r e n c e s  gave  any  
d a t a  t h a t  m i g h t  be  c ons ide r e d  as c ons t i t u t i ng  a pole  
f igure ,  t h a t  is t he  a n g u l a r  d i s t r i b u t i o n  of t he  deg ree  
of p r e f e r r e d  o r i e n t a t i o n  a b o u t  t he  n o r m a l  to the  s u r -  
face  of t h e  e l ec t rodepos i t .  I t  was  w i t h  t he  des i r e  to 
e s t ab l i sh  th is  q u a n t i t a t i v e  a n d  g e o m e t r i c a l  spec i f i -  
ca t ion  of the  t e x t u r e  in  t he  e l e c t r o d e p o s i t e d  copper  
and,  if  poss ib le ,  to r e l a t e  i t  to o the r  p a r a m e t e r s  of 
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Fig. 1. Cross section of copper electrodeposit, 1700~ thick, 
showing growth twins. Substrute at bottom. Etching reagent: 
ammonium hydroxide and hydrogen peroxide. 

the e lec t rodeposi t ion  process, tha t  the au thors  e n -  
te red  the  p resen t  s tudy.  

The d i s t r i bu t ion  of crys ta l  o r i en t a t i ons  w i t h i n  
two copper  e lectrodeposi ts  d i f fe r ing  in  th ickness  
on ly  was  de t e rmined .  The  deposits  were  p r epa red  by  
e lec t rodeposi t ion  f rom a so lu t ion  of 250 g/1 of 
CuSO4.5H20 and  50 g/1 of H2SO4 at room t e m p e r a -  
tu re  w i th  mi ld  ag i ta t ion  and  at 10 m a / c m  2 average  
cu r r en t  densi ty .  The  cathode was  a n  111/2 x 111/2 cm 
pane l  of co ld- ro l led  l o w - c a r b o n  steel  which  had 
been  p la ted  w i th  a t h in  l ayer  of copper  f rom a cya-  
n ide  t ype  solut ion.  A r e c t a n g u l a r  Luci te  box, 111/2 x 
l l l /z  x 28 cm ID, was  used as the p l a t i ng  t a n k  wi th  
electrodes at  e i ther  end  and  a mechan i ca l  s t i r re r  
jus t  in  f ron t  of the bagged  anode.  Reagen t  grade 
chemicals  were  used w i thou t  any  pur i f i ca t ion  other  
t h a n  i nc iden t a l  e lectrolyses of the  solut ion.  

The two deposits  were  14 and  1700~ thick.  A 
cross sect ion of the  th icker  deposit  is shown in  Fig. 1, 
af ter  po l i sh ing  and  etching.  For  x - r a y  m e a s u r e -  
ments ,  a coupon about  1.6 x 2 cm, was  cut  f rom the  
cen te r  of each whe re  the  th ickness  u n i f o r m i t y  had 
been  conf i rmed  wi th  a Magnegage.  These were  
m o u n t e d  in  Bakel i te  so tha t  the  surfaces  of the  de-  
posits could be easi ly  pol ished and  etched. The 
th icker  spec imen  was pol ished on 600 gr i t  paper  jus t  
enough  to give a f la t  smooth  f in ish  and  t h e n  on a 
cloth whee l  wi th  L i n d e  B to r e m o v e  the  600 grit  
scratches.  Both  spec imens  were  e tched 20 sec in  so- 
lu t ion  of a m m o n i u m  hydrox ide  and  h y d r o g e n  
peroxide.  

The  x - r a y  m e a s u r e m e n t s  were  made,  us ing  cobal t  
Ka  rad ia t ion ,  w i th  the  x - r a y  source, p ropor t iona l  
counter ,  and  spec imen  set so tha t  (220) d i f f rac ted  
r ad ia t ion  was counted,  this  diffract ion owing  to 
g ra in  o r i en ta t ion  be ing  s u b s t a n t i a l l y  more  in tense  
t h a n  (200),  (111),  or any  other.  The  posi t ion  of the 
spec imen was  ind ica ted  by  the  angle  ~1 b e t w e e n  the 
n o r m a l  to the  spec imen  surface  and  the n o r m a l  to 
those p lanes  tha t  were  c o n t r i b u t i n g  to the  m e a s u r e d  
diffracted in tens i ty .  Thus,  w h e n  ~ ~ 0 ~ one m e a s u r e d  
the  re l a t ive  area  of (110} p lanes  n e a r  to and  pa ra l l e l  

1 ~b w a s  se t  w i t h  a v e r n i e r  s ca l e  to  0.1% 
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Fig. 2. Distribution of (110) poles near to the surface of two 
copper electrodeposits, 14 and 1700~ thick. 0 ~ is normal to sur- 
face of polished deposit. 

to the  surface.  M e a s u r e m e n t s  were  m a d e  on each 
spec imen  at 5 ~ i n t e rva l s  b e t w e e n  0 ~ a nd  40 ~ 

The cons t ruc t ion  of the  d i f f rac tometer  was  such 
tha t  m e a s u r e m e n t s  for d i f ferent  va lues  of ~ are  no t  
comparab le  and  m u s t  be  corrected for absorpt ion .  
This was  done by  m a k i n g  s imi la r  m e a s u r e m e n t s  
for a spec imen  of copper  h a v i n g  a r a n d o m  d i s t r i bu -  
Uon of c rys ta l  o r ien ta t ion .  2 Thus,  m e a s u r e m e n t s  at 
two di f ferent  angles  are  comparab le  af ter  d iv id ing  
b y  the  co r respond ing  va lues  for the  r a n d o m l y  
o r i en ted  specimen.  The correc ted  va lues  are  p lo t ted  
in  Fig.  2. 

The  curves  of Fig. 2 are  e q u i v a l e n t  to conven t iona l  
pole figures if the  crys ta l  o r i en ta t ions  can be  as-  
sume d  to be s y m m e t r i c a l  about  the  fiber axis. This  
w ou l d  seem to be a safe a s sumpt ion  for the  t h i n  de-  
posit,  bu t  ques t ionab le  for the  th icker  one. A s y m -  
m e t r y  wou ld  be expected  for deposi ts  w i th  la rge  
gra ins  since the re  m i gh t  no t  be  enough  la rge  gra ins  
c o n t r i b u t i n g  to the  m e a s u r e m e n t s  to give r e p r e s e n -  
ta t ive  values.  

The  increase  in  i n t e ns i t y  as ~ approaches  0 ~ i nd i -  
cates a s t rong  p re fe rence  for [110] axis  in  the  d i rec-  
t ion  of growth.  This  is in  a g r e e m e n t  w i th  the fiber 
t e x t u r e  r epor ted  b y  Yang  (1) and  by  Finch,  Wi lman ,  
and  Yang  (2) for copper  deposi ted f rom an  acid su l -  
fate solut ion.  Tha t  the  in tens i t i es  inc rease  as ~ i n -  
creases f rom 30 .o s imply  reflects the  geome t ry  of a 
f ace -cen te red  cubic crys ta l  w he r e  (110) poles are 
60 ~ and  90 ~ apar t .  

Tha t  the  th i cke r  spec imen  shows a g rea te r  degree  
of o r i en ta t ion  t h a n  the  t h i n e r  one is in  l ine  w i th  
the idea t ha t  the  fiber s t r uc t u r e  is a resu l t  of g ra in  
growth.  F i g u r e  1 shows a co r respond ing  g rowth  in  
g r a i n  size b e t w e e n  14 and  1700~. The  subs t ra te  for 
bo th  deposi ts  was  a l a ye r  of fine g ra ined  copper  
which  according  to d i f f rac tometer  m e a s u r e m e n t s  
was  v i r t u a l l y  r a n d o m l y  o r i en ted  and  m a y  have  had  
a p re fe rence  for o ther  t h a n  the  [110] direct ion.  

2 D i s k  of c o p p e r  p o w d e r  c o m p r e s s e d  a t  a b o u t  10,000 psi ,  b e l o w  
r e c r y s t a l l i z a t i o n  t e m p e r a t u r e .  
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Also of in teres t  are  the ve ry  s t ra ight  and near  
ver t ica l  boundar ies  in the cross section shown in 
Fig. 1. These are  p robab ly  due to twinn ing  which 
occurs along {111} planes.  Since the re  are  {111} 
planes  pa ra l l e l  to the [110] direction, the or ienta t ion  
of these boundar ies  should be closely re la ted  to the 
corresponding pole figure as appears  to be the case. 

The f requency  of these twinned  planes  leads one 
to speculate  tha t  the  copper grains most  favored  
for growth  are  those tha t  are twinned  with  the  
twinning  plane near  a ver t ica l  position. The twinned  
p lane  or  a combinat ion  of such planes  may  provide  
a se l f -pe rpe tua t ing  d iscont inui ty  at the crys ta l  sur -  
face which faci l i ta tes  l aye r  growth  or l aye r  nuc lea-  
t ion (3).  
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A New Method of GaP Growth 
J. D. Broded and G. A. W o l f f  2 

The Harshaw Chemical Company, Cleveland, Ohio 

Severa l  methods have  been used to p repa re  single 
crys ta ls  of ga l l ium phosphide.  The va r i e t y  and type  
of growth  methods are l imi ted  and de te rmined  by  
the na tu re  of the phase diagram,  p ressure -compos i -  
t ion and t e m p e r a t u r e - p r e s s u r e  curves for  the sys-  
t em G a - P  (Fig. 1). Corresponding da ta  were  r e -  
por ted  by  Fo lber th  (1),  Gershenzon et al. (6),  and 
Rubins te in  (5).  

The most  obvious method  would appear  to be tha t  
of pul l ing a crysta l  f rom the mel t  at  t empera tu res  
of about 1465~ and under  phosphorous pressures  
of about 20-50 arm. Good single crysta ls  have been 
grown by this method in ra the r  e labora te  high t em-  
pera ture ,  high pressure  equipment  (2).  If this 
method is a t t empted  at  lower  pressures  the resu l t -  
ing mate r i a l  is polycrys ta l l ine .  

Another  method which would not requi re  t em-  
pe ra tu res  qui te  so high and p rac t i ca l ly  no pressure,  
would be to grow the crysta ls  f rom a Ga rich mel t  
(3).  This process is diffusion control led and yields 

1 Present address: NASA,  Lewis  Research Cente r ,  C l e v e l a n d ,  Ohio.  
2 P r e s e n t  add re s s :  E r i e  Technological  Products, Inc . ,  Er ie ,  P e n n -  
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Fig. I. Phase diagram, pressure-composition and temperature- 
pressure curves for Ga-P system, schematic. 

s t r a in - f r ee  single crys ta l  platelets .  Tempera tu res  as 
low as 1100~ have been used and pla te le ts  of ap-  
prec iable  size have been prepared .  

The new method proposed is an extension of the 
above method of solut ion growth  (4).  A single crys-  
tal  seed is placed at  the bot tom of a sui table  con- 
ta iner  of the size and  d iamete r  of the ingot  to be 
grown. Among the  mate r ia l s  tha t  may  be used for 
containers  are a lundum,  graphi te ,  sapphire ,  quartz,  
boron ni tr ide,  and a luminum nitr ide.  A smal l  column 
of ga l l ium about  0.6 to 1.2 cm in height  is placed 
above and in contact  wi th  the  seed. The r ema inde r  
of the tube  then is filled to about  75% of its total  
volume wi th  e i ther  a m i x t u r e  of crushed GaP in ga l -  
l ium, crushed and powdered  GaP, or a s intered or 
pressed rod of GaP. The ga l l ium column then is 
heated e i ther  by  direct  coupling to an induct ion 
hea te r  or in the case of the  g raph i te  crucible by  rad i -  

�9 

- -  SAPPHIBE TL~E 

GaP, FEED ~ I k L  

0 ,~ I NIX/CTI ON COIL 

- SOLSTION OF CaP IN LIQUID 

GROWING Cap CRySTA~ 

Fig. 2. Schematic of experimental arrangement to produce GaP 
ingots from powdered GaP. Zone measurement and interface (sta- 
bility) controlled by rf or resistance heater. 



Vol. 110, No. 11 

Fig. 3. Ingot of GaP produced by solvent method, with large single 
crystal sections. 
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Fig. 4. Typical set of temperature gradient curves taken at 
various times (and positions of the heater) during the course of 
a run (pyrometric measurements), too fast a zone movement caus- 
ing ingot rippling. 

at ion  hea t ing ,  the  g raph i t e  coupl ing  to the  i nduc t i on  
hea te r  coil. The hot  ga l l i um zone t hen  is made  to 
move  u p w a r d  t h rough  the  GaP  feed mate r ia l .  As this  
occurs, GaP  dissolves at  the  hot  interface,  diffuses 
t h rough  the  ga l l i um and  deposits  on the cooler s ingle  
crys ta l  seed. F igu re  2 shows a schemat ic  of the ex-  
p e r i m e n t a l  a r r a n g e m e n t .  The  hot in te r face  t e m p e r a -  
tu re  ranges  f rom abou t  1000 ~ to l l 0 0 ~  and  the 
m o v e m e n t  of the  i n d u c t i o n  hea te r  coil should be less 
t han  0.6 cm eve ry  24 hr. F igu re  3 shows one of the  
ingots p roduced  d u r i n g  p r e l i m i n a r y  exper imen t s .  

A m o n g  the cr i t ical  p a r a m e t e r s  is the t e m p e r a t u r e  
g rad ien t  a long the  crucible.  F igu re  4 shows a set of 
t e m p e r a t u r e  g rad ien t  curves  for a r ep re sen t a t i ve  run .  

One difficulty tha t  was  encoun t e r ed  in  some of our  
g rowth  r u n s  was  the r ipp l ing  of the ingots,  i.e., the  
ingots grew in  two or more  separa te  sections, sepa-  
r a ted  by  t h in  co lumns  or r ipples  of gal l ium.  This 
migh t  possibly  be exp la ined  as follows: as the hot 
zone moves  upward ,  GaP  dissolves f rom the pressed 
G a P - G a  u p p e r  column.  The dissolved GaP  t h e n  
diffuses t h rough  the  ga l l ium,  deposits  on the  g row-  
ing ingot  and  thus  increases  the  v o l u m e  of gal l ium.  
Thus  the  ra te  of deposi t ion is s lower  t h a n  the  ra te  
of the  coil movemen t .  This increases  the  l eng th  of 
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the  l iqu id  so lvent  co lumn  to the  po in t  where  the  
diffusion pa th  is now  so long as to p r e v e n t  f u r t he r  
deposi t ion on the  ingot.  Af te r  the i n t e r r u p t i o n  of the 
G a P  deposi t ion,  the  concen t r a t i on  of G a P  in  so lu t ion  
t hen  increases,  a nd  e v e n t u a l l y  reaches  the  p roper  
s u p e r s a t u r a t i o n  for n u c l e a t i o n  and  c rys ta l l i za t ion  to 
occur again.  This  c rys ta l l i za t ion  wi l l  occur at  some 
poin t  away  f rom the  last  G a P  g rowth  front ,  thus  
c u t t i ng  off the  l iqu id  ga l l i um below. A n e w  l iquid  
ga l l i um diffusion pa th  is es tabl ished,  a nd  ano the r  
ingot  sect ion t hen  s tar ts  to grow. A p p a r e n t l y ,  a 
me thod  of e l i m i n a t i n g  this effect wou ld  be to work  
wi th  powdered  GaP  and  a m i n i m u m  of ga l l ium,  or 
e l i m i na t e  the  ga l l i um f rom the  G a P  feed ma te r i a l  
en t i re ly .  

In  the fol lowing,  a mode l  is p re sen ted  which  m a y  
serve to eva lua te  a n d  es tabl ish  the  p roper  condi t ions  
for o p t i m u m  ingot  growth.  The two condi t ions  to be 
t a k e n  in to  account  are the  heat  flow and  the  m a t e -  
r ia l  flow. The m a t e r i a l  flow is g iven  by  the  diffusion 

equa t ion  dc 
J = --D - -  [i] 

dx 

where J is the quantity of material deposited per 
square centimeter per second, D the diffusion con- 
stant, c the concentration, and x the diffusion path 
length. For a given concentration gradient, this 
equation gives the maximum rate of movement of 
the hot zone. The amount of GaP in solution at any 
temperature can be found from the information ob- 
tained by Rubinstein (5) on the solubility of GaP in 
Ga. Using this information and our growth rates, we 
have been able to calculate an approximate diffusion 
constant for GaP in Ga of 5 x 10 -4 cm2/sec. 

The heat flow for any phase n of the system is 
given by the equation 

0n" - -  Hn 2 8n = 0 [2] 

where  ~n = Tn - - T r  

ha ha p 
Hn 2 

Kn ~ In f 

Tn is the  t e m p e r a t u r e  of phase  n in  ~ Tr the  room 
t e m p e r a t u r e  in  ~ hn the  r ad ia t ion  cons tan t  of 
phase n, In the  coefficient Of hea t  conduc t iv i ty  of 
phase  n, p the  c i r cumfe rence  of ingot,  f the  cross 
sect ion of ingot.  

The first t e r m  of Eq. [2] is the  hea t  conduc t ion  
t e r m  and  second t e r m  gives the  heat  loss by  r ad i a -  
t ion  f rom the  surface.  The  gene ra l  so lu t ion  of Eq. 
[2] is of the  fo rm 

On = Cl eHnxn -[- c2e--HnXn 

At  Xn = Xno = 0 and  Xn = XnE this becomes 

/?no=C1 +C2 
a nd  

OnE = CleHnXnE -~- c2e--HnXnE 

respec t ive ly  it fol lows 

0hE s inh  (HnXn)  q- 0no s inh  [ H n ( X n E -  X n ) ]  
On = 

s inh  HnXnE [ 3 ] 

This equa t ion  exists  for n : 1 and  n = 2 for the  two 
dif ferent  phases. The  b o u n d a r y  condi t ions  for the  
sys tem requ i r e  tha t  010 be kept  constant ,  t ha t  the  
t e m p e r a t u r e  at  the  interface,  G a P - G a  m i x t u r e  - -GAP 
crystal ,  be  the  same and  tha t  the  hea t  flow is con-  
s t an t  across the  in terface .  The  t e m p e r a t u r e  at  the  
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growth interface (Oi) is then given by the follow- 
ing expression 
0I -~ 8,E = 820 

x~h212 82E ~/hll, 8,0 + 
sinh H2X2E sinh H1X,~. 

= [4] 
~/hxll coth H1X1E + k/h212 coth H2X2E 

where 10, 20, and 1E, 2E represent the beginning 
(0), and end (E) of respective phases [1], [2]. This 
equation gives the interface temperature as a func- 
tion of the temperature at the end of the growing 
ingot 82E, and the length of the ingot, X~.E. If the con- 
dition that all the heat at the end of the ingot is lost 
by radiation is taken into consideration, then the 
interface temperature is given by the following ex- 
pression 

what must be done to 82E to maintain 8i at a constant 
value. Experiments are under  way  to test these re-  
lationships and the influence of those variables which 
have been neglected, e.g., heat conduction of the 
crucible wall. 

This method has been successfully applied also to 
the growth of uniform mixed crystal ingots, for ex- 
ample Ga(Px,Asl-x).  By making use of the three 
dimensional phase diagram for the system Ga, GaP, 
GaAs (Fig. 5a,b), i.e., by the proper choice of the 
starting mixture, a crystal with the desired ratio of 
GaP to GaAs can be produced. The addition of liquid 
Ga to molten Ga Pl-zAsz forms a solution in which 
the ratio of P to As, or the value l, obviously remains 
unchanged. Should, upon the addition of Ga, the 
value I also remain unchanged when the liquid phase 
is in equilibrium with the solid solution of composi- 

~/hlll 810 
( ~ /  hll, 

~/h212 sinh H1X1E 
h212 

coth H1X1E -I- coth H2XeE + 
_1 )] 

sinh H2X2E -- cosh H2X2E sinhH2X2E ( ~  / h2f 
lep 

[5] 

This shows the dependence of 0~ on X2E, the length 
of the growing ingot. Since X2E is continuously in- 
creasing, 02E will also change, which would in turn 
change 0i (Eq. [4]) .  This condition is a result of 
moving the heating element and keeping the crucible 
fixed. In this case, to maintain 8i constant, 82E must 
be programmed according to the following relation- 
ship 

tion GaPl-~Ass (with I > s = constant),  the following 
conditions then hold (see Fig. 5). The dissolving 
GaPl-~lASsl feed material, indicated at $1 in Fig. 5b, 
of composition Sl, is in equilibrium with the liquid at 
A of composition ll. 

Point B corresponds to the liquid of composition 
12 at the interface with the growing crystal of com- 
position s2. The compositions 11 and 12 of both liq- 

~2E = 
x/hill 81o 

)(c - -  coth H1X1E -I- coth H2X2e osh H2X2E --  lep sinh H2X2E 
[6] 

If the crucible is moved down and the coil is kept 
fixed in place, then a constant temperature bath at 
temperature 82E may be placed at a given X2E, as 
determined by Eq. [5] and [6]. 

If radiation losses from the end of the crucible 
can be neglected, which may be accomplished by use 
of an extended crucible simulating the heat con- 
ductivity of GaP, then the expression for the inter-  
face temperature  reduces to 

0i = ~ / -  
hi l l  81o 

Y 

h212 sinhH1X1E(~/ hill cothH1X1E+l) 
k V h212 

[7] 

Knowledge of 610 (the maximum temperature of the 
system) gives the solubility of GaP in Ga at that  
temperature.  Assuming that the concentration does 
not change from this value at the growth interface 
and if a certain supersaturation is desired at the 
growth interface, then that supersaturation deter-  
mines the temperature  8> By choosing a certain zone 
length (XIE) and a 810, then Eq. [4] and [6] determine 

uids at points A and B are in this figure arbitrari ly 
assumed to be different due to the difference in the 
diffusion rate of As and P in the solution. In addi- 
tion to the diffusion rates the dissolution and growth 

/ / ,-1 

Fig. 5a. Ternary phase diagram of the GaP-GaAs-Ga system 
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Fig. 5b. Unfolded phase diagram showing the top view of the 
ternary system and the side view of the three binary systems, sche- 
matic. 

r a t e s  w i l l  change  the  pos i t i on  of B. N e a r - e q u i l i b r i u m  
cond i t ions  w i l l  p r e v a i l  a t  bo th  i n t e r f aces  w h e n  the  
d i f fus ion is r a t e - c o n t r o l l i n g .  The  compos i t ions  of 
bo th  l iqu ids  11 and  ls a t  p o i n t  A and  B wi l l  a w a y s  be  
d i f fe ren t  a t  t he  s t a r t  of t he  g r o w t h  run ,  a n d  on ly  
w h e n  s t e a d y  s t a t e  cond i t ions  h a v e  not  y e t  been  es- 
t ab l i shed .  W h e n  s t e a d y  s ta te  has  been  e s t a b l i s h e d  
bo th  l iqu ids  wi l l  o n l y  a s sume  iden t i ca l ,  o f f - equ i l i b -  
r i u m  compos i t i on  51 w h e n  t h e  d i f fus ion  p a t h  X1E is 
v e r y  smal l .  The  g r o w i n g  c r y s t a l  w i l l  t hen  be  i d e n t i -  
cal  in  compos i t ion  (s l )  w i t h  t he  feed  m a t e r i a l .  Thus  
B wi l l  l ie  on the  l ine  l lA  in Fig.  5b. I t  shou ld  be  
p o i n t e d  out  t h a t  t he  t e m p e r a t u r e s  at  t he  d i s so lv ing  
and  g r o w i n g  in te r faces ,  i.e., at  po in t s  A and  B, r e -  
spec t ive ly ,  a r e  not  i den t i ca l  w i t h  t he  t e m p e r a t u r e s  
c o r r e s p o n d i n g  to  t he  po in t s  L1, $1 a n d  L2, $2, r e s p e c -  
t ive ly .  S ince  in  th is  i n v e s t i g a t i o n  s m a l l  D/X1E v a l u e s  
r e n d e r  the  process  d i f fus ion con t ro l l ed ,  t he  G a P :  
G a A s  ra t io s  of t he  d i s so lv ing  a n d  the  g r o w i n g  ingo t  
a re  equa l  and  at  s t e a d y - s t a t e - n e a r - e q u i l i b r i u m  
cond i t ions  w i t h  t h e i r  r e s p e c t i v e  l i qu id  b o u n d a r y  
l aye r s ;  as opposed  to t he  f loa t ing  zone m e t h o d  w h e r e  
u n i f o r m i t y  in compos i t i on  of t he  G a ( P , A s )  i ngo t  

w o u l d  be  diff icult  to ach ieve  due  to t he  i n t e r f e r e n c e  
of u n d e s i r a b l e  m a t e r i a l  t r a n s p o r t  v i a  t he  v a p o r  
phase .  In  t he  l a t t e r  case  t he  v a p o r  p h a s e  c o m p o s i -  
t ion and  p r e s s u r e  cou ld  on ly  be  in e q u i l i b r i u m  w i t h  
one or  two  sec t ions  of l i m i t e d  t e m p e r a t u r e  r a n g e  of 
t he  c r y s t a l  ingot .  

The  a p p l i c a t i o n  of th is  m e t h o d  of an  i n d u c e d  so-  
lu t ion  zone m o v e m e n t  can  be  e x t e n d e d  to i nc lude  
m a n y  o the r  m a t e r i a l s  ( e s p e c i a l l y  those  h a v i n g  a 
v o l a t i l e  c o m p o n e n t ;  for  e x a m p l e  InP ,  InAs ,  G a A s  
and  also t e r n a r y  compounds ,  e.g., CuGaSe2,  and  
o t h e r  m i x e d  c r y s t a l  s y s t e m s ) .  The  so lven t  is no t  
n e c e s s a r i l y  l i m i t e d  to one of t h e  c o m p o n e n t s  of t he  
m a t e r i a l  in  ques t ion ,  b u t  m a y  be  a n y  in  w h i c h  t h e r e  
is an  a p p r e c i a b l e  so lub i l i ty .  

Manuscr ip t  rece ived  Apr i l  5, 1963; rev i sed  m a n u -  
scr ipt  rece ived  June  4, 1963. This pape r  was presented  
at  the Boston Meeting, Sept.  16-20, 1962. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1964 JOURNAL 
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Diffused Junctions in GaAs Injection Lasers 
J. C. Mar inace  

Thomas J. Watson Research Center, International Business Machines Corporation, Yorktown Heights, New York 

I n  G a A s  in j ec t ion  l a se r s  a t  t he  p r e s e n t  t ime ,  j u n c -  
t ions  f o r m e d  b y  di f fus ion a r e  m o r e  u se fu l  t h a n  j u n c -  
t ions  f o r m e d  b y  a n y  o t h e r  means .  

THIS AND OPPOSITE 
FACE ARE FLAT, 
PARALLEL AND 
SEMI-REFLECTING 

"015" l'\ [~ 
~.oo~'~ 1 

J / h - p +  

i / , - "  THIS FACE , 
\ / AND OPPOSITE / 
/ FACE NON-// / 

/ \ REFLECTING 
. . ~  METAL ~ 

Fig. 1. Perspective view of GaAs injection laser unit 

The  pos i t i on  of t he  j u n c t i o n  in  a c o m m o n  i n j e c -  
t ion  l a se r  s t r u c t u r e  is shown  in Fig.  1. The  d i m e n -  
s ions shown  a re  typ ica l ,  and  can  be  v a r i e d  c o n s i d e r -  
ab ly .  The  p q- l a y e r  of t he  d i f fused  r eg ion  is o f ten  
0.001-0.002 in. th ick ;  th is  s e e m i n g l y  excess ive  t h i c k -  
ness  affords  t he  fo l lowing  a d v a n t a g e s :  ( i )  t h e  j u n c -  
t ion  is in the  r eg ion  w h e r e  op t i ca l  f la tness  is no t  d i s -  
t u r b e d  b y  c r u m b l i n g  a t  t he  u p p e r  edge  if  t he  face  is 
c leaved ,  or  b y  r o u n d i n g  if t he  f ace  is po l i shed ;  ( i t )  
f a b r i c a t i o n  of an  ohmic,  l o w - r e s i s t a n c e  con tac t  is 
f ac i l i t a t ed ;  a n d  ( i i i )  t he  r e s i s t i v i t y  of 102~ s 
p - t y p e  is a p p r o x i m a t e l y  o n e - h a l f  of t h a t  of l 0  TM 

n - t y p e ,  t h e r e b y  r e d u c i n g  the  ser ies  res i s t ance .  

The  cons t ruc t i on  s h o w n  in Fig .  1 is of t h e  F a b r y -  
P e r o t  k ind .  The  d i r e c t i o n a l  b e a m  of c o h e r e n t  l i g h t  
e m a n a t e s  f r o m  the  flat, s e m i - r e f l e c t i n g  ends.  
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In  genera l ,  diffusion in  GaAs is m u c h  more  diffi- 
cult  to u n d e r s t a n d  and  cont ro l  t h a n  it  is in  Ge or Si. 
Not on ly  is GaAs more  suscept ib le  to damage  a n d  
to reac t ions  b e t w e e n  the  di f fusant  and  crystal ,  b u t  
there  is a m u c h  grea te r  t e n d e n c y  for diffused j u n c -  
t ions to be  n o n p l a n a r  or nonflat .  Such  nonf la tness  
can have  a p ro found  effect on laser  character is t ics .  
Re fe r r ing  aga in  to Fig. 1, it  is seen tha t  if the re  be 
a r ipple  in  the  h igh ly  abso rben t  p +  l aye r  such tha t  
the reflected l ight  had  to pass t h rough  an  app re -  
ciable f rac t ion  of it, t h e n  th resho ld  cu r r en t s  w ou l d  
be apprec iab ly  increased.  In  most  cases, d i rec t iona l  
las ing  migh t  no t  occur at  all. 

It  has been  our  exper ience  tha t  all  GaAs has a 
t e n d e n c y  to p roduce  nonf la t  diffused junc t ions ,  and  
this  t e n d e n c y  is more  p r o n o u n c e d  in  some crys ta ls  
t h a n  in  others.  This  t e n d e n c y  is due  to severa l  
causes, some of wh ich  are r ea sonab ly  wel l  u n d e r -  
stood; others  are no t  unde r s tood  at all. Nonfla tness  
and  its causes are the  topic of this  paper .  

Zn, Cd, Mg, Ca, Hg diffusants  have  been  tr ied.  Zn, 
because  of its anoma lous ly  rap id  diffusion cha rac t e r -  
istic ( 1 , 2 ) ,  a l lows a use fu l  j u n c t i o n  depth  to be 
reached  before  nonf la tness  occurs;  therefore ,  it  ap-  
pears  to be  the  most  su i t ab le  of al l  the  acceptor  
diffusants.  Cd is second best,  and  the r e m a i n d e r  do 
not  seem ye t  to have  a n y  advan t age  at  all. This  
paper ,  then ,  deals a lmost  exc lus ive ly  wi th  Zn  diffu-  
sion into n - t y p e  GaAs. 

Diffusion Procedure 
Substrates.--GaAs crystals,  e i ther  Czochra lsk i -  

pu l led  or boa t -g rown ,  w i th  N d - - N a  in  the  r a nge  
f rom 6 x 101~ to 8 x 10~S/cm 3 are sawed in to  slices 
~0.030 in. th ick  w i t h  the  faces of the  slices in  the  
{100} plane.  These a re  t h e n  l apped  and  chemica l ly  
pol ished ( ro ta t ing  beaker ,  30 min ,  3 :1 :1 :  :H2SO4: 
H202:H20)  u n t i l  the  f inal  th ickness  is ~0.020 in. In  
some cases, mechan ica l  pol i sh ing  is used, fo l lowed 
by  30 sec in  the  etch m e n t i o n e d  above. 

The k i n d  of donor  e l emen t  has no t  so far  appea red  
to be crit ical .  To a first app rox ima t ion ,  no  differences 
are  eas i ly  d i scern ib le  b e t w e e n  crys ta ls  doped wi th  
Se, Te, C, Si, Ge, or  Sn. Lowest  th resho ld  cu r r en t s  
are observed  w h e n  junc t ions  are flat and  N d -  Na is 
in  the  h igh 10 ~ or low 101S/cm3 range ,  regard less  of 
the k i n d  of donor.  

Dif/usant.--Zn in  va r ious  forms has been  used  as 
a diffusant .  Mostly,  ZnAs2 charges  of 0.1-10 mg have  
been  used. To a lesser  extent ,  Zn  and  Zn  plus  As 
have  been  used as a d i f fusant  source. 

Tube.--General Electr ic  silica tubes  have  been  
used in  the expe r imen t s  descr ibed in  this  paper .  11 
m m  ID tubes  wi th  the GaAs slices and  di f fusant  have  
been  p u m p e d  to ~10  -6 m m  Hg and  then  sealed off 
~75  m m  f rom the end  of the tube.  The r e su l t i ng  
vo lume  is ~ 7  cm 3, neg lec t ing  the  v o l u m e  of the  con-  
tents .  

Diffusion temperatures.--Diffusion t e m p e r a t u r e s  
r anged  f rom 750 ~ to 1020~ However ,  most  diffu-  
sions were  car r ied  out  at  850~ 

DifYusion time.--For n o r m a l  laser  runs ,  2-3 hours  
at 850~ wi l l  give j u n c t i o n  depths  of 25-50~. Of 
course, j u n c t i o n  depth  depends  also on Z n  vapor  
pressure ,  doping  level  in  the  subs t ra te ,  etc. 

Demarcation of Junctions 

To sect ion the  diffused slices, two dif ferent  m e t h -  
ods were  used. Firs t ,  an  edge of the  slice was  c leaved 
on a {110} p lane ,  the  p l a n e  of easy  c leavage in  GaAs. 
No pol i sh ing  was  t hen  requ i red .  Second,  diffused 
slices were  w a x - m o u n t e d  on angle  blocks (5 ~ 43' to 
give a slope of 0.1) a nd  the  edges beve led  by  first 
l app ing  wi th  3~ a l u n d u m  s lu r ry  and  t h e n  w i th  a 
L inde  A pol i sh ing  s l u r r y  on Pe l lon  paper .  Af te r  
c leav ing  or pol ishing,  e tch ing  is pe r f o r me d  to de-  
marca t e  the junc t ion .  

Two k inds  of e tch ing  have  been  used.  Firs t ,  on 
c leaved edges e lect rolyt ic  e tch ing  at h igh  cu r r en t s  
for a p p r o x i m a t e l y  1 sec in  a 5 % K O H  aqueous  solu-  
t ion  reveals  the  j u n c t i o n  clearly.  1 Second, on e i ther  
a c leaved edge or a pol ished beve l  surface,  a drop of 
H20:HF:H~Oe:  : 10 : 1 : 1  is p laced  for --~15 sec u n d e r  
i l l u m i n a t i o n  by  a s t rong  wh i t e  l ight.  This  wh i t e  l ight  
can be suppl ied  b y  the  co l l imated  b e a m  f rom a G e n -  
era l  Electr ic  No. 1493 l amp  at r a ted  voltage.  The 
samples  shown in  the  pho tomic rographs  of this  
paper  were  t r ea ted  in  e i ther  of these two ways.  This 
l a t t e r  etch t r e a t m e n t  no t  on ly  demarca tes  the  j u n c -  
t ion,  bu t  it also r ende r s  v i s ib le  i m p u r i t y  s t ra t i f ica-  
t ion  in  n - t y p e  subs t ra tes  of the k i n d  p r e s u m a b l y  i n -  
duced by  cons t i tu t iona l  supercool ing.  

A n  e tch ing  va r i a t i on  wh ich  is usefu l  i n  e n h a n c i n g  
cont ras t  is as follows: a drop of gold chlor ide  solu-  
t ion  (0.66g of HAuC14.3HeO in  a l i te r  of w a t e r )  is 
p laced on the beve led  surface  and  g iven  the  s t rong  
whi te  l ight  i l l u m i n a t i o n  for  ,~1 min .  The  so lu t ion  
t h e n  is r insed  away,  and  the  wafe r  is e tched in  the  
10:1:1 so lu t ion  for ~15  sec, w i th  or w i t hou t  the  
light.  

Example of Non]tatness in Diffused Junctions 
To de t e r mi ne  w he t he r  some nonf la tness  could be 

caused by  local damage  on the  subs t r a t e  surface,  a 
{100) subs t ra te  was  scra tched  by  a t u n g s t e n  carb ide  
scribe wi th  v a r y i n g  force. One  set of scratches were  
made  in  < 1 1 0 >  di rect ions;  the  o ther  set of scratches 
at 45 ~ to the < 1 1 0 > .  Resul ts  are show n  in  Fig. 2. A1- 

1This  e lec t ro ly t ic  e t ch ing  t e c h n i q u e  has  b e e n  u s e d  to  r e v e a l  
j u n c t i o n  pos i t ion  b y  R. F. Rutz  o f  th i s  L a b o r a t o r y .  

Fig. 2. Beveled section and upper surface of n-type GaAs which 
had been deliberately scratched with o tungsten carMde probe 
and then diffused at 850~ for 8 hr with 9 mg of Cd3As2 in the 
tube. Bevel slope is 0.1; Xj ~ 7#. Actual gouged portion of 
scratches not more than ~ 1~ in depth. 
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Fig. 5. Cleaved and electrolytically etched (110} edge of a 
slice of 0.0073 in. total thickness. Both faces had been optically 
polished and lightly etched. ZnAs~ diffused at 850~ for 25 hr. 
These junctions represent extreme case of nonflatness. 

Fig. 3. Cleaved, electrolytically etched (110) edge of an n-type 
GaAs slice diffused with ZnAs2 at 850~ for 2.5 hr with 8 mg 
of ZnAs2 in the tube. Xj = 30~. The slice faces are in (100} 
planes. 

Fig. 4. Cleaved and electrolytically etched {110} edge of slice 
diffused with ZnAs2 at 850~ for 8 hr. Slice faces in (111} 
plane; upper face optically polished then etched; lower face 
lapped slightly. Xj = 40~. 

t h o u g h  Cd h a p p e n e d  to be  the  d i f fusan t  in th is  p a r -  
t i cu l a r  e x a m p l e ,  s i m i l a r  r e su l t s  w e r e  o b s e r v e d  in a l l  
cases  of Zn d i f fusan ts  a t  va r i ous  t e m p e r a t u r e s  and  
t imes .  Note  t h a t  t he  j u n c t i o n  is f a i r l y  flat  b e t w e e n  
the  s c r a t c h e d  regions .  F i g u r e  2 shows  t h a t  s c r a t ches  
at  t he  s u r f a c e  can  affect  j u n c t i o n  f latness.  

F i g u r e  3 dep ic t s  a k i n d  of d e p a r t u r e  f r o m  f la tness  
s o m e t i m e s  seen  in  v a r i o u s  subs t r a t e s ,  and  e spec i a l l y  
those  w h i c h  h a d  b e e n  s u b j e c t e d  to u l t r a s o n i c  cu t t ing ,  
as was  th is  sample .  T h e  p h o t o g r a p h  is of a c l e a v e d  
edge  w h i c h  h a d  b e e n  e l e c t r o l y t i c a l l y  e t ched  a f t e r  
c leav ing .  

F i g u r e  4 is a n o t h e r  c l e a v e d  {110} edge  w h i c h  h a d  
been  e l e c t r o l y t i c a l l y  e tched .  The  s l ice  faces  w e r e  in  
{111} p l anes ;  t he  u p p e r  face  h a p p e n s  to be  t h e  " A "  
face  and  the  l o w e r  t he  "B"  face,  b u t  th is  is no t  s ig -  
nif icant .  The  u p p e r  face  was  o p t i c a l l y  p o l i s h e d  w i t h  
L i n d e  B ab ra s ive ,  and  t h e n  g iven  a s l igh t  e tch;  t he  
l o w e r  face  was  l a p p e d  s l i g h t l y  w i t h  1900 m e s h  a l u n -  
dum,  w i t h  some saw d a m a g e  p r o b a b l y  r e m a i n i n g .  
I t  can  be  seen  t h a t  t he  j u n c t i o n  n e a r e r  t he  u p p e r  
face  is f l a t t e r  t h a n  t h e  o t h e r  junc t ion ,  b u t  in  m a n y  
s i m i l a r  cases  no d i f f e rence  in f la tness  cou ld  be  d e -  
t e c t e d  b e t w e e n  j u n c t i o n s  d i f fused  f r o m  p o l i s h e d  
faces  and  f r o m  l a p p e d  faces.  H o w e v e r ,  t he  p o i n t  to 
be  m a d e  is tha t ,  w h i l e  su r f ace  d a m a g e  can  cause  
nonf la tness ,  i t  can  be  a v o i d e d  w i t h  r e l a t i v e  ease.  To 
be  m o r e  specific,  if  the  s l ices a r e  s a w e d  and  l a p p e d  
w i t h  r e a s o n a b l e  care ,  a n d  t hen  c h e m i c a l l y  p o l i s h e d  
so t h a t  0.005 in. or  m o r e  of m a t e r i a l  is e t ched  a w a y ,  

Fig. 6. Bevel-polished, gold plated lightly, and etched in 
10:1:1::H20:H~O2:HF for 15 sec. ZnAs2 diffused at 850~ for 16 
hr. Xj ~ 108~; Xj' = 95~. Note difference of nonflatness be- 
tween outer and inner portions of the slice. Bevel slope ~ 0.1. 

one can  be  conf ident  t h a t  a n y  nonf la tness  w h i c h  
m i g h t  occur  is no t  due  to su r f ace  damage .  

H o w e v e r ,  nonf la tness  d e p e n d s  also on causes  o t h e r  
t h a n  su r f ace  d a m a g e ,  as can  be  shown  in Fig .  5, a 
p h o t o g r a p h  of a c l e aved  and  e l e c t r o l y t i c a l l y  e t ched  
{110} edge  of a s l ice  0.0073 in. th ick ,  w h i c h  h a d  b e e n  
d i f fused  w i t h  a ZnAs2 source  at  850~ for  25 hr .  
Bo th  su r faces  h a d  been  o p t i c a l l y  p o l i s h e d  a n d  l i g h t l y  
e tched .  

A n o t h e r  e x t r e m e  case  of nonf la tness  is s h o w n  in 
Fig.  6. This  s a m p l e  was  b e v e l - p o l i s h e d  a n d  t h e n  
e t ched  w i t h  a d rop  of 10: 1: 1: : H 2 0 : H 2 0 2 : H F  for  ~--15 
sec in  a s t r ong  l ight ,  as d e s c r i b e d  ea r l i e r .  To b e  n o t e d  
first  is t h a t  nonf la tness  is m o r e  p r o n o u n c e d  n e a r  t h e  
o r i g i n a l  su r f aces  of  t h e  p u l l e d  c r y s t a l  t h a n  n e a r  t he  
axis .  This  has  b e e n  a g e n e r a l  o b s e r v a t i o n  in  a l a r g e  
n u m b e r  of cases. N e x t  to be  n o t e d  is t h a t  t h e  j u n c -  
t ion  p r o p e r  is t h e  lower ,  m o r e  p r o n o u n c e d  d e m a r -  
ca t ion;  th is  was  d e t e r m i n e d  b y  t h e r m o e l e c t r i c  
p rob ing .  The  less  d i s t i nc t  l ine  a b o v e  t h e  j u n c t i o n  is 
v e r y  o f t en  seen  in  Z n  di f fus ions  ( less  o f t en  in  Cd 
d i f fus ions ) ,  and  w a s  b e l i e v e d  to b e  a d e m a r c a t i o n  
b e t w e e n  a p~b and  a p - r e g i o n .  This  was  s u b s e -  
q u e n t l y  e s t a b l i s h e d  b y  Dr.  H. R u p p r e c h t  of  th is  
L a b o r a t o r y ,  w h o  used  f o u r - p o i n t  p r o b e  m e a s u r e -  
m e n t s  w h i c h  d e t e r m i n e d  t h e  Zn di f fus ion profi le .  

In  a c c o r d a n c e  w i t h  t he  c o n v e n t i o n a l  d e s i g n a t i o n  
of j u n c t i o n  d i s t a n c e  as Xj, th is  e x t r a  l ine  has  been  
d e s i g n a t e d  Xj'. W i d t h s  h a v e  v a r i e d  f r o m  ,~1 to 10#, 
w i t h  w i d e r  Xj - -  Xj' r eg ions  b e i n g  f o u n d  in  s u b s t r a t e s  
w i t h  l o w e r  N d -  Na va lues .  By  i n f r a r e d  p h o t o g r a p h y  
(4) ,  i t  has  b e e n  d e m o n s t r a t e d  t h a t  t he  r e g i o n  of  i n -  
j e c t i o n - r e c o m b i n a t i o n  and  s t i m u l a t e d  emiss ion  l ies  
on the  p - s i d e  of t h e  junc t ion .  

L ines  o t h e r  t h a n  th is  Xj' l ine  h a v e  s o m e t i m e s  been  
obse rved ,  a l t h o u g h  m u c h  less  of ten,  on e i t h e r  s ide  of 
t h e  junc t ion .  A l t h o u g h  t h e y  s eem to d e p e n d  s o m e -  
h o w  on i l l u m i n a t i o n  d u r i n g  e tch ing ,  t h e i r  n a t u r e  
is e lus ive ,  a n d  t h e y  w i l l  no t  be  d i scussed  f u r t h e r  in  
th is  pape r .  
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Fig. 7. Bevel-polished and etched under illumination. ZnAs2 
diffused at 950~ for 1.25 hr. Xj ~ 53~; Xj' ~ 47~. Note jogs in 
Xj' and corresponding jogs in Xj. Bevel slope ~ 0.1. 

The exis tence  of the  Xj' l ine  and  its a p p a r e n t  con-  
c e n t r a t i o n - d e p e n d e n c e  poin ts  out tha t  the re  are 
rea l ly  two ways  in  which  j u n c t i o n  nonf la tness  can 
occur:  ( i)  an  i r r egu l a r  diffusion f ron t ;  and  (i i)  n o n -  
u n i f o r m  doping in  the  subs t ra te .  

F igu re  7 i l lus t ra tes  nonf la tness  of the  first case. 
This is a beve led  and  s ta ined  sample  which  had  been  
diffused at  950~ for 1.25 hr. Note tha t  some of the  
jogs in  X~" have  cor responding  jogs in  Xj, which  are  
p r o b a b l y  due  to "diffusion pipes." The  i n su l a r  r e -  
gions be low Xj p r o b a b l y  are due to the  fact tha t  this  
is a beve led  section. 

F i g u r e  8 is a pho tog raph  of a c leaved  {110} edge 
(which  was  t hen  e tched u n d e r  i l l u m i n a t i o n )  of a 
sample  which  had  ZnAs2 diffused at 850~ for 14 hr. 
Again,  note  the  jogs in  Xj' and  the  co r re spond ing  
jogs in  Xj, w i thou t  the  d i s tor t ion  due to beve l ing ,  
which  is p re sen t  in  Fig. 7. 

Because  absorp t ion  of the s t imu la t ed  r ad i a t i on  is 
h igher  in  pW GaAs t h a n  in  o ther  GaAs, this  case of 
j u n c t i o n  nonf la tness ,  w h e r e i n  jogs of p~- m a t e r i a l  
ex tend  in  the  , a c t i ve"  l ayer  where  the s t imu la t ed  
emiss ion occurs, v e r y  l ike ly  causes h igher  th resho ld  
cur ren ts .  

J u n c t i o n  nonf la tness  of the  second case is shown  in  
Fig. 9. ZnAs2 was diffused at 850~ for 3 hr ;  the  
sample  was  t hen  beve l -po l i shed  and  etched u n d e r  
i l l umina t ion .  I m p u r i t y  s t ra t i f icat ion in  the  subs t r a t e  
is ev iden t  as are the  consequen t  jogs into the  "ac-  
t ive"  layer .  This  s t ra t i f icat ion p r o b a b l y  is due to 
cons t i tu t iona l  supercool ing  d u r i n g  m e l t - g r o w t h .  2 

Junction nonflatness due to impurity stratification in the sub- 
strate had been demonstrated earlier by C. Z. LeMay of this Labo- 
ratory. 

Fig. 9. Bevel-polished and etched under illumination. Surface and 
diffused portions in left diagonal half of photograph, and un- 
diffused substrate at right. Bevel slope ~ 0.1. Xj ~ 37~. ZnAs2 
diffused at 850~ for 3 hr. Note impurity stratification in sub- 
strate and consequent jogs in Xj. 

Because the absorp t ion  of the  s t imu la t ed  emiss ion 
is no t  as high in  n - t y p e  GaAs as it  is i n  p-~ type  
GaAs,  this  k i n d  of nonf la tness  is not  as de le ter ious  to 
th reshold  c u r r e n t  as is the first k ind.  The  p a r t i c u l a r  
sample  shown in  Fig. 9 y ie lded  lasers  w i th  th resho ld  
c u r r e n t  densi t ies  of 2 x 103 a m p / c m  2 at 77~ 

A l though  Fig. 9 shows def ini te ly  tha t  i m p u r i t y  
strat if icat ion,  as wel l  as sur face  damage,  can cause 
j u n c t i o n  nonf la tness ,  Fig. 10 shows jus t  as def ini te ly  
tha t  there  is at  leas t  one more  cause. This  sample  is 
f rom the  same crys ta l  as the  one shown  in  Fig. 9. 
However ,  a sma l l e r  charge of ZnAse was diffused at 
the  same t e m p e r a t u r e ,  850~ for 16 h r  r a t h e r  t h a n  
3 hr. The sample  was beve l -po l i shed  a nd  etched 
u n d e r  i l l umina t ion .  The beve l  slope is 0.1; Xj ~ 75#. 
The uppe r  por t ion  is the diffused region,  a nd  im-  
p u r i t y  s t ra t i f ica t ion can be seen in  the  lower  u n -  
diffused region.  It  is p l a i n l y  seen, however ,  t ha t  
there  is an effect which  overr ides  the  i m p u r i t y -  
s t ra t i f icat ion effect. This  effect produces  a j u n c t i o n  

Fig. 8. Cleaved {110} edge, etched under illumination. ZnAs2 
diffused at 850~ for 14 hr. Xj ~ 87~; Xj' = 75~. Note jogs in 
Xj' and corresponding jogs in Xj. 

Fig. 10. Bevel-polished and etched under illumination. Bevel 
slope is 0.1; Xj ~ 75~. Upper portion is diffused region. Note 
that another effect overrides junction nonflatness due to effect 
of impurity stratification. This slice is similar to that of Fig. 9, 
except that it was diffused with a smaller charge of ZnAs2 at 
8S0oC for 16 hr. 
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l ine  which  appears  " amorphous"  r a the r  t h a n  "po lyg-  
onal ."  The sample  shown  in  Fig. 10 did not  y ie ld  
a n y  operab le  lasers,  

In  this  section, it has been  shown  tha t  nonf la tness  
can occur in  two ways :  by  an  i r r egu l a r  diffusion 
f ron t  and  b y  a n o n u n i f o r m  d i s t r i bu t i on  of dopan t  in  
the  subs t ra te .  Nonflat  j u n c t i o n  profiles can be of two 
k inds :  "po lygona l"  and  "amorphous . "  In  m a n y  
cases, the  fo rmer  k ind  is due to k n o w n  causes;  how-  
ever,  the causes of the  " amorphous"  k i n d  of p ro -  
file a re  no t  k n o w n  bu t  possible causes are discussed 
in  the  n e x t  section. 

Discussion of the Possible Causes oS "Amorphous" 

Nonflatness 

1. The  first ques t ion  to be asked is: does the  cause 
lie w i t h i n  the  crys ta l  i tself  or the  diffusion a m b i e n t ?  
M a n y  diffusion r u n s  have  been  made  in  which  sub -  
s t ra tes  f rom severa l  crysta ls  have  been  diffused 
s imul t aneous ly ,  and  some junc t ions  were  found  to be 
flat and  others  nonflat .  This  is i l l u s t r a t ed  in  Fig. 11. 

Both samples  were  diffused in  the  same t u b e  at  
850~ for 2 hr  wi th  a ZnAs2 charge. Nd - -  Na for the  
sample  in  Fig. l l a  was  1 x 1017/cm 3 and  2.3 x 1017 
for the  other.  Despi te  the  s imi l a r i t y  in  doping  levels,  
f latness in  the  sample  in  Fig. l l b  is m u c h  worse  
t h a n  in  the  other.  How these crysta ls  differ wi l l  be 
m e n t i o n e d  below. 

I t  seems, therefore ,  tha t  the  cause of nonf la tness  
lies w i t h i n  the  m a t e r i a l  i tself  and  not  in  the  diffusion 
ambien t .  

2. F la tness  worsens  as the diffusion t ime  or 
t e m p e r a t u r e  increases.  A l though  most  of the  photo-  
graphs  shown  so far  were  of samples  diffused at 
850~ it can be seen tha t  flatness af ter  abou t  16 hr  
diffusion is worse  t h a n  it is a f ter  3 h r  diffusion. By 
the  same token,  j unc t i ons  diffused as long as ~ 80  hr  

Fig. 12. Bevel-polished and then etched under illumination. ZnAs2 
diffused through a slotted SiO mask at 850~ for 2.5 hr. Xj in 
the slotted regions is 35~. Some diffusion occurred through the 
mask, but the junction flatness is approximately the same in all 
regions. 

at 750~ are as flat ( and  abou t  as deep)  as j unc t ions  
diffused 3 hr  at  850~ 

Actua l ly ,  it w ou l d  be difficult to separa te  the  
t i m e - t e m p e r a t u r e  effect f rom a possible  dep th  effect, 
if the la t te r  exists. However ,  Fig. 12 affords some 
i n f o r ma t i on  on this  quest ion.  This  is a beve l -po l i shed  
sample  which  was  e tched u n d e r  i l l umina t ion .  The  
beve l  slope is 0.1. ZnAs2 was  diffused for 2.5 hr  at  
850~ t h r ough  a slot ted m a s k  of SiO. Xj at the  s lot-  
ted  regions  is 35~. Some diffusion occurred  t h rough  
the  SiO mask,  and  the j u n c t i o n  the re  is m u c h  less 
deep. However ,  in  both regions  the f latness appears  
to be  a p p r o x i m a t e l y  equal ,  and  therefore  i t  is no t  
l ike ly  tha t  dep th  i tself  has a ny  effect on flatness. 

3. J u n c t i o n  flatness depends  on the  a m o u n t  of 
d i f fusant  in  the  tube.  Re la t ive ly  smal l  a m o u n t s  are  
p rone  to y ie ld  nonf la t  junc t ions .  F i g u r e  13 corn- 

Fig. 11. Bevel-polished and etched under illumination. Bevel 
slope is 0.1; Xj ~ 25~. Nd - -  Na in the sample in Fig. 11a (top) 
is 1 x 1017/cm 3 and 2.3 x 101~ in the one in Fig. 11b (bottom). 
Diffused at 850~ for 2 hr with a small charge of ZnAs2 (0.7 mg). 

Fig. 13. Bevel-polished gold plated lightly, and etched 15 sec 
in 10:1:1::H20:H202; bevel slope is 0.1. All slices from same 
crystal and diffused with ZnAs2 for 850"C for 3 hr. Samples in 
Fig. 13a (top) and Fig. 13b (center) came from part of crystal at 
which Nd - -  Na = 1 x 1017; Fig. 13c (bottom) from part at which 
N d - - N a  ~ 4 x  1017 . Figure 13a and 13c had 0.8 mg of ZnAs2 
in the 7 cm 3 tube; Fig. 13b had 8 mg. In Fig 13a: Xj ~ 45~; Xj' 

38~. In Fig. 13b: Xj ~ 50~; Xj' ~ 45~. In Fig. 13c: Xj 
40/~; Xj' = 34,~. 
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p a r e s  two  dif fus ions  w i t h  d i f fe ren t  a m o u n t s  of ZnAs2 
in the  tubes .  The  s a m p l e s  w e r e  b e v e l - p o l i s h e d ,  and  
t hen  e t ched  u n d e r  i l l umina t i on .  Bo th  d i f fus ions  w e r e  
c a r r i e d  out  a t  850~ for  3 h r  on s u b s t r a t e s  f r o m  the  
s ame  c r y s t a l  (Nd - -  Na ~ 1 x 1017/cm3). The  s a m p l e  
in Fig.  13a was  d i f fused  in  a 7 cm 3 t u b e  w i t h  0.8 m g  
of ZnAs2 in it, and  the  s a m p l e  in Fig.  13b h a d  10 
t imes  as m u c h  ZnAs2. 

U n d e r  t he  e x p e r i m e n t a l  condi t ions  used,  ~ 5 m g  
ZnAs2 cha rges  in t he  7 cm 8 t ube  s e e m e d  to be  t he  
t h r e s h o l d  amoun t ;  a m o u n t s  g r e a t e r  t h a n  th is  y i e l d e d  
no a p p a r e n t  i m p r o v e m e n t  in j u n c t i o n  f la tness  or  
g r e a t e r  j u n c t i o n  d e p t h  ( some  of the  ZnAs2 d i f fusan t  
r e m a i n s  u n e v a p o r a t e d  a t  850~ w h e n  m o r e  t h a n  
5 mg  is u s e d ) .  W i t h  ZnAs2 d i f fusan t  cha rges  less  
t h a n  5 rag, a t e n d e n c y  t o w a r d  j u n c t i o n  nonf la tness  
b e c a m e  ev iden t .  T h r e e  m g  cha rges  of p u r e  Zn  also 
w e r e  used  as a d i f fusant .  The  j u n c t i o n  d e p t h s  w e r e  
m u c h  g r e a t e r  t h a n  w h e n  e i t he r  ZnAs2 or  Zn  + As  
w e r e  used.  This  is in  a g r e e m e n t  w i t h  e a r l i e r  w o r k  
(2, 3).  A t  d i f fus ion t e m p e r a t u r e s  of 950 ~ and  1020~ 
the  p u r e  Zn cha rges  r e s u l t e d  in f la t te r  j u n c t i o n s  t h a n  
w h e n  ZnAs2 or  Zn + As  w e r e  used.  A t  d i f fus ion  
t e m p e r a t u r e s  of 850 ~ a n d  750~ f la t te r  j u n c t i o n s  
r e s u l t e d  f r o m  t h e  ZnAs~ or  Zn § As  d i f fusan t s  t h a n  
w i t h  a p u r e  Zn d i f fusant .  

I n c i d e n t a l l y ,  a 3 m g  Cd d i f fusan t  charge ,  in con-  
t r a d i s t i n c t i o n  to t he  Zn  case, y i e l d e d  s h a l l o w e r  j u n c -  
t ions  t h a n  d id  CdsAs2 or  Cd + As d i f fusan t  charges .  

4. S u b s t r a t e s  w i t h  l o w e r  Nd - -  Na va lue s  t e n d  to 
p r o d u c e  nonf la t  junc t ions .  To be  specific, in  s u b -  
s t r a t e s  w i t h  Nd - -  N~ ~ 101~ j u n c t i o n  nonf la tness  b e -  
comes  e v i d e n t  u n d e r  cond i t ions  w h i c h  s t i l l  p r o d u c e  
flat  j unc t i ons  in  h i g h e r  d o p e d  subs t ra t e s .  

F i g u r e s  13a and  c a r e  t y p i c a l  of th is  p h e n o m e n o n .  
As m e n t i o n e d  ea r l i e r ,  bo th  of these  s l ices w e r e  f rom 
the  same  c r y s t a l  a n d  w e r e  d i f fused  w i t h  0.8 m g  of 
ZnAs2 at  850~ for  3 hr .  H o w e v e r ,  the  s a m p l e  in  Fig .  
13a h a d  an  Nd - -  Na v a l u e  of 1 x 101~, w h i l e  Fig.  13c 
h a d  4.5 x 101T. 

This  p h e n o m e n o n  is p r o b a b l y  due  to t he  sha l l ow  
c o n c e n t r a t i o n  g r a d i e n t  of t he  Zn in t he  l o w e r  d o p e d  
samples .  H o w e v e r ,  in r e f e r r i n g  b a c k  to Fig.  11, in 
w h i c h  bo th  s a m p l e s  w e r e  of a p p r o x i m a t e l y  the  s ame  
N d  - -  Na and  p r e s u m a b l y  the  s a m e  c o n c e n t r a t i o n  
g rad ien t ,  i t  is seen  t ha t  nonf la tness  d e p e n d s  also on 
s o m e t h i n g  o t h e r  t h a n  the  Zn c o n c e n t r a t i o n  g r a -  
d i e n t  a t  t he  junc t ion .  

5. S e v e r a l  o the r  m i sce l l aneous  pos s ib l e  causes  of 
j u n c t i o n  nonf la tness  h a v e  been  cons ide r ed  and  t e n -  
t a t i v e l y  e l im ina t ed .  

(a )  A s a m p l e  w h i c h  was  e l a s t i c a l l y  s t r a i n e d  d u r -  
ing  d i f fus ion showed  no d i f fe rence  in  j u n c t i o n  f la t -  
ness  f r o m  a n o n s t r a i n e d  con t ro l  s a m p l e  in  t he  s a m e  
tube .  A n o t h e r  s a m p l e  was  p l a s t i c a l l y  d e f o r m e d  a n d  
dif fused;  ~ i t  e x h i b i t e d  a j u n c t i o n  l ine  qu i t e  p a r a l l e l  to 
t he  c u r v e d  su r f ace  due  to t he  d e f o r m a t i o n .  

J u n c t i o n s  g e n e r a l l y  a r e  f la t te r  n e a r  t he  axes  of  
t h e  p u l l e d - c r y s t a l  s u b s t r a t e s  t h a n  t h e y  a r e  a t  t h e  
po r t i ons  of t he  c r y s t a l  n e a r  the  sur face ,  as s h o w n  
in Fig.  6. H o w e v e r ,  d i s loca t ion  dens i t i e s  have  b e e n  
~ 1 0 5 / c m  2 in t h e  ax i s  reg ions ,  and  N104/cm 2 n e a r  

a This  e x p e r i m e n t  w a s  c o n d u c t e d  b y  H. R u p p r e c h t  of  t h i s  L a b o -  
r a to ry .  

Fig. 14. Bevel-polished, gold plated lightly, and etched in 
10:1:1::H20:H202:HF for 15 sec. Bevel slope is 0.1; Xj ~ 50~; 
Xj' ~ 40~. ZnAs2 diffused at 850~ for 15 hr. Note that 
Xj' is constant in both grains, while Xj varies slightly, and that 
flatness is poorer in the main part of the crystal. 

the outer regions. Therefore, flatness does not de- 
pend in any direct, clear way on dislocation density. 

(b) It does not seem likely that a nonuniform 
distribution of surface concentration of diffusant is 
involved in the "amorphous" kind of nonflatness. 
If such a condition existed, junction flatness would 
improve with increasing depth, but the general ob- 
servation has been that deeper junctions exhibit 
"amorphous" nonflatness. 

(c) Various etch treatments have been tried, but 
no effect on junction flatness has been observed. 

(d) Warming and cooling rates to and from dif- 
fusion temperatures have been varied, but again no 
effect on junction flatness has been observed. 

(e) The possibility that some unknown matter is 
diffusing inward or outward during the Zn diffu- 
sion and interacting with it is much more difficult 
to assess. However, various samples have been pre- 
heat-treated at diffusion temperatures and higher 
for times comparable to or longer than ordinary 
diffusion times, with or without As. These samples 
w e r e  t hen  s u b j e c t e d  to s t a n d a r d  d i f fus ion p r o c e d u r e s  
w i t h  n o n h e a t - t r e a t e d  contro ls .  No d i f fe rence  in  
j u n c t i o n  f la tness  was  obse rved .  Also,  o t h e r  e x p e r i -  
m e n t s  in  w h i c h  H2 backf i l l ing  and  O2 backf i l l ing  
( ~ 5  m m  Hg p r e s s u r e )  w e r e  used  showed  no d i f fe r -  
ences  in j u n c t i o n  f latness.  

(5) C o p p e r  or  c o p p e r - l i k e  i m p u r i t i e s  do no t  h a v e  
an  a p p r e c i a b l e  effect  on j u n c t i o n  nonf la tness .  F i g u r e  
14 dep ic t s  a s a m p l e  w h o s e  s u b s t r a t e  h a d  an  e x t r a  
c r y s t a l  g r a i n  in it. ZnAs2 was  d i f fused  at  850~ for  
16 hr .  The  s a m p l e  was  b e v e l - p o l i s h e d ,  p l a t e d  l i g h t l y  
w i t h  gold,  t hen  e t ched  in 10: 1: 1: : H 2 0 : H 2 0 2 : H F  for  
10 sec. Beve l  s lope  is 0.1; Xj  ~ 50~; Xj' = 40#. The  
fac t  t h a t  t he  j u n c t i o n  is nonf la t  in t he  m a i n  p a r t  of 
t he  s u b s t r a t e  a n d  flat in  t he  o t h e r  sugges t s  t h a t  a 
f a s t -d i f fu s ing  c o p p e r - l i k e  i m p u r i t y  is not  r e s p o n s i b l e  
for  t h e  nonf la tness .  

This  nonf la tness  is of t he  " p o l y g o n a l "  k i n d  and  
no t  of t h e  " a m o r p h o u s "  k ind .  H o w e v e r ,  a n u m b e r  of 
e x p e r i m e n t s  in  w h i c h  Cu, Ni, o r  F e  i m p u r i t i e s  w e r e  
i n t e n t i o n a l l y  i n t r o d u c e d  before ,  du r ing ,  a n d  a f t e r  
Zn di f fus ion f a i l ed  to effect  e i t h e r  k i n d  of nonf la t -  
ness.  S o m e t i m e s  c o m p l e t e  or  p a r t i a l  conve r s ion  f r o m  
n - t y p e  to p - t y p e  w o u l d  occur ,  and  of ten  j u n c t i o n s  
w o u l d  be  nonflat ,  b u t  t he  f la tness  was  n e v e r  s ig-  
n i f i can t ly  d i f fe ren t  in  t he  con t ro l  samples .  

P l a c i n g  Cu, Ni, or  F e  in  t he  t u b e  w i t h  ZnAs2 d u r -  
ing d i f fus ion r e s u l t e d  in  s h a l l o w e r  junc t ions .  V e r y  
l ike ly ,  t h e y  f o r m e d  a c o m p o u n d  of some sor t  w i t h  
the  Zn  a n d  t h e r e b y  r e d u c e d  t h e  Zn  v a p o r  p r e s s u r e  
in t he  d i f fus ion  tube .  

6. C r y s t a l s  w h i c h  h a d  some  O~ p r e s e n t  d u r i n g  
g r o w t h  show a g r e a t e r  t e n d e n c y  t o w a r d  "amor-  
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Fig. 15. Bevel-polished and etched under illumination. Bevel 
slope is 0.1; Xj ~ 8~. Se diffused through an SiO mask at 1020~ 
for 186 hr. Note that nonflatness is of the "polygonal" and not 
the "amorphous" kind. 

phous"  nonf la tness .  S a m p l e s  shown  in Fig.  5 and  in 
Fig.  l l b  w e r e  of th is  k ind .  

As s t a t ed  ea r l i e r ,  i t  seems  t h a t  a l l  G a A s  c rys t a l s  
w i l l  show nonf la t  j u n c t i o n s  if  d i f fused  a t  h igh  
enough  t e m p e r a t u r e s  o r  long enough  t imes .  This  
app l ies  m o r e  s t r i c t l y  to n - t y p e  c rys t a l s  w i t h  accep -  
to r  d i f fus ions  and  the  " a m o r p h o u s "  k i n d  of n o n -  
f latness.  I t  is p r o b a b l e  t ha t  t h e r e  a re  v a r y i n g  
a m o u n t s  of 02 p r e s e n t  d u r i n g  c r y s t a l  g r o w t h  even  
w h e n  r e a s o n a b l e  p r e c a u t i o n s  a r e  t a k e n  to keep  i t  
out ,  as is t he  u s u a l  case,  a n d  i t  can  be  c o n j e c t u r e d  
t ha t  th is  accounts  for  the  v a r y i n g  deg rees  of suscep -  
t i b i l i t y  to nonf la t  junc t ions .  

W h e t h e r  t he  effect of the  02 is a d i r ec t  c h e m i c a l  
effect or  an  i nd i r ec t  s t r u c t u r a l  effect  is, of course ,  
qu i t e  specu la t ive .  A n  o b s e r v a t i o n  t h a t  f avo r s  the  
f o r m e r  m e c h a n i s m  is shown  in Fig .  15. This  is a 
b e v e l - p o l i s h e d  s a m p l e  e t c h e d  u n d e r  i l l u m i n a t i o n .  
The  b e v e l  s lope  is 0.1. Xj = 8t~. Se (a  dono r )  was  
d i f fused  t h r o u g h  a su r f ace  l a y e r  of SiO into  a p - t y p e  
subs t r a t e .  4 To be  n o t e d  e spec i a l l y  a r e  the  v e r y  h igh  
d i f fus ion  t e m p e r a t u r e ,  1020~ and  the  v e r y  long 
di f fus ion t ime ,  168 hr.  To be  sure ,  t he  j u n c t i o n  is 
nonflat ,  b u t  h a d  i t  b e e n  a Zn d i f fus ion  into  n - t y p e  
m a t e r i a l ,  t he  j u n c t i o n  f la tness  w o u l d  h a v e  been  
m u c h  worse .  Because  a S e - O  bond  is w e a k e r  t h a n  a 
Z n - O  bond,  i t  s eems  poss ib l e  t ha t  a d i f fus ing  Zn 
a tom could  r e a c t  c h e m i c a l l y  w i t h  an  O a t o m  and  r e -  
m a i n  combined ,  b e c o m i n g  e l e c t r i c a l l y  inac t ive .  I f  t h e  
d i s t r i b u t i o n  of O is n o n u n i f o r m ,  t h e n  the  j u n c t i o n  
could  b e c o m e  nonflat .  

Summary 

I t  has  been  s h o w n  t h a t  n - t y p e  G a A s  w h e n  d i f fused  
w i t h  an  accep to r  such  as Zn has  a t e n d e n c y  to 
p r o d u c e  nonf la t  junc t ions ,  some c rys t a l s  h a v i n g  a 
g r e a t e r  t e n d e n c y  to nonf la tness  t h a n  o thers ,  and  a l l  
m u c h  g r e a t e r  t h a n  in  Ge or  St. 

T h e r e  a r e  two  w a y s  in w h i c h  j u n c t i o n  nonf la tness  
can  occur ,  n a m e l y ,  b y  i r r e g u l a r  d i f fus ion  f ron t ,  and  
b y  a n o n u n i f o r m  d i s t r i b u t i o n  of donors  or  d e e p -  
l eve l  i m p u r i t i e s  in t he  subs t r a t e .  T h e r e  a r e  two  k i n d s  
of nonf la tness ,  n a m e l y ,  t h a t  in  w h i c h  the  j u n c t i o n  

T h i s  w a s  d o n e  b y  C. E. Kel ly  of this  Labora tory .  

Fig. 16. Bevel-polished and etched under illumination. Bevel 
slope is 0.1. Xj ~ 33~; Xj' ~ 28/~. 8 mg of ZnAs2 diffused at 
850~ for 3 hr. This is a standard structure for fabrication into 
present-day experimental injection lasers. Fig. 16a (top) is at low 
magnification; Fig. 16b (bottom) is at higher magnification. 

sec t ion  is " p o l y g o n a l "  a n d  t h a t  in w h i c h  the  j u n c -  
t ion  sec t ion  is " a m o r p h o u s . "  

Us ing  a n y  of s e v e r a l  e t ch ing  m e t h o d s  to d e m a r c a t e  
junc t ions ,  an  e x t r a  d e m a r c a t i o n  l ine  no t  qu i t e  as 
deep  as the  j u n c t i o n  l ine  is o b s e r v e d  in  mos t  Zn and  
some Cd diffusions.  This  e x t r a  l ine  a p p a r e n t l y  is 
c o n c e n t r a t i o n - d e p e n d e n t .  

The  t e n d e n c y  t o w a r d  the  " a m o r p h o u s "  k i n d  of 
j u n c t i o n  nonf la tness  is g r e a t e r  in c r y s t a l s  w h i c h  h a d  
some 02 p r e s e n t  d u r i n g  g rowth .  

U s i n g  8 m g  of ZnAs2 d i f fusan t  in a 7 cm 3 t u b e  and  
d i f fus ing  at  850~ for  3 h r  or  less g e n e r a l l y  y i e lds  
a j u n c t i o n  of good f la tness  in  a lmos t  a l l  n - t y p e  GaAs .  
F i g u r e  16 is a t y p i c a l  e x a m p l e .  
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In  the synthes is  of r u b y  by  the  Ve rneu i l  t ech-  
n ique ,  the  ques t ion  of the possible loss of the  
c h r o m i u m  due to vo la t i l i za t ion  d u r i n g  the g rowth  
process has arisen.  It  is the  purpose  of this work  to 
es tabl ish  a rap id  me thod  for the d e t e r m i n a t i o n  of 
c h r o m i u m  in  r u b y  and  to corre la te  the c h r o m i u m  
con ten t  in  the final boule  wi th  the c h r o m i u m  con-  
t en t  of the s t a r t ing  powder  mix tu re .  

To date, two methods  have  been  inves t iga ted  for 
the  ana lys i s  of the c h r o m i u m  in  r u b y :  a chemical  
me thod  (1) and  an  e lec t ron  mic roprobe  t echn ique  
(2) .  The l a t t e r  me thod  has been  used for de t e r -  
m i n i n g  re la t ive  concen t ra t ions  of c h r o m i u m  in  
localized vo lumes  of the  r u b y  and  for ob t a in ing  
c h r o m i u m  profiles in  a p l ane  n o r m a l  to the g rowth  
axis of the  crystal .  The  chemica l  me thod  has been  
used for ana lyz ing  the  average  c h r o m i u m  con ten t  
of r e l a t i ve ly  la rge  vo lumes  of the  crystal .  The effec- 
t ive  sample  weigh t  was  abou t  10-9g in  the  e lec t ron  
mic roprobe  t echn ique  wh i l e  the  chemical  m e t h o d  
deal t  w i th  samples  we igh ing  abou t  0.02g. There  are 
severa l  i n h e r e n t  sources of e r ror  in  the  chemical  
method:  c o n t a m i n a t i o n  of the  sample  by  g r ind ing ,  
c o n t a m i n a t i o n  of the  sample  f rom chemical  r e -  
agents,  r e t en t i on  by  the  con ta ine r  of s ignif icant  
a m o u n t s  of ch romium,  and  sys temat ic  errors  asso- 
ciated w i th  the  color imetr ic  technique .  

A me thod  for the  q u a n t i t a t i v e  d e t e r m i n a t i o n  of 
c h r o m i u m  in  r u b y  us ing  the n e u t r o n  ac t iva t ion  
t echn ique  (3-11) has been  developed in  this  l a b -  
oratory.  This invo lves  i r r ad i a t i ng  the  sample  wi th  
the rma l i zed  n e u t r o n s  in  a nuc l ea r  reac tor  and  sub -  
sequen t  coun t ing  of the emi t t ed  g a m m a  rays  w i th  
a m u l t i c h a n n e l  g a m m a  r ay  spect rometer .  The  ad -  
van tages  of this  me thod  are:  it is a r e l a t i ve ly  u n -  
compl ica ted  procedure ;  it is ne i t he r  t i m e - c o n s u m -  
ing nor  tedious;  it y ields  an  absolu te  va lue  for the  
c h r o m i u m  conten t ;  it e l imina tes  p rob lems  f rom con-  
t a m i n a t i o n ;  and  it offers the  poss ib i l i ty  of m o n i t o r -  
ing each step of the p rocedure  for errors.  

Experimental Procedure 
Fi f t een  r u b y  boules,  g rown  by  the  Ve rneu i l  t ech-  

n ique  were  ana lyzed  by  the n e u t r o n  ac t iva t ion  
method.  F r o m  each crystal ,  th ree  samples  were  
sliced, r e p r e s e n t i n g  the  ini t ia l ,  middle ,  and  last  
g rown  port ions.  The samples  r a n g e d  in  weight  f rom 
25 to 200 mg. Each sample  was placed in  a recessed 
area  on top of a po lye thy lene  cy l inder  13.5 m m  in 
d i a m e t e r  and  11 m m  long. A c h r o m i u m  s t a n d a r d  
was inse r ted  in to  a hole in  the b o t t o m  of the cy l inde r  
so tha t  the  d is tance  b e t w e e n  sample  and  s t a n d a r d  
was  on ly  5 mm.  F o u r  such cy l inders  were  t igh t ly  

1 P r e s e n t  addres s :  T race r l ab ,  a D i v i s i o n  of  L a b o r a t o r y  fo r  Elec-  
t ronics ,  Inc. ,  W a l t h a m ,  Massachuse t t s .  

s tacked in to  a po lye thy l ene  conta iner .  The r u b y  
samples  were  selected on the  basis  of the  c h r o m i u m  
con ten t  of the s t a r t ing  p o w d e r  to con ta in  abou t  the  
same weight  of ch romium.  The i r r ad i a t i on  t ime  
was ad jus ted  so tha t  the  i n t eg ra t ed  count  ra te  w a s  
about  50,000 cpm f rom the Cr 5' act ivi ty.  This  was  
possible for all  samples  except  those whose c h r o m -  
i u m  con ten t  was  be low 10 ~g. The samples  were  
t h e n  i r r ad i a t ed  in  the  " r a b b i t "  tube  of the  M.I.T. 
Reactor  for t imes  which  va r i ed  f rom 3 m i n  to 24 hr. 

To reduce  flux depress ion  and  the  effects of self-  
shielding,  and  to m i n i m i z e  the r ad i a t i on  hazard,  
the  c h r o m i u m  s t anda rds  t a k e n  were  each less t h a n  
8 rag. Al l  we igh ings  of s t anda rds  were  done on a 
Cahn  E lec t roba lance  h a v i n g  an  accuracy  of • 0.1%. 

Af te r  i r rad ia t ion ,  the samples  and  s t anda rds  were  
weighed  and  t r a n s f e r r e d  to 4 ml  glass vials.  The  
s t anda rds  were  dissolved in  concen t ra t ed  HC1 and  
d i lu ted  so tha t  1 ml  a l iquots  con ta ined  a c o n v e n i e n t  
a m o u n t  of ac t iv i ty  for count ing .  To m i n i m i z e  the  
i n t e r f e r ence  of Na 24 f rom the  reac t ion  A127 (n ,~ )Na  24, 
the  ac t iv i ty  in  the  sample  was a l lowed to decay for 
severa l  days. O n e - m i n u t e  in t eg ra l  counts  of the 
g a m m a  ray  spect ra  were  t h e n  t a k e n  on both  sample  
and  s tandard .  

To check the fact tha t  on ly  c h r o m i u m  was be ing  
counted,  the  g a m m a  ray  spect ra  of bo th  the  samples  
and  s t andards  were  pho tographed  wi th  a Po la ro id  
camera  f rom the  oscilloscope display of the  i n s t r u -  
ment .  A typica l  spec t rum is shown in  Fig. 1. The 
r e su l t ing  display is a plot  of the  l oga r i t hm of the  
g a m m a  r a y  count  ra te  vs. the  g a m m a  r a y  energy.  
Visual  compar i son  of sample  and  s t anda rd  spectra  
indica tes  qua l i t a t i ve ly  tha t  the on ly  s ignif icant  
peaks  in  the spec t rum were  those of Cr 51. 

Fig. 1. Typical spectra of a ruby sample (left) and chromium 
standard (right) with energy full scale set at 2.56 Mev. 
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As a f u r t h e r  qua l i t a t i ve  check on the  presence  of 
on ly  Cr 51, the samples  and  s t anda rds  were  a l lowed 
to decay for two weeks  and  10 m i n  counts  were  
taken.  The i n t eg ra l  count  ra tes  were  t a k e n  au to -  
ma t i ca l ly  us ing  the  da ta  r educ t ion  u n i t  of the  m u l t i -  
channe l  ana lyzer .  F r o m  the  ra t io  of the i n t eg ra l  
coun t - ra t e s ,  the ha l f - l i f e  of the c h r o m i u m  was cal-  
cu la ted  and  was  found  to agree wi th  tha t  of Cr 51. 

To confirm the u n i q u e  presence  of Cr 51, the  ra t io  
of the i n t eg ra l  count  ra te  of the  o r ig ina l  i r r ad i a t ed  
sample  and  s t a n d a r d  was  compared  to the  ra t io  of 
the  count  ra te  u n d e r  the 0.32 Mev peak  of sample  
and  s t a n d a r d  af ter  a two week  decay. The rat ios  
were  found  to be unchanged ,  i nd ica t ing  tha t  on ly  
Cr 51 was present .  

Al l  coun t ing  was done on a 512 -channe l  Nuc lea r  
Data  A n a l y z e r  Compu te r  us ing  a 13/4 in. d i ame te r  
by  2 in. th ick  NaI(T1)  crys ta l  wi th  a wel l  3/4 in. in  
d i ame te r  b y  11/z in. deep. The crys ta l  was m o u n t e d  
on an  EMI 9578B pho tomul t i p l i e r  tube.  

As a compara t ive  me thod  to d e t e r m i n e  the  
c h r o m i u m  con ten t  of the  ruby ,  an  absorp t ion  spec-  
t ropho tomet r i c  p rocedure  was  used. The sample  
tha t  had  been  i r r ad i a t ed  and  eva lua t ed  was  pow-  
dered  in  a boron  carb ide  m o r t a r  and  fused w i th  
sod ium b isu l fa te  (NaH SO4.H20)  in  a p l a t i n u m  
crucible.  The  fus ion  products  we re  dissolved in  30 
m l  of water ,  and  four  pel le ts  of sod ium hydrox ide  
were  added, fo l lowed by  1/2 ml  of 30% h y d r o g e n  
peroxide  solut ion.  The solut ion was  t h e n  boi led  for 
10 min.  The vo lume  was  ad jus ted  to 50 ml,  and  the  
opt ical  dens i ty  of the  ch romate  so lu t ion  was  read  on 
a B e c k m a n  DK-2  spec t ropho tomete r  at 3550A. Six 
samples  of h igher  c h r o m i u m  con ten t  were  ana lyzed  
by  this  t echnique .  

Results 
Reference  to Tab le  I shows tha t  t he re  is good 

a g r e e m e n t  b e t w e e n  the  per  cent  c h r o m i u m  in  the  
r u b y  samples  d e t e r m i n e d  f rom a 1 - m i n  in t eg ra l  
count  of the  whole  spec t rum and  a 10 -min  i n t eg ra l  
count  t a k e n  u n d e r  the  Cr 5I peak. I t  the re fore  is 
necessa ry  to count  for on ly  1 m i n  af ter  the Na 24 has 
d i sappeared  for an accura te  de t e rmina t i on .  

Table I. Results of chromium analyses of 
synthetic rubies by neutron activation 

Wt % Cr as de t e rmined  
Wt % Cr as de t e rmined  f r o m  10-min in tegra l  

f r o m  l - ra in  in tegra l  count u n d e r  0.32 Mev  Cr ~ 
c o u n t  o f  w h o l e  spec t rum peak  t aken  at la ter  date 

Wt  % 
Sam-  Last  Last  Cr  in  

ple In i t i a l  Middle g rown  Ini t ia l  Middle g r o w n  s ta r t ing  
No. por t ion por t ion por t ion por t ion por t ion  por t ion powder  

1 0.014 0.011 0.012 0.013 0.011 0.012 0.020 
2 0.039 0.037 0.041 0.039 0.037 0.040 0.048 
3 0.058 0.047 0.042 0.059 0.048 0.040 0.068 
4 0.084 0.053 0.055 0.083 0.052 0.054 0.088 
5 0.066 0.075 0.080 0.068 0.075 0.079 0.116 
6 0.189 0.235 0.212 0.189 0.237 0.216 0.22 
7 0.250 0.214 0.227 0.252 0.216 0.231 0.30 
8 0.227 0.268 0.243 0.227 0.260 0.251 0.48 
9 0.499 0.501 0.470 0.511 0.497 0.470 0.62 

10 1.03 0.955 0.886 1.04 0.983 0.880 1.36 
11 0.029 0.048 0.047 0.029 0.048 0.048 0.011 
12 0.030 0.034 0.036 0.030 0.035 0.036 0.034 
13 2.87 2.81 3.20 2.82 2.78 3.21 5.48 
14 5.45 5.30 5.36 5.58 5.30 5.54 8.22 
15 5.55 6.72 6.47 5.46 6.77 6.34 10.94 
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Table II. Comparison of neutron activation and absorption 
spectrophotometric analyses for determining chromium in 

synthetic ruby 

Neut ron  act ivat ion,  Spect rophotometr ic ,  
Sample  No. w t  % Cr w t  % Cr 

15A 5.46 5.40 
15B 6.77 6.71 
15C 6.34 6.46 
13A 2.82 2.75 
13B 2.78 2.78 
13C 3.21 3.03 

F r o m  a compar i son  of the  s ta r t ing  c h r o m i u m  con-  
t en t  of the powder  mix  of A1208 and  Cr203 and  the 
c h r o m i u m  con ten t  of the  r u b y  boule  (Tab le  I) it  
is a p p a r e n t  tha t  r a n d o m  a m o u n t s  of Cr203 are lost 
d u r i n g  the  c rys ta l  g rowing  process, p r o b a b l y  due 
to vapor iza t ion .  F u r t h e r m o r e ,  there  is no cor re la -  
t ion  b e t w e e n  the  c h r o m i u m  con ten t  of a boule  and  
the  d is tance  a long the g rowth  d i rec t ion  This is 
p r o b a b l y  due to the  he te rogeneous  rad ia l  d i s t r i bu -  
t ion  of the  c h r o m i u m  (2) a long a g iven  slice and  
the  r e su l t ing  difficulty of ca re fu l ly  cont ro l led  s am-  
p l ing  for the analysis .  I t  appears  as if the  V e r n e u i l  
t e c hn i que  does not  y ie ld  crys ta ls  of sufficient doping 
u n i f o r m i t y  to r e n d e r  a cor re la t ion  possible.  

Refe rence  to Tab le  II ind ica tes  tha t  the re  is good 
a g r e e m e n t  b e t w e e n  the  absorp t ion  spec t rophoto-  
met r i c  and  the  n e u t r o n  ac t iva t ion  methods .  

To d e t e r m i n e  the  possible sources of e r ro r  in  the 
n e u t r o n  ac t iva t ion  me thod  the  fo l lowing equa t ion  
is i n t roduced  

'[ c /s  = ~ , ~  N~ -xt ] [1] 

w h e r e  c / s  is the  ac t iv i ty  of the  ac t iva ted  species in  
counts  per  second at  the  t ime  of count ing ,  + is the  
n e u t r o n  flux in  neu t rons / cm2-sec ,  (r is the  reac t ion  
cross sect ion in  cm 2, f is the  f rac t iona l  isotopic 
abundance ,  m is the mass of the  c h r o m i u m  in  grams,  
A is the  atomic we igh t  of ch romium,  N ~ is Avo-  
gadro 's  n u m b e r ,  S i s  the  s a tu r a t i on  factor,  E is the  
coun t ing  efficiency, X is the  decay cons t an t  of Cr ~l 
in  sec -1, a nd  t is the  t ime  in  seconds tha t  has 
e lapsed f rom the end  of the  i r r ad i a t i on  un t i l  the 
coun t ing  of the  spec imen  takes  place. 

A p p l y i n g  Eq. [1] to sample  a nd  s tandard ,  t ak ing  
the  ra t io  of bo th  equat ions ,  and  e l i m i n a t i n g  common  
terms,  the fo l lowing re la t ionsh ip  is f ound  

(e/S)x Cx mx ~x 
- - "  - -  [ 2 ]  

( C / S )  y ~y m y  Ey 

w he r e  x refers  to the  sample  and  y to the  s tandard .  
R e w r i t i ng  the  equat ion ,  the fo l lowing  is found  for 

the  mass  of the  c h r o m i u m  in  the sample  

(c / s )x  ~y % 
mx---- . . . . .  my [3] 

(c / s )y  ~x ~x 

To a p p r o x i m a t e  the accuracy  of the  ac t iva t ion  
me thod  used, the  c o n t r i b u t i o n  of each of the  t e rms  
above  to the  o v e r - a l l  e r ror  is considered.  The er ror  
in  the  ac t iv i ty  ra t io  which  is due  to stat is t ics can 
be kep t  to less t h a n  1% by  the  choice of a count  
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ra te  in  the v ic in i ty  of 50,000 cpm. The i n s t r u m e n t a l  
e r ror  in  this  ra t io  appears  to be smal l  as shown  by  
the exce l len t  a g r e e m e n t  b e t w e e n  the resu l t  ob-  
t a ined  for l - r a i n  and  10-ra in  counts  (Tab le  I) .  

The ra t io  of the  coun t ing  efficiencies, er/Ex, was 
d e t e r m i n e d  by  coun t ing  the  ac t iv i ty  of a 0.1 ml  
v o l u m e  of Cr 51 solut ion,  which  is a p p r o x i m a t e l y  the 
geomet ry  of the r u b y  sample.  This vo lume  was then  
d i lu ted  to 1 ml,  which  is the a l iquot  of the dissolved 
s t a n d a r d  tha t  was used. It  was found  tha t  the rat io 
was  1.02 ind i ca t ing  tha t  the coun t ing  efficiency does 
not  v a r y  apprec iab ly  w i th  volume.  Add i t i ona l  d i lu -  
t ion s tudies  ind ica ted  tha t  the  e r ro r  of this  rat io 
was less t h a n  0.5%. 

The  e r ror  in  the  ra t io  ~ y / ~  due to flux g rad ien t  
was  d e t e r m i n e d  to be negl ig ib le  by  compar ing  the 
ac t iv i ty  of each of the  four  s t anda rds  af ter  n e u t r o n  
i r rad ia t ion .  I t  was  found  tha t  a difference of 4% 
in count  ra te  occurred  over  the  m a x i m u m  dis tance  
of 50 mm.  The  d is tance  b e t w e e n  sample  and  s t a n d -  
ard  was  5 mm,  ind i ca t ing  a m i n i m a l  e r ror  f rom 
flux gradient .  

The e r ro r  in  ~by/~bx due  to the a t t e n u a t i o n  of the  
n e u t r o n  flux has been  d e t e r m i n e d  according to the 
me thod  used  by  P l u m b  and  Lewis  (12).  The f rac-  
t iona l  flux depress ion  F is r e la ted  to the  t h e r m a l  
n e u t r o n  cross sect ion ~ of a sphere  of rad ius  a, of a 
m a t e r i a l  w i th  N a toms per  u n i t  v o l u m e  by  the  
equa t ion  

F = 3/4 N~a [4] 

S u b s t i t u t i o n  of the  r e l e v a n t  da ta  for the c h r o m i u m  
me ta l  s t a n d a r d  whe re  cr ~ 3.1 barns ,  N ~ 8.34 x 
1022 at . /cc,  a n d  a = 0.06 cm resu l t s  i n  a va lue  of F 
of abou t  1%. This  va lue  is h igher  t h a n  tha t  for the 
sample  because  the  c h r o m i u m  is d ispersed t h r o u g h -  
out  the  a l u m i n a  ma t r ix .  There  is no apprec iab le  
f lux depress ion  f rom a l u m i n u m  or oxygen  because  
of the i r  low absorp t ion  cross sections. 

The accuracy  of the we igh ing  for the s t a n d a r d  on 
the  Cahn  E lec t roba lance  is 0.1%. U n d e r  the  most  
adverse  condi t ions  whe re  the  a b o v e - m e n t i o n e d  
er rors  m igh t  be  in  one d i rec t ion  and  cumula t ive ,  the 
m a x i m u m  l ike ly  e r ro r  would  be about  2.6%. 

Compar ing  the  n e u t r o n  ac t iva t ion  me thod  to the  
spec t rophotomet r ic  me thod  used, it is a p p a r e n t  tha t  
the  l a t t e r  is open to m a n y  more  sources of error .  
These ar ise  f r o m  the  r e f r ac to ry  n a t u r e  of the  c rys-  
ta l  and  the necess i ty  for process ing of the  c rys-  
ta l  and  inc lude  g r ind ing ,  fusion,  chemical  addi t ions ,  
and  t r a n s f e r r i n g  of solutions.  I t  wou ld  appear  as 
if the s impl ic i ty  of the  h a n d l i n g  t echn iques  in  the  
ac t iva t ion  me thod  m a k e  it a more  accura te  one t h a n  

spec t ropho tomet ry  w i t hou t  cons ider ing  the  lack of 
homoge ne i t y  of the  ch romium.  

Conclusions 
The n e u t r o n  ac t iva t ion  t echn ique  coupled wi th  

g a m m a - r a y  spec t romet ry  has been  found  to be a 
rapid,  accurate ,  a nd  s imple  me thod  for the  de te r -  
m i n a t i o n  of c h r o m i u m  in  ruby .  Resul ts  show good 
a g r e e m e n t  w i th  a chemica l - spec t ropho tome t r i c  ap-  
proach. The advan tages  of the  n e u t r o n - a c t i v a t i o n  
ana lys i s  are tha t  it  is rapid,  process ing of the sample  
is e l imina ted ,  h a n d l i n g  is min imized ,  and  the 
me thod  is n o n d e s t r u c t i v e  for ce r t a in  add i t iona l  
types  of test ing.  G a m m a - r a y  coun t ing  of the  i r r a -  
d ia ted  sample  has been  f ound  to r e qu i r e  only  a 
1 - m i n  d u r a t i o n  count .  Ana lys i s  of rub ies  wi th  
c h r o m i u m  con ten t s  in  the  r ange  of 0.01-5% ind i -  
cates tha t  there  is no  cor re la t ion  wi th  the s t a r t ing  
c h r o m i u m  con ten t  of powders  used in  the  crys ta l  
growth.  

Acknowledgments 
The au thors  wish  to acknowledge  Mr. J. P. Call  

for his sugges t ions  and  his d e v e l o p m e n t  of the 
chemica l - spec t ropho tomet r i c  technique .  T h a n k s  are 
g iven  to Cap ta in  G. D. Oshesky  for his con t r i bu t i on  
of the  r u b y  samples.  

Manuscript  received Apri l  25, 1963; revised m a n u -  
script received Ju ly  31, 1963. 

Any  discussion of this paper  will appear in  a Discus- 
sion Section to be published in the June  1964 JOURNAL. 

REFERENCES 
1. E. M. Dodson, Anal. Chem., 34, 966 (1962). 
2. R. R. Dils, G. W. Martin, and R. A. Huggins, Appl. 

Phys. Letters, 1 [4], 75 (1962). 
3. O. U. Anders, G a mma - R a y  Spectra of Neut ron  

Activated Elements, June  1960, 69 pp., Dow 
Chemical Co., Midland, Mich. 

4. D. H. F. Atkins  and A. A. Smales, "Activation 
Analysis" in  "Advances in Inorganic  Chemistry 
and Radiochemistry," 1, 315-45, Academic Press, 
New York (1959). 

5. V. P. Guinn  and C. D. Wagner,  Anal. Chem., 32, 317 
(1960). 

6. R. C. Koch, Activation Analysis Handbook, Air 
Force Cambridge Research Center, Rept 
AFCRC-tr-59-139, 237 pp., December 1958. 

7. W. W. Meinke, Science, 121, 177 (1955). 
8. W. W. Meinke, Anal. Chem., 31, 792 (1959). 
9. R. L. Heath, Scinti l lat ion Spec t rome t ry - -Gamma-  

Ray Spectrum Catalogue, U. S. A. E. C. Rept. 
IDO-16408, 200 pp., Ju ly  1957. 

10. C. E. Crouthamel,  "Applied Gamma-Ray  Spec- 
trometry,"  443 pp., Pergamon Press, New York 
(1960). 

11. K. Siegbahn, "Beta and Gamma Spectroscopy," In -  
terscience Publishers,  Inc., New York (1955). 

12. R. C. P lumb and J. E. Lewis, Nucleonics, 13 (8), 42 
(1955). 



Photogalvonic Effects with Anodized 
Zirconium and Niobium Electrodes 
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I l l u m i n a t i o n  w i t h  u l t r a v i o l e t  l igh t  of ce r t a in  
anod ized  m e t a l  e lec t rodes ,  such as a l u m i n u m ,  
n iob ium,  t a n t a l u m ,  and  z i rcon ium,  causes  an  a l t e r a -  
t ion  in t he  e l e c t r o d e  p o t e n t i a l  and  g ives  r i se  to a 
p h o t o c u r r e n t  w i t h o u t  t he  a p p l i c a t i o n  of an e x t e r n a l  
field. These  effects m a y  be  o b s e r v e d  if the  e l ec t rode  
is i m m e r s e d  in  an  e l ec t ro ly t i c  so lu t ion  ( p h o t o g a l -  
van ic  effect)  or  if  t he  m e t a l  ox ide  fi lm s e p a r a t e s  t he  
m e t a l  f r o m  a sol id  e l e c t r i c a l  conduc to r  ( pho to vo l t a i c  
ef fec t ) .  

A n u m b e r  of i nves t i ga t i ons  of the  p h o t o g a l v a n i c  
b e h a v i o r  of t a n t a l u m  e l ec t rodes  h a v e  been  r e p o r t e d  
(1 -3 ) .  P h o t o c u r r e n t  m e a s u r e m e n t s  have  been  m a d e  
w i t h  z i r c o n i u m  e l ec t rodes  (4) .  A c o m p a r a t i v e  s t u d y  
of the  p h o t o g a l v a n i c  and  p h o t o v o l t a i c  p r o p e r t i e s  of 
t a n t a l u m  a n d  a l u m i n u m  e lec t rodes  has  been  r e -  
p o r t e d  r e c e n t l y  (5 ) .  C u r r e n t  t heo r i e s  o f f e r ed  in 
e x p l a n a t i o n  of the  b e h a v i o r  of these  e l ec t rodes  
u n d e r  t h e  inf luence  of i l l u m i n a t i o n  h a v e  e m p h a s i z e d  
the  s e m i c o n d u c t o r  p r o p e r t i e s  of t he  ox ide  films. 

The  p r e s e n t  w o r k  was  u n d e r t a k e n  to ass is t  in  t he  
e l u c i d a t i o n  of t h e  n a t u r e  of t h e s e  photoef fec ts  b y  
p r o c u r i n g  d a t a  w i t h  a n o d i z e d  z i r c o n i u m  and  n i o b i u m  
e lec t rodes .  A n  a t t e m p t  has  been  m a d e  to e s t ab l i sh  
t he  effects of  a n u m b e r  of p e r t i n e n t  p a r a m e t e r s  and  
to c o r r e l a t e  t he  r e su l t s  w i t h  s e v e r a l  t y p e s  of e l ec -  
t r o d e  sys tems .  

Experimental 
C y l i n d r i c a l  b a r  s tock  and  th in  shee t  m e t a l s  w e r e  

used.  I o d i d e  process ,  h a f n i u m - f r e e ,  z i r c o n i u m  b a r  
(99 .9%)  was  o b t a i n e d  f r o m  U.S. B u r e a u  of Mines,  
A l b a n y ,  Oregon.  N i o b i u m  b a r  (99 .9%)  and  0.5 ra i l  
fo i l  (99 .7%)  w e r e  o b t a i n e d  f r o m  F a n s t e e l  M e t a l -  
l u r g i c a l  Corpo ra t i on .  

F o r  mos t  of the  m e a s u r e m e n t s  t he  m e t a l  su r face  
was  w e t - p o l i s h e d  w i t h  a s equence  of canvas ,  fel t ,  
and  f l a n n e l - c o v e r e d  w h e e l s  us ing  a ser ies  of p r o -  
g r e s s i v e l y  f iner  ab ras ives .  In  c e r t a i n  cases t he  s u r -  
faces  w e r e  c h e m i c a l l y  p o l i s h e d  us ing  an  e tch  so lu t ion  
of 12% HNO3 a n d  2.5% HF.  

The  e l e c t r o d e  was  m o u n t e d  on a Teflon s u p p o r t  
in a t h e r m o s t a t t e d  cell .  The  l eve l  of t he  e l ec t ro ly t e ,  
w h i c h  was  u s u a l l y  0.01M Na2B407 solut ion ,  was  
m a i n t a i n e d  abou t  1 cm above  the  su r face  of the  
e lec t rode .  

O x i d e  f i lms of the  de s i r ed  th i ckness  w e r e  p r o d u c e d  
on the  e l ec t rode  su r f ace  b y  con t ro l l i ng  the  f o r m a t i o n  
vo l t age  w i t h  a H e a t h k i t  v a r i a b l e - v o l t a g e ,  r e g u l a t e d  
p o w e r  supp ly .  

E l e c t r o d e  p o t e n t i a l s  w e r e  m e a s u r e d  aga in s t  a 
Hg/Hg2SO4/Na2SO~ ( s a t ' d )  r e f e r e n c e  e l ec t rode  

1Present  address: Lockheed  Aircraft  Corporation, Missiles and 
Space Division,  Sunnyvale ,  California.  

~Present  address: Aeronutronics ,  Divis ion of Ford Motor Com- 
pany, N e w p o r t  Beach,  California. 

w h i c h  was  s e p a r a t e d  f rom the  ca thode  c o m p a r t m e n t  
b y  a sa l t  b r i d g e  con ta in ing  an  A g a r  p lug .  P o t e n t i a l  
m e a s u r e m e n t s  w e r e  m a d e  w i th  a L&N m i l l i v o l t  i n -  
d ica to r ,  t he  o u t p u t  of w h i c h  was  r e c o r d e d  w i t h  a 
L&N T y p e  G, A Z A R ,  i n d i c a t i n g  r eco rde r .  

C u r r e n t  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a Mi l l ivac  
m i c r o m i c r o a m m e t e r .  F o r  m e a s u r e m e n t s  a t  c o n t r o l -  
led  p o l a r i z a t i o n s  t he  p o t e n t i a l  b e t w e e n  spec imen  
a n d  r e f e r e n c e  e l e c t r o d e  was  m a i n t a i n e d  cons t an t  b y  
a p p l i c a t i o n  of the  p r o p e r  v o l t a g e  b e t w e e n  spec imen  
and  a p l a t i n u m  ca thode .  

F o r  a s c e r t a i n i n g  the  effect of w a v e l e n g t h  of t he  
i nc iden t  r a d i a t i o n  a 1000w H a n o v i a  C o m p a c t  I-Ig-Xe 
l a m p  was  used  t o g e t h e r  w i t h  a B a u s c h - L o m b  g r a t i n g  
m o n o c h r o m a t o r .  R e l a t i v e  i n t ens i t i e s  t h r o u g h o u t  t he  
s p e c t r a l  r eg ions  of i n t e r e s t  w e r e  m e a s u r e d  w i t h  an  
E p p l y  t h e r m o p i l e  in  c o n j u n c t i o n  w i t h  a L & N h igh  
s e n s i t i v i t y  g a l v a n o m e t e r .  

In  t he  r e m a i n d e r  of t h e  m e a s u r e m e n t s  a 250w 
G e n e r a l  E lec t r i c  U v i a r c  was  u s e d  w i t h o u t  t he  m o n o -  
c h r o m a t o r .  The  i n t e n s i t y  of the  o u t p u t  of t he  l a m p  
was  m o n i t o r e d  a t  a se lec ted  w a v e l e n g t h  w i t h  a 
P h o t o v o l t  p h o t o m e t e r .  

Resul ts  w i th  Anodized Zirconium Electrodes 

Photopotent ia ls . - -A  f r e s h l y  po l i shed  Zr  e l ec t rode  
w h e n  i m m e r s e d  in  so lu t ion  showed  an  in i t i a l  p o t e n -  
t ia l ,  r e l a t i v e  to t he  r e f e r e n c e  e lec t rode ,  of abou t  
--1.2v.  As  ox ide  b e g a n  to f o r m  on the  e l e c t r o d e  su r -  
face  t he  p o t e n t i a l  b e c a m e  less nega t ive .  W h e n  t h e  
t h i cknes s  of t he  ox ide  l a y e r  h a d  i n c r e a s e d  such t ha t  
t he  e l e c t r o d e  p o t e n t i a l  was  less  n e g a t i v e  t h a n  - -1 .0v 
the re  o c c u r r e d  a n e g a t i v e  sh i f t  in p o t e n t i a l  upon  i l -  
l u m i n a t i o n  w h i c h  i n i t i a l l y  i nc r ea sed  w i t h  i nc r ea s ing  
f i lm th ickness .  

On ly  the  b e h a v i o r  of e l ec t rodes  w i t h  ox ide  f i lms 
w h i c h  w e r e  suff ic ient ly  t h i c k  to p r o d u c e  l a rge  n e g a -  
t i ve  shi f ts  in  p o t e n t i a l  u p o n  i l l u m i n a t i o n  has  been  
e x a m i n e d  in t he  p r e s e n t  i nves t iga t ion .  

Z i r c o n i u m  e l ec t rodes  w h i c h  h a d  b e e n  anod ized  
w i t h  f o r m a t i o n  vo l t ages  g r e a t e r  t h a n  10v e x h i b i t e d  
po ten t i a l s ,  r e l a t i v e  to t he  r e f e r e n c e  e lec t rode ,  of 
--0.03 to - -0 .06v in the  absence  of i l l umina t i on .  The  
p o t e n t i a l s  of t he  i r r a d i a t e d  e l ec t rodes  r e l a t i v e  to 
the  r e f e r e n c e  e l ec t rode  ( p h o t o p o t e n t i a l s )  w e r e  m o r e  
nega t ive ,  in m a n y  ins tances ,  t h a n - - 2 . 0 v .  

The  r i se  and  d e c a y  of t he  p h o t o p o t e n t i a l s  a r e  
shown  for  s e v e r a l  f i lm th i cknesses  b y  the  c h rono -  
p o t e n t i o g r a m s  of Fig .  1. T h e  d e c a y  of t he  p h o t o p o -  
t e n t i a l  was  o b s e r v e d  to be  a p p r o x i m a t e l y  a l o g a r i t h -  
mic func t ion  of t ime .  A s t e a d y  v a l u e  of t h e  p h o t o -  
p o t e n t i a l  was  u s u a l l y  obse rved ,  a l t h o u g h  the  m a g n i -  
t ude  o f t en  d i f fe red  s o m e w h a t  f r o m  one e l ec t rode  to 
ano the r .  
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Fig. 1. Photogalvanic chronopotentiograms for Zr electrodes 

The effect of fi lm th ickness  on the  s t eady- s t a t e  
pho topo ten t i a l  wi th  a cons tan t  i nc iden t  i n t ens i t y  is 
shown  in  Table  I. I t  was  observed  tha t  the va l ue  of 
the  s t eady- s t a t e  pho topo ten t i a l  is r a t h e r  insens i t ive  
to l ight  i n t ens i t y  and  t empera tu re .  

A n  e x p e r i m e n t  was pe r fo rmed  in  which  a d ry  
electrode was i r r ad ia t ed  br ief ly  and  then  r ap id ly  
covered wi th  electrolyte .  The obse rva t ion  t ha t  the  
ch ronopo ten t i og ram was closely s imi la r  to the  
pho topo ten t i a l  decay cu rve  of a c o n t i n u o u s l y  i m -  
mer sed  electrode indica tes  tha t  a pho topo ten t i a l  was  
p roduced  on the d ry  electrode.  

Photocurrents.---Application to the Zr  e lec t rode  of 
a posi t ive  po la r iza t ion  voltage,  wel l  be low the  f i lm- 
fo rma t ion  voltage,  p roduced  a smal l  c u r r e n t  in  the  
absence  of i l l umina t ion .  A cons ide rab ly  l a rger  s teady  
c u r r e n t  r e su l t ed  f rom i l l u m i n a t i o n  of the  electrode.  
The difference be tween  the cu r r en t  m e a s u r e d  d u r i n g  
i l l u m i n a t i o n  and  tha t  m e a s u r e d  pr ior  to i l l u m i n a t i o n  
was  t aken  as the pho tocur ren t .  

A l inea r  dependence  on l ight  i n t ens i t y  and  appl ied  
field of the  pho tocu r r en t  was observed for films of 
va r ious  thickness.  The pho toconduc tance  for a g iven  
l ight  i n t ens i t y  decreased wi th  inc reas ing  fi lm th i ck -  
ness. 

The  dependence  of the  p h o t o c u r r e n t  on the  w a v e -  
l eng th  of the  inc iden t  l ight  is d e m o n s t r a t e d  in  Tab le  
II. Some absorbance  indices  are also l is ted for com-  
parison.  No s ignif icant  p h o t o c u r r e n t  was  observed  
w h e n  the  w a v e l e n g t h  of the inc iden t  l ight  was  
g rea te r  t h a n  2550A. There  is a close cor re la t ion  of 
spect ra l  sens i t iv i ty  wi th  the  absorp t ion  spect ra  of 
anodic  ZrO2 films (6).  

Table II. Effect of wavelength of incident light on photocurrent 

S p e c t r a l  s e n s i t i v i t y ,  A b s o r b a n c e  i n d e x ,  
W a v e l e n g t h ,  m ~  m ~  a m p / r a m  c m  -1 • 10 ~ 

255 0.00 0.00 
250 0.23 - -  
245 0.84 - -  
240 2.60 0.14 
238 3.40 - -  
235 4.40 0.17 
233 5.30 - -  
230 10.50 0.27 

Table III. Effect of film thickness on maximum photopotential 

F o r m a t i o n  v o l t a g e ,  v M a x i m u m  p h o t o p o t e n t i a l ,  v 

10 --0.75 
20 --0.67 
30 --0.51 
50 --0.40 

100 --0.36 

Results with Anodized Niobium Electrodes 

Photopotentials.--Niobium electrodes which  had  
been  anodized w i th  fo rma t ion  vol tages g rea te r  t h a n  
10v exh ib i t ed  behav io r  u n d e r  i l l u m i n a t i o n  which  
closely r e sembled  tha t  of z i r con ium electrodes.  
However ,  there  were  ce r ta in  diss imilar i t ies .  The di f -  
ferences  b e t w e e n  rest  po ten t ia l s  and  s t eady-s t a t e  
photopoten t ia l s  were  cons ide rab ly  lower  a nd  photo-  
cu r r en t s  we re  cons ide rab ly  grea te r  w i th  n i o b i u m  
electrodes.  More rap id  r ise a nd  decay of the  photo-  
po ten t ia l s  were  observed  w i t h  Nb electrodes,  bu t  the  
shapes of the ch ronopo ten t iog rams  are s imi la r  to 
those in  Fig. 1. For  Nb electrodes,  also, the  photo-  
po ten t i a l  decay appears  to be a logar i thmic  func t i on  
of t ime. 

Tab le  III  demons t r a t e s  the  dependence  of photo-  
po ten t i a l  on film th ickness  u n d e r  cons tan t  i nc iden t  
in tens i ty .  

Photocurrents.--Both "shor t - c i r cu i t "  pho tocur -  
r en t s  and  pho tocu r ren t s  w i th  pos i t ive ly  polar ized 
Nb electrodes were  observed.  P ho t oc u r r e n t s  de-  
creased wi th  inc reas ing  f i lm thickness.  

A l inea r  dependence  of p h o t o c u r r e n t  on inc iden t  
l ight  i n t e ns i t y  and  appl ied  field was observed.  

In  Tab le  IV the  effect of w a v e l e n g t h  of i nc iden t  
r ad ia t ion  on the m a g n i t u d e  of the  sho r t - c i r cu i t  

Table IV. Effect of wavelength of incident light on photocurrent 

W a v e l e n g t h ,  m ~  
S p e c t r a l  s e n s i t i v i t y ,  A b s o r b a n c e  i n d e x ,  

m ~  a m p / r a m  c m  -1 X 10 -5 

2 0 v  f i lm  40v  f i lm  

Table I. Effect of film thickness on steady state photopotential 

F o r m a t i o n  v o l t a g e ,  v P h o t o p o t e n t i a l ,  v 

10 --1.91 
20 --2.01 
40 --2.18 
60 --2.19 

100 --2.15 
200 --1.99 
300 --1.22 
400 --0.93 

375 0 0 - -  
360 0.034 0.024 - -  
350 0.098 0.054 - -  
345 0.16 0.088 - -  
340 0.25 0.14 0.08 
330 0.50 0.32 0.16 
315 0.62 0.50 0.38 
305 1.2 0.68 - -  
295 1.8 0.98 0.61 
285 2.2 1.3 0.89 
280 2.5 1.4 1.42 
275 2.8 1.5 - -  
270 3.0 1.7 - -  
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p h o t o c u r r e n t  is d e m o n s t r a t e d  b y  the  c o m p u t e d  
s p e c t r a l  s ens i t iv i t i e s  for  two  e l ec t rodes  of d i f fe ren t  
th ickness .  The  s p e c t r a l  s ens i t iv i t i e s  of bo th  e l ec -  
t r odes  i n c r e a s e  w i t h  dec r ea s ing  w a v e l e n g t h ,  a l -  
t h o u g h  the  m a g n i t u d e  of the  p h o t o c u r r e n t  is g r e a t e r  
for  t he  20v e l ec t rode  t h a n  for  t he  40v e lec t rode .  
W i t h  l i gh t  of w a v e l e n g t h  g r e a t e r  t h a n  3750A no 
s igni f icant  p h o t o c u r r e n t  was  o b s e r v e d  for  e i t he r  
e lec t rode .  A close c o r r e s p o n d e n c e  b e w e e n  the  
s p e c t r a l  s ens i t iv i t i e s  of Nb  e l ec t rodes  and  the  a b -  
so rp t ion  s p e c t r a  of Nb~O5 fi lms (7)  is also a p p a r e n t .  

Discussion 
Oppos ing  theo r i e s  h a v e  been  of fered  to account  

for  t he  r e su l t s  o b t a i n e d  w i t h  t a n t a l u m .  A t h e o r y  
p r o p o s e d  b y  Van  Gee l  et al. (5)  cons ide r s  t h e  con-  
d i t ions  of e l e c t r o n  e q u i l i b r i u m  in t he  t h r e e  p h a s e  
sys tem,  T a / T a 2 0 5 / e l e c t r o l y t e .  A n  i n s u l a t i n g  ox ide  
b o u n d e d  b y  two  con tac t s  h a v i n g  d i f fe ren t  w o r k  
func t ions  m u s t  be  s u b j e c t e d  to an  e lec t r i c  field a t  
e q u i l i b r i u m .  The  c r e a t i o n  of h o l e - e l e c t r o n  pa i r s  b y  
i l l u m i n a t i o n  causes  a r e d u c t i o n  of th i s  field and  a 
c o n c o m i t a n t  p o t e n t i a l  d i f fe rence  ( o p e n - c i r c u i t  
p h o t o v o l t a g e )  b e t w e e n  the  contacts .  A second  
t h e o r y  has  been  p r o p o s e d  b y  A p k e r  and  Taf t  (2) in 
which ,  as a r e su l t  of t he  cond i t ions  of f i lm g rowth ,  
the  ox ide  is cons ide red  to s u p p o r t  a c o n c e n t r a t i o n  
g r a d i e n t  of t a n t a l u m  ions  w h i c h  in effect r e q u i r e s  a 
p - n  j u n c t i o n  in t h e  film. A p - n  j u n c t i o n  is k n o w n  to 
e x h i b i t  p h o t o v o l t a i c  effects.  

The  s i m i l a r i t y  b e t w e e n  the  s p e c t r a l  s e n s i t i v i t y  
of t he  s h o r t - c i r c u i t  p h o t o c u r r e n t  and  the  a b s o r p t i o n  
s p e c t r u m  of t he  ox ide  is to be  no ted .  L i g h t  a b s o r p -  
t ion  w i t h i n  t he  ox ide  a p p e a r s  to be  t he  p r i m a r y  s tep,  
and  thus  poss ib le  pho toe l ec t r i c  effects need  not  b e  
cons idered .  The  o b s e r v e d  d e c a y  of p h o t o v o l t a g e  w i t h  
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l o g a r i t h m  of t ime  can  be  p r e d i c t e d  t h e o r e t i c a l l y ,  if  
t he  d e c a y  is a s s u m e d  to be  due  to e l ec t ron  emiss ion  
ove r  a b a r r i e r .  H o w e v e r ,  a cco rd ing  to th is  m o d e l  
t he  p r o p o r t i o n a l i t y  cons tan t ,  shou ld  b e  e q u a l  to  kT. 
In  a l l  cases  th i s  cons t an t  was  f o u n d  to be  m u c h  
g r e a t e r  t h a n  kT. The  a p p e a r a n c e  of a p h o t o p o t e n t i a l  
on a d r y  e l ec t rode  ind ica t e s  t ha t  a second  con tac t  is 
no t  a p r e r e q u i s i t e  to p h o t o g a l v a n i c  ac t iv i ty .  This  
w o u l d  i n d i c a t e  t h a t  the  source  of the  emf  is w i t h i n  
the  oxide .  F i n a l l y ,  m e n t i o n  m a y  be  m a d e  of r ecen t  
e x p e r i m e n t s  a t  l ow  t e m p e r a t u r e s  w i t h  e l ec t rodes  of 
t h e  f o r m  Z r / Z r O 2 / S n  (8) .  A t  - -175~ th i s  e l ec t rode  
deve lops  a p h o t o p o t e n t i a l  of 90v. This  canno t  be  r ec -  
onc i led  w i t h  e i t h e r  of t h e  two  theo r i e s  p r e v i o u s l y  
m e n t i o n e d  un less  a d i f fe ren t  m e c h a n i s m  is a p p l i c a b l e  
a t  low t e m p e r a t u r e s .  
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The Use of Close Spacing in Chemical-Transport 

Systems for Growing Epitaxial Layers of Semiconductors 
F. H. Nicoll 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

The  m e t h o d  of c h e m i c a l  t r a n s p o r t  of  m a t e r i a l s  
v ia  a v o l a t i l e  c o m p o u n d  such as an  ox ide  or  h a l i d e  
has  been  w e l l  e s t a b l i s h e d  b y  m a n y  w o r k e r s  (1) .  
F u r t h e r m o r e ,  t he  m e t h o d  has  b e e n  success fu l ly  a p -  
p l i ed  to a l a rge  n u m b e r  of m a t e r i a l s  for  t h e  p u r p o s e  
of g r o w i n g  s ingle  c rys t a l s  and  e p i t a x i a l  l a y e r s  of 
s emiconduc to r s .  In  gene ra l ,  t r a n s p o r t  t a k e s  p l ace  
f rom a source  at  one end  of a t u b e  to a seed  a t  the  
oppos i t e  end,  a s u i t a b l e  t e m p e r a t u r e  d i f f e r ence  b e -  
ing m a i n t a i n e d  b y  m e a n s  of a g r a d i e n t  fu rnace .  

In  t he  c l o s e - s p a c e d  m e t h o d  the  source  and  s u b -  
s t r a t e  a r e  s e p a r a t e d  b y  on ly  a f r ac t i on  of a m i l l i -  

me te r .  C l o s e - s p a c i n g  of t he  source  and  s u b s t r a t e  
has  a n u m b e r  of a d v a n t a g e s .  I f  the  spac ing  is less 
t h a n  abou t  1/10 of the  d i a m e t e r  of t he  source  and  
subs t r a t e ,  t h e n  the  c h e m i c a l  t r a n s p o r t  cond i t ions  
in b e t w e e n  a re  l a r g e l y  i n d e p e n d e n t  of cond i t ions  
e l s e w h e r e  in  t he  sys tem.  This  is the  case  b ecause  
the  t r a n s p o r t i n g  agen t  such  as o x y g e n  is no t  con-  
s u m e d  in t r a n s p o r t i n g  m a t e r i a l  and  is t h e r e f o r e  
a v a i l a b l e  b e t w e e n  t h e  source  and  s u b s t r a t e  for  con-  
t i n u e d  r e -use .  R e - u s e  of t he  t r a n s p o r t i n g  a g e n t  
m e a n s  t h a t  depos i t i on  cond i t ions  a r e  no t  a f f ec t ed  b y  
source  and  s u b s t r a t e  size p r o v i d e d  t h e i r  d i a m e t e r  is 
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Fig. 1. Diagram of close-spaced system for depositing epitaxial 
semiconductor layers by chemical transport. 

Fig. 2. Photograph of complete close-spaced system for deposit- 
ing epitaxial semiconductor layers by chemical transport. 

g r e a t e r  t h a n  5 -10X t h e  spac ing .  C l o s e - s p a c i n g  of 
source  and  s u b s t r a t e  also m e a n s  d i r ec t  t r a n s p o r t  of 
each  c o m p o n e n t  of t he  m a t e r i a l  across  t he  space.  
This  is e spec i a l l y  a d v a n t a g e o u s  for  c o m p o u n d s  of 
e l e m e n t s  w i t h  w i d e l y  d i f f e r e n t  p h y s i c a l  p rope r t i e s .  
I f  i n f r a r e d  h e a t i n g  of source  a n d  s u b s t r a t e  is used,  
t he  s y s t e m  has  t he  a d d e d  a d v a n t a g e  of h a v i n g  a 
cold  wal l ,  a n d  cond i t ions  for  t r a n s p o r t  a r e  m a i n -  
t a i n e d  on ly  at  t he  source  a n d  subs t r a t e .  F i n a l l y ,  th is  
t e c h n i q u e  can  p r o v i d e  a c o m p a c t n e s s  a n d  s i m p l i c i t y  
of o p e r a t i o n  no t  h i t h e r t o  a t t a ined .  

F i g u r e  1 shows  a d i a g r a m  and  Fig.  2 a p h o t o g r a p h  
of an  a l l - q u a r t z  s y s t e m  for  depos i t i on  of e p i t a x i a l  
l a y e r s  of s e m i c o n d u c t o r  us ing  the  c l o s e - s p a c e d  con -  
cept.  The  s y s t e m  o p e r a t e s  at  a t m o s p h e r i c  p r e s s u r e  
and  u t i l i zes  w a t e r  v a p o r  as t he  t r a n s p o r t i n g  m e d i u m  
(2) .  The  w a t e r  v a p o r  is o b t a i n e d  b y  pas s ing  h y d r o -  
gen  ove r  w a t e r  a t  0~ This  m i x t u r e  is u sed  a t  a 
v e r y  l o w  f low r a t e  o f  less t h a n  1 cc /min .  The  source  
and  s u b s t r a t e  w a f e r s  a r e  s e p a r a t e d  f r o m  each o the r  
b y  q u a r t z  s t r i p  space r s  of abou t  0.25 m m  th ickness .  
Two g r a p h i t e  d i sks  a r e  in con tac t  w i t h  the  w a f e r s  
on top  and  u n d e r n e a t h  and  have  t h e r m o c o u p l e s  TC1 
and  TC2 i n s e r t e d  in t h e m  for  t e m p e r a t u r e  m e a s u r e -  
ment .  H e a t i n g  is done  e n t i r e l y  f rom ou t s ide  the  t u b e  
us ing  i n f r a r e d  r a d i a t i o n  f r o m  two p h o t o g r a p h i c  S y l -  
v a n i a  S u n  G u n s  of the  625w v a r i e t y .  A su i t ab l e  t e m -  
p e r a t u r e  is m a i n t a i n e d  at  the  source  w h i l e  the  sub -  
s t r a t e  is a t  a t e m p e r a t u r e  a b o u t  10-50~ lower .  
Depos i t i on  is s a t i s f a c t o r y  w h e t h e r  t he  h i g h e r - t e m -  
p e r a t u r e  source  w a f e r  is on top or  bo t tom.  

Good  r e s u l t s  h a v e  been  o b t a i n e d  w i t h  th is  c lose-  
spaced  s y s t e m  us ing  a n u m b e r  of d i f f e r e n t  s e m i c o n -  
duc tors .  Ge, GaAs ,  and  G a P  have  been  depos i t ed  in 
s ing le  c r y s t a l  e p i t a x i a l  l a y e r s  on s ingle  c ry s t a l  sub -  
s t ra fes .  L a y e r s  of Ge  on G a A s  a n d  v i c e  v e r s a  as we l l  
as G a P  on G a A s  h a v e  been  depos i t ed  in s ingle  c r y s -  
t a l  form.  A n  e x a m p l e  of G a A s  e p i t a x i a l l y  depos i t ed  

Fig. 3. Photograph of (111) GaAs source wafer on the left and 
(100) Ge substrate wafer after deposition on the right. Spacer 
positions are evidenced by nontransport of material from the 
source wafer and by absence of deposition on the substrate wafer. 
The area of deposition is seen to be restricted to that covered by 
the source wafer. 

on a (111) Ge s u b s t r a t e  is shown  in Fig.  3 a long 
w i t h  the  source  w a f e r  w h i c h  in  th is  case  is (100) 
GaAs .  This  G a A s  l a y e r  was  g r o w n  w i t h  850~ source  
t e m p e r a t u r e  a n d  825~ s u b s t r a t e  t e m p e r a t u r e .  The  
t i m e  of  g r o w t h  was  1 h r  a n d  the  t h i cknes s  a b o u t  50~. 
The  source  and  s u b s t r a t e  show the  p r o t e c t e d  a r e a s  
u n d e r  the  q u a r t z  spacers .  I t  is also c l ea r  t h a t  t h e  
G a A s  depos i t i on  is conf ined to a p p r o x i m a t e l y  the  
a r e a  cove red  b y  the  source.  Good  smoo th  depos i t i on  
u s u a l l y  occurs  in  t he  c e n t r a l  r eg ion  a w a y  f r o m  the  
edges.  Nea r  the  edges  the  g r o w t h  is also s ing le  c r y s -  
tal ,  bu t  shows  o t h e r  g r o w t h  h a b i t s  such  as p y r a m i d s .  
The  l i m i t e d  a r e a  of g r o w t h  ind i ca t e s  v e r y  l i t t l e  s c a t -  
t e r i n g  of the  t r a n s p o r t e d  m a t e r i a l  and  a v e r y  h igh  
t r a n s p o r t  efficiency. In  a c t u a l  tes ts  a p p r o x i m a t e l y  
95 % of the  m a t e r i a l  l e a v i n g  the  source  a r r i v e s  at  t he  
subs t r a t e ;  t hus  the  lo s s  of m a t e r i a l  is s m a l l  and  the  
s y s t e m  r e m a i n s  r e l a t i v e l y  clean.  

A n  e x a m p l e  of s ing le  c r y s t a l  G a P  g r o w t h  on GaAs  
is shown  in Fig .  4 w h i c h  is a m i c r o p h o t o g r a p h  of a 

Fig. 4. Cleaved edge of GaP epitaxial layer 200~ thick on a 
(100) GaAs substrate. The GaAs has been lightly etched to show 
the boundary. 
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c leaved edge. This shows the  u n i f o r m i t y  of the  l ayer  
and  the  absence  of c leavage d i f ferences  b e t w e e n  the  
GaAs subs t ra te  and  GaP  layer .  In  order  to show up  
the in te r face  an  e x t r e m e l y  l ight  etch w i th  n i t r i c  
acid was used to change  the  surface appea rance  of 
the  GaAs w i thou t  a t t ack ing  the GaP.  This GaP  layer  
is abou t  200t~ thick.  A po lyc rys t a l l i ne  GaP  source 
wafe r  was  used in  this  case at a t e m p e r a t u r e  of 
945~ the  (100) GaAs subs t ra te  be ing  at 905~ 
The  t ime r equ i r ed  to grow the layer  was  approx i -  
m a t e l y  2 hr.  

The usefu lness  of the  n e w  t echn ique  is no t  re -  
s t r ic ted to semiconduc tor  wafers  or to the  use of ox-  
ide t ranspor t .  Powdered  source ma te r i a l  can be used 
to grow single  crys ta l  l ayers  on s ingle  crys ta l  s u b -  
s trates  and  can also be used to grow po lyc rys ta l l ine  
layers  on qua r t z  or metal .  By  this  m e a n s  t r a n s p a r e n t  
layers  of CdS 5 cm 2 have  been  g rown  us ing  iodine 
t ranspor t .  In  addi t ion,  ma t t e  po lyc rys t a l l i ne  layers  
of CdS, ZnS,  GaP,  and  GaAs have  been  g row n  in 
la rge  areas.  

Doping can be car r ied  out  by  t r a n spo r t  f rom the  
source m a t e r i a l  or by  add ing  a su i t ab le  dopan t  as a 
vapor  d u r i n g  the  g rowth  of the  layers.  S u l f u r  doping 
of G a P  has been  car r ied  out  successful ly  us ing  H2S 
in  the  w a t e r  over  which  the h y d r o g e n  is passed. 
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The Effects of an Electric Field on Epitaxial Vapor Growth 
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The ep i tax ia l  g rowth  of semiconduc tor  has ad-  
van tages  in  tha t  it can take  place at a lower  t e m p e r -  
a tu re  t h a n  f rom a mel t ,  and  in  the poss ibi l i ty  of get -  
ing more  u n i f o r m  i m p u r i t y  d i s t r ibu t ion .  If the  e n -  
e rgy  can be suppl ied  in  some other  fo rm t h a n  heat ,  
the  t e m p e r a t u r e  of g rowth  wi l l  be lowered  a nd  the 
p r o b l e m  of i m p u r i t y  diffusion d u r i n g  g rowth  wi l l  
be lessened.  A n d  if impur i t i e s  can be cont ro l led  
wi thou t  chang ing  the source vapor ,  more  precise 
i m p u r i t y  d i s t r i bu t ion  wi l l  be possible. 

To explore  these possibil i t ies,  the effects of an  
electric field on ep i tax ia l  g rowing  surfaces were  
e x a m i n e d  and  p romis ing  resul t s  were  obta ined.  Ex -  
pe r imen t s  were  car r ied  out  on g e r m a n i u m  and  si l i-  
con s ingle  crysta ls  g rown  ep i t ax ia l ly  by  vapor  phase  
deposi t ion in  the electr ic  field. The  electric field ap -  
pl ied to the  seed d u r i n g  g rowth  is found  to increase  
the g rowth  ra te  and  the t r ans fe r  ra t io  of impur i t i es .  

Germanium.--The t h e r m a l  d i sp ropor t iona t ion  of 
GeI2 (1) has been  done in  quar tz  tubes  wi th  molyb  m 
d e n u m  electrodes,  as shown in  Fig. 1. Seed t e m p e r -  
a tu re  was  400~ source t e m p e r a t u r e ,  600~ and  
iodine densi ty ,  0.8 mg/cc .  Seeds were  8 to 12x5xl  
m m  in size, w i th  (111) surfaces and  specific res is-  

% 
Source 1 15 *1" Seed 

Fig. I. Apparatus used for vapor growth in electric field 

t iv i ty  of 10 ohm-cm.  Two r u n s  for each condi t ion,  
i.e., w i t hou t  vol tage  and  wi th  -- 1 kv, were  car r ied  
out. The d u r a t i o n  of deposi t ion was 8 hr  in  every  
case. 

Resul ts  for a ga l l i um doped source are shown in 
Tab le  I in  which  va lues  of each co lumn  are the 
m e a n  of two runs .  In  the case of a ga l l i um doped 
source, the  g rowth  ra te  and  the  t r ans f e r  ra t io  of 
i m p u r i t y  are increased  by  the  appl ied  electr ic  field; 
moreove r  the effect is more  no t iceab le  at a nega t ive  
vol tage  on the  seed t h a n  at a posi t ive voltage.  The 
same p rocedure  was  car r ied  out  wi th  a phosphorus  
doped source;  however ,  no s ignif icant  difference in  
the  t r ans fe r  ra t io  could be seen. This  m a y  come 
abou t  because  phosphorus  is more  n o n - i o n i c  t h a n  
ga l l ium,  or because  phosphorus  is ve ry  reac t ive  wi th  
iodine.  

Silicon.--During si l icon deposi t ion by  the  hyd ro -  
gen r educ t ion  of SIC14 (2) ,  the  electr ic  field was  ap-  
pl ied b e t w e e n  the  si l icon seed and  the opposite elec- 
trode, and  its effects were  inves t iga ted .  The d i ame-  
ter  of the  quar tz  reac t ion  t ube  was  35 mm.  The flow 

Table I. Effects of the electric field on germanium 
deposition (gallium source) 

Specific resistivity, 
Voltage on the seed, kv  Growth  rate,  t~/hr ohm-era  

0 3.1 10 
+1.0 5.9 5 
--1.0 7.1 2 
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ra te  of h y d r o g e n  gas was  1 l i t e r / m i n .  The  t e m p e r a -  
tu re  of the SIC14 vessel  was  kept  cons tan t  at  - -30~ 
and  the  i m p u r i t y  dopan t  was PC18 at  10 ppm. De-  
posi t ion r u n s  were  car r ied  out at 1270~ for 1 hr. 
The gap b e t w e e n  the  seed and  the  opposite elec-  
t rode  was 15 mm.  

F r o m  the  resul t s  shown  in  Fig. 2, it is found  tha t  
the g rowth  ra te  of si l icon on (111) surfaces i n -  
creases w i th  the nega t i ve  vol tage  on the seeds, a nd  
the  specific res i s t iv i ty  first decreases and  then  i n -  
creases at h igher  voltages.  

To e l imina t e  the er rors  which  are  i n t roduced  by  
v a r y i n g  condi t ions  in  each run ,  and  to see the  effect 
of the  electr ic  field direct ly,  a series of con t inuous  
r u n s  was car r ied  out. D u r i n g  each run ,  the  vol tage  
was changed,  e.g., 0, --1 kv, 0, --1 kv, every  1 hr. 
T h e n  the  deposi ted layers  were  l apped  at a 3 ~ angle,  
and  the  specific res i s t iv i ty  was checked by  the  
sp read ing  res i s tance  of a po in t  contact�9 

A n  example  of the res i s t iv i ty  d i s t r i bu t ion  of these 
wafers  expressed  by  sp read ing  res is tance  is shown 
in  Fig. 3. The  g r adua l  res i s t iv i ty  increase  t oward  
the  r igh t  can  be exp la ined  by  the  approach  of meas -  
u r i ng  poin ts  to a p - n  junct ion�9  The  dot ted  l ine  is 
d r a w n  by  ave rag ing  the  local sp read ing  res i s tance  
and  us ing  the g rowth  ra te  ra t io  of Fig. 2. The fact 
tha t  the measu red  points  do not  exac t ly  fit the do t -  
ed l ine  m a y  be exp la ined  by  i m p u r i t y  diffusion a nd  
the  ave rag ing  and  scat ter  of the spread ing  res is t -  
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Fig. 4. Growth in electric field with needle electrode 

Fig. 5. Dendritic growth of Si in electric field 

ance  measurements �9  The  resu l t s  ob ta ined  f rom the 
series of these r u n s  can be s u m m a r i z e d  as follows: 
(i) The decrease  of the specific res i s t iv i ty  due  to 
the  appl ied  electr ic  field is more  no t iceab le  at --1 
kv  t h a n  at  --2 kv. (i i)  Nega t ive  vol tages  on the  seed 
are more  effective in  decreas ing  the res i s t iv i ty  t h a n  
posi t ive  voltages.  ( i i i )  The  g rowth  ra te  is fas ter  at  
nega t ive  vol tage  on the  seed t h a n  at  posi t ive  vo l t -  
age, and  fas ter  at - -2 kv  t h a n  at --1 kv. These re -  
sul ts  are in  qua l i t a t i ve  a g r e e m e n t  wi th  the  resu l t  
of Fig. 2. 

By mechan i sms  s imi la r  to segregat ion  in  g rowth  
f rom a melt ,  the  faster  the g rowth  ra te  is, the  more  
i m p u r i t y  can be incorpora ted  in to  the  crystal .  So if 
the  res i s t iv i ty  change  resu l t ed  f rom the  change  of 
g rowth  rate,  res i s t iv i ty  wou ld  be lower  in  the  case 
of --2 kv  t h a n  --1 kv. Since this  is not  the  case, the 
electr ic  field seems to have  ano the r  effect on the 
m e c h a n i s m  of i m p u r i t y  e n t e r i n g  into the  crystals�9 

To visual ize  the  effect on g rowth  ra te  change,  
vol tage  was appl ied  w i th  a needle  electrode�9 The 
g rowth  was fas ter  jus t  b e n e a t h  the  needle .  The  
deposit  was fo rmed  in  the  shape of a m o u n t a i n  w i th  
a h o r n  at the top, as shown  in  Fig. 4. 

S ingu l a r  dendr i t i c  g rowth  was observed wi th  the 
appl ica t ion  of an  electric field at SIC14 t e m p e r a -  
tures  h igher  t h a n  --15~ F igu re  5 A, B shows ex-  
amples  of those samples  w he r e  --2 kv  was  appl ied  
to the seed, showing  the  poss ib i l i ty  of dendr i t i c  
vapor  growth.  

To eva lua t e  the  m e c h a n i s m  of these  effects of 
the  electric field, m a n y  e xpe r i me n t s  wi th  chang ing  
t empe ra tu r e ,  flow rate,  a nd  impur i t i e s  wi l l  be n e -  
cessary. Such e xpe r i me n t s  are now  in  progress.  It  
seems a p p a r e n t  tha t  w i th  the  appa ra tu s  a nd  con-  
d i t ions  of ep i t ax ia l  g rowth  used,  the  r a t e - l i m i t i n g  
factor  of g rowth  canno t  be  mass  t r ans f e r  of r eac t an t  
or p roduct  molecules ,  b u t  some process which  o c -  
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curs  on t h e  c r y s t a l  sur face .  This  m a y  be  an  effect  of 
t he  e l ec t r i c  f ield on the  r a t e  of su r f ace  a d s o r p t i o n  
or  t he  r a t e  of a d d i t i o n  to g r o w t h  s teps;  and  i t  m a y  
i nvo lve  ion iza t ion  of t he  r e a c t i o n  molecu les ,  b u t  th is  
is on ly  specu la t ion .  
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The Properties of the Intermetallic Phases 
in the System Au-Sn 

M .  B. M c N e i l  

Materials Research & Development Laboratory, Texas Instruments Incorporated, Dallas, Texas 

The e q u i l i b r i u m  p h a s e  d i a g r a m  of the  s y s t e m  
A u - S n  has  b e e n  i n v e s t i g a t e d  b y  a n u m b e r  of w o r k -  
ers  [see  b i b l i o g r a p h y  in ( 1 ) ]  and  is g e n e r a l l y  r e -  
g a r d e d  as f a i r l y  we l l  e s t ab l i shed ,  a l t h o u g h  some  
ques t ion  r e m a i n s  as to t he  de ta i l s  of the  A u - r i c h  
s ide  (1, 2) .  H o w e v e r ,  no d a t a  a p p e a r  to be  a v a i l a b l e  
on the  m e c h a n i c a l  p r o p e r t i e s  of t h e  t h r e e  i n t e r -  
me ta l l i c  compounds ,  A u S n ,  AuSn2,  and  AuSn4,  
w h o s e  ex i s t ence  a p p e a r s  to be  f i rmly  e s t ab l i shed .  
Not  on ly  w o u l d  these  d a t a  be  of p r a c t i c a l  i n t e r e s t  
because  of the  use  of A u - S n  in s e m i c o n d u c t o r  
devices ,  b u t  in  the  l igh t  of r e c e n t  w o r k  (3)  r e l a t i n g  
the  h a r d n e s s  of i n t e r m e t a l l i c  c o m p o u n d s  to t h e i r  
e l ec t ron ic  s t ruc tu re ,  t h e y  m i g h t  be  of some t h e o -  
r e t i c a l  i n t e r e s t  as wel l .  

A u S n  has  a B8 s t r u c t u r e  homologous  w i t h  N iAs  
(4 ) ;  t he  s t r u c t u r e  of AuSn2 has  no t  been  c o m -  
p l e t e l y  d e t e r m i n e d ,  b u t  i ts  t r a n s l a t i o n  g roup  is o r -  
t h o r h o m b i c  p r i m i t i v e  ( 5 ) ;  AuSn4 has  a c o m p l i c a t e d  
s t r u c t u r e  w i t h  a l a r g e  un i t  cel l  h a v i n g  o r t h o r h o m -  
bic  t r a n s l a t i o n a l  s y m m e t r y  (6, 7).  

A u S n ,  AuSn2, and  AuSn4 a re  a l l  t h o u g h t  to  h a v e  
v e r y  n a r r o w  r a n g e s  of h o m o g e n e i t y  (1, 2) .  

The  spec imens  used  in th is  w o r k  w e r e  m a d e  up  
f rom s to i ch iome t r i c  quan t i t i e s  of 99.99% A u  a n d  
99.9% Sn  and  w e r e  cas t  in a l u n d u m  in a h e l i u m  
a t m o s p h e r e .  The  A u S n  was  f u r n a c e  cooled;  be c a use  
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of the  l a ck  of a c o n g r u e n t  m e l t i n g  p o i n t  in  t h e  cases  
of AuSn2 and  AuSn4,  t he se  ingo t s  w e r e  q u e n c h e d  
f r o m  the  me l t  and  a n n e a l e d ;  t h e y  a p p e a r e d  to be  
o n e - p h a s e  on mic roscop ic  e x a m i n a t i o n ,  and  the  
p o w d e r  p a t t e r n s  showed  no l ines  of e x t r a n e o u s  
p h a s e s .  

The  m i c r o h a r d n e s s  of f ine ly  p o l i s h e d  sl ices of t he  
c o m p o u n d s  was  m e a s u r e d  on a B l e e k e r  super f i c ia l  
h a r d n e s s  t e s t e r  b e l o n g i n g  to t h e  T e x a s  I n s t r u m e n t s  
S t a n d a r d s  L a b o r a t o r y .  The  r e su l t s  of these  s tud ies  
a r e  e m b o d i e d  in  Fig .  1, 2, a n d  3 and  T a b l e  I. 
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Table I. Hardness measurements 

A u S n  h a r d n e s s  m e a s u r e d  a s  B r i n e l l  h a r d n e s s  i n  k i l o g r a m s  p e r  
s q u a r e  m i l l i m e t e r :  

T e m p ,  ~  H a r d n e s s  T e m p ,  ~  H a r d n e s s  

77 207 366 124 
223 195 430 110 
248 190 476 126 
297 175 535 110 
304 146 

A u S n e  h a r d n e s s  as  B r i n e l l  h a r d n e s s  i n  k i l o g r a m s  p e r  s q u a r e  m i l l i -  
m e t e r :  

T e m p ,  ~  H a r d n e s s  T e m p ,  ~  H a r d n e s s  

77 185 291 133 
207 161 334 110 
243 145 

AuSn4  h a r d n e s s  as  K n o o p  h a r d n e s s  in  k i l o g r a m s  p e r  s q u a r e  m i l l i -  
m e t e r :  

T e m p ,  ~  H a r d n e s s  T e m p ,  ~  H a r d n e s s  

77 74.0 298 41.5 
206 55.0 348 35.2 
244 50.5 

The ha rdness  curve  for AuSn ,  the  most  i n t e r e s t -  
ing  of the  th ree  compounds ,  shows a d i s con t inu i ty  
at a va lue  of To/T cor respond ing  to 200~ This  
d i scon t inuous  behav io r  is revers ib le ,  as was ve r i -  
fied by  r epea t ing  the  m e a s u r e m e n t s  a n u m b e r  of 
t imes  on a s ingle  sample.  

Be r ns t e i n  (8) has observed  a revers ib le  d iscon-  
t i n u i t y  in  the coefficient of t h e r m a l  expans ion  of 
A u - A u S n  eutect ic  al loys at  200~ This  m a y  be p re -  
sume d  to be due  to the  same effect tha t  causes the  
change  in  hardness ,  bu t  so far  no success has been  
achieved in  de tec t ing  the  n a t u r e  of the  effect. If 
it  is an  o rde r -d i so rde r  t r a n s f o r ma t i on ,  the  supe r -  
la t t ice l ines m u s t  be r e l a t i ve ly  fa int ,  s ince no 
change  was detec ted  in  a powder  p a t t e r n  above and  
be low this  t e m p e r a t u r e .  
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Capacity Measurements on Rapidly 
Polarized Germanium Electrodes 

P. J. Boddy and W. J. Sundburg 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

W h e n  the  g e r m a n i u m - e l e c t r o l y t e  in te r face  is pol -  
arized, the observed  change  in  po ten t i a l  across the 
sys tem (AVE) is the s u m  of the  changes  across th ree  
regions;  the  space charge reg ion  in  the  semiconduc-  
tor  (A~I's), the  space charge reg ion  in  the  so lu t ion  
(A~I'sol), and  the He lmhol tz  reg ion  (AVH). For  the  
e lec t ro ly te  concen t ra t ions  cons idered  here,  A~I'sol is 
m u c h  smal l e r  t h a n  A'I's and  m a y  be neglected.  Hence  
AVE -- AVH--A~I's. F u r t h e r ,  s ince 'I's m a y  be d e t e r m i n e d  
by  ana lyz ing  the in te r fac ia l  capaci ty  (1) or the  
photovol ta ic  response  (2) ,  A V H  m a y  be  ca lcu la ted  
wi th  an  e r ror  of up  to a few mi l l ivo l t s  due  to neglec t  
o f  A'I tsol .  

In  p rev ious  expe r imen t s  (1) a cons tan t  po la r iz ing  
c u r r e n t  was  applied,  and  the capaci ty  of the  i n t e r -  
face was  m e a s u r e d  by  means  of a supe r imposed  
shor t  d u r a t i o n  cons tan t  cu r r en t  pulse. The r e su l t ing  
vol tage  response  (Vc) was observed  on an  oscil lo-  
scope whi le  VE was m e a s u r e d  on a h igh  imp e da nc e  
vol tmeter .  This  process took f rom 1 to 2 sec. The 
pola r iz ing  c u r r e n t  was t hen  swi tched off, the  c u r r e n t  

source ad jus ted  to a n e w  value,  a nd  the process 
repeated.  

I t  was found  tha t  at h igh  c u r r e n t  densi t ies  VE 
changed  more  r ap id ly  t h a n  the  va r i a t i on  in  ~I's de-  
duced f rom capaci ty  m e a s u r e m e n t s .  This  va r i a t i on  
m a y  be exp la ined  by  changes  in  the  po ten t i a l  dif-  
fe rence  across the  Helmhol tz  region.  Fu r the r ,  it  was 
d e t e r m i n e d  e x p e r i m e n t a l l y  tha t  the  m a g n i t u d e  of 
• was a func t i on  of the  charge  tha t  f lowed 
th rough  the system, i.e., was t ime  d e p e n d e n t  at con-  
s tan t  cur ren t .  

Since a ce r ta in  r ange  of c u r r e n t  is needed  to po-  
lar ize  the sys tem to ob ta in  sufficient  data,  the  on ly  
feasible  w a y  to reduce  the  charge is to reduce  the 
t ime  tha t  the sys tem is sub jec t  to polar iza t ion.  One 
me a ns  of doing this  is to sweep the po la r iz ing  cur -  
r en t  r ap id ly  t h r ough  the  r e q u i r e d  r a nge  whi le  the 
capaci ty  s ignal  (Vc) descr ibed above a nd  the  elec- 
t rode  po ten t i a l  are  con t inuous ly  recorded.  

F igu re  1A shows a typ ica l  oscilloscope p r e s e n t a -  
t ion  of the po ten t i a l  across the  sys tem w h e n  a con-  
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Fig. 1. (A) Representation of the potential vs. time across a 
germanium-electrolyte interface when a constant current pulse 
(duration t) is passed through it; (B) the same representation with 
no time reference. 

s t an t  c u r r e n t  pu l se  is pa s sed  t h r o u g h  i t  (1) .  The  
c a p a c i t y  of the  i n t e r f a c e  is i n v e r s e l y  p r o p o r t i o n a l  
to Vc p r o v i d i n g  the  l i f e t ime  of t he  d e c a y  curve ,  r 
is long c o m p a r e d  w i t h  t he  pu l se  wid th ,  t. I f  t h e r e  
is no ho r i zon t a l  sweep,  the  p r e s e n t a t i o n  w i l l  con-  
sist  of two  v e r t i c a l  l ines  bc and  de  as in  Fig.  lB .  The  
u p p e r  l ine,  bc, r e p r e s e n t s  t he  m a g n i t u d e  of the  
c h a r g i n g  curve ,  and  the  l o w e r  l ine,  de,  is the  m a g -  
n i t u d e  of Vc. Because  the  s lope  of ab  and  cd is so 
g r e a t  t he se  l ines  wi l l  a p p e a r  v e r y  f a i n t l y  or  no t  a t  
al l .  

I f  t he  e l ec t rode  p o t e n t i a l  is u sed  to d r i v e  the  
h o r i z o n t a l  ampl i f i e r  of t he  osc i l loscope  w h i l e  t he  
p o l a r i z i n g  c u r r e n t  is a u t o m a t i c a l l y  v a r i e d  t h r o u g h  
a g iven  r ange ,  the  r e s u l t i n g  p r e s e n t a t i o n  wi l l  be  two  
envelopes .  The  u p p e r  one wi l l  be  t he  m a g n i t u d e  of 
the  c h a r g i n g  c u r v e  and  the  l o w e r  one w i l l  be  Vc, 
bo th  as a func t ion  of t he  e l ec t rode  po t en t i a l .  The  
m a g n i t u d e  of t he  two  enve lopes  w i l l  be  t he  s ame  at  
any  one v a l u e  of e l ec t rode  po ten t i a l .  In  Fig.  1B one 
can  see t h a t  t h e r e  m a y  be  d i f f i cu l ty  in  s e p a r a t i n g  cb 
and  d e  if p o i n t  d l ies  a b o v e  po in t  b. In  p r a c t i c e  ab 
and  cd a re  qu i t e  l a r g e  due  to t he  ser ies  r e s i s t ance  of 
t he  g e r m a n i u m  and  so lu t ion;  t he re fo re ,  t he  u p p e r  
e n v e l o p e  is g e n e r a l l y  p r o j e c t e d  off t he  screen.  If, 
h o w e v e r ,  t he  i n h e r e n t  r e s i s t ance  is no t  sufficient  to 
do this ,  an  e x t e r n a l  r e s i s t ance  can  be  p l a c e d  b e -  
t w e e n  the  g e r m a n i u m  and  ground .  This  w i l l  h a v e  
no effect on the  m a g n i t u d e  of Vc. 

A n  e x p e r i m e n t  of th is  n a t u r e  has  b e e n  c a r r i e d  out  
w i t h  a (110) o r i e n t e d  30 o h m - c m  p - t y p e  g e r m a -  
n i u m  e l ec t rode  ( a p p a r e n t  su r face  a r e a  1.46 cm 2) 
in n e u t r a l  p o t a s s i u m  su l fa t e  so lu t ion .  P o l a r i z i n g  
c u r r e n t  was  s w e p t  f r o m  0 to 200 ~a and  b a c k  to 
zero in 10 sec. This  c u r r e n t  was  n o n l i n e a r  w i t h  t ime,  
be ing  s u p p l i e d  b y  a p p l i c a t i o n  of a t r i a n g u l a r  vo l t age  
sweep  a p p l i e d  to a t u b e  o p e r a t e d  n e a r  cut-off .  This  
a r r a n g e m e n t  gave  an  a p p r o x i m a t e l y  l i n e a r  e l ec -  
t r o d e  p o t e n t i a l  sweep  and,  hence,  a p p r o x i m a t e l y  
equa l  i n t e n s i t y  of the  i m a g e  across  t he  screen.  The  
c a p a c i t y  m e a s u r i n g  pu l se  was  100 ~a a p p l i e d  for  5 
~sec at  1 mi l l i sec  i n t e rva l s .  

The  osc i l loscope  t r a c e  was  p h o t o g r a p h e d  (Fig .  2) 
and  a n a l y z e d  to g ive  i n t e r r a c i a l  c a p a c i t y  vs. e lec -  
t r o d e  p o t e n t i a l  cu rves  (Fig .  3) .  The  cu rve  d e n o t e d  
b y  the  t r i a n g l e s  is t he  c a l c u l a t e d  i n t e r r a c i a l  c a p a c i t y  

Fig. 2. Vc vs. the electrode potential. In (a) (top) the polarizing 
current was varied from 200/~a to 0; in (b) (bottom) it was varied 
from 0 to 200 ~a. In both instances the vertical scale was 4.3 x 
10 - 3  v/large div. and the horizontal scale was 1.2 x 10 - 1  v/large 
div. 

10-7 

8 
:E 

X ~ 10-8 

4 
-0 .2  

S 

-0 .3  - 0 . 4  --0.5 -0 .6  -0 .7  
ELECTRODE POTENTIAL IN VOLTS VS S.C.E. 
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n o r m a l i z e d  to t he  e x p e r i m e n t a l  m i n i m u m  and  as -  
s u m i n g  A V E :  --A'I's. I t  m a y  be  o b s e r v e d  t h a t  the  
t h e o r e t i c a l  a n d  e x p e r i m e n t a l  cu rves  a g r e e  f a v o r -  
a b l y  ove r  a w i d e  r a n g e  of p o l a r i z a t i o n  i nd i ca t i ng  
that  AVE and  - - •  a r e  equal .  This  a g r e e m e n t  m a y  
be c o m p a r e d  w i t h  t h a t  of t he  cu rves  in Fig .  4, in 
w h i c h  the  d a t a  w e r e  t a k e n  po in t  b y  point ,  w h e r e  the  
e l ec t rode  p o t e n t i a l  changes  b y  a g r e a t e r  a m o u n t  
t h a n  t h e  t h e o r e t i c a l  ~s.  This  ind ica t e s  a m u c h  



1172 JOURNAL OF THE ELECTROCHEMICAL SOCIETY N o v e m b e r  1963 

iO'? 

1 

_z 

o. 
,< 

u. 8 
i1: 
ul 
p- 
z g ,  

/ /,/ 

-0.4 -0-5 40.2 - 0 . 3  - 0 . 6  -0 .7  
ELECTRODE POTENTIAL IN VOLTS VS $.C.E 

Fig. 4. Electrode potential ys. the interfacia| capacity. The 
circles and squares were obtained by the point by point method. 
Theoretical values were calculated and normalized to the experi- 
mental minimum capacity. I--I, 0-200 /~a; O, 200-0 no; z~, 
theoretical. 

l a r g e r  change  in t he  H e l m h o l t z  p o t e n t i a l  t h a n  is 
e v i d e n t  w i t h  the  m o r e  r a p i d l y  a p p l i e d  po l a r i za t i on .  

The  effect  o b s e r v e d  is s im i l a r  to t h a t  of s low s u r -  
face  s t a tes  w h i c h  a r e  f o r m e d  a t  t he  g e r m a n i u m - g a s  
in t e r face .  H o w e v e r ,  i t  is b e l i e v e d  t h a t  such  s low 
s ta tes  occur  in  or  on t h i c k  ox ide  f i lms w h i c h  a r e  not  

p r e s e n t  u n d e r  t h e  cond i t ions  of our  e x p e r i m e n t .  W e  
h a v e  p r e v i o u s l y  i n t e r p r e t e d  t h e  c h a n g e  in  H e l m -  
ho l tz  p o t e n t i a l  on p r o l o n g e d  p o l a r i z a t i o n  as  be ing  
due  to the  r e m o v a l  of a d s o r b e d  o r i e n t e d  w a t e r  m o l -  
ecules  (3, 4) .  The  p r e s e n t  s y s t e m  p r o v i d e s  a m e a n s  
of s y s t e m a t i c a l l y  s t u d y i n g  the  k ine t i c s  of the  
p h e n o m e n o n .  

The  d a t a  d e s c r i b e d  h e r e  e x t e n d  t h e  s i m i l a r  d a t a  
of B r a t t a i n  and  B o d d y  (1)  to  a w i d e r  p o l a r i z a t i o n  
r a n g e  and  s u b s t a n t i a l l y  conf i rm the  o b s e r v a t i o n s  of 
H a r t e n  and  M e m m i n g  (5)  who  conc luded ,  on the  
bas is  of  su r f ace  c o n d u c t i v i t y  m e a s u r e m e n t s ,  t ha t  
changes  in VE and  ~'s w e r e  e q u a l  in m a g n i t u d e  over  
a c o n s i d e r a b l e  r a n g e  of r a p i d l y  a p p l i e d  anodic  
po la r i za t ion .  

Manuscr ip t  rece ived  Ju ly  3, 1963. 

Any  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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Ion Exchange Membrane Properties Their Effect on 
the Development of the Dual Membrane Fuel Cells 

Robert M .  Lurie, 1 Carl  Berger, 2 and Hans Viklund 1 

Ionics Incorporated, Cambridge, Massachusetts 

ABSTRACT 

The operation and construction of dual ion exchange membrane fuel cells 
are described, and data are given for the operating characteristics of dual and 
single membrane cells. Membranes of varying diffusivity, thickness, and com- 
position are compared. The strong effect of electrode construction is noted. 
Part icular  attention has been given to the changes that  occur during long 
time operation, and the importance of water and electrolyte transfer is dis- 
cussed. 

In the last  few years  fuel  cell research  has c rys ta l -  
l ized into four dis t inct  areas. These are  represen ted  
by  the caustic e l ec t ro ly te -g raph i t e  electrode cell 
(1),  the in te rmedia te  range t e m p e r a t u r e - n i c k e l  
e lec t rode-caus t ic  e lect rolyte  cell (2),  the h i g h - t e m -  
pe ra tu re  solid e lect rolyte  fuel  cell  (3) ,  and the ion 
membrane  fuel  cell. It  is the l a t t e r  tha t  has been the 
subject  of research efforts in these labora tor ies  (4).  

The single ion membrane  fuel  cell (SIMFC) is 
represen ted  in Fig. 1A. The membrane  is a cross- 
l inked  po lys ty rene  ma t r i x  into which conductive 
SOsH groups have  been introduced.  Conduction 
through these resins may  take  place by  the t ransfe r  
of hydrogen  ions through the resin, or the membrane  
may  be equ i l ib ra ted  wi th  salts or bases so tha t  con- 
duction occurs main ly  by  cations such as sodium or 
potass ium (4).  While  it is possible for anionic t r ans -  
fer  to be used in SIMFC, due to problems re la ted  to 
resin s tab i l i ty  and diffusion ra tes  (to be discussed 
be low) ,  the  cation m e m b r a n e  is the p re fe r red  form 
at the present  time. Two membranes  separa ted  by  
a l iquid l aye r  may  also be used wi th  great  advan-  
tage in place of the single membrane  (Fig. 1B). 
This configuration is called a dual  membrane  cell. 

The cata lys t  e lectrode assembly  may  be con- 
s t ructed in a number  of ways.  Noble meta l  ca ta lys t  
powder  m a y  be imbedded  into the  membrane  and 

1 Presen t  address :  Research  and  A d v a n c e d  Deve lopmen t  Divis ion,  
Avco Corporation,  Lowell,  Massachuset ts .  

P resen t  address :  As t ropower ,  Inc.,  Newpor t  Beach,  California.  
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Fig. lB. Hydrogen and oxygen voltage-current characteristics 
(dual membrane cell). 

electronic conduction main ta ined  wi th  a collector 
contact ing the powder ;  s intered assemblies of ca ta-  
lys t  and waterproof ing  agents  may  be appl ied  to the 
membrane ;  or, finally, the  sys tem used in our exper i -  
men ta l  models, the deposi t ion on a p l a t inum screen 
of a noble me ta l  cata lys t  which is then  pressed 
against  the membrane .  Oxygen or air  is in t roduced 
into the cathode and the react ion 

02 + Is + 2 e -  --> HO2- -F O H -  

has been pos tu la ted  (1) as occurring,  indicat ing tha t  
O2 is ut i l ized in the  cell th rough  a perox ide  mechan-  
ism, a hypothesis  which expla ins  the less than  theo-  
re t ica l  open-c i rcui t  potent ia l  obta ined for such oxy-  
gen electrodes vs. the  s t andard  hydrogen  electrode. 

Experimental 
Membranes . - -The  cationic membranes  used were  

produced by impregna t ing  dyne l  cloth, 0.020 in. in 
thickness,  wi th  a mix tu re  of s tyrene,  d iv iny l  ben -  
zene, and d ie thy l  benzene. The wet  cloth was  la id  be -  
tween  glass p la tes  for  16 hr  at  60~ The glass plates  
were  s t r ipped and the resinous "board"  soaked in 
methanol .  The resu l tan t  product  was t r ea ted  by  sul-  
fonat ion to y ie ld  a p roduc t  w i th  a capaci ty  of 3 
meg per  d ry  gram. Anionic membranes  are  produced 
in a s imi lar  fashion except  tha t  ch loromethyla t ion  
and subsequent  amina t ion  produce qua t e r na ry  am-  
monium groups. 
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Fig. 2. Exploded view, fuel cell, dual membrane; a, pressure 
screw; b, tie down bolt; c, metal flange; d, Lucite end plate; 
e, thin pvc gasket; f, Lucite spacer; g, perforated Lucite backup 
plate; h, thin pvc gasket; i, Pt-Ti grid; j, thin pvc gasket; k, Pt 
electrode; I, Teflon gasket; m, membrane; n, Teflon gasket; o, 3 
Saran screens; p, thick pvc gasket; q, expanded Ta grid; r, thin 
pvc gasket; s, Lucite center compartment; t, nut. 

Electrodes.--One of the t echn iques  used in  p r e -  
pa r ing  electrodes for our  cells u t i l ized  a p l a t i n u m  
screen, 80 mesh.  A pas te  of p l a t i n u m  b lack  and  
wa te r  was spread  onto the  screen and  pressure  was  
appl ied  in  a press. W h e n  dried,  a sufficiently co- 
hes ive  s t r uc tu r e  was  ob ta ined  for use as an  electrode.  

Assembly procedure.--The cell  componen t s  are 
shown in  Fig. 2. The  cen te r  c o m p a r t m e n t  has th ree  
holes dr i l l ed  in  it, one  for a heater ,  one for a t h e r -  
momete r ,  and  one for a calomel  electrode.  The 
backup  section, made  of expanded  t i t a n i u m  or t a n -  
t a lum,  is p laced n e x t  to the cen te r  compar tmen t .  
This  e x p a n d e d  m a t e r i a l  is gasketed  w i th  po l yv i ny l  
chloride.  Three  th icknesses  of S a r a n  sc reen ing  cover 
the  expanded  screen. Af te r  this, in  order  of the i r  use, 
is a Teflon gasket,  an  ion exchange  m e m b r a n e ,  a n -  
other  Teflon gasket,  a p l a t i n u m  electrode,  a t h in  pvc 
gasket,  a c u r r e n t  collector, and  f inal ly  ano the r  pvc 
gasket.  A gas c o m p a r t m e n t  equa l  in  d imens ion  to the 
ca ta lys t  is t h e n  provided.  A backup  p la te  is inse r t ed  
in  the gas c o m p a r t m e n t  aga ins t  the  surface  of the 
c u r r e n t  collector fol lowed by  a gasket  which  is 
p laced on top of the  gas c o m p a r t m e n t  fol lowed by  an  
end  p la te  wh ich  conta ins  a screw in  the middle ,  the  
purpose  of which  is to app ly  p ressure  to the b a c k u p  
plate.  The end  p la te  also has gas in le t  and  out le t  
openings.  The  end  piece is a me ta l  flange. 

Experimental procedure.--Pure H2 and  02 were  
a l lowed to flow into the H2 and  O2 electrode com-  
pa r tmen t s ,  respect ively .  Total  c u r r e n t  d ischarge  
character is t ics  were  s tudied  by  a l t e r ing  the  e x t e r n a l  
res i s tance  in  the  fuel  cell circuit .  As the  res i s tance  
was  var ied ,  r ead ings  were  made  f rom open circui t  in  
4 m a / c m  2 i n t e rva l s  u n t i l  po la r i za t ion  was  noted.  
S teady  state  was  achieved at each r ead ing  by  w a i t -  
ing  severa l  minu tes .  As the  c u r r e n t  was  measured ,  
ha l f  cell vol tage  m e a s u r e m e n t s  were  made  b e t w e e n  
a ca lomel  e lectrode i m m e r s e d  in  the  cen t ra l  e lec t ro-  
ly te  c o m p a r t m e n t  and  the hyd rogen  and  oxygen  
electrodes,  u t i l i z ing  a B e c k m a n  Model G mi l l i vo l t -  
meter .  In  this  m a n n e r  compara t ive  pe r fo rmanc e  of 
O2 and  H2 electrodes could be s tudied  t h r o u g h o u t  the  
effective opera t ing  r ange  of the  fuel  cell. 

Results and discussion.--Single ion m e m b r a n e  h y -  
d r o g e n - o x y g e n  fuel  cells are a t t r ac t ive  in  concept  
bu t  have  pract ica l  l imi t a t ions  wi th  respect  to de hy -  
d ra t ion  and  wa t e r  ba lance  p rob lems  and  safety con-  
s idera t ions  in  cr i t ical  space missions.  Other  i m p o r -  
t a n t  p rob l em areas are re la ted  to electrode type  and  
configurat ion,  m e m b r a n e  thickness ,  and  d e m i n e r a l i -  
za t ion at e l e c t r o d e - m e m b r a n e  interfaces .  
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Fig. 3. Oxygen utilization and evolution 

One of the more  i m p o r t a n t  research  areas inves t i -  
gated p e r t i n e n t  to both  SIMFC and  the  DMFC is the  
p roper  select ion of an  e lec t rode-col lec tor  assembly,  
not  on ly  on the  basis of its phys ica l  p roper t ies  such 
as contact  area  bu t  also on its chemical  cha rac t e r -  
istics. Some of the differences no ted  can be found  in  
Fig. 3, where  the  charge and  discharge  curve  of the  
severa l  different  forms of oxygen  e lect rode have  
been  examined .  I t  is c lear  tha t  d is t inc t  differences 
in  i r r eve r s ib le  p h e n o m e n a  occur w h e n  compar ing  
p l a t i n u m  electrode collectors w i th  va r ious  forms of 
g raph i te  e lectrode collectors. On the d ischarge  por -  
t ion  of the curve  the  difference a moun t s  to about  
0.1v and  inc ludes  open-c i r cu i t  condit ions.  A smal ler ,  
yet  subs t an t i a l  difference is also no ted  w h e n  the  
electrode ca ta lys t  a s sembly  evolves 02. The reasons  
for this behav io r  are not  clear.  

F r o m  a p u r e l y  t echn ica l  po in t  of v iew the  p rob l em 
of res is tance  of m e m b r a n e s  is no t  a press ing  one. I t  
is l ike ly  tha t  t h i n n i n g  of m e m b r a n e s  wou ld  e l imi -  
na t e  m u c h  of this  p roblem.  In  addi t ion,  it would  
appear  tha t  the  choice of back ing  ma te r i a l s  wou ld  
also affect res i s tance  of the  cell and  could also be 
solved readi ly .  T h i n n e r  m e m b r a n e s  and  proper  
back ing  ma te r i a l s  wou ld  solve the  res i s tance  p rob -  
l em as can be no ted  in  Tab le  I. However ,  the chances  
of ge t t ing  p inholes  in  a m e m b r a n e  increase  w i th  the 
r educ t ion  of m e m b r a n e  th ickness ,  t h e r e b y  he igh t -  
en ing  the  poss ib i l i ty  of cell fa i lure .  

In  the  final analysis ,  work  on the SIMFC ceased in  
these  labora tor ies  as a resu l t  of w a t e r  ba l ance  and  
desiccat ion problems.  W h e t h e r  the  p rob lems  were  
caused by  use of air, t h e r e b y  caus ing  d e h y d r a t i o n  of 
the 02 electrode or due to i mba l a nc e  of the e n t e r -  
ing mois tu re  con ten t  vs. the  vapor  p ressure  of the  
m e m b r a n e  sur face  fac ing  the  gas, the  on ly  solut ion 
to such p rob lems  in  the  SIMFC appears  to be m e -  
chanica l  wicks (5) .  A n  e xa mpl e  of p rob lems  en -  

Table I. Cation membranes 

Res i s tance ,  
W e i g h t  of h a c k i n g  Th ickness ,  ohrn-cm 2, 
g (oz) cm in  6N HCl 

57 (2) 0.041 0.49 
113 (4) 0.060 0.71 
227 (8) 0.052 1.18 



Vol.  110, No. 12 

1.0 

O.E 

~c 

.~O.E 

w 
u 0.4 

0.2 

22.50HM-CM z 

ION EXCHANGE MEMBRANE PROPERTIES 

Table II. Diffusion of electrochemically formed water 
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Fig. 4. Hydrogen-oxygen fuel cells: a, single membrane, non- 
humidified, Pt/graphite felt electrode; b, single membrane 
humidified, Pt/graphite felt electrode. 

c o u n t e r e d  can  be o b s e r v e d  in  Fig .  4. Us ing  t h e  fue l  
cel l  w i t h  p l a t i n u m  c a t a l y s t  on g r aph i t e ,  Ha and  O2 
w e r e  fed  in to  the  cell .  The  cu rve  l a b e l e d  34 o h m - c m  2 
was  o b t a i n e d  as t he  c u r r e n t  d i s c h a r g e  c h a r a c t e r i s -  
t ic  of t h e  cell .  The  gases  I-I 2 a n d  02 w e r e  t h e n  l ed  
t h r o u g h  humid i f i ca t i on  a p p a r a t u s  a n d  into  t he  fue l  
cell .  The  r e s u l t a n t  d i s c h a r g e  c h a r a c t e r i s t i c  is n o t e d  
in t he  c u r v e  l a b e l e d  22.5 o h m - c m  2 a n d  is i l l u s t r a t i v e  
of the  w a t e r  b a l a n c e  p r o b l e m s  encoun t e r ed .  

The  D u a l  M e m b r a n e  F u e l  Ce l l  concep t  ( D M F C )  
had  been  e v o l v e d  p r i o r  to our  w o r k  on t h e  s ingle  
m e m b r a n e  cel l  (6) .  

The  s y s t e m  has  a g r e a t  dea l  of f l ex ib i l i t y  in t h a t  
m e m b r a n e s  m a y  be  an ionic  or  cat ionic .  In  add i t ion ,  
the  l i qu id  compos i t i on  in  t he  c e n t r a l  c o m p a r t m e n t  
can be  v a r i e d  ove r  a w i d e  r a n g e  w i t h  r e spec t  to con-  
duc t iv i t y ,  concen t r a t i on ,  and  v a p o r  p r e s su re ,  an  i m -  
p o r t a n t  c o n s i d e r a t i o n  in  w a t e r  r e m o v a l .  

O t h e r  a d v a n t a g e s  to be  g a i n e d  f r o m  the  d u a l  
m e m b r a n e  s y s t e m  t y p e  a re :  

1. The  p r o b l e m  of m e m b r a n e  d e h y d r a t i o n  can  be  
e l i m i n a t e d  w h e n  a i r  is u sed  as a source  of 02. In  
add i t ion ,  t h e  H2 and  O2 c h a m b e r s  n e e d  no t  be  f i l led 
w i t h  f luid or  s a t u r a t e d  w a t e r  v a p o r  w h e n  s t o r e d  
s ince  t he  m o i s t u r e  f r o m  the  c e n t r a l  c o m p a r t m e n t  
wi l l  p r e v e n t  d r y i n g  and  c r a c k i n g  at  t he  m e m b r a n e -  
e l ec t rode  in te r face .  

2. The  p o s s i b i l i t y  of m i x i n g  a n d  r e a c t i n g  Ha a n d  
O2 has  b e e n  s h a r p l y  r e d u c e d  b y  t h e  p r e s e n c e  of 
two  m e m b r a n e s .  

3. B y  the  p r o p e r  se lec t ion  of m e m b r a n e s ,  i m p o r -  
t a n t  f l ex ib i l i t y  is g iven  to th is  sys tem.  W a t e r  u s u -  
a l ly  fo rms  on  the  su r f ace  of  t he  e lec t rode ,  w h i c h  
r e su l t s  in  a p r o b l e m  in z e r o - g r a v i t y  o p e r a t i o n  of 
such a cell .  This  is t he  s e p a r a t i o n  of gross  d r o p l e t s  
of w a t e r  on  the  e l ec t rode  w h e n  g r a v i t a t i o n a l  forces  
a r e  absen t .  H o w e v e r ,  e v a p o r a t i o n  of f o r m e d  w a t e r  
on the  Ha e l e c t r o d e  can  be  ef fec ted  b y  p a s s a g e  of 
r e l a t i v e l y  d r y  h y d r o g e n  t h r o u g h  the  c o m p a r t m e n t .  
In  our  sys tem,  w e  h a v e  been  ab l e  to d i r ec t  t he  w a t e r ,  
wh ich  forms ,  to y i e l d  a ne t  flow of w a t e r  in to  the  
c e n t r a l  c o m p a r t m e n t ,  due  to t he  osmot ic  p r e s s u r e  
d i f f e rence  b e t w e e n  the  c e n t r a l  c o m p a r t m e n t  a n d  
the  n e w l y  f o r m e d  w a t e r  on the  e lec t rode .  In  a d d i -  
t ion,  b y  the  p r o p e r  con t ro l  of the  h u m i d i t y  of  e n t e r -  
ing r e a c t a n t  gases,  w e  h a v e  been  ab l e  to c o n c e n t r a t e  
the  so lu t ion  in  t he  e l e c t r o l y t e  c h a m b e r .  T a b l e  I I  
shows  the  de t a i l s  of  one e x p e r i m e n t  w h e r e  a l l  of 
the  w a t e r  f o r m e d  e l e c t r o c h e m i c a l l y  was  f o u n d  in 
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In i t ia l  concentra t ion 
Ini t ia l  volume 

A f t e r  4 8  h r  a t  0 . 4  a m p  

Actual  concentra t ion 
Calcula ted concentra t ion 

Actual  vo lume 
Calcula ted volume 

6.0N KOH 
50.0 ml 

5.30N KOH 
5.33N KOH 

56.0 ml 
56.4 ml  

the  c e n t r a l  c o m p a r t m e n t .  Essen t i a l ly ,  th is  e l i m i n a t e s  
t he  s e p a r a t i o n  p r o b l e m  (H2 f r o m  H20 in zero g r a v i t y  
f ie ld)  d i scussed  a b o v e  and  a l lows  us  to r e c o v e r  
w a t e r  b y  s i m p l e  d i s t i l l a t i on  t e c hn ique s  or  n e w e r  a p -  
p roaches ,  such  as m e m b r a n e  p e r m e a t i o n  (7) .  

P r e l i m i n a r y  mode l s  of  t he  D M F C  w e r e  t e s t ed  a n d  
c o n s i d e r a b l e  i m p r o v e m e n t s  in  p e r f o r m a n c e  w e r e  
noted .  ( C o m p a r e  Fig .  4 a n d  Fig.  5.) A n a l o g o u s  to 
t h e  e l e c t r o d e  co l l ec to r  p r o b l e m  f o u n d  in S IMFC,  
s i m i l a r  c h a r a c t e r i s t i c s  w e r e  n o t e d  in  t h e  DMFC.  In  
Fig.  5, a c o m p a r i s o n  of t he  p o l a r i z a t i o n  cu rves  of 
p l a t i n u m  c a t a l y s t  d e p o s i t e d  on g r a p h i t e  fe l t  and  
p l a t i n u m  d e p o s i t e d  on p l a t i n u m  gauze  is shown.  As  
p r e v i o u s l y  ind ica t ed ,  p e r f o r m a n c e  on t h e  p l a t i n u m  
gauze  is s u p e r i o r  as i n d i c a t e d  b y  a 16.5 o h m - c m  2 
s lope  for  g r a p h i t e  vs. 10.8 o h m - c m  2 for  p l a t i n u m  
gauze.  

The  a d v a n t a g e s  of u t i l i z ing  an  e l e c t r o l y t e - i m -  
p r e g n a t e d  m e m b r a n e  in t h e  D M F C  a re  a c c o m p a n i e d  
b y  the  need  for  m a i n t a i n i n g  the  p r o p e r  ba l ance  
b e t w e e n  d e m i n e r a l i z a t i o n  at  the  e l e c t r o d e - m e m -  
b r a n e  i n t e r f a c e  caused  b y  e l e c t r i c a l l y  i n d u c e d  m i -  
g r a t i o n  of ions  a n d  d i f fus ion  of e l e c t r o l y t e  in to  t he  
d e p l e t e d  area .  A n  e x a m p l e  of such d e p l e t i o n  is d e -  
p i c t e d  in  t he  p e r f o r m a n c e  of t he  e a r l i e s t  f o r m  of 
our  d u a l  m e m b r a n e  cel l  s h o w n  in Fig.  6a. The  p o -  
l a r i z a t i o n  c u r v e  is e x t r e m e l y  s teep,  and  s ing le  e lec -  
t r o d e  a n a l y s i s  i n d i c a t e d  t h a t  t h e  h y d r o g e n  e l e c t r o d e  
gave  poor  p e r f o r m a n c e  ove r  th is  r ange .  The  fac t  t h a t  
t h e  i n c r e a s e  in  r e s i s t ance  is due  to m i g r a t i o n  of ions 
in  an  e l e c t r i c a l  f ield is s h o w n  b y  t h e  fac t  tha t ,  on  
s t and ing ,  d i f fus ion  has  r e s t o r e d  the  o r i g i n a l  p e r -  
f o r m a n c e  c h a r a c t e r i s t i c s  of t he  cell .  D a t a  a c c u m u -  
l a t ed  w i t h  r e f e r e n c e  to t he  d e m i n e r a l i z a t i o n  p r o b l e m  
i n d i c a t e d  t h a t  t he  a l t e r a t i o n  of t he  m e m b r a n e  could  

tO 
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u 0.4 

0.2 . - ' . - 

i l I I I l I I 
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CURRENT DENSITY- MA/CM z 

Fig. 5. Hydrogen-oxygen fuel cells: a, dual membrane (3.17 cm 
e lec tro ly te  t h i c k n e s s ) ,  P t / g r a p h i t e  fe l t  e l e c t r o d e ;  b, dual  m e m -  
brane (3.17 cm electrolyte thickness), Pt/Pt electrode; c, dual 
membrane (0.1 cm e l ec tro ly te  th i ckness ,  c a l c u l a t e d ) ,  P t / P t  e l e c -  
trode.  
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p r o d u c e  a b a l a n c e  in  t he  e l e c t r o m i g r a t i o n  a n d  
coun te rd i f fu s ion  of ions. 

The  c o n v e n t i o n a l  m e m b r a n e  in con tac t  w i t h  t he  
h y d r o g e n  e l ec t rode  was  r e p l a c e d  b y  a " h i g h  d i f -  
f u s i v i t y "  m e m b r a n e ,  Fig.  6b. As  i n d i c a t e d  in the  
g raph ,  the  cel l  p e r f o r m a n c e  i m p r o v e d  m a r k e d l y ,  
a n d  the  u l t i m a t e  p o l a r i z a t i o n  t h a t  o c c u r r e d  was  
shown  to be due  to t he  d e g r a d a t i o n  in p e r f o r m a n c e  
of the  o x y g e n  e lec t rode ,  s t i l l  in  con tac t  w i t h  t he  
c o n v e n t i o n a l  m e m b r a n e .  

F i n a l l y ,  r e p l a c e m e n t  of  bo th  m e m b r a n e s  w i t h  h igh  
d i f fus iv i ty  componen t s  r e s u l t e d  in c o n t i n u e d  sus -  
t a i n e d  p e r f o r m a n c e ,  Fig .  6c. 

A n  o v e r - a l l  v i ew  of the  s u p e r i o r i t y  of the  D M F C  
vs. the  S I M F C  is c l e a r l y  i n d i c a t e d  in l i fe  tes t s  of t he  
t w o  va r i e t i e s .  In  s ing le  m e m b r a n e  cel ls  e q u i l i b r a t e d  
w i t h  e l e c t r o l y t e  s u s t a i n e d  p e r f o r m a n c e  for  s e v e r a l  
d a y s  cou ld  on ly  be  o b t a i n e d  at  low c u r r e n t  dens i t ies ,  
a b o u t  3 m a / c m  2. I t  is c l ea r  t h a t  r a p i d  d e m i n e r a l i z a -  
t ion  occurs  in  the  s ingle  m e m b r a n e  cell .  W h e n  such 
a m e c h a n i s m  o p e r a t e s  in  the  d u a l  m e m b r a n e  cell ,  
c o n t r o l l e d  d i f fus iv i ty  f r o m  t h e  c e n t r a l  c h a m b e r  a ids  
in m a i n t a i n i n g  the  ion b a l a n c e  at  t he  e l e c t r o d e -  
m e m b r a n e  in te r face .  I t  is i n t e r e s t i n g  to no te  tha t ,  
in r e c e n t  l i fe  tests ,  d u a l  m e m b r a n e  cel ls  w i t h  t h i c k  
l i qu id  i n t e r l a y e r s ,  h a v e  n o w  r u n  at  16 m a / c m  u a n d  
0.6v c o n t i n u o u s l y  for  120 days ,  and  such  tes t s  a r e  
con t inu ing .  

The  f l ex ib i l i t y  of the  d u a l  m e m b r a n e  fue l  cel l  is 
f u r t h e r  exempl i f i ed  b y  the  p o s s i b i l i t y  t h a t  v a r i o u s  
e l ec t ro ly t e s ,  aqueous  and  nonaqueous ,  m a y  be  u t i -  
l ized  in  t he  cen t r a l  c o m p a r t m e n t .  T y p i c a l  of e l ec -  
t r o l y t e s  t h a t  can  be  used  a r e  H2SO4 and  K O H  so lu -  
t ions  and,  in F ig .  7, p e r f o r m a n c e  cu rves  a r e  s h o w n  
for  such  tes t  cells.  I t  is i n t e r e s t i n g  to no te  t h a t  no t  
on ly  do the  p e r f o r m a n c e s  of the  cel l  v a r y  w i t h  e l ec -  
t r o ly t e ,  b u t  also w i t h  e l e c t r o l y t e  concen t r a t i on .  
Di f fe rences  m a y  p r o b a b l y  be  a t t r i b u t e d  to changes  
in the  c o n d u c t i v i t y  of t he  so lu t ion  and  m e m b r a n e s .  
A n a l o g o u s  b e h a v i o r  has  b e e n  n o t e d  w h e n  so lu t ions  
of sa l t s  such as p o t a s s i u m  p h o s p h a t e  w e r e  u sed  in 
t he  c e n t r a l  c h a m b e r .  A l t h o u g h  o p e n - c i r c u i t  v o l t a g e s  
w e r e  high,  p o l a r i z a t i o n  o c c u r r e d  r a p i d l y  on d i s -  
charge .  This  s u b j e c t  is s t i l l  u n d e r  i nves t iga t ion .  

The  m e m b r a n e s ,  of course ,  m u s t  be  ab le  to ex i s t  
in t he  e l ec t ro ly t e .  F o r  e x a m p l e ,  s e v e r a l  m e m b r a n e s  
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Fig. 6. Life tests, dual membrane cells, 6N KOH, cells run at 
16 ma/cm 2. 
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Fig. 7. Dual membrane fuel cell. Di f ferent  solutions and mem- 
branes: 6 N  KOH 2 oz anion membranes; N KOH 2 oz anion mem- 
branes; 6 N  H2SO4 2 oz cation membranes; P t /P t  electrodes. 

h a v e  been  t e s t ed  a t  t e m p e r a t u r e s  of 90~176  for  
ove r  2000 h r  in  3N N a O H  w i t h  less  t h a n  10% loss 
of e x c h a n g e  capac i ty .  

In  s u m m a r y ,  i t  a p p e a r s  t h a t  t he  dua l  m e m b r a n e  
fue l  ce l l  has  a n u m b e r  of a d v a n t a g e s .  

1. S a f e t y - - T h e  chances  of b u r n i n g  or  exp los ion  
due  to the  c a t a l y t i c  un ion  of H2 and  02 a r e  e l i m i -  
na ted .  

2. W a t e r  b a l a n c e  The  p r o b l e m  of  r e t a i n i n g  a 
p r o p e r  w a t e r  con ten t  in m e m b r a n e s  to avo id  d e h y -  
d r a t i o n  a n d  p o t e n t i a l  c r a c k i n g  a p p e a r s  to b e  we l l  in  
hand.  

3. The  d u a l  m e m b r a n e  ce l l  a p p e a r s  to h a v e  h i g h -  
t e m p e r a t u r e  c a pa b i l i t i e s  no t  h e r e t o f o r e  f o u n d  in ion 
m e m b r a n e  fue l  cells.  

4. A f l ex ib i l i t y  in  d e v e l o p i n g  d i f f e ren t  m o d e s  of 
o p e r a t i o n  has  been  de ve lope d ,  d u e  to  t he  p o s s i b i l i t y  
of us ing  v a r i o u s  m e m b r a n e s  a n d  e l e c t r o l y t e  so lu -  
t ions.  

A c k n o w l e d g m e n t s  
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A n y  discussion of this  paper  wi l l  appear  in ~/Discus- 
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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Individual Crystal Grains of Stainless Steels 
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ABSTRACT 

Transmiss ion e lec t ron microscopy and diffract ion studies were  made  on thin  
sections of 18Cr-8Ni and 25Cr-20Ni s tainless  steels oxidized in ~10 -4  m m  Hg 
d ry  a i r  a t  300~176 and on oxide  repl ica  films formed on etched surfaces 
of both  steels in a mol ten  n i t ra te  solut ion at  300~176 The oxide films con-  
sisted of spinel  phase oxides, near  FeCr204 in the  low-pres su re  oxidat ion and 
near  NiCr204 in the mol ten  n i t ra te  oxidat ion,  and comple te ly  pa ra l l e l  g rowth  
be tween  these spinel  oxides and the aus teni te  crysta ls  was observed in both 
cases. Elect ron micrographs  of the  oxidized thin  sections showed aniso t ropy of 
oxidat ion  of the  austeni te  crystal ,  suggest ing tha t  the  (111) p lane  is least  active 
and the ~ 1 1 0 ~  direct ion is most  act ive for  oxidat ion.  

M a n y  s tud ies  have  been  p u b l i s h e d  on the  r e s i s t -  
ance  of  s ta in less  s tee ls  to co r ros ion  and  h i g h - t e m -  
p e r a t u r e  ox ida t ion .  E l e c t r o n  d i f f r ac t ion  has  been  
used  to e x a m i n e  the  s u r f a c e  p r o d u c t s  r e s u l t i n g  f r o m  
the  co r ros ion  a n d  the  o x i d a t i o n  and  has  p r o d u c e d  
m u c h  i n f o r m a t i o n  c o n c e r n i n g  t h in  s u r f a c e  l a y e r s  on 
t h e s e  a l loys .  The  s t r u c t u r e  of o x i d a t i o n  p roduc t s ,  
such  as  ~,-Fe~Os, Fe~O4, a -Fe203,  Cr20~, FeCr204,  
NiCr204, a n d  t h e i r  sol id  so lu t ions  ( 1 - 7 ) ,  and  
(Fe,  N i )CrO4  (8) h a v e  been  r e p o r t e d .  Bu t  for  a 
c o m p l e t e  u n d e r s t a n d i n g  of the  cor ros ion  r e s i s t a nc e  
of t h e  s t a in less  s teels ,  i t  is n e c e s s a r y  to s t u d y  no t  
on ly  t h e  c h e m i c a l  s t ab i l i t y ,  b u t  t he  p h y s i c a l  p r o p -  
e r t i e s  of t h e  su r f ace  p roduc t s ,  for  e x a m p l e ,  t he  
c r y s t a l l o g r a p h i c  r e l a t i o n  b e t w e e n  t h e  base  m e t a l  a n d  
the  o x i d e  la t t ice .  T h e  p u r p o s e  of  t he  p r e s e n t  w o r k  is 
to e x a m i n e  the  t e x t u r e  and  o r i e n t a t i o n  of ox ide  
c rys t a l s  f o r m e d  on i n d i v i d u a l  c r y s t a l  g ra ins  of s t a i n -  
less s teels .  

R e c e n t l y  e l ec t ron  m e t a l l o g r a p h e r s  h a v e  e m p l o y e d  
e x t r e m e l y  th in  m e t a l l i c  sect ions,  b e l o w  s e v e r a l  
h u n d r e d s  a n g s t r o m s  in th ickness ,  to d i r e c t l y  ob -  
s e rve  d i s loca t ions  in  m e t a l s  and  a l loys  (9 -14 ) .  T e c h -  
n iques  of th is  t y p e  w e r e  used  in t he  p r e s e n t  e x -  
p e r i m e n t s .  The  use of t h in  m e t a l l i c  sec t ions  is p ro f i t -  
ab l e  for  s t u d y i n g  t h e  g r o w t h  m e c h a n i s m  of o x i d e  
nuc le i  and  the  t e x t u r e  a n d  o r i e n t a t i o n  of t he  ox ide  
on the  ba se  me ta l .  F u r t h e r ,  s t r u c t u r a l  s t u d y  on the  
m i n o r  phase s  of a b o u t  one  m i c r o n  s q u a r e  is poss ib l e  
b y  the  a id  of s e l ec t ed  a r e a  e l e c t r o n  d i f f rac t ion .  In  
add i t ion ,  in  t h e  p r e s e n t  s tudy ,  ox ide  f i lm r e p l i c a  
t e chn iques  w e r e  a p p l i e d  to conf i rm the  c r y s t a l l o -  
g r a p h i c  r e l a t i o n  b e t w e e n  t h e  m e t a l  a n d  the  oxide .  

T h o u g h  t h e  ox ide  r e p l i c a  t e c h n i q u e  has  been  a p -  
p l i ed  to on ly  a f ew  m e t a l s  such  as a l u m i n u m  a n d  
its a l loys  (15 -17) ,  s t a in less  s tee ls  (18, 19),  and  h igh  
n i c k e l  a l loys  (18) ,  etc.,  up  to da te ,  th i s  m e t h o d  is 
m o r e  i n t e r e s t i n g  t h a n  o t h e r  r e p l i c a  me thods ,  b e c a u s e  
t h e  m e t a l l o g r a p h i c  o b s e r v a t i o n s  of t he  base  m e t a l  
and  s t r u c t u r e  s t u d y  of t he  o x i d e  a r e  poss ib l e  s i m u l -  
t a n e o u s l y  in t he  e l e c t r o n  microscope .  In  t he  r e g i o n  

1 V i s i t i n g  P r o f e s s o r  of  Phys i c s ,  on  l e a v e  f r o m  N a t i o n a l  R e s e a r c h  
I n s t i t u t e  f o r  Meta ls ,  Tokyo ,  J a p a n .  

of o b s e r v e d  magn i f i ca t ion  of t he  e l e c t r o n  m i c r o -  
scope used,  t h e  s ta in less  s t ee l  s p e c i m e n  could  be  
t r e a t e d  as a l a r g e  g r a i n  of i ts s ing le  c rys ta l .  

Experimental 
Two t y p e s  of aus t en i t i c  s t a in l e s s  s teel ,  A I S I  304 

a n d  310, w e r e  used  in  th is  e x p e r i m e n t .  T h e i r  c h e m i -  
cal  compos i t ions  ( w t  % )  w e r e  as fo l lows :  

C Cr Ni  S i  M n  
AISI  304: 0.07 18.09 8.53 0.49 1.00 
AISI  310: 0.04 25.21 21.50 0.52 1.35 

Th in  sec t ions  of  t h e  s t a in less  s tee ls  w e r e  p r e p a r e d  
b y  e l e c t r o t h i n n i n g  us ing  a t e c h n i q u e  g i v e n  b y  T o m -  
l inson  (13) f r o m  the  shee t s  of  ca. 15 x 40 x 0.3 m m  
in size. The  cond i t i on  of t he  e l e c t r o t h i n n i n g  was  as 
fo l lows :  e l ec t ro ly t e ,  H~PO4-H2SO~ (3: 2 b y  v o l u m e )  ; 
c u r r e n t  dens i ty ,  ~ 2 0  a m p / d m 2 ;  t e m p e r a t u r e  of t he  
e l ec t ro ly t e ,  40~ A f t e r  t r e a t m e n t ,  t h e  spec imens  
w e r e  r i n s e d  c a r e f u l l y  in  m e t h a n o l - a c e t o n e  (1 :1  b y  
v o l u m e )  and  in e ther .  Th in  spec imens  b e l o w  1000A 
th ickness ,  w h i c h  can  be  o b s e r v e d  b y  the  e l ec t ron  
microscope ,  w e r e  eas i ly  ob t a ined .  O x i d a t i o n  of t h e  
t h in  sec t ions  was  c a r r i e d  out  ins ide  an  e l ec t ron  d i f -  
f r ac t i on  s p e c i m e n  c h a m b e r  of a H i t a c h i  H U - 1 0  e lec -  
t r o n  mic roscope ,  in a low p r e s s u r e  of  ~ 1 0  -4  m m  H g  
air ,  d r i e d  t h r o u g h  s i l ica  gel,  p l a t i n u m  asbes tos ,  and  
a l i qu id  a i r  t r ap ,  a t  300~176 Succes s ive  s t r u c -  
t u r e  changes  of t he  s p e c i m e n  in t he  p rocess  of ox i -  
da t i on  w e r e  o b s e r v e d  b y  t r a n s m i s s i o n  e l e c t r o n  d i f -  
f rac t ion .  De ta i l s  of  t he  e x p e r i m e n t a l  t e c h n i q u e  h a v e  
been  d e s c r i b e d  in  a p r e v i o u s  p a p e r  (20) .  

O x i d e  r e p l i c a  f i lms of t he  s t a in less  s tee ls  w e r e  
p r e p a r e d  b y  the  M a h l a - N i e l s e n  m e t h o d  (18) .  The  
shee t  spec imens  w e r e  p o l i s h e d  t h r o u g h  4 /0  e m e r y  
p a p e r  and  e t ched  in 5% B r 2 - m e t h a n o l  so lu t ion  fo r  
a b o u t  1 rain.  A f t e r  r ins ing ,  t he  spec imens  w e r e  o x i -  
d ized  in  a m o l t e n  sa l t  b a t h  of NaNO~-KNOs  (1 :1  b y  
v o l u m e )  for  a b o u t  10 ra in  at  300~176 T h e  ox ide  
f i lms f o r m e d  on  the  spec imens  w e r e  i so l a t ed  f r o m  
t h e  base  m e t a l  b y  i m m e r s i n g  in m e t h a n o l  c on t a in ing  
5 -10% b r o m i n e ,  a n d  t h e n  w e r e  c a r e f u l l y  r i n s e d  
t h r o u g h  f r e sh  m e t h a n o l  a n d  m e t h a n o l - a c e t o n e .  
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The oxidized t h i n  sections and  the  oxide repl ica  
films were  e x a m i n e d  us ing  the HU-10  e lec t ron  mi -  
croscope, by  high reso lu t ion  e lec t ron  diffraction,  
t r ansmis s ion  e lec t ron  microscopy,  and  selected area  
e lec t ron  diffract ion u n d e r  an  acce le ra t ing  vol tage  of 
75 or 100 kv. The  h igh  r e so lu t ion  e lec t ron  dif f ract ion 
e x p e r i m e n t s  were  made  us ing  a double  condense r  
lens  and  s ingle  focusing lens system,  and  us ing  an  
evapora ted  film of p u r e  gold as a s t a n d a r d  for cal i -  
bra t ion .  The t r ansmis s ion  e lec t ron  microscopy was  
car r ied  out us ing  a t h r e e - s t a g e  lens sys tem of the  
e lec t ron  microscope.  A selected a rea  e lec t ron  diffrac-  
t ion  p a t t e r n  co r respond ing  to a smal l  a rea  of the  
microscopic image  l imi ted  w i th  a n  ad jus t ab l e  ape r -  
t u r e  was  t a k e n  by  chang ing  the  i n t e r m e d i a t e  lens  
cur ren t .  The  ro ta t ion  angle  b e t w e e n  the  mic rog raph  
and  cor responding  selected area  dif f ract ion p a t t e r n  
ar i s ing  by  the  change  of the  i n t e r m e d i a t e  lens  cu r -  
r en t  was  ca l ib ra ted  w i th  a ca rbon  repl ica  film of 
ru led  dif f ract ion grat ings .  

Results  

Oxide Fi lms  on Thin  Sect ions  

Before oxidizing,  e x t r e m e l y  th in ,  c lean  sections of 
the s ta inless  steels were  chosen by  t r ansmis s ion  
e lec t ron  microscopy.  T h e n  the spec imens  were  
m o u n t e d  on the  h i g h - t e m p e r a t u r e  e lec t ron  diffrac-  
t ion spec imen  holder ,  and  diffract ion pa t t e rn s  were  
taken.  F igu re  1A shows an  example  of t r ansmis s ion  
diffract ion pa t t e rns  f rom a t h in  sect ion of 18-8 s t a in -  
less steel  at room t empera tu r e .  The pho tograph  in -  
dicates a cross g ra t ing  p a t t e r n  of spots due to a 
s ingle  aus t en i t e  c rys ta l  o r ien ted  w i th  the (110) 
p lane  pa ra l l e l  to the  spec imen  surface.  The observed  
va lue  of la t t ice  cons tan t  was  3.60A, which  agrees 
wel l  w i th  tha t  of ~,-iron. The same spec imen  was  
hea ted  ins ide  the  e lec t ron  di f f ract ion spec imen  
chamber ,  u n d e r  a p ressure  of N10 -4 m m  Hg air  
dr ied  as descr ibed  above,  at 300~176 and  diffrac-  
t ion  p a t t e r n s  were  t a k e n  in situ. W h e n  the  spec imen  
was hea ted  at  450~ for abou t  3 min ,  a n e w  spot 
p a t t e r n  due to a s p i n e l - t y p e  oxide super imposed  by  
the  aus t en i t e  p a t t e r n  was  observed.  F igu re  1B shows 
an  example  of this  type  of diffract ion p a t t e r n  ob-  
served at 600~ A schemat ic  i l l u s t r a t i on  of Fig. 1B 
is g iven  in  Fig. 2. It  was  found  f rom this  d i a g r a m  
tha t  the sp ine l  oxide was  o r ien ted  in  a defini te  m a n -  
ne r  wi th  respect  to the  u n d e r l y i n g  aus ten i t e :  the  
(110) p lanes  of the  two lat t ices we re  paral le l ,  the  
[001] d i rec t ion  of the  aus ten i t e  la t t ice  co inc id ing  
wi th  the  same d i rec t ion  of the oxide latt ice.  
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Fig. 2. Diagrammatic representation of Fig. 1B. e, spot due to 
austenite; �9 spot due to spinel oxide. 

Afte r  the h i g h - t e m p e r a t u r e  e lec t ron  diffract ion 
obse rva t ion  the spec imen  was  cooled r a p i d l y  to room 
t empera tu re ,  a nd  the  la t t ice  cons tan t  of the  sp ine l  
oxide  was m e a s u r e d  by  a h igh  reso lu t ion  e lec t ron 
dif f ract ion technique .  As a m e a n  va lue ,  8.366 
_+0.005A was obta ined.  

The same spec imen  was t h e n  placed in  the  elec- 
t r on  microscope spec imen  stage, a nd  t r ansmiss ion  
e lec t ron  microscopy was  used to e x a m i n e  the  t ex -  
t u r e  and  o r i en ta t ion  of the  oxide on i n d i v i d u a l  c rys-  
ta l  g ra ins  of aus teni te .  F i g u r e  3 shows an  e lec t ron 
mic rog raph  a nd  a co r re spond ing  selected a rea  dif-  
f rac t ion  p a t t e r n  f r o m  an  aus t en i t e  grain.  The  b r igh t  
field of the f r inge  n e a r  t he  edge was  comple te ly  
oxidized and  gave a di f f ract ion p a t t e r n  of spotted 
r ings  due to sp ine l  oxide. However ,  a r e l a t i ve ly  th ick  
por t ion  of the  d a r k  field showed cross g ra t ing  p a t -  
t e rns  due to a c o m b i n a t i o n  of sp ine l  oxide  and  
aus t en i t e  as in  Fig. 3B. The  diffract ion p a t t e r n  i n -  
dicates comple te ly  pa ra l l e l  g rowth  of the  sp ine l  
oxide on the  (001) p l ane  of aus teni te .  

F igu re  4 shows an  e lec t ron  mic rog raph  a nd  a cor-  
r e spond ing  selected area  di f f ract ion p a t t e r n  f rom the  
(111) p l ane  of aus ten i t e  g r a i n  of the  same  specimen.  
The  oxidized edge, w a v y  contours  n e a r  the  edge, 
and  ex t inc t ion  contours  r u n n i n g  pa ra l l e l  w i t h  the  
edge can  be seen in  the  micrograph .  By  the  selected 
a rea  diffract ion method,  it  was  found  tha t  the  w a v y  
contours  lie a long the  d i rec t ion  of the  < 1 1 0 >  axis of 

Fig. 1. Electron diffraction patterns from thin section of 18-8 
stainless steel. A (left), at room temperature; B (right), at 600~ 
in ~ 1 0  - 4  mm Hg dry air. 

Fig. 3. Electron micrograph and corresponding diffraction pattern 
from thin section of 18-8 stainless steel oxidized in ~ 1 0  - 4  mm 
Hg dry air. (001) plane of austenite crystal; A, left; B, right. 
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Fig. 4. Electron micrograph, A (left), and corresponding diffrac- 
tion pattern, B (right), from thin section of 18-8 stainless steel 
oxidized in ,~10 -4  mm Hg dry air. (111) plane of austenite 
crystal. 

Fig. 6. Electron micrograph, A (left), and corresponding diffrac- 
tion pattern, B (right), from thin section of 25-20 stainless steel 
oxidized in ,~10 -4  mm Hg dry air. (110) plane of austenite 
c rysta I. 

Fig. 5. Oxidized grains of 18-8 stainless steel. A (left) and B 
(right) are (110) and (211) plane of austenite crystal, respectively. 

the austeni te  lattice. The selected area  diffraction 
pa t t e rn  of Fig. 4B shows complete ly  para l le l  growth  
of the  spinel  oxide on the (111) p lane  of austenite.  

F igure  5A is a micrograph  showing an oxidat ion 
process on the (110) p lane  of an austeni te  grain. 
Contours of the meta l  gra in  show the shape charac-  
ter is t ic  of the (110) plane,  and severa l  combinat ions 
of the two regular  t r iangles  can be seen in the  oxi-  
dized port ions of the br igh t  field. The edges of these 
t r iangles  run  para l l e l  to the ~ 1 1 0 ~  direct ions of 
the austenite.  The corresponding selected area  di f -  
f ract ion pa t t e rn  showed complete ly  para l le l  growth  
of the oxide on the base metal .  F igure  5B is an ox ida-  
t ion figure on the (211) p lane  of an aus teni te  grain.  
Many dislocation lines and pro tuberances  can be 
seen in the  micrograph.  These pro tuberances  are  
formed by  tr iangles,  suggesting the octahedrons con- 
sisting of the (111) planes  of the austenite.  The se-  
lected area  diffraction pa t t e rn  corresponding to the 
micrograph  indica ted  also complete ly  para l l e l  
growth  of the  oxide on the base metal .  

S imi lar  resul ts  were  also observed in case of 
25-20 stainless steel. F igure  6 shows an e lect ron 
micrograph  and a corresponding selected area  di f -  
f ract ion pa t t e rn  f rom an austeni te  gra in  of 25-20 
stainless steel oxidized in the same way  as descr ibed 
above. The mic rograph  shows oxidat ion  figure on the 
(110) plane of austenite.  The edge of the gra in  is 
almost  comple te ly  oxidized and gives a br ight  field. 
The oxide l aye r  developing l a t e ra l ly  inside the gra in  
runs para l l e l  to the  ~ 1 1 0 ~  direct ion of austenite.  
Many rhombs observed near  the  oxide layer  show 
the shape character is t ic  of the (110) plane. Many 
ext inct ion contours can be seen in the  r e l a t ive ly  

Fig. 7. Oxidized grains of 25-20 stainless steel. A (left) and 
B (right) indicate preferential oxidation along ~ 1 1 0 ~  direction 
and along grain boundaries, respective/y. 

dark  field. The corresponding selected area  diffrac- 
t ion pa t t e rn  also shows comple te ly  para l l e l  growth 
of the spinel  oxide on the aus teni te  latt ice.  F igure  7A 
shows an in teres t ing electron micrograph  observed 
on the (001) p lane  of an austeni te  gra in  in a r e l a -  
t ive ly  advanced stage of oxidation.  Numbers  of 
oxide nuclei  and many  cross- l ike  oxide par t ic les  can 
be seen as br igh t  specks in the  micrograph.  These 
crosses lie pa ra l l e l  to the direct ion of the ~110>  
axis of austeni te  and show a tendency to develop 
along the same direct ion inside the  austeni te  grain. 
The size and densi ty  of the oxide nuclei  were  300 
N 2000/k and 5 x 10S/cm ~, respect ively.  The selected 
area  diffraction pa t t e rn  corresponding to the  mi -  
c rograph  showed almost  continuous r ings f rom spinel  
oxide super imposed by  a cross gra t ing pa t t e rn  due to 
austenite.  F igure  7B shows an example  of oxida-  
t ion behaviors  at  gra in  boundaries .  The micrograph  
indicates  tha t  the degree of oxida t ion  at  the gra in  
boundar ies  is g rea te r  than inside of the grains.  Sev-  
era l  oxide nuclei  produced on the gra in  boundar ies  
show a tendency to develop along the ~ 1 1 0 ~  di rec-  
t ion of austenite.  

Oxide Replica Films from Etched Surfaces 
Electron micrographs  of the oxide repl ica  films 

f rom etched surfaces of the stainless steels revea led  
the t ex tu re  and or ienta t ion of the crys ta l  grains  of 
austenite.  Fur the rmore ,  selected area  diffraction 
pa t te rns  of the  repl ica  films themselves  gave in-  
format ion  concerning crys ta l  s t ruc ture  and or ien ta -  
t ion of the oxide to the base metal .  F igure  8 shows 
a mic rograph  and a corresponding selected area  di f -  
f ract ion pa t t e rn  of a repl ica  film from an austeni te  
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Fig. 8. Electron micrograph, A (left), and corresponding diffrac- 
tion pattern, B (right), of oxide replica film from etched surface 
of 18-8 stainless steel. From (001) plane of austenite crystal. 

g r a i n  of 18-8 s t a in less  s t e e l  The  m i c r o g r a p h  shows  
the  e t ch ing  f igure  c h a r a c t e r i s t i c  of t he  (001) p l a n e  
of a s ingle  c r y s t a l  of aus ten i t e .  R e g u l a r  o c t a h e d r o n s  
f o r m e d  b y  the  (111) p l a n e s  of a u s t e n i t e  a r e  e x p o s e d  
on the  sur face .  F u r t h e r ,  r e l a t i v e l y  t h i c k  ox ide  p a r -  
t ic les  o r i e n t e d  a long  the  < 1 1 0 ~  d i r ec t i on  of  a u s t e n -  
i te  can  b e  seen  in  t he  m i c r o g r a p h .  The  c o r r e s p o n d -  
ing  s e l ec t ed  a r e a  d i f f r ac t ion  p a t t e r n  shows  t h a t  t h e  
r ep l i c a  f i lm cons i s ted  of  s p i n e l - t y p e  ox ides  o r i e n t e d  
w i t h  t he  (001) p l a n e  p a r a l l e l  to t h e  f i lm surface .  B y  
c o m p a r i n g  t h e  r e su l t s  of e l e c t r o n  d i f f r ac t ion  o b s e r -  
v a t i o n  w i t h  those  of e l e c t r o n  mic roscopy ,  i t  was  
f o u n d  t h a t  t he  (001) p l a n e s  of t h e  a u s t e n i t e  a n d  the  
sp ine l  ox ide  l a t t i ces  w e r e  pa ra l l e l ,  t he  [100] d i r e c -  
t ion of t he  a u s t e n i t e  l a t t i c e  co inc id ing  w i t h  the  s ame  
d i r ec t ion  of t he  ox ide  la t t i ce .  In  t he  s a m e  way ,  c o m -  
p l e t e l y  p a r a l l e l  g r o w t h  of t he  sp ine l  o x i d e  w a s  con-  
f i rmed  on t h e  (110) and  the  (111) su r f aces  of a u s -  
t e n i t e  g ra ins ,  as s h o w n  in  Fig.  9 and  10. In  add i t ion ,  

Fig. 9. Electron micrograph, A (left), and corresponding diffrac- 
tion pattern, B (right), of oxide replica film from etched surface of 
18-8 stainless steel. From (110) plane of austenite crystal. 

Fig. 10. Electron micrograph, A (left), and corresponding dif- 
fraction pattern, B (right), of oxide replica film from etched 
surface of 18-8 stainless steel. From (111) plane of austenite 
crystal. 

Fig. 11. Nonmetallic inclusions in oxide replica films of 25-20 
stainless steel. A (left), chromium carbide; B (right), ~-quartz. 

p r e f e r e n t i a l  g r o w t h  of ox ide  p a r t i c l e s  a long  the  
~ 1 1 0 ~  d i r ec t i on  of a u s t e n i t e  can  be  seen  in  Fig .  9A, 
and  s l ipp ing  of the  (111) p l a n e  a long  the  ~ 1 1 0 ~  d i -  
recUon of a u s t e n i t e  is o b s e r v e d  in  Fig .  10A. L a t t i c e  
cons t an t  of t he  sp ine l  ox ide  was  also m e a s u r e d  b y  
m e a n s  of  h igh  r e s o l u t i o n  e l e c t r o n  d i f f rac t ion ,  and  
as a m e a n  va lue ,  8.316 • 0.007A was  ob ta ined .  

S i m i l a r  r e su l t s  w e r e  a lso  o b t a i n e d  f r o m  t h e  o x i d e  
r ep l i c a  fi lms p r o d u c e d  on 25-20 s t a in less  s teel .  C o m -  
p l e t e l y  p a r a l l e l  g r o w t h  of sp ine l  ox ide  on  a u s t e n i t e  
g r a in s  was  o b s e r v e d  on t h e  m i c r o g r a p h s  of t he  ox ide  
r e p l i c a  f i lms f r o m  the  (001) ,  (110) ,  a n d  (111) 
p l anes  of a u s t e n i t e  and  t h e i r  c o r r e s p o n d i n g  d i f f r ac -  
t ion  p a t t e r n s .  

S e v e r a l  k i n d s  of  n o n m e t a l l i c  inc lus ions  w e r e  oc-  
c a s i o n a l l y  e x t r a c t e d  f r o m  t h e  s t a in less  s tee ls  in  t he  
p rocess  of i so l a t ing  the  o x i d e  r e p l i c a  films. T w o  e x -  
a m p l e s  a r e  s h o w n  in Fig .  11, w h i c h  i n d i c a t e  shape ,  
size, and  d i s t r i b u t i o n  of t he  inc lus ions  in  t h e  a u s t e n -  
i te.  By  the  a id  of s e l ec t ed  a r e a  d i f f rac t ion ,  t h e  i n -  
c lus ions  s h o w n  in Fig .  l l A  w e r e  iden t i f i ed  as c h r o -  
m i u m  c a r b i d e  (Cr23C6, cubic  ao = 10.65A).  These  
c a r b i d e  c rys t a l s  h a v e  p r e c i p i t a t e d  no t  o n l y  in  t he  
g r a i n  b o u n d a r i e s  b u t  ins ide  t h e  g r a in s  of aus ten i t e .  
This  o b s e r v a t i o n  is of i n t e r e s t  in  r e l a t i o n  to t he  m e -  
c h a n i s m  of t h e  g r a i n  b o u n d a r y  cor ros ion  of s t a in less  
steels .  F i g u r e  l l B  shows  a m i c r o g r a p h  of  t h i n  p l a t e -  
l i ke  inc lus ions  iden t i f i ed  as  f l - q u a r t z  (fl-SiO2, h e x a g -  
ona l  ao = 5.12, co = 5.38A).  I t  seems  p r o b a b l e  t h a t  
t he se  s i l ica  c r y s t a l s  w e r e  i n c l u d e d  in  t he  m a t e r i a l  of 
s t a in less  s teel ,  b e c a u s e  s i l icon  was  used  in  t h e  " d e -  
o x i d a t i o n "  process  of the  s tee l  m a k i n g .  

Discussion 
Structure of oxide t~Ims observed. - -Resul ts  o b -  

t a i n e d  in  t he  p r e s e n t  e x p e r i m e n t s  s h o w e d  t h a t  t h e  
ox ides  f o r m e d  on the  18-8 s t a in less  s tee l s  a r e  s p i n e l -  
t y p e  s t r u c t u r e  w i t h  l a t t i c e  cons tan t s  of 8.366 
• a n d  8.316 •  in  t he  l o w - p r e s s u r e  ox i -  
da t i on  and  in  t he  m o l t e n  n i t r a t e  ox ida t ion ,  r e s p e c -  
t ive ly .  The  o b s e r v e d  l a t t i ce  cons t an t s  a r e  s l i g h t l y  
l o w e r  t h a n  t h a t  of Fe304 ( sp ine l  type ,  ao = 8.390A or  
8.374 k X )  (21) .  In  p rac t i ce ,  t he se  ox ide  f i lms w e r e  
c o m p a r e d  w i t h  Fe~O4 f i lm b y  m e a n s  of h i g h  r e s o l u -  
t ion  e l ec t ron  d i f f rac t ion  in  t h e  s a m e  cond i t ion ,  a n d  
t h e  r e su l t s  also s u p p o r t e d  the  a b o v e  da ta .  The  v a l u e s  
of 8.366 a n d  8.316A a g r e e  w e l l  w i t h  t h e  l a t t i c e  con-  
s t an t s  of FeCr204  ( sp ine l  t ype ,  a o =  8.360A or  
8.344 k X )  a n d  NiCr204 ( sp ine l  type ,  ao = 8.315A or  
8.299 k X )  (21) ,  r e spec t i ve ly .  A c c o r d i n g  to  t h e  d a t a  
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of lat t ice pa ramete r s  of spinel  phase  oxides on 
n icke l -ch romium steels repor ted  by  Year ian  and his 
co-workers  (6, 22), the  spinel  oxides of la t t ice con- 
stants of 8.366 and 8.316A correspond to a solid solu-  
t ion named LPS '  (spinel  phase, la t t ice pa r ame te r  
be tween  8.374 and 8.337A, containing Ni and possibly 
Cr) and LPS"  (spinel  phase, la t t ice pa r ame te r  be-  
tween 8.336 and 8.306A; containing both Ni and Cr) ,  
respect ively.  

These da ta  suggest that  the spinel  oxides ob- 
served  in the present  s tudy are  ra the r  solid solu-  
tions of composit ion near  FeCrfO4 or near  NiCr~O4 
than  those of unique composition. S imi la r  resul ts  
also were  obtained about  the oxide films on 25-20 
stainless steel. I t  seems tha t  the discrepancies  of 
composit ions of the  oxide films were  p robab ly  
brought  about  by differences in p re t r ea tmen t s  and 
in oxidat ion envi ronments  of the specimens, because 
chemical  etching t r ea tmen t s  often lead to p re fe r -  
ent ia l  corrosion of the e lements  of the a l loy surface, 
and also, l ow-pressu re  oxidat ion  tends to produce 
select ive oxidat ion of the al loying elements.  

Orientation of oxide films observed . - -The  ob-  
served or ienta t ion  of the oxides to the base  me ta l  is 
in good agreement  in both oxidat ion  environments .  
Complete  pa ra l l e l  growth  of spinel  oxides on the 
austeni te  single c rys ta l  was proved.  This or ienta t ion 
re la t ionship  is i l lus t ra ted  schemat ica l ly  in Fig. 12, 
in comparison with  the a - i r o n  latt ice.  In  case of 
a- i ron,  the  or ienta t ion  re la t ion  be tween  the me ta l  
and spinel  oxide (magne t i t e )  is known as follows 
(23, 24) : the (001) planes  of the two lat t ices were  
paral le l ,  the [110] di rect ion of the iron lat t ice coin- 
ciding wi th  the [100] direct ion of the  oxide lat t ice.  
The atomic distance along the face diagonal  of the  
uni t  cell of a - i ron ,  4.04A, is ve ry  near  the ha l f  value  
of the cube edge of the  magne t i t e  lattice,  4.19A. The 
magnet i te  has the " inversed"  spinel  s t ruc ture  (25- 
27), bu t  this or ienta t ion gives the  best  correspondence 
of in tera tomic  distances on the a - i ron  lat t ice.  In  case 
of stainless steels, the la t t ice  fit of the spinel  oxides 
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Fig. 12. (001) projections of a-, ~,-iron and spinel oxide lattices 
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on the austeni te  (~,-iron) c rys ta l  is not  as good as 
tha t  on a- i ron.  There are discrepancies  of 15 ~ 16% 
between the dimensions of these two lat t ices as is 
seen f rom Fig. 12. Impor t an t  zone axes of both  unit  
cells are para l l e l  to each other, suggesting tha t  the 
spinel  oxide  la t t ice  is s t rongly  affected by the or ien-  
ta t ion of the austeni te  crystal .  Though the oxides 
of FeCrfO4 and NiCr204 have the "normal"  spinel  
s t ruc ture  (22) and are  known in genera l  as good 
protec t ive  films in oxidation,  these resul ts  suggest a 
l imi ta t ion  of protect iveness  of the spinel  oxide to 
the austeni t ic  s tainless steel. 

Oxide nuclei and anisotropy of austenite crys-  
tal in oxidat ion.--Transmission electron microscopy 
of oxide nuclei  formed by  a low pressure  oxida t ion  
of th in  sections are  of in teres t  f rom the v iewpoin t  
of oxide nucleat ion of stainless steels. For  example ,  
as is seen in Fig. 7, numerous  oxide nuclei  300 

2000/k in size are d i s t r ibu ted  in a discontinuous 
manner  inside the  aus teni te  gra ins  and some of 
them show a t endency  to grow into cross- l ike  oxide 
par t ic les  or iented along the ~110>  direct ion of 
austenite,  and the gra in  boundar ies  are  out l ined by  
discontinuous prec ip i ta tes  of oxide par t ic le .  As th in  
sections were  used in the present  study,  these micro-  
graphs show the s t ruc ture  of a l l oy /ox ide  interface 
ra the r  than the surface of oxide film. Therefore,  
these oxide nuclei are  thought  to be b rought  about  by 
in te rna l  oxidat ion.  The observed value  of the den-  
si ty of oxide nuclei  suggests tha t  the i r  nuclea t ing  
sites might  be closely re la ted  to s t ruc tura l  impe r -  
fections in the austeni te  crystal ,  such as dislocations, 
s tacking faults,  and other defects. 

These resul ts  were  also compared  wi th  the obser-  
vat ions  of oxide  nodules prev ious ly  repor ted  by  
Radavich  (28). He has recorded tha t  the  process of 
oxide format ion  on stainless steels s tar ts  wi th  
growth  of a th in  un i fo rm layer  of oxide but  is fol-  
lowed by  growth  of the oxide nodules r andomly  
d is t r ibu ted  on the oxide film as the oxidat ion  pro-  
ceeds, and tha t  the nodular  format ion is dependent  
on the  i ron content  of the  stainless steels. The size 
of the  nodules, quoted f rom his observat ions  of the 
s tainless  steel  (Type  310) oxidized in a i r  for 5 min 
at  600~ var ies  f rom a few hundred  Angst rSms to 
over  a micron. Al though it  was not  c lear  whe the r  
the  oxide nuclei  observed in the present  s tudy  were  
of the same type  as those of Radavich,  the fact  t ha t  
the  size of the  oxide  nuclei  is of the  same order  of 
magni tude  as tha t  of the oxide nodules is of interest .  

In the  electron micrographs  observed in the  p res -  
ent exper iments ,  the  (111) p lane  appea red  ve ry  
often on the chemical  etched and on the oxidized 
grains  of aus teni te  crystals.  Fur the r ,  m a n y  t ex tu re  
pa t te rns  concerning p re fe ren t ia l  oxidat ion along the 

110> direct ion of the aus teni te  were  shown. These 
facts indicate  tha t  the aniso t ropy of the crys ta l  l a t -  
tice has an impor tan t  role in corrosion and oxidat ion 
attack.  I t  is wel l  known tha t  the (111) p lane  is a 
slip p lane  and the slip di rect ion is the  <110>  in 
face-cen te red  cubic metals.  The (111) is the  most 
densely  packed,  whi le  the  (110) is the most  sparse ly  
packed  of the  th ree  impor t an t  p lanes  of the  face-  
centered  cubic lattice.  Therefore,  i t  is suggested tha t  
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the  (111) p l a n e  is l eas t  ac t ive  a n d  the  ~ 1 1 0 ~  d i r e c -  
t ion  is mos t  a c t i ve  for  ox ida t ion .  The  a n i s o t r o p y  of 
o x i d a t i o n  is an  i n t e r e s t i n g  p h e n o m e n o n  in o x i d a t i o n  
a t t ack ,  b u t  i ts  i n t e r p r e t a t i o n  wi l l  r e q u i r e  m a n y  m o r e  
d e t a i l e d  e x a m i n a t i o n s .  

Summary 
1. E l ec t ron  mic roscope  and  d i f f rac t ion  s tud ies  

w e r e  m a d e  on the  ox ide  f i lms p r o d u c e d  on th in  sec-  
t ions  of 18-8 and  25-20 s t a in less  s tee ls  in ~ 1 0  -4 m m  
Hg d r y  a i r  a t  300~176 The  ox ide  f i lms cons i s t ed  
of sp ine l  t y p e  ox ide  n e a r  FeCreO4. C o m p l e t e l y  p a r a l -  
le l  g r o w t h  of t h e  o x i d e  c rys t a l s  on the  a u s t e n i t e  
g r a in s  was  obse rved .  

2. O x i d e  r ep l i c a  f i lms f o r m e d  on e t ched  su r f aces  
of the  s t a in less  s teels ,  in  a m o l t e n  n i t r a t e  so lu t ion  a t  
300~176 w e r e  also i n v e s t i g a t e d  b y  the  s a m e  
me thod .  The  ox ide  r ep l i c a  f i lms cons i s ted  of  sp ine l  
t y p e  ox ide  n e a r  NiCr204. In  th is  case  c o m p l e t e l y  
p a r a l l e l  g r o w t h  of t h e  ox ide  on the  a u s t e n i t e  was  
also obse rved .  N o n m e t a l l i c  inc lus ions ,  such  as Cr23C8 
and  fl-SiO2, w e r e  occas iona l ly  e x t r a c t e d  f r o m  the  
a l loys  w i t h  t he  ox ide  r e p l i c a  films. 

3. O x i d e  nuc le i  and  a n i s o t r o p y  of the  a u s t e n i t e  
c r y s t a l  w e r e  o b s e r v e d  in the  o x i d a t i o n  of the  t h in  
sect ions,  t he  e l ec t ron  m i c r o g r a p h s  sugges t ing  t h a t  
t he  (111) p l a n e  was  l eas t  ac t ive  and  the  ~ 1 1 0 ~  d i -  
r ec t ion  was  mos t  ac t ive  for  ox ida t ion .  

4. The  o r i e n t a t i o n  r e l a t i o n s h i p  b e t w e e n  the  sp ine l  
ox ides  a n d  the  a u s t e n i t e  was  d i scussed  in  connec t ion  
w i t h  t he  p r o t e c t i v e  n a t u r e  of  t he  s t a in less  s teels .  
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An Electrochemical pH-Stat and 
Its Application to Corrosion Studies 
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ABSTRACT 

An apparatus has been developed which controls automatical ly the acidity 
of unbuffered solutions in  the region from pH 4 to 10. A potentiostat  is used 
to control the potential  of an iner t  electrode on which the hydrogen gas-hy-  
drogen ion reaction occurs in a solution saturated with hydrogen gas. The 
inert  electrode acts as both a sensing element  and a regulat ing electrode for 
the control of acidity. Current  from the potentiostat  passes through the iner t  
electrode and an auxi l iary  polarizing electrode in an external  compart-  
ment  separated from the main  cell by a salt bridge or porous plate. Transients  
which occur dur ing the regulat ing action are presented and analyzed. The 
electrochemical pH-stat  may be used to measure corrosion rates. Limitat ions of 
the device are discussed and a modification is proposed which makes use of 
a differential amplifier instead of a potentiostat. 

P rob l ems  in  the control  of so lu t ion  ac id i ty  occur 
f r e q u e n t l y  in  s tudies  on the  k inet ics  of homogeneous  
and  he te rogeneous  react ions  which  invo lve  the  con-  
s u m p t i o n  or l i be ra t ion  of h y d r o g e n  ions in  solut ion.  
The  decrease  of ac idi ty  wi th  t ime  d u r i n g  the corro-  
sion of i ron  or other  meta l s  in  unbuf fe red  solut ions  
is a no tab le  example .  A classical so lu t ion  to the 
p rob l em involves  the use of buffered solut ions  in 
cases whe re  the presence  of buffer ing  reagen ts  has 
no u n d e s i r a b l e  effect on reac t ion  kinet ics .  More r e -  
cent ly ,  ingen ious  devices k n o w n  as pH-s t a t s  have  
been  developed (1 -5) .  These  e lec t rochemica l  i n -  
s t r u m e n t s  gene ra l l y  employ  the  p r inc ip le  of the  
au tomat ic  t i t r a to r  (6) and  ut i l ize  the  cont ro l led  
addi t ion  of reagen ts  by  use of e lec t r ica l ly  d r i v e n  
bu re t t e s  or sy r inge  pumps .  S imi la r  appa ra tu s  has 
been  repor ted  for the  control  of ac id i ty  in  processes 
of i ndus t r i a l  i m p o r t a n c e  (7, 8), and  a recen t  r ev i ew  
on pH and  its control  is ava i lab le  (9).  

A need  for a d i f ferent  type  of p H - s t a t  arose in  this  
Labo ra to ry  as a consequence  of a t t empt s  to m e a su r e  
the po la r iza t ion  behav io r  of i ron  and  other  meta l s  
in unbu f f e r ed  solut ions  over the pH range  4 to 10. 
The use of buffer  m i x t u r e s  in e lec t rochemical  k ine t ic  
s tudies  is somet imes  u n d e s i r a b l e  because  of the pos-  
s ib i l i ty  of i n t roduc t i on  of ex t r aneous  react ions  or of 
specific effects on the kinet ics  of in te r fac ia l  proc-  
esses. In  addi t ion,  the  use of the  au tomat ic  t i t r a to r  
type  of p H - s t a t  possesses some d isadvantages ,  p a r -  
t i cu la r ly  in  s tudies  r equ i r i ng  the  absence of a tmos-  
pher ic  oxygen.  Besides the  effort needed  to p repa re  
s t anda rd  reagents ,  cons iderab le  difficulty m a y  be 
exper ienced  in  deoxygena t ing  and  p re -e l ec t ro lyz ing  
the solut ions  used, and  correct ions  are necessary  for 
vo lume  changes  due  to the  add i t ion  of reagents .  

In  order  to c i r c u m v e n t  these difficulties, an  a p p a r a -  
tus was devised which  takes  advan t age  of f avorab le  
proper t ies  of the h y d r o g e n  g a s - h y d r o g e n  ion reac -  
t ion on p l a t i n u m  or other  i ne r t  electrodes.  A n  elec-  

t ron ic  po ten t ios ta t  (10, 11) is used to control  p r e -  
cisely the  po ten t i a l  of a la rge  p l a t i n u m  electrode in  
a so lu t ion  sa tu ra t ed  w i th  h y d r o g e n  gas. The cu r r en t  
r equ i r ed  for the  control  of po ten t i a l  passes t h rough  
an  a ux i l i a r y  po la r iz ing  electrode located in  a c h a m -  
ber  ex te r ior  to the p r i m a r y  cell and  connec ted  to 
this cell by  use of a salt  b r idge  or porous  plate.  The 
large  p l a t i n u m  electrode acts bo th  as a sens ing  ele-  
m e n t  and  as a r egu l a t i ng  electrode for the  add i t ion  
or r e mova l  of h y d r o g e n  ions. W i t h i n  ce r t a in  l im i t a -  
t ions, the  prec is ion  wi th  which  the po ten t i a l  of the  
p l a t i n u m  electrode is cont ro l led  de t e rmines  the  de-  
gree of control  of solut ion acidity.  For  e lectrode sys-  
tems in  which  the use of a h y d r o g e n  a tmosphe re  can 
be to lera ted,  this  me thod  of pH control  possesses 
ce r ta in  advantages .  No complex  e lec t romechan ica l  
devices are necessa ry  wi th  the i r  a t t e n d a n t  difficul- 
ties of regu la t ion ,  r eagen t  p repa ra t ion ,  a nd  deoxy-  
genat ion.  Since no ex t e rna l  r eagen t s  are added by  
the con t ro l l ing  device, no solut ion v o l u m e  correc-  
t ions are  necessary ;  this  is p a r t i c u l a r l y  c o n v e n i e n t  
in  l o n g - t e r m  exper imen t s .  So lu t ion  acidi ty  is con-  
t ro l led  au toma t i ca l l y  by  the e lect ronic  potent ios ta t ,  
and  the  pH m a y  be changed  easi ly and  precise ly  
by  m e r e l y  chang ing  the  po ten t i a l  at  which  the  p l a t i -  
n u m  electrode is ma i n t a i ne d .  F u r t h e r m o r e ,  the 
me thod  is most  effective in  the pH reg ion  n e a r  n e u -  
t ra l i ty ,  where  precise pH control  is of ten difficult to 
ob ta in  in  unbuf fe red  solutions.  Some resu l t s  of ex -  
pe r i me n t s  on the proper t ies  of the  e lec t rochemica l  
p H - s t a t  are p resen ted  below, tog the r  w i th  an  a n a l -  
ysis of the t r ans i en t s  encoun te r ed  d u r i n g  changes  of 
so lu t ion  acidity.  The  appl ica t ion  of the  device to the 
m e a s u r e m e n t  of corrosion ra tes  is discussed. In  add i -  
t ion, a modif icat ion of the me thod  is proposed which  
makes  use of a d i f ferent ia l  ampl i f ier  ins tead  of a 
potent ios ta t .  The di f ferent ia l  ampl i f ier  type  of p H -  
stat  uses a glass electrode (or other  pH - r e spons ive  
electrode)  as the  p H - s e n s i n g  e lement ,  is not  r e -  
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Fig. 1. Schematic diagram of potentiostat type of electrochemi- 
cal pH-stat. A, Electronic potentiostat; B, large platinum electrode; 
C, auxiliary polarizing electrode; D, inlet and bubbler for hydrogen 
gas; E, reference electrode; F, stirrer (magnetic); G, salt bridge or 
porous disk; I, primary cell; II, exterior polarizing chamber. 

w i t h i n  -----0.1 m v  a t  a l l  t imes  w h e n  the  p o t e n t i o s t a t  
was  con t ro l l ing ,  as cou ld  be  o b s e r v e d  osc i l loscop i -  
ca l ly .  Response  t ime  of th i s  t y p e  of p o t e n t i o s t a t  was  
s low c o m p a r e d  to t ha t  of t h e  s t r a i g h t - a m p l i f i e r  type ,  
b u t  th is  was  a ne g l i g ib l e  d i s a d v a n t a g e  for  t h e  p r e s -  
en t  purposes .  The  e x p e r i m e n t a l  cel l  was  c o n s t r u c t e d  
of P y r e x  glass  w i t h  a f r i t t e d  glass  d i sk  to m i n i m i z e  
d i f fus ion  b e t w e e n  e l ec t rode  c o m p a r t m e n t s  (cf. Fig .  
1). A c o m m e r c i a l  s a t u r a t e d  ca lomel  e l e c t r o d e  was  
e m p l o y e d  as r e f e r e n c e  e lec t rode .  H y d r o g e n  gas  p u r i -  
fied o v e r  coppe r  t u r n i n g s  in a t ube  f u r n a c e  was  
effused into  t h e  so lu t ion  and  p r o v i d e d  some  d e g r e e  
of s t i r r ing .  A d d i t i o n a l  s t i r r i n g  was  p r o v i d e d  b y  use  
of a Te f lon -coa t ed  m a g n e t i c  s t i r r i n g  bar .  The  p H  of 
t h e  so lu t ion  was  m o n i t o r e d  b y  use  of a c o m m e r c i a l  
g lass  e l ec t rode  (no t  s h o w n  in Fig .  1). Bo th  the  p o -  
t e n t i a l  of t he  glass  e l e c t r o d e  and  the  c u r r e n t  o u t p u t  
of the  p o t e n t i o s t a t  w e r e  r e c o r d e d  w i t h  t ime .  S o l u -  
t ions  w e r e  p r e p a r e d  w i t h  t r i p l y  d i s t i l l ed  w a t e r ,  ob -  
t a i n e d  b y  r e d i s t i l l i n g  d i s t i l l ed  w a t e r  f rom the  l a b -  
o r a t o r y  s u p p l y  in a two  s t age  q u a r t z  st i l l .  A n a l y t i c a l  
r e a g e n t  g r a d e  chemica l s  w e r e  used  in the  p r e p a r a -  
t ion  of a l l  so lu t ions  

s t r i c t ed  to use  w i t h  sy s t ems  in w h i c h  a h y d r o g e n  
a t m o s p h e r e  is m a i n t a i n e d ,  and  possesses  i m p r o v e d  
t r a n s i e n t  response .  

Exper imenta l  
A schema t i c  d i a g r a m  of an  e x p e r i m e n t a l  cel l  for  

the  e l e c t r o c h e m i c a l  p H - s t a t  is s h o w n  in Fig.  1. The  
p o t e n t i a l  d i f fe rence  b e t w e e n  the  l a r g e  p l a t i n u m  
e l e c t r o d e  (B)  and  the  r e f e r e n c e  e l ec t rode  (E)  p r o -  
v ides  t he  i n p u t  v o l t a g e  to t he  po ten t io s t a t .  A n y  d i f -  
f e rence  b e t w e e n  th is  v o l t a g e  and  the  r e f e r e n c e  v o l t -  
age  se t t ing  on the  p o t e n t i o s t a t  a c t u a t e s  a f low of 
c u r r e n t  b e t w e e n  the  p l a t i n u m  e l e c t r o d e  and  the  
po l a r i z i ng  e l ec t rode  in  c o m p a r t m e n t  II.  The  m a g n i -  
t ude  and  d i r ec t i on  of c u r r e n t  f low a re  such  as to 
m i n i m i z e  the  d i f fe rence  b e t w e e n  t h e  i n p u t  v o l t a g e  
and  the  p o t e n t i o s t a t  r e f e r e n c e  vo l tage .  I f  t h e  r e -  
v e r s i b l e  p o t e n t i a l  of t he  p l a t i n u m  e l ec t rode  in  t he  
so lu t ion  in  c o m p a r t m e n t  I d i f fers  f r o m  the  p o t e n t i o -  
s t a t  r e f e r e n c e  vo l tage ,  t h e  flow of c u r r e n t  po l a r i ze s  
t he  e l ec t rode  to t he  v a l u e  of t h e  r e f e r e n c e  vo l t age .  
In  a m a n n e r  d e p e n d i n g  on the  p o l a r i z a t i o n  c h a r a c -  
t e r i s t i cs  of t he  h y d r o g e n  g a s - h y d r o g e n  ion  r e a c t i o n  
on the  e l e c t r o d e  and  on t h e  r a t io  of e l ec t rode  a r e a  to 
so lu t ion  vo lume ,  F a r a d a i c  c u r r e n t  f r o m  the  h y d r o -  
gen  g a s - h y d r o g e n  ion r e a c t i o n  t hen  passes  t h r o u g h  
the  e l ec t rode  i n t e r f a c e  and  the  c o n c e n t r a t i o n  of h y -  
d r o g e n  ions in so lu t ion  inc reases  or  dec reases  w i t h  
t ime.  W h e n  the  p H  of t he  so lu t ion  a p p r o a c h e s  t he  
v a l u e  at  w h i c h  t h e  r e v e r s i b l e  p o t e n t i a l  equa l s  t he  
p o t e n t i o s t a t  r e f e r e n c e  vo l tage ,  c u r r e n t  flow a p -  
p r o a c h e s  zero  and  the  p H  is s u b s e q u e n t l y  c o n t r o l l e d  
a u t o m a t i c a l l y  w i t h  a p rec i s ion  w h i c h  d e p e n d s  on the  
con t ro l  c h a r a c t e r i s t i c s  of t he  po ten t io s t a t .  

The  p o t e n t i o s t a t  u sed  in t he  p r e s e n t  s tud ies  p e r -  
m i t t e d  p rec i se  con t ro l  of e l ec t rode  p o t e n t i a l s  ove r  an  
e x t e n d e d  p e r i o d 3  I t  i n c o r p o r a t e d  a c h o p p e r - s t a b i -  
l ized o p e r a t i o n a l  amp l i f i e r  of h igh  gain.  M a x i m u m  
o u t p u t  v o l t a g e  was  --+100v and  o u t p u t  c u r r e n t  cou ld  
a t t a i n  --+25 ma.  E l e c t r o d e  po t en t i a l s  w e r e  cons t an t  to 

1 A n  i m p r o v e d  m o d e l  of  t h i s  p o t e n t i o s t a t  is  a v a i l a b l e  c o m m e r c i a l l y  
as the  M o d e l  610 P o t e n t i o s t a t - G a l v a n o s t a t ,  m a n u f a c t u r e d  by  F a i r -  
p o r t  I n s t r u m e n t s ,  Inc . ,  O a k  R i d g e ,  T e n n e s s e e .  

Results 
Some e x p e r i m e n t a l  r e su l t s  a r e  shown  in Fig .  2 for  

the  v a r i a t i o n  of t he  glass  e l ec t rode  p o t e n t i a l  w i t h  
t i m e  d u r i n g  a d j u s t m e n t  of so lu t ion  a c i d i t y  b y  t h e  
e l e c t r o c h e m i c a l  p H - s t a t .  C u r v e s  A t h r o u g h  D co r -  
r e s p o n d  to changes  of 60 m v  in t he  p o t e n t i o s t a t  r e f -  
e rence  vol tage .  The  glass  e l ec t rode  p o t e n t i a l  changes  
in an  e x p o n e n t i a l  m a n n e r  w i t h  t ime  and  f ina l ly  a p -  
p r o a c h e s  and  m a i n t a i n s  t he  de s i r e d  po t en t i a l .  Cu rves  
E and  F e x h i b i t  a s o m e w h a t  d i f fe ren t  b e h a v i o r ;  
cu rve  E shows  the  t r a n s i e n t  b e h a v i o r  f o u n d  for  a 
change  f r o m  p H  4 to pH 9 w h i l e  cu rve  F shows  the  
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Fig. 2. Variation of glass electrode potential with time during 
adjustment of solution acidity by electrochemical pH-stat. Solu- 
tion, 0.5M NaCI; temperature, 25~ atmosphere, H2. 

Potential pH, approx. 
Curve change, mv Initial Final 

A --60 5 6 
B - -60 6 7 
C - -60 7 8 
D - -60 8 9 
E --300 4 9 
F -I- 3 O0 9 4 
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Fig. 3. Variation of current from potentiostat with time during 
adjustment of solution acidity by electrochemical pH-stat. Solu- 
tion, 0.SM NaCI; temperature 25~ atmosphere, Ha. 

Potential pH, approx. 
Curve change, mv Initial Final 

A --60 4 5 
B + 6 0  5 4 
C --60 5 6 
D -I-60 6 5 

behavior observed on readjusting the acidity from 
pH 9 to pH 4. These curves resemble and are closely 
related to the usual acid-base titration curves. In-  
flection points may be noted in curves E and F in the 
vicinity of pH 7 (glass electrode potential 

+0.05v) ; these sigmoid curves are obtained when 
the equivalence point of water  is crossed during 
changes of pH. 

Typical variations of current  with time during 
adjustment of pH are shown in Fig. 3. Faradaic cur- 
rent varies exponentially with time and approaches 
zero as the solution acidity approaches the value 
determined by the setting of the potentiostat ref-  
erence voltage. The slopes of the curves in Fig. 3 
depend on the value of the plat inum electrode po- 
tential, on the kinetic parameters  of the hydrogen 
gas-hydrogen ion reaction, and on the ratio of elec- 
trode area to solution volume. For example, the 
slopes of curves A and D are essentially the same, 
and these transients were obtained at the same elec- 
trode potential. Although the data in Fig. 3 cor- 
respond to pH transients like those in curves A-D of 
Fig. 2 (curve C of Fig. 3 corresponds to curve A of 
Fig. 2), very  similar behavior is observed for cur-  
rent transients corresponding to curves E and F. 

Other experiments were performed in which so- 
lution acidity was changed suddenly by additions of 
acid or base to the solution. The transients observed 
during the readjustment action of the potentiostat 
are similar in every respect to those shown in Fig. 2 
and 3. Several experiments were also performed to 
test the degree of control over an extended period. 
No significant long- term changes in the value of the 
glass electrode potential greater than 1 mv were de- 
tected, and momentary  fluctuations were also no 
greater than 1 my. Therefore, the electrochemical 

pH-sta t  is capable of controlling pH to approxi-  
mately +__0.01 pH unit over an indefinite period. 

Discussion 
Theory o~ operation.--The forms of the transients 

in Fig. 2 and 3 may be calculated by use of well- 
known concepts of electrochemical kinetics (12). 
The net  flux (vs  ( t ) )  of hydrogen ions at the inter-  
face of the plat inum electrode due to the hydrogen 
gas-hydrogen ion reaction may be expressed by 

Eq. [1]. a In Eq. [1], ka andkc  are the 

k--.C~ - EtCh+ (t) 
v~(t)  = [1] 

l+--fiTa f" +--fiT ko 
electrochemical specific rate constants for the anodic 
and cathodic partial processes, respectively, of the 
reaction, 2 H + ( a q ) - F 2 e - = H a ( g ) .  Equation [1] 
takes formal account of the existence of limiting 
currents due to mass transfer of the reactants, dis- 
solved molecular hydrogen (CHa) and hydrogen ions 
(CH+ ( t ) ) .  The diffusion coefficients of Ha and of 
H + are symbolized by Da and Dc, respectively, and 
8a and $c are the corresponding hypothetical thick- 
nesses of the Nernst diffusion layer. 

The current  as a function of time is given simply 
by Eq. [2],  where 

i ( t )  = FSVN(t) [2] 

S is the electrode area. It is assumed that the hydro-  
gen gas-hydrogen ion reaction is the only source of 
Faradaic current at the interface. Equation [2] 
neglects non-Faradaic  currents like those due to 
charging of the electrical double layer and to ad- 
sorption or phase formation or decomposition reac- 
tions on the electrode surface. Hydrogen ion con- 
centration in the bulk of the solution may be as- 
sumed to change with time according to Eq. [3], 
where V is the volume of the solution and t + is the 

riCH+ (t) S 
(1 --  t+ )Vs( t )  [3] 

dt V 

transference number  of hydrogen ions (assumed 
constant) through the diaphragm which separates 
electrode compartments  (cf. G of Fig. 1). 

Equation [3] may be integrated to give Eq. [4] 
for the variation of 

CH+ (t) = CH+ (o)e  -~t + /Ca CHa( 1 __ e_~t ) [4] 
kc 

with 
S 

(1 -- t+)kc 
V 

6a _ ~ c  _ 

1 + - 5 - j  ka + --b-;-- kc 

hydrogen ion concentration with time; note that  in 

the new steady state C H + ( ~ )  ___ __ka CHa.Th e cur-  
kc 

rent as a function of time is given by Eq. [5] 

Egua t ion  [1] does not  represen t  any  par t i cu la r  m e c h a n i s m  of the  
h y d r o g e n  ga s -hyd roge n  ion react ion.  I t  is used h e r e  because  i t  p ro-  
v ides  an adequa te  s imple  a pp rox ima t ion  to the  f o r m  of expe r imen ta l  
polar izat ion curves  in neut ra l  and modera te ly  acid solutions. The 
theory  m a y  be developed also for  specific m e c h a n i s m s  of the  hydro-  
gen  evolut ion react ion,  and  in genera l  the result ing equations are  
considerably  m o r e  compl ica ted  than  those  presented here.  
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FZ[ka~eH 2 - -  kTCH+ (o) ] 
i ( t )  = e - s t  [5]  

~a - -  ~c 
1 -]- --~--a ka -t- --~--c kc 

w h i c h  is o b t a i n e d  b y  c o m b i n a t i o n  of Eq. [1] ,  [2] ,  
and  [4] .  E q u a t i o n  [5]  is of the  fo rm 

and  the  r e su l t s  s h o w n  in Fig.  3 fo l low this  e q u a t i o n  
closely.  F o r  a cons t an t  r a t i o  of e l e c t r o d e  a r e a  to so-  
lu t ion  vo lume ,  the  t i m e  cons t an t  p a r a m e t e r  fl va r i e s  
on ly  w i t h  e l ec t rode  po t en t i a l ;  for  e x a m p l e ,  t h e  s lopes  
of cu rves  A and  D in Fig.  3 a r e  e s s e n t i a l l y  t he  same,  
even  t h o u g h  CH+ (o) dif fers  in t he  two  cases. 

The  t i m e  r e sponse  of the  glass  e l ec t rode  po t en t i a l ,  
Vg( t ) ,  is g iven  b y  Eq. [6] .  This  e q u a t i o n  accounts  
for  r e su l t s  l i ke  those  of cu rves  A, 

RT CH+ ( t )  
V g ( t )  - -  Vg(O) = i n  

F CH+ ( o )  

_ RT In e - m +  _ ( i - - e  - ~ t )  [ 6 ]  

F kcC~+ (o) 

B, C, and  D in  Fig .  2, b u t  not  for  t he  r e su l t s  of cu rves  
E and  F, w h e r e  the  n e u t r a l i t y  po in t  of w a t e r  (pH 7) 
is c rossed  d u r i n g  t h e  a d j u s t m e n t  ac t ion  of t he  p H -  
stat .  

Modi f ica t ion  of the  t r e a t m e n t  to i nc lude  the  effect 
of t he  ion iza t ion  of t he  aqueous  so lven t  in to  h y d r o -  
gen  ions and  h y d r o x i d e  ions accounts  for  t he  fo rm 
of cu rves  E and  F in Fig.  2. In  th is  case Eq. [3]  is 
modi f ied  to i nc lude  the  s t o i c h i o m e t r y  of t he  w a t e r  
i on iza t ion  e q u i l i b r i u m ,  w h i c h  m a y  be  e x p r e s s e d  as 
u s u a l  b y  Kw = C H + - C o n - .  I n t e g r a t i o n  of t he  m o d i -  
fied f o r m  of Eq. [3] ,  w i t h  use  of t he  p a r a m e t e r  fl d e -  
f ined in Eq. [4] ,  l e a d s  to Eq. [7]  for  the  v a r i a t i o n  
of h y d r o g e n  ion concen t r a t ion ,  CH+ ( t ) ,  w i t h  t ime .  

[ ] 1 + 
[C~+ (oo) 1~ 

[ C H + ( ~ )  - - C H + ( t )  ] 

CH+ (~) - -  C-S~+ (o)  
Kw 

[Cu+(~)]2 
CH+ ( t )  ] 

• CH+ (o)  

CH+ (00) CH+ (t) CH + (O) 

• e = e -~t  [7] 

I t  is a s s u m e d  in the  d e r i v a t i o n  of Eq. [7]  t h a t  the  
t r a n s f e r e n c e  n u m b e r  of h y d r o g e n  ions ( a n d / o r  h y -  
d r o x i d e  ions)  is n e g l i g i b l y  smal l ,  so t h a t  ( 1 -  t + )  

1. E q u a t i o n  [7]  r educes  to Eq. [4]  w h e n  the  q u a n -  
t i t y  Kw/CH+ (~)  is suff ic ient ly  smal l .  A l t h o u g h  Eq. 
[7]  canno t  be  so lved  e x p l i c i t l y  for  CH+ ( t )  e x c e p t  
for  c e r t a i n  l i m i t i n g  cases, the  v a r i a t i o n  of the  c u r -  
r en t  and  the  glass  e l ec t rode  p o t e n t i a l  w i t h  t i m e  m a y  
be  c a l c u l a t e d  b y  use  of Eq. [7]  w i t h  Eq. [2]  and  [6] .  
The  d a s h e d  l ine  in  Fig.  2 (cf. c u r v e  F )  w a s  c a l c u -  
l a t e d  b y  use  of  Eq. [7] ,  w h e r e  t he  cons t an t  B was  
chosen  to fit t he  e x p e r i m e n t a l  c u r v e  a t  p H  7. The  
a g r e e m e n t  b e t w e e n  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  

cu rves  is f a i r l y  good in v i e w  of the  a p p r o x i m a t i o n s  
m a d e  in  t h e  de r iva t ion .  E q u a t i o n  [7]  does  no t  d e -  
sc r ibe  r e su l t s  l i ke  cu rve  E of Fig .  2 be c a use  t he  
m e c h a n i s m  of the  h y d r o g e n  r e a c t i o n  di f fers  in  ac id  
and  bas ic  regions .  The  e x a c t  f o r m  of t he  t r a n s i e n t  
d e p e n d s  on the  p a r t i c u l a r  r e a c t i o n  m e c h a n i s m  and  
i ts  v a r i a t i o n  w i t h  pH.  I n  t he  bas ic  reg ion ,  t he  o v e r -  
a l l  s t o i c h i o m e t r y  of t he  e l ec t rode  r e a c t i o n  m a y  be  
e x p r e s s e d  b y  2H20 + 2 e -  = H2(g)  + 2 O H - ( a q ) .  I t  
is found  in th is  case  t ha t  t h e  f lux e q u a t i o n  has  a f o r m  
d i f fe ren t  f rom t h a t  of  Eq. [1] ,  such  t h a t  the  h y d r o -  
gen  ion c o n c e n t r a t i o n  changes  w i t h  t i m e  acco rd ing  
to an  e xp re s s ion  w h i c h  is s im i l a r  in f o r m  to Eq. [7] ,  
bu t  w h i c h  has  d i f fe ren t  p a r a m e t e r s .  

Equa t i ons  [4] ,  [5] ,  [6] ,  a n d  [7]  a r e  good a p p r o x i -  
ma t i ons  to the  e x p e r i m e n t a l  b e h a v i o r  p r o v i d e d  the  
p o t e n t i o s t a t  con t ro l s  the  p o t e n t i a l  of  t he  p l a t i n u m  
e l e c t r o d e  a t  t he  chosen  va lue .  In  case  t he  c u r r e n t  
r e q u i r e m e n t s  a r e  such t h a t  m o r e  c u r r e n t  t h a n  the  
m a x i m u m  o u t p u t  of t he  p o t e n t i o s t a t  is n e e d e d  for  
the  con t ro l  of p o t e n t i a l  d u r i n g  a t r a n s i e n t ,  t he  e l ec -  
t r o d e  p o t e n t i a l  is no t  con t ro l l ed ,  and  the  c u r r e n t  
o u t p u t  r e m a i n s  e s s e n t i a l l y  cons t an t  a t  a l im i t i ng  
v a l u e  (iL) u n t i l  con t ro l  is r e - e s t a b l i s h e d .  D u r i n g  
th is  per iod ,  t he  r a t e  of change  of h y d r o g e n  ion con-  
c e n t r a t i o n  is g iven  b y  Eq. [8] .  W h e n  con t ro l  is r e -  
e s tab l i shed ,  s u b s e q u e n t  v a r i a t i o n s  

riCH+ ( t )  (1 - -  t+ )iL 
- [ 8 ]  

dt FV 

of CH+ ( t )  a r e  g iven ,  as before ,  b y  Eq. [3]  and  [4]  or  
b y  Eq. [7] .  

O p t i m u m  cond i t ions  for  use  of t he  e l e c t r o c h e m i c a l  
p H - s t a t  r e q u i r e  a l a rge  r a t i o  of e l e c t r o d e  a r e a  to 
so lu t ion  vo lume .  The  use  of p l a t i n i z e d  p l a t i n u m  
e l ec t rodes  is a d v a n t a g e o u s  in  th is  respec t .  In  g e n -  
era l ,  an  excess  of i n e r t  e l e c t r o l y t e  is a d v a n t a g e o u s ,  
and  the  t h e o r e t i c a l  ana lys i s  of t r a n s i e n t  b e h a v i o r  is 
much  s i m p l e r  in  th is  case be c a use  the  effect  of v a r i -  
a t ions  in the  t r a n s p o r t  n u m b e r s  of h y d r o g e n  and  
h y d r o x i d e  ions  is m in imized .  Good  m e c h a n i c a l  s t i r -  
r i n g  i m p r o v e s  t h e  p e r f o r m a n c e  b y  d e c r e a s i n g  Sa a n d  
8c of Eq. [1]  and  ensu re s  t h a t  Eq. [3]  is a good 
a p p r o x i m a t i o n .  A n  inc rea se  of t e m p e r a t u r e  inc reases  
the  e x c h a n g e  c u r r e n t  d e n s i t y  of t h e  h y d r o g e n  r e -  
ac t ion  on the  p l a t i n u m  e l e c t r o d e  and  dec reases  r e -  
sponse  t ime.  The  p H  of t he  so lu t ion  is v a r i e d  eas i ly  
by changing the setting of the potentiostat reference 
vo l t a ge  b y  the  a p p r o p r i a t e  a m o u n t ;  for  e x a m p l e ,  a 
59 m y  change  of the  r e f e r e n c e  v o l t a g e  at  25~ 
changes  the  p H  b y  one uni t .  

Measurement  of corrosion ra tes . - -The  k ine t i c s  of 
r eac t ions  w h i c h  p r o d u c e  or  consume  h y d r o g e n  ions 
m a y  be  m e a s u r e d  at  cons t an t  a c id i t y  b y  use  of t he  
e l e c t r o c h e m i c a l  p H - s t a t .  This  c a p a b i l i t y  is p a r t i c u -  
l a r l y  v a l u a b l e  in t he  case of co r ros ion  r eac t i ons  s ince  
the  t e c h n i q u e  p r o v i d e s  a con t inuous  m e a s u r e m e n t  of 
cor ros ion  r a t e  as a func t ion  of  t ime  w i t h o u t  the  n e -  
cess i ty  for  w e i g h t  loss or  p o l a r i z a t i o n  m e a s u r e -  
ments .  In  the  a bse nc e  of  e x t e r n a l  p o l a r i z i n g  cu r ren t ,  
t he  r a t e  of co r ros ion  of a n  i so l a t ed  m e t a l l i c  e l ec t rode  
equa l s  t he  r a t e  of  the  h y d r o g e n  evo lu t i on  r e a c t i o n  
on i ts  surface ,  p r o v i d e d  the  r e d u c t i o n  of h y d r o g e n  
ions is t he  sole ca thodic  process .  F o r  th is  case, Eq. 
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[3]  m a y  b e  modi f i ed  to g ive  Eq. [9] ,  w h e r e  Rx is t he  
r a t e  of i nc rea se  of h y d r o g e n  ion c o n c e n t r a t i o n  

dCH+ ( t )  S 
- -  (1 - -  t + ) v N ( t )  + R x  [9]  

dt V 

in  so lu t ion  due  to t he  cor ros ion  or  o the r  r e a c t i o n  
(R~ is n e g a t i v e  in t h e  case  of a co r rod ing  m e t a l ) .  
The  so lu t ion  of Eq. [9]  is g iven  b y  Eq. [10]  

Rx 
CH+ ( t )  = CH+ (O) + ~ ( 1 - -  e -~t)  [10]  

w h e r e  the  cond i t ion  tha t  CH+ ( t )  = CH+ (O) a t  t = 0 
has  been  used.  The  c u r r e n t  t r a n s i e n t  i n d u c e d  on i m -  
m er s ion  of the  co r rod ing  m e t a l  e l ec t rode  is t h e n  
g iven  b y  Eq. [11].  In  the  n e w  s t e a d y  s ta te ,  t he  c u r -  
r en t  pass ing  

FVRx 
i ( t )  = ( 1 - -  e -~t)  [11]  

( l - - t + )  

through the interface of the platinum electrode just 
compensates the current due to reduction of hy- 
drogen ions on the corroding electrode, so that the 
m e a s u r a b l e  c u r r e n t  is g iven  b y  Eq. [12].  I n  Eq. [12],  
icorr is 

FVR~ icorr 
i (oo)  = - -  [12]  

(I - - t+)  ( l - - t + )  

the corrosion current of the metallic electrode in the 
absence of external polarizing current. Figure 4 
shows typical examples of current transients ob- 
tained from the pH-stat on immersion of an iron 
electrode into solution. Data points were taken from 
recordings of the current transients and the solid 
lines are fits of Eq. [ 1 I] to the data. 

The degree of control of solution acidity by the 
electrochemical pH-stat during the time of immer- 
sion of the corroding electrode depends on the rate 
of the corrosion reaction. The hydrogen ion concen- 
tration in the new steady state, CH+ (oo), is given 
b y  Eq. [13] ,  w h i c h  fo l lows  f r o m  

500 

250 h o 

, 200 

E 

~50 

uJ 
ioo 

? c o 
50 ~ o 

TIME (minutes} 

Fig. 4. Variation of potentiostat current with time following im- 
mersion of iron electrode into solution. Solution, 0.5M NaCI, Elec- 
trode, zone-refined iron; atmosphere, H2. 

Temp. 
Curve pH ~ 

A 2.9 70 
B 3.5 70 
C 4.0 50 
D 4.5 50 
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Rx icorr 
C~+(c~)  = Crr+(o)  + , =  CH+(o)  - - [ 1 3 ]  

fl F V fl 
Eq. [10]  and  [12].  E q u a t i o n  [13] m a y  be  r e a r -  
r a n g e d  to g ive  Eq. [14] for  t he  

CH + ( up ) ico~ icorr 
- - - - 1  = 1  

CH+ (O) FVflCH + (o)  (1 - -  t+ )to 
[14]  

d e g r e e  of  con t ro l  o f  a c i d i t y  as  a func t ion  of the  co r -  
ros ion  r a t e  of t he  m e t a l l i c  e lec t rode .  In  Eq. [14] ,  io 
is the  e x c h a n g e  c u r r e n t  of the  h y d r o g e n  g a s - h y d r o -  
gen ion r e a c t i o n  on the  p l a t i n u m  e l ec t rode  p r i o r  to 
i m m e r s i o n  of t he  co r rod ing  e lec t rode .  This  e q u a -  
t ion  shows  t h a t  t he  p H  change  i n c u r r e d  as a conse-  
quence  of  t he  cor ros ion  r e a c t i o n  m a y  be  m i n i m i z e d  
b y  i n c r e a s i n g  the  e x c h a n g e  c u r r e n t  of t h e  p H - c o n -  
t r o l l i n g  e l e c t r o d e  of t he  p H - s t a t .  F o r  suff ic ient ly  
s m a l l  co r ros ion  ra tes ,  th is  effect can  be  r e l a t i v e l y  
u n i m p o r t a n t ,  p a r t i c u l a r l y  if  a p l a t i n i z e d  p l a t i n u m  
e l ec t rode  is u sed  w i t h  the  p H - s t a t .  ~ 

The  p r e s e n t  m e t h o d  for  t he  m e a s u r e m e n t  of cor -  
ros ion  r a t e s  is mos t  u se fu l  w h e n  the  cor ros ion  r a t e  
r e m a i n s  e s sen t i a l l y  cons t an t  w i t h  t ime.  In  t he  case 
of co r ros ion  r a t e s  w h i c h  v a r y  w i t h  t ime ,  t he  m e t h o d  
r e m a i n s  use fu l  p r o v i d e d  the  t i m e  r e q u i r e d  for  a 
s igni f icant  v a r i a t i o n  of icorr is l a r g e  c o m p a r e d  to 
l/ft.  I f  t he  cor ros ion  r e a c t i o n  p r o d u c e s  m e t a l l i c  ions 
in so lu t ion  w h i c h  u n d e r g o  a p p r e c i a b l e  h y d r o l y s i s  a t  
t he  p H  in ques t ion ,  i (oo)  no l onge r  equa l s  i . . . .  / 
( 1 - - t + ) ,  and  the  t r e a t m e n t  m u s t  be  c o r r e c t e d  for  
th is  effect. A l t e r n a t i v e l y ,  if  co r ros ion  r a t e s  w e r e  
k n o w n  i n d e p e n d e n t l y ,  t h e  m e t h o d  m i g h t  b e  use fu l  
for  i n v e s t i g a t i n g  the  h y d r o l y s i s  of co r ros ion  p r o d -  
ucts.  In  f a v o r a b l e  cases, th is  m e t h o d  of  cor ros ion  
r a t e  m e a s u r e m e n t  is  c a p a b l e  of  p r o v i d i n g  an  i n d e -  
p e n d e n t  check  on v a l u e s  of co r ros ion  r a t e  e s t i m a t e d  
b y  e x t r a p o l a t i o n  of Tafe l  l ines  to the  co r ros ion  po -  
t e n t i a l  or  b y  m e a s u r e m e n t  of  t he  p o l a r i z a t i o n  r e s i s t -  
ance.  

Disadvantages and modifications.--Certain d i s a d -  
v a n t a g e s  a re  i n h e r e n t  in t he  use  of the  p r e s e n t  d e -  

, v ice  for  the  con t ro l  of ac id i ty ,  p a r t i c u l a r l y  in  t he  
p re sence  of a co r rod ing  e l ec t rode  on w h i c h  p o l a r i z a -  
t ion  m e a s u r e m e n t s  a r e  des i rab le .  (a )  The  neces s i t y  
fo r  use of a h y d r o g e n  a t m o s p h e r e  l imi t s  t he  u t i l i t y  
of t he  device  to sy s t e ms  in w h i c h  h y d r o g e n  can  be  
t o l e r a t ed .  (b )  The  t r a n s i e n t  r e sponse  is r e l a t i v e l y  
s low and  d e p e n d s  g r e a t l y  on the  c ha r a c t e r i s t i c s  of 
t he  h y d r o g e n  r e a c t i o n  on the  p l a t i n u m  e l ec t rode  and  
on the  a r e a  to v o l u m e  ra t io .  (c)  The  d e g r e e  of con-  
t ro l  of p H  in t he  p r e s e n c e  of a h o m o g e n e o u s  or  h e t -  
e rogeneous  r e a c t i o n  wh ich  p r o d u c e s  or  consumes  h y -  
d r o g e n  ions d e p e n d s  on the  r a t e  of t ha t  r e a c t i o n  (cf. 
Eq. [ 14 ] ) .  (d)  The  l a r g e  p l a t i n u m  e l e c t r o d e  is 
g r o u n d e d  in the  u s u a l  po t en t i o s t a t i c  conf igura t ion ,  
so t ha t  use  of a second e l ec t ron ic  p o t e n t i o s t a t  or  
o t h e r  g r o u n d e d  c u r r e n t  source  on a co r rod ing  (or  
o t h e r )  e l ec t rode  in t h e  s ame  cel l  is a w k w a r d .  

A d i f fe ren t  t y p e  of e l e c t r o c h e m i c a l  p H - s t a t  was  
des igned  and  c o n s t r u c t e d  w h i c h  l a r g e l y  e l imina tes ,  

The  use  of  p l a t i n u m  e lec t rodes  m a y  present difficulties in  ce r t a in  
med ia ,  e spec ia l ly  c h l o r i d e  Solut ions .  T h e  f in i te  d i s s o l u t i o n  r a t e  of 
p l a t i n u m  i n  ch lo r ide  s o l u t i o n s  p r o d u c e s  p l a t i n u m  ions  w h i c h  m a y  
be  r educed  on  o t h e r  e l ec t rode  su r faces  in  t he  cell, c a u s i n g  signifi- 
cant changes  in  t he  k i n e t i c s  of r eac t ions  o c c u r r i n g  a t  these  surfaces .  
I f  t h i s  effect is  t r o u b l e s o m e  i n  specif ic  cases, i t  m a y  be necessa ry  to  
r ep lace  t he  p l a t i n u m  w i t h  a less r e a c t i v e  m a t e r i a l  ( py ro ly t i c  g r a p h -  
i te ,  p o r o u s  carbon ,  b o r o n  carbide ,  e tc . ) .  
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Fig. 5. Schematic diagram of differential amplifier type of electro- 
chemical pH-stat. A, Differential amplifier; B, platinum electrode; 
C, auxiliary polarizing electrode; D, glass electrode; E, reference 
electrode; F, stirrer (magnetic); G, salt bridge or porous disk; I, 
primary cell; II, exterior polarizing chamber. 

at least in principle, the difficulties mentioned above. 
Although the same type of cell as that in Fig. 1 is 
employed, so that the method of production or con- 
sumption of hydrogen ions by an electrochemical 
reaction at an inert electrode is unchanged, the con- 
trol of acidity is accomplished by use of a differential 
amplifier instead of a potentiostat. Figure 5 shows 
schematically the experimental arrangement.  The 
difference in the potential of a glass electrode (D) 
(or other pH-responsive electrode) and a refer-  
ence electrode (E) is the input potential to the dif- 
ferential amplifier (A).  This potential is opposed by 
a reference voltage at the input of the amplifier, in 
a manner  similar to that used in potentiostats. Any 
difference between the input potential and the ref-  
erence voltage is amplified by the differential am- 
plifier and drives a current through the circuit con- 
sisting of electrodes B and C. The polarity of the 
current  is such that the pH change caused by the 
equivalent electrochemical reaction at electrode B 
shifts the potential of the glass electrode in the 
proper direction to reduce the difference between 
the input potential and the reference voltage. Cur-  
rent output is zero when the input potential equals 
the reference voltage setting and any change in 
acidity as detected by the glass electrode causes im- 
mediate corrective action. 

A Philbrick Model P2 solid state differential op- 
erational amplifier is used in the modified electro- 
chemical pH-stat.  Power is supplied from mercury  
cells (Type TR-136), so that the entire apparatus 
can be floated with respect to ground potential. By 
this means, the modified pH-stat  may  be operated 
simultaneously with other l ine-operated instruments 
without the introduction of ground loops or other 
related difficulties. The open loop gain of this ampli- 
fier is approximately 3 x 104, and the input imped- 
ance is approximately 10 l~ ohms. The maximum out-  
put voltage is --+10v and the max imum output cur-  
rent is --1 ma; although the output capability is 
somewhat less than that of conventional differential 

amplifiers, it is still sufficient to provide good regu- 
lating action over the pH range from 4 to 1O when 
used with cells of moderate size. Feedback resistors 
of appropriate values may be used to lower the gain 
of the amplifier in cases where maximum gain is 
undesirable. The apparatus is constructed so that it 
may be used also as a conventional potentiostat (cf. 
Fig. 1) by a slight change in the wiring arrange-  
ment. 

The differential amplifier type of pH-sta t  is not 
limited to use with cells in which a hydrogen at-  
mosphere is maintained. It is capable of controlling 
pH providing any suitable electrochemical reaction 
occurs on the plat inum electrode which liberates or 
consumes hydrogen ions in a manner  which depends 
on the direction of current  flow. The transient re-  
sponse is not exponential, as in the case of the po- 
tentiostatic type of pH-stat.  At maximum gain, the 
full output of the amplifier is obtained when the 
difference between the input potential and the ref-  
erence voltage exceeds ca. --+ 0.3 my. Under these 
conditions, the modified pH-sta t  operates essentially 
as a "go-no go" device. Current  flow stops when the 
glass electrode potential attains the value deter- 
mined by the reference voltage setting (see below, 
however) .  

When the amplifier is operated at maximum gain, 
full output  is obtained when E(t) - - - -Vg( t ) -  VR -- 
Vg( t ) - -Vg(oo )  exceeds ca. --+0.3 mv; here, e(t) is 
the difference betwen Vg(t),  the glass electrode po- 
tential vs. the reference electrode, and Vm the ref-  
erence voltage. If the input signal required for full 
output is designated by el, the (constant) current 
output (i0 is given approximately by Eq. [15], 
where i (t) is the current through 

A 
i ( t )  = h - -  ~1 [15] 

Z 

electrode B of Fig. 5, A is the gain of the amplifier, 
and Z is the cell impedance (assumed constant).  
Hydrogen ion concentration changes with time ac- 
cording to Eq. [16], which gives Eq. [17] on inte- 
gration. 

dCH+ (t) ( l - - t + )  i ( t )  (1 - -  t + ) A  
---- e l - - - - - - T  

dt F V  F V Z  
[16] 

Cn+ (t) ---- CH+ (O) -- ~t [17] 

The concentration of hydrogen ions changes linearly 
with time because of the constant output current, 
and the corresponding variation of glass electrode 
potential is given by Eq. [18]. The time (~) required 
for a 

R T  CH+ (t) 
V~(t) = V~(o) + In 

F CH+ (O) 

RT 
In ( 1 =V~(o)+~ \ CH+(o) t )  [18] 

change in the glass electrode potential of Vg(oo) --  
Vg(o) follows from Eq. [18] as Eq. [19]. For 
V g ( o o ) - - V g ( o ) < 0 ,  El>0, and 9 ,>0 ;  and for 
V g (  ~ ) - -  V g ( o )  > 0 
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Fig. 6. Variation of glass electrode potential with time during 
adjustment of solution acidity by differential amplifier type of pH- 
star. Solution, 0.5M NaCI; temperature, 25~ atmosphere, H2; pH 
change, 4 to 5. 

I 1 
+ - -  [V~(oo) -- Vg(o )  ] 

RT 
CH+(0) l - - e  [19] 

Y 

Ez < O, a n d  y < 0. E q u a t i o n s  [17],  [18] ,  and  [19] a r e  
a p p r o x i m a t e l y  co r rec t  for  t he  o p e r a t i o n  of t he  
modi f i ed  p H - s t a t  a t  m a x i m u m  gain ,  a l t h o u g h  no  
account  is t a k e n  of t he  effect of the  ion iza t ion  con-  
s t an t  of  w a t e r  on the  t r a n s i e n t  b e h a v i o r  in t h e  p H  
reg ion  n e a r  n e u t r a l i t y .  F i g u r e  6 shows  a t y p i c a l  
e x p e r i m e n t a l  r e su l t  on  the  v a r i a t i o n  of t he  glass  
e l ec t rode  p o t e n t i a l  w i t h  t i m e  d u r i n g  the  a d j u s t m e n t  
ac t ion  at  m a x i m u m  gain.  The  d a s h e d  l ine  in  F ig .  6 
is a t h e o r e t i c a l  cu rve  c a l c u l a t e d  b y  use  of Eq. [18].  

S ince  the  ampl i f i e r  o u t p u t  is i n d e p e n d e n t  of p H  
for  E(t) > El, some  di f f icu l ty  m a y  be  e x p e r i e n c e d  in 
t he  con t ro l  of a c i d i t y  n e a r  n e u t r a l i t y .  Osc i l l a t ions  of 
p H  and  of c u r r e n t  m a y  occur  because  of a t i m e  l a g  
in the  r e sponse  of the  glass  e l ec t rode  to h y d r o g e n  
ions l i b e r a t e d  o r  c o n s u m e d  at  t h e  p l a t i n u m  e lec -  
t rode .  A f ini te  t i m e  of m i x i n g  is u n a v o i d a b l e ,  a n d  the  
c u r r e n t  " o v e r s h o o t "  p r o d u c e d  b y  th is  m e a n s  d e p e n d s  
on t h e  r a t e  and  m o d e  of s t i r r i n g  and  on the  o u t p u t  
c u r r e n t  of t he  ampl i f ie r .  Osc i l l a t ions  m a y  be  r e d u c e d  
or  e l i m i n a t e d  b y  p r o v i d i n g  m o r e  efficient  s t i r r ing ,  
b y  i nc rea s ing  the  i m p e d a n c e  of t h e  cel l  ( w i t h  e x -  
t e r n a l  r es i s t ance ,  if  d e s i r e d )  so t ha t  less c u r r e n t  is 
p r o d u c e d  at  fu l l  ou tpu t ,  or  b y  r e d u c i n g  the  ga in  of 
t he  ampl i f ie r .  

I n  case  t h e  d i f f e r en t i a l  ampl i f i e r  is o p e r a t e d  at  r e -  
d u c e d  gain,  so tha t ,  for  e x a m p l e ,  E1 --~ ----- 10 m v  m i g h t  
be r e q u i r e d  to p r o d u c e  the  fu l l  ou tpu t ,  the  t r a n s i e n t  
b e h a v i o r  dif fers  f r o m  t h a t  of Eq. [17]  and  [18] 
when ~(t) = Vg(t) -- VR : Vg(t) -- Vg(oo) < ~i. The 

current through the platinum electrode is given by 
Eq. [20] instead of by Eq. [15], and the rate of 

A A 
i ( t )  = - - - ~  [Vg( t )  - -  VR] = - -  ~ -  [Vg( t )  - -  V g ( ~ ) ]  

[20] 

change  of h y d r o g e n  ion c o n c e n t r a t i o n  fo l lows  Eq. 
[21] i n s t e a d  of  Eq. [16] .  
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dC~+ ( t )  

dt 

(1-- t+) 
= i(t) 

F V  

( l - - t + ) A  

FVZ 
[Vg( t )  - -  V g ( ~ )  ] [21] 

I n t e g r a t i o n  of Eq. [21] w i t h  use  of the  r e l a t ion ,  
RT [ CH+( t )  ] 

Vg( t )  ----Vg(o) + ~ l n  - l e ads  to Eq. 
F CH+ (o) ' 

[22] for the variation of CH+ (t) with time. In Eq. 
[22], 

J + - -  IVy(o}  = V~(r  

CH+ ( t )  e RT 
l i  CH+ (o)  

I 1 + - -  [Vg(o)  -- Vg(oo) ] 
R T  

= l i  e 

F 
+ [Vg(o)  -- V~(oo)]  

RT (i -- t+)ART 
- -  e t [ 2 2 ]  

F2VZCH+ (o) 

l i ( x )  ---- ~ ' x - d ~  is t he  l o g a r i t h m i c  i n t e g r a l  (12) .  F o r  
o l n $  

e ( t )  ~-- el, t he  t r a n s i e n t  b e h a v i o r  is g iven  b y  Eq. [17] ,  
w h i l e  for  e ( t )  < el, Eq. [22]  appl ies .  

The  d e g r e e  of con t ro l  of t h e  mod i f i ed  p H - s t a t  in  
t he  p r e s e n c e  of a c o r r o d i n g  e l ec t rode  or  o t h e r  r e a c -  
t ion  w h i c h  p r o d u c e s  or  consumes  h y d r o g e n  ions  m a y  
be c a l c u l a t e d  f r o m  Eq. [23] ,  w h e r e  Rx (cf. Eq. [ 9 ] )  
is t h e  r a t e  

riCH+ ( t )  (1 - -  t + )  
- -  i ( t )  + Rx  [ 2 3 ]  

dt FV 

of i nc rea se  of so lu t ion  a c id i t y  due  to the  cor ros ion  
(or  o t h e r )  r e a c t i o n  (Rx is n e g a t i v e  for  a c o r r o d i n g  

A A 
m e t a l ) .  W i t h  i ( t )  - -  [Vg( t )  - -  VR] 

Z Z 
A R T  CH+ ( t )  

I V y ( t )  - -  V g ( o ) ]  - -  in  , the  d e -  
Z F  CH+ (O) 

g ree  of  con t ro l  in  t he  s t e a d y  s t a t e  a t t a i n e d  a f t e r  i m -  
m e r s i o n  of t he  co r rod ing  e l ec t rode  in to  so lu t ion  is 
g iven  b y  Eq. [24].  

F2VZRx 
+ 

CH+ ( o o )  (i - t+)A~T 
--  e [24] 

CH+ (o)  

E q u a t i o n  [24] shows  t h a t  b e t t e r  con t ro l  of  a c id i t y  
is o b t a i n e d  a t  h igh  gain,  b u t  th is  a d v a n t a g e  is coun-  
t e r b a l a n c e d  b y  an  i nc r ea sed  t e n d e n c y  t o w a r d  osc i l -  
la t ion ,  as d i scussed  above .  The  c u r r e n t  in t he  s t e a d y  
s t a t e  is g iven  b y  Eq. [25],  w h i c h  is i d e n t i c a l  to Eq. 
[12] ; b o t h  the  p o t e n t i o s t a t  a n d  the  

FVRx ico~r 
i ( ~ )  = = [25]  

( l - - t + )  ( l - - t+ )  

differential amplifier types of electrochemical pH- 
star are useful for measuring corrosion rates of met- 
als. The potentiostat type is inherently more stable 
than the modified or differential amplifier type, al- 
though the transient behavior of the latter is su- 
perior in certain cases. Both devices should prove to 
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be usefu l  in  s i tua t ions  whe the r  au tomat ic  cont ro l  of 
pH is i m p o r t a n t  in s tudies  on reac t ion  kinet ics .  A 

Manuscript  received April  22, 1963; revised m a n u -  
script received Ju ly  5, 1963. This paper was presented CH+ (t) 
at the New York Meeting, Sept. 29-Oct. 3, 1963. The CH2 
paper is based on work performed for the Office of 
Saline Water, U. S. Depar tment  of the Interior,  at the D a ,  Dc 
Oak Ridge National  Laboratory, Oak Ridge, Tennessee, ha, 6c 
operated by Union Carbide Corporation for the U. S. 
Atomic Energy Commission. E(t) 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. el 
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SYMBOLS 
gain of differential amplifier 
convenient  combinat ion of kinet ic  pa ram-  
eters (cf. Eq. [4]),  sec -1 
hydrogen ion concentration, moles/era 3 
concentrat ion of dissolved molecular  hydro-  
gen, moles/cm 3 
diffusion coefficients of H2 and H +, cm2/sec 
hypothetical thicknesses of Nernst  diffusion 
layer, cm 
difference between glass electrode potential  
and reference voltage of differential ampli-  
tier, v 
input  voltage required for full  output  of 
differential amplifier, v 
Faraday 's  constant, coulombs/equiva lent  
convenient  combinat ion of parameters  (cf. 
Eq. [16] ), moles/cm3-sec 
net current  through electrode interface, amp 
corrosion current  of metall ic electrode, amp 
exchange current  of the hydrogen gas-hy-  
drogen ion reaction, amp 
max imum output cur ren t  of potentiostat, amp 
max imum output  current  of differential am- 
plifier, amp 
ionization constant  of water, molesf /cm 6 
electrochemical specific rate constants of 
anodic and cathodic partial  processes, cm/sec 
gas constant, j ou les /~  
rate of increase of hydrogen ion concentra-  
tion due to corrosion (or other reaction),  
moles/cm3-sec 
electrode area, cm 2 
absolute temperature,  ~ 
time, see 
t ransference number  of hydrogen ions 
time required to change glass electrode po- 
tential  by Vg( ~ ) - -  Vg (o), see 
volume of solution, cm 3 
glass electrode potential  vs. reference elec- 
trode, v 
reference voltage of differential amplifier, v 
net flux of hydrogen gas-hydrogen ion re-  
action, moles/cm2-sec 
cell impedance, ohms 

On the Formation of Electrochemical 

Etch Pits on the (111) Face of Copper 
Ugo Bertocci, L. D. Hulett, and L. H. Jenkins 

Solid State Division, Oak Ridge National Laboratory, 1 Oak Ridge, Tennessee 

ABSTRACT 

In an effort to elucidate the role of defects on the anodic behavior of copper 
single crystals, informat ion has been gathered about the etch pits formed at 
dislocations on the (111) face. Anodic etching has been carried out in  chloride, 
chloride/bromide,  bromide, and chloride/iodide solutions, with and without 
copper salt added, as well as in CH3COOH, H 2 8 0 4 ,  and HC104. In  halide solu- 
tions dislocation pits have been found to be formed over a large range of cur-  
rent  densities and solution compositions, whereas no preferent ial  nucleat ion at 
dislocation intersections has been detected in other solutions. The role of small  
misorientat ions of the surface from (111), as well as the etching of (100) and 
(110) surfaces has also been investigated. The influence of such parameters  as 
current  density, solutic-n compositions, and orientat ion of the copper surface 
on the formation and characteristics of such pits is discussed. 

Severa l  e tchants  which  cause pits to be developed 
at points  where  dis locat ions in te rsec t  the  surface  of 
copper crysta ls  have  been  developed (1-3) .  A l -  
though  the r eac t i on ( s )  occur r ing  on the  me ta l  su r -  
face is e lec t rochemica l  in  c h a r a c t e r - - f o r  whi le  the  
me ta l  is oxidized to copper  ions, an  oxidiz ing agent  
such as Cu ++, Fe +++,  Brf, S2Os--, etc., is r educed  

1 Oak  Ridge  Na t iona l  L a b o r a t o r y  is ope ra t ed  b y  Union  C a r b i d e  
Corpora t ion  for  the  Uni t ed  Sta tes  Atomic  E n e r g y  Commiss ion.  

at  the su r f ace - - success fu l  and  rep roduc ib le  methods  
for fo rming  etch pi ts  at dis locat ions by  the  app l ica -  
t ion  of an e x t e r n a l  emf  have  only  r ecen t ly  been  re -  
por ted  (4) .  Such  a me thod  is advan t ageous  for not  

on ly  can the anodic  and  cathodic react ions  be sepa-  
ra ted  in  space, bu t  also the  m a g n i t u d e  of the  cu r r en t  
f lowing and  po ten t i a l  at the  electrode can be con-  
t ro l led  a n d / o r  measured .  
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A s tudy  of the  cor re la t ion  b e t w e e n  such p a r a m -  
eters at c u r r e n t  dens i ty  and  electrode overpo ten t i a l  
and  the s t ruc tu re  of meta l l i c  s ingle  crysta ls  seems a 
p romis ing  me thod  of i nves t i ga t i ng  the  role  of defect  
s t ruc tu re  u p o n  the surface reac t iv i ty  of metals .  
However ,  before  more  precise da ta  are o b t a i n a b l e  
in  any  system, a ce r ta in  a m o u n t  of exp lo ra to ry  work  
is necessary.  The  fo l lowing is a discussion,  in  r a the r  
gene ra l  terms,  of the  in i t i a l  resul t s  ob ta ined  in  a 
s tudy  of some of the p a r a m e t e r s  affecting the f o r m a -  
t ion  of etch pits at  dislocations,  l a rge ly  in  HC1 a nd  
HBr  mix tures .  A more  specific and  q u a n t i t a t i v e  
aspect of the work,  the k inet ics  of the g rowth  of etch 
pits, has been  repor ted  by  Young  and  Hule t t  (5) .  

Experimental Method 
Solut ions  used in  this  s tudy  were  p r epa red  f rom 

reagen t  grade  ma te r i a l s  and  s ingly  dis t i l led  w a t e r  
f rom a t i n - l i n e d  still. Copper  s ingle  crystals ,  g r ow n  
f rom the mel t  in  g raph i te  crucibles,  were  p repa red  
f rom po lyc rys t a l l i ne  99.999% m a t e r i a l  suppl ied  by  
A m e r i c a n  Sme l t i ng  and  Ref in ing  Company .  Most of 
the obse rva t ions  which  fol low were  made  on crys ta ls  
1 x 2 x 0.1 cm wi th  the p re fe r red  o r i en ta t ion  on the 
la rge  1 x 2 cm area. The dis locat ion dens i ty  in  an  
average  spec imen  was ~ 5  x 106 cm -2. 

The  p r e p a r a t i o n  and  h a n d l i n g  of such samples,  i n -  
c lud ing  cu t t ing  and  l app ing  by  acid baths ,  has been  
descr ibed p rev ious ly  (6, 7). I t  is on ly  necessa ry  to 
repea t  tha t  the  methods  used to p repa re  surfaces  
for s tudy  did no t  i n t roduce  apprec iab le  n u m b e r s  of 
n e w  dis locat ion into the  samples.  The final t r e a t m e n t  
g iven  any  or ien ted  surface  jus t  p r ior  to exper i -  
m e n t a t i o n  consisted of a 3 0 - m i n  polish in an  acid 
copper  phospha te  ba th  fol lowed by  w a s h i n g  in  a 
s t r eam of dis t i l led water .  All  the data  discussed be -  
low were  ob ta ined  u n d e r  ga lvanos ta t i c  condi t ions  at 
room t en ipe ra tu re ,  and  all  c u r r e n t  densi t ies  r e fe r r ed  
to t h r o u g h o u t  are based on geometr ic  e lect rode 
areas. 

Af te r  e lec t ropol i sh ing  and  washing,  the  surface  
be ing  tes ted was  dr ied  in  a jet  of oxygen,  and  the  
sample  t h e n  was  i m m e r s e d  in  the so lu t ion  con ta ined  
in  the test  cell. C u r r e n t  was  t hen  passed t h r ough  
the  sys tem for the des i red t ime,  and  the sample  was 
removed,  washed,  dried,  and  f inal ly  the  surface ex-  
a m i n e d  by  opt ical  microscopy.  

In  some ins tances  it was  des i rab le  tha t  the solut ion 
be free of any  dissolved oxygen.  This was  accom- 
pl ished by  b u b b l i n g  Matheson  HP  grade n i t r o g e n  
th rough  the system. Af te r  oxygen  had  been  removed,  
the  sys tem was m o m e n t a r i l y  opened and  the copper  
sample  inse r ted  qu ick ly  whi le  v igorous  flow of n i -  
t rogen  was con t inued  so that  r e - i n t r o d u c t i o n  of oxy -  
gen in  the solut ion was  held  to a m i n i m u m .  

Experimental Results 
Most of the  observa t ions  which  fol low re la te  to 

the anodic  a t tack  of (111) o r ien ted  surfaces in  m i x -  
tu res  of HC1 and  HBr,  a l though  some data  ob t a ined  
in  other  solut ions a n d / o r  f rom dif ferent  o r ien ta t ions  
are included.  As was an t i c ipa ted  f rom chemical  e tch-  
ing exper imen t s ,  pits fo rmed  easi ly at dis locat ions on 
surfaces subjec ted  to anodic  po la r iza t ion  in  the  
fo rmer  solutions.  A m o n g  other  pa ramete r s ,  the effects 

of c u r r e n t  densi ty ,  concen t r a t i on  of so lu t ion  compo-  
nents ,  and  the inf luence  of s l ight  surface  m i s o r i e n t a -  
t ion f rom a t rue  (111) on the  p i t t ing  process have  
been  studied.  

Current density and solution composition.--In 
m i x t u r e s  of HC1 and  HBr  the r ange  of c u r r e n t  
densi t ies  in  which  pits developed at d i s l oca t i ons - - t he  
character is t ic  p a t t e r n  of a t tack  in  such m i x t u r e s - -  
was r ea sonab ly  wide. At  concen t ra t ions  of H Br  be -  
t w e e n  0.1 and  0.5M, v a r y i n g  the  concen t r a t i on  of 
HC1 in  the r ange  2-6M had l i t t le  de tec tab le  effect 
o ther  t h a n  to increase  the m a x i m u m  c u r r e n t  dens i ty  
a l lowable  before  p rec ip i t a t ion  occurred  at the  anode.  
The m i n i m u m  c u r r e n t  dens i ty  at  which  pits could 
be developed a p p a r e n t l y  was  set by  the exper i -  
m e n t a l  me thod  since at lower  c u r r e n t  densi t ies  the 
presence  of oxygen  in  solut ions  compl ica ted  i n t e r -  
p r e t a t i on  of resul ts .  In  HC1-HBr solut ions  which  
were  free of oxygen,  pi ts  have  been  developed at 
c u r r e n t  densi t ies  as low as 0.1 m a c m  -2. As s ta ted 
previous ly ,  the  m a x i m u m  c u r r e n t  dens i ty  was  de-  
t e r m i n e d  by  the  p rec ip i t a t ion  of sal t  at the  electrode 
and  was there fore  d e p e n d e n t  on concent ra t ions ,  
s t i r r ing,  and  t ime.  Cons ide r ing  these  factors,  the 
m a x i m u m  c u r r e n t  dens i ty  a l lowable  va r i ed  f rom 
~80-150  m a  cm -2. 

It  was  also possible  to ob ta in  pits at dis locat ions 
on surfaces exposed to so lu t ion  of 2-6M HC1. The 
r a nge  of Current  densi t ies  at which  pi ts  could be 
developed in  2-6M HC1 was r e l a t i ve ly  n a r r o w e r  
t h a n  in  HC1-HBr mix tu res .  The observed  uppe r  
l imi t  of ~ 2 - 5  ma  cm -2 was shif ted toward  the  h igher  
va lues  by  s t i r r ing.  This m a x i m u m  was not  l imi ted  
by  salt  prec ip i ta t ion ,  bu t  p r e s u m a b l y  by  the  no 
longer  f avorab le  ra te  of d isso lu t ion  at the  pits as 
compared  wi th  the  r e m a i n d e r  of the surface.  The 
m i n i m u m  c u r r e n t  dens i ty  at which  pits could be ob-  
t a ined  in  o x y g e n - f r e e  solut ions  of HC1 was ~50  
~a cm -2, s l ight ly  lower  t h a n  in  ch lo r ide -b romide  
mix tures .  

Solu t ions  of HC1 which  were  free of dissolved 
oxygen  and  which  con ta ined  complex  ions of copper 
in e q u i l i b r i u m  wi th  copper me ta l  had  an  adverse  in -  
f luence on the fo rma t ion  of pi ts  at dislocations.  I t  
was d e t e r m i n e d  tha t  a concen t ra t ion  of copper as 
low as 0.05M in 2M HC1 was gene ra l l y  large enough  
to p r e v e n t  pit  fo rmat ion .  This  resu l t  is in  a g r e emen t  
wi th  the  observed  effect of s t i r r ing ,  so tha t  it can be 
su rmised  tha t  in  order  to have  p i t t ing  at dislocat ions 
a ce r ta in  concen t r a t i on  of Cu + con ta in ing  complexes  
should not  be exceeded in  the  v ic in i ty  of the copper 
surface.  

Resul ts  ve ry  s imi la r  to those observed in  HC1 were  
ob ta ined  in  KC1 solut ions of the same chlor ide con-  
cen t r a t i on  and  in which  the  pH had been  ad jus ted  
to 1 w i th  HC1. 

Solu t ions  of HBr  in  the r a nge  of 2-6M produced  
resul ts  no t  g rea t ly  di f ferent  f rom those ob ta ined  in  
m i x t u r e s  of HC1 and  HBr,  and  it was  observed  tha t  
copper  concen t ra t ions  as h igh as 0.6M in 5M H Br  did 
no t  p r e v e n t  pi t  fo rmat ion .  

Pit geo~netry.--In all  cases the s y m m e t r y  axis of 
the p y r a m i d  b o u n d i n g  an  etch pi t  was  in  the  [111] 
d i rec t ion;  tha t  is to say, the  axis was  i n d e p e n d e n t  of 
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Fig. 1. Schematic diagram of etch pits formed around the (111) 

( fH) 8 

Fig. 2. Relationship between etch pit structure and crystal 
orientation. ~ 4 

< 3 the misorientation of the surface from the true 
( l  11). However, the shape of the triangle created 
on the  su r f ace  b y  the  i n t e r s ec t i on  of t h e  su r f ace  
p l a n e  w i t h  t he  p i t  was  d e p e n d e n t  on s l igh t  su r f ace  
mi so r i en t a t i ons .  The  effect  of t he se  s y m m e t r y  l i m i -  
t a t ions  on the  shapes  of  e tch  p i t s  is i l l u s t r a t e d  
s c h e m a t i c a l l y  in  Fig.  1. The  c e n t e r  of t he  d i a g r a m  
r e p r e s e n t s  a p i t  f o r m e d  on  a su r f ace  o r i e n t e d  e x a c t l y  
(111) ,  and  the  a s y m m e t r y  of p i t s  f o r m e d  on su r f aces  
s l i gh t ly  m i s o r i e n t e d  f r o m  the  (111) in  the  d i r ec t i ons  
shown  is i l l u s t r a t ed .  The  end  r e s u l t  of such s y m -  
m e t r y  r e s t r i c t i ons  is t h a t  t h e r e  is an  a p p r o x i m a t e l y  
t r i a n g u l a r  a r e a  a r o u n d  t h e  e x a c t  (111) o r i e n t a t i o n  
on w h i c h  d i s loca t ion  p i t s  h a v i n g  t h r e e f o l d  s y m m e t r y  
can  be  fo rmed .  This  a r e a  can  be  def ined  in  t he  fo l -  
l owing  w a y :  Cons ide r  the  prof i le  of a p i t  (F ig .  2) 
r e s u l t i n g  f r o m  the  c u t t i n g  of a p i t  on a su r f ace  b y  a 
p l a n e  which,  in a d d i t i o n  to pa s s ing  t h r o u g h  the  
v e r t e x  of t he  pi t ,  is a l so  n o r m a l  to t h e  a c t u a l  ( h k l )  
su r f ace  as w e l l  as t h e  (111) n e a r e s t  t h a t  sur face .  
The  s ides  of such  a p i t  f o r m  ang les  ~1 and  a2 w i t h  
the  (111) p l a n e  w h i c h  is a t  a n  a n g l e  fl to t he  ( h k l ) .  
The  v a l u e  of  e i t he r  ~1 or  ~2, t he  choice  b e i n g  d e t e r -  
m i n e d  b y  the  s ign  of fl, e s t ab l i shes  t h e  l i m i t  of a l l o w -  
ab le  m i s o r i e n t a t i o n  s ince  a p i t  can  fo rm on an  ( h k l )  
on ly  if  fl is s m a l l e r  t h a n  the  l i m i t i n g  a va lue .  

I t  was  poss ib le  to d e t e r m i n e  e x p e r i m e n t a l l y  the  
l imi t s  of a l l owed  m i s o r i e n t a t i o n s .  This  was  a c c o m -  
p l i shed  b y  m e a s u r i n g  w i t h  the  mic roscope  the  l i m -  
i t ed  a r e a  a r o u n d  the  (111) po le  of s p h e r i c a l  c r y s -  
ta ls  on w h i c h  e tch  p i t s  could  be deve loped .  F i g u r e  
3 i l l u s t r a t e s  such  a t y p i c a l l y  p i t t e d  area .  The  e x t e n t  
of th is  r e s t r i c t e d  a r e a  of p i t  d e v e l o p m e n t  was  t e r m e d  
" a n g u l a r  s p r e a d , "  and  i ts  v a r i a t i o n s  w i t h  c u r r e n t  
d e n s i t y  and  so lu t ion  compos i t ions  w e r e  s tud ied .  O b -  
s e r v a t i o n s  w e r e  m a d e  in  6M HC1 so lu t ions  w i t h  H B r  
concen t r a t i ons  r a n g i n g  f rom 0.1 to 0.5M. The  r e -  
sul ts  of some of t he  a n g u l a r  s p r e a d  m e a s u r e m e n t s  
a r e  shown  in Fig.  4. I t  is r e a d i l y  seen  t h a t  t he  a r e a  

Fig. 3. Pitted area surrounding the (111) 
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over  w h i c h  p i t s  can  deve lop  inc reases  w i t h  i n c r e a s -  
ing  c u r r e n t  d e n s i t y  a n d  dec r ea s ing  b r o m i d e  ion 
concen t ra t ion .  Also,  i t  a p p e a r s  t h a t  a m a x i m u m  oc -  
curs  in  t he  r a n g e  of 80-100 m a  cm -2. I t  shou ld  be  
no ted  t h a t  o r i e n t a t i o n  r e q u i r e m e n t s  a r e  r a t h e r  
s eve re  in th is  s y s t e m  for  t he  g r e a t e s t  a l l o w a b l e  d e -  
v i a t i on  f rom the  (111) in a n y  g iven  d i r ec t i on  is ~ 4  ~ 

F o r  a n y  one  solut ion,  t h e  a p p l i e d  c u r r e n t  d e n s i t y  
also p l a y s  a r e l e v a n t  ro le  in d e t e r m i n i n g  the  shapes  
of pi ts .  A t  l ow  c u r r e n t  dens i t i e s  t h e y  e x h i b i t  a h e x -  
agona l  con tour  l i ke  t h a t  s h o w n  in  Fig .  5a, w h e r e a s  a t  
h i g h e r  c u r r e n t  dens i t i e s  t h e  p i t s  a p p r o a c h  m o r e  
c lose ly  a t r ue  t r i a n g u l a r  s h a p e  (Fig .  5b) .  

Kinds of pits.--Two t y p e s  of p i t s  w i t h  a p p r o x i -  
m a t e l y  equa l  wid ths ,  b u t  c o n s i d e r a b l y  d i f fe ren t  
dep ths ,  w e r e  obse rved .  The  r a t i o  of t he  s lopes  of 
t h e  two  k i n d s  of  p i t s  can  be  m e a s u r e d  u s i n g  i n t e r -  
f e rence  me thods .  Such  a r a t i o  va r i e s  s o m e w h a t  w i t h  
e x p e r i m e n t a l  condi t ions ,  and  i ts  a v e r a g e  v a l u e  is 
a b o u t  1.5. I f  the  mic roscope  is f i t ted  w i t h  an  i n t e r -  
f e r ence  c o n t r a s t  device ,  the  two  k inds  of p i t s  can  be 
eas i ly  r ecogn ized  b y  t h e  d i f fe ren t  co lors  of t h e i r  
sides. To tes t  w h e t h e r  t he  two  t y p e s  of p i t s  cor -  
r e s p o n d  to aged  a n d  f r e s h  d i s loca t ions ,  2 n e w  d i s -  

s D i s l o c a t i o n s  i n t r o d u c e d  i n  t h e  s p e c i m e n  a t  n e a r  r o o m  t e m p e r -  
a t u r e ,  a n d  n e v e r  s u b j e c t e d  to  a n n e a l i n g ,  a r e  t e r m e d  " n e w "  o r  
" f r e s h " ;  i n  p a r t i c u l a r ,  t h e y  a r e  s u p p o s e d  to  h a v e  a c o n c e n t r a t i o n  of 
i m p u r i t i e s  a r o u n d  t h e m  n o t  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h e  c o n c e n -  
t r a t i o n  i n  p e r f e c t  r e g i o n s  of  t h e  c r y s t a l .  F o r  t h i s  r e a s o n  t h e y  a r e  
s o m e t i m e s  c a l l e d  " c l e a n "  d i s l o c a t i o n s ,  a s  opposed  to  " g r o w n - i n "  o r  
" a g e d "  d i s l o c a t i o n s .  
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Fig. 5. Etch pits at dislocations obtained in a 4.3M HBr solution 
containing 0.65M CuBr: (a) (left) after 24 min at a current dens- 
ity of 0.5 ma cm-2;  (b) (right) after 25 sec at a current density of 
SO ma c m - 2  

loca t ions  w e r e  i n t r o d u c e d  in spec imens  b y  d r o p p i n g  
c a r b o r u n d u m  pa r t i c l e s  on the  su r f ace  in the  m a n n e r  
of L i v i n g s t o n  (3 ) .  On  e tch ing ,  t he se  n e w  d i s loca -  
t ions  p r o d u c e d  bo th  t h e  sha l low and  deep  p i t s  p r e -  
v ious ly  obse rved .  Moreove r ,  t he  d i s loca t ions  w e r e  
a r r a y e d  in s t a r - s h a p e d  p a t t e r n s  l i ke  those  o b t a i n e d  
b y  L i v i n g s t o n  in w h i c h  the  two  d i f fe ren t  t y p e s  of 
p i t s  w e r e  i n t e r p r e t e d  b y  h i m  to b e  caused  b y  d i s -  
loca t ions  of oppos i te  sign. H o w e v e r ,  s ince  a l l  p i t s  
t e n d e d  to become  s h a l l o w e r  w i t h  d e c r e a s i n g  c u r r e n t  
dens i t ies ,  as t he  l owes t  c u r r e n t  dens i t i e s  a t  w h i c h  
p i t s  cou ld  be  p r o d u c e d  w e r e  a p p r o a c h e d ,  t he  sha l low 
k i n d  of p i t s  d id  no t  deve lop .  Thus ,  s t a r - s h a p e d  a r -  
r a y s  of  p i t s  (Fig .  5a)  cou ld  be  seen in w h i c h  the  
legs of t he  s t a r s  w e r e  f o r m e d  of one, r a t h e r  t h a n  the  
u sua l  two,  row of pi ts .  A t  a n y  ra te ,  i t  was  c l ea r  t h a t  
the  two  types  of p i t  d id  no t  r e su l t  f r o m  d i f fe ren t  
concen t r a t i ons  of i m p u r i t i e s  a t  d is loca t ions .  

Also,  i t  was  o b s e r v e d  t h a t  in so lu t ions  con t a in ing  
on ly  HC1 bo th  f r e sh  and  g r o w n - i n  d i s loca t ions  
caused  p i t s  to be fo rmed .  H o w e v e r ,  i n s t e a d  of f ind-  
ing the  t w o  k i n d s  of p i t s  f o u n d  a t  h i g h e r  c u r r e n t  
dens i t i e s  in t he  H C 1 / H B r  m i x t u r e s ,  a l l  p i t s  a p p e a r e d  
to h a v e  a p p r o x i m a t e l y  t he  same  d e p t h  and  wid th .  

I t  was  f o u n d  t ha t  on ly  d i s loca t ions  w h i c h  p r o d u c e  
sha l low pi t s  in H C 1 / H B r  m i x t u r e s  g ive  r i se  to p i t s  
in HC1. F o r  ins tance ,  if  a (111) su r f ace  is e t c h e d  
first  in HC1 and  s u b s e q u e n t l y  in a H C 1 / H B r  m i x t u r e ,  
n e w  pi t s  a r e  f o r m e d  in t he  second  e tch ing ,  a l l  of 
t h e m  of t h e  deep  k ind ,  w h e r e a s  t he  p i t s  f o r m e d  in 
the  first  e t ch ing  g r o w  l a r g e r  d u r i n g  the  second  e lec -  
t ro lys i s ,  b u t  t h e i r  s lopes  a r e  s m a l l e r  t h a n  the  s lopes  
of t he  s m a l l e r  pi ts .  Conve r se ly ,  if t he  s p e c i m e n  is 
first  e t ched  in H C 1 / H B r  m i x t u r e  and  t hen  in HC1, 
pi ts  of the  deep  k i n d  deve lop  flat  bo t toms .  F i g u r e  6 
shows  the  r e su l t  of such  an  e x p e r i m e n t .  No e x p l a n a -  
t ion  for  such  a p h e n o m e n o n  can  be  a d v a n c e d  a t  th is  
t ime,  b u t  th is  po in t  is p a r t i c u l a r l y  i n t e r e s t i n g  s ince  
one m i g h t  hope  to deve lop  so lu t ions  w h i c h  a r e  
se lec t ive  for  c e r t a i n  k i n d s  of s t r u c t u r a l  defects .  

Other systems.--Less d e t a i l e d  i n f o r m a t i o n  has  
been  g a t h e r e d  a b o u t  o t h e r  sys tems.  W h e n  a d d e d  to 
2-6M so lu t ions  of HC1 or  KC1, concen t r a t i ons  of 
i od ide  ion as low as 10 -5 -10 -8M g r e a t l y  e n h a n c e d  
the  ease  w i t h  w h i c h  e tch  pi ts  w e r e  nuc l ea t ed .  W h i l e  
p i t t i n g  w a s  o b s e r v e d  in  i o d i d e - c h l o r i d e  m i x t u r e s  at  
c u r r e n t  dens i t i e s  v a r y i n g  f rom 0.1 to 20 m a  cm -~, p i t  

Fig. 6. Pits after dissolution for 2 min in 6M HCI -I- 0.SM HBr 
at 2.0 ma cm - 2  followed immediately by electrolysis f6r 1 min in 
3M HCI at the same current density. 

f o r m a t i o n  was  no t  h i n d e r e d ,  as in  ch lo r ide  solut ions ,  
b y  t h e  p r e s e n c e  of Cu +. 

P i t s  a s soc i a t ed  w i t h  d i s loca t ions  also w e r e  f o r m e d  
in m i x t u r e s  of NH4OH a n d  NH4Br. F o r  e x a m p l e ,  
w e l l - d e v e l o p e d  p i t s  w e r e  o b t a i n e d  in  t h e  r a n g e  
1.0-50 m a  cm -2 in  a 4.5M NH4OH so lu t ion  c o n t a i n -  
ing  0.5M NH4Br. S ince  (NH4)2S2Os causes  p i t s  to 
d e v e l o p  a t  d i s loca t ions  in  so lu t ions  con ta in ing  
NI,I-I4OI.I and  NH4Br (2 ) ,  t h e  p r e v i o u s  r e s u l t  h a d  b e e n  
an t i c ipa t ed .  

C l e a r - c u t  r e su l t s  w e r e  o b t a i n e d  n e i t h e r  in  a m -  
m o n i a  or  KCN,  nor  in t h e i r  m i x t u r e s ;  a l t h o u g h  t h e r e  
was  a t e n d e n c y  to f o r m  pi t s ,  such p i t s  d id  n o t  s eem 
to be  r e l a t e d  to d i s loca t ions .  HC104, H2SO4, and  
CHsCOOH w e r e  t e s t ed  for  e n h a n c e d  a c t i v i t y  at  d i s -  
loca t ions  w i t h  n e g a t i v e  resu l t s .  A n  i n t e r e s t i n g  e x -  
p e r i m e n t  cons i s t ed  of d i s so lv ing  a n o d i c a l l y  a Cu 
(111) su r face  in  a so lu t ion  w h i c h  p r o d u c e d  p i t s  a t  
d i s loca t ions ;  the  c u r r e n t  was  t h e n  s topped ,  t he  so lu-  
t ion  q u i c k l y  r e m o v e d  and  r e p l a c e d  w i t h  an  HC104 
solut ion .  W h e n  the  c u r r e n t  was  s w i t c h e d  on aga in ,  
i t  was  o b s e r v e d  (see  Fig .  7) t h a t  t he  p i t s  p r e v i o u s l y  
f o r m e d  d e v e l o p e d  flat  bo t toms ,  showing  t h a t  no p r e f -  
e r e n t i a l  n u c l e a t i o n  of n e w  s teps  occu r r ed  at  t he  d i s -  
l oca t ion  i n t e r s ec t i on  u n d e r  t he  l a t t e r  condi t ions .  
Moreove r ,  t he  fine s t r u c t u r e  of  t he  s ides  of the  p i t s  
also changed .  S ince  the  p i t s  k e e p  g r o w i n g  w h e n  the  
spec imen ,  a f t e r  r e m o v a l  and  r ins ing ,  is p u t  b a c k  into  
a so lu t ion  w h e r e  d i s loca t ion  p i t s  can be  fo rmed ,  t he  
d e v e l o p m e n t  of f lat  b o t t o m s  canno t  be  a t t r i b u t e d  to 

Fig. 7. Pits after dissolution for 2 min in 6M HCI -~ 0.SM HBr 
at 5 ma cm - 2  followed immediately by electrolysis for 3 min in 
2M HCIO4 at the same current density. 
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c o n t a m i n a t i o n  of the  surface  d u r i n g  the  t r ans f e r  
f rom one solut ion to another .  

In  add i t ion  to e x p e r i m e n t s  on the  (111),  some 
work  has been  done on (100) and  (110) surfaces.  
Etch pits at dis locat ions can be developed by  anodic  
a t tack  on these  surfaces also. Disso lu t ion  of (100) 
surfaces in  an  acid ch lo r ide -b romide  solut ion p ro -  
duces etch pi ts  at dislocations.  However ,  the  pi t  
p a t t e r n  has a large a m o u n t  of r a n d o m  facet ing which  
makes  i n t e r p r e t a t i o n  difficult. S u b g r a i n  bounda r i e s  
are c lear ly  de l inea ted  as rows of square  pits, bu t  
isolated pi ts  are somet imes  difficult to d i s t ingu i sh  
f rom the  s u r r o u n d i n g  square  facets. S u b g r a i n  
bounda r i e s  on the (110) were  p r e f e r e n t i a l l y  e tched 
anodically in HCI solutions at current densities ~2 
m a  cm -~. 

Discussion and Conclusions 
I t  has been  as sumed  t h r o u g h o u t  the p rev ious  

p r e s e n t a t i o n  tha t  the re  is a cor respondence  b e t w e e n  
the  dis locat ions in t e r sec t ing  the  surface  and  the pits 
developed.  This a s sumpt ion  is no t  as gross as first 
appears  for not  on ly  were  the p i t t i ng  pa t t e rn s  L i v -  
ings ton  ob ta ined  wi th  a chemical  etch af ter  d ropp ing  
c a r b o r u n d u m  par t ic les  on a (111) surface of copper  
dupl ica ted ,  bu t  dis locat ions i n t roduced  by  surface  
inden ta t ions ,  bend ing ,  etc., could also be detec ted  as 
e tch pits. Moreover ,  no s ignif icant  difference in  etch 
pa t t e rns  was  observed  w h e t h e r  crys ta ls  were  e tched 
anodica l ly  in  the  presence  of b r o m i d e  ions or u s i ng  
the  chemical  etch of Lovel l  and  W e r n i c k  (1) ,  which  
has been  shown  to produce  etch pits at dislocations.  
I t  is not  cer ta in ,  however ,  tha t  all  d is locat ions i n t e r -  
sect ing the surface were  revea led  as etch pits, even  
though  it was demons t r a t ed  tha t  bo th  c lean  and  aged 
dislocations,  as wel l  as edge dis locat ions of opposite 
sign, could fo rm etch pits. It  is on ly  r easonab le  in  
v iew of these resul t s  and  those of o thers  (1-3)  to as-  
sume tha t  the difference b e t w e e n  the  n u m b e r  of dis-  
locat ions p resen t  and  those fo rming  pits is c e r t a in ly  
less t h a n  an  order  of magn i tude .  

A l though  cons iderab le  effort was expended  in  a t -  
t e m p t i n g  to achieve a u n i f o r m  c u r r e n t  dens i ty  over  
the  electrode,  v i sua l  inspec t ion  of e tched surfaces  
ind ica ted  r a the r  c lear ly  tha t  local c u r r e n t  densi t ies  
were  h igh ly  d e p e n d e n t  on smal l  mi so r i en t a t i ons  
f rom a c lose-packed surface.  There  seemed to be a 
direct  r e la t ionsh ip  b e t w e e n  local c u r r e n t  densi t ies  
and  the n u m b e r  of a tom steps on the immed ia t e  su r -  
face. The l a t t e r  obvious ly  is a func t ion  of the degree  
of m i so r i en t a t i on  f rom a low index  face. Therefore ,  
ave rage  va lues  of c u r r e n t  dens i ty  which  were  cal-  
cu la ted  f rom c u r r e n t  read ings  and  geometr ic  sur face  
areas  do not  cor respond to local values.  This is p a r -  
t i cu l a r ly  t rue  of expe r imen t s  pe r fo rmed  on s ingle  
c rys ta l l ine  spheres,  b u t  also on flat spec imens  as 
wel l  since even  in  the  la t te r  case local f luc tuat ions  in 
o r i en t a t i on  of 1/2 o were  observed.  

The conclus ions  which  can be d r a w n  f rom expe r i -  
m e n t a l  observa t ions  of the  qua l i t a t i ve  n a t u r e  of 
those repor ted  here  mus t  necessar i ly  be r a the r  u n -  
sophist icated.  However ,  some commen t s  conce rn ing  
e n h a n c e d  d issolu t ion  at dis locat ions and  the  geo- 
met r ic  surface  pa t t e rn s  developed can be made.  Re-  
sults  ob ta ined  in  other  t h a n  ha l ide  solut ions  ind ica te  

tha t  the dissolut ion of copper  as Cu + is a necessary,  
bu t  no t  a sufficient, condi t ion  for etch pi ts  to be 
fo rmed  at dislocations.  Since in  the  final ana lys i s  a 
pi t  is fo rmed  only  if there  is local ly  an  increased  
ra te  of d issolut ion over  tha t  of the r e m a i n d e r  of the  
surface,  it is no t  obvious tha t  anodic  r e mova l  of Cu + 
r a the r  t h a n  Cu + + would  e nha nc e  pi t  format ion .  A 
not  improbab l e  e x p l a n a t i o n  is tha t  the process is 
ve ry  sens i t ive  to the  presence  of copper ions n e a r  the  
electrode surface,  and  a m a j o r  role of the  hal ides  is 
to serve as complex ing  agents  which  effect ively r e -  
duce the  concen t r a t i on  of f ree copper ions. Such an  
e x p l a n a t i o n  is in  a g r e e m e n t  wi th  the  obse rva t ion  
tha t  the  add i t ion  of b romide  ions, a more  effective 
complex ing  agent ,  to the  chlor ide  sys tems promotes  
the formation of pits. 

However, the complete function of bromide ions 
seems to be much more complex than that of simply 
decreasing the activity of copper ions in the vicinity 
of the electrode. Explanations of such phenomena as 
the appearance of deep pits when bromide was 
added to a chloride system which had produced pits 
only of the shallow kind seem to require some con- 
cept of a direct interaction between bromide ions 
and the metal surface. Also, the observations of 
parameters affecting the angular spread of the pitted 
area around the (l l l) pole indicated that approxi- 
mately equivalent surface changes were obtained 
if either the current density was increased or the 
bromide ion concentration decreased. Since bromide 
ions, in particular, appear to exhibit the most favor- 
able properties for inducing the development of etch 
pits at dislocations over a reasonably wide range of 
conditions, either or both of the preceding proposals 
seem reasonable. 

It is also true that the geometry of etch pits and 
the relationship to small misorientations of the sur- 
face from the (I ll) can be accounted for by equally 
elementary assumptions such as: the velocity vec- 
tors of noninteracting surface steps have the same 
symmetry as the surface. However, no single ap- 
proximation accurately describes all the experi- 
mental observations. It is most probable that the 
ultimate explanation will be based on complex in- 
teractions of several parameters, and it is hoped that 
work now in progress in this laboratory will con- 
tribute to clarifying the situation and permit a more 
rigorous and quantitative treatment. 

Manuscript received May 7, 1963. This paper was 
presented at the Boston Meeting, Sept. 16-20, 1962. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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ABSTRACT 

The oxidation of Fe-Cr  alloys (1 to 15 wt % Cr) in a 0.1H20-0.9Ar atmos- 
phere at 700~176 produces a characteristic two- layer  scale overlaying a 
thin subscale. The outer ~ s t i t e  scale is extensively detached from the inner  
scale containing an Fe-Cr  spinel phase in a wfistite matrix.  Phase identification 
by x - r ay  diffraction, chemical analyses by conventional  and electron micro- 
probe techniques, and detailed metal lographic studies have shown these 
structures to be consistent with the phase equil ibria  of the Fe-Cr -O consti tu-  
tion diagram. The extensive detachment  of the outer w/istite scale layer and 
the continued high rate of oxidation of these alloys after such detachment  
occurs suggest that  a dissociative process is responsible for the main tenance  
of this high oxidation rate. The exper imental  evidence for this process is pre-  
sented, the importance of such a mechanism is discussed, and examples of 
other gas-metal  systems in which a similar  process has been recognized 
are cited. 

The h i g h - t e m p e r a t u r e  ox ida t ion  of F e - C r  alloys, 
con ta in ing  insufficient  Cr to provide  and  m a i n t a i n  a 
pro tec t ive  chromic  oxide layer ,  p roduces  oxides a nd  
scale s t ruc tu res  which  depend  grea t ly  on the  n a t u r e  
of the oxidiz ing a tmosphere .  The  scale s t ruc tu res  
p roduced  in  oxygen  or air  are v e r y  complex  indeed.  
Such s t ruc tu res  have  been  descr ibed by  B i rchena l l  
and  his col leagues (1) a n d  differ m a r k e d l y  f rom the  
u n i f o r m l y  consis tent  and  character is t ic  scale s t ruc -  
t u r e  observed  w h e n  wa t e r  vapor  is the  oxidizer.  In  
oxygen,  r h o m b o h e d r a l  phases  of a-Fe203 and  Cr203 
or solid solut ions  of these two oxides are p rominen t .  
These h igher  oxides gene ra l l y  are no t  obse rved  in  
wa te r  vapor ,  bu t  ins tead  wiist i te,  F e e ,  appears  as 
the ma jo r  ox ida t ion  product .  On ly  u n d e r  the most  
favorab le  condi t ions  of a l loy composi t ion,  ox ida t ion  
t empe ra tu r e ,  and  t ime are s ignif icant  amoun t s  of 
wfisti te found  in  the  scales formed i n  oxygen.  In  the  
absence of wSsti te ,  these scale layers  of sp ine l  and  
r h o m b o h e d r a l  phases  are r a the r  b r i t t l e  even  at the  
ox ida t ion  t empe ra tu r e ,  and  meta l lograph ic  and  k i -  
net ic  ev idence  indica te  tha t  c rack ing  of the  scale 
occurs d u r i n g  its growth.  As a consequence,  the  ox i -  

Fig. 1. Oxide structure produced on an Fe-5Cr specimen oxidized 
for 20 hr at 1100aC in a 0.1 H20-0.9 Ar atmosphere. Unetched. 
Magnification 105X. 

da t ion  ra tes  are i r r egu la r  and  u n p r e d i c t a b l e  a nd  the 
s t ruc tu re  of the  scale is complex  and  n o n u n i f o r m  (1).  

I n  contras t ,  the  scale s t ruc tu res  observed  in  
F e - C r  al loys oxidized in  w a t e r  vapor  differ in  tha t  
a charac ter i s t ic  t w o - l a y e r  oxide s t r uc t u r e  and  a 
subscale  are a lways  produced.  F igu re  1 is an  ex-  
a mp l e  of the mic ros t ruc tu r e  of an  F e - 5 C r  spec imen  
oxidized a t  1100~ Qui te  s imi la r  s t ruc tu res  are  ob-  
served on  spec imens  con ta in ing  1-15 weigh t  per  cent  
( w / o )  Cr w h e n  oxidized in  w a t e r  vapor  at t e m p e r a -  
tu res  b e t w e e n  700 ~ a nd  l l 0 0 ~  As shown in  the  fig- 
ure,  th ree  d is t inc t  ox ida t ion  zones are formed:  (i) 
an  ou te r  wi is t i te  layer ,  (it) an  inne r ,  porous,  two-  
phase  l ayer  of wi is t i te  and  an  F e - C r  spinel ,  and  (iii) 
a subscale  con t a in ing  Cr r ich oxides. I pa t ' ev  and  
S ib i r skaya  (2) have  observed this  scale s t ruc tu re  on 
Cr steels oxidized in  w a t e r  vapor  at 1000~ Wood 
a nd  Melford  (3) have  d e m o n s t r a t e d  t ha t  this  char -  
acter is t ic  s t ruc tu re  is fo rmed  in  as l i t t le  as 10-30 
m i n  d u r i n g  the  ox ida t ion  of Fe -14Cr  spec imens  at 
950~176 in  s team. 

The resul t s  of a de ta i led  e x a m i n a t i o n  of this  char -  
acter is t ic  scale s t r uc t u r e  are  p r e sen t ed  in  this  paper .  
Whi le  these observa t ions  indica te  the  n a t u r e  of the 
oxide g rowth  mechan i sm,  k ine t ic  da ta  (to be p re -  
sen ted  in  a s u b s e q u e n t  pape r )  are r equ i r ed  to sub -  
s t an t i a t e  the de ta i led  mechan i sm.  The p resen t  dis-  
cussion of the  m e c h a n i s m  wi l l  thus  be l imited,  and  a 
more  complete  t r e a t m e n t  of this p rob lem wil l  be 
g iven  in  the succeeding paper .  

Experimental  

B i n a r y  F e - C r  al loys of the composi t ions  shown  in 
Tab le  I were  p r epa red  f rom h i g h - p u r i t y  e lectro-  
lyt ic  meta l s  by  v a c u u m  me l t i ng  and  casting.  The re -  
su l t ing  ingots  were  forged and  rol led hot  to 1 in. 
d i ame te r  rods which  were  shown  to be homogeneous  
by  chemica l  ana lys i s  of samples  ob t a ined  f rom dif -  

1195 
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Table I. Chemical analysis of Fe-Cr alleys 

P e r  cent  o f  e l e m e n t  i n  t h e  a l loy  

E l e m e n t  F e - l C r  F e - 5 C r  F e - 1 0 C r  Fe -15Cr  Fe -20Cr  

Cr 0.99 5.0 9.9 14.8 19.5 
S 0.007 0.010 0.010 0.008 0.008 
P 0.004 0.004 0.006 0.007 0.003 
Si 0.02 0.04 0.05 0.04 0.05 
Mn 0.01 0.04 0.06 0.08 0.07 
O *  - -  0.027 0.024 0.031 0.035 
N* - -  0.0010 0.0019 0.0028 0.0037 

* The  o x y g e n  a n d  n i t r o g e n  c o n t e n t s  w e r e  d e t e r m i n e d  b y  v a c u u m  
fus ion.  T h e  a m o u n t  of t h e s e  e l e m e n t s  i n  t he  F e - l C r  al loy  w e r e  no t  
d e t e r m i n e d .  

f e r en t  r a d i a l  and  l o n g i t u d i n a l  p o r t i o n s  of t h e  rods.  
The  v a r i a t i o n  in Cr con ten t  a m o n g  these  s a m p l e s  of 
each  of t he  a l loys  was  less t h a n  -----0.1%. M e t a l l o -  
g r a p h i c  e x a m i n a t i o n  of a cross  sec t ion  of each  rod  
r e v e a l e d  no ev idence  of m i c r o s e g r e g a t i o n  a n d  a l ow 
p o p u l a t i o n  of ch romic  ox ide  pa r t i c l e s .  

The  spec imens  used  for  the  p r e s e n t  s tud ies  w e r e  
1/16 in. t h i c k  disks ,  7 /8  in. in d i a m e t e r .  The  spec i -  
mens ,  su r f ace  g r o u n d  on  bo th  faces,  w e r e  v a c u u m  
a n n e a l e d  (10 -5 m m  Hg)  for  24 h r  a t  1050~ Be fo re  
be ing  ox id ized ,  t he  spec imens  w e r e  c h e m i c a l l y  
c l e aned  in a d i l u t e  s u l f u r i c - h y d r o c h l o r i c  ac id  so lu -  
t ion  a n d  r i n s e d  success ive ly  in a 5 % sod ium c y a n i d e  
solut ion,  w a t e r ,  and  ace tone .  

The  o x i d a t i o n  a t m o s p h e r e  was  p r o d u c e d  b y  p a s s -  
ing  pur i f i ed  a rgon  t h r o u g h  two  w a t e r - f i l l e d ,  f r i t t e d -  
d i sk  b u b b l e r s ,  f o l l owed  b y  a s p r a y  t r ap ,  a l l  of  w h i c h  
w e r e  i m m e r s e d  in a cons t an t  t e m p e r a t u r e  ba th .  The  
t e m p e r a t u r e  of the  b a t h  was  46.2 ~ • 0.2~ w h i c h  
s a t u r a t e d  the  a rgon  w i t h  w a t e r  v a p o r  at  a p r e s s u r e  
of 76 m m  Hg or 0.1 a tm.  P r i o r  to s a t u r a t i o n  w i t h  
w a t e r  vapor ,  the  a rgon  was  pur i f i ed  b y  success ive  
pas sage  t h r o u g h  ( i )  a c h r o m o u s  su l f a t e  solut ion,  ( i i )  
two  d r y  i c e - a c e t o n e  t r aps ,  and  ( i i i )  an  a n h y d r o n e -  
a sca r i t e  d r y i n g  tower .  The  a rgon  flow r a t e  w a s  r e g u -  
l a t ed  at  175 --  10 m l / m i n  for  the  e x p e r i m e n t s  in  th is  
i nves t iga t ion .  

A l l  of the  e x p e r i m e n t s  w e r e  s t a r t e d  b y  p r e h e a t i n g  
the  c h e m i c a l l y  c l e aned  spec imens  to the  o x i d a t i o n  
t e m p e r a t u r e  in  d r y  a rgon  be fo re  a d m i t t i n g  the  w a t e r  
vapor .  The  a rgon  was  suff ic ient ly  pur i f i ed  and  d r i e d  
so t ha t  no m e a s u r a b l e  w e i g h t  changes  in  t he  spec i -  
mens  (+--0.5 m g )  w e r e  d e t e c t e d  d u r i n g  the  p r e h e a t -  
ing  pe r i ods  of 5-15 min.  To t e r m i n a t e  an  e x p e r i m e n t ,  
t he  w a t e r  v a p o r  s a t u r a t o r  was  b y p a s s e d  and  a flow 
of pure ,  d r y  a rgon  was  m a i n t a i n e d  w h i l e  t he  spec i -  
mens  w e r e  w i t h d r a w n  in to  the  cool  (60~  end  zone  
of the  o x i d a t i o n  c h a m b e r .  

A f t e r  e x a m i n i n g  the  e x t e r n a l  su r f ace  s t r u c t u r e  
and  r e m o v i n g  a d e q u a t e  s amp le s  of the  two  ox ide  
l a y e r s  for  x - r a y  d i f f r ac t ion  and  c h e m i c a l  ana lyses ,  
the  r e m a i n d e r  of t he  s p e c i m e n  was  v a c u u m  i m -  
p r e g n a t e d  and  m o u n t e d  in an e p o x y  res in  for  m e t a l -  
l o g r a p h i c  s tudy .  This  p r o c e d u r e  p r o v i d e d  s a m p l e s  
for  the  t h r e e  a n a l y t i c a l  t e chn iques  f rom the  s a m e  
s p e c i m e n  and  thus  shou ld  avo id  any  a m b i g u i t y  
a m o n g  these  da ta .  

Observations and Results 
D u r i n g  the  s t e a d y - s t a t e  g r o w t h  of the  oxides ,  

e q u i l i b r i u m  is not  a t t a i n e d  in  a l l  p a r t s  of the  sys tem.  

Fe205-... ~ 

Fe 0 ~ - " / ~  

/ / 7 *  ~ +Sl 

S.I S~ 2 $5 ~ ~ Sl = Fel-5Crl .504 
L;r2 ~5 $5= Fe Cr204  

/ / 3:'%~ i 

. . . . .  C r  Fe I0 20 50 40  
Cr [at ~ 

Fig. 2. Phase equilibria in the Fe-Cr-O system for temperatures 
between 920 ~ to 1300~ 

H o w e v e r ,  t h e  s t r u c t u r e s  o b s e r v e d  in  t hese  spec i -  
mens  can  be  r e l a t e d  to t he  p h a s e  e q u i l i b r i a  of t he  
F e - C r - O  cons t i t u t i on  d i a g r a m .  A n  i s o t h e r m a l  sec-  
t ion of the  d i a g r a m ,  as r e c e n t l y  r e v i s e d  b y  S e y b o l t  
(4 ) ,  is s h o w n  in  Fig .  2 w h e r e  ~ and  7 r e f e r  to t he  
m e t a l l i c  phases  and  W, S, a n d  Rh  r e f e r  to t he  wf is -  
t i te ,  spinel ,  a n d  r h o m b o h e d r a l  o x i d e  phases ,  r e s p e c -  
t ive ly .  This  a r r a n g e m e n t  of the  p h a s e  fields is v a l i d  
at  t e m p e r a t u r e s  a b o v e  910 oc.  B e t w e e n  th is  t e m p e r a -  
t u r e  and  830~ a f o u r - p h a s e  r e a c t i o n  (c lass  I I )  b e -  
t w e e n  the  a + ~, + W and  ~, + W + S1 t h r e e - p h a s e  
fields occurs  p r o d u c i n g  p h a s e  f ields of .a + W + $1 
and  a + 7 -F $I. A t  a p p r o x i m a t e l y  830~ the  
a + ~ / +  $1 and  a + ~, -F $2 fields m e r g e  as t he  l i m i t -  
ing  t ie  l ine  of t he  -/ + S reg ion .  S e y b o l t  has  d e t e r -  
m i n e d  the  compos i t ions  of t he  sp ine l  p h a s e  a t  $1 and  
S~ to c o r r e s p o n d  to Fel.sCrl.504 and  FeCr204 at  
1300~ Because  of the  d i f f icul ty  in d e t e r m i n i n g  the  
compos i t i on  of t h e  sp ine l  p h a s e  f r o m  x - r a y  d a t a  
a lone  (5)  and  be c a use  th i s  p h a s e  n e v e r  a p p e a r e d  in 
the  e x p e r i m e n t a l  spec imens  as a s ingle  p h a s e  l aye r ,  
the  compos i t ions  of t h e  sp ine l  h a v e  no t  been  d e t e r -  
m i n e d  in  th i s  s tudy ,  b u t  r a t h e r ,  i t  is a s s u m e d  t h a t  
the  $I and  Ss compos i t ions  do no t  change  r a p i d l y  
w i t h  t e m p e r a t u r e .  The  so lub i l i t y  of Cr  in  wf i s t i t e  has  
n e v e r  been  d e t e r m i n e d ,  b u t  i t  is g e n e r a l l y  a c c e p t e d  
as be ing  v e r y  s m a l l  (1) .  S i m i l a r l y ,  t he  e x a c t  com-  
pos i t ions  of the  m e t a l l i c  phase  in  e q u i l i b r i u m  w i t h  
these  ox ides  a r e  not  we l l  e s t ab l i shed .  The  concen -  
t r a t i o n  of Cr  in  F e  in  e q u i l i b r i u m  w i t h  W ( the  d i l u t e  
so lu t ion  of Cr in  F e O )  is a s s u m e d  to be  v e r y  s m a l l  1 
and  the  compos i t ions  of the  o t h e r  m e t a l l i c  phases  a r e  
i n f e r r e d  f rom the  F e - C r  b i n a r y  d i a g r a m  (6) .  

Microstructures 

As shown  in Fig.  1, the  c h a r a c t e r i s t i c  ox ide  s t r u c -  
t u r e  of  these  spec imens  can  be  c o n v e n i e n t l y  d i v i d e d  
into  t h r e e  zones for  th is  d i scuss ion  of t he  m i c r o -  
s t ruc tu res .  These  zones a r e  t he  subsca le ,  t he  i n n e r  
scale,  and  the  o u t e r  scale. In  add i t ion ,  t he  a l l oy  a d -  
j a c e n t  to t he  subsca le  is s o m e w h a t  d e p l e t e d  of  Cr  
and  thus  m a y  be  cons ide red  a r e a c t i o n  zone. 

The alloy.---As a consequence  of t he  p r e c i p i t a t i o n  
of c h r o m i u m - r i c h  ox ides  in  t he  subsca le ,  t h e  m a t r i x  
in t h a t  zone is d e p l e t e d  of Cr. Di f fus iona l  f low of Cr  

1 The  da t a  p r e s e n t e d  i n  t he  p a p e r  by  B i r e h e n a l l  e t  aL (1) m i g h t  
i n d i c a t e  th i s  c o m p o s i t i o n  to  b e  n e a r  0.2 w / o  Cr, b u t  t he  sca l ing  
p r o c e s s e s  in  o x y g e n  are  v e r y  complex .  
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Fig. 3. Summary of electron microprobe data of the Cr depletion 
in Fe-Cr alloys oxidized for 40 hr at 700~ in a 0.1 H20-0.9 Ar 
atmosphere. 
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Fig, 4. Summary of electron microprobe data of the Cr depletion 
in Fe-Cr alloys oxidized far 40 hr at 900~ in a 0.1 H20-0.9 Ar 
atmosphere. 

from the in ter ior  of the al loy occurs and the growth  
of the subscale continues. P r e l im ina ry  electron mi -  
croprobe analyses  of severa l  specimens have shown 
that  the zone beyond the subscale showing Cr de-  
plet ion is r a the r  narrow.  The resul ts  f rom speci-  
mens oxidized at 700 ~ 900 ~ and l l 0 0 ~  are sum-  
marized in Fig. 3, 4, and  5, respect ively .  In  these 
figures each curve represents  an average of several  
probe scans normal  to the oxide interface.  

At 700~ all  of these al loys are ferr i t ic  and the 
Cr deplet ion increases wi th  the Cr content  of the 
alloy. At  this t empera ture ,  there  was no measurab le  
Cr deplet ion in the Fe -hCr  specimen. At  900 ~ and 
l l 00~  the 5 and 10 w / o  Cr alloys are  austenit ic  and 
again the deplet ion character is t ics  reflect the in-  
creased dr iv ing  force of the chemical  g rad ien t  wi th  
increasing Cr content  of the alloy. The 15 w / o  Cr 
al loy remains  ferr i t ic  at all  t empera tures ,  but  at 
900 ~ and 1100~ the  deplet ion of Cr from this al loy 
generates  an austenit ic  surface layer .  The observed 
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Fig. 5. Summary of electron microprobe data of the Cr depletion 
in Fe-Cr alloys oxidized for 40 br at 1100~ in a 0.1 H~O-0.9 Ar 
atmosphere. 

Cr contents at the al loy:  subscale interface for these 
two specimens, 11.9 and 10.8 w / o  Cr at  1100 ~ and 
900~ respect ively,  agree ve ry  well  wi th  the com- 
positions of the  a : ~ + ~ phase bounda ry  of the b i -  
na ry  F e - C r  sys tem (6).  Al though somewhat  com- 
pl icated by  the change in the l imit ing composit ion of 
the fer r i te  field wi th  t empera ture ,  a comparison of 
the Cr deplet ion curves for the 15 w / o  Cr al loy and 
those of the 5 and 10 w / o  Cr alloys at 900 ~ and 
l l 00~  c lear ly  reflects the h igher  diffusion rates  in 
the fer r i t ic  ma te r i a l  (7).  These resul ts  f rom this 
p re l imina ry  survey of these oxidat ion specimens are 
subs tan t ia l ly  in accord wi th  the recent  microprobe  
data  publ i shed  by  Wood and Melford (3) and Bir -  
chenal l  et al. (1). 

As indicated in the curves of Fig. 3, 4, and 5, the 
Cr content  detected by  the microprobe  reached a 
min imum at a posit ion 3-5~ from the appa ren t  sub- 
scale boundary .  The uncer ta in ty  in the microscopic 
definition of this bounda ry  and the resolut ion l imits  
of the microprobe ins t rument  prec luded a more p re -  
cise analysis  of the al loy:  subscale interface.  

The subscale.--The s t ruc ture  wi th in  the subscale 
can be r a the r  complex. Specimens of modera te ly  
high Cr contents, when oxidized at high t e m p e r a -  
tures, may  show a sequence of s t ructures  indicated 
by  the fol lowing phase equi l ibr ia :  ~, a + Rh, 
[~ + Rh + $3], ~ 4- S, [~ + S~ + 7], 7 + S, 
[I, + S~ + W].  Under  the i so thermal  conditions of 
these oxidat ion exper iments  the th ree -phase  equi-  
l ibria,  enclosed in square brackets  above, should ap-  
pear  only as interfaces.  The final t h r ee -phase  field 
( the first to involve wiis t i te)  is represented  by the 
boundary  be tween  the subscale and the inner  scale 
of the specimen. In the al loys used in this study, 
only the 15 w / o  Cr should show the s t ructures  indi-  
cated by  the above sequence of phase equil ibr ia .  As 
the Cr content  of the al loy is decreased,  fewer  of the 
phase fields are  accessible, and the  subscale s t ructure  
should become simplified. Alloys containing 10 w / o  
Cr or less wil l  be fu l ly  austeni t ic  at  h igh t e m p e r a -  
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t u re  and  the subscale  wi l l  t hen  con ta in  on ly  ~,, :~ § S, 
[~ + $1 + W].  

Meta l lographic  s tudies  of the 15 w / o  Cr alloys 
oxidized at l l 0 0 ~  revea led  phase d i s t r ibu t ions  
fu l ly  in  accord wi th  the  equ i l ib r i a  of the phase d ia-  
gram.  Etched sections of these, i l l u s t r a t ed  in  Fig. 6, 
showed ev idence  of the  exis tence  of the  ~/ + S zone 
du r ing  oxidat ion.  T h i n  sections of these s t ruc tures ,  
in  which  the t r ansmis s ion  colors and  optical  char -  
acterist ics  of the oxide par t ic les  were  examined ,  
conf i rmed these observat ions .  The  oxide par t ic les  in 
the i n n e r  zone of the subscale  (~ + Rh)  were  green  
in color and  d isp layed  the optical  character is t ics  of 
the r h o m b o h e d r a l  phase in  polar ized l ight  whi le  the  
zones n e a r e r  the s u b s c a l e : i n n e r  scale b o u n d a r y  
(a + S and  ~/ + S) con ta ined  o r a n g e - b r o w n  spine l  
part icles.  Some of these  par t ic les  con ta ined  u n r e -  
acted r h o m b o h e d r a l  cores (see Fig. 6a) .  The  wi~stite 
of the i n n e r  scale l ayer  was opaque,  bu t  the  sp ine l  
par t ic les  in  this l ayer  aga in  showed the same 
o r a n g e - b r o w n  t r ansmis s ion  color. 

The alloys of lower  Cr conten ts  were  e x a m i n e d  by 
these same techniques .  No evidence  of ~/ f o rma t ion  
in  the subscale  was  detected in  e tched sections of 
e i ther  the  10 or 5 w / o  Cr  alloys. Whi le  ident i f ica t ion 
of the oxide par t ic les  by  t r ansmis s ion  in  t h in  sect ions 
was impa i r ed  by  the smal le r  size of the  oxide p a r -  

Fig. 6. Microstructure of the subscale region in an Fe-l$Cr speci- 
men oxidized for 7 hr at 1100~ in a 0.1 H20-0.9 Ar atmosphere. 
(a) (top) Unetched (with the location of the "-~" boundary of Fig. 
6b sketched in): showing the partial conversion of rhombohedral to 
spinel in the '" f '  -~ S zone; (b) (bottom) etched (1% picral): re- 
vealing the location of the ~:,y boundary during oxidation. Magnifi- 
cation approximately 500X. 

ticles in  these subscales,  w he r e  t r ansmis s ion  could be 
observed  the  o r a n g e - b r o w n  color ind ica ted  tha t  the  
oxide was the spinel .  However ,  a t h in  zone con t a in -  
ing the green oxide, p r e s u m e d  to be the  r h o m b o -  
hedra l  phase f rom this  color, was detec ted  a long the  
i n n e r  edge of the  subscale  in  the  10 w / o  Cr alloy. 
Since the  ~/ + Rh phase  field should  no t  be  e n -  
coun te red  in  the  ox ida t ion  of al loys of such low Cr 
content ,  it is suggested t ha t  d u r i n g  cooling excess 
oxygen  f rom the meta l l i c  phase m a y  conver t  this  
h igh Cr  spinel  to the  r h o m b o h e d r a l  phase of essen-  
t i a l ly  u n a l t e r e d  F e / C r  ratio.  

The mic ros t ruc tu r e  of the subscale  va r i ed  wi th  
bo th  the Cr con ten t  of the  a l loy and  the  t e m p e r a -  
tu re  of oxidat ion.  The subscale  formed at  700~ 
was ve ry  t h in  a nd  con ta ined  only  fine oxide  p a r -  
ticles. Wi th  inc reas ing  Cr con ten t  of the  al loy the  
popu la t ion  of par t ic les  increased.  In  all  of the  alloys 
oxidized at this  t e m p e r a t u r e  there  was  a p r e f e r -  
en t ia l  g rowth  of oxides a long the  g ra in  bounda r i e s  
and,  p r o b a b l y  as a consequence  of the  local Cr de-  
plet ion,  a more  rap id  convers ion  of the  subscale  to 
i n n e r  scale at these  sites. At  900~ the  subscale  was,  
in  genera l ,  th icker  and  the  oxide par t ic le  size la rger  
b u t  more  va r i ed  t h a n  at  700~ Again ,  the  popu l a -  
t ion  r a the r  t h a n  the average  par t ic le  size appeared  
to increase  wi th  i nc reas ing  Cr con ten t  of the  alloy. 
The s t rong p re fe rence  for oxide f o r ma t i on  a long 
gra in  bounda r i e s  and  the  r e su l t i ng  accelera ted  a t -  
tack at these sites, so p r o m i n e n t  at 700~ was  ev i -  
den t  on ly  in  the  lower  Cr alloys. The subscales  
formed at  l l 0 0 ~  were  th ick  and  the  oxide par t ic les  
were  r a the r  mass ive  and  of i r r e gu l a r  form. As a 
consequence  of the  large size and  low popu la t ion  of 
the par t ic les  the  i n n e r  b o u n d a r y  of this zone was 
less c lear ly  defined t h a n  in  the o ther  specimens,  b u t  
there  appeared  to be v e r y  l i t t le  p re fe ren t i a l  g ra in  
b o u n d a r y  ox ida t ion  in  a ny  of the  al loy composi t ions  
at this  t empera tu re .  

The inner scale.--During the  g rowth  of the  scale 
layers  the m a t r i x  of the  subscale  is conver t ed  to 
oxide and  the sp ine l  par t ic les  of the  subscale  are 
t r a n s f e r r e d  to the  i n n e r  scale. A l t h o u g h  it  is sus -  
pected tha t  a smal l  a m o u n t  of Cr dissolves in  the  
wfistite, this should  not  a l te r  the  g rowth  m e c h a n i s m  
of this  oxide. Since the  g rowth  of wfisti te is by  cat ion 
migra t ion ,  the  sp ine l  par t ic les  should  accumula t e  at 
the s u b s c a l e : i n n e r  scale in terface .  Such an  a c c u m u -  
la t ion  of these m a r k e r s  does no t  occur to a ny  ap-  
prec iab le  extent .  Rather ,  the  g rowth  of wfist i te  at 
this in te r face  is d i s rup ted  by  microspa l l ing  or c rack-  
ing of the  oxide, and  the sp ine l  m a r k e r s  are  car r ied  
wi th  the  wtistite.  The forces respons ib le  for this  dis-  
r up t i on  of the  g rowth  of the  i n n e r  scale arise f rom 
m a n y  factors. The  most  obvious  are (i) va r i a t ions  
in  the local ox ida t ion  ra te  caused by  va r i a t ions  in  
the Cr conten t  of the m a t r i x  and  the differences 
in popula t ion ,  o r ien ta t ion ,  and  shape of the spinel  
part icles ,  and  (ii) the genera l  recession of the  
alloy: oxide in te r face  as a consequence  of the  ox ida-  
t ion process. Since wiis t i te  shows some p las t ic i ty  at  
h igh t e m p e r a t u r e s  (8) the  ex t en t  of the d e t a c h m e n t  
is somewha t  t e m p e r a t u r e  dependen t ,  b u t  the de tach-  
m e n t  of the  in i t i a l  set of sp ine l  m a r k e r s  occurs so 
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rapidly at all temperatures that they serve as rather 
reliable markers of the position of the original speci- 
men interface. Measurements substantiating this 
observation will be presented in a later section of 
this report. 

The distribution of porosity in this scale indicates 
the direct effects of oxide plasticity and the spinel 
particle population in altering the spalling or de- 
tachment of the inner scale from the subscale. Speci- 
mens with low Cr contents oxidized at high tem- 
peratures (low spinel populations and high plasticity 
of wfistite) produce inner scales containing rather  
thick continuous layers of oxide, as shown in Fig. 7. 
With increasing Cr content or decreasing tempera-  
ture of oxidation the porosity is more generally dis- 
tributed throughout  the inner scale, indicating a 
greater propensity for spalling during the growth 
of the scale. The effect of the spinel population illus- 
trated by a comparison of Fig. 7 and 8, is equally 
valid if different temperatures are compared. 

Studies of the porosity within the inner scales of 
all of these specimens have shown that the distribu- 
tion of the spinel particles is not disrupted by pore 
formation, that  is, the spinel particles project into 
the pores suggesting that the wfistite matr ix was 
destroyed to enlarge the pores during the growth 
process. This evidence, abundant  and clear when 
polished sections are examined under dark-field il- 
lumination, is discernible but not striking in Fig. 7 
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Fig. 8. Microstructure of an Fe-15Cr specimen oxidized for 20 
hr at 1100~ in a 0.1 H~O-0.9 Ar atmosphere. Unetched. Magnifi- 
cation approximately 160X. 

Fig. 7. Microstructure of an Fe-SCr specimen oxidized for 20 hr 
at 1100~ in a 0.1 H20-0.9 Ar atmosphere. Unetched. Magnifico- 
tion approximately 160X. 

and 8. The epoxy mounting material, the dark phase 
in the figure, fills almost all of the pores in the body 
of the inner scale, completely surrounding the pro- 
jecting spinel particles. This indicates that these 
pores existed in the scale and were not formed by 
fragmentat ion of the oxide during sectioning or 
polishing. The shape and distribution of the spinel 
particles within the inner scale remain very similar 
to those of the particles of the subscale. This does not 
mean that there is no change in the composition or 
total amount of spinel during the growth of the 
inner scale. Ipat 'ev  and Sibirskaya (2) have noted 
the increase in the spinel phase across the inner 
scale layers produced on their steel specimens. 
Though less marked in the present study there was 
ample evidence of the growth of the spinel phase in 
some specimens. 

The outer scaIe.--During the oxidation process 
this scale is almost entirely wiistite. When the total 
oxidation is low a single oxide layer may constitute 
this scale, but  in general it is made up of several 
layers which are separated by gross voids as shown 
in Fig. 1, 7-9. However,  each of these layers is quite 
continuous and entirely dense. The connections 
among the layers of this scale are narrow ridges or 
small columns of oxide. Thus in section, the layers 
frequently appear to be completely detached. The 
outermost wiistite layer of this scale is oxygen rich 
and, after cooling to room temperature,  contains a 
precipitate of magneti te  or may  even develop a thin 
surface layer of magnetite. All of the inner layers 
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Fig. 9. Microstructure of an Fe-10Cr specimen oxidized for 10 
hr at 900~ in a 0.1 H~O-0.9 Ar atmosphere. Etched (1% picral -{- 
HCI). Magnification approximately 150X. 

are  wiis t i te  showing ne i ther  surface layers  of h igher  
oxides nor a prec ip i ta te  of magnet i te  even though 
the cooling ra tes  for these inner  l ayers  must  be less 
rap id  than  tha t  of the exter ior  layer .  Thus the  com- 
posit ion of these inner  l ayers  must  be d is t inc t ly  oxy-  
gen lean. This composit ion difference is i l lus t ra ted  
in the etched Section of Fig. 9. 

The composit ion and topography  of the outer  
oxide layer  are re la ted  and are functions of the  oxi-  
dat ion tempera ture .  Specimens oxidized at t e m p e r a -  
tures  below 900~ a lways  formed a l ayer  of h igher  
oxides on the ex te rna l  surface of the outer  wiist i te  
layer.  At  800~ this surface layer  was magnet i te .  A t  
700~ a th in  coat of hemat i t e  was produced over  the  
magnet i te  when the per iod of oxidat ion was extended.  
The magnet i te  surfaces had a dul l  g ray  appearance,  
and the format ion of hemat i te  at the lower  t e m p e r a -  
tures  was evident  by  the appearance  of a ve lve t - l i ke  
surface coat of short  red needles. At  900~ and above 
no h igher  oxides were  formed on the wiist i te  surface 
dur ing the normal  oxidat ion period,  and the speci-  
men was a lustrous black. At  900~ the surface had  
a c inder - l ike  appearance  and, meta l lographic  sec- 
tions of specimens oxidized for long t imes occasion- 
a l ly  revea led  a ve ry  thin  surface layer  of magnet i te .  
This th in  magnet i te  layer ,  as wel l  as the abundance  
of magnet i te  wi th in  the  body of this  layer ,  fo rmed 
dur ing the cooling of the  specimen af ter  the  ox ida-  
t ion period.  At  l l 0 0 ~  the specimens formed a 
lustrous black surface of large  wiist i te  grains  which 
had developed well  defined crys ta l  facets. 

These wfistite surfaces developed need le - l ike  
projections.  At  900~ these project ions  were  short,  
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stout, spikes and were  most  profuse along the edges 
of the specimen. At  l l 0 0 ~  the project ions were  long 
thin needles,  many  of which t e rmina ted  in long 
whiskers.  Trunca ted  sections of the short  needles  
formed at 900~ are evident  in the section of Fig. 9, 
and an indicat ion of the surface charac ter  has been 
provided  in this figure by  backl ight ing  the specimen 
through the t r anspa ren t  mount.  Laue pa t te rns  of 
several  of the needles formed at  l l 0 0 ~  identif ied 
the growth  direct ion of the  wiis t i te  as the  <110>  
axis and the surfaces as {100} and {111}. 

As i l lus t ra ted  in the photomicrographs  of Fig. 7-9, 
the inner  surface of the ex te rna l  l ayer  and the sur -  
faces of subsequent  oxide layers  all  show wel l  de-  
veloped crys ta l  facets. The faceted form of these 
surfaces and the non -ma t ing  contours of the two 
surfaces separa ted  by  a void indicate  tha t  the  de-  
tachment  of these layers  is not the resul t  of me-  
chanical  spal l ing alone. Al though the edges of the  
oxide layers  in Fig. 9 have been somewhat  rounded 
in polishing, this photomicrograph shows an in te r -  
est ing character is t ic  of these oxide interfaces.  The 
outer  surface of the ex te rna l  l aye r  shows need le - l ike  
project ions;  the inner  surface of this layer ,  "negat ive  
needles," i.e., deep na r row holes bounded by  wel l -  
developed crys ta l  faces. The inner  l aye r  of wiist i te  
resembles  the outer  in tha t  projec t ing  needles are 
found on its outer  surface and holes on the inner  
surface. These, however,  are  much less p rominen t  
than  those of the ex te rna l  oxide layer .  The format ion  
of need le - l ike  project ions  occurs by  a growth  process 
and thus the outer  surface of each wiist i te  l ayer  in 
this outer  scale is v iewed as a growth  surface. The 
format ion of negat ive  crysta ls  is in te rp re ted  as ev i -  
dence of a decomposit ion process and the inner  sur -  
face of each l aye r  is v iewed as a decomposi t ion sur -  
face. 

Chemical and X-ray  Analyses 
Chemical  analyses  of the  outer  scale layers  showed 

tha t  these were  very  low in Cr content.  The resul ts  
f rom these analyses  were:  l l00~ 0.04 to 0.1 w / o  
Cr; 900~ 0.03 to 0.27 w / o  Cr; and 700~ 0.1 to 
0.8 w / o  Cr. The h igher  values  for the  oxide f rom the 
700~ specimens are  p robab ly  erroneous since the  
outer  scale formed on these specimens was a lways  
thin and ra the r  adheren t  to the inner  scale. Thus 
these samples were  p robab ly  contaminated  wi th  the  
Cr - r i ch  spinel  of the inner  scale. Though less sub-  
ject  to this sampl ing error ,  the  high Cr l imits  for the  
900 ~ and l l 0 0 ~  specimens p robab ly  reflect some 
inner  scale contaminat ion  since these high Cr con- 
tents  were  genera l ly  associated wi th  short  t ime, high 
Cr, oxidat ion specimens. These da ta  indicate  tha t  
the  Cr content  of the  outer  scale is p robab ly  less 
than  0.1 w / o  and thus confirm the iden t i ty  of the 
second phase spinel  par t ic les  in the outer  scale as 
magnet i te .  Meaningful  Cr analyses  of the  wiist i te  of 
the inner  scale was impossible  since this  scale is 
known to contain a Cr r ich spinel  phase. 

The data  f rom the x - r a y  studies of the  outer  and 
inner  scales formed at  900 ~ and l l 0 0 ~  are  p r e -  
sented in Fig. 10. The percentage  of magnet i te  in 
the outer  scale, formed by  prec ip i ta t ion  dur ing  cool- 
ing, increases as the  Cr content  is ra i sed  to 10 w/o .  
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Fig. 10. Summary of the powder x-ray diffraction data showing 
the composition of the oxides and lattice parameters of the 
w[istite formed in the outer and inner scales as functions of aUoy 
composition. 

The  15 w / o  Cr  a l loy,  h o w e v e r ,  a p p e a r s  to show a 
r e v e r s a l  of th is  t r end .  The  p o w d e r  p a t t e r n s  f r o m  
these  o u t e r  scale  l a y e r s  a l l  show d i s t i nc t  d o u b l e t s  
for  t h e  wf is t i t e  phase .  E a c h  l ine  of t he  d o u b l e t  is 
s h a r p  i n d i c a t i n g  t h a t  t he  o u t e r  sca le  con ta ins  r e -  
g ions  of w i i s t i t e  w i t h  two  d i s t i n c t l y  d i f fe ren t  c o m -  
posi t ions .  The  r eg ions  g iv ing  r i se  to the  h igh  l a t t i c e  
p a r a m e t e r ,  4.32 kx ,  a r e  t he  r eg ions  s u r r o u n d i n g  the  
m a g n e t i t e  p r e c i p i t a t e  in  w h i c h  the  F e  con ten t  of t he  
wi i s t i t e  has  been  i n c r e a s e d  as a r e su l t  of t he  p r e -  
c ip i t a t i on  r e a c t i o n  (9) .  The  r eg ions  of t he  m a t r i x  
wf is t i te  w h i c h  do no t  p a r t i c i p a t e  in  th i s  r e a c t i o n  r e -  
t a i n  t h e i r  low F e  con ten t  and  y i e l d  a low l a t t i c e  
p a r a m e t e r  v a l u e  (4.28 k x ) .  The  x - r a y  s a m p l e  f r o m  
the  15 w / o  Cr s p e c i m e n  ox id i zed  a t  l l 0 0 ~  s h o w e d  
no doub le t s  and  i n d i c a t e d  a low l a t t i ce  cons t an t  
c h a r a c t e r i s t i c  of t h e  low F e  wi is t i te .  M e t a l l o g r a p h i c  
s tud ies  of th is  spec imen  i n d i c a t e d  t h a t  some reg ions  
of t he  e x t e r n a l  l a y e r  of t he  o u t e r  scale  w e r e  e s sen -  
t i a l l y  f r ee  of p r e c i p i t a t e d  m a g n e t i t e ,  w h i l e  o t h e r  
a r eas  s h o w e d  the  n o r m a l  h igh  c o n c e n t r a t i o n  of  th is  
p r ec ip i t a t e .  Thus  th is  x - r a y  s a m p l e  was  no t  r e p -  
r e s e n t a t i v e  of the  e n t i r e  s p e c i m e n  a n d  the  p e r -  
cen t age  of m a g n e t i t e  r e p o r t e d  in Fig .  10 ( m a r k e d  b y  
an  a s t e r i s k )  is b a s e d  on t h e  m e t a l l o g r a p h i c  o b s e r v a -  
t ion.  The  low l a t t i ce  p a r a m e t e r  fo r  t h e  wf is t i t e  s a m -  
p le  f r o m  this  spec imen  w h i c h  was  f r ee  of p r e c i p i -  
t a t e d  m a g n e t i t e ,  h o w e v e r ,  s u p p o r t s  t h e  i n t e r p r e t a -  
t ion  of t he  s igni f icance  of t he  doub le t s  f o u n d  in a l l  
o the r  spec imens .  S i m i l a r l y  t he  i n t e r i o r  w[ is t i te  l a y -  
ers  of t he  o u t e r  sca le  of t he  l l 0 0 ~  spec imens ,  a l l  
of w h i c h  w e r e  f r ee  of m a g n e t i t e  p r e c i p i t a t i o n ,  d id  
not  p r o d u c e  doub le t s  in t he  x - r a y  p o w d e r  p a t t e r n s .  
The  l a t t i ce  p a r a m e t e r  of t h e  i n n e r  l a y e r s  of w i i s t i t e  
was  4.29 k x  ( the  " x "  s y m b o l s  in Fig .  10),  i n d i c a t i n g  
t h a t  th is  wf i s t i t e  was  r i c h e r  in F e  t h a n  the  u n r e a c t e d  
wf is t i t e  of t he  o u t e r m o s t  l aye r .  The  l a t t i ce  p a r a m e t e r  
of  t h e  wf i s t i t e  p h a s e  of  t he  i n n e r  scale  f o r m e d  a t  
l l 0 0 ~  was  e s s e n t i a l l y  i den t i ca l  w i t h  t h a t  of t h e  
i n n e r  l a y e r s  of t he  o u t e r  scale.  The  l a t t i c e  p a r a m e t e r  
of the  wf is t i t e  of t he  i n n e r  sca le  f o r m e d  at  900~ 
a p p r o a c h e d  4.29 k x  for  t he  1 and  5 w / o  Cr  a l loys .  
The  s igni f icance  of t he  l a t t i ce  p a r a m e t e r  of t h e  
wf is t i te  of  t he  i n n e r  scale,  and  v a r i a t i o n s  in  th is  
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p a r a m e t e r ,  canno t  be  eas i ly  a s sessed  s ince  th i s  phase  
m a y  c on t a in  Cr as  w e l l  as  F e  a n d  oxygen .  

The  l a t t i c e  p a r a m e t e r  of t h e  sp ine l  p h a s e  in  the  
i n n e r  scales  of t h e  s p e c i m e n s  ox id i zed  a t  900 ~ a n d  
1100~ w a s  8.37 k x  a n d  w a s  i n d e p e n d e n t  of  t h e  Cr  
con ten t  of t he  a l loy.  Y e a r i a n  et  aL h a v e  r e p o r t e d  
l a t t i c e  p a r a m e t e r  v a r i a t i o n  as  a f u n c t i o n  of c o m p o s i -  
t ion  for  F e - C r  ox ide  sp ine l s  (5 ) .  H o w e v e r ,  d e t e r -  
m i n a t i o n  of t he  Cr  con ten t  of t he  sp ine l  on the  bas i s  
of t he se  d a t a  is no t  def in i t ive  b e c a u s e  t h e  l a t t i ce  
p a r a m e t e r s  a r e  not  s i n g l e - v a l u e d  func t ions  of c o m -  
pos i t ion .  Thus  a t  8.37 kx ,  t h r e e  v a l u e s  for  t h e  Cr  con-  
t en t  a r e  poss ib le  for  t h e  spinel .  

Marker Data and Oxide Growth 

In  o r d e r  to o b t a i n  d a t a  on  t h e  r e l a t i v e  r a t e s  of 
g r o w t h  of t he  i n n e r  a n d  ou te r  scales  p r o d u c e d  in  t he  
p r e s e n t  s t u d y  and  to def ine t he  g r o w t h  m e c h a n i s m  
m o r e  a c c u r a t e l y ,  m a r k e r  e x p e r i m e n t s  w e r e  p e r -  
f o r m e d  a n d  c a r e fu l  m e a s u r e m e n t s  of t h e  ox ide  
t h i cknes se s  w e r e  ob t a ined .  F i n e  p l a t i n u m  w i r e  
m a r k e r s  p l a c e d  on the  su r f aces  of a l l o y  spec imens  
be fo re  o x i d a t i o n  w e r e  a l w a y s  f o u n d  at  t h e  i n t e r f a c e  
b e t w e e n  t h e  i n n e r  a n d  o u t e r  scales  a f t e r  t h e  o x i d a -  
t ion  e x p e r i m e n t s .  Also,  t h e  sp ine l  p h a s e  of t h e  i n n e r  
scale  s e r v e d  as  r e l i a b l e  m a r k e r s .  These  p a r t i c l e s  
w e r e  n e v e r  t r a n s f e r r e d  into  t h e  o u t e r  scale  a n d  the  
o u t e r m o s t  l i ne  of sp ine l  m a r k e r s  co inc ided  w i t h  t he  
b o u n d a r y  def ined  b y  the  p l a t i n u m  w i r e  m a r k e r s .  
Thus,  t h e  ou te r  scale  of wi i s t i t e ,  w h i l e  f r e q u e n t l y  
c o n t a i n i n g  s e v e r a l  d e t a c h e d  l a ye r s ,  g r e w  e x c l u s i v e l y  
b y  the  o u t w a r d  m i g r a t i o n  of ca t ions  across  t he  
inner :  o u t e r  scale  in t e r face .  

T h e  pos i t i on  of t he  i n t e r f a c e  b e t w e e n  t h e  i n n e r  
and  o u t e r  scales  co inc ided  a lmos t  e x a c t l y  w i t h  the  
loca t ion  of t h e  o r ig ina l  g a s : s p e c i m e n  in te r face .  
I p a t ' e v  a n d  S i b i r s k a y a  (2)  a n d  P fe i l  (10) m a d e  
s i m i l a r  o b s e r v a t i o n s  in t he  s tud ies  of  t h e  o x i d a t i o n  
of Cr  s tee ls  a n d  v a r i o u s  i r on  ba se  a l loys .  In  t h e  p r e s -  
en t  s tud ies  m e a s u r e m e n t s  of t h e  t o t a l  d i s t ance  
b e t w e e n  the  o u t e r m o s t  l i ne  of  sp ine l  m a r k e r s  on  o p -  
pos i te  s ides  of t h e  s p e c i m e n  conf i rmed  th i s  i n t e r e s t -  
ing  behav io r .  These  d a t a  for  a ser ies  of a l loys  ox i -  
d ized  a t  900 ~ and  l l 0 0 ~  a re  shown  in Fig .  l l a .  
S i n c e  t h e  o r i g i n a l  s p e c i m e n  th i cknes s  w a s  no t  e x -  
a c t l y  t h e  s a m e  for  each  ser ies ,  t h e  d a t a  a r e  p r e -  
s en t ed  as  the  p e r c e n t a g e  change  in  th is  " t h i cknes s  
m e a s u r e m e n t "  a f t e r  ox ida t ion .  In  sp i te  of t he  c o m -  
p l e x  spa l l i ng  or  d e t a c h m e n t  p rocesses  occu r r i ng  d u r -  
ing  the  o x i d a t i o n  t h e s e  i n t e r f a c e  loca t ions  r e m a i n  
v i r t u a l l y  u n m o v e d  for  a l l  a l l oy  compos i t ions  and  
o x i d a t i o n  t imes  at  t he se  two  t e m p e r a t u r e s .  I t  is t hus  
a p p a r e n t  t h a t  t h e r e  is no mass  t r a n s f e r  across  th is  
i n t e r f a c e  b y  m e c h a n i c a l  s t ra in .  Also,  t h e  d i f fus iona l  
t r a n s p o r t  of  ca t ions  across  th i s  i n t e r f a c e  to f o r m  t h e  
o u t e r  scale  m u s t  b e  g r e a t e r  t h a n  t h a t  r e q u i r e d  to  ac -  
c o m m o d a t e  t he  v o l u m e  change  in  c o n v e r t i n g  the  
a l l oy  to t he  ox ides  of t h e  i n n e r  scale,  s ince  a l a r g e  
v o l u m e  of vo ids  is g e n e r a t e d  w i t h i n  t he  b o u n d s  of 
th is  i n t e r f a c e  and  y e t  t h e  i n t e r f a c e  is u n m o v e d .  

M e a s u r e m e n t s  of t he  a v e r a g e  t h i cknes s  of t h e  a l -  
l oy  c o n v e r t e d  to ox ide  a t  each  face  of t he  s p e c i m e n  
( the  a v e r a g e  t h i cknes s  of t he  i n n e r  sca le )  a n d  t h e  
a v e r a g e  th i ckness  of t he  o u t e r m o s t  l a y e r  of  t he  o u t e r  
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Fig. 11 (a) (top) Percentage total displacement of the inner: 
outer scale interface as a function of oxidation time; (b) (bottom) 
increase in thickness of the outermost oxide layer and metal con- 
sumption as functions of time. 

scale a re  p lot ted  in Fig. 1lb. The upper  set of da ta  
points shows tha t  the outermost  l aye r  of wiisti te,  a l -  
though extens ive ly  detached f rom the in ter ior  oxide 
layers  of the outer  scale, continues to increase in 
thickness throughout  the oxidat ion period.  The 
lower  set of da ta  shows that  the ra te  of conversion 
of a l loy to oxide is appa ren t ly  a l inear  funct ion of 
the oxidat ion time. Higher  oxida t ion  tempera tures ,  
na tura l ly ,  accelerate  these processes. These da ta  in-  
dicate tha t  the 5 w / o  Cr al loy oxidized more s lowly 
than the 10 or 15 w / o  Cr alloys, but  produced a 
somewhat  th icker  ex te rna l  wiist i te  l ayer  than  the 
h igher  Cr alloys. This re la t ive  oxidat ion resis tance of 
the al loys was reflected in the weight  gain da ta  f rom 
these specimens, but  the spread in the oxidat ion 
rates  was ve ry  much smal le r  than  tha t  indica ted  by  
the meta l  consumption data.  Al l  of the data  in Fig. 11 
were  necessar i ly  obtained f rom in te r rup ted  ox ida-  
t ion tests in which only the ini t ia l  and final weights  
were  measured.  The specimens employed in these 
tests were  full  ~s in. d iamete r  disks. In subsequent  
continuous weight  gain exper iments ,  employing 
smal ler  one -qua r t e r  disk specimens, app rox ima te ly  
the same ra te  of weight  gain was observed,  but  the 
Cr content  of the  a l loy appeared  to have  l i t t le  or no 
effect on this rate.  As a consequence of these obser-  
vations, bands  have  been shown in Fig. l l b  r a the r  
than  l ines which might  imply  more re l i ab i l i ty  than  
is in tended for these data.  These measurements  do, 
however,  indicate  two impor tan t  character is t ics  of 
the oxidat ion process: (i)  the ra te  of meta l  con- 
version to oxide is app rox ima te ly  l inear  wi th  oxi-  
dat ion t ime, and (it) in spite of the extensive de-  
t achment  of the  outer  oxide layer ,  a ra te  of cat ion 
de] ivery  to the ex te rna l  scale: gas interface is ma in -  
ta ined  which permi t s  this wiis t i te  l aye r  to cont inu-  
ously  grow at app rox ima te ly  the  same ra te  th rough-  
out the  oxidat ion exper iment .  

The  Oxidat ion  Process  

The data  and observat ions f rom this s tudy pro-  
vide a basis for examining  the na tu re  of the ox ida -  
t ion mechanism which produces the character is t ic  
l ayered  scale s tructures.  Both the meta l lographic  
observat ions and the x - r a y  da ta  indicate  tha t  the 
outer  wfistite scale layers  are  dense, continuous 
oxide layers  and, thus, d i rec t  admission .of the oxi -  
dizing a tmosphere  is denied to the  scale interior .  The 
re tent ion  of marke r s  at the  inner:  outer  scale in te r -  
face indicates  tha t  the  smal l  concentrat ion of Cr in the 
outer  wiist i te  layers  does not a l te r  the  growth  mech-  
anism of this  phase;  i.e., cat ion migra t ion  alone is im-  
por tant ,  the anions being essent ia l ly  immobile.  Under  
these growth  conditions the  de tachment  of the scales 
f rom the meta l  dur ing  oxidat ion  is no rma l ly  ascr ibed 
to the  stress sys tem produced by  the diminishing vo l -  
ume of the me ta l  as the oxidat ion proceeds. Also, 
when cation migra t ion  is the only t r anspor t  process, 
the de tachment  of the outer  scale should dras t ica l ly  
r e t a rd  the oxidation.  Nei ther  of these "normal"  
events occurs dur ing the oxidat ion of these F e - C r  
specimens. The inner:  outer  oxide  interface  is essen- 
t i a l ly  s ta t ionary,  and growth  occurs at the free ex-  
t e rna l  surfaces. Thus the  outer  oxide should be sub-  
jec ted  to very  l i t t le  stress. However ,  extensive de-  
t achment  of the  outer  oxide is observed to occur 
af ter  r a the r  br ief  oxida t ion  periods and ye t  the ra te  
of the oxidat ion process is only s l ight ly  reduced.  
Under  these circumstances a second process involv-  
ing a gaseous t ranspor t  appears  to be necessary  to 
account for these observations.  

The process, or processes, responsible  for the de-  
t achment  of the outer  scale is not  wel l  understood.  
While  a deta i led s tudy of the kinet ic  da ta  m a y  be of 
assistance in defining the character is t ics  of this step 
in the oxidation,  it  now appears  tha t  the diffusional 
flow of cations to the oxide:  gas interface is not ra te  
determining.  Thus the composit ion of the wi is t i te  at  
the outer  in terface  is de te rmined  by  the kinet ics  of 
the oxidat ion process, and the equi l ib r ium oxide 
composit ion is not at tained.  As the scale grows the 
flux of cations to this  surface is reduced by  the in -  
creased length  of the diffusion pa th  and also by  the 
local de tachment  events occurr ing at  the subscale: 
inner  scale interface.  As a consequence, the  cation 
concentrat ion decreases in the outer  wilst i te  and the 
equi l ib r ium oxygen pressure  for this phase rises. A 
smal ler  but  s imi lar  change wil l  occur in the com- 
posit ion of the  wiist i te  sur rounding  the spinel  pa r -  
ticles of the inner  scale and a growth of the  spinel  
par t ic les  wil l  result .  Such growth  is suggested by  the 
phase equi l ibr ia  of the  W § S field of Fig. 2 which 
requires  an increase in the  propor t ion  of spinel, and 
a large  change in its composition, as the  sur rounding 
wfisti te becomes cation lean. Since the oxide ions are  
close packed in both wiis t i te  and spinel  and  since 
these ions are immobile,  spinel  growth  occurs by  the 
excess cations being re jec ted  into the wi is t i te  phase. 
The excess cations re leased by  this react ion migra te  
toward  the outer  surface and sustain the  high ox i -  
dat ion rate.  A small  volume contract ion occurs as 
wils t i te  is conver ted to spinel  by  this process and 
under  the constraints  of the  sys tem this volume 
change may  be sufficient to cause the sp ine l :wi i s t i t e  
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interface to fail. This de tachment  process, in i t ia ted  
at the outermost  l ine of spinel  part icles ,  is p ro -  
gressive and se l f -perpe tua t ing .  

As the  cation flow is reduced,  the composit ion of 
the growing outer  scale l ayer  becomes increas ingly  
lean in cations and the equi l ib r ium oxygen pressure  
rises. Across the voids of the de tachment  zone a dis-  
cont inui ty  in cation concentra t ion in the wi]stite is 
genera ted  and, as a consequence of the  difference in 
the equ i l ib r ium oxygen  pressures  of these two 
w[istite surfaces, dissociation of the outer  cation lean 
ma te r i a l  occurs and oxygen is t r ans fe r red  to the 
cation r ich mater ia l .  A t  the dissociat ion site excess 
cations are formed and these augment  the normal  
flux t oward  the outer  wf is t i te :gas  in terface  and 
sustain the high oxidat ion  rate.  Thus the  cations 
l ibe ra ted  in the dissociation process go to form new 
wi~stite at the  outer  interface.  The oxygen l ibe ra ted  
moves inward  as a gaseous species to form wi~stite 
and higher  oxides in the  inner  scale and subscale of 
the specimen. 

The effect of this dissociat ive mode of growth  is to 
des t roy wfistite at  the  inner  surface of the ex te rna l  
l ayer  and  crea te  new oxide at  the outer  surface. Thus 
the outer  oxide  layer  moves away  from the meta l  
specimen. Since the in terface  be tween  the  inner  and 
outer  scale is the site of the  or ig inal  de tachment ,  
mark ing  the or iginal  ga s :me ta l  interface,  it  remains  
unmoved throughout  the oxidat ion process. The mo-  
tion of the inner  surface of the ex te rna l  wiis t i te  
l ayer  re la t ive  to this m a r k e r  is a measure  of the  con- 
t r ibu t ion  of the  dissociation process to the over -a l l  
oxidation.  Measurements  of this void volume (p lan i -  
metr ic  measurements  on a series of photomicro-  
graphs  cover ing f rom 7 to 12 m m  along the section 
length)  have been made on the series of specimens 
represented  in Fig. l l b .  In these measurements  the 
volume occupied by  wiist i te  layers  which formed 
af ter  the ini t ia l  de tachment  is counted as void 
space since these layers  represent  succeeding gen-  
erat ions of the same process. F rom the weight  gain 
data,  which indica ted  tha t  the oxidat ion was ap-  
p rox ima te ly  l inear  wi th  time, the  volume of wi is t i te  
formed was calculated.  If  the de tachment  of the  
outer  l aye r  occurred ve ry  ear ly  and if the de tach-  
ment  were  complete,  cations r equ i red  for  the  growth  
of this wiis t i te  would  be suppl ied  en t i re ly  by  the dis-  
sociative process. Under  these ci rcumstances a void 
volume equal  to the wiis t i te  volume calcula ted  f rom 
the weight  gain da ta  would appear  be tween  the 
outer  and inner  oxide of the specimen. The de tach-  
ment  is known to occur ea r ly  in the  oxida t ion  p roc -  
ess, but  the  de tachment  is never  complete.  Thus the  
rat io of the  observed void volume to tha t  ca lcula ted 
for complete de tachment  is an es t imate  of the  con- 
t r ibut ion  of the d i ssoc ia t ive  process to the over -a l l  
oxidation.  At  900~ where  the measured  ra tes  of 
weight  gain were  1.1 and 1.6 m g / c m  2 hr  for the 5 and 
15 w / o  Cr specimens, the dissociat ive process ac-  
counted for 10-20% of the  oxidat ion for  the 5 w / o  Cr 
specimens and 25-35% for the  15 w / o  Cr specimens. 
At  l l 0 0 ~  where  the oxidat ion  r a t e  of both al loys 
was 3.8 m g / c m  2 hr,  30-40% of the  oxidat ion was 
a t t r ibu tab le  to the dissociat ive process for the  5 w / o  
Cr specimens and as much as 50% for the 15 w / o  Cr 
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specimens. These data show the importance of this 
type of process in the over-all oxidation. The in- 
creasing contribution in the higher Cr alloys is at- 
tributable to a more complete detachment. The 
temperature effect is derived from the increased de- 
composition pressure and the kinetics of the dis- 
sociation and growth processes. These estimates of 
the vapor transport contribution to the total oxida- 
tion process show that even in these extensively de- 
tached scales a great proportion of the cation re- 
quirement can be supplied by lattice diffusion along 
the connecting oxide bridges. However, the disso- 
ciative process becomes increasingly important as 
the Cr content of the alloy and the temperature of 
oxidation are increased. 

Discussion 
The impor tance  of a vapor  t r anspor t  process in 

oxidat ion has not been wide ly  accepted nor ex ten-  
s ively studied. Pfei l  (10), in discussing his exper i -  
ments  es tabl ish ing the dominant  role  of cat ion d i f -  
fusion in the  growth  of wfistite, observed tha t  when 
scales had become detached " . . .  a l though oxygen 
could no longer  diffuse inwards  in solution i t  could 
stil l  b r idge  the gap in the gaseous state, since the 
enclosing scale envelope would  have  an apprec iable  
dissociation pressure ."  The conditions necessary  for 
vapor  t r anspor t  indica ted  in this  ea r ly  repor t  are: 
(i)  genera t ion  of detached or porous scales, (i i)  an 
oxygen ac t iv i ty  gradient  across the  void space to 
provide  a dr iv ing  force for the process (this condi-  
t ion requires  tha t  the phase on one side of the  void 
exists over  a range  of composi t ions) ,  and  (i i i)  an 
apprec iable  pa r t i a l  pressure  of the gaseous species in 
the voids to pe rmi t  the  process to occur at  a meas-  
u rab le  rate.  The present  meta l lographic  and x - r a y  
da ta  confirming the composit ion difference be tween  
the wiist i te  of the outer  and inner  scale layers ,  the 
difference in morphology  of the  inner  and outer  su r -  
faces of the detached wiis t i te  layers,  the  la rge  dis-  
p lacement  of the  outer  scale l aye r  re la t ive  to the  
or iginal  specimen interface,  and the cont inued high 
oxidat ion  ra te  of these specimens, show tha t  these 
condit ions are  fulfil led and tha t  the  dissociat ive 
t ranspor t  process is impor tan t  in the  oxidat ion of 
F e - C r  al loys in wa te r  vapor.  

Al though the dissociat ive process has not been ex-  
tens ive ly  studied, its impor tance  has been recog-  
nized in severa l  other  gas -meta l  reactions.  The sul-  
fidization of i ron (11), nickel  (12), and si lver  (13) 
are  systems in which this type  of process appears  to 
operate.  The role of the  vapor  t r anspor t  process in 
these systems and in a number  of more  complex 
al loy systems has been discussed by  Maak  and Wag-  
ner (14) and oxida t ion  of Cu-Be alloys, s tudied by  
Maak  (15), appears  to be quite analogous to tha t  of 
the F e - C r  alloys. 

Since the  dissociat ive process can only occur when  
porous or detached scales are formed,  it  is not  en-  
t i r e ly  unexpec ted  tha t  the  l i t e ra tu re  should show so 
l i t t le  evidence of this type  of reaction.  In  l abo ra to ry  
studies of gas -me ta l  reactions,  a considerable  effort 
is made  to adjus t  the  exper imen ta l  pa rame te r s  to in-  
sure the format ion  of dense continuous scales. The 
examples  of the react ions invo}ving vapor  t r anspor t  
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are e i ther  the sulfidization of meta ls  or the ox ida-  
t ion of alloys. In  both cases the genera t ion  of porous 
or detached scales is v i r tua l ly  unavoidable .  The 
rapid  g rowth  of the  sulfides and thei r  poor me-  
chanical  proper t ies  appear  to be responsible  for the 
de tachment  of scale layers  in these mater ia ls .  While  
l imi ted  p las t ic i ty  may  be responsible  for the de tach-  
ment  of oxides formed dur ing a l loy oxidat ion,  i t  is 
l ike ly  tha t  the many  complex react ions occurr ing  
dur ing  this process and the volume change resul t ing  
f rom phase  red is t r ibu t ion  in the  inner  mul t iphase  
layers  p lay  an impor tan t  pa r t  in promot ing  the de-  
t achment  process. The de tachment  may  be avoided 
in careful ly  contr ived and control led l abora to ry  ex-  
per iments  for some mater ia ls .  However ,  these same 
mate r ia l s  when exposed to va ry ing  service condi-  
tions may  genera te  porous or detached scales and, 
if the other  requ i rements  for vapor  t ranspor t  are  
met, qui te  different  scaling rates  m a y  be observed 
as a consequence of the dissociat ive process. 

Because of the high dissociation pressures  of the 
sulfides of iron, nickel,  and silver, no problem is in-  
volved in basing the t ranspor t  process on gaseous 
sulfur.  S imi lar ly ,  as proposed by  Maak  (15), oxygen 
can serve  as the t r anspor t  species in porous cuprous 
oxide. However ,  in this case a more  complex vapor  
species may  be involved for Pfei l  (10) and Wood 
(16) have presented  evidence indicat ing that  a vapor  
phase containing both copper  and oxygen may  be 
involved. Maak 's  observat ion tha t  large  pores in the  
Cu~O scale appeared  to migra te  toward  the outer  
surface and tha t  in a few instances these voids ap-  
peared  to have reached the outer  surface and popped 
open, suggest  tha t  copper  as wel l  as oxygen is in-  
volved in the inward  vapor  t ranspor t  process. In  the  
oxidat ion  of F e - C r  alloys, the very  low dissociation 
pressure  of wiist i te  (10 -11 and 10 -15 arm at 1100 ~ 
and 900~ respect ive ly)  indicates that  a vapor  
species other  than oxygen is necessary  to account 
for the  sustained high t ransfe r  ra te  observed.  The 
appa ren t  anomaly  tha t  r ap id  t r anspor t  of oxygen can 
be achieved at  such low oxygen par t i a l  pressures  
may  be dispel led if a gaseous species other  than  
molecular  oxygen is considered. In the discussion of 
the present  exper imen ta l  resul ts  it has been tac i t ly  
assumed that  only oxygen was t ranspor ted  through 
the gas phase. This has been done as a ma t t e r  of con- 

venience ra the r  than  an assumpt ion basic to the proc-  
ess. Thus the vapor  species involved in the t r anspor t  
process in the oxidat ion of F e - C r  al loys in wa te r  
vapor  m a y  contain, in addi t ion  to oxygen,  e i ther  i ron 
or hydrogen,  or both. The na tu re  of the gaseous 
species remains  to be invest igated.  
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ABSTRACT 

Films of 7 A1203 produced by anodizing superpurity aluminum at 20v in 
neutral ammonium tartrate are thinned uniformly when placed in sodium 
chromate solution of pH range 7-9. During film thinning the metal remains 
passive and the inherent specific resistance of the film substance is not modified 
by the dissolution process. Uniform thinning can continue from an initial film 
thickness of around 240A down to the passive film thickness 20-25A. Measure- 
ment of capacitanCe and dielectric loss at frequencies of 1000 to 100,000 cps 
during thinning has permitted determination of the variation of electronic 
and ionic resistivity throughout the majori ty  of the thickness of the alumina 
films. Corrections for a-c resistance of the solution have been found to be 
unnecessary at 1000 cps but mandatory at 100,000 cps in order to obtain ac- 
curate results. The films possess a region of low electronic resistivity up to 
60-80A from the oxide-metal  interface. At greater thickness, electronic re -  
sistivity is constant. Ionic resistivity is only constant across a central region of 
the film around 100A thick. Nearer to the oxide solution interface, the ionic 
resistivity falls gradually and then rises sharply in the outer 20A of the film. 
A defect model is advanced to account for this resistivity distribution. 

Two previous  invest igat ions  (1, 2) were  concerned 
wi th  the  de te rmina t ion  of the  res is t iv i ty  of 7-A1208 
films formed anodical ly  on h i g h - p u r i t y  a luminum,  
together  wi th  the changes in res is t iv i ty  resul t ing  
f rom subsequent  immers ion  in chromate,  chloride,  
and fluoride solutions. In these invest igat ions,  the  
oxide film was  compared  to a s imple e lectr ical  analog 
of a capaci tor  wi th  a para l l e l  resistance;  any  elec-  
t r ica l  effects of the  solution and the second electrode 
were  ignored. 

Expe r imen ta l  de te rmina t ion  of the series capaci-  
tance and dielectr ic  loss of the film by  an a-c  method,  
in a high conduct ivi ty  e lectrolyte ,  pe rmi t t ed  calcu-  
lat ion of the  average  specific resis tance or res is t iv i ty  
af ter  immers ion  in chromate,  chloride, or f luoride 
solutions. More deta i led  studies of 7-A120~ films 
over a wide  f requency range  (2) and af ter  8 h r  im-  
mersion in sodium chloride solution at  pH 6 ind i -  
cated tha t  chloride ions were  incorpora ted  into the 
anion la t t ice  of the  oxide and resul ted  in a la rge  
decrease in ionic res is t iv i ty  of the  film wi thout  de-  
tectable,  accompanying change in thickness,  topog-  
raphy,  or crys ta l  s t ructure.  However ,  these ear l ie r  
studies did not give any indicat ion of the d is t r ibut ion  
of res is t iv i ty  through the  thickness  of the or iginal  
anodic film, or of the  d is t r ibut ion  of chloride ions in 
7-A120~ films tha t  had been immersed  in sodium 
chloride solution at  pH 6. Such informat ion  is 
c lear ly  necessary  for a de ta i led  unders tand ing  of the  
conduction mechanism th rough  the or iginal  or the  
exchanged a lumina  film. 

Previous  studies also showed tha t  gamma a lumina  
films up to 1000A could be ma in ta ined  for severa l  
hours wi thout  ma jo r  change in series capaci tance or 
dielectr ic  loss in molar  sodium chromate  solution 
with  the  pH ad jus ted  to a va lue  of a round 6.0. An 
ear l ie r  invest igat ion (3) had  suggested tha t  the  dis-  
solution ra te  of 7-A]20~ films in chromate  solution 
was at  a min imum at this pH. When  the pH of the 

chromate  solution was ra ised above this value  the 
oxide film was dissolved slowly, even though the 
passive s tate  was main ta ined  th rough  the  abi l i ty  of 
adsorbed chromate  ions to react  wi th  a luminum to 
form addi t iona l  7-A1203. 

The work  descr ibed in the present  paper  is con- 
cerned wi th  the deve lopment  of a method for s tudy-  
ing the  d is t r ibut ion  of res is t iv i ty  in 7-A1203 films 
formed by  anodizing a luminum in neu t ra l  ammo-  
n ium t a r t r a t e  solution. The method  is based  on the 
measurement  of the capaci tance and dielectr ic  loss 
of 7-A1208 films over  a range  of br idge  frequencies,  
whi le  they  are s lowly dissolving in a s l ight ly  a lkal ine,  
pass ivat ing  chromate  solution. The chromate  solu-  
tions do not appear  to in t roduce addi t ional  defects 
into 7-A1208 films as they  dissolve down to passive 
film thickness at  the appropr ia te  pH value. The meas-  
u remen t  of capaci tance and dielectr ic  loss dur ing 
film th inning enables calculat ion of the  change in 
to ta l  a -c  res is tance in  the  measur ing  cell. Sepa ra t e  
exper iments  pe rmi t  de te rmina t ion  of the a -c  res is t -  
ance of the solution and associated double  layers  
the reby  enabl ing calculat ion of the  film resis tance 1 
as a funct ion of thickness.  Conduct of the  exper i -  
ments  at br idge frequencies of 1000 and 100,000 
cps permi ts  the separa t ion  of ionic and electronic 
re laxa t ion  effects, due to impur i t y  subst i tu t ion or 
depa r tu re  f rom stoichiometry,  and can th row addi -  
t ional  l ight  on the conduction mechanism through 
these '  films. The surface topography  of the  films has 
also been s tudied by  high resolut ion electron micro-  
scopy dur ing  the i r  dissolution; resul ts  show tha t  the 
films are th inned qui te  uniformly.  

Experimental and Results 
Materials . - -The a luminum used in the l ow- f r e -  

quency capaci tance and dielectr ic  loss exper iments  
was annealed  2.5 m m  d iamete r  wi re  hav ing  a pu r i t y  

1 U n l e s s  o t h e r w i s e  s ta ted ,  t h e  t e r m  " r e s i s t a n c e "  w i n  be t a k e n  to  
i m p l y  a-c  res i s tance .  

1205 



1206 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  December 1963 

of 99.997%. The impur i t ies  were  0.001% Si, 0.001% 
Fe, and 0.001% Cu. S imi la r  supe rpur i ty  a luminum,  
in the form of annealed sheet 0.37 mm thick, was 
used for the h igh - f r equency  (100,000-1,000,000 cps) 
electr ical  exper iments .  The a luminum used in the  
electron optical  s tudies was annealed,  0.5 m m  thick 
sheet having  a pu r i t y  of 99.999%. The chromate  solu-  
tions were  made  up f rom CP chemicals  and demin-  
eral ized dist i l led water .  The pH of molar  sodium 
chromate  solution was ad jus ted  by  addi t ions of so- 
dium dichromate.  

Sample preparation.--Wire specimens for the low-  
f requency capaci tance and dielectr ic  loss measu re -  
ments  were  first degreased with  benzene and then 
etched wi th  1.0N sodium hydrox ide  for 10 rain. They 
were  r insed in deminera l ized  dis t i l led wa te r  and 
methanol  and masked  wi th  Tygon pa in t  in order  to 
leave a cyl indr ica l  surface area  of 0.2 cm 2 exposed. 
The masked  specimens were  then s tored for a per iod 
of 24 hr  over  calc ium sulfate  before  fu r the r  t r e a t -  
ment. Sheet  specimens for the h igh - f r equency  ex-  
per iments  were  s imi la r ly  etched and then anodized 
before be ing  masked  wi th  the Minnesota  Mining 
and Manufac tur ing  Company 's  p ressure -sens i t ive  
Elec t ropla te rs  Tape No. 470 f rom which a smal l  hole 
of 0.02 cm 2 area  had been punched.  ~ 

The anodic films inves t iga ted  in this  s tudy were  
composed of 7-A1208 and were  formed in an e lec t ro-  
ly te  consisting of 3% by  weight  of ammonium t a r -  
t ra te  dissolved in deminera l ized  dis t i l led water ;  the 
pH of the solution was  ad jus ted  to 7.0 by  the  add i -  
tions of a few drops of d i lu te  ammonium hydroxide .  
The 7-Al203 films were  formed using a p l a t inum 
gauze cathode at 20v (giving a film thickness of 
a round 240A); one set of specimens was formed at 
15v (180A). The specimen was first placed in the 
anodizing solution at  25 ~ • 0.05~ in the absence 
of appl ied  voltage.  The vol tage was then ra ised 
g radua l ly  over  a per iod of app rox ima te ly  1 rain to 
the requi red  value,  keeping  the cur ren t  surge below 
5 m a / c m  ~. When the potent ia l  reached the requ i red  
value,  it  was held constant  and  the cur ren t  was 
a l lowed to decay  for a per iod of 5 min af ter  which 
s table  leakage currents  in  the range  of 15-20 ~m/cm ~ 
were  obtained.  A m a x i m u m  value  of l eakage  current  
of 20 ~a / cm 2 was selected as the  cr i ter ion of an ac-  
ceptable  specimen. If  this condit ion was achieved, 
the appl ied  vol tage was in t e r rup ted  sha rp ly  by  r e -  
moving the specimen from solution. 

The 99.999% pure  a luminum sheet specimens for 
the electron optical  exper iments  were  p re t r ea t ed  by  
electropol ishing in a cooled perchlor ic  ac id -e thy l  
alcohol e lec t ro ly te  at  20v, as descr ibed ear l ier  (2).  
The higher  pu r i t y  a luminum was used only to obtain 
a smoother  e lectropol ished surface showing a min i -  
mum of s t ruc tura l  detail .  Af te r  e lectropol ishing the 
specimens were  anodized as descr ibed above. 

Experimental method.--The re laxa t ion  t imes of 
common impur i t y  defects such as OH' and Cl'  ions 
subs t i tu ted  in the  anion la t t ice  of 7-A12Os films are  
somewhat  less than  10 -5 sec (2).  Accordingly,  the 

~The  s m a l l e r  s p e c i m e n  a rea  wa s  necessa ry  a t  higher bridge f re -  
q u e n c i e s  to  p e r m i t  a capac i t ance  ba l anc e  s ince  t he  m u l t i p l y i n g  r a n g e  
in  t h e  716-C capac i t a nc e  b r i d g e  cou ld  be  u sed  on ly  a t  a f r e q u e n c y  
o f  1000 cps. H o w e v e r ,  i d e n t i c a l  loss  v a l u e s  w e r e  o b t a i n e d  a t  1000 cps 
w i t h  b o t h  s p e c i m e n  sizes;  t h e  c a pa c i t a nc e  v a l u e s  w e r e  in  t h e  p r o p e r  
r a t i o  of  10:1. 

dielectr ic  loss of the  films measured  at  b r idge  f re -  
quencies of 100,000 cps and above should be sensi-  
t ive only to the electronic re laxa t ion  effects resul t ing  
from impur i t y  subst i tut ion.  ~ Dielectr ic loss values 
measured  at  lower  frequencies  of 1000 cps are  sen- 
si t ive to both electronic and ionic re laxa t ion  effects 
resul t ing f rom impur i ty  subst i tut ion.  The two a-c  
measurements ,  t aken  together,  were  used in this 
invest igat ion to separa te  the ionic and electronic 
re laxa t ion  effects resul t ing  f rom impur i t y  subs t i tu -  
t ion and depa r tu re  f rom s to ichiometry  in the  oxide 
films. 

The exper imen ta l  p rocedure  for the e lectr ical  ex-  
per iments  was s imi lar  to tha t  descr ibed in an ear l ier  
publ icat ion (2).  The oxide covered specimen, e i ther  
in the form of wire  or sheet, was immersed  in a 
po lye thylene  beaker  which was in tu rn  placed in 
a l a rger  beaker  l ined wi th  a luminum foil. Molar  
sodium chromate  solut ion was used as the  solution 
electrode and a cyl indr ica l  p l a t inum grid (3.2 cm 
d iamete r )  as the second e lec t rode  of the system. The 
chromate  solution was a lways  pass iva t ing  so tha t  no 
corrosion of the a luminum occurred. Al l  connecting 
leads were  shielded and guarded,  and an a luminum 
pla te  covered the outer  beake r  to provide  v i r tua l ly  
complete  electr ical  shielding f rom s t ray  fields. 

A Genera l  Radio 716-C capaci tance br idge  was 
used for exper iments  wi th in  the f requency range  of 
100-100,000 cps. A constant  signal  of 50 mvs p - p  was 
a lways  appl ied  to the specimens. Lead  and other 
s t ray  capaci tances were  e l imina ted  by  the use of a 
Genera l  Radio 716-P4 guard  circuit  which also as-  
sists in the development  of m a x i m u m  sensi t ivi ty.  
Some exper iments  (Fig. 3-5) were  conducted at a 
f requency of 1000 cps using the mul t ip ly ing  range 
on the 716-C capaci tance br idge  and a specimen area  
of 0.2 cm 2. The guard  circuit  was not used in these 
exper iments  because its use is incompat ib le  wi th  
that  of the mul t ip ly ing  range.  However ,  in all  other  
exper iments  the guard  circuit  was used together  
wi th  the smal ler  specimen area  (0.02 cm 2) and a 
low loss ex te rna l  series capaci tor  (0.001 ~F) ,  en-  
closed wi th in  the shielded beaker ,  to br ing  the ca-  
paci tance of the  series combinat ion wi th in  the  range  
tha t  could be measured  by  the 716-C capaci tance 
bridge.  

When  the solution resis tance was a ve ry  smal l  
f ract ion (less than  2%) of the resis tance of the 
oxide film plus solution and double layers ,  the ex-  
t e rna l  series capaci tor  was e l iminated  at any  given 
f requency by  the equation 

1 1 1 
= -  + -  [ 1 ]  

Ct C~ Cb 

where  Ct is the measured  capaci tance of the series 
combinat ion of oxide film and the ex te rna l  series ca-  
paci tance,  Ca is the ex te rna l  series capacitance,  and 
Cb the film series capaci tance at  the  same frequency.  
The series loss was e l iminated  at  any  given f re-  
quency by  the equat ion 

Ca Dt -- Da Ct 
Db [2] 

C a -  Ct 

where  Dt is the measured  dielectr ic  loss of the series 

8 I n c l u d i n g  d e p a r t u r e  f r o m  s to ieh iomet rY.  
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c o m b i n a t i o n  of t he  ox ide  f i lm and  the  e x t e r n a l  ser ies  
capac i t ance ,  Da is t he  loss of e x t e r n a l  ser ies  c a -  
pac i t ance ,  and  Db t h e  loss of the  ox ide  f i lm a t  t he  
s a m e  f r equency .  U n d e r  those  condi t ions ,  w h e r e  ca -  
pac i t ance  a n d  r e s i s t ance  effects f r o m  the  so lu t ion  
w e r e  u n i m p o r t a n t ,  t h e  ox ide  cove red  a l u m i n u m  in 
the  c h r o m a t e  so lu t ion  was  t r e a t e d  as a s imp le  ca -  
pac i t o r  w i t h  a p a r a l l e l  res i s tance .  A c c o r d i n g l y ,  t he  
specific r e s i s t ance  or  r e s i s t i v i t y  of t he  ox ide  (p) 
cou ld  be  c a l c u l a t e d  f r o m  Db as fo l lows  

A - C  R E S I S T A N C E  I N  O X I D E  F I L M S  O N  A1 

Rp A 41r 4~ 
p - = ~ Cv R~ = ~ [ 3 ]  

8 K K~D1, 

w h e r e  Rp is t he  p a r a l l e l  a - c  r e s i s t ance  of  the  film, A 
is t he  s p e c i m e n  area ,  ~ is t he  f i lm th ickness ,  Cp is 
the  p a r a l l e l  c apac i t ance  of the  film, c0 is the  a n g u l a r  
f r e q u e n c y  of t he  a - c  s ignal ,  a n d  K is the  d i e l ec t r i c  
cons t an t  of T-A1203. The  f i lm th i cknes s  was  ca l cu -  
l a t e d  d i r e c t l y  f r o m  the  ser ies  c a p a c i t a n c e  of t he  
ox ide  cove red  a l u m i n u m  in t he  c h r o m a t e  solu t ion ,  
s ince  the  d i e l ec t r i c  loss w a s  l ow ( < 0 . 1 )  a n d  co r -  
r ec t ion  to ob t a in  C~(Cp : C J l  ~- D 2) f rom C~ was  
unnecessa ry .  T h a t  t he  change  in  capac i t ance  is due  
to a change  in f i lm th i ckness  r a t h e r  t h a n  one in 
d i e l ec t r i c  cons t an t  is conf i rmed  b y  e a r l i e r  e x p e r i -  
m e n t a l  o b s e r v a t i o n  (2)  t h a t  c a p a c i t a n c e  is i n -  
v e r s e l y  p r o p o r t i o n a l  to t he  f o r m i n g  vol tage .  

W h e n  the  so lu t ion  a n d  d o u b l e  l a y e r  r e s i s t ance  
b e c a m e  a s igni f icant  f r a c t i o n  ( > 2 % )  of t he  t o t a l  r e -  
s i s t ance  of t he  c o m b i n a t i o n  of t he  ox ide  c ove re d  
a l u m i n u m  s p e c i m e n  p lus  t he  solu t ion ,  a m o r e  ac -  
c u r a t e  ana log  was  e m p l o y e d  w h i c h  nece s s i t a t e d  a 
d i f fe ren t  m e t h o d  of ca lcu la t ion .  The  m o r e  a c c u r a t e  
ana log  fo r  t he  ox ide  cove red  a l u m i n u m  in t he  c h r o -  
m a t e  so lu t ion  u n d e r  t hese  cond i t ions  is b e l i e v e d  to  
be  two  ser ies  capac i to r s  each  w i t h  a p a r a l l e l  r e -  
s is tance.  One  c a p a c i t a n c e - r e s i s t a n c e  e l e m e n t  r e p -  
r e sen t s  t he  ox ide  f i lm on the  me ta l ,  w h e r e a s  t he  
o the r  s i m i l a r  e l e m e n t  r e p r e s e n t s  t he  c a p a c i t a n c e  a n d  
a - c  r e s i s t ance  of t he  doub le  l a y e r s  on the  two  m e t a l  
e l ec t rodes  t o g e t h e r  w i t h  t ha t  of t h e  c h r o m a t e  so lu -  
tion. The  effect of the  e x t e r n a l  ser ies  c a p a c i t o r  (Ca) 
was  e l i m i n a t e d  as be fore ,  b y  the  use  of Eq. [1]  and  
[2] .  The  p a r a l l e l  a - c  r e s i s t ance  of t he  ox ide  film, a s -  
soc ia ted  d o u b l e  l aye r s ,  a n d  so lu t ion  was  c a l c u l a t e d  
for  the  r e l a t i o n s h i p  

1 -l- Db 2 
R~ = [4 ]  

D~oC~ 

w h e r e  C~ is t he  ser ies  c a p a c i t a n c e  of t he  film, d o u b l e  
l ayers ,  a n d  solut ion.  The  p a r a l l e l  r e s i s t ance  v a l u e s  
for  the  so lu t ion  a n d  doub le  l a y e r s  w e r e  o b t a i n e d ,  
u n d e r  t he  s a m e  e x p e r i m e n t a l  cond i t ions  and  at  the  
s ame  f r equency ,  b y  s u b s t i t u t i n g  a s i m i l a r  a r e a  of 
smoo th  p l a t i n u m  for  t h e  ox ide  cove red  a l u m i n u m .  
S u b t r a c t i o n  of  t h e  two  p a r a l l e l  r e s i s t ance  v a l u e s  
gives  a m o r e  a c c u r a t e  a - c  r e s i s t ance  v a l u e  for  t he  
ox ide  f i lm a lone.  S ince  the  d i e l ec t r i c  loss of t he  f i lm 
a lone  d id  no t  exceed  0.1 ( a f t e r  co r r ec t i on  for  so lu -  
t ion  effects f i lm th i cknes s  could  a g a i n  be  a c c u r a t e l y  
o b t a i n e d  f r o m  the  ser ies  c a p a c i t a n c e  of t he  ox ide  
fi lm as  d e s c r i b e d  above ,  p r o v i d e d  t h a t  s u i t a b l e  cor -  
r ec t ion  for  t he  so lu t ion  effects was  f irst  made .  
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The  l i m i t e d  e x p e r i m e n t s  t h a t  w e r e  conduc t ed  at  
a f r e q u e n c y  of 1,000,000 cps w e r e  c a r r i e d  ou t  w i t h  a 
G e n e r a l  Rad io  716-CS1 h i g h - f r e q u e n c y  b r idge ,  t o -  
g e t h e r  w i t h  t he  s m a l l  (0.02 cm e) s p e c i m e n  a r e a  and  
the  low loss e x t e r n a l  ser ies  capac i to r .  S ince  a g u a r d  
c i rcu i t  is no t  a v a i l a b l e  for  th is  b r idge ,  co r r ec t ions  for  
the  c a p a c i t a n c e  and  i n d u c t a n c e  of the  l eads  w e r e  
m a d e  b y  the  s t a n d a r d  m e t h o d s  d e s c r i b e d  e a r l i e r  (2)  
be fo re  ca l cu l a t i ng  the  a - c  r e s i s t ance  of the  ox ide  
fi lm b y  the  second  me thod .  

Results  

C y l i n d r i c a l  w i r e  spec imens  c a r r y i n g  ~/-A1~O3 f i lms 
f o r m e d  at  20v w e r e  i m m e r s e d  in 1.0M s o d i u m  c h r o -  
m a t e  so lu t ions  a t  25 ~ --  0.05~ w i t h  t he  p H  a d j u s t e d  
to v a l u e s  of 5.5, 5.9, 6.4, 7.2, and  8.0. A f t e r  20 h r  i m -  
m e r s i o n  in t hese  so lu t ions  t he  spec imens  w e r e  t r a n s -  
f e r r e d  to f r e sh  c h r o m a t e  so lu t ions  h a v i n g  the  s ame  
concen t r a t ion ,  t e m p e r a t u r e ,  a n d  pH. The  ser ies  ca -  
p a c i t a n c e  a n d  d i e l ec t r i c  loss of t he  o x i d e  f i lms w e r e  
m e a s u r e d  in t he  f r e s h  c h r o m a t e  so lu t ions  us ing  the  
e x t e r n a l  low loss ser ies  capac i to r .  A l l  e l ec t r i ca l  
m e a s u r e m e n t s  m a d e  in th is  i n v e s t i g a t i o n  w e r e  con-  
d u c t e d  in f r e sh  c h r o m a t e  so lu t ions  in o r d e r  to e l i m i -  
n a t e  a n y  p o s s i b i l i t y  of i n t e r f e r e n c e  (4)  f r o m  the  
m i n u t e  a m o u n t s  of a l u m i n u m  ox ide  w h i c h  d i sso lve  
d u r i n g  f i lm t h i n n i n g .  

The  changes  in  capac i t ance  and  d i e l ec t r i c  loss oc-  
cas ioned  b y  20 h r  i m m e r s i o n  of the  spec imens  in 
c h r o m a t e  so lu t ions  f r o m  p H  5.5 to 8 a r e  shown  in 
Fig.  1 and  2. Each  e x p e r i m e n t a l  po in t  in  these  f igures  
is t he  a r i t h m e t i c a l  a v e r a g e  of m e a s u r e m e n t s  on s ix  
s e p a r a t e  spec imens  w i t h  t he  s ca t t e r  b e i n g  less  t h a n  
+--5%. The  cu rves  r e l a t i n g  change  in  c a p a c i t a n c e  to 
p i t  (F ig .  1) e x h i b i t  a m i n i m u m  a r o u n d  p H  6 to 6.5. 
The  f r e q u e n c y  d i spe r s i on  of t he  c a p a c i t a n c e  va lue s  
is s m a l l  and  in  t h e  a n t i c i p a t e d  d i r ec t i on  e x c e p t  a t  the  
h ighe s t  p H  and  at  t h e  lowes t  f r equency .  
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Fig. 1. Change in capacitance (at frequencies from 100 to 
1,000,000 cps) of 99.997% pure annealed aluminum wire carrying 
anodic ~'AI203 films formed at 20v in ammonium tartrate solution 
after immersion for 20 hr in 1.0M sodium chromate solution at 25 ~ 
• 0.05~ with the pH adjusted between 5.5 and 8.0. O, 1,000,000 
cps; X ,  100,000 cps; I-], 10,000 cps; A ,  1000 cps; O, 100 cps. 
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Fig. 2. Change in dielectric loss (at frequencies from 100 to 
1,000,000 cps) of 99.997% pure annealed aluminum wire carrying 
anodic ~'AI203 films formed at 20v in ammonium tartrate solution 
after immersion for 20 hr in 1.0M sodium chromate solution at 25 ~ 
• 0.05~ with the pH adjusted between 5.5 and 8.0. O, 1,000,000 
cps; X ,  100,000 cps; 1"7, 10,000 cps; Z~, 1000 cps; e ,  100 cps. 

The curves relating the change in dielectric loss 
of the oxide films to pH (Fig. 2) exhibit the same 
general characteristics as the capacitance results in 
Fig. 1, except that the frequency dispersion is 
greater and the minimum around pH 6 is less sharply 
defined. In fact, at the lower frequencies, the mini-  
mum appears to shift to higher pH values of up to 
7.0. 

The capacitance increase during immersion of 
~,-A1208 films in chromate solutions having pH values 
above 6.0 appears to confirm an earlier suggestion 
that film dissolution occurs in this pH range (3) .  In 
order to confirm this point, experiments were carried 
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Fig. 3. Increase in capacitance and dielectric loss, at a fre- 
quency of 1000 cps of 99.997% pure annealed aluminum wire speci- 
mens carrying anodic ~,AI~O3 films formed at 20v in ammonium 
tartrote solution as a function of time of immersion in 1.0M sodium 
chromate solution at 25 ~ • 0.05~ with the pH adjusted to 7.1. 
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out in which 20v (240A) ~-A12Os films were allowed 
to remain in chromate solutions having pH values of 
7.1, 8.0, and 9.0 until steady values of capacitance 
were attained. The experimental values of capaci- 
tance and dielectric loss were, of course, measured 
in fresh chromate solutions at the same pH. 

Experiments at the three pI-I values were first 
conducted on wire specimens (0.2 cm 2) at a bridge 
frequency of 1000 cps which is sensitive to ionic and 
electronic relaxation effects resulting from impurity 
substitution in ~,-A1203 (2).  The multiplying range 
on the 716-C capacitance bridge was used in these 
experiments only, since it permits the measurement 
of relatively large capacitance values. The results of 
experiments on triplicate specimens at pH values of 
7.1, 8.0, and 9.0 are shown in Fig. 3, 4, 5, respectively. 
These results confirm that a pH dependent rise in 
capacitance occurs with time up to constant values 
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Fig. 4. Increase in capacitance and dielectric loss, at a frequency 
of 1000 cps of 99.997% pure annealed aluminum wire specimens 
carrying anodic ~AI208 films formed at 20v in ammonium tartrate 
solution as a function of time of immersion in 1.0M sodium chro- 
mate solution at 25 ~ -+- 0.05~ with the pH adjusted to 8.0. 
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Fig. 5. Increase in capacitance and dielectric Joss, at o frequency 
of 1000 cps of 99.997% pure annealed aluminum wire specimens 
carrying anodic "yAI203 films formed at 20v in ammonium tartrate 
solution as a function of time of immersion in 1.0M sodium chro- 
mate solution at 25 ~ ___ 0.05~ with the pH adjusted to 9.0 
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wi th in  the range  of 0.4-0.5 t~F (per  0.2 cm ~) together  
wi th  a s imi lar  increase in dielectr ic  loss. 

The scat ter  in capaci tance values  is due to va r i -  
ations in the projec ted  areas  of specimens masked  
wi th  Tygon paint,  together  wi th  some var ia t ion  in 
dissolution ra te  of the different  oxide films. The area  
independent  dielectr ic  loss (2) does not show as 
much var ia t ion  be tween t r ip l ica te  specimens and is 
due p r i m a r i l y  to small  var ia t ions  in dissolution ra te  
of the oxide films. 

S imi la r  exper iments  were  conducted on 20v 
~/-A1203 films formed on 99.997% pure  sheet at a 
br idge f requency of 100,000 cps. These exper iments  
were  confined to pH 7.1 only and were  car r ied  out 
on the smal l  h ighly  reproduc ib le  specimen areas  
(0.02 cm 2) in combinat ion with  the ex te rna l  series 
capacitor.  The resul ts  of exper iments  on dupl icate  
specimens are  shown in Fig. 6 which bears  a genera l  
s imi la r i ty  to the lower  f requency resul ts  (Fig. 3). 

The resul ts  in Fig. 1, 3, 4, 5, and 6 s t rongly  suggest 
tha t  ~,-A1203 films having an ini t ia l  thickness of 240A 
become th inned on exposure  to chromate  solutions at  
a ra te  which increases wi th  increasing pH value  
above 6.0. F igures  3-5 also suggest tha t  the final 
equi l ib r ium film thickness is not  g rea t ly  changed 
as the pH of the chromate  solution is ra ised f rom 7.1 
to 9.0. 

The surface roughness of a y-Al~O3 film 240A thick 
was nex t  s tudied dur ing  th inning  in 1.0M sodium 
chromate  at  pH 7.1 using h igh-reso lu t ion  electron 
microscopy. The purpose  of these exper iments  was 
to de te rmine  whe ther  the  dissolution of the oxide is 
a uni form process or whe the r  significant addi t ional  
roughening occurs as th inning proceeds. A luminum 
sheet, 99.999% pure,  was electropol ished in a cooled 
perchlor ic  ac id-e thanol  ba th  and then anodized in 
neu t ra l  ammonium t a r t r a t e  at  20v. The e lec t ro-  
polished a luminum surface, the surface of the or ig i -  
nal y-A1203 film formed a t  20v and the oxide sur -  
face pa r t l y  th inned by  1700 min immers ion  and fu l ly  
th inned by  8000 min immers ion  in sodium chromate  
solution at  pH 7.1 were  repl ica ted  to produce  direct  
posit ive repl icas  by  the p l a t i num-ca rbon  method  of 
Brad ley  (5).  The shadowing angles and repl ica  de-  
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Fig. 6. Increase in capacitance and dielectric loss, at a frequency 
of 100,000 cps of 99.997% pure annealed aluminum sheet speci- 
mens carrying anodic 7AI203 films formed at 20v in ammonium 
tartrate solution as a function of time of immersion in 1.0M sodium 
chromate solution at 25 ~ -~- 0.05~ with the pH adjusted to pH 
7.1. Capacitance and loss values uncorrected for solution effects. 
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Fig. 7. Electron micrographs of the surface of 7-AI203 films 
formed at 20v in ammonium tartrate solution on 99.999% pure 
annealed aluminum sheet: (a) (top left) original "y-AI203 surface; 
(b) (top right) 7-AI20~ film surface after thinning for 1700 min in 
1.OM sodium chromate at pH 7.1 and 25 ~ • 0.05~ (c) (cen- 
tered) 7-AI203 film surface after thinning to the maximum degree 
by 8000 min immersion in 1.0M sodium chromate at ,oH 7.1 and 
25 ~ • 0.05~ Direct positive platinum replicas. Shadowing angle 
20 ~ . Direction indicated by the arrows. Magnification approximately 
40,000X. 

t achment  methods were  descr ibed in an ear l ie r  pub-  
l icat ion (2).  The replicas were  then examined  at 
75 kv  in a Met ropol i t an-Vickers  EM6 electron micro-  
scope. The or ig inal  meta l  surface was s imi lar  to tha t  
shown in an ear l ie r  publ ica t ion  (2) and gave evi-  
dence of a sl ight  subs t ruc ture  such as has been de-  
scr ibed ear l ie r  by  Al tenpohl  (6).  F igure  7 (a ) ,  (b) ,  
and (c) show the surface of the ~,-A1208 film at a 
magnif icat ion of 40,000 d iameters  before  th inning 
and af ter  pa r t i a l  and v i r tua l ly  complete  th inning in 
the chromate  solution. It may  be seen tha t  the origi-  
nal  oxide surface, Fig. 7 ( a ) ,  is r e l a t ive ly  uniform, 
except  for  some shal low isolated mounds of oxide  
p r o t r u d i n g  around 50A above the surface. S imi lar  
surface s t ruc tura l  detai l  was also observed ear l ie r  
(2) in 20v anodic films. Af te r  pa r t i a l  th inning of the 
film by  immers ion  for 1700 min in the chromate  solu-  
tion, the  surface roughness and detai l  Fig. 7 (b)  ap-  
pears  to be ident ical  to tha t  of the or iginal  oxide sur -  
face in Fig. 7 ( a ) ,  t he reby  suggest ing tha t  the  dis-  
solution is h igh ly  un i form in nature.  Af te r  complete  
th inning by  8000 min immers ion in chromate  solution, 
the th inned oxide surface Fig. 7(c)  is again fa i r ly  
un i form except  tha t  there  appears  to be a somewhat  
h igher  densi ty  of oxide protrus ions  than  a re  ap-  
pa ren t  in the  th icker  films. The addi t ional  oxide p ro -  
t rusions on the fu l ly  th inned  films give somewhat  
diffuse reflection electron diffraction pa t te rns  of 
~-A1203 s imi lar  to tha t  of the or iginal  anodic oxide. 

Discussion 

Dissolution of A l u m i n u m  Oxide Films 
by Sodium Chromate Solutions 

The electronopt ical  resul ts  in Fig. 7 show tha t  the 
th inning  of the a luminum oxide films is ve ry  un i -  
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f o r m  on a mic rosca l e  u n t i l  t h e y  a p p r o a c h  the  pas s ive  
f i lm th i cknes s  w h e r e  r a t h e r  m o r e  ox ide  p r o t r u s i o n s  
a r e  a p p a r e n t .  These  a d d i t i o n a l  p r o t r u s i o n s  cou ld  
e i t he r  r e p r e s e n t  i so l a t ed  loca t ions  a t  w h i c h  the  f i lm 
d i sso lves  m o r e  s lowly ,  or  ox ide  c rys t a l s  f o r m e d  b y  
the  p a s s i v a t i n g  ac t ion  of t he  c h r o m a t e  solut ion.  P r e -  
v ious  w o r k  on pas s ive  fi lms f o r m e d  in s o d i u m  
c h r o m a t e  so lu t ion  showed  t h a t  s m a l l  c ry s t a l s  of 
~/-A1203 w e r e  f o r m e d  on top  of a c o m p a r a t i v e l y  u n i -  
f o r m  ~,-A1203 film. These  c r y s t a l s  h a d  a h igh  d e g r e e  
of p e r f e c t i o n  of c r y s t a l l o g r a p h i c  s t r u c t u r e  (3)  w h i c h  
was  m a n i f e s t e d  in re f lec t ion  e l e c t r o n  d i f f r ac t ion  as  
a ser ies  of s ingle  c r y s t a l  spots  s u p e r i m p o s e d  on the  
b r o a d e r  ha loes  f r o m  the  u n d e r l y i n g  ~-AI20~. Ref lec-  
t ion  e l e c t r o n  d i f f rac t ion  f r o m  a f u l l y  t h i n n e d  spec i -  
men,  s i m i l a r  to t h a t  w h o s e  su r face  is d e p i c t e d  in Fig .  
7 ( c ) ,  shows  t h a t  t he se  s ingle  c r y s t a l  spots  a r e  no t  
ob ta ined .  In s t ead ,  s o m e w h a t  diffuse ~,-AleO3 p a t t e r n s  
s i m i l a r  to t ha t  of t he  o r ig ina l  o x i d e  a re  ob t a ined ,  
t h e r e b y  sugges t ing  t h a t  t he  a d d i t i o n a l  ox ide  p r o t r u -  
s ions a r e  s m a l l  local  a r e a s  m o r e  r e s i s t a n t  to d i s so lu -  
t ion  in t he  c h r o m a t e  solut ion.  A c c o r d i n g l y ,  i t  is con-  
s i de r ed  t ha t  t he  n a t u r e  of t he  o x i d e - m e t a l  i n t e r f ace  
does  no t  change  s ign i f i can t ly  d u r i n g  f i lm t h i n n i n g  in  
the  p a s s i v a t i n g  c h r o m a t e  solut ion.  Because  of th is  
f ac to r  and  because  t he  ox ide  p r o t r u s i o n s  o n l y  cover  
a sma l l  p o r t i o n  of t he  s p e c i m e n  sur face ,  no i m -  
p o r t a n t  e r r o r s  wi l l  r e s u l t  f r om ca l cu l a t i on  of an  
a v e r a g e  f i lm th i cknes s  f rom c a p a c i t a n c e  m e a s u r e -  
ments .  

Influence of Chromate Solution on Accuracy oS 

Fi lm Resistance Measurements  

The d i e l ec t r i c  loss v a l u e s  in Fig.  2 r u n  a p p r o x i -  
m a t e l y  p a r a l l e l  to the  c a p a c i t a n c e  changes  in  Fig .  1. 
This  b e h a v i o r  is also e v i d e n t  in  Fig .  3-6. The  loss 
va lue s  can  be  used  to ca l cu l a t e  t he  specific r e s i s t ance  
of the  ox ide  d i r e c t l y  ( f r o m  Eq. [ 3 ] )  p r o v i d e d  t h a t  
the  a - c  r e s i s t ance  of t he  c h r o m a t e  so lu t ion  and  
doub le  l a y e r s  is s m a l l  c o m p a r e d  w i t h  t ha t  of t he  
oxide .  A c c o r d i n g l y ,  t he  c a p a c i t a n c e  and  d i e l ec t r i c  
loss of the  c h r o m a t e  so lu t ion  and  doub le  l a y e r s  w e r e  
d e t e r m i n e d  e x p e r i m e n t a l l y  at  f r equenc i e s  f r o m  100 
to 1,000,000 cps b y  s u b s t i t u t i n g  0.02 cm 2 of smoo th  
p l a t i n u m  in the  e x p e r i m e n t a l  cel l  for  t he  ox ide  
cove red  a l u m i n u m  e l e c t r o d e  as d e s c r i b e d  ea r l i e r .  
The  s m a l l  s igna l  (50 m v s  p - p )  and  ser ies  e x t e r n a l  
low loss capac i t o r  w e r e  also e m p l o y e d .  E x t e r n a l  p o -  
t e n t i a l  con t ro l  of  t he  p l a t i n u m  spec imens  was  no t  
e m p l o y e d  because  t h e i r  p o t e n t i a l  r e m a i n e d  cons t an t  
a t  a v a l u e  of §  --  0.015v on  the  h y d r o g e n  scale  
even  w h e n  d i f fe ren t  concen t r a t i ons  of c h r o m a t e  w e r e  
used.  Resu l t s  a r e  s h o w n  in T a b l e  I w i t h  the  a - c  r e -  
s i s tance  v a l u e s  of t h e  so lu t ion  a n d  doub le  l a y e r s  
b e i n g  c a l c u l a t e d  f r o m  Eq. [4]  a f t e r  co r r ec t i ng  for  t h e  
e x t e r n a l  se r ies  capac i to r .  A l t h o u g h  the  to ta l  so lu -  
t ion  r e s i s t a n c e  m i g h t  i nc lude  a small ,  t e r m  for  t he  
a - c  r e s i s t ance  of a v e r y  t h in  ox ide  f i lm on the  p l a t i -  
n u m  spec imen ,  i t  is no t  b e l i e v e d  t h a t  th i s  is a s ig -  
n i f icant  p o r t i o n  of t he  t o t a l  r e s i s t a n c e  of t he  p l a t i -  
n u m  cell .  I t  m a y  be  seen  f rom T a b l e  I t h a t  t he  t o t a l  
so lu t ion  r e s i s t ance  dec reases  b y  a lmos t  t h r e e  o r d e r s  
of m a g n i t u d e  as t he  f r e q u e n c y  is i n c r e a s e d  b y  five 
decades .  
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Fig. 8. A-C resistance of the Pt/No2CrO41Pt cell at 25 ~ • 
0.05~ as a function of sodium chromate concentration at pH 
7.1 and frequency. A ,  0.1M Na2CrO4; •  1.0M Na2CrO4 (halved 
electrode spacing); O, 3.0M Na2CrO4; [3, 1.0M Na2CrO4. 

A d d i t i o n a l  e x p e r i m e n t s  w i t h  t he  smoo th  p l a t i n u m  
s p e c i m e n  w e r e  c a r r i e d  o u t  to  d e t e r m i n e  w h e t h e r  
e i t he r  t he  a - c  r e s i s t a nc e  of the  so lu t ion  i t se l f  or  t h a t  
of t he  doub le  l a y e r s  on the  p l a t i n u m  e l ec t rodes  was  
a d o m i n a n t  f ac to r  in  t he  t o t a l  so lu t ion  r e s i s t ance  
r e su l t s  in  T a b l e  I. One e x p e r i m e n t  was  p e r f o r m e d  
in 1.0M s o d i u m  c h r o m a t e  so lu t ion  at  p H  7.1 in  w h i c h  
bo th  t he  so lu t ion  p a t h  b e t w e e n  the  p l a t i n u m  e lec -  
t r odes  and  the  a r e a  of t he  c y l i n d r i c a l  p l a t i n u m  gr id  
w e r e  h a l v e d  b y  u s i n g  a c y l i n d r i c a l  g r id  h a v i n g  a 
d i a m e t e r  of 1.6 cm. The  r e s u l t i n g  a - c  r e s i s t ance  of 
the  P t / N a 2 C r O 4 / P t  cel l  (Fig .  8) a t  100,000 cps w a s  
l i t t l e  a f fec ted  b y  r e d u c i n g  the  l e n g t h  of t he  e l ec t ro -  
l y t e  p a t h  w i t h i n  these  l imi t s  and  b y  h a l v i n g  the  
a r e a  of the  p l a t i n u m  gr id .  This  r e s u l t  sugges t s  t h a t  
the  a - c  r e s i s t a nc e  of t he  doub le  l a y e r s  on the  smoo th  
p l a t i n u m  s p e c i m e n  (0.02 cm 2) compr i se s  t he  l a rge s t  
p a r t  of  t he  t o t a l  so lu t ion  r e s i s t ance  a t  h igh  f r e -  
quency .  

This  conc lus ion  is f u r t h e r  s u p p o r t e d  b y  a d d i t i o n a l  
e x p e r i m e n t s ,  a lso s h o w n  in Fig .  8 in w h i c h  t h e  con-  
c e n t r a t i o n  of t he  c h r o m a t e  so lu t ion  was  v a r i e d  w h i l e  
s t i l l  m a i n t a i n i n g  the  c o n v e n t i o n a l  cel l  g e o m e t r y .  A l -  
t h o u g h  the  d - c  r e s i s t ance  of t h e  e l e c t r o l y t e  inc reases  
w i t h  i nc r e a s ing  d i lu t ion ,  t he  a - c  r e s i s t ance  of t he  
so lu t ion  p lu s  d o u b l e  l a y e r s  dec rea se s  a t  l ow  f r e -  
q u e n c y  as t h e  c h r o m a t e  c o n c e n t r a t i o n  is dec rea sed ,  
t h e r e b y  f u r t h e r  i n d i c a t i n g  t h a t  t h e  a - c  r e s i s t ance  o f  
the  doub le  l a y e r s  on the  sma l l  a l u m i n u m  or  p l a t i n u m  
spec imens  has  a m a j o r  inf luence  on to t a l  so lu t ion  r e -  
s is tance.  Tha t  t h e  t o t a l  so lu t ion  r e s i s t a nc e  is s t r o n g l y  
f r e q u e n c y  d e p e n d e n t  is a t  v a r i a n c e  w i t h  some  p r e -  
v ious ly  a s sume d  (7)  f r e q u e n c y  i n d e p e n d e n t  c o r r e c -  
t ions  for  the  a - c  r e s i s t ance  of aqueous  so lu t ions  
and  doub le  l aye r s .  
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C o m p a r i s o n  of so lu t ion  r e s i s t ance  w i t h  t h e  t o t a l  
r e s i s t ance  of  t h e  s a m e  cel l  con t a in ing  a 240A ~-A1203 
f i lm on a l u m i n u m  ( c a l c u l a t e d  f r o m  Eq. [ 3 ] )  shows  
t h a t  t he  p e r c e n t a g e  e r r o r  i n t r o d u c e d  b y  i g n o r i n g  the  
so lu t ion  is ins ign i f ican t  a t  f r equenc ie s  b e l o w  10,000 
cps  ( T a b l e  I ) .  E v e n  w i t h  a 25.8, ~-A1208 f i lm a t  1000 
cps i gno r ing  so lu t ion  r e s i s t ance  w o u l d  r e s u l t  in  an  
e r r o r  of less  t h a n  1%. H o w e v e r ,  a t  100,000 a n d  
1,000,000 cps s eve re  e r ro r s  r e s u l t  if t he  so lu t ion  r e -  
s i s t ance  is ignored .  A c c o r d i n g l y ,  p m a y  be  c a l c u l a t e d  
d i r e c t l y  f r o m  D a t  1000 cps w i t h o u t  a p p l y i n g  co r -  
rec t ions  for  t he  solu t ion .  A t  100,000 and  1,000,000 
cps, Rp for  t he  e l ec t rode  p lus  so lu t ion  m u s t  be  ca l -  
c u l a t ed  f r o m  Eq. [4]  and  the  r e s i s t ance  of t he  so lu -  
t ion  f r o m  T a b l e  I s u b t r a c t e d  to g ive  a c c u r a t e  a - c  
r e s i s t ance  va lue s  for  t he  film. 

Interpretation of Electrical Results 

F i g u r e s  2-5 show t h a t  the  d i e l ec t r i c  loss a t  1000 
cps i nc reases  as t he  c a p a c i t a n c e  of t he  s p e c i m e n  in -  
creases ,  i.e., as t he  f i lm th ins .  

The  i n c r e a s e  in  d i e l ec t r i c  loss w i t h  dec r e a s ing  
t h i c k n e s s  cou ld  be  due  e i t h e r  to:  ( a )  a w e l l - d e f i n e d  
r e s i s t i v i t y  d i s t r i b u t i o n  in the  ox ide  f i lm w i t h  t h e  
f i lm n e a r e s t  to t he  o x i d e - m e t a l  i n t e r f ace  e x h i b i t i n g  
l o w e r  res i s t iv i t i e s ,  or  (b )  t he  i n t r o d u c t i o n  of de fec t s  
in to  t he  f i lm d u r i n g  i ts  d i sso lu t ion ,  i.e., f r o m  the  i n -  
c o r p o r a t i o n  of h y d r o x y l  or  p o s s i b l y  h y d r o g e n  ions 
in to  t h e  o x i d e  la t t ice .  

P r e v i o u s  w o r k  (2)  s h o w e d  t h a t  t he  e x c h a n g e  of 
CI' a n d  OH'  w i t h  o x y g e n  ions in t he  ~,-A1203 l a t t i ce  
c r e a t e d  defec t s  w h i c h  i n t r o d u c e d  ionic  r e l a x a t i o n  
effects w i t h  c h a r a c t e r i s t i c  r e l a x a t i o n  t i m e s  of 
s l i gh t ly  less t h a n  10 -5 sec. A c c o r d i n g l y ,  t he  d i e l e c -  
t r i c  loss of a f i lm w h i c h  has  been  a l l o w e d  to e x -  
change  w i t h  CI' ions  was  s ign i f i can t ly  i n c r e a s e d  at  
f r equenc ie s  of up  to 10,000 cps b u t  was  una f fec t ed  
a t  f r equenc i e s  of 100,000 cps and  above .  The  fac t  
t h a t  an  i nc rea se  in  loss is also seen  in  Fig .  2 at  
h igh  f r equenc i e s  of 100,000 and  1,000,000 cps, sug -  
ges t ed  t h a t  t h e  i nc reases  in  d i e l ec t r i c  loss w i t h  d e -  
c r eas ing  f i lm th i ckness  a re  not  due  to t he  i n t r o d u c -  
t ion  of OH'  ions (or  H +) in to  t he  f i lm d u r i n g  d i s so -  
lu t ion.  

In  o r d e r  to conf i rm th is  conclus ion,  the  r e su l t s  a t  
1000 cps in  Fig.  3-5 w e r e  r e p l o t t e d  in t he  f o r m  of 
a v e r a g e  r e s i s t i v i t y  ( o h m - c m )  vs. t h i cknes s  curves .  
The  a v e r a g e  r e s i s t i v i t y  ca lcu la t ions  w e r e  m a d e  us ing  
Eq. [3]  and,  t he re fo re ,  b y  i gno r ing  t h e  so lu t ion  r e -  
s i s tance;  f r o m  T a b l e  I th is  p r o c e d u r e  i n t roduc e s  no 
s igni f icant  e r r o r  a t  1000 cps. A c t u a l  pa i r s  of c a p a c i -  
t ance  a n d  loss va lue s  w e r e  used  f r o m  Fig .  3-5 
r a t h e r  t h a n  p r o j e c t e d  va lue s  f r o m  the  s m o o t h e d  
curves .  The  r e s i s t i v i t y  v a l u e  at  a n y  g iven  t h i cknes s  
r e p r e s e n t s  t he  a v e r a g e  r e s i s t i v i t y  of t he  f i lm at  t h a t  
a p p r o p r i a t e  t h i cknes s  r a t h e r  t h a n  t h e  r e s i s t i v i t y  of a 
s m a l l  e l e m e n t  of t h e  ox ide  a t  t h a t  loca t ion .  I f  OH'  
ions, for  ins tance ,  w e r e  to  e n t e r  t he  an ion  l a t t i c e  of 
~,-A1208 d u r i n g  i ts  d i s so lu t ion  in  p a s s i v a t i n g  c h r o -  
m a t e  so lu t ions ,  h i g h e r  d i e l ec t r i c  losses  a n d  l o w e r  r e -  
s i s t iv i t i es  a t  1000 cps w o u l d  be  e x p e c t e d  in  t he  m o r e  
a l k a l i n e  c h r o m a t e  solu t ions .  The  r e su l t s  in  Fig .  9 
show t h a t  one s ing le  c u r v e  accoun t s  a c c u r a t e l y  for  
a l l  t h e  m e a s u r e d  c a p a c i t a n c e  a n d  d i e l ec t r i c  loss r e -  
su l t s  f r o m  Fig .  3-5, i.e., f r o m  p H  7.1 to 9.0. Also  in -  
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Fig. 9. Relation between average specific resistance at 1000 cps 
and film thickness of ~, AI2Oa films formed anodically at 20v in 
ammonium tartrate solution. I--I, pH 7.1; ,% pH 8.0; O, pH 9.0. 

c luded  in  Fig.  9 a r e  the  i so l a t ed  po in t s  f r o m  the  1000 
cps d e t e r m i n a t i o n s  in  Fig.  1 and  2. In  fact ,  Fig .  9 i n -  
c o rpo ra t e s  t he  m e a s u r e m e n t s  t a k e n  f r o m  27 d i f fe r -  
en t  spec imens .  

I t  m a y  be  seen  t h a t  t he  fit to a s ing le  cu rve  in 
Fig.  9 is m o r e  a c c u r a t e  t h a n  the  r e p r o d u c i b i l i t y  of 
t he  capac i t ance  va lue s  in  Fig .  3-5 t h e r e b y  i n d i c a t -  
ing  t h a t  t he  e r r o r s  a r e  s u b t r a c t i v e  r a t h e r  t h a n  a d d i -  
t ive.  Also,  t he  s ca t t e r  of e x p e r i m e n t a l  po in t s  in  
Fig.  3-5 m u s t  b e  due  l a r g e l y  to v a r i a t i o n s  in  a c t u a l  
d i s so lu t ion  r a t e s  w h i c h  h a v e  no effect on the  r e -  
s i s t i v i t y  vs. t h i cknes s  r e l a t i onsh ip .  W h e n  the  r e su l t s  
in Fig.  9 a r e  t a k e n  in  c o n j u n c t i o n  w i t h  t he  o b s e r v a -  
t ion  of loss i nc r ea se s  w i t h  d e c r e a s i n g  f i lm th i cknes s  
at  f r equenc ie s  h igh  e n o u g h  to p r e c l u d e  o b s e r v a t i o n  
of ionic  r e l a x a t i o n  effects due  to  i m p u r i t y  s u b s t i t u -  
t ion,  i t  a p p e a r s  t h a t  a w e l l - d e f i n e d  r e s i s t i v i t y  d i s -  
t r i b u t i o n  ex is t s  t h r o u g h o u t  t he  t h i cknes s  of ~-A1203 
fi lms f o r m e d  b y  anod iz ing  a t  20v in n e u t r a l  a m m o -  
n i u m  t a r t r a t e .  

Probable Defect  Structure of 
A l u m i n u m  Oxide Films 

The  r e su l t s  in  Fig .  9 i nc lude  bo th  ionic  a n d  e lec-  
t ron ic  r e l a x a t i o n  effects due  to i m p u r i t y  s u b s t i t u t i o n  
a n d  d e p a r t u r e  f r o m  s to i ch iome t ry .  The  s m o o t h e d  
cu rve  in Fig .  9 can  be  r e c a l c u l a t e d  as a c u r v e  r e l a t -  
ing  f i lm th i cknes s  to t he  a - c  r e s i s t ance  of t he  f i lm 
( o h m - c m  2) a t  1000 cps. The  r e s u l t i n g  c u r v e  in  F ig .  
10 shows  the  c a l c u l a t e d  a - c  r e s i s t ance  va lue s  ( a t  
1000 cps)  as a func t ion  of t h i cknes s  of t h e  ox ide  film. 
The  c u r v e  can  be  seen  to i nc lude  fou r  d i s t i nc t  p o r -  
t ions as fo l lows :  

1. A 60-80A t h i c k  l o w - r e s i s t a n c e  p o r t i o n  of t he  
f i lm a d j a c e n t  to t h e  m e t a l - o x i d e  i n t e r f a c e  w h e r e  
t h e  r e s i s t i v i t y  4 inc reases  w i t h  i nc rea s ing  th i ckness  
f r o m  a r o u n d  4 x 109 o h m - c m  at  25A f r o m  the  o x i d e -  
m e t a l  i n t e r f a c e  to 2 x 101~ o h m - c m  a t  80A f rom the  
o x i d e - m e t a l  in t e r face .  

2. A 100A t h i c k  p o r t i o n  of t he  f i lm f r o m  60A to 
a r o u n d  160A f r o m  the  o x i d e - m e t a l  i n t e r f a c e  w h e r e  
t he  a - c  r e s i s t a nc e  is a l i n e a r  func t ion  of th ickness ,  

Actual  resist ivity a t  a given  thickness  is obtained by construct-  
ing t a n g e n t s  to  F ig .  10 at the  appropriate thickness .  
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Fig. 10. Relation between calculated a-c resistance at 1000 cps 
and thickness of 7AI203 films formed anodically at 15 and 20v 
in ammonium tartrate solution as a function of thickness. 
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Fig. 11. Relation between a-c resistance at 100,000 cps and 
thickness of 'yAle03 films formed anodically at 20v in ammonium 
tartrate solution. 

i .e. ,  t he  r e s i s t i v i t y  is cons t an t  a t  a v a l u e  of a r o u n d  
2 x 10 TM o h m - c m .  

3. A 60A t h i c k  p o r t i o n  of t he  f i lm loca t ed  f r o m  
160 to 220A f r o m  t h e  o x i d e - m e t a l  in t e r face ,  h a v i n g  a 
m u c h  l o w e r  r e s i s t i v i t y  dec r ea s ing  to as l i t t l e  as 
5 x 109 o h m - c m .  This  accounts  for  t he  cons t an t  and  
the  d e c r e a s i n g  po r t i ons  of t he  a v e r a g e  r e s i s t i v i t y  vs .  
t h i cknes s  cu rves  in Fig .  9. 

4. A 20A t h i c k  p o r t i o n  of t he  f i lm a d j a c e n t  to t he  
o x i d e - s o l u t i o n  i n t e r f a c e  w h e r e  t he  r e s i s t i v i t y  is v e r y  
h igh  ( a r o u n d  5 x 101~ o h m - c m  a t  1000 cps)  w h i c h  
accounts  for  t he  s h a r p  r i se  in a v e r a g e  r e s i s t i v i t y  at  
the  o x i d e - s o l u t i o n  i n t e r f a c e  in Fig .  9. 

I f  the  a - c  r e s i s t ance  vs .  t h i cknes s  cu rves  a r e  a n a -  
l y z e d  for  i n d i v i d u a l  spec imens ,  po r t i ons  1, 2, and  3 
a r e  o b t a i n e d  w i t h  g r e a t  r e g u l a r i t y  and  r e p r o d u c i -  
b i l i ty .  H o w e v e r ,  t he  h igh  r e s i s t i v i t y  in t he  r e g i o n  
of t he  o x i d e - s o l u t i o n  i n t e r f a c e  ( p o r t i o n  4) is 
s t r o n g l y  d e p e n d e n t  on the  m e t h o d  of f o r m a t i o n  of  
t h e  anod ic  f i lm and  to a l a r g e r  e x t e n t  on the  p H  of 
t he  t h i n n i n g  solut ion .  I f  s l ower  r a t e s  of  anod iz ing  
v o l t a g e  r i se  or  l o w e r  p e a k  anod iz ing  c u r r e n t  su rges  
a r e  p e r m i t t e d ,  p o r t i o n  4 of Fig.  10 is p a r t l y  o r  c o m -  
p l e t e l y  suppressed .  This  h igh  r e s i s t i v i t y  p o r t i o n  a lso  
t ends  to  be s u p p r e s s e d  as t h e  t o t a l  f i lm th i ckness  d e -  
creases .  F o r  i~s tance ,  Fig .  10 con ta ins  a r e s i s t ance  vs .  

t h i ckness  cu rve  for  a 15v (180A t h i c k )  f i lm f o r m e d  
in n e u t r a l  a m m o n i u m  t a r t r a t e .  The  c e n t r a l  l i n e a r  
r e s i s t ance  reg ion ,  2, is s e v e r e l y  r educed ,  and  the  r e -  
s i s t i v i t y  in  the  o u t e r  20A is m u c h  l o w e r  t h a n  t h a t  
in  t he  20v film. The  o t h e r  por t ions ,  1 a n d  3, a r e  es -  
s e n t i a l l y  u n c h a n g e d  in r e d u c i n g  the  f o r m i n g  v o l t a g e  
f r o m  20 to 15v. 

In  o r d e r  to d e t e r m i n e  w h e t h e r  t h e  f e a t u r e s  of 
Fig.  10 a r e  d u e  to e l ec t ron ic  or  ionic  r e l a x a t i o n  
effects,  r e s u l t i n g  f r o m  i m p u r i t y  s u b s t i t u t i o n  o r  d e -  
p a r t u r e  f r o m  s to i ch iome t ry ,  t he  r e l a t i o n s h i p  b e -  
t w e e n  a - c  r e s i s t a nc e  and  t h i cknes s  w a s  c a l c u l a t e d  
f r o m  the  100,000 cps r e su l t s  in  Fig.  6 b y  the  use  of 
Eq. [4] .  The  to t a l  a - c  r e s i s t a nc e  of t he  ox ide  f i lm 
p lus  so lu t ion  was  t h e n  c o r r e c t e d  b y  s u b t r a c t i n g  the  
a - c  r e s i s t ance  of t he  so lu t ion  and  doub le  l a y e r s  a t  
100,000 cps f r o m  T a b l e  I. The  r e su l t s  a r e  s h o w n  in 
Fig.  11 w h i c h  con ta ins  t he  e x p e r i m e n t a l  v a l u e s  f r o m  
Fig.  6. Us ing  Fig.  11, a s m o o t h e d  c u r v e  r e l a t i n g  ca l -  
c u l a t e d  a v e r a g e  specific r e s i s t a nc e  at  100,000 cps to 
t h i cknes s  m a y  be  o b t a i n e d  (Fig .  12).  

I t  m a y  be  seen f r o m  Fig.  11 t h a t  a l ow  a - c  r e -  
s i s tance  is aga in  o b t a i n e d  in  t h e  60-80A of  ox ide  
f i lm a d j a c e n t  to  t h e  o x i d e - m e t a l  i n t e r f ace .  I n  th i s  
r eg ion  the  h i g h - f r e q u e n c y  r e s i s t i v i t y  is a r o u n d  one -  
f o u r t h  of t h a t  a t  a n y  o t h e r  l oca t ion  in t he  f i lm m o r e  

Table I. Capacitance and a-c resistance of 1.0M Na2CrO4 solution and associated double layers at pH - -  7.1, temperature 
25 ~ ~ 0.05~ platinum electrode area 0.02 cm 2, a-c signal • 25 my 

Tota l  a-c  r e s i s t a n c e  
of 20v  ,yAl~Os E r r o r  r e s u l t i n g  

A.-C r e s i s t ance  of  f i lm p l u s  s o l u t i o n  :from i g n o r i n g  
s o l u t i o n  & d o u b l e  & d o u b l e  layer ,  s o l u t i o n  

F r e q u e n c y ,  cps Cs , /zF  D layers ,  o h m s  em o* o h m s  cm 2 res i s tance ,  % 

100 0.6040 0.249 224 330,000 0.07 
1,000 0.4183 0.277 29.6 36,000 0.08 

10,000 0.3429 0.340 1.89 1,080 0.19 
100,000 0.2973 5.87 0.65 35.5 1.8 

1,000,000 0.0747 13.55 0.58 1.24 53  

* Based  on  the  area  o f  t he  s m o o t h  P t  e lec trode .  
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dis tant  f rom the ox ide -me ta l  interface.  However ,  at  
g rea te r  thicknesses than  80A, the  a-c  resis tance of 
the oxide film measured  at  100,000 cps is a l inear  
function of the  thickness the reby  showing tha t  the  
r ema inde r  of the anodic film has  a constant  h igh-  
f requency res is t iv i ty  (2.2 x l0  T ohm-cm) .  S imi la r  
resul ts  can be obta ined  when  the electr ical  meas -  
u rements  are  conducted at  a f requency  of 1,000,000 
cps, al though,  of course, the  a -c  resis tance is lower  
due to the f requency effect, and the resul ts  are  less 
sensi t ive because of the grea te r  re la t ive  contr ibut ion 
afforded by  resis tance effects f rom the solution 
(Table  I ) .  

Since i t  has been prev ious ly  shown that  defects 
resul t ing f rom anion i m p u r i t y  subst i tut ion (such as 
f rom CI' and OH') in 7-AlaO3 have re laxa t ion  t imes 
of s l ight ly  less than  10 -5 sec, the foregoing resul ts  
can be analyzed to t h row l ight  on the defect s t ruc-  
ture  of the anodic films formed in neu t ra l  ammo-  
n ium t a r t r a t e  solution. 

The low a-c  resis tance and res i s t iv i ty  values ob- 
ta ined at  1O00 and 100,000 cps in the 60-80A region 
of the T-A1208 films ad jacent  to the ox ide -me ta l  
in terface  (Fig. 9 to 12) appear  to be due p r i m a r i l y  
to electronic re laxa t ion  effects resul t ing  f rom de-  
pa r t u r e  f rom s toichiometry  since they  are unaffected 
by  rais ing the signal  f requency to 105 cps and above. 
This low res is t iv i ty  region is considered to be due to 
the p rox imi ty  of the  me ta l  in terface  and to represent  
an n - t y p e  region of excess meta l  ions in the  oxide 
film as has been suggested prev ious ly  by  severa l  in-  
vest igators  in the field (7, 8). P resumably ,  this  r e -  
gion is s imi lar  to tha t  s tudied in the  photosensi t ized 
electron emission exper iments  of Grunberg  and 
Wright  (9) who hypothesized tha t  excess meta l  ions 
exis ted as missing oxygen ions in the  la t t ice  wi th  
two electrons t r apped  at  each anion vacancy.  Such 
an n - t y p e  defect s t ruc ture  would be expected to con- 
t r ibu te  to enhanced h igh-  and low- f requency  con- 
duction in the  region of the ox ide -me ta l  in terface  
such as is observed in Fig. 9-12. The present  work  

24O ~/o 
FILM THICKNESS ( A )  

Fig. 12. Relation between calculated average specific resistance 
at 100,000 cps and film thickness of 7AI203 films formed anodically 
at 20v in ammonium tartrate solution. 

does not pe rmi t  deduct ion of whe ther  the ionic r e -  
s is t iv i ty  is constant  in this region because of the  
effect of f requency on a-c  resistance.  However ,  com- 
par ison of Fig. 10 and 11 would cer ta in ly  s t rongly  
suggest  tha t  the  major  effect of the meta l  in terface  
is on electronic re laxa t ion  effects due to depa r tu re  
f rom stoichiometry.  

A t  g rea te r  thicknesses  than  60-80A l inear  r e l a -  
t ionships be tween  a-c  resis tance and thickness are  
obtained both at  1000 and 100,000 cps (Fig. 10 and 
11). At  100,000 cps this l inear  re la t ionship  persists  
out to the oxide-solut ion  interface  the reby  indicat ing 
tha t  specific resis tance is constant  when  the film 
thickness becomes grea te r  than  60-80,& and  the in -  
fluence of the ox ide -me ta l  in ter face  disappears .  Con- 
s tant  specific resis tance at  1000 cps is only  obta ined 
in a nar rower ,  100A thick section of the oxide 
formed at  20v and  is not obta ined at all  in the  15v 
film (Fig. 10). This is because of the exis tence of an-  
other  diffuse zone of the oxide film, some 60A thick 
which shows a lower  specific res is tance and which is 
over layed  by  a sharp zone of ve ry  high specific re -  
sistance oxide immedia t e ly  adjacent  to the solution 
interface  (Fig. 10). Since these two effects are only 
seen at  frequencies below 100,000 cps, they  are  con- 
s idered to be due to ionic re laxa t ion  effects resu l t -  
ing f rom ei ther  impur i ty  subst i tut ion or nonstoichi-  
ometry.  Accordingly,  these are  considered to be 
zones of va r iab le  ionic resis t ivi ty.  

The more diffuse zone of lowered  ionic res is t iv i ty  
some 60A thick (Fig. 1O) was i nva r i ab ly  observed in 
this invest igat ion.  I t  is bel ieved to be p r i m a r i l y  due 
to the  presence of OH' ions in the  7-A1203 la t t ice  in 
the outer  por t ion  of the films. Hydroxy l  ion sub- 
s t i tut ion should also give an n - t y p e  defect  s t ruc ture  
in T-AlaO3 5 of the  same type  tha t  was assumed to 
resul t  f rom exchange of CI' ions wi th  equal  numbers  
of O" ions f rom the oxide lat t ice (1, 2). The en t ry  
of OH' into the outer  por t ion of the  anodic film 
should be assisted by  the field appl ied  dur ing  fo rma-  
tion of the anodic oxide. The proposed OH' ion en t ry  
in this fashion is suppor ted  by  the recent  exper i -  
ments  of Davies et al. (10) who showed, by  the use 
of Xe 125 as an iner t  marker ,  tha t  an apprec iab le  
inward  anion migra t ion  must  be an t ic ipa ted  dur ing  
the anodic format ion  of ba r r i e r  l ayer  films on a lumi -  
num wi th  the propor t ion  of anion migra t ion  increas-  
ing as the  fo rming  vol tage  decreases. The ionic r e -  
l axa t ion  effects, accompanying OH' ion en t ry  into the 
outer  th i rd  of the  a luminum oxide film, a re  pe r -  
sistent effects in tha t  no significant change in the  
low- f requency  res is tance d is t r ibut ion  th rough  this 
area  of the  film is induced by  anneal ing  in vacuum 
(10 -~  Torr )  for 24 hr  at  350~ 

The outer  20A of the 20v anodic films, near  the 
oxide solution interface,  exhibi ts  a high res is t iv i ty  
at 100O cps (Fig. 10) which is some t w o - a n d - a - h a l f  
t imes g rea te r  than  tha t  character is t ic  of the  bu lk  of 
the  film itself. Since this  effect is not  seen at  h igher  
f requencies  of 1OO,000 cps and above (Fig. 11), it  
appears  to be a region of high ionic res is t ivi ty .  The 
existence of this region is s t rongly  influenced by  the 
method of anodic film formation.  For  instance, this  

s W h e n  o n e  h y d r o x y l  i o n  r e p l a c e s  o n e  o x y g e n  i on .  
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region is e i ther  not detected,  or is not so pronounced,  
when the forming vol tage is ra i sed  more slowly, 
when lower  cur ren t  surges are permi t ted ,  or  when 
thinner ,  lower  vol tage films are formed (Fig. 10). 

I t  is be l ieved tha t  this high res is tance region is 
the resul t  of the s t rongly  oxidizing conditions exis t -  
ing at  this  region dur ing  anodic film formation.  The 
high ionic resis tance could well  resul t  f rom an anion 
lat t ice complete ly  "sa tura ted"  or filled wi th  oxygen 
ions so tha t  few or no anion vacancies exist.  This 
would  normal ly  requi re  presence of a number  of 
bound posi t ive holes, i.e. a more p - t y p e  defect  
s t ruc ture  assumed to exist  at  this location by severa l  
o ther  inves t igators  (7, 8, 11). This outer  l aye r  de -  
fect s t ructure ,  when stabil ized by the forming vo l t -  
age, should impede  cation or anion migra t ion  and 
lead to high res i s t iv i ty  values  a t  low frequency.  This 
outer  l aye r  s t ruc ture  is qui te  s imi lar  to the one first 
pos tu la ted  by  one of the  authors  (12) for the defect  
s t ruc ture  of the outer  por t ion of th in  anodic oxide 
films formed on iron in sulfuric  acid and for which 
some expe r imen ta l  suppor t  was la te r  obta ined by  
Nagayama  and Cohen (13). I t  follows, by  analogy,  
tha t  the high ionic res is tance of the  outer  20A of the 
~-A1208 is a consequence of the sharp in te r rup t ion  
of the polar iz ing vol tage and tha t  migra t ion  of the  
mobile  carr iers  be tween  the outer  high resis tance 
p - t y p e  l aye r  and the under ly ing  low resis tance 
n - t y p e  l aye r  would be expected u l t ima te ly  to p ro-  
duce red is t r ibu t ion  of ionic resis tance in these outer  
layers.  

The foregoing inves t igat ion is considered to es tab-  
l ish tha t  pass ivat ing  chromate  solutions are well  
suited to de te rmin ing  the d is t r ibut ion  of ionic and 
electronic re laxa t ion  effects due to impur i t y  subst i -  
tut ion and depa r tu re  f rom s toichiometry  throughout  
the thickness of single phase  oxide films on a lumi -  
num. The film thinning can be pe r fo rmed  at  any 
constant  pH values  be tween  7.0 and 9.0, depending 
on the dura t ion  of the  exper iment  tha t  is desired.  
This method c lear ly  does not  pe rmi t  de te rmina t ion  
of the a-c  resis tance d is t r ibut ion  throughout  the 
total  thickness of the film and instead is l imi ted  to 
de te rmin ing  resis tance d is t r ibut ion  down to a dis-  
tance of a round 20-25A from the ox ide -meta l  in te r -  
face, i.e., to the  passive film thickness in s l ight ly  
a lkal ine  chromate  solutions. Conduct of the exper i -  

ments  at  lower pH values  closer to 6.0 resul ts  in a 
s lower ra te  of th inning  and m a x i m u m  exper imen ta l  
sensit ivi ty.  If the dielectr ic  loss measurements  are 
conducted at  a f requency of 1000 and 100,000 cps, 
the d is t r ibut ion  of the  ionic and electronic compo- 
nents of the film resis tance resu l t ing  f rom impur i t y  
subst i tu t ion or depa r tu re  f rom s toichiometry  may  
be est imated.  The h igh- f r equency  measurements  of 
film resistance are re la t ive ly  sensi t ive only because 
the a-c  resis tance of the chromate  solution and as-  
sociated double layers  drops r e m a r k a b l y  r ap id ly  
wi th  increasing frequency,  an observat ion which is 
at  var iance  wi th  the assumpt ion of many  inves t i -  
gators who have  carr ied  out a-c  measurements  on 
porous films containing e lec t ro ly t ica l ly  conducting 
paths. 
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ABSTRACT 

The critical composition for passivity in Cu-Ni -Zn  solid solution alloys con- 
ta in ing 32-45% Ni was determined from potentiostatic measurements  of critical 
and passive current  densities in 1N H2SO4. The alloys fall into two groups. The 
first group behaves as does copper, a t rue passive cur ren t  is not observed, and 
the alloys are, therefore, not passive. The second group exhibits passive cur-  
r en t  densit ies which lie appreciably below the critical cur rent  densities for 
anodic passivation and behaves more like passive nickel. Calculations in accord 
with the electron configuration theory show that  the critical composition sepa- 
ra t ing passive from active alloys corresponds to filling of the surface d electron 
vacancies or unfilled d orbitals of nickel by electrons donated from both Cu 
and Zn. Each Zn atom contr ibutes  two electrons, and each copper atom one 
electron, to 1.6 unfilled surface d orbitals per  atom of Ni. The data support  the 
view that  passivity in  Ni-Cu and similar alloys is related to uncoupled d elec- 
trons or unfilled d orbitals of t ransi t ion metal  components, and that  donor elec- 
trons induce a shift from passive to active properties at a critical alloy com- 
position. 

A s tudy  of pass iv i ty  in  al loys con t r ibu tes  to sci-  
entific u n d e r s t a n d i n g  of the  passive p h e n o m e n o n  in  
genera l ,  i nc lud ing  pass iv i ty  in  pu re  metals .  Pass ive  
alloys are also of in te res t  because  of the i r  p rac t ica l  
impor tance ,  as is ev iden t  by  the widesp read  use of 
s ta inless  steels. 

Pass iv i ty  and  the co r respond ing  improved  cor-  
ros ion res i s tance  in  al loys is t yp ica l ly  es tab l i shed  
b e y o n d  a cr i t ical  a l loy composi t ion.  This cr i t ical  
composi t ion  m a y  v a r y  w i th  the  m e d i u m  in  which  
corrosion res i s tance  is measured ,  of ten  caused by  
sens i t iv i ty  of the cathodic reac t ion  ra te  to factors of 
the  e n v i r o n m e n t  which  d e t e r m i n e  w h e t h e r  or no t  
the cr i t ical  anodic  c u r r e n t  dens i ty  for pass iv i ty  is 
exceeded or not. Thus  the  cr i t ical  composi t ion for 
the C r - F e  al loys is at 12% Cr in  n e u t r a l  media ,  b u t  
moves  to 20% Cr in  FeSO4 solut ion and  to 7% Cr in  
33% n i t r i c  acid. The  cr i t ical  composi t ion  as me a s -  
u red  by  the  cr i t ical  or m i n i m u m  anodic  c u r r e n t  d e n -  
si ty to p roduce  passivi ty ,  on the  o ther  hand ,  is less 
sens i t ive  to pH and  e lec t ro ly te  concen t ra t ion ,  as was 
d e m o n s t r a t e d  for the  C r - F e  and  the  Cr -N i  b i n a r y  
a l loy sys tems (1, 2). I t  is w e l l - k n o w n  tha t  the  cor-  
rosion ra te  of pass ive  meta l s  is cont ro l led  by  the  
anodic  reac t ion  (hence  the  usua l  nob le  corrosion 
poten t ia l s  of passive me ta l s ) .  Cor responding ly ,  the  
cr i t ical  anodic  c u r r e n t  dens i ty  for pass iv i ty  is a r ea -  
sonable  m e a s u r e  of the  t e n d e n c y  for any  m e t a l  to 
become passive,  and  this  is no t  inf luenced by  a n y  
factors affect ing cathodic reac t ion  rates.  For  this  
reason,  the  cr i t ical  composi t ion  for pass iv i ty  in  the  
p resen t  C u - N i - Z n  t e r n a r y  alloys was  d e t e r m i n e d  
b y  m e a s u r e m e n t s  of anodic  po la r i za t ion  r a t h e r  t h a n  
by  corrosion rates.  

The cr i t ical  composi t ion  for pass iv i ty  in  the  C u - N i  
b i n a r y  al loys comes at about  30-40 weigh t  per  cent  
( w / o )  Ni. This  was first es tab l i shed  by  m e a s u r e -  

me n t s  of corrosion ra tes  in  4% NaC1 a nd  in  sea 
w a t e r  (3) ,  a nd  l a te r  more  exac t ly  by  cr i t ical  c u r r e n t  
densi t ies  for pass iv i ty  in  3% Na2SO4 (3) or in  1N 
H2SO4 (4).  Accord ing  to the  e lec t ron  conf igura t ion  
theory,  the  cr i t ical  a l loy composi t ion  should  corre-  
spond to the  equ iva l ence  of u n c o u p l e d  or vacan t  d 
e lec t rons  in  n icke l  at  the sur face  of the  a l loy (0.6 
va c a nc y  per  Ni a tom plus  1 va c a nc y  c rea ted  by  su r -  
face oxygen  or some other  pass iva tor )  to the  n u m b e r  
of ava i l ab le  donor  e lec t rons  f rom copper  (1 donor  
per  Cu a t o m ) .  The  ca lcu la ted  cr i t ical  composi t ion  is 
38.5 a tomic per  cen t  ( a / o )  or 36.6 w / o  Ni as ca lcu-  
la ted  f rom the  re la t ion :  a tomic  per  cent  e l e men t  A 
in  a l loy AB at which  the  d b a n d  is jus t  filled equals  
100/[  (v /n)  -~ 1] where  v is the  n u m b e r  of unc oup l ed  
or vacan t  d e lect rons  per  a tom of A, a n d  n is the  
n u m b e r  of e lec t rons  per  a tom dona ted  to A by  e le-  
m e n t  B of the  alloy. The  ca lcula ted  va lue  agrees 
r e a s o n a b l y  wel l  w i th  the  observed  va lue .  

The theory  predicts ,  f u r the rmore ,  tha t  if a b iva -  
len t  metal ,  such as zinc, is a l loyed wi th  C u - N i  alloys 
so as to fo rm a s ing le -phase  solid solut ion,  a nd  the  
zinc con t r ibu tes  2 e lect rons  per  atom, t hen  the  u n -  
coupled or v a c a n t  d e lec t rons  of Ni become filled 
so m u c h  t h e  sooner  compared  to equa l  a tomic pe r -  
centages  of Cu. S a t u r a t i o n  magne t i c  m o m e n t s  of 
n icke l  al loys have  shown tha t  zinc con t r ibu te s  two 
e lec t rons  to Ni compared  to one e lec t ron  f rom cop- 
per  (5) ,  and  it is expected  tha t  pass ive  proper t ies  of 
the n icke l  al loys wou ld  fol low a s imi la r  pa t t e rn .  Ac-  
cordingly ,  to check this  ma t t e r ,  t e r n a r y  al loys of 
C u - N i - Z n  w e r e  p r epa red  and  the cr i t ical  c u r r e n t  
densi t ies  for pass iv i ty  we re  measured .  The  p ropor -  
t ion  of a l loyed Ni a toms con t a in ing  coupled d elec-  
t rons  or filled d orbi ta ls  expressed  as per  cent  
o rb i t a l - f i l l ed  is g iven  by  the  ra t io  ( a /o  Cu Jr 2 a / o  
Zn )  100/(1.6 a / o  Ni) .  Al loys  for which  this  ra t io  is 
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less  t h a n  100 a re  e x p e c t e d  to show some d e g r e e  of 
pas s iv i ty ,  w h e r e a s  a l loys  for  w h i c h  the  r a t i o  is 
g r e a t e r  shou ld  b e h a v e  as n o n p a s s i v e  meta l s ,  m u c h  
the  s a m e  as  Cu in su l fu r i c  acid.  

Preparation of Alloys 

In  o r d e r  to check  the  effect of z inc  on p a s s i v e  
p r o p e r t i e s  of the  N i - C u  a l loys ,  two  cond i t ions  h a d  to 
be  met .  The  first  w a s  t h a t  m a x i m u m  a l l o y e d  zinc 
shou ld  s u p p l y  e l ec t rons  suff icient  to fill  t he  d b a n d  
of Ni. The  second  was  t h a t  t he  a m o u n t  of a d d e d  z inc  
shou ld  not  exceed  s o l u b i l i t y  l im i t s  for  a s i ng l e -  
phase  a l loy ;  o t h e r w i s e  g a l v a n i c  i n t e r a c t i o n  of t h e  
s e p a r a t e  phases  t e n d s  to d e s t r o y  p a s s i v i t y  a n d  c o m -  
p l i ca tes  i n t e r p r e t a t i o n  of t he  m e a s u r e m e n t s .  Hence ,  
the  Ni  con t en t  for  mos t  a l loys  was  chosen  to a v e r a g e  
44 w / o  w h i c h  is a b o u t  7 % a b o v e  the  compos i t i on  a t  
w h i c h  the  d b a n d  is f i l led in  N i - C u  a l loys .  T h e  r e -  
q u i r e d  a m o u n t  of zinc c a l c u l a t e d  to s u p p l y  e l ec t rons  
ju s t  enough  to fill t he  d b a n d  for  a 44 w / o  Ni, b a l -  
ance  Cu a l loy,  is a b o u t  21 w / o .  A l l o y s  in th is  c o m -  
pos i t ion  r a n g e  a r e  a l l  s i n g l e - p h a s e  as was  s h o w n  b y  
e x a m i n i n g  po l i shed  a n d  e t ched  spec imens  u n d e r  t he  
mic roscope .  The  p h a s e  d i a g r a m  (6) i nd i ca t e s  t h a t  
sol id  so lu t ion  ~ p h a s e  ex i s t s  at  l ow  t e m p e r a t u r e s  up  
to 27% Zn. 

The  a p p r e c i a b l e  v o l a t i l i t y  of zinc a t  the  m e l t i n g  
p o i n t  of 44% N i - C u  a l loys  (1280~ m a d e  i t  diffi- 
cu l t  to o b t a i n  the  r e q u i r e d  compos i t ions .  In  gene ra l ,  
a l loys  w e r e  p r e p a r e d  e m p l o y i n g  a p a r t i a l l y  cove re d  
a l u m i n a  c ruc ib l e  in to  w h i c h  p ieces  of e l e c t r o -  
ly t i c  copper ,  c a r b o n y l  n ickel ,  and  a n a l y t i c a l  r e a g e n t  
g r a d e  zinc s t icks  w e r e  p laced .  A l l o y s  w e r e  m e l t e d  
u n d e r  an  a rgon  or  h e l i u m  a t m o s p h e r e  e m p l o y i n g  an  
i n d u c t i o n  fu rnace .  The  m e l t  was  d r a w n  in to  7 m m  
V y e o r  t ubes  and  q u e n c h e d  in w a t e r .  More  zinc was  
t h e n  a d d e d  a n d  cas t ings  aga in  o b t a i n e d  a f t e r  the  
zinc had  m e l t e d  and  h a d  been  s t i r r e d  into  t he  a l loy .  
S e v e r a l  a l loys  w e r e  p r e p a r e d  b y  m e l t i n g  in  s e a l e d  
13 m m  d i a m e t e r  q u a r t z  (o r  V y c o r )  tubes ,  p ieces  of 
e l e c t r o l y t i c  copper ,  e l e c t r o l y t i c  n icke l ,  and  h i g h -  
p u r i t y  zinc. I This  p r o v e d  to i n v o l v e  a t i m e - c o n s u m -  
ing and  t ed ious  p rocedu re .  The  tubes ,  e v a c u a t e d  and  
s ea l ed  off, w e r e  p l a c e d  in  an  i r on  p ipe  w h i c h  was  
c a p p e d  a t  bo th  ends.  The  p ipes  w e r e  t h e n  p l a c e d  
in a f u r n a c e  a t  l l 0 0 ~  ove rn igh t ,  f o l l o w e d  b y  t r e a t -  
m e n t  a t  1250~176 for  4 hr .  M i x i n g  w a s  a c c o m -  
p l i shed  b y  r o t a t i n g  the  a l u m i n a  f u r n a c e  t u b e  w i t h  a 
l a r g e  p a i r  of tongs  and  also b y  m o v i n g  the  t u b e s  
b a c k  a n d  for th .  The  p ipes  c o n t a i n i n g  t h e  m e l t  w e r e  
f ina l ly  q u e n c h e d  in w a t e r  and  t h e  cas t ings  s w a g e d  
to 7 m m  d i a m e t e r  rod.  Some  m e l t s  p r e p a r e d  in  th is  
m a n n e r  h a d  no t  m i x e d  c o m p l e t e l y  a n d  w e r e  d i s -  
ca rded .  

The  rods  b y  e i t he r  m e t h o d  of p r e p a r a t i o n  w e r e  
h o m o g e n i z e d  b y  h e a t i n g  in  an  e v a c u a t e d  V y c o r  t u b e  
at  1000~ ove rn igh t .  A f t e r  homogen iza t i on ,  spec i -  
mens  w e r e  m o u n t e d ,  po l i shed ,  e t ched  w i t h  M a r b l e s  
r e a g e n t ,  a n d  o b s e r v e d  u n d e r  t h e  mic roscope .  S m a l l  
c y l i n d e r s  of a p p r o x i m a t e l y  1.5 cm long  a n d  0.4 cm 
in d i a m e t e r  w e r e  m a c h i n e d  f r o m  t h e  rods.  The  
c y l i n d e r s  w e r e  d r i l l e d  and  t a p p e d  at  one end,  a n d  
s c r e w e d  onto a t h r e a d e d  b ra s s  s h a n k  w h i c h  was  

1 From Amer i can  Smelt ing and Refining Co. 

Table I. Composition of Cu-Ni-Zn alloys 

Atomic  ratio 

Weight  per  cent  ( C u _ _ / +  2Zn~ % Orbital  
% Cu % Ni % Zn \ Ni ] filled 

1 55.59 (44.41) * - -  1.156 72.3 
2 51.23 44.21 4.60 1.253 78.4 
3 47.84 43.75 8.36 1.355 84.8 
4 41.51 43.85 (14.64) 1.472 9.2.1 
5 41.36 43.40 (15.24) 1.512 94.5 
6 36.55 44.06 (19.39) 1.555 97.4 
7 32.65 44.76 (22.59) 1.583 98.8 
8 44.3 41.0 (14.7) 1.648 103 
9 52.1 37.4 (10.5) 1.793 112 

10 61.9 32.2 (5.9) 2.095 131 

* Values in brackets  obtained by difference. 

s o l d e r e d  to  a n i c k e l  wi re .  The  w i r e  was  enc losed  b y  
an  8 m m  d i a m e t e r  g lass  t u b e  us ing  a Teflon g a s k e t  
to m a i n t a i n  a w a t e r - t i g h t  sea l  b e t w e e n  the  e l ec -  
t r o d e  a n d  the  glass  a t  one  end,  w i t h  cons t an t  con-  
t ac t  effected b y  m e a n s  of a screw,  n u t  a n d  r u b b e r  
g r o m m e t  a t t a c h e d  to  t h e  w i r e  a t  t h e  o t h e r  end.  O n l y  
Teflon and  a l l o y  m a d e  con tac t  w i t h  t h e  e l ec t ro ly t e .  
C h e m i c a l  a n a l y s e s  of the  a l loys  a r e  g iven  in  T a b l e  
I. A l l o y s  4 a n d  6 w e r e  p r e p a r e d  b y  m e l t i n g  w i t h i n  a 
q u a r t z  tube ;  a l l  o the r s  w e r e  p r e p a r e d  in  an  open  
c ruc ib l e  u n d e r  an  i n e r t  a t m o s p h e r e .  

Experimental Procedure 
P o l a r i z a t i o n  cu rves  for  t he  a l loys  w e r e  d e t e r -  

m i n e d  p o t e n t i o s t a t i c a l l y  in  d e a e r a t e d  1N H2SO4 
us ing  a W e n k i n g  e l ec t ron ic  po t en t i o s t a t .  D e a e r a t i o n  
was  a c c ompl i she d  b y  b u b b l i n g  n i t r o g e n  t h r o u g h  the  
ac id  for  a t  l eas t  1 hr ,  t he  gas  b e i n g  p r e v i o u s l y  p u r i -  
fied ove r  coppe r  t u r n i n g s  a t  450~ The  e l e c t rodes  
w e r e  p i c k l e d  in  6N HNOs a t  60~ for  5 min ,  t h e n  
p l a c e d  in  the  cel l  and  f u r t h e r  c l e a ne d  b y  anod ic  
p o l a r i z a t i o n  at  50 m a / c m  ~ for  5 rain.  A L u g g i n  
c a p i l l a r y  con ta in ing  1N H2SO4 was  p l a c e d  close to  
the  a l l oy  su r f ace  a n d  the  c a p i l l a r y  in t u r n  m a d e  con-  
t ac t  w i t h  a s a t u r a t e d  c a lome l  r e f e r e n c e  e lec t rode .  
A f t e r  the  cor ros ion  p o t e n t i a l  was  e s t ab l i shed ,  p o l a r i -  
za t ion  was  s t a r t ed ,  c h a n g i n g  the  i m p r e s s e d  p o t e n t i a l  
a t  t h e  r a t e  of 53 m v / m i n  using'  a m o t o r - d r i v e n  p o -  
t e n t i o m e t e r .  C u r r e n t  was  r e c o r d e d  a u t o m a t i c a l l y .  
A l loys  w e r e  p o l a r i z e d  to an  u l t i m a t e  p o t e n t i a l  of 
1400 m v  ca thod ic  w i t h  r e s p e c t  to  t he  s a t u r a t e d  ca lo -  
mel  e lec t rode .  In  mos t  cases,  the  p o l a r i z a t i o n  cu rve  
was  r e p e a t e d ,  s t a r t i n g  at  1400 m v  ca thod ic  to s a t u -  
r a t e d  ca lome l  e l ec t rode  and  p r o c e e d i n g  in  the  ac t ive  
d i r ec t i on  to a f inal  p o t e n t i a l  c o r r e s p o n d i n g  to t he  
cor ros ion  po ten t i a l .  The  e l e c t r o l y t e  was  r e n e w e d  at  
t he  b e g i n n i n g  of each  r u n  in  o r d e r  to m a i n t a i n  as  
low a c o n c e n t r a t i o n  of c o n t a m i n a t i n g  m e t a l  ions 
as possible .  

Results and Discussion 
P o l a r i z a t i o n  cu rves  as r e c o r d e d  for  e l e c t r o l y t i c  

copper  a r e  s h o w n  in Fig.  1, and  for  t h e  a l l oy  con-  
t a i n i n g  44.3% Cu, 41.0% Ni, 14.7% Zn  (103% o r -  
b i t a l - f i l l ed )  in Fig.  2, and  for  the  a l loy  con ta in ing  
47.8% Cu, 43.8% Ni, 8.4% Zn  (85% o r b i t a l - f i l l e d )  in  
Fig.  3. Curves  for  o t h e r  a l loys  a r e  s imi la r .  Va lues  of 
c r i t i ca l  c u r r e n t  dens i t ies ,  i ( c r i t i c a l ) ,  and  for  pa s s ive  
c u r r e n t  dens i t ies ,  i ( p a s s i v e ) ,  a v e r a g e d  f r o m  d a t a  



Vol. 110, No. 12 CURRENT DENSITIES FOR Cu-Ni-Zn ALLOYS 1217 

, 2 . 1  

1.9 

1,7 

~. 1.5 

- -  1.3 I D  

p 0.9 
,.=, 
I -  

o 0.7 

0.5 

0.3 
0.2 

0.01 

I i I , I I I 1~  , I , I  , Illl 

- ? o b , .  
5 

4 

i _ 

i - 

; - 

4 I ~ - -  I I I I I I I 1~  I I I I l l l l l  I I I I I I i l l  I I t i l l  

O. 1 t IO tOO I O O O  

C U R R E N T  D E N S I T Y  (mo/cm t )  

Fig. 1. Potentiostatic anodic polarization curve for electrolytic 
copper in 1N H2SO4, 25~C. 

1.7 

1.5 
/ j ,  

1 . 3  

m 1.1 
. . z  
I D  

~, 0.9 
O 

~ 0.7 
t,- 
z 
~ 0 . 5  

' ' ' ' " " 1  ' ' . . . . .  '1 ~ ' ' ' " " 1  ' ' ' L ~ g ~ - - - ' ~ - - " L ~  " 7 ~ ,  

. - - . . . r  , i ~ ~ L , , , , , 1 1  , ~ , , , , ,  

O 

o. 0.3 

0.OI 0.1 I IO IDa IOOO 
CURRENT DENSITY (mo/cm a) 

Fig. 2. Potentiostatic onodic polarization curve for 44.3% Cu, 
41.0% Ni, 14.7% Zn alloy (103% orbital-filled) in 1N H2SO4, 
25~ 

going f rom the active to the passive region and vice 
versa,  are shown in Fig. 4. In Fig. 1 for  copper,  the  
change of slope for cur rent  v s .  potent ial ,  which be-  
comes pronounced beginning at about  100 m a / c m  2, 
is caused by  concentrat ion polarizat ion.  A sl ight  drop 
in value  of cur rent  beyond the m a x i m u m  change of 
slope is p robab ly  caused by vis ible  film format ion  
on the copper surface. A thin red film, p robab ly  
basic copper  sulfate  or cuprous oxide, sometimes 
became detached at h igher  cur ren t  densities. For  
the nickel  alloys, the corresponding vis ible  film was 
black.  The alloys of less than  100% orbi ta l - f i l led  
composit ion showed a much grea te r  reduct ion in 
current  near  the change of slope, typica l  of passivi ty,  
than  did alloys of g rea te r  than  100% orbi ta l - f i l led,  
including copper. The former  group of al loys ex-  
h ibi ted  pass iv i ty  whether  or not a visible film was 
present.  

Points of Fig. 4 show tha t  i (passive)  and i (c r i t i -  
cal) tend  to intersect  at an atomic rat io  of 1.65 
(103% orbi ta l - f i l led) .  Thereaf ter ,  the difference be-  
tween the two current  densit ies is no g rea te r  f rom 
tha t  for copper, and, hence, it  is concluded that  
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Fig. 3. Potentiostatic anodic polarization curve for 47.8% Cu, 
43.8% Ni, 8.4% Zn alloy (85% orbital-filled) in 1N H2SO4, 25~ 
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proper t ies  of pass iv i ty  are not  common to alloys of 
atomic rat io  grea te r  than 1.65. Data  for the b ina ry  
Ni -Cu alloys in 1N I-IESO4 previous ly  r epor ted  by  
Osterwald  and Uhlig (4) are also shown in Fig. 4. 
Cri t ical  current  densi t ies  for the two al loy systems 
are in good agreement .  They are not  ve ry  sensi t ive 
to al loy composit ion in the  range  of cr i t ical  com- 
position. Passive current  densities,  on the other 
hand, are more sensi t ive to composition. For  both 
al loy series, passive cur ren t  densit ies approach cr i t i -  
cal cur ren t  densi t ies  as Ni content  decreases,  but  
the shapes of the curves differ. Other  than  the fact 
tha t  fewer  points were  avai lab le  for the Ni -Cu al loy 
sys tem in the region of convergence, the difference 
may  be caused by Zn being a component  of the a l -  
loys repor ted  present ly .  Also, the change of po ten-  
t ia l  wi th  t ime for Osterwald  and Uhlig 's  exper iments  
was 7 to 50 m v / m i n  compared  to the present  53 
mv /min .  These differences notwi ths tanding,  the 
cr i t ical  composit ion for pass iv i ty  occurs approx i -  
ma te ly  at  100% orbi ta l - f i l led  al loy composit ions for 
both al loy series. I t  should be considered in this r e -  
spect tha t  the difference be tween  / (c r i t i ca l )  and 
/ (pass ive)  for Osterwald  and Uhlig 's  da ta  at com- 
positions corresponding to thei r  107% and 129% or-  
b i ta l - f i l led  al loys are p robab ly  the same wi th in  ex-  
pe r imen ta l  e r ror  of de te rmin ing  such values.  

The good correspondence of the observed cr i t ical  
composit ion for pass iv i ty  (103 % orbi ta l - f i l led  al loy 
8) to the theore t ica l  100% contr ibutes  suppor t  to the 
electron configuration theory  of passivi ty.  If, for ex-  
ample,  zinc were  to contr ibute  only one electron per  
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a t o m  i n s t e a d  of two,  t he  c r i t i ca l  c o m p o s i t i o n  w o u l d  
h a v e  been  o b s e r v e d  in  t he  p r e s e n t  a l loys  at  a n  a tomic  
r a t i o  of 1.32 i n s t e a d  of 1.65. The  r e su l t s  de f in i t e ly  
point ,  t he re fo re ,  to a c o n t r i b u t i o n  of two  e l ec t rons  
pe r  zinc a t o m  and  one e l e c t r o n  p e r  coppe r  a t o m  to 
t h e  unf i l led  o rb i t a l s  of Ni  in  t he  t e r n a r y  N i - C u - Z n  
a l loys .  This  compos i t ion ,  c o r r e s p o n d i n g  to o r b i t a l s  
j u s t  f i l led b y  e l ec t rons  d o n a t e d  f r o m  Cu and  f rom 
Zn, m a r k s  a t r a n s i t i o n  f r o m  pas s ive  to n o n p a s s i v e  
p rope r t i e s .  
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Phase Equilibria and Manganese-Activated 
Luminescence in the System Zn3(PO,)2-Cd3(PO4)2 
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Department of Ceramic Technology, College of Mineral Industries, 

The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

The phase equi l ib r ium d iag ram for the sys tem Zn3(PO4)2-Cd3(PO4)2 was 
constructed f rom quench and DTA data.  A pprox ima te ly  15 mole  % Cd~ (PO4)2 
is soluble in ~-Zn3(PO4)2 at  950~ but  less than  1 mole  % is soluble in 
a-Zn3(PO4)2 at  900~ Three  in t e rmed ia te  solid solut ion series A, B, and C 
have composi t ional  l imi ts  of s tab i l i ty  f rom 2 to 7, 20 to 37, and 56 to 80 mole  
% Cd~ (PO4)2, respect ively .  The A solid solut ion series has a m a x i m u m  t e m -  
pe ra tu re  l imi t  of s tab i l i ty  of 910~ and the "gamma"  Zns(PO4)2 s t ructure .  
The ca thodoluminescence  of the  five significant solid solut ion regions was 
sys temat ica l ly  inves t iga ted  using molar  subst i tut ions of d iva len t  manganese  
as an act ivator .  Spec t ra l  d i s t r ibu t ion  curves  are  shown for each solid solut ion 
series. Previous  work  by  Smi th  and Power  on this system is discussed in v iew 
of the new phase equi l ib r ia  and cathodoluminescence data. 

This  p a p e r  is the  first  of a ser ies  i n t e n d e d  to e s t a b -  
l i sh  t h e  phase  e q u i l i b r i u m  r e l a t i o n s h i p s  in a p o r t i o n  
of the  s y s t e m  ZnO-CdO-P2Os .  A second  p u r p o s e  of 
th is  w o r k  was  to i n v e s t i g a t e  t he  m a n g a n e s e - a c t i -  
v a t e d  l u m i n e s c e n c e  of c o m p o u n d s  and  sol id  so lu -  
t ions  t ha t  ex i s t  in th is  t e r n a r y  sys tem.  

The  w o r k  b y  S m i t h  (1 ) ,  w h i c h  i n t r o d u c e d  the  
a lpha ,  be ta ,  and  " g a m m a "  zinc o r t h o p h o s p h a t e  n o -  
m e n c l a t u r e ,  e v e n t u a l l y  l ed  to t he  d e v e l o p m e n t  of 
t he  " r e d "  f luoresc ing  B-Zn~(PO4)2 :Mn  T. V. p h o s -  
phor .  K a t n a c k  and  H u m m e l  (2)  r e p o r t e d  t h a t  t he  
l o w - t e m p e r a t u r e  (a)  f o r m  of  Zns(PO4)2  u n d e r g o e s  
a s lugg i sh  r e v e r s i b l e  i nve r s ion  to t he  h i g h - t e m p e r a -  
t u r e  (fi) f o r m  a t  942~ H u m m e l  a n d  K a t n a c k  (3)  
and  S a r v e r ,  K a t n a c k ,  and  H u m m e l  (4)  found  t h a t  
" g a m m a "  zinc o r t h o p h o s p h a t e  is no t  a p o l y m o r p h  of 
Zn3(PO4)2 b u t  v a r i o u s  sol id  so lu t ions  w i t h  s t r u c -  
tu res  v e r y  s im i l a r  to t h a t  of t he  c o m p o u n d  
Mg~ (PO4) 2. 

S m i t h  and  P o w e r  (5)  i n v e s t i g a t e d  the  m a n g a n e s e -  
a c t i v a t e d  c a t h o d o l u m i n e s c e n c e  of v a r i o u s  c o m p o s i -  
t ions  in  t h e  Zn~(PO4)2-Cds(PO4)2  sys tem,  b u t  i t  
was  not  c l ea r  f r o m  th i s  w o r k  w h i c h  p h a s e  or  phase s  
w e r e  r e s p o n s i b l e  for  t he  emiss ion  resu l t s .  

Experimental Procedure 
Phase relationships.--The e q u i l i b r i u m  r e l a t i o n -  

sh ips  in t he  s y s t e m  w e r e  e s t a b l i s h e d  us ing  the  
t w e n t y - s e v e n  compos i t i ons  l i s t ed  in T a b l e  I. The  
r a w  m a t e r i a l s  u sed  w e r e  P h o s p h o r  G r a d e  ZnO a n d  
CdCO~ and  C.P. g r a d e  a m m o n i u m  d i h y d r o g e n  p h o s -  
pha te ,  NH4HePO4. T h e  b a t c h  m a t e r i a l s  for  quench  
and  D T A  w o r k  w e r e  r e a c t e d  in  a i r  a t  800~ for  
24 hr ,  r e m i x e d ,  a n d  r e a c t e d  a g a i n  at  800~ for  24 hr .  
U n d e r  t hese  cond i t ions  of p r e p a r a t i o n  loss of CdO 
and  P20~ due  to  v a p o r i z a t i o n  w a s  n e g l i g i b l e  a c c o r d -  
ing  to w e i g h t  loss d e t e r m i n a t i o n s .  

A l t h o u g h  the  s y s t e m  is nong lass  fo rming ,  t he  
p h a s e  r e l a t i o n s h i p s  cou ld  b e  d e t e r m i n e d  eas i ly  b y  
quench  t echn iques  in e v e r y  r e g i o n  e x c e p t  t h a t  i m -  
m e d i a t e l y  a b o v e  the  so l idus  t e m p e r a t u r e s .  In  th is  
e spec i a l l y  diff icult  r eg ion  D T A  d e t e r m i n a t i o n s  
and  a spec ia l  t e c h n i q u e  w e r e  used  to e s t i m a t e  the  
r e l a t ionsh ips .  The  spec ia l  t e c h n i q u e  cons i s t ed  of 
s imp le  v i s u a l  o b s e r v a t i o n s  at  r o o m  t e m p e r a t u r e  of 
the  cond i t ion  of quenches  u s ing  r e c r y s t a l l i z e d  f r a g -  
m e n t s  as t he  s t a r t i n g  m a t e r i a l .  F o r  mos t  c o m p o s i -  
t ions  i t  was  poss ib l e  to d i s t i n g u i s h  b e t w e e n  u n m e l t e d  
and  p a r t i a l l y  or  c o m p l e t e l y  m e l t e d  m a t e r i a l .  I t  is 
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Fig. 1. Phase relationships on the Zn3(PO4)2-Cd3(P04)2 join 

obvious tha t  the  accuracy  and  re l i ab i l i ty  of these  
data  for the  sol idus and  l iqu idus  t e m p e r a t u r e s  are 
no t  as grea t  as for  those ob ta ined  for the  r e m a i n d e r  
of the system.  The dashed l ines in  Fig. 1 ind ica te  
this u n c e r t a i n t y .  

A Norelco x - r a y  d i f f rac tometer  emp loy ing  n i cke l -  
f i l tered CuK~ rad ia t ion ,  opera t ing  at 40 kv  and  15 
ma,  was  used  for phase  ident if icat ion.  

Luminescence . - -A l l  phosphors  we re  ac t iva ted  by  
1.0 mole % manganese ,  us ing  Phosphor  G r a de  
MnCO3 as the  source of manganese .  Sample  p r e p a -  
ra t ions  were  essen t ia l ly  the  same as for the  phase 
equ i l ib r i a  p repa ra t ions  except  tha t  the  t e m p e r a t u r e  
of the  f inal  h e a t - t r e a t m e n t  was  d e t e r m i n e d  f rom the  
t e m p e r a t u r e  s t a b i l i t y  reg ion  of the phase  u n d e r  con-  
s iderat ion.  

Spect ra l  d i s t r i bu t ion  curves  were  ob ta ined  us ing  a 
d e m o u n t a b l e  c a t h o d e - r a y  tube  opera t ing  at  16 kv  
anode potent ia l ,  1.0 # a / c m  2 b e a m  c u r r e n t  dens i ty  of 
a s t a n d a r d  scan T. V. ras te r  of 65 cm 2 area. B r i gh t -  
nesses u n d e r  these condi t ions  were  m e a s u r e d  w i th  
an  eye -cor rec ted  f o o t - l a m b e r t  meter .  

Exper imenta l  Results 

Phase Relationships in the 
Zna (PO4) 2-Cd3 (PO4) 2 Sys t em 

The q u e n c h  and  DTA da ta  used to es tabl ish  the  
phase re la t ionsh ips  in  the  Zn3 (PO4) 2-Cd3 (PO4) 2 b i -  
n a r y  jo in  (Fig. 1) a re  shown in  Tab le  I. The DTA 
data  were  employed  p r i m a r i l y  to locate the  app rox i -  
ma te  solidus t empera tu re s .  The solidus t e m p e r a t u r e s  
were  s u b s e q u e n t l y  d e t e r m i n e d  more  accura te ly  by  
the special  quench  t echn ique  p rev ious ly  described.  
It  was observed tha t  the  DTA t e m p e r a t u r e s  were  
in  some cases as m u c h  as 75~ be low those ind ica ted  
by  the more  accura te  q u e n c h  data.  

I t  was  found  tha t  the  f l -Zn3(PO4) 2 s t r uc tu r e  wi l l  
accept up  to 15 mole  % Cd 2+ i somorphous ly  sub -  
s t i tu t ing  for Z n  2+. In  the  pu re  form, fl-Zn~ (PO4)2 is 
s table  on ly  above 942~ however ,  the  add i t ion  of 
8 mole % Cd3(PO4)2 in  solid so lu t ion  decreases the  
lower  t e m p e r a t u r e  l imi t  of s tab i l i ty  to 850~ 

Stab le  be low 942~ a-Zn~(PO4)2 wi l l  accept  a 
v a n i s h i n g l y  smal l  a m o u n t  of Cds (PO4)2 in  solid solu-  
tion. 

B e t w e e n  2 and  7 mole  % Cd3(PO4)2 the  solid so lu-  
t ion series labe led  "A~"  in  Fig.  1 is stable.  This  
smal l  i n t e r m e d i a t e  solid so lu t ion  region  has  an  
uppe r  t e m p e r a t u r e  l imi t  of s tab i l i ty  of 910~ which  

Table I. Compositions and subsolidus heat treatments 
in the system Zn3(PO4)2-Cd3(P04)2 

Composition, 
m o l e  % T e m p ,  T i m e ,  

No. Cda(PO~)~ Zna(PO~)s ~ hr Phases 

1 1 99 854 48 ~-Z3Pss -k Ass 
881 48 ~-Z3Pss + As~ 
893 48 a-Z~Pss "t- Ass 
898 48 fl-ZsPss 
922 48 fl-Z3Pss 

2 2 98 855 48 a-Z3Pss -p Ass 
881 48 ~-ZsPss ~ Ass 
916 48 ~-Z3Pss 

3 3 97 820 48 Ass 
864 48 Ass 
869 48 fl-Z3Pss ~ Ass 
882 48 ~-Z3Pss 
936 48 ~-Z3Pss 

4 4 96 854 48 Ass 
864 48 fl-ZsPss -~- Ass 
869 48 ~-Z3Pss 

5 5 95 852 48 ~-Z3Pss + Ass 
927 48 ~-ZsPss 

6 6 94 834 48 Ass 
852 48 f~-Z3Pss + Ass 
864 48 /~-Z3Pss + Ass 
869 48 /~-Z3Pss 

7 7 93 780 48 Ass 
834 48 Ass 
866 48 ~-ZsPss 
932 24 fl-ZsPss 

8 8 92 827 48 Ass + Bss 
846 48 Ass + Bss 
879 48 fl-Z3Pss 
936 24 f~-Z3P~s 

9 9 91 714 48 Ass 
827 48 Ass -t- Bss 
840 48 Ass -t- Bss 
879 48 f~-Z3Pss 
931 24 f~-Z3Pss 

I0 10 90 828 48 Ass -t- Bss 
848 48 Ass -I- Bss 
851 48 fl-Z3Pss ~- Bss 
878 48 ~-Z3P~s -t- Bss 
931 24 fl-Z3Pss 

11 12 88 904 48 ~-Z~P~s -t- Bss 
932 24 f~-Z3Pss 

12 14 86 924 24 ~-Z3Pss -t- Bss 

13 15 85 838 48 Ass + Bss 
977 u Crystal l ine 
992 ~/2 Crystal l ine 

1017 ~ Liquid 

14 18 82 841 48 Ass ~- Bss 

15 20 80 843 48 Bss 
870 48 Bss 
904 48 fl-Z3Pss -t- Bss 
924 24 fl-Z3Pss -]- Bss 

16 30 70 850 48 Bss 

17 40 60 850 48 Bss -I- Css 
996 V~- Crystal l ine 

1011 1~ Crystal l ine 
1020 Vz Liquid 

(Tab le  c o n t i n u e d  on  p. 1220) 
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Table I. Continued. 

C o m p o s i t i o n ,  
m o l e  % T e m p ,  T i m e ,  

No. Cd~(POD2 Zn3(POD= ~ hr Phases 

18 50 50 850 48 Bss + Css 
1009 ~/z Crystal l ine 
1019 ~/2 Crystal l ine 
1029 �89 Par t ia l ly  l iquid 
1040 ~/2 Liquid 

19 60 40 850 48 Css 
999 �89 Crystal l ine 

1019 �89 Crystal l ine 
1028 �89 Crystal l ine 
1030 - -  Solidus (DTA) 
1044 �89 Liquid 
1052 �89 Liquid 

20 70 30 850 48 Css 
1003 �89 Crystal l ine 
1021 �89 Par t ia l ly  l iquid 
1022 - -  Solidus (DTA) 
1044 �89 Liquid 

1.56C I I I I I / 
J 

1.550 

1.51C Bss Css 

I I I I I 
1.50 0 30 4 0  50  60 7'0 80  

"='--" Zns(  P04 )2 Cd3( P04 )z"-~ 
Mole % Cd~(PO4)s 

Fig. 2. Plot of d-value as a function of composition between 20 
and 80 mole % Cd3(P04)2 (compositions quenched from 850~ 

21 80 20 850 48 Css 
1030 - -  Solidus (DTA) 
1045 - -  Crystal l ine 
1058 - -  Crystal l ine 
1071 - -  Crystal l ine 
1080 - -  Liquid 

22 85 15 850 48 Css 
882 48 Css 
930 40 Css 

23 87 13 800 48 Css (trace C3Pss) 
932 40 Css 

24 90 10 850 48 Css + C3Pss 
882 48 Css -t- C3Pss 
930 40 Css ~ C3Pss 

25 93 7 800 48 Css + C3Pss 
932 40 C3Pss + (trace Css) 

26 95 5 850 48 C3Pss 
994 - -  Solidus (DTA) 

27 100 0 1166 10 min  Crystal l ine 
1178 10 min  Crystal l ine 
1181 10min  Liquid 
1192 10min  Liquid 

~-Z~Pss = r o r t h o p h o s p h a t e  so l id  s o l u t i o n  se r i e s .  
f l-ZsPss = f l -z inc  o r t h o p h o s p h a t e  so l id  s o l u t i o n  se r ies .  
CsPss = c a d m i u m  o r t h o p h o s p h a t e  so l id  s o l u t i o n  se r ies .  
Ass = " A "  so l id  s o l u t i o n  se r ies .  
Bss = " B "  so l id  s o l u t i o n  se r i e s .  
Cs ,  = " C "  so l id  s o l u t i o n  se r ies .  

decreases as Cd 2+ is subs t i t u t ed  for Z n  2+. The  x - r a y  
diffract ion powder  data  ind ica te  tha t  this  s t ruc tu re  
is ve ry  s imi la r  to tha t  of the compound  Mg3(PO4)2 
( somet imes  r e fe r r ed  to as the " g a m m a "  zinc o r tho-  
phospha te  s t r uc tu r e ) .  

The "B" and  "C" solid so lu t ion  series appea r  to 
have  ve ry  s imi la r  if no t  ident ica l  s t ruc tu res ;  h o w -  
ever,  they  are separa ted  by  an  immisc ib i l i t y  gap as 
ind ica ted  by  Fig. 2 whe re  the  d - v a l u e s  of two reflec- 
t ions  are p lo t ted  as a f unc t i on  of composi t ion.  The  
x - r a y  diffract ion da ta  used  to cons t ruc t  these curves  
were  ob ta ined  us ing  a s cann ing  ra te  of 1/4~ 
and  sil icon me ta l  powder  as an  i n t e r n a l  s tandard .  
Both of these  curves  show sharp  inflect ions at ap-  

p r ox i ma t e l y  37 and  56 mole  % Cds(PO4)2 which  
were  i n t e r p r e t e d  as the phase  bounda r i e s  of the  
two phase  (Bss + Css) reg ion  at  850~ The  sol idus 
curve  b e t w e e n  20 and  80 mole  % Cd~(PO4)2 is r e l a -  
t ive ly  flat, v a r y i n g  f rom 1000 ~ to 1050~ The  most  
p robab le  so l idus - l iqu idus  conf igura t ion  is shown in  
Fig. 1. 

Cd3(PO4)e mel t s  c o n g r u e n t l y  at 1180~ and  a 
m a x i m u m  of 6 mole  % Zn~(PO4)2 is soluble  in  this  
s t ruc ture .  

The D.T.A. curves  for va r ious  composi t ions  be -  
t w e e n  40 a nd  100 mole % Cd3(PO4)2 all  ind ica ted  a 
smal l  endo the rmic  hea t  effect which  va r i ed  b e t w e e n  
850 ~ and  950~ H i g h - t e m p e r a t u r e  x - r a y  diffract ion 
da ta  ob ta ined  above a nd  be low this t e m p e r a t u r e  
r ange  did no t  show a ny  n e w  reflections b u t  did i n -  
dicate some i n t e ns i t y  changes.  It, therefore ,  appears  
tha t  ne i the r  the "C" nor  the  Cd8 (PO4)2 solid solut ion 
series have  more  t h a n  one c rys ta l l ine  modif icat ion;  
howeve r  the i n t e n s i t y  changes  could be an  ind ica -  
t ion  of an o rde r -d i so rde r  p h e n o m e n o n .  

Tab le  II  shows the  charac ter i s t ic  x - r a y  diffract ion 
powder  data  for the  va r ious  s ingle  phases  in  the  
o r thophospha te  system. These da ta  were  ob ta ined  
us ing  a s cann ing  ra te  of 1 ~ -20 /min .  The x - r a y  data  
ob ta ined  for Cds(PO4)2 agree  w i th  tha t  p rev ious ly  
repor ted  by  Ropp, Mooney,  a nd  Hof fman  (6) .  The  
x - r a y  data  for a and  f l-Zn3(PO4)2 were  g iven  by  
K a t n a c k  a nd  H u m m e l  (2) .  
Luminescence in the Zn3(PO4)2-Cd~(PO4)2 Sys t em 

The composit ions,  h e a t - t r e a t m e n t s ,  e q u i l i b r i u m  
phases, and  ca thodo luminescence  emiss ion  resul t s  
for the fif teen phosphors  p r e p a r e d  in  the Zn3 (PO4)2- 
Cd~(PO4)2 sys tem are shown  in  Tab le  III. These 
phosphors  we re  p r epa red  a s suming  tha t  in  each 1.0 
mole % d iva len t  m a n g a n e s e  would  subs t i tu t e  for 
Cd 2+ and  Zn  2+ and  m a i n t a i n  the  RO/P205 mola r  
ra t io  at  3/1 w he r e  RO r ep re sen t s  the  mo l a r  sum of 
the  basic  oxides. I t  was  found  by  v i sua l  e x a m i n a t i o n  
tha t  these phosphors  were  on ly  w e a k l y  respons ive  
to 3650 and  2537A u.v. rad ia t ion .  I t  should  be no ted  
tha t  Ropp (7) has shown  tha t  the  response  of 
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Table II. X-ray diffraction data for A, B, and C solid solution series 

Ass  Bss  Css 
(Zno.9~,Cdo.os) a ( PO4 ) ~ (Zno.so,Cdo.~o) 8 ( P O , )  ~ (Zno.~o,Cdo.8o) 3 (PO4) .~ (Zno.,o,Cdo.eo) a (PO4) ~ (Zno.~0,Cdo.7o) s (PO4) ~ (Zno.2o,Cdo.so) a (PO4) ~ 
20 d I/Io 20 d I/Io 2~ d I/Io 2~ d I/Io 2~ d I/Io 2~ d I/Io 

15.9 5.6 20 21.33 4.2 15 21.16 4.2 10 21.19 4.2 20 21.24 4.2 15 21.25 4.2 15 
20.5 4.3 100 22.84 3.89 10 22.71 4.92 10 22.33 4.0 30 22.23 4.0 30 22.14 4.0 30 
22.3 4.0 85 24.34 3.66 35 24.26 3.67 30 24.06 3.70 20 23.99 3.71 15 23.92 3.72 15 
23.1 3.85 40 24.82 3.59 20 24.65 3.61 20 24.42 3.65 10 24.27 3.67 5 24.13 3.69 5 
24.1 3.69 15 25.42 3.50 95 25.11 3.56 75 24.68 3.61 50 24.70 3.60 50 24.78 3.59 50 
26.1 3.41 100 27.90 3.20 10 27.66 3.23 10 27.13 3.29 15 27.03 3.30 15 26.98 3.32 15 
27.6 3.23 40 28.87 3.09 10 28.63 3.12 10 28.08 3.19 10 28.02 3.18 5 27.98 3.19 5 
29.5 3.03 50 30.00 2.988 30 29.81 2.998 30 29.78 3.00 50 29.57 3.02 30 29.22 3.06 20 
30.7 2.912 25 30.46 2.935 90 30.20 2.959 45 29.98 2.981 ~ 50 29.67 3.01 65 29.60 3.02 35 
31.9 2.805 55 30.86 2.897 40 30.53 2.929 35 30.00 2.979 J 30.00 2.979 30 30.03 2.976 30 
32.9 2.722 35 31.14 2.882 100 30.93 2.892 ~ 30.26 2.954 40 30.29 2.958 50 30.24 2.955 35 
33.9 2.644 30 31.34 2.854 50 31.00 2.885 j 1 0 0  30.82 2.901 100 30.70 2.912 ~ 30.37 2.944 40 
35.7 2.515 75 31.45 2.844 50 31.48 2.842 30 30.89 2.883 40 30.70 2.912 ~100 30.59 2.923 100 
35.9 2.501 75 32.50 2.755 75 32.37 2.766 54 31.93 2.803 20 31.96 2.800 20 32.06 2.792 20 
36.5 2.462 95 32.94 2.712 35 32.55 2.751 27 32.26 2.774 45 32.24 2.777 55 32.21 2.779 30 
37.6 2.392 50 Other reflections Other reflections Other reflections Other reflections Other  reflections 
39.0 2.309 20 61.31" 1.512 5 60.76 1.524 5 59.89 1.544 5 59.86 1.545 5 59.83 1.546 5 
40.4 2.233 20 61.45" 1.509 5 60.94 1.520 5 60.56 1.529 5 60.17 1.538 5 59.99 1.544 5 
41.9 2.156 10 

Other reflections 

* R e f l e c t i o n s  u s e d  in  F ig .  1. 

Table Ill. Compositions, heat-treatments, phases, and manganese-activated 

cathodolumlnescence emission data for phosphors in the Zn3(PO4)2-Cd3(P04)2 system 

C o m p o s i t i o n ,  m o l e  % T e m p / t i r n e ,  P e a k  B r i g h t n e s s ,  
No.  Z r~(PO4)2  Cds(PO4)~ Mr~  ( P O D  2 ~  P h a s e s  w a v e l e n g t h ,  • f t - L  

1 99.00 0 1.00 950/48 fl-Z3P 6370 23.6 
2 94.05 4.95 1.00 950/48 fl-Z3Pss 6350 21.7 
3 89.10 9.90 1.00 950/48 /~-Z3Pss 6340 20.2 
4 94.05 4.95 1.00 800/48 Ass 6300 20.2 
5 79.20 19.80 1.00 850/48 Bss 6150 24.1 
6 69.30 29.70 1.00 850/48 Bss 6200 24.9 
7 66.33 32.67 1.00 850/48 Bss 6260 26.0 
8 62.37 36.63 1.00 850/48 Bss 6340 22.6 
9 59.40 39.60 1.00 850/48 B ~ Css 6490 17.0 

10 49.50 49.50 1.00 850/48 B ~ Css 6570 12.3 
11 39.60 59.40 1.00 850/48 Css 6540 13.0 
12 29.70 69.30 1.00 850/48 Css 6510 14.0 
13 19.80 79.20 1.00 850/48 Css 6510 13.8 
14 4.95 94.05 1.O0 950/48 C3Pss 6200 I9.I 
15 0 9'9.00 1.00 950/48 C3P 6110 26.0 
N.B.S. zinc orthophosphate: Mn .......................................................................................................... 6380 21.0 

Cd3(PO4)2:Mn to u.v. exc i ta t ion  is d e p e n d e n t  on 
the me thod  of p repa ra t ion .  

The  b r igh tness  va lues  shown  in  Tab le  I I I  are  no t  
an  absolu te  measu re  of the  b r igh tnesses  of the  
phosphors ,  b u t  they  are m e a n i n g f u l  w h e n  compared  
wi th  the  b r igh tness  of the  " red"  Na t iona l  B u r e a u  of 
S t anda rds  zinc o r thophospha te  which  was  m e a s u r e d  
u n d e r  the  same e x p e r i m e n t a l  condi t ions.  

F igu re  3 shows the  spect ra l  d i s t r i bu t i on  curves  for 
phosphors  in  the ,a-Zn3(PO4)2, f l -Zns (PO4)2, A, and  
Cd3 (PO4)2 solid so lu t ion  regions.  

The resul t s  show tha t  the  add i t ion  of Cd8 (PO4)2 to 
f i -Zn3(P04)2  s l ight ly  reduces  bo th  the  b r igh tnes s  
and  peak  emiss ion  wave leng th .  The  one phosphor  
e x a m i n e d  in  the  smal l  A solid so lu t ion  reg ion  was  
not  qui te  as b r igh t  or as " red"  as the  f l -Zn3(PO,)2  
phosphors.  

Cd3 (PO4)2: Mn  was found  to peak  at 6110A wi th  a 
b r igh tness  of 26.0 f t -L.  The add i t ion  of Zn3(PO4)e to 
this compound  produced  a s l ight  increase  in  peak  
emiss ion and  a decrease in  br ightness .  

The  i somorphous  r e p l a c e m e n t  of Zn  2+ by  Cd e+ 
in  solid so lu t ion  series B increases  the peak  emiss ion 
f rom 6150A to abou t  6300A wi th  the  b r igh tness  r e -  
m a i n i n g  a r o u n d  25.0 f t -L.  

The subs t i t u t i on  of Cd 2+ for Zn  2+ in  solid so lu-  
t ion series C decreases the  peak  emiss ion  s l ight ly  
f rom 6570 to 6510A and  increases  the  b r igh tness  
f rom 12 to 15 f t -L.  

F igu re  4 shows the  spect ra l  d i s t r i bu t i on  curves  
for seven  phosphors  p r e p a r e d  in  the  reg ion  f rom 20 
to 80 mole  % Cd3(PO4)2. Curves  1 and  2 are for Bss 
phosphors ,  curves  5, 6, 7 are for Css phosphors ,  and  
curves  3 and  4 are  for phosphors  in  the  immisc ib i l i t y  
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i ( I )  8 - Z n 3 ( P 0 4 )  2 

(2) Zno.~,Cd o.o5) 3 ( P04)2 
. ,. . . . - ,  

(4) ASS[( Zno.ga,Cdo.os)3( P04)2]  
(5) Cd 3 (P04)  2 
(6) (Zno.os, Cdo.es)zs(PO 4 )2 

A IO0 f 

"~ c o p  

w 4 0  

~ 2o 

0 I , , , ~ I 
500  600 700 

Wavelength in Millimicrons 

Fig. 3. Cothodoluminescence emission curves for (z-Zn3(PO4)2, 
/~-Zn3(P04)2 A, and Cds(P04)2 solid solution series. 
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Fig. 4. Cothodoluminescence emission curves for B and C solid 
solution series, 

gap  s e p a r a t i n g  these  two  sol id  so lu t ion  regions .  
C u r v e  3 shows  two  emiss ion  b a n d s  and  conf i rms the  
ex i s t ence  of the  t w o - p h a s e  (B~ + Css) reg ion .  C u r v e  
4 is p r e d o m i n a n t l y  C~, t h e r e f o r e  t he  s e c o n d a r y  
emiss ion  p e a k  is no t  r e so lved .  

Discuss ion  

T h r o u g h o u t  th is  i nves t i ga t i on  the  a c t i v a t o r  con-  
c e n t r a t i o n  was  he ld  c o n s t a n t  a t  1.0 mo le  % m a n -  
ganese  in o r d e r  to c o m p a r e  one p h o s p h o r  w i t h  a n -  
o ther .  

In  t h e  t h r e e  sol id  so lu t ion  ser ies  i n v o l v i n g  
fl-Zn3 (PO4)2, Css, a n d  Cd3 (PO4)2, i t  a p p e a r s  t h a t  the  
p e a k  emiss ion  w a v e l e n g t h  dec reases  as Cd 2+ is s u b -  
s t i t u t e d  for  Zn 2+, w h e r e a s  the  oppos i t e  is t r u e  for  
the  B sol id  so lu t ion  ser ies .  S ince  Cd ~+ (1 .03A) is 
l a r g e r  t h a n  Zn 2+ (0 .83A) ,  i t  is r e a s o n a b l e  to e x p e c t  
t ha t  l a t t i ce  e x p a n s i o n  wi l l  p r o d u c e  less p e r t u r b a t i o n  
on the  a c t i v a t o r  c en t e r  and  m o r e  ene rge t i c  ( s h o r t e r  
w a v e l e n g t h )  emiss ion  wi l l  occur,  s i m i l a r  to t he  r e -  
sul ts  of K lasens ,  Za lm,  and  H u y s m a n  (8) .  H o w e v e r ,  
Cd 2+ is m o r e  p o l a r i z a b l e  t h a n  Zn  2+, a n d  a n  a n t a g -  
onis t ic  a c t i v a t o r  p e r t u r b a t i o n  effect  cou ld  occur  
w h i c h  w o u l d  r e su l t  in  an  i nc rea se  in p e a k  e m i s -  
sion w a v e l e n g t h  as Cd  2+ r e p l a c e s  Zn 2+. Such  an  

effect is p r o b a b l y  d e p e n d e n t  on the  k i n d  of c r y s t a l  
s t r u c t u r e  invo lved ,  and  t h e  p r e s e n t  d a t a  show t h a t  
the  r e l a t i o n s h i p  b e t w e e n  m a n g a n e s e - o x y g e n  d i s -  
tances ,  p o l a r i z a t i o n  effects,  and  p e a k  emiss ion  w a v e -  
l eng ths  a re  h i g h l y  q u a l i t a t i v e .  

The  p r e s e n t  p h a s e  e q u i l i b r i u m  and  m a n g a n e s e -  
a c t i v a t e d  c a t h o d o l u m i n e s c e n c e  d a t a  on phases  in t h e  
Zn3(PO4)2-Cd3(PO4)2 s y s t e m  p r o v i d e  a b e t t e r  u n -  
d e r s t a n d i n g  of the  emiss ion  r e su l t s  r e p o r t e d  b y  
S m i t h  and  P o w e r  (5 ) .  The  s y s t e m  does  con ta in  s ix  
d i f fe ren t  phases  and  one of these  has  t he  " g a m m a "  
zinc o r t h o p h o s p h a t e  s t r uc tu r e .  T h e y  also s u g g e s t e d  
( f r o m  t h e i r  emiss ion  m e a s u r e m e n t s )  t h a t  mos t  of 
these  phases  b e h a v e d  as sol id  so lu t ion  reg ions .  F r o m  
t h e i r  emiss ion  d a t a  t h e y  c o n s t r u c t e d  a c u r v e  of p e a k  
emiss ion  w a v e l e n g t h  vs. compos i t i on  for  t he  en t i r e  
o r t h o p h o s p h a t e  jo in  in  w h i c h  inf lect ions  o c c u r r e d  at  
20, 35, and  85 mo le  % Cd~(PO4)2. S ince  t h e i r  p h o s -  
p h o r s  w e r e  p r e p a r e d  at  875~ the  inf lect ions  a r e  
p r o b a b l y  caused  b y  t h e  p h a s e  changes  fl-Zn3 (PO4) 2ss 
to B~.~, B ~  to Css, and  C~ to Cd3 (PO4)2~, r e s p e c t i v e l y .  

C o n c l u s i o n s  

1. The  m a x i m u m  sol id so lub i l i t y  of Cd3(PO4)2 in 
f l -Zn3(PO4)2 is 15 mo le  % at  950~ I n c r e a s i n g  the  
Cd3 (PO4)2 con ten t  dec reases  s l i g h t l y  bo th  t he  m a n -  
g a n e s e - a c t i v a t e d  c a t h o d o l u m i n e s c e n c e  p e a k  e m i s -  
sion w a v e l e n g t h  and  b r igh tnes s .  

2. A s m a l l  i n t e r m e d i a t e  sol id  so lu t ion  (A~s) h a v -  
ing  the  m a g n e s i u m  o r t h o p h o s p h a t e  s t r u c t u r e  ex is t s  
f r o m  2 to 7 mole  % Cd~(PO4)2 and  has  a m a x i m u m  
l imi t  of s t a b i l i t y  of 910~ M a n g a n e s e - a c t i v a t e d  
p h o s p h o r s  (1 mo le  % Mn 2+) in th is  r eg ion  a re  no t  
q u i t e  as " r e d "  or  as b r i g h t  as t he  f l -Zn3(PO4)2 :Mn 
phosphor s .  

3. Two sol id  so lu t ion  ser ies  w i t h  s i m i l a r  s t r u c -  
t u r e s  a r e  s t ab le  b e t w e e n  20 and  80 mo le  % 
Cd3(PO4)2 and  a re  s e p a r a t e d  b y  an  i m m i s c i b i l i t y  
gap.  B sol id  so lu t ion  ser ies  ex i s t  f r om 20 to  37 mo le  
% Cd3(PO4)2. P h o s p h o r s  p r e p a r e d  in th is  r eg ion  
w i th  1 mole  % Mn 2 + h a v e  p e a k  emiss ions  t h a t  v a r y  
f r o m  6150 to 6300A and  b r i g h t n e s s e s  of a b o u t  25.0 
f t - L  as Cd 2+ is s u b s t i t u t e d  for  Zn 2+. C sol id  so lu t ion  
ser ies  is s t ab le  f r o m  56 to 80 mole  % Cds(PO4)2.  The  
m a n g a n e s e  emiss ion  of t he se  p h o s p h o r s  dec reases  
f r o m  6570 to 6510A as Cd ~+ r e p l a c e s  Zn 2+. The  
b r i gh tne s se s  of these  p r e p a r a t i o n s  a r e  r e l a t i v e l y  
low, r a n g i n g  f r o m  12 to 15 f t - L .  

4. Cd3(PO4)2 m e l t s  c o n g r u e n t l y  a t  1180~ a n d  
wi l l  accept  a m a x i m u m  of 5 mole  % Zn~(PO4)2 in 
sol id  solut ion.  S m a l l  a m o u n t s  of Zn 2+ s u b s t i t u t i n g  
for  Cd e+ inc reases  the  p e a k  emiss ion  w a v e l e n g t h  
f r o m  6110 to 6200A and  dec reases  the  b r i g h t n e s s  
f rom 26.0 to 19.1 f t - L .  

A c k n o w l e d g m e n t  

Emiss ion  d a t a  w e r e  o b t a i n e d  t h r o u g h  c o o p e r a t i o n  
of M a r j o r i e  Br ines  of t he  C h e m i c a l  P r o d u c t s  P l an t ,  
G e n e r a l  E lec t r i c  C o m p a n y ,  C leve land ,  Ohio. This  
i nve s t i ga t i on  was  m a d e  poss ib le  t h r o u g h  the  s u p p o r t  
of the  I n t e r n a t i o n a l  L e a d - Z i n c  R e s e a r c h  O r g a n i z a -  
t ion.  

Manuscr ip t  rece ived  Jan.  25, 1963. This is pa r t  of a 
pape r  presented  at the P i t t sbu rgh  Meeting,  Apr i l  15-18, 
1963. Contr ibut ion  No. 62-48 f rom the College of Min-  



VoI. 110, No. 12 P H A S E  E Q U I L I B R I A  IN Zna (PO4) 2-Cd3 (PO4) 1223 

eral Industries, The Pennsylvania State University, 
University Park, Pennsylvania. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1964 JOURNAL. 
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The Systems BaO-MgO-P O  and BaO-ZnO-P O  
Compounds and Fluorescence 

Mary V. Hoffman 
Lumine,~cent Materials Laboratory, Chemical Produc~s PlaTg~ General Electric rCompany, Cleveland, Ohio 

ABSTRACT 

The BaO-MgO-P205 and BaO-ZnO-P205 systems were investigated, and 
the ternary compounds, solid solution areas, and compatibility triangles were 
determined. The ternary compounds were examined for fluorescence, and data 
on several crystalline phosphors and one fluorescent glass are given. X-ray  
diffraction data for the ternary compounds are included. 

The t e rna ry  systems BaO-MgO-P205 and BaO-  
ZnO-P205 were  inves t iga ted  as pa r t  of a p rogram of 
examining  a lkal ine  ear th  phosphate  phosphors.  The 
scope of the work  repor ted  here was l imi ted  to de-  
te rmining  the composit ions and x - r a y  pa t te rns  of 
the t e rna ry  compounds, examining  these compounds 
for fluorescence with  potent ia l  act ivators,  and de te r -  
mining the compat ib i l i ty  t r iangles .  The compounds 
of the b ina ry  systems involved in this work  have 
been definitely es tabl ished a l though complete  work  
has been repor ted  only on the ZnO-P205 system. 
Ka tnack  and Hummel  (1) found the compounds 
Zn(PO~)2, Zn2P2OT, and Zn3(PO4)2, each having  
two forms. In the MgO-P205 system, the ASTM Pow-  
der  Data  Fi le  lists the compounds Mg(PO3)2, 
Mg2P2OT, and Mg3(PO4)2. In the BaO-P205 system, 
four compounds are  l isted: Ba(PO~)2, Ba3P4Ol~, 
Ba2P2OT, and Ba3 (PO4)2. Data  obtained in these tests 
on Ba2P207 and Ba (PO3)2 are not in close agreement  
wi th  those found in the ASTM files (2). Data  ob-  
ta ined for Ba2P207 by  firing BaHPO4 at 1000~ 
agree more closely wi th  that  presented  by Ranby  for 
SBa2P207 (3).  Data  shown in the appendix  for 
Ba(PO3)2 were  obtained on a sample p repa red  by  
firing BaCO3 and (NH4)2HPO4 in the mole rat io  of 
1:2 at 400~ for 16 hr, mil l ing and ret ir ing at  750~ 
for 16 hr. 

In the t e rna ry  systems, ve ry  l i t t le  has been re -  
ported.  Ropp (4) has repor ted  a Sn -ac t iva t ed  phos-  
phor in the pyrophospha te  region of the BaO-MgO-  
P20~ system. He included some x - r a y  data  and in-  
dicated that  a join be tween  the pyrophosphates  
p robab ly  exists. This is the only reference found to 
e i ther  phosphors or compounds in the t e rna r y  sys-  
tems of BaO-P205 with  MgO or ZnO. 

Procedure 
The mater ia l s  used in these tests were  p repa red  

from chemicals normal ly  used in phosphor  p r e p a r a -  

tion. These mater ia l s  include BaHPO4 and BaCO8 
manufac tu red  by  the Genera l  Electr ic  Company for 
phosphor  use, 3MgCO3. Mg (OH) 2" 3H20 f rom ei ther  
Merck and Company  or the Genera l  Electr ic  Com- 
pany,  and ZnO from New Jersey  Zinc Company. 
In addit ion,  three  s tar t ing mater ia l s  were  p repa red  
for use in these tests:  Zn3 (PO4)2" 4HaO was made  by  
adding tt~PO4 to a solution of zinc acetate.  
ZnNH4PO4 was made  by  prec ip i ta t ion  f rom d iam-  
monium phosphate  and zinc acetate  solutions. 
MgNH4PO4.tI20 was prec ip i ta ted  by a modification 
of the analy t ica l  method using d iammonium phos-  
phate  and magnes ium sulfa te  solutions wi th  a 10% 
excess of phosphate.  Chemical  analyses  were  made 
on all  p rec ip i ta ted  mater ia l s  to de te rmine  the loss 
on ignit ion and the cation to phosphate  ratio. Where  
possible, p rec ip i ta ted  mate r i a l s  were  used as the 
source of phosphate  ion. In compositions lying be-  
tween the pyrophospha te  join and the  P205 apex, 
an addi t ional  source of phosphate  is needed and d i -  
ammonium phosphate  was used. These samples were  
mixed and given a p r e l i m i n a r y  firing at 500~ for 
1 to 2 hr  to decompose the d iammonium phosphate  
and ini t ia te  the  reaction,  reducing the possibi l i ty  of 
losing phosphate  by  volat i l iza t ion or of mel t ing the 
sample. 

The t e r na r y  compounds and the compat ib i l i ty  
t r iangles  were  de te rmined  by p repa r ing  10-15g sam- 
ples of var ious  composit ions and firing them for 
periods of 16-65 hr. Tempera tu res  were  var ied  de-  
pending on the mel t ing point  of the composition. 
Samples  were  examined  by  x - r a y  diffraction using 
the GE XRD-5, wi th  n ickel - f i l te red CuK~ radiat ion,  
and wi th  the microscope. The samples were  ground 
and re t i red if the  x - r a y  pa t te rns  showed phases in-  
consistent wi th  previous  tests or in conflict with the 
phase rule. In order  to preclude the format ion  of any 
qua t e rna ry  compounds,  no fluxes of any  type  were  
used. It was found, for instance, tha t  the inclusion 
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Fig. 1. Compatibility relationships in BaO-MgO-P205 system 

of a f luor ide  r e s u l t e d  in  t he  f o r m a t i o n  of a m e t a -  
s t ab le  b a r i u m  a p a t i t e  s t r u c t u r e  in m a n y  c o m p o s i -  
t ions  w i t h  h igh  Ba conten t ,  m a k i n g  i t  diff icult  to ob -  
t a in  an  e q u i l i b r i u m  condi t ion .  

Compatibility Diagrams 
B a O - M g O - P 2 0 5  system.--Compatibility t r i a n g l e s  

for  t h e  B a O - M g O - P 2 0 5  s y s t e m  a re  shown  in Fig .  1. 
No  tes ts  w e r e  m a d e  b e t w e e n  the  m e t a p h o s p h a t e  
jo in  and  the  P205 apex ,  a n d  i t  is no t  l i k e l y  t h a t  a n y  
t e r n a r y  c o m p o u n d s  t h a t  can  be  f o r m e d  b y  so l id -  
s t a t e  r e a c t i o n  ex is t  in th is  reg ion .  In  t h e  a r e a  e x -  
a mined ,  five c o m p o u n d s  w e r e  found :  Ba2Mg(PO4)2,  
BaMg2(PO4)2,  BaMgP4Ol~, BaMgP2Or,  and  a c o m -  
p o u n d  w h i c h  does  no t  h a v e  a s imp le  mole  ra t io ,  l a -  
be l ed  ~, in t he  c o m p a t i b i l i t y  d i a g r a m .  
Ba2Mg (PO4) 2 . - -D i f f e r en t i a l  t h e r m a l  a n a l y s e s  ( D T A )  
showed  no hea t  effects b e l o w  1300~ 
B a M g 2 ( P O 4 ) 2 . - - D T A  showed  two  r e v e r s i b l e  e n d o -  
t h e r m s :  a sharp ,  q u i c k l y  r e v e r s i b l e  one at  820~ and  
a less e n e r g e t i c  one at  1080~ X - r a y  d i f f rac t ion  d a t a  
w e r e  d e t e r m i n e d  at  25~ and  at  900~ b u t  not  
a b o v e  1080~ because  of the  co r ros ive  ac t ion  of t he  
s a m p l e  on the  p l a t i n u m  s a m p l e  h o l d e r  of t he  h igh  
t e m p e r a t u r e  x - r a y  fu rnace .  X - r a y  d a t a  show t h a t  
a t  l eas t  two  c r y s t a l l i n e  fo rms  of BaMg2(PO4)2 exis t ,  
bu t  on ly  one is s t ab le  a t  r oom t e m p e r a t u r e .  
Ba2MgP40~3.- -The D T A  c u r v e  gave  a q u e s t i o n a b l e  
e x o t h e r m i c  r e a c t i o n  at  640~ and  a s t rong  e n d o -  
t h e r m i c  r e a c t i o n  at  900~ S a m p l e s  h e a t e d  at  1000~ 
w e r e  p a r t i a l l y  me l t ed .  W h e n  q u e n c h e d  in w a t e r  t h e y  
con ta ined  glass  and  BaMgP2Or,  i n d i c a t i n g  t ha t  t h e  
900~ e n d o t h e r m  was  due  to i n c o n g r u e n t  me l t ing .  
A t  l l 0 0 ~  the  compos i t i on  m e l t e d  and  could  be  
q u e n c h e d  in w a t e r  to a glass.  
~, form.--This c o m p o u n d  has  a compos i t i on  w h i c h  
l ies  b e t w e e n  the  o r t h o -  and  p y r o p h o s p h a t e .  C o m -  
p o u n d s  of s im i l a r  s t r u c t u r e  and  compos i t ion  h a v e  
been  f o u n d  in t he  SrO-A1203-P205 and  BaO-A1203-  
P205 sys tems .  The  ~, fo rms  b e h a v e  as a t e r n a r y  c o m -  
pound ,  b u t  t h e  p o s s i b i l i t y  t ha t  t h e y  a re  s t ab i l i zed  
h i g h - t e m p e r a t u r e  fo rms  of a b i n a r y  c o m p o u n d  has  
no t  been  e l i m i n a t e d .  A D T A  showed  no h e a t  effects 
b e l o w  the  m e l t i n g  po in t  of a b o u t  1250~ A c o m p o s i -  
t ion  of 10 mo le  % MgO, 27 mo le  % P205, and  63 
m o l e  % BaO is c lose to a p u r e  phase  of th is  m a t e r i a l  
and  was  used  to r e c o r d  the  x - r a y  d i f f rac t ion  p a t t e r n  
and  to e x a m i n e  the  f luorescence.  S a m p l e s  of th i s  
compos i t ion  w e r e  m e l t e d  and  r ec ry s t a l l i z ed .  Mic ro -  
scopic e x a m i n a t i o n  showed  u n i f o r m l y  s ized c r y s t a l s  
w i t h  m o d e r a t e  b i r e f r i n g e n c e  and  an  i n d e x  of r e f r a c -  

t ion  of abou t  ~? = 1.644. V e r y  l i t t l e  e x t r a n e o u s  m a t e -  
r i a l  was  found.  
BaMgP2OT.- -This  c o m p o u n d  is s i m i l a r  to Mg2P2OT, 
and  i ts  d e t e r m i n a t i o n  as a s e p a r a t e  c o m p o u n d  is 
c o m p l i c a t e d  b y  t h e  s i m i l a r i t y  of p a t t e r n s  a n d  also b y  
the  t e n a c i t y  w i t h  w h i c h  Ba2P2Or r e m a i n s  at  th is  
compos i t ion .  The  bes t  m e a n s  of i d e n t i f y i n g  c o m p o s i -  
t ions  a long  t h e  BaMgP2OT-Mg2P207 jo in  as  m i x t u r e s  
of the  two  end  m e m b e r s  is b y  u t i l i z ing  the  i n v e r s i o n  
of Mg2P207 at  68~ X - r a y  d i f f rac t ion  p a t t e r n s  r u n  
on s a mp le s  w h i c h  a re  a b o v e  68~ show t h e  h igh  
f o r m  of Mg2P2OT, w h i c h  g ives  a p a t t e r n  w h i c h  can  
be  d i s t i n g u i s h e d  f r o m  t h a t  of BaMgP2OT. The  t e r -  
n a r y  c o m p o u n d  con ta ins  no i nve r s ions  and  m e l t s  
abou t  1050~ 

Two a reas  in w h i c h  glass  f o r m e d  r e a d i l y  a r e  
shown.  The  m e t a p h o s p h a t e  " j o in"  cou ld  no t  be  def i -  
n i t e l y  e s t a b l i s h e d  be c a use  s a m p l e s  in th i s  a r e a  
f o r m e d  c rys t a l s  p lus  glass  t h a t  d i d  no t  r e c r y s t a l l i z e  
w h e n  f ired as l ow as 400~ The  glass a r e a  b e t w e e n  
the  p y r o -  and  m e t a p h o s p h a t e  jo ins  was  e x p l o r e d  
m o r e  t h o r o u g h l y  for  f luorescence  and  wi l l  be  d i s -  
cussed  in  t ha t  sec t ion  of th is  r epo r t .  

B a O - Z n O - P 2 0 5  system.--This s y s t e m  is s im i l a r  to 
B a O - M g O - P 2 0 5  in some r e spec t s  a n d  con ta ins  t he  
c o m p o u n d s  BaZn2 (PO4)3, Ba2Zn(PO4)2,  BaZnP2OT, 
a n d  the  ~ form.  The  c o m p a t i b i l i t y  d i a g r a m  is s h o w n  
in Fig.  2. 
B a Z n 2 ( P O 4 ) 2 . - - T h i s  c o m p o u n d  showed  on ly  a s m a l l  
r e v e r s i b l e  e n d o t h e r m i c  r e a c t i o n  at  550~ on h e a t i n g  
in t he  D T A  a p p a r a t u s ,  w h i c h  m a y  have  b e e n  d u e  
to a sma l l  a m o u n t  of e x t r a n e o u s  m a t e r i a l ,  s ince  no 
o t h e r  ev idence  could  be  f o u n d  to e x p l a i n  it. H i g h -  
t e m p e r a t u r e  x - r a y  p a t t e r n s  s h o w e d  a s l igh t  sh i f t  
in  d spac ings  b e t w e e n  25 ~ a n d  400~ b u t  l i t t l e  
change  at  500 ~ and  600~ L i n e  in t ens i t i e s  d id  no t  
change  on p a t t e r n s  run  on a s cann ing  speed  of 2 ~ 
28/min .  
B a 2 Z n ( P O 4 ) 2 . - - T h i s  dif fers  c o n s i d e r a b l y  f r o m  the  
c o r r e s p o n d i n g  Mg compound .  The  D T A  c u r v e  shows  
a s t rong  e n d o t h e r m i c  r e a c t i o n  at  970~ a s m a l l e r  
e n d o t h e r m  at  1170~ and  m e l t i n g  at  1225~ The  
two  e n d o t h e r m i c  r eac t ions  a r e  s l ugg i sh ly  r e v e r s i b l e .  
The  compos i t ion  has  a l o w e r  l imi t  of s t a b i l i t y  a t  
abou t  970~ b e l o w  w h i c h  Baz(PO4)2 and  
BaZn2(PO4)2 a re  in  e q u i l i b r i u m .  X - r a y  d i f f r ac t ion  
p a t t e r n s  w e r e  run  at  1000~ to ob t a in  a p a t t e r n  of 
p u r e  fl Ba2Zn (PO4)3. A second  c r y s t a l l o g r a p h i c  f o r m  
ex is t s  above  1170~ To o b t a i n  th is  fo rm,  s a m p l e s  of 
the  compos i t i on  Ba2Zn(PO4)2 w e r e  m e l t e d  and  
q u e n c h e d  in w a t e r .  These  showed  the  n e w  p a t t e r n  

PzOs 
A -  

A ~ form / ~ D BaZnPz07 
B B~,Z.(P04)2 / \ Ee,~regJons 
C BaZnz(P04)/ . 

B , ( ~ ) , / ~ _ ~ - - -  =- \z.CPO.), 

Ba~p~07 v Z.z r,, 7 

BaOZ ~ Z n O  

Fig. 2. Compatibility relationships in BaO-ZnO-P205 system 
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of the h i g h - t e m p e r a t u r e  fo rm ~ Ba2Zn (PO4)~, which  
i n v e r t e d  to the  fl f o rm on r ehea t i ng  be low 1170 ~ b u t  
above 970~ The ~ fo rm could no t  be  ob ta ined  in  
pu re  fo rm in  an  air  quench.  
The ~, form.--This  has a p p r o x i m a t e l y  the same mole  
ra t io  as the  cor responding  Mg compound.  The  D TA  
curve  shows no reac t ion  below the  me l t i ng  point .  
The x - r a y  pa t t e rn s  of the 3' forms in  the  two sys tems 
are a lmost  ident ical .  The  sl ight  difference in  the  
n u m b e r  of l ines  p re sen t  in  the  x - r a y  pa t t e rn s  as 
shown in  the  a p p e n d i x  m a y  be due to some con-  
t a m i n a t i o n  w i t h  ex t r aneous  phases  or to differences 
in  the degree  of c rys ta l l in i ty .  
BaZnP2OT.--This  c o m p o u n d  mel t s  to a glass at  abou t  
975~ and  shows no heat  effects on the  DTA curve.  

F luorescence  

The t e r n a r y  compounds  were  e x a m i n e d  for fluo- 
rescence by  p r e p a r i n g  severa l  composi t ions  posi-  
t ioned  n e a r  the apexes of the  compa t ib i l i t y  t r i ang les  
tha t  inc lude  the  c o m p o u n d  be ing  examined .  The ~, 
forms were  p repa red  as pure  as possible. The com-  
posi t ions were  mixed  by  ba l l  mi l l ing  and  fired at 
least  16 h r  or un t i l  x - r a y  or microscopic e x a m i n a t i o n  
showed t h e m  to con ta in  u n i f o r m  and  w e l l - r e a c t e d  
crystals.  These  were  t h e n  ba l l  mil led.  Ac t iva to r s  
were  added to the fired m a t r i x  in  a m o u n t s  on the  
order  of 0.05 mole  ac t iva tor  per  mole  of mat r ix .  The 
ac t iva tors  were  u sua l l y  added  f rom solut ions  con-  
t a i n ing  the  ac t iva tor  in  the des i red amount .  The 
s lu r ry  was  dried,  g round,  and  fired for 1 to 2 hr. 

Whi le  a n u m b e r  of the  mat r ices  gave weak  fluo- 
rescent  response  wi th  var ious  act ivators ,  those de-  
scr ibed here  were  found  to have  a l u m i n e s c e n t  r e -  
sponse sufficiently s t rong to w a r r a n t  m a k i n g  emis -  
sion and  b r igh tness  measu remen t s .  Var ia t ions  in  ac-  
t iva to r  concen t r a t i on  composi t ion  and  o ther  p a r a m -  
eters  were  made  un t i l  no fu r t he r  m a j o r  i m p r o v e m e n t  
in  b r igh tness  was obta ined.  Emiss ion  m e a s u r e m e n t s  
were  t h e n  made  on the  sample.  Emiss ion  curves  for 
these phosphors  are  shown  in  Fig. 3, 4, and  5. In  the 
phosphors  shown in  these  figures, no change  in  emis -  
sion color was  detected w i th  va r i a t ions  in  ac t iva tor  
concen t ra t ion .  

BaMg2(PO4)2 :Mn . - -Th i s  phosphor  is respons ive  
only  to cathode ray  exci ta t ion,  e m i t t i n g  in  the  deep 
red. The  peak  w a v e l e n g t h  is at 6800A, w i th  a ha l f -  
w id th  of abou t  1000A. Br igh tness  was  m e a s u r e d  to 
be 2.1 f t - L  at 1.0 ~ a / c m  2. The best  b r igh tness  was  
ob ta ined  wi th  a s l ight  excess of P205 and  0.03 moles  

l OQ ~ f L 
6000 ~'~ 

wave~n~ (~ 
Fig. 3. Spectral distribution curves:- .  , BaMg2(PO4)2:Sn; 

, BaMg2(PO4)2:Mn; cathode ray excitation. 

5ooo 62o0 540o 5600 580O bO00 
WAVELENGTH, A ~ 

Fig. 4. Spectral distribution curve: Ba2Mg(PO4)2:U; 2537,~ exci- 
ration. 

i ~  r - - ,  N 

// 

o 

Wavelength (A) 

Fig..5. Spectral distribution curves: - , BoMg Phosphate:Sn 
glass; - -  - -  - -  ~ BaMg Phosphate:Pb. 

Mn per  mole  or thophosphate .  Br igh tness  change  
wi th  Mn is slight.  F i r ings  were  made  at 1075~ for 
4 hr. 

BaMg2 (PO4) 2: S n . - - T h e  same composi t ion  wi th  Sn  
ac t iva t ion  has a b road  g r e e n i s h - w h i t e  emiss ion  u n -  
der  cathode ray  exci ta t ion.  The  peak  is at 5250A 
wi th  a h a l f - w i d t h  of 1450A. Br igh tness  was meas -  
u red  at 7.0 f t -L  at 1.0 # a / c m  2. The phosphor  was  
fired in  an  a tmosphere  of 0.5% H2 in  N2 to incor -  
pora te  the  ac t iva tor  as Sn  +2. 

BaeMg (PO4) 2: U . - - T h i s  phosphor  responds  to bo th  
2537 and  3650A exc i ta t ion  w i th  about  equa l  i n t e n -  
sity. The  m a x i m u m  br igh tness  was ob ta ined  wi th  
composi t ions  con ta in ing  up  to 20 mole % Zn  sub-  
s t i tu ted  for Mg. Subs t i t u t i ons  of Ca or Sr for Ba 
decreased the  br ightness .  The spectra l  d i s t r ibu t ion ,  
which  is shown in  Fig. 4, did no t  change  in  l ine  
pos i t ion  w i th  Zn,  Ca, or Sr subs t i t u t i on  and  is s imi-  
lar  to those found  for U ac t iva t ion  in  m a n y  phos-  
pha te  matr ices .  On ly  composi t ions  c o n t a i n i n g  a 
s l ight  excess of P205 fluoresced wi th  U act ivat ion.  
The o p t i m u m  U con ten t  was  0.004 moles  U pe r  mole 
or thophosphate ,  added  f rom a solut ion of u r a n i u m  
acetate  in  me thano l .  Lower  U con ten t  gave  sharp ly  
reduced  br ightness ,  whi le  h igher  conten ts  improved  
the  b r igh tness  on ly  s l ight ly  bu t  caused cons iderab le  
s in te r ing .  

M a x i m u m  br igh tness  ob ta ined  was  55% of zinc 
s i l i ca te :Mn,  w i th  86% absorp t ion  of 2537A rad i a -  
t ion. The phosphor  is d a m a g e d  by  mi l l ing ,  losing 
about  50% of its b r igh tness  wi th  8 hr  mi l l ing .  This  

: loss is pa r t i a l l y  res tored  by  re t i r ing  a nd  is p r o b a b l y  
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Table I. Data obtained from 40w lamps 

0 hr 100 hr 500 hr 

Lumens 1018 905 785 
Lpw 25.0 22.3 19.3 
Color, x / y  0.272/0.509 0.269/0.498 0.269/0.479 

highly dependent  on par t ic le  size. A phosphor  con- 
ta in ing  the pa r t i a l  Zn subst i tut ion was mi l led  in a 
suspending medium for 3 hr, and suspension was 
used to coat f luorescent ]amp bulbs. Br ightness  of 
the phosphor  was 37% of zinc s i l i ca te :Mn af ter  
mil l ing and 26% as br ight  af ter  being removed  from 
a lamp tha t  had not been burned.  Data  obtained f rom 
40w lamps  are shown in Table  I. 

Fluorescence in the ~, Forms 

These forms gave fluorescence with  severa l  differ-  
ent act ivators.  With  Sn +2, the ~, BaZn phosphate  
containing form responds to 2537A excitat ion,  emi t -  
t ing a broad  band peaking  at 5400A. Incorpora t ion  
of Sn +2 in a mi ld ly  reducing a tmosphere  resul ted  in 
the format ion  of some Ba2PeO7 by par t i a l  decom- 
posit ion of the ~ form. This gave some mixed fluores- 
cence so tha t  an exact  measure  of the emission f rom 
the ~, form could not be obtained.  With  U activat ion,  
the same form responds to both 2537 and 3650A ex-  
citation. The emission lies in bands  f rom 5100 to 
5500A, but  has poor brightness.  

Both the Zn and Mg ~, forms respond to Pb ac t iva-  
tion. These phosphors emit  in the u l t rav io le t  under  
2537A exci ta t ion  and are s imi lar  in spectra l  d i s t r ibu-  
tion. The spectra l  d is t r ibut ion  curve of ~, BaMg 
phospha t e :Pb  was measured  using a gra t ing  mono-  
chrometer  wi th  a IP28 photomul t ip l ie r  as detector,  
ca l ibra ted  wi th  a s t andard  tungs ten  lamp above 
3600A. The emission of this phosphor  is shown in 
Fig. 5. The peak  is at  3600A wi th  a ha l f -w id th  of 
950A. It  has no emission beyond 5000A and very  
l i t t le  past  4400A. Emission intensi ty  was compared  
with  a Pb -ac t i va t ed  ba r ium sil icate phosphor and 
found to be only 7% at 3600A. 

Other Phosphors 

The crys ta l l ine  phosphors  descr ibed above were  
the br ightes t  found in examining  these systems, but  
they do not represent  the only fluorescence observed.  
A number  of other phosphors were  found on which 
only visual  evaluat ions  were  made because of thei r  
low intensi ty.  For  instance, Mn gave luminescence 
under  cathode ray  exci ta t ion in all  the compounds. 
The emission color ranged f rom a deep red in the 
or thophosphates  to an orange color in the pyrophos-  
phates  and Ba2MgP4013. Under  2537A excitat ion,  Pb 
act ivat ion gave a deep b lue  color in the py rophos -  
phates but  not in the orthophosphates.  Incorpora t ion  
of Sn +2 gave blue fluorescence under  cathode r ay  
exci ta t ion in most of the compounds, but  had 2537A 
response only in the Zn-conta in ing  compounds. With  
rare  ear ths  as act ivators,  the Zn-conta in ing  com- 
pounds were  genera l ly  poor, but  the Mg-conta in ing  
compounds responded wi th  the typical  emission 
color, such as salmon wi th  Sm, red  wi th  Eu, ye l low-  
whi te  wi th  Dy. A p p r o x i m a t e l y  twen ty  possible ac-  

D e c e m b e r  1963 

t iva tors  were  examined  in each of the compounds 
found in these systems. 

Pyro-me~a regio~.--Ropp's  paper  (4) on Sn -ac t i -  
va ted  magnes ium ba r ium pyrophospha te  phosphor  is 
the only work  repor ted  tha t  covers these systems in 
any detail .  Ropp repor ted  finding severa l  different  
Sn-ac t iva ted  phosphors along the Ba2P2OT:Mg2P207 
join which were  responsive to 2537A excitat ion.  On 
the high Ba side, he l is ted a Ba2P2OT: Sn, prev ious ly  
repor ted  by McKeag and S teward  (5) as a red 
phosphor.  With  the Mg2PeO7 content  be tween  20 and 
80 mole % and firing t empera tu re s  below 1010~ 
he repor ted  a b lue -g reen  phosphor.  At  Mg2PeO7 con- 
tents  above 80%, he found a phosphor which emits 
at  3970A. Inves t iga t ion  in this l abo ra to ry  of 
BaMgP20~ and of the area  along the  join be tween  
BaMgP207 and Mg2P207 wi th  Sn +2 act ivat ion gave 
no fluorescent response under  2537A excitat ion.  The 
difference is p robab ly  a t t r ibu tab le  to the degree  of 
equi l ibr ium at tained.  Ropp requ i red  precise  control  
over flux content,  firing times, and t empera tu re s  to 
obtain m a x i m u m  brightness,  but  did not obtain an 
equi l ib r ium condition. In the examina t ion  of the 
pyrophospha te  join wi th  Sn +2 act ivat ion,  an equi l ib-  
r ium condit ion was obtained in the ma t r i x  alone, 
before addi t ion of the  ac t iva tor  and firing in reduc-  
ing atmosphere.  

Examinat ion  of the area  be tween  the p y r o -  and 
metaphospha te  joins showed that  compositions in 
this  region form stable glasses which can be ac-  
t iva ted  by Sn and emit  in the near  u l t raviole t .  I t  is 
possible that  a mix tu re  of BaMgP20~ and the fluo- 
rescent  glass would form metas t ab ly  under  the fir- 
ing conditions given by  Ropp. Such a mix tu re  would 
give only the  pyrophospha te  x - r a y  diffraction pa t -  
tern  since the  glass would not contribute.  

The fluorescent glass was p repa red  wi th  the fired 
composit ion 45 par t s  P205, 50 par t s  MgO, and 5 par t s  
BaO, which is m i d w a y  be tween  the py ro -  and meta -  
phosphates  as shown in Fig. 1. Composit ions h igher  
in pyrophospha te  did not remain  a pure  glass when 
cooled but  contained some crys ta l l ine  mater ia l ,  
MgBaP20~. Compositions h igher  in P20~ had a 
higher  mel t ing point, so tha t  the composition used 
for the glass is close to a eutectic composition. This 
composit ion was mi l led  wi th  SnO and fired at  500~ 
to decompose the d iammonium phosphate,  mi l led  
with  5 wt  % NH4C1 and mel ted  at 1250~ in a 
kyan i t e  crucible. NH4C1 is essential  for good b r igh t -  
ness, but  does not affect the mel t ing point  appre -  
ciably. Samples  mel ted  wi thout  NH4C1 had the same 
emission, but  were  only about  30% as br igh t  as 
those containing chloride. The glass was mel ted  in 
air  wi th  no reducing a tmosphere  other than  tha t  
suppl ied by the decomposi t ion of NH4C1. The addi -  
t ion of a mix tu re  of forming gas and ni t rogen over  
the mel t  did not improve  the br ightness  or change 
the spectral  dis tr ibut ion.  Retir ing the glass in air  or 
in reducing a tmosphere  below the mel t ing point  r e -  
sulted in recrys ta l l iza t ion  and loss of most of the 
brightness.  

The spectral  d is t r ibut ion  of a glass is shown in 
Fig. 5. Spect ra l  emission curves made  on a number  
of different samples containing glass plus crysta ls  
indicate  tha t  two emission bands  m a y  be present  
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i n  c o m p o s i t i o n s  s u r r o u n d i n g  t h e  g l a s s  a r e a ,  o n e  
a b o u t  4 8 0 0 A  a n d  a n o t h e r  c l o s e r  to  4 0 0 0 A .  B o t h  a r e  
b r o a d  b a n d s .  S p e c t r a l  d i s t r i b u t i o n  c u r v e s  of  t h e  
p u r e  g l a s s  w e r e  r u n  o n  d u p l i c a t e  s a m p l e s  w i t h o u t  
c h a n g e  i n  d i s t r i b u t i o n  o r  e v i d e n c e  of  t w o  e m i s s i o n  
b a n d s .  
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Ba2Zn (POd) 2 
a fo rm,  q u e n c h e d  

d Us 

4.50 33 
4.41 22 
4.06 11 
3.83 16 
3.40 56 
3.19 100 
2.82 42 
2.63 93 
2.39 11 
2.37 7 
2.19 27 

BaZn2 (POD 2 
d z/z 
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2.30 8 
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2.OO 8 
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fl fo rm,  a t  1000~ 

d z/ f  
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3.22 46 
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3.98 8 
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A P P E N D I X  

Ba (PO~) e 7 B a Z n  P h o s p h a t e  
d I / I  d I / I  

4.27 2-4 4.37 17 
4.19 100 4.29 23 
3.98 55 4.21 11 
3.80 20 3.79 19 
3.41 34 3.70 17 
3.35 100 3.32 69 
3.17 25 3.24 99 
3.06 20 3.18 60 
2.97 41 3.12 100 
2.72 30 2.96 27 
2.61 30 2.83 21 
2.57 22 2.42 7 
2.52 25 2.34 9 
2.36 20 2.27 17 
2.26 28 2.25 19 
2.23 26 2.18 21 

2.14 13 
2.12 17 

B a M g  P h o s p h a t e  
d f/f 2.08 31 

- -  2.05 23 
4.37 12 
4.29 20 
4.19 12 
3.80 15 
3.71 16 
3.60 6 Ba2Mg (POD 
3.48 8 a z/z 
3.32 78 �9 - -  
3.24 100 4.50 25 
3.18 68 4.37 23 
3.12 96 4.23 8 
2.96 21 4.02 17 
2.93 12 3.46 73 
2.84 29 3.40 44 
2.79 20 3.30 17 
2.66 8 3.11 100 
2.62 8 3.02 19 
2.32 9 2.97 21 
2.27 15 2.88 9 
2.25 12 2.75 31 
2.22 11 2.64 37 
2.20 6 2.53 25 
2.18 23 2.17 17 
2.14 15 2.09 17 
2.12 14 2.04 17 
2.09 33 2.01 12 
2.05 24 1.97 40 
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BaMg~ (POD 2 
A t  r o o m  t e m p e r a t u r e  
d I/Z 

4.00 52 
3.93 69 
3.86 lO0 
3.09 33 
3.06 27 
3.00 39 
2.98 56 
2.95 i0 
2.72 13 
2.63 4 
2.57 50 
2.35 14 
2.29 I0 
2.24 21 
2.17 i0 
2.15 14 
2.13 21 

A t  900~ 
d UI 

8.19 34 
3.95 100 
3.04 73 
2.73 8 
2.61 43 
2.49 8 
2.34 20 
2.26 10 
2.18 16 
2.04 3 
1.98 5 

BaZnP~O7 
d I/I 

7.31 7 
5.71 9 
5.27 5 
4.62 10 
4.41 15 
4.19 5 
4.07 5 
3.86 20 
3.63 20 
3.55 55 
3.34 18 
3.10 28 
3.00 70 
2.95 78 
2.90 5 
2.86 20 
2.70 14 
2.64 33 
2.56 8 
2.55 8 
2.50 17 
2.42 20 
2.38 5 
2.31 4 
2.23 5 
2.20 15 
2.18 10 

BaMgP207 
d I/I 

7.O7 14 
6.32 35 
5.O7 22 
4.05 16 
3.75 13 
3.69 15 
3.53 8 
3.37 69 
3.30 14 
3.24 5 
3.14 16 
3.08 30 
2.99 40 
2.96 45 
2.79 14 
2.74 32 
2.63 22 
2.60 8 
2.57 8 
2.27 17 
2.13 16 
2.04 20 
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ABSTRACT 

Chemical  analyses  and x - r a y  powder  photographs  have shown that  the rmal  
t r ea tmen t  of hexagonal  ZnS:Cu,C1 phosphors  in a tmospheres  of H2S and of 
He containing ZnC12 resul ts  in s t ruc tura l  t ransformat ions  and solubi l i ty  
changes of ac t iva tor  and co-act ivator .  The t empe ra tu r e  at which these changes 
occur depends  on the copper  concentrat ion.  Our  resul ts  demons t ra te  the  role 
of a separa te  phase of copper sulfide in promot ing  the growth  of cubic zinc 
sulfide and thus effecting the hexagona l - to -cub ic  t ransformat ion.  

The  two  c r y s t a l l i n e  modi f ica t ions  of zinc sulf ide 
a r e  w e l l  known .  The  h i g h - t e m p e r a t u r e  h e x a g o n a l  
and  the  l o w - t e m p e r a t u r e  cubic  fo rms  e x h i b i t  a r e -  
c o n s t r u c t i v e  t r a n s f o r m a t i o n  at  a t r a n s i t i o n  t e m p e r a -  
t u r e  of a p p r o x i m a t e l y  1020~ In  t hese  s tudies ,  p r e -  
v i o u s l y  c r y s t a l l i z e d  h e x a g o n a l  ZnS:  Cu,C1 p h o s p h o r s  
(ZnS  p h o s p h o r s  w i t h  Cu a c t i v a t o r  and  C1 c o - a c t i v a -  

to r )  w e r e  t h e r m a l l y  t r e a t e d  in e i t h e r  H2S a t m o s -  
p h e r e s  or  m i x e d  a t m o s p h e r e s  of He a n d  ZnC12, w i t h  
or  w i t h o u t  a d d i t i o n a l  a c t i v a t o r  p r e sen t ,  and  the  r e -  
su l t ing  s t r u c t u r a l  and  c h e m i c a l  changes  w e r e  d e t e r -  
m i n e d  b y  x - r a y  d i f f r ac t ion  and  c h e m i c a l  ana lyses .  
The  r e su l t s  of these  e x p e r i m e n t s  d e m o n s t r a t e  t h e  
ro le  of a s e p a r a t e  p h a s e  of coppe r  sulf ide in  p r o m o t -  
ing  the  g r o w t h  of cubic  zinc sulf ide and  thus  effect ing 
the  h e x a g o n a l - t o - c u b i c  t r a n s f o r m a t i o n .  

E a r l i e r  s tud ies  h a v e  been  m a d e  of the  inf luence  
of fo re ign  a toms  and  the  r eg ions  of  s t a b i l i t y  of w u r t -  
zi te  and  spha le r i t e .  W o r k  in th is  a r e a  has  i n c l u d e d  
t ha t  of S k i n n e r  and  B a r t o n  (1)  on  the  effect  of 
o x y g e n  on i nc rea s ing  the  s t a b i l i t y  of w u r t z i t e  b e l o w  
the  t r a n s i t i o n  t e m p e r a t u r e .  A v e n  a n d  P a r o d i  (2)  
have  d i scussed  the  ro le  of coppe r  a n d  s i lve r  in  e f -  
f ec t ing  the  h e x a g o n a l - t o - c u b i c  t r a n s f o r m a t i o n  d u r -  
ing the  c r y s t a l l i z a t i o n  of ZnS  p h o s p h o r s  in H2S. 

A l l  of these  s tud ies  have  dea l t  w i t h  t r a n s i t i o n s  e n -  
c o u n t e r e d  d u r i n g  the  c r y s t a l l i z a t i o n  of ZnS.  I t  is 
we l l  k n o w n  tha t  h e x a g o n a l  Z n S  can  pe r s i s t  in t he  
r eg ion  of cub ic  s t ab i l i t y .  S tud i e s  h a v e  been  p u b l i s h e d  
on the  effect of g r i n d i n g  in c aus ing  the  h e x a g o n a l  
f o rm  to c o n v e r t  to the  cubic.  L i t t l e  w o r k  has  been  
done  on d e t e r m i n i n g  c h e m i c a l  f ac to rs  t ha t  in f luence  
the  t r a n s f o r m a t i o n .  O u r  r e s e a r c h  has  p l a c e d  e m -  
phas i s  on the  inf luence  of copper  on the  t r a n s f o r m a -  
t ion of p r e v i o u s l y  c r y s t a l l i z e d  h e x a g o n a l  p h o s p h o r s  
s u b s e q u e n t l y  f ired in  t he  r a n g e  of  cubic  s t ab i l i t y .  

Experimental Results 
Thermal treatment  of ZnS:  Cu,C1 in H 2 S . - - A  f a m -  

i l y  of h e x a g o n a l  ZnS :  Cu,C1 p h o s p h o r s  was  p r e p a r e d  
w i t h  a c t i v a t o r  concen t r a t i ons  r a n g i n g  f rom 0.1-1.75 
x 10-~g at  C u / m o l e  ZnS.  These  w e r e  c r y s t a l l i z e d  a t  
l l 0 0 ~  in a i r  for  s e v e r a l  hou r s  w i t h  9 w t  % c h l o r -  
ide  flux. The  p h o s p h o r s  w e r e  t h e n  w a s h e d  w i t h  a 
hot  p o t a s s i u m  c y a n i d e  so lu t ion  to r e m o v e  a n y  u n i n -  

c o r p o r a t e d  coppe r  and  a n a l y z e d  for  coppe r  a n d  
ch lor ide .  A s  p r e v i o u s l y  r e p o r t e d  (3 ) ,  t he  p h o t o -  
l umine sc e nc e  of t he se  m a t e r i a l s  is g r e e n  w i t h  long 
d e c a y  in the  r eg ion  of 0.1-0.4 x 10-~g at  Cu and  
b l u e - g r e e n  and  b lue  w i t h  sho r t  d e c a y  a t  h i g h e r  
a c t i v a t o r  concen t ra t ions .  

S a m p l e s  of these  p h o s p h o r s  w e r e  t hen  t h e r m a l l y  
t r e a t e d  in a s t r e a m  of H2S for  1 hr  ove r  a r a n g e  of  
t e m p e r a t u r e s .  I t  was  f o u n d  t ha t  t r a n s f o r m a t i o n  to 
the  cubic  fo rm can  occur,  t he  t r a n s f o r m a t i o n  be ing  
a c c o m p a n i e d  b y  a loss of a c t i v a t o r  and  c o - a c t i v a t o r .  
F i g u r e  1 shows  the  coppe r  concen t r a t i ons  of t he  
p h o s p h o r s  s t u d i e d  p lo t t e d  a long  the  absc issa ,  w i t h  
the  concen t r a t i ons  e x p r e s s e d  in g at. C u / m o l e  ZnS  
r e t a ined .  S e v e n  p r i n c i p a l  f ami l i e s  of p h o s p h o r s  w e r e  
s t u d i e d  con ta in ing  0.1 to 1.75 x 10-~g a t  C u / m o l e .  
A l o n g  the  o r d i n a t e  is p l o t t e d  the  t e m p e r a t u r e  of t he  
H~S t r e a t m e n t  g iven  the  samples .  F o r  a n y  one  f a m i l y  
of phosphors ,  for  i n s t ance  the  one con ta in ing  0.75 x 
10-3g a t  C u / m o l e ,  t h e r e  ex i s t s  a c r i t i ca l  t e m p e r a t u r e  
(Tc), in th is  case 800~ a b o v e  w h i c h  t r a n s f o r m a t i o n  
to the  cubic  s t r u c t u r e  wi l l  occur.  The  f a m i l y  of p h o s -  
pho r s  con ta in ing  1.6 x 10-3g at  C u / m o l e  wi l l  t r a n s -  
f o rm  at  700~ The  sol id  l ine  ind ica t e s  t he  a p p r o x i -  
m a t e  r e l a t i o n s h i p  b e t w e e n  Tc a n d  copper  c o n c e n t r a -  

TRANSITIONS OF HF'X. ZnS,Cu,CI  IN H2S 
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Fig. 1. Transitions of hexagonal ZnS:Cu,CI in H2S. @, Trans- 
forms; 0, remains hexagonal. 

1228 



Vol.  110, No. 12 I N F L U E N C E  O F  C u  O N  

2.0  

ul 
c 
N 

"-  1.0 

0 .5  

INITIAL CI CONC. ~ - ~  
\ 
\ 

\ O CI 
\ o Cu 

\ 
\ 
\ 

~c~ IN IT IAL  Cu CONC. 

- \ \ \ \ \ \  

0 I I I I I I 
700  750  800  8 5 0  9 0 0  950 I 000  1050 

TEMP.,oc 

Fig. 2. Copper and chloride retention as a function of temperature 

tion. In  addi t ion,  chemical  ana lyses  show tha t  those 
phosphors  t r ea ted  above  Tc lose cons iderab le  copper  
and  chlor ide as shown in  Fig. 2. I t  is be l i eved  tha t  
the H2S serves to r emove  the copper  and  chlor ide  
as copper sulfide and  HC1. 

Those samples  t r ea ted  at t e m p e r a t u r e s  be low the 
Tc cor responding  to the i r  copper concen t ra t ions  do 
not  t r a n s f o r m  and  show no change  in  ac t iva tor  or 
co -ac t iva to r  content .  It  can  be seen in  Fig. 1 t ha t  an  
inve r se  re la t ionsh ip  exists  b e t w e e n  copper concen-  
t r a t ion  and  t e m p e r a t u r e  of t r a n s f o r m a t i o n  in  the 
region  0.75-1.75 x 10-3g at Cu /mole .  The  two f a mi -  
lies of phosphors  whose  Cu con ten t  is be low 0.75 x 
10-~g at C u / m o l e  do not  show t r a n s f o r m a t i o n  or loss 
of copper  w h e n  fired at t e m p e r a t u r e s  as h igh as 
1000~ F u r t h e r ,  it  has been  found  tha t  the  photo-  
l uminescence  of the phosphors  t r ea ted  above the i r  
respect ive  Tc is deep b lue  wi th  shor t  decay, whi le  
tha t  of the phosphors  t r ea ted  be low Tc is g reen  w i th  
long decay, regardless  of in i t i a l  or final ac t iva tor  
concen t ra t ion .  

To s t udy  f u r t h e r  the  role of Cu in  in f luenc ing  the  
phase t r ans fo rma t ion ,  an  e x p e r i m e n t  was  conduc ted  
wi th  a separa te  phase of copper  sulfide added to two 
of the phosphors  p r epa red  for the prev ious  exper i -  
ment .  10 x 10-3g at. C u / m o l e  were  added as CuS to 
hexagona l  ZnS:  Cu,C1 phosphors  con ta in ing  0.75 and  
1 .6x  10-~g at C u / m o l e  and  these samples  were  
t rea ted  in  H2S as before.  In  this  expe r imen t ,  how-  
ever,  where  CuS was  added to the  phosphors  before  
re-f i r ing,  complete  t r a n s f o r m a t i o n  to the cubic  fo rm 
was observed at t e m p e r a t u r e s  as low as 600~ for 
these two Cu concent ra t ions .  This  is 100~ ~ lower  
t h a n  the  t e m p e r a t u r e  at  which  t r a n s f o r m a t i o n  wou ld  
occur had  no add i t iona l  Cu been  present .  In  addi t ion,  
the  fo rma t ion  of m ixed  cubic and  h e x a g o n a l  s t ruc -  
tures  was observed  af ter  t h e r m a l  t r e a t m e n t  a t  t e m -  
pe ra tu re s  as low at 350~ These samples,  w h e n  
ana lyzed  fo l lowing a cyan ide  wash,  showed no sig- 
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ni f icant  change  in  inco rpora ted  Cu and  chloride.  Also 
phosphors  con ta in ing  0.2 to 0.4 x 10-~g at C u / m o l e  
were  fired a t  900~ wi th  1 0 x  10-Sg at  C u / m o l e  
p re sen t  as CuS, a nd  t r a n s f o r m a t i o n  to the  cubic 
s t ruc tu re  was  observed.  I t  should  be no ted  t ha t  no 
t r a n s f o r m a t i o n  occurred w h e n  these phosphors  were  
t rea ted  at  1000~ w i t h  no CuS added. 

Thermal  t rea tment  of Z n S :  Cu,C1 in m i x e d  atmos-  
pheres of He and ZnC12.--The n e x t  s t udy  invo lved  
t h e r m a l  t r e a t m e n t  of a he xa gona l  ZnS:Cu,C1 phos-  
phor,  also wi th  CuS added  as a separa te  phase,  bu t  
this t ime  the  t r e a t m e n t  was  car r ied  out  in  an  a tmos-  
phere  tha t  f avored  inco rpo ra t ion  of the  act ivator .  
H e xa gona l  ZnS:Cu,C1 c o n t a i n i n g  1.1 x 10-~g at 
C u / m o l e  and  1.5 x 10-Sg at C1/mole ZnS  was  p re -  
pa red  at  1100~ by  the  same me thod  used for the  
o ther  phosphors.  Copper  was  added as CuS (10 x 
10-3g at  C u / m o l e )  a nd  the  phosphor  was  fired in  an  
a tmosphere  cons is t ing  of He at abou t  760 m m  pres -  
sure  and  ZnC12 a t  10 m m  pressure  in  the t e m p e r a t u r e  
r a nge  600~176 The  samples  were  t h e n  washed  
wi th  hot  K C N  solu t ion  and  ana lyzed  for copper  and  
chloride.  Tab le  I shows the  re la t ionsh ips  b e t w e e n  
ac t iva tor  and  co-ac t iva to r  concen t ra t ions  and  s t ruc-  
t u r e  of the  phosphors  fo l lowing this  t r e a t m e n t .  

At  700~ a sharp  increase  in  ac t iva tor  concen-  
t r a t ion  is seen, coincident wi th  the  h e x a g o n a l - t o -  
cubic phase t r ans fo rma t ion .  This  e x p e r i m e n t  f u r t h e r  
demons t r a t e s  the role of copper sulfide as a separa te  
phase  in  effecting the  h e x a g o n a l - t o - c u b i c  t r a n s f o r m -  
ation.  In  this  case, the  t r a n s f o r m a t i o n  occurs u n d e r  
a m b i e n t  condi t ions  f avor ing  incorpora t ion  of Cu 
(i.e., a ch lo r ide - r i ch  e n v i r o n m e n t )  as opposed to the  
HaS a tmosphe re  e xpe r i me n t s  which  lead to r emova l  
of copper  a nd  chloride.  

Discussion 

The above e x p e r i m e n t a l  resul t s  can be exp la ined  
by  pos tu l a t ing  tha t  a separa te  phase  of copper  sulfide 
serves as a n u c l e a t i n g  phase for the  g rowth  of cubic 
ZnS  and  thus  p romotes  the  h e x a g o n a l - t o - c u b i c  
t rans i t ion .  In  H2S wi th  no copper added, this  phase 
is fo rmed  as a resu l t  of the  r e mova l  of Cu f rom the  
la t t ice  as copper sulfide. The  ra te  of the  reac t ion  be -  
t w e e n  H2S and  the copper  and  chlor ide in  the phos-  
phor  which  forms the  copper sulfide is d e p e n d e n t  on 
the in i t i a l  concen t ra t ions  of Cu and  chlor ide  and  on 
the t empe ra tu r e .  At  Cu concen t r a t ions  less t h a n  
0.75 x 10-~g at., the  ra te  of this  r eac t ion  is too slow 
to fo rm the a m o u n t  of copper  sulfide necessa ry  for 
i n i t i a t i ng  the phase  t r ans fo rma t ion ,  and  no t r a n s -  
fo rma t ion  occurs. In  the e x p e r i m e n t  w he r e  CuS was  
added to the phosphors  pr ior  to the  H2S t r e a t m e n t ,  
t r a n s f o r m a t i o n  was observed  at m u c h  lower  t e m -  
pera tures .  

The  e x p e r i m e n t s  wi th  ZnC12-bear ing He also 
d e m o n s t r a t e  the  role of a separa te  phase  of copper  

Table I 

T e m p ,  C u ,  C l ,  
~  g a t . / m o l e  • 10 ~ g a t . / m o l e  x 103 S t r u c t u r e  

Ini t ia l  1.1 1.5 Hexagonal  
600 1.3 3.1 Hexagonal  
650 1.5 4.0 Cubic 
700 4.4 5.7 Hexagonal  
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sulf ide in i n i t i a t i ng  the  phase  t r a n s f o r m a t i o n .  H e r e  
t he  i n c o r p o r a t i o n  of coppe r  and  ch lo r ide  is f a v o r e d  
b y  c h a r g e  compensa t ion .  W h e n  the  t r a n s f o r m a t i o n  
occurs,  the  r a t e  of i n c o r p o r a t i o n  of coppe r  a n d  ch lo -  
r i de  in  t he  l a t t i ce  is f o u n d  to inc rease .  O t h e r  e x p e r i -  
m e n t s  us ing  c r y s t a l l i n e  p h o s p h o r s  w i t h  cubic  s t r u c -  
t u r e  i nd i ca t e  t h a t  t he  r e s u l t i n g  i n c r e a s e  in  a c t i v a t o r  
and  c o - a c t i v a t o r  c o n c e n t r a t i o n s  is no t  due  to a 
g r e a t e r  s o l u b i l i t y  of coppe r  and  ch lo r ide  in  t he  cubic  
s t ruc tu re .  I t  is, r a t h e r ,  due  to a n  i n c r e a s e d  r a t e  of 
d i f fus ion  d u r i n g  p h a s e  t r a n s f o r m a t i o n .  This  p h e n o m -  
enon,  in  w h i c h  the  r e a c t i v i t y  b e t w e e n  s e v e r a l  phases  
is i n c r e a s e d  w h e n  one  o r  m o r e  of t h e m  is u n d e r -  
going a p h a s e  t r a n s f o r m a t i o n ,  is c o m m o n l y  k n o w n  
as t he  H e d v a l l  effect. 

A v e n  a n d  P a r o d i  (2)  h a v e  d i scussed  t h e  ro le  of 
Cu in t r i g g e r i n g  the  h e x a g o n a l - t o - c u b i c  t r a n s f o r m a -  
t ion  d u r i n g  c r y s t a l l i z a t i o n  in  H2S of ZnS :Cu ,A1  
phosphor s .  T h e y  obse rve  the  f o r m a t i o n  of cubic  Z n S  
in p h o s p h o r s  t ha t  con ta in  Cu in a m o u n t s  t h a t  exceed  
its s o l u b i l i t y  in  t he  w u r t z i t e  l a t t i ce .  T h e y  b e l i e v e  
tha t ,  a f t e r  f ir ing,  coppe r  sulf ide p r e c i p i t a t e s  e x o -  
t h e r m i c a l l y  f r o m  so lu t ion  in h e x a g o n a l  Z n S  as  a 
r e su l t  of  a l o w e r  s o l u b i l i t y  a t  l o w e r  t e m p e r a t u r e s  
and,  in so doing,  supp l i e s  the  e n e r g y  n e c e s s a r y  for  
n u c l e a t i o n  of cubic  ZnS.  O u r  r e su l t s  i nd i ca t e  t h a t  
i t  is t h e  p h y s i c a l  p r e s e n c e  of coppe r  sulf ide as  a 
s e p a r a t e  phase ,  r a t h e r  t h a n  the  e n e r g y  r e l e a s e d  
d u r i n g  its f o rma t ion ,  t ha t  i n i t i a t e s  t he  o b s e r v e d  
t r a n s f o r m a t i o n s .  T h e r e  m a y  be  a r e l a t i o n  b e t w e e n  
the  c r y s t a l  s t r u c t u r e  of t he  coppe r  sulf ide f o r m e d  
a n d  its a b i l i t y  to p r o m o t e  t he  f o r m a t i o n  of cubic  ZnS.  
D j u r l e  (5)  has  i n d i c a t e d  t h e  compos i t i ona l  and  
s t r u c t u r a l  c o m p l e x i t y  of the  C u - S  sys tem.  H i g h -  
t e m p e r a t u r e  cubic  fo rms  of Cu2S and  Cu9S5 h a v e  
r e c e n t l y  been  r e p o r t e d  b y  K u l l e r u d  and  Y u n d  (6)  
and  M o r i m o t o  and  K u l l e r u d  (7) .  

These  e x p e r i m e n t s  have  s h o w n  the  ro le  t h a t  Cu 
p l a y s  in  effect ing the  t r a n s f o r m a t i o n  of h e x a g o n a l  
ZnS  to t he  cubic  form.  The  p r e s e n c e  of a s e p a r a t e  
p h a s e  of  coppe r  sulf ide se rves  to p r o m o t e  the  g r o w t h  
of cubic  ZnS  and  thus  causes  t he  t r a n s f o r m a t i o n .  
This  conve r s ion  is o b s e r v e d  u n d e r  a m b i e n t  cond i -  
t ions  f a v o r i n g  bo th  p r e c i p i t a t i o n  a n d  i n c o r p o r a t i o n  
of Cu. 

T h e r e  are,  of course,  o t h e r  fac to rs  in f luenc ing  the  
p h a s e  t r a n s f o r m a t i o n s  s tud ied .  As a r e su l t  of  t he se  
i nves t i ga t i ons ,  some o b s e r v a t i o n s  m i g h t  b e  m a d e  
on the  effects of s m a l l  a m o u n t s  of  o x y g e n  on the  
s t a b i l i t y  of h e x a g o n a l  ZnS.  S k i n n e r  a n d  B a r t o n  (1)  
have  found  t h a t  t he  p r e s e n c e  of o x y g e n  l eads  to t he  

m e t a s t a b l e  g r o w t h  of w u r t z i t e  in t he  s p h a l e r i t e  
s t a b i l i t y  field. W e  b e l i e v e  t h a t  o x y g e n  p r e s e n t  
in the  a m b i e n t  a n d / o r  in  the  p h o s p h o r  l a t t i ce  can  
s t ab i l i ze  the  h e x a g o n a l  s t ruc tu re .  The  in i t i a l  c r y s t a l -  
l i z a t i on  of our  p h o s p h o r s  was  c a r r i e d  out  in a i r  w i t h  
excess  Cu p r e s e n t  and  r e s u l t e d  in  the  h e x a g o n a l  
form.  W e r e  th is  syn thes i s  c a r r i e d  out  in  an  H2S a t -  
m o s p h e r e  as done  b y  A v e n  a n d  Pa rod i ,  cubic  Z n S  
w o u l d  form.  Thus  w e  can  see t he  effect of o x y g e n  on 
i n h i b i t i n g  the  t r a n s f o r m a t i o n  d u r i n g  c r y s t a l l i z a t i o n  
in air .  

To ci te  a n o t h e r  o b s e r v a t i o n  on the  i nh ib i t i ng  e f -  
fect  of oxyge n ,  a h e x a g o n a l  ZnS:Cu,C1 p h o s p h o r  
w i t h  a s e p a r a t e  p h a s e  of coppe r  sulf ide p r e s e n t  can  
be  g iven  a t h e r m a l  t r e a t m e n t  in  a i r  a t  t e m p e r a t u r e s  
b e l o w  1020~ and  show l i t t l e  or  no c onve r s ion  to 
t he  cubic  s t ruc tu re .  Yet  if  th is  t r e a t m e n t  w e r e  c a r -  
r i ed  ou t  in H2S or  ZnC12-bear ing  He,  t r a n s f o r m a t i o n  
w o u l d  t a k e  place.  

Summary 
O u r  e x p e r i m e n t s  h a v e  s h o w n  the  ro le  t ha t  coppe r  

p l a y s  in  effect ing the  t r a n s f o r m a t i o n  of  h e x a g o n a l  
to cubic  ZnS.  The  p r e s e n c e  of a s e p a r a t e  p h a s e  of 
coppe r  sulf ide se rves  to p r o m o t e  the  g r o w t h  of cubic  
Z n S  and  thus  causes  t r a n s f o r m a t i o n .  This  conve r s ion  
is o b s e r v e d  u n d e r  a m b i e n t  cond i t ions  f a v o r i n g  b o t h  
r e m o v a l  and  i n c o r p o r a t i o n  of  copper .  
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Erratum 

In  t h e  p a p e r  " O b s e r v a t i o n s  on the  F o r m a t i o n  of 
Color  Cen t e r s  in  C a l c i u m  H a l o p h o s p h a t e "  b y  E. F. 
A p p l e  [This Journal, 110, 374 (1963) ]  on page  378, 

Fig .  11; A a n d  B on cu rves  shou ld  be  i n t e r c h a n g e d .  
The  l o w e r  c u r v e  r e p r e s e n t s  the  s l o w l y  cooled s a m -  
p l e  and  the  u p p e r  c u r v e  the  r a p i d l y  q u e n c h e d  sample .  
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ABSTRACT 

The d i rec t  synthesis  of b i smuth  tr isulfide was inves t iga ted  by  different ia l  
t he rma l  analysis.  I t  is demons t ra ted  that  b i smuth  tr isulfide forms exo the rm-  
ical ly  at  about  285~ and melts  at  760 ~ • 5~ The probab le  reasons for  the  
previous  detonat ions  in the  p r epa ra t i on  of this compound are  elucidated.  The 
thermoelec t r ic  p roper t ies  of s toichiometr ic  b i smuth  tr isulf ide and b i smuth  
tr isulf ide doped wi th  Pb, Ag, O2, and Sb were  invest igated.  The thermoelec t r ic  
figure of mer i t  for s toichiometr ic  b i smuth  tr isulf ide measured  in the  [001] 
c rys ta l lographic  d i rec t ion  at 300~ is 2.3 x 10-5/~ Hal l  coefficient s tudies  
indicate  tha t  the mobi l i ty  of s toichiometr ic  b i smuth  tr isulf ide in the  same 
crys ta l lographic  direct ion at 300~ is 21.3 cm2/volt-sec,  and acoust ical  la t t ice  
scat ter ing is p robab ly  the  p redominan t  scat ter ing mechanism in the t e m p e r a -  
ture range  78~176 

I n v e s t i g a t i o n s  of t he  b i s m u t h  cha l cogen ides  fo r  
t h e r m o e l e c t r i c  cool ing app l i c a t i ons  h a v e  b e e n  p r i m -  
a r i l y  conce rned  w i t h  t he  c o m p o u n d s  b i s m u t h  t e l -  
l u r i d e  a n d / o r  b i s m u t h  se l en ide  and  t h e i r  a l loys .  
These  m a t e r i a l s  h a v e  b e e n  t h o r o u g h l y  s tud ied ,  a n d  
t h e i r  r o o m  t e m p e r a t u r e  e l ec t r i ca l  p r o p e r t i e s  a r e  
q u i t e  w e l l  known .  On the  o the r  hand ,  t he  c o m p o u n d  
b i s m u t h  t r i su l f ide  has  been  the  s u b j e c t  of on ly  a f ew  
inves t i ga t i ons  (1 -7 ) ,  and  t h e r e  a r e  l a r g e  d e v i a t i o n s  
in t he  r e p o r t e d  e l ec t r i ca l  p r o p e r t i e s  for  th is  c o m -  
pound .  A s u m m a r y  of t he  r e p o r t e d  ( r o o m  t e m p e r a -  
t u r e )  e l e c t r i c a l  p r o p e r t i e s  of b i s m u t h  t r i su l f ide  is 
g iven  in  T a b l e  I. I t  m a y  be  o b s e r v e d  f r o m  th is  t a b l e  
t h a t  t h e r e  a r e  w ide  v a r i a t i o n s  in bo th  t he  e l e c t r i c a l  
r e s i s t i v i t y  a n d  the  t h e r m o e l e c t r i c  p o w e r  fo r  th is  
compound .  The  e l ec t r i ca l  r e s i s t i v i ty ,  for  e x a m p l e ,  
va r i e s  f r o m  10 m i l o h m - c m  to 10 TM mi l  o h m - c m .  P a r t  
of th i s  v a r i a t i o n  is p r o b a b l y  due  to t he  fac t  t h a t  t he  
first  f ou r  i n v e s t i g a t o r s  ( a l l  Russ i an )  used  p r e s s e d  
and  s i n t e r e d  s amp le s  and  r e p o r t e d  h i g h e r  r e s i s t i v i -  
t ies  t h a n  the  l a t t e r  i nves t iga to r s ,  who  used  B r i d g m a n  
l o w e r e d  samples .  

These  v a r i a t i o n s  in t he  e l ec t r i ca l  p r o p e r t i e s  of 
b i s m u t h  t r i su l f ide  a r e  p r o b a b l y  due  to c o m p o s i t i o n a l  
changes ,  w h i c h  a r e  r e l a t e d  to the  m e t h o d  of p r e p a r a -  
t ion  and  c r y s t a l  g rowth .  The re fo re ,  a m o r e  t h o r o u g h  
u n d e r s t a n d i n g  of the  p h y s i c a l  c h e m i s t r y  of these  
p rocesses  was  r equ i r ed .  F o r  th is  r eason ,  the  p u r p o s e  

of  th is  i n v e s t i g a t i o n  was  to s t u d y  t h e  p h y s i o c h e m i c a l  
p r o p e r t i e s  of b i s m u t h  t r i su l f ide  r e l a t e d  to  i ts  p r e -  
p a r a t i o n  and  c r y s t a l  g row th ,  a n d  to i n v e s t i g a t e  the  
r o o m  t e m p e r a t u r e  t h e r m o e l e c t r i c  p r o p e r t i e s  of 
s t o i ch iome t r i c  and  d o p e d  s a m p l e s  of b i s m u t h  t r i s u l -  
fide. 

Experimental 
M a t e r i a l s . - - B i s m u t h  m e t a l  sho t  (99 .999+ % )  a n d  

e l e m e n t a l  su l fu r  ( 9 9 . 9 9 9 + % )  w e r e  o b t a i n e d  f rom 
A m e r i c a n  S m e l t i n g  and  Ref in ing  C o m p a n y ,  and  
w e r e  u sed  in  t he  p r e p a r a t i o n  of t he  ingots .  B i s m u t h  
m e t a l  p o w d e r  (99 .95%)  w h i c h  was  o b t a i n e d  f r o m  
the  J. B. B a k e r  C h e m i c a l  C o m p a n y ,  was  a p p r o p r i -  
a t e l y  s i eved  and  u sed  to s t u d y  the  b i s m u t h - s u l f u r  
reac t ion .  The  d o p a n t s  Ag,  Pb ,  and  Sb ( 9 9 . 9 9 9 + % )  
w e r e  o b t a i n e d  f r o m  A m e r i c a n  S m e l t i n g  and  Ref in-  
ing C o m p a n y ,  and  Bi20~ (99 .0%)  was  o b t a i n e d  f r o m  
the  J. T. B a k e r  C h e m i c a l  C o m p a n y .  

Prepara t ion  and phys iochemica l  p r o p e r t i e s . -  
P r o b a b l y  the  mos t  i m p o r t a n t  f ac to rs  t h a t  have  l i m -  
i t ed  a r e a l l y  c o m p r e h e n s i v e  t h e r m o e l e c t r i c  i n v e s t i -  
ga t ion  of b i s m u t h  t r i su l f ide  a r e  t he  diff icul t ies  asso-  
c ia ted  w i t h  i ts  p r e p a r a t i o n  and  c r y s t a l  g rowth .  Des -  
c r ip t ions  of d e t o n a t i o n s  in  the  syn thes i s  of b i s m u t h  
t r i su l f ide  h a v e  been  c o m m o n p l a c e  in the  l i t e r a t u r e .  
W h e n  th is  i n v e s t i g a t i o n  was  in i t i a t ed ,  t he  on ly  
a v a i l a b l e  p h a s e  d i a g r a m ,  as g iven  in H a n s o n  (8) ,  
i n d i c a t e d  t h a t  b i s m u t h  t r i su l f ide  was  a pe r i t e c t i c  

Table I. Reported electrical properties of bismuth trisulfide at 300~ 

Investigator Year ~, ~v/~ p, milliohm-cm K, mw/cm/~ Form o~ sample 

Hokhberg  et al. (1) 1937 
Galk in  et al. (2) 1952 

Konorov  (3) 1956 
Gor iunova  (4) 1957 
Black et al. (5) 1957 
F r a n k l i n  Ins t i tu te  (6) 1957 
Gi ldar t  et al. (7) 1961 

80 1 0 4  - -  - -  

7 0 0  109-101~ _ Po lycrys ta l l ine  
Pressed  

1300 106 - -  Pressed  
- -  2 • 104 __ Polycrys ta l t ine  
750 10 - -  Po lycrys ta l l ine  
296 48 15 Po lycrys ta l l ine  
550 850 20.6 Single  crysta ls  
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compound ,  w i t h  a pe r i t e c t i c  r e a c t i o n  t e m p e r a t u r e  of 
850~ A l l  p r e v i o u s  m e a s u r e m e n t s  on b i s m u t h  t r i -  
sulf ide  g r o w n  f r o m  t h e  m e l t  w e r e  on s a m p l e s  p r e -  
p a r e d  a t  th is  t e m p e r a t u r e .  H o w e v e r ,  w e  h a v e  f o u n d  
t ha t  in a c losed  s y s t e m  b i s m u t h  t r i su l f ide  b e h a v e s  
as a c o n g r u e n t l y  m e l t i n g  c o m p o u n d  w i t h  a m e l t i n g  
po in t  of 760~ 5~ This  l o w e r  m e l t i n g  p o i n t  for  
b i s m u t h  t r i su l f ide  in  a c losed  s y s t e m  has  also been  
r e p o r t e d  b y  Van  H o o k  (9)  and  Cub icc io t t i  (10) .  

B i s m u t h  t r i su l f ide  was  p r e p a r e d  in  m i n i m u m  vo id  
vo lume ,  h e a v y - w a l l e d  q u a r t z  a m p o u l e s  h a v i n g  a n  in -  
s ide  d i a m e t e r  of 10 m m  a n d  a w a l l  t h i cknes s  of 3 ram.  
The  a p p r o p r i a t e  q u a n t i t y  of h i g h - p u r i t y  su l fu r  was  
i n i t i a l l y  a d d e d  to t he  a m p o u l e  a n d  m e l t e d  in  a s m a l l  
c ruc ib l e  fu rnace .  H i g h - p u r i t y  b i s m u t h  shot  w a s  
a d d e d  to t h e  m o l t e n  s u l f u r  to f o r m  a d i spe r s i on  of 
b i s m u t h  sho t  in  m o l t e n  su l fur .  The  a m p o u l e  w a s  
t hen  cooled  d o w n  to r o o m  t e m p e r a t u r e  a n d  s ea l ed  
off as close to t he  m e l t  l i ne  as poss ib le .  By  p r o p e r  
t e c h n i q u e  i t  is poss ib l e  to m a i n t a i n  a m i n i m u m  void  
v o l u m e  a n d  p r e v e n t  t he  v a p o r i z a t i o n  of su l fu r  d u r -  
ing  seal-off .  The  vo id  v o l u m e  ins ide  the  a m p o u l e  
was  m i n i m i z e d  to p r e v e n t  the  d i s soc ia t ion  of b i s m u t h  
t r i su l f ide .  T h e  a m p o u l e  was  t h e n  p l a c e d  in a H e v i -  
D u t y  t u b e  f u r n a c e  p r o v i d e d  w i t h  a r o t a t i n g  m e c h -  
a n i s m  a n d  a Whee l co  p y r o m e t e r  c o n t r o l l e r  for  m i x -  
ing  the  cons t i t uen t s  and  v a r y i n g  the  t e m p e r a t u r e .  A n  
e x o t h e r m i c  r e a c t i o n  was  i n v a r i a b l y  o b s e r v e d  a t  
a b o u t  285~ t h a t  s en t  t he  t e m p e r a t u r e  as i n d i c a t e d  
on the  p y r o m e t e r  c o n t r o l l e r  a b o u t  30~176  b e y o n d  
the  set  point .  A f t e r  th i s  e x o t h e r m i c  reac t ion ,  t he  
t e m p e r a t u r e  was  r a i s e d  a b o v e  the  m e l t i n g  p o i n t  of 
b i s m u t h  t r i su l f ide ,  m a i n t a i n e d  t h e r e  for  a b o u t  30 
min,  and  t hen  cooled d o w n  to r o o m  t e m p e r a t u r e .  
D u r i n g  th is  h e a t i n g  and  cool ing p r o c e d u r e  t he  a m -  
pou le  was  c o n t i n u o u s l y  r o t a t e d  at  25 r p m  to o b t a i n  
a h o m o g e n e o u s  ingot .  

The  r e a c t i o n  b e t w e e n  e l e m e n t a l  b i s m u t h  and  su l -  
f u r  was  s t ud i ed  b y  d i f f e r en t i a l  t h e r m a l  ana lys i s  
( D T A ) .  The  D T A  t h e r m o g r a m s  w e r e  o b t a i n e d  b y  

Fig. 1. DTA of bismuth-sulfur reaction with 140 mesh particle 
size. 

the  c o n v e n t i o n a l  t e c h n i q u e  of p l o t t i n g  the  d i f fe rence  
in t e m p e r a t u r e  b e t w e e n  an  a l u m i n u m  ox ide  s t a n d -  
a r d  and  the  s a m p l e  vs. t h e  t e m p e r a t u r e  of  t h e  s a m p l e  
on an  X - Y  r eco rde r .  B o t h  the  s t a n d a r d  and  the  
s a m p l e  w e r e  con t a ined  in  sea l ed  V y c o r  a m p o u l e s  
w i t h  concen t r i c  t h e r m o c o u p l e  we l l s  a n d  p l a c e d  
s y m m e t r i c a l l y  in  a h igh  t h e r m a l  c a p a c i t y  f u r n a c e  
w i t h  the  h e a t i n g  r a t e  c o n t r o l l e d  at  5 ~  

A D T A  s t u d y  of  t he  r e a c t i o n  b e t w e e n  b i s m u t h  a n d  
su l fu r  p o w d e r s ,  us ing  0.8129 a n d  0.1871g, r e s p e c -  
t ive ly ,  s i eved  to 140 m e s h  is s h o w n  in Fig.  1. The  
f o l l o w i n g  p e a k s  a r e  o b s e r v e d  and  e x p l a i n e d  be low:  

Peak Reason for peak 

A Conve r s ion  o f  r h o m b i c  to monoc l in i c  su l fu r  
B M e l t i ng  of su l fu r  
C Conve r s ion  of su l fu r  (Ss)  f r o m  a r i n g  to a 

l i n e a r  m o l e c u l e  
D Mel t ing  o f  b i s m u t h  
E E x o t h e r m i c  r e a c t i o n  for  t he  f o r m a t i o n  of 

b i s m u t h  t r i su l f ide  
F Boi l ing  of su l fu r  
G Mel t i ng  of b i s m u t h  t r i su l f ide  

This  D T A  c u r v e  e x p l a i n s  t he  l a r g e  e x o t h e r m i c  
r e a c t i o n  o b s e r v e d  a t  a b o u t  285~ in t h e  p r e p a r a t i o n  
of b i s m u t h  t r i su l f ide .  X - r a y  d i f f rac t ion ,  us ing  the  
D e b y e - S c h e r r e r  p o w d e r  t echn ique ,  of t h e  so l id  
f o r m e d  at  th is  t e m p e r a t u r e  ver i f i ed  t he  f o r m a t i o n  of 
b i s m u t h  t r i sul f ide .  

The  bo i l ing  of su l fur ,  as shown  b y  P e a k  F on the  
D T A  cu rve  of Fig.  1, i nd i ca t e s  t h a t  excess  su l fu r  is 
p r e s e n t  a f t e r  t he  l o w - t e m p e r a t u r e  e x o t h e r m i c  r e -  
act ion.  This  excess  su l fu r  is a p p a r e n t l y  due  to t he  
f o r m a t i o n  of  an  i m p e r v i o u s  l a y e r  of b i s m u t h  t r i s u l -  
fide s u r r o u n d i n g  m o l t e n  b i s m u t h  p a r t i c l e s  a t  th is  
t e m p e r a t u r e ,  l e a v i n g  some  f ree ,  u n r e a c t e d  s u l f u r  in  
t he  sys tem.  A t  t he  m e l t i n g  p o i n t  of b i s m u t h  t r i s u l -  
fide t he  i m p e r v i o u s  l a y e r  m e l t s  a n d  the  e n t r a p p e d  
b i s m u t h  is f ree  to r e a c t  w i t h  t he  excess  su l fur .  
S i m i l a r  b e h a v i o r  has  been  r e p o r t e d  b y  R e i s m a n  a n d  
B e r k e n b l i t  (11) in t he  f o r m a t i o n  of  I I - V I  c o m -  
pounds .  By  r e d u c i n g  the  p a r t i c l e  size of t he  b i s m u t h  
p o w d e r ,  the  a m o u n t  of u n r e a c t e d  b i s m u t h  a n d  su l -  
fu r  shou ld  be  c o r r e s p o n d i n g l y  r educed .  This  is s h o w n  
in Fig.  2 in w h i c h  the  p a r t i c l e  size of t he  b i s m u t h  
a n d  su l fu r  p o w d e r s  has  been  r e d u c e d  to  300 m e s h  or  
g r ea t e r .  I t  m a y  be  o b s e r v e d  f r o m  th i s  g r a p h  t h a t  t he  
bo i l ing  po in t  p e a k  of su l fu r  is absen t ,  i n d i c a t i n g  t h a t  
t h e r e  is no d e t e c t a b l e  f r ee  su l fu r  in t he  sys tem.  I t  
m a y  also be  o b s e r v e d  t h a t  t he  a r e a  u n d e r  t he  cu rve  
c o r r e s p o n d i n g  to t h e  m e l t i n g  p o i n t  of b i s m u t h  t r i -  
sulf ide is g r e a t e r  in  Fig.  2 t h a n  in  Fig .  1. This  is b e -  
cause  the  a r ea  u n d e r  the  c u r v e  in  Fig .  1 is r e d u c e d  
b y  the  e x o t h e r m i c  r e a c t i o n  in  t h e  f o r m a t i o n  of 
b i s m u t h  t r i su l f ide  c o r r e s p o n d i n g  to t he  a m o u n t  of 
f r ee  su l fu r  and  b i s m u t h  in  t he  sys tem.  

I t  a p p e a r s  t h a t  t h r e e  f ac to r s  h a v e  been  r e s p o n s i b l e  
for  t he  d e t o n a t i o n s  t h a t  h a v e  been  d e s c r i b e d  in  t h e  
d i r ec t  syn thes i s  of b i s m u t h  t r i su l f ide .  These  f ac to r s  
a re :  ( i )  the  f a l l ac ious  m e l t i n g  po in t  p r e v i o u s l y  r e -  
p o r t e d  for  b i s m u t h  t r i su l f ide ,  ( if)  t he  l o w - t e m p e r a -  
t u r e  e x o t h e r m i c  reac t ion ,  and  ( i i i )  t h e  f o r m a t i o n  of 
t he  i m p e r v i o u s  l a y e r  of b i s m u t h  t r i su l f ide  l e a v i n g  
free,  u n r e a c t e d  su l fu r  in t h e  sys tem.  
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Fig. 2. DTA of bismuth-sulfur reaction with 300 mesh particle 
size. 

Fig. 3. An ingot of bismuth trisulfide (sample 564) 

Crystal growth of bismuth tr isul f ide . - -Af ter  t he  
c o m p o u n d  Bi2S3 was  p r e p a r e d  in  t he  r o t a t i n g - t u b e  
f u r n a c e  as  d e s c r i b e d  above ,  c ry s t a l s  w e r e  g r o w n  b y  
the  B r i d g m a n  t e c h n i q u e  in  a spec ia l  t h r e e - z o n e  f u r -  
nace  a t  g r o w t h  speeds  of z/4 i n . / h r .  This  f u r n a c e  has  
an  u p p e r  ( p r e h e a t ) ,  a m i d d l e  me l t i ng ,  and  a l o w e r  
( p o s t - h e a t )  t e m p e r a t u r e  zone. The  p r e h e a t  a n d  
p o s t - h e a t  zones a r e  11-1/4 in. long,  and  the  c e n t e r  
m e l t i n g  zone is 2-~/s in. long.  A l l  t h r e e  f u r n a c e s  
(zones)  a r e  w o u n d  on a s ing le  a l u n d u m  core  a n d  
a r e  i n d e p e n d e n t l y  con t ro l l ed .  The  t e m p e r a t u r e s  of 
the  zones w e r e  m e a s u r e d  b y  t h e r m o c o u p l e s  a t t a c h e d  
to the  ins ide  w a l l  of t he  a l u n d u m  tube ,  120 ~ apa r t ,  
in  the  m i d d l e  of the  r e s p e c t i v e  zones.  F o r  the  g r o w t h  
of b i s m u t h  t r i su l f ide  c rys ta l s ,  t he  p r e h e a t  and  p o s t -  
h e a t  zones w e r e  m a i n t a i n e d  at  680~ a n d  the  c e n t e r  
zone was  m a i n t a i n e d  at  780~ U n d e r  these  g r o w t h  
condi t ions ,  a n y  su l fu r  r e s u l t i n g  f rom the  d e c o m p o -  
s i t ion  of b i s m u t h  t r i su l f ide  is m a i n t a i n e d  in the  
v a p o r  s ta te .  The  r e s u l t i n g  ingot  is a n n e a l e d  in t he  
p o s t - h e a t  zone at  a cons t an t  c h e m i c a l  p o t e n t i a l  of  
su l fur .  A p h o t o g r a p h  of an  ingot  of b i s m u t h  t r i s u l -  
fide p r e p a r e d  and  g r o w n  in the  m a n n e r  d e s c r i b e d  
above  is shown  in Fig.  3. B i s m u t h  t r i su l f ide  c r y s t a l -  
l izes w i t h  an  o r t h o r h o m b i c  un i t  cel l  (ao = l l . 1 3 A ,  
bo ~ 11.27A, and  co ~ 3.97A) h a v i n g  the  Pbnm space  
g roup  (5) .  T h e  [001] c r y s t a l l o g r a p h i c  d i r ec t i on  was  
f o u n d  b y  x - r a y  m e a s u r e m e n t s  to be  t h e  d i r ec t i on  of 
c rys (a l  g rowth .  

Electrical proper t ies . - -Bismuth  t r i su l f ide  ingo t s  
w e r e  cut  n o r m a l  to t he  [001] c r y s t a l l o g r a p h i c  d i r e c -  
t ion  fo r  t h e r m o e l e c t r i c  p a r a m e t e r  m e a s u r e m e n t s .  
These  m e a s u r e m e n t s  w e r e  m a d e  on s a m p l e s  1 cm 

long,  h a v i n g  a c r o s s - s e c t i o n a l  a r e a  of 0.5 cm 2, w h i c h  
w e r e  cu t  f r o m  the  g r o w n  ingots .  E l e c t r i c a l  con tac t s  
w e r e  j o i n e d  to t he  [001] faces  in  t he  fo l lowing  m a n -  
ner :  The  s a m p l e s  w e r e  i n i t i a l l y  n i c k e l  p l a t ed ,  t h e n  
t in  p la t ed ,  and  f ina l ly  j o i n e d  to p r e t i n n e d  coppe r  
e n d - b l o c k s  w i t h  a b i s m u t h - i n d i u m  eu tec t ic  solder .  
T h e  t h e r m o e l e c t r i c  p a r a m e t e r s  w e r e  m e a s u r e d  b y  
the  fo l lowing  t echn iques :  S e e b e c k  coeff icient  b y  
c o m p a r i s o n  to copper ,  t h e r m a l  c o n d u c t i v i t y  b y  a 
t r a n s i e n t  me thod ,  and  the  e l e c t r i c a l  r e s i s t i v i t y  b y  a 
m o v i n g  p r o b e  prof i le  of the  s ample .  The  t h e r m o e l e c -  
t r i c  p r o p e r t i e s  of s t o i ch iome t r i c  b i s m u t h  t r i su l f ide ,  
p r e p a r e d  and  g r o w n  in the  m a n n e r  d e s c r i b e d  above ,  
a t  300~ ( r o o m  t e m p e r a t u r e )  a re :  t h e r m o e l e c t r i c  
p o w e r  (~) = - - 5 2 4  +-- 27 /~v/~  t h e r m a l  c o n d u c t i v i t y  
( K )  = 16.2___ 1.8 m w / c m / ~  e l ec t r i c a l  r e s i s t i v i t y  
(p) = 736+--51 m i l l i o h m - c m .  These  v a l u e s  w e r e  
t a k e n  f r o m  12 s a m p l e s  u s ing  95% conf idence  l imi t s  
f r o m  the  " s t u d e n t ' s  t "  d i s t r i b u t i o n  a n d  a r e  v e r y  
s i m i l a r  to those  r e p o r t e d  b y  G i l d a r t  e t  al. (7)  a t  t he  
U n i v e r s i t y  of K e n t u c k y .  Us ing  the  a v e r a g e  va lue s  
for  t he  t h e r m o e l e c t r i c  p a r a m e t e r s ,  t h e  c a l c u l a t e d  
t h e r m o e l e c t r i c  f igure  of mer i t ,  Z, for  s t o i c h i o m e t r i c  
b i s m u t h  t r i su l f ide  is 2.3 x 1 0 - ~ / ~  This  is a b o u t  a 
f ac to r  of 100 b e l o w  t h e  f igure  of m e r i t  of c o m m e r -  
c i a l ly  a v a i l a b l e  b i s m u t h  t e l l u r i d e  a l loys .  

A l t e r n a t i n g  c u r r e n t  H a l l  m e a s u r e m e n t s  w e r e  
m a d e  on c l eaved  c rys t a l s  of b i s m u t h  t r i su l f ide  
(1 x 3 x 12 m m )  us ing  the  a p p a r a t u s  d e s c r i b e d  b y  
M i l g r a m  (12) .  The  c rys t a l s  w e r e  o r i e n t e d  so t h a t  t he  
s a m p l e  c u r r e n t  was  pa s sed  in  t he  [001] c r y s t a l l o -  
g r a p h i c  d i r ec t i on  w i t h  t he  m a g n e t i c  f ield and  H a l l  
con tac t s  p l a c e d  m u t u a l l y  p e r p e n d i c u l a r .  The  [100] 
and  [010] c r y s t a l l o g r a p h i c  d i rec t ions ,  be ing  v e r y  
s imi la r ,  w e r e  no t  d i s t i n g u i s h e d  for  t he se  H a l l  m e a -  
su r emen t s .  Ohmic  e l ec t r i c a l  con tac t s  w e r e  j o i n e d  to 
t he  s a m p l e s  w i t h  a s i l ve r= lead  eu tec t i c  s o l d e r  e m -  
p l o y i n g  the  t e chn iques  d e s c r i b e d  b y  G i l d a r t  e t  al. 
(7 ) .  A t y p i c a l  g r a p h  of t he  H a l l  coefficient  a n d  e lec -  
t r o n  m o b i l i t y  ve r sus  t e m p e r a t u r e  f r o m  78 ~ to 300~ 
is s h o w n  in Fig .  4 for  s t o i ch iome t r i c  b i s m u t h  t r i s u l -  
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Fig. 4. Temperature dependence of the Holl coefficient ond 
erectron mobi|i~y of sfoichiomefric bismuth frisulfide (sample 509-C) 
from 78 ~ to 300~ 
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Table II. Electrical properties of stoichiometric and doped 
samples of Bi2S~ at 300*K 

SamDle, a, K, m w /  p, ~, cm~/ 
mole coml~osition ~v /~  cm/~  mi l l iohm-em volt-sec 

Bi2S3 (Stoichiometr ic)  --524 16.2 736 21.3 
Bi2S~ + 0.00005Pb --577 19.7 3450 - -  
Bi2S3 + 0.005Pb - -  - -  Very  high 
Bi2S3 -~ O.005Ag --360 15.7 916 
Bi2S3 + 0.0lAg --322 16.0 4820 7 
Bi2S3 -~ 0.00602 --500 19.6 658 15 
Bi2S3 + 0.01202 --520 15.2 2350 
Bi2S3 -~ 0.01Sb2S~ --457 17.5 1460 - -  

fide ( s a m p l e  509-C) .  I t  m a y  be  o b s e r v e d  t h a t  the  
Ha l l  coefficient  dec rea se s  s l i g h t l y  ove r  t he  t e m p e r a -  
t u r e  r a n g e  78~176  and  t h e  e l ec t ron  m o b i l i t y  
va r i e s  as 2.43 x 105 T -1.64 cm2/vo l t - s ec .  The  a v e r a g e  
r o o m  t e m p e r a t u r e  e l e c t r o n  m o b i l i t y  of s t o i c h i o m e t r i c  
b i s m u t h  t r i su l f ide  p r e p a r e d  and  g r o w n  in t h e  m a n -  
n e r  d e s c r i b e d  a b o v e  is 21.3 c m 2 / v o l t - s e c  a n d  the  
average carrier concentration is 4.7 x 1017 car- 
riers/cm 3. 

Bismuth trisulfide was doped with lead, silver, 
oxygen, and antimony. The average measured elec- 
trical properties for these doped samples are pre- 
sented in Table II. It may be observed from this 
table that all of these dopants increased the electri- 
cal resistivity and generally decreased the electron 
mobility. 

Discussion 
I t  has  been  d e m o n s t r a t e d  t h a t  b i s m u t h  t r i su l f ide  

fo rms  at  a r e l a t i v e l y  low t e m p e r a t u r e  w i t h  a l a r g e  
e x o t h e r m i c  r e a c t i o n  a n d  t h a t  t h e  t r u e  m e l t i n g  p o i n t  
of the  c o m p o u n d  is 760 ~ _ 5~ By  d i s t r i b u t i n g  the  
hea t  of  t he  e x o t h e r m i c  r e a c t i o n  over  t h e  e n t i r e  a m -  
pou le  in  a r o t a t i n g  fu rnace ,  t e m p e r a t u r e  g r a d i e n t s  
a r e  e l i m i n a t e d ,  and  the  c o m p o u n d  can  be  p r e p a r e d  
w i t h o u t  t he  d e t o n a t i o n s  t h a t  h a v e  been  p r e v i o u s l y  
d e s c r i b e d  in  the  p r e p a r a t i o n  of  th is  compound .  

C r y s t a l s  of b i s m u t h  t r i su l f ide  w e r e  g r o w n  f r o m  
the  m e l t  b y  t h e  B r i d g m a n  t e c h n i q u e  in  sea l ed  h e a v y -  
w a l l e d  q u a r t z  a m p o u l e s  in a spec ia l  t h r e e - z o n e  
fu rnace .  

M e a s u r e m e n t s  of t he  t h e r m o e l e c t r i c  p r o p e r t i e s  of  
b i s m u t h  t r i su l f ide  at  300~ and  Ha l l  m e a s u r e m e n t s  
f rom 78 ~ to 300~ i n d i c a t e  t h a t  th is  c o m p o u n d  is an  
n - t y p e  s emiconduc to r .  T h e  s l igh t  dec rea se  of  t h e  
H a l l  coefficient  n e a r  300~ ind ica t e s  t h a t  t he  m a t e -  
r i a l  is b e c o m i n g  in t r ins ic .  A t  l o w e r  t e m p e r a t u r e s  
t he  c a r r i e r  c o n c e n t r a t i o n  is e s s e n t i a l l y  cons tan t .  
This  s a t u r a t i o n  of  t he  c a r r i e r  c o n c e n t r a t i o n  m a y  
a r i se  f r o m  sha l low d o n o r  leve ls  a s soc ia t ed  w i t h  d e -  
v i a t i ons  f r o m  s t o i c h i o m e t r y ,  w h i c h  a r e  e i t h e r  corn-  

p l e t e l y  ion ized  or  h a v e  b r o a d e n e d  a n d  h a v e  o v e r -  
l a p p e d  the  c onduc t i on  band .  The  t e m p e r a t u r e  d e p e n -  
dence  of t he  e l e c t r o n  m o b i l i t y ,  T -1.64, i nd i ca t e s  t h a t  
in th is  t e m p e r a t u r e  r a n g e  acous t i ca l  l a t t i c e  s c a t t e r -  
ing is p r e d o m i n a n t .  

The  e l ec t r i ca l  p r o p e r t i e s  of  b i s m u t h  t r i su l f ide  
d o p e d  w i th  lead,  s i lver ,  oxygen ,  and  a n t i m o n y  i n d i -  
ca te  t h a t  these  i m p u r i t i e s  a r e  a s soc ia t ed  w i t h  d e e p -  
l y i n g  accep to r  l eve ls  in  t he  b a n d  gap,  w h i c h  is r e -  
p o r t e d  (7) as 1.2 ev  at  r o o m  t e m p e r a t u r e ,  a n d  e lec -  
t r o n s  at  r o o m  t e m p e r a t u r e  canno t  be  t r a p p e d  b y  
these  levels .  This  is also cons i s t en t  w i t h  t he  fac t  
t ha t  a p - t y p e  s a m p l e  of b i s m u t h  t r i su l f ide  has  no t  
been  p r e p a r e d .  
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ABSTRACT 

Epitaxial  films of silicon have been grown on silicon substrates by the 
pyrolysis of silane. Reaction kinetics have been investigated and the behavior  
shown to depend on the substrate temperature,  being t ransport  controlled 
above l l00~ and reaction controlled below this temperature.  An over-a l l  ac- 
t ivat ion energy and reaction order have been determined in  this lower range. 
The ini t ial  mode of growth of the films has been studied by electron microscopy 
and electron reflection diffraction, which has shown that growth commences 
by a three-dimensional  nucleat ion process. F ina l ly  these results are compared 
with those obtained from films grown from SiHC13 in an effort to determine the 
na ture  of any mobile surface species. 

The p r e p a r a t i o n  of h i g h - p u r i t y  b u l k  (po lyc rys t a l -  
l ine)  si l icon f rom the  pyrolys is  of s i lane has been  
descr ibed by  Lewis  et al. (1) ,  bu t  l i t t le  or no q u a n t i -  
ta t ive  da ta  exist  for the  g rowth  of i soepi taxia l  s i l i -  
con films f rom silane.  Carrol l ,  Lever ,  and  Powers  (2) 
have  repor ted  a t t empts  to ob ta in  o r ien ted  ove r -  
growths  on si l icon subs t ra tes ,  in  which  they  me t  
wi th  v e r y  l imi ted  success, and  Magdis  (3) has g iven  
detai ls  of the p ressure  and  t e m p e r a t u r e  r a n g e  over  
which  he observed epi taxy.  It  is considered,  h o w -  
ever,  tha t  his t e m p e r a t u r e  m e a s u r e m e n t s  could be at  
least  100~ low because  of the  pos i t ioning  of the  
the rmocoup le  wi th  respect  to the  subs t ra te .  

The purpose  of this  pape r  is to p re sen t  some k i -  
net ic  da ta  for the  pyrolys is  of s i lane  on a si l icon s u b -  
s t ra te  in  a flow sys tem u n d e r  condi t ions  whe r e  a 
per fec t ly  o r ien ted  deposi t  is obta ined .  F r o m  these  
resul ts  some conclus ions  about  the  reac t ion  m e c h -  
an i sm  have  been  made.  Associated w i th  this, w o r k  
has also been  car r ied  out  to t ry  to d e t e r m i n e  the  
mode of in i t i a l  nuc l ea t i on  of the  films, us ing  e lec t ron  
microscopy and  e lec t ron  reflect ion diffraction.  F i -  
nal ly ,  the resu l t s  of this  w o r k  a re  compared  w i th  
those ob ta ined  p rev ious ly  f rom the  h y d r o g e n  r e d u c -  
t ion  of SiHC18 on sil icon subs t ra tes  (4, 5) and  some 
r a t h e r  specula t ive  suggest ions  m a d e  abou t  the  n a -  
tu re  and  r e l a t ive  impor t ance  of ce r ta in  sur face  
processes. 

Experimental 
Si lane  was  p r epa red  by  the  reac t ion  b e t w e e n  

m a g n e s i u m  silicide and  a m m o n i u m  chlor ide  in  a n -  
hydrous  l iqu id  ammonia .  The  c rude  m a t e r i a l  as ob-  
t a ined  was  pur i f ied by  wa t e r  s c rubb ing  to r emove  
ammonia ,  and  dr ied  us ing  a 5A molecu la r  sieve 
column.  The gas was t hen  passed t h r o u g h  a series of 
molecu la r  sieve adsorp t ion  columns,  and  a f inal  
pur i f ica t ion  was  achieved by  condens ing  the  s i lane  
in  a s ta inless  steel t r ap  at --196~ p u m p i n g  off a n y  
r e m a i n i n g  gases, and  a l lowing  the  m o n o s i l a n e  to 
evapora te  in to  a s ta inless  steel t ank .  Samples  were  
t a k e n  f rom this  in  1 l i te r  s ta inless  steel  bombs.  A 
typ ica l  gas ch romatograph ic  ana lys i s  of such a s am-  

ple is: Sill4, 98.7% -----0.5% by  vo lume ;  SifH~, less 
t h a n  0.015% by  vo lume ;  Ar,  1.3% --+0.5% by  vo lume ;  
PH3, be low the  de tec t ion  l imi t  of 0.5 ppm;  BfH6, no t  
d e t e r m i n a b l e  because  of the  ma sk i ng  effect of the  
monos i l ane  peak,  bu t  p r o b a b l y  less t h a n  1 ppm.  

The  appa ra tu s  is shown schemat ica l ly  in  Fig. 1 and  
consis ted essen t ia l ly  of a qua r t z  reac tor  correc ted  to 
h y d r o g e n  and  s i lane suppl ies  and  a v a c u u m  system. 
The a i r  space over  the ro t a ry  p u m p  was pu rged  
wi th  a rgon  to r emove  any  s i lane  reach ing  tha t  pa r t  
of the  system, and  the  h y d r o g e n  was pur i f ied by  a 
ca ta ly t ic  d e o x y g e n a t i n g  u n i t  and  a 5A molecu la r  
sieve column.  S i lane  pressures  were  m e a s u r e d  wi th  
a McLeod gauge to an  accuracy  of -+1% and  in i t i a l  
pressures  wi th  an  ioniza t ion  gauge.  Subs t r a t e s  we re  
suppor ted  ve r t i ca l ly  f rom the i r  ends  w i th  t a n t a l u m  
tapes  and  hea ted  by  a di rect  res i s tance  me thod  so as 
to be  the  hot tes t  pa r t  of the  system. In  this  w a y  

TANTALUM 
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PURIFIED 
HYDROGENI .I 

Me LEOD 
GAUGE 

SUBSTRATE 

VACUUM 
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Fig. 1. Schematic diagram of apparatus 
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prac t ica l ly  all  of the  si l icon fo rmed  on the  subs t ra te ,  
the wa l l  deposit  be ing  negl igible .  

The subs t ra tes  used were  bars  7 m m  x 1.5 m m  x 
6 cm long, and  in  all  cases the  7 m m  face was  the  
{110}. Before g rowth  they  were  chemica l ly  pol ished 
to a m i r r o r  finish, and  final  oxide r e m o v a l  was  car -  
r ied out  in  the  reac tor  by  t r ea t i ng  in  h y d r o g e n  for 
20 m i n  at  a t e m p e r a t u r e  of 1260~ The subs t ra tes  
were  al l  a p p r o x i m a t e l y  1 o h m - c m  n - t y p e  and  the  
layers  a p p r o x i m a t e l y  20 o h m - c m  p- type .  L a y e r  
th icknesses  were  ob ta ined  by  m e a s u r e m e n t  of s tack-  
ing fau l t  defects (5) since it  was  felt  t ha t  for 
k ine t ic  m e a s u r e m e n t s  this  wou ld  give a more  ac-  
cura te  r e p r e s e n t a t i o n  of the ac tua l  g rown  l aye r  t h a n  
a s t a in ing  technique ,  which  wou ld  de l inea te  the 
e lectr ical  j u n c t i o n  r a t h e r  t h a n  the  g rown  one. To 
min imize  errors  the  bars  were  o r i en ted  to w i t h i n  •  
m i n  of {110}, and  u n e t c h e d  defects were  measured ,  
us ing  i n t e r f e r ence  con t ras t  microscopy (7) .  La ye r  
th icknesses  were  found  to be cons tan t  to w i t h i n  
• bo th  a long the  l eng th  and  across the bar .  The  
p rocedure  for each r u n  was  as follows: the subs t r a t e  
was  hea ted  to 1260~ in  a h y d r o g e n  s t r eam of 500 
m l / m i n  (at  a tmospher ic  p ressure )  for 20 min.  
Af te r  the  subs t r a t e  had cooled r ap id ly  to room t e m -  
pera tu re ,  the  h y d r o g e n  supp ly  was  cut off and  the  
sys tem evacua ted  to abou t  5 x 10 -6 m m  Hg. The 
subs t r a t e  was  t hen  qu ick ly  hea ted  to the  app rop r i a t e  
g rowth  t e m p e r a t u r e  and  s i lane admi t t ed  via  the  
need le  valve.  Read ings  of flow, pressure ,  and  t e m -  
p e r a t u r e  were  recorded f r e q u e n t l y  d u r i n g  growth.  
The s i lane flow ra te  as recorded on the ro tamete r ,  
whi le  p rov id ing  a means  of p ressure  control ,  did no t  
r ep resen t  the  t rue  v o l u m e  flow rate,  s ince this  was 
d e t e r m i n e d  essen t ia l ly  b y  the  ro t a ry  p u m p  speed 
( a p p r o x i m a t e l y  10 m l / s e c  at the  reac tor )  and  was  
sens ib ly  cons tan t  over  the  whole  p ressure  r a nge  
considered.  The t e m p e r a t u r e  was m e a s u r e d  by  
means  of an  optical  py romete r ,  which  had  been  
ca l ib ra ted  at the  me l t i ng  po in t  of silicon, to an  
accuracy  of •176  and,  since a sl ight  deposi t  u s u a l l y  
occurred  on the  reac tor  walls ,  r ead ings  were  t a k e n  
f rom an  image  in  a m i r r o r  s i tua ted  at the  base  of 
the reactor .  A correc t ion  for ref lect ion losses was 
made  in  each r u n  d u r i n g  the  hyd rogen  c lean ing  
operat ion.  

Kinetic Results and Discussion 

The two p a r a m e t e r s  which  have  b e e n  inves t iga ted  
are the  inf luence of subs t r a t e  t e m p e r a t u r e  and  s i lane  
p ressure  on reac t ion  rate.  I t  was in i t i a l ly  es tab-  
l ished tha t  l ayer  g rowth  ra te  was  a l i nea r  f unc t i on  
of t ime  af ter  a l lowing  a few seconds for s t eady-  
state condi t ions  to be establ ished.  The reac t ion  ra te  
was there fore  m e a s u r e d  in  t e rms  of the  g rowth  ra te  
of the ep i tax ia l  layer .  

The  subs t ra te  t e m p e r a t u r e  r ange  inves t iga ted  was  
f rom 1260 ~ to 920~ at a s i lane p ressure  of 1 m m  
Hg, and  comple te ly  o r ien ted  ove rg rowths  were  ob-  
served b e t w e e n  these l imits .  However ,  g rowth  ra te  
behav io r  fell  into two c lear ly  defined regions  w i t h i n  
this  range .  F r o m  1260 ~ to l l 0 0 ~  ra te  was  i nde -  
p e n d e n t  of t e m p e r a t u r e  for a fixed s i lane  pressure .  
(The  ac tua l  m e a s u r e d  dev ia t ion  in  g rowth  ra te  
was  •  /~/min, wh ich  was  we l l  w i t h i n  the  l imi t  
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Fig. 2. Temperature dependence of layer growth rate 

of e x p e r i m e n t a l  e r ror  in  p ressure  cont ro l  and  l aye r  
th ickness  m e a s u r e m e n t . )  F r o m  1100 ~ to 950~ 
g rowth  ra te  va r i ed  e x p o n e n t i a l l y  w i th  t e m p e r a t u r e ,  
the  resul ts  be ing  shown  in  Fig. 2, which  indicates  
tha t  the  ove r - a l l  ene rgy  of ac t iva t ion  for the  p roc-  
ess is 37 • 1 kca l /mole .  Below 950~ the  g rowth  
ra te  was too low for a ny  accura te  m e a s u r e m e n t s  to 
be  made,  bu t  complete  o r i en ta t ion  was  observed 
down  to the lowest  t e m p e r a t u r e  used (920~ The  
va r i a t i on  of g rowth  ra te  w i t h  p ressure  s imi la r ly  
showed two types  of behavior ,  de pe nd i ng  on 
w h e t h e r  the t e m p e r a t u r e  was  above or be low 
1100~ F igure  3 shows the  effect of p ressure  on 
g rowth  ra te  for a series of fixed t e m p e r a t u r e s  above 
l l 0 0 ~  f rom which  it is a p p a r e n t  tha t  in  this  r e -  
gion ra te  as a func t ion  of p ressure  obeys a r e l a -  
t ionsh ip  of the  fo rm 

dx 
- -  k l ( e  a" - -  1) 

d t  

over  the  s i lane p ressure  r a nge  0.1-1.5 m m  Hg, whi le  
above this  the  deposi t ion ra te  tends  to r e m a i n  con-  
s t an t  for f u r t h e r  increases  in  pressure .  It  is wor th  
no t ing  tha t  even  at the  h ighes t  deposi t ion  ra te  ob-  
t a ined  (24 /~/min) comple te  o r i en ta t ion  was  sti l l  
observed.  

The ra te  da ta  for the  lower  t e m p e r a t u r e  range ,  
at a pa r t i cu l a r  t e m p e r a t u r e  of 1060~ are shown in  
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Fig. 3. Effect of Sill4 pressure on growth rate above 1100~ 
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Fig. 4, and here the growth rate-pressure relation- 
ship is given by 

dx 
- -  lc2pn 

dt 

and the slope of the line gives n = 1.3. 

The reaction conditions were so chosen to sup- 
press completely the homogeneous gas phase reac- 
tion and ensure that deposition occurred only on the 
silicon substrate. Obviously low pressures favor the 
heterogeneous reaction, and the upper limit in this 
particular system was found to be about 2 mm Hg. 
At pressures greater than this some gas phase decom- 
position occurred, and a fine powder of essentially 
amorphous silicon was formed. This accounts for 
the slow-down of deposition rate above 2 mm Hg, 
since under these conditions not all of the silicon 
formed was on the substrate. In addition, by meas- 
uring the volume of silane admitted per unit time, 
the proportion which actually reacted could be de- 
termined when the total amount of deposit was 
known. It was found that in the temperature inde- 
pendent region, rather more than 50% reacted, but 
this fell to less than 5% at the lower end of the 
temperature controlled region. Since the number of 
collisions of any particular silane molecule with the 
substrate would be quite small at the flow velocities 
used, it seems a reasonable inference that above 
ll00~ most collisions result in decomposition, but 
this is not true for the lower temperatures. 

The first point of interest is the nature of the over- 
all rate-controlling step for the process. In any het- 
erogeneous reaction the following possibilities exist: 
(a)  t r an spo r t  of the  r eac t an t s  to, or p roduc t s  from, 
the  surface,  (b)  adsorp t ion  of the  reac tants ,  or (c) 
reac t ion  on the  subs t ra te  fol lowed b y  desorp t ion  of 
the products .  Of these  (b)  and  (c) are  bo th  ac-  
t i va ted  processes, (a) is nonac t iva ted .  Clear ly ,  
therefore ,  b e t w e e n  1100 ~ and  1260~ a gas t r a n s -  
port  process provides  the slow step, and  in  the  
r ange  1100~176 the  ra te  l i m i t a t i o n  is imposed 
e i ther  by  the  chemisorp t ion  step or by  the reac t ion  
and  desorp t ion  stage. 

The  n a t u r e  of the  t r a n s p o r t  process wh ich  p ro -  
vides  the r a t e - c o n t r o l l i n g  step over  the  h igher  t e m -  
p e r a t u r e  r ange  is open to some speculat ion.  Since 
most  s i lane  subs t ra te  collisions resu l t  in  react ion,  
g rowth  ra te  m a y  be  equa ted  to ra te  of gas t r a n s -  
port  t oward  the  subs t ra te .  Over  the  p ressure  r ange  
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considered, however, gas molecules diffuse rapidly, 
and the small total amount of material present will 
tend to reduce convective effects. The rate data 
could perhaps be fitted by the following model, 
which has previously been suggested for the vapor 
growth of zirconium by the iodide disproportionation 
reaction (6). Each silane molecule decomposing at 
the surface of the silicon substrate will give rise to 
four hydrogen atoms, and therefore as soon as 
steady-state conditions have been established a 
countercurrent of hydrogen will be set up against 
which the incoming silane must diffuse. The whole 
system will, however, tend to constant pressure, and 
thus a concentration gradient with respect to hydro- 
gen will be established around the substrate, which, 
assuming cylindrical symmetry, decays exponen- 
tially with distance from the substrate. The rate in- 
creases rapidly with increasing pressure, however, 
so that it seems probable that convective transport 
provides the driving force through this barrier. It 
has not been possible to derive analytically the ex- 
perimentally determined rate equation, but this 
does not necessarily invalidate the model, since 
mathematically it is a highly complex system. Under 
these conditions, the reactor geometry may well in- 
fluence the rate data obtained, since both gas diffu- 
sion and convection could be dependent on purely 
geometric factors. Over the range where the rate is 
reaction controlled however, (as discussed below), 
geometry will have no influence. Furthermore, as the 
substrate was heated by a direct resistance method, 
deposition was confined to the substrate, the wall 
deposit being negligible. This means that rate data 
obtained from growth rate measurements should be 
completely valid. 

The rate data presented in Fig. 4 at a temperature 
of 1060~ indica te  t ha t  the  si l icon deposi t ion  reac-  
t ion  is of the  order  of 1.3 wi th  respect  to si lane.  The 
same order  was  observed  at two other  t e m p e r a t u r e s  
in  the  lower  r a nge  (1000 ~ and  1030~ The  fact  
tha t  zero order  k ine t ics  are no t  approached  i nd i -  
cates tha t  surface  coverage is fa i r ly  incomple te  
e v e n  at  2 m m  Hg. This type  of behav io r  is in  fact 
ind ica t ive  of a second order  he te rogeneous  reac t ion  
r e t a rded  by  products ,  s ince in  this  case the  ra te  is 
g iven  by  

p A  ~ 
v ~ k ~  

Pp 

(whe re  PA is the  p re s su re  of r eac t an t  a nd  p ,  the  
p ressure  of r e t a r d a n t )  a s suming  the r e t a r d a n t  to be 
a d ia tomic  molecule  adsorbed dissociat ively,  as is 
p robab le  in  the  case of h y d r o g e n  on silicon. Thus  in  
the case of s i lane it could be w r i t t e n  tha t  

d x  P2SiH4 

dt PH 

bu t  since PH is re la ted  to PsiH4 

d x  
- -  k2  p ( 2 - Y ) s i H 4  

dt 

and  e x p e r i m e n t a l l y  it  was  found  tha t  (2 --  y)  = 1.3. 

The  conclus ion  which  m a y  be d r a w n  therefore  is 
tha t  the  pyrolys is  of s i lane on sil icon invo lves  r e -  
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Fig. 5. Interference contrast microgrnphs showing effect of Sill4 
pressure on layer perfection: (a) 0.9 mm; (b) 0.41 mm; (c) 0.33 
mm; (d) 0.27 mm. Magnification 225X. 

ac t ion  b e t w e e n  mo lecu l e s  a d s o r b e d  on n e i g h b o r i n g  
si tes ,  s ince  t h e  r e a c t i o n  exh ib i t s  e s s e n t i a l l y  second  
o r d e r  behav io r ,  for  w h i c h  i t  is n e c e s s a r y  to p o s t u -  
l a t e  d u a l  si tes.  Hogness  et  al. (9)  h a v e  s h o w n  the  
h o m o g e n e o u s  decompos i t i on  of s i l ane  to be  first  
o r d e r  a n d  to p roceed  r a p i d l y  a t  400~ U p  to t h e  
h ighes t  m e a s u r e d  t e m p e r a t u r e  (500~ the  h e t e r o -  
geneous  r e a c t i o n  was  c o m p l e t e l y  suppres sed ,  and  
h y d r o g e n  was  also f o u n d  to r e t a r d  t h e  h o m o g e n e o u s  
reac t ion ,  for  w h i c h  the  e n e r g y  of a c t i va t i on  was  
51.7 __ 2 kcal/mole. Considering this in conjunction 
with the rate data shown above, it seems most 
probable that the rate-controlling step in the tem- 
perature dependent range is reaction on the surface 
followed by desorption of the products, rather than 
chemisorption of the reactants. Similar results have 
b e e n  o b s e r v e d  for  t h e  d e c o m p o s i t i o n  of n i t r i c  ox ide  
on p l a t i n u m  (10) .  

Nuclea t ion  and Structure  

T h e r e  w e r e  t w o  aspec t s  of  th i s  i n v e s t i g a t i o n :  ( a )  
an  e x a m i n a t i o n  of t he  i n i t i a l  n u c l e a t i o n  m e c h a n i s m  

us ing  e l ec t ron  m i c r o s c o p y  and  e l e c t r o n  ref lec t ion  
d i f f rac t ion ,  and  (b )  an e x a m i n a t i o n  of t he  effect  of 
s i l ane  p r e s s u r e  at  a ser ies  of f ixed t e m p e r a t u r e s  on 
the  u l t i m a t e  t o p o g r a p h y  of t he  g r o w n  l aye r s .  F o r  
th is  i n t e r f e r e n c e  c o n t r a s t  m i c r o s c o p y  (7)  was  used.  
Because  of i ts s ign i f icance  w i t h  r e spec t  to n u c l e a -  
t ion  s tud ies  (b )  w i l l  be  d i scussed  first. 

F i g u r e  5 shows  a ser ies  of i n t e r f e r e n c e  con t r a s t  
m i c r o g r a p h s  of  f i lms g r o w n  at  1160 ~ ove r  a r a n g e  of 
p r e s s u r e s  ( dec r ea s ing  f rom 5a to 5d) .  The  a l t e r n a t e  
l igh t  and  d a r k  b a n d s  c ross ing  the  m i c r o g r a p h s  w e r e  
p r e s e n t  in the  o r ig ina l  s u b s t r a t e  m a t e r i a l ,  and  p r o b -  
a b l y  r e su l t  f r om o x y g e n  segrega t ion .  A l t h o u g h  
x - r a y  d i f f rac t ion  r e su l t s  i nd ica t e  t ha t  a l l  of t he se  
fi lms a r e  c o m p l e t e l y  o r i en ted ,  i t  is a p p a r e n t  t h a t  
c r y s t a l l o g r a p h i c  p e r f e c t i o n  as r e v e a l e d  b y  su r f ace  
t o p o g r a p h y  and  s t a c k i n g  f au l t  d e n s i t y  inc reases  
w i t h  i nc r ea s ing  depos i t i on  ra te ,  and  th is  is in fac t  
t r u e  for  a l l  t e m p e r a t u r e s .  This  s o m e w h a t  a n o m a l o u s  
f e a t u r e  wi l l  be  d i scussed  in m o r e  de t a i l  a f t e r  a d e -  
sc r ip t ion  of  t he  n u c l e a t i o n  resu l t s .  I t  was  i n t r o d u c e d  
at  th is  s t age  in o r d e r  to show tha t  the  nuc l ea t i on  
resu l t s ,  w h i c h  m u s t  of n e c e s s i t y  be  o b t a i n e d  at  low 
p re s su re ,  m a y  on ly  be  c o m p l e t e l y  va l id  for  s low 
depos i t i on  ra tes .  I t  is mos t  p r o b a b l e ,  h o w e v e r ,  t ha t  
the  o v e r - a l l  p i c t u r e  wi l l  be  s i m i l a r  for  a l l  ra tes .  

In  o r d e r  to d e t e r m i n e  the  m a n n e r  in w h i c h  g r o w t h  
was  i n i t i a t e d  i t  was  n e c e s s a r y  to e x a m i n e  sur faces  
on w h i c h  v e r y  l i m i t e d  a m o u n t s  of g r o w t h  h a d  t a k e n  
place.  F i l m s  w e r e  t h e r e f o r e  g r o w n  a t  low p r e s s u r e s  
for  d i f fe ren t  l eng th s  of t ime  so t h a t  t he  g r o w t h  
sequence  could  be  fo l lowed ,  t he  p a r t i c u l a r  s u b s t r a t e  
t e m p e r a t u r e  used  b e i n g  1220~ P l a t i n u m - c a r b o n  
r ep l i ca s  (8)  of these  l a y e r s  w e r e  o b t a i n e d  and  e x -  
a m i n e d  w i t h  the  e l e c t r o n  mic roscope ,  a n d  the  s u r -  
faces  t h e m s e l v e s  w e r e  e x a m i n e d  b y  re f lec t ion  e lec -  
t r on  d i f f rac t ion .  A n  e l ec t ron  m i c r o g r a p h  of a p l a t i -  
n u m - c a r b o n  r e p l i c a  of a s u b s t r a t e  p r e p a r e d  for  
g r o w t h  is s h o w n  in Fig.  6a, f r o m  which  i t  m a y  be  
seen  t h a t  t h e  su r f ace  is e s s e n t i a l l y  s m o o t h  a n d  f e a -  
tu re less .  The  c o r r e s p o n d i n g  d i f f rac t ion  p a t t e r n  (Fig .  
7a) shows on ly  s t rong  K i k u c h i  l ines.  The  absence  of 
a n y  spo t  p a t t e r n  ind ica t e s  t h a t  no v e r y  s m a l l  p r o -  
j ec t ions  ex i s t  on the  sur face ,  a l t h o u g h  on a m a c r o -  
scopic  scale  su r f ace  i r r e g u l a r i t i e s  cou ld  b e  p re sen t .  
As  no ox ide  r ings  a r e  obse rved ,  a n y  ox ide  l a y e r  on 
the  su r face  m u s t  be  e x t r e m e l y  thin.  

The  h y d r o g e n  t r e a t m e n t  d id  no t  r e s u l t  in a n y  
s igni f icant  c h a n g e  in  the  su r f ace  t o p o g r a p h y ,  s ince  
r e p l i c a  m i c r o g r a p h s  and  d i f f rac t ion  p a t t e r n s  w e r e  
i den t i ca l  to those  o b t a i n e d  f rom a po l i shed  surface .  

Rep l i c a  m i c r o g r a p h s  of a ser ies  of l a y e r s  g r o w n  
u n d e r  t h e  s a m e  cond i t ions  for  a r a n g e  of t imes  a r e  
s h o w n  in  Fig .  6 ( b ) -  ( d ) ,  w i t h  the  c o r r e s p o n d i n g  d i f -  
f r a c t i o n  p a t t e r n s  in  Fig .  7 ( b ) -  ( d ) .  

I t  a p p e a r s  t h a t  the  m o d e  of n u c l e a t i o n  of  the  i n i -  
t i a l  depos i t  a t o m s  is to f o r m  t h r e e - d i m e n s i o n a l  n u -  
clei  r a t h e r  t h a n  a con t inuous  m o n o l a y e r .  H o w e v e r ,  
i t  has  no t  b e e n  pos s ib l e  to  r e s o l v e  w h e t h e r  t he  i n i -  
t i a l  nuc le i  a r e  r a n d o m l y  d i s t r i b u t e d  or  w h e t h e r  t h e y  
occur  at  p r e f e r e n t i a l  su r f ace  sites,  p r i n c i p a l l y  b e -  
cause  of the  d i f f icul ty  in con t ro l l i ng  t h e  a m o u n t  of 
depos i t .  The  po in t  of p a r t i c u l a r  i n t e r e s t  in these  
m i c r o g r a p h s  is t h e  v e r y  l a r g e  size and  s m a l l  n u m b e r  
of the  i n d i v i d u a l  nucle i ,  e spec i a l l y  in  c o m p a r i s o n  
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Fig. 6. Pt-C replicas of ~110} substrate and growth layer sur- 
faces: (a) substrate: (b) 5 sec growth; (c} 10 sec growth; (d) 
complete layer, high growth rate; (e) complete layer, slow growth 
rate. Magnification IO,O00X. (c), (e), 40,O00X (o), (b), (d). 

Fig. 7. Diffraction patterns from surfaces shown in Fig. 6(a)-(d), 
respectively. 

with  i soepi taxia l  silicon grown by  the hydrogen  re -  
duction of SiHCl~ (5).  The area marked  A in Fig. 
6 (c) shows the way  in which the nuclei  appa ren t ly  
grow by coalescence, whi le  at  the  same t ime p re -  
sumably  receiving new deposit  atoms. F igure  6(d)  
is a mic rograph  typica l  of any complete film ( th icker  
than  app rox ima te ly  0.5t~) grown at  a high rate,  and 

Fig. 6 (e) a s imi lar  film grown slowly. The sequence 
of diffraction pa t t e rns  has he lped  to confirm features  
of the topography  of the growing  suface. The ab-  
sence of spots in the pa t t e rn  f rom the substrate ,  as 
prev ious ly  discussed, means  tha t  no very  small  p ro-  
ject ions exist  on the surface. The deve lopment  of a 
spot pa t t e rn  is seen to coincide wi th  the appearance  
of a compara t ive ly  small  number  of nuclei.  These 
spots are  pa r t i cu l a r ly  s t reaked  and, whi le  the pa t -  
te rn  intensifies somewhat  as growth  proceeds,  the 
s t reaked  spots are mainta ined.  In terms of surface 
topography  this means  tha t  the diffracting sites are 
r a the r  flat and elongated,  and this is apparen t  f rom 
the repl ica  micrographs.  

A somewhat  surpr is ing  fea ture  of these diffraction 
pa t te rns  is the  absence of any twin  spots, a l though 
these a lways  appeared  in pa t te rns  from layers  grown 
using SiHCI~ (5).  Since the  same type  of defect  was 
present ,  at  least  as shown by  in ter ference  contrast  
microscopy, i t  is possible tha t  the equ i l ib r ium width  
of the micro twin  region was considerably  reduced,  
and the fact tha t  no chlorine is present  in silane 
grown layers  m a y  be associated with  this. This point  
is cu r ren t ly  being invest igated.  

The th ree -d imens iona l  nuc lea t ioa  process (as op- 
posed to growth  by  complet ion of atomic planes)  
is most  p robab ly  associated wi th  res idua l  surface 
contaminat ion,  which may  wel l  be essent ia l ly  oxide, 
on the subs t ra te  surfaces. Nuclei  as large  as those 
observed are no rma l ly  indicat ive  of high surface 
mobil i ty,  a l though the na ture  of the mobi le  species 
is by  no means certain.  Since the nuclei  are  so ve ry  
much la rger  than  those observed in growth  f rom 
SiHCI3, and in both cases only silicon is be ing  de-  
posited, it  is an a t t rac t ive  possibi l i ty  to consider tha t  
the chemisorbed radica l  is the mobi le  species. This 
hypothesis  is fu r the r  subs tan t ia ted  by  the react ion 
mechanism as deduced f rom kinet ic  results ,  since 
adsorpt ion on ne ighbor ing  sites is necessary  for r e -  
action, and such a process would  be aided by  surface 
diffusion. Fur ther ,  the rad ica l  der ived  f rom silane 
is l ike ly  to be more  mobile  than  tha t  f rom SiHCI~, 
since the chlorine atoms could exer t  some consider-  
able influence on the la t ter .  I t  is apparent ,  however ,  
tha t  the evidence presented  here  is by  no means  con- 
clusive, and the different  mobil i t ies  could perhaps  be 
expla ined  in terms of different  impur i t y  contents of 
the silicon f rom the two sources. Nevertheless ,  it  is 
felt  tha t  the mobile  rad ica l  hypothesis ,  whi le  cer-  
ta in ly  speculat ive,  does expla in  the observed resul ts  
and those obta ined wi th  SiHC13. One much more 
cer ta in  fact concerning the  mechanism of ep i t axy  
has, however ,  emerged f rom this study. Per fec t  or i -  
enta t ion has been observed at 920~ and this should 
finally refute  the suggestion tha t  a revers ib le  reac-  
t ion is necessary for ep i t axy  to occur. 

The final point  requi r ing  explana t ion  is the  ap-  
paren t  anomaly  of g rea te r  crys ta l  perfect ion at  
h igher  growth  rates.  In i t ia l ly  i t  was thought  tha t  
this was closely associated wi th  the  nucleat ion mech-  
anism, but  a much more l ike ly  reason can read i ly  
be obta ined f rom e lemen ta ry  gas kinetics.  Before 
si lane is admi t ted  to the  reac tor  the pressure  is ap-  
p rox ima te ly  5 x 10 -6 m m  Hg. For  the  sake of s im-  
pl ic i ty  this  may  be considered to be an oxygen p re s -  
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sure .  S i l ane  is t h e n  a d m i t t e d  to t he  a p p r o p r i a t e  
p r e s s u r e  r e q u i r e d  for  g rowth .  N o w  s ince  the  m o -  
l e c u l a r  we igh t s  of  s i l ane  and  o x y g e n  a r e  equa l ,  i t  
m a y  be  s h o w n  f r o m  k ine t i c  t h e o r y  t h a t  the  r e l a t i v e  
col l i s ion  f r e q u e n c i e s  w i t h  the  s u b s t r a t e  w i l l  b e  in  t he  
r a t io  of t h e  p a r t i a l  p re s su res .  The re fo re ,  t he  h i g h e r  
t h e  p r e s s u r e  of s i l ane  the  s m a l l e r  w i l l  be  t he  chance  
of  o x y g e n  c o n t a m i n a t i o n  d u r i n g  g rowth .  O b v i o u s l y  
w a t e r  vapor ,  h y d r o c a r b o n s ,  etc., w i l l  have  the  s ame  
effect  as  oxygen ,  t h e i r  r e l a t i v e  col l i s ion  f r e q u e n c i e s  
m e r e l y  be ing  modi f i ed  b y  the i r  r e s p e c t i v e  m o l e c u l a r  
we igh ts .  
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The Formation of Metal Oxide Films 
Using Gaseous and Solid Electrolytes 
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Arthur D. Little, Inc., Acorn Park, Cambridge, Massachusetts 

ABSTRACT 

The growth  of oxide films has  been observed  to occur on the surface of 
cer ta in  meta ls  when  they  are  (a) subjec ted  to an oxygen  plasma,  (b) sub-  
jec ted  to an oxygen  p lasma  and ma in ta ined  at  a posi t ive poten t ia l  wi th  respect  
to the  p l a sma  anode, and (c) b rough t  into in t imate  contact  wi th  a second me ta l  
tha t  has oxygen dissolved in it, and  ma in ta ined  at  a posi t ive potent ia l  wi th  re -  
spect to tha t  metal .  Dielectr ic  ba r r i e r s  fo rmed  by  these methods  have  been  
used to construct  both active and passive e lements  in a thin film osci l la tor-  
amplif ier  c i rcui t  based on the superconduct ing  ~unnel diode. 

The  p rocess  of  f o r m i n g  ox ide  f i lms on m e t a l s  such  
as a l u m i n u m ,  t a n t a l u m ,  n iob ium,  etc. ,  b y  m e a n s  of 
a n o d i z a t i o n  in  an  e l ec t ro ly t i c  cel l  e m p l o y i n g  an  
aqueous  so lu t ion  is w e l l  e s t a b l i s h e d  in sc ience  and  
i n d u s t r y ,  t h e  uses  of  such  fi lms e x t e n d i n g  f r o m  p r o -  
t ec t i ve  coa t ings  to c a p a c i t o r  d ie lec t r i c s .  

We  h a v e  p e r f o r m e d  e x p e r i m e n t s  in w h i c h  the  
anod iza t i on  process  e m p l o y s  e i t he r  a gaseous  or  a 
sol id  e l e c t r o l y t e  r a t h e r  t h a n  the  u s u a l  aqueous  so lu -  
t ion.  O x i d e  f i lms f o r m e d  b y  these  m e t h o d s  a r e  s i m -  
i lar ,  and  in c e r t a i n  r e spec t s  s u p e r i o r  to those  f o r m e d  
in the  u s u a l  m a n n e r .  

The  t echn iques  to be  d e s c r i b e d  possess  c e r t a i n  
a d v a n t a g e s  over  " w e t "  anod iza t ion ,  s ince  t h e y  m a y  
be  a p p l i e d  to t h e  g r o w i n g  field of m i c r o m i n i a t u r i z a -  
t ion of e l ec t ron ic  c i r c u i t r y  t h r o u g h  the  a p p l i c a t i o n  
of  t h in  f i lm t echno logy .  In  p a r t i c u l a r ,  t h e  p rocess  of 
gaseous  a n o d i z a t i o n  p r o v i d e s  a s imple ,  conven ien t ,  
a n d  r e l i a b l e  m e t h o d  for  f o r m i n g  t u n n e l i n g  b a r r i e r s  
and  t h in  f i lm d ie l ec t r i c s  fo r  use  in  b o t h  ac t i ve  a n d  
pas s ive  e l ec t ron ic  c i r cu i t  e l emen t s .  These  b a r r i e r s  

m a y  be  f o r m e d  ove r  a w i d e  r a n g e  of t h i cknes s  and  
c i rcu i t s  m a y  be  f a b r i c a t e d  w i t h o u t  r e m o v i n g  t h e  
s u b s t r a t e  f rom the  v a c u u m  sys tem.  

Theo~'e~ica~ Background 

A c c o r d i n g  to the  t h e o r y  of o x i d a t i o n  p r e s e n t e d  b y  
Mot t  (1) ,  two  th ings  a re  r e q u i r e d  in  o r d e r  for  t he  
g r o w t h  of an ox ide  f i lm to p r o c e e d  on a m e t a l  such 
as a l u m i n u m .  One  is the  a v a i l a b i l i t y  of o x y g e n  a n d  
the  second  is t he  ex i s t ence  of an  e l ec t r i c  field of  
p r o p e r  m a g n i t u d e  and  s ign  at  t he  m e t a l - o x i d e  
b o u n d a r y .  I t  is th is  f ield w h i c h  is r e s p o n s i b l e  for  
d i s so lv ing  pos i t i ve  m e t a l  ions  in  t he  o x i d e  a l r e a d y  
fo rmed ,  thus  a l l o w i n g  t h e m  to p r o c e e d  to t he  o x i d e -  
o x y g e n  i n t e r f a c e  b y  a c o m b i n a t i o n  of d r i f t  in  t he  
field and  diffusion.  Once  t h e y  r e a c h  th is  i n t e r f a c e  
t h e y  r eac t  c h e m i c a l l y  w i t h  t he  o x y g e n  and  hence  
g r o w t h  of the  o x i d e  t a k e s  p lace .  

In  t he  case  of t h e r m a l  ox ida t ion ,  a cons t an t  p o -  
t e n t i a l  is s u p p l i e d  b y  t h e  a d s o r b e d  o x y g e n  ions  
t h e m s e l v e s  a n d  h e n c e  the  f ield dec reases  as t he  o x i d e  
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becomes thicker .  This  l imi ts  the oxide g~owth since 
me ta l  ions can no longer  m a k e  the i r  way  into the  
oxide to diffuse to the  surface  once  the  field falls 
be low a ce r ta in  va lue .  O n  the o ther  hand ,  in  the  
process of anodiza t ion  an  e x t e r n a l  po ten t i a l  is sup -  
pl ied which  can be va r i ed  as the  ox ide  film grows, 
and  hence  the  th ickness  is no t  l imi t ed  in this  m a n n e r .  

In  o r d i n a r y  "wet"  anodiza t ion  the  e lec t ro ly te  
serves bo th  as a source of oxygen  ions and  as a con-  
duc t ing  m e d i u m  th rough  which  an  e lectr ic  po ten t i a l  
m a y  be appl ied  across the oxide. In  the  e x p e r i m e n t s  
to be described,  the  process of anodiza t ion  is ex -  
t ended  to sys tems u t i l i z ing  a gaseous e lec t ro ly te  in  
the  fo rm of an  oxygen  glow discharge,  and  to those 
us ing  a solid e lec t ro ly te  (me ta l )  in  which  mobi le  
oxygen  a toms are  present .  

Description of Experiments 
While  the  resul t s  to be descr ibed  he re  and  in  the  

fo l lowing sections are gene ra l l y  appl icable  to a ny  
me ta l  tha t  can  be  anodized  by  n o r m a l  means ,  for 
the sake of s impl ic i ty  and  in  v iew of the  fact t ha t  
most  of our  work  has invo lved  a l u m i n u m ,  this  me t a l  
has b e e n  used as i l l u s t r a t ive  t h r o u g h o u t  the  en t i re  
paper.  

In  fact, we have  successful ly  anodized b y  the  
me thod  i nvo lv ing  a gaseous p l a sma  a wide  v a r i e t y  
of meta l s  and  semiconduc tors  i n c l u d i n g  A1, Ta, Mg, 
Cr, Sb, Bi, Be, Ge, and  St. I t  is possible  t ha t  some 
meta l s  which  canno t  be  anodized in  l iqu id  e lec t ro-  
lytes  due  to chemical  a t tack  m a y  be anodized  by  
these methods .  Be, for example ,  is difficult to a n -  
odize in  aqueous  solut ions  since the oxide tends  to 
dissolve in  the  electrolyte .  We have  fo rmed  anodized  
Be films w i th  a th ickness  of 1500A b y  the  gaseous 
technique .  

Gaseous or Plasma Anodizat ion . - -The  en t i r e  
process is ca r r ied  out  ins ide  an  o r d i n a r y  oil diffusion 
p u m p e d  h igh  v a c u u m  sys tem capable  of ach iev ing  
pressures  in  the  10 -6 m m  Hg r ange  d u r i n g  n o r m a l  
opera t ion .  Two l iqu id  n i t r o g e n  t r aps  are  provided ,  
one b e t w e e n  the  diffusion p u m p  and  the  bell  j a r ;  the  
o ther  e x t e n d i n g  d o w n w a r d  into the  bel l  jar .  The  
sys tem is shown schemat ica l ly  in  Fig. 1. 

AI wire e L e c h o d e ~  Nz 

, To vacuum pump 

Fig. 1. Schematic of gaseous anodizing system 

W h e n  the sys tem has p u m p e d  down  in to  the  10 -6 
m m  Hg range,  a fi lm of a l u m i n u m  a p p r o x i m a t e l y  
1000A th ick  is fo rmed  on an  o r d i n a r y  glass mic ro-  
scope sl ide by  e v a p o r a t i n g  a charge  of  99.99% pure  
m a t e r i a l  t h r ough  a su i t ab le  mask.  Af te r  the  evapo ra -  
t ion  is completed,  the  diffusion p u m p  va lve  is closed 
and  oxygen  gas is admi t t ed  t h r ough  a ca lc ium 
hyd r i de  d r y i n g  t u b e  to b r i n g  the  sys tem to a p res -  
sure  of a p p r o x i m a t e l y  50# Hg. 

A glow d ischarge  is t hen  in i t i a t ed  in  the  sys tem 
by  a p p l y i n g  severa l  h u n d r e d  to one t h o u s a n d  volts  
n e g a t i v e  po ten t i a l  to a p u r e  a l u m i n u m  wi re  r ing  
m o u n t e d  in  the  bel l  jar .  The me t a l  base p la te  serves 
as the  g r o u n d  electrode.  

Next ,  one of two courses is followed. If a r e l a t ive ly  
t h in  oxide is desired,  the  glow is m a i n t a i n e d  for a 
few seconds to some tens  of m i n u t e s ;  the  discharge is 
t h e n  shut  off and  the  diffusion p u m p  va lve  opened  
to reduce  the  p ressure  to 10 -6 m m  Hg again.  We t h e n  
evapora te  a second me t a l  e lect rode across the  first 
to fo rm a diode s t r uc t u r e  in  the  fo rm of a cross. 

If  on  the  o ther  hand ,  a s o m e w h a t  t h i cke r  oxide 
fi lm is desired,  a d i rect  e lect r ical  connec t ion  is made  
to the  a l u m i n u m  film in  the  v a c u u m  sys tem by  
me a ns  of a p robe  fo rmed  of p u r e  a l u m i n u m  wire.  
This probe  passes outs ide  the  sys tem t h r o u g h  a 
v a c u u m  seal, and  a smal l  posi t ive  d-c  po ten t i a l  is 
appl ied  to it  w i t h  respect  to the  sys tem ground.  A 
c u r r e n t  is observed  to flow in  this  c i rcui t  once con-  
tac t  w i th  the  fi lm is es tabl ished,  a nd  this  is seen to 
decay wi th  t ime  in  a m a n n e r  s imi la r  to tha t  which  
preva i l s  in  an  o r d i n a r y  aqueous  anodiz ing  bath.  
W h e n  the  c u r r e n t  has  decayed,  connec t ion  is b roken ,  
the  d ischarge  shu t  off, a nd  t he  sys tem p u m p e d  d o w n  
for the evapora t i on  of the  second me t a l  e lectrode as 
before.  

If the anod iz ing  p robe  is no t  m a d e  of p u r e  a l u m i -  
n u m  or some other  me ta l  which  forms an  anodized  
oxide layer ,  it  con t inues  to d r a w  a c u r r e n t  which  
masks  the  decreas ing  anodiz ing  c u r r e n t  t h rough  the  
specimen.  

A n  oxygen  p ressure  of 50~ is n o r m a l l y  used since 
for this  p ressure  a m a x i m u m  occurs in  the  anodiz ing  
c u r r e n t  and  the  process proceeds more  rapidly .  In  
the ne ighborhood  of 1 m m  pressure  a no t he r  m a x i -  
m u m  in  the anodiz ing  c u r r e n t  occurs a n d  oxides 
fo rmed  at this  p ressure  seem to be s imi la r  to those 
fo rmed  at  50#. 

Solid-state anodization.--In this  me thod  the  
f resh ly  deposi ted a l u m i n u m  film is first g iven  a 
shor t  oxidat ion.  This  is accompl ished e i ther  by  ex-  
posing the f i lm to a d ry  oxygen  a tmosphere  for a 
few minu tes ,  or b y  m a i n t a i n i n g  a glow discharge  in  
the  sys tem for a few seconds. The top me t a l  e lectrode 
is t h e n  evapora ted  to comple te  the s t ruc ture .  This  
evapora t ion  is car r ied  out  at  a sys tem pressure  of 
10 -4 m m  Hg, the p ressure  be ing  m a i n t a i n e d  at this  
va l ue  by  a cont ro l led  leak  of d ry  oxygen  into the 
system. The  me t a l  chosen for the  top e lec t rode  is one  
which  wil l  r e a d i l y  dissolve r e l a t i ve ly  l a rge  a m o u n t s  
of oxygen,  bo th  t in  and  lead hav ing  b e e n  used suc-  
cessfully.  

We ge ne r a l l y  evapora te  meta l s  so as to fo rm films 
at the  ra te  of 100-200 A/sec ,  b u t  in  the  evapora t ion  
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of the  f i lm d e s c r i b e d  above ,  th is  r a t e  is k e p t  a t  a b o u t  
10-15A/sec .  

W h e n  the  second  e l ec t rode  e v a p o r a t i o n  is c o m -  
p le te ,  the  s a m p l e  is r e m o v e d  f rom the  v a c u u m  sys -  
t e m  and  e l ec t r i ca l  connec t ion  is m a d e  to each  e lec -  
t r o d e  of the  a s sembly .  A sma l l  d - c  p o t e n t i a l  is t hen  
a p p l i e d  across  t h e  spec imen ,  t he  b o t t o m  ( a l u m i n u m )  
e l ec t rode  be ing  m a i n t a i n e d  pos i t ive .  As  in t h e  case  
of gaseous  anod iza t i on  a c u r r e n t  is o b s e r v e d  to flow, 
and  this  c u r r e n t  decays  w i t h  t ime,  i n d i c a t i n g  t h e  
g r o w t h  of ox ide .  

Discussion of Experimental Results 
Gaseous anodization--no appliecl potential.--  One 

h u n d r e d  i n d i v i d u a l  c ross ings  w e r e  d e p o s i t e d  on a 
s ingle  l x l  in. glass  subs t r a t e .  This  was  a c c o m p l i s h e d  
by  first  e v a p o r a t i n g  a l l  one h u n d r e d  a l u m i n u m  l o w e r  
e lec t rodes ,  s u b j e c t i n g  these  to t h e  d i s c h a r g e  for  2 
min,  e v a p o r a t i n g  t w e n t y  top  e lec t rodes ,  a lso  of  
a l u m i n u m ,  t u r n i n g  on the  d i s c h a r g e  for  2 rain,  
e v a p o r a t i n g  a n o t h e r  t w e n t y  top  e lec t rodes ,  etc. In  
th is  m a n n e r  five d a t a  po in t s  w e r e  s ecu red  on a s ing le  
spec imen ,  a s ingle  p o i n t  be ing  the  a v e r a g e  of t w e n t y  
i n d i v i d u a l  cross ings .  F i g u r e  2 shows  t h e  r e su l t s  of 
m e a s u r e m e n t s  of a l u m i n u m  ox ide  t h i cknes s  m a d e  
as a func t ion  of the  t i m e  d u r i n g  w h i c h  a s p e c i m e n  
was  l e f t  i m m e r s e d  in t he  o x y g e n  g low  d i scha rge .  

Th ickness  of t he  ox ide  was  d e t e r m i n e d  f r o m  
c o m p a r i s o n  of the  e x p e r i m e n t a l l y  o b s e r v e d  c u r r e n t  
v o l t a g e  c h a r a c t e r i s t i c s  w i t h  e l e c t r o n  t u n n e l i n g  
t h e o r y  (2) .  D e t a i l e d  r e su l t s  of th is  c o m p a r i s o n  a re  
be ing  t r e a t e d  in a s e p a r a t e  p u b l i c a t i o n  (3)  a n d  a r e  
no t  r e p e a t e d  here .  

W e  h a v e  also checked  the  ox ide  th i ckness  in some 
cases b y  m e a s u r i n g  the  c a p a c i t a n c e  of m e t a l - o x i d e -  
m e t a l  s andwiches .  W e  h a v e  a p p r o a c h e d  th is  m e t h o d  
w i t h  cau t ion  as a r e s u l t  of t he  w o r k  of Mead  (4) .  
Mead  f o u n d  t h a t  the  ef fec t ive  d i e l ec t r i c  cons t an t  d e -  
c r ea sed  as the  t h i cknes s  of the  d i e l ec t r i c  dec rea sed ,  
and  he  p o s t u l a t e d  this  r e s u l t  as be ing  due  to a d e -  
p l e t i on  l a y e r  in t he  m e t a l  e l ec t rode .  The  effect  
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Fig. 2. Thickness vs.  time for gaseous anodization (without e x -  

t e rna l  potential). 

Fig. 3. 100 tunneling samples deposited simultaneously 

v a r i e d  w i t h  t he  e l ec t rode  m a t e r i a l  b e i n g  l a r g e r  for  
b i s m u t h  t h a n  for  go ld  coun te r  e lec t rode .  

W e  have  no t  been  ab le  to d u p l i c a t e  M e a d ' s  resu l t s .  
Us ing  gas  anod ized  a l u m i n u m  ox ide  d ie lec t r ics ,  w e  
depos i t ed  s amp le s  of  size l x l  m m  and  m e a s u r e d  the  
c a p a c i t a n c e  for  coun t e r  e l e c t r o d e s  of Au,  Bi, Cu, Ag,  
and  A1. The  r e su l t s  w e r e  i d e n t i c a l  fo r  a l l  t hese  
c o u n t e r  e lec t rodes .  Moreove r ,  if  t he  v a l u e  of t he  o x -  
ide  d i e l ec t r i c  cons t an t  w e r e  t a k e n  to be  8, t h e  ca l -  
c u l a t e d  t h i cknes s  of the  ox ide  f i lms was  f o u n d  to be  
29A. This  is in good a g r e e m e n t  w i t h  the  t u n n e l i n g  
r e su l t s  w h i c h  gave  25/k for  these  samples .  

F u r t h e r  conf idence  in  t he  m e a s u r e m e n t s  r e su l t s  
f r o m  the  v e r y  s m a l l  s p r e a d  in  t he  o b s e r v e d  c h a r a c -  
t e r i s t i cs  for  c ross ings  g iven  i den t i ca l  t r e a t m e n t .  
F i g u r e  3 shows  a t y p i c a l  s p e c i m e n  c o n t a i n i n g  100 
i d e n t i c a l  i n d i v i d u a l  cross ings .  A con tour  d i a g r a m  
showing  l ines  of e q u a l  t u n n e l i n g  r e s i s t ance  is s h o w n  
in Fig.  4a, and  i t  is i m m e d i a t e l y  obv ious  t h a t  t h e  
va r i a t i ons  a r e  bo th  s m a l l  a n d  r e g u l a r ,  i.e., t h e r e  is 
l i t t l e  r a n d o m  v a r i a t i o n  across  t he  sample .  

The  effect of w a t e r  v a p o r  on  the  g r o w t h  of a l u m i -  
n u m  o x i d e  l a y e r s  is v e r y  m a r k e d .  W e  h a v e  no t i ced  
t ha t  w h e n  a l u m i n u m  is e v a p o r a t e d  in  a s y s t e m  a t  
a p r e s s u r e  of 10 -6 m m  H g  copious  q u a n t i t i e s  of gas  
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Fig. 40. Contour map of resistance of tunneling specimen of 
type shown in Fig. 3. 
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are evolved and  tha t  the  sys tem takes  up  to 5 m i n  to 
r e t u r n  to 10 -8 mm.  This effect is c lear ly  no t  due  to 
the  re lease of gas wh ich  was dissolved in  the  a l u -  
m i n u m .  We be l ieve  t ha t  the  f resh ly  deposi ted a l u m i -  
n u m  reacts  wi th  the  w a t e r  vapor  of the  v a c u u m  sys-  
t em  and  produces  a l u m i n u m  oxide and  hydrogen .  
S ince  the  cold t r ap  in  the  sys tem p u m p s  wa t e r  b u t  
no t  hydrogen ,  the sys tem pressure  rises. This  phe -  
n o m e n o n  can  be g rea t ly  r educed  b y  even  a modes t  
bakeou t  at  100~ overn ight .  The  res i s tance  of t u n -  
ne l i ng  samples  deposi ted d i rec t ly  af ter  such a b a k e -  
out  are reduced  by  two to th ree  orders  of m a g n i t u d e  
over  those of ou r  n o r m a l  samples  wh ich  indica tes  
tha t  the  oxide th ickness  is pe rhaps  3-5A un i t s  
t h inne r .  
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The above effect also exp la ins  w h y  the  crossings 
of Fig. 4a have  h igher  res is tances  a t  the  corners  a nd  
edges t h a n  at  the  center .  D u r i n g  the  anod iza t ion  
process wa t e r  vapor  falls on the  subs t r a t e  and  moves  
over  the  surface  u n t i l  i t  e i ther  r e - e v a p o r a t e s  or is 
t r apped  by  reac t ion  wi th  an  a l u m i n u m  film. A l u m i -  
n u m  films at the  edge and  p a r t i c u l a r l y  the  co rne r  of 
a spec imen  t r ap  more  w a t e r  vapor  t h a n  those in  the  
cen te r  and  hence  the oxide th ickness  is greater .  This  
e x p l a n a t i o n  is conf i rmed by  the  fo l lowing exper i -  
ment .  Over  one ha l f  of a subs t ra te  an  e x t r e m e l y  
smal l  a m o u n t  of a l u m i n u m  was deposited.  This  
a l u m i n u m  "fi lm" was  n o n c o n d u c t i n g  and  was  p r e -  
s u m a b l y  b r o k e n  up  in to  smal l  is lands.  One  h u n d r e d  
crossings were  t hen  deposi ted in  the  usua l  m a n n e r  
and  the i r  res is tances  measured .  The  fifty crossings 
on the  a l u m i n u m  "film" had  res is tances  w i t h i n  
-- 30% whereas  those on the  glass had  res i s tances  
w i t h i n  --+ 200% (see Fig. 4b) .  The m i n u t e  i s lands  of 
a l u m i n u m  over  ha l f  the  subs t r a t e  had  acted as t raps  
for surface  di f fus ing w a t e r  vapor  and  had  thus  m a d e  
the  crossing res is tances  bo th  lower  and  more  u n i -  
fo rm t h a n  those on the  u n t r e a t e d  subs t ra te .  

These s imple  e x p e r i m e n t s  show the  necess i ty  for 
con t ro l l ing  wa t e r  vapor  d u r i n g  the  fo rma t ion  of the  
oxide b a r r i e r  and  show tha t  amaz ing  r ep roduc i b i l i t y  
of b a r r i e r  th ickness  is possible w i th  such control .  

Gaseous anodizati~n, external potential app l ied . -  
The  resul t s  of this  type  of t r e a t m e n t  more  n e a r l y  

Fig. 5. Oxide thickness of gaseous anodized aluminum single 
crystals as function of applied anodizing voltage. 

para l l e l  anod iza t ion  in  an  aqueous  e lec t ro ly te  since 
a s imple  l i nea r  r e l a t ionsh ip  is found  to exist  b e t w e e n  
the  appl ied  po ten t i a l  a nd  oxide thickness .  F i g u r e  5 
shows the  resul t s  of m e a s u r e m e n t s  of oxide th ickness  
vs. appl ied  potent ia l .  The th ickness  da ta  in  this  case 
were  ob ta ined  in  the fo l lowing  ways.  A s ingle  
c rys ta l  of a l u m i n u m  1/4x3Axl in. was  e lec t ropol ished 
in  a m i x t u r e  of m e t h y l  alcohol  and  perchlor ic  acid. 
Af te r  w a sh i ng  and  dry ing ,  the  anod iza t ion  was  t hen  
car r ied  out as descr ibed  ear l ie r  w i th  a po ten t i a l  of 
q- 31/2v appl ied  to the  specimen.  Af t e r  the  c u r r e n t  
had  decayed to a smal l  va lue ,  the  sample  was  r e -  
move d  f rom the  sys tem a nd  placed in  a "we t"  a n -  
odizing cell, cons is t ing  of an  aqueous  so lu t ion  con-  
t a i n i n g  1% a m m o n i u m  c i t ra te  a nd  1% citr ic acid. 

The  vol tage  on the  cell was  s lowly  increased  to 
5u at which  po in t  a c u r r e n t  was  observed  to flow 
equa l  to tha t  in  the  d r y  sys tem,  i n d i c a t i n g  the  i n i t i a -  
t ion  of anodic  oxide  growth.  S ince  the  vol tage  th i ck -  
ness  r e l a t ion  for this  so lu t ion  is k n o w n  to be 14 A / v ,  
the vol tage  m a r k i n g  the onset  of c u r r e n t  flow was  
t a k e n  as a m e a s u r e  of the th ickness  of oxide  which  
had  been  p roduced  by  the  gaseous method.  Whi le  the  
c rys ta l  was  st i l l  in  the  wet  cell, the anodic  fi lm was 
increased  in  th ickness  to 120A b y  i nc r ea s ing  the  
vol tage  to 8 �89  At  this  po in t  the sample  was  r e -  
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Fig. 4b. Contour map of resistance of tunneling specimen of 
type shown in Fig. 3 showing effect of shadowing the substrate 
with aluminum. 

move d  f rom the  cell, r insed  a nd  dr ied  a nd  rep laced  
in  the  v a c u u m  system. The discharge  was  in i t i a t ed  
a nd  the  crys ta l  vol tage  increased  to 5Yfv at  which  
vol tage  the  onset  of c u r r e n t  flow was a ga i n  observed.  
I n  this  m a n n e r  the  series of poin ts  show n  in  Fig. 5 
was  de t e rmined ,  a n d  as m a y  be seen f r o m  the  figure 
a cons t an t  va lue  of a p p r o x i m a t e l y  20 A / v  ob ta ined  
for the  slope. 

As a check on this  re la t ionsh ip ,  a c rys ta l  of a l u m i -  
n u m  was  gas anodized  at  a po ten t i a l  of 7.4v. The  
sample  was  t h e n  r e move d  f rom the  sys tem and  
hea ted  to a t e m p e r a t u r e  of 450~ in  a t ube  furnace .  
On cooling f rom this  t e m p e r a t u r e  a nuc l ea t i on  of 
vacanc ies  occur red  a t  the  m e t a l - o x i d e  in t e r f ace  r e -  
su l t ing  in  the  f o r ma t i on  of va c a nc y  pits  u n d e r  the  
oxide (5) .  The  oxide was  r e m o v e d  f rom over  the  
pi ts  b y  pee l ing  off a pa r lod ion  film fo rmed  on the  
c rys ta l  sur face  (6) .  Thus  a pa r lod ion  repl ica  was  
ob ta ined  wi th  a l a rge  n u m b e r  of oxide par t ic les  ad -  
h e r i n g  to the  unders ide .  This  was  t h e n  shadowed  
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wi th  p l a t i n u m  and  a direct  m e a s u r e m e n t  of the  p a r -  
t icle th ickness  ob ta ined  in  the e lec t ron  microscope. 
In  addi t ion ,  selected a rea  dif f ract ion s tudies  were  
made  on the  ac tua l  oxide par t ic les  themse lves  and  
the i r  s t ruc tu re  de te rmined .  

In  this  m a n n e r  it was found  tha t  the oxide fi lm 
was 140• in a g r e e m e n t  wi th  the p rev ious  re -  
sults. Moreover,  the oxide was found  to be com-  
p le te ly  amorphous ,  jus t  as is the case wi th  n o r m a l  
anodized films. 

W h e n  a l u m i n u m  films are anodized by  this  
method,  the c u r r e n t  fal l -off  is s lower  t h a n  for a b u l k  
sample.  For  example ,  an  a l u m i n u m  film anodized at  
6v for 5 m i n  achieved a th ickness  of 100A, and  the 
c u r r e n t  had  d ropped  to 10 % of its in i t i a l  value.  Af te r  
50 m i n  anodiza t ion  the cu r r en t  had  fa l len  to 3% 
and  the th ickness  was 134A. Af te r  20 h r  the c u r r e n t  
had  fa l len  to 0.1%, and  the film th ickness  was 141A. 
This gives a va lue  of 2 3 A / v  appl ied  which  agrees 
wi th  the  va lue  for s ingle  crystals .  These  m e a s u r e -  
men t s  of th ickness  were  made  by  m e a s u r i n g  the 
capaci tance  of the  samples.  

Solid-state a~odization--The th ickness  of the  
oxide fo rmed  by  this  t e chn ique  was also m e a s u r e d  
by  compar i son  of the e x p e r i m e n t a l  c u r r e n t - v o l t a g e  
charac ter is t ics  wi th  t u n n e l i n g  theory.  The resul t s  
are shown  in  Fig. 6, and  it  is aga in  seen tha t  a l i nea r  
r e la t ionsh ip  exists b e t w e e n  anodiz ing  vol tage  and  
thickness.  

A s t r ik ing  d e m o n s t r a t i o n  of the g rowth  of the  
oxide is p rov ided  w h e n  the c u r r e n t - v o l t a g e  charac -  
ter is t ics  of a sample  are d i sp layed  on an  X - Y  oscil-  
loscope wi th  a hal f  wave  rectif ied (60 cps) sweep 
voltage.  If the po la r i t y  of the t race  is such tha t  the  
a l u m i n u m  is negat ive ,  t h e n  no anodiza t ion  takes  
place, and  the  charac ter i s t ic  is comple te ly  s table  
wi th  t ime. If, however ,  the a l u m i n u m  is made  posi-  
tive, t hen  the charac ter i s t ic  r ap id ly  and  smooth ly  
changes as shown in  Fig. 7. 

S ince  the change  w i th  t ime  is r a the r  rap id  w h e n  
the  a l u m i n u m  is posit ive,  and  hence  difficult to 

Thickness in 

i 

Fig. 6. Oxide thickness as function of applied voltage (solid-state 
anodization). 
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Fig. 7. I-Y characteristics for aluminum-tin sample showing 
growth of oxide resulting from applying a potential across the 
oxide barrier. The characteristic of the sample changes from 
curve 1 (bottom) to curve 6 (top) in a few seconds. 

photograph,  the  super imposed  character is t ics  shown 
in  the figure were  ac tua l ly  d i sp layed  wi th  the a l u m -  
i n u m  negat ive ,  g rowth  b e t w e e n  successive curves  
ob ta ined  by  r e ve r s i ng  the  po la r i ty  m o m e n t a r i l y .  A 
typ ica l  crossing w i t h  an area  10 -4 cm e h a v i n g  an  
in i t i a l  t u n n e l i n g  res i s tance  of 100 ohms can be made  
to d i sp lay  a res is tance  (a t  the  or ig in)  of t ens  of 
megohms  in  a few seconds. 

The effect is s t rong ly  t e m p e r a t u r e  dependen t ;  
w h e n  the specimens  are cooled to 243~ the  oxide 
g rowth  no longer  occurs. The  m e c h a n i s m  tha t  i n -  
h ibi ts  the  g rowth  of oxide at low t e m p e r a t u r e  is 
p r o b a b l y  e i ther  the cessat ion of solut ion of a l u m -  
i n u m  in  the oxide or the  immobi l i z ing  of the  oxygen  
in  the  t in.  We are, at present ,  a t t e m p t i n g  to differ-  
en t ia te  b e t w e e n  these two possibil i t ies.  

A n  in te res t ing  consequence  of the sens i t iv i ty  of 
the anodiza t ion  process to the  po la r i t y  of the  appl ied  
vol tage  is the  fact tha t  ag ing  effects in  A1-A120~- 
me ta l  diodes a lways  occur so as to increase  the i r  
t u n n e l i n g  res i s tance  wi th  t ime.  We i n t e r p r e t  this  
slow increase  wi th  t ime  to be due  to a g r a dua l  b u i l d -  
up in  the th ickness  of the  oxide ba r r i e r  due  to the 
process of solid s tate  anodizat ion.  In  this  case the  
oxygen  is e i ther  dissolved in  the  top me ta l  in  the  
beg inn ing ,  or diffuses in f rom the  a tmosphere  wi th  
t ime.  The field r equ i r ed  for the  process der ives  f rom 
the  contact  po ten t i a l  across such a s y m m e t r i c  diodes. 
This hypothes is  is bo rne  out  by  the  fact tha t  w h e n  
the  coun te r  e lect rode of t u n n e l i n g  sample  is a me ta l  
h a v i n g  a h igher  work  func t i on  t h a n  a l u m i n u m ,  the 
sample  ages more  r a p i d l y  t h a n  do A1-A1203-A1 
specimens.  This  en t i r e  ques t ion  is be ing  t r ea ted  more  
comple te ly  in  a separa te  pub l i ca t i on  (3) .  

S u m m a r y  and  Conclusions 

The growth  of the  oxide films has b e e n  observed 
to occur on  the  surface  of ce r ta in  meta l s  w h e n  they  
are:  (i) sub jec ted  to an oxygen  p la sma  a tmosphere ,  
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(ii) sub jec ted  to an  oxygen  p l a sma  a tmosphe re  and  
m a i n t a i n e d  at  a posi t ive  po ten t i a l  w i th  respect  to 
the  p l a sma  anode,  and  (ii i)  b rough t  into i n t i m a t e  
contact  w i t h  a second me ta l  which  has oxygen  dis-  
solved in  i t  and  m a i n t a i n e d  at a posi t ive po ten t i a l  
wi th  respect  to tha t  meta l .  

I n  (i)  above,  a th ickness  vs. t ime  re l a t ionsh ip  has  
been  found  to exist  wh ich  closely resembles  tha t  for 
t h e r m a l  oxide fo rma t ion  except  t ha t  the  t e r m i n a l  
th ickness  is somewha t  greater .  The  effect of the  
p l a sma  in  this  case is mos t  l ike ly  m e r e l y  to p rov ide  
a more  copious supp ly  of ions t h a n  wou ld  n o r m a l l y  
exist  on the  exposed me ta l  oxide surface.  

In  (i i)  and  (ii i)  a compar i son  has b e e n  d r a w n  
wi th  the more  c o m m o n  process of anod iza t ion  
u t i l i z ing  an  aqueous  electrolyte ,  whe re  the  e lec t ro-  
lyte  is now in  one case a p l a sma  of ions, and  in  the  
o ther  a me ta l  con t a in ing  oxygen  as an  impur i t y .  The  
exis tence  of a l i nea r  r e l a t ionsh ip  b e t w e e n  appl ied  
vol tage  and  the r e s u l t i n g  oxide thickness ,  and  the  
obse rva t ion  of c u r r e n t  fal l -off  d u r i n g  oxide g rowth  
in  each case is ev idence  for the  v a l i d i t y  of this  i n -  
t e rpre ta t ion .  

Oxide films fo rmed  by  (i) have  been  found  to be 
p a r t i c u l a r l y  usefu l  in  t u n n e l i n g  and  t u n n e l  emiss ion  
studies  as t hey  are  e x t r e m e l y  reproducib le ,  a l low a 
v e r y  fine control  of th ickness  to be  achieved,  are  
qui te  robus t  w h e n  fo rmed  in  a d ry  a tmosphere ,  a nd  
obey pred ic t ions  based  on  s imple  e lec t ron  t u n n e l i n g  
theory.  A l u m i n u m  oxide films fo rmed  in  this  m a n -  
n e r  h a v e  been  observed to ca r ry  c u r r e n t  densi t ies  
of 1000 a m p / c m  2 at  4v before  b r e a k i n g  down.  

Studies  on so l id-s ta te  anodiza t ion  (3) have  lead 
to an  increased  u n d e r s t a n d i n g  of the  m e c h a n i s m  

respons ib le  for the  aging of t u n n e l  emiss ion  diodes. 
In  v iew of the  fact  t ha t  me thod  (i)  a l lows the  

f o r ma t i on  of e lect ronic  e l emen t s  in  t h i n  film fo rm 
w i t hou t  the  need  for e i ther  m a k i n g  e lect r ical  con-  
tact  to the  subs t r a t e  or r e m o v i n g  it  f rom the  v a c u u m  
sys tem at  a ny  t ime  d u r i n g  the  process, it is fel t  t ha t  
this  t e c hn i que  offers a ve ry  c o n v e n i e n t  a nd  prac t ica l  
me a ns  for p u r s u i n g  circui t  m in i a tu r i za t i on .  

In  this  connect ion ,  the au thors  have  successful ly  
used methods  (i) and  (ii) to cons t ruc t  an  en t i re  
t h i n  film osc i l l a to r -ampl i f ie r  circuit ,  based on the  
use of a supe rconduc t ing  t u n n e l  diode, i nc lud ing  
both  act ive and  pass ive  c i rcui t  e l ements  (7) .  
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ABSTRACT 

Results are given of the measurements  of field effect and surface recombina-  
t ion velocity on HF-H202 treated ge rmanium samples in  air, nitrogen, and 
vacuum. I t  is found that  the quiescent potential, state density, and surface re -  
combinat ion velocity depend on the ampli tude of the field voltage at  a given 
frequency. Al though it  is general ly  possible to explain the data for the region 
near  the middle of the gap by  assuming one discrete set of recombinat ion cen- 
ters and one discrete set of inact ive states, both near  the center of the for-  
b idden gap, a cont inuous dis t r ibut ion cannot  be ruled out. n -  and p- type samples 
appear to have different state structures.  In  addit ion to the m a x i m u m  at the 
center of the gap, which is common to all samples studied, the recombinat ion 
velocity on n - type  samples increases again at more negat ive surface potentials. 
For  p- type  samples indications of a second peak at positive potent ial  are found. 

The fast  state s t r uc tu r e  of e tched or " rea l"  ger -  
m a n i u m  surfaces has b e e n  the  sub jec t  of severa l  
inves t iga t ions  d u r i n g  the  las t  decade (1) .  Qui te  gen -  
e ra l ly  the  e x p e r i m e n t a l  da ta  have  b e e n  fit ted to a 
model  w i th  four  discrete  sets of s ta tes  at  the  g e r m a -  

n i u m - o x i d e  in te r face :  one close to the conduc t ion  
band ,  one n e a r  the  va lence  band ,  and  two in  the  cen-  
t ra l  reg ion  of the  fo rb idden  gap. Of the  l a t t e r  two 
sets, the  one j u s t  above the  cen te r  of the  gap ap -  
pears  to act as an  accep to r - type  r e c o m b i n a t i o n  cen-  
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t e r  for  excess  ca r r i e r s .  N u m e r i c a l  v a l u e s  for  ene rg i e s  
and  dens i t i e s  h a v e  been  g iven  v i r t u a l l y  on ly  for  
the  s ta tes  in t h e  m i d d l e  of t he  gap.  T h e r e  is c o n s i d e r -  
ab le  s ca t t e r  b e t w e e n  d a t a  f r o m  d i f f e ren t  sources ,  b u t  
th is  m a y  be  p a r t l y  e x p l a i n e d  b y  d i f fe rences  in  s u r -  
face  t r e a t m e n t  a n d  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of 
the  sur face .  

The  p r e s e n t  s t u d y  w a s  a i m e d  a t  w i d e n i n g  t h e  
scope of a v a i l a b l e  i n f o r m a t i o n  t h r o u g h  an i n v e s t i -  
ga t i on  of a g e r m a n i u m  su r face  p r e p a r e d  b y  an  e tch  
w h i c h  is r a t h e r  d i f f e ren t  f r o m  the  c o m m o n l y  e m -  
p l o y e d  h e a v i l y  o x i d i z i n g  type .  The  e t ch ing  so lu t ion ,  
a w e a k l y  ox id iz ing  m i x t u r e  of H F  and  H202 [El l i s '  
No. 5 e tch  ( 2 ) ] ,  d i s so lves  r e l a t i v e l y  l i t t l e  m a t e r i a l ,  
b u t  g ives  r i se  to the  f o r m a t i o n  of a su r f ace  f i lm of 
c o n s i d e r a b l e  th ickness .  Bo th  f ield effect  and  su r f ace  
r e c o m b i n a t i o n  v e l o c i t y  w e r e  m e a s u r e d ,  and  the  e f -  
fect  of t h e  a p p l i e d  f ield on the  e l ec t r i ca l  s u r f a c e  
p r o p e r t i e s  was  i nves t iga t ed .  F i n a l l y ,  t he  p o s s i b i l i t y  
of i n t e r p r e t i n g  the  d a t a  in t e r m s  of a d i sc re t e  s t a t e  
p i c t u r e  w a s  exp lo red .  

Theory and Procedures 
In  a f ield effect e x p e r i m e n t ,  the  a m o u n t  of 

cha rge  i m m o b i l i z e d  in  a su r f ace  s t a t e  is d e t e r m i n e d  
as a func t ion  of t he  pos i t i on  of t he  F e r m i  l eve l  a t  t he  
surface .  The  t h e o r e t i c a l  e x p r e s s i o n  for  the  cha rge  
•  t r a p p e d  in  a d i s c r e t e  l e v e l  is 

~,ss  : --qNt [1 ~- exp  (E t - -  Ei -- qr  -1 [1]  

He re  Nt and  Et s t a n d  for  the  d e n s i t y  and  e n e r g y  of 
the  s ta te ,  Ei is the  m i d g a p  ene rgy ,  and  r is t h e  s u r -  
face  p o t e n t i a l  (qr is t he  d i f fe rence  b e t w e e n  the  
F e r m i  e n e r g y  and  the  m i d g a p  e n e r g y  at  t he  s u r -  
f ace ) .  The  o t h e r  s y m b o l s  have  t h e i r  u s u a l  m e a n i n g .  
W h e n  m o r e  t h a n  one set  of su r f ace  s t a tes  is p re sen t ,  
the  cha rge  t r a p p e d  in  t h e  s t a tes  is g iven  b y  t h e  s u m  
of a n u m b e r  of exp re s s ions  l ike  [ 1 ]. 

S u r f a c e  s ta tes  m a y  ac t  as r e c o m b i n a t i o n  cen te r s  
for  excess  ca r r i e r s .  The  e q u a t i o n  d e s c r i b i n g  the  s u r -  
face  r e c o m b i n a t i o n  ve loc i t y  s a t t r i b u t a b l e  to a s t a t e  
as a func t ion  of su r f ace  p o t e n t i a l  is 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1963 

avo id  hys t e r e s i s  caused  b y  s low s ta t e  r e l a x a t i o n  a n d  
m i n o r i t y  c a r r i e r  l i f e t ime .  Be c a use  of t he  r a t h e r  long  
s a m p l e  l i f e t imes  this  m e a n t  t h a t  the  f r e q u e n c y  h a d  
to be  l i m i t e d  to  10 or  20 cps a t  a sweep  of 150v 
p e a k  vo l tage .  W h i l e  s w e e p i n g  the  field, t he  s a m p l e  
was  i l l u m i n a t e d  f r o m  the  s ide  oppos i t e  t he  field p l a t e  
w i t h  a 60 cps  s q u a r e  w a v e  of p e n e t r a t i n g  r ad i a t i on .  
S a m p l e  c onduc t i on  in t he  d a r k  and  u n d e r  i l l u m i n a -  
t ion  w e r e  d i s p l a y e d  s i m u l t a n e o u s l y  on the  sc reen  
of an  osc i l loscope  as a f u n c t i o n  of t he  a p p l i e d  field. 
The  su r f ace  r e c o m b i n a t i o n  v e l o c i t y  was  d e t e r m i n e d  
f r o m  the  p h o t o c o n d u c t a n c e ,  t a k i n g  in to  accoun t  the  
effect of b u l k  r e c o m b i n a t i o n .  The  i n j e c t e d  c a r r i e r  
d e n s i t y  was  a l w a y s  k e p t  d o w n  to a f ew  p e r  cent  of 
the  b u l k  c a r r i e r  d e n s i t y  in  o r d e r  to m i n i m i z e  su r f ace  
pho tovo l t age .  The  o r ig ina l  d a t a  w e r e  o b t a i n e d  in  
the  f o r m  of smoo th  curves ;  t he  s ca t t e r  in  t he  po in t s  
of t he  f igures  in th is  p a p e r  has  been  i n t r o d u c e d  d u r -  
ing  the  m a n i p u l a t i o n  of t h e  da ta .  R e d u c e d  su r face  
mob i l i t i e s  (3)  w e r e  used  in  t he  c ompu ta t i ons .  

F o r  s a m p l e s  w i t h  v e r y  long  l i f e t imes  a n d  p r o -  
n o u n c e d  s low s ta t e  r e l a x a t i o n ,  as o b s e r v e d  in r o o m  
a i r  and  n i t rogen ,  o v e r l a p  b e t w e e n  the  f r e q u e n c y  
reg ions  of s low s ta t e  r e l a x a t i o n  and  m i n o r i t y  c a r r i e r  
l i f e t ime  effects p r e s e n t s  a f u n d a m e n t a l  d i f f icul ty  to 
o b t a i n i n g  s ign i f ican t  resu l t s .  L i f e t i m e  d a t a  w e r e  
o b t a i n e d  in th is  case  b y  m e a s u r i n g  p h o t o c o n d u c t a n c e  
d u r i n g  the  a p p l i c a t i o n  of a s q u a r e  w a v e  f ield to t he  
s a m p l e  surface .  S u b s e q u e n t l y  the  b a c k  su r f ace  was  
l apped ,  and  a f ield effect e x p e r i m e n t  was  p e r f o r m e d  
in the  n o r m a l  m a n n e r .  L a p p i n g  dec reases  t he  s a m p l e  
l i f e t ime  b y  a f ew  o rde r s  of m a g n i t u d e  and  t hus  
m o v e s  m i n o r i t y  c a r r i e r  effects to m u c h  h i g h e r  f r e -  
quenc ies  if  t he  s a m p l e  t h i cknes s  is sma l l  c o m p a r e d  
to t he  m i n o r i t y  c a r r i e r  d i f fus ion  l eng th .  

S a m p l e s  w e r e  p r e p a r e d  in  t he  fo l l owing  m a n n e r :  
A f t e r  cu t t i ng  a n d  l a p p i n g  to size ( a p p r o x .  10 x 5 x 
0.2 m m )  w i t h  S. S. W h i t e  " A i r b r a s i v e "  No. 1 a n d  
w a t e r  on glass,  t h e  w a f e r s  w e r e  c l e a ne d  u l t r a -  
son ica l ly  in d i s t i l l ed  w a t e r  for  s e v e r a l  m i n u t e s  to 
r e m o v e  r e s i d u a l  pa r t i c l e s .  The  i n d i u m  d o p e d  p -  and  
a n t i m o n y  d o p e d  n - t y p e  s a m p l e s  had  been  cut  to 

Ntcp (Pb + rib) 
8 

2 n~ exp  q~o/kT [cosh (Et -- Ei - -  q~o) / kT  + cosh q (r - -  r  
[2]  

E q u a t i o n  [2]  desc r ibes  a b e l l - s h a p e d  c u r v e  c e n t e r e d  
a r o u n d  r : ( k T / 2 q )  In (cp/c~) ;  cp and  cn a r e  c a p -  
t u r e  cons t an t s  ( p r o d u c t s  of t h e r m a l  v e l o c i t y  a n d  
cross sec t ion)  for  holes  and  e lec t rons ;  Pb and  nb a r e  
b u l k  c a r r i e r  dens i t ies .  I n  g e n e r a l  t h e r e  a r e  two  
va lues  of Et t h a t  w i l l  y i e l d  t he  s ame  c u r v e  a t  a g iven  
t e m p e r a t u r e .  Consequen t ly ,  a s ing le  e x p e r i m e n t a l  s 
vs. 4~ c u r v e  does no t  d e t e r m i n e  a u n i q u e  s t a t e  e n -  
e rgy .  The  mos t  s t r a i g h t f o r w a r d  c r i t e r i on  for  s e l ec t -  
ing  the  p h y s i c a l l y  s igni f icant  v a l u e  for  Et is t ha t  
th i s  v a l u e  shou ld  fit t he  f ield effect  d a t a  (Eq. [ 1 ] ) .  
This  a p p r o a c h  was  used  here .  

In  the  p r e s e n t  w o r k  the  field was  a p p l i e d  u s i n g  a 
0.001 in. a l u m i n u m  foi l  f ield p l a t e  w i t h  a 0.001 in. 
m y l a r  spacer .  U n i f o r m  p r e s s u r e  w a s  e x e r t e d  on the  
s a m p l e - f i e l d  p l a t e  a s s e m b l y  t h r o u g h  a shee t  of r u b -  
b e r  w i t h  a r i g i d  b a c k i n g  p la te ,  r e s u l t i n g  in a c a p a c i -  
t ance  of a b o u t  100 p f d / c m  2. T h e  sweep  f r e q u e n c y  
and  a m p l i t u d e  of t he  f ield w e r e  chosen  such as to 

m a k e  t h e  l a r g e  faces  (111) p l anes ;  t he  i n t r i n s i c  
s a m p l e s  w e r e  of u n k n o w n  o r i en ta t ion .  Nex t ,  t h e y  
w e r e  e t ched  w i t h  CP4 w h i c h  h a d  been  " a c t i v a t e d "  
b y  p u t t i n g  in l a p p e d  p ieces  of g e r m a n i u m  f r o m  the  
s ame  ingot .  Also,  i t  was  h o p e d  t h a t  th is  p r e t r e a t m e n t  
w o u l d  t end  to r e m o v e  f r o m  so lu t ion  a n y  t r ace  i m -  
p u r i t i e s  w h i c h  h a v e  a t e n d e n c y  to depos i t  a t  t he  
su r f ace  of the  w a f e r s  d u r i n g  the  e t ch ing  process .  The  
r e a c t i o n  was  s t oppe d  b y  q u e n c h i n g  w i t h  d i s t i l l ed  
w a t e r  a t  a p o i n t  w h e r e  t he  a c t i v i t y  h a d  d i m i n i s h e d  to 
a s m a l l  f r ac t i on  of i ts  i n i t i a l  va lue .  The  s a m p l e s  
w e r e  w a s h e d  t h o r o u g h l y  w i t h  d i s t i l l ed  w a t e r  w i t h -  
out  e x p o s u r e  to air .  The  w a t e r  was  r e m o v e d  ira.- 
m e d i a t e l y  b y  s e v e r a l  w a s h i n g s  w i t h  m e t h a n o l  and  
t h e n  acetone.  The  samples ,  s t o r ed  u n d e r  ace tone ,  
w e r e  d r i e d  in  a s t r e a m  of n i t r o g e n  j u s t  be fo re  
t r e a t i n g  w i t h  t h e  No. 5 etch.  Th i s  e tch  consis ts  of 
40 m l  H F  ( 4 8 % ) ,  5 ml  H2Oe ( 3 0 % ) ,  and  24 m l  w a t e r  
(2) .  The  g e r m a n i u m  pieces  used  to p r e t r e a t  t h e  CP4 
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w e r e  p roces sed  in t he  s ame  m a n n e r  as t h e  s a m p l e s  
a n d  used  to t es t  a n d  p r e t r e a t  t he  No. 5 etch.  

W h e n  CP4 e t ched  g e r m a n i u m  is t r e a t e d  w i t h  No. 
5 etch,  a co lo red  f i lm is f o r m e d  on the  sur face ,  t h e  
g r o w t h  of  wh ich  can  be  f o l l o w e d  b y  o b s e r v i n g  a s e -  
quence  of i n t e r f e r e n c e  colors.  The  s h a d e  a n d  u n i -  
f o r m i t y  of co lor  and  also t he  t e x t u r e  of the  f i lm can  
be  c o n t r o l l e d  b y  v a r y i n g  the  compos i t i on  of t h e  
e tch  and  the  d u r a t i o n  of t he  t r e a t m e n t .  I n  t he  course  
of these  e x p e r i m e n t s ,  i t  was  o b s e r v e d  t ha t  l ow  s t a t e  
dens i t i e s  a n d  su r f ace  r e c o m b i n a t i o n  ve loc i t i e s  w e r e  
cons i s t en t ly  o b t a i n e d  for  f i lms w h i c h  w e r e  u n i -  
f o r m l y  t i n t e d  f if th o r d e r  p a l e  b l u e  or  ye l low.  Less  
r e p r o d u c i b l e  p r o p e r t i e s  and  h i g h e r  dens i t i e s  w e r e  
found  fo r  f i lms w i t h  m u l t i c o l o r  p a t t e r n s ,  s t r i a t ions ,  
or  o the r  v i s ib le  i nhomogene i t i e s .  S a m p l e s  w i t h  u n i -  
f o r m  p a l e  b lue  or y e l l o w  f i lms w e r e  s t u d i e d  t h r o u g h -  
out  th is  i nves t i ga t i on ;  t h e i r  a p p e a r a n c e  was  a d o p t e d  
as t h e  c r i t e r i o n  for  a c c e p t a b i l i t y .  The  d e s i r e d  t y p e  
of  f i lm was  of ten  p r o d u c e d  b y  the  No. 5 e tch  as i t  
was  o r i g i n a l l y  mixed ,  w i t h  30 sec e t ch ing  t ime .  I f  
not ,  t he  compos i t i on  of t he  m i x t u r e  a n d  the  r e a c t i o n  
t ime  w e r e  v a r i e d  s l igh t ly ;  t he  r i g h t  cond i t ions  w e r e  
e s t a b l i s h e d  us ing  CP4 e t ched  t e s t  samples .  D u r i n g  
t h e  process ,  t he  s a m p l e  t h i c k n e s s  d e c r e a s e d  b y  o n l y  
5~. I t  m a y  be  n o t e w o r t h y  t h a t  an  a c c e p t a b l e  su r f a c e  
was  m o r e  diff icul t  to o b t a i n  on  p - t y p e  t h a n  on 
n - t y p e  or  i n t r i n s i c  m a t e r i a l .  

A f t e r  r e m o v a l  f r o m  t h e  e tch  ba th ,  the  s a m p l e s  
w e r e  w a s h e d  in m e t h a n o l ,  t h e n  in ace tone ,  and  fi- 
n a l l y  d r i e d  in  n i t rogen .  Con tac t  su r f aces  w e r e  m a d e  
at  the  ends  b y  l a p p i n g  w i t h  No. 600 a b r a s i v e  p a p e r  
and  coa t ing  w i t h  g a l l i u m - i n d i u m  solder .  The  s a m -  
p les  w e r e  e x p o s e d  to H F  v a p o r  for  10 sec and  p l a c e d  
in t h e  s a m p l e  ho lder .  

Results  a n d  I n t e r p r e t a t i o n  

Electr ica l  M e a s u r e m e n t s  in  A i r  and N i t r o g e n  

V e r y  low v a l u e s  of su r f ace  r e c o m b i n a t i o n  v e l o c i t y  
at  t he  qu ie scen t  su r f ace  p o t e n t i a l  ( su r f ace  p o t e n t i a l  
a t  zero f ie ld)  w e r e  f o u n d  for  s a m p l e s  m e a s u r e d  in 
a i r  ( r e l a t i v e  h u m i d i t y  3 0 - 5 0 % )  or  in  d r y  n i t r ogen ,  
in  a g r e e m e n t  w i t h  El l i s '  f indings  (2 ) .  F o r  i n t r i n s i c  
g e r m a n i u m  at  r o o m  t e m p e r a t u r e  r e c o m b i n a t i o n  
ve loc i t i e s  b e t w e e n  10 a n d  15 c m / s e c  w e r e  con -  
s i s t e n t l y  ob ta ined .  F o r  16 o h m - c m  n - t y p e  and  20 
o h m - c m  p - t y p e  m a t e r i a l  t he  v a l u e s  w e r e  s o m e w h a t  
h i g h e r  ( a r o u n d  50 c m / s e c ) .  This  is not  u n e x p e c t e d  
s ince t he  su r face  r e c o m b i n a t i o n  v e l o c i t y  is p r o p o r -  
t i ona l  to t he  b u l k  c a r r i e r  d e n s i t y  (see  Eq. [ 2 ] ) .  

As  an  e x a m p l e ,  d a t a  on field effect  a n d  su r f ace  r e -  
c o m b i n a t i o n  ve loc i t y  o b t a i n e d  on  an  in t r i n s i c  s a m -  
p l e  at  r o o m  t e m p e r a t u r e  in  a n i t r o g e n  a t m o s p h e r e  
a r e  p r e s e n t e d  in Fig .  1. I t  m a y  be  seen  t h a t  t he  
s lope  of  the  su r face  s t a t e  cha rge  c u r v e  (Fig .  I b )  is 
v e r y  s m a l l  in the  c e n t r a l  r eg ion  of t he  gap ;  i t  b e -  
gins  to i n c r e a s e  on ly  b e y o n d  ~s = +4 .  Here ,  as in  
t he  r e s t  of th is  p a p e r ,  Cs is e x p r e s s e d  in  un i t s  k T / q .  
The  su r f ace  r e c o m b i n a t i o n  d a t a  in Fig .  l a  w e r e  ob -  
t a i n e d  b y  s w e e p i n g  t h e  su r f ace  p o t e n t i a l  w i t h  a 
squa re  w a v e  field. Th is  is a p o i n t  b y  p o i n t  m e t h o d  
in w h i c h  for  each  v a l u e  of f ield excu r s ion  on ly  two  
e x p e r i m e n t a l  po in t s  a r e  ob ta ined .  The  su r f ace  r e -  
c o m b i n a t i o n  ve loc i t y  a t  zero a p p l i e d  f ield ( w h e r e  
~s "~ + 5 )  is i n d e e d  b e t w e e n  10 and  15 cm/ sec .  Also,  
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t he  m a x i m u m  v a l u e  o b s e r v e d  in  th is  e x p e r i m e n t  (27 
c m / s e c )  is v e r y  low. A t  h i g h e r  pos i t i ve  v a l u e s  s does  
no t  go to zero,  bu t  l eve l s  off a t  a f ini te  va lue .  U n -  
f o r t u n a t e l y  on ly  a s m a l l  p a r t  of t he  s vs.  ~s c u r v e  at  
n e g a t i v e  su r face  po t e n t i a l s  cou ld  be  obse rved .  W h e n  
i nc r e a s ing  the  a m p l i t u d e  of t h e  field v o l t a g e  the  
qu ie scen t  su r f ace  p o t e n t i a l  sh i f t s  t o w a r d  m o r e  pos i -  
t ive  va lues ,  a n d  i t  is b a r e l y  poss ib l e  to s w i n g  b e y o n d  
the  c o n d u c t a n c e  m i n i m u m .  This  effect is m o r e  p r o -  
n o u n c e d  w h e n  a p p l y i n g  a s q u a r e  w a v e  f ield t h a n  
for  a s ine  w a v e  or  t r i a n g u l a r  w a v e  field. 

The  r a n g e  of  t h e  r e c o m b i n a t i o n  d a t a  is so l i m i t e d  
t h a t  i n t e r p r e t a t i o n  in t e r m s  of  s t a t e  e n e r g y  a c c o r d -  
ing  to Eq. [2]  does  no t  s eem jus t i f ied .  The re fo re ,  o n l y  
q u a l i t a t i v e  conc lus ions  w i l l  be  d r a w n  f r o m  these  
resu l t s .  The  low m a x i m u m  r e c o m b i n a t i o n  and  the  
r a t h e r  f lat  su r f ace  s t a t e  c h a r g e  cu rve  a r e  b o t h  i n -  
d i c a t i v e  of  a low s t a t e  d e n s i t y  in t he  m i d d l e  of  t he  
f o r b i d d e n  gap.  The  cen t e r  ~o of  t he  s vs.  r c u r v e  
m u s t  be  at  a s m a l l  pos i t i ve  or  a t  a n e g a t i v e  v a l u e  
of su r f ace  po t e n t i a l ,  i.e., the  s t a t e  is e i t h e r  w e a k l y  
accep to r  t y p e  or  i t  is d o n o r  type .  

No d i f fe rence  in s u r f a c e  r e c o m b i n a t i o n  v e l o c i t y  
or  in  the  s t a t e  c h a r g e  c u r v e  was  f o u n d  b e t w e e n  s a m -  
p les  w h i c h  h a d  b e e n  e xpose d  to I-IF v a p o r s  a f t e r  t h e  
H F-H 202  t r e a t m e n t  and  those  w h i c h  h a d  no t  been  
exposed .  H o w e v e r ,  t h e  qu ie scen t  su r f a c e  p o t e n t i a l  
w h i c h  was  o r i g i n a l l y  for  an  in t r i n s i c  s a m p l e  at  + 3  
to + 4  at  r o o m  t e m p e r a t u r e  w o u l d  d r i f t  in  a b o u t  a 
w e e k  to + 5  or  + 6 ;  r e - e x p o s u r e  w o u l d  b r i n g  t h e  s u r -  
face  p o t e n t i a l  b a c k  to the  first  va lue .  No s igni f icant  
d i f fe rence  was  f o u n d  b e t w e e n  s a m p l e s  e x p o s e d  to 
r o o m  a m b i e n t  a n d  s a m p l e s  e x p o s e d  to  n i t r o g e n  ove r  
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t imes of the order  of a day. When samples  were  left  
out in a i r  for  over a week a ve ry  slow increase in 
the slope of the state charge curve was observed,  in-  
dicat ing tha t  this surface does not have  long t e rm 
stabil i ty.  

Electrical Measurements  in Vacuum 

Because of the hysteresis  encountered  when meas-  
ur ing  in air, most  exper iments  were  carr ied  out  in 
vacuum. When  the sample  chamber  was evacuated  
to about  l s  whi le  sweeping the field at  some mode r -  
ate f requency and ampl i tude  (for example ,  150v 
peak at  10 cps) ,  the field effect t race  which or igi-  
na l ly  shows a very  dist inct  slow state  r e laxa t ion  
loop, g radua l ly  begins to close. Af te r  a few hours  
the t race  has become a single line. Not only do the 
slow state  effects decrease s trongly,  but  at the same 
t ime the dens i ty  of the fast  states in the center  of the 
gap increases,  as shown by the increased surface re -  
combinat ion veloci ty  and the l a rge r  slope of the 
state charge curve. These phenomena  are not  unde r -  
stood at  present .  I t  is not clear  whe the r  only the 
number  of slow states is affected, the process of 
communicat ion be tween  slow states and bulk,  or 
both. There  genera l ly  is some shift  in the quiescent  
surface potent ial ,  but  it is smal l  (of the order  of one 
k T / q  uni t  to more posi t ive va lues) .  The pronounced 
effect of removing  room ambien t  by evacuat ing is 
r a the r  surpr is ing  since replac ing room ambien t  by  
d ry  ni t rogen made l i t t le  difference. The explana t ion  
for this unexpec ted  behavior  may  be tha t  press ing-  
on of the myla r - f i e ld  pla te  assembly effectively iso- 
lates the sample  surface f rom the gas phase. This 
wil l  only s l ight ly  affect evacuation,  but  make  out-  
diffusion of oxygen and wa te r  vapor  ex t r eme ly  slow. 

Effect of Ampl i tude  of the Field on 

Surface Characteristics 

An increase of the ampl i tude  of the field vol tage 
causes the  quiescent surface potent ia l  to shift  away  
from the min imum to la rger  posi t ive values. Also, 
the slope of the state charge curve increases,  indi -  
cating an increased state density.  Final ly ,  the sur -  
face recombinat ion  veloci ty  becomes considerably  
larger .  These three  effects are reversible .  Expe r i -  
menta l  da ta  on field effect and surface recombinat ion  
veloci ty  are shown in Fig. 2. S imi lar  resul ts  were  
found by Dousmanis (4) and by  Rzhanov et al. (5, 
6). The ex t reme  par ts  of the expe r imen ta l  curves 
have  not  been worked  out since the  cent ra l  region 
shows the above effects c lear ly  enough. Note tha t  
there  is an over -a l l  r a the r  than  a localized increase 
in the slope of the charge curves. The i r regular i t i es  
be tween ~s = +1 and Cs = 2.5, i.e., in the region 
around the conduction minimum,  are not  significant. 
These have  been in t roduced dur ing  the da ta  r e -  
duction; the re la t ive  e r ror  is larges t  in this area. An 
apprec iab le  increase in the  m a x i m u m  surface r e -  
combinat ion  veloci ty  (about  20% ) is observed when 
changing the peak  vol tage from 50 to 200v and con- 
sequent ly  the field f rom 2 x 104 to 8 x 104 v /cm.  

It  seems plaus ib le  tha t  the  nonl inear  re la t ion  
be tween  appl ied  field and surface potent ia l  is r e -  
sponsible for the change in quiescent potent ia l  (4).  
When increasing the ampl i tude  of the  a-c  field the  
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Fig. 2a. Effect of applied field on surface recombination velocity 
for 20 ohm-cm p-type germanium at 20~ in vacuum. 
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for 20 ohm-era p-type germanium at 20~ in vacuum. 

average  posit ion of the Fe rmi  level  at  the  surface 
wil l  shift  toward  the poten t ia l  of the  conductance 
minimum. Consequently,  electrons wi l l  leak  out of 
the slow states, and the space charge  l aye r  becomes 
more negative,  i.e., the quiescent  potent ia l  shifts 
away  f rom the minimum. One has to assume in this 
explana t ion  tha t  the dependence  on the surface po-  
tent ia l  of the ra te  of charge t ransfe r  f rom the slow 
states to the semiconductor  is e i ther  weak  or tha t  
it  is such tha t  it  enhances the  above effect. The r e -  
sul t ing change in the average  vol tage across the 
oxide layer  m a y  requi re  a r ea r r angemen t  of ionic 
charges resul t ing  in a change in fast  s ta te  density.  
Migra t ion  of ions has been proposed by  other  authors  
(7,8) to expla in  the increase in fast  s ta te  densi ty  on 
the appl icat ion of d-c  fields. They assume tha t  in 
this process some bonds wil l  be f reed and thus new 
fast  states created.  

Electrical Surface Characteristics in Vacuum 

Measurements  have been car r ied  out  on intr insic  
(50 ohm-cm) ,  n - t y p e  (16 ohm-cm)  and p - t y p e  (20 
ohm-cm and 11 ohm-cm)  samples at  different  t em-  
peratures .  Some resul ts  are  presented  in Fig. 3 to 7. 
For  a number  of cases the da ta  have  been in t e rp re t ed  
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in t e r m s  of two  d i sc re t e  sets  of s t a t es  in t he  c e n t e r  
of t h e  gap  in o r d e r  to show t h a t  i t  is poss ib le ,  in 
p r inc ip l e ,  to fo rce  t he  d a t a  in to  th is  model .  The  
sol id  l ines  in  t he  g r a p h s  a r e  t h e o r e t i c a l  cu rves  ca l -  
c u l a t e d  f r o m  t h e  v a l u e s  ind ica ted .  The  r e c o m b i n a -  
t ion  d a t a  w e r e  f i t ted  w i t h  a t h e o r e t i c a l  c u r v e  ac -  
co rd ing  to Eq. [2 ] ;  two  poss ib l e  s t a t e  ene rg i e s  (one  
a b o v e  a n d  one  b e l o w  the  cen t e r  of t he  gap )  and  a 
r a t i o  of  cross  sec t ions  w e r e  ob ta ined .  Next ,  i t  w a s  
a s s u m e d  t h a t  on ly  t he  s t a t e  a t  pos i t i ve  su r f ace  p o -  
t e n t i a l  has  p h y s i c a l  s ignif icance.  This  was  done  b e -  
cause  o t h e r  w o r k e r s  on e t ched  su r f aces  h a v e  g e n -  
e r a l l y  conc luded  t h a t  t he  r e c o m b i n a t i o n  ac t ive  s t a t e  
is in  t he  u p p e r  ha l f  of t he  gap.  The  d e n s i t y  of th is  
c en t e r  w a s  f o u n d  f r o m  the  fit of a cu rve  as d e s c r i b e d  
b y  [1]  to t he  e x p e r i m e n t a l  fas t  s t a t e  cha rge  curve .  
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Fig. ]a .  Surface recombination velocity for intrinsic germanium 
at 15~  in vacuum. 

H o w e v e r ,  b y  t a k i n g  for  t he  e n e r g y  of  t h e  cen t e r  
t he  a l t e r n a t e  p o s s i b i l i t y  a l l o w e d  b y  t h e  r e c o m b i n a -  
t ion  da ta ,  an  e q u a l l y  s a t i s f a c t o r y  c u r v e  f i t t ing  is 
ob ta ined ,  as w i l l  be  d e m o n s t r a t e d  in  two  example s .  
In  bo th  cases  one has  to a s s u m e  a second  set  of 
s t a t es  ( i na c t i ve )  to e x p l a i n  t h e  r e m a i n d e r  of the  
c e n t r a l  p a r t  of t he  s t a t e  c h a r g e  curve .  

The  r e su l t s  for  i n t r i n s i c  g e r m a n i u m  a t  15~ (Fig .  
3) show the  v e r y  low m a x i m u m  v a l u e  of 38 c m / s e c  
for  t he  su r face  r e c o m b i n a t i o n  ve loc i ty .  The  a l t e r n a t e  
i n t e r p r e t a t i o n  (F ig .  3c) l e a d s  to  v a l u e s  for  s t age  
ene rg i e s  and  dens i t i e s  t h a t  a r e  no t  v e r y  d i f ferent .  

The  d a t a  on n - t y p e  g e r m a n i u m  at  30~ (Fig .  4) 
m a y  be  e x p l a i n e d  in  a s i m i l a r  m a n n e r ,  a f t e r  s u b -  
t r a c t i n g  a cons t an t  " b a c k g r o u n d "  s u r f a c e  r e c o m -  
b i n a t i o n  ve loc i ty .  This  b a c k g r o u n d  was  a s s u m e d  to 
be  0.52 in t e r m s  of t he  un i t s  u sed  in  F ig .  4a. In  
th is  case the  a l t e r n a t e  i n t e r p r e t a t i o n  (Fig .  4d)  seems  
to g ive  a s l i g h t l y  b e t t e r  fit to t he  f ield effect  da ta .  
The  d a t a  at  - -15~  (Fig .  5) show v e r y  c l e a r l y  t h a t  
the  r e c o m b i n a t i o n  v e l o c i t y  goes up  a g a i n  a t  n e g a t i v e  
su r f ace  po t en t i a l s ,  sugges t ing  t h e  p r e s e n c e  of a s t a t e  
w i t h  s t rong  donor  c h a r a c t e r  in the  l o w e r  p a r t  of  
the  gap.  This  f ind ing  is s i m i l a r  to a r e c e n t  r e s u l t  of 
M a n y  et al. (9)  o b t a i n e d  on an  n - t y p e  sample .  I t  
was  t h e  on ly  case  in t h e  p r e s e n t  i n v e s t i g a t i o n  t h a t  
a s l i g h t l y  n e g a t i v e  v a l u e  was  f o u n d  for  r This  m a y  
be  ins ign i f ican t  s ince  t he  p e a k  in  t he  c e n t e r  is s i t u -  
a t e d  on the  s lope  of the  n e x t  one,  caus ing  i ts  m a x -  
i m u m  to be  sh i f t ed  t o w a r d  n e g a t i v e  s u r f a c e  p o t e n -  
t ials .  A t  pos i t i ve  su r f ace  p o t e n t i a l s  t h e  r e c o m b i n a -  
t ion ve loc i t y  d r o p s  off to a v e r y  s m a l l  va lue .  B e -  
cause  of t h e  c o m p l e x  shape  of t h e  su r f a c e  r e c o m -  
b i n a t i o n  v e l o c i t y  curve ,  no  a t t e m p t  was  m a d e  to 
d e r i v e  s t a t e  ene rg i e s  a n d  dens i t i e s  in  th i s  case. 
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Fig. 3b. Charge in surface states for intrinsic germanium at 
15~  in vacuum. 
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Fig. 5a. Surface recombination velocity for 16 ohm-cm n-type 
germanium at - - 1 5 ~  in vacuum. 

Figures  6 and  7 show da ta  on a 20 o h m - c m  p - t y p e  
sample  at  20 ~ and  --15~ The r e c o m b i n a t i o n  da ta  are 
aga in  suggest ive  of a compl ica ted  s tate  s t ruc ture .  At  
both  t e m p e r a t u r e s  the re  is ev idence  of a second peak  
in  the  r e c o m b i n a t i o n  veloci ty,  now at posi t ive  su r -  
face potent ia ls .  A s imi la r  peak  was  also observed on 
11 o h m - c m  p - t y p e  samples.  I t  suggests  the  p resence  
of an  acceptor  state. In  all  cases the  slope of the  
cen t ra l  peak  on  the  opposi te  side is no t  as s teep a s  

one wou ld  expect  for a discrete  set of states;  this  
suggests  the  presence  of a th i rd  set of r e c o m b i n a -  
t ion  centers ,  poss ib ly  w i th  lower  densi ty .  
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Fig. 6a. Surface recombination velocity for 20 ohm-cm p-type 
germanium at 2 0 ~  in vacuum. 
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Fig. 6b. Charge in surface states for 20 ohm-cm p-type ger- 
manium at 20~  in vacuum. 

Fie ld  effect and  surface  r e c o m b i n a t i o n  veloci ty  
data  at these t e m p e r a t u r e s  have  been  i n t e r p r e t e d  in  
the  discrete  s ta te  pic ture .  In  this  i n t e r p r e t a t i o n  the  
s tate  densi t ies  decrease  f rom 4 x 10 l~ to 2 x 10 TM 

and  f rom 5 x 101~ to 3 x 10 l~ as the  t e m p e r a t u r e  is 
lowered  by  35~ Also, the re  is a s izeable increase  
in  s ta te  energies  ( f rom +2.9  to +3.9  and  f rom --2.2 
to --1.0 neg lec t ing  a sma l l  difference in  the  k~T/q 
u n i t s ) .  The a p p a r e n t  decrease  in  s ta te  dens i ty  in  
the  cen t ra l  reg ion  of the curve  could ac tua l ly  resu l t  
f rom a decreased  effect at  lower  t e m p e r a t u r e  of 
s tates f u r t he r  a w a y  f rom the  midd le  of the  gap. 
For  this reason  one  m a y  doub t  the va lue  of t r y i n g  
to exp la in  the p resen t  field effect da ta  by  a s suming  
on ly  two sets of states w i t h  energies  in  the  cen te r  
of the  gap. L o w - t e m p e r a t u r e  res i s t iv i ty  and  Hal l  
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Fig. 7b. Charge in surface states for 20 ohm-cm p-type ger- 

manium at - -15~  in vacuum, 

effect were  m e a s u r e d  on samples  f rom the  same 
sources; the  behav io r  of these  samples  was  qu i te  
n o r m a l  and  the  degree  of compensa t ion  only  m o d -  
erate.  

As a possible  cause for the specificity of the  r e -  
comb ina t i on  spectra,  the  p l a t i n g - o u t  of b u l k  i m-  
pur i t i es  at the in te r face  d u r i n g  the  e tch ing  process 
m a y  be suggested.  Recent  inves t iga t ions  by  F r a n k l  
(10) and  by  B r a t t a i n  and  Boddy (11) have  d e m o n -  
s t ra ted  the p ro found  effect of adsorbed  ionic species 
on the e lectr ical  surface  proper t ies .  I t  is t hough t  
tha t  s imi la r  effects m a y  p lay  a role in  the  phe-  
n o m e n a  observed  in  the p re sen t  s tudy.  

Discussion 

F r o m  the  foregoing the conclus ion  emerges  t ha t  
it is imposs ib le  in  this  i nves t iga t ion  u n i q u e l y  to 
assign energ ies  and  densi t ies  to the  states in  the  
cen t ra l  reg ion  of the  gap. One even  has to a l low for 
the  poss ib i l i ty  tha t  some or all  of these  states are 
c o n t i n u o u s l y  d i s t r i bu t ed  over a r ange  of energies .  
A l t h o u g h  a model  w i th  one discrete  set of r ecom-  
b i n a t i o n  act ive states and  one (or  somet imes  two)  
discrete  sets of inac t ive  states seems to be the  ac-  
cepted p a t t e r n  of i n t e r p r e t a t i o n  of field effect and  
surface  r e c o m b i n a t i o n  da ta  the  au thors  of this  pape r  
feel tha t  in  some of the  cases pub l i shed  in  the  
l i t e r a tu re  [see e.g., ( 7 ) ]  the w o r k e r s '  fa i th  in  the  
discrete  s tate  p ic tu re  r a t h e r  t h a n  the  e x p e r i m e n t a l  

da ta  was the decisive factor.  The  e x p e r i m e n t a l i s t  
wi l l  have  a p re fe rence  for  this  mode l  because  of 
its s impl ic i ty  and  also because  he real izes  t ha t  all  
depa r tu re s  f rom the  ideal  u n i f o r m  field in  the  ex-  
p e r i m e n t  wi l l  r esu l t  in  an  a p p a r e n t  spread  of the  
states over  a r a nge  of energies .  Never the less ,  one 
should  keep in  m i n d  tha t  it is possible to app rox -  
ima te  a ny  smooth curve  as ob ta ined  in  a field effect 
e x p e r i m e n t  by  a superpos i t ion  of curves  according 
to Eq. [1] for Et va lues  abou t  4 to 6 k T / q  un i t s  
apar t ,  or even  to i n t e r p r e t  it  i n  t e rms  of a con t inuous  
d i s t r i bu t ion  of v a r y i n g  densi ty .  S imi la r ly ,  a ny  ex -  
p e r i m e n t a l  surface  r e c o m b i n a t i o n  veloci ty  vs. su r -  
face po ten t i a l  plot  can be cons idered  as a r i s ing  f rom 
a superpos i t ion  of curves  according  to Eq. [2] for 
a n u m b e r  of va lues  of Et, Nt, Cp, and  ~bo or for a 
r ange  of va lues  of these pa ramete r s .  

The  sugges t ion  tha t  changes  in  the  fast  state 
dens i ty  u n d e r  the  appl ica t ion  of electr ic  fields are 
re la ted  to ion migra t ion ,  l ead ing  to an  increase  in  
the  n u m b e r s  of vacancies  at  the  o x i d e - s e m i c o n d u c -  
tor  in ter face ,  has to be sc ru t in ized  more  closely. 
Since the  effects of the  field on the  e lectr ical  p rop -  
ert ies  are r eve r s ib l e  it seems to fol low tha t  the  
in te r face  is in  an  e q u i l i b r i u m  condi t ion.  The  p rob l em 
of ionic m i g r a t i o n  in oxide l ayers  is w o r t h  f u r t h e r  
inves t iga t ion ,  e i ther  by  i tself  or in  c on j unc t i on  w i th  
the  genera l  p r o b l e m  of the  m e c h a n i s m  of charge 
t r a n spo r t  t h r ough  the  oxide. 

One of the  most  i n t e re s t ing  poin ts  r evea led  in  
the  p resen t  s tudy  is the difference b e t w e e n  the  su r -  
face charac ter is t ics  of n and  p g e r m a n i u m .  Other  
worke r s  in  the  field of ten l imi t  the i r  inves t iga t ions  
to samples  f rom the same ingot  in  order  to r e -  
duce the  load of da ta  reduc t ion .  In  the  p r e se n t  work  
the  effect of the  b u l k  m a t e r i a l  on surface proper t ies  
has been  s tudied  in  a somewha t  more  sys temat ic  
m a n n e r .  U n f o r t u n a t e l y ,  it was  necessa ry  to l imi t  
the  field sweep, and  at most  ha l f  of the fo rb idden  
gap could be covered.  F ina l ly ,  it  should  be  m e n -  
t ioned  that ,  except  for the r a t h e r  low s ta te  densi t ies  
and  the smal l  va lues  of 4o, the  mid  gap cha rac t e r -  
istics of HF-H202 t r ea ted  surfaces do not  seem to 
be rad ica l ly  di f ferent  f rom those of samples  etched 
in  more  heav i ly  oxidiz ing solutions.  A f u n d a m e n t a l  
difficulty in  compar ing  resul t s  ob ta ined  on di f ferent  
surfaces is tha t  one has no p roper  c r i t e r ion  as to 
w h a t  differences are rea l ly  significant.  This  lack of 
a p roper  mode l  for the  fast  in te r rac ia l  s tates is p rob -  
ab ly  the mos t  serious weaknes s  in  the  p re sen t  s ta te  
of semiconduc to r  surface  physics.  
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Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1964 JOURNAL. 
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Epitaxial P-Type Germanium and Silicon 
Films by the Hydrogen Reduction 

of GeBr 4, SiBr, and BBr 3 

K. J. Miller and M. J. Grieco 
Bell Telephone Laboratories Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Epitaxial p-type films of germanium or silicon with controlled thicknesses 
and resistivities have been grown on parent substrates using the hydrogen 
reduction of GeBr4 or SiBr4, respectively, doped with BBr3. The thermo- 
chemistry and kinetics related to the growth of these films are discussed, and 
some comparisons with film growth from GeCl4 or SIC14 are presented. 

A conventional process for vapor phase deposi- 
tion of epitaxial germanium or silicon films on 
parent substrates uses the hydrogen reduction of 
GeCl4 of SIC14 (1,2). The object of this paper is to 
present data on epitaxial deposition on parent  sub- 
strates using hydrogen reduction of either GeBr4 
or SiBr4 and to compare some of the deposition re-  
actions of GeBr4 and SiBr4 with those of GeC14 and 
SIC14. The use of SiBr4 for vapor phase deposition of 
silicon on silicon filaments was first reported by 
Sangster et al. (3). 

Deposition from GeBr4 or SiBr4 and the p- type  
dopant BBr8 has eliminated the formation of mixed 
boron halides and BC13 which should be expected in 
GeC14-BBr3 or SiC14-BBr3 solutions. Such exchange 
of halogens has been reported between BCI3 and 
BBr3 and between SIC14 and SiBr4 (4, 5). Recently, 
Deal (6) has reported instability of BBr8 in solu- 
tion with SIC14, and Amron (7) has suggested the 
possibility of halogen exchange between BBr3 and 
GeC14. Doping control of epitaxial films is affected 
by such halogen exchange reactions because of the 
high vapor pressure and the greater thermochem-  
ical stability of BCI~, and mixed boron halides, as 
compared with that of BBr~. 

Experimental Procedure 
Film deposi t ion.--The deposition apparatus used 

was similar to that previously reported (8). The 
hydrogen gas halide saturator was used in this 
study with the hydrogen flow over the surface of 
the liquid, which was stirred with a glass-en- 
capsulated magnetic stirrer. This saturation tech- 
nique eliminated spray which can result from bub-  
bling. Stirring ensured uniformity of temperature  
in the liquid. Saturators used for GeBr4 had a 30g 
capacity and for SiBr4, a 200g capacity. Figure 1 
shows a sketch of the type of saturator used. 

Electronic grade chemicals were used without 
fur ther  purification. The BBr3, GeC14, and SIC14 
were reported to be 99.999+% and GeBr4 99.99~-%; 
these reagents were obtained from Eagle-Picher  
Company. The SiBr4 was reported to be 99W% and 
was obtained from Stauffer Chemical Company. 

Substrate samples were single crystal wafers, 
oriented in the (111) plane, and mechanically pol- 
ished; in the case of germanium, samples were fur-  
ther chemically polished in concentrated HNOs-HF 
in 2:1 ratio. Germanium films have, however,  also 
been successfully deposited on substrates electro- 
chemically polished by the method of Sullivan (9) 
and subsequently etched in boiling 3% H202 for 
30 sec (10). High resistivity p- type  susceptors of 

J] jPERFORATED BULB 

- ~ G e  Br 4 OR Si Br 4 

~ - ~ - M A G N E T I C  STIRRER 

Fig. 1. Tetrobromide soturotor for hydrogen carrier gos 
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Fig. 3. AG Q as a function of temperature for some epitaxiol 
reduction reactions. 

german ium or silicon were  used, and samples  of 
ge rman ium or silicon were  placed d i rec t ly  on the i r  
respect ive  susceptors.  F i lm thickness  was de te r -  
mined by  angle lapping,  staining, and in te r fe ro -  
metr ic  examina t ion  (11, 12). Subs t ra te  samples  
were  app rox ima te ly  1/2 in. d iameter .  Inside d iamete r  
of the  react ion tube was 2 in. and susceptor d iamete r  
was 1 in. 

Analysis of products of halogen exchange.--In 
order  to test  the theory  of halogen exchange be-  
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o 
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800 
l 

Ge Br4 

9 I0 

Fig. 4. Temperature dependence of deposition rate for GeBr4 
and SiBr4. 

tween  BBr~ and GeC14 or SIC14 in l iquid  solution, 
in f ra red  analyses  of the vapor  above these solutions 
were  made. A ppr ox i m a t e l y  50g each of GeC14 and 
BBr~, and 50g of SIC14 and 10g of BBrs were  p laced  
in closed react ion flasks for 60 hr  at room t empe r -  
ature.  In f ra red  gas cells were  pa r t i a l ly  filled wi th  
the gases above each of these solutions. The charac-  
ter is t ic  spec t rum of BCI~ observed in the  vapors  
above each of the solutions is shown in Fig. 2 and 
compared  to the spec t rum of pure  BC18. No evidence 
of BBr3 was detected in the  vapor  above e i ther  solu-  
tion. This was indica ted  by  the absence of the  char -  
acteris t ic  BBr8 band at 1100 cm -1. 

Results and Discussion 

Temperature dependence of S{lm deposition.-- 
Thermodynamica l ly ,  there  is less energy  requi red  
for reduct ion of ge rman ium and silicon t e t r ab ro -  
mides as compared  wi th  the i r  respect ive  t e t r a -  
chlorides. This factor  could be beneficial  for the 
p repa ra t ion  of ep i tax ia l  films. The compar ison can 
be r ead i ly  seen in Fig. 3 f rom the calcula ted (13-18) 
s tandard  free energy change of the ideal ized reduc-  
t ion react ions as a funct ion of t empera tu re .  The neg-  
at ive free energy change values  s tar t  at  600~ for 
GeBr4 as compared  wi th  615~ for GeC14 and 
1050~ for SiBr4 as compared  wi th  1225~ for SIC14. 

F igure  4 shows the t empe ra tu r e  dependence  of 
deposi t ion ra te  for undoped GeBr4 and SiBr4. H y -  
drogen flow over the s t i r red  t e t rabromides  was 1 
l i t e r / m i n  wi th  an addi t iona l  1 l i t e r / r a in  of h y d r o -  
gen bypass ing the ha l ide  saturator .  The t e t r ab ro -  
mides were  the rmos ta t t ed  at  30 ~ • 0.5~ F rom 
these curves the apparen t  ac t ivat ion energy  was 
de te rmined  to be 15 kca l /mo le  for SiBr4 and 2.5 
k c a l / m o l e  for GeBr4. Because the b inding  energy  
is less for S i -Br  bonds, 69.3 kca l /mo le  (19), as 
compared  wi th  Si-C1 bonds, 85.8 k c a l / m o l e  (19), 
it  is reasonable  to expect  the smal ler  ac t ivat ion en-  
ergy found for the SiBr4 reduct ion react ion as com- 
pa red  wi th  the values of 37 and 30 k c a l / m o l e  r e -  
por ted  for the  SIC14 reduct ion react ion by  Theuerer  
(2) and by  Kahng  et al. (20), respect ively.  The low 
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Fig. 5. Deposition rate as a function of hydrogen flow rate for 
GeBr4 and SiBr4. 

a c t i v a t i o n  e n e r g y  for  t he  depos i t i on  of g e r m a n i u m  
sugges t s  t h a t  i ts  r a t e  of depos i t i on  is c o n t r o l l e d  b y  
t h e  r a t e  of d i f fus ion of r e a c t a n t s  and  p r o d u c t s  a t  
t he  r e a c t i o n  su r f ace  r a t h e r  t h a n  b y  t h e  r a t e  of  t h e  
r e a c t i o n  

G e B r 4 ( g )  + 2H2(g)  = G e ( c )  + 4 H B r ( g )  

Gas Slow rate.--Deposition r a t e s  of g e r m a n i u m  
a n d  si l icon,  f r om t h e i r  r e s p e c t i v e  u n d o p e d  t e t r a -  
b r o m i d e s  as a func t ion  of h y d r o g e n  gas  flow, a r e  
s h o w n  in Fig.  5. The  d i l u t i o n  of t e t r a b r o m i d e  in 
t he  r e a c t i o n  c h a m b e r  b y  a cons t an t  a d d i t i o n a l  f low 
of 1 l i t e r / r a i n  of h y d r o g e n  w h i c h  has  b y p a s s e d  the  
h a l i d e  s a t u r a t o r  is i n d i c a t e d  in  t h e  c u r v e s  b y  t h e i r  
d o w n w a r d  d i sp l acemen t .  

A n  e s t i m a t e  of  t he  s a t u r a t i o n  of  h y d r o g e n  c a r r i e r  
gas  w i t h  t e t r a b r o m i d e  has  been  m a d e  b y  m e a s u r i n g  
the  d e w  p o i n t  of  t he  t e t r a b r o m i d e  i m m e d i a t e l y  a f t e r  
the  s a t u r a t o r .  W i t h  t he  t y p e  of s a t u r a t o r  s h o w n  in 
Fig.  1 he ld  at  30 ~ • 0.5~ the  d e w  po in t  a t  1 l i t e r /  
m i n  h y d r o g e n  flow was  18.5~ for  SiBr4 and  22.3~ 
for  GeBr4, g iv ing  a p p r o x i m a t e l y  60% h y d r o g e n  
s a t u r a t i o n  w i t h  GeBr4 a n d  47% for  SiBr4. These  d e w  
po in t s  r e m a i n e d  cons t an t  w h e n  the  t u b i n g  b e t w e e n  
the  s a t u r a t o r  and  the  r e a c t i o n  c h a m b e r  was  at  e i t he r  
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Fig. 6. Deposition rate as a function of tetrabromide concentra- 
tion for GeBr4 and SiBr4. 

24 ~ o r  70~ Van  G e l d e r  and  R o b e r t s  (21)  h a v e  
d e t e r m i n e d  100% s a t u r a t i o n  for  h y d r o g e n  b u b b l e d  
into  SIC14 as d e t e r m i n e d  b y  d e w  p o i n t  m e a s u r e -  
ments .  In  th is  s tudy ,  i t  w a s  f o u n d  poss ib le  to  o b -  
t a i n  100% h y d r o g e n  s a t u r a t i o n  w i t h  GeBr4 or  SiBr4 
b y  b u b b l i n g  also,  p r o v i d e d  the  t u b i n g  b e t w e e n  the  
s a t u r a t o r  and  the  r e a c t i o n  c h a m b e r  was  k e p t  a t  a 
t e m p e r a t u r e  g r e a t e r  t h a n  t h e  s a t u r a t o r  t e m p e r a t u r e .  

Tetrabrom{de co ncentration.--Figure 6 shows  d e p -  
os i t ion  r a t e s  of g e r m a n i u m  a n d  s i l icon f r o m  u n -  
d o p e d  GeBr4 a n d  SiBr4 as a func t ion  of  m o l e  f r a c -  
t ion  of t e t r a b r o m i d e .  The  mo le  f r a c t i o n  was  
c a l c u l a t e d  a s s u m i n g  the  h y d r o g e n  c a r r i e r  gas  w a s  
60% s a t u r a t e d  w i t h  GeBr4 and  47% s a t u r a t e d  w i t h  
SiBr4. The  c o n c e n t r a t i o n  of GeBr4 was  c a l c u l a t e d  b e -  
fo re  d i lu t ion  w i t h  t he  b y p a s s  h y d r o g e n  flow. Concen-  
t r a t i o n  was  v a r i e d  b y  c h a n g i n g  the  t e m p e r a t u r e  of 
t he  t e t r a b r o m i d e  s a t u r a t o r .  

Factors affecting film doping.--The s t a b i l i t y  of 
BBr3, w h e n  m i x e d  w i t h  GeBr4 o r  SiBr4, w a s  a p r e -  
r equ i s i t e  for  i t  to be  a c o n t r o l l a b l e  dopan t .  H o w -  
ever ,  BBr3 in GeC14 or  SIC14 w a s  f o u n d  to be  u n -  
s t ab l e  as  d e t e r m i n e d  b y  i n f r a r e d  ana lys i s .  The  h a l o -  
gen  e x c h a n g e  r eac t i ons  i n d i c a t e d  in t hese  l a t t e r  
so lu t ions  a re :  

4BBrs(1)  + 3GeC14(1) = 4BC13(g) + 
3GeBr4(1)  ~-/~ = --22.7 k c a l  [1]  

4BBr~(1) -t- 3SiCla(1) ---- 4 B C l s ( g )  -F 
3SiBr4(1) AH~ = --3.5 k c a l  [2]  

The  g r e a t e r  n e g a t i v e  m a g n i t u d e  of  t he  c a l c u l a t e d  
(13, 14) e n t h a l p y  change  for  r e a c t i o n  [1]  sugges t s  
t h a t  th is  r e a c t i o n  m a y  p r o c e e d  m o r e  r e a d i l y  t h a n  
r e a c t i o n  [2] .  z Because  of t h e s e  reac t ions ,  i t  is a p -  
p a r e n t  t ha t  BCls w o u l d  b e  a b o r o n  c o n t a i n i n g  spec ie  
in  such  so lu t ions  and  shou ld  be  p r e s e n t  in  gaseous  
so lu t ions  as wel l .  F i g u r e  3 shows  t h a t  t h e  i dea l i z ed  
r e d u c t i o n  r eac t i on  for  BCls canno t  p r o c e e d  s p o n -  
t a n e o u s l y  un t i l  1450~ i n d i c a t i n g  a g r e a t e r  s t a b i l i t y  
as c o m p a r e d  w i t h  BBrs w h i c h  can p roc e e d  s p o n -  
t a n e o u s l y  at  730~ The re fo re ,  to o b t a i n  a c o m -  
p a r a b l e  n u m b e r  of  d e p o s i t e d  b o r o n  a t o m s  f r o m  BC18 
as can  be  o b t a i n e d  f r o m  BBr~ a t  the  s a m e  t e m p e r -  
a t u r e  w o u l d  r e q u i r e  a g r e a t e r  c o n c e n t r a t i o n  of BCI3 
in t he  v a p o r  phase .  

V a p o r  p r e s s u r e  as a f u n c t i o n  of t e m p e r a t u r e  fo r  
the  t e t r a c h l o r i d e s  and  t e t r a b r o m i d e s  of g e r m a n i u m  
and  s i l icon and  of  BCls a n d  BBr8 a re  c o m p a r e d  in  
Fig.  7. V a p o r  p r e s s u r e s  h a v e  b e e n  c a l c u l a t e d  f r o m  
d a t a  in t he  l i t e r a t u r e  (13, 22-24) .  In  p r e v i o u s  s tud ies  
(2)  BBr~ was  chosen  as a d o p a n t  for  SIC14 because  
its v a p o r  p r e s s u r e  was  s i m i l a r  to t h a t  of SIC14. H o w -  
ever ,  t he  h a l o g e n  e x c h a n g e  r eac t i ons  d e s c r i b e d  
a b o v e  c onve r t  BBr8 to  BC18 a n d  m i x e d  h a l i d e s  in  
GeC14 or  SIC14. F i g u r e  7 shows  t h a t  the  d i f fe rence  in  
v a p o r  p r e s s u r e  b e t w e e n  BC18 and  GeC14 or  b e t w e e n  
BCls and  SIC14 is g r e a t e r  t h a n  t ha t  b e t w e e n  BBr8 
and  GeBr4 or  b e t w e e n  BBrs  a n d  SiBr4. 

I t  is b e l i e v e d  t h a t  t he  b r o m i d e  so lu t ions  r e m a i n  
m o r e  cons t an t  in compos i t i on  t h a n  the  ch lo r ide  so-  
lu t ions  because  t h e i r  l o w e r  v a p o r  p r e s s u r e s  a r e  
e x p e r i m e n t a l l y  m o r e  con t ro l l ab l e .  H o w e v e r ,  the  
v a p o r  p r e s s u r e  of BBrs  is s t i l l  h i g h e r  t h a n  t ha t  of 

1 Insu f f i c i en t  da ta  w e r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  f r o m  w h i c h  one 
cou ld  o b t a i n  t he  f ree  e n e r g y  c h a n g e s  fo r  these  reac t ions .  
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Fig. 7. Vapor pressure curves for some epitaxial reactants 

ei ther  GeBr4 or SiBr4 and  the concentra t ion of BBr3 
in l iquid solution wi th  GeBr4 or SiBr4 has ap-  
pa ren t ly  var ied  when fast  (1-2 l i t e r / m i n )  hydrogen  
flow ra tes  have  been passed over such solutions. 
Exper iments  have shown tha t  doping by  a l iquid 
solution of BBr3 and GeBr4 or SiBr4 and using a 
single sa tu ra to r  p roduced  films which were  p rogres -  
s ively less doped wi th  time. 

Doping of films was accomplished by using two 
hal ide  sa tura tors  of the  type  as shown in Fig. 1, 
one containing undoped GeBr4 or SiBr4 and an-  
other  containing GeBr4 or SiBr4 doped wi th  BBr3 
depending on the doping level  required.  Hydrogen  
was passed over the doped GeBr4 at  the  ra te  of 
1 cc /min  while  1-2 l i t e r s / r a in  of hydrogen  was 
passed over  the undoped GeBr4, both held at  30~ 
Both gas s t reams entered  the react ion chamber  at  
the same time. 

Diodes were  fabr ica ted  f rom the ge rman ium films 
for eva lua t ion  of impur i t y  profiles of films by  the 
different ia l  capaci tance vol tage method (25, 26). 
Diodes had 0.015 in. d iameter  etched mesas and 
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Fig. 8. Doping profile for BBr3 doped germanium film grown 
from GeBr4. Film thickness 5.6/~. 

were  formed by  diffusing arsenic 0.5~ into the films. 
Subst ra tes  were  p - t y p e  wi th  0.01 ohm-cm resis-  
t ivit ies.  Breakdown voltages of diodes wi th  film 
thicknesses g rea te r  than  thei r  deple t ion  l aye r  
widths  have been obtained s imi lar  to those repor ted  
by  Mil ler  (27) for bu lk  ge rman ium of comparable  
resist ivit ies.  

An example  of the resul ts  of ge rman ium film 
doping is shown in Fig. 8 where  the doping sa tu ra to r  
contained 25g of GeBr4 and 20 microl i te rs  of BBr~. 
The BBr3:GeBr4 rat io  was calcula ted to be  1:108 
in the reac tan t  gases, assuming Raoul t ' s  ideal  solu-  
t ion law to hold and assuming the hydrogen  to be 
60% sa tura ted  wi th  GeBr4. F igure  8 shows the con- 
cent ra t ion  of uncompensa ted  acceptor  atoms as a 
function of distance f rom the diffused junct ion into 
the film. Of pa r t i cu la r  in teres t  in Fig. 8 is the con- 
s tancy of doping level  for the 5.6~ th ick film over 
the app rox ima te ly  0.7~ dis tance f rom the diffused 
junct ion  which could be measured.  The average  
r u n - t o - r u n  deviat ion of uncompensa ted  acceptor  
atoms for five consecutive deposits using the same 
doping procedure  was • x 1016/cm3 f rom an 
a r i thmet ica l  mean of 1.5 x 1016/cm 3. The scat ter  of 
values about  the curve d rawn  in Fig. 8 is to a great  
degree due to the method  of measurement  used 
r a the r  than  to an actual  var ia t ion  in the doping pro-  
file. The arsenic diffusion, car r ied  out at  600~ for  
45 min, is be l ieved to be sufficient to anneal  out 
copper contaminat ion  to less than  1015/cm8. F igure  9 
shows the impur i t y  profile wi th  depth  for an un-  
doped 7.4~ th ick ge rman ium film grown f rom GeBr4. 

Heav i ly  doped silicon was deposi ted f rom SiBr4 
by  using the doping s a t u r a t o r  wi th  pure  BBr3 held  
at  --40~ The ra tes  of deposi t ion and resis t ivi t ies  
for these p - t y p e  films deposi ted on 0.06 ohm-cm 
n - t y p e  subst ra tes  are  shown below for a 1 l i t e r / m i n  
H2 flow ra te  and a 1200~ sample tempera ture .  Re-  
sist ivit ies were  de te rmined  by  four -po in t  probe  
measurements .  

R e s i s t i v i t y ,  D e p o s i t i o n  ra te ,  
S a m p l e  o h m - c m  ~ / m i n  

49 0.02 0.875 
50 0.08 0.785 
51 0.04 0.880 

The deposit ion rates  of BBr8 doped silicon films 
shown above are  seen to be almost  30% grea te r  than  
tha t  of the 0.61 ~ /min  deposi t ion ra te  found for 
films grown under  the  same conditions f rom un-  
doped SiBr4. R u n - t o - r u n  control  of deposit ion ra te  
for undoped films was app rox ima te ly  ---3%. Un-  
doped silicon films were  p - t y p e  wi th  1.5 ohm-cm 
resist ivi t ies.  Theuerer  (2) has observed a more  
than twofold increase in deposi t ion ra te  when  SIC14 
was heavi ly  doped wi th  BBr3 and has suggested tha t  
the increase involved the fol lowing react ion 

3SiCl4(g) + 4B(c)  = 3Si(c)  + 4BCI~(g) 

F igure  10 shows tha t  AG ~ is favorable  at  770~ for 
the above react ion and at  1O50~ for the analogous 
react ion of SiBr4(g) wi th  B(c ) .  This increase in 
ra te  could be due to boron acting as a surface 
cata lys t  for silicon t e t raha l ide  reduction,  the reby  
causing a grea te r  number  of silicon atoms to be 
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Fig. 10. AG e as o function of temperature for boron reduction 
of SiBr4 as compared with SiCI4. 

deposi ted than tha t  indica ted  by the s to ichiometry  
of the above equation. These react ions can be ex-  
pected to be dependent  on the exper imen ta l  con- 
centra t ions  of the reactants .  The values  of AG ~ give, 
however,  a re la t ive  thermochemica l  comparison be-  
tween the reactions. The concentrat ion of the re -  
actant ,  B ( c ) ,  would,  in this case, be expected to be 
r a t e -de te rmin ing .  Because of the lower deposi-  
t ion t empera tu re  of ge rman ium and correspond-  
ing decrease in decomposit ion of BBr3 at the 
lower t empera tu re ,  the concentrat ion of B(c )  
m a y  be too small  to cause a measurab le  change 
in the deposi t ion ra te  of GeBr4. Expe r imen-  
tal ly,  no increase has been observed in the ra te  
of deposit ion of ge rman ium from BBr8 doped GeBr4. 
However ,  the  comparab le  react ion of GeCI4(g) wi th  
B(c )  has a value  of ~G~ ---- --95.4 kcal  as com- 
pared  wi th  a value  of aG~ = --3.99 kcal  for the 
react ion of GeBr4 (g) wi th  B (c).  The te t rachlor ides ,  
therefore,  at the same concentra t ion and t e m p e r -  

ature,  may  be more  react ive  wi th  B(c)  as compared  
with the t e t rabromides  of ge rmanium and silicon. 

Summary 

An a t t empt  has been made  to de te rmine  the 
process pa rame te r s  for  ep i tax ia l  p - t y p e  film deposi-  
t ion by  the hydrogen  reduct ion  of GeBr4, SiBr4, and 
BBr3. The resul ts  obta ined  suggest  an a l t e rna te  
approach to doped ge rman ium and silicon film 
growth  f rom tha t  of GeC14 and SiCI~ reduction.  
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Diaphragms or Electrolytic Separators 
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ABSTRACT 

It is shown that  diaphragms or electrolytic separators, such as those com- 
monly made of cloth or fibrous asbestos, can be approximated by a model com- 
prised of rods which are randomly oriented in a two-dimensional lattice. The 
effective resistance of various arrangements of rods are measured and com- 
pared with the data for cloth, asbestos, and spun glass. The theory of electrical 
potential is employed to derive expressions that relate the effective resistance 
of such diaphragms to their porosity and the conductivity of the dispersing 
solution. 

Many  indus t r ia l  e lectrochemical  processes employ 
d iaphragms  or separa tors  in order  to keep  the anode 
and cathode products  f rom mixing.  Al though these 
separa tors  are  porous and a l low cur ren t  to flow f rom 
one compar tmen t  to the  other,  they  never theless  
cause an increase of resis tance to the  flow of elec-  
t r ica l  cur ren t  when compared  wi th  an equiva lent  
thickness of e lect rolyt ic  solution. 

In the fol lowing a discussion is offered on the a l -  
t e rna t ive  ways  of es t imat ing the effective res is tance 
of d iaphragms.  

Theoret ical  

The first approach  tha t  one might  take  toward  the 
solution of this p rob lem would be to evaluate  the 
effective conduct ivi ty  of the separator ,  k, in te rms 
of the  volume f rac t ion of the nonconduct ing ma t t e r  
in the d iaphragm,  ], and the solution conductivi ty,  
kl, by  a s imple volume averaging  technique tha t  
gives 

k = k 1 ( 1 - ] )  [1] 

Although such an approach  may  appear  reasonable ,  
the resul ts  obta ined can be in e r ror  by  as much as 
100%. Fur the rmore ,  as far  as cell design is con- 
cerned, the  er ror  is not  in such a direct ion as to r e -  
sult  in a "conservat ive"  calculat ion (i.e., the t rue  
effective resis tance is g rea te r  than  one calculates in 
this m a n n e r ) .  

Obviously a be t te r  approach would  be to t r ea t  
the separa to r  as if it  consisted of a two-phase  dis-  
persion instead of strat if ied l amina  tha t  might  obey 
Eq. [1]. With  a model  such as this, one could now 
consider using the work  of Maxwel l  (1),  Wagner  
(2),  or Bruggeman (3) which respect ive ly  y ie ld  

k = k ~ ( 2 - -  2 ] ) / ( 2  + ]) [2] 

k = (k l / 2 )  (2 --  3f) [3] 

k = kl(1  --  f)l.5 [4] 

A closer examinat ion,  however ,  shows tha t  Eq. [2], 
[3], and [4] were  der ived  with  the assumption tha t  
the d ispersed phase  consisted of spher ica l ly  shaped 

part icles,  whereas  the separa tor  mate r ia l  under  con- 
s idera t ion (e.g., cloth, spun glass, and asbestos)  is 
be t te r  visual ized as being composed of cyl indr ical  
bodies which are  p robab ly  p re fe ren t i a l ly  a r ranged  
in two dimensions wi th  the  long axis  of the  cyl inders  
a l igned normal  to the flow of current .  

The problem of the effect of shape of the dispersed 
par t ic le  has been t rea ted  among others  by  Rayle igh 
(4) and Fr icke  (5) who have developed expressions 
appropr ia te  to cylinders.  However ,  since Rayle igh 
t r ea ted  the case of cyl inders  al igned in one direct ion 
only  whi le  F r i cke  t rea ted  the  comple te ly  random 
th ree -d imens iona l  a r rangement ,  it would  be for tu i -  
tous if e i ther  of the i r  equat ions agreed wi th  our 
two-d imens iona l  case. 

Each of the  factors ment ioned  above, i.e., shape 
and orientat ion,  are considered in the fol lowing 
t rea tment .  

Express ions  for cyl indrical  a r ra~s . - - A l t hough  one 
cannot obtain the effective conduct iv i ty  of d isper -  
sions by vo lumet r ica l ly  averag ing  the conductivi t ies  
of the  components  in the  system, i t  is possible,  
nevertheless ,  to t ake  advan tage  of the  val id  re la t ions 
tha t  exist  among other  average  proper t ies  of the 
system. For  instance, if we denote averages  by  bars,  
we may  wr i te  

i = kE [5] 

where  i is the cur ren t  dens i ty  and E is the  electr ical  
field. In pract ice  we seek the effective conduct ivi ty  
of the  system which may  be defined by  k in 

i ' =  kE-- [6] 
Thus 

k = ( k E ) / ( E )  [7] 

where  the averages  are defined over the volume, v, 
by  

i f  kE = ~ kE dv [8] 
V v 

and 

i f  = - -  E dv [9] 
V v 
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D e n o t i n g  the  p r o p e r t i e s  of t he  con t inuous  p h a s e  b y  
1 a n d  t h e  d i s p e r s e d  p h a s e  b y  2, i n t e g r a t i o n  of Eq. 
[8]  a n d  [9]  y i e l d  

kE -~ k ~ E l ( 1 - - f )  zr k2E2~ [10] 
and  

E = E l ( 1  - - f )  + E2f [11] 

F i n a l l y ,  c o m b i n i n g  Eq. [7] ,  [10] ,  and  [11] ,  d e n o t i n g  
E2/EI b y  W, a n d  r e c a l l i n g  t h a t  k2 = 0, w e  ob t a in  

k ---- k~(1 - -  f ) / ( 1  - - f  § Wf)  [12] 

The  f ield ra t io ,  W, has  been  d i scussed  to some e x -  
t en t  b y  M e r e d i t h  (6) .  To ob t a in  i t  w e  m a y  e m -  
p l o y  a n y  one of a n u m b e r  of s t a n d a r d  t e x t b o o k s  on  
e l e c t r i c i t y  and  m a g n e t i s m  [ for  e x a m p l e  see ref .  
(7)  ]. I n  our  case, t h e  v a l u e  of W for  each  d i s p e r s e d  
p a r t i c l e  d e p e n d s  on  t h e  o r i e n t a t i o n  of t he  rod  or 
c y l i n d e r  w i t h  r e s p e c t  to t he  e lec t rodes .  I f  w e  t a k e  
a r e c t a n g u l a r  coo rd ina t e  s y s t e m  a n d  a l ign  a c y l i n d e r  
w i t h  i ts  long  d i m e n s i o n  on the  z - ax i s ,  t he  c o m p o -  
nen t s  of W become  

W x - ~ W y =  ( 2 k l ) / ( k ~ + k 2 )  andWz--- -  1 [13]  

which ,  in  t he  case  of n o n c o n d u c t i n g  cy l inde r s ,  r e -  
duces  to 

W x ~ - - W ~ - - - - - 2 a n d W z = l  [14] 

F o r  a c o m p l e t e l y  r a n d o m  d i spe r s i on  of n o n c o n d u c t -  
ing  rods  o r  c y l i n d e r s  w e  ca l cu l a t e  t he  a v e r a g e  f ie ld 
r a t i o  f r o m  

W = (W~ + Wy + W z ) / ( 3 )  = 5/3 [15] 

which ,  w h e n  c o m b i n e d  w i t h  Eq. [12]  y i e lds  

1 + ( 2 / 3 ) f  
R, ,  [16]  

1 - - f  

W h i l e  i f  t he  m i x t u r e  is such  t h a t  t he  l ong  axes  of t he  
rods  a r e  a l w a y s  p a r a l l e l  to  the  e l ec t rodes  w e  use  

W---- (Wz Jr W ~ ) / ( 2 )  ~ 2 [17] 
a n d  

R m =  (1 + D / ( 1 - - f )  [18]  

He re  Rm has  been  used  to r e p l a c e  k l /k .  This  q u a n t i t y  
p h y s i c a l l y  r e p r e s e n t s  t h e  ef fec t ive  r e s i s t ance  of t he  
d i spe r s i on  w h e n  c o m p a r e d  w i t h  a so lu t ion  of un i t  
conduc t i v i t y .  

F r o m  w h a t  has  a l r e a d y  b e e n  s ta ted ,  w e  w o u l d  e x -  
pec t  Eq. [16]  to ho ld  if  t he  d i spe r s i on  or  d i a p h r a g m  
could  be  v i s u a l i z e d  as cons i s t ing  of a c o m p l e t e l y  
r a n d o m  d i spe r s i on  of rods  in  t h r e e  d imens ions .  If,  on 
the  o t h e r  hand ,  w e  cons ide r  t ha t  t he  d i a p h r a g m  con-  
t a ins  a r a n d o m  a r r a n g e m e n t  of rods  w i t h  t he  long 
ax i s  a l w a y s  p a r a l l e l  to  t h e  e lec t rodes ,  w e  w o u l d  e x -  
pec t  Eq. [18]  to fit t he  da ta .  In  gene ra l ,  for  a n y  c o m -  
b i n a t i o n  of v a r i o u s  o r i en t a t i ons ,  w e  could  use  

Rm = (1 -~- x ~ ) / ( 1 - - f )  [19] 

F o r  e x a m p l e ,  if  ha l f  of t h e  rods  a r e  p a r a l l e l  to t he  
e l e c t rodes  w e  h a v e  W = 3 /2  a n d  x = 1 / 2 .  

I n  pass ing ,  i t  m a y  b e  n o t e d  tha t ,  s ince  W~ and  W~ 
a r e  equal ,  one ob ta in s  Eq. [18] r e g a r d l e s s  of w h e t h e r  
t he  c y l i n d e r s  a re  c rossed  in two  d imens ions  or  not.  
This  m a y  be  i n t e r p r e t e d  to m e a n  t h a t  t he  m a t h e -  
m a t i c a l  m o d e l  e m p l o y e d  in d e r i v i n g  t h e  a b o v e  e q u a -  
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t ions  is p h y s i c a l l y  e q u i v a l e n t  on ly  to a d i l u t e  d i s -  
pe r s i on  of c y l i n d e r s  for  w h i c h  i n t e r a c t i o n s  due  to 
r o t a t i o n  in t he  xy  p l a n e  a r e  neg l ig ib le .  This  r e -  
s t r i c t i on  a r i ses  due  to  t he  m e t h o d  of u s i n g  a s ing le  
c y l i n d e r  in ca l cu l a t i ng  the  f ield r a t i o s  g iven  in 
Eq. [12] .  

E x p e r i m e n t a l l y  i t  is s h o w n  b e l o w  t h a t  t h e r e  is 
v e r y  l i t t l e  d i f fe rence  in t h e  ef fec t ive  r e s i s t ances  of 
c rossed  and  u n c r o s s e d  c y l i n d e r s  as l o n g  as one is 
c o n c e r n e d  w i t h  s q u a r e  a r r a y s .  Thus ,  in  sp i t e  of  t h e  
a b o v e  l imi t a t ions ,  Eq. [18]  w i l l  s t i l l  h a v e  g r e a t  
u t i l i ty .  

Experimental Equipment and Procedure 
A ser ies  of  e x p e r i m e n t s  on o r d e r e d  a r r a n g e m e n t s  

of n o n c o n d u c t i n g  c y l i n d e r s  was  m a d e  in  a d d i t i o n  to 
s tud ies  i n v o l v i n g  m a t e r i a l  w h i c h  r e s e m b l e d  o r d e r e d  
o r  r a n d o m  a r r a n g e m e n t s  of cy l inde r s .  The  r e a s o n -  
ing  t h a t  was  i n v o l v e d  in  p l a n n i n g  t h e s e  e x p e r i m e n t s  
is as fo l lows :  F i r s t ,  i t  was  d e s i r a b l e  to o b t a i n  con-  
d u c t i v i t y  d a t a  on b o t h  p a r a l l e l  a n d  c rossed  c y l i n d e r s  
in  v a r i o u s  a r r a y s  in  o r d e r  to t e s t  the  r e su l t s  of  t he  
t heo r i e s  g iven  above .  Second ,  w i t h  t he  a b o v e  resu l t s ,  
i t  w o u l d  be  poss ib l e  to m a k e  c o m p a r i s o n s  w i t h  d a t a  
on m a t e r i a l  such  as cloth,  spun  glass,  a sbes tos  pads ,  
etc., which ,  to some ex ten t ,  r e s e m b l e  t w o  d i m e n -  
s ional  p a t t e r n s  of cy l inde r s ,  a n d  thus  a s c e r t a i n  h o w  
fa r  the  m a t h e m a t i c a l  m o d e l  cou ld  be  c a r r i e d  w i t h o u t  
se r ious  d i sc repanc ies .  

Equipment  Used 

Conductivity cells .--The cel ls  u sed  in  t h e  s t u d y  
of o r d e r e d  c y l i n d e r s  cons i s t ed  of un i t s  of r e c t a n g u l a r  
g e o m e t r y  w i t h  L u c i t e  w a l l s  a n d  s i l v e r - p l a t e d  copper  
e lec t rodes .  One  of t he  cel ls  was  des igned  to act  as a 
r e f e r e n c e  un i t  a n d  to  g ive  a m e a s u r e m e n t  of t h e  
con t inuous  p h a s e  or  e l ec t ro ly t e .  The  o t h e r  cell ,  w h i c h  
m a y  b e  ca l l ed  t h e  w o r k i n g  cell ,  c o n t a i n e d  a u n i t  ce l l  
of t he  g e o m e t r y  t ha t  was  to be  s tud ied .  The  ove r f low 
ou t le t s  w e r e  a r r a n g e d  in such  a m a n n e r  t h a t  t h e  
e l ec t rode  su r faces  w e r e  each  cove red  to a d e p t h  of 
5.00 in. The  w i d t h  of t he  e l ec t rodes  in  b o t h  cel ls  w a s  
also 5.00 in. The  d i s t ance  b e t w e e n  the  e l ec t rodes  in  
the  r e f e r e n c e  cel l  was  f ixed a t  th is  s ame  va lue ,  b u t  
in t he  case  of the  w o r k i n g  cel l  th is  d i s t ance  was  a d -  
j u s t a b l e  in  s teps  up  to 5.00 in. b y  us ing  d i f f e ren t  
L u c i t e  spacers .  The  r e f e r e n c e  and  w o r k i n g  cel ls  a r e  
s h o w n  in Fig.  1. 

Fig. 1. View of cells used in measurements on ordered arrange- 
ments of cylinders. 
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Fig. 3. Cells with end plates removed showing two cases of 
cylinder geometry. 

A n  enclosed and  smal le r  cell, b u t  one  wh ich  was  
never the les s  s imi la r  to tha t  descr ibed above,  was  
employed  in  d e t e r m i n i n g  the  effective conduc t iv i ty  
as a f unc t i on  of v o l u m e  f rac t ion  for ma te r i a l s  such 
as cot ton cloth, t h i n  sheet  asbestos, and  pads of spun  
glass. 

Cylinder geometry . - -There are severa l  basic sec- 
t i on ing  pa t t e rn s  tha t  m a y  be used in  s t u d y i n g  square  
a r r ays  of pa ra l l e l  cyl inders .  Some  of these are  i l -  
l u s t r a t ed  in  Fig. 2. Wi th  the  idea in  m i n d  tha t  the  
cell wou ld  also be used to ob ta in  da ta  on crossed 
cyl inders ,  a decis ion was  made  to use ha l f  cy l inders  
or the  th i rd  p a t t e r n  in  this  figure. 

For  each v o l u m e  f rac t ion  s tudied,  two ca re fu l ly  
m a c h i n e d  hal f  cy l inders  were  cons t ruc ted  of Luci te .  
T h r e a d e d  screw holes were  p laced  in  the  cen te r  of 
the  flat sides of the  ha l f  cy l inders  and  were  m a t c h e d  
wi th  holes in  the  cen te r  of the  electrode surfaces.  
The cy l inders  to be  s tud ied  were  locked flush aga ins t  
the electrodes in  e i ther  a pa ra l l e l  or crossed o r i e n t a -  
t ion  b y  m e a n s  of a locking  screw (see Fig. 3).  The  
l eng th  of the  hal f  cy l inders  exac t ly  ma t che d  the  
w id th  of the cell so that ,  w h e n  a hal f  cy l inder  was  
t u r n e d  crossways in  the cell, no  conduc t ion  could 
occur b e t w e e n  the  wal l s  of the  ceil and  the  end  of 
the ha l f  cyl inder .  

Conductivity bridge.--The br idge  employed  to ob-  
t a in  e lec t r ica l  conduc t i v i t y  da ta  was  of c o n v e n t i o n a l  
des ign  (8) .  M e a s u r e m e n t s  were  m a d e  at a b r idge  
f r e q u e n c y  of 1 kc. 

Experimental  Procedure 
Measurements on cylinders.---The electrodes of 

the  w o r k i n g  cell were  combined  w i t h  var ious  Luci te  

spacers or wal ls  t ha t  were  to be used in  this  s tudy  
and  were  ca l ib ra ted  aga ins t  the  r e fe rence  cell. This  
opera t ion  took place before  the  holes we re  p laced  
in  the  electrodes to hold  the  hal f  cyl inders .  

Tap  w a t e r  was  used  as the  e lec t ro ly te  in  this  
s tudy,  and  pr ior  to m a k i n g  a ny  m e a s u r e m e n t s ,  the  
w a t e r  was  c i rcu la ted  b e t w e e n  the  w o r k i n g  cell and  
the  re fe rence  cell and  a l lowed to come to equ i l i b -  
r i u m  at  room t empera tu r e .  The  l iqu id  level  in  both  
cells was  ca re fu l ly  b r o u g h t  up  to a s t a n d a r d  re f -  
e rence  m a r k  by  us ing  a hypode rmic  syr inge.  

At  least  four  m e a s u r e m e n t s  we re  m a d e  for every  
r u n  or da ta  po in t  t ha t  appears  in  the  fo l lowing 
tables.  The  typ ica l  s t a n d a r d  dev ia t ion  for these  r u n s  
was  less t h a n  1%. 

Measurements on other mateviaIs.--In the  smal le r  
cell s tudies  we re  made  on cot ton cloth, t h i n  sheet  
asbestos, a nd  pads  of s p u n  glass. In  each case the  
sample  was  p r e p a r e d  b y  cu t t ing  the  m a t e r i a l  in  
squares  which  exac t ly  ma t c he d  the  d imens ions  of 
the  cell. Next,  the  samples  we re  ca re fu l ly  p r e - e q u i l i -  
b r a t ed  wi th  e lec t ro ly te  and  la id in  layers  w i t h i n  the  
cell un t i l  the  d is tance  b e t w e e n  the  e lect rodes  was  
fu l ly  occupied. Al l  e n t r a i n e d  air  was  displaced wi th  
electrolyte ,  and  a conduc t iv i ty  r ead ing  was  obta ined.  
The conduc t iv i ty  of the e lec t ro ly te  a lone  was  also 
d e t e r m i n e d  in  the same cell. The v o l u m e  f rac t ions  
of the  ma te r i a l s  were  d e t e r m i n e d  in  a Cassia flask. 

As in  the  preceding section, m u l t i p l e  m e a s u r e -  
men t s  were  made  for each m a t e r i a l  s tudied.  The  
r e su l t i ng  s t a n d a r d  devia t ion ,  in  most  cases, was less 
t h a n  1%. 

Discussion 

E x p e r i m e n t a l  resul t s  are g iven  in  Tables  I, II, 
and  I I I  and  are  compared  in  Fig.  4 a nd  5. 

Table I. Effective resistance data on dispersions of nonconducting 
cylinders arranged in square arrays 

Volume  f rac t ion ,  f Para l le l  cy l inders ,  Rm Crossed  cyl inders ,  R ~  

0.0314 1.056 1.056 
0.1226 1.266 1.289 
0.2827 1.769 1.804 
0.5026 3.084 3.074 
0.7088 8.097 8.170 

Table II. Effective resistance data on dispersions of nonconducting 
cylinders arranged with sides in contact 

Volume  f rac t ion ,  ] Pa ra l l e l  cyl inders ,  R ~  Crossed cylinders, R~, 

0.0745 1.085 1.128 
0.1570 1.200 1.302 
0.3066 1.540 1.748 
0.4712 2.145 2.413 
0.6283 3.482 3.792 
0.7461 8.271 8.734 

Table III. Effective resistance data on materials that resemble 
cylinders arranged in two dimensions 

Mater ia l  ] R ~  

Pads of spun glass in  layers 0.037 
Cotton cloth in layers 0.212 
Cotton cloth in layers 0.258 
Sheet asbestos in  layers 0.42 

1.06 
1.55 
1.70 
2.34 
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Fig. 4. Effective resistances of dispersions of solid cylinders. 
(Rm ~.  k l / k ) .  A, Parallel cylinders in contact; �9 crossed 
cylinders in contact; A, parallel cylinders in square arrays; O, 
crossed cylinders in square arrays; , Eq. [1];  , 
Eq. [2];  - , Eq. [18]. 
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Fig. 5. Comparison of materials which resemble a mixture of 
solid cylinders arranged in two dimensions. A, Pads of spun glass 
in layers; e, cotton cloth in layers; A, sheet asbestos in layers; 
O, cylinders crossed at right angles in square arrays; 
Eq. [ I ] ;  , Eq. [16]; ~ - , Eq. [18]. 

The  d a t a  g iven  in T a b l e  I a re  for  t he  case  of m e a s -  
u r e m e n t s  in  a cubic  cel l  a n d  thus  h a v e  been  d e s i g -  
n a t e d  as  " s q u a r e  a r r a y s . "  F o r  th is  case  t he  c rossed  
c y l i n d e r s  do no t  touch.  T a b l e  II  s u m m a r i z e s  the  r e -  
su l t s  o b t a i n e d  w h e n  the  d i s t ance  b e t w e e n  t h e  e l ec -  
t rodes  was  e q u a l  to t he  d i a m e t e r  of t he  c y l i n d e r  
b e i n g  s tud ied .  Thus ,  in  th is  l a t t e r  case, t h e  p a r a l l e l  
or  c rossed  c y l i n d e r s  w e r e  a l w a y s  t o u c h i n g  or  in  con-  
tact .  

A l l  d a t a  on c y l i n d e r s  a r e  c o m p a r e d  in Fig .  4. 
Q u a l i t a t i v e l y  the  fo l l owing  facts  a r e  c lear .  T h e r e  is 
v e r y  l i t t l e  d i f ference ,  in  t he  case  of s q u a r e  a r r a y s ,  
b e t w e e n  the  r e su l t s  o b t a i n e d  for  t he  p a r a l l e l  a n d  
c rossed  cy l inde r s .  The  crosses,  h o w e v e r ,  do cons i s t -  
e n t l y  g ive  a s l i g h t l y  h i g h e r  r e s i s t ance  t h a n  t h e i r  
p a r a l l e l  c o u n t e r p a r t s .  In  t he  case  of m e a s u r e m e n t s  
on c y l i n d e r s  in contact ,  t he  s i t ua t i on  is d i f ferent .  

H e r e  t he  d a t a  co l l ec ted  on p a r a l l e l  c y l i n d e r s  in  con-  
t ac t  s eem to a g r e e  w i t h  m e a s u r e m e n t s  t h a t  one 
w o u l d  o b t a i n  w i t h  l a mina ,  and  thus  g ive  r e su l t s  
w h i c h  a r e  close to w h a t  one w o u l d  p r e d i c t  b y  vo l -  
u m e  f r ac t i on  ave rag ing .  On the  o t h e r  hand ,  the  
c rossed  c y l i n d e r s  in con tac t  b e h a v e  i n t e r m e d i a t e  b e -  
t w e e n  l a m i n a  a n d  t rue  d i spers ions .  This  l a t t e r  fac t  is 
as one w o u l d  e x p e c t  s ince t he  sec t ion  of t he  c y l i n d e r s  
a t  t he  cross  w o u l d  act  as p u r e  l a mina ,  w h i l e  t he  
p o r t i o n  of the  c y l i n d e r s  w h i c h  was  some d i s t ance  
a w a y  f r o m  t h e  cross  w o u l d  act  as a d i spers ion .  

The  m e a s u r e m e n t s  m a d e  on c lo th l ike  m a t e r i a l  
w e r e  s u r p r i s i n g  i n a s m u c h  as the  r e su l t s  o b t a i n e d  
a p p e a r  to a g r e e  m o r e  w i t h  c y l i n d e r s  in  a " s q u a r e  
a r r a y "  r a t h e r  t h a n  w i t h  c rossed  c y l i n d e r s  in  con tac t  
( c o m p a r e  Fig .  4 and  5).  A l t h o u g h  some of t he  d a t a  
po in t s  d e v i a t e  in  t he  d i r ec t i on  of the  c rossed  c y l i n -  
de r s  in  contact ,  i t  is a p p a r e n t  t h a t  mos t  of t he  rods  
or  c y l i n d r i c a l  bod ies  in t h e  m a t e r i a l s  s t u d i e d  a r e  
no t  in  t i gh t  con tac t  b y  c o m p a r i s o n  w i t h  t he  c rossed  
c y l i n d e r  g e o m e t r y .  This  is in sp i te  of t he  fac t  t h a t  
t he  cel l  was  f i rmly  p a c k e d  ( c e r t a i n l y  to t he  e x -  
t en t  t h a t  one w o u l d  h a v e  in  t he  case  of d i a p h r a g m s  
or  s e p a r a t o r s )  b e f o r e  c o n d u c t i v i t y  m e a s u r e m e n t s  
w e r e  made .  

I t  m a y  also be  no ted ,  b y  s t u d y i n g  Fig.  5, t h a t  
s e p a r a t o r s  m a d e  f r o m  asbes tos  w o u l d  a p p e a r  to g ive  
a s l i g h t l y  l o w e r  ef fec t ive  r e s i s t a n c e  t h a n  co t ton  c lo th  
a t  t he  s a m e  v o l u m e  f r ac t i on  of solids.  This  b e h a v i o r  
m a y  be  e x p l a i n e d  b y  p o i n t i n g  out  t h a t  the  f ibers  in 
a l a y e r  of asbes tos  a r e  p r o b a b l y  close to be ing  r a n -  
d o m l y  a r r a n g e d  in t h r e e  d ime ns ions  a n d  thus  obey  
Eq. [16],  w h e r e a s  the  f ibers  in  co t ton  c lo th  w o u l d  
p r e f e r e n t i a l l y  be  o r d e r e d  acco rd ing  to ou r  t w o -  
d i m e n s i o n a l  m o d e l  and  t hus  fo l low Eq. [18].  
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ABSTRACT 

Exchange studies have been made with electropolished singIe-crystal  
specimens of silver and zinc immersed in  dilute solutions of their  salts, us ing 
Ag110 and Zn 65 ions as tracers. In  0.02M solutions of the salts, exchange in  the 
surface layer  of the metals  is rapid and complete, and cont inued tracer pickup 
is due to diffusion wi th in  the crystals. At lower salt concentrat ions the tracer 
pickup is slower, apparent ly  because complete exchange is not main ta ined  in 
the surface layer  of atoms. 

In  most  p rev ious  s tudies  of exchange  b e t w e e n  
s i lver  and  zinc and  the i r  ions in  solut ion,  po lyc rys -  
t a l l ine  spec imens  have  been  used (1 -3) .  This  has 
the  d i s a d v a n t a g e  t ha t  bo th  g r a i n - b o u n d a r y  a n d  1at- 
rice diffusion occur w i t h i n  the  meta l .  The  ra te  of 
r ad io t race r  p ickup  depends  on the  g ra in  size a nd  
g r a i n - b o u n d a r y  area,  and  o n l y  the  ra t io  of the  two 
diffusion coefficients is significant.  One  r u n  w i th  a 
s i lver  s ingle  crys ta l  was  car r ied  out  by  Ger i scher  
and  Tischer  (4) ,  who conc luded  tha t  the  behav io r  
was no t  essen t ia l ly  d i f fe rent  f rom tha t  of po lyc rys -  
t a l l ine  specimens.  Zinc  s ingle  crys ta ls  were  used by  
B u s h m a n o v  and  Vozdvizhensk i i  (5) ,  who found  
s o m e w h a t  d i f ferent  exchange  ra tes  on base  a nd  
p r i s m  facets. Zinc  b ic rys ta l s  we re  inves t iga ted  by  
Sandor  (3) ,  who found  tha t  the me t a l  spec imens  
corroded p r o m p t l y  even  in  w e l l - d e a e r a t e d  solut ions.  

The  purpose  of the  p r e sen t  i nves t iga t ion  was  to 
find w h e t h e r  s i ng l e - c rys t a l  specimens,  p r e p a r e d  
wi th  m i n i m u m  surface  roughness ,  wou ld  show a 
consistent and  u n d e r s t a n d a b l e  p a t t e r n  of exchange  
wi th  the i r  ions in  aqueous  solut ion.  We find tha t  
s i lver  spec imens  do so, w i th  no compl ica t ion  f rom 
corrosion or surface  films. On the  o ther  hand ,  zinc 
is sub jec t  to corrosion by  wa t e r  in  the  absence  of 
oxygen  

Zn  ~- H20-~ ZnO -P Hf; AG ~ : --19 kcal  

A s imi la r  free ene rgy  va lue  applies  if Z n ( O H ) 2  is 
the  product .  A pol ished spec imen  does no t  acqu i re  
a v is ib le  fi lm for a long t ime  in  deae ra ted  wa te r ;  in  
salt  so lu t ions  the i n i t i a t i on  of v i s ib le  fi lm f o r m a t i o n  
appears  to be acc identa l  and  in  genera l  occurs 
sooner,  the  more  concen t r a t ed  the  salt. 

Experimental 
Sing le - c rys t a l  rods of s i lver  and  zinc 2 abou t  2 cm 

in  d i ame te r  were  cut  in to  disks 2 m m  thick,  and  a 1 
m m  hole was  dr i l led  n e a r  the edge for suspending .  
Af te r  smooth ing  the  surfaces the  disks w e r e  a n -  
nea led  (s i lver  at 400 ~ zinc at 120~ and  cooled 
slowly.  Before use  each disk was  e lect ropol ished to 
r emove  d is tor ted  m a t e r i a l  and  to give a smooth,  
b r igh t  surface  (s i lver  in  AgCN-NaCN,  zinc in  phos-  
phoric  a c i d - e t h a n o l ) .  Af te r  r e m o v a l  f rom rad io -  

X P r e s e n t  a d d r e s s :  A m e r i c a n  G a s  & C h e m i c a l s ,  Inc . ,  N e w  York,  
N e w  Y o r k .  

2 O b t a i n e d  f r o m  M o n o c r y s t a l  C o m p a n y ,  C l e v e l a n d ,  Ohio .  

act ive  solut ions  the  disks were  e lect ropol ished to 
r emove  the  act ive  mate r ia l .  

I n  e lect ropol ishing,  the  disks were  suspended  on 
a P t  wire,  m i d w a y  b e t w e e n  2 s ta in less  s teel  ca th -  
odes. Disks were  suspended  in  the  rad ioac t ive  solu-  
t ions  e i ther  on glass hooks or  on wi re  hooks coated 
w i t h  i n s u l a t i n g  lacquer .  So lu t ions  of AgNO8 were  
no t  deae ra ted  except  in  a few tests;  Zn  (C104)2 solu-  
t ions  were  deae ra t ed  w i t h  n i t r o g e n  or h y d r o g e n  
which  was  passed over  hot  copper,  t h e n  t h r ough  two 
wash bot t les  c o n t a i n i n g  so lu t ion  of the  same con-  
cen t r a t i on  as the test  solut ion.  I m m e r s i o n  cells used 
for zinc were  s imi la r  to those descr ibed by  Ger i scher  
a nd  Tischer  (4) .  Al l  e x p e r i m e n t s  were  at  r oom t e m -  
pe ra tu re ,  20~176 except  for one series w i th  si lver,  
ca r r ied  out  in  a t h e r m o s t a t  a t  60~ 

Ag 11~ was  o b t a i n e d  as the  n i t r a t e  in  HNOs; most  
or all  of the acid was  r e move d  by  evapora t ion .  Z n  65 
was ob ta ined  as the  chlor ide in  HC1; the  ca lcula ted  
a m o u n t  of HC104 was  added  a nd  HC1 r e moved  by  
evapora t ion .  A stock so lu t ion  of Zn(C104)2 was  
p r epa red  f rom the  h y d r a t e d  sal t  and  s t anda rd ized  
vo lumet r i ca l ly .  

Af t e r  i m m e r s i o n  in  the t racer  solut ions  the  disks 
were  washed  in  cold water ,  a nd  the i r  ac t iv i ty  was  
m e a s u r e d  b y  coun t ing  u n d e r  a GM tube .  I t  was  nec -  
essary  to wash  the  s i lver  samples  for 20-30 m i n  in  
severa l  changes  of w a t e r  to reduce  the i r  ac t iv i ty  to 
a m i n i m u m ;  the  zinc r e q u i r e d  less washing .  The  
coun t  was  conver t ed  to g r a m  atoms of exchange  b y  
c ompa r i ng  w i th  ca l ib ra t ion  disks on wh ich  5 or 10 
microliters of each so lu t ion  was  evapora ted .  

Vis ible  corrosion films n e a r l y  a lways  appeared  on 
zinc disks in  0.1M Zn(CIO4)2,  somet imes  in  a few 
minu te s ,  somet imes  no t  for  severa l  hours .  The  ac-  
t i v i t y  p ickup  was  er ra t ic  and  was  m u c h  h igher  w h e n  
a fi lm was visible,  as f ound  by  Sandor  (3) .  Of ten  
w h e n  no fi lm was vis ib le  the  p ickup  was  far  h igher  
t h a n  could be expected  f rom s imple  exchange ,  p rob -  
ab ly  ind ica t ing  tha t  a fi lm was growing.  I t  was  
found  tha t  if 0.02M Zn(C104)2 were  ad jus t ed  to the  
pH at  which  a mere  t race  of Zn(OI-I)2 appeared,  
v is ib le  corrosion could be de layed  for severa l  days, 
and  exchange  seemed to occur no r ma l l y .  

Results w~th Silver 

Figu re  1 shows the  a m o u n t  of exchange  at  room 
t e m p e r a t u r e  on s i lver  in  0.021V[ and  in  1 x 10-sM 
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Fig. 1. Exchange on silver in 0.02M AgNOa (upper line) and in 
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Fig. 2. Exchange on silver in 0.02M AgNO3 at 60~ 

AgNO3, p lo t ted  vs. the square  root of t ime  in  days. 
Resul ts  a t  2 i n t e r m e d i a t e  concen t r a t ions  are  s u m -  
mar ized  in  Tab le  I, and  a r u n  at  60 ~ is p r e sen t ed  in  
Fig. 2, were  the t ime  u n i t  is hours  r a t h e r  t h a n  days. 
Most of these resul t s  are the  average  f rom coun t ing  
the  2 sides of 2 disks. Al l  of these  disks were  cut  
f rom the  same s i lver  rod and  had  surfaces  n e a r  
the  (134) plane.  A few disks f rom ano the r  rod 
gave resul t s  which  differed no t  more  t h a n  20%. 

F i g u r e  1 makes  it appea r  tha t  the in te rcep ts  at 
zero t ime  for all  r o o m - t e m p e r a t u r e  r u n s  should  be 
d i f ferent  and  should  be smal ler ,  the  smal le r  the  
slope. The in t e rcep t  for 0.02M AgNO3 at  both  t e m -  
pe ra tu res  was  t a k e n  as 2.5 x 10 -9 g a t . / c m  2, which  
is the average  va lue  for  a m o n o l a y e r  in  all  d i rec-  
t ions  in  a s i lver  crystal .  The  i n t e r cep t  for 10-5M 
AgNO~ was a r b i t r a r i l y  t a k e n  as 1.5 x 10 -9 g a t . / c m  ~, 
which  seems reasonab le  and  gives a cons is ten t  va lue  
of the  se l f -d i f fus ion coefficient. In te rcep t s  for the  

Table I. Exchange with silver at room temperature 

0.002M AgNOa O.0002M A g N O a  
g a t . / e m  2 g at. /emS 

D a y s  • 10 ~ slope • 109 s l o p e  

0 2.0 a - -  1.75 a - -  
1 4.08 (2.08) 3.44 (1.69) 
9 4.45 0.82 3.93 0.76 

15 5.06 0.79 5.04 0.85 
26 6.27 0.83 5.25 0.69 
36 7.96 0.99 6.40 0.77 
50 8.52 0.92 8.03 0.68 

a E x t r a p o l a t e d .  

other  solut ions  are g iven  as ze ro - t ime  ex t rapo la t ions  
in  Tab le  I, w he r e  the  co lumns  headed  "slope" give 
the  increase  in  exchange  above  the  in tercept ,  d iv ided  
b y  square  root  of days ( w i t h  109 omi t t ed ) .  

Brief  i m m e r s i o n  gave exchange  as follows: 30 
sec-3 m i n  in  0.02M AgNOa, 3.2-3.3 x 10 -9 g at . /cm2; 
the  same t ime  in  0.002M AgNOa, 3.0-3.4 x 10 -9 g a t . /  
cm2; in  4 x 10-4M AgNO3, 1.1 x 10 -9 in  30 sec wi th  
g r a dua l  rise to 2.6 x 10 -9 in  30 rain.  We  i n t e r p r e t  
these resul ts  to ind ica te  v e r y  rap id  surface  exchange  
in  0.02M solut ion,  the  excess above 2.5 x 10 -9 be ing  
due to surface  roughness ,  m i n u t e  sur face  flaws, and  
adsorbed  salt;  bu t  at  lower  concen t ra t ions  exchange  
e q u i l i b r i u m  is no t  reached  quickly .  The  sur face  con-  
cen t r a t i on  of exchange  a toms is t h e n  n e v e r  equa l  to 
the  b u l k  concen t r a t i on  of the  me ta l ;  the  ra t io  of 
rad ioac t ive  to inac t ive  a toms in  the  me t a l  surface  
is n e v e r  equa l  to its va lue  in  the  solut ion.  

Some poin ts  at 1 day, and  in  the  60 ~ r u n  a t  1 and  
4 hr, are  high. In  each case 2 disks gave sa t is factory  
ag reemen t ,  b u t  it  is no t  ce r ta in  w h e t h e r  a r ea l  
effect is i nvo lved  or an  u n k n o w n  e x p e r i m e n t a l  m i s -  
take.  If the  effect is rea l  it  m igh t  have  been  avoided 
by  p r e - e q u i l i b r a t i n g  the  disks in  inac t ive  AgNO3 
solut ion.  The high 1 -day  slopes are  g iven  in  p a r e n -  
theses in  Tab le  I. 

Di~usion  coe13ficient.--To i n t e r p r e t  the c o n t i n u i n g  
exchange  in  t e rms  of se l f -d i f fus ion in  the  me ta l  
we m a y  use the equa t ion  (6) 

at = 2 ca ( D t / ~ )  1/2 [1] 

Here  at is the  a m o u n t  of exchange  (above  the  i n t e r -  
cept)  at  t ime  t, in  g a t . / c m  2, a nd  co is the  surface  
concen t r a t i on  of exchanged  me t a l  in  g a t . / c m  ~, both  
as d e t e r m i n e d  by  the  t racer .  D is the diffusion co- 
efficient in  cm2/sec if t is in  seconds. Values  of D cal-  
cu la ted  by  use of the  g raph ica l  slopes are g iven  in  
Tab le  iI. I n  0.02M AgNO3, co = 0.0973 g a t . / c m  3 
(dens i ty  of s i lver  d iv ided  b y  a tomic  we igh t )  ; in  the  
o ther  solut ions  co = 0.0973 x 2.0/2.5, 1.75/2.5, 1.5/2.5 
has been  used. The  va lues  for 0.1M AgNO3 are  based 
on 2 disks which  were  lef t  in  the  so lu t ion  for  abou t  
4.5 months .  The  in te rcep t  and  Co were  a s sumed  to be 
the  same as in 0.02M solut ion.  

A n  a l t e rna t e  t r e a t m e n t  is to assume a fixed va lue  
of D and  ca lcula te  va lues  of co to conform.  This 
would  be p re fe rab le  if the  bes t  va lue  of D were  
k n o w n .  

Resul t s  w i t h  Zinc  

The exchange  for 2 concen t ra t ions  of Zn(CIO4)e  
at  room t e m p e r a t u r e  is show n  in  Fig. 3, w he re  it is 
ev iden t  tha t  se l f -d i f fus ion in  the  me t a l  is m u c h  
fas ter  t h a n  in  si lver.  The  average  a m o u n t  of zinc in  
a m o n o l a y e r  i n  the  c rys ta l  is abou t  2.7 x 10 -9 g a t . /  
cm ~. Immers ions  of 30 sec to 1 m i n  gave exchange  
of 2.3-5 x 10 -9, so it  was a s sumed  tha t  the in t e rcep t  

Table II. Self-diffusion coefficients in silver 

D ,  c m ~ / s e e  D ,  crn~/sec 
CAgNOa, M X 1O m CAgNO3 , 1V~ X 10 21 

0.10 2.2, 4.3 0.002 1.3 
0.02 2.4 0.0002 1.4 
0.02 (60 ~ 68 1 X 10 -5 1.5 
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Fig. 3. Exchange on zinc in O.02M Zn(C[04)2 (upper line) anct 
in 5 x 10 -4M Zn(CI04)2 (lower), room temperature. 

should be 2.7 x 10 -9, co r respond ing  to Co ~ 0.109 g 
a t . / c m  3. P r o b a b l y  the  crys ta l  o r i en ta t ion  should  be 
t aken  in to  account ,  bu t  the  a p p r o x i m a t i o n  wi l l  do 
for the p re sen t  purpose.  I n  5 x 10-4M solut ion,  30 
sec-1 m i n  immers ions  gave 0.9-1.0 x 10 -9 g at . /cm2; 
0.905 x 10 -9 was used as the  in tercept ,  co r respond-  
ing to Co ~ 0.0365 g a t . / c m  ~. The r e su l t i ng  va lues  for 
D for the  2 solut ions  are, respect ively ,  9.1 x 10 - i s  
and  8.8 x 10 - i s  cm2/sec. 

Dis t r ibu t ion  of  E x c h a n g e  in  D e p t h  

If the t r ace r  has p e n e t r a t e d  deeply  enough  and  
thin,  u n i f o r m  layers  can be r emoved  f rom the  me ta l  
surface,  i t  is possible to find the  concen t r a t i on  of 
exchanged  me ta l  cx at  va r ious  depths  x af ter  a 
fixed immer s ion  t ime  t. T h e n  D can  be found  us ing  
the equa t ion  (6) 

cx/co -~ erfc [ x /  ( 4Dt  ) 1/2] [2] 

where  erfc refers  to the  c o m p l e m e n t  of the  e r ro r  
func t ion  in tegra l .  This  p rocedure  was  appl ied  to 
cadmium,  where  D is m u c h  la rger  (ca. 10 -1~ cm2/ 
sec),  and  the  r emova l  of u n i f o r m  layers  b y  elec-  
t ropol i sh ing  appeared  to be va l id  (7).~ I t  is of i n t e r -  
est to see w h e t h e r  this  s t r ipp ing  p rocedure  migh t  
be appl ied  to silver.  

Two s i lver  disks were  i m m e r s e d  in  tagged 0.1M 
AgNO3 for 1.20, 1.26 x 107 sec (4.5 m o n t h s ) ,  and  ex-  
change  occur red  to the  ex t en t  of 18 a n d  20 x 10 -9 g 
a t . / c m  2, the  e q u i v a l e n t  of 7-8 comple te  monolayers .  
Let  us assume tha t  me t a l  can be r emoved  u n i f o r m l y  
un t i l  c x / c o =  0.01, i.e., the  concen t r a t i on  of ex-  
changed  a toms at dep th  x is 1% of the  surface  con-  
cent ra t ion .  F r o m  the e r ror  f unc t i on  tables ,  
x / ( 4 D t )  1/2== 1.83; i n se r t i ng  D = 2 x 10 -21 a nd  
t = 1.2 x l0  T, we ob ta in  x : 5.6 x 10 -7 cm. This t h i n  
l ayer  corresponds  to a we igh t  loss of 0.04 mg on the  
disks used, which  had  an  area  of 6.6 cm 2 i n c l u d i n g  
both  faces and  the edge. 

D e t e r m i n a t i o n  of D by  a s t r ipp ing  t echn ique  
wou ld  thus  seem imposs ib le  w i th  the  2 disks m e n -  
t ioned.  I t  was  sti l l  of in te res t  to see w h e t h e r  u n i f o r m  
layers  could be removed,  and  two methods  were  
t r ied:  ( i)  In  a so lu t ion  con t a in ing  NaCN and  H20~ 
(1) ,  d issolu t ion  of 0.08 m g  f rom one disk r e move d  

I n  Tab les  I I ,  I I I ,  a n d  IV of ref .  (7), d e p t h  s h o u l d  b e  l a b e l l e d  
cm • 10s i n s t e a d  of cm • 10~. 

n e a r l y  half  the act iv i ty ,  b u t  d issolu t ion  of 14 mg 
( in  10 steps) lef t  20% of the  act ivi ty .  The disk 
v i s ib ly  did no t  etch un i fo rmly .  (it) The o ther  disk 
was  etched anodica l ly  in  0.051Vi NaCN w i t h  a c u r -  
r e n t  of 10 m a  (on 6.6 cm~). Disso lu t ion  of 0.14 mg  
r emoved  60% of the  ac t iv i ty ;  a f ter  r e m o v i n g  3.4 mg, 
7% of the  ac t iv i ty  r emained .  The a p p e a r a n c e  of 
the disk showed tha t  the  c u r r e n t  dens i ty  was  no t  
u n i f o r m  over  the  surface.  

I t  is no t  possible  to r e m o v e  such t h i n  layers  of 
s i lver  in  the  r e gu l a r  e lec t ropol ish ing p rocedure  since 
the me ta l  m u s t  go t h r ough  a cycle of oxide film 
f o r ma t i on  and  dissolut ion.  Exchange  at  a h igher  
t e m p e r a t u r e  a nd  a be t t e r  s t r ipp ing  me thod  migh t  
m a k e  it possible  to d e t e r m i n e  D by  this  method.  

Discussion 

Since the  se l f -d i f fus ion  coefficient D canno t  de-  
pend  on the so lu t ion  concen t ra t ion ,  it  is ev iden t  tha t  
the va lue  of co does. F u r t h e r ,  Co m u s t  r e m a i n  con-  
s tan t  t h r o u g h o u t  the  exchange  e x p e r i m e n t  to ac-  
count  for the  l i nea r  plots, a nd  it  is no t  easy to see 
w h y  incomple te  exchange  in  the  surface  l aye r  should 
pers is t  over  a long  per iod of t ime. The  exchange  
c u r r e n t  to, as m e a s u r e d  by  c o n v e n t i o n a l  po la r iza t ion  
methods ,  is k n o w n  to decrease wi th  decreas ing  ion 
concen t ra t ion ;  b u t  since diffusion in  the meta l s  is so 
v e r y  slow, io would  have  to be u n r e a s o n a b l y  smal l  
no t  to m a i n t a i n  equ i l i b r ium.  A possible  e x p l a n a t i o n  
of the behav io r  is tha t  exchange  e q u i l i b r i u m  is 
m a i n t a i n e d  on on ly  a f rac t ion  of the surface  (act ive  
s i tes?)  in  solut ions  of low concen t ra t ion ;  this  would  
account  for a cons t an t  Co. 

The se l f -d i f fus ion coefficient of s i lver  has been  
m e a s u r e d  b y  a d r y  me thod  in  the  t e m p e r a t u r e  r ange  
450~176 (8, 9). If  we use the  equa t ion  (9) 

D = 0.724 exp ( - -45 ,500/RT)  cm2/sec [3] 

the va lue  of D for la t t ice  diffusion ex t r apo la t ed  to 
25~ is 3.6 x 10 -34 cm2/sec, in  sharp  cont ras t  to our  
va lue  of abou t  10 -21 cm~/sec. F u r t h e r ,  c o m b i n a t i o n  
of our  va lues  at  room t e m p e r a t u r e  and  at 60 ~ gives 
an  ac t iva t ion  ene rgy  of abou t  20,000 c a l / g  at. com- 
pa red  to the  above va lue  of 45,500 cal. Since there  
seems to be no p r o n o u n c e d  change  in  the  crys ta l  
la t t ice  b e t w e e n  60 ~ and  450~ these d iscrepancies  
ind ica te  a sharp  difference in  the  m e c h a n i s m  of d i f -  
fusion. The h i g h - t e m p e r a t u r e  m e a s u r e m e n t s  on 
po lyc rys t a l l i ne  s i lver  give an  ac t iva t ion  ene rgy  of 
20,000 cal for g r a i n - b o u n d a r y  diffusion (8) .  I t  migh t  
be suggested tha t  diffusion in  the  s ingle  crys ta l  at 
low t e m p e r a t u r e s  occurs p r i m a r i l y  t h r ough  con-  
nec ted  series of la t t ice  imper fec t ions  or n e t w o r k s  
of d is locat ion pipes, which  w ou l d  give it  some r e -  
s emblance  to g r a i n - b o u n d a r y  diffusion. 

The se l f -d i f fus ion coefficient of zinc has been  
m e a s u r e d  in  the t e m p e r a t u r e  r a nge  240~176 
(10).  Ex t r apo la t i on  of equa t ions  s imi la r  to [3] to 
25 ~ gives: 
D (para l l e l  to s y m m e t r y  axis )  ~ 1.3 x 10 -I~ cm2/sec 
D ( p e r p e n d i c u l a r  to s y m m e t r y  axis)  

---- 9.1 x 10 -19 cm2/sec 
Our  resul t s  of 8.8, 9.1 x 10 - i s  a re  in t e rmed ia t e .  Two 
zinc crysta ls  were  used in  our  work,  a nd  acc identa l  
f rac tures ,  which  occur a long the  basa l  ( p e r p e n d i c u -  
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l a r )  p lanes ,  s h o w e d  t h a t  t he  su r f aces  used  w e r e  i n -  
c l ined  at  10 o_ 15 o to t he  p a r a l l e l  p lanes .  

In  a t t e m p t i n g  to a v o i d  cor ros ion  of zinc spec i -  
mens ,  so lu t ions  of  Zn(C104)2  in  m e t h a n o l  a n d  
e t hano l  w e r e  t r i ed .  I t  is d o u b t f u l  if t he  a n h y d r o u s  
sa l t  can  be  p r e p a r e d ,  and  a lcoho l  so lu t ions  of t he  
h y d r a t e  l ed  to as m u c h  cor ros ion  as  aqueous  so lu -  
t ions.  On e v a p o r a t i n g  a lcohol  so lu t ions  to d r y n e s s  
no w a t e r  is lost ,  t he  h y d r a t e d  sa l t  c ry s t a l l i z i ng  out. 
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Heat-Treatment of Anodic Oxide Films on Tantalum 
I. The Effects on Dielectric Properties 

D. M. Smyth, G. A. Shirn, and T. B. Tripp 
Research Laboratory, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

When  anodized t an ta lum is subjec ted  to t empera tu res  in excess of 2O0~ 
the equiva lent  series capacitance,  equiva len t  series resistance,  and t empera tu re ,  
f requency,  and bias dependences  of these proper t ies  increase.  These  phenomena  
are  in te rp re ted  as resul t ing  f rom the  ex t rac t ion  of oxygen  f rom the die lect r ic  
oxide  by  the t an t a lum substrate .  This process creates an oxygen-def ic ient  r e -  
gion in the  oxide whose semiconduct iv i ty  causes the above-men t ioned  changes 
in dielectr ic  proper t ies .  Reanodizat ion of the sample  removes  the  effects as-  
sociated wi th  the  conduct ivi ty .  A smal l  increase in appa ren t  dielectr ic  con- 
stant,  which  also resul ts  f rom hea t - t r ea tmen t ,  is a pe rmanen t  effect. 

This  p a p e r  d i scusses  t he  effects on the  d i e l ec t r i c  
p r o p e r t i e s  of a T a / T a ~ O s / a q u e o u s  e l e c t r o l y t e / m e t a l  
c a p a c i t o r  w h i c h  r e s u l t  f r o m  p r i o r  h e a t - t r e a t m e n t  
of the  Ta-Ta~O5 p o r t i o n  of the  s t r uc tu r e .  I t  w i l l  be  
seen  t h a t  mos t  of t h e  p e c u l i a r i t i e s  of  t he  d i e l ec t r i c  
b e h a v i o r  of Ta /Ta2Os /MnO2 sol id  e l e c t r o l y t e  c a -  
pac i to r s  can  be  a t t r i b u t e d  to  t he  effect  of t he  h e a t -  
t r e a t m e n t  a s soc ia t ed  w i t h  t he  a p p l i c a t i o n  of t he  
MnO2 to t he  a n o d i z e d  t a n t a l u m  b y  p y r o l y t i c  d e c o m -  
pos i t ion  of M n  (NOj )  2. 

V e r m i l y e a  has  r e p o r t e d  t h a t  w h e n  anod ized  t a n t a -  
l u m  is h e a t e d  at  t e m p e r a t u r e s  a b o v e  a b o u t  300~ 
t h e r e  is a m a r k e d  inc rea se  in t he  c a p a c i t a n c e  of t he  
f i lm (1) .  The  c a p a c i t a n c e  i n c r e a s e  d e p e n d s  on the  
t ime  a n d  t e m p e r a t u r e  of hea t ing ,  a n d  is m u c h  m o r e  
e x t e n s i v e  w h e n  the  h e a t i n g  is c a r r i e d  ou t  in  v a c u u m  
or  h y d r o g e n  r a t h e r  t h a n  in  a i r  or  o t h e r  o x y g e n - c o n -  
t a i n i n g  a t m o s p h e r e s .  V e r m i l y e a  a t t r i b u t e s  th is  p h e -  
n o m e n o n  to a s h o r t - c i r c u i t i n g  of p o r t i o n s  of t h e  
Ta205 f i lm due  to e x t r a c t i o n  of some of the  o x y g e n  
f r o m  the  o x i d e  f i lm b y  t h e  t a n t a l u m .  S a s a k i  has  d i s -  
cussed  the  effect of c o n d u c t i n g  r eg ions  in t he  ox ide  
f i lm in g r e a t e r  de t a i l  a n d  has  conc luded  t h a t  t he  
u n h e a t e d  anod ic  Ta205 f i lm has  a P - I - N  s t r u c t u r e  
due  to excess  t a n t a l u m  a toms  n e a r  t he  t a n t a l u m  and  
excess  o x y g e n  a t o m s  a d j a c e n t  to t he  e l e c t r o l y t e  (2) .  

V e r m i l y e a  has  also r e p o r t e d  t h a t  h e a t - t r e a t m e n t  
of anod ized  t a n t a l u m  r e su l t s  in  a s l igh t  s h a r p e n i n g  
of the  x - r a y  d i f f rac t ion  p a t t e r n  of t he  ox ide  film, 
i n d i c a t i n g  t h a t  some o r d e r i n g  of the  s t r u c t u r e  has  
o c c u r r e d  (3) .  

The  ev idence  r e p o r t e d  h e r e  w i l l  s u p p o r t  t he  con-  
c lus ions  of V e r m i l y e a  in gene ra l ,  a l t h o u g h  some 
modi f i ca t ion  of de t a i l s  w i l l  be  r e q u i r e d .  Some  of t he  
e x p e r i m e n t a l  r e su l t s  of S a s a k i  a p p e a r  no t  to be  
t y p i c a l  of the  Ta-Ta20~ s y s t e m  and  a re  d i scussed  in 
t e r m s  of specific e x p e r i m e n t a l  p roc e du re .  

Experimental 
S a m p l e s  h a v i n g  a b o u t  18 cm 2 su r f ace  a r e a  w e r e  

cut  f r o m  0.010 in. t a n t a l u m  shee t  o b t a i n e d  f r o m  t h e  
F a n s t e e l  M e t a l l u r g i c a l  Corpo ra t i on .  This  m a t e r i a l  
has  a m i n i m u m  t a n t a l u m  c on t e n t  of 99.9%. T y p i c a l  
i m p u r i t y  contents ,  f u r n i s h e d  b y  the  supp l i e r ,  a r e  C, 
0.005%; O, N, H, no t  g iven  ( m a x i m u m  0 . 0 2 % ) ;  Nb,  
0.008%; Fe,  Ti, Si, Zr,  a n d  Mo, 0.001% each.  N a r -  
r o w  t abs  w e r e  l e f t  a t t a c h e d  to each  s a m p l e  to r e d u c e  
e r ro r s  due  to v a r i a b l e  i m m e r s i o n  d e p t h  in  t he  m e a s -  
u r i n g  e l ec t ro ly t e .  

The  s a mp le s  w e r e  w a s h e d  in  ho t  d e t e r g e n t  and  
ho t  ace tone  to r e m o v e  grease .  T h e y  w e r e  t h e n  po l -  
i shed  for  a p p r o x i m a t e l y  10 sec in  a ho t  c h e m i c a l -  
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po l i sh ing  so lu t ion  c o m p o s e d  of 5 p a r t s  ( b y  v o l u m e )  
98% H2SO4, 2 p a r t s  70% HNO3, and  2 p a r t s  48% 
HF.  T h e y  w e r e  t h e n  v a c u u m  a n n e a l e d  a t  2100~ 
and  < 1 0  -4  To r r  for  30 rain.  Some  s a m p l e s  w e r e  
e t e c t r o p o l i s h e d  in  a 9:1 ( b y  v o i u m e )  98% H2SO4, 
48% H F  so lu t ion  and  t h e n  l e ached  in  bo i l ing  con-  
c e n t r a t e d  HNO3 to r e m o v e  co l lo ida l  su l fu r  p r i o r  to 
v a c u u m  annea l ing .  In  a l l  cases, c h e m i c a l l y  or  e l ec -  
t r o c h e m i c a l l y  po l i shed  s a m p l e s  w e r e  l e ache d  in 
bo i l ing  d e m i n e r a l i z e d  w a t e r  for  s e v e r a l  m i n u t e s  to 
r e m o v e  r e s i d u a l  f luor ide  (4) .  The  s a m p l e  c l ean ing  
has  been  f o u n d  to be  a mos t  i m p o r t a n t  ope ra t ion .  
M a n y  s t r a n g e  and  e r r a t i c  effects h a v e  been  o b t a i n e d  
w i th  s a m p l e s  w h i c h  e i t h e r  w e r e  no t  v a c u u m  a n -  
n e a l e d  or  w e r e  s u b j e c t e d  to a n y  o the r  c l ean ing  
t r e a t m e n t  b e t w e e n  a n n e a l i n g  and  anod iza t ion .  

S a m p l e s  w e r e  a n o d i z e d  in a 0.1% b y  w e i g h t  
( ~ 0 . 0 1 M )  H2SO4 so lu t ion  he ld  a t  34.0 ~ • 0.1~ The  
vo l t age  was  i n c r e a s e d  m a n u a l l y ,  m a i n t a i n i n g  a 
n e a r l y  cons t an t  f o r m a t i o n  c u r r e n t  d e n s i t y  no t  e x -  
ceed ing  1 m a / c m  e un t i l  t he  d e s i r e d  f o r m a t i o n  v o l t -  
age  was  r eached .  The  s a m p l e s  w e r e  t hen  he ld  at  
the  f o r m a t i o n  v o l t a g e  for  a p p r o x i m a t e l y  1 hr .  E x -  
cep t  w h e r e  spec i f ica l ly  d e s i g n a t e d  o the rwise ,  a l l  of 
t he  d a t a  s h o w n  a r e  for  s a m p l e s  a n o d i z e d  to 75v. 
These  r e su l t s  a r e  t y p i c a l  of  a w i d e  r a n g e  of ox ide  
th icknesses .  

Most  c a p a c i t a n c e  m e a s u r e m e n t s  w e r e  m a d e  w i t h  
a c o n v e n t i o n a l  a - c  b r i d g e  w i t h  a G e n e r a l  Rad io  T y p e  
No. 1302-A Osc i l l a to r  a n d  a R o h d e  and  S c h w a r z  
T y p e  U B M - B N  12121 T u n a b l e  Detec tor .  The  b ias  
vo l t age  was  s u p p l i e d  f r o m  l a r g e  d r y  cells.  The  m e a s -  
u r i n g  e l e c t r o l y t e  was  40% H2SO4. The  i m m e r s i o n  of 
t he  s a m p l e  in  t he  e l e c t r o l y t e  of t he  m e a s u r i n g  cel l  
was  a d j u s t e d  v i s u a l l y  s ince  no m a s k i n g  m a t e r i a l  
has  been  f o u n d  w h i c h  d id  no t  e i t h e r  d i s i n t e g r a t e  
d u r i n g  h e a t - t r e a t m e n t  or  c o n t a m i n a t e  the  t a n t a l u m .  
The  r e p r o d u c i b i l i t y  of t he  c a p a c i t a n c e  for  success ive  
i m m e r s i o n s  of t he  s ame  s a m p l e  was  f o u n d  to be  
+_0.2%. A l l  g e n e r a l  c o m p a r i s o n  m e a s u r e m e n t s  w e r e  
m a d e  a t  34.0 ~ ___ 0.1 ~ 120 cycles ,  and  w i t h  no d - c  
bias.  M e a s u r e m e n t s  of the  t e m p e r a t u r e  dependence 
of c a p a c i t a n c e  w e r e  m a d e  w i t h  a S p r a g u e  Mode l  
l W 2  C a p a c i t a n c e  B r i d g e  at  a f r e q u e n c y  of 120 cycles.  
In  th i s  case  t he  m e a s u r i n g  e l e c t r o l y t e  was  38% b y  
we igh t  H2SO4 w h i c h  p e r m i t s  m e a s u r e m e n t s  to b e  
m a d e  to - -70~ 

The  h e a t - t r e a t m e n t  was  done  in  a i r  in a f u r n a c e  
con t ro l l ed  to •  ~ A c o m p a r i s o n  of  the  r e su l t s  ob-  
t a i n e d  w h e n  s a m p l e s  w e r e  h e a t e d  in a i r  w i t h  those  
o b t a i n e d  w h e n  the  s amp le s  w e r e  h e a t e d  in  0.2 a t m  
of d r y  o x y g e n  s h o w e d  no d e t e c t a b l e  d i f ference .  

F o r  each  s a m p l e  cons ide r ed  s e p a r a t e l y ,  t he  r e l a -  
t ive  m a g n i t u d e s  of t he  effects of h e a t - t r e a t m e n t  on 
the  va r i ous  d i e l ec t r i c  p r o p e r t i e s  w e r e  cons is ten t ,  b u t  
t h e r e  was  c o n s i d e r a b l e  s ca t t e r  a m o n g  d i f fe ren t  s a m -  
ples.  S a m p l e s  cut  f r o m  the  s ame  shee t  of t a n t a l u m ,  
g iven  i d e n t i c a l  c l e a n i n g  t r e a t m e n t ,  v a c u u m  a n n e a l e d  
s i m u l t a n e o u s l y ,  f o r m e d  s i m u l t a n e o u s l y  and  in p a r a l -  
le l  connec t ion ,  and  h e a t - t r e a t e d  a t  t he  s ame  t i m e  
in t he  s a m e  oven  s t i l l  gave  s c a t t e r e d  resu l t s .  

Results and Discussion 

W h e n  anod ized  t a n t a l u m  is h e a t e d  to t e m p e r a t u r e s  
of the  o r d e r  of 200~ and  above ,  i t  is f o u n d  t h a t  a 
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p e r m a n e n t  i nc rea se  in  c a p a c i t a n c e  has  t a k e n  place ,  
bu t  t h a t  t he  i n t e r f e r e n c e  color  of the  f i lm has  no t  
c h a n g e d  (1) .  The  d e p e n d e n c e  of c a p a c i t a n c e  a n d  
e q u i v a l e n t  ser ies  r e s i s t a n c e  ( E S R )  on d - c  bias ,  f r e -  
quency ,  a n d  m e a s u r i n g  t e m p e r a t u r e  for  h e a t e d  a n d  
u n h e a t e d  s a m p l e s  a r e  s h o w n  in Fig .  1 a n d  2. I t  is 
seen  t h a t  the  h e a t - t r e a t m e n t  c rea te s  an  "excess  c a -  
p a c i t a n c e "  ( a n d  an  "excess  E S R " )  w h i c h  can  be  d e -  
c r eased  b y  i n c r e a s i n g  the  p o s i t i v e  b ias  on the  t a n t a -  
lum,  i n c r e a s i n g  t h e  f r e que nc y ,  or  de c r e a s ing  the  
m e a s u r i n g  t e m p e r a t u r e .  A l l  of t he se  effects  a r e  i n -  
t e r r e l a t e d  in  t h a t  a r e d u c t i o n  of  c a p a c i t a n c e  b y  a n y  
one of these  v a r i a b l e s  r e duc e s  i ts  s e n s i t i v i t y  to t he  
o the r  two.  The  effect  on the  ESR is v e r y  s i m i l a r  (no 
co r r ec t i on  has  b e e n  m a d e  for  t he  c o n t r i b u t i o n  of the  
e l e c t r o l y t e  r e s i s t ance  to t he  ESR in Fig.  2) .  
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Fig. 1. Bias dependence of capacitance for heated and unheated 
Ta-Ta~O~ at two temperatures and three frequencies: . . . . .  , un- 
heated; - - . ,  heated 30 rain, 400~ in air; �9 50 cycles; e, 120 
cycles; ~ ,  400 cycles. 
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Fig. 2a. Bias dependence of ESR for unheated Ta-Ta205 at two 
temperatures and three frequencies. �9 50 cycles; e, 120 cycles; 
A,  400 cycles. 
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Fig. 2b. Bias dependence of ESR for Ta-To205 heated 30 mln in 
air at 400~ at two temperatures and three frequencies. �9 50 
cycles; e, 120 cycles; A ,  400 cycles. 

Plots  of ESR v s .  rec iprocal  f requency for a sample  
before and af ter  h e a t - t r e a t m e n t  a re  shown in Fig. 3. 
The h e a t - t r e a t m e n t  does not  s ignif icantly affect the  
ESR in tercept  at  1 / ]  = 0, which is character is t ic  of 
the series resis tance due to leads, electrodes,  e lec t ro-  
lyte,  etc. I t  does g rea t ly  increase the por t ion of the  
ESR which is inverse ly  propor t iona l  to the f re -  
quency;  i . e . ,  the  por t ion tha t  is character is t ic  of d i -  
electr ic losses in the oxide film as shown by the 

the sample  (measured  at  120 cycles, 34~ no bias)  
is reduced by  about  75 %. 

Al l  of this  evidence indicates  tha t  the  h e a t - t r e a t -  
ment  causes pa r t  of the anodic oxide film to assume 
a conduct ivi ty  which can be removed  by  reanodiza-  
tion. We shall  now consider the origin of this  con- 
duc t iv i ty  and its d is t r ibut ion  in the  Ta205 film. 

If anodized t a n t a l u m  is hea ted  in air  or oxygen,  
the capaci tance of the  sample  increases at  a ra te  
which depends on the oxide thickness and the hea t -  
ing t empera tu re ,  and the capaci tance u l t ima te ly  
reaches an equ i l ib r ium value,  as shown in Fig. 4 and 
5. Samples  which have been heated severa l  hours  
show a weight  increase,  an increase in the  hardness  
of the t an t a lum anode, and an increase in the oxy-  
gen content  of the  tan ta lum,  al l  of which increase 
wi th  increasing t ime of hea t - t r ea tmen t .  I t  is ap-  
pa ren t  tha t  oxygen  f rom the ambien t  a tmosphere  
is passing through the oxide film into the  tan ta lum.  
If the h e a t - t r e a t m e n t  is car r ied  out in vacuum, the  
capaci tance continues to r ise  unt i l  i t  approaches  
that  which would be observed for unanodized t an -  
talum. In other  words,  the ent i re  oxide film becomes 
conducting. This was repor ted  by  Vermi lyea  and 
has been confirmed here. I t  thus appears  tha t  the  
t an t a lum anode ext rac ts  oxygen f rom the Ta205 
film dur ing  the hea t - t r ea tmen t ,  l eav ing  the Ta205 
oxygen-deficient .  When the oxygen-def ic iency 
reaches the ox ide -a i r  interface,  oxygen begins to 
flow into the film, ma in ta in ing  a constant  compost-  

in te rpre ta t ions  of Berna rd  (5) and McLean (6).  
If the hea t - t r ea ted ,  anodized t an t a lum is reano-  

dized in an aqueous e lec t ro ly te  at  the or iginal  for -  
mat ion  voltage,  its proper t ies  approach  those of an 
unheated  sample,  and the in ter ference  color of the  
oxide film remains  unchanged.  The effects of bias, 
frequency,  and t empe ra tu r e  on capaci tance and ESR 
are g rea t ly  reduced,  and the "excess" capaci tance of 
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Fig. 3. Frequency dependence of ESR. X, unheated; �9  heated 10 
min, 300~ in air; �9  reanodized at original formation voltage. 
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t ion a t  th is  in t e r face .  This  compos i t i on  m a y  be  a 
func t ion  of t he  a m b i e n t  o x y g e n  p r e s s u r e ,  s ince  w e  
have  f o u n d  ev idence  t h a t  t he  c a p a c i t a n c e  i nc rea se  
due  to h e a t - t r e a t m e n t  is p r e s s u r e  d e p e n d e n t .  

The  i n c r e a s e  in  o x y g e n  con t en t  of t he  t a n t a l u m  
could  occur  b y  pa s sage  of o x y g e n  t h r o u g h  c r acks  
a n d  po re s  in  t he  film. This  w o u l d  not ,  h o w e v e r ,  e x -  
p l a i n  t h e  effects on t h e  d i e l ec t r i c  p r o p e r t i e s  of  t h e  
s y s t e m  a n d  t h e i r  r e m o v a l  b y  r e a n o d i z a t i o n .  I n  a d d i -  
t ion,  if  t he  ox ide  of a h e a t - t r e a t e d  s p e c i m e n  is 
c h e m i c a l l y  r e m o v e d  a n d  the  s a m p l e  r eanod ized ,  i t  
b e h a v e s  as an  u n h e a t e d  sample .  Thus,  t h e  h e a t -  
t r e a t m e n t  effects c l e a r l y  l ie  in  t h e  ox ide  f i lm (or  
p o s s i b l y  a t  t he  m e t a l - o x i d e  i n t e r f a c e ) .  W e  sha l l  t hus  
con t inue  u n d e r  t he  a s s u m p t i o n  t h a t  t he  f low of o x y -  
gen  is b y  d i f fus ion  t h r o u g h  t h e  o x y g e n - d e f i c i e n t  
Ta20~ film. 

W h e n  e q u i l i b r i u m  has  been  a t t a i n e d  d u r i n g  h e a t -  
t r e a t m e n t  in  an  o x y g e n - c o n t a i n i n g  a t m o s p h e r e ,  
o x y g e n  is e n t e r i n g  t h e  oxide ,  f lowing across  it, a n d  
e n t e r i n g  the  t a n t a l u m  a t  t he  s a m e  ra te ,  a n d  t h e  
ox ide  compos i t ions  at  t h e  m e t a l - o x i d e  and  o x i d e - a i r  
i n t e r f aces  a r e  fixed. This  is ana logous  to a s t a n d a r d  
m e m b r a n e  d i f fus ion  p r o b l e m  w h e r e  t he  c o n c e n t r a -  
t ion  of t he  d i f fus ing  spec ies  is l i n e a r  across  t h e  f i lm 
at  e q u i l i b r i u m .  The  t r a n s f e r  of o x y g e n  f r o m  t h e  
ox ide  to  t h e  m e t a l  w i l l  l e a v e  the  f i lm o x y g e n  d e -  
f icient  a n d  w e  sha l l  r e f e r  to th is  in  t e r m s  of " o x y g e n  
vacanc ie s , "  a cco rd ing  to t he  def in i t ion  of D e w a l d  
(7) .  Two  e l ec t rons  m u s t  be  a s soc ia t ed  w i t h  t hese  
o x y g e n  vacanc ie s  in  o r d e r  to m a i n t a i n  cha rge  n e u -  
t r a l i t y ,  and  the  vacanc ie s  can t hus  be  cons ide r e d  as  
donor  centers .  Thus  the  o x y g e n  def ic ient  p o r t i o n s  
of  t he  Ta205 w i l l  e x h i b i t  n - t y p e  s e m i c o n d u c t i v i t y .  
I t  is th is  c o n d u c t i v i t y  w h i c h  causes  mos t  of t h e  
effects on the  d i e l ec t r i c  p rope r t i e s .  

This  g e n e r a l  p i c t u r e  of d e v i a t i o n s  f r o m  s t o i c h i o m -  
e t ry ,  and  t h e  a s soc ia t ed  conduc t i v i t y ,  is s i m i l a r  to  
t h a t  f o u n d  in s ingle  c r y s t a l  and  s i n t e r e d  a -Nb205  b y  
G r e e n e r ,  W h i t m o r e ,  and  F i n e  (8 ) ,  and  b y  K o f s t a d  
and  A n d e r s o n  (9) ,  a n d  for  Ta205 b y  K o f s t a d  (10) .  
The  e x t r e m e  aff ini ty  of t a n t a l u m  for  d i s so lved  gases  
is w e l l - k n o w n  [see,  for  e x a m p l e ,  t h e  w o r k  of G e b -  
h a r d t  a n d  Seghezz i  (11) ]. In  a f ew  e x p e r i m e n t s  w i t h  
a n o d i z e d  n i o b i u m  w e  h a v e  f o u n d  s i m i l a r  effects as 
r e p o r t e d  h e r e  for  t a n t a l u m ,  a l t h o u g h  m u c h  m o r e  
p ronounced .  

A g r a d i e n t  of o x y g e n  vacanc ie s  across  t he  Ta205 
wi l l  r e s u l t  in  a g r a d i e n t  of c o n d u c t i v i t y  across  t h e  
ox ide  film. F o r  t h e  s ake  of s i m p l i c i t y  w e  w i l l  a s -  
sume  a l i n e a r  g r a d i e n t  of conduc t i v i t y ,  s ince  t h e  
e x a c t  s h a p e  w i l l  no t  affect  t he  discuss ion.  A s  s h o w n  
in T a b l e  I, as t he  Ta205 of a h e a t - t r e a t e d  s a m p l e  is 

H E A T - T R E A T M E N T  O F  O X I D E  F I L M S  O N  T a  
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Table I. Change of the bias dependence of capacitance of 
heat-treated Ta-Ta205 as the oxide is chemically removed 
(Three samples formed to 75v and heated in air for 30 min at 400~ 

Equivalent thickness  
(formation voltage 

equivalent of % Capacitance decrease 
interference with 10v bias 

color) ,  v A B 

75 5.0 4.3 4.2 
70 6.0 5.5 5.8 
55 9.1 8.4 7.9 
40 13.2 13.1 12.8 
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Fig. 6. Schematic representation of the conductivity profile of an 
anodic TarO5 film after heat-treatment in air. 

s t e p - w i s e  r e m o v e d  b y  d i s so lu t ion  in  hyd ro f luo r i c  
acid,  t he  bias  d e p e n d e n c e  of c a p a c i t a n c e  becomes  
i n c r e a s i n g l y  p r o n o u n c e d .  Th is  is to be  e x p e c t e d  if  
t he  c o n d u c t i v i t y  is g r e a t e s t  in  t he  ox ide  a d j a c e n t  to 
t he  t a n t a l u m .  Thus,  in Fig.  6, the  l i n e a r  c o n d u c t i v i t y  
prof i le  across  t he  ox ide  is d r a w n  w i t h  t he  h igh  end  
a d j a c e n t  to t h e  t a n t a l u m .  

S i m p l e  d i e l ec t r i c  t h e o r y  p r e d i c t s  t h a t  a d i e l ec t r i c  
con t a in ing  a n y  d i s t r i b u t i o n  of c o n d u c t i v i t y  w i l l  
have  an  e n h a n c e d  ser ies  c a p a c i t a n c e  a n d  ser ies  r e -  
s i s tance  c o m p a r e d  w i t h  t h e  n o n c o n d u c t i n g  s ta te .  I t  
has  b e e n  f o u n d  v e r y  u se fu l  to  cons ide r  t h a t  the  con-  
d u c t i v i t y  r e s u l t i n g  f r o m  the  n o n s t o i c h i o m e t r y  causes  
some of t he  ox ide  f i lm t h i c k n e s s  to be  s h o r t - c i r -  
cui ted .  A c r i t i ca l  l eve l  of c onduc t i v i t y ,  w h i c h  w e  
sha l l  ca l l  ~o, d e t e r m i n e s  w h e t h e r  a n y  g i v e n  i n c r e -  
m e n t  of f i lm t h i c k n e s s  acts  as d i e l ec t r i c  or  as a n  e x -  
t e n s ion  of t he  a d j a c e n t  e l ec t rode .  Thus ,  t h e  effec-  
t ive  e l e c t r o d e - d i e l e c t r i c  i n t e r f a c e  is a t  t he  p o i n t  
i n s ide  t h e  o x i d e  w h e r e  t he  loca l  c o n d u c t i v i t y  equa l s  
c%. This  is s h o w n  g r a p h i c a l l y  in Fig .  6. F r o m  th i s  
s impl i f i ed  r e p r e s e n t a t i o n ,  t h e  c a p a c i t a n c e  i nc rea se  
r e s u l t i n g  f r o m  h e a t - t r e a t m e n t  is due  to a r e d u c t i o n  
of  t he  ef fec t ive  d i e l ec t r i c  th ickness .  Th is  s i m p l e  
m o d e l  is no t  a r i g o r o u s l y  c o r r e c t  one, s ince  i t  a s -  
sumes  an  a b r u p t  j u n c t i o n  b e t w e e n  ef fec t ive  d i e l ec -  
t r i c  a n d  ef fec t ive  e lec t rode ,  b u t  i ts  u se fu lnes s  w i l l  
be  d e m o n s t r a t e d .  

S a s a k i  has  r e p o r t e d  a d e c r e a s e  in  c a p a c i t a n c e  as  a 
r e s u l t  of h e a t i n g  t a n t a l u m ,  a n o d i z e d  to  20v, in  o x y -  
gen  or  v a c u u m  for  2 h r  b e t w e e n  150 ~ and  330~ (2) .  
A b o v e  330 ~ he  o b s e r v e d  a c a p a c i t a n c e  i n c r e a s e  fo r  
a l l  h e a t i n g  condi t ions .  Us ing  our  c l ean ing  a n d  a n o -  
d iz ing  p r o c e d u r e  w e  h a v e  n e v e r  o b s e r v e d  a c a p a c i -  
t a n c e  d e c r e a s e  for  a n y  h e a t i n g  cond i t i on  for  a n y  
h e a t i n g  t i m e  in excess  of  5 min .  W e  h a v e  a t t e m p t e d  
to r e so lve  th is  d i s c r e p a n c y ,  a n d  t h e  r e su l t s  a r e  
s h o w n  in T a b l e  II .  

The  first  t h r e e  e x p e r i m e n t s  show t h a t  ou r  c l e a n -  
ing a n d  anod iz ing  t e c hn ique s  gave  a c a p a c i t a n c e  i n -  
c rease  of a b o u t  50%.  This  w a s  r e d u c e d  to  10% w h e n  
S a s a k i ' s  c l e a n i n g  t e c h n i q u e  was  used ,  a n d  w a s  
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II. Effect of sample preparation on the capacitance 
change due to vacuum-heating 

Hea t ing  
Sur face  F o r m a t i o n  t ime  at 
p repa-  elec- Hea t ing  1-3 • 10 -5 % Cap. 
rat ion* t ro ly te t  temp,  ~ Torr ,  h r  change 

1 1 A 300 2 -}-34 
2 1 A 300 2 -}-59 
3 1 A 300 2 -}-57 
4 2 A 300 2 + 10.5 
5 2 B 300 2 +3.9 
6 2 B 270 2 +1.5 
7 2 B 260 1 --0.16 
8 2 B 260 2 --0.22 
9 2 A 260 2 +6.7 

10 1 B 260 2 + 1.8 
11 1 A 260 2 +9.3 

* Surface  p repa ra t ion :  1. eleetropolish and  v a c u u m  anneal ;  2. a n -  
o d i z e d  at 10v then  r e m o v e  oxide  w i t h  HF.  

t Formation electrolyte:  A. 0.01M H~SO4; B. 1% NH4H'B40~.3H20 
in 3 par t s  e thylene  glycol + 1 pa r t  wa te r .  

f u r t h e r  r e d u c e d  to 4% w h e n  b o t h  his  c l ean ing  a n d  
anod iz ing  t e chn iques  w e r e  used.  W h e n  the  h e a t i n g  
t e m p e r a t u r e  was  r e d u c e d  f rom 300 ~ to 270 ~ w e  o b -  
t a ined ,  w i t h  S a s a k i ' s  p r o c e d u r e ,  a n  i nc rea se  of o n l y  
1.5%. F o r  a h e a t i n g  t e m p e r a t u r e  of 260 ~ s m a l l  ca -  
p a c i t a n c e  dec reases  w e r e  o b s e r v e d  for  h e a t i n g  t i m e s  
of 1 a n d  2 h r  for  s a m p l e s  p r e p a r e d  b y  S a s a k i ' s  t e c h -  
n iques .  These  l o w e r  h e a t i n g  t e m p e r a t u r e s  w e r e  u sed  
because  S a s a k i  i nd i ca t e s  t h a t  his  t e m p e r a t u r e  m e a s -  
u r e m e n t  m a y  h a v e  a m a x i m u m  e r r o r  of 30 ~ (12) .  
The  las t  t h r e e  runs  show the  r e l a t i v e  i m p o r t a n c e  of 
the  c l ean ing  and  f o r m a t i o n  t e chn iques  for  a h e a t i n g  
t e m p e r a t u r e  of 260 ~ . 

W i t h  our  c l ean ing  t echn ique ,  t he  e l e c t r o p o l i s h i n g  
g ives  a v e r y  smoo th  su r f ace  and  the  v a c u u m  a n n e a l -  
ing vo la t i l i ze s  mos t  i m p u r i t i e s  a n d  r e l i eves  m e c h a n -  
ical  s t ra ins .  I t  is i n t e r e s t i n g  to no te  t h a t  S a s a k i  o b -  
t a i n e d  less c a p a c i t a n c e  dec rease  w i t h  s m o o t h e r  
( c h e m i c a l l y  po l i shed  ) samples .  The  f o r m a t i o n  e lec -  
t r o l y t e  of S a s a k i  s eems  to b e  t he  m a j o r  cause  of d i s -  
c r epancy ,  h o w e v e r .  In  th is  r e g a r d ,  w e  p o i n t  out  t h a t  
th is  e l e c t r o l y t e  (1% a m m o n i u m  b o r a t e  in  3: 1 e t h y -  
l ene  g l y c o l : w a t e r )  is v e r y  s i m i l a r  to one of t he  
" n o n a q u e o u s "  e l e c t r o l y t e s  w h i c h  V e r m i l y e a  f o u n d  
to y i e l d  anod ic  ox ide  f i lms w h i c h  h a v e  a n o m a l o u s  
p r o p e r t i e s  (13) .  

Egect of D-C Bias 

As seen  in  Fig.  1 a n d  2, t he  effect  of a low,  
anod ic  ( T a + )  d - c  b ias  on a h e a t - t r e a t e d  Ta-Ta205  
s a m p l e  is to  r educe  r e v e r s i b l y  t he  se r ies  c a p a c i t a n c e  
and  ESR. The  i n c r e a s e  in  these  two  p r o p e r t i e s  w i t h  
d e c r e a s i n g  anod ic  b ias  pe r s i s t s  t h r o u g h  a change  of  
p o l a r i t y  and  con t inues  in to  t he  r e g i o n  of i n c r e a s -  
ing  ca thod ic  bias.  This  l a t t e r  effect  is p a r t i c u l a r l y  
a p p a r e n t  in  a Ta-Ta20~-MnO2 capac i to r ,  w h e r e  a 
h i g h e r  ca thod ic  b ias  can  be  a p p l i e d  b e f o r e  h i g h  c u r -  
r e n t  beg ins  to flow. A n  e x a m p l e  of th is  is s h o w n  b y  
T a y l o r  and  H a r i n g  (14) .  This  b e h a v i o r  is v e r y  s i m i -  
l a r  to t h a t  of t he  d e p l e t i o n - l a y e r  c a p a c i t a n c e  of  a 
p - n  j u n c t i o n  and  can  be  i n t e r p r e t e d  in an  ana logous  
way .  The  a p p l i c a t i o n  of  an  anod ic  b i a s  to  t he  s y s t e m  
as d e p i c t e d  in  Fig.  6 causes  t he  conduc t ion  e l ec t rons  
to be  a t t r a c t e d  t o w a r d  the  t a n t a l u m  anode.  S ince  
a d d i t i o n a l  f r ee  e l ec t rons  a re  no t  a v a i l a b l e  f r o m  the  
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i n t r i n s i c  and  e l e c t r o n - d e p l e t e d  po r t i ons  of  t he  Ta~O~, 
the  effect  is to sh i f t  the  i n t e r s e c t i on  of  the  c o nduc -  
t i v i t y  prof i le  w i t h  ~o t o w a r d  the  t a n t a l u m .  This  
causes  an  i nc rea se  in t he  ef fec t ive  d i e l ec t r i c  t h i c k -  
ness,  w h i c h  r e su l t s  in  t he  o b s e r v e d  dec rease  in  ser ies  
capac i t ance .  I f  t he  anod ic  p o t e n t i a l  is of t he  o r d e r  of 
ha l f  of t he  f o r m a t i o n  v o l t a g e  or  more ,  i r r e v e r s i b l e  
effects  occur .  I t  is a s s u m e d  t h a t  t he se  r e s u l t  f r om 
the  field in  t he  d e p l e t i o n  r eg ion  b e c o m i n g  suff ic ient ly  
l a r g e  to m o v e  ionic  defects ,  t hus  p e r m a n e n t l y  c h a n g -  
ing  t h e  c o n d u c t i v i t y  profi le .  

A ca thod ic  b ias  pushes  conduc t ion  e l ec t rons  
d e e p e r  in to  t he  d i e l ec t r i c  reg ion ,  caus ing  a dec rea se  
in  effect ive  d i e l ec t r i c  th i ckness .  One t h e n  obse rves  
an  inc rease  in  t he  ser ies  capac i t ance .  

F r o m  the  b ias  d e p e n d e n c e  of c a p a c i t a n c e  one 
shou ld  be  ab le  to ca l cu l a t e  t he  ionic space  cha rge  
d i s t r i b u t i o n  f r o m  the  S c h o t t k y  d e p l e t i o n  l a y e r  
t he o ry ,  s u i t a b l y  modi f ied  to  fit t he  b o u n d a r y  c o n d i -  
t ions  a p p r o p r i a t e  to th is  case. M c D o n a l d  has  m a d e  
modi f ica t ions  of th is  g e n e r a l  t y p e  (15) .  U n f o r t u -  
na t e ly ,  t he  b ias  effect w i t h  h e a t - t r e a t e d  Ta-Ta205  is 
insuff ic ient  to a l l o w  such a ca lcu la t ion ,  s ince  t he  
e x p e r i m e n t a l  u n c e r t a i n t y  is  as l a r g e  as  t h e  a n t i c i -  
p a t e d  effect. 

This  p r o n o u n c e d  b ias  d e p e n d e n c e  of c a p a c i t a n c e  
is a s t rong  a r g u m e n t  in  f a v o r  of  t he  p r e s e n c e  of a 
f ixed ionic  space  cha rge  in  t he  ox ide  f i lm as r e -  
q u i r e d  b y  the  p r o p o s e d  model .  The  fac t  t h a t  t h e  c a -  
p a c i t a n c e  inc reases  c o n t i n u o u s l y  t h r o u g h  a change  
in p o l a r i t y  of t he  b ias  i nd i ca t e s  t h a t  t he  effect is 
no t  due  to a m e r e  " lock ing"  of d ipo les  b y  the  field, 
s ince the  l a t t e r  effect shou ld  be  s y m m e t r i c a l  abou t  
a m a x i m u m  c a p a c i t a n c e  at  zero  bias.  

S a s a k i  has  r e p o r t e d  a r a t h e r  p r o n o u n c e d  d e p e n d -  
ence of c apac i t ance  on d - c  b ias  for  u n h e a t e d ,  ano -  
d ized  t a n t a l u m  (2) .  W e  h a v e  found,  h o w e v e r ,  t h a t  
the  effect of b ias  is ne g l i g ib l e  for  u n h e a t e d  s a m p l e s  
w h e n  the  bias  is k e p t  b e l o w  a b o u t  50% of t h e  f o r m a -  
t ion  vo l t a ge  as shown  in Fig .  1. A t  h i g h e r  b i a s  v o l t -  
ages  the  c a p a c i t a n c e  dec reases  w i t h  t ime ,  a n d  if t he  
capac i t ance  is t h e n  m e a s u r e d  a t  l o w e r  b ias  vo l tages ,  
a t e m p o r a r y  s ign i f ican t  d e p e n d e n c e  is obse rved .  The  
z e r o - b i a s  c a p a c i t a n c e  is t h e n  g r e a t e r  t h a n  b e f o r e  a p -  
p l i c a t i on  of t he  h igh  b ias  a n d  s lowly  decays  b a c k  
t o w a r d  the  o r ig ina l  va lue .  This  t i m e - d e p e n d e n t  b e -  
h a v i o r  is d e m o n s t r a t e d  in  Fig .  7 for  an  e x p e r i m e n t  

2 4 6 8 
BIAS VOLTS (To*) 

Fig. 7. Bias dependence of capacitance for unheated Ta-Ta205 
(1Or formation). �9 0 to 5v to O; X, 0 to 8v to O. 



Vol. 110, No. 12 H E A T - T R E A T M E N T  O F  

designed to reproduce  the exper imenta l  condit ions 
of Sasaki.  For  this 10v formation,  it is seen tha t  the 
bias dependence of capaci tance is r ep roduc ib ly  small  
for increasing or decreasing bias up to 5v. While  
an 8v bias was main ta ined  for 30 min, however ,  the  
capaci tance dropped 2.5%, and a strong bias  de-  
pendence was subsequent ly  observed wi th  decreas-  
ing bias. The resul t  was a 7.2% increase in capaci-  
tance be tween  8 and 0v bias. Sasaki  showed a 4.8% 
change. We thus bel ieve tha t  his bias effects were  a 
resul t  of this  t ime-dependen t  behavior  and are  not 
r epresen ta t ive  of equi l ib r ium conditions. This phe-  
nomenon is undoubted ly  connected wi th  the f re -  
quent  observat ion tha t  the  capaci tance drops s lowly 
wi th  t ime immedia t e ly  af ter  anodizat ion;  see, for 
example,  Young (16, 17). 

Vermi lyea  (1) proposed tha t  the increase in ca-  
paci tance which resul ts  f rom h e a t - t r e a t m e n t  is due 
to "the shor t -c i rcu i t ing  of some of the  film by re -  
gions of increased conduct ivi ty ."  He c lear ly  implies,  
moreover ,  tha t  the film is pa r t i a l l y  shor t -c i rcu i ted  
in terms of a rea  (pa r t i cu la r ly  near  gra in  boundar ies  
in the t an t a lum) ,  whi le  we postu la te  pa r t i a l  shor t -  
circuit ing in t e rms  of thickness.  The exper imen ta l  
evidence presented  here  c lear ly  favors  the la t ter ,  
a l though Vermi lyea  may  be correct  in assuming tha t  
the diffusion process is more rap id  near  gra in  bound-  
aries in the meta l  substrate .  The best  evidence 
against  the shor t -c i rcu i t ing  of areas is the complete  
revers ib i l i ty  of the effect of d-c  bias up to nea r ly  
50% of the format ion voltage. If the film were  con- 
ducting throughout  the  ent i re  thickness in some 
areas, then even ve ry  small  bias vol tages should re -  
sult  in some i r revers ib le  reanodizat ion of the oxide. 

Effect of Temperature 

The conduct iv i ty  of the oxygen deficient Ta205 
wil l  decrease wi th  decreasing t empe ra tu r e  as the ex-  
tent  of ionization of electrons f rom oxygen vacancies 
decreases. This wil l  lower  the conduct ivi ty  profile 
across the oxide film and wil l  cause the intersect ion 
of this profile wi th  (to to move toward  the t an t a lum 

5( HEATED in AIR 2 / 
30 MIN, 400 ~ /0 

oe 

o 

/ 
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Fig. 8. Temperature dependence of capacitance of unheated, 
heated, and reanodized To-To205. 
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anode (see Fig. 6). Thus, the effective dielectric 
thickness will increase with decreasing temperature 
until the conductivity at the Ta-Ta205 interface 
has reached Go. Below this temperature the entire 
oxide film thickness will act as an effective dielec- 
tric, and the change of capacitance with temperature 
will be determined solely by the temperature de- 
pendence of the dielectric constant. Figure 8 shows 
a plot of capacitance v s .  temperature for the same 
sample before and after heat-treatment. After heat- 
treatment, the temperature dependence of capaci- 
tance is much steeper above --33 ~ . Below this tem- 
perature, which is that at which or -= ~ro at the Ta- 
Ta205 interface, the line is nearly parallel to that ob- 
served prior to heat-treatment. After reanodization 
at the formation voltage, the steep dependence is re- 
moved and the low temperature slope is extended 
over the entire range of measuring temperature. The 
oxygen content of the oxide has then been restored 
and the entire Ta205 film is an effective dielectric 
again. (The slight increase in capacitance in the low 
temperature range which results from reanodization 
is typical but unexplained.) Both Taylor and Haring 
(14), and McLean and Power (18) have given slight 
indications of a lower temperature dependence of 
capacitance at low temperatures for Ta-Ta2Os-MnO2 
capacitors. 

It is interesting to note that, after heat-treatment 
and reanodization, the temperature dependence of 
capacitance is nearly the same as that of the un- 
heated sample, but that the absolute value of the ca- 
pacitance has been increased. It appears that the di- 
electric constant of the Ta205 has been increased by 
the heat-treatment. This effect is probably related to 
the increase in crystallinity of anodic Ta205 ob- 
served by Vermilyea after an annealing treatment 
(3). Thus, the heat-treatment has two effects: it in- 
troduces an oxygen deficit and its associated conduc- 
tivity into the oxide, and it increases the dielectric 
constant of the oxide by increasing its crystalline 
order. The former effect can be removed by re- 
anodization; the latter cannot. In Fig. 4, the total in- 
crease in capacitance due to heat-treatment is 
shown, whereas in Fig. 5, only the change due to the 
conductivity effect is shown; since, in the latter 
figure, the capacitance increase is related to the 
capacitance observed after reformation of the heated 
sample which thus includes the change in dielectric 
constant.  

This technique of measur ing  the dependence of 
capaci tance on t empe ra tu r e  has proved to be very  
valuable ,  since, in effect, i t  is a means  of scanning a 
por t ion of the conduct ivi ty  profile in the TacOs film. 
A subsequent  publ icat ion wil l  deal  wi th  this  aspect 
in grea ter  de ta i l  (19). 

Effect o~ Frequency 
Young (16) and Winkel  and de Groot  (20) have 

shown tha t  there  is a re la t ionship  be tween  the f re -  
quency dependence of capaci tance and the f requency 
dependence of ESR such tha t  

O1/Cs 4Rs 

o In I 1/I 

where  Cs and Rs are the series capaci tance and re -  
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Fig. 9. Frequency dependence of copacitance vs. the frequency 
dependence of ESR for unheoted, heated, and reanodized To-To20~. 
O, heoted at 200~ in oir; X, heated at 300~ in air; e, heoted 
at 400~ in air. Different points represent different heating times. 
Subscripts on C and R represent the frequency of measurement. 

s is tance ,  r e s p e c t i v e l y  ( the  l a t t e r  c o r r e c t e d  for  t he  
l e a d  a n d  e l e c t r o l y t e  r e s i s t ance  w h i c h  is Rs a t  l / f = 0 ) ,  
and  f is t he  f r e q u e n c y  of  m e a s u r e m e n t .  F i g u r e  9 
shows  a p lo t  of f r e q u e n c y  d e p e n d e n c e  of  c a p a c i t a n c e  
vs. the  f r e q u e n c y  d e p e n d e n c e  of ESR for  fo rmed ,  
h e a t - t r e a t e d ,  and  r e f o r m e d  samples .  I t  is seen  t h a t  
a l l  of these  c lu s t e r  a r o u n d  the  t h e o r e t i c a l  l ine,  w i t h  
f o r m e d  and  r e f o r m e d  s amp le s  h a v i n g  s i m i l a r l y  s m a l l  
f r e q u e n c y  dependences .  F o r  some u n k n o w n  reason ,  
the  po in t s  for  t he  s a m p l e s  h e a t e d  a t  200 ~ a re  s k e w e d  
f r o m  the  t h e o r e t i c a l  l ine.  Thus,  h e a t - t r e a t m e n t  a n d  
the  r e s u l t i n g  i n t r o d u c t i o n  of conductivity in to  t he  
ox ide  f i lm do not  c h a n g e  th is  bas ic  r e l a t i onsh ip .  

In  t he  h i g h l y  conduc t i ng  p a r t  of the  ox ide  f i lm 
one can  cons ide r  t h a t  each  t h i cknes s  i n c r e m e n t  has  
i ts  o r ig ina l  d i e l ec t r i c  p r o p e r t i e s  w i t h  an  a d d i t i o n a l  
p a r a l l e l  r e s i s t ance  w h i c h  r e p r e s e n t s  t he  c o n d u c -  
t iv i ty .  W h e n  this  p a r a l l e l  r e s i s t ance  is sma l l  enough ,  
the  e q u i v a l e n t  c i r cu i t  can  be  a p p r o x i m a t e d  as  a 
s imp le  p a r a l l e l  c a p a c i t a n c e  and  r e s i s t ance  c o m b i n a -  
t ion.  F o r  such  a c i r cu i t  t h e  p o i n t  a t  w h i c h  t h e  r e a c -  
t ance  equa l s  the  r e s i s t ance  is t he  d i v i d i n g  l ine  b e -  
t w e e n  p r e d o m i n a n t l y  r e s i s t i ve  and  p r e d o m i n a n t l y  
c apac i t i ve  behav io r .  This  p o i n t  can  be  r e p r e s e n t e d  
as 

1 dx dx  
- -  R e  - -  - -  X r  

w h e r e  ~c, Re, and  Xc a re  t he  c r i t i ca l  conduc t i v i t y ,  
and  the  r e s i s t ance  a n d  r e a c t a n c e  of a d i e l ec t r i c  i n -  
c r e m e n t  of t h i ckness  dx a n d  a r e a  A w h e r e  t he  r e -  
s i s tance  equa l s  t he  r eac t ance .  This  r educes  to 

O" C ~ ~ E E  O 

The  ~o i n t r o d u c e d  in  th i s  p a p e r  is no t  n e c e s s a r i l y  
t he  s a m e  as  o-r b u t  shou ld  be  of t he  s a m e  o r d e r  of 
m a g n i t u d e  and  shou ld  h a v e  the  s a m e  f r e q u e n c y  d e -  
pendence .  ~ for  TarO5 a t  120 cyc les  is 1.8 x 10 -9 
o h m - 1  cm-~.  

A c c o r d i n g  to th is  ana lys i s ,  ~o shou ld  be  p r o p o r -  
t i ona l  to the  f r e q u e n c y  of m e a s u r e m e n t ,  and  the  
effects of f r e q u e n c y  on the  c a p a c i t a n c e  a n d  ESR of 
h e a t - t r e a t e d  s a m p l e s  can be  e x p l a i n e d  on th i s  basis .  
The  f r e q u e n c y  d e p e n d e n c e  of c apac i t ance  a t  con-  
s t an t  t e m p e r a t u r e  thus  r e su l t s  f r o m  the  m o v e m e n t  of 
~o across  the  c o n d u c t i v i t y  profi le ,  w h e r e a s  t he  t e m -  
p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  a t  c o n s t a n t  f r e -  
q u e n c y  re su l t s  f r o m  the  m o v e m e n t  of t he  con-  
d u c t i v i t y  prof i le  across  ~ro. 

Summary 
The  inc reases  of c a p a c i t a n c e  a n d  ESR,  a n d  of 

t h e i r  d e p e n d e n c e  on d - c  bias ,  t e m p e r a t u r e ,  a n d  f r e -  
quency ,  for  a n o d i z e d  t a n t a l u m  w h i c h  has  been  
h e a t e d  in  a i r  a r e  due  to a g r a d i e n t  of c o n d u c t i v i t y  
across  the  anod ic  Ta205 film. This  c o n d u c t i v i t y  is 
a s soc ia t ed  w i t h  an  o x y g e n  def ic iency  in  t he  TarO5 
w h i c h  re su l t s  f r o m  t h e  t e n d e n c y  of t a n t a l u m  to e x -  
t r a c t  o x y g e n  f r o m  i ts  own oxide .  N e i t h e r  th is  h e a t -  
t r e a t m e n t ,  no r  s u b s e q u e n t  r e a n o d i z a t i o n  a t  t he  fo r -  
m a t i o n  vo l tage ,  cause  a n y  d i s c e r n a b l e  change  in t he  
i n t e r f e r e n c e  color  of t he  ox ide  f i lm as d e t e r m i n e d  b y  
d i r ec t  v i sua l  compar i son .  The  a p p a r e n t  d i e l ec t r i c  
cons t an t  of t he  ox ide  is i n c r e a s e d  s l igh t ly .  A l l  of 
the  effects of h e a t - t r e a t m e n t  e x c e p t  the  l a t t e r ,  and  
p r e s u m a b l y  the  c h a n g e  in  c r y s t a l l i n i t y ,  can  b e  r e -  
m o v e d  b y  r e a n o d i z a t i o n  a t  t he  f o r m a t i o n  vo l tage .  

The  s igni f icance  of these  effects on the  p r o p e r t i e s  
of the  so -ca l l ed  sol id  e l e c t r o l y t e  capac i to r ,  b a s e d  on 
the  Ta-Ta2Os-MnO2 sys tem,  is obvious .  In  fact ,  t he  
bias,  t e m p e r a t u r e ,  a n d  f r e q u e n c y  d e p e n d e n c e s  of ca -  
p a c i t a n c e  and  E S R  of these  capac i to r s  (a t  m o d e r a t e  
f r e que nc i e s )  a r e  d i r e c t l y  r e l a t e d  to t he  h e a t - t r e a t -  
m e n t  to w h i c h  the  a n o d i z e d  t a n t a l u m  is s u b j e c t e d  
d u r i n g  the  p y r o l y t i c  depos i t i on  of t he  MnO2. The  
p re sence  of an  MnO2 c o u n t e r e l e c t r o d e  r a t h e r  t h a n  
an  aqueous  e l e c t r o l y t e  has  no d i r ec t  inf luence  on 
these  p rope r t i e s ,  s ince  t h e y  a r e  d e t e r m i n e d  b y  the  
s t a t e  of the  Ta205 n e a r  t he  t a n t a l u m  anode .  The  i n -  
c rease  in  c a p a c i t a n c e  due  to  h e a t - t r e a t m e n t  also e x -  
p l a ins  the  o b s e r v a t i o n  t ha t  so l id  e l e c t r o l y t e  c a p a c i -  
tors  f r e q u e n t l y  h a v e  a h i g h e r  c a p a c i t a n c e  t h a n  the  
same  anodes  h a d  w h e n  m e a s u r e d  in an  aqueous  e lec -  
t r o l y t e  p r i o r  to a p p l i c a t i o n  of t he  MnO2. The  effects 
of ag ing  ( " l i f e - t e s t i n g " )  on t h e  p r o p e r t i e s  of sol id  
e l e c t r o l y t e  c a pa c i t o r s  can  be  e x p l a i n e d  in  t e r m s  of 
the  m i g r a t i o n  of t he  o x y g e n  def ic iency w i t h i n  the  
ox ide  fi lm u n d e r  t h e  inf luence  of  c o n c e n t r a t i o n  and  
p o t e n t i a l  g r ad i en t s .  

Manuscr ip t  received Feb.  28, 1963. This paper  was 
presented  at  the  P i t t sburgh  Meeting,  Apr i l  15-18, 1963. 

Any  discussion of this  pape r  wi l l  appea r  in a Discus-  
sion Section to be publ ished in the  June  1964 JOURNAL. 
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Heat-Treatment of Anodic Oxide Films on Tantalum 
II. Temperature Dependence of Capacitance 

Donald M. Smyth and Terrance B. Tripp 
Research Laboratory, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

The t empe ra tu r e  dependence  of capaci tance  for  hea t - t r ea ted ,  anodized 
t an t a lum has been used as a means  of scanning the conduct iv i ty  profile across 
the  Ta20~ film. This conduct iv i ty  resul ts  f rom the ex t rac t ion  of oxygen f rom 
the  oxide by  the me ta l  dur ing  hea t - t r ea tmen t .  The resul ts  show tha t  subse-  
quent  reanodiza t ion  at  the  format ion  vol tage  is a slow process  which proceeds  
in  a s tepwise manne r  f rom the e lec t ro ly te  side of the  oxide film t o w a r d  the 
unde r ly ing  tanta lum.  The appl ica t ion  of a smal l  anodic d - c  bias gives a t e m -  
po ra ry  conduct iv i ty  profile which  is s imi lar  to the  pe rmanen t  profile obta ined 
by  pa r t i a l  reanodizat ion.  F u r t h e r  evidence is given tha t  the  oxide conduct iv i ty  
is h ighest  at  the  Ta-Ta205 interface.  

A r e c e n t  p u b l i c a t i o n  has  p r e s e n t e d  an  o x y g e n  d e -  
p l e t i on  l a y e r  t h e o r y  to e x p l a i n  t he  p h e n o m e n a  ob -  
s e r v e d  w h e n  a n o d i z e d  t a n t a l u m  is h e a t e d  a t  t e m -  
p e r a t u r e s  a b o v e  200~ (1) .  I t  was  f o u n d  t h a t  u n d e r  
these  h e a t i n g  condi t ions ,  t h e  c a p a c i t a n c e  i n c r e a s e d  
and  s t rong  bias,  f r e q u e n c y  and  t e m p e r a t u r e  d e p e n d -  
ences of c a p a c i t a n c e  w e r e  i n t roduced .  

I t  was  conc luded  t h a t  w h e n  a n o d i z e d  t a n t a l u m  is 
h e a t e d  in air ,  t he  m e t a l  e x t r a c t s  o x y g e n  f r o m  the  
Ta205 l e a v i n g  the  ox ide  o x y g e n - d e f i c i e n t .  A f t e r  suffi-  
c ien t  h e a t i n g  th is  def ic iency  r eaches  t he  Ta2Os-a i r  
i n t e r f a c e  and  an  e q u i l i b r i u m  is e s t a b l i s h e d  such  t h a t  
an  o x y g e n  de f ic iency  g r a d i e n t  is se t  up  in  t he  oxide .  
This  g r a d i e n t  is m a i n t a i n e d  b y  the  f low of  o x y g e n  
f rom the  a t m o s p h e r e  t h r o u g h  the  ox ide  and  in to  
the  t a n t a l u m .  I t  was  p r o p o s e d  t h a t  t he  o x y g e n  d e -  
f ic iency w o u l d  a p p e a r  as o x y g e n  vacanc ie s  w i t h  
two  t r a p p e d  e lec t rons ,  a n d  t h a t  t he se  e l ec t rons  cou ld  
be  t h e r m a l l y  ion ized  t hus  caus ing  the  o x y g e n  d e -  
f ic ient  p o r t i o n  of t he  Ta205 to e x h i b i t  n - t y p e  s e m i -  
conduc t iv i ty .  On th is  bas is  i t  was  p o s t u l a t e d  t h a t  a 
g r a d i e n t  of c o n d u c t i v i t y  ex i s t ed  across  t he  f i lm 
such t h a t  i t  was  g r e a t e s t  a t  t he  Ta-Ta205  i n t e r f a c e  
and  d e c r e a s e d  t o w a r d  the  Ta2Os-a i r  i n t e r face .  F o r  
the  sake  of s i m p l i c i t y  th is  c o n d u c t i v i t y  g r a d i e n t  w a s  
a s s u m e d  to be  l inea r ,  a n d  a l eve l  of conduc t i v i t y ,  
~o, w a s  a s s u m e d  to ex i s t  such t h a t  in r eg ions  of  t he  
f i lm w h e r e  t h e  c o n d u c t i v i t y  w a s  g r e a t e r  t h a n  ~o the  
ox ide  w o u l d  act  as a p u r e  r e s i s t ance  w h i l e  in  r eg ions  
w h e r e  i t  was  b e l o w  ~ro, t he  ox ide  w o u l d  act  as a p u r e  
d ie lec t r ic .  Th is  s h a r p  d i s t i nc t ion  b e t w e e n  d i e l e c t r i c  
and  c o n d u c t i n g  ox ide  is, of course ,  an  i d e a l i z a t i o n  of  
t he  ac tua l ,  con t inuous  g r ada t i on .  The  p h e n o m e n a  
o b s e r v e d  on  h e a t i n g  w e r e  t h e n  e x p l a i n e d  on t h e  
bas is  of a s h o r t - c i r c u i t i n g  of t h a t  p a r t  of t he  ox ide  

f i lm w h e r e  t h e  c o n d u c t i v i t y  was  r a i s e d  a b o v e  ~ro, a n d  
the  v a r y i n g  of t he  t h i cknes s  of th is  c o n d u c t i n g  l a y e r  
b y  t h e  a p p l i c a t i o n  of a b ias  or  a change  of t he  t e m -  
p e r a t u r e  of t he  m e a s u r i n g  e l ec t ro ly t e .  This  t e m p e r a -  
t u r e  d e p e n d e n c e  of  c a p a c i t a n c e  has  b e e n  f o u n d  to b e  
a v e r y  u se fu l  tool  in  s t u d y i n g  the  shape  of t he  con-  
d u c t i v i t y  prof i le  across  t he  ox ide  of h e a t - t r e a t e d ,  
a n o d i z e d  t a n t a l u m  and  th is  p a p e r  w i l l  p r e s e n t  t h e  
de ta i l s  of th is  w o r k .  

M e a s u r e m e n t s  of t he  t e m p e r a t u r e  d e p e n d e n c e  of 
c a p a c i t a n c e  for  t he  s i m i l a r  s y s t e m  i n v o l v i n g  the  
so l id  e l e c t r o l y t e  t a n t a l u m  c a p a c i t o r  b y  T a y l o r  a n d  
H a r i n g  (2 ) ,  M c L e a n  a n d  P o w e r  (3 ) ,  a n d  F r a i o l i  (4)  
a l l  i nd i ca t e  a s l igh t  c u r v a t u r e  to t h e  c a p a c i t a n c e  vs. 
t e m p e r a t u r e  curve ,  b u t  in no cases  w e r e  d i s t i nc t  
changes  in s lope  of the  cu rves  obse rved .  As  w i l l  b e  
a p p a r e n t ,  t he  s h a p e  of t h e  cu rves  w o u l d  be  d e p e n d -  
en t  on the  MnO2 p y r o l y s i s  t e m p e r a t u r e  a n d  the  e x -  
t en t  of  r eanod iza t i on .  Be c a use  these  p a r a m e t e r s  
w e r e  no t  r e p o r t e d ,  and  s ince  l i t t l e  d a t a  w e r e  t a k e n  
to d e t e r m i n e  the  curves ,  i t  is no t  poss ib l e  to conc lude  
t h a t  a d i s c r e p a n c y  ex i s t s  b e t w e e n  t h e  r e s u l t s  on  
sol id  un i t s  and  those  r e p o r t e d  h e r e i n  on anod ized  
t a n t a l u m  foi l  m e a s u r e d  in an  aqueous  e l ec t ro ly t e .  

Experimental 
T h e  t a n t a l u m  fo i l  w a s  o b t a i n e d  f r o m  F a n s t e e l  

M e t a l l u r g i c a l  C o r p o r a t i o n  a n d  h a d  a m i n i m u m  p u -  
r i t y  of 99.9%. S a m p l e s  w e r e  d ie  cu t  f r o m  t h e  10 
ra i l  s t ock  a n d  h a d  a n  a p p a r e n t  su r f ace  a r e a  of  a p -  
p r o x i m a t e l y  18 c m  2. T h e  s a m p l e s  w e r e  d e s i g n e d  so 
t h a t  a 3/16 in. t a b  was  l e f t  a t t a c h e d  to s e r v e  as  t h e  
e l e c t r i c a l  contact .  This  s m a l l  t a b  also s e r v e d  t h e  
m o r e  i m p o r t a n t  p u r p o s e  of m i n i m i z i n g  a p p a r e n t  
a r e a  changes  as t he  m e a s u r i n g  e l e c t r o l y t e  v o l u m e  
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changed slightly with temperature.  The details of 
the eIectropolish and vacuum annealing pret reat -  
ment are available elsewhere as are the details of 
the procedure used to anodize the samples to 75v 
in 0.01M H2SO4 (1). The heating was done in a tube 
furnace whose temperature  was controlled manual ly  
to approximately _+3~ The heating atmosphere 
was air unless specified otherwise. 

The cell in which the capacitance measurements 
were made was immersed in trichloroethylene con- 
tained in a large Dewar flask. Provisions were made 
to stir both the coolant and the cell electrolyte. The 
measuring electrolyte was a 38% by weight tt2SO4 
solution which permitted measurements to be taken 
as low as --70~ and its temperature was measured 
with a calibrated iron-constantan thermocouple. The 
capacitance was measured with a Sprague 1W2 ca- 
pacitance bridge at a frequency of 120 c/sec with no 
applied bias. 

After  the temperature  of the trichloroethylene was 
lowered to the desired value with dry ice, the elec- 
trolyte in the capacitance cell was stirred until tem- 
perature equilibrium was reached. The capacitance, 
dissipation factor, and temperature  were then re-  
corded. The coolant temperature was then lowered 
further  and the desired measurements were re- 
peated at the new temperature.  The temperature  
dependence of capacitance results for two runs on 
the same sample agreed to within 0.1%. 

Results and Discussion 

Heat -Trea tment  in Air  

A typical temperature  dependence of capaci- 
tance curve for an unheated, anodized tantalum 
sample is shown in Fig. 1 along with the curves ob- 
tained after heating u hr at 400~ and after re- 
anodizatior~ for 4 hr  at the formation voltage. Be- 
fore heating and after reanodization the rate of 
change of capacitance with temperature  is low 

3.6 

3.5 

LU 3,4 __ �9 �9 

~_< _ ~ �9 

~ 3-3__ �9 o 

<[ o o 

3.2 ~ 

- 6 0  - 4 0  - 2 0  0 2 0  

T E M P E R A T U R E  ~ 

F i g .  1. Temperature dependence of capocitonce of unheated, 
heated, and reanodized Ta-Ta2Os. e, Unheated; O, heated 30 
rain at 400~ in air; A, reanodized 4 hr at formation voltage. 

(~0.002 ~f/C ~ and constant over the whole tem- 
perature range studied. After  heating, however, the 
temperature dependence of capacitance curve is 
found to have changed drastically in shape. At tem- 
peratures above about --30~ the rate of change of 
capacitance with temperature  was found to be con- 
siderably greater than before heating. A break in 
the curve occurs at about --30~ however, and at 
lower temperatures the slope of the curve decreases 
to approximately the value observed before heating. 
Also, the capacitances at low temperatures were 
found to be higher after heating than before heating. 

These temperature dependence of capacitance re-  
sults can be explained with the aid of the simple 
conductivity profile model previously presented (1). 
Before heating, the conductivity across the oxide 
film is uniformly low and the predominant  param-  
eter which would cause a temperature  dependence of 
capacitance would be the change of dielectric con- 
stant with temperature (and, for this experimental  
setup, the slight change in sample area due to the 
change of the electrolyte volume with temperature) .  
This would be expected to produce only a small 
variation of capacitance with temperature  in agree- 
ment  with the observed results. 

According to the simplified model, the conduc- 
tivity profile across the heat- t reated oxide film is as 
shown in Fig. 2. In this case it is assumed that a 
linear gradient of conductivity exists across the film 
and that ~o represents a level of conductivity which 
distinguishes conducting from nonconducting oxide. 
The level of conductivity at any point in the film is 
dependent on the concentration of oxygen vacancies, 

�9 2e- ,  produced by the extraction of oxygen 

from the oxide by the tantalum during heating, and 
on the thermal ionization reactions 

~ .2e - -~ ,  ~ [~---~ . e - - b e -  [1] 

Therefore, as the temperature  is lowered from 
T1 to T2 the equilibria in Eq. [1] and [2] shift to the 

To TO 205 ELECTROLYTE 
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T 2 \ 14,---'- OIELECTR~C "~ 
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Fig. 2. Schematic representation of the conductivity profile 
of an anodic Ta205 film after heat-treatment in air. 
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le f t  w i t h  a c o r r e s p o n d i n g  dec rease  in t he  c o n c e n t r a -  
t ion  of conduc t ion  e lec t rons .  This  has  t he  effect  of 
l o w e r i n g  t h e  c o n d u c t i v i t y  l eve l  T l - a  t o w a r d  the  
l eve l  T2-b, a n d  as th is  occurs ,  t he  ef fec t ive  t h i cknes s  
of t h e  d i e l ec t r i c  o x i d e  inc reases  b y  the  a m o u n t  o -x .  
This  w o u l d  cause  a s t rong  c a p a c i t a n c e  dec rease  
w h i c h  w o u l d  be  s u p e r i m p o s e d  on the  change  caused  
b y  the  dec rease  in  d i e l ec t r i c  cons tan t .  As  the  t e m -  
p e r a t u r e  is l owered ,  t he  l eve l  of c o n d u c t i v i t y  of t he  
f i lm d rops  un t i l ,  a t  a t e m p e r a t u r e  T~, i t  is a t  o r  b e l o w  
r t h r o u g h o u t  t he  e n t i r e  film. The re fo re ,  a t  th is  t e m -  
p e r a t u r e  t h e  w h o l e  ox ide  f i lm m a y  be  cons id e r e d  to 
b e  n o n c o n d u c t i n g  a n d  no f u r t h e r  c h a n g e  in  t h e  ef fec-  
t ive  t h i c k n e s s  can  occur  a t  l o w e r  t e m p e r a t u r e s .  Th is  
w o u l d  cause  a c h a n g e  in  s lope  of t he  t e m p e r a t u r e  
d e p e n d e n c e  of c a p a c i t a n c e  c u r v e  since,  b e l o w  th i s  
t e m p e r a t u r e ,  t he  on ly  change  in  c a p a c i t a n c e  w o u l d  
be  due  to t he  t e m p e r a t u r e  d e p e n d e n c e  of t h e  d i -  
e l ec t r i c  cons tan t .  

A c c o r d i n g  to a s t r i c t  i n t e r p r e t a t i o n  of our  s i m -  
pl i f ied  model ,  th is  change  in  s lope  shou ld  occur  a b -  
r u p t l y  a t  a p a r t i c u l a r  t e m p e r a t u r e ,  w h e r e a s  i t  a c -  
t u a l l y  occurs  g r a d u a l l y  over  a r a n g e  of t e m p e r a -  
tures .  This  is a consequence  of t he  f ac t  t h a t  t h e r e  is 
a g r a d u a l  t r a n s i t i o n  b e t w e e n  c o n d u c t i n g  and  n o n -  
conduc t ing  o x i d e  r a t h e r  t h a n  a s h a r p  b o u n d a r y  as 
i m p l i e d  b y  the  mode l .  

D u r i n g  r eanod iza t i on ,  o x y g e n  vacanc i e s  a r e  e l i m i -  
n a t e d  b y  the  m i g r a t i o n  of o x y g e n  across  t h e  f i lm 
f rom the  e l e c t r o l y t e  u n d e r  t he  inf luence  of t he  a p -  
p l i ed  field. This  r e m o v e s  the  o x y g e n  def ic iency  a n d  
the  a s soc ia t ed  c o n d u c t i v i t y  g r a d i e n t  e s t a b l i s h e d  d u r -  
ing h e a t i n g  and,  t he re fo re ,  the  t e m p e r a t u r e  d e p e n d -  
ence of cal~acitance w o u l d  be  r e d u c e d  to t he  s a m e  
l eve l  as b e f o r e  hea t i ng .  This  is i n d i c a t e d  b y  the  r e -  
sul ts  s h o w n  in Fig .  1. 

The  p e r m a n e n t  i n c r e a s e  in  c a p a c i t a n c e  w h i c h  
pe r s i s t s  even  a f t e r  r e a n o d i z a t i o n  can  t e n t a t i v e l y  be  
e x p l a i n e d  on the  bas i s  of an  i n c r e a s e  in t he  o x i d e  
d i e l ec t r i c  cons tan t .  I t  has  b e e n  shown  b y  x - r a y  
m e a s u r e m e n t s  (5, 6) t h a t  h e a t i n g  p r o d u c e s  a change  
in t he  c r y s t a l l i n i t y  of a t a n t a l u m  ox ide  film, and  
this  m a y  cause  t he  d i e l ec t r i c  cons t an t  of t h e  ox ide  
to change  also.  

E~ect of Heating Temperature 

The  t e m p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  r e -  
su l t s  for  s a m p l e s  h e a t e d  a t  v a r i o u s  t e m p e r a t u r e s  a r e  
shown  in Fig.  3. R e p r o d u c i b i l i t y  a t  each  h e a t i n g  
t e m p e r a t u r e  was  poss ib le  on ly  w h e n  e x t r e m e  ca re  
was  t a k e n  to a s su re  u n i f o r m  s a m p l e  p r e p a r a t i o n .  
The  d a t a  o b t a i n e d  f r o m  t w o  d i f f e ren t  s a m p l e s  h e a t e d  
at  400~ a r e  p r e s e n t e d  to g ive  a t y p i c a l  e x a m p l e  of 
r e p r o d u c i b i l i t y .  

I f  one e x t e n d s  t h e  two  l i n e a r  s e g m e n t s  of  t he  t e m -  
p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  c u r v e  to t h e i r  
p o i n t  of i n t e r sec t ion ,  a c h a r a c t e r i s t i c  t e m p e r a t u r e  
as s h o w n  in Fig .  1 is ob ta ined .  This  sha l l  be  r e -  
f e r r e d  to as t h e  b r e a k  t e m p e r a t u r e  to deno t e  t he  
b r e a k  in slope. This  b r e a k  t e m p e r a t u r e  is t he  h y -  
p o t h e t i c a l  t e m p e r a t u r e  a t  w h i c h  the  c o n d u c t i v i t y  
of t he  Ta205 a t  t he  Ta-Ta205 i n t e r f a c e  r eac he s  era. 
Be low th is  t e m p e r a t u r e  t he  e n t i r e  ox ide  t h i cknes s  is 
ac t ing  as an  effect ive  d ie lec t r ic ,  w h e r e a s  a b o v e  i t  
the  ef fec t ive  d i e l ec t r i c  t h i c k n e s s  is a f u n c t i o n  of 
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Fig. 3. Temperature dependence of capacitance before and 
after heating anodized tantalum at various temperatures. A, Heated 
�89 hr at 350~ A, heated �89 hr at 400~ (sample I); e, heated 
�89 hr at 400~ (sample II); �9 heated �89 hr at 450~ 

t e m p e r a t u r e .  The  t e m p e r a t u r e  a t  w h i c h  th is  change  
in s lope  occurs  is i n d i c a t i v e  of t he  c o n d u c t i v i t y  of 
the  ox ide  a t  t he  Ta-Ta205  in t e r f ace ;  the  h i g h e r  th i s  
c o n d u c t i v i t y  t he  l o w e r  t he  t e m p e r a t u r e  r e q u i r e d  to 
l o w e r  i t  to t he  l eve l  of  ~o. 

The  r e su l t s  s h o w n  in T a b l e  I a r e  t h e  b r e a k  t e m -  
p e r a t u r e s  e v a l u a t e d  f r o m  cu rves  o b t a i n e d  f r o m  s a m -  
p les  h e a t e d  a t  t e m p e r a t u r e s  of 350 ~ 400 ~ and  
450~ r e spec t i ve ly .  These  va lue s  r e p r e s e n t  t he  
a v e r a g e  for  t h r e e  runs  a t  each  h e a t i n g  t e m p e r a t u r e .  
The  i n d i v i d u a l  va lue s  d e v i a t e  f r o m  the  a v e r a g e  b y  
abou t  --+0.3~ I t  a p p e a r s  t h a t  t he  c o n d u c t i v i t y  a t  
the  m e t a l - m e t a l  ox ide  i n t e r f a c e  i nc reases  s u b s t a n -  
t i a l l y  w h e n  the  t e m p e r a t u r e  of h e a t - t r e a t m e n t  is 
i n c r e a s e d  f r o m  350 ~ to 400 ~ b u t  t h a t  a f u r t h e r  i n -  
c rease  to 450 ~ has  l i t t l e  effect  on th i s  p r o p e r t y .  

A n  a t t e m p t  was  m a d e  to o b t a i n  t hese  d a t a  b y  
h e a t i n g  an  i n d i v i d u a l  s a m p l e  at  each  of  t h e  t h r e e  
h e a t i n g  t e m p e r a t u r e s  w i t h  each  h e a t i n g  be ing  fo l -  
l o w e d  b y  a long  r e f o r m a t i o n  a t  t h e  f o r m a t i o n  v o l t -  
age.  These  r e su l t s  d id  no t  a g r e e  w i t h  those  p r e s e n t e d  
in Fig .  3, a p p a r e n t l y  due  to t he  inf luence  of p r i o r  
h e a t i n g  h i s to ry .  This  was  conf i rmed  b y  the  fac t  
t h a t  w h e n  the  success ive  h e a t i n g s  w e r e  c a r r i e d  out  
a t  t h e  s ame  t e m p e r a t u r e ,  i t  was  f o u n d  t h a t  t he  r e -  
su l t s  a f t e r  t he  second  h e a t i n g  d id  no t  a g r e e  w i t h  
those  of the  first  hea t ing .  This  d e p e n d e n c e  on h e a t -  
ing  h i s t o r y  m a y  b e  r e l a t e d  to  t he  c h a n g e  in ox ide  
c r y s t a l l i n i t y .  

Table I. Break temperatures obtained on heat-treatment of 
anodic oxide films on tantalum at various temperatures 

(All samples hea ted  30 rain in air) 

Hea t ing  t empera tu re ,  ~ B r e a k  t empera tu re ,  ~ 

350 --26.6 
400 --33.8 
450 --34.1 
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According to the model, the magnitude of the 
slope of the temperature  dependence of capacitance 
curve above the break is dependent on the angle 
at which the conductivity profile intersects ~ro. By 
geometric considerations it can be shown that as 
the angle of intersection of the conductivity profile 
with ~o is increased, the magnitude of the movement  
of this point of intersection would have to decrease 
for a given temperature change. Since it is the mag-  
nitude of movement  of the point of intersection of 
the conductivity profile with ~o with a given change 
in temperature which determines the value of the 
slope of the temperature  dependence of capacitance 
curve, this slope would decrease as the angle of in- 
tersection is increased. This analysis would imply 
that  as the heating temperature  is increased, the 
conductivity profile across the film becomes flatter 
since the slope of the temperature dependence of 
capacitance curve increases with heating tempera-  
ture as shown in Fig. 3. It would, therefore, appear 
that  the conductivity level at the Ta2Os-electrolyte 
interface is not  fixed and in fact must increase rela-  
tive to the conductivity at the Ta-Ta205 interface as 
the heating temperature  is increased. If this were 
the case, then a dependence of the dielectric effects 
of hea t - t rea tment  on oxygen pressure in the heat-  
ing atmosphere would be expected and, as stated 
elsewhere, prel iminary results indicate that some 
oxygen pressure dependence does exist (1). 

Reanodization 
After a heat-treated,  anodized tanta lum sample 

was reanodized at the formation voltage for short 
periods, it was found that the shape of the tempera-  
ture dependence of capacitance curve was modified. 
As shown in Fig. 4, at high temperatures  the slope 
of the temperature  dependence curve is reduced to 
nearly the preheated value but as the temperature  is 
lowered the curve intersects the curve obtained be- 
fore reanodization and follows its shape throughout  
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Fig. 4. Temperature dependence of capacitance for anodized 
tantalum offer heating and after reonodization for vurious times 
at the formation voltage, �9 Heated ~ hr at 450"C; A, reonodized 
6 min; X, reanodized 30 min; .�9 reonodized 2 hr; A, reanodizod 
5 hr. 
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Fig. 5. Schematic representation of the conductivity profile of 
heat-treated, anodized Ta after a short reonodization. 

the rest of the temperature  range. As the reanodiza- 
tion time is increased, the level of the high tem- 
perature portion of the curve is depressed to lower 
capacitance values until, after approximately 5 hr 
of reanodizing a sample heated at 450 ~ the curve 
becomes nearly parallel to the preheated curve over 
the whole temperature  range. This process was 
found to take about 3 hr when the samples were 
heated to 350~ and approximately 4 hr  for sam- 
ples heated at 400 ~ . 

The shape of the temperature  dependence of 
capacitance curve after brief reanodization can be 
explained with the aid of a modified oxide conduc- 
tivity profile like that  shown in Fig. 5. In this figure 
the dotted line extension of the Tl-a  portion of the 
conductivity profile represents the original shape of 
the conductivity profile, i.e., after reanodization the 
conductivity profile is cut off at the point a. Now, as 
the temperature  drops from T1 to T2, the conduc- 
tivity level T~-a drops to T2-b and because of the 
extreme steepness with which the conductivity pro- 
file passes through ~ro, the effective thickness of the 
dielectric does not change. Therefore, the slope of 
the temperature  dependence of capacitance curve 
would be like that for an unheated sample. At lower 
temperatures,  the conductivity profile passing 
through ~ro is identical to that  before reanodization, 
and over the rest of the temperature  range the tem- 
perature dependence of capacitance would be iden- 
tical to that observed before reanodization. As the 
reanodization progresses, the cut-off of the conduc- 
tivity profile approaches, and finally reaches, the 
Ta-Ta205 interface. 

The results described above indicate that, during 
the reanodization process, the oxygen deficiency in 
the Ta205 film is being replenished stepwise from 
the Ta2Os-electrolyte interface. The observation that 
the temperature dependence in the low temperature  
region is completely unaffected by reanodization 
indicates that the oxygen vacancy profile near  the 
tantalum remains unchanged during the initial 
stages of reanodization. This situation could occur 
if the reanodization process consisted of a movement  
of oxygen into the oxide from the electrolyte side. 
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This could t ake  place by  the in te rs t i t i a l  t r anspor t  
of oxygen across the film. The recent  work  of Kof -  
stad (7) indicates tha t  the presence of in ters t i t ia l ,  
excess oxygen in Ta205 is not improbable .  The ob-  
served re format ion  behavior  could also arise f rom 
the migra t ion  of oxygen vacancies if the  noncon-  
duct ing deple t ion  layer  created by  the appl icat ion 
of the format ion vol tage did not ex tend across all  
of the conducting region of the oxide. Then only 
those vacancies in the deplet ion l aye r  would  be 
exposed to the  appl ied  field and be accelerated.  As 
re format ion  proceeded,  the  conduct ing layer  would  
na r row  and more vacancies would be exposed. This 
would resul t  in the  s tepwise remova l  of the  oxygen  
deficiency in accord wi th  the observed results.  

The complete remova l  of the oxygen deficiency in 
the oxide by  reanodizat ion  is seen to be  a slow 
process, requir ing,  for example ,  app rox ima te ly  5 hr  
for samples hea ted  at  450 ~ for 30 min. The t ime 
for complete  reanodizat ion  increases wi th  the t e m -  
pe ra tu re  of hea t - t r ea tmen t .  I t  is in teres t ing to note 
tha t  this t ime- l ag  extends  to the  case where  the 
reanodizat ion  vol tage is grea ter  than  the or iginal  
format ion voltage. For  example,  when a sample  
was formed to 75v, hea ted  at  400 ~ for 30 min in 
air, and then  reanodized at  85v, the  cur ren t  r e -  
mained  at  a low level  (order  of 0.1 ~a / cm ~) for 
about  an hour. The current  then began a g radua l  
r ise and only at this point  did the in ter ference  color 
begin to change, indicat ing a growth  of new oxide. 
The anodizat ion then proceeded normal ly .  Wi th  
higher  "over -vo l tages"  the  induct ion per iod  de-  
creases. 

This behavior  is analogous to tha t  repor ted  for  
hea t - t r e a t ed  anodized a luminum by  Dignam (8).  In 
the case of t an t a lum it is t empt ing  to suggest  tha t  
complete res tora t ion  of the  s toichiometr ic  oxygen 
content  is necessary  before  the  growth  of new oxide 
can begin. However ,  there  is no evidence for the 
existence of an oxygen deficiency in hea t - t r ea t ed ,  
anodized a luminum.  

Effect of D-C Bias 

It  has been noted prev ious ly  (1) tha t  when  a 
d-c  bias  is appl ied  to a hea t - t r ea t ed ,  anodized t an -  
t a lum sample,  its capaci ty  decreases.  This phenom-  
enon was expla ined  on the  basis  of the  movemen t  
of the intersect ion of the  conduct iv i ty  profile wi th  
O-o toward  the Ta-Ta205 in ter face  because of the  
a t t rac t ion  of electrons to the Ta e lect rode by  the 
anodic bias. 

The t empe ra tu r e  dependence of capaci tance curves 
wi th  6 and 12v anodic bias (TAW) appl ied  for  a 
sample  hea ted  ~ hr  at  400~ is shown in Fig. 6. 
These resul ts  cannot be expla ined  on the basis of 
a uni form shift  of the conduct iv i ty  profile t oward  
the Ta electrode since this  would  resul t  in a shift  
of the ent i re  t empe ra tu r e  dependence  of capaci tance 
curve to h igher  tempera tures .  F rom the s imi la r i ty  
of the curves one would  suspect tha t  the conduct iv i ty  
profile would  be l ike  tha t  es tabl ished in a hea t -  
t r ea ted  sample  af ter  short  reanodizat ion  at  the  for -  
mat ion voltage.  Apparen t ly ,  when  a bias is applied,  
electrons are d r a w n  into the Ta electrode,  and elec-  
t rons t r apped  at  oxygen vacancies in the outer  po r -  
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Fig. 6. Temperature dependence of capacitance of heat-treated, 
anodized tantalum with an anodic d-c bias applied. �9 Heated 
30 min at 400~ *, 6v d-c bias applied; A, 12v d-c bias applied. 

t ion of the oxide move to the sites left  vacant  by  
the w i t h d r a w n  electrons. The ex ten t  of electron 
w i t hd r a w a l  and movement  would  es tabl ish  an ionic 
space charge in the e lect ron deple ted  por t ion of 
the oxide of sufficient s t rength  to counter  the  ex-  
t e rna l  field in t roduced by  the bias. 

The oxide would  now have two regions. In  the 
first, near  the Ta-TaeO5 interface,  the  conduct ivi ty  
profile would be essent ia l ly  unchanged since al l  con- 
duct ing electrons d rawn  to the t an t a lum electrode 
would be replaced  by  electrons f rom fu r the r  out in 
the film. At  a distance into the film dependent  on 
the bias voltage,  the conduct iv i ty  would drop ve ry  
r ap id ly  since a l l  electrons t r apped  at oxygen vacan-  
cies in the  res t  of the film would  have  moved  to 
vacant  e lectron sites nea re r  the  Ta electrode. The 
conduct iv i ty  profile would now be s imi lar  to tha t  
es tabl ished b y  reanodizat ion  wi th  the  except ion tha t  
the outer  region of the film is made  nonconduct ing 
by  the t e m p o r a r y  and revers ib le  w i t h d r a w a l  of con- 
duct ion electrons t r apped  at  oxygen vacancies in 
the former  case, whi le  in the  la t te r  case oxygen 
vacancies are  p e r m a n e n t l y  e l iminated.  

5.C 

4,0 

so , I , I , I , I , I 
- 6 0  - 4 0  - 2 0  0 20  

TEMPERATURE 

Fig. 7. Temperature dependence of capacitance of Ta-To,~O5 
before and after HF dissolution of the heat-treated oxide. A, 
Heated 30 min at 400~ Oxide dissolved until oxide interference 
color equivalent to formation to O 65v; e, 55v. 
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Fig. 8. Temperature dependence of capacitance for Ta-Ta205 
after vacuum heating at 400~ followed by reanodization at various 
voltages. O, Reanodized 30 rnin at 20v; e, reanodized 30 rain at 
3Or; A, reanodized 30 min at 4Or. 

HF Dissolution oS the Heat-Treated Oxide 

In  a n o t h e r  e x p e r i m e n t ,  a s a m p l e  was  h e a t e d  fo r  
1/2 h r  a t  400~ and  t h e  t e m p e r a t u r e  d e p e n d e n c e  of 
c a p a c i t a n c e  was  m e a s u r e d  be fo re  a n d  a f t e r  t h e  
r e m o v a l  of an  ou te r  l a y e r  of the  ox ide  b y  t r e a t m e n t  
in c o n c e n t r a t e d  HF.  In  Fig .  7 a r e  s h o w n  the  r e su l t s  
of the  t e m p e r a t u r e  d e p e n d e n c e  of  c a p a c i t a n c e  m e a s -  
u r e m e n t s  on a h e a t - t r e a t e d ,  anod ized  t a n t a l u m  foi l  
be fo re  a n d  a f t e r  t he  r e m o v a l  of two  consecu t ive  
l a y e r s  of t he  oxide .  A t h i c k n e s s  of o x i d e  was  r e -  
m o v e d  in each  case  such  t h a t  t he  f inal  co lor  of t he  
s a m p l e  a f t e r  t r e a t m e n t  was  e q u i v a l e n t  to t h a t  for  
s a m p l e s  f o r m e d  u n d e r  t he  u s u a l  cond i t ions  to  55 a n d  
65v. The  t e m p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  
i n c r e a s e d  as t he  ox ide  w a s  r e m o v e d  and  th is  i n -  
d ica tes  t ha t  t he  t e m p e r a t u r e  sens i t ive  r eg ion  is no t  
a t  the  T a f O s - e l e c t r o l y t e  in t e r face .  This  s u p p o r t s  t he  
conclus ion,  b a s e d  on  the  inc rease  of  t h e  bias  d e -  
p e n d e n c e  of c a p a c i t a n c e  as  t he  o u t e r  p o r t i o n  of t he  
ox ide  was  r e m o v e d  b y  H F  d isso lu t ion ,  t h a t  t he  o x -  
y g e n  d e p l e t i o n  l a y e r  is a t  t he  Ta-Ta~O5 i n t e r f a c e  
(1) .  The  s lopes  of t he  cu rves  w o u l d  be  e x p e c t e d  to 
i nc rea se  as the  o x i d e  is r e m o v e d ,  as obse rved ,  b e -  
cause  t h e  r e l a t i v e  t h i c k n e s s  of t he  t e m p e r a t u r e  
sens i t ive  p o r t i o n  inc reases  w i t h  r e s p e c t  to t he  t o t a l  
o x i d e  t h i cknes s  as n o n c o n d u c t i n g  ox ide  is r e m o v e d  
f r o m  the  o u t e r  su r f ace  of t he  film. 

Heat -Trea tmen t  in Vacuum 
The  t e m p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  c u r v e s  

s h o w n  in Fig .  8 w e r e  o b t a i n e d  w i t h  a s a m p l e  w h i c h  

had  been  h e a t e d  a t  500~ in v a c u u m  ( l x l 0  -5 T o r r )  
for  40 h r  fo l l owed  b y  r e a n o d i z a t i o n  a t  10, 20, 40, 
60, a n d  75v. I t  has  b e e n  r e p o r t e d  (1,9) t h a t  w h e n  
a n o d i z e d  t a n t a l u m  is h e a t e d  for  a suff icient  t i m e  in  
v a c u u m  a t  ove r  400~ the  ox ide  becomes  c o n d u c t -  
ing  t h r o u g h o u t .  This  m e a n s  t h a t  be fo re  r e a n o d i z a -  
t ion  the  c o n d u c t i v i t y  l eve l  in  t h e  o x i d e  w o u l d  be  
we l l  a b o v e  ~o across  t he  w h o l e  film, and  on r e a n o -  
d i za t ion  a p o r t i o n  of t he  f i lm whose  th i ckness  w o u l d  
be  d e p e n d e n t  on t h e  r e a n o d i z a t i o n  v o l t a g e  a n d  r e -  
a n o d i z a t i o n  t i m e  w o u l d  b e  r e t u r n e d  to t he  n o n c o n -  
duc t i ng  s t a t e  b y  the  s ame  p rocess  w h i c h  e l i m i n a t e s  
o x y g e n  vacanc ie s  d u r i n g  the  r e a n o d i z a t i o n  of a 
s a m p l e  h e a t e d  u n d e r  s t a n d a r d  condi t ions .  The  r e -  
su l t i ng  c o n d u c t i v i t y  prof i le  w o u l d  be  s i m i l a r  to 
t h a t  s h o w n  in Fig .  5, e x c e p t  t h a t  t he  s lopes  of the  
Tz-a  and  T f -b  p o r t i o n s  of t he  prof i le  w o u l d  n o t  be  
as  s teep.  As t h e  m e a s u r i n g  t e m p e r a t u r e  is l o w e r e d  
f r o m  Tz to Tf, t he  ef fec t ive  t h i cknes s  of t he  ox ide  
f i lm r e m a i n s  u n c h a n g e d  b e c a u s e  of the  s t eepness  of 
t he  c o n d u c t i v i t y  prof i le  p a s s i n g  t h r o u g h  ~o and,  
t he re fo re ,  the  on ly  change  in  c a p a c i t a n c e  w o u l d  be  
due  to changes  in t he  d i e l ec t r i c  cons t an t  w i t h  t e m -  
p e r a t u r e .  W h e n  the  t e m p e r a t u r e  T2 is r eached ,  h o w -  
ever ,  t he  p o r t i o n  of t he  c o n d u c t i v i t y  prof i le  T2-b 
beg ins  to d rop  b e l o w  r a n d  a b r e a k  in  t h e  t e m -  
p e r a t u r e  d e p e n d e n c e  of c a p a c i t a n c e  c u r v e  occurs ,  
f o l l owed  b y  a l a r g e  r a p i d  d rop  in capac i t ance .  The  
e x t r e m e l y  h i g h  t e m p e r a t u r e  d e p e n d e n c e  of c a -  
p a c i t a n c e  b e t w e e n  T2 and  Ts r e su l t s  f r o m  the  s h a l -  
l ow  ang le  w i t h  w h i c h  the  c o n d u c t i v i t y  prof i le  i n -  
t e r sec t s  ~o in t he  case  of t h i s  v a c u u m - h e a t e d  sample .  
This  causes  a l a r g e  change  of ef fec t ive  d i e l ec t r i c  
t h i ckness  w i t h  t e m p e r a t u r e .  A t  Ts a n o t h e r  b r e a k  in 
t he  c u r v e  occurs  s ince  t h e  w h o l e  ox ide  is n o w  n o n -  
c onduc t i ng  a n d  b e l o w  th i s  t e m p e r a t u r e  f u r t h e r  
changes  in  c a p a c i t a n c e  a r e  due  o n l y  to changes  in  
d i e l ec t r i c  cons tan t .  The  o b s e r v e d  r e su l t s  a g r e e  w i t h  
t he  c u r v e  p r e d i c t e d  b y  the  c o n d u c t i v i t y  prof i le  p r o -  
d u c e d  in  the  o x i d e  film. 

Manuscr ip t  rece ived  May 8, 1963. This pape r  was 
presented  at the  P i t t sburgh  Meeting,  Apr i l  15-18, 1963. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOURNAL. 
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ABSTRACT 

The reduct ion  of UO2(VI) to UO2 in mol t en  KCI-NaCI  sal t  at  716~ has 
been shown by chronopoten t iomet ry  to be diffusion cont ro l led  at  a p la t inum 
electrode.  Fur the rmore ,  the  po ten t i a l - t ime  curves ind ica ted  tha t  the  react ion 
occurred in two steps at  nea r ly  the  same potent ia l .  This observa t ion  was ve r i -  
fied by  measur ing  the pseudo capaci ty  of the  polar ized  cathode as a funct ion 
of i ts potent ia l  for  which  a plot  of the  da ta  shows two peaks  in capaci ty.  The 
first was found to be symmet r i c  wi th  a concen t ra t ion - independen t  potent ia l ,  
which  is indica t ive  of an e lec t rode  react ion producing  a soluble product .  The 
second peak  was asymmet r i c  wi th  a concen t ra t ion-dependen t  potential ,  which  
is indica t ive  of an  e lect rode reac t ion  produc ing  an insoluble  product .  These 
observat ions  suggested tha t  the  e lect rode reac t ion  proceeds by  a reduct ion  
of UO2(VI)  to UO2(V) fol lowed by  the reduct ion  of the  UO2(V) to UO2(s) 
Add i t iona l  verif icat ion of this mechanism was p rov ided  by  the reduct ion  of 
UO2 (VI) by  UO2 to y ie ld  a s table  solut ion of UO2 (V).  The  heterogeneous  ra te  
constant  for  the  reduc t ion  of UO2(VI)  to UO2(V) was es t imated  to be 2 cm 
sec - I ,  bu t  a va lue  for  the  reduct ion  of UO2(V) could not  be de te rmined  be-  
cause of the solid UO2 deposit.  The diffusion coefficient was es t imated  f rom 
the  chronopotent iomet r ic  da ta  to be 2.2 x 10 -5  em 2 sec - I .  

U r a n y l ( V I )  in m o l t e n  ch lo r ide  sa l t  so lu t ions  can  
be  e l e c t r o l y t i c a l l y  or  c h e m i c a l l y  r e d u c e d  to UO2. 
The  e l e c t r o l y t i c  r e d u c t i o n  is u n d e r  i n v e s t i g a t i o n  a t  
th is  l a b o r a t o r y  for  use  in  a p rocess  to  r e c l a i m  u r a -  
n i u m  and  p l u t o n i u m  f r o m  UO2-based  n u c l e a r  fue ls  
(1)  and  as a m e t h o d  of p r e p a r i n g  h igh  q u a l i t y  c r y s -  
t a l l i ne  UO2 (2) .  P a r t  of th is  r e s e a r c h  p r o g r a m  has  
been  a s t u d y  of t he  m e c h a n i s m  and  the  t h e r m o d y -  
n a m i c  p r o p e r t i e s  of t he  r educ t ion .  

The  e l e c t r o l y t i c  r e d u c t i o n  of UO2C12 to UO2 w a s  
first  d e s c r i b e d  b y  H a m p e  in 1888 (3) .  More  r ecen t l y ,  
S m i r n o v  a n d  I v a n o v s k y  (4)  s t u d i e d  t h e  anod ic  b e -  
h a v i o r  of t he  UO2 e l e c t r o d e  in  t h e  eu tec t i c  LiC1-KC1 
mel t .  T h e y  f o u n d  on ly  h e x a v a l e n t  u r a n i u m  in t he  
m e l t  a f t e r  a n o d i z a t i o n  a n d  d e t e r m i n e d  t h a t  t h e  r e -  
ac t ion  p r o c e e d e d  b y  d i r ec t  e l ec t ron  loss r a t h e r  t h a n  
t h r o u g h  d i s so lu t ion  b y  anod ic  ch lor ine .  T h e i r  e s -  
t i m a t e  of t he  o x i d a t i o n  p o t e n t i a l  of UO2, c o m p a r e d  
to  a ch lo r ine  e lec t rode ,  was  0.57v. Hil l ,  Pe r an o ,  a n d  
O s t e r y o u n g  c o n d u c t e d  a p o l a r o g r a p h i c  i n v e s t i g a -  
t ion  of the  UO2(VI)  r educ t ion ,  also in  the  eu tec t i c  
LiC1-KC1 m e l t  (5) .  T h e y  f o u n d  t h a t  t he  p o l a r o -  
g r a p h i c  w a v e  d id  no t  con fo rm to a r e v e r s i b l e  t w o -  
e l ec t ron  process ,  b u t  t h a t  t h e r e  was  a l i n e a r  r e l a -  
t i onsh ip  b e t w e e n  w a v e  h e i g h t  and  UO2(VI )  con-  
cen t r a t ion .  T h e y  p l a t e d  UO2 on t h e  m i c r o e l e c t r o d e  
and  m e a s u r e d  t h e  o p e n - c i r c u i t  p o t e n t i a l  as  a f u n c -  
t ion  of concen t r a t ion .  The  d a t a  o b t a i n e d  in  th i s  
f a sh ion  d id  sugges t  a r e v e r s i b l e  t w o - e l e c t r o n  t r a n s -  
f e r  p rocess ,  a n d  t h e i r  e s t i m a t e  of t h e  emf  for  t he  

r e a c t i o n  was  close to t h a t  o b t a i n e d  b y  S m i r n o v  a n d  
I v a n o v s k y .  W i l k s  (6)  r e p o r t e d  a s t u d y  of the  r e a c -  
t ions  occu r r i ng  in  t he  UO2C12-KC1-NaC1 m e l t  w h i c h  
w o u l d  r e s u l t  in  s t o i ch iome t r i c  a n d  n o n s t o i c h i o m e t r i c  
UO2 depos i t s  on  e lec t ro lys i s .  He  sugges t ed  the  p r e s -  
ence of UO2(V)  to e x p l a i n  some of his  obse rva t ions .  

I n  th i s  l a b o r a t o r y ,  t he  e l ec t rode  r e a c t i o n  m e c h -  
a n i s m  and  d i f fus ion  p r o p e r t i e s  h a v e  been  s t ud i ed  b y  
c h r o n o p o t e n t i o m e t r i c  a n d  e l e c t r o d e  i m p e d a n c e  
m e a s u r e m e n t  t echn iques .  T h e  s tud ies  c a r r i e d  ou t  
to da t e  w i t h  NaC1-KC1 so lu t ions  of UO2C12 a r e  p r e -  
s en t ed  in th i s  p a p e r .  

Experimental 
Sotutions.--UO2(VI) so lu t ions  w e r e  p r e p a r e d  b y  

a d d i n g  w e i g h e d  a m o u n t s  of Cs2UO2C14 (7) to  a 
w e i g h e d  e q u i m o l a r  m i x t u r e  of r e a g e n t  g r a d e  NaC1 
a n d  KC1 ( rap  ---- ca. 670~ D r y  ch lo r ine  w a s  pa s sed  
t h r o u g h  t h e  m i x t u r e  w h i l e  i t  m e l t e d  and  for  30 
ra in  t h e r e a f t e r .  D r y  h e l i u m  w a s  t h e n  p a s s e d  t h r o u g h  
the  m e l t  for  30 mi l l  to r e m o v e  t h e  ch lo r ine .  This  
p roc e du re ,  i n i t i a l l y  d e s c r i b e d  b y  M a r i c l e  a n d  H u m e  
(8) ,  was  f o u n d  to a d e q u a t e l y  " d r y "  t he  mel t s .  S o l u -  
t ions  of UO2(VI )  can  a lso  be  p r e p a r e d  b y  r e a c t i n g  
ch lo r ine  w i t h  U~Os d i s p e r s e d  in  t h e  NaC1-KC1 mel t .  
This  is a u s e f u l  m e t h o d  for  t h e  m o r e  c o n c e n t r a t e d  
solut ions .  

A t  t he  t e m p e r a t u r e  of t he se  s tud ies  (716~ the  
color  of t h e  so lu t ions  was  o b s e r v e d  to v a r y  f r o m  
a l i g h t  s t r a w  color  t h r o u g h  an  o r ange  to  a deep  
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r e d  as t he  c o n c e n t r a t i o n  i n c r e a s e d  a n d  the  c h a r g e  
t r a n s f e r  b a n d  sh i f ted .  

Cell and electrodes.--The cel l  b o d y  was  a 28 b y  
5.2 cm q u a r t z  t es t  tube ,  w i t h  t he  t op  f langed  and  
g r o u n d  fiat  to p r o v i d e  a sea l  w i t h  t he  l id.  The  l id  
was  m a d e  of l a v i t e  and  d r i l l e d  to accep t  s t a n d a r d  
t a p e r  jo in ts .  The  e lec t rodes ,  t h e r m o c o u p l e  wel l ,  a n d  
gas  in le t s  and  ex i t  w e r e  a l l  f i t ted  w i t h  s t a n d a r d  
t a p e r  jo in t s  so t h a t  a s ea l ed  s y s t e m  was  p r o v i d e d .  
The  gas  ex i t  was  c o n n e c t e d  to a b u b b l e r  to p r o t e c t  
the  so lu t ion  f r o m  the  a t m o s p h e r e .  

The  c o u n t e r e l e c t r o d e  was  e i t he r  a 1/4 or  Ys in. spec -  
t r o g r a p h i c  g r a p h i t e  rod  12 in. long,  and  was  in -  
s e r t ed  into  a c o m p a r t m e n t  i so l a t ed  f r o m  the  m a i n  
b o d y  of t he  m e l t  b y  a s i n t e r e d  q u a r t z  disk.  T h e  
ca thodes  for  t he  c h r o n o p o t e n t i o m e t r i c  e x p e r i m e n t s  
we re  m a d e  f r o m  p l a t i n u m  foi l  s p o t - w e l d e d  to fine 
p l a t i n u m  wire .  The  m e a s u r e d  p r o j e c t e d  a r e a s  of 
these  e l ec t rodes  w e r e  f r o m  0.66 to 2.11 cm 2. The  
m i c r o e l e c t r o d e s  for  t he  i m p e d a n c e  ( a n d  p o l a r o -  
g r a p h i c )  m e a s u r e m e n t s  w e r e  m a d e  b y  sea l ing  31 
gauge  p l a t i n u m  w i r e  in to  J e n a  S u p r e m a x  glass  t u b -  
ing  w h i c h  was  sea l ed  to a P y r e x  s t a n d a r d  t a p e r  
jo in t .  The  p l a t i n u m  w i r e  was  t h e n  fused  to a s y m -  
m e t r i c a l  s p h e r e  n e x t  to t h e  S u p r e m a x  seal.  No i m -  
p e r f e c t i o n s  on t h e  su r f ace  of t h e  p l a t i n u m  w e r e  
no ted  b y  a mic roscop ic  inspec t ion .  The  m e a s u r e d  
p r o j e c t e d  a r eas  for  t he se  e l ec t rodes  w e r e  f r o m  1 to 
3 m m  2. The  r e f e r e n c e  e l e c t r o d e  was  a A g / A g C 1  
(1M in NaC1-KC1) h a l f - c e l l  s e p a r a t e d  f r o m  the  
UO2(VI)  so lu t ion  b y  a S u p r e m a x  glass  m e m b r a n e  
as d e s c r i b e d  b y  L i t t l e w o o d  (9) .  

Furnace and controls.--The t e m p e r a t u r e  for  
these  e x p e r i m e n t s  was  m a i n t a i n e d  at  716~ b y  
use  of a ve r t i ca l ,  n i c h r o m e  w i r e - w o u n d  r e s i s t ance  
f u r n a c e  con t ro l l ed  b y  a M i n n e a p o l i s - H o n e y w e l l  
P y r - O - V a n e  i n d i c a t i n g  m i l l i v o l t m e t e r .  The  t e m -  
p e r a t u r e  of the  solu t ion ,  as m e a s u r e d  b y  an a l u m e l -  
c h r o m e l  t h e r m o c o u p l e ,  cyc led  1.6~ ove r  a b o u t  1 hr .  
A s tee l  c y l i n d e r  was  p l a c e d  a r o u n d  the  cel l  in  t he  
f u r n a c e  to g r o u n d  the  s igna l  f rom the  wind ings .  

Ins truments . - -The  c o n v e n t i o n a l  c h r o n o p o t e n t i o m -  
e t e r  c i rcu i t  was  used  (10) .  C o n s t a n t  c u r r e n t  v a l u e s  
f r o m  2 to  40 m a  w e r e  p r o v i d e d  b y  swi t ch ing  b a l l a s t  
res i s tors ,  and  w e r e  d e t e r m i n e d  b y  m e a s u r i n g  t h e  
IR  d rop  across  s t a n d a r d  res i s tors .  A P h i l b r i c k  
R-100B p o w e r  s u p p l y  w a s  u sed  as  t he  c u r r e n t  
source.  A H e i l a n d  906C Vi s i co rde r  w i t h  a M1650 
g a l v a n o m e t e r  was  used  to r e c o r d  the  c h r o n o p o t e n -  
t i og rams .  The  s igna l  f r o m  the  r e f e r e n c e  e l e c t r o d e  
a n d  ca thode  was  ampl i f i ed  us ing  a P h i l b r i c k  K - 2 W  
p l u g - i n  ampl i f ie r ,  a n d  a two  t r a n s i s t o r  s t age  a m p l i -  
f ier  to d r i v e  t h e  g a l v a n o m e t e r  of t he  Vis ico rde r .  
This  a r r a n g e m e n t  a l l o w e d  d i r ec t  r e c o r d i n g  of 
c h r o n o p o t e n t i o g r a m s  w i t h  t r a n s i t i o n  t imes  d o w n  to 
less  t h a n  10 msec.  The  p o l a r o g r a p h i c  s tud ies  w e r e  
m a d e  us ing  a S a r g e n t  X X I  modi f ied  for  c o n t r o l l e d  
p o t e n t i a l  p o l a r o g r a p h y ,  a n d  the  A n o t r o l  4100 p o -  
t e n t i o s t a t  fo r  t he  h igh  p o l a r i z a t i o n  ra tes .  

The  b r i d g e  used  for  t he  i m p e d a n c e  m e a s u r e m e n t s  
was  s i m i l a r  to t he  one d e s c r i b e d  b y  L a i t i n e n  and  
c o - w o r k e r s  (11, 12).  A H e w l e t t - P a c k a r d  200 CD 
s igna l  g e n e r a t o r  was  u sed  to s u p p l y  the  a - c  s ignal .  
This  s igna l  was  ampl i f i ed  b y  a f i l t e red  P h i l b r i c k  
U S A - 3  M3 ampl i f i e r  a n d  fed  to an  osc i l loscope  to 

de t ec t  b r i d g e  ba l ance .  The  p e a k  to p e a k  p o t e n t i a l  of 
the  a - c  s igna l  was  4 to 6 inv.  

Results and Discussion 
T h e r e  a r e  s e v e r a l  p a t h s  w h i c h  the  c a thode  r e a c -  

t ion could  fo l low to p r o d u c e  UO2. The  fo l lowing  
t h r e e  a re  the  mos t  obv ious  a n d  l i k e l y  

UO2(VI)  -t- 2 e -  = UOe(s )  [1]  

UO2(VI)  q- e -  ---- U O e ( V )  [ I I ]  
UO2(V)  = 1/9_ UO2(VI)  + Yz UO2(s)  

UO2(VI)  -t- e -  ---- UO2(V)  [ I I I ]  
UO2(V)  + e -  = UO2(s)  

S e v e r a l  t e c hn ique s  a r e  k n o w n  to be  u se fu l  in 
e l u c i d a t i n g  e l ec t rode  r e a c t i o n  m e c h a n i s m s ,  k ine t i c  
p a r a m e t e r s ,  a n d  di f fus ion p r o p e r t i e s  for  sys t ems  of 
th is  type .  E l e c t r o d e  p o l a r i z a t i o n  t echn iques  such  as 
c h r o n o p o t e n t i o m e t r y  and  p o l a r o g r a p h y  h a v e  been  
w i d e l y  u t i l i zed  for  the  s t u d y  of e l ec t rode  r eac t i ons  
and  the  d i f fus ion p r o p e r t i e s  of the  e l e c t r o l y z e d  ion. 
E l e c t r o d e  i m p e d a n c e  m e a s u r e m e n t s  h a v e  been  
s h o w n  to be  v e r y  sens i t ive  to  t h e  e l ec t ron  t r a n s f e r  
p rocess  and  h a v e  been  used  to e s t i m a t e  k ine t i c  
p a r a m e t e r s  for  t h e  e l e c t r o d e  reac t ion .  

Chronopotentiemetry and polarography.--It  was  
f o u n d  t ha t  p o l a r o g r a p h y  could  no t  be used  to s t u d y  
th is  p a r t i c u l a r  e l ec t rode  reac t ion .  U r a n i u m  d i o x i d e  
is c onduc t i ve  in t he  t e m p e r a t u r e  r a n g e  used,  and  
the  depos i t  f r o m  d i l u t e  UO2(VI )  so lu t ions  is d e n -  
d r i t i c  w i t h  m u c h  b r a nc h ing .  Thus ,  t he  su r f a c e  a r e a  
of t he  m i c r o e l e c t r o d e  c h a n g e d  c o n s i d e r a b l y  ( m o r e  
so t h a n  for  mos t  m e t a l  depos i t ions  r e p o r t e d  in  t h e  
l i t e r a t u r e )  a n d  a w e l l - d e f i n e d  di f fus ion p l a t e a u  was  
no t  g e n e r a l l y  o b s e r v e d  a t  c o n v e n t i o n a l  p o l a r i z a t i o n  
r a t e s  (0.22 v / m i n  or  l e s s ) .  P o l a r o g r a m s  o b t a i n e d  at  
g r e a t e r  p o l a r i z a t i o n  r a t e s  (3 to 6 v / r a i n )  a r e  s o m e -  
w h a t  b e t t e r  def ined  b u t  cou ld  no t  be  a n a l y z e d  q u a n -  
t i t a t i v e l y .  B e t t e r  def ined  p o l a r o g r a m s  can  a lso  be  
o b t a i n e d  for  l o w e r  t e m p e r a t u r e  so lve n t  sy s t ems  in 
w h i c h  the  c o n d u c t i v i t y  of t h e  UOe is less s ignif icant .  
C h r o n o p o t e n t i o m e t r y  wi l l  y i e l d  t he  s ame  i n f o r -  
m a t i o n  as  p o l a r o g r a p h y ,  a n d  indeed ,  L a i t i n e n  a n d  
F e r g u s o n  (13) f o u n d  the  t h e o r e t i c a l  r e l a t i o n s h i p  
b e t w e e n  t r a n s i t i o n  t i m e  a n d  c u r r e n t  to  ho ld  fo r  
m e t a l  depos i t ions .  I t  has  t h e  a d v a n t a g e  o v e r  p o l a r -  
o g r a p h y  t h a t  a c o m p a r a t i v e l y  l a r g e  e l e c t r o d e  is 
used,  a n d  the  e l ec t ro lys i s  t i m e  is shor t  e n o u g h  t h a t  
t he  su r f ace  a r e a  r e m a i n s  e f fec t ive ly  cons tan t .  

The  t i m e - c u r r e n t  r e l a t i o n s h i p  a t  cons t an t  c u r r e n t  
for  an  e l e c t r o d e  process  w i t h  s e mi - i n f i n i t e  l i n e a r  
d i f fus ion  con t ro l  has  been  s h o w n  to be  (10) 

iorl/S --  1/2 nFD1/2 ~i/~ C [1]  

w h e r e  io is c u r r e n t  d e n s i t y  ( a m p  c m - 2 ) ,  r is t he  
t r a n s i t i o n  t ime  ( sec ) ,  C is t he  c o n c e n t r a t i o n  of t he  
r e d u c i b l e  ion (moles  c m - a ) ,  D is the  d i f fus ion  co-  
efficient  (cm 2 s e c - 1 ) ,  and  t h e  r e m a i n i n g  t e r m s  h a v e  
t h e i r  u s u a l  s ignif icance.  F r o m  th is  e q u a t i o n  i t  is 
seen  t h a t  if  the  r e a c t i o n  is d i f fus ion  c o n t r o l l e d  the  
p roduc t ,  iov 1/2, r e m a i n s  cons t an t  for  a g iven  concen -  
t r a t i o n  as  t he  c u r r e n t  is va r i ed ,  and  t h a t  D can  be  
o b t a i n e d  f rom the  s lope  of a p lo t  of t he  p r o d u c t  vs. 
concen t r a t ion .  
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Fig. 1. Chronopotentiogroms for the reduction of 5.0 mM U02 
(Yl )  at 2.89 (curve I) and 9.92 x 10 - 3  amp cm - 2  (curve II ,  L.H. 
axis), and of the pure melt at  2.89 x 10 - 3  amp cm - 2  (curve 
I I I ) .  Potentials are referred to the Ag/AgCI  ( lm)  half-celh 

Typica l  ch ronopo ten t iog rams  for the r educ t ion  of 
UO2(VI)  in  the  KC1-NaC1 me l t  and  one for the  
b l a n k  are shown  in  Fig. 1. The po ten t i a l  overshoot ,  
which  divides  the  r educ t ion  waves  in to  two parts ,  
is p r o b a b l y  an  overvo l tage  effect. The  ex t en t  of the  
overshoot increases with increasing current density 
and decreasing UO2(VI) concentration. It is less 
on graphite than on platinum and there is no over- 
shoot on an electrode previously covered with UO2, 
which could explain the return of the potential to 
that typical for the UO2 deposition. The first por- 
tion of the curve has the appearance expected for 
a r educ t ion  to a so luble  product ,  whi le  the second 
por t ion  has the  appea rance  expec ted  for a solid 
product .  The two par t s  of the wave  are n e v e r  suffi- 
c ien t ly  resolved to d e t e r m i n e  the  t r a n s i t i o n  t ime  
accura te ly  for each; howeve r  the  ra t io  of the  two 
t r a n s i t i o n  t imes  approaches  1:3 as the  reso lu t ion  is 
improved .  Such  an  i m p r o v e m e n t  is accompl ished 
for curves  h a v i n g  the  greates t  po ten t i a l  overshoot  
and  for those ob ta ined  us ing  the  lower  c o n c e n t r a -  
t ions of UOe(VI) .  For  example ,  ra t ios  for 3.3 x 
10-3M UO2(VI)  were  1:3 at  9.7 amp cm -2 and  1:4.6 
at 1.9 amp cm -2, and  for 8.3 x 10-3M UO2(VI)  the  
ra t io  was  1:3.6 at 9.7 amp cm -2. A ra t io  of 1:3 
would  be expected  for two successive one -e l ec t ron  
reduc t ions  f rom Eq. [2] (10).  The ioz 1/2 p roduc t  for 
the  to ta l  t r a n s i t i o n  t ime  is cons tan t  w i th  change  
in  io w i t h i n  e x p e r i m e n t a l  e r ro r  ( <  • 2 .5%) as 
shown in  Tab le  I; thus  the  ove r - a l l  e lectrode reac -  
t ion  is diffusion control led .  

Table I. Chronopotentiometric data for the reduction of 

5.0 x 1 0 - S M  UO2(VI)  in molten KCI-NaCI  at  716~ 

io~/s, 
i o ,  a m p  c m  s • 103  a m p  s e c l / s  c m - S  • 1 0  z 

14.5 3.95 
9.92 3.94 
4.73 3.85 
2.89 3.81 
1.92 3.94 

i 

(l Ol 

0.00 

O 

I I I I I E I .. . .  I 
-L2  -1.0 -0.8 -0.6 -0.4 -0.2 O 0.2 

k t 1/2 / 

Fig. 2. Potential of the cathode [vs. the Ag/AgCI  ( lm)  refer- 
ence] as a function of the log term in Eq. [3 ]  for the initial 
portion of a chronopotentiogram of 3.3 mM UO2(VI)  at  4.72 x 
10 - 3  amp cm - 2 .  

A n  ana lys i s  of the  first pa r t  of the w a v e  can be 
made  u t i l i z ing  Eq. [3],  which  re la tes  the  po ten t i a l  
and  t ime  for a reac t ion  w i t h  a soluble  p roduc t  (10) 

R T  ~11/2 --  t 1/2 
E = E1/4 Jr n F  In t 1/2 [3] 

where  t is the  t ime  (sec) at which  the  e lect rode is 
at a po t en t i a l  E (v ) ,  El/4 is the  charac ter i s t ic  q u a r -  
t e r - w a v e  potent ia l ,  ~1 is the  t r a n s i t i o n  t ime  (sec) 
of the  first p a r t  of the  w a v e  as d e t e r m i n e d  b y  d iv id -  
ing the  tota l  t r a n s i t i o n  t ime  b y  4, a nd  the  r e m a i n i n g  
t e rms  have  the i r  u sua l  significance. Values  of n de-  
t e r m i n e d  f rom four  e x p e r i m e n t s  va r i ed  f rom 0.89 to 
0.99 as ca lcu la ted  f rom the  slope of the  E vs .  log 
t e r m  plot  as shown  in  Fig. 2. A comparab le  t r e a t -  
m e n t  of the  second por t ion  of t he  w a v e  is no t  pos-  
sible because  of its shape. 

The diffusion coefficient for UOe(VI)  was  cal-  
cu la ted  f rom Fig. 3 and  Eq. [1] to be 2.2 x 10 -5 cm 2 
sec -1. This compares  to va lues  of 7.0 x 10 -5, 2.3 x 
10 -5, 4.5 x 10 -5, 1.4 x 10 -5, a nd  3.7 x 10 -5 cm 2 sec -1 
for Pb(ll), Zn(ll), Ag(1), Ni(II), and Cd(II), re- 
spectively, as determined by Delimarskii and co- 
workers (14) for the equimolar KCI-NaC1 melt at 
710~ The data at concentrations greater than 
6 x 10-3M were reproducible only under exacting 
conditions (each data point in Fig. 3 is an aver- 
age of two or more experiments with reproduci- 

10 

% 
v 
= 5 

J. 
, o  

D 
5 I0 

C x 106, moles cm-3 

Fig. 3. The io T 1/2 product as a function of the UO2(VI)  con- 
centration. 
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bi l i ty  be t te r  than 5%) .  Considerable  care was r e -  
quired to exclude traces of air  or moisture,  o ther -  
wise a scat ter  of the ioz 1/2 values was obtained,  a l -  
though the react ion appeared  to be diffusion con- 
t ro l led  in each case. I t  has been the exper ience  at  
this l abora to ry  tha t  the na tu re  of the UO2 crys ta l  
growth is sensi t ive to the condit ion of the melt.  Also, 
it may  be tha t  at  h igher  concentrat ions the growth  of 
the UO2 deposit  may  signif icantly a l t e r  the e lectrode 
area, which would resul t  in large  ca lcula ted  values  
of iov 1/2, and thus an increase in slope. Then, if there  
were  changes in the mel t  condit ion in the high con- 
cent ra t ion  range,  the differences in the UO2 could be 
significant, and i r reproduc ib le  resul ts  obtained.  For  
this  reason it is assumed tha t  the increased slope 
for  the h igher  concentrat ions p robab ly  does not  r e -  
flect the  t rue  diffusion proper t ies  of UO~(VI).  

Impedance Measurements.--Recently severa l  in-  
vest igat ions of the electrode impedance  at  solid 
electrodes in mol ten  salt  solutions have been re -  
por ted  (11, 12, 15). Est imates  of k inet ic  pa rame te r s  
of electrode react ions were  obtained using Eq. [4] 
and [5] (16) 

A a r  - -  - -  ~- [4] 
n2F2C ~ 

A RT ( 2 ~ 1/~ 
~ C ~  - n 2 F 2 C  \"-~-/ [5] 

In these equations,  C and D are the geometr ic  means  
of the concentra t ion (moles cm -3) and diffusion 
coefficients of the reac tan t  and product  ions, co is the 
angular  f requency (cps) of the a l t e rna t ing  current ,  
A is the e lectrode area  (cme), k is the heterogeneous 
ra te  constant  (cm sec-1) ,  Cr and Rr are the capaci -  
tance and resis t ive components  of the faradaic  im-  
pedance, and the remain ing  te rms have thei r  usual  
significance. By plot t ing ARt  and A/~Cr vs. ~-z/2, 
two s t ra ight  and para l l e l  lines are  obta ined wi th  the 
capaci tance component  passing th rough  the origin. 
Their  difference is given by  subt rac t ing  Eq. [5] 
f rom [4] to give Eq. [6] 

A RT 1 
d R r - -  r = n2F2C " - k  [6] 

The ra te  constant  can then be calcula ted f rom this 
difference. The pseudo capaci ty  is shown as a func-  
t ion of cathode polar izat ion,  as wel l  as f requency,  in 
Fig. 4. The symmet r ic  first peak  corresponds to 
wha t  is expected for a react ion wi th  a soluble p rod -  
uct. The potent ia l  of the first peak  is independent  
of the concentra t ion whi le  tha t  of the second peak  
is concent ra t ion-dependent .  This re la t ionship  would  
be expected for  react ions wi th  soluble and insoluble 
products,  respect ively.  The reduct ion potent ia ls  a t  
these two peaks become closer as the concentra t ion 
increases to about O.03M at which point  the two 
pseudo capaci ty  peaks  are not dis t inguishable .  The 
change in the potent ia l  a t  the b reak  of the second 
peak  as a function of log [UO2(VI)]  is shown in 
Fig. 5. The curved l ine corresponds to values of n 
be tween  0.8 and 1.1, increasing as the concent ra-  
t ion increases. 

The m a x i m u m  value  of the first capaci tance peak  
was reproducible ,  but  it  could not be de te rmined  

5 - -  

3 - -  

, I I I 
0,4 1 3  0.2 

r volts 

Fig. 4. Pseudo capacity at the Pt microelectrode for the reduc- 
tion of 10 mM UO2(VI) and the residual pseudo capacity for the 
pure melt as a function of cathode potential [vs. the Ag/AgC[ 
(lm) reference]. 
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Fig. 5. Potential of the second pseudo capacity peak as a func- 
tion of the log of the UO2(VI) concentration. Potentials are 
referred to the Ag/AgCI (lm) half-celh 

for the second peak.  In addi t ion the res is tance com- 
ponent  did not go through a min imum at the po-  
ten t ia l  of the second capaci tance peak  as had been 
expected.  This may  have been caused by  the de-  
posit ion of the UO2 which resul ted  in an increase  of 
the resistance,  in effect cancell ing the  expected  min i -  
mum. Thus, only the ra te  constant  for the electrode 
react ion corresponding to the first peak  could be 
est imated.  Values of Cr and Rr were  ca lcula ted  f rom 
the gross electrode impedance  de te rmined  f rom the 
br idge  measurements  as descr ibed by  La i t inen  and 
Randles  (17). The impedance  components  ARr and 
A/~Cr (solid l ines) a re  shown as a funct ion of ~-~/2 
in Fig. 6, but  the  two lines are  not pa ra l l e l  nor does 
the capaci tance component  pass through the origin 
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Fig. 6. Uncorrected A/o)Cr and ARr data (solid lines) and the 
corrected data (dashed lines) as a function of (0 -1 /2  for the 
reduction of 6.7 mM UOs(VI). 

as defined by  Eq. [4],  [5], and [6]. This depa r tu re  
from theory  has been expla ined  by  Lai t inen  and co- 
workers  (12, 17) as being caused by  adsorpt ion  of 
the reducible  ion on the electrode surface. In te rms 
of an equiva lent  circuit,  this  would inser t  a series 
capaci tance and  resistance,  Ca and R~, in para l l e l  
wi th  Cr and Rr. Those authors  were  able to make  
a r b i t r a r y  selections of Ca and R~ and calcula te  cor-  
rected Cr and Rr values  which would  fit the  equa-  
tions. This technique was used in the  present  work  
to correct  the  da ta  as shown by the dashed lines in 
Fig. 6. Unfor tunate ly ,  this technique was found to 
be somewhat  insensi t ive wi th  the  resul t  t ha t  p re -  
cise correct ions could not be made,  and there  was 
ra the r  large  var iance  in the value  of k as calculated 
for the var ious  exper iments .  The best  ra te  constant  
as de te rmined  f rom severa l  concentrat ions was es- 
t ima ted  to be 2 --- 1 cm sec -z. 

Reaction o~ UO2 wi th  a UO2(VI) solut ion.--The 
electrode potent ia ls  of the  two reduct ion steps as 
seen in Fig. 1 and 4 a re  such tha t  the  react ion 

UO2(VI) + UO2 = 2UO2(V) [ IV]  

might  be expected to occur. To test  this, an excess of 
powdered  stoichiometric  UO2 was added to a 3.3 x 
10-3M UO2(VI) solution, and  s t i r red  for about  2 hr  
wi th  helium. The color of the solution changed f rom 
l ight  orange to a l ight  b rown color dur ing  this time. 
Cathodic and anodic chronopotent iograms (using a 
pyro ly t ic  g raphi te  e lectrode)  of the  resul t ing  solution 
are shown in Fig. 7. A reduct ion wave  corresponding 
to the deposit ion of UO~ and an oxida t ion  wave  not 
occurr ing for UO2 (VI) or U (IV) solutions were  ob-  
served. This would suggest  tha t  react ion [IV] did 
t ake  place. 1 An analysis  of the anodic wave  using 
Eq. [3] is shown in Fig. 8. Values of n calculated in 
this fashion var ied  f rom 0.9 to 1.4. The anodic 
t rans i t ion  t ime is s l ight ly  less than  the cathodic be-  

z Recent ly ,  spec t rophotomet r ic  ev idence  for  t he  p r e s e n c e  of 
UO2 (V) in  mol ten  s a l t  s o l u t i o n s  h a s  b e e n  obta ined by  M. D. A d a m s  
(18) at  the  A r g o n n e  Nat ional  Labora to ry  and  by  J .  L. Swanson  (19) 

at  this laboratory.  Addi t iona l  ev idence  was  obtained fo r  reaction 
[IV] in t h e  l a t t e r  work .  
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Fig. 7. Anodic and cathodic chronopotentiogram$ of approxi- 
mately 7 m M  U O 2 ( V )  a t  a pyrolytic graphite electrode. The 
current density is unknown, and potentials are referred to the 
Ag/AgCI (lm) half-cell. 
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Fig. 8. Potential of the graphite electrode [vs. the Ag/AgCI 
(lm) reference] for an anodic chronopotentiogram of UO~(V) 
as a function of the log term in Eq. 1"3]. 

cause of the presence of a smal l  amount  of un re -  
duced UO2 (VI) .  

C o n c l u s i o n s  
At the s tar t  of this  inves t igat ion react ion [ I ]  a p -  

peared  to be the most  p robab le  path,  since reac-  
tions [ I I ]  and [ I I I ]  postula te  a UO2(V) in te rmedia te  
which had not been shown to exist  in mol ten  chloride 
solutions. A fu r the r  object ion to acceptance of re -  
action [II]  is tha t  UO2 produced b y  this mechanism 
would not be expected to adhere  to the cathode. 
The chronopotent iometr ic  and the electrode imped-  
ance data,  however ,  suppor t  the th i rd  mechanism 
(react ion [ I I I ] ) .  The analysis  of the first pa r t  of the 
chronopoten t iogram showed a one-e lec t ron  t rans fe r  
process, and the s y m m e t r y  of the  first pseudo ca-  
pac i ty  peak  is typ ica l  for  a reduct ion to give a 
soluble product ,  i.e., the reduct ion of UO2(VI) to 
UO2(V). The change in potent ia l  of the second 
pseudo capaci ty  peak  as a function of concentra t ion 
showed a one-e lec t ron  t ransfe r  process, and the 
shape of the  second pa r t  of the  chronopotent iogram 
and the second pseudo capaci ty  peak  are  typica l  of 
a reduct ion wi th  an insoluble product ,  i.e., the re -  
duct ion of UO2(V) to UO2(s).  F u r t h e r  confirmation 
of this mechanism was given by  the reduct ion of 
UO2(VI) by  UO2 to yie ld  a s table  solution having 
proper t ies  consistent wi th  a UO2(V) solution. 

The react ion was shown to be diffusion controlled.  
This is not surpris ing,  since the U-O bonds are  not 
broken in the reduction.  The ra te  constant  for  the 
reduct ion of UO2(VI) to UO2(V) is qui te  large,  
which may  be one reason for the insens i t iv i ty  of the  
impedance  technique.  More refined techniques such 
as the pulse and faradaic  rectif ication methods for 
de te rmin ing  kinet ic  pa rame te r s  wil l  be used for 
comparison. 
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Technical Note 

The Effect of Pressure on the 
Conductivity of Battery Electrolytes 

R. A. Horne, W. J. Bannon, E. Sullivan, and G. R. Frysinger 

Arthur D. Little, Inc., Acorn Park, Cambridge, Massachusetts 

The  e l ec t r i c a l  c o n d u c t a n c e s  of b a t t e r y  e l e c t r o l y t e s  
have  been  m e a s u r e d  a t  one a t m o s p h e r e  and  of r e l a -  
t i v e l y  d i l u t e  so lu t ions  of o the r  e l e c t r o l y t e s  a t  e l e -  
v a t e d  p r e s s u r e s  (1 ) ,  b u t  i n a d e q u a t e  i n f o r m a t i o n  
ex i s t s  conce rn ing  the  effect  of p r e s s u r e  on the  e l ec -  
t r i c a l  c o n d u c t a n c e  of  b a t t e r y  e l e c t r o l y t e s  such  as 
c o n c e n t r a t e d  K O H  and  H2SO4 solu t ions .  

The  h i g h - p r e s s u r e  e q u i p m e n t ,  c o n d u c t i v i t y  b r idge ,  
t h e r m o s t a t i c  ba th ,  cons t ruc t i on  of the  c o n d u c t i v i t y  
cells,  and  m e a s u r i n g  t echn iques  h a v e  b e e n  d e s c r i b e d  
in  g r e a t e r  d e t a i l  in  an  e a r l i e r  p a p e r  (2 ) .  

C o n c e n t r a t e d  aqueous  p o t a s s i u m  h y d r o x i d e  is 
u sed  as the  e l e c t r o l y t e  in  a n u m b e r  of b a t t e r i e s  i n -  
c l ud ing  the  Edison,  n i c k e l - c a d m i u m ,  s i l ve r - z inc ,  
s i l v e r - c a d m i u m ,  s i l v e r - l e a d ,  and  z i n c - m e r c u r y  cells .  
The  effect  of  h y d r o s t a t i c  p r e s s u r e  on the  specific 
e l e c t r i c a l  c o n d u c t a n c e  of 3.56M K O H  is s h o w n  in 
Fig .  1. T h e  m o l a r  c o n d u c t a n c e  of K O H  at  18~ a n d  
1 a t m  b a s e d  on i n t e r p o l a t i o n  of ou r  d a t a  is in  a g r e e -  
m e n t  to w i t h i n  1.5% w i t h  va lue s  o b t a i n e d  b y  i n t e r -  
p o l a t i o n  of I n t e r n a t i o n a l  Cr i t i ca l  Tab l e s  da ta .  In  
gene ra l ,  t h e  specific conduc t ance  of a s t r ong  e l e c t r o -  
l y re  f irst  i nc reases  and  t h e n  dec reases  w i t h  i n c r e a s -  
ing  p r e s s u r e  (3)  ; t he  l a t t e r  is due  to  t he  i n c r e a s i n g  
v i scos i ty  of t he  solvent .  In  t h e  case  of K O H  th i s  
dec rea se  is m u c h  less  p r o n o u n c e d  t h a n  for  sal ts ,  a 
f ac t  i l l u s t r a t e d  b y  Fig .  1 a n d  b y  the  r e s u l t s  of 
H a m a n n  and  S t r aus s  (3) .  The  c o n d u c t a n c e  of O H -  
is g r e a t e r  t h a n  t h a t  of s i m i l a r l y  s ized  anions ,  and  

t h e  p rocess  w h i c h  g ives  r i s e  to  th i s  a n o m a l o u s  m o -  
b i l i t y  is a p p a r e n t l y  e n h a n c e d  b y  p r e s su re .  

P ro tons  (HjO + ) e x h i b i t  an  a n o m a l o u s  m o b i l i t y  
c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  of O H -  ions.  H i l cke l  
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Fig. 1. Effect of pressure on the specific conductance of a 
3.56M KOH solution. 
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Fig. 2. Effect of pressure on the specific conductance of o 1.55M 
H2S04 solution. 

(4)  a t t r i b u t e d  th is  p h e n o m e n o n  to p r o t o n  j u m p s  
b e t w e e n  a d j a c e n t  w a t e r  mo lecu l e s  ( the  G r o t t h u s s  
m e c h a n i s m ) .  H a m a n n  (5)  has  s u g g e s t e d  t h a t  p r e s -  
su re  m i g h t  f ac i l i t a t e  th is  p rocess  b y  o v e r c o m i n g  
the  r e p u l s i v e  e n e r g y  b e t w e e n  oxygens .  A n o t h e r  i m -  
p o r t a n t  c o n t r i b u t i o n  to t h e  r e l a t i v e l y  l a r g e  i n c r e a s e  
in  the  specif ic  c o n d u c t a n c e  of  1.55M H2SO~ so lu t ion  
w i t h  p r e s s u r e  (Fig .  2) is t h e  i n c r e a s e d  i on i za t i on  of 
b i s u l f a t e  ion. The  f irst  i on iza t ion  of H2SO4 is p r e -  
s u m a b l y  c o m p l e t e  

H2SO4 ~ H + + H S O 4 -  [1]  

b u t  t he  second  ion iza t ion  is w e a k  (6)  

H S O 4 - ~ H  + + S O 4  =, K =  0.095 a t  25~ [2]  

P r e s s u r e  is k n o w n  to i n c r e a s e  t h e  ion iza t ion  of 
w e a k  e l e c t r o l y t e s  a n d  to f a c i l i t a t e  t h e  d i s soc ia t ion  
of ionic  c o m p l e x e s  in to  f r ee  ions (7 ) .  

The  M g / A g C 1  a n d  Mg/Cu2C12 b a t t e r i e s  a r e  a c t i -  
v a t e d  b y  the  a d m i s s i o n  of sea  w a t e r  w h i c h  s e rves  as  
t h e  e l ec t ro ly t e .  I f  t h e  e l e c t r o l y t e  is no t  a l l o w e d  to 
f low c o n t i n u o u s l y  t h r o u g h  the  b a t t e r y  or  is r e -  
c i r cu la t ed ,  t he  MgC12 f o r m e d  b y  t h e  r e a c t i o n  is 
a d d e d  to  t he  e l ec t ro ly t e .  The  effect of p r e s s u r e  on 
the  e l e c t r i c a l  c o n d u c t i v i t y  of sea  w a t e r  has  b e e n  
s t u d i e d  b y  H a m o n  (8)  a n d  H o r n e  a n d  F r y s i n g e r  (2 ) .  

F i g u r e  3 shows  the  effect  of p r e s s u r e  on the  s p e -  
cific c o n d u c t a n c e  of a 0.25M MgC12 so lu t ion  a t  25.06 ~ 
_+0.05~ The  m a x i m u m  in th is  c u r v e  is t y p i c a l  of 
s t rong  e l ec t ro ly t e s .  F i g u r e  4 shows  t h e  effect  of 
p r e s s u r e  on the  specific c o n d u c t a n c e  of MgC12-NaC1 
solut ions .  
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The  a u t h o r s  w i sh  to  a c k n o w l e d g e  the  v a l u a b l e  a s -  
s i s t ance  of P r o f e s s o r  R. M. Fuoss  of Y a l e  U n i v e r s i t y  
a n d  Drs.  J .  H. B. G e o r g e  and  M. L. Vida le .  Th is  
w o r k  was  p a r t i a l l y  s u p p o r t e d  b y  t h e  B u r e a u  of 
Ships ,  D e p a r t m e n t  of t h e  N a v y  ( C o n t r a c t  N O b s r -  
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at  the New York  Meeting,  Sept.  29- Oct. 3, 1963. 
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A n y  discussion of this  pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  June  1964 JOUm~AL. 
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Discussion Section 
This  Discuss ion Sect ion  inc ludes  discuss ion of papers  appear ing  in 

the  JOURNAL of The  Elec t rochemica l  Society, VoL 109, No. l0 (Octo- 
ber  1962) and  VoI. 110, No. 3-6 ( M a r c h - J u n e  1963). Discussion not 
ava i lab le  for  th is  issue wi l l  appear  in the  Discuss ion  Sec t ion  of  the  
J u n e  1964 JOURNAL, 

Oxygen Transport and Reaction Rates 
at an Air-Depolarized Copper Cathode 

H. C. Weber, H. P. Meissner, and D. A. Sama 
(pp. 884-889, Vol. 109, No. 10) 

P. Herschl: I w i sh  to d r a w  a t t e n t i o n  to e x p e r i m e n t s  
w i t h  p a r t l y  e m e r g i n g  o x y g e n  c a t h o d e s  2 w h i c h  
I u n d e r t o o k  in v i e w  of  t h e i r  b e a r i n g  on c o r r o -  
sion, g a l v a n i c  o x y g e n  sensors ,  and  fue l  cells.  The  
e l ec t rodes  w e r e  of s i lver ,  n ickel ,  and  s t a in less  s tee l ;  
c o p p e r  was  no t  cons ide r ed  v e r y  s u i t a b l e  for  t he  
s t u d y  of t h e  t h r e e - p h a s e  b o u n d a r y  even t s  b e c a u s e  
of t h e  f o u r t h  ox ide  p h a s e  f o r m i n g  on t h e  a i r - e x -  
posed  por t ion .  The  e x p e r i m e n t s  r e v e a l e d  t h e  e x i s t -  
ence  a n d  p r i m e  i m p o r t a n c e  of an  o x y g e n - g a t h e r i n g  
zone on t h e  m e t a l  s u r f a c e  a d j a c e n t  to  b u t  no t  p a r t  of 
t he  meniscus .  U n d e r  a i r  th is  b a n d  has  a w i d t h  on 
the  o r d e r  of one m i l l i m e t e r  only ,  t h e r e f o r e  i t  is ea sy  
to over look .  I t  was  puzz l ing  to find, h o w e v e r ,  t h a t  
u n d e r  l ow p a r t i a l  p r e s s u r e s  of o x y g e n  the  b a n d  
w i d e n s  cons ide r ab ly ,  un t i l ,  a t  10 -5 a rm O2, p o r t i o n s  
of t h e  d ry ,  or  s e e m i n g l y  d ry ,  su r f ace  on  the  e m e r g -  
ing  m e t a l  s e v e r a l  c e n t i m e t e r s  a w a y  f r o m  the  m e n i s -  
cus s t i l l  c o n t r i b u t e  to  t h e  process .  I t  was  a n t i c i p a t e d  
t h a t  t he  d i s so lu t ion  of h y d r o g e n  a t  a p a r t l y  e m e r g -  
ing  p l a t i n u m  a n o d e  w o u l d  s i m i l a r l y  benef i t  f r o m  a 
h y d r o g e n - g a t h e r i n g  band .  This  was  r e c e n t l y  con-  
f i rmed  b y  F. G. Wi l l  for  P t /H2SO4 u n d e r  I arm. H2. s 

The  eff iciency of t h e  o x y g e n - g a t h e r i n g  zone d e -  
p e n d s  on the  n a t u r e  a n d  c o n c e n t r a t i o n  of t he  e l ec -  
t r o ly t e ,  and ,  m o r e  i m p o r t a n t ,  on the  n a t u r e  and  h i s -  
t o r y  of  t he  e m e r g i n g  me ta l .  The re fo re ,  "gas  d i f fu-  
s ion"  e l ec t rodes  c a n n o t  as a r u l e  be  l i m i t e d  b y  a 
t r a n s p o r t  process ,  l eas t  of  a l l  in  fue l  cel ls  w h i c h  a r e  
s u s c e p t i b l e  to  c a t a l y t i c  p r o m o t e r s .  The  ac t ive  b a n d  
r e n d e r s  t he  s u p p l y  of  o x y g e n  mo lecu l e s  so a b u n d a n t  
(mos t  p r o b a b l y  t h r o u g h  su r f ace  d i f fus ion) ,  t h a t  
i on iza t ion  becomes  l imi t i ng ,  even  u n d e r  v e r y  low 
p a r t i a l  p r e s s u r e s  of oxygen .  F u r t h e r ,  d i f fus ion 
t h r o u g h  t h e  b u l k  of  t he  men i scus  w e d g e  on a w e t -  
t a b l e  e l ec t rode ,  and  the  shape  of t he  meniscus ,  can  
on ly  be  of s e c o n d a r y  i m p o r t a n c e ,  s ince  t he  d r y  zone 
effect  is consp icuous  in a i r - d e p o l a r i z e d  porous  h y -  
d r o p h o b i c  c a r b o n  as i t  is in  po rous  h y d r o p h i l i c  s i l -  
v e r - b o t h  cease  to  w o r k  w h e n  s w a m p e d .  

F u r t h e r  in s igh t  i n to  t he  m e c h a n i s m  of p a r t l y  
e m e r g i n g  gas  e l e c t rodes  m i g h t  come  f r o m  p o l a r i z a -  
t ion  s tud ies  u n d e r  a t m o s p h e r e s  con t a in ing  the  e l ec -  
t r o m o t i v e  gas  in  h igh  d i lu t ion ,  w h e n  the  ac t ive  zone 
becomes  macroscop ic .  

l ~ e e k m a n  Ins t rumen t s ,  Inc.,  Scientffic & Process  I n s t r u m e n t s  
Div.,  2500 Harbo r  Blvd.,  Ful ler ton,  Calif. 

e Nature ,  180, 1407 (IS57); Cotton'/on TechnoI . ,  6, 293 (1959). 

s Th i s  Journal ,  110, 145 (1963). 

H. C. Weber, H. P. Meissner, and D. A. Sama: Dr. 
H e r s c h  2 d iscusses  e x p e r i m e n t s  w h i c h  a r e  p e r t i n e n t  
to ou r  i nves t i ga t i on ,  and  w e  r e g r e t  t h a t  th i s  w o r k  
d id  no t  come to our  a t t e n t i o n  be fo re  p u b l i c a t i o n  of 
ou r  pape r .  T h e r e  a p p e a r s  to be  a g r e e m e n t  b e t w e e n  
us  t h a t  o x y g e n  r e d u c t i o n  occurs  on a n a r r o w  zone of 
ac t ive  ca thode  a r e a  l y i n g  close to t he  meniscus ,  b u t  
c l i sagreement  as  to t he  r o u t e  o r  m e c h a n i s m  w h e r e b y  
o x y g e n  r eaches  th is  zone. A t  l ea s t  t h r e e  r o u t e s  a r e  
poss ib le :  

1. A d s o r p t i o n  of o x y g e n  on the  e l e c t r o d e  su r face  
p r o j e c t i n g  in to  gas  phase ,  f o l l o w e d  b y  m i g r a -  
t ion  of  t h e  a d s o r b e d  o x y g e n  a l o n g  the  s u r f ace  
to  t he  ac t ive  a rea .  

2. Reac t ion  a t  t he  t h r e e  phase  b o u n d a r y  l ine,  r e -  
s t r i c t ed  to  those  o x y g e n  molecu le s  r e a c h i n g  
th is  l ine.  

3. So lu t i on  of o x y g e n  in  t h e  e l e c t r o l y t e  a t  the  
meniscus ,  f o l l owed  b y  d i f fus ion  t h r o u g h  t h e  
l i qu id  to t h e  ac t ive  e l e c t r o d e  sur face .  

A t  an  o x y g e n  p a r t i a l  p r e s s u r e  of 0.2 arm, our  d a t a  
and  those  of Dr .  H e r s c h  a r e  s imi la r ,  b u t  i n t e r p r e t a -  
t ions  a r e  d i f fe ren t .  W e  c o n c l u d e d  t h a t  r o u t e  3 was  
p r e d o m i n a n t ,  b e c a u s e  w e  o b t a i n e d  e q u a l  c u r r e n t s  on 
e l ec t rodes  of t h r e e  d i f f e ren t  m e t a l s  w h e n  these  w e r e  
s u b m e r g e d  to an  equa l  de g re e ,  a n d  b e c a u s e  t he  c u r -  
r e n t  g e n e r a t e d  d id  no t  i nc rea se  s ign i f i can t ly  a f t e r  a 
t h r e e  phase  b o u n d a r y  l ine  d e v e l o p e d  as t h e s e  e lec -  
t r odes  w e r e  caused  to p r o j e c t  f u r t h e r  f r o m  solut ion .  
The  e x t e n t  to w h i c h  an  e l e c t r o d e  p r o j e c t e d  could  be  
obse rved ,  a t  l e a s t  in  t he  case  of t he  copper ,  b y  t h e  
v i s ib le  o x i d e  f i lm w h i c h  c ove re d  the  e x p o s e d  su r f ace  
d o w n  to t h e  t h r e e - p h a s e  b o u n d a r y  l ine.  W e  f u r t h e r  
conc luded  t h a t  t h e  ac t ive  zone was  a n a r r o w  b a n d  
l y i n g  s u b m e r g e d  j u s t  b e l o w  the  t h r e e  p h a s e  b o u n d -  
a r y  l ine,  c ove re d  b y  a t h in  f i lm of  t h e  m e n i s c u s  l i q -  
uid,  and  t ha t  t he  m a x i m u m  c u r r e n t  was  l i m i t e d  b y  
the  r a t e  of  o x y g e n  t r a n s p o r t  t h r o u g h  th i s  film. S u r -  
face  d i f fus ion of  o x y g e n  b y  r o u t e  1 a n d  r e a c t i o n  
at  the  t h r e e  p h a s e  b o u n d a r y  l ine  b y  r o u t e  2 m i g h t  
a lso  h a v e  been  o c c u r r i n g  s i m u l t a n e o u s l y ,  b u t  a p -  
p e a r e d  to m a k e  at  mos t  o n l y  a s m a l l  c o n t r i b u t i o n  to 
the  t o t a l  c u r r e n t  g e n e r a t e d .  

Dr.  H e r s c h  f o u n d  t h a t  a t  o x y g e n  p a r t i a l  p r e s s u r e s  
of 10 -a  arm, t he  g a l v a n i c  c u r r e n t  v a r i e d  w i t h  t he  
h e i g h t  to w h i c h  a p a r t i a l l y  s u b m e r g e d  e l ec t rode  
p r o j e c t e d  out  of so lu t ion ,  up  to 3 cm or  more ,  and  
so conc luded  t h a t  o x y g e n  t r a v e l l e d  b y  r o u t e  1 u n -  
d e r  these  condi t ions .  W e  h a v e  no t  e x p l o r e d  such  e x -  
t r e m e l y  low p a r t i a l  p r e s su re s ,  as t h e s e  do no t  occur  
in t y p i c a l  fue l  cel l  e lec t rodes .  H o w e v e r ,  t he  r a t e  
c o n t r o l l i n g  s t ep  in a mass  t r a n s f e r  p rocess  is s o m e -  
t imes  p r e s s u r e  d e p e n d e n t ,  so t ha t  r o u t e  1 m a y  be  
p r e d o m i n a n t  a t  l ow  p a r t i a l  p r e s s u r e s  a n d  r o u t e  3 
at  h i g h e r  p a r t i a l  p r e s su re s .  
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The  f ac t  t h a t  a " s w a m p e d "  po rous  gas  d i f fus ion 
t y p e  e l e c t r o d e  ceases  to  g e n e r a t e  c u r r e n t  w h e n  
o p e r a t e d  in  t h e  o r t h o d o x  f a sh ion  w i t h  s t a t i o n a r y  
e l e c t r o l y t e  in i ts  p o r e s  is of course  to  be  e x p e c t e d  if 
r o u t e  3 p r e d o m i n a t e s .  T h a t  is, t he  d i f fus iona l  
p a t h s  t h r o u g h  th is  s t a g n a n t  e l e c t r o l y t e  a r e  n o w  so 
long  t h a t  t he  q u a n t i t y  of o x y g e n  t r a n s f e r r e d  b e -  
comes  neg l ig ib le .  H o w e v e r ,  such  a s w a m p e d  e lec -  
t r o d e  can  be  m a d e  to  g e n e r a t e  c u r r e n t  i m m e d i a t e l y  
b y  caus ing  e l e c t r o l y t e  con t a in ing  d i s so lved  o x y g e n  
to f low t h r o u g h  i ts  po re s  4. Bo th  po rous  c a r b o n  a n d  
porous  m e t a l  e l ec t rodes  h a v e  been  m a d e  to g e n e r a t e  
r e l a t i v e l y  l a r g e  c u r r e n t s  in  th i s  way ,  even  t h o u g h  
these  e l ec t rodes  c o n t a i n e d  no u n s u b m e r g e d  area .  
Mass  t r a n s f e r  p r o b l e m s  a r e  m i n i m i z e d  b y  such  flow 
ope ra t ion ,  s ince  t h e  o x y g e n  is c a r r i e d  in to  t he  po re s  
b y  b u l k  flow of  t he  e l e c t r o l y t e  r a t h e r  t h a n  the  m u c h  
s lower  p rocess  of diffusion,  and  has  a m a x i m u m  d i f -  
f u s iona l  d i s t a n c e  to n e g o t i a t e  e q u a l  on ly  to a po re  
rad ius .  

The  r e c e n t  w o r k  b y  W i l l  5 w i t h  p a r t i a l l y  s u b -  
m e r g e d  p l a t i n u m  e l ec t rodes  and  h y d r o g e n  at  one 
a t m o s p h e r e  p r e s s u r e  also shows  t h a t  a s m a l l  ac t ive  
zone is r e s p o n s i b l e  for  mos t  of t he  reac t ion .  Dr .  W i l l  
f inds t h a t  th i s  ac t ive  zone is cove red  b y  e l ec t ro ly t e ,  
and  t h a t  d i f fus ion  of m o l e c u l a r  h y d r o g e n  t h r o u g h  
th is  e l e c t r o l y t e  f i lm is r a t e  d e t e r m i n i n g .  The  c o n t r i -  
b u t i o n  of s u r f a c e  d i f fus ion  of a d s o r b e d  h y d r o g e n  
a toms  to t he  c u r r e n t  is s t a t e d  to be  neg l ig ib le .  
T h o u g h  W i l l ' s  w o r k  was  done  w i t h  h y d r o g e n ,  i t  is 
i n t e r e s t i n g  to no te  t he  c o r r e s p o n d e n c e  w i t h  our  
f indings  on oxygen .  

On the Defect Structure of ZrO2 and HfO2 

P. Kofstad and D. J. Ruzicka (pp. 181-184, Vol. 110, No. 3) 

P. J. Harrop and J.  N. Wank lyn~ :  T h e  i n t e r p r e t a t i o n  
of the  e l e c t r i c a l  p r o p e r t i e s  of ox ide  compac t s  in  
t e r m s  of i n t r i n s i c  p o i n t  de fec t  m e c h a n i s m s ,  as o f -  
f e r e d  b y  K o f s t a d  and  Ruz icka ,  seems  un jus t i f i ed .  
P r e v i o u s  w o r k  on compac t s  has  y i e l d e d  c o n d u c t i v i -  
t i e s  d i f fe r ing  b y  five o r d e r s  of  m a g n i t u d e  and  m o r e  ~. 
The  l o w  dens i t i e s  and  s i n t e r i n g  t e m p e r a t u r e s  r e -  
p o r t e d  in  t h e  p r e s e n t  w o r k  m u s t  s u r e l y  e n h a n c e  the  
space  c h a r g e  and  su r f ace  effects w h i c h  m a s k  the  
b u l k  c o n d u c t i v i t y  in  p o l y c r y s t a l s  s. Moreove r ,  t he  
" s t e a d y "  d - c  c u r r e n t  w o u l d  m e a s u r e  t h e  m a g n i t u d e  
of su r f ace  p o l a r i z a t i o n  r a t h e r  t h a n  t h e  b u l k  con-  
duc t iv i t y .  L i d i a r d  9 has  p o i n t e d  out  t h a t  th i s  effect  
can  u s u a l l y  be  a v o i d e d  o n l y  b y  t h e  e m p l o y m e n t  of 
a - c  f r e q u e n c i e s  a b o v e  5000 c /s ,  for  a s ing le  c r y s t a l  
ionic  conduc to r .  

E x a m i n a t i o n  of s ingle  c r y s t a l  A12031~ and  MgO 11 
( w h i c h  is an  ionic  conduc to r  u n d e r  c e r t a i n  cond i -  

4 H. P. Meissner  and A. 1t. 11eti in  "Fue l  Cells," CEP Technica l  
Manual ,  46 (1963). 

5 Th i s  Journa l ,  llO, 145 (1963). 

6 Atomic  E n e r g y  Research  Establ ishment ,  Harwel l ,  Didcot,  Eng-  
land. 

7 See ,  for  example ,  J .  Papp i s  and  W. D. K inge ry ,  J.  A m .  C e r a m .  
Soc. ,  p. 459 (1961). 

s "Semiconduc to r s , "  N. 11. H a n n a y  Ed., p. 542, 11einhold P u b -  
l ishing Corp., N e w  York  (1959). 

9 A. B. Lidiard, "Handbuch  der  P h y s i k , "  F l u g g e  Ed., "Electrical  
Conduct iv i ty  I I , "  p. 312. 

lo p.  j .  Har rop  and  R. H. Creamer ,  Bri t .  J .  A p ~ l .  P h y s .  (In press ) .  

S. P.  Mitoff, J.  C h e m .  Phys ic s . ,  31, 1261 (1959). 
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t ions  TM) has  s h o w n  t h a t  a m e r e  100 p p m  of i m p u r i t y  
can  con t ro l  the  e l ec t r i ca l  p r o p e r t i e s  u p  to  v e r y  h igh  
t e m p e r a t u r e s  indeed .  A c t i v e  i m p u r i t i e s  m u s t  be  
k e p t  d o w n  to a t  l e a s t  th is  l e v e l  if  i n t r i n s i c  p r o p e r t i e s  
a r e  to be  e x a m i n e d  and  th i s  seems  u n l i k e l y  in  t he  
p r e s e n t  case. S t r a i n  m u s t  also be  f u l l y  a n n e a l e d  1~ 

I n  v i e w  of t he  above ,  w e  fee l  t h a t  t h e  e x p l a n a t i o n  
of t h e  " c o m p l e x  p r e s s u r e  d e p e n d e n c e "  o b t a i n e d  
m u s t  be  f o u n d  in space  c h a r g e  a n d  g r a i n  b o u n d a r y  
conduc t ion  effects  t h a t  shou ld  v a r y  c o n s i d e r a b l y  
w i t h  g r a i n  size, s i n t e r i n g  t e m p e r a t u r e ,  and  p u r i t y .  

The  p ro f f e r ed  t h e o r y  also seems  u n s a t i s f a c t o r y  in  
t ha t  (a )  i t  is diff icult  to i m a g i n e  an  o x y g e n - o x y g e n  
v a c a n c y  p a i r  m o v i n g  a n y  d i s t ance  in t he  sol id  w i t h -  
ou t  co l laps ing .  I t s  e l e c t r i c a l  n e u t r a l i t y  should ,  in  
a n y  case, e x e m p t  i t  f r o m  b e i n g  a c o n d u c t i v i t y  c o m -  
ponen t ,  a l t h o u g h  i t  m i g h t  c o n t r i b u t e  to diffusion.  
(b)  W e  a r e  no t  a w a r e  of a n y  e v i d e n c e  fo r  t he  m o -  
b i l i t y  of a l a r g e  an ion  v a c a n c y  e x c e e d i n g  t h a t  of an  
e l e c t r o n  in  such  a solid,  a n d  w e  w o u l d  e x p e c t  t he  
r e v e r s e  and  (c)  s u r e l y  t h e r e  is no  r o o m  for  an  o x y -  
gen  i n t e r s t i t i a l  to fit in to  t he  monoc l in i c  ZrO2 l a t -  
tice13? 

P. Kofstad and D. J. Ruzicka: W e  a re  a w a r e  of t he  
f ac t  t h a t  m e a s u r e m e n t s  on s i n t e r e d  s p e c i m e n s  m a y  
i nvo lve  the  d a n g e r  of space  cha rge  a n d  su r f ace  e f -  
fects,  and  i t  w o u l d  be  mos t  a d v a n t a g e o u s  to e m p l o y  
s ingle  c r y s t a l s  in  such  s tudies .  H o w e v e r ,  s ing le  c r y s -  
ta l s  of ZrO2 a n d  HfO~ w e r e  no t  ava i l ab le .  In  th is  
s t u d y - - a n d  as w e  f a i l ed  to m e n t i o n  in t he  p a p e r - -  
t he  m e a s u r e m e n t s  of e l e c t r i c a l  r e s i s t ance  w e r e  m a d e  
as r a p i d l y  as poss ib l e  and  a lso  b y  r e v e r s i n g  the  
p o l a r i t y .  

T h e  a u t h o r s  ag ree  t h a t  t he  ques t i on  of i m p u r i t i e s  
is e x t r e m e l y  i m p o r t a n t ,  and  t h e r e  a r e  few,  if  any ,  
s tud ies  on de fec t  s t r u c t u r e s  in  ox ides  w i t h  l ow d e -  
fect  c o n c e n t r a t i o n s  for  w h i c h  the  ques t i on  of effect 
and  i m p o r t a n c e  of  i m p u r i t i e s  m a y  no t  be  ra i sed .  In  
ou r  op in ion  the  effect  of i m p u r i t i e s  on de fec t  s t r u c -  
t u r e s  a n d  a s soc ia t ed  p r o p e r t i e s  is  a m a t t e r  of con-  
j ec tu re ,  and  w i t h o u t  spec i f ica l ly  s t u d y i n g  such e f -  
fec ts  i t  is diff icult  to g ive  a n y  d i scuss ion  of th i s  
point .  

In  t he  a b o v e  s t u d y  an  u n u s u a l  o x y g e n  p r e s s u r e  
d e p e n d e n c e  of t he  e l e c t r i c a l  c o n d u c t a n c e  was  o b -  
se rved .  To e x p l a i n  t he  p r e s s u r e  d e p e n d e n c e  i t  was  
s u g g e s t e d  t h a t  ZrO2 a n d  HfO2 has  an  a n t i - F r e n k e l  
de fec t  s t r u c t u r e  (a lso  p r o p o s e d  for  s t o i ch iome t r i c  
UO214,15) a n d  t h a t  t he  e l ec t r i ca l  c o n d u c t i v i t y  ref lects  
a m i g r a t i o n  of p a i r e d  or  a s soc i a t ed  defects .  This  
w o u l d  f u r t h e r  i m p l y  t h a t  t h e  a s soc i a t e d  defec t s  
h a v e  a ne t  e l e c t r i c a l  charge ,  i.e., t h a t  t h e  defec t s  
h a v e  d i f fe ren t  e l e c t r i c a l  charges .  

As  s t a t ed  in  t h e  p a p e r  t he  i n t e r p r e t a t i o n  is a t  th i s  
p o i n t  n e c e s s a r i l y  q u a l i t a t i v e  in  n a t u r e ,  and  w e  a re  
w e l l  a w a r e  t h a t  m a n y  ques t ions  m a y  be  ra i sed .  As  
to  t h e  ques t i on  of  i n t e r s t i t i a l  o x y g e n  the  h a r d -  
s p h e r e  m o d e l  m a y  no t  be  an  a c c u r a t e  m e t h o d  for  

~ S .  P. NIitoff, J.  C h e m .  Phys ic s . ,  36, 1383 (1962). 

~ T e n n y s o n  Smi th ,  USAEC Repor t  NAA-SR-6267 (1962). 

~ J .  Belle and  A. B. Auske rn ,  " K i n e t i c s  of  H i g h - T e m p e r a t u r e  
Processes ,"  p. 44, T e c h n o l o g y  Press  os M I T  and  J .  Wiley & Sons 
(1959). 

B. T. M. Willis, P~oc. Royal  Soe . ,  274A, 134 (1963). 
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e v a l u a t i n g  g e o m e t r i c a l  f ac to r s  i nvo lved ,  and  the  size 
of t he  i n t e r s t i t i a l  a t o m  is f u r t h e r m o r e  d e p e n d e n t  on 
i ts  deg ree  of ioniza t ion .  P r e s e n c e  of i n t e r s t i t i a l  o x y -  
gen  has,  for  ins tance ,  been  sugges t ed  to e x p l a i n  r e -  
su l t s  of s tud ies  of d i f fus ion  of o x y g e n  in NiO 1~ and  
CufO 17. Excess  o x y g e n  in UOf+x mos t  p r o b a b l y  in -  
vo lves  o x y g e n  in  i n t e r s t i t i a l  pos i t i ons  1~,1s. As  to  ionic  
c o n d u c t i v i t y  i t  m a y  be  n o t e d  t h a t  c a l c i a - s t a b i l i z e d  
z i rconia ,  w h i c h  is conc luded  to  con ta in  o x y g e n  v a -  
cancies ,  is an  ionic  c o n d u c t o r  TM. F u r t h e r m o r e ,  s tud ies  
of p o t e n t i a l  m e a s u r e m e n t s  on g r o w i n g  ZrO~-fi lms 
sugges t  t h a t  t h e  o x y g e n  ion  t r a n s p o r t  n u m b e r  i n -  
c reases  f r o m  0.05 to 0.5 f r o m  200 ~ to  750~ ~~ 

The  a b o v e  p a p e r  in no w a y  p r e t e n d s  to be  t he  
f inal  w o r d  on  t h e  de fec t  s t r u c t u r e  of ZrOf.  On the  
c o n t r a r y  i t  shou ld  b e  cons ide r ed  a d i scuss ion  p a p e r  
i tself ,  and ,  as s t a t ed  in  t h e  p a p e r ,  f u r t h e r  s tud ies  a r e  
n e c e s s a r y  to conf i rm or  d i s p r o v e  t h e  p r o p o s e d  i n t e r -  
p r e t a t i o n .  

In  a n y  case, w e  do hope  t h a t  t he  p a p e r  and  th i s  
d i scuss ion  m a y  s t i m u l a t e  a m u c h  g r e a t e r  e m p h a s i s  
on s tud ies  of de fec t  s t r u c t u r e s  and  t r a n s p o r t  p r o -  
cesses in  oxides ,  t he  effect  of i m p u r i t i e s ,  etc.,  a n d  
t h a t  a b e t t e r  u n d e r s t a n d i n g  m a y  b e  o b t a i n e d  of such  
p r o p e r t i e s  of w h i c h  w e  t o d a y  have  b u t  an  o v e r s i m -  
p l i f ied  and  p o s s i b l y  n a i v e  p ic tu re .  W e  find i t  s u r -  
p r i s i ng  t h a t  l i t t l e  w o r k  has  been  done  on ZrO2 and  
t h a t  t he  m a n y  i n t e r p r e t a t i o n s  of t he  o x i d a t i o n  and  
cor ros ion  m e c h a n i s m  of z i r c o n i u m  a n d  i ts  a l loys  a r e  
b a s e d  on insuff ic ient  k n o w l e d g e  of t he  de fec t  s t r u c -  
t u r e  of a n d  t r a n s p o r t  p r o p e r t i e s  in ZrOf.  

Flaws in Anodic Ta20~ Films 

D. A. Vermilyea (pp. 250-262, Voh 110, No. 4) 

K. Huber21: In  his  p a p e r  V e r m i l y e a  has  c o r r e c t l y  r e -  
f e r r e d  to t h e  i m p o r t a n c e  of o x i d e  f i lm f laws in  d e -  
t e r m i n i n g  the  e l e c t r i c a l  b e h a v i o r  of f o r m e d  t a n t a -  
l u m  anodes .  Our  own  effor ts  conf i rm a l a r g e  p a r t  of 
his  resu l t s .  A l t h o u g h  w e  h a v e  m a n y  e l ec t ron  m i c r o -  
g r a p h s  c o m p a r a b l e  to V e r m i l y e a ' s ,  w e  wi l l  con t en t  
ou r se lves  w i t h  on ly  one c o m p a r i s o n  (Fig .  1 cf. Fig .  
10 in  V e r m i l y e a ' s  p a p e r ) .  [ F o r  e x p l a n a t i o n  of 
f igures  a p p e a r i n g  in  th is  d iscuss ion ,  see t h e  t a b l e  on 
p. 1289.] 

Bes ides  t h e  r e p l i c a  me thod ,  a n o t h e r  i n v e s t i g a t i o n  
p r o c e d u r e ,  w h i c h  goes s o m e w h a t  f a r t h e r  in  i ts  a p -  
p l i ca t ion ,  has  been  app l i ed .  The  m e t h o d  is o u t l i n e d  
in t h e  fo l l owing  r e m a r k s .  

S t a r t i n g  m a t e r i a l  was  e l e c t r o n  b e a m  m e l t e d  t a n -  
t a l u m  ro l l ed  to  0.2 m m  u n d e r  i n t e r m e d i a t e  a n n e a l -  

leM.  O'Keefee  and  W. J .  Moore, J. Phys.  Chem., 65, 1438 (1961). 

1~ W. J.  Moore, Y. Ebisuzaki, and J .  A. Sluss, J. Phys.  Chem.,  62, 
1438 (1958). 

~s A. Aukrus t ,  T. For land,  and  K. H a g e m a r k ,  "Equ i l ib r ium 
Measu remen t s  and Interpretation of Non-S to ieh iomet ry  in  UO~+~," 
I A E A  S y m p o s i u m  on the  T h e r m o d y n a m i c s  of Nuclear  Materials ,  
Vienna,  May  1962. 

xg W. D. K inge ry ,  J .  Pappis ,  M. E. Doty, and  D. C. Hill, J .  Am.  
Ceram. Soc., 4~, 393 (1959). 

e~ D. K i r k b r i d e  and  D. E. Thomas ,  " Ion ic  T ranspor t  in  Zir -  
con ium Dioxide," Westinghouse Electr ic Corp., P B  No. WADP-T-308.  

~tUniversitat Bern, Instttut f u r  Anorgan ische ,  Ana ly t i sche  und  
Phys ika l i sche  Chemie ,  F re ies t rasse  3, Bern ,  den, G e r m a n y .  

Fig. 1 

ing a n d  f ina l ly  a n n e a l e d  in vacuo  a t  10-4--10 -5  Torr .  
The  a n a l y t i c a l l y  d e t e r m i n e d  c a r b o n  con t en t  was :  

F i n a l  a n n e a l i n g  t emp.  ~ l l 0 0  1300 1800 2000 

C a r b o n  con ten t  p p m  165 140 105 99 

The  f o r m e d  anodes  w e r e  d i s so lved  a n o d i c a l l y  in a 
s u i t a b l e  e l ec t ro ly t e .  N H 4 B r / C H s O H  is an  e spec i a l l y  
use fu l  so lu t ion ,  w h i c h  has  been  r e c o m m e n d e d  b y  
J e n n y  and  R u s c e t t a  22 for  e t ch ing  of t a n t a l u m .  
T a n t a l u m  goes in to  so lu t ion  as a c o m p l e x  c a t -  
ion. The  c o m p l e x  is b e l i e v e d  to be  of  t he  f o r m  
[Ta(OCH3)mBrn]  p+ w i t h  m + n + p ---- 5. O t h e r  
su i t ab l e  so lu t ions  a r e  HC1/CHaOH, N ( C 2 H s ) 4 B r /  
POC13, etc.  

A b l a c k  p o w d e r y  subs t ance  and  a n  o x i d e  f i lm a r e  
the  two  k inds  of r e s i d u e  le f t  a f t e r  anodic  d i s so lu -  
t ion.  

The  b l a c k  subs t ance  can  be  s e p a r a t e d  t h r o u g h  
f lo ta t ion  in to  two  f rac t ions .  The  coa r se r  f r ac t i on  
consis ts  of  t a n t a l u m  h y d r i d e s ,  w h i c h  also occur ,  
w h e n  the  s t a r t i n g  m a t e r i a l  con ta ins  on ly  a f e w  p p m  
h y d r o g e n .  The  h y d r i d e s  t h e r e f o r e  a r e  f o r m e d  d u r i n g  
the  anod ic  d isso lu t ion .  The  m e t a l  is a c t i v a t e d  as the  
c o v e r i n g  ox ide  f i lm is loosened  f r o m  the  m e t a l  s u r -  
face.  Then  bes ides  t h e  anod ic  d i sso lu t ion ,  a c h e m i c a l  
r e a c t i o n  of the  fo l l owing  t y p e  occurs :  

6 T a ~ - 5 H  + - > 5 T a H W T a  5+ 

The  fine p a r t i c l e  f r a c t i o n  was  iden t i f i ed  as  TafC 
t h r o u g h  x - r a y  a n d  e l e c t r o n  d i f f r ac t ion  as w e l l  as  
t h r o u g h  c h e m i c a l  ana lys i s .  I ts  f o r m  va r i e s  w i t h  the  
a n n e a l i n g  t e m p e r a t u r e .  I m p e r f e c t  h e x a g o n a l  p l a t e -  
le t s  (F ig .  2) a r e  f o u n d  in t he  l o w - t e m p e r a t u r e  
(1100~ ~ a n n e a l e d  m e t a l  a n d  c h a r a c t e r i s t i c  
t r i p l e t s  (F ig .  3) in  t he  h i g h - t e m p e r a t u r e  (1800 ~ 
2000 ~ ) a n n e a l e d  me ta l .  The  t r i p l e t s  consis t  of t h r e e  
i n d i v i d u a l  t r i a n g u l a r  leaf le ts  of  u n e q u a l  s ides  t h a t  
a re  j o i n e d  t o g e t h e r  a long  a c o m m o n  side.  T h e i r  f o rm  
r e s e m b l e s  t ha t  of a t h r e e  w i n g e d  rocket .  

O t h e r  f o r e ign  phases  w e r e  no t  f o u n d  in t he  b l a c k  
r e s i d u e  of t he  t a n t a l u m  sheet .  F r o m  s i n t e r e d  pe l l e t s ,  
h o w e v e r ,  o t h e r  f o r e ign  phase s  w e r e  ab l e  to  be  i so -  
l a t e d  b y  a n a l o g o u s  me thods .  

2~ A. L. J e n n y  and I~. A. Ruscet ta ,  This Journal, 108, 442 (1961). 
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Fig. 2 

Fig. 4 

shape ,  and  o r i e n t a t i o n  of t he  s ingle  p a r t i c l e s  and  
p a r t i c l e  agg rega t e s .  S e l e c t e d  a r e a  d i f f r ac t ion  a n d  
m o r p h o l o g i c a l  c o m p a r i s o n  w i t h  the  r e s i d u e  of t he  
anod ic  d i s so lu t ion  s e rved  as  iden t i f i ca t ion  me thods .  

In  the  ox ide  f i lms of t h e  i n v e s t i g a t e d  t a n t a l u m  
shee ts  on ly  Ta2C or  t r a ce s  of i t  (F ig .  5 a n d  6) w e r e  
found.  The  Ta2C t r i p l e t s  a p p e a r  w i t h  d i f f e ren t  cross  
sec t ions  acco rd ing  to t h e i r  o r i e n t a t i o n  w i t h  r e s p e c t  
to t he  m e t a l  su r f ace  (see also Fig .  8) .  W i t h o u t  a n y  
d o u b t  t h e y  a r e  i d e n t i c a l  to t hose  p a r t i c l e s  shown  in 
V e r m i l y e a ' s  F ig .  22 and  also those  p a r t i c l e s  w h i c h  
caused  the  t h r e e  p o i n t e d  s ta r s  in  his  Fig .  10. 

The  i n v e s t i g a t i o n  of ox ide  f i lms m o r e o v e r  e x -  
p l a ins  the  inf luence  of e t ch ing  b e f o r e  t he  anod ic  
f o rma t ion .  P l a n i m e t r y  of ox ide  f i lms of s l i g h t l y  or  
not  e t ched  l o w - t e m p e r a t u r e  a n n e a l e d  shee t s  showed  

Fig. 3 

The  r e su l t s  w i t h  t a n t a l u m  shee t  a r e  t h e r e f o r e  no t  
d e t e r m i n e d  b y  the  m e t h o d  of i so la t ion .  T h e  ox ide  
f i lm r e m a i n s  in  t he  i dea l  case  as a b a g  of t he  shape  
of t he  d i s so lved  t a n t a l u m  sheet .  W h e n  t h e  f i lm is 
v e r y  th in ,  i t  b r e a k s  ea s i l y  in to  f lakes  which ,  h o w -  
ever ,  a r e  l a r g e  enough  for  EM inves t i ga t i on .  A n o d i c  
f o r m e d  fi lms of a n y  t h i cknes s  can  be  i so la ted .  S o m e -  
t imes  i t  was  even  poss ib le  to p r e p a r e  a i r  ox ide  films. 
F o r  EM i n v e s t i g a t i o n  i t  was  f o u n d  t h a t  f o r m a t i o n  
v o l t a g e s  of 10 to 30v w e r e  s u i t a b l e  w i t h  20v b e i n g  
the  o p t i m u m .  T h i c k e r  fi lms a r e  no t  e a s i l y  p e n e -  
t r a t e d  b y  the  e l ec t ron  b e a m ;  t h i n n e r  f i lms a r e  m e -  
c h a n i c a l l y  less  s tab le .  On t h i c k e r  f i lms a c a r b o n  
r ep l i c a  of t he  m e t a l / o x i d e  f i lm b o u n d a r y  can  be  
m a d e  so t h a t  these  b o u n d a r i e s  can  also be  i n v e s t i -  
ga ted .  

The  EM i n v e s t i g a t i o n  of  i so l a t ed  ox ide  f i lms gives,  
as in  o t h e r  ana logous  cases,  two  k i n d s  of i n f o r m a -  
t ion:  ( a )  i n f o r m a t i o n  o v e r  t he  me ta l ,  (b )  i n f o r m a -  
t ion  ove r  t he  ox ide  film. 

[Ad ( a ) ]  The  anod ic  f o r m e d  ox ide  fi lm is e s p e -  
c i a l ly  su i t ab le ,  as a lso  w i t h  a l u m i n u m ,  for  r e p r e s e n -  
t a t i o n  of t h e  e t ch  s t r u c t u r e  (Fig .  4) .  I f  t he  f o r m a -  
t ion  p rocess  is c a r r i e d  out,  so t h a t  t he  fo r e ign  phase s  
a r e  no t  a t t a c k e d ,  t h e y  s t i ck  in  t he  ox ide  film. T h e  
i n v e s t i g a t i o n  of t he  o x i d e  f i lm t h e r e f o r e  g ives  i n -  
f o r m a t i o n  as to t he  a m o u n t  and  d i s t r i b u t i o n  of t he  
fo r e ign  p h a s e s  in t he  m e t a l  as  we l l  as  to  t h e  size, 

Fig. 5 

Fig. 6 
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tha t  the carbides  made  up 50% and more of the 
me ta l  surface. When 10 to 30tL were  etched away  
chemical ly  wi th  H2SO4/HNOJHF or anodical ly  in 
H2SO4/HF or NH4Br/CH3OH, the carbide content  
sank to a few per  cent, sometimes even below 1%. 
At  the same t ime the leakage  cur ren t  decreased by  
two to three  powers  of ten. 

The invest igat ion of the oxide films also gave 
some informat ion  about  the solubi l i ty  of carbon in 
t an t a lum at h igh - t empera tu re .  In the ind iv idua l  
crys ta l l i tes  of h i g h - t e m p e r a t u r e  annealed meta l  the 
Ta2C t r ip le ts  show para l l e l  or ienta t ion and are often 
found concentra ted  along the crys ta l l i te  boundaries.  
F rom this fact  it  can be concluded tha t  the t r ip le ts  
were  formed only when  the recrys ta l l iza t ion  of the 
meta l  was completed.  I t  may  therefore  be supposed 
tha t  carbon at  1800~176 was a tomica l ly  dis-  
solved and dur ing  cooling formed Ta2C. 

lAd ( b ) ]  Seen apa r t  f rom the inclusions, the ox-  
ide film wi thin  the resolving power  of the  EM (Sie-  
mens Elmiskop I) is homogeneous and free of pores. 
Exceptions are  found only  under  ex t reme  condi-  
tions. For  example,  format ion  in 30% NaOH (Fig. 
7) which obviously  has a good dissolving abi l i ty  for 
tanta l ic  acid, gives a porous s t ruc ture  l ike tha t  of 
the we l l - known  Eloxal  films and s imi lar  s t ructures  
formed from Zn /NaOH and Sn /NaOH 23 systems. 

If the format ion  vol tage  does not exceed 30-50v 
the oxide films appea r  amorphous  when subjec ted  to 
x - r a y  or e lectron diffract ion examinat ion.  The films 
crysta l l ize  easily, however ,  under  a heavy  electron 
beam in the EM (Fig. 8) whe reby  the same pen t -  
oxide modification appears  as descr ibed by Harvey  
and Wi lman  24. Often i t  is observed how crys ta l l iza-  
t ion s tar ts  f rom foreign par t ic les  in the oxide layer .  
The easy crys ta l l iza t ion in the  electron beam should 
be taken  into account in diffraction exper iments  25. 

As seen wi th  the EM, the thickness of the oxide 
film is constant  up to the edge of the inclusions. A 
lessening thickness towards  the flaws, as postula ted 
by  Vermilyea ,  was not observed on the isolated 
films. In  any case, it  should be noted tha t  wi th  the 
EM only films with  low format ion  vol tage can be 
invest igated.  

K. Huber ,  Z. EIektroehern., 6~, 675 (1958). 

~ J .  H a r v e y  and  H. Wilman,  Acta  Crys$., 14, 1278 (1961). 

H. Mohler  and  R. G. Hirs t ,  This Journal, 1O8, 347 (1961). 
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Fig. 8 

Of special in teres t  is the  behavior  of foreign 
phases dur ing formation,  in our case Ta2C. In di-  
lu ted aqueous electrolytes,  as are  most often appl ied  
for format ion  purposes,  no not iceable a t tack  on the 
Ta2C par t ic les  is observed. Only when the potent io-  
s tat ic  t ime in te rva l  lasts for  many  hours  dissolving 
wil l  begin. Concentra ted acids work  more  quickly 
as dissolving med ium and there  appears  to exist  for 
every  acid an op t imum concentra t ion tha t  is r a the r  
high. This finding calls to mind a pa ten t  26 in which 
80% acetic acid is r ecommended  for  supp lemen ta ry  
formation.  In place of the carb ide  par t ic les ,  a sponge-  
l ike ne twork  remains,  whose mate r i a l  is amorphous  
as de te rmined  by  selected area  diffraction (Fig. 9). 

In conclusion it should be ment ioned  tha t  the de-  
scribed method of invest igat ion can be equal ly  wel l  
appl ied  on niobium. F igure  10 shows a typ ica l  etch 

Weste rn  Electric Co., Inc.~ Ger.  Pat .  1108811 C1.21 g. 

Fig. 9 

Fig. 7 Fig. 10 
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D. A. Vermi lyea :  I am m u c h  indeb t ed  to Professor  
H u b e r  for his s t i mu l a t i ng  discussion,  wh ich  has 
clarif ied a n u m b e r  of the  specula t ions  in  m y  paper .  
His resul t s  t ha t  as m u c h  as 50% of the  sur face  m a y  
consist  of carb ides  af ter  a n n e a l i n g  at  low t e m p e r a -  
t u re s  is especia l ly  in te res t ing .  This  fact  makes  it  
appea r  possible  t ha t  some of the  resu l t s  which  I a t -  
t r i b u t e d  to oxygen  m a y  have  been  caused  by  p r e -  
c ip i ta t ion  of carb ides  at the  surface.  F u r t h e r  s tudies  
are needed  to c lar i fy  this  quest ion.  

Fig. 11 

s t ruc ture ,  Fig. 11 an  oxide film f rom n iob ium,  which  
con ta ined  Nb2C part icles .  

The  above commen t s  to Ve rmi lyea ' s  paper  could 
inc lude  on ly  a smal l  pa r t  of our  resul ts .  A complete  
pub l i ca t i on  also i nc lud ing  the  e lect r ical  m e a s u r e -  
men t s  is in  p repa ra t ion .  

Our  inves t iga t ions ,  on which  V. Koh l  and  P. R. 
Radv i l a  par t ic ipa ted ,  we re  car r ied  out  u n d e r  g ran t s  
f rom CIBA A.G., Basel.  We t h a n k  Dr. F. A. Schaufe l -  
be rge r  for pe rmiss ion  to pub l i sh  and  Dr. W. Schel le r  
and  Dr. G. J. K o r i n e k  for s t i m u l a t i n g  discussions.  

Stresses in Anodic Films 

D. A. Vermilyea (pp. 345-346, Vol. 110, No. 4) 

D. H. B r a d h u r s t  a n d  J. S. L l e w e l y n  Leaeh2~: The  r e -  
su l t s  ob ta ined  b y  V e r m i l y e a  for  the  s tresses in  a n -  
odic oxide films on a l u m i n u m  agree qua l i t a t i ve ly  
w i th  the  resu l t s  of s imi la r  w o r k  at I m p e r i a l  Col-  
lege 2s,29. In  these  e x p e r i m e n t s  some ev idence  has 
been  found  showing  tha t  the  stresses in  the  anodic  
oxide films are  d e p e n d e n t  on the  ra te  of oxidat ion.  
This  has been  i n t e r p r e t e d  in  t e r ms  wh ich  add f u r -  

Imper i a l  College of Science and  Technology,  Royal  School of  
Mines.  P r ince  Consort  Rd., South  Kens ington ,  London,  S. W, 7, 
England.  

2s D. H. B r a d h u r s t  and  J .  S. L1. Leach,  Bri t ish  Ceramic  Soc. Conf. 
on the  Proper t i es  of Nonmeta l l ic  Crystals  and  Polycrysta ls ,  Has t ings ,  
October  1.6-17, 1962. 

n .  H. Bradhurs t ,  Repor ted  in C h e m .  and  Ind .  (London)  473 
(1962). 

Explanation of figures 

Metal  Anodic  electrolyte  
H e a t  temp. ,  ~ Anodie  vol tage  

Fig.  Objec t  E n l a r g e m e n t  Etch  soln. Anodic  t ime* 

1 Carbon replica 12500 Ta 0.01% HaPO4 
1800 35 V 

40% HF, 2 ~  min  1 h 
2 Isolated Ta2C-particles 3000 Ta - -  

1100 

3 Isolated Ta2C-particles 10000 Ta - -  
2000 

4 Oxide layer  stereo picture 5000"* Ta 0.01% H3PO4 
1800 20 V 

H2SO4/HNOJHF 1 h 
5 Oxide layer  with Ta2C-par- 5000 Ta 99% HsPO4 

ticles 1300 20 V 
- -  l h  

6 Oxide layer  with Ta2C-par- 10000 Ta 40% HsPO4 
ticles 2000 20 V 

- -  l h  
7 Oxide layer  with pores 40000 Ta 30% NaOH 

1300 20 V 
- -  l h  

8 Oxide layer  par t ia l ly  crys- 10000 Ta 40% HsPO4 
tallized 2000 20 V 

- -  l h  
9 Oxide layer  Ta2C dissolved 20000** Ta 80% Propionic acid 

stereo picture 1300 20 V 
- -  3 h  

10 Oxide layer  etch pit 3000 Nb 0.01% H3PO4 
1900 30 V 

NH4Br/CH3OH anodically 1 h 
11 Oxide layer  dissolved Nb~C 10000 Nb 0.01% H3PO4 

particles 2200 30 V 
- -  l h  

* F o r m a t i o n  a l w a y s  at  room t empera tu re .  
** Magnif icat ion before  reduc t ion  for  publicat ion.  
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(lifferent current densities. 

t h e r  s u p p o r t  to the  conclus ion  t h a t  " t h e  p i c t u r e  of  
a un i fo rm,  r ig id ,  u n c h a n g i n g  ox ide  f i lm t h r o u g h  
w h i c h  on ly  ca t ions  m o v e  is u n t e n a b l e . "  

B a r r i e r  t y p e  f i lms w e r e  f o r m e d  on one side of t h in  
a l u m i n u m  s t r ip s  b y  anod iz ing  a t  cons t an t  c u r r e n t  
dens i t i e s  in  so lu t ions  of  a m m o n i u m  b o r a t e  and  of 
a m m o n i u m  c i t r a t e  a t  p H  9. The  c u r r e n t  dens i t i e s  
used  v a r i e d  in  t he  r a n g e  0.1-10 m a / c m  2 a n d  the  
s t resses  in t he  f i lms w e r e  m e a s u r e d  in t e r m s  of t he  
def lec t ion  of t h e  f r ee  end  of t he  s t r ip .  

A s  can  b e  seen  f r o m  Fig .  1, a t  low c u r r e n t  d e n s i -  
t ies  (0.1-0.5 m a / c m  2) t h e  f i lms f o r m e d  a r e  in  c o m -  
p re s s ion  w h e r e a s  at  h i g h e r  c u r r e n t  dens i t i e s  (1-10  
m a / c m  2) t ens i l e  s t resses  a r e  obse rved .  

Dav ie s  8~ has  s h o w n  b y  d i f fus ion  e x p e r i m e n t s  tha t ,  
a t  l ow  c u r r e n t  dens i ty ,  anod ic  f i lm g r o w t h  on a l u -  
m i n u m  occurs  p r e d o m i n a n t l y  b y  o x y g e n  m i g r a t i o n  
w h i l e  a t  h i g h e r  c u r r e n t  d e n s i t y  a s igni f icant  p o r t i o n  
of t he  g r o w t h  is due  to ca t ion  m o v e m e n t  81. U n d e r  
t hese  c i r c u m s t a n c e s  one m i g h t  e x p e c t  to f ind a c o m -  
p r e s s i v e  s t ress  in  t h e  ox ide  a t  low c u r r e n t  dens i t i e s  
a r i s i ng  f r o m  t h e  g rowth ,  a t  t he  o x i d e - m e t a l  i n t e r -  
face,  of an  ox ide  w i t h  a v o l u m e  r a t i o  g r e a t e r  t h a n  
un i t y .  A t  h i g h e r  c u r r e n t  dens i t i e s  t h e  i n c r e a s e d  
m o b i l i t y  of t h e  ca t ions  m i g h t  p e r m i t  t he  ox ide  to  
d e f o r m  a n d  so r e l i e v e  t h e  s t ress  or  a l t e r n a t i v e l y  to 
g r o w  in a s t r e s s - f r e e  condi t ion .  

S t r e s s - f r e e  g r o w t h  has  been  p o s t u l a t e d  for  t he  
case  of m a g n e t i t e  on i ron  in w a t e r  b y  P o t t e r  and  
M a n n  32 w h e r e  t he  c o u n t e r  c u r r e n t s  of t h e  t w o  ionic  
spec ies  w e r e  s h o w n  to be  p r e c i s e l y  those  r e q u i r e d  
to p r o d u c e  an  u n s t r e s s e d  oxide .  These  o b s e r v a t i o n s  
c l e a r l y  l end  s u p p o r t  to a r e c e n t  sugges t ion  b y  
E v a n s  s3 t h a t  the  coun t e r  c u r r e n t  p r i n c i p l e  d e s e r v e s  
to be  a p p l i e d  to  ox ide  f i lms o the r  t h a n  those  f o r m e d  
on i ron  in  boi le rs .  H o w e v e r ,  i t  s eems  l i k e l y  t h a t  
even  in a g i v e n  e n v i r o n m e n t  t he  m e c h a n i s m  of ox i -  
d a t i o n  can  c h a n g e  w i t h  changes  in  r a t e .  

Th is  w o r k  f o r m s  p a r t  of a s t u d y  sponso red  b y  t h e  
C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  B o a r d  whose  s u p p o r t  
is g r a t e f u l l y  a c k n o w l e d g e d .  

so j .  A.  D a v i e s ,  J .  P.  S. P r i n g l e ,  R.  L .  G r a h a m ,  a n d  F .  B r o w n ,  This 
Journal,  109, 999 (1962).  

m J .  p .  S. P r i n g l e  a n d  J .  A.  D a v i e s ,  C o n t r i b u t i o n  to  T h e  E l e c t r o -  
c h e m i c a l  S o c i e t y  M e e t i n g ,  P i t t s b u r g h ,  A p r i l  (1963).  

32 E. C. P o t t e r  a n d  G.  M. W. M a n n ,  1st I n t .  Cong .  M e t a l l i c  C o r r o -  
s ion ,  B u t t e r w o r t h s ,  L o n d o n ,  417 (1961).  

U.  R.  E v a n s ,  P r i v a t e  C o m m u n i c a t i o n ,  A p r i l  1963. 

U. R. Evans3% Dr.  V e r m i l y e a ' s  i n t e r e s t i n g  r e su l t s  
s eem cons i s t en t  w i t h  those  of B r a d h u r s t  3~, w h o  
f o u n d  t h a t  the  s t resses  in  f i lms f o r m e d  a n o d i c a l l y  on 
a l u m i n u m  w e r e  t ens i l e  a t  f i rs t  and  c h a n g e d  to c o m -  
p r e s s i v e  as t he  f i lm th i c ke ne d .  His  d a t a  for  o the r  
m e t a l s  is we lcome .  I t  w o u l d  a id  i n t e r p r e t a t i o n  to  use  
a m e t h o d  such as t h a t  of H o a r  a n d  A r r o w s m i t h  36, 
who  m e a s u r e d  the  s t ress  n e e d e d  to p r e v e n t  def lec-  
t ion;  i f  b e n d i n g  is a l l o w e d  to occur ,  t h e  s t ress  is 
d i f f e ren t  in va r i ous  l ayers ,  p r o d u c i n g  a c o m p l i c a t e d  
s i tua t ion .  

Dr.  V e r m i l y e a  is r i g h t  in  r e j e c t i n g  t h e  i dea  of a 
m e c h a n i s m  based  so le ly  on ca t ions  m o v i n g  o u t w a r d s .  
E v i d e n c e  for  o x y g e n  m o v i n g  i n w a r d s  has  been  
a v a i l a b l e  for  12 y e a r s  p e r h a p s  m u c h  longer .  In  t h e  
anod iz ing  of a l u m i n u m  c on t a in ing  s i l icon p a r t i c l e s  
as a s e p a r a t e  phase ,  t he se  act  as m a r k e r s ,  and  a re  
f o u n d  e m b e d d e d  in t he  ox ide ;  a p ic tu re ,  due  to E ls -  
sne r  a n d  r e p r o d u c e d  b y  M a c h u  3~ in 1952, shows  the  
e m b e d d e d  pa r t i c l e s .  

C o u n t e r - c u r r e n t  b a l a n c e  as a cond i t ion  of f i lm-  
s t ab i l i t y ,  a concept  d e v e l o p e d  b y  P o t t e r  a n d  M a n n  ss 
for  bo i l e r  films, is p r o b a b l y  a p p l i c a b l e  to o the r  cases. 
I f  a f i lm g rows  so le ly  b y  o x y g e n  m o v i n g  in to  t he  
me ta l ,  t he  f i lm is l i k e l y  ( e x c e p t  on u l t r a - l i g h t  
m e t a l s )  to c a r r y  c o m p r e s s i v e  s t resses ,  which ,  w h i l e  
t he  f i lm is v e r y  th in ,  m a y  a id  p r o t e c t i v e  p r o p e r t i e s ,  
t e n d i n g  to  c lose  u p  gaps ,  w h e n  a c e r t a i n  t h i c k n e s s  is 
passed ,  f a i l u r e  m a y  be  e x p e c t e d  39. F a m i l i a r  e x -  
a m p l e s  a r e  the  " b r e a k a w a y s "  on z i r c o n i u m  a l loys  
w h i c h  t r o u b l e  A t o m i c  E n e r g y  w o r k e r s ,  a n d  t h e  s u d -  
den  fires w h i c h  s o m e t i m e s  occur  w i t h o u t  w a r n i n g  in 
t i t a n i u m  s c r a p - y a r d s .  In  con t ras t ,  if  t he  f i lms g r o w  
so le ly  b y  ca t ions  m o v i n g  o u t w a r d s ,  t he  vacanc ie s  
l e f t  b e h i n d  m a y  s e g r e g a t e  to p r o d u c e  s i zeab le  vo ids  
a t  t he  base  of t he  fi lm; s e v e r a l  c l ea r  d e m o n s t r a t i o n s  
h a v e  been  p r o v i d e d  b y  s tud ies  of h i g h - t e m p e r a t u r e  
ox ida t ion ,  n o t a b l y  in  F o n t a n a ' s  l a b o r a t o r y  40, b u t  
anod i za t i on  a t  r o o m  t e m p e r a t u r e  can  p r o d u c e  these  
gaps  b e t w e e n  f i lm a n d  bas is  w h e r e  t h e r e  is no p e n e -  
t r a t i o n  of o x y g e n  into  t he  me ta l .  B a r n a r t t  41, s u b -  
j e c t i n g  go ld  to  anod ic  t r e a t m e n t  in  M / 1 0  s u l p h u r i c  
acid,  p r o d u c e d  f i lms w h i c h  d e v e l o p e d  b l i s t e r s  and  
t hen  f laked  off. 

Thus  e i t he r  m o v e m e n t  b y  i t se l f  is f a t a l  to  l a s t i ng  
p ro tec t ion .  By  c o m b i n i n g  the  two  in t h e  r i g h t  
amoun t s ,  bo th  t y p e s  of  co l l apse  shou ld  be  avo ided .  
P o t t e r  and  M a n n  38 s h o w e d  t h a t  in  t he  case  of m a g -  
ne t i t e  f i lms f o r m e d  in a l k a l i n e  w a t e r ,  bo th  m o v e -  
m e n t s  occur  in  a l m o s t  e q u a l  a moun t ,  so t h a t  t he  
s t resses  le f t  in the  f i lm a re  smal l ,  a n d  l a s t i ng  p r o t e c -  
t ion  is ach ieved ,  p r o v i d e d  t h e  f i lms a r e  no t  i l l -  

C a m b r i d g e  U n i v e r s i t y ,  19 M a n o r  C o u r t ,  G r a n g e  Rd . ,  C a m b r i d g e ,  
E n g l a n d .  

n .  H.  B r a d h u r s t ,  Chem.  and Ind. (London) ,  473 (1963).  F u l l e r  
r e s u l t s  to  a p p e a r  i n  Trans. British Ceramic Soc. 

~6 T.  P .  H o a r  a n d  D.  J .  A r r o w s m i t h ,  Trans. Inst.  Metal  Fin~hing,  
34, 354 (1957) ; 36, 1 (1959). 

~ W .  M a c h u ,  " N i c h t m e t a l l i s c h e  a n o r g a n i s c h e  U b e r z u g e , "  p. 19, 
A b b .  15, S p r i n g e r ,  (1962).  

3s E. C. P o t t e r  a n d  G.  M. W. M a n n ,  p. 417, " l s t  I n t e r n a t i o n a l  C o n -  
g r e s s  Met .  C o r r o s i o n  1961," B u t t e r w o r t h ' s  (1962);  a lso,  p.  1{}3, 2nd  
I n t e r n a t i o n a l  C o n g r e s s  1963," E x t e n d e d  A b s t r a c t .  

39 U.  R.  E v a n s ,  Trans. Electrochem. Soc., 91, 547 (1947).  

40 B.  W.  D u n n i n g t o n ,  F.  H.  B e c k ,  a n d  M. G.  F o n t a n a ,  Corrosion, 
8, 2 (1952).  

51 S. B a r n a r t t ,  This Journal,  106, 722 (1969).  
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t r e a t e d  too much.  This  is p e r h a p s  t he  r e a s o n  w h y  
S t e a m  G e n e r a t i n g  S t a t i o n s - - a s  w e  k n o w  t h e m - -  a r e  
poss ib le!  

I t  m a y  t e n t a t i v e l y  be  s u g g e s t e d  t h a t  on anod iz ing  
a l u m i n u m ,  the  b a r r i e r  f i lm is p r o d u c e d  b y  i n w a r d  
m o v e m e n t ,  a n d  the  po rous  f i l m - - w h e r e  i t  occurs  a t  
a l l - - b y  o u t w a r d  m o v e m e n t .  The  fac t  t h a t  o n l y  a 
f e w  b a t h s  (ou t  of a l l  t he  Solut ions conce iva b l e )  
p r o d u c e  f i lms w i t h  l a s t i ng  p r o t e c t i v e  p r o p e r t i e s ,  
m a y  be  t h a t  t he se  a r e  t h e  b a t h s  w h i c h  p r o v i d e  the  
two  m o v e m e n t s  in  t he  r i g h t  ra t ios .  P r o b a b l y  the  
bes t  p r o t e c t i o n  m a y  be  e x p e c t e d  w h e n  s l igh t  c o m -  
p r e s s i o n a l  s t ress  is l e f t  in t h e  f i l m - - s u c h  as  t he  f i lm-  
subs t ance  can  w i t h s t a n d .  B r a d h u r s t  35 s h o w e d  t h a t  
t he  f i lms a r e  m o r e  e las t ic  t h a n  one w o u l d  e x p e c t  
f r o m  t h e  p r o p e r t i e s  of m a s s i v e  a l u m i n a .  T h e  o u t -  
w a r d  m o v e m e n t  w h i c h  keeps  t h e  c o m p r e s s i v e  s t ress  
w i t h i n  a safe  r a n g e  m a y  r e su l t  in a l u m i n u m  ions 
m o v i n g  in to  the  l i qu id  or  in t he  f o r m a t i o n  of po rous  
oxide ,  or  both .  The  first  is t he  " e x p e c t e d  r e a c t i o n "  
in  t he  sense  t ha t  i t  l e ads  d i r e c t l y  to t he  s t a t e  of l o w -  
es t  f ree  e n e r g y ;  t he  second  m a y  p r e d o m i n a t e  u n d e r  
cond i t ions  w h e r e  a c t i v a t i o n  e n e r g y  is d e t e r m i n a t i v e .  
The  m a t t e r  has  been  d i scussed  e l s e w h e r e  42 and,  fo r  
the  p r e s e n t  a r g u m e n t ,  i t  does  no t  m a t t e r  w h i c h  t y p e  
of o u t w a r d  m o v e m e n t  p reva i l s .  

I f  t h e  vacanc i e s  l e f t  in  t h e  m e t a l  w h e r e  ca t ions  
h a v e  m o v e d  in to  t he  f i lm fa i l  to s eg rega te ,  t h e  e f -  
f ec t ive  d e n s i t y  of t he  m e t a l  becomes  a b n o r m a l l y  
low,  a n d  i f  l a t e r  i n w a r d  m o v e m e n t  of o x y g e n  oc-  
curs  (as  an ions  o r  o t h e r w i s e ) ,  t h e  ox ide  m i g h t  w e l l  
be  in  tens ion.  P o s s i b l y  t he  t ens i l e  s t resses  o b s e r v e d  
e x p e r i m e n t a l l y  m i g h t  thus  b e  e x p l a i n e d ,  b u t  t h e  
sugges t ion  is specu la t ive .  

Vacuum Evaporation of Cadmium Tel luride 

R. Glang, J. G. Kren, and W. J. Patrick 
(pp. 407-412, Vol. 110, No. 5) 

C. A. Escoffery43: In  th is  p a p e r ,  t he  a u t h o r s  r e p o r t  
t h a t  e v a p o r a t e d  CdTe  fi lms h a v e  a h igh  r e s i s t i v i t y  
even  if  i m p u r i t i e s  a r e  a d d e d  to t h e  source  m a t e r i a l .  
This  is in  a g r e e m e n t  w i t h  our  o w n  e x p e r i e n c e  w i t h  
CdTe  f i lms p r e p a r e d  b y  c o n v e n t i o n a l  v a c u u m  e v a p -  
ora t ion .  

The  au thors ,  h o w e v e r ,  conc lude  t h a t  " t he  h igh  
r e s i s t i v i t i e s  s e r ious ly  l i m i t  t he  use fu lnes s  of CdTe  
as a s e m i c o n d u c t o r  m a t e r i a l  for  t h in  f i lm dev ice  a p -  
p l i ca t ions . "  W h i l e  i t  is t r u e  t h a t  a h igh  r e s i s t i v i t y  is 
u n d e s i r a b l e  in  m a n y  app l i ca t ions ,  t h e r e  a r e  i n -  
s tances  w h e r e  th i s  p r o p e r t y  is of  va lue .  

On the  o t h e r  hand ,  i t  is poss ib l e  to o b t a i n  l ow r e -  
s i s tance  CdTe  fi lms b y  v a c u u m  e v a p o r a t i o n .  E l l io t  
et al., 44,45 h a v e  a d a p t e d  a ho t  w a l l  be l l  j a r  t e c h n i q u e  
to depos i t  c o n d u c t i v e  CdTe  fi lms on s u b s t r a t e s  
h e a t e d  to 600~ Dop ing  is a c c o m p l i s h e d  b y  co-  
e v a p o r a t i o n  of s u i t a b l e  i m p u r i t i e s  such  as i n d i u m  or  

~ U .  1t. Evans,  p. 1, " l s t  In te rna t iona l  Congress Met. Corrosion 
1981," Bu t t e rwor th ' s  (1962). 

Materials  Technology Dept.,  Hughes  Ai rc ra f t  Co., Culver  City, 
Calif. 

4aj. F. Elliot, R. E. Halsted,  and H. D. Coghill, Proe. 15th Annua l  
Power  Sources Cony., May 9-11, 1961, pp. 109-110; PSC Publ.  Comm.,  
P.O. Box 891, Red Bank,  N. J.  

J .  F. Elliot, Ed., "Un ique  Photovoltaie  Cells," ASD Tech. Rep. 
91-242, Augus t  1961, Wright Patterson Air  Force  Base, Ohio. 

copper ,  and  n -  a n d  p - t y p e  f i lms w i t h  r e s i s t i v i t i e s  
less  t h a n  10 o h m - c m  h a v e  been  r e p r o d u c i b l y  o b -  
t a ined .  These  w o r k e r s  h a v e  also i n v e s t i g a t e d  the  
a d v e r s e  effect  of o x y g e n  i m p u r i t i e s ,  conf i rming  
e a r l i e r  w o r k  b y  the  Russ i ans  46 and  a d d i n g  n e w  i n -  
f o r m a t i o n .  

Also ,  Cusano  47 has  r e p o r t e d  on c o n d u c t i v e  CdTe:  I 
f i lms m a d e  b y  a v a p o r  r e a c t i o n  t e c h n i q u e  u t i l i z ing  
Cd, CdI2 a n d  Te, to p r o d u c e  6% efficient  CdTe  
p h o t o v o l t a i c  cells .  

F i n a l l y ,  s tud ies  in  p r o g r e s s  b y  us  on n e w  w a y s  
to p r e p a r e  I I - V I  films, i nd i ca t e  t h a t  l ow  r e s i s t ance  
as we l l  as h igh  r e s i s t a nc e  f i lms m a y  be  c o n t r o l l a b l y  
ob ta ined .  

Growth Twins in the F.C.C. Metals  

J. W. Faust, Jr. and H. F. John (pp. 463-464, Vol. 110, No. 5) 

G. Po l l  and L. P. Bicelli48: W e  w o u l d  l ike  to m a k e  a 
f ew  c o m m e n t s  on th is  v e r y  i n t e r e s t i n g  pape r .  W e  
do no t  s h a r e  t he  op in ion  of F a u s t  a n d  J o h n  t h a t  
t h e r e  a r e  " o n l y  a f e w  e x a m p l e s  of t h e  p r e s e n c e  of 
g r o w t h  t w i n s "  a n d  tha t ,  as  one m i g h t  t h i n k  f r o m  a 
super f i c ia l  e x a m i n a t i o n  of th is  p a p e r ,  t h e  on ly  
g r o w t h  t w i n s  o b s e r v e d  d u r i n g  e l e c t r o d e p o s i t i o n  
w e r e  on  s i lver .  

I n  fac t  t h e r e  a r e  n u m e r o u s  r e f e r e n c e s  on t w i n n i n g  
occu r r i ng  d u r i n g  the  g rowth ,  p a r t i c u l a r l y  d u r i n g  
e l ec t rodepos i t i on ,  b o t h  on a p o l y c r y s t a l l i n e  and  on 
a s ing le  c r y s t a l  s u b s t r a t e  sur face .  

W e  h a v e  done  r e s e a r c h  w o r k  on t h e  s t r u c t u r e  of 
l e a d  49, coppe r  5~ a n d  c a d m i u m  51 e l e c t r o d e p o s i t e d  on 
a s ing le  c r y s t a l  su r f ace  of t he  s ame  n a t u r e  o r i e n t e d  
fo l l owing  d e t e r m i n e d  c r y s t a l l o g r a p h i c  p lanes .  I t  
was  s h o w n  t h a t  b e t w e e n  the  i n i t i a l  g r o w t h  l a y e r  
o r i e n t e d  p a r a l l e l  to t h e  s u b s t r a t e  l a t t i c e  a n d  the  
r a n d o m l y  o r i e n t e d  p o l y c r y s t a l l i n e  l a y e r  w h i c h  d e -  
ve lops  w i t h  i nc r e a s ing  de pos i t  t h i cknes s  a t  h i g h e r  
c u r r e n t  dens i t ies ,  t h e r e  is an  i n t e r m e d i a t e  t w i n n e d  
l aye r .  

The  o b s e r v e d  t w i n n i n g  p l a n e s  and  d i r ec t i ons  w e r e  
t he  s ame  as those  k n o w n  up  to n o w  for  d e f o r m a t i o n  
t w i n s  no t  on ly  for  l e ad  a n d  c o p p e r  e l ec t rodes  as 
f o u n d  b y  o t h e r  au tho r s ,  b u t  a l so  for  c a d m i u m  ones 
as i t  was  s h o w n  b y  us fo r  t he  first  t ime.  

P a r a l l e l  g r o w t h  is o b s e r v e d  on (100) Pb,  (110) 

Pb,  (110) Cu, a n d  on (1120) Cd e l e c t rode s  in  a l l  e x -  
p e r i m e n t a l  condi t ions ,  w h i l e  t w i n n i n g  occurs  on 
(111) Pb,  (100) Cu, (111) Cu, (0001) Cd, and  on 

(101"0) Cd e l ec t rodes  for  c e r t a i n  c u r r e n t  dens i t i e s  
a n d  t h i cknes se s  of  t he  depos i t s .  

A t  some h i g h e r  c u r r e n t  dens i t i e s  a n d  th icknesses ,  
w e  f o u n d  a d o u b l e  t w i n n i n g  of a l r e a d y  t w i n n e d  

~ Yu. A. Vodakov et at., " Inves t iga t ion  of Surface  Layers  in Cad- 
m i u m  Telluride Crystals," S o v i e t  Phys. -Sol id  State (English 
Transl.),  2, 49 (1960). 

~ D. A. Cusano, Ed., "Polycrysta l l ine  Thin  Fi lm CdTe Solar Cells," 
IRE Trans. o$ PGED, !o. 504 (1962). 

Dept. of Physical  Chemistry,  Electrochemistry  and Metal lurgy,  
Politecnico of Milan, Milan, I taly.  

49 G. Poll and L. Peraldo Bieelli, La  MetaUurgta Italiana, 51, 399 
(1959). 

eo G. Poll and L. Peraldo Bieelli, La  MetaIIurgia Italiana, 51, 548 
(1959). 

G. Poll and L. Peraldo Bieelli, La  Metallurgia Italiana, 54, 497 
(1962). 
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crystals ,  on (100) Cu electrodes,  which gave place 
to a r andom polycrys ta l l ine  region. 

J. W. Faust, Jr., and H. F. John: We wish to t hank  
Poli  and Bicelli  for the i r  in teres t ing discussion, es-  
pec ia l ly  for  the references  to thei r  papers  of which 
we were  unaware .  We feel  tha t  thei r  comment  con- 
cerning our  s ta tement  on the l i t e ra tu re  of g rowth  
twins is pu re ly  a ma t t e r  of wha t  one considers the 
meaning  of "only a few." Cer ta in ly  in growth  f rom 
processes other  than electrodeposi t ion there  is in-  
deed only a very  few ment ioned in the  l i t e ra ture ;  in 
fact  so few tha t  meta l lu rg ica l  tex ts  a re  careful  to 
point  i t  out. 

In re la t ion to the  electrodeposi t ion,  there  is more 
ment ion  of twinning  a l though in many  instances it 
is not  specifically r e fe r red  to as g rowth  twinning  
and could, in some cases, conceivably  be de fo rma-  
t ion twinn ing  or in the  case of hea t  t r e a tmen t  fol -  
lowing electrodeposi t ion,  anneal ing  twinning.  One 
must  be careful  in dis t inguishing be tween  the d i f -  
ferent  types  of twinning.  We did not, however ,  
mean to imply  tha t  s i lver  was the only ma te r i a l  r e -  
por ted  to have  growth  twins  dur ing e lec t rodeposi -  
tion. Cer ta in ly  to the best  of our knowledge,  it was 
the first t ime growth  twins were  shown in e lec t ro-  
deposi ted dendri tes.  

The main  purpose  of this  note was to show tha t  
f.c.c, meta ls  could grow by the twin  plane r e - e n -  
t r an t  edge mechanism as repor ted  for semiconduc-  
tors. 

The Oxidation of Silicon in Dry Oxygen, 
Wet Oxygen, and Steam 

B. E. Deal (pp. 527-533, Vol. 110, No. 6) 

A. G. Revesz and K. H. Zaininger52: It  is impor t an t  to 
real ize tha t  the  specification of a t empe ra tu r e  range 
alone is not sufficient to d r a w  a final conclusion con- 
cerning the oxidat ion  kinetics.  As is wel l  known,  
the  oxidat ion is diffusion control led ( in the sense 
of the Wagner  theory  of oxidat ion)  only if the oxide 
is th icker  than  the space charge region. Therefore,  it  
is necessary  to specify both the t e m p e r a t u r e  and 
thickness range  as wel l  as the condit ions of the 
ambient .  For  example ,  it  has been de te rmined  5~ tha t  
oxidat ion  in a tmospher ic  s team at 1000~ is diffu- 
sion control led only if the oxide is th icker  than  
3000A, and is defini tely not  diffusion control led if 
the  film is th inner  than  2000A. 

If  diffusion is the control l ing mechanism then 
surface conditions do not de te rmine  the ra te  of oxi -  
dation. Therefore,  the observed dependence  of the 
oxidat ion  ra te  on the or ienta t ion  of the  subs t ra te  is 
in complete  contradic t ion wi th  the s ta tement  tha t  
diffusion control led oxidat ion  was t ak ing  place. I t  is 
also quite clear  tha t  if one is in teres ted  in s tudying 
the dependence  of the  oxidat ion  r a t e  on ini t ia l  su r -  
face conditions (e.g., as a funct ion of the method of 
surface p repa ra t ion )  the  invest igat ions  have  to be 
res t r ic ted  to th in  oxide films (i.e., thickness smal ler  
than  space charge region)  so tha t  the  effect is not 

RCA Labs., Radio Corp. of America,  Princeton, N. J .  

A. G. Revesz and K. H. Zaininger,  Colloquium on the Optics of 
Solid Thin Films, Sept. 1963, Marseilles, France. 

masked  by diffusion through a th ick oxide. F rom 
this point  of view, the conclusion tha t  mechanical  
pol ishing does not influence the  oxidat ion  is in e r ror  
since 1~ th ick films were  used for this  s tudy and 
hence the  oxidat ion was a l r e a dy  diffusion controlled.  
El l ipsometr ic  invest igat ions  on thin  (t  < 500A) 
SiO2 films 54 produced by  oxidat ion  at  1000~ in d ry  
oxygen show, indeed, tha t  the  ra te  of oxidat ion is 
h igher  for a mechanica l ly  pol ished sample than  for 
a chemical ly  polished one. 

B. E. Deal55: There  does not  appear  to be any dis-  
agreement  be tween  our resul ts  and those repor ted  
here  by  Revesz and Zaininger.  Their  first point  r e -  
gard ing  specification of thickness  range  is wel l -  
taken.  Our studies involved  oxides in the  thickness 
range  0.20 to 2.00~. At  thicknesses 0.20~ or below 
we have  also noted the change in oxidat ion  mech-  
anism to a non-di f fus ion-cont ro l led  reaction.  

Revesz and Zain inger  also suggest  an apparen t  
contradict ion of our da ta  r e l a t ed  to su r face -o r i en ta -  
t ion dependence and diffusion-control led oxidation.  
There  should be no confusion here  since i t  is c lear ly  
s ta ted (p. 531) tha t  above 1000~ no surface o r i en-  
ta t ion effect was noted where  the oxidat ion  is diffu- 
s ion-control led.  A t  1000~ and below, where  ox ida -  
t ion undergoes a t rans i t ion  f rom a diffusion-con-  
t ro l led  to a surface control led reaction,  the or ien ta -  
t ion has an effect in the case of the (100) surface. 
It has been proposed tha t  this  surface has fewer  re -  
action sites, and the ra te  of SiOa format ion  is enough 
s lower than  the diffusion ra te  to es tabl ish a s lower  
ove r -a l l  oxidation.  

F i na l l y  no comparison was made  in this pape r  
be tween mechanical  and chemical  pol ishing t r ea t -  
ments.  The purpose of the reox ida t ion  exper iments  
was to de te rmine  if the  resul ts  were  reproducib le  
for such a procedure.  We s ta ted  "I t  [ the resul ts ]  
also demons t ra ted  tha t  any  damage  of the silicon 
caused by  the mechanical  pol ishing e i ther  did not 
affect oxidat ion  or else p rov ided  a constant  effect 
through the 3~ of silicon oxidized." Even though, as 
Revesz and Zain inger  suggest, the ac tual  slope of a 
th icker  oxide th ickness - t ime  plot  wil l  be equal  for 
different  surface t rea tments ,  the posit ion of the 
curve along the t ime axis could be shif ted due to 
differences dur ing  ini t ia l  oxide formation.  This ef-  
fect was not noted in these exper iments .  The de-  
pendence of oxidat ion ra te  on surface p repa ra t ion  
for  thin oxides has also been noted by  us in l a te r  
exper iments .  

The Oxidation of Silicon in Dry Oxygen, 
Wet Oxygen and Steam 

Supplementary Data 

Bruce E. Deal55: Silicon oxide thickness measu re -  
ments, r epor ted  in the ment ioned paper  involved  the 
use of the groove-chord  method.  Accuracy  of this  
method is • 0.02~. Since tha t  work  was conducted, 
thickness  measurements  have  been repea ted  using 
the Tolansky method of mul t ip le  beam in te r fe rom-  

A. G. Revesz and K. H. Zaininger,  RCA Rev., To he published. 

~SPresent address: Fairchild Semiconductor, A Div. of Fairchild 
Camera  & I n s t r u m e n t  Corp., Research and Development Lab.,  Palo 
Alto, Calif. 
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etry. Accuracy of the latter type of measurement  is 
---+ 0.002~. The more precise measurements indicated 
no significant changes in the original results with 
but one exception. This involved the dry oxygen 
thickness data at 1200~ The corrected data are as 
follows: 

Thickness rate constant, dry oxygen, 1200~ 
6.95 • 1 0 - ~ 2 / m i n  

[See Table I]  

Time required to obtain 0.5/~ dry oxide, 1200~ 
360 rain 

Time required to obtain 1.0~ dry oxide, 1200~ 
1440 min 

[See Table II]  

Activation energy, dry oxygen thickness data: 
29.0 kcal /mole 

[See Table I I I ]  

Apparent  oxide density, d ry  oxygen, 1200 ~ C: 
2.24 g/cc 

[See Table IV] 

It  can be observed that  the corrected activation 
energy value agrees more closely with the corre- 
sponding weight value. Likewise, the corrected 
1200 ~ density value for dry  oxygen is more in line 
with the other data. The over-al l  results and conclu- 
sions of the paper have not been affected by these 
improved thickness determinations. 

Surface Energy of Germanium and Silicon 
R. J. Jaccodine (pp. 524-527, Vol. 110, No. 6) 

G. A. W o l f [  56-" In this paper, the author has measured 
the specific surface free energies of the {111) planes 
of silicon and germanium. These values are of fun-  
damental  importance. The following comment re-  
fers to his derivation of the specific surface energy 
values of the planes {001} and {011} from the ex-  
perimental  specific surface free energy value for 
{111}. This derivation is based on the assumption 
that the specific surface free energy value ~hkZ is 
proportional to the number  of "dangling" bonds per 
unit area of the plane {hkl} in diamond structure 
materials. In all likelihood, this assumption will lead 
to acceptable values of first approximation accuracy. 
A refinement of second approximation character 
would have to consider the possibility that  the two 
bonds "dangling" from a single atom in (001} might 
contribute less to the surface free energy than two 
dangling bonds from two atoms in {111} or {Oll}SL 
The latter planes might  also experience an atomic 
displacement from the ideal structure positions 
which will lower the respective {111} and {011} 
values 57,5s. Surface deformations of this type have 
been verified by low-energy electron diffraction 

5~ Erie  Technological  Products ,  Inc., Erie,  Pa.  

G. A. WoLff and J .  G. Gual t ier i ,  Amev .  Mineralogi~ ,  47, 562 
(1968). 

G. A. Wolff and  J .  D. Broder ,  Acta  C~yst., 1~, 313 (1959). 

6~ H. E. Fa rnswor th ,  R. E. Schlier ,  T. H. George ,  and R. lY/. Burge r ,  
J. A~apl. Phys . ,  29, 1150 (1958). 
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measurements and by other techniques ~9,6~ Theo- 
retical estimates will, therefore, only lead to esti- 
mates. It  is the purpose of this discussion to show 
that experimental  observations should lead to ac- 
curate boundary values for specific surface free 
energy ratios of the various planes, and, by  utilizing 
Jaccodme's  ~111 value, in turn  lead to accurate 
boundary values of absolute surface free energies 
for the other planes. 

In silicon and germanium, the following crystal 
planes have been found to appear and coexist dur -  
ing growth, annealing or slow evaporation in the 
dilute vapor or gaseous phase61.62: 1, {111}; 2, {111} 
and {001}; 3, {111} and {113}; 4, {111}, {113}, and 
{011) with common apex; 5, {111), {113}, {011), and 
{013} with {113}, {011}, {013} apex. 

These data correspond to the following relations: 

1 <TOO 1 
A, - -  ~ ~ 1 which follows from observa- 

3 o'111 ~V/~ - 

5 o-113 ~/11 5 
tions 1 and 2; B, - -  ~ __ ~ 3 a n d -  

3 O'111 ~ / 3  9 

0-001 
_ ~ 1 which follow from observations 2 and 

~111 V3 
2 O'011 ~/2 O'011 ~/2 o'118 ~/11 

3 ; C , - - ~  _ _ ~  1 and - -  1 
3 0"111 x/3 0"111 V3 ~11~ ~/3 

4 0"018 ~/10 
which follow from observation 4; D, - -  < 

3 0"111 ~/3 

3 which follows from 5. 

The results under 2 and 3 have also been obtained 
in carefully controlled experiments in vapor phase 
growth, annealing and evaporation of germanium 6~. 

0"hk~\/h 2 + k s + 12 
The formulas and values for = 

0"111 ~ / 3  

Ri are, therefore, given below without  consideration 
of conditions 5 and D which would, in any case, af-  
fect only a little change. The values given have been 

arrived at by utilization of Wulff's law ( 0"_ii = const. 
Ti 

where r and ri are the specific surface free energy 
and central distance of crystal  plane i, respec- 

t ively ) ,  Gibbs' condition ( ~ r i A i  = Minimum 
/ 

where Ai = area of the ith plane) and the fact that  
the specific surface free energy plot in spherical co- 
ordinates is always 63 represented by spheres with 
their pole in the crystal center (Wulff's point64), and 
their antipole representing' max imum values of the 
crystal 57. For the planes l ~ 3 Ikl; I --~ 3 IhI, l > / ~  > 

5 
- -  I holds. Correspondingly, for 3 k ~ ~ ~ 2 lhl -k k, 
9 

1 
l >  R i >  T (k ~- 3l) holds, and for 2 h - ~  k ~  I 

1 
k ~ h , l > R i > - ~  (h-P  k - ~  l) holds. 

eo W. B. Pea r son  and  G. A. Wolff, DiscusSions Faraday Sot. ,  28, 
142 (1959) �9 

G. A. Wolff, A m e r .  Mineralogist ,  41, 60 (1956). 
~2 G. A. Wolff, Unpubl i shed  results .  

In  po lyhedra l  crystals ,  in the  absenee  of rounded  convex  sur-  
face sections. 

Wulff ' s  point  and  c rys ta l  cen te r  only  coincide in  crys ta ls  w i t h  
s y m m e t r y  centers.  
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It then follows: 

(- )l>R00l> 9 

5 
(2) 3>R113>-- 

3 

Si (in ergs /cm 2) 

(1420) 2130 > ~001 > 1185 

1505 > ~011 > 1005 (1255) 

(1290) 1935 > ~113 > 1075 

Ge (in e rgs /cm 2) 

(1225) 1835 > ~001 > 1020 

1300 > ~ o l l  > 865 (1080) 

(1105) 1660 > ~11~ > 925 

The inequalities are certain for the values which 
are not given in parentheses. Some experimental  
evidence points to the narrower  limits as given in 
the brackets. The inequalities also hold true regard-  
less of surface deformations and for the cases R001 
and Rl18 might also apply to gray tin. These results 
cannot be applied to diamond, however,  since {113} 
is rather rarely observed in diamond. 

Space and time prohibits a more detailed account 
of the procedure of derivation and its justification. 
Both are given in the li terature quoted. Although 
the data presented contain much basic information 
concerning the derivation of the formulas, Fig. 1 
may be used for purposes of demonstration. In the 

OS OR a ~001 
figure, it is obviously ~/3 - -  > - -  

OP" OP" a ~111 

i ~ \  
I \ / \ 

I \ 

p, p" 

~G 
N\  N I I I  

K' K" 

O Q  5 
- - - -~ /3 - ;  this is the reported condition for the 

OP" 3 
respective coexistences of {111} and {001}, and of 
{111} and {113} (i.e., conditions 2 and 3). 
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